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Electronic stopping of swift partially stripped molecules and clusters
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The electronic stopping power of a material for swift molecules or clusters need not be an incoherent
superposition of the stopping powers for the constituent atomic ions. However, only the stopping of hydrogen
clusters is understood theoretically. Experimental results indicate that effects due to coherent stopping are
smaller for heavier molecules and clusters, and occasionally destructive interferences were found experimen-
tally when constructive interferences were expected. The present theoretical study aims at differences between
the stopping of hydrogen and heavier clusters. The role of projectile screening is emphasized, and explicit
estimates are presented for coherent-stopping effects due to target excitation or ionization. The importance of
a proper description of target resonances is pointed out. As expected, projectile screening reduces the signifi-
cance of coherent stopping. Competing effects such as projectile excitation or ionization, variations in charge-
state and charge-dependent stopping, and the clearing-the-way effect are discussed qualitatively. The main
focus is on randomly oriented beams, but attention is also given to stopping of aligned molecules.

PACS number~s!: 34.50.Bw, 36.40.2c, 52.40.Mj
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I. INTRODUCTION

Beams of molecule and cluster ions covering a wide ra
of energies have become available recently. Such beam
useful tools in fundamental research on the interaction
particles with matter, expanding the number of available
grees of freedom and thus the range of observable phen
ena. Moreover, there are promising applications in scie
and technology. Cluster beams with energies per atom in
keV or MeV range allow deposition of energy in matter
densities far above what can be achieved with beams
atomic ions @1,2#. This has implications on ion-beam
induced desorption@3,4#, track formation@5#, and inertial
confinement fusion@6#. Conversely, clusters with energie
per atom in the eV regime are of potential use for deposit
material because of high achievable particle currents c
bined with low damage rates@7,8#.

The present study concerns the deposition of electro
energy by swift molecules and clusters in matter, wh
‘‘swift’’ refers to projectile speeds above the Bohr veloci
v0 . For a survey of current knowledge the reader is refer
to a recent summary@9#.

A central quantity characterizing the interaction of sw
ionized clusters with matter is the mean energy loss per t
eled path length, or stopping power. This quantity is conv
tionally approximated by the sum of the stopping powers
the constituent atomic ions of the cluster,

S dE

dxD
cluster

> (
cluster

S dE

dxD
atom

. ~1!

Such a relationship assumes a short range of the interac
giving rise to energy transfer from the cluster to the target
the internuclear distance in a cluster exceeds the interac
range for events that lead to significant energy transfer,

*Address for correspondence.
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cluster-target interaction may be viewed as an incoherent
perposition of ion-atom collisions.

Equation~1!, while by no means an exact relationship,
well established as a first approximation. Deviations
summarized under the heading of ‘‘coherent stopping’’
have been identified primarily for swift ions: The interactio
range for Coulomb excitation of a given target resonan
frequencyv0 is given by Bohr’s adiabatic radius,

aad5
v

v0
, ~2!

where v is the projectile speed. At sufficiently high spee
this quantity can exceed internuclear distancesr i j in a cluster
and thus cause interferences which may show up as cohe
stopping. Both constructive and destructive interferences
known @9#.

Rather few measurements have been performed to d
mine the significance of coherent stopping and only qu
small deviations from Eq.~1! have been found. Conversely
the theoretical literature is extensive and quite drastic coh
ency effects have repeatedly been predicted. It is the m
goal of this paper to track the origin~s! of this apparent dis-
crepancy. At the same time we point at other poten
sources of coherent stopping, some of which have not b
discussed previously in this context. We also provide revi
estimates of electronic stopping by target excitation, i.e.,
process that is generally considered dominant and the
one for which estimates are available in the literature. W
note that most of the theoretical literature explicitly or im
plicitly refers to light-atom clusters, in particular hydroge
clusters. For several reasons such estimates do not dir
apply to clusters made up of heavier ions which we addr
in the present paper.

The possibility of a major enhancement in stopping pow
was suggested by a heavily oversimplified argument,
main weakness of which was pointed out right away by th
authors who brought it forward@10#. It is based on the qua
©2000 The American Physical Society03-1
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dratic dependence of the stopping power for a point cha
on its atomic numberZi . In a united-atom picture, one migh
view a penetrating cluster as a point charge( iZie. Then the
stopping power could be}(( iZi)

2, which exceeds the sum
of atomic stopping powers (}( iZi

2). The ratio between the
two quantities, the enhancement factor

R5
~dE/dx!cluster

(cluster~dE/dx!atom
, ~3!

could then become as large asR.n for an n-atomic cluster.
In contrast, even for large clusters, measured enhancem
have always been below a factor of 1.5 and rarely more t
;20% above unity@10–16#.

The above argument neglects the vectorial nature of
electric fields originating in the projectile charges. There i
sizable contribution from close collisions to electronic sto
ping, for which the electric fields originating in cluster atom
tend to cancel so that the united-atom picture breaks do
Such destructive interference may in fact cause negative
hancement in stopping power at low projectile speed, as
realized early on@10# and confirmed experimentally@13#.

Clusters are typically not completely stripped of the
electrons, in particular, in the initial parts of their trajectori
through the stopping medium. For an incompletely stripp
cluster the contribution from long-range interactions to st
ping is reduced more or less dramatically. As a conseque
coherent stopping loses significance. This is especially p
nounced for clusters that consist of atoms heavier than
drogen since the screening radius decreases with increa
atomic number. As a consequence, coherent stopping m
be less pronounced in heavier clusters. Ignoring this fea
leads to drastically overestimated coherency effects. A re
example is Ref.@17# where enhancement factors up toR
;5 were predicted for accelerated C60 molecules, in sharp
contrast with existing but unquoted experimental data@14#.

A more subtle but no less relevant point concerns
description of the stopping medium, for which most often
homogeneous electron gas characterized by a plasma
quencyvP has been adopted. Plasma resonances in solid
in the 10–20 eV range and hence contribute to stopp
within rather large adiabatic radiiv/vP . Consequently, sig-
nificant coherent stopping is expected at high and mode
projectile speeds. However, with increasingv, inner target
electrons also contribute to stopping, albeit over a sma
interaction radius and hence mostly affecting incoher
stopping. Thus the relative significance of coherent stopp
decreases. Even though this point was recognized occa
ally @18,19# it has more often been overlooked.

Projectile screening and target description are asserte
be the most significant reasons why numerous theore
estimates tend to overestimate coherent stopping. Howe
other effects come into play in the theory of heavy-ion sto
ping and, hence, need to be considered in context. In
velocity range accessible to cluster beams we need to m
tion projectile excitation or ionization, charge equilibratio
and equilibrium charge states, energy loss by charge
change, and nonlinear stopping. We shall argue that non
these effects should lead to drastically enhanced stop
03290
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powers, but both positive and negative enhancements ma
expected and would need to be estimated if precise data
molecule and cluster stopping were needed for fundame
or practical reasons. We see no such need at present
therefore, put emphasis on dominant processes.

In passing on we mention that internuclear distances
clusters change during passage through a target becau
Coulomb explosion and multiple scattering. This effe
causing coherence effects to vary—generally to decreas
with traveled path length or increasing target thickne
@10,12,13#, is only weakly related to the fundamental pro
lem of coherent stopping but complicates the analysis of
periments and, therefore, cannot be disregarded. It also
severe limits on potential applications of stopping-power
hancement in attempts to achieve high-energy deposi
density.

II. PRELIMINARIES

A. Classical and quantal stopping theory

For atomic ions the regime of classical stopping theory
defined by the Bohr criterion@20#

k5
2Z1v0

v
.1, ~4!

whereZ1 is the atomic number andv05e2/\ the Bohr ve-
locity. In the opposite case, quantal perturbation the
@21,22# applies. Equation~4! likewise governs the incoheren
stopping of clusters. The relation is illustrated in Fig. 1@55#.
Experimental parameters for reported measurements on
ter stopping withZ1.1 have been included@12,14–16,23#.
It is seen that these data fall into the classical regime.

The most common description of cluster stopping is ba
on Lindhard’s quantal dielectric theory for a point char
moving through a homogeneous free electron gas@22#,
adapted to a group of point charges by Arista@24#. Figure 1
suggests that such a picture is valid for hydrogen clusters

FIG. 1. Regimes of validity of Born approximation an
classical-orbit picture, and regimes of stripped and dressed ion
charge-state equilibrium. Points refer to bombardment parame
in reported measurements on cluster stopping forZ1.1. This is a
modified version of a graph in Ref.@55#.
3-2
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ELECTRONIC STOPPING OF SWIFT PARTIALLY . . . PHYSICAL REVIEW A61 032903
v.2v0 , but a classical treatment should be more appro
ate for atomic ions heavier than hydrogen. Classical tre
ments for bare cluster ions have been reported in R
@25, 26#.

Coherence effects involve more than one target atom
time and hence refer to large impact parameters. Qua
perturbation theory in the impact-parameter picture yie
results equivalent to the Bohr model in that limit@27#. There-
fore, the result of the theoretical treatment of coherent st
ping is insensitive to the choice between a classical an
quantal picture.

The same statement is not true, however, for incohe
stopping, i.e., stopping of individual atomic ions. Hence,
the enhancement factorR, Eq. ~3!, is rewritten in the form

R511
d~dE/dx!coh

~dE/dx! incoh
, ~5!

whered(dE/dx)coh5(dE/dx)cluster2((dE/dx)atom, it is the
denominatorrather than the numerator that is sensitive to
choice between a classical and a quantal treatment. Far a
from the crossover (k.1) the difference may be substanti
~examples to be given below!.

B. Screening

For atomic ions in charge-state equilibrium, significa
projectile screening is expected for@20#

v&Z1
2/3v0 . ~6!

Equation~6! has also been included in Fig. 1. It is seen th
most reported experimental data for heavier cluster spe
fall into the regime of heavy screening.

Measured stopping powers do not necessarily refer
charge equilibrium. For swift clusters the incident charge
most often below equilibrium. Hence, screening effects te
to be even more pronounced in preequilibrium.

For partially stripped ions the effective projectile char
responsible for stopping depends on the impact param
approaching the nuclear chargeZ1e at small and the ion
chargeq1e at large impact parameters. Incoherent stopp
receives contributions from both close and distant inter
tions while coherent stopping originates in more distant
teractions which get less significant in the presence
screening. This causes coherence effects to decrease
increasing screening.

Note that according to Fig. 1 the regime of significa
screening lies in the classical regime.

III. SCREENING AND TARGET EXCITATION

The present section provides estimates of the effec
screening on coherent stopping by target excitation or i
ization. The effect is treated on the basis of both classical
quantal stopping theory. Equivalent results must be expe
for the coherence correctiondS according to the discussio
in Sec. II A. For incoherent stopping of heavy-ion cluster
classical treatment is most appropriate. Reference will h
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be made to a recent treatment of charge-dependent stop
of swift atomic ions@28#.

A. Bohr stopping of screened clusters

In the Bohr theory, distant interactions are described b
time-dependent electric field acting on a classical elect
bound harmonically to the origin with a resonant frequen
v0 . The energy transfer is given by

T5
1

2mU E
2`

`

dt F~ t !e2 iv0tU2

. ~7!

Here the force is determined byF(t)52¹( iVi„r2Ri(t)…,
where r denotes the electron coordinate andRi5p1vt1r i
the trajectory of thei th projectile nucleus in uniform motion
p and v denote the impact parameter and velocity, resp
tively, for the center of mass of the projectile. To the lowe
order in r ~dipole approximation!, Eq. ~7! yields

T5
2p2

m (
i j

E d3kE d3k8 Vi* ~k!Vj~k8!~k•k8!

3eik•r i2 ik8•r jei ~k2k8!•p

3d~v01k•v!d~v01k8•v!, ~8!

whered ~¯! denotes the Dirac function. We may split th
energy transfer according to

T5T01dT, ~9!

whereT0 comprises the terms fori 5 j in the double sum,
i.e., the sum of stopping powers for independent atomic i
which make up the contribution from incoherent stoppin
The terms foriÞ j then make up the correctiondT for co-
herent stopping. For the further analysis ofT0 we refer to
Ref. @28#. Presently the focus will be ondT.

Although Eq. ~8! has been derived for large impact p
rameters, let us integrate it over allp to obtain a first estimate
of the coherence correction to the stopping cross section

dS5E d2p dT

5
8p4

mv (
iÞ j

E d3k Vi* ~k!Vj~k!k2eik•~r i2r j !d~v01k•v!.

~10!

The error made at small impact parameters will be sho
below to be negligible.

1. Randomly oriented clusters

Assuming randomly oriented clusters we may averager i
2r j in Eq. ~10! over the unit sphere. Assuming a rando
target we may also averagev over the unit sphere. The com
bined result is
3-3
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J. JENSEN AND P. SIGMUND PHYSICAL REVIEW A61 032903
dS5
4p4

mv2 (
iÞ j

E
k.kmin

4pk2 dk Vi* ~k!Vj~k!k
sinkri j

kr i j
,

~11!

wherek5uku, kmin5v0 /v, andr i j 5ur i2r j u.
If the contribution from incoherent stopping,S0

5*d2p T0 were treated in the same manner, the result wo
differ from Eq. ~11! by the absence of the factor sinkrij /krij
and the replacement of the double sum by a single sum
i 5 j . In this simplified form,S0 would diverge logarithmi-
cally at largek. In the quantitative theory of incoherent sto
ping that divergence is avoided by replacement of the dip
approximation at small impact parameters by the law of fr
Coulomb scattering@29,28#. This produces an effective up
per limit of the order ofkmax.mv2/Z1e

2.
Equation ~11! shows a very different behavior at larg

values ofk: The logarithmic divergence is removed by th
additional factor of 1/k, and the oscillatory factor sinkrij
generates an effective upper limitkmax,eff;1/r i j . The com-
bined effect of these two features drastically reduces the c
tribution to the integral from large values ofk or small values
of p and therefore justifies the rather rough approximat
applied to small impact parameters in the above integrat

2. Aligned clusters

Orientational effects are most pronounced for linear m
ecules. We consider diatomics only. For a diatomic molec
aligned with the beam direction, Eq.~8! reduces to

T~p!5T1~p!S 11cos
v0r 12

v D , ~12!

whereT(p) is the energy loss per cluster atom andT1(p) the
energy loss for an atomic ion. It follows that the correcti
factor for coherent stopping is independent of the imp
parameter in this particular geometry. Therefore, a co
sponding relation applies to the stopping cross section f
single resonance,

S5S1S 11cos
v0r 12

v D . ~13!

This relation was established in Ref.@30#.

B. Bethe theory

The dielectric theory of stopping@24,22# incorporates a
proper~quantal! treatment of close collisions which does n
invoke the dipole approximation. We sketch the equival
of the above derivation within that framework in order
further demonstrate that neglecting the error made in
limit of close collisions is justified. For the coherence co
rection to the stopping power of an electron gas with a d
sity n for a randomly oriented cluster we find
03290
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dS dE

dxD5
4p3

e2v2 (
iÞ j

E
0

`

dk k3

3E
2kv

kv
dv ivS 1

e~k,v!
21DVi* ~k!Vj~k!

sinkri j

kr i j
.

~14!

We have evaluated Eq.~14! for the dielectric function of an
electron gas at rest@22#,

e~k,v!511
vP

2

vk
22~v1 ig!2 ~15!

with vk5\k2/2m and vP5A4pne2/m the plasma fre-
quency andg an infinitesimal damping constant. This resu
in Eq. ~11! with the integration limits changed to

kmin5
vP

v
; kmax5

2mv
\

~16!

for mv2\vP . Although we deal with different physical sys
tems, it is justified to consider the plasma frequencyvP of
the electron gas as an equivalent of the resonant freque
v0 of an individual oscillator. With this, the main differenc
between the two expressions lies in the upper integra
limits kmax which reflect the classical and the perturbati
limit, respectively@20#. At the same time the difference i
the treatment of close collisions is confirmed to be imma
rial.

C. Exponential screening

We now introduce an exponentially screened Coulo
interaction@31,30,28#,

Vi~r !5
2Zie

2

r
@b i1~12b i !e

2k i r #, ~17!

or

FIG. 2. Charge-state-dependent factor in the integrand deter
ing coherence correction to stopping cross section, Eq.~20!. Homo-
nuclear cluster and same charge fractionb j[b5q1 /Z1 assumed
for all atoms. Curves forb running from 0 to 1 in steps of 0.1
~bottom to top!.
3-4
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FIG. 3. The integralI (r ,b) defined by Eq.~20! for pairwise identical charge fractionsb5q/Z. The eleven curves on each grap
represent values ofb going from 0 to 1 in steps of 0.1~bottom to top!. The four plots reflect four values of the ratiov/v0a between the
adiabatic radius and the screening radius.
d

e

t

cor-
ce,

ac-
Vi~k!5
Zie

2

2p2

k21b ik i
2

k2~k21k i
2!

, ~18!

where b i5qi /Zi is the charge fraction on thei th ion and
k i

215ai the screening radius. With this, Eqs.~11! and ~14!
reduce to

dS5
4pe4

mv2 (
iÞ j

ZiZj I i j ~r i j ,b i ,b j ! ~19!

with

I i j ~r i j ,b i ,b j !5E
kmin

kmaxdk

k

~k21b ik i
2!~k21b jk j

2!

~k21k i
2!~k21k j

2!

sinkri j

kr i j
.

~20!

Equation~20! reduces to a well-known result@24#

I i j ~r i j ,b i5b j51!5g~kminr i j !2g~kmaxr i j !;

g~j!5
sinj

j
2Ci~j! ~21!

in the limit of complete stripping,b i51. HereCi(j) is a
cosine integral@32#. The same limit could have been foun
by letting the screening radius go to infinity, i.e.,k i50. It is
03290
readily seen that the accurate choice of the upper limitkmax
in Eq. ~21! is immaterial as long askmaxrij@1. Note that

g~j!;
cosj

j2 for j@1. ~22!

The integrand in Eq.~20! differs in two aspects from the on
for an isolated point charge.~1! The factor sinkrij /krij

produces an effective upper limit of integration.r i j
21, and

~2! the factor containingb i andk i reduces the integrand a
small k ~Fig. 2!. Specifically, for small values ofb, i.e., for
near-neutral clusters, Eq.~20! yields an effective lower limit
of integrationkmin.ki .

Figures 3 and 4 show values of the integral

I ~r i j 5r ,b i5b j5b! ~23!

for pairwise identical charge states as a function ofr i j /a
~Fig. 3! and charge fractionb ~Fig. 4!. Integrations have
been carried out fork5kmin •••`. This implies a slight over-
estimate ofI for mv3/Z1e2v0(2.

The sequence of graphs demonstrates that coherence
rections ~1! decrease with increasing internuclear distan
~2! increase with increasing projectile velocity, and~3! are
approximately proportional to the square of the charge fr
3-5
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FIG. 4. Same as Fig. 3 plotted as a function of charge fraction. The five curves on each graph represent values ofr /a51,5,10,15,20 from
top to bottom. The four plots reflect four values of the ratio between the adiabatic radius and the screening radius. Squares indic
evaluated directly from Eq.~21!.
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fact thatI reflects long-range interactions.

D. Spectrum of target resonances

For a target with one heavily dominating resonance,
stopping ratio for a randomly oriented homonuclear diatom
molecule reduces to

R511
I

L
, ~24!

where indices inI 5I i j have been dropped, and whereL
5Li is the stopping number for an individual atomic ion,

S5
4pZ1

2e4

mv2 L. ~25!

R as given by Eq.~24! depends only on the parameterv0r /v
wherer is the internuclear distance. All other parameters
particular, the atomic number of the projectile, drop out. It
tempting to assign a high degree of generality to Eq.~24!.
This, however, is by no means justified.

Staying with a randomly oriented diatomic homonucle
molecule but allowing for a realistic spectrum of target re
nances we obtain
03290
e
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R511
(nI n

(nLn
, ~26!

instead of Eq.~24!, wheren denotes individual target reso
nancesvn .

The numerator in Eq.~26! hinges on low-lying resonance
~which are associated with a high adiabatic radius! at all
projectile speeds. While the denominator draws its lead
contributions from the lowest resonances at low spe
higher excitation channels get increasingly important w
increasing speed. For targets with moderate and high ato
number the denominator eventually gets dominated
higher resonances. Thus, after an initial increase due to
creasing adiabatic radius@10#, R must decrease with increas
ing projectile velocity. This finding is in sharp contrast wi
the estimates presented in Ref.@17# based on a single reso
nance.

Incorporating the spectrum of target resonances
straightforward within the Bohr theory, where target su
shells are weighted by tabulated oscillator strengths@33#.
The same is true when the harmonic-oscillator model of e
tronic stopping@34# is applied to clusters@13#. In the dielec-
tric theory, the local-density approximation@35# is an appro-
priate tool. This is very common in the theory of light-io
stopping, but in the theory of coherent stopping this step
3-6
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ELECTRONIC STOPPING OF SWIFT PARTIALLY . . . PHYSICAL REVIEW A61 032903
most often been omitted, with the notable exception of R
@19#.

E. Z1
3 correction

TheZ1
3 ~or Barkas! correction arises from the response

the stopping medium to the penetrating ion. It is significa
at velocities low enough for target electrons to relax so m
as to influence excitation cross sections. For a given re
nance and an unscreened ion, this correction is smaller
factor }Z1e2v0 /mv3 than the leading term in the stoppin
cross section@36,37#. For a positively charged projectile th
correction is positive.

TheZ1
3 correction has more or less tacitly been ignored

studies of coherent stopping. This could have been justi
by noticing that coherent stopping prevails at projec
speeds (v.v0r ) while a noticeableZ1

3 correction occurs for,
say,Z1e2v0 /mv3.0.1. For a small internuclear distancer
.1 Å, both conditions can be fulfilled if

Z1.S \v0

e2/a0
D 2

, ~27!

wherea0 is the Bohr radius. This is uninteresting for ligh
ions but becomes relevant for higherZ1 .

Estimates of theZ1
3 correction for screened heavy atom

ions are on their way@38#. At this point we only wish to
demonstrate that inclusion of theZ1

3 effectdecreasesthe sig-
nificance of coherent stopping.

Consider unscreened ions first. Since theZ1
3 correction is

positive, all terms in the denominator of Eq.~26! will in-
crease. Because of theZ1e2vn /mv3 dependence on the re
spective resonance frequenciesvn , the change due to theZ1

3

correction is most pronounced in the inner-shell terms. A
terms in the numerator will increase, but this is noticea
only for those wherevn,v/r , i.e., for outer shells. Thus, th
increase in the denominator will in general be more p
nounced than in the numerator.

Inclusion of projectile screening into the above argum
primarily reduces the contribution of the lowest target re
nances in Eq.~26! but does not affect the sign of the corre
tion. In conclusion, even though theZ1

3 correction may be
more pronounced for a screened than for an unscree
atomic ion, its consideration in cluster stopping will redu
coherent stopping.

F. Examples

The examples discussed below are based upon the fol
ing package of assumptions.

~1! Cluster are homogeneous with an equilibrium cha
per atomq1e5b1Z1e.

~2! The equilibrium charge is given by Thomas-Fer
type expression

b1512e2v/Z1
2/3v0, ~28!

~3! Only electronic stopping by target excitation or io
ization is considered.
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~4! The screening model is defined by Eq.~17! and the
screening radius is given by

a5aTF~12b1! ~29!

with aTF50.8853a0Z1
21/3 according to Ref.@28#.

~5! Stopping numbersL for incoherent stopping and cor
rectionsI for coherent stopping are evaluated for every tar
subshell, cf. Sec. III D.

~6! Incoherent stopping is evaluated for modified Bo
and modified Bethe stopping.

~7! Interference functionsI are evaluated either with
kmax5` or with the quantal upper limitkmax52mv/\. The
difference between these cases was invisible in all quo
examples. Therefore only the results forkmax5` ~labeled
‘‘Bohr’’ ! are shown.

Figure 5 and Table I show the results for hydrogen
carbon for reference. Calculations have been performed
both screened and unscreened ions. The Bethe theory is
for v*2v0 , i.e., over most of the velocity range covered
the graph. The total stopping cross section is somew
lower than what would follow from Bohr’s expression
mainly due to different contributions from the carbonK
shell. As expected, theK shell does not contribute visibly to
coherent stopping.L-shell electrons show enhanced stoppi
in qualitative agreement with previous estimates@10#. Rep-
resentative enhancement factors are given in Table I. If s
ping powers were estimated on the basis of the Bohr the
predicted relative enhancements would be slightly smal
Note the insensitivity of bothL andI to projectile screening.
This is consistent with the finding from Ref.@28# that stop-
ping is insensitive to the charge state forZ1!Z2 . This, in
turn, justifies the neglect of screening in existing theoreti
treatments of coherent stopping for hydrogen clusters.

Figure 6 shows similar results for carbon on carbon. H
the Bohr theory is superior to the Bethe description over
entire velocity range covered by the graph. The Bethe p
diction has been included for reference only. Interferen
functions for unscreened ions are identical with those
hydrogen. The same is true for the stopping number for
screened ions in the Bethe theory. While all contributions
reduced by screening, the reduction is greatest in the in
ference function and smallest in the incoherent stopp
number for the Bethe case. Note in particular that the in
ference function drops far below the stopping number in
velocity range where measurements have been reportev
&5v0 . Moreover, in sharp contrast to the above results
hydrogen~Fig. 5!, these results are sensitive to project
screening.

Figure 7 shows stopping ratios calculated with and wi
out screening. The two curves approach each other at
velocities where screening becomes negligible. The t
trends discussed in Sec. III D are seen to produce a m
mum enhancement of.1.35 and.1.40 nearv55v0 for
screened and unscreened interaction, respectively. In the
of screening, that maximum is rather flat toward the hig
velocity side but drops rapidly with decreasing speed.

For larger clusters one deals with a distribution of inte
nuclear distances. In view of the rapid decrease of the in
3-7



r

is is
ed in

g
ro-

ion
es.
ch
to

ica-
ly
ne
nce

fi-
by
the
ere
to
the

the
ar-

lar
an
ov-

to
m.
u-
ce
n/
m

a-

ll,
to

ar-

r-
l;
e

e

9
8

J. JENSEN AND P. SIGMUND PHYSICAL REVIEW A61 032903
ference function with the internuclear distance~Fig. 3!, co-
herent stopping is mostly due to nearest neighbo
Therefore, the stopping ratio for a large cluster@39,40# is
expected to beR,11zI/2L, where z is the coordination

FIG. 5. Calculated stopping number~top and middle! and inter-
ference function~bottom! for hydrogen on carbon; constant inte
nuclear distancer; contributions from target subshells and tota
solid lines: screening included; dotted lines: screening exclud
modified Bethe theory~top! and modified Bohr theory~middle!;
bottom graph valid for both theories.
03290
s.

number and the inequality arises from surface atoms. Th
an order of magnitude less than the enhancements report
Ref. @17#.

IV. OTHER MOLECULAR EFFECTS ON STOPPING

Although target excitation is the dominating stoppin
mechanism for swift ions, this dominance is not as p
nounced for heavy ions as it is forZ151. Alternative stop-
ping mechanisms such as projectile excitation or ionizat
and charge exchange contribute over limited velocity rang
The present section serves to identify ways in which su
effects could contribute to coherent stopping. We shall try
determine the direction of such effects and to get an ind
tion of their significance, but the discussion will be main
qualitative. The main goal is to demonstrate that with o
exception, these effects cannot compete with the cohere
effects treated in Sec. III.

A. Projectile excitation or ionization

Projectile excitation and ionization contribute signi
cantly to stopping when the number of electrons carried
the projectile is comparable to or greater than that on
target, i.e., in the velocity range of heavy screening wh
stopping by target excitation and ionization is mostly due
outer electrons. The process can become dominant when
number of weakly bound projectile electrons exceeds
number of weakly bound target electrons, i.e., for ne
neutral ions withZ1.Z2 at velocitiesv!Z1

2/3v0 . Here,Z2

denotes the atomic number of the target material.
In the present context the question is whether molecu

effects are to be expected in projectile excitation. A hint at
answer may be found by switching to a reference frame m
ing along with the projectile, where the process reduces
the equivalent of target excitation in the laboratory syste
Note, though, that the ‘‘target’’ need not be completely ne
tral nor in the ground state. Viewed from this referen
frame, a possible molecular effect in projectile excitatio
ionization becomes the equivalent of deviations fro
Bragg’s rule of stopping-power additivity for target excit
tion.

Deviations from Bragg’s rule are commonly very sma
of the order of a few percent or less. If the same applies
the moving reference frame, such deviations are of only m
ginal interest in the analysis of cluster stopping.

d;

TABLE I. Interference functionI, stopping numberL for inco-
herent stopping, and stopping ratioR511I /L at three velocities
for hydrogen dimer on carbon; constant internuclear distancr
51.24 Å; Bethe and Bohr theory including screening.

v/v0

I L Bohr LBethe RBohr RBethe

1s 2s 2p Total

2 0.0038 0.50 0.98 1.48 7.62 7.64 1.19 1.1
4 20.019 1.72 2.64 4.34 19.9 15.5 1.22 1.2

10 20.11 3.41 4.74 8.04 37.2 26.9 1.22 1.30
3-8
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ELECTRONIC STOPPING OF SWIFT PARTIALLY . . . PHYSICAL REVIEW A61 032903
Deviations from Bragg’s additivity rule originate in dif
ferences in the states of valence electrons between mole
and independent atoms. Similar differences could be
pected if molecules or clusters moving through a solid w
literally bound. While this is possible it is barely the rule.

We conclude that even though projectile excitation a
ionization may constitute a significant and even domin
contribution to the stopping power for a heavy ion, a possi
molecular effect is generally small. Therefore, the relat

FIG. 6. Same as Fig. 5 for carbon on carbon.
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significance of coherent stopping by target excitation or io
ization will get diminished by an increasing contribution
stopping by projectile excitation or ionization.

B. Energy loss by charge exchange

Energy loss in charge-exchange events constitutes an
teresting aspect of heavy-ion stopping@41#. It affects prima-
rily the statistics~straggling!. Effects in the mean energy los
become noticeable mainly at low velocities when the cr
section for stopping by Coulomb excitation becomes sm
and reaction channels involving charge exchange bec
more efficient@42#. Therefore, despite experimental eviden
in favor of molecular effects in charge exchange~cf. below!
we do not consider energy loss by charge exchange to
tribute to molecular effects in stopping power in the veloc
range considered in the present paper.

C. Charge-state effects

The stopping power for a given projectile depends on
charge state. Therefore, any molecular effect in the cha
state must potentially affect the stopping power. It w
shown in Ref.@28# that the sensitivity of the stopping powe
to the ion charge is governed by the parameter

s5S Z1e2/a0

\v0
D 2/3

. ~30!

Specifically, Fig. 7 in that work indicates very little sensiti
ity for s!1, while for s@1 a q1

2 ~or b1
2) dependence is

approached.
To the extent that the target may be characterized b

single resonance frequency equivalent with the mean exc
tion energy, Eq.~30! reduces to@28#

s.2S Z1

Z2
D 2/3

. ~31!

Thus, molecular effects due to varying charge states are
dicted to be insignificant in the limitZ1!Z2 .

One may distinguish between effects on the equilibriu
charge state and on charge equilibration. Solid experime

FIG. 7. Stopping ratio for C2 on C evaluated from data shown i
Fig. 6.
3-9
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or theoretical evidence on the former does not appear to
available but it appears feasible that electron-capture
cesses are affected by the proximity of other moving nuc
In particular, electrons lost by a moving nucleus may
captured by another nucleus in the neighborhood. Moreo
the combined attractive potential of the ion cores of a clus
could provide increased binding in comparison to an isola
atomic ion.

The situation is more clearcut with regard to char
equilibration. After all, clusters emerge from an ion source
low charge states, mostly singly or doubly charged rega
less of size. Hence, while an atomic ion can have any cha
from 0 toZ1 , the mean incident charge state per cluster at
is typically 1/n or perhaps 2/n and rarely more.1 Thus, al-
ready at moderately high projectile speeds (v.Z1

2/3v0) the
charge state per cluster atom is bound to increase with t
eled path length. This implies low initial stopping powe
and a gradual increase toward equilibrium.

Little theoretical guidance seems available on cha
equilibration of cluster beams. A united-atom picture p
posed in Ref.@9# ~and reproduced in Ref.@16#! may contain
essential features but is unquestionably oversimplified. So
evidence is, however, available from experiments. M
et al. @44# reported mean charges of nitrogen atomic and m
lecular ions as a function of penetrated-foil thickness at
MeV/atom. Target thicknesses range from somewhat be
10 nm to;80 nm. An apparent equilibrium charge is foun
for molecular ions that is slightly smaller~.4%! than for
atomic bombardment. Much more pronounced is the diff
ence in equilibration distance which is.30 nm for the mol-
ecule as compared to.10 nm for atomic ions of the sam
species at the same speed.

Brunelleet al. @45# report mean charges of carbon cluste
(n53 – 10) as a function of penetrated-foil thickness at
ergy 1–4 MeV/atom. Mean charge states are found to
crease in all cases when the foil thickness increases from
to 40 mg/cm2. Mean charges approach the atomic equil
rium charge at large path lengths, but the equilibration d
tance is found to increase with cluster size.

This leads to the following picture.

~1! In the velocity range of partial stripping in equilib
rium, v.Z1

2/3v0 , incident clusters have typically low charge
that are bound to increase with path length.

~2! For certain systems the equilibration depth depends
the state of aggregation. The systematics are unknown,
experimental evidence is available for increasing equilib
tion depth with increasing cluster size.

~3! For Z1*Z2 the stopping cross section is sensitive
the charge state.

~4! Therefore, the stopping power per cluster atom
mains below the equilibrium value for a substantially long
path length than for atomic bombardment.

Experimentally, this will show up as a coherence effe

1The statement does not apply to double-foil experiments of
type reported in Ref.@43#.
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Note, however, that here we deal with negative enhan
ment. An upper bound on the magnitude of this effect is
difference in stopping power between a completely stripp
and a neutral atom. According to Fig. 7 in Ref.@28#, this
difference may be very large, dependent on the magnitud
the parameters, Eq. ~30!.

D. Clearing-the-way effect

We note the clearing-the-way effect mainly as a curios
because~a! it originates in close collisions,~b! it gives rise to
negative enhancement, and~c! it is strongly nonlinear.

Its effect on cluster stopping has been discussed in c
nection with nuclear stopping@46# and was found in com-
puter simulations@47,48#. When the projectile mass exceed
that of the target particle, target particles recoiling from
leading cluster atom may not be available for collisions w
trailing cluster atoms. This feature requires cross secti
large enough so that a noticeable fraction of the target p
ticles is knocked on.

These considerations should remain valid also for el
tronic collisions,2 especially for heavy projectiles where th
kind of process is invoked to explain the formation of visib
tracks via Coulomb explosion. It has also been argued
the effect could be responsible for an observed sublinear
havior of electron emission yields@49#.

We stress that this effect, being nonlinear, is not includ
in the common linear theory of wake effects, based on
dielectric theory of the electron gas@22# and valid for weakly
interacting low-Z1 ions. That picture predicts apileup of
weakly scattered electrons in the regionbehind the leading
projectile atom. The key point of the present picture is
substantialdepletion.

V. DISCUSSION OF EXPERIMENTS

A. Multiple scattering and Coulomb explosion

For a valid comparison with experimental results t
variation of the internuclear distancer with penetrated foil
thickness~‘‘dwell time’’ ! needs to be taken into accoun
This variation is caused by Coulomb explosion and multi
scattering and hence depends on the charge state. Init
Coulomb explosion, being a one-way process, tends to do
nate while multiple scattering takes over at larger p
lengths whenr has increased to a value where the Coulo
force is negligible. However, multiple scattering may
dominating for near-neutral projectiles.

When estimating Coulomb explosion we determiner
5r (t) from the classical equation of motion and set the i
charge equal to the equilibrium charge state.

B. Randomly oriented molecules

We focus on the Cn-C system (n51, . . . ,6) which has
been studied most extensively@14–16#. Measurements were

e 2The authors are grateful to L. C. Feldman for making us aware
this possibility.
3-10
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ELECTRONIC STOPPING OF SWIFT PARTIALLY . . . PHYSICAL REVIEW A61 032903
performed at energies per atom ranging from 0.33 to
MeV, i.e., for v/v0 ranging from 1.0 to 3.7 where screenin
is significant~Fig. 1!. Target thicknesses are comparable a
range from;200 to 2000 Å.

A common feature of all experimental data is that dev
tions from incoherent stopping are astonishingly small,
small that a detailed explanation of the observed deviati
from incoherent stopping as well as differences between
ferent experimental data is near the borderline of the scop
the present paper.

Figure 7 indicates that stopping ratios for target excitat
or ionization at an internuclear distance ofr 51.24 Å in-
crease with increasing velocity in the energy range cove
by experiments. This feature is consistent with the Or
measurements@14# (2,v/v0,3.7 for n52 to 8!. The Er-
langen data@15# (1,v/v0,2.6 forn52 to 5! do not show a
significant variation with energy. This is consistent with t
fact that the predicted effect is smaller at those low veloci
~Fig. 7!.3 Moreover, these measurements were performed
somewhat thicker foils, with the consequence of a min
decrease in coherent stopping due to multiple scattering
Coulomb explosion. The Rehovoth measurements@16# (3.1
,v/v0,3.6) do not show a significant variation with bea
energy over the small range covered.

With regard to the sign of the enhancement effect,
note that the Orsay measurements show negative enha
ment atv/v052, which is in clear contradiction with Fig. 7
The same discrepancy is found with the Rehovoth meas
ments. The Erlangen measurements, on the other hand,
stopping ratios greater than 1, albeit with large error bar

With regard to the absolute magnitude we first note t
the predicted enhancement amounts to at mostR51.3 in the
pertinent velocity range for a pair separated byr 51.24 Å.
However, according to standard multiple scattering the
@50,51#, the lateral spread of an individual carbon ion trav
ing through a foil 250 Å thick is about 2 Å at 1 MeV and 0.5
Å at 4 MeV. This implies that even for the Orsa
measurements—which employed the thinnest foils
internuclear distances at exit have increased significantly
the lowest velocities this increase is beyond the range wh
significant coherent stopping can be expected. The s
statement applies to all data from the Erlangen group.

Despite large apparent scatter, the Orsay data show a
dency for increasing stopping ratios withn increasing from 2
to 4 and a distinctly smaller value forn55. This could be
explained in terms of the structure of these clusters with
increasing number of neighbors forn51, . . . ,4 and amore
open structure whenn goes beyond 4, representing a tetr
hedron.

What remains to be explained is the fact that obser
positive enhancements in the Orsay measurements a
highest velocities are smaller than estimated theoretica

3An estimate for 1,v/v0,2 has not been included in Fig.
because of a significant expectedZ1

3 correction. However, as argue
in Sec. III E, inclusion of such a correction would reduce incoher
stopping. This again is consistent with the experimental obse
tion.
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and that the low-velocity measurements at Orsay as wel
the measurements at Rehovoth indicate negative enha
ments instead of a minor positive or vanishing enhancem
Both features are asserted to be due to charge equilibra
The range of thicknesses here is the same as in the mea
ments@45# discussed in Sec. IV C. For the C-C system, t
factor s governing the effect of the charge state on stopp
power iss53.57 for the carbonL shell according to Eq.~30!.
This implies an increase in stopping power by;40% from
charge fraction 0–0.5 in the velocity range in question. F
small clusters the initial charge fraction is significant
greater than 0. For large clusters the final charge stat
significantly smaller than 0.5. Hence, the variation in fra
tional charge will be significantly less than 40% for all clu
ters. This effect is less significant for the Erlangen measu
ments because of the larger foil thicknesses employed th
Moreover, projectile excitation and ionization provide a m
jor contribution at the velocities studied there.

Finally we note that reported measurements on C60 were
done at v/v050.8, i.e., at a velocity where the prese
scheme is not expected to even qualitatively apply.

In conclusion we find that many qualitative features
measurements reported on the Cn-C system are consisten
with our predictions, in particular, the absence of any p
nounced enhancement effects. More quantitative predict
would require detailed structures and dimensions of incid
clusters, a more detailed knowledge of charge equilibrat
and, last but not least, a more accurate and comprehen
base of experimental data for comparison.

C. Aligned molecules

We include a brief discussion of experimental data
aligned molecules, mainly because the only existing se
data has received considerable attention without having b
really explained.

Energy-loss measurements were performed on nitro
and oxygen diatomic ions in an experimental geome
where only molecules were recorded that emerged from
stopping foil oriented in a narrow cone around the be
direction @12,52#. Reported enhancement factors lie cons
tently below 1 and increase monotonically with increasi
foil thickness from some valueR0 toward 1.R0 appears to
increase with projectile speed from slightly below to sligh
above 0.90 in the velocity range covered, 1.20,v/v0
,2.28, although this variation is barely outside the er
bars. Thus, the effect is small in terms of what we try
address in this paper.

Initial attempts at an explanation in terms of wake forc
on moving point charges@12,52# failed to produce the ob-
served trends. Other estimates were based on an ele
wind model @52,53#, i.e., scattering on free, noninteractin
target electrons. Enhanced screening for penetrating m
ecules as compared to penetrating atoms was postulate
order to produce negative enhancement ratios. A subseq
calculation from first principles@30# had a somewhat simila
starting point as the one reported above, i.e., stopping
target excitation of a molecule made up by two screen

t
a-
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J. JENSEN AND P. SIGMUND PHYSICAL REVIEW A61 032903
ions. The target was characterized as a free-electron gas
the description was quantal.

If the observations are to be explained in terms of tar
excitation or ionization, the proper starting point is Eq.~13!.
Values of cosv0t with t5r 12/v, calculated for an averag
value of \v0524.0 eV characterizing excitation of theL
shell and@54# r 1251.12 Å are shown in Table II as a func
tion of projectile speed. It is seen that cosv0t is positive but
approaches zero at the lowest projectile speed. Sincer 12 in-
creases as a result of Coulomb explosion and multiple s
tering, negative enhancement must be expected at leas
the lowest projectile speed which happens to be the
where the largest negative enhancement was found ex
mentally.

Figure 8 shows a comparison with measured stopping
tios versus dwell time~equivalent with foil thickness! taking
into account Coulomb explosion on the basis of equilibriu
atomic charge states, Eq.~28!, for the highest and lowes
projectile speed where measurements were made. It is
that in both cases,R turns negative over a certain range
target thicknesses, and that the magnitude of the effec
compatible with the experiments, although the~weak! depen-
dence on projectile speed is opposite to that observed.
theoretical prediction based upon this picture has the cha
ter of a sharp resonance, very unlike the slow variation of
experimental points. Although that resonance will be bro
ened by a number of effects ignored here, such as a rea
excitation spectrum of theL shell and a spread in charg
state, the present results do not encourage an interpret
of the experimental results solely in terms of interference
target excitation/ionization.

Table II also lists equilibrium charge fractions calculat
from Eq. ~28! for nitrogen atomic ions for energies pertai
ing to Ref.@12#. These values were used to evaluate stopp
fractionsFequ, i.e., ratios of the stopping cross section of
ion of chargeq1e and that of the bare ion~chargeZ1e). This
conversion was performed on the basis of Fig. 7 of Ref.@28#.
In view of the low velocity only the stopping due to carbonL
electrons was taken into account and characterized b
single resonant frequency\v0524.0 eV @33#. In the same
way the initial stopping fractionF in was evaluated for the

TABLE II. Stopping of N2 molecules aligned with the beam
Columns representing energy/atom, projectile speed, factor cosv0t
in Eq. ~13! with t5r 12/v, calculated equilibrium charge fraction
calculated stopping ratio~screened/unscreened! for atomic ion with
mean equilibrium charge, ratio of stopping ratios for atomic ions
incident and mean equilibrium charge, and measured stopping
at lowest film thickness@12#.

E/atom~MeV! v/v0 cosv0t bequ Fequ F in /Fequ Expt

1.8 2.27 0.67 0.46 0.40 0.70 0.92
1.5 2.07 0.61 0.43 0.38 0.74 0.92
1.2 1.85 0.52 0.40 0.36 0.78 0.90
1.0 1.69 0.43 0.37 0.35 0.80 0.88
0.8 1.51 0.32 0.34 0.34 0.82 0.89
0.5 1.20 0.01 0.28 0.32 0.88 0.87
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initial charge stateb in50.5/Z1 . This yields initial enhance-
ment factorsF in /Fequ increasing from 0.70 at 1.8 MeV/atom
to 0.88 at 0.5 MeV/atom. Measured values given in Table
refer to the lowest foil thickness. Calculations seem comp
ible with the measurements to the extent that all experim
tal values lie closer to equilibrium than calculated ones,
they should in view of the nonvanishing foil thickness.

However, calculations predict a more pronounced va
tion with projectile velocity than what has been found e
perimentally. Moreover, the measured variation with velo
ity, if significant at all, goes in the opposite direction.

We may note that these estimates do not invoke the in
nuclear distancer 12 and hence do not warrant a treatment
Coulomb explosion.

With the stopping power per nitrogen atom exceeding 1
eV/Å a noticeable clearing-the-way effect of the type me
tioned in Sec. IV D can be expected. Moreover, its ene
dependence may be expected to be weak since measurem
were performed at velocities around the stopping maximu
However, this effect does not generate rapid variations w
thickness of the type found in Fig. 8.

FIG. 8. Comparison of calculated with measured stopping ra
for N2 molecules in carbon as a function of dwelltime~foil thick-
ness!. Measured values from Ref.@12#. Calculated values base
upon Eq.~13! summed over shells, with an internuclear distancer 12

varying across the trajectory due to Coulomb explosion, estima
on the basis of mean equilibrium charge for atomic nitrogen,
~28!. Upper and lower graphs refer tov/v052.0 and 1.2, respec
tively.

tio
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ELECTRONIC STOPPING OF SWIFT PARTIALLY . . . PHYSICAL REVIEW A61 032903
VI. SUMMARY AND CONCLUSIONS

On the basis of both qualitative arguments and quan
tive estimates we may conclude that deviations from
simple additivity rule of stopping powers for constituent a
oms are not restricted to groups of penetrating point cha
but are also expected for molecules and clusters made u
dressed ions. Our study addressed only swift ions (v.v0).

Interference effects in target excitation/ionization by clu
ters heavier than hydrogen are qualitatively similar to wha
known for hydrogen clusters but are reduced by projec
screening. This reduction increases with increasing scre
ing, i.e., with decreasing velocity if there is charge equil
rium. Therefore, positive enhancements—which are typ
at high projectile speed—are less dramatically reduced
screening than negative enhancements which, in contra
hydrogen, are predicted to be barely visible for heavier cl
ters.

On a relative scale, predicted effects of coherent stopp
due to target excitation and ionization never exceed pre
tions for hydrogen clusters. When the stopping power of
individual target subshell is considered, the significance
coherent stopping is found to increase monotonically w
projectile speed. In the total stopping power, this increas
counteracted by an increasing~incoherent! contribution from
inner shells. This gives rise to a maximum in the enhan
ment factor, an example of which is shown in Fig. 7. N
glecting these features has sometimes given rise to unre
tically large enhancements in stopping power@17#.

The greatest enhancements in stopping power are
dently expected for targets that have no or only wea
bound inner-shell electrons, i.e., gaseous or solid hydro
and fully ionized plasmas. In particular the latter case is
teresting because of drastically reduced screening effect

We note that there is no significant difference in absol
estimates of coherent stopping between the Bohr and
Bethe theory. Differences arise solely in relative enhan
ments due to different predictions for incoherent stopp
between the two theories.

Effects competing with coherent target excitatio
.
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ionization have been discussed on qualitative grounds o
Projectile excitation and ionization, while contributing su
stantially to the stopping of slow clusters, are not expecte
undergo a strong molecular effect, and the contribution
charge exchange to stopping is considered small altoge
in the velocity range addressed for both atomic and mole
lar projectiles.

Effects in equilibrium charge and, especially, in char
equilibration, are found to be pronounced, in particular
large ratiosZ1 /Z2 . While a detailed study requires an un
derstanding of the processes causing observed major di
ences in charge equilibration between atomic and molec
projectiles, it has been shown that the typical consequenc
a negativestopping-power enhancement.

An interesting aspect is the possibility of a clearing-th
way effect which deserves further study.

We have been able to qualitatively explain the main fe
tures in experimental data on the Cn-C system, in particular,
the fact that major positive enhancements cannot be expe
in the velocity range that has so far been accessible to
perimental studies.

In connection with stopping data for aligned molecul
we have also pointed at three pertinent competing effects
of which predict the right order of magnitude, although no
of them appears to fully explain the variation with project
speed and dwell time.
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