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Charge State and Slowing of Fast Ions in a Plasma
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The charge state of a projectile ion traveling through a plasma target under conditions
relevant to ion-beam fusion is calculated. It is found that, at the projectile energies and
target parameters considered, the projectile ionization is significantly higher than that of
the same projectile species in a cold target. The resulting strong effects on the range
and on the shape of the energy deposition profile are shown in several examples of full
dynamic calculations.

PACS numbers: 52.40.Mj, 29.70.Gn, 61.80.Mk

The processes involved in the slowing of fast
ions in high-temperature plasmas are of prime
interest in the study of inertial-confinement fu-
sion systems using intense ion beams. ' The case
of proton beams was studied by Mosher' and Nar-
di, Peleg, and Zinamon. ' In particular, the l.atter
authors applied the theory of the plasma dielec-
tric function to calculate the contribution of the
free electrons to the stopping power, and con-
structed a model of the ions in order to extend
Bethe's theory to treat the stopping power due to
electrons bound in the plasma ions. Onl. y proton
sl.owing was considered in Ref. 3, because with
heavier ions the charge state of the projectile has
to be known. The problem of the charge state of
projectiles moving in cold matter has been studied
over a long period of time. ' In that case the
charge state of the projectile is determined by the
competition between electron loss by collisions
and capture from bound states in the target atoms.
As was pointed out by Bell,' it is much more dif-
ficult for the projectile to capture a free electron
than a bound electron. The reason is that for a
free-el. ectron capture to take place the excess
binding energy has to be gotten rid of by one of

the following processes: (a) radiative recombina-
tion, (b) three-body recombination, or (c) dieiec-
tronic recombination. Also, loss processes by
collisions with the highly stripped plasma ions
coul. d be more efficient than those due to colli-
sions with cold target atoms. It is to be expected,
therefore, that the charge state of a projectile
moving in a plasma will be quite different from
that in a cold target. The effect is expected to
become less important at high projectile energies,
when capture from bound states is also hindered
by the large relative kinetic energy. Work on
this subject was first reported by Bailey, Lee,
and More. ' An estimate was made by Mehlhorn'
without specifically considering recombination
processes. In this work we present a simplified
model for the calculation of charge state of ions
moving in various ionized targets.

El.ectron loss due to collisions of the projectile
with the background ions is calculated by the
binary encounter approximation (BEA).' This ap-
proximate model. agrees with the semiclassical
description~ and with the plane-wave Born ap-
proximation. ' For accurate agreement with ex-
periment the Coul. omb deflection effect and the
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binding-energy effect' should be included in the
Born approximation. However, we did not find
it necessary to inct.ude these corrections; the
calcul. ations, which are required for ions of a
wide range of charge states, are thus greatly
simplified, and the main resul. ts will be shown to
be insensitive to large variations in cross sec-
tions. The total cross section for ionization of
the projectile by the plasma ions is calculated
from

~„.=Q„X„o„=p„(X„Z,„'~e'/U„')G(V„). (1)

Here N„ is the number of electrons in the shell
n, U„ is the binding energy of the ionized elec-
tron, V„ is the scaled velocity v/v, „where v is
the projectile velocity and v,„ is the orbital veloc-
ity of the ionized electron, and G(V„) is calculated
by McGuire and Richard" according to Gryzinski.
Z,„ in Eq. (1) is the effective charge of the back-
ground ions for the collision; determined, fol-
lowing Bell,' as the charge inside a radius l,
which is equal to (0„/m)' ', where v„ is the cross
section for the ionization of each el.ectron in the
BEA.

The cross section for ionization of the projectile
by the plasma free electrons is calculated from"

0„=14.5 x 10 "N I.n(E, /U)]/UE, ,

where N is the number of electrons in the projec-
tile shell considered, U is their ionization ener-
gy, E, is the larger of &me„' and 2mv', and v„
is the thermal velocity of the plasma electron.

Capture by the projectile of bound electrons in
the pl. asma ions is calculated with Bel.l's theory. '
According to this classical theory the cross sec-
tion for capture is determined by whether the
kinetic energy in the rest system of the projec-
tile of a bound electron l,iberated in the collision
is more or less than the potential energy. We
obtain the required energies and forces for each
electron shel. l in the various ions using the Har-
tree-Foek-Dirac-Slater model of the atom. "
Capture cross sections obtained by this method
for Al'" at 5 MeV incident on a H-atom target
are in good agreement with results of three-body
classical simulation studies, "except at low pro-
jectile velocities.

Capture by the projectil. e of free plasma elec-
trons by the radiative recombination process is
calcul. ated according to Seaton':

n„= 1.3x 10-'(Z+1}'I,"T.- %. , (3)

where a~„ is the radiative recombination rate in
cubic centimeters per second for an ion into a

1252

hydrogenlike charge state Z, I~ is the ionization
energy for this ion, T, is the electron tempera-
ture in kel.vins, and n, is the free-el. ectron den-
sity. Equation (3) is a valid approximation in
cases where v is I.ess than v„. At higher pro-
jectile velocities T, can be replaced by 2mU'/k

where m is the electron mass and 0 is the Boltz-
mann constant.

Capture of free electrons by the diel. ectronic
recombination process" is treated by taking the
value of a~= j.0 "cm' s '. This is believed to
be an upper-limit estimate, since it is the largest
value quoted, " neglecting the effect of collisions
at the high densities considered here, which are
expected to considerably reduce the net recombi-
nation rate. "

Free-electron capture by the three-body recom-
bination process is calculated with the adaptation
by Zel'dovich and Baizer" of Thomson's clas-
sical theory. " In the case v (v„ this yields for
the recombination coefficient

+P; ~o.'I' (5)

Here I', is the fraction of projectil. es in charge
state j; n„' and aI', are, respectively, the total
rate coefficients of recombination and ionization
for charge state j, which are the instantaneous
values determined by the charge state, the pro-
jectile velocity, and the pl. asma parameters. The
average charge state, using j' weights, is used
in the energy-l. oss calculation. We use our mod-
el' to determine the contribution of the target
bound electrons to the stopping power and a
simplified treatment, ' rather than the full. dielec-
tric function ca1.culation, ' for the contribution of
the pl. asma free electrons. In each calcul. ation
step the new values of the energy and velocity
are used to advance the projectile and a new step

= 'Ug 8 7J R 0 Z 7l g ~

where R, =Ze'/ ,'kT is the—effective radius of the
Coulomb interaction between an el.ectron and an
ion of charge Z. In the case v&v„, v„ is re-
placed by v in Eq. (4) and 2kT is replaced by —,'mv'
in R,. The validity of the classical model (2Ze'/
mv')k/mv) was checked for the range of param-
eters where free-electron capture is important.

The cross sections in Eqs. (1}and (2) are con-
verted to rate coefficients e„., n„. The distri-
bution of charge states among the projectil. es
traversing the target is now calcul. ated dynamical-
ly by solving the set of coupled equations

dP~/dt= —P~ (CXR + QI )+P~+~(X~
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FIG. 1. The charge state jeff of an aluminum ion
with initial energy of 54 MeV as a function of its ener-
gy as it is slowed in carbon targets at various tempera-
tures. The transition from & =3 is very fast and not
shown. The empirical curve of Betz (Ref. 21) is shown
for comparison.
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FIG. 2. The charge state &,ff of a carbon ion with
initial energy of 12 MeV as a function of its energy as
it is slowed in a fully ionized lithium target as compared
with the empirical curve of Betz (Ref. 21) for a cold
target.

is started.
We report the results of calculations of the slow-

ing of carbon and aluminum projectiles in lithium
and carbon targets. The carbon targets were at
a density of 10 ' g/cm' and temperatures of 25
eV (two bound electrons) and 100 eV (no bound
electrons). The projectiles were aluminum ions
at initial energy of 54 MeV and initial charge
state of Z = 3. The calculated charge state versus
energy of the projectile as it is slowed down in
the target are shown in Fig. 1. For comparison
we show the empirical. values of the equilibrium
charge state given by Betz" for cold targets. The
very significant difference is immediately noted.
The role of the more efficient capture from bound
states is seen from the relative positions of the
curves for zero, partial. , and full ionization in
the target. The same calculation was also car-
ried out for a cold target in order to test Bell' s
theory and the result is also shown in Fig. 1. In
order to reach this degree of agreement between
theory and experiment the value of l in Bell' s
model had to be adjusted to l'=0.5l, which is
reasonable in view of its qualitative nature. The
same adjustment was used in calculating curve b

of Fig. 1. In Fig. 2 we show results for the in-
teraction of 12-MeV carbon ions with a lithium
target at a temperature of 25 eV (fully ionized)
as compared with Betz's curve. " Again, the
pronounced difference between plasma and col.d
targets is evident, Our results disagree with the
charge states in plasma proposed by Mehlhorn. '

These results were checked to be rather in-

sensitive to large variations in the cross sections
for capture from free states: Multiplying all
these cross sections by a factor of 10 would shift
curve a in Fig. 1 by less than one charge state.
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FIG. 3. Energy deposition profiles. Top, 12-MeV
carbon beam in a fully ionized and in a cold lithium tar-
get. Bottom, 54-MeV aluminum beam in a fully ionized
and in a cold carbon target.
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Energy deposition profil. es are shown in Fig. 3.
For comparison deposition profiles are shown
which are based on cold-matter stopping power
and Betz's cold-rnatter charge for C projectil. es,
and our cold charge-state calculation for Al pro-
jectiles. Our cold stopping ranges are in good
agreement with Littmark and Ziegler" for C and
are sl.ightly larger than theirs for Al projectiles.
It is evident that the combined effect of the cor-
rect stopping power and charge state is range
shortening by a factor of about 3, of which the
charge-state correction contributes about a half,
We note the difference in shape between the two
deposition curves: In the cold target the drop
in projectile ionization causes the Bragg peak to
be washed out, in contrast to the plasma target,
in which the high projectile ionization is main-
tained.

In conclusion, the charge state of projectile
ions in plasma targets can be different from its
value in cold targets which results in considerable
effects on the energy-deposition profile. The
reason is that with free electrons, higher pro-
jectile ionization is required in order for the re-
combination processes to compete with the ion-
ization processes. In the case of carbon projec-
tiles in lithium targets the effects should occur
at a temperature of about 25 eV. Such tempera-
tures are obtainable in present-day technology,
and verifying experiments can be done, provided
sources are available of sufficiently intense car-
bon ion beams, or even, say, proton beams con-
taining enough carbon ions.

'Also at Soreq Nuclear Research Center, Yavneh,
Israel.
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