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ARC AND SPARK SPECTRA OF LUTECIUM
By William F. Meggers and Bourdon F. Scribner

ABSTRACT

A new deseription of conventional are and spark spectra of lutecium (cassiope-
jum) in the wave-length range 2000 to 11000 A has been completed. Wave-
length measurements and intensity estimates are presented for 650 lines, 25 of
which represent band heads presumably due to LuO, 250 are characteristic of
neutral Lu atoms (Lu 1 speetrum), 370 of singly ionized atoms (Lu 11 spectrum),
and the remainder probably belong to doubly ionized atoms (Lu 1 spectrum).
These data should aid in the spectroscopic identification and analysis of lutecium
and serve as a basis for further study of spectral structures, hyperfine structures,
and Zeeman effects.
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I. INTRODUCTION

The chemical elements with atomic numbers 58 to 71, inclusive,
known as the rare-earth group, are characterized by nearly identical
chemical properties which prevent their complete separation or purifi-
cation by chemical means [1].! Slight differences in physical proper-
ties permit partial separation from each other (by fractional erystalli-
zation or by electrolysis), but it is doubtful if any rare-earth element
of spectroscopic purity has ever been available for study. Impure
rare-earth materials, or misidentification of spectra, account for the
mistaken discovery of new elements, such as demonium, by Rowland;
incognitium and ionium, by Crookes; celtium, by Urbain; denebium,
dubhium, eurosamarium, and welsium, by Eder [2].

The atomic-emission spectra of these elements are characterized,
in general, by great complexity and considerable variability depending
on the type of excitation. The complexity (aside from impurities) is
due in part to large families of spectral terms, usually of high multi-
plicity [3], and in part to relatively low ionizing potentials [4] which
result in the excitation of several successive atomie spectra in addition
to rather complicated molecular spectra. The most extensive pub-
lished descriptions of these spectra were made more than a quarter of
a century ago by Exner and Haschek [5], and a tabulation of the
number of lines they observed in arc and spark spectra gives some
idea of the relative complexity of the spectra of rare-earth elements.
See table 1.

I Numbers in brackets refer to literature citations at the end of this paper.
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TaBLe 1.—Number of lines published tor rare-earth spectra by Exner and Haschel [5]

Number of lines
Chemieal
Atomie number symbol e Sourk

spectrum | spectrum

Ce 2,894 1,758

Pr 2, 480 1,732

I;*ld 2,762 2,540

S8m | 1,670 1,085

Eu 857 1, 508

Gd 1,887 1,401

Tb 2, 487 1,370

Dy 3,312 1, 464

Ho 1,482 1, 222

A8 Er 2,321 1,785
MR e e e e e Tm 1,007 67
70 Yh {05 705
bRl s e - s e T - e Lu 164 236

The past 15 years has been an epoch-making period for the develop-
ment of the quantum theory and for the analysis of complex spectra,
but the rare-earth group was the last to succumb to analysis. Jlj'aking
advantage of the relative simplicity of Lu spectra, and guided by
comparisons with theoretically similar spectra, the present authors
succeeded in finding the first regularities [6], which were published in
1930. It was first necessary, however, to make new descriptions of
the spectra since the older data were incomplete and unreliable. The
purpose of the present paper is to make publie, for purposes of spectro-
scopic identification, our complete description of the conventional
arc and spark spectra of lutecium.

The first data published concerning Lu spectra consisted of 33
wave lengths (2701.8 to 3647.9 A) by Urbain [7] and 62 lines (2603.38
to 6222.6 A) by Auer von Welsbach [8], both of whom discovered the
element practically simultaneously, the former naming it Jutecium
(Lu) and the latter cassiopeium (Cp). A little later Exner and
Haschek [5] gave values for 164 arc lines (2392.26 to 6945.30 A) and
236 spark lines (2195.64 to 6463.38 A). Some information concerning
lines characteristic of neutral and of ionized atoms may be gleaned
from a comparison of these arc and spark tables, but the separation
by means of these data is often false or ambiguous. In 1910 Eder
and Valenta [9] published 48 lines (5476.94 to 7126.23) observed in the
arc spectrum, and in 1911 gave reproductions of spectrograms [10],
a table of 116 wave lengths for the arc spectrum (2390.84 to 7126.23 A)
and 79 wave lengths for the spark spectrum (2603.38 to 6463.31 A).
In 1915 Eder [11], having obtained a purer sample from Auer, pub-
lished a new description of the arc spectrum listing 263 lines (2397.17
to 7237.89 A), but many of these are not now identifiable with Lu.
Considering the briefness of published lists, the poor quality of early
observations, the limited range of spectra, and the impure materials
used, it must be admitted that the deseription of Lu spectra was in
a very unsatisfactory state, and the necessity for making new ob-
servations before analysis of spectral structure could succeed is
apparent. Our preliminary report on regularities in Lu spectra gave
improved data for 100 classified lines [6]. A temperature classifica-
tion of Lu spectra by King [12] lists 102 lines showing perfect agreement
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with our separation of lines according to excitation stages. Incident-
ally, it may be added that the close coincidence of a strong Lu 1 line
with the almost omnipresent Ca 11 line, 3968.47 A, noted by King,
was mentioned 20 years earlier by Eder and Valenta [10.]

II. EXPERIMENTS

Our first measurements of Lu spectra were made in 1929 with a
sample of lutecium oxide obtained from Eder 10 years earlier, It was
part of his collection of rare earths prepared by Auer. This sample
contained a considerable amount of Yb and some Tm, so that it was
not possible to complete the description of Lu spectra without also
investigating those of Yb and Tm. The Eder collection just referred
to contained a sample of ytterbium oxide but lacked any specimen of
Tm salt. The Yb was found to be contaminated with both Lu and
Tm, so the identification of Lu and Yb lines could be effected, but
considerable uncertainty remained about the removal of all Tm im-
purity lines from either Lu or Yb. When this situation was explained
to Professor B. S. Hopkins, he kindly presented new samples of Lu, Yb,
and Tm oxides prepared at the University of Illinois. With these
materials we were able to check and extend our former lists of Lu and
Yb lines, and also to make greatly improved descriptions of Tm
spectra. This work was facilitated by the comparative purity of the
Illinois samples. Although the Lu spectrograms show many Yb and
some Tm lines, and the Tm spectrograms show both Yb and Lu, the
best Yb sample is practically {ree of both Lu and Tm.

In order to insure the correct assignment of spectral lines to their
origin, both as regards chemical element and stage of ionization, two
procedures were followed: (1) The spectra of Lau, Yb, and Tm (and Er)
were photographed side by side so that each line could be ascribed to the
proper element on the basis of intensities, and (2) arc and spark spectra
of each element were photographed in juxtaposition, so that intensity
comparisons would separate lines from different excitation stages. In
each case the rare-earth salt was fused on pure silver or copper elec-
trodes for the production of are spectra, and the identical silver elec-
trodes were used in making spark spectrograms. Each pair of spec-
trograms was flanked by iron spectra for wave-length measurements,
and the latter by blank spectra of the silver or copper. The ares were
operated with direct current of 5 amperes and applied potential of
220 volts, while the sparks were generated by high voltage (10,000 to
40,000) discharges from mica condensers of 0.006-microfarad capacity
connected parallel with the spark in the secondary circuit of the
transformers.

Ultraviolet spectrograms from 2000 to 3000 A were made with a
Hilger E, quartz spectrograph. The interval 2500 to 8500 A was
photographed with concave-grating spectrographs having either 15,000
or 20,000 lines per inch, while 7500 to 11000 A was studied with a
similar grating spectrograph having 7,500 lines per inch. The disper-
sion values for tﬂe first-order spectra of the gratings are 5.0, 3.7, and
10 A/mm, respectively. Since only a fraction of a gram of each salt
was used for making all the required spectrograms, 1t was imperative
to get the maximum efficiency out of the spectrographs.

Hilger Schumann plates were used for the shortest waves, Eastman
33 plates covered the region 2300 to 4800 A, and sensitized plates
(EK types F, N, Q) recorded the longer waves [13].
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I1II. RESULTS

All wave-length measurements were made relative to iron standards
(except 2000 to 2200 A, which was measured relative to copper stand-
ards), the values being those adopted by the International Astronomi-
cal Union [14], or those published by Burns and Walters [15]. Every
line listed in table 2 was observed on two or more spectrograms
(except a small number with questioned intensities observed only on
strongest exposures). The stronger Lu lines were measured on 5 to
10 spectrograms, and many of them were measured an equal number
of times on Yb and Tm spectrograms, where they appeared as im-
purities. The concordance of values from different spectrograms
and the coincidence of wave lengths with impurity lines indieates
that the final results for most lines are correct within 0.01 A, but
errors of 0.02 A or more may exist among faint lines or those qhomng
wide hyperfine structure. In some cases, it was difficult to decide if
close lines represented fine or hyperfine structure, but our intention
was to give only the center of gravity of complex lines. This hyper-
fine structure of Lu lines, first mentioned by the authors [6], was
further commented on by King [12], and then studied in some detail
by Schiiler and Schmidt [16], and by Gollnow [17]. A nuclear moment
of 5/2 was first announced [18] for 175 Lu, but this was later [16]
inereased to 7/2. Gollnow [17] reported the discovery of a new Lu
isotope (mass number 173 or 177) whose relative abundance is esti-
mated at 1.5 percent, and whose spin is 7/2 or possibly 9/2. Although
the hyperfine structure of Lu lines is not resolved in our spectrograms,
it widens some of the line images to 1 A or more, and may thus result
in some uncertainty as to the centers of gravity and perhaps leads to
overestimated intensities of wide lines. Some notes about Afs are
given at the end of table 2.

Wave-length measurements and estimated relative intensities for
650 lines characteristic of Lu atoms are presented in table 2. About
250 of these lines belong to neutral atoms, 370 to singly ionized atoms,
and 5 or 6 to doubly ionized atoms. In addition, some 25 band heads
presumably due to LuO are given. Since spark spectra were not
observed above 6800 A, the assignment of longer waves to 1 and 11
spectra is based principally on the term analysis of these spectra, and
may possibly require some slight corrections when these analyses are
completed. Tt is not unlikely that a few real Lu lines may have been
discarded on account of coincidence with impurity lines, but the
greatest deficiency in this deseription is probably in Lu spark lines
masked by silver {mes, or by air lines, and unobserved above 6800 A,
unless they appear in the are spectrum. The number of classified
lines in Lu 1 and Lu 11 spectra has been increased to 200, but details
of these analyses will be postponed until more complete and until
Zeeman effects required for the interpretation of the spectral terms
have been observed.

The strongest line characteristic of neutral Tu atoms is 6004.52 A,
or possibly 4518.57 A, while the strongest line characteristic of singly
ionized atoms is 5476.69 A with 6221.87 A and 6463.12 A next. It may
be expected that the most intense lines will also be the most persistent
or sensitive for detecting minute traces of Lu, so any sources in which
neutral atoms predominate (flames, low -voltage arcs) should be ex-
amined for 6004.52 A, but if ionized atoms are most abundant
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5476.69 A will reveal the lowest concentration of Lu. It appears
that on account of the easy ionization of Lu atoms, the strongest
Lai 11 lines have greater intensity than any Lu 1 lines in the ordinary
220-volt are with short gap, and 5476.69 and 6221.87 A may be
regarded as the most persistent lines of conventional arc and spark
sources.

Attention is called to the fact that 19 of the 24 lines published by
Urbain [19] as characteristic of “celtium” are now identified as
lutecium.

TaBLE 2.—Arc and spark spectra of lutecium (Z=71)

¢=Complex, hyperfine struc- {=8haded or displaced to n=8pectrum of singly fonized

2155, 92
2156.73

ture (ifs). longer waves, atoms.
d=Double, may be hfs. B=Band head. m=8pectrum of doubly ionized
e¢=Enhanced at electrode. p="Part of band structure. atoms,
h=Hazy, 1==8pectrum of neutral atoms. | LuO=Malecular spectrum,
H=Very hazy.
Intensity and Intensity and Intensity and
character character character
Mair & |—— | Bpoee- Naie A Spec- Mair A Spec-
trum trum trum
Are | Spark Are | Bpark Are |Spark
30k | 1 1| mn 2306. 38 1| n
3 | 1 5| 1 2807. 54 ! ¢
287 | 1 i« 2310. 66 2h |l 1
L 1] 2313.08 |- 6| 1
2|l 6| n 2313. 98 3 158 | 1
4| I WAL Jeeaas L'
6| n 8| n 2333.04 |- 1131
6| n 4| n 23334 | 1|'n
1|l m 60| 1 2334.88 | ... 2¥Yb? | 1
W06 | 1 Tl 1 288706 |---=--- 1
2|1 100 | u 2338. 43 |-..-- 1| n
1] K 2\ n WAL 30 |t a| n
40 | 1 4| 1 2343.07 2 15
4| 1 21 2345. 50 1|1
6| n 6| 11 2348, 60 2|l
rlll B 2h | 1 2349, 14 2h | 1
4| 1 i | m 2360. 43 3| n
4| n 2h | 1 2450. 7. 1
2Yb? | T | ar 2351. 88 2| n
6h | 1 8h | n 2362, 76 1l
2124, 13 3Yb? | n 1| 2357, 28 4|l n
2124. 64 2| n 2| . 2359. 38 21 1
2127. 43 4| 1 6h | 11 2363. 18 1 1
2128, 29 5| 1508 | 1m 236777 1 |5ir
2131. 66 6| m 1| mn 368, 22 2| 1
2132.81 5| = 2h| 23060, 08 5| 1
2135, 18 . 5| 1 4| 2480. 57 2| 1
2137.72 .| 8¥Db? | n 2| n 2381, 69 30k | 1 am?
2139.19 6| o 3| 2385, 20 1| m
2139, 76 1| 1 2| n 2387, 45 1|ln
2140. 53 2h | n 1| 1 2388.60 |- 2l n
2143, 84 3| 1| 2300.28 |- 2|
21486. 06 2h | u 4h | 1 100 | 11
2147. 59 2h | m 1| o 1|1
2150. 51 2| u 1| mn 1|1
2151, 68 1| n 20| 1 1|
2154. 38 7| o 3Yb? | 1 1|
3 1 50
4 1 2
2 2 4h
2
15

2158.04 i 11 u
5001 ... 11 100 | u 1|
21604, 33 1 1 1\ n 2\ n
2173. 30 5Ybt | n o 2 n
21760.98 |- 4| 1 = 1|11 240B.18 |- 1| 1
2178.02 Bl n 2Yb? | 2415.692 |.......| 5| 1

Bee footnotes at end of table,
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TaBLE 2.—Are and spark spectra of lutecium (Z=71)—Continued
Intensity and Intensity and Intensity and

character 5 character g character g
i A ool RV oo I auea e
Arc | Bpark Are | Spark Are | Spark

2419.21 8 40 | 11 2| o 2835.25 |...._..| 10Md? | m

242142 4Yb? | 11 2l 1 2845. 13 2] 1

2421. 97 1Ll n 6h | m 2845.87 |..._._. | 1

2424, 60 1| 6h | I 2847. 51 40 120 | 11

42121 3| 80k | mx 2855.36 |..._... 2|1

2430. 26 15| n 100 | m

1| 2|l n
2| 120 | m
1Yp? [ 11 20| n
1 3| m
2| n 2500.58 |.oooo.- 2|
2| 2502, 27 2h ? i
1| 1 252,84 | .. 5h | I
2l u 2603.33 » | 10d, ¢ 3004 | m 200
4| 1 2007.32 | ... 4h | m 150
0 1 2612. 86 3h ? 17 2903. 05 20 1 1
5h | u 2613. 40 30 100 | 2005.92 |...__.- 1]
L 2615, 42 100 250 | m 2911. 39 00 300 |
3| n 100 | @ 2012.70 i1 T SRS,  §
tl LB ¢ I P 1|
2] n i|ln 2028.37 |- G
40| n 2| 1 2931. 53 i I
1| n 1| 3 . vl m
1| 2h | 2h | b
2| 1| n 3 e
3| m 2h | 1 n
100 | 11 150 | i e
4| 1 2ln n
1l n 1 i
2|l 1 hig
2l i d i
2l % 1 I
6| n I hid
1| o T 1
2| n I bi
1| n i i
2|l m n i
2| n i n
iln i u

250028 |......- 1h | 11 1 i

2500. 86 5h 1 1 u i

2509.04 |....... 3Tm?| u i ji

2811,87 |..iooo 10O | B | B -1 R T [ 1 1

2187 |omeeeee 2l n 1 u

21399 | 1| o 1 I

2514.41 | 1| it 1 nr

2518.04 |.___... 4| 1 1 i

2518.77 |....... 1| n 1 1

2519.06 |.__.... 1| 1 1 u

2520.63 |.....-. 2| n 1 u

262897 |- 1] ur 1

2526, 83 1 10h | n I

262880 |....... Bh| m || 278L.47 | 4R | ... 1 i

2620.84 | 1| o i u
_______ 8h | I 1 i

253474 | __. 2| u i d ¢ 4

2536.95 10 20 | i1 T

2538.12 |....... 3Yb? | n jid 1

2539.41 |....... 1] & n u

2542, 35 4 § 4 ur? I

2548.82 |.__.... 5h | @ n 1n

2546.87 |....... O | n i n

2548.63 |....__. 10 | hid n

2549. 52 1 i u

2860.67 |.....-. 8| n n I

Bee footnotes at end of table.
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TaBLE 2—Are and spark spectra of lutectum (Z=71)—Continued
Intensity and Intensity and Intensity and
character s character 5 character g
Aair A t% Nair A tl;’:g Rair A tram
Arc | Spark Are | Spark Are | Spark

3508, 42

3518, 59 1
352118 3
3525.94 2
3546, 39 7
3553, 10 2
3554, 43 50
3567, 84 100
3580, 20 3
3596, 34 6
3620, 31 4
3623, 99 20
3628, 90 2
3636, 25 25
3642, 35 n

T
"
'

&h
1
15
1
10
4

2

|
200
1h
3h
150
3h
150
3

e

- D -

See footnotes at end of table,

4518, 57

4839. 620
4843.03
4544, 44
4858, 75
4860. 15

4921. 70

4942, 34
4070, 92
4904, 13
5001, 14
5067, 60
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TapLe 2.— Are and spark spectra of lutecium (Z =71)—Continued

[Vol. 19

» Measured double in are 2803.30 (5).

)
* Nine components according to Schiiler and Schmidt [16].
¢ Thirteen components according to Schiiler and Sehmidt [16].
4 Fifteen components according to Gollnow [17]. ¥
s Filteen components according to Schiiler and Schmidt [16].
{ Baven eomponents according to Schiiler and Sehmidt [16]
& Nine components %gg?rslglﬁuto Schiiler and Schmidt [16].
Dok .
b Measured dnuh!c{ﬁaﬁﬂ_w (15},
i Three components aceording to Sehiiler and Schmidt [16].
6611,25 (30).
G611.58 E25 .
1 Five components measureds6611.80 (20).
6611.95 (15).
6612.04 (10).
641
k Difluse double measured .}g:s?g %3

| Unsymmetrical double measumd{%%ﬁﬁ Eé?)
804583 (20).

m Three components mcasumd{%ig,ﬁa [15;.
8050.18 (10},

Intensity and Intensity and Intensity and
character Anp character Spe acter Spe
0 spec- TP
xnr A trum Mair A trum Malr A trum
Are | Spark Are | Spark Are | Spark
5134.05 20 211 6365.900 | 26d |-
5135, 09 0|1 441, 14
5161. 06 6444, 89 i)
5170, 11 6463, 121 | 400¢
5106. 61 647767
5206, 47 I |Lsasnsnnld 6523.18
5250, 71 1 6611, 7i
5278. 48 m 6619, 15
5304, 40 20 b 6668, 74
5340.12 25 2|1 6677.14
5402.674| 150e 10 [ I 6735.76
£421. 90 e 5|1 (766, 32
5437.88 a0 311 6708, 77
5463, 57 8 1|1 6526, 59
5465, 50 o | o 1 6802, 55
5476. 69« 500 1000 | 6917, 31
505, 91 | S 1 043, 06
H602. 56 1 5|1 T031. 24
5664, 80 2 20 | TO06, 34
5713.49 3 15 |1 7101.98
5730, 55 150c 15 |1 T125.84
&775. 40 50 511 T42.79
5800, 59 30 211 7143.10
5860, 79 20¢ 21 T165. 04
5866. 30 e 1 7196, 40
5887, 23 7220.06
5061, 39 T237.08
5083, 0t 7324, 07 e
5997, 13 T409. T 10012, 46 he
6004. 52 7441, 52 20 10114. 8 2e I
6041, 66 T456. 96 W Poes e i 10118, 54 T ORI s .
6055, (3 7643, 06 2 T 10282, 26 = S| LE
6054, 14 75663 20 1 1 10487. 6 2 B [l
8140, 71 7640, 08 ] 1 10680. 5 _ - I
6141. 72 7649, 54k 8c 1 10720.8 1
6150. 94 7659, 01 10758, 2 L RS g
6195.12 7656, 81 10770. 2 - 1] | SRR O, 1
06199, 66 7758, 30
6221, 87 500 1000 | 7815. 8!
6228, 14 10 40 | 1 7011, 62
6235. 36 25 100 | o 7812, 32
6242, 34 40 200 | 11 T917. 62
{248, 80 1 )3l L I 7927, 58
6345, 35 60 411 7950, 63
6354, 85 20 : B 7865, 31
2603.28 (5).
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