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Time-dependent independent-particle model calculation of multiple capture and ionization
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Previous work on multielectron transitions in proton, antiproton, anti"Hen impact on neon is extended
to the case of argon targets for collision energies in the 5-1000 keV/amu range. Global quantities such as net
electron loss from the target, net capture, and net ionization are predicted within experimental errors using a
spherically symmetric optimized effective target atom potential with dynamical screening effects based on the
time-dependent net ionization probability. The inclusion of target response is crucial in order to obtain correct
positions and heights for the peaks in the net ionization cross sections. Effects due to cascading following
multiple outer-shell excitation are found to be appreciable at energies between 10 and 100 keV/amu, but are
overestimated by the statistical modetshell vacancy production is reported to affect recoil charge state
production at energies above 200 keV/amu for charge stgte3. At low and intermediate energies, the
independent-particle model is shown to overestintafeld recoil ion production significantly fog=3 for
proton impact signaling the role of electronic correlations for these channels. For antiproton impgct the
=3 cross section is consistent with the independent-particle model.
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[. INTRODUCTION oxygen[6]. For projectile ions with several charges, a time-
dependent screening model was introduced in which the ef-
In a previous series of papers, multiple-electron processegctive atomic potential maintains its spherical shape, but is
in medium-energy collisions with oxygen and neon targetamnade more attractive during the collision via a parametric
have been investigated in a quantum-mechanical frameworklependence on the time-dependent ionization probability.
A time-dependent independent-particle mod#*M) was  This model was tested successfully for?fleNe collisions
constructed based on the stationary optimized potentidl7], and it was found that the dynamical screening effects
method of density-functional theory. It was shown that thebecome noticeable in the net ionization cross section at en-
correct treatment of exchange effects in this model is cruciaérgies below 200 keV/amu. Without this time-dependent
for the prediction of accurate ionization cross sectidns3].  screening mechanism, the experimental net electron-loss
The calculations for multiple-electron ionization and capturecross section is overestimated by as much as 25% at an en-
from neon targets by singly charged projectilpsotons and  ergy of 20 keVV/amu. Numerous charge-state correlated cross
antiproton$ were carried out with frozen target potentials. sections were calculated and compared with the available
The single-particle time-dependent Sdafirger equations experimental daté8—10. Quantitative agreement could be
(TDSE) from the semiclassical approximation to the colli- achieved for multiple-electron loss with multiplicities up to
sion problem were solved by the so-called basis generatar= 3, while factor-of-2 discrepancies were observed in some
method(BGM). In this approach, the Hilbert space is divided of the charge-state correlated cross sections at this level. For
into a P space represented by explicit target eigenstates fdiigher electron multiplicitesd=4), the IPM results over-
all occupied and some unoccupied bound states, aql a estimate the experimental data substantially, which indicates
space that is spanned by basis states generated by the tkat electron correlation effects become significant in this
peated action of the perturbing potential onto Pwspace regime.
stateq4,5]. For C**-Ne collisions, this work was extended in Ref.
The IPM-BGM approach was applied successfully to cal{11] to include dynamical screening effects at the projectile
culate not only ionization and capture cross sections, but alsas well. It was found that the net recoil ion cross section
single and multiple excitation of target electrons in atomicexhibits a scaling behavior when the screening effects are
included and that multiple-electron loss from the target can
be described by the IPM for multiplicities up ¢p=5. Some

*Electronic address: tom@mpi-hd.mpg.de serious discrepancies remained with experiments concerning
"Electronic address: marko@yorku.ca the break up of the electron loss into multiple-capture and
*Electronic address: luedde@th.physik.uni-frankfurt.de multiple-ionization contributions. This work supports the
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idea that the applicability of the IPM framework to multiple theory (TDDFT), in principle, it is even possible to choose

ionization of a given target atom does depend on the strengtt.. such that theexact one-particle densityn(r,t) of the

of the projectile charge. interacting many-electron system is reprodu¢#d]. How-
Subsequently, the theoretical work was extended to inever, only the existence of an effective potential with this

clude systems where an additional projectile electron is carproperty can be proven, and thus appropriate modeling of

ried into the collision and tested on the H&le systenf12]. is necessary in any practical calculation.

The problem was broken up into separate projectile- and In the present study we compare two models #Qg,

target-electron calculations with appropriate single-particlavhich are described in detail in Réf7]: (1) the no-response

calculations for the orbitals. Remarkable results were obapproximation, in whichy .. is approximated by a stationary

tained for projectile neutralizatiospin effects in capture to atomic ground-state potential obtained from the optimized

the He singlet stajeand for electron loss from the projectile potential method(OPM) [18-20, (2) the target-response

(in which nontransfer from the target plays a major yole model, in which additionally the unscreening of the target

These data explained some of the experimental regl®s  nucleus due to electron removal during the collision is taken

15] and provided evidence for the importance of Pauli block-into account in a global fashion.

ing in an energy range of 10—-200 keV/amu. In both cases the single-particle equatighsare solved
The success of the IPM-BGM calculations to describeby the BGM, i.e., the orbitalsy;(t)) are expanded in terms

multielectron transition cross sections in these collisions inof dynamically adapted basis states

volving simple closed-shellneor and open-shel{oxygen

targets has motivated us to look further for more complicated MoV

target atoms for which a large amount of experimental data is [ (1)) = E 2 c'ﬂv(t)|Xﬁ(t)), (2

also availablgsee, e.g., Ref$§8—10,13—-18). The extension p=0v=1

from Ne to Ar targets involves additional complications be-

yond the inclusion of atM shell (in addition to theK andL IXED)=[Wp() @), #=0,...M. 3

shells tested in negnArgon atoms are more polarizable than

neon, and multiple excitations in tHd shell (with subse- HereWp denotes the suitably regularized projectile potential.

guent autoionizing transitiongre much more likely to occur For all projectiles studied in this work, the basis includes the

than in theL shell of neon. For this reason we investigatedundisturbed target eigenstaﬂtﬁ) of theKLMN shells, and

the global cross sections in collisions between argon atom83 functions from the sef|x%(t)),u=1} up to orderu

and protons, antiprotons, and helium nuclei, and report therm: g8, which have been orthogonalized to the{i@f)}- Fur-

in the present paper. For many channels these calculationgermore, we have performed some test calculations with an

provide a satisfactory theoretical explanation. expanded basis, which also included the bound states of the
The theoretical framework will not be discussed in detail; Ar(O) shell, but we found only minor variations in the re-

we refer the reader to Reff2,7] for the details of the IPM,  gyjts. The population of the statfg“(t)),u=1} at the time

and to Refs|4,5] for the BGM. Some implementation details {—t after the collision when summed over all initial states is

for the BGM (as it applies to the present casee given in  jnerpreted as the net electron loss from the target,
Sec. Il, while the computational results are discussed and

compared with experiment and a few other calculations in N N MV
Sec. III..ConcIusions are drawn i_n Sec. IV with respect to the p'rfgtS:E p:OSSZE > |t i (t))]2. ()
appropriateness of the IPMs avis the importance of elec- i=1 =1 p=1v=1
tronic correlations in these collisions. Atomic units with
=e=m,=1 are used throughout this work. The net capture contributioR;a is extracted by projecting
the propagated orbitals onto all traveling projectile states of
Il. THEORY the KLM shells, and the net ionizatidP, is calculated via
the relation
Two main ingredients define the IPM. The first one is the
replacement of the many-electron TDSE that describes the pion= ploss_ pcap (5)
collision system in the semiclassical approximation by a set

of single-particle equations, The corresponding total cross sections are obtained after in-

. tegration of the probabilities over impact parameter.
idfi(r,)=h()¢i(r,t), i=1,...N. () Instead of using a channel representation, one can define
the net probabilities by integrals of the one-particle density

The second one is concerned with the extraction of the reln(r,t) over appropriate finite regions around the target and
evant information from the solution of Eql) and is dis-  the projectile, i.e., by functionals of[2]. From the perspec-
cussed further below. tive of TDDFT, this is an obvious example for a general

The Hamiltoniarh of Eq. (1) contains the kinetic energy, property. According to the basic theoreraf information
the Coulomb potentials of the target and projectile nuclei(including correlated channelshould be available fronm
and an effective potential.¢(t) due to the electron-electron [21]. The problem is that no prescriptions are readily avail-
interaction. The choice af ., is decisive for the quality of able for the extraction of more detailed data, sucly-dsld
the IPM; according to time-dependent density-functionalelectron loss from the target.
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A straightforward approach to obtain such information is 25 e

*='= noresponse |

based on a physical interpretation of the single-electron or- e -=- response
20 Fo T —— response + Al

bitals. This is the second ingredient of the IPM mentioned at
the beginning of this section. When, in addition, the antisym-
metry of the many-electron wave function is neglected, all
guantities of interest can be obtained by statistical combina-
tions of single-particle probabilities such as §hi€* of Eq.

(4). One option is to use standard multinomial statistiz%], I
which, however, may give substantial contributions for un- Y Y R
physical multiple capture processes that correspond to the 10 [kl\o[‘]) 1000

formation of negatively charged ions. To overcome this prob- Ep [ke

lem we have introduced the analysis in terms of products of gg, 1. Total cross section for net electron loss as a function of
binomials in Ref[6]. This model is used in the present work. impact energy fop-Ar collisions. Theory: present calculations with
Here it is assumed that the formation of negative ions canngtozen target potentiaino response with inclusion of the time-

be described within the IPM. The corresponding capturejependent target screening modetsponsg and with additional
channels are eliminated, and the net electron-capture prolinclusion of Al processesresponse+ Al). Experiment: closed
ability PraPis distributed over the physical capture channelscircles[23].

(i.e., identified with single capture in the case of proton im-

pact and is subdivided into single and double capture evenigq yon screening effects at the target are appreciable at en-
in the case of H&" -ion impac). The probabilities fok-fold 9 g PP

. o gy ergies below 100 keV impact energy, and that they account
capture are then combined with independent probabilities fofor a decrease in the cross section by about 20% at energies

[-fold ionization to obtain probabilities and cross sectlonsbelow 50 keV. It is interesting that the IPM calculation with
for charge-state correlated events. The more glabialld rget screening follows the experiment almost perfectly be-
loss cross sections considered in this paper are obtained t}g 9 Al 9 fon i i dp P y
adding the contributing individual cross sectiang, re an Al correction IS applied. .
Also included is the dynamical target screening model
result with the correction due to multiplel- and N-shell
Uq=k+§|:= oy - (6)  excitation described in Sec. Il. The Al correction estimate
a results in an up to 10% increase in the cross section at 10—50

Since we have found substantial single-particle probabilikeV impact energy. The correction pushes our data towards
ties for transitions to the unoccupiedi aindn=4 states of the upper bracket of the standard deviation of the experimen-
Ar at low to intermediate project”e energies, we have a|sd.a| data. We suspect that the correction is exaggerated for the
carried out a statistical analysis of multiple-excitation eventgeasons given abovevhile our single-excitation probabili-
that might contribute to electron removal via autoionizationties are probably accurate, it can be expected that binomially
(Al). In this case we have applied a standard shell-specificalculated multiple excitations are too largAnother possi-
binomial analysis for excitation and have added the resultingpility might be that the target response model is too weak,
cross sections fom-fold excitationo.© to the net electron and that target polarization effects might lead to a reduced
loss (+) and ionization () cross sections according to net electron loss cross section before the correction is ap-

plied.
oM=0.+ (054 0§+ 2(054 0T+ . (D) In principle, another electron removal effect should be
included, namely, Auger decays and shake off inNhehell
The multiplicities in Eq.(7) are obtained from the assump- following L-shell vacancy production. However, theshell
tion that each pair of excited electrons autoionizes withionization cross sections are calculated to be small, and
100% probability, i.e., the possibility of radiative decay is therefore this effect is considered to be minor for the net
neglected completely. This is of course an extreme assumponization and electron-loss cross sections. The situation is
tion, but probably it is less severe than the IPM itself. Indifferent when one Considqufcﬂd electron loss WIth’,]?S
reality, multiply excited bound states are expected to be corat higher energies, which is described further below.
related and to occur with less probability than predicted by |n Fig. 2 we show the net ionization cross section for the
independent-particle statistics. For these reasons, the AJame three model&o response, target response, target re-
model can only be considered to lead to an upper estimatgponse+ Al) for 5-5000 keV impact energy in comparison
for the contribution of autoionizing states to the net electronyith experimen{24]. The experimental data display a maxi-

removal cross sections. mum at 50-70 keV impact energy. The frozen atomic target
potential calculation(no response overestimates the data
Ill. RESULTS AND DISCUSSION given here by almost 50%, and peaks at a lower energy. The

calculation with spherically symmetric target response

A. p-Ar data reaches the upper limit of the standard deviation of the ex-

In Fig. 1 results are presented for net electron loss due tperimental data in this range, and falls below the experimen-
capture and ionization ip-Ar collisions together with the tal data at collision energies below 15 keV. For impact ener-
experimental data of Ref23]. It can be seen that dynamical gies above 300 keV, the calculations with and without
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FIG. 3. Total cross section for net electron capture as a function
of impact energy fop-Ar collisions. Theory: present calculations
with frozen target potentigho responsg and with inclusion of the

FIG. 2. Total cross section for net ionization as a function of
impact energy fop-Ar collisions. Theory: present calculations with
frozen target potentialno responsg with inclusion of the time- time-dependent target screening modesponsk dotted line: two-

dependent target screening modesponsk and with additional ;o er atomic-orbital calculatiof26]. Experiment: closed circles
inclusion of Al processegresponset Al); dotted line: CDW-EIS [23].

calculation[1]. Experiment: closed circld4].

pared with the experimental data of RgZ3] for net electron
response merge and describe the experimental data veeapture for 5—150 keV impact energy. Earlier measurements
well. of these cross sections were reviewed in R2§], and are

The Al contributions are estimated to be significant fornot included in Fig. 3 for the sake of clarity. The majority of
collision energies below 100 keV. Upon inclusion of these Althem are in agreement with the data of Ref3]. The calcu-
effects, the experimental cross section is overestimated in thation with target response is in good agreement with experi-
15-100 keV energy range, but they do help in order to eximent, although on the high side for impact energies between
plain the ionization data at energies below 15 keV. More8 and 20 keV. The calculation without response is markedly
experimental data towards lower energies would be of interdifferent below 50 keV impact energy. The discrepancy be-
est in order to investigate the discrepancy in slope betweetween the two models amounts to about 15% for energies
the theoretical and experimental results. lower than 20 keV.

One conclusion that can be drawn at this stage is that one A recent model potential calculation of capture processes
would like to seek clarification of the following issues from in the p-Ar system is also available for comparisf@®6]. An
future experimental and theoretical work4) experiments independent-particle model has been set up in this work
with improved statistics and range expanded to lower energyhpased on a three-parameter potential adjusted to yield ap-
(2) more elaborate response calculations to study the effegtroximately six of the argon energy levels derived from
of polarization on the suppression of net ionizati¢8) an  spectroscopyfrom 3s up to 4d). The TDSE has been solved
independent confirmation that Al contributes at the 15%in a two-center atomic-orbital expansion with basis states to
level towards net ionization near the maximum, and substanepresent théM shell and partially theN shell in argon, as
tially more at low energies. Nevertheless, we can state thavell as then=1—4 orbitals of hydrogen. Therefore, in com-
excellent agreement with experiment on the net ionizatiorparison to the present work, this calculation neglects cou-
cross section exists at energies above 100 keV, and thatpings to the continuum, target-response effects, and contri-
semiquantitative explanation of the data has been provideldutions from the argo andL shells. It can be seen that the
for lower energies. model overestimates the experimental data of R3] by

Included in Fig. 2 is a comparison with the continuum- about a factor of 2 for impact energies above 50 keV. This is
distorted-wave with eikonal initial-stat€DW-EIS) calcula-  clearly caused by the neglect of continuum couplings in this
tion of Ref.[1] performed with orbitals based on the OPM. calculation, since both of our calculations agree with those
Several observations can be made when comparing the diéxperiments in that regime.
ferent calculations. One might think that at high energies the Interestingly enough, at 20 keV impact energy and below
present nonperturbative calculations should agree with thithe model calculation of Ref.26] is closer to our results
model. It turns out, however, that between 300 keV and Mith target response. At these energies continuum couplings
MeV impact energy where the effects of target response beare believed to be unimportant, so the question arises why
come very small, the CDW-EIS results are found to lie systhe two-center atomic-orbital calculation does not follow our
tematically below the IPM-BGM data. In the vicinity of the calculation without target response. We have compared the
maximum of the experimental data, the CDW-EIS resultsmodel potential from Ref.26] with our optimized effective
show a dramatic deviation towards lower energies, signalingotential which incorporates exchange effects exactly, and
a failure of this perturbative method. The discrepancy behave found substantial differences in how that model poten-
tween the theories in the vicinity of the maximum is particu-tial approaches the asymptoticl/r limit as compared to our
larly remarkable, since the perturbative method should beffective potential. The quality of matching experimental
tracking a TDSE calculation without target response. spectroscopic data on the occupied and unoccupied Ar levels

In Fig. 3 the two relevant model calculations are com-in the M andN shells is comparable, although the individual
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FIG. 4. Total cross sections for net ionization and capture from o 1m0 oo
the Ar(L) shell as functions of impact energy. Theory: present cal- Ep [keV]
culations with inclusion of the time-dependent target screening
model for capture and ionization by protgi, and for ionization FIG. 5. Total cross sections fog-fold electron lossog (q
by antiprotonp™ impact; dotted line: CDW-EIS calculation for net =1, ...,4) asfunctions of impact energy fop-Ar collisions.

ionization by proton$30]. Experiment: single ionization for proton Theory: present calculations with inclusion of the time-dependent
impact: open circle§27], closed triangle$28], closed circleg29]; target screening model and with products-of-binomials analysis.
single capture for proton impact: closed squdZs. The theoretical data correspondde-1, . . . ,4from top to bottom.
Experiment: closed symbo]83] with reported errors of- 15% for

energy levels are differerfthe OPM does not match the 9=1.2 and up ta=50% for the higher charge states; open symbols
Ar(3p) orbital energy very accurately, but overbinds this[lo] normalized to the theoretical neF electron-loss cross _section.
orbital at the 7% level, namelﬁg‘)PM: —~0.6205 vs—0.577 The error bars are smaller than the_5|ze of the symbols. Cirgles:
hartred. P =1, _trlangles:q=2, squaresq=3, diamondsyg=4; crosses and

. asterisks are extracted from RE82] for q=2 andg=3, respec-

Other reasons for why the two calculations cannot be. . .
- . . ively, as described in the text.

compared directly can be found in the method of solution o
the TDSE. The BGM calculation has been shown to repro-
duce adiabatic molecular orbitals, and it is not obvious that &#esses dominate over direct multipfeshell ionization.
finite atomic-orbital expansion can achieve this with compa- The figure includes a comparison with the CDW-EIS cal-
rable accuracy. Therefore, the atomic-orbital calculation withculation of Ref.[30]. The agreement is very good, except at
a model in which the Ar(B) orbital is closer to resonance the lowest energies where the distorted wave results drop off
with H(1s) than our calculation may have a suppressedmore quickly, but much less so than in the case of the
charge-transfer cross section as a result of basis limitationshell. Also displayed in Fig. 4 is the total cross section for
when solving the TDSE. We do not present here stateeapture from thel shell. It can be seen that it is responsible
selective capture cross sections, but will report them sepéder less than 10% of-vacancy production over the energy
rately. We note, however, that our ki 2)-shell capture range shown, and that the maximum is rather broad. The
Cross sections are in reasonable agreement with experimelfRM-BGM calculations are in good agreement with the ex-
down to the lowest energies shown. In contrast, the data gierimental dat@31] except at the higher energies, where it is
Ref.[26] overestimate this channel substantially, and have @ossible that the BGM basis states have a difficulty in rep-
much lower H(X) capture cross section. This fact supportsresenting the translational phase for the bound projectile
the idea that the two solution methods for the TDSE arestates with sufficient accuracy. The displayed datd fghell

rather different. ionization by antiproton impact are discussed in Sec. Il B.
In Fig. 4 theL-shell net ionization data are displayed in  Cross sections for the production @ffold charged recoll
comparison with experiments for single ionizati@v-29. ions are provided in Fig. 5. An extensive discussion of vari-

This comparison is justified, as multipleshell vacancy pro- ous pathways that lead to multiply charged Ar ions can be
duction by proton impact has a very small probability. It found in Ref.[32]. Since we are interested in the many-
should be noted that no substantial reduction in this croselectron aspects of the IPM itself, we do not engage in a
section is obtained from target respon®e have not in- detailed discussion of the postcollision effects due to Auger
cluded the no-response results, as they are very cldbés  decays and shake off following-vacancy production. We
means that on the collision time scale thehell experiences also omit the discussion of Al transitions following multiple
only small changes as a result of thieshell ionization phe- M-shell excitation, given that the discussion of the net ion-
nomena. The agreement with experiment is good with arization cross sections indicates that our statistical IPM evalu-
overestimation of the experimental data by 10—-15% at thation appears to result in an overestimation of Al events.
maximum. The cross section is two orders of magnitudeHowever, we note that the effects of Al processes on the
smaller than the overall net ionization cross section, andj-fold loss cross sections are likely to be moderate. At low to
thus,L-shell vacancy production does not lead to significantintermediate impact energies where we have found substan-
Auger decay contributions at intermediate or low energiestial Al contributions to net ionization, the capture channel
The situation is different at higher energies where thedominates theg-fold loss. In fact, a few test calculations
M-shell cross sections fall off more rapidly and Auger pro-confirmed the minor importance of Al processes.
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The following observations can be made when comparing 0T i
our data with experiment. Thg=1 channel is described o]
very well. For theq=2 channel we have a systematic dis-
crepancy with the experiment of R¢83] at impact energies
above 100 keV. In order to understand this discrepancy, we
have included two other experimental datasets: the data for
single capture accompanied by single ionization, double cap-
ture and direct double ionization given in Fig. 5 of Rg¥2]
have been added to provide independent data in the 15-100 N B
keV energy range. Also the data of Ré¢fl0] for cross- 1
section ratiosoy /o, between 100 and 1000 keV have been
normalized to_ our net cross section and a_lr(_a_lncluded In Fig. FIG. 6. Total cross section for net ionization as a function of
5. These additional data lend some credibility to the calcu- — o . .
| — . impact energy fop-Ar collisions. Theory: present calculations with
ated g=2 cross sections from the present work, but new, . I ) .

. . . . ! ._frozen target potentialno responsg with inclusion of the time-
_expenmental work is required to provide more clarity on thlsdependent target screening modedsponsg and with additional
issue.

) . . inclusion of Al processegresponse+ Al). Experiment: closed
In order to obtain good agreement with experiment at eng;rcjes are calculated from the data of REF6] according too
ergies below 30 keV for thq=2 channel, itis important to  — ;. 4 24,4+ 30,

use the products-of-binomials analysis introduced in F&f.

The standard trinomial analysisiot shown overestimates ;eage, while the=3 channel increased by a factor of 2—3.
g-fold loss forq=2 at I_o_w energies by pre_dlctmg a strong Giyen that our IPM tripleM-shell vacancy production prob-
double-capture probability into Hat small impact param-  gpjjities are much too large to begin with, it is pointless to
eters. While H formation is a relevant chann82], it can-  cqrry out this analysis. Nevertheless, the change in the shape
not be calculated reliably without taking final-state correla-g¢ ipe q-fold electron-loss cross section at energies above
tions into account. The products-of-b|_nom|alS analysispng kev can be understood in principle in this way: the
simply eliminates this channel and redistributes the flux. AtL—vacancy production cross section shown in Fig. 4 becomes

10 keV and below, this model still appears to overestimatgjgnificant at these energies, and drops off above 1 MeV.
g=2 recoil ion production by at least a factor of 2.

The g=3 channel displays a serious failure of the IPM.
While the experimental; data points of Ref.33] at 25 and
50 keV impact energy come close to our theoretical results, it In this section we show the net ionization and multiple-
should be noted that they are known to be too high, givenonization cross sections for argon targets following antipro-
that the partial contributions to this channel are well knownton impact. In Fig. 6 the net ionization cross section for the
from other experiments, and do not add up to those valuetiree models(no response, target response, and target re-
[32]. Indeed, when we compare with the sum of the partialsponse+ Al) is compared with the experiment of RE1L6].
cross sections for energies between 20 and 200 keV, we finthe difference between the no-response and target-response
that the shape of the theoretical cross section is quite realisnodel results is somewhat smaller than peAr collisions.
tic, but that the absolute magnitude is higher by a factor of 3Above 300 keV impact energy, the three models coalesce

The q=4 IPM cross section is higher by a much largerand agree very well with experiment. Between 100 and 300
factor. These observations indicate that a complete breakeV, the models predict somewhat higher cross sections than
down occurs in the model, and that one should not take theeported by experiment—an effect that is more pronounced
IPM predictions for these channels seriously. The4 chan- than in thep-Ar case. An almost flat plateau emerges at
nel is apparently completely dominated by Auger decays anénergies between 15 and 100 keV, which is different from the
shake off, namely, vacancy production in thehell (result-  p-Ar system in which capture begins to dominate at low
ing in two or more continuum electronwith simultaneous, energies resulting in a decrease of the ionization cross sec-
predominantly, double ionization of thd shell. tion, and therefore leading to a pronounced maximum.

For energies above 200 keV, the experimental data indi- As discussed in the context of Fig. 1 fprAr, we can
cate a strong presence of Auger decays also for the loweexpect the best model result to lie between the middle and
recoil chargesy. Following the discussion of Ref32], and  bottom curves, as the Al transitions are likely to be overes-
particularly the previous investigations of RE84] and other  timated. The data for thg-fold ionization indicate that the
works cited there, one can model the decays by a sheldominantq=1 channel represents the source of the discrep-
specific binomial analysis: a singlevacancy decays by Au- ancy at 80—250 keV impact energy. However, this channel
ger and Coster-Kronig transitions resulting in 71% doubleshould be the one calculated most reliably.
vacancy, 27% triple vacancy, and 3% quadruple vacancy. As- In Fig. 7 the multiple-ionization cross sections are com-
suming that one can combine this information with indepen-pared forq=1,2,3. We have included the Al effects by per-
dentM-vacancy formation during the collision, one can carryforming a trinomial analysis fom-fold excitation along with
out a complete analysis. We have carried out a test calculd-fold direct ionization, and by interpreting the results along
tion at 300 keV, and found that the=1 channel remained the same lines as described in Sec. Il for the case of net
unaffected, theg=2 channel experienced a few-percent de-ionization. The graphs show clearly that the single-ionization

B. p-Ar data
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FIG. 7. Total cross sections féa) onefold, (b) twofold, and(c) FIG. 8. Total cross sections f¢a) onefold, (b) twofold, and(c)
threefold ionization as functions of impact energy f@Ar colli- threefold electron loss as functions of impact energy gao-Ar

sions. Theory: present calculations with frozen target poteftial  collisions. Theory: present calculations with inclusion of the time-
responsg with inclusion of the time-dependent target screeningdependent target screening model and with shell-specific binomial
model (responsg and with additional inclusion of Al processes analysis for antiprotong~) and products-of-binomials analysis for
(response+ Al). The cross sections are evaluated with the shell-proton (p*) impact. Experiment: antiproton impact: closed circles
specific binomial and trinomial analyses. Experiment: closed circle$16]; proton impact: open circle$33] with reported errors of
[16]. +15% forg=1,2 and up to*=50% forq=3; open triangle$10]
normalized to the theoretical net electron-loss cross section. The
channel is Ie_ast affected by response and Al effects. Th_eseef_;"rt(;rriElflsr Sazee;?;ﬂ:é ;?;:] tp?ggg]lzfzroé :thze asg(ﬂ]bflg fer:s:zs and
ponperturbauve phenomena arise at small and intermedial R/ely, as described in the text.
impact parameters when multielectron processes can com-
pete against one-electron transitions. We note that the two- ) ]
fold ionization cross sections display very good agreemenionization result. It is remarkable that while tpeAr three-
with experiment. This fact makes us believe strongly in ourfold electron-loss cross section is deemed to be too high by a
single-ionization results, because it would be curious indeedactor of about 3 at 100 keV impact energy, the present result
if an IPM managed to predict double ionization, but notfor p-Ar is rather close to experiment. It appears as if experi-
single ionization. mentally the results for proton and antiproton impact re-
For the triple-ionization channel, we make the observatiormoval are very comparable in this channel, while our IPM
that the difference between the calculations without and wittitheory predicts that threefold loss due to proton impact
target response is rather substantfattor of 2 between 10 (mostly from theM-shel) is stronger by a factor of 2—3.
and 40 keV. Also, the agreement of the calculation with  In Fig. 8 we display the direct comparison of proton and
response before Al corrections with the experiment is quiteantiproton impact electron loss fqr=1,2,3 on a linear scale.
good for impact energies above 80 keV, which reinforces théShown are the calculations with target respofesecluding
argument about the quality of our net ionization and singleAl corrections. For medium and high energies, the IPM-
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BGM results predict that protons are more efficient in re-electron processes for proton impact, but not for antiproton
moving electrons than antiprotons, with merging results onlyimpact. One possible cause for such a difference in behavior
at the highest impact energy shown, i.e., at 1 MeV. Thiscould be the fact that proton impact leads to an attraction of
finding is consistent for all charge statgs 1,2,3. electrons(which forces them to correlgtewhile antiproton
The experimental data show quite different behavior forimpact pushes the electrons away, thereby diminishing the
the different recoil charge states. They probably do not haveole of correlations. Not only does this geometric phenom-
sufficient absolute accuracy in order to determine unambiguenon result in a smaller cross section for antiproton impact,
ously at which energies they merge.g., are within a few  put it could also explain the reduced importance of devia-
percent of each otherFor proton projectiles we have three tions from IPM-type behavior in this case. The idea that
independent datasets, one of whi@8] is in conflict with  gjectronic correlations are less important in atomic collisions
the other two[10,37 in the case ofj=2,3. For the single-  yith antiparticles than with particles has been proposed be-

electron-loss channel we find that experiment and theory fol¢yre i the context of two-electron helium targets for which
low similar trends, but that the observational data separatg,re|ated calculations can be perfornias, 36.

unambigij(;usrlly only fqr ener?icejzs beflow 250 keV._ i ¢ The comparison of the theoretical data at low energies
For =2 the experimental data for proton projectiles o shows that protons are much more efficient at producing a

Ref. [33] are a factor of 2 below the antiproton data for _. . . el
energies above 100 keV. When we add the partial cross seglngle vacancy in Ar due to single capture, but that the situ

tions given in Ref[32] for 15—100 keV impact energy, we ation reverses as one increases the multiplicity. Antiprotons
find them to be réasonably close to the theory. The aata i found to be more efﬁcignt_in produci_ng F”“'“P'e vacan-

Ref. [10] for proton impact is below the antiproton impact cies at low energies due to ionization, V\{hICh is suppressed in
result, but definitely closer than a factor of 2 in the 100_the case of protons due to the strong single-capture channel.

1000 keV energy range. In RefE10,16 arguments were Our resylt forq_=2,3 excludes formation of the negative hy_—
provided for why ther, /o, ratio should be higher for anti- drogen ion, which has, h_ovv_ever, a rather small cross section
protons than for proton@vhile theo3 /o4 ratio would be the [32]. Of course, these fmdm_gs coulq be an amfact of the
same for both projectilésbut we note that the arguments are IPM, and therefore the experlmental_|nvest|gat|on of a care-
based on perturbation theofinterference of scattering am- .fUI comparison of these cross sections would be of great
plitude contributiongy and also on the complete domination Interest.

of the q=3 channel by inner-shell vacancy production and Finally, we comment on th&-shell ionization cross sec-

subsequent decays. Therefore, the arguments apply to tI1,|i8n induced by antiprotons, which is compared with the rel-

higher end of the energy scale considered in this paper, arfjvam proton-impact data in Fig. 4. We observe that antipro-

: - s are more efficient in ionizing do-shell electron than
are not necessarily relevant at energies up to several hundrp%r};tons at impact energies below 200 keV. This feature is

also visible in the overall ionizatiotcf. Figs. 2 and § but is

The q=_3 data show the proximity of the experlm-ental masked when one considers electron I#sg. 8 due to the
p-Ar and p-Ar data around 100 keV, and even below, if one grong single-capture channel in the case of proton impact.

discounts the data of Ref33]. The big discrepancy in the | shell capture, however, is very weak due to the large en-
theoretical r_esults for the two prOJectlles |s_also apparentergy defect between the tightly bound target electrons and
Thus, one finds that one selection of experiments sUppOrige ayailable projectile states, and, as a consequence, antipro-
the notion of nearly identicaj=2,3 loss cross sections fpr  5ns are more efficient in producirigshell vacancies than
and p impact at energies above 100 keV, while theory dis-protons. This is a clean manifestation of what has been called
plays a substantially increased efficiency of multiple-electrorthe binding/antibinding effedi37]: At low impact energies,
removal by proton impact, particularly in tlee=3 channel.  the cross section is dominated by close collisions with im-
This difference then leads to the apparent conclusion that theact parameters smaller than or comparable to the mean ra-
antiproton electron-loss data can be explained ug#a3, dius of the target orbitals. In such collisions, antiprotons
while the proton data are explained only upgte 2 at inter-  weaken the binding of the electrons and make ionization
mediate energies. Even @t 2 the proton data are overesti- more likely than impinging protons.
mated somewhat by the IPM theory. Around 200 keV, the proton- and antiproton-impact data
In order to summarize the comparison of theory and excross and appear to merge only at energies higher than the
periments at 100 keV impact energy, we note that the rationes considered in the figure; i.e., the Born limit is ap-
R,=o0,/0 is already overestimated by theory: we calculateproached at higher impact energies than in the case of the
RI'=0.235 as compared tRR$"=0.15 given by Refs. overall ionization(cf. Fig. 8. This is of course no surprise,
[10,33. For antiprotons we obtaiR‘2h=0.18, which com- given that the average velocity of theshell electrons is
pares well withR$P=0.19. ForRy= o3/ 04 we find for pro- ~ much higher than that of thil shell.
ton impacth‘=0.055, which is far in excess of the experi-

mental values ofR$*P=0.016 [33] and R§**=0.012 [10], C. He’"-Ar data
respectively. For antiprotons we hai®{'=0.034, which is In Fig. 9 we show the electron-loss cross sections due to
not too far off fromRS®=0.028[16]. capture and ionization in 5-1000 keV/amu?HeAr colli-

This observation then leads to the remarkable statemerions. The findings are similar to thpeAr case displayed in
that electron correlations are very strong at the level of threeFig. 9. The no-response calculation overestimates experiment
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FIG. 9. Total cross section for net electron loss as a function of FIG. 11. Total cross section for net electron capture as a func-
impact energy for H& -Ar collisions. Theory: present calculations tion of impact energy for He -Ar collisions. Theory: present cal-
with frozen target potentiaino response with inclusion of the culations with frozen target potenti@io responseand with inclu-
time-dependent target screening mo¢telsponsg and with addi- sion of the time-dependent target screening mog@ekponsg
tional inclusion of Al processegresponse+ Al). Experiment.  Experiment: closed circles8], closed triangle$9].

closed circleg8], closed triangle$9], and open squard$8].

at the broadened maximuf0—50 keV/amu impact energy more at lower energies in accord with theAr resg!ts. At the
by 30% in this case. The calculation with target response i§'@Ximum(40—-100 keV/amythey lead to a significant over-
in good agreement with the experimental data over the entirgStimation of the cross section at the level of 2-3 standard
energy range. The Al correction estimate increases the resulf§Vviations when compared to the experimental data of Ref.
by about 15% for 10—100 keV/amu impact energies and38]- Therefore, one has to question the validity of the sta-
leads to marginal agreement with experiment. tistical IPM estimation of multiple excitations based on

The comparison with the-Ar data in Fig. 1 reveals that Single-particle excitation probabilities. One can assume that
the cross section begins to drop for energies smaller than 1the correct theoretical data lie between the lowest two curves
keV/amu. This trendwhich is the result of nonresonant cap- displayed.
ture that peaks rather than rising at low enerpigslescribed A comparison of the theoretical net ionization data for the
very consistently by the response model when compareg-Ar and H&"-Ar systems before the Al correction is ap-
with experiment. This leads to the remarkable result that at plied reveals that in both cases, target response provides a
keV/amu impact energy, i.e., for comparable velocities, proshift of the maximum of the cross section: from about 45
ton and Hé" projectiles are equally efficient in removing keV towards 65 keV in the case ptAr, and from 65 keV/
electrons from argon targets. amu towards 85 keV/amu in the He-Ar case. In both cases

In Fig. 10 we compare the net ionization cross sectionsthe shift is required in order to obtain agreement with experi-
The experimental datasets have almost overlapping statisticBlent. The ratio of the cross sections of the doubly to singly
error bars for most energies with some wider discrepancies @harged projectile case at the respective maximum is about
the lower end of the energy range displayed. The calculation 4 for both IPM-BGM calculations with and without target
with target response is in good agreement with them at inresponse. The experimental data are fully consistent with this
termediate to high energies, and falls short at the lowest emratio (given their relative discrepancies and statistical error
ergies. The Al contributions are estimated to be about 15%arg. It is remarkable that the inclusion of target response
for energies between 40 and 100 keV/amu, and substantialiesults in a reduction of the cross section at maximum by

about 30% for both projectiles, such that the cross-section

30 ) ratio remains the same.

[ "—— noresponse

o5 |~ response 4 In Fig. 11 the net capture data are shown. The difference

| — response + AT /_/""\

N 1 between the no-response and target-response calculations is
\ significant for energies below 100 keV/amu. For energies
less than 20 keV/amu, the discrepancy has grown to at least
30%, and the agreement of the better calculation with experi-
ment is gratifying. At the lower energies the collision is suf-
ficiently slow such that the change in the atomic structure
- Ll L due to the dynamical ionization process after the closest ap-
Ep [keV/lgomu] 1000 Eroach has a chance to modify the electron transfer process.

ote how the net capture cross section continues to rise in

FIG. 10. Total cross section for net ionization as a function ofthe P-Ar calculation (with and without respongewhile it

impact energy for H& -Ar collisions. Theory: present calculations turns around in the present case for energies below 10 keV/
with frozen target potentialno responsg with inclusion of the —amu.

time-dependent target screening mottelsponsg and with addi- In Fig. 12 ourg-fold electron-loss data for the model with
tional inclusion of Al processegresponse+ Al). Experiment: target response without Al corrections and with product-of-
closed circleg8], closed triangle$9], and open squardg88]. binomials evaluation is compared to the experimental data of
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., T additional ionization event in one out of six times, and
E double capture is accompanied by an additional ionization
event in typically 40% of the cases. This behavior cannot
follow directly from an IPM in which a pair of single-
particle probabilities for ionization and capture relates the
three channels. We note that for the?MeNe collision sys-
tem [7], the g=3 cross section behaves very differently at
low energies: both the experimental and theoretical data de-
crease substantially with decreasing energy, and are in agree-
ment.
It is evident that in the He -Ar case the strong increase
e "'-1'(')0 o in the'q=3 channel goes tqgether with a.depression' in the
Ep [keV /amu] experimentat|=2 cross section, i.e., there is ample evidence
that theq=3 channel has grown at the expense of the
FIG. 12. Total cross sections fagfold electron lossog (g =2 Ch_annel at low energies. One explanation for the_dist_in(_:t
oy _ : . behavior of the double-capture channel at low energies is in
=1,...,5) asfunctions of impact energy for Hé-Ar collisions. . . . - .
Theory: present calculations with inclusion of the time-dependen{err.nS of adlabat|_c Curve crossings provided along with ex-
target screening model and with products-of-binomials analysisper'mental data in Refl39]. Here it was argued that Al
The theoretical data correspondde-1, . . . ,5from top to bottom. events S,hO.UId 'not be the reason for the strong amount of
Experiment: closed symbols ané®§ [9] with reported errors of M-shell lonlzatlor?_that accompanies double captL_Jre_ due to
+15% forq=1,2,3 and up ta-30% for the higher charge states; the small_ probability for simultaneous do_uble _eXC|tat|on to-
open symbolg10] normalized to the theoretical net electron-loss 98ther with two-electron capture. The adiabatic electron en-
cross section. The error bars are smaller than the size of the syn§/dY curves as a function of internuclear separation included
bols. Cirdes:q:ly triang|es:q:2' Squaresq:sl diamonds:q the pOSS|b|I|ty for Single ionization fOIIOWing double Capture
=4, and open circles with dotg;=5. to the He(%?) ground state. Another mechanism for electron
emission is a shake process following capture from tee 3
Ref. [9], and to the relative data of Ref10], which were level of Ar. Vacancy production in this subshell has been
normalized to our net cross section. We note that in contrastssigned a 13.5% conversion probability in photoionization
to the p-Ar data, the experimental cross sections show muctexperimentg40].
less evidence for the importance of Auger decays and shake- To shed some light on the situation within the IPM, we
off processes at high energies. This is due to a much strongégoked for clues in the separate single-electron capture prob-
presence of direct multiple ionization from the M{ shell.  abilities from the 3 and 3o levels of Ar. We found that the
The calculatedj=1 channel shows reasonable agreementiouble-capture channel has a substantial contribution from
with the data that are deemed to be accurate at the 10—15 $gmultaneous capture from both levels. At 50 keV/amu im-
level. When compared to experiment, the theoretical data afeact energy, the contributions are found to be equal, with a
on the low side for intermediate to high energies, whichgradual decline of capture from ¢3p) with decreasing en-
leaves some room for Al contributions following double ex- ergy. At 5 keV/amu the double capture channel is predicted
citation in the Ar(M) shell. to originate three out of four times from the g3 subshell
For theq=2 channel we find acceptable agreement, ex<configuration.
cept that the shape of the cross section is somewhat different. The energy curves given in R¢B9] suggest that about 5
The theoretical data display a broad maximum at energies ¢fV energy has to be provided from the internuclear motion in
10-30 keV/amu, while the data of Re¢B] are remarkably order to populate the He6f) + Ar®* channel. Given the se-
constant for 10—100 keV/amu. At energies above 200 keVfluence of ionization energies of 15.8, 27.6, and 40.7 eV for
amu, the theoretical data overestimate both experimentdr, Ar*, and AF*, respectivelff41], this means that double
datasets with a discrepancy that grows with energy, i.e., theapture to the He(€)+Ar?* configuration requires a dis-
measured data fall off more rapidly with energy. posal of about 35 eV energy. Thus, it can be argued that in
A marked discrepancy is noted between theory and exthe quasiadiabatic regime, the former channel will be favored
periment for theq=3 channel, i.e., three-electron removal due to the energetic proximity in the energy curve diagram.
from Ar. While the results are in good accord for 50—100The population of the He(®)+Ar?>" channel will be fa-
keV impact energies, the theoretical data underestimate thigored when the double capture is from thes8®) subshells,
channel badly at low energies and overestimate it by up to ecause about 15 eV less electronic energy is available in
factor of two for E=200 keV/amu. The two data points at this case. For the He&f) + Ne?*®* configuration, the situ-
700 and 1000 keV/amu, respectively, may, in fact, signal thation is entirely different, because neon atoms are much
onset of appreciable Auger decay contributions. harder to ionizé€the sequence of ionization energies is given
The discrepancy at low energies was to be expected, fols 21.6, 41.0, and 63.5 eV respectively for Ne,"Nand
lowing the analysis of the more detailed experimental datdNe’" [41]). Therefore, we can use the IPM analysis to at
available in Ref[9]. It has been noted in the experimental least point the finger at the mechanism of quasiadiabatic
data at 5-10 keV energy that direct ionization is practicallycorrelations as a possible cause for the very different behav-
nonexistent there, while single capture is accompanied by aior of double capture at low energies with neon and argon

oq (10" cm?)
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atoms. It would be of interest to carry out detailed many-As mentioned above, all information should be available
electron calculations in a quasimolecular basis in order tdrom the exact density, but prescriptions for the extraction of
test this conjecture. this information are only available for rather global quanti-
One of our expectations following the work with Ne tar- ties, such as the net cross sections.
gets[7,11] has been that a higher projectile charge should Our agreement on the net cross sections is good. This
make more multielectron transition channels amenable to asuggests that we have obtained a reasonable density from our
IPM description. The present=4 data support this conclu- 1PM calculation. One should keep in mind, however, that the
sion to the extent that at low to intermediate energies, qualichannels deemed to be affected by correlations have a small
tative agreement within a factor of 2 can be found. For eninfluence on the net cross sections, and therefore, a very
ergies above 100 keV/amu, the IPM prediction for directcareful comparison beyond the available experimental accu-
multiple ionization is much too high, while the experimental racy would be required in order to make this point with
data show evidence for Auger transitions followiheshell  certainty. Concerning the more detailed comparisons, such as
vacancy production. Thg=5 data for the H&"-Ar system  for g-fold electron loss, we are using simple evaluations
show complete disagreement, as was found for dked (such as the products-of-binomials analydisat require a
channel for proton impact. physical interpretation of the single-electron orbitals of the
IPM. It is the inaccuracy of these evaluation procedures that
is most likely to be responsible for the failure to provide the
correct answers.

We have demonstrated in the present work that the IPM- From the comparison of our works with neon and argon
BGM calculations for bombardment of small atorfeon  target atoms, we can conclude that the issue of the impor-
and oxygeh by light ions were successfully extended to thetance of electronic correlations does not depend strongly on
case of argon targets_ In particu|ar, we have studied the efhe number of available target e.|eCtr0nS. The Calculatior.ls .fOI’
fects of target response, namely, the change of the effectiv@éon as well as argon targets display a breakdown of similar
potential with the degree of ionization during the collision in Magnitude for processes with multiplicities of ordg 3.

a mean-field model. It was found that this dynamical screend is result is somewhat unexpected, as one might have ar-
ing effect is important in order to obtain the correct positiongued that the statistical IPM description is more appropriate
and height for the maxima in the net ionization cross seclin the case of argon. , ,

tions, and for the correct net capture cross sections as well. Some future theoretical and experimental work is needed
For inner-shell processéthe Ar(L) shell in particulal, the tp eIumdz_ate.the.roIe of vacancy production foIIowmg mul-
response was found to be irrelevant. tiple excitation in the Arf1) shell. It appears as if the

While the global cross sections have been obtained Sa»[ig__res_e_nt approach within the statistical !PM overestimates t_he
factorily, some unresolved issues remain in the area of théignificance of these phenomena, which causes uncertainty
effect of autoionizing and Auger transitions following mul- I the theoretical cross sections in the 10-100 keV/amu
tiple ionization, andL-shell vacancy production, respec- range. With regard to the-Ar data we hope that the new
tively. In particular, for thep-Ar case theg-fold loss cross experiments planned by the ASACUSA collaboration will
sections forg=3 begin to be dominated by Auger decays atshed light on the question whether sin¢ied ne} ionization
energies above 200 keV/amu. In the case of Henpact this ~ between 100 and 200 keV impact energy will remain a
occurs forq=4. Therefore, the IPM calculation needs to besource of discrepancy between theory and experiment. At
supplemented by an Auger decay model. impact energies below 10 keV, an interesting subject to study

It is found that the direct multipleM-shell effects are is the question of efficiency of multiple vacancy production
overestimated by the IPM beginning with multiplicities of by p and p impact given that electron correlations should
n=3. This is a signature of strong electron correlation ef-offer some surprises in this area.
fects that apparently cannot be described by a statistical IPM Further measurements of multiple ionization by antipro-
including dynamical screening. The correlation effects argon impact at intermediate energies should also shed light on
less important when the target atom is perturbed morehe question for which multiplicity electronic correlations be-
strongly, but on the other hand, some marked disagreement®me important. In contrast with the case of proton impact
were observed in thg=3 channel following collisions with  we have found that the=3 channel is well described by the
He?™ particles both at low and at high energies. At low en-IPM. It would be of interest to determine whether fourfold
ergies, the experimental data are likely to show evidence foionization as a direct multiple-ionization process has a mea-
guasiadiabatic correlations. surable cross section that could be compared to the IPM-

Throughout this paper we have taken the attitude that sSigBGM results.
nificant deviations from the present IPM results provide an
indication that electron correlations become crucial in the
affected channels. Two main issues are important in this re-
spect. On one hand, there is the question whether we have
calculated the best-possible time-dependent demgityt). This work was supported by the Leibniz-Programm of the
On the other hand, there remains the problem of how tdeutsche Forschungsgemeinschaft and the Natural Sciences
extract the information from the single-particle calculations.and Engineering Research Council of Canada.
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