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Energy Levels of Phosphorus, P j through P xv 
w. C. Martin, Romuald Zalubas8

, and Arlene Musgrove 

Center for Radiation Research, National Measurement Laboratory, National Bureau of Standards, Gaithersburg, MD 20899 

Energy level· data are given for the atom and all. positive ions of phosphorus 
(Z = 15). These data have been critically compiled, mainly from published and 
unpublished material on measurements and analyses of the optical spectra. We have 
derived or recalculated the levels for a number of the ions. In addition to the level 
values incm -1 and the parity, the J value and the configuration atld term assignments 
are listed if known. Leading percentages from the calculated eigenvectors are tabu
lated or quoted wherever available. Ionization energies are given for all spectra. 

Key words: atomic energy levels; atomic ions; atomic spectra; electron configurations; ionization 
potentials; phosphorus. 
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This compilation is one of a series being published by 
the NBS Atomic Energy Levels· Data Center. Earlier 
publications in this series include critical compilations of 
energy level data for Na I-XI, Mg I-XII, Al I-XIII, and 
Si I-XIV [Martin and Zalubas, 1981, 1980, 1979, 1983, 
respectively]. A series of energy level compilations for 
the iron-period elements was completed in 1982 with pub
lication of the data for Fe I-XXVI [Corliss and Sugar, 
1982, and references therein]; a single-volume collection 
of updated compilations for these elements (K through 
Ni) is in press [Sugar and Corliss, 1985]. 

Since the general methods used in these compilations 
were outlined previously [Martin and Zalubas, 1979, 
1980], our explanation here is confined mainly to the 
tables and the material preceding them. The levels for the 
phosphorus spectra have been compiled from data avail
able to us through November, 1984. 
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The basic data listed after the main heading for each 
spectrum include the appropriate isoelectronic sequence 
(for ions), the configuration and term designation of the 
ground-state level, and the wavenumber corresponding 
to the principal ionization energy. The ionization energy 
is also given in electron':'volt (eV) units, an equivalence of 
1 eV to 8065.479 ± 0.021 cm-1 being used for the con
version [Cohen and Taylor~ 1973]. 

We have tried to describe our use of the data from the 
references for each spectrum in sufficient detail to make aJr 
parent the sources for at least all major groups of levels. 
More complete references, and references for several types of 
data not included here, are given in several bibliographic 
publications [Moore, 1968, Hagan and Martin, 1972, Ha
gan, 1977, Zalubas and Albright, 1980, Musgrove and Zalu
bas, 198:5, Fubr, Miller, and Manin, 1978, Miller, Fuhr, and 
Martin, 1980]. Our starting point in collecting the references 
was Moore's Atomic Energy Levels, Vol. I. 

The symbols following the references indicate type of 
data or other content according to a code explained in the 
"Bibliography on Atomic Energy Levels and Spectra" publi
cations [Hagan and Martin, 1972]. These symbols are espe
cially useful for references otherwise listed without com
ment. We note that "EL/' "CL," and "IP" refer to energy 
levels, classified lines, and ionization potentials, respective:
ly, and "PT" and" AT" refer to theoretical results. 
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752 MARTIN, ZALUBAS, AND MUSGROVE 

The spectroscopic notations used in energy-level com
pilations of the AEL Data Center have been described 
fully [Martin, Zalubas, and Hagan, 1978]. This reference 
also describes the format of the tables in detail and in
cludes material on coupling schemes, eigenvector per
centages, allowed terms, and the Zeeman effect. In gen
eral we use the notation ~nd conventions outlined there 
without comment. 

The levels are given in units of cm -1 with respect to the 
ground level at zero. Odd-parity levels are printed in 
italics. The assignment of a set of levels to a term is 
indicated by grouping the levels and by listing the config
uration and term symbol for only the frrst (lowest) level of 
the group. Levels within terms are listed in order of 
position, and terms are listed in order of lowest levels. 

The "Leading Percentages" column normally gives 
one or two percentages from a calculated eigenvector for 
the level. All percentages are rounded off to the nearest 
percent, and the % symbol is omitted. If the level has a 
name (under "Configuration" and "Term"), a flfSt per
centage .not followed by a term symbol is for this name 
component. A first percentage followed by a term symbol 
normally represents the largest component in the eigen
vector of a level for which no particular name is appropri
ate, the configuration and parentage for this component 
being shown under "Configuration." If two percentages 
·are listed-without comment, the second percentage is the· 
largest of the remaining percentages from the same eigen
vector as the flfSt percentage. The configuration for the 
second-percentage term is omitted for a level having both 
percentages from the same configuration. If the levels of 
a term group also have second percentages from a com
mon (second) term, this second-percentage term is 
usually printed only for the frrst level of the group. 

Any variation. from the above conventions for the 
Leading Pel~centages is made obvious by the notation and 
is mentioned in the comments. 
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3. Tables of Energy Levels 

753 

PI 

Z=15 

Ionization energy 84580.83 ± 0.12 cm-1 (10.486 77 ± 0.000 03 eV) 

The levels are from Svendenius, who extended and 
revised the . earlier analyses using much improved obser
vations of this spectrum. He lists· some 1800 classified 
lines over the range 1202,.....37 345 A.. The uncertainty of 
the system of higher levels with respect to the 3s23p 3 

levels is about ±0.05 em-I, which is also the largest esti
mated error for those levels given to two decimal places. 
The few levels given to one decimal have uncertainties 
±0.2 to ±OA em-I. The three-place levels, based mainly 
on Fourier-transform spectrometric measurements in the 
infrared, have estimated relative errors not greater than 
:1:0.005 em -1 • 

Svendenius and Verges give separate wavenumbers for 
the two resolved hyperfine-structure components ob
tained for each of 130 transitions in the region 
9675-33976 A.. . 

Svendenius derived the ionization energy mainly from 
Ritz-formula fits of two 3p2CP2)n/series having five or six 
members. 

The eigenvector percentages for the even levels are 
from two calculations made by Cowan for this com
pilation. Both calculations included the interactions be
tween the 3s3p4, 3s23p2ns, and 3s23p2md configurations, 
with n =4-6, m =3-6 and also four additional pseudo 
configurations to mock up the higher md series members 
and the Ed continuum. No systematic level fitting was 
done, but the interaction parameters· were scaled from 
their Hartree-Fock values to improve agreement with 
observation. A calculation with parameters scaled to 
yield relatively large 3s3p4 components for the 2D term 
near 71 200 em -I was used for the percentages up 
through the 3s23p 2ep)5s 2p term near 73000 em-I. A sec
ond calculation that gives somewhat better overall agree
ment with experiment has been used for the higher levels. 
Term~dependent Hartree~Fockwavefunctions calcu~ 

lated by Cowan for several of the above configurations 
gave strongly term-dependent values for some of the im
portant interaction parameters, especially those involving 
the 3d and 4d orbitals. Neither Cowan's calculations of 
the levels,. as described above, nor Svendenius's calcu
lations of the smaller group 3s3p4 + 3s23p 2md 

(m = 3, 4, 5) included the effects of these large term de
pendencies; since their inclusion would certainly affect 
many of the eigenvectors significantly, especially those 
having highly mixed compositions, the available eigen
vectors should be regarded as indicative rather than defi
nitive.Cowan's results have been chosen for tabulation 
here because they were derived from a more complete set 
of the significantly interacting configurations .. 

Cowan's inclusion of the interaction between the 
3s23p24s and 3s23p 23dconfigurations has forced a reversal 
of Svendenius's designations of the 3s23p2(IS)4s 2S and 
3s13plCD)3d lS terms. All other eigenvector assignments 
have been made in accordance with Svendenius's desig
nations, although the strong mixing in a number of cases 
indicates that the corresponding names may have little 
meaning. Although . Svendenius's calculation predicted a 
relatively pure 3s3p42p term high above the ionization 
limit, he was able to deduce a strong interaction between 
this term and the entire 3s 23p 2CP)md series. Cowan's re
sults have the 3s3p42p and 28 components distributed 
amongst a number of eigenvectors (mainly 3s23p 2md and 
Ed in character) so as to obviate these terms as meaningful 
names for any particular predicted levels. 

No eigenvectors for the odd levels are available, but 
Svendenius's discussion of the 3s23p 2np configurations 
was partly based on an unpublished calculation of the 
3s23p 3 + 3s23p24p + 3s23p 25p levels. 

The Ill-coupling names of the 3s23p2nJ and ng levels 
are supported by Svendenius's calculations, the lowest 
average purity for any of these configurations in this 
scheme being 98.4% (for 3s23p 24j). 
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PI 

Configuration Tenn J Level (em-I) Leading percentages 

&23p3 48° % 0.00 

&23pa 2DO % 11361.02 
% 11376.G3 

&23p3 2po 1/2 18722.71 
% 18748.01 

&23p2(3p)4s 4p % 55939.421 ·98 1 &3p44p 

% 56090.626 98 1 

% 56339.656 98 1 

382 3p2(3PJ4s 2p It, 57 ~76.574 98 1 (3P)3d zp 
3
2 

, ¥2 58174.366 98 1 

&3p4 4p % 59534.549 70 14 3g23p2( 3p) 3d 4p 

% 59715.921 70 14 

% 59820.371' 70 14 

&2 S,V(3p)4p , 28" % (14239.591 

382 3p2eD)4s 2D % 65156.242 98 1 (1D)3d 2n 
% 65157.126 98 1 

3s2 3p2(3p)4p 4n° % 65373.556 
% 65450.125 
% 65585.130 
% 65788.455 

3s2 3p2(3p)4p 4po 1/2 66343.438 
% 66360.282 
% G6544.243 

3s2 3p2(3p)4p 2n° % 66813.271 
% 67113.870 

&2 3p 2(3p)4p 48° % 66834.648 

, 382 3p2(3p)3d 2p % 67909.136 85 4 3s3p42p 

Y2 68126.607 86 4 

38~ 3p~e'p )4p 2po 1/2 67971.072 
% 68088.078 

9823p2(3p)3d 4F % 68183.186 96 2 (3p)4d 4F 

% 68262.151 95 2 
7/2 68377.472 95 2 

% 68532.653 96 2 

&23p2(3p)3d 4n % .69878.033 99 

% 69894.307 98 

% 69924.453 94 2 (3p)3d 2F 

% 69980.077 95 3 (3p)3d 2F 

3823p2(3p)3d 2F % 70391.801 94 2 (3p)3d 4D 

% 70689.504 94 3 

&3p4 2n % 71168.229 34 29 D 3s23p2ep)3d 2 

% 71202.979 34 30 

J. Phys. Chem. Ref. Data, Vol. 14, No.3, 1985 
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P I-Continued 

COnfiguration Term J Level (em-I) Leading percentages 

gg2 Sp2(sp)5s 4p % 72378.000 98 2 (8p)~ 2p 
, 

% 72572.400 97 2 

% 72807.203 100 

3823p2(8p)3d 4p % 72386.347 51 26 (3p)3d 2D 

% 72493.806 81 8 &3p44p 

% 72617.789 82 8· &3p44p 

382 3p2(3p)3d 2n % 72741.808 64 14 3s3p42D 

% 72884.865 40 31 . (sp)3d 4p 

&2 3p2 e'p) 5s 2p % 72943.803 95 2 (sp)3d 2p 

% 73249.806 94 3 (sp)5s 4p 

gg2 Sp2(ln)1p 2n° %: 74 fJ71.Gf)f) 

% 74301.473 

&23p2(lD)4p 2Fo % 74 717.628 
7/2 74739.786 

&23p2(Sp)5p 28° %. 75104.423 

&23p2(Sp)5p . 4n° % 75291.257 
~ - "-" .... " "._._-- %- 7535L512 

% 75484.459 
% 75705.(JOI 

382 3p2(lD)4p 2po % 75455.774 
% 75488.904 

&23p2(Sp)4d 2p % 75676.09 80 4 (sp)3d 2p 
1/2 75813.72 79 4 

382 3p2(Sp)5p 4po % 75689.282 
% 75699.831 
% 75905.112 

382 3p2(Sp)4d 2F 5/2 75833.18 65 23 eD)3d 2F 
7/2 75956.87 58 27 

382 3p2(3p)4d 4F % 75949.47 91 2 (8p)3d 4F 

% 76045.99 82 6 (sp)4d 2F 
7/2 76173.35 81 6 (sp)4d 4n 

% 76318.01 94 2 (8p)3d 4F 

382 3p2(3p)5p 48° % 76021.601 

BS2 Bp 2(3p)5p 2n" % 76192.199 
% 76425.224 

382 3p2(3p)4d 4n % 76566.49 96 2 (3p)4d 2p 
Sf, 76585.71 94 2 (Sp)4d 4F 
52 

76627.90 91 4 (3p)4d 4F !l2 
% 76709.42 90 4 (sp)4d 4F 

382 3p2(3p)5p 2po 1/2 76762.279 
% 76875.250 

J. Phys. Chem. Ref. Data, Yol. 14, No.3, 1985 
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P I-Continued 

Configuration Term J Level (cm-I) 

382 3p2ctS)48 2S % 76912.25 

3s2 3p2(3Po}4f 2[3]° % 77654.560 
% 77655.315 

3s2 3p2(3p)4d 4p % 77733.68 
% 77888.81 

% 77965.5 

3823p2(3p)68 4p % 77769.50 3f. 
77942.55 52 

. Y2 78211.34 

3s23p2(3pl)4f 2[3]° % 77783.840 
7/2 11184.143 

3s23p2(3pl)4f 2[ 4]0 % 77830.305 
% 77831.093 

3s2 3p2(3p)4d 20 % 77833.75 
% 77946.70 

3s23p2(3pl)4f 2[2]° % 7781,3.316 .% 77843.981 

3s23p2(3p)68 2p 1/2 78049.07 
% 78358.80 

3s23p 2( 3P2)4f 2[1t % 78069.110 
1/2 78069.275 

3s23p 2(3P2)4f 2[5]° 1112 78100.894 
% 78102.997 

3823p2(3p2)4f 2[2]C % 78132.673 
% 78133.478 

3823p2(3p2)4f 2[3]° % 78169.970 
% 78170.285 

3823p2(3P2}4f 2[ 4]0 % 78178.054 
% 78179.687 

3s2 3p2 eD)3d 2J.i' % 78339.84 
% 78429.31 

3s23p2eD)3d 2G % 78565.10 
'J/2 78579.96 

3s23p2(3p)6p 2sc % 79044.08 

3823p2(3p)6p 4Do % 79100.12 
% 79129.61, 
% 79229.97 
7/2 79484.81, 

3823p2(3p)5d 2p % 79122.19 
1/2 79219.56 

J. Phvs. Chem. Ref. Data. Vol. 14. No. 3.1985 
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23 
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3 

31 

38 

(lD)3d 2S 

(3p)4d 2D 
(3p)5d 4p 
(3p)6s 4p 

(3p)4d 4p 
(3p)6s 2p 

(3p)5d 2 D 
p (3p)4d 4 

(3p)6s 4p 

(3P)4d 2 F 

eD)3d 2 P 
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PI-Continued 

Configuration Term J Level (cm-I) Leading percentages 

3823p2(3p)6p 4po % 79297.23 
% 79561.99 

3823p2(3p)5d 4F % 79339.38 87 5 (3p)5d 4n 

% 79402.10 80 13 (3p)5d 4n 
7/2 79515.35 77 16 (3p)5d .in 
% 79720.70 93 3 (3p)4d 4F 

382 3p2(3p)6p 2n° % 79415.38 
% 79711.-'11 

3s2 3p2(3p)6p 48° % 79621.-'13 

&23p2(3p)6p 2po % 79690.0-'1 
% 79830.28 

382 3p2(3p)5d 4D % 79696.59 92 5 {lD)3d 2p 

% 79718.49 85 5 e~p)5d 4F 

% .79761.77 71 12 (3p)5d 4F 
7/2 79863.71 80 16 (3p)5d 4F 

382 3p2(3PO)5f 2[3]° % 80154.30 
%. 80154.88 

3823p2(3p)5d 2F % 80183.29 69 15 (3P)5d 2n 
7;2 80461.17 88 6 en)3d 2F 

382 3p2(Sp)78 4p % 80220.46 
% 80380.49 
% 80679.30 

3823p2(3p)5d 2n % 80299.41 69 10 (3p)5d 2p 

% 80 u17.00 46 37 (3p)5d 4p 

382 3p2{ 3PI) 5f 2[3]° % 80299.78 
% 80300.-'15 

382 3p2(3p)5d 4p . % 80308.41 44 29 (3p)5d 2n 

% 80426.27 84 4 (3p)6d 4p 
1/2 80508.15 89 1. (3p)6d 4p 

3823p 2(3P1)5f 2[ 4]0 % 8032-'1.67 
% 80325.1,3 

3823p2(3pl)5f 2[2]0 % 80334.16 
% 80934.85 

3823p2(3p)7s 2p % 80372.65 
% 80810.13 

3823p2(lD)3d 2p 3/2 80548.77 44 29 (3p)5d 2p 

1;2 80672.81 44 48 (3p)5d 2p 

3823p2(3p2)5f 2[1]0 % 80594.18 
1/2 80594.20 

. 382 3p 2(3P2)5f 2[5]° 1~ 80609.46 
9 2 
'lz 80811.18 
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P I-Continued 

Configuration Term J Level (cm-I) Leading percentages 

as23p2(3p2)5f 2[2]" % 80621.93 
% 80622.44 

as23p2(3p2)5f 2[3]° % 80642.92 
% 80643.16 

as23p2(3p2)5f 2[ 4]" % 80647.14 
7/2 80648.40 

as23p2(ln)3d .28 % 80655.21 69 26 (18)48 2g 

302 Sp2(3p)6d 4F % 81 069~94 64 12 (3p)6d 2p 

% 81123.64 66 21 (3p)6d 4D 

% 81233.76 65 25 (3p)6d 4D 

% 81467.72 95 3 (3p)5d 4F 

as23p2(3p)6d 2p % 81277.27 60 23 (3p)6d 4F 
1/2 81516.73 52 40 (3p)6d 4D 

as23p2(3p)6d 4n % 81283.84 57 36 (3p)6d 2p 

% 81402.56 22 20 (3p)6d 4F 

% 81415.75 66 7 (3p)6d~ 

% 81534J~? 68 28 (3p)6d 4F 
._-

as23p2eD)5s 2n % 81296.70 84 8 (OP)6d"D 

% 81302.81 87 6 (3p)6d 4D 

as23p2(3PO)6l 2[3]° % 81510.56 
% 81510.84 

as23p2(3p)6d 2F % 81522.20 53 31 (3p)6d 4D 

% 81795.11 89 6 

as23p2(3Po)6g 2[ 4] % 81527.562 

%- 81527.596 

as2 Sp2(3p)& 4p % 81578-64 
3t 81719.54 52 

82014.99 Y2 

as2 3p2(3Pl)6{ 2[3]- % 81663.'15 
% 81664.23 

as23p2(Spl)6f 2[4]° % 81678.U 
% 81679.01 

as23p2(3pl)6f 2[2]° % 81684.53 
% 81685.07 

as23p2(3pl)6g 2[ 4] % 81687.072 
% 81867.087 

as23p2(3Pl)6g 2[5] 1% 81694.357 
% 81694.358 

as2 3p2ep)6d 4p % 81719.97 48 16 (ID)3d 2D 

% 81840.73 70 10 (lD)3d 2D 

% 81896.33 90 2 (3p)5d 4p 

J. PhV8. Cham. Ref. Data. Val. 14. No.3. 1985 



ENERGY LEVELS OF PHOSPHORUS 759 

PI~ntinued 

Configuration Term J Level (cm-I) Leading percentages 

3823p2(3p)6d 2n % 81764.68 64 9 (3p)6d 2p 

% 81890.08 36 16 (3p)6d 4p 

382 3p2 ep)8s 2p % 81771.3 
.% 82064.43 

3823p2(3p2)6f 2[1]° %,% 81961.17 

3~2 3p 2(3P2)6f 2[5]° 1% 81970.73 
% 81971.91 

&23p2(3p2)6f 2[2]° % 81976.76 
% 81977.19 

3s23p2(3p2)6f 2[3]° 7/2 81989.31 
% 81999 . .v.9 

3s23p2(3p2)6f 2[ 4]0 % 81991.94 
% 81992.78 

3s23p2(3p2)6g 2[6] 1% 81992.727 
11/2 81992.728 

&23p2(3p2)6g 2[ 4] 7/2 81997.273 
- -

% 8f 997.386 

&23p2(3p2)6g 2[5] 11/2 82001.922 
% 82001.933 

&23p 2(3p)7d 4F % 82075.89 
% .82112.37 
% 82224.15 
% 82479.06 

&23p2en)3d 2n % 82195.77 39 14 (3p)6d 4p 

% 82233.05 30 24 (3p)6d 2n 

3823p2(Jp)7d 2p % 82251.36 

3s23p2(3Po)7f 2[3]° % 82327.19 
% 82327.40 

&23p 2(3p)7d 4n % 82346.23 
% 82514.88 

&23p2ep)7d 2F % 82374.80 
% 82640.41 

&23p2(3p1)7f 2[3t % 82484.95 
% 82484.97 

3823p2(3p1)7f 2[ 4]0 % 82493.91 
7/2 82494.33 

3823p2(3p1)7f 2[2]° % 82498.41 
% 82498.46 

&23p2(3p)98 4p % 82521.95 
% 82820.60 

J. Phys. Chern. Ref. Data. Vol. 14, No.3, 1985 



760 MARTIN, ZALUBAS, AND MUSGROVE 

P I-Continued 

Configuration, Term J Level (em-I) Leading percentages 

3823p2(Sp)7d "p % 82590.22 
% 82665.31 
1/2 82738.86 

3823p2(Sp)8d 4F % 82689;80 
% 82734.40 
% 82846.91' 
% 83115.90 

3823p2(3p)7d 2n % 82753.31 

3823p2(3p2)7f 2[1]0 1/2,% 82783.0.4 

3823p2(3p2)7f 2[5]° 11/2 
%' 

82790.39 
82791.20 

3823p2(3p2)7f 2[2]° % 82795 . .47 
% 82795.85 

382 3p2(3P2)7f 2L 3 1" % 82800.76 

% 82800.8.4 

3823p2(3p2)7f 2[ 4]0 % 82803 . .43 
% 82803.91 

3823p2(3p)98 2p % 82843.16 

3823p2(3p)8d 2p % 82861.8 

3823p2(3p)8d "n % 82943.04 
7/2 83136.73 

3823p2(3p)8d 2F ~2 ' 82949.43 

% 83197.76 

382 3p2(3pl)8f 2[3t %' 83016.31 
7/2 83016.35 

3823p2(3pl)8f 2[ 4]0 % 83022.82 

% 83023.11 

382 3p2(3p)8d "p % 83167.15 

3823p2(3p)9d "F % 83 265.41 
% 83542.59 

382 3p2(3p2)8f 2[5]° 1% 83321.63 
% 83322.22 

3823p2(3p2)8f 2[ 4]0 % 83332.0.4 

3823p2(3p)9d "n % 83 555.24 

3823p2(3p)9d 2F % 83594.91 

3823p2(3p2)9f 2[5]° 1% 83685 . .48 

3823p2(3p2)9f 2[ 4]0 % 83691.91 

J. Phys. Chem. Ref. Data, Vol. 14, No.3, 1985 



ENERGY LEVELS OF PHOSPHORUS 761 

P I-Continued 

Configuration Term J Level (cm-I) Leading percentages 

p II e~po) Limit 84580.H3 

P II ( 3Pl) Limit 84745.73 

P II (3P2) Limit 85049.94 

P II (11)2) Limit 93463.15 

P n (ISO) Limit 106156.45 

J. Phys. Chem. Ref. Data, Vol. 14, No.3, 1985 



762 MARTIN, ZALUBAS, AND MUSGROVE 

Pu 

Z=15 

Si I isoelectronic sequence 

Ionization energy 159451.5 ± 1.0 cm-I (19.76963 ±O.OOO 13 eV) 

New observations of this spectrum by Svendenius, 
Magnusson, and Zetterberg [1983] gave more than 900 
classified lines over the range 700 -12 000 A... The level 
values here are from their paper, with a few exceptions 
noted below. No uncertainties for the wavelengths or 

. energy levels were given. Wavelength uncertainties com
parable to those estimated by Svendenius for P 1 [see PI] 
would correspond to an uncertainty of about ±O.S cm-I 

for most of the better determined excited-configuration 
levels of P II with respect to the ground level. The lpo 

ground term intervals are probably in error by less than 
0.2 em-I, and the better determined term and fine-" 
structure separations of the excited configurations are 
probably accurate to within a few hundredths of a em-I. 

The 3s 3p 1 sSi position given by Svendenius et al. was 
based mainly on a measured wavelength of 2195.549 A.. 
for the 3s23p 2 3p 1-3s 3p 1 sSi transition. Since the line 
measured was later found to belong-mainly toP IV ISiriith 
et al. , 1984], we have reevaluated the 3s 3pl sSi level using 

. an average of the original measurements of the 3s3pl sSi 
transitions to the 3s23p2 lP2 and 3PI levels [Martin, 1959] 
and the measurement of the first (and stronger) of these 
lines by Svendenius et al The resulting lowering of the 
sS; level by 0.36 cm-' has also been applied to the three 
3s3p 23d sp levels, first derived by Robinson [1937] from 
three lines classified as the 3s3pl sso -3s3p23d sp multi
plet. 

We evaluated the 3s23p 5p ISO level using the transitions 
to the 3s3p 3 Ipt and 3s23p3d Ipi levels observed and clas
sified by Li [1972]. The experimental 3p5p ISO position at 
132901.0 cm-I is only 1 cm-I above the value predicted 
theoretically by Li (see below). Several of the fainter lines 
observed by Li are not given in thel1ne 11M of Svendenius 
et al., including the 3p 5p ISO combinations and the two 
lines on which Li" based his discovery of the 3p Sp 3po 
level. 

The g values are also from Li's paper. The stated uncer
tainty of most of these values is 0.01 or less, although the 
uncertainty of most of the g values for the 3p 5d levels is 
0.02. 

Li's calculations of P II energy structures included the 
levels of the group (3s3p 3 + 3s23p3d + 3s 23p4d 
+ 3s23p 5d) with the configuration interactions taken into 
account. The leading eigenvector percentages from this 
calculation are given here. The interactions of the terms 
common to the 3s3pl and 3s23p3d configurations and also 
the strong mixtures of 3s23p 3d lpo and 300 components in 
the pertinent eigenvectors for these two terms could be 
deduced even without the detailed calculation of these 
effects [Martin, 1959]. Good agreement between the 

J. Phys. Chem. Ref. Data, Vol. 14, No.3, 1985 

calculated and experimental g values allowed Li to make 
unambiguous eigenvector assignments despite the strong 
configuration interactions and intermediate-coupling ef
fects. The table here incorporates his interchanges of 
Martin's designations of five pairs of levels of the above 
group, the new names being optimal even though the 
leading percentages of lhe relevanl eigenvectors are in 
the range 49% to 64%. The new names were used in the 
line list of Svendenius et al, but by oversight the less 
appropriate earlier designations of the ten levels involved 
were retained in their energy-level table. 

The eigenvector percentages for the levels of the three 
other odd-parity configurations, 3s23p4s, 3s 23p 5s, and 
3s23p 6s, and for the levels of the even configurations 
3s23p4p, 3s23p5p, and 3s23p4j, are also from Li's calcu
lations. Li assumed the single-configuration approxi
mation in each case, the results indicating that no strong 
configurationiriteractions were· involved~ -The first per
centages given for the 3s23p4jlevels are for the LSt cou
pling scheme used to designate these levels [Cowan and 
Andrew, 1965]; the leading percentage in the LS scheme 
is also listed for each 3p4jlevel, following the word "or." 

Svendenius et" aL designated the 3s 23pnf and 3png pair 
terms in the LSI coupling scheme. We have added the 
alternate It I-coupling names for the 3p 5f and 3p 6f pairs 
(last column, following the word "or"). Since the struc
ture of the 3png configurations is dominated by the 
3p 2P3/2 - 2Pi/2 splitting, we give the Ill-coupling names 
for these pairs in the first column and the LSI-coupling 
names as alternates. 

Svendenius et al determined the ionization energy by 
fitting a Ritz formula to the 3pep3/2)ng 2[1/]0 series 
(n = 5 - 9). Their adopted value also agrees to within the 
quoted uncertainty with a value they obtained from the 
3pePl/2)ng 2ur series (n =S-7). 
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~NEAGY LEVELS OF PHOSPHORUS 763 

Pu 

Configuration Term J Level (em-I) g Leading percentages 

3s23p2 sp 0 0.00 
1 164.90 
2 469.12 

&23p2 In 2 8882.31 

3s~3p2 18 0 21575.63 

3s3pB OSO 2 45697.02 100 

3s3p S 3Do 1 65251.45 0.504 81 17 3p3d 3Do 

2 65272.35 1.160 81 17 
3 65307.17 1.329 81 17 

3s3p S sp 2 76764.06 1.486 71· 25 3p3d 3po . 
1 76812.33 1.50 74 25 
0 76823.11 74 25 

3s23p3d In 2 77710.19 1.014 63 32 3s3p31Do 

3823p4s Sp 0 86597.55 100 
1 86743.96 1.495 99 1 Ipo 
2 87124.60 1.499 100 

3s23p3d 3r 2 87804.10 0.666 100 
3 87966.81 1.083 100 
4 88192.13 1.25 100 

3s23p4s Ipo 1 88·893.22 1.006 99 1 Spo 

&2Sp4p Ip 1 . 101635.69 0.998 98 2 Bn 

3s23p3d IF' 1 102798.28 1.00 64 33 &3p Slpo 

BrSp4p 3D 1 103.165.61 0.511 98 2 Ip 
2 lOS 3S9.14 1.166 99 
8 103667.86 1.834 100 

BrSp3d spo 2 103629.70 1.408 55 21 3p3d 3Do 
1 109755.91 1.05 41 116 8pSd·3n° 
0 103 940.38 75 24 3s3pS spo 

&23pSd 3Do 3 104050.27 1.326 82 15 3s3pS 3n° 
1 104059.81 0.94 46 33 3pad 9p. 
2 1()4101.75 1.26 . 61 19 3p3d 8p. 

3s23p4p 3p 0 105224.06 100 
1 105302.37 1.525 94 6 as 
2 105549.67 1.499 99 

Ss2Sp4p 8S 1 106001.25 1.968 94 6 Sp 

3s2 Sp3d lFo 3 107360.25 1.004 100 

&2Sp4p tn 2 107922.93 1.002 99 

3s3p3 ago 1 110254.'17 100 

J. Phy •• Chern. Ref. Data, Vol. 14, No.3, 1985 



764 MARTIN~ZALUBAS, AND MUSGROVE 

P n-Continued 

Configuration Term J Level (em-I) g Leading percentages 

8s2 3p4p IS 0 111 507.66 100 

3s3pll 10° 2 112606.86 0.998 50 31 3p3d In° 

3s3p3 . lpo 1 118941.71 0.99 58 34 3p3d Ipo 

3s2 3p5s spo 0 129944.19 100 

1 123455.46 1.465 93 7·:1p~ 

2 123890.81 1.497 100 

3s23p5s Ipo 1 124432.26 1.036 93 7 spo 

3s23p4d 3Fo 2 124946.73 0.664 99 

3 125128.87 1.081 99 

4 125391.13 1.25 100 

3s23p4d 3po 2 127367.23 1.278 49 24 3p4d In° 
0 127899.54 98 2 3s3p3 spo 
1 127994.09 1.129 62 35 3p4d 3n° 

3s23p4d 300 1 127599.16 0.870 61 35 3p4d Spa 
3 127888.42 . 1.33 96 3"';'SS3p33n° 
2 12794.9.70 1.284 58 &7 3p4d 3pa 

3s23p4d 100 2 127755.50 1.098 55 19 3p,4d sDO 

382 3p5p lp 1 129109.68 0.94 80 13 Sn 

3s2 3p5p 30 1 129569.36 0.62 82 11 lp 

'2 129665.20 1.187 93 5 sp 

3 130019.50 1.34 100 

3s23p5p Sp 0 130058.11 99 1 IS 
1 130178.48 1.473 84 7 3S 

2 130399.78 1.47 93 6 30 

3823p4d IFo 3 130142.72 1.00 100 

3s23p5p 3S 1 130800.74 1.96 91 8 3p 

&23p(2pO)4fF 2[%] 3 130912.84 1.02 76 or 81 IF 
2 130949.29 0.674 96 or 96 3F 

3823p(2pO)4fF 2[%] 3 130'993.03 1.03 70 or 78 SF' 
4 131024.90 1.22 90 or 90 SF 

3s23p5p 10 2 131352.39 1.005 97 1 3n 

382 3p(2po )4fG 2[%] 3 131631.16 0.79 89 or 89 3G 
4 131688.74 1.06 81 or 77 3G 

382 3p4d Ipo 1 131 762.84 0.999 92 7 3s3pS Ipo 

382 3p(2po)4fG 2[%] 5 131940.29 1.20 100 or 100 sG 
4 132077.74 1.01 90 or 83 IG 

382 3p(2po)4fD 2[6/2] 3 132132.46 1.320 96 or 96 3n 
2 132163.47 1.063 96 or 54 In 

J. Phvs. Chern. Ref. Data. Val. 1.,·No. ~~ 1Mfi 



ENERGY LEVELS OF PHOSPHORUS 765 

P II-Continued 

Configuration Term J Level (em-I) g Leading percentages 

3823p(2pD)4fO 2[%] 1 132371.74 0.50 100 or HlO 3D 
2 132396.92 1.083 100 or 56 3D 

3s2 3p5p IS 0 132901.01 99 1 3p 

3823p68 Spo 0 137757.09 100 

1 137826.52 1.42 83 17 lpo 

2 138309.09 1.50 100 

~23p6s lpo 1 li1C:S 521.70 1.{)S ~ 11 Spo 

382 3p5d 3Fo 2 138552.1/1 0.69 95 4 10° 
3 138743.41 1.08 96 is aD" 
4 139039.70 1.25 100 

3i3p5d IDo 2 139212.72 1.12 60 21 3po 

382 3p5d 30° 1 139526.35 0.69 79 19 3pw 
2 139622.67 1.18 40 31 IDo 
3 199804.25 1.33 95, 4- 8Fo 

382 3p5d 3po 2 139923.51, . 1.34 54 44 ·3n° 
1 139957.96 1.30 80 19 3bo 
0 139971.33 99 

382 3p5d IFo 3 11,0950.27 1.01 98 1 Boo 

3823p(2po)5fF 2[%] 3 141324.52 or (2Pi/2) 2[%] 
2 141335.48 

3823p(2po)5fF 2[%] 3 141354.16 or (2Pi/2) 2[%] 
4 141370.03 

3823p5d lpo 1 11,1 1,87.87 

382 Sp ePi/2) 5g 2[%Jo 4 141787.55 or (2po) GO 2r%r 
3 141787.61J. 

382 Sp(2Pi/2) 5g 2[%]0 4 11,1 795.81, or (2po) GO 2[%]0 
5 11,1 796.18 

3823p(2po)5fG 2[7/z] 3 141813.00 or (2P3/2) 2[%] 
4 141847.91 

&2 Sp(2pO)5fG 2[%] 5 142007.39 or (2PSIZ) 2[%1 
4 142 118.7~ 

382 3p(2pO)5fD 2[%] 3 142090.95 or (2PS/2) 2[%] 
2 142104.04 

&23p(2po)5fO 2[%] 1 142·276.25 or (2p~/2) 2[%] 
2 142280.69 

382 3p(2PSlz)5g 2[%]0 4 142295.25 or (2po) HO 2[%r 
5 142295.53 

3823p(2PS/2)5g 2(%1" 4 142357.60 Qr (2po) FO 2C/2r 
3 142357.76 

J. Phys. Chem. Ref. Data, Vol. 14, No. 3,.1985 



766 MARTIN; ZALUBAS, AND MUSGROVE 

P n-Continued 

Configuration Term J Level (em-I) I g Leading percentages 

3s2 3p(2PS/2)5g 2[11/2]0 6 142 418.45 or (2po) Ho2[1%]. 

5 142 418.95 

3s2 3p( 2P3/2 ) 5g 2[%]. 2 142472.31 or (2p.) F* 2[%]. 
3 142472.59 

3s2 3p(2po )6fF 2[%] 2 146881.33 or (2Pi/2) 2[%] 
3 146894.38 

3s23p(2po)6fF 2[%] 3 146911.32 or (2Pi/2) 2[%] 
4 146921.76 

&2 3p(2pi/2)6g 2[%]. 4, 147198.21 or (2po) G· 2[%J. 
3 147198.33 

&? Sp(2Pi/2)6g 2[9/2] .. 4 14i 199.88 or (9p") G- 9(9/2]. 

5 147200.24 

3s23p(2po)6fG 2[%] 3 147382.89 or (2p;/2) 2[%) 
4 147388.09 

3s2 3p(2po )6f G 2[%] 5 147509.39. or (2pS/2) 2[%] 
4 147589.10 

3s23p(2PS/2)6g . 2[%]0 4 1477J7.03 or (2po) HO 2[%]. 

5 147717.25 

3s23p(2PS/2)6g 2[%]. 4 147750.51 or (2p.) F* 2[%]. 

3 147750.88 

3s23p(2PS/2)6g 2[11/2]0 6 147791.75 or (2p.) H· 2[11/2]. 

5 147792.23 

3s2 3p(2P8/2 )6g 2[%]0 2 147823.28 or (2po) F. 2[%]. 

3 147823.53 

3s23p(2pi/2)7g 2[%]0 4 150455.45 or (2p-) G. 2[%]. 

5 150455.71 

3s23p(2Pi/2)7g 2[%]0 4 150455.88 or (2p.) G. 2[%]. 

8 150455.'11 

&2 3p(2P3/2)7g 2[%]0 4 150985.84 or (2po) H· 2[%]. 
5 150985.97 

3s23p(2Ps/2 )7g 2[%]. 4 151005.90 or (2p.) F,. 2[%]. 

3 151006.00 

3s23p(2P3/2)7g 2[11/2]0 6 151033.88 or (2p.) HO 2[11/2]. 

5 151034.32 

3s23p(2P3/2)7g 2[%]0 2 151053.80 or (2po) F.2[%]. 

3 151054.14 

3s2 3p(2PS/2)8g 2[%]0 4 153106.05 or (2p.) H· 2[%]. 

5 153106.15 

as2 3p( 2PS/2) 8g 2[.11/2]0 6 153138.61 or (~) H· 2[11/2]. 

5 153138.88 

J. Ph,.. Ch8m. Ref. Data; Vol. 14, No.3. 1985 



ENERGY LEVELS OF PHOSPHORUS 767 

P II-Continued 

Configuration Term J Level (cm-1} g Leading percentages 

3s3p2(4p)3d 5p 3 153266.66 
2 153892.85 
1 153477.03 

382 3p(2P3/2 )9g 2[1%]0 6 154581.71 or (2po) HO 2[1l/zr 

5 154581.90 

.. " ...... "' ............................. ........................ " ....... .. •• " •••••• ".# .... .......................................... 

Pill (21'1/2) Limit 1594/H.5 

P flI (2P8IZ ) Limit 160010.8 

J. Phys. Chem. Ref. Data, Vol. 14, No. 3,1985 



768 MARTIN, ZALU B AS, AND MUSGROVE 

Pili 

Z=15 

Al I isoelectronic sequence 

Ground state ls22s 22p 63s"3p "Pin 

Ionization energy 243600.7 ± 0.7 em-I (30.20288 ± 0.000 12 eV) 

The levels are from Magnusson and Zetterberg, who 
observed this spectrum from 395 A to 8315 A using a 
sliding-spark source. Their results represent a large exten
sion of the earlier analysis, which was mainly due to 
Bowen with additions by Robinson. About 640 lines are 
now classified by the levels of 58 complete terms. 

Magnusson and Zetterberg state that "the wavelength 
errors of undisturbed lines are believed not to exceed 
0.01 A for A < 4900 A and 0.02 A for A > 4900 A" and 
estimate that wavelengths recalculated from their levels 
should be accurate to a few mAo The corresponding rela
tive uncertainty of the levels varies from about ±0.03 to 
±0.2 cm- I or so for levels connected by lines in the re
gion above 2000 A; most of the other levels are probably 
accurate to within errors of less than 1 cm -I , although the 
3s27s, 8s, and 9s levels based solely on lines near the 
short-wavelength limit could have errors of several cm-l~ 

Magnusson and Zetterberg derived the ionization en
ergy by fitting a core-polamation formula to the 
3s2nh "He:> series. The quoted uncertainty of ±0.7 cm-1 

probably represents mainly the uncertainty of these terms 
with respect to the ground term; the uncertainty in e V 
units arises almost equally from the uncertainty in. cm -. 
and the uncertainty in the conversion factor. 

Magnusson and Zetterberg found most of the observed 
series to be perturbed, the plot~ of several 3s2,,1 doublet 
series indicating interactions with corresponding 3s 3pml' 
doublet terms. The largest interactions among the lower 
configurations are between the 3s3p2 and 3s23d 20 terms 
and between the 3p 3 and 3s 3pepO)3d 2po terms. Except 
for the 3p 3 2po term, the leading percentages given here 
are from multiconfiguration Hartree-Fock results ob
tained by Fischer in calculations of lifetimes in this iso-

Configuration Term J 

3s2(lS)3p 2po 1;2 
% 

3s3p2 4p % 
% 
% 

3s3p2 2n % 
% 

8s3p2 28 % 

J.Phys. Chem. Ref. Data, Vol. 14, NO.3, 1985 

electronic sequence. The designation of the lpo term near 
170 100 em-las belonging mainly to 3p 3, and also the per
centages for this term, are from Aashamar et al; the 
second percentage, which is the total 3s 3p 3d lpoper
centage, presumably belongs mainly to 3s3PCPO)3d. We 
give both the term designated 3s 3p CPO)3d 2po by 
Aashamar et aJ. and the nominal 3s 26p 2po term with ques- . 
tionable configuration assignments because these terms 
"lie very close, give similar combinations and have prac
tically the same splittings. Thus their configuration· as
signments are quite arbitrary" [Magnusson and 
Zetterberg1. The paper by Aashamar et al. includes 
eigenvectors for the nominal 3s 3p CpO)3d 2po term 
(strongly configuration-mixed) and for the relatively pure 
3s24s "8 and 3s3p228 terms. Additional multi
configurational calculations of the structures of both pari
ties are needed for a better understanding· of this spec
trum. 
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PIlI 

Level (em-I) Leading percentages 

0.00 94 3 3p32po 

559.14 94 3 

56921.67 
57125.98 
57454.00 

74916.85 75 21 8g2(18)3d 2n 
74945.86 75 21 

100200.44 



ENERGY LEVELS OF PHOSPHORUS 769 

P Ill-Continued 

Configuration Term J Level (em-I) Leading . percentages 

3s3p2 2p % 109037.25 
% 109412.98 

3s2(18)3d 2n % 116874.56 74 19 3s3p22n 

% 116885.87 74 19 

3s2(18)48 28 1/2 . 117835.95 

3s2e8)4p 2po 1/2 141376.91 94 4 3p2eS)4p 2po 

% 1J,.1513.63 94 4 

3s3p(3po)3d 2D· %' 147323.19 
% 1J,.7385.26 

3s3p(3po )3d 4Fo % 159121,..77 
% 159238.72 
% 1591,.01.12 
% 159613.67 

3p 3 480 %' 159715.35 

3p 3 2po % 170 110.J,.7 59 29 3s3p3d 2po 
li2 170170.65 59 29 

3s2(18)4d 2n % 172429.81 94 4 3p2(IS)4d 2n 
% 172430.49 94 4 

3s3p(3po )3d 4po % 173813.17 
% 173985.69 
% 17J,.106.20 

3s3p(3po)3d 40· 1/2 ' 175259.73 
% 175314.07 
% 175376.J,.0 
% 175425.36 

382e8)5s 2g If, 
2, 176042.87 

3s2eS)4f 2Fo % 178655.23, 93 4 3p2(IS)4f2FO 

% 178655.78 93 4 

383p(3po)4s 4po It2 184453.79 
% 184639.75 
% 185045.62 

382(lS)5p 2po % 181,. 740.77 
% 184858.12 

Sp3 20° 51. 185074.34 
32 

Y2 185098.48 

3s3p(3p·)3d 2F· % 188215.25 97 1 3p2(lS)4f2FO 

% 188677.37 97 1 

383p(3po)4s 2po V2 191281.97 
% 191641.09 
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770 MARTIN, ZALUBAS, AND MUSGROVE 

PIlI-Continued 

Configuration Term J Level (em-I) Leading pereen.tages 

3s2eS)5d 2D % 199 154.83 
% 199154.89 

3S2(IS)5f .2Fo % 200538.96 
% 200571.27 

3s2(18)6s 28 % 201291.73 

3s2(18)5g 2G % 203784.58 
% 203784.78 

3s2(i8)6p? 2po % 206 003.36 
% 206020.84 

3s3p(3po )4p 4D 1/2 206553.77 
% 206742.62 
.% 207036.54 
% 207361.92 

3s3p (3po ) 3d? zpo 3/2 206613.72 
% 206631.65 

3s3p (Bpo ) 4p 2p 1/2 206950.34 
% .207053.78 

3s3p(3po)4p 4p % 209939.20 
% 210055.97 
% 210306.05 

3s3pepO)3d 2Fo % 210048.82 
% 210111.79 

3s3p(Bpo)4p 48 % 211339.88 

3s2eS)6d 2n .% 212662.19 
% 212802.45 

3s3p(3po )4p zn % 213996.52 
% 214217.41 

&s2(IS)6f 2Fo %.,% !}1~ ~99.5? 

3s2eS)7s 2S % 214577.3 

3s2eS)6g 2G % 215956.10 

% 215956.23 

3s2(18)6h 2Ho %,1% 216106.40 

3s3p(3po)4p ~ %. . 218892.10 

3s3p(lpo)3d 2n° % 219708.71 
% 219847.31 

3s3pepO)3d 2po 1/2 220152.51 
% 220176.76 

3s2e8)8s 28 % 222488.0 
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ENERGY LEVELS OF PHOSPHORUS 771 

P III-Continued 

Configuration Term J Level (cm-I) Leading percentages 

3s3p(lpo)4s 2po % 222787.62 
% 222816.15 

3s2(lS)7g 2a % 223298.65 
% 223298.75 

8s2(IS)7h 2HO %,1% 223402.82 

3s2(18)98 2g % 227 527.3 

3s2(18)8g 2a % 228064.12 
% 228064.29 

3s2(18)8h 2HO %,1% 228138.98 

8s2(18)9h ~o %,11/2 231385.67 

3s3p(3po)4d 4FO 3;: 238167.36 52 
Y2 238261.53 
%. 238426.49 
% 238738.35 

3s3p(3p. )4d 4n° 1/2 238688.57 

--_.- .-
% 238742.18 
% ""238831.48 
% 2389&0.87 

3s8p(3po)4d 4po % 2.40783.37 
% 240980.75 
1/2 2.41089.25 

3s8p(spO)4d 2n° a/. 2.41282.23 52 
Y2 241.403.67 

.11 .................................... .............................. ...................... ............................................. 
PIV eSo) Limit 243600.7 

3s8p(spO )5s "po % 243634.22 
% 2.43851.68. 
% 2.44 247.44 

8s8pepO)5s 2po !,tz 248765.31 
% 2.48899.98 

3s3p(3pD)5p zp 11. 252487.01 
3

2 
Yz 252700.59 

8s3p(3po )41 4F 8/. . 254 722.26 
52 
Y2 254 810.62 

7j. 254985.83 
9

2 
Yz 255099.21 

P IV 8s8p(8po> Limit 311518.7 

P IV 8s8p(3Pi> Limit 311 747.2 

P IV 8s8p(sP2) Limit 312215.8 

P IV ggSp(lpi> Limit 91,8791.1 

J. Phys. Chem. Ref. Data, Vol. 14, No.3, 1985 



772 MARTIN, ZALUBAS, AND MUSGROVE 

PIV 

Z=15 

Mg I isoelectronic sequence 

Ionization energy 414922.8 ± 1.0 cm- l (51.4443 ± '0.0002 eV) 

Zetterberg and Magnusson list some 590 classified lines 
for this spectrum as observed over the range 256 ~ 
9603 A using a sliding spark. The levels here are from 
their large extension of the previous analyses. They state 
that "the wavelength error of lines not affected by special 
difficulties is believed not to exceed 0.01 A for lines be
low 4500 A and 0.02 A for the longer wavelengths." 
These wavelength errors would correspond to uncer
tainties of ± I cm-1 or more for all excited terms, except 
3s 3p 3po, with respect to the ground level. Zetterberg and 
Magnusson obtained the quoted ionization energy by ap
plication of a core-polarization formula to the 3snh, 3sni, 
and 3snk terms. Since the quoted ionization-energy' un
certainty of 1.0 cm-I requires an uncertainty < 1.0 cm- t 

for even these high terms, the actual estimated wave
length errors apparently were considerably less than 
0.01-A overmuch of the region below 2000.A. Some' of . 
the better determined separations of excited levels should 
have uncertainties less than·O.1 cm-I. 

Zetterberg and Magnusson note several perturbations. 
of particular levels, strong configuration interactionsbe
ing a feature of this isoelectronic sequence. The leading 
eigenvector percentages given here for the 3s2 IS, 3p2 IS" 
3s3p lpo, and 3p3d Ipo levels are from Zare's 1967 paper, 
and those for the 3p2 10, 3s3d 10 and 30, and 3s4d 10 
and 3D levels are from his 1966 paper. Fischer and 
Oodefroid have made extensive MCHF calculations of 
transition probabilities for lines involving singlets· from 
configurations of the 3/31' type. The percentages for the 
3p3d IFo and 3s4f IFo levels and for the 3d210 and 

Configuration Term J 

3s2 IS . 0 

asap 3po 0 
1 
2 

&3p lpo 1 

ap2 1D 2 

3p2 3p 0 
1 
2 

J.Phys. Chem~ Ref. Data, Vol. 14, No. 3, 1985 

3s7g 10 levels are from their 1982a paper, the eigen
vector assignments being confrrmed by the agreement of 
calculated and observed oscillator strengths. For con
venience we have retained the· names of these levels as
signed by Zetterberg and Magnusson; the eigenvectors 
indicate an interchange of the 3s4fand 3p3d tpo names as 
being optimal [Fischer and Godefroid, J982a, 1982b]. 
Fischer and Godefroid also suggest the designation 
3d2 104 for the level at 378 508 cm-I, but the calculated' 
distribution of the 3d2 to composition is such' that this 
name is not really appropriate for any level. The 3s7g 10 
name seems at least as appropriate for the level at 
378 508 cm-1

, the eigenvector having 50% total 3sng 
character. The eigenvectors from complete calculations 
for this spectrum would no doubt yield strongly mixed 
compositions for many other levels in the table. 
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PIV 

Level (cm-:-l) Leading percentages 

0.0 95 4 3p21S 

67918.03 
68146.48 
68615.17 

105190.1;,2 9lJ 4 3p3d Ipo 

158141.82 71 '2:T as3d 1D 

164941.44 
165185.39 
165654.04 



E"NERGY LEVELS OF PHOSPHORUS 773 

P IV-Continued 

Configuration Term J Level (cm-I) Leading percentages 

3s3d 3n 1,2,3 189398.13 99 

3p2 IS 0 194591.75 91 4 3d21S 

3s3d In 2 219153.88 69 24 3p21n 

3s4s 3S 1 226898.14 

3s4s IS 0 233997.96 

3s4p Sp" 0 258553.36 
1 2l)G 611.97 

2 258760.#6 

3s4p Ipo 1 257522.68 

3p3d sFO 2 262005.27 
3 2622#8.#6 
4 262567.20 

3p3d Inc 2 267015.23 

3pSd spo 2 281 020.00 
1 281257.85 
0 281399.92 

3p3d !In· 1 283150.0# 
2 2832#6.87 
3 283329.08 

3s4f IFo 3 290327.71 50 SsnflFo 50 3pnd IFo 

Ss4d 3D 1 293242.94 98 2 3p4p 3n 
2 293247.69 11~ 2 

8 293255.27 98 2 

3s4d In 2 295328.63 93 4 3p4p In 

3s4f 3Fo 2 303660.6# 
:3 303665.80 
4 303672.#9 

3p3d Ipo 1 307083.3# 81 9 3s5p Ipo 

3sus 2S 1 309111.44 

3s5s IS . 0 311183.04 

3p3d IFo 3 31##23.69 44 3pnd IFo 55 3snf i Fo 

3s5p Ipo 1 318888.09 

3p4s spo 0 317675.35 
1 317957.41 
2 318362.54 

J. Phys. Chern. Ref. Data, Vol. 14, No.3, 1985 



774 MARTIN, ZALUBAS, AND MUSGROVE 

P IV-Continued 

Configuration Term J Level (em-I) Leading percentages 

3s5p 3po 0 322387.52 
1 322438.99 
2 322541.98 

3p4s Ipo 1 327873.54 

3s5d 3n 1 337245.64 
2 337324.91 
3 337432.26 

3s5d In 2 338035.09 

3p4p Ip 1 340008.66 

3s5! 3Fo 2 343603.59 
3 343603.90 
4 343604.88 

3s5g 3G 3 344006.44 
4 &44007_66 

5 344011.21 

3s5g IG 4 344011.61 

·3p4p 3n 1 344 540.00 
2 344758.07 
3 345140.16 

3s5! IFo 3 345655.20 

3sGs 3S 1 346472.11 

3p4p . 3p 0 347182.92 
1 347373.99 
2 347704.36 

3sGs IS 0 347602.39 

3p4p 3S 1 349196.23 

3p4p In 2 352389.40 

3s6p 3po 0 353659.02 
1 353673.27 
2 353707.50 

3s6p Ipo 1 354234.79 

3p4p is 0 359708.14 

3s6d 3n 1 363041.47 
2 363043.30 
3 363050.67 

3s6d In 2 363751.86 

3s6! 3Fo 2 365445.49 
3 36541,6.09 
4 36541,6.95 
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ENERGY LEVELS OF PHOSPHORUS 775 

P Iv-Continued 

Configuration Term J Level (cm -1) Leading percentages 

3s6g IG· 4 365569.46 

3s6g 3G 3 365578.07 
4 365582.98 
5 365586.13 

3s6h 3Ho,IHo 4,5,5,6 366026.17 

3s6f IFo 3 36614-6.37 

3s7s 3S 1 367535.64 

3s7s IS 0 368240.73 

3s7p 3po 0 3714-69.13 
1 3714-71.60 
2 3714-82.50 

3s7p Ipo 1 371585.76 

3s7d 3n 1 377035.1 
2 377037.03 
3 377049.14 

3s7d In 2 377179.98 

3s7f 3Fo 2,3,4 3784-93.37 

3s7g IG 4 378508.15 50 3sng IG 32 3d21G 

3s7g 3G 3 378523.25 
4 378531.99 
5 378542.15 

3s7f IFo 3 37854-8.10' 

3s7h 3Ho.IHo 4.5.5,6 .Q7.9000.0.9 

3s7i 31,11 5,6,6,7 379060.00 

3s& 3s 1 379968.82 

3p4d 1n° 2 38014-5.04-

3sSs IS 0 380315.6 

3d2 3F 2 380647.21 
3 380673.19 
4 380712.65 

3p4d 3Fo 2 38124-7.18 
3 3814-28.02 
·4 381 729.38 

3p4d 3n° 1 381614-.80 
2 381809.62 
3 382012.68 

J.Phys. Chem. Ref. Data, Vol. 14, No.3, 1985 
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P IV-Continued 

Configuration. Term J Level (em-I) Leading percentages 

3s8p 3po 0,1,2 381715.1 

3s8p Ipo 1 382450.8 

3p4d 3po 2 385205.91 
1 385424.96 
0 385546.60 

3sSd In 2 385802.4 

·3p4d IFo 3 385980.04 

3s8d 3n . 1,2,3 386083.5 

3s8f 
3Fo 2,3,4 387268.1 

3s8h 
3W,lW 4,5,5,6 387 423.4 

3s8i 31,11 5,6,6,7 387465.5 

3s9s 3S 1 388078.6 

3s8f 
IFo 3 388124.17 

3s9s 
IS 0 -388287.3 

3p4d 
1po 1 388642.07 

3d2 In 2 389296.50 41 35 3pnf 1n 

3s9p 
Sp" 0,1,2 889810.6 

3s9p 
Ipo 1 389935.0 

3s9d 8n 1,2,8 392174.5 

3s9f 
3Fo 2,3,4 393060.8 

3s9i 31,11 5,6,6,7 398229.2 

3s9k 
3Ko,IKo 6,7,7,8 393239.1 

389f 
IFo 3 393 iPl4.3 

38108 8S 1 893662.8 

881 Os 
IS 0 898799.0 

3pCPjn )4f 2[%] 3,2 895199.84 

3p (2p;n ) 4f 2[%] 4,8 895258.91 

8d2 ljp 
0 896179.6 
1 896180.67 
2 896182.92 

3810d 3n 1,2,3 396699.6 

3810f 3Fo 2,8,4 397221.9 
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P Iv-Continued 

Configuration Term J Level (cm-I) Leading percentages 

3s10f lFo 3 397473.6 

3s11d 3D 1,2,3 399871.3 

3s11f 3Fo 2,3,4 400298.2 

3s12d 3D 1,2,3 402309.8 

3s12f 3Fo 2,3,4 402639.1 

............................................ .............. ~ ...................... . ....................... ............................................. -

P V (28112) Limit 414922.8 

3p5p lp .1 415223.56 

p v (2Pi/2) Limit 503574.7 

P V ( 2P3/2) Limit 504370.0 

J. PhYs. Chem. Ref. Data, Vol. 14, No.3, 1985 



778 MARTIN, ZALUBAS, AND MUSGROVE 

P-v 

Z=15 

Na I isoelectronic sequence 

Ionization energy 524462.9 ± 1.0 cm-1 (65.02564 ± 0.000 21 eV) 

Bowen and Millikan [1925] classified the stronger lines accuracy. The three levels in brackets were determined 
of this .spectrum to obtain the ns (n = 3 - 5), np (n = 3, 4), from series formulae. 
nJ(n =4, 5), ng (n =5, 6), and 6h terms. Robinson [1937] Magnusson and Zetterberg derived the ionization en-
extended the observations to the region below 500 A and ergy by fitting a core-polarization formula to the nJ, ng, 
added to the ns through nJ series. The levels here are from and nh terms. 
Magnusson and Zetterberg [1974], whose measurements 
gave a total of 126 classified lines over the region 
200-7000 A. They redetermined all previously known 
levels and added new terms. Magnusson and Zetterberg 
estimate an error of the order ofO.S cm-1 for most of the 
excited levels with respect to the ground level. The sepa
rations between some of the excited levels based on mea
surements at longer wavelengths have significantly better 

Configuration Term J Level 
(cm-I) 

3s 28 % 0.0 

3p 2po % 88651.87 
% 89447.25 

3d 2D % 204198.99 
% 204206.04 

4s 28 % 272959.27 

4p 2po % 304160.87 
% 304445.28 

4d 2n % 345395.62 
% 345400.75 

4f 2Fo S/2. 7/2 352594.24 

00 2S % 376645.25 

5p 2po % 391118.07 
% 391251.91 

5d 2D % 410635.53 
% 410638.67 

5f 2Fo %,7/2 414467.73 

5g 20 %,% 414686.79 

6s . 28 % 427185.41 

6p 2po % 435048.96 
% 435122.44 

J. Phys~ Chem. Ref. Data, Vol. 14, NO.3, 1985 
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Configuration Term J Level 
(cm-::-l) 

6d 2D %,% 445838.8 

6f 2FO %,7/2 448090.23 

6g 2G %,% 448230.28 

6h 2HO %,1% 448250.34 

78 28 1/2 455602.53 

7p 2po % 460341.6 
% 460386.3 

7d 2n %,% ·466936.1 

7f 2Fo %,7;2 468363.51 

7g 2G %,% 468456.20 

7h 2Ho %,1% 468469.52 

7i 21 1%,1% 468474.79 

8s 28 .% 473161.3 

8p 2po 1/2 476234.4 
% 476263.9 

8d 2D %,% 480560.1 

8f 2Fo %,7/2 481519.4 

8g 2a 7/2,% 481584.2 



ENERGY LEVELS OF PHOSPHORUS 779 

P v-Continued 
., 

Configuration Term J Level Configuration Term J Level 
(em-I) (em-I) 

98 2g Y2 484768.2 Ilf 2Fo %,% 501758.5 

9p 2po Y2 [486872.1] 12f 2FO '%,7/2 [ 505386.9] 
% [486892.2] 

.................................... ...................... ................ . ................................ 
9f 2Fo %,7,t2 490537.6 

P VI (2p 6 ISO) Limit 524'462.9 
9g ~ %,,% 490584.7 

lOf 2Fo %,% 496987.0 

J. Phys. Cham. Ref. Data, Vol. 14, No.3, 1985 
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P VI 

Z=15 

N e I isoelectronic sequence 

Ionization energy 1 777820 ± 100 cm-l (220.423 ± 0.012 eV) 

Robinson observed and classified the resonance lines of 
this spectrum in the region 58 - 92 A, thus locating 2p sns 
and 2psnd levels having J = 1. His analysis was extended 
by Eidelsberg and Artru, who measured and classified 76 
lines at longer wavelengths (436-1345 A) as belonging 
to the arrays 2p s3s -2ps3p, 2ps3p -2p 53d, and 
2ps3d -2p s4f. The relative values of the 2p 53s, 3p, 3d, 
and 4flevels are from Eidelsberg and Artru. We adjusted 
the position of these levels with respect to the ground 
level by combining Robinson's values for the 2p s3s and 
2ps3d levels (J = 1) with the accurate separations of these 
upper levels from Eidelsberg and Artru. The uncertainty 
of this connection to the ground level is probably of the 
order of 100 cm- I

, and some of Robinson's higher 2p 5ns 
and 2p snd levels (n >4) may have errors of several hun
dred cm - t. Eidelsberg and Artru state that the 2p 53s, 3p, 
_an434Ieve1.s(giye1!to __ the nearest 0.1 cm -1) "have an 
internal consistency better than 1 cm -1 ," and they esti
mate the corresponding uncertainty of the 2p 54flevels to 
be about ±3 cm- t

• 

The leading percentages are from Eidelsberg and 
Artru. We have listed Jll-coupling designations for the 
2p sns and nd levels (n >4), in accordance with neigh
boring spectra of this isoelectronic sequence; the LS 
names are also given (last column, after the word "orn) so 
that these higher members of the five 2p sns and nd series 
(J = 1) can be correlated with the n = 3 members~ The 
reversal of Robinson's 2p s3d 'Pi and 3Di identifications 
by Eidelsberg and Artru has been extended to the higher 
members of these two 2p'jnd series, in accordance with 
the isoelectronic data and theoretical expectations. 
Several lines observed by Fawcett et al. in the region 

"below 100 A were classified as P VI resonance transi
tions predicted by Robinson's levels; two of the three 
2p61 So-2pS4d (J = 1) lines are apparently blends, the 
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relative intensities deviating markedly from theoretical 
and isoelectronic predictions. 

Odabasi derived the quoted" ipnization energy from a 
semi-empirical isoelectronic extrapolation formula. Our 
estimate of ± 100 cm-l"for the uncertainty is based on the 
accuracy of the formula in reproducing the isoelectronic 
data through Si V and on the agreement (within about 
30 em-I) ofOdabasl's value with the value from a similar 
formula of Edlen after the latter is adjusted to the cur
rently available ionization energies for Al IV and Si v. 

The ionization energy derived by Robinson from 2p 5ns 
and nd series (J = 1) is 430 em -1 above Odabasi's value. 
Robinson's higher levels are consistent with the new 
limit, to within their uncertainties, except for" the 
ePj/2)5d 2Hlr and ePj/2)9d 2[!1i levels, the latter having 
been given as questionable by Robinson. We have omit
ted the~e tWQ .levels here and_have also not included the 
ePj/2)7d 2[!lr level, for which Robinson gave a calculated 
value. The behavior of the two 2p 5ns (J = 1) series is more 
regular with the new limit than with the original higher 
value. 
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ENERGY LEVELS OF PHOSPHORUS 781 

PVI 

Configuration Term J Level (cm-I) Leading percentages 

2p6 IS 0 0 

2p5 3s 3po 2 1089844.6 
.1 1093290.0 
0 1097062.1 

2p5 3s Ipo 1 1103116.1 

2p53p 3S 1 1171426.2 

2p5 3p 3D 3 1185452.0 
2 1186615.-1 
1 . 1189314.2 

2p5 3p ID 2 1193303.4 

2p5 3p Ip 1 1195616.4 

2p 53p 3p 2 1197853.4 
0 1197983.4 
1 1198998.6 

2p5 3p IS 0 1242588.5 

2p5 3d 3po 0 1305796.3 
1 1306655.8 
2 1308493.3 

2p5 3d 3Fo 4 1310890.6 
3 1312297.8 
2 1314860 

2p53d IF· 3 131680#.# 

2p5 3d IDo 2 1321 901.4 

2p5 3d 3Do 1 1322016.9 
3 1322750.5 
2 1 323 378.4 

2p5 3d Ipo 1 1 994 100.4 

2p 5 (2Pi/2) 4s 2[%]" 2 or sp. 

1 1 #39 8#0 or 3po 

2p 5(2Pi/2)4s 2[%]0 0 or 3po 

1 14467#0 or Ip. 

2p 5 ( 2P3/2) 4d 2[%]0 0 or 3p. 

1 1516530 or 3po 

2p5 (2PS/2) 4d 2[%]0 2 
1 1 523460 or 3Do 

2p 5( 2P3/2)4f 2[%] 1 1529334 
2 1529450 

2p 5(2PS/2)4f 2[%] 5 1529982 
4 1529999 
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782 MARTIN, ZALOBAS, AND MUSGROVE 

P vl-Continued 

Configuration Term J Level (em-I) Leading percentages 

2p 5 (2PS/2) 4f 2[%] 3 1530271 
2 1530389 

2p 5(2PS/2 )4f 2[%] 3 1530877 
4 1530893 

2p5(2Pi/2)4d 2[%]0 2 
1 1531210 or lpo 

2p5( 2Pi/2)4f 2[%] 3 1537573 
2 1537657 

2p 5(2Pi/2)4f 2['1,12] 3 1537607 
4 1537631 

2p 5(2PS/2 )5s 2[%]0 1 15760,4,0 or Spo 

2p 5(2Pi/2)5s 2[%]0 1 1582860 or lp. 

2p 5(2PS/2)5d 2[%]0 1 1616320 or 3Do 

2p5 (2Pi/2) 5d 2[%]0 1 1622800 or lpo 

·2p 5 (2Pi/2 )fis 2[Y2]O 1 1650930 
-~---" - lp" or 

2p 5 (2PS/2) 6d 2[%]0 1 1666220 or 3Do 

2p 5( 2Pi/2)6d 2[%]0 1 16729,4,0 or lpo 

2p 5(2pi/2)7d 2[%]0 1 1702790 or lpo 

2p 5 (2PS/2 ) 8d 2[%]0 1 1 715,4,,4,0 or 3Do 

................................ ................................. ........................ ............................................ 

P vn (2Pi/2) Limit 1777820 

P vn (2Pi/2) Limit 1785090 
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ENERGY LEVELS OF PHOSPHORUS 

P VII 

783 

Z=15 

F I isoelectronic sequence 

Ionization energy 2 12:5800 ± 500 cm-1 (263.57 ± 0.06 eV) 

Robinson's analysis of this spectrum gave classified 
lines in the 49 - 81 A region and also included the 
2r22p s 2po _2r2p 6 2S resonance doublet near 220 A. We 
have taken the 2r2p62S1/21evel from more recent mea
surements of this doublet by Eidelsberg and Artru. 
Edlen's. [19R3] treatment of the isoelectronic data indi
cates that both this level and the 2s22p 5 2po ground-term 
interval adopted here are accurate to within a few cm -1; 
for comparison, available values for the 2po interval are 
7268 cm- I [Robinson], 7275 ± 2 cm- 1 [Eidelsberg and 
Artru] , 7273 cm-1 [Curtis and Ramanujam], 7272 cm-1 

[Edlen, 1983]; and 7269 ± 5 cm-1 [Kim and Huang]. 
The eigenvector percentages are from Pawcett's calcu

lations for this isoelectronic sequence. The interactions 
between the 2s22p 5, 2S22p43p, 2s2p 53s, and 2s2p 53d con
figurations were included in the matrices for the odd
parity-configurations, and the interactipn~_between 2.s2p 6, 

2S22p43s, 2s22p43d, 2s2p s3p, and 2s22p44s were included 
in the calculations for the even-parity configurations. 

Robinson derived the 2s22p 4ns and nd levels by classi
fying their transitions to the 2s22p s 2po levels. Some of the 
higher levels may have errors of several hundred cm -1. 

Robinson's tentative 2p 4CP)3s 4p 112 level has been omit
ted as being inconsistent with the isoelectronic data. The 
positions of the 2p43d levels are in satisfactory agreement 
with the isoelectronic data and calculations, but more 
recent work· along the sequence has given changed term 
designations for six oflhese levels [Feldman et al.; Artru 
and Kaufman; Artru and Brillet, 1974, 1977; Fawcett, 
1984]. The 2p4eO)3d 2F5/2 and 205/2 levels are given as 
tentative, each being based on a single line also classified . 
by another transition. 

Robinson gave the 2p ~CD)3s 2D term with J =~ (only), 
. but Fawcett et al. observed the 2p s 2P~/2-2p4eO)3s 203/2 

line predicted by almost coincident positions for the 
eD) 2D:l1:l and 2Dj /:l levels. 

We derived the ionization energy from an isoelectronic 
formula of the type used by Edlen [1971], fitted to the 
data through Al v~ A simpler semi~empirical formula for 
corrections to theoretically calculated ionization energies 
gives a value for P VII 200 cm- 1 greater than the above 
adopted value. Robinson's value for the ionization energy 
is 1500 cm- 1 below our value, but the P VIII 2p 4eO) and 
(,S) limits determined from our 2p4CPz) limit are consis
tent with the observed 2p4('0)ns 2D and 2p4('S)nd 2D 
series (n = 3, 4, 5). The highest term of the only other 

series ·having three observed members, 2p4CP)5s 2P3/2' 
appears doubtful. 

The changes of the original 2p 43d term designations 
and the mixed character of some of these . levels indicate 
that Robinson's 2p 4CP)4d and eD)4d term: designations 
are dubious or. in some cases. almost certainly incorrect. 
We have listed most of these levels without term names 
and as having either of the possible J values i or !. New 
names are suggested tentatively for two 2p 4eO)4d levels 
on the basis of their (ground-term) combinations and se
ries regularities. We have omitted the levels previously 
given as 2p 4CP)4d 2Ds/2 and eO)4d 2P1I2 , each having 
been based on a single line classification now unsupported 
by the series data. 

Robinson located the 2s2p SCPO)3s 2po levels by classi
fying their transitions to the ·2s2p 6 2S1/2 level. Five possi
ble2s2p SCpO)3d levels depyed from similar but tentative 
classifications of transitions to the 2s2p6 2SI/2 level have 
been omitted. 
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784 MARTIN, ZALUBAS, AND MUSGROVE 

PVII 

Configuration Term J Level (cm-I) Leading percentages 

2s2 2p 5 2po % 0 100 

% 7273 100 

2s2p6 28 1;2 454 725 .99 

282 2p4(3p)3s 4p % 1259730 99 

% 1264170 97 2 (3p) 2p 

1;2 99 

2s2 2p4(3p)3s 2p % 1277380 97 2 (3p) 4p 
1/2 1282550 99 

2052 2p4(ID)3s 2D %} 1317110 99 

% 99 1 (Sp) 2p 

2s2 2p4eS)3s 2S 1/2 1375810 98 1 2s22p4(ID)3d 28 

2s2 2p4(3p)3d 4F % 99 1 (ID) 2G 
7/2 82 16 (3p) 2F· 

% 1496890 91 I) (sp) 2F 

% 1498400 . 96 2 (Sp) 4p 

2s2 2p4(3p)3d 4p % 98 1 (Sp) 4n 

% 1500040 95 2 (Sp) 4n 

% T502040 77 12 (Sp) 2F-

2s2 2p4(3p)3d 2p 1/2 1505300 83 15 (In) 2p 

% 1511310 63 23 (sp) 2n 

2s2 2p4(Sp)3d 2n % 1506730 62 24 (sp) 2p 

% 1510050 82 7 (Sp) 2F 

2s2 2p4(ln)3d 2g 1/2 1548480 96 2 (In) 2p 

2s22p4en)3d 2F % 1552120? 90 9 (In) 2n . 

% 99 1 (SP) 2F 

2822p4(lD)3d 2p % 1552170 87 12 (3p) 2p 

1/2 1554 420 82 15 

2s22p4(ln)3d 2n % 1553 740? 82 9 (In) 2F 
3/2 1555560 88 11 (3pJ 2D 

2s22p4(IS)3d 2n % 1606 550 98 1 eD) 2n 

% 1606880 97 1 

2s2p 5(SpO)3s 2po % 1 G92150 98 1 (SpO) 4po 

% 1 G9G 850 99 1 2s22p4en)3p 2po 

282 2p 4(3p)4s 2p % 1695720 69 30 (3p) 4p 

% 1701380 95 4 

2s2 2p4(lD)4s 2D %} 1741710 99 1 (Sp) 4p 

% 99 1 (Sp) 2p 

2s2 2p4CSP)4d %,l% 1778690 

2s2 2p4(Sp)4d %,% 1780190 
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ENERGY LEVELS OF PHOSPHORUS 785 

P vII-Continued 

Configuration Term J Level (cm-I) Leading percentages 

2s2 2p4(3p)4d %,% 1782260 

2s2 2p 4(3p)4d %,% 1784030 

~2 2p4(lS)48 2s % 1801570 

282 2p4eD)4d 2S? %? 1827890 

2s2 2p4eD)4d ' 2p? %? 1828630 

2s2 2p4(lD)4d %,% 1830190 

~ 2p 4(3p)5s, 2p % ,-1865680? 

2s2 2p4(lS)4d 2n %,% 1885000 

2s2 2p4(lD)5s 2n %,% 1913620 

282 2p4(lS)5d - 2n %,% 2013690 

.................................. ........................................... ............................ ................................. 

Pvm (3P2) Limit 2125800 

P VIII{~Pi) Limit -" 2 131 600 
P VIII epo) Limit 2133600 
P VIII (lDz) Limit 2 178 100 
P VIII (ISo) Limit 2236600 
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786 MARTIN, ·ZALUBAS, AND MUSGROVE 

P VIII 

Z=15 

o I isoelectronic sequence 

Ionization energy 2497 100 ± 800 cm-1 (309.60 ± 0.10 eV) 

In.his 1937 paper, Robinson described briefly the obser
vations from which his analyses of the higher spectra of 
phosphorus were derived. The energy levels for most of 
these spectra were, however, published only in Moore's 
Atomic Energy Levels [1949] from material supplied by 
Robinson. We took Robinson's P VIII levels from 
Moore's compilation as the starting point for the present 
compilation. The wavelength range implied by the levels 
extends from 45 to 251 A, with an additional line at 261 A 
having been classified as the 2s2p SlPi _2p 6 ISO transition 
[Kasyanov et al]. Kasyanov et al. also remeasured the 
lines of the basic 2s22p 4_2s2p s transition array 
(196-251 A). Fawcett et al. list the stronger P VIUlines 
(55-251 A) as observed in laser-produced plasmas, the 
classifications and wavelengths having been derived from 
Robinson's levels. 

We have evaluated the 2s22p4 and 2s2p s levels using 
averages obtained from Robinson's data and. from. the 
wavelengths given by ·Kasyanov et al. Edlen [1983] de
rived the value given fOJ; the 2s22p410 2 level from an 
isoelectronic interpolation that would appear to be accu
rate to within a few cm- I

; the singlet-triplet connection is 
based on this level, no intercombinations having been 
identified in P VIII. Most of the 2s 22p4 and 2s2p51evels are 
probably accurate to ±25 cm- t • The largest discrepancy 
hetween these values and values Edlen derived using iso
electronic data-smoothing is 35 em-I, for the 2s2p 53po 
level; Edlen's value for the 2p61S0 level is 65 cm- I below 
the value here. The 2s22p 3ns and nd levels (n >3), all based 
on lines classified as transitions to the 2sl2p4levels in the 
region below 70 A, are uncertain by several hundred 
cm- I

. The values of all the singlet levels have been ad
justed as noted above. 

The analysis of this type of spectrum routinely involves 
the derivation of some levels from single combinations, 
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supported by isoelectronic and/or series· regularities. 
Several levels lacking isoelectronic support are here 
given as tentative; the 2s.22p3~PO)3d 3po levels, for" exam
ple, were not found in Si VII, and in P VIII these levels 
were derived from lines classified as forbidden transi-. 
tions. 

The ionization energy given here is an average of two 
values: we derived a value of 2 496700 cm-1 by adjust
ing an isoelectronic formula of the Edlen type [1971] to 
the recent data, including Mg V; and we obtained a value 
of 2 497 500 cm -I from an isoelectronically adjllSted 
theoretical (Dirac-Pock) calculation. Our value agrees 
almost exactly with the limit obtained by fitting the 
2s22p 3(4S0)nd 3D3 series (n =3, 4, 5) to. a linear Ritz 
(quantum-defect) formula. The highest member of 
Robinson's other three-member series, 2s22p 3eDO)5s IDi , 
is giyen here as questionable because of the-irregular se
ries behavior with our value for the eDs/2) limit. 
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ENERGY LEVELS OF· PHOSPHORUS 787 

PVIII 

Configuration Term J Level Configuration Term J Level 
(em-I) (em-I) 

282 2p4 op 2 0 282 2p3 (2po ) i.Jd • SF" 4 
1 5760 3 1790';'80? 
0 7822 2 1795030? 

2s2 2p4 In 2 52256 ~ 2p3(2po)3d Ina 2 17952401 

2s2 2p4 IS 0 110786 2s2 2p3(2po)3d 3n° 3 1796240 
2 1800 170 

2s2p5 spa 2 403803 1 
1 408 906 
0 411 736 2s2 2p 3 (pO) 3d lpo 1 1800570 

2s2p5 1po 1 560501 2s2 2pS(2po)3d IFo 3 1804740 

2p6 IS o· 943669 2s2 2~S(4So )49 3so 1 1 .9,1;R .f70 

2822p S(4so)3s 3so 1 1462340 2s2 2p 3(2no)4s ana 3 2029470 

2s~ 2p 3(2po)3s 3n° 1,2 1519740 2s2 2psenO)4s In~ 2 2033130 
3 1520030 

2s22pS(4so)4d anD ·3 2046710 
2s22p 3(2no)3s In° 2 1591890 

_~~?J.l~_(2pO)48 lpo 1 2073570 
2s22p 3(2po)3s Bpo 0 ·1559500 

1 1560070 2s2 2p 3(2n° )4d 300 
3,2,1 2115510 

2 1 :;01200 
2s22p 3(200)4d . 3po 2 2119360 

2s2 2p8(2po)3s Ipo 1 1573080? 
282 2p3 (200)4d 8so 1 2122020 

2822pB(4so)3d 300 1,2 1685980 
IFo 3 1686280 282 2p 3(200 )4d 3 2123380 

2s22p 3(2no)ad 3Fo 4,3,2 1 7-l:9870? 2s22p 3(4g0)5d SOD ~ 2210630 

2s2 2p 3(20o )3d 300 3,2,1 1753090 2s22p 3(200)5s 100 
2 2240 730? 

282 Zp8(2D")3d Ipo 1 1 7fJ364U ......................................... .......................... ................. .11"" ................................ "'· ... • ... 

2s2 2p 3(200)3d spa 2 1 760530 PIX (4S3/2 ) Limit 2497100 
1 1 762.400 PIX en;/2) Limit 2573000 
0 PIX en;/2) Limit 2573600 

2s2 2p3 (2no) 3d p IXep~l2) Limit 2613200 
In° 2 1761490 PIX ep;/z) Limit 2614200 

2s2 2p s(2no)3d sso 1 1 767880 

2s2 2p3(2DO)3d IFo 3 1775860 

282 2p3(2po)3d 3po 0 1787090 
1 1788090 
2 1789690 
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788 MARTIN, ZALUBAS, AND MUSGROVE 

PIX 

Z=15 

N I isoelectronic sequence 

Ionization energy 3001400 ± 1500 em-I (372.13 ± 0.19 eV) 

Robinson first observed and an~lyzed this spectrum, his 
unpublished results including classified lines in' the 
194-315 A and 40-70 A regions. The connection be
tween the quartet and doublet term systems here is based 
on Edlen's .. .[1984] interPolated values for the 'b22p 3 20° 
levels, the isoelectronic data showing Robinson's original 
intersystem connection to be in error by about 2700 em-I. 
We have tentatively reclassified a number of Robinson's 
lines in the 49 - 62 A region using the new connection. 
Since the energy-level classifications and wavelengths for 
the P IX lines given by Fawcett et aL were obtained from 
Robinson's levels, the intercombination (quartet-doublet) 
classifications in their list are incorrect. 

The isoelectronic comparisons indicate that Edlen's 
2s 22p 3 20° levels are accurate to within a few em-I, and 
his value for the 2s22p 3 4S.3/2-2D.3/2 separation may have 
been confirmed to-within about- 3 cm~lby the classi
fication of a solar. coronal line [Sandlin and Tousey]. 
Kasyanov et ala . observed phosphorus spectra excited in 
laser-generated plasmas, remeasured the P IX spectrum in 
the 194-'-311 A region, and correctly located the 
2s2p 4 2D3/2' 2s2p 4 2S, and 2p s 2po ievels. We evaluated the 
2s22p 32po, 'b2p4, and 2p s levels using their wavelengths 
or averages of their values and Robinson's where appro
priate. Most of these levels are probably accurate within 
errors of ±20 to ±40 em-I. The 2p s 2P:/2level deviates 
most from the isoelectronically smoothed level values 
obtained by Edlen [1984], the value here being 54 cm~l 
above Edlen's value. 

We have also reevaluated all the higher levels, i.e., 
levels of· the configurations of the types 2s22p2nl and 
2s2p 3nl (n >3). A number of previous levels obtained with 
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the· erroneous system connection and/or based on smgle 
faint lines have been omitted. Observation and analysis of 
the 2r22p 23s - 3p and 3p - 3d transition arrays are needed 
to confIrm and extend the upp'er-Ievel system. Several of 
the more clearly questionable levels have been so desig
nated. Some of the higher levels have uncertainties of 
several. hundred cm -I. 

Edlen's [1971] isoelectronic extrapolation formula 
gives a value of 3000 660 em-I. for the P IX ionization 
energy. We obtained a value of 3002060 cm-I for this 
quantity by semi-empirical correction of a theoretic8.Ily 
calculated value. Our adopted value is the average of 
these values (rounded to the nearest 100 em .1), the error 
being estimated as about equal to the difference of the two 
values. 
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PIX 

Configuration Term J Level Configuration Term J Level 
(em-I) (em-I) 

2s22p 8 48° % 0 2s2 2p2(8p)3d 2p % 
%? 1965700 

2s2 2i!' 2n° % 75896 
°/2 76481 2s2p3(58° )38 480 % 1966000? 

2s22p3 2po· % ·116109 2s22p2(3p)3d 2F % 1973100 
% 117149 7/2 1979400 

2s2p4 4p % 345412 2s22p2(3p)3d 4p 1/2~% 1980900 
% 350429 
Y2 353042 2s22p2(3p)3d 2n % 2002400 

% 2004600 
2s2p4 2D % 475299 

% 475323 . 2s2 2p2eD)3d 2n .% 
% 2034500 

2s2p4 28 % 556480 
2s2 2p2eD)3d 2p % 2041300? 

2s2p4 2p % 583420 % 2045100? 
% 589684 

2s2p8(5so )3p 4p %-% 2044000 
2p 5 2po %'! 905284 

1/2 913434 2s2p3(5so)3d 4n° %-7/2 2161200 

2s2 2pzep)3s 4p % 1 743 770? 2s2 2p2 (!P) 4s 4p % 
% 1746840 3/2 

% 1 751 930 % 2354100? 

2s2 2p2(3p)3s . zp % 1767900 2s2 2p2(3p)4s 2p % 
% 1 771 700 s/2 2362300 

2s2 2p2(lD)3s 2D % 1808500 ... "' ....................... ., ......... ...................... ................... .......................... , ..... 
% 1809900 

P X (3po) Limit· 3001400 
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Px 

Z=15 

C I isoelectronic sequence 

Ionization energy 3423200 ± 2000 cm-1 (424.43 ± 0.25 eV) 

Kasyanov et al. have made the most complete obser
vations ofthe2s22p2-2s2p 3 and 2s2p 3-2p4 lines of this 
spectrum (203-318 A). We have mainly used their mea
surements in evaluating the levels of these configurations, 
but some of the levels are also based partly on values 
obtained by Edlcn [1985] fJ-olll an isoelectJ-ouic method. 
The 2p41D2 level was derived from Fawcett's [1975] 
wavelength for the 'bJ2p 3 IDi _2p4 ID2 line. EdU!n's 
[1 QRS] value for the 2~22p2 3Pt-1D2 separation, used here 
to fix the triplet-singlet system connection, should be ac
curate to within a few cm -I, and most of the 'bJ 22p 2, 2s 2p 3, 

and 2p4 levels are probably accurate to ±20 to 
±50 cm-t. We evaluated the 2p4 3PO level using Edlen's 
value for the 2p43Po_3Pt interval; the observed wave
length of the line classified by Kasyanov et al. as 
2s2p 3 lDi'-2p4 3PO (233.51 A) differs unacceptably from 
·Edlen's predicted wavelength of 233.656A. 

No lines connecting the quintet levels with the triplet 
and singlet term systems have been classified. The posi
tion of the quintet system here is based on Edlen's [1985] 
predicted value for the 2s22p 13P1-'bJ2p 35Si separation. 
The unknown correction "+x" is given with the quintet 
levels. 

Robinson's analysis of transitions from high levels be
longing to configurations of the types 2s22p31 and 2s2p 231 
(43 - 59 A region) was hampered by inaccurate deter
minations of the low levels,. uncertainties due to over
lapping with the spectra of other ionization stages, etc. 
We have reevaluated and revised the levels on the basis of 
a new combination array using Robinson's unpublished 
line list and extensions and revisions by Fawcett and his 
collaborators [see, especially, Fawcett and Hayes, 1973; 
Bromage and Fawcett, 1977]. Some of these levels have 
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. expected errors of at least several hundred cm -I. A num
ber of the previously listed levels have been omitted,· 
including several given as questionable by Robinson. 
Several of the retained levels also appear dubious, as indi
cated. The 2s 2p 2ep)3d sp levels, for example, were de
rived frum three lines having intensities in inverse order 
from that expected. 

Edlen's [1971] isoelectronic formula for the C I se
quence yields an ionization energy of 3 422 200 em -1 for 
P x, as compared with a value of 3 424 200 cm -I we ob
tained using semi-empirical corrections to theoretically 
calculated values for the sequence. The average of these 
values is adopted here with an estimated error equal to 
the difference of the two values. 

. Bromage, O. E., and Fawcett, B. C. [1977]. Mon. Not. R. Astron. Soc. 
178,605...:..610. CL 

Edlen, B. [1971], in Topics in Modern Physics. W. E. Brittin and H. 
Odabasi, Editors, pp.133-145, Colorado Assoc. Univ. Press, 
Boulder. IP . 

Edlen, B. [1985], Phys.Scr. 31, 345-358. 
Fawcett, B. C. [1970), J. Phys. B 3, 1152-1163. CL 
Fawcett, B. C. [1975J. At. Data Nucl. Data Tables 16, 

135-164. EL CL 
Fawcett, R c., Gabriel, A. H., and Paget, T. M. [1971], T Phyg. R 4, 

986-994. CL 
Fawcett, B. C., Hardcastle, R. A., and Tondello, O. [1970], J. Phys. B 

3,564-571. CL 
Fawcett, R C., and Hayes, R_ W_ [1973], Phys_ Scr. 8, 244-24S. CL 

Kasyanov, Yu. S., Kononov, E. Ya., Korobkin, V. V., Koshelev, K. N., 
and Seroy, R. V. [1973], Opt. Spectrosc. (USSR) 35, 
586-589. EL CL 

Robinson, H. A. [1948]. unpublished material; see Moore, C. E., Atomic 
Energy Levels, Vol. I. EL CL IP 
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PX' 

Configuration Term J Level Configuration Term J Level 
(cm-I) (cm-I) 

2s22p2 3p 0 0 2s22p3d In° 2 2147 GOO 
1 3692 
2 9045 2s22p3d 3Do 1 

2 2164200 
2s22p2 In 2 59690 3 2167500 

2s22p2 IS 0 119960 2s2 2p3d 3po 2 2172100 
·1 2173800 

2s2p3, 5so 2 167740+x 0 

2s2p3 3Do 2 323201 2s2 2p3d IFo 3 2197900 
3 323234 
1 323 416 2s22p3d Ipo '1 ' 2198400 

2s2p 3 3po 1 //7.9.910 2s2p2(4p) Sp 3so 1 22171100 

0 379929 
2 380149 2s2p2(4p)3p 3Do 1 2258500? 

2 2259500 
2s2p !J luu 2 484 7$0. 3 2209100 

2s2p3 3so 1 490592 2s2p2(4p)3d 5p 3 2343400+x? 
2 2344920+x? 

2s2p S Ipo 1 541990 1 2346130+x? 

2p4 sp 2 742590 2s2p2(4p)3d sF 2 2358400 

1 749011 ' 3 2360850 

0 751411 4 2364500 

2p4 In 2 ' 793130 2s2p2(4p)3d 3n 1 
2 2388700 

2s22p3s 3po 0 1954000? 3 2389750 

1 1956300 
2 19G3700 2s2p2 (2n) 3d 3F 2,3,4 2467700 

2s2 2p3s Ipo 1 1976900 2s2p2(2Jj)3d 3n 1,2,3 2476500 

2s2p 2(4p)& sp 1 2133530+x? ~ _ .. ~~ .... --~ --- -_ ............... -- ......... . --- ........ -". ... -- .......... -........ .. --_ .... -- .... -- ..... --- -- ...... --- .. -..... -.. -----_ ... _-_._-----

2 2137250+x 
P XI (2Pi/2) , 3 2141250+x Limit 3423200 

2s~2p3d 3Fo 2 2140900? 
3 
4 
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P XI 

Z=15 

B I isoelectronic sequence 

Ionization energy 3867100 ± 1000 em- I (479.46± 0.12 eV) 

We derived the values for the 2s22p, 2s 2p 2, and 2p 3 

doublet levels using mainly the wavelengths measured by 
Kasyanov et al. in the 231-360 A region. In some cases 
we also took into account the relative values obtained by 
Edlen with his isoeleetronic method. The 2p 3 203/2 level 
was derived by using Edlen's value for the 
2p 320;/2-20;/2 interval. Fawcett [1970] first classified 
the two known 2p 3 200 transitions, but the 20;/2 position 
given here is believed to be more accurate than a value. 
obtained by using the measured 2s2pl. 2Pl/2-2p 3 203/2 

wavelength. The 2s22p 2po interval is probably accurate 
to within a few cm -I, and the Ritz-principle consistency 
of the data indicates that most of the 2s 2p Z and 2p 3 dou
blet levels should be accurate to within 40 em -I. It should 
be noted" however, that EdUm's values for the 2p 32po 

levels are 46 cm - t below the values here. and hl~ value for 
_Jbe2s2p2 ~S1/2Ievel isJ6 cm-1 below the value here. 

The position of the quartet term system relative to the 
doublet system is based on Edlen's isoelectronically inter
polated value of 175931 cm- 1 for the 2s22p 2pj/2-
2s2p24PS/l separation. An unknown correction "+x" is 
given with each quartet level to indicate lack of an experi
mental value for the intersystem connection. The mea
surements of the 2s2p 2 4p_2p 3 4go lines by Kasyanov et 
aI., which were used to evaluate the relative positions of 
the levels of these two terms, should have accuracies 
comparable to the doublet-system measurements men,,: 
tioned above. 

Hansen calculated the relative strengths of the 
2s22p lpo -2s2p 2 4p forbidden transitions, and Sinanoglu 
and Luken calculated oscillator strengths for the com
plete 2s22p -2s2p z array. Hansen's paper includes eigen
vectors only for the 2s2p24P5/Z' 2s2p220 512, and 
2s23d 2D5/2 levels, and Sinanoglu and Luken give eigen
vectors only for the 2s2p 2 4P1/2, 2S1/Z, and zP1/zlevels. The 
largest doublet percentages in the 2s 2p 2 4p eigenvectors 
are of magnitude 0.1 %, so that the predicted 
2s22p 2po -2s2p 2 4p intercombination lines are relatively 
weak. 

We evaluated the 2s2nd and 2s2pnl (n >3) levels using 
the wavelengths and classifications given by Fawcett and 
Hayes. Their data for the region 30-46 A represent an 
extension of the original analysis by Robinson. We have 
also tentatively included the 2s23s 2S and 2p 23d 4p terms 
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using Robinson's data. Robinson's 2s2p 3s terms have 
been omitted, none of these levels having been confrrmed 
by more recent observations and the inverted structure of 
the 4po term being incon~istent with the isoelectronic 
data. The 2s2p4d levels are given as tentative. 

The 2s23d. 2s2p3p. and 2~2p3d level~ should he accu
rate to about ±500 cm- I

, but the 2s 24d, 2s25d, and 
2s2p4d levels may have errors of ±3000 em-lor so. The 
2s23d 20S/2_203/2 interval of 640 cm-1 agrees with theo
retical and isoelectronic predictions [Kastner]; either 
measurement errors or an erroneous classification could 
account for the large deviation of the corresponding ex
perimental 2s24d 205/2-203/2 interval (1500 cm- I

) from 
the expected value of about 240 cm -I. 

We obtained the ionization energy by fitting an i80-

electronic correlation-correction formula to the experi
mental deviations from theoretical· (Dirac-Fock) ioniza
tion energies calculated by Cheng.' The resulting P XI 

ionization energy, given above, is consistent with the as
sumption ora linear Ritz quantum-defect formula for the 
2s2nd 2Ds/2 series (n 4, 5) to well within the level 
uncertainties; because of the 2s 2nd level uncertainties, the 
error in an ionization-energy value derived from the se
rieswould be much· larger than the estimated error 
quoted above. 
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PXI 

-
Configuration Term J Level Configuration Term J Level 

(cm-i) (cm-I) 

2s~2p 2po % 0 2s2p(3po )3d 4po % 2546850+-x 

% 9699 % 2548800+x? 
1/2 

2s2p 2 4p % 177177+x 
% 180 672+x 2s2p(3po)3d 2Fo % 2577600 

% 185630+x % 2583700 

2s2p2 zD % 316807 2s2p(3po) 3d 2po ~f, 2589250 . 2 
% 316905 % 2592000 

2s2p2 28 Yz 403322 
! 

2.~2pepO)3d 2Fo %,7/2 2697900 

2s2p2 2p % 426877 2s2p(lpo )3d 2Do % 2709500 
3f, . 432160 % 27101,.00 2. 

2p 3 48° % 558973+x· 2p2(3p)3d 4p % 2856300+x? 
% 2 .858 450 +x? 

2p3 2Do %~ 631961 l/z 
% 632164 

2s24d 2D % 3016600 
2p3 2po 1/2 70966G % 3018100 

% 710749 
_ __2s2p( ~Po) 4d 4Do· 7/2 /J 212300.+x? 

2s23,s .2S 1/2 2174060? 
2s2p(3po )4d 2Fo % 3226/JOO? 

2s2 3d 2D' % 2347470 % 3230700? 

% . 2348110 
~25d .. 2D % ·3326400 

2s2p(3po) 3p zp %. 
% 2441300? 2s2p( Ipo )4d 2Fo % 3377800? 

2s2p(3po)3p 28 % 2515400 ... ,. ................. ,., .... , .... ......................... ....... ~ ........... . .................................. 
2s2p(3po)3d . 4Do % p XII eSo) Limit 3867100 

%,% 2535200+x 
% 2539500+x 

2s2p(3po)3d 2Do % 2538 BOO? 
% 2539800 

.. 
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P XII 

Z=15 

Be I isoeleetronic sequence 

Ionization energy 4523000 cm- I (560.8 eV) 

Robinson's analysis of this spectrum was extended by 
Fawcett and his coworkers, by Kasyanov et al., and by 
Goldsmith etaL The 2s2

, 2s2p, and 2p2levels given here 
are from Edlen [1983], who has smoothed the iso
electronic data by comparisons with theoretical values. 
The 2s2p 3p~ and Ip~ levels are probably accurate to 
±10 cm- I, the 2s2p 3p~ and 3Pi levels to ±20 cm-\ and 
the 2p2 3p and. In levels to ±25 em-I. The singlet-triplet 
intersystem connection is accurately determined by the 
isoelectronically interpolated wavenumber for the 
2s2 ISo-2s2p 3pr transition, although this line has not yet 
been measured in P XII. No transitions involving the 
2p2 lSo level have been classified, but Edlen's interpolated 
value (given in brackets) would appear to be accurate to 
well within ± 100 cm -I. 

We have ,reevaluated all the, 2.snl and 2pn/levels (n > 3) 
. using-appropriate wavelength averages-for lines observed 
by more than one author. The uncertainties of most of the 
2s 31 and 2p 31 levels are in the range ± 500 to 
± 1000 cm -I, and some of the higher 2snl and 2pnl series 
members may be in error by ± 3000 cm -lor more. The 
2s4d levels have been evaluated by using the observed 
2s2p -2s4dwavelengths; the results are consistent to 
within about ±800 cm- I with the 2s3p 3po -2s4d 3D 

classifications of Fawcett and Ridgeley, but the combined 
data are probably not accurate enough to determine the 
2s 3p 3po' intervals. A few levels' based on single lines, 
especially lines that are faint or doubly classified, have 
been marked as tentative or omitted. 

The adopted ionization energy is about 100 cm -I above 
a value we obtained from semi-empirical formulae for 
corrections to theoretically calculated values along the 
sequence. It is also in reasonable agreement with the 
value 4523700 cm- I obtained from Edlen's [1971] for
mula for this isoelectronic sequence. Ionization-energy 
values derived from P XII data such as the lsnd 3D series 
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or the 2s 4f position are consistent with the adopted value 
within their estimated uncertainties of several thousand 
cm- I . 

Transitions of the type Is22sM2pN_ls2.sM2pN+l 
(M+N=2) in Be-like ions have been identified as con
tributing to satellite features near the ls2-1s 2p,rcsonancc 
lines of the corresponding He-like ions in the spectra of a 
number of elements, including phosphorus [see, e.g., 
Boiko et aL]. Safronovaand Lisina give a list of calcu
lated wavelengths and other quantities for the transition 
arrays of this type. We have not included here any levels 
of P xIlconfigurations involving such K-shell excitations 
(1s2s 22p, 1s 2s2p 2, 1s2pj). 
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PXII 

Configuration Term J Level Configuration Term J Level 
(em-I) (em-1) 

2s2 IS 0 0 2p3d IDo 2 2939800 

2s2p 3po 0 18# #78 2p3p In 2 2948100 
1 187690 
2 19# 856 2p3d 3DO 1 2961600 

2 2963200 
2s2p Ipo 1 3593#3 3 2966800 

2p2 sp 0 483195 2p3d 3po 2 297# 600 
1 487203 1 2 977~OO? 
2 493285 0 

2p2 ID 2 541709 . 2p3d IFo a /J 00# 100 

2p2. IS 0 [ 664685] 2s4p Ipo 1 3503000 

2s3s 3S 1 2595600 2s4d 3D l' 3521100 

2 3521300 
2sSs IS 0 2629500 3 3521500 

283p lpo 1 f} 677800 2s4d ID 2 3531200? 

2s3p 3p~ 0 2s4f. sFo '4 3533800 1 2681900 
2 2s4f lFo 3 3536000 

2s3d 3D 1 2728 'tOO 2p4p 3p 2 a 727 900? 2 2728600' 
3 2729500 2p4p In 2 a 735 200? . 

2sad In 2 2761500 2p4d aDo 3 3745600 

.2pSs 3po 0 2p4d 3po 2 3748200 1 2890600 
2 2·888000 2p1d lFo 3 S '158200'1 

2pSs Ipo 1 2880200? 2s5p Ipo 1 3877800?, 

2p3p Ip 1 2880500? 2s5d 3D 2,3 3885400 

2p3p 3D 1 2887400? 2p5d 3Do 3 # 106400? 2 2892200? 
3 2899400 2p5d, IFo 3 # 111 OOO? 

2p3p 38 1 2912800 ................................... ........................... . ............... .................................. 

2p3p 3}> 0 P XIII (l81/2) Limit 4523000 

1 2922800 
P XIII ePi/2) Limit 4781200 2 2926100 

P xm (2P3/2) Limit 47#2400 
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p. XIII 

Z=15 

Li I isoelectronic sequence 

Ionization energy 4934 ()(){) ± 600 cm- I (611.74 ± 0.07 eV) 

The IS22p 2P3/2 level is based on measurements of the 
transition to the is22s 2Sl/2 ground level by Fawcett 
[1970], Kasyanov et al. [1973], and Dere [1978]. The mea
surements do not agree within the stated uncertainties, 
but the value given here should be accurate to about 
±25 CIil- l • We have adopted Edlen's semi-empirical 
value for the 2p 2P3/2 - 2Pl/2 interval; the resulting 2p 2Pl12 
level is 53 cm- I above the value obtained from the only 
measurement of the 2s 2S1/2-2p 2pi12 line [Fawcett, 
1970]. 

Goldsmith et al. extended and revised Robinson's orig
inal analysis by classifying 13 lines in the 23-39 A region 
as 2s - np, 2p - 3s, and 2p - nd transitions. We evaluated 
the 3s, 3p, 3d, 5d, and 6d levels using their wavelength 
determinations. The 4p and 4f levels were derived by 
using the wavelengths for transitions to n = 3 levels 
(102-111 A) measured by Fawcett and Ridgeley. The 4d. 
levels were evaluated by Takirig weighted averages of the . 
3p -4d measurements [Fawcett and Ridgeley] and the 
2p -4d mt:alSurt:lllt:uts [Ooh.1smith e( al.]. No transitiuus 
from the 4s 2S1/2 level have been observed; its position 
(given in brackets) W3;S taken from Edlen's iso
electronically determined values for the 2p - 4s sepa
rations. 

The n =3 and n =41evels in general are probably accu
rate within errors of about ±400 to ±600 cm~l. The 
fme-structure intervals should be somewhat more accu
rate; for example, the expected (theoretical hydro genic) 
4[ 2F7/2 - 2Fs!2 splitting is 217 cm -I, as compared with the 
difference of 140 em I between the two "levels given here. 
We have given the two 5d 2D levels at a single position 
because the uncertainty of the corresponding experi
mental wavenumbers is much greater than the expected 
splitting (see below). 

Edlen has given series formulae for the entire Is2nl 
system. The levels here are in general agreement with his 
results within the expected experimental errors. Edlen's 
value for the ionization energy, 4934105 em-I, may be 
compared with the value 4933700 ± 600 cm-1 which 
we derived by adding the theoretical 4[ 2po term value to 
the corresponding experimental position. An ionization 
energy about 2000 cm -I higher is obtained by assuming 
optimal Ritzian behavior of the Is2nd series, but quite 
possible errors of the order of 1000 em -I for the 5d and 6d 
levels could explain this discrepancy. The adopted ioniz
Mion energy, 4 Q14 000+ 600 em-I, thn~ agree~ with the 
three quoted values within the errors. 

The terms of the lowest configurations having K -shell 
excitation, Is2s2, Is2s2p, and 1s2p2, are included in the 
table. Spectral features due to such configurations have 
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been observed near or blended with the P XIV Is 2 -Is 2p 
resonance lines in the 5.8 A region. Transitions from the 
Is2s2p and Is2p2 doublet terms (to 1s22s 2S and Is22p 2po

, 

respectively) are among the strongest contributors to 
such features in the spectra of laser-produced plasmas 
[see, e.g., Aglitskii et ai., 1974, and Boiko, et al., 1978a]. 
Since the experimental wavelengths' obtained for such 
features usually refer to unresolved blends of several 
lines, we list the levels as derived from energy separations 
calculated by Vainshtein and Safronova [1975; see also 
their 1978 paper]. The Is2s2 and Is2p2levels were evalu
ated by combining the calculated separations with the 
ls22p 2po levels given here. The best available mea
surements indicate that the calculated levels are accurate 
within the experimental uncertainties of ±3000 to 
±6000 cm- I

; most of the calculated fine-structure split
tings are probably accurate to a few hundred cm -I. Using 
a Doppler-tuned x-ray absorption technique,'DesclIepper 
et al. obtained an energy for the IS22s 2SlIz -ls2s2p 4PSIZ 

balllsitioll t:4uivalt:Ilt to 17036700 ± 10000 cm-\ also in 
good agreement with the calculated value given here. 

The energies of levels of some still higher excited-core 
configurations, such as those of the type Is 2131' for exam
ple, have also been calculated, and features classified as 
arising from such levels have been observed as satellites 
of the P XIV Isz-ls2p and Is2-1s3p resonance lines 
[Boiko et al., 1978b, and references therein; a more com
plete list of calculated wavelengths is given by Vainshtein 
and Safronova, 1980]. 
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PXIII 

Configuration Term J Level Configuration Term J Level 
(cm-I) (cm-I) 

1822s 2S % O· P XIVeSo) Limit 4934000 

182 2p 2po % 2082U4 18282- zs % [16971 300] 
% 2194-30 

18eS)2$2p(3po) 4po % [17024- 500] 
1823s 28 % 2788650 3/

2 [17027500] 

% [17035000] 
2po li2 182 3p 284-6080 . 

% 284-94-10 18(2S)2s2p(3po ) 2po % [17 186600] 
% [17192500] 

182 3d 2n % 2870540 
% 2871530 182p2 4p % [17247000] 

% [17 251 900] 
18248 2S % [3740040] % {17 257 500] 

1i4p 2po % 3763020 18eS)2s2pepO) 2po % [17261300] 
% 3764- 550 % [17264- 300] 

182 4d 2D % 3773500 182p2 2D % [17353 100] 
% 3774000 % [17354200] 

1824f 2Fo % 3774- 24-0 182p2 2p % [17378500] 
7/2 3774- 380 % [17 389200] 

182 5d 2D %,% 4 192300 182p2 2S % [17 498 500] 

1i6d 2D % 4419350 P XIV 182s (3S1) Limit [22069800] 
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P XIV 

Z=15 

He I isoelectronic sequence 

Ground state Is2 ISO 

Ionization energy 22719920 ± 350 cm-I (2816.93 ± 0.04 eV) 

Aglitskii et al. measured the ls2 lSo-ls2p 3pi' and 
Is2 lSo-lsnp IPi' (n =2-7) lines in the 4-6 A region 
with estimated uncertainties corresponding to about 
± 5000 cm -I (,...., 3 parts in 104). The recent measurements 
of. the Ar XVII Is2 ISo-ls2p 3po and Is2 lSo-ls2p Ipo 
lines by Deslattes et al. agree with Drake's calculations 
within the estimated experimental uncenalnty of 1.2 
parts in 105

• We have thus given Drake's calculated values 
for the P XIV Is 21 levels (except as noted below)~ Is 31 
levels, and ionization energy. An error of2 parts in 105 for 
the Is2p levels relative to the ground level corresponds to 
±350 em-I; an assumption of this value as the uncertainty 
for all the lsn/levels and the ionization energy is conser
vatively based on the agreement with experiment for 
Ar XVII. Hinterlong's determinations of the P XIV 
Is2s 3SI-ls2p 3PO, 3Pi lines correspond to wavenumbers 
122977 ± 8 cm- I and 135 139 ± 4 cm- I

. We have raised 
Drake's Is2p 3PO value by 5cm-1 and- lowered his 
Is2p 3Pi value by 15 cm- I to agree with these experi
mental results relative to Is2s 3S I . 

We previously obtained the Si XIII lsns and lsnp levels 
by combining term values calculated by Ermolaev and 
Jones with Safronova's value for the limit [Martin and 
Zalubas]. Values for the Ar XVII ls2p levels obtained in 
this way agree with the experiments cited above within a 
maximum deviation of 1.5 parts in 105

; this corresponds to 
an error of about 200 cm- I for the Si XIII Is2p levels, as 
compared with the uncertainty of ± 800 cm -I which we 
estimated. Fourteen of the 16 PXIV Is21 and 1S3/levels 
as calculated by our previous methods [Martin and Za
lubas; Martin] agree with Drake's values within 
±50 em-I, the largest deviation (for 1s3d ID2) being only 
67 em-I. 

The lsns and lsnp levels given here for n = 4,5 were 
obtained from Ermolaev and Jones's term values, and the 
higher levels (n = 6-10) were calculated from series for
mulae [Martin], Drake's value for the limit being used in 
all cases. The Isnl terms for n >4, I >2 (given complete 
through n = 6) were also calculated from series formulae 
[Martin] and Drake's limit. 

Transitions of the type Isnl-2/'nl" (n >2) from 
doubly-excited configurations in PXIV give rise to sat
ellite features near the PXV Is 2S-2p 2po resonance dou
blet at 5.4 A. Boiko et al, for example, compare experi
mental and calculated intensities of several such features 
as observed in spectra of laser-produced plasmas. Most of 
the satellite lines are classified as blends of two or more 
transitions, the stronger features being assigned to 2s 2p 
and 2p 2 upper configurations. The relative positions of 
the levels of the 2s2, 2s2p, and 2p2 configurations given 
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here are from calculations by Vainshtein and Safronova 
[1976]; their values with respect to the ground level were 
reduced by 2400 cm -I, so that the wavelengths for the 
important transitions of the type 1s2/-2/2/' given by the 
levels here agree· with the corresponding wavelengths 
calculated by Vainshtein and Safronova [1978] to within 
0.(0)2 A. The wavelength of the Is2p IPi' _2pz 1D2 line 
as measured by Boiko et al. , for example, is 0.0008 A less 
than the calculated wavelength of 5.4493 A, the differ
ence being within the probable experimental uncertainty. 
We list the levels to the nearest 100 cm -1. 

The still higher configurations of the type 2/'nl" (n ;;>3) 
can give rise to satellites of both the Is - 2p and Is - np 
resonance lines of Pxv, the two transition types being 
Isnl - 2/' nl" and Is 21 - 2/' nl". Some transitions of the 
first type (for n = 3) were assigned by Boiko et al. as 
contributing to .features. observed very near the Pxv 
Is 2S-2p 2Pj/2line. Vainshtein and Safronova [I980]give 
calculated wavelengths for such transitions. 
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PXIV 

Configuration Term J Level . Configuration Term J Level 
(cm-I) (cm-I) 

ls2 IS 0 0 ls5f 3Fo,IFo 2,3,3,4 [2185934:1] 

ls2s 38 1 [17 135769] ls5g 3G,lG 3,4,4,5 [21859465] 

Is2p .3po 0 [1725874:6] Is5p Ipo 1 [21859894:] 
1 [17 .~G1 163] 
2 [11270908] ls6s 3S 1 [22115189] 

Is2s 18 0 [17268828] Is6p 3po 0 [22119265) 

1 [22119357] 
1s2p Ip" 1 [17360546] 2 [22119717] 

lsSs 38 1 " f20271101] 1868· . IS 0 [22119283] 

ls3p 3po 0 [20304- 936] 1s6d 3n 1,2 [22 121 979] 
1 [20305682] 3 [22122 121] 
2 [20308579] 

ls6d ID 2 [22122227] 
1s3s 18 0 [20306284] 

Is6! 3Fo,IFo 2,3,3,4 [22122303] 
ls3d 3D 1 [20327307] 

2 [20327351] Is6g 3G,lG 3,4,4,5 (22122371] 
3 [20328471] 

Is6h 3Ho,IHo 4,5,5,6 [22122413] 
Is3d In 2 [20329412] 

Is6p Ipo 1 [22122612] 
1s3p Ipo 1 [20332953] 

ls7s 38 1 [22276398] 
1s4s 38 1 [21350958] 

Is7p 3po 0 [22278955] 
1s4p 3po 0 [21364940] 1 [22279013] 

1 [21 365251] 2 [22279240] 
2 [21 3(j6469] 

1878 IS 0 [22278958] 
Is4s 18 0 [21 365 193] 

187p Ipo 1 [22281053] 
Is4d 3D 1,2 [21374203] 

3 [21374685] lsSs 3S 1 [22380789] 

1s4d In 2 [21375043] Is8s IS 0 [22382497] 

ls4f 3Fo,lFo 2,3,3,4 [21375302] 1s8p 3po 0 [223824-98] 
1 [22382537] 

184p lpo 1 [21376454] 2 [22382689] 

185s 3S 1 f21846994] 188p Ipo 1 [22383900] 

185p 3po 0 [21854063] ls98 3S 1 [22452235] 
1 [21854223] 
2 [21854847] 189s 18 0 [22453431] 

1858 18 0 [21854145] Is9p 3po 0 [224:53433] 
1 [224:53461 ] 

1s5d 3n 1,2 [21858780] 2 [224:53567] 
3 [21859026] 

Is9p Ipo 1 [22454- 416] 
185d In 2 [21859210] 
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P XIv-Continued 

'r-' 

Configuration Term J Level Configuration Term J Level 
(em-I) (em-I) 

1810s 3S 1 [225032701 2p2~ 8p 0 [35639000J 
1 [35645300] 

!s10s IS 0 [22504140] 2 [356551001 

lslOp 3po 0 [22504.14.3] 2p2 In 2 [35711600] 
1 [22504.163] 
2 [22 504. 24.0] : 2s2p Ipo 1 [35717 100] 

ls10p Ipo 1 [22504858] 2p2 is 0 (35894000] 

............................ ••••••••••••••• !!' .......... ................. , .............................. P xv 2p(2Pi/2) Limit [4.1283970] 

P xv eS1l2 ) Limit [22 7199201 .' 

282 .. IS 0 [35 49g 500] 

2s2p 3po 0 [35526700] 
1 (35531900] 
2 [3554.4. 000] 
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P xv 

Z=15 

H I isoelectronic sequence 

Ground state Is 281/2 

Ionization energy 24759942.5 ± 3.0 cm- I (3069.866 ± 0.008 eV) 
. . 

The ionization energy and the 2s and 2p levels are from 
Mohr's calculations. His estimate of±3.0 cm- I for the 
uncertainty of the ionization energy would also apply to 
the Is - 2s and Is - 2p separations. Mohr gives an uncer
tainty . of . ±O.l cm -I for the 2p 2Pi/2 - 2pr12 interval and 
±0.3 CI)1-1 Jor the 2s - 2p separations. Pellegrin et al. 
used a .laser resonance method to measure the 
2s 2S 1/2 -2p 2pi/2 separation as 17999 ± 6.S cm- I · (one 
:stamlw.d-dcviation error), which agrees with Mohr's 
value Ii 994.7 ± 0.3 cm-1 and disagrees with the value 
17 9~4.8 ± 2.0 cm-1 from Erickson's calculations. Ex
perimental results agreeing with Mohr's evaluation of 
the 2s 2S1/2 Lamb shift and indicating that Erickson's val
ues are too large have also been obtained for Cl XVII 

[Wood et al.] and Ar XVIII [Gould and Marrus]. 
The levels for n > 3 were obtained by subtraction of the 

binding energies calculate(fbY Erickson· from Mohr's· 
value for the ionization energy. (The 3s and 4s 2S1/2levels 
were decreased by 2.8 and 1.2 cm- I

, respectively, before 
being rounded to the nearest cm~l; these are estimated 
corrections to the Lamb shifts. ) We list all levels through 
n = 5 and the ns and np levels through n = 10. Erickson's 
table of levels is complete through n = II and has the ns, 
np, and nl (I =n -I) levels through n =20. The uncer
tainty of all the excited levels with respect to the Is 2S1/2 
ground level is about equal to the ionization-energy un- . 
certainty. 

It should be noted that the hyperfine splittings of the 
lower 11p xv ns levels are fal- from negligible compared 
to the estimated errors of the levels. Kastner gives a value 

ais=64.9 cm-1 for the hfs splitting factor of the Is elec
tron; thus the expected positions of the actual F = 0 and 
F= 1 hyperfine levels are ~49 cm-1 below· and 
-- 16· cm -1 above the Is ground level as given here. 

The experimental uncertainties of measurements of the 
P xv Is-npresonance lines made thus far are larger by . 
some three orders of magnitude than the estimated errors 
of the theoretical wavelengths. ·Aglitskii et al. measured 
the wavelengths of the Is 2S-2p 2po doublet near 5.38 A 
with estimated uncertainties of ±0.0010 A, which corre
sponds to ± 3 500 cm -1. The larger of the deviations from 
the theoretically predicted wavelengths is 0.0011 A for 
the 2p 2pi12 transition, which is almost· within the esti
mated experimental uncertainty. 
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Pxv 

Configuration Term J Level Configuration Term J Level 
(em-I) (em-I) 

Is 2g 1/2 0 5f 2Fo % [23 771 8.90] 

2po 
7/2 [23772088] 

2p 1/2 [18564 051.6] 
% [18582721.9] 5g '2a % [23772087] 

28 
% [23772206] 

2s % [18564727.2] . 
6p 2po % [24072892] 

3p 2po % [22008289] % [24 073583]. 

% [22013822] 
6s 28 Y2 [24 072 918] 

Rc: 28 % [22 0084.91] 
7p 2po % [24 255282] 

~d 2n .% [22 013 812] . % [24255717] 
5 . 

[22015647] Y2 as 78 Ij2 [24255298] 
4p 2po '12 [23213012] 

% [23215345] 8p 2po % [24373628] 
3/

2 'r 2.4 373 920] 
4s 28 % [23213097] 

8s 28 % [24373639] 
4d 2n % [23215341] . 

% [23216115] 9p 2po % [24454748] 
.3/

2 [24454953] 
4f 2Fo % [23216114] 

% [23.216500] 9s. 28 Y2 [24454756] 

5p '2po '12 [23770302] lOp 2po % [24512763] 

% [23771496] % [24512912] 

58, 28 1/2 [23770346] 108 28 1/2 [24512769] 

5d 2n % [23771494] ...................................... ......................... ............... ................................... , 
% [23771890] Limit [24759942.5] 
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