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Binding Energies for Electrons of Different Types 
Charlotte E. Moore and Henry Norris Russell 1 

The binding energy of an electro n of given type in any state of a neutral or ionized atom 
~a.~ b~ defi,ned as that required to remove it a long successive terms of a spectral series to 
Its I1l11It. 'I he data regardll1g e lectron configurations and limits collected in Atom ic Energy 
Leve!s, Volumes I and II! permit th~ calculation of these in a great number of cases. 

rhe present tables give the maxImum energy res ulting from the addition of an electron 
of given type (such as 4p) to t he ground states of s ingly or doubly ionized atoms of the 
elements H through Nb ; and, when deSirable, to one other low state (two in the cases of Sc 
and Y). These increase smoothly with atomic number except for a remarkable break after 
a shell of ten d-electrons has been half filled. 

1. Introduction 

The first extensive table of the binding energy 
with which an electron of a given type is attached 
to a neutral or ionized atom in a specified energy 
level was given by one of us 22 years ago [1].2 It is 
striking evidence of the extraordinarily rapid advance 
of spectroscopic theory and analysis during the 5 
preceding years that more than 80 percent of the 
data now available for the same spectra were then 
included, and that very little change would be 
req~~red even in the descri~tive text . . A thorough 
reVISIOn of the data made III connectIOn with the 
compilation of Bureau Circular 467, Atomic Energy 
Levels [2], has led as a byproduct to the tables given 
below. 

2 . Definition a nd Types of Binding Energy 

This binding energy may be defined as that 1'0-
quir,ecl to remove the electron under consideration 
from the atom in the specified state without changing 
any quantized relations except the total quantum 
number of this electron- thus passing to the limit 
of t he spectral series to which the given energy level 
belongs. 

In the simplest spectra all the series have the 
same limit. The energy level L' (in cm- I ) correspond­
ing to this limit is given in Circular 467 at the end 
of the table containing the levels [' for the individual 
states. The binding energy (in cm- I ) is L' - [' . In 
electron-volts it is 0.00012395 (L' - l' ) [3]. 

In the case of a spectroscopic term with several 
components the smallest value of [' should be taken 
thus giving the maximum binding energy. ' 

In spectra in which terms of two multiplicities 
arise from the same "running" electron and have the 
same limit, the smallest value of [' tabulated for 
either of the two should be adopted for I', for the 
same reason. 

Thus in Mg I [4] th e lowest value of [' for a 3p 
electron i 21850 for 3p 3p~, that for 3d is 46403 
for 3d ID 2, while the limit 38 28014 in Mg II is 61669. 
The binding energy is therefore '39819 cm- I , or 4.94 
volts, for 3p, and 15266 cm- I or l.89 volts for 3d, as 
gi ven in table 1. 

1 Princeton University Observatory, Princeton, N. J. 
, Figures in brackets indicate the literature references at the end of this paper. 
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3. Binding Energy in Complex Spectra 

In the .more, coml?lex spectra a given electron 
configuratIOn gIves rIse to a number of different 
terms, most ?~ which have three or more components; 
and the addItIOn of a p or d electron to one of these 
terms u ually produces, in the spectrum of next 
lower ionization, two triads or pentads of terms of 
different multiplicity. To reduce the tables to 
reas~Hlable bulk, on}y tl~ e lowest term belonging to 

, ~ !pve~ c~nfi~uratlOn III the spectrum of higher 
IOmzatI?n IS mcluded; .aJ?d the tab ulated binding 
energy IS taken as the dIfference between the lowest 
component of this limit and the lowest component 
(r~gardless of the multiplicity) of any member of 
tnads or pentads of terms arising from it. It thus 
represents the maximum value for an electron of 
the given type. The designation of each term that 
is included in the tables is given as it appear in 
Volume 101' II of Circular 467 [2]. 

4 . Cases With Two Different Limits 

In . certain important pectra, however, two or 
occasIOnally tlnee, electron configuration give terms 
at nearly the same level, as in the classical example 
of the group Ca Il to Cu II where the lowest confiO'u­
ration comes sometimes from 3dn- 1 and in other cab e 
from 3dn - 2 48. In uch case the lowest term arising 
from each of these configurations is adopted as a 
tabular limit, and the binding energies from Ca I to 
Cu 1 corresponding to the addition of an electron of 
gi ven type to each of them are given in table 1. 
Those with limit 3dn- 1 are di tinguished by "A" at 
the head of the column, and the others by "B." 
Only terms of group A appear in K I and of type B 
in Zn I. A similar situation, involving 4d and 58 
electrons appears from Rb I to Cd I. A da h in the 
table indicates that no such term exists. 

For doubly ionized atom a similar situation 
rarely arises. From Ca HI to Cu III, for example, 
the lowest level always comes from 3dn - 2. The ad­
dition of 3d or 48 to this level gives the terms in Ca II 
to Cu II thus designated in table 2, which serve as 
the limits for groups A and B from Ca I to Cu I. 

The further addition of 48 or 3d, respectively 
gives the same term in each arc spectrum- namely: 
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~ctron 

SPcct~ 
HI 

Hel 

Li I 

Br 

Cr 

Nr 

Or 

F 1* 

NCI 

Nal 

M g r 

AI r 

Si .* 
PI 

81 

(' I I 

A r 

K ,* 
en 1* 

8c 

Ti I 

v 
Cr J* 

Mn 1* 

Fe I 

Co I 

Ni I 

Cu I 

Zn I 

Ga I 

Ge I 

A s I 

8e I 

Br 1* 

ler I 

Rb t ' 

Sr 1* 

Y I 

Zr I 

Nbr 

TABLE 1.- 1\II aximum binding energy oj an electron- neutral atoms 

18 28 2p 38 3p 

Is 280l> 13.59 28 '80l> 3. 40 2p 'POl> 3.40 38 ' 80l> 1. 51 3p ' P Ol> 1. 51 

Is' 180 24. 58 28 ' 81 

2s '80l> 

28'180 

4. 77 2p ' Pi 3.62 3s ' 8 1 1.87 3p ' Pi 1. 58 

5. 39 

9. 32 

2p ' P ol> 

2p ' P o 

2p ' P ol> 

2p2 3PO 

3.54 

6.60 

8.30 

11. 26 

2p' 'SIl> 14. 54 

2p' ' p , 13. 61 

2p' 'Pil> 17. 42 

2p6 180 21. 56 

3s '80l> 

38 '81 

38 '80l> 

38 ' P o 

2.02 

2.86 

3.33 

3. 79 

38 'POl> 4. 22 

3s ' 8; 4. 47 

38 • P 'l> 4. 72 

3s [1)1H 4.94 

38 '80l> 5. 14 

38' 180 7. 64 

3p ' P ' 

3p'P' 

3p IPI 

3p '80l> 

3p ' PI 

3p ' P ;l> 

3p [0 )1]1 

3p ' P ol> 

3p'Po 

3p ' P ol> 

3p" P o 

1. 56 

2. 03 

2.73 

2.95 

2.88 

3.05 

3. 18 

3. 04 

4. 94 

5. 98 

8. 15 

3p' '8il> [10. 55] 

3p' 'p, 10. 36 

3p61 80 15.76 

3d 

3d 'D'l> 1. 51 

3d'D 1. 51 

3d ' D l l> 1. 51 

3d'D 

3d'D 

3d In; 

3d ' P ll> 

3d ' D , 

1. 63 

1. 51 

1. 64 

1. 58 

1. 54 

3d'D'l> 1. 54 

3d [0)1]0 1. 54 

3d ' D 'l> 1. 52 

3d ID , 1.89 

3d ' F 'l> 1. 83 

3d ' m 1. 94 

3d [0)1]0 1. 91 

B 

3d ' 0 1 3.59 

e 'Fll> 2. 97 

a ' D o 3.38 

a 6S,» 4. 23 a 6 DOl> 6. 80 

2. 38 a 'S, 8.25 

C 3F4 4. 05 

a 180 5.81 

A 

48 2S0}i 

48 ' D I 

48 

48 'So» O. 85 

48 '81 0.99 

48 '80l> 1. 05 

48 ' 81 1. 32 

48 ' 80» 1. 48 

48 ' P o 1.58 

48 'POl> 1. 70 

48 '8i 1. 78 

48 ' P 'l> 1. 85 

48 (1)1]2 1. 90 

48 ' 80» 1. 95 

2. 54 

48 ' Sol> 2. 84 

48 'Po 3.23 

48 ' Po» 3. 62 

48 '8i 3 . .83 

4S ' P 'l> 4. 09 

48 [1 Y211 4.21 

B 

4.34 

5.28 4s' 180 6. 11 

a 'F I » 5.73 a ' OIl> 6.56 

6.13 6.83 

a 6D ol> 6. 48 a ' F I » 7. 06 

a 783 6.76 a ' D o 7. 29 

a '8,,, 7.43 

7. 90 

a 'F,» 8.28 

8.67 

48 'Sol> 10. 44 4s 'Sol> 7.72 4s ' 0,,, 9. 05 

4s' 180 9.39 

I --- -- - --- - -- - -- - - - - - -- ---- -- - -- -- --- - -- - - - -- --- - ----- -- -- -- - --- - -- -------- - ------ - - - -- - -- -- --- --- - - - --- ---- -- -- - -- - -- - --- - - - - - -- - - -- --- -- - - - ---- --- -

'An asterisk refers to the s pecial notes on indi vidual spectra. 
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T A BLE l.- Maximum binding energy of an electron- neutral atoms- Continued 

4p 

4p ' P oH 0.85 

4p , p o 0.88 

4p , p o 0.87 

4p 3 p o [1.15J 

4p3D I 1. 33 

4p 230H 1. 35 

4p ' P I 1. 33 

4p i p lH 1. 38 

4p [oY,h 1. 41 

4p ' P oH 1. 39 

4p 3 P o, I 1. 71 

4p 2PoH 1. 90 

4p IP I 2.29 

4p'DoH 2. 45 

4p 'PI 2.49 

4p 'PiH 2. 74 

4p [OY,JI 2.85 

A D 

4p ' P oH 2. 73 

4d 

4d ' D IH O. 85 

4d ' D 0.85 

4d 2D IH 0. 85 

4d ' D 0.90 

4d ' ]) 0.86 

4d ID l 0. 91 

4d 'FIl> 0. 89 

4d ' D< 0. 86 

4d'])'1> 0. 87 

4d [0Y,1O 0.86 

4d ' D 'l> 0.86 

4d l D, 1. 06 

4d ' D Il> 1.16 

4d ' D l 1. 43 

4<1 ' D ; 1. 06 

4d ' D 'l> 1. t 5 

4<1 [0)-210 1. 07 

A D 

4<1 ' D 'l> O. 94 

58 

58 '80l> 0.54 

58 '81 0. 62 

58 '80l> 0.64 

58 '81 0. 77 

58 28 0.84 

58 1P l 0. 87 

58 ' P ol> 0. 93 

58 '8i 0. 96 

58 ' P 'l> 0. 98 

58 [1Y,Jl 1. 00 

58 '80l> 1. 02 

58 381 1. 21 

58 'Sol> 1. 31 

58 ' Po 1. 43 

58 '8; [1. 59J 

58 [1 y,l! 1. 69 

A D 

58 '80l> 1. 73 

5p 

5p ' P oH 0. 54 

5p , p o 0. 56 

5p , p o 0.55 

5p , p o [0. 69J 

5p IP I 0.75 

5p ' P 0. 74 

5p 'D3l> 0. 78 

5p [OY,h 0.80 

5p ' P ol> 0.79 

5p ' Pi 0.92 

5p ' P ol> 0.99 

5p IP I 1.15 

5p ' P I 1. 20 

5p ' P il> 1. 30 

5p [OY,h 1. 30 

A D 

5p ' P ol> 1. 28 

5d 

5d 2D Il> 0. 54 

5d ' D 0. 54 

5d 2D J\i 0.54 

5d ' D 0.57 

5d'D 0.55 

5<1 'Di 0.58 

5d ' FIH 0.57? 

5d , ]) 0 0. 55 

5<1 • ])'l> O. 55 

5d [OY,Jo 0.55 

5d 2 D'l> O. 55 

5d I]), 0.66 

5<1 2 DIl> 0.75 

5d ' DI 0.83 

5d ' D; 0. 66 

5d • D ,,! O. 72 

5<1 [OY,Jo 0. 66 

A B 

5d ' ])'l> O. 60 

4p' ' F l 3. 37 411 ' Po 4. 23 4<1' 3]) , 1. 44 4d I]), 1. 49 58' 3D I 1. 92 58 'SI 2. 20 5p ' 3F l 1. 45 5p ' P o 1. 58 5d' 3D I 0.8 1. .5d 3D I 0.81 

z ' F ll> 4. 62 

z ' O! 4.87 

z ' 0 1l> 5. 03 

f ' If3 1.51 

e ' OIl> 1. 53 

e ' POl> 1. 96 

e '03 1. 73 

e ' H 'l> 1. 65 

g ' FI l> 1. 96 e • D Ol> 2. 30 

2. 10 v .5D i) t.G5 

e ' D Ol> 2. 14 

2 ' Oll> 3. 56 

Y ' Ol 3.66 

2 ' P ll> 3.68 

2 7P l 3.87 2 7 F o 5. 15 e 7])1 1. 53 C 70I 1.66 e 7S, 2. 19 f 7D I 2. 49 .r 7Pi 1. 53 

'Dll> '1. 03 

Y 'm 4. 03 

y 'D!l> 3.89 

z ' P l 4.09 

z BP2~ 5. 15 

z 7D s 5. 50 

z 61?sM 5.35 

z .5D4 5. 48 

4p ' Po 5.39 

4p ' POl> 6.00 

4p' ' P o 7.88 

4p" Sll> 9.81 

9.75 

4p' ' P ll> 11. 84 

4p'ISO 14.00 

e ' F 'l> 1. 56 

' F , 1. 55 

e ' P 'l> 1. 54 

e '8, 1. 56 

e 8D I l> 1. &J 

e 7F, 66 

f 'O'l> 1. 65 

c 3H, 1. 65 

4<1 ID , 1. 65 

4<1 ' ]) Il> 1. 68 

4<1 103 1. 87 

4d • P 'l> 2. 03 

4(/ 'Dl 1.89 

4d [OY,J' 2. 00 

A B 

b ' F Il> 3.89 

a'D o 4.58 

a 'S'l> 5.36 

3.44 

a4.F1}~ 5.27 

a'F, 6.35 

' ])'l> 2.24 

e ' F, 2.30 

e 4 F4}~ 2.31 

c 3D , 2.35 

e '8'l> 2.54 

e 7D , 2.59 

e 'F'l> 2.62 

e 'F, 2.67 

58 381 2.74 

58 '80l> 2. 92 

58 ' Po 3. 24 

58 ' P Ol> 3. 53 

58 'Sl 3.78 

58 ' P ' l> 3. 98 

58 [1Y,]2 4. 0 

A B 

58 '80l> 4. 18 

x 7p ; 1. 75 

v 3F , 1. 59 

5 j) ' P o 1. 80 

5p 3]) , 2. 09 

5p ' D ol> 2. 28 

5p 'PI 2.4 1 

5p ' P il> 2.59 

51) [OY,h 2. 70 

A B 

5p 'POl> 2.62 

58'1 80 5.69 5p 3Fi 3.37 5p 3P O 3.92 

a ' F 'l> 6. 16 

a .5 J?t 6.67 

a ' D ol> 6. 77 
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a ' D 'l> 6.63 

a ' F, 6.95 

a 'F'l> 6.92 

z 'Oil> 3. 96 

Y 'Fi 4.34 

z ' P ol> 4.04 

z ' F ll> 4. 78 

z ' o! 5. 12 

z ' 0 1l> 4. 99 

g 7D I 0.85 

f 'SID. 87 

' ][3 0.90 

' II'l> 0.90 

f ' 1-[, 0.89 

5d ' D , 0.92 

5d ']) Il> O. 94 

5d 3D! 1. 02 

5d ' D l 1. 03 

5<1 [0Y,]1 1.1 3 

A B 

1. 39 

f ' D ol> 1.86 

e 'II. 2.00 

l 
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T A BLE 2. Maximum bw ding energy of an eleetl'on-singly ioni zed atoms 

~Iectron 
Spec­
t rum 

H e II 

Li II 

Be II 

Is 

----------------

Is 2 S0~ 54. 40 

1s2 ISo 75. 62 

2s 

2s 2 S0~ 13. 60 

2s 3S]}, 16. 61 

18. 21 

B II * ___________________ 2S2 ISO 25.15 

'C II ___________________ - ______________ _ 

N II __________________ _ _______________ _ 

·0 II ___________________ ----------------

F II* ___________________ - ______________ _ 

Ne II 

Na II 

J\1gII 

.AI II 

2p 

2p 2PO~ 13. 60 

2p 3p e 14. 35 

2p 2PO~ 14. 25 

2p 3PO 20.52 

2p 2P O~ 24. 38 

2p2 3p 0 29. 61 

2p3 4S I~ 35. 15 

2p4 3P2 34. 98 

2p 5 2Pl~ 41. 07 

2p6 ISo 47. 29 

3s 

6. 04 

6.86 

3s 2S 0~ 7. 27 

3s 3S, 9. 06 

3s 2S0~ 9.93 

3s 3PIl 11. 15 

3s 4PO~ 12. 19 

3s 5S ~ 13. 08 

3s 4P2~ 13. 91 

3s [1};]2 14. 45 

3s 2 S0~ 15. 03 

3s2 ISO 18. 82 

Si 

P 

S 

II ___________________________________ ---------------- ------------- __ _ 

II 1 ___________________ ---------------- ____________ c ___ ----------------

II 

C1 II 

.A II 

K II 

'Ca II 

Sc II* 

Ti u* 

V II* 

,Cr II * 

MnII 

Fe II* 

,CO II * 

Ni II* 

'Cu II 

'Zn II 

'Ga II 

'Ge II 

.As II 

'Se II 

Br II 

Kr II 

Rb II 

Sr II 

3p 

3p 2PO~ 

3p 3p e 

3p 2PO~ 

3p 3P O,J 

3p 2PIl~ 

3p 1P, 

3p 2 S0~ 

3p sP I 

3p 4P2~ 

3p [O}~ ] 

3p 2PIl~ 

3p 3P O 

3p 2PO~ 

3p2 3PO 

3p3 4S1~ 

3p4 3P 2 

3ps 2PI~ 

3p6 ISO 

6. 04 

6.27 

6. 25 

7. 30 

8,05 

9. 20 

9.87 

9.86 

10.55 

10.95 

10. 61 

14. 19 

16.34 

19. 65 

23.4 

23.80 

27. 62 

31. 81 

3d 

6. 04 

6. 05 

3d 2D 6.05 

3d 3D 6.48 

3d 2D ]}, 6. 33 

3d 3F 2 6.49 

3d 'FH, 6. 48 

3d sD. 6.33 

3d 4Da~ 6. 47 

3d [O}f]1l 6. 32 

3d 2D2~ 6.17 

3d 3Da 6.98 

3d 2D,~ 6. 51 

3d 3P2 6.81 

3d 4F,~ 9.75 

3d 5D . 10.13 

3d 4D3~ 11. 22 

3d [0%]0 11. 55 

3d 2D t;, 10. 18 

a 3F2 12. 20 

b 'F,~ 13. 46 

a 5DO 14.65 

a 6S2)1 

a 5D, 

a 4F 4)1 

a 3F, 

16. 49 

13.86 

15.95 

17. 05 

a 2D2~ 18.15 

3dw ISO 20. 29 

y II ___________________________________________________ - _______________ ' ______________ __ .. ___ _ __________ _ 

Zr II 

Nb II 

• All Rsterisk refers to special n otes on individual spectra. 
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TABLE 2.-lIfaximum binding energy of an electron- singly i oni zed aioms- Continued 

4s 

4s 280M 

4s 38 , 

4s 280M 

4s 38 1 

48 280M 

48 3P O 

48 ' POM 

48 58 ll 

3. 40 

3. 73 

3. 89 

4. 53 

4. 89 

5. 24 

5. 57 

5. 81 

48 ' P 2M 6. 12 

4s [1,VzIll 6. 20 

48 280M 6. 38 

48 38, 7. 51 

48 280M 8. 22 

48 ap o 8.92 

48 ' P OM 9. 82 

48 582 10.43 

48 ' P 2M 10. 98 

48 [I )1, lll 11. 67 

48 28 0M 11. 87 

a 3D , 12.80 

13.57 

14. 33 

a 6D oM 15. 01 

a 18 3 15. 64 

a 6D'M 

a 5F s 

a 'F'M 

4s 3D 3 

16. 18 

16.64 

17. 11 

17. 57 

4s 28 0M 17. 96 

4s2 18 0 20. 51 

077170- 52- 5 

4p 

4p 2P oM 
4p 3p e 

4p 2P l~ 

4p 3p e 

4p 2P Oy, 

4p IP , 

4p 'Doy, 

4p 3P O 

3. 40 

3. 49 

3.49 

3.89 

4. 23 

4. 55 

4. 68 

4. 40 

4p 2 Poy, 5. 04 

4p 3P o 5. 76 

4p 2 POM 6. 28 

4p 3D , 6.86 

4p 28 11M 7. 85 

4p 5P , 7. 86 

4p ' P2M 8. ·10 

4p [O,VzI, 9. 10 

4p 2P oM 8. 75 

z ID ll 9. 56 

9. 91 

10. 36 

z 6F oM 10. 69 

z lP ll 10. 88 

z 6D ,» 11. 41 

z 5F S 11.45 

z 'D 3~ 11. 76 

4p 3P ll 12.05 

4p 2PO~ 

4p 3P O 

4p 2P O), 

4p2 3P o 

4p3 '81~ 

4p' 3P 2 

4p5 2P l~ 

4p6 '8 0 

11. 95 

14. 64 

15. 93 

20. 2 

21. 5 

21. 6 

24. 56 

27. 50 

4d 

4d 2D ,y, 

4d 3D 

4d 2D 

4d 3D 

4d 2D Il .. 

4d 3F ll 

4d 'F3~ 

4d 3D 3 

4d 2D2M 

4d [1 ,Vzl l 

4d 2D 

4d 3D a 

4d 2D,» 

4d 3F ll 

4d 'F'M 
4d 5D O 

4d ' DaM 

4d [0,Vz11 

4d 2D1}' 

e 'F3 

3. 40 

3. 40 

3. 40 

3. 57 

3. 54 

3. 62 

3. 60 

3. 49 

3. 60? 

3. 47 

3. 47 

3. 77 

3. 82 

4. 16 

4. 57 

4. 63 

4. 85 

5. 11 

4. 82 

5. 42 

5. 53 

5. 67 

e °C'M 5. 76 

e 7D I 5. 78 

e 6F s,> 5. 91 

4d 38 1 6.09 

4d 2D n, 5.95 

4d ID ~ 7. 16 

4d 2D Il, 5. 91 

4d 3F , 9. 2 

4d aD I 7.65? 

4d 'Day, 9. 66 

4d 2D I'> 9. 22 

a 3F , 11. 40 

b 'F IYl 13. 71 

65 

5s 

5s 280M 

5s a81 

5s 280M 

5s a8, 

5s 280M 

58 ap o 

58 'Poy, 

2. 18 

2.34 

2. 42 

2. 73 

2. 89 

3. 05 

3. 20 

58 [l ,Vz ll 3. 50 

5s 280y, 

5s 38 1 

58 280M 

58 ap o 

58 'Po~ 

58 582 
58 ' P 2M 

58 [1 ,Vz12 

58 280M 

e aD , 

e 6D Uy, 

e 183 

e 6D'J-!i 

5s 3D 3 

58 28 oJ-!i 

58 ' 8 , 

58 28o~ 

58 ap o 

58 ' P OYl 

5s 58 11 

5s ' P2Yl 

3.53 

3. !J.l. 

4. 20 

4. 36 

4. 78 

4. 93 

5. 11 

5.46 

5. 40 

5. 66 

6. 24 

6. 39 

6.53 

6. 6·) 

6.77 

6. 90 

7. 00 

7. 75 

8.20 

10 . ..t 

9.70 

9. 94 

10. 58 

5s [l ,Vz Ill 10. 97 

5s ' 8 oJ-!i 11. 03 

a 3D I 12.29 

a 'F1 J-!i 14.03 

5p 

5p ap e 2.22 

5p 21'1)-2 2.22 

5p'D1J-!i 2.80 

5p 2PO~ 2. 95 

5p ap o 3. 2~ 

5p 2P OJ-!i 3. 47 

5p'DOJ-!i 3. 06 

5p 2P1J-!i 4. 05 

5p 2P Oy, 4. 36 

5p ap , 

5p 2P 0)-2 

5p 3P o 
5p 2POYl 

5p IP I 

5p ' P oy, 

5p sP , 

5p 'P ,y, 

5p [O ,Vz h 

4. 00? 

5.3.5 

5. 40 

5. 39 

5.83 

6.14 

8. 4 

7.50 

7. 37 

7. 96 

8. 38 

5p 2P Oy, 8. 09 

z ID ll 9. 15 

z 'G1Yl 10. 56 

5d 

5d 2DIYl 

5d aD 

5d 2D 

5d a]) 

5c1 2]) 

Sci 3])a 

5d 2D 

5c1 aP ll 

2.18 

2.18 

2.18 

2. 26 

2. 25 

2. 25 

2. 27 

2. 21 

2. 36 

2. 41 

2. 41 

5c1 5])2 2.75 

5c1 2P' J-!i 2. 28 

f lD , 3.25 

3. 39 

5d 2D'H 3.34 

5d 3D, 3.51 

5d 2D, ), 3. 52 

5d 'F!)., 4. 36 

5d 3D a 4. 32 

5d 'POM 4. 63 

5d [0,Vz11 4. 67? 

5d 2D l y, 4. 42 

e IF3 5. 14 

f zFZM 4. 87 

1 
! 
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the lowest belonging to the configuration 3dn- 1 48. 
The differences in the binding energies given for 3d 
and 48 in table 2 and for 3d (B) and 48 (A) in table 1 
are therefore identical, barring occasional effects of 
rounding off the separate values. 

5 . Numerical Example 
As an example of calculation in this case, take 

V I [5]. Here the limit of group A is 3d4 a 5DO in 
V II at a level of 54361 cm- I above the ground level 
of V I, while that of group B is 3d3 4~ a 5F 1, which 
lies higher by 2605 cm- I , or at 56966. We then find 
for each added electron the configuration, term, and 
lowest level given below: 

VI 

Group A Group n 
Added 

electron Binding Level I Binding Config. 1'erm Level Config. Term energy energy 
----------- ---------

e" eo 
3d 3d' a 6S2~ 20202 4.23 3d' 4s a'Do~ 2112 6.80 

4s 3d' 4s a 6Do~ 2112 6.48 3d' 4s' a 'FI)~ 0 7.06 

4p 3d' 4p Z6p 24628 3.68 3d'4s 4p Z 6G!~ 16361 5.03 

The configuration for each case is first worked out ; 
the lowest term and level for this is found by inspec­
tion of the tables in Circular 467. The difference 
between this level and the appropriate limit, multi­
plied by 1.2395 X lO -4 then gives the binding energy. 

It is worth noting that, in this case, none of the 
binding energies given above corresponds to the 
principal ionization potential of the atom. This is 
given by the transition 3d3 482 a 4FI ).> to 3d4 a 5DO and 
involves a double electron jump. Such cailes are 
rare, the only others in the present work occur in CO I, 
where the transition is from 3d7 482 a 4F4}i to 3d8 a 3F" 
and in Ni I where it is from 3d8 482 a 3F 4 to 3d9 a 2Dz}i' 

6. Case of Scandium a nd Yttrium 
Theoretically, the spectra of singly ionized atoms 

from Sc II to Zn II should contain many terms with 
limits in the third spectra arising from configurations 
3dn - 3 48, which should be related to those with limits 
from 3dn- 2 exactly as group B in the first spectra is 
related to group A. The corresponding limits are, 
however, so high that scarcely any such terms have 
been observed except in scandium, and in yttrium 
in the next long period. It, therefore, appears ad­
missible to give the data for the few known terms of 
this type separately in table 3. 

In this table the first four columns (which have 
no counterparts in tables 1 and 2) give data regarding 
the limits here involved-th e "level" being measured 
from that in which one d electron is substituted for 
an 8- that is, the' limit adopted in table 1, group B, 
for first spectra and in table 2 for second spectra. 

The remaining part of the table is arranged exactly 
as in tables 1 and 2. The entries for 3d in Sc I and 
4d in Y I exceed those for 48 (B) and 58(B) by the 
level difference in the fourth column. The remaining 
energy levels appear only in table 3. 

The new limiting configuration in Y II is the lowest 
in the spectrum, and the transition from this to the 
lowest level in Y I , 582 4d 2D, gives the principal 
ionization potential 6.53 volts, which does not appear 
in table 1, though it corresponds to a single jump of 
a 4d electron. 

7 . Description of the Tables 

Table 1 gives the binding energies of n8, np, and 
nd electrons for neutral atoms of the elements H to 
Nb, and for values of n from 1 to 5, excluding those 
belonging to complete shells. Table 2 gives similar 
data for singly ionized atoms from H e II to Nb II. 
Full eA-planations of their significances, of the groups 
A and B given for first spectra, and of the way in 
which they have been calculated, are given in sec­
tions 2 to 5. Table 3 contains certain additional values 
that need be recorded only for scandium and yttrium. 
(See section 6. ) 1 

Most of the vacant spaces in the tables correspond 
to energy levels that are so situated that the strongest 
lines corresponding to transitions involving them lie 
in the infrared or far in the ultraviolet and have not 
yet been observed. 

In a number of cases some terms belonging to the 
electron configurations in question are known, but 
there is no doubt that the lowest level of the con­
figuration ha not yet been found (usually for the 
reason just mentioned). Here again the entry is left 
blank (or an estimated value is occasionally given in 
brackets). 

These, and various other instances in which 
comments are required, are discussed in the notes 
following the tables. Full discussions are also given 
of a very few cases in which it now appears that the 
electron configurations assigned in AEL should be 
changed. 

The order in which the electron types are pre­
sented in tables 1 and 2 is that in which they form 
"complete shells" and enter the inner part of the 
atomic structure- as is shown by the termination 
of the vertical column for each. 

Until the given electron is involved in the produc­
tion of such a shell, the increase of its binding energy 
with atomic number is slow, with occasional irregu­
larities arising from the choice of the lowest level in I 
each configuration rather than the mean. During , 
the formation of the shell involving the given electron, 
the increase in binding energy is much faster. The 
remarkable reversal of this increase at the point 
where a shell of d electrons is half filled may be ' 
tentatively explained as an effect of the reversal of 
the spin of the sixth added electron demanded by 
Pauli's principle. 
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TABLE 3. Additional binding energies fo r Sc and Y 

Limit Binding Energy 

Spectrum Con fig. D esig. Level SpectrulIl 3d 48 4<1 58 5p 5d 
-------

CV 

Sc f[ 

y f[ 

18' a 180 1. 45 Sc I'" a 'D I), 8.01 _____________ .. x ' P o» 4.22 _____________ ______________________________________________ _ 

5s2 a I S O - 0. 10 YI ________ ___ ____ _______________ _______________ a'D,» 6. 53 _______________ z ' Po» 5. 22 g ' D,» !. 24 

e ll! 48 48 ' So» 3. 17 Se ][ a 3D , 15.96 a lSo 14. 51 y 3Po 11.13 ________________ ________________________ ___________________ _ 

Y III 58 .18 'So» 0.93 Y u 

'" An asterisk refers to special notes on indi vidual spectra. 

B INDING ENE R GIES- NOTES 'ro TABLES 1, 2, AND 3 

[An asterisk (*) in t he tables applies to t he following spectra] 

Bc I In tersyste m combinat ions between t he singlet and 
t riplet te rm s have not been observed. The relative 
positio ns of the two sets of terms are excellent ly 
determined by long series, t he relative un certainty 
being about ± 2 cm- I. 

The terms 4,5p 3P O have been calcul ated from the 
series formula but not confirmed by observatIOn. 
They are entered in brackets in t he table. 

F I See reference [6] . Only one level is known for 5p, 
perhaps not the lowest. 

Si I The general run of binding energies for t he 3d electron 
indicates t hat t he configUl'at ions of the t wo lowest 
3D o terms as given in Atomic Energy Levels, I , p . 145, 
SllOUld be interchanged to read as follows: 

Con figuration Designation Level • 
38 3p3 3p33Dl 45276. 20 etc. 

38' 3p (,p O) 3d 3d 3D l 48399. 15 etc. 

If t his change is mad e, t he binding energy for 3d is t hen 
determined from t he le vel 3d 'D!= 47351.50, as has been 
don e here. This cha nge should be confirmed by further 
observations. 

PI The ionization potential estim ated by W. F inkelnburg 
and F . Stern , (Phys. Rev. 77, 303 L (1950» , from 
t he regularit ies in t he run of the screcning co nstants 
is preferable to t hat given in [2, page 163]. The 
corresponding limit 85115 cm- I has been used in 
calculating t he binding energies. 

The term 5s 4p should be rejected . 

Ie I-Zn I Group A: The limit is t he lowest level of t he con ­
fi guration 3dn - 1 in t he singl y ionized atom 
[n = 1 (Ie) to 11 (Cu)]. 

Group B: The limit is t he lowest level of the con­
figuration 3dn- '48 in the sin gly ionized atom 
[n = 2 (Ca) t o 12 (Zn )]. 

Ca I The fo llowin g term has r ecent ly been r eported by C. J . 
Humphreys (J. Research NBS 47,262 (1951) RP2252) . 

D esignatio n J Level Interval 

{ 
2 43474.87 

14.32 
3d' 3F 3 43489. 19 

18. 91 
4 43508. 10 

97 7170- 52--6 67 

a 3D , 13.22 a I S O 13.32 z 'Po 10. 41 5.57 

It has been used to calculate t he binding energy for 3d, 
group A in t he tab le. 

Sc I Tab le 3. Racah has suggested that t ile configuration 
of x , p o should be co rrected in "AEL" to r ead 
4s'(a IS) 4p instead of 3d2(a IS)4p . Assuming this 
correctio n, t he binding energy for 4 p co mes from 
t his te rm . 

Cr I The binding energy for 5p, group B, is omitted because 
t h e general run of valu es in t his co lumn indicates 
t hat the lo\\'est known level (8 SF !) is not t he 
lowest in t he t riads to be expected, and does not, 
therefore, give t he maximum binding energy. 

Mn I The lowest level for 3d, group A, is not known in 
Mn J. The level c 4P2~ 51638.17 is not t he lowest, 
and has, t herefore, not been used . 

Br I The magnit udes of t h e binding energies indicate t hat 
t he terms from t he 4d and 5d electro ns have not bee n 
found , and t hat t he known nd term s are from 6d 
and 7d. 

Rb I-N b I Group A: The limit is t he lowest level of t he COll­
.figurat ion 4d,,-1 in t he singl y ioni zed atom 
[n = l (Rb) to 5 (N b)]. 

Group B : The limi t is t he lowest level of t he con­
figuration 4dn - ' 5s in t he singly ionized atom 
[n = 2(Sr ) to 5(Nb)]. 

Sr I The known term 4d2 3p from t hi s configurat ion is un­
doubtedly hig her t han t he unknown 4d2 3F term . 
Consequ ent ly no entry is g iven in table 1 for 4d, 
group A. 

B H No intersystem co mbinat ions conn ecting t he s inglet 
and t rip let systems of term s have been observed . 
Sin ce t he relative posit ions of the t wo set s of terms 
have been est imated , all ent ries in t he table except 
t hat for 28 are subject to an uncert ainty t hat probably 
does not exceed ± 0.03 volt. 

F n The quintet terms are not co nn ected " 'it h t h e rest by 
observed intersystem co mbinat ions. Sin ce their 
relative positions have bee n estimated, t he tabular 
entries for 38, 3p, 3d, and 4s are subject to an Ullcer­
ta in ty p robably not exceedin g ± 0.03 volt . 

Sc II) Tin 
V II Revised lim it given by H. N. Russell (J. Opt. Soc. Am. 
Cr II 400 , 619 (1950» used for t he calcu lation of binding 
F e II energies. 
Co [I 
Nin 

WASHINGTON, August 30, 1951. 
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