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Complex-scaling Fourier-grid Hamiltonian method.
III. oscillatory behavior of complex quasienergies

and the stability of negative ions in very intense laser fields
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A complex-scaling Fourier-grid Hamiltonian (CSFGH) method in momentum representation along

with Floquet formalism is presented and applied to the nonperturbative treatment of the complex

quasienergies of a one-dimensional-model negative chlorine ion in an ArF excimer-laser field. The

CSFGH method leads to a simple and highly eScient variational procedure for accurate determination

of resonance states, without the need of using an L -basis-function expansion. A variety of laser intensi-

ties are considered covering those from perturbative to very intense laser fields, and the stability of the

ion is investigated under realistic experimental conditions. Oscillatory structures of the photodetach-

ment rate as a function of field strength are found in our study, revealing that the decreasing of the de-

tachment rate (or the so-called "stabilization" or "suppression-of-ionization" phenomenon) may not

necessarily be a monotonic behavior. Physical insight into this interesting feature is explored in the

Kramers-Henneberger frame, and the feasibility for the experimental observation of the oscillatory be-

havior of the negative ions is also discussed.

PACS number(s): 32.80.Rm, 32.80.Wr, 31.15.+q, 32.70.Jz

I. INTRODUCTION

According to experimental observations and most
theoretical calculations, the lifetime of an atom in a
strong laser field would decrease with increasing laser in-
tensity. However, recent theoretical studies on photoion-
ization of atoms in high-frequency very intense fields
have found features contrary to the common expecta-
tions, and have thus attracted considerable interest in this
new domain. Notably, the decay rate, or the ionization
probability of the atom, is predicted to decrease with in-
creasing intensity, and the atom becomes relatively stable
against ionization (so-called "suppression of ionization")
[1,3,4].

Several theoretical approaches have been used to study
the very intense laser-atom interaction. Pont, Gavrila,
and co-workers [1] considered the high-frequency limit
by making the Kramers-Henneberger (KH) transforma-
tion [2] and by keeping the zeroth-order term. In this
asymptotic regime, they showed that the atomic electron
simply moved in a time-independent field-deformed po-
tential and was stabilized. In their later publications [3],
they extended their studies by including higher-order
channels. By approximately relating the square of the
coupling matrix element between field-deformed ground
and continuum states to the decay rate, they observed the
stabilization of hydrogen atoms in the high-field high-
frequency limit. In addition, time-dependent methods
have been employed in the numerical solution of the
Schrodinger equation [4]. Along this line of work, the
ionization probability has been calculated and suppres-
sion of ionization has also been demonstrated for very-
high-field intensities. Few exact rate calculations, howev-
er, have been carried out for the very-intense-field regime.

As has been indicated [3], the high-frequency approxi-
mation leading to stabilization requires that the laser fre-
quency to)) iEoi (the field-deformed ground-state ener-

gy). Thus stabilization of the hydrogen atom requires un-
realistically high frequencies. Actually almost all the cal-
culations relating to the problem have been performed
for co larger than 0.5 a.u. and for laser intensities in ex-
cess of 1 a.u. at those frequencies [1,3,4], which are well
beyond realistic expectations for the foreseeable future.
Furthermore, the pulse length, and especially the pulse-
rising time, needed for obtaining suppression are ex-
clusively short (typically a few femtoseconds and subfem-
toseconds, respectively) in order for the neutral atom to
survive up to the peak intensity and to experience
suppression. In particular, according to Pont and
Gavrila s calculations [3], the minimum lifetime of hy-
drogen atoms is about 0.1 fs (or one optical cycle) for
co=1.0 a.u. The rising time must be even shorter in or-
der to survive the atom. As a result, attempts to observe
the suppression of ionization will require the use of
currently unavailable high-intensity x-ray lasers. Tang
and Basile [4(a)] reached the same conclusion through
their time-dependent calculations. It seems that stabili-
zation of hydrogen atoms in very intense fields cannot be
realized in current laboratory conditions, at least for the
ground state. The situation may be different for excited
states [1(b),5].

In comparison, atomic negative ions possess small
binding energies and short-range potentials. The high-
frequency condition for such ions requires only moderate
(at most uv) frequency and intensity (less than one atomic
unit in our case) which are fairly available in view of the
modern state of the art of excimer-laser technologies [6].
It is therefore one of our main purposes in the present pa-
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per to study the nonlinear response of negative ions in
very intense laser fields and to seek the conditions for ion-
ization suppression suitable for experimental observation.
The second motivation relies on the fact that accurate
determination of multiphoton-ionization rates is usually
difficult to perform in the very-intense-field regime. De-
velopment of practical and efficient procedures is thus ur-
gent in order to explore new atomic physics in the very-
intense-field regime.

In this paper, a complex-scaling Fourier-grid Hamil-
tonian (CSFGH) method in momentum representation
will be presented and applied to the nonperturbative cal-
culation of the multiphoton-detachment rate for a model
negative chlorine ion in intense fields. Oscillatory struc-
tures and stabilization are found and the feasibility for
experimental observations will be explored. The method
is presented in Sec. II and applied to a model Cl ion in
Sec. III. In Sec. IV, the origin of the oscillatory struc-
tures in photodetachment rates is explored. This is fol-
lowed by a conclusion in Sec. V.

II. METHODS

A. Fourier-grid Hamiltonian method
in momentum representation

Recently, one of us has developed a complex-scaling
Fourier-grid Hamiltonian method in coordinate represen-
tation [7,8] for accurate and efficient determination of
resonance energies and wave functions of metastable
states. The CSFGH method makes use of the recent ad-
vancement of the calculation of bound states using the
Fourier transformation method [9]. The procedure does
not involve the use of L -basis-function expansion and no
computation of potential matrix elements (which is usual-
ly the most time consuming part) is required. Because of
its extreme simplicity in numerical implementation, the
method has decisive advantages for problems where no
appropriate basis set can be found or a large number of
basis functions are required. The CSFGH method has
been recently applied successfully to the calculation of
resonance states of an anharmonic oscillator [7] (hereaf-
ter referred to as I) and to the study of multiphoton and
above-threshold dissociation of H2 in intense laser fields

[8] (hereafter referred to as II). In the latter study, 51
grid points are found to be sufficient to achieve at least
four significant digits of accuracy for the complex
quasienergies (Ez, —1 /2) of both low-lying and highly
excited vibrational states (U =0, 1,2, . . . , 16) of
H2+ ( iso~) electronic state.

In this section, we discuss the extension of the
Fourier-grid Hamiltonian (FGH) method to the momen-
tum representation. As will be shown below, for certain
problems (particularly those involving short-range poten-
tials) there are additional advantages for discretizing the
Hamiltonian operator in the momentum (k) space. The
advantages of working in momentum representation have
also been noticed by other authors in different contexts or
applications [10].

For simplicity, let us consider first the one-dimensional
(1D) problem with the Hamiltonian

H = T+ 0'(x ) =P /2m + P(x ) .

& x iH ix') =
& x

i

f'ix') + V(x )5(x —x') .

Similarly, in the momentum representation, we have

& k ~H ~k') =(R k /2m )5(k —k')+ & k
~
P(x )

~

k') .

(4)

As shown in papers I and II, it is generally advantageous
to work in the coordinate representation Eq. (4) since the
potential P'(x) is diagonal and no potential matrix ele-
ments need to be computed. However, for certain prob-
lems such as negative ions where V(x ) is of short range,
the momentum representation offers several advantages.
First, the kinetic-energy operator is diagonal. Second,
the potential matrix element

V(k' —k ) = & k
~
V(x ) ~

k') =(—,'m) f dx V(x )e""

is simply the Fourier transform of V(x) and can often be
worked out in a simple analytic form and evaluated
efficiently. Third, for certain potentials V(x) such as the
square-well type or potentials with a cusp, discretization
in x space with equal spacing [9] would be very
inefficient. In such circumstances, the momentum repre-
sentation would be of advantage since the Fourier trans-
formation of V(x) Eq. (6) is often in smoother and of
slowly varying form in k space.

We now consider the discretization of the Hamiltonian
in momentum representation Eq. (5). Here a uniform
discrete grid point (with spacing bk) in k space, evenly
distributed about k=0, will be used. Thus, the discre-
tized Hamiltonian in k space has the form

&;, =&k;l&lk, ) =(R'k; /2m)5; /b, k+V(k; —k ) .

This leads to the following secular equation:

(8)

where the eigenvectors g" provide directly the amplitude
of the normalized wave function evaluated at the grid
point k, namely,

If the wave function in coordinate representation is need-
ed, it can be obtained by a simple Fourier transform, viz. ,

q (x)= &x lf" ~ = —f dk g'(k)e'"", (10)

or written in the discretized form

It is known that the kinetic-energy operator T is diagonal
in momentum representation,

& k'I &I k ) =(A'k'/2m )5(k —k'),
while the potential-energy term V(x ) is diagonal in the
coordinate representation,

&x'~ P'(x ) ~x ) = V(x )5(x —x') .

In the coordinate or Schrodinger representation, the
Hamiltonian operator in Eq. (1) becomes
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V(x)= —Voexp[ —(x/xo) ], (12)

with V0=0.27035 a.u. and x0=2.0 a.u. (This potential
form has been used recently by Bardsley and Comella
[11]for describing model neutral atoms with a few bound
states. ) This potential in momentum representation has a
simple analytic form,

V(k' k) =——( Voxo/2&m )exp[ —(k' —k ) xo/4] . (13)

P (&;)=(&;lP ) = —gg"(k. )exp(ik x;) .Ak

J

As an example of the usefulness of the momentum rep-
resentation FGH method in calculating the bound-state
energies, let us consider the following Gaussian-type
model potential for describing the short-range Cl ion:

wave function:

y(k t ) =y(k, t )e ("'"e

where

II(t)= f dre A (r) /2m

and

a(t)=(e/m) f dr A(r) .

The Schrodinger equation for P(k, t ) now becomes

. a k
i P(k—, t }= P(k, t)

at '
2m

+fdk'V(k' —k)e'" "' '"P(k', t) .

(16)

(17)

(18)

(19)

The potential Eq. (12) or Eq. (13) supports only one
bound state. The binding energy of the model Cl ion
calculated by the momentum representation FGH
method [using 81 grid points (evenly distributed between
—k,„l2 and +k,„/2)] converges to at least 10
a.u. , indicating the method is stable and accurate.

B. Complex-scaling Fourier-grid Hamiltonian method

in momentum representation: Determination of complex

quasienergies in the Kramers-Henneberger frame

i P(k, t)= j[—k —e A(t)]'l2m jP(k, t)
at

+f d k' V(k' —k)P(k', t ), (15)

where V(k' —k} is the field-free potential in k space [cf.
Eq. (6)], and P(k, t) is the time-dependent wave function
in k space.

It is useful to introduce a new unitarily transformed

In this section, we discuss the extension of the
complex-scaling Fourier-grid Hamiltonian methods [7,8]
to momentum representation for nonperturbative treat-
rnent of complex quasienergies associated with multipho-
ton detachment of negative ions. We assume the quan-
turn systems are driven by monochromatic fields with the
Hamiltonian periodic in time. [Extension to photode-
tachment in multicolor (polychromatic) fields can be
achieved by means of the many-mode Floquet theory
[12,13], and will be discussed elsewhere. ] In the presence
of very intense laser fields, it has been pointed out by
several authors that the velocity gauge is more appropri-
ate and superior to the length gauge [4,8]. As the in-
teraction operator in the velocity gauge is diagonal in
momentum representation, it is expedient to cast the
time-dependent Schrodinger equation into the k space.
Furthermore, the Kramers-Henneber ger transformed
version of the Schrodinger equation is in more transpar-
ent form in this representation, as we will see below.

The Schrodinger equation of an atomic system in an
electromagnetic field (in velocity gauge) is (fi= 1 }

i—f(r, t ) = [ [P eA( t ) ]—/2m + f (r ) j f(r, t ) . (14)
a
at

The k-space version of this equation is

If we transform this equation back to the coordinate
space, it is exactly the KH-transformed Schrodinger
equation in coordinate space, with

V(r+a(t})=f dk V(k)e
—ik a(~)e —ik r (20)

=(eEO/mco )sincot .

Using the Fourier expansion, Eq. (19) becomes

i p(k,—t)= p(k, t)+ f dk'Vo(k' —k)p(k', t). a k'
Bt 2m

+ pe'" 'f dk'V„(k' —k)P(k', t),
nAO

where

(21)

(22)

V„(k)=V(k)J„(ao k), (23)

and the J„'s are the Bessel functions.
In the high-frequency limit, the n %0 terms in Eq. (22)

oscillate very rapidly and in the zeroth-order approxima-
tion, they can be neglected. This reduces Eq. (22) to the
time-independent zeroth-order (n=0) equation which
possesses only bound-state solutions. The properties of
these field-deformed bound eigenstates have been dis-
cussed extensively in the literature [1].

In the following, we shall discuss the solution of Eq.
(22} for the determination of complex quasienergies of a
model negative ion driven by very intense fields. To this
end, we introduce the complex-scaling transformation
[13] k~ke ' in Eq. (22) and discretize the correspond-
ing Hamiltonian 8(8} in k space. For simplicity, we
shall confine our discussions to the 1D case below.

First, notice the complex-scaled Hamiltonian matrix
element has the following form in k space:

k(k l~(~)lk') = e 5(k —k')
2m

+e ' g e'""'V ((k' —k)e ' } . (24)

As a result, Eq. (16) is simply the counterpart of KH
transformation in momentum representation.

For the periodic laser field A(t}= Aocoscot we have

a(t) =aosintot =(e Ao /m co)singlet
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( kn, ~HF(8) ~k'n 2 ) = k
e ' +n, co 6(k —k')5„„

2m 1 2

+e ' V„„((k'—k)e ' ), (25)

where n, and n2 are the Fourier indices ( —~ to +~)
and V„(k) is defined by Eq. (23). Now we further discre-
tize the k space as described in Sec. II A, yielding the fol-
lowing discretized non-Herrnitian Floquet Hamiltonian:

k
(k;n& ~HF(8)~k, n2) =(1/bk) e ' +n, co 5; 5„„

2m 1 lJ 51n2

+e ' V„„((k,—k;)e ' ),

This periodically time-dependent Hamiltonian can be
transformed into an equivalent infinite-dimensional
time-independent non-Hermitian Floquet Hamiltonian
AF(8) [13]. In terms of the Floquet state basis

~
kn ) —=

~

k ) ~n ), the matrix elements of HF are given by
(A'= 1)

V „(k)=(—1)"V„(k).] Figure 1(a) depicts Vo(k) for a
range of ao (—:e ~Eo~ /mm ), where co is fixed at 193 nm.
Figure (lb) shows the function form of V„(k) for the
specific case of no=3. 0 a.u. We first keep only the
zeroth-order term Vo in Eq. (22) and diagonalize the
discretized Hamiltonian for different laser intensities.
The solid, dashed, and dash-dotted lines in Fig. 2 are the
bound-state energies of this field-deformed Hamiltonian.
In addition to the ground state (solid line), two new
bound states (dashed and dash-dotted lines) appear suc-
cessively with increasing field strength (ao). The lowest
two states become nearly degenerate in the highest inten-
sities shown. The structure of the negative ion is strongly
distorted by the fields.

This structure is further modified by higher-order cou-
pling terms V„(n@0). The three circle curves in Fig. 2
are the real parts of the complex energies of the three

0. 1

where

k =jhk (j=—m, —m+1, . . . , 0, 1, . . . , m)

(26)

—0.0

and To=2m+1 is the total number of grid points. In
Eq. (26), the structure of 8z is best organized by ordering
components such that k;(k~) runs over all grid points be-
fore each change in the Floquet block index n, (nz). This
completes the construction of the non-Hermitian Floquet
Hamiltonian in the momentum representation. The com-
plex quasienergy eigenvalues and eigenvectors can now
be determined b the solution of the non-Hermitian
eigenproblem of F(e) .

—0. 1

—0.2
—3.0 —2.0

I

—1.0 0.0
I

1.0
I

2.0

III. INTENSITY-DEPENDENT COMPLEX
QUASIENERGIES AND THE STABILITY OF

MODEL Cl IONS IN VERY INTENSE LASER FIELDS

01

(b)

In this section we present an application of the
momentum representation CSFGH method to the study
of the complex quasienergies and stability of negative
ions in strong fields. As we have suggested in Sec. I, the
study of the behavior of negative ions in very intense
fields appears feasible in currently available experimental
facilities. In accordance with the short-range charac-
teristics and also with the experimental data of the bind-
ing energy of the Cl ion (EO=3.613 eV), we choose a
one-dimensional short-range model potential of the form
[Eq. (12)] to study its behavior in very intense laser fields.
Moreover, we consider the light source to be an ArF laser
(193 nm), one of the highest-brightness excimer lasers
currently available. Most of these lasers can routinely
deliver laser intensities in excess of 10' W/cm in the
spot focal region [6]. The uv frequency of the laser light
(co=6.424 eV) guarantees the high-frequency condition
necessary for significant suppression, though it is not
asymptotically high.

Figure 1 shows the momentum-space potential func-
tions V„(k) in the KH frame. [Note that

—0. 0

—0.1

—0.2
—3.0

I

—2.0
I

—1.0 0.0
I

1.0
I

2.0 3.0

FIG. 1. Momentum-space potential forms in the KH frame.
(a) Zeroth-order potentials V0(k) for different values of a0.
Solid line, a0=0.0 a.u. ; dashed line, a0=3.0 a.u. ; dash-dotted
line, a0= 10.0 a.u. (b) Potentials (or couplings) V„(k) for
a0=3.0 a.u. and for different orders. Solid line, n =0; dashed
line, n=1; dash-dotted line, n=2; dotted line, n=3. Unless
otherwise indicated, the ArF laser with co=6.424 eV (193 nm)
and a model Cl ion are considered throughout the paper.
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In a recent calculation using the same model potential
but different physical parameters (for describing model
neutral atoms with a few bound states) and numerical
techniques, Bardsley and Comella [11]have also observed
nonmonotonic behavior in I . As the data they obtained
might not be enough to trace the detailed behavior, and

—2.0N

tg 10

—3.0

—4.0
0

a0 (a u)

I

10 15

FIG. 2. Energies of the three field-deformed bound states as a
function of a0. The solid, dashed, and dash-dotted lines corre-
spond to the energies of these states when high-order couplings
V„(nl0) are neglected, whereas the circle lines are the corre-
sponding coupled-channel Floquet results (the real parts of the
complex quasienergies).

0
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I

10
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15

quasienergy states obtained by the solution of the
coupled-channel Floquet Hamiltonian, Eq. (26), using the
CSFGH method in momentum representation. Up to ten
Floquet channel blocks are included in the calculation for
the highest field strength under consideration. For each
Floquet channel block (n), we used 81 grid points to
discretize the k space. All the results shown have con-
verged to at least 10 a.u. The coupled-channel results
approach the zeroth-order results in both weak- and
high-intensity limits but deviate significantly for
moderate field strengths. In particular, for ap-5. 0, the
two lowest states show strong repulsion to each other.

Shown in Fig. 3 are the converged CSFGH results for
the photodetachment rates I =2~1m(E)~ of the model
negative Cl ion at 193 nm for a range of laser intensities
(ao) from the weak to the very intense regime. Figure
3(a) corresponds to the detachment rate of the ground
state and Figs. 3(b) and 3(c) to that of the first and of the
second new bound states. While the decay rate (I } in-
creases rapidly with increasing ap at the beginning, it de-
creases with further increasing ap after reaching a max-
imum I' value at ao ——2.25 a.u. [Fig. 3(a}]. This
phenomenon is often referred to in the literature as the
"suppression of photoionization" or "stabilization of
atoms" in very intense fields [1,3,4]. However, as can be
seen here in Fig. 3(a), this "suppression" behavior is by
no means monotonic in ap. In fact I reaches a minimum
at ao=5.0 a.u. , and after that it increases again (in the
sense that the ion becomes less stable}. Stabilization re-
vives after the rate (I ) reaches the second maximum (at
a0=-7.0 a.u. ) and the rate decreases to a higher degree
when it reaches the second minimum (at a0-=10.5 a.u.).
This process repeats when we further increase the field
strength or ap. The other two new bound states exhibit
similar oscillatory behaviors [see Figs. 3(b) and 3(c)].

io

10

OOOO
0 0

0 0
0

(b)

00000
0 0 0 0

ooooo 0 pa0
0

10
o

p 0
0

10 0

a0 (a u. )

10 15

10

10-2

10

OQPO
0 0

0 0

0
0

0-

10

ao (a u)

I

10 15

FIG. 3. Converged results for the photodetachment rates
(widths 1 ) of (a) the ground state, (b) the first new excited state,
and (c) the second new excited state, as a function of a0.
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also more bound states might complicate the analysis in
their calculations, their results exhibit strong fluctuations
so that it is hard to draw any conclusion. Moreover, no
explanation of the behavior was given.

Here in the present calculations, the oscillatory struc-
tures of the photodetachment rates (I') are very pro-
nounced, although the tendency toward the overall
reduction of decay rates is apparent. In contrast to the
"death valley" discussed by Pont and Gavrila [3], the
minimum regions in Figs. 3(a)—3(c) are favorable valleys
for observing suppression of the ionization of negative
ions. This is further explored in the following section.

10

10

IV. DISCUSSIONS

Table I presents the critical values of the oscillatory be-
havior shown in Fig. 3(a). Note that the maximum inten-
sity considered here is 2.45 X 10' W/cm . It is seen that
even at the first maximum (ao=2. 25 a.u. ) where the ion
decays fastest, it can still survive more than six optical
cycles or longer than 4 fs. This is in contrast to the situa-
tion considered in Ref. [3] where the shortest lifetime is
only one cycle or 0.1 fs. In addition, in the higher field
strengths, the lifetime of the negative ions can be as long
as sub picoseconds, which are within the regime of
current laser technology. Of course, quantitative evalua-
tion of the possibility for observing such suppression re-
quires the consideration of the pulse shape. But the rate
calculations presented here have already provided in-
sights and shown some prospects. More detailed con-
sideration of the pulse-shape effect is in progress and will
be presented elsewhere.

The interesting oscillatory behavior may be qualitative-
ly understood if we analyze the detachment process in the
KH frame. In Eq. (22) it is seen that Vo(k) serves as the
dressed potential, while V„(k) provides n-photon cou-
plings between different states. From Eq. (23), one sees
that couplings are determined primarily by the Bessel
functions which are oscillatory with respect to the pa-
rameter uo. Thus the n-photon coupling between the
field-deformed (zeroth-order) ground and continuum
states is (g, f V„ fl(to) and the corresponding decay rate is
given approximately by

10
0 10 15

ao (a.u. )

FIG. 4. Detachment rates as a function of a0 calculated from
Eq. (30). The total detachment rate is given by the topmost
solid curve. The partial rates I „are given, respectively, by the
dashed line (n =1), the dash-dotted line (n =2), the dotted line
(n =3), and the bottom solid line (n =4).

Consequently, the n-photon photodetachment rate is ap-
proximately

I „= f jdkV„(k)g (k„—k) f',
n

(29)

where Po(k) is the k space wave function of the field-

where
f go ) and

f PE ) are, respectively, the ground and
continuum states of the zeroth-order Hamiltonian in Eq.
(22), and

f gs ) is energy normalized. In the high-
frequency field, even the lowest-energy electron is emitted
from the high-lying continuum, so the continuum state
may be approximated by the plane wave, i.e.,

' 1/2

(28)

TABLE I. Critical lifetimes and photodetachment rates of the ground state of the Inodel Cl ion in

very intense laser fields at 193 nm.

1st
max
1st

min
2nd

max
2nd
min
3rd
max

a0 (a.u. )

2.25

5.25

7.0

10.4

12.7

I (W/cm )

5.51x10"

3.00x10"

5.33 X 10'

1 ~ 18X 10'

1 76X 10'

I' (a.u. )

3.5368 x 10-'

1.1891X 10

4.0661 X 10

7.2380 x 10-'

1.9716x 10-'

(opt. cyc)

6.7

198.5

58.1

326.2

119.7

4.2

127.8

37.4

209.9

77.1

'I is the total ionization width (rate) in atomic units.
~ is the lifetime in terms of the nuInber of field oscillations.

'z is the lifetime in units of femtoseconds.
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deformed ground state. Since the ground-state wave

function always dominates at k =0, we approximate the
integral by taking the dominant contribution of Po(k),
i.e., by taking the integrand at k =k„. This gives

r„=„fvik„)['[z„&a,k„))', (30)
n

where k„=+2m(neo —Eo) is the momentum of the elec-

tron liberated by absorption of n photons and Eo is the

0.5 05

= 0.1 (b) ao = 05

0.0
+

0.0
+

I-
i

/
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i

i
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I

1.0 2.0
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—30 —2. 0 —1.0
I

0.0

k (au)
1.0

I

20 3.0
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ii
I i

fi
I i

i i

(c) aa ——2.25

05

(d) ao = 40

0.0
+

-0.5
—3.0

I

—2. 0
I

—1. 0

I

I

I i

I

I i

I i

I I

i

i i

I i

i I

'I
I

Ii
ii
II
II
II

II
I

0.0

k (a.u. )

(
i i"
I

i

Ii
ii
Ii

I

1.0 2.0

0.0
+

I

—2.0 —1.0

i

i
I

i
I

ii
II

I

I

0.0

k (a u. )

I

1.0
I

2.0 3.0

0.5

(e) ao = 575 (f) ao = 70

0.0 0. 0

—0.5
—3.0

I

—2.0
I

—10
I

0,0

k (a.u. )

I

10
I

2.0
—0, 5

—3,0
I

—2.0
I

—1.0
I

0.0

k (a.u )

I

1. 0
I

2.0 3.0
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different values of a0. Solid, dashed, dotted, and dash-dotted lines are, respectively, components for photon orders n =0, —1 (absorp-
tion of one photon), —2 (absorption of two photons), and 1 (energy nonconserving component). Note the oscillatory behavior of the
amplitude of the n = —1 component with increasing a0. (a) a0=0. 1 a.u. , (b) a0=0. 5 a.u. , (c) a0=2.25 a.u. , (d) a0=4.0 a.u. , (e)
a0=5.75 a.u. , (f) a0=7.0 a.u.
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(field-deformed) initial bound-state energy.
Figure 4 displays the partial decay rates

I „(n =1,2, 3,4) and the total decay rate (the topmost
solid line) obtained approximately by I =X„I„of the
ground state as a function of a0. In spite of the approxi-
mations made in Eqs. (27)—(30), Fig. 4 reproduces all the
qualitative features of the exact results shown in Fig. 3(a).
It is remarkable that the maxima and minima and there-
fore the oscillatory behavior in photodetachment rates
are determined primarily by the Bessel functions, a
salient feature of the nonlinear response of negative ions
in very intense fields. We note that while Pont and Gav-
rila [3(a)] have also used (similar but not identical) expres-
sions involving Bessel functions, no oscillatory behavior
was reported in their results of I . The origin for this
difference in the behavior of I is not precisely known.
However, there are significant differences between the po-
tential forms used in their and our calculations and some
possible explanations are given below. (i) As was pointed
out by Pont [3(c)], the partial rates drop with roughly the
square of the number of photons absorbed. For the
Gaussian potential, however, it is seen from Fig. 4 that
the partial rates I „drop much more quickly than n

Figure 4 also shows different I „oscillatory behavior for
different photon number n. The near-exponential drop of
I „with respect to the number of photons absorbed re-
sults in the dominance of the single-photon decay rate I

&

for most era. Thus the oscillatory behavior of the total
decay rate for the present Gaussian potential can be ap-
proximately accounted for by the Bessel function of order
1. On the other hand, there are more photon absorption
channels contributed to the Coulomb potential case.
Hence, the oscillatory behavior in the total decay rate
could be averaged out and masked for atomic hydrogen.
(ii) The total decay rate obtained by integration of the an-

gular decay rates over all directions may account for
another possible source that could mask the oscillatory
behavior in the 3D Coulomb potential case. The angular
decay rates [see, for example, Eq. (8) of Ref. [3(a)] and
Eq. (61) of Ref. [3(b)]] are always oscillatory as a function
of e0, but the total decay rate is not necessarily oscillato-
ry. This is not the case for the present 1D Gaussian
potential, where the angular distribution is not con-
sidered. A detailed study of the angular distribution be-
havior of 3D short-range model negative ions is needed
before a conclusion can be reached [14].

While qualitative features can be interpreted by this
simple argument, quantitative prediction of the photode-
tachment rates requires the nonperturbative solution of
the coupled-channel Floquet CSFGH calculation, such as
we have performed in Sec. III. It is useful at this point to
summarize the main results from the above analysis: (i)
the conventional regime where the lifetime of the atom
decreases with increasing field intensity is simply the ris-
ing part of the Bessel functions, (ii) the suppression re-
gime of current interest corresponds to the falling part of
the Bessel functions, and (iii) the oscillatory behavior of
the decay rates also stems from the oscillatory properties
of the Bessel function and we might be tempted to define
an additional regime [15].

It is also instructive to examine the behavior of corre-
sponding quasienergy eigenfunctions in momentum
space. For simplicity, we show only the real quasienergy
eigenfunctions obtained by the coupled-channel Floquet
FGH calculations without the use of complex scaling
(i.e., 9=0.) Figures 5(a}—(5(f) display such eigenfunctions
for different photon indices (n) and for various field
strengths (a0). For each graph, the solid, dashed, and
dotted lines correspond, respectively, to the photon index
n =0, —1, and —2. The dash-dotted line is the eigen-
function component corresponding to the energy-
nonconserving term (n =1}. Our focus here is on the
n&0 components. For a0=0. 1 a.u. , only the n = —1

component is appreciable and the high-order components
can be treated perturbatively. The amplitude of the
n = —1 eigenfunction component increases with increas-
ing ao until it reaches its first maximum for no=2. 2S
a.u. , which is consistent with the rising part in Fig. 3(a).
It is interesting to see that with further increasing of the
field strength (a0=4.0 a.u. ) this component is in fact re-
duced, and the n = —2 component becomes comparable.
In particular, for F0=5.75 a.u. , the n = —2 component
seems to be dominant. Again this corresponds to the first
falling part of Fig. 3(a), i.e., the part which is called the
suppression region. In accordance with the second rising
part in Fig. 3, the n = —1 amplitude becomes dominant
again for +0=7.0 a.u. Similar information can be de-
duced by transforming the k-space quasienergy eigen-
functions into the x space (not shown).

V. CONCLUSIONS

In summary, accurate and efficient calculations using
CSFGH methods indicate that the photodetachment
rates of negative ions in very intense laser fields exhibit
oscillatory behavior. The investigations of quasienergy
eigenfunctions in both momentum and coordinate spaces
confirm and also help us to understand these features.
Simple interpretation of the oscillatory structures is
presented, which attributes the structures to the charac-
teristic couplings between field-deformed bound and con-
tinuum states in very intense laser fields. Our one-
dimensional model study in this regime suggests that neg-
ative ions may be the more suitable candidates (than neu-
tral atoms) for the experimental observation of ionization
suppression in very intense fields. A more detailed study
of this problem is in progress, including three-
dimensional calculations of angular distributions and the
consideration of pulse-shape effects.
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