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Energy levels and oscillator strengths were calculated for
3s-3p and 3p 3d transition arrays in Ti XI, isoelectronic to
Mg I. The energy levels are obtained by the Slater-Condon theory
of atomic structure, including explicitly the strong
configuration interactions. The calculated wavelengths are
presented for electric dipole transition with gf= 0.0001. The
calculated energy levels are given in diagrams, too. The
thecretical spectra are also shown in graphical representation,

where the gf is plotted as a function of the wavelength. The

results are compared with experimental data, where available.
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§ 1. INTRODUCTION

Knowledge of atomic structure in multiply charged ions of
metals is important in the interpretation of spectral data from
high temperature plasma. The allowed An=0, n=2-2 transitions of
252 2p7 -2s2p?! and 2s2p¥!-2p%? types in highly ionized atoms have
been widely studied. The energy level data have been compiled and
published by Fawcett!’ . and the data for oscillator strengths and
the lifetimes are also available®™ . These data are now well
established for the ions with Z= 28. The exception 1is the
f-values for some transitions.

The data, however, on the energy levels of M-shell are not
yet established, Little is known for oscillator strengths®® . The
vavelengths fdr An=0, n=3-3 transitions have been presented by
Fawcett” again.

The Ti XI, a member of Mg I isoelectronic sequence ,have two
electrons outside closed shell, which give rise to singlets and
triplets. This spectrum has been studied first by Edlen® in
1936, and then by Fawcett & Peacock™ , by Favcett!” , by Svensson
% Ekberg'” and by Ekberg'? . Intercombination line, 38s? 'Sy -
3¢3p °P,|, was not observed in the above works. Fkberg'? , however,
extensively investigated Mg I-like spectra from K VIII to Ti XI,
and tentatively identified two intercombination lines in Ca IX.
He gave interpolated values of wavelengths of the
intercombination lines of the other members along the
isoelectronic sequence, using the data on Mg I, Al II, Si III,

S V, Fe XV, and his data on Ca IX. Recently in 1982, Finkenthal
el al.'™ studied the spectra from the TFR tokamak plasma, and

measured the wavelength of the resonance intercombination as
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569.3+ 0.2 A . This observed value was adopted in the present
work to connect singlet and triplet system ,that is, to fix the
floating uncertainty in the triplet systems.

Following the previous work on Ti IX¥ and Ti X', the
atomic structure calculation has been extended to Ti XI, using
again the program developed by Cowan'®'® | The energy levels have
been obtained based on the Slater-Condon theory for 3s?, 3s3p,
3p°, 3s3d and 3p3d configurations, including explicitly the
configuration interactions. The wavelengths and the weighted
oscillator strengths (gf-values) have been calculated for 3s-3p
and 3p—-3d transitions. The results are given both in numerical
tables and in the graphical representations. The calculated
spectra are generated in such that the gf-value is plotted
against wavelength. They will provide a helpful guidance for

finding the missing lines, together with the numerical tables.

§ 2. METHOD OF CALCULATION
The method of calculation used in the present work is the
same as in the previous ones'# ™ | and it is described in some
detail there. The full explanation is given by Bromagem) and
Cowan? . Therefore only a short description is repeated here. The
calculation consists of the following three steps:
(i) calculation of radial integrals, such as Egy, Ff, Gf, <
and R* by the ab initio Hartree—-XR wavefunctions,
(ii) optimization of the above integrals so as to minimize the
discrepancy between the observed and calculated energy

levels,

(iii) calculation of wavelengths and oscillator strengths by



JAERT-M 83-198

569.3+ 0.2 A . This observed value was adopted in the present
work to connect singlet and triplet system ,that is, to fix the
floating uncertainty in the triplet systems.

Following the previous work on Ti IX'Y and Ti X'™, the
atomic structure calculation has been extended to Ti XI, using
again the program developed by Covan!®'® . The energy levels have
been obtained based on the Slater-Condon thecory for 3s?, 3s3p,
3p2, 3s3d and 3p3d configurations, including explicitly the
configuration interactions. The wavelengths and the weighted
oscillator strengths (gf-values) have been calculated for 3s—3p
and 3p—-3d transitions. The results are given both in numerical
tables and in the graphical representations. The calculated
spectra are generated 1n such that the gf-value is plotted
against wavelength. They will provide a helpful guidance for

finding the missing lines, together with the numerical tables.

§ 2. METHOD OF CALCULATION
The method of calculation used in the present work is the
same as in the previous ones'*'™ , and it is described in some
detail there. The full explanation is given by Bromagem) and
Cowan? . Therefore only a short description is repeated here. The
calculation consists of the following three steps:
(i) calculation of radial integrals, such as Ezy. Fl, GF, ¢
and R by the ab initio Hartree-XR wavefunctions,
(ii) optimization of the above integrals so as to minimize the
discrepancy between the observed and calculated energy

levels,

(iii) calculation of wavelengths and oscillator strengths by



JAERI -M 83-198"

adopting the scaled radial integrals obtained in the step
(ii).
The steps (i) and {(ii) were performed separately for the
following two configuration groups according te the parity:
1st parity 3s? (@), 3p? (B) and 3s3d(C)
Znd parity 3s3p (@) and 3p3d(B)
The electric dipole radial integrals were also computed by the
same Hartree-XR wavefunctions, and used in the step (1i1)

calculation.

§ 3. RESULTS

The first step calculation gives the ab initio 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
manageable size by fixing ratio of Fk Gk, ¢ and R in each
integrals® ™ , when necessary. The accuracy of the optimization
was measured by a root mean square deviation (&) and/or a

standard deviation (¢), defined as

A= 1) Eoate (1 )—Eobs (1002 (Ni=NsYY V2 (1)
0= (2 (Eeate (1 )=Eabs (1))7/N1) 2, @)

where Engle (i) and Egpg(i) are i-th calculated and observed
levels, respectively, Ny is the number of observed energy levels

and-Np is the number of adjustable parameters. The following five
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single configuration integrals and configuration interaction
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A= (Y Eeate (i )=Eobs (1))%/ (Ni=N; )Y 12 (1)

0= (3 (Beale (1) Eobs (1 )2/ND V2 @)

where Eqaz1c (i) and FEgpg (i) are i-th calculated and observed
levels, respectively, Ny is the number of observed energy levels

and Np is the number of adjustable parameters. The following five
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xinds of free parameters were used in the optimization:

one average energy Eav
one scale factor for  F*
one scale factor for  GF
one scale factor for ¢

two scale factors for R<.

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

our previous work on Ti x4 and Ti Xieh

3.1. Configurations 3z (@), 3p? (B) and 3s3d{(€) of the first
partly

Two levels of 'S and 'Dy in 3p* configuration, and one
level !Do in 3s3d are known'"'? . The floating uncertainty (x) of
the triplet system was fixed from the observed wavelength of the
resonance intercombinationm). The energy of 8p2 IDg of
408 821x103cm™'  is given in Table V of Ekberg'?, and that of
3p? 'Sy of 482 84x10°cm! is derived from the observed wavelengtih
of 446.69 A for 3s3p 'P; — 3p? 'Sy transition” . The
least-squares optimization cannot be satisfactory, when the above
tvo levels are included at the same time. Therefore, one of them
had to be excluded. We have omitted the l'sy level, because
isoelectronic regularity of the energy level of 'Sy from K VIII

to Fe XV is found poorer than that of !D;. Three singlet and six
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triplet levels corrected by taking r=1.82x10%cm™! , were adopted
in the present calculation. In the least-squares optimization,
the single configuration parameters wvere adjusted first, while Rk
integrals were fixed. Then R¥ integrals were adjusted by keeping
the single configuration parameters fixed. This procedure was
repeated several times. The fitted parameter values are given in
the column "Fitted”, and the ratio of "Fitted” to "HXR". The rms
deviation A 1s O.Ol4x103cm4 ., which gives 0.001% of fotal energy
range of the configurations (G+6+C).

The calculated and ébserved energy levels are listed 1n
Table 2 for the 3s?, 3p2 and 3s3d, together with their
differences ("E(C-0)"), assuming again x=1.82x10%¢cme? . The
agreement is satisfactory. One exception is 3p? 18, which is
excluded in the optimization calculation. The level designation
and its percentage compositions in LS-basis are also given. The
corresponding energy level diagram is shown in Fig.1 for 3p¢ and
3s53d configurations. The percentage compositions are listed from
the largest two contributions in the same configuration and one
from the other when over about 10%. The average LS—purity is as
high as 94%. Hence, the level designation in the column "Term’” 1s
given in LS-coupling notation by the most significant component,
A pair of levels 3p? 'Ds and 3s3d !'Ds are considerably perturbed
with strong mutual configuration interaction: 3p? 2D has a 19%
353d °D character. One can notice that the appreciable mixing
occurs bhetween SPZ and 'Ds levels in 3p° . This singlet—triplet
mixing gives appreciable oscillator strength for some

intercombination transitions, which 1s strictly forbidden 1in pure

LS—coupling.
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3.2. Configurations 3s3p(Q@) and 3p3d(B) of the second partty

The least-squares optimization was performed for the 3s3p ()
and 3p3d{(B8) configurations, in which one singlet and eight
triplet levels were included. The energy of the triplet levels
were fixed relative to ground level, based on the observed
intercombination'®, 3s2 'Sy - 3s3p ®P;. The floating uncertainty
v was estimated as 1.82x10%cm! . The rms deviation A of
0.123x103cm™! was achieved, which yield 0.020% of total energy
level spread of configurations @ and 8. The Hartree—-XR and fitted
parameter values are given in Table 3, together with their
ratios. The calculated energy levels are given in Table 4, along
with the principal percentage compositions 1in LS-—coupling basis.
The observed energy levels are also included for comparison, with
their difference with the calculated one. The average LS—-purity
of 3s3p configuration is close to 100%. It should be noted here
that the °P; level has only a 0.2% 'P, character and consiquently
the oscillator strength for 382 18, - 3s3p 3P, transition is
small as described in 3.3. Energy level diagram‘for 3s3p
configuration is displayed in Fig.Z.

In 3p3d configuration, two levels, 726.12 and 731.77, are
strongly mixed one anothef. Although their LS-purity is a little
higher than 50%, they are labeled as D, and 3Py, respectively,
form their most significant composition. There is a considerable
mixing between 5F, and 'Do levels. This indicates that some
spin—-forbidden transitions from 3p3d to (3s3d + 3p2) galn
appreciable oscillator strenghth, as will be described in 3.3.

The calculated energy levels are displayed graphically in Fig.3.
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3.3. Wavelengths and Oscillator Strengtihs

The reduced electric dipole radial integrals (Table 10} were
obtained from the aob initio Hatree—XR wavefunction, and used in
the third step calculation without scaling. The calculated
wavelengths and the gf-values for 3s? — 3s3p, 3s? - 3p3d, 3s3p -
3p° and 3s3p - 8s3d transition arrays are listed in Table 5, and
those for 3s3p — 3s53d in Table 6, and 3p2 — 3p3d 1in Table 7,
respectively. In Tables 5-7, the observed wavelengthé are
included for comparison, with the difference between the
calculated and observed ones. The agreement of the calculated
vavelengths with the observed ones is excellent. In Table 5, the
calculated gf~values are also given, together with the values
derived by Wiese and Fuhr® for comparison. The agreement is
again good. Table 5 shows that the difference between the
calculated and observed wavelengths is less than 0.1 A for all
the components of P — 3P and 'P — 'D in 3s3p - 3p? transition.
Therefore, the accuracy of the calculated wavelength for two
intercombinations, P, — !Dy and *P; — !'Ds, is reliable in the
same degree as for the allowed transitions described above. These
two lines have fairly large gf-value, so that they are likely to
be observed at the predicted position within =+ 0.1A . For a line
of 'P1 — ISo in 3s3p - 3p2 transition, the calculated wavelength
differs from the observed one” by 8.39A . This is exceptionally
large compared with other members, because of the fact that
3p? ]So was excluded in the least squares optimization of the
energy level calculation. As 1is noted in 3.2, the isocelectronic

regularity in energy level of 3p? IS@ 1s poorer than that of
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other levels. Therefore, we conclude that there are two vays,
whereby the identification is completed in this spectrum. First,
this line should be examined again along the isoelectronic
sequence. Next, if this transition is confirmed as 1t is now, the
model used in the present calculation has to be modified.

The total number of possible electric dipole transitions
among the configurations considered in the present work 1s shown
in Table 8, arranged in decreasing order of wavelengﬂh. The
listed transitions are limited for gf= 0.0001. Three lines at
316.987 A , 259.448 A and 124.940 A given 1in Table 2 of ref.1l1
are tentatively assigned, and shown with a dagsger. The
theoretical spectrum was generated from Table 8, and displayed 1in
Fig.4, where the gf-values are plotted inla logarithmic scale as
a function of wavelength. Twelve lines above 560 A and one line
below 240 A were excluded. Two line rich regions, 308 - 328 A
and 424 - 444 A are shown in Figures 5 and 6, respectively, with
wavelength scale belng expanded ten times as large as in Fig.4.
Three Figures 5-7 provide a helpful guidance for identification
of missing lines by direct comparison with a recorded
spectrogram.

Comparison of the present gf-value with that of Wiese and
Fuhr, listed in Table 5, 1is graphically displyed in Fig.7, where
Yog (gf dyr ~108 (0f dpresent 1S Plotted against 10g{(gf Jpresent - The
log (gfw is the data of Wiese and Fuhr® . The are between two
dashed lines shows agreement within + 20%.

In Table 9, the calculated lifetimes for the excited
configurations are tabulated. Most of the levels have lifetimes

of the order of 0.01 nsec, while 3s3p 3P32 are metastable. It
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should be noted that 3s3p *P; level has such a long lifetime of
104 nsec that this level is collisionally destroyed before it
decays by radiative transition. This indicates that the resonance
intercombination is hardly observed from the ordinary light
source, where electron density is usually high. Table 9 may

provide practical help for the future beam-foil lifetime

measurement .

§ 4, DISCUSSION

The average LS—-purity of the first excited configuration of
3s3p is close to 100%, as shown in Table 4. On the cther hand,
the LS—-purity of the levels of 3p3d configuration ranges from HH%
to 100%, and the average is 76%. The purity varies from level to
level in one configuration, and a few level has heavy admixtures
from another configuration. In 3p® configuration., the LS-purity
of 3Py and ®P; is almost 100%, while that of *Pz is 91%. This
gives the reasonable explanation for a difference of the
gf—~values between the present intermediate calculation and
LS multiplet” one® , for 3s3p 3p; - 3p? 3P, transition in
Table 5. The gf-value of the lines originating from J=0 and 2
shows good agreement, while that from J=0 does not. That is, a
part of the oscillator strength for the latter transition 1is
transfered to other transitions.

In Tables 6 and 7, one can notice that several lines with
fairly large gf-value are not yet observed. Some of them are thus
expected to be found in the recorded spectrogram. The present
calculation, especially the calculated spectra shown in Figures

4-6, may provide helpful guidance for finding these missing
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lines, although in many cases 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 1s subject to strong
configuration interaction, are less accurate. However, the
relative gf-values are fairly reliable, because the dipole
integrals have a very little influence on them. Wiese and Fuhr®
noted that the gf-values in their table need to be replaced by
intermediate coupling data. The present calculation meets to this
need. The transition probability situation in Ti XI is thus
improved. The absolute gf-values can be determined only after the
lifetimes are measured. In this context, Table 9 may be helpful
for practical purpose of lifetime measurement .

The compilation of spectroscopic data on Ti V - Ti XXII has
recently been updated by Mori2* . The energy levels, wavelengths,
oscillator strengths and/or transition probabilities are given
both in numerical tables and in Grotorian diagram. The relevant
source references are also attached. A series of our works on
Ti IX', Ti X and Ti XI of the present can be partly a
extension of ref.24. In this report we present not only
comparison of the calculated and the observed data with some
discussions, but also the whole possible energy levels and
transitions including predicted wavelengths and gf-values. Thus
we conclude that those transitions in ref.24 which are
conflicting with the present calculation need to be checked

further, in order to obtain complete knowledge of atomic
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structure of Ti ions.

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. The present
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ADDENDA

Present calculation of Ti XI was carried out as an extension
of the previous work on Ti IX and Ti X. After the completion of
the present work, Fawcett ( 1,2) published the same calculation on
Ti XI. While we were concentrated on Ti, he presented systematic
calculations of Al-like ions from Cl V to Ni XVI and Mg-like ions
from S V to Ni XVII. The present results are in agreement with
ref. [ 2) . However, when compared with the observed data, the
present results show better agreement. We present here the
wavelengths and gf-values for forbidden lines in addition to that

for allowved ones. The graphical representations are also

diaplayed.

( 1] B.C. Fawcett: "Calculated oscillator strenghts and
wvavelengths for allowed transitions within the third shell
for ions in the Al-like isoelectronic sequence between Cl V
and Ni XVI”, Atomic Data and Nuclear Data Tables 28 (1883)
5b7-578.

2] B.C. Fawcett: "Calculated oscillator strenghts and
wavelengths for allowed transitions within the third shell
for ions in the Mg-like isoelectronic sequence between SV

and Ni XVII", Atomic Data and Nuclear Data Tables 28 {1883)

578-5986.
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Table | Parameter values (in 10%cm™ ) for 352, 3p? and 3s3d

configurations in Ti XI. Ratio is defined as Fitted/HXR.

Parameters Hartree-XR Fitted Ratio C.I.
Eay(3s?) 0.000 5.761 ——-——
Eay(3p%) 418,845 426,543 1.026
F? (3p,3p) 114,529 106.339 0.928
¢(3p) 5.9086 5.465 0.925
E,y(3s,3d) 499.026 508.228 1.018
¢(3d) 0.510 0.324 0.635
G% (3s,3d) 102.792 79.923 0.778
R' (ss,pp) 149,888 G1.144 0.608 3s? * 3p?
R' (pp,sd) 137.304 121.144 0.882 3p? * 3s3d
A 0.014*
U 0.C0o7

*Number of free parameter is 7.

Table 2 Calculated and observed energy levels (in 10%em”! ) for 3s?, 8p°

and 3s3d configurations.

Conf Term J E(calc} E{obs) E{C-0)* Percentage Compositicn
3s? 's 0 0.00 0.000 0.00 g9%
3p? 3p 2 420.60  418.775+zx° 0.00 91%, 7% 'D
3Sp 1 414.06  412.226+z° 0.00 100%
3p 0 410.54  408.712+x° 0.01 99%
'D 2 408.82  408.821° 0.00 70%, 9% 3P, 19% 8s3d 'D
lg 0 487.13 482.84 ° 4. 29t 98%
3s3d 3D 3 500.56  498.728+1° 0.01 100%
3p 2 300.07  488.238+1° 0.01 100%
3p ot 499.75  497.918+1° 0.01 100%
'D 2 584.60 564.604° 0.00 79%, 21% 3p® 'D

*When assumed uncertainty r=1.82.
¢Fkberg (1971}, ref.12).

bFawcett (1971), ref.7).
cFinkental et al. (1982), ref.13).
tSee text.



Table 3 Parameter values {(in 10%cm™

configurations in Ti XI.

JAERI-M £3-198

'y for 3s3p and 3p3d

Ratio is defined as Fitted/HXR.

Parameters Hartree-XR Fitted Ratio C.I.
Egy (353p) 188.448 202,381 1.074
¢ (3p) 5.948 5.472 0.921
' (3s,3p) 150.513 134.398 0.893
Eay{3p3d) 710,766 722457 1.018
¢(3p) 5.920 5.307 0,896
¢ (ad) 0.510 Q.372 0.730
F2 (3p,3d) 114.431 120,939 1.057
G' {(3p,3d) 131.324 129.496 0.986
G* (3p,3d) 85,476 84,286 0.986
R (sp,pd)} 137.9578 110,061 0.800 3s3p * 3p3d
R? (sp,pd} 104,998 84,000 0.B00 3s3p * 3p3d
A 9.123"
a 0.041

* Number of free parameter is 7.

Table 4 Calculated and observed energy levels {(in 108 em™

3s3p and 3p3d configurations in Ti XI.

L'y for

Conf Term J E{calc) E{obs} E(C-0)* % Composition
3s3p P 2 181.27 . 179.473+x% 0.02 100%
3P 1 175.85  173.827+z° 0.00 100%
175, 65¢ 0.00
3p 0 173.08  171.274+x° 0.00 100%
'p 1 268.97 258.973° 0.00 a98%
3p3d F 4 691.81 690.08+x> —-0,07 100%
3F 3 B87.59 685.66+1" 0.11 100%
3F 2 BB3.76 682.00+x® -0.08 89%, 11% 'D
3p 3 730.43 728.84+x* -0.03 100%
3p 2 728.17 724.35+x° 0.00 55%, 45% 3P
ID 1 7es.2d 82%, 18% 3p
3p 2 731.77 55%, 45% 3D
3p 732.07 82%, 18% 3D
ip o 732.14 100%
'F 3  794.88 100%
'p 2 692.51 89%, 10% 3F
'p 1 800.30 98%

*When assumed uncertainty x=1,82.
abegsee footnote in Table 2.
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Table 5 Calculated and observed wavelengths for 352 - 3s3p, 3s?
— 3p3d, 3s3p - 3p? and 3s3p - 3s3d transition arrays in Ti XI,

with calculated weighted oscillator strengths.

Transition Wavelength (in A )

[
}
[

Conf Term Cale Obs c-0 gf af*

3s? -3s3p !'S-'P 0-1 386.140 386.140° 0.00 1.0245 0.96
lg-3p 0-1 569.325 569.3° 0.00 0.0014
3s2 -3p3d 'S-'P 0-1 124.953 124.940¢" 0.013 0.0085
3s3p—3p? 3p.3p o_2  417.837 417.85° -0.01 1.1458 1.30
3p.3p 1-2  408.240 408.28> -0.04 0.3787 0.42
3p.8p 21  429.594 429.60° -0.01  0.4098  0.4!
3p3p 11 A19. 456 419.45° 0.01 0.2519 0.25
3p3p 0-1 415.012 415.07° -0.08 0.3402 0.34
3p_3p  1-0  425.723 425.74® -0.02 0.3305 0.33
lp_lp 1-2 667.342 667.12° 0.12 0.3284 0.39
lp_1ls 1-Q0 438.300 446.69*" (8.839) 0.3334 0.39
3p_lp 2-2  439.486 0.1134
Sp-lD 1-2  428.8862 0.0521
Ip_lg {-0 8321.047 0.0012
'p3p 1-2 B18.709 0.0412
bp3p 11 B44.840 0.0003
l'p3p 1-0 B59.771 0.0007
3s3p-3s3d 3P-3D 2-3 313.197 313,229* -0.032 1.6558 1.75
3p3p 2-2  313.876 313.710% -0.034 0.2958 0.32
3p.3p 1-2 B308.236 308.250° -0.014 0.8010 0.96
Ip3p 2-1 313.993 314.03 * 0.0197 0.022
3p.3p 1% 308.543 308.5682 —0.025 0.3001 0.33
3p-3D 0-1 306.132 306.144° -0.012 0.4041 0.43
lp_'Dp 1-2 327.191 327.192° -0.00! 2.3913 2.40
'p3p 1-2  414.767 0.0009
tp3p  1-1 415.322 0.0005
3p_lp p2-2 260.870 0.0002
3p_ip 1-2  257.096 0.0043

@Fkberg (1971), ref.12). cFinkenthal et al. (1971),ref.13).
bFawcett (1971),ref.7). dgyensson and Ekberg (1969),ref.11).
*Wiese and Fuhr (1975), ref.6).

tsee text.
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Table B Calculated and observed wavelengths for 3s3d - 3p3d

transition in Ti XI, with calculated weighted oscillator

strengths.

Transition

Wavelength (in A )

Conf-Conf Term—-Term J-J Calc Obs Cc-0 af
3s3d-3p3d *DUF 3-4 522.877 522.66° 0.22 1.3041
3p3F 3-3 534.673 0.1470
3p3F 2-3 533.282 533.55" -0.27 0.8460
3p3F  3-2 545 . 847 0.0025
3p3F 22 544 .397 0.1165
SpSF 1-2 543.444 543.23* 0.21 0.5050
Sp-*D  3-3 435.033 434,940 0.09 1.0364
3p-3D 2-3 434.112 0.1818
3p3D 3-2 443 .236 0.7808
3p-3p e-2 442.280 0.0897
3p-3p 1-2 441.650 0.0539
ip—3p 2-1 442 .217 0.3629
3p-3D 1-1 441 .588 0.1625
Sp=3p 3-2 432.516 0.1851
3Ip3p e-2 431.608 0.6422
3p3p 1-2 431.008 0.1155
ipp 21 431.038 0.2080
SD-*P 141 430.440 0.3790
ip-dp 1-0 430.307 0.2000
I D-+ 2-3 434 687 2.9565
'p-ip 2-2 781.813 0.1331
Ip-'p  2-1 424,282 0.8690
D3 F 2-3 813.105 0.0013
'p-3 2-2 839.230 0.0143
'D-2D 2-3 603.054 0.0011
I'p3p 2-2 618.832 0.0008
'p-3p 2-1 618.809 0.00186
lp3p 2-2 598.229 0.0001
Sp-i 3-3 340.026 C.0026
Sp-iF  2-3 339. 462 0.0007
3p-ip  3-2 520.962 0.0086
3p-1 2-2 519.641 0.0125
3p-'p 1-2 518.772 0.0604
3p-'p  2-1 333.083 0.0014
Sip-'p 1-1 332.726 0.0004

bFawcett (1971),ref.7).
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Table 7 Calculated and observed vavelengths for 3p? - 3p3d

transition in Ti XI, with calculated weighted oscillator

strengths.
Transition Wavelength (in A )

Conf-Conf Term—-Term J-J Calc Obs C-0 af

ap? -8p3d SP-’F 2-3 374.545 0.0051
Ip3F 2-2 379.994 - 0.0059
ip3F 1-2 . 370.766 0.0008
3p3p 2-3 322 760 322.7%° 0.21 2.3410
3p3p e-2 327.253 0.0225
3p-2p 1-2 320 .386 1.5603
3p3p 21 327.219 0.0046
Sp3D 1-1 320.3563 0.1978
3p3p  O-t 316,791 0.8695
3pl3p  2-2 321.372 1 .2609
3p3p 1-2 314,747 0.1569
ip3p 2-1 321,057 0.2982
3p3p  1-1 314,445 0.4855
Sp3p  0-1 311.013 G.0135
3p-3p 1-0 314.374 0.2472
'p-tF  2-3 259,178 1.2829
ip-'p 2-2 352,495 1.0810
Ip-tp 2-1 255, 443 0.0072
fs-lp 0-1 319.315 1.0351
Sp_iF. 2-3 2B7.340 0.1573
3p.lp  2-2 367.764 0.08865
Sp-I'p 1-2 359.1156 0.0071
ip_lp 21 263,367 0.0010
ip-tp 1-1 258.901 0.0004
Sp_lp 0-1 256.570 0.0032
iptF  2-3 358.719 0.0029
'p-3F 2-2 363.715 0.1295
Ip-8p 2-3 310.939 0.2912
Ip-3p 2-2 315.107 0.0017
'p-3p  2-1 315,075 0.0003
's3Dp  0-1 418.272 0.0011
'p3p  2-2 309.6561 0.1049
ip=*p 2-1 309.358 0.0314

bFaycett (1971),ref.7).
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Table 8 Calculated wavelengths for transitions between (3s® + 3p°
+ 3s3d) and (3s3p + 3p3d) configurations with gf-value. Arranged

in order of decreasing wavelength,

Transitin Wavelength{ A )
———————————————————————————————————————————————————— af

No Energy{(10%cm™! ) Conf Term J-J Calc Obs

1 564.604-683.761 3s3d-3p3d !D-’F 2-2 8839.230 0.0143
2 B64.604-687.590 B3s3d-3p3d 'D-F 2-3 813.105 0.0013
3 BB4.604-B892.512 3s3d-3p3d 'D-'D 2-2 781.813 0.1331
4 ©258.972-408.820 3s3p-3p2 !'P-'D 1-2 667.342 667.12° 0.3284
5 258.972-410.540 3s3p-3p2 !P-*P 1-0 659.771 0.0007
6 ©258.972-414.049 3s3p-3p¢ 'P2P 1-1 844.840 0.0003
7 5B64.604-726.173 3s3d-3p3d !D-*D 2-2 618.932 0.0008
8 BB4.604-726.205 S83s53d-3p3d 'D-D 2-1 B18.809 0.0016
9 258.072-420.599 83s3p-3p2 P3P 1-2 618,709 0.0412
10 564.604-730.427 B8s3d-3p3d !'D-3D 2-3 603.054 0.0011
11 564.604-731.764 3s3d-3p3d !'D-°P 2-2 598.229 0.0001
12 -0.001-175.645 3s®> -3s3p !S-2P 0-1 569.325 669.3° 0.0014
13 500.5590-683.761 3s53d-3p3d °D-2F 3-2 545.847 0.0025
14 500.072-683.761 3s3d-3p3d *D-°F 2-2 544,397 0.1185
15 499.749-883.761 3s3d-3p3d 3D-3F 1-2 543,444 543.23" 0.5050
16 500.559-687.590 3s3d-3p3d SD-°F 3-3 534.673 0.1470
17 500 072-887.590 3s3d-3p3d *D-3F 2-3 533.282 533.55° 0.8460
18 500.559-691.809 3s3d-3p3d 3D-3F 3-4 522.877 522.668° 1.3041
19 500.559-6092.512 3s3d-3p3d *D-'D 3-2 520.962 0.00886
20 500.072-692.512 3s3d-3p3d *D-'D 2-2 519.641 0.0125
21  499.749-692.512 3s3d-3p3d *D-'D 1-2 518.772 0.0604
22 BOO.559-726.173 8s3d-3p3d *D-'D 3-2 443.236 0.7606
23 B00.0T72-726.173 3s3d-3p3d *D-3D 2-2 442.280 0.0897
24 500.072-726.205 3s3d-3p3d *D-°D 2-1 442.217 0.3629
o5 499.749-726.173 3s3d-3p3d DD 1-2 441.650 0.0539
o8  499.749-726.205 3s3d-3p3d 3D-3D 1-1 441.588 0.1625
27 181.271-408.820 3s3p-3p° P-'D 2-2 439.466 0.1134
o8 258.972-487.126 3s3p-3p2 !P-'S 1-0 438.300 446.69"" 0.3334
59  B0O.559-730.427 3s3d-3p3d 3D-3D 3-3 435.083 434.94% 1.0364
30 584.804-794.655 3s53d-3p3d 'D-'F 2-3 434.687 2.9565
31 500.072-730.427 83s3d-3p3d 3D-°D 2-3 434.112 0.1818
32 500.559-731.764 3s3d-3p3d 3D-*P 3-2 432.516 0.1851
33 500.072-731.764 3s3d-3p3d D3P 2-2 431.606 0.6422
34 500.072-732.070 8s3d-3p3d D3P 2-1 431.038 0.2080
35 4Q99.749-731.764 - 3s3d-3p3d D3P 1-2 431.006 0.1155
36 499.749-732.070 3s3d-3p3d 3D-3P {-1 430.440 0.3790
37 A99.749-732.141 3s3d-3p3d 3D-3P 1-0 430.307 0.2000
38 181.271-414.049 83s3p-3p? SP-3P 2-1 429.584 429.60° 0.4098
38 175.645-408.820 3s3p-3p° *P-'D 1-2 428.882 0.0521
40 175.645-410.540 3s3p-3p? P3P 1-0 425.723 425.74® 0.3305
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Table 8 Continued

41 ©564.604-800.297 3s3d-3p3d 'D-1P 2-1 424.282 0.8880
42 175.645-414,049 3s3p-3p? 3p.3p 1-1 419.456 419.45° 0.2519
43 487.126-726.205 3p° —-3p3d !s-2D 0-1 418.272 0.0011
44 181 .271-420.599 3s3p-3p? SpP-3P 2-2 417.837 417 .85 1.1458
A5 258 072-499.749 8s3p-3s3d !P-3D 1-1 415.322 0.0005%
46 173.093-414.049 3s3p-3p2 S3pP-3p 0-1 415.012 415.07° 0.3402
47 958 972-500.072 B3s3p-3s3d 'P- D 1-2 414,767 0.0008
418 175.B45-420.599 3s3p-3p? 3P-3P 1-2 408.240 408, 28° 0.3787
49  -0.001-258.972 3s° -3s3p !S-'P 0-1 386.140 386.140°% 1.0245
50 420.599-683.761 3p® —3p3d 3p 3p 22 379.8%4 0.0058
51 420.599-687.590 3p° -3p3d 3p3F 2-3 374.545 0.0051
o A414.049-683.761 3p¢ -3p3d 3p3F 1-2 8370.766 0.0009
53 420.509-692.512 3p? -3p3d *P-'D 2-2 367.764 0.0865
51 408 .820-683.761 3p? -3p3d !D-3F 2-2 363.715 0.1285
55 414.049 892,512 3p° -3p3d 3p_lp 1—2 359.1156 0.0071
56 408.820-687.590 3p? -3p3d !D-°F 2-3 358.719 0.0029
57 408.820-692.512 3p’ -3p3d DD 2-2 352,495 1.0810
58 500 .559-794.655 B3s3d-3p3d *D-'F 3-3 340,028 0.0026
53 500.072-794.655 3s3d-3p3d 3D-'F 2-3 339.462 0.0007
60 500.072-800.297 3s3d-3p3d *D-'P 2-1 333.083 0.0014
61 499.749-800.297 3s3d-3p3d 3p-1p 1-1 332.726 0.0004
62  420.599-726.173 3p° -3p3d Ip3p -2 327.253 0.0225
63 420.599-726.205 3p° -3p3d 3p.3p 2-1 327.218 0.0046
64 P58.972-564.604 3s3p-3s3d ip-ip 1-2 327.191 327.192* 2.3913
65 420.599-730.427 3p° -3p3d 3p_3p 2-3 322.760 322.75° 2.3410
66 420.599-731.764 3p° -3p3d Ip3p -2 321.372 1.26089
67 420.599-732.070 3p® -3p3d 3ip3p 2-1 321.057 0.2992
68 175.645-487.1268 3s3p-3p° 3p.lg 1-0 321.047 0.0012
B9 414.049-726.173 3p? -3p3d SP-*D 1-2 320.386 1.5603
70 A14.049-726.2056 S5p° —3p3d 3p3p 1-1 320.353 0.1978
71  487.126-800.297 3p° -3p3d lgtp 0-1 319.315 1.0351
70 410.540-726.205 8p® -3p3d 3p.3p 0-1 316.791 316.9874" 0.8695
73 408.820-726.173 3p® -3p3d I'p-*Dp 2-2 315,107 0.0017
74 408.820-726.205 3p° -3p3d tp-3p 2-1 B15.075 0.0003
75 414.049-731.784 3p° —3p3d 3p3p 1-2 314.747 0.1569
76 414.049-732.070 8p? —3p3d 3p3p 1-1 314.445 0.4655
77 A14.049-732.141 3p® —3p3d 3p.3p 1-0 314.374 0.2472
78 181.271-499.748 3s3p-3s3d 3p.3p 2-1 313.9893 0.0197
79 181.271-500.072 3s3p-3s3d 3p_3p 2-2 313.676 313,710¢ 0.2958
80 181.271-500.559 3s3p-3s3d 3p_3p 2-3 313.197 313.228¢ 1.6558
81 410.540-732.070 3p? -3p3d 3p3p 0-1 311.013 0.013%
82  408.820-730.427 8p° -3p3d I'p-83D 2-3 310.939 0.2912
83 408.820-731.764 3p®> —-3p3d Ip-3p 2-2 309.651 0.1049
84 408.820-732.070 3p® —3p3d ID-3P 2-1 309.358 0.0314
85 175.645-499.749 3s3p-3s3d 3p_3p 1-1 308.543 308.588° 0.300!
86 175.645 500.072 3s3p-3s3d 3p-3p {-2 308.236 308.250° 0.8010
87 173.093-499.748 3s3p-3s3d 3p-3p 0-1 306.132 306.144° 0.4041
88  420.599-794.655 3p® ~3p3d 3p_lF 2.3 267.340 0.1573
89 420 599-800.297 3p? -3p3d *P-'P 2-1 263.367 0.0010
22 260.870 0.0002

90 181.271-564.604 3s3p-3s3d *P-'D
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Table 8 Continued

91 408.820-794.655 3s3d-3p3d !D-'F 2-3 259,178 259.4484" 1.2829
92 414.049-800.297 3p2 -3p3d 3P-'P 1-1 258.901 0.0004
93 175.645-564.604 3s3p-3s3d 3P-!'D 1-2 257.0896 0.0043
94 410.540-800.297 3p° -3p3d *P-'P 0-1 256.570 0.0032
95 408.820-800.297 B3p° -3p3d 'D-'P 2-1 255.443 0.0072
98 -0.001-800.297 3s2 -3p3d 'S-'P 0-1 124.953 124.9404 0.0085

dFkberg (1971}, ref.12).

bFawceltt (1971), ref.7}.

¢Finkenthal (1982), ref.13).
dSvengson and Ekberg (1969), ref.I1).
*See text for detail.
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Table 9§ Calculated lifetimes (in nsec) for levels of the

excited configurations in Ti XI.

Conf Term J Energy Lifetime*
3p? 3p 2 420.80 8.86(-2)
-3p 1 414.05 7.99¢(-2)
3p 0 410.54 8.22(-2)
'D 2 408.82 4.66(-1)
's 0 487.03 8.58(-2)
3s3d 3D 3 500. 56 6.22(-2)
3D 2 500.07 6.00(-2)
3p 1. 499.75 5.87(-2)
'D 2 564 .60 3.35(-2)
333p 3p 2 181.27 e
3p 1 175.65 1.04(+2)
3p 0 173.09 _——
I'p 1 258,97 6.55(-2)
3p3d 3F 4 691.81 2.83(-1)
3R 3 687.58 2.96(-1)
3F 2 B583.76 2.37(-1)
D 3 730.43 3.28(-2)
3D 2 726,17 3.74(=-2)
3D 1 726.21 3.37(-2)
3p 2 731.76 3.76(-2)
3Sp 1 732,07 4.00(-2)
3p 0 732.14 4.18(-2)
iR 3 794 .66 2.84(-2)
'D 2 692.51 7.56(-2)
I'p 1 800.30 2.86(-2)

*Figures in parentheses are the power of 10 by which
the preceding number should be multiplied.

Table 10 Calculated reduced electric dipole radial

integrals (in atomic units) in Ti XI.

Transition Reduced El integral

3s® . — 8s3p (3s:R1:3p)= 0.8651
3s3p - 3p? (3s:R1:3p)=-0.8651
- 3s3d (3p:R1:3d)=-1.1504

3p? ~ 3p3d . (3p:R1:3d)= 1.1534
3s3d - 3pa3d (3s:R1:3p)= 0.8651
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Fig.5 Calculated partial line pattern in the range from 308 to

324 A with expanded wavelength scale.
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Fig.6 Calculated partial line pattern in the range from 428 to

444 A with expanded wavelenght scale.
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The are between two dashed lines indicates agreement within +20%.



