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Time-dependent screening effects in ion-atom collisions with many active electrons
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lonization and electron transfer in collisions of bare ions from neutral target atoms with many active
electrons are investigated within the independent particle model. We propose a simple model for the inclusion
of time-dependent screening effects and discuss the question of how to analyze the solutions of the single-
particle equations in order to avoid fluctuating transition probabilities, which normally occur when the effective
mean-field potential depends on the propagated orbitals. The basis generator method is used to solve the
single-particle equations for the Bie+Ne collision system in the energy range of 5 to 1000 keV/amu. It is
shown that time-dependent screening effects reduce the cross sections for ionization and capture at low and
intermediate impact energies significantly. Good overall agreement with experimental data is found except for
the higher final charge states of the target ion.

PACS numbg(s): 34.10:+x, 34.50.Fa, 34.76-e

[. INTRODUCTION target excitation, electron capture, and total ionization cross
sections for a variety of collision systems over a broad range
The guantum-mechanical description of ion-atom colli-of impact energie$6,7,10. Despite the successful calcula-
sions which involve many interacting electrons remains artion of one- and two-electron processes, our work indicated
open problem in the theory of atomic collision processes, athat multiple-electron transitions at low and intermediate im-
the solution of the many-electron time-dependent Schropact energies cannot be described satisfactorily in the frame-
dinger (or Dirag) equation is far beyond present computa-work of the IPM with a frozen target potential. Therefore, it
tional capabilities for most situations of interest. In fact, cal-is of interest to investigate to which extent the description
culations which account for the correlated motion of thecan be improved within the IPM, if one goes beyond the
electrons have been mostly restricted to the two-electrofyozen potential approximation and accounts for time-
problem[1], or to very low projectile energies, where elec- dependent screening effects. This task poses the two follow-
tron capture is the dominant reaction channel and the manyng major problems.

electron wave function can be expanded in terms of a few (1) The computational costs increase tremendously, when
molecular statef2]. At higher impact energies, the coupling (jme_dependent screening effects are included on a micro-
to the continuum cannot be neglected and nonperturbativg

techni o d ibe th fition betw itati copic level, as, e.g., within the time-dependent Hartree Fock
echniques to describe e competition between exc'a'o%TDHF) theory[11], or within approximate schemes of time-

capture, and ionization processes are needed. Only at Sdeependent density functional theofyDDFT) [12]. As a

ciently high impact energies and for sufficiently low projec- onsequence, such calculations have been performed onl
tile charges do the different channels decouple, and pertuF— quence, - P . y
rely for ion-atom collision problems and were restricted to

bative methods can be applied. The field has been reviewe&‘ﬁfl R
e.g., in Ref[3]. specific situations. Most of them concentrated on electron

In recent publications we demonstrated that a large numc@Pturel13—19 or excitation[16] in (effective) two-electron
ber of one- and two-electron processes in proton and antipr&cattering systems and relied on the TDHF approximation or
ton collisions with many-electron target atoms can be suc@ relativistic extensior{17]. In a recent work, the time-
cessfully calculated over a broad range of impact energies iffependent local density approximation was used to calculate
the framework of the independent particle mod®M) with charge transfer cross sections in®At-Ar collisions [18].
a frozen target potential that accounts accurately for elecThe only calculation that included ionization processes was
tronic exchange effectp4—7]. Atomic potentials with this of a qualitative nature as it was performed in the so-called
property were obtained from the exchange-only optimizedaxial decoupling approximation, in which the rotational in-
potential method OPM) [8]. Less convincing results were variance of the wavefunction with respect to the internuclear
found for the collision calculation when the Latter-correctedaxis was assumed 9].
local density approximation or Hartree-Fock-Slater poten- (2) The nonlinearity of the single-particle Hamiltonian
tials were used. that includes time-dependent screening effects causes funda-

An important prerequisite for these studies was the develmental theoretical problems, such as the loss of the superpo-
opment of the basis generator meth@®GM) [9] for the  sition principle in the equations of motion. As a result one
solution of the effective single-particle time-dependentobtains fluctuating transition probabilities when analyzing
Schralinger equations for all initially occupied orbitals. The the solution with respect to eigenfunctions of the static
BGM provides a representation of the electronic state vectoasymptotic Hamiltonian. This so-called TDHF projection
during the collision in terms of dynamically adapted basisproblem was observed in several calculati¢®§,20 and
functions and has been shown to give accurate results fawas discussed extensively in the context of nuclear reactions
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[21]. To our knowledge no general solution has been foundnized potential methodOPM) [8]. In this model, self-
so far. interaction contributions contained in the Hartree energy are

In this paper, we investigate the role of time-dependentancelled exactly and the correct asymptotic behavior
screening effects in ion-atom collisions on the basis of a
relatively simple model, which does not increase the compu- 0 opm, . TFN-1
tational cost significantly compared to a calculation with a Ve 1) =Vge (1) = T 4
frozen target potential. Furthermore, the projection problem
can be fully understood and solved for this model, and stablgs ensured. The exact treatment of exchange effects in the
transition probabilities are obtained for all channels. WeOopM was found to be important for collision calculations
present results for ionization and capture in the collision sysf4 5]. The no-response approximation of our previous work
tem H&" + Ne, which has been investigated experimentallycorresponds to the assumption
over a broad range of impact energies some time[28e-

24]. Very few theoretical results exist for this syst¢§25]. Sve(r,t)=0. (5)

The layout of the paper is as follows. We discuss our_ S o .
model for time-dependent screening effects and the projecthis approximation is justified for fast collisions, for which
tion problem in Sec. I1. In Sec. lll, some technical aspects ofhe spatial electronic distribution does not change consider-
our calculations are summarized. Results fofHHeNe col-  ably during the interaction time. Furthermore, we showed
lisions are presented in Sec. IV. We start with a discussion gihat it yields reliable results for one-electron transitions, such
net electron loss, capture and ionization in Sec. IV A, and®S Single capture and single ionization down into the tens of
compare cross sections for specific final charge states of tHgV/amu range, whereas we found evidence that for a satis-
ions with experimental data in Sec. IV B. Our results arefactory description of multiple-electron processes the inclu-

summarized in Sec. V. Atomic unitshiEme=e=1) are sion of time-dependent screening effects is requied).
used throughout. As mentioned in the Introduction, the implementation of

microscopic models fobuv e is very demanding. In order to
assess the influence of time-dependent screening effects
without increasing the computational costs significantly we
propose a simple model, which is similar to the one we used

Within the IPM description of the non-relativistic many- in a recent study op~ +Ne collisions[6]. The model is
electron collision system the task is to solve a set of timedesigned to account in a global fashion for the increasing
dependent Schdinger-type equations for the initially occu- attraction of the target potential as ionization and electron
pied orbitals capture set in during the collision. We define

II. IPM DESCRIPTION OF ION-ATOM COLLISIONS
WITH A TIME-DEPENDENT SCREENING POTENTIAL

idup(r,)=hy(r,t), i=1,...N (1)

with the Hamiltonian

vlﬁ(r,t)=—%+vee(r,t) (6)

and assume thatl; can be approximated by a linear combi-
A(t) = — EA_ Qr _ Qep 2 nation of ionic ground-state potentialg(r) weighted with
(t) — Toedrt). 2 . L oS
2 ror=R()] the time-dependent probabilitié*{t) to create the corre-

sponding charge states in the collision
Here,Qt and Qp denote the charges of the target and pro- P g g

jectile nuclei, respectively, where the latter is assumed to N
move along the straight line trajectoR(t) = (b,0v pt) with va(r)=~vld(r,t)=> P'qoss(t)vq(r). (7)
impact parameteb and constant velocityp. The mean- a=0

field p_oter_1t|a|vee(r,t)_accounts for the _electron electron in Furthermore, we assume that thg(r) can be expressed by
teraction in an effective manner, and in general depends o : :
) . : . he self-consistent scaled potential of the neutral target atom
time. We note that the time-dependent density functiona

: T or all charge states in the following way. We write the
theory ensures the existence of a multiplicative operagr static atomic potential as

that includes all electron-electron interaction effects exactly

[12]. In practice, approximations have to be introduced, as o

the functional form of the exact potential is not known. vo(r)=-— —+vge(r) (8)
We decompose . into a contribution, which describes '

the electron-electron interaction in the undisturbed atomicdnd define

target ground state before the collision and a contribution,

which accounts for the variation of, due to the response of vo(r) for g=0

the electronic system in the presence of the projectile q-1 )

r)=
va(1) _lvge(r) for g=1.

Ved ) =ved)+dvedr ). 3 vo(N =

As a particular model for the undisturbed atomic potentialEquation(9) is best understood by considering some limiting
v24(r) we choose the exchange-only version of the opti-cases, which are easily deduced from the asymptotic behav-
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ior of v24(r) [Eq. (4)] and the charge balan&@=N for a Qs(t)

neutral target atom(1) for =N, v4(r) reduces to the bare Svedl ) == =7 Ved ) (14)
Coulomb potential of the target nucleus, i.e.Q+/r; (2) for

=0, v4(r) equals the OPM potential of the neutral atom; with the screening functio®(t)

(3) for g=1, v4(r) is also chosen to be equal to the neutral o os

atom casef4) for q>1, v,4(r) has an asymptotic behavior of Qs(t)=Prelt) + Pe™{t)— 1. (19
typ1e_o eqxlggl.ain the choice of potentials in E(®) and in par- To rr_lake use of this ansan_ we need (Iexplicit t_expressions for
ticular the identical choice fag=0 andg=1 we provide the the time-dependent quantiti€%,s° andPg™". As in our pre-
following remarks. The potentials defined in E8) are used ~Vious work([5,7] we rely on a channel representation of the
to form the mean-field potenti&?) which is employed in the smgle-paru;le solutiong;(t) and calculate the net electron
time propagation of the orbitals. A TDHF-like mean-field 0SS according to

potential has the property that dynamical screening sets in NV
immediately when a small fractional amount of charge has 0SS 4\ — N _ _ 2

been removed from the target. This effect is caused by the Predl =N 21 uzl Kool (18
statistical nature of the TDHF approximation whereby all

channels are described by a single mean field. It is considvhere the(finite) set{|¢,),v=1, ...V} contains all bound
ered undesirable when one is interested primarily in singldarget states populated noticeably in the collision process.
ionization or capture. To overcome the associated problem#ith the interpretation ofP\sN as the average single-
in photoionization a “frozen TDHF” approximation was in- particle probability for electron loss from the target we ob-
troduced[26]. Our choice of a common potential fay  tain the probabilityP 2 from the binomial formula

=0,1 in the superpositio(V) attempts to correct the problem

[ N
within the TDHF mean field for the collisional kinematic S Prat(t) an
ranges where zerofold to onefold electron removal domi- 0 N '

nates.

Similarly to Egs.(7), (8), and(9) one can incorporate a The remaining question of how to choose the channel
time-dependent screening potential on the projectile center ifinctions|¢,) is connected to the projection problem men-
the description in order to account for the reduced attractioioned in the Introduction. In order to ensure a meaningful
to the projectile as electrons are captured during the collianalysis of the single-particle solutiogs(t), the transition
sion. This effect is neglected in the present study. It is eviamplitudes
dent that it will be particularly important for highly charged i
ion impact at low and intermediate energies, for which mul- (D =(p,|#i(1)) (18)
tiple capture is likely to occur. Furthermore, we note that th
interaction between electrons in the continuum is omitted i
our model. This is expected to cause no significant errors a%
long as one is interested in total ionization yields only. L

Insertion of Eq.(9) in Eq. (7) yields

ﬁﬂave to become stable after the collision procéss<) up

an oscillatory energy phase. This boundary condition of
e scattering problem is fulfilled, when the channel func-
tions obey the time-dependent single-particle Sdimger
equation(1) for asymptotic times

0 &(r ) =vo(r) + dved 1), (10 (A= il o) =0, 19
with With this requirement one obtains for the time derivative of
N the amplitudeg18)
Svedr )= N_—_ll q; (a-1)Pg*(tvedr). (11 &= a0 1 (D)o
Using the normalization =~ =iade,vi(O)l-==0, (20

N where we have used EL). In the no-response approxima-
tion Eq. (19) is fulfilled by the eigenfunctions of the undis-
Pl(?ss(t): 1_;1 Plz?ss(t) 12) turbed target atom, if one disregards the long-range Coulomb
interaction with the projectile. Although not correct formally,
and the definition of the net electron loss as the averag!S @pproximation can be justified from a practical point of
number of removed electrons view, when the single-particle equations are propagated so
far that the projectile does not cause channel couplings in the
N target. Similarly, eigenfunctions of the moving projectile
PlsYt)= >, qu(?SS(t) (13)  subsystem are the appropriate channel functions for the
q=1 analysis of electron capture processes. However, if a time-
dependent screening potential is included in the single-
the response potentifiEq. (11)] can be cast into the form  particle Hamiltonian[Eg. (2)] the channel functions of the
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undisturbed target and projectile subsystems lead generallyhere we have used
to fluctuating transition probabilities. This has been observed
in several TDHF calculationgl6,20. (@vdd e, ) =(e, lvaded), (26)
Let us exemplify this point for our specific modgtq.
(14)]. We assume that the solutions of the single-particleas well as the fact that all terms with <V cancel, and the
equations(1) can be expanded according to overlaps between bound target and projectile states vanish
asymptotically. The net electron loss fluctuates for all times

* i as the undisturbed atomic target functida@) are coupled
(D))= 2, cy(b)]e,), (21)  to the continuum states via the response potential.
v=1 . .
For our specific model, where the time-dependence of the
where thel¢,) are bound target states for-1, . . . \V, trav- response potential is driven by the net electron loss, a solu-
elling bouné projectile states far=V+1,. V+K and tion of the problem of fluctuating transition probabilities can

be found. To this end, the analysis at the target center and the

discrete states, which represent the continuunvfe + K. finiti fth | I h be based )
For asymptotic internuclear separations the states can be EEQ inition of the net electron loss have 1o be based on eigen-
|

sumed to be orthonormal. If we use stationary target orbital&Nctions |‘fv(tt,)>| of the Hamiltonian that includes the re-
|¢?) in the analysis sponse potentia

ley=led), v=1,...V, (22) lo,)=|e, (1), v=1,...V, (27)

which fulfill the eigenvalue equation 1
g a (—§A+vo(r)+ Svedr t) |l@, (1) =2,(1)]@,(1))

logy =22l o0) (23 (28)

1
(—§A+v0(r)

in contrast to the eigenstatéqﬁ‘j) of the undisturbed target
we obtain for the time-derivative of the transition amplitudesatom, which satisfy Eq(23). Equation(28) represents an

to bound target statdsf. Eq. (20)] eigenvalue problem, in which the tint@ppears as a param-
N A eter. In analogy to Eq(16) we assume that the finite set
Cyli—e= = i{@PI DO (D)) {le,(t)),v=1, ...V} is suitable to describe the total popu-
" lation of bound target states in the collision. In the Appendix,
— il A0ni 0 [ we show that all transition probabilities become stabletfor

- + ’ ’ . . . . . .
I(s”c”(t) El (ool vedDlgu)c, (t)) —oo in this case. From a physical point of view it appears

t—o

quite natural to use the eigenfunctidis (t)) of Eq. (28) for
t the analysis, as they are consistent with the time-dependent
A o Q4D : he
=—i| g,C,(t)— N_1 mean-field description and correspond to the average frac-
tional charge state on the target atom after the collision. Note
o that they depend on time parametrically, since the response
x> <<P8|Uge| <Pu'>CIUr(t)> , potential itself depends on time via the net electron [@és
v'=1

Eq. (14)], or the solutions of Eq(l) in more general cases

for Svee. In these more general situations the asymptotic

v=1 v (24) stability of the transition probabilities cannot be ensured, be-
B cause the eigenfunctiong,(t)) do not obey the boundary

The response potential couples all states, and thus leads §gndition(19). This is evident from Eq(A6) of the Appen-
fluctuating transition probabilities. The fluctuations may per-dix- Therefore, our analysis does not solve the TDHF projec-
sist for all times, since no general argument can be found fofion Problem in general. Nevertheless, it allows us to extract
the asymptotic decrease of the coupling matrix elementdvell-defined transition prok_)abllltl_es for our specmc_ model. It
Only the coupling between bound target and projectile state@1@Y also serve as a starting point for the analysis of calcu-
will fade out because of the vanishing overlap between thesitions with microscopic response potentids.., as the
states folR— . For the same reason, transition probabilitiesPreSent discussion can be carried over to the monopole con-

for electron capture, calculated by projection onto undistribution in the mean-field potential in the general TDHF
turbed moving projectile states, are not affected by our spet@S€-
cific target-centered response potential and become stable.
Similarly to Eq.(24) we obtain for the time derivative of [ll. COMPUTATIONAL ASPECTS
the net electron losBI%*[Eq. (16)]

t—oo

As the methods for the solution of the time-dependent

QL) NV © single-particle equationgl) and the extraction of transition
plosy  —p =S 01,0 o, probabilities for net and multiple ionization and capture
et N—-1 21 021 vr>zv+,( (@ulved @) events are similar to the ones we used in our previous work
_ . [5,7,9, we give only a short summary in this section. The
'*(t)c! 25) i i
xim[c,* ()¢, (1)t ( basis generator methotBGM) is used to propagate the
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single-particle equationd) with the response potentiél4);  to cover the bound parts of the electronic density we can
i.e., the orbitalsy;(t) are expanded in terms of dynamically define the net ionizatioR o by
adapted basis states
vV Prat) =Praite) — PRafto). (34
. = l H
(V) ,Zo vzl d““(t)|X”(t)>’ @9 The more detailed calculation of capture and ionization
events associated with specific final charge states of the pro-
IX“(0))=[Wp(t)]#l¢%), u=0,...M, (30)  jectile and target ions is based on the shell-specific trinomial
analysis[27] and the analysis in terms of products of bino-
whereW; denotes the suitably regularized projectile poten-mials that we have introduced in R¢¥]. Whereas one ob-
tial. In the present calculation we have included all undis-tains nonzero transition probabilities for unphysical higher-
turbed target statdsog) of the KLMN shells calculated nu- order capture processes in the trinomial analgisés, capture
merically on a fine mesh and 100 functions from the se©f more than two electrons in the present case of ‘Hgro-
{|Xﬁ(t)>,ﬂ> 1} up to orderu=8 in the basis. jectiles, these transitions are avoided in the analysis in terms
Our choice of the response potenfigh. (14)] requires to ~ Of produqts of bi.nomials. In this modgl the net electron cap-
calculate the net electron lo$%%° [Eq. (16)] in each time  ture (33) is distributed over the physical capture channels,
step. In order to ensure the asymptotic stability of all transil-€:, Over single and double capture in the present case, by

tion probabilities the calculation dpl?:ts has to rely on the carrying out binomial statistics with the new single-particle

Stateﬁ (Pv(t)> [Eq (28)] We diagona"ze the Hamiltonian of prObabI|Ity Pﬁg‘f/Z This k-fold capture prObabIllty is multi-

Eq. (28) in the BGM basis to obtain(rea) coefficients Plied by an independerfold binomial ionization probabil-

a’, (1) ity to obtain P,,, the probability fork-fold capture accom-
,urul

panied byl-fold ionization. Obviously, the model is only

VY well-defined as long aP[aP<2. If P3P exceeds this value,
|, (1)) = 2 z a;,v,(t)uéﬁ (1)), (3D r_legativ_e prob_abilities for spe_cific multiplg-electron transi-
w'=00v'=1 tions arise. This has to be avoided by capping the net capture
] probabilities in these situations.
and find for the net electron loss Finally, we note that we have also calculated multiple-

electron transition events for some test cases on the basis of

N vV M v . . . o i
the formalism of inclusive probabilitig®8], which accounts
| _ . . . .
Pr?ests(t)—N_;l UZH 2 E a:ﬂv’(t) for the Pauli blocking in the final states. However, we have
mE =0v ° =1 not found substantially different results when comparing to
Xa‘;,,v,,(t) d,luv'(t) d,LfU"(t)’ (32)  the trinomial analysis. In particular, the unphysical triple

capture is not considerably suppressed, as transition ampli-

tudes to several individual projectile states, whose combina-
dtion is not forbidden by the Pauli principle, are found to
contribute.

with the expansion coefficients,,, ,(t) of Eq. (29). Note
that due to the finiteness of the BGM basis only a limite
number of statesp,(t)) can be represented with reasonable
accuracy. We have compared energy eigenvalues obtained

from the diagonalization in the BGM basis with “exact” IV. RESULTS
eigenvalues obtained from a numerical solution of the sta-
tionary Schrdinger equatior{28) for a few arbitrary choices

of P',?estsin the response potential. Furthermore, we have stud- Before we compare our results for net electron loss, ion-
ied transition probabilities to numerically calculated stateszation, and capture cross sections in“He Ne collisions

le, (1)), and to states represented in the BGM basis via Eqwith experimental data we illustrate the asymptotic stability
(31). These tests indicated that a proper choicd/dh Eq. qf transition probablhtlgs, and d|§cuss the mfluence_qf th(_a
(32) is given byV=V, i.e., the populations of all states in the time-dependent screening potential on the net probabilities in

KLMN shells of the fractionally ionized target system are? global fashion.

. ss .
added in order to calculate the net electron loss in each time In F|g. 1 we show the net electron |0Bse; asa fl'Jnct|.on
step of the propagation. of the internuclear separation for the specific situation of

At the final timet=t,, we calculate the net electron cap- Projectile energyEp=100 keV/amu and impact parameter
cap ' b=1 a.u. The results of three different calculations are in-

:!”e P“e‘t b)t/ exp:“ut:érm?ctuiln Sf the single-particle solu- cluded in the figure:(1) the present model for time-
lons onto traveling states| ¢y ) dependent screening according to E@s)—(17) and (32);
N K (2) a calculation that also relies on Eq4.4)—(17), but in
caps | _ P _ 2 which the net electron loss is defined with respect to the
Pred 1) .21 k§=:1 Kewtolwito)l® 33 undisturbed atomic target statkz/sﬁ’) that obey Eq(23); (3)
a calculation in the no-response approximafigq. (5)]. We
K is chosen to include all projectile states of keM shells.  note that we have used the same BGM basis set in all calcu-

Assuming that the summations )5, andP;2! are sufficient  lations.

A. Net electron loss, ionization, and capture
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4 BREEEEREREE L '(1')_ pact parameter and energy. In additionR° we have in-

L o) cluded the functiorQg [Eq. (15)] in Fig. 1, which governs

o P () the response potentiél4). As a matter of cours€, shows

----- Py (3)7] the stable or oscillating behavior of the corresponding net
electron loss. Around the closest approach one observes a
et ] delayed rise when comparing R;. This is a desired con-

7 sequence of the particular choice of potentials in @ythat

] has been discussed in Sec. Il. As long as the average number
d of removed electrons is smaller than or comparable to one,
: B the magnitude of the response potential,, remains small.

; ] This is in contrast to an alternative screening model, in
,'; ] which Sv, is driven directly byP%S [6]. When P\%S be-
I —— comes considerably larger than one, the elastic probability
PsSapproaches zefisee Eq(17) and note thall=10], and

thus the screening functios approache®%5—1.

FIG. 1. Net electron loss probabilitp!°s® (16) and screening We have checked that for neither of the screening models
function Qs (15) as a function of the internuclear separation  does the net electron captuRESY ever exhibit oscillatory
=vpt for HE** +Ne collisions. The different calculatior®)—(3)  pehavior. As our specific response potentia) is centered
are explained in the text. around the target nucleus the asymptotic Sdmger equa-

tion in the projectile systemisee Eq.(19)] is fulfilled by

In agreement with our theoretical analysis the time-traveling hydrogenic eigenstates for the nuclear ch#&pge
dependent screening calculation based on the statgs)) =2, which we use to calculat®3 from the propagated
yields stable results, whereR§SS oscillates, when calculated orbitals. Fluctuations similar to the ones shown in Fig. 1 are
with respect to the statdsaaﬂ). The oscillatory behavior il- expected when a response potential at the projectile center
lustrates the lack of synchronization between the timewould be included in the calculation. _
dependent potential and the undisturbed target statfs In Figs. 2 and 3 we show the net ionizatiétf; and the
Around the closest approackz<£0 a.u), the projectile po- net captureP 3} after the collision ¢;=45 a.u) as functions
tential reduces the population of the bound stdt@%}, of impact parameteb and impact energ¥p to provide a
which, in turn, feeds the response potential and increases tigeneral picture of the collision system and to demonstrate the
attraction of the target, so that a certain amount of probabilvole of time-dependent screening. In what follows, we solely
ity is recaptured to the bound states. This interplay can onlgmploy the screening model that relies on the staget)),
be balanced, when the functiong,(t)) are used, which and which gives stable results, i.e., E¢s8—(17) and(32)
account for the response potential. are used. The net ionizatioR % has a relatively simple

We note that the average value of the oscillating curvestructure(Fig. 2). It is largest at impact energies 100 keV/
coincides quite well with the stable result of calculatidn ~ amu<Ep= 200 keV/amu and at small impact parameters
at large distances. Compared to the no-response calculati®turthermoreP > is confined to rather close collisions at low

net

P'r?jts is reduced by approximately 15% for the specific im- energies, but extends towards larger valued aft higher

FIG. 2. Net ionization prob-
L ability Py as a function of the
logarithm (logg) of the impact
energyEp (in keV/amy and the
impact parameteb (in a.u) for
He?* +Ne collisions. Left panel:
calculation in the no-response ap-
proximation; right panel: calcula-
tion including time-dependent
screening according to Eq&l4)—
(17), and(32).

\
N

15 2.0 2.5 3.0
log(E)
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3.0

FIG. 3. Net electron capture
L probability P:aP as a function of
the logarithm (logg) of the impact
energyEp (in keV/amy and the
impact parameteb (in a.u) for
He?" +Ne collisions. Left panel:
calculation in the no-response ap-
proximation; right panel: calcula-
tion including time-dependent
screening according to Eq&l4)—
(17), and(32).

b [a.u.]

2.0 2.8 K . 1.5 . . 3.0
log(E) log(E)

Ep. The inclusion of time-dependent screening effects doefectile ground statea(,jéls)=—2 a.u) increases in the im-
not change these general trends, but smoothly depRf&s portant kinematic regions. By contrast, the orbital energies of
except for largeb and high Ep. The maximum value the 2p electrons approach or even cross the value @fa.u.
(reached at the smallest impact parameter in our calculatiojuring the collision, and are thus more likely to be captured
b=0.1 a.u} is reduced from approximately 3.4 to 1.9 and iswhen the response potential is included. Evidently, the situ-
shifted slightly to higheEp. ation might change again when time-dependent screening of

The general reduction oP%; can be easily understood the projectile nucleus would also be taken into account.
from the increased attraction of the target when time- The total cross sectiongC9) for net electron loss, ion-
dependent screening is included. This is also reflected in thigation, and capture are displayed in Figs. 4, 5, and 6 in
energy eigenvalues of the orbitals, which are to be intercomparison with experimental data of Rdf82,23. For the
preted as average ionization potentials within the time-<calculation with the response potenti{@¥) our results agree
dependent mean-field approximation. For the &ectrons, very well with the measurements at impact enerdigs
which are dominantly ionized, the eigenvalue changes from=20 keV/amu, whereas the TCS in the no-response approxi-
ene(zp)= —0.85 a.u. for the neutral system e 20 (1) mation are in general higher and lie outside the experimental
= —2.98 a.u for the corresponding eigenstatg(t;)) of Eq.  error bars.
(28) atb=0.1 a.u. ancEp=150 keV/amu. At high energies the results of both sets of calculations

The shape of the net electron capture probabiifffas a merge. This behavior, which is also seen on a more differ-
function of b and Ep is more involved(Fig. 3). For both  ential level in Figs. 2 and 3 confirms our earlier assumption
calculations, with and without the inclusion of time- that time-dependent screening is not effective in collisions,
dependent screening, two regions can be observed, where B B
PP exhibits pronounced local maxima. The largest values 14 ' -2 10 response™]
are reached at the lowest impact energy in our calculation 12 T — response ]
(Ep=5 keV/amy in the impact parameter range 0.5 a.u.
<b=<1 a.u., while the second maximum is located at around
b~ 1.75 a.u. and at slightly high&, . Compared to the net
ionization (Fig. 2), Pr2P is confined to rather small impact
energies, but extends to larger impact parameters. In general,
the time-dependent screening reduB&¥, but small regions
are found where the effect is reversed. This uneven behavior
can be understood from the changing energy differences be- S E— S—
tween the initial target and final projectile states, when the 10 100 1000

A : : Ep [keV/amu]

response potential is included in the calculation. In the no-
response approximation the dominant capture process at low g 4. Total cross section for net electron loss as a function of
Ep is the transfer of electrons from the initials2rbital  jmpact energy for H& + Ne collisions. Theory: present calcula-
(ene(2sy=—1.72 a.u). to the ground state of the projectile tions with and without inclusion of time-dependent screening de-
[5]. The inclusion of time-dependent screening lowers thenoted by the full curve and chain curve, respectively. Experiment:
energy eigenvalues of the target states and diminishes thaosed circleg22]; closed triangle$23] obtained by extrapolating
capture of 2 electrons as their energy difference to the pro-the data of Ref[22].

16 2
Oloss [107 cm”]
=
N =S o O
| N LN
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T L IR T different trend towards even lower energies. Around 10 keV/
- ’r‘:s;f:;m amu the influence of the response potential on the TCS is
rather small. As has been discussed above, this is partly due
to a compensation of the behavior of electrons of different
initial subshells. As electron capture at low impact energies
is sensitive to the strength of intermediate couplings, it is
evident that the specific form of the response potential is
probed by this process. Obviously, our presésyherical
model is too crude to yield accurate results in this region. We
have performed some test calculations, where a spherical
SE— E— model for the time-dependent screening of the projectile
100 1000 - . -
Ep [keV/amu] n_ucleus was included, but the rgsulps did not improve con-
siderably upon the data shown in Fig. 6. It is of interest to
FIG. 5. Total cross section for net ionization as a function of Nvestigate, if the disagreement with the experimental data at
impact energy for H& +Ne collisions. Theory: present calcula- [0W energies can be resolved when a microscopic model for
tions with and without inclusion of time-dependent screening delime-dependent screening, e.g., the extension of the OPM to
noted by the full curve and chain curve, respectively. Experimentthe time-dependent ca$29], would be considered. For the
closed circleg22]; closed triangle$23]. He?* + He collision system full TDHF calculations indicated
that an accurate description of capture at low projectile en-
where the projectile moves considerably faster than the ougrgies requires to go beyond the IPM in order to account for
ershell target electrons. The electrons are hit suddenly, argprrelation effect§13,15. We note, however, that this con-
do not react to the changing mean-field attraction of the tarclusion was drawn with respect to the individual description
get. We note that this is not a trivial consequence of theof the single and double capture channels. For the more glo-
small magnitude of the response potentiad) in this region.  bal net capture TCS the situation is not that obvious. In our
In fact, we have found very similar results with the alterna-opinion the published Hé +He data do not provide clear
tive model of Ref.[6], where time-dependent screening is evidence for a failure of TDHF to predict net capture down

driven directly byP'°Sand and sets in in the<0g<1 range  [© Projectile energies at around 5 keV/amu.

in contrast to our present choice of E¢8) and (9). How-

ever, these calculations resulted in considerably smaller TCS ~ B- Multiple electron loss, ionization, and capture

at intermediate impact energies when compared to the The quality of the present calculations and the effects of
present model and the experimental data. In this region, thgme-dependent screening are investigated further in this sec-
present time-dependent screening model reduces the nfion by analyzing the final charge-state distributions of pro-
response TCS by the appropriate amount to approach thectile and target. As described in Sec. Ill cross sectiogs
experimental values. For the ionization channel the agreefor k-fold capture with simultaneousfold ionization are cal-
ment with the data of Ref23] is very good down to the cylated from the single-particle solutions by using the trino-
lowest impact energies. We note that the author of 4] mial and the products of binomials analyg@$. The more
argues that his results are more accurate than the earlier mggcjusive TCS forg-fold electron loss from the target, are

surements of Re[22] obtained froma-kl by
For the capture channel, however, we find discrepancies

with both experimental data sets flap< 20 keV/amu and a

-16

a'ion[l0 cm2]
H N Wk ool e

I I BT I

-

Uq: gyl - (35)
kl,k+1=q

—
[ -]

We note that the summation of the trinomial data gives cross
sections, which can also be calculated directly by using the
binomial analysis fog-fold electron loss from the targgs].
Corresponding results are shown in Fig. 7 along with experi-
mental data. The measurements fg; of Ref. [23] have
been added according to E®5), while we have normalized
the relative cross sections fog=2,3 of Ref.[24] to our
present results for onefold electron logs; ).
Forg=1 our results are in very good agreement with the
100 1000 . . .
Ep [keV/amu] expenmentgl data over the entire energy range. The curve is
rather flat, i.e., the energy dependence of onefold electron
FIG. 6. Total cross section for net electron capture as a functioh0SS IS weak. As expected and desired, the effects of the
of impact energy for H&" + Ne collisions. Theory: present calcula- time-dependent screening are small for this channel. For
tions with and without inclusion of time-dependent screening de<{most impact energies the cross sections are slightly increased
noted by the full curve and chain curve, respectively. ExperimentPy their inclusion, although the net electron loss is reduced
closed circle§22]; closed triangle$23]. (see Fig. 4. This is a consequence of the statistical analysis,

Ocap [10"%m]
s

N B O 0
T
P I T (I I NI |

LI B I
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Frrrre T T 4 TrTT T Frrrre T T 4 TrTT T
r--- | = no response | r--- | = no response |
—— response —— response
10 10
g 10t g 10t
© E © E
g r g r
= o1k = 01
s f s f
0.01 0.01 ¢
I | | | I | | |
100 1000 100 1000
Ep [keV/amu] Ep [keV/amu]
FIG. 7. Total cross sections fog-fold electron loss ¢ FIG. 8. Total cross sections fog-fold electron loss
=1...4) as a function of impact energy for He+ Ne collisions. =1---4) as a function of impact energy for He+ Ne collisions.

Theory: present calculations with and without inclusion of time- Theory: present calculations with and without inclusion of time-

dependent screeningenoted by the full curves and chain curves, dependent screenir(glenoted by the full curves and chain curves,

respectively according to the standard binomial analysis. Experi-respectively according to the analysis in terms of products of bi-

ment: closed symbolE23]; open symbold24] normalized to the nomials. Experiment: same as in Fig. 7.

theoretical cross sections for onefold electron loss. The error bars

are smaller than the size of the symbols. ate energy range when using this evaluation metifagl 8).
They agree in shape with the experimental results, in particu-

in which a decrease in the shell-specific single-particle problar When time-dependent screening is included, but a sub-
abilities can lead to an increase in the multiple-electron tranStantial difference in the absolute magnitude persistsgfor
sition probabilities for low multiplicities. =3. We note that the improvement in the shaperefand

Forq=2 the effects of time-dependent screening are als@s at intermediate energies as compared to the standard bi-
rather small. Only at low impact energies is the cross sectioRomial analysigFig. 7) is remarkable. _
reduced noticeably. The experimental data lie above our re- The unphysical higher-order capture events are not simply
sults in this region except for the data pointEt=5 keV/ omitted in the prodgcts of binomials analysis but redlstrlb—
amu. Good agreement is found for higher energies up tated over the physical cap_ture channel;. Therefore,_ an in-
Ep=<500 keV/amu, whereas the experimental cross section@'®ase otr, ando, at low to intermediate impact energies is
are smaller than our results for even faster collisions. Thi¢bserved in Fig. 8. The increase is more pronouncedrfor
discrepancy is more pronounced feg anda,, and is hardly and leads to a crossing of both channels around 10 keV/amu.
affected by time-dependent screening. At intermediate im!n this region, we have found th&g! exceeds the value of
pact energiesr; and o, are considerably reduced by the two in some impact parameter ranges in the no-response ap-
inclusion of the response potentid), but the experimental proximation. In these cases we have Bg}{=2 in order to
data are still substantially smaller than these results. Aavoid negative probabilities for specific multiple-electron
present it remains open, whether the discrepancy can be reransition channels(see Sec. I). When time-dependent
solved within the IPM by use of a more refinded time- screening is included, the calculations yigk{iP<2 with
dependent screening model. only very few exceptions. Nevertheless, the crossingrpf

At low impact energies, where capture dominates theando,, which is not supported by the experimental data and
electron loss from the target, the need for a microscopi@ppears to be artificial, cannot be avoided. Its location clearly
screening model has already been discussed in Sec. IV Andicates, down to which impact energies our calculations
Obviously, the deficiencies seen in the net electron capture igive an acceptable description of the collision system. It re-
this region(Fig. 6) are also mirrored in the multiple-electron mains to be seen whether an improved model for time-
cross sections. Our calculations yield large single-particlelependent screening effects can remedy the deficiencies for
probabilities for electron capture at low impact energiesEp<15 keV/amu that are observed in the net electron cap-
which feed the higher charge states when combined in termire (Fig. 6) and theg-fold electron loss with either evalua-
of the standard binomial and trinomial analyses. A closetion method(Figs. 7 and &
inspection of the data shows that and o, are dominated Finally, we present results for the charge-state correlated
by the unphysical multiple-captur&® 3) channels. cross sectionsr,, obtained from the analysis in terms of

Within the analysis in terms of products of binomials the products of binomials in Fig. 9. A comparison of results
unphysicalk=3 capture is avoided by construction. In fact, obtained from this method with trinomial cross sections was
o5 ando, are considerably reduced in the low to intermedi-given in Ref.[7] for proton scattering from oxygen atoms
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1

10 E AL T Ty AL T TTTTg N WAL Tty
E '~ noresponse J
—— response
10° F oo 3 FIG. 9. Total cross sections, for k-fold
A electron capture with simultaneoi#old ioniza-
NE‘ 3 o 1 tion as a function of impact energy for He
R 10 £ ¢ A\ 3 +Ne collisions. Theory: present calculations
".‘O t o N ] with and without inclusion of time-dependent
= Ll / PO | 1 screening(denoted by the full curves and chain
bz 10 £/ oo i | , $? % 3 curves, respectivelyaccording to the analysis in
I/ ! Iy i t terms of products of binomials; open symbols,
16° /A A calculation included.in Ref23] for ag1—0s (left
3 /i o\ pgne}, 010-012 (mlddle panel, and oy5—0,
Ji W\ ] (right pane). Experiment: closed symbo]&3].
10 [ I/ N IR | BT BT B B W
10 100 10 10 100 1000

100
Ep [keV/amu]

and will not be repeated here for Het Ne collisions. In  agreement with the experimental data. The inclusion of the
addition to the experimental results of R¢23] we have response potentiaiv e slightly increases the cross section at
included values fowr,, in Fig. 9, which were obtained from low projectile energies, while almost no effect is observed
a pilot calculation in the so-called independent Fermi particlgfor the transfer-ionization channel;;. Our results are con-
model and were included in R¢R3]. A preliminary account siderably smaller than the experimental values égy at
of the theoretical model used can be found in R28§]. impact energie& <100 keV/amu. Since pure single ioniza-
In the left panel of Fig. 9 the pure ionization channelstion (o) and pure single capturer(y) are in good agree-
(k=0) are shown. For threefoldl€£3) and fourfold ( ment with the measurements, the deviationsref indicate
=4) ionization some structures are observed at intermediatiéat this transition cannot be understood as the simple prod-
impact energies in the no-response results. These are legst of the two one-electron processes. Remarkably, the dis-
pronounced when time-dependent screening is included. Tharepancies with the experimental data are smallerofgy,
overall agreement of our results for pure ionization with thewhereas our results lie above the measurements fpover
experimental data is good. Only for impact energies  the entire energy range. The inclusion of time-dependent
>200 keV/amu andl=3,4 are our data larger than the mea- screening reduces the cross section for low to intermediate
sured values indicating that the reduction of the cross se@nergies similar to the case of pure ionization for the same
tions by the present model for time-dependent screening ifinal charge state of the targeq€4), but the experimental
not sufficient in this region. FdEp=500 keV/amu the influ- data are still considerably smaller.
ence of the response potentidlb. is negligible for all The double capture processds=2) are only described
charge states. It is unlikely that a more refined model foron a qualitative level by our calculations. We obtain cross
Sv .. Would give substantially different results in this region, sections, which are larger than the experimental values for all
where the projectile motion is fast compared to the averagdegrees of ionization except for two data points at high im-
velocities of the electrons of the neor2 shell. pact energies. This result reflects the fact that no dynamic
The question arises whether the experimental cross sescreening of the projectile nucleus is included in our present
tions at, e.g., 500 keV/amu are in general compatible withmodel for Sv.. As a consequence, the analysis of capture
the IPM-based analysis. We were able to model singleevents is based on bound Hstates at the projectile center
particle probabilities for ionizatiofand capturg which gen-  (see Sec. Il i.e., the electron-electron interaction in the
erate the experimental cross section distributioEa=500  final states is ignored completely in the case of double cap-
keV/amu with reasonable accuracy when combined statistiture. According to the theoretical analysis of Sec. Il the in-
cally. The impact-parameter dependences of the fitted singleslusion of a time-dependent screening of the projectile
particle probabilities differ significantly from the results of charge would require us to calculate the electron capture
our BGM calculation. The former are smaller at Idpvand ~ with respect to single-particle states, which correspond to the
extend over a wider range of impact parameters. The BGMfractiona) final charge state of the projectile and include
results for ionization from the individual neon subshells inelectron-electron interaction effects in an average manner. It
turn proved to be in very good agreement with impact-is plausible that this inclusion of screening effects on the
parameter dependent probabilities obtained from the conprojectile will reduce the double-capture channels, while in-
tinuum distorted wave with eikonal initial stat€DW-EIS)  creasing the single-capture contributions in such a way that
method[30], which should be reliable at 500 keV/arfii5].  the agreement with the experimental data will improve for
Given these findings it is at least doubtful whether the disthe channelsr,g, o,;, ando; with possibly an overestima-
crepancy with the experimental data can be resolved withition of o15. However, one has to keep in mind that spherical
the IPM. models forév . may be too simple to describe the electronic
The capture channels are displayed in the middle andesponse in the low to intermediate energy range with rea-
right panels of Fig. 9. Pure single captusg, is in good sonable accuracy.
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V. CONCLUSIONS for time-dependent screening would be used in the calcula-

. . L tions. Further steps into this direction seem feasible and will
In this paper the .role of tlme—d.e.pendent screening in th%e the subject of future work. In particular, we would like to
IPM description of ion-atom collision systems with many ,int ot that the present method to analyze the propagated

active eIec_trons has been mvestlggted. We have proposedqyitals with respect to eigenstates of the asymptotic Hamil-
relatively simple model for a potentiab . that accounts for  {5nian that includeshv .. may prove to be a solution of the

the response of the electrons in the presence of the projectilgpyE projection problem from a practical point of view.
and have addressed the question of how to analyze the soluitimately, this analysis along with accurate BGM solutions
tions of the single-particle equations in order to obtain stablef the time-dependent single-particle equations including a
results for all inelastic transitions. The necessary conditiommicroscopic response potential may enable us to assess the
for a well-defined analysis is that the single-particle channetalidity of the IPM and the significance of correlation effects
functions used to calculate transition probabilities from thein ion-atom collisions with many active electrons in further
propagated orbitals be compatible with the boundary condidetail.

tions of the collision problem. For the present choice of

dvee, Whose time dependence is driven by the net electron ACKNOWLEDGMENTS

loss in a nonlinear way, a suitable set of channel functions
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particle Hamiltonian that includes tiéme-dependentpo cation of his CDW-EIS results. This work has been sup-
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eral functional of the time-dependent density.
We have calculated TCS for electron loss, capture, and

ionization in H&" + Ne collisions from the solutions of the APPENDIX

effective single-particle equations as obtained by use of the |, this appendix, we show that all transition probabilities

basis generator method, while making use of [thg(t)) in 1 hound target states become stabletfore, if the analysis

the probability analysis. We have found that our model forynq the definition of the net electron €. (16)] are based

time-dependent screening significantly improves upon resultg, ne state$e, (1)), which solve the eigenvalue equation

obtained in the no response approximatiafv {-=0) and (28). Due to Eq.(20) and the asymptotic property
yields very good agreement with experimental data in the

case of net ionization and net electron capture except at low, 1

impact energies. In this region, it is likely that our model of h(t)[¢y(t)imx=| = 5A+vo(r)+vedr,t) [[¢u())]i—
Ovee IS 10O crude, as it does not account for nonspherical

response effects and the dynamical screening of the projec- =g,()] 0, (D))o s (A1)
tile charge.

Very good agreement with experiments has been obtaineid is sufficient to demonstrate that
for the recoil charge state production cross sectiopgor
q=1,2 and acceptable agreement f@=3 in an energy il u(O)]i~=0 (A2)
range from 20 to 1000 keV/amu. This was achieved by twog
ingredients: the analysis in terms of products of binomiald®f ¥ =
[7] and the time-dependent screening. (V)] 0, (1))
The results for charge-state correlated cross sections agéo v’ tlPu

1,... V. As a first step we prove

also based on the analysis in terms of products of binomials. 0 for v=v’,

The time-dependent screening mainly affects multiple par-

ticle trz_insitions, \_N_hile on_e-_and nNQ-eIectron processes are ~ 1 <%,(t)|5l')ee| e, (1) for v#v'.
only slightly modified. This is a desired consequence of the g,(t)—g,/(1)

specific model forév.., which is designed to suppress re-
sponse effects in kinematic ranges where zerofold to onefold
electron removal dominates. In fact, our results for PUre=qr 4" the eigenvalue equatiof28) and the orthogonal-

single ionization and pure single capture describe the exper|,Ey of the stateg e, (1)) can be used to show
mental data very well. The higher-order events are signifi- v

cantly reduced for low to intermediate projectile energies by [e,/(t)—&,(1) (@, ()| 3] 0, (1))
the inclusion ofdvee, but some serious discrepancies with

(A3)

the experimental results persist. Perhaps the dynamic screen- 1
ing effects have to be turned on more strongly dor2. :<%'(t)H— A+ vt dvee, 4 (Pu(t)>
At present we can only speculate to which extent these )
discrepancies might be reduced when a more accurate model =—{@,(t)|ved @,(1)). (A4)
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Forv=uv’ one can use the fact that the states(t)) are
normalized for all times. One then finds

(@, (t+AD)] @, (t+AL))~(@, (1)@, (1)) +[ (e, (D] e, (1))

to first order inAt. This already proves the relation, because
the states|¢,(t)) can be taken to be real. Therefore,

@, (t))=1d;¢,(t)) can be expanded according to

o0

|00 (D)= 2 [0y (D)@ (1)|dr0, (1)

!
v #Fv

|(pv’(t)>

T e e

(AB)

Insertion of our specific model fafv .. [Eqs.(14),(15),(17)]
yields

Pl [, P

% 2 |‘Pv’(t)>

v’ #v av(t)_sv’(t)

<qur(t)|Uge| ¢U(t)>

(A7)
If we use this equation together with E$) and(28) for the

PHYSICAL REVIEW A62 042704

asymptotic time-derivative of the net electron I¢46), we

obtain
oy 2R (Pl
netlt—o N_l N
N \% ® 0
<‘Pu(t)|vee|(xou’(t)>
x> 2 2
=1v=1,>v  gy(t) =&, (t)

XRec,* (1)C), (1)]]¢ o

Note that the amplitude@v(t) are now defined with respect
to the stateso, (t))

(A8)

¢, (=(e, (D] #i(1)). (A9)
Equation(A8) can in general only be satisfied for
P =0, (A10)

which according to Eq(A7) proves Eq.(A2).

The key to the asymptotic stability is the fact that the
time-dependence of the response potertfid) is driven by
the net electron loss. EquatidA6) indicates that asymptotic
couplings persist in more general situations, even though the
analysis is performed in terms of the eigenfunctions of the
asymptotic Hamiltonian. In contrast to the analysis with re-
spect to the undisturbed atomic stajteg) [see Eq(24)] the
transition amplitudes are coupled via the time-derivative of
the response potentidb . rather than bydv, itself.
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