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Nonperturbative calculation of charge-changing processes in T scattering from neon atoms
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Total cross sections for single- and multiple-electron capture and ionization everits t\@ collisions are
calculated in the independent particle model using the nonperturbative basis generator method. Dynamical
screening effects due to the removal of electrons from the target atom and due to the capture of electrons to the
projectile ion are taken into account in a global fashion. Our data for impact energies from 20 to 2000 keV/amu
follow the trends of previous calculations for proton andHémpact, in particular with respect to the energy
dependence of the net electron loss from the target. When comparing our results to available experimental total
cross sections for € and F* impact, we find that1) relative populations of recoil ion charge states are
generally well reproduced?) the absolute normalizations of experimental data appear to be problematic; and
(3) charge-state correlated cross sections are in agreement for processes including up to two electrons, but
discrepancies persist for higher electron multiplicities. It is argued that new experimental investigations of
global and charge-state correlated cross sections would be helpful to further the understanding of ion-atom
collision systems with many active electrons in the regime of medium impact energies.
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[. INTRODUCTION resonant charge transfer in the classical trajectory Monte
Carlo (CTMC) method[10].

Numerous experimental results for the production of re- Quantum-mechanical calculations for the description of
coil ions in collisions between multiple charged ions andthe experimental data on a more quantitative level have been
noble gas atoms have been reported in the literature since tmeported only relatively recently. As the explicit solution of
first measurements more than 20 years [ddoThe body of the many-electron time-dependent Sclinger (or Dirac
data includes net electron loss cross sections, cross sectioeguation that governs the collision dynamics is prohibitive
for the production of recoil ions in specific charge states, andor most situations of interest, the quantal descriptions usu-
cross sections for simultaneous capture and ionizatiomlly start from an effective single-particle picture, in which
events, which are obtained from measuring the final chargéhe electron-electron interaction is described kgenerally
states of the recoil and the projectile ions in coincidence. time-dependent, mean-field potential. Such independent-

Most of the data were collected in the 1980’s and areparticle-model(IPM) calculations are computationally ex-
reviewed in Ref[2]. With the advent of recoil ion momen- pensive when the mean-field potential is chosen to account
tum spectroscop}3], the main course of research in the field for dynamical screening and exchange effects on a micro-
has shifted to more differential studies in recent years, leavscopic level, such as in the time-dependent Hartree Fock
ing some issues in the investigation of total cross section§STDHF) theory [11] or in approximate schemes of time-
unresolved. In particular, the experimental data for target atdependent density-functional thedfyDDFT) [12]. Further-
oms heavier than helium are mainly restricted to collisions ofmore, the nonlinearity of the TDHF or TDDFT Hamiltonian
multiple charged projectiles at impact energies around frauses fundamental theoretical problems, which usually
MeV/amu or higher. Measurements at intermediate energiesnanifest themselves in fluctuating transition probabilities at
where the projectile velocity is comparable to the mean veasymptotic times after the collisidi3]. As a consequence,
locity of the outermost bound target electrons are rare, andnly a few calculations for ion-atom collisions with more
systematic studies of the energy dependence of global arttian two active electrons have been performed on this level
charge-state correlated cross sections were only reported fpt4].
proton [4] and helium-ion[5] impact. Scaling laws have In recent work, we have approached the problem at hand
been frequently applied to extrapolate measured data to thia the IPM with a single-particle potential that accounts for
region (see, e.g., Ref[6]) but it is difficult to assess the electronic screening and exchange effects in the ground state
accuracy of the cross sections obtained in this way. of the target atom, but neglects the response of the electronic

On the theoretical side, early attempts to explain the exdensity in the presence of the projecfils]. A large number
perimental results in the nonperturbative realm were basedf one- and two-electron processes in collisions of singly and
on classical7] and statistica[1] models. Refined versions doubly charged ions with atoms can be calculated success-
of the early models were successful in describing varioudully in this no-responsepproximation over a broad range
gross features of the measured cross-section[@z8z0 and  of impact energies, provided that the time-dependent, single-
in guiding the general understanding of the collision pro-particle equations are solved accurately, and the resulting
cesses. However, they suffer from some inherent limitationssingle-particle probabilities for the various processes are
such as the wrong energy dependence of the total ionizatiocombined appropriately to evaluate cross sections for
cross section at high energies and the inability to account fomultiple-electron transitiongl6,17). Moreover, we have de-
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veloped a model to include dynamical screening effects due . Zr . . . .
to the removal of electrons from the target atom in a global Vei(r,1) == —=+ved )+ vedr, 1) =vo(r)+ dvedr,t),
fashion[18]. This target-responsenodel proved capable of )
improving the results for multiple-electron processes and fur-

thermore allowed an analysis and solution of the TDIdF Zp

TDDFT) projection problem mentioned above. The modelviy(r,t)=——+ovly(rp)+ vl (r,t)=vl(rp)+ovi(r,1).
does not increase the computational cost significantly, com- e 4)
pared to a calculation in theo-responsepproximation.

In the present paper we extend our investigations to thejere, 7, andZ, denote the charges of the target and projec-
C** +Ne collision system with the aim to assess the validityiile nuclei, respectively. We assume that the projectile ion
of the IPM description and the importance of response efmoyes along the classical straight line trajectdR(t)
fects for a more highly charged projectile ion. Multiple cap- = (b 0y pt) with impact parameteb and constant velocity
ture i§ likely to be importgnt at [ow to i.ntermediate impact;, ,  and choose the target center as the origin of the refer-
energies due to the relatively high projectile charge. Thusgnce frame. The coordinate of the electron with respect to the

we extend the global model for response effects to accounfrget center is denoted Ioy while the distance between the
for the screening of the projectile ion during the collision, glectron and the projectile centerris=|r — R(t)|.

while electron density is transferred from the target. As in  aAg in our previous work, we use thexchange-onlyer-
our previous work, the single-particle equations are propasjon of the optimized potential meth¢®PM) [23] to repre-
gated with the basis generator methdGM) [19]. The  sant the undisturbed atomic target potentig(r). In the
evaluation of probabilities for charge-changing processes igp\; self-interaction contributions contained in the Hartree

bé;]Ser? on the andaWSi; in termsl of products of b(ijnogi'naﬁ, , a}inergy are canceled exactly, and the correct asymptotic be-
which was introduced as an alternative to standard trinomigla ior, 71y — 1/r is ensured.

stratistics to overcome r:he pr?blem of unphyjicalhh:]gh:ar- To represent the screening of the nucleus in the(Ts?)
order capture events. The results are compared with the lim-__. — .

ited experimental data forC + Ne collisions[20] and with nbrOJecnle, we use the model potential
measurements for *F impact [21,22. The latter system Np
should have comparable global cross sections, but, as will be vepe(rp)= r_[l_ (1+arp)exp —2arp)], (5)
discussed below, may differ from theé Cprojectile case for P

charge-state correlated events. where Np is the number of core electrondNg=2 in our

case and « is an adjustable parameter. This potential be-
haves as\p/rp asymptotically such that the total projectile
potentialvg has a—Qp/rp tail with the asymptotic charge
A. Time-dependent screening models Qp=Zp—Np. Following other studies involving screened

For the C*+Ne collision system, we assume that the projectiles[24], we choosen such that the o_rbital_ binding
electrons at the projectile center are passive and occupy tHd1€r9y of an addltlor_1al electr03n+|n ”2‘3 Btate 1S adjusted to
tightly bound 12 state throughout the collision. They enter (€ ionization potentiallP) of C**(1s°2s). Using the value
the description only by providing a frozen screening potenof IP=2.370 a.u{25] we find «=3.7276. _
tial to be added to the Coulomb potential of the projectile W€ define theno-responseapproximation, in which dy-
nucleus. In the IPM, thénonrelativistia scattering system is namical screening and exchange effects are completely ne-
then represented by a set of time-dependent single-partici€cted by
equations for the initially occupied target orbitdlse use
atomic units, i.e.i=m,=e=1)

Il. THEORY

Sv i r,t)=06vi(r,t)=0. (6)

This approximation is justified at high-impact energies, and
was used in previous studies for singly and doubly charged
projectiles. It was shown to be valid for single-electron tran-
with the Hamiltonian sitions, such as single capture and single ionization down
into the tens of keV/amu randé6,17. We found that dy-
namical screening effects become important for multiple-
electron transitions at impact energies below 500 keV/amu,
and thus, they also influence the global net electron capture
and ionization cross sections, in which the individual cross
sections forg-fold ionization and capture are added accord-
The effective potentials at the target and projectile centerghg to their multiplicitiesq [18].

vls andvfy can be decomposed into nuclear parts and con- In order to include time-dependent screening in the calcu-
tributions due to the electron-electron interaction in the undation without increasing the computational cost compared to
disturbed ground-state orbitals before the collision and du¢he no-responseapproximation we devised a relatively
to the time-dependent variation of the electronic system dursimple model, in Ref[18]. In this model, the total effective
ing the collision target potential is approximated by a linear combination of

igupi(r,)y=h)gi(r,t), i=1,... N, (1)

ﬁ(t)=—3A+ Tr.H)+ok 2
5 Vel M, 1) Hogn(r,t). (2
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ionic ground-state potentiaﬂz{1 . These are weighted with the the net-electron capture probabiligfaXt) over the physi-
time-dependent probabilitieﬁ’lfss(t) to create the corre- cally allowed channels according to

sponding charge state in the collision, i.e.,

N

ugﬁ(r,t)~q§=‘,o PEt)ug(r). 7

Mp!
KI(Mp—K)!

pecal k
Pﬁap(t)= ne?(t)) (

Pgn | Mo
Mp '

Mp

(13

The ionic potentials are expressed by the potential of the The ionic potentiala in Eq. (12) are modeled in anal-
undisturbed target atom scaled to yield the asymptotic beegy to Eq.(8) as

havior of the desired charge states

vo(r) for q=0

vg(r)=

8

qg-1
U-lo—(r)—N_lvl:e(r) for C]Bl

This ansatz yields the same potentials épr 0 andq=1,

vh(rp) for k=0

P
rp)= k—1 14
vilre) vg’(rp)+—2 vhyrp) for k=1 4

Again, this choice aims at a suppression of dynamical
screening effects in the case of zerofold and onefold capture.

and was guided by the idea to account for dynamical screen=or increasingd, the asymptotic charge of the ionic potential
ing in the case of multiple-electron processes, but to suppress reduced by one unit such that a singly charged potential is
itin the kinematical range where zerofold to onefold electrongptained fork=Mp=4 (with the charge baland®p=M5).
removal dominates. We note, however, that this can only be |nserting Eq.(14) into Eq.(12) and noting

achieved approximately due to the statistical nature of the

description, in which all channels are described by a single

mean-field potential.
With the relation

N
PET)=1—- > PP, (9)
g=1
and the definition of the net electron loss
N
P'n":ﬁt>=;1 qPet), (10)

the response potentidb [ (t) in Eq. (3) can be written as

Phectt) + Pg*(t)—1
N—-1

Sulyr,t)~— vedr).  (11)

Mp
Psap(t>=1—k21 PERt) (15)
Mp
Peaft) = gl kPZPR1), (16)

we find for the response potentiédzge(t) in Eq. (4)

PSR t) + PEt) -1
SvPr )~ et £ 20"(> vP(rp). (17)

The parameter in the effective potentiabt, [Eq. (5)]
was adjusted to fit the ionization potential of th&'Gon in
order to provide a reasonable screening potential for the first
electron to be captured. In the case of multiple capture, for
which the response potentid?) is turned on, this choice is

This model accounts for the increasing attraction of theyestionable as the additional electrons are captured into

T

effective potentialvey as electrons are removed from the more weakly bound states. To account for this change in the

target during the collision. To incorporate the time-
dependent screening of the projectile ion due to capture pr

cesses, we now construct a response poteﬁu&(t) in a
similar fashion. The total effective projectile potenttza@ff
[Eq. (4)] is written as the linear combination
Mp
ver(r,0~ 2 PRADUL(re), (12

where P2(t) is the time-dependent probability fdefold

capture, and;,f is the ionic ground-state potential that is
experienced by th&th electron to be captured!l, denotes
the number of electrons that can be captured by the projectile
(Mp=4), which is less than the numbirof electrons avail-

o_

effective potential we use a different parameiefor v, in

(17. We choose @=1.8523 to obtain £,=
—1.760 a.u. which fits the ionization potential of C[25]

and adjusts the response potential to the most likely multiple-
capture channel, i.e., twofold capture. Of course, this choice
can also be criticized, since we always find a mixture of all
allowed k-fold capture channels in a mean-field description.
In practice, this ambiguity proved to be unimportant as cal-
culations with either=3.7276 ora=1.8523 inv’, in Eq.

(17) yielded very similar results.

B. Calculational details

To solve the single-particle equatiord¢) in the no-

able at the target in our case. Here, we have followed theesponseapproximation[Eq. (6)] and with inclusion of
idea of the analysis of multiple capture and ionization eventsarget- and projectile-response effe€Egs. (11) and (17),

in terms of products of binomia[4d.7]. In this model, capture

respectively we use the same BGM expansion as in our

of higher multiplicities tharM p is prohibited by distributing previous workq 18,26
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MoY S I B NS S S G
()= ¢l (DX (1)), 18 i e’ 1
()= 2 2 c,(DIx®) (19 ol ]
XS O)=[We(D]“le;)  u=0,...M, (19 BB oo
;9
1 §2.0 - ?égg;g;_;_g;;_;_;_g;_;;;g:::;ﬂ;:;:g::::a;::;@;;:.ﬂg
Wp(t)=—[1l—exp—rp)]. 20 r 1T N N
p(t) rp[ XP(—Tp)] (20 sl @AA h
. ]
The basis includes all undisturbed target eigensda&é}s of 10 @ ® noresponse |
the KLMN shells[i.e.,v=1, ...V in Eq. (18) corresponds T e 1
to v=1s,...,4f), and also 100 functions from the set 0'5_' _.~' B oo eration]
{lx5(t)),u=1} up to orderu=M=8. 00 b Ly oy | X dthiteraion
The inclusion of the response potentidlsl) and (17) -10 0 10 20 30 40
requires knowledge of the net electron Ic@,ﬁf and the net z[a.u]

electron Ca.p_turEPEZ‘f in eagh time step of the propagation. FIG. 1. Net electron capture probabiliBf2? (23) as a function
Both quantities can be defined by sums over occupied chanz ihe scaled timg=vpt atEp=20 keV/amu and=1.75 a.u. in

nel functions for attachment to the target and projectile cenga+ ., Ng collisions. The calculations are explained in the text.
ters. It has been observed in several TDHF calculations that
the use of undisturbed eigenstates of the projectile and target N K
systems as channel functions may lead to transition prob- cap 4y — P ) 2
abilities that fluctuate for all time§13]. This projection Prellt 2’1 .Z‘l el @3
problem is associated with the nonlinearity of the TDHF
Hamiltonian. As a solution, we proposed a different analysissan be calculated as a function of time. However, Bff§(t)
in Ref.[18], in which the propagated orbitals are projectedis not available simultaneously with the propagated orbitals
onto the eigenfunctions of the Hamiltonian, which includes|#i(t)) in the present computer code and cannot be used
dynamical screening effects. We tested this idea for thélirectly for the construction of the projectile-response poten-
target-response potentiéll) and obtained stable transition tial (17).
probabilities, and, in particular, a stable net electron loss To solve this technical problem, we have devised an it-
when projecting the solutions of E¢L) onto the eigenstates erative procedure for the inclusion of projectile-response ef-
|¢I(t)> which satisfy fects. In the first step, we solve the time-dependent, single-
particle equation$l) with the target-response potentiall)
Zt only. The propagated orbitalg;(t)) are stored at many dis-
- EA_ T“nge(r)+ uedr.t) |ley (1) =e,(D)]gy(1)). crete time steps during the collision to calculate the net elec-
(21  tron capture according to E3) as a function of time. We
note that we have subtracted the bound target part of the
The stateq (pI('[)) are consistent with the time-dependent, orbitals|;(t)) before the projection is carried out in order to
mean-field description, as they correspond to the averagavoid the problem of overlapping projectile and target states
fractional charge state of the target atom after the collisionaround the closest approach. In the second stieg first
We diagonalize the Hamiltonian of E¢21) in the BGM iteration we repeat the time-propagation with inclusion of
basis to represent the stathsz(t)) and calculate the net the target- and the projectile-response potentials, where the
electron loss according to latter is calculated with the time-dependent net electron cap-
ture function of the first step as input. From the second
s NGV T ) propagation we obtain a new net electron capture, which is
Prettt) = N—iZl 21 [, (D]i(D)]% (22 used as input for a third stépecond iteration etc. The steps
’ are repeated until the net electron capture functg(t)
It proved sufficient to sum over the population of the first 20C0Onverges.
states| ¢ (t)) in Eq. (22) [18]. Figure 1 illustrates this procedure fof C+ Ne collisions

In principle, the inclusion of the projectile-response po-at the projectile energfp=20 keV/amu and the impact
tential (17) requires an analogous procedure to calculate th@arametetb=1.75 a.u.P;at) is calculated at 36 internu-
net electron capture. However, this cannot be handleglear separations by projection onto the undisturbed eigen-
straightforwardly in the present implementation of the BGM, functions of theLMN shells of the €* ion defined by the
in which no projectile states are included in the basis explicCoulomb potential of the nucleus and the effective potential
itty. Capture probabilities are calculated after the time-(5) [i.e., k=1,... K in Eq. (23) corresponds tok
propagation is completed by projecting the stored time=2s, ...,4f]. Note that the occupied projectil&-shell
dependent orbital$y;(t)) onto moving eigenstates of the states are not included in the projectidfal(t) is interpo-
projectile ion. This projection can be done for each desiredated to all time steps of the propagation when used as input
internuclear separation, and hence, the net electron captufer the projectile-response potential in the iteration. Figure 1

defined with respect to the traveling projectile staig(t))  shows thatPXt) obtained in theno-responseapproxima-
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tion [Eq. (6)] is reduced by approximately 25% when the 40 ]
target-response potential is includedsponsé)]. When this . — response (a)]
PCt) is used to calculate the projectile-response potential =30 5 o dON

in the first iteration, the projectile is screened considerably
during the time propagation and, as a consequence, a smaller
amount of density is transferred from the target. The new
P:2(t) implies a degraded dynamical screening of the pro-
jectile in the next step and leads to a somewhat laRjgit)

after the second iteration. Convergence at the 1% level is i RN,
achieved after the third to fourth iteration. In total, the inclu- 50 100 500 1000
sion of the projectile-response potential reduces the net elec- Ep [keV/amu]

tron capture by an additional 17% of tihe-responseesult
for the example shown in Fig. 1.

o, [10'16cm

FIG. 2. Total cross section for net electron loss as a function of

. Lo . impact energy. Theory: present calculations f8f & Ne collisions
The dynamical projectile screening also affects the netn the no-responsepproximation[Eq. (6)], with inclusion of the

lonization defined as the dlfference. of qet eIecFron m . target-response potentiéll) [respons@)] only, and with the ad-
and capturéZS). For the particular snuatlon.dep'lcted in Fig. gitional projectile-response potentidl7) [responsé)]. The dotted
1, the ionization of theno-responsecalculation is reduced ¢nves correspond to calculations for“Be-Ne collisions in the
due to target response by about one half, but is increasegh response and resporig models. Experiment: € projectiles;

again, when the projectile-response potential is included(,.) [20], closed diamond28], (A) [27]; F** projectiles; closed
such that after the fourth iteration, 75% of the-response  squareg21], (O) [22].

result is obtained. This demonstrates that a part of the elec-

tron dgnSIty, Wh.'Ch. IS capturgd into bound states wh.en th%mall difference justifies a comparison of our results with
projectile potential is frozen, is transferred to the Cont'nuumexperimental data obtained forC [20.27,28 and F*
when dynamical screening on the projectile center is |n121,22] projectiles. In the case of“F im’pa;:t, only cross

C|Ud.ed' ca ... sections for charge-state correlated processes were reported
Finally, we npte tthne?(t) does not quctuate_ signifi- in Refs.[21,22. We added these cross sections according to
cantly as a function of time, although we have projected ontqneir myltiplicities to obtaino, . Our results are in good

the undisturbed eigenfunctions of thé'Con in each step of agreement with the experimental data of Rd2,27,28

the iteration. By contrast, we find an oscillating net electron, .5 ind the impact enerdg=1000 keV/amu, but the mea-
loss, when the bound target part is analyzed with respect t

h disturbed ei £ th his dif Surements at lower-impact energies do not follow the mono-
the undisturbed eigenstates of the neon afaB}. This dif- ¢ rise of the calculated cross section curve. Instead, they
ferent behavior at both centers might be related to the fa

: . , int at a structured energy dependence with a minimum
that the BGM is built upon a target-centered basis Only'aroundEp=250 keV/amu.

There is noa priori reason why the projection problem In order to underpin the smooth impact-energy depen-
should be of minor importance for dynamical screening ef-

S ; . dence of our results and to show that the behavior of the
fects on the projectile center, as the theoretical analysis Pré&sperimental data is likely to be flawed, we piot divided
sented in Ref[18] applies to this case as well. '

by the projectile charg®p as a function oEp/Qp in Fig. 3.
Measurements for other projectiles according to Table | and

lll. RESULTS AND DISCUSSION BGM calculations for protofil6] and H&™ [17] impact are
In this section, we discuss our results for charge-changing
processes in € + Ne collisions in comparison with experi- 10 7

mental data. The total cross section for net electron loss from -
the targeto, is shown in Fig. 2. While the inclusion of the %
target-response potential reduces ttweresponseross sec- "fo g
tion at low to intermediate impact energies significantly, the =l
additional dynamical screening of the projectile changes the &
target-response results at most at the 10% level at the lowest ~

energy Ep=20 keV/amu. The effect of the projectile re- S . ﬁgffeif)iﬁ":&)
sponse is pronounced at intermediate impact paramlgers [ repome@ |, N
Fig. 1], but it is small at larger impact parameters, which 10 100 1000
contribute considerably to the net electron loss cross section. Ep/Qp [keV/amu]

We have also included theoretical results obtained imthe FIG. 3. Reduced plot of total cross sectians for the net recoll

responseand target-responsemodels for B&'+Ne colli-  jon production divided by the projectile charge as a function of
sions to assess the role of the passive electrons in ffie C impact energy divided by projectile charge for Ne targets. Theory:
projectile. These cross sections are slightly smaller than thgresent calculations for’C impact with and without inclusion of
results for C* impact, due to the fact that in the case 8fC  the target-response potentiflesponse(a)] denoted by the full
impact, a larger effective projectile charge is experienced byurve and chain curve, respectively; Hempact:[18]; H™ impact:

the target electrons at small internuclear separations. THeae6]. The symbols correspond to experimental data listed in Table I.

+
« H' no response Ny

2+ ..,
——- He™" no response
1E A+ *.
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TABLE |. Sources of the experimental data used in Fig. 3.

Symbol Projectile ion Impact energy Reference
(kev/amy
) c?*, C¥F, ¢, o 50, 100 [20]
©) Ne™, Ne¥™, Ne**, Neet 50, 100 [20]
[ | F4+, P8 P8t 130-790 [21]
O [ N T S = A = = ) 1000 [22]
A c**, CoF, 87 310, 1140 [27]
* He?t 1050 (28]
* c2*t, C8*%, C*F, C°F, 8 1050 (28]
® o?t, O’t, O°F, OfF, O'F, o8 1050 (28]
O Ne&?™, Neé™, Ne't, N+t 1050 [28]
X Ar*t Arét 1050 [28]
O Ne3* 75-360 [29]
A N2+ 50 [33]
e Cu*, cft 440 [33]
® cé+, ¢t o't 1000 [34]

also included. Such a plot was first motivated by results ofoss changes witlQp, namely, the distribution flattens as
CTMC calculations, which reduce to a single curve for alargerb values contribute more for higher .

given target atom in the scaled coordinafgg], and was At higher reduced impact energies, the?Heand C*
subsequently used by experimentalists to compare their megesults diverge. This is due to the fact that the BGM calcu-
surement$20,29,30. We have not included the CTMC cal- |ations approach the limit of first-order perturbation theory,
cglaﬂons qf Ref[??] in Flg. 3, since they were obtained in @ in which the energy dependence is givenEtg/lln Ep rather
different kinematical region with absolute impact energiesy, - byEgl. In fact, our results for proton, H&, and ¢+

ranging from 1 to 5 MeV/amu and projectile charges be'projectiles merge when the reduced cross seatioiQp is
tweenQp=>5 andQp=280. We note that the rel : P
Qe Qe e relevant curve plotted as a function dEp/(Qp In Ep). We conclude that our

in Fig. 7 of Ref.[27] shows a0, /Qp of 1.2x10™ 1 cn? at .. . )
Ep/Qp=10 keV/amu, which lies about a factor of two present results for € +Ne collisions are consistent with
lier data for proton and B impact, which in turn,

above our result obtained with the target-response potentiaf!" €a" ! :
At the highest reduced energies shown, the CTMC cross se§howed very good agreement with experimental data over a
tion lies slightly below our proton result, which in turn, is broad range of impact energigks,18. These measurements
substantially below our data f@,=2 andQp=4. The ex-  are not included in Fig. 3 for the sake of clarity.
perimental data included in Fig. 3 were selected from the The experimental data scatter considerably around the
literature with the constraintEp<1000 keV/amu and)p present theoretical results, but they do not indicate a struc-
<8. ture in the cross section. Clearly, the data point of [R2f]

The calculated cross sections fof ‘Cand H&' impact  for F** impact atEp/Qp=57.5 keV/amuwhich is located
are in close agreement in this reduced plot, in particularat E,=230 keV/amu in Fig. 2is outside of a band sug-
when the target-response potential is included. We do najested by the majority of the experimental data points. The
show results obtained with the inclusion of the projectile-rather inconclusive behavior of the experimental data in-
response potential in Fig. 3, since they modify the targetcluded in Fig. 3 can be partly explained by the different
response cross sections only slightly. We have checked atscreened projectile ions used in these measurements. In Ref.
few low and intermediate reduced impact energies that BGM28], it was argued that the cross sections for dressed projec-
calculations with target response for more highly charged iortiles should be scaled with respect to an effective charge
impact(up toQp=8) deviate from the He" and ¢ dataat Q> Qp to account for the higher charge of the projectile
most at the 10% level. nuclei. For example, this procedure shifts the data points

This close agreement, which implies an effective scalingaround 500 keV/Qpamu) to smaller reduced energies and
of the net electron loss cross section is remarkable, as themaller-reduced cross sections. However, it does not change
capture and ionization contributions differ considerably forthe position of data points at low and intermediate reduced
the various projectile charges and absolute energies in thisnergies, considerably. New precise measurements for bare
kinematical range. For example, for a fixed reduced energjon impact or for projectiles, for which the dressing effect is
Er/Qp one observes that the capture contribution to the nesmall (such as €") are desirable to clarify the situation in
electron loss decreases with increasing projectile ch@gge  this region and to assess the validity of our calculations on a
while the ionization contribution increases. Note that this isquantitative level.
due to the increase in collision velociiy for fixed Ep/Qp . As mentioned above, the relative contributions of net
Also, the impact parameter dependence of the net electroglectron capturerc,, and net ionizationr,, to o, change
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FIG. 4. Ratio of net electron captuoe,,and net ionizationriy, Ll L)
cross sections as a function of impact energy. Theory: present cal- 50100 500 1000
culations for G* + Ne collisions in theno-responseapproximation Ep [keV /amu]

[Eq. (6)], with inclusio_n of the ta_r get-respo_nse_ poteniihl) [re- FIG. 5. Total cross section fog-fold electron lossoy (q

s_pons@)] only, and with th_e add'tlofal p_rOJe'ctlle-response pOten'=l, ...,6) as dunction of impact energy. Theory: present calcu-

tial (17) [respons@)} Experlment: F* projectiles; closed squares lations for C** -+ Ne collisions with inclusion of the target-response

(error bars are within the size of the symbdi81], (O) [22]. potential(11) [responsé)] only, and with the additional projectile-
response potentiall?) [responsé)]. The theoretical data corre-

significantly as a function of impact energy. In Fig. 4, we spond toq=1, ... ,6from top to bottom. Experiment:‘C projec-

show the calculated ratio.,,/ oo, for C**+Ne collisions in ~ tiles; (®) [20], F** projectiles; closed square@rror bars are

comparison with the experimental data fof'Fimpact Within the size of the symbol§21], (O) [22].

[21,22, for which this information could be extracted from _ _ . .

the reported charge-state correlated cross sections. As me?]f_prodqcts of binomial$16] and adding them in the follow-

tioned in the discussion of Fig. 1, we have excluded Khe ing way.

shell of the projectile in the calculation of the capture, since

we assume it to be occupied throughout the collision. Nev- 0q= o - (24

ertheless, density may be transferred into this shell during k+1=q

the time propagation, as Pauli blocking due to the projectilye show only results obtained in the dynamical screening
electrons is not mcorp_orated in the present calculations. Wg,dels in Fig. 5 for the sake of clarity, but note that simi-
note, however, that this can be done on the level of the 'PMarIy, as in our previous study of H&+ Ne collisions[18],
by also propagating the projectile electrons and combiningnhe no-responsecross sections are considerably larger than
their transition amplitudes with the transition amplitudes Ofthese data for the higher-reco” ion Charge Stmm low to
the target electrons on the basis of thelusive probabilities  intermediate impact energies. The displayed theoretical data
formalism[26,31. are in very good agreement with the renormalized measure-
The agreement between the theoretical and experimentatents of Refs[21,27 for q=1,...,4 and inacceptable
ratios o,/ oion displayed in Fig. 4 is very good. This con- agreement fog=5. Only for the highest charge staje=6,
firms that it is reasonable to comparéGimpact data with do they lie significantly above the experimental results.
F**-impact data for the global cross sections. It also indi-Whether this discrepancy would be reduced in a more refined
cates that the discrepancies observed dar (Fig. 2) are  dynamical screening model, or whether it cannot be resolved
likely to be caused by the experimental problem to put theat all within an IPM, remains open at present.
measurements on an absolute scale. We note thahdhe At lower impact energies we observe discrepancies be-
responseapproximation and the two response models givetween our results and the measurements of Rzf]. The
very similar results for this ratio, which implies that overall, experimental relative contributions of the higher charge
the response models reduce the total capture and ionizatigtates =3) are substantially smaller than the theoretical
cross sections approximately by the same percentage. ones, in particular at 50 keV/amu. Inclusion of the projectile
We now turn to the more detailed cross sections for theesponse potential reduces the cross sections for higher
production of recoil ions in specific charge states and foonly slightly and does not lead to an improved agreement. A
charge-state correlated events. In view of the apparent exloser inspection of our data for, e.g.=4, shows that the
perimental uncertainties in the total net electron loss crosdominant contribution is due to threefold capture with one-
sections(Fig. 2), we have renormalized the experimental fold ionization o, followed by o5, ando,q. This is true for
data shown in Figs. 5 to 7 to the theoretical net electron losboth dynamical screening models, although the projectile re-
calculated in theaarget-responsenodel. sponse reduces the threefold- and fourfold-capture processes
In Fig. 5 we display theg-fold electron loss from the substantially. By applying the formalism @fclusive prob-
target, i.e., the cross sections for the production of recoil iongbilities [31], we have checked that the Pauli principle does
in the charge statas The theoretical results are obtained by not change these results significantly, since eight vacancies
calculating cross sections fdefold capture with simulta- are available in the projectile shell to which the target
neousl-fold ionizationay, according to the analysis in terms electrons are dominantly transferred. Unfortunately, the indi-
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FIG. 6. Total cross section for purefold ionization o, (I
=1,...,6) as dunction of impact energy. Theory: present calcu-
lations for C** + Ne collisions with inclusion of the target-response
potential(11) [responsé)] only, and with the additional projectile-
response potentiall7) [responsé)]. The theoretical data corre-
spond tol=1, ... ,6from top to bottom. Experiment:*F projec-
tiles; closed square@®rror bars are within the size of the symbols
[21], (O) [22], (A) [32] for | =2,3 only. The data of Ref32] were
normalized to the calculated single-ionization cross seatign as
only ratios of double to single and triple to single ionization are
provided in Ref[32].

vidual cross sections,, which would allow a more de-
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—— response (a) ]
response (b) 1
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FIG. 7. Total cross section for single capture with simultaneous
I-fold ionizationoy; (I=0, .. .,5)(left pane), and for double cap-
ture with simultaneous-fold ionization o (1=0,...,4) (right
pane) as a function of impact energy. Theory: present calculations
for C** + Ne collisions with inclusion of the target-response poten-
tial (11) [respons@)] only, and with the additional projectile-
response potentiall?) [responsé)]. The theoretical data corre-
spond to1=0,...,5 from top to bottom at low energies.
Experiment: B* projectiles; closed squarés 0, (O) I=1, closed
trianglesl =2, (¢) 1=3, (@) =4, (A) | =5; the data at 1 MeV/
amu are from Ref[22], and the data at lower impact energies are
from Ref.[21].

tailed analysis of the observed discrepancies, were not me#n our analysis of the scattering system HeNe, in which

sured by the authors of ReR20].

In Fig. 6 we show cross sections for pure multiple ioniza-

tion o for I1=1,...,6. Ourresults are in good agreement
with the experimental data for*f impact for|=1,2, but

one electron at the projectile center is actively involved, we

found that such processes significantly change the final
charge-state correlated cross sections in the low to interme-
diate energy rangg26]. Therefore, we conjecture that the

behave differently as a function of the projectile energy fordiscrepancies in the present case are mainly associated with
the higher degrees of ionization. In addition to the data ofthe different projectiles employed in the experiments and the
Refs.[21,22, we have included measurements for doublecalculations.

and triple ionization reported in Reff32]. These results are
generally larger than the cross sections of R21], in par-
ticular for 1=3. At the lowest impact energyEp
=160 keV/amu, they appear to be much too high aslthe
=2 andl =3 data points almost merge.

At high energiesEp=1000 keV/amu, our results for

The problem of the different projectile species becomes
even more apparent in the case of single- and multiple-
capture processes. In these cases, the electrons irghell
of the F** projectile affect the results by modifying the or-
bital energies of the vacant states compared to thee i6n,
and by undergoing inelastic transitions that change the final

pure multiple ionization are essentially identical to the crossharge state distributions. In Fig. 7, we show cross sections

sections folg-fold electron loss shown in Fig. 5 since capture
is negligible in this region. By contrast, the experimental
data for pure ionization are smaller than tipéold loss cross

for single and double capture accompaniedgid ioniza-
tion. We have included the experimental data of Refs.
[21,22, although a direct comparison with our theoretical

sections for the higher charge states and, as a consequentgsults seems inappropriate. Qualitatively, we observe a
smaller than our results. This can be attributed to electroisimilar behavior as in the case of pure multiple ionization

loss from the E' projectile, which is not included in the

(Fig. 6): at lower energies, the measurements exceed the cal-

experimental data displayed in Fig. 6, but which does conculated cross sections, whereas they lie below our results at

tribute to the total production of recoil iori§ig. 5 when it

high impact energies. They show a more rapid decrease for

is accompanied by target ionization. We have checked thdhe pure capture channeld=0) than for the transfer-

the cross sections for the higher degrees of ionizatiare

ionization channels|&1) toward high energies. Qualita-

substantially increased and in better agreement with our rdively, this feature is reproduced by our calculations for
sults when the contributions from these processes are addedbuble capture, and also for triple and fourfold capture dis-
At lower impact energies, the experimental data for pureplayed in Fig. 8.

ionization are larger than our results flee 3. In this region

Finally, we briefly discuss the influence of the additional

capture processes gain importance. When they occur simuprojectile-response potentiabse(t) on the charge-state cor-
taneously with electron loss from the projectile, they mayrelated cross sections,. Pure multiple ionization and
yield the same final charge states as pure ionization eventsingle capture with ionization are enhanced at low to
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JE 77T ] T L reponse () C** and " impact reveals some serious discrepancies,
1F x —ree®3  \which are not likely to be explained by the limitations of our
theoretical description. In particular, the experimental results
for the net electron loss show structures in the energy depen-
dence, which are beyond the quoted uncertainties, and which
are not supported by measurements for collision systems
with other projectile charges. This was concluded from plot-
ting the net electron loss divided by the projectile charge as
a function of the impact energy divided by the projectile
charge. In such a plot, the results for collisions at the same
reduced projectile energies should be comparable. Although
100 1000 100 1000 systematic structures are not supported by the measurements
Ep [keV /amu] Ep [keV /amu] available in the kinematical range of interest for the present
paper, the data scatter considerably around our theoretical
FIG. 8. Total cross section for threefold capture with simulta- results, which, in contrast, are very similar for different pro-
neousl-fold ionizationos (1=0, .. .,3)(left pane}, and for four-  jectiles. An important finding from the present calculations
fold capture with simultaneousfold ionizationoy (1=0,...,2)  with target response is the fact that a universal effective scal-
(right pane] as a function of impact energy. Theory: present calcu-ing |aw is predicted for the net electron loss cross section at
lations for C** + Ne collisions with inclusion of the target-response low to intermediate scaled energies over a substantial range

potential(11) [responsea)] only, and with the additional projectile- ¢ hroiectile charges. Experimental data with appropriate ab-
response potentigll?) [responsgh)]. The theorefical data corre- o) ;16 normalization accuracy to verify this scaling are
spond tol =0, ...,3from top to bottom at low energies. highly desirable

. diate | . heoP (1) is included in th For the g-fold electron loss, we found good agreement
intermediate impact energies whén (1) is included inthe 4, the experimental data for*F impact, when the mea-

calculation, whereas multiple capture processes are reduc@@rements were normalized to the calculated net electron
in this model. This reflects that the main effect of the dy-,qq By contrast, discrepancies with measurements fér C
namical screening of the projectile is a redistribution of theqjisions at lower projectile energies remain unexplained at
oy from higher to lowerk, while the global net cross sec- resent. Experimental charge-state correlated data were only
tions (cf. Figs. 2 and fare only slightly modified. However, - ronored for B+ collisions, and were found to differ consid-

the effect is not very strong for the system considered hereerably from our calculations forC impact. We believe that

these discrepancies are mainly caused by the more active
IV. CONCLUDING REMARKS role of the projectile electrons in the case 6f Forojectiles.

In this paper, we have presented theoretical results for In summary, we would like to point out that new accurate
. ' o S . measurements of charge-state correlated and global cross
charge-changing cross sections ifi'G Ne collisions at im- . " .

. . sections are needed to clarifiy these issues and to assess the

pact energies ranging from 20 to 2000 keV/amu. The calcu: A . o

: : . level of sophistication that is necessary for a quantitative
lations are based on the independent particle ma&a). . : |

: . description of many-electron scattering systems in terms of

Time-dependent screening effects at the target and the pro-

- : : uantum-mechanical calculations. This information would
jectile centers are included in terms of global response poq

tentials 5vle(t) and 5059(,[), which are driven by the net also be helpful for an extension of the theoretical methods to

. the description of more differential observables, such as elec-
electron loss and the net electron capture, respectively. Tr}?

. ) . .fron emission spectra in multiple-ionization processes. Our
response potentials are designed to account for the increasi

. . ) rk demonstrates that detailed total cross section calcula-
attraction O.f the target and the t|m_e-o_|ep¢ndent SCreenINg Qlos in the nonperturbative realm have become possible in
the projectile formultiple-electron ionization and capture

. . . . . ' the framework of the IPM. In view of the limited reliable
yvhergas the|r magnitudes are small in 'ghe kinematical r":mgeexperimental information, we can only speculate at present
in which singleelectron processes dominate. about the overall quality of the response models used and the

As In our prevu?us stgdy_ 9f He + Ne collisions[18], we validity of the IPM to describe charge-state correlated cross
have found thabu(t) significantly reduces the net electron gactions in collisions of multiple charged ions with many-
loss at low to intermediate impact energies since multipleg|actron atoms.

electron processes are strongly suppressed. Inclusion of

dvE(t) modifies the global cross sections only slightly, but

its influence on the results is noticeable on the level of the

relative contributions of the single- and multiple-electron  This work has been supported in part by the Natural Sci-

capture channels. ences and Engineering Research Council of Canada. T.K.
The comparison of our results with experimental data forgratefully acknowledges financial support of the DAAD.
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