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Coulomb explosions and energy loss of molecular ions in plasmas
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Interactions of swift molecular ions with high-density plasma targets are studied by means of the linearized
Vlasov-Poisson theory, allowing the dynamically screened interaction potential among the constituent ions to
be expressed in terms of the classical plasma dielectric function. Coulomb explosions and the energy losses of
a molecular ion are simulated by solving the equations of motion for the constituent ions. It is found that, due
to the wakelike asymmetry of the interaction potential, the molecular axis tends to align itself along the beam
direction. In addition, a strong enhancement of the energy loss of the molecular ion has been found in the initial
stages of Coulomb explosions due to proximity of the constituent ions, but this effect diminishes at latter stages
when the ions are sufficiently far apart.
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I. INTRODUCTION

The problem of interactions of fast ion beams with mat
has been the subject of increasing interest during the
several decades, due to its importance in material sur
modifications and in the inertial confinement fusion~ICF!
@1#. In particular, there exists a promising ICF scheme
drive aDT plasma target towards the ignition conditions
using ion-cluster beams, taking advantage of the requ
ments for lower beam current, weaker beam focusing, an
smaller range for such beams.

The energy loss of ion beams in plasmas is an impor
quantity for the ICF. For atomic ions moving in plasmas, t
energy loss is well understood based on various theore
models, such as the linear Vlasov-Poisson theory@2–5#, the
binary collision theory@6#, and the nonlinear Vlasov-Poisso
theory@7,8#. For the slowing-down processes of ion cluste
or molecular ions in plasmas, however, it has been sho
that the energy loss of an ion cluster is strongly influenced
the interference resulting from spatial correlation among
cluster constituent particles. This so-called vicinage effect
the energy loss of ion clusters in plasma targets has b
described theoretically by several authors@9–17# within the
framework of the linearized Vlasov-Poisson theory.

Since the constituent atoms of a cluster are efficien
stripped of their electrons soon upon entering a target,
cluster experiences Coulomb explosion which influences
energy loss processes in the course of cluster penetra
through the target. For example, in solid targets, it has b
shown@18–20# that the Coulomb explosion patterns of clu
ters exhibit strong asymmetries for prolonged penetra
times, owing to the wake effects in the dynamic response
the target electrons. In particular, a self-consistent mo
@21,22# was developed recently to study the influence of
charge states and Coulomb explosions on energy losse
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swift molecular ions penetrating through solids. On the ot
hand, for plasma targets Bret and Deutsch@23# have per-
formed an analytical study, supplemented by a molecu
dynamics~MD! simulation, of Coulomb explosions of fas
clusters moving in a hot plasma, modeling the interionic
teraction potential by a radially symmetric Debye screen
which does not include the wake effects.

To the best of our knowledge, there were no studies
ported on the cluster energy losses in plasmas in the pres
of Coulomb explosions including the wake effects. We the
fore present in this paper self-consistent calculations of C
lomb explosions and energy losses of a molecular ion i
plasma target. In Sec. II, we use the linearized Vlas
Poisson equations to derive general expressions for the
namically screened interaction potential and the correspo
ing force among the constituent ions of a cluster in a plas
target. Next, we simulate in Sec. III the Coulomb explosi
dynamics of the cluster by solving the equations of mot
for the constituent ions. The energy loss of a cluster und
going Coulomb explosion is evaluated in Sec. IV as a fu
tion of the penetration time through the target. A brief su
mary of the results is presented in Sec. V.

II. INTERACTION POTENTIAL

Let us first consider a point ion with the charge numb
Z1 which moves at the velocityvp through a plasma target
characterized by the densityn0 and the electron temperatur
Te . The charge density of the projectile is

rext~r ,t !5Z1ed~r2vpt !. ~1!

Assuming that the projectile velocity is far greater than t
ion thermal velocity in the plasma, it follows that only th
contributions from the electron component of the plasma w
be relevant in the following. The total scalar potentialF(r ,t)
in plasma due to the presence of the ion can be determ
from the linearized Vlasov-Poisson equations
©2003 The American Physical Society05-1
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S ]

]t
1v•

]

]r D f 1~r ,v,t !52
e

me

]F

]r
•

] f 0~v…

]v
, ~2!

¹2F~r ,t !54pFeE dvf 1~r ,v,t !2rext~r ,t !G , ~3!

whereme is the electron mass,f 1 is the perturbed electron
distribution function, andf 0 is the unperturbed electron dis
tribution function which is taken to be Maxwellian. Upo
solving Eqs.~2! and ~3! by means of the space-time Fouri
transform, we obtain

F~r ,t !5
Z1e

2p2E d3k

k2

1

«~k,k•vp!
exp@ ik•~r2vpt !#, ~4!

showing that the potentialF(r ,t) is stationary in the frame
of reference moving with the ion. In Eq.~4!, «(k,v) is the
longitudinal dielectric function of the classical electro
plasma,

«~k,v!511~klD!22@X~v/kv
T
!1 iY~v/kv

T
!#, ~5!

with

X~§!5122§e2§2E
0

§

et2dt,

Y~§!5Ap§e2§2
,

vT5ATe /me being the electron thermal speed andlD
5(Te/4pe2n0)1/2 being the electron Debye screening leng

Next, consider a fast homonuclear diatomic molecular
moving in the plasma. The interaction potential between
two constituent ions, located atr1 and r2 in the center of
mass frame of the moving molecular ion, is independen
time and is expressed as

U~r12!5E dr 8rext~r 82r12,t !F~r 8,t !

5
~Z1e!2

2p2 E d3k

k2

1

«~k,k•vp!
eik•r12, ~6!

wherer125r12r2 is the position of ion 1 relative to ion 2
Assuming that the projectile velocity is directed along thz
axis, the potential can be written in cylindrical coordinat
r125$r,z,f% as follows

U~r,z!5
2~Z1e!2

pv E
0

kmaxdk

k E
0

kvp
dvJ0~rAk22v2/vp

2!

3H cosS vz

vp
DReF 1

«~k,v!G2sinS vz

vp
D ImF 1

«~k,v!G J ,

~7!

where r 125Ar21z2 and J0(x) is the zeroth-order Besse
function. We have introduced in Eq.~7! a cutoff wave num-
berkmax5me(vp

212vT
2)/(Z1e)2 to avoid divergence of the inte
03640
.
n
e

f

s

gral caused by inadequacy of the classical treatment of
short-range interactions between the projectile and the e
trons in plasma@11#. Actually, the k-integral in Eq.~7! is
quite insensitive tokmax, as long as the internuclear distan
r 12 remains finite andkmax is sufficiently large. However, it
will be shown in Sec. IV that the influence ofkmax on the
energy loss of individual ions is quite prominent.

In order to simplify the notation, we introduce dimensio
less variablest5klD and§5v/kvT , so that the interaction
potential is finally expressed as

U~r,z!5UC~r,z!1UP~r,z!, ~8!

whereUC(r,z)5(Z1e)2/r 12 is bare Coulomb interaction po
tential andUP(r,z) is the polarization part of the interactio
potential,

UP~r,z!5
2~Z1e!2

plD

v
T

vp
E

0

tmax
dtE

0

vp /v
T
d§J0~rt

3A12~v
T
§/vp!2!FcosS v

T
z

vplD
t§ DGr~t,§!

2sinS v
T
z

vplD
t§ DGi~t,§!G , ~9!

with

Gr~t,§!5
X~§!@t21X~§!#2Y2~§!

@t21X~§!#21Y2~§!
,

Gi~t,§!52
t2Y~§!

@t21X~§!#21Y2~§!
,

andtmax5kmaxlD .
Figure 1 shows the dependence of the total interac

potentialU on the longitudinal distancez/lD at fixed radial
distancer5lD , for a molecular ion moving with differen

FIG. 1. Total interaction potentialU as a function of the longi-
tudinal distancez/lD for a two-ion cluster with velocitiesvp

5vT , 2vT , and 3vT , moving at the transversal distancer5lD

through a plasma withn051020 cm23 and Te5102 eV. Here,U0

5(Z1e)2/lD .
5-2
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speedsvp through a plasma withn051020 cm23 and Te

5102 eV. One observes that the dependence of the pote
on the coordinatez is rather asymmetric, as a consequence
the wakelike oscillatory spatial pattern of the medium
sponse. In particular, the wavelength of the oscillations
hind the projectile appears to be of the order of 2pvp /vp ,
wherewp5vT /lD is the electron plasma frequency, in ana
ogy to the wakes in solid targets@24#. In order to further
reveal the characteristics of the wake effects, we plot in F
2 the dependence of the polarization part of the potentia
bothr/lD andz/lD for a projectile velocityvp52vT , in the
plasma with the same parameters as in Fig. 1.

III. COULOMB EXPLOSIONS

During penetration through a plasma, a molecular ion d
sociates into a cluster composed of two ions. The Coulo
explosion patterns can be described by solving the equat
of motion for the individual ions within the cluster. Thus, fo
the j th ion, one has

m
d2r j

dt2
5Fj

s1 (
lÞ j 51

2

F~r j l !, ~10!

wherem is the ion mass,Fj
s52]U(r j l )/]r j l ur j l 50 is the self-

stopping force, while the interaction force is given b
F(r j l )52]U(r j l )/]r j l , for j Þ l .

Since the velocitiesvj of the individual ions change only
slightly during the passage, we may retain the initial veloc
vp in those expressions of the preceding section which
used to evaluate the forces in Eq.~10!. Thus, the self-
stopping force acts in the direction of motion and depends
the speedvp , i.e., F1

s5F2
s5Fs(vp)êz . Using the interaction

potential~9!, the stopping force can be expressed as

Fs~vp!52
2~Z1e!2

plD
2 S v

T

vp
D 2E

0

v0 /v
T
§Y~§!I ~§,tmax!d§,

~11!

FIG. 2. Polarization partUp of the interaction potential as
function of the longitudinal distancez/lD and the transversal dis
tancer/lD for a two-ion cluster with the velocityvp52vT , mov-
ing through a plasma withn051020 cm23 and Te5102 eV. Here,
U05(Z1e)2/lD .
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where

I ~§,tmax!5
1

4
lnF ~tmax

2 1X~§!!2

X2~§!1Y2~§!
G2

X~§!

2Y~§!

3F tan21S tmax
2 1X~§!

Y~§!
D 2tan21S X~§!

Y~§! D G ,
which exhibits a rather strong influence oftmax5kmaxlD .

In analogy to the interaction potential~8!, the interaction
force F can be also decomposed into two parts, i.e.,F5FC

1FP, whereFC is bare Coulomb force andFP is the polar-
ization part of the interaction force. Figures 3~a! and 3~b!
show, respectively, the dependences of the longitudinal,Fz ,
and the transversal,Fx , components of the total interactio
force between the two ions on the longitudinal distan
z/lD , with fixed transversal distancer5lD , for the same
set of parameters as in Fig. 1.

It is convenient to study the Coulomb explosion dynam
of a diatomic molecule in terms of the relative positionr
5r12r2 and the relative velocityu5v12v2. Since we want
to explore a wide range of plasma parameters, it is instr
tive to introduce the logarithm of the dimensionless tim
variablej5 log10(t/tc), where for the characteristic time w
choosetc5Amr0

3/(4Z1
2e2), characterizing an explosion in

FIG. 3. The dependence of~a! the longitudinal,Fz , and~b! the
transversal,Fx , component of the total interaction force on th
longitudinal distancez/lD for a two-ion cluster with velocitiesvp

5vT , 2vT , and 3vT , moving at the transversal distancer5lD

through a plasma withn051020 cm23 and Te5102 eV. Here,F0

5(Z1e)2/lD
2 .
5-3
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bare Coulomb field, withr 0 being the initial internuclear
distance. Note thattc can be defined bytc5r 0 /uc , whereuc
is the relative radial speed of the constituent ions after lo
time, obtained from the conservation of energy in bare C
lomb potential, 1

2 (m/2)uc
25((Z1e)2)/r 0. Using the chain

rule d/dt5(dj/dt)d/dj5(1/a(j)tc)(d/dj) to change the
variablet to j in Eqs.~10!, we obtain the following equation
for relative motion:

dr

dj
5a~j!tcu, ~12!

du

dj
5

a~j!tc

m
@F~r !2F~2r !#, ~13!

where a(j)510jln 10'2.30310j. Assuming that thexz
plane is formed by the internuclear axis and the direction
motion of the molecular ion, the equations for thex and z
components of the relative position and the relative veloc
which are suitable for a MD simulation over a long period
time, can be derived from Eqs.~12! and ~13! as follows:

dx/dj5a~j!tcux ,

dz/dj5a~j!tcuz , ~14!

dux /dj5
a~j!tc

m
@2Fx

C~x,z!1Fx
P~x,z!2Fx

P~2x,2z!#,

duz /dj5
a~j!tc

m
@2Fz

C~x,z!1Fz
P~x,z!2Fz

P~2x,2z!#.

Equations~14! provide a self-consistent procedure to det
mine the dynamics of Coulomb explosion of a dicluster
using appropriate initial conditions for the relative separat
r0, which can be expressed in thexz plane by r0
5(r 0sinu0,r0cosu0) with u0 being the initial azimuthal angle
in the range from2p/2 to p/2, and for the initial relative
velocity u0, which we take to be zero. In the following, w
solve Eqs.~14! numerically for the case of a H2

1 projectile,
so thatZ151, r 051.0631028 cm, andtc'1.47 fs, while
assuming that the initial angle isu0560°.

Figure 4 shows the influences of the variations of~a! the
projectile velocityvp5vT , 2vT , and 3vT , ~b! the plasma
densityn051021 cm23, 1022 cm23, and 1023 cm23, and~c!
the electron temperatureTe510 eV, 102 eV, and 103 eV on
the dependence of the logarithm of internuclear dista
log10(r /r 0) on the logarithm of penetration timej
5 log10(t/tc), during Coulomb explosions of H2

1 with a stan-
dard set of parametersvp5vT , n051023 cm23, and Te
510 eV. It can be seen from Figs. 4~a!–4~c! that all cases
are qualitatively very similar, with some minor quantitativ
differences, indicating that the Coulomb explosion proce
faster for higher speeds, lower plasma densities, and hi
temperatures. Considering that rather broad ranges of pla
densities and electron temperatures were used in Fig. 4
qualitative similarity of the curves can be explained by t
fact that in all cases the Debye length and the wavelengt
the wake oscillations are so large that the initial stage of
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explosion is practically completed under the action of b
Coulomb force, and the collective plasma effects only b
come important in the late stages, when the explosion
entered ballistic regime.

Figures 5~a!–5~c! show the angleu between the molecu

FIG. 4. Internuclear distancer as a function of the logarithm o
the penetration timej5 log10(t/tc) during the Coulomb explosion
of a hydrogen molecular ion with the initial angleu0560°, moving
through plasmas with~a! different velocitiesvp5vT , 2vT , and
3vT , and fixed plasma densityn051023 cm23 and electron tem-
peratureTe510 eV; ~b! different plasma densitiesn051021 cm23,
1022 cm23, and 1023 cm23, and fixed plasma temperatureTe

510 eV and velocityvp5vT ; ~c! different electron temperature
Te510 eV, 100 eV, and 1000 eV, and fixed plasma densityn0

51023 cm23 and velocityvp5vT .
5-4
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lar axis and the beam direction as a function of the logarit
of penetration timej5 log10(t/tc) for the same set of param
eters as in Figs. 4~a!–4~c!. One can see from Fig. 5 that, du
to asymmetry of the interaction potential, the molecular a
generally tends to align itself along the beam direction in
course of Coulomb explosion. However, in contrast to Fig
here the influences of all three parametersvp , n0, andTe on
rotation of the molecular axis are surprisingly diverse in b

FIG. 5. The dependence of the angleu between the molecula
axis and the beam direction on the logarithm of the penetration t
j5 log10(t/tc) during the Coulomb explosion of a hydrogen m
lecular ion with the initial angleu0560°, moving through plasmas
with the same set of parameters as those used in Figs. 4~a!–4~c!.
03640
s
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the early and the ballistic stages of the explosion. It appe
that, generally, tilting of the axis in the direction of motion
stronger in dense and cold plasmas, that is, for shorter De
lengths.

IV. STOPPING POWER

From Eq.~10! one can obtain the expression for the sto
ping power of the molecular ion in the following form@24#:

Smol52SZ1
~vp!1Sv~x,z,vp!, ~15!

whereSZ1
(vp)52Fs(vp) is the stopping power of a singl

ion with charge Z1, while Sv(x,z,vp)52Fz
P(x,z,vp)

2Fz
P(2x,2z,vp) is the so-called vicinage stopping powe

The first term on the right-hand side of Eq.~15! gives the
stopping power of two uncorrelated ions, while the seco
term introduces the interferences in molecular stopping
to spatial correlation among the constituent ions of the cl
ter. We note that, upon solving the equations for relat
motion of ions during the Coulomb explosion, the comp
nentsx andz of the interionic separation become functions
time t, and so does the vicinage stopping powerSv(x,z,vp).

Figures 6~a! and 6~b! show the stopping powerSZ1
(vp)

for proton (Z151) as a function of the projectile velocity fo
different plasma densities and for different electron tempe
tures, respectively. One can see from these figures tha
stopping powerSZ1

increases with the plasma density a
decreases with the electron temperature, while exhibitin
maximum for the velocityvp'vT .

Finally, in order to clarify the role of Coulomb explosion
in the vicinage effect on the molecular energy loss, we sh
in Figs. 7~a!–7~c! the stopping power ratioR51
1Sv(x,z,vp)/2SZ1

(vp), as a function of the logarithm of the

penetration timej5 log10(t/tc), for a H2
1 molecule moving

at various speeds through plasmas with various densities
various electron temperatures, using the same set of pa
eters as those in Figs. 4~a!-4~c!. One can see that, in the ear
stages of Coulomb explosion, when the two constituent i
are so close to each other that they act as if they were alm
united into a single point-like projectile with the doub
charge, the molecular energy loss is significantly enhan
compared to the energy loss of two independent isotac
protons. Figures 7~a!–7~c! show that this enhancement
greater for, respectively, faster projectiles, lower plasma d
sities, and higher electron temperatures. On the other h
for prolonged penetration timest, the stopping ratioR ap-
proaches 1, indicating that the two ions have moved aw
from each other in the course of Coulomb explosion to s
ficiently large separations, so that they act as two comple
independent, or uncorrelated, perturbers of the plasma
order to better understand quantitative features of the res
in Fig. 7, we mention that, in analogy to the analysis
molecular stopping in solids@24#, one expects that the vici
nage effect will give rise to enhanced energy losses when
internuclear separationr is smaller than the so-called adia
batic screening lengthvp /vp . Moreover, based on the abov
discussion of Fig. 4, late stages of Coulomb explosion

e

5-5
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WANG, WANG, AND MIŠKOVIĆ PHYSICAL REVIEW E 68, 036405 ~2003!
characterized by the ballistic motion wherer .r 0t/tc . There-
fore, one may estimate the time after which the vicina
effect on the energy loss diminishes to be of the order
vptc /(r 0vp), as can be seen in Fig. 7. We note that, depe
ing on plasma parameters, this time scale may cover a b
range from femtoseconds to picoseconds.

V. SUMMARY

We have studied the interactions of a swift diatomic m
lecular ion with a classical plasma target using the lineari
Vlasov-Poisson theory. Both the interaction potential and
corresponding force among the two constituent ions h
been divided into bare Coulomb part and the polarizat
part which describes an oscillatory, long-range asymme
interaction. Numerical results show that the projectile vel
ity is an important parameter affecting the interaction amo
the ions, in such a manner that both the amplitude and
range of oscillations in the polarization potential increa
with increasing velocity.

Furthermore, using the results for the total interact

FIG. 6. Proton stopping power as a function of the velocity ra
vp /vT in plasmas with ~a! different plasma densitiesn0

51021 cm23, 1022 cm23, and 1023 cm23, and fixed plasma tem
perature Te510 eV; ~b! different plasma temperaturesTe

510 eV, 102 eV, and 103 eV, and fixed plasma densityn0

51023 cm23.
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force, we have solved numerically the equations of mot
for the two ions in order to reveal the effects of the project
velocity and the plasma parameters on the Coulomb ex
sion dynamics. It has been found that, due to the wake
fects, the molecular axis generally tends to align itself alo
the beam direction with increasing penetration time.

Finally, using the results for the relative motion of the tw

FIG. 7. Stopping power ratioR as a function of the logarithm o
the penetration timej5 log10(t/tc) during the Coulomb explosion
of a hydrogen molecular ion with the initial angleu0560°, moving
through plasmas, with the same set of parameters as those us
Figs. 4~a!–4~c!.
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constituent ions during the Coulomb explosion, we ha
found that the molecular stopping power is increased in
early stages of Coulomb explosion, due to constructive in
ferences in the vicinage effect, but decreases with increa
penetration time as the constituent ions fly apart to distan
large compared to the adiabatic screening length. It w
shown that the vicinage effect on the molecular energy l
is strongly influenced by variations in the projectile spe
and in the plasma parameters.

The results obtained in the present work may be helpfu
further studies aiming at controlling the rate of energy de
sition of molecular and cluster ions in plasma targets for I
experiments. In particular, it appears that the Coulomb
plosion dynamics introduces the time and the length sc
.

. E

. E
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which may be useful in designing optimal regimes for io
cluster penetration through classical plasmas, which take
vantage of enhanced energy losses compared to the iso
ions.
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