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In this paper we use the calculated photoabsorption cross section and scattering parameters to
classify most of the autoionizing lines reported by Garton et al. [Proc. R. Soc. London Ser. A 333,
1 (1973)]. This study proves the capability of eigenchannel R-matrix calculations to provide spec-
troscopically useful information on the complicated spectra of transition-metal atoms. We present
cross sections for the six optically allowed combinations 45°3d*Dj/55/2 — 1°/2,3°/2,5°/2,7°/2
from near the (453d)®D thresholds to the (3d*)*F thresholds.

PACS number(s): 32.80.Fb, 31.20.Di, 32.80.Dz

I. INTRODUCTION

The preceding paper describes general aspects of Sc
photoionization dynamics in the low-energy autoionizing
region [1]; the transition-metal atoms have rarely been
studied in this region of their spectrum. The theoreti-
cal description of the spectra is complicated by the large
number of closely spaced thresholds; the Rydberg series
interact with each other producing a complicated spec-
trum. The calculated scattering parameters need to be
very accurate to place the perturbers in the correct po-
sitions; the theoretical spectrum can appear very differ-
ent even if the perturber has only a small error in its
quantum defect (because the error in the position of the
perturber is [Aw (a.u.)] = Ap/v®, where the effective
quantum number v is comparatively small in the per-
turbing channel). The lessons learned in the theoretical
treatment of Sc may apply to the other transition metals
since the valence shell for all of these elements is com-
posed of s and d orbitals.

The focus of this paper is on the detailed classifica-
tion of the autoionizing lines reported by Garton et al.
[2] (GRTE). We present theoretical spectra for photoion-
ization from the 2Dj /2,5/2 ground electronic states along
with the positions of some experimental lines marked by
vertical lines; this comparison can indicate the level of
agreement between theory and experiment. The results
reported here are complementary to those reported ear-
lier [1]; a better understanding of Sc can be obtained by
studying both the fine-scale details and the large-scale
dynamics. The following paper predicts the photoion-
ization of an even-parity Sc excited state and compares
to experimental cross sections from threshold to the 3F
thresholds; comparison of the cross sections for photoab-
sorption from two different initial states adds insight into
the dynamics.

The results presented in this paper show that the eigen-
channel R-matrix technique achieves the accuracy needed
for the theoretical description of the complex spectra of
transition-metal elements. This method has already pro-
duced many spectroscopically useful results for complex
spectra of the alkaline earths and for several atoms with
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open p subshells. However, the density (in energy) of
thresholds for the transition-metal atoms near the ion-
ization threshold is an order of magnitude larger than for
any of the other elements that have been attempted; the
spectra are extremely complicated by perturbers, even
near the lowest thresholds. The results presented in
this paper represent a breakthrough in the description
of autoionizing spectra; it seems probable that an accu-
rate treatment of the other (more complicated) transition
metals can be achieved in the near future, as well as a
fuller theoretical understanding.

The same theoretical and numerical techniques have
been used as in our previous articles [1,3,4]. The tech-
niques are “nearly” ab initio; effects of the 18 core elec-
trons are described using a screened Coulomb potential
[5] with a dipole polarizability that gives the correct en-
ergies of the one-electron-like ion Sc III. We solve for the
three-electron valence wave function with the streamlined
version [6] of the eigenchannel R-matrix technology in an
R-matrix volume 71,72,73 < 21 a.u. We match these so-
lutions onto Coulomb functions at the surface of this vol-
ume to obtain the scattering parameters [7]. Spin-orbit
effects are incorporated through the LS-jj frame trans-
formation [8] using empirical fine-structure splittings of
the Sct thresholds. In the calculation of the short-range
scattering parameters we use the theoretical thresholds;
however, in the calculation of the cross section which uses
these parameters we input the experimental thresholds.
The photoionization cross sections are calculated in both
length and velocity gauges as a check on the accuracy;
poor agreement between the two cross sections would in-
dicate uneven convergence.

II. Sc TARGET STATES AND CHANNELS

We are interested in the photoionization from the elec-
tronic ground state, (4s2)'S3d 2 D33 5/2. This state has a
modest amount of configuration interaction as described
in Ref. [1]. In all that follows these states will be abbre-
viated to 2D3/2 and 2D5/2, or simply 3/2 and 5/2. For
comparison, the final states will be designated by 1°/2,
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TABLE I. Experimental threshold wavelengths from the
Jy, =3/2 and J, = 5/2 states from Ref. [9].

Configuration Az/2 (nm) As/2 (nm)
(4s3d)* D, 188.957 189.560
(4s3d)® D, 188.715 189.316
(453d)*D; 188.324 188.923
(4s3d)* D, 180.299 180.848

(3d%)°F, 173.235 173.741
(3d*)3F; 172.993 173.498
(3d%)%F,4 172.682 173.185
(3d*)' D, 156.576 156.990
(452)'So 154.658 155.062
(3d%)*P, 153.855 154.254
(3d*)° Py 153.790 154.189
(3d%)*P, 153.665 154.063
(3d*)'G4 148.846 149.220

3°/2, 5°/2, and 7°/2.

In Table I we give the wavelengths of the various
thresholds [9] that are important in the energy range dis-
cussed in this paper. Where there is no chance for con-
fusion, we abbreviate the ionic target state by 25+1L; .
The final states were constructed by adding p- and f-
wave electrons onto these states; similarly s-, d-, and
g-wave electrons were added onto the odd-parity target
states at higher energies [1]. We also included configura-
tion interaction among the ionic target states, and among
the initial and final three-electron atomic states.

III. THEORETICAL CROSS SECTIONS

In Figs. 1-4 we present the theoretical cross sections
for the six optically allowed transitions 3/2, 5/2 —
1°/2, 3°/2, 5°/2, 7°/2. At the top of the figures are lines
that mark the experimental positions of the autoionizing
lines observed by Garton et al. The different series are
indicated with different types of lines.

There are several places on Figs. 1-4 where it is dif-
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ficult to identify the correspondence between the calcu-
lated and experimental autoionizing resonances; however,
there are several states where it is easy to identify the cor-
respondence and it was from these states that we origi-
nally estimated the errors in the scattering parameters.
For example, it is relatively easy to identify the corre-
spondence between the calculated and experimental lines
of series 6 and 7 of Garton et al. as well as for the first
~ 10 lines of Fig. 3.

We do not give classifications of the calculated lines on
Figs. 1-4 to avoid overcrowding the figures with symbols.
The preceding paper [1] classifies the major spectral fea-
tures. We plot both the length (solid line) and velocity
(dashed line) gauge cross sections; the comparison be-
tween the two is one indicator of the level of convergence
because if the ground or final states were not converged
these two cross sections would not normally agree.

For some of the experimental lines, the corresponding
theoretical line is fairly obvious. For others, the corre-
spondence was less obvious and heuristic principles dis-
cussed below allowed a classification for most of the re-
maining lines. Though these principles serve as a reason-
able guide, they should not be considered a replacement
for a proper comparison between a continuous experi-
mental cross section and the theoretical cross section.
Experimental information on the widths and shapes of
the autoionizing lines is an invaluable aid for the theo-
retical classification of the experimental lines.

IV. CLASSIFICATIONS OF AUTOIONIZING
LINES

Garton et al. [2] provided several tables of autoioniza-
tion lines. For most of the lines they were able to deter-
mine the total angular momentum of the initial state, Jg,
by finding pairs of lines with the ground state splitting.
Almost all of their assignments of J; were correct; in a
complex spectrum, there will “accidentally” be pairs of
lines with an energy splitting equal to that of the ground
state. They were able to group most of their lines into
Rydberg series attached to different thresholds. They

FIG. 1. The theoretical photoionization
cross section for Sc in the length (solid line)

and velocity (dashed line) gauges. The ex-
perimental energies of the lines of series 3 are
marked with long-dashed vertical lines, of se-
ries 4 with dash-dot-dot-dot vertical lines, of
series 5 with dash-dot vertical lines, of series
6 with short-dashed vertical lines, of series
7 with dotted vertical lines, and of series 8
with solid vertical lines. We have added 30
Mb to the 3/2 — 3°/2 cross section, 60 Mb
to the 3/2 — 5°/2 cross section, 90 Mb to
the 5/2 — 3°/2 cross section, 120 Mb to the
5/2 — 5°/2 cross section, and 150 Mb to the
5/2 — 7°/2 cross section.
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FIG. 2. Same as Fig.
wavelength range.

1 except different

FIG. 3. The theoretical photoionization
cross section for Sc in the length (solid line)
and velocity (dashed line) gauges. The ex-
perimental energies of the lines of series 8 are
marked with solid vertical lines, of series 2
by short-dashed vertical lines, of 3/2 — J?
of Table 6 by dash-dot-dot-dot vertical lines,
of 5/2 — J7 of Table 6 by long-dashed verti-
cal lines, and of Table 7 of GRTE by dot-
ted vertical lines. We have added 30 Mb
to the 3/2 — 3°/2 cross section, 60 Mb to
the 3/2 — 5°/2 cross section, 90 Mb to the
5/2 — 3°/2 cross section, 120 Mb to the
5/2 — 5°/2 cross section, and 150 Mb to the
5/2 — 7°/2 cross section.

FIG. 4. Same as Fig. 3 except different
wavelength range. A short section of the
third curve and part of the sixth curve have
been divided by 10 for clarity.
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TABLE II. Theoretical classifications that differ from or complete the classifications for the low-lying autoionization lines of
Garton et al. We assume the theoretical classification of Rydberg series do not change above those given in this table. The
experimental wavelength and energy above ground state are listed along with the number of the appropriate table of Garton
et al. We are not as confident of the classifications of the lines with “?”; the reason for the uncertainties is discussed in the
proper section of the text.

Table A (nm) E(cm™')® Classification Table A (nm) E(cm™')* Classification
1 174.467  57485.7 5/2 — 7°/2 *F418p 6 175.344  57030.6 3/2 — 5°/2 3F413p
1 174.412  57503.8 5/2 — 7°/2184f ?F° 6 175.170  57087.2 3/2 — 3°/2 and 5°/2 *F»15p
2 183.940  54365.6 3/2 — 3°/21D12p 2D° 6 174.240  57391.8 3/2 — 3°/2 and 5°/2 *F»20p
2 183.297 54556.2 3/2 — 3°/2'D13p 2D° 6 174.139  57425.3 3/2 — 3°/2 and 5°/2 *F»21p
2 182.776  54711.8 3/2 = 1°/2'D14p 2P° 6 174.051  57454.2 3/2 — 3°/2 and 5°/2 *F>22p
2 182.408  54822.2 3/2 — 1°/2 ' D15p 2P° 6 173.978  57478.3 3/2 —3°/2 and 5°/2 *F»23p
2 182.122  54908.2 3/2 — 1°/2 ' D16p 2P° and *Fy16 f
2 181.691 55038.5 3/2 — 1°/2 *D18p 2P° 6 173.681  57576.8 3/2 — 3°/2 *F,29p
2 181.534 55085.9 3/2 — 1°/2 ' D19p 2P° 6  173.666 57581.7 3/2 — 3°/2 °F324p
2 181.400 55126.6 3/2 — 1°/2 *D20p 2P° 6 173.608  57600.9 3/2 —3°/2 *F325p
2 181.288  55160.8 3/2 — 1°/2 ' D21p 2 P° 6 178.534  56179.9 5/2 — 7°/2 *F,8f
2 188.485  53222.9 5/2 — 5°/2 *D9p 2D° 6 178.338  56073.2 3/2 — 5°/2 *F8f
2 18651 53784 5/2 — 7°/2 ' D10p 2F° 6  177.962 56360.0 5/2 = 7°/2°F9f
2 185379 54111.8 5/2 — 7°/2 ' D11p *F° 6  177.708  56440.2 5/2—7°/2°F39f
2 184.504 54367.7 5/2 — 5°/2 ' D12p 2D° 6  177.378 56544.9 5/2—7°/2 F,9f
2 183.862 54556.9 5/2 — 5°/2 ' D13p 2D° 6 177.141 56620.4 5/2 — 5°/2 and 7°/2 *F4llp
3 183306 545534 7 3/2 > 19/2 ' D13p 2P° 6 176.446  56842.5 5/2 = 5°/2 and 7°/2 3F412p
3 182.120  54906.2 ? 3/2 — 3°/2 'D16p 2D° 6 175864 57030.1 5/2 = 5°/2 " F413p
3 181.698 55036.4 3/2 - 3°/2 1 D18p 2D° g i;i'gfi 5;22;; gg : zog 31122231’
3 181.540  55084.2 3/2 — 3°/2 'D19p 2D° 6 174'6;1 ;7257'0 3/2 - 3°/2 3 50” 0316
3 181.406  55125.0 3/2 — 3°/2 1D20p 2D° 6 174503 574539 570 5079 3; 0 /2 Fsl6p
3 181.293 55159.2 3/2 — 3°/2 *D21p 2D° 6 1riass  ovarsn 5?2 : 742 3F2161}
4 188101 53162.7 3/2 - 5°/2 'D7f 2F° ‘ ' and® Fy23p
4 186.195  53707.1 3/2 = 3:/2 1D8f zD;’ 6 1741890 575771 5/2 — 5°/2 3 F420p
4 184.912  54079.5 3/2 > 5°/21D9f 2F° 6 174174 575818 5/2 = 5°/2 2 Fy24p
4 184014 543436  3/2—5°/2 D10f°F 6 174117 574324  3/2 —3°/2and 5°/2 °F319p
4 183.354  54539.3 3/2 = 5°/2'D11f 2F° - - LTI
4 182.857 546875 3/2 — 5°/2 1 D12f 2F° 180.254  55645.6 5/2 = 5°/2 an /2 PFaTf
4 189469 548036 3/2 > 5°/2 LD13f 2F° 7 179.90 55586 3/2 —3°/2 Fop ‘D
4 182.164 548953  3/2 — 5°/2 'D14f 2F° 7 17980 55786 5/25°/2 Fa%p
4 181.914 549708  3/2 — 3°/2'D15f 2D° ; i;g";; Zzggz g/g - 30/3 31;95 b
4 181716 550307  3/2 - 3°/2'D16f 2D° ;oo ATes e 542 - 742 3F28;
4 188.698 53162.8 5/2 — 7°/2 1D7f zF" 7 178.6° 56160 5/2 — 7°/2 * Fy10p
4 186.785  53705.7 5/2~5°/2 D8 f *D° and *Fa8f
4 185.486  54080.5 5/27°/21D9f *F° 7 1785 56190 5/2 = 7°/2 *Fy10p
4 184.585  54343.6 5/2 - 7°/2 ' D10f *F° 7 178.9 56120 7'3/2 522  Fy10p
4 183.921  54539.3 5/2 - 7°/2'D11f *F 7 178.06 56161 7 372 3°/2
4 183.420  54687.8 5/2 — 7°/2 *D12f F° and 5°/2 * F310p
4 183.034  54802.9 5/2 — 7°/2 'D13f 2F° 7 177.378  56545.1 5/2 = 7°/2 SF,9f
4 182.727  54894.6 5/2 — 7°/2 ' D14f *F° 7 177.26 56414 3/2 — 3°/2 ané 5°/2 *Fy11
. 21l1lp
5 186.830  53692.6 5/2—7°/2FTp *F° 7 177.20 56602 5/2 — 5°/2 and 7°/2 *F411p
5 182.697  54903.5 5/2 — 5°/2 *Fs8p 7 177.00 56497 3/2 — 3°/2 and 5°/2 *Fs11p
5  180.216  55657.2 5/2 —5°/2 >F39p 7 176.506  56655.3 3/2 = 5°/2 °F>12p
5 178.639  56147.0 5/2 —5°/2 *F310p 7 176.493 56659.5 3/2 = 3°/22F212p
5 177.561  56486.9 5/2 = 5°/2 and 7°/2 *F311p 7 176.463  56837.4 5/2 — 7°/2 *F412p
5 176.788  56733.1 5/2 — 5°/2 and 7°/2 *F312p 7 175.933  56839.8 3/2 — 3°/2 and 5°/2 3 F,13p
5 176.217  56916.3 5/2 = 5°/2(?) 7 175.893  57021.1 5/2 — 7°/2 *F413p
and 7°/2 °F313p 7 175.883 57024.3 5/2 — 7°/2 *F413p
5 175.781  57057.2 5/2 — 5°/2 and 7°/2 *F314p 7 175.761 57063.8 5/2 — 5°/2 and 7°/2 ®Fs14p
6 177.999  56180.0 3/2 — 5°/2 3F48f 7 175.746 57068.3 5/2 — 5°/2 and 7°/2 *F>13f
6 177.803  56410.0 5/2 — 5°/2 and 7°/2 *F211p 7 175.689  57087.1 5/2 — 5°/2 *F313p
6 177.431  56359.7 3/2 = 5°/2 2 Fy9f 7 175.5060 56978.11  3/2 — 5°/2 3F,14p
6 177.178  56440.3 3/2 — 5°/23F39f 7 175.2500 57229.68 3/2 — 3°/2 and 5°/2 3F314p
6 176.850  56544.9 3/2 — 5°/2 3 F,9f 7 174.8774 57351.26  ? 5/2 — 5°/2
6 176.615  56620.3 3/2 — 5°/2 3 F,10f and 7°/2 *F»19p
6 175.925  56842.4 3/2 — 3°/2 and 5°/2 *F313p 7 174.842  57362.8 5/2 — 5°/2 and 7°/2 *F416p
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TABLE II. (Continued).

Table A (nm) E(cm™')* Classification Table A (nm) E(cm™')® Classification
7 174.780 57383.1 5/2 — 5°/2 and 7°/2 *F318p 7 174.463  57487.1 5/2 — 7°/2 2 F418p
7 174.628 574329 5/2 — 5°/2 and 7°/2 *F417p 7 173.9992 57471.53  3/2 — 5°/2 3F320p

2Above ground state.
PMisprinted as 1686 A.

classified these series by comparing the quantum defects
of the series to those of classified bound states. For one
table of lines, they were only able to classify Jg; the final
table of lines had no classifications.

In this section we present our classification of the lines
measured by Garton et al. We were able to classify most
of their unclassified lines and complete the classification
for their partially classified lines. We are mostly in agree-
ment with the experimental classifications although there
are some discrepancies. We present the theoretical clas-
sifications that differ from or complete the classifications
of Garton et al. in Table II.

Our theoretical classification of the experimental lines
was performed visually. We plotted the six theoretical
cross sections as in Figs. 1-4 but on a much smaller wave-
length scale, typically 0.1-0.5 nm. We then drew vertical
lines from top to bottom at the experimental energies for
the lines that were supposed to lie in that energy range.
We then visually paired the experimental and theoretical
lines to give the “best agreement.” The criteria used to
determine the “best agreement” were (1) the difference in
the quantum defects of the experimental and theoretical
lines should be no greater than 0.05; (2) the difference in
quantum defect should not radically change in a Rydberg
series (for example, the difference in the quantum defect
for a 9p state should be roughly equal to the difference
for the 10p state of the same series); (3) for two theoret-
ical lines “equally close” to an experimental line choose
the classification that has the experimentally determined
Jg; (4) if two theoretical lines that are “equally close”
to an experimental line have greatly different oscillator
strengths, choose the more intense line; and (5) match
the experimental width and asymmetry of a line to that
of the theoretical line.

Once the correspondence between a theoretical and
experimental line was successfully established we clas-
sified the theoretical line using the short range scatter-
ing parameters and multichannel quantum-defect theory.
This was accomplished by throwing away all of the open
channels in the calculation, thus converting the prob-
lem to a search for bound states. Over the width of
each resonance we searched for the positions of bound
states by finding the zeros of det[K.. + tan(mv,)] where
K. is the closed-closed part of the reaction matrix and
V. is the effective quantum number. If more than one
bound state happened to fall within the width of the res-
onance, we chose the bound state that had the largest
oscillator strength. (In the ambiguous cases analyzed,
there was always one state with much more oscillator
strength than the others.) Once the bound state was
found we calculated the real-valued vector that satisfied
[Kee + tan(nr.)]V = 0. For a given bound state, the

probability for finding the Rydberg electron in channel ¢
is proportional to v3V;%2/ cos? mv;. We were able to deter-
mine the principal quantum number for each state sim-
ply by noting that unperturbed p waves had quantum
defects near 2 and unperturbed f waves had quantum
defects near 0.1.

We were able to classify most of the lines reported by
Garton et al. [2]. Several lines could not be classified
owing to uncertainties in the calculation. As mentioned
above, there is a relatively high density of low-n per-
turbers in this region of the spectra. It was a crucial
aspect of the theoretical classification to estimate the
acceptable error in the positions of the perturbers and
to estimate from the scattering probability matrix how
strongly a perturber interacts with various Rydberg se-
ries. An example of this is the (3d2)'D4f2D° state that
theoretically fell at 176.108 nm and had non-negligible
oscillator strength. An error of 0.01 in the quantum de-
fect for this state would correspond to an error of ~ 0.1
nm. Unfortunately, this line was in the energy range
of Rydberg states attached to the 3F;_thresholds and
none of the lines that fell within ~ 0.1 nm of 176.108
nm could be classified. As another example, the per-
turber 3F8pzD§’/2 near 181.8 nm interacts much more

strongly with the 1D'np2Dg/2 Rydberg series than with
the 1an2Dg/2 Rydberg series. Therefore, we find (as

expected) that the quantum defects for the np series are
much less accurate than those for the nf series.

We classified all of the experimental lines that we could
match to one or two theoretical lines irrespective of the
theoretical purity of the lines. Several of the lines of Ta-
bles 5-7 of Garton et al. could not be matched to one
theoretical line; for these there were usually two theo-
retical lines (degenerate within the widths of the lines)
of nearly equal oscillator strength that corresponded to
the same experimental line. For these lines we concluded
that the experimental lines were the superposition of two
lines. Several of the lines had low purity [1] (especially
the 3F; nl lines). All of the lines can be classified in
either LS or jj coupling, but we always present the clas-
sification in the coupling scheme for which the state is
purest. For example, the states of Tables 2-4 of Gar-
ton et al. are presented in LS coupling because they are
very pure in this coupling but very heavily mixed in jj
coupling.

There are several lines in Tables 1-3 of Garton et al.
that are listed as obscured. We think that most of these
lines were not obscured but perturbed. Lines can be ob-
scured by other lines of different types of atoms or for
the same types of atoms but different symmetries; per-
turbed lines arise through the interaction of two states of
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the same atom and symmetry. Several lines of a Rydberg
series can be perturbed by the same state if it is broad
enough; over the width of one perturber, the quantum de-
fect of individual lines in the perturbed channel increases
by 1. The shapes and widths of the perturbed Rydberg
states can also change rapidly with energy. The distinc-
tion between perturbed and obscured lines is important
for developing an understanding of the atomic dynamics.
An obscured line tells you nothing new about the atomic
dynamics whereas a perturbed line gives information on
the position and width of the perturbing state.

We only present classifications for states up to n = 21.
The classifications for the higher lying states should not
change from those of the n = 16-21 levels.

In the tables of Garton et al. [2] the lines were
frequently paired as having different initial states
(45%3d®D3,, and ?Ds ;) with the same final states. How-
ever, we have found that the total orbital angular mo-
mentum, Jy, of the paired final states were almost al-
ways different. As an example, the line at A = 186.195
nm was paired with the line at A = 186.785 in their Ta-
ble 4; these lines have total energies above the ground
state of 53707.1 cm™! and 53705.7 cm™! with their
final states classified by us as (4.s3d)1D8f2D§/2 and
(453d)1D8f2D§/2 (these lines were originally classified as
1DlOpzDg/Z’s/z‘?; see Sec. IVD below). The large split-
ting between these two states does not arise arise from the
interaction of the spin of the 8 f electron with its orbital
angular momentum but through the interaction of the 8 f
state with a low-n p-wave perturber which is at different
energies for Jy = 3°/2 and Jy = 5°/2. The compilation
of Sc levels in Ref. [9] averaged the energies of these two
states (which is consistent with the original identification
[2] of these lines as arising from the same final state) to
obtain one line at 53706.4 cm™!; this compilation prob-
ably has small (< 1 cm™!) errors due to averaging the
energies of lines which were erroneously thought to have
the same final state.

A. Table 1 of Garton et al.

Garton et al. present lines in their Table 1 which they
classified as arising from 2Dj/, — (452)1.5'77,f2F5°/2 (se-
ries 1) and ?Dg/, — (432)15nf2F5°/2,7/2 (series 2). The
lowest resonances for these series can be seen on Fig. 4;
the line of series 1 is marked by a dash-dot vertical
line and the two lines of series 2 are marked by short-
dashed vertical lines. We agree with their classifications
for series 1. We found [1] that the oscillator strength
for 2D5/2 —)IS'rLfZFE‘)’/2 was a factor of 20 smaller than
for 2D5/2 —>ISnf2F7°/2. This factor of 20 is discussed
in Ref. [1] in the section on propensity rules. Since the
5/2 — 5°/2 lines were so much weaker than and degener-
ate with the 5/2 — 7°/2 lines, we feel safe in classifying
series 2 as 2D5/2 —)1Snf2F;’/2.

We do not agree with the experimental classification

of the first two lines of series 2. These were classi-
fied as 4sz4f2F;’/2 at 57317.4 cm™! (174.467 nm) and
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4s?4f?Fg), at 57335.5 cm™' (174.412 nm). These are
marked by the two short-dashed lines of Fig. 4. The
splitting of the 4f state of Sc Il is ~0.25 cm™?, a factor
of 72 smaller than the claimed splitting of the neutral
4f state. The upper state (at 57335.5 cm™1!) is 168.4
cm™! below the 2D3/2 — 4s""4f‘2F5"/2 line; we therefore
classify this line as the 2D5/2 — 4324f2F;’/2 transition
(the 2Fso/2 state is degenerate with the 2F? , state within
the width of the state and the oscillator strength for the
5/2 — 5°/2 transition is much smaller than that for the
5/2 — 7°/2 transition). The lower energy line (A =
174.467 nm) is nearly degenerate with the line at 174.463
nm of Table 7 of Garton et al.; we have two lines at this
wavelength for the 5/2 — 7°/2 transition with the classi-
fication 3F418p1/zy3/2. One linear combination of the p; /»
and the psz/; states mixes strongly with the 4324f2F7"/2
state (~25% admixture) and therefore is pushed to lower
energy and has more oscillator strength; this is the state
that we identity with the 57314.4 cm™! (A = 174.467
nm) line of Table 1 of Garton et al. The other linear
combination does not mix strongly with the 4324f2F.;’/2
state (and therefore has less oscillator strength) and we
identify this state with the 174.463 nm line of [2] Table
7.

Three lines in [2] Table 1 are listed as obscured; these
are 3/2 — 5°/2 45216 f, 5/2—7°/2 4s216f, and 5/2 —
7°/2 45?20f. Probably the 4s216f states were not ob-
scured. In the calculation the 'G8p?F® state fell near
45216 f; a very small change in the quantum defect of the
LG8p? F° state would make it degenerate with the 45216 f
state and induce a large perturbation of this series. The
5/2 — 7°/2 4s220f line is almost equal in wavelength
to the 3/2 — 5°/2 1G8p?F*° and the 45216 f perturbed
lines and was probably obscured by them. (The !G7p2F°
state perturbs the 4528 f state.)

The difference between calculated and experimental
quantum defects for the 4s2nf series was less than 0.02
for n = 4-15 with the exception of the 3/2 — 5°/2 13f
line which is coincident with the 5/2 — 7°/2 15f line
(probably the experimental error in the quantum defect
of the 3/2 — 5°/2 13f line is 0.01 and the quantum defect
should be 0.14).

B. Table 2 of Garton et al.

Table 2 of Garton et al. presents lines they classified as
arising from the >Dj3 /5 — (3d4s)1an2P:;’/2 (series 3) and
’Ds5;p — (3d4s)lDfnsz;;’/2 (series 4). The resonances
of these two series can be found in Figs. 1 and 2; the
experimental positions of the resonances of series 3 are
marked by long-dashed vertical lines and those of series 4
are marked by dash-dot-dot-dot vertical lines. We agree
that the lines are 'Dnp?L J;; however, we do not agree
with their choice of L and Jy for several of the lines.

The lines that they classify as 2Dz, —! anzP:;’/2
with n = 12 and 13, we classify as 2D3/2 —1 anzDg/z.
We classify the rest of the lines of series 3 as 2D3/2 —

'Dnp® Py, with n = 14-21; the *D3/y — 'Dnp?Pyg),
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lines are much weaker [1]. The lines that they classified
as 2D5/2 — ansz:;’/z with n = 9-13 we classified as
2Ds;3 — 1an2D§/2 forn =9, 12, and 13 and ?D5/, —
ansz;’/z for n = 10 and 11. The n = 9-11 levels of

series 3 were not reported and the n = 8 levels are below
threshold. We agree with their classification for series 4
for n = 14-21.

There is some experimental support for changing the
classification of series 3 and 4 from 2D° to 2P° at n = 14;
the quantum defects of the n = 12 and 13 levels are equal
to 2.000 while the quantum defects of the n = 14 and 15
levels are equal to 1.914. Figure 1 suggests why the 2P°,
2De°, and 2F° states were experimentally labeled as part
of the same series. In the 2P° channel the ! Dnp Rydberg
series is perturbed by the 3P5p state. In the 2D° chan-
nel the !Dnp Rydberg series is perturbed by the 3F8p
state. In the 2F° channel the ! Dnp Rydberg series is per-
turbed by the 3F7p state. Near a perturber the quantum
defect changes rapidly with energy. The Rydberg series
are found experimentally by grouping together lines that
have roughly the same quantum defect. In this heavily
perturbed region of the spectrum, the only way to find
lines with nearly the same quantum defect was to use
lines of different series.

The n = 17 line of series 3 is listed as obscured. In the
calculated spectrum, the 3F8p2D® perturber falls very
near the energy of the unperturbed n = 17 line. It is
a fairly broad and intense line and could have been the
state that obscured the 1D17sz{’/2 line.

The difference in the experimental and calculated
quantum defects for the 2P° lines was less than 0.03. The
differences between experimental and calculated quan-
tum defects for the 2D° and 2F° lines were as large as
0.05; however, these were lines that interacted strongly
with perturbers and so differences of this size are not
surprising.

C. Table 3 of Garton et al.

Table 3 of Garton et al. presents lines they classified
as 2D3/5 — (3d43)ansz1"/2 (series 5). Resonances of
this series are marked on Figs. 1 and 2; the experimental
positions of these resonances are indicated with dash-dot
vertical lines. We agree that these lines arise from the
Jg = 3/2 initial state. In general, we do not agree with
their Ly and Jy label.

We remain uncertain what the classification for the
n = 13 state should be. This wavelength falls very
near our 2D3/2 — 1D13p2P1" , line; however, this is
a broad structure very close to the 3P5p%P° perturber.
The n = 14 and n = 15 lines of this series were not
recorded. We have tentatively labeled the n = 16 line
as 1D16p2D§/2; the label is tentative because the differ-
ence between the experimental and theoretical quantum
defects is ~ 0.07 and the 2D5/2 — 1D18‘132D‘5’/2 line is
much closer in energy but has the wrong J;. We have
chosen the label for the state further away in energy be-
cause that label is consistent with what we have labeled
the rest of the series; also, the 3F8p%?D®° perturber is
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strongly interacting with this state which could cause a
large error in the quantum defect. We have labeled the
n = 18-21 states of series 5 2D3/2 — anpzDg/z.

The n = 17 line of series 5 is listed as obscured, but
probably it was not. The calculated 3F8p2D° state fell
very near the energy of the 'D17p?D° state and per-
turbed it strongly. The 1D17p2D° state is much broader
than the other states of this Rydberg series.

The difference between the experimental and calcu-
lated quantum defects for the n = 13 state was less than
0.02, for the n = 16 state was 0.07, and for the n = 18-
21 states was 0.04. Probably the interaction between
the 3F8p2D° state with the 1Dnp?D° Rydberg series
caused the difference between experimental and theoret-
ical quantum defects to be so large for these states.

The 'Dnp?P° and 2D° states were very close in en-
ergy; the difference between the quantum defects of the
two series was 0.05-0.09. We chose the classification that
preserved the order of the states; the theoretical quan-
tum defect for the 2P° states was slightly smaller than
that for the 2D° states which is why we labeled most
of series 3 2P° and most of series 5 2D°. Finally, the
3 P5p? P° state did not perturb the ! Dnp? P° Rydberg se-
ries as strongly as the 3F8p2D° perturbed the ! Dnp?D°
Rydberg series (this may explain why the difference be-
tween the experimental and theoretical quantum defects
is larger for series 5 than for series 3).

D. Table 4 of Garton et al.

Table 4 of Garton et al
tentatively classified as arising from 2D, 2 =
(3d4s)1an2D§/2’5/2? (series 6) and 2Ds,, —
(3d4s)1an2D§/2,5/2? (series 7).
after the classifications indicate the uncertainty of Gar-
ton et al.) The resonances belonging to these two series
are on Figs. 1 and 2; we marked the positions of these
resonances with short-dashed lines for series 6 and dotted
lines for series 7. We agree with their classification for
Jy. However, we do not agree with the np classification
nor, in general, with their choice of Ly and Jy.

We found that each of these two series consisted of
states from three different symmetries. We also found
that all of these resonances had ! Dnf character. The os-
cillator strength for the !Dn f 2P°, 2D°, and 2F° symme-
tries varied considerably over the range of the two series
which is why we were forced to assign different states
to different symmetries. It is easy to imagine why the
three series were identified experimentally as one series,
in view of the near identity of the three different quan-
tum defects and the changes in the oscillator strength.
In classifying the lines, we considered both the differ-
ence in the quantum defect and the theoretical oscillator
strength of each line. However, our biggest concern was
to minimize the difference between the experimental and
theoretical quantum defects; for our assignments, this
difference was always less than 0.02 and typically ~ 0.01.
‘We emphasized the quantum defect because these states
hardly interact with the other series and they are nf
Rydberg states which should have particularly accurate

presents lines that were

(The question marks
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quantum defects. The oscillator strengths are not deter-
mined as accurately because the direct dipole matrix ele-
ments to these states are small; a small amount of mixing
with a perturber that has a large dipole matrix element
can change the oscillator strength by a large factor even
when the mixing is too small to affect the quantum de-
fect. There is some experimental justification for this
emphasis which is discussed below. The theoretical os-
cillator strengths are presumably less accurate than the
quantum defects.

For series 6, we classified the lines for n = 9, 11-16 as
’D3; —» 'D(n — 2)f2Fg’/2. We classified the n = 10,
17, and 18 lines as 2Dz — 'D(n — 2)f2D§/2. The 9f
state was classified with the help of the spectrum from
the (3d3)§D3/2 excited state [10] because the 'D9f2P°
and 2F° states were nearly degenerate and had roughly
equal oscillator strengths. There is some experimental
evidence that there is a change of symmetry from n = 16
to n = 17. Namely, the quantum defects for the n = 15
and 16 states are 0.100 and 0.097 while the quantum
defects for the n = 17 and 18 states are 0.07. For series
7, our classifications are the same as for series 6 with
Jg = Jg+1and Jy — J¢ + 1. The n = 18 state of series
7 was not reported. The n = 17 state of series 7 is at
exactly the same wavelength as the n = 15 state of series
6. The experimental quantum defect for this state differs
by 0.02 from the quantum defect of the corresponding
state of series 6; we feel that the error in the experimental
quantum defect of the n = 17 state of series 7 must be
~ 0.02.

E. Table 5 of Garton et al.

Table 5 of Garton et al. presents lines they classified as
2D5/2 — 3F3np?L° (series 8). The resonances of this se-
ries are on all of the figures; we marked the experimental
positions of these resonances with solid vertical lines. We
agree with this classification except the 2L° part which
appears not to be meaningful. We find that all of these
lines are of the type 2D5/2 — 3F3np;, J; with a partic-
ular linear combination of j, and with J; = 5/2 or 7/2
or both. The np electron can have j, = 1/2 or 3/2; how-
ever, there is no term in the Hamiltonian used for the
present calculations that directly lifts the degeneracy of
these two levels. In the autoionizing spectrum, the two
levels were very strongly mixed and had nearly equal am-
plitudes. An interesting aspect of the Sc spectrum is that
the oscillator strength was usually much stronger for one
of the lines than for the other.

The difference between the experimental and theoreti-
cal quantum defects was less than 0.02. These lines were
not perturbed by states attached to much higher thresh-
olds which may account for the small errors in the quan-
tum defects. The 3F target state did not need configura-
tion interaction [1] to achieve the same level of accuracy
as the other target states. This suggests that the 3F tar-
get state was more accurate than the (4s3d)'D or the
(452)1S target states that needed a substantial amount
of configuration interaction; we do not expect our model
potential for the 18 inner core electrons to be accurate
enough to exactly produce the correct configuration for
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heavily mixed states.

We were unable to classify the n = 15 state because it
fell too close to three lines of Table 6. The line at 176.217
nm could be the sum of two lines. The 3F,13p7°/2
state is unperturbed and at the correct energy. The
3F413p5°/2 state is perturbed by the (3d2)'D4f2D°
state and we are therefore not as confident that it is at
the correct energy; however, we do not expect the two
states to interact very strongly, therefore the two states
would need to be nearly degenerate to have a large inter-
action. This is why we feel the line is probably the sum
of the 7°/2 and 5°/2 lines.

F. Tables 6 and 7 of Garton et al.

Table 6 of Garton et al. presents lines for which they
were only able to classify J;. The resonances of this table
are on Figs. 3 and 4; we marked the experimental po-
sitions of (the experimentally classified) J, = 3/2 lines
with dash-dot-dot-dot vertical lines and the J, = 5/2
lines with long-dashed vertical lines. We remain unable
to classify 8 of these lines. We disagree with the ex-
perimental classification for only three of the lines (both
columns of the second row and the last row of the second
column, i.e., A = 177.803 nm, 178.338 nm, and 174.117
nm). The difference between experimental and theoreti-
cal quantum defects (calculated as Ay = [Aw (a.u.)]v?)
is less than 0.02 for all of the lines and for most of the
lines Ay ~ 0.01.

Table 7 of Garton et al. presents unclassified lines.
The resonances of this table appear on Figs. 3 and 4;
we marked the experimental positions of these lines with
dotted vertical lines. We can classify all but four of the
lines. The errors in the quantum defects are less than
0.02. Several of the lines of this table near 178 nm were
characterized as wide or very wide. At this energy is
the (3d?)'G5p?F° perturber which is extremely wide (~
20 A) on the scale of the experiment; see Fig. 4. The
interaction of the 3Fnp?F° states with this perturber
gives them a wide or very wide profile.

The two lines at 178.2 and 178.06 nm are very strongly
mixed with this perturber; although the autoionizing res-
onances are at the correct positions they are so broad and
heavily mixed with the perturber that the classifications
are somewhat meaningless and should only be taken as an
indication of which states are being perturbed. The clas-
sification for the line at 174.8774 nm is uncertain because
of the experimental characterization of the line as being
“quite sharp” and having very little oscillator strength.
The theoretical classification is for theoretical lines at the
correct energy; however, they do not have the experimen-
tal character of the observed line. This line is very close
to the (4s2)4f state and it is possible that interactions
with this perturber affect the decay rate and oscillator
strength of the line; this can account for the theoretical
discrepancies.

We have classified all of the lines of Tables 6 and 7 as
Rydberg states attached to the 3F;_ thresholds. Most of
the states have Rydberg electrons with p-wave character
(several have f-wave character). The discussion of the
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theoretical accuracy for the lines of Table 5 of Garton et
al. also applies to the lines of Tables 6 and 7. In fact
nearly half of the lines that we could not classify are very
close to the (3d2)!D4f2D° perturbing state.

It is not surprising that the lines of Tables 6 and 7
were not classified by [2]. These are states attached to
the spin-orbit split 3F;_ thresholds. The Rydberg se-
ries attached to these thresholds interact with each other
strongly, producing highly irregular spectra. The purity
of the lines is accordingly very low in this region; the
classifications give the leading component for each line
no matter how low the purity.

G. Unreported lines

There are several prominent theoretical lines of Figs.
1-4 that do not have a corresponding vertical line; the
vertical lines indicate the reported positions of experi-
mentally observed resonances. This does not mean that
the line was not observed in the experiment. It is clear
from Fig. 5 of the previous paper [1] that all of the ma-
jor features of the theoretical cross section in the range
189.0-185.2 nm are in good agreement (in position and
width) with features of one of the experimental plates.
For example, there are nine lines below the (4s3d)'D
threshold on plate 2 of Garton et al. that are very in-
tense and broad and marked with an F' on the plate. Not
all of the wavelengths for these lines were reported. We
do not feel we can determine the wavelengths of the un-
reported lines from the plates with sufficient accuracy,
therefore we did not mark their positions on the fig-
ures. As examples, two of these lines are at ~ 187.9 nm
and ~ 185.2 nm. These correspond to two intense and
broad features of the theoretical cross section near 187.8
[3/2 — 3°/2 (453d)! D9p? D] and 185.2 nm [3/2 — 3°/2
and 5/2 — 5°/2, both the 3°/2 and 5°/2 final states are
strong mixtures of (4s3d)!D9p?D and (3d%)3F7p®D)]. As
another example, the theoretical cross sections and the
plate show three sharp lines near 185.4 nm, whereas the
positions of only two of the sharp lines were reported.

V. SUMMARY

We have presented the theoretical ground state pho-
toionization spectrum in the energy range from the 3D
to the 3F thresholds, and marked the positions of many
autoionizing levels observed by Garton et al. [2] for com-
parison. From the comparison of theoretical and experi-
mental lines far from perturbers, it appears that the er-
rors in the theoretical, short-ranged scattering parame-
ters are less than ~ 0.03. Near perturbers the errors in
quantum defects can be larger due to the relatively large
errors in the positions of perturbers that are magnified
by their large binding energies.

This work has classified most of the autoionizing lines
observed by Garton et al. [2]. The number of lines that
we were able to classify depended on the accuracy of the
short-ranged scattering parameters; the comparatively
high level of accuracy achieved for the scattering param-
eters was crucial for the classification. We would (prob-
ably) not have been able to classify most of the lines if
the calculated quantum defects had errors greater than
~ 0.06. It may be that the added information on the
shapes and widths of resonances obtained from numeri-
cal cross section data will relax some of the requirements
on the level of accuracy needed for the calculated scat-
tering parameters. However, it should be remembered
that the shapes of autoionizing states depend on inter-
ferences between different channels and therefore the in-
dividual resonances may appear quite differently if the
perturbers are not at the correct energy. The spectra of
most other transition metals will be even more compli-
cated than those presented here; it is only reasonable to
assume that for a sensible theoretical description of these
atoms the calculations will need to maintain the level of
accuracy achieved for Sc. This goal will be more difficult
to reach for open-shell atoms with more d electrons.
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