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Comment on ‘‘Stopping power of nonmonochromatic heavy-ion clusters
with two-ion correlation effects’’
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~Received 26 July 1996!

We reconsider the results of Lontano and Raimondi@Phys. Rev. E51, R2755 ~1995!# within the full
random-phase approximation. We show that the correlation and also velocity dispersion of the cluster ions
enhance and reduce the stopping power, respectively. Nevertheless, the enhancement of energy losses due to
ionic correlation is much stronger than that obtained by Lontano and Raimondi, and furthermore, the projectile
velocity dependence of the stopping power is strictly monotonic, presenting no oscillations. We also did not
obtain negative values for the cluster stopping power, as did Lontano and Raimondi.
@S1063-651X~97!00511-4#

PACS number~s!: 52.40.Mj
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An interesting perspective and approach to inertial c
finement fusion~ICF!, proposed in@1,2#, is being studied
recently in a number of articles~see @3#, and references
therein! on stopping power of heavy-ion clusters in ICF pla
mas.

The Lontano and Raimondi paper@3# deals with the pos-
sible stopping power enhancement due to correlation eff
between cluster ions. The ion velocity dispersion eff
~Cherenkov decorrelation! is also discussed there.

The stopping power of 103 heavy ~Pb or Bi! ions in
Z-pinch and ICF relevant warm plasmas was calculated
@3# in the (1 – 7)3104 km/s projectile velocity range. The
projectiles were assumed to be almost monochromatic
uniformly distributed in the physical space within a give
volume. The plasma dielectric function was estimated in
‘‘warm plasma’’ kinetic approximation. In addition only ex
citation of collective modes with wavelengths larger than
Debye screening length was taken into account.

Significant enhancement of projectiles’ energy losses
shown for certain values of the cluster~projectile! velocity
and radius.

An unexplained nonmonotonic dependence of the clu
stopping power for alternative values of the projectile velo
ity and radius was obtained. Conditions were found for
stopping power taking negative values~plasma cooling?!.

We have thoroughly studied the projectile velocity depe
dence of the cluster stopping power, especially in the cas
Fig. 4 of @3# both in the full random-phase approximatio
~RPA! and using the approximations~collective approxima-
tion, warm plasma approximation! of @3#, and our results are
the following.

Due to an error involved in Eq.~11! of the paper@3#, we
could not exactly reproduce the theoretical curves provi
in it. The distribution function defined by Eq.~11! is not
normalized to unity.

Nevertheless, these curves are reproduced almost qu
tatively as soon as the warm plasma expression is emplo
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for the plasma dielectric function in our formulas. We us
the spatial averaging procedure suggested in@3#. In addition
we evaluated the influence on the stopping power by
velocity dispersion of cluster ions, also presuming a hom
geneous velocity distribution of@3#; see Figs. 1~b! and 2~b!.
Notice that our Figs. 1 correspond to the conditions of Fig
of @3#, and our Figs. 2 to those of Fig. 5 of@3#.

As was expected, the energy losses effectively dep
only on the effective radius valueDr 5Dvt, Dv being a
spread around the projectile velocityv, andt the observation
time. The energy losses decrease with growing value ofDr .

No significant influence of the collective approximatio
was observed.

The stopping power ofN5103 uncorrelated ions was re
produced within both approaches: that of@3# and ours.

We managed also to reproduce an~erroneous! strong os-
cillatory D l dependence of the cluster stopping power in
warm plasma approximation. We definedD l as the cluster
radius. Particularly, as in@3#, within a certain projectile ve-
locity range, values ofD l were found for which the stopping
power oscillated significantly, between positive and negat
values.

No physical explanation was provided by the authors
@3# for the stopping power becoming negative. We also
not find reasons for the situation when, at certain values
the cluster linear dimensions and of its mean velocity,
plasma would transfer energy to the cluster. Notice also
for these velocity ranges no clear convergence of the s
ping power of correlated clusters to the ‘‘uncorrelated’’ va
ues~with growing D l ! takes place.

No such unphysical behavior of the plasma stopp
power was observed within the full RPA employed by u
see our Figs. 1 and 2.

We attribute the nonmonotonic projectile velocity depe
dence of the stopping power to the fact that in the wa
plasma approximation used in@3# the real part of the plasma
dielectric function is substituted by its high-frequen
asymptotic form@4#,
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vp and v the being the plasma frequency and the electro
thermal velocity.

Certainly, asv→` this form coincides with the RPA on
but the integration overv5k–v included in the stopping

FIG. 1. ~a! The stopping power~in GeV/cm! of N5103 Pb ions,
with effective charge numberZeff550, averaged over homogeneo
spatial and velocity distributions of@3# vs the projectile velocityv
~in 107 cm/s!, for different values of the cluster volume radiusD l :
0.33mm ~case 1, full circles!, 0.66mm ~case 2, open circles!, 1.65
mm ~case 3, stars!. The stopping power of 103 uncorrelated ions is
also given for comparison~case 4, crosses!. The plasma parameter
are ne51018 cm23, Te520 eV ~corresponding to the electroni
Debye radiuslDe.331022 mm, and the average charge number
plasma ionsZ.1!. The results are calculated for the projectile v
locity dispersion spreadDv50. ~b! As in case 1,D l 50.33mm, but
for the projectile velocity dispersion spreadDvÞ0. For comparison
the curve corresponding toDv50 is reproduced~case 1, full
circles!. The stopping power effectively depends on the value of
effective radiusDr 5Dvt ~see text!, and other cases are labeled b
the value of Dr :3.3131028 cm ~case 2, open circles!,
3.3131027 cm ~case 3, stars!, 3.3131026 cm ~case 4, squares!.
The stopping power of 103 uncorrelated Pb ions is also given fo
comparison~case 5, crosses!.
cpower calculation incorporates the plasma-frequency zer
Eq. ~1! and leads not only to the stopping power oscillatio
but also to unphysical negative values of the stopping pow

In the full RPA the real part of the dielectric function doe

e

FIG. 2. ~a! The stopping power~in GeV/cm! of N5103 Bi ions,
with effective charge numberZeff580, averaged over homogeneou
spatial and velocity distributions of@3# vs the projectile velocityv
~in 107 cm/s!, for different values of the cluster volume radiu
D l :74.3 Å ~case 1, full circles!, 148.6 Å ~case 2, open circles!,
371.5 Å~case 3, stars!. The stopping power of 103 uncorrelated ions
is also given for comparison~case 4, crosses!. The hydrogen ICF
relevant plasma parameters arene5331022 cm23, Te5300 eV
~corresponding to the electronic Debye radiuslDe.7.4 Å, and the
average charge number of plasma ionsZ.6!. The results are cal-
culated for the projectile velocity dispersion spreadDv50. ~b! As
in ~a!, case 1,D l 574.3 Å, but for the projectile velocity dispersio
spreadDvÞ0. For comparison the curve corresponding toDv50
is reproduced~case 1, full circles!. The stopping power effectively
depends on the value of the effective radiusDr 5Dvt ~see text!,
and other cases are labeled by the value ofDr :7.4031028 cm ~case
2, open circles!, 74031027 cm ~case 3, stars!, 7.4031026 cm ~case
4, squares!. The stopping power of 103 uncorrelated Bi ions is also
given for comparison~case 5, crosses!.
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not possess this strong frequency behavior, and guaran
the correct averaging over the cluster distribution.

Thus we have demonstrated that the unphysical osc
tory dependence of the cluster stopping power on its lin
dimensions and on velocity, as well as the stopping pow
negative values~meaning that the plasma cools due to t
motion of heavy-ion clusters! stems only from the approxi
mation used by the authors of@3#.

The cluster stopping power ofZ-pinch and ICF relevan
plasmas calculated within the full RPA possesses onl
monotonic dependence on the cluster mean velocity, see
Figs. 1~a! and 2~a!. An essential enhancement of the plasm
stopping power of correlated small ion clusters with resp
to that of the same number of uncorrelated ions is show
es
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We confirmed a monotonic convergence of the correla
cluster stopping power to that of the same number of unc
related ions as~i! the cluster radiusD l @Figs. 1~a! and 2~a!#
increases or~ii ! the cluster velocity spreadDv increases. See
Figs. 1~b! and 2~b!.

We conclude that to achieve stronger enhancement of
ergy losses of ions clusters in warm and hot plasmas,
should employ relatively slow (v.23109 cm/s! well-
packed clusters with as low a velocity dispersion as possi
No oscillatory behavior of the plasma stopping power a
function of the projectile velocity~as in @3#! is observed.

We are indebted to the DGCYT for its financial suppo
~Project No. PB-94-0537!.
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