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Binding Energies for Electrons of Different Types
Charlotte E. Moore and Hepr}r Norris Russell !

The binding energy of an elestron of given Lype in any slate of & neirtral or ionfzed Atom
may be defined as that required to remove it slong successive terma of a Bpectral zerics to

its lirnit,
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1. Introduction

The first extensive table of the binding energy
with which an electron of a given type is attached
to a neuirsl or ionized atom in a specified enargy
level wag given hy one of us 22 year= ago [11° It1=
striking evidence of the extraordinarily ropid advance
of spectroscopic theory and analysiz during the 5
Biemdm' e years thnt more than 80 percent of tho

ts now availeble for the same apectra were then
included, and that very little change would he
required even in the descriptive text, A thoro
revision of the data made in conmnection with the
compilation of Bureau Circular 467, Atomic Energy
%flzals [2), has led a= & byproduct to thetables Fiven

w.

2. Definition and Types of Binding Energy

Thiz binding enargy may he defined ps that re-
nired to remove the eleciron under consideration
rom 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 the spectrel series to which the given energy level
belongs.

In ihe simplest specirs all the serics have the
aane limit., The energy level L’ {in cm ') correspond-
ing to this limit i3 given in Circular 467 at the end
of the table contaiming the Jevela ! for the individusl
atabes. ‘Tha binding epergy (in cm™") s L'—{'. In
eloctron-wolta it is Q00012395 (L' —I) [3].

In the case of m =pectroscopic term with several
components the smallest value of I should be taken,
thua giving the maximum blndiélfg eIergy.

In spectra in which terms of two multiplicifies
arise from the same “runniog’ electron and have the
sams limit, the smallest valua of I tabulated for
sither of the lwo should be adopted for ¢, for the
88Me Ieason.

Thus in Mg 1 [4] the lowest value of ¥ for a 3p
electron is 21850 for 8p 3F;, that for 3d is 46403
for 341Dy, while the limit 32 35, in Mg 11 15 81669,
The binding energy is therefore 39819 cm™', or 4.94
volis, for 3p, and 15266 cm~' or 1.89 volts for 3d, aa
given in table 1.
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The data tegarding alegtron confignrations and limjte collected in Atomic Energy
VYolumed I and IT, permit the calculation of thess n a great nunber of cases.
e present tablea give the maximum energy resulting from the addition of &1 electraon
(emch as 4p) to the ground atates of singly or doubly jonized atomes of the
ithrough Nb: and, when desirable, to one other Low state (Eac in the sees of e
These inorerse smaathly with atomic number except for & remarkable break after

3. Binding Enexgy in Compiex Specira

In the more complex spectra a given electron
eonfipuration gives nse to a number of different
terms, most of which hava three or more components;
and the addition of a p or & eleetron to ona of these
terms usually produces, in the spectrum of next
lower ienizstion, two triads or pentads of terms of
different multiplicity. To uce the tables Lo
reasonable bulk, only the lowest term helonging to
given configuration in the aspectrum of higher
ionization is included; and the tabulated binding
energy it taken aa the difference between the lowest
component of thig limit and the lowest component
(regardless of the multiplicity) of any mem of
triads or pentads of terms g from it, It thus
represents the maximum value jor an electron of
the given type. The designation of each term thai
ig included in the tables is piven 58 it appesrs in
Volume I or IT of Clireular 467 [2].

4, Cases With Two Diferent Limits

In cerisin important spectrs, bowever, two or
nccagionslly three, electron configurations give terms
at nearly the same level, a3 in claszical example
of the group Cs 1 10 Cu 11 where the lowest configu-
ration comes sometimes from 3% and in other cases
from 34* 242, In such cases the lowest term arising
from each of these configurations is adopted ss a
tabular limit, and tha binding energiea from Ca 1 to
Cu 1 corresponding to the addition of an electron of

iven typa to cach of them are given in table 1.

hose with limit 34" ara distinguished by “A" at
the head of the column, snd the others by "B.”
Only terms of group A appear in K 1 and of iype B
in Zn1. A similar situation, involving 4¢ and 5s
electrons appears from Rb1 to Cd 1. A dash in the
wble indicates that no such term exists.

For doubly ionized atoms a similar situation
rarely arises. From Cairr to Cu o, for example,
tha lowast lavel always comes from 24"% The ad-
dition of 32 or 43 to thia level givea the terma in Ca 11
to Cu 1r thus designated in table 2, which serve as
the Inmits for gn:épa. Aand B from Ca1to Cur

The further addition of 45 or 3d, respectively,
gives the same term in each are spectrum—namely,
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the lowest belonging to the configuration 34! 44,
The differences in the hindjng snergies given for Ad
and 42 in table 2 and for 34 (B} and 42 E:m{ in table 1
are therefore identical, barring oecasional effects of
rounding off the separate values.

8. Numerical Example

As an example of caleulation in this case, tole
¥ 1 [5]. Here the limit of group A is 3d* eI}, in
¥ 1 at 6 lavel of 54261 em ™' above tha ground level
of ¥V 1, while that of proup B iz 34 45 ¢ 'F,, which
lies higher by 2605 cm™", or at 56066, We then find
for ench added eleciron the configuration, term, and
lowaest level given below:

L .
Uroup & oup B
e k| Binding
Confg.| Tong Laye] rbplauls. Config.| Teem | Lavel ey
E- L)
u | By || 4% {|2ib |s'Dwg| 313 | am
w M Ar (a1l | 2113 A8 | (AP | 0P ] .06
ip Hip | 1P D39 | X6 | |AEdedp| e 100 | 15 ]
The tion for ench case is first worked out;

the lowest termn and level for this ia found by inspec-
tina of the tebles in Circular 467. The difference
between this lavel and the appropriste limit, multi-
plied by 1.23953<10"* then gives binding en: .
It ia worth noting that, in this case, none afﬂgﬁ'u
inding energles givan above corresponds to the
principal ionization potential of the atom. This is
given by the transition 3d® 45* g 'Fy,, Lo 3d* ¢ "0 mod
mvolves & doubla electron jump. Such cases are
rare, the only others in the present work cceur in Co1,
where the transition is from 347 45% & 'Fy,, to 348 a 'F,,
and in Nir whars it ie from 34 42% ¢ *F, to 3d° a TD.,,.

6, Casa of Scandium and Yitrium

Theoretically, the spectra of singly ionized atorns
from Sen to Zn 11 should contain many terms with
limits in the third spectra arising from co tione
3d* 43, which should be related to thoge with limits
from 342 axactly as %;lllp B in the firet spectra is
related to group A, e corresponding limita are,
however, so high that acarcely any such terms have
been observed except in scandium, and in yttritm
in the next long period. Tt therefors, appesrs ad-
missible to give the data for the faw known terms of
this type ssparately in table 3.

In this table the first four eolumns (which have
no counterparts in tables 1 and 2) give date repurdin
the limits here invelved—the “level’” baing measure
from that in which one & electron is substituted for
an ¢—that i, the imit adopted in table 1, zroup B,
for firet spectra and in t.ah?e 2 for second spacira.

The remaining part of the table is arranged axactly
a3 in tables 1 and 2. The entries for 3d In Sec 1 and
4d in Y r axceed those for 4s(B) and 5¢#{B) by the
level difference in the fourth column, The remaining
energy fevels appear only in table 3.

The new limiting configuration in Y 1z 19 the lowest
in the spactrom, and the transition from: this to the
lowest level in Y1, 54 447D, givea the principal
ionization potentisl 6.53 volta, which does not appear
in table 1, though it correeponds to B single jump of
8 dd eleciron,

7. Description of the Tables

Talle 1 gives the binding energies of ns, np, and
nd electrons for neutrel atoms of the slemenis H to
Nb, and for valves of s from 1 to 5, excluding those
belonging to complete shells, Table 2 gives similar
dets for singly iomized atoms from Hen to Nbn.
Full &x;])glanatiﬂns of their significences, of the groups
A and B piven for first spectra, and of the way in
which they have been celeplated, are piven in see-
tiona 3 to 5. Tahle 3 contains certain additional values
that need be recorded only for acandium and yittrium.
(Sea section &.) .

Most of the vacant spaces in the tables correspond .
to energy levels that are so situated that the strongest
lines corresponding to transitions invelving them lie
in the infrared or far in the ultrevielet and have not
vot heon observed.

It & nummber of cases some terme befonging to the
electron configuretions in question ere knhown, but
there i= no doubt that the lowest level of the con-
figuration has not vet been found {usually for tha
reason just mentioned). Here again the entry is left
blanik (or an estimated walus is occasionally given in
brackota}. )

These, and varicus other instances in which
comments ave required, are discussed in the notes
following tha tablea, Full discussions are slse Eiven

of 5 very few cases in which it now appears that the
electron configurntions amsipned in AKL should be
changed.

The order in which the eleetron £5 ale pre-

sented in tabies 1 and 2 is that in which they form
“complete shells” and enter the ihmer part of the
atomic structure—as is shown by the iermination
of the verticel column for sach.

Until the given electron i invalved in the produe-
tion of such & shell, the incraase of its binding ensrgy
with atomie number & slow, with osearional irre
larities arising irom the choice of the lowest level in
each co ation rather than the mean. During
the formation of the shall involving the given electron,
the increase in binding energy is much festar. The
remarkable reversal of this increase at the point
whera a sghell of 4 elestrons ja half filled may be
tentatively explained s an effest of the raversal of
the spin of the sixth added eleciron demanded by

Pauli's principle.
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TarLe 3. Addilienal binding energies for Se and Y

Launift Binding Encrgy
Apestrury | Gonfig [ Dhesle, | Lewel || Bpseboum k] 1ix dp i LY Ip B
2]
Bam LT -y 146 EpI" athyy S8 | sy A® |l R P
Yo LT ' —i 1t b S PO F [ B E s TR . - N P, ##Fhy AR | piDny LN
B o £ 4x gy 317 [ ] 6Dy 159 | oWy J&5L (PR OINDD | [ IR (P A
Tm ar 5x Ty L B 20 | I O gDy I3.22 | 48 1337 'Fh LAl | gD BN

“An Eeterisk refers 10 apeclal Dok on individosl spesrs.
Binpina Ewerares—oTes ™0 Tases 1, 2, awp 3
[An asterisk {*) In the tables applies to tha following epestra]
Be 1 Intersyetarn combioations between the sitglot and
triplet terms have not been obesarved. The relative
pitionis of the two seta of terms are excellently
etermined by lohg sorcies, the mlative uncertainty
being about £2 om—L
The termz 4,0p'F? have been calculated from the
geries formula but not comnfirmed by obeervation.
They mre entered in breckets in the table.

Zae reference {§]. Omly one level iz knowo far Gp,
perhaps not 1he loweat.

Hir The generel run of bindin

F1

energies for the 3d elemtron
indicates that the configurationa of the two loweat
ID* ferme ks gived in Atomins En Levels, I, p. 145,
should be interchanged to rend as follows:

Configuration ‘ BPlesignation Lewal.
3¢ 3p° 3pF Dy 4B2TE. 20 ete.
3 3p{*P°) 34 24 D; L8399 15 wte.

Ir thiz change ia made, the bindihg evergy for 34 13 then
deterngined from the level 3d1D3=473F1.53, s haa been
done bere. This change showld he confirmetl by further
obeervations. .

P The jenization potential eat-imat-edsl&g W, Finkelnburg
and F. Stem, (Phys. Rav. 77, L (105013, from
the regularities in the run of the sereening conetanta
in preferable tp that given jn [Z, mﬁﬂ], ‘Tha
corresponding lirnit 85115 em™ hag uped i
aaleulating the binding energies,

The ferm P should be rejectad,

Ki1-Zn: Group A: The lmit ia the lowest level of the con-
figuration dd*-! in the aingly jonized Btom
[ 1{E3 b2 11 {Cul].
Group B: The limit is the loweat level of the oone-
figuration 3dr=f4a in the singly ionized atom
[re=2 (Ca} to 12 (Znj].

Ca1  The following term has receatly been m{»orted by 4. .
Hurnphreys (J. Reassreh NES 47, 262 (19513 Rgmﬁz}.
Dresdgmiation J Level Yuterval
A8474 BT
14, 52
& F 48480 19
15 91
43508, 10
1
PITIT—52—&

It has been used 1o l:alculnté the bioding enargy for 34,
Zroup A in tho tabla

Sc1 Taeble 3. Rarah has suggestad that the configaration
of £2F* should be corrected In "AELY {0 read
1gi(g '8)4p instead of JB{s 'W)dy. Assumfag this
cﬂrreut.inu, the binding energy for 4p comes from
this term.

Cr 1 The binding energy for 3p, group B, ia omitted becauss
the genernl run of wea io thiz column indioetes
thet the lowest known level (#5F)) ia oot tha
lowegt in the trisde to be ezpested, and does not,
therefore, give the maxdmum binding energy.

Me1 The lowest lovel for 3d, group A, is not known io
Mn1 The level ¢ 1Py 516858.17 Ls not the lowest,

and has, therefore, not used.

Br1 The maghitudes of the binding energies indisate that
the terms from ihe 44 and 5d 2lectroos heve oot bean
&:;jlim'iﬂi and that the Enown ad terme are fwom Gd
4 :

Rbh -Nh1 Group A: Tha limit Ia the loweagt Jevel of the con-
figuration 4d*! jn the singly ionized =atom
[n=1(Rb] to S(Nb]).

Gronp B The Hmit §s the lowest lavel of the poo-
figuration 4d**5¢ In the sogly jonlsed atox

[r=2{8r) to H{Nh]]

3r1 The knowh tertn 44 P from this configuration 8 un-
doubtedly higher than the unkoown 44 3F tearm,
Consequently no entry i given in table 1 for 44,
EQoap A

B No intersystem eombilhations conoecting the singlet
and triplet svetema of terms have beon obaervad.
Biten the relagtive pomtions of the two gete of terma
heve been eatimated, all aotrlss in the table axue?t
that for 21 are subject to an uneertainty that probably
doea ot exveced £ 0.03 wolt,

Frn The quintet terms are oot connocted with the rest b
obeerved intereystem coinbinations,  Snee thei{
redative positions have bean estimated, the tebulsr
entries for 3a, 3p, 3d, and 4» are subjoct to an uncer-
tainty probably not exoseding £0.03 volt.

Be 11

Ti ot

V o [ Revieed limit given by H. N, Busacll {J. Opt. Soe. Am,

Cra'} 4% 619 {1950)) usod for the calculstion of binding

Fa enargies.

Corx

Nim

Wasnrnaeron, August 30, 1941,






