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Semiempirical scaling laws for electron capture at low energies
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We present semiempirical scaling laws for different electronic rearrangement features in slow collisions with
ions of high charge). The absolute cross section for removing exactBlectrons from the target is found to
be well described by the scaling@) relation S°o=(2.7x 10" *)qr/[121Z2]2}(j/1?)] cm?, wherel; is the
jth target ionization potential in eV, arl is the number of outer-shell electrons. This expression and the
related total recoil-ion charge-state fractiofi,,=*‘o¢/*oy;, compare favorably with recent experimental
results (*o 4—p) for slow Xe?" ions (15<q=43) colliding with He, Ar, and Xe. We discuss the possibility
of establishing scaling laws for phenomenological cross sectigns ,, where only the number of electrons

retained by the projectilp is specified[S1050-29476)10211-0

PACS numbd(s): 34.10+x

I. INTRODUCTION Eqg. (2) are also closer to the experimental results than the

. . . . corresponding model quantities. In particular, the scaling law
In this paper we present semiempirical scaling rules for

SCfl H
various features of charge transfer in slow coIIisions(z) and *, give good results for the He target, whereas the

(v~0.2 a.u) between highly charged ions and atoms. Thebarlrletrhmodelts Iﬁ” in 'ths ca;)se. f it s t tablish
results are based on our recent data on slow collisions be- 1 1€ Past, there have been a few attempts 1o establis

tween X&'* ions and three different targets, He, Ar, and Xe _scalmg Iawg fqr phenomenological cross S?Ct'%‘P‘
.e., the projectile keepg electrons but there is no informa-

1]. In Ref. [1], we presented absolute experimental cross:
ge]ctions EXUE ] fo? processes P ion about the number of electrons removed from the target.

a.9-p> The most famous of these results, mostly based on data be-
_ _ low g=10, was presented by Mar and Salzborn already
q+ (q—p)+ r+ — !
AT +BoA +BTH(r—ple, @) before 1980 and gaue, o1~ q"*71"%[7,8]. Shortly there-

_ after it was realized that electron removal cross sections,
wherer is the number of electrons removed from the targetgz1 [9,10, are a more natural basis for understanding
B andp is the number of electrons retained by the projectileg|ectron-transfer mechanisms since such quantities are inde-
A. The experimental results of Selbeeg al. [1] contain  pendent of the outcomes of the relaxation processes follow-
close to 300 absolute cross sections of the kffldq o, ing the initial multiple-electron transfer. That ig is the
(i.e., withq, r, andp defined covering the parameter ranges cross section for formation of antimes excited state on the

15<q=43 andr=9. Further, three different targets were highly charged projectile ion in the first step of the reaction
used(He, Ar, and X¢ and this makes it a rather unique set of

data. Similar other dat&*o ,_, with q>20 are scarce and A9+ +B—A@ T+ B L AAP* L BT 4 (r—p)e™.
except for the X&%* -Ar cross sections by Raphaeliahal. 3
[2], only data with He as a target have been published

(Anderssonet al. [3]). For <15 a large set of data was Thus far it has not been possible to formulate a simple model
presented by Groht al.[4] already in 1983. Here we present that is able to account also for the second step in(8gand
a scaling rule for the absolute cross sections for removingno corresponding scaling laws for highhave been estab-
exactlyr electrons from the target, lished. Recently, Kimurat al. [11] presented a scaling law
for removingat least r electrons from the target, which is
N consistent with our formul&2) for removingexactly r elec-
o= (2.7X 10‘13)qr/ 1212y (jllf)}, (2)  trons from the target. The establishment of scaling rules are
=1 important for two reasons. First, it may provide important
input to simulations of, e.g., fusion and astrophysical plas-
where the result is in units of cfiif the ionization potentials, mas in the lack of real experimental data. Second, it may
lj, are given in eV. The sum overruns over the number of serve as a guidence for attempts to understand the underlying
outer-shell electrons of the target, i.dN=2 for He and physical processes.
N =8 for Ar, and Xe. Equatiori2) compares more favorably In Sec. Il we give a short account of the classical over-
than the classical over-the-barrier modgs6] with the ex-  the-barrier models by Bany et al.[5] and Niehau$6]. Sec-
perimental results of Selbergf al. [1]. The total recoil-ion  tion Ill is devoted to an account of the different ways in
charge-state fractions;f =5°¢/>*°cy,> derived from  which the experimental dafd] 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
*Present address: Max-Planck-Institiit flasmaphysik, Bereich analysis leading to the the various scaling rules for total-
Berlin, Hausvogteiplatz 5/7, D-10117 Berlin, Germany. electron capture, recoil-ion charge-state fractions, and elec-
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electrons. In their model, Bany 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 andr +1 electrons R, andR,, ), r
electrons will be removed from the target with a probability

”E of 1. Niehaus[6] uses a more refined treatment where the
»;o capture probabilities are given by the ratios of phase space
= available on the projectile and target at the moment the

go way out from the collisionh 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 chargéy (r —1) inner elec-

trons as seen by theth electron when it is about to be

: transferred to the projectile. By et al.[5] use full screen-

. . . . . . | ing, whereas Niehauib] neglects the screening. However,

15 20 25 30 35 40 the differences between the predictions of the two models are

minor for the cases of interest here, wheres large and is

comparatively small. In the following we will mostly relate

to the model by Beany et al, which assumes a quasicon-
FIG. 1. Total experimental electron-capture cross sectiondinuum of capture states. Electron removal cross sections are

[0y’ according to(6) in the tex] for slow Xe9* ions colliding  then given by areas between concentric rings

with He, Ar, and Xe. The full lines show a common fit to the

experimental results. The expressi@g®/I¥ was used and the m0a=7T(Rr2—Rr2+1), (4)

three sets of data were fitted together, yielding the results

C=2.7x10"* cm?, «=0.98+0.06, and8=1.96+0.04 withl, in  Where the critical distance for removimgelectrons is given

units of eV. The dashed lines are the predictions from the extendelly

classical over-the-barrier mod&y'=7R] (cf. text.

Projectile charge state q

R,=[2vyr(q—r+21)+r]/I,. 5)

tron removal cross sections. Finally, we discuss relaxation

processegof intermediate multiply excited stateand the lIl. EXPERIMENTAL DATA
possibility of formulating scaling rules for phenomenological
cross sectionsd, ) in Sec. V. The analysis presented in this paper is based on the par-

tial cross sections™oy ,_, which we recently reported in
another publicatiofil]. We have summed these partial cross
sections in four different waylgi)—(iv)] in order to establish
The classical over-the-barrier models byr@8w et al.[5]  the scaling rules and to make comparisons with the classical
and by Niehaug6] assume that multiple-electron transfer over-the-barrier models.
proceeds sequentially, i.e., the electrons are transferred at (i) For a givenq, target species, and number of electrons
different internuclear separations. An electron may leave theetained by the projectilep(), the cross sections for removal
target when the top of the internuclear potential barrier is abf different numbers of target electrons) (are summed over
the same energy as the most loosely bound of the target These results for the different values pf are then

Il. MODELS

T T T T
& Xel-Xer=l
0F ° & Xel-Xe n;2 7
L4 A Xel-Xer=3
601 o® v Xet-Xer=4
q
NE 50} . * : ;Zq:: :; - FIG. 2.. Absolute experimental cross sections
2 < 0 XeArred for r_e)movmg a_t least elect_rons from the target
= 401 " \ 1 [**of," according to Eq(7) in the tex] as func-
= o Y ¢ Xeq'He =l tions of qr/1?. The results shown are for Xé
e 0k : o XelHer=2 colliding with Xe, Ar, and He. The results for He
g o x:" = with q<<30 are from Anderssoet al. [3]. The
20} 9Ba . slope of the line has the coefficient X710~
a2 cm? [cf. Eq. (11) in the texd.
10F é&g 1
I 1 1

0.1 02 0.3

qr/1?
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FIG. 3. Total experimental recoil-ion charge-state fractions FIG. 4. Total experimental recoil-ion charge-state fractions
! [cf. Eq. (12) in the text with pmax=3] as functions of the  *fg for Xe3%*-Xe (O) and X€°*-Ar (A) collisions at the velocity
number of removed target electromsfor Xed"-Xe collisions with v =0.2 a.u. as functions of the number of removed target electrons r
g=20, 25, 30, and 35. The experimental cross sections used t&f. Eq.(12) in the texi. The results by Raphaeliat al.[2] (C) at
deduce these quantities thus include up to three retained electrons=0.3 a.u. are shown for a comparison. The corresponding present
on the projectile and recoil-ion charge states up #. results for Ar are somewhat higher since the contributions from

r=6 andr =7 are lacking in the experimental data.

summed ovep, which yields the total-electron-capture cross

section pmax

exak% ex"ayqu)%pzl ¥0q.q-p)- ®)

In some cases, the limitations<2 or p<3 becomes more
©6) serious for evaluations according to E@%) and (8) espe-
cially if r is large. We have excluded such cases in the analy-
sis below.
(iv) Finally, we sum ovenr for specified values op,

N pmax / N
exo_aotZE (2 exa_(rq’q_p))w E (2 exo_a'q_p )

p r=p p=1 \r=p

Herepmaxis limited to 2 or 3 by the content of the experi-
mental data of Selbergt al. [1]. This, however, is not be- hich gives the total cross sections for retainmglectrons
lieved to be a serious limitation since already five3 term ;1 the projectile

in the sum above is expected to be very small. This was also
observed by Raphaeliaet al. [2] for the Xe3°"-Ar system

and they stated that the=3 contribution was only on the
order of a few percent o?xcr;‘“. The total charge-exchange

cross sections could also be determined without using the ] ] ]
coincidence information(i.e., the partial cross sections 1h€se cross sections can also be obtained through direct

oh,q_p)- This was done by summing the phenomenologi-measureme”ts of the charge-exchange vyields for the projec-

cal cross sections$*o, 4, over p. This method yielded tiles (singles measurements
results consistent with the ones obtained through(gg.

(i) The same procedure as (0, but here we exclude
various numbers of the leading terms in the sums ovir
order to obtain the total cross section for removatgeast
r electrons from the target

N
ex . ex _r
‘Tq,q—p_zp 0g,q-p)- ©)
ex _r

IV. SCALING LAWS
A. Total-electron-capture cross sections

In Fig. 1, we show the total-electron-capture cross sec-
tions for Xe'"-projectiles colliding with He, Ar, and Xe
from Ref.[1] [summed according to Ed6)]. The dashed
lines give the values from the extended classical over-the-
barrier model by Beany etal. [5] Moy'=7R: [with R,

(7)  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
SCry'=Cxq*/I% and arrived aC=(2.7+0.1)x 10 ¥ cnr?,
a=0.98+0.06, andB=1.96+0.04 when the first ionization
potential of the target|,, is given in units of eV. These
parameter values are close to the ones expected from

N pmax / N
exo_ifr:z (2 ex‘fg,q—p )“ > (E exag,q—p )

p j=r j=r

This expression reduces to E§) whenj=r=1.

(iii) Summations ovep for specified values af that give
the total cross sections for removal ekactly r electrons
from the target
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FIG. 6. Total experimental recoil-ion charge-state fractions for
He as functions of {icf. text: Eq.(8) divided by Eq.(6) summing
Recoil charge state r over p=1 and 2 in Eq.(8)]. The predictions from the over-the-
barrier model(Ref. [5]) are shown as dashed lines. The recoil-ion
FIG. 5. Total experimental recoil-ion charge-state fractionscharge-state fractionss,Cfé and Scfé, according to Eq.15) are
exfy, for Xe®**-Xe [cf. Eq. (12) in the tex] and Ar'®"-Ar (from  shown as full lines.
Vancuraet al.[17]) atv=0.2 as functions of. The results of the
semiempirical expressiorify (15 are shown as a solid line, than=+20%. This, in turn, supports the model viewpoint stat-
whereas the model valué'é‘; from Refs.[s] and[6] are indicated ing that electron capturésingle or multiplé will happen
by short and long dashed lines, respectively. with 100% probability for impact parameters that are smaller
than the outermost critical radiug,;. In the following we
the over-the-barrier model[5] which vyields mg;"t will set a=1 andB=2, since these values are consistent both
=(2.6x10 ¥ (q+ \/a)“f at large q [c.f. Eq. (5) with ~ Wwith our experimental resultéhe fit) and the model. We
r=1]. We have not included theq term in the fit and our thus arrive at
coefficient C (2.7x107 9 is thus higher than the model
coefficient, although the dashed lingmode) in Fig. 1 lie
above the corresponding full ling§ts). It is interesting to o o )
note that the experimental data on the aver@gedescribed Where the result is in chwhenl, is given in eV.
by the fitg are slightly lower than the model values, which
can be regarded as upper limits for the total cross sections. In Fig. 2 we show a universal scaling of the cross sections
This might be explained in terms of the deviations from truefor removing at least r electrons from the target. The
quasicontinua of projectile capture states, which would makéummed experimental cross sections according tq Bare
the real capture distance smaller tHan The dominant im-  plotted as a function ofjr/IZ. This parameter is close to
pression from Fig. 1, however, is that the agreement betweeR?, the square of the critical distance for removing ttiie
the model and the experimental result is very good — betteelectron from the target, whenis considerably smaller than

SCott=(2.7x 10 B¥)g/1f. (10)

T T T T T T T T T T T T r . . _,_,_'
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FIG. 7. Absolute experimental cross sections for removing exacéiectrons from the targef*o?,, are compared with the over-the-
barrier model, Eq(4), and with the scaling law, Eq16). The former is represented by dashed lines, while the latter is represented by full
lines.
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FIG. 8. Partial recoil-ion charge-state fractiofi¥ , , and
exf[]'q,z for projectile charge-state changes—(g—1) and
g—(q—2), respectively. Results are shown for ®e-Xe and 02 N
Xe3%*-Ar collisions.

g [cf. Eq. (5)]. In Fig. 2 we give results for=4 (Xe), T TR TR O T T
r=3 (Xe, Ar), andr=2, r=1 (Xe, Ar, He). The full line in AAAERAEARRALARARARAARLARRALARAREARANE
Fig. 2 is given by O Xe%-Xe 1

08+ 0O Xe%-Ar B

el = =(2.7x 10" B¥)qr/12. (12)
) . 06 .
The fair agreement between the experimental results and Eq. F
(11) lends some support to the model assumption, saying that $
at leastr electrons will be transferred to the projectile with 04r 7
100% probability if the impact parameter is smaller than .
R [5]. 02} .
(c)
B. Charge-state fractions for recoil ions S VN TS T P DU S
. e ) 15 20 25 30 35 40 45
The experimental charge-state fractlcﬁ’fi;q are given by o
Projectile charge state q
pmax
— tot
exf;— §=:1 (exga,qu)/(exﬂqo) (12) FIG. 9. Experimental probabilities for retaining two electrons on
P the projectile *P,=""0y, _,/(**oy g2+ 0 q-1) for the cases

d find th h v ind d f ectil r=2 (a), r=3 (b), andr=4 (c). In (a) we show results for He, Ar,
;rl]arg\(laestlant éutn(?értthegcil;’led'rt]'?)irtil\zzl(;;i%)enTﬁ'gtfgatp:ZJ'escn &nd Xe, while(b) and(c) contain results for Ar and Xe. The omis-
It . | u | ; ; X I ex _

displayed in Fig. 3, where we show the measured fractiong_y 0" e cross Secugnxg 7qq-3 and “ogq-y for r=3 and

e 9 $=4 in the denominator i} P> are of minor importance since they
for Xe projectiles of charge states=20, 25, 30, and 35. The  4re much smaller than the ones which are included.
four sets of data are very clogwithin a few percentbe-
tweenr =1 andr =7. Further, the recoil-ion charge-state dis-  From the success of the scaling la@$) and(11) for the
tributions are virtually the same for the two heavy noble gagotal-electron-capture cross section and for the cross section
targets(Ar and Xe), as we show in Fig. 4 with a comparison for removing at least electrons from the target one would

between Xé°"-Xe and X€%-Ar results atv~0.2 a.u. I expect the relative charge-state fractions to be given by
this figure, we have also included the $&-Ar results from

Raphaeliaret al.[2] at the slightly higher velocity of 0.3 a.u. fr=[r(1,/1)%=(r+1)(11/1,41)2]. (13
This phenomena was also documented by Schach. [12]

for slow Ne'®" ions colliding with the noble gases. Finally, This would also be well in line with the classical over-the-
it is evident from Fig. 5 that the recoil-ion fractions are alsobarrier model, which predict§'f;=(R?—R?,;)/R;. Note
independent of the projectile species from a comparison beghat Eq. (13) can be derived from the model expression
tween Art®T-Ar (from Ali etal. [13]) and present mfa for large values of] and reasonably small valuesrofA
Xe?5"-Xe results. comparison between model valy&g and the measured frac-

r
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tions are shown in Fig. 5. Although the model gives fair by Barany et al.[5] both for multiple-electron targets and for
results in relation to the measured valuesrferl, 2, and 3, He. Thus both models have limited success in reproducing
it is also clear that some of the rather prominent featureshe experimental relative recoil-ion charge-state distribu-
predicted by the model are missing in the experimental datdions.
According to the model, the variation cbiI as a function of If we, however, assume that the cross section for remov-
r should not be monotonic. Instead it should exhibit peaks iring exactly r target electrons is a constant,(r), times
the recoil-ion fractions which are associated with the re{2.7X 10‘13)qr/|r2 we get the following expression for the
moval of the last electron in an atomisubshell. Further, it  total-capture cross section
is clear that the experimental values for4 andr =5 are
considerably higher than the model values. The peaks in the
model distributions ar =6 andr=8 are due to the large
increases in the target ionization potentigiving compara-
tively large differences betwedR, andR,, 1). The experi-
mental recoil-ion fractions shown in this work clearly de-
crease monotonically with. In Fig. 6, we show recoil-ion If we further assume that the constantis independent of
fractions ®f; and ®f for Xe* -He collisions in the charge- r, the recoil-ion charge-state fractiorsfg, become
state range=11 toq=42[3,14]. The values from the clas-
sical over-the-barrier mod€l5], which are indicated by N
dashed lines in the figure, fail to reproduce the experimental scfrzr(llllr)z/ E [(1/1)2].
results. q = !
Although the model is reasonably successful in reproduc-
ing absolute capture cross sections for removal of a specified
minimumnumber of electrongcf. Figs. 1 and 2it is much  This formula has nay dependence, it contains no informa-
less accurate when it comes to the partition in cross sectiori#n about the number of core electrons on the projectile, but
for specified and exactumbers of removed target electrons, it is target dependent through its sensitivity to the target ion-
even on a relative scale. Raphaelietral. [2] evaluated the ization potentials. The sequences of the ratibg/I)? for
model by Niehau§6] for Xe3%"-Ar and since we have found differentheavyinert gases are very close and the sequences
that the recoil-ion charge-state fractions are independent aff scf; according to Eq(15) are virtually the same for Xe
projectile charge, species, and whether the target is Ar or Xeand Ar. This is in agreement with the experimental results
these results may be compared directly with the experimentdbr the heavy targets. Further, in contrast to Etp), Eq.
results for X&°"-Xe and Art®"-Ar (cf. Fig. 5. The results  (15) gives results for the He target that are very close to the
of the Niehaus model are very close to the ones of the modeixperimental values, as shown by the full lines in Fig. 6.

N
SCgtol= (2.7 10*13)12l [ex(iialt?]. (14)

(15
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C. Electron-removal cross sections

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

SCot=(2.7x10 g /( 22 [ (1,11 2]) (16)

usingR, from the model(5).

Note that formula(18) gives different results than the
classical over-the-barrier modé‘l‘oazw(Rf—
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 thabr fewer
than r electronswill be removed if the impact parameter lies

4133

FIG. 11. Experimental phe-
nomenological cross sections
Tqq-1 multiplied by 12 and the
sumE [yt )2] as functions of
the prolectlle chargey. 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 moderatg in the
two casedcf. Eq. (19)]. Data for
projectiles other than Xe are from
Refs.[13, 15, 17, 18

RZ, ). The

L betweenR, and R, ;. That is, different electron-removal
This is simply the product between the total-eIectron-captur%rocesses will compete at a given impact parantetexcept

Cross sectiorfcaaOt (10) and the recoil-ion charge-state frac-

tions Scf{q (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 mddg) and

the experimental results are shown for ®ecolliding with

Xe, Ar, and He in Figs. (®-7(c), respectively. From this

figure it is clear that the scaling Ia\?\?a{q (16) is much closer

to the experimental results than the model cross sections

ma{] (4) for r=2. The agreement is slightly better for Eq.

(16) than for Eq.(4) for r=1 and the He target, while the

opposite relation prevails far=1 and the heavier targets.
From the discussion in Sec. IV B it appears as if the cross

section for removing exactly electrons from the target is a

coefficientcg (target dependeh(B—He Ar, and Xg times

sz rather thann(R R? 7+1)- According to the assumption

Ieadmg to Eqs(14) and (15) ‘oy=cgx 2.7x10" 2qr/I?

cm?. Comparing this to Eq(16) we see that

N
cB=1/(j211(|1/|j>2), 17

which is 0.71 for He and 0.33 for Ar and Xe. As an alterna-
tive to Eq.(16) o; can be expressed as

N
Ua=wR5/ <]21 [J<I1/Ij>2]), (19
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FIG. 12. Semiempirical probabilitiesP{) for retaining one
electron on the projectile after initial transferroélectrons from the
target. The results are shown as functions of the projectile charge
g with r=2, 3, 4, and 5 for X8*-Xe collisions in the lower figure.
The upper figure shows a comparison fet2 for the three targets
He, Ar, and Xe(cf. tex{).
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for b>R,, where only single-electron capture is possible. we show in Fig. 11. There, we have plotted experimental
values of o -1 (present and othergl3,15,17,18 multi-

V. RELAXATION AND PHENOMENOLOGICAL plied by 1% and=;Vj(1,/1;)? as functions ofy. According to
CROSS SECTIONS Eq. (16), the products should then fulfill the following rela-
A. Decay of multiply excited states tion:
The partial recoil-ion charge-state fractid"ﬁf;'q,l and N N
eX! 42 for the projectile charge changes—(q—1) and Uq'q_lligl [ (11/1)2]=2.7 10*13qj2l PLi(11/1))?,

q—(q—2) are shown for X&”*-Xe and X&®"-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 th
relaxation processes for the multiply times excited pro-
jectile ion Xel9~"* are rather insensitive to whether the
target is Xe or Ar.

Figure 9 displays experimental relative probabilities
exp., for retaining two electrons on the projectilerit=2 (a),
r=3 (b), andr =4 (c) electrons were transferred initially. For N N
the first caser =2, we show results obtained with He, Ar, _ . .
and Xe. There are no significant differences between these *og'=(2.7x10 13)01].21 (1“12)/ 121 LI /1y)2,
three sets of resultsl6]. Forr=3 andr =4, we display re- (20)
sults for the two heavy targeté\r and Xe. Although there
are some small differences in a few cases, the general trend

are the same for Ar and Xe. We note the rather sharp in\—'\%'ch equals Eq(14). The phenomenological cross section

crease in the region betwean=28 andr =36, which is for one-electron retainment can then be expressed as
present in all three Fig$9(a)—9(c)]. We attribute these phe-
nomena to increased tendencies for radiative decay rathegc R N 2 N ] )
than autoionization when the number af 8acancies in the 0gq-1=(2.7X10 )qul (Pj/17) ,Zl NGUNNE
projectile increaseglL6). 21)

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 electrorjs Relying Formula(19) is obtained by a slight rearrangement of Eq.
on this law, we deduce semiempirical probabilities for retain-(21)' J.
ing one P}) and two (P}) electrons on the projectile if Fo_r moderateg and lowr, the P; values are clc_>se to 1
electrons were removed initially. This is done by dividing (¢ Fig- 12 and que i,'OPeS of tr21e two curves in Fig. 11 are
the respective measured partial cross secfitn, . , for ~ 9'VeN by 2.7<10 2 j(l1/1})*. The coefficients take the

: -13 -13
p=1 and p=2 with the expressior(16). The results are values 8.0<10 * for Ar and Xe and 3.&10 " for He.
shown in Fig. 10 forg=25, 30, 32, and 35 and there it can be This explains that there are two branches for the experimen-

seen that the sums of the probabilities for one- and twol@! data; one for He and one for the heavy target gases. The

electron retainment for=2 andr=3 are close to 1 in most latter data deviate from the linear behavior when the charge

cases. The latter is in agreement with the findings of Raphadcréases. This is due to the fact that the coefficiétitsn

lian et al. [2], who measured three-electron retainment and=d- (19 then no longer are close to 1 as is obvious from the
found it to be unimportanta few percent ofa_’aot) for  upper part of Fig. 12. The experimental data then fall below

multiple-electron transfer to 88+ projectiles. We also note the line since radiative relaxation becomes a more important

the similarities between the variations of the semiempirica rocess at hlghe?:q. Such a behavior |sot_observed for the
probabilities withr for the Ar and Xe targets. e 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-
The first scaling laws for slow collisions between highly electron processes is much less important in relation to true

charged ions and atomic targets were established for pheaingle-electron capture for He than for Ar and ¥@mpare

nomenological cross sectiong -, . We now know that the  Figs. 3-5 with Fig. & It is interesting to note that the two

number of removed electrons may be much higher than thbranches of data are expected to come close to each other as

number of electrons retained by the projectile and that autog increases as all values B (exceptPizl) decrease with

ionization, or cascades of autoioinzation processes, often afgcreasingq (see Fig. 12 In this highg limit all data will

very importanfcf. Eq.(3)]. At first glance, this may lead one fall on a common curve with the slope X720 %3,

to believe that attempts to identify simple scaling rules for

phenomenological cross sections are deemed to fail. To a VI. CONCLUSIONS

certain extent this is true and we have been unable to find a

scaling law for phenomenological cross sections, which is In this paper we have formulated semiempirical scaling

valid for light and heavy targets and for moderate and higtrules for removal of well-defined numbers of target electrons

g. Itis, however, possible to find some common features, affom various target atoms. In contrast to different formula-

(19

ﬁ’/\/hereP'l are the probabilities for retaining one electron on
the projectile wherj electrons are transferred initially. The
rationale of formula(19) can be understood by noting that
the total-scaling-capture cross sectié fft, deduced from
"Eq. (16), can be written

B. Phenomenological cross sections
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tions of the classical over-the-barrier model, this scaling lawprojectile fall on two different curves, one for He and one for
works equally well for He and heavier noble gas targetsthe heavier targets. It would certainly be interesting to check
Further, the experimental recoil-ion charge-state distributhe validity of the scaling by performing experiments with
tions are found to be much better described by the scalingther targets, preferably ones which are not noble gases, in a
than the classical models, in particular for the He target. Thaimilar high range of projectile charge states. It would also
scaling law correctly accounts for the observations that thée very interesting with experimental data in a much higher
recoil-ion fractions are independent of projectile charge, theharge-state regime.

number of projectile core electrons for a given projectile

charge, and Wheth(.ar.t_he target is Ar or Xe..We have finally ACKNOWLEDGMENT

discussed the possibility of establishing scaling laws for phe-

nomenological cross sections and, in particular, we noted This work was supported by the Swedish Natural Science
that the cross sections for one-electron retainment by thBesearch Council.
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