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Scaling laws for single and double electron capture irA%* +He collisions(q=Z,—2)
at low impact velocities
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We present empirical scaling laws, as a function of the projectile charge state, for single and double electron
capture in slow collisions between highly charged ions and He atoms at impact velocities of 0.1 and 0.5 a.u.
The fitting parameters are shown to be suitable for predicting the populated states in single and double electron
capture. The scaling law for single capture is found to be nearly independent of the projectile velocity in the
range 0.1-0.5 a.u. The same fitting procedure is followed for double electron capture at the velocity of 0.5 a.u.
since independent monoelectronic transitions, due to electron-nucleus interactions, are dominant. At this ve-
locity, the scaling law for the projectile charge dependence of double electron capture cross sections is found
to be similar to that for single electron capture. At the lower velocity of 0.1 a.u., where dielectronic processes
caused by the electron-electron interaction gain importance, the charge dependence of double capture cross
sections is strongly modifiedlS1050-294{@8)01706-3

PACS numbe(s): 32.80.Hd, 34.10tx

[. INTRODUCTION helium atom is an interesting target because it is easily pre-
pared in collision experiments and its electronic structure is
Electron capture processes involving highly charged ionshe simplest one for a theoretical treatment of double cap-
are of great interest in many fields of physics such asure.
controlled-thermonuclear fusioil] and astrophysical plas-  Nevertheless, it should be emphasized that a collision sys-
mas[2]. The main directions of these charge-exchange studem involving two active electrons forms a complex four-
ies have been oriented towards understanding the basigdy system whose analysis is still a challenge for the fol-
physical mechanisms governing the capture pro¢8ss].  |owing two reasons.
Theoretical[3,4] and experimental5—-7] methods were de- (i) The mechanisms that are responsible for capture are
veloped to detgrmme cross sections fo_r'total elec;tron capturgii under debatd17,19. Typically, two kinds of interac-
and cross sections for producing specific stgpestial cross tions are invoked to describe double charge transfer. These

sections. Fnechanisms are illustrated in Fig. 1, which shows the orbital

Particular attention has been devoted to the study o . ;
. - . o energies for the € +He system. First, the electron-nucleus
atomic collisions at low impact velocities(smaller than the . . : . :
interaction causes a two-step mechanism involving mono-

classical velocity of the target electrons involved in the cap- ) .
ture). For single electron capture in collisions of highly electrpnlc processes. For the example &f €He coII|S|o.ns,
charged ions on atomic targets, energy gain spectroscopy af§PSSings occur between the Hs drbital and a few orbitals
photon spectroscopisee, for example[9-17)) have been _of carbon, where the electrons from He can bg transferred
used extensively to measure with good accuracy the corrdfdependently of each other. Then configurations of near
sponding total and partial cross sections. In parallel, theore€duivalent electronsln’l” (n andn’ ranging from 2 to 4
ical methods, such as the classical trajectory Monte Carl@re producedFig. 1). The electron-nucleus interaction is
model [13], the classical over-barrier moddll4], the found to be dominant at velocities around 0.5 48]. Sec-
Landau-Zener moddl15], and molecular expansion close- ond, the small residual electron-electron interaction that is
coupling method$16], have been developed. From such ex-not incorporated in the independent particle model produces
perimental and theoretical works, the main features for singléynamic electron-correlation effects referred to as dielec-
charge exchangéotal and partial cross sectionsave been tronic processe$8]. As illustrated in Fig. 1 for € +He
explained over a large range of impact velociti@$ collisions, this dynamic electron correlation is likely to cre-
The situation is quite different for multiple electron cap- ate configurations of nonequivalent electrontn’l’ (n’
ture. This is partly due to the fact that the number of active>n) where one electron is transferred into thedbital of
electrons involved is larger, leading to a more complex.carbon, while the second electron is excited into a high-lying
many-body problem. The second difficulty lies in the high Rydberg orbital(e.g., 8') [17,20. These dielectronic pro-
number of molecular states necessary to describe the collcesses were found to play a decisive role at very low veloci-
sion. In order to reduce these difficulties, experimentdies[21,22.
[7,17,19 and calculation$16] were devoted taloubleelec- (i) Agreement between different theories is quite poor
tron capture from a helium targéivo active electrons The  [3,4]. Discrepancies occur also between theory and experi-
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FIG. 2. Experimental cross section§C for producing a givem

state relative to the total single capture cross sectim@% as a

function of the projectile charge i +He collisions (odd n,

4l solid circles; evem, open circles Collision velocities of about 0.5

and 0.1 a.u. are represented in the top and bottom figures, respec-

ch tively. Gaussian curvesolid line9 are used to fit the experimental
]\J data. Calculations using a multichannel Landau-Zener m&igl
ol el ] for a projectile velocity of 0.5 a.u. are compared with the experi-
10° 10' 10° mental datdoddn, crosses; even, pulse$. Dashed Gaussian lines

Internuclear distance (a.u.) extrapolate experiment fon values larger than 5. The data are

taken from the following references: for~0.5 a.u.,q=1 [28], q

system showing uncorrelatéthclined arrows and correlatedver- =_2 [47], a=3 [30], q=£1[32], q=5. [33], a=6 [34], qfs [35],
tical arrows double electron capture. These processes produce coft= 7:9:16,17[37], andq=10,18[36]; for v~0.1a.u.,q=1 [28],

figurations of(quas) equivalent and nonequivalent electrons, re-d=3 [30], q=4 [32,22, q=5 [32,33, q=6-8[12], q=9 [48],
spectively. andq=15-17[49].

FIG. 1. Diagram of orbital electron energies for thet{i8e)®*

ment for the velocity dependence of the cross secti@d%  populating a state of the projectile with principal quantum
Although relative cross sections were extensively measuredumbern. From the experimental data, the ratiog/ o,
(see, for exampld17-20), absolute cross sections are miss- (o, is the sum of the partial cross section overare de-
ing in most of the experiments. termined as a function of the projectile charge. A simple

However, attempts were made to find general trends an C:'L”fﬂ?gjj;gﬁgru;%ddg% C.?rr:]e ?la;id%';ﬁ]ocagﬁglatg:j dlasrleng
scaling behaviors of single and multiple capture cross sec- ' 9 P

tions. Miller and Salzborr23] concentrated their effort on is followed for the experimental double capture data in order

. ; : . to obtain a similar scaling law. The present study is divided
total single capture cross sections in a large velocity range

Hence it was possible to reveal basic features of chargg}g)ret(\jlvowﬂgg'mzr:%;zgfgxiCrar;ggeggzléngrg'gog{i%i ex-
transfer collisions with multielectron targets. Iwetial. [24] P ' P

reported one-electron capture cross sections for higthetalls of the results are discussed in conjunction with the

charged ions in collisions with helium at impact energies%apture mechanisms for particular systems investigated pre-

lower than 8 keV (v<<0.3 a.u.)(q is the charge of the pro- viously. .Then we focus on 'OWeT velocities~0.1 a.u.)
jectile). Absolute cross sections were measured as a l‘unctio\ﬁvhere dielectronic processes gain importafis.
of projectile chargeq and compared with a classical one-
electron model24]. Very recently, semiempirical scaling
laws were formulated for absolute cross sections for multiple
electron capture from different targetse, Ar, and Xe [25]. Figure 2 and Table | show experimental single capture

Apart from these works, there is still a considerable neegatios 5% ¢5C obtained at collision velocities of about 0.5

for additional studies in order to understand many importangng 0.1 a.u., as a function of the projectile chaggeThe

features. For example, only little is known abagpartial uantity o> is the cross section for producing the singly
cross sections for double electron capture. In the prese'ﬂxcited statesA@~D*(nl) during the collisionA%" +He

work, we investigate double electron capture in the coIIisionsI.he quantitycrsc
tot

Il. SINGLE ELECTRON CAPTURE

is the total cross section for single electron
A% 4+ He(152)— A~ 2*(nin’l") + He?™, (1) transfer from the target onto the projectile, i.e., the sum of
the cross sectionsﬁC overn. Many experiments were per-
whereq=Z—2 andZ is the atomic number of the ioA%" formed for chargeg<10[28-36§. For higher charges, only
[26]. a few results exist. For example, in the range 11-15, to our
In this paper single electron capture is first reviewed. Th&knowledge, no data are available. Very recently, measure-
main attention is devoted to partial cross sectiensfor  ments using recoil-ion momentum spectroscopy were per-
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TABLE I. Experimental cross sectionsy” (n=2-5) for pro-  the selectivity of the single capture process. The values ob-
ducing a givem state relative to total single capture cross sectionstained from the fits are listed in Table II.
oy in A% +He collisions =4-7) at the velocity ~0.5 a.u. In For both projectile velocities, the principal quantum num-
the last row the total single capture cross sectim@isdeduced from  per n increases with the centey,(n) of the Gaussian
the scaling law formulated in Ref25] are given.q=4 [32], 4 curves(Table Il and Fig. 2 Also, for n<4 the amplitude
=5[33], q=6 [34], andq=7 [37]. ao(n) has a value of nearly unity, indicating an extreme
selectivity in collisions involving projectile charges close to

on T OmaxN), Where only a unique final state is produced
n q=4 q=5 q=6 q=7 (05%055~1). However, for highen values, ag(n) de-
creaseg0.7 forn=7) since the selectivity of single electron
2 0.8 0 0 0 capture is reduced when the projectile charge is larger than 9
3 0.2 1 0.88 025 (Fig. 2. Accordingly, the widthAq(n) of the charge distri-
4 0 0 0.12 0.73 bution increases with increasimg(Table II). This reduction
5 0 0 0 0.02 of selectivity results from the decreasing difference between
oS¢ (10715 cn?) 18 29 27 31 the binding energies of the states when higin-values are

involved. This characteristic feature has already been pointed
out for A" +H collisions[9].

T . From the knowledge of the quantitiag(n), qm,ad{Nn), and

+ m

formed for A" projectiles involving charges from 16 to 18 Aq(n), the scaling law given in Eq2) can be improved

[36,37. ing the fitting functi
From Fig. 2 it is seen that single electron capture is quite'JSIng © fitting functions

selective at both velocitie€.1 and 0.5 a.ii. especially in Urma M) = Ao, 3
the case of projectile charges lower than 6. In this range of

charges, the number of states produced by single electron Aq(n)=Agy+Aqyn?, (4)
capture with significant probability does not exceed 2. For

example, single capture populates only the state$ and 4 ag(n)=exg —(n—4)/t] (with n=4), (5)

in N8 -+He collisions[34] (Fig. 2). Moreover, eacln state is

populated within a restricted range of projectile chatge whereq,, o, Aqy, Ag, B, andt are fitting constants. These
Hence, from the available data at both velocities, it is posparameters are given in Table IIl. Since Fig. 2 shows that
sible to extract charge distributions for givenstates. In  q__(1)=1, the quantityq, is close to unity. Furthermore, the
particular, for values of the principal quantum numbefn  amplitude a, is constant and equal to unity far values
=2-5 and 7, Gaussian curves were used to fit the experiranging from 1 to 4Fig. 2 and Table ). Within uncertain-

mental ratiosoy o shown in Fig. 2. As a function of the ties, the parameters deduced from the fits remain constant in
chargeq, each ratioory % oy was written as the whole velocity range presently studied. The fitting pa-

rameters given in Table Il were used to perform extrapola-
tions for highera values 6=6-9). It is seen that the ex-
perimental data are well represented by the corresponding
Gaussian curve@ashed curves in Fig.) 2Furthermore, the
whereag(n), qma{n), andAq(n) are fitting parameters. The use of these additional fitting parametéfable IlI) is likely
guantitiesag(n) andq,,{n) are the amplitude and the center to allow the prediction with good approximation of the ratios
of the charge distribution, respectively, addj(n) is the aﬁclcrtsof for projectile charges larger than those presently
reduced width. The center,,,,(n) characterizes the most fa- studied.

vorable charge for populating orbitaid of the projectile. It is of interest to compare the above-described charge
The amplitudeag(n) and the widthAg(n) take into account distributions with model calculations. Hence calculations us-

ond orr=ag(n)exp{ —[q—amadM17[Aq(N)]%, (2)

TABLE II. Values of the fitting parameters of the Gaussian cuies. (2)] characterizing the charge
distribution in single capture foh9" + He collisions(Fig. 2) at projectile velocities of 0.1 and 0.5 a.u., as a
function of the principal quantum numbemopulated during the collision. The uncertainties result from the
standard deviation of the fitting procedure.

Omax Aq 2
n 0.5 a.u. 0.1 a.u. 0.5 a.u. 0.1 a.u. 0.5 a.u. 0.1 a.u.
1 1 1 1.0-0.3 1 1
2 3.1+0.2 3.4+0.2 1.4-0.2 1.2-0.3 1 1
3 5.5+0.3 5.5-0.2 1.3+0.1 1.3+0.2 1 1
4 7.9+0.3 7.7+0.2 1.6-0.1 1.4+0.2 1 1
5 10.70.4 1.740.2 0.9-0.1
6 2.1+0.2
7 16.4-0.5 15.8-0.2 2.8:0.2 0.7+0.1 0.8-0.1
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TABLE IIl. Fitting parameters foq distributions following singléSC) and doublgDC) electron capture
in collisions of A%* + He at velocities of 0.1 and 0.5 a.u. The experimental ratif$ oy and o/ o are
characterized, for eaahvalue, by a Gaussian curve centered|at,(n)=qon“. The width and the amplitude

of the corresponding Gaussian curves are obtained g(®)=Aqy+Aqn? and ag(n) =exd —(n—4)i],

respectively.
Fitting parameters
Capture v (a.u) do a Adqp Aq (X107) B t
SC 0.5 1.30.1 1.3:0.1 1.+0.1 2.3:0.5 2.1+0.6 8.2-1.6
SC 0.1 1.40.1 1.3t0.1 1.1+0.2 1.0:2.0 2.6:0.7 11.5:2.3
DC 0.5 1.9-0.1 1.3:0.1 1.5 1.1 3.4

ing the multichannel Landau-Zener mod@7] were per- Nevertheless, due to the large valueZofthe influence of the
formed for a projectile velocity of 0.5 a.u. The calculated core is neglected in the first approximation.

ratios o, osc are also shown in Fig. 2 as a function @f A fit procedure similar to that described above for single
(5=qg=14) for n values up to 7. These results agree wellelectron capture was applied to obtain scaling laws for the
with the experimental data and the same projectile chargeharge dependence of double electron capture. First, Gauss-

dependence is obtained. Moreover, these calculated valuéan curves similar to those given in E(®) were used to fit

are quite consistent with more sophisticated calculationghe experimental ratios;~/ o shown in Fig. 3. The values
[33,38,39,50 obtained for the fitting parametetg,,(n) and Aq(n) are
listed in Table V. The reasonable value of unity was taken
IIl. DOUBLE ELECTRON CAPTURE for the amplitudeay(n). Then the characteristic quantities

_ Omad{N) and Ag(n) were expressed using relatiof® and
The rather good agreement between experiment and th@) The corresponding fitting constants obtained are listed in
model calculations$Fig. 2) suggests that double electron cap-Tgple 111

ture can be parametrized in a similar manner if the two cap- A comparison between Figs. 2 and 3 shows a similar be-
ture events are independent. At velocities around 0.5 a.Upayior for double capture ai=0.5a.u. to that for single
double capture principally occurs by means of monoeleCeaptyre. The most favorable charge for producing a given
tronic processes, giving rise to two independent one-electroeqriesnin’l’ increases with respect to the quantum number
transitions[8,17]. Thus charge distributions similar to those Moreover, the width of the double capture Gaussian
for single electron capture are expected for double electrop . es increases with increasingand, in turn, at high pro-

capture av=0.5 a.u. jectile charges(Fig. 3. As mentioned above, similarly to

single electron capture, double electron capture vat
A. Charge distribution at 0.5 a.u.

Experimental ratiosoD/oRC for double capture are
shown in Fig. 3(see also Table IV The cross section,'?C is
defined as the sum over the quantum numipérk,|’ of the

cross sections >, ,, for producing doubly excited states due g
to the configurationsln’l’, with n’=n. The quantityohc
is the total cross section for double electron transfer from the g~
target onto the projectile. A detailed analysis of double cap- °
ture is more restricted than for single capture due to the low
number of experimental data points. Published results are
available predominantly for projectile charges smaller than
11. For the particular charges=7 and 8, we performed
additional measurements using Auger electron spectroscopy 0 oo

and the results are also shown in Fig. 3. Analysis of the 2 4 6 g8 10 12 14 16 18
N’*+He system shows that the configuration seri&s’ P Projectile charge

(n’>3)_ represe_ntSV_lO% of the total dOUbl.e Captu(é'able FIG. 3. Experimental ratiosrnclaf(’,tC for double electron cap-
IV). This result ,'S dlﬁgrent from that obtained in RgA0], ture as a function of the projectile chargeAfi* +He collisions at
where the configurationsl@’l” were not observed. HOW-  yhe velocityy ~0.5 a.u.(oddn, solid circles; evem, open circles
ever, the present value of 10% is confirmed by measurérne quantitys°C is defined as the sum over quantum numbers
ments using recoil-ion momentum spectroscopy. 1, 1" of cross sections><,,, for producing configurationaln’l’.

In addition, we have conducted measurements for highegayssian curvessolid lineg are used to fit experimental data.
projectile charges by using AF and Ar®" ions colliding  pashed Gaussian lines extrapolate experimenhfed and 5. The
with He. The spectra show that the serid®'4’ (n'=4)  data are taken from the following referencgs: 2 [51], q=4 [42],
and 9n’l" (n’=5) are mainly populated. It is noted that q=5 [52], =6 [8], =7 (present resulis q=8 (present results
Ar'*" has a charge a—4, i.e., the ion has asf2s? core.  and Ref[43]), q=10[17], andq= 14,16 (present resulis

104

12 L we* c* ¢ ¢ N* o Ne

1sn'l' 2in't 3n' 4’

D
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TABLE IV. Experimental cross sections-© (n=2-4) for pro-
ducing a givem state relative to total double capture cross sections 1.0
oR¢in A" +He collisions g=5-8) at the velocity ~0.5 a.u. In 0.8
the last row, the total double capture cross sectioff§ deduced 06
from the scaling law formulated in Reff25] is given.q=5 [42], 04
=6 [8], andqg=7,8 (present resul}s 02
081058 5 O )
n q=5 q=6 q=7 g=8 \b
8. 10
2 1.0 0.76 0.10 0 b%
3 0 024 086 093 08 33/ 3040
4 0 0 004 007 06 - N
04 L ‘ \ 3¢50
o2 (10726 cnP) 5.1 6.2 7.2 8.2 ol e S
’ e ey, o
0 L L) SEE Sl A
5 6 7 8 9 0 11 12
=0.5 a.u. is mainly caused by monoelectronic processes due
to independent electron-nucleus interaction, populating pre- 1.0 |-
dominantly configurations ofnearly equivalent electrons 08 4044 4050
nin’l” (n’~n) [17,20. The observation of similarities be- 06| AR
tween single and double capturewat 0.5 a.u.(see Figs. 2 04 L R arel
and 3 can be explained by the dominance of monoelectronic 02l ‘ . \
processes. o e - e
8 10 12 14 16 18
B. Partial double capture cross sectionsr, <, Projectile charge
Based on the success of the scaling k@ to represent FIG. 4. Experimental ratios /b for double electron cap-

the charge distributions for single and double capture at @yre as a function of the projectile chargeAfi* + He collisions at
velocity of 0.5 a.u., we turn our attention to the partial crossyelocities ofv ~0.5 a.u. The experimental data for=2 and 3 are
sections a?ﬁ, for producing the configurationsiln’l’ presented in the top and middle figures, respectialy=n, ®;
(summed ovel andl’). As mentioned above, due to the n'=n+1, B; n"=n+2, A). For each complexr(,n’), Gaussian
dominance of monoelectronic processes at this velocitycurves are used to fit the experimental ratidashed curves In
double electron capture can be treated as two independeﬁ@ditionv for eachm vaIlDJe, the solid curve exhibits the expected sum
single captures. Hence, for a givarvalue, a similar behav- overn’ of the ratios<rnf],/at%f that are derived from the Gaussian

ior is expected for the charge distribution of the partial crossurves given in Fig. 3. The data are taken from the following ref-

: DC erencesq=>5 [42], g=6 [8], q=7,8 (present resuljs andq=10
sectlon.s(rn’n, : e . . [18].
Partial cross sections,, -, relative to total cross sections
DC /

are shown in Fig. 4 as a function of the projectile . .
Ttot 9 P ]Dc rather small. For the particular case d¢h4l’ (bottom of Fig.

.Chzr%.e’ Ztthe |rt;1pact Vekl)lcl:lg qfO.S %g'. T?: quantlty]{t?;] 4) no experimental data are available tpvalues larger than

is defined as aboveSec. lll A), i.e., oor is the sum of the 5 "pyence no attempt was made to formulate a scaling law
cross sectiong ', overn andn’. Charge distributions for o the configurations presented in Fig. 4.

the configurations th’l” and dn’l" (n"=n-n+2) are de- However, to visualize the dependence with respect to the
rived from experimen8,18,42,43 It is noted that the num-  projectile charge, Gaussian curves were used to fit the ex-

ber of experimental data for partial cross secti@%ﬁ, IS perimental ratios(r,?’i,/at%tc for each configuration I&’l’
and dn’l’ (dashed lines in Fig.)4 A reproducible behavior

TABLE V. Values of the fitting parameteig,,« andAq of the  is observed. Similarly to single electron capture, the higher
Gaussian curvefEq. (2)] characterizing the charge distribution in the projectile charge, the higher the principal quantum num-
double capture foA?" + He collisions(Fig. 2) at projectile veloci- bern’ (for a givenn) of the populated states. Thus configu-
ties of 0.5 a.u., as a function of the principal quantum number rations of equivalent electromdn’l’ (n=n’) are dominant
populated during the collision. The value of unity was taken for thefor g<0Qmadn), Whereas the population of configurations
amplitudeagy(n) (see the tejt The uncertainties result from the nin’l’” with n’=n+1 increases for h|gher Charges_

standard deviation of the fitting procedure. To allow a further discussion for the configurations
4In'l", approximate Gaussian curves that are similar to
n Omax Aq those found for the configurationdr2 |’ and 3n’l’ were
1 2 15 plotted (bottom of Fig. 4. Within the series ¥’l’ (n’
2 4.9+0.2 1.6-0.3 =4), itis seen that the configuration$44’ are expected to
3 8.3+0.1 2005 be predominantly populated for charges smaller than
4 12.3+0.1 2.7+0.4 qma>&4)%12- Thus the I’ati(D'Zil,/O'?lCSl, is Ilkely to be no-

ticeably larger than unity in N&"+He collisions at an im-
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=4,5) significantly decrease in favor of the configurations

12 He” O A Ne'™ 3In’l’ (n'=6) [22] for very low velocities. For this system,
tsnt 2In' 3in't the cross section for populating the configuratioria’8’
e A S (n'=6) was found to be about three times larger than that
& o8l for populating the configurationsld’l’ (n’ =5,6).
g\: » In Fig. 5 it is seen that Gaussian curves are unlikely to fit
o 06

the experimental data for charges up to 10. Therefore, no
simple scaling law is possible at this low velocity. Neverthe-
[ \ o less, it should be recalled that similarities occur with the
02f R C®" +He, N&° +He, and A" +He systems at =0.5 a.u.
ol .." \25 O/’ (see Fig. 3 At this higher velocity, the double-capture data
— e points for collisions of €, Net®", and A*** on He are all
Projectile charge on the right-hand sides of thel2l’, 3In’l’, and 4n’l’
Gaussian curves, respectively. Therefore, it would be inter-
FIG. 5. Experimental ratios'?%/ ¢S for double electron cap- esting to investigate the At +He system ab =0.1 a.u. so
ture as a function of the projectile chargeAfi” +He collisions at  as to confirm the enhancement of the nonequivalent electron

velocities ofv ~0.1 a.u.(oddn, solid circles; evem, open circles configurations 4n’l’ (n’>n) when a projectile charge as
Dashed lines are to guide the eye. The data are taken from thgigh as 14 is used.
following references:q=2 [51], q=4 [22], q=5 [52], q=6

[22,53, q=7,8 (present resuljs andq=10[18].

IV. CONCLUSION

pact velocity of 0.5 a.u. Recently, this qualitative expectation EMPpirical scaling rules for single and double electron cap-
has been confirmed in Auger electron spectrosd@@yand ture from a He target were obtained. Partial cross sections

recoil-ion-momentum Spectroscod\ﬂ_4,4a measurements, relative to total cross sections were studied as a function of

where a value OffZiV/UZ%l,NZ was found. Experimental the projectile charge at velocities of about 0.1 and 0.5 a.u.

and theoretical works are suggested to provide more quanti-iS Work complements systematic studies of total cross sec-
tative information on partial cross sectioagi,. tions in the case of collisions between highly charged ions
: and atomic targetR23—-25.

For single capture, the formulated scaling law is nearly
the same at projectile velocities of 0.1 and 0.5 a.u.vAt

At a velocity of ~0.1 a.u., the charge distributions dras- =0.5 a.u., good agreement was found between Landau-
tically change, as shown in Fig. 5. Despite the small numbepener model calculations and the experimental scaling law.
of experimental data, this ﬁgure shows some Signiﬁcant feaThiS agreement Suggests that the f|tt|ng Constmb|e |||)
tures. First, double electron capture becomes strongly selegap pe applied to high projectile charges=(20) as well to

: [ : : DC, DC P . . } . .
tive, giving rise to ratioso; /oy @s large as unity when predict with good approximation the corresponding cross

favoring a unique configuration seriesn’l’ (defined for a  ggction ratiosr 59 o5
i AN ry’ 1 n ot *

givenn \{alue. Also, Fhe an’l" and a.n I SEries are pro- Similar techniques were applied to double electron cap-

duced with a probability close to unity in a wide projectile

ture at velocities of 0.1 and 0.5 a.u. An important velocity
charge range. quever, very strong charge dependences_ ac{gpendence was observed for the cross section ratios
observed in restricted charge ranges. For example, in goi

ngDc DC ;
) : /oy due to the mechanisms that govern double capture.
from charge state 6 to 7, the raiid,“/ oo nearly vanishes, _n ' “tot o . o

J 9ot y First, at a projectile velocity of 0.5 a.u., the charge distribu-

C, DC
/ . )
T tions were found to be close to those for single charge trans-

C. Charge distribution at 0.1 a.u.

whereaso3%/ oR¢ increases from nearly 0 to unity.
This specific selectivity observed for double electron cap-

ture atv =0.1 a.u. is caused by the dominance of dielectronicfer and a scaling law was extracted from the experimental

1 H 1 ry’
processes at very low impact energies. In particular, as sugf—a/ta' Furthermore, production of the configuratioria’l
gested in the discussion of Fig. 1 for the example of a proln’ <n+2) for a givenn value was found to be similar to
jectile charge of 6, the emergence of dielectronic processé@at for single electron capture. Thege similarities were re-
favors the production ohonequivalentelectron configura- lated to the double capture mechanisms. Due to the domi-
tionsnin’l’ with n’ values noticeably larger than While ~ nance of monoelectronic procesgekectron-nucleus interac-
such configurations were shown to be slightly populated afions) at 0.5 a.u., double electron capture was considered as
velocities larger than 0.5 a.{20], they were found experi- two independent single capture events. Therefore, since the
mentally to become dominant in very slow collisions. For He-target electrons occupy initially a configuration of
example, in " +He collisions, the cross sections for pro- equivalent electronssf, configurationsiin’l’ (n’<n+2)
ducing the configurations18’l’ (n’=6) noticeably in- of nearly equivalent electrons are predominantly populated at
crease with decreasing projectile velodi80]. The same re- v=0.5a.u.
sult was recently found for the®+He systen{46], where At the impact velocity of 0.1 a.u., the charge distributions
a strong enhancement of cross sections for the production ¢ér double capture change due to the emergence of dielec-
the configurations gn’l’ (n’=6) was observed when the tronic processes. These processes lead to a specific selectiv-
velocity decreases. Similarly, in & +He collisions, rela- ity, favoring the production of nonequivalent electron
tive cross sections for populating configuratiorls 4’ (n’ configurations nIn’l” (n’>n) [22]. Consequently, the
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similarities at =0.1 a.u. between single and double electronprocessesand the electron-electron interacti¢dielectronic
capture vanish and no simple scaling rule could be derivegrocesses In particular, it would be of considerable impor-
for the projectile charges investigated experimentally ( tance to verify the production of nonequivalent electron con-
<10). More experiments in a wider range of projectile en-figurations at 0.1 a.u. when ion charges significantly larger
ergies are needed to better describe the velocity dependend®n 10 are used.

of double electron capture.

It is noted that the electron-nucleus interaction is en-
hanced with increasing projectile charge. Hence, for the case
of very low impact velocities, the investigation of double  We gratefully thank J. A. Tanis and N. Stolterfoht for
electron capture using higher projectile charggsanging their comments on the manuscrigtl.-Y.C) is much in-
from 11 up to 20 is suggested to study the competition debted to the Alexander von Humboldt Foundati@®er-
between the electron-nucleus interactimonoelectronic many) for its support.
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