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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 fgsiblecular 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 itcharge states of atomic ions in a calculation of the vicinage
loses energy by exciting the electrons of the stopping meeffects in energy loss, being particularly important as the
dium; this phenomenon is known as electronic energy losgarget foil becomes thinner.

But when two charged particles move in a correlated way [n what follows we explain the procedure we have fol-
through a solid, the energy they lose is not the sum of thdowed to evaluate the stopping power ratio corresponding to
energies lost by each one of thetherwise individual par-  the experiments reported by Stewral. [4], although the
ticles. In the latter case there are additional effects, such @yocedure can easily be extended to other situations. Our
that resulting from the interaction of each particle with thetreatment is divided into two steps. In the first one we obtain
electronic excitations created in the solid by its moleculartthe vicinage effects in the energy loss of the molecular ions,
partner, which produces so called vicinage or interferenc#vhich are evaluated for the instantaneous internuclear sepa-
effects. Brandtet al. [1] showed, both experimentally and ration. The screened Coulomb repulsion between the mo-
theoretically, that there was a difference between the energgcular fragments, which produces an increase of their inter-
loss of the fragments of 44 and H;* molecular ions and the Nuclear separation during the dwell time, is properly taken
energy loss of individual protons. After that work, many pa-into account in the second step. In what follows we will
pers appeared discussing several topics related to the energfrk in atomic units, except where otherwise stated.

loss of swift molecules and clusters through solids. Recent In order to include the transient charge-state effect in our
reviews[2,3] present the state of the art on this subject tocalculations we will evaluate the average number of elec-
date, analyzing the rich phenomenology that appears in thigons surrounding each atomic ion as a function of the time
type of interaction. elapsed after it enters the solid(t). The calculations are

After such intensive study in this field, there is still no simpler if we neglect the vicinage effects in the charge state
proper explanation of some experimental results. One off the molecular fragments. Therefore, we will suppose that
these experiments corresponds to the measuresipof the  the transient charge states are identical for atomic and mo-
energy loss of N' molecular ions with their internuclear lecular fragments of the same nature. For a projectile with
axis aligned parallel to the beam direction. Although severavelocity v, we obtainN(t) by means of
works[2,5—11] have attempted to explain these experimental
data in terms of the interferences of the wake potentials in- N(t) =N, —(N..—No)exp(—t/7), (1)
duced in the medium by projectiles moving in a correlated
manner, none provided a satisfactory agreement with the ex¥hereNy andN., are the average number of electrons just at
perimental data in the whole range of projectile energies anthe entrance of the foil or at equilibrium in the steady state
foil thicknesses. inside the folil, respectively. We will assunigy=2—0.5 be-

In this Brief Report we incorporate an additional effect in cause the nitrogen atomic ions were dissociated froi N
the calculation of vicinage effects in the energy loss of moions, andN.. was taken from Refl14]. 7 is the ionization
lecular ions. We have taken into account the finite timetime, which can be estimated as-(nvo) %, n being the
needed by the molecular fragments to reach their equilibriunmumber of target valence electrons per unit volufne-4
charge states when moving through the splil. This tran- < 10? cm™3 for amorphous carbgnand o the ionization
sient charge-state effect will prove to be crucial in providingcross section, for which we take the approximate vajue
a satisfactory agreement with the experimental regdlts =10 cn? [15]. This estimation of the ionization time is

The measurements by Maet al. [13] of the average in good agreement with the result obtained by fitting with
charge of N* (n=1,2) ions, with an energy of 2 MeV/ Eg. (1) the average transient charge of Nons obtained by
atom, after traversing thin carbon foils showed that the averMaor et al. [13].
age charge of these ions was not constant in the first atomic The stopping power ratio is useful to quantify the vici-
layers; the nitrogen atomic ions had to cross several atomigage effects in the energy loss of molecular ions. It is defined
layers before they acquired their equilibrium average chargeas the energy loss of the molecular fragme(iscorrelated
These results suggest the need to consider the transiemotion) divided by the sum of the energy lost by each one of
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these fragmentgconsidered individually all the projectiles ' T " T " T
at the same velocity and having traversed the same foil thick-
ness. In the case of a,N molecular ion, this is 3F

_AE(NT)  S(N2T) @ -
2AE(N*)  2S(N*)

2

~ o) B Porat and Ramavataram [19] |
. . = v Ormrod et al. [20]
In the above expression we have used the relation between < o Fastrupeal, [21]
i ; inle. - & Hvelplund and Fastrup [22]
the stopping powes§, and the energy losSE and foil thick e o .
nessD, Sp:AE/D o X Hoffmann et al. [24]
The energy loss and the vicinage effects are due to elec- 1 ¢ Mertens [25]
tronic excitations induced in the medium by the passage of ¢ 33:{?;‘;“?2’67’]““[26]
the projectile, and they are calculated in the framework of A Schulz and Brandt [28]
the dielectric formalisnj16]. For a given internuclear sepa- ® Landeral [29]
rationr, the stopping power ratio corresponding to the frag- * S““‘I’ya"dwe"‘e' [3?]
ments of a N* ion that travel aligned with the incident 00 : ' 5 ' 3
velocity v is written as
E (MeV)
Rz(r):1+|align(r)- 3
) ) ) FIG. 1. Stopping power of amorphous carbon fof Mns, as a
The value of the interference functidgg,(r) is function of the incident energy. The symbols represent the experi-
mental datd19-30 and the solid line corresponds to our calcula-
= [Z—p(K)]? (ko tions using Egs(5) and(6).
Ialign(r): ZSp o K o ww
mo

by numerically solving the temporal evolution of the inter-

1 cos( wr) nuclear distance(t). Because the interaction between the

X1m (ko)

4 nitrogen atomic ions is screened by the target electrons, we
use the screened Coulomb potential

where S, is the stopping power of the target for an atomic

ion moving with velocityv, Z—N(t) p( —r(t)

V()=
2 (= [Z=p()]? [k rt) a
S=—5 dka d

mv°J0

. (7)
-1
e(k,w)

wowIm

)

0 wherea=v¢/(3"%w,) whenv<veg, anda=v/w, whenv

. . . >vE; wp is the plasmon energy ang is the Fermi velocity
a_de Siheaiomic number of the lon. The energy Ioss_func—of the target electrons. For amorphous carbon we aige
tion Im[ — 1/e(k,w)] is a property of the stopping medium,

dit ai th bability of produci lectroni - =0.86 a.u. and=1.2 a.u. The effect of the Coulomb ex-
and 1t gives the probability of producing an electronic eXCI'plosion is an increase of the internuclear distance with time.
tation with energyw and momenturrk. We will use the

: . : i it ify th I f th
energy loss function model described in Raf7]. The Fou- In order to findr (t) it is necessary to specify the value of the

i . : ) initial internuclear distance of the nitrogen molecular i,
rier transformp (k) of the electronic density corresponding to 9 o)

LA . . or which we use y=2.11 a.u[31].
Ffsc]h atomic ion is obtained from the Brandt-Kitagawa moder To compare our theoretical results with the experimental

data we average over the dwell tidév the stopping power
- ratio evaluated for each internuclear separation
0.23N(1)*3 ] ! P

[Z—N(t)/7]? ©

p(k)=N(t)| 1+k?
v D/v

(R)=5 | = dtR[r(1)]. )

Notice howp(k) varies on time through its dependence on 0

the average number of electroNgt).

According to Eq.(4), we have to calculate the stopping  The goal of this paper is to use the transient charge states
power in order to evaluate the interference function. In Fig. lof the projectile, Eq(1), in the calculation of the energy loss
we present the stopping power of amorphous carbon for N of swift molecular ions; it is worth noting that the interfer-
ions as a function of their energy, when the average charge ince function, the stopping power, and the Coulomb explo-
at equilibrium, i.e.N(t)=N.,. Symbols are the experimen- sion depend on the time not only by means of the internu-
tal data[19—-30 and the solid line is our calculatidusing  clear distance, but also through the transient charge states of
Egs.(5) and (6)]. The agreement of our results and the ex-the atomic ions. Consideration of the latter effect produces a
perimental data is reasonably good. significant improvement in our calculations of the stopping

The Coulomb explosion between the atomic ions resultingpower ratio, as can be seen in Fig. 2, where we show the
from the dissociation of the N ions is taken into account average stopping power ratio corresponding to the aligned

044901-2



BRIEF REPORTS PHYSICAL REVIEW A 63 044901

1.00

the experimental result¢R,) is always smaller than unity,
going to unity for the larger dwell timgglue to the Coulomb
repulsion, and the vicinage effects tend to disappear as the
projectile energy increases.

It is important to note that a small fraction of randomly
oriented N* ions could contribute to the stopping power
ratio of the detected aligned fragments. This is due to the
alignment effect of the wake forc¢81,32, which is more
significant for the larger dwell times; therefore, some frag-
ments with an initially random orientation will be detected
with the internuclear axis parallel to the beam velocity. This
has a net effect on the stopping power ratio for the larger
dwell times, which contains the contributions of both aligned
and random orientations, with the consequence that the cal-
culated(R,) will tend to unity faster; which would improve
our present calculations.
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average stopping power ratio

0.96

o e) 1.5MeV/atom“ \ " (f) 18 MeV/atom In conclusion, we have calculated the average stopping
0.88 . . . ot s s power ratio of amorphous carbon foils for swift aligned'N
A ions, in the framework of the dielectric formalism and taking
dwell time (fs) into account the Coulomb explosion between the molecular

FIG. 2. Average stopping power ratio of amorphous carbon forI.ragmfe?rt]s. V;]/e havei |tncludfed Inhoutr Ca}lcylatlc]c)ns thte ?V.?.Iul'
the fragments of p", as a function of the dwell time. The experi- lon of the chargeé states of €ach atomic 1on, from Its Initia

mental datgsymbols and error barare from Steueet al.[4]. The ~ 2V€Tage chargévhen it enters the foiluntil it acquires its

solid and dashed lines represent our calculations with and withougduilibrium average charge. Although our model was re-
the transient charge-state effect, respectively. The energies of thificted to first order perturbation theory, the inclusion of
incident N,* ions areE= (a) 0.5 MeV/atom,(b) 0.8 MeV/atom(c)  higher order terms would not contribute sensibly to the stop-

1.0 MeV/atom,(d) 1.2 MeV/atom,(e) 1.5 MeV/atom, andf) 1.8 Ping power ratio[33]; on the other hand, the neglect of
MeV/atom. nuclear scattering is reasonable because the contribution to

the energy loss is small in the velocity range being discussed

and, in addition, the aligned fragments detected are those that

pave not suffered a significant nuclear scattering; finally, the

Importance of inhomogeneities in the target thickness has not

experimental datgd] for the projectile energy range 0.5—1.8 be_e_n discusse_d because these datz_:\ were not provic_Jed in the
) . original experiments. The comparison with experimental

MeV/atom; the solid lines represent our calculations fordata[4] is better by far than other attempi@,5-11 to ex-
aligned pairs when the transient charge states of the nltroger] : ; . .
o] ) . . . ain these experiments theoretically. This proves that the
atomic ions are taken into consideration. For compansor‘? . S .
. X . transient charge states of the projectiles have an important
purposes, Figs.(3) and Zf) depict the corresponding calcu- : . ; '
. . . . . effect in evaluation of the average stopping power ratio, es-
lations without consideration of these transient charge—stateeCiaII for shorter dwell times and hiaher enerdies
effects. It can be seen that the latter calculation reproducé% y g gles.
the general trends of the experimental data only at the lowest This work was supported by the Spanish DGEC through
energy, but fails at the highest energy. The former calculaProject No. PB96-1118 and by the Spanish MEC through a

tions of the stopping power ratio agree remarkably well withresearch grant to S.H.A.

fragments resulting from the dissociation of"™N\when mov-
ing through amorphous carbon, as a function of the dwel
time. The symbolgand the corresponding error bam@re
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