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Quantum simulation of collinear p1H collisions in an intense laser field
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The p1H collision in the presence of an intense laser field is studied by numerically solving the time-
dependent one-dimensional Schro¨dinger equations. It is found that due to the enhanced ionization at the critical
internuclear distance, the colliding particles can gain energy from the applied laser field. Also, the influences
of the space distributions of the electronic and nuclear wave packets on the enhanced ionizations are discussed.

PACS number~s!: 33.80.Rv, 33.80.Eh, 34.10.1x
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I. INTRODUCTION

In recent years, much theoretical and experimental
search has been devoted to the dissociative ionization
molecules by intense laser fields@1–10#. Compared to the
response of atoms to intense laser fields, the interaction
the molecules with intense laser fields are more comp
and the additional nuclear degrees of freedom result in s
striking nonlinear phenomena. For example, it is found t
the electron ionization rate is sensitive to the internucl
distance, and there is a so-called critical internuclear dista
where the ionization rate reaches its maximum. Furtherm
in the presence of an intense laser field, the electron
molecular ions can undergo either multiphoton excitations
ionizations by absorbing energy from the applied intense
ser field. As a result, the two surface models, which
based on the Born-Oppenheimer separation of the nuc
and electronic degrees of freedom, cannot provide a g
description of the competition between the dissociation
ionization. Thus, in some recent theoretical studies, the
merical solutions of the time-dependent Schro¨dinger equa-
tions are employed to investigate the mixed nuclear and e
tronic dynamics@6,7#.

In our previous papers, an interesting mechanism c
cerning the gain of the nuclear kinetic energy during thep
1H collisions in an intense laser field was explored by us
the classical trajectory Monte Carlo~CTMC! simulations
@11#. It is found that in these collisions, the intense las
fields induce strong correlations between the electronic
nuclear motions. On the one hand, the electron ioniza
rate depends on the internuclear distance. On the other h
the enhanced electron ionization at the critical internucl
distance can result in an increase of the nuclear final kin
energy. However, in the CTMC simulations, many importa
quantum effects, such as tunneling ionizations, are igno
The main purpose of the present paper is just to give a
tailed quantum description ofp1H collisions in an intense
laser field by numerically solving the one-dimensional~1D!
time-dependent Schro¨dinger equations. Here, our emphas
is put on some basic features, such as the dependence o
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ionization rate on the internuclear distance, and the co
sponding nuclear kinetic-energy gain. Also, the influences
the space distribution of the electronic and nuclear wa
packet on the enhanced ionizations are discussed.

In Sec. II a 1D model for collinearp1H collisions is
briefly given. Here, a quantum wave function is employed
describe the electronic motion, while the proton is treated
a classical point particle. This approximation provides u
simple qualitative description of the dependence of the e
tronic dynamics on the internuclear distance, and hen
clearly shows the mechanism of the nuclear kinetic-ene
gain. In Sec. III a full quantum description of this collision
process is presented. Here, we focus on the time evolutio
the nuclear wave packet, and the effect of its space distr
tion on the enhanced ionization. Finally, Sec. IV contain
short summary.

II. THE KINETIC-ENERGY GAIN

In the present paper, we are mainly interested in so
basic features of the atom-ion collisions in the presence o
intense laser field. So we will only consider collinearp1H
collisions and make a further simplification that the electr
and the two protons move just in one dimension along
electric field of the applied laser field. Namely, a 1D mod
is employed here. In fact, 1D models are frequently used
investigate the responses of molecules and atoms to int
laser fields, since they can provide useful qualitative desc
tions while the difficulties with the numerical calculation
are considerably reduced@7–10#. In addition, 1D models are
also used to study various collisional processes@12,13#.

In this section, the electron motion is described by a wa
function f(x,t), wherex is the electron coordinate with re
spect to the center of mass of the two protons, and the
protons are treated directly by classical dynamics. Ob
ously, in the classical treatment, protons are considered
point particles and their space distributions are ignor
However, this approximation could give a clear descripti
of the complex collisional processes, since important fact
such as the electron-tunneling ionization and the depende
of the electronic dynamics on the internuclear distance,
taken into account. Also, the influences of the nuclear sp
distribution will be discussed in Sec. III.

Thus, after separating the motion of the center of ma
one has~in a.u.!

i-
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i
]f~x,t !

]t
5@Dx1V„x,R~ t !…1qxE~ t !#f~x,t !, ~1a!

and

~mp/2!
d2R~ t !

dt2
5

R~ t !

uR~ t !u3
1F~ t !, ~1b!

where

Dx52
1

2m

]2

]x2
,

V„x,R~ t !…5
21

@$x2R~ t !/2%211#1/2
1

21

@$x1R~ t !/2%211#1/2
,

~1c!

m5
2memp

me12mp
, q511me /~me12mp!, ~1d!

and

F~ t !5E dxuf~x,t !u2S 2R~ t !/2

@$x2R~ t !/2%211#3/2

1
R~ t !/2

@$x1R~ t !/2%211#3/2D . ~1e!

Here,R(t) is the internuclear distance at timet, me andmp
are the electron and proton mass, respectively, andE(t) is
the applied laser electrical field. Note that in Eq.~1!, the soft
Coulomb potential is used to avoid the singularity of t
Coulomb potential atx50 @7#. In our calculations,E(t) are
assumed to be in the form of

E~ t !5E0U~ t !cos~vt !, ~2a!

whereE0 is the amplitude of the laser electric field, andv is
the laser frequency.U(t) denotes the envelope of the las
pulse that is given by

U~ t !55
t/tp , 0,t,tp

1, tp,t,9tp

~10tp2t !/tp , 9tp,t,10tp

0, t.10tp,

~2b!

wheretp is the turn-on time of the laser pulse and is assum
to be 300 a.u. Equation 1~a! is numerically integrated by
using the second-order split-operator method@7,14#. Thus,
the electron wave function at timet1dt is given by

f~x,t1dt !5exp~2 iD xdt/2!exp$2 i @V„x,R~ t !…

1qxE~ t !#dt%exp~2 iD xdt/2!f~x,t !. ~3!

Meanwhile, the internuclear distanceR(t) is calculated by
numerically integrating Eq. 1~b!. The grid of the electron
variablex is defined by the inequalityuxu,xmax570 a.u. The
02340
d

spatial integration step is taken to bedx50.2 a.u., and the
time stepdt is dt50.03 a.u. To prevent the reflection of th
wave function at the box edge, an absorbing mask functio
introduced@6,7#.

Also, it is assumed that att50, the initial internuclear
distance is equal to 30 a.u. and the initial kinetic energy
the two protons is equal to 0.1 a.u. In addition, the elect
in the target atom is assumed to lie in its ground state. T
corresponding initial electron wave function is given by u
ing the spectral method@14#.

Figure 1 plots the time evolution of a typicalp1H colli-
sion in a laser field with intensity 931013 W/cm2 and wave-
length 532 nm. Here, Figs. 1~a!, 1~b!, 1~c!, and 1~d! display
the internuclear separationR(t), the electron ionization prob
ability PI(t), the ionization ratea(t), and the kinetic energy
of the protonsEk(t) as functions of time, respectively. In ou
simulations, the electron outside a given regionuxu,d/2 is
considered to be ionized. Thus, the corresponding ioniza
probability PI(t) is calculated by

PI~ t !512E
2d/2

d/2

uf~x,t !u2dx, ~4!

where the region widthd is taken to be 70 a.u. The ionizatio
ratea(t) is given by@6#

a~ t !5
1

Dt
lnS 12PI~ t2Dt/2!

12PI~ t1Dt/2! D . ~5!

Here, the time intervalDt is chosen to be equal toT/10,
whereT52p/v is the cycle of the applied laser field. Also
it is noted that if a smaller time intervalDt is chosen, there is
no significant change in our basic physical results, wh
some tiny peaks appear. Figure 1 clearly shows the dep
dence of the ionization rates on the internuclear distan
For example, in Fig. 1~c!, there are two groups of the peak
of the ionization rate centered nearby att;1700 a.u. andt
;2400 a.u., respectively. Thus, from Figs. 1~a! and 1~c!, it
could be inferred that when the internuclear distance
within the range from 5 to 10 a.u., the ionization will b
considerably enhanced. The enhanced ionizations are ca
by the special structure of the combined potential genera
by the applied laser fields and the two protons at the
called critical internuclear separations. In Fig. 2, the co
bined potentials for three typical internuclear separatio
i.e., R53 a.u.,R57 a.u., andR515 a.u., are schematicall
drawn. In each curve there are two potential wells centere
the target proton and the positive-charged projectile, resp
tively. At the beginning, the electron is bound in the left we
generated by the target proton. When the internuclear s
ration is large~corresponding to the solid line in Fig. 2!,
although distorted by the applied laser field, the barrier of
atomic potential well is still too high for the electron to ove
come, and thus, the atom will not be seriously ionized. B
when the projectile moves closer~the dashed line!, the inner
barrier between the two potential wells becomes lower, a
thus, the electron is able to pass through the inner barrier
escape from the system directly. As a result, the ionizatio
greatly enhanced@8#. However, when the two protons get to
close~the solid line with circles!, the outer barrier become
higher, which suppresses the ionization.
7-2
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Associated with the enhanced ionizations at the criti
internuclear distance is an interesting gain of the nuclear
netic energy shown in Fig. 1~d!, where the nuclear kinetic
energy is increased from its initial value 0.1 a.u. (;2.7 eV!
to its final value 0.15 a.u. (;4.1 eV!. This observation is jus
opposite to the scheme of the field-freep1H collisions, and
furthermore, by this mechanism, nuclei can be heated by
applied intense laser fields@11#. Also, the dependence of th

FIG. 1. The time evolution of a typicalp1H collision in a laser
field with intensity 931013 W/cm2 and wavelength 532 nm.~a!
The internuclear separationR(t); ~b! the ionization probability
PI(t); ~c! the ionization ratea(t); ~d! the kinetic energy of the two
protonsEk(t).
02340
l
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kinetic-energy gain,DEk5Ek(t53500)2Ek(t50), on the
laser intensity is investigated. We calculate the kinet
energy gains for various laser intensities, and display
kinetic-energy gainDEk as a function of laser intensities i
Fig. 3, which shows that there is a noticeable kinetic-ene
gain for the laser intensity range fromI 50.631014 up to
1.631014 W/cm2. Note that if the laser intensity is smalle
than 1.331014 W/cm2, DEk increases with increasing lase
intensity, and then decreases when the laser beam bec
stronger. This feature can be interpreted by the fact that
stronger laser will result in more ionizations, whereas t
strong laser beams tend to cause serious ionization of
target atoms before the critical internuclear distance
reached, which would reduce the final kinetic-energy g
@11#.

Now, we have a close observation of the enhanced i
ization given in Fig. 1. In Figs. 4~a! and 4~b!, the ionization
rate a(t) and the laser electronic fieldE(t) are plotted as
functions of time, respectively. Note that at nearbyt;1700
a.u., the ionization rate is quite small for the positive las
electric field, while sharp peaks occur when the laser elec
field changes to negative. Here, the time interval betw
two neighboring peaks is about equal to the period of
laser field. However, after the collision (t;2400 a.u.!, this
simple regularity is broken down. To understand this striki
feature, in Figs. 4~c! and 4~d!, we present the space distribu
tions of the electron probability density at two selected
stants, i.e.,t51550 a.u. andt52450 a.u. Here, the distribu

FIG. 2. The schematic of the combined potential generated
an intense laser field and two protons at three typical internuc
separations:R53 a.u.~solid line with circles!, R57.0 a.u.~dashed
line!, andR515.0 a.u.~solid line!.

FIG. 3. The dependence of the kinetic-energy gainDEk on the
laser intensityI.
7-3
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LIANG FENG AND YU-KUN HO PHYSICAL REVIEW A 61 023407
tion function f (x) is calculated by

f ~x!5uf~x,t !u2.

Note that att51550 a.u.@see Fig. 4~c!#, most of the elec-
tron probability distributes just around the left proton~i.e.,
the atomic nucleus!, and the magnitude off (x) is quite small
for x.0. In the above discussions, it has been pointed

FIG. 4. The ionization feature associated with the asymmetr
distribution of the electron probability density.~a! The ionization
rate vs timet. ~b! The laser electric fieldE(t) vs time t. ~c! The
electron probability densityf (x) at t51550 a.u.~d! The electron
probability densityf (x) at t52450 a.u.
02340
ut

that a sufficiently strong laser field can so significan
modify the Coulomb potential generated by the two proto
at the critical internuclear distance that the electron is abl
escape from the system by tunneling through the relativ
small inner barrier between the two potential wells. Th
when the electron moving around the left proton is driven
a negative laser electric field, it can pass through the in
barrier at its right side, and finally escape from the collidi
system. However, when the applied laser electric field
comes positive, this enhanced ionization mechanism d
not work for the electron at the left potential well. So, th
high peaks of the ionization rates appear only when the la
electric field is negative. After the collision, the electro
space distribution changes. For example, att52450 a.u.@see
Fig. 4~d!#, the distribution functionf (x) for x.0 is much
higher than that att51550 a.u. In this case, the positive las
electric field can help the electron around the right pro
pass through the inner barrier and escape from the sys
Thus, for both the negative and positive laser electric fie
there are noticeable ionizations. Meanwhile, since more e
trons distribute in the left potential well, the ionization rat
are higher for the negative laser electronic field than th
for the positive laser electronic field.

Also, Fig. 4 suggests that near critical internuclear d
tance, the electron cannot move freely between the two
tential wells of the two protons, and tends to be trapped
one of them. As a result, the rate at which the electro
probability density disperses from one potential well to a
other is considerably slow, which implies that the slo
nuclear motion might have a strong influence on the
hanced ionizations.

III. THE EVOLUTION OF THE NUCLEAR WAVE
PACKET

Now, we begin to investigate the time evolution of th
nuclear wave packet. Here, the system is described by
wave functionc(x,R,t), wherex is the electron coordinate
and R is the internuclear distance. In an intense laser fi
given by Eq.~2!, the time evolution of the wave function i
determined by

i
]c~x,R,t !

]t
5@Dx1V~x,R!1DR11/R1qxE~ t !#c~x,R,t !,

~6a!

where

DR52
1

mp

]2

]R2
,

V~x,R!5
21

@~x2R/2!211#1/2
1

21

@~x1R/2!211#1/2
.

~6b!

Equation~6! is solved by using the two-dimensional spli
operator method. Here, the grid of the electron variablex is
just the same as that in Sec. II, while the grid of the intern
clear distanceR is defined by 0.35 a.u.,R,70 a.u. with

al
7-4
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QUANTUM SIMULATION OF COLLINEAR p1H . . . PHYSICAL REVIEW A 61 023407
dR50.05 a.u. The time step of the numerical integration
chosen to bedt50.03 a.u. Since during the laser pulse,
most no nuclei can reach the boundaryRmax570 a.u., no
absorbing mask function at the nuclear boundary is in
duced.

The initial wave function is assumed to be in the form

c~x,R,t50!5f0~x!x~R!, ~7!

where the initial electronic wave functionf0(x) is just the
same as that used in Sec. II, and the nuclear wave pa
x(R) is given by

x~R!5Cexp$2~R2R0!2/2W0
22 iAmpEk0R%. ~8!

Here,C is the normalization constant,R0530 a.u. is the
initial internuclear distance,W052.0 a.u. is the initial width
of the nuclear wave packet, andEk050.1 a.u. is the initial
nuclear kinetic energy.

For the laser pulse used in Sec. II, we calculate the t
evolution of the wave functionc(x,R,t), and in Fig. 5, the
corresponding nuclear space distributions for four typical
stants are displayed. Here, the nuclear distribution func
f p(R) is calculated by

f p~R!5E dxuc~x,R,t !u2. ~9!

In Fig. 5, one sees that, when the averaged internuc
distance is quite large~corresponding to the solid line!, the
nuclear distribution functionf p(R) is in the form of the
Gaussian wave packet. Att51750 a.u.~the solid line with
circles!, the averaged internuclear distance is reduced
about 4.0 a.u., and hence, the two protons experienc
strong repulsive Coulomb potential. As a result, the fro
part of the incident nuclear wave packet is reflected, wh
the other is still coming. So,f p(R) oscillates quickly. Att
52275 a.u.~the dashed line!, the nuclear distribution func
tion f p(R) becomes a Gaussian wave packet again, and
center is pushed to 7 a.u. by the repulsive Coulomb poten
Finally, at t52625 a.u.~the dashed line with squares!, the
center of the nuclear wave packet moves to 12 a.u.

To show the influence of the space distributions of
nuclear wave packets on the enhanced electron ionizati
in Fig. 6, we compare the ionization probability calculat

FIG. 5. The evolution of the nuclear distribution functionf p(R).
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by the full quantum treatment with that given in Sec.
Here, the solid curve is given by the full quantum calcu
tions, and the dashed one represents the result of the clas
treatment of the nuclear motion. Qualitatively, the tw
curves agree with each other quite well. However, in
dashed curve, there are two separate rapid increasest
;1600 andt;2300 a.u., respectively, whereas in the so
line, the ionization probability increases with almost t
same rates in the time range fromt51600 to t52700 a.u.
Partly, this difference comes from the fact that in the f
quantum treatment, the proton distributes in a broad sp
range instead of a point, which means that the enhan
ionizations could be observed for a wider time range.

IV. CONCLUSIONS

In conclusion, based on an 1D quantum model, we h
studiedp1H collisions in the presence of an intense las
field. It is found that the electron ionization rate will be co
siderably enhanced at the critical internuclear distance. A
the enhanced ionizations can result in an increase of the
netic energy of the protons. This energy absorption mec
nism is of practical interest, since by it, the energy of t
applied laser pulse can be directly transferred to the nuc
In addition, some features of thep1H collisions in the pres-
ence of an intense laser field are investigated. Especially
influences of the space distributions of the electronic a
nuclear wave packets on the enhanced ionizations are
cussed.

However, there are many questions left open for futu
studies. For example, due to the introduction of an absorb
mask function at the electron boundary, the full quantu
calculations in the present paper are not able to provide
correct energy spectrum of the colliding protons. We plan
discuss these problems in other places.
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FIG. 6. The time evolution of the electron ionization probabili
PI(t). Here, the solid line is given by the full quantum calculatio
while the dashed line corresponds to the simplification that the p
ton is treated as a classical point particle.
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