
PHYSICAL REVIEW E SEPTEMBER 1998VOLUME 58, NUMBER 3
Electronic stopping power of plasma for heavy ions at low velocity
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The electronic stopping power of hot plasma for low-velocity heavy ions is studied using quantum scattering
theory. TheZ1 oscillation of electronic stopping powers of plasma targets is more evident than that of cold
solids at relatively low temperature and it becomes weaker with increasing plasma electron temperature.
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The interactions between ion beams and plasmas are
portant for diagnosing cooling, and heating of plasm
Heavy-ion beams have been considered as drivers for ine
confinement fusion@1#. A number of experimental@2–4# and
theoretical results@5–10# on the ion-beam interaction with
plasma have been reported. The important conclusion dr
from these studies is that the energy losses of heavy
penetrating hot plasmas are remarkably enhanced, as
pared to the energy losses in cold solids, and the effec
charges of the ions are substantially increased.

The Z1 oscillation of the electronic stopping power
cold solid matter for low-velocity heavy ions is well know
both from experiments@11,12# and from theoretical predic
tions @13,14#, while in the case of hot plasmas the stoppi
behavior varying withZ1 at low velocity has not yet bee
systematically studied. In this report we calculate the el
tronic stopping powers of hot plasma targets for heavy i
at low velocity within the framework of quantum scatterin
theory.

According to the scattering theory in an approximation
binary collision, we calculate the average energy loss for
arbitrary ion with velocityyW moving through an electron gas
The energy loss2dW over the distancedR is given by

2dW52dS pW 2

2M1
D52yW•dpW 5v~2dpi!, ~1!

where2dpi is the momentum loss in the direction ofyW and
M1 is the mass of the ion. Then the electronic stopp
power of the electron gas for the ion is given by

S 2
dW

dRD
e

5
dR

dt

2dpi

dR
52

dpi

dt
. ~2!

As observed from the rest system of the ion, an electron w
velocity yWe in the laboratory system approaches the scat
ing center with a velocitywW e5yWe2yW . Considering that the
mass of the ion is much greater than that of an electron, a
scattering through an angleu, the electron moves with a
velocity wW e8 , whereuwW e8u5uwW eu. In an electron gas, as man
as f (wW e ,yW )d3wW e electrons with velocitywW e;wW 1dwW relative
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to the ion scattered to a solid angledV aroundu will obtain
a momentum transfer2dpi(wW e ,u) from the incident ion,
i.e.,

2dpi~wW e ,u!5 f ~wW e ,yW !d3wW ewedt s~u,wW e!

3dV~wW e82wW e!•
yW

y
me , ~3!

wheref (wW e ,yW ) is the distribution function of electrons,me is
the mass of an electron, ands(u,wW e) is the differential scat-
tering cross section. Sincewe85we , one has

wW e82wW e5we~cosu!
wW e

we
1we~sin u!

wW '

w'

2wW e

52~12cosu!wW e1we~sin u!
wW '

w'

, ~4!

wherewW ' /w' is a unit vector perpendicular towW e . To main-
tain symmetry aroundwW e , the sum of the contributions from
we(sinu)(wW' /w')•(yW/y) must be zero. Therefore, the facto
wW e8 in Eq. ~3! can be replaced by the first term on the righ
hand side of Eq.~4!. Thus we have

2dpi~wW e ,u!52mef ~wW e ,yW !d3wW ewes~u,wW e!

3dV~12cosu!
wW e•yW

y
dt. ~5!

Integrating over all values ofu, one obtains

2
dpi~wW e!

dt
52mef ~wW e ,yW !d3wW ewe

wW e•yW

y

3E
0

p

~12cosu!s~u,wW e!2p sin udu. ~6!

The transport cross sections tr(wW e) is defined as

s tr~wW e!5E
0

p

~12cosu!s~u,wW e!2p sin udu. ~7!

We can rewrite Eq.~6! in the form
3777 © 1998 The American Physical Society
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2
dpi~wW e!

dt
52mef ~wW e ,yW !d3wW ewes tr~wW e!

wW e•yW

y
. ~8!

The transport cross sections tr(wW e) is the central quantity
and is determined by the scattering potential. In general,
scattering potential is complex and has no spherical sym
try. Thus the transport cross section is difficult to solv
However, in some situations when the scattering poten
has spherical symmetry, the transport cross section coul
solved by standard phase shifts analyses. This is the cas
the penetrating ions with slow velocity@13#. Therefore, when
a slow ion penetrates a hot plasma, we assume that the
tering potential between the slow ion and the scattered e
trons is spherically symmetric. As a result, the transp
cross section does not depend on the directions of the e
tron velocitywW e , i.e.,

s tr~wW e!5s tr~we!. ~9!

In general, when an ion penetrates a hot plasma at velociyW ,
the ion experiences the velocity distribution of the electro
in the plasma as a shifted Maxwellian distribution@8#, i.e.,

f ~wW e ,yW !d3wW e5neS me

2pkBTe
D 3/2

e2me~wW e1yW !2/2kBTed3wW e

~10!

wherene and Te are the plasma electron density and te
perature, respectively, andkB is the Boltzmann constant
However, fory→0, as the case for slow ions penetrating
hot plasma in which we are interested in the present wo
the distribution can be approximately reduced to a norm
Maxwellian distribution function

f ~ye!d
3yWe5neS me

2pkBTe
D 3/2

e2meye
2/2kBTed3yWe . ~11!

Substituting this distribution function for the one in Eq.~8!
and integrating over all possible velocities of the electro
one obtains the total momentum transfer rate from the io
the electron gas

2
dpi

dt
52meE f ~ye!wes tr~we!

wW e•yW

y
d3yWe . ~12!

The angle betweenyWe andyW is defined asq and the relation
amongwe , ye , andy is

we5Aye
21y222yey cosq. ~13!

Considering the low-velocity limit, we can expand Eqs.~13!
and ~9! to the first order of the velocity of the heavy iony
and obtain

we'ye2y cosq ~14!

and

s tr~we!'s tr~ye!2
ds tr~ye!

dye
y cosq. ~15!

Equation~12! can be approximated as
e
e-
.
al
be
for

at-
c-
rt
c-

s

-

k,
l

,
to

S 2
dW

dRD
e

5meE f ~ye!~ye2y cosq!

3S s tr~ye!2
ds tr~ye!

dye
y cosq D

3~y2ye cosq!2p sin q dq ye
2dye .

~16!

After performing the integral ofq from 0 to p, leaving the
terms includingy up to first order, one gets

S 2
dW

dRD
e

5
4p

3
meyE ye

3f ~ye!

3S 4s tr~ye!1ye

ds tr~ye!

dye
Ddye . ~17!

The remaining problem is the treatment of the transp
cross section. First of all, one must get the scattering po
tial. We do this in the framework of linear response theo
When an ion with chargeZ is placed in a plasma, from
Poisson’s equation, the potential in momentum space is@15#

Ṽ~qW !52
4pZe2

q2e~q,V!
, ~18!

whereqW is the momentum transfer to the ion,V5qW •yW , and
e(q,V) is the dielectric function of the plasma. It has be
known that the interaction between the particle and the l
gitudinal field can be described by the dynamic plasma
larization@16#. Thus we use the longitudinal dielectric func
tion of the plasmae l(q,V) @17#,

e l~q,V!511~qL!22@12w~z!1 iApze2z2
#, ~19!

where z5(&qyT /V)21, yT(5ATe /me) is the electron
thermal velocity, andw is the plasma dispersion function

w~z!52ze2z2E
0

z

ey2
dy. ~20!

Thus, through a Fourier transformation one obtains the in
action potential in real space

V~rW !5~2p!23E d3qW e2 iqW •rWṼ~qW !, ~21!

where rW is the position vector of the plasma electron wi
respect to the ion. We make a reasonable approximation
V(rW) is spherically symmetric for a low-velocity heavy io
penetrating the plasma. Then the transport cross sec
s tr(ye) can be determined using a phase shift analysis
terms of the scattering phase shiftsd l we have@21#

s tr~ye!5
4p\2

me
2ye

2 (
l 50

`

~ l 11!sin2 @d l~ye!2d l 11~ye!#,

~22!
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where l is the angular momentum quantum number. T
scattering phase shiftsd l are calculated by solving the radia
Schrödingerequation using the interaction potential given
Eq. ~21!.

In order to find the dependence of the electronic stopp
power of the plasma on the atomic number of the penetra
heavy ion, we calculate the phase shifts for ions with atom
numberZ1 changing from 1 to 40. Considering the ionizatio
and recombination processes at low velocity in the plas
the projectile ion with atomic numberZ1 almost falls into its
neutral charge state. The penetrating ion with its screen
electron cloud can be considered a quasiatom. Then
charge distribution around the penetrating ion becomes

r~rW !5Z1ed~rW2yW i t !1rb~rW2yW i t !, ~23!

rb~rW !5(
occ

ucb~rW !u2, ~24!

E rb~rW !d3rW52Z1e, ~25!

where, as an approximation, theCb’s are the Roothan-
Hartree-Fock wave functions for neutral ions@18#.

The results shown in Figs. 1~a!, 1~b!, and 1~c! are the
electronic stopping powers of the plasma, with electron d
sity ne51016 cm23 and electron temperatureTe5100, 10,
and 1 eV, respectively, as functions of the atomic numbe
the incident ion. For convenience, in the figures of this wo
the reduced stopping power (dW/dR)/yne is given in atomic
units, in whichme5\5e51. For the purpose of compar
son, the electronic stopping power for a cold solid with de
sity parameterr s52.0 a.u. is shown in Fig. 1~d!, which is

FIG. 1. Z1 oscillation of the electronic stopping power o
plasma targets for heavy ions at low velocity:~a!–~c! plasma stop-
ping and~d! stopping power data for cold solid.
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calculated using scattering theory@19,20#. From this figure
one finds that the stopping cross section of the plasma tar
is larger than that of the cold solid. This so-called stopp
power enhancement in hot plasmas has been reported@2–4#.
The physical origination of the energy loss enhancemen
hot plasmas was discussed by several authors@5–8#. The
second finding is that at relatively low temperature the a
plitude of theZ1 oscillation of the electronic stopping powe
of the plasma is even larger than that of the cold soli
Although we have not found any experimental group repo
ing this phenomenon, it can be understood as caused by
shell effects similarly to theZ1 oscillation of the stopping
powers in cold solids@13#. The difference between a col
solid and plasma is that the electronic stopping is determi
by the scattering of the electrons at the Fermi level in
case of stopping in a cold solid, while the electrons in
plasma with all kinds of momentum will contribute to th
stopping. The electron capture cross section, which is usu
lower for free electrons than that for bound electrons, m
depend more substantially on the structure of the incid
ions in the case of a plasma target. Therefore, the effec
charge of the projectile may be more sensitive to its o
structure in the plasma targets at relatively low electron te
perature. The third result we found is that the amplitude
theZ1 oscillation in the plasma targets becomes smaller w
increasing electron temperature. It is easy to understand
when the temperature of the electrons in the plasma is h
enough the thermal movement of the electrons will even
ally eliminate the effect of the shell structures of the proje
tiles on the stopping process and theZ1 oscillation will
thereby be eliminated.

Figure 2 shows the electronic stopping power of the
plasma varying with the electron temperature. The stopp
behaviors are different for different species of heavy io
However, we can find a common feature: When the tempe
ture of plasma exceeds a certain value, for example, 10
for Z1510, 50 eV forZ1520, and 90 eV forZ1540, the
stopping power decreases gradually. This reduction of s
ping power will cause the lengthening of the ion range in
plasma target and this extension of the ion range with
creasing electron temperature is considered the physical
gin of the so-called Tokamak wet-wood burners@22#. All of
the results of this paper are just theoretical predictions an
would be nice to compare them with some experimen

FIG. 2. Variation of the electronic stopping power of plasm
targets for heavy ions with the plasma electron temperature.
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data. Unfortunately, the data we can find relating the st
ping power of heavy ions in hot plasma all refer to hea
ions with very high kinetic energy~several MeV/nucleon!
@2–4#. We hope that the data relating the slow heavy io
penetrating hot plasmas will emerge in the near future.

Summarizing, the electronic stopping powers of hea
ions at low velocity in plasma targets are calculated in
frame of quantum scattering theory. We find that theZ1 os-
cillation of the electronic stopping power in a plasma tar
at relatively low temperature is even more evident than t
in cold solids, but it becomes weaker with increasing el
A

n-
s

A

-
y

s

y
e

t
t
-

tron temperature. This can be explained by the competi
mechanism between the shell effects and the electron the
movements. The extension of this method to finite projec
velocity regions is currently under way in our group.
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