
 Open access  Journal Article  DOI:10.1364/JOSA.61.001101

Energies of the Electronic Configurations of the Lanthanide and Actinide Neutral
Atoms — Source link 

Leo Brewer

Institutions: University of California, Berkeley

Published on: 01 Aug 1971 - Journal of the Optical Society of America (Optical Society of America)

Topics: Lanthanide and Lawrencium

Related papers:

 Energies of the Electronic Configurations of the Singly, Doubly, and Triply Ionized Lanthanides and Actinides

 Correlation of some thermodynamic properties of the lanthanide and actinide metals

 
Theoretical Treatment of the Energy Differences between fqd 1 s 2 and fq +1 s 2 Electron Configurations for
Lanthanide and Actinide Atomic Vapors*

 Interpolation scheme for the cohesive energies for the lanthanides and actinides

 
Energy Differences between Two Spectroscopic Systems in Neutral, Singly Ionized, and Doubly Ionized
Lanthanide Atoms

Share this paper:    

View more about this paper here: https://typeset.io/papers/energies-of-the-electronic-configurations-of-the-lanthanide-
nk637s8h9y

https://typeset.io/
https://www.doi.org/10.1364/JOSA.61.001101
https://typeset.io/papers/energies-of-the-electronic-configurations-of-the-lanthanide-nk637s8h9y
https://typeset.io/authors/leo-brewer-3ms5d90rp1
https://typeset.io/institutions/university-of-california-berkeley-24veh4gb
https://typeset.io/journals/journal-of-the-optical-society-of-america-o3uqof3c
https://typeset.io/topics/lanthanide-2dra7s3c
https://typeset.io/topics/lawrencium-2qlq15nc
https://typeset.io/papers/energies-of-the-electronic-configurations-of-the-singly-iw6mllgcz4
https://typeset.io/papers/correlation-of-some-thermodynamic-properties-of-the-32zmo4sffw
https://typeset.io/papers/theoretical-treatment-of-the-energy-differences-between-fqd-d36i1potos
https://typeset.io/papers/interpolation-scheme-for-the-cohesive-energies-for-the-4upxlr85o6
https://typeset.io/papers/energy-differences-between-two-spectroscopic-systems-in-1tl0f820ra
https://www.facebook.com/sharer/sharer.php?u=https://typeset.io/papers/energies-of-the-electronic-configurations-of-the-lanthanide-nk637s8h9y
https://twitter.com/intent/tweet?text=Energies%20of%20the%20Electronic%20Configurations%20of%20the%20Lanthanide%20and%20Actinide%20Neutral%20Atoms&url=https://typeset.io/papers/energies-of-the-electronic-configurations-of-the-lanthanide-nk637s8h9y
https://www.linkedin.com/sharing/share-offsite/?url=https://typeset.io/papers/energies-of-the-electronic-configurations-of-the-lanthanide-nk637s8h9y
mailto:?subject=I%20wanted%20you%20to%20see%20this%20site&body=Check%20out%20this%20site%20https://typeset.io/papers/energies-of-the-electronic-configurations-of-the-lanthanide-nk637s8h9y
https://typeset.io/papers/energies-of-the-electronic-configurations-of-the-lanthanide-nk637s8h9y


Lawrence Berkeley National Laboratory
Recent Work

Title
ENERGIES OF THE ELECTRONIC CONFIGURATIONS OF THE LANTHANIDE AND ACTINIDE 
NEUTRAL ATOMS

Permalink
https://escholarship.org/uc/item/8501p9sq

Author
Brewer, Leo.

Publication Date
1971-02-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/8501p9sq
https://escholarship.org
http://www.cdlib.org/


-• 

i 

Submitted to Journal of 
the Optical Society of America 

''. 

UCRL-20503 

Preprint ~ -~ 

ENERGIES OF THE ELECTRONIC CONFIGURATIONS 
OF THE LANTHANIDE AND ACTINIDE NEUTRAL ATOMS 

Leo Brewer 

February 1971 

AEC Contract o. W-7405-en -48 

TWO-WEEK LOAN COPY 

This is a Library Circulating Copy 

which may be borrowed for two weeks. 

For a personal retention copy, call 

Tech. Info. Division, Ext. 5545 

c:: 
() 

:;o 
t"< 

I.~A~'lRENCE RADIATION LABORATORY? ~ 

UNIVERSITY of CALIFORNIA BERKELEYV ~ 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 

Government. While this document is believed to contain correct information, neither the 

United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or · 

assumes any legal responsibility for the accuracy, completeness, or usefulness of any 

information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 

process, or service by its trade name, trademark, manufacturer, or otherwise, does not 

necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 

California. The views and opinions of authors expressed herein do not necessarily state or 

reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



-1-

.. 

Energies"of the Electronic Configurations of the Lanthanide 
and Actinide Neutral Atoms 

Leo Brewer 

Inorganic Materials-Research Division, 
Lawrence Radiation Laboratory 
and Department of Chemistry, 

University of Calif'ornia, 
Berkeley, California 94720 

ABSTRACT 

The thermodynamic data for the lanthanide and 

actinide metals have been combined with spectroscopic 

data to develop a method of estimating the energies 

of the electronic configurations of the neutral gaseous 

atoms. Term values are tabulated for the lowest spec-

troscopic states of each configuration. Many of the 

odd terms of Lai have been reclassifi.ed. 

rnTRODUCTION 

The energies of the various electronic configurations of the gaseous 

atomf:l provide important information that can be used to fix the crystal 

structures and thermodynamic data for the elements and thelr compounds .. 
1

'
2
'3 

Conversely, thermodynamic data.can be used to fix the enercies of elec-
.._____ 

tronic confieurations. In particular, the relationship:; between lattice 
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constants, melting points, and enthalpies of sublimation and the cohesive 

energies of the metals can be used to predict some of the missing energies 

of electronic configurations of the gaseous lanthanide and. actinide atoms. 

' I had been thHarted from working with the lanthanides and actinides 

earlier because of the belief that virtmtlly no spectroscopic data were 

available. H~Never, in response to_the challenge
4 

to apply to the acti-

·" nides the methods successful for predicting the behavior oftransition 

metals, I discovered that su.fficien~ spectroscopic information hadbeen 

added dUring the last decade to allow detailed predictions of the metal-

lurgical chemistry of the lanthanides and actinides. 

Comparison of Melting and Boiling· Points of .the Lanthanides 

The use of spectroscopic data to interpret thermodynamic data is 

illustrated by the dilemma posed by Figure 1 which contrasts the variation 

of melting point of the lanthanide metals with the variation of enthalpy 

of sublimation, which is closely proportional to_the boiling point. The 

-· 

relationship between lattice constant and number of· electrons used in 

bond~ng 5 ' 6 establishes that the lanthanide metals use essentially only 

three valence electrons for bonding except for Eu and Yb which use only 

two bonding electrons. When bonding is similar in the solid and liquid 

phases, the melting point is expected to increase with increase of'the 

strength of bonding or the cohesive energy. Thus the low melting points 

· of Eu and Yb are clearly related to their bivalent bonding character. 

For the trivalent metals, the general increase in melting point with in-

crease of nuclear charge and corresponding decrease in atomic radius is --...__ __ 
attributed to increasing cohesive energy. However, the enthalpies of 

sublimation shovr a steady decrease from La to Sm in contrast to the 
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increase in melting points. Then there is an abrupt increase in enthalpy 

of sublimination for Gd followed again by a decrease in enthalpies of 

sublimation running contrary to the incrcasine; melting points. 

The contradiction bet-vreen the trends in melting and boiling points 

is resolved by examining Figure 2 which shows the energies of the lowest 

electronic states of some of the configurations of the lanthanides. As 

the 4f electrons do not contribute s_ignificantly to bonding, the divalent 

or trivalent character of a given configuration is determined by the 

number of non-f electrons. In contrast to the trivalent Character of 

the lanthanide metals other than Eu and Yb, the ground electronic states 

of almost all of the gaseous lanthanides are divalent. As one goes 

from La. to Eu, the energy of the divalent ground state drops steadily 

relative to the trivalent electronic configurations. There is a sudden 

jtnnp in energy of the divalent state of Gd followed. by a ·drop for the 

heavier lanthanides. It is cle~ that the abnormality of the trend in 

boiling points is not to be attributed to the metallic phase, but is due 

to abnormality of the gas. The vapor consists predominately of atoms of 

different valence character than in the metal. The correct measure of 

the cohesive energy is the enthalpy of sublimation to a gaseous atom with 

the same electronic configuration as in the metal. Figure 3 shows 

melting point trend again compared now with the cohesive energy or the 

enthalpy of sublimation of the trivalent metals to the gaseous atom in 

a trivalent electronic state. For Eu and Yb, a bivalent valence state 

was used. ~1e cohesive energies as measured by the energy required to 

pull apo.rt the atoms without change in electronic ...... (!onfi{;Uration are seen 

to show the same trend as the melting points v1ith the exception of Ce 



-4- UCRL-2:)503 

which is complicated by contributions from several €lectr)nic configurations 

in the liquid state. 

Calculation of Enerr;y Differences of Divalent an 1 Tri' -alent States 

In those instances where the metal is trivalent and 1 he c;round ~;tate 
/ 

of the gas is divalent, one can use the enthalpies of sub~imation deter-

mined from vapor pressure measurements to calculate :.;he erergy difference 

between the lowest spectroscopic sta:e of the trival mt bc•nding configura­

tion and the bivalent ground state for the gaseous a'jom. For examp~e, 

when the electronic configuration in the metal can be fiX('d as fn- 3dsp 

on· the basis of the crystal structure of the metal
1

' 
2

' 3 a1 .d the ground 

t t f th t · · d t th fn- 2 2 f" t. · t,. s a e o . e gaseous a om correspon s o · e s con 1.c:ura 1on, 1te 

n-3 
energy difference between the lowest spectroscopic rtates of the f dsp 

and fn-
2

s
2 

configurations is given by the difference bebT< en the valence 

state enthalpy of sublimation or bonding enthalpy, sh)Wn ir. Figure 4, and 

the experimental enthalpy of sublimation. The metho l. wiL. be illustrated 

by the example of holmium. The variation of bonding enth<.lpy with atomic 

number is smooth enough and slow enough so that one ·:an r(·liably inter-

polate between the kno"m points of Figure 4 for Dy a1d Er to obtain a 

. 10 . 8 0 
vaJ. ue of 137. 5 kcal/ gram atom evolved when Ho 1n the f dJ •S M

25
; 

2 

gaseous atomic state condenses to metallic Ho with hexagorLal c:ryftal 

structure. The calculation of the kno1m points of Figure 4 can 1 e illus-

. . 12 2 3 
trated for Er. The ground electronic state of gaseous Er is f f H6 

I 
and from Figure 2 "le see that the f

11
dsp 7~ 2 state of gar.eous Er is 

22 900 cm-l or 65.7 l~~al higher in energy. The enthalpy of subljmation 

of hexagonal Er at 298°K to the 
3
H

6 
G!'ound state of the gaseom; atom has 

been determined as 75· 8 kcal/ gram atom. 7 'l'he bonding enthall)Y of f'11dsp 

.!II' 
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7 ~ 2 atoms to form hexagonal metallic Er is then 75.8 + 65.7 = 1tr.1. 5 kcal/ 

gram atom. The corresponrUne bonding enthalpy of hexaeona.l Dy is 133. 5 

kcal/gram atom. A linear interpolation yields the 137·5 kcal value for 

Ho. The e:r.:perimental enthalpy of sublimation of hexagonal Ho metal to 
.• 

the f
11

s
2 1

~r~ 5 / 2 gaseous ground state is 71.9 kcal/ gram atom. 7 Thus one 

obtains 137·5-71-9 = 65.6 kcal or 22 900 cm-l as the energy of the f
10

dsp 

8 0 
M

25
;

2 
state of Ho above the ground state. As one 

10 . . 8 0 -1 , 
the f ~sp M

25
; 2 at 15 200 em above the energy 

can fix the energy of 

10 2 6 
of the f ds r

17
; 2 

state, the lowest trivalent level, by methods to be described below, the 

difference in energy between the lowest divalent and trivalent states of 

f
11

s
2 

and f
10

ds
2

, respectively, is 7 700 cm-
1

• 

Similar calculations can be carried out for most of the other lan-

thanides and actinides. However, for Eu, Yb, Md, and No, which are 

bivalent,for La, Gd, Lu, Ac, em, andLr, which are trivalent, and for 

Th, which is tetravalent, for both the metal and the ground state of the 

gas, no information can be obtained from the heat of sublimation concern-

ing the energy difference between electronic states of different valency. 

For Ce, the gas and most of its metallic forms are trivalent, but to the 

extent that the dense face-centered cubic form of Ce can be considered 

tetravalent, information concerning the energy difference between tri-

and tetra-valent states of Ce can be estimated. For all other lanthanides 

and actinides, excepting Pa, u, and Np, the heats of sublimation are 

directly related to the promotion energy required to raise the ground 

divalent electronic state to a trivalent state. TI1e cround states of 

Pa and U are trivalent and the eround state of Np is divalent, but the 
···- .... ,.__. 

metallic states usc valencies of four and ldcher and the heats of 
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sublimation will be related to the relative energies of several.valence 

levels. For those metals with different valencies in the metal and gas, 

the promoti.on energy between the gaseous states of different valency is. 

given by the equation: Promotion Energy = Bonding Energy minus EnereY of 

Sublimation. Where the sublimation energy is not lr.nmrn, but the promotion 

energy is know, the sublimation energy can be predicted by the reverse 

calculation. 

Prediction of Energies of Electronic Configurations 

The problem of estimating the energies of the various electronic con-

figurations of the gaseous atoms can be divided into two parts. The first 

is the determination of the relative energies of states of a given atom of 

different valency or with different numbers of f electrons. The second 

is the determination of the energy differences between different electronic 

configurations with the same valency or with the same number of f elec­

trons~ Racah
8 

had suggested methods of estimating energy differences be-

. 9 . 10 
tween states of different valency and Camus and Fred · have presented plots 

which could be· interpolated or extrapolated to obtain estimates. I have 

combined these methods with values obtained through use of heats of subli-

mation as described above to obtain the values of Figure 5 for the energies 

of the lowest electronic state of the fn-
2

s
2 

configuration compared to the 

lowest.electronic state of the fn-3ds
2 

configuration for all of the lanthanides 

and actinides. In addition the energies of the lowest electronic state o~ 

th f n-4d·2 2 f' t• · f th t· · Th t Pu Th 1 e s con ~gura ~on are g1ven or e ac 1n1des o • e on y 

l~thanide for which a tetravalent value can be given is cerium for which 

the d
2

s
2 

3F
2 

state is estimated to lie 36 000 cm-
1 

above the g:ound 

fds
2 1

G
0 

state. 
4 

t 
•• 1 I 

I 

j 

i 
,vl 

! 

I 
I 
I 
' t 
; 

I 
! 

I 
i 
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The second purt of the problem of the enerc;ics of different con-

_flguratj_ons of the srune valency depends upon considerinc; the varintiona· 

of the relaU.ve enerc;ies as a function of atomic number in terms of the 

relative<nuclear shielding by f electron::; of the s,p, and d electrons. 

9 11 . t . th th. . . . Camus, Nir ·,and other authors have no·ed at ere were ind~cations 

of smooth variation of relative energies of different configurations 

with atomic number. Enough data are now available to demonstrate that 

qUite accurate predictions can be made for many configurations and the 

·ability to predict is rapidly increasing as more data become available. 

To check on the accuracy of my methods of prediction, I prepared 

tables indicating the estimated values for the various configurations 

along with limits of uncertainty. The table for a given element was 

distributed among the spectroscopists who had published recently on that 

element. Altogether I received thirty eight newly determined experimental 

values. Of these only thirty one were checks of my estimates; the other 

seven values that I had listed were based on approximate values re-

ported in the literature that must have been based on preliminary measure-

ments as they were very close to the accurate experimental values. 

Virtually every new result was within the limits of uncertainty that I 

had listed. Of the nine checks of my estimates of ~- 2 sp or ~-3dsp 

energies relative to fn-
2

s
2 

and fn- 3ds2, respectively, the differences 

between the experimental and estimated energies varied from less than 

-1 . -1 n-2 
100 to 9 00 em · with an average deviation of 350 em • For the :f ds, 

n-3 2 ..n-4 3 2 f d s, and 1·. d s configurations relative to the corresponding s 

configurations, the average deviation v1as 750 cm-l For the con:figura:.. 

tions p
2

, dp, d
2
p, and s

2
p relative to s

2 
and ds

2
, respectively, the 

-1 3 
average deviation was 3000 em The averD.Ge deviation :for tl1e d · con-

figUrations was 2600 cm-l The averac;e deviation of the energy difference 
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between divalent and trivalent states v:a::; 1600 cm~ 1 
and; 1-1ith one excep-

tion1 the averaee deviation for estimates of· the enc:rgy.difference between 

.. . -1 
trivalent and tetravalent states was 2500 em • With the inclusion of 

these n~w ·data, the uncertainty of the remaining estimates has been con-

siderably reduced. 

The one serious discrepancy in the estimation of the energy of the 

tetravalent states of Pu has important consequences in regard to inter-

pretation of the bonding of plutonium metal and will be discussed in more 

detail in a forthcoming paper, but· a brief discussion is 

here.· The energy·of the f
4

d2,s
2 ~M 6 state of Pu has been 

appropriate 

. t f" 25 recen ly 1.xed 

6 
-1 4 3 9 ' 4 -1 

at 3 051 em .. from which the f d s M
5 

state can be fixed at 2 500 em • 

I had first estimated
4 

the energy o:f the :r4d3s state as >> 21 000 cm-l 

f'rom vrhich I drew the conclusion that plutoniUm metal can not be using 

more than three non-:f electrons in bonding. This conclusion is now 

:firmly fixed by the spectroscopic data. However, the use of only three 

non-f electrons led to difficulties in regard to the role of 5f elec-

trons. in bonding as the internuclear distance and heat of sub-

limation of Pu indicated more than three bonding electrons. On the other 

hand, one can account for the internuclear distances and heats of sub-

limation o:f the lanthanides a.ndheavier actinides without any substantial 

contribution o:f f electrons to the bonding. n1e decisive argument 

against u.Se o:f f electrons in bonding vms the heat of sublimation of Pa 

vlhich was smaller thhn one vrould expect with use of the fd3s con:figuration 

asswning no contribution to the f electron. On this basis I revised my 

estimate of the tetravalent states of Np and Pu do,.,rm;ards. It now appears 

that the heat of sublimation of Pa is in error to the extent of at least 

,. 
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five kilocalories per mole and one must allow for significant contribu-

tion of 5f electron bonding for the metals Pa, u, Np, and Pu. I have 

also increased my estimates of th~ tetravalent states of Np and Am· to be 

consistent with the new Pu data • 

All of the newly determined data have been incorporated in Figures 

6 and 7 which present the energies of the lowest spectroscopic states of 

the divalent con:fiVU"ations of the lanthanides and actinides, respectively, 

relativ~ to a reference zero for th; lo'\o~est state of the ?-2
s
2 

config­

uration and in Figures 8 and 9 'which present the corresponding values for 

the trivalent configurations relative to a reference zero for the lowest 

state of the fn-3ds
2 

configuration. 

The energy required·to promote an s electron to a p state can be 

2 2 2 2 
examined in terms of the sp-s; dsp-ds, dp-ds, and d p-d s energydif-

ferences. The first two promotions involve low'levels which are less 

mixed 1-1ith other configurations and show a very simple behavior. The 

. 2 2 
two sp-s curves for the lanthanides and actinides and the two dsp•ds 

curves all fall almost one on another with only slightly greater (5-20%) 

promotion energies for the actinides than for the lanthanides. There 

is a slow linear increase of promotion energy with atomic number until 

the f shell is half..,.filled and a faster rate of increase for the second· 

half of the f shell; for example, 260 cm-l per~ for sp-s
2 

up to Eu 

and 460 cm-l per ~ beyond Eu compared to 100 cm-l per ~ for dsp-ds
2 

up to Gd and 480 cm-f.per ~ beyond Gd. The rate of increase of promo-

tion energy with Z is 2.3 to 2.7 times faster for the actinides than 

for the lanthanides. All of these results are those to l)e expected on 

the basis of the p elect.ron beinc; better shielded from the nucleus by 
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the· f electrons than are the s electrons. 
2 2 

The dp-ds and d p-d s 

promotion energies vary in a similar but less regular way as these more· 

excited states interact more l-Tith other configurations. 

rt might have been expected that the curves of Figures. 6-9 would be 

much·less regular and therefore less useful for making accurate predict­

,<. in;. or ~:is .. $fng values because of configuration interactions. The pro-
. ~ . 

,, ·. ,· _,~ . 

.. cedll!e' '·u~ec( here takes advantage of the fact that these interactions can 
~ 

·be expec;:ted to ·vary reasonably smoothly from element'to element. The 

·lowest'state of each configuration is used rather than the center of 

gravity because the energy of the lowest state is more useful for pre-

dieting thermodynamic properties of metals. . It is also often the least 

perturbed state, at least for low lying configurations. 

The promotion of an s. or p electron to a d electron shows a more complex 

behavior. As Z is increased, the d · electron first drops in energy as in the 

transition metal series and then starts t.o rise as the f electrons be-
. . 

come' more effective shielders of the nuclear ~barge. The initial drop 

and the subsequent·increase is more rapid for the actinides than for the 

lanthanides• By consideration of these various shielding effects, it 

is possible to fill in the missing points between the experimental values 

which are shown as circles in Figures 6-9,· and to extrapolate beyond the 

experimental points as indicated by dashed extensions of the curves. 

Interpolated points of well behaved c~es such as the sp or dsp curves 

could be fixed withib an uncertainty of 100 to 300 cm-l The values from 
-· 

the e{'trapolated curves obviously become less certain the greater the 

extrapolation. A similar set of more poorly defined cm'ves was also 

prepared for the tetravalent ctates of the actinldes. 
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The -relative energies of the various configurations of a. given valence 

cah then be combined with the energy differences given in Figure 5 between 

levels of different valence to obtain the spectroscopic term values. The 

most striking feature of Figure 5 is the more rapid stabili_zation of the 

divalent state relative to the trivalent state for the first half of the 

lanthanides than for the first half of the actinides due to the slO\ver 

stabilization of the f electrons for the actinides and the reverse be­

havior ~fter the f subshell has b~en half-filled. This variation accounts 

for the greater volatility of the lighter lanthanides compared to the lighter 

actinides and predicts that the second half of the actinides will be more 

volatile than the corresponding lanthanides. The. contrast in volatility 

between the first half of the lanthanides with the corresponding actinides 

is enhanced by the use of tetravalent and higher valences by the actinides 

from Th- to Np. A paper to be submitted to a metallurgical journal will 

detail the many metallurgical applications of spectroscopic data. 

-Tabulation of Term Values 

Tables I-XXX present the term values of the lowest spectroscopic state 

of each electron configuration listed for all of the lanthanides and ac­

tinides. Aithough the coupling-cases vary greatly. among the electronic 

configurations of the lanthanides and actinides, most publications have 

used LS nomenclature for purposes of identifying the levels and this 

practice has been follovred here. In some instances the published work does 

not give LS identifications for the reported level. In those instances the 

actual courlinB is tabulated along with a corr.~sponding LS symbol. 
·--.. 
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In many instances it is found that the lovrcst state is the state pre-

dieted by Hund 1 s rule even when LS coupling docG not hold. When the anal-

yses are incomplete, it is not al-v;ays clear that the lowest reported state 

is the 1m-Test energy state of the configuration. If the lowest observed 

state '\or as in agreement with Hund 1 s Rule, it "'vas accepted as the lmvest state. 

otherwise an attempt was made to predict the position of the Hund 1 s Rule 

lowest state to determine if a lower state had been missed or whether Hund 1 s 

Rule was not obeyed. When the, lowest state does not correspond to Hund 1 s 

Rule, the symbol is f.ollowed by an asterisk. In general the asterisk means 

that the indicated state is accepted as the lo"'vest state; in a few instances 

o:f very incomplete data, there may be yet lower states of the configuration. 

When the lowest state has not been established experimentally or by theoretical 

calculations, the state symbol is given in parentheses and is usually the 

lowest state according to Hund 1 s Rule, whether Hund's Rule is expected to 

hold or not. vlhen Hund1 s Rule is found not to work, the estimates of the 

energies are not to be changed; the state designations are to be changed 

as. the thermodynamic data for the metal will give the·. energy of the lowest 

state using the procedures described above. 

The energies are given in thousands of wavenumbers. Since the un-

certainty of the thermodynamic data for the metals is on the order of 

0.3 x 103 cm-l or larger, none of the estimated values are given to closer 

( 
-1 

than a tenth of a unit 100 em ). Unless indicated otherwise, the un- • 

certainty of estimatrs should be below 1000 cm-
1

• Values obtained .from 

long extrapolations have larger uncertainties which are listed. 

Moore's bibliography
12 

was indispensible for a review of the literature 

and the experimental values given in-the tables came from the references 
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given by Moore plus a few recent references. Moore's bibliography will 

not be duplicated here and the numbers in parentheses after each table 

heading refer onlyto the recent references and to those older references 

from which tabulated values were actually obtained. 

The values given in Tables I-XXX are restricted to those involving 

4f, 5d, 6s·and 6p electrons for the ianthanides and 5f, 6d, 7s and 7P 

electrons for the actinides. All divalent configurations involving these 

electrons have been tabulated. Valu~s are given for all trivalent con­

figurati.ons except for fn-3p3 and fn~ 3 dp 2 , which shoUld lie well above 

30 000 cm-l for all lanthanides and actinides, and only a few estimates are 

. n-3 2 
g~ven for f sp • It is unfortunate that among the transition metals and 

the lanthanides and actindes, values for the sp
2 

configuration are known 

only for Y, Gd, and Lu as this configuration is expected to be of metal-

lurgical importance. vlith only these three data, it is difficult to make 

predi~".tions for the remaining elements. It is hoped that the availability 

of the predicted values for yet unan configurations will be of aid to 

spectroscopists in interpreting and assigning the spectral lines which are 

only 10% assigned for some of the lanthanides and actinides. 

Assignment of La! Levels 

AG an illustration of the use of Tables I-XXX in assigning of levels, 

the odd terms of La! will be considered. From Table I, we predict that 

all le~els belol'r aboJt 38 000 em -l must belong to the five configurations 

dsp (nine states_), s
2
p (one state), fs

2 
(one state), d

2
p (nineteen states), 

and fds (fifteen states). The nine possible states of the dsp configuration 
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have been found bet\'reen i3 260 and 25 950 em -l and eighteen state:> of 

the d
2

p configuration have been assigned 

with only 
2

P missing. or the two states 

in the range 17 947 to 33 204 cm-l 

2 2 2 2 
s p P and fs F expected around 

..;1 
15 000 em · ·, only one state with sublevels at 15 2?0 and 16 280 cm-l which 

is attributed to 
2

P has been reported. :t-1any other odd levels are listed
1

3 

between 23 221 and 32518 cm-l that either are not assigned or are assigned 

to the fd
2 

configuration for which we predict no states below about 

38 000 em -l Two unassigned levels .at 30 722 and 37 732 em -l are within 

the unc~rtainty of the 38 000 ~-l limit and could bel.ongto fd
2 

One 

can reassign the states below 32 6oo em -l to the fds configuration as · 

shown in Table XXXI. 

The ·onzy levels which have not been located.are the ~~~ 2 ~ll/ 2 state 

. -1 2 0 
which should be around 23 000 to 30 000 em , ·a P

1
/

2 
level around 27 000 

-1 4. 0 . . -1 . 4 0 
em , the H

712
_
13

/
2 

state whJ.ch should be around 30 000 em and P
1

/
2 

. -1 2 . . 
which should also be around 30 000 em , and G

712
_
912 

which should be 

around 28 000 to 30'000 cm-
1

• Four odd levels remain unassigned below 

... c. .:.1 . . 2 o I 4 8 
:JU 700 em • They are the v' · F ? state, J = 5 2 at 2 . 507. 9 vrith 

g = 1.159 and J = 7/2 at 25 378.46 with g = 1.13, and the 4f r 
2
F

0 
state, 

J = 5/2 at 31 477.16 with g = 0.92 and J = 7/2 at .32 140.60 em-l with 

g = 1.16. Since the two possible 
2
F

0 
states of the fds configuration have 

2 0 4 2 0 . 
been assigned; the v' F and f F states have no assignment to a con-

figuration with an f electron unless some of the levels assigned to the" 

d
2

p configuration are misassigned and there should be some interchange 

between the levels assigned to the d
2

p and dsf confic;u.rations. · Since the 

-1 
confieuratiom: cover the ranges 17 947 to 33 204 and 23 221 to 32 500 em 

respectively and since four pairs of states (
2

P, two 
2n, and 

2
F) lie 
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. . -1 . 
within 1000 em of one another, there must be cons.iderable configuration 

interaction and some states must be assigned at least in part to both 

configurations. In addition, between two to four J values must have 

been misassigned to accomodate the four unassigned levels. Around 160 

lines of the Lai spectrum are unclassified and additional study should 

locate the three missing 
2

H0
, 

4
H

0
, and 

2
G

0 
fds states and the missing 

d
2

p 
2

P
0 

state plus the three missing J = 1/2 levels of b.oth configurations. 
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Table I. 

Odd Terms Even Terms 
.. 

dsp 4 0 13~260 .,. , ds2 · 
2 '. 

0,;000 F3f2 
.. 

.. D3j2. 
"· 

s2p 2 0 .? 
pl/2 • .15.220 

. ':> • 

d .... s 
4 . 
1!,3/2 2.668 

·~ 

.·fS2 (2FO ) ~ (~15.1) d3 4F '· l2.430 .:. 5/2. . 3/2. 

d2p 4 0 
17-947 :fsp . (4G I ) . (?.27 .8) . 

GS/2 52_ 

fds .20 0 . 
.. 7/2 * 23.221 # :fdp ... (4I9/~) .·· (?.37 .6) 

:fd?. (4Io ) 
9/2 

(~3B.o) 

:fp2 (4GO ) 
sf2 

(~49 •.. ) .. 

I· 

-

. ' 

~~ .. 

. . 



Odd Terms 

fds2 10o * 
4 

~' 
fd2s sug -IE· 

fd3 . sro 
4 

r2sp (SIO) 
. 4 

f
2dp (~0) 

6 

fsp2 (sao) 
2 

ds2 p (3FO) 
2 

d2 sp (SG~) 

d3p (sao) 
2 
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Tab1e II. Ce I, 103 cm-1 

0.000 r2s2 

2.369 r2ds 

12.35 fdsp 

(17.9) fs 2 p 

(28. ) fd2 p 

(30. )±10 f2d2 

(48. )± 5 d2s2 

(50. )± 5 f2p2 

(58. )± 5 d3s 

dsp2 

Even Terms 

1i .· 
4 4.762 

SI -IE· 
4 12.114 

(SI4) ·. 13.4 

(:3p )* 
3 (15. 6) 

tSK ) \ s (17.9) 

(~6) (27. ) 

eF
2

) (36. )± 5 

(SI4) (39. )± 9 

(~). (42. )± 5 

(=T) (51. )±10 
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Table III. Pr: f, 10
3

cm-
1 

~. 
-.--

. Odd Terms ·· . Even Terms 

f3s2 '4!~/2 0•0 · .f2ds 2 
._ ·- c~K11/2). ( 3. )± 1~5 

~d~ . ( 6 ~~1/2) ' ( 8.0) f 2d2s (6Ln/2) .·.· ( 5.2)± 2 

. . <6 o I ) 
.. 

f 2dsp · Ln 2 . (16.4)± 2. . ·• 
:r?>sp '(6Kgf2) (13.4) 

t2s2p .· ( 4 I~/2) (19. )±.2 . f2d3 
(
6

L11/2) (15. )± 2 
.; .. -

f2d2p ( 6 M~~/2) . . . 
_(21. )±2 i'dp ···(~13/2) '(23~3) 

'f3d2 ( 6 M~3/2) (22.2) 'rd2s2 ' (4Hoj ) * (51. )± 5 . 7 2' 
,· 

~ 

:f3p2 ( 6 k~/2) ·. (34. )± 1 
'-, 

,l 

.. :.· 

·-~ 
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Table IV.· Ndjf, 103 cm ... 1 . cr 1 1 ~3 1 3 z. () 2 -r'\ ·--..____.: 

I I . I ·• ·.I 

"' 

·Odd Terms Even Terms 
~~ 

f 3ds2 s
1

o 
. 6 6~764 f 4 s2 · 5I4 o.ooo 

f 3 d2s 7M~ 8~_8)0 f 4 ds · 7 
Ls' 8.475 

f 4sp 7KO 4. 13.673 f 3 dsp 7
MG 20.272 

. f3d3 _(7M~ (19· )±1 f3s2p ·( Sy(s) (23•2) 

f 4 dp 7 0 
M6 23·554 f4d2 7Me; -21.890 

f3d2p 7
N7 24.856 

f4p2. ( 7K4} . (34. ) ± 1 

f2d2s2 C'L ) (65. ) ± 5 
'\. 

5 . 

;4' 

-._ 
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Table V. rm[I 
-· ' 

103
CI!l-l 

Odd. 'I'erms 1'vcn Tenus 

rss2 ~I~/2 o.o r 4ds2 · C5
L11j2) (11. ) 

.. 
f 5ds (BK?,;) ( 9.6) · · f 14d2s (~11/2) (13.8) 

f5d2 (BJ~o ) 
9/2 

(21. 5). ± 2 f 5sp. (BIS/2) (13.8) ~ 

f
4
dsp (BM~Jj) (24.6) f4d3 . (~11/2). (23. ) ± 1 .. 

f4s2p (6K~/2), . (26.7) f 5dp (sL9j2) (24. ) 

f4d2p (
8

rfi3;2) . (31. ) ±.1 

'f5p2 (sro/ ) 
5 2 . 

(34. ) ± 1 

' 

.. ,. -· 
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Table VI. 

·,·Odd Terms Ev'en Terms 

f
6 Sp ·. 9GO 13.796 r6s2 7}' 0.000 

0 0 
""'"-' 

f 5ds2 7 0 
K4· 15.5 f 6 ds . 9rr 1 . 10 •. 8<)1 

f
5 d

2
s ( 9!.0) 

4 
·. (19. 3) f6d2 (912)• (26. )± 2 

f 6 dp 9IO 22.84'+ .· f 5 dsp (9L ) (29'.2) 
2 . 4 

f 7 s 9so 25. fss2p er) (30.4) 
4 3 

f5d3 (9LO) (28. )± 1 6 2 (9G ) (35. )± 1 f p 
4 0 

. f 7 d (9DO) (33· )± 3 f5d2 (9M ) (37. )± 1 
2 

. p 5 



I 

Odd Terms · · Even Terms 
'· 

."t-

f7s2 8
8°7/2 o.ooo f 7sp ~ 0 P7j2 14.068 

f 6ds2 
,\.JJ' 

f 7ds ~ono 12.924 ~H3{2 25.1 I . S/2 

f7d2 eo 0 ) (30·5) ± 1 f 7dp 1
or3;2 28.520 . , F 3/2 '. 

f7p2 eo 0 ) .··. p 7/2 . (36. J ± 1 f 6d2s e0I3/2) (30. ) 
; 

f6s2p (SGOl;/2) (39. ) f6d3 eo ) I3/2 (43· ) ± 1 

f 6dsp (10 0 ) (39. ) I 3/2 , ., 
"' •. ' ' 

f6d2p, e°K
0
sj2). (49. ) ±1 



.; .·. 

.· :, 

.· . . . 

· Table . vrrJ:. Gc(I~ 103 cm_ 1 . /· • ... 1 }. ,.) 2 ° .~ .. ·) -· ·r·· · · ' 
1 ;;; :_ .. · · · .: \~· ~ .... ,, · o;_· ··· · __ _./, ·:;:... ' ~ · , :_~ .. ~~-) 

Odd Terms. I Even Tenns 
.. . , 

f 7ds 
2 9DO 0.000 · .. ·. 2 f 8s 

2 7 
F6 ·. 10.947' 

f7d2~ 71Fo 
2 

6.378 r7s2p g· 
. p3 13.434 

f7d3 11 0 22.432 . 
·; 

f 7dsp llF 14.036 • F 2 . 2 

f 8sp . 9p0 ·JE-

6 
. 25.658',• f 8ds 9 

G7 * 24.255' 

f7sp2 llpO 35~5.61 f7d2p 11 25.069 
. .4 .. ,Gl 

f
8dp 

., 

(9I~o) f8d,2 .· (9I· ) . (41. )± l (46. )± 2 
·•· 1o 

f8p2 (9GB) (48. )± 1 

I . 

. ''I· 
..!, 
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. Odd Terms· }.'vcn Terms 

,.. 

9 2 
~~s/2 .. 

0.000 f
8ds

2 8 -IC· 0.286 r s Gl3/2 
"" .. 
'' 

fes2p . (8 0 .• ) 
* (12.7)' .. f 8d2s 10 . 

K 8.191 .. G 
· G1sj2 ..•. li/2 . 

'• 

f 8dsp eo 0 ) (14. 7) ·f9sp 8 (11+.6) . 121/2, 1
19/2 .. .' ~ ... . •' 

f 9ds ·.(8K~l/2? (15. ) •r8d3 lOI . .(27. )± 1 21/2. .., 

f8d2p 
: 10. . ' 

'(27.3)± 1 f9(lp 8L . (32 • )± . ( ·. ~3;) , 
' 23/2 1 

... 
f9d2 .. ·~8L~3/2) (38. )± 3 .fesp2, .. eoG17j2) .. (35. 4) 

f9p2 (
8

!~9/2) (38. )± 1 

.r-

.'-t 

·. 
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Table X. Dy1I 103 . -l · 1· ., em 
1··: 

·.odd •rerms 
... 

Even 'l'erms 

"· 

f
9
ds

2 . 7HO ii-
·,· 

.f1082 5 '7.565 I 0.000 
.8. 8 

,.....__, 

flbsp ·-rio *<·. 
9 '.· 14.5l2 .· f 10ds (?Lll) (16.2) 

f 9
d

2
s ·c

9
1~2J (17.1) f 9s 

2 
(7I9) (19. ) p 

f
10

dp· . CN~) (34. )± 2 .f9dsp (~12) (22.4) 

f 9d
3

. (~~) (40. )± 2 f 9d
2

p (~ 1 13) (37.' )± 2 

f9sp2 (
9
I~o) (42. )± 1' f10p2 

l 
(7Klo) (39· )±.1 

fl0d2 (7Ml2) (41. )± 4 

" 

.. ,:_ 

I .· 
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Table XI. 

odd Terms Even Terms 

·r-

f1182 4Io 
15/2. 

0.000 :f1od82 (~17/2) -x- ( 7. 7) 

f
11

ds (6r.~1/2) ) (17.6) :r11sp (6K19/;) .. (15.4) 

f1082P 6 0 ) 
. ( Kl7/2 * (18.1) :f1od2s (~425/2)' (18.8) 

f
10

dsp (~0 ) 
' 25/2 

-(22.9) flldp (~23/2) (35. )± 2 

fl0d2p (
8

~7/2)' (39· )± ~ f1o5p2 . (
8

K21j2) (42. )± 2 

:fl.lp2 (~~9/2), <4o· } :f10d3 (~25/2) (45. )± 3 

flld2 (~~3/2) (45. )± 5 ,. 

' 



Odd Terms 

f 11ds
2

, 
4 '' 

~0 *' I1sj2d3j2 6 

fl2sp~ ~I 3p 
6 0 

sro i(· 

6 

f
11

d
2

s (7MO ) 
12 

f12dp (~~o) 

f118P2 (?KO) 
10 

flld3 (7M~2) 

.... 

·-31-

·. Table XII. 

7.177' 

16.321 
'· 

(20.0) 

(37· )± 1 

,(41. )± 2. 

(49. )± 4 

. ' 

I 

vr· ·I ·103 c.m-i. 
£, ·. ·' 

· · Even Terms · 

r1282. ·11 .. 
6 

0.000 

.rll,s2p. (sK ) -l<· 16.465 
7 

f
12

ds ' (51( ) -l<· 
5 

(19.0) 

f
11

dsp (7Mlc:) (22.9) 

fl2p2 (5~) (41. ) 
,. 

flld2p (7N~3) (4i. )± 4 

f12d2 (~10) (49 . )± 6 
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Table XIII. · Tm
1
I

1 
io3 cro- 1 

I /" t ~ ~ 4 •• • 

.. · , ··•'!, ·tS .tiS<·; 
' ..... ; .. · . I / i 

Odd Term::; Even 'l'erms 

· coupling 

f1.3s2 2Fo .. 0.000 rl2d,..2 1r 2 4I ·.. ·* 13.119 .· 7/2. <> ,. 62 ' . 9/2 
\''' . . 

1.3 
(7 .3(~)1 4Go ·• -Y.·* 20.4o6 ,. f13sp, 

7 3 . 4 . . -Y.· ·16.742 f ds 1 -·r .G/ 21 sj2 2 0 '. 7 2 ' 

12 2 1I J. 4 0 ·JE- 22.468 fl2d2s· (617/) ·)!- (27.6) f s p, 6 2· · I11/2 

f
12

dsp1 11 
4 .· 

~0. ··-r.· 29.308 . fl4s (2sl/2) (30 .. )±10 
. 6 . 1!"'.3/ 2 9/2 

f1.3p2 ::r 3p 4GO -)(- 41.841 f 13dp, 7 3 
(4F3/c) .J!· 38.3 ·- F . ' , 2 0 . 7/2 2 2 

f12d2p ·. .<~~.3;) (49. ,)± 5 f12sp2, 
(

6
I17j2) (47. )± 2 

f1.3d2 . (4GO ) -JC-

. ·. s/2. 
(53. )± 7 r12d.3 

(6L2lj) (60. )± 5 
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, Table XIV• · Yb) ~' l0 3 crn~ 1 
( ..• -:1 •. ::, -i '?) 

Odd Terms 1'ven · Terms 

:~. fl4sp 3pO l7~288 
14. 2' ls 0.000 0 f s. 0 

fl3ds2 3FO ·lE- 23.188 f 14
ds 3D ·24.489' 

.-..,/ 2 ·1 

fl3d2s" (sio) 
. 8 

(46. ) rl3s.?.p .ea) * (30 . ) 

f 14dp eF0) 
. 2 .· 

. (42. )± 2: f 13dsp (~I} 
8 

(4o.·o) 

f138p2 (5GO) 
6 

(57· )± 2 f14p2 ep) 
0 (43. ) 

f 13d3 . (5IO) 
8 

(77. )± 6 fl4d2 (3F 2) (57. )± 8 

fi3d2p (sKg) (62. )± 6 
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Odd Terms Even Terms .. 
. ' 

' 
·. 

:fl4s2p 2 0 ' 
4.136 r~ 4 ds 2 2 . . o.ooo p 1/2' D3j2 

~·:.' 

' 14 
f dsp .. 

4
F

0
3/2 17.427 f

14d2
s 

4 '· 
F3j2 18.851 

fl4d2p .. (
4

G
0
sj2) {41. ) ± 7 

14 2 
f. sp 

4 
P1j2 32.986' 

) 

fl4d3~ (
4
F3j~) (61. ) ± 7 
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. Table XVIII. Pa. · I., l03 cm- 1 

Odd Terms Even Tenns 
.:~ ,·"i· 

3! 

fd
2

s
2 

.· . 
4H9/-lC· .· .. 1.978 ~ 2 4 : ds · K11j2 0.000 
<] 2 

- I . . 

'"' fd
3

s . (6Io ) 
• . 7/2 ( 7. ) :f2d2s (

6
L1ij2)" 7.0:)0 

3 2 4IO · 11.445 fds
2

p (4I9j) (14. f s 
9/2 

~s2p 4IO 
9/2 

13.019 fd2sp 6' 
( K9/2) . {16 .. ) 

f
2
dsp ~~1/2 14.393' . f2d3 ' (~ll/2) (18. )± 3 

f 3ds (~~1/2) ' (22.5) 
.. 

d
4

s '{6n1;) (19-?)±'4 .. · 
( 

d3sp (6Ggj) (24. )±5 : fd3p (~ ) (22. )± 1 
.. ,,, . 9/2 
.... ,. 

f2d2p . (~~3/) (30.5) f 3sp (6K9j) (25.6) 
··-_,,. 

f3d2 (~~3/2) (39· )± 2 f 3dp (~13/2) {37.5). 

f3p2 (6K~/2) (44.5)± l 

•· 

• I 



2 
s p 

dsp 

fds 

'2 
' f'p ·. 

Odd 'l'erms 

~36-. 

Table xvr.. Ac: !' l03 cru- 1 
( ·r~;) 

• . EVen Terms 

( 9·5)± 1 ' d 2 2 ' 
·,. s D3f2 

'· ·.: 

13.713 d2s 
4 ' 

, F3/2 

(30. )± ' 
5 

'3 
d. (4F 3/2) 

31.495 fsp (4Gs/2) .. 

(42. )± 5 fdp (4Ig/) 

(59- )± 7· r2s (4H .. ) 
7/2 

(61. )± 5 

0.000 
.. ,. 

9.217 

(20. ) :1_ 3 

(43. )i 5 

(5?. ):! 5 

(60. )±10 



Odd Terms 

fds2 ·· ~0 ' 
4 

ds2p 3F~ 

d2sp SG~ 

fd
2

s 1IS -lC· 

d3p . sG~ 

' 2 
fsp. (5G~) 

:r·d3 . (si~) .· 

f 2sp (51~) 

f
2

dp (5r.~) 

-37.;.. 

Table XVII. 'l'h (I, 103 em -l · ( ·~~>:! , ::) .".'> , \ · 
.. I: 

'' .Even Terms 
;' 

·.··.·' 

' 

7-795 
d.2-82. 3F ·. 

.2 

10.783 d3s 
.' 

·~ 1 '• 

14.465 2 
fs. p 3 

F3 * 

15.619 d 2 sp (
5
F1) 

21.738 -fdsp 5 
14 

(23. ) ± 6 rs2 . ( 3H4) 

(27) ± 3 .' fd2p ( 5K5) 

(42~ ) ± 3 f 2ds ( 5Ks) 

'(55. ) ± 3 f2d2 csr.6> 
.f2p2. ( 514) 

I 

0~000 

5.563 

18.432 

(20) ± 10 

22.098 

(28. } ± 3 

(39. ) 

(39. ) ± 3 

(57) ±4 

(60) ± 5 
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' 103 cm- 1 ( · ..•. ·j 
Table XIX. U_t, \_ ·,. ...... 

-

Odd Terms .Even Terms 

~ 

f
3ds2 5LO 

6 
o.ooo f4s2 5! . 

4 
( 6. ) 

f'3d2s 71-.o 6.249 f 2 d;=s2 5L ll.503 
\..,· 

!6 6 

f3d3 eM~) (17. )± 4 f3s2p 5K 
5 13.463 

f 4sp (7K~) (21. )± 1 f 3dsp 71·16 14.6!~4 

fd4s·· (7HO) (22. )± 5 f
2d3s 7 15.721 . L5 2 

f 2ds
2

p (~0) 
6 (24. )± 1 ~ f

4ds (7L5) (17.5)± 1 

f'2d2sp (7M~) (25. )± 1. d5s (7s3) (2S. )± 8 

f 4dp (7M~) (31. )± 2 f3d2p (7N7) (30.5) 

f2d3p (?MO) 
6 

(31.5)± 2 f4d2 (7M6) (33. )± 3 

4 2 (7K ) (4o. )± 2 f p 4 

'·' 
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Table XX. Np:I, 103cm-1 

Odd Terms Even Terms 

.-, 

fss2 (~~;) ( o.o)± 1 f
4

ds
2 

~ll/2 o.ooo 

f 5ds (BK~j) (12. ):!: 2 f
4

d
2

s (~·Iu/2) ( 7.5) 

f4s2p (6KO ) 
9/2 

(12.5) f 5sp (eis/2) (15. ):!: 1 

f
4
dsp (~ 1 ~1/2) (14.6) f4d3 (~11/2) (16. )± 4 

f3d2s2 
( f1t.~3/ 2) (19.5)± 2, f 5dp (BLgj) (24.5)± 2 

f
3

d
3

s (E)JJ.~1j) (24.5)± 2 f
3

ds
2

p ~1".§/2 (31. )± 2 

f5d2 (8LO ) 
9/2 

(26. )± 4 f 3d
2

sp (BN13/2) (33.5)± 1 

f4d2p (
8

~3/2) (30. )± 1 f
2

d
4

s (
8

~/2) (35. )± 3 

f5p2 (BIO ) 
s/2 

(35. )± 2 f3d3p (eN13/2) (41. )± 3 

f
2

d
3
sp (BM~l/2) (44. )± 6 
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Table XXI. ; t , . ; j :. ~.~) \.) :. ·.: I 

I 

Odd Terms· hven 'l'erms 

f 5ds
2 7KO 

4 6.314 f6s2 7F 
0 

o.ooo 

f 5d
2

s 9LO 14.912 f 6ds ~l. 13.528 \~ 

4 

f 6sp 9GO 
0 

15.449 f5s2p 7H * 
2 

l1.Tt6 

f5d3 (9r,O) (23. )± 5 f 5dsp gL 20.828 
4 4 

f 6dp 9IO 
2 

23.896 :f6d2 (9I2) (31. )± 5 

fssp2 (9IO) 
2 

(30. )± 5 f6p2 (9Go) (36. )± 2 

f 4ds2p ·(7MO) 
6 (47. )± 2 f4d2s2 7M 

6 36.051 

f 4d2 sp (9~) (51. )± 1 f5d2p (~,.) 
"' 

(38. )± 2 

:('4d3p . (9~) (58. )± 3 f 4d3s (~) (42.5)± 1 
5 

. -



.... ' 
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Tab1'.! XXII. Am ;I, 103cm- 1 
. j 

Odd Terms EVert Terms 

·-
f7s2 8g0 . 

·. 7/2 
o.ooo f 6ds2 

(sH3j;) (15~5)± 3 

r 7ds . eo 0 ) 

.· Ds/2 
(14. 5)± 1 r7sp (1°p7/2) (15.8) 

f6s2p (BGO ) 
. 1/2 '(26. )± 3 f 6d2s (1°! ·) 

. 3/2 (25. )± 3 

f 6dsp (10Io ) . . 3/2 ( 31. )± 3 f 7dp (loF3/) (28. )± 3 

r·1d2 (lopo ) (36. )± 6 . f6d3' (lOI· ) (35 . }± 6 3/2 3/2 

r7.2 p ·. (lopo ) 
7/2 (37- )± 3 

f6d2p eo 0 ) 
. K5/2 (50. )± 3 

fsd2s2 (SL~/2) (56. )± 5 

•· 

·-: ....... 



Odd Terms . 

f 7ds
2 9 D2· 

f 7 d
2

s 11Fo 
. 2 

f 8sp · (~~) 

f7d3 ( ~
1
F2) ·. 

f 8dp ( 9 I~o) 

. ~ ' 

T.able XXIII. Cm. I -, 

o.ooo . 

10.145 

* (17 .7) 

(21. ) ± 6 

(32. ) ± 4 

. -42-

., 

Even Terms 

.\ rs_s2 7 
F6 .1.21li. . !'-' 

f7s2p 9p3 '9.263 

f 7dsp · 
11F2 15.252 

r8 as (%g) (18. ) 

. :f7 d2p (
11

Gl) (36. ) ± 4 

. f8p2 .· (
9

Ga) . (39· ) ± 3 

f8d2 (
9Ilo) (41. ) ± 7 
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Odd Terms E-ven Terms. 
.. 

f9s2 f1!0 
. 15/2 . o.ooo f 8ds2 8G . ·X· . _11/2_. 7·4 

fss2p (BG~l/2) ~X (14~7) 
0 fJsp (

0
Il9j). (17.2) 

f 9ds (BK~lj) (19. ) r 8d
2s (lOG ) 

. l5/2 .· 
-X· (20. ) 

f'8dsp eo 0 ) I2lf:i! . (23. ) f 9dp . (BL23j) (34. )± 5 

f9p2 (B 0 ) . I19f2 (39· )± -3 fBd3 eo . ) 
. 121j2 · . (35. )± 7• 

r9d2 · csr.g3
1

2) (45. )± 8 

f8d2p eoKo ) 
.· . 21/2 

(46. )± 5 

.( .. . 
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) 
... 

. Odd Terms Even Tertus. 

f 9ds2 (7HO) * 
.a 

(12. ) f1o82 5! ·. 
.a 

0.000 .. · 

rlosp (?I~) ¥.· (19. ). . r9s2p (7i9) (17~ ) ~,_, 

f 9d2 s (91~2) (26.5) .f10dS· (7111) .• {21. ) 

f10dp (7Mo ) (43. 6· 
.. 

f 9dsp (91 ) . (28. ) 
.. 

)± . 12 . 12 . 

f9d3 9 0 (46. )+ 8 flO ?. ··. (7K ) . (40. ):!: 4 ( .1'12) .. .. P. . 10 

f10d2 .. (7M ) ..... 
· .. 12 . (50~. )± 9 

f9d2p· .. ,(.~i~> (53. )± 5 

,. 

I . 
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Table XXVI. 
I 

103
cm""

1 Es !I, 
'·-,, ..... 

~ 

,''' .. ' ... ·· 
l:il 

Odd Terms· EVen.Terms 

f11 82 4 0' 
I15j2 o.o f

1
?ds

2 
(
6
I17j2) -)(- (13. )± 2 

flos?.p ( 6 0 ) 
, K19/2 (16. )± 2 f

11
sp ( 

6
Klgj2) (19. ) 

f
11

ds 
6 0 

( L21j2) (23• ) flod2s ( ~,.25/2). (30. )± 2 

f 10dsp 
8 0 

. __ ( M25j2) ·.· (30. )± 2 -flldp ( ~23/2) .· (40•· )± 7 

fllp2 6 0 
( K19/2) (~-1. .· )±'4 f10d3 {

8
M25/2) (53· )± 9 

flld2 -_ ( 6 N~bj2) (54. )±10 

fl()d2p. eNO ) 
( 27/2 (57. )± 8 

,·~ _, . 



fJ.J.ds2 

fl. 2 Sp 

f
11

d
2 s 

fl2dp 

f
11

d
3 

'h 
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Table Y.XVII. 
I .. 3 1 

rm: ~' 10 em-

Odd Terms 

(sLOG) it· 

.(51~) -)(- .. 

7 0 . 
(M12) 

·( 5 L~o) 

'7 0' 
( M12 ) .. 

~. . 

i. ' 

·' (15. )± 3 

'(19-5)±.2 

{34. .)± '3 

~ <it3. ·)± 8 

'{61. )±11 

·-. •' 

I 

' 

' 

~ ·:· . 

, flls2p 

,. ·; f 12ds . 

f 11
dsp 

f1~2 

' 11 2 
f d p 

. E.'ven Terms .. 

0.0 

•· ( 
5
Ks) .JC· · (i6. )± 3 

( 5K5) -x- (26. )i: 3 

(71-112) (32.5)± 3 

(5I ) ·.· 
'' 8 ' 

(42. ):t 5 
'. 

· ( 5Llo) (58. )±11 
.·.·· "'/ ., 

. ( · Nl..3). (61. )± 9 

~·' 

.. :. J''. 



"' 

fl382 

fi282P 

f 13ds 

f 12dsp 

fJ.3p2 

fl3d2 

f12d2p 

1."'>.;. 
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Table XXVIII. Md tr, '10
3

cm- 1 

t·.::-......... 

Odcl Terms 

2 0 ' 
( -F7 I 2) . 0.0 

·. 4 0 . ' 
( I11j2) ·>r _- (23· )± 5 

.<! 0 . 
'('G s/2) * (28. )± 3 

<6 o I r -K 9- 2 * (43. )± 5 

("G0
7/2) ·>r ( 1~3. )± 5 

( 4 I~s/2) (62. )±12 

_(~-2.3; 2) ·(74 )±12 

Even Terms 

fl3sp _("G7j2)* (20. )± 2 

fl2d.s.2 <1x9 r? )* (25. )± 4 

fi2d2s (61 7j2)* . (46~ )± 5 

fl3dp (4F 3/2)* (_46. ) ~t 9 

rl2d3 (6121/2) (79. )±13 
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Odd Terms F..'ve·n Terms 

f:l4sp· (3pb) (21.. )± 2 
14. 2 es) 0.000 f s 

0 .. . 0 

r13ds2 . (3F~) * (32~ )± 6 fl3s2p 
.. 

(3G :J ·-x· (27. )± 6 ., ... 

rl4·dp (3F~) (1~9- )±10 f 14ds ·. enl)' (30. . ·.·):!: 4 

rl3d2s (51~) (56. )± 6 fl4p2 (3p .) 
. 0 . 

(44. )± 6 

f
13

d
3 . ( sr~) .. (94. )±17 ri3dsp. (518) (51. )± 6 

f 14
d

2 (3F). ·(66. )±13 

, rl?d2p .. · (sKg) . (85.> )±15 
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'l'ab1e XXX. Lr; I 103 cm- 1 

. I:·, 

to,! Odd Terms Even Terms 

.... f1<1 8 2p ( .... 0. ) .c.P1j'2 ( o.o) f 14
ds 

2 
. (

2
D3j2) ( 8.o)± 2 

.. 
f

14
dsp 

.. ( 4FO . ) 
3/2 (~7-5)± 2 f14 8P2 ( 

4
Plj2) (29. ):i:lO' 

.. 
fl4d2p. ( ;1 0 ) -ar:/2 (64. )±11 fl4d2s ( 

4
F3j2) (34. ).± 2 

fl4d3. 
( 

4
F3/2) (78 . ) :!J.. 3 

.... 



' 
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Table XXXI. Ascigruncnt of l.a··I Odd Levels to the fds Configuration 

Previouri NevT Energy Obs. LS 
Assignment As s_i_l£._nmcnt J cm- 1 · ·Interval _g_. _r!_ --- • 
10 fds 

2 G0 7/2 23 221.16 1.078 0.889 
245.7. 

'~ 20 9/2 23 466.85 1.12 1.11 

fds \oT 
2

F0 fds ,., 2 1«.,0 5/2 23 8'75.00 0.957 o.B57 
534.7 

7/2 24 409.70 1.17 1.11~3 

40 fds 
2 D0 3/2 • 24 1'73.86 0.72 o.8o 

-624.4 
30 5/2 23 549.42 1.16 1.20 

50 fds 
2P0 3/2 27 749.05 

d2f y 4GO fds y 4
G
0 5/2 27022.60 0.571 0.571 

432.7 .. 

7/2 27 455.34 0~976 0.98'-~ 
633.8 

9/2 . 28 o89.18 1.159 1.172 
654.0 

ll/2 28 743.21 1.28 1.273 

.d2 f X .4 F0 fds x ~ 0 . 3/2 24 910.39 0.724 0.400 

. 5/2 24 984.33 
73·9 

396.0 
1.063 1.029 

25 38o.33 7/2 1.228 1.238 
. 616.9 

9/2 ·25 997.27 1.319 1.333 

d
2

f W 
4
D0 fds w 4

D0 1/2 28 893.47 o.oo o.ooo 
306.1 

3/2 29 199.53 1.15 1.200 
302.6 

5/2 29 502.17 1.263 1.371 
392.7 

7/2 29 894.91 1.352 1.429 ~· 

ao fds 
4

P0 3/2 30 lrrr. 47 1.533 1.733 
4~19· 41 

,.. 
o· 

9. 5/2 30 896.88 1.424 1.600 . 

... ........ --........ 



J 

Previous Nevr 

Assie;nment Assigmnen~ 

d2 f y 2 H0 fds ·y ~=no 

(Sec note belo~r table) 
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(Table XXXI continued) 

J. 

9/2 

11/2 

5/2 

7/2 

3/2 

5/2 

1/2 

3/2 

Ener(;.ry 
cm- 1 

32 l-J.15. 73 

32 518.12 

27 699-38 

28 543.10 

28 971.82 

29 775-57 

29 564.92 

29 936.73 

Interval 

102.39 

873-7 

371.81 

Obs. J..S 
g g 

0.92 0.909 

1.11 1.091 

0.87 0.857 

1.00 1.143 

0.71 o.8o 

1.253 1.20 

1.492 1.333 

Note: Stcin
14 

reports correction of energy of y 
2 H~/ 2 level from 32 410.76 

to 32 415. '(3 and Giacchetti 
17 

reports that he cannot coP...firm the . 

32 518 level. 

~ ... _ ..... -....... 



r------------------LEGALNOTICE--------------------~ 

This report was prepared as an account of work sponsored by the 

United States Government. Neither the United States nor the United 

States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 

any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 

information, apparatus, product or process disclosed, or represents 

that its use would not infringe privately owned rights. 



.!~ ..._,. 

TECHNICAL INFORMATION DIVISION 

LAWRENCERADIATION LABORATORY 

UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94720 

--·· 




