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REGULARITIES IN THE SPECTRA OF LUTECIUM

By William F. Meggers and Bourdon F. Scribner

ABSTRACT

Up to the present time no significant regularities have been found in the spectra
of any of the lare earth elements, 58 Ce to 71 Lu. A study of the arc and spark
spectra of the last of these, lutecium, resulted in a separation of the lines into three
distinct classes: (1) Those characterizing neutral atoms, constituting the Lu £

spectrum; (2) those due to singly ionized atoms, the Lu„ spectrum; and (3) a
small number of lines ascribable to doubly ionized atoms, the Lu ITI spectrum.
Regularities have been discovered in each of these spectra. The normal state of
neutral Lu atoms is represented by a 2D spectral term arising from the electron
configuration s2d; its levels are separated by 1993.9 wave numbers. The normal
state of Lu+ atoms is described by a !S (ss), and metastable terms 1D, 3D (ds), 3F
(dd) have also been established. A 2S (s) term describes the normal state of
Lu++ atoms. There is no evidence of / electrons playing any part in the production
of the spectra; it is concluded that the fourteen / electrons in Lu form a closed
shell of considerable stability. The structures of Lu spectra resemble those of Y
more closely than those of La or Sc.

CONTENTS
Page

I . Introduction 73
II. The spectrum of neutral Lu (LuJ 75

III. The spectrum of singly ionized Lu (Lu ri) 77
IV. The spectrum of doublv ionized Lu (Lu„,) 79
V. Comparison of 21 Sc, 39 Y, 57 La, and 71 Lu spectra 79

I. INTRODUCTION

In 1927 when Hund * summarized the results of spectral classifica-

tions and developed the theory of their relation to atomic structure,

he pointed out that typical spectra have been analysed in nearly all

the periods, "Nur an einer Stelle des periodischen Systems klafft eine

grosse Lucke. Von den seltenen Erden ist noch kein Spektrum in

Terme geordnet."
The rare earth elements are found in the sixth period; according to

Bohr their appearance is explained by the assumption that the build-

ing of the shell of 5d electrons beginning with 57 La is not continued
with 58 Ce, but the number of 6s and 5d electrons remains constant
from 58 Ce to 71 Lu while/ electrons are added until a shell of 14 such
electrons is completed. If this shell is stable like the rare gas shells

54 Xe, 36 Kr, and 18 A, we may expect the configuration of valence

electrons and, consequently, the spectral structures for 71 Lu to

resemble those of 57 La, 39 Y, and 21 Sc. In any of these cases the

neutral atoms in their normal states involve two s and one d electron

(s
2
d), and the corresponding spectral term is

2D. The configuration

i Hund, Linienspektren und Periodisches System der Elemente, p. 175, Julius Springer, Berlin; 1927.
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d2
s is expected to yield a metastable 4F term. Singly ionized atoms of

this type will exhibit. a singlet S term associated with the ss con-
figuration, :D and 3D terms for the ds configuration and a group of

terms *S, *D, XG, 3P, 3F, arising from the dd configuration. The
normal state of doubly ionized atoms will be represented by a 2D or a
2S spectral term, according as the electron is bound most firmly in a d
or in an s orbit.

Analyses of the spectra of Sc,2 Y,3 and La 4 have revealed all of

these theoretical terms, and the temptation to look for similar terms
in the spectra of Lu could not be resisted. It was first necessary,
however, to make new descriptions of the spectra, since the older data
were too incomplete and unreliable. The authors have photographed
both arc and spark spectra of Lu in the wave length interval 2,000 A
to 9,000 A, and have succeeded in separating the Lu^ Lu

If , and Lu IU
lines characteristic of neutral, singly ionized and doubly ionized atoms,
respectively. Complete wave-length data and more extensive classi-

fication of the spectral lines will be presented in a subsequent paper.
The main object of this paper is to describe and interpret certain
regularities which have been discovered among the most prominent
lines of the Lu spectra. We shall here retain the notation used for

similar spectra cited above.
The arc spectrum of Lu was excited in a 220-volt direct-current

arc between silver electrodes on which some Lu salt was fused. The
same electrodes were then used in a condensed high-voltage dis-

charge to excite the spark spectra. Both spectra were photographed
on the same plate, and comparison of fine intensities in the two
sources made it easy to recognize the lines belonging to neutral and
to ionized atoms. The lines of neutral Lu atoms are strongly devel-

oped in the arc, but are very weak in the spark. A small number of

lines (about 50) occur with considerable intensity in the arc but, for

the most part, somewhat enhanced in the spark. These are recog-

nized as the fines involving the normal or metastable states of the

singly ionized atoms. A larger number of lines appear only in the
spark or greatly enhanced in this source when compared with the

arc. These lines are usually somewhat hazy and unsymmetrical.
They undoubtedly involve higher excited states in the ionized atoms.
Within the range of the observations five lines are recognized as be-

longing to doubly ionized Lu atoms because they are strong in the

spark, but are not excited at all in the 220-volt arc except near the

negative electrode. In general, the properties of the Lu spectral lines

closely parallel those of Y and La lines which have been studied in

similar sources. Perhaps the most striking difference is the relatively

greater simplicity of the Lu spectra. The number of strong lines in

the Luj spectrum does not exceed 50, and, roughly, the same number
of intense lines appear in the Lu„ spectrum, while in the correspond-

ing Y„ and La„ spectra the numbers are much larger. The reasons

for this difference will be discussed after the Lu regularities are ex-

hibited.

It must be remembered that wave lengths and estimated relative

intensities are the only data at hand for the analysis of Lu spectra,

2 Russell and Meggers, B. S. Sci. Paper No. 558, 22, p. 329; 1927.
» Meggers and Russell, B. S. Jour. Research, 2 (RP 55), p. 733; 1929.

« Meggers, J. Wash. Acad. Sci., 17, p. 25; 1927. J. Opt. Soc. Am., 14, p. 191; 1927; and extensive unpub-
lished results.
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no observations of Zeeman effects, temperature classes, absorption
or reversal, and pressure effect have ever been made. The situation

is similar to that which existed for Hf spectra, 6 so that the method of

analysis which was used there was applied here. It consists, briefly,

in sj^stematically subtracting the wave numbers of groups of lines

which are likely to be related, extending as far as possible a two-
dimensional wave-number system representing combinations of spec-
tral terms, and attempting to interpret the spectral terms on the
basis of quantum theory. The combination principle, and the well-

known rules governing quantum numbers, line intensities, and spec-
tral-term intervals, make it possible to analyze any spectrum, pro-
vided that one has a reasonably good description of the spectrum.

II. THE SPECTRUM OF NEUTRAL Lu (Lu x)

A half hundred of the most prominent arc lines of Lu were selected

and the vacuum wave numbers were systematically subtracted from
each other up to differences of 15,000 cm-1

. When these were tabu-
lated it was seen that the only difference which occurred more than
three times was 1,993.9 cm-1 which repeated 10 times, and must,
therefore, be regarded as significant. This is regarded as the separa-

tion of 2D 2 and
2D 3 , the two sublevels of the 2D term describing the

normal state of neutral Lu atoms. Combinations of this term with
higher excited states are presented in Table 1, where the level com-
binations are represented by vacuum wave numbers, above which
the measured wave length in air and estimated intensities are given.

Two intensity numbers appear in parentheses after each wave length,

the first is the intensity in the arc and the second the intensity in

the spark. These numbers show that the lines are a homogeneous
group, easily excited in the arc where a large percentage of atoms are

neutral, but weak in the spark where most of the atoms are ionized.

Guided by relative intensities and by reasonable level separations

we have hazarded an identification of many of the excited states,

but these term symbols are subject to correction. It is especially

difficult to select the single combinations with any certainty, but it

may be added that the only strong lines of the Lu r spectrum not in-

cluded in Table 1, are the following: 3,647.77 (50, 5), 4,518.58

(200, 40), 5,001.15 (100, 20).

Some of the unidentified levels may represent doublet-quartet in-

tercombinations, but we have not succeeded as yet in completing
any quartet multiplets. The metastable 4F (d

2
s) term is expected to

be rather high in the energy diagram and its combinations are likely

to consist mostly of weaker lines.

« Meggers and Scribner, J. Opt. Soc. Am., 17, p. 83; 1928. B, S. Jour. Kesearch, i (HP 139), p. 169; 1930.
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Table 1.

—

Multiplets in the Lu t spectrum

[Vol.5

2D2

0.0

2D3

1993.9

2 F 3 ?

2 F 4 ?

17, 427. 3

18, 643. 4

5, 736. 55 (40, 5)

17, 427. 26
6, 477. 68 (4, ?)

15, 433. 37
6, 004. 53 (100, 10)

16, 649. 49

2 D' 2 ?

2 D' 3 ?

18, 504. 6

21, 462. 3

5, 402. 57 (50, 5)

18, 504. 58
4, 658. 03 (50, 10)

21, 462. 31

6, 055. 03 (25, 3)

16, 510. 63
5, 135. 10 (100, 15)

19, 468. 41

2 P 2 ?

2P, ?

22, 221. 6

20, 382. 1

4, 498. 85 (8, 1)

22, 221. 69
4, 904. 89 (50, 5)

20, 382. 14

4, 942. 34 (20, 3)

20, 227. 70

24, 308. 3
4, 112.67 (4,—)

24, 308. 27
4, 480. 16 (3, —

)

22, 314. 39

2 P X ?

2 P 2 ?

24, 237. 2

28, 020. 2

4, 124. 73 (100, 15)

24, 237. 20
3, 567. 84 (80 10)

28, 020. 19
3, 841. 17 (100, 10)

26, 026. 38

29, 607. 9
3, 376. 51 (40, 8)

29, 607. 91
3, 620. 31 (3, —

)

27, 614. 10

2 F 3 ?

2 F 4 ?

30, 183. 6

31, 751. 2

3, 312. 11 (40, 10)

30, 183. 58
3, 546. 39 (5, 1)

28, 189. 66
3, 359. 56 (50, 10)

29, 757. 28

30, 488. 7

31, 523. 1

32, 456. 9

3, 278. 97 (40, 4)

30, 488. 63
3, 171. 36 (20, 4)

31, 523. 12
3,080. 11 (5, 2)

32, 456. 98

3, 508. 41 (20, 3)

28, 494. 82
3, 385. 51 (25, 3)

29, 529. 20
3, 281. 73 (40, 4)

30, 462. 99

2P j ?

2 P 2 ?

33, 443. 1

34, 436. 7

2, 989. 28 (15, 3)

33, 443. 14
2, 903. 03 (5, 1)

34, 436. 70
3, 081. 45 (25, 5)

32, 442. 86

2D' 2 ?

2 D' 3 ?

36, 633. 5

37, 131. 3

2, 728. 94 (8, 2)

36, 633. 44
2, 692. 35 (2, —

)

37, 131. 27

2, 886. 02 (2, —

)

34, 639. 66
2, 845. 13 (10, 2)

35, 131. 47
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III. THE SPECTRUM OF SINGLY IONIZED Lu (Lun)

After selecting about 50 of the more intense spark lines (also strong

in the arc) the corresponding vacuum wave numbers were systemati-
cally substracted, and three recurring differences (639.1, 1,763.8,

3,133.5) were at once recognized. These formed the nucleus of a
wave-number system which was finally extended to that shown in

Table 2. The structure of this table is similar to that of Table 1.

The spectral term combinations are represented by vacuum wave
numbers appearing directly below the observed wave lengths in air.

The wave lengths are followed by arc and spark intensities in paren-
theses. Lines marked d are double or complex with hyperfine struc-

ture, and a few marked I are shaded to longer wave lengths. The
latter involve rather high levels and begin to partake of the general
character of lines which are more difficult to excite. The easily excited

lines, such as a3D-a3P, appear with about equal intensity in arc and
spark, but, in general, the other lines show increasing enhancement in

the latter source as the values of the energy levels increase. Assum-
ing that the three lines, 2,195.55, 2,615.43, and 3,507.39, arise from
combinations of a XS term with levels having inner quantum number
jf— lj the inner quantum numbers of the remaining levels are deter-

mined from their combinations, and the levels are then grouped into

terms. The combinations, intensities, and intervals have made it

possible to identify all of the levels, and there can hardly be any
question as to the correctness of the interpretation. Table 2 contains
a homogeneous group of lines and practically all of the lines of this

character. All of the expected terms of low energy content have
been established except b

l
S, b

lD, alG, and a3P', which are probably
so high in the energy diagram that their principal combinations lie

far out in the infra-red.
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IV. THE SPECTRUM OF DOUBLY IONIZED Lu (Lum)

Within the range of our observations five lines undoubtedly be-

longing to Lu++ atoms have been recorded. These lines are grouped
in multiplets in Table 3, where an interpretation of the combining
levels is given. The letter e after an arc intensity signifies that the

line appeared only at the negative electrode. Two of the lines clearly

show evidence of being afflicted with hyperfine structure.

Table 3.

—

Multiplets in the Lu ltl spectrum

2S t

0.0

2D2

6304.3

2D3

8648.1

2P1

3,8997.0
2P2

4,4705.0

2,563.53(le, 50)
38 997
2^236! 19(3e<2, 100)

44,705.0

3,057.90(3e, 100)
32,692.7
2,603.34(5e<2, 200)

38,400.7
2,772.58(4e, 125)

36,056.9

The arrangement and interpretation of these LuIU regularities may,
perhaps, be questioned because of the abnormally large intensity of

of 2,603.34 A (
2D2

-2P2 ), but the only other possibility is to inter-

change 2S X and
2D2 which would make the separation of 2D abnormally

large. We hope to be able, ultimately, to confirm these terms with
other combinations and more definitive intensities.

V. COMPARISON OF 21 Sc, 39 Y, 57 La AND 71 Lu SPECTRA

The lowest energy (normal state) in any atom with 3-valence elec-

trons s
2d is represented by a 2D spectral term and such a term has

been found in every case. These terms for Sc l7 Y I; La
;

, and Lu x

spectra are collected in Table 4. A more or less regular increase in

the separation of the 2D levels accompanies the atomic number.

Table 4.

—

Comparison of (s2d) 2D terms in Scu Y ly La lf and Lu x spectra

Levels Sc, Y, La x Lu,

2D2
2D3

0.0
168.3

0.0
530. 5

0.0
1, 053. 2

0.0
1, 993. 9

In order to compare the analogous first spark spectra of these four
elements the^relative terms for ss, dd, and ds electron configurations
are collected in Table 5. There is a close resemblance between Y„
and Lun in thejrelative positions of the various terms, except that the
separations in the latter case are much larger and the 3F' term has

1 reached a considerable altitude in the energy diagram. If this paral-

lelism can be extended to the undiscovered terms XD, *G, and 3P'
they will be much higher and difficult to establish.

In the Lan spectrum the following additional middle terms have
been found: (s/)

1F, 3F, (df)
lF, 1D /

,

2F, 1G /

,

1H, 3P, 3D r

,

3F, 3G', 3H.
No evidence of these terms has been found in any of the other spectra;

115233°—30 6
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their presence in La accounts for the relatively greater complexity of

the Lan spectrum. 57 La is the last element just preceding the rare
earths, 58 Ce-71 Lu, in which/-type electrons are added, and it appears
that this feature of atom building is anticipated in La+ so that in the
excited state either a d or an s electron may occupy /-type orbits.

The fact that sf and df terms do not appear in the Lun spectrum is

evidence that the completed group of fourteen / electrons is a closed
shell of considerable stability resembling the rare gas shells.

Table 5.

—

Comparison of (ss)
1

(dd), and (ds) terms in Sc 11} Yllt La t

spectra
and Ial,

Elec-
trons

Levels Sc„ Y„ La„ Lu„

ss lB 11, 736. 4 0.0 7, 394. 6 0.0
dd *D» 10, 944. 5 14, 832. 9 10, 094. 9

^4 14, 261. 4 15, 683. 7, 473. 4
8P'o 12, 074. 13, 883. 5 5, 249. 8
3P'! 12, 101. 4 14, 018. 3 5, 718. 2

8P'2 12, 154. 3 14, 098. 2 6, 227. 5
3F' 2 4, 802. 8 8, 003. 1 0.0 29, 406. 7
8F' 3 4, 883. 4 8, 328. 1, 016. 30, 889. 1
8F'4 4, 987. 6 8, 743. 4 1, 970. 8 32, 503. 7

ds *D2
:- 2, 541. 3, 296. 3 1, 394. 5 17, 332. 5

Di 0.0 840.2 1, 895. 1 11,796. 1
3D2 67.7 1, 045. 1 2, 591. 6 12, 435. 2
SD3 177.6 1, 449. 9 3, 250. 4 14, 199.

Terms of the analogous second spark spectra of these four elements
are collected for comparison in Table 6.

Table 6.

—

Comparison of d, s, and p terms in Scju, Ym, Lam, cind Luui spectra

Electron Levels ScIH Ym La„, Lu Iir

d 2D 2 0.0 0.0 6, 304. 3
2D3 198 724.8 1, 603. 2 8, 648. 1

s 2Si 25, 537 7, 466. 2 13, 590. 8 0.0

V 2Pl 62, 102 41, 401. 2 42, 014. 9 38, 997.
2P2 62, 576 42, 954. 7 45, 110. 6 44, 705.

If our interpretation of the Lu TII lines is correct it supports other
evidence that in the period of 5d and 6s electrons the latter become
more stable than the former. Attention is called to the fact that
the (ss) *S terms of the first spark spectra (Table 5) show a trend
very much like that of the (s)

2S terms of the second spark spectra,

being highest for Sc, considerably lower for La, and lowest for Y and
Lu. The relatively small advantage of 2S over 2D in the Lum spec-

trum appears to account for the decided advantage of *S over 3D as

the lowest term in the Lun spectrum.
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Finally, it will be of interest to compare the total intervals of re-

lated D terms of three successive spectra for each of the four elements
discussed above. These are presented in Table 7.

Table 7.

—

Total separation of lowest D levels in successive spectra of Sc, Y, La,
and Lu

Spectrum
Level sepa-

ration
Sc Y La Lu

I 2D2-2D3

3D!-3D 3

2D2-2D3

168. 3
177.6
198.0

530. 5
609. 7
724.8

1, 053. 2

1, 355. 3

1, 603. 2

1, 993. 9
2, 402. 9
2, 343. 8

II

III ___

The three successive D terms for each element are intimately con-
nected according to the theory of series convergence to limits, and
the total separations should be the same (to a first approximation)
for the successive spectra of each element. The reality of this con-
nection is obvious from the data in Table 7, and this may be regarded
as a general verification of the term identifications and analyses of

the Sc, Y, La, and Lu spectra.

Washington, March 7, 1930.


