PHYSICAL REVIEW A, VOLUME 61, 023407

Quantum simulation of collinear p+H collisions in an intense laser field
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The p+H collision in the presence of an intense laser field is studied by numerically solving the time-
dependent one-dimensional Sdtfirger 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 numbss): 33.80.Rv, 33.80.Eh, 34.10x

[. INTRODUCTION ionization rate on the internuclear distance, and the corre-
sponding nuclear kinetic-energy gain. Also, the influences of
In recent years, much theoretical and experimental rethe space distribution of the electronic and nuclear wave
search has been devoted to the dissociative ionizations ¢facket on the enhanced ionizations are discussed.
molecules by intense laser fielfis—10]. Compared to the In Sec. Il a 1D model for collineap+H collisions is
response of atoms to intense laser fields, the interactions &tiefly given. Here, a quantum wave function is employed to
the molecules with intense laser fields are more complexgescribe the electronic motion, while the proton is treated as
and the additional nuclear degrees of freedom result in som@ classical point particle. This approximation provides us a
striking nonlinear phenomena. For example, it is found thasimple qualitative description of the dependence of the elec-
the electron ionization rate is sensitive to the internucleatronic dynamics on the internuclear distance, and hence,
distance, and there is a so-called critical internuclear distancglearly shows the mechanism of the nuclear kinetic-energy
where the ionization rate reaches its maximum. Furthermoregain. In Sec. Il a full quantum description of this collisional
in the presence of an intense laser field, the electrons ifrocess is presented. Here, we focus on the time evolution of
molecular ions can undergo either multiphoton excitations othe nuclear wave packet, and the effect of its space distribu-
ionizations by absorbing energy from the applied intense lation on the enhanced ionization. Finally, Sec. IV contains a
ser field. As a result, the two surface models, which areshort summary.
based on the Born-Oppenheimer separation of the nuclear
and electronic degrees of freedom, cannot provide a good
description of the competition between the dissociation and
ionization. Thus, in some recent theoretical studies, the nu- In the present paper, we are mainly interested in some
merical solutions of the time-dependent Salinger equa- basic features of the atom-ion collisions in the presence of an
tions are employed to investigate the mixed nuclear and eledntense laser field. So we will only consider collinga# H
tronic dynamicq6,7]. collisions and make a further simplification that the electron
In our previous papers, an interesting mechanism conand the two protons move just in one dimension along the
cerning the gain of the nuclear kinetic energy during ghe electric field of the applied laser field. Namely, a 1D model
+H collisions in an intense laser field was explored by usings employed here. In fact, 1D models are frequently used to
the classical trajectory Monte CarldCTMC) simulations investigate the responses of molecules and atoms to intense
[11]. It is found that in these collisions, the intense laserlaser fields, since they can provide useful qualitative descrip-
fields induce strong correlations between the electronic antions while the difficulties with the numerical calculations
nuclear motions. On the one hand, the electron ionizatiomre considerably reducg¢@—10]. In addition, 1D models are
rate depends on the internuclear distance. On the other haralso used to study various collisional procegdss13.
the enhanced electron ionization at the critical internuclear In this section, the electron motion is described by a wave
distance can result in an increase of the nuclear final kinetiunction ¢(x,t), wherex is the electron coordinate with re-
energy. However, in the CTMC simulations, many importantspect to the center of mass of the two protons, and the two
qguantum effects, such as tunneling ionizations, are ignoregrotons are treated directly by classical dynamics. Obvi-
The main purpose of the present paper is just to give a desusly, in the classical treatment, protons are considered as
tailed quantum description gi+H collisions in an intense point particles and their space distributions are ignored.
laser field by numerically solving the one-dimensioftHD) However, this approximation could give a clear description
time-dependent Schdinger equations. Here, our emphasisof the complex collisional processes, since important factors,
is put on some basic features, such as the dependence of thgch as the electron-tunneling ionization and the dependence
of the electronic dynamics on the internuclear distance, are
taken into account. Also, the influences of the nuclear space
*Corresponding address: Institute of Modern Physics, Fudan Unidistribution will be discussed in Sec. Ill.
versity, Shanghai 200433, People’s Republic of China. FA36- Thus, after separating the motion of the center of mass,
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II. THE KINETIC-ENERGY GAIN
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Here,R(t) is the internuclear distance at timhem, andm,
are the electron and proton mass, respectively, Bftdl is
the applied laser electrical field. Note that in Et), the soft

Coulomb potential is used to avoid the singularity of the

Coulomb potential ak=0 [7]. In our calculationsE(t) are
assumed to be in the form of
E(t)=EyU(t)cog wt), (23

whereE, is the amplitude of the laser electric field, ands
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spatial integration step is taken to B&=0.2 a.u., and the
time stepét is 6t=0.03 a.u. To prevent the reflection of the
wave function at the box edge, an absorbing mask function is
introduced[6,7].

Also, it is assumed that at=0, the initial internuclear
distance is equal to 30 a.u. and the initial kinetic energy of
the two protons is equal to 0.1 a.u. In addition, the electron
in the target atom is assumed to lie in its ground state. The
corresponding initial electron wave function is given by us-
ing the spectral methodL4].

Figure 1 plots the time evolution of a typicah-H colli-
sion in a laser field with intensity 2 10" W/cn? and wave-
length 532 nm. Here, Figs(d), 1(b), 1(c), and Xd) display
the internuclear separatid(t), the electron ionization prob-
ability P,(t), the ionization ratex(t), and the kinetic energy
of the proton<E,(t) as functions of time, respectively. In our
simulations, the electron outside a given regjgh<d/2 is
considered to be ionized. Thus, the corresponding ionization
probability P, (t) is calculated by

dr2
Pl(t)zl_f d/2|¢(X,t)|2dX, (4)

where the region widtl is taken to be 70 a.u. The ionization
rate a(t) is given by[6]

1 (1—P,(t—At/2))

=5 1=p tF a2

)
Here, the time intervalAt is chosen to be equal t®/10,
whereT=2mx/w is the cycle of the applied laser field. Also,

it is noted that if a smaller time intervalt is chosen, there is

no significant change in our basic physical results, while
some tiny peaks appear. Figure 1 clearly shows the depen-
dence of the ionization rates on the internuclear distances.
For example, in Fig. (£), there are two groups of the peaks
of the ionization rate centered nearbytat1700 a.u. and
~2400 a.u., respectively. Thus, from Figga)land Xc), it
could be inferred that when the internuclear distance is
within the range from 5 to 10 a.u., the ionization will be
considerably enhanced. The enhanced ionizations are caused

the laser frequencyJ(t) denotes the envelope of the laser by the special structure of the combined potential generated

pulse that is given by

t/7y,, 0<t<r,
U(t)= 1, To<t<97, (2b)
(107,—t)/ 7y, 97,<t<10r,
0, t>10r,,

wherer, is the turn-on time of the laser pulse and is assume

to be 300 a.u. Equation(d) is numerically integrated by
using the second-order split-operator met@cl4]. Thus,
the electron wave function at tinte- 5t is given by

d(X,t+ 5t)=exp(—iDt/2)exp{ —i[ V(X,R(t))
+gxE(t)]sttexp(—iD,6t/2) p(x,t). (3)

Meanwhile, the internuclear distan€¥qt) is calculated by
numerically integrating Eq. (b). The grid of the electron
variablex is defined by the inequalityk| <X,=70 a.u. The

by the applied laser fields and the two protons at the so-
called critical internuclear separations. In Fig. 2, the com-
bined potentials for three typical internuclear separations,
i.,e.,,R=3 a.u.,R=7 a.u., andR=15 a.u., are schematically
drawn. In each curve there are two potential wells centered at
the target proton and the positive-charged projectile, respec-
tively. At the beginning, the electron is bound in the left well
enerated by the target proton. When the internuclear sepa-
ation is large(corresponding to the solid line in Fig.),2
although distorted by the applied laser field, the barrier of the
atomic potential well is still too high for the electron to over-
come, and thus, the atom will not be seriously ionized. But,
when the projectile moves closéhe dashed ling the inner
barrier between the two potential wells becomes lower, and
thus, the electron is able to pass through the inner barrier and
escape from the system directly. As a result, the ionization is
greatly enhancefB]. However, when the two protons get too
close(the solid line with circley the outer barrier becomes
higher, which suppresses the ionization.

023407-2



QUANTUM SIMULATION OF COLLINEAR p+H... PHYSICAL REVIEW A 61 023407

30 0
251 (@) 0
—_ E -1
3 201 2
= .
= 2 2
= 151 8
[a s —
10 S -3
g
51 -—
O 44
o 4
0 T T T T T T
0 500 1000 1500 2000 2500 3000 3500 5
t(a.u.) 2 0 2 4 6 8 10 12 14 16 18
0.5 X (a.u.)
0.4 (b) FIG. 2. The schematic of the combined potential generated by

an intense laser field and two protons at three typical internuclear

0.3 separationsR= 3 a.u.(solid line with circle$, R=7.0 a.u.(dashed
f— 0.2 line), andR=15.0 a.u.(solid line).
kinetic-energy gainAE,=E,(t=3500)-E,(t=0), on the
0-1 laser intensity is investigated. We calculate the kinetic-
0.0 . : : . . . energy gains for various laser intensities, and display the
0 500 1000 1500 2000 2500 3000 3500 kinetic-energy gaimE, as a function of laser intensities in
t(a.u.) Fig. 3, which shows that there is a noticeable kinetic-energy
20 gain for the laser intensity range froin=0.6x 10 up to
= © 1.6x 10"* W/cn?. Note that if the laser intensity is smaller
2 sl than 1.3 10'* W/cn?, AE, increases with increasing laser
z intensity, and then decreases when the laser beam becomes
£ 10 stronger. This feature can be interpreted by the fact that the
% stronger laser will result in more ionizations, whereas too
= strong laser beams tend to cause serious ionization of the
a5 target atoms before the critical internuclear distance is
2 reached, which would reduce the final kinetic-energy gain

00500 7000 1500 2000 2500 3000 3500 [11] . .
Now, we have a close observation of the enhanced ion-
tau) ization given in Fig. 1. In Figs. (@) and 4b), the ionization

0.20 rate «(t) and the laser electronic field(t) are plotted as
(d) functions of time, respectively. Note that at neatbyl1700
0.15. a.u., the ionization rate is quite small for the positive laser

electric field, while sharp peaks occur when the laser electric

3 010 field changes to negative. Here, the time interval between
(“' . T . . . .
= two neighboring peaks is about equal to the period of the
w 0.054 laser field. However, after the collisioi~2400 a.u), this
' simple regularity is broken down. To understand this striking
feature, in Figs. &) and 4d), we present the space distribu-
0'000 500 1000 1500 2000 2500 3000 3500 tions of the electron probability density at two selected in-
t(au.) stants, i.e.f=1550 a.u. and=2450 a.u. Here, the distribu-
FIG. 1. The time evolution of a typicgd+ H collision in a laser 012
field with intensity 9<10'® W/cn? and wavelength 532 nm(a) 0.10
The internuclear separatioR(t); (b) the ionization probability 0,08
P,(t); (c) the ionization ratex(t); (d) the kinetic energy of the two -~
protonsE,(t). § 0.06
Associated with the enhanced ionizations at the critical 4 004
internuclear distance is an interesting gain of the nuclear ki- 0.02
netic energy shown in Fig.(d), where the nuclear kinetic
energy is increased from its initial value 0.1 a.t=4.7 eV) 0'000_4 06 08 10 12 14 18

to its final value 0.15 a.u~4.1 eV). This observation is just
opposite to the scheme of the field-free-H collisions, and
furthermore, by this mechanism, nuclei can be heated by the FIG. 3. The dependence of the kinetic-energy gk, on the
applied intense laser field41]. Also, the dependence of the laser intensityl.

Laser Intensity (1 0" W/cm2)
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20 that a sufficiently strong laser field can so significantly
(a) modify the Coulomb potential generated by the two protons
at the critical internuclear distance that the electron is able to
escape from the system by tunneling through the relatively
small inner barrier between the two potential wells. Thus,
when the electron moving around the left proton is driven by
a negative laser electric field, it can pass through the inner
barrier at its right side, and finally escape from the colliding
system. However, when the applied laser electric field be-

—
4]

lonization rate (10"
o o

c1)400 1600 1800 2000 2200 2400 2600 2800 comes positive, this enhanced ionization mechanism does
t{au) not work for the electron at the left potential well. So, the
0.08 high peaks of the ionization rates appear only when the laser
(b) electric field is negative. After the collision, the electron
—~ 0.04- space distribution changes. For example,=a2450 a.u[see
;; Fig. 4d)], the distribution functionf(x) for x>0 is much
£ 0.00A higher than that at= 1550 a.u. In this case, the positive laser
w electric field can help the electron around the right proton
0,044 pass through the inner barrier and escape from the system.

Thus, for both the negative and positive laser electric fields,
there are noticeable ionizations. Meanwhile, since more elec-

008,00 1800 1800 2000 2200 2400 2600 2800 trons distribute in the left potential well, the ionization rates
t(au.) are higher for the negative laser electronic field than those
0.8 for the positive laser electronic field.
= © Also, Fig. 4 suggests that near critical internuclear dis-
£ 04 tance, the electron cannot move freely between the two po-
; tential wells of the two protons, and tends to be trapped in
& o4l one of them. As a result, the rate at which the electronic
s probability density disperses from one potential well to an-
© . . . . .
= o2 other is considerably slow, which implies that the slow
= nuclear motion might have a strong influence on the en-
0.0 ' ' ' ' ' : . hanced ionizations.
20 15 -0 -5 0 5 10 15 20
t(au.) Il. THE EVOLUTION OF THE NUCLEAR WAVE
0.8 PACKET
(d) Now, we begin to investigate the time evolution of the
0.6 nuclear wave packet. Here, the system is described by the
*g wave function#(x,R,t), wherex is the electron coordinate
; 0.41 and R is the internuclear distance. In an intense laser field
& given by Eq.(2), the time evolution of the wave function is
= 0.2 determined by
0.0 PR
B0 45 10 B & &5 10 15 20 |T—[DX+V(X,R)+DR+ 1R+ gxE(t) ] (x,R,1),
t(au.) (6Q)

FIG. 4. The ionization feature associated with the asymmetricalvhere
distribution of the electron probability densitig) The ionization

rate vs timet. (b) The laser electric fieldE(t) vs timet. (c) The 1 92
electron probability density(x) att=1550 a.u.(d) The electron Dgr=— m. o2’
probability densityf(x) att=2450 a.u. pJR
. : . -1 -1
tion functionf(x) is calculated by V(X,R)= n .
) [(x—R/2)2+1]¥2  [(x+R/2)%+1]*2
fx)=]p(x,0]% (6b)
Note that at =1550 a.u[see Fig. 4c)], most of the elec- Equation(6) is solved by using the two-dimensional split-

tron probability distributes just around the left protGre.,  operator method. Here, the grid of the electron variabie
the atomic nucleysand the magnitude df(x) is quite small  just the same as that in Sec. Il, while the grid of the internu-
for x>0. In the above discussions, it has been pointed outlear distancer is defined by 0.35 a.u<R<70 a.u. with
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FIG. 5. The evolution of the nuclear distribution functibg(R). FIG. 6. The time evolution of the electron ionization probability

P,(t). Here, the solid line is given by the full quantum calculation,
SR=0.05 a.u. The time step of the numerical integration iswhile the dashed line corresponds to the simplification that the pro-
chosen to best=0.03 a.u. Since during the laser pulse, al-ton is treated as a classical point particle.
most no nuclei can reach the bounddy,, =70 a.u., no
absorbing mask function at the nuclear boundary is intro
duced.
The initial wave function is assumed to be in the form of

by the full quantum treatment with that given in Sec. Il
Here, the solid curve is given by the full quantum calcula-
tions, and the dashed one represents the result of the classical
treatment of the nuclear motion. Qualitatively, the two

P(X,R,t=0)= o(X) x(R) (7) ~ curves agree with each other quite well. However, in the

Y ’ dashed curve, there are two separate rapid increases at

where the initial electronic wave functiofig(x) is just the ~ ~1600 andt~2300 a.u., respectively, whereas in the solid

same as that used in Sec. Il, and the nuclear wave packbpe, the ionization probability increases with almost the
x(R) is given by same rates in the time range fram 1600 tot=2700 a.u.

Partly, this difference comes from the fact that in the full
X(R)=Cexp{— (R—Ry)2/2W3—iJm E,oR}.  (8)  Qquantum treatment, the proton distributes in a broad space
range instead of a point, which means that the enhanced
Here, C is the normalization constarR,=30 a.u. is the ionizations could be observed for a wider time range.
initial internuclear distanca)y=2.0 a.u. is the initial width
of the nuclear wave packet, artfl,=0.1 a.u. is the initial IV. CONCLUSIONS

nuclear kinetic energy. :
9y . . In conclusion, based on an 1D quantum model, we have
For the laser pulse used in Sec. Il, we calculate the time

evolution of the wave functions(x,R.t), and in Fig. 5, the Studiedp+H collisions in the presence of an intense laser

) N .. field. It is found that the electron ionization rate will be con-
corresponding nuclear space distributions for four typical in-

. o ._siderably enhanced at the critical internuclear distance. Also,
stants are displayed. Here, the nuclear distribution funCtIOI?he enhanced ionizations can result in an increase of the ki-
f,(R) is calculated by

netic energy of the protons. This energy absorption mecha-
nism is of practical interest, since by it, the energy of the
fp(R):f dx|(x,R,1)|%. (9)  applied laser pulse can be directly transferred to the nuclei.
In addition, some features of thget H collisions in the pres-
$hee of an intense laser field are investigated. Especially, the
influences of the space distributions of the electronic and
nuclear wave packets on the enhanced ionizations are dis-

In Fig. 5, one sees that, when the averaged internucle
distance is quite largécorresponding to the solid lingthe
nuclear distribution functiorf,(R) is in the form of the cussed
Gaussian wave packet. A=1750 a.u.(the solid line with H ) th i left for fut
circles, the averaged internuclear distance is reduced tq owever, there are many questions Iett open for future

about 4.0 a.u., and hence, the two protons experience satudles. For example, due to the introduction of an absorbing

strong repulsive Coulomb potential. As a result, the frontmaSk function at the electron boundary, the full quantum

part of the incident nuclear wave packet is reflected, Wh”ecalculatlons in the present paper are not able to provide the

the other is still coming. Sof,(R) oscillates quickly. Att correct energy spectrum of the colliding protons. We plan to

= 2275 a.u.(the dashed ling the nuclear distribution func- discuss these problems in other places.
tion f,(R) becomes a Gaussian wave packet again, and its
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