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Influence of a laser field on Coulomb explosions and stopping power
for swift molecular ions interacting with solids
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The influence of a high-intensity laser field on the inelastic interactions between a swift molecular ion and
a solid target is studied by means of the dielectric theory. Excitations of the electron gas in the solid are
described by the linearized hydrodynamic Poisson equations, thus allowing derivation of general expressions
for the induced potential in the target and the interaction force among the ions within the molecule, in the
presence of the laser field. Based on the numerical solution of the equations of motion for the constituent ions,
the Coulomb explosion patterns and the molecular energy losses are discussed for a range of laser parameters.

DOI: 10.1103/PhysRevA.66.042901 PACS number~s!: 79.20.Rf, 34.50.Bw
ith
t
m
il-
re
rg

n
o
e

er
te

ns

de
ha
v
s
id
lid
pa
a
id

th
ar
g
fie
in
e

e-

ous
It is
laser
t of
of
for-
f a
ed
ee-
the

ping
of
a

pho-

aser
u
en-
o-
hro

eld
ns
ted

rgy

oss,
ou-
in
et,
r-
c-
plo-
ons
I. INTRODUCTION

The interactions of swift molecular and cluster ions w
solids have been the subject of increasing interest during
past several decades. Soon after the observation of trans
sion of H2

1 ions through carbon foils by Poizat and Rem
lieux @1#, the first experimental demonstration and a theo
ical description of the so-called vicinage effects in the ene
loss of ion clusters were provided by Brandtet al. @2#. These
effects originate from the interference among the electro
excitations of the solid arising from the correlated motion
the constituent ions in the cluster. Recent advances in exp
mental techniques have greatly stimulated further exp
mental and theoretical studies of various aspects of the in
action of large clusters with solids, such as Coulom
explosions and the energy losses@3–11#. A review of the
current knowledge in the field of cluster-solid interactio
has been published recently by Arista@12#, where new de-
velopments of the theory were provided toward better
scription of the ion charge states within the clusters. In t
context, a self-consistent theoretical model has been de
oped recently for the vicinage effects on the charge state
the constituent ions in clusters moving through sol
@13,14#. Apart from the evident attraction of the cluster-so
interactions for researchers in the area of interactions of
ticles with matter, numerous applications of clusters in m
terials modification and fusion technology are being cons
ered in the literature.

On the other hand, particle interactions with matter in
presence of a laser field have come into the focus of rese
in the past decade. For example, the interaction of char
particles with a plasma in the presence of a strong laser
has attracted much interest owing to the possibility of us
fast and heavy ion beams as drivers in inertial confinem
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fusion experiments@15–18#. An ablated plasma has been cr
ated in recent experiments@19–22# by irradiation of a solid
surface with a strong, pulsed laser beam, with simultane
bombardment of the target surface by a heavy ion beam.
expected in such experiments that the presence of the
field will affect the energy loss of the ion beam, as a resul
the modulation effects of the laser field on the motion
electrons in the target. On the theoretical side, a general
mulation has been developed for describing the effects o
strong laser field on the stopping power of a swift ion, bas
on a time-dependent Hamiltonian for a degenerate fr
electron gas in the presence of both the laser field and
self-consistent scalar electric field@23,24#. It has been found
that the laser field can induce a decrease of the stop
power for intermediate-velocity ions, while an increase
the stopping power may occur at low velocities, due to
resonance process of plasmon excitations assisted by a
ton absorption. Moreover, Nersisyan and Akopyan@25#
found that charged particles may be accelerated by the l
field in the high-intensity limit. In addition, Zhang and X
@26,27# have studied the effects of the laser field on the
ergy loss rate of charged particles moving in a tw
dimensional electron gas by solving a time-dependent Sc¨-
dinger equation.

Although it is expected that the presence of a laser fi
may provide powerful means of controlling the interactio
of clusters with matter, very few studies have been repor
on such systems so far. For example, Silva and Galva˜o have
recently studied the effects of the laser field on the ene
loss of ion clusters moving in a hot plasma@28# and found
that the laser field induces a decrease of the energy l
when compared to the laser-free case. However, the C
lomb explosion effects of the cluster were not included
their work. In reality, when a fast cluster enters a solid targ
it will be quickly stripped of its valence electrons, and fu
ther penetration of the resulting constituent ions will be a
companied by simultaneous processes of the Coulomb ex
sion and the energy deposition into the electron excitati
©2002 The American Physical Society01-1
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of the target. One expects therefore that, in general, the
persion of the ion cluster due to the Coulomb explosion w
diminish the vicinage effects on the energy losses. Moreo
the Coulomb explosion patterns of clusters show a str
asymmetry for prolonged penetration times, owing to
wake effects in the dynamic response of the target elec
gas@29#. Further complications arise from the interplay b
tween the vicinage effects on the ion charge states in
cluster, the energy losses, and the asymmetric Coulomb
plosions. In this work, we present a study of the influence
a high-intensity laser field on the Coulomb explosions a
energy losses of fast molecular ions in a solid target, ba
on an extension of the method used in our previous w
@30#, where the excitations of the electron gas in the tar
were described by the hydrodynamic model. We consider
constituent ions in the cluster to be pointlike perturbers w
fixed charge, such as in the case of fast hydrogen clus
leaving the problem of the vicinage effects on charge sta
in the presence of a laser field for future work.

The paper is organized as follows. In Sec. II, we us
Fourier-like analysis of the linearized hydrodynamic Poiss
equations to derive general expressions for the dynamic
screened interaction potential and the corresponding fo
among the constituent ions in a fast cluster in the presenc
a laser field. In Sec. III, we study the effects of the laser fi
on the Coulomb explosion dynamics of the cluster by solv
the equations of motion for the constituent ions. Fina
modifications of the laser-assisted energy losses of the c
ter due to the Coulomb explosion are studied in Sec. IV
prolonged penetration depths. A brief summary of the res
is presented in Sec. V. Atomic units~a.u.! are used through
out, unless otherwise indicated.

II. INTERACTION POTENTIAL

As in the previous work@30#, the electron plasma in a
solid can be regarded as a degenerate free-electron gas w
homogeneous densityn0. During the irradiation by a lase
field the electron gas remains homogeneous to the low
order approximation and retains the unperturbed densityn0.
Given the laser fieldEL(t)5E0 sin(v0t), the velocity of the
individual electrons in the electron gas can be expressed

u0~ t !5
1

v0
E0 cos~v0t !, ~1!

whereE0 is the field amplitude andv0 is the laser frequency
Now consider a point charge with the charge numberZ1

and the velocityv, moving in the electron gas. The charg
density of the projectile can be written as

rext~r ,t !5Z1d~r2vt !. ~2!

As a result, the equilibrium state of the electron gas will
perturbed and electronic excitations will be induced arou
the ion. We consider the electron gas as a charged fluid
the velocity fieldu„r ,t) and the densityn(r ,t). Based on the
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hydrodynamic model@31,32#, the electronic excitations in
the fluid can be described by the continuity equation

]n

]t
1“•~un!50, ~3!

the momentum-balance equation

]u

]t
1~u•“ !u52EL~ t !1“F~r ,t !1Fint1Ff , ~4!

and Poisson’s equation

“

2F524p@rext~r ,t !1n02n#. ~5!

In Eq. ~4!, EL(t) is the laser field,F is the scalar potentia
which results from the external chargerext and the charge-
density polarization of the electron gasn02n, Fint is the
internal interaction force of the fluid, which can be express
by means of an energy functionalG@n#, andFf52gu is the
frictional force on electrons due to scattering on the positi
charge background, withg being the friction coefficient,
which is taken to be an infinitesimally small positiv
quantity.

According to the Thomas–Fermi–Dirac–von Weiszack
approximation@33,34#, the energy functionalG@n# is defined
by

G@n#5E dr n~r ,t…E~n,“n! ~6!

in terms of the local internal energy per electron in the flu

E~n,“n!5
3

10
~3p2n!2/31

1

8

~“n!2

n2
, ~7!

where exchange and correlation contributions are neglec
It will be shown that the use of such a model forE(n,“n) in
the linearized equations yields the well-known plasmon-p
approximation~PPA! for the dielectric function of the elec
tron gas. With the energy functionalG@n#, the internal force
Fint is given by

Fint52“S dG

dn D . ~8!

The system of Eqs.~3!–~8! constitutes a set of self
consistent nonlinear equations, which can only be solved
merically, in general. Since we are primarily interested
high-velocity molecular ions, one can consider the i
charge distributionrext as a weak, first-order perturbation o
the electron fluid. We therefore linearize the above equati
by retaining the laser fieldEL(t) in the lowest-order approxi-
mation and assumingn(r ,t)5n01n1(r ,t) and u(r ,t)
1-2
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5u0(t)1u1(r ,t), where u0(t) is given by Eq.~1!, while
n1(r ,t) andu1(r ,t) are the perturbed flow velocity and de
sity, respectively. According to Eq.~5!, the potentialF will
be therefore obtained as a perturbed quantity in the fi
order approximation, which is equivalent to the linea
response treatment of the external charge in solids@23#, or to
the linearized Vlasov equation approach for plasmas@35#, in
the presence of a strong laser field. We further adopt
approach used in@35# and introduce translational shift to a
oscillating frame of reference by means of the new varia
s5r2asin(v0t), where a5E0 /v0

2 is the transverse
oscillation amplitude of electrons driven by the laser fie
~the so-called quiver amplitude!. As a result, we obtain the
following linearized equations@30,31#:

]n1

]t
52n0“s•u1 , ~9!

]u1

]t
5“sF2

vF
2

3n0
“sn11

1

4n0
“s~¹s

2n1!2gu1 ,

¹s
2F54p@n12rext~s,t !#,

where“s[]/]s andrext(s,t)5Z1d@sÀvt1asin(v0t)# is the
external charge in the shifted frame, whilevF5(3p2n0)1/3 is
the Fermi velocity of the electron gas. The first term on
right-hand side of the momentum-balance equation is a
ciated with the perturbed electric force, while the other ter
are due to the internal interaction force of the electron
and the frictional force@30#.

We further apply the Fourier transform@23,30,35#

A~s,t !5E E dk dv

~2p!4
A~k,v!eik"s2 ivt, ~10!

where A(s,t) stands for any of the above listed perturb
quantities in the shifted frame of reference. With this tra
form, the scalar potential is readily obtained as follows:

F~k,v!5
4prext~k,v!

k2«~k,v!
, ~11!

where the resulting dielectric function«(k,v) has the form
corresponding to the so-called plasmon-pole approximat
viz.,

«~k,v!512
vp

2

v~v1 ig!2~vF
2k2/31k4/4!

, ~12!

which is commonly employed in the literature to describe
dielectric response to fast ions, withvp5A4pn0 being the
plasma frequency. This form of the dielectric function is t
consequence of the model used for the energy functio
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based on the Thomas–Fermi–Dirac–von Weiszacker
proximation @31,32#. In Eq. ~11!, rext(k,v)5Z1*dt exp
@2ik•asin(v0t)1i(v2k•v)t# is the Fourier transform of the
external charge densityrext(s,t). On using the Jacobi iden
tity, exp@ik•asin(v0t)#5(Jn(k•a)exp(iv0t), we obtain

rext~k,v!52pZ1 (
n52`

`

Jn~k•a!d~v1nv02k•v!, ~13!

whereJn(x) is thenth-order Bessel function of the first kind
With Eqs.~11! and~13!, the scalar potential can be written a

F~r ,t !5(
n,m

Z1

2p2E dk

k2
Jm~k•a!Jn~k•a!

eik•(r2vt)ei (n2m)v0t

«~k,vn!
,

~14!

wherevn5k•v2nv0 is the laser-harmonic Doppler-shifte
frequency.

Next consider a fast homonuclear diatomic molecular
moving in the electron gas. The interaction potential amo
the two constituent ions located atr1 and r2 is expressed as

U~r ,t !5E dr 8rext~r 82r1 ,t !F~r 82r2 ,t !

5(
n,m

Z1
2

2p2E dk

k2
Jm~k•a!Jn~k•a!

eik•rei (n2m)v0t

«~k,vn!
,

~15!

wherer5r12r2 is the relative position vector. After taking
the time average over the laser period in this expression,
fast oscillations with timet are removed by setting the facto
ei (n2m)v0t to zero unlessm5n. As a result, the average in
teraction potential becomes time independent, viz.,

U~r !5
Z1

2

2p2 (
n52`

` E dk

k2

Jn
2~k•a!eik"r

«~k,vn!
. ~16!

In order to simplify the following calculations, we assum
that the three vectorsE0 , v, andk, are all in the same plane
and takea to be the angle betweenE0 andv. On introducing
the variablev5k"v5kv cosu, we define the quantity

x~k,v!5k•a5
av

v
cosa2ka sina, ~17!

with k5Ak22v2/v2. Assuming that the projectile velocity
is directed along thez axis, the interaction potential can b
written in the cylindrical coordinatesr5(r,z) as follows:

U~r,z!5
Z1

2

pv (
n52`

` E
0

`

kdkJ0~kr!Gn~k,z!, ~18!
1-3
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where

Gn~k,z!5E
2`

` dv

k21v2/v2

Jn
2
„x~k,v!…

«~k,v2nv0!
eivz/v. ~19!

It is clear that the interaction potential depends on
dielectric function of the target. In general, it is rather dif
cult to complete the integration in Eq.~19! if one uses the
PPA dielectric function given by Eq.~12!. However, in the
high-velocity regime (v>vF), the PPA dielectric function
may be replaced by a local dielectric function

«~k,v!512
vP

2

v~v1 ig!
Q~kmax2k!, ~20!

wherekmax5vp /vF is the cutoff wave number andQ is the
Heaviside step function. With such a simple dielectric fun
tion, one can carry out the integration in Eq.~19! by using
the residue theorem. On introducing the screening len
lp5v/vp and the dimensionless parameters5g/(2vp),
the interaction potential is finally expressed as

U~r,z!5UD~r,z!1UW~r,z!, ~21!

whereUD(r,z) is the well-known screened Coulomb pote
tial
le

ia

d

ia
b
n
ti

flu
d
e
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UD~r,z!5
Z1

2

r
2

Z1
2

lp
E

0

`

dk J0~kr/lp!GD~k!e2kuzu/lp,

~22!

while UW(r,z) is the asymmetric wake potential

UW~r,z!5
Z1

2

lp
E

0

v/vF
k dk J0~kr/lp!GW~k,z!

3e2suzu/lpQ~2z!, ~23!

which results from the asymmetric dynamical polarizatio
in the medium. The functionsGD(k) andGW(k,z) appear-
ing in Eqs.~22! and ~23! are given by

GD~k!5
J0

2
„x~k,0!…

k211
12(

n51

`
k2112~nb!2

@k2112~nb!2#21~2nbk!2

3Jn
2
„x~k,0!… ~24!

and
GW~k,z!5
1

2~k211!
$J0

2
„x~k,1!…1J0

2
„x~k,21!…%sin~z/lp!1

1

2 (
n51

`
$Jn

2
„x~k,nb11!…1Jn

2
„x~k,2nb21!…%

k21~nb11!2

3sin@~nb11!z/lp#2
1

2 (
n51

`
$Jn

2
„x~k,nb21!…1Jn

2
„x~k,2nb11!…%

k21~nb21!2
sin@~nb21!z/lp#, ~25!
a
scil-

the
di-
al

m-
be
al
where b5v0 /vp is the reduced laser frequency, whi
x(k,n)5(a/lp)(n cosa2k sina). Obviously,UW oscillates
with z and exists only whenz,0.

Finally, we study the variation of the interaction potent
U with the longitudinal distancez for two point charges with
Z151, moving through an aluminum target at the speedv
53, in which the electron gas parameters are determine
vp50.5749, g50.616vp , and vF50.92 @23,30#. Figures
1~a!–1~c! show the effects of the laser field on the potent
for various laser-field intensities, frequencies, and angles
tween the laser field and the ion velocity, respectively. O
observes that the amplitudes of oscillations in the poten
decrease with increasing laser-field intensity, while the in
ences of both the frequency and the angle of the laser fiel
the potential are rather weak. In addition, the dependenc
l

by

l
e-
e
al
-
on
of

the potential on the coordinatez is rather asymmetric, as
direct consequence of the wake effects that reflect the o
latory spatial pattern of the medium response.

III. COULOMB EXPLOSIONS

We consider here the influence of the laser field on
Coulomb explosion dynamics of a swift homonuclear
atomic molecular ion, moving through a solid with an initi
velocity v along the direction of thez axis. During the pen-
etration, the molecular ion dissociates into a cluster co
posed of two ions. The Coulomb explosion patterns can
described by solving the equations of motion for individu
ions within the cluster. Thus, for thej th ion, one has
1-4
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m
d2r j

dt2
5Fj

s1 (
j 5” l 51

2

F„r j l ), ~26!

where m is the ion mass,Fj
s52]U(r j l )/]r j l ur j l 50 is the

self-stopping force, and the interaction force is given
Fj l 52]U(r j l )/]r j l , for j 5” l .

Since the velocitiesvj of the individual ions change only
slightly during the passage, we may assume that the ve

FIG. 1. Influence of~a! the laser intensity~i.e., the quiver am-
plitude! a5E0 /v0

2, ~b! the reduced laser frequencyb5v0 /vp ,
and ~c! the laser-field anglea on the interaction potentialU as a
function of the longitudinal distancez, for two protons moving at
the transversal distancer5lp with the speedv53 through an Al
target.
04290
y

ci-

ties vj are approximately equal to the initial velocityv in
those expressions of the preceding section which are use
evaluate the forces in Eq.~26!. Thus, the self-stopping force
depends only on the velocityv, i.e., F1

s5F2
s5Fs(v)ez ,

where

Fs~v !52
Z1

2

lp
2E0

v/vF
k dk G~k!, ~27!

with

G~k!5
$J0

2
„x~k,1!…1J0

2
„x~k,21!…%

2~k211!

1
1

2 (
n51

`
$Jn

2
„x~k,nb11!…1Jn

2
„x~k,2nb21!…%

k21~nb11!2

2
1

2 (
n51

`
$Jn

2
„x~k,nb21!…1Jn

2
„x~k,2nb11!…%

k21~nb21!2
.

~28!

In analogy to the interaction potential, the interaction forceF
can also be decomposed into two parts, i.e.,F5FD1FW ,
whereFD is the screened Coulomb force andFW is the wake
force. On using the expressions for the interionic poten
from the preceding section, one obtains the component
FD andFW in the xz plane as follows:

FDx~x,z!5
Z1

2

lp
2

x

r 3
2

Z1
2

lp
2

x

uxu E0

`

k dk J1~kuxu/lD!GD~k!

3e2kuzu/lD, ~29!

FDz~x,z!5
Z1

2

lp
2

z

r 3
2

Z1
2

lp
2

z

uzu E0

`

k dk J0~kuxu/lD!GD~k!

3e2kuzu/lD, ~30!

FWx~x,z!5
Z1

2

lp
2

x

uxu E0

v/vF
k2 dk J1~kuxu/lD!

3GW~k,z!e2auZu/lDQ~2z!, ~31!

FWz~x,z!52
Z1

2

lp
2E0

v/vF
k dk J0~kuxu/lD!

3GW
(1)~k,z!e2auZu/lDQ~2z!, ~32!

where
1-5
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GW
(1)~k,z!5

$J0
2
„x~k,1!…1J0

2
„x~k,21!…%

2~k211!
@cos~z/lD!1s sin~z/lD!#

1
1

2 (
n51

`
$Jn

2
„x~k,nb11!…1Jn

2
„x~k,2nb21!…%

k21~nb11!2
$~nb11!cos@~nb11!z/lD#1s sin@~nb11!z/lD#%

2
1

2 (
n51

`
$Jn

2
„x~k,nb21!…1Jn

2
„x~k,2nb11!…%

k21~nb21!2
$~nb21!cos@~nb21!z/lD#2s sin@~nb21!z/lD#%.

~33!
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The influence of the laser-field parameters on the longitu
nal Fz and transversalFx components of the total force ar
shown in Figs. 2~a!–2~c! and Figs. 3~a!–3~c!, respectively, in
a manner similar to that in Fig. 1~a!–1~c!.

It is convenient to study the Coulomb explosion dynam
of the diatomic molecule in terms of the relative positionr
5r12r2 and the relative velocityw5v12v2. Thus, the
equations for the relative motion are

dr

dt
5w, ~34!

dw

dt
5

1

m
@F~r !2F~2r !#. ~35!

Finally, the equations for the components of the relative
sition and the relative velocity in thexz plane are

dx/dD5wx /v, ~36!

dz/dD5wz /v,

dwx /dD5
1

mv
@2FDx~x,z!1FWx~x,z!2FWx~2x,2z!#,

dwz /dD5
1

mv
@2FDz~x,z!1FWz~x,z!2FWz~2x,2z!#,

whereD5vt is the penetration depth.
Equations~36! provide a self-consistent procedure to d

termine the influence of the laser field on the Coulomb
plosion dynamics of a swift dicluster. In thexz plane, the
initial relative position of the two ions in H2

1 can be ex-
pressed asr05(r 0 sinz0,r0 cosz0), wherer 051.06 a.u. is the
initial internuclear distance andz0 is the initial azimuthal
angle ranging from2p/2 to p/2. In addition, the initial
relative velocityw0 is zero, allowing Eqs.~36! to be solved
04290
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numerically with the appropriate initial conditions. In th
following calculations, we assume the initial anglez0
560 °.

We consider first how the direction of the molecular ax
changes during the Coulomb explosion under the influe
of a strong laser field. We plot in Figs. 4~a!–4~c! the anglez
between the molecular axis and the beam direction as a f
tion of the penetration depthD for various laser parameters
One can see from these figures that the molecular axis te
to align itself with the beam direction during penetration f
all sets of the laser parameters displayed. In particular,
notice that the anglez changes more slowly for larger lase
intensity. On the other hand, our computations showed
the laser-field parameters have very little influence on
increase of the internuclear distancer in the course of a
Coulomb explosion. In Figs. 5~a!–5~b!, we plot the depen-
dences of the anglez and the distancer, respectively, on the
penetration depthD for different molecule speeds in the las
field characterized bya5lp , b51, anda545 °.

IV. STOPPING POWER

On using Eq.~26!, one can obtain the expression for th
stopping power of the molecular ion@36# in the following
form:

Smol52Sp~v !1Sv~x,z,v !, ~37!

whereSp(v)52Fs(v) is the proton stopping power, while
Sv(x,z,v)52FWz(x,z,v)2FWz(2x,2z,v) is the vicinage
stopping power. The first term on the right-hand side of E
~37! gives the laser-assisted stopping power for two unco
lated ions, while the second term results from the correla
motion of the two ions in the cluster. We note that, up
solving the equations for the relative motion of ions duri
the Coulomb explosion, the componentsx and z of the
interionic separation become functions of the penetrat
depthD, and so does the vicinage stopping powerSv(x,z,v).

Figures 6~a!–6~c! show the stopping power of the diclus
ter with Z151 as a function of the penetration depthD for
different laser parameters. In general, the stopping po
decreases with increasing depthD for all sets of laser param
eters displayed, thus reflecting the diminishing vicinage
fects on the molecular energy loss in the course of the C
1-6
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lomb explosion. In particular, one can see in Fig. 6~a! that
the magnitude of the stopping power decreases significa
with increasing laser intensity at all depthsD. This indicates
that the conclusions drawn in the previous work@28,30# that
variable laser intensity can be used to modulate the stop
power of both the molecular and atomic ions, may be
tended into the regime where the molecular energy losses
modified by the Coulomb explosion. On the other hand,
data shown in Figs. 6~b! and 6~c! exhibit no systematic
trends regarding the dependence of the stopping powe

FIG. 2. Influence of~a! the laser intensity~i.e., the quiver am-
plitude! a5E0 /v0

2, ~b! the reduced laser frequencyb5v0 /vp ,
and ~c! the laser-field anglea on the transversal componentFx of
the interaction force as a function of the longitudinal distancez, for
two protons moving at the transversal distancer5lp with the
speedv53 through an Al target.
04290
tly

ng
-
re

e

on

either the frequency ratiob or the anglea, which is prob-
ably due to a complicated superposition of the oscillations
trigonometric functions withb anda in the expressions de
rived in the preceding sections.

In order to further clarify the role of Coulomb explosio
in diminishing vicinage effects on molecular energy loss,
show in Figs. 7~a!–7~c! the stopping power ratioR51
1Sv(x,z,v)/2Sp(v) as a function of the penetration depthD,
for different laser parameters. One can see that the stop

FIG. 3. Influence of~a! the laser intensity~i.e., the quiver am-
plitude! a5E0 /v0

2, ~b! the reduced laser frequencyb5v0 /vp ,
and~c! the laser-field anglea on the longitudinal componentFz of
the interaction force as a function of the longitudinal distancez, for
two protons moving at the transversal distancer5lp with the
speedv53 through an Al target.
1-7
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power ratio is close to 2 at the beginning of the penetrati
when the two constituent ions are so close to each other
they act as if they were almost united into a single pointl
projectile with the double charge. For prolonged penetrat
depthsD, the stopping ratioR approaches 1, indicating tha
the two ions have moved away from each other in the cou
of Coulomb explosion to sufficiently large separations t
they act as two completely independent or uncorrelated

FIG. 4. The dependence of the anglez between the molecula
axis and the beam direction as a function of the penetration depD
on ~a! the laser intensitya ~with b51 anda545 °), ~b! the laser
frequencyb ~with a5lp and a545 °), and ~c! the laser-beam
anglea ~with a5lp andb51), during the Coulomb explosion o
a hydrogen molecular ion moving through an Al target with t
speedv53 and the initial anglez0560 °.
04290
,
at

n

e
t
r-

turbers of the electron gas. It is interesting to note, howe
that the influence of the different laser-parameter regimes
the stopping ratio dependence onD, shown in Figs. 7~a!–
7~c!, is not particularly strong. This seems to be related
our observation in the preceding section that the increas
the interionic distance during the Coulomb explosion is o
weakly influenced by the laser-field parameters while, at
same time, the vicinage effects on the molecular energy
appear to be influenced more by the interionic distances t
by the orientation of the molecular axis.

Finally, we display the influence of the projectile speedv
on the stopping powerSmol and the stopping ratioR in Figs.
8~a!–8~b!, respectively, for fixed laser parameters. Figu
8~a! shows clearly that, for a fixed penetration depthD, the
magnitude of the molecular stopping power decreases as
projectile velocity increases. On the other hand, Fig. 8~b!
suggests that the rate of decrease of the stopping ratioR with
increasing penetration depthD is strongly influenced by the
speed. Even though the differences among the curves sh
in Fig. 8~b! would be somewhat smaller if they were replo
ted against the dwell timet5D/v rather than the depthD,
the residual differences would still indicate a strong role
the molecule speed in the decrease of the stopping ratio
increasing penetration time.

FIG. 5. The dependence of~a! the molecular axis anglez and
~b! the internuclear distancer on the penetration depthD during the
Coulomb explosion of a hydrogen molecular ion moving through
Al target at several speedsv53, 4, and 5, with the initial angle
z0560 °, in the presence of a laser field with the parametera
5lp , b51, anda545 °.
1-8
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V. SUMMARY

We have used the linearized hydrodynamic Poisson eq
tions to describe the excitations of the electron gas in a s
target in the presence of a high-intensity laser field, cau
by the passage of a swift diatomic molecular ion. In partic
lar, we have focused on the laser-field effects on the dyna
cally screened interionic interaction governing the Coulo
explosion of the molecule which, in turn, is responsible

FIG. 6. Influence of~a! the laser intensitya ~with b51 anda
545 °), ~b! the laser frequencyb ~with a5lp anda545 °), and
~c! the laser-beam anglea ~with a5lp andb51), on the molecu-
lar stopping powerSmol as a function of the penetration distanceD,
during the Coulomb explosion of a hydrogen molecular ion mov
through an Al target with the speedv53 and the initial anglez0

560 °.
04290
a-
id
d

-
i-

b
r

weakening of the vicinage effects on the molecular ene
loss with increasing dwell time through the target.

General expressions for the interaction potential amo
the two constituent ions have been derived by means o
Fourier-like transform, in conjunction with a simple loc
dielectric function, which is appropriate for collective exc
tations of the electron gas. The potential~force! among the
two ions has been divided into two parts: the symmetrica
screened Coulomb potential~force! and the asymmetric
wake potential~force!. The former describes a repulsiv

g

FIG. 7. Influence of~a! the laser intensitya ~with b51 anda
545 °), ~b! the laser frequencyb ~with a5lp anda545 °), and
~c! the laser-beam anglea ~with a5lp andb51), on the stopping-
power ratioR as a function of the penetration distanceD, during the
Coulomb explosion of a hydrogen molecular ion moving through
Al target with the speedv53 and the initial anglez0560 °.
1-9
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interaction which decreases very quickly with increas
interionic distance, while the latter describes an oscillato
long-range asymmetric interaction. Numerical results sh
that the laser-field intensity is an important parameter affe
ing the interaction among the ions, in such a manner that

FIG. 8. The dependence of~a! the stopping powerSmol and~b!
the stopping power ratioR on the penetration depthD during the
Coulomb explosion of a hydrogen molecular ion moving through
Al target at several speedsv53, 4, and 5, with the initial angle
z0560 °, in the presence of a laser field with the parametera
5lp , b51, anda545 °.
tt

R

. B

04290
y,
w
t-
e

amplitude of oscillations of the wake potential~force! de-
creases with increasing laser-field intensity.

Furthermore, using the results for the total interacti
force, we have numerically solved the equations of mot
for the two ions, in order to reveal the effects of the las
field on the Coulomb explosion dynamics and the molecu
stopping power. It has been found that, due to the w
effects, the molecular axis tends to align itself along t
beam direction with increasing penetrating depth, but t
tendency is significantly reduced by increasing the laser-fi
intensity. On the other hand, the laser-field intensity has li
effect on the increase of the interionic distance during
course of Coulomb explosion.

Finally, using the results for the relative motion of the tw
constituent ions during the Coulomb explosion, we ha
found that, generally, in the presence of a laser field,
magnitude of the molecular stopping power decreases w
increasing penetration depth, due to weakening of the c
structive interference in the electron-gas excitations with
creasing interionic distance. While increasing laser-field
tensity has been found to strongly suppress the stopp
power magnitude for all penetration depths, the other la
field parameters do not show any appreciably systematic
fects. Somewhat surprisingly, the relative effect of the la
field on the decrease of stopping power with increas
depth, expressed via the stopping power ratio, exhibits v
little influence of the laser-field parameters, which can
ascribed to the fact that the increase of the interionic dista
during the Coulomb explosion is rather insensitive to t
presence of the laser field.

The results obtained in the present work may be helpfu
further studies dedicated to using various parameters o
laser field to control the rate of energy deposition of fa
molecular and cluster ions in a plasma ablated by a la
field.
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