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We present semiempirical scaling laws for different electronic rearrangement features in slow collisions with
ions of high chargeq. The absolute cross section for removing exactlyr electrons from the target is found to
be well described by the scaling (sc) relation scs q

r 5(2.7310213)qr/@ I 1
2I r

2( j51
j5N( j /I j

2)# cm2, whereI j is the
j th target ionization potential in eV, andN is the number of outer-shell electrons. This expression and the
related total recoil-ion charge-state fractions,scf q

r 5scsq
r /( r

scsq
r , compare favorably with recent experimental

results (exsq,q2p
r ) for slow Xeq1 ions ~15<q<43! colliding with He, Ar, and Xe. We discuss the possibility

of establishing scaling laws for phenomenological cross sectionssq,q2p , where only the number of electrons
retained by the projectilep is specified.@S1050-2947~96!10211-0#

PACS number~s!: 34.10.1x

I. INTRODUCTION

In this paper we present semiempirical scaling rules for
various features of charge transfer in slow collisions
(v;0.2 a.u.! between highly charged ions and atoms. The
results are based on our recent data on slow collisions be-
tween Xeq1 ions and three different targets, He, Ar, and Xe
@1#. In Ref. @1#, we presented absolute experimental cross
sections,exsq,q2p

r , for processes

Aq11B→A~q2p!11Br11~r2p!e2, ~1!

wherer is the number of electrons removed from the target
B andp is the number of electrons retained by the projectile
A. The experimental results of Selberget al. @1# contain
close to 300 absolute cross sections of the kindexsq,q2p

r

~i.e., withq, r , andp defined! covering the parameter ranges
15<q<43 and r<9. Further, three different targets were
used~He, Ar, and Xe! and this makes it a rather unique set of
data. Similar other dataexsq,q2p

r with q.20 are scarce and
except for the Xe301-Ar cross sections by Raphaelianet al.
@2#, only data with He as a target have been published
~Anderssonet al. @3#!. For q,15 a large set of data was
presented by Grohet al. @4# already in 1983. Here we present
a scaling rule for the absolute cross sections for removing
exactly r electrons from the target,

scsq
r 5~2.7310213!qrY F I 12I r2(

j51

N

~ j /I j
2!G , ~2!

where the result is in units of cm2 if the ionization potentials,
I j , are given in eV. The sum overj runs over the number of
outer-shell electrons of the target, i.e.,N52 for He and
N58 for Ar, and Xe. Equation~2! compares more favorably
than the classical over-the-barrier models@5,6# with the ex-
perimental results of Selberget al. @1#. The total recoil-ion
charge-state fractions,scf q

r 5scsq
r /( r

scsq
r ,. derived from

Eq. ~2! are also closer to the experimental results than the
corresponding model quantities. In particular, the scaling law
~2! and scf q

r give good results for the He target, whereas the
barrier models fail in this case.

In the past, there have been a few attempts to establish
scaling laws for phenomenological cross sectionssq,q2p ,
i.e., the projectile keepsp electrons but there is no informa-
tion about the number of electrons removed from the target.
The most famous of these results, mostly based on data be-
low q510, was presented by Mu¨ller and Salzborn already
before 1980 and gavesq,q21;q1.17/I 1.96 @7,8#. Shortly there-
after it was realized that electron removal cross sections,
sq
r @9,10#, are a more natural basis for understanding

electron-transfer mechanisms since such quantities are inde-
pendent of the outcomes of the relaxation processes follow-
ing the initial multiple-electron transfer. That is,sq

r is the
cross section for formation of anr -times excited state on the
highly charged projectile ion in the first step of the reaction

Aq11B→A~q2r !11Br1→A~q2p!11Br11~r2p!e2.
~3!

Thus far it has not been possible to formulate a simple model
that is able to account also for the second step in Eq.~3! and
no corresponding scaling laws for highq have been estab-
lished. Recently, Kimuraet al. @11# presented a scaling law
for removingat least r electrons from the target, which is
consistent with our formula~2! for removingexactly r elec-
trons from the target. The establishment of scaling rules are
important for two reasons. First, it may provide important
input to simulations of, e.g., fusion and astrophysical plas-
mas in the lack of real experimental data. Second, it may
serve as a guidence for attempts to understand the underlying
physical processes.

In Sec. II we give a short account of the classical over-
the-barrier models by Ba´rány et al. @5# and Niehaus@6#. Sec-
tion III is devoted to an account of the different ways in
which the experimental data@1# are reduced for the follow-
ing comparisons with the present scaling rules and the mod-
els @5,6# in Sec. IV. In the latter section we account for the
analysis leading to the the various scaling rules for total-
electron capture, recoil-ion charge-state fractions, and elec-
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tron removal cross sections. Finally, we discuss relaxation
processes~of intermediate multiply excited states! and the
possibility of formulating scaling rules for phenomenological
cross sections (sq,q2p) in Sec. V.

II. MODELS

The classical over-the-barrier models by Ba´rány et al. @5#
and by Niehaus@6# assume that multiple-electron transfer
proceeds sequentially, i.e., the electrons are transferred at
different internuclear separations. An electron may leave the
target when the top of the internuclear potential barrier is at
the same energy as the most loosely bound of the target

electrons. In their model, Ba´rány et al.assume that the num-
ber of electrons transferred is determined only by the impact
parameter in such a way that if it lies between the critical
radii for removal ofr and r11 electrons (Rr andRr11), r
electrons will be removed from the target with a probability
of 1. Niehaus@6# uses a more refined treatment where the
capture probabilities are given by the ratios of phase space
available on the projectile and target at the moment~on the
way out from the collision! when the internuclear barrier
rises above the energy of a quasimolecular electron. Further,
the two models use slightly different assumptions concerning
the screening of the incoming chargeq by (r21! inner elec-
trons as seen by ther th electron when it is about to be
transferred to the projectile. Ba´rány et al. @5# use full screen-
ing, whereas Niehaus@6# neglects the screening. However,
the differences between the predictions of the two models are
minor for the cases of interest here, whereq is large andr is
comparatively small. In the following we will mostly relate
to the model by Ba´rány et al., which assumes a quasicon-
tinuum of capture states. Electron removal cross sections are
then given by areas between concentric rings

msq
r 5p~Rr

22Rr11
2 !, ~4!

where the critical distance for removingr electrons is given
by

Rr5@2Ar ~q2r11!1r #/I r . ~5!

III. EXPERIMENTAL DATA

The analysis presented in this paper is based on the par-
tial cross sectionsexsq,q2p

r which we recently reported in
another publication@1#. We have summed these partial cross
sections in four different ways@~i!–~iv!# in order to establish
the scaling rules and to make comparisons with the classical
over-the-barrier models.

~i! For a givenq, target species, and number of electrons
retained by the projectile (p), the cross sections for removal
of different numbers of target electrons (r ) are summed over
r . These results for the different values ofp are then

FIG. 1. Total experimental electron-capture cross sections
@exsq

tot according to~6! in the text# for slow Xeq1 ions colliding
with He, Ar, and Xe. The full lines show a common fit to the
experimental results. The expressionCqa/I 1

b was used and the
three sets of data were fitted together, yielding the results
C52.7310213 cm2, a50.9860.06, andb51.9660.04 with I 1 in
units of eV. The dashed lines are the predictions from the extended
classical over-the-barrier modelmsq

tot5pR1
2 ~cf. text!.

FIG. 2. Absolute experimental cross sections
for removing at leastr electrons from the target
@exsq

j>r according to Eq.~7! in the text# as func-
tions of qr/I r

2 . The results shown are for Xeq1

colliding with Xe, Ar, and He. The results for He
with q,30 are from Anderssonet al. @3#. The
slope of the line has the coefficient 2.7310213

cm2 @cf. Eq. ~11! in the text#.
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summed overp, which yields the total-electron-capture cross
section

exsq
tot5(

p
S (
r>p

N

~exsq,q2p
r !D' (

p51

pmax S (
r>p

N

~exsq,q2p
r !D .

~6!

Herepmax is limited to 2 or 3 by the content of the experi-
mental data of Selberget al. @1#. This, however, is not be-
lieved to be a serious limitation since already thep53 term
in the sum above is expected to be very small. This was also
observed by Raphaelianet al. @2# for the Xe301-Ar system
and they stated that thep53 contribution was only on the
order of a few percent ofexsq

tot . The total charge-exchange
cross sections could also be determined without using the
coincidence information~i.e., the partial cross sections
exsq,q2p

r ). This was done by summing the phenomenologi-
cal cross sections,exsq,q2p , over p. This method yielded
results consistent with the ones obtained through Eq.~6!.

~ii ! The same procedure as in~i!, but here we exclude
various numbers of the leading terms in the sums overr in
order to obtain the total cross section for removingat least
r electrons from the target

exsq
j>r5(

p
S (
j>r

N

~exsq,q2p
j !D' (

p51

pmax S (
j>r

N

~exsq,q2p
j !D .

~7!

This expression reduces to Eq.~6! when j>r51.
~iii ! Summations overp for specified values ofr that give

the total cross sections for removal ofexactly r electrons
from the target

exsq
r 5(

p
~exsq,q2p

r !' (
p51

pmax

~exsq,q2p
r !. ~8!

In some cases, the limitationsp<2 or p<3 becomes more
serious for evaluations according to Eqs.~7! and ~8! espe-
cially if r is large. We have excluded such cases in the analy-
sis below.

~iv! Finally, we sum overr for specified values ofp,
which gives the total cross sections for retainingp electrons
on the projectile

exsq,q2p5(
r5p

N

~exsq,q2p
r !. ~9!

These cross sections can also be obtained through direct
measurements of the charge-exchange yields for the projec-
tiles ~singles measurements!.

IV. SCALING LAWS

A. Total-electron-capture cross sections

In Fig. 1, we show the total-electron-capture cross sec-
tions for Xeq1-projectiles colliding with He, Ar, and Xe
from Ref. @1# @summed according to Eq.~6!#. The dashed
lines give the values from the extended classical over-the-
barrier model by Ba´rány et al. @5# msq

tot5pR1
2 @with R1

given by Eq.~5!#, while the full lines are fits to the experi-
mental data. In these fits we used an expression of the form
scsq

tot5C3qa/I 1
b and arrived atC5(2.760.1!310213 cm2,

a50.9860.06, andb51.9660.04 when the first ionization
potential of the target,I 1, is given in units of eV. These
parameter values are close to the ones expected from

FIG. 3. Total experimental recoil-ion charge-state fractions
exf q

r @cf. Eq. ~12! in the text with pmax53# as functions of the
number of removed target electrons,r , for Xeq1-Xe collisions with
q520, 25, 30, and 35. The experimental cross sections used to
deduce these quantities thus include up to three retained electrons
on the projectile and recoil-ion charge states up tor58.

FIG. 4. Total experimental recoil-ion charge-state fractions
exf q

r for Xe301-Xe ~s! and Xe301-Ar ~n! collisions at the velocity
v50.2 a.u. as functions of the number of removed target electrons r
@cf. Eq. ~12! in the text#. The results by Raphaelianet al. @2# ~h! at
v50.3 a.u. are shown for a comparison. The corresponding present
results for Ar are somewhat higher since the contributions from
r56 andr57 are lacking in the experimental data.
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the over-the-barrier model@5# which yields msq
tot

5(2.6310213)(q1Aq)/I 1
2 at large q @c.f. Eq. ~5! with

r51#. We have not included theAq term in the fit and our
coefficientC ~2.7310213) is thus higher than the model
coefficient, although the dashed lines~model! in Fig. 1 lie
above the corresponding full lines~fits!. It is interesting to
note that the experimental data on the average~as described
by the fits! are slightly lower than the model values, which
can be regarded as upper limits for the total cross sections.
This might be explained in terms of the deviations from true
quasicontinua of projectile capture states, which would make
the real capture distance smaller thanR1. The dominant im-
pression from Fig. 1, however, is that the agreement between
the model and the experimental result is very good — better

than620%. This, in turn, supports the model viewpoint stat-
ing that electron capture~single or multiple! will happen
with 100% probability for impact parameters that are smaller
than the outermost critical radiusR1. In the following we
will set a51 andb52, since these values are consistent both
with our experimental results~the fit! and the model. We
thus arrive at

scsq
tot5~2.7310213!q/I 1

2 . ~10!

where the result is in cm2 when I 1 is given in eV.

In Fig. 2 we show a universal scaling of the cross sections
for removing at least r electrons from the target. The
summed experimental cross sections according to Eq.~7! are
plotted as a function ofqr/I r

2 . This parameter is close to
Rr
2 , the square of the critical distance for removing ther th

electron from the target, whenr is considerably smaller than

FIG. 5. Total experimental recoil-ion charge-state fractions
exf q

r for Xe251-Xe @cf. Eq. ~12! in the text# and Ar161-Ar ~from
Vancuraet al. @17#! at v50.2 as functions ofr . The results of the
semiempirical expressionscf q

r ~15! are shown as a solid line,
whereas the model valuesmf q

r from Refs.@5# and@6# are indicated
by short and long dashed lines, respectively.

FIG. 6. Total experimental recoil-ion charge-state fractions for
He as functions of q@cf. text: Eq.~8! divided by Eq.~6! summing
over p51 and 2 in Eq.~8!#. The predictions from the over-the-
barrier model~Ref. @5#! are shown as dashed lines. The recoil-ion
charge-state fractions,scf q

1 and scf q
2 , according to Eq.~15! are

shown as full lines.

FIG. 7. Absolute experimental cross sections for removing exactlyr electrons from the target,exsq
r , are compared with the over-the-

barrier model, Eq.~4!, and with the scaling law, Eq.~16!. The former is represented by dashed lines, while the latter is represented by full
lines.
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q @cf. Eq. ~5!#. In Fig. 2 we give results forr54 ~Xe!,
r53 ~Xe, Ar!, andr52, r51 ~Xe, Ar, He!. The full line in
Fig. 2 is given by

scsq
j>r5~2.7310213!qr/I r

2 . ~11!

The fair agreement between the experimental results and Eq.
~11! lends some support to the model assumption, saying that
at leastr electrons will be transferred to the projectile with
100% probability if the impact parameter is smaller than
Rr @5#.

B. Charge-state fractions for recoil ions

The experimental charge-state fractionsexf q
r are given by

exf q
r 5 (

p51

pmax

~exsq,q2p
r !/~exsq

tot! ~12!

and we find that they are nearly independent of projectile
charge state~under the condition thatq.10!. This feature is
displayed in Fig. 3, where we show the measured fractions
for Xe projectiles of charge statesq520, 25, 30, and 35. The
four sets of data are very close~within a few percent! be-
tweenr51 andr57. Further, the recoil-ion charge-state dis-
tributions are virtually the same for the two heavy noble gas
targets~Ar and Xe!, as we show in Fig. 4 with a comparison
between Xe301-Xe and Xe301-Ar results atv;0.2 a.u. In
this figure, we have also included the Xe301-Ar results from
Raphaelianet al. @2# at the slightly higher velocity of 0.3 a.u.
This phenomena was also documented by Schuchet al. @12#
for slow Ne101 ions colliding with the noble gases. Finally,
it is evident from Fig. 5 that the recoil-ion fractions are also
independent of the projectile species from a comparison be-
tween Ar161-Ar ~from Ali et al. @13#! and present
Xe251-Xe results.

From the success of the scaling laws~10! and~11! for the
total-electron-capture cross section and for the cross section
for removing at leastr electrons from the target one would
expect the relative charge-state fractions to be given by

f r5@r ~ I 1 /I r !
22~r11!~ I 1 /I r11!

2#. ~13!

This would also be well in line with the classical over-the-
barrier model, which predictsmf q

r 5(Rr
22Rr11

2 )/R1
2 . Note

that Eq. ~13! can be derived from the model expression
mf q

r for large values ofq and reasonably small values ofr . A
comparison between model values@5# and the measured frac-

FIG. 8. Partial recoil-ion charge-state fractionsexf q,q21
r and

exf q,q22
r for projectile charge-state changesq→(q21) and

q→(q22), respectively. Results are shown for Xe301-Xe and
Xe301-Ar collisions.

FIG. 9. Experimental probabilities for retaining two electrons on
the projectile (exP2

r 5exsq,q22
r /(exsq,q22

r 1exsq,q21
r ) for the cases

r52 ~a!, r53 ~b!, andr54 ~c!. In ~a! we show results for He, Ar,
and Xe, while~b! and~c! contain results for Ar and Xe. The omis-
sion of the cross sectionsexsq,q23

r and exsq,q24
r for r53 and

r54 in the denominator inexP2
r are of minor importance since they

are much smaller than the ones which are included.
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tions are shown in Fig. 5. Although the model gives fair
results in relation to the measured values forr51, 2, and 3,
it is also clear that some of the rather prominent features
predicted by the model are missing in the experimental data.
According to the model, the variation off q

r as a function of
r should not be monotonic. Instead it should exhibit peaks in
the recoil-ion fractions which are associated with the re-
moval of the last electron in an atomic~sub!shell. Further, it
is clear that the experimental values forr54 and r55 are
considerably higher than the model values. The peaks in the
model distributions atr56 and r58 are due to the large
increases in the target ionization potential~giving compara-
tively large differences betweenRr andRr11). The experi-
mental recoil-ion fractions shown in this work clearly de-
crease monotonically withr . In Fig. 6, we show recoil-ion
fractionsexf q

1 and exf q
2 for Xeq1-He collisions in the charge-

state rangeq511 toq542 @3,14#. The values from the clas-
sical over-the-barrier model@5#, which are indicated by
dashed lines in the figure, fail to reproduce the experimental
results.

Although the model is reasonably successful in reproduc-
ing absolute capture cross sections for removal of a specified
minimumnumber of electrons~cf. Figs. 1 and 2! it is much
less accurate when it comes to the partition in cross sections
for specified and exactnumbers of removed target electrons,
even on a relative scale. Raphaelianet al. @2# evaluated the
model by Niehaus@6# for Xe301-Ar and since we have found
that the recoil-ion charge-state fractions are independent of
projectile charge, species, and whether the target is Ar or Xe,
these results may be compared directly with the experimental
results for Xe251-Xe and Ar161-Ar ~cf. Fig. 5!. The results
of the Niehaus model are very close to the ones of the model

by Bárány et al. @5# both for multiple-electron targets and for
He. Thus both models have limited success in reproducing
the experimental relative recoil-ion charge-state distribu-
tions.

If we, however, assume that the cross section for remov-
ing exactly r target electrons is a constant,cx(r ), times
(2.7310213)qr/I r

2 we get the following expression for the
total-capture cross section

scsq
tot5~2.7310213!(

j51

N

@cx~ j ! jq/I j
2#. ~14!

If we further assume that the constantcx is independent of
r , the recoil-ion charge-state fractions,scf q

r , become

scf q
r 5r ~ I 1 /I r !

2Y (
j51

N

@ j ~ I 1 /I j !
2#. ~15!

This formula has noq dependence, it contains no informa-
tion about the number of core electrons on the projectile, but
it is target dependent through its sensitivity to the target ion-
ization potentials. The sequences of the ratios (I 1 /I r)

2 for
different heavyinert gases are very close and the sequences
of scf q

r according to Eq.~15! are virtually the same for Xe
and Ar. This is in agreement with the experimental results
for the heavy targets. Further, in contrast to Eq.~13!, Eq.
~15! gives results for the He target that are very close to the
experimental values, as shown by the full lines in Fig. 6.

FIG. 10. Semiempirical probabilities for re-
taining one (P1

r ) and two (P2
r ) electrons on the

projectile following the initial transfer ofr elec-
trons from the target. These quantities are ob-
tained by dividing the experimental partial cross
sectionsexsq,q2p

r with the scaling law~16!. Re-
sults for Xeq1 ions (q525, 30, 32, and 35! col-
liding with Xe and Ar are shown.
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C. Electron-removal cross sections

The absolute cross sections for removal of exactlyr elec-
trons from the target can be expressed as

scsq
r 5~2.7310213!qrY S I r2(

j51

N

@ j ~ I 1 /I j !
2# D . ~16!

This is simply the product between the total-electron-capture
cross sectionscsq

tot ~10! and the recoil-ion charge-state frac-
tions scf q

r ~15!, where both were found to be able to account
for the experimental data. A comparison between the scaling
law, the extended classical over-the-barrier model@5#, and
the experimental results are shown for Xeq1 colliding with
Xe, Ar, and He in Figs. 7~a!–7~c!, respectively. From this
figure it is clear that the scaling lawscsq

r ~16! is much closer
to the experimental results than the model cross sections
msq

r ~4! for r>2. The agreement is slightly better for Eq.
~16! than for Eq.~4! for r51 and the He target, while the
opposite relation prevails forr51 and the heavier targets.

From the discussion in Sec. IV B it appears as if the cross
section for removing exactlyr electrons from the target is a
coefficientcB ~target dependent! ~B5He, Ar, and Xe! times
pRr

2 rather thanp(Rr
22Rr11

2 ). According to the assumption
leading to Eqs.~14! and ~15! scsq

r 5cB3 2.7310213qr/I r
2

cm2. Comparing this to Eq.~16! we see that

cB51YS (
j51

N

j ~ I 1 /I j !
2D , ~17!

which is 0.71 for He and 0.33 for Ar and Xe. As an alterna-
tive to Eq.~16! sq

r can be expressed as

sq
r 5pRr

2Y S (
j51

N

@ j ~ I 1 /I j !
2# D , ~18!

usingRr from the model~5!.
Note that formula~18! gives different results than the

classical over-the-barrier modelmsq
r 5p(Rr

22Rr11
2 ). The

model assumes that the impact parameter of the collision
determines the number of removed target electrons, whereas
Eq. ~18! is consistent with a viewpoint saying that ror fewer
than r electronswill be removed if the impact parameter lies
betweenRr and Rr11. That is, different electron-removal
processes will compete at a given impact parameterb, except

FIG. 11. Experimental phe-
nomenological cross sections
sq,q21 multiplied by I 1

2 and the
sum( j

N@ j (I 1 /I j )
2# as functions of

the projectile chargeq. The re-
sults fall in two groups. The upper
set is for the two heavy targets,
whereas the lower set is for He.
The two lines indicate the slopes
expected for moderateq in the
two cases@cf. Eq. ~19!#. Data for
projectiles other than Xe are from
Refs.@13, 15, 17, 18#.

FIG. 12. Semiempirical probabilities (P1
r ) for retaining one

electron on the projectile after initial transfer ofr electrons from the
target. The results are shown as functions of the projectile charge
q with r52, 3, 4, and 5 for Xeq1-Xe collisions in the lower figure.
The upper figure shows a comparison forr52 for the three targets
He, Ar, and Xe~cf. text!.
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for b.R2, where only single-electron capture is possible.

V. RELAXATION AND PHENOMENOLOGICAL
CROSS SECTIONS

A. Decay of multiply excited states

The partial recoil-ion charge-state fractionexf q,q21
r and

exf q,q22
r for the projectile charge changesq→(q21) and

q→(q22) are shown for Xe301-Xe and Xe301-Ar in Fig. 8.
As can be seen from this figure, the results are very similar
for the two targets. This indicates that the outcomes of the
relaxation processes for the multiply~r times! excited pro-
jectile ion Xe(q2r )1 are rather insensitive to whether the
target is Xe or Ar.

Figure 9 displays experimental relative probabilities,
exP2

r for retaining two electrons on the projectile ifr52 ~a!,
r53 ~b!, andr54 ~c! electrons were transferred initially. For
the first case,r52, we show results obtained with He, Ar,
and Xe. There are no significant differences between these
three sets of results@16#. For r53 andr54, we display re-
sults for the two heavy targets~Ar and Xe!. Although there
are some small differences in a few cases, the general trends
are the same for Ar and Xe. We note the rather sharp in-
crease in the region betweenr528 and r536, which is
present in all three Figs.@9~a!–9~c!#. We attribute these phe-
nomena to increased tendencies for radiative decay rather
than autoionization when the number of 3d vacancies in the
projectile increases@16#.

In the preceeding section, we showed that the scaling law
~16! is able to account for the absolute cross sections for the
removal of specified numbers of target electrons (r ). Relying
on this law, we deduce semiempirical probabilities for retain-
ing one (P1

r ) and two (P2
r ) electrons on the projectile ifr

electrons were removed initially. This is done by dividing
the respective measured partial cross sectionexsq,q2p

r for
p51 and p52 with the expression~16!. The results are
shown in Fig. 10 forq525, 30, 32, and 35 and there it can be
seen that the sums of the probabilities for one- and two-
electron retainment forr52 andr>3 are close to 1 in most
cases. The latter is in agreement with the findings of Raphae-
lian et al. @2#, who measured three-electron retainment and
found it to be unimportant~a few percent ofsq

tot) for
multiple-electron transfer to Xe301 projectiles. We also note
the similarities between the variations of the semiempirical
probabilities withr for the Ar and Xe targets.

B. Phenomenological cross sections

The first scaling laws for slow collisions between highly
charged ions and atomic targets were established for phe-
nomenological cross sectionssq,q2p . We now know that the
number of removed electrons may be much higher than the
number of electrons retained by the projectile and that auto-
ionization, or cascades of autoioinzation processes, often are
very important@cf. Eq.~3!#. At first glance, this may lead one
to believe that attempts to identify simple scaling rules for
phenomenological cross sections are deemed to fail. To a
certain extent this is true and we have been unable to find a
scaling law for phenomenological cross sections, which is
valid for light and heavy targets and for moderate and high
q. It is, however, possible to find some common features, as

we show in Fig. 11. There, we have plotted experimental
values ofsq,q21 ~present and others@13,15,17,18#! multi-
plied by I 1

2 and( j
Nj (I 1 /I j )

2 as functions ofq. According to
Eq. ~16!, the products should then fulfill the following rela-
tion:

sq,q21I 1
2(
j51

N

@ j ~ I 1 /I j !
2#52.7310213q(

j51

N

P1
j j ~ I 1 /I j !

2,

~19!

whereP1
j are the probabilities for retaining one electron on

the projectile whenj electrons are transferred initially. The
rationale of formula~19! can be understood by noting that
the total-scaling-capture cross section,scsq

tot , deduced from
Eq. ~16!, can be written

scsq
tot5~2.7310213!q(

j51

N

~ j /I j
2!Y (

j51

N

@ j ~ I 1 /I j !
2#,

~20!

which equals Eq.~14!. The phenomenological cross section
for one-electron retainment can then be expressed as

scsq,q215~2.7310213!q(
j51

N

~P1
j j /I j

2!Y (
j51

N

@ j ~ I 1 /I j !
2#.

~21!

Formula ~19! is obtained by a slight rearrangement of Eq.
~21!.

For moderateq and low r , the P1
j values are close to 1

~cf. Fig. 12! and the slopes of the two curves in Fig. 11 are
given by 2.7310213( j51

N j (I 1 /I j )
2. The coefficients take the

values 8.0310213 for Ar and Xe and 3.8310213 for He.
This explains that there are two branches for the experimen-
tal data; one for He and one for the heavy target gases. The
latter data deviate from the linear behavior when the charge
increases. This is due to the fact that the coefficientsP1

j in
Eq. ~19! then no longer are close to 1 as is obvious from the
upper part of Fig. 12. The experimental data then fall below
the line since radiative relaxation becomes a more important
process at higherq. Such a behavior isnot observed for the
He data. This might seem to contrast with the results shown
in Fig. 12~upper part!, where it is shown that the importance
of stabilization processes are rather insensitive to target spe-
cies. The explanation is that the sum of all possible multiple-
electron processes is much less important in relation to true
single-electron capture for He than for Ar and Xe~compare
Figs. 3–5 with Fig. 6!. It is interesting to note that the two
branches of data are expected to come close to each other as
q increases as all values ofP1

j ~exceptP1
151! decrease with

increasingq ~see Fig. 12!. In this high-q limit all data will
fall on a common curve with the slope 2.7310213.

VI. CONCLUSIONS

In this paper we have formulated semiempirical scaling
rules for removal of well-defined numbers of target electrons
from various target atoms. In contrast to different formula-
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tions of the classical over-the-barrier model, this scaling law
works equally well for He and heavier noble gas targets.
Further, the experimental recoil-ion charge-state distribu-
tions are found to be much better described by the scaling
than the classical models, in particular for the He target. The
scaling law correctly accounts for the observations that the
recoil-ion fractions are independent of projectile charge, the
number of projectile core electrons for a given projectile
charge, and whether the target is Ar or Xe. We have finally
discussed the possibility of establishing scaling laws for phe-
nomenological cross sections and, in particular, we noted
that the cross sections for one-electron retainment by the

projectile fall on two different curves, one for He and one for
the heavier targets. It would certainly be interesting to check
the validity of the scaling by performing experiments with
other targets, preferably ones which are not noble gases, in a
similar high range of projectile charge states. It would also
be very interesting with experimental data in a much higher
charge-state regime.
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