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Abstract

Binding energies of the next inner subshell are given

for most ionization stages of the elements boron through
zine (7 = 30). These binding energies are calculated
along isoelectronic sequences with full regard to experi-
mental values. Similarities in the periodic table are
taken into account. The calculation is analogous to that
used in the report IPP 1/49,




Introduction

For the calculation of electron impact ionization cross
sections1 knowledge not only of the ionization potentials

of atoms and ions2

but also of binding energies of inner
shell electrons is essential. As data on these binding
energies are very scarce especially for ions it was tried

to calculate theée from AELB.

To illustrate the method to be used carbon may be taken as
an example: The electron configuration of atomic carbon

C I is 1s% 252 2p°. The (first) ionization potential is
defined as the energy necessary to remove one of the two
2p-electrons which is 11.260 eV. The next inner subshell
here is populated by two 2s-electrons which have a 5.33%2 eV
higher binding energy than the 2p-electrons, namely

16.592 eV. The removal of one 2s-electron results in an
exclted carbon ion C 1I of the configuration 152 2s 2p2,
the lowest term of this configuration is 4P1/2 and t??.A
term value can be found in AEL (1958) to be 43004 cm =

5.33%2 eV.

The problem for carbon-like ions then is to derive a
value for the term 4P1/2 of' the next higher ionization
stage and to add this value to the (first) ionization
potential in order to get the binding energy of the
2s-electrons. Corresponding binding energies of other
atoms and ions can be found in a similar way by apply-
ing the appropriate term values.




Calculation of Term Values

IFor boron-like through neon-like ions and for aluminum-
like through argon-like ions the next inner subshell 1is
populated by 2s- or 3s-electrons respectively. The
binding energies of these electrons can be extracted from
AEL by converting the above mentioned term values into
electron volts with the conversion factor

1 cem™ ! 2 1.23%3981 x 10"4 eV. Missing values can be

calcula ted along isoelectronic sequences by the difference

method described in the report IPP 1/492.

In table 2 to 13 term values not specially marked are
derived directly from AEL Vol.I (1948) allowing for the
corrections given in Vol. II (1952) and Vol. III (1958).
Values marked with a star X are from recent spectroscopic
measurements. Values that are missing in AEL are under-
lined while values from AEL that have been found incorrect
during calculations are underlined after the decimal
point. These corrections are given only when the need

for a correction was evident, if in doubt, the AEL values

were preferred throughout.

For the Be-, B-, C-, Mg-, Al- and Si-sequence 1t was
assumed that the "first difference" between term values

is approaching a constant value near 1.8 eV. This assumpt-
ion is in accordance with the few experimental data that
seem to be reliable but might be questioned, more '
experimental data are needed to verify this assumption.

A few term values are given as well in cm-1 in order

to facilitate comparison with AEL.




The appropriate term values of the N-, O-, F-, P-,
S-, and Cl-sequences are known more accurately and make
extrapolations more reliable.Here the "third differences!"

tend to be rather small and constant.

Recent spectroscopic measurements yielded corrections to

the term values of N IVQ, Si III% and S 16.

RIS,
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Discussion

In table 1 the binding energy of the next inner subshell
1s given by adding the appropriate term value of table

2 to 13 to the ionization potential given in report

IPP 1/49., (In table 1% a correction is given for the
ionization potentials of the Si-sequence. Recently the
ionization potential of N IV was determined to be4

77.471 eV and that of F IT to be! 34.970 eV.)

Values not specially marked are derived directly from

AEL (1958). A star ¥ indicates that either the ionization
potertial or the respective term value stem from recent
spectroscopic measurements. Underlining after the decimal
point indicates corrections to AEL values while new values
are underlined altogether.

Binding energies of next inner (sub-)shells 1s, 2p and
3p cannot be extracted from AEL with the exception of

K I. Here and in similar cases autoionization from an
excited level is important but the lowest autoionization
level is accurately known only for K T.
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Table-2¢ Be-Sequence, "25*2p jPO

Species E (eV) A E (cm™)
22 21978
Be I ? 5 1.904 97
B II 4,629 1.864 37334
G TER 6.493 1'840 52367
%8, 3% 6720
o v | 1019 |22 aror.
: 11. 0 | 1.822 9660?
P VI 977  caag
Ne VII 13.803 | "o | 111330
Na VIII 15,628 ’ 126053
1.827
Mg IX 17.455 1.815 140786
’ 1
Si XI 21.09 | ao 17015,
.91 ’ 1848
PS XEI 22.91 i 48,
SCIXTITIYL |i24573
— |1.82
cl XIV 26.55
—=== | 4182
A XV 28537 .
KoaXVI %0.19 1'82
Ca XVII | 32.01 1'82
Sc XVIII| 33,83 ’
. - 1,82
Ti XIX 35,65 e
Vorxx 37:i49 1'82
ConXXI 39,29 1'82
Mn XXII | 41.11 °
A 1.82
Fe XXIII| 42.93 | ap
Co XXIV | 44.75 )
§ 1.82
Ni XXV 46.57
1.82
Cu XXVI | 48.39
) 1.82
It TV T 5 0521




Table 3: B-Sequence, 2s 2p2 4P1/2 .
Species E (eV) A E (cm’)
B I 3. 5l : 28805

e
C II 5 5T : 43004
o 1.759
N III 7.091 g 57192
0 IV 8.866 1.7“0 Gkl
PV 10.646 1‘724 8587,
Ne VI 12.43 1'79 100555
Na VII 14.22 1'80 11 %%%%
Mg VIII | 16.02 1'81 12924,
Al IX 17.83 1’82 1433800
8i X 19.65 1'83 158506
P XI 21.48 1'83 173360
S XII 23,31 1'83
Cl XIII | 25.14 )
— 1483
A XIV 26.97 e
K XV 26.80 -
- 1.83
Ca XVI | 30.63 ,
1.83
Sc XVII | 32.46
183
Ti XVIII| 34.29
1.83
Vi XTE 36,12 8%
Cr XX 37.95 1'83
Mn XXI 39.78 P
1.8%
Fe XXII | 41.61
1+.83
Co XXIIT | 43.44 . el
Ni XXIV | 45.27 1°83
Cu XXV 47.10 s
= 1.83
Zn XXVI | 48,93




Table 4:

C-Sequence, 2s 2p3 58

2 .
Species E (eV) A E (cm')
c I 4.182 33735
1,618
N IT 5.800 46785
1.678
0 III 7.478 | e 60312
FOIV 9.210 e 74290
Ne V 10.98 ! 885
— ]1.80 60
Na VI 12.78 105158
B 1:82
Mg VII 14.60 | s 11780
Al VIII |16.43 1325 5
. 1.83
Si IX 18.26 iy 147600
P X 20.09 ” | 16250,
1483
81 ¥I 21,92 i
o 1.83
Cl XII 23715
1:83
A  XIII 25 858
p 1.83
K. ¥IV 27.41
1:83
Ca XV 29.24 ilas
Sc XVI 31.07 1igs
Ti XVII 32,90
~ 1.83
Vi BVITE {BAsE3 7o | .
Cr XIX 36.56
- 1.8%
Mn XX 28439
; 1.8%
Fe XXI 40422
1.83
Co XXII 42.05
s 1.83
Ni XXIII }45.88
. 1483
Cu XXIV [45.71
i 1.83
Zn XXV 4'7.54




2s :2p

4 4p

Table 5: N-Sequence, 5/2 *
Species E(eV) A A2
N I 10.924
0 1II 14,858 25934
P III 18.832 3°9Z4
Ne IV 22.795 3°963 0.005
Na V 26.76% D068 0.009
Mg VI 30,740 2 0.022
%.999
Al VII 34,739 i 0.027
84 ¥V T 38,765 D 0.031
p Ilx 42,822 ANOAT 0.038
S XX 46,917 4‘?95 0.044
c1 XI 51.056 4°139‘ 0.050
AXXIT 55,245 RS & 0.056
4,245
K XIII 59,490 0.062
Ca XIV 63,797 4°307 0.068
Sc XV 68,172 4°37? 0.074
Ti XVI 72.621 4°4i) 0.080
V XVII 77.150 4’219 0.086
Cr XVIIT 81.765 Wl & 0.092
4.707
Mn XIX 86.472 9 0.098
Fe XX 91.277 4”5 > 0.104
Co XXI 96.186 | *°9°9 | 0. 110
) 5,019
Ni XXII 101.205 |~ A 0.116
Cu XXTIT | 106.340 ?”2?’ 0.122
Zn XXIV rrir5dy| 22t




Table 6:

O-Sequence, 2s 2p5 3P

2

Species E(eV) A A
0 I 15,655
P II 20.432 oL H
Ne III 25,328 1-8%

4.884
Na IV 30,212 1.901 0.017
Mg V 35,113 1 oas 0.032
Al VI 40,046 B 0.047
Si VII 45.026 5.638 0.058
P VIII 50.064 L Jpirin 0.070
S IX 55l T2 RPN 0.082
0l X 60.362 o 0.094
A .. XI 65,646 d 300 0,106
K . XII 71.0%6. ] 7 0.118
Ca XITI | 76.544 ;°Z:2 0.130
Sec XIV 82.182 0,142

5.780
Ti XV 87,962 0.154
VvV XVI 93,896 Zj?gg 0.166
Cr XVII 99,996 g 0,178
Mn XVIII | 106,274 6. 168 0.190
Fe XIX 112,742 LA 0,202
Co XX 119.412 o ny 0.214
Ni XXI 126,296 ot Ha g 0.226
Cu XXII | 133,406 Ao 0.238
Zn XXIII | 140.754




692

Table 7: F-Sequence, 28 2p 81/2 .
Species E(eV) A A?
F I 21.055 o
Ne II 26.910
Na III 32,787 il
Mg IV 38,623 Z:ZZ? 0.027
ALV 44.486 S 0.049
Si VI 50.398 51980 0.068
P VII 56.378 G168 0.078
S VIII 62,436 64183 0.095
c1 IX 68.589 i 0,111
A X 74,853 6.391 0L429
K Xt 81,244 61534 0.143%
Ga XII 87.778 6503 0.159
Se XIII 4,471 0,175
Ti XIV 121,339 i 0,191
AN 44 108,398 7°052 0.207
Cr XVI 115,664 ;:i:g 0,223
Mn XVII | 123.153 ¥ 0.239
Fe XVIII | 130.881 798 0.255
Co XIX 138,864 5 ol 0,271
s i © 4 147,118 8. 50) 0.287
Cu XXI 155.659 0.303
—ssciem—e 18,844
Zn XXII | 164.503




Table 8: Mg-Sequence, 3s 3p 3P

(6]

Species E(eV) A E(cm)
Mg I 2,70 21
g 709 1.927 850
ABIIT 4.6%6 1 1901 37393
si III *6.537 1°883 52725
P IV 8,420 1'879 67912
S Vv 10,299 1°869 83071
¢l VI 12.168 1°854 98147
A VII 14,022 1°844 113095
KO«VIII: [115:866 1°818 12796g
Ca IX 17.684 10810 142635
Se X 19, ) 1572
c 9.494 " 5723
Ti XI 21132 - 172055
VorXIT 23,14 1°82 186750
Cr XIII | 24.96 1°82 201354
Mn XIV 26.78 1°82 2165006
Fe XV 28.60 1°82 231500
Co XVI 30.42 ’

1.82
Ni XVII | 32.24

1.82
Cu XVIII | 34.06

1.82
Zn XIX 35.88




Table 9:

Al-Sequence, 3s 3p2 4P

/2

Species E (ev) A E (cm™)
Al I 3.598 1,711 29020
Si II 5,309 1.748 42824
P sITT T.057 1.77% 56919
s IV 8837 | | gy | AL
c1 v 10061 | | oge [ JEERER
A VI 12,40 "0 110004,
caytiz | 1aae. | 14907 | Tasots
Sc IX 17,79 | 7% |13 .

12 1.81 500
PivX 19.60

1.80

vV XI 21.4 1.8
Cr XII 2322 1.8
Mn XTII 25.0 1.8
Fe XIV 26,8 1.8
Co XV 28,6 1.8
Ni XVI 30.4 1.8
Cu sXVIL 332 1.8
Zn XVIII | 34,0




Table 10: Si-Sequence, 3s 3p3 5S

Species E (eV) A
SiI 4,132 ;
P II 5.666 204
1.614
S III 7.28
—= 18R
c1 IV 8.96
—a= a5 75
AV 10,69 "
K VI 12,45 1°78
Ca VII | 14.2%3 X
1.79
Se VIII| 16.02 iy
Ti IX 17.8 ’
— 1.8
vV X 19,6
St 1.8
Cr XI 535, 4 .
Mn XII | 23.2 1°8
Fe XITII | 25.0 1°8
Co XIV | 26.8 1°8
Ni XV 28,6 ’
— 1.8
Cu XVI | 30.4 !
Zn-XVII-|-32.2 .

2




Table 11:

P-Sequence, 3s 3p4 4P

Species | E(eV) ) IS
P I .381
8 2,462
81 IT 9.843
2.372
Cl IIII | 12.218 2 360
A IV 14,576 é°365 0,004
EuV 16,941 4'374 0.009
Ca VI 191315| °° 0.014
2,388
Sc VII | 21.703 b067 0.019
Ti VIII | 24.110 2’431 0.024
 Vere TX 26,541 2°466 0.029
Cr X 29,001 2°494 0.03%4
Mn XI 31,495 2°533 0,039
Fe XII | 34.028 2°577 0.044
Co XIITI | 36.60 ° ;
N? Xli §9 93? gieea O 249
& 2 < °
I TR kil Dape
u A ° .
2,
Zn XVI | 44,650 139

572" ¢




Table 123 S-Sequence, 3s 3p5 5p

518
Species E(ev) A N
S+ I *8.,929 2.647
Cl II 11.576 5,533
A TIII 14,109 2,507
X IV 16,636 2,539 0,012
Ca V 19,175 5,564 0,025
Se VI 214739 2.594 0.030
Ti VII 24+ 5955 2.6%2 0,038
V VIII | 26,965 2.678 0.046
Cr IX 29,643 2.7%2 0.054
Mn X 22905 2.794 0.062
Fe XI 35,169 5.861 0,070
Co XII 38.033 2,942 0.078
Ni XIITI j 40.975 5,028 0.086
Cu XIV 44,003 0.094
3,122
Zn XV 47,125




6 2

Table 13 Cl-Sequence, 3s 3p
Species | E(eV) A A
GleT 10,77
AT 15479 [ 5=
K III |16,193 2.d14
Ca IV 18.898 20002 0,021
Sc V 21.624 2 28 0.027
Ti VI 24,377 | =772 0.042
V- WII | 275292 2+ 99 0.053
Cr VIII [ 30.020 24948 0.064
Mn IX 32.932 2p91s 0.075
Fe X 35.919 2,987 0.086
Co XI 38,992 ¢ PTp 0.097
Ni XII | 42,162 3¢ 19 0.108
Cu XIII | 45.440 31 P18 0.119
zn XIV | 48.837 | >°221

S1/2 °




Table 14: Si-Sequence, 3p2 3Po s
' Corrected ionization potentials
(see IPP 1/49, Table 15
Species IP A(Na) I3
Sil 8.151 55012 T
BT *19.725 4,690 1.86
SR b 3550 6458 1.81
. 8,36
il iv' 322 10.?8 s
= 1582
Ko VT 100.0 12:Q e
Ca VII 128.0 15:8 i
oo AVIELL 4159450 1566 T
i sana 19552 1T«4 1
VK 25055 19.2 1.8
G XTI 270.8 2150 i
Mn XII 514.3 22i8 1.8
Pe XLIT |+561.0 24.6 e
Co XIV | 411 26,4 1.8
Ni XV 464 28,2 i
Cu XVI 520 2030 i:
Zn XVII | 579 31.8
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