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Photoionization of atomic scandium in the ground state:
Total cross sections and p— 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
1522522p53s23p®3d4s? 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 frosp 8d, and 3 subshells are included. Over
a broad region of energy, the cross section is dominated by the strength gf-th8@Bresonances which are
split into nine distinct transitions through the angular momentum coupling with the open shells. The total cross
section and the 3—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 pfti3e 3
resonances are proposed. In the low-energy region, good agreement with a pRwaisx calculation is
found.[S1050-294®9)07505-§

PACS numbes): 32.80.Fb, 32.80.Hd, 32.80.Dz

I. INTRODUCTION atoms and ions, particularly in the region of the-33d
resonance transitions. This region is of great interest because
Photoionization of atoms is one of the basic processes dhese $— 3d transitions are extremely strong, owing to the
nature. It is also crucial in many applicatiofid, e.g., astro- fact that they areAn=0 transitions, and they dominate the
physics and radiation physics. In addition, atomic results ofcross section wherever they occur. In addition, experiment
ten carry over in whole or in part to molecular and has shown that the nature of these resonances changes dra-

condensed-matter systerf@], since atoms are the elemen- Matically[5] from Sc to Ni, evolving from widely distributed

tary particles of molecules and solids. in Sc to highly concentrated in Ni. To understand this behav-
In recent years, atomic photoionization studies have beel?": ?f course, requires a detailed study of each of the ele-
ments.

spurred on by the advent of third-generation synchrotron ra-

diation source$3], which make it possible to explore pro- The cross sections reported herein include photoionization

cesses that were inaccessible just a few years ago. In a pé)rr- és 3(.:1' gntjt_a) ellectrons_toI. the grho_urr:d_ Stat? of S(':(;l EX;j
allel development, the upsurge in the availability of €1UdIng lonization plus excitation, which IS not considere
) . —— here, all possible photoionizing transitions involving these
computational power has provided significantly enhanced . e
calculational capabilities. At this point, there is si nificanteIeCtrons leads to nine final ionic states and 32 channels as
P ' point, 9 gollows ([Mg]=1s?2s22p®3s?):

amounts of data, both experimental and theoretical, on th

noble gases and, to a lesser extent, on other closed subshell ([Mg]3p®3d4s 3D)kp 2P,D,F, (1)
atoms[4]. But most of the periodic table consists of open-

shell atoms. There is some data on the alkali-metal atoms ([Mg]3p®4s? 1S)kp 2P, kf 2F, 2
and some other atoms with unfillgdsubshells, and under-

standing of these atoms is developing. But the photoioniza- ([Mg]3p°>3d4s? *¥)ks ?F, kd2P,D,F, 3
tion of atoms with operd and f subshells is largely unex-

plored[4,5]. ([Mg]3p®3d4s? *D)ks 2D, kd ?P,D,F, (4)

As a first step toward developing a greater understanding
of such systems, the photoionization cross section of Sc in ([Mg]3p°3d4s? +%)ks 2P, kd 2P,D,F, (5)

the ground state has been investigated. This choice was dic-
tated by the fact that Sc, with a ground-state structuravith k=n for discrete(autoionizing transitions andk= ¢ for
1s%2s%2p®3s?3p®3d4s? 2D, is the lowest member of the ionization. The calculation is performed i coupling and
periodic system to include d electron in the ground state. correlation is included using a combination of many-body-
This study represents part of a broader effort to understangerturbation theoryMBPT) for the weaker perturbations,
the details of the photoionization of thel3ransition-metal such as those affecting the ground state, and a matrix diago-
nalization technique plus perturbation theory to treat the
strong interactions among the final degenerate open and
*Electronic address: zikalt@superonline.com closed channels. The calculation covers the energy range
"Electronic address: smanson@gsu.edu from the first ionization threshold to a photon energy of 60
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eV, just below the resonances leading up to tisetl&esh- Ground-state correlation is introduced by using first-order
olds; 3s excitation/ionization was not considered in this perturbation theory to correct the ground-state HF wave
work. function, i.e., states involving one- and two-particle excita-

This study may be considered as a complement to an eafions from the HF ground state of Sc which also have a
lier theoretical work[6,7] which treated the energy region nonzero dipole matrix element with at least one of the final
from the first ionization threshold to about 1 eV above tostates[Egs. (1)—(5)] are included. Sums are carried out ex-
very high accuracy, including ionization plus excitation andpjicitly over discrete states up to=13, and an extrapolation
spin-orbit splittings. In this narrow energy region, compari- procedure is used to include the effects of the remaining
son of the results obtained by vastly dissimilar theoretica@iScrete stateEL3]. The sum becomes an integral over con-

techniques provides an excellent indication of accuracy. BUbuum states and is performed explicitly. The lowest-order

the. present study 'really concentrates on the h|gher—enerq¥pole matrix elements are then corrected for these ground-
region where detailed accurate calculations are scarce a%q

. : ; : : ate correlations. We have investigasdidfirst-order correc-
experiment is fragmentaf] in an effort to detail the oscil- . . ; : : .
L : e tions which contribute to the various dipole matrix elements
lator strength distribution in this region. In this first paper the

theoretical methodology is presented, along with the totaLeleVant to the C.a|k()I|U Iatlf(?n, t‘f"r.]td thave mihige? aIII tho§g that
cross section, the8—3d resonances, and comparison with "'ave N appreciabie etect, It tms out that only mixings
available experiment. In a subsequent paper, the subshell afdth 3p~3d4skd and 3°3d4s’kf (k=n,e) are not in-

channel cross sections, along with the Rydberg resonandauded, because their effects are so small. .
positions and decay channels, will be discussed. These corrections to the ground-state wave function, and

thereby the dipole matrix elements, are relatively small,
since the Coulomb matrix elements connecting the ground
state to the other states are small compared to the energy

A detailed description of a part of the theoretical method-differences. Thus perturbation theory should provide a good
ology was presented earlig8], so only a brief description of description of these corrections. To check this further, how-
that part is given here. Within the framework of the electric€ver, the second-order corrections which we believe to be the
dipole approximation, which is excellent for low-energy largest, terms involving B°3d4s2kf intermediate states, are
photoabsorption processes, the cross section for a transitidfcluded in the calculation; their effect is negligible. This
from initial statei to final statef via absorption of a photon further supports the adequacy of using perturbation theory to

IIl. THEORY AND CALCULATION

of energyfw, is given by[9] include the effects of these initial-state correlations on the
dipole matrix elements.
4720 2 The final states present a different challenge, because they

Oif = gic f‘<¢i2 T 'ﬂf> ' (6) are often degenerate and can interact strongly. Thus, rather
than use perturbation theory, the Hamiltonian matrix, defined
whereg; is the multiplicity of the initial state¢ is the speed by the subspace of final-state channels enumerated in Egs.
of light, ande is the photon polarization. In E¢6), summing  (1)—(5), is diagonalized, which leads to dipole matrix ele-
over final, and averaging over initial, magnetic substrates isnents corrected for this final-state correlation. This is
implied. Equation(6) is given in the so-called length formu- equivalent to infinite-order perturbation theory restricted to
lation; alternate forms of the dipole matrix elemdd0],  the subspace. However, prior to diagonalization, this matrix
known as velocity or acceleration forms, which yield identi- js modified, using perturbation theory, to include higher-
cal results for exact wave functions, exist, and these are userder interactions among the final states involving interme-
ful as indicators of the accuracy of the resyls. diate states outside the subspace, i.e., we include the effects
The calculational methodology is an outgrowth of theof channels omitted from the calculation on the channels that
MBPT techniques pioneered by Boyle, Altun, and KéB}.  are explicitly included. Experience, plus a number of test
calculations, has led us to the states arising from the

A. Calculation of the dipole matrix element and correlations 3p*3d®4sep configuration, which affect the strongp3

The calculation is started by generating the Hartree Foc&’Sd transitions, as the most important intermediate states.
- : ; 2 5
(HF) orbitals for the ¥22522p°3s23p°3d4s? 2D ground Iso investigated were [®3d%kpep, 3p°3d4skfep, and

: ; 3p°3d4skpef intermediate final states, summed to infinite
state of Sc, using th? code Of Froese .F'SM‘ Then, order, but their effects proved to be small so they were ne-
using an optimized single-particle Hamiltoni§8,12], the

: . : . glected. Also included, however, was a higher-order simul-
ba3|s.set IS e_xtended to excited orbitals IfefQ—s up ton taneous initial- and final-state correlation, also summed to
=13 in the discrete energy range, and a grid of Contlnuun?nfinite order, where the initial state is mixed with

orbitals with energies from 0 to 96 a.(=2600 e\j. Using 3p°3d24sep and the final state is mixed withp33d34sep.

the discrete and continuum orbitals thus generated, th@p to this point, the calculation is quite similar to the de-
lowest-order wave functions for the various final states, a%cription given in Ref[8]

enumerated in Eqs(1)—(5), are generated; the optimized
single-particle Hamiltonian allows us to construct lowest-
order final states which are both solutions to the same Hamil-
tonian as the initial state, and very close to the true HF for In order to obtain the besib initio threshold energies,
these final states. The lowest-order dipole matrix element8BPT has not been used. The energies of the various thresh-
for transitions to the various final states are computed; theselds were obtained by performing multi-configuration
give essentially the unrelaxed HF cross sections. Hartree-FocKMCHF) [14] calculations on the initial state of

B. Threshold energies
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TABLE I. Threshold energies, in eV, calculated using the experimental determination of the threshold energies is
MCHF approximation for the various channels included in the cal-higmy desirable. As with the low-energy resonances, how-
culation compared with available experimeit5] and previous  eyer, even if the threshold energies are somewhat inaccurate,

theory[16]. the relative energies of the resonances with respect to their
. . i hould be considerably more accurate.
Sct State MCHF Experiment Previous theory associated thresholds s y
3p®3d4s 3D 6.539 6.560 C. 3p°3d?4s? resonance energies
6 1

gpﬁjdffSD 3;;5 g‘gzg The 3p—3d 3p°3d24s? resonances are quite strong, and

3p5334 2 3p 3% 96 ' 378 dominate the spectrum over a significant energy region. They

3p53d452 3 39'31 39'1 are so strong since they at=0 transitions and the extent

3p53d452 ™ 41'31 40'9 of an orbital is determined largely by the principal quantum

3p53d4sz 1 41.81 41'8 numbern. This means that initial and final states in the di-

3E53d422 D 42.16 40'9 pole transition occupy the same region of space, thereby al-
' ' lowing significant overlap of the wave functions and, thus, a

3p°3d4s? 1p 51.26 g si9 P

large dipole matrix element. It is therefore of great impor-
tance to get these energies correct, since they affect the cross
section, including the other resonances, over an extended
Sc, along with the various ionic states of'S@nd taking the energy range. To accomplish this, we have employed the
difference. To obtain the energies of the various states o§ame MCHF methodology used for obtaining good threshold
Sc', along with the ground state of Sc, we have used apenergies. In particular, we employed the same technique that
proximately 500 basis states in each MCHF calculation. Thgyas used for the B thresholds; even though these
three lowest states of Scconsidered, 47 °D, 45 'D,  3p53d24s? 2P,F,D odd-parity resonance states are not the
and &' 'S, are each the lowest states ofSuf their re-  |owest of their symmetries, by excluding the HF configura-
spective symmetries, as is th® ground state of neutral Sc, tions of the lower states from the MCHF expansion of the
so that the MCHF procedure yields a true upper bound fofesonance states, and fixing the orbitals from the HF calcu-
each of these states. On the other hand, the pix'3dd-  |ation of the lowest state of each symmetry, nearly exact
parity “3P,D,F states are not the lowest of their respectiveorthogonality to the lower states is enforced so that the varia-
symmetries; there are an infinite number @°8In’l’ odd-  tional principle produces upper bounds as in the case of the
parity states of St below the ! states. We have per- thresholds. In each case, of the order of 500 basis states were
formed HF calculations on the lowest state of each symmeused in the MCHF calculation, and the orthogonality among
try, e.g., P%4s4p 2%P. To insure orthogonality to these resonances of the same symmetry was enforced so that it is
lower-energy odd-parity states of the same symmetry, anflelieved that the energies of the highet23resonances of
thereby insure upper bounds, in the MCHF calculation foreach symmetry are just as accurate as the lowest.

the 3p~! states of S¢, the orbitals appearing in the HF  In the matrix diagonalization technique, discussed in Sec.

calculations of the lower states were frozen, apdrn’l’ IIA, however, energies of resonances are modified by the
configurations were explicitly excluded from the MCHF cal- interaction with other states. To allow this to occur in the
culation of the ! states of SE. case of these resonance states interacting with other discrete

The resulting thresholds are presented in Table | and cormstates would involve double counting, since the MCHF cal-
pared with available experimeft5] and previous calcula- culation has already taken these interactions into account.
tions[16]. The agreement of the lowest three threshold withThus, in that part of the calculation, thesp®3d?4s? reso-
experiment is excellent, indicating that our energy calculanances are treated as separate channels, and the interactions
tions are quite good indeed. The differences of 21, 103, andiith other discrete states are omitted, where possible, or sup-
38 meV, respectively, for the comparison of the first threepressed artificially by altering the relevant energy denomina-
theoretical thresholds with experiment. Even for thresholdsors to suppress the interaction with other discrete states; the
that are slightly off, however, the various resonance energieiiteraction with continuum states is not altered. Aside from
are correspondingly off, but the energy of the resonancean energy shift, interaction with continuum states gives an
with respect to their respective thresholds should be considmaginary part to the energy, which gives the resonances
erably more accurates]. their width.

For the six 3 thresholds, no experiment has been re- To be entirely consistent, instead of the MCHF approxi-
ported. However, there are calculated valli8] based on  mation, a configuration interaction employing the MBPT or-
the Cowan cod¢l17], apparently at the single configuration bitals should have been used to calculate the “discrete” part
level. Our MCHF results are in general agreement with theof the resonance energies. To obtain a result of the same
older theoretical results, within about 0.4 eV and generallyquality as the MCHF result would require far more than the
rather better, except for titD threshold which we find to be approximate 500 basis states used for the MCHF approxima-
almost 1 eV larger than the previous result. Tz and 3D tion, possibly several orders of magnitude more, which was
levels are degenerate at the HF level, just as the previouseyond the capabilities of our codes. In addition, the overlap
result shows. But the introduction of correlations via theof our MCHF wave functions with the continuum channel
MCHF procedure splits them considerably. We believe thevave functions were quite small, so we had near orthogonal-
present threshold energies to be accurate to a few tenths if, except near the continuum thresholds. Since these thresh-
an eV, and our level ordering to be correct. In any caseolds are far from the resonance energies, this is not very
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60 | L B this work is the region of B excitation/ionization, 25—60

eV, the full range from threshold to 60 eV is presented for
completeness. The cross section shows three distinct regions.
For the first 1 eV or so above the lowestp3d4s °D)
threshold, the cross section is dominated by Rydberg reso-
nances leading up to the83d4s D and 3°4s? 'S thresh-
olds. This energy region is shown in greater detail in Fig.
2(a), where three autoionizing series leading up to {fie
threshold just above 6.6 eV and two series leading up to the
1S threshold just below 8 eV are clearly seen.
The next region, from the (£4s? 1S threshold to about
25 eV, is seen to be devoid of resonances; a gradual increase
Photon Energy (V) from the S threshold, with a maximum roughly 4 Mb at
T . about 12 eV, followed by a gradual decrease to about 2 Mb
FIG. 1. Calculate_d total photo_lon_lzat_lon cross section for the £ 25 eV. This is due to thed- &f delayed maximum of the
ground state of atomic Sc. The solid line is the length result, and th 6 5 612 ¢ 2 o . . -
dotted line is velocity. 3p°3d4s” “D—3p°4s-ef “F transition, which is basically

a single-particle transition since thed 3lectron represents
important owing to the large energy denominator in suchhe only open shell in ground-state Sc.

interactions. The use of the MCHF approximation for these  The photon-energy region from 25 to 60 eV is dominated

resonance energies, then, does in fact involve some doubjg, resonances leading up the sig ghresholds, seen in Fig.
counting since it includes some of the MBPT continuum. But{™ 514 shown in finer detail in Figs.(ba—Z(d),. But aside

we believe that the methodology employed, while not pery,., the resonances, there is a strong nonresonant back-

;?sct/,viﬁ gg gégﬁllggi{oismpromlse and leads to accurate resul ound cross section, as large as about 30 Mb, above 40 eV
' which falls off with increasing energy. This background

50 |-

40 |

30

20

Cross Section (Mb)

N ]
0 10 20 30

lIl. RESULTS AND DISCUSSION cross section is primarily the summation of the various open
_ 3p— &d channelgthe 3p—¢s channels are small, as are the
A. Total cross section 4s and 3 channels hepeand is rather similar in magnitude

The total photoionization cross section, summed over aland shape to photoionization of the 3hell in Ar[4,9] and
channels is shown in Fig. 1. Although the primary focus ofK* [18].
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FIG. 2. Calculated total photoionization cross section for the ground state of atomic Sc, and details of each energg) régies:0 eV,
(b) 25—-35 eV,(c) 35—-40 eV, andd) 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 velocity TABLE Il. Energies of the $°3d°4s” resonances in eV. The
results, and the agreement between them is quite good, gefiesignation of each resonance is given as th92 Eoupln;ggléﬂ_m
erally within 15% or better. Although this agreement is not aParentheses, and the total coupling, €{gp>(3d” "D)4s’}°P is
conclusive test, it is believed to be indicative of the accuracy® full primary designation of the first entry. The resonances are
of the calculated cross sections. In particular, this agreemeRt Puré and the admixture among the various possiblfe u-

ts that th L f ionization plus excitation cha plings resulting from the MCHF calculation are also given; note
Squ.eS S. atthe 0_m|SS|on ot loniza p 2 Mhat these are the absolute values of coefficients, not probabilities.
nels in this calculation, notably for transitions tp®8d? and

Py . R Note also that the mixings resulting from interchannel coupling,
3p>3d“4s final states of St, does not significantly affect crycial for the determination of the resonance energy, are not given

the cross sectiongbackground or resonanof the channels i this table; the energies given do include these mixings. The ex-
included. perimental energies are from REE|.

There are some experimental data on the photoionization
of atomic Sc in the 30-50-eV photon-energy regi&).  Primary _ _
These are, however, only relative data, so we can compagesignation Admixture Energy Experiment
;)nly !ncomglete(ljy. Nevertheless, if we add an |nstr|umhental(1D)zP 0.78(D) 0.34('S) 0.44GP) 29.23
ung:nonttoI roaI (tgn outLresr(])nances to appro|>|<|nt1r?teyt e (_ar 15)2p 0.43¢D) 0.85(S) 0.07¢P) 34.55
perimental resolution, the shapes are generally the same. ?p)zp 0.33(D) 0.230S) 0.78CP) 40.00
dominant feature of the experimental curifég. 27 of Ref. 12 . 5 5

) . (*D)%D 0.85(D) 0.10€P) 0.44CGF) 30.43 30.7,31.1
[5]) is a broad maximum centered at about 40 eV sur-, 7, ) s 3
L oan e . P)2D 0.22(D) 0.90€P) 0.24GF) 33.99
mounted with significant resonances, particularly on the low- 3EY2D 0.390D) 0.31fP) 0.826F) 39.54
energy side, along with resonances in the 30-eV region sulth) 39(D) 0.31(P) 0.82(F) '

1 2 1 1 3
mounted on a smallish background. This is what is found ir{lG)zF 0'70(16) 0-18(1'3) 0-67(3':) 29.68  29.6, 29.7
the calculated results as well. ('D)°F  0.09(G) 0.94(D) 0.11(F) 32.59

(®F)?F 0.65(G) 0.04(D) 0.68C¢F) 39.95

B. 3p—3d resonances

The strongest resonances seen in Figs. 1 and 2 are timances. They are, therefore, much weaker than their lower-
nine 3p— 3d resonanceg,Mg]3p°3d?4s®. They dominate energy counterparts, as well as being somewhat narrow.
the cross section in the 25—-35-eV region, shown in Fig),2 They are, however, identifiable and they are also presented in
which include six of these resonances, several of which ar&able Il. These higher-energyp3-3d resonances will thus
extraordinarily wide and strong. The complex of three reso-be discussed in a subsequent paper, along with the Rydberg
nances in the 29—-31-eV region alone contain a total oscillaresonances with which they are so significantly intermixed.
tor strength of the order of unity. Note that there are actually The great strength of thep3—3d resonances is princi-
three sets of two resonances correspondingRe °D, and  pally due to the fact that these atn=0 transitions. Fur-
2F final states, and these different symmetry resonancethermore, since Sc is a transition metal, the Grbital is
have rather different characteristics. “collapsed,” i.e., it is bound in the inner well of the double-

The detailed identification of each resonance is given invelled effective d-wave potential[19]. Then, since the
Table Il. The cross sections for the individua® channels  “size” of an orbital is determined by the principal quantum
are presented in Fig. 3. From FigiaB it is evident that the numbern, and very little else, it is clear thep3and 3
2P resonances are quite narrow and rather symmetric. Therbitals occupy the same region of space, leading to a very
symmetry is due to the fact that the underlying continuumlarge overlap. This translates into a very large dipole matrix
cross sections,g—¢ep and A—ep, are quite small this far element which, of course, means a large oscillator strength.
above their thresholds. Th&D resonancegFig. 3(b)] are  Thus, despite the fact that the coupling with the @ectron
much stronger and wider, and also quite symmetric. Againin the ground state breaks thigp3>3d oscillator strength
this symmetry is owing to the fact that the underlying con-into nine distinct transitions, the sixp3-3d resonances in
tinua can only be produced bys4-¢p transitions which are, the 25-35-eV rangell have very significant strength, as
as in the?P case, rather weak so far above threshold. If thisseen in Fig. 2.
symmetry explanation is correct, then tk€ resonances, The Auger electron energies generated by these six strong
which are surmounted on a strongl-3¢f cross section, resonances can easily be obtained from the resonance ener-
should be rather asymmetric. Looking at thle resonances gies (Table 1)) and the threshold energig3able ). The
in Fig. 3(c), that is exactly what is seen. Furthermore, file  strengths of their decay to the various possible decay chan-
resonances are quite broad, the lowest beidgeV in width.  nels are given in Fig. 4. Note that the autoionizing transitions
And the lowest is the strongedargest oscillator strengtiof ~ to both 3°3d4s 3D and 'D Sc' states are 84s—3pep
all of the 3p— 3d resonances. transitions, while autoionization to thep®4s? 'S Sc" can

The three higher-energyp3-3d resonances?P, °D,  be either 3>—3pep or 3d2—3pef. Looking at the lowest
and 2F, are mixed among the variousp3-ns and 3 2p resonance, note from Table Il thati3is coupled mostly
—nd Rydberg resonances leading up to the spé@d4s®  to D with some!S as well. Thus, from the point of view of
thresholds of St. Owing to the close proximity to a number angular momentum geometry, the coupling with #iifinal
of other resonances of different configurations with the sametate is quite weak, as is the coupling with th&final state,

LS symmetry, each of these higher-energg—-33d reso-  while the coupling with the'D of Sc' is far stronger; thus
nances is strongly mixed through interchannel coupling, andirtually all of the strength goes into thkD state, as seen in
its oscillator strength distributed over a number of reso-Fig. 4, with just a little going into thé'S state. It is also the
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FIG. 3. Calculated totdlS cross sections for photoionization of FIG. 4. Calculated photoionization cross sections for atomic Sc
atomic Sc in the 25—35-eV photon energy ran@:2P total, (b))  leading to the@) 4s~! 3D, (b) 4s~! 1D, and(c) 3d ! S states of

2D total, and(c) ?F total. The solid line is the length result, and the Sc*. The solid line is the length result, and the dotted line is veloc-
dotted line is velocity. ity.

case that the radial autoionizati6Boulomb matrix element  respect to'D, means that the strength of this resonance in
for a 3d4s—3pep transition is significantly larger, in this the 'S final channel will increase relative to tH®, as com-
energy range, than for ad3— 3pep transition; the 4 or-  pared to the previous case; this is exactly what is seen in Fig.
bital overlaps withep better than the @ orbital, predomi-  4(a). The fact that the'D channel is still the dominant decay
nantly since the 4 orbital has a greater radial extent. Thus, final state speaks to the importance of the radial wave func-
the radial part of the matrix element mitigates against decayions and overlaps. From this explanation it is clear that an-
to the S¢ 'S channel, so it is reduced, even though there isgular momentum geometry alone cannot explain the decay
some S in the resonance. patterns; dynamicalradial wave functiop information is
The higher?P resonance, which is coupled primarily to also required.
1S with some!D, is explained similarly. There is, as in the  The 2D resonances present a simpler case because transi-
previous case, virtually no possibility of decaying to tfi2  tions to the S€ S channel are forbidden. Thed3-ep, &f
Sc' channel. The increase of the coupling @30 'S, with  transitions can only lead t8P or 2F, not ?D. Then, going



3582 ZIKRI ALTUN AND STEVEN T. MANSON PRA 59

through a similar analysis as for tH&® resonances, we find clearly the very strong{3p®3d4s? 3P 5s}?P resonance
the lowest?D resonance, primarily!D with a strong®P  which we find at 35.26 eV, seen clearly in Fig. 2. The pair at
admixture, decays most strongly to th® final state and, 36.7 and 36.9 eV matches reasonably well with the strong
since there is a significant triplet admixture, has a very sig{3p®3d4s? 3F 5s}2F resonance at 36.60 eV, also seen in
nificant ®D cross section as well. For the high#D reso-  Fig. 2. And the pair at 37.9 and 38.2 eV could be the strong
nance, the triplet portion of thed3 is somewhat larger than {3p®3d4s? 1D 5s}2F resonance found at 38.38 eV. This
the 'D, and in this case the cross section for the fifl il be discussed more fully in a subsequent paper, where the

state dominates. details of the Rydberg resonances will be discussed in detail.
Finally, for the 2F resonances, angular momentum con-

siderations become less important, and radial matrix ele-
ments dominate. In particulard3— 3pef, which can only
occur in a2F channel, is very significantly larger than any

other radial matrix element for the decay process. Thus the IV. CONCLUDING REMARKS
cross section to théSe f 2F final state should dominate, and
indeed it does, as seen in Figc# Small probabilities of the A theoretical methodology for the calculation of photo-

lower of the ?F resonances are seen in the and 'D chan-  jonization of open-shell atoms has been presented which
nels, and these can be explained via angular momentum geombines MBPT for weak perturbations, a coupled-channel
ometry considerations as above. _ formalism augmented by perturbation theory for the strong
Note that no mention ha;s been made of another possiblgierchannel interactions, and the MCHF approximation to
decay mode, decay top83d Sc’ channels. These channels produce accurate energies. This compleayinitio theory
represent ionization plus excitation, and are not included i}, 55 the distinct advantage of being able to include or omit

:Ee caIcuI?Eor:j since ;&fg d";‘f 2I|kely to be q:ute sm?ltlr.] FUrarious aspects of correlation based upon the physics of the
ermore, the decay o S resonances to any o esedparticular problem. Or, looked at in an alternate manner, it

channels is also likely to be.qune insignificant cpm_pared t allows us to determine which are the important aspects of
the other decay channels discussed above. This is becaucs(()errelation completely theoretically by investigating the
the decay to p®3d?ep final states requires asd—3pep pletely y by gating

autoionizing transition. Then sincesdand 3 orbitals oc- magnitude of the effe) of including or omitting a particu-
cupy rather different regions of space, thelking of much lar term. . C
larger spatial extent, their overlap is small; thus the autoion- The method has been a_lpplled to the ph_qt0|on|zat|on Cross
ization matrix element, which is the matrix element af 3/ section of atom Sc, the first of the trans[tlon—metal atoms.
(which emphasizes the inner regjois quite small. Thus this OVer @ broad energy range, the cross section was found to be
autoionizing transition matrix element is very much smallerdominated by — 3d autoionizing resonances. Agreement
than 34s— 3pep or 3d2—3ped, since a @ orbital is in- of the total cross section and the resonance positions with
volved in each transition; 8 and 3 orbitals occupy the available experiment was quite good. It would, however, be
same region of space, and the overlap is large. For thegtuite useful for more extensive and detailed measurements to
reasons, it is estimated that the omitted decay channels hat€ carried out to fully assess theory. In a subsequent paper,
cross sections for theB-3d resonances of 1-2 orders of the detailed theoretical partial cross sections for each chan-
magnitude smaller that the channels included, whereda 3nel, along with the detailed positions and assignments of the
orbital is involved in the decay. This is the justification for Rydberg resonances, will be presented.
the omission of p®3d? final states of St in the calculation. This work represents the initial phase of a larger project
Some of the positions of the resonances have been ref theoretical study of the photoionization of ground and
ported experimentally5], and tentatively identified with the excited states of atoms and ions with opersubshells, par-
aid of relatively simple calculations. The resonances occur iicularly the transition-metal atoms. Depending upon their
pairs owing to the small spin-orbit splitting, but the centroid jmportance for any particular case, ionization plus excitation
should represent a reasonable nonrelativistic result, espghannels can be included in a straightforward manner. Inclu-
cially since the reported error bafs0.1 eV) are of the same  sjon of spin-orbit splittings and shifts provide a bit of a chal-
size as the splitting. Five resonances are given; howevelgnge. For the energies, this can be handled perturbatively
three of them are in the region where Rydberg resonancegithin the existing MCHF framework14]. For the dipole
abound, and we do not believe that they ap@@&i*4s” reso-  matrix elements, this will be effected by assuming that radial
nances. Of the other two, the lowest pair is at 29.6 and 29.@ave functions are not affected by spin-orbit interactions and

eV (Table 1)), in excellent agreement with our calculated recoupling the various discrete and continuum states frf&m
lowest ?F resonance, and we agree with their tentative asto ji. This addition is currently in progress.

signment. The pair at 30.7 and 31.1 eV are slightly above our
prediction for the lowestD resonance, which we believe to
be the correct assignment for the pair, especially in view of
the calculated strength of the lowedd resonance; it seems

much more likely that the experiment detected this resonance ACKNOWLEDGMENTS
than the very much smaller secol& resonance which is
the previous tentative assignmebq. This work was supported by the NSF and NASA. Numer-

The other three resonances are probably Rydberg resous discussions with C. F. Fischer through the initial phase
nances. The pair at 35.2 and 35.3 eV, for example, aref this work are gratefully acknowledged.
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