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Beam-plasma coupling effects on the stopping power of dense plasmas
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Institut für Physik, Ernst-Moritz-Arndt Universita¨t Greifswald, Domstrasse 10a, 17487 Greifswald, Germany

~Received 18 December 1998!

The stopping power for ion beams in dense plasmas is investigated on the basis of quantum kinetic equa-
tions. Strong correlations between the beam ions and the plasma particles which occur for high ion charge
numbers and strongly coupled plasmas are treated on the level of the statically screenedT-matrix ~binary
collision! approximation. Dynamic screening effects are included using a combined scheme which considers
both close collisions and collective effects. Applying this approach, the ion charge number dependence of the
stopping power is determined. The result is a modification of theZb

2 scaling law. In particular, the stopping
power is reduced for strong beam-plasma coupling. Good agreement is found betweenT-matrix results and
simulation data~particle-in-cell and molecular dynamics! for low beam velocities.@S1063-651X~99!09607-5#

PACS number~s!: 52.25.Fi, 52.25.Ub, 52.40.Mj
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I. INTRODUCTION

The stopping power is an important quantity to descr
the interaction of particle beams with matter. In the field
particle driven inertial confinement fusion, the interaction
highly charged ions with dense plasmas is of special inte
@1–3#. Both in the indirect driven scheme where the fast io
heat up a converter and in direct ion beam-fusion core in
action, strong beam-plasma coupling effects occur. These
fects are caused by the high ion charge number in plas
@4# and the high carrier densities in the target. Furthermo
stopping power data are needed to model the cooling
beams of highly charged ions in electron cooling devices@5#.
Due to the high charge states of the ions, the low tempera
of the electron gas, and the small relative velocity betwe
ions and electrons, one also has to consider strong be
plasma coupling effects in such devices.

In the case of very slow ions and classical plasmas,
coupling strength between the beam ions and the free pla
electrons, which give the main contribution to the stopp
power in highly ionized plasmas, can be described by
parameterZbG. Here Zb is the beam charge number~the
subscriptb labels the beam particle!, andG is the nonideality
parameter of the electron gas defined by the ratio of
Landau lengthl 5e2/kBT and the mean interparticle distanc
r̄ 5(4pn/3)21/3, i.e.,

G5e2~4pn/3!1/3/kBT. ~1!

For larger beam velocities, the kinetic energy of the plas
electrons has to be replaced by the mean kinetic energ
relative motionE5 1

2 me^v r
2&, wherev r is the velocity of ion-

electron relative motion. Of course, this leads to a reduc
of the coupling strength for higher beam velocities. A furth
important parameter to characterize the beam-plasma in
action is the Coulomb parameterh defined as

h5
uZbue2

\^v r&
. ~2!

For h@1 a classical treatment can be applied, whereas in
case ofh,1, e.g., for high beam velocities, quantum effec
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have to be considered. Interestingly, the parameterh also
gives an estimate for the beam-plasma coupling strength@6#.
It follows that strong correlations are expected to be sign
cant in the classical regionh@1. Furthermore, the paramete
kl, with an inverse screening lengthk54pe2(cnc /kBT
and a thermal wavelengthl5A\2/mekBT, has to be consid-
ered because only in the case ofkl!1 can classical calcu
lations be applied.

Of course, strong beam-plasma coupling effects canno
treated in the framework of Born-type approximations as
the case of the linear response theory using the dielec
function in the random phase approximation~RPA! @7#. Such
weak coupling theories predict an increase of the stopp
power according to aZb

2 scaling law. Deviations from this
scaling were found by Barkas and co-workers@8#. In more
recent experiments with electron cooling devices, aZb

x scal-
ing with x51.5–1.7 could be obtained for the stoppin
power @5,9#. There exist different theoretical attempts to i
terpret these results. Using perturbation theory,Zb

3 correc-
tions to the stopping power were calculated@10#. Further-
more, the stopping of antiprotons in an electron g
corresponding to metallic densities was investigated in
scheme where the scattering quantities were calcula
within a phase shift approach@11,12#. Here the beam-plasm
interaction potential was determined self-consistently
density functional theory considering effects of screen
nonlinearity. A more general approach for the low veloc
limit is given in Ref.@13# in terms of the force autocorrela
tion function. On the other hand, simulation techniques s
as molecular dynamics simulations@14,15# and calculations
dealing with the nonlinearized Vlassow-Poisson equati
@16,17# were developed to study deviations from theZb

2 scal-
ing law. Here a scaling of the stopping power close toZb

1.5

was found for low beam velocities.
The aim of this paper is to treat beam-plasma coupl

effects in the stopping power using quantum kinetic theo
In particular, we extend the energy loss calculations p
sented in Ref.@18# to the case of ion beams with a given io
charge numberZb . A T-matrix approach~binary collision
approximation! including dynamic screening effects is a
plied to study strong correlations between the beam ions
the quantum plasma.
904 ©1999 The American Physical Society
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The paper is organized as follows. In Sec. II we brie
recall our approach to give the basic expressions for the s
ping power for ion beams in dense plasmas. The ion cha
number dependence of the stopping power is investigate
Sec. III. Finally, comparisons of our results with data o
tained from numerical simulations are given.

II. STOPPING POWER OF STRONGLY CORRELATED
PLASMAS

In the frame of kinetic theory, the energy loss of a parti
beam in a plasma can be characterized by the time deriva
of the mean kinetic energy of the beam particles or by
time derivative of the averagex component of the beam pa
ticle momentum~the x direction is considered to be parall
to the beam velocityv). With the latter definition, the stop
ping power, i.e., the energy loss per unit length, is given

]

]x
^E&5

1

nb
E dp

~2p\!3

p•v
v

]

]t
f b~p,t !. ~3!
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We determine the beam particle distribution functi
f b(p,t), from a quantum kinetic equation which is used
the Markovian form, i.e., retardation effects are neglec
@19#. For a homogeneous plasma without external fields,
kinetic equation can be written as] f b /]t5(cI bc , where the
collision termsI bc describe the interaction between the bea
particles and the species of the target plasma. There e
different schemes of approximations in many particle the
to model the beam-plasma interaction. A first important o
is the polarization approximation leading to the Lena
Balescu kinetic equation@20,21#. The latter can be applied to
weakly interacting particles using the dielectric function
the RPA. On the other hand, the quantum Boltzmann eq
tion can be obtained by applying the binary collision a
proximation @22,23#. This scheme allows one to includ
strong beam-plasma coupling effects in the framework of
T-matrix approach describing the two-body interaction
the statically screened Coulomb~Debye! potential.

Considering a sharply peaked beam particle distribut
function f b(p,t);d(p2mbv) and using the Boltzmann ki
netic equation for a nondegenerate, fully ionized quant
plasma, from Eq.~3! we obtain
]

]x
^E&5

1

~2p!2\3 (
c

mc
2

mbc
3

ncLc
3

v
kBTE

0

`

dp p3Qbc
T ~p!

3H S 12
mbckBT

mcp
De2mc/2kBT[( p/mbc)2v] 2

1S 11
mbckBT

mcp
De2mc/2kBT[( p/mbc)1v] 2J . ~4!
ion

g
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e
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Here the sum runs over all plasma species,mbc
5mbmc /(mb1mc) is the reduced mass,p denotes the
modulo of the momentum of relative motion between be
and plasma particles, andLc5(2p\2/kBTmc)

1/2 is the ther-
mal wavelength. If the beam particles are much heavier t
the plasma particles, the relationv]^E&/]x5]^E&/]t can be
applied to obtain the corresponding energy loss per unit t
except for very low beam velocities.

The main input quantity in expression~4! is the transport
cross sectionQbc

T which is defined asQbc
T (p)52p*0

p(1
2 cosq)sbc(p,q)dq, where q is the scattering angle. Th
differential cross sectionsbc is related to the retardedT ma-
trix according tosbc(p,q);u^puTbc

R (v)up̄&u2. Here the en-
ergy argument of theT matrix is on the energy shell, i.e
v5E(p)1E( p̄)1 i e with the single particle energyE(p).
Furthermore,p and p̄ are the momenta of relative motio
before and after the collision, respectively. The retardeT
matrix is determined by the Lippmann–Schwinger equati
Using an operator notation, this equation can be written

Tbc
R ~v!5Vbc

S 1Vbc
S 1

~v2Hbc
0 1 i e!

Tbc
R ~v!, ~5!

whereVbc
S denotes the statically screened Coulomb poten

and Hbc
0 is the free two particle Hamiltonian. In lowest ord

perturbation theory, theT matrix is given by the first term on
n

e

.

l,

the right-hand side of Eq.~5!, i.e.,Tbc
S 5Vbc

S . In this case, we
obtain the transport cross section in first Born approximat

Qbc
T ~p!5

2p\4Zb
2

p4aB
2 F ln~114z!2

4z

114zG , ~6!

with the abbreviationz5p2/\2k2 and the Bohr radiusaB
5\2/e2mbc . In order to describe the two-particle scatterin
problem without restrictions with respect to the coupli
strength, the fullT matrix has to be calculated. This can b
done, e.g., by matrix inversion of Eq.~5!. In the considered
nondegenerate case, it is more appropriate to use the sc
ing phase shift technique. Then for the transport cross s
tion we obtain

QT~p!5
4p\2

p2 (
l 50

`

~ l 11!sin2~h l2h l 11!. ~7!

The scattering phase shiftsh l follow from numerical solution
of the radial Schro¨dinger equation which corresponds to th
determination of the fullT matrix @18#.

Using the cross section determined by Eq.~7! in expres-
sion ~4!, strong coupling effects in the beam-plasma inter
tion are taken into account. But collective effects such
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906 PRE 60D. O. GERICKE AND M. SCHLANGES
plasma oscillations are not included. The reason for thi
that the screening is treated in the static limit. Therefore
high beam velocities, the stopping power cannot be
scribed correctly by formula~4! because dynamic screenin
is of importance in that range. Dynamic screening effects
be included if the stopping power is considered in a dyna
cally screened first Born approximation. The latter follow
by inserting the collision integral of the quantum Lenar
Balescu equation into Eq.~3! @25,26#:

]

]x
^E&5

2Zb
2e2

pv2 E
0

`dk

k E
(\k2/2mb)2kv

(\k2/2mb)1kv
dv

3Fv2
\k2

2mb
G Im «

RPA

21 ~k,v!nB~v!. ~8!

Here the stopping power is given in terms of the imagin
part of the inverse dielectric function«

RPA
which was used in

the RPA and the Bose distribution function of the plasmo
nB5@exp(\v/kBT)21#21.

We see that expression~8! represents a quantum mechan
cal generalization of the stopping power formulas derived
the framework of dielectric theory@7# or from the linearized
classical Vlassow equation@17#. It allows one to describe
collective effects relevant at high beam velocities, but
validity is restricted to weakly interacting particles.

To include both dynamic screening effects and close c
lisions, an ansatz according to Gould and DeWitt@24# can be
used. For the stopping power, the scheme reads@18#

]

]x
^E&5

]

]x
^E&

T matrix

static
1

]

]x
^E&

Born

dynamic
2

]

]x
^E&

Born

static
. ~9!

In this combined model, the stopping power is determined
the sum of theT matrix and the dynamic RPA expressio
subtracting the static first Born term to avoid double cou
ing. The result is aT-matrix approach for the stopping powe
given by a dynamically screened first Born approximat
and statically screened higher order ladder terms. In
way, screening is described in a linear approximation wh
corresponds to the level of the linearized Vlassow equat
However, in contrast to the Vlassow-Poisson scheme, str
binary collisions are taken into account by theT-matrix con-
tributions beyond the first Born approximation contained
the first term of Eq.~9!.

For high beam velocities, the well-known Bethe-ty
asymptotic expression follows from the combined model

lim
v→`

]

]x
^E&52

Zb
2e2vpl

2

v2
lnS 2mev

2

\vpl
D , ~10!

with vpl5(4pe2(cnc /mc)
1/2 being the plasma frequency

As theT-matrix and static Born approximations of the sto
ping power coincide for high beam velocities, this express
is equal to the asymptotic formula following from Eq.~8!.
The asymptotic expression~10! was successfully used to de
scribe the stopping of ion beams in the high velocity regi
see, e.g.,@27,28#.

To demonstrate the effects included in the different
proximation schemes presented above, we plotted the s
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ping power for a proton beam in an electron gas in Fig. 1.
curves show the same general behavior: a linear increas
low beam velocities and, after a maximum, a decrease
cording to]^E&/]x; ln(v)/v2 for high beam velocities. Mul-
tiple scattering included in theT-matrix approach reduces th
stopping power for low and intermediate beam velociti
Furthermore, for low beam velocities, dynamic screening
fects are negligible. Here the static and dynamic Born
proximations coincide and, therefore, the~static! T matrix
and the combined model give the same result. On the o
hand, the weak coupling approximation is sufficient for hi
beam velocities. In this case, the dynamic expressions~8!
and~9! give results two times larger than the static Born a
T-matrix approximations. Therefore, the combined model
terpolates between the two limiting cases: the staticT matrix
for low beam velocities and the dynamic RPA results
high beam velocities.

III. Z DEPENDENCE OF THE STOPPING POWER

The dependence of the stopping power on the beam
charge numberZb is an essential problem to understand t
beam-plasma interaction. All standard approaches for
stopping power, e.g., the dielectric response theory and
simple Bethe formula@29#, predict an increase of the stop
ping power according to aZb

2 scaling law. The dynamic and
the static Born approximations show similar behaviors. T
reason for this is that these theories consider the be
plasma interaction in the weak coupling limit, which give
exact results only for high temperature plasmas, sufficien
low ion charges, and/or high beam velocities.

Of course, this behavior changes for strong beam-plas
coupling. As already mentioned, theT matrix determined by
the Lippmann-Schwinger equation~5! accounts for strong
correlation effects. TheZb

2 scaling law follows if only the
first term on the right-hand side of Eq.~5! is used, i.e.,sab

;uVab
S u2. However, for strong beam-plasma coupling, o

has to go beyond the first Born approximation, summing
the higher order ladder terms included in the second rig
hand side term of Eq.~5!. Now the ion-electron interaction

FIG. 1. Stopping power for a proton beam in an electron g
versus beam velocity~in units of the thermal velocityv th

5AkBT/me). The electron density and temperature aren
51021 cm23 andT553104 K, respectively. The applied approxi
mations are the RPA~dashed line!, the static Born approximation
~dotted line!, the staticT-matrix approximation~dash-dotted line!,
and the combined scheme~full line!.
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potential enters the cross sections in a nonlinear way lea
to deviations from theZb

2 scaling. Here we want to mentio
that the two-particle interaction is approximated by the st
cally screened Coulomb~Debye! potential. This means tha
the deviations from theZb

2 scaling obtained from our ap
proach are not an effect of nonlinear screening but an ef
of multiple scattering included in theT matrix and, therefore
an effect of a more exact treatment of the two-particle sc
tering as compared to the Born approximation.

First, we demonstrate the influence ofT-matrix effects on
the scattering quantities. In Fig. 2, the transport cross sec
is plotted versus wave number of relative motionk5p/\ in
static T-matrix and Born approximations. While for larg
wave numbers both approximations approach each other
higher order ladder terms included in theT matrix reduce the
cross section for smallk values. These deviations increa
with increasing ion charge number. The low energy peak
the T-matrix cross sections are due to resonance state
ion-electron scattering. These resonances are typical q
tum effects describing the contribution of former bou
states which are merged into the continuum by pressure
ization ~Mott effect! @30#.

Let us focus on theT-matrix effects in the stopping powe
now. In Fig. 3, the stopping power in the staticT-matrix and
Born approximations is shown versus beam velocity
three values of the ion charge number. In all cases, one
observe a reduction of the stopping power in theT-matrix
approximation compared to the Born result. While for sing
charged ions only small deviations between the applied m
els occur, they increase for the higher ion charge numb
and can be observed up to higher beam velocities.

The normalized stopping power]^E&/]x/Zb
2 versus ion

charge number is shown in Fig. 4 for two plasma densit
Due to the small beam velocity (v50.2 v th), the results for
static and dynamic screening coincide. Again, one obse
that theT-matrix approach causes a reduction of the stopp
power. This effect increases with increasing coupli
strength, i.e., for higher ion charge numbers and hig
plasma densities. Additionally, it is clearly visible that th
T-matrix data cannot be fitted by aZb

2 scaling law in contrast
to the weak coupling approximations~dashed lines!.

To give an estimate of strong beam-plasma coupling

FIG. 2. Transport cross sectionQT(k) vs wave number of the
relative motionk5p/\ for ion-electron scattering in the static Bor
~dotted line! and T-matrix ~full line! approximations. The ion
charge number isZb57 for the upper pair of lines andZb51 for
the lower one. The inverse screening length isk50.1aB
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fects over a wide range of plasma parameters, the expo
of a Zb

x scaling (]^E&/]xuZb5x5Zb
x ]^E&/]xuZb51) valid for

the low velocity range is given in Table I. For very ho
plasmas and smallZb , the scaling is close toZb

2 . But if the
beam-plasma coupling increases, i.e., the Coulomb par
eter approachesh51 or is larger, significant deviations from
this scaling can be found. Here, the scaling exponent va
in the range ofx51.3–1.9. Obviously, it is larger for highe
temperatures and decreases with increasing plasma de
and beam charge number. These results are in good ag
ment with the scaling, which was found experimentally
electron cooling devices@5,9#.

IV. COMPARISON WITH NUMERICAL SIMULATION
DATA

Now we compare our results for the stopping power c
culated from quantum kinetic equations with data obtain
from classical particle in cell~PIC! and molecular dynamics
~MD! simulations which were performed by Zwicknagel a
co-workers@6,14,15#. The calculations were done with typ
cally 103 particles per cell for the MD simulations, and 105

FIG. 3. Stopping power for a heavy ion beam in an electron
with n51.731021 cm23 and T5105 K vs beam velocity (v th

5AkBT/me is the thermal velocity!. The ion charge numbers ar
Zb59 ~upper pair!, Zb53 ~pair in the middle!, andZb51 ~lower
pair!. The applied models are the static Born~dotted line! and the
staticT-matrix ~full line! approximations.

FIG. 4. Normalized stopping power for an ion beam in an el
tron gas withn53.431021 cm23 and T553104 K ~upper lines!
andn53.431019 cm23 andT553104 K ~lower lines! versus ion
charge numberZb . The beam velocity isv50.2 v th . The line
styles correspond to the Born~dashed lines! and theT-matrix ap-
proximations~full lines!.
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TABLE I. Scaling of the stopping power for low beam velocities. Exponentx of the Zb
x scaling

(]^E&/]xuZb5x5Zb
x3]^E&/]xuZb51) for different plasma temperatures, plasma densities, and beam ch

numbers.

n (cm23) T ~K! G h
Z51

x
Z52

x
Z55

x
Z58

x
Z511

6.831021 107 0.005 0.18 1.98 1.94 1.92 1.91
6.831020 106 0.024 0.56 1.87 1.82 1.80 1.79
1.731024 106 0.32 0.56 1.83 1.67 1.60 1.54
1.731019 105 0.069 1.78 1.74 1.70 1.68 1.67
6.831019 105 0.11 1.78 1.70 1.66 1.63 1.62
1.731018 104 0.32 5.62 1.54 1.48 1.44 1.41
6.831018 104 0.51 5.62 1.45 1.36 1.30 1.26
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test particles for the PIC simulations. Special account w
paid for an adequate description of close collisions. The
fore, ~i! the usual PIC technique was modified to inclu
collisions, and~ii ! an adaptive time step control for subclu
ters of particles was introduced to treat strong Coulomb
teractions. For a more detailed description of the simulat
techniques, we refer to Ref.@6#.

First, let us consider the case of a weakly coupled tar
plasma. In Figs. 5 and 6, the reduced stopping po
(]^E&/]x)/Zb

2G3 is shown as a function of the beam veloci
for two values of the beam-plasma coupling parame
ZbG3/250.12 and 0.354. It should be noted that essen
contributions coming from quantum corrections are not
pected for the parameters considered in these figures.
curves give the stopping power following from the differe
approximations to treat the beam-plasma interaction in
kinetic equation as described in Sec. II. Data from PIC sim
lations @31,15# are added. The results shown in Fig. 5 a
calculated for a beam ion charge numberZb55. At low
beam velocities v,v th , both the static and dynami
T-matrix results agree well with the simulation data. On t
other hand, considerable deviations are observed betwee
simulations and the results obtained from the weak coup
theories~static and dynamic first Born approximations!. For

FIG. 5. Comparison of the different approximation schem
~RPA—dashed line; static Born—dotted line; staticT matrix—
dash-dotted line; combined scheme—full line! for the stopping
power with data from PIC simulations~stars!. The data describe an
ion beam with a charge number ofZb55 moving in an electron gas
with n51.131020 cm23 and T51.63105 K (ZbG3/250.12!. The
stopping power]^E&/]x is given in thermal units, i.e., 3kBT/ l ( l
5e2/kBT is the Landau length! and is plotted vs beam velocit
(v th5AkB ,T/me).
s
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beam velocities higher than the electron thermal velocity
to v<3v th , only the combinedT-matrix model including
dynamic screening leads to a reasonable agreement with
simulation data. This confirms the expected result that b
strong collisions and dynamic screening effects determ
the stopping power for moderate velocities. As already o
lined in Sec. II, at high beam velocities, the combin
T-matrix model approaches the dynamic Born approximat
with the well-known asymptotics given by formula~10!.
This behavior is not reproduced by the simulations, wh
tend to give slightly smaller results at high beam velociti
We found that in this classical region theT-matrix results
show, similar to the PIC simulation data, a dependence o
on the parameterZbG3/2 if the stopping power and the beam
velocity are given in thermal units (kBT/ l ,v th). Such behav-
ior cannot be found if weak coupling theories are appl
because there exists no classical limit in this case.

In Fig. 6, stopping power results are shown forZb510
and G50.1. Similar to Fig. 5, the weak coupling theorie
overestimate the stopping power in the low and moder
velocity ranges. Again, a good agreement between the
data and theT-matrix results is found for beam velocitie
below v th . This agreement is extended slightly to high
velocities using the combined model which includes d
namic screening effects. But deviations can already be
served forv.2v th . Here, one has to remember the fact th
dynamic screening is accounted for in the weak coupl

s

FIG. 6. Comparison of the different approximation schem
~line styles same as in Fig. 5! for the stopping power with data from
PIC simulations~stars!. The data describe an ion beam with
charge number ofZb510 moving in an electron gas withn51.4
31020 cm23 and T51.33105 K (ZbG3/250.354). The stopping
power is given in thermal units~see Fig. 5!.
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limit only. For moderate beam velocities, nonlinear dynam
screening effects are also expected to be significant.
nonlinear coupling effects included in our approach are
to statically screened higher order ladder diagrams of thT
matrix.

Of course, strong beam-plasma correlations are most
portant for low beam velocities where the stopping pow
depends linearly onv. Therefore, the friction coefficien
(]^E&/]x)/v is of special interest to check the relevance
strong coupling effects. As already discussed, the dynam
of screening is of minor importance in this low veloci
range. Therefore, it is justified to use the stopping power d
calculated from kinetic equations assuming statica
screened Coulomb interactions. Results for the friction co
ficient in Born andT-matrix approximations are plotted i
Fig. 7 versus the parameterZbG3/2 for two temperaturesT
5106 K ~left! and T553104 K ~right!. In both cases, the
beam ion charge number was chosen to beZb510, and a
comparison with data obtained from PIC and MD simu
tions @15# is given. A good agreement between theT-matrix
results and the simulation data can be observed over
whole parameter range in the high temperature case.
Born curve slightly overestimates the friction coefficien
These deviations increase if lower temperatures are con
ered, as shown in the right part of Fig. 7. In the latter ca
the friction coefficient calculated in theT-matrix approxima-

FIG. 7. Friction coefficient]^E&/]x/v vs parameterZbG3/2 for
an ion beam withZb510. The stopping power and beam veloci
are given in thermal units~see Fig. 5!. The electron plasma tem
peratures areT5106 K ~left figure! andT553104 K ~right figure!.
The data correspond to the Born~dotted line! and T-matrix ~full
line! approximations. For comparison, results from classical m
lecular dynamics@G50.11 ~circles!, G50.34 ~diamonds!, and G
51.08 ~triangles!# and PIC~stars! simulations are given.
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tion agrees well up to coupling parametersZbG3/2<4. For
higher coupling parameters theT-matrix approach gives
smaller values compared to the simulation data. Here
enters the region where quantum effects are of importanc
turns out that for the given temperature and beam cha
number, the parameterkl increases fromkl50.3 (ZbG3/2

54) up tokl50.7 (ZbG3/2510). But only forkl!1 is the
trajectory of the beam particle well defined during the sc
tering process, and, therefore, classical calculations like
and PIC simulations are questionable in this region. W
increasing values of the parameterZbG3/2, i.e., increasing
plasma density, the influence of quantum diffraction effe
leads to a further reduction of the friction coefficient com
pared to the classical simulation data~phase space occupa
tion effects are negligible for the plotted plasma paramete!.
For the same plasma parameters, similar reductions can
be found for other beam charge numbers. This shows
relevance of including quantum corrections in the calculat
of the stopping power for low beam velocities in the regi
of strongly coupled plasmas.

Of course, the kinetic approach used to determine
stopping power in the strong coupling regime requires f
ther improvements based on quantum many particle the
Instead of the combined scheme given by Eq.~9!, where
dynamic screening is accounted for in the first Born te
only, one should start rigorously from a screened ladder
proximation including dynamic screening in the higher ord
ladder terms too@32#. Furthermore, the screened two-bod
potential should be evaluated beyond the RPA in the w
that both multiple scattering and nonlinear screening effe
are described.

If the target plasma is partially ionized, the stoppin
power is determined not only by the free plasma particles
also by the bound states. Here strong coupling effects suc
in-medium ionization and excitation processes, the lower
of the ionization energy and the Mott effect have to be tak
into account@33,34#. Furthermore, beam stripping and ele
tron capture processes have to be included to describe
charge state evolution of the projectile ions which can be
special importance for the stopping power@35#.
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