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Introduction
The energy loss of ion beams in plasmas is an important quantity feCREhé&or
atomic ions moving in plasmas, the energy loss is well understood basediaus va
theoretical models, such as the linear Vlasov-Poisson theory [1], thg botksion theory
[2], and the nonlinear Vlasov-Poisson theory [3]. For the slowing-down procefses
molecular ions in plasmas, however, it has been shown that the energydossaiecular
ion is strongly influenced by the interference resulting from spatiaélation among the
molecule constituent particles. This so-called vicinage effect hen energy loss of
molecular ions in plasma targets has been described theoreticadgvesal authors [4]
within the framework of the linearized Vlasov-Poisson theory. But te tiare is no
studies about these vicinage effects considering a full simulatidineofransport of the
molecular ion.
Here computer simulations of the trajectory followed by the protondtiresfrom
the dissociation of H molecules after traversing plasma targets have been performed.
Dielectric formalism have been used to describe the forces drledimonic excitations in
the medium; the self-retarding proton force and the vicinage foregecdrdy its partner
proton. Coulomb repulsion between the pair of protons is also considered. rNuclea
collisions with target plasma nuclei are incorporated through a Moatl® Code. The
influence of these collisions on the,'Henergy loss, the interproton vector angle and
interproton separation are discussed for a target plasma.

Electronic stopping of cluster ionsin plasmas

In the dielectric formalism, the target is characterized bydielectric function
ak,a), which contains relevant information about its response to electranitat@ns
induced by the charged projectile traversing it. These excitationsharacterized by its
momentumk and energyw. To simplify theoretical calculations atomic units (a.u.) will be
used, except for results where plasma units will be stated. Thextde function of a
classical electron plasma can be obtained from the random phase approximation [1, 5]
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where & al(kwn); being kD—ava the inverse Debye lengtiv=(ksT)*? the electron
thermal velocity andwy,= (47n)"? the plasma frequency.andn are the temperature in eV
and the electronic density in a.u. of the target plasma, respectively.

Following the dielectric formalism, the induced force produced by a dantli
chargeZ,: moving at velocityv inside a uniform electron gas on a neighbor char@g,is

[6]
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wherez andp are the coordinates parallel and perpendicular of the neighbor projectile from
the projectile that generates the potential in the referenoee frd the motion of the last
one.Jo(X) andJy(x) are the zeroth and the first order Bessel function.

Puttingz=0=0 andZ,;=Z, in former equations resulks~0, andF; yields the self-
retarding particle forc&s. The variation of the projectile kinetic energydiS=F; v,;dt so
the electronic stoppings., defined as the energy loss per unit path length, becomes

S.(v) = 2 "l Idkjdwa)lm[_l]

Vpl 7To Erpa (K, W)

Nuclear scattering model

Nuclear interactions are treated within the classical digpertheory. Let us
considerE;=m,Vv,2/2, m, and Z as the projectile energy, mass and chargemaaddZ, as
the target nucleus mass and charge, in the centre of mass framdarget nucleus
produces a potential energy(r) at the projectile position during the collision, so the
projectile is scattered with an anglg’]

r dr
6(s)=m-2s
R'ﬂ[ r2.1-V(r)/E, -s?/r?
whereE=4mym,Ey/(my+ my)? is the maximum transferable energy in the collisiois, the
distance between the projectile and the force centeRapnds the minimunr. It can be
seen that’angles are larger for lower projectile velocities. 77
The interatomic potential enerdj(r) is writtenas ~ V(r) =—" <D( )

For a fully ionized plasm#& is the Debye potentiab(r/a)=exp(-r/a) anda is the
dynamical adiabatic screening length, which depends on temperatia ) /Vti +2
wp
For a partially ionized plasm&, anda are obtained from the average atom model [8].
The elastic collision induces an eneigytransferred to the nucleus, and therefore

lost by the projectile. It is related to the scattering aékig Am. m.E

E.= wsim( g )
(m,+m, )? 2

so the greater the scattering angle, the greater the energy loss. In our eiergymeclear

collisions introduce only a small correction to the inelastic protorggress. This nuclear

scattering model is included in our computer cadejim, through a Monte Carlo method

described by Mdller et al. [9].

Results

This section shows the effects of considering or not considering theanucle
scattering in the slowing down process of A i@n. The H' ion will lose its electron just
entering the target and dissociates into two protﬁﬂszpz—l andmy=1 in proton units
(p.u.), separated by an initial distamge1.08x10° cm [10]. This gives two protons that
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move in close proximity, interacting between them and with the target electrons &id nuc
The target is considered to be deuteriifpzl and my=2 in p.u., in a plasma state
characterized by its densitp=102 cm*, and its temperatur&;=10 eV. H," velocities
inciding on the plasma target are low enough to see the effects eanschttering in its
slowing down Vp=Vih.

The main difference on the energy loss between two correlated or isolated potons
the due to the Coulomb and vicinage forces. So we are going to analyze hear nucl
collisions influence two fundamental quantities for calculating thases: the interproton
distancery, and the angle between the interproton vector and the motion direztion,

It is worth to introduce the logarithm of the dimensionless dwelle tif)
=logio(t/te), wheret;=1.47 fs is the characteristic Coulomb explosion time of the two
protons fragmented from the, Hon.

Figure 1 shows that vicinage 20t = = = 7 -
forces always delay Coulomb A .
explosions when nuclear collisions are *°[ —=—Coulomb

: : . . - —@— Coulomb+Wake .

not included. This screening is _ | Coulomb+Wake+Nuclear 1

consequence of the asymmetry of these | .
7

forces that try to join the two protons in  so U -
p and z direction. This is more R I 1
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significant in the late dwell times when 202_’ —
the two protons are quite separated and = | ® |

V=2v
H h
the Coulomb force is smaller than the 15l  _a—Couomb -
vicinage forces. When nuclear collisions - —e— Coulomb+Wake .
are included, the delay produced by thes 10| Coulomb+Wake-+Nuclear .
vicinage forces is canceled, indeed =~ _ | 7 ]
. 50 | . -
increases faster than for bare Coulomb | et ]
explosion. This growth is bigger for low b u—slr.‘zu—uw—'—'fc"/ . -
impact projectile velocities as nuclear 200 b T
scattering effects are more significant. T v=3y,
Many published works (see [11] *°F  —#—Coulomb iy
for a complete list) have mentioned that [~ ~3~ Souombtwvake '
.. . o - Coulomb+Wake+Nuclear -
vicinage forces tend to align the< o
interproton vector in the motion so} ﬂ,{/ 4
e : Ei | =
direction due to its asymmetry. Figure 2 g
shows that when these forces are °0 =" — . . . | ]
0.0 0.5 1.0 15 20

considered the azimutal angle
diminishes to indicate an alignmentrigure 1. Evolution of the adimensional interprc
along motion direction. It means that thelistancerk; as a function of the logarithm of dwell tirhe

: : during the Coulomb explosion of gHon with the initia
averagede force is hlgher than the angle a,=60° traversing the plasma with differ

averagedF, one during proton travel. velocities (a)v,=vin, (b) Vy=2vi, and (c)v;=3v,. Only
When nuclear collisions are included inconsidering the bare Coulomb force, the Coulomb
the calculations the interproton vector¥ake forces, and the Coulomb force, wake force
T nuclear collision:
misaligns and cancel the effects of the
vicinage forces. This misalignment is more significant for low va&xc as the nuclear
scattering becomes more relevant.
Finally we are going to analyse the nuclear scattering effectseoantergy loss of
the K" ion. The BH" energy loss ratio could be defined asME*,/AE,+, WhereAE* .
andAEn,. means the | energy loss with and without vicinage forces, respectively. In Fig.

3 it can be seen that for longer dwell times the stopping ratio tentisvhile for early
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Figure 2. Evolution oa as a function of the logari Figure 3. k" energy loss ratiorz as a function of tt
of dwell time ¢ when the initial azimutal angle logarithm of dwell timer for the same conditions as
a,=60°; for the same conditions as in Fig. 1. Fig. 1.

times the ratio is higher than 1. This is because the two protoms @atly stages are very
close and they feel greater vicinage forces while in the |asfestthe protons are
completely separated and they travel as isolated ions. When nucleaom®lre included
in the computer code, they contribute moderately to increase the enesgpfldise
fragmented K ion for all velocities, so the stopping ratios for last dwell §rde not tend
to 1. This last event is more prominent for lower velocities asotggdrom our nuclear
scattering model.

The main conclusion of this work is that many vicinage effects cahenobtained
realistically as nuclear collisions shade them; unless vicimaged could be also isolated
experimentally from nuclear scattering. Experiments concerning clostans cannot be
investigated without taking into account the collisions with the targeleinuor this
purpose we have created the computer code TAMIM.
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