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ELECTRON EXCITATICJN COLLISION STRENGTHS

FOR POSITIVE ATOMIC IONS: A COLLECTION OF THEORETICAL DATA

by

A. L. Merts, J. B. Mare, W. D. Robb and N. H. Magee, Jr.

AESTRACT

This report contains data on theoretical and experimental cross
sections for electron impact excitation of positive atomic ions.
It is an updated and corrected version of a preliminary manuscript
which was used during an Atomic Data Workshop on Electron Excitation
of Ions held at Los Alamos in November 1978. We attempt to show
the current status of quantitative knowledge of”collisional excita-
tion collision strengths for highly stripped ions where con-
figuration mixing, relativistic and resonance effects may be
important. The results show a reasonably satisfactory state for
first-row isoelectronic ions, and indicate that a considerable
amount of work remains to be done for second-row and heavier
ions.

1. INTRODUCTION

The number of elements for which collisional excitation data are needed has

expanded rapidly in the past few years. Elements of Z ~ 30 are important for

both astrophysical applications and for many laboratory experiments. The use of

higher-Z elements

ant impurity ions

lations to higher

elements, because

range of elements

Although the

will quickly show

in the construction of power fusion reactors, with the result-

causing radiative power losses, has forced the need for calcu-

and higher Z. Even after the elimination of very high-Z

of excessive power losses , one still must deal with a wide

and ionization stages.

need for these calculations is great, a literature search

that experimental data are largely nonexistent and there is a

paucity of calculated results for many of the needed transitions. This led to



the choice of the ions and transitions. presented at the meeting in Los Alamos

and in this report. Two major considerations were paramount. First, ions and

transitions were selected which were botli.of importance to the power fusion

community and capable of being calculated by many different people and methods.

This resulted in..thelargest possible duplication and comparison of collision

strengths. Second, this selection was made to facilitate the development

of isoelectronic scaling procedures, extending the work started by the authors

in an earlier collisional excitation report.42 Furthermore, it was hoped that

the selection would allow reasonable interpolation of collision strengths as a

function of N (number of bound electrons). Molybdenum is the heaviest element

in the report, since it is at present the highest Z for which it is really

practical to do calculations for complex ions. Table I on page 10 summarizes

the elements and ions considered in this report.

The purpose of this work is to give a reasonably accurate impression of the

data available from current practical computational methods. To achieve this,

we have attempted to bring together a representative fraction of the existing

data (published and unpublished). We have compared the data whenever possible

to provide the reader with a basis for making his own judgments concerning the

spread in calculated quantities. While we have chosen a few specific examples

to discuss particular effects and to illustrate the importance of a process, we

do not attempt to pass judgement on the various theoretical methods. The few

known experimental values for collisional excitation cross-sections are also

included.

Finally, the ultimate destiny of cross-sections is to produce rate coeffi-

cients. We have fitted many of the collision strengths in forms that are easily

converted to rate coefficients for model calculations, etc. The fit coefficients

and formulae needed to convert to rates have been included. In Appendix B we

give some examples for scaling along isoelectronic sequences.

2. CALCULATIONAL METHODS

All of the theoretical collision strength data in this report comes from ab

initio calculations. The approximations made in obtaining actual numbers are

diverse and it is beyond the scope of this report to account for them in detail.

We will instead provide references to relevant review articles and recent works

of the authors whose numbers we have u:;ed,and where possible we reference

publications on their computer codes and/or computational techniques.
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The Close-coupling (CC) method43 has been used, by the University College

London (UCL) group and their associates through the program IMPACT,44 by the

Queen’s University Belfast (QUB) group ar{dtheir associates through the program

RMATRX,4S and by Henry and his associates using the NIEM46 method. The CC

calculations of Ormonde et a147 are basecl on the computer program SEBAS. The

Distorted-Wave (DW) method has many variants. The variational DW code developeti

by the UCL group has had wide usage as indicated on page iv. The other distorted

wave methods including those of Peek, 48 Younger, and Mann are basically the DW

method as described by Mott and Massey (Theory of Atomic Collisions). The

method used here at Los Alamos by Mann uses Hartree-Fock (with relativistic

mass-velocity and Darwin terms in the Hamiltonian)4g wavefunctions for the target

configurations. The potential for the continuum functions is the static potential

of the target plus a local semiclassical exchange term.so The exchange terms

arising from antisymmetric (N + 1) - electron functions are included, except

“core-exchange” terms are ignored so that only the “active” bound electron

wavefunctions need be used. Mixing coefficients are calculated simultaneously

for both configuration interaction and intermediate coupling, using Cowan’s

RCG code.sl

Several of the contributing

on the methods they used. These

3. DISCUSSION OF DATA

authors also submitted more detailed statements

statements have been collected in Appendix A.

3.1. Configuration Interaction Effects—

For ions in the Be, B, C, N, O, Mg, Al, Si, P and S iso-electronic sequences,

there are significant correlation effects due to orbital degeneracy, in both the

ground and lowest excited states. These correlation effects do not disappear even

in the limit of infinite-Z, and it is well known from bound state calculations

that they play a fundamental role in correctly predicting energy levels and

radiative transition probabilities. It is not surprising therefore that they

play an equally important role in the calculation of collision strengths.

Our point in this section is to demonstrate that the use of different

target state wave functions by different authors can easily mask the differences

produced by the various continuum approximations listed in Sec. 2. Further,

correlation effects do not affect the collision strength simply through the change

they produce in the optical oscillator strength , as might be inferred from the

3



semi-empirical formulae of Seaton and Van Regemorter. An illustration of the

magnitude of correlation effects on the collision strength is shown in Fig. 1 for

the 3s23p 2P0 - 3s 3p2 2D transition in S IV. The notation mxn denotes an

m-term wave function for the initial state and an n-term wave function for the

final state. The calculations (+) are due to Mann and the calculations (n) are

due to Bhatia, both of whom use distorted wave methods. Note that Mann’s thres-

hold collision strengths differ by a factor of 2.6 while the oscillator strength

ratio is 5.3. The most important interaction in the (4 x 5) case is the 13.5%

admixture of 3s23d with the 3s3p
2 2D term

.

50.0

L 40.0
z

z

:1001-J=’4x’!
o OJ 1 J

10
0 10

1 10 2
x

Fig. 1. Collision strengths of Bhatia and Mann, demonstrating the
importance of configuration interaction for S IV (3s23p -
3s 3p2 2D)

3.2. Relativistic Effects

As the nuclear charge of the target ion increases, the xLS coupling scheme

for the representation of target states breaks down, and we are forced to go to

an intermediate coupling scheme in which the target states are represented in a

nJ.SJ coupling scheme. In addition , allowance for the relativistic velocity of

the target electrons can significantly af:Eect the threshold energies of transi-

tions. Provided Z is not too large we can

perturbations to the non-relativistic wave

tions in ?_tLS coupling and recouple them to

4

treat these relativistic effects as

functions, proceed with our calcula-

UI.SJ coupling.



An example of intermediate coupling effects is shown in Fig. 2 for the
~~2 Is

- ls2p
3
PO transition in Fe W. Here the spin-orbit term mixes the

ls2p 3P1 and 1s2p lP1 configurations in the approximate ratio 0.95 to 0.3, and

so at approximately X = 4 the componerit of the collision strength from the

dipole-allowed transition 1s
2 1~

- ls2p lP1 begins to dominate.
o

.002

.0015
n

.001

.0005

I I I Y i I I I

+

\

+ Fe xxv ls2-ls2p 3P

+

+

o cc (SLJ)
+

+ CB (LS)
o

- cB (SLJ)
+

+

1 I I I 1+ I I I I

100 1000 10000

K2 (ry)

Fig. 2. Intermediate Coupling (LSJ) effects in the target
state wave functions. The CB calculations are from
Mann and the CC calculations are from Robb.

3.3. Resonant Excitation

The collision strengths included in this report do not include resonant

excitation. In practice, resonances can greatly complicate the behaviour of the

collision strength in the near threshold energy region. The CC method is the

only procedure of those described in Sec. 2 which allows for resonant
221s

excitation, and the collision strength obtained for the 1s 2s - ls22s2p 3P0

transition in O V calculated by Barrington et als2 is shown in Fig. 3. It is

clearly not tractable to tabulate, plot and compare resonant collision strengths

under our present format. Instead we concentrate on comparisons of the non-

resonant or background collision strength for the following reasons:

5



‘s +3P”

*

3P. 1# 3P‘D ‘s

Electron energy Rydbergs

Fig. 3. Resonance structure in the 9 V (2s
2 Is

- 2s @ 3P0)
collision strength, from the calculations of Barrington
et. al.

1. In general, resonant contributions to the rate coefficients for strong

dipole allowed transitions are small (:uIO’%).

2. For spin forbidden transitions, such as that of Fig. 3 where the resonant

contribution to the rate coefficient is about 50%, the resonant contribution to

the total 2s-2p excitation rate is only 12-15% and so for the purposes of power

loss calculations (the primary object of ::hisreport) they are relatively unimpo:c-

tant.

3. Resonant collision strength data are almost non-existent and where they

are available in the literature they are often incomplete and not easily

transcribable.

4. It appears that, for ions more than a few times ionized, resonant

excitation contributions can be calculated adequately using perturbative proce-

dures53 in conjunction with DW or CB scattering methods. We show one example of

the contribution of the resonances to the rates. Figure 4 shows
2

rate for O V (2s - 2s2p 3P). Two of the curves (1, 2) show the

between the rates without and with the inclusion of resonances.

compare the resonance rates calculated with the DW (perturbative

and CC method.s2

6

the excitation

difference

Curves (2, 3)

procedure)



5.0

4.5

40

~ 35
m

:30
t
0

;25
t-
S

20

15

Lo

MANN

COWAN

BARRINGTON

0. 10 20 30. 40 50
TEMP (EV)

Fig. 4. 0 v (2s2 - 2s 2p 3P) excitation rates, without resonances
(curve 1) and with resonances included (DW-curve 2, CC-curve 3).

4. DATA PRESENTATION AND FORMAT

All of the data presented in the report are listed in the tables at the end

of Sec. 5, where each data set is individually referenced. Since there are over

500 sets, it was not practical to give each one a separate identification number

for plotting and comparison. Therefore, we have grouped the data into three

classifications. First, if there is a common author, all of the data will be

listed under that author’s last name as the principal identification (e.g.,

Gau-Henry, van Wyngaarden-Henry and Henry were given plot symbol No. 22 and all

listed as Henry data). Second, if there is a particular school of calculation

(such as the University College of London (UCL) code), all authors using that

method will be listed under that identification (e.g., Mason> Bhatia~ Seaton-)

etc. , are all grouped under plot symbol No. 8 as UCL data). Finally, data not

fitting into the above are listed under the principal author, the first author

and/or the author sending us the data.

It was brought to our attention that the data of Osterbrock, Nussbaumer and

Flower should be included with the UCL authors, but it was too late to change

the identification for this report.

The data tables at the end of Sec. 5 are arranged in the same order as the

“authors” are listed in the table on page iv, with Mann first and Henry last.

Under each “author”, such as UCL, the data are arranged by element, ionization

7



stage and transition, with a reference given for each data set. Thus, to identi-

fy a data set labeled UCL in one of tbe comparison plots, the reader should tur~

to the UCL data tables and find the appropriate element, ion and transition.

We have attempted to present in this report all of the unpublished data

available to us which could reasonably be presented in the form of LS term-to-term

transitions. Some of the data were given.to us for individual LSJ-L’S’J’ line

transitions and we can provide them upon request. Data given to us for J-J’

transitions calculated in a jj- coupling scheme are not included in this report.

In addition, we have used all of the data we could find in the literature, for

which there were at least two data sets per transition. Published data for

which there were no comparisons have not (in general) been included in this

report, but should be obtainable from the references.

8
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5.1. Table of Elements and Ions in Report
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5.2. Index to Comparison Plots

PAGE MOO ELEMENT ANO ION .** DATA SETS

19 BE 11
2s - 2P

ROBB 2CCX BE 11 2s - 2P
SEATON UCL 5CCX BE 11 2s - 2P
MANN DWX 11 SE 11 .2S TO 2P HFR OU II

20 c 111
1$2 2s2 - 1s2 2s 2P(1PI

OSTERBROCK 3CCX C 111 1S2 2S2 - 1S2 2S 2P(1P)
NAKAZAKI c 111 2S211S) - 2s 2P(1P)
PEEK OUUCI c 111 2s2 - 2s 2P(1P)
QUB OH c III 1s2 2s2 - 1s2 2s 2P11P)
ROBB 5CCX C III 2s(2) - 2S2P(1P)
EISSNER UCL C III 2s2 - 2s 2P(1P)
NUSSBAUMER DUX C 111 2s(i!)-2s2P(lF’)
LAUNAY FLOUER 6CCX c III 2S{2)-2S2P(1PI
MANN OUXCI 11 C 111 2S2 TO 2S 2P(1P) MIX (2 X 2) HF OU
OAVIS BLAHA UOUX C 111 2s(2)(1s) - 2S2P(1P)

22

24

26

27

28

30

31

32

c 111
1s2 2s2 - 1S2 2S 2P(3P)

QLE8 Ou c III 1s2 2s2 - 1S2 2S 2P13PI
PEEK D#UCI C 111 2s2 - 2S 2P13P)
OSTERBROCK 3CCX C III 1s2 2s2 - 1S2 2S 2P(3PI
EISSNER UC L c 111 2s2 - 2S 2P(3P)
LAUNAY FLOWER Olix C III 2S(2)-2S2P13P)
MANN OdXCI 11 C 111 2S2 TO 2S ZP13P) HF OH 11 MIX(2 x 2)
ROBB 5CCX C 111 2S(21 - 2S2P(3P)

c 111
2S 2P13PJ - zP2(3PJ

MANN OIJXCI 11 C 111 2S 2P(3P) TO 2P2(3P) I!F OU MIX (2 X 1)
O(JB Dw c 111 12S 2P(3P) - 2P2(3P)
NUSSBAU14ER Ou c 111 2S2P13P)-2P12)t3P)
EISSNER UCL c III 2S 2P(3P) - ZP2(3PI
ROBS 5CCX C 111 2S2P(3PI-ZP(2113PI CI

c 111
2S 2P(3PI - 2S 2P(1PI

EISSNER UCL c 111 2S 2P(3PI - 2s 2P(1P)
ROBE 5CCX C III 2S2P(3P)-2S2P(1PI C1

c 111
2s 2P(1PI - 2P2(1DI

EISSNER UCL c 111 2s 2P(1P) - 2P2(1DI
NUSSBAU~ER DH c $11 2S2P(1P) - 2P2(10)
ROBB 5CCX C 111 2S2P(1P)-2P(2)(1D) c1

c Iv
1s2 2s - 1s2 2P

N Xv
2s2(1s) - 2s 2P(1P)

KIN SCALFO c Iv 2s - 2P
TAYLOR CRANDALL EXP C IV 1S2 2S - 1S2 2P
CALLAUAY c Iv 2s(2s) - 2P12P)
R(S8B 2CCX C IV 2S - 2P
OAVIS 8LAHA UflUNX C IV 2S - 2P
GAU HENRY 5CCX c Iv 2s - 2P
liANN OUX II C VI 2S TO 2P HFR OU 11

OSTERBROCK 3CCX N IV 2s2 - 2s 2P11P
ORMONOE N IV 2s2 - 2s 2P[1P
NAKAZAKI N IV 2S2(1S1 - 2s 2P

N IV
2s2 - 2S 2P(3P)

OSTERSPOCK 3CCX N IV 2s2 - 2S 2P(3P
ORflONDE N IV 2s2 - 2S 2P(3P

1s2 hv- 1s2 2P

1P)

I

FLOUER OU NV 1s2 2s - 1s2 2P
VAN UYNGAAROEN-HENRY NV2S-2P
KIII SCALFO NV 2s - 2P
GREGORY CRANOALL EXP N V 1s2 2s - 1s2 2P
MANN OUX 11 N V 1S2 2S TO 1S2 2P iiFR OH UNITARIZEO



39

40

41

42

PAGE N(Io

34

35

36

37

38

43

44

45

46

47

ELEMENT AND

o 111
2$2 2P2[3P) - 2S2

O 111
2S2 2P2(3P) - 2S2

O 111
2s2 2P2(1D) - 2s2

o 111
2s2 2P2(10) - 2s

o 111

10N

2P2[1O)

2P2(1S)

2P2[1S)

2P3(1PI

2S2 2P2(3P) - 2S 2P3(5S)

o III
2S2 2P2(3P) - 2S 2P3(3DI

o 111
2S2 2P2(3PI - 2S 2P3[3P)

O 111
2S2 2P2(3P) - 2S 2P3[3SI

o 111
?S2 ZP2(3P) - 2S 2P3I1O)

o III
?S2 2PZ(3P) - 2S 2P3(1PI

o Iv
2s2 2P - 2s 2P2(4P)

o Iv
2s2 2P - 2s 2P2(2D)

O IV
2s2 2P - 2s 2P2(2S)

o Iv
2s2 2P - 2S 2P2(2PJ

48 0 Iv
2S 2P2(4PJ - 2s 2P2(2LII

. . . DATA SETS

BH4T1A UCL 0 III 1S2 2S2 2P2(3PI -1S2 2S2 2P3(10)
PINOZOLA DW O III 2S2 2P2(3P) - 2S2 2P2(1D)
flANN OUXCI II

BHATIA UCL
MANN DuXCI II

BHATIA UCL
MANN OUXCI 11

ORIIONOE
BHATIA UCL

BtiATIA UCL
JACKSON UCL
MANN DUXCI 11

BHATIA UCL
HANN DHXCI II

BliATIA UCL
MANN DuXCI II

ORtiONDE
BHATIA UCL
MANN OUXCI 11

BHATIA UCL
MANN OUXC[ 11

13HATIA UCL
MANN DUXCI 11

0 111 2s2

O 111
0 III 2S2

O 111
0 III 2S2

2P213PI TO 2S2 2P2(1OI MIX(4 X 31

1S2 2S2 ZP2(3P) -1S2 2S2 ZP2(IS)
2P2[3PI TO 2S2 2P211S) MIX(4 X 3)

1s2 2s2 2P2(10) -1s2 2s2 2P2(1S)
2P2(10) TO 2S2 2P2(1SI MIX(2 X 2)

o III 1s2 2s2

o 111 1s2 2s2
O 111 2S2 2P2(3PI

O 111 2S2 2P213P)

O 111 1s2 2s2
O 111 2S2 2P2(3P)

O 111 1s2 2s2
O III 2S2 2P2(3P)

o 111 2S2 2P2(1D} - 2S 2P3(1P)
2P2(10) - 1S2 2S 2P3(1PI

2P2(3P) - 1S2
- 2S 2P3(5S)
TO 2S 2P3(5S)

2P2(3P) - 1S2
TO 2S 2P3(30)

2P2[3P) - 1S2
TO 2S 2P3(3P)

2S 2P3(5S)

MIX(4 x 1)

2S 2P3(30)
t!xx [2 x 1)

2S 2P3(3P)
nIx (2 x 1)

o 111 2S2 2P2(3P) - 2S 2P3(3S)
O 111 1S2 2S2 2P2(3P) - 1S2 2S 2P3(3SI
O III 2S2 2P2(3PJ TO 2S 2P3{3S\ MIX (2 X IJ

o 111 1s2 2s2
O 111 2S2 2P2(3PI

o 111 1s2 2s2
O 111 2S2 2P213P)

2P2(3PJ - 1S2 2S 2P3(1D)
TO 2S 2P3(1DJ MIX.(4 X 11

2P2(3P) - 1S2 2S 2P3(1PI
TO 2S 2P3(1PI HIX (4 X 1)

NUSSBAUFIER-FLOWER O IV 2s2 2P - 2s 2P2(4P)
ROB9 O IV 5CCX 2S(2)2P-2S2P(21 (4P) CI
MANN DUXCI 11 0 IV 2S2 2P TO 2S 2P2{4P) MIX2 OWCI 11

NUSSBAUMER-FLOUER o Iv 2s2 2P - 2s 2P2(20)
ROBB O IV 5CCX 2S12)2P-2S2P(2} (2D) C1
NANN OUXCI II O IV 2S2 2P TO 2S 2P2120) liIX2 DIACI 11

NUSSBAUMER-FLOUER o Iv 2s2 2P - 2s 2P2(2SI
ROB8 O IV 5CCX 2S(2)2P-2S2P(2) (2S) CI
MANN DuXCI 11 0 IV 2S2 2P TO 2S 2P2(2S) 141X2 OUCI 11

DAVIS BLAHA UOHNX O IV 2S(2)2P(2P} - 2S2P(2)(2P)
R08B 5CCX O IV 2S(2)2P-2S2P(2)(2P) CI
NUSSBAUf4ER-FLOUER O IV 2s2 2P - 2s 2P2(2PJ
tlANN OUXCI 11 0 IV 2S2 2P TO 2S 2P2(2P) tAIX2 DUCI 11

NUSSSAUNER-FLOWER o Iv 2S 2P2(4P) - 2s 2P2(20)
ROBB 5CCX O IV 2S2P(2)(4P)-2S2P(2)(20)
liANN ONX OXYGEN IV 2S 2P2(4PI TO 2S 2P2(201 HFR

12
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49

50

51

52

53

54

56

57

58

59

60

61

62

ELEHENT ANO ION ● ✎ ✎ DATA SETS

O IV
2s 2P.?(+P) - 2s 2P.2(2P)

NUSSBAU!4ER-FLOUER o Iv 2s 2P2(4P) - 2s 2P2(2P)
ROBB 5CCX o Iv 2SZP(2) (4P)-2S2P(2)(2PI C1
MANN OUX OXYGEN IV 2S 2P2(4P) TO 2S 2PZ12P) HFR

o Iv
2s 2P2(+P) - 2s 2P2(2S)

NUSSBAUtitR-FLOUER
ROOB 5CCX O IV 252P(2
MANN DUX o Iv 2s

O IV
.2s 2P2(ZO) - 2s 2P2(2S)

ROBB 5CCX o Iv 2S2P(2
ilANN OtiX o Iv 2s

o Iv
2s 2P2(ZO) - 2s 2P2(ZP)

Ov
2s2 - 2S 2P[3P)

Ov
2s2 - 2s 2P[1P)

O IV 2S 2P2(4PI - 2s 2P2(2S)
(4PI-2S2P(21[2S) c1
2P214PI TO 2S 2P2(2S) HFR DU

(20)-ZS2P(2)(2S) c1
2P2(2DI TO 2S 2P2(2S) HFR DW

ROBB 5CCX O IV 2S2P(2) (20)-2S2P(21 (2P) CI
MANN OUX OXYGEN IV 2S 2P2(20) TO 2S 2P2{2P) HFR

OSTERBROCK 3CCX Ov 2s2 - 2S 2P(3P)
CJUB Owov 1s2 2s2 - 1S2 2S 2P(3P)
PEEK DIAUCI O V 2s2 - .2S 2P(3P)
MANN OIAXCI 11 0 V 2S2 TO 2S 2P(3PI HFR OWXCI 11

NAKAZAKI Ov 2s2(1s) - 2s 2PIIP)
QUB Owov 1s2 2s2 - 1s2 2s 2P(1P)
PEEK OUUCI O V 2s2 - 2s 2P(1P)
YOUNGER DuXCI O V 2s2 - 2s ZP(lP)
OSTERISROCK 3CCX o v 1s2 2s2 - 1s2 2s 2P(1PI
OAVIS t3LAHA UDUX O V 2s(2)(1s) - 2s2P(lPl
MANN OUXCI 11 0 v 2S2 TO 2S 2P(1PI HFR DuXCI 11

Ov
2S 2P(3P) - 2P2(3P)

QUB Ouov 12S 2P(3P) - ZP2(3P)
MANN Olix 11 0 V 2S 2P(3P) TO 2P213P) HFR ON II

o VI
1s2 2s - 1s2 2P

NE VII
2s2 - 2S 2P(3P)

NE VII
2s2(1s) - 2s 2P(1P)

NE VIII
2s - 2P

AL V
2S2 2P5(2P) - 2S1 2P612SI

AL VI
2S2 2P4(3P) - 2s1 2P5(3P)

ROB8 O VI 2CCX 2s - 2P
DAVIS BLAHA UOUX O VI 2S - 2P
KIM SCALEO o VI 2s - 2P
MANN Oux 11 0 VI 2S TO 2P HFR OH II

OSTERBROCK 3CCX NE VII 2s2 - 2S 2P(3P)
HUMMER UCL NE VII 2s2 - 2S 2P(3P}

!4U414ER Ucl. NE VII 2s2 - 2s 2P(1P)
OSTERBROCK 3CCX NE VII 2s2 - 2s 2P(1F’I
NAKAZAKI NE VII 2s2(1s1 - 2s 2P(1P)

VAN UYNGAAROEN-HENRY 2CCX 5CCX NE VIII 2S - 2P
ROBB 5CCX NE VIII 2s - 2P
PEEK OIAX NE VIII 1S2 2S TO 1S2 2P HF DU
HANN (3UX NE VIII 1S2 2S TO 1S2 2P HF ON

ROBB PUB AL V 2S2 2P2(2PI - 2S1 2P6(2S)
MANN OUX AL V 2S2 2P5(2P) TO 2S1 2P6(2S) HFR OV

ROBB CC AL VI 2S2 2P4(3PI TO 2S2P5(3PI
ROBII PUB AL VI 2S2 2P4(3PI TO 2S2P5(3P)
MANN OUX AL VI 2S2 2P4(3P) TO 2S1 2P5(3P) HFR OU

13
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63

ELEHENT AND ION . . . DATA SETS

SI Iv
3s - 3P

NUSSBAUMER-FLOUER 51 Iv 3s - 3P
NANN OHX 11 S1 IV 3S TO 3P HFR ON II

S1 XII
2s - 2P

64

FLOWER DWCI 51 X11 2s - 2P
MANN Oux 11 S1 XII 2S TO 2P liFR Dil II

65 s Iv
3S2 3P - 3S 3P2(4P)

66 s Iv
3s2 3P - 3S 3P2[2D)

67 s Iv
3S2 3P - 3S 3P2(2S)

BHATIA UCL s Iv 3S2 3P(2PI - 3S 3P2(4PI
MANN DUXC I SULFUR IV 3S2 3P TO 3S 3P2(4P) flIX2 (4 X 6)

BHATIA UCL s Iv 3S2 3P(2PI - 3S 3P212DI
MANN DtAXCI SULFUR IV 3S2 3P TO 3S 3P2[2DI HIX2 (4 X 5)

BHATIA UCL s Iv 3S2 3P(2P) - 3S 3P2(2SI
MANN DIAXCI SULFUR IV 3S2 3P TO 3S 3P2(2S) tlIX2 (4 X 3)

68

69

s Iv
3S2 3P - 3S 3P2(2P)

8HATIA UCL s Iv 3S2 3P(2PI - 3S 3P2(2PI
MANN OdXCI SULFUR IV 3S2 3P TO 3S 3P2(2P) MIX2 (4 X 51

AR XV
2s2 - 2S 2P(3P)

SAMPSON CBX AR XV 2s2 - 2S 2P13PI
HANN DUXCI ARGON XV 2S2 TO 2S 2P(3P) HFR DIA MIX(3 X 2

70 AR XV
2s2 - 2s 2P(1P)

YOUNGER OIAXCI AR XV 2s2 - 2s 2P(1P)
SANPSON CBX AR XV 2s2 - 2s 2P(1P)
HANN OWXC1 ARGf3N XV 2s2 To 2s 2P11P) HFR OU MIX(3 X 2

71 AR XVI
1s.2 2s - 1s2 2P

GAIJ HENRY 5CCX 4R XVI 2s - 2P
HANN OIAX II A XVI 2S TO 2P HFR OU 11

72

73

CA X
3s - 3P

NUSSBAUIIER-FLOUER CA X
OLAdA OH

3s - 3P
CA X 3s - 3P

CA X
3s - 30

NUSSBAUt4ER-FLOUER CA X 3s - 30
BLAFIA DW CA X 3s - 30

74 CA X
3P - 30

NUSSBAU4ER-FLOWER CA X 3P - 30
BLAHA ON CA X 3P - 30

75

76

FE XV
3S2 - 3s 3P(1P)

FLflIAER FE XV 3S2 - 3s 3P(1PI
YOUNGER OUXCI FE XV 3S2 - 3s 3P(1P)
MANN OUXCI FE XV 3S2 TO 3S 3P(1P) HFR OU H1X2

FE XVI
2P6 3S - 2P6 3P

NUSSBAUHER-FLOWER FE XVI
I(1II

3s - 3P
SCALED FE XVI 3s - 3P

BLAHA Ou FE XVI 3s - 3P
MANN DUX FE XVI 2P6 3S TO 2P6 3P HFR OU

77 FE XVI
ZP6 3S - ZP6 3D

NUSSBAUfER-FLOIACR FE XVI 3s - 30
BLAHA oil FE XVI 3s - 30
MANN Dd FE XVI 2P6 3S TO ZP6 30 iiFR DU
VANN Omx FE XVI 2P6 3S TO 2P6 30 HFR OU

14



PAGE NO.

78

ELEflENT ANO ION ..* OArA SETS

FE XVI
2P6 3S - ?.Pb 4S

flLAti A OH FE XVI 3s - +s
flANN Obl FE XVI 2Pb 3S TO 2Pb 4S t+FR OM
MANN OdX FE XVI 2P6 3S TO 2P6 4S HFR OW

79

80

FE XVI
2Pb 3S - ZP6 4P

BLA~A Ou FE XVI 3s - 4P
tlANN Oux FE XVI 2P6 3S TO 2P6 4P HFR DU

FE XVI
3P - 30

NUSS8AU14ER-FLOUEQ FE XVI 3P - 30
9LAI+A ON FE XVI 3P - 3D

81 FE XVIII
2S2 2P5 - 2S ZP6

R088
YANU

Zccx FE XVIII 2s2 ZP5(2P) - 2S 2P6(2SI
Oux FE XVIII 2S2 2P5 TO 2S 2P6 HFR OIA

82

83

FE XIX
2P4(3P) - ZP4(10)

R130B
MANN

5CCX FE XIX 2S2 2P4(3P) - 2s2 ZP4(10)
OIAXC1 FE XIX 2P6(3P) TO ZP4(10) HFR OIA MIX

FE XIX
2P4(3P) - 2P4(1SI

ROBfl
flAN4

5CCX FE XIX 2S2 2P4(3pl - 2s2 ZP4(ISI
OUXCI FE XIX zP4(3p) To ZP4(1S) MFR OW wIX

84 FE XIX
2S2 2P4(3PI - 2S 2P5(3Pl

ROISB
HAtiN

FE XIX
2S2 2P4(3P) - 2s 2P511P)

ROBB
MANN

5CCX FE XIX 2S.2 2P4(3P) - 2S 2P5(3P)
Ollxcx FE XIX 2S2 2P4(3P) TO 2S ZP5(3P) OUMIX

85

86

5CCX FE XIX 2S2 2P4[3P) - 2s 2P5(1P)
OUXCI FE XIX ?S2 ZP4(3P) TO 2S ZP5(1P) OUHIX

FE XX
2S2 2P3(4S) - 2S 2P4(4P)

RI’18LI 7CCX FE XX 2s2
PIANN OUXCI FE XX 2S2 2P3(4SI

2P3(4S) - 2s 2P4(4PI
TO 2S 2P414P) Oil C18

87

88

89

FE XX
2S’Z 2P3(4SI - 2S ZP4(2S)

ROBB 7CCX FE XX 2s2
!IANN OUXCI FE XX 2S2 2P314S)

UOBB 7CCX FE XX 2s2
MANN OdXCI FE XX 2S2 2P3(4SJ

ROBB 7CCX FF XX 2s2
MANN OUXCI FE XX 2S2 2P3[4S)

ZP3(4S) - 2s ZP+(2S)
TO 2S 2P41ZS) ON C17

ZP3(4S) - 2s ZP4(ZPI
TO 2S ZP4(ZP) OU CI 9

ZP3(4SI - 2s ZP4(ZO)
TO 2S ZP4(ZOI OIA C17

2P2(3PI -1s2 2s2 2P2(10)
ZP2[3P) - 2s2 ZP2(1OI

ZP2(3PI -1S2 2S2 ZP2(1SI
2PZ(3P) - 2s2 zPz(ls)

2P2I1O) -1s2 2s2 2P211S)
ZPZ(10) - 2s2 ZP2(IS)
2P2(10) - 2s2 2P2(1S)

2P2(3PI - 1S2 2S 2P3(5S)

FE XX
2S2 2P3(4S) - 2s 2P+(ZP)

FE XX
2S2 2P3[4SI - 2S ZP4(ZOJ

FE XXI
?S2 2P2(3P) - 2s2 ZP2I1O)

90

91

92

BHATIA
ROS@.

8NATIA
R08B

OHATIA
R08B
ROB8

UCL FE XXI 1s2 2s2
6CCX FE XXI 2s2

UCL FE XXI 1s2 2s2
6CCX FE XXI 2s2

UCL FE XXI 1s2 2s2
UNMIX FE XXI 2s2
6CCX FE XXI 2s2

2s2 2P2(J5

FE
2S2 2P2(1D

FE

xxx
- 2s2 2P2(1SI

Xxl
- 2s2 2P2(1S)

XXI93
?S2 2P2(3P) i 2S 2P3(5S)

9~ATIA UCL FE XXI 1s2 2s2
UANN OdXCI FE XXI 2S2 2P2(3PI TO 2S 2P3(5S) OWCI1O



PAG= N1.

94

tLLfiLNf AND IDN

Ft XXI
~SZ 2P2(3PI - 2S 2P3130)

.,. 0AT4 SETS

131ATIA UCL
‘?Isa 6CCX
iANN DIIXC1

FE XXI
FE XXI
FE XXI

1S2 2S2 2p2(3P) - 1S2 2S 2P3(3DI
2S2 2P2(3p) - 2S 2P3130)

2S2 2PZ(3P) TO 2S 203(30) 0UC112

95

96

FE XXI
2S2 ZP2(3P) - 2S 2P3

FE XXI
2S2 2PZ(3PI - 2S 2P3

FE XXI

3P 1

3s)

3HATIA UCL
ROBO 6CCX
3AQN OUXC1

FE XXI
FE XXI
FE XXI

1S2 2S2 2P.2(3P) - 1S2 2S 2P3(3PI
2S2 2P2(3P) - 2S 2P313P)

2S2 2PZ(3P) TO 2S 2P3i3Pl DuC112

8HATIA IJCL
Q089 6CCX
~AVN Otixc 1

FE XXI
FF XXI
FE XXI

1S2 2S2 2P2(3P) - 1S2 .2S 2P3(3SI
2S2 2P2(3P) - 2S 2P3(3SI

2S2 2P2(3P) TO 2S 2P3(3S) OUCI1O

?S2 2P213P) - 2s 2P3[1O)

FE XXI
2S2 ZP2(3P) - 2S 2P3(1P)

FE XXI
2s2 2P2(1OI - 2s 2P3(30)

FE XXI
2s2 2P2(10) - 2S 2P3[3P)

Ftl XXI
?~? Zpz(lcl) - 2S 2P3(3S)

FE XXI
2s2 ZPZ(lS) - 2s 2P3(301

FE XXI
2s2 2PZ(1SI - 2S 2P3(3P)

Ft XXII
2s2 2P - 2s 2P2(4P)

9HAT1A UCL
MANN OMXCI

FE XXI
FE XXI

1S2 2S2 ZP213P) - 1S2 2S 2p311D)
2S2 2P2(3P) TO 2S 2P3(10) DUCX1O

98

99

BHATIA UCL
UANN OUXCI

FE XXI
FE XXI

1S2 2S2 2PZ(3PI - 1S2 2S 2P311PI
2S2 2P2(3PI TO 2S 2P3(1P) DUCI1O

BHATIA
R089
ROBB

8HATIA
Rfla8
Q088

8HATIA
ROR9
RoII13

81’14TIA
R08B
QOBB

8HATIA
ROB8

NASON
UOBB

UCL FE XXI AS2 2s2 ZPZI1O) - 1s2 2s ZP3(30}
UNMIX FE XXI 2s2 2P2(10) - 2S 2P3(30)
6CCX FE XXI 2s2 2P2(1OI - 2S 2P3(30)

100

UCL FE XXI 1S2 2S2 2P2(10) - 1S2 2S 2P3(3P)
UN~IX FE XXI 2S2 2P2(1OI - 2S ZP3(3PJ
6CCX FE xXI 2s2 ZP2(10) - 2S 2P3(3P)

101

UCL FE XXI 1s2 2s2 2P2[1O) -
UNHIX FE XXI 2s2 2P2(IOJ -
6CCX FE XXI 2s2 2P2(LOI -

1S2 2S 2P3(3SI
2S 2P3(3S)
2S 2P3(3SI

1S2 2S 2P3(30)

102

UCL FE XXI 1s2 2s2 2P2(1S) -
UN IX FE XXI 2s2 2P2(1SI -
4CCX FE XXI 2s2 2P2(1S) -

2S 2P3(30)
2S 2P3(3D)

1S2 2S 2P3(3P:
2S 2P3(3P)

1s2 2s 2P2(4P
2s 2P2(4PI
HFROd HIX

103

104

UCL FE XXI 1s2 2s2 2P2(1SI -
6CCX FE XXI 2s2 2P2(1S} -

UC L FE XXII 1s2 2s2 2P(2P) -
5CCX FE XXII 2s2 2P(2PI -

tlANN OdXCI FE XXII 2S2 2P 10 2S 2P2(4P)

105 FE XXII
2s2 2P - 2s ZP2(20)

NASON UCL FE XXII 1s2 2s2 2P(2P) -
ROBB 5CCX FE XXII 2s2 2P(2P) -
UANN odxcI FE XXII 2S2 2P TO 2S 2P2(20)

1s2 2s 2P2(20)
2s 2P2(20)
IiFRDu MIX

106 FE XXII
2s2 2P - 2s 2P2(2SI

FE XXII
2s2 2P - 2s 2P2(2PI

HASON UCL FE XXII 1s2 2s2 2P(2PI -
ROBB 5CCX FE XXII 2s2 2P(2P~ -

1s2 2s 2P2(2S)
2s ZP2(2SI

IIANN DUXCI FE XXII 2S2 2P TO 2S 2P2(2S) HFROU NIX

RASON UCL FE XXII 1s2 2s2 2P(2P)
ROB8

- 1s2 2s 2P212P)
5CCX FE XXII 2s2 2P(2P) - 2s 2P2(2P)

MANN I’suxc I FE XXII 2S2 2P TO 2S 2P2(2PJ tAFRDU MIX

107



PAGE S0.

108

110

112

113

114

115

116

117

118

119

120

122

123

ELEMENT AND ION .0. DATA SETS

FE XXIII
2s2 - 2S 2?(3PI

tiENRY IJNMIXED FE XXIII 2s2 - 2s .2P(3P)
llL41iA D14 FE XXIII
SAMPSON CBX FE XXIII

2s2 - 2S 2P(3P)
2s2 - 2S 2P13P)

IiANN Dnx FE XXIII 2S2 TO 2S 2P(3P) HFR DU
U09d 6CCX FE XXIII 1s2 2s2 - 1s2 2s Z’P(3PI
MANN OUXCI FE XXIII 2S2 TO ZS 2P(3P) fiFR OH 141X

FE XXIII
2s2 - 2s 2P (1P)

FE XXIII
2S 2P(3P) - 2P2(3P)

FE XXIII
2s 2P[1P) - 2P2(1DJ

FE XXIII
2s 2P(LP) - 2P2(LS)

FE XXIII
2s 2P(3P) - 2P2(1D)

FE XXIII
2S 2P(3PJ - 2P2(1SI

FE XXIII
2s 2P(1PJ - 2P2(3P)

FE XXIII
2s2 - ZP2[3P)

FE XXIII
2s2 - 2P211D)

FE XXIV
1s2 2s - 1s2 2P

Ho XXXI
3S2 - 3s 3P11P)

Ho XXXII
2P6 3S - 2P6 3P

-IENRY UCB FE XXIII 2s2 - 2s 2P(1P)
llL4HA Du FE XXIII 2s2 - 2s 2P(LPI
SAMPSON CBX FE XXIII 2s2 - 2s 2P(1P)
YOUNGER OHXCI FE XXIII 2s2 - 2s 2P11P)
QOB8 bCCX FE XXIII 1s2 2s2 - 1s2 2s 2P11P)
hANN OUXCI FE XXIII 2S2 TO 2s 2P(1PI HF~ OH MIX

nLAHA Dti FE XXIII 2S 2P13P) - 2P2(3P)
SA14PSON CBX FE XXXII 2S 2P(3P)

1s2 2s ZP;3:!2(:P’R090 6CCX FE XXIII 1S2 2PZ(3P)
MANN DUXCI FE XXIII 2S 2P(3P) TO 2P2(3P) HFRDU 41X

8LA14A DU FE XXIII 2s 2P(1PI - ZP2(1OI
SANPSON CBX FE XXIII 2s 2P(1P) - 2P2(IDI
ROOB 6CCX FE XXIII 1s2 2s 2P(1P) - 1S2 2P2(1DI

8LAHA DU FE XXIII 2s ZP(lP) - 2P2[1S)
SAMPSON CBX FE XXIII 2s 2P(1P) - zP2tls)
ROBB 6CCX FE XXIII 1s2 2s 2P11PI - 1s2 2P211S)

SA~PSON CBX FE XXIII 2s ZP(3PI - 2P2(1D)
ROB8 6CCX FE XXIII 1S2 2S 2P(3PI -

S4HPS13N CBX FE XXIII 2S 2P(3P) - zP2flsl

1s2 2P2(1OI

ROBB 6CCX FE XXIII 1S2 2S 2P(3P) - 1s2 ZP2(1SI

SAhPSON C8X FE XXIII 2s ZP(lP) - ZP2(3P)
R0913 6CCX FE XXIII 1s2 2s 2P(1P) - ls~ 2p2[3p)

HENRY IJNHIXfD FE XXIII 2s2 - 2PZ(3P)
ROES 6CCX FE XXIII 1s2 2s2 - 1S2 2P2(3P)
PIANN OUXCI FE XXIII 1S2 2S2(1S1 TO 1S2 2P2(3P) 3X4

~ENRY UC8 FE XXIII 2s2 - 2P2(1D)
tiENRY UNMIXED FE XXIII 2s2 - 2P2(10)
ROB8 UNHIX FE XXIII 1s2 2s2 - 1S2 ZP2(1DI
ROBE bCCX FE XXIII 1s2 2s2 - 1S2 2P2(1OJ

KIU SCALEO FE XXIV 2s - 2P
CALL4uAy FE XXIV 2s(2s) - 2P(2P)
Ront3 Ccx FE XXIV 2S - 2P
MANN OdX 11 FE XXIV 2S 10 2P HFRDU 11

YOUNGER LIUXCI MO XXXI 3s2 - 3s 3P(1P)
4ANN DUXCI MO XXXI 3S2 TO 3S 3P(1P) HFR DU MIX2

K14 SCALEO qo XXXII 3s - 3P
BLAH4 Ou No XXXII 3s - 3P
NANN Dux MO XXXII Zpb 3S TO 2Pb 3P HFR OU

17
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124 MO XXXII
ZP6 3S - 2P6 30

3LAHA Du HO XXXII 3s - 3D
~ANN OU NO XXXII
MANN

2p6 35 TO 2P6 3D HFR OU
Oux !40 XXXII 2P6 3S TO 2P6 30 HFR OU

125 No XXXII
2P6 3S - 2P6 4S

BLAHA Ow fio XXXII 3s - 4s
IIANN Od MO XXXII 2P6 3S TO 2P6 4S HFR Dd
14ANN Otix tEO XXXII 2P6 3S TO ZP6 4S HFR OIA

126 @lo XXXII
2P6 3S - 2P6 4P

BLAHA DU Ho XXXII 3s - +P
MANN DHX Mo XXXII 2P6 3S TO 2P6 4P HFR OU

127 iO XL
1s2 Zs(zs) - 1s2 2P12PI

KIM SCALEO MO XL
CALLAUAY

2s - 2P
NO XL 2s(2s1 - 2P12PI

18



5.3. Comparison Plots
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1s2 .2s2 -

.
X. SY’4BOL 1

.

1*OO
1.01
1.06
1.15
1.17
1.25
1035
1.37
1.4+
1.4>
L.5L
1.55
1.50
1.70
1.80
l,db
1.91

1.94
2001
2010
2.13
2.*O
2.41
2.42
2.51
.?.53
2.66
2.70
3.00
3.20
3.++
3.85
6.00
+.02
$.20
+.67
5.00
S.bo
6.03
b.35
7.50
7.70
U.b2
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