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( 3s — 3p and 3p -~ 3d transitions in Ti X.)
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Energy levels and oscillator strengths are calculated for
3s-3p and 3p-3d transition arrays in Ti X, isoelectronic to Al I.
The energy levels are obtained by the Slater-Condon theory of
atomic stfucture, including explicitly the stroug configuration
interactions. The results are presented both in numerical tables
and in diagrams. In the tables, the observed data are included
for comparison, where available. The calculated weighted
oscillator strengths (gf-value) are also displayed in figures,
where the weighted oscillator strengths are plotted as a function

of wavelength.
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§ 1. INTRODUCTION

Knowledge of atomic structure in multiply charged ions,
particularly of the structural material of the interior of .the
fusion devices, is important in the interpretation of spectral
data from high temperature plasmas. The allowed An=0, n=2-2
transitions have been widely studied. The existing data have been
compiled and published for the energy levels and the transition
vavelengths” , and for the oscillator strengths®® . Theoretical
ca;culations are now available*® , too. However, data on the
An=0, n=3-3 transitions in M-shell are scarcer than those in
[.-shell, in spite of that the possible An=0 transitions in
M-shell are much more abundant than those in L-shell.

The Ti ¥, a member of Al I-isoelectronic sequence has been
studied by Edlénm in 1936, by Fawcett and Peacock” , by Svensson
and Ekberg® , by Ekberg and Svensson” and by Fawcett!®? . Smitt et
al. ¥ have improved the accuracy of the previous measurements by
examining ciosely the recorded spectrograms again and by stiudying
the intervals in the ground configuration 3823p along the
isoelectronic sequence. The configurations dealt with in the
above all works are 3s¢3p, 3s3p? and 3s3p3d. In 1971, Fawcett
presented an extensive tabulation of wavelengths and
classification for transitions in M-shell'® .

Following the previous work on Ti IX'¥ |, the calculated
energy levels of the lowver lying seven of the nine possible
configurations of the general type 3s* 3p?3d" (k+g+r=3) in Ti X,
and the wavelengths and the oscillator strenghts for the electric

dipole transitions among them are presented. The calculated

energy levels and wavelengths are listed and compared with the
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observed ones, where available. The present gf-values are
compared with other calculations, too. The calculated energy
levels are also illustrated in diagrams. The calculated gf-values
are plotted as a function of wavelength as wvell. The plotted line
pattern may provide the helpful guidance to identify the missing
lines. No experimental data are available at present for

oscillatoer strengths and lifetimes,

§ 2. METHGD OF CALCULATION

The method of calculation used in the present work is the
same as in the previous work on Ti IX'® . Thus, only a brief
description is given here., It consists of three steps. The first
step is to calculate the radial integral values of the average
energy of the configuration (Egy), the Slater radial integral
(F¥, Gy, the spin-orbit integrals ({) and the configuration
interaction integrals (R ) by using the ab initio Hartree—XR

wavefunctionsMJ5).

The second step involves the adjustment of the radial
parameters (Egy, F¥, G, ¢ and R*) by means of the least-squares
optimization in order to minimize the differences between the
computed and the observed energy levels. Strong configuration
interactions are included explicitly.

The third step is to calculate the wavelengths and the
weighted oscillator strengths (gf-values) for the electric dipole
transitions between the configurations considered above. The
programs used in the second and the third steps are also
originally developed by Cowan'4'6) A full explanation of this

semi—empirical procedure is described by Wybournew), Bromage'®
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observed ones, where available. The present gf-values are
compared with other calculations, too. The calculated energy
levels are also illustrated in diagrams. The calculated gf-values
are plotted as a function of wavelength as well. The plotted line
pattern may provide the helpful guidance to identify the missing
lines. No experimental data are available at present for

oscillator strengths and lifetimes,
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and Cowan'¥ |

The configurations considered in the present work are

grouped into the following two sets according to the parity:

First 3s23p(G) + B3p° (B) + S3s3pld ()

Second Bs3p? (@) + 3s23d(B) + B3p?3d(C) + 3s3d? (D).

The seven of the possible nine configurations of the general
type 3s3p93d" (k+q+r=3) are considered and the configuration
interactions in each parity are explicitly included in the
present calculation. The remaining two configurations are

excluded for being lying too highly.

§ 3. RESULTS

The first step calculation gives the ab 1nttio values of the
single configuration integrals and configuration interaction
integrals as shown in the second column "HXR" of Tables 1t and 3.
In the second step calculation, the optimization was reduced to
manageable size by fixing ratio of Fc, gk, ¢ and R in each

integrals?®?2  The accuracy of the optimization was measured by

the following quantities defined as

A= (D, Eeale (1 )=Eobs (1 302/ (Ni=N) 1 2, (1)

0= () (Ecate (1 )—Eaps (1))2/N) 12, 2)

where Eog10(1) and Egpg (i) are i-th calculated and observed



JAERI-M 83-164

and Cowan'¥ |

The configurations considered in the present work are

grouped intoc the following two sets according to the parity:

First 3s?3p (@) + B3p° (B) + S3s3p3d(C)

Second B3s3p% (@) + 3s23d(B) + Bp23d{(C) + 3s3d? (D).

The seven of the possible nine configurations of the general
type 3s3p33d" (k+9+r=3) are considered and the configuration
interactions in each parity are explicitly included in the
present calculation. The remalining two configurations are

excluded for being lying too highly.

§ 3. RESULTS
The first step calculation gives the ab i1nittio values of the
single configuration integrals and configuration interaction
integrals as shown in the second column "HXR" of Tables 1 and 3.
In the second step calculation, the optimization was reduced to
k

manageable size by fixing ratio of F*, G, ¢ and R* in each

integrals? 22  The accuracy of the optimization was measured by

the following quantities defined as

A= (3 (Eeqte (1 )=Eobs (1 ))2/ (N\=Np) 1 V2, (1)

i

0= 1) (Eeate (1 )—Eobs (1 ))2/N 12, @)

where Fog10(1) and Egpg(i) are i—-th calculated and observed
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levels, respectively, Ny is the number of observed energy levels
and Np is the number of adjustable parameters. The following five

kinds of free parameters were used in the optimization:

one average energy Eav
one scale factor for Fk
one scale factor for G
one scale factor for ¢

two scale factors for RF.

The reduced electric dipole radial integrals obtained
from the same ab initio HXR wavefunctions were utilized in the
- third step calculation combined with the second step results. In
the following Tables and Figures, we closely maintain the format

of our previocus work on Ti X193,

3.1 Configurations 3s¢3p (), 3p3 (B) and 3s3p3d (@) of the first
parity

Two “P levels of ground configuration 3s?23p are well
established!” . On the other hand, no doublet levels have been
observed in 3p° and 3s3p3d configuraticons. One s level of 3p°
and three *D levels of 3s3p3d have reasonably‘been determined by
extrapolation® along isoelectronic sequence, where the some
energy levels of quartet terms reletive to ground doublet are
known for Al I to Ar VI. The absolute position of quartet terms
in Ti X, thus, may have some uncertainty. because of the nature
of extrapolation. Accordingly, the least—squares—fit calculation

was performed for the second parity configuratin at first,
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whereby the uncertainty 1 was estimated as described below. Then,
taking the x into accounti, the optimization procedure was applied
to the first parity configuration, in which the adjustable .

parameters are grouped into the following two sets:

{13 Egqy{Q), Eay(B) and Eav“g)»
(2y  F, G and ¢y

When parameters in one set were adjusted, those in the other were
fixed. Two R were always fixed to the scaled values by the
factor determined in 3.2. The optimization was repeated
successively. The fitted parameter values are given in the column
- "Fitted”, and the ratio of "Fitted’ to "HXR® in Table 1. Whereas
the difference between "Fitted” and "HXR" is given for E,y. The
std deviation o is 0.068x10%cm™! , which gives 0.011% of total
energy range of the configurations (G+B+C).

The calculated and observed energy levels are listed in
Table 2 for the 3s23p, 3p® and 3s3p3d, fogether with their
differences {("C-0"). The level desighations and its percentage
compositions in LS-basis are also given. The corresponding energy
level dagram 1is shovwn in Fig.l. The percentage compositions are
listed from the largest two contributions in the same
configuration and one from the other when over about 10%. Table 2
shows that the average LS—purity is 76%. The level designation in
the column "Term” 1s given by the most significant component,
except a few levels, e.g. 504.341 and 501.782 levels in
configuration €. Although their LS-purity is less than 50%, they

are labeled as 4DU2 and ¢PV2, respectivly., by considering the
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smooth grouping of levels as shown in Fig.1. One can notice that
there are several levels whose LS-purity is a little over 50%.
Two pairs of (3p° 2P , 3s3p3d 2p) and (3p® 2D , 3s3p3d D) are
considerably perturbed with strong mutual configuration
interaction. For example, 3p° 2D has a 30% 3s3p3d 2D character.
One can notice further that the appreciable mixing occurs only
among the levels with the same multiplicity. This makes it

difficult to cause the intercombination transitions.

3.2 Configurations 3s3p? (@), 3s23d(®), 3p?>3d(C) and B3s3d* (D) of
the second parity

The least-squares optimization was performed for the
3s3p? (@) and 3s?3d(®) configurations, in which seven observed
doublet levels are included. Three observed levels of quartet
terms are excluded because of uncertainty in their absolute
value. The rms deviation A of 0.076x10°cm™ was achieved, when
assumed the uncertainty x=400 cm™! . This yields to 0.041% of
total energy level spread of configurations @ and ®&. The
Hartree—XR and fitted values are givén in Table 3, together with
their ratios. The calculated energy levels are given 1in Tabie 4,
along with the principal percentage compositions in LS-coupling
basis. The average LS—purity is as high as 93%. The 2D in one
configuration, however, has a 12% other configuration character.
The observed energy levels are also included for comparison. The
difference between the calculated and the observed energy levels
are given, assuming x=400 cem™! . The calculated energy levels are
displayed graphically in Fig.Z2.

The energy levels of 3p23d(€), and 3s3d? (D) configurations
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are obtained by adopting the scaled parameters shown below
"adopted” in Table 3. The results are given numerically in Table
5, and are illustrated in Fig.3. None of the level listed in

Table B has been observed thus far,

3.3 VWavelengths and Oscillator Strengths

The reduced electric dipole radial integrals were obtained
from the ab initio Hatree—-XR wavefunction (Table 12), and used in
the third step calculation without scaling. The calculated
wavelengths and the gf-values for 3s23p — 3s3p° and 3s°3p — 3s® 3d
transition arrays are listed in Table 8, and those for
3s3p? - 3p® and 3s3p? - 3s3p3d in Table 7, respectively. In both
Tables, the observed wavelengths are included for comparison,
with the difference between the calculated and observed ones. The
agreement of the calculated wavelengths with the observed ones is
excellent. The difference is only 0.06% at the worst.

The intercombination transitions are listed in Tables 8 and
9, along with estimated gf-value, Table 8 contains the
spin-forbidden multiplet 3s?3p 2P - 3s3p® *P. This multiplet has
been ocbsgerved for Al I to Ar VI along the isoelectronic sequence,
and utilized‘to fix the quartet position in Ti X by
extrapolation® . The present calculation shows that the gf-value
is smaller than 0.005 for Ti X. Table 9 gives another
spin-forbidden transitions between excited configurations. The
calculated gf-value is again so small that the lines are hardly
observed.

The total number of possible electric dipocle transitions

among the configurations considered in the present work reaches
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483, even when limited for gf=z 0.005. In Table 10, the
transitions from highest lying two configurations, 1.e. 3p¢3d and
333d%, are excluded. This is because that these highly excited
levels are in many cases less populated. The lines marked with #
are tentative assignment, whose wavelength was taken from Table 2
of Svensson and Ekberg® . The theoretical spectrum was generated
from Table 10, and shown in Fig.4, where the gf-values are
plotted in a logarithmic scale as a function of wavelength.
Fleven lines above B520A were excluded. A line rich region from
288 to 308A is enlarged and shown in Fig.5. Both Figures provide
a helpful guidance for identification of missing lines by direct
comparison with a recorded spectrogram. All the energy levels

" belonging to 3s3p® and 3s23d configurations are known. On the
other hand, only a few quartet levels of 3p® and 3s3p3d have been
observed. The absolute values of calculated energy level of the
latter two configurations may still contain uncertainty to some
extent at present, although they are determind here consistently
with the established doublet system in the second parity
configuration. However, a small change of Egy's has no
significant influence on the relative positions of the levels and
it just shifts them up or down slightly as a whole. The same is
true for the wavelength. Consequently the line patterns in Fig.4
and 5 do not change their general feature either.

In Table 11, the calculated lifetimes for the excited
configurations are tabulated. One can see that most of the levels
has lifetimes of the order of 0.01 to 0.1 nsec and a few quartet
levels are metastable. The data for 3s3p? and 3s? 3d

configurations may especially provide practical help for the
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future beam—foll lifetime measurement.

§ 4. DISCUSSION

The average LS-purity of the first excited configuration of
3s3p? is as high as 94%, as shown in Table 4. On the other hand,
the LS—-purity of the levels of 3p3 and 3s3p3d configurations in
the first parity ranges from 38% to 100%, and the average is 76%.
The purities vary from level to level in one configuration, and
some of them have heavy admixtures from different configurations.

As is seen in Table 8, all the lines are ohserved, and they
are in good agreement with the calculated ones. Thus, the
classification for 3s?3p -~ 3s3p? and 3s®°3p - 3s°3d transitions is
- egsentially established.

For 3s3p? - 3s3p3d transition (Table 7.), two lines with
fairly large gf-value are not yet observed. The present
calculation may provide helpful guidance for finding these
missing linés, together with the calculated spectrum shown in
Fig.4 and 5. No line due to 3s23d - 3s3p3d has been observed so
far. Some of the transition have gf-value larger than 1.00, as 1is
seen in Table 10. They are thus expected to be observed.

Figures 4 and 5 may be useful when compared with the recorded
spectrograms, although the apparent line intensity is dependent
on conditions of a light source.

The radial energy integrals were adjusted from their ab
initio Hartree—XR values, while the radial electric dipole
integrals were not. Therefore., the gf-values of transition
between levels, of which at least one is subject to strong

configuration interaction, are less accurate. However, the
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future beam—foil lifetime measurement.
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missing linés, together with the calculated spectrum shown 1in
Fig.4 and 5. No line due to 3s23d - 3s3p3d has been observed so
far. Some of the transition have g¢gf—value larger than 1.00, as 1is
seen in Table 10. They are thus expected to be observed.

Figures 4 and 5 may be useful when compared with the recorded
spectrograms, although the apparent line intensity is dependent
on conditions of a light source.

The radial energy integrals were adjusted from their ab
initio Hartree—XR values, while the radial electric dipole
integrals were not. Therefore, the gf-values of transition
between levels, of which at least one is subject to strong

configuration interaction, are less accurate. However, the
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relative gf-values are fairly reliable, because the dipole
integrals have a very little influence on them. The absoclute
gf-values can be determined oniy after the lifetimes are
measured. In this context, Table 9 may be helpful for practical

purpose of lifetime measurement.

The author would like to express his sincere thanks to
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Dr. Jan O. Ekberg for his kindest help to make MT copies of the
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thanks to Drs. K. Ozawa, Y. Nakai and T. Shirai of Japan Atomic
Energy Research Institute for their valuable comments and for
their arrangement of the publication of the report. Thanks are
also due to the members at the Data Processing Center of Kyoto

University for their help in the computation by use of the FACOM

M—380 computer.

_107



1)

2)

3)

4)

5)

6)

D

JAERI-M 83-164

REFERENCES

B.C. Fawcett:. "Wavelengths and classifications of emission
lines due to 2s22p"—232p”*'1 and 232p””—2p“+2 transitions,
7= 28", Atomic Data and Nuclear Data Tables 16 {(1975)
135-164.

M.W. Smith and W.L. Wiese: "Graphical representations of

systematic trends of atomic oscillator strengths along

iscelectronic segquences and new oscillator strengths derived

by interpolation”, Astrophys. J. Suppl. Ser. 186 (1971)

103-192.

K. Ishii: “Systematic trends of oscillator strengths and
lifetimes for An=0, n=2-2 transitions in multiply charged
ions along isoelectronic sequence’, U.S.-Japan Seminar on
Plasma Spectroscopy, Kyoto {(1279) p.bD4.

B.C. Fawcett: "Theoretical oscillator strengths for

2s22p" ~2s2p™! and 2s2p™' -2p™? transitions and for 2s’2p"
"forbidden” transitions, Be I, B I, C I, NI, O1I series,
7= 28", Atomic Data and Nuclear Data Tables 22 (1978)
473-489.

K.T. Cheng, Y.-K. Kim and J.P. Desclaux: "Electric dipole,
quadrupole, and magnetic dipole transition probabilities of
ions iséelectronic te the first-row atoms, Li through F7,
Atomic Data and Nuclear Data Tables 24 (1979) 111-189.

B. Edlen: "Mg I-ahnlich Spektren der Elementen Titan bis
Cobalt, Ti XI, V XII, Cr XIII, Mn XIV, Fe XV und Co XVI",
Z. Physik 103 (1936) 536-541.

B.C. Fawcett and N.J. Peacock: "Highly ionized spectra of the

transition elements”, Proc. Phys. Soc. 81 (18967) 873-975.



8)

10)

1)

12)

13)

14}

15)

16)

JAERI-M 83-1¢64

L..A . Svensson and J.0, Ekberg: "Titanium vacuum-spark
spectrum from 50 to 425 A 7, Ark. Fys. 40 (1868) 14b-163.
J.0. Ekberg and L.A . Svensson: "Analyses of the XUV spectra
of K, Ca, Sc and Ti isoelectronic with P I, Si I and Al I7,
Physica Scripta 2 (1970) 283-297.

B.C. Fawcett: "Classification of the lower energy levels of
highly ionized transition elements’, J. Phys. B3 (1970)
1732-1741.

R. Smitt, L.A . Svensson and M. Outled: "An experimental
study of 3s?3p"-3s3p™' in the C1 I, S I, Si I and Al I
isoelectonic sequences”, Physica Scripta 13 (1976) £293-307.
B C. Fawcett: "Wavelengths and classifications of emission
lines due to 8523p"—833pn+l BSSp”'—SSZBpW*Sd and other n=3-3
transitions”, Report ARU-R4, Culham laboratory. UK (1971).
K Ishii: "Atomic structure calculation of energy levels and
oscillator strengths in Ti ion. (I. 3s - 3p and 3p - 3d
transitions in Ti IX)", JAERI-M 83-155 (Report of Japan
Atomic Energy Research Institute, 1883).

R.D. Cowan: "Atomic self—consistentrfield calculations using
statistical approximations for exchange and correlation’,
Phys. Rev. 183 (1967) 54-61.

R.D. Cowan and D.C. Griffin: “Approximate relativistic
corrections to atomic radial wavefunctions”, J. Opt. Soc. Am.
66 (1976) 1010-1014.

R.D. Cowan: ’"Theoretical calculation of atomic spectra using
digital computers”, J. Opt. Soc. Am, D8 {(1968) 808-818, and
“Theoretical study of p”-p"’'L spectra’, ibid. 58 (1968)

924-933.

_12__



17)

18

19

20

21)

22 )

23)

JAERI-M 83-184

B.G. Wybourne: Spectroscopic Properties of Rare Earths (John
Wiley & Sons, New York, 1965).

G.E. Bromage: "The Cowan-Zealot-Suite of computer programs
for atomic structure’, Repeort AL-R-3, Appleton Laboratory, UK
(1878 ).

R.D. Cowan: The Theory of Atomic Structure and Specira {(Univ,
Calif. Press, Berkley, 1981).

G.E. Bromage, R.D. Cowap and B.C. Fawvcett: "Enefgy levels and
oscillator strengths for 3s?3p"—3s23p"!3d transitions of Fe X
and Fe XI", Physica Scripta 15 {18977) 177-182.

G.E. Bromage, R.D. Cowan and B.C. Fawcett: "Atomic structure
calculations involving optimization of radial integrals:
Fnergy levels and oscillator strengths for Fe XII and Fe XIII
3p—3d and 3s-3p transitions”™, Mon. Not. R. astr. Soc. 183
(1978) 18-28.

G.E. Bromage: "Atomic structure calculations: Energy levels
and oscillator strengths for 3s-3p and 3p-3d transitions 1n
nickel! XII to XV and vanadium VII to X spectra’, Astron.
Astrophys. Suppl. Ser. 41 (1980) 79-83.

W.LL. Wiese and J.R. Fuhr: "Atomic transition probabilities
for scandium and titanium (A c¢ritical data compilation of

allowed lines)”, J. Phys. Chem. Ref. Data 4 (1975) 263-352.



Table 1

configurations. (6):8828p (&):3p3 {€):383p3d
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Energy parameter values for the first parity

Cl

Parameter HXR Fitted Fitted/HXR*
Eav () 0.000 12.347 (+12.347)

¢ (3p) 5.597 5.091 0.910
Eav (®) 447 .906 458 245 (+10.339)

¥2 (3p,8p) 112.048 100.1860 0.894

¢ (8p) 5.572 . 5.088 0.910
Eav (C) 514.0086 527 .687 (+13.681)

¢ (3p) 5.572 5.014 0.910

¢(3d) 0.481 0.298 0.650

F2 (3p,3d) 111.3863 99 .547 0.894

@' (3s,3p) 147.465 128.523 0.872

G2 (3s,3d) 101.362 88.347 0.872

Gl (3p,3d) 129.381 112.768 0.872

¢ (3p,3d) 83.642 72.902 0.872
R' (ss,pp) 147.183 88.298 0.600 =B
R' (sp,pd) 135,443 81.266 0.600 AxC
R? (sp,pd) 103.8389 62.033 0.800 AxC
R! (sd,pp) 135.271 120,391 0.880 ®xC

0.068

g

*VYalues in parentheses are (Fitted)-(HXR).
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Table 2 Calculated and observed energy levels of SSZSP(G),

3p° (B) and 3s3p3d(€C) configurations in the Ist parity.

Fnergy {(in 10%cm™ )

———————————————————————————— Percentage
Term J Cale. Obs. c-0* Composition
3s23p (@)
Zp 1/2  0.000 0.000¢ 0.000 99%
3/2 T7.542 7.5432 —0.001 99%
3p3 (B) .
‘g 3/2  421.626 421.188+z® -0.000 98%
) 5/2  411.073 689%, 30% C(P)2D
3/2  410.054 68%, 30% C(P)YD
Zp 3/2  458.466 77%, 16% C(3P)P
1/2  458.109 80%, 15% C(*P)EP
383p3d (&)
GPYF 9/2  470.8567 100%
7/2  467.602 100%
5/2  465.399 100%
3/2 463.875 100%

3PY¥D 7/2 505.595 505.266+x> -0.109 100%
5,2 505.553 505.134+x% -0.019 81%, 19%(P)'P
3/2 505.079 B04.516+x° 0.125 61%, 39%203PyP
1/2  504.341 36%, B4% (PP P

(Pyp bB/2 499.214 79%, 19%2(CPyD
3/2 500.585 81%, 38%CP¥D
1/2 501.792 36%, BA% G PYD
BPYF T7/2 549.900 71%, 29%('P)Y2F
5/2  B44.049 70%, 29%('PYF
(*P)2D bB/2 B22.720 52%, 29%('PYD
17% B °D
3/2 522,742 52%, 29%(1P22D
18% ® °D
GpYp 3/2 588.510 83%, 15% @ 2P
1/2  580.438 83%, 13% & 2P
(VPY2F 7/2  800.832 70%, 29%( P)¢F
5/2  602.056 70%, 29% (°P)YEF
('PY2D B/2 622.859 69%, 18%(3P£2D
13% ® “D
3/2 B22.312 53%, 20% (1 P)2P
104 & D
('PY¥P 3/2 619.200 74%, 16%('PY¥D
1/2  619.502 01%, 7% ® °P

“8mitt ef al.(1976), ref. 11).
®Fkberg and Svensson (1970), ref. 9).
*When assumed uncertainty x=0.438.
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Table 3 FEnergy parameter values for the second parity

configurations. (@):3s3p? (6):3s?3d (€):3p?3d (D):3s3d?

Parameter HXR Fitted Fitted/HXR* CI
Eav (@) 203.635 219.929 (+16.294)

F2 (3p,3p) 112,081 104.815 0.936

¢ (3p) 5.572 5.184 0.913

G' (3s,3p) 147.325 128.398 0.872
Fav (8) 328.577 336.169 ( +7.592)

¢(3d) 0.461 0.269 0.584

A 0.075
Adopted

Eav (@) 740 .354 740 .354 ( +0.000)

F2 (3p,3p) 111.894 104.719 0.936

¢ (3p) 5.551 5. 165 0.930

C(3d) 0.461 0.269 0.584

F2 (3p,3d) 111.108 103.984 0.936

¢! (3p,8d) 129.2186 112.616 0.872

G (3p,3d) 83.451 72,730 0.872
Fav (D) 836.598 836,598 ( +0.000)

F2 (3d,3d) 116.662 108.183 0.936
F*(3d,3d) 75.070 70.257 0.930

¢(3dy 0.457 0.2686 0.584

G (3s,3d) 100.944 87.976 0.872
R' (pp.sd) 135,242 120,365 0.890 A®
R! (sp,pd> 135.271 81.163 0.600 A#C
R? (sp,pd) 103.182 61.909 0.600 @xeC
R! (pp,dd) 128.9086 77 .344 0.600 @D
R? (pp,dd) 83.181 49.909 0.600 axD
R! (ss,pp) 146.981 88.189 0.600 BxC
R? (sd,dd) 104 .060 82,436 C.600 ®:+D
kU (sd,pp) 135,020 120.168 0. 890 4D

*Values in parentheses are (Fitted)-(HXR).
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Table 4 Calculated and observed energy levels of 353p2(ﬁ) and

3s23d(8) configurations in the 2nd parity.

Energy (in 10%cm™ )

———————————————————————————— Percentage
Term J Calc. Obs. c-0* Composition
3s3p? (@)
ip  5/2 185.189 164.784+x¢ 0.025 99%
3/2 181.075 160.855+z% 0.020 100%
1,/2 158.2068 157.850+x% -0.044 99%
2p B2  212.550 212.598° —0.048 87%, 12% ® 2D
3/2 212.098 212.0486% 0.052 87%, 12% ® 2D
2p  3/2 285.231 285.217° 0.014 a8%
1/2  281.030 281.0448° ~-0.014 92%, 6% °S
S 1/2 264 .458 264,487 ~0.009 93%, 6% 2p
3s?3d (®)
2D bB/2 345.875 345.856° 0.019 87%, 12% @ 2D
3/2  345.331 345.329° 0.002 B7%, 12% @ 2D

“Spitt et al. (1978), ref.11).
bEkberg and Svensson (1970), ref.9).
*When assumed uncertainty x=0.400.
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Table 5 Calculated energy levels of 3p?3d(€) and 3s3d® (D)

configuration in the 2nd parity. Energy in 10%ecm™' .

Term J Energy Percentage Compositin

3p°3d (@)
GPYF 8/2 885.1561 99%
7/2  682.353 97%
5/2  B90.059 8%
3/2 B88.395 98%
GPY'D 7/2  T07.849 96%
5/2 705,828 Q7%
3/2  T705.338 92%
1/2 706,854 53%, 29% (PYP, 15% (ID)*P
GBPYP B/2  T741.257 58%, 31% ('D)2D
3/2  T41.485 79%, 15% (!D)?D
1/2 741,791 98%
(3PYF 7/2 T789.539 75%, 11% (ID)*F, 14% D 2F
5/2  787.566 72%, 13% (!D)2F
(*P)*D 5/2  828.647 58%, 39% ('S)?D
3/2  831.737 57%, 42% (!S)*D
(3PP 3/2 B98.335 59%, 28% (!D)p
1/2  701.837 34%, 47% (PY'D, 17% ('D)°P
(dpy2e  9s2  725.530 88%, 11% D G
7/2  724.840 89%, 11% D “Q

(!D*F 7/2 683.638 64%, 22% (BPYF, 12% 9 °F
5/2  680.824 64%, 24% (3P)2F, 12% D 2F
(!DY2D B/2 738.513 44%, 42% (3pPyp
3/2 738.275 59%, 19% (CPYP, 10% D *D
(ipY2P 3/2  764.889 40%, 31% (PP, 19% D 2P
1/2  7B2.849 A3%, 35% (3P)2P, 20% D 2P

11% D ¢85
34% (3PY2D
34% (*P)2D

(iD)2s 1/2 774.414 87%
(!s)y2p b5/2 T778.899 53%
3/2  T73.422 47%

. e e e w e

3s3d° (D)
‘R 9,/2  805.837 100%
7/2 805,439 160%
5/2  805.127 100%
3/2  804.905 100%
ip 5/2  827.999 100%
3/2 827.777 100%
1/2  827.636 100%

X ¢! 9/2 8866.628 89%, 11% €('D)%G
7/2  866.570 89%, 11% (! D)2Q
R 7/2  900.996 74%, 22% C('D)F
5/2  900.778 73%, 21% C(ID)F
2D 5/2  8B2.825H 83%, 17% (' DD
3/2 862.768 82%, 16% C('D)*D
Zp 3/2  926.437 73%, 26% C('D)°P

1/2 925.814 74%, 26% C('D)°P
Zg 1/2  914.1783 88%, t11% €(1D)?S




oscillator strengths for 3sZ23p (@) - 3s83p® (@) and

JAERI-M B3-164

3s28p (@) — 3s?3d(®) transitions.

Table 8 Calculated and observed wavelengths with weighted

Transition

Wavelength (in A )

Term-Term J — J Calc. Obs. C-0 af gf*
3s23p — 8s3p?
2p - 2p 83/2-5/2  487.788 487.654° 0.132 0.2746 0.182
. 3/2-3/2  488.882 488.971¢ -0.109 0.0155 0.020
1/2-3/2  471.479 471.574° -0.085 0.1774 0.105
2p - 2p 3/2-3/2 860.115 360.133® -0.018 1.8573
1/2-3/2 350.593 350.610° -0.017 0.3822
3/2-1/2 365.646 365.628° 0.018 0.5191
1/2-1/2 355.833 8355.815% 0.018 0.5510
2p _ 2g 3/2-1/2 8389.231 389.237° -0.008 0.1200
1/2-1/2 378.131 378.135¢ —0.004 0.3272
3s23p - 3s23d
2p - 2p 3/2-5/2 295.586 295.684% -0.018 2.4279 2.869
3/2-3/2 £96.043 296.04 * 0.00 0.2998 0.30
1/2-3/2 289.577 289.578® —-0.002 1.3514 1.58
aSmitt et al. (1976), ref.11).
bSvensson and Ekberg (1970), ref.9).
¢Fawcett (1971), ref.12).
*Wiese and Fuhr (1975), ref.23).
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Table 7 Calculated and observed wavelengths with weighted
oscillator strengths for a particular transition of

3s3p2 4P - 3p® %S and 3s3p° ‘P - 3s3p3d ‘D.

Trannsition Wavelength (in A )

Term—Term J - J Calc. Obs. C-0 agf

3s3p¢ - 3p°

¢p-tg 5/2-3/2 389.958 389.99° -0.03 1.0869
4p-tsg 3/2-3/2 383.802 383.93° -0.13 0.7385
4p_tsg 2/2 3/2  379.622 379.74° -0.12  0.3727
3s3p? - 3s3p3d
tp_(3pyD B/e-T/2 293.767 293.684° 0.083 3.2027
tp_(3pyp 5/2-5/2 293.803 293.798" 0.005 1.4298
4p_(3pyD 3/2-B5/2 280.294 280.294° 0.000 0.7972
dp_(3p)tp B/2-3/2 294.213 0.3875
tp-(3pytD 3,/2-3/2 290.695 290.815° -0.120 0.9032
fp—3pP)YD 1,/2-3/2 288.290 288.462° -0.172 0.0664
tp_(3pyp 3s/2-1/2 281.320 0.5199
tp-PY'D 1/2-1/2 288,905 0.0742

abc gee footnote in Table 8.
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Table 8 Calculated wavelengths (in A ) of intercombination
resonance multiplet 3s23p ?P° — 3s3p? *P. The gf-value is

smaller than 0.005 for all components.

Term J - Wavelength
2p4p 3/2-5/2 634 .33
3/2-3/2 651.33
1/2-3/2 620,83
3/2-1/2 663.73
1/2-1/2 632.09

Table 8 Calculated wavelengths (in A ) of intercombination

transitions 38s3p? — 3p° and 3s3p® - 3s3p3d, with ¢f= 0.005.

Transition Term—-Term J - J Wavelength af
3s3p? - 3p° tp - 2p 3/2-3/2 336 . 258 0.0088
353p® - 3s3p3d D - *D 5/2-7/2 341.244 0.0087

Zp — 4P 5/2-5/2 348 .840 0.0150
ip - 4g 3,/2-5/2 276.514 0.0093
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Table 11 Calculated lifetimes (in nsec) of levels in the

excited configurations,

Conf Term J Energy Lifetime*

3s3p? ‘P 5/2 165.189 -
3/2 161.075
/2 158.2086

Zp 5/2 212.550 7.80(-1)

3/2 212.098 6.95(-1)

Zp 3/2. 285,231 3.44 (-2)

1/2 281,030 3.684(-2)

23 1/2 264.458 9.73(-2)

3s¢ 3d Zn 5/2 345.875 3.24(-2)
3/2 345,331 3.07(-2)

3p3 4g 3/2 421.626 4.07(-2)
D 5/2 411.073 4.29(-1)

3/2 410.054 4.32(-1)

2p 3/2 4b8.466 1.08(-1)

1/2 458.108 1.068(-1)

3s3p3d GBPYF 8/2 470.567 S
7/2  467.602 1.65(+1)
5/2 465.399 —_—
3/2 463.875 —
CPY¥D 7/2 505.585 3.23¢(
5/2 505.553 3.46
3/2 505.079 3.76
1/2 504.341 4,27
CPYP B/2 499.214 4,99
3/2 500.585 4.31
1/2 501.792 3.72
(PYF 7/2 549.900 6.79
5/2 544.049 7.09 (-
3pPy¥p bBs2 bB22.720 3.73
3/0 522.742 3.73
3PP 3/2 588.510 2.83 (-
1/2 590.438 3.01
('PYeF 7/2 600.832 2.59(—
5/2 602.056 2. 54 (-
(PY¥D bB/2 622.859 1.83(—
3/2 622.312 1,70 (-
('PY2pP  3/2 619.200 2.07(-
t/2 619.502 2.14 (-

;

f
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Table 11 Continued

Conf Term J Energy Lifetime®

62 (-2)
72 (-2)
.82(-2)
.94 (-2)
7T (-2)
.89(-2)
AT(-2)
27(-2)
.B3(-2)
27(-2)
.10¢-2)
24(-2)
24(-2)
.01 (-2)
.01 (-2)

3p? 3d BPYF 9/2 895,151
7/2 692.353

5/2 690.059

3/2 €88.395

GPyD  7T/2 T07.849
5/2 T05.8286

3/2 705.338

1/2 706.854

BPyp 5B/2 T41.257
3/2 T41.485

1/2 741.791

(3PYF 7/2 789.539
‘ 5/2 T87.566
(3PYD B/2 828.847
3/2 831.737

(PP 3/2 698.335
1/2 701.837

9

9

g

g

8

8

8

7

2

2

2

2

2

2

2

6.

7.
('D)2@ 9/2 7T725.530 3.13(-1)
7/2 724,840 3.08(-1)
(IDY¥F 7/2 683.838 2.54(-1)
5/2 680.824 2.86(—1)
('D)y¥D 5B/2 736.513 2.75(-2)
3/2 7T738.275 3.00(-2)
('DYP 3/2 764.889 3.99(-2)
1/2 762.8489 3.87(-2)
('Dy2s 1/2 T74.414 4.10(-2)
(!sy¥p B/2 778.899 7.23(-2)
3/2 773.422 6.66(-2)
3s3d? bR g/2 805.837 2.82(-2)
7/2 805.4389 2.78(~2)
5/2 805.127 2.74(-2)
3,/2 804.905 2.72(-2)
ip 5/2 B27.999 2.32(-2)
3/2 827.777 2.29(-2)
i 1/2 827.636 . 29(-2)
2@ 9/2 866.628 3,43(-2)
7/2 866.570 3.47(-2)
iF 7/2  800.996 1.80(-2)
5/2 ©00.778 1.77(-2)
Zp 5/2 862.825 1.96(-2)
3,/2 862.768 1.96(-2)
Zp 3/2 926.437 1.368(-2)
1/2 925.814 i.35(-2)
25 1/2 914.173 1.68(-2)

*Figures in parentheses are the pover of 10 by vhich
the preceding number should be multiplied.
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Table 12 Calculated reduced electric dipole radial

integrals (in atomic units).

Transition Reduced E!1 integral
3s23p - 3s3p? (3s:R1:3p)= 0.8851
- 3s%3d (3p:R1:3d)= 1.1908

3s3p? -~ 3p’ (3s:R1:3p)=-0.8838
_ 3s3p3d (8p:R1:3d)=-1.1933

3s23d — 3s3p3d (3s:R1:3p)=-0.8853
3p? - 3p?3d (3p:R1:3d)= 1.1831
3s3p3d - 3p°3d (3s:R1:3p)= 0.8851
- 3s3d° (3p:R1:3d)= 1.1973
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Fig.3 Calculated energy level diagram of 3p?3d(€) and 3s%3d(D)

configurations of the second parity.
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