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Photoionization of atomic scandium in the ground state:
Total cross sections and 3p˜3d resonances
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A methodology is developed combining many-body-perturbation theory and close coupling of final-state
channels with multiconfiguration Hartree-Fock theory to calculate photoionization cross sections of open-shell
atoms with accurate threshold and resonance energies. Photoionization calculations of the ground
1s22s22p63s23p63d4s2 D state of atomic Sc, the first of the transition metals, are performed from threshold
to 60 eV using this method. All single-electron transitions from 4s, 3d, and 3d subshells are included. Over
a broad region of energy, the cross section is dominated by the strength of the 3p→3d resonances which are
split into nine distinct transitions through the angular momentum coupling with the open shells. The total cross
section and the 3p→3d resonances are presented in detail and reasonably good agreement with available
experiment, for both energies and cross section, is obtained. Classifications of a number of the 3p→3d
resonances are proposed. In the low-energy region, good agreement with a previousR-matrix calculation is
found. @S1050-2947~99!07505-8#

PACS number~s!: 32.80.Fb, 32.80.Hd, 32.80.Dz
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I. INTRODUCTION

Photoionization of atoms is one of the basic processe
nature. It is also crucial in many applications@1#, e.g., astro-
physics and radiation physics. In addition, atomic results
ten carry over in whole or in part to molecular an
condensed-matter systems@2#, since atoms are the eleme
tary particles of molecules and solids.

In recent years, atomic photoionization studies have b
spurred on by the advent of third-generation synchrotron
diation sources@3#, which make it possible to explore pro
cesses that were inaccessible just a few years ago. In a
allel development, the upsurge in the availability
computational power has provided significantly enhan
calculational capabilities. At this point, there is significa
amounts of data, both experimental and theoretical, on
noble gases and, to a lesser extent, on other closed sub
atoms@4#. But most of the periodic table consists of ope
shell atoms. There is some data on the alkali-metal ato
and some other atoms with unfilledp subshells, and under
standing of these atoms is developing. But the photoion
tion of atoms with opend and f subshells is largely unex
plored @4,5#.

As a first step toward developing a greater understand
of such systems, the photoionization cross section of S
the ground state has been investigated. This choice was
tated by the fact that Sc, with a ground-state struct
1s22s22p63s23p63d4s2 2D, is the lowest member of the
periodic system to include ad electron in the ground state
This study represents part of a broader effort to underst
the details of the photoionization of the 3d transition-metal
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atoms and ions, particularly in the region of the 3p→3d
resonance transitions. This region is of great interest beca
these 3p→3d transitions are extremely strong, owing to th
fact that they areDn50 transitions, and they dominate th
cross section wherever they occur. In addition, experim
has shown that the nature of these resonances changes
matically@5# from Sc to Ni, evolving from widely distributed
in Sc to highly concentrated in Ni. To understand this beh
ior, of course, requires a detailed study of each of the e
ments.

The cross sections reported herein include photoioniza
of 4s, 3d, and 3p electrons of the ground state of Sc. E
cluding ionization plus excitation, which is not consider
here, all possible photoionizing transitions involving the
electrons leads to nine final ionic states and 32 channel
follows (@Mg#51s22s22p63s2):

~@Mg#3p63d4s 1,3D !kp 2P,D,F, ~1!

~@Mg#3p64s2 1S!kp 2P, k f 2F, ~2!

~@Mg#3p53d4s2 1,3F !ks 2F, kd 2P,D,F, ~3!

~@Mg#3p53d4s2 1,3D !ks 2D, kd 2P,D,F, ~4!

~@Mg#3p53d4s2 1,3P!ks 2P, kd 2P,D,F, ~5!

with k5n for discrete~autoionizing! transitions andk5« for
ionization. The calculation is performed inLS coupling and
correlation is included using a combination of many-bod
perturbation theory~MBPT! for the weaker perturbations
such as those affecting the ground state, and a matrix dia
nalization technique plus perturbation theory to treat
strong interactions among the final degenerate open
closed channels. The calculation covers the energy ra
from the first ionization threshold to a photon energy of
3576 ©1999 The American Physical Society



is

ea
n
to
nd
ri
ca
B
er
a

he
ta

th
l a
n

d
f
ric
y
it

s
-

ti-
us

he

oc

um

th
a

d
st
m
fo
n
e

er
ve

ta-
a

nal
x-

ing
n-
er
nd-

nts
hat
gs

and
all,
und
ergy
od
w-
the

e
is
y to
the

they
ther
ed

Eqs.
e-
is
to

trix
r-
e-

fects
that
est
the

tes.

te
ne-
ul-
to

h

e-

,
esh-
n
f

PRA 59 3577PHOTOIONIZATION OF ATOMIC SCANDIUM IN THE . . .
eV, just below the resonances leading up to the 3s thresh-
olds; 3s excitation/ionization was not considered in th
work.

This study may be considered as a complement to an
lier theoretical work@6,7# which treated the energy regio
from the first ionization threshold to about 1 eV above
very high accuracy, including ionization plus excitation a
spin-orbit splittings. In this narrow energy region, compa
son of the results obtained by vastly dissimilar theoreti
techniques provides an excellent indication of accuracy.
the present study really concentrates on the higher-en
region where detailed accurate calculations are scarce
experiment is fragmentary@5# in an effort to detail the oscil-
lator strength distribution in this region. In this first paper t
theoretical methodology is presented, along with the to
cross section, the 3p→3d resonances, and comparison wi
available experiment. In a subsequent paper, the subshel
channel cross sections, along with the Rydberg resona
positions and decay channels, will be discussed.

II. THEORY AND CALCULATION

A detailed description of a part of the theoretical metho
ology was presented earlier@8#, so only a brief description o
that part is given here. Within the framework of the elect
dipole approximation, which is excellent for low-energ
photoabsorption processes, the cross section for a trans
from initial statei to final statef via absorption of a photon
of energy\v, is given by@9#

s if5
4p2v

gic
ZeW• K c iU( rW jUc f L Z2, ~6!

wheregi is the multiplicity of the initial state,c is the speed
of light, ande is the photon polarization. In Eq.~6!, summing
over final, and averaging over initial, magnetic substrate
implied. Equation~6! is given in the so-called length formu
lation; alternate forms of the dipole matrix element@10#,
known as velocity or acceleration forms, which yield iden
cal results for exact wave functions, exist, and these are
ful as indicators of the accuracy of the results@9#.

The calculational methodology is an outgrowth of t
MBPT techniques pioneered by Boyle, Altun, and Kelly@8#.

A. Calculation of the dipole matrix element and correlations

The calculation is started by generating the Hartree-F
~HF! orbitals for the 1s22s22p63s23p63d4s2 2D ground
state of Sc, using the code of Froese Fischer@11#. Then,
using an optimized single-particle Hamiltonian@8,12#, the
basis set is extended to excited orbitals forl 50 – 3 up ton
513 in the discrete energy range, and a grid of continu
orbitals with energies from 0 to 96 a.u.~'2600 eV!. Using
the discrete and continuum orbitals thus generated,
lowest-order wave functions for the various final states,
enumerated in Eqs.~1!–~5!, are generated; the optimize
single-particle Hamiltonian allows us to construct lowe
order final states which are both solutions to the same Ha
tonian as the initial state, and very close to the true HF
these final states. The lowest-order dipole matrix eleme
for transitions to the various final states are computed; th
give essentially the unrelaxed HF cross sections.
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Ground-state correlation is introduced by using first-ord
perturbation theory to correct the ground-state HF wa
function, i.e., states involving one- and two-particle exci
tions from the HF ground state of Sc which also have
nonzero dipole matrix element with at least one of the fi
states@Eqs. ~1!–~5!# are included. Sums are carried out e
plicitly over discrete states up ton513, and an extrapolation
procedure is used to include the effects of the remain
discrete states@13#. The sum becomes an integral over co
tinuum states and is performed explicitly. The lowest-ord
dipole matrix elements are then corrected for these grou
state correlations. We have investigatedall first-order correc-
tions which contribute to the various dipole matrix eleme
relevant to the calculation, and have included all those t
have an appreciable effect; it turns out that only mixin
with 3p63d4skd and 3p53d4s2k f (k5n,«) are not in-
cluded, because their effects are so small.

These corrections to the ground-state wave function,
thereby the dipole matrix elements, are relatively sm
since the Coulomb matrix elements connecting the gro
state to the other states are small compared to the en
differences. Thus perturbation theory should provide a go
description of these corrections. To check this further, ho
ever, the second-order corrections which we believe to be
largest, terms involving 3p53d4s2k f intermediate states, ar
included in the calculation; their effect is negligible. Th
further supports the adequacy of using perturbation theor
include the effects of these initial-state correlations on
dipole matrix elements.

The final states present a different challenge, because
are often degenerate and can interact strongly. Thus, ra
than use perturbation theory, the Hamiltonian matrix, defin
by the subspace of final-state channels enumerated in
~1!–~5!, is diagonalized, which leads to dipole matrix el
ments corrected for this final-state correlation. This
equivalent to infinite-order perturbation theory restricted
the subspace. However, prior to diagonalization, this ma
is modified, using perturbation theory, to include highe
order interactions among the final states involving interm
diate states outside the subspace, i.e., we include the ef
of channels omitted from the calculation on the channels
are explicitly included. Experience, plus a number of t
calculations, has led us to the states arising from
3p43d34s«p configuration, which affect the strong 3p
→3d transitions, as the most important intermediate sta
Also investigated were 3p53d2kp«p, 3p53d4sk f«p, and
3p53d4skp« f intermediate final states, summed to infini
order, but their effects proved to be small so they were
glected. Also included, however, was a higher-order sim
taneous initial- and final-state correlation, also summed
infinite order, where the initial state is mixed wit
3p53d24s«p and the final state is mixed with 3p43d34s«p.
Up to this point, the calculation is quite similar to the d
scription given in Ref.@8#.

B. Threshold energies

In order to obtain the bestab initio threshold energies
MBPT has not been used. The energies of the various thr
olds were obtained by performing multi-configuratio
Hartree-Fock~MCHF! @14# calculations on the initial state o
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Sc, along with the various ionic states of Sc1, and taking the
difference. To obtain the energies of the various states
Sc1, along with the ground state of Sc, we have used
proximately 500 basis states in each MCHF calculation. T
three lowest states of Sc1 considered, 4s21 3D, 4s21 1D,
and 3d21 1S, are each the lowest states of Sc1 of their re-
spective symmetries, as is the2D ground state of neutral Sc
so that the MCHF procedure yields a true upper bound
each of these states. On the other hand, the six 3p21 odd-
parity 1,3P,D,F states are not the lowest of their respect
symmetries; there are an infinite number of 3p6nln8l 8 odd-
parity states of Sc1 below the 3p21 states. We have per
formed HF calculations on the lowest state of each sym
try, e.g., 3p64s4p 1,3P. To insure orthogonality to thes
lower-energy odd-parity states of the same symmetry,
thereby insure upper bounds, in the MCHF calculation
the 3p21 states of Sc1, the orbitals appearing in the H
calculations of the lower states were frozen, and 3p6nln8l 8
configurations were explicitly excluded from the MCHF ca
culation of the 3p21 states of Sc1.

The resulting thresholds are presented in Table I and c
pared with available experiment@15# and previous calcula
tions @16#. The agreement of the lowest three threshold w
experiment is excellent, indicating that our energy calcu
tions are quite good indeed. The differences of 21, 103,
38 meV, respectively, for the comparison of the first thr
theoretical thresholds with experiment. Even for thresho
that are slightly off, however, the various resonance ener
are correspondingly off, but the energy of the resonan
with respect to their respective thresholds should be con
erably more accurate@6#.

For the six 3p thresholds, no experiment has been
ported. However, there are calculated values@16# based on
the Cowan code@17#, apparently at the single configuratio
level. Our MCHF results are in general agreement with
older theoretical results, within about 0.4 eV and genera
rather better, except for the3D threshold which we find to be
almost 1 eV larger than the previous result. The1D and 3D
levels are degenerate at the HF level, just as the prev
result shows. But the introduction of correlations via t
MCHF procedure splits them considerably. We believe
present threshold energies to be accurate to a few tenth
an eV, and our level ordering to be correct. In any ca

TABLE I. Threshold energies, in eV, calculated using t
MCHF approximation for the various channels included in the c
culation compared with available experiment@15# and previous
theory @16#.

Sc1 State MCHF Experiment Previous theory

3p63d4s 3D 6.539 6.560
3p63d4s 1D 6.772 6.875
3p64s2 1S 7.979 8.015
3p53d4s2 3P 37.96 37.8
3p53d4s2 3F 39.31 39.1
3p53d4s2 1D 41.31 40.9
3p53d4s2 1F 41.81 41.8
3p53d4s2 3D 42.16 40.9
3p53d4s2 1P 51.26
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experimental determination of the threshold energies
highly desirable. As with the low-energy resonances, ho
ever, even if the threshold energies are somewhat inaccu
the relative energies of the resonances with respect to t
associated thresholds should be considerably more accu

C. 3p53d24s2 resonance energies

The 3p→3d 3p53d24s2 resonances are quite strong, a
dominate the spectrum over a significant energy region. T
are so strong since they areDn50 transitions and the exten
of an orbital is determined largely by the principal quantu
numbern. This means that initial and final states in the d
pole transition occupy the same region of space, thereby
lowing significant overlap of the wave functions and, thus
large dipole matrix element. It is therefore of great impo
tance to get these energies correct, since they affect the c
section, including the other resonances, over an exten
energy range. To accomplish this, we have employed
same MCHF methodology used for obtaining good thresh
energies. In particular, we employed the same technique
was used for the 3p thresholds; even though thes
3p53d24s2 2P,F,D odd-parity resonance states are not t
lowest of their symmetries, by excluding the HF configur
tions of the lower states from the MCHF expansion of t
resonance states, and fixing the orbitals from the HF ca
lation of the lowest state of each symmetry, nearly ex
orthogonality to the lower states is enforced so that the va
tional principle produces upper bounds as in the case of
thresholds. In each case, of the order of 500 basis states
used in the MCHF calculation, and the orthogonality amo
resonances of the same symmetry was enforced so that
believed that the energies of the higher 3d2 resonances of
each symmetry are just as accurate as the lowest.

In the matrix diagonalization technique, discussed in S
II A, however, energies of resonances are modified by
interaction with other states. To allow this to occur in t
case of these resonance states interacting with other dis
states would involve double counting, since the MCHF c
culation has already taken these interactions into acco
Thus, in that part of the calculation, these 3p53d24s2 reso-
nances are treated as separate channels, and the intera
with other discrete states are omitted, where possible, or
pressed artificially by altering the relevant energy denomi
tors to suppress the interaction with other discrete states
interaction with continuum states is not altered. Aside fro
an energy shift, interaction with continuum states gives
imaginary part to the energy, which gives the resonan
their width.

To be entirely consistent, instead of the MCHF appro
mation, a configuration interaction employing the MBPT o
bitals should have been used to calculate the ‘‘discrete’’ p
of the resonance energies. To obtain a result of the s
quality as the MCHF result would require far more than t
approximate 500 basis states used for the MCHF approxi
tion, possibly several orders of magnitude more, which w
beyond the capabilities of our codes. In addition, the over
of our MCHF wave functions with the continuum chann
wave functions were quite small, so we had near orthogo
ity, except near the continuum thresholds. Since these thr
olds are far from the resonance energies, this is not v

l-
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important owing to the large energy denominator in su
interactions. The use of the MCHF approximation for the
resonance energies, then, does in fact involve some do
counting since it includes some of the MBPT continuum. B
we believe that the methodology employed, while not p
fect, is an excellent compromise and leads to accurate re
as will be seen below.

III. RESULTS AND DISCUSSION

A. Total cross section

The total photoionization cross section, summed over
channels is shown in Fig. 1. Although the primary focus

FIG. 1. Calculated total photoionization cross section for
ground state of atomic Sc. The solid line is the length result, and
dotted line is velocity.
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this work is the region of 3p excitation/ionization, 25–60
eV, the full range from threshold to 60 eV is presented
completeness. The cross section shows three distinct reg
For the first 1 eV or so above the lowest (3p63d4s 3D)
threshold, the cross section is dominated by Rydberg re
nances leading up to the 3p63d4s 1D and 3p64s2 1S thresh-
olds. This energy region is shown in greater detail in F
2~a!, where three autoionizing series leading up to the1D
threshold just above 6.6 eV and two series leading up to
1S threshold just below 8 eV are clearly seen.

The next region, from the 3p64s2 1S threshold to about
25 eV, is seen to be devoid of resonances; a gradual incr
from the 1S threshold, with a maximum roughly 4 Mb a
about 12 eV, followed by a gradual decrease to about 2
at 25 eV. This is due to the 3d→« f delayed maximum of the
3p63d4s2 2D→3p64s2« f 2F transition, which is basically
a single-particle transition since the 3d electron represents
the only open shell in ground-state Sc.

The photon-energy region from 25 to 60 eV is dominat
by resonances leading up the six 3p thresholds, seen in Fig
1, and shown in finer detail in Figs. 2~b!–2~d!. But aside
from the resonances, there is a strong nonresonant b
ground cross section, as large as about 30 Mb, above 40
which falls off with increasing energy. This backgroun
cross section is primarily the summation of the various op
3p→«d channels~the 3p→«s channels are small, as are th
4s and 3d channels here! and is rather similar in magnitud
and shape to photoionization of the 3p shell in Ar @4,9# and
K1 @18#.

e
e

FIG. 2. Calculated total photoionization cross section for the ground state of atomic Sc, and details of each energy region:~a! 6.5–8.0 eV,
~b! 25–35 eV,~c! 35–40 eV, and~d! 40–60 eV. The solid line is the length result, and the dotted line is velocity.
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Note that both Figs. 1 and 2 present length and velo
results, and the agreement between them is quite good,
erally within 15% or better. Although this agreement is no
conclusive test, it is believed to be indicative of the accura
of the calculated cross sections. In particular, this agreem
suggests that the omission of ionization plus excitation ch
nels in this calculation, notably for transitions to 3p63d2 and
3p53d24s final states of Sc1, does not significantly affec
the cross sections~background or resonant! of the channels
included.

There are some experimental data on the photoioniza
of atomic Sc in the 30–50-eV photon-energy region@5#.
These are, however, only relative data, so we can com
only incompletely. Nevertheless, if we add an instrumen
function to broaden our resonances to approximately the
perimental resolution, the shapes are generally the same
dominant feature of the experimental curve~Fig. 27 of Ref.
@5#! is a broad maximum centered at about 40 eV s
mounted with significant resonances, particularly on the lo
energy side, along with resonances in the 30-eV region
mounted on a smallish background. This is what is found
the calculated results as well.

B. 3p˜3d resonances

The strongest resonances seen in Figs. 1 and 2 are
nine 3p→3d resonances,@Mg#3p53d24s2. They dominate
the cross section in the 25–35-eV region, shown in Fig. 2~b!,
which include six of these resonances, several of which
extraordinarily wide and strong. The complex of three re
nances in the 29–31-eV region alone contain a total osc
tor strength of the order of unity. Note that there are actua
three sets of two resonances corresponding to2P, 2D, and
2F final states, and these different symmetry resonan
have rather different characteristics.

The detailed identification of each resonance is given
Table II. The cross sections for the individualLS channels
are presented in Fig. 3. From Fig. 3~a!, it is evident that the
2P resonances are quite narrow and rather symmetric.
symmetry is due to the fact that the underlying continu
cross sections, 4s→«p and 3d→«p, are quite small this far
above their thresholds. The2D resonances,@Fig. 3~b!# are
much stronger and wider, and also quite symmetric. Aga
this symmetry is owing to the fact that the underlying co
tinua can only be produced by 4s→«p transitions which are,
as in the2P case, rather weak so far above threshold. If t
symmetry explanation is correct, then the2F resonances
which are surmounted on a strong 3d→« f cross section,
should be rather asymmetric. Looking at the2F resonances
in Fig. 3~c!, that is exactly what is seen. Furthermore, the2F
resonances are quite broad, the lowest being;1 eV in width.
And the lowest is the strongest~largest oscillator strength! of
all of the 3p→3d resonances.

The three higher-energy 3p→3d resonances,2P, 2D,
and 2F, are mixed among the various 3p→ns and 3p
→nd Rydberg resonances leading up to the six 3p53d4s2

thresholds of Sc1. Owing to the close proximity to a numbe
of other resonances of different configurations with the sa
LS symmetry, each of these higher-energy 3p→3d reso-
nances is strongly mixed through interchannel coupling,
its oscillator strength distributed over a number of re
y
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nances. They are, therefore, much weaker than their low
energy counterparts, as well as being somewhat narr
They are, however, identifiable and they are also presente
Table II. These higher-energy 3p→3d resonances will thus
be discussed in a subsequent paper, along with the Ryd
resonances with which they are so significantly intermixe

The great strength of the 3p→3d resonances is princi
pally due to the fact that these areDn50 transitions. Fur-
thermore, since Sc is a transition metal, the 3d orbital is
‘‘collapsed,’’ i.e., it is bound in the inner well of the double
welled effective d-wave potential @19#. Then, since the
‘‘size’’ of an orbital is determined by the principal quantu
number n, and very little else, it is clear the 3p and 3d
orbitals occupy the same region of space, leading to a v
large overlap. This translates into a very large dipole ma
element which, of course, means a large oscillator stren
Thus, despite the fact that the coupling with the 3d electron
in the ground state breaks this 3p→3d oscillator strength
into nine distinct transitions, the six 3p→3d resonances in
the 25–35-eV rangeall have very significant strength, a
seen in Fig. 2.

The Auger electron energies generated by these six st
resonances can easily be obtained from the resonance
gies ~Table II! and the threshold energies~Table I!. The
strengths of their decay to the various possible decay ch
nels are given in Fig. 4. Note that the autoionizing transitio
to both 3p63d4s 3D and 1D Sc1 states are 3d4s→3p«p
transitions, while autoionization to the 3p64s2 1S Sc1 can
be either 3d2→3p«p or 3d2→3p« f . Looking at the lowest
2P resonance, note from Table II that 3d2 is coupled mostly
to 1D with some1S as well. Thus, from the point of view o
angular momentum geometry, the coupling with the3D final
state is quite weak, as is the coupling with the1S final state,
while the coupling with the1D of Sc1 is far stronger; thus
virtually all of the strength goes into the1D state, as seen in
Fig. 4, with just a little going into the1S state. It is also the

TABLE II. Energies of the 3p53d24s2 resonances in eV. The
designation of each resonance is given as the coupling of 3d2 in
parentheses, and the total coupling, e.g.,$3p5(3d2 1D)4s2%2P is
the full primary designation of the first entry. The resonances
not pure and the admixture among the various possible 3d2 cou-
plings resulting from the MCHF calculation are also given; no
that these are the absolute values of coefficients, not probabili
Note also that the mixings resulting from interchannel couplin
crucial for the determination of the resonance energy, are not g
in this table; the energies given do include these mixings. The
perimental energies are from Ref.@5#.

Primary
designation Admixture Energy Experimen

(1D)2P 0.78(1D) 0.34(1S) 0.44(3P) 29.23
(1S)2P 0.43(1D) 0.85(1S) 0.07(3P) 34.55
(3P)2P 0.33(1D) 0.23(1S) 0.78(3P) 40.00
(1D)2D 0.85(1D) 0.10(3P) 0.44(3F) 30.43 30.7, 31.1
(3P)2D 0.22(1D) 0.90(3P) 0.24(3F) 33.99
(3F)2D 0.39(1D) 0.31(3P) 0.82(3F) 39.54
(1G)2F 0.70(1G) 0.18(1D) 0.67(3F) 29.68 29.6, 29.7
(1D)2F 0.09(1G) 0.94(1D) 0.11(3F) 32.59
(3F)2F 0.65(1G) 0.04(1D) 0.68(3F) 39.95
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case that the radial autoionization~Coulomb! matrix element
for a 3d4s→3p«p transition is significantly larger, in this
energy range, than for a 3d2→3p«p transition; the 4s or-
bital overlaps with«p better than the 3d orbital, predomi-
nantly since the 4s orbital has a greater radial extent. Thu
the radial part of the matrix element mitigates against de
to the Sc1 1S channel, so it is reduced, even though there
some 1S in the resonance.

The higher2P resonance, which is coupled primarily t
1S with some1D, is explained similarly. There is, as in th
previous case, virtually no possibility of decaying to the3D
Sc1 channel. The increase of the coupling of 3d2 to 1S, with

FIG. 3. Calculated totalLScross sections for photoionization o
atomic Sc in the 25–35-eV photon energy range:~a! 2P total, ~b!
2D total, and~c! 2F total. The solid line is the length result, and th
dotted line is velocity.
,
y
s

respect to1D, means that the strength of this resonance
the 1S final channel will increase relative to the1D, as com-
pared to the previous case; this is exactly what is seen in
4~a!. The fact that the1D channel is still the dominant deca
final state speaks to the importance of the radial wave fu
tions and overlaps. From this explanation it is clear that
gular momentum geometry alone cannot explain the de
patterns; dynamical~radial wave function! information is
also required.

The 2D resonances present a simpler case because tr
tions to the Sc1 1S channel are forbidden. The 3d→«p, « f
transitions can only lead to2P or 2F, not 2D. Then, going

FIG. 4. Calculated photoionization cross sections for atomic
leading to the~a! 4s21 3D, ~b! 4s21 1D, and~c! 3d21 1S states of
Sc1. The solid line is the length result, and the dotted line is vel
ity.
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through a similar analysis as for the2P resonances, we find
the lowest 2D resonance, primarily1D with a strong 3P
admixture, decays most strongly to the1D final state and,
since there is a significant triplet admixture, has a very s
nificant 3D cross section as well. For the higher2D reso-
nance, the triplet portion of the 3d2 is somewhat larger than
the 1D, and in this case the cross section for the final3D
state dominates.

Finally, for the 2F resonances, angular momentum co
siderations become less important, and radial matrix
ments dominate. In particular, 3d2→3p« f , which can only
occur in a 2F channel, is very significantly larger than an
other radial matrix element for the decay process. Thus
cross section to the1S« f 2F final state should dominate, an
indeed it does, as seen in Fig. 4~c!. Small probabilities of the
lower of the 2F resonances are seen in the3D and 1D chan-
nels, and these can be explained via angular momentum
ometry considerations as above.

Note that no mention has been made of another poss
decay mode, decay to 3p63d2 Sc1 channels. These channe
represent ionization plus excitation, and are not included
the calculation since they are likely to be quite small. F
thermore, the decay of 3p53d24s2 resonances to any of thes
channels is also likely to be quite insignificant compared
the other decay channels discussed above. This is bec
the decay to 3p63d2«p final states requires a 4s2→3p«p
autoionizing transition. Then since 4s and 3p orbitals oc-
cupy rather different regions of space, the 4s being of much
larger spatial extent, their overlap is small; thus the autoi
ization matrix element, which is the matrix element of 1/r 12
~which emphasizes the inner region!, is quite small. Thus this
autoionizing transition matrix element is very much smal
than 3d4s→3p«p or 3d2→3p«d, since a 3d orbital is in-
volved in each transition; 3p and 3d orbitals occupy the
same region of space, and the overlap is large. For th
reasons, it is estimated that the omitted decay channels
cross sections for the 3p→3d resonances of 1–2 orders o
magnitude smaller that the channels included, where ad
orbital is involved in the decay. This is the justification f
the omission of 3p63d2 final states of Sc1 in the calculation.

Some of the positions of the resonances have been
ported experimentally@5#, and tentatively identified with the
aid of relatively simple calculations. The resonances occu
pairs owing to the small spin-orbit splitting, but the centro
should represent a reasonable nonrelativistic result, e
cially since the reported error bars~60.1 eV! are of the same
size as the splitting. Five resonances are given; howe
three of them are in the region where Rydberg resonan
abound, and we do not believe that they are 3p53d24s2 reso-
nances. Of the other two, the lowest pair is at 29.6 and 2
eV ~Table II!, in excellent agreement with our calculate
lowest 2F resonance, and we agree with their tentative
signment. The pair at 30.7 and 31.1 eV are slightly above
prediction for the lowest2D resonance, which we believe t
be the correct assignment for the pair, especially in view
the calculated strength of the lowest2D resonance; it seem
much more likely that the experiment detected this resona
than the very much smaller second2F resonance which is
the previous tentative assignment@5#.

The other three resonances are probably Rydberg r
nances. The pair at 35.2 and 35.3 eV, for example,
-
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clearly the very strong$3p53d4s2 3P 5s%2P resonance
which we find at 35.26 eV, seen clearly in Fig. 2. The pair
36.7 and 36.9 eV matches reasonably well with the stro
$3p53d4s2 3F 5s%2F resonance at 36.60 eV, also seen
Fig. 2. And the pair at 37.9 and 38.2 eV could be the stro
$3p53d4s2 1D 5s%2F resonance found at 38.38 eV. Th
will be discussed more fully in a subsequent paper, where
details of the Rydberg resonances will be discussed in de

IV. CONCLUDING REMARKS

A theoretical methodology for the calculation of phot
ionization of open-shell atoms has been presented wh
combines MBPT for weak perturbations, a coupled-chan
formalism augmented by perturbation theory for the stro
interchannel interactions, and the MCHF approximation
produce accurate energies. This completelyab initio theory
has the distinct advantage of being able to include or o
various aspects of correlation based upon the physics of
particular problem. Or, looked at in an alternate manner
allows us to determine which are the important aspects
correlation completely theoretically by investigating th
magnitude of the effect~s! of including or omitting a particu-
lar term.

The method has been applied to the photoionization cr
section of atom Sc, the first of the transition-metal atom
Over a broad energy range, the cross section was found t
dominated by 3p→3d autoionizing resonances. Agreeme
of the total cross section and the resonance positions
available experiment was quite good. It would, however,
quite useful for more extensive and detailed measuremen
be carried out to fully assess theory. In a subsequent pa
the detailed theoretical partial cross sections for each ch
nel, along with the detailed positions and assignments of
Rydberg resonances, will be presented.

This work represents the initial phase of a larger proj
of theoretical study of the photoionization of ground a
excited states of atoms and ions with opennd subshells, par-
ticularly the transition-metal atoms. Depending upon th
importance for any particular case, ionization plus excitat
channels can be included in a straightforward manner. In
sion of spin-orbit splittings and shifts provide a bit of a cha
lenge. For the energies, this can be handled perturbati
within the existing MCHF framework@14#. For the dipole
matrix elements, this will be effected by assuming that rad
wave functions are not affected by spin-orbit interactions a
recoupling the various discrete and continuum states fromLS
to jj . This addition is currently in progress.
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