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Spectra from laser-produced plasmas of Ca, Sc, Ti, V, Cr, and Mn have been recorded in the
grazing-incidence region, and the transition arrays 3s-4p, 3p-4s, 3p-4d, and 3d-4f of the neonlike
ions have been identified. The measured wavelengths together with the previously observed 3-3
transitions have been used for deriving energy levels of the 25s*2p>3/ and 2s*2p 4] configurations.
The term structure has been analyzed by means of ab initio and parametric calculations and
isoelectronic relations. Coupling conditions have been studied and eigenvectors have been derived.
Significant perturbations caused by the 252 p®nl configurations have been investigated.

I. INTRODUCTION

The 2p°3s, 3p, and 3d configurations of highly charged
ions in the neonlike isoelectronic sequence have been the
object of several investigations during recent years. The
interest in these ions has to a great extent been stimulated
by the possibility of obtaining laser action in certain 3s-3p
lines in the extreme ultraviolet region!? and by the identi-
fications of 3s-3p and 3p-3d lines of Fe XVII in solar-flare
spectra.>* Thus 35-3p and 3p-3d transitions in the region
200—700 A have been identified in CaXI—MnXVI in
spectra emitted from laser-produced plasmas,”~’ and in
Tixi, Crxv, and FeXvII in beam-foil experiments.8—1°
The level structure of these configurations was analyzed
by means of Slater-Condon theory in CaXi, TiXxIiI, and
FexviL,>® and the derived scaling factors for the Slater

parameters could be used for predictions of the level
structure and transition wavelengths. Several ab initio
studies of these configurations have also been pub-
lished.!!—14

In the present work transitions between the 2p°37 and
2p°>41 configurations in neonlike Ca XI—Mn XVI have been
identified in spectra from laser-produced plasmas. Identi-
fications of the strongest lines of 3-4 transition arrays

- have previously been reported by Fawcett et al.,' but

that investigation appears to have been hampered by a low
spectral resolution and by the lack of information on the
2p331 structure. The strongest 3p-4d lines were also ob-
served by Kastner et al.!® All observed 3-3 and 3-4 tran-
sitions have now been used for deriving energy levels of
the 2p>31 and 2p°41 configurations. As a result all the
levels of 3s, 3p, 3d, 4d, and 4f in Ca XI—Mn XVI are now

TABLE I. Measured wavelengths of 2p°3p-2p34s transitions in the NeI sequence.

CaXI . ScXII . Ti X111 . Crxv Mn XVI
I A (A) I A (A) I A (A) I A (A) I A (A)
3p (D3 le4s(3,7) 70428
3p (314 (3,70 4 70728
3p (33 14s (3,70 10 71.845
3p (33145 (7,7 Do 1 71.975
3p(HN 3145 (5,5 ), 1 129.140 1 109.876 5 72.157
3p(3N 315453, 4 ) 3 129.191 1 110.030 2 94.788 20 72.511 5 64.224
3p(H 3145 (5,3 1 72.692
3p(PIF1i-4s (5,3 5 72.849
3p() 3 hr4s (3,7 2 72.941
3p(5li-4s (5,1 1 7297
3P4 (33 3 73286
3p(3) 2145 (3,50 1 112.076 1 96.429 5 73.627 2 65.153
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TABLE II. Measured wavelengths of 2p>3s-2p°4p transitions in the NeI sequence.
CaX1l . Sc XI1I . Ti X111 . V XIv . CrXxv . Mn XVI
I AA) 1T A& 1 AR I AA) I A (A) I A(A)

3s(3, 74P (371 2 57715
3s(3, )40 (N3 ]s 10 98422 4  85.163 2 74.108 3 65.330 10 58.008 3 51.847
3s(5,7)-4p (3L 3 58107
3s(3, Hh-4p ()3 ~

27 P [f]‘ 10 58350 2 52.147
3s(5,3)4p (3351 )
3s(3,2)-4p($)[3], 10 98908 = 2  85.456 1 65571 2 58194 2 51.999
3s(3, L)ap (331, 58.555 52.344
3s(3,7)-4p ()7 ] I 58469

known, or predictable with high accuracy. Concerning 4s
and 4p, a number of levels are still missing in certain ions.
This is due to the low intensity of the 3s-4p and 3p-4s
transitions, and the irregularities in the isoelectronic
trends of wave numbers and energy levels caused by per-
turbations from the core-excited 252p°31 configurations.

II. EXPERIMENT

The spectra of highly ionized calcium, scandium, titani-
um, vanadium, chromium, and manganese were emitted
from plasmas produced by focusing a Nd-glass pulsed
laser beam with a power of 1 GW and pulse width of 15
ns onto solid metal targets. The spectra were recorded on
Kodak 101-05 plates with the 10.7-m grazing-incidence
spectrograph at the National Bureau of Standards,
Washington, D.C. A slit width of 50 um was used, and

about 20 laser pulses were needed to produce satisfactory
exposures. For plate calibration we used laser-generated
spectra of Y XI—XIV and Mo XIv—XVvII with the wave-
lengths reported in Refs. 17—21 with an uncertainty of
+0.005 A. We estimate our wavelength uncertainty to be
at most +0.005—0.01 A. '

III. SPECTRAL LINES

All the lines included in the present work are given in
Tables I—-1V, containing the transition arrays 3s-4p, 3p-

'4s, 3p-4d, and 3d-4f. The strongest spectrum and conse-

quently the most complete transition arrays were obtained
in chromium, where furthermore the structure of the
neonlike n=4 configurations is essentially unaffected by
the perturbations to be discussed below. For these reasons
the identification work was started in chromium. We

TABLE III. Measured wavelengths of 2p33p-2p34d transitions in the NelI sequence.

CaXI . Sc XI1 . Ti X1 . V X1v . Crxv . Mn XVI

I A@) I A I AA) I AA) T AA T AA
3p(3N+1-4d ()21, 1 105.348 2 90.727 1 79.004 3 61.460 2 54.832
3p(3N+1i-4d (311 91.007 1 79235 1  69.609 5 61.639 . 1 54988
3p(3)+1i-4d (3 +1o 2 69.726 1 61746 1 5509
3p(3N31-4d (3 2], 2 62233 1 55472
3p(P[3h-4d (331, 1 107.668 70.487 4 62318 1 55517
3p(PN31-4d($)[3, 2 107.928 92.687 3 80502 2 70573 10 62.378 5  55.560
3p(PN314d (3 7] 108.006 6 92787 5 80610 5  70.677 25 62485 10  55.659
3p(3N31-4d (3]s 2 55728
3p(3)31-4d (3215 1 92901 3 62.754 1 55962
3p($)N314d($)7]s 10 108249 20 93075 10 80927 10 71022 50  62.842 15  56.032
3p(3)N31-4d(3)3]. 2 108669 5 93390 3 81153 4 71187 10 62958 3  56.110
3p(PNI-4d (33 7 108.811 10  93.506 81.258 4 71290
3p(5l-4d (33, 2 108984 3 93.612 2 81322 2 72317 63.016 > 6207
3p(N5L4d (3]s 4 109317 10 93924 10 81611 5 71589 56.432
3p(PNTL-4d($)[3h 1 109992 1 94470 3 63637 2 56700




118 C. JUPEN, U. LITZEN, V. KAUFMAN, AND J. SUGAR 35
TABLE IV. Measured wavelengths of 2p33d-2p°4f transitions in the Ne I sequence.
Ca Xl . Sc XII . Ti X111 . V X1V . CrXv . MnXVI‘>

I AA 1 AA 1 A4 1 LA 1 AR T AA
3d(3)+1o4f (N3] 4 113.008 2 97358 3 84420 10 73.884 6 65216
3d (3 +1-4f(3)[E, 4 132577 10 113926 5 97758 5 84757 20 74173 8  65.470
3d () 14/ (33 ] 9 74029 4 65508
3d(PN3h-4f (5] 135.217 114903 10  98.490 20 85.360 60 74695|
3d (3N T1e4f ([ +1s 2 136.830 9 115433 15 85.482 8 74.738 '
3d(3N3L4f (N3], ‘ 10 74813 4  66.036
3d(3)+1e-4f (3 3]s 30  137.319 20 115837 30  99.074 60 85.758 100 74975 50  66.129
3d (N1 1-4f (3% 7 75.054
3d (3N T4 (%] 4 116.069 10 85.899 3 75084 3 66.209
3d(3)[214f(3) 3]s 40 138070 20  116.445 0 o9s5p, 00 86148 90 75297 40 66393
3d(P)31-4f ()]s 10 138302 12 116.535 ' 15 86.125 50 75241 20  66.320
3d(PI3h4f (T 15 116760 15  99.834 20 86356 70 75446 30  66.503
3314 (3]s 1 75605
3d(I)314f (5] 1 117.043
3d(F)314f(H)+]e SO 139.052 20 117.172 25 100.133 40 86.609 90 75670 60  66.706
3d(3)N$1-4f(3)[ L] 20 139025 5 117209 15 100200 30 86.684 90 75743 50  66.773
3d (T4 (D7) 1 75886
3d(D)[314f (35 1 138800 3 117.735 , 25 76162 3 67.149
3d(3)[3)1-4f(3)[+)e 20 139900 15 117.901 20 100.753 60 87.141 100 76.125 60  67.099
3d(IN3)4f (N2 6 76371 2 61314
3d (N3 1-4f (23] "2 120226 7 102964 5 89.103 10 77.874 7  68.662
3d(H31-4f (P53 ] 104.593 5 90.227 100 78.625 5  69.124

made use of the regular isoelectronic trends of the wave
numbers shown in Figs. 1 and 2 and the derived scaling of
the Slater parameters.

The level designations in Tables I—IV are given in jj
and jI notation, and will be further discussed below.

IV. ENERGY LEVELS

The neonlike ions are characterized by the large energy
gap between the ground state 2p%'S, (see Fig. 3) and the
first excited configuration 2p33s. Thus the absolute ener-
gy scale of the term system is established through lines in
the soft-x-ray region. In the present work the excited lev-
els were connected to the ground state by means of the
transitions from 3s(+,+); and 3s(<,3); measured by
Edlén and Tyrén®? and Tyrén,?® and quoted in the NBS
compilations of iron-group energy levels.?*

The 3-4 transitions from the present work and 3-3 tran-
sitions from previous investigations have been used for
deriving the 2p°31 and 2p°41 levels of CaXI—MnXVI.
With a few exceptions, the 3-3 lines were taken from the
recordings of laser-produced plasmas in Refs. 5—7. The
lines of the neonlike ions are obviously much more prom-
inent in the beam-foil recordings in Refs. 8—10 than in

the laser-produced plasmas of Refs. 5—7, but the wave-
length accuracy is higher in the latter case. For this
reason, only wavelengths of lines that were not observed
in the plasma investigations have been taken from the
beam-foil work. In particular it should be noted that the
beam-foil wavelength for 35(3,4),-3p(3)[+];, 551.60
A, has replaced the erroneous wavelength for this line in
Ref. 5. Furthermore, the analysis of the n=3 configura-
tions has shown that two lines reported in Ref. 7 have to
be discarded, viz., 342.202 A in VXIV and 377.414 A in
Mn XVI.

The derived 2p>3/ and 2p>41 energy levels are given in
Tables V, VI, and VII. Predicted values, obtained from
parametric calculations to be discussed below, are inserted
in parentheses in cases were no level values could be de-
rived from the observations. In 4s and 4p, the small num-
ber of observed levels make the parametric calculations
rather uncertain, and therefore predicted values are not
given.

It has not been possible to find 3s-3p or 3s-4p lines that
can be used for establishing the position of 3s (5, + ), rela-
tive to the rest of the 3s levels in V XIV and Mn XVI. This
level is, however, crucial for the derivation of certain level
values of the higher configurations, and its position has
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therefore been determined through isoelectronic interpola-
tion of the 3s(5,~)-(3,7)o interval. The regular trend
of this interval and the 3s(3,5)-(3,7), interval is
shown in Fig. 4, where the Fe XVII data were taken from
Ref. 4. The values for the J=0 level of 3s in VX1V and
Mn XVI obtained from a least-squares fit of a straight line
to the 3s(+,7)-(3,7 ) interval for CaXI—FeXVII are
given in Table V. They are believed to be more accurate
than the values from parametric calculations.

The high probabilities for transitions from the odd
J=1 levels to the ground state lead to unfavorable
branching ratios for transitions to other excited levels, and
with the exception of 3s, many of the odd J=1 levels are
therefore badly or not at all connected to the rest of the
excited system. In such cases the level values derived
from x-ray transitions to the ground state as quoted in
Ref. 24 are given in Tables V, VI, and VII. For 3d and
4d the values from the parametric calculations-are also
shown for these levels. In 3d the agreement is in most
cases good, while some serious deviations are found in 4d.
Relative to the rest of the excited levels, the calculated
level values are believed to be better than the x-ray values.
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TABLE VL. Energy levels (cm™!) of the 2p>4s and 4p configurations.
Designation J Ca XI ScX11 TiXIII V X1V Crxv Mn XVI
4s(%,%) 2 3752565 4337350 4963 878 6340270 7089 864
1 3753 900% 4339300% 4966 500* 5632 000? 6346291 7092 000*
4s(%,%) 1 3781900% 4378 800 5014 300? 5690 000* 6412678
0 6410346
4p(3)[3] 3 3818112 4409 384 5047533 5721285 6438194 7195714
2 6435277
4p (3] 2 6445 145
1 6441300 7198 860
4p(3)[+] 1 6428094 7184624
0
4p(%)[%] 2 3850940 4450987 5782170 6511590 7283910
1 6503510
4p(3)7] 1 ‘
0

*Level value determined from transition to the ground state (Ref. 24).

No lines have been found that connect levels having dif-
ferent parent states (2P, ,, and 2P;,,). A direct connec-
tion would be given by the magnetic dipole transition
within the 3s configuration, viz., from the metastable
(3,3 )o level to (£,7);, and in fact a line in a solar flare
spectrum has been identified as this transition in Fe xvir.*
Another line connecting the two parent systems has been
reported in TiX1I1,?° and it might be possible to use these
observations for interpolating the P, ,,->P;,, interval.2®
Pending more accurate observations, e.g., of the magnetic
dipole transition in tokamak plasmas, the relative posi-
tions of the two sets of levels are determined in the
present work by the x-ray transitions to the ground state.
Predicted wavelengths for the magnetic dipole transition
derived from the energy levels of Table V are given in
Table VIII. The table also contains predicted wavelengths
for the magnetic quadrupole transition from the metasta-
ble 35(3,7 ), level to the ground state. This transition
has been observed in CrXV in a tokamak plasma.?’

V. TERM STRUCTURE

The structure of the 2p°nl configurations in highly
charged neonlike ions is dominated by the large spin-orbit
interaction within the 2p> core. The levels are thus split
in two separate groups, correlated to the *P5,, and %P, ,
states of the inverted parent term. Representations other
than the LS scheme that give the most appropriate
descriptions of the level structure will be discussed for
each configuration below.

As Z increases, the 252p®31 configurations move down-
wards through the term system to positions close to
25%2p°31. These two groups of configurations have the
same set of principal quantum numbers, which gives large
interaction integrals. This means that the resulting per-
turbations may be significant even at large distances be-
tween the interacting configurations,!"?® but they vary

smoothly along the isoelectronic sequence. Perturbations
may also occur where the 2s2p®3/ configurations cross
the 25s22p>4/ configurations of the same parity, but in
these cases the interaction integrals are small and the per-
turbations are large only at small distances between the in-
teracting states. The possible positions for such local per-
turbations can be found in Fig. 5, where the configuration
average energies predicted by Hartree-Fock wave func-
tions are shown for Al1Iv—FeXVIl. The perturbations of
4d in ClvIi and 4s in K X caused by 252p®3p were found
and discussed already by Edlén and Tyrén.?? Drastic per-
turbations of this kind have been observed in the present
work and will be discussed in connection with the n=4
configurations.

The ab initio wave functions and Slater intervals were
obtained from the Froese Fischer MCHF72 computer pro-
gram? used in the single-configuration mode. These in-
tegrals were used as input to the matrix program of
Cowan,*® which calculates the angular matrices, diagonal-
izes them, and provides eigenvectors in various coupling
schemes. The integral values were adjusted by a least-
squares program of Cowan to fit the observed levels.

A. The 2p331 configurations

The fitted energy parameters and the Hartree-Fock en-
ergy integrals for the 3s, 3p, and 3d configurations are
shown in Tables IX—XI. The structure of the n=3 con-
figurations has been analyzed previously in Ca X1 (Ref. 6)
and Tixill (Ref. 5), and the predicted isoelectronic trends
of the scaling factors for the ab initio integrals are fully
confirmed in the present work. In particular the ratios
between the fitted and the ab initio values of the configu-
ration average energies are seen to approach a minimum
close to unity and then increase again. This behavior,
caused by decreasing correlation and increasing relativistic
effects as Z increases, is discussed in detail in Ref. 11. It
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FIG. 4. Intervals in the 2p*3s configuration. Curve A:
(%,%)1-(%,%)2. Curve B: (%,%)1-(%,%)0. The missing inter-
vals in VXIV and Mn XVI have been determined through inter-
polation along a least-squares-fitted straight line from CaXI to
Fe XVII.

should be noted that the parameters for TiXIII have been
changed somewhat from Ref. 5 due to the addition of lev-
els derived from beam-foil data.

As can be seen in Table V, the 3s levels are given jj
designations. The eigenvector components, shown in the
table for CaX1 and MnXVIl, reveal that the purity in jj
coupling is high, and that it increases with increasing Z as
expected. The average purity for 3s in jj coupling is 98%
in MnXVL. The LS designations shown at the right-hand
part of the table correspond to the appropriate level desig-
nations in the beginning of the sequence, but they are not

TABLE VIII. Predicted wavelengths (A) in vacuum for
magnetic dipole and quadrupole transitions from 3s levels.

Predicted wavelengths (A)

Ton 35(3, (3,5 )o 2p%'Sp-3s (3, %),
CaxI 4718.1 35.688
ScXII 3619.3 30.910
Ti XIII 2774.8 27.041
VXIv 2187.7 23.863
Crxv 1764.5 21.212¢
Mn XVI 1422.1 18.986

2Observed wavelength 21.213 A (Ref. 27).

R \
\ R = E(n,1)/Ein
\
1.0F — e e 282 2p8
09+ .
2s? 2p°5f
2s? 2pSuf
0.8 4d
Lp
4s
2s 2p®3d
0.71 3p 4
3s
2s? 2p®3d
0.6 o 3p |
e 3s
ALV PVI VI KX ScXl VXV MnXVI
SiV. SVI  ArIX  CaXI  TiXIl CrXV  FeXVD

FIG. 5. Survey diagram of some excited configurations in the
neonlike isoelectronic sequence. The average energy of each
configuration, calculated from Hartree-Fock wave functions, is
plotted as a function of the nuclear charge. The energy is scaled
by the distance between the 2522p% ground state and the ioniza-
tion limit 2s22p°. Even and odd configurations are represented
by solid and dashed curves, respectively. It is seen that strong
local perturbations due to interaction between 2522p34/ and
252p®31 may occur in the ions S VII—Sc XII.

applicable to the ions discussed here (except for J=0 and
2, which are pure in both schemes).

As in 3s, LS designations do not describe the 3p and 3d
levels properly. Here the coupling is, however, still inter-
mediate, and no representation gives eigenvectors of high
purity for all the levels. It could be discussed whether the
er the ultimate coupling asymptotically approached at
high Z will be jj or jl,*! and, in fact, jj designations have
been used in the relativistic calculations by Cogordan and
Lunell.'’> We have, however, chosen JjI designations in the
present work for different reasons: (i) the average purity
is higher in j! than in jj representation for the ions treated
here, (ii) jI notation is generally used in the compilations
of previous work,?* and (iii) the 4d and 4f configurations
show high purity in the j! representation, and the 3p-4d
and 3d-4f transition arrays have the pronounced diagonal
character typical for jlI coupling (strongest lines where
AJ =AK). The jl eigenvector components are shown in
Table V, and in most cases the purity is seen to be high.
The average purities in j! coupling in Mn XVI are 82 and
86% for 3p and 3d. For convenience the LS designations
corresponding to the maximum eigenvector components
in the beginning of the sequence and used in Refs. 5—7
are shown in Table IV. In several cases these designations
do not agree with the low purity maximum LS com-
ponents for the ions treated here. It should be noted that
even in jl representation, the purity of the 3p J=0 levels
is low, and that the designations in CaXI are chosen ac-
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TABLE IX. Energy parameters (cm~!) for 2522p®3s. The first row for each parameter gives the fitted value. The second row
contains the Hartree-Fock value for the corresponding energy integral, while the ratio between these two quantities is given in the
third row. N is the number of fitted levels; o is the rms deviation of the calculated levels.

Ca XI ScXII Ti X111 VX1V CrXxv Mn XVI

E,,(3s) 2816246 3252201 3718712 4215080 4743161 5301050

2813070 3249693 3716783 4214377 4742473 5301053

1.0011 1.0008 1.0005 1.0002 1.0001 1.0000

Gl(ps) 24914 26965 29049 31171 33353 35297

25639 27809 29968 32117 34259 36393

0.97 0.97 0.97 0.97 0.97 0.97

£(2p) 19991 24997 31342 38496 46523 56285

19615 24721 30763 37848 46090 55608

1.02 1.01 1.02 1.02 1.01 1.01

N 4 4 4 4 4 4
o 33 69

77 62 99 131

cording to the isoelectronic trend and do not correspond
to the maximum eigenvector components.

The level designations used here are an abbreviated
form of the jK notation. Thus 2p3(?P;,)nl[K]; is written
nl(J1)[K];. In the figures the parent state is further ab-
breviated, so that [K] stands for (3)[K] and [K]' for
(+)IK].

As mentioned previously, both 3p and 3d are affected
by long-range perturbations from 2s52p®3l. Due to the
lack of information on these configurations and the slow-
ly changing magnitude of the perturbations along the se-
quence, it has not been possible to treat the interaction in

detail. The perturbations are instead taken care of by the
effective parameter D! in the fitting procedure. The in-
troduction of this .parameter significantly reduces the
standard deviation of the fitted levels shown in the last
row of Tables X and XI, but the derived values of the pa-
rameter are uncertain and show a somewhat irregular
behavior. A more exact treatment will be possible when
accurate data on 252p 3/ become available.

Due to the difficulty mentioned above to establish two
of the J=1 levels of 3d, it was necessary to fix the value
of GY2p,3d) at a scaled Hartree-Fock value in the
parametric fit. The scaling factor was obtained through

TABLE X. Energy parameters (cm~") for 25s?2p°3p. The first row for each parameter gives the fitted value. The second row con-
tains the Hartree-Fock value for the corresponding energy integral, while the ratio between these two quantities is given in the third
row. Parentheses mean that the parameter was fixed during the fitting procedure. N is the number of fitted levels; o is the rms devi-
ation of the calculated levels.

CaX1 Sc XI1I Ti X111 V X1V CrXxv Mn XVI

E,(3p) 2994352 3447118 3930707 4444491 4990316 5566390
2985676 3437564 3919874 4432 660 4975924 5549 652

1.0029 1.0028 1.0028 1.0027 1.0029 1.0030

F*(pp) 73772 80631 86937 93682 100 655 106616
63742 69 636 75504 81353 87184 93 000

1.16 1.16 1.15 1.15 1.15 1.15
GO%pp) (23 650) 25972 (28415) 30700 33034 (35450)
25293 27 609 29910 32196 34471 36736
(0.94) 0.94 (0.95) 0.95 0.96 (0.96)

Gpp) 27617 30198 33179 35654 38349 40852
27052 29 655 32246 34826 37397 39961

1.02 1.02 1.03 1.02 1.03 1.02

£2p) 19863 24 846 31204 38358 46 353 56 165
19628 24735 30778 37863 46 104 55621

1.01 1.00 1.01 1.01 1.01 1.01

&(3p) 3982 5150 6591 8345 10307 12749
3548 4645 5972 7559 9435 11635

1.12 1.11 1.10 1.10 1.09 1.10

D! 4503 4660 5231 5364 5409 5851
N 9 10 8 10 10 8
o 74 150 42 103 228 119
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TABLE XI. Energy parameters (cm~!) for 25s22p>3d. The first row for each parameter gives the fitted value. The second row
contains the Hartree-Fock value for the corresponding energy integral, while the ratio between these two quantities is given in the
third row. Parentheses mean that the parameter was fixed during the fitting procedure. N is the number of fitted levels; o is the rms

deviation of the calculated levels.

CaXI Sc XII Ti X111 V X1V CrXv Mn XVI

E,. (3d) 3227013 3701073 4205976 4741152 5308 542 5906350
3215888 3688065 4190881 4723880 5287308 5881036

" .1.0035 1.0035 1.0037 1.0037 1.0040 1.0043

F*(pd) 75 645 84 169 92815 101877 110012 119358
74430 82966 91471 99947 108396 116 821

1.02 1.01 1.01 1 1.02 1.01 1.02
Gl(pd) (54 470) (62429) (69 780) (77 136) (84 494) (91 850)
62 605 70942 79295 87655 96016 104 375
(0.87) (0.88) (0.88) (0.88) (0.88) (0.88)

G3(pd) 33012 37871 42826 47244 52222 56783
35869 40694 45533 50380 55230 60082

0.92 0.93 0.94 0.94 0.95 0.95

£@p) 19976 24997 31374 38545 46580 56378
19 654 24764 30809 37897 46 141 55661

1.02 1.01 1.02 1.02 1.01 1.01

£(3d) 271 386 495 721 907 1164
349 484 652 860 1113 1416

0.78 0.80 0.76 0.84 0.81 0.82

D! 2643 2896 2980 3332 2940 3065
N 8 10 10 8 10 9
o 43 48 60 60 97 101

TABLE XII. Energy parameters (cm~!) for 2s?2p34d. The first row for each parameter gives the fitted value. The second row
contains the Hartree-Fock value for the corresponding energy integral, while the ratio between these two quantities is given in the
third row. Parentheses mean that the parameter was fixed during the fitting procedure. N is the number of fitted levels; o is the rms

deviation of the calculated levels.

CaXI ScXII Ti XIII VXIiv CrXv Mn XVI

E. (4d) 3915775 4519354 5164522 5851093 6580708 7350940
3900599 4502282 5145161 5829231 6554534 7320935

1.0039 1.0038 . 1.0038 1.0037 1.0040 1.0041

F(pd) 26563 29572 33138 35361 38360 41525
26773 29683 32587 35487 38382 41275

0.99 1.00 1.02 1.00 1.00 1.01

Gl(pd) (23041) (25724) (28 390) (31043) 33791 36581
24001 26796 29573 32336 35085 37823

(0.96) (0.96) (0.96) 0.96) 0.96 0.97

G3(pd) 13323 15094 17527 18678 19552 21641
‘ 14120 15804 17482 19155 20822 22484
0.94 0.96 1.00 0.97 0.94 0.96

£2p) 20107 25133 31526 38698 46836 56 695
19711 24837 30900 38010 46278 55825

. 1.02 1.01 1.02 1.02 1.01 1.02

£4d) 134 183 230 331 413 558
136 187 252 331 428 543

0.99 0.98. 0.91 1.00 0.96 1.03

N 8 9 9 9 10 11
o 17 33 81 72 86 132




isoelectronic extrapolation.’ In the same way, G°2p,3p)
had to be fixed for 3p in Cax1, TiXIIl, and MnXVI. Lev-
el values derived from the fitted and extrapolated parame-
ters are given in parentheses in Table V for levels that
could not be established experimentally.

B. 4d

The energy levels of the 2p°41 configurations are shown
in Tables VI and VII, and the energy integrals of 4d and
4f in Tables XII and XIII. The discussion will start with
4d as it is the most completely known n=4 configuration,
essentially unaffected by perturbations.

The regular behavior of the 3p-4d transitions and the
4d-level structure can be seen in Figs. 1 and 6. The fig-
ures also reveal the slight perturbations of certain levels in
Clvil and AriIx, caused by 2s2p®3p as expected from
Fig. 5. No perturbations are, however, evident in
Ca XI—Mn XVI, and no interaction or effective parameters
had to be introduced in the parametric fit. The derived
parameters and the ab initio integrals are shown in Table
XII. The level purities are seen in Table VII to be gen-
erally high in jI coupling, the only significant exception
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being the mixing of the J=1 levels of the J == parent.
However, Fig. 6 shows that the pair structure is not par-
ticularly prominent. The average j/ purity in MnXVI is
89%.

As for 3d, two of the 4d J=1 levels decay most readily
to the ground state, and they are therefore difficult to es-
tablish relative to the rest of the configuration. For this
reason, G!(pd) was fixed during the parametric fit at a
scaled Hartree-Fock value in CaXxl to VX1V, with the
scaling factor derived through isoelectronic interpolation.

C. 4f

The 3d-4f transitions form an easily recognizable group
of lines, but the positions of certain lines are severly af-
fected by perturbations as shown in Fig. 2. Perturbations
of the 4f structure had been noticed at lower ionization
stages as large deviations of the fitted G? and G* parame-
ters from Hartree-Fock values.3?~3* Preliminary calcula-
tions showed that the small perturbations in these ions
could be absorbed by effective parameters, but in the
present work the actual perturber, 2s2p63d, has been in-
cluded in the calculations.

TABLE XIII. Energy parameters (cm™') for 2522p°4f +252p®3d. The first row for each parameter gives the fitted value. The
second row contains the corresponding energy integral calculated from Hartree-Fock wave functions. The value in the third row is
the ratio between the fitted parameter and the HF integral. Values fixed in the fit are given in parentheses. N is the number of fitted

levels; o is the rms deviation of the calculated levels.

CaXxl Sc XI11 Ti X111 V X1V CrXv Mn XVI
E.(4f) 3947538 4555735 5205 800 5 896 900 6631126 7406555
3931473 4537715 5185217 5873961 6603981 7375122
1.0041 1.0040 1.0040 1.0039 1.0041 1.0043
Fpf) 13052 15354 16968 18658 20 864 23121
12777 14611 16483 18 389 20323 22281
1.02 1.05 1.03 1.02° 1.03 1.04
Gpf) (1604) (1945) (2306) (2685) (3081) (3490)
1887 2288 2713 3159 3625 4106
(0.85) (0.85) (0.85) (0.85) (0.85) (0.85)
G*(pf) 977) (1185) (1406) (1638) (1879) (2130)
1221 1481 1580 2047 2349 2662 .
(0.80) (0.80) (0.80) (0.80) (0.80) (0.80)
£@2p) 20082 25160 31575 38775 46885 56753
19746 24 880 30954 38074 46355 55916
1.02 1.01 1.02 1.02 1.01 1.02
E4f) (36) (52) (70) (95) (125) (162)
33 47 64 86 114 147
(1.1 (1.1 1.1 (1.1) 1.1) (1.1)
E,(3d) 3922175 4438645 4998203 5596319 6245182 6927936
3905035 4422655 4970 600 5548934 6157716 6796792
1.0044 1.0036 1.0056 1.0085 1.0142 1.0193
G(sd) (56 469) (64 470) (72519) (80599) (88 699) (96811)
56469 64470 72519 80599 88 699 96811
£(3d) (314) (438) (594) (788) (1024) (1308)
314 438 594 788 1024 1308
R(sf,pd) (—51055) (—56980) (—62939) (—68925) (—174932) (—80955)
—51055 — 56980 —62939 — 68925 —74932 —80955
R¥sf,pd) (—9732) (—11470) (—13268) (—15114) (—17003) (—18926)
—9732 —11470 —13268 —15114 —17003 —18926
N 8 10 10 8 10 9
o 78 36 78 68 35 58
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FIG. 6. Energy level structure of 2s22p°4d. The circles
represent level values derived from fitted energy parameters in
CaXI—Mn XVI in cases where it was not possible to establish
the levels from the present observations. A number of the levels
are seen to be depressed in ClVIII and pushed up in ArIX due
to interaction with 252p®3p.

The 4f-level structure is shown in Fig. 7, where the two
groups of levels based on the parent states with J =+ and

= % are shown separately. In each case the positions are
relative to the level with maximum J, which is unper-
turbed. The jl pair structure is evident, with the (5)[ 5]
pair unresolved in the scale of the figure. For the (5)[>]
and (3)[$] pairs only the predicted centers of gravity are
shown, as the J=2 levels of these pairs could not be es-
tablished. This is caused by the difficulty to establish the
J=1 levels of 3d.

The energy parameters and the ab initio integrals for 41
and 2s2p%3d are shown in Table XIII. The latter config-
uration has not been observed, and therefore its internal
parameters and the interaction parameters were fixed at
the Hartree-Fock values during the fit. The magnitude of
the perturbation was allowed to vary by changing the
average energy of the perturbing configuration. The small
pair intervals and the fact that certain levels were missing
for most or all of the ions made it difficult to obtain signi-
ficant values for the small G2, G* and {4 parameters.
For this reason they were fixed at scaled Hartree-Fock
values, the scaling factors being chosen at the commonly
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FIG. 7. Level structure of 25s*2p°4f. As in Fig. 6, the circles
represent predicted values for levels that could not be derived
from the observed lines. As expected from the curves in Fig. 5,
the structure is perturbed by 2s2p®3d, which crosses 4f near
K X. The dashed curves for the (3)[3] and (3)[3] levels
represent Hartree-Fock predictions without configuration mix-
ing.

found values of 0.8 for G* and 1.0 for £. Thus the fits
were made with only four free parameters.

The jl eigenvector components are shown in Table VII
for Cax1-and MnXVI. It is seen that the level purities are
very high in MnXVI, but the mixing with the 2s2p%3d
levels, given in LS notation, is evident in CaXI. It is sig-
nificant also in ScXIil. The large perturbation in Ca XI
made both the ab initio predictions and the isoelectronic
extrapolations uncertain, and it was only possible to estab-
lish eight of the 12 4f levels. The average jl purity in
Mn XVl is 92%.

As can be seen in Fig. 7, the perturbation brings the
($)[+15 and (3)[ 315 levels very close together in V XIv.
This causes a strong mixing of the states, making the
designation based on the eigenvector composition arbi-
trary. However, the combinations with 3d unambiguous-
ly point at the designations shown in Table VII.

For strict jI coupling® the higher energy level of a pair
is that having even J when /;+/, is even. A necessary
condition is, however, that the pair splitting is mainly
caused by the exchange interaction, and not by the spin-

orbit interaction of the outer electron. The rule is not



obeyed by the 4f(3)[ <] pair in the ions analyzed in this
work, where the levels have the expected order in CaXI
and Sc XII, but the interval decreases to zero in Ti XIII and
then increases again with the opposite order. The trend
seems to be broken in V X1V, but this is caused by a blend-
ed line establishing the J=4 level. The explanation to the
changed order can be found in the approximate formulas
for the pair splittings in p>f given by Humphreys et al.®
Here it is seen that the interval of one pair, viz., (%)[%],
is given by the difference of two terms in G* and Gap. As
the spin-orbit integral increases more rapidly than the ex-
change interaction along the sequence, the difference
changes sign and the order of these two levels is reversed,
just as observed here.

D. 4s

The 3p-4s lines are quite weak in the observed spectra,
and it was possible to establish all the 4s levels only in
Crxv. No 3p-4s were found in V X1V, and in Ca, Sc, Ti,
and Mn only transitions from the J=2 level of 4s could
be identified with reasonable certainty. A reason for this
is the fact that the J=1 levels as in 3d and 4d are mainly
depopulated through transitions to the ground state. The
J=1 level values derived from these transitions in the soft
x-ray regions are shown in Table VI together with the lev-
els derived in the present work.

No general parametric calculations have been made due
to the small number of levels. A comparison between the
observations and ab initio predictions show an improved
agreement for the lower charge states when the interaction
with 252p®3p is included in the calculations.

E. 4p

The 35-4p lines are also weak, and it is difficult to iden-
tify more than a few lines unambiguously. Here the situa-
tion is complicated by the perturbation from 2s2p®3d,
which passes through 4p close to Sc X11. The perturbation
effects the structure more severely in 4p than in 4f, as all
J values of 4p except J=O0 occur in the perturbater. In
fact also the J=O0 levels may be perturbed, viz., by
2s52p%3s.

Predictions with scaled Hartree-Fock parameters in-
cluding the perturbation made it possible to identify a
number of lines in CrXV, and the stronger of them were
found also in MnXxV1. The predictions and the observed
intensities indicate that the lines (3,3);-(3)[3], and
(2)(3)-(3)[+]; coincide in these ions. In the lower
charge states it has only been possible to identify the two
strongest lines of the array except in TiXIII, where only
one line was found. No significant parametric calcula-
tions could of course be made at the small number of es-
tablished levels. The isoelectronic trend of the two
strongest lines is shown in Fig. 8.

VI. CONCLUSIONS

The present work greatly extends the knowledge of the
n=3 and 4 configurations in the neonlike isoelectronic se-
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FIG. 8. The two strongest lines of the 3s-4p transition array.
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structure is given for one of the lines, which was not observed.
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‘between Sc XII and Ti XIII. )

quence. In particular it has demonstrated the influence
from configuration crossings. The n=3 levels and the 3-3
transitions can be safely extrapolated to high values of Z,
most accurately by using differences between the observa-
tions and relativistic calculations.!l"!* Concerning the
n=4 levels and the 3-4 transitions, all the possible local
perturbations caused by the crossings with 2s2p®3/ appear
before TiXil, and the structure at higher Z can be
predicted, e.g., by extrapolating the scaling factors for the
Hartree-Fock integrals. Even for 4s and 4p, where it has
been impossible to make complete analyses in most of the
ions, the data for Crxv form a good basis for further
work.
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