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Transient charge-state effect in the energy loss of swift molecular ions in solids
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The energy loss of the fragments resulting from the dissociation of fast N2
1 molecular ions when traversing

amorphous carbon foils has been calculated. In addition to using the dielectric formalism to describe the
electronic excitations of the stopping medium and the Coulomb repulsion to account for the variation of
internuclear distances, we have also taken into account the transient charge states of each fragment. The
inclusion of this effect was crucial in order to obtain a satisfactory comparison of our calculations with the
available experimental data.
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When a swift charged particle moves through a solid
loses energy by exciting the electrons of the stopping m
dium; this phenomenon is known as electronic energy lo
But when two charged particles move in a correlated w
through a solid, the energy they lose is not the sum of
energies lost by each one of the~otherwise individual! par-
ticles. In the latter case there are additional effects, suc
that resulting from the interaction of each particle with t
electronic excitations created in the solid by its molecu
partner, which produces so called vicinage or interfere
effects. Brandtet al. @1# showed, both experimentally an
theoretically, that there was a difference between the ene
loss of the fragments of H2

1 and H3
1 molecular ions and the

energy loss of individual protons. After that work, many p
pers appeared discussing several topics related to the en
loss of swift molecules and clusters through solids. Rec
reviews @2,3# present the state of the art on this subject
date, analyzing the rich phenomenology that appears in
type of interaction.

After such intensive study in this field, there is still n
proper explanation of some experimental results. One
these experiments corresponds to the measurement@4# of the
energy loss of N2

1 molecular ions with their internuclea
axis aligned parallel to the beam direction. Although seve
works@2,5–11# have attempted to explain these experimen
data in terms of the interferences of the wake potentials
duced in the medium by projectiles moving in a correla
manner, none provided a satisfactory agreement with the
perimental data in the whole range of projectile energies
foil thicknesses.

In this Brief Report we incorporate an additional effect
the calculation of vicinage effects in the energy loss of m
lecular ions. We have taken into account the finite tim
needed by the molecular fragments to reach their equilibr
charge states when moving through the solid@12#. This tran-
sient charge-state effect will prove to be crucial in providi
a satisfactory agreement with the experimental results@4#.

The measurements by Maoret al. @13# of the average
charge of Nn

1 (n51,2) ions, with an energy of 2 MeV
atom, after traversing thin carbon foils showed that the av
age charge of these ions was not constant in the first ato
layers; the nitrogen atomic ions had to cross several ato
layers before they acquired their equilibrium average cha
These results suggest the need to consider the tran
1050-2947/2001/63~4!/044901~4!/$20.00 63 0449
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charge states of atomic ions in a calculation of the vicina
effects in energy loss, being particularly important as
target foil becomes thinner.

In what follows we explain the procedure we have fo
lowed to evaluate the stopping power ratio corresponding
the experiments reported by Steueret al. @4#, although the
procedure can easily be extended to other situations.
treatment is divided into two steps. In the first one we obt
the vicinage effects in the energy loss of the molecular io
which are evaluated for the instantaneous internuclear s
ration. The screened Coulomb repulsion between the
lecular fragments, which produces an increase of their in
nuclear separation during the dwell time, is properly tak
into account in the second step. In what follows we w
work in atomic units, except where otherwise stated.

In order to include the transient charge-state effect in
calculations we will evaluate the average number of el
trons surrounding each atomic ion as a function of the ti
elapsed after it enters the solid,N(t). The calculations are
simpler if we neglect the vicinage effects in the charge st
of the molecular fragments. Therefore, we will suppose t
the transient charge states are identical for atomic and
lecular fragments of the same nature. For a projectile w
velocity v, we obtainN(t) by means of

N~ t !5N`2~N`2N0!exp~2t/t!, ~1!

whereN0 andN` are the average number of electrons just
the entrance of the foil or at equilibrium in the steady st
inside the foil, respectively. We will assumeN05Z20.5 be-
cause the nitrogen atomic ions were dissociated from N2

1

ions, andN` was taken from Ref.@14#. t is the ionization
time, which can be estimated ast5(nvs)21, n being the
number of target valence electrons per unit volume~n54
31023 cm23 for amorphous carbon! and s the ionization
cross section, for which we take the approximate values
510217 cm2 @15#. This estimation of the ionization time i
in good agreement with the result obtained by fitting w
Eq. ~1! the average transient charge of N1 ions obtained by
Maor et al. @13#.

The stopping power ratio is useful to quantify the vic
nage effects in the energy loss of molecular ions. It is defin
as the energy loss of the molecular fragments~in correlated
motion! divided by the sum of the energy lost by each one
©2001 The American Physical Society01-1
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these fragments~considered individually!, all the projectiles
at the same velocity and having traversed the same foil th
ness. In the case of a N2

1 molecular ion, this is

R25
DE~N2

1!

2DE~N1!
5

Sp~N2
1!

2Sp~N1!
. ~2!

In the above expression we have used the relation betw
the stopping powerSp and the energy lossDE and foil thick-
nessD, Sp5DE/D.

The energy loss and the vicinage effects are due to e
tronic excitations induced in the medium by the passage
the projectile, and they are calculated in the framework
the dielectric formalism@16#. For a given internuclear sepa
ration r, the stopping power ratio corresponding to the fra
ments of a N2

1 ion that travel aligned with the inciden
velocity v is written as

R2~r !511I align~r !. ~3!

The value of the interference functionI align(r ) is

I align~r !5
2

pv2Sp
E

0

`

dk
@Z2r~k!#2

k E
0

kv
dvv

3ImF 21

e~k,v!GcosS vr

v D , ~4!

whereSp is the stopping power of the target for an atom
ion moving with velocityv,

Sp5
2

pv2E0

`

dk
@Z2r~k!#2

k E
0

kv
dvv ImF 21

e~k,v!G , ~5!

andZ is the atomic number of the ion. The energy loss fun
tion Im@21/e(k,v)# is a property of the stopping medium
and it gives the probability of producing an electronic ex
tation with energyv and momentumk. We will use the
energy loss function model described in Ref.@17#. The Fou-
rier transformr(k) of the electronic density corresponding
each atomic ion is obtained from the Brandt-Kitagawa mo
@18#:

r~k!5N~ t !H 11k2F 0.23N~ t !4/3

@Z2N~ t !/7#2G J 21

. ~6!

Notice howr(k) varies on time through its dependence
the average number of electronsN(t).

According to Eq.~4!, we have to calculate the stoppin
power in order to evaluate the interference function. In Fig
we present the stopping power of amorphous carbon for1

ions as a function of their energy, when the average charg
at equilibrium, i.e.,N(t)5N` . Symbols are the experimen
tal data@19–30# and the solid line is our calculation@using
Eqs. ~5! and ~6!#. The agreement of our results and the e
perimental data is reasonably good.

The Coulomb explosion between the atomic ions result
from the dissociation of the N2

1 ions is taken into accoun
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by numerically solving the temporal evolution of the inte
nuclear distancer (t). Because the interaction between t
nitrogen atomic ions is screened by the target electrons,
use the screened Coulomb potential

V~r !5
Z2N~ t !

r ~ t !
expS 2r ~ t !

a D , ~7!

wherea5vF /(31/2vpl) whenv,vF , anda5v/vpl whenv
.vF ; vpl is the plasmon energy andvF is the Fermi velocity
of the target electrons. For amorphous carbon we usevpl
50.86 a.u. andvF51.2 a.u. The effect of the Coulomb ex
plosion is an increase of the internuclear distance with tim
In order to findr (t) it is necessary to specify the value of th
initial internuclear distance of the nitrogen molecular ion,r 0,
for which we user 052.11 a.u.@31#.

To compare our theoretical results with the experimen
data we average over the dwell timeD/v the stopping power
ratio evaluated for each internuclear separation

^R2&5
v
DE

0

D/v
dtR2@r ~ t !#. ~8!

The goal of this paper is to use the transient charge st
of the projectile, Eq.~1!, in the calculation of the energy los
of swift molecular ions; it is worth noting that the interfe
ence function, the stopping power, and the Coulomb exp
sion depend on the time not only by means of the inter
clear distance, but also through the transient charge state
the atomic ions. Consideration of the latter effect produce
significant improvement in our calculations of the stoppi
power ratio, as can be seen in Fig. 2, where we show
average stopping power ratio corresponding to the alig

FIG. 1. Stopping power of amorphous carbon for N1 ions, as a
function of the incident energy. The symbols represent the exp
mental data@19–30# and the solid line corresponds to our calcul
tions using Eqs.~5! and ~6!.
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fragments resulting from the dissociation of N2
1 when mov-

ing through amorphous carbon, as a function of the dw
time. The symbols~and the corresponding error bars! are
experimental data@4# for the projectile energy range 0.5–1
MeV/atom; the solid lines represent our calculations
aligned pairs when the transient charge states of the nitro
atomic ions are taken into consideration. For compari
purposes, Figs. 2~a! and 2~f! depict the corresponding calcu
lations without consideration of these transient charge-s
effects. It can be seen that the latter calculation reprodu
the general trends of the experimental data only at the low
energy, but fails at the highest energy. The former calcu
tions of the stopping power ratio agree remarkably well w

FIG. 2. Average stopping power ratio of amorphous carbon
the fragments of N2

1, as a function of the dwell time. The exper
mental data~symbols and error bars! are from Steueret al. @4#. The
solid and dashed lines represent our calculations with and with
the transient charge-state effect, respectively. The energies o
incident N2

1 ions areE5 ~a! 0.5 MeV/atom,~b! 0.8 MeV/atom,~c!
1.0 MeV/atom,~d! 1.2 MeV/atom,~e! 1.5 MeV/atom, and~f! 1.8
MeV/atom.
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the experimental results:^R2& is always smaller than unity
going to unity for the larger dwell times~due to the Coulomb
repulsion!, and the vicinage effects tend to disappear as
projectile energy increases.

It is important to note that a small fraction of random
oriented N2

1 ions could contribute to the stopping pow
ratio of the detected aligned fragments. This is due to
alignment effect of the wake forces@31,32#, which is more
significant for the larger dwell times; therefore, some fra
ments with an initially random orientation will be detecte
with the internuclear axis parallel to the beam velocity. Th
has a net effect on the stopping power ratio for the lar
dwell times, which contains the contributions of both align
and random orientations, with the consequence that the
culated^R2& will tend to unity faster; which would improve
our present calculations.

In conclusion, we have calculated the average stopp
power ratio of amorphous carbon foils for swift aligned N2

1

ions, in the framework of the dielectric formalism and takin
into account the Coulomb explosion between the molecu
fragments. We have included in our calculations the evo
tion of the charge states of each atomic ion, from its init
average charge~when it enters the foil! until it acquires its
equilibrium average charge. Although our model was
stricted to first order perturbation theory, the inclusion
higher order terms would not contribute sensibly to the st
ping power ratio@33#; on the other hand, the neglect o
nuclear scattering is reasonable because the contributio
the energy loss is small in the velocity range being discus
and, in addition, the aligned fragments detected are those
have not suffered a significant nuclear scattering; finally,
importance of inhomogeneities in the target thickness has
been discussed because these data were not provided i
original experiments. The comparison with experimen
data@4# is better by far than other attempts@2,5–11# to ex-
plain these experiments theoretically. This proves that
transient charge states of the projectiles have an impor
effect in evaluation of the average stopping power ratio,
pecially for shorter dwell times and higher energies.

This work was supported by the Spanish DGEC throu
Project No. PB96-1118 and by the Spanish MEC throug
research grant to S.H.A.
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