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Extended description for electron capture in ion-atom collisions: Application of model potentials
within the framework of the continuum-distorted-wave theory
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We perform an extension of the continuum-distorted-w@®@W) approximation for single electron capture

by introducing model potentials to describe the interaction of the active electron with the residual-target and
projectile ions. The cross sections for electron transfer in collisions of bare and dressed projectile ions with H
and He atoms are calculated and compared with experimental data and previous CDW calculations that make
use of approximate analytical wave functions to represent the active electron initial and final states. For
electron capture in proton-He collisions into definite final states the present calculations are in better agreement
with experiments. We trace the differences in the results from both models to a different behavior at projectile
scattering angles close to the Thomas peak. In the case of dressed projectiles with different charge states
impinging on H and He the present version of CDW gives a better representation of the filling of the unoc-
cupied orbitals of the dressed ion and, therefore, of the cross section as a function of the impinging ion charge
state.

DOI: 10.1103/PhysRevA.65.052720 PACS nuntber34.70+e

[. INTRODUCTION calculation, which allows one to study the effects of electron-
electron interaction in single and double transfer and transfer
The study of electron capture in ion-atom collisions hasionization processes. However, an extension of this scheme
been considerably advanced during the last dec&egs, to more complicated systems in which both the projectile and
reviews in Refs[1-3]). Of particular interest are the me- target have many electrons, seems outside our present capa-
dium and h|gh impact energy domains where perturbativ@ilities. Therefore., we have chosen to l,!se the independent
approaches provide a good account of the process. electron model with the most accurate single-particle model
The roles of different mechanisms leading to charge tranghotentials to represent the interaction betwe_en.the active
fer, such as energy resonance, single and double scattering @ctron and the screened many-electron projectile and tar-
the captured electron, etc., were explored in detail during thget Wh'le this method neglects Qynamlcal COI’I’G|§IIIOH and
1970s. However, almost all theoretical studies have been ca akes into account only to a certain extent the static correla-

. : ion, it allows one to study in a single framework the cases of
ried out for the simplest three-body system. On the Contrarymultielectronic targets ar){d of dregsed projectiles.

texperm;nlc_ar_]ts hav? neg;l);]excl(LjJSN?Iy b(?en done_on Imulnelec- As indicated above a crucial ingredient of the independent
ron coflision systemsg-L,sf and only a few on SIMpI€ SYS- g\actron model are the model potentials used to represent the

tems. ; g :
: many electronic target and projectile. However, the descrip-
Different methods have been developed to extend threg;o, of the static potentials usually involves additional ap-

body models to more complicated systems. The first attemptg;oximations in the applications of the model. One of the
were done using the independent electron meeW) [1],  most essential approximations lies in considering the general
where a given “active” electron is assumed to evolve inde-collisions process where both the projectile and target bring
pendently of the others in the Coulomb field of colliding electrons into the collisions and the static field on one of the
heavy nuclei screened by a static potential of the other “pascollision partners, usually the projectile, has been described
sive” electrons. The main limitation of IEM lies in the inclu- by a simple Coulomb field with effective charge, while the
sion of electron-electron interaction, and so the model is exaveraged potential based on the Hartree-Fock scheme has
pected to provide a good description of the collision processften been employed for the other partner. This means that
where the correlated motion of the electrons are negligible irthe interaction between active and passive electrons has been
the collision[4]. At the same time as it is well known that it treated asymmetrically in the incoming and outgoing chan-
is very difficult to treat the many-electron problem when all nels[3]. Of course such restrictions were reasonable in the
interactions are included in the calculation. Such treatmengarlier application of more involved three-body theories,
allows one to study in detail the effect of the electron-such as the CDW model. However, it is obvious that, if the
electron correlation, and, therefore, to test the approximafield of passive electrons has been poorly approximated, or if
tions introduced in the independent electron mof€]. these fields have inconsistently been used in the different
Among the very few studies along this directipfil more  collision channels, it might considerably affect the actual
recently the continuum-distorted-wa €DW) model has values of the calculated quantities. This makes the judgment
been devised to include all interactions in the four-bodyon the validity criteria for the application of the three-body
treatment[5-7]. Two active electrons are included in the model and IEM very difficult. Therefore, in those processes
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where there remain discrepancies between experiment arad screening by the passive electrons is discussed. Conclu-
theory the following question arises: are the discrepanciesions are drawn in Sec. IV. Atomic units are used, unless
due to the electron correlation effect or are they related t®therwise stated.

some shortcomings of additional approximations introduced

on top of the IEM? In our days the computational facilities Il. THEORY

makes it feasible, as it will be shown here, to apply the IEM
to a collision where the fields statics electron both on the
projectile and target are represented in a more accurate Wa?f
In this case the interaction between the projectile and the
target electrons will greatly differ with respect to that of a
bare ion, specially at small distances where the reaction tak
place.

In this work we will employ the perturbative CDW mode
within the framework of the independent electron model
taking particular care to represent the target and projectil
bound and continuum wave functions in the most accurat
form. With this objective we will extend the continuum-
distorted-wave model for single-electron capture to the most 1
general case of collisions between multielectondressefl H=—=V2+ V(9 +Vp(X), (2
ions and atoms within the framework of the independent 2
electron model. " :

The CDW mode[8,9] is one of the most successful mod- wheres, X, andr denote the position vector.s of the afnve
els at medium and high impact energies. It belongs to a fam€!€Ctron with respect to a reference frame fixet, B

esp . a
ily of multiple scattering approaches and includes contribu2Nd to the midpoint of the internuclear separatAsii -B*.

tions from higher-order scattering terms in the conventionall '€ PotentiaV, (Vg) qrescrlbes the interaction between the
Born seried3]. Despite a few deficiencies discussed in Ref.2ctive electron and\?™ (B™). In Eq. (2) we neglect the
[10] the CDW model has major advantagés: it accounts mternuclea}r mteracnon smce_lt plays no r_ole for the total
for the long-range behavior of the Coulomb potential andcroSS sections or the Q|ﬁerent|al cross sections at small scat-
includes distortions in the entrance and exit channels offing angle that we will study heid]. _
equal footing,(ii) the scattering amplitude is given analyti- !N the three-body formulation of the CDW model the dis-
cally in the case of Coulomb potentials and if the wave functorted waves are introduced as follop&9J:

tions are developed in a linear combination of Slater-type
orbitals [1,3], (iii) the model gives reasonable agreement

Let us consider the transfer of one electron from the target
omB to a projectile ionA%* with chargeq+,

AT +(e—BT)—A@ DT+ BT )

ere one electron fromd is supposed to be captured inde-

| pendently of the other electrons, that is, the former is active
and the latter(passiveé remain frozen during the collision.

'We adopt here the semiclassical treatment where the heavy

%rojectile moves along a linear trajectory, so that the elec-
ronic Hamiltonian is given as

& =0i(X)E; _,(NN(va)1F1(iva;liivs+iv-9)

with experiments for_a number of collision systems. In the_ :(Pi(X)Ei,—v(r)Dtv(ZA1S)
case of multielectronic targets, except the very recent appli-
cation of four-body collisions, the model has been limited by =i(X)E; _,(nNexpiv-9) ¢’ (Za,9), 3

the use of Coulomb potential with an effective charge to
describe the distortion by the residual-target ion. In the & = o1(9Es o(NN(wg)1F1(—ivg;1;—ivX—iv-X)
present extension of CDW the potential due to the projectile

and target nuclei and the passive electrons bound to them are =@i(9)Ef ,(r)D, (Zg,X)
represented by spherically symmetric model potentials in ) B
both the initial and final channels. Therefore, the active elec- = @i(9Es p(rexp —iv-x) ¢, (Zg,X), 4)

tron evolves in a two-center potential defined by these two

model potentials. This allows for a more accurate description"{"'th

of the initial-target and final-projectile bound states and of

the distortions in both channels. Similar extension of the E =ex+1u'r—i3u2t—iet )

CDW and symmetric Eikonal models have already been mu 2 8 "

achieved for ionizatiofl1] and excitatior] 12], respectively.

For electron capture, a scheme to go beyond the limitation ofvherewv is the collision velocity,;F; denotes the hypergeo-

Coulomb distortion by the target ion was proposed bymetric function, ande; s are the binding energies of the ac-

Bachauet al. [13]. However, their extension is not easy to tive electron in the initial and final states. In this way the

apply as it based on analytic expression of numerical wavénitial (final) distorted wave function represents an initiél

functions. The present application goes also beyond thisal) bound state distorted by a multiplicative factor that takes

limitation. into account the fact that the active electron is simulta-
The layout of the paper is as follows. We will discuss theneously in a continuum state of the projectitesidual tar-

extension of the CDW model to the collisions between mul-get ion. These factors ensure that the initial and final dis-

tielectron targets and dressed ions in Sec. Il. In Sec. Ill, theéorted waves satisfy the correct asymptotic conditions for

results for single electron capture in collisions betweeéh H long-range potentials. The bourdand continuumy wave

andA2~%" with H and He targets are presented and the roldunctions are solutions of the equations
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1.,
_EVX,5+VX_€i,f ¢ =0, (6)

¥, =0 7)

1

with v=2Zy /v, Zyx denotes the charge of nucleXigX stands
for A or B) and N(v)=expn/2)I'(1—iv). The distorted
waves(3) and(4) satisfy the equation

& + +
(H—iﬁ) &=~ (Ve VI, ®
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functions from Clementi and Roeftl5] for the bound elec-
tron in the initial state and a Coulomb function with an ef-
fective charge for the continuum distortion on the captured
electron by the residual target iggee Eq.4)]. This exten-
sion of the model aims at obtaining an analytic expression of
the transition amplitude, however, at the expense of using
different potentials for the interaction of the active electron
with the target ion é-B™) in the initial and final channels.
Bachauet al.[13] modified this model by solving the Schro
dinger equationg6) and (7) numerically with the same
model potential for the electron-target ion interaction in both
the initial and final channels. In practice, the continuum
wave functions(7) were expanded in terms of Slater-type

where the right-hand side defines the channel perturbativerbitals so that the integrall2) was calculated analytically.
potential. The first-order approximation to the transition am-At higher energies, however, the continuum wave functions

plitude as a function of the impact paramegeis given by

+

Hoi

Ti(p)=—i J wdt< & fr>, 9)

— o0

have to be expanded over a large set of Slater-type orbitals to
get converged results. This fact makes the method very im-
practical.

In this work we follow the ideas of Bachaat al.[13]: the
wave functions are calculated using a model potential, with

which, using the well-known method of Fourier transform, the exception that the expansion of continuum wave func-

can be cast in the foriji,14]

Tir(m)=—N(va)N(vp)la-Jg, (10

where 7 is the transverse component of the projectile mo-

mentum transfer ant, andJg are defined as follows:

IA=fdsexn(ipA-S)so?(S)VsD,f(ZA,S), (11

JBzfdxexp(ipB-x)D:v(zB,x)Vm(X), (12)

with

Pag=*tmn— Kiei_Ef){J (13
: 2 v '

where the+(—) sign corresponds to the labAl(B). The
total cross section for electron capture is obtained from

Uif:(ZWU)fzf dy| T (1|2 (14

tions over Slater-type orbitals is avoided. The integjratan
be transformed into the forms

Ia=ipal a1(pa) +1a2(pa), (15

where

IAl:J dsexp(ipa-9) ¢f (9D, (Za,9), (16)

o= [ dsexpliog 9D; (2o 9Vael (9. (47

It is clear from these formulas that the integrgisandJg
can be evaluated in a similar manner. This is very convenient
when the wave functions are given numerically and one can
apply the methods developed in previous wofk4,12.
Such circumstance offers and enables us to extend the model
to collision systems involving multielectronic targets and
also dressed projectile ions. Therefore, hereafter we can con-
sider collision systems where one active electron of the tar-

In the above formulation of the CDW model the interac- get is transferred to the dressed ion. The electrons in the

tion potentialsV, andVg were taken as Coulomb potentials. dressed ion are treated as frozen during the collision. The
Therefore, the bound-state wave functions are hydrogenimteraction between the active electron and the dressed pro-
wave function and the distortion functiols, are related to jectile is represented by a model potential that takes into
the Coulomb continuum wave functiorqtqf describing the account the short-range interaction due to the passive elec-
electron as moving with velocity in the field produced by trons and the long-range shielding of the nuclear potential.
the target or the projectile ions. In such cases the integrals ifihere are a number of models to express an average field by
Egs.(11) and(12) are given in analytic closed forms. This is such passive electrons in atoms and ip8is In the present
a great advantage in the application of the theory because \itork we have employed a Hartree-Fock-SlgteFS) poten-
allows for a very fast calculation of the cross sections. tial [16] for the target ¥g) and the model potentials from
The extension of the CDW model to multielectron targetsSzydlik and Gree17] for the dressed ion\(,).
and dressed projectiles requires model potentials that take For the calculations of integralyy, 142, and Jg, we
into account the departure from the Coulomb potential aapply the same procedures as in the previous studies for the
small distances. The first step in this direction was taken byonization and excitation process¢$1,12. Namely, the
Belkic et al. [1], by using the Roothaan-Hartree-Fock wavebound states
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Un|(l’)

o(r)=——Y"(D), (18

T
v

characterized by the quantum numberdnf) and binding )
energye, and the continuum wave function

=
7I Inllll/l/l I/y
» ///

1 _ . R .
Yo (n=—=2 i'exp(—=i&)ua(NLY(NIT*Y(v)
r\/; Im
(19

Cross Section [em”]
=

with energye=v?/2, are obtained from the numerical solu-
tion of the Schrdinger equationg6) and (7), respectively. 10
The details of the computational procedures for calculating
Egs.(12), (16), and(17) are not described here as they were

given in Refs[11] and[12]. Here we mention only about the 10
slow convergence in the calculations connected to the
partial-wave expansiofl9). Such a difficulty usually occurs

at high impact energies, especially at the values of momen- 10
tum transfer that are related to the active electron double
scattering[3]. In this region the numerical calculation be- Projectile Energy [MeV/amul
comes time consuming and unstable because the number of

il f d b FIG. 1. Cross section for electron capture from He by bare ion
partial waves necessary for good convergence becomes Veimpact. The curves from bottom to top refer to projectile charges

large. We have overcome this difficulty by adopting e = 5m 1 to 5. Thick lines, present result€DW-HFS; thin lines,
algorithm [18], which was used to accelerate the conver-cpw.H [14]. The lines are drawn as dashed in a region that lies
gence of the series expansion of continuum wave functiongtside the validity of the CDW modésee the text @, O, andA
(19) in the numerical computation of the integr&l®?), (16),  are experimental data, respectively, fof HHe?*, and L#* projec-
and(17). tiles [21].

The present CDW code has been checked by
calculating the total charge-transfer cross sectiéhd)  misses the fine details of the potential and does not repro-
in the H™-H(njlimj)—H(n¢dmy)-H" and H-Ne(njlim;)  duce the correct asymptotic behavior of the potential, which
—H(n¢ymy)-Ne* collisions. The quantum numbers corresponds to that of a singly charged ion. To explore the
(nilim;) and (h¢lym;) characterize the bound-state orbitals inrole of the residual-target potential in the final state we have
the target and projectile spherical potentials, respectivelychosen the simplest collision systems: a bare projectile ion
The calculated values are in good agreement in the wholeolliding with a He atom. In our present work we will use for
energy range with the tabulated results of Belitcal. [19]  He the HFS potentidlL6] in both the incoming and outgoing
for H target. In the case of Ne, good agreement has also beefmannelsithe CDW results obtained in this way will be re-
obtained with the results of Bachaat al. [13] at 100-keV  ferred to as CDW-HFS
impact energy. However, at 300 keV slight discrepancies The validity of the replacement of the electron-residual-
(10%-20% have been observed, which might be due to thetarget interaction by a pure Coulomb potential depends on
fact that only a small number of partial waves were includedthe process under study. The failure is most evident in the
by Bachatet al. It must be noted that for this comparison we case of ionization, where the ejected electron usually moves
used the same potential as published in their paper. Resulisr long time in the equipotential force created by the pro-
for single-electron transfer in the Be-He collision were jectile and target ion&wo-center effect§11]). In the case of

0.1 1

already reported in Ref20]. excitation, on the other hand, the electron remains bound to
the target and feels a much stronger field by a sifigieye}
IIl. RESULTS AND DISCUSSION center[12]. Therefore, an accurate description of the initial
ground state and of the final excited states is required. Inter-
A. Target distortion in the final state: A study of bare ions estingly, a similar effect can be observed in the case of elec-
colliding with a He target tron capture. Figure 1 shows that the two treatments,
The main drawback of previous calculations with the COW-H and CDW-HFS, provide almost identical totaf (
CDW model(labeled hereafter CDW-Hs the use of differ- =20, m,) Cross-section values in the energy region where

ent model potentials for the target atom in the initial and finalthe CDW model is expected to give accurate results. The
channel. In the earlier work by Belkiet al. [1,14] the po-  validity criteria of CDW, which was determined empirically
tential in the exit channel was approximated by a Coulomkfrom the study of H-H, He collisions, can be given by the
potential with an effective nuclear charge obtained from theformula: Ep (keV/amy = 80 keV sug|€;|,| €|} [1]. As this
initial-state binding energy using the well-known formula for criteria is mostly based on a comparison between the binding
the hydrogen atom. This potential represents a kind of meaanergies and the impact energy one can expect that it will
value at small distances, where the collision takes place, butlso hold for more complex systems. Namely, as in our pre-
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1()'32 o ”()I.l L Ill P NEPACENY '10 Projectile Scattering Angle (CM) [rad]
Impact Energy [MeV] FIG. 3. Differential cross section plotted against the center-of-

mass scattering angle of projectiie in 1 MeV *HHe(1s)
FIG. 2. Electron capture cross section fof e collisions, as a —H*(nIm)+He"(1s) collisions. Solid lines, present results;
function of projectile energy. Solid lines, present resyEOW- dashed lines, CDW results frofa4].
HFS); dashed lines, CDW-H results frohi4]; @, recommended
data[26]; A, recommended data by Hoekstal. [25]. as it has been demonstrated by Crothers and McC2dirby
performing a second-order CDW calculation where the dip,

vious work on the B& -He collisions[20], we refer to this in agreement with the experimental results, does not appear.
formula for estimating the validity region of CDW, when the In a very recent work Belki¢7] studied other possibility of
model is applied to collisions with dressed projectilese  electron double scatteringirst on the projectile and second
laten). In Fig. 1 the one-electron capture cross sections, availen another target electrprand found that this mechanism
able from the experiment of Shah and Gilbof®1], have  produces also the Thomas peak in the differential scattering.
also been presented. Good agreement can be observed withis peak is so intensive as the one from the scattering on
both the CDW-H and CDW-HFS calculations in the regionthe projectile and on the target nuclei and does not show
where the models are expected to give realistic results.  splitting of the Thomas peak at the critical scattering angle.
The good agreement between the two theoretical treaffhe splitting of the Thomas peak, which is the case for
ments for describing total cross sections does not mean simiromonuclear and heteronuclear collisions, is clearly seen for
lar agreement in case of partial cross secticm,sﬂi). Thisis  all the states studied by the present CDW mddek Fig. 3.
well demonstrated by Fig 2 for HHe collision, where a As depiCted by the dashed lines in the figure, however, such
clear difference appears in the partial cross sections wit@ dip disappears or is less pronounced in the CDW-H calcu-
increasing impact energieS, especiaiiy on those with |hirge lations [14] So it is clear that the occurrence of the d|p,
values. although unphysical, depends strongly on the method for
The reason can readiiy be understood by investigating th@onsidering the interaction between the electron and the
differential cross section with respect to the projectile scatfesidual-target ion in a first-order CDW treatment. Figures 2
tering angle. Figure 3 illustrates the result for 1-MeV impacta”d 3 show that the discrepancies between the different treat-
energy. It is seen that the largest deviation between CDW-Hnents become evident in the integrated cross sections
and CDW-HFS appears at around the critical, Thomas{on,m,) Only in the case where the electron double scatter-
scattering angle of projectiles{0.001 rad) associated with ing is the dominant mechanism. In such case the present
the successive, double scattering of the active electron on tHeDW-HFS calculations are in better agreement with the rec-
projectile and target nuclei, respectively. This mechanismommended values based on experimental {28326, than
dominates the cross section at asymptotic impact velocitiehe CDW-H results from[14] (see Fig. 2 Note that the
when capture between low-lying states are consid¢gdd recommended values are obtained from the analysis of those
However, double scattering contributes dominantly even aexperimental data where the final state of the target was not
moderate impact velocities if the electron is transferred tmbserved, however, it can be found that inclusion of multiple
nons or Rydberg statef22]. This occurs in the H-He col-  processes would not increase the capture cross sections for
lision at above a few hundred keV and 1-MeV impact enerthe H-He reaction by more than 5%d]. It is obvious that
gies when the electron is captured into tre@d 2o orbit-  the first-order CDW models, such as CDW-HFS and CDW-H
als, respectively. At the Thomas-scattering angle the CDWare not suitable for analyzing the differential capture cross
model produces an unphysical dip structure due to the inteisections, especially in the region of Thomas scattering. So
ference between the distortions in the initial and final chanthe aim of the above analysis was only to study the origin of
nels[23]. This splitting of the Thomas peak is a failure of the differences observed between the partial capture cross sec-
first-order CDW theories, such as CDW-HFS and CDW-H,tions obtained from CDW-HFS and CDW-H models, respec-
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the cross-section values evaluated from a semiempirical for-
mula (SEPB derived by least-squares fits to experimental data
[27]. The present predictions agree within the error bars with
the recommended data for a number of projectile ions at
above 100-keV/amu impact energies, where the CDW model
is expected to provide realistic cross sections. However, for
some cases, the present predictions deviate appreciably from

juss
ou

s
5
'Eg sl [T He ] the ones based on SEF. The recommended data rely on such
g‘o S L experimental results which are obtained from measurements
S LB 1 where the final state of the target ions were not observed. A
gw.mz_ ..... ]éz+ . study for the H&"-He collision system shows that the con-
Eo |- o tribution of multiple processes to the single electron capture
e g channel[21], which is calculated by the present theory, do
WYE | g S not contribute more than 10—20 %. We are not aware of other
F | e SEF ] studies on whether such contribution is higher or lower for
ol . o] collisions with projectiles bringing electron into the colli-
10 0.1 1 sions. Moreover, the semiempirical scaling formula is based

Projectile Energy [MeV/amu] on the assumption that the passive electron does not affect
the process at aJ28]. This assumption was useful to derive
FIG. 4. Single electron capture cross sectionsAfii -He(1s) scaling laws with respect to the net chargle2,27,29. How-
—A"-He"(1s) collisions. Lines, present results; symbols are rec-ever, it is obvious that such scaling laws are less valid for the
ommended datp27]. collisions with lowly ionized ions, especially for those with
net chargeg|<2 [28,29. In the case of projectiles with low

tively. This difference results from treating the electron-dthe outermost electrons are less tightly bound, so electronic
target interaction, which is very important in the ThomasStructure, differences in binding energies, etc., become more
mechanism. In the present CDW-HFS calculation the inter€mphasized in the mechanism than they are for ions with
action between the active electron and target core is deligh d. This is why we observe significant differences be-
scribed on the same level both in the initial and final chaniween cross sections for the differeat" ions (see Fig. 3

nels. This is consistent with the treatment of the capturdrom this point of view the above agreements/disagreements
process in the pure three-body capeoton-hydrogen colli- founq between SEF and the theoreycal results for different
sion), where the exact solutions for the Coulomb potentialA>" ions can be interpreted as accidental and so the com-
are used, and in spite of the splitting of the Thomas peak ifParison has only a qualitative meaning; however, we think
the differential cross section the model provides a good acsuch a comparison will stimulate further studies in the field.

count of the experimental total and partial cross sectiahs ~ Here, we also mention the crucial importance of consid-
ering the Pauli blocking in the present treatment. Disregard-

ing the shell structure of the differe®&®* ions, namely,
) allowing the electron to be captured to any state even if it is
Previous treatments of the CDW model only allowed onejjled or empty, results in cross-section values that are higher
to consider bare projectile ions. The present extension allowgy 3 factor of 2—10, depending on the ions and impact ener-
to consider any dressed projectile such that the interactiogjes, than the ones obtained with inclusion of Pauli blocking.
between the ion and the active electron is represented by a |n Fig. 5 the relative population of different subshells are
model potential. In order to take into account the screeningotted as a function of the projectile nuclear chargg)(at
of the projectile nuclear charge by the passive electrons Wghe impact energies of 50 keV/amu and 1 MeV/amu. Com-
have employed, for the different multiply-charged ions, theparing between the results at these two energies, the features
potentials given by Szydlik and Gre¢h7]. Such a descrip-  dye to two different collision mechanism2] are identified.
tion of the projectile ion enables a more accurate calculationg |ow impact energies the resonance condition, the smaller
of wave fur)ctiong and bin(_jing energies than the ones using @e difference betweeq ande; the higher the probability of
Coulomb field with effective charge. The electrons on theygnster, governs the process. The binding energies of the
projectile were taken into account not only by their screenin932+(25) and G&*(2p) states are nearly equal to the @r-
role. This electrons, due to the shell structure, occupy certaigjig) energy of the He atom. This feature is clearly seen in
number of orbitals into which the active electron cannot begpe figure, where a maximum population of the=2 shell is
transferred(Pauli blocking. Test calculations show that the (egjized at these ions. A similar peak can also be observed for
Pauli blocking has a crucial importance in the present treatfhenf:3 shell at aroun&,=12. However, the binding en-
ment(see discussion below fak*" ions). ergies of then;=3 manifold reach the resonance condition
for much heavier ions4,>14), so the observed peak is
considered to be formed by the increasing role of electron
Figure 4 presents results for the calculation of single eleceapture to the outem;=4 andn;=5 shells with increasing
tron capture from He by selected doubly charged ions fronZ, and by the fact that the=2 shell is fully occupied for
He?* to SP*. For comparison, the dots with error bars arethe Mg®" ion. A similar behavior of the relative population

B. Collisions of multiply charged dressed ions with H and He

1. A’>*-He collision
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A A
FIG. 5. Ratios of the partiad,, to the totalo,, electron cap- FIG. 6. Ratios of the partiak,, to the totalo,, electron cap-
ture cross sections iA?*-He(1s) —A*-He" (1s) collisions calcu-  ture cross sections iA2*-He(1s)— A" -He" (1s) collisions calcu-
lated in the present CDW approximation. lated in the CDW approximation with Coulomb potential for the

interaction of active electrons with the projectile itsee the text

of the different shells is no longer identified at high impact
energy of 1 MeV/amu. Instead, the electron is predominantlyilled orbitals (Pauli blocking, already enables to consider
captured into the innermost orbitals. This is characteristic otharacteristic of cross sections due to the different electronic
the fact that the matching between the initial and final mo-shell structures oA>* ions. The respective cross sections
menta of the electron governs the mechanism. It is interesthus calculated with Eq20) and with Pauli blocking for the
ing to note that the relative population of a given orbital doubly charged ions obviously depend on each ionic species
increases withZ, and decreases suddenly At=11. The and deviate within a factor 2—5 from the predictions plotted
later is due to the fact that only one vacancy is available onn Fig. 4, which are based on describing the projectile field
the projectile ion. by a model potential.

The role of the ionic structure of the differeAf" ions Figure 6 illustrates the relative population of the different
can partly be considered in a theoretical treatment that is stifinal states obtained from the above effective charge model.
based on approximating the projectile by Coulomb field, butThe peak structures characteristic for the resonant collision

with an effective charge.¢; defined by[1,3] mechanism are not as emphasized on these results at 50 keV/
amu as they are in Fig. 5. Moreover, the difference between
ert(N)=[—2n2e¢(nl)]¥2 (20)  the results at 50 keV/amu and 1 MeV/artitig. 6) is not so

appreciable, which is due to the fact that the dressed ions

We have also applied thigffective chargemethod to the have been described as bare projectiles with appropriate
study of theA2*-He collision. The binding energye() for a Qoulqmb fields. In thfa case of bare projectile ions and at
given nyl; final orbital was obtained using the potentials high impact energies it is well known that the capture cross
given by Sydlik and GreefiL7]. The wave function of He in ~ section in the CDW model exhibits tliei dependence on the
the ground state was taken from Clementi and Rdafiji  projectile chargd3]. Such a strong dependence of capture
and the distortion of the target ions (Heon the captured Cross section orZ, can clearly be seen in the results at
electron was set to be Coulombic. Actually, this is an appli-1-MeV/amu impact energy in Fig. 5. Considering the binding
cation of the original extension of the CDW model to multi- energies of the differemt;l; orbitals the following tenden-
electron atoms by Belkiet al. [1,14], with the difference cies can be observed for effective chardes): at small
that the baréCoulombid projectile is described by Eq20).  value of Zy<7; de1(28)>0et1(38) > eti(2P) > de1(3P),

The effective charge€20) might differ appreciably for the Wwhile for the larger values ofZa; 0ei(25)>0eti(2p)
different A" ions even for a givem| orbital, which is more  >Qe1(3S)>0etf(3Pp). This tendency and the strorifj\ de-
realistic than using uniformly the net chargg=2) [28]. pendence explains why the relative population of the 3
This, including that the electron cannot be transferred tdevels(dominated by the 8 orbital) exceeds that of 2 or-
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FIG. 7. Single-electron capture cross sectionsAit -H(1s),

He(1s)—A%"-H*, He"(1s) collisions. Solid and dashed lines are FIG. 8. Single electron capture cross sectionsAfi -H(1s),
present results, respectively, foeCand G* projectiles; dotted He(1s)—A*"-H*, He"(1s) collisions. Solid, dashed, and dot-
line, recommended values obtained by semiempirical forrf2ila dashed lines are present results, respectively, for, Ne’>*, and
Symbols are the experimental dat@®, C3*-H,He [30,31]; >, SPP* projectiles; dotted lines, recommended values obtained by
C3*-He[32]; O, O**-He[33]; <, O**-He[34]. semiempirical formul§27]. Symbols are the experimental da@;
O°"-He [30]; I>, O°"-He [32]; X, Ne"-He [32]; O, O°*-He

bital at low Z,, and why it is below at medium or high 33 < O>"-He[34]; +, O*"-He[35]; », N&*" -He [36].

values ofZ, . Such strong characteristixgff dependence can

be observed even at lower impact energi®8 keV/amu.

Note that the relative population of tig=2 level does not curate cross-section values aboi&0—200-keV/amu im-

clearly show a peakw, —, increase monotonically accord- pact energies for both the H and He targets. Similar

ing to the monotonic increase of,;; with increasingZ, . consideration predlct.a s.qmewhat lower b.ou(mﬂ)0—150

Another remarkable difference between the results in Figs. §€V/amy for the applicability of the model in the case of

and 6 may be due to the Stark mixing betweengtendp  triply charged projectiles. The validity of the CDW in the

orbitals in then;=2 manifold[2]. The mixing is stronger in impact energy range estimated above seems to be confirmed

case of the present treatment, see Fig. 5, because the projdy: comparing with the experiments foPC and G+ im-

tile orbitals have been described by a more realistic modgpinging on He[30,31], although the present theory still over-

potential. estimates the data in the energy range below 200 keV/amu.
In order to analyze these processes in more detail, more and
new experiments would be very useful, especially, at high

2. A3*5_He collision energies.

Single electron capture cross sections of threefold and
fivefold charged positive ions incident on the H and He at-
oms are presented in Figs. 7 and 8. In these figures are plot-
ted the present results for some projectile ions along with the )
recommended data set based on a semiempirical formula We have extended the CDW model to treat the single

[27] and the recent experimental data fot'Cand G* from electron capture processes in collisions of bare and dressed
[30,31. projectile ions with atoms and ions. The interactions of the

In the case ofj=5 projectiles the present calculated re- active electron with both the projectile ion and the target are
sults are nearly independent of the ionic species comparei@ken into account by means of model potentials.
with those for doubly charged ions in Fig. 4. This happens In the case of proton incident on He, the present calcula-
because the process becomes less sensitive to the electrotians for electron transfer to nonsymmetric Rydberg states
structure of the projectile ion agincreaseg2,29). At low  shows better agreement with the experiment than the previ-
impact energies around 50 keV/amu the electron is capturedus ones based on Coulomb distortion of the final captured
with high probability into then;=3 andn;=4 levels of the state by the residual-target ion. The improvement is due to
fivefold charged ions. Considering the binding energies othe better account of differential scattering cross section at
these levels and the validity criteria of the CDW approxima-projectile scattering angles characteristic of electron double
tion (see abovg the CDW model is expected to predict ac- scattering.

IV. CONCLUSION
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