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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 number~s!: 34.50.Fa, 34.70.1e
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I. INTRODUCTION

The recently developed basis generator method~BGM!
@1,2# represents a technique to solve the single-electron ti
dependent Schro¨dinger equation for ion-atom collisions i
the framework of the independent particle model~IPM! for
N-electron systems under conditions where probability d
sity is transferred from the target to the continuum as wel
to the projectile. It has been tested successfully for such
lision systems asp6-Ne @3,4#, He21-Ne @5#, and F91-Ne @6#.
An important aspect of the method is the ability to gener
dynamically basis states that can represent accurately
state vectoruc(t)& during the collision with the appropriat
amount of probability amplitude in the continuum as well
in states traveling with the projectile. In particular, th
method has been shown to propagate properly all initia
occupied orbitals involved in the collisions, i.e., theK andL
shells in collision systems with Ne targets, andK, L, andM
shells inp-Ar collisions @3#.

The BGM is built upon a single-particle representation
the target atom, usually in the framework of density fun
tional theory~DFT! @7#. So far most of the results reporte
have been obtained with a frozen single-particle potential
the target atom. The validity of the frozen-screening pot
tial ~or no-dynamic response! approximation was conjec
tured on the basis of successful calculations of sing
electron capture, ionization, and transfer ionization eve
for collision energies down into the tens of keV/amu ran
@3–5#. Pilot calculations with dynamic screening indica
however, a sensitivity of multiple electron transfer or ioniz
tion cross sections to dynamic screening effects@4#.

The sensitivity of the calculated cross sections to the p
ticular DFT model has been explored previously@3,5#. It was
found that the proper cancellation of the self-interaction c
tributions as obtained in an exchange-only optimized pot
tial method~OPM! was important for collision calculations
resulting in substantially different cross sections from res
1050-2947/2000/61~5!/052710~16!/$15.00 61 0527
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obtained with Latter-corrected local density approximati
or Hartree-Fock-Slater potentials.

An important aspect of the investigation of BGM calc
lations was the issue of how to extract the information ab
electron transfer to the projectile and to the continuum. T
most sophisticated analysis is based on exclusive proba
ties, calculated in the framework of an IPM with Pauli bloc
ing @8# with subsequent summation over all relevant cha
nels to obtain inclusive cross sections. On the other han
is possible to perform an inclusive cross section analysis
rectly based on single-particle transfer and ionization pr
abilities: this can be done at the level of the statistical at
@9#, or at the level of shell-specific probabilities@10#. For
many processes the differences between the various ev
tions of inclusive cross sections~e.g., form-electron transfer
and simultaneousn-electron ionization! are small @5#. An
exception occurs when spin effects become important~Pauli
blocking prohibits triple capture to ans subshell, in which
case the statistical treatment of this channel is inappropria!.
One of the problems not addressed so far in this contex
the issue of relatively large multiple electron transfer a
ionization cross sections for proton impact calculated by
ther method of evaluation. In particular, the IPM predictio
about double capture~H2 formation!, and even triple and
higher-order capture~unphysical channel! as well as about
double and higher-order ionization are in conflict with e
perimental observations. This work attempts to shed so
light on this problem.

Another aspect that is addressed in this paper is the
culation of target excitation cross sections in the IPM fram
work. So far, BGM studies for excitation channels have be
restricted to one-electron collision systems, where go
agreement with other theoretical work and experimental d
has been obtained@11#. The investigation of excitation in
many-electron atoms requires the extraction of more ex
sive transition probabilities than the charge-state analysis
scribed above. The question arises how different levels
©2000 The American Physical Society10-1
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KIRCHNER, LÜDDE, HORBATSCH, AND DREIZLER PHYSICAL REVIEW A61 052710
sophistication in the analysis of these transitions affect
results.

The present paper deals with the somewhat complica
proton-oxygen collision system. The complications arise
several fronts.

~1! The oxygen atom represents a system with a parti
populatedL II shell, and a spin-triplet ground state configur
tion (1s22s22p4 3P). Since we describe the oxygen atom
terms of an ensemble-averaged single-particle potential,
information about the splitting of the configuration in diffe
ent terms is lost. Nevertheless, the spin polarization and
angular momentum symmetry can be taken into accoun
the construction of transition probabilities to specific fin
states.

~2! The ionization potential of atomic oxygen is ve
close to 0.5 a.u., which results in a resonant single-elec
capture channel. The latter property is difficult to model w
a spin-independent single-particle model based on first p
ciples ~such as the OPM!, and we will therefore consider
model potential for the oxygenL I,II shells in addition to the
DFT approach.

Previous studies of thep-O collision system, which is of
astrophysical interest, include experimental observation
single capture, single ionization, and transfer ionization
Thompson and co-workers@12,13#, and a recent model cal
culation which yielded somewhat satisfactory results for io
ization and capture, but not for transfer ionization@14#. In
the high-energy limit the ionization data can be compa
with experimental electron impact results@15#. At very low
energies theoretical capture data were obtained in
molecular-orbital approach@16#, and by means of the so
called electron nuclear dynamics theory@17#. Very recently,
experimental results for 2s-electron ionization and single ex
citation with and without simultaneous ionization have be
reported for the intermediate energy range@18#.

The paper is organized as follows. The theoretical
proach to the description ofp-O collisions is presented in
Sec. II. This discussion is split into three parts. We start w
a brief discussion of the representation of thep-O collision
system in the IPM and the solution of the single-parti
equations in terms of the BGM in Sec. II A. A more gene
discussion of the IPM approach to ion-atom collisions can
found in Ref.@5#. In Sec. II B, we describe the evaluation
capture and ionization cross sections, which correspon
measurements where the final charge states of the proje
and target atoms are determined. Section II C discusses
calculation of more exclusive transitions involving target e
citation. Results for capture and ionization cross sections
presented in Sec. III A, while various excitation channels
discussed in Sec. III B, and processes, which include the
duction of vacancies in theL I subshell, are studied in Se
III C. We conclude with a summarizing discussion of o
results in Sec. IV. Atomic units (\5me5e51) are used
throughout.

II. THEORY

A. IPM representation of the p-O collision system

In the IPM it is assumed that the collision system can
represented in terms of a set of time-dependent sin
particle equations for the initially occupied orbitals,
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i ] tc i~r ,t !5ĥ~ t !c i~r ,t !, i 51,...,M , ~1!

with the Hamiltonian

ĥ~ t !52
1

2
D2

QT

r
2

QP

ur2R~ t !u
1vee~r ,t !. ~2!

Here,QT andQP are the charges of the target and the p
jectile nuclei, where the latter is assumed to move alon
classical straight line trajectoryR(t), and vee denotes the
effective mean-field potential due to the electron-electron
teraction. As in our previous work, we approximatevee by a
spherical potential that accounts for the electron-electron
teraction in the undisturbed ground state of the target at
but neglects the response of the electronic system in the p
ence of the projectile.

According to the Kohn-Sham~KS! scheme of DFT for
stationary systems,vee is given as an explicit or implicit
functional of the ground state densityn0 @19#. In the present
case of atomic oxygen,n0 results from an ensemble
averaging procedure over the partially filledL II shell as

n0~r !5(
i 51

M

f i uw i~r !u2 ~3!

with

f i5H 2 for i 51s,2s,

4/3 for i 52p21,2p0,2p1,

0 otherwise.

~4!

The orbitalsw i(r ) are the solutions of the stationary K
equations for the target Hamiltonian

ĥ52
1

2
D1vKS~@n0#;r !52

1

2
D2

QT

r
1vee~@n0#;r !

~5!

and provide the initial conditions for the time-dependent c
lision problem~1!: c i(r ,t5t i)5w i(r ).

Obviously, the spin polarization of atomic oxygen is n
taken into account in this scheme, since theK andL I shells
are assumed to be populated by two equivalent electr
respectively, and the ensemble average is taken with res
to four equivalent electrons in theL II shell. As a particular
DFT model for the solution of the stationary KS equation
we employ the exchange-only OPM@20#, which ensures the
proper cancellation of self-interaction contributions, but n
glects correlation effects, and thus is comparable to
Hartree-Fock calculations@19#. In particular, the OPM yields
the eigenvalueeO(2p)

OPM 520.614 a.u. for the 2p level of oxy-
gen, which has to be compared with the first ionization p
tential of 0.500 a.u.@21#.

In order to check to what extent this discrepancy infl
ences the results of the collision calculation, we also c
sider a simple model-potential description of atomic oxyg
which is similar to the one used by Hamreet al. @14#,
0-2
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QUANTUM-MECHANICAL DESCRIPTION OF . . . PHYSICAL REVIEW A 61 052710
vKS~@n0#;r !'vmod~r !52
1

r
~7.15e2ar20.15e2r11!.

~6!

This potential exhibits the correct behavior forr→0 and r
→` and gives the eigenvalueeO(2p)

mod 520.505 a.u., if one
choosesa51.96, thus allowing for resonant electron captu
in p-O collisions. In the vicinity ofr 51 a.u., where the 2p
orbital exhibits its maximum, the effective chargeZeff varies
betweenZeff51 andZeff54. The reduced 2p-level binding
energy is obtained by a faster approach towardZeff51 for
large r values than in the OPM potential.

The effective single-particle equations~1! are propagated
in either case~OPM andvmod! in a basis representation ob
tained from the BGM, which has been introduced in Re
@1#, @2#. The basic idea of this coupled-channel approach i
expand the solutionsc i(r ,t) of Eq. ~1! in a basis which
dynamically adapts to the time-dependent problem and
allows an appropriate representation of thec i(r ,t) including
their overlap with the continuum and with bound project
eigenstates within a finite set of functions. In our previo
work, we showed that for single-particle Hamiltonians of t
type ~2! this can be achieved, if the basis consists of a se
bound eigenfunctions of the undisturbed target$wv

0(r )% and
BGM states$xv

m(r ,t)%, which are constructed by repeate
application of the suitably regularized projectile potent
WP onto the set$wv

0(r )%,

xv
m~r ,t !5@WP~r ,t !#mwv

0~r !. ~7!

While the functions$wv
0(r )% account for the elastic and ta

get excitation channels, the set$xv
m(r ,t)% describes the over

lap of the propagated orbitals with the continuum and w
traveling projectile states. In particular, the BGM states
higher orderm are capable of generating the two-center g
ometry and of representing the relevant quasimolecular st
@1#, and allow an accurate description of collisions at lo
impact energies. However, the method is not restricted to
adiabatic region, but has been shown to give reliable res
for excitation, capture, and ionization from the quasimole
lar regime up to the high-energy, perturbative region@4,11#.

We emphasize that this versatility is due to the dynam
adaptation of the basis to the time propagation of the sys
itself and does not require the accurate representation o
channel functions of interest. In fact, the representation
traveling projectile states becomes poorer with increasing
locity, since the increasingly rapid oscillations of these sta
cannot be resolved within the basis@1#. This does not pro-
hibit the extraction of reliable electron capture transition a
plitudes for fast collisions, as long as the basis size suffi
to cover that part of Hilbert space that is addressed by
propagated orbitals.

In the present work we include all target eigensta
$wv

0(r )% of the KLMN shells and 100 functions from the s
$xv

m(r ,t)% up to orderm58 in the basis

uc i~ t !&5 (
m50

8

(
v51s

4 f

cmv
i ~ t !uxv

m& with uxv
0&[uwv

0&. ~8!
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The reduction of the set$xv
m(r ,t),m51,...,8% to 100 func-

tions is necessary in order to ensure that the overlap ma
remains numerically positive definite.

The integration of the single-particle equations~1! is nor-
mally started and terminated at timest i ,t f corresponding to a
distance of 30 a.u. between the projectile and target nuc
For collisions at low projectile energies the propagation
extended to the final separation of 40 a.u. in order to achi
converged results.

At the final timet5t f the propagated orbitalsc i(r ,t) are
analyzed with respect to bound channel functions of the
lated target and projectile Hamiltonians, respectively. In
case of the target, the corresponding transition amplitu
can be identified with the expansion coefficientsc0v

i (t f) @cf.
Eq. ~8!#, since the functionswv

0(r ) are explicitly included in
the BGM basis. For the projection onto traveling hydroge
states centered on the projectile we use Eqs.~8! and ~7!,

ck
iP~ t f !5^wk

P~ t f !uc i~ t f !&

5 (
m50

8

(
v51s

4 f

cmv
i ~ t f !^wk

P~ t f !u@WP~r ,t f !#
muwv

0&,

~9!

and calculate the matrix elements that occur on the right s
of Eq. ~9! numerically. The amplitudesc0v

i (t f) and ck
iP(t f)

constitute the starting point for the construction of obse
ables of the many-electron scattering system within the IP

B. Analysis of capture and ionization processes

As a first step for the evaluation of capture and ionizat
cross sections, we define single-particle probabilities for
tachment to projectile and target atoms, respectively,

Pp
i 5 (

k51

K

uck
iP~ t f !u2, ~10!

Pt
i5 (

v51

V

uc0v
i ~ t f !u2. ~11!

In the present case ofp-O collisions we have chosenK to
include all states associated with the principal quantum nu
bers n51,2,3. Then53 shell was found to contribute to
ward the total capture cross section at most at the 1–2% l
over the entire energy range. Assuming that the summat
include all relevant channels, a single-particle probability
ionization from a given shellPc

i is defined by the require
ment

Pc
i 512Pp

i 2Pt
i . ~12!

In the present case of an atomic oxygen target, we ca
late single-particle probabilities~10!, ~11!, and ~12! for the
1s, 2s, and 2p initial states; the latter are averaged acco
ing to
0-3
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Pt,p,c
2p 5

1

3 (
m521

1

Pt,p,c
2pm . ~13!

This ensures consistency with the ensemble-averaging
cedure that is used for the description of the target gro
state@cf. Eq. ~3! and note that theL II shell is populated by
four electrons#.

The following remarks are provided to explain the dif
culties associated with the evaluation of multiple electr
capture~or ionization! events that arise in the IPM. We con
centrate on electron capture by protons even though
problems discussed are of a general nature.

In the detailed analysis based on exclusive channel p
abilities one projects on single-particle states that repre
the states of the final atom, e.g., the hydrogen atom in
case considered. These are proper final states for the si
capture channel. To evaluate double capture~formation of
the negative hydrogen ion! one can take the square of th
H(1s) formation probability. This represents a projection
a poor H2(1s2) ground state, but is consistent with the IP
model interpretation of the single-particle results. In pr
ciple, one could project onto the eigenstates of an asymp
Hamiltonian achieved in a time-dependent Hartree-Fock
culation. This effective Hamiltonian would correspond to
fractional charge state, based on the average charge t
ferred from all single-particle orbitals of the original targ
atom for a given impact parameter. One would find the
sults for H(nlm) formation less satisfying than from the pro
jection onto true H(nlm) eigenstates, but the multiple cap
ture events would be based on more reasonable or
projections. In principle, one could determine in this analy
that multiple electron transfer does not always lead to bo
states@e.g., H2(1s,nlm) could be treated as unbound#, but
the entire analysis would be very cumbersome.

Another procedure would be to use the amplitudes
H(nlm) production in order to calculate the occupati
probability of a correlated H2 state expanded in an atom
hydrogen basis. According to the work of Martı´n and Salin
for target excitation@22#, such a procedure would be justifie
by the fact that electron correlations act on a longer ti
scale than the collision time.

The less detailed analysis based on trinomial statistics
the capture ofm electrons and the simultaneous transfer on
electrons from the target to the continuum can be calcula
from the single-particle probabilities for attachment to t
projectile ~10!, to the target~11!, and to the continuum~12!
~the shell index is suppressed in the following discussion!,

Pm,n5
N!

m!n! ~N2m2n!!
Pp

mPc
nPt

N2m2n . ~14!

N denotes the number of electrons in the given shell. T
evaluation of charge-state-correlated probabilities based
trinomial shell probabilities is straightforward and in clo
agreement with the detailed state-dependent~exclusive!
analysis, as long as Pauli blocking in the final states is
minor importance@5#. One of the obvious difficulties is the
fact that higher-order event probabilities are linked in a
05271
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rect way to the single-electron event probabilities. While t
latter are usually described well by the BGM-IPM calcul
tions, the former are in fact badly overestimated for prot
impact. Even though one may simply ignore the multip
capture events as unphysical, it remains as an unsatisf
feature that the conservation of total probability relies on
presence of these higher-order events~as exemplified by net
capture and net ionization cross sections in which high
order events contribute with appropriate multiplicities!.

This interpretation problem of distributingN-particle tar-
get electron densities over projectile states that cannot
commodate multiple capture events can be exemplified
the proton-oxygen collisions at a low energy~e.g., 5 keV
proton impact energy, and the impact parameter ofb
53 a.u., for which both the single capture and the dou
capture probabilities peak!. The single-particle capture prob
ability corresponds to a total transfer of 0.6 electrons~a
single-particle transfer probability of 0.1 in theL shell!. Such
a relatively low single-particle probability feeds both th
single and double capture channels substantially becaus
the large number of target electrons available. Yet it wo
be natural to assume that only single-electron capture sh
be important, and the formation of the negative hydrogen
should be treated already as an anomaly.

Hamreet al. @14# have tried to overcome this difficulty by
defining a single-particle capture probability that bloc
double~and higher-order! capture. In deriving the expressio
P1c512(12Pp)N, they have achieved the objective to o
tain a single-particle capture probability that has the corr
dependence onPp at small values, and which results i
P1c51 in the limit Pp51, so that all multiple capture event
are suppressed. The problem with this approach, howeve
that the meaning of the expression used by Hamreet al. is
different from what was intended: it represents the comp
ment of the probability not to capture the electronN times.
Why this should be interpreted as the single-capture pr
ability is unclear: in deriving the expression the authors a
probabilities for capture that are more inclusive in the oth
particles to capture probabilities that are gradually less inc
sive.

We propose the following alternative to the trinomi
analysis, which solves the problem of removing multip
capture in a systematic and meaningful fashion. Suppose
have calculated for the targetN-electron system~which could
be a single shell! a set of probabilities for capture, ionization
and attachment to the target. We interpretP̂p5NPp as the
total ~fractional! number of electrons captured by the proje
tile on average at the given impact parameter. Depending
the projectile charge we define asM the number of electrons
for a neutral projectile atom~for protonsM51!. We can
now definem-fold capture events by carrying out binomi
statistics based on the new single-particle probabilityP̂p /M ,

Pm5
M !

m! ~M2m!!
~ P̂p /M !m~12 P̂p /M !M2m. ~15!

This probability when multiplied by then out of N elec-
tron ionization probability,
0-4
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Pn5
N!

n! ~N2n!!
Pc

n~12Pc!
N2n, ~16!

results in the probability for simultaneousm-fold capture and
n-fold ionization. It has the effect of transferring multip
capture probability into the one-electron capture channe
one makes the choice ofM51. Other effects include de
creased pure single and multiple ionization probabilities,
well as an increased transfer ionization probability.

The analysis in terms of products of binomials@Eqs.~15!
and ~16!# can be criticized for the following reasons:~a! it
works only as long asNPp /M,1—if this probability be-
comes larger than unity the need arises to somehow de
the formation of negative ions;~b! at present it completely
neglects capture of more thanM electrons;~c! it delineates
the capture and ionization processes as competing proce
and has a slight imperfection in the probability conservat
~all probabilities would sum to unity if one allowed simulta
neous N-electron ionization withM-fold capture, which
makes no sense!; ~d! as a result of~c! it should only be used
for M!N.

It is remarkable how the product of binomial probabiliti
can remain close to trinomial probabilities: the evaluat
procedures of Hamreet al. do not give radically deviating
results from the present ones when used with the proba
ties reported in this paper—according to our calculations
various cross sections for charge-state formation rem
comparable with each other within a factor of 2.

The procedure suggested in the present paper to ig
the formation of the negative hydrogen ion by choosingM
51 for proton impact is justifieda posterioriby knowledge
of the extremely small measured cross sections inp-Ne col-
lisions @23#, while the BGM-IPM calculations with trinomia
analysis lead to substantial double capture by proton pro
tiles. The proposed analysis of a separate projectile sp
limited to a particle numberM resolves the problem of over
estimated double capture events only for the choiceM51. A
choice of M52 ~which would allow for the formation of
H2! leads to overestimated double capture as in the trinom
analysis. This follows from treating double capture as
square of the single-electron capture probability. Even
treatment of H2 as a correlated state expressed in an exp
sion of products of single-particle configurations does
lead to an order-of-magnitude reduction of the H2 formation
cross section.

C. Analysis of excitation processes

The statistical approach described in the previous sec
can also be applied to the calculation of processes tha
volve target excitation. For example, the probability for e
citing n out of N electrons from a specific shell is given b
Eq. ~16!, if the single-particle continuum probabilityPc is
replaced by a single-particle probability for excitationPex,
which is calculated in analogy to Eq.~11! with the sum re-
stricted to the excited target states of interest. Application
the binomial formula~16! implies that theN2n electrons
that are not excited can occupy any other channel, i.e.,
can remain bound to the target or they can be transferre
05271
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the projectile or the continuum. On the other hand, the fi
states of these electrons are also controlled in a typical e
tation experiment, where either the energy loss of the pro
tile or the radiation from the excited state is measured,
excitation measurements are normally exclusive.

In the simplest case, an experimentally investigated p
cess can be interpreted within the IPM as the excitation o
single electron with the other electrons being spectat
which do not undergo any transitions but form
(1s22s22p3) configuration. The evaluation of the corre
sponding transition probability requires that the terms
2Pex) in the binomial formula~16! be replaced by single
particle probabilities for elastic scatteringPel , resulting in

P15NPexPel
N21 ~17!

for a given shell. This procedure, however, is too restrict
as it excludes processes where two~or more! electrons ex-
change their initial single-particle states, and thus contrib
to the elastic many-electron state. This problem arises du
the improper treatment of the indistinguishability of the ele
trons in a purely statistical analysis.

A better analysis of these processes is obtained from
tisymmetrized many-electron wave functions. In Ref.@8# it
has been shown that exclusive and inclusive transition pr
abilities are given as determinants of the single-particle d
sity matrix, if the propagated state and the final states
interest are represented by single Slater determinants. In
case of atomic oxygen, this formalism requires some mo
fication, since the partially filledL II shell results in a set o
degenerate ground-state Slater determinants. To be co
tent with the ensemble-averaging procedure for the dete
nation of the ground-stateKS potential and orbitals, the en
semble of all determinants that can be constructed
distributing four electrons over theL II shell has to be con-
sidered. However, it may be advantageous for the analys
account for the fact that atomic oxygen represents a s
triplet system by restricting the ensemble to states with
total spin magnetic quantum numberMS51. This leads to
three degenerate Slater determinantsuCK(t)& with the initial
configurations

uC1~ t i !&5u1s22s22p21
2 2p0↑2p1↑&,

uC2~ t i !&5u1s22s22p21↑2p0
22p1↑&, ~18!

uC3~ t i !&5u1s22s22p21↑2p0↑2p1
2&,

where↑ indicates an unpaired spin-up orbital. The transiti
probability of the ensemble to a fully specified configurati
u f̃ 1¯ f̃ N&, which is represented by a single Slater determ
nant formed from spin orbitals

u f̃ j&5u f j&uxs j
& ~19!

with channel functionsu f j& and the standard spin functions

x1/2~2!5S 1
0D , x21/2~s!5S 0

1D , ~20!
0-5
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reads as

Pf̃ 1¯ f̃ N
5

1

3 (
K51

3

z^ f̃ 1¯ f̃ NuCK~ t f !& z2

5
1

3 (
K51

3 Ug11
1,K

¯ g1N
1,K

] � ]

gN1
1,K

¯ gNN
1,K
U . ~21!

The elements of the one-particle density matrices for theKth
Slater determinant are given as

g lm
1,K~ t f !5^ f̃ 1ug1,K~ t f !u f̃ m&5(

i 51

N

^ f̃ 1uc̃ i
K~ t f !&^c̃ i

K~ t f !u f̃ m&,

~22!

where theuc̃ i
K(t f)& denote the propagated spin orbitals th

contribute to theKth configuration@cf. Eq. ~18!.#
The probability~21! is thus given as the average of th

exclusive probabilities for transitions from the individual d
generate configurations. If degeneracies are present in
final states as well, the corresponding probabilities have
be added.

Accordingly, the inclusive probability of findingq elec-
trons in the subconfigurationu f̃ 1¯ f̃ q& while nothing is
known about the remainingN2q electrons is given as th
average of the ordinary inclusive probabilities that have b
discussed in Ref.@8#,

Pf̃ 1¯ f̃ q
5

1

3 (
K51

3

P
f̃ 1¯ f̃ q

K
, ~23!

P
f̃ 1¯ f̃ q

K
5Ug11

1,K
¯ g1q

1,K

] � ]

gq1
1,K

¯ gqq
1,K
U . ~24!

The inclusive probabilities can be used to calculate parti
hole probabilities of finding the subconfigurationsu f̃ 1¯ f̃ q&
occupied andu f̃ q11¯ f̃ L& vacant:

P
f̃ 1¯ f̃ q

f̃ q11¯ f̃ L
5

1

3 (
K51

3 S P
f̃ 1¯ f̃ q

K
2 (

f̃ q11

L

P
f̃ 1¯ f̃ q11

K

1 (
f̃ q11, f̃ q12

L

P
f̃ 1¯ f̃ q12

K
7¯~21!L2qP

f̃ 1¯ f̃ L

K D .

~25!

This formula is used in the present work for the evaluation
2s-hole production~cf. Sec. III C!.

The procedure to represent the propagated many-elec
state as the ensemble of degenerate Slater determinants~18!
can still be criticized, because the O(2p4 3P) ground-state
term consists of states with the total spin magnetic quan
numbersMS521,0 in addition to theMS51 states of Eq.
~18!. Whereas theMS521 states are represented in analo
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to Eq. ~18! by three single Slater determinants, the corr
construction of theMS50 states would require consideratio
of appropriate linear combinations of Slater determinants
order to ensure that the states are eigenfunctions of t
angular momentumL and spinS. This results in considerably
more complicated formulas for the transition probabilities
interest.

Nevertheless, an analysis in terms of states with cor
spin and angular momentum properties is desirable, as
perimentally not only is the initial state prepared in a defin
LS symmetry, but the excited final states can also be dis
guished by theirLS quantum numbers. Instead of formin
the appropriate linear combinations of Slater determinant
describe these states, we make use of angular momen
theory and derive an expression for transitions from
(2p4 3P) oxygen ground state to singly excited states of
type „2p3(ScLc)nl 3L f… with Lc50 or l 50. Such states
have been investigated for proton collisions in a recent
periment@18#.

In this analysis the ground-state term of atomic oxygen
composed of a mixture of three possible three-electron c
states (4S, 2P, 2D) to which the fourth electron is couple
such that the 2p4 state is antisymmetric. When one electro
is excited, different excitations are formed~labeled, e.g., by
3s,3s8,3s9 corresponding to the three cores, respective!.
They are energetically distinguishable in a spectroscopy
periment, but assumed to be degenerate in our anal
which is built on a single set of target orbitals. The analy
accounts fully for the angular momentum coupling of t
initial L II-shell electrons, but assumes that the inner-sh
electrons are not involved actively in forming the final sta
The details can be found in the Appendix.

A rather simple result is obtained under the addition
assumption that the population of the (ScLc) core of the final
state can be approximated by a global probabilityP2p3 for an
elastic transition of three electrons@cf. Eq. ~A12!#,

PScLcnl5N@c~ScLc!#
2P2p3Pex~nl !

2p . ~26!

Here,c(ScLc) is a shorthand notation for the coefficients
fractional parentage (2p3 ScLc,2pu%2p4 3P) ~CFPs! @24#,
andPex(nl)

2p denotes the single-particle probability for excit
tion of the state~nl! averaged over the 2p initial states ac-
cording to Eq.~13!. The CFPs represent the mixing of th
three cores in the ground state and determine how the sin
particle excitation probability is split between the excit
states corresponding to the different cores. With the nat
choice for the three-particle elastic probabilityP2p35Pel

3 one
arrives at the result that the excitation to the st
„2p3(ScLc)nl 3L f… is given by the simple probability~17!
multiplied by the square of the CFP for the particular co
We note that

(
ScLc

@c~ScLc!#
251. ~27!

Thus, in this model the squares of the CFPs directly give
relative strength of the contributions of different cores to t
excitation channels.
0-6
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III. RESULTS

As indicated in Sec. II, the time-propagated orbitals o
tained with the BGM representation have to be combin
appropriately in order to calculate inclusive or exclusi
many-electron cross sections. In this section we presen
sults for the following processes Section III A is devoted
the discussion of inclusive ionization, capture, and trans
ionization channels. Exclusive excitation processes involv
the promotion of a 2p orbital with the final states
(2s22p33s 3S 3P 3D) as well as the excitation-loss coinc
dence channel (2s22p23s 4P 2P) are analyzed in detail in
Sec. III B. Finally, in Sec. III C we investigate processes
volving 2s-vacancy production as the 2s to 2p excitation
channel (2s2p5 3P) or the inclusive electron loss channe
(2s2p4 2P 4P 2S 2D). The relevant experimental data a
those of Gilbody and co-workers@12,13,26# and Wilhelmi
and Schartner@18#.

The rather detailed discussion of the results is mainly
cluded to illustrate the theoretical variations that are poss
for the final analysis. We compare results obtained on
basis of the OPM and the model potential~6!. We compare
evaluation in terms of various statistical models and we
dress the question of Auger and cascade corrections w
appropriate.

A. Charge-state-correlated cross sections

We begin with the presentation of results for single a
multiple capture and ionization events obtained from BG
calculations with both atomic potentials using the differe
methods to analyze the single-particle solutions as outli
in Sec. II B. We start the discussion by comparing our res
obtained with the OPM potential and shell-specific trinom
statistics with experimental data and the calculations
Hamreet al. @14# in Figs. 1 and 2.

Pure ionization has been measured in only a limited
ergy range inp-O collisions. We have therefore include

FIG. 1. Total cross sections for single (s01), double (s02), and
triple (s03) ionization as a function of impact energy forp-O col-
lisions. Theory: full line@14#; lines with crosses, present calculatio
with OPM potential and trinomial analysis@Eq. ~14!#; Auger, (s02)
corrected for Auger processes subsequent toK-hole production. Ex-
periment: s01: ~d!, @13#; total cross sections fore-O collisions
s01: ~n! ~error bars are smaller than the symbol size!; s02: ~s!,
@15#.
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equivelocitye-O data@15# in Fig. 1, which provide a mean
ingful comparison with our cross sections at high energ
In fact, our results for single ionization are in good agre
ment with the experimental proton data and merge with
electron data at energiesEP>300 keV. We note that our
cross sections do not include contributions from autoioni
tion processes, which occur after specific excitations~cf.
Secs. III B and III C!. In contrast to the theoretical results o
Hamreet al. we find no peak structure in the direct ioniz
tion at low energies.

Previous work forp-Ne collisions @4# indicated thatK
Auger-electron emission should be considered in addition
direct multiple ionization at high impact energies. Within th
statistical approach the Auger processes can be taken
account if one assumes that an additional electron is em
from the target, as soon as oneK hole is produced in the
collision. The corresponding corrected results for to
double ionization of oxygen show a slower decrease at h
energies than the original data, and are clearly in be
agreement with the experimental values for electron imp
~cf. Fig. 1!. However, it has to be noted that a perfect agr
ment should not be expected, since electron and pro
double ionization cross sections are known to be differ
even at these high energies@25#.

In the low- and intermediate-energy range, the quality
our results for multiple ionization cannot be judged clea
due to the lack of experimental data. However, we conject
that in analogy to the case ofp-Ne collisions these cros
sections are too large, since the neglected dynamic scree
effects should be effective in this region. They are assum
to reduce multiple ionization, because the target poten
becomes more attractive as ionization sets in.

The capture and transfer ionization cross sections are
played in Fig. 2. Our results for the single capture channe
below most experimental data except for the cross sect
reported in Ref.@26#. Since these values are in conflict wit
the more recent measurements of Ref.@12#, they are believed
to be incorrect, although no clear explanation for errors
the original measurements was provided@12#.

FIG. 2. Total cross sections for pure single (s10) and double
(s20) capture and transfer ionization (s11) as a function of impact
energy forp-O collisions. Theory: lines@14#; lines with crosses,
present calculation with OPM potential and trinomial analysis@Eq.
~14!#. Experiment:s10: ~d! @12# ~error bars are within the symbo
size!; ~n! @26# ~error bars are within the symbol size!; ~!! @31#; ~h!
@32#; ~L! @33#; s11: ~s! @12#.
0-7
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We note that the theoretical results of Hamreet al. @14#
seem to be in very good agreement with the experime
data of Ref.@12#. However, their evaluation of single captu
probabilities has to be criticized, since it is inclusive in t
ionization channels~cf. Sec. II!. As a consequence, transf
ionization contributions are falsely added to pure captu
We have checked that we also obtain larger capture c
sections if we apply their analysis to our single-particle
lutions.

Remarkably, our results for transfer ionization as obtain
from trinomial statistics are in good agreement with the
perimental data. This is surprising since response eff
might be important for this two-electron process, and co
reduce the cross sections due to the screening of the pr
tile and the reduced screening of the target. Only at l
energies is there an indication that the calculated cross
tions are too large. Why the calculation of Hamreet al. @14#
results in transfer ionization cross sections at variance w
our data and experiment is unclear to us.

In addition, we have included results for double capture
Fig. 2, which have not been measured for atomic oxyg
targets. Most certainly, they will overestimate the H2 pro-
duction cross sections drastically as a consequence of
trinomial analysis.

In the analysis in terms of products of binomials@Eqs.
~15! and ~16!#, this channel and the completely artifici
higher-order capture events are removed and the corresp
ing probabilities are transferred to the single-electron cap
channel. The results obtained with this procedure and
OPM potential forvKS are shown in Fig. 3. In the low
energy region (1 keV<EP<10 keV) we find good agree
ment with the experimental data if we disregard the meas
ments of Ref.@26#. A saturation can be observed whic
might yield too small cross sections at still lower energi
where, however, the validity of the frozen-screening pot
tial approximation is questionable even for single-capt
events.

With increasing energy the results due to an analysis
terms of the product of binomials approach the trinom
cross sections. This is due to the fact that higher-order c

FIG. 3. Total cross sections for pure single (s10) and double
(s20) capture and transfer ionization (s11) as a function of impact
energy forp-O collisions. Theory: present calculation with OP
potential and trinomial analysis@Eq. ~14!#, and analysis in terms o
products of binomials@Eqs.~15! and~16!#. Experiment: same as in
Fig. 2.
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ture probabilities give only small contributions in this regio
As a consequence, the single capture falls off too sha
compared to the experimental data of Ref.@12#.

As expected, the transfer ionization cross sections
tained with the product of binomials are larger than the
nomial results and lie above the experimental values exc
at high energies. However, this need not be regarded
drawback of the analysis, since response effects are expe
to reduce the results for this channel with either evaluat
procedure. The cross sections for the pure ionization ch
nels remain almost unchanged and therefore are not
played.

In order to check the sensitivity of the single captu
channel to the resonance condition, we have repeated
calculations with the model potential~6!, which is chosen to
give a substantially better eigenvalue for the O(2p) states
~cf. Sec. II A!. Corresponding results obtained from the pro
uct of binomial analysis are shown in Fig. 4 in comparis
with the cross sections for the OPM potential. The sin
capture as well as transfer ionization cross sections are
siderably larger at low impact energies when evaluated w
the model potential. No saturation at low energies is o
served for the single capture channel. Instead, the cross
tions increase with decreasing energy, which is not suppo
by the experimental data. This behavior shows that the re
nant O(2p)-H(1s) charge transfer is overemphasized in t
model potential approach, since the energy match is fulfil
for all electrons of the oxygenL II shell. Within the trinomial
analysis of the single-particle solutions this problem is
flected in a substantial increase of the multiple capture ch
nels.

At higher energies the results approach the OPM val
and cross them around 25 keV. It is remarkable that
calculation based on the model potential is unable to bo
the single capture cross section at energies above 20
Thus, the discrepancy with the experimental data@12# at
higher energies cannot be resolved in the present se
single-particle model calculations. At the same time we n
that the transfer ionization cross sections are reproduced
sonably well in our calculations~using the OPM!. The re-
sults for the pure ionization channels obtained with t

FIG. 4. Total cross sections for pure single capture (s10) and
transfer ionization (s11) as a function of impact energy forp-O
collisions. Theory: present calculation with OPM andvmod @Eq. ~6!#
potentials with analysis in terms of products of binomials@Eqs.~15!
and ~16!#. Experiment: same as in Fig. 2.
0-8
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QUANTUM-MECHANICAL DESCRIPTION OF . . . PHYSICAL REVIEW A 61 052710
model potential differ only slightly from the data based
the OPM approach and are not shown.

B. Excitation cross sections

Before we compare our results for specific excitati
channels with experimental data, we illustrate the proble
and ambiguities that arise when single excitation is analy
in terms of binomial or related statistical models. To th
end, we show in Fig. 5 several sets of results for sin
excitation to the 3l states of oxygen, as obtained with th
OPM description of the atomic oxygen ground state wh
making different assumptions for the behavior of the el
trons that are not excited. We emphasize that all data re
from the same dynamical calculation and differ only in t
methods of extracting the information from the sing
particle solutions.

First, we have applied the simple binomial formula~16!
for the electrons initially bound to theL II shell. We have then
modified this formula according to Eq.~26!, which forces
three of the four 2p electrons to remain in theL II shell
throughout the collision@model ~a!#. This model is still in-
clusive with respect to theK-andL I-shell electrons, i.e., the
final state of the excited atom is not completely determin
To demonstrate this fact, we have also included the resul
a model where Eq.~26! is multiplied by the probabilities for
elastic scattering of the inner electrons@model ~b!#. This is

FIG. 5. Total cross sections for single excitation of O(3l ) final
states as a function of impact energy forp-O collisions. Theory:
present calculation with OPM potential and different analyses
cording to the cited equations and abbreviations, which are
plained in the text.
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the most restrictive model for single excitation.
We add to the series of statistical models a variant, wh

the N21 electrons that are not excited are allowed to po
late any single-particle state in theK and L shells @model
~c!#. This model accounts for situations where two or mo
electrons interchange their initial states, but Pauli-forbidd
configurations with more than two electrons in the same fi
state with quantum numbersnlml are wrongfully included in
the probabilities as well. In addition, the analysis is inclus
with respect to excitation of one or both 2s electrons to
vacant levels in theL II shell.

Finally, we have performed an analysis in terms of det
minants using Eqs.~18! and ~21! with summations over all
states that correspond to final (1s22s22p33l ) configurations.
According to the discussion in Sec. II C, this represents
most reliable analysis of single excitation with regard to t
indistinguishability of the electrons.

Very similar tendencies can be observed for the th
channels 3s,3p,3d, which are displayed in Fig. 5. As ex
pected, the binomial formula~16! gives the largest cross sec
tions as it allowsN21 electrons to occupy any state exce
for the excited state of interest. At low and intermediate i
pact energies, the results of the most restrictive model~b! are
smaller by up to a factor of 6. This large difference demo
strates that the solutions of the single-particle equations g
rise to various transitions, which are included within the
nomial analysis. Partly this could be expected, since cap
and ionization are strong reaction channels in this ene
range. Only at high impact energies do the two sets of c
culations merge to a common curve. This is due to the f
that all inelastic transition probabilities decrease in this
gion, and the elastic probabilities that are attached to
single excitation probabilities@cf. Eq. ~26!# are close to
unity. This effect is more pronounced for the dipole-allow
transitions 2p→3s and 2p→3d than for the dipole-
forbidden 2p→3p channel, since the dipole-allowed cro
sections are mainly due to contributions from large imp
parameters, where other inelastic transitions, such as ion
tion are~almost! negligible.

The results of the analysis in terms of determinants
between the binomial data and the cross sections of m
~b!. The remarkable discrepancies with the latter indicate t
transitions between states of theL I andL II subshells of oxy-
gen contribute considerably to the final states of ty
(1s22s22p33l ). Obviously, the model~b!, where the inter-
change of particles among these levels is suppressed, is
restrictive to give a suitable description of the correspond
cross sections at moderate impact energies.

The results of the statistical model~a!, which requires
three 2p electrons to remain in theL II subshell but imposes
no restriction on the initial 2s electrons, are in close agree
ment with the determinantal cross sections. The crudenes
the model makes this somewhat surprising. Qualitatively
can be understood as a cancellation of errors, since on
one hand the analysis is too restrictive with respect to thep
electrons, but on the other hand it is too inclusive with
spect to the 2s electrons~the K-shell electrons are of no
importance, as they do not undergo inelastic transitions w
noticeable probabilities!.

c-
x-
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KIRCHNER, LÜDDE, HORBATSCH, AND DREIZLER PHYSICAL REVIEW A61 052710
From a theoretical point of view, model~c! is preferable
over model~a!, since it treats the electrons of both subshe
in the same fashion, allowing them to populate any st
within the L shell. This method of evaluation gives slight
larger results, mainly as a consequence of adding contr
tions from processes that include excitations from the 2s to
the 2p subshell. These correspond to many-particle fi
states with configurations (1s22s2p43l ), which are different
from a physical point of view.

We conclude that the diversity of results displayed in F
5 demonstrates that statistical models for the calculation
exclusive transitions have to be employed with some car
the nonperturbative regime. However, the good—thou
partly accidental and perhaps somewhat fortuitou
agreement of model~a! with the determinantal analysis pe
mits us to exploit this model further for the calculation
excitations with different core states, which can be compa
with experimental data. All results presented in the followi
discussion are obtained from BGM calculations with t
OPM potential. We have checked, that the model poten
~6! leads to very similar results except at low energies (EP
<10 keV), where, however, no experimental information
available.

In Fig. 6 we show results for the excitation
„2p3(4S)3s 3S…, „2p3(2D)3s8 3D… and „2p3(2P)3s9 3P…,
and in Fig. 7 we display the channels„2p3(4S)3p 3P… and
„2p3(4S)3d 3D…. According to the preceding discussion a
Eq. ~26! we describe these transitions by applying model~a!
multiplied by the squares of the CFPs that correspond to
particular core states. In addition, we use the more refi
analysis of Eqs.~A5!, ~A7!, and~A9!, which accounts for the
angular momentum coupling in the core. To be consist
with the simple formula~26! we do not attach a probability
for elastic scattering of theK- andL I-shell electrons in this
case.

Both analyses give very similar results. The only effect
the more refined model is a slight reduction of the excitatio
with a 4S core and a corresponding enhancement of the fi
states with 2D and 2P cores at low impact energies. Fo
intermediate to high energies the splitting of the 3s excita-
tion to states corresponding to different cores is comple
determined by the CFPs as predicted by Eq.~26!. As this
result is largely independent of the model potential cho
for the solution of the single-particle equations, we can dr
the conclusion that it is a consequence of the IPM desc
tion of the collision. In turn, a significant deviation of expe
mental cross sections from this prediction of the IPM can
interpreted as a signature of~static or dynamic! correlation
effects.

Unfortunately, definite conclusions are hampered by
considerable uncertainties in the experimental data.
main problem arises due to the fact that the only meas
ments forp-O collisions @18# are obtained by fluorescenc
spectroscopy of the decaying excited states. As a co
quence, one has to consider the population of the exc
states of interest due to cascades from higher excited st
as well as contributions from competing~autoionizing! decay
channels, in order to convert the emission cross section
the excitation cross sections.
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Projectile energy loss measurements for excitation are
blurred by cascades and autoionization processes, but s
have been feasible only for electron impact. We have
cluded corresponding data fore-O collisions@27# in Figs. 6
and 7 for further illustration. We note, however, that th
should be compared to the present calculations for pro
collisions only on a qualitative level, since the electron a
proton data are expected to merge only at the highest e
gies shown@18#. We add that several experimental inves
gations based on fluorescence spectroscopy as well as
retical studies ofe-O collisions can be found in the literature
and are discussed along with the new measurements for
tron and proton collisions in Ref.@18#. This discussion shows
that some of the studies lead to conflicting results, which
not likely to be explained by the uncertainties caused
cascades and autoionization channels in the emission c
sections~cf. the discussion in Ref.@28#!.

First, we compare our results with the proton cross s
tions of Ref.@18# for the 3s excitations with different core
states~Fig. 6!. The experimental emission cross sections
the 2D and 2P cores differ in magnitude from the results o
our calculations by a factor of 2, but exhibit a similar beha
ior as a function of projectile energy. However, according

FIG. 6. Total cross sections for excitation of final stat
O„2s22p3(ScLc)3s… with different cores (ScLc) as a function of
impact energy forp-O collisions. Theory: present calculation wit
OPM potential and analyses according to the cited equations; F
first Born approximation@30#. Experiment:~d! fluorescence emis-
sion cross sections@18#; ~s! fluorescence data corrected for aut
ionization as described in the text;~3! excitation cross sections fo
e-O collisions@27#.
0-10
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QUANTUM-MECHANICAL DESCRIPTION OF . . . PHYSICAL REVIEW A 61 052710
Ref. @29#, the„2p3(2P)3s9… state autoionizes with a factor o
0.46, suggesting that the experimental results have to be
hanced by a factor of 1.85 to arrive at the excitation cr
section. These modified experimental values agree with
calculations on an absolute scale, but since no enhance
of the „2p3(2D)3s8… emission cross section due to a com
peting decay channel can be assumed, the ratio of both c
sections now differs considerably from the prediction of t
IPM. In fact, cascades are expected to feed
„2p3(2D)3s8… population~contributing a fraction of 25%!,
which would further decrease the experimental results
this channel.

The electron impact measurements of Ref.@27#, which are
also included in Fig. 6, lie above our calculations for the4S
and 2P cores, but with the strong possibility of agreement
high energies. We have performed some additional calc
tions with a negatively charged projectile~i.e., an antipro-
ton!, in order to check if the larger experimental cross s
tions at intermediate energies can be explained as a ch
effect. We do find, however, that the proton and antipro
impact excitation cross sections are very similar for energ
EP>100 keV.

For the 2D-core final state the experimental electron im
pact cross sections are smaller than our values for all im
energies. Together with the larger cross sections for the o
cores, it follows that the splitting of the 3s excitation to the
three cores differs from the IPM prediction. This indicat
that correlation effects may be significant, and that in or
to understand these excitations one would need at leas
atomic oxygen ground state with a different admixture of
2p3 cores than given by the CFPs. However, this canno
stated with absolute certainty because of the discrepan
between the two experimental data sets and their deviat

FIG. 7. Total cross sections for excitation of final stat
O„2s22p3(4S)3p… and O„2s22p3(4S)3d… as a function of impact
energy forp-O collisions. Theory: present calculation with OP
potential and analyses according to the cited equations; FBA,
Born approximation@30#. Experiment:~d! fluorescence emission
cross sections@18#; ~3! excitation cross sections fore-O collisions
@27#.
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from other electron impact data.
In addition, we have included the results of a calculati

in the first-order Born approximation for electron impact
Fig. 6, which are based on a comparable model poten
description of atomic oxygen@30#. Our results merge with
the Born values at high energies. This is displayed for
„2p3(4S)3s… excitation, but also holds for the other co
states, since the splitting of the 3s excitation to the three
cores is exactly determined by the squares of the corresp
ing CFPs in the Born approximation~cf. the Appendix!.

By contrast, the agreement between our results and
Born cross sections is weak for the„2p3(4S)3p… excitation
displayed in Fig. 7~top panel!. Although the cross section
of both sets of calculations decrease similarly at high en
gies, they differ in magnitude by a factor of 1.5. The electr
impact measurements of Ref.@27#, which are also included
indicate the same asymptotic decrease of the cross sectio
a function of projectile energy, but the absolute values
considerably smaller than our proton results, which in tu
are smaller than the Born cross sections.

For the „2p3(4S)3d… excitation, our results merge ver
well with the Born cross sections at high energies@Fig. 7
~bottom panel!#. This channel was also accessible in the e
perimental setup of Ref.@18#. Whereas the overall magnitud
of the experimental and theoretical cross sections is com
rable, we note that the energy dependence is clearly dif
ent. Only above an impact energy of 1 MeV do the theor
ical results follow the power-law dependence obtained fr
a fit to the experimental data over the entire energy range
large cascade contributions to the emission cross section
ruled out by the experimentalists@18#, and not much can be
learned from a comparison with electron impact data in
intermediate-energy region, the discrepancy cannot be
plained at present.

Next, we consider 3s excitation with simultaneous loss o
one electron from the target atom. Experimental emiss
cross sections for proton impact are available for
„2s22p2(3P)3s 2,4P… final states. Due to the removal of on
electron from the target, these final states are less exclu
than the ones considered in the discussion above, and w
require some modifications in the theoretical treatment. H
we only apply a simple argument in order to obtain an e
mate for the splitting of the 3s excitation of the ionized
target to the particular core state that was studied experim
tally.

According to the IPM, the two-electron process of sing
excitation and single electron loss proceeds in two indep
dent steps. For example, one electron is removed in the
step and leaves the target ion in one of the three st
„2s22p3(4S)…, „2s22p3(2P)…, or „2s22p3(2D)…. Following
the arguments given for excitation, we assume that the r
tive contributions of the three states are given by the co
sponding CFPs (2p3ScLc,2pu%2p4 3P). In the second step
one of the 2p electrons is excited to the 3s state, which leads
to different 2p2 cores. We assume again that the splittin
are given by the corresponding CFP
(2p2Sc8Lc8,2pu%2p3ScLc) for each 2p3 state. Since we are
interested in the total weight for the final states with
„2p2(3P)… core, we multiply the squares of the CFPs of bo

st
0-11
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KIRCHNER, LÜDDE, HORBATSCH, AND DREIZLER PHYSICAL REVIEW A61 052710
steps for all pathways that lead to this state and sum them
This gives a factor of 2/3 independent of the order of the t
processes, electron loss and excitation. This factor is atta
to a modified trinomial probability for simultaneous excit
tion and electron loss@cf. Eq. ~14!#,

Ploss~3P!3s5
2

3

N!

~N22!!
~Pp1Pc!Pex~3s!Pel

2 . ~28!

As in the calculation of pure single excitation, we assume
Eq. ~28! that two 2p electrons remain bound to theL II shell
of oxygen, whereas the probability is inclusive with resp
to the 2s electrons.

The results of this model are shown in Fig. 8 along w
experimental data, which have been obtained by summa
of the three emission cross sections of Ref.@18# that corre-
spond to the„2s22p2(3P)3s 2,4P… final states. The experi
mental values are considerably larger than the calcula
cross sections. However, inspection of the Grotrian diag
of singly ionized oxygen reveals that the (3s 2,4P) final
states can be populated by cascades from various state
correspond to a 3p excitation@21#. In fact, some of the cor-
responding emission lines have been observed in the ex
ment @18#. In order to take the cascades into account,
have calculated the cross sections for single 3p excitation
with simultaneous electron loss according to Eq.~28! and
added them to the original 3s results. In this case, we hav
omitted the factor 2/3 for the 3p excitation, because not onl
the „2p2(3P)3p… state but also states with different cor
feed the„2s22p2(3P)3s 2,4P… channels.

The results of this analysis are in good agreement with
experimental data~Fig. 8!. Only at high impact energies is
slightly different behavior of experimental and theoretic
cross sections apparent. We conclude that this two-elec
process can be largely understood in terms of an IPM
scription, if the cascade population of the final state is ta
into account. In fact, the experimental emission cross sec
is dominated by cascades according to our calculations:
cross sections for 3p excitation with simultaneous electro
loss are larger by a factor of 3 than the correspondings
values.

FIG. 8. Total cross sections for transitions to the final st
O1

„2s22p2(3P)3s… as a function of impact energy forp-O colli-
sions. Theory: present calculation with OPM potential and analy
for direct transitions to O1„2s22p2(3P)3s…, and results including
contributions from cascades as described in the text. Experim
~d! fluorescence emission cross sections@18#.
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C. Transitions with 2s-vacancy production

In this section, we present results for processes in wh
electrons of theL I subshell of atomic oxygen are active
involved. We employ the analysis in terms of the determ
nants@Eq. ~18!# to describe these processes, since it accou
for the coupling of the 2s and 2p electrons in the final states
This coupling is crucial for the transitions considered. Ho
ever, the angular momentum properties of neither the pro
gated nor the final states are taken into account properl
this scheme~cf. Sec. II C!. This would require an extensio
of the analysis described in the Appendix in order to cou
the L I-shell electrons to theL II-shell electrons. We have no
carried out this extension, since the determinantal anal
should provide a reasonable representation of the proce
as long as one is not interested in the splittings of spec
channels into states with different cores.

First, we consider the excitation of a 2s electron to a
vacant 2p state, leading to the final configuratio
(2s2p5 3P). Note that final states with different angular m
mentum quantum numbers do not exist for this process, s
the 2p5 configuration gives rise to a2P term only. The re-
sults are shown in Fig. 9 along with experimental data
proton impact@18# and electron impact@27#. We have used
Eq. ~21! for the analysis of the single-particle solutions o
tained from calculations with the OPM potential. In additio
to the determinantal results, we show cross sections obta
by a direct integration of the single-particle probabilities f
the transition from a 2s to a 2p state without any combina
torial factor attached. These results include one obvious
fect of the Pauli principle, namely, that only one of the 2s
electrons can be excited to theL II shell, as it is assumed to b
populated by three spin-up~↑! and one spin-down~↓! elec-
trons. This effect is included in the determinantal analysis
construction@cf. Eq. ~18!#.

The single-particle cross sections are larger than the
sults of the determinantal analysis. Obviously, the former
inclusive in theL II-shell electrons, but the difference be

e

s

nt:

FIG. 9. Total cross sections for excitation of the final sta
O(2s2p5 3P) as a function of impact energy forp-O collisions.
Theory: present calculation with OPM potential and analysis
terms of determinants@Eq. ~21!#, and single-particle cross sectio
for 2s→2p excitation~single!; Experiment:~d! fluorescence emis-
sion cross sections@18#; ~s! fluorescence data corrected for aut
ionization as described in the text;~3! excitation cross sections fo
e-O collisions@27#.
0-12
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QUANTUM-MECHANICAL DESCRIPTION OF . . . PHYSICAL REVIEW A 61 052710
tween the two curves also reflects another effect of the P
blocking in the final many-particle state: the excitation of t
2s↓ electron is suppressed, since one of three possible
2p↓ states is occupied. In fact, at high energies where o
effects are negligible, the two curves differ by a factor of 2

The agreement with the experimental data is very poor
this excitation channel. According to Ref.@29#, the
(2s2p5 3P) state autoionizes with an autoionization fact
of 0.51. Thus, the emission cross sections of Ref.@18# have
to be multiplied by a corresponding factor of 2.04, but the
modified cross sections are still considerably smaller than
electron data of Ref.@27#. This suggests that the autoioniz
tion factor could be larger than assumed in Ref.@29#, but it is
clear that this would not resolve the discrepancies with
results unless the autoionization factor were close to un
This, in turn, would considerably affect the single-ionizati
channel, since it would shift a large part of our cross sect
for (2s2p5 3P) excitation to the direct ionization cross se
tion ~cf. Fig. 1!.

At present, we can only speculate about the origin of
discrepancies for the (2s2p5 3P) excitation channel. Ac-
cording to the results of Sec. III B, it is not likely that th
theoretical cross sections would be considerably reduce
the analysis were performed in terms of angular momen
eigenstates. Moreover, the following discussion of proces
involving electron removal from the target along with th
specification of 2s-hole production supports the strong co
pling between the 2s and 2p states that is the basis for th
large cross sections for the (2s2p5 3P) excitation. One pos-
sible source of error in the calculations is the representa
of the final state in terms of the orbitals of the ground-st
atomic oxygen problem. It may be conjectured that a m
accurate description of the final state~including correlation!
could lead to significantly smaller cross sections for the
citation of this channel.

In the experiments reported in Ref.@18#, final states cor-
responding to a (2s2p4) configuration have also been ob
served. Although the differentLS terms cannot be describe
rigorously in terms of the determinantal analysis, partic
hole probabilities@Eq. ~25!# for specific configurations can
be linked to them in the following way.

First, we consider the production of the final stat
(2s2p4 2,4P). Obviously, the angular momentum state of t
2p4 subconfiguration is unchanged in these collision eve
In the determinantal analysis this corresponds to final c
figurations where three spin-up and one spin-down electr
populate the oxygenL II shell as in the initial ensemble@Eq.
~18!#. The transition is calculated via the particle-hole pro
abilities ~25!, in which these states together with theK shell
and one 2s spin orbital are filled, whereas the other 2s or-
bital and higher excited states are vacant.

In addition, the population of the final state
(2s2p4 2S, 2D) has been measured. These events req
that the 2p4 subsystem is changed from a3P term to a1S or
a 1D term during the collision. Within the determinant
analysis, the final spin-singlet states are represented by
figurations with two spin-up and two spin-down electrons
the L II subshell. Since we neglect spin flips, the configu
tions can be produced only by the excitation of the 2s↓
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electron to a vacant 2p↓ level with simultaneous removal o
a 2p↑ electron from the target.

In Fig. 10 we show our results for the two separate p
cesses in comparison with experimental data, which w
obtained by summation of the (2s2p4 2,4P) emission cross
sections and the (2s2p4 2S, 2D) emission cross sections, re
spectively.

In the latter case, the good agreement of our data with
sum of the experimental cross sections for the2S and 2D
final states shows that these events can be largely unders
as two-particle processes in the IPM. The remarka
strength of this two-particle process at intermediate ener
is caused by the large single-particle probabilities for
2s→2p transition, which directly determine the cross se
tion for the (2s2p5) excitation discussed above. Thus, t
good agreement with the experimental data for
(2s2p4 2S, 2D) channels is in conflict with the poor agree
ment for the (2s2p5 3P) excitation.

In the case of the (2s2p4 2,4P) final states, where the 2p4

subsystem is not changed during the collision, our res
consist of two contributions corresponding to a vacant 2s↑
and a vacant 2s↓ spin orbital, respectively. These contribu
tions differ at intermediate impact energies by up to a fac
of 2. This is due to the fact that the 2s↓ vacancy can be
produced by a direct one-particle transition and by a sim
two-particle process, as considered for the (2s2p4 2S, 2D)
final states: the excitation of the 2s↓ electron to theL II shell
and the simultaneous removal of the 2p↓ electron. This pro-
cess is obviously blocked for the spin-up electrons due to
Pauli principle. At energiesEP>50 keV, the 2s↑ and the
2s↓ vacancy productions merge, which indicates that tw
particle processes become unlikely in fast collisions. In t
region, the process is mainly due to the direct removal o
2s electron, whereas the 2p electrons are merely spectator

Our results for the sum of 2s↑ and 2s↓ vacancy produc-
tion, which are shown in Fig. 10, lie above the experimen
values in the whole energy range. Remarkably, the disc
ancies are larger than for the cross sections correspondin

FIG. 10. Total cross sections for transitions to the final sta
O1(2s2p4 2,4P) and O1(2s2p4 2S, 2D) as a function of impact
energy forp-O collisions. Theory: present calculation with OPM
potential and analysis in terms of particle-hole probabilities@Eq.
~25!# as described in the text. Experiment: fluorescence emis
cross sections for~d! O1(2s2p4 2,4P) final states and~s!
O1(2s2p4 2S, 2D) final states@18#.
0-13
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KIRCHNER, LÜDDE, HORBATSCH, AND DREIZLER PHYSICAL REVIEW A61 052710
the (2s2p4 2S, 2D) final states. This is troublesome insof
as the effects that are neglected in our description~dynamic
response, static and dynamic correlation! should be less im-
portant for one-electron processes than for two-electron
cesses.

We note that we have previously observed deviations
tween theory and experiment for 2s-vacancy production in
p-Ne collisions that are similar to the present results for
(2s2p4 2,4P) final states. These deviations have been att
uted to electron correlations that go beyond the simple
bital picture@4#. Given the results presented in this section
may be conjectured that correlation effects play an impor
role for processes in whichL I-subshell electrons are active
involved. At present, it is not clear how the inclusion
correlation could correct the theoretical results in such a w
that the experimental cross sections shown in Figs. 9 an
can be explained by a single calculation.

IV. CONCLUSIONS

In this work we have investigated ionization, capture, a
excitation in p-O collisions over a broad range of impa
energies. We have described the collision system in the I
framework with a spin-averaged exchange-only OPM pot
tial for the atomic oxygen ground state and have propaga
the ensuing set of single-particle equations with the BG
Emphasis has been given to the question of how to ext
physical information about the various inelastic transiti
channels from the single-particle solutions.

In the case of the rearrangement processes of capture
ionization, we have proposed an analysis in terms of pr
ucts of binomials as an alternative to the widely used tri
mial analysis, which gives rise to significant cross sectio
for unphysical channels such as multiple capture. In
analysis in terms of products of binomials, the higher-or
capture contributions are distributed over the physical c
ture channels, i.e., they are transferred to the single cap
channel in the case of proton impact. The ionization a
transfer ionization probabilities are also modified, but in fa
they differ only slightly from the trinomial values.

We find very good agreement with experimental data
pure ionization over a broad energy range and somew
larger cross sections than reported by the experimentalist
transfer ionization from low to intermediate energies. The
deviations can be attributed to the neglect of dynamic scre
ing effects in our description. In the case of single captu
the experimental cross sections are well reproduced by
results obtained from the analysis in terms of products
binomials for low impact energiesEP<10 keV, but our data
lie below the recent measurements of Thompson and
workers for faster collisions. We have shown that this d
crepancy is not caused by the energy difference between
initial 2p target orbitals and the final projectile ground sta
that arises as a consequence of the spin-averaging proce
and neglect of correlation effects in the exchange-only OP
In fact, the model potential~6!, which fulfills the energy
match for these states nearly exactly and thus allows
resonant charge transfer, leads to almost identical resul
the OPM potential in this region.
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In the case of target excitation the observables that
accessible experimentally correspond to more exclusive t
sitions and require a more sophisticated analysis than
application of simple statistical formulas. We have calc
lated single excitations of the 3l channels with different core
states in theLScoupling scheme, and have studied proces
in which 2s vacancies are formed, with a description of t
electronic system in terms of an ensemble of Slater dete
nants. Our results agree with most of the experimental e
tation cross sections derived from fluorescence meas
ments within a factor of 2. A remarkable exception has be
found for the excitation of the O(2s2p5 3P) state, where
theory and experiment differ by an order of magnitude.
this discrepancy is not likely to be attributed to a compet
autoionizing decay channel, which is included in the exci
tion but not in the emission cross section, it appears t
correlation effects may be important to describe this tran
tion.

The description of a large number of one- and tw
electron processes within experimental uncertainties p
vides further evidence that an IPM approach with froz
screening potential is applicable to proton-atom collisions
intermediate and higher energies. Future work will conc
trate on some outstanding issues, such as the rearrange
problem in He21-O collisions, where a time-depende
screening potential may be needed for a proper descriptio
the collision dynamics.
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APPENDIX

We consider the matrix element

Af i5^F f uC~ t f !& ~A1!

between the propagated oxygen ground-state term (2p4 3P)
and a final state of the form„2p3(ScLc)nl 3L f… with Lc50
or l 50. In what follows, the oxygen ground state is specifi
by the quantum numbersLi51,MLi

,Si51,MSi
, while the fi-

nal states are characterized byL f ,ML f
,Sf5Si ,MSf

5MSi
.

Note that the spin quantum numbers are conserved, since
Hamiltonian is spin independent.

The time-propagatedN-particle wave function can be
written as a linear combination of vector-coupled produ
states, which consist of a single particle initially bound to t
n0l 052p level and an (N21)-particle system correspondin
to the initial 2p3 configuration:
0-14
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C~x1¯xN ,t f !5 (
S1L1

c~S1L1! (
MS1

ms0

K S1MS1
,
1

2
ms0

uSiMSi L
3 (

ML1
ml 0

^L1ML1
,l 0ml 0

uLiMLi
&cn0l 0ml 0

ms0

3~x1 ,t f !C̃L1S1ML1
MS1

~x2¯xN ,t f !. ~A2!

In this equation,c(S1L1) are the coefficients of fractiona
parentage@24#

c~S1L1!5~2p3 S1L1,2pu%2p4 3P)

5H 2A1/3 for ~S1L1!54S
21/2 for ~S1L1!52P
A5/12 for ~S1L1!52D,

~A3!

the quantitieŝ J1MJ1
,J2MJ2

uJMJ& are Clebsch-Gordan co

efficients, andxj denotes the space and spin coordinates
the j th electron (j 51,...,N54). The construction with the
CFPs ensures thatC(x1¯xN) is antisymmetric provided the

(N21)-particle functionC̃(x2¯xN) is antisymmetric@34#.
For the final state, the vector-coupled products of a

symmetric 2p3 cores and an additional electron in the e
cited levelnlÞ2p are explicitly antisymmetrized by apply

ing the permutation operatorP̂1 j for electrons 1 andj,
in
e

05271
f

i-

F f~x1¯xN!5
1

AN
S 12(

j 52

N

P̂1 j D
3 (

MScms

K ScMSc
,
1

2
msuSfMSf L

3 (
MLc

ml

^LcMLc
,lml uL fML f

&

3wnlmlms
~x1!F̃LcScMLc

MSc

2p3 ~x2¯xN!. ~A4!

Since each permutation gives the same contribution to
amplitude, we obtain

Af i5AN (
S1L1

c~S1L1! (
MLc

ml
(

ML1
ml 0

^LcMLc
,lml uL fML f

&

3^L1ML1
,l 0ml 0

uLiMLi
&c

nlml

n0l 0ml 0~ t f !

3^F̃LcScMLc

2p3 uC̃L1 ,S15Sc ,ML1
~ t f !& ~A5!

with the single-particle amplitudes

c
nlml

n0l 0ml 0~ t f !5^wnlml
ucn0l 0ml 0

~ t f !&. ~A6!

We have removed the explicit dependence on spin quan
numbers in Eq.~A5! by using the orthogonality relation fo
the corresponding Clebsch-Gordan coefficients, which
be applied due to spin conservation (Sc5S1 ,MSc

5MS1
,ms

5ms0
).

The three-particle overlap occurring in Eq.~A5! can be
decomposed in the same fashion by considering the vec
coupled states of single-particle and two-particle functio
where the latter are again written as vector-coupled prod
of single-particle orbitals. This leads to the expression
^F̃LcScMLc

2p3 uC̃L1 ,S15Sc ,ML1
~ t f !&5 (

L18S18Lc8Sc8 ,S185Sc8
c~S18L18!c~Sc8Lc8! (

MLc8
ml 8

(
ML18

ml 08
^Lc8ML

c8
,l 8ml 8uLcMLc

&

3^L18ML
18
,l 08ml

08
uL1ML1

& (
ml 9ml-

(
ml 09

ml 0-
^ l 9ml 9 ,l-ml-uLc8ML

c8
&

3^ l 09ml
09
,l 0-ml

0-
uL18ML

18
&c

n8 l 8ml 8

n08 l 08ml 08~ t f !cn9 l 9ml 9

n09 l 09ml 09~ t f !cn- l-ml-

n0- l 0-ml 0-~ t f !, ~A7!
hat
where all single-particle quantum numbers refer to 2p orbit-
als and the CFPs

c~S18L18!5~2p2 S18L18,2pu%2p3 S1L1) ~A8!

can be found in Ref.@24#.
The transition probabilities of interest are obtained by

serting Eq.~A7! in Eq. ~A5! and averaging and summing th

-

squares of the amplitude~A5! over MLi
and ML f

, respec-
tively, according to

PScLcnl5
1

2Li11 (
MLi

ML f

uAf i u2. ~A9!

A considerable simplification arises if one assumes t
0-15
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the electrons which form the 2p3 parents of the initial state
remain frozen throughout the collision,

^F̃LcScMLc

2p3 uC̃L1 ,S15Sc ,ML1
~ t f !&5dLcL1

dMLc
ML1

.

~A10!

In this case, the amplitude~A5! reduces to

Af i5ANc~ScLc! (
MLc

mlml 0

^LcMLc
,lml uL fML f

&

3^LcMLc
,l 0ml 0

uLiMLi
&c

nlml

n0l 0ml 0~ t f !. ~A11!

Insertion of Eq.~A11! in Eq. ~A9! leads to the simple resu
J.

,

d

.

ys

.

B

dy

B

ev

05271
PScLcnl5
N@c~ScLc!#

2

2Li11 (
mlml 0

uc
nlml

n0l 0ml 0u25N@c~ScLc!#
2Pex~nl !

2p

~A12!

for the situations of interest, i.e.,Lc50 or l 50.
The selection rules~A10! arise naturally, if one works in

the Born approximation in the many-particle picture, sin
the perturbing projectile potential can cause only on
electron transitions@30#. However, application of Eq.~A10!
is not consistent within the single-particle framework, whe
each electron is allowed to change its state during the c
sion. In order to take this fact into account without losing t
simplicity of the expression Eq.~A12!, one can multiply this
probability by a global probability for an elastic transition
three electrons as discussed in Sec. II C.
,
s

H.
hys.

ys.
e

A

ys.

nd
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