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Correlated ion stopping in a dense classical plasma
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The correlated ion stopping within ¹lusters of ion debris, resulting from a swift fragmentation of a
weakly ionized cluster impacting a dense and fully ionized classical plasma, is considered in the high ve-

locity limit. Elaborating upon dicluster polarized stopping with a Fried-Conte plasma dielectric func-

tion, X-cluster stopping is taken as a linear superposition of every available dicluster pair. The main
focus is on the enhanced correlation stopping and its dependence on 1V, ¹luster arrangement, as well as
target plasma coupling. The main trends are qualitatively reminiscent of X-cluster stopping in a fully de-

generate electron Auid. The basic length is the target electron screening length (Debye).

PACS number(s): 52.40.Mj, 34.50.8w, 52.65.—y, 52.58.—c

I. INTRODUCTION

The linear acceleration of ionized clusters structures at
energies of the order of a few tens of keV/amu is becom-
ing presently a rather routine operation [1—5]. Among
the many available cluster configurations, it is
worthwhile to mention the fullerene, the carbonlike, and
also the metallic ones such as Au„~+ produced at high
energy on tandem Van de Graaff accelerators.

It should be recalled that low-velocity acceleration is
already well documented [6]. It offers many practical ap-
plications such as metal alloying, surface treatment, and
preparation. Here we intend to focus on the interaction
of more energetic particles with energy per nucleon ~ a
few keV/amu. Then their interaction with cold or hot
matter may be considered mostly as a stopping process
through Coulomb interaction with target electrons. It is
now quite a well accepted view that energetic clusters
fragment very rapidly, on a femtosecond time scale [7],
which yields a resulting Coulombic X cluster of ion
debris Aowing within a few a.u. of relative distance. The
resulting correlated stopping in a dense and cold target
has already been studied with a dielectric formulation for
the electron Quid responsible for the projectile energy
loss. Initially, investigations were mostly confined to di-
cluster stopping [8]. More recently, they have also been
extended to arbitrarily large N clusters [9—15]. Then the
conspicuous fact is the strong departure from single-ion
energy loss through a simultaneous Aow of closely con-
nected pointlike ion charges. All the above-mentioned
works are exclusively dedicated to cold matter stopping
with a fully degenerate electron jellium at T =0. Howev-
er, very recently, systematic attention has also been paid
to dicluster stopping and the vicinage effect in a hot and
dense classical electron fIIuid with a Maxwellian velocity
distribution [16,17]. The main goal of the present work is
to investigate X-cluster ions interacting with such a clas-
sical electron stopping medium by using a linear superpo-
sition of every available dicluster. Such a procedure has
recently been the object of much attention at T =0
[13—15].

The basic physical situation we intend to model is the

compression of thermonuclear and spherical pellets
through intense cluster ion beams [9,13,14,18—20]. A
huge hammerlike source of efBcient shock waves has thus
already been identified [13,19], which arises directly from
the enhanced correlation stopping (ECS) alluded to previ-
ously. Those rather encouraging results are by now
essentially documents for a T =0 target. So their poten-
tial extension to an arbitrarily hot plasma target is of a
crucial significance in asserting the feasibility of particle-
driven inertial confinement fusion through cluster ion
beams. Such a statement stems from the obvious obser-
vation that the enormous compression expected through
cluster beams will very rapidly heat cold target matter
into a dense and hot ionized Quid. Here we restrict our-
selves to a non-degenerate electron stopping medium,
which is of relevance also for further applications in mag-
netically confined thermonuclear fusion [16,17].

This work is also motivated by an urgent request from
several experimental groups [1—5] exploring the various
aspects of cluster ion-dense matter interaction: accelera-
tion, fragmentation, correlated stopping of resulting ion
debris, etc. A reasonable predictive scheme based on a
clear theoretical framework then may be extremely help-
ful in relating the observable parameters to theory. We
think that it is of primary significance to investigate the
dependence of the stopping of correlated ion debris on
the initial projectile velocity, interdebris distances, the to-
pology, and the target density.

In this regard, it appears very instructive to mode1 the
target by a dense and homogeneous electron plasma. It
should also be appreciated that a systematic study of N-
body correlations during cluster stopping has begun only
very recently and has been restricted to the cold jellium
limit (T =0).

In a broader perspective, it might also be stimulating
to think of a possible connection between the stopping of
a collection of correlated point charges with the interac-
tion of a non-point-like and extended object interacting
through the Coulomb law with a dense and fully ionized
target. Such an analogy is likely to bring some insight
into the crucial issues of high energy collisions involving
the so-called elementary particles, which have a complex
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structure (quarks plus gluons) and also the nuclei based
on protons and neutrons.

Recently, we have also investigated dicluster ion ener-

gy loss in a partially degenerate electron fiuid [21]. The
corresponding ¹cluster stopping is currently under in-
vestigation.

Dicluster stopping in a classical electron plasma ac-
cording to the recent treatment by d'Avanzo, Lantano,
and Bortignon [16,17], is briefiy outlined in Sec. II as a
preliminary step toward explaining ¹ luster stopping as
a linear superposition of dicluster contributions (Sec. III).
The enhanced correlation stopping is then thoroughly do-
cumented (Sec. IV). Its specific dependence on X topo-
logical ion debris configurations (Sec. V), velocity, (Sec.
VI) and target electron coupling is thus emphasized. The
cubic box arrangement with eight unit charges often ap-
pears as a convenient working example. The specific ease
afforded by X chains of identical point charges regularly
spaced is also given due attention in Sec. VII. Final re-
marks are offered in Sec. VIII.

II. DICLUSTER STOPPING
IN A CLASSICAL PLASMA

Here we brieAy review a basic formulation for dicluster
stopping in a dense and hot classical plasma [16,17]
which parallels closely a similar derivation for a T=O
electron jellium [8]. The correlation contribution to stop-
ping is conveniently highlighted by taking the ion pair in
a cylindrical geometry (Fig. 1), defined by the common
and overall drift velocity V and interparticle distance R.

In this work, we neglect any velocity mismatch be-
tween the two charges Z& and Z2. The corresponding
straggling correction will be treated elsewhere. Prelimi-
nary considerations [22] show that if one writes the stop-
ping power as S = —hE//bx, the magnitude of the mean
energy loss per unit pathlength, one can define 0 as the
square of the standard deviation of the energy loss distri-
bution per unit path length, i.e.,

[ & (&E)') &&E )']-
Ax

It turns out that for a plasma target with ke T ))EF (the
Fermi energy), one has, within a good approximation,
0 -2kBTS. So computing the stopping power yields a
reasonable estimate for the straggling. Moreover, in light

D

E(k, co) = 1+w —,w (j)=X(g)+i Y(g)
co 1

k
(2)

denotes the longitudinal dielectric function for a Maxwel-
lian and classical electron plasma [23].

The physics of the problem relies heavily on an ade-
quate scaling of the dynamic variables, so it is very useful
to work in the so-called plasma units with dimensionless
variables [16,17]

T V e
r +, t~—co t, V~

Vh kBT

where

(3)

k TB =7 43X10
[n, (cm ) ]'/

is the Debye electron screening length,

T V i 1 /3

XD =n, A, D
= X1.72X10

4~ [n, (cm )]'/

is the number of electrons within a Debye sphere,

co =5.69X10 [n, (cm )]'3 1/2 Iad
sec

is the electron plasma frequency, and V,i, =Qke Tlm, is

the thermal electron velocity. From the above parame-
ters, it is also convenient to introduce the dimensionless
combination

[n, (cm 3)]'/
A= =2.05 X 10

BT D [T (eV)]
measuring the strength of Coulomb coupling. Within the
present ( T, n, ) values of interest, one typically has
0.03~A 0.23. The weakly coupled plasma target is
thus characterized by the Fried-Conte expression [23]

w (g) =X(g)+i Y—( g )

of an experimental program developed on the Orsay tan-
dem linear accelerator, we think it is useful to restrict our
investigation to classical plasma targets of fully ionized
deuterium at a rather moderate temperature T approxi-
mately equal to a few eV, where the corresponding free
electron density ranges from 2X 10' up to 10 cm . At
such modest temperatures, the straggling may thus be
neglected in a first approximation.

The dicluster stopping calculation starts with the elec-
trostatic potential expressed in a reference system where
the two ions are at rest [8,16,17] and the leading ion is lo-
cated at the origin. It reads as (see Fig. 1)

1
ik-r

p, (r)= 3 J d k (Z, +Z2e ' ),
(2~) k E(k, k V)

where

V

FIG. 1. Cylindrical coordinates along projectile velocity V
for dicluster stopping with intercharges distance R. 8 and D
denote R projections perpendicular and parallel, respectively, to
V.

—x /21 . dx xehm+v'2~ o — x g iv——
1/2

=i — g'e ~/+1 —g'e ~/ dye2 0
(2')
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w(g)=i 7T

2

which simplifies when g « 1 to the form
' 1/2

ge l +1—g

where r&(t) =Vt and r2(t) =Vt +R, respectively.
denotes the electrostatic potential of one unit charge act-
ing on the other. So, from expression (1), one derives
[8,16,17]

p2n +2
)n+ 1 +

3 (2n + 1)!!
(2")

According to Fig. 1, the dicluster stopping is defined
by

dE
dx

ND t- 3 ikV 1 1

V k~ e(k, k V)

dE ~kind +Z N
ar r=rl(l) Qr r=r&(t)

1 D 2 D (4)

X [Z, +Z2+2Z, Z2 cos(k R)] . (5)

Setting Z& =Z2 =Z and making use of Eq. (2) one gets

Z X I dk k I ~ ~ 2
[1+cos(kpD)Jo(k+I pB)]-

o o [k +X(p, V)] + Y (p, V)

—:2Z S(1)+2Z St,(B,D)=$ „„t+g„„ (6)

in terms of the ordinary Bessel function Jo(x) and
k,„=4m(V +2)ND/Z.

Also, we have split the correlation S„„contributionto
stopping from the uncorrelated pointlike 4„„„tcontribu-
tion. B and D are the transverse and longitudinal projec-
tions of R on V, respectively (Fig. 1). At this juncture, it
is worthwhile to notice that the presently considered
frozen geometry (Fig. 1) is well justified because we are
restricted to a high velocity range for the projectile. For
instance, if one considers a dicluster with a 10 keV/amu
kinetic energy and if we admit that the Coulomb repul-
sion potential within ion pairs contributes to a velocity
transverse to V, one has approximately Vi/V=—0.79ZA ', where A is the cluster ion atomic mass.
So the present polarized approximation appears well
justified for heavy ion fragments with A )) 1 and not for
hydrogen fragments [5].

III. N-CI.USTER STOPPING

2 (9)

in terms of the total stopping S„,p. An obviously related
quantity of great interest is

corrg
2

~point

1 ( i

Z;

1 —%, gz (10)

denoting the ratio of correlated to uncorrelated stopping.
Also instructive is the average correlation contribution

As shown by previous studies of the ECS in a degen-
erate jellium target [13], it will prove useful to quantify
the expected ECS through a few obvious ratios. The first
one reads as

N
Z2

l

Z„„(i,j )

N(N —1 )

Now we consider the simultaneous stopping of X ion
debris Rowing with the same projectile velocity V in close
proximity to each other, i.e., within a few a.u. of relative
distance. A first and obvious extension of the above, po-
larized two-body treatment is to superimpose the
N (N —1 ) /2 dicluster energy losses available in a
Coulomb X cluster.

Such a simple generalization has already produced a
huge variety of charge configurations leading to the ECS,
in cold target stopping [8—15,24] provided N ) 2.
Rewriting the second right-hand side of Eq. (6) for two
distinct charges, one retrieves

+corr =2

The ratios (9)—(11) are independent of target coupling.
They also apply to a T =0 jellium target [13] and to a
partially degenerate electron fluid as well. They produce
a priori guidelines of great interest for the ECS numerical
estimation.

For instance, symmetrical charge configurations with
Zi =Zz = . =Z& =—Z fulfill 8 t

& 1 N' and—
%2&N —1. In this case, one has 0.666&sup(%, ) & 1

with 3 ~X ~ ~. Selecting highly dissymmetric distribu-
tions with Z, =Z2= . =ZN, =1 and ZN=E, one
witnesses 0.59&sup(A ) &0.75 with 3 N oo. As a
consequence, one is led to identify symmetric
configurations as those providing the highest correlated
stopping.

Before detailing the numerical and physical content of
expression (8), it should be mentioned that we have inten-
tionally left aside the important discussion about its va-
lidity when arbitrarily large Z; values are introduced in

(7)=(Z, +Z2)S(1)+2Z, Z~S, (B,D)

and the corresponding X-cluster expression in then ob-
tained as

dE ZS(1)+2 g ZZ S(B, ,D,)""
i =1 1 ~i (j~N

=+point ++corr =+stop '
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it. Here we take the simple view that projectile charges
are fixed during the stopping process and we push the
present linear analysis to its limits in order to unravel the
specific qualitative and semiquantitative features of corre-
lated ion species in the high velocity range of present in-
terest.

V

IV. ENHANCED CORRELATION STOPPING

A. Dicluster

Before embarking into an extensive study of¹ luster
stopping, it is highly instructive to investigate through
Eqs. (6) and (7) the dicluster ECS, in terms of overall ve-
locity V and relative distance R. Figures 2(a) and 2(b)
feature two target plasmas at T=2 eV. The first one is
with n, =2X10' cm . The ratio A2 [Eq. (10)] is then
depicted in terms of 8/A, D and V/V, h at a fixed inter-
change distance R =AD. Already there is an ECS of the
order of 30%%uo on most of the parameter's range. ECS in-
creases steadily with V up to a nearly constant plateau
value. Also, for small V/V, h ( ~ 5) one observes a larger
stopping for an oblique dicluster than for a parallel one,
with respect to V. Finally, the correlation stopping also
seems to increase with plasma coupling A. It is useful to
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FIG. 3. Stopping S„,~ of eight unit charges and ratio %2 [Eq.
(10)] arranged on a cubic box with sides ranging from 0 to A,n.
V=3V,„and T=2 eV. D~~V. (a) 2X10" cm ', (b) n, =10'
cm ', and (c) n, =10 cm
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recall that a lasmp a with T =2 eV and n =2X 10' cm
~ ~

B. Cubic box

From the above, it is clear that a mear a a mere two-body vi-
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'
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pretty similar in both cases. However, in Fig. 6(a), one
has %2) 2, while it decreases below 2 for a transverse di-
lation [Fig. 6(b)].

Closely related behaviors are reported in Fig. 7 at the
highest n, = 10 cm . Again, one notices that A2 ~ 3.5

for longitudinal dilation, while it stays around 3 for
B =C =A,D in the transverse case [Fig. 7(b)]. Figures 7(a)
and 7(b) may also be fruitfully contrasted to their sym-
metric counterpart [Fig. 3(c)].

V. TOPOLOGICAL DEPENDENCE
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At this juncture there is an obvious need for emphasiz-
ing the relative stopping capabilities of several topologi-
cally distinct configurations of eight unit charges, in-
teracting at same velocity V=3V,h with the same elec-
tron plasma target and with identical nearest-neighbor
distances. So we now contrast the cubic box with regular
arrays of pointlike charges propagating either parallel or
transverse to the overall velocity V. Figure 8 display four
target electron densities available on linear plasma
column and Z-pinch devices installed on ion accelerator
beam lines. A first overall and striking observation is
afforded by the rather scale invariant increase with N
stopping per charge, although that value differs by nearly
an order of magnitude. Also, the order of the relative
stopping efficiencies remains unchanged as n increases.
Despite the fact that the three topologies considered
share the same connectivity, the cubic box is the best per-
former because its charge-charge distances are more corn-
pactly distributed than in linear arrays. In the last two,
the transverse N chain exhibits the second largest stop-
ping.

Reducing the nearest-neighbor distance by a factor of
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FIG. 8. Stopping of X clusters in terms of X with
B =C=D =0. 1A,D and V=3V,h. T=2 eV. D~~V. a, cubic
box; b, transverse N chain; c, longitudinal X chain. (a)

n, =2X10' cm, (b) n, =10' cm, (c) n, =10' cm, and (d)

n, =10 cm

10 brings the stopping closer to its coagulation limit,
where the topology does not matter much any more.
Then the maximum and overall extension of the given N
cluster is at best 0. 1A,D. Figures 9(a) and 9(b) depicts
such an option at n, =10' and 10 cm, respectively.
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FIG. 10. Same as Fig. 8, but with B =C =D =AD. n, =10
cm

The diIterent charge configuration experiences, practical-
ly the same stopping.

Again it proves rather illuminating to explore the op-
posite situation (Fig. 10) with a large size
(8 =C =D =A,D). Now the behavior is at variance with
previous ones, so the topology manifests itself globally.
The overall N cluster now extends over several screening
lengths. The order of relative stopping efticiency remains
unchanged.

Curves b and c in Fig. 10 anticipate specific ¹ hain
trends detailed below. Those results demonstrate once
more that the ECS remains non-negligible at large parti-
cle interdistances.

Additional insight may also be obtained by looking at
the average correlation contribution $„„(Fig.11). In
Fig. 11 we have a box distribution. The quantities (9) and

FIG. 11. Average binary correlation stopping $„„[Eq.(11)]
and correlation ratio %, [Eq. (9)] in terms of side length for a
cubical arrangement of eight unit charges. V=3V,h. T=2 eV.
Same parameters as in Fig. 8, but with B =C =D =0. 1A,D and

n, = 10"cm '. D
~~

V.

(11) featuring the ECS are given on the left and the right
vertical axis, respectively. The huge correlation ratio
%, ~0.8 pertains to a small cluster, close to coagulation.
Nevertheless, the average correlation contribution to
stopping S„„stillrapidly decays when size increases.

The cubic box and the two line arrays are compared in
Fig. 12. The cubic arrangement features a nearly con-
stant average correlated stopping in terms of the number
of particles N. The linear arrays experience a monotone
decay, in agreement with a much wider distribution of di-
cluster interdistances.

VI. VELOCITY DEPENDENCE

Up to now we have restricted the study to a fiducial ve-
locity fixed at V =3 V,h. This convenient limitation does
not invalidate the generality of our results, which are typ-
ical of a Bethe-like behavior with a V prefactor in the
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stopping expression (7).
However, in the present context, where we stress out

enhanced stopping, we think it relevant to prove the V
dependence per se in a wide range. Figure 13 documents
the corresponding expectation for 3 V 15 in V,h. Fig-
ure 13(a) features first a cubic arrangement of eight unit
charges with side 0. 1A,D stopped in an electron gas with

n, =2X10' cm . We observe a Berthe-like stopping
decay ( —V ), while the correlation ratio %z ranges be-
tween 3.5 and 0.5. Figure 13(b) extends the same interac-
tion geometry to a denser target (n, =10' cm ). The
stopping behavior seems to be very similar to the preced-
ing one. However, now the ECS gets much higher with
%2 3.3. A similar situation is afforded by Fig. 13(c)
with a box side -A,~ in a dense (n, =10 cm ) electron
target.

Qualitatively, total stopping and correlation ratio
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FIG. 14. Stopping of four clusters with various shapes and
orientations relative to V. B =D =0.1A.D. T= 2 eV and

n, =2X10' cm

VII. W CHAINS

displays rather close agreement. Again, we see that the
large size of the ion cluster does not prevent it from ex-
periencing an ECS with %2) 1.6 at V=15. Moreover,
we also found it instructive to test the V variations of
four clusters, which included squares with sides 0. 1XD,
respectively orthogonal and parallel to V, together with
linear chains of regularly spaced unit charges, propaga-
ting either parallel or orthogonal to V.

The results shown in Fig. 14 are rather conclusive. In
the given target (n, =2X10' cm ), there is practically
no way for distinguishing one of the four clusters from
the others.
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n, =2 X 10' cm, (b) B =C =D =0.01K,& and n, = 10' cm
and (c) B =C=D =A.D and n, =10 cm

The easiest fashion within the present approach to test
the stopping X dependence is to investigate the behavior
of N chains of unit charges regularly spaced and Bowing
either along V or transverse to it. We already detailed at
length the corresponding study in the fully degenerate
(T =0) case [24].

In Fig. 15 we see N chains, with X ~ 20, propagating
parallel to V. They exhibit a steady stopping increase
with N. The target plasma with T=2 eV and n, =10'
cm is typical of what can be achieved in a stabilized
Z-pinch discharge with a number X~ =1.16 of electrons
in the Debye sphere. The nearest-neighbor distance is
D =0.1AD.
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FIG. 15. Stopping N chains parallel to V. V=3V,h. T=2
eV and n, =10' cm . D =0.1XD.
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In order to check the monotone increase for larger iV
values, we display in Fig. 16 similar results up to N =100
for both longitudinal and transverse X chains. Figure
16(a) makes it clear that the stopping per charge saturates
around N-30 —50 and then starts decreasing. The ECS,
through %z, follows and even accentuates that trend.
Such behaviors replicate to a large extent the oscillating
patterns for longitudinal N chains in a T =0 target [24].

On the other hand, transverse N chains also behave
similarly to their T=0 counterparts [24]. The stopping
per particle quickly rises up to a high plateau value, with
an ever increasing ECS. As in the T=0 case, one may
say that ¹ hain longitudinal transport is essentially

th
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FICx. 18. Stopping N chains of unit charges of either sign and
ratio Rz [Eq. (10)] with monomer length 0. 1A.~, in terms of N
V=3V,h. T=2 eV and n, =10" cm . (a) D =0. 1A,D, chains
along V; (b) 8 =0. 1A,D, chains transverse to V.

monitored, as X increases, by fewer and fewer particles
working out a path in the stopping medium. Most of the
remaining particles are just surfing on the wake produced
by a few forerunners. This behavior illustrates a very
large but negative correlation stopping.

In contradistinction, in the transverse case, each parti-
cle has to develop for itself a path in a target in same
state. Then, the ¹ hain effect manifests itself through a
very large positive ECS.

As above, it also proves useful to pay attention to
correlation stopping per number of available diclusters
[Eq. (11)] within N chains (see Fig. 17) in terms of N. N
is shown to decay smoothly. C~ denotes N(N —1)/2.
Finally, we think that it is also worthwhile to mention an
obvious extension of the present study to globally neutral
X chains built on alternate unit charges of either sign.
The longitudinal one is given in Fig. 18(a). The corre-
sponding stopping drops rapidly to a plateau value below
the isolated charge value, which demonstrates a negative
ECS. Here the transverse X chain behaves in pretty
much the same fashion. In both cases, the smallest parti-
cle interdistance is 8 =D =0. 1A,D and the chain orienta-
tion with respect to V produces quite a difference.

20

Number N Unit Charges

25

VIII. CONCLUDING REMARKS

FIG. 17. Average binary correlation stopping [Eq. (11)]for N
chains along V ( V =3V,h) in terms of N. T =2 eV and n, = 10'
cm

%'e made use of a complete random phase approxima-
tion for the linear response of a dense classical electron
target in order to estimate the interaction with incoming
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Coulomb X clusters of ion debris. The given stopping is
taken in a high velocity formalism based on a linear
super-position of every correlated dicluster contribution
within X clusters. We restricted the study to equal distri-
butions of unit charges in order to emphasize the basic
features and properties of the enhanced correlation stop-
ping such as ion debris topology and target plasma cou-
pling.

The nearly ubiquitous ECS is thus expected to be of
considerable and potential significance in providing new
range-energy relationships useful in designing novel
scenarios of interest for the cluster ion beam-dense
matter interaction in particle-driven inertial confinement
fusion. The presently considered model bears a direct
relevance to the plasma phases of the compressed pellet

containing the thermonuclear fuel.
As mentioned in the Introduction, our simple model of

correlated ion stopping in a dense and fully ionized plas-
ma should be able to provide preliminary and useful gui-
dance to experimentalists aiming at measuring carefully
the energy and orientation of ion debris fragmentated
after a Coulomb explosion has taken place in the initial
cluster projectile [I—5]. In this regard, it is also
worthwhile to notice that ion debris of equal charges and
the same velocity are likely to build up regular ¹ luster
structures as long as the target is taken in the one com-
ponent plasma model [26]. Then the ion-ion Coulomb
repulsion is compensated for by the target electron jelli-
um. Thus one can expect a significant ECS on the projec-
tile trajectory in target.
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