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Quantum-mechanical description of ionization, capture, and excitation
in proton collisions with atomic oxygen
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The basis generator method is used to propagate effective single-particle equations for ion-atom collisions to
provide a mean-field description for the proton-oxygen collision system. The pure capture and ionization as
well as transfer ionization cross sections are calculated using two alternative prescriptions to extract the
physical information from the propagated orbitals. The sensitivity of the resonant single capture cross section
to the effective single-particle potential for atomic oxygen is tested. Cross sections are calculated for 1-2000
keV proton impact and good overall agreement is found with available experiments, while some of the results
are at variance with a recent model calculation. The single-particle excitation amplitudes are combined in the
LS coupling scheme to obtain excitation cross sections for particular atomic oxygen configurations. The latter
are compared with recent measurements for proton and electron impact. Reasonable agreement is found for
many one-electron excitations and some two-electron processes.

PACS numbegps): 34.50.Fa, 34.76:e

[. INTRODUCTION obtained with Latter-corrected local density approximation
or Hartree-Fock-Slater potentials.
The recently developed basis generator mett®GM) An important aspect of the investigation of BGM calcu-

[1,2] represents a technique to solve the single-electron timdations was the issue of how to extract the information about
dependent Schdinger equation for ion-atom collisions in electron transfer to the projectile and to the continuum. The
the framework of the independent particle mod&M) for ~ most sophisticated analysis is based on exclusive probabili-
N-electron systems under conditions where probability denties, calculated in the framework of an IPM with Pauli block-
sity is transferred from the target to the continuum as well asng [8] with subsequent summation over all relevant chan-
to the projectile. It has been tested successfully for such colels to obtain inclusive cross sections. On the other hand, it
lision systems ap=-Ne[3,4], H&"-Ne[5], and F*-Ne[6]. is possible to perform an inclusive cross section analysis di-
An important aspect of the method is the ability to generateectly based on single-particle transfer and ionization prob-
dynamically basis states that can represent accurately ttabilities: this can be done at the level of the statistical atom
state vectof(t)) during the collision with the appropriate [9], or at the level of shell-specific probabiliti¢40]. For
amount of probability amplitude in the continuum as well asmany processes the differences between the various evalua-
in states traveling with the projectile. In particular, the tions of inclusive cross sectioris.g., form-electron transfer
method has been shown to propagate properly all initiallyand simultaneousi-electron ionizatiop are small[5]. An
occupied orbitals involved in the collisions, i.e., tieandL ~ exception occurs when spin effects become importBauli
shells in collision systems with Ne targets, afdL, andM blocking prohibits triple capture to assubshell, in which
shells inp-Ar collisions[3]. case the statistical treatment of this channel is inappropriate
The BGM is built upon a single-particle representation ofOne of the problems not addressed so far in this context is
the target atom, usually in the framework of density func-the issue of relatively large multiple electron transfer and
tional theory(DFT) [7]. So far most of the results reported ionization cross sections for proton impact calculated by ei-
have been obtained with a frozen single-particle potential fother method of evaluation. In particular, the IPM predictions
the target atom. The validity of the frozen-screening potenabout double capturéH™ formation, and even triple and
tial (or no-dynamic respongeapproximation was conjec- higher-order capturéunphysical channglas well as about
tured on the basis of successful calculations of singledouble and higher-order ionization are in conflict with ex-
electron capture, ionization, and transfer ionization eventperimental observations. This work attempts to shed some
for collision energies down into the tens of keV/amu rangelight on this problem.
[3-5]. Pilot calculations with dynamic screening indicate, Another aspect that is addressed in this paper is the cal-
however, a sensitivity of multiple electron transfer or ioniza-culation of target excitation cross sections in the IPM frame-
tion cross sections to dynamic screening eff¢dis work. So far, BGM studies for excitation channels have been
The sensitivity of the calculated cross sections to the parrestricted to one-electron collision systems, where good
ticular DFT model has been explored previouyshs|. It was  agreement with other theoretical work and experimental data
found that the proper cancellation of the self-interaction conhas been obtainefl1]. The investigation of excitation in
tributions as obtained in an exchange-only optimized potenmany-electron atoms requires the extraction of more exclu-
tial method(OPM) was important for collision calculations, sive transition probabilities than the charge-state analysis de-
resulting in substantially different cross sections from resultscribed above. The question arises how different levels of
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sophistication in the analysis of these transitions affect the i _F -
re.fults. y P9 (r,0)=h()¢i(r,b), i=1,...M, D
The present paper deals with the somewhat complicate\(,'éli,[h the Hamiltonian
proton-oxygen collision system. The complications arise on
several fronts. 1 Q Q
(1) The oxygen atom represents a system with a partially h(t)=—=A— =T —P-i—vee(l’,t). 2
populatecLél shell, and a spin-triplet ground state configura- 2 ror=R()|
tion (1s?2s°2p* 3P). Since we describe the oxygen atom in
terms of an ensemble-averaged single-particle potential, thdere,Qr andQp are the charges of the target and the pro-
information about the splitting of the configuration in differ- jectile nuclei, where the latter is assumed to move along a
ent terms is lost. Nevertheless, the spin polarization and thelassical straight line trajectoriR(t), andv.. denotes the
angular momentum symmetry can be taken into account ieffective mean-field potential due to the electron-electron in-
the construction of transition probabilities to specific final teraction. As in our previous work, we approximatg, by a
states. spherical potential that accounts for the electron-electron in-
(2) The ionization potential of atomic oxygen is very teraction in the undisturbed ground state of the target atom,
close to 0.5 a.u., which results in a resonant single-electrogyt neglects the response of the electronic system in the pres-
capture channel. The latter property is difficult to model withgnce of the projectile.
a spin-independent single-particle model based on f_irst prin- According to the Kohn-ShantKS) scheme of DFT for
ciples (such as the OPM and we will therefore consider a stationary systemsy. is given as an explicit or implicit

model potential for the oxygeh, , shells in addition to the functional of the ground state density [19]. In the present

DFT approach. :
Previous studies of thp-O collision system, which is of 032?a ?I] at(r)(r)ryg dlj)r)((aygsgP?hereS:rI;[iSallfr?irlre qagheeirzgmble
astrophysical interest, include experimental observations ot 9ing p P y

single capture, single ionization, and transfer ionization by
Thompson and co-workefd 2,13, and a recent model cal-
culation which yielded somewhat satisfactory results for ion-
ization and capture, but not for transfer ionizatidaf]. In

the high-energy limit the ionization data can be comparediy
with experimental electron impact results5]. At very low
energies theoretical capture data were obtained in a 2 for i=1s.2s

molecular-orbital approachl6], and by means of the so- ) T

called electron nuclear dynamics thediyr]. Very recently, fi=4 4/3 for i=2p_4,2p0,2py, (4)
experimental results for2electron ionization and single ex- 0  otherwise.

citation with and without simultaneous ionization have been

reported for the intermediate energy raidg].

The paper is organized as follows. The theoretical ap
proach to the description gi-O collisions is presented in
Sec. II. This discussion is split into three parts. We start with 1 Q
a brief discussion of the representation of the collision h=—ZA+ovks([NoliN)=—=A— =T
system in the IPM and the solution of the single-particle 2 2 r
equations in terms of the BGM in Sec. Il A. A more general ®)
;J(;E%Lésaoge?cf[gq.eIlnPg/leiF)ﬁ)lrg?s\?etg ézzr?ggr?hgoe"\l,iﬁ:;igﬁno?%n_d provide the initial conditions for the time-dependent col-
capture and ionization cross sections, which correspond tgsmn p_roblem(l). ‘pi(r't:ti)_: ‘P!(r)' . .
measurements where the final charge states of the projectile Ob\{|ously, the spin polanzatlon OT atomic oxygen Is not
and target atoms are determined. Section Il C discusses tﬁ@ken into account in this scheme, since mgndL, shells
calculation of more exclusive transitions involving target ex-2€ ass_umed to be populated by two e_quwalent _electrons,
citation. Results for capture and ionization cross sections arreespectlvely, and the ensemble average is taken with respect

presented in Sec. Il A, while various excitation channels ard© four equivalent electrpns in the, Sh?”' As a partlculgr
: PFT model for the solution of the stationary KS equations,

we employ the exchange-only OPMO], which ensures the
proper cancellation of self-interaction contributions, but ne-
glects correlation effects, and thus is comparable to full
Hartree-Fock calculatiorf4.9]. In particular, the OPM yields

M
no<r>=i§1filcpi<r>|2 ©)

The orbitals ¢;(r) are the solutions of the stationary KS
equations for the target Hamiltonian

+ved[Nolir)

duction of vacancies in the, subshell, are studied in Sec.
[IIC. We conclude with a summarizing discussion of our
results in Sec. IV. Atomic unitsi{=m,=e=1) are used
throughout.

the eigenvalueg(3, = —0.614 a.u. for the @ level of oxy-
Il. THEORY gen, which has to be compared with the first ionization po-

tential of 0.500 a.uf21].
In order to check to what extent this discrepancy influ-
In the IPM it is assumed that the collision system can beences the results of the collision calculation, we also con-
represented in terms of a set of time-dependent singlesider a simple model-potential description of atomic oxygen,
particle equations for the initially occupied orbitals, which is similar to the one used by Hameeal. [14],

A. IPM representation of the p-O collision system
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1 o . The reduction of the sefty’(r,t),x=1,...,8 to 100 func-

vks([NoliN) ~vmod )=~ —~(7.1%" ' ~0.1%7"+1). tions is necessary in order to ensure that the overlap matrix
(6) remains numerically positive definite.
The integration of the single-particle equatiqi$is nor-
This potential exhibits the correct behavior for-0 andr ~ mally started and terminated at timigst; corresponding to a

—o and gives the eigenvalut%‘fgp): —0.505a.u., if one distance of 30 a.u. between the projectile and target nuclei.
choosesy=1.96, thus allowing for resonant electron captureFor collisions at low projectile energies the propagation is
in p-O collisions. In the vicinity off =1 a.u., where thei@  €xtended to the final separation of 40 a.u. in order to achieve

orbital exhibits its maximum, the effective chargg varies ~ converged results.

betweenZ4=1 andZ.s=4. The reduced p-level binding At the final timet=t; the propagated orbitalg;(r,t) are
energy is obtained by a faster approach towzgg=1 for analyzed with respect to bound channel functions of the iso-
larger values than in the OPM potential. lated target and projectile Hamiltonians, respectively. In the

The effective single-particle equatiof are propagated Ccase of the target, the corresponding transition amplitudes
in either casdOPM andv o9 in a basis representation ob- ¢an be identified with the expansion coefficieags(tr) [cf.
tained from the BGM, which has been introduced in Refs.Eg. (8)], since the functiong2(r) are explicitly included in
[1], [2]. The basic idea of this coupled-channel approach is téhe BGM basis. For the projection onto traveling hydrogenic
expand the solutionsy;(r,t) of Eq. (1) in a basis which states centered on the projectile we use Egjsand(7),
dynamically adapts to the time-dependent problem and thus
allows an appropriate representation of thér,t) including el (t)=(op(t)|ei(ty))
their overlap with the continuum and with bound projectile

eigenstates within a finite set of functions. In our previous . i P ul 0
work, we showed that for single-particle Hamiltonians of the :ZO U;S Co (T (@i (t) [TWa(r,t1) 14| @y),
type (2) this can be achieved, if the basis consists of a set of

bound eigenfunctions of the undisturbed targ@?(r)} and (€)

BGM states{ y*(r,t)}, which are constructed by repeated

v

application of the suitably regularized projectile potential@nd calculate the matrix elements that occur on the right side

W, onto the sef®(r)}, of Eq. (9) numerically. The amplitudesy, (t;) and el (ty)
constitute the starting point for the construction of observ-
X“(r,t) =[Wp(r,t)]“<p8(r). 7) ables of the many-electron scattering system within the IPM.
While the functions{¢%(r)} account for the elastic and tar- B. Analysis of capture and ionization processes

get excitation channels, the dat/'(r,t)} describes the over-

lap of the propagated orbitals with the continuum and with Asa firgt step for th? eva]uation of'capture anq. i'onization
. {cross sections, we define single-particle probabilities for at-

higher orderu are capable of generating the two-center ge_tachment to projectile and target atoms, respectively,

ometry and of representing the relevant quasimolecular states K
_[1], and aIIov_v an accurate description_of coIIisio_ns at low pip: > leiP(t4)]?, (10
impact energies. However, the method is not restricted to the k=1

adiabatic region, but has been shown to give reliable results
for excitation, capture, and ionization from the quasimolecu- v
lar regime up to the high-energy, perturbative rediéri1]. Pi= > e, ()2 (11

We emphasize that this versatility is due to the dynamical v=1
adaptation of the basis to the time propagation of the system
itself and does not require the accurate representation of alh the present case @O collisions we have chosek to
channel functions of interest. In fact, the representation ofnclude all states associated with the principal quantum num-
traveling projectile states becomes poorer with increasing vebersn=1,2,3. Then=3 shell was found to contribute to-
locity, since the increasingly rapid oscillations of these stategvard the total capture cross section at most at the 1-2% level
cannot be resolved within the bagik]. This does not pro- over the entire energy range. Assuming that the summations
hibit the extraction of reliable electron capture transition am-include all relevant channels, a single-particle probability for
plitudes for fast collisions, as long as the basis size sufficemnization from a given shelP; is defined by the require-
to cover that part of Hilbert space that is addressed by thenent
propagated orbitals.

cI)n the present work we include all 'Farget eigenstates pnczl_pnp_plt_ (12)
{¢,(r)} of the KLMN shells and 100 functions from the set

e — i i i
{xo(r.1)} up to ordern.=8 in the basis In the present case of an atomic oxygen target, we calcu-

8  af late single-particle probabilitie€l0), (11), and(12) for the
()= > > ¢ (Dlx®) with [x%=]¢%. @® 1S 2s, and 2 initial states; the latter are averaged accord-
4=0v=1s " v v v ing to
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1 2 rect way to the single-electron event probabilities. While the
Pfj’,’czg > Ptz‘;mc. (13)  latter are usually described well by the BGM-IPM calcula-
m=-1 tions, the former are in fact badly overestimated for proton
) . ) . impact. Even though one may simply ignore the multiple
This ensures consistency with the ensemble-averaging preapture events as unphysical, it remains as an unsatisfying
cedure that is used for the description of the target groungeature that the conservation of total probability relies on the
state[cf. Eqg. (3) and note that thé, shell is populated by presence of these higher-order evelats exemplified by net
four electrong: . . __ capture and net ionization cross sections in which higher-
The following remarks are provided to explain the diffi- order events contribute with appropriate multiplicilies
culties associated with the evaluation of multiple electron Thjs interpretation problem of distributing-particle tar-
capture(or ionization) events that arise in the IPM. We con- get electron densities over projectile states that cannot ac-
centrate on electron capture by protons even though thgommodate multiple capture events can be exemplified by
problems discussed are of a general nature. the proton-oxygen collisions at a low ener@g.g., 5 keV
In the detailed analysis based on exclusive channel pro%roton impact energy, and the impact parameter bof
abilities one projects on single-particle states that represent 3 4 .. for which both the single capture and the double
the states of the final atom, e.g., the hydrogen atom in thgaptyre probabilities peakThe single-particle capture prob-
case considered. These are proper final states for_ the singlgbi”ty corresponds to a total transfer of 0.6 electrdas
capture channel. To evaluate double capticemation of  gjngle-particle transfer probability of 0.1 in theshel). Such
the negative hydrogen igrone can take the square of the 5 rejatively low single-particle probability feeds both the
H(1s) formation probability. This represents a projection onsjngle and double capture channels substantially because of
a poor H (1s?) ground state, but is consistent with the IPM the large number of target electrons available. Yet it would
model interpretation of the single-particle results. In prin-pe natural to assume that only single-electron capture should
ciple, one could project onto the eigenstates of an asymptotige important, and the formation of the negative hydrogen ion
Hamiltonian achieved in a time-dependent Hartree-Fock calshould be treated already as an anomaly.
culation. This effective Hamiltonian would correspond to a  Hamreet al.[14] have tried to overcome this difficulty by
fractional charge state, based on the average charge tranfefining a single-particle capture probability that blocks
ferred from all single-particle orbitals of the original target double(and higher-ordercapture. In deriving the expression
atom for a given impact parameter. One would find the rep, =1 (1 P,)", they have achieved the objective to ob-
sults for H{pIm) formation less satisfying than from the pro- ain a single-particle capture probability that has the correct
jection onto true HGIm) eigenstates, but the multiple cap- dependence orP, at small values, and which results in
ture events would be based on more reasonable orbltqilczl in the limit P,=1, so that all multiple capture events
projections. In principle, one could determine in this analysisyre suppressed. The problem with this approach, however, is
that multiple electron transfer does not always lead to bounghat the meaning of the expression used by Haetral. is
states[e.g., H (1s,nIm) could be treated as unboupdbut different from what was intended: it represents the comple-
the entire analysis would be very cumbersome. ment of the probability not to capture the electidrtimes.
Another procedure would be to use the amplitudes folyhy this should be interpreted as the single-capture prob-
H(nIm) production in order to calculate the occupation apjlity is unclear: in deriving the expression the authors add
probability of a correlated H state expanded in an atomic probabilities for capture that are more inclusive in the other
hydrogen basis. According to the work of Marand Salin  particles to capture probabilities that are gradually less inclu-
for target excitatior22], such a procedure would be justified sjye.
by the fact that electron correlations act on a longer time e propose the following alternative to the trinomial
scale than the collision time. analysis, which solves the problem of removing multiple
The less detailed analysis based on trinomial statistics foéapture in a systematic and meaningful fashion. Suppose we
the capture ofn electrons and the simultaneous transfenof have calculated for the targhitelectron systenwhich could
electrons from the target to the continuum can be calculatege a single shella set of probabilities for capture, ionization,

from tt_le single-particle probabilities for attachment to theand attachment to the target. We interpket=NP, as the

prOJectlle(_10), o the targe(1), _and to the c_ont|n_uur(112_) total (fractiona) number of electrons capﬁed byrthe projec-

(the shell index is suppressed in the following discussion tile on average at the given impact parameter. Depending on
the projectile charge we define Ekthe number of electrons

pmpnpN-m-n (14) for a neutral projectile atonffor protonsM=1). We can

pFcht . . . . .
now definem-fold capture events by carrying out binomial
_ . statistics based on the new single-particle probablﬁi‘;YM,

N denotes the number of electrons in the given shell. The

evaluation of charge-state-correlated probabilities based on

trinomial shell probabilities is straightforward and in close Ph=————

agreement with the detailed state-dependésclusive m! (M —m)!

analysis, as long as Pauli blocking in the final states is of

minor importancg5]. One of the obvious difficulties is the This probability when multiplied by the out of N elec-

fact that higher-order event probabilities are linked in a di-tron ionization probability,

N!
min!(N—m-—n)!

l:)m,n:

M! . .
(Pp/M)™(1—P,/M)M™™ (15)
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N! . . the projectile or the continuum. On the other hand, the final
Pnzm Pe(1—P)™ ", (16)  states of these electrons are also controlled in a typical exci-
' ' tation experiment, where either the energy loss of the projec-

results in the probability for simultaneonsfold capture and tile or the radiation from the excited state is measured, i.e.,

n-fold ionization. It has the effect of transferring multiple excitation measurements are normally exclusive.

capture probability into the one-electron capture channel if In the S|m_plest case, an (_experlmentally mvestlgat_ed pro-
one makes the choice dfl=1. Other effects include de- CESS can be interpreted within the IPM as the excitation of a

creased pure single and multiple ionization probabilities, asc"ﬂglﬁ e(;ectront W'thdthe other e{ectrqtr.ls be|rt1)gts;])cectators,
well as an increased transfer ionization probability. whie 0 not undergo any ftransitions but form a

The analysis in terms of products of binomifliEgs. (15) (1522322p3) cqnfiguration. _The evqluation of the corre-
and (16)] can be criticized for the following reason& it sponding transition probability requires that the terms (1

works only as long ad/P,/M <1—if this probability be- — P,y in the binomial formula(16) be replaced by single-

comes larger than unity the need arises to somehow defifé@ticle probabilities for elastic scatteriiy, resulting in

the formation of negative iongh) at present it completely P, =NP.PN-1 (17)
neglects capture of more thaw electrons;(c) it delineates ! ext el

the capture and ionization processes as competing processgs;, 5 given shell. This procedure, however, is too restricted,
and has a slight imperfection in the probability conservation,s it excludes processes where (@0 more electrons ex-

(all probabilities Wc_)ulq sum to gnlty if one allowed S|m_ulta— change their initial single-particle states, and thus contribute
neous N-electron ionization withM-fold capture, which (4 {he elastic many-electron state. This problem arises due to
makes no senge(d) as a result ofc) it should only be used g improper treatment of the indistinguishability of the elec-
for |\/_|<N. . . .. trons in a purely statistical analysis.

It is remarkable how the product of binomial probabilities A petter analysis of these processes is obtained from an-
can remain close to trinomial probabilities: the evaluationtisymmetrized many-electron wave functions. In R@&i it
procedures of Hamret al. do not give radically deviating pag peen shown that exclusive and inclusive transition prob-
results from the present ones when used with the probabilizyjjities are given as determinants of the single-particle den-
tles_ reported in this 'paper—accordlng to our calcglanons th%ity matrix, if the propagated state and the final states of
various cross sections for charge-state formation remaifherest are represented by single Slater determinants. In the
comparable with each other within a factor of 2. _ case of atomic oxygen, this formalism requires some modi-

The procedure suggested in the present paper t0 ignOfg.ation, since the partially filled,, shell results in a set of
the formation of the negative hydrogen ion by choosMg  gegenerate ground-state Slater determinants. To be consis-
=1 for proton impact is justifiea posterioriby knowledge  tent with the ensemble-averaging procedure for the determi-
of the extremely small measured cross sections-he col-  nation of the ground-statéS potential and orbitals, the en-
lisions[23], while the BGM-IPM calculations with trinomial gemple of all determinants that can be constructed by
analysis lead to substantial double capture by proton projeGistributing four electrons over thig, shell has to be con-
tiles. The proposed analysis of a separate projectile spacgqered. However, it may be advantageous for the analysis to
I|m|_ted to a particle numbe resolves the problem of over- 5-count for the fact that atomic oXygen represents a spin-
estimated double capture events only for the chtdce 1. A yipjet system by restricting the ensemble to states with the
choice of M=2 (which would allow for the formation of 4ig spin magnetic quantum numbkrs=1. This leads to

H™) leads to overestimated double capture as in the trinomiahee degenerate Slater determingfitg(t)) with the initial
analysis. This follows from treating double capture as theggnfigurations

square of the single-electron capture probability. Even the

treatment of H as a correlated state expressed in an expan- |‘I’1(ti)>=|15228229312poT2p1T>,
sion of products of single-particle configurations does not
lead to an order-of-magnitude reduction of the férmation W ,(t) = |1s22522p_,12p22p1 1), (18)

cross section.

|[Ws(t)=1525°2p_112po1 2p3),
C. Analysis of excitation processes

The statistical approach described in the previous sectioWhereT. !nd|cates an unpaired spin-up Ofb!t?"- The transition
can also be applied to the calculation of processes that irBrob:ibmty of the ensembile to a fully specified configuration
volve target excitation. For example, the probability for ex-|f1--*fn), which is represented by a single Slater determi-
citing n out of N electrons from a specific shell is given by nant formed from spin orbitals
Eq. (16), if the single-particle continuum probability.. is -
replaced by a single-particle probability for excitatiby,, [T =110 (19
which is calculated in analogy to E¢L1) with the sum re-
stricted to the excited target states of interest. Application ofvith channel functionsf;) and the standard spin functions
the binomial formula(16) implies that theN—n electrons
that are not excited can occupy any other channel, i.e., they 0 (20)

can remain bound to the target or they can be transferred to XW(Z):(O)' X‘”Z(S):(l

052710-5



KIRCHNER, LUDDE, HORBATSCH, AND DREIZLER PHYSICAL REVIEW A61 052710

reads as to Eq. (18) by three single Slater determinants, the correct
construction of théVl s=0 states would require consideration

1 S 5 of appropriate linear combinations of Slater determinants in
PNfl'“fN:§KE:1 ICFo Pl W) order to ensure that the states are eigenfunctions of total
angular momenturh and spinS. This results in considerably
s |yl ok more complicated formulas for the transition probabilities of
1 S . 21) interest.
3EL | 1« ' wl Nevertheless, an analysis in terms of states with correct
YNT 0 VNN spin and angular momentum properties is desirable, as ex-

) ) ) perimentally not only is the initial state prepared in a definite
The elements of the one-particle density matrices folttte | 5 symmetry, but the excited final states can also be distin-

Slater determinant are given as guished by theilLS quantum numbers. Instead of forming
N the appropriate linear combinations of Slater determinants to
LKt N — (o IK ot N [F ) — F 7K ~Kit \[F describe these states, we make use of angular momentum
Vi (t0) = (Fal v (t0) [F) .21 (B2l ()G () T, theory and derive an expression for transitions from the

(22) (2p* 3P) oxygen ground state to singly excited states of the
type (2p3(S.Lo)nl 3L¢) with L,=0 or |=0. Such states
where the|(t;)) denote the propagated spin orbitals thathave been investigated for proton collisions in a recent ex-
contribute to theKth configurationcf. Eq. (18).] periment[18].

The probability(21) is thus given as the average of the In this analysis the ground-state term of atomic oxygen is
exclusive probabilities for transitions from the individual de- composed of a mixture of three possible three-electron core
generate configurations. If degeneracies are present in ttstates {S,2P,2D) to which the fourth electron is coupled
final states as well, the corresponding probabilities have tsuch that the @* state is antisymmetric. When one electron
be added. is excited, different excitations are formé@dbeled, e.g., by

Accordingly, the inclusive probability of finding elec- 3s,3s’,3s” corresponding to the three cores, respectively
trons in the subconfiguratiom7l---fq> while nothing is Thgy are energetically distinguishable in a spectroscopy ex-
known about the remainini—q electrons is given as the Periment, but assumed to be degenerate in our analysis,

average of the ordinary inclusive probabilities that have beeMhich is built on a single set of target orbitals. The analysis
discussed in Ref8], accounts fully for the angular momentum coupling of the

initial L;-shell electrons, but assumes that the inner-shell

13 " electrons are not involved actively in forming the final state.
P;l.‘.“fq= 3 > Pr 7. (23)  The details can be found in the Appendix.
K=l "t A rather simple result is obtained under the additional
1K K assumption that the_population of thg.L.) core qf the final
Y11 Y1q state can be approximated by a global probabRifys for an
p%___? = ol (24 elastic transition of three electropsf. Eq. (A12)],
S O 1 S 5 2p
Ya1 Yaq Ps.Lni=NLC(ScLc) 7P 2psPeyn) - (26)

The inclusive probabilities can be used to calculate part'deHere,c(Sch) is a shorthand notation for the coefficients of

hole probabilities of finding the subconfiguratioffs---f,)  fractional parentage (& S.L..2p|}2p" 3P) (CFPs [24],

occupied andf . ---f) vacant: and P2}, denotes the single-particle probability for excita-
o 3 L tion of the state(nl) averaged over theinitial states ac-
plarrf_ } D pX D pK cording to Eq.(13). The CFPs represent the mixing of the
fy o fy 3L f1fq Tont frfgea three cores in the ground state and determine how the single-

particle excitation probability is split between the excited

K K states corresponding to the different cores. With the natural

_ L— . . . .

+ 2 Prs Fee(-DVP - | choice for the three-particle elastic probabilRy,s= PZ one
far1<fq+2 b ot arrives at the result that the excitation to the state

251 (2p%(ScLo)nl °Ly) is given by the simple probability17)
multiplied by the square of the CFP for the particular core.
This formula is used in the present work for the evaluation ofWe note that
2s-hole production(cf. Sec. Il Q.
The procedure to represent the propagated many-electron

state aspthe ensemble F())f degeneral?e gla%er determ?ﬁ/flzﬂ)]ts SCELDC [e(ScLo)=1. (27)

can still be criticized, because the Q(2°P) ground-state

term consists of states with the total spin magnetic quanturithus, in this model the squares of the CFPs directly give the

numbersMs=—1,0 in addition to theMg=1 states of Eq. relative strength of the contributions of different cores to the

(18). Whereas th&g= — 1 states are represented in analogyexcitation channels.

L
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FIG. 1. Total cross sections for single(;), double (,), and FIG. 2. Total cross sections for pure single,) and double
triple (o9 ionization as a function of impact energy fptO col- (o, capture and transfer ionizatiomr(,) as a function of impact

lisions. Theory: full lingf14]; lines with crosses, present calculation energy forp-O collisions. Theory: lineg14]; lines with crosses,
with OPM potential and trinomial analysigq. (14)]; Auger, (o) present calculation with OPM potential and trinomial analy&ig.
corrected for Auger processes subsequeit-tmle production. Ex-  (14)]. Experimentio1: (@) [12] (error bars are within the symbol
periment: oy, : (@), [13]; total cross sections foe-O collisions  size); (A) [26] (error bars are within the symbol sjzéx) [31]; (O)
o01: (A) (error bars are smaller than the symbol Eizg,,: (O), [32]; (©) [33]; o11: (O) [12].
[15].
equivelocitye-O data[15] in Fig. 1, which provide a mean-
. RESULTS ingful comparison with our cross sections at high energies.
In fact, our results for single ionization are in good agree-
As indicated in Sec. Il, the time-propagated orbitals ob-ment with the experimental proton data and merge with the
tained with the BGM representation have to be combinettlectron data at energieS,=300keV. We note that our
appropriately in order to calculate inclusive or exclusivecross sections do not include contributions from autoioniza-
many-electron cross sections. In this section we present re¢ion processes, which occur after specific excitati¢cs
sults for the following processes Section Il A is devoted toSecs. 111B and 111 G. In contrast to the theoretical results of
the discussion of inclusive ionization, capture, and tranSfEHamreet al. we find no peak structure in the direct ioniza-
ionization channels. Exclusive excitation processes involvingion at low energies.
the promotion of a P orbital with the final states Previous work forp-Ne collisions[4] indicated thatK
(2572p®3s S 3P °D) as well as the excitation-loss coinci- Auger-electron emission should be considered in addition to
dence channel (#2p®3s “P 2P) are analyzed in detail in direct multiple ionization at high impact energies. Within the
Sec. llIB. Finally, in Sec. Il C we investigate processes in-statistical approach the Auger processes can be taken into
volving 2s-vacancy production as thes2o 2p excitation  account if one assumes that an additional electron is emitted
channel (22p° ®P) or the inclusive electron loss channels from the target, as soon as oiehole is produced in the
(2s2p* 2P *P 2S5 2D). The relevant experimental data are collision. The corresponding corrected results for total
those of Gilbody and co-workerfd2,13,26 and Wilhelmi  double ionization of oxygen show a slower decrease at high
and Schartnef18]. energies than the original data, and are clearly in better
The rather detailed discussion of the results is mainly in-agreement with the experimental values for electron impact
cluded to illustrate the theoretical variations that are possiblécf. Fig. 1). However, it has to be noted that a perfect agree-
for the final analysis. We compare results obtained on thenent should not be expected, since electron and proton
basis of the OPM and the model potenti@). We compare double ionization cross sections are known to be different
evaluation in terms of various statistical models and we adeven at these high energig25].
dress the question of Auger and cascade corrections where In the low- and intermediate-energy range, the quality of
appropriate. our results for multiple ionization cannot be judged clearly
due to the lack of experimental data. However, we conjecture
that in analogy to the case @Ne collisions these cross
sections are too large, since the neglected dynamic screening
We begin with the presentation of results for single andeffects should be effective in this region. They are assumed
multiple capture and ionization events obtained from BGMto reduce multiple ionization, because the target potential
calculations with both atomic potentials using the differentbecomes more attractive as ionization sets in.
methods to analyze the single-particle solutions as outlined The capture and transfer ionization cross sections are dis-
in Sec. 11 B. We start the discussion by comparing our resultplayed in Fig. 2. Our results for the single capture channel lie
obtained with the OPM potential and shell-specific trinomialbelow most experimental data except for the cross sections
statistics with experimental data and the calculations ofeported in Ref[26]. Since these values are in conflict with
Hamreet al.[14] in Figs. 1 and 2. the more recent measurements of R&2], they are believed
Pure ionization has been measured in only a limited ento be incorrect, although no clear explanation for errors in
ergy range inp-O collisions. We have therefore included the original measurements was providé@d].

A. Charge-state-correlated cross sections
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FIG. 3. Total cross sections for pure single,f) and double FIG. 4. Total cross sections for pure single capturgy( and

(o4 capture and transfer ionizatiowr{;) as a function of impact transfer ionization ¢41) as a function of impact energy f@-O
energy forp-O collisions. Theory: present calculation with OPM collisions. Theory: present calculation with OPM ang,4[Eg. (6)]
potential and trinomial analys[€q. (14)], and analysis in terms of potentials with analysis in terms of products of binom[&gs.(15)
products of binomial$Eqgs.(15) and(16)]. Experiment: same as in and(16)]. Experiment: same as in Fig. 2.
Fig. 2.
’ ture probabilities give only small contributions in this region.
We note that the theoretical results of Haneteal. [14]  As a consequence, the single capture falls off too sharply
seem to be in very good agreement with the experimentatompared to the experimental data of Héf].
data of Ref[12]. However, their evaluation of single capture  As expected, the transfer ionization cross sections ob-
probabilities has to be criticized, since it is inclusive in thetained with the product of binomials are larger than the tri-
ionization channelscf. Sec. I). As a consequence, transfer nomial results and lie above the experimental values except
ionization contributions are falsely added to pure captureat high energies. However, this need not be regarded as a
We have checked that we also obtain larger capture crosirawback of the analysis, since response effects are expected
sections if we apply their analysis to our single-particle so-to reduce the results for this channel with either evaluation
lutions. procedure. The cross sections for the pure ionization chan-
Remarkably, our results for transfer ionization as obtainediels remain almost unchanged and therefore are not dis-
from trinomial statistics are in good agreement with the ex-played.
perimental data. This is surprising since response effects In order to check the sensitivity of the single capture
might be important for this two-electron process, and couldchannel to the resonance condition, we have repeated the
reduce the cross sections due to the screening of the projecalculations with the model potentiéd), which is chosen to
tile and the reduced screening of the target. Only at lowgive a substantially better eigenvalue for the @)Ztates
energies is there an indication that the calculated cross se(ef. Sec. Il A). Corresponding results obtained from the prod-
tions are too large. Why the calculation of Haneteal. [14]  uct of binomial analysis are shown in Fig. 4 in comparison
results in transfer ionization cross sections at variance witlwith the cross sections for the OPM potential. The single
our data and experiment is unclear to us. capture as well as transfer ionization cross sections are con-
In addition, we have included results for double capture insiderably larger at low impact energies when evaluated with
Fig. 2, which have not been measured for atomic oxygerthe model potential. No saturation at low energies is ob-
targets. Most certainly, they will overestimate the ldro-  served for the single capture channel. Instead, the cross sec-
duction cross sections drastically as a consequence of th@ns increase with decreasing energy, which is not supported
trinomial analysis. by the experimental data. This behavior shows that the reso-
In the analysis in terms of products of binomidlsgs. nant O(2)-H(1s) charge transfer is overemphasized in the
(15 and (16)], this channel and the completely artificial model potential approach, since the energy match is fulfilled
higher-order capture events are removed and the corresponidr all electrons of the oxygeh,, shell. Within the trinomial
ing probabilities are transferred to the single-electron capturanalysis of the single-particle solutions this problem is re-
channel. The results obtained with this procedure and thélected in a substantial increase of the multiple capture chan-
OPM potential forvkg are shown in Fig. 3. In the low- nels.
energy region (1 ke¢Ep<10keV) we find good agree- At higher energies the results approach the OPM values
ment with the experimental data if we disregard the measureand cross them around 25 keV. It is remarkable that the
ments of Ref.[26]. A saturation can be observed which calculation based on the model potential is unable to boost
might yield too small cross sections at still lower energiesthe single capture cross section at energies above 20 keV.
where, however, the validity of the frozen-screening potenThus, the discrepancy with the experimental dgtd] at
tial approximation is questionable even for single-captureéhigher energies cannot be resolved in the present set of
events. single-particle model calculations. At the same time we note
With increasing energy the results due to an analysis ithat the transfer ionization cross sections are reproduced rea-
terms of the product of binomials approach the trinomialsonably well in our calculationgusing the OPNL The re-
cross sections. This is due to the fact that higher-order capsults for the pure ionization channels obtained with the
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F ﬁ'ci”('is)' R B 1'\/1'(;21”(;) 3 the most restrictive model for single excitation.
S0r Eq.(2) | |- Mod(b) | We add to the series of statistical models a variant, where
I Mod(e) 7 theN—1 electrons that are not excited are allowed to popu-

late any single-particle state in th€ and L shells[model
(c)]. This model accounts for situations where two or more
electrons interchange their initial states, but Pauli-forbidden
configurations with more than two electrons in the same final
state with quantum numberdm, are wrongfully included in
the probabilities as well. In addition, the analysis is inclusive

—20" 0 - with respect to excitation of one or boths Zlectrons to
g O N P vacant levels in thd, shell.
oﬁo 10 S E Finally, we have performed an analysis in terms of deter-
'2 5 1 minants using Eqs(18) and (21) with summations over all
Y ] states that correspond to final?2s?2p*3l) configurations.
2 ] According to the discussion in Sec. Il C, this represents the
I T E————— most _reliqble a_n.alysis of single excitation with regard to the
10k : s |nd|st|ngu!shabll|ty of thg electrons.
g E Very similar tendencies can be observed for the three
St L T . channels 8,3p,3d, which are displayed in Fig. 5. As ex-
9L ] pected, the binomial formulél6) gives the largest cross sec-
1L h tions as it allowdN—1 electrons to occupy any state except
05 E ] for the excited state of interest. At low and intermediate im-

pact energies, the results of the most restrictive m@nedre
T RS RETY! R smaller by up to a factor of 6. This large difference demon-
10 100 1000 strates that the solutions of the single-particle equations give
Ep [keV] rise to various transitions, which are included within the bi-

FIG. 5. Total cross sections for single excitation of Q(8nal nomi_al a_lnal_ysis. Partly this COUI(.j be expected,_ sinc_e capture
states as a function of impact energy f®O collisions. Theory: and ionization a.re S.trong reacnon channels in this energy
present calculation with OPM potential and different analyses acfange. Only at high impact energies do .th? two sets of cal-
cording to the cited equations and abbreviations, which are ex¢ulations merge to a common curve. This is due to the fact
plained in the text. that all inelastic transition prc_»t_)gbllltles decrease in this re-
gion, and the elastic probabilities that are attached to the
single excitation probabilitiegcf. Eqg. (26)] are close to
unity. This effect is more pronounced for the dipole-allowed
transitions »—3s and 2p—3d than for the dipole-
forbidden 20— 3p channel, since the dipole-allowed cross
sections are mainly due to contributions from large impact

Before we compare our results for specific excitationparameters, where other inelastic transitions, such as ioniza-
channels with experimental data, we illustrate the problemson are(almos) negligible.
and ambiguities that arise when single excitation is analyzed The results of the analysis in terms of determinants lie
in terms of binomial or related statistical models. To thisbetween the binomial data and the cross sections of model
end, we show in Fig. 5 several sets of results for singlgb). The remarkable discrepancies with the latter indicate that
excitation to the B states of oxygen, as obtained with the transitions between states of theandL, subshells of oxy-
OPM description of the atomic oxygen ground state whilegen contribute considerably to the final states of type
making different assumptions for the behavior of the elec{1s?2s?2p®3l). Obviously, the mode(b), where the inter-
trons that are not excited. We emphasize that all data resuthange of particles among these levels is suppressed, is too
from the same dynamical calculation and differ only in therestrictive to give a suitable description of the corresponding
methods of extracting the information from the single-cross sections at moderate impact energies.
particle solutions. The results of the statistical modéh), which requires

First, we have applied the simple binomial formyls)  three 2 electrons to remain in thie, subshell but imposes
for the electrons initially bound to thHe, shell. We have then no restriction on the initial & electrons, are in close agree-
modified this formula according to E¢26), which forces ment with the determinantal cross sections. The crudeness of
three of the four P electrons to remain in th&, shell the model makes this somewhat surprising. Qualitatively, it
throughout the collisioimodel (a)]. This model is still in-  can be understood as a cancellation of errors, since on the
clusive with respect to th&-andL-shell electrons, i.e., the one hand the analysis is too restrictive with respect to {he 2
final state of the excited atom is not completely determinedelectrons, but on the other hand it is too inclusive with re-
To demonstrate this fact, we have also included the results afpect to the & electrons(the K-shell electrons are of no
a model where Eq26) is multiplied by the probabilities for importance, as they do not undergo inelastic transitions with
elastic scattering of the inner electromeodel (b)]. This is  noticeable probabilities

—

model potential differ only slightly from the data based on
the OPM approach and are not shown.

B. Excitation cross sections
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From a theoretical point of view, modé&t) is preferable

over model(a), since it treats the electrons of both subshells 50 i Eﬁf‘éﬁf’ AT) (‘8)3s
in the same fashion, allowing them to populate any state 20 L FBA §
within the L shell. This method of evaluation gives slightly 0k yx ..... _
larger results, mainly as a consequence of adding contribu- c o ]
tions from processes that include excitations from tkad@ 5t g :
the 2p subshell. These correspond to many-particle final 2: /"\--/ ]

states with configurations 6#2s2p*3l), which are different
from a physical point of view.

We conclude that the diversity of results displayed in Fig.
5 demonstrates that statistical models for the calculation of
exclusive transitions have to be employed with some care in
the nonperturbative regime. However, the good—though
partly accidental and perhaps somewhat fortuitous—
agreement of moddh) with the determinantal analysis per-
mits us to exploit this model further for the calculation of
excitations with different core states, which can be compared

with experimental data. All results presented in the following 10 2 (*P)3s’ 4
discussion are obtained from BGM calculations with the F x ]
OPM potential. We have checked, that the model potential 51 *x ]
(6) leads to very similar results except at low energiEs ( - 3 ]
<10keV), where, however, no experimental information is 2r { iii f ]

available. 1 )
In Fig. 6 we show results for the excitations Iﬂ
(2p3(*S)3s 39), (2p3(?D)3s’ 3D) and (2p3(2P)3s” 3P), e
s ) 34 3 1 10 100 1000
and in Fig. 7 we display the channd@p®°(*S)3p °P) and Ep [keV]
(2p3(*S)3d 3D). According to the preceding discussion and P
Eq. (26) we describe these transitions by applying madg| FIG. 6. Total cross sections for excitation of final states
multiplied by the squares of the CFPs that correspond to the(2s?2p3(S.L.)3s) with different cores §.L.) as a function of
particular core states. In addition, we use the more refinetmpact energy fop-O collisions. Theory: present calculation with
analysis of Eqs(A5), (A7), and(A9), which accounts for the OPM potential and analyses according to the cited equations; FBA,
angular momentum coupling in the core. To be consistentirst Born approximatiori30]. Experiment:(®) fluorescence emis-
with the simple formula26) we do not attach a probability sion cross sectionfsl8]; (O) fluorescence data corrected for auto-
for elastic scattering of thi- andL-shell electrons in this ionization as described in the textx) excitation cross sections for
case. e-0 collisions[27].
Both analyses give very similar results. The only effect of
the more refined model is a slight reduction of the excitations Projectile energy loss measurements for excitation are not
with a *S core and a corresponding enhancement of the finablurred by cascades and autoionization processes, but so far
states with?D and 2P cores at low impact energies. For have been feasible only for electron impact. We have in-
intermediate to high energies the splitting of the éxcita-  cluded corresponding data ferO collisions[27] in Figs. 6
tion to states corresponding to different cores is completeland 7 for further illustration. We note, however, that they
determined by the CFPs as predicted by E2f). As this  should be compared to the present calculations for proton
result is largely independent of the model potential choserollisions only on a qualitative level, since the electron and
for the solution of the single-particle equations, we can drawproton data are expected to merge only at the highest ener-
the conclusion that it is a consequence of the IPM descripgies shown[18]. We add that several experimental investi-
tion of the collision. In turn, a significant deviation of experi- gations based on fluorescence spectroscopy as well as theo-
mental cross sections from this prediction of the IPM can beetical studies 0é-O collisions can be found in the literature,
interpreted as a signature (dtatic or dynamig correlation  and are discussed along with the new measurements for elec-
effects. tron and proton collisions in Ref18]. This discussion shows
Unfortunately, definite conclusions are hampered by théhat some of the studies lead to conflicting results, which are
considerable uncertainties in the experimental data. Thaeot likely to be explained by the uncertainties caused by
main problem arises due to the fact that the only measurezascades and autoionization channels in the emission cross
ments forp-O collisions[18] are obtained by fluorescence sections(cf. the discussion in Ref28]).
spectroscopy of the decaying excited states. As a conse- First, we compare our results with the proton cross sec-
guence, one has to consider the population of the excitetions of Ref.[18] for the 3s excitations with different core
states of interest due to cascades from higher excited statestates(Fig. 6). The experimental emission cross sections for
as well as contributions from competit@utoionizing decay  the 2D and ?P cores differ in magnitude from the results of
channels, in order to convert the emission cross sections tour calculations by a factor of 2, but exhibit a similar behav-
the excitation cross sections. ior as a function of projectile energy. However, according to

v
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ST L from other electron impact data.

N P E;‘,Sé’éf AT . In addition, we have included the results of a calculation
“g 10 g FBA : N in the first-order Born approximation for electron impact in
o Of (S 3 Fig. 6, which are based on a comparable model potential
"o of - 1 description of atomic oxygef30]. Our results merge with
% 1y = the Born values at high energies. This is displayed for the
05F T (2p3(*S)3s) excitation, but also holds for the other core
i states, since the splitting of thes 3xcitation to the three
5 cores is exactly determined by the squares of the correspond-
— ing CFPs in the Born approximatidiaf. the Appendix.
g 2t By contrast, the agreement between our results and the
N 1L Born cross sections is weak for tii2p3(*S)3p) excitation
'g 0.5 g displayed in Fig. 7(top panel. Although the cross sections
T I of both sets of calculations decrease similarly at high ener-
02 gies, they differ in magnitude by a factor of 1.5. The electron
IRTTTT T R impact measurements of R¢R27], which are also included,

1 10E . 1\(}0 1000 indicate the same asymptotic decrease of the cross section as
p [keV] a function of projectile energy, but the absolute values are
FIG. 7. Total cross sections for excitation of final Statescon&derably smaller than our proton results, which in tumn

0(2522p3(*S)3p) and Q2s22p%(“S)3d) as a function of impact '€ smaller thr;m4 the Born cross sections.

energy forp-O collisions. Theory: present calculation with oM FOr the (2p°("S)3d) excitation, our results merge very
potential and analyses according to the cited equations; FBA, firsf/€ll with the Born cross sections at high en_ergﬁEag. 7
Born approximatior[30]. Experiment:(®) fluorescence emission (Pottom panell. This channel was also accessible in the ex-

cross sectionEL8]; (X) excitation cross sections fexO collisions ~ Perimental setup of Ref18]. Whereas the overall magnitude
[27]. of the experimental and theoretical cross sections is compa-

rable, we note that the energy dependence is clearly differ-

Ref.[29], the(2p3(?P)3s") state autoionizes with a factor of ent. Only above an impact energy of 1 MeV do the theoret-
0.46, suggesting that the experimental results have to be eital results follow the power-law dependence obtained from
hanced by a factor of 1.85 to arrive at the excitation crosst fit to the experimental data over the entire energy range. As
section. These modified experimental values agree with odarge cascade contributions to the emission cross section are
calculations on an absolute scale, but since no enhancemeiled out by the experimentalisf$8], and not much can be
of the (2p3(?D)3s’) emission cross section due to a com-learned from a comparison with electron impact data in the
peting decay channel can be assumed, the ratio of both cros¥ermediate-energy region, the discrepancy cannot be ex-
sections now differs considerably from the prediction of theplained at present.
IPM. In fact, cascades are expected to feed the Next, we consider §excitation with simultaneous loss of
(2p%(°D)3s’) population(contributing a fraction of 259  one electron from the target atom. Experimental emission
which would further decrease the experimental results foeross sections for proton impact are available for the
this channel. (2s%2p?(3P)3s ?*P) final states. Due to the removal of one

The electron impact measurements of R27], which are  electron from the target, these final states are less exclusive
also included in Fig. 6, lie above our calculations for ff&  than the ones considered in the discussion above, and would
and 2P cores, but with the strong possibility of agreement atrequire some modifications in the theoretical treatment. Here,
high energies. We have performed some additional calculawe only apply a simple argument in order to obtain an esti-
tions with a negatively charged projectilfee., an antipro- mate for the splitting of the § excitation of the ionized
ton), in order to check if the larger experimental cross sectarget to the particular core state that was studied experimen-
tions at intermediate energies can be explained as a charg@lly.
effect. We do find, however, that the proton and antiproton According to the IPM, the two-electron process of single
impact excitation cross sections are very similar for energie€xcitation and single electron loss proceeds in two indepen-
Ep=100keV. dent steps. For example, one electron is removed in the first

For the ?D-core final state the experimental electron im-Step and leaves the target ion in one of the three states
pact cross sections are smaller than our values for all impads®2p3(*S)), (2s?2p3(?P)), or (2s?2p3(*D)). Following
energies. Together with the larger cross sections for the othéhe arguments given for excitation, we assume that the rela-
cores, it follows that the splitting of thes3excitation to the tive contributions of the three states are given by the corre-
three cores differs from the IPM prediction. This indicatessponding CFPs (@%ScL,2p|}2p* ®P). In the second step,
that correlation effects may be significant, and that in ordepne of the D electrons is excited to thesState, which leads
to understand these excitations one would need at least 4@ different 202 cores. We assume again that the splittings
atomic oxygen ground state with a different admixture of theare given by the corresponding CFPs
2p° cores than given by the CFPs. However, this cannot b¢2p2S(L.,2p|}2p3S.L.) for each 2* state. Since we are
stated with absolute certainty because of the discrepanciésterested in the total weight for the final states with a
between the two experimental data sets and their deviation@p?(°P)) core, we multiply the squares of the CFPs of both
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FIG. 8. Total cross sections for transitions to the final state F|G. 9. Total cross sections for excitation of the final state
0" (2s°2p?(*P)3s) as a function of impact energy f@rO colli-  O(2s2p® 3P) as a function of impact energy fg-O collisions.
sions. Theory: present calculation with OPM potential and analysesheory: present calculation with OPM potential and analysis in
for direct transitions to O(2s°2p?(*P)3s), and results including  terms of determinantEEq. (21)], and single-particle cross section
contributions from cascades as described in the text. Experimenfor 2s— 2p excitation(single); Experiment:(®) fluorescence emis-
(@) fluorescence emission cross sectiph8. sion cross sectionl8]; (O) fluorescence data corrected for auto-

steps for all pathways that lead to this state and sum them u@gz:(t):ﬁgi;l:s?g%crlbed in the text) excitation cross sections for

This gives a factor of 2/3 independent of the order of the two
processes, electron loss and excitation. This factor is attached
to a modified trinomial probability for simultaneous excita-
tion and electron losfcf. Eq. (14)], In this section, we present results for processes in which
2 NI electrons of thel, subshell of atomic oxygen are actively

C. Transitions with 2s-vacancy production

Ploss3p)3s= 3 M(Pp+ Po)PexssPs (28 involved. We employ the analysis in terms of the determi-
nants/Eqg. (18)] to describe these processes, since it accounts
As in the calculation of pure single excitation, we assume irfor the coupling of the & and 2 electrons in the final states.
Eq. (28) that two 2 electrons remain bound to thg shell ~ This coupling is crucial for the transitions considered. How-
of oxygen, whereas the probability is inclusive with respectever, the angular momentum properties of neither the propa-
to the X electrons. gated nor the final states are taken into account properly in
The results of this model are shown in Fig. 8 along withthis schemecf. Sec. 11 Q. This would require an extension
experimental data, which have been obtained by summatioaf the analysis described in the Appendix in order to couple
of the three emission cross sections of Ré&B] that corre- theL,-shell electrons to thé-shell electrons. We have not
spond to the(2s?2p?(3P)3s 2“P) final states. The experi- carried out this extension, since the determinantal analysis
mental values are considerably larger than the calculateshould provide a reasonable representation of the processes,
cross sections. However, inspection of the Grotrian diagramas long as one is not interested in the splittings of specific
of singly ionized oxygen reveals that the §3%P) final  channels into states with different cores.
states can be populated by cascades from various states thatFirst, we consider the excitation of asZlectron to a
correspond to a3 excitation[21]. In fact, some of the cor- vacant 2 state, leading to the final configuration
responding emission lines have been observed in the expel(2s2p® 3P). Note that final states with different angular mo-
ment[18]. In order to take the cascades into account, wementum quantum numbers do not exist for this process, since
have calculated the cross sections for singe ekcitation ~ the 2p° configuration gives rise to 4P term only. The re-
with simultaneous electron loss according to E28) and  sults are shown in Fig. 9 along with experimental data for
added them to the originals3results. In this case, we have proton impac{18] and electron impadi27]. We have used
omitted the factor 2/3 for theBexcitation, because not only EQ. (21) for the analysis of the single-particle solutions ob-
the (2p2(3P)3p) state but also states with different cores tained from calculations with the OPM potential. In addition
feed the(2s%2p?(®P)3s 2*P) channels. to the determinantal results, we show cross sections obtained
The results of this analysis are in good agreement with th®y a direct integration of the single-particle probabilities for
experimental datéFig. 8). Only at high impact energies is a the transition from a &to a 2p state without any combina-
slightly different behavior of experimental and theoreticaltorial factor attached. These results include one obvious ef-
cross sections apparent. We conclude that this two-electroiect of the Pauli principle, namely, that only one of the 2
process can be largely understood in terms of an IPM deelectrons can be excited to thg shell, as it is assumed to be
scription, if the cascade population of the final state is takempopulated by three spin-u@@) and one spin-dowi]) elec-
into account. In fact, the experimental emission cross sectiotrons. This effect is included in the determinantal analysis by
is dominated by cascades according to our calculations: theonstructioncf. Eq. (18)].
cross sections for |8 excitation with simultaneous electron ~ The single-particle cross sections are larger than the re-
loss are larger by a factor of 3 than the correspondisg 3 sults of the determinantal analysis. Obviously, the former are
values. inclusive in thelL,-shell electrons, but the difference be-
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tween the two curves also reflects another effect of the Pauli AR AL
blocking in the final many-particle state: the excitation of the 100
2s| electron is suppressed, since one of three possible final
2p] states is occupied. In fact, at high energies where other
effects are negligible, the two curves differ by a factor of 2/3.
The agreement with the experimental data is very poor for
this excitation channel. According to Refi29], the
(2s2p°® 3P) state autoionizes with an autoionization factor
of 0.51. Thus, the emission cross sections of RE] have
to be multiplied by a corresponding factor of 2.04, but these T N
modified cross sections are still considerably smaller than the 10 100 1000
electron data of Ref.27]. This suggests that the autoioniza- Ep [keV]
tion factor could be larger than assumed in R2€)], but it is _ N ]
clear that this would not resolve the discrepancies with our_ F1G- 10, Total cross sections ffr transitions to the final states
results unless the autoionization factor were close to unity®. (252" >P) and O'(2s2p” *S, ?D) as a function of impact
This, in turn, would considerably affect the single-ionization €N€"9Y forp-O collisions. Theory: present calculation with OPM
channel, since it would shift a large part of our cross sectio otential and analysis in terms of particle-hole probabilifiEs.

5 3 o - L ~(29)] as described in the text. Experiment: fluorescence emission
Iioorn((zcizlg o Plg excitation to the direct ionization cross sec cross sections for@®) O*(2s2p* 2%P) final states and(O)

. O*(2s2p* %S, 2D) final stateq18].
At present, we can only speculate about the origin of the (2s2p ) i q18]

discrepancies for the €p° 3P) excitation channel. Ac-
cording to the results of Sec. B, it is not likely that the €lectron to a vacant(2 level with simultaneous removal of
theoretical cross sections would be considerably reduced # 2pT electron from the target.
the analysis were performed in terms of angular momentum In Fig. 10 we show our results for the two separate pro-
eigenstates. Moreover, the following discussion of processegesses in comparison with experimental data, which were
involving electron removal from the target along with the obtained by summation of the §2p* 2“P) emission cross
specification of 2-hole production supports the strong cou- sections and the p* S, ?D) emission cross sections, re-
pling between the € and 2 states that is the basis for the spectively.
large cross sections for the §2p° 3P) excitation. One pos- In the latter case, the good agreement of our data with the
sible source of error in the calculations is the representatiofum of the experimental cross sections for fi&and *D
of the final state in terms of the orbitals of the ground-statdinal states shows that these events can be largely understood
atomic oxygen problem. It may be conjectured that a moreéds two-particle processes in the IPM. The remarkable
accurate description of the final staiacluding correlation  strength of this two-particle process at intermediate energies
could lead to significantly smaller cross sections for the exis caused by the large single-particle probabilities for the
citation of this channel. 25— 2p transition, which directly determine the cross sec-

In the experiments reported in R¢1.8], final states cor- tion for the (22p°) excitation discussed above. Thus, the
responding to a (&p*) configuration have also been ob- good agreement with the experimental data for the
served. Although the differentS terms cannot be described (2s2p* 2S, D) channels is in conflict with the poor agree-
rigorously in terms of the determinantal analysis, particle-ment for the (22p° 3P) excitation.
hole probabilities Eq. (25)] for specific configurations can In the case of the (2p* 2P) final states, where theg?
be linked to them in the following way. subsystem is not changed during the collision, our results

First, we consider the production of the final statesconsist of two contributions corresponding to a vacasit 2
(2s2p* 2%P). Obviously, the angular momentum state of theand a vacant | spin orbital, respectively. These contribu-
2p* subconfiguration is unchanged in these collision eventgtions differ at intermediate impact energies by up to a factor
In the determinantal analysis this corresponds to final conef 2. This is due to the fact that thes2 vacancy can be
figurations where three spin-up and one spin-down electrongroduced by a direct one-particle transition and by a similar
populate the oxygeh, shell as in the initial ensemb[&q.  two-particle process, as considered for thsJ@* 2S, 2D)
(18)]. The transition is calculated via the particle-hole prob-final states: the excitation of thes2 electron to the.; shell
abilities (25), in which these states together with tkeshell ~ and the simultaneous removal of thp [2electron. This pro-
and one 2 spin orbital are filled, whereas the othes @r-  cess is obviously blocked for the spin-up electrons due to the
bital and higher excited states are vacant. Pauli principle. At energie€p=50keV, the &7 and the

In addition, the population of the final states 2s| vacancy productions merge, which indicates that two-
(2s2p* ?S, D) has been measured. These events requirparticle processes become unlikely in fast collisions. In this
that the * subsystem is changed fron?®® termto a'Sor  region, the process is mainly due to the direct removal of a
a D term during the collision. Within the determinantal 2s electron, whereas thep2electrons are merely spectators.
analysis, the final spin-singlet states are represented by con- Our results for the sum ofsy and & vacancy produc-
figurations with two spin-up and two spin-down electrons intion, which are shown in Fig. 10, lie above the experimental
the L, subshell. Since we neglect spin flips, the configura-values in the whole energy range. Remarkably, the discrep-
tions can be produced only by the excitation of the| 2 ancies are larger than for the cross sections corresponding to
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the (2s2p* 2S, ?D) final states. This is troublesome insofar  In the case of target excitation the observables that are
as the effects that are neglected in our descriptitymamic  accessible experimentally correspond to more exclusive tran-
response, static and dynamic correlatishould be less im- sitions and require a more sophisticated analysis than the
portant for one-electron processes than for two-electron proapplication of simple statistical formulas. We have calcu-
cesses. lated single excitations of the &hannels with different core
We note that we have previously observed deviations bestates in the-Scoupling scheme, and have studied processes
tween theory and experiment fois®acancy production in in Which_ 2s vacan(_:ies are formed, with a description of the_
p-Ne collisions that are similar to the present results for thePlectronic system in terms of an ensemble of Slater determi-

(2s2p* 2%P) final states. These deviations have been attripnants. Our results agree with most of the experimental exci-

uted to electron correlations that go beyond the simple orfation cross sections derived from fluorescence measure-

bital picture[4]. Given the results presented in this section, itments within a factor of 2. A remarkable exception has been

, . . ound for the excitation of the OE2p® °P) state, where
may be conjectured that correlation effects play an mportan{theory and experiment differ by an order of magnitude. As

role for processes in which,-subshell electrons are actively this discrepancy is not likely to be attributed to a competing

mvolveo_l. At present, it is not Clea_r how the _|ncIu5|0n of autoionizing decay channel, which is included in the excita-
correlation could correct the theoretical results in such a wa)g5

that the experimental cross sections shown in Figs. 9 and 1'on but not in the emission cross section, it appears that
pe! X : gs. orrelation effects may be important to describe this transi-
can be explained by a single calculation.

tion.
The description of a large number of one- and two-
IV. CONCLUSIONS electron processes within experimental uncertainties pro-

In this work we have investigated ionization, capture, andvides further evidence that an IPM approach with frozen
excitation in p-O collisions over a broad range of impact SCreening potentlal_ls apphcabl_e to proton-atom c<_)|||5|ons at
energies. We have described the collision system in the IPNNtermediate and higher energies. Future work will concen-
framework with a spin-averaged exchange-only OPM potenlraté on some outstandmg' issues, such as 'the rearrangement
tial for the atomic oxygen ground state and have propagateBroblem in Hé*_-O collisions, where a time-dependent
the ensuing set of single-particle equations with the BGM Screening potential may be needed for a proper description of
Emphasis has been given to the question of how to extradhe collision dynamics.
physical information about the various inelastic transition
channels from the single-particle solutions. ACKNOWLEDGMENTS
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We find very good agreement with experimental data for
pure ionization over a broad energy range and somewhat
larger cross sections than reported by the experimentalists for \we consider the matrix element
transfer ionization from low to intermediate energies. These
deviations can be attributed to the neglect of dynamic screen- Aqi=(D¢| V(7)) (A1)
ing effects in our description. In the case of single capture,
the experimental cross sections are well reproduced by ouyr
resultspobtained from the analysis in termspof product); 0 etween the propagated oxygen ground state tepf (2)

; e 3 3 ; _
binomials for low impact energidsp,<10 keV, but our data and_a final state of the forr@p*(SeL.o)nl “Ly) W'th. Le O. )
or [ =0. In what follows, the oxygen ground state is specified

lie below the recent measurements of Thompson and cq- - > ; X
workers for faster collisions. We have shown that this disc-lby the quantum numbeis=1M,S=1Ms, while the fi-

crepancy is not caused by the energy difference between tH@l states are characterized hy,M, ,5=S ,Mg=Ms.

initial 2p target orbitals and the final projectile ground stateNote that the spin quantum numbers are conserved, since the
that arises as a consequence of the spin-averaging procedutamiltonian is spin independent.

and neglect of correlation effects in the exchange-only OPM. The time-propagatedN-particle wave function can be

In fact, the model potentia{6), which fulfills the energy written as a linear combination of vector-coupled product
match for these states nearly exactly and thus allows fostates, which consist of a single particle initially bound to the
resonant charge transfer, leads to almost identical results &glo=2p level and an Kl — 1)-particle system corresponding
the OPM potential in this region. to the initial 2p° configuration:

APPENDIX
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W(xyxy )= D o(Sily) S <81Msl.3mso|silvls. D= (13 B,
S MM, 2 ' N =
X ScM ! M
XMLEImIO <L1ML1'IOm|0|LiMLi>¢n0|Om|DmSO Mo, c Scyzms|sf St
X(Xlatf)q,LlslMLlMsl(XZ'"XNatf)- (A2) XMEm (LM Imy[LeM )
LM
X eaimm (P (2 x). (Ad)

In this equation,c(S;L,) are the coefficients of fractional Since each permutation gives the same contribution to the
parentagg24] amplitude, we obtain

Afi:\/NSEL C(Sll-l)M2 2 <L°M'-c’|m'|LfM'-f>
11

my M m,
LM My myg

C(S1L1)=(2p*SiLy,2p[}2p* *P) (LM Loy LM )Mot
! |
—J1/3 for (S;L,)=%S ~ops
={ —1/2 for (S;Ly)=2?P (A3) X@LCSCMLc"PLrSfScvMLl(tf» (A%)

_2
V5/12 for (S,L4)="D, with the single-particle amplitudes

Nolomy

CnImI 0(tf):<(Pn|m||‘r//nolomlo(tf»- (A6)

the quantitiesJ;M 3,;J2M leJ M;) are Clebsch-Gordan co- We have removed the explicit dependence on spin quantum

efficients, and; denotes the space and spin coordinates ofiumbers in Eq(A5) by using the orthogonality relation for
the jth electron {=1,...N=4). The construction with the the corresponding Clebsch-Gordan coefficients, which can

CFPs ensures thdt(x;---xy) is antisymmetric provided the be applied due to spin conservatloﬁc(:sl,MSC: Ms,,ms

. o . . . =mg).
(N—1)-particle functionW (x,---xy) is antisymmetrid 34]. %0 . L
. . . The three-particle overlap occurring in EGA5) can be
rl;cr:]r i?ie f|n3al s:ate, rt::je \;ectcci)(;i;ozplleﬂ prt?d:ci;s tﬁf ar;(t-| decomposed in the same fashion by considering the vector-
symmetric p” cores a an adaitional electro €e coupled states of single-particle and two-particle functions,
cited levelnl#2p are explicitly antisymmetrized by apply- \yhere the latter are again written as vector-coupled products

ing the permutation operatd?rlj for electrons 1 andj, of single-particle orbitals. This leads to the expression
%2 T, et ot ’
<¢Lpg M |\I,L1’Sl=SC'ML (tf)>: 2 C(SlLl)C(Sch) 2 2 <LCML"|,m|'|LCM|—c>
¢, 1 M ¢

raly el o _of rmyr Myormyr
LiSiLeS,.s1=S5, Lme Mymyg

X<L5_ML1’|6m|6|L1ML1> 2 E <|”m|/r,Imm|r/l||_éML(/:>

myrmym myrmy
oo

A lm n"l"mw n///lmmlm
0'0 0'0 O(tf)c 0'0 O(tf), (A?)
|

¥
X (1gmyr, g mp| LM r)e o(ts)C
< 0 |0' 0 IO| 1 L1> nr|/m|,( f) n”1"m, n/rr|mm|,”

where all single-particle quantum numbers refer ppdbit-  squares of the amplitudeA5) over M,_i and M,_f, respec-
als and the CFPs tively, according to

c(SiL1)=(2p* SiL1,2p[}2p° S1Ly) (A8) 1 ,
Psio=5r 77 2 |Adl® (A9)
. c-c 2L;+1 MM,
can be found in Ref.24]. P
The transition probabilities of interest are obtained by in-
serting Eq.(A7) in Eq. (A5) and averaging and summing the A considerable simplification arises if one assumes that
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the electrons which form thep? parents of the initial state N[c(S.Le)]?

nglom,
remain frozen throughout the collision, I T > e o|2=N[c(ScLo) 12P2R )
I

mimy, nim
> ~ Al12
(B2 1L s=s.m, (t))=3L 1 O, m, - (A12)
cc''L 1 c 1 . . . .
¢ (A10) for the situations of interest, i.eL, ;=0 or|=0.

The selection rulegA10) arise naturally, if one works in
the perturbing projectile potential can cause only one-
electron transition$30]. However, application of EqA10)

Aq=VNC(SLe) 2 (LM Imyj|LiM ) is not consistent within the single-particle framework, where
M c f

LM, each electron is allowed to change its state during the colli-
nolom, sion. In order to take this fact into account without losing the
X<LCMLC’IOmIO|LiMLi>CnIm| °(t)- (ALD) simplicity of the expression EqA12), one can multiply this

probability by a global probability for an elastic transition of
Insertion of Eq.(A11) in Eq. (A9) leads to the simple result three electrons as discussed in Sec. Il C.
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