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Dissociation, ionization, and Coulomb explosion of H2+ in an intense laser field
by numerical integration of the time-dependent Schrodinger equation
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The time-dependent Schrodinger equation for H2+ in a strong laser field is solved numerically for a model
that uses the exact three-body Hamiltonian with one-dimensional nuclear motion restricted to the direction of
the laser electric field. The influence of ionization on possible stabilization against dissociation is investigated.
Unexpectedly high ionization rates from high vibrational states, exceeding those of neutral atomic hydrogen,
are found. The ionization rates as functions of the internuclear distance R were also calculated for fixed nuclei,
and these exhibit two strong maxima at large R, which explain the full dynamical results. A series of peaks
seen in the calculated proton energy spectra can therefore be interpreted as occumng preferentially at (i)
turning points of laser-induced vibrationally trapped states, and (ii) at the ionization maxima that occur at large
internuclear distances of H2+.

PACS number(s): 42.50Hz, 33.80Rv, 34.50 Gb, 35.80+s

I. INTRODeeTIOX

The interaction of intense laser pulses (intensity )10'
W/cm ) with atoms and molecules has been an area of active
studies during the past two decades [1—4]. One of the theo-
retical approaches to deal with this nonperturbative problem
relies on exact numerical solutions of the time-dependent
Schrodinger equation (TDSE) on recently available super-
computers [3—7]. So far this approach has been successfully
applied to simple atoms [3,4] or molecules with frozen nu-
clei [5—7]. Most of the theoretical work for molecules in
strong fields is restricted to the use of several lowest or es-
sential electronic states, giving rise to a dressed-state inter-
pretation [2]. This paper is an attempt to go beyond the pre-
vious approaches by including both electronic and nuclear
degrees of freedom. Moreover, our approach goes beyond
the Born-Oppenheimer approximation. We are motivated
first by the fact that there is a lot of interest in the phenom-
enon of suppression of resonant dissociation of H2+ by an
intense laser pulse [2,8 —11]. This process is typically de-
scribed as a model in which only the ground-state electronic
surface and the first repulsive surface are included [2,8 —11]
(i.e., ionization and coupling to upper electronic surfaces are
neglected). Therefore it is important to know up to what laser
intensities are predictions of the two-electronic-state model
valid. One of the predictions of this model based on dressed-
state representation is the very interesting phenomenon of
laser-induced molecular stabilization with respect to the dis-
sociation at high laser intensities by the mechanism of laser-
induced avoided crossings [2,8,9]. We wish to examine the
extent to which ionization may affect this stabilization.

Second, there are new experiments on Coulomb explo-
sions of small molecules in intense laser fields [13].For such
experiments the electron-nuclear dynamics must be consid-
ered concurrently. The present calculations are an attempt to
address this question.

II. MODEL

In this paper we extend our previous studies of ionization
of Hz+ with intense lasers [6,7]. While previously the
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and m, , m„are electron and proton masses. The Hamil-
tonian in (1) is the exact three-body Hamiltonian (obtained
after separation of the center-of-mass motion), which we
took from the formula (II.2) from Ref. [14]. The only ap-

nuclear motion was frozen, we allow here one-dimensional
(1D) motion of the nuclei along the polarization direction of
the electric-field vector of the linearly polarized radiation.
The electron is allowed to move in three dimensions. Be-
cause of the cylindrical symmetry of such a model, here we
deal with three spatial degrees of freedom, p, z, and R,
where p and z are electron cylindrical coordinates with re-
spect to the molecular center of mass and R is the internu-
clear distance, with both z and R along the direction of the
electric field. In these coordinates the TDSE for this three-
body system (after the elimination of the center-of-mass mo-
tion) has the following form [14]:
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TABLE I. Values of parameters used in calculations. Po = P«b(R )RD and
I
z

I
(zt) (5)

I
%/cm

3.5m 10"
1014

(a.u.)

0.21
0.21

(a.u. )

32
32

~ max

(a.u. )

32
96

24
32

L
(a.u.)

0.01
0.01

where RD is the range of attractive interatomic forces. We
took Ro=9.5 bohrs, as in our previous work [10], for the
calculation of dissociation probabilities. The H2 1 o.„poten-
tial fIattens visibly near R =RD, and its value is very close to
the dissociation energy. Thus Pz can be written in the fol-
lowing form:

proximation that was done consists of neglecting molecular
rotations by restricting the nuclei to move only along the
polarization vector of the electronic field. This seems to be a
reasonable approximation since there exists ample experi-
mental [12] and theoretical [9,10] evidence of alignment of
molecular ions in strong laser fields. This is consistent with
the fact that the molecular rotation time scale is much larger
than the 20-fs time scale for ionization and dissociation at
intensities above 10' W/cm . Thus initial rotational pump-
ing of H2 is expected to occur prior to ionization, resulting in
laser-aligned H2 molecules. This is the starting point of our
calculations. Note that there are no terms depending on angle

@ in (1).These terms can be omitted due to the symmetry of
this problem (the potentials and wave function at t = 0 do not
depend on q) for aligned molecules.

The time-dependent Schrodinger equation (1) was inte-
grated numerically with the help of the Bessel-Fourier ex-
pansion [6] in the p variable. This allows us to eliminate the
singularities present in the Laplacian and in the potential and
to use a split operator technique together with fast Fourier
transform (FFT) [6,14] in the electron z and nuclear R vari-
ables. For more details about the numerical procedure used
in this paper we refer the reader to our previous paper [6,15].
In the present paper, a straightforward generalization of the
previously described method, to include R, R being the
nuclear degree of freedom, is used. As an initial condition we
used P(p, z, R, t) = $6(p, z, R) at t = 0 equal to the product of
the 1o -state electronic wave function of H2+ and the v = 6
vibrational excited-state wave function q&6(R). We chose this
particular vibrational state since we showed previously that
for the laser wavelength X = 212 nm, strong molecular stabi-
lization [2,9] occurs due to vibrational trapping by laser-
induced avoided crossing between the 10g and lo.„elec-
tronic surfaces. The radius of the grid cylinder in p was I.= 8
bohrs, and 16 basis functions were used in the Bessel-Fourier
series. The time step Bt was 0.01 a.u. =2.4X10 fs. The
grid for the nuclear R variable was defined by 0.38 bohr
(R(R „with the size of integration step AR= —,', bohr.
The size of the electron grid was defined by z~ (z,„, with
the integration step Az = —,

' bohr. An absorbing mask function
[4] was used to avoid the electron refiections from the
boundary ~z =z,„.Since the protons are much slower than
the electron, no absorber was necessary at the proton bound-
ary R=R „.The electric field was described by the for-
mula E(t) =EOU(t) sin(cot), where U(t) = 1 for t) to,
U(t) =tlto for 0(t(to, u~=0.21 au. (X=212 nm). tu= 1

fs, and Fo is the laser peak electric field. The values of all
these parameters used in our calculations are listed in Table I.

We calculated several joint probabilities, Po(t), Pt(t),
f, (R, t), f(R, t), of finding the electron and protons in spe-
cific regions in space, which illustrate the time evolution of
the system. These are defined by the formulas

I Rmax

PD(t) =
1 f, (R, t)dR,
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P~ is the joint probability of finding the electrons in

~z~(zt and protons in RD(R(R „.In all of our calcula-
tions we used zI=32 a.u. , while R „and z „were different
for different intensities; see Table I. The function f, (R, t) is
the joint probability density of finding the protons at the
distance R and the electron within the area defined by
~z~(zt. We also calculated

1' R max
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Since the functions f and f, are obtained through integration
over electronic positions, they are not normalized to one for
later times because of the outgoing electron fiux (the ab-
sorber was introduced at ~z~ =z,„).Current computational
facilities do not allow for calculating the total wave function
with larger grids using full three-dimensional simulations,
including both electronic and nuclear degrees of freedom.
For the intensity I= 10' W/cm, when we limit ourselves to
z,„=3zt, the distribution f, (R) contains mainly H and
H+, while f(R) includes much more H++H fragments,
but obviously not all of them, since at t = 26 fs 55% of these
are already missing (the calculated norm of the wave func-
tion is then 0.45).

Thus PI is the probability of finding the electron outside the
cylinder volume defined by ~z~ &z „=32 bohrs, i.e., in the
area still far from each of the protons (even at the end of our
pulses the protons are very close to their c.m. , R/2(12 a.u.).
Therefore, in our model, PI is a measure of ionization, i.e.,
probability for the channel H++H++e, while P~ is a
measure of dissociation into H+ H+ in the presence of elec-
trons near one of the protons (z(~zt and R)Ro). We use
this last quantity when comparing with two-surface calcula-
tions, which obviously include only the channel H+ H+. For
the higher laser intensity I=10' W/cm we used a much
larger box for the electron, z,„=96 a.u. For this case we
also calculated the total function f(R, t), i.e., the proton dis-
tribution function, with electrons within ~z (z
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FIG. 1. Time dependence of the dissociation probability P~, the
ionization PI, and the population P6 of the initial U =6 state for
intensities (a) I= 3.5X 10'~ and (b) I= 10' W/cm P fromrom
the present three-body calculations; ~, two-surface calcula-
tions of PD; -----, two-surface calculations of P 6

III. RESULTS AND DISCUSSION

We display in Figs. 1(a) and 1(b) the probability of disso-
ciation Pz, ionization PI, and the population of the initial
state P6 as functions of time for laser intensities I=3.5

]013 and 10 W/cm, respectively. Previous two-surface14 2

calculations showed that stabilization occurs for these two
intensities for the v = 6 initial vibrational level [9j as a result
of coincidence of diabatic (zero field) and adiabatic (dressed)
vibrational levels. However, our results show, in Fig, 1(b)
that for I=10' W/cm the ionization process already domi-
nates Pz and thus the stabilization phenomenon will not oc-
cur: the initial vibrational state is already almost completely

Finally, we calculated the momentum Fourier transform
with respect to the R variable of the outgoing proton part of
the wave function in the asymptotic dissociation region
(R~Ro), for each p and z value (~z~ ~z,„).This gives the
nuclear momentum k distribution for Axed z and p, from
which the nuclear kinetic-energy spectra were calculated by
integrating the square of the absolute value of this transform
over all p and z values, p(L and ~z~(z

FIG. 2. Probability density f, (R) of finding the protons in R and
the electron at ~z~ &zt a.u. for (a) I= 3.5X 10' W/cm time
= 17.6 fs, and for (b) I= 10' W/cm, time= 14.3 fs. Peaks occur at
turning points of laser-induced adiabatic wells.

depopulated at 17 fs, whereas for the intensity I=3.5X 10'
2W/cm, Fig. 1(a), we observe the growth of P6 up to 0.27 at

20 fs due to stimulated emission from the dissociative 1o.„
state. Note that ionization processes represented by Pl in Fig.
1 are very fast (on the molecular time scale); one sees a
considerable ionization in one vibrational cycle equal to
2~/co, , 14.3 fs, where ~,=2321 cm ' is the vibrational
constant of H2 '. The dissociation is also seen in this time
scale, since the one-photon dissociated products are faster
than vibrating protons (they achieve asymptotically 4.58 eV)
and the transfer of population from the 1o.

~ to the 1o., sur-

face already occurs in this time period [9] at intensities above
1013 2W/cm . The small oscillations of P6 seen in Fig. 1 have
twice the laser frequency. Such oscillations of initial-state
populations are typical and present in published numerical
simulations [1] (first-order "counterrotating" oscillations).

Figures 2(a) and 2(b) show the probability density

f, (R, t) of finding protons at a distance R and electrons still
close to them, ~z~(zt=32 bohrs, at fixed time values (17.6
and 14.3 fs) and Figs. 3(a) and 3(b) show the corresponding
energy spectra of dissociating products also calculated for
the same time. We note that both proton probability distribu-
tions fi(R) and f(R) do not reach the boundaries for the
times chosen, thus avoiding the necessity of introducing the
absorber in the R coordinate. In Figs. 2 and 3 we show the
results for two intensities, I= 3.5 X 10' and I= 10'
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TABLE II. H2 ionization rates I' (10' s ') from the full 3D
dynamical model and I'(R) from the model with frozen R [6,7].
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FIG. 3. Kinetic-energy spectra of outgoing protons for (a)
I= 3.5X 10' W/cm at time= 17.6 fs and for (b) I= 10' W/cm at
time=14. 3 fs. The units of S(E) are arbitrary; peak values for all

plots were set to 1.

W/cm, for which we expect stabilization to occur from the
dressed-state model [9,10]. The dotted lines represent the
two-surface (1 rrg, 1 o „) calculations [9,10] (i.e., without ion-
ization) of Pn, fi(R) and of the H and H+ spectra, whereas
the dashed lines in Fig. 1 represent P6 resulting from the
two-surface model. We observe in general a reasonable
agreement between our exact calculations and the two-
surface calculations for the intensity I= 3.5 X 10'
W/cm, despite the fact that the ionization probability PI at
I=3.5X 10' W/cm after t=20 fs is already equal to 0.14.
However, at I=10' W/cm our results are very different
from the two-surface calculations. The probability of ioniza-
tion already at t= 15 fs is equal to 0.38. This means that it
will be difficult to observe the stabilization at this intensity.
From these figures (1—3) we observe two signatures of mo-
lecular stabilization:

(a) The population of the initial state (v =6 state in our
case) stops to be depleted and grows after t=10 fs for
I=3.5&& 10' W/cm [Fig. 1(a)]. For I= 10'4 W/cm [Fig.
1(b)] this growth is still visible but is much less than pre-
dicted by the two-surface model, because of the fast ioniza-
tion process. This population growth is obviously related to
the stimulated emission process which is the main origin of
the molecular stabilization. The electronic Rabi frequency
den/h=Reo/(2h) is about 2X10' s ', for R=2 bohrs, at
3.5X10' W/cm, which is larger than the ionization rate
(Table II).

(b) The plots of probability distributions of nuclear frag-
ments fi(R) [Figs. 2(a) and 2(b)] show the formation of two
sharp peaks near 3 and 3.6 bohrs. These peaks occur at the
turning points of the nuclear motion on the upper adiabatic
electronic potential created by the laser-induced avoided
crossings between dressed 1 o.

s and 1 o.„surfaces [2,9,10].
The shape of these peaks varies little as a function of time for
I= 3.5X 10' W/cm, while for I= 10'" W/cm the peaks are
formed at 1=8 fs but for t= 15 fs they already are strongly
decreased by the ionization. The situation is very different
for I= 7.5X 10' W/cm for which no clear peaks were found
and the shape of f(R) resembles the probability of the initial
v =6 state. At this lower intensity, the dressed-state model
predicts maximum dissociation, i.e, , no stabilization from the
laser-induced avoided crossing mechanism.

The kinetic-energy spectra of the dissociating products
shown in Figs. 3(a) and 3(b) do not differ much from two-
surface calculations for the lower intensities, 7.5X 10' and
3.5X10' W/cm . These spectra have a strong maximum
around 4.6 eV that can be attributed to the direct
1crg—&1o.„one-photon dissociation from the v =6 vibra-
tional state (4.58 eV). For the higher intensity, I=10'
W/cm, this peak becomes broader than for the previous
lower intensities, and additional plateaus at energies between
6 and 8 eV are being formed. We emphasize that the spec-
trum in Fig. 3(b) is calculated at a very early time, when the
bound-state part and outgoing wave part of the nuclear wave
function are not well separated. Longer time simulations up
to 26 fs with a linear turn-off of the pulse of 1 fs were also
performed. The resulting spectra and probabilities f(R)
( zlzz, „), fi(R) (Izl+zl) are shown in Figs. 4 and 5,
respectively. Clearly, the outgoing part of the wave function
is already well separated from the bound part (R~Ro). The
kinetic-energy plateau that is seen in Fig. 3(b) becomes big-
ger for later times, and several distinct peaks at 5.2, 5.8, 6.7,
7.7, 8.6, and 9.6 eV can be seen in Fig. 5. Since our simula-
tion used the initial v = 6 state, if Coulomb explosion occurs
via a direct o g~ o., transition, then one would expect to see
the released energy equal to e/(2. 7ao) =10.1 eV (2.7ao is
the distance at which the nuclear wave packet is created by a
resonant one-photon transition). We emphasize that there is
no such peak in Figs. 3 and 5. All our spectra exhibit a sharp
cutoff around 9—10 eV. Clearly Coulomb explosions occur at
larger R distances with lower kinetic energies.

It is further possible that the explosions occur at the peak
coordinates (3.0 and 3.6 bohrs) of the f(R) plots. These ex-
plosions would release energies e /3. 6a o

= 7.5 and
e /3ao = 8.9 eV. In other words, these explosions occur at the
turning points (3 and 3.6ao) of the adiabatic potential well
created by the laser-induced avoided crossings [2,8 —10].
Such a mechanism has been currently invoked in Coulomb
explosions of diatoms [13]; the measured kinetic-energy re-
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TABLE III. Energies of protons E„z& calculated as Coulomb ex-
plosions from R;=6 or R;= 11 a.u. using the formula (9) compared
with the energy peaks E,~„(eV), seen in Fig. 5. R&& is the initial

position of the lcd„nuclear wave packet.

Ref. [9]). It was shown in Ref. [9] that they originate from
direct dissociation from lower vibrational states,
U =5,6,4. . . . These are populated due to the nonadiabatic
effects (short-pulse rise and short duration of the pulse).

Ro

2.73

R; +exp]

9.1

~spec

9.6 IV. CONCLUSION

2.73

3.0

3.0

3.6
3.6

7.05

6.05

6.4

4.6

6.7

7.7

6.7
45'

'Overlaps with the direct one-photon transitions process.

E„ t
=E„(R&)

—E„(R;)+ e /R;, i = 1,2. (9)

R p is the internuclear distance at which the wave packet
sliding down the 1o., surface is initially created, The initial
most probable value for Ro is the distance at which the
nuclear wave packet is created by the resonant one-photon
transition Ra=2.73 a.u. This leads to the following values
for explosion energies E,', &, i = 1,2, R] = 6 or R2= 11 a.u. :

E, &= 9. eV, E„&=7.0 eV.

We can also suppose that the wave packet starts to slide
down at Ro equal to one of the maximum of the fi(R) plots,
Ro=3 or Re=3.6 (i.e., the turning points created by the
laser-induced avoided crossing). This would lead to the fol-
lowing peaks:

E p) 7 8 eV E p) 6 05 eV fol Ro 3

E p] 6.4 eV, E p] 4.59 eV for Ro = 3.6

All these possibilities are listed in Table III. We note that all
the predicted kinetic energies from this simple model, de-
scribed by (9), agree well with the peak positions resulting
from the present three-body simulations; see Fig. 4 and Table
III. We also note that a simple formula similar to (9) cor-
rectly predicts [17] the kinetic energies of highly charged
fragments of Clq observed in recent experiments [13], thus
confirming the present mechanism of rapid ionization at
large distances.

In all our spectra, Figs. 3 and 5, a series of low-energy
peaks are seen (E(4.5 eV). These are also seen in two-
surface calculations (dotted lines in Fig. 3 and the figures in

respectively, while for I= 10' W/cm those rates are of the

same order as for the H atom- (see Table II).
If the electrons are ejected at these maximum ionization

distances R, (i = 1,2) the corresponding kinetic energies of
protons should be equal to e /R; plus the energy acquired by
H+H+ sliding down from an initial Ro to R=R; on the
1o.„surface, i.e., if we neglect the laser field contribution to
the experimental released energy we will obtain the explo-
sion energies

A full dynamical calculation has been performed for
H2 in order to study competition between dissociation, ion-
ization, and Coulomb explosion. Previous dressed-state mod-
els [2,9—11] of intense field photodissociation of H2 has
emphasized the importance of laser-induced avoided cross-
ings and the creation of new laser-induced adiabatic poten-
tials in describing the photodissociation dynamics. Our cal-
culations show that stabilization of laser-induced
vibrationally trapped states can be observed at intensities of
about 10' W/cm and times shorter than 50 fs, but these are
destroyed at higher intensities by competing ionization.

The signature of the laser-induced adiabatic potentials is
clearly visible in the proton distribution functions f, (R) and

f(R), Figs. 2 and 4. The turning points of these laser-
induced adiabatic potentials induce temporary vibrational
trapping and show up as peaks in the proton densities f(R)
Kinetic-energy spectra of the photo-products exhibit maxima
due to direct (I cr ~ I o.„) resonant photodissociation, Cou-
lomb explosions from the laser-induced adiabatic turning
points, and Coulomb explosions occurring at large internu-
clear distances R. Calculated ionization rates of H2+ at fixed
R show that these rates have maxima at large distances, i.e. ,

at around 6 and 11 a.u. These rates are shown to agree with
those derived from the full dynamical ionization probabilities
and thus explain the propensity for H2+ to produce Coulomb
explosion fragments H+H+ with much lower kinetic ener-
gies than as would occur in direct, vertical (frozen R) Cou-
lomb explosion. The calculated Coulomb explosion kinetic-
energy peaks based on a simple model of explosions
occurring at the turning points of laser-induced adiabatic po-
tentials and at the predicted internuclear distance of maxi-
mum ionization rates reproduce well the full dynamical spec-
tra (Table III). Recent experimental results by Schmidt,
Normand„and Cornaggia have emphasized this phenomenon
of the production of low kinetic-energy Coulomb explosion
fragments [13]. Our calculations indicate that two mecha-
nisms can produce such an effect. (i) laser-induced vibra-
tional trapping, and (ii) enhanced ionization rates at certain
large internuclear distances R.

In both mechanisms, Coulomb explosions (or even a se-
quence of Coulomb explosions of highly charged fragments,
such as in the case of C12 [13,17]) occur at larger R than the
initial equilibrium distances, thus resulting in less energetic
fragments [17].

ACKNOWLEDGMENTS

We wish to thank the Natural Sciences and Engineering
Research Council of Canada for financing this research. We
acknowledge also the support by Cooperation France-
Quebec, ESR Contract No. 010392. We are very grateful to
E. E. Aubanel for providing us with the results of two-
surface Hz+ calculations and discussions.



52 DISSOCIATION, IONIZATION, AND COULOMB EXPLOSION 2983

[1]J. H. Eberly, J. Javanainen, and K. Rzazewski, Phys. Rep. 204,
331 (1991).

[2] Molecules in Laser Fields, edited by A. D. Bandrauk (Marcel
Dekker, Inc. , New York, 1994).

[3] J. H. Eberly, Q. Su, and J. Javanainen, Phys. Rev. Lett. 62, 881
(1989); M. Horbatsch, Phys. Rev. A 44, R5346 (1991).

[4] J. L. Krause, K. J. Schafer, and K. C. Kulander, Phys. Rev. A
45t 4998 (1992).

[5] J. L. Krause, K. J. Schafer, and K. C. Kulander, Chem. Phys.
Lett. 178, 573 (1991);H. Wiedemann and J. Mostowski, Phys.
Rev. A 49, 2719 (1994).

[6] S. Chelkowski, T. Zuo, and A. D. Bandrauk, Phys. Rev. A 46,
R5342 (1992).

[7] T. Zuo, Z. Chelkowski, and A. D. Bandrauk, Phys. Rev. A 48,
3837 (1993).

[8] A. D. Bandrauk and M. L. Sink, Chem. Phys. Lett. 57, 569
(1978); J. Chem. Phys. 74, 1110(1981);A. Giusti-Suzor and F.
H. Mies, Phys. Rev. Lett. 68, 3869 (1992).

[9] E. E. Aubanel, A. D. Bandrauk, and P. Rancourt, Chem. Phys.
Lett. 197, 419 (1992); E. Aubanel, J. M. Gauthier, and A. D.
Bandrauk, Phys. Rev. A 48, 2145 (1993).

[10]E. E. Aubanel, A. Conjusteau, and A. D. Bandrauk, Phys. Rev.
A 48, R4011 (1993).

[11]J. W. J. Verschuur, L. D. Noordam, and H. B. van Linden van

den Heuvel, Phys. Rev. A 40, 4383 (1989); P. H. Bucksbaum,
A. Zariyev, H. G. Muller, and D. W. Schumacher, Phys. Rev.
Lett. 64, 1883 (1990); Phys. Rev. A 42, 5500 (1990); S. W.
Allendorf and A. Szoke, ibid 44. , 578 (1991);A. Zavriyev, P.

H. Bucksbaum, J. Squier, and F. Salin, Phys. Rev. Lett. 70,
1077 (1993).

[12] P. Dietrich, D. T. Strickland, M. Laberge, and P. Corkum, Phys.
Rev. A 47, 2305 (1993); D. Normand, L. A. Lompre, and C.
Cornaggia, J. Phys. B 25, L497 (1992).

[13]M. Schmidt, D. Normand, and C. Cornaggia, Phys. Rev. A 50,
5037 (1994), and references therein; L. J. Frasinski, M. Stank-

iewicz, P. A. Hatherly, G. M. Cross, K. Colding, A. J. Langley,
and W. Shaikh, ibid 46, R.6789 (1992); W. T. Hill III, J. Zhu,

D. L. Hatten, Y. Cui, J. Goldhar, and S. Yang, Phys. Rev. Lett.
69, 2646 (1992).

[14] J. R. Hiskes, Phys. Rev. 122, 1207 (1961).
[15]M. D. Feit, J. A. Fleck, Jr. , and A. Steiger, J. Comput. Phys. 47,

412 (1982); H. Shen and A. D. Bandrauk, J. Chem. Phys. 99,
1185 (1993).

[16]P. B. Corkum, M. Ivanov, and T. Seidelman (private commu-

nication).

[17]S. Chelkowski, T. Zuo, and A. D. Bandrauk (unpublished).


