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CHAPTER S
RESULTS FOR SEXTET TRANSITIONS
INOIV,FV AND NE VI

The main aim of thiswork isto gve aperspedive of the arrent understanding
of the douly excited sextet states 1s2s2p?3l ®L and 1s2p®3| °L’, I=s, p, din O IV.

Using the @owve theory and experimental considerations, we have studied the
fast bean-foil spedra of oxygen were recorded at a van de Gradf acceerator at
Liége using a Seya-Nomioka grating incidence spedrometer. The 1s2s2p3l °L-
1s2p3l °L', I=s, p, d,eledric-dipde transitions between sextet statesin O IV, F V
and Ne VI have been seached in these spedra and in spedra previously recorded
at Lyon and Argonre. At the same time we dso find some new eledric-dipde
transitions in doully excited O V and reassgn some dedric-dipale transitions in

douly excited O V. The results will be presented below.

5.1 The 1s2s2p”3s °P-1s2p°3s °S° Transitions In O IV, FV And Ne VI.

The transitions from douly excited states appea as wedk lines among arich
colledion d other unidentified lines of highly excited oxygen, fluorine aad reon
[11512(. Fig. 5.1.1shows 5 spedra rearded in the wavelength regions of
interest. Initial pe&k locaions were found wing nonlinea least squared fits to
Gaussan profiles. The wavelength measurement procedures and results for eat

set of transitions are described in more detail below.
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5.1.1The 1s2s2p?3s °P-1s2p®3s °S Transitionsin O 1V.

We obhtained spedra & several different ion bean energies in the wavelength
region where the sextet transitions 1s2s2p”3s °P-1s2p®3s °S° in O IV were
expeded. Threetypicd spedra ae shown in Fig. 5.1.1a), 5.1.1b) and 5.1.1c). A
promising candidate for the transition at 656.580.08 A remains at 1.7 and 2.5
MeV O" ion beam energy and has much weeker intensity at 1.2 MeV O," ion beam
energy. The strong 3d4f and 3p4d transitions of beryllium-like O V are seen at
654.72 A and 659.60A. The two wavelengths have been semiempiricdly
determined with an acaracy +0.004 A by [121-123 and povide a good
cdibration for our measurements. The standard error for wavelength cdibration is
0.01A intheregion d 650-670A. Nonlinea least square fits of Gausdan profil es
give the values for the wavelengths, intensities and full widths at half maximum
(FWHM) of lines. The uncetainties of the wavelengths are related to the
intensities of the lines. The preasion d the profilefitting program was also
chedked throughthe dl known transition wavelengths. The fitted curves are shown
inthe Figs. 5.1.4b) and 5.1.1c).

For the 1s2s2p?3s °P1s2p°3s °S° transitions we expeded to resolve the fine
structures in ou experiments. The strongest transition related to fine structure
comporents is the J=7/2-5/2 transition at the wavelength of 656.580.08 A. We
also ohtained the wavelength for the J=5/2-5/2 transition at 655.5@¢:0.10A. The
J=3/2-5/2 transition at 654.02 A is wes and Hended with the strong 3d4f
transitions of O V at theion energy of 1.7MeV in Fig. 5.1.1b), where it is hard to
deoconvdute the line from the strong 3d4f transitions and the relative intensities
are difficult to compare. We estimated that the wavelength of the J=3/2-5/2
transition is 654.020.10 A by fitting the spedrum at the energy of 2.5 MeV in
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Fig. 5.1.1c). The trangition rate is propational to the aeaof the pe&k (the fitted
intensityxFWHM of the experiments). The ratio of the J=7/2-5/2 and J=5/2-5/2
transition rates at the ion energy of 1.7 MeV in Fig. 5.1.1b) is foundto be dou
167x0.7:124x0.7 =4.063, and is consistent with the theoreticad value 8:6 if we
ignare other small diff erences. The ratios of the J=7/2-5/2, J=5/2-5/2 and J=3/2-5/2
trangition rates at the energy of 2.5 MeV in Fig. 5.1.1c) are &ou 7.7.:5.94.0.
Within experimental error, these ratios are wnsistent with the theoretica values of
8:6:4.In Table5.1.1we present our measured fine structure wavelength values and
compare them with ou different theoreticd values for O |V. The a%ciated fine
structures of the lower state 1s2s2p?3s °P; for J=7/2-5/2 and J=5/2-3/2 are 25419
cm?t and 34519 cm? listed in Table 5.1.2, and are onsistent with ou

cdculations.

Wavelength (A)

652 654 656 658 660

Wavelength (A)

» i 1 \
o ' AP ST OE .
560 562 564 566 568 570 572 492 494 496 498 500
Wavelength (A) Wavelength (A)

FIG. 5.1.1.The transitions in the beam-foil spedra of oxygen, fluorine and reon recorded
at the different energies. The beam energies and spedrometer slit widths are shown.
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5.1.2The 1s2s2p?3s °P-1s2p*3s °S Transitionsin F V.

Fig. 5.1.1d) shows the spedrum of ?)(FH)" for a beam energy of 2.5 MeV
recorded at Lyon, France Many unidentified lines are locaed in the wavelength
region where the sextet lines were expeced. In addition, the 1s°4f-15°6g transition
of lithium-like F VI at 535.52A and the 2s°2p*-2s2p° transitions of cabontlike F
IV at 572.66A are observed. These wavelengths have previously been determined
with an acaracy £0.026A and +0.003A by Moore and Engstrom et a [124,125
and help to provide a good cdibration for our measurements. The same
experimental procedures and programs described as 4.1 were gplied to analyze
the spedrum for F V. The standard error for wavelength cdibration is 0.03 A in
the region o 562-575 A. The spedroscopic linewidths were @ou 0.8 A. The
fitted curveis hownin the Fig. 5.1.1d).

For the 1s2s2p”3s ®P;1s2p°3s °S° transitions we dso expeded to resolve the
fine structures in ou experiments. However, as iown in Fig. 5.1.1d), the ourt
rates of the expeded lines in the wavelength region rea 562-575A are very low.
The wavelengths for the J=7/2, 52, 32-5/2 transitions are 566.7@:0.15 A,
565.51+0.15A and 564.340.15A, respedively with the slightly large aror bars.
The ratios of the threetransition rates are foundto be &ou 7.85.94.0. They are
consistent with the theoreticd values of 8:6:4 within experimental preasion. In
Table 5.1.1 we present our measured fine structure wavelength values and
compare these with ou theoretica valuesfor F V. The associated fine structures of
the lower state 1s2s2p?3s °P; for J=7/2-5/2 and J=5/2-3/2 are 371+38 cmand

367+38cm™ listed in Table 5.1.2.They are mnsistent with our caculations.
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TABLE 5.1.1.The energies (in cm-1) and waveengths (in A) for 1s2s2p?3s °P;-1s2p°3s °S°
52 transitions in O IV, F V, andNe VI by this work. Here we also list the QED effeds and
higher-order corredions for the 1s2s2p?3s °P;-1s2p°3s °S’y, transitions in O 1V, F V, and
Ne VI. The erors for calculations are root mean square differences between the alculated
andexperimental values.

z J Experiment Eschr E'sche Emchr Emcre Escor Emcor units
+188 +107 +549 +531 +4172 +629 cm?

8 Av  (15251923) 1521754 1522807 1518858 1520343 1495387 1520919 cm?
65566+0.10 657.14 65668 65839 657.75 66872 65750 A
229 -238 Eoep cm’

1282 1723 Eno  cm?

7/2 15230219 1520362 1521533 1517469 1517887 1495471 1518791 cm?
65658+0.08 657.74 657.23 65899 65881 66869 65842 A
229 -238 Eoep cm’

1399 65.7 Eno  cm?

5/2 15250823 1521968 1524106 1519074 1520341 1493726 1521470 cm?
65550+0.10 657.04 65612 65830 657.75 66947 657.26 A
229 -238 Eoep cm’

2366 1505 Eno  cm?

3/2  (15290123) 1524217 1527535 1521314 1522804 1497708 1524349 cm?
(65402+0.10) 65607 65465 657.33 65668 667.69 65602 A
229 -238 Eoep cm’

3546 1728 Eno  cm?

9 Av 17674247 1765430 1765955 1763998 1763367 1739471 1761522 cm?
56578+0.15 56643 56627 56689 567.10 574.89 567.69 A
-40.3 -42.6 Eoep cm’

928 -205 Eno  cm?

7/2  17646@47 1763279 1763747 1761327 1760910 1739135 1759413 cm?
566.70+0.15 567.13 56697 567.75 567.89 57500 56837 A
-40.3 -42.6 Eoep cm’

87.1 0.9 Eno  cm?

5/2 17683247 1766514 1768605 1764553 1762232 1739164 1761907 cm?
56551+0.15 56609 56542 56672 567.46 574,99 56757 A
-40.3 -84.5 Eoep cm’

2494 -1476 Eno  cm?

3/2 17719847 1770491 1772684 1768513 1767360 1740603 1765164 cm?
564.34+0.15 564.82 564.12 56545 56582 57451 56652 A
-40.3 -84.5 Eoep cm’

2596 -30.8 Eno  cm?

10 Av 20105420 2010813 2008780 2009226 2011179 1991612 2014013 cm?
497.38+0.05 49731 49781 49770 49722 50211 49652 A
-65.7 -716 Eoep cm’

-1377 2670 Eno  cm?

7/2 20058620 2006130 2005228 2004559 2006272 1985726 2007930 cm?
49854+0.05 49847 49870 49886 49844 50359 49803 A
-65.6 -716 Eoep cm’

-24.6 2429 Eno  cm?

5/2 20117320 2011941 2011274 2010351 2013710 1993260 2015753 cm?
497.08+0.05 49703 497.20 49743 496,60 50169 49609 A
-65.6 -1420 Eoep cm’

11 4779 Eno  cm?

3/2 20182320 2018488 2018877 2016881 2018382 2000911 2023570 cm?
49549+0.05 49542 49532 49582 49545 49977 49418 A
-65.6 -1420 Eoep cm’

1046 2922 Eno  cmt
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5.1.3The 1s2s2p?3s °P-1s2p*3s °S Transitionsin Ne V.

The same experimental procedures and programs were gplied to anayzethe
spedrum for Ne VI. The spedrum was recorded at the Argonre National Lab
Dynamitron Accderator [Berry and Livingston, data 1988, unpubshed]. Fig.
5.1.1(e) shows the 2nd ader spedrum of neon from a bean of *°Ne" at an
energy of 4 MeV. In the wavelength region where the sextet lines were expeded
many unidentified lines are locaed as well as the neaby 1s4d-1s5f transition o
helium-like Ne 1X at 499.37 A. The wavelength is known with an acaracy
+0.004 A by [126,127 and povides a good cdibration for our measurements.
The standard error for wavelength cédibrationis 0.02A in the region d 490-500
A. The spedroscopic linewidths are @ou 0.4 A. The fitted curve is shown in
Fig. 5.1.1e).

For 1s2s2p?3s °P;-1s2p3s °S° transitions we dso expeded to resolve the fine
structures in ou experiments. The wavelengths for the J=7/2, 52, 32-5/2
transitions are 498.54:0.05A, 497.0&0.05A and 495.420.05A. The ratios of
the three transition rates are found to be @ou 7.7.5.9.4.0, and are cnsistent
with the theoreticd values of 8:6:4 within experimental error. From the
transition rates we verify our identificaions of the three transitions. In Table
5.1.1 we present our measured fine structure wavelength values and compare
these with ou theoreticd values for Ne VI. The asociated fine structures of the
lower state 1s2s2p?3s °P; for J=7/2-5/2 and J=5/2-3/2 are 58%*15 cm™ and

646t15cm’ aslisted in Table 5.1.2,and are mnsistent with ou cdculations.
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5.1.4.Comparison d the 1s2s2p?3s °P-1s2p*3s °S’ Transiti ons with Theory

alonglsoeledronic Sequence

In Fig. 5.1.2a) we show a plot of the canter of gravity of the 1s2s2p°3s °P-
1s2p™3s °S° transition wavelengths A(Z-3) for boron-like ions. The experimental
results show goodconsistency with the trend d the various cdculations for Z=5-
13. Detailed comparisons of the deviations of cdculated transition energy from
experiment for O 1V, FV and Ne VI are shown in Fig. 5.1.Zb). The aror bars
of the experiments are small and inside the drcles. The errorbars of cdculated
energies are the root mean square differences of caculated transition energy
with the same type of cdculation method from experiments for the same type of
transition alongthe isoeledronic sequence The errorbars of the SCHF, SCHFT,
MCHF, MCHFT, SCDF and MCDF cdculations are within £188,+107, £549,
+531, +4172 and +629 cm’, respedively. Thus, we can see i) the singe
configuration interadion is the most important main pert of the dl configuration
interadions, ii) the interadions between the configurations that we chose ae
effedive to get more acwrate results, and iii) the sextet transition energies are
sensitive to bah relativistic and eledron correlation eff eds.

In Table 5.1.2we summarize the detail ed results of the fine structures of the
1s252p?3s °P; state for O IV, F V and Ne VI. The @mparison o the measured
fine structures of the 1s2s2p’3s °P; state with theoreticd values shows
reasonable agreament (see Fig. 5.1.3. Here the aror bars of experiments are

also small andinside the arcles.
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TABLE 5.1.2.Fine structure (in cm™) of the 1s2s2p’3s °P; statesin O 1V, F VV and Ne
VI.

Z Experiment schft mchft scdf mecdf  Experiment  schft mchft  scdf mcdf

J=7/2-5/2 J=5/2-3/2
8 254+19 257 245 224 268 (34519 343 246 174 288
163 211
9 371+38 486 132 144 246 367+38 408 513 3 325
367 410
10  58%15 605 744 765 1161  646t15 760 467 753 841
655 687

TABLE 5.1.3.Lifetime (in ps) of the 1s2s2p”3s °P and 1s2p3s °S 5, statesin O 1V, F V
andNe VI.

Thiswork Others
Z SCHF  MCHF SCDF ~ MCDF Experiment[15] MCDF[15 MCHF[16]
1s2s2p°3s °P
8 22113 11876 30639 18281 99+12 125 140
9 11846 6144 15993 85.93 73+15 64 7122
10 70.09 4248 9207 4770
1s2p°3s S,
8 21705 23113 40500 32590
9 18505 31229 33048 26997
10 16090 25017 27828 22817

TABLE 5.1.4. Electron screening a for the 2s and 2p valence electron of the 152s2p235
°p and 1s2p®3s °S’ 5, statesin O 1V, F VandNe V1.

1s2s2p%3s °Py 12p°3s°S 5,
z SCHF MCHF SCHF MCHF
F7/2 J=5/2 J=3/2 AV AV J=5/2 J=5/2
8 21577 21572 2.1565 21578 2.1362 2.6520 2.6290
2.1554 2.1545 2.1534 2.1535 2.1354 2.6380 2.6197
10 21524 21524 2.1496 2.1492 21357 2.6272 2.6145
AV 21552 2.1559 2.1549 2.1535 2.1357 2.6391 2.6211
ER  0.0026 0.0031 0.0035 0.0025 0.0002 0.0718 0.0425
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FIG. 5.1.2. Saled isoeledronic plot of the ceiter of gravity wavdength (a) and
transition energy deviations from experiment (b) of the 1s2s2p?3s °P-1s2p®3s °S
multi plet transitions for the Boron sequence The exerimental and calculated pants
are denoted by the following: circles with error bars inside for experiments, + for
CHF, o for SCHFT, o for MCHF, * for MCHFT, A for SCDF, and diamonds for
MCDF.

The QED effeds and Hgher order corredions for the 1s2s2p’3s °P-1s2p*3s °S°
transitionsin O 1V, FV and Ne VI are upto about 1.1-400cm™ (seeTable 5.1.1)

and cannd be ignaed in careful comparisons with the experiments. Here the
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QED effeds and hgher order corredions are cdculated based onthe Zg's from
the SCHF and MCHF results. We plot the QED effeds and hgher order
corredions to the mean 1s2s2p”3s °P-1s2p3s °S° transition energies in Fig.
5.1.4.The QED effeds increase with increasing Z rapidly. The results show the
mean transition wavelengths are sensitive to the QED effeds of 0.0994, 0.12R
and 0.17A for the 1s2s2p*3s °P-1s2p®3s °S° transitions in O 1V, F V and Ne VI.
Thus, they are & the same level or larger than ou estimated experimental

predsion d +0.10A, +0.15A and +0.05A.

1500 ¢
g J=7/2-5/2 X
4~ 1000 F
w E i 2
© S 500 - @ &
So g g o
g A 0F %
2o r
@ o 500 | R =
v = OX
£ & E X
L ¢!-1000 F
~ : J=3/2-5/2
-1500 :
7 8 9 10 11

Nuclear charge Z

FIG. 5.1.3. Comparison d the eyerimental (opened circles) and theoretical (others)
fine structures for O 1V, FV and Ne VI. The exyerimental and calculated pdnts are
denoted by the following: circles with error bars inside for experiments, A for SCHFT,
o for MCHF'T, diamonds for SCDF, and * for MCDF.
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of the 1s2s2p?3s ®P-1s2p*3s °S° transitions for the boron sequence The calculated
points are denoted by the following: diamonds for QED effeds from SCHF, A for
higher order corredions from SCHF, o for QED effects from MCHF, and o for higher
order corredions from MCHF. The fitted QED effeds from both SCHF and MCHF are
denoted by solid line.

Table 5.1.3shows that our MCHF and MCDF cdculated lifetime results for
the 1s2s2p?3s °P states for O 1V, F V and Ne VI are in fair agreement with the
measurements by Blanke & a [15 and the cdculations of Blanke [15] and
Miecnik et a [16] (see Table 5.1.3. The discrepancy between theory and
experiments is most probably due to the alditional decay modes of M2, radiative
autoionizaion a some missng configurations which are important for MCHF
and MCDF cdculations, and passbly also from line-blending. However, the
SCHF and SCDF cdculated lifetime results for the 1s2s2p3s °P states for O IV,
FV and Ne VI disagreesignificantly with the measurements of Blanke d al [15]
and the cdculations of Blanke [15] and Miecaik et al [16]. In Table 5.1.3we
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aso list our cdculated lifetime results for the 1s2p®3s °S° states for O IV, F V
andNe VI.

Fig. 5.1.%a) shows aplot of the center of gravity of the 1s2s2p’3s °P-1s2p*3s
®3° transiti on energies for boron-like ions vs nuclea charge Z. The diamonds are
the weighted values of our different cadculations. The solid line is a fit to the
theoreticd values. The drcles are for experiments. The errorbars are less than
the arcle diameter. The straight-line fit expressonis

E (in 1¢ cm™) =Ag+ A-Z, (9)
where Ay=-43.56330.6125and A;=24.50920.0654.
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FIG. 5.1.5. Isoeledronic comparison d the theoretical and experimental mean
wavdengths of the 1s2s2p”3s °P-1s2p°3s °S’ transiti ons for the boron sequence
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Our measured transition energies for O IV, F V and Ne VI are consistent
with the trend o our different cdculations diown in Fig. 5.1.9a). The fine
structures of the sextet states of the boronlike isoeledronic sequence ae very
similar, so that the screened hydrogen-like cdculation is a good approximation.
For the same type of sextet states the electron screening ¢ almost does not
change with the nuclea charge Z (see Table 5.1.4. With Zg= Z- o, the

transition energy can be written as

2 2

~ Ze upper Ze ~
- T [(Zooy) +(Z010) ]
i 1/4( Oup~ GIo)[zz'( Gypt GIo)]’ (10)

leading to the linea relation. In order to seemore detail Fig. 5.1.€b) shows the
deviations of the cdculated (marked as diamonds) and the fitted (marked as
sguares) transition energies from the experimentsfor O 1V, FV and Ne VI. They
are lessthan 300cm™. Hence, the equations (9) and (10) provide acarate energy
approximations of the 1s2s2p’3s °P-1s2p3s °S° transitions in baontlike ions for
Z=5t0 13.

5.1.5. Smnmary

The wavelengths and fine structures for 1s2s2p’3s °P;-1s2p°3s °S° transitions
in O 1V, FV, and Ne VI have been investigated by beam foil spedroscopy and
compared with the theoreticd values obtained using the MCHF plus higher order
contributions and QED effed numericd cdculations, and with the MCDF
method. We have caefully studied the dfed of configuration interadion,
higher-order corredions and QED effed on the energies, and relevant E1

trangition energies and wavelengths. Agreament for the energies of the douly
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excited sextet states 1s2s2p”3s °P; and 1s2p®3s °S” and their fine structures is
satisfadory. We have dso studied the dfed of the configuration interadion on
the transition probabiliti es and lifetimes. For the lifetimes for the 1s2s2p’3s °P
statesin O IV and F V there remains large discrepancies of abou 20% between
our MCHF and MCDF cdculations and experiments [15].
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5.2 The 1s2s2p”3p °L°-1s2p°3p °P, L=S, P, D Transitionsin O IV, FV and Ne
VI

In the sedion we present observations of VUV transitions between doubly
excited sextet states of O |V. Spedra were produced by colli sions of O+ bean
with a solid carbontarget. We dso studied the spedra obtained previoudy of F
V and Ne V1. Some observed lines were asgned to the 1s2s2p’3p °L-1s2p3p
°® L=S, P, D, eledric-dipde transitions and are in goodagreanent with ou
acarate MCHF (with QED and hgher-order corredions) and MCDF
cdculations. 31 rew lines have been identified.

Fig. 5.2.1a) -(c) display threetypicd spedra of oxygen at the beam energy
1.5, 1.7and 2.5MeV in the wavelength range 660-710A. Fig. 5.2.1d) and (e)
display the spedra of *°(FH)" and °Ne” at the beam energy 2.5and 4.0MeV in
the wavelength range 560-640 A and 490540A.. The sextet transitions appea as
wed& lines among a rich colledion d other sometimes unidentified lines of
highly excited oxygen, fluorine and reon. The pe& location vs. dia was found
using nonlinea least squared fits to Gaussan profiles first. The wavelength

determining procedures and results are described below.
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5.2.1The 1s2s2p?3p °L°-1s2p*3p °P Transitionsin O 1V.

In the wavelength region where the transitions between the sextet states
1s2s2p?3p °L and 1s2p*3p °Pin O IV were expeded we ohtained several spedra
a different ion keam energies for oxygen. Threetypicd spedra ae shown in
Fig. 5.2.1a) -(c). For the 1s2s2p?3p °L-1s2p®3p °P transitions we expeded to
partially resolve the fine structures of the lower states 1s2s2p?3P °L in ou
experiments, whereas the fine structures of the upper states 1s2p°3p °P are too
close ad less than the resolution d the experimental spedra. A promising
candidate for the 1s2s2p?3p °Dy, - 1s2p°3p °Py, transitions at 668.95-0.08 A
appeas at the 1.7 and 2.5MeV O ion keam energy, which does not appea in
the spedrum of the 1.2 MeV O," ion beam energy. The well-known transitions
of O V 3p4d, O IV 25°3p-25°5s, O V 2s3d-254f and O 1l 25°2p*-2s2p® are &
659.589A, 670.601A, 681.332A and 703.854A respedively, close to the
douly excited sextet transitions in the neighbahood. The wavelengths have
been semiempiricdly fitted with high acaragy of +0.004 A by [134-136 and
provided a good cdibration for our measurements. The standard error for
wavelength cdibration is 0.01 A in the region d 660710 A. Nonlinea least
sguare fits of Gausgan profiles give the values for the wavelengths, intensities
and full widths at haf maximum (FWHM) of lines. The uncertainties of the
wavelengths are related to the intensities of the lines. Throughthe use of optica
refocusing we ahieved spedroscopic linewidths of 0.7 A. The predsion d the
profile-fitting pogran was chedked through severa known transition

wavelengths.
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In Table 5.2.1all the observed lines in the sextet system of O IV are reported.
Nine lines are new observations with the wavelength acarracy of +0.06A. Most
of the new identificaions have been oltained by seachingin ou spedrafor sets
of unidentified lines and by comparing the energies and relative intensities in
agreanent with ou acarate MCHF and MCDF theoreticd predictions. The
transition rate is propational to the aeaof the pedk (the fitted intensityxFWHM
of the experiments).

The strongest transition related to individual fine structure comporents is the
1s252p?3p °Dy, - 1s2p°3p °P;, transition at the wavelength of 668.95:0.08 A.
We dso ga the wavelength for the 1s2s2p?3p °D; - 1s2p®3p °P; transition. The
transitionrate is propattiona to the aeaof the peak. We mmpared the measured
trangition rates with cdculated results. Fig. 5.2.Za) and (b) display the
identifications of the 1s2s2p”3p °D; - 1s2p3p °Py and 1s2s2p”3p °S5; - 1s2p°3p
®Py transitions of O 1V in the experimental spedrum of oxygen at the energy of
2.5MeV.

In Table 5.2.1we present our measured fine structure wavelength values and
compare these with ou various theoreticd valuesfor O V. Our experiments are

consistent with ou cdculations.
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1s2p*3p ®P;y transitions of O 1V in the experimental spedrum of O at the energy of 2.5
MeV. In (a) * means all passble Js of the upper states allowed by E1 transition rules.
In (b) * means 3/2, 52 and 72.

5.2.2The 1s2s2p?3p °L°-1s2p°3p °P Transitionsin F V.

We obtained spedra & a beam energies of 2.5 MeV for fluorine. In the
wavelength region the transitions between the sextet states 1s2s2p”3p °L and
1s2p°3p °Pin F V were expeded. The spedrum in the wavelength region o 570
620A is shown in Fig. 5.2.1d). A promising candidate for the 1s2s2p?3p Dy, -
1s2p*3p ®Py, transitions at 577.5@0.10 A appeas in the spedrum of the 2.5
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MeV (FH)" ion bean energy. Using similar experimental analysis procedure
described abowve, we obtained the wavelength acaracy of +0.10 A for the
1s2s2p?3p °L - 1s2p*3p °P transitions in the wavelength region o 570-620A.

In Table 5.2.1all the observed lines in the sextet system of F V are reported.
Nine lines are new observations. Most of the new identifications have been
obtained by seaching in ou spedra for sets of unidentified lines and by
comparing the energies and relative intensities in agreament with ou acairate
MCHF and MCDF theoreticd predictions.

The strongest fine structure @mporent is the 1s2s2p”3p °Dy; - 152p°3p °Pyp2
transition at the wavelength of 577.5@0.10 A. We dso found the wavelength
for the 1s2s2p?3p °D; - 1s2p’3p °P; transitions. The transition rates are
propational to the aeaof the peaks and ou measured transition rates compare
well with ou cdculated results. In Table 5.2.1 we present our measured fine
structure wavelength values and compare these with ou various theoreticd

valuesfor F V. The two sets of results are ansistent.

5.2.3The 1s2s2p?3p °L°-1s2p*3p °P Transitionsin Ne V.

We obtained spedra & a bean energies of 4.0 MeV for Neon. In the
wavelength region the transitions between the sextet states 1s2s2p”3p °L and
1s2p°3p ®P in Ne VI were expected The spedrum in the wavelength region o
490550 A is sown in Fig. 5.2.1€). A promising candidate for the 1s2s2p?3p
®Dy), - 152p3p ®P;), transition at 507.13:0.05A appeas at the 4.0MeV Ne* ion
beam energy. Nonlinea least square fits of Gaussan profil es give the values for
the wavelengths, intensities and full widths at half maximum (FWHM) of lines.
The uncertainties of the wavelengths are related to the intensities of the lines.
Throughthe use of opticd refocusing we adtieved spedroscopic linewidths of

0.4 A in the semnd ader spedrum. The predsion d the profil e-fitting program
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was also chedked throughthe known transition wavelengths. Using the similar
experimental procedure we obtained the wavelength acairacy of +0.05A for the
1s2s2p?3p °L - 1s2p*3p °P transitions in the wavelength region o 570-620A.

In Table 5.2.1 al the observed lines in the sextet system of Ne VI are
reported. Nine lines are new observations with the wavelength acairacy of £0.05
A.

The strongest transition related to fine structure cmporent is the 1s2s2p?3p
®Dy, - 12p®3p °Py, transition at the wavelength of 507.13:0.05 A. We
compared the measured transition rates with cdculated results. They are
consistent. In Table 5.2.1 we present our measured fine structure wavelength

values and compare these with ou various theoreticd valuesfor Ne V1.

5.2.4Comparison d the 1s2s2p?3p °L°-1s2p*3p °P Transitions with Theory

alonglsoeledronic Sequence

In order to verify the validity of our experimental and theoretica approaces
abowve, we have studied the deviations between the experimental and theoreticd
transition energies of the 1s2s2p’3p ®L°-1s2p*3p °P transiti ons along the boron-
like isoeledronic sequence.  In Figs. 5.2.3, 4and 5 we show plots of the
deviations between the experimental and theoreticd transition energies of the
1s2s2p?3p °D°, P° and S*-1s2p*3p °P transiti ons for boron-like ions.

In Fig. 5.2.3we can seethe SCHF and SCDF deviations are mnstant for all
1s2s2p?3p °D° -1s2p°3p °P transitions of nuclea charge with Z = 8, 9.and 10.
The MCDF and nonrelativistic SCHF deviations are linea for all 1s2s2p?3p °D°
-1s2p°3p °P transitions of nuclea charge with Z = 8, 9 and 10. The MCHF

deviation o oxygen isvery small, 22cm™.
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TABLE 5.2.1.The energies E (in cm) and wavelengths A (in A) for the 1s2s2p?3p °L;-1s2p*3p °P;
transitionsin O IV, F V andNe VI by this work. We also list the deviations between the theoretical

andexperimental transition energies for the 1s2s2p?3p °L-1s2p*3p °P; transitions.

lons L exp Eexp Amchf Emchf dEcd Aschf Eschf dEcd Ascdf  Escdf dEcd Amedf Emcdf dEcd
JJ
ol +0.06
1s2s2p?3p °D;-1s2p°3p °P;
+32 +372 +710 +1938
1/2-* 667.26 14986766736 14984< -22 66882 149517 -350664.15 15056¢ 70265884 15178z 1915
3/2-* 66770 14976¢667.68 149772 4 66912 14945(C -318 66458 150471 70365912 151717 1950
5/2-* 66804 14969266813 149671 -20 66959 14934t -347 66500 15037¢ 684 65959 15160¢ 1918
7/2-* 66841 14960€ 66854 14958( -29 67010 149231 -377 66564 150231 62366011 15149C 1881
9/2-7/2 66895 149488 66907 149461 -27 67057 149127 -361 66627 15008¢ 60166062 15137% 1885
AVwel 66834 14962:66844 14960z -22 66994 149267 -356 66548 150267 644 66066 15136<¢ 1740
AVurw 66807 14968466816 14966€ -19 66964 14933< -35066513 150347 663 65966 15159/ 1910
QED -23.6 -234
HO 1396 -16.7
AVwei' 66792 14971¢ 9567012 149227 -396
nonrel 67361 14845:-1170
1s2s2p?3p °P;-1s2p°3p °P;,
+258 +555 +1782 677
3/2-* 68714 14553168594 14578t 25568451 14609C 559 67894 14728t 1758 676 147951 676
5/2-* 68735 14548€686.23 14572¢ 237 68504 145977 49167915 14724: 1757 676 14789C 676
7/2-* 68765 145427 68669 14562€¢ 20368525 14593z 50967991 14707¢ 1655 677 14776% 677
AVwel 68744 14546¢ 68637 14569¢/ 22668502 145982z 51467944 14718( 171267638 147847 676
AVunw 687.38 14548068629 14571z 23268493 14600C 52067933 147207 172367628 14786¢ 676
QED -235 -233
HO 291 -39.1
AVwei' 68634 14570( 23268531 14592( 452
norrel 68866 14520¢ -259
1s2s2p?3p 8S;-1s2p°3p 5Py
+7507 771 +4252 +5880
5/2-* 70093 14266¢ 73986 135161-7507 70474 14189¢ -771 72246 13841¢€-4252 73106 13678¢-5880
QED -23.0 -231
HO 1493 66.7
AVwei' 73917 135287-7381 70453 14194(C -728
norrel 70876 141091-1576
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TABLE 5.2.1. Continued.

lons Aexp Eexp Aimchf

JJ

Emchf dEcd )\ schf

E schf

dEcd A\ mcdf

Emcdf dEcd Ascdf Escdf dEcd

FV  +0.10

1s2s2p”3p °D;-152p°3p °Py,

1/2-3/2 57520
3/2-* 57585
5/2-* 57643
7/2-*  577.09

9/2-7/2 57750

AVwe 57680

AVunw 57641

QED
HO
AVwei"
norrel

17385:57217
17365€57240
17348257326
17328: 57389
17316057404
17336¢ 57350

17348€57315

57294

1s2s2p°3p °P;-1s2p*3p °Py

3/2-*

5/2-*

7/2-*
AVwel

59245 16879158986
59267 16872¢58913
59343 16851258986
59296 16864¢ 58962

AVunw 59285 16867758962

QED
HO
AVwei'
norrel

58901

1s22p%3p 8S;-1s2p°3p Py

5/2-*

QED
HO
AVwei"
norrel

61557 16245163965

63879

+1043
17477:
17470:
174441
17424¢
17420¢
17436¢

17447¢

-41.7
211
174537

+1084
16953
16974z
16953~
16960z

16960z

-41.5
2162
169777

+6116
15633¢

-40.7
2511
15654=

92157624
104757661
95957723
966 577.95
104457866
998 577.75

98757734

1168 576,65
58231

74159101
101459126
102059216

956 59160

92559148

113159055
59637

-611€ 61597

-590€ 61545

6209

+328
17353¢
173427
173241
17302t
17281:
17308t

17320¢

-41.4
3725
17341¢
17172¢

+418
16920z
16913(
16887:
169032

16906¢

-41.2
3434
16933«
16768

+105
16234¢

-40.8
1765
16248=
16105¢

-314 57233
-22957272
-240 57330
-258 57415
-347 57506
-284 57397

-278 57351

47
-1640

41158755
402 586.65
361 587.70
386 587.32

392 587.30

688
-964

+965
17472¢
17460¢
17442¢
174171
17389t
17422t

17436/

+1761
17019¢
17045¢
17015¢
17026¢

170271

+4428

87256642
949 56677
947 567.46
88756849
73556901
85556809

878 567.63

140858283
173158317
1643 58396
162058345

1594 58332

+2767
176547
17643¢
17622
17590¢
175744
17602¢

176171

+2783
171571
171471
17124~
17139¢

171432

+5379

2695
2782
2742
2621
2584
2659

2685

2786
2749
2733
2750

2756

-105 63282 15802t -4428 63665 157072-5379

31
-1393
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TABLE 5.2.1. Continued.

lons
JJ

rexp Eexp Amchf
+0.05

Emchf

dEcd A schf

E schf dEcd A mcdf Emcdf dEcd Ascdf Escdf dEcd

Ne VI
1s2s2p3p °D;-1s2p°3p °Py

1/2-3/2 50520 19794150264
3/2-* 50544 19784750319
5/2- 50577 19771€50387
3/2,5/2
7/2-7/2 50617 19756250455
7/2-5/2 50650 197432504.96
9/2-7/2 50713 19718€505.78
AVwel 50629 19751750456
AVurw 50604 19761F504.17
QED
HO
AVwei"
norrel
1s2s2p?3p °P;-1s2p°3p °P;,

50530

3/2-5/2 51953 192482516.38
5/2-7/2, 51977 19239251655
3/2-3/2
5/2-3/2
712-7/2
7/2-5/2
Avwei

52026 19221251720
52078 19202(517.81
52136 19180€51824
52035 19217¢517.24
Avunw 52054 19210751699
QED
HO
AVwei"
Nonrel

1s2s2p°3p °S;-1s2p°3p °Py

51756

5/2-7/2 54862 18227¢564.89
5/2- 54894 18216¢56540
5/2,3/2
Avwei 54880 18221€56517
Avurnw 54878 18222256515
QED
HO
AVwei "
Nonrel

56592

1917
19895(
19873:
19846¢

19819¢
19803t
19771¢
19819z
19834¢
-68.2
-2200
19790

+119C
19365¢
19359z

19334¢
193121
192961
19333¢
19342¢

-67.8

-50.3
19321¢

+5314
17702¢
17686¢

176937
17694¢
-66.7
-1656
17670¢

1008 50541
885 50596
746 506.72

634 507.39
602 507.78
526 50861
675507.38
73350698

387 507.35
51288

117451923
119951946

113752006
110152074
115552115
1156 52014
132252035

103752035
52574

-525(C 54646

-5303 54699

-528C 546.75

-5277546.73

-5511 54691
55304

+557
19785¢
19764<
19734¢

197081
19693¢
19661<
19708¢
197247
-66.8
789
197101
194971

+119
19259:
19250¢

19228¢
19203«
19188:
19225¢
192171

-66.5

-10.7
19217¢
190131

+735
18299¢
18281¢

182891
182901
-66.7
165
182841
180811

-82 50207
-203 50250
-371 50340

-475 50420
-498 50453
-574 50547
-428 50413
-368 50370

-416
-2540

11151498
11551521

74 51600
1551564
7751702
7751572
70 51597

-2041

72056194

64956233

68156216

68556214

631
-1458

+1153
19917¢
19900¢
19864¢

1234 496.29
1158 496,62
93149752

19833¢
19820¢
19783¢
198361
19853:

77249826
77149867
648 49953
844 49823
918 497.82

+1832
19418:
19409¢

170151158
170351173

19379¢
19393¢
19341¢
19390¢
193811

158751232
191451293
161051338
172651239
170351259

+4341
177958-4321 5625
177832-433856315

17788€-433056286
17789:-432956283

+3492
20149t
201361
200997

20069¢
20053:
20018¢
20071C
20087¢

+3013
19547¢
19541¢

195191
19495¢
194787
19516=
19508¢

+4617

17777¢-

3554
3514
3279

3136
3100
3000
3193
3263

2991
3023

2979
2939
2981
2984
2980

4498

177572 -4597

17766¢-

4553

177675-4547
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In Fig. 5.2.4the SCDF deviationis constant for all 1s2s2p?3p °P° -1s2p3p °P
transitions of nuclea charge with Z = 8, 9and 10.The MCHF, SCHF, MCDF
and nonrelativistic SCHF deviations are linea for all 1s2s2p”3p °P° -1s2p°3p °P
transitions of nuclea charge with Z = 8, 9 and 10. The MCHF deviation d
oxygen is 226 cm™. In Fig. 5.2.5we can see the SCDF and relativistic SCHF
deviations are mnstant for al 1s2s2p?3p °S° -1s2p*3p °P transitions of nuclea
chargewith Z = 8, 9and 10.The MCHF, MCDF and SCHF deviations are linea
for al 1s2s2p’3p °S° -1s2p*3p °P transitions of nuclea charge with Z = 8, 9and
10. The SCHF deviation o oxygen is 105 cm™. But the SCDF, MCHF and
SCDF deviations are quite large, >4000cm™ for al 1s2s2p’3p °S° -1s2p°3p °P
transitions of nuclea charge with Z = 8, 9and 10. To begin with, these &owve
linea or constant energy deviations can be used to predict easily and with high
acaragy the transition energies for the 1s2s2p?3p °D°, P° and S*-1s2p°3p °P
transitions for boron-like ions with the 5<Z<13.

The QED and higher-order corredions for the 1s2s2p?3p °D°, P° and S*-
1s2p3p °P transitions in O 1V, F V and Ne VI are up to -220-370 cm™ (see
Table 5.2.1) and can't be ignared in the caeful comparisons with experiments.
Here the QED and higher-order corredions were cdculated from the dfedive
nuclea charge Z4 ohtained from the MCHF and SCHF cdculations. In Fig.
5.2.6we plot the éove arredions. The results dow that the weighted mean
wavelengths for the 1s2s2p”3p °D°, P° and S-1s2p®3p °P transitions in O IV, F
V and Ne VI are sensitive to the QED and higher-order corredions to 0.18A,
0.12 A and 0.22 A, respedively. They are larger than ou estimated
experimental predsion o +0.06A, +0.10A and+0.05A..
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FIG. 5.2.3.The deviations between the theoretical and experimental transition energies
for the 1s2s2p”3p °D;-1s2p°3p °P; transitions. Here the theoretical transition energy is
the center of gravity of the 1s2s2p”3p °D;-1s2p°3p °P; transition energies (computed
from the fine structure lines by this work) with the results of theoretical andysis, and
the exerimental transition energy isthe center of gravity of the 1s2s2p’3p °D-1s2p°3p
°P, transition energies (computed from the observed lines) with the results of
theoretical andysis.
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FIG. 5.2.4.The deviations between the theoretical and experimental transition energies
for the 1s2s2p”3p ®P-1s2p*3p ®P; transitions. Here the theoretical transition energy is
the center of gravity of the 1s2s2p?3p °P;-1s2p3p ®P; transition energies (computed
from the fine structure lines by this work) with the results of theoretical andysis, and
the experimental transition energy is the center of gravity of the 1s2s2p’3p °P-1s2p°3p
°p, transition energies (computed from the observed lines) with the results of
theoretical andysis.
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FIG. 5.2.5.The deviations between the theoretical and experimental transition energies
for the 1s2s2p’3p °S-1s2p®3p °P; transitions. Here the theoretical transition energy is
the ceter of gravity of the 1s2s2p”3p °S-1s2p®3p °P; transition energies (computed
from the fine structure lines by this work) with the results of theoretical andysis, and
the experimental transition energy is the center of gravity of the 1s2s2p’3p °S-1s2p°3p
°p, transition energies (computed from the observed lines) with the results of
theoretical andysis.
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FIG. 5.2.6.The QED and hgher-order corredions for (a) the 1s2s2p?3p °D-1s2p*3p
°P, (b) 1s2s2p?3p °P-1s2p°3p °P and (c) 1s2s2p”3p °S-1s2p3p °P transitions in the B |
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5.2.5. Smnmary

Our fast bean-foil spedroscopy experiments have yielded new information
on doulbby excited sextet states in baon-like O 1V. We performed MCHF (with
QED and hgher-order corredion) and MCDF cdculations for 2s-2p transitions
between doubly excited sextet states of five-eledron O V. Using the cdculated
wavelengths and transition rates we were &le to identify the observed lines in
the fast bean-foil spedrafor O IV correspondng to the 1s2s2p’3p °L-1s2p°3p
°P, L=S, P, D, eledric-dipdle transitions in O 1V and measure the wavelengths
with good acarracy. Most of the new identificaions have been oltained by
seaching in ou spedra for sets of unidentified lines and by comparing the
energies and relative intensities with ou acairate MCHF and MCDF theoreticd
predictions. Identificaions are verified mainly due to the fad that the theoreticd
transition energy deviation from the experimentsisin the reasonable range.

We have caefully studied the dfed of the configuration interadion, higher-
order corredions and QED effeds on the energies, lifetimes and relevant E1
transitions. Agreement for the energies of the douldy excited sextet states
1s2s2p?3p °L° and 1s2p*3p °P and the fine structure of the douly excited sextet
states 1s2s2p?3p °L° is stisfadory. We dso have studied the dfed of the

configuration interadion onthe transition probabiliti es and lifetimes,
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5.3 The 1s2s2p”3d °L - 1s2p®3d °D°, L=P, D, F Transitionsin O IV, F V and Ne
VI

We present observations of VUV transitions between doully excited sextet
states of O 1V, F V and Ne VI. Spedra were produced by collisions of an O+
bean with a solid carbon target. Some observed lines were asgned to the
1s2s2p?3d °L-1s2p°3d °D, L= P, D, F eledric-dipdle transitions, and are in good
agreanent with ou acarate MCHF (with QED and hgher-order corredions)
and MCDF cdculations. 42 rew lines have been identified.

Figs. 5.3.1a) -(c) display three typicd spedra of oxygen recorded at the

beam energy 1.5, 1.7and 2.5MeV in the wavelength range of 660-710A. Figs.
5.3.1(d) and (e) display the spedra of ?%(FH)" and *°Ne” recorded at the beam
energy 2.5and 4.0MeV in the wavelength range of 560640 A and 490540A.
The sextet transitions appea as wed lines among a rich colledion d other
unidentified lines of highly excited oxygen, fluorine aand reon. The pe&
locations vs. dia were found wing nonlinea least squared fits to Gaussan
profiles first. The wavelength determining procedures and results will be

described below.

5.3.1The 1s2s2p?3d °L-1s2p°3d °D° Transitionsin O IV.

We obtained spedra & different ion keam energies for oxygen. In the
wavelength region d 660710 A the transitions between the sextet states
1s2s2p?3d °L and 1s2p°3d °D in O IV were expeded. Threetypicd spedra ae
shown in Figs. 1(a) -(c). For the 1s2s2p?3d °L-1s2p®3d °D transitions we

expeded to resolve the fine structures of the lower states 1s2s2p”3d °L in our
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experiments, whereas the fine structures of the upper states 1s2p°3d °P are too
close ad less than the resolution d the experimental spedra. A promising
candidate for the 1s2s2p?3d °Fy1, - 1s2p°3d °Dy), transition at 666.99:0.06 A
appeas in the spedra recorded at the 1.7 and 2.5MeV %°0" ion beam energy,
which dces not appea in the spedrum at the lower energy of the 1.2 MeV O,"
ion beam energy. The O V 3p-4d, O IV 25’3p-25°5s, O V 2s3d-2s4f and O |l

25°2p?-2s2p° transitions are & 659.589A, 670.601A, 681.332A and 703.8544,
respedively, close to the neighbahood d the doully excited sextet transitions.
The four wavelengths have been semiempiricdly fitted with high acaracgy
+0.004 A by [134-136 and povide agood cdibration for our measurements.
The standard error for wavelength cédibrationis 0.01A in the region d 660-710
A. Nonlinea least square fits of Gausdan profiles gave the values for the
wavelengths, intensities and full widths at half maximum (FWHM) of lines. The
uncertainties of the wavelengths are related to the intensities of the lines.
Throughthe use of opticd refocusing we adieved spedroscopic linewidths of
0.7 A. The predsion d the profil e-fitting program was cheded through several

known transition wavelengths.
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FIG. 5.3.1.The 1s2s2p”3d °L; - 1s2p®3d °Dy , L=P, D, F transitions in the beam-foil spedra of
oxygen, fluorine and reon, recorded at different energies. The beam energies and spedrometer slit
widthsin are indicated.
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Table 5.3.1.The energies E (in cm) and wavelengths 4 (in A) for the 1s2s2p?3d °L -1s2p°3d °D
transitions in O 1V by this work. We also list the deviations between the theoretical and
experimental transition energies for the 1s2s2p?3d °L ;-1s2p°3d °D; transiti ons.

JJ A exp

+0.06

Eexp Amchf

Emchf

deEcd ) schf

E schf

dEcd  Ascdf

Escdf deEcd Amcdf Emcdf

dEcd

1s2s2p?3d °F ;-1s2p°3d °D;

v2-*
3/2-*
5/2-*

665.38
665.65
66592
7/2-* 66627
9/2-* 66663
11/2-9/2 666.99
AVwei 66641
AVunw 66614
QED
HO
AVwei "
nonrel

15029( 66583
15022¢ 666.08
15016¢ 666.32
15008¢ 666.69
15000¢ 667.10
14992766747
15005¢ 666.86
15011€ 66658

66576

1s2s2p?3d °D;-1s2p*3d °Dy

1/2-*
3/2-*
5/2-*
7/2-*
9/2-*
AVwei
AVunw
QED
HO
AVwei"
nonrel

68642
686.39
686.39
68651
686.87
68658
68652

14568 68535
145690 68532
14569( 68530
14566468541
14558¢ 68576
14564¢ 68549
145662 68543

68516

1s2s2p°3d °P-1s2p°3d °D

3/2-*
5/2-*

69806
69857
7/2-* 69895
AVwei 69863
AVunw 69853
QED
HO
AVwei"
nonrel

14325469388
14315069442
14307269473
14313€ 69425
14315¢€ 69434

69300

+106
15018¢
150132
15007¢
14999t
14990¢
14981¢
149957
15001¢

-23.2

2708
15020t

+235
145911
145917
145921
14589¢
14582¢
145881
14589¢
-231
931
145951

+869
144117
14400t
143941
144041
144021
-23.0
2820
14430(C

-102 66607
-97 666.25
-90 66656
-95 66674

-106 667.35

-108 667.73

-101 667.06
-99 666.78

147 666.79
67072

22768818
22768815
23268815
234 68827
236 68863
23368834
23168828

302 687.46
69220

86370121
85570176
869 70208
902 70159
863 70168

116270115
70559

+167
15013«
15009¢
15002¢
14998¢
14984¢
149761
149911
14997¢
-23.2
84.6
149972
14909¢

+373
145311
145317
145317
145292
14521¢
14527¢
145291

-23.0

2098
14546¢
144461

+650
142611
14249¢
142434
14253«
14251¢

-22.9

1121
14262:
14172¢

-156 66374
-135 66393
-144 66425
-106 664.65
-162 66508
-166 66551
-147 664.83
-145 664.53

-964

-373 68420
-373684.18
-373 68447
-372 684.27
-37268471
-372 68444
-372 68437

-186
1182

-644 68994
-651 69042
-638 690.71
-604 69027
-644 690.36

-515
-1413

+385
150661
15061¢
15054¢
15045t
15035¢
150261
15041¢
15048:

+486
14615¢
14616(
14609¢
146141
146047
14610t
146121

+1705
14494(
14483¢
14477¢
144871
14485:

37166198
38966218
37866249
366 66288
35066331
33366372
357 66306
364 66276

47368224
47168222
40968223
47768235
45968273
456 68243
458 68235

1686 69523
169069576
1707 69608
173269560
1694 69569

+783
151062
15101¢
15094¢
150857
15075¢
15066¢
150817
15088¢

+892
14657¢
14658(
14657¢
146552
146471
14653¢
146551

+590
143831
14372¢
143662
143762
14374z

772
787
777
768
751
739
759
766

893
891
888
888
883
887
888

583
578
590
624
584
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In Table 5.3.1all the observed lines in the sextet system of O IV are reported.
Fourteen lines are new observations with the wavelength acaracy of +0.06 A.
The quaed theoreticd errors are the root mean square differences of the
cdculated and experimental values for the transition energies as given below in
the table.

The strongest fine structure cmmporent is the 1s2s2p3d °Fy 1, - 1s2p°3d °Dy),
transition at the wavelength of 666.9%0.06 A. We dso foundthe wavelengths
for other 1s2s2p’3d °L; - 1s2p*3d °D;, L=P, D, F transitions. Most of the new
identificaions have been oltained by seaching in ou spedra for sets of
unidentified lines and by comparing the energies and relative intensities in
agreanent with ou acarate MCHF and MCDF theoreticd predictions. The
transition rates are propational to the aea of the pe&s (the fitted
intensityxFWHM of the experiments). We compared the measured transition
rates with cdculated results. They are mnsistent. In Table 5.3.1we present our
measured fine structure wavelength values and compare these with ou diff erent
theoreticd valuesfor O IV. They are consistent.

Fig. 5.3.2 dplays the identifications of the 1s2s2p?3d °F; - 1s2p®3d °D;
transitions of O 1V in the experimental spedrum of *°0" at the energy of 2.5
MeV. Here *'s represent al possble dlowed Js of the upper states by the E1
transition seledive rules. In Fig. 5.3.2the line for the 1s2s2p”3d °F), - 1s2p°3d
®D,_. transition o O 1V and the 1s2p3p'D,-1s?2p4d'F; transition are of O V
at 666.220.06 A. The latter transition was identified at 666.8120.03A [136].
In thiswork we could resolve the lines and improve the wavelength acairacy of
the 1s°2p3p’D,-15’2p4d*F; transition to 666.2%0.06A. We dso list our results
in Table 5.3.2. For the 1s2p3p 'D, state there ae different coupings,
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1°2p(j=1/2)3p(]'=3/2) 'D, and 1s?2p(j=3/2)3p(j'=1/2) 'D,. For the 15°2p4d'F;
state there ae different coupings, 1s2p(j=1/2)4d(j'=5/2) 'F; and
1°2p(j=3/2)4d(j'=3/2) 'Fs;. Their energies are different. The MCHF method
handesit in the diff erent way and gves diff erent values from the MCDF values.
The MCHF cdculation can orly gives the minimum energies among bdh
configurations. In Table 5.3.2 the SCHF cdculation gave a quite diff erent
wavelength. We studied the spedrum in the wavelength range aound 6004 and
found a strong undentified line located at 599.85:0.06 A. We asgn it as
thels’2p3p’D,-1s°2p4d F; transition and also list it in Table 5.3.2.

400 T =
E ¥ |——Expt O+2.5MeV
F 3
300 | 3
r +
2 ; Q& w
%) r n =~ (o))
g 200 ¢ S
Pr E ™ ‘ N a
= N > —
C =
100 £ ‘ ‘
0 o M

665.0 665.5 666.0 666.5 667.0 667.5 668.0
Wavelength A

FIG. 5.3.2.The identifi cations of the 1s2s2p*3d °F; - 1s2p°3d °D transitions of O IV in
the exerimental spedrum of 2°0" at the energy of 2.5MeV.

TABLE 5.3.2. The wavelengths J. (in A) for the 15°2p3p D,
1s°2p4d*F; transitionsin O V by this work.

A obs?® Aexp” A scdf @ A medf 2 A schf 2
+0.06 +0.03

666.27 666.819 651.12 681.40 589.09
599.85 651.12 681.40 589.09
athiswork
b[123
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5.3.2The 1s2s2p?3d °L-1s2p*3d °D° Transitionsin F V.

We obtained spedra & a beam energy of 2.5 MeV for fluorine. In the
wavelength region d 570620 A the transitions between the sextet states
1s2s2p?3d °L and 1s2p®3d °D in F V were epeded. The spedrum in the
wavelength region is $own in Fig. 5.3.1d). A promising candidate for the
1s2s2p*3d °F11, - 152p®3d ®Dg), transition at 574.05:0.10 A appeas at the 2.5
MeV (FH)" ion beam energy. Nonlinea least square fits of Gaussan profiles
gave the values for the wavelengths, intensities and full widths at half maximum
(FWHM) of the lines. The uncertainties of the wavelengths are related to the
intensities of the lines. Through the use of opticd refocusing we adieved
spedroscopic linewidth of 0.7 A. The predsion d the profile-fitting rogram
was also chedked through several known transition wavelengths. Using similar
experimental analysis procedure & described above we obtained the wavelength
acaragy of +0.10 A for the 1s2s2p?3d °L - 1s2p®3d °D transitions in the
wavelength region d 570-620A.

In Table 5.3.3all the observed lines in the sextet system of F V are reported.
Fourteen lines are new observations. The strongest fine structure comporent is
the 1s2s2p”3d ®F, 4, - 1s2p°3d °Dy, transition at the wavelength of 574.05:0.10
A. We dso found dher wavelengths for the 1s2s2p°3d °L; - 1s2p°3d °D;, L=P,
D, F transitions. We compared the measured transition rates with cdculated
results. They are consistent. In Table 5.3.3 we present our measured fine
structure wavelength values and compare these with ou different theoretica

valuesfor F V. They are consistent.
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TABLE 5.3.3.The energies E (in cm) and wavelengths 2 (in A) for the 1s2s2p?3d °L-1s2p°3d °D;
transitions in F V by this work. We also list the deviations between the theoretical and experimental
transition energies for the 1s2s2p?3d °L ;-1s2p®3d °D; transiti ons.

JJ A exp

+0.10

Eexp Amchf

Emchf dEcd ) schf

E schf

dEcd  Ascdf

Escdf dEcd Amcdf

Emcdf

dEcd

1s2s2p?3d °F ;-1s2p°3d °D;

12-*
3/2-*
5/2-*

57176
57201
57241
7/2-* 57291
9/2-* 57348
11/2-9/2 574.05
AVwe 57316
AVurw 57277
QED
HO
AVwei "
nonrel

17489¢€57140
17482257164
17470057205
17454757255
17437457258
17420157315
17447157252
17459057223

57231

1s252p?3d °D-12p*3d °D;

12-*
3/2-*
5/2-*
7/2-*

59185
59182
59186
59205
9/2-* 59252
AVwe 59212
AVunw 59202
QED
HO
AVwei"
nonrel

16896259151
16897059148
16895¢€ 59151
16890t 59169
16877159215
16888: 59177
16891259167

59104

1s2s2p°3d °P-1s2p°3d °D

3/2-*
5/2-*

604.10
604.88
7/2-* 605.36
AVwe 604.64
AVunw 60478
QED
HO
AVwei"
nonrel

16553¢€ 60327
165322 60399
16519160403
16538¢ 60368
16534¢€ 60376

60363

+249
17500¢
17493t
17481(
174657
17464¢
17447¢
17466¢
17475¢

411

1040
174731

+104
16905¢
169067
16905¢
169007
16887¢
16898¢
16901<

-40.8

2497
16919¢

+353
16576:
16556¢
16555¢
165651
16562¢
-40.6
53.0
16566¢

11057227
11357252
11057292
11057342
27457399
27457456
196 57367
16557328

26057341
57811

97 59383
97 59380
10059384
103 594.03
10559450
102 59410
100 594.00

31159402
59888

228 61097
244 61175
364 61222
26361151
27861165

27561100
61656

+156
17474:
17466¢
17454¢
17439z
17421¢
17404¢
17431¢
17443t

-41.1

1212
17439¢
172977

+564
16839¢
168407
16839¢
16834=
16820¢
168321
16835(
-40.8
634
16834<
16697¢

+1861
16367<
16346¢
16334(
16353(
16349¢
-405
1758
16366%
16219(C

-156 56983
-156 57007
-156 57048
-15557102
-15557162
-15557223
-15557128
-155570.88

-75
-1494

-563 58997
-563 58993
-563 58996
-563 59014
-562 59070
-563 59025
-563 59014

-539
-1905

-1861 59975
-1857 60045
-1851 60087
-1857 60023
-1856 600.36

-1723
-3197

+596
175491
175417
175291
17512¢
174941
17475¢
17504¢
17517C

+549
16950(
16951-
16950:
169451
169291
16941¢
169451

+1235
16673¢
16654:
16642t
16660z
16656¢

592 56894
59556817
591 56959
57857013
567 57075
554 57137
57357031
58056983

538 58897
54158894
544 58898
54758918
52058970
536 58927
538 58915

1201 60584
122060660
1234 607.08
121560637
1218 60651

+1041
17576¢
17600<
17556¢
17539¢
17520¢
17501¢
17534:
17549z

+830
16978¢
169791
16978t
169727
16957¢
16970z
16973t

+475
16506(
16485¢
16472:
16491¢
16487¢

867
1182
865
851
834
817
871
902

826
826
826
823
807
819
822

-475
-469
-468
-472
-471
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5.3.3The 1s2s2p?3d °L-1s2p°3d °D° Transitionsin Ne V.

We obtained spedra & a beam energy of 4.0 MeV for neon. In the
wavelength region o 490550 A the transitions between the sextet states
1s2s2p°3d °L and 1s2p®3d °D in Ne VI were expected. The spedrum is shownin
Fig. 5.3.16). For the 1s2s2p?3d °L -1s2p®3d °D transitions we expeded to seethe
fine structures of the lower states 1s2s2p”3d °L in our experiments, whereas the
fine structures of the upper states 1s2p°3d °D can also be partially resolved with
the resolution d the experimental spedrum. A promising candidate for the
1s2s2p?3d °F1q, - 152p®3d °Dyy, transition at 503.45:0.05 A appeas in the
spedrum recorded at the 4.0MeV ?°Ne” ion beam energy. Nonlinea least square
fits of Gaussan profil es gave the values for the wavelengths, intensities and full
widths at half maximum (FWHM) of lines. Through the use of opticd
refocusing we adieved spedroscopic linewidths of 0.4 A in the second ader
spedrum. The predsion d the profile-fitting pogram was chedked through
several known transition wavelengths. Using similar experimental procedures as
described abowve, we obtained the wavelength acaracy of +0.05 A for the
1s2s2p°3d °L - 1s2p®3d °D transitions in the wavelength region o 490-550A.

The strongest transition fine structure comporent is the 1s2s2p?3d °Fy, -
1s2p*3d ®Dy, transition at the wavelength of 503.4530.05A. In Table 5.3.4we
present our measured fine structure wavelength values for the 1s2s2p”3d °L; -
1s2p®3d °D;, L=P, D, F transitions for Ne VI and compare these with ou
different theoreticd values. They are wnsistent. Fourteen lines are new
observations.
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TABLE 5.3.4.The anergies E (in cm®) and wavelengths 4 (in A) for the 1s2s2p?3d °L;-1s2p°3d °D
transitions in Ne VI by this work. We also list the devations between the theoretical and
experimental transition energies for the 1s2s2p?3d °L ;-1s2p°3d °D; transiti ons.

JJ A exp

+0.05

Eexp Amchf

Emchf

deEcd ) schf

E schf dEcd

Ascdf

Escdf deEcd Amcdf Emcdf

dEcd

1s2s2p?3d °F ;-1s2p°3d °D;

v2-*
3/2-*
5/2-*

50040
50066
50118
7/2-* 50184
9/2-* 50271
11/2-9/2 50345
AVwei 50223
AVunw 50171
QED
HO
AVwei
nonrel
1s252p?3d °D-12p*3d °D;

19984(49242
19973€ 49269
19952€ 49312
19926749369
198922 49426
19862¢ 496.86
19911149449
19932049384

49443

v2-*
3/2-*
5/2-*
7/2-*

51965 19243751356
51963 1924451355
51970 19241¢51349
52014 19225€51357
9/2-* 52081 19200¢51394
AVwei 52017 19224251367
AVurw 51999 19231251362
QED
HO
AVwei"
nonrel
1s2s2p°3d °P-1s2p°3d °D

51389

3/2-*
5/2-*

537.00 18622(517.23
53810 18583¢51834
7/2-* 53869 18563€ 52908
AVwei 53774 18596252023
AVunw 53793 18589¢ 52155
QED
HO
AVwei "
nonrel

52069

+3448
20307¢
202967
20279(
20255¢
202322
20126¢
202227
20249t
-67.2
94.1
20225¢

+2509
19471¢
19472:
19474¢
19471¢
19457¢
19467¢
19469¢
-66.7
-165
19459:

+8011
19333¢
19292¢
189007
192221
19173¢
-66.4
-1004
19205¢

323950079
323150112
326150162
329C 50227
340150303
263450380
311650262
317550211

314350279
50895

228252142
227852141
232752149
245852175
256752233
243352182
238352168

235052224
52759

7118 540,69
708554174
337254239
6258 54142
583854161

6091 54226
54762

+180
19968<
19955¢
19935¢
19909¢
19879¢
198491
19895¢
19916~
-67.1
-2.3
19889(
19648:

+671
19178¢
19178¢
19175¢
19166¢
19145(
19163t
19168¢

-66.6

-85.3
19148¢

-156 49837
-183 49867
-175 49918
-171 49988
-127 50069
-138 50153
-152 50026
-158 49972

-221
2628

-653517.81
-657 517.78
-660517.83
-593 51810
-55951882
-608 51822
-624 51807

-760

189541-2702

+1274

18494¢-1271 53001
18459(-1248 53092
18436¢€-1266 53150
18470(-1262 53064
18463€-1262 53081

-66.2
-2198

18441¢<-1548
18260¢-3354

+811
20065¢
20053¢
20032¢
20004¢
19972¢
19939(
199891
20011z

+745
193121
19313¢
19311«
19301:
19274¢
192967
19302¢

+2526
18867¢
18835z
188147
18845(
188391

814 49803
797 49835
799 49886
78149954
80350033
76050117
786 49991
792 49938

684 51741
688 51740
69551748
75751774
736 51839
724 51784
71251768

2456 536.33
2513537.32
251153794
2487 537.02
2494 537.20

+946
200791
20066:
200457
20018¢
19986¢
19953:
20003t
20024¢

+891
19327(
19327¢
19324¢
193147
19290t
193111
19316¢

273
186452
18610¢
18589¢
18621¢
186152

951
926
928
917
946
904
924
929

833
829
825
891
896
868
855

233
270
259
251
254
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5.3.4Comparisons with Theory of the 1s2s2p?3d °L - 1s2p®3d °D Transitions
alongB | Isoeledronic Sequence

In order to verify the validity of our experimental and theoretica approaces
abowe, we have studied the deviations between the experimental and theoreticd
transition energies of the 1s2s2p?3d °L-1s2p*3d °D transitions along the boron
iIsoeledronic sequence.  In Figs. 5.3.3, 5.3.4and 5.3.5we show plots of the
deviations between the theoreticd and experimental transition energies of the
1s2s2p?3d °L -1s2p®3d °D, L=P, D, F transitions for boron-like ions. Here, the
theoreticd transition energy is the center of gravity of the 1s2s2p3d °L -1s2p°3d
®D, transition energies (computed from the fine structure lines by this work)
with the results of theoreticd analysis, and the experimental transition energy is
the ceter of gravity of the 1s2s2p”3d °L1s2p®3d °D; transition energies
(computed from the observed lines) with the results of experimental analysis. In
Fig. 5.3.3the MCDF, SCHF and SCDF deviations are mnstant for all 1s2s2p’3d
°F -1s2p®3d °D transitions with nwlea charge Z = 8, 9 and 10. The non
relativistic SCHF deviations are linea. The MCHF deviations of oxygen and
fluorine ae small, just 106and 249cm™.

In Fig. 5.3.4the SCHF, SCDF and MCDF deviations are cmnstant for all
1s2s2p*3d °D -1s2p®3d °D transitions with niclea charge Z = 8, 9and 10.The
nonrelativistic SCHF deviations are linea. The MCHF deviations of oxygen
fluorine ae small, just 235and 104cm™.

In Fig. 5.3.5the SCHF and MCDF deviations are mnstant for all 1s2s2p*3d
®P -1s2p*3d °D transitions with nwclea charge Z = 8, 9and 10.The SCDF and

nonrelativistic SCHF deviations are linea. These smocthly varying linea or
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constant energy deviations can be used to predict easily and with high acaracy
the transition energies for the 1s2s2p”3d °L -1s2p*3d °D, L=P, D, F transitions
for boron-like ions with 5<Z<13.

In Figs. 5.3.6, 5.3.7and 5.3.8we summarize the detail ed results of the fine
structures of the 1s2s2p?3d °L,, L=F, D, P states for O IV, F V and Ne VI. The
comparisons of the measured fine structures of the 1s2s2p?3d °L ; states ow

reasonable agreement. Here, the aror bars are from experiments.
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FIG. 5.3.3.The deviations between the theoretical and experimental transition energies
for the 1s2s2p?3d °F-1s2p®3d °D transiti ons.
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FIG. 5.3.4.The deviations between the theoretical and experimental transition energies
for the 1s2s2p?3d °D-1s2p®3d °D transitions.
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FIG. 5.3.5.The deviations between the theoretical and experimental transition energies
for the 1s2s2p?3d °P-1s2p®3d °D transiti ons.
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FIG. 5.3.6. The reduced experimental transition energies AE/(Z-1.86) for the 1s2s2p°3d
°F1-1s2p°3d °D; transitions.
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FIG. 5.3.7. The reduced experimental transition energies AE/(Z-1.86) for the 1s2s2p°3d
®D;-1s2p*3d °D; transitions.
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FIG. 5.3.8. The reduced experimental transition energies AE/(Z-1.86) for the 1s2s2p°3d
°P1-1s2p°3d °D; transitions,

Our MCHF, SCHF and MCDF cdculated lifetime results for the 1s2s2p?3d
®P and 1s2p®3d °D states for N 11l, O IV and F V arein goodagreament with the
measurements by Blanke d@ al 51] and the cdculations of Miecaic [16] et d
(seeTable 5.3.5and Figs. 5.3.9and 5.3.10. The discrepancies between theory
and experiments are dose to the value of experimenta predsions. The
discrepancies are most probably due to the alditional decay modes of M2 and
radiative autoionization a some missng configurations which are important for
MCHF and MCDF cdculations. In Table 5.3.5 we dso list our caculated
lifetime results for the 1s2s2p?3d °P states for Ne VI and Na VIl and for
thels2p®3d °D statesfor N 1Il, O 1V, FV, Ne VI and Na VII.
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TABLE 5.3.5. Lifetimes (in ps) of the 1s2s2p?3d °P and 1s2p3d
®D statesin N 1Il, O IV, E V, Ne VI andNa VII.

lon Thiswork Experiment  Theory
MCHF  SCHF  MCDF
1s2s2p*3d °P
NIl 45.37 40.65 47.42 51412  42.8:18
olv 15.32 15.29 16.01 12+3° 14.95:4
FV 6.82 6.90 7.02 11+4° 6.689:4"
NeVI 3.57 3.54 3.61
NaVil 2.1 2.04 2.07
1s2p*3d°D
NIl 275.3 286.2 255.3
OolIv 225.7 238.7 213.1
FV 196.7 204.3 183.3
Ne VI 170.1 178.1 153.0
NaVil 150.8 157.4 140.0
aBlanke[15].
b Miecaik [16].
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FIG. 5.3.9.The lifetimes (in ps) for the 1s2s2p?3d °P® states in the boron sequence
Experimental values are taken from Table 5.3.5.
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FIG. 5.3.10.The lifetimes (in ps) for the 1s2p®3d °D° states in the boron sequence

The QED and Hgher-order corredions for the 1s2s2p?3d °L, L=F, D, P-
1s2p*3d °P transitions in O 1V, F V and Ne VI are up to -220-370 cm™ (see
Table 5.3.1, 5.3.3and 5.3.4 and can't be ignared in the caeful comparisons
with experiments. Here, the QED and higher-order corredions were cdculated
from the dfedive nuclea charge Z4 obtained from the MCHF and SCHF
cdculations. In Fig. 5.3.11we plot the ébove wrredions to the weighted mean
transition energies. The results show that the weighted mean wavelengths for
the 1s2s2p”3d °L, L=F, D, P-1s2p’3d °P transitions in O IV, F V and Ne V| are
sensitive to the QED and Hgher-order corredionsto 0.27A, 0.26A and 0.18A,
respedively. They are larger than ou estimated experimental predsion d +0.06
A, £0.10A and +0.05A. Here, the transition energies are strongy related to the
eledron correlation. We muld nd obtain the exad eledron correlation. The
QED and hgher-order corredions in the sextet states of boron-like systems are

large enoughto be seen experimentally. This work provides a goodtest for the
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QED and hgher-order corredions if the theory of the dedron correlation is

well known.
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FIG. 5.3.11.The QED and hgher-order corredions for (a) the 1s2s2p”3d °F-1s2p*3d
°D, (b) 1s2s2p?3d °D-1s2p°3d °D and (c) 1s2s2p?3d °P-1s2p®3d °D transitionsin the B |
isoeledronic sequence
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5.3.5. Smnmary

We performed MCHF (with QED and higher-order corredions) and MCDF
cdculations for the 1s2s2p?3d °L-1s2p’3d °D, L=P, D, F eledric-dipde
trangitions of five-eledron O 1V, F V and Ne VI. The present beam-foil study of
oxygen, fluorine and reon led to the observations of 42 rew lines in the sextet
system of O IV, F V and Ne VI. We measured the wavelengths with good
acarracgy. They are in excdlent agreanent with ou recent theoreticd results by
this work. Identificaions are verified mainly due to the fad that the theoreticd
transition energy deviations from the experiments are in the reasonable range.

Moreover, it has been posgble to classfy many newly observed lines in O
IV, F V and Ne VI by cdculating the wavelengths of transitions between the

known sextet energy levels from above sedions.
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