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Abstract

New observations of the 3s?3p 2P-3s3p? P intercombination transitions in
Al-like ions have been made for C! V from spark spectra recorded at Lund
and for Kr XXIV and Mo XXX from spectra obtained at the JET tokamak.
The new results have been combined with other identifications of these
transitions along the sequence and empirically systematized and compared
with theoretical calculations. A set of smoothed and interpolated values for
the excitation energies of the 3s3p? *P levels in P III-Mo XXX is presented.

1. Introduction

Until recently, experimental data for the 3s23p 2P-3s3p? “P
intercombination transition for Al-like ions were available
only for the lightest elements of the sequence. Tribert et al.
[1-3], who utilized the beam-foil light source (see Ref. [4])
for identification of intercombination lines, greatly extended
the observations along this sequence. In the first of these
experiments, nearly all of the five possible transitions of the
35?3p ?P-3s3p? *“P multiplet were identified in Ti X, Fe XIV,
Ni XVI and Cu XVII with a wavelength accuracy of about
0.2A. For Fe XIV the identifications were corroborated by
the same authors [2] using the solar flare spectrum of Dere
[5] (wavelength uncertainty +0.03A). The wavelength
uncertainty of these Fe XIV lines was further reduced by
tokamak measurements [6]. A summary of all Al-like
3s?3p ?P-3s3p*“*P intercombination lines from TiX to
Zn XVIII observed by beam-foil spectroscopy is given in
Ref. [3]. Based on this work, Jupén et al. [7] identified the
*P3,—*Py;, and ?P;,,—*Py,, transitions in Kr XXIV from
spectra obtained at the JET tokamak.

Using laser-produced plasmas, Ekberg et al. [8] have
made an isoelectronic investigation of the 3s23p, 3p?,
3s3p3d, 3s3p? and 3s?3d configurations in Ge XX, Se XX11,
SrXXVIL, Y XXVII and Zr XXVIII. Although the high
density of the light source did not permit a direct observ-
ation of the intercombination lines, the energy levels of the
3s3p?“P term could be established from other transitions
such as 3s3p’-3s3p3d and 3s3p?>-3p®. The three
*Py—*Pyjz, 2P3,-*P;, and 2P,,—*P,,, components in
Br XXIII were recently identified by Tribert er al. [9] by
means of the beam-foil technique. These authors also mea-
sured lifetimes of the *P levels.

In the present work we report new identifications of the
3s?3p?P-3s3p?*P transitions in CIV, KrXXIV and
Mo XXX. These new data, together with previous experi-
mental results, have been compared with theoretical calcu-
lations and systematized using empirical mapping
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reductions and parametrizations. In this way a com-
prehensive set of isoelectronically smoothed and inter-
polated 3s3p?“P excitation energies for P III-Mo XXX
were obtained.

2. Experiment

The measurements for Cl V [10] were carried out at Lund
using a sliding spark light source operating at 3-15kV. The
light was dispersed by a 3 m normal incidence spectrograph
with a scale factor of 2.8 A/min in first order. Experimental
details are given in Ref. [11].

The studies of Kr XXIV and Mo XXX were performed by
means of spectra emitted from JET tokamak plasmas. Kr
was injected into the plasma using the gas puffing technique
and thus under relatively controlled conditions. Mo, on the
other hand, was present as an intrinsic impurity. Spectra
were recorded in the wavelength region 30-335 A by means
of a 20m XUV grazing incidence spectrometer [12]
equipped with a 6001/mm grating and two microchannel
plates coupled to photodiode arrays. Each detector,
movable along the Rowland circle, covered a spectral wave-
length section of 30-60 A. Additional details concerning the
experimental set-up can be found in Ref. [7].

3. Observations

Our new observations of the 3s?3p ?P-3s3p2 *P transitions
are presented in Table I. The three identified components in
Cl1 V are accurate to within +0.01 A

In Kr XXIV we previously [7] identified the *P;,,—*P;,
and *P;,—*P,, transitions. The latter of these, which was
preliminarily given at 272.54 A, has now been remeasured
and changed to 272.56 A. A spectral section obtained from
the JET tokamak ranging from 240 to 290 A can be seen in
Fig. 3 of Ref. [7]. In the previous work [7] we gave a pre-
dicted value of the *P, ,—*P, , transition at 242.70 A, which
is very close to the Mg-like 3s>'S,-3s3p 'P, transition at
242.56 A [13]. After a closer examination of the spectral
region just above the Mg-like line, we found a line at
242.86 A which we identify as the missing component. OQur
identification is further supported by an isoelectronic com-
parison along the sequence. Since the splitting of the
3s?3p?P ground term is accurately know [8, 14]. the
P, ,—*P, ;2 component could be predicted very well, and it
has now been found in the spectra at 318.04 A.

In Mo XXX we have found the 2P, ,—*P,, and
2P3,2—"’P5,2 transitions. The first of these, measured at
185.53 A, is very close to the 3s23p? *P,-3s3p? %S, transition
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Table L. Identified 3s*3p2P-3s3p**P lines of ClV,
Kr XXIV and Mo XXX

lon Intensity* i (A) Transition
clv 3 1168.321 + 0.01 3s?3p ’P,,,-3s3p? *P,,
3 1169.823 + 0.01 3s%3p 2P,,,-3s3p? Py,
0 1181.498 + 0.01 3s?3p ?P, ,~3s3p* *P,,
Kr XXIV 60 242.86 + 0.03 3s?3p P, ,-3s3p* *P, ,
170 248.07 £ 0.025°  3s?3p P, ,-3s3p* *Py,
70 272.56 + 0.03¢ 3s?3p *P, ,-3s3p? *P,,
50 318.04 + 0.025 3s?3p ?P,,,-3s3p *P,,
Mo XXX 300 bl 185.53 + 0.025 3s?3p P, ,~3s3p* *P,,

Mo XXIX

60 192.26 + 0.025 3s?3p *P, ,-3s3p* *P; ,

*The ClV intensities are visual estimates from photographic plates,
whereas the Kr XXIV and Mo XXX intensities are from photometric mea-
surements.

® The line has previously been identified by Jupén et al. [7].

* The line was previously given at 272.54 A [7] but the measurement has
now been improved.

in Si-like Mo XXIX measured at 185.65A [15]. The wave-
lengths of these two lines have been derived by means of the
deconvolution program CARATE [16]. This program
package fits sums of Gaussian line shapes to the observed
spectral structure. The strongest component ’P,,~*P;,
was found at 19226 A Earlier, these two Mo XXX lines
were tentatively given at 186.22 and 195.6 A by Hinnov et
al. [17], but at that time the knowledge of the Al sequence
was very limited and these tentative identifications are now
superseded.

4. Isoelectronic comparisons

Observed data concerning the 3s?3p’P,,-3s3p**P,,,,
3s?3p P, ,-3s3p *P;,, and 3s3p 2P, ,~3s3p®“P;,, tran-
sitions are collected in Table II. The values used for ground

Table II. Base of observed data (in cm ™)

term fine structure interval 3s*3p’P,;,~3s*3p*P,, were
taken from Refs [8, 24]. In formulating the isoelectronic sys-
tematization of the observed data, attempts were made to
find one-to-one mappings that reduce the raw data to a lin-
earized exposition, which can be specified by a number of
empirical parameters that is much smaller than the number
of data points. It was found that this could be done very
effectively by independently considering the quantities 4, B
and C that are shown schematically in Fig. 1, and corre-
spond to the intervals

A =3523p?P, ,-3s3p* “P, 5, 0
B = 3s3p?“P, ,-3s3p> *P, ., 2
C = 3s3p* *P,,-3s3p* *Py ;. (3)

Also shown schematically in Fig. 1 is a Multiconfiguration
Dirac-Fock (MCDF) calculation [18] of interval A, and the
fine structure of the ground term (GFS),

GFS = 35%3p P, ,,-3s3p 2P, , )

which has been accurately measured [8, 14], and system-
atized and smoothed [24] to provide precise recommended
values. We found that linear parametrizations could be
obtained by considering the difference between A and its
MCDF value by considering the difference between GFS
and B, and by performing a Sommerfeld screening param-
eter reduction of the interval C.

Table III lists the observed intervals A, the corresponding
MCDF calculations and the difference A-MCDF. This
difference is plotted vs. (xZ)® in Fig. 2 and a high degree of
linearity is exhibited. A linear fit was made for this exposi-
tion, and the smoothed values for A-MCDF obtained from
this fit are also presented in Table III. It has been shown
[24] that these MCDF calculations [18] possess major defi-
ciencies due to the inadequate inclusion of quantum electro-
dynamic (QED) corrections and electron correlation, and

3s%3p *P,-3s3p**P,.

1/2-1/2 3/2-3/2 3/2-5/2 Other
Ton (A) (A + B — GFS) (A + C — GFS) Refs.
P III 56921.7 + 0.5 56 566.9 + 0.5 568949 + 0.5 [19]
SV 71184.1 4 0.5 70574.7 + 0.5 711233 + 0.5 [20]
cv 85592.9 + 1* 846383 + 1* 85483 + 1°
Ar VI 1001572 + 1 987489 + 1 99984 + 1 [21]
Ti X 160359 + 100 155836 + 120 31
Cr X1I 192001 + 200 184843 + 170 191110 + 150 [3]
Mn XIII 208651 + 220 199 521 + 200 207232 + 130 3
Fe XIV 225098 + 15 213948 + 8 223534 + 8 [3, 6]
Co XV 242154 + 120 228765 + 45 240 500 + 90 03]
Ni XVI 259471 + 135 243 546 + 120 257255 + 110 3
Cu XVII 276 886 + 230 258398 + 330 274386 + 115 3]
Zn XVIII 295430 + 260 273673 + 300 291971 + 255 3]
Ge XX 332671 + 200 304131 + 200 328106 + 200 (8]
Se XXII 371 506 + 200 335123 + 200 365179 + 200 [8]
Br XXIII 391236 + 460 347947 + 1800 384468 + 450 091
Kr XXTV 411760 + 50° 366892 + 35 403112 + 40 71
Sr XXV1 453 144 + 200 398639 + 200 441620 + 200 [8]
Y XXVIII 474266 + 200 414854 + 200 461090 + 200 [8]
Zr XXVIII 495631 + 200 431208 + 200 480679 + 200 (8]
Mo XXX 538993 + 70° 520121 + 70°

a This wark.

r
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Fig. 1. Epergy level diagram indicating the intervals A, B and C, that were
parametrized using an MCDF calculation for 4, the ground term fine
structure splitting GFS, and a Sommerfeld screening parameter system-
atization.

Table III. Smoothed and interpolated values for the
3s*3p?P,,,-3s3p? *P,,, intervals based on comparisons
between observed and theoretical wavenumbers (in cm™?) for
ions from P 111 to Mo XXX

A-MCDF

Ton MCDF* A (obs) obs fit*

P III 55007.0 56921.7 £ 0.5 1914.7 (1952)°
SIV 69 240.8 71184.1 + 0.5 19433 (1947
Clv 83635.7 855929 + 1 1957.2 (1942)°
Ar VI 98198.2 1001572 + 1 1959 (1934)°
K VII 112946 1923
Ca VIII 127903 1910
Sc IX 143091 1892
Ti X 158 539 160359 + 100 1820 1870
VvV XI 174272 1843
Cr XII 190298 192001 + 200 1703 1808
Mn XIII 206 660 208651 + 220 1991 1766
Fe XIV 223369 225098 £ 15 1729 1714
Co XV 240444 242154 + 120 1710 1651
Ni XVI 257898 259471 + 135 1573 1574
Cu XVII 275738 276 886 + 230 1148 1483
Zn XVIII 293983 295430 4 260 1447 1374
Ga XIX 312630 1245
Ge XX 331679 322671 + 200 992 1092
As XXI 351124 912
Se XXII 370957 371506 + 200 549 701
Br XXIII 391166 391236 + 460 70 455
Kr XXIV 411734 411760 + 50 26 169
Rb XXV 432649 — 164
Sr XXVI 453721 453 144 + 200 —557 — 550
Y XXVII 475429 474266 + 200 —1163 —996
Zr XXVIII 497265 495631 + 200 - 1634 - 1511
Nb XXIX 519368 —2108
Mo XXX 541719 538993 + 70 -2726 ~2789

* Theoretical calculations by Huang [18].
® Fitted to A-MCDF = 1964.7 — (13.36 22)%.
¢ Uncertainties increased to +10cm ™ * for fitting purposes.
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Fig. 2. Plot of the difference between the observed and MCDF values of
the interval 3s23p ?P, ,~3s3p®*P, , vs. (2Z)®, indicated by circles with error
bars. The solid line traces a linear fit to the data.

this causes the isoelectronic trends of the calculations to
differ substantially from those of observed data. The exposi-
tion in Fig. 2 demonstrates convincingly that the deficiencies
in this MCDF calculation are dominated by contributions
that are proportional to the single power law factor (¢Z)°.
However, the fact that the trend of the MCDF calculations
deviate by thousands of wave numbers on either side of the
observed data indicates that they are of limited utility for
specifying the fine structure separations. Thus, having used
the MCDF calculations to specify the position of the P,
level relative to the ground state, we used purely empirical
data-based reductions of the observations to systematize the
fine structure of the 3s3p* P term.

Table IV  lists the difference  between  the
3s23p 2P, ;,-3s3p? *P,,, and 3s?3p*P;;,-3s3p®*Py,, inter-
vals, which corresponds to GFS-B in Fig. 1. It was found
that this deficit in the quarted fine structure interval B
below that of the doublet ground state interval (which pos-
sesses the same J quantum numbers) bad a slower and more
regular isoelectronic variation than either B or GFS. This
difference is plotted vs. (Z — 12)°/? in Fig. 3, and here again
a high degree of linearity is exhibited. (Notice that an inac-
curate and inconsistent point for Br XXIII is clearly
revealed.) A linear fit was made to this exposition, and the
smoothed values for this difference are also presented in
Table IV.

Table V lists the observed values for the interval C, and
results of a Sommerfeld screening parameter reduction of
this quantity. This involves mapping the observed interval
into the effective screening of a hydrogen like term that
would have the same splitting. Using a scaled 3p hydrogen
like formula, this is of the form

G REE=S B s
C=k 52 [1-}-48«(2 S)” + ] (5)
where k is an overall multiplicative scaling factor, adjusted
to optimize the regularity of a suitably chosen parametriza-
tion of the quantity S. This is a simple mapping of C into S,
involving no assumptions, but deriving a utilitarian value
from the degree to which it produces a quantity with regular
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Table IV. Smoothed and interpolated values for the differ-
ences  between  the  3s*3p°P,,-3s3p**P,, and
3s?3p *Py,,-3s3p® *P,, intervals (in cm™') for ions from
PIIlto Mo XXX

315

Table V. Smoothed and interpolated values for the
3s3p? *P,,,-3s3p® *Ps,, intervals (in cm™') obtained from a
Sommerfeld screening parametrization for ions from P I1I up
to Mo XXX

GFS-B Ion C (obs) S (obs) S (fit)* C (fit)*

Ton GFs* GFS-B (obs) obs fit® P III 5324 + 0.7 6.4070 6.4074 532.1

SIV 890.2 + 0.7 6.2304 6.2312 889.8

cav 1381.1 + 1.4 6.0988 6.0984 13817
P Il 559.1 204.8 +0.7 354.8 (308) Ar VI 20338 + 1.4 5.9939 5.9941 2035.7
SIV 952 3416 £ 0.7 609.4 (563) K VII 5.9038 2882
clv 1492 536.4 + 0.7 954.6 (934) Ca VIII 5.8290 3952
Ar VI 2210 798.7 £ 0.7 1408.3 (1436)° Sc IX 5.7658 5283
K VII 3134 2081 Ti X 5.7090 6911
Ca VIII 4308 2879 vV XI 5.6608 8877
Sc IX 5761 3843 Cr XIII 5.6180 11225
Ti X 7543 3020 + 156 4523 4981 Mn XIII 13876 + 256 5.6342 5.5797 14000
V XI 9696 6303 Fe XIV 17287 + 17 5.5478 5.5446 17250
Cr XII 12261 7819 Co XV 21316 + 150 5.4565 5.5126 21027
Mz XIII 15295 6165 + 297 9130 9537 Ni XVI 25545 + 174 5.4676 5.4832 25386
Fe XIV 18852 7701 + 17 11150 11465 Cu XVII 30739 + 257 5.4102 5.4550 30383
Co XV 22984 9581 + 128 13389 13610 Zn XVIII 36024 + 364 5.4652 5.4318 36079
Ni XVI 27756 11836 + 180 15925 15982 Ga XIX 5.4090 42537
Cu XVII 33231 14751 + 402 18488 18586 Ge XX 49999 + 283 53934 5.3947 49824
Zn XVIII 39475 17726 + 397 21757 21431 As XXI 5.3797 58008
Ga XIX 46559 24524 Se XXII 67302 + 283 5.3682 5.3691 67163
Ge XX 54567 26027 + 283 28540 27870 Br XXIII 78081 + 644 5.3003 5.3611 77364
As XXI 63550 31477 Kr XXIV 88664 + 64 5.3560 5.3553 88690
Se XXII 73626 37243 + 283 36383 35351 Rb XXV 5.3483 101225
Br XXIII 84846 41560 + 1858 43289 39498 Sr XXVI 114876 + 283 5.3408 5.3415 115055
Kr XXIV 97322 52444 + 61 44868 43925 Y XXVII 130028 + 283 5.3320 5.3333 130269
Rb XXV 111148 48637 Zr XXVIII 146728 + 283 5.3193 53213 146961
Sr XXVI 126414 71909 + 283 54505 53641 Nb XXIX 5.3058 165228
Y XXVII 143221 83809 + 283 59412 58942 Mo XXX 5.2869 185171
Zr XXVIII 161680 97257 + 283 64423 64546
Nb XXIX 181929 70458 * Fitted to eq. {5) with k = 0.9 and § = 4.943 + 12.588/(Z — ).
Mo XXX 204048 76684

* Values taken from Refs [8] and [24].
® Fitted to GFS-B = 65.89 + 15.54(Z — 12)%2,
* Uncertainties increased to +10cm ' for fitting purposes.

and slowly varying isoelectronic variation. Through a
search, the constant k was chosen to be 0.9, in which case a
plot of S vs. 1/(Z — S) yields the exposition shown in Fig. 4.
Here, no significant deviations from linearity are discernable
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Fig 3. Plot of the difference between the observed intervals

3$°3p*P, ., 3s3p**P, ., and 3s°3p 2P, ,-3s3p? *Py,y vs. (2Z)%%, indicated
by circles with error bars. The solid line traces a linear fit to the data.

(although a similar reduction of the corresponding MCDF
[18] calculations for this interval exhibited substantial devi-
ations from linearity). A linear fit was made and the
smoothed values of both S and C and the results are listed
in Table V.
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Fig. 4. Screening parametrization of the fine structure interval

3s3p> *P,,,-3s3p* *Py,, . S denotes the central screening that a 3p hydrogen
like term that would have a scaled fraction (here 90%) of the observed
intervals. The observations are denoted by circles with error bars. The solid
line traees a linear 6t torohe data.
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Table VI. Recommended smoothed and interpolated excita-
tion energies (cm™ ')

3s3p?4P,

Ton 12 312 5/2

P 111 56922* 571264 574540
SV 71184 71527 72075
cv 85 593+ 86 130* 86975*
Ar VI 100157 100959* 102194

K VII 114869 115922 117751

Ca VIII 129813 131241 133765

Sc IX 144983 146902 150 266

Ti X 160409 162971 167320

v XI 176115 179 507 184992

Cr XII 192106 196 548 203331

Mo XIII 208426 214184 222425

Fe XIV 225083 232470 242332

Co XV 242095 251468 263122

Ni XVI 259472 271247 284858

Cu XVII 277221 291 866 307 604

Zn XVIII 295357 313401 331436

Ga XIX 313875 335910 356412

Ge XX 332771 359468 382595

As XXI 352036 384109 410044

Se XXII 371658 409934 438821

Br XXIII 391621 436969 468 985

Kr XXIV 411903 465300 500593

Rb XXV 432485 494996 533710

Sr XXVI 453171 525944 568226

Y XXVII 474433 558712 604702

Zr XXVIII 495754 592888 642715

Nb XXIX 517263 628734 682491

Mo XXX 538930 666293 724101

* Observed values bave uncertainties <lem™! and are tabulated here
without smoothing.

Collecting the fitted values, the smoothed values can be
generated by use of the empirically determined formulae

A = MCDF + 1964.7 — (13.36a2)", (6)
B = GFS — 65.89 — 15.54(Z — 12)°72, )
Ro}(Z — S)* 31
=09 —2 "2 — a¥(Z — §)?
C=09 54 [1+48a(2 S)], ®)
12.588
S =4943 4 200
iz ©)

Table VI presents the values for the 3s3p2*P excitation
energies obtained for 4, A + Band 4 + C using eqs (6)~(8).
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Fig. 5. Isoelectronic comparison of the smoothed values of the observed
energy levels of the 3s3p? “P divided by the spectrum number.
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In the highly ionized atoms the term structure is best
described by ji-coupling, whereas in the range from the
lowest charge states up to the Fe group the LS coupling
approximation is valid. This is illustrated in Fig. 5, which
displays the smoothed data energy levels from Table V]
divided by the spectrum number { = Z — 12.

S. Conclusion

Through new measurements and data base systematizations
we have obtained a smoothed and interpolated set of values
for the 3s3p“P levels in the Al isoelectronic sequence for
AlIIl-Mo XXX. The virtue of this smoothing process does
not rely on the fundamental correctness of the mapping
functions, but rather on the slow and regular isoelectronic
variations that result. This allows accurate interpolations
and smoothing, and permits inaccurate and inconsistent
data to be identified and critically examined. However, the
degree of linearity exibited by Figs 2-4 is so striking that it
may suggest the origin of flaws in existing theoretical results
and point to large scale trends that can be used to test sub-
sequent calculations.
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