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AN ANALYSIS OF THE ARC AND SPARK SPECTRA DF
SCANDIUM (Sc 1 AND Se II) .

B:.r Henry Norris Russell and le]um F M:@gcrs

ABSTRACT a
In the present analyels spectral term combinations have been assigned to
353 lines of 8¢ I'and 142 of Sc II.  Nearly all of the abserved lings in both .s:per;t.ra
are thus classified.
. Dutails of the spark spectrum (B¢ II) are preaented first because they are
gimpler. The terms with lowest energy content are !D, 1D, arising from the
electron configuration 3d.4s. Next come ¥F', ¥F, 13, 1D, [G from 3d4.3d. All
these terms combine with B, 5D, 3F; 1P, 1D’ 'F from 3d.4p; and these again
with '3, 5P, 3D, °F", ®(3; 18, '/, 1D, 'F", 13 from 3d.4d, and *D, 1D from 3d.5s.
The last are in aeﬂas with the lowest terms, and the jonization potential of the
Se* atom is indicated by these serizs to be 12.3 volts. A *P term arising from
4s.4p and a *P' term from 4p.4p are also present.

The arc spectrum (Sc I) is much more complex. The lowest-energy term,
representing the normal state of the Be atom, is *D, which driginates with the
three-glectron configuration 3d.4s.4s.  Next follow the metastable states 4F', *F",
1D, G, 4P' arising from 3d.3d.45. The configurations 34.45.4p and 3d.2d.4p give
numerons “‘middle” terms combining with the low ones and also with higher
terme ariging from 3d.4s.5s, 3d.3d.5s, 34.3d.34, 3d.4s.4d and 3d.4p.4p. The two
terme first mentioned, *D and ‘F’, begin two series from which an ionization
potential of 6.7 volts is obtained for the neutral Se atom.

The theoretical interpretation of the observed terms is outlined, and all details
of the structure of both arc and spark spectra are found to be in complete agree-
ment with Hund's theory, which derives one or more specific spectral terms from
each possible configuration of the electrons not in completed groups,

Results of this analysis are presented in the form of ferm tables, multiplet
tables, tables of elassified lines, and energy diagrams for each of the spectra, i
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I. INTRODUCTION

Scandium is the lightest element which exhibits a spectrum of
the type characteristic of the heavier metals, in which the lines are
very numerous, multiplets are abundant, and series inconspicuous,
The first step toward analysis of its spectrum was made by Popow,!
who identified a PD group in the ultra-violet, belonging to a triplet
system. Later, Catalin ? found a number of additional multiplets
of the triplet system in the spark spectrum, and detected doublets
and quartets in the arc spectrum. His analysis was extended, and
some of his conclusions corrected by Meggers,® who showed that
the state of lowest energy in the neutral atom corresponds to a *D
term, and the next lowest state to a 'F’ ! though the relative levels
of these terms were not exactly assignable, since no intercombinations
between the systems were found.

In the singly ionized atom, the lowest term was found to be a *D,
with a ?F" and *P’ somewhat fhigher, Transitions ending in these
atomic states account for most, though not all, of the more promi-
nent arc and spark lines. Many important lines, and numerous
fainter ones, were, however, left unclassified.

More recently Hund ® has accounted for these terms, in a very
satisfactory manner, by means of his theory of atomic and spectral
structure; and Gibbs and White ® and Stanley Smith * have identi-
fied the most important terms in the spectrum of the doubly ionized
atom (Sc III) and shown that the *D term is here the lowest, as
surmised years before by Bohr®

The present analysis, begun some time ago by one of us (W. F. M.)
and delayed by pressure of other duties, has been completed by
the other. The number of lines whose relations have been identi-
fied is 142 for Sc IT and 353 for Sc I. Were it not for the scarcity
of scandium, which makes it impracticable to use long exposures in
the search for faint lines, these numbers could probably be con-
giderably increaszed. As it is, only a few scattered lines of small
intensity remain unclassified, and the analysis may be regarded as
practically complete, under the existing limitations. It has been
possible to interpret almost all the terms which have been found,
by means of Hund's theory, to identify the corresponding atomie
configurations with security, and thus to find the beginnings of
series, which lead to the determination of the ionization potentials
for the removal of both the first and the second walency electrons.

1 Anm. d Fhys., $& p. 163; 1014

¥ An, Boc, Esp. 4 Fis. ¥ Quim,, 20, p. 606; 1922, Ihid., 20, p. 464; 1823,
# Proc. Wash, Acad. Bcl, 14, p. 419; 1604, Thid, 17, p. 3% 1927,

¥ For an explanation of the use of the accents, see p. 360,

¥ Es, I Physlk, 33, pp. 350, 363; 1925,

* Proc, Mat. Acad. Sei., 12, p. 508; 1928,

T Froe. Mat, Acad. Scl., 13, p. 66; 1927, -
" g, I. Phys., D, p. 48 i1; 1022
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In presenting the results, the spark spectrum, which is much the
simpler of the two, may best be considered first.

II. THE SPAREK SPECTRUM (Sc II)

The spectrum of singly ionized scandium is easy to produce.
Fowler ® pointed out that practically all the enhanced lines appeared
in the arc, and King ' found many of them in the furnace—the
strongest appearing at moderate temperatures, and being placed in
Class IIT of his temperature classification. These conclusions have
been confirmed in the present investigation, which shows that all
the lines which might theoretically be expected in the second spee-
trum are present in the arc. Many of these were identifiable at
once as enhanced lines by the familiar characteristic of appearance
only near the negative electrode.

There are many lines in the ultra-vielet, strongly enhanced in the
spark. These have been found to represent combinations between
the triad just mentioned and a group of still higher levels—3, *P,
D, 86, %3, and an additional *D. The five terms first mentioned
are evidently closely related, and their combinations with the triad
P, *D’, *F can be arranged in the form of a *“‘supermultiplet’’ as
follows:

atFy atF; [0 alD'y oD g Y atPy aily Py
(30e)
adly | 32, 615 80
(20e)
oMy | 32,508, B9 32, T46.03
g:‘- 15a)
ot 52,60461 32, 623.38
1
BEYy s&ﬁmsﬁ {ﬁﬁ
{ .af& (gg (18} (Te)
L ind3 2 35, 0z 30 35,283 47 45,429, 32 o
WE'y 35,1‘:'1 49 35, 930, 40 35, 352 69 35, 466 11
(3e) {108) {18) {5e)
eIy | 32, 160, 06 31, 840, 37 31, 880, 32 L 177,
(2e) 1e] (el (1) (32)
Dy 32,326, 72 31, TEE. 03 30, B07.85 32,000 45 | 30, 10533 30, 167, 04
{2e) (1e) t&?\} (1e) (1)
Dy 32, 431,07 1,553, 68 31, 967, 11 30,132, T2 30, 138,52
1 4
b 300k 12 s4 890, 13 ‘m{n
{1e) {m "(le] tgﬁ
-0 340, 624, 58 as H, 09 3-!.?]&} 15 34, o
)
WP 34,897, 71 34, BT 58
{10e} ! (2
a3 31, 147, 06 3],331]1 31.33£130
i

It is noteworthy that the strong pair of Sc III at A:2,699.12,
2,734.10 appear in this arc spectrum with considerable intensities (6

' A Fowler, Phil. Trans. A, 299, p. 47; 1009,
WA 8 Hing, Ap. T., 5, p. 39; 1821,



332 Scientific Papers of the Bureau of Standards [ Volotg

and 4). This iz unusual, and rather unexpected, but not hard to
explain, for these lines, though not the ultimate lines of the third
spectrum, are easy to excite and should appear with much less provo-
cation than the lines of almost any other doubly ionized atom.

Most of the stronger lines of Se II arise from the combinations
between the low *D, *F’, *P’ terms and a “triad,” *F, DV, *P, lying
about 28,000 wave numbers higher. A *P term: at a considerably
higher level accounts for Popow’s group and completes the list of
terms previously identified.

The observed and computed positions of the lines in all these multi-
plets agree satisfactorily, and it is of much interest to note that the
relative intensities of the different multiplets are very much the
same as those of the component lines of an ordinary PD multiplet,
in which each term has its full number of components. Taking the
sum of the estimated intensities of all the lines of each multiplet and
comparing with the theoretical intensities for a “P"D group
(reduced to the same sum), we find the following:

Ohaerved Theoy
T1 63
16 25 18 32
7 20 10 3 23 12
3 13 Iix18
17 : 13

The agreement is remarkable, considering the inevitably rough
character of even careful estimates of line intensity on ordinary
photographs, and suggests that a precize photometric measurement
of intensities in these and similar groups would be well worth while.
One additional multiplet of the triplet system has been identified —
a combination of Popow’s high *P term with a *F’ term, which has
the highest energy of any so far found in this spectrum.

Some of the strongest lines of S¢ II are.isolated and obviously
belong to a singlet system. The most noteworthy of these, at
w4247, was identified, by means of intercombinations, as correspond-
ing to a transition between a low 'D ferm, only 2,500 units above the
base-level °D, and a'D’ term. The 'P and 'F terms, which make up
a triad with this, were next found. They combine with the 'D term
and give strong lines in the ultra-violet (which, like AM247, appear in
the furnace) and with a higher "I} term to give lines in the wvidible
region. A 'S term, at about the same level as the last, was next
identified by its combinations with the 'P and °P terms; and some
ultra-violet lines were assigned to transitions from the P D’ F triad
to a higher level. This leaves outstanding only ome conspicuous

0 H, N. REussell, Proo, Nat, Acad. Sci., 11, 328; 18235,
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enhanced line, at A5527, the strongest in the visual region. No
combinations could be found to identify this, but it appears prac-
tically certain that it arises from a low G term, which is to be ex-
pected theoretically, and combines with the 'F of the triad. Its
combinations with the corresponding *F term are in the deep red,
and should be faint and hard to find. This interpretation iz con-
firmed by analogy with La II. In this spectrum—the analysis of
which is well forward by one of us (W. F. M.), but not fully com-
pleted—the intersystem combinations are much stronger, and estab-
lish the existence of the 'G term beyond question; and the line
G-I is very strong. A number of lines in the ultra-violet, some of
which are strong, appear to be combinations between the triad
P I F of singlet terms and a group of five higher terms, 5, P/,
D, F', G, which, with an additional 'D term, are evidently analogous
to the high triplet terms previously described.

The terms which have so far been identified are listed in Table 1.
The term values are measured upward from the lowest known energy
level a®D,, which is undoubtedly the lowest in the ionized atom.
The notation for the terms is that now generally adopted. Terms
of the same kind are distinguished by the letters a, b, ete., which are
attached to them in order, beginning with the lowest, thus the four
ginglet D terms are ¢'D, 5'D, ¢'D, d'D. The small letters have,
therefore, no significance except as convenient labels, and are not
intended to suggest anything at all about series relations. As mis-
understandings have sometimes arisen on this point, an explicit
statement is desirable.

The terms and combinations for the Sc¢ II spectrum are shown
diagrammatically in Figure 1.
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TaBLE 1.—Relative terms in the Sc IT spectrum
Level |Term| Aw Combinations Level | Term| Aw Combinations
000 oDy | e 00180 | BBy |
H a'F, WP, D, ofF’ 1 )
ores | oDy | e, O, GiF, UL PR | LR, oD,
177. 62 | ¥l 30, 344,00 | By
2, 540,97 I:I1D'1r o!'P, aD¥, al'F, oF, || 67, 561.46 | by
oIV, a'F, B2 48
8075 | OF B e (I e, O,
5 2
x ED, 67 57, 743,37 | WD
4 503, 42 | B'F's D', o'F, oD,
| 1z 58,261, 92 | 'Dg alD’,
4,087, 64 | @V
59, 525 22 | @M F'y oY, aIF
10, 944, 51 | B1n oF, g, a'F, a'P,
11, 736, 35 | atSy IF, afF, . 54.90 |
all’, &
L 50,820, 18 | 'y P, a*D, ot
12,074.00 | a'P%y 72,42
27,45 &0, 001 60 | Dy
12, 100. 45 | a?P" P, &', alP.
52,89 50, 2696 | a3
12,164 34 | a¥P*y BL IS
50, 345,20 | adChy
14, 961 40 | 10l aiF, 10877
i, 456,87 | aly
28, 081 32 | a'D'5 stP, oD, MDD, oD,
@ib, Wit @D, D) | 60,400.02 | o' aIF, a'L¥,
) 61,071 10 | a'5
27, #4366 | a'Fa
63, 873.91 | BBy
158,67 |0, WD, oD, o'F, 0 82
27,602 32 | oty B, aidd, ot 63, 444. 43 | BEy , 6T,
2R, B5 H3, 30
27, 84017 | o¥Fy 63, 827. 73 | B
27,917, 69 | 0¥ 4, 366 15 | d'Dg @P, all¥, a'F,
108, 52 [|oF*, 8P, @D, WD, || 6461528 | P
26,021 21 | o¥D¥s o), oF, BF, alD) &0, 80
128, 52 64, B48. 08 | BP, E, oiDy, gl
28, 160,03 | o3 59,08
4, T06. 16 | BEy
29, T 22 | Py
64, 42, 70 | W8 alP,
Ged (a8, a'Pf, BHP, D,
28,742, 12 | o'P 81,80 aLy, i, al3, i, 1A 83 | W0y alF,
29,573.92 | 0P 1 76, M2 40 | TP oy
30, 815,85 | atBy a8, B3, ', oD, 0D, [ 76, 35081 | 2P i P.
gy, o*F*, PP, i, 228, 67
76, 584, 48 | 'P's
32,340.08 | @'Fy

aD, WD, &iD, aF,
cib.. 'Th,

Table 2 exhibits the multiplets which have been found. Only the
wave numbers and intensities of the lines are given, and the group of
eombinaiions of triplet terms which has previously been given (of.
p. 331) is not repeated,

45877°—27—2
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TasLe 2.—Combinations in the Se IT spectrum

@l a1y a1y alDy ey a'Fy alF'y
4 3| womE
@D | (25,00869) 26,003 58 O6,081.81 | 99, 540.37 (21, 107.00)  21,278.38
&0 IT 40 I E AVE
aFy | 97,0835 28600 239070
Fy 2‘2191.[% ﬂuﬂg m.nsuﬁ 22, 614,72 z:,?[lEn]i ﬁgul'ar
L ¥
5 i s 1T P i IVE iVE SiE
alFy 27, 35 6l 2?’,37'5\.“ 27, 3. a8 o, B2 T 2 560,17 22, 640 00
50 11 2011 WIIE  SIVE 1
aTHy o7, 0L 4] 76, 090, 34 23, 171, 37 T8l T, 586 2L
W T a5 11 20 T 2 IME WIVE
@D | o7 8d3 51 27,0602 28,021.20 | 26, 480.10 B,18.75 23,218 48
21T s0il W11 B
2D 2T, 850.03 27, 917.60 211491
20 111 10 II1 g1V 1
Py | WMET T0} MERE | 20,20 {f24, 040, 50)
Py B4 272D | mw (24, 940, 15)
P 20, 736, 22
' 21V 10 I
Py | B 26,274.65
a'Fy 2,172 T0,809.00 | (27,362.36) (27, 466.58) (27, 547.23)
ey Py [ 1) alBg Ty ey
10
@D | (19,526.08) (15,970, 67) 16,130 70
'Fs {18, 570, T7
aiFy {15, 447, 48) (16,857.81) | (13 m_mﬂ
aiFy {15, 342, 20) {10,499, 14) i
| 2NV E
| aD% mms.?g > {13, 866, &3)
ey 15,55&33' 15, 'FIB.E;- 5 (17, 076, 60}
@D | 1576534 1581027  10,B43.74 | (16, 151.34)
WY E BV E
&Py 17,600 54 17, 72348 (18, 570, 40}
5VE 10V SVE IV B
oy 17, B8T. T3 17, 640 64 17, 668. 11 18, 000, 73 18, 797, 60
1B IV E
a¥Fy 17, &, 76
2 2IV A WHIVE 0V E
alPy 18, 661,36 (18, 714.25) 1E, T41. 857 19, 0790, 36 19, 871, 16
151V E WYE
aiFy 21, 405, 47 18, 065, 54
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TasLe 2.—Combinations in the Se IT specirum—Continued
by My By 1y dily Lale
fe B0
oIy (31, 662,08} (31, 832 &) 32, 170, 60 36,284, 71
41T A
alFy 20, 92, lii? =
aiFy 0, 140, B8 mm:.agT .
alFy 30,170.23 30,107, 80
3 1
D 2, 882,41 20,482 Eg
efl¥y | (28, 7IL16) 20, 591 B3 tﬂﬂﬂ-ﬂij
¥y (20, 696.25) 29,633, 71
a'Py | (27, 010, 45)
) (27,671, 77)
P (27, 815, 24)
fa
alFy (20, T8, 2 (26, 735, B1) (27, 436, 27) 3, 550, 68
1 10111 E
' Fy | (24,309.39) (24, 253 4) (25,800.94) | 3200598 | 3288585
ey o ¥y a iy a Dy ¢ ¥Py ) o] ¢ ¥P%y
10e 5e e (1)
biPy 9, 16757 30,2773 38, 34470 (36, B, 94) a7, 248, 47, 014. 96
Ser i 1 masked 17
biFy 30, (46, 84 39, 11435 (34, 573. 52) A7,470.93 (37, 245.37) A7, 127.06
Ba 1e
b Py 39, 001 50 37, 356. 12
Hote.—0Other combinations on p. 31,
By alF'y 430y al1Py brgy
10e 2a 1
elFs | 32,88585 | 2717832 | a%,00606
10 e 38
21Dy 33,446 80 | 3528471 | 3¢01838
Sa e A
aify 33,550 65 | 20,384 60 | 3419696

Table 3 contains all the lines which have been classified, arranged
in order of increazing wave length, and gives both wave lengths and
wave numbers. The intensities in the column headed M are from
Meggers's estimates in the arc.” The letter “e’ denotes a line
strengthened at the clectrode or confined to its wvicinity. The
columns headed K give the intensity in the are, and the temperaturs

class, according to King."

That headed o—e gives the excess of the

observed wave length above that computed from the difference of

B, 8. Scl,

Paper Mo, 540,

B Ap. T., 54, pp. 31-35; 1921,
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the torms given in Table 1. In a few cases, where the value of one
of the terms involved has been determined only from the line in ques-
tion, the residual is necessarily zero, and is given in parentheses in
the table. Ounly three of these residuals exceed 0.03 A. One of these
is for & line measured only by Exner and Haschek, while in another
case the identification, and in the third the measures are doubtful.
For the remaining 139 lines the average residual, regardless of sign,
is £0.0074 A, corresponding to a probable error of £0.0063 A. TIf
it is assumed that the residuals recorded as 0.01 really lie between
0.005 and 0.015, and so on, the distribution of the observed residuals
and that predicted by the law of errors are as follows.

Rasidual -3 '] —1 0 1 2 | 3
Observed nomber__ 1 T ] 2 345 a 1
‘Theoretical mumber. . - M 55 H 7 M

Sinece 53 different energy levels (terms or components of terms) have
been determined from these 139 lines, the actual probable error of an
observed wave length, assuming, as is probable, that the combina-
tion principle is rigorously true, is 0.0063 X (139/87)*% or 0.0080A,
which is satisfactorily small.

The only outstanding line of intensity greater than 2 is an isolated
one at A2,273.10 (intensity 3, n=43,979.16). This has not been

classified.
TaeLe 3.—Classified lines of Scondium IT

Intea- Intensity
L Ca BT Y alasg K = Orlgin

2, [0, BT +1 la 30,844 TO oDy =bTy
2, M6 M o L] a0, 277. 24 alDy—b Py
255258 | —1 ia an, 187 87 | a'Dy—BF,
2, 555, B4 +1 [ A, 114, 30 Al —Ey
2, 560, 76 =1 Bo 30,046, B4 iD=y
2,563, 23 (i) 8a 0,000 5 | OD—BPy
281123 | 41 38 38,284.71 | aiD%a—diDys
2,667, T3 41 g 47,474, 9 Py =Py

| 2em00 | 41 ie a7,358.12 | BP—aP

| 288633 | —1 2e ATMLEB | WP—oPy

| 2,602 59 17 37,107, 96 BPy=ciP
sioa | X ia IO 06 | BB
I | -1 1e? 36,807. 7L | aiD"—BF
o, 70, 6 +2 la 36, 24, B8 eIy —MP,
2,78 8 a 1 Fat 36, 544, 12 el =Py
2, 7B 3 -1 30 35,930.40 | a'Fa—bFYy
2, TEQ. 20 +1 ] &6, 542,02 el — I F"
2 TH.T0 +1 1a 35,771, 49 =
2, B01. 35 i e 35,888,588 | ®IFy—REFY
2 E07. 01 i it 35,608, 71 | @'F—HF%
2, 814, b +1 ] &5, 456, 11 oDy — WPy
o B2 17 =1 Ta 35, 423, 32 u‘D‘:-bﬂI‘:
2 E26. 50 0 108 35,366.68 | oD—tAF"
2 E37,81 il 20 35,352 68 | D4Y-BHFy
2EELAE | —1 i 35,2140 | 0DY—HFY
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Tasre 3.—Classified lines of Scandium II—Continued

Inton- Intensity
L ¢ | Gty M | clemE " Origin

3, 5EO. 64 1] o 611 o7, 850, 03 iD=y
380048 | 41 ) 611 27,843, 51 | aiDy—atDFy
3,618 54 0 £ 30 LI 7,860, 5 | alDy—a'Fy
8, 630, 76 1] &0 13 IL 7, 504, & alDy—ally
3,278 [} 44 25 IL 27, 443, 69 alDy=n'Fy
3, B8 31 1] i) 10111 a7, 424. 72 aly—a'Fy
3, B5L. B0 0 25 7L 5'?:31‘5.@ alDy=n¥Fy
3,664, 25 0 1 e | eDi—stPs
A, 666, M +1 3 211 a7, M5 93 eI Dy—aily
8, 675 26 =1 1 0,00, 4 @i D=ty
3, 678 36 =1 k] 27, 1T 12 alFy—ulF'y
8,833 08 0 3 =, 081, 31 aiDy=alDry
B3 08 | 41 4 26,013 58 | o'Di—eD"
3, 2L 51 +1 2 25, 480, 19 alDy—a?ry
B, 50, 06 +i 2 25, 041, 50 alDy—atFy
4o 4e | -1 5 IVE MWW | eD—stFy
4, 246 83 o L] TRIILE 24, i AT alDy—all¥y
4, 278, 95 +1 1 3, 858, 21 alFy=al's
4,50 T7 [} g WIVE 2, 77761 | eiFr—alDhy
4, 308,71 o 10 WiV E 23, 21E. 48 el y—alD’y

| 431409 ] 60 100 111 B 25,1735 | a'FY—a'Dh

| 42073 | +1 5 7511 E 23 13775 | alFi—eiDY
4, 326, 00 +1 4 H I E 23, 11491 A F =
4, 354 80 =1 5 EVE 3, 957. T8 APy —aiFy
43448 | —1 4 &) Il B 03 BEL 56 | alFf—alFy
4, 354, 80 -2 [} 4IV E? L T, 67 alFe=glFy
4, 400. 38 =1 20 I E 2 TIE 95 @l y—aily
4,415 56 [ 20 I E 20 GO B0 | edFz—alFy
4, 420 66 =1 3 2361472 W'Fy—alFy

L 4,431, 35 +1 3 iVE 2, 580,17 WFy=aFy

| 467040 0 15 LIV E 0140547 | WDy—aIFy

|4, R 30 +5& 2 (E & H) 1, 778 36 o¥Fs—all}'y

| 608102 [} 40 myvE 19,571, 16 HDy—my

| s,ma.81 | -2 15 ZIVE 19,070 38 | 0IBg—oiPy

|= 5, 318 35 43 3 1IVE 1B, TET. 80 HDa—a'Fy ®

| s,me22 | —1 2 IV A 18, T4L 68 | oPhh—alPyIT

| 53518 | —2 2 1. G6L 36 | a'Pa—alP,

1 iﬁaﬁ.m L)) 5 WVE 18, D22 58 ol —alFs?

5L 20 +1 3 18, 008 T3 WBy=p1Fy

5,640, 19 0 16 IVE 17, 72248, | 0P —aiP;
565788 | +1 25 BV E 17,68, 04 | o'Fr—oiFs
5, 658, 36 o 8 2VE 17, &5 11 P Y=oy
5602.16 | 41 10 z2VE 17,6068 | OPY—alPy
5, 600, D5 0 12 ZIVE ITEM. T8 | o'Py—elPy
5, 684, 31 <2 15 AVE 17, 587. 73 alPs—alPy
62456 | 42 20 IVE 16,006.75 | alPz—allly
6,370, T -3 15 15,018,838 | alPy—alDVy
i, 300, T0 o 6 18, 88, &7 gl Py=ailyy
6, 309, 90 =2 15 15, B43. T4 a1 P e—atD,
6,365 | —1 7 15,B16.27 | &P\ —aiD",
6, 34208 o 1 L5, 783, 34 el Py—atD
i, i, ) +1 [1] 14, 136, 79 WD y=atl¥y

IIl. THE ARC SPECTRUM (Sc I)

The normal state of the neutral atom evidently corresponds to a
D term, of separation 168. Transitions between this and higher
terms account for all of the numerous lines which King has found
to be strong in the furnace at low temperatures. The next lowest
lavel, as has already been said, is a *F' term, which combines with a
triad D', 'F, *G’, to give strong multiplets in the green and yellow.
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These terms account for the strongest lines, but leave the majority
unidentified.

Further study revealed the existence of a *F’ term, which accounts
for some prominent lines in the green, a second *D, about 17,000
above the first, and a *G term lying a little higher, and of several
terms at a much higher level which combine with a number of the
terms already identified by their combinations with the low D
term. The latter terms were at first puzzling. The three lowest
are close together, and had all been elassed as *D’ terms, an unpre-
cedented situation, hardly reconcilable with the theory of Hund, who
has expressed the opinion !* that some of the lines must be inter-
combinations. This anticipation has been found to be correct.
There iz only one *D’ term in this neighborhood, composed of parts
of what were previously supposed to be two different D’ terms.
The other levels are components of *I)' and *F terms. When the
remaining components of these terms were found, it appeared that
combinations of these terms, and of a ‘P’ term, which completes the
triad, with numerous still higher terms accounted for more than 100
lines, including almost all those of any stremgth which had not
previously been identified.

The quartet system was thus greatly extended, but remained in two
distinct parts, one comprising the low ‘F’ term, the triad ‘D, 'F, *G’,
and a higher *F' term, and the other the more extensive group just
described, with no recognizable combinations between the two.
This difficulty was resolved through the kindness of Doctor King,
who in answer to a request, forwarded positives of his original are
and furnace spectra. On examination of these, a number of new
low-temperature lines were found in the red, which had not been
recorded as scandium lines by Doctor King on account of their
absence from all previously published lists, but which agreed exactly
with the predicted positions of all the other intercombinations
between the low 2D term and the ‘P, ‘D’ 4F triad which are permitted
by the inner quantum rule. Further search revealed some faint
lines in the ultra-violet, greatly strengthened in the furnace spectrum,
and measurable only thers, which proved to be combinations between
the low *D and the G’ and *‘F terms of the other triad. This gave
the levels of these terms, and of the low *F’ which combines with
them. With this aid, another combination between the two parts
of the quartet system was found in the deep red, and the apparent
absence of others was explained by finding that they would lie far in
the infra-red. A number of high terms of the doublet system have
also been found. Their combinations with the terms of the middle

¥ Linfenspeltren und Feriodisches System der Elements (Berlin, 1027), The greater part of this book
was eourteonsly shown o ono of s (E. N. E.) In proot,



342 Scientific Papers of the Bureau of Standards [ vl 22

set indicate that the remarkable term at 24,656, which is evidently a

doublet with its components too close to be resolved, iz a P term.
Hund’s theory predicts the existence of certain low terms in addi-

tion to those so far deseribed, of types ‘P, *P’, and *3. Combinations
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of the first of these with ‘P and 43" terms have been identified, but
nothing has been found which serves to connect these with the main
part of the quartet system, and the absolute energy levels of these
terms remain unknown. The identification of this term iz certain;
that of certain other lines, which probably represent combinations
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involving the *P’, term, can not be regarded as conclusive. It could
best be tested by observations of the Zeeman effect, or, perhaps, by
analogy with the spectrum of yttrium, which is very similar to that
of scandium.
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Table 4, which is arranged similarly to Table 1, gives the terms
which have been identified in the are speetrum. For the *P’ and the
probable *P’ terms, and those which combine with them, which are
listed at the end, the energy levels are referred to the lowest com-
ponents of these themselves, and unknown quantities, denoted by

4587 T —2T——3
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z and y in the table, must be added to reduce them to the system
employed for the rest.

The connected terms for the 3¢ I spectrum are shown diagram-
matically in Figures 2 and 3. In order to simplify the representation
only the doublet system is given in Figure 2; the quartet system and
intercombinations are given in Figure 3.

Tasry 4.—Relative terms in the Se T spectrum

Leweal ‘Term F- Combinations Lavel Tearm Aw Comblnations
a'P, WP, P, 4T, 29, 022 87 | af(Hy
000 | o'y c’D o, & T332
168, 34 ¥, WF, cif, nu}f =, 0, 20 | @0y
1688, 34 | ailly .:'I'. ally 03,6 | F, Y, adD,
a'F, IF, n;-'r:lJ 29, 190, 83 | @ts
11, 520, 15 | oFy 118, &9
T4 29, 303, 52 | a'(y
10, 557, 64 | @F"s
FL 60 | T, MF, ai3, 0, 578, 10 | &Py
11, 610,24 | &fFy 13 51 |,
67 07 30, 706, &1 | 2T
11, 677,31 | atF"y
4, T, 2 b Ui | 4314
I 29 | ety .- . ’
us74 [PRLED OF 00 || gy 215,76 | 0m
15, (M1 88 | a'F . B9, 56 |l B, SFY, 01D,
31,275, 32 | BF,
15, 672 85 | ciFs I 7549
&L 96 31, 350, B1 | beFy
15,756 51 | @'Fy B, B, cIF
125, 25 u'.’F' PE, 32, 637,40 | BDA
15, B51. 76 | a'Fy b’]’ﬂ ail, d*’D, 2. 81
I'H.Tﬁ P, G, 32,600, 21 | MDDy
16,026 52 | @'Fs 3763 | ' F @D
32,6068, 84 | BD7y
16, 008, 71 | @fTy 54. 70
32, 7Bl | MDYy
16, 03L 78 | @Dy w:r M]’J BEFY,
119,20 ;.-tlr' HIPT, 33,056, 19 | oty
1 140 04 | &' 5 ail, d’D _FD B, B5.21 [wefD), ?FY, o¥3.
B 70 3, 1561, 40 | a®3
16, 210. 80 | &40
33, 164. 01 | ¢'F3
16, 09 86 | elD'y -.'J’P“' oDy, el G0, 1383 |?Dy, 8D, @3F", a¥3,
7414 s, pn n-rn’ ul]J 1, 278, 64 | o'y
16,022 72 | a?Dy I B
53, 615.08 | D
17, 025, 86 | BYDs . nm .:!D B, a3F,
=12, 38 E' ciD, diD" eF, 34,707, 25 | D
17,012 66 | BiD
3, 763, 57 | BF"
18, 504, 05 | @' Py . o 35,11
1. t
18,515.77 | otPy A T R 1794 |loDr, oF, a'D,
55,63 33, B46. 62 | DUFY
18, 671, 40 | &7y 59, 78
d 33, 806, 40 | MF*E
18, 71L. 03 | a*Fy Ty = W a'h, &0, &7, 24,200, 25 | oD,
18, B85 76 | atFs 3260
; 34,422 85 | @Dy bt ;
20, 29,92 | @y Lo }-:'F &F, a0, By, 34, 28006 | 01D 7. 20 | }efP, @i, aiF, e3",
20, 297, 10 | atGy B7. 05
B4, 567,10 | @Ay
21,000 78 | a'Fy B ]E.Dh‘ﬂmﬁ‘"ﬂ!n a0, 3 67100 | Dy
21, 085, 84 | a¥Fy r B T4 5T [P, afD, aiF.
. 5, T45, 57 | iy
IO 20 S Ly W0 [P°ED, 9P L, TAENART] & In‘ , 6, F, oD,
- ]
Uty 00 bl 17Dy D, D, || 38,5%0.4 | Py i
5, 014, 15 | B0y E, D, a5, 402 B2 | By i
8, B84, 04 | BYF, 8%, 515,76 | BV ol P, af DV,
140,08 Dy, eiD}, BIF', O 5.4
25, TaL 72 | WPy 38, 57280 | Py




Severe] Analysis of Scandium Spectra 345

TanLe 4.—Relaiive terms in the Se I spectrum—Continued

Tavel Term Ar 1 Combinations Lavel Term Ap ] Combinations
8L 16 | 2D 40,802, 72 | Iy
mmn dm' 105, 62 I-a-n, WD, OF. A 28 | BV, mD,
57, ¥ iy
#7,125.72 | doPy £1,521. 14 | dF%
— 8 41 |aiDy, MDD, .02
37,086.31 | &'y 41, 960,86 | dFY Ty |
{1} &
[ : i Ff
TOERT | PP g }"'P.' P, oDy, b, | AROSSTI AR
37, 148,25 | 2P L 42,085, 01 | diF; I
57,750,832 | eIy 8T }ME{ oY, WMDY, ¢F, 44,595 80 | Dy | T '.4145
37,855, 50 | ey F. 44,823, 08 | &F% " “1
38,571 70 | B0 ]# 44,000, 50 | #F i
BE, 55 | AT, o' F, 106, 87 | @i, aiF, MF, aiF.
38, 658, 23 | b3 45,016,537 | & F% et
83, 571 60 | MF o, 88 Mﬁ?yf:-ﬁp'b.r’ 45, 128, 57 | eFY
38,900, 18 | BFYy SIS w808 | pE |
39, 163, 42 | o¥Hs 47,945, 25 | AT, '
28, 219.27 | @'H o ’ 48,071 77 | AF, -
[+ B - 4
302,05 | BIG 45, 225 58 | AT i
xm EﬂG“ - l‘!ﬂ - P
7= s T | ot
.08
39, 701 30 | M T4+20.08 | aiPh Laig’, WP,
20,41 \ 502
B, THLTL | WD it q‘wnﬂ o F, all, 4ELOF | o1 Py
29,764.53 | Bl e : 420, W0, 95 | aiSh B
29, 799, 85 | WDk £+20, 651 73 | bPy o
39,881 25 | °F; T+20, 652 45 | By © e
7. B | ot 55, M
39, 886,11 | S1F, T30, TIA. 82 | BOEy
825 | a4 WP
& " | aLan TP ango I»rlD", B, gD,
WL | G | YD 40 | @
0, 057,71 | ik §+21, 766, 52 | 2D
0. 52 [T
A0, 02823 | @1y §H21, 820, T4 | DY
40, 520, 21 | iy i o421, 037, 03 | o285 siP,
40, 554,95 | oF 20, 831 50 | D"
xm - F,i 40,04 | \aiDY, @iF, @D, 1"'1‘29 e 1;]; 58, (4 5} P,
. ci By 20, 92, (| H
40, 670, B7 | o0F' | BA.ES .! I

Table 5 exhibits the multiplets which have been identified in Sc [
and is similar in all respects to Table 2.
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TasLe 5. —Combinafions in the Sc I specirum

allly ailiy ey iy i, a1y BEy WPy
o Fy
a'Fy | 15, ?L’fa?:l {19, 853, B1) (20, 445 73)
M T ) LY 0TIV A
o Fy lﬁ.gﬁlf I,S..'Fgﬁ].:-!f (19,882, 11) (1B, D14, 54)| 20,573 92 (20, 520, 20) I:EI,SSLTD}
©Fy | 15, 00417 16,672 5 (19,995, 45}| (20, 657.98) (20, 604.24)| (21, 475.74) (21,413.20)
2T A
@D | 10,042 40 (19, 531, 77) {20, 129 68)
WIA 2IA 1IV A 111 4
oDy 15,972 85 16, 141,08 tlﬂ.ﬁl}tﬂ} (19, 520, o&)| 20, 180. 55 {20,135 72)| 21,007. 38
WIA I8TA 2L A 1IVA
@Dy | 16,858.54 16,021, 78 (19,640, 18)| (20,308, 67)  20,204.71 | (21,126.43) 21,063 84
oD, 16, 00085 {20, 267, 05) {21, 07, 01)

21
@'P;y | 1E, -!fl ]f 15, 53115: (17, 174 10) (17, 008, 53)| (17, 7o 02) (17, TO6. 260| (18, 578. TE)
oy | 18, 347,48 ]S.béﬁl-ﬂil (17, EEL70) (17, 166, 300) (17, Gi4. 70} (17, 760 97| (18, G322 46) (18, 569, 93)

a'P, 18, 504, 08 (17, 168, Bo) {17,772 68) {18, 881. 42)
WIA BITA 5101 4101 A 2IVA
ailly 15 85 34 16, 022. 78 18, 722 BE Elﬂ,mﬁ} o0, 30782 (20, 254. 04) 21, 125. 4B
Il A wIA b | 15 IIT A 11V A 1IV A
o3Dy | 15,928, 06 16,096.85 | (19,648.71) 19,574.11 | (20,2303) 20,1708 | 2, 080.33 20,0879
TIIA 411 A SIV A 1IV JIV A
P | 1865742 16,867 1688076 (16,8102 17,478 OT.410.00/ 180250 (18,229.99)
9l A 3l 01
oiFy 1E, T11. 03 16, 58, B0 17, 565. 72 | (18, 437.22) (18,374, 89)
MIA m IV
aiFy | 20, 417, 52 14, B58. 77 15, 344. 65
514 121 4 15 21V
otFy | 20,864 48 20,032 77 | (14, 7IZ T 14,6382 | (15,2070 1524.23
a1 M1 2 1
BBy, | 24,480 51 34, 686,77 12,490, 46  12,420.04
011 151 [
BIIYy | 24,845 81 25 014, 16 151360
01 80 11
WDs | 24,607.80 24,560, 1% (12, 210, 64)

WHF,
WFy | 25 418,32 25, 554 65
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TasLe 5—Combinations in the 8¢ I specirum—Continued

A=y &y BFYy HEF" by By Dy [fiDa
alFy (22,932, 81} LIV A (22, 831. 71)
aiFy ((21, 979 T4) (23, 077 40) 02, ORO. B3 | (2T, 776 47) mmo;) (24, 043, E9)
a'Fy 0, 04) mgg (23, 32, 10} nm%‘; 22 815 02 [(25, 06D, 19) (25, (46 148
aiF; 182, &) 108, T3, 100, 95, 153, 13) (25, 130 21)
af Dy |(21, B84 TO) {E‘E.m f:' (22, B0, B0) {%ﬁihssj
oD’y |(21,714.46) (20,099.79)| 2 B1820 (22,730, 80) umri (24, 661, 70)
D" 832 1, 754 00 840, 80 500, 53 TEI, )
|21, ) (&mn ) (34, J] {H‘mnu
aiFy El'l.m e} ilﬁ. HE. 3
aPy |(19,330.71) (19, 265
aiPy 19, 276, 73}
1IV A 2 I A 3
a'Df | 21, 832 82 {m.rmn} 22,936, | mh ?J o4, 302 T8 {%?ﬁl}ﬂf}
@Dy | (21, THE 64) ELBEB.'B'E' 22 7T (24, T37.79) 24, TO5. 53
aiP, 000.7T4) (18,025 (121, 60, 0)
n!P: > Eﬂ, Dﬂgz'; (22, 091 69)
~ IV 5
ofFy | 16, TE0. 60 - 17,878, 30 (15, ?%6.1_73) (17, 574 41} (18, T30, 1)
ofFy ({16,822 76) 16,743 08 [(17,926.38) 17,838 85 {17, 538, 02) {19, 768, 94)
T 5
B0Fg | 15, 198,67 18,124 15 (16, 168, 85) (16, 145, 92)
[3 1 3 2
WDy | 12, B4L 40 lam% 13, D44, BS {13.367.4&1 15, 811, 56 {1&'-"%9-12})
WDy (12, 680,88 15914 34 . 14, D0E, 42 (L5, 000, 47) 15,004, 53
4 L} T
WFy | 12, 130,93 3 13, 334, 45 H&l-ﬁ.ﬂg} 12, 934, 51 {EME} (15, 100, 53
bRy |(12, 270.68) 12,196 26 |(13,374.62) 14, 3608 12,967, 4 (15, 218 06)
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TaeLe 5. —Combinalions in the S¢ I spectrum—Continued
iy aily BTy WDy atFy atF'y iy a3
16 11 A 41 A 3
P 30,538, 27 90, 70663 | 13,000 64
1011 A
(5] Ao, 573, 10 (13, 547, H)
ey 18, ﬁ&% 12, Hl.ﬂ (12, 901, 484)
"l ooma 3 8 I 1 15
oG | 828701 16,004.07  18,170.94 (1281006 1261627
oF, | w0 16, 305 60 18,5550 18,352,813, 041 50
! z I BII : 1 3010 | 0
oF; | 3%L,08567 3315402 | (16, ML08) 16,1756 | 1811087 15,29T.79 12,024, B4
ey 53806 w23 | 1, S caL, 01 ﬁﬁi ﬂ'.rls‘l;;;r
¢ , 1
k- el 01V v | ™ 8
0¥y | BL 446,84 83,004 80 | 16, 6002 16, SE0, 68 18, 688 &5
Lol 35.3'-’0.9& (a7, 039, 77 IE{%{A ]'}1‘:.{1- sg'}#} (22, 113, &3)
; , 5, i
4 e dite IV A ZTT A
SO (36,765 85) 36,535 | M,02L1T 10 GR7D | (21,8023 2200792
1 18 TIT A TIII A
Py 36,907,038 (37, 086, 31)| 20,073, 29 20, 050, 88
1 1w IIT A
&P, 12 M 20, 100, 36
1, mi}]zzljvr
i
2IV A 8 IV
a'Hy 18, 63 18,93 4
2 WIV oIV A
B3 24,881, 48 19, 186, &2 19, 183, 82
1100 A oIV 10 IV
Ba, (24,350.89) M, 485 87 [19,155.84 19, 15298
0 IV
diFy ({30, THL 79 (22, 876, 15) (24, B4T7. 00) 19, 662,06 19, glaﬂ.l_lv"l;i
*F; (38, BE1. 25) (22, 854, 88) (24, 085, 01) 19, 841. 33
afly afly o'y @ Fy -0 wF
100 11
aid’y 17, G256, 21
20 111 & 75 IL
W'y 17,512, 52 17,57, 5
21T A IV A IIA 50 IT
a3 28, 027, &5 17, 418,90 17,485, 08 17 838 48
2 IVA IIMA 46IITA
o0 | 2585664 29,02290 17,412.66 17,465,189 17, 50242
78 I 20 I
[ 19, 673, 53 16, 40 &4
oIl A 10 11T &0 I 30 11T
WF, | 31,007 06 19,505.08 19,685.17 18, 7I7. 57
0 11T A 00 IIT A S I 50 1 15 111
#F; 31, 47. 46 31,2603 14, 605 40 10, 65813 19, 6046, 82
0 KIT A 15 III 40y 11
MFy | (31,004 300 3,172 71 18, 614 U7 18, 652, 68
1000 & 4 TI1 6 11T 1
WD, | 3z, 563 28 70,074, 23  21, 14130 2, 106, &7
T a0 i1 80 L OIIA
Iy a2, 028, 57 (3, G4, B4) 2,086.63 21,130. 320 21, 176 86
BIIl A s 1T 80 111
By | (32,480,580 3% 65060 I 21, 100, &3 m.:iﬂ[ﬁi
W (32, 637. 40) | 21, 117,46
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TaeLe 5.—Combinations in the Se I spectrum—Continued
Dy a'Dy @iy iy BF" HFY -0 by
Fo| 1850 58 g 1mamon
I s
aIVA 20 111 41 0 IIT A 3
wFy | 18,6356 18, 568 31 18,024 72 17,084 93  17,00840
1IV A 8 IV 7 II 2 TIV 2
wFy 18, BL0. 50 18, TZR 47 18, G66. 34 18,000, 12 15, (4212 18 007 06
1IV A GIV A 101V 1 4
oiF; BOT. 18, 760, 30 18, T17. 68 18, 120 06 18, 001, 06
30 111 & I1I TIV 2
alDfy | 18,3557 18 17,80568 17,6357 (17, 547, HE)
SIII 16IIT A G 11T 51V 11V A
@'’y 18, 424, 13 [1:] ZEL 85 17, 705 66 17, G67. 60 (17, G2 &30
el IS.-IBSE’% 18, 401 3 18, Bl&ni 17, ??Eb.lg 17, M1 H?
. 14 5 h 4
. 71 6 111 AIV A
afh 16, 413,14 18, 38004 17, 754,85
10 IV 4
Py 15,006, 68 15 53 (15, 851 88)
alPy 15 'Dﬁi.lg 16, 907, Eg 15 SE:'P;IJ
B, %0708 4TIV
oy 15,918 7¢ 15, B84 16
2 5111 1
afL¥y | (16 G4 36) 18,457,833 18, 400, 16 (17,822 90)  17,776.95 (17, 740, B5)
4l A AII A IIV A
iy 18, 33 28 18, 32002 (18, 263, 390 17,701, 74 (17, 606, T1)
WPy P =P a0y iy Gy ailly
10 111 Y
alFy 4, 001, TL ﬂ'ﬁlﬁﬁ (23, BTﬁ.ﬁlli}
aiFy 4,075, 0 MO0 (29740
a'Fy 4, ME 11 M, 14 T2
5 11T
a'F; 24, 188, 70
B IOI A
Yy 20, 351
11V A 2II A
alDy 20, 431, 67 m.s?lq.lhg
@D’y (20, 550. 02) 20,493, &3 tﬁﬁl. -il'l;:?l:!l
aiD’y (0, 56, 0 20, 453, 08
a
aiPs 18, mug 17, 44, ag
aiPy 18, 067 18 I8 00O, jg 1?.9‘:‘30}
ey 18,011, T3 17, DE8,
'y (20, 549.02) (20, 493. (1)
D (20, 475, 88) (20, 418 000 (20, 397, 96)
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TapLe 5.—Combinations in the Se I' spectrum—Continued
l; ciF'y By cFy ey BTy Ty Iy By
|
|
210 A 1 b
oty | 24, 044,31 %ﬂﬂ’.ﬂ 23,773,358
IIT A 1IVA 2
a'Fy | (26,780001) D4, TIZ ST M, 6TE 14 (23, 918.07) 23, BTAL2L
r BT A oIV 1
oiF; (34, 847, 1) 24, TR 4D ﬂ.?%iﬁ‘ (23,908, 47) 23,965 18 3
o' Fy (24,832, 47) 24, B4B. 85 (24, 040.20) 34,088, 70
4 11 2 & III LIV A
oDy | 2446005  24,303.20 (24, 344.B8) 5, 589,19 23, 544. 38
B3I  ATIA BITA  SITA 3IVA
vy 24, 46298 24 414,08 (24,380, 17) | 23,608, 60 L1388 O3, 6RO, 68
iy HS&?? 400, 19 , TR 1¥ ﬂzﬂlﬂlg.é ﬂ.é?lﬁ.vbl
all¥y 5 . )
] - 2 ZILA
I 24, 511. 56 23,7ILEB5 I3, 60180
& ITT 1
TP 21, 228, 52 2‘1,]8!.&; lﬂl,lﬁﬂ.ﬂf]
aiFy A,¥0.18 2, BIH.BI (21, 185, 5;1
Py 2, W71 W, 19733
21T A .
aviny M, 58123 (24, 532 28) (24, 408 4?} (23, 777.13) (23, ™2 21) mmu:} ;
a'D"y (34,458, 12) 24, 42487 (29, 658, 00y 23,024 87 29,604, 48
Py ol [y e F f 'l AFy AP AR FFy
3IMMA OIILA 1 1
@ P | 29,000,03 08, 990, BLOMT. 18 3503541
P, mmu? 2[!!2;A W?B];II&&F 3-‘3..!-‘11‘%! ﬂ,lﬂﬂ.ﬂé HM%
a o . "
% BIila  RIIA  OIIA 1 1
o Py 05, 950.82  o0, 15260 ﬂu};&ax (32, 315 20) 32, 184, K& u]ﬂuf
o Fy WA OT 29, 160, 61 (3,773.70 3L, X438
2001 A
a Iy |28, 00450 ms.lsfﬁﬁ (32, 102 78) (31, 560, O7)
P WS 26,766 52 . (31,930, 73) (31, 505 21)
iy 24, BAT. B zs,l?i[t[?'r (31, 924 43) (31, BT 18)
ai Iy 28 B13. 13 (31, 889, 24)
al
a e
at Py i
oty (28, 983, 65)

ai ¥y

(R il o) n s a0
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TasLe 5. —Combinations in the Se I spectrum—Continued

g diFy @F* [rd ] eIy ey elF' etF'y
&
o3’y | 12, TEL 5% p {15, 522, 05)
o'y | 12,88813 12,E28 T ; {15, 935, 64) {15, 826 54)
atl | (12,068 B1) 12,910,387 Ii.aﬂ-k'i'% e (15,920, 17} (15, 813, 300
@iy (12, 902, 70) 12 987.53 12,8907 | {18,536, 63) (15, 300, 19)
L]
WFy | (10, T34 20) 18, 774, 98 (13, 666, ﬁ .
bFy {10, T40. 36) {13,860, 28) 13, 740088 13,634, I; .
HFy (10, T45. 10) (1%, BDO A1) 13, 603.64 13, 607. 30
bF; (10, 749, 33) (13, T26. B&) 13, 650, 40
WD 12, 384,
w1 RO 12 810, 59)
il"D:; (12, 250, 23)
WDy (12, 157. 66}
I‘!']’" ﬂ'f"j :I"F'l I_I'I"‘l: !’P'i
IGTITA GIII A  2IVA 1IV
8% | 20,170 B4 20,291, 92 20, 260, B8 1Dy 21, T4 34
1111 A 2IV
IGTIT A 10TITA D% | I, 680,15 20, TE6 47
Py 657, B mhm B3
IIT A IVA BIIIA 4 111 8 II1
WPy | 20,600 47 90,6534, 44 20, GRZ, 50 ai8f | o1, 85664 21, 937.02
TIID A 1111 A
bE m, G T2 M, 681 T4 D" E'B;IHI-!E]ﬁ
¥
1 1TV A
piDfy | 20, 75L 08 29, &31. 51
1

Table 6 gives a list of all the are lines which have been classified,
and is arranged like Table 3. Most of the lines are taken from
Megpgers's paper, some from King's list, a few from Exner and Haschel,
and & number, which were found and measured by one of us (H. N. R.)
on the positives sent by Doctor King, are here published for the first
time. For convenience of reference the latter are collected in Table
7. The intensities are estimated roughly on King's seale, and the
temperature classes, when given, refer only to lines which are con-
spicuously intensified in the furnace. Though many of these lines
are faint, their reality is assured by their agreement with the positions
computed from the combination principle, the average discordance,
4+0.019 A, being as good as the precision of the measures admits,
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* Photographed by King in furnace.
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TasLE 6.—Classified lines of Scandium I—Continued
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TarLe 6.—Classified lines of Scandium [—Continued

Intan- Intensit
L o ity D1 | amd Class K r Terms
4,714, 38 4z 1p?* 7,205 87 | aiPe—biD,
4, 716 26 1 {Fowler) 21,197, 33 | oBy—bIy
4,717.08 -1 1 o1, 190 B7 | a'F'i—MDY
4, 710, 34 =1 1pt? 21,183, 80 | @ Py—Ds
4,720, B2 0 T {0 IIT A 2,176, 85 | .olF=WDYG
4, T2, 76 o G 5111 21, 141 30 ﬁ_;“’.—agj.
4,720, 3 4, 41 10 80 IIT MWW NF-pD
4,732, 80 +2 2 2IV A 21, 125, 48 y—HiEYy
4,734 10 0 15 18 111 21, 17,46 | aF—MDYy
4, 737,65 -1 20 20 IT1 21, 10L 63 | alFa—BDY
4, T4L 02 =1 ] 30 111 088,63 | mF—BDY
4, T4 81 ] 40 40 11T 21,0723 | otFy—BDY
4, 744, 15 +2 1 u,} IV A 2,388 | alD—WPYy
4, T4 9T +2 t M Iva 21,0538 | a'D'e=bP%
4,78 16 o 12 151 A 2,032 77 | a'Dy—alFy
4,768,901 —4 1 (1) III & 21,007 3 | a'D—BP
4, TE3. 12 i il IV A 2,088 70 | aiD—BPY
4, 778, 35 [} 1] HIA o, 817.52 | alDy—aiFy
4, 791, 50 -1 5 4TA 20,80, 48 | aiDy—olFy
4,827, 28 0 1 41 A 20,7008 | e'Pu=biFy
4, B33, 66 0 8 2I0LA 00, 882 B0 | @B —hEy
4, B30, 44 0 18 10100 A o, 667, B0 | mtE—iPy
4, B40, 48 41 3 ZIV A 0,663, 44 | oP—Fy
4, B40, 85 ] 1 tr I A o0,65L T4 | @Py=biE;
4, 4T 67 [} T SINL A o, 62272 | @P—iPy
4, 852, 08 477 1 20,600, 08 | o Fy—d'Dg?
4, B82 67 a T ZIIT A o0, BOL, 47 alPy =Ny
4,850, 17 ﬁ ? {% IV A o, 5702 | alFy—diDy
4,878, 16 1 v o, 458,81 | atDs—0tPy
B8R0, T2 1 7 1) IV A 0,455 08 | aiD'j=WEY
i'asa.m 11 1 ;;E IV A o0, 43187 | a'Di—bPYy
4, 908, 45 -3 2 0T A 0,874 83 | o'D—WPY
4, 0L 78 0 5 FIMIA 20,3619 | @iD=bE,
4, 92 B4 -] 4 (2 IOIA 20, 307. 82 oD y=dily
3L 25 0 2 () IV A 20,808 | a'Py—ald
g1 +6 2 le A | ;men | eDi—diDy
4,41 31 -1 i IA 20,7192 [ alPy—gif’y
4,951, B8 =2 1 IV A 20, 188, 55 alDy—dt Dy
4,954, 00 0, 42 15 SIIA mame [ GEUEs
4,973, 85 ] 10 MM A 20,100.36 | BDi—d'Fy
emia | g | e | A, | RER | SRR
4 1 =
4, 991, 91 =1 16 SHTA o, 026,84 | BADg—diDy
4,095 @1 0 1 1) IV A 0,014 41 | YDs—JD
& 018 30 +2 7 g&u I A 19,921 17 | WD—dD
5,021 51 i} B IVA 19,908, 70 | PDy—dTD'
5,064, 31 +1 0 10 11T 19,740, 5 | alF=0Fs
5,065, 85 i] 5 2 I 19, 722 86 D —elly
5070, 21 +1 a0 40 II 19,717. 57 | oFy—kFdr
075, 81 R 1 |10 10 19,605, 82 | atFs—bFs
5,081, 56 =1 76 125 IT 19,672 68 | o'F—WF
& (83, 72 = &0 #n I1 18, 66617 | a@'Fi—MFy
£, 085 54 [ 50 01 15,658, 13 | @F—MFs
5, D88, B4 0 0 40 IT 18, G2, 68 w3 =y
8,067, 12 =1 30 1o IV ¥ 18, 652 03 m.—&m
5,057, 88 +1 2 10, B49, 16 mn’._dj-an “I
5,089, 28 i 10 BIV 16, 640.38 | ad34—d'Fy
5,006, 73 0 15 30 I 19,814.07 | oF'y—MFs
5,069, 22 +3 25 4 III 19,606, 40 | oF‘=—hFy
5,101, 12 ] 10 20 111 19, 508,00 | oF'—WEy
8, 107. 37 +1 1 19, 574,11 | aiDf—etDy
B, 210, &2 o ] 0 IV 10,186,682 | alQs—baay

[ ¥ol, 22
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TarLe 6.—Clossified lines of Scandivm [—Continued

Inten- Intensity
[ o sity M | snd Class K ’ Terms

5, 5. 30 +1 B BRI | 0By
, 604 10 ey 3 1IV 17.m8 85 | aFy—bIF
6, 608 90 11 1= 1758 | Dby
£, 6i0 12 2 1T 00 | avFe—biF"
f 623, 70 =2 2 1IV 1T Ta S | sDa—bEY,
B, 634 01 41 1 17,776,098 | oDa—BE
£, 61, 02 i 8 1IV AT | 1775888 | eDY—bE",
5,634, 87 —i 2 1T LSS | oD¥i—bF
5, G837 1 g 4IV 1050 | o D—biFY
B 647, 60 3 1IV A 1707 | oD —bF,
5, 40, 55 - 7 6 IV 17,085, 60 | adDYy—biF
8, 641, 70 0 1 tr IV A 17,667,656 | e\D—biF,
5, 656, T4 43 2 1T ESTE | oDF—bE
5, BTL. B [1] 100 200 11 17, o, 21 M g—at (3
5, £58. 54 0 75 150 11 15 | alF -G
5 691,53 0 t | v 17,5572 | aiPy—diy
5,700, 14 -1 80 100 11 TR B | a0 F—aiy
5, 06 2 0 m BIIA | 15028 | aFi—eiG;
B, 711,75 0 15 100 0T & | 1750292 | oF—oiQ
5, T17. 30 +1 a0 15 111 & 17, 465. 83 alFy—aid’y
B, 720, 98 -2 1 tr IV 17,474.78 | oiP—aDy
5, 734 00 41 = 15 II1 A 17, 485. 19 alF'y—aidY
5, 73030 —2 3 2IV A IT418.91 | atFi—miy
£, 741, 34 =5 3 1IVA | 174268 | aFi—aid;
5B 52 +3 3 2 IV 18, 555, 90 alP—e¢tDy
5,910, 11 +4 5 tr IV A 16,800.76 | @iPr—ciDa
% 051, 49 = 5 4IV 16,760, 69 | iF)y—eiDy
5, 960, 19 [1] ] 3 IV 16, T48. 06 @ Fy—e1
5, G8E, 42 0 10 2 IV 16602 | &Dy—eiD
B, 092 86 -2 0 16,681, 01 | MDy—eID%
8, 021, 70 —+2 T IV 16, 602, 02 Dy —et ¥y
6, 0201 18 11 7 15 IV 16, 580,68 | BDy—ciD’y
i 145, 25 r @HIVA | 1520660 | MDi—ciF,
f, 1593. 66 —2 2 (3) Il A 16, 14L. 08 Dy —at D"
8, 106 4d 0 i HIVA | 151266 | BD—cF
B, 210, 58 [1] a0 2001 A 18, 094, BS B’D;—E'D:j
a3, 21. T8 ] E§] (I A) 16, (42, 40 2Dy —af ¥y
o, 0. 40 -2 B IT A 16, 022, 76 atDy—all¥y
4, 290, 78 0 15 W14 16,8178 | wiDy—aiDy
6, 244. 51 2 5 (1) (LAY 16, D0, 85 aiDy=giD
6, 240,98 1 10 18IV 16,990 08 | aiPs—aiDy
f, 58, 97 | 20 [w0Ia 1507245 | eiDhi—o'T¥s
6, 62 26 2 b} IV 15, Bed. 27 alPe—ailly
8,273, 16 [1] T m IV 15,830 55 b |—PD|
6, 270 30 =] 9 1811 A 16,025 56 | a3Dy—atDy
6, 240, 17 +2 3 15, B1E. 74 @ Pi—aiDy
8, 284, 2] +5 4 15, 908, 53 afPy—atlhy
6,384 78 0 0 10,007, 06 | a'Ps—aiDy
4, 20, 0 43 4 @ 1588616 | a'P—aiDy
6, 27. 79 10 T oy IV 15, 874. 20 @ Py=atIhT
4, 306. 68 +2 @0 | #00IA 15,8043 | oiDi—a3DY
4, 30 0 0 0 | WIA 1586054 | eiDy—atD%
322 74 -3 2 1581155 | BD4—fDy
6, 344, B4 —+1 3 SIIA 15, 756, 42 2 Dg—pt
8, 362, 28 +& ) (LA) 1571330 | oDy—atFu
6,376, 83 +1 5 WwlA 15,072.58 | oDy—a'Fy
6,413, 37 +2 10 S0 A I%mlﬁ 2t y—aiFy
6, £48. 10 +1 3 111 A 15504.17 | o'Dy—aiks
6, 547, B4 i B i 1524465 | oF—dDs

| 6, 568, 05 =11 2 15, 244. 23 aiFy—diDy

| 6, 71460 — 2 14,580, 82 | MDYG—biDg
6, 810 41 -2 0 1466077 | aiFi—ciD;
i, 820, 52 —3 16 14, 638, aiFy~il

| 7,138, 13 o [} 14, 005, 42 b!I)!l =HFy

i T, 160,13 +8 8 13, 4. 85 BL¥y=HEYy
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TasLe 6.—Classified lines of Scandium [—Continued

Inten- | Intensity
A o sty M | and Class K 4 Tarms
7. 257, 5 —127 ] 15T | BFs—eF
T, 275 55 th 1%, 740, 53 En-mg.
7,300 86 +50| 3 momoi || LR STL,
7,323 78 -2 3 13,660.40 | BFi—F,
7,852 53 4 1= 13,634 11 | MFi—eiF
T, M. ™ ] 1- 13, 607, 38 hiFy=gtFy
52411 ] T 15, 280.85 | MFi—bE
T, 553 04 -1 a 1525445 | BFi—bF"
T, 674, 44 +2 7 13 16867 | BB g—etDy
7,817, 45 = 5 13,194.15 | BIPy3—e'Dy
7, 5. 72 +2 4 15041 80 | af0g—ciF
T, 887. T8 i} 1 12, 97, 23 II’F:—II'UE
7. 70708 H g 12,987.68 | otOh—diF
T, 7. TE a 7 12,433, 61 | BFa—balh
7, 735,18 0 2 2RI | adii—dE
T, T41. 20 420 o0 12 914. 34 ﬁ;gp—s:!"}’:
AL — 3= . aty—c
415 o blﬂ’:—elrlh
7, THL B2 i 1 12,9115 | a#G—alG'y
7,750, 87 (i) 4 12,600.07 | etG=diF:
THI. T2 +2 3 12, 805 13 a3 5 —diF'y
7,771 06 i} i 1586472 | etB—diF:
7,786.17 =3 B 12, 841, 40 th';*st?J
| T4, 68 ] 5 12,8265, 74 | efa—diF
T, THE. 75 +2 1 12, E19. 05 aty—grii’y
7, 500, 44 i 15 12,816, 27 | andi—at
7,821, B4 3 6 12,785 | edBa—dF
7. B30, T8 5 1 12, 766,81 | MD—etDy
003, 27 -1 3 401,46 | BPa—BF
8, 043, 44 —§ 1 12,420.04 | B'Pya—BPY
&, 181, 32 +4 i 1321860 | BDh—RE
B, 194. 68 —5& 3 12, 196, 20 W Fy—eily
8, 230, 05 +7 i L1 M | BTF=hE
£, 24113 =10 ! 13,130.03 | BFi—atDy
TavLe 7.—New are lines (Se I)
Totensity| Class o Totensity| Class o
8, 038, 76 0 I A 1] 3,475 08 (0] =1
3, 081. 00 (i} IIT A =1
& 066, 17 1 I A -1 4, 06T, 66 1 4
3,07 58 1 IIT & =1 4, DE0. 02 0 4
3,202 58 o0 I A -2 5,383 08 (2} IA -2
5, 300, 34 tai IA +4
&, 207, a1 o IIT A =1 &, 402 T2 (5 Ia 41
LNATE i} 11T A -1
3,210, 05 i I A +1 5,432, 38 i TA +3
SRS & Wl | pmnl b o
5 tiid, 74 2 +3
3,456, 59 { IIa i &, 731 78 ] 14 42
3, 460, £8 ]
&, 464, 67 M4 6, 244, 51 E% 14 4z
&, 470, 58 +2 B, 382, 28 IA J- =+

* May ba partly due to Fe 3,413,51,
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The average discordance, without regard to sign, between the
observed and computed wave lengths is £0.015 A—twice as great
as for the spark lines, This difference arises mainly from larce
residuals for lines in the red and infra-red. For 54 lines with wave
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lengths greater than A6,270 the average residual is +0.033, while for
the remaining 295 lines, it is £0.0114, corresponding to a probable
error of £0.0097 A, which, though larger than for the spark lines,
may be regarded as satisfactory. The few residuals which exceed
0.03 A all belong to weak lines.

IV. THEORETICAL INTERPRETATION OF THE OBSERVED
TERMS

Recent theoretical advances have made it possible to go behind
the complex of observed spectral terms to the configurations of the
atom which produce them." A brief summary of this theory may
be given, largely to explain the notation here employed, which differs
from that of Hund's original paper, though it is in close agreement
with that of his forthcoming book.

In accordance with Bohr's principles, each electron in an atom is
supposed to be in a definite state, which will here be called an *orbit”
for convenience, with due recognition of the possibility or probability
of other interpretations. Such an orbit may be characterized by its
total and azimuthal quantum numbers, 1,, 3;, 33 ete., in Bohr's
notation, or equally well, by a notation like that used by spectro-
scopists, 1s, 3p, 3d, ete., the letters, s, p, d, f, taking the place of the
subscripts 1, 2, 3, 4. The latter notation has the advantage of
escaping the present uncertainty regarding the absolute values of the
azimuthal quantum numbers.

Only a certain number of orbits of a given type; for example, 2p,
can oceur in an atom, and a complete group of the sort forms a
“closed shell” which is not concerned in the production of optical
spectra, which depend solely on the “wvalency electrons’ outside the
completed groups.

When there is but one of these electrons, as in the alkali metals,
the spectroscopic terms correspond exactly to the orbits of this
electron, and all belong to a doublet system; thus in sodium the 3s
orbit (correzponding to the normal state of the atom) gives the term
3%5,, the 4p orbit the terms 4°P,, 4°P,, etc., the duplicity of the
terms being attributable to the “spinning electron.” It should be
noted that the small letters s, p, d are used to denote electron orbits,
and the capital letters 5, P, D to denote spectroscopic terms.'™

When, however, two or more valency electrons are present the
spectroscopic terms are determined by a combination of the influ-
ence of the two electrons, which may be formally represented by a
composition of the vectors representing the orbital angular momenta
into & resultant vector, and of their rotational momenta into a

® Zee gapecially F, Hund, Zs, . Phys., 33, pp. 345-371; 1925,
® I, O, Blater, Phys. Rev,, 28, p. 203; 1918,
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second vector. These two vectors define a multiple spectroscopic
term. In this case there is no longer a simple correspondence
between the letters representing the orbits and those representing
the terms, but the latter may be found from the former by definite
rules.

If to any group of electrons one additional electron is added, each
arrangement of the original group (corresponding, for example, to a
term in the spark spectrum) will give rise to one or more arrange-
ments of the new group (in our example terms in the arc spectrum).
The new terms are, in general, of multiplicity greater and less by
unity than the old; thus a triplet term gives rise to both doublet
and quartet terms (though a singlet term gives rise only to doublets).

As regards the name (letter) of the term, the addition of an &
electron leaves this unaltered, while that of others may most briefly
be stated by the following:

Original term_____ 8 F D F G
Results of adding
apelectron.... P SPD PDF DFG FGH

Resultz of adding

adelectron____ D FDF SEPDFQG PDFGH DFGHI
When, however, the electron which is added has the same total
quantum number as one or more of those already present in the
atom, Pauli's restriction prineciple comes into play, and only a part
of the terms which might otherwise be expected are sctually present,
The results of the detailed discussion, 2o far as they are needed here.
are as follows: d% &, ete., denoting groups of two, three, ete., d elec-
trons with the same total quantum number,

The configuration

& gives 18

P* gives 3P'; 18, 1D

& gives *P', °F'; 18,1D,'G

& gives ‘P’ ¢F'; 2P, 1DV, 3, 3G, 1H’, 2D
Both in this case and in the simpler one previously discussed the
relative levels of the more important terms are approximately pre-
dietable by Hund's rule, for which he has given good theoretical
reasons. The terms of greater multiplicity are, in general, lower
than those of smaller multiplicity and those of large apparent azi-
muthal quantum number lower than those of small. Thus, of the
terms arising from the d¢* configuration, the triplets lie lower than
the singlets and *F’ lower than *P’.

The number of terms corresponding to. the possible configurations
in a complex atom iz very large. Which of them can combine to
give spectral lines is determined by a rule due to Heisenberg, accord-
ing to which one electron must change its azimuth quantum number
by & unit (changing from s to p, p to d, ete.) while either the other
electrons do not change or one shifts by two units (s to d, p to f, ete.).
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It follows at once that a transition accompanied by the production
of & spectral line can oceur only between a econfiguration in which the
total number of p and f electrons, taken together, is odd, and one in
which it is even (or zero). This proposition sccounts fully for the
transition rules found empirically by Laporte' and by Russell.®
There are two sets of terms in all complex spectra, such that the
members of each do not combine inter se, while they combine freely
with those of the other set. It may be suggested that these two sets
be called “even” and “odd,” according to the number of p and f
electrons in the atomic configuration.

The well-accepted usage of denoting the “anomalous’ terms (that
is, those of sorts which do not appear in the spectra of the alkali
metals) by accents may be harmonized with thizs by the following
notation.!®

Even terms. e oo oo oo e m 8 P, D FG H, e

Odd terms. - - oo B, P, D', F, G', H, ete.
This scheme agrees with the generally adopted notation for all the
simpler spectra (of the types of sodium, caleium, and aluminium), and
provides a simple and definite rule for the more complex cases. The
normal state of most atoms corresponds to an even configuration, the
exceptions being the elements homologous with aluminium, phos-
phorus, and chlorine, and some of the rare earths.

Combinations between odd and even terms, though all are ““per-
misgsible,” give riee to lines of very different strength. The strongest
lines (az might be expected, and as the correspondence principle
indicates) arise from those transitions in which only a single electron
orbit changes, while the remainder of the configuration remains
unaltered; that is, between terms which can be obtained by adding an
electron to the same state of the atom in its next higher degreas of
ionization, and are, therefore, “built up” from the same term in
the spectrum of the more highly ionized state. Transitions involving
rearrangements in the rest of the atom are evidently much less prob-
able. The resulting lines are often absent, or, when present, are
fainter than intersystem combinations between terms of different
multiplicities which are related as described above.

Finally, a word may be said regarding series in complex spectra.
Theoretically they should be very numerous, for any one of the
valency electrons can change to orbits of successively higher radial
quantum number. Practically it is found that even the second mem-
ber usually gives rise to rather faint lines, while the third member

" s, [ Phy=., 23, p. 130 or 261; 1924,

¥ Beience, G0y p. 512 June 6, 1924,

¥ Equivalent to the rule given by Heisenberg or by Sommesfold. Thres dectures op Atomis Physles
(Landon, 1926), 043,
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has been detected in only a few instances. These series, instead of
all having the same limit, as is the case in sodium, will have many
different limits, corresponding to the various terms of the next higher
spectrum, upon which the individual terms are built up. In certain
cases, series converging to several different limits, corresponding to
low metastable terms in the succeeding spectrum, have actually been
observed.® For a satisfactory study of the series in any complex
spectrum, therefore, it is necessary that the succeeding spectrum
shall have been analyzed sufficiently to determine the relative levels
of the important low terms.

When the limiting term is multiple, the various components of
the terms derived from it converge to different components of the
limiting term. This matter has been discussed by Hund,* and it
may suffice to say here that the component of highest inner quantum
number in each derived term always has as its limit the component
of highest inner quantum number in the limiting term.

One more point deserves mention. In complex spectra a term
may, in general, be regarded with equal justification as belonging to
two or more series. For example, the configuration 3d.4p may be
followed by 3d.5p; 3d.mp, giving a series with the 3d conficuration
of the next stage of ionization as itz limit, or by 4d.4p; md.dp, giv-
ing another series with the 4p configuration as limit. In such a
case as iron, every term would belong to half a dozen series were
it not for the limitations imposed by the presence of equivalent
electrons, and Pauli's restriction principle. It follows that it is im-
possible to assign a definite total quantum number to an individual
term in & complex spectrum. KEwven in the simple example just given,
the total quantum number is 3 in one series and 4 in the other,
Moreover, if term values are counted from the limit of any given
series, say the lowest limit, they will give an erroneous idea of the
distanee from the limit in the case of most of the other series. This
strongly supports the policy, now widely adopted, of measuring term
values upward from the lowest known level, and also that here sug-
gested, of lettering the separate terms, o *F, & °F, etc., instead of
attempting to assign total quantum numbers to them.

V. INTERPRETATION OF THE TERMS OF Sc II

We may now apply these principles to the scandium spectrum,
taking up the simpler cases first. Scandium belongs to the first long
period, in which electron orbits of types 4s, 3d, and 4p are built onto
the completed argon shell.

In Se IIT there is but a single valency electron, which, in its normal
etate 1= in a 34 orbit. The next lowest state corresponds to the 4s

& . Laports, Proe, Nat, Acad. Sel., 12, p. 498, 1928,
9 2s f, Phys,, 34, p. 206; 1025,
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orbit, and 4p follows. The ultimate lines of Sc III are, therefore,
3 *D—4 ?P, and the next most prominent 4 2S—4 *P. These have
been conclusively identified by Gibbs and White, and additional
lines have been found by Stanley Smith. The resulting term' values,
measuring upward from the lowest level 3 ZD,, are as follows:

Seientific Papers of the Bureau of Standards [ Vol £2

3 tDyw= 0 4= @62, 102
3= 198 4Py= 62, 576
428, = 25,537  42D,=122, 254

4 Dy =122, 209

The transition 4 *S—4 *P gives the strong lines at 2699 and 2734 A,
which appear in the arc. The ionization potential is 24.65 volts.

In the singly ionized atom, we should anticipate the following
configurations of the two valency electrons and the corresponding
terms. The observed terms with which they have been identified
are given in the column at the right.

TavLe 8.—Predicted and observed terms in Se IT

Comfign- | predicted tarms Observed terms
A G W5, wa
ue (B 5B
[48)* 18
RN P, S, i
24p {:f, -
SO (i ot St B e o R T
s |3
i (41 {TE:]]’J ¥

In this case the identification of all the observed terms is simple and
unambiguous. The 3d and 4s electrons are evidently a good deal
more firmly bound than the 4p; the lowest terms should, therefore,
be “even’ and of the types listed above. The agreement with the
observed low terms is excellent. Hund’s rules are satisfied, the *D
term lying below the 'D term of the same origin, and *F’ lower
than *P’'. Among the singlets, however, b 'D), and a 'S are both
lower than ¢ 'G. Such deviations from Hund’s rule are common
among terms of a similar sort in other spectra.

The 'S term arising from the configuration (4s)* has not been
found. The probable reason will be discussed later.

These low even terms should combine with a set of odd terms,
which are again found, in excellent agmament‘wit.h prediction (as
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has been pointed out long ago by Hund, in the case of the triplet
system). The two “triads” P, I, F, in the singlet and triplet
systems, are conspicuous. Strong lines result from the combinations
of these triads with low terms arising from both configurations,
(3d)* and 3d.4s, and this is to be expected, for in one transition an
electron changes from a 3d to a 4p orbit, the second electron re-
maining all the time in a 34 state. The isolated higher *P term
gives a strong combination with D, and none at all with *P’; and
thiz again was to be expected, for in the first case one electron jumps
from 3d to 4p, leaving the other in the 4s orbit, while in the second
transition one would have to change from 3d to 4s and the other
simultaneously from 3d to 4p. Such transitions, when interpreted
by means of the correspondence principle, correspond to terms in
the expansion which ean arise only from the mutual perturbations
of the electrons conzidered as oscillators; and it is well known that,
in the lighter atoms, when the multiplet separations are small, all
such ‘“‘perturbation”’ effects are wealk.

The 'P term arizing from this configuration may be expected to
lie higher than &3P, and its combination with o 'D may give rise
to the unclassified line at 22,273, or to some other line beyond the
limit of present observations.

Pasging now to the high even terms, corresponding to configura-
tions in which one of the electrons is in an orbit of higher radial
guantum number than the permissible minimum, we find among the
triplets the whole of the predicted “pentad” S, P’, D, F’, G, com-
bining strongly with the P, D', F triad, to give the “supermultiplet”
already diseussed (ef. p. 331), and giving no perceptible combinations
with BP, again in accordance with theory. The corresponding
pentad of singlet terms has apparently been fully identified. The
13 and 'G terms each give but a single line; but the relative intensities
of the lines and levels of the terms make the identification practically
certain. The isolated terms 5D and ¢*D), which lie lower than those
of the pentads, may be azcribed to the confizuration 3d.5:. Finally,
the highest term of all, ¢P’, combines with §*P (as should be the case
if it arose from the configuration (4p)®. Its combinations with the
other odd terms lie in the unobserved region beyond A2,500.

[urther evidence in favor of this assipnment is found in the magni-
tude of the triplet separations. According to the approximate theory
recently developed by Slater * the separations of the extreme com-
ponents of all terms which arise from configurations in which all the
electrons involved are of the same sort, or else are # electrons, should
be the same after division by the factors 1,2, 3, . . . for P, D, F
terms; and there iz also good reason to believe that the resulting

& Phy. Rev,, 18, p. 511 1024,
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numbers will not differ mueh from those derived from corresponding
terms of the atom in the next higher degree of ionization.

Two terms, i°P and ¢*P’, arise from configurations involving only
4p and s electrons. Their extreme separations are 343 and 346,
agreeing closely with this rule, while that of the parent 4 *P term in
Se IIT is 475. For the terms which invelve only 3d electrons and s
electrons, the separations are 178 for a®D, 185 for a®F’, 91 for a*P’,
and 192 for ¥*D, while that for 3 *D in Se III is 205. Dividing by
the appropriate factors we have 89, 63, 91, and 96 against 102 for
Se II1.  Though the rule is clearly only roughly true the difference
between the two sets of terms is conspicuous.

The separations in the pentad of origin 3d.4d are interesting. If
the intervals between the individual components are divided by the
larger of the two inner quantum numbers concerned (in which case
the quotients for a given term should be equal, by Landé's interval
rule), the results are

a*G, 21.7, 20.3; b°F’, 20.8, 23.5; D, 241, 27.7; V*P’, 29.6,31.2
These values run very smoothly and confirm the identification of
¢’D as belonging to the pentad, rather than ¥D, for which the quo-
tients are 43.1 and 31.2. The curious alternating arrangement of
the energy levels of these terms, the F’ and P’ terms being nearly
4,000 units higher than the S, D, and G, which are close together,
finds a parallel in pentads of similar origin in other spectra. The
terms of the pentad belonging to the singlet system show a similar
alternation in level, but in the opposite sense, the singlet P’ and F*
terms being at nearly the same level as the triplet 8, D, and G, and
vice versa (compare fig. 1). This remarkable relation may be com-
mended to the attention of theoretical investizators of atomic
structure.

VL. THE IONIZATION POTENTIAL FOR S¢ II

The terms B*D and ¢'D are in series with the low terms ¢*D and
a'D, being formed from them by the shift of an electron from a 4s
to a 53 orbit. Applying a Rydberg formula to the various com-
ponents of these terms, we find the term values given below. These
represent the interval between the termm component in question and
the limits of the series to which each belong. In order to find the
position of the series limit, relative to the adopted base level (the
lowest energy state of Sc¢ II) the observed term values, relative to
this state, must be added.

From Hund’s theory it follows that *D; and D, go to the limit
Dy in B¢ ITI, and *D, and 3D, to ?D,. If we wish to find the differ-
ence between the lowest emergy levels of the singly and doubly
ionized atom, we must therefore subtract the difference *D;-*D,, or
198, from the sum found in the first two cases.
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The results are as follows:

178 o'y L o 0 @l 81

Lovels in B0 Ieieeeennemancemnnneme e\ iy 87,743 WD 57,814 9D, 57,552 ciDy 58 252
B B S G
Berles tarms. . ccocccaasccaancas 47,304 47, 206 47,300 4, 452
Limit [lubuﬂl lowrest lawel 3Th) 44 104, 811 848 104, 745
Level in 8o ITL. o coeeccaaaannas 158 o 0 148
A= e e 14, E48 1+, 811 14, 848 104, 54T

The mean of the four determinations is 104,789, corresponding to
an ionization potential of 12.94 volts. The greatest individual
difference from the mean corresponds to only 0.03 volt. The term
¢'D depends on but a single observed line, but the excellent agree-
ment of the limits of the singlet and triplet series suffices to assure
the correctness of both. The computed ionization potential is,
however, probably a little too high, for in almost all cases when
series involving changes in an = electron have been observed for
several terms and Ritz formulas computed, it is found that a Rydberg
formula applied to the first two terms gives somewhat too high a
result, and 12.8 volts is probably nearer the truth. Menzel, from
the conditions of appearance of the lines of Sc IT in the stars, denved
12.5 volts.®

Taking the round number 104,000 (12.84 volts), we find the
absolute values of the terms, for those cases in which an electron is
added to various stages of Se IIT, to be as follows:

TaABLE 9.—Energy for removal of electron Se IT

Energy difference Energy differance
Added Added
Term | Limit . Term Limit
Scll |BolIl| S | o Boll- [ ggmm| S8 [ L
pumbers Volts afimihers Volts

& s 5 dr | 104,020 | 1234 | 206 bacdy iy 40 | 38,062 4819355
aily s 45 |- 100,657 | 1255 | 2077 o 1F% My 44 4670 | 585|313
by Dz B3 | 46,457 574 | 3073 d 1Ty 1y 4d 39,832 | 491|338
21Dy Dy Ss| 45046 | 568 | 3000 o 1Py iy 4d | 43,796 | 540 | 3185
o VFYy iy ad @1 | 1227 | 2103 b18y iy 44 ao, 208 4,85 | 3,843
o VB, i 3 92,044 | 1138 | 2183 aiF. i 4 35T 0.43 | 2.307
aia, | | 34| saom| iio|2zom) eidh| me| 4b| ey | on |
LR Y Dy 3 63,200 | 1052 | 2168 a1k iy 4p T, 374 0,18 | 242
alfy 1Dy ad | 92483 | 142 | 21TE alFy iy ip | T8 | BET|Z4n
aidy Dy 4 43, Ti2 B.d0 | 3. 183

alDy 1Dy 4p 78, 117 .85 | 2370
biFy 1y £ i) 5.02 | 8 284 aiPy Ty ip 73, 882 .06 | 2445
eIy Ty 44 44, 197 546 | & 150 biPy 18y 4p a0, 178 | 11,14 | 2. 206
-1 o'} 43 44 4,54 | 5333 e P U] ip 29,083 | 1111 | 2208
a5 Ty id 43,127 | 532|310

8 Harvard Observatory Circular 258; 1924,
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The average values of the energy required to remove an electron
from orbits of the various types, leaving the Se¢ III ion in its lowest
energy state, with the corresponding effective quantum numbers
n** and quantum defects, are as follows:

Electron L] W ap ad 4d
EIIBEB.T [0 MM Y S i S 1271 571 8.241 1L&T L
............................................................. 206 ] 242 18 B
antum defect__ = eeemeeaa] LM 1@ L 54 .84 76
unntum defsets e Scl'l.[ 2 e~ SRR T S RN L8l L 30 ST7

The quantum defects are, as usual, greatest for the s electrons and
least for thed. They are nearly the same for 45 and 5s, the individual
differences being —0.019 for the D terms and —0.013 for the 'D. For
3d and 4d electrons, the difference is considerable, the *F* terms
giving —0.181; *P', —0.150; 'S, —0.165; D, -0.150; and G,
—0.147. The close asgreement of the last values with the others
supports the identification of the upper 'S and 'G terms.

The mrreap{mdm.g quantum defects for Se I11, according to Gibbs
and White, are given at the bottom. The greater values for S¢ II
indicate that the presence of the additional valency electron is not
completely effective in neutralizing its share of the charge on the
nucleus. The difference of the quantum defects is greatest for the
& electron, indicating that the imperfection of the screening by the
added electron is greatest when the electron which it is supposed to
screen is in a deeply penetrating orbit. The energy of removal of
a 4p electron, when the other valency electron is in a 43 or 4p orbit,
is found above to be greater by almost two volts than when it is in
a 3d orbit—that is, the screening effect of an electron in the more
loosely hound orbits appears to be less.

It is now possible to estimate the probable values of the terms
arising from other confizurations, The conficuration (4s)* should
give an isolated 'S term, which has not been observed. This is not
surpriging, for it should give strong combinations only with the 'P
term arising from the configuration 4s.4p, and this term has not been
identified. For those coming from 3d.5d the Rydberg denominator
should be from 4.2 to 4.4 and the term value (referred to *D of S¢ III)
between 22,000 and 25,000. The combinations of these terms with
a'F, etc., should be at or beyond 2,000, and require a vacuum spec-
trograph for observation. They should be faint in any case. The
multiplets arising from 3d.6z should be still farther in the ultra-
violet and fainter. The configuration 3d.5p should give term values
of the order of 35,000 to 40,000, and their combinations with the low
terms, a*D, ete., should also give lines in the Schumann region.

® These &re the " Rydberg denominators™ and for our purposs may be deflned by the equation
n*=308 Z/ T when I i the ionization enecgy in volts, Z=1 for the neutral and 2 for the singly fonized
abon, and 3.08 is the square root of the Eydberg constant, expressad in volts
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Finally, the configuration 3d.4f should give numerous terms, with
denominators of the order of 3.9 (judging by other spectra) and term
values about 30,000. Their combinations with the low terms should
lie somewhere near *1,500, and may give strong lines in this region.
It appears, therefore, that all the lines of Se IT which might be antici-
pated in the observable region have been found.

VII. COMPARISON OF Sc II WITH Ca II

It is of interest to compare Ca II and Se 11, and notice how greatly
the complexity of the spectrum is inereased by the presence of two
valency electrons instead of one. The principal terms in the former
gpectrum are the low even terms 4 *3 and 3 *D, the odd term 4 *P,
and the high even terms 5 *S and 4 D). Transitions between these
give lines as follows:

454P X\3,033, 3,968,
3D4P 8,408, 8,542, 8,662,
4P-55 3,737, 3,706.
4P-5D 3,159, 3,179, 3,181.

These 10 lines comprise practically the whole spectrum of Ca II
outside the extreme ultra-violet (the combinations 5P-mD, ete.,
giving only very faint lines). The only other strong group is 3D—4F
at AA1,838, 1,840,

The corresponding electronic transitions in Sc I give rise to com-
binations between the following groups of terms.

I
| Number of lines
Transitlon Terms !
Inter-
Trip- | Sing- h
lets | lsts | Sfmbl | Toisd
[ 1} 0. [P [ 8
u.u-w.;;:-.---.---..{%to{:ﬁ o =ofhe 9] 38| 14 10| o
| P, ll:lr" IF -
@a3pap. oo fig ip, g ptolip m" b s w5 8| 2 5| w0 oas
ETTT R X U ,'§ :Es ipito{iD cfhe ol 31 w1 %o
1P 1 a ipr ¥ 1Fr 3
3aAp-9.4d . |1 ,E w{'g LR s 2| 98| 0 1/me s
e dp ID}‘D{IP """"""" _'_'___'_;____ — i 6 10 4 0] 11 &
seap-taprt ([ Bkl e crrreeele 8| 2 0) 6 ] by

The number of lines which should theoretically be produced by
these transitions (excluding all cases in which the effective azimuthal
quantum number changes by more than a unit) is given at the right,
along with the number of lines in these groups so far observed.
In the first two groups all the lines theoretically predicted have been
observed except the fainter intercombinations; in the next two,
which give weaker multiplets, the fainter lines in these, and almost
all the intercombinations, have not been recorded.
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All told, the presence of an additional 3d electron in the atom
increases the theoretical number of lines corresponding to these four
principal electron transitions from 10 to 224, 132 of which have actu-
ally been observed. The last two transitions, which have no direct
correlatives in Ca II, should produce 27 lines, of which 11 have been
observed.

VIII, INTERPRETATION OF THE TERMS OF Sc 1

In the neutral atom there are three electrons, and the number of
possible terms is greatly increased. Those which are to be antici-
pated are tabulated as before along with the observed terms which
have been identified with them. The only difference is that the
limiting term in Sc II, which corresponds to the romoval of that
electron which may be taken as the last to be bound, is also given.
For the configuration (3d)°, where Pauli’s exclusion principle applies,
no such limite for specific terms are given. The extreme separations
of the terms are also tabulated.

Table 10,—Predicted and observed ferms Se [

Configura- am Ié"ﬁ"f Sﬁ“’ Predicted terms (thserved terms and separations
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The identification of the lowest term, ¢*D, as due to the con-
firuration 3d.(4s)* was made by Hund, who also attributed o'F
tentatively to (3d)*.4s. The assignment of o’F’, a’G:, and a*D to
the same configuration is clearly justified, and there can be no
doubt about a'P’, though this term has not been connected with the
rest of the quartets. The separations of those arc terms which are
derived from triplet spark terms are comparable in magnitude to
those of the latter. For the doublet are terms derived from singlet
spark terms, the separations are small and negative.

The separation of the doubtful term a®*P’ is of the right order,
and supports its reality.

Passing next to the odd terms, the triad P, a*D’, a'F, evidently
arises from 3d.4s4p, and ¥D’, ¥F, a'G’ from (3d)°.4p. Both
should give strong combinations with @*F’, and the latter does,
while the former should give lines far in the infra-red, beyond 2u.
Of the third triad of guartet terms, combining strongly with o'/,
two have been observed.

The odd doublet terms show several conspicucus triads. The
group ¢'D’, ¢*F, «®@’, for example, are all at nearly the same level
and all combine much more strongly with ¢’F’ than with any other
term, so that their place in the scheme is obvious. The triad 4°F,
d*G’, a°H has an exactly similar relation with ¢*G. Of the triad
which should combine most strongly with D, two members are
known, and the same appears to be true of the triad related to ¢’

There should be two triads combining strongly with a*D—one
having the limit oD and the other @¢'D. These conditions are
met by the groups @’P, ¢*1Y, o°F, and I*P, D', b*F, but it is diffi-
cult to be sure which of them is to be assigned to one limit and which
to the other, and the two are bracketed i the table to indicate
that the assignment is to this degree uncertain. The second triad
gives much the strongest lines, including the raies ultimes of the are
spectrum.

Triads evidently analogous to these two are found in all the spectra
from scandium to manganese, and probably as far as copper. It may
be possible by a general study of their behavior to remove the un-
certainty.

NoTe ADDED 1IN Proor.—Buch a study has shown that the lower triad has the
limit g'D and the upper triad o'D.

There remains one isolated odd term ¢*P, which presumably arizes
from a 'S term in the apurk and has been assigned to a'S, though it
lies rather low for this origin.

The high even terms are much less numerous than theory indicates,
and it is evident that only the stronger combinations have been
observed. Among the quartets d'F’, which combines with a'G" and
has very nearly the same separation as a*F’, is doubtless in series with
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the latter, arizing from (3d)* .5s. Its combinations with the rest of the
triad lie in the infra-red. Similarly a'D, which combines strongly with
the triad a'P, a*D’, o'F, must arise from 3d.4s.5s. There are two
other terms, #*F’ and 5'P’, not far from the same level, which are just .
what might be anticipated from (3d)° and have been so assigned.
They lie much higher than those of origin (3d)*.4s or 3d. (42)%, but in
Ca I the terms of origin (3d)? also lie much higher than those coming
from 3d.4s or (48)*. These terms should combine strongly with the
triad 5*D’, ¥F, a¢*G’; but once more the anticipated lines lie far in the
infra-red. The terms o'G, ¢*F’, #*D combine with the triad o'F, etc.,
and are clearly part of the pentad of origin 3d.4s8.4d. The ‘F term
is higher than the other two, just as in the corresponding pentad in
Sc¢ II. This leaves only ¢'F and f*F. The very wide separation
of the former suggests that its limit is the wide term ¢*P’ of Se IT
and that it comes from the configuration (4p)%3d; and this is fully
confirmed by the fact that it, alone of all the high even terms, com-
bines with terms belonging to both the 3d.4s.4p and (3d)".4p triads,
both transitions in this case involving the change of but one electron
orbit. The term f*F has not been definitely assigned. It involves
only faint lines, and some of the intervals are so irregular as to suggest
that parts of two different terms are concerned.

Among the high doublet terms, there are four (b *F’, ¢ D, b F",
b ?G) which lie near the same level and give strong combinations with
the triad & *P, b D', b ?F. These evidently belong to the pentad of
origin 3d. 4s. 4d. The term ¢ *D, which gives a very strong combins-
tion with a *F of the lowest triad, has been assigned to 3d. 4s. 53.—a
conclusion supported by series relations (see below). The term 4 *D,
which lies a little higher, may belong either to this configuration, with
limit @ 'D, or more probably to (3d)?, while f *D can not be definitely
assigned.

IX. THE IONIZATION POTENTIAL FOR Sc I

On the assumptions just made, two series are available for determi-
nation of the ionization potential, one comprizing the terms a *D and
¢ *D, and going to @ *D of Sc Il as limit, the other of @ *F' and d *F,
with a °F as limit,
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Treating these terms just as was done in the case of Sc II, six inde-
pendent values may be found for the difference between the base
levels of Se I and Sc II, as follows:

Ohserved levels *Fy iFy iFy iFy T Dy DT

11, 677 11, 610 11, 585 11, B0 168 1] 4, 667

Be I... 43,085 | 42,016 | 41,981 | 4,072 | 35746 35671 44, Gba
i 47, 737 47, 733 47, T30 47, T3 54, 285 B4, 401 19, 876

Horios PECOM. oenemaneniomeeeeo} 17,300 | 17,828 | 17,827 | 17327 | 15,708 | 15730 2,044
Bt se cmemmmmmmmnmmanemame| DO AL | 86,343 | 2,288 | 50,749 | 54,453 | B4 40 B, 43
LevelinBall . oo 4, 988 4, 883 4, 503 4, B3 178 it 178
o0 1 L i 54, 428 54, 460 5, 485 4, 448 5, 278 4, 333 B4, 165

The agreement of the results is again excellent, and fully confirms
the reality of the series relations. The mean of the results, 54,400,
corresponds to an ionization potential of 6.72 volts, which, as in other
cases where a simple Rydberg formula must be used, is probably a
little high. The true value is probably between 6.6 and 6.7 wvolts,
intermediate between those for caleium (6.1) and titanium (6.8).
This is in agreement with King's observation® that the enhanced
lines of scandium are harder to produce in the furnace than those of
the former, and easier than those of the latter,

Of the other series which might be anticipated, that beginning with
o *F’ would give lines in the infra-red. It is possible that the term
in sequence with a D might give observable lines, and there is a faint
line at ™ 3,498.91 (n=28,572.18), which is just in the right place to be
the strongest member of the multiplet ¢ ‘F;—¢ *D,, where ¢ ‘D=
44 598.80, and this has been entered tentatively in the table above.
The resulting limit is very close to the others; but the reality of
this term is uncertain, since no combination with ¢ ‘D' has been
found. =

Adopting the value 54,000 (6.67 volts) for ¢ *Dy—a *Dy, we find
the following values for the energy required to remove an electron
from a neutral atom of scandium in its various energy states.

BAp T, 54, by 1921
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Tavre 11.—Enrergy for retnoval of an eleckon Se I
| i |Emgym | { Emrndiﬂsr—l
| sl B T hamsidich SIS i
|| Term Limdt | —_—
B | W St | wase L Ed BT sell | Ton Wiﬂl o
| oum- | Volts pum- | Volts |
1 bers bars |
P IR | F o e [ e——
alliy @Dy 4r | 54,000 | 6.67 [0.002 | DY aif 4p | 25,281 | 5.25 | 0480
iy oDy dr | 56,372 | 6.05 | LTIT | &F ol g 25, 710 a.rr| -
&0y a'F 25,887 | 120 | .486
:;% iy & (47,810 | G584 | 657
#Fy pr léfm 5.43 | 6% | &, ag 28,372 | .50 | .508
a3 4r (45,024 | 5.04 | .o62 m:‘a gl E 888 | 3.56 | .513
MDDy 4r | 47,883 | 548 | . 660 a¥H, a3 012 | 353 | .54
4L @Dy 5 | 19,811 | .43 | | ‘d'Fy WD dp (27,858 | s44 | .G
oDy | oDr 5 lg:lﬂ 2m| ib| oDy | wD 4p | 27,905 | 8.45 | 505
AiFs atFy G 6,008 | 208 | mm| oF a1 4p | 35,080 | 4.33 | .565
oDy @Dy fz?| 98807 LIS | .206 || eiF% @l 3 | 42,501 | 535 | .62
a¥ iy 35,467 | 4.38 | WE & 3 | g5 082 | L] 478
el | oDy r 068 | 488 % WEy | #P4 (3 | m5@ | 64| L E0
o F oDy 3 152 | 470 .
¥ d_tbyut sl B a5y a2 | 65,48 | mos | .798
"g“ :BE é 155 | 470 1500 WDy | eiDn al | 14,57 | L8| .sm
at : Ml | 4.20 ) 558 o atly 44 507 | 1.87 | .351
’ a¥Dy 4d | 14,150 | L 75 | .350
¥Py Dy 4p [ BL885 | 1M | (Em
ggr'; alDy 4p | BL, 527 | A BD | .58 gE:l atln 4d | 17,080 | zuw | .BM
[ dDy 4p | 30,816 | 8] | 530 atly 4 | 16,53 | 02| 388
; ] WEy aDa 4 Ag [ 1.88 | 572
gﬂq g g gz :2 488 iy a¥Dy 4 520 | l.42 | 578
By | aF d4n | o685 | 368 T%!
|} L i

The next to the last column gives the ionization potential for a
neutral atom of scandium in its vanous states and the lnst- mlumn

the values of \/R where » is the energy difference given in: column

4. Summarizing the results, we find the following mean values and
the corresponding effective quantum numbers, and quantum defects,
If the assignment of the *P, *D’, *F triads to the limits a®*D and a'D
should be reversed, the means given below would be unaffected.

Rem aining configurations
Eleotron removed 4234 (g (p)?

Enmergy Quantum| Energy o |Quantum| Enengy Q

s | o TGt ] van | * [Tanet | o | * ey
Moeeerveee  tm|rar|  28e] & Lm| 247 |
F = R R T 235 | 240 2 80 2.08 | 256 245
T ECr e P 1187 3.38%) 621,
dp o e e L 430 | L77 b 350 | L97 203
1. AP T R ) 535 | L&l L.39 340 [ 200 Lo 808 | L29 LT
‘!.i...‘...._..........._.......f LE (2 THE Thy| i ey (TR bl g T R
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Here the quantum defects are considerably greater than for similar
orbits in Se IT, showing that the addition of one more electron serves
gtill less completely to compensate for an equivalent amount of
nuclear charge. In this the screening is more effective and the
gquantum defects smaller, when the electrons which are not removed
(and do the screening) are in the configuration (3d)* than when they
are in 3d.4s. In the much more loosely bound (4p) confizuration,
the screening decreases to a very remarkable degree.

Though many more lines and terms have been found in Se I than
in Se¢ II, the observed fraction of those which might theoretically
be anticipated is much smaller. The whole number of terms arising
from configurations in which one or more of the valency electrons
are in 5z, 4p, or 4d orbits is very large, and if the element were not
80 rare, it is probable that many more lines could be detected by
intensive study.

Selected portions of the spectra of scandium (and iron eomparison)
are reproduced in Figs. 4, 5, 6 and 7 to illustrate various types of
multiplets or term combinations. In each case the multiplet is
schem atically represented by twosets of intersecting lines, horizontal
ones for levels of low energy and oblique ones for higher excited
states. Perpendiculars dropped from the intersections of these lines
point to the spectral lines which result from the corresponding com-
bination of levels. Multiplicities 1, 2, 3, and 4 are illustrated; the
even and odd values characterize the S¢ I and Se II spectra, respeec-
tively.

Privceron axp- WasarneTon, April, 1927,
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