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Abstract. In this paper, ion-atom and ion-ion collisions in the presence of intense laser fields are qualita-
tively studied by Classical Trajectory Monte Carlo (CTMC) simulations. It is found that in contrast to the
field-free collisions, the colliding ion and the target nucleus could absorb energy from the applied laser fields
when the electrons escape from the collision system. This result is explained in terms of Coulomb explosion
induced by the enhanced ionization at the so-called critical internuclear distance. Also, the corresponding

energy gain cross-sections are evaluated.

PACS. 33.80.Rv Multiphoton ionization and excitation to highly excited states (e.g., Rydberg states)
— 34.10.4x General theories and models of atomic and molecular collisions and interactions (including
statistical theories, transition state, stochastic and trajectory models, etc.) — 34.50.Fa Electronic excitation
and ionization of atoms (including beam-foil excitation and ionization)

1 Introduction

Recently, many theoretical and experimental researches
are devoted to the dissociation ionization of molecules by
intense laser fields [1-7]. Those studies reveal that the laser
ionization of diatomic molecules can be greatly enhanced,
compared with that of atoms. For example, D. Normand
and M. Schmidt [5] found that up to ten electrons can
be removed from the iodine molecule by an intense laser
beam with intensity 1.3 x 104 W /cm?®, while the same
laser field cannot extract three electrons from the iodine
atom. This interesting result has been explained in terms
of the enhanced ionization at the so-called critical inter-
nuclear distance [4-7].

Thus, it may be expected that for ion-atom (or ion-ion)
collisions in intense laser fields, the laser ionizations would
be enhanced when the separation between the projectile
and target reaches the vicinity of the critical internuclear
distance. This idea is schematically shown in Figure 1,
where the potentials experienced by an electron moving
along the axis between the target nucleus and the incident
projectile are drawn for two typical cases: one where the
internuclear separation is greatly larger than the critical
internuclear distance and the other where the internuclear
separation is close to the critical internuclear distance. In
each curve there are two potential wells centered at the
target nucleus and the positive-charged projectile, respec-
tively. At the beginning, the electron is bound in the left
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Fig. 1. The schematic draw of the potentials experienced by an

electron moving in the combined field of the projectile, atomic

nucleus as well as the applied laser field. The solid line cor-

responds to the large internuclear separation, and the dashed
line is for the intermediate internuclear separation.

well generated by the target nucleus. When the internu-
clear separation is large (corresponding to the solid line
in Fig. 1), although distorted by the applied laser field,
the barrier of the atomic potential well is still too high
for the electron to overcome, and thus, the atom will not
be seriously ionized. But, when the projectile moves closer
(the dashed line in Fig. 1), the inner barrier between the
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two potential wells becomes lower, and thus, the electron
is able to pass through the inner barrier and escape from
the system directly. Furthermore, this abrupt ionization
will result in an increase of the total kinetic energy of the
projectile and the target nucleus by an amount ~ 1/Rjop
(atomic units are adopted throughout this paper), where
R;on denotes the internuclear separation at which the ion-
ization takes place. This mechanism is of practical interest,
since by it the colliding particles, which are much heav-
ier than electrons, can directly absorb energy from the
applied laser field.

The main purpose of this paper is to show this en-
ergy absorption mechanism by Classical Trajectory Monte
Carlo (CTMC) simulations. Here, p+He and p+He™ col-
lisions are chosen as the examples of ion-atom and ion-ion
collisions, respectively. In the second section, we briefly
describe the theoretical model of the CTMC simulation.
In the third section, numerical results for p 4+ He collisions
in intense laser fields are presented. Here, one can see that
the Coulomb explosion, which is induced by the enhanced
ionization in the vicinity of the critical internuclear dis-
tance, can result in an increase of the kinetic energy of
the colliding particles. In the fourth section, similar cal-
culations are performed for p + He't collisions. Also, in
this section, a comparison is made between p + He™ and
p—+He collisions. Finally, the fifth section includes a simple
conclusion.

2 Theoretical model

In principle, ion-atom collisions should be treated by
quantum mechanics. However, a full quantum treatment is
quite difficult, especially for the processes in which many
active particles are involved in energy exchange. An alter-
ative way is the so-called CTMC simulation, where an en-
semble of classical particle trajectories with randomly se-
lected initial conditions are calculated in the frame of clas-
sical dynamics, and the physical results are obtained by
averaging over those trajectories. The CTMC method has
been successfully applied to investigate field-free ion-atom
collisions at the intermediate collision energy region [8]. It
has also been extended to study the collisions between
the Rydberg atoms and the slow singly charged ions (the
collision energy is as low as 1.3 eV/amu) [9]. In fact, the
classical models are also frequently used to study the re-
sponses of atoms and molecules to intense laser fields [6,
10-12], since when an atom (or a molecule) is irradiated
by an intense laser field, its electronic structure will be
strongly distorted, and the increase of the classical behav-
ior of the quantum system is expected. So, the CTMC
method is suitable to provide us with a simple qualitative
description of the atom-ion (or ion-ion) collisions in an
intense laser field.

In the presence of an intense laser field, the Hamilto-
nian for the system formed by a target atom (ion) with
N, electrons and an incident proton is given by (in atomic
units)

H:Tap+Vap+€e+‘/:3xt- (]‘)

Here, the total kinetic energy of the target nucleus and
incident proton is

P2 P
T'dp = N . ) (2)
2m,  2my

where the indices a and p denote the target nucleus and
the projectile, respectively. V,, is the Coulomb interaction
between the target nucleus and the incident projectile, i.e.

ZoZ

Va = T b
P ‘Ra_Rp|

(3)

where Z, and Z, are the charge of the target nucleus and
the projectile, respectively, and R, and R, represent their
positions. The energy of the electrons in the target is cal-
culated by

N, 2

P2
Ee :Z 261 + Veoul
1=1

(4)

where P,; denotes the momentum of the i-th electron, and
the Coulomb potential Vioy is given by

Vooul = 3 2

Coul = = Z Z 5 1/2
k=a,p i=1 [|Rk — 1] —I—aﬂ
N 1

+ (5)

1/2
i>j “rz —r)* + oﬂ]

Here, r; is the position of the i-th electron. Note that a
smearing parameter « is introduced to remove the singu-
larity of the Coulomb interaction. The introduction of a
smearing parameter « to the standard Coulomb interac-
tion is not only a mathematical trick to avoid numerical
problem, but it can also be considered as the result of
Heisenberg uncertainty relation [6]. In our present simu-
lations, « is chosen to be equal to 1.0.

The interaction between the collision system and the
applied laser field E (¢) is given by

Vee=— 3 ZE@) Re+3 B@) v, (6
i=1

k=a,p
where

E(t) = EoU (t) sin(wt + )z (7)
Here, Ej is the amplitude of the laser electric field, w is the
frequency, and 3 is the initial phase. The envelope of the
laser pulse is represented by U(¢) in the following form:

t/7p, O<t<my
1, <t <117
U(t) = i ’ (8)
(127, — t)/Tp, 117, < t < 127,
0, t> 127,
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So, the laser pulse has a distinct starting and stopping
time, and remains mostly uniform for the pulse duration.

For the first step of CTMC calculations, an ensem-
ble of initial conditions of the collision system should be
given. For both p + He and p + He™ collisions, the fol-
lowing assumptions are made: 1) at ¢ = 0, the separation
between the projectile and target is equal to 50 a.u., and
they move towards each other along the direction of the
laser electric field. Also, the magnitude of the initial mo-
mentum of the target nucleus is chosen to be equal to that
of the projectile momentum. 2) the target is in its ground
state before the laser field is turned on. In the present
simulations, the sampling of the initial configurations of
the target is made by two different approaches, which are
demonstrated in detail in Section 3 and Section 4, respec-
tively. The impact parameter b is chosen by uniform sam-
pling of b2 € [0,b2 .. ]. Note that at the moment when the
laser field is turned on, the incident protons lie in various
distances from the targets, and therefore, enter the colli-
sion region at different laser field phases. This condition
is taken into account by randomizing 3, the initial phase
of the laser pulse.

With a selected initial configuration, each classical tra-
jectory of the collision system is given by numerical inte-
gration of the Hamiltonian equations. Here, the Runge-
Kutta method with variable step sizes is adopted to per-
form numerical integrations. The accuracy of the integra-
tions is verified by the energy conservation during the
field-free p + Het and p + He collisions. It is found that
the law of energy conservation is fulfilled to an accuracy
of 1074,

3 ion-atom collision in intense laser fields

In this section, we will discuss the p 4+ He collisions in
the presence of an intense laser field. Normally, a clas-
sical multielectron atom is unstable even if no external
field is applied, since one electron can absorb sufficient en-
ergy to escape from the atom by pushing other electrons
to deeply bound states. However, in the case of smooth
Coulomb potential, two-electron atom would be stable
provided that the ground-state energy is chosen to be suf-
ficiently low [12]. In our simulations, the helium atom is
modeled with ground-state energy of —2.9 a.u., and it is
stable without external fields. Generally, the assemble of
the initial configuration of the helium atom cannot be gen-
erated by the method widely used for the atoms with one
active electron [10]. Here, we trace the time evolution of
the two electrons in the helium atom, and select the states
at the randomly chosen instants as the initial configura-
tions [6,12]. The initial total kinetic energy of the target
nucleus and the projectile is chosen to be T, = 0.2 a.u.
Obviously, the incident energy of the collision system is
corresponding to a temperature of several ten thousand
kelvins. The parameters of the applied laser field are cho-
sen as Ey = 0.24 a.u. (corresponding to the laser intensity
2x 105 W /cm?), w = 0.043 a.u. (Nd Laser), and 7, = 600
a.u. Note that without the incident proton, about 7.2%
of the model helium atom would be ionized by such a
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Fig. 2. Temporal evolutions of a typical trajectory of p 4+ He
collisions in an intense laser field with intensity 2x10'® W/ch.
Here, the initial total kinetic energy of the incident proton
and the target nucleus is equal to 0.2 a.u., and the impact
parameter b is 1.5 a.u. (a) The time evolutions of the distance
of the ionized electron to the atomic nucleus (the solid line) ra,
and the internuclear separation R.p (the dashed line); (b) the
time evolution of the total kinetic energy Thp.

laser pulse. Note that the classical atoms with the smeared
Coulomb potential are more stable than reality, and their
ionization probabilities are underestimated [6,13].

Now, we turn to discuss the p + He collisions in this
intense laser field. At first, the time evolution of a typical
trajectory in which one electron is ionized is presented in
Figure 2. In Figure 2(a), the distance of the ionized elec-
tron from the atomic nucleus r, = |r; — R,| (the solid
line) and the internuclear separation R,, = |R. —Rjp|
(the dashed line) are shown as a function of time. Fig-
ure 2(b) plots the time evolution of the total kinetic en-
ergy Top. It can be seen that the electron stands against
ionization until ¢ ~ 2500 a.u., although the applied laser
intensity has reached its maximum for some time. How-
ever, when the internuclear separation is reduced to about
2.5 a.u. at t ~ 3000 a.u., the electron feels a strong attrac-
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Fig. 3. The change of the total kinetic energy T,p during p+He
collisions in the presence of an intense laser field. The parame-
ters of the applied laser field are the same as in Figure 2. Here,
a total of N = 2500 trajectories with impact parameter b cho-
sen by uniform sampling of b € [0, 2 .,] (bmax = 2.0 a.u.) are
calculated. (a) The correlation between the final electron en-
ergy €. and the final total kinetic energy Thp; (b) the spectrum
of the final total kinetic energy Thp.

tion from the approaching proton, and finally escapes from
the system (see the solid line). Associated with this rapid
ionization is an increase of the total kinetic energy Ty,
which could be observed in Figure 2(b). Note that the ki-
netic energy gain in this collision is about AT}, ~ 0.4 a.u.,
and can be related to the internuclear distance R;, where
the ionization takes place by the relation AT, ~ 1/Rion.
This observation supports our above qualitative discus-
sions.

To examine this ionization scheme more thoroughly,
for the same laser field as in Figure 2, we calculate a to-
tal of N = 2500 trajectories with the randomly chosen
initial target atom configurations and impact parameters.
Here, the maximum impact parameter by, is chosen to
be 2.0 a.u. In Figure 3(a), T}, is plotted vs. the final elec-

tron energy €.. Note that all the final states lie in two
regions, which are separated by a gap in the electron en-
ergy with a width de, ~ 1.0 a.u. In the first region with
€e < —0.2 a.u., both electrons remain bound after the
collisions, while the corresponding final total kinetic en-
ergy Top spreads around its initial value (0.2 a.u.). Note
that in this region, no obvious energy gain is observed.
In contrast, in the second region (g, > —0.2 a.u.), where
one electron is ionized, T}, is much larger than its initial
value. The spectrum of the final total kinetic energy Ty,
is plotted in Figure 3(b). Note that there are two sepa-
rate peaks around T,, ~ 0.20 a.u. and T,, ~ 0.55 a.u.,
respectively. The first peak corresponds to the first region
in Figure 3(a), and the second peak corresponds to the
trajectories with electron ionization. Also, from Figure 3,
it can be inferred that most of the ionizations take place
just when the internuclear separations are in the range of
2.0 to 4.0 a.u.

The above discussion shows a basic feature of the ion-
atom collisions in the presence of an intense laser, namely,
the ionization of the target atom is accompanied by an in-
crease in the total kinetic energy T,;,. So, the correspond-
ing energy gain cross-sections are calculated by

1
ATopo = Wblgnaxﬁ Z ATp(7) 5 (9)

where N is the number of the sample trajectories, and
AT, (i) denotes the kinetic energy gain associated with
the i-th trajectory. The upper limit of the impact pa-
rameters, bnax, i chosen to be large enough to ensure
that the energy gain cross-sections are not bp.x depen-
dent. Finally, for bya.x = 3.0 a.u. and N = 5000, we get
that AT,,0 =3 x 1071%eV em?. Tt is instructive to com-
pare the present results with the inverse bremsstrahlung
absorption of laser fields. From equation (64) in refer-
ence [14], the averaged energy gain cross-section for the
inverse bremsstrahlung absorption can be evaluated by
(in atomic units)

Aggho= dwjdt 8w ln<ﬁ>ln _ B
o n,v2em  Eoyv2ewn 3w w\/2en/3 )

(10)

where n, is the density of protons, ey, is the electron ther-
mal energy. Thus, for ey, = 0.20 a.u. and Ey = 0.24 a.u.,
Aeo is approximately 5x107% ¢V em?, which is of the
same order of magnitude compared with that of the mech-
anism discussed in the present paper. Due to the fact that
the mean electron velocity is much higher than the ionic
velocity, the energy absorbed by this mechanism is only a
few percent of that by inverse bremsstrahlung. However,
in the present mechanism, the energies of the laser field
are directly transferred to the heavy particles instead of
the free electrons.

In the last decade, the electron collective response to
the intense laser has been a major topic of many theo-
retical and experimental researches. To show whether the
collective ionization can be observed in p + He collisions,



L. Feng and Y .-k. Ho: Classical study of p + He and p + He™ collisions in intense laser fields 29

."‘-.1!- LR

N
1
=

g,(au.)

1 -

3T T T T T T

g (au)

Fig. 4. The correlation between the two target electrons
in p 4+ He collisions in an intense laser field with intensity
2x10* W /cm?.

we plot the final energy of one electron € wvs. that of an-
other g5 in Figure 4. Here, the final energy of the i-th
electron is calculated by

1., Za A

2% [ -Ra)2+02? [ —Ry)?+ aQ]l(/fl)

Ei =

Obviously, there is nearly no trajectory where the two
electrons are ionized together, and thus no collective ion-
ization could be observed in our cases.

4 ion+ion collision in an intense laser field

We now turn to discuss p + He™ collisions in an intense
laser field. Due to the repulsive interaction between the
positive-charged helium ion and the proton, additional ki-
netic energy is needed for them to reach the critical in-
ternuclear distance. Because the electron in He™ is quite
deeply bound, a stronger laser field is also necessary. For
the initial total kinetic energy 7T,, = 0.75 a.u. and laser

intensity 9x10'° VV/cmz7 a total of N = 2500 trajecto-
ries with the randomly selected initial configurations are
calculated. Here, the maximum impact parameter by, is
equal to 2.0 a.u. The ground-state energy of He™ is cho-
sen to be —2.0 a.u., and the corresponding microcanonical
distribution of the target electron is given by the widely
used approach [7,10]. In Figure 5(a), the final total kinetic
energy 1., is plotted vs. the electron energy e.. Just as
what we have observed in Figure 3, the trajectories spread
in two regions in the T},,-¢, space. One corresponds to the
trajectories with electron ionization, and the other is for
those without ionization. In Figure 5(b), the correspond-
ing spectrum of the final total kinetic energy T, is pre-
sented. Here, one can also find two separate peaks, which
shows that in intense laser fields, collisions between ions
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Fig. 5. The same as Figure 3 but for p+ He™ collisions. Here,
the initial total kinetic energy Tup is 0.75 a.u., and the laser
intensity is 9x10'® W /cm®.

and ions can result in an increase of the kinetic energy of
the colliding particles.

However, compared with p + He collisions, fewer tra-
jectories lead to electron ionization, although the applied
laser is much stronger. Partly, this result is due to the re-
pulsion between the projectile and the target which makes
it hard for the projectile and the target to get sufficiently
close to each other.

5 Summary

In conclusion, p + He™ and p + He collisions in an in-
tense laser field are qualitatively investigated by CTMC
simulations. It is found that those collisions can lead to
an increase in the ionic kinetic energies. This observation
can be interpreted in terms of the enhanced ionization in
the vicinity of the critical internuclear separation. This
new energy absorption mechanism is of practical interest,
since the colliding particles, which are much heavier than
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electrons, can be directly heated by the applied intense
laser fields.

There are many questions left open for future stud-
ies. For example, in the present CTMC simulations, the
quantum effects such as the tunneling ionization and the
molecular states during the ion-atom collisions in intense
laser fields are ignored. We plan to discuss these questions
in future papers.

This work is partly supported by Project 19804002 of NSFC,
the National High-Tech ICP Committee in China, the Natural
Science Foundation of Shanghai Education Department and
the Natural Science Foundation of Fudan University.
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