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Microscopic response effects in collisions of antiprotons with helium atoms and lithium ions
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We present total single- and double-ionization cross sections for the collision S}Eﬂehhs and5+ Li* in
the 1-1000 keV impact energy range with emphasis on microscopic response effects during the collision. The
calculations rely on the basis generator method. In both collision systems, the response of the effective
electronic interaction to the time-dependent density reduces the ionization cross section at low impact energies
significantly. It is shown, in comparison with other theories, that this reduction is a consequence of time-
dependent screening rather than due to dynamical correlation effects.

DOI: 10.1103/PhysRevA.67.062711 PACS nuntber34.10+x, 34.50.Fa, 52.20.Hv
I. INTRODUCTION represented by a set of single-particle equations
Collisions between antiprotons and helium or heliumlike iﬁtzpj(r,t):ﬁ(t)gbj(r,t), i=1,... N (1)

ions are dynamical two-electron benchmark systems that are

used to examine ionization mechanisms in the presence fith the Hamiltonian

electron-electron interaction. In recent years, several nonper-

turbative theorie§1—-6] have focused on different mecha- . 1 Q Qp

nisms that might explain the experimental total cross section ~ h(t)=—7A—-—— =R +ved[n(O)]r,t) (2
[7,8] for single ionization of helium atoms by antiprotons. In

this context, it is discussed whether time-dependent correla- . .
tion effects have to be taken into account or whether a nd the effective potential., due to the electron-electron

appropriate inclusion of the effective single-particle elec_iqteractiqn.veeisaur_1ique functional of the one-particle den-
tronic interaction throughout the collision is sufficient to de- Sity that is exactly given by

scribe this process. At projectile energies below 30—-40 keV, N

there is still a considerable discrepancy between different _ 2

theories and the experiment. In the near future, the ASA- n(r,t)—lzl [4(r. D] )
CUSA Collaboration at CERN will have access to a very

slow antiproton beam of sufficient intensity to repeat theQT andQp denote the charges of target and projectile nuclei.
coIIi.sion experiments at low collision energies in order to\we assume that the projectile is moving along a straight-line
clarify the situation. trajectoryR(t)=(b,0pt) with impact parameteb and con-

We present results for total single- and double-ionizationstant velocityv. This so-called Kohn-Sham scheme, Egs.
Cross _sections for collisions of antipretons_with He?(_iso) (1)—(3), is an exact mapping of the time-dependent many-
and Li*(15,'Sy) based on an effective single-particle de- electron system on an effective single-particle description. In
scription, in which the electron-electron interaction is timethe present case of a two-electron spin-singlet system, only
dependent due to microscopic response effects during thgne orbitaly; has to be propagated, and the density is given
collision. In the collision system+ He, the maximum of the by n(r,t) 221 W(r, b))%
experimental results for single ionization is very well repro-  To solve the time-dependent single-particle equatidhs
duced by our calculated cross section. In contrast, the rewe use a basis representation obtained from the basis gen-
cently published results of Torgf al. [6] underestimate this erator methodBGM) [11-15
maximum by approximately 16%, although the same level of

approximation was used. Atomic unité £ m,=e=1) are LMo N
used throughout. lﬂ(f,t)=KE:0 JZO gl K Ox(r,b), (49
Il. THEORY K3 K 3. 00
- _ _ Xi () =Wq(r,er)"Wp(r,t,€p) " x, (1), (4b)
Within the framework of time-dependent density-
functional theory(TDDFT) [9,10], the N-electron system is 1—exg — e ]
WT(r YET) = 1 (40)

r
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with Wp,; denoting the regularized Coulomb interactions TABLE I. Eigenvalues ofK-, L-, and M-shell orbitals of the
with respect to the projectile and target centers. The set dfelium ground-state configuration in hartrees, obtained with expan-
bound eigenfunctions of the undisturbed helium atgff(r) ~ sion(7) (A =6, D=0) and the exact-only approximatior{18,19.
accounts for the elastic and target excitation channels, while
the set of pseudostatgﬁj(r) describes ionization and cap-

Orbital Exactx-only approximatior{18,19 Model (7)

ture. Since the capture channel is closed in the case of anti- 15 —0.91796 —0.91796
proton impact and the continuum contribution is assumed to  og —0.15833 —0.15835
be primarily centered around the target, a hierarchy of pseu- 2po.1 —0.12743 —0.12746
dostates, based on the regularized target pote@@| was 3s —0.06466 —0.06468
found to be sufficientsee, e.g., calculations fcpr+H colli- 3Po-1 —0.05636 —0.05637
sions[16,17]). Hence, we seM =0 in the present calcula- 3dg-12 —0.05557 —0.05567
tions.

A. The representation ofv (i) We compare representati@i) with the exactx-only

ground-state potential of heliufl8,19. In this case, the
relative deviation between ansatZ), with A=6 and D

=0, and the exact-only potential is less than 1%, as illus-
trated in Fig. 1. Moreover, Table | shows that the eigenvalues

The exchange-onlyx¢only) approximation of the elec-
tronic potentialv ., for the spin-singlet configuration of the
heliumlike target yields

n(r’ b of theK-, L-, andM-shell orbitals of the helium ground-state
Vedl, 1) = f (5)  configuration are reproduced to a few microhartree.
[r—r’| (i) Ansatz(7) is further examined by comparing the adia-

batic single-particle groundstate energy of the quasimolecule

(pHe) (A=6, D=0) with the results of an exact-only
calculation[19]. Figure 2 shows that over the entiRerange
Avedr,t)=— 147-rn(r,t). (6) avery hi.gh accuracy is achieved.. We note thgt in the_ case of
2 a spin-singlet system, theonly limit of DFT is identical
with the Hartree-Fock(HF) limit. In particular, the well
For the evaluation of the effective potential that describesknown HF single-particle energies for the negative én
the electron-electron interaction during the time propagationge,,- = —0.046223 a.u.) and the He atom €.
we make the ansatz =-0.9179 a.u.) are approached at small and large internu-
Lo clear distances, respectively. It is noteworthy that in the case
of a no-response approximation, where the effective
vee(r,t)=)\21 2 :2 Aim(DOW(r, €)Y in(Q). (1) electron-electron potential is frozen to the initial ground-state
configuration[uee(r,t)=vge(r)], the H -formation is not
feasible since the corresponding eigenvalue for siRable-
comes positivésolid line in Fig. 2.

vee Obviously fulfils the Poisson equation

The coefficientsd), (t) are determined by solving E¢p)
in each time step. The quality of the approd@h with the
parameters\ andD is examined in two ways.

0.0
[N —— -~ exact x-only [19]
1.0 LB ) s ) 1) ) e e L U""o"o.,o — no-response BGM
3 g 0,
o,
0.8 - T 0.2 OQ _
06 |- — ¢
04 - - —-04 |-
i | =
S,
k= -0.6 -
-0.8 -
-1.0 : | : I
T, J LT R EATEUTY T R 107 2 5 10° 2 5 10°
0% 0% 10! 10° 10! 10° R[a.u]

T (a.u.
[a-u] FIG. 2. Adiabatic single-particle ground-state energy level of

FIG. 1. Relative error ob. obtained with expansioki7) (A the quasimolecuIeHHe) calculated with: dotted line, exaxtonly
=6, D=0) with respect to the exaetonly approximation of the approximation[19]; solid line, no-response BGM(Y) ansatz(7)
helium ground stat€18,19. with parameters\ =6 andD=0.
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B. Extraction of probabilities

In order to facilitate the interpretation of the final wave

function, we have orthogonalized the set of pseudostates

{x£0(r),K>0} with respect to the generating bagig(r)}.
Therefore, the coefficientsgo(t) can be associated with
probability amplitudes for target-excitation, while the total
single-particle ionization probability is deduced from the
normalization of the final wave function

N
pion=1—k§1 ()2, ®)

The probabilities for emitting one or two electrons are then RN

calculated by the usual binomial formulas
€)
(10)

P1=2Pion(1— Pion)

P2=Phon
Moreover, a net ionization probability,.; can be defined as
Pret=P112P,=2pjon, (11)

giving the average number of emitted electrons. WRilg, is

exact on the basis of DFT, the expressions for single an‘{'(p?(t)lz}

double ionization, Eqs(9) and (10), are not. In fact, as we
will argue below, it is the binomial approach to the two-
electron observabl®, that is responsible for the discrepan-
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FIG. 3. Total cross section for single ionization as a function of

impact energy, fop+ He collisions, in comparison with other one-

electron theories. ExperimentO() [7], (®) [8].

rect boundary conditions of the collision system, the prob-
abilities are still fluctuating, though, on a much smaller scale
than the probabilities calculated witx29)}. It has also

been shown in Ref22] that these small fluctuations are due
to the explicit time dependence of the asymptotic potential

(D] (1)).

IIl. RESULTS

cies observed in Fig. 5 and not the time propagation of the For the investigated collision systemg+He and p

collision system(for a detailed discussion see RET0]).
Analysis (8), with respect to the generating basig ")},

+Li"), we select 107 states from the BGM basis @)
with N=20 (i.e., excited states up to=4 are exactly rep-

would be exact if the initial and final Hamiltonians of the resenteﬁ M =0, andL=8. The expansion of the effective

collision system were identical. In fact, this is not the case ifglectron-electron interaction potentiél) is limited to A
time-dependent response is considered in the effective poten-g gndpD =2.

tial. As ve is a linear functional of the time-dependent den-
sity, one obtains, from Ed5),

p2(r)=lim vedr,t)# lim vedr,t).
t— 4o

12

t——

It is then straightforward to show that the coefficients
c2%t)=(x2y(t)) will never converge in time due to the
potential diﬁerencwee(r,t)—vge(r) (see the collision his-
tory in Fig. 7). This problem is well known in literature and
has been discussed over many ydarg., Refs[20,21)).

In accordance with the boundary conditions of the colli-
sion system, one has to define a new set of final s{a3}
which are solutions of the asymptotic form of E@). It has
been shown in Ref.[22] that eigenfunctions of the
asymptotic time-dependent Hamiltoni&2),

()| (1) = ex(D)]@p(t)), (13

present a reasonable approach to the exact final states. As the
energies depend on time only parametrically, these states are

correlated in the form of a dynamic correlation diagram.
Substituting{| ¢2)} for {|x2%} in Eq. (8) one obtains the full
lines in Fig. 7, which will be further discussed in Sec. Il C.
Since the statef ¢)} do not exactly fulfil the formally cor-

A. p+He

In Figs. 3 and 4 several theoretical results for single ion-
ization are compared with experimental data. The theoretical

10 —rrrr
-------- multi-cut FIM [1]
09| —— MEHC[y )
X rees AO1[3]
-— AO2[4] N
08| 0 = rpense BGM

10 100 1000
EP [keV]
FIG. 4. Total cross section for single ionization as a function of
impact energy, fop+ He collisions, in comparison with other two-
electron theories: multicut FINIL], MEHC [2], AO1 [3], and AO2

[4]. Experiment: O) [7], (@) [8].
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02 ment with the experimental data, even at lower impact ener-
— Va5 gies. This clearly indicates that single ionization does not
0.1 p~ O == response BGM

depend on time-dependent correlation effects, but certainly
depends on an appropriate inclusion of response effects.

It is interesting to compare the present BGM data for
single ionization with the results of Rg®6], which rely also
on a single-particle calculation with a microscopic potential.
The results of Ref[6] underestimate the experimental data
by approximately 16% around the peak position of the
single-ionization cross section, whereas our calculations
agree quite well with the experimental results. In addition,
the slope of the curve for total single ionization, taken from
L Ref.[6], is considerably less steep in the low-energy regime
0a lkeV] 100 1000 compared to our present BGM results with the intersection

i point of both curves aE,=5 keV. It is, however, shown in

FIG. 5. Total cross section for double ionization as a function ofFig. 4 that for small impact energies our calculation ap-
impact energy, fop-+ He collisions, in comparison with other theo- Proaches the MEHC curvg2] remarkably well, which is
ries. In the multicut FIM calculation dynamical electron-electron SUppPosed to represent the correct adiabatic limit. Given that
correlation is included, whereas in the no-cut FIM calculationboth the BGM and the time-propagation method used in Ref.
electron-electron correlation is only considered in the initial and[6] proved their convergence for many other problems, e.g.,
final states. Experiment®) [8]. for p+H collisions, we conclude that the deviations ob-

served in Fig. 3 mirror deficiencies of the response potential

data are combined into two groups: on the one hand, thosgsed in Ref.[6]. In that paper it was argued that self-
results without correlation but with different levels of ap- interaction corrections were taken into account jg but the
proximation of the effective single-particle potential,  final form of the potential was not given explicitly. We em-
(Fig. 3), and on the other hand, those results that includghasize that the-only potential (5) used to calculate the
dynamical correlatior(Fig. 4). Within the no-response ap- present data is exact, i.e., completely self-interaction free. It
proximation[vee(r,t)=vge(r)], the electron-electron poten- is interesting that the total single-ionization cross section is
tial is frozen to its initial ground-state configuration. This rather sensitive to the exact treatment of time-dependent
model leads to an increasing overestimation of ionizatiorscreening and exchange effects.
with decreasing impact energy. This problem is partly rem- Figure 5 shows the results obtained for double ionization
edied by the inclusion of an adiabatic response potefiial in comparison with other theories and experiment. In con-

00027 | no-cut FIM (1]
/| e multi-cut FIM [1]
.| == mEHCIY

denoted a® o4 in Figs. 3 and 5, trast to the no-response calculation and the calculation with
an adiabatic response potentj&él], the results with micro-
Umod= —a(R)exp(—r), (14 scopic response show a further reduction of the cross section

in the range of small to intermediate collision energies. How-
where the parametea(R) is chosen such that the binding ever, in this range a considerable overestimation of the ex-
energy of the lowest single-particle level reproduces the ionperimental data persists. As mentioned previously, this over-
ization potential of the quasimolecular systepHg) as a estimation of the cross section for double ionization is
function of R. In this way, the model accounts for the adia- mainly caused by the binomial approximation of the observ-
batic stabilization of the electrons in the two-center CoulombableP,. Using Egs(9) and(10) one finds a relation between

field, i.e., it enables the formation of Hions. P, andP,,
The best result, however, is obtained if the potential in-
cludes the full microscopig-only response due to the time P1=2(\/P_2— P,). (15)

propagation of the electronic density. In this case, not only

are variations of the binding energy but also polarization o . ) ) ) )
effects during the collision taken into account. This relation is obviously an artifact of the binomial analysis,

Of even greater importance is the comparison between th@S Single and double ionizations must be independent pro-
results of the family of theories including dynamical corre-ce€sses and cannot be related. The problem with (E8).
lation and the present effective single-particle calculation in2€comes obvious as the relation allows a maximum value of
cluding microscopic responsEig. 4). AO1 [3] and AO2[4] 0.5 for.Pl, whereasP, can approach 1. This shows_, that the
are the atomic orbital coupled-channel results, using differen@Xtraction of many-particle observables should be interpreted
single-centered expansions for the two-electron wave funccarefully if calculated within a single-particle approximation.
tion. Multicut FIM [1] denotes the so-called multicut forced-
impulse method, in which the electron-electron interaction is
turned on at a few discrete time steps during the propagation
of the electronic wave function, and MEHC is the multi-  In comparison with the more weakly bound He target, the
electron hidden crossing method of REZ]. As one can see total cross section for single ionization - Li* collisions
in Fig. 4, the present calculation shows a much better agreés much smaller and its maximum is shifted to higher impact

B. p+Lit
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FIG. 6. Total cross section for single ionization as a function of
impact energy, fop+Li* collision, with and without microscopic FIG. 7. Time evolution £=vt) of P2 and the elastic channel
response. for the collision systenp+He atE,=5 keV andb=0.5 a.u., ob-

tained with different choices of eigenfunctions: dotted lines, eigen-

energiegFig. 6). This corresponds to the different character—f””Ct,iO”S“XE%}; solid lines, eigenfunction§y ?E>}; upper curves,
istics of the active electron and simply reflects the scalingﬁlasnc channel; lower curveB,,; dashed horizontal lines, average
properties of the Schdinger equation. Comparable to the values forz—e.

collision systemp-+He, the cross sections of the no- ) .

response and the response cases coincide at high impact dtgrameters around threexpectation value of the active elec-
ergies since the electronic cloud does not have enough tinféon (which make the main contribution to the total cross
to adapt to the rapidly changing two-center potential of thesection, the charge of the approaching antiproton partially
nuclei. At the other extreme, i.e., at very small impact enerscreens the target core. This leads to a reduction in its attrac-
giesl both curves approach Zero in the C0||isi0n Sysrem tion and giVes the electroniC C|Oud the pOSSIbI|I'[y to escape.
+Li* because the quasimolecqu:TLQ ) is bound even When the antiproton is leaving the inner region of the elec-
without response in the adiabatic limit. This is a consequencHonic cloud, the attraction of the target core sets in again and
of the higher charge of the target nucleus. The fact that reth® primary ionization process is stopped immediately. The
sponse effects are comparable in both césesand Li") is, relaxation phenomenon of the ionization probability around
nevertheless, striking. One might expect that the stronge-5<2<15 a.u. is due to recapture of the electninto
electron-nucleus interaction overbalances the electronic pdow-lying excited states of the He target.

tential for the ionic target. However, this is not true; &t

=10 keV, for instance, response effects suppress the single-
ionization cross section by 25% for He and by 30% for the
Li* target atom.

IV. CONCLUSIONS

In this paper, the role of microscopic response effects in
ion-atom collisions with two active electrons has been exam-
ined within a single-electron description on the basis of time-

Figure 7 depiCtS the evolutions of the probabilities of thedependent density_functional theory_ We have used the
elastic channe(upper curvesand the net ionizatioPret,  x-only approximation of the effective potential to describe
scaled by a factor of 0.Bower curves, calculated in terms  {he glectron-electron interaction. The convergence of the an-
of the eigenfunction| x;*)} (dotted lineg and{|¢y)} (solid a7 ysed for this potential was demonstrated by considering
lines), respectively. As the eigenfunctiofigpy)} of the full e adiabatic situations for atomic helium and the quasimol-

time-dependent Ham|lton|a@n_clud|ng responsereflect the ecule pHe). The calculated cross section for single ioniza-
momentary state of the collision system to some extent, the

corresponding occupation numbers have more physicdlon in the co.II|S|on systenp+ He reproduces the maximum
meaning than those obtained from the analysis with respe@f the experimental data at abolp=70 keV very well,

to the undisturbed initial statg$y%}. Except for the fluc- whereas the calculation of R¢&], which is based on similar
tuations that have been discussed in Sec. Il B, two main fegconcepts, underestimates this cross section by approximately
tures can be observed in Fig. @ a rapid decline of the 16%. At very small collision energies, our calculated cross
elastic channel, accompanied by an increase of ionizatioection approaches the results of the MEHC calculdt&in
around the closest approach, followed (iy a relaxation of ~ which is supposed to reproduce the correct low-energy limit.
the ionization probability in contrast to an immediate stabi-From these findings we conclude that overall it is essential
lization of the elastic channel. The first feature can be attribthat the calculation accounts for exchange and screening ef-
uted to some form of target eclipse: in collisions with impactfects on a microscopic level. It has been shown that the ion-

C. lonization mechanism
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