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A SPECTRUM ANALYSIS OF SINGLY IONIZED COBALT

I. INTRODUCTION

Due 1n large part to its success in explaining ob-
served spectral regularities, quantum mechanics is today
generallyaccepted as the correct theoretical basis for
dealing with atomic and molecular systems. As yet, however,
the theory has not yet been developed to the point where
the propertles of complex systems can be calculated with
an accuracy comparable to that of experimental determin-
ations. Experimental spectroscopy continues, as i1t has
in the past, to furnish the best avallable values for the
energy states of particular systems and to provide a prov-
ing ground for further development of the theory. The
problem of deducing values for the energy levels of partic-
ular atoms or molecules from spectral observations 1is the

problem of the spectral analysis.

The analysls of the spectrum of singly ionized cobalt
(Co II) was undertaken as the subject of the present thesis
at the suggestion of the Spectroscopy Division, Natlonal
Bureau of Standards. “Of many possiblilities, thls spectrum
was chosen because previous analyses were incomplete, be-
cause structures for the spectra of neighboring atoms and
ions had been fairly well determined, and because 1t seemed

reasonable to suppose that better measurements could be

made.



With regard to previous analyses of Co II, the first
regularities were reported by Meggersl in 1928. In 1930,
Findlay2 dlscovered a few new energy levels, and alsa made
a study of Zeeman patterns which led to a revised classi-
fication for several of the levels located by Meggers.
Among the new levels found by Findlay were the second mem-
bers of two serlies, from which was calculated a value of
17.3 electron volts for the ionization potential. In all,
about 200 lines, which determine the relative positions
of 55 energy 1evel§, had been identified before the present

study was undertaken.

The following account of additions that have been made
to the analysis, begins with a brlef description of the ex-
perimental data employed. Next considered are the important
electron conflgurations and resulting terms to be expected
on the basis of theory. The electron configurations are
then treated separately and 1t 1s pointed.out, with support-
ing evidence, which of the expected terms have actually been
found. Appendix I contalns a dlagram showing the relative
positions of the new terms, while values for the individual
energy levels are listed in Section VI.

1- W. F. Meggers, Journ. Wash. Ac. Sci., 18, 325 (1928)
2~ J. H., Findlay, Phys. Rev., 36, 5 (1930)



II. OBSERVATIONS

During the course of the present investigation, two
new setes of wave length messurements and intensity estimates
have been made. Other unpublished experimental data that
were avallable for extending the analysls included wave
length measurements in the reglion from 5000 A to 2000 A
mzde by Dr. Meggers, wave length measurements in the region
from 2280 A to 1200 A furnished by Dr. Shenstone, and Zee-

man observations made by Dr. Weeks.

One of the new sets of measurements was made from
plates furnished by Dr. Kiess of the National Bureau of
Standards, These plates cover the wave length region from
5200 A to 2200 A; a condensed spark was used to produce the

excltation.

The other set of new measurements was made from
spectrograms obtalned by the author using a Schuler tube
constructed especlially for the purpose3. With neon in
the tube, the spectrum was photographed from 6400 A to
2000 A with the 21 ft. concave grating spectrograph at
Princeton University. Wave length measurements were made
in the regions from 6400 A to 5000 A, and from 3000 A to
2000 A. These were the most accurate measurements avall-
able, not only because of the large disperslion of the

3= Detaills of the Schuler tube and accompanylng appar-
atus are given in Appendix II.
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spectrograph, but also because of the great sharpness of

the lines produced when the Schuler tube is used as a source.
It is apparent from examination of the array of known energy
levels that these measurements are seldom inaccurate by

more than 0.1 reciprocal centimeters. With helium in the
Schuler tube, the spectrum was photographed from 2250 A to
800 A on the two-meter normal incidence vacuum spectrographh
at Princeton, and measurements were made in the wave length

region from 1900 A to 1400 A,



III. STRUCTURE OF THE SPECTRUM

Part A. of the present section considers the general
energy level structure of Co II to be expected on a basis
of theory. It contains a list of the terms that could
result from each of the important electron configurations
and indicates which of these terms have been found. De-
talls of the analysis are discussed in Part B., where the
structure of each electron configuration is treated in-

dividually.

An energy level diagram 1s provided in Appendix I.
which may be unfolded, and thus made available for con-
tinuous reference. This dlagram indicates the relative
posltions of the known terms and it is included primarlly

to accompany the following dlscussion.

A, THEORY

The once 1onized cobalt atom possesses twenty-six
electrons. Eighteen of these are in closed shells resem-
bling the electron structure of argon, leaving eight outer
electrons which are active in producing the optical spec-

trum. 2
Application of the Aufbauprinzip of Bohr? shows that

4~ H. E. White, "Introduction to Atomic Spectra®,
pe 79,.McGraw-H111 (1934)



the lowest configurations of these eight electrons should
be Sds, 5d74s, amd 5d64sz. Higher configurations should
result from an increase in the quantum numbers n or 1
associated with one or more of the electrons. Of many
possible higher configurations, terms have been found for
3d74p, 5d758 and 5d64s4p. The gross structure of the
spectrum, as indicated by the relative positions of the
varlous configurations, is shown schematically in the dia-
gram og Appendix I., where the maln structural components

are enclosed within dashed-line frames.

In Table I. are listed the terms that, according to
theory, should arise from each of the electron configurations
if 1t is assumed that there is Russell-Saunders coupling
between the electrons. Each Co II term listed 1s one of
a series that converges to a 1limlt which is the Co III term
heading the column in the table. For example, the
3d74s 5F term of Co II is the lowest member of a series
converging to the limit %F, which is a term in the 3d7

configuration of Co III.

Most of the terms which have been established are
preceded in the table by small letters in accordance with
the usual schemes. The unassigned energy levels listed

5- H, N. Russell, A. G. Shenstone, L. A. Turner,
Phys. Rev., 33, 900 (1929)



in Table XIII may belong to those terms which are pre-

fixed with a gquestion mark.

In accordance with Pauli's exclusion principle , the
5d8 configuration is expected to give rise to fewer terms
than one might otherwise expect. In this case, 1limit

structure cannot be unambiguously assigned to the terms.



Table I.

TERMS ARISING FROM THE ELECTRON
CONFIGURATIONS OF CO II

Co III 3da’ 4F 4 25 2 2 42 2 p2p
Added 44 1a%F &% a5 &8¢  3F &% oS Op
Electron ~ [pF bP 1 1l 1 1p 1lp I1p
5n0 ,5q0 340 0 23p0 93p0 93q0 23p0
sto zsso XSGo ygFo ?SDo ?gpo ?Sso ?gPo
st zsPo st yoG 3F 6D 3P SD
z96% y%p 1% "SgO 93g0 23p0 3p0 23f0
Co II 4p 23D° 2580 lGo lFO 1D0 1PO lso 1P0
ZSFO ?SPO lHO lG'O 15\0 1DO lPO 1D0
szo ySDO 110 lHO lG_O lFO lDO 1FO
5} 5 3 3 3 3 3? 3
evYF P H G F D D
S5slg5p 3 1y 1 1l 1p 1p 1p
Co III =% % a'p (7 quartets and 15 doublets)
4s a°D (quintets, triplets, and sing-
lets based on above 1limits)
- 750 le]
750 g’];o
7p0  Sp© (quintets, triplets, and sing-
Co II 4p 5p0 ;350 lets based on above limits)
Y570 i3to
x5Do :SDo
y°F +“F
Co IIT 34’ (See text on page 7)
Co II 3d|aSF a%p lg 1p lg

? - unassigned levels may be part of term

¢! - letter not assigned to term



B. DETAILS OF THE ANALYSIS

The low configurations of the spectrum will be dis-
cussed individually. Although terms discovered by earlier
workers will be mentioned, only the new terms found during
this analysis will be treated in detaill. Since no sing-
lets have been established, they will be omitted from the
following discuselon.

THE 3d8 CONFIGURATION

As shown in Table I., this configurastion should
glve rise to two triplets. The 5P term wgs found during
the present analysis, while the 3F term was found by Find-
lay. According to Hund's rule, the 5F‘ term should be low-
er than the QP term, and reference to Table XIII. will
show that the terms do occur in this order. Since the
Sp term provides the lowest series limit for the Co I
spectrumB, it 1s not surprising that Findlay found this
triplet to be the lowest term in Co II.

6~ H. N. Russell, A. £. King, and C. E. Moore,
Fhys. Rev., 58, 407 (1940)



7
Table ITI indicates the number of combinations and

the number of Zeeman patterns helping to establish each

level of the new term asP.

Table II.
NEW TERM IN 3d8 CONFIGURATION
) NUMBER OF
NUMBER OF ZEEMAN ZEEMAN
TERM J COMBINATIONS PATTERNS IDENTIFICATION
3
1 17 1 5Pl
0 9 1 PO

1y establish the ldentity of the level which has the highest

Evidence from the Zeeman patterns does not conclusive-

J-value, because the avallable patterns are too poorly

resolved.

But the patterns do not disagree with the

ldentification made by the usual method of wave number

differences and intensity rules. (See Table XII)

7- If resolved Zeeman patterns provide ldentification
the last column in the table lists this

of a level,
identification.
column, the patterns have not been unamblguously
interpreted. The Zeeman patterns are treated

more fully in Section V, and the ldentified combi-

If no entry apnears in the last

nations are tabulated in Section VII.

10



7
THE 33 48 CONFIGURATION

Three new trinlets have been established and two
more have been tentatlively established in this group.
Table I shows that only one 6F and one 3D have not yet
been found, and by means of isoelectronic sequences such
as those shown in a later part of this report, it can be
shown that these two triplets should be higher in the en-
ergy level diagram than the others in this group. This
gshould make them harder to find than the lower terms,
because the spectral lines required to establish them may
be expected to be much weaker in intensity than those used

to establish the lower terms.

Table 1118 shows the number of combinations and the
number of Zeeman patterns helving to establish each level
of the new terms. From the table it 1s apparent that the
terms baP, cSF, and aSD are gquite well established because
of the large number of coﬁbinations, but that the terms
aSG and aSH are tentative. The term aSG is especlally
questionable because some Zeeman patterns do not com-
pletely agree with this assignment. This matter 1is dis-
cussed more fully in Section V.

8- For explanation of this table, see footnote 7,

this explanation vertains to the succeedlng tables
of the same type.

11



Table III.

7
NEW TERMS IN THE 3d 4s CONFIGURATION

NUMBER OF NUMBER OF ZEE-  ZEEMAN IDENTI-
TERM J COMBINATIONS  MAN PATTERNS FICATIONS
3 3
b"P 2 23 3 Py
1 19 2
0 12 2 390
3
c P 2 17 3
1 18 1
0 9 1
3
2D 3 15 2 D,
2 20 1 D
1 17
3
a G? 5 4 l 3
4 6 2 G,
3 2
3
a’H 6 4 ) 5115
5 6 1

12



7
THE 33 4p CONFIGURATION

31x new terms arising from this configuration have
been found during this analysis. 5ix quintets and three
triplets were previously reported by Meggers and Findlay.
All of the terms based on the 4F' and 4P limits have been
establlshed with the possible exception of 5d7(4P)4p 6P°.
Four of the new triplets belong to the group of terms

based on the doublet 1limit structure. (See Table I.)

In addition to the six new terms, slxteen unassigned
levels have been found, five of these being located in
the region where the above mentioned term, 3d7 (4P)4p 3P°,
should be foundg. It is presumed that the remsinder of
the slxteen unassigned levels are parts of those terms

which have been preceded by a question mark in Table I.

Table IV shows that, of the six new triplets, only
3D° and SSO are well established. The term ysGo is
especially questionable because two Zeeman patterns do
not completely agree with this assignment. This matter

1s dlscussed more fully in Section V.

9- The five levels mentloned have been named 322, 352,
%4, 352, and °6}, and they are listed in Table XIII.
As indicated in bable V, they all could be>P levels,
Judging from evidence drawn from Zeeman patterns
and studies of their selection of levels with which
to combine.

13



Table IV.

7
NEW TERMS IN THE 33 4p CONFIGURATION

NUMBER OF NUMBER OF ZETMAN ZEEMAN
TERM J  COMBINATIONS  PATTERNS IDENTIFICATION
3
yF° 4 5 1
3 6 1
2 4
yo6 7 5 4 3
4 5 1 Gy
3 4
(o]
st 5 4 1
4 3 1
21 6 3 1 ®Hg
yo° 3 9 2
2 14 2
1 10
3.0
2°8 1 11 2 331

Table V 1lists the sixteen unassigned levels, and it
1s emphasized that the identifications listed in the last
column of the table are quite tentative. It should also
be understood that, because of the small number of combi-
nations fixing several of these levels, there i1s a distinct

possibility that some of them may not be real.

14



Table V.
NEW UNASSIGNED LEVELS

NUMBER OF NUMBER OF ZEEMAN TENTATIVE
LEVEL J COMBINATIONS PATTERNS IDENTIFICATIONS
320 4 3p
85° 2 8 3 22 or °Dg
540 1 7 2 Sp7
S50 2 9 3 3p
3.0 32
6 1 8 1 PY
30 3
27 3 6 2D
58" 3 4 1 D
29°% 2 7 °ps
10 2 3 3p
3790 3ne
11 1 2 DY
5129 1 5 °py
31 =0
13 0 3
2148 2 5 g
150 1 5 SPT
5160 1 n 5P1
517 0 2 590

There are two reasons for difficulty in grouping these
levels into complete terms. First, on the basis of 1so-
eléctronic sequence predictlons, many terms are expected
to fall within a emall energy region. This suggests the
possibility that the J-levels of two or more terms may be
interposed, making it difficult to asslgn these levels to
particular terms on the basls of thelr relative poiitions.
Second, most of the levels are established by a reiatively
small number of combinations, and i1t 1s consequently diffi-

cult to deduce the J and L values of the new levels by ap-

15



plication of the selection rules.

There are two reasons why the number of combinations
establishing the new levels 1s small. First, most of these
levels must belong to terms based on the doublet 1limit
structure, and they combine so weakly wlth the establlshed
terms based on the quartet limit structure that many of the
satellites are missing. Second, many of the lines essent-
i1al to performing this phase of the analysls fall in a wave
length region where they are likely to be hidden by lines
of the arc spectrum.’ Both of these difficultles are 1il-
lustrated in Table VI, where it is shown how the even term
aBD, which 1s based on the doublet 1limit structure, combines
with the odd terms sto, sto, and y5D°, which are based
on the quartet»limit structure. In this case, bec¢ause

©f other comblinations, there can be 1little doubt about the

éseignments.
Table VI.
WEAK INTER-SYSTEM COMBINATICNS
Z‘JFO Z;’,Do ySDom
4 3 2 3 2 1 3 1
1 1 - 10 0 0)
2% 2 2 2 3 16 CoI o0 3 2
3 10 Col - 50 = 10 -~

16



The intensities in Table VI were estimated according
to an arbitrary scale on which 200 represents the intensity
of the brightest lines in the svectrum and O représents
the intenslty of lines which are so weak that they can Just
barely be observed. It is apparent that the above com-
binations are weak, and 1t 1s not surprising that some of
the satellites are missing. Two of the satellites coincilde
with and may be obscured by arc lines. In the wave length
region from 5000 A to 3000 A, where the lines arising from
these combinations are found, the plates are so blackened
with lines that it is certain that many of them are hidden

by or blended with others.

For the same reasons 1t is difficult to establish
combinations between the odd terms of the doublet limit
system and the even terms bsF and bSP of the quartet 1limit
system. These 0dd terms also combine poorly with the

3 8
even terms a P and aaF and the 3d configuration.

THE 3d758 CONFIGURATION

The second series members eBF and e5F were established
by Findlay, the first series members being the terms

7,4
33 (*F)4s b°F ana 3a (°F)as a°F respectively.

17



It is in connection with higher serles members such as
these that the Schuler tube source should prove particularly
useful. The new plates did, in fact, reveal 14 lines not
observed by Findlay, representing transitions from esF and
esF to lower terms. Not only was the identity of thece
terms more firmly established by the combinations involving
the new lines, but also the energy values of the levels were
determined more accurately because the Schuler tube yields
sharper lines than the spark source used by Findlay. The
lines produced by the condensed spark are known to be not
only very broad and fuzzy, but also to be asymmetric in such
a way a8 to introduce at times a consistent error 1in wave
length measurements. Table VII compares Findlay's term

values wlith the revised term values.

Table VII.
ADJUSTMENT OF FINDLAY'S ENERGY VALUES

FINDLAY'S VALUES REVISED VALUES  DIFFERENCE

TERM  J NDL4 oF ooy
e5F 5  84012.3 84013.70 1.4

4  84584.8 84586, 35 1.8

3 85165.3 85167.10 1.8

2 85593.9 85595. 70 1.8

1 85874.1 85875. 84 1.7
&°F 4 85479.2 85481 .07 1.9

3 86343.8 86346.19 5.4

5  8BO37.7 86939. 60 1.9

18



Attempts at finding third members of these series,
using the wave length measurements from the Schuler tube,
were not successful. Even the second series members of
the two serles whose lowest members are bsP and a5P were
not established. This was disappointing in view of the
expected enhancement in the Schuler tube of lines associated
with these upper terms. A gearch was also made to locate
terms in the 5d74d configuration, but here again there was
no success.

THE 33452 CONFIGURATION

Although this is the lowest configuration in Fe I, 1t
is quite high in Co II, and prior to this analysis none of
its levels were known. Of the terms arisling from the con-
figuration, only the 5D has been found. Acoording to Table I,
there should also be triplets, but they are predicted to be
higher than 80,000 cm~! above the normal state, and have
not been established.

Predictions (made by the method described in Section IV)
indicate that the °D term should fall within a few thousand

wave numbers of 37,6500 em L. The new term was actually

found to be at 41,000 cm-l. The new wave length measure-
ments needed for establishing this term were taken from

Kiess' plates in the wave length region above 5000 A.

19



Table VIII shows the number of combinations establish-
ing each level of the new term. No Zeeman data were

‘available in the wave length region above 5000 A.

Table VIII

NEW TERM IN THE 3a°4e° CONFIGURATION

TERM J NUMBER OF COMBINATIONS
2D 4 10

3 14

2 11

1 n

THE 5d§4s4p CONFIGURATION

There should be a' large number of septets, quintets,
triplets and singlets 1n this configuration, but space
has been taken 1in Table I for listing only a small group
of thece terms because so few of them have been estab-
lished. The terms which have been established are llsted

in Table IX.

20



Table IX.

6
THE NEW TERMS IN THE 3d 4s4p CONFIGURATION

TERM

<

NUMBER OF COMBINATIONS

e
d

[alRAV] DO A DO W =G DN Qb O, O MR

Al MMM NN VUG VDRUWL HO b

Although the tsable shows that the levels are not
well estsblished as far as the number of combinations
* is concerned, confidence in the reality of both the quintet
and the triplet terms may be gained by examinatlon of the
line 1ist in the vacuum region, where the lines used 1in

establishing these terms are found. In this region

21



there is a large average wave length interval between lines,
and an unusually large percentage of these lines arise

from combinations involving the new multiplets.lo The
importance of this 1s that the paucity of lines reduces

the chance of finding by colncidence the proper wave

number differences for establlshing terms.

UNASSIGNED TERMS

Table X indic=tes the number of combinations helping
.to establlish some terms which were found near 100,000 cm-1
above the ground state. These terms could belong to
the 5d64s4p, 5d74f, or 3d75p configurations, but it 1is
not possible at vresent to make a configuration assign-

ment.

TABLE X.
NEW UNASSIGNED TERMS

TERM J NUMBER OF COMBINATIONS
o

xsF 5 2

4 4

3 4

2 4
v°op° 4 6

3 5

2 2
w5D0 4 3

3 3

2 2

10~ See Appendix III.

22



IV. COMPARIEONS WITH NEIGHBORING SPECTRA
A. ISCELECTRONIC SPECTRA

If, by ionization, one electron is removed from the
cobalt atom and two are removed from the nickel atom,
then both have the same number of electrons as neutral
iron, and the three elements form an lsoelectronic se-
guence. Because they have the séme electron configurations,
the three atoms should glve rise to simllar 8pectra and

systems of energy levels.

This similarity affords a method of using deta taken
from the analyses of Fe I11 and Ni 11112 both for'predicting
the energy values of unknown Co II terms relative to the
established system of levels, and for substantiating the
identity of terms which have already been established.

Use of the familiar Mosley diagram for studying

isoelectronic sequences 1s suggested by Herpz's relation

2
T = _Eizzgle. (1)

where T 1s called the term value, and is the energy dif-
ference between a term in a given serles and the limit of
that series. R 1s the Rydberg constant, Z 1s the atomlc
number, n is the principle quantum number of the valence
11- H. N. Russell and C. E. Moore, Trans. Am. Phil.

Soc., 34, 113 (1944)
12- A. G. Shenstone, uncublished material (1950)

23



electron, and O 18 the so~called screening constant,
which accounts for the reduction of the effectiveness

of the nuclear charge due to the presence of all of the
electrons other than the valence electron. It 1s pos-
sibly misleading that @ 1s called a constant because it
has different values for the different terms in the spect-
rum of one atom, and it has different wvalues for corres-

ponding terms in different atoms.

Transposing equation (1) ana taking the square root

of both sldes glves the expression

NV-:E:_' s 2-0 (11)
R n

To make a Mosley diagram, values of 'Y I/R  are plotted
as ordinates and values of Z are plotted as absclssae.
According to equation (11) such a diagram may produce
stralght lines, provided that the behavior of @ does not

upset the linear relationship between the varlables.

Glbbs and Whitel5 have made an extenslve study of
lgoelectronic secuences in complex spectra, and their Mos-
ley diagrams show lines which are not only qulte stralight,
but also, for those terms having the same value of n,
the lines are parallel with each other. The pvarallelism
requires that the difference between values of @ for two

13- R. C. Gibbs and H. E. White, Phys. Rev., 29,

426 (1927), Phys. Rev., 29, 655 (1927), and
Proc. Nat. Acad. Sei., 13, 5256 (1927)

24



term8 be the same for all elements in the sequence, and
the stralghtness of the lines requires that if G variles
with 2 for a given term, this variation must be linear

with respect to changes in Z.

The energy difference between two terms belonging to
the same element and having the same value of n may be

written

T-T, = Rl@-af -¢-a )
= RE-9) 3 4 (v )|
\1

1t (0,-G,) is constant and if (0,+G;) 1s a linear function
of Z, as suggested by the parallel and stralght lines

on the Mosley diagram, then we may write
T-T,=A2 +B (111)

where A and B are constants for a given value of n, which

do not depend on Z.

Therefore, as a substitute for plotting the Mosley
diagram, graphs of the type shown in Figs. 1 and 2 may be
used. The particulsr advantage of thls tyve of plot
1s that it may be made without knowledge of the position
of the series limits, and it is used here because the
limit structures of Co II and Ni III are not yet well
established.

25



In the diagrams shown, the term which lies lowest in
the Co II spectrum has been arbltrarily assigned an energy
level value of zero 1n all three spectra, and the energy
differences between thls term and the other terms in the
same configuratidn have been plotted with respect to the

same scale for all three elements.

Since the individual J-levels of each term would not
be resolved in drawlngs made to the scale shown in the
figures, a single point has been plotted to represent the
"center of gravity" of the terms. The energy value of
the center of gravity of a term having more fhan one J-level

is computed from the equation
£ - % t:(lj*D
e S (@3vW)
J

where E¢ 1is the energy value of the center of gravity

and ¥ is the energy value of an individual J-level.

Although all of the new terms found in Co Il except
3d8 3? have been found in Fe I, only a few have been re-
ported in the case of N1 III. Fig. 1 shows that straight
lines are obtalned for the two new terms 5d7(2G)48 5G , and
5d7(4P)4e %, Fig. 2 shows a straight 1ine for the
term 34 (%G)4p 06° , and a line for the term 3d’(2G)4p SFO
which is no less stralght than are the lines for several of
the better established terms.
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Fig. 1

ISOELECTRONIC SEQUENCE DIAGRAM FOR EVEN TERMS
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Fig. 2

ISOELECTRONIC SEQUENCE DIAGRAM FOR ODD TERMS
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The isoelectronic sequence drawlngs do not vositively
confirm or deny the correctness of the term identifications,
but 1t is encouraging to note that terms in the three spec-
tra are located as expected from Hertds formula and from
implications drawn from the iscelectronic studies of Gibbs

and White.

Additional similarities may be shown to exist between
the term of Fe I, Co II, and Ni III by comparing the inter-
vals between the levels of the same term in each of the
three spectra. Table XI is devoted to such a comparison.
The intervals between the levels of each term have been
tabulated for the three spectra, and two other columns
indicate the ratios of the intervals in one spectrum to
those in the psectrum of the nelghboring atom in the
isocelectroniec sequence. The comparisons show striking
consistencies in many cases, and this materilal 1is lncluded
because 1t helps confirm the ldentity of terms which have
been established in the 6d64s4p, 3d64sz, 5d758, and 3d74s

groups.

There are discrepancies in the case of the terms in
7
the 3d 4p configuration, buf these irregularities may be
caused by perturbations arising from the fact that there

are so many terms crowded into such a small energy reglon.
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Although the nature of this perturbation is discussed by
Whitel4, i1t will be briefly stated here that if two levels,
belonging to the same or to different configurations, have
approximately the same energy value, the same parity, and
the same J value, then there may be an apparent repulsion
between the two levels. The displacement of the two lev-
els will cause a rearrangement of the intervals in both
terms, and hence lead to irregularities of the type seen

in Table XI.

As an example, the intervals in the terms 3d7(4F)4p 5Fﬂ

5d7(4F')4.p 56°, ana 5(17(4P)4p 5D° are subject to this type
of perturbation. S8ince the terms of the 3d?4p and the
3d64s4p configurations of Fe I fall in the same energy
level region and since both conflgurations include a very
large number of terms, 1t seems reasonable that the re-
pulsion efféct should cause irregularities when the inter-
vals within the terms in thls spectrum are comvared with
those within the terms of the Co II spectrum, where the
5d74p ané the 3d64s4p configurstions do not fall in the

same energy reglon.

14- Ho Eo white, op. cito, po 390
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Table XI.
MULTIPLET INTERVAL COMPARISONS

FE T CO 11 NI 111
CONFIG. DESIG. J DIFF. RATIO DIFF. RATIO DIFF.
3a° a°F 4
539.1 1.8 950.28 1.4 1360.7
3
352.6 1.8 647.15 1.4 908.9
2
4.
33 ( F4s a’F 5
448.5 1.5 678.53 1.4 954.2
4
351.3 1.5 531.84 1.4 748.2
3
. 257.6 1.5 389.25 1.4 545.9
168.9 1.5 254.61 1.4 356.2
1
5a (*F)as BOF 4 4
584.7 1.5 895.58 1.4 1267.0
3
407.6 1.5 613.53 1.4 866.3
2
3a° a%P o
143.66 2.2 316.2
1.
188.93 1.3 252.9
0

7.4
3@ ( Plas a’P 3
176.8 1.5 259.9 1.2 260.0

200.4 1.5 307.2 1.5 307.0

)
3a (7G)48 a & 5
283.4 1.4 384.7% 1.4 523.1

250.3 0.8 217.3% 2.7 ©590.9
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Table XI. (Continued)
FE I co II NI III
CONFIG. DESIG. J DIFF. RATIO DIFF. RATIO DIFF.
3 .
2a’(%P)as bP 2
108.5 1.8 193.1
104.9 1.4 143.8
3 (%°p)as P 2
436.3 1.0 431.4
319.6 1.7 543.8
0
3a (®H)4s aH
245.1 1.5 363.4
5
o76.6
4
5d7(2D)4s aSD
308.7 1.6 627.4
2
1
6 2 5
3d 48 alD 4
415.9 1.5 619.0
3
288.1 1.5 424.0
2
184.1 1.5 270.8
1
89.9
0
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Table XI. (Continued)

FE I Co II NI III
CONFIG. DESIG. J DIFF. RATIO DIFF. RATIC DIFF.

33 (%F)5s e F

372.5 1.5 572.65
7.6 1.5 580.75
281.1 1.5 428.60

184.7 1.5 280.14

HoOoN O o,

74
3a ("F)ss e3F 4
570.9 1.5 865.12

3
396.5 1.5 593.41
2
»
3d (*F)ap 2°F° 5
344.1 0.5 181.06 0.9 158.7
4
289.2 2.0 593.23 1.4 849.8
3
, B18:5 2.2 480.76 1.4 695.2
144.9 2.3 333.64 1.4 487.4
1
4 .
sa (F)ap 20° 4
411.2 1.7 718.30 1.4 1036.8
3
204.4 1.7 498.36 1.4 715.7
2
215.5 1.4 311.39 1.4 444.4
1
104.5 1.4 146.77 1.4 199.8
0
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Table XI. (Continued)

34

FE I co II NI III
CONFIG. DESIG. J DIFF. RATIO DIFF. RATIO DIFF.
3d7(4F)4p 6% 6
. “6l.5 4.4 267.29 1.3 355.4
, 4749 1.0 461.66 1.2  564.2
354.3 1.0 343.40 1.2 404.9
3
244.8 1.0 237.43 1.1 260.9
2
7 4
3a (“F)ap 2°6° 5
, 088.4 2.0 792.35 1.8 1402.0
311.8 2.2 687.94 1.2 868.6
3
3
38 (*Flap 2°F° 4
L. 476:6 1.6 684.01 1.6 1088.9
358.4 1.5 532.73 1.6 864.3
7 4 3
3d ("F)ap z°D° 3
, 5027 1.4 717.49 1.3 924.3
317.7 1.4 454.88 1.3 602.7
7 4
3¢ ( Plap yoD° 4
24.2 -6.1 -147.6 2.4 -358.4
3
143.5 0.1 19.7 =-2.0 -41.1
2
288.7 0.3 89.9 0.5  44.8
1
0



Table XI. (Continued)

FE I ¢co 11 NI ITI
CONFIG. DESIG. J DIFF. RATIO DIFF. RATIO DIFF.
4 )
3a( P)4p 22P° 3
196.9 0.1 23.0 4.8 109.4
0 ,
126.4 2.4 298.0
1
7 4 3 0
3a ( P)ap yD 3
118.9 0.2 29.1
2
136.0 1.8 249.2
1
7 2 3 o
3d (G)4p y F 4
203.6 4.2 850.0 1.6 1365.9
3
104.3 6.0 657.0 1.6 1074.4
2
7 2 30
3d (G)ap y & 5
: 167.0 4.5 752.4? 1.0 723.8
4
222.7 0.1 20.8%
3
7 2 o
3d ( H)4p st 5
£294.3 2.2 640,47
4
157.6
3
A
3l 6D)@p x°D° 4
240.2 1.0 243.7
3
199.5 1.2 245.7
2
139.7 1.3 182.7
1 .
71.1 1.3 95.4%
0
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Table XI. (Continued)

FE I Co II NI III
CONFIG. DESIG. J DIFF. RATIO DIFF. RATIO DIFF.
6 o)
3a%1s( D)ap y°F° 5
292.3 1.3 373.1
4
227.9 1.3 284.3
3
164.9 2.0 332.0
2
106.7
1
6 6 5.0
3d 4s8( D)ap y P 3
412.7 1.6 668.4
2
263.7 1.6 421.7
1
8 4 o
3d 4s(a D)4p 5° 3
363.7 1.4 508.7
2
251.0
1
6 30
3d as(a®D)ap F 4
497.8 1.6 784.7
3
328.9 1.6 521.3
2
6 4 3
3a 4s(a D)4p P° 2
415.9 1.4 586.8
1
192.8
0
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B. HOMOLOGOUS SPECTRA

Those elements of the first long periocd which are
lmmediate neighbors of cobalt in the perlodic table glve
rise, when singly lonized, to the configurations Sdn,

n-1 n=-2, 2
s .

34 “48, and 34 T4 These elements are sald to

15
form a hcemologous sequence.

If, for each member of this sequence, the lowest
lying level in e&ch conflguration is plotted with respect
to the lowest level in the Sdn configuration of the same
element, as shown in Fig. 316, there 18 sufficlent reg-
ularity to provide & basis for predicting the apnroximate

6
position of the 3d 452 configuration of Co II.

In the figure it is seen that this configuration
should fall at an energy level which 1s higher than the
level of the 3d8 conflguration by ebout 37,000 wave
numbers, with a possible error of a few thousand wave
numbers.

15~ For further illustration see H. E. White, op. cit.,

pp. 277-78.
16~ Data for other elements obtained from R. F. Bacher

and S. Goudsmit, "Atomic Energy States", McGraw-
Hi11 (1932).
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Fig. &
HOMOLOGOUS SEQUENCE
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V. ZFEMAN PATTERNS

Weeks has observed Zeeman patterns for some of the
newly ldentifled lines. In Table XII, data from these
observed patterns are compared with values calculated
from the Lande theory. In cases where no assignment
has been made to one of the two energy levels involved 1n
a combinatign, no comparison with theory 1s possible,

and only the observed data have been tabulated.

In the third column of the table, "O" designates
the experimentally observed pattern, and "C" designates
the pattern calculated from theory. The numbers enclosed
wlthin parentheses represent measurements of the intervals
between the componente of the pattern obtalned when the
observations are made along a line varallel with the
magnetic field, and the numbers outside the varentheses
represent the measurements obtained when the observations

are made along a line perpendicular to the field.

There are several cases in which the observed vattern
does not fully agree with that expected from theory. Be-
cause the plates were not avallable fom further examinatlon,
1t was not possible to reconcile these discrepancies com-
pletely, and the remarks in the last column of the table

are necessarlly speculative.
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Table XII.
ZEEMAN PATTERN COMPARISONS

WAVELENGTH COMBINATION ZEEMAN PATTERN REMARKS
4160.69 A, a’D,-z’D;  0(0.00)1.32
¢{0.00)1.33
4146.16  a°D,-z°D] 0(0-00)1.17
¢(0.00)1.17
3754.71  b’P,-z’D]  0(0.02,0.16, - )0.90,1.07,
1,26, - , -

clo. oo,o 17 0.3)1.00,1.17,
1.33, 1.50,1.67
Missing compon~
ents should be
weak according
to selection rules

3663.93 b P, -2°D 0(0-00)0. 50
¢(0.00)0. 50
2636.04¢  a’D - 5,  0(0.00)1.11
2628.80  b°B -z’8°  0(0.00)2.04
¢(0.00)2.00
2613.51  a’B -2°D]  0(0.00, -, = )1.28
¢(0.00,0. 17 o 33 1.00,1.17
1.33,1.50
Weak o components
missing; 1 com-
ponents may be
unresolved
2605.71  b°P -2°8°  0(0.53)0.95,1.49,1.96
¢(0.50)1.00,1.50,2.00
2583.18 b’P, -y D} oﬁo.oo, -y - §1.16
¢(0.00,0.17,0.33)1.00,1.17

1.33,1.50,1.67
Weak o components
missing; W com=—
ponents may be
unregolved
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Table XII. (Continued)
WAVELENGTH COMBINATION ZEEMAN PATTERN REMARKS
2574.90 A. a’P -z’DS  0(0.01,0.35)0.82,1.16,1.49
C(o.oo 0.55)0.88 1.17,1.50
2565.39  a B -2’0, O 0.45 )0.95,1.17,1,38,1.59
€(0.33,0.67)0. 85 1.17,1. 50 1.83
pattern: may
be partly un-
resolved;
discrepancles
unexplained
2557.36 &P -2’D°  0(0.00)0.49
C(0.00)0.50
2552. 40 ¢*P - 24" 0(0.00)1.49
2546.74  D’R -z°F 0{0.27)1.04 7eeman effect
C 0.00 2e 50 1ndicateﬂ
identification
incorrect
2540.65 bR -y’D}  0(0.00, - )0.82,
¢(0.00,0.33)0.83,1. 17 1.50
Weak compon-
ents missing
3
2530, 09 b’P -y D}  Of - ) 1.14
c(o. oo 0. 17 0.33)1.00,1.17
1.33,1.50,1.67
T components
too weak; T
components
may be un-
resolved
3
2528.21 b P, -y D ( ,0.37) 1.30%,1.47?
c(o. 55 0.67)0.83,1.17, 1. 60,1.83
Discrepancies
unexplalined
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Table XII. (Continued)
WAVE LENGTH COMBINATION 2EEMAN PATTERN REMARKS
2497.48 o’P,-%32  0(0.15)1.44
2490. 40 ¢ P, - 4° 0(0.00)1.50
2467.06 ¢’P, - %)  0(0.00)1.49
2459. 46 b’P -*32  0(0.36,0.73)0.67,1.04, - ,1.72
2447.83 b’P, -3 0(0.28)0.98
2432, 53 aBHh_szE 0(0.00)1.09
¢(0.00,0.03,0.07,0.10,0.14,0.17)
1.00,1.03,1.07 ******1.33
Pattern may be
unresolved
2429.93 b’F - °52  0(0.00)1.53
2418, 50 ¢’F - %6’  0(0.00)1.04
2416.22 a H -x’G} oéo.oo)l.oo
¢(0.00,0.03,0.06,0.09,0.12)
0090,009530096' s ’1.14
Pattern may be
unresolved
2386.74 a3G5-y3FZ 0(0.00)1.32
¢(0.00,0.05,0.10,0.15,0.20)
1.00,1.05,1.10 *++-+++ 1.40
Pattern may be
unresolved
3 -
2360. 51 a6 -y'F,  6(0.00)1.07
c{o.00 ------ 0.10)0.99 ....1.15
Pattern may be
unresolved
2341.10 a?’ns- ’s,  0(0.00,1.10)
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Table XII. (Continued)

WAVE LENGTH COMBINATION ZEEMAN PATTERN REMARKS
2337.00 agq;-y3G§ 0§o.oo)1.61 Discrepancy
C(0.00)1.20 unexplained
2327.67 aaGB—ySGg 0(0.00)1.00 Discrepancy
C(0.00)0.75 unexplained
2256.73 & H -z’H,  0(0.00)1.17
¢(0.00)1.17

FProm the observed Zeeman patterns, 1t aovears that
the line whose wave length 1B 2546.74 A. does not arise
from the combination 34 ( P)ds boP - 3a’ (*P)ap 25P0.

The intensity of this line is anomalously large, and it
must have fitted into the intersystem multiplet by coin-

cidence.

The lines whose wave lengths\aré 2337.00 A, and
2327.67 A. exhibit Zeeman patterns that do not agree with
their identifications as the combinations 3d. (-G)ds asas-
3d(28)4p %6 , ana 307 (6)48 820, 3a7(6)4p 263 . Botn
of the 5G terms involved in these combinatlons are there-
fore to be considered questionable. This evidence 1s not,
however, sufficient to warrant discarding elther term,
because it 18 only necessary for one of the terms to be
incorrectly identifled to produce this disagreement, and
there 18 no way of telling which term may be faulty.
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VI. ENERGY LEVELS

The known energy levels in the Co II spectrum sre
listed in Table XIII. They have been grouvned together
into terms whenever such grouning was Jjustified, and the
firet two columns list the designations given to these
terms and the conflgurations to which they have been as-
signed. There 1s a group of quintets which could not be
assigned to a configuration on the basis of exlsting evi-
dence. In cases where the levels could not be grouved
into terms, they have been listed separately and designated

by a sequence of numbers running from 2 to 17.

The observed g values for the new terms have been
deduced from Weeks' data. Observed values for the pre-
viously estsblished terms have been taken from Findlay's
paper. The g values calculated from the Lande theory are

presented in the table for commnarlson.

With the exception of the levels of the term Sda a3F,
all of those levels which are listed in the table with
seven significant figures are consistent among themselves
to within one-tenth of a wave number. The absolute
values of these levels wlith respect to the normal state
3d8 asP may be in error by several tenths of a wave number
because all combinations with the normsl state give rise

to lines whose wave lengths fall in the vacuoum region,
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where measurements are lees nrecise becsuse the vacuum
spectrograph used did not have as large dlsnersion ss
did the larger grating instrument used in the longer
wave length region, and also hecause an error in wave
length nroduces a larpererror in wave number ag the

wave length decreases,

The following explanation nertsing to the svmhalse
used in Table XTITI:

M. - Megpers
F - Mindlay
M*. Megrers, revised bv Tindlay

F*. Findlay, energy value adiueated
by Hager

H - Hager
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Table XIII.
ENERGY LEVELS

ENERGY  ENERGY g g
CONFIG. _DESIG. J LEVEL DIFF. AUPHOR OBS. LANDE
a8 aF 4 0.00 F
950.28
3 950.28 F
647.15
2 1597.43 F
7.4 5
34 ( F)4s aPF 5 3349.86 M 1.39 1.40
‘ 678. 53
4 4028.39 M 1.38 1.35
. 531.84
3 4560.23 M 1.25 1.25
389.25
2 4949.48 M 1.00 1.00
‘ 254,61
1 5204.09 M 0.00 0.00
7. 4 3
3a ( Pl4as b F 9812.24 F 1.28 1.25
895. 58
3 10707.82 , F 1.10 1.08
613.53
2 11321.35 F 0.60 0.67
8 3
3d a P 2 13260.12 H 1.38 1.50
, '143.66
1 13403.78 1.50 1.50
188.93
0 13592.71 0.00 0.00
7 4 5
3a ( P)4s aP 3 17771.1 M* 1.70 1.67
259.9 :
2 18031.0 M* 1.86 1.83
307.2 ‘
1 18338.2 M* 2.48 2.50
337 (%a)4s a°¢ 5 21624.27
384.7
4 22008.9 1.06 1.05
217.3
3 22226.2?
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Table XIII. (Continued)

ENERGY  ENERGY

CONFIG. DESIG. J LEVEL DIFF. AUTHOR ogs. LA%DE
7 ‘
3a’(*r)ee vP 2 2¢074.2 H  1.49 1.50
193.1
1 24267.3 H
143.8
0 24411.1 H 0.00 0.00
7
3d (°P)as 0P 2 24886.0 "
431.4
1 25317.4
0 25861.2
7 2 3 -
3d ( H)4e a H 6 27105.827? H 1.17 1.17
363,4
5 27468.6%
4
sa7<2D>4s a3D 3 27484.1 H 1.32 1.33
627.4
2 28111.5 . H 1.17 1.17
-526.5
1 27585.0 H
5
338462 a D 4 40694.8 H
619.0
3 41313.8 H
424.0
2 41737.8 H
270.8
1 42008.6 H
0
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Table XIII. (Continued)

ENERGY ENERGY g
CONFIG. DESIG. J LEVEL DIFF. AUTHCR ogs. LANDE
5d7(4F)5s 95F 5 84013.70 e
572.66 ‘
4 B84586.36 o
580,75
3 85167.10 F*
428.60
2 85595.70 e
280.14
1 85875.84 F*
3d  (*F)5s eF 4 85481.07 F*
865.12
86346.,19 e
593.41
86939.60 |l
7
3a (4F)ap :°F° 5 45197.14 M 1.40 1.40
181.06
4 45378.20 M* 1.38 1.35
593.23
3 45971.43 A 1.26 1.26
480.76
2 46452,19 M* 1.02 1.00
333.684
1 46785.83 M* 0.00 0,00
7
3d (4F)4p 220° 4 46320.29 M* 1.48 1.50
718.30
3 47038.59 M*® 1.51 1.50
498. 36
2 47536.95 M* 1.52 1.50
311.39
1 47848.34 M 1453 1.50
146.77
0 479956.11 F £ 0.00 0.00
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Table XIII., (Continued)

ENERGY  ENERGY n
CONFIG. DESIG. J LEVEL DIFF. AUTHOR OBS. LAKNDE
7 B
3a ( F)4p z 6° 6 47078.06 M 1.33 1.33
267.29
5 47345.35 M 1.27 1.27
461.66
4 47807.01 M 1.15 1.16
343.40
3 48150.41 M 0.92 0.92
237.43
5 48387.84 M 0.33 0.33
3.0
3a’ (*F)ap :°6° 5 48555.45 F 1.20 1.20
792. 35
4 49347.80 P 1.09 1.056
687.94 .
3 50035.74 F 0.80 0.75
3a (*F)4p °F° 4 49697.11 F 1.20 1.26
884.01
3 50381.12 F 1.08 1.08
532.73
2 50913.85 P 0.66 0.67
" 4
3a’ (“F)ap 20° 3 51611.73 F o 1.32 1.33
, 717.49
o 52229.22 F 1.16 1.17
454.88
1 52684.10 F 0.45 0.50
7 4
3a’(*P)ap 2°8° 2 56010.1 F 1.99 2.00
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Table XIII. (Continued)

ENERGY  ENERGY g g
CONFIG. DESIG. J LEVEL DIFF. AUTHOR OBS. LANDE
4
33 ("P)ap yo° 4 61388.0 F 1.50 1.50
3 61240.4 M 1.51 1.50
19.7
2 61260.1 M 1.51 1.50
89.9
1 61350.0 F*
107.6
0 61457.6 F 0.00 0.00
3d7(4P)4p :58° 1 62439.6 " 2.03 2.00
7,4 5.0 »
3a (“P)4p z P 3 63344.0 M 1.67 1.67
23.0
2 63367.0 M*  1.86 1.83
208.0
1 63665.0 M*  2.62 2.50
sa (*pyap  y°0° 3 63586.7 H
29.1 .
2 63615.8
249.2
1 63865.0 H
7 2 3
3a’(“a)4p v F° 4 63510.2 H
850.0
3 64360.2 H
657.0
2 65017.2 H
3a’ (%6)ap 7°6° 5 64401.87
752. 4
4 65154.27
20.6
3 65174.8? H
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Table XIII. (Continued)

ENERGY  ENERGY e
CONFIG. DESIG. J LEVEL  DIFF. AUTHOR  OBS. LANDE
aa” (2H)ap x6° 5 68203.77 H
640.4

4 68844.17 H
3

3a’ (*H)4p 2B 6 71403.20 H
5

3a 4p (7) 32° o 64605.3 "

%5° 2 64914.3 H

34° 1 e5028.2 H

%° 2 65408.0 H

%° 1 65657.0 H

%° 3 69060.0 H

50 3 70186.0 H

%° 2 n7oz65.8 H

510° 2 70467.5 H

511° 1 7o774.9 H

120 1 70856.8 H

513° o 7igel.1 H

514° 2 72653.4 5

°15° 1 7a112.4 H

316° 1 73143.9 H

317° o n7as2s.2 H
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Table XIII. (Continued)

ENERGY ENERGY g
CONFIG. DESIG. J LEVEL DIFF. AUTHOR ogs. LAKDE
3a%48(®D) 4p xD° 4 80298.8 H
243.7
3 80542.5 H
245.7
2 80788.2 H
182.7
1 80970.9 H
95.4
0 81066.31? H
o
3d648(6D)4p y5F 5 81970.2 H
‘ 373.1
4 B82343.3 H
284.3
3 82627.6 H
332.0
2 82959.6 H
1
6, (6 5.0
3d°4e( D)4p y'P 3 85043.9
668.4
2 85712.3
421.7
1 86134.0
6 4 S o
34 48(a’D)4p D 3 86981.0 H
508.7
2 87489.7 H
1
3aCae(a?D)ep OF° 4 gr11l.42 H
784.7
3 87806.1
521.3
2 88417.4
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Table XIIXI. (Continued)

sNERGY  ENERGY g g
CONFIG. DESIG, J LEVEL DIFF. AUTHOR OBS. LAKNDE

3a°4s(a®D)ap P° 2 90702.2 H

586.8

91289.0

o

99969.6
470.0

100439.6
578.7

101018.3
270.7

101289.0

N K’ »
m o oo

101328.0

685.8
102013.8

413.5
102427.3 H

O +H M G b

102264.7 H
493.6
1027568.3
327.5
1030856.8 H

O + N G

P 3 98204.2
297.8
2 98502.0

b3



VII. IDENTIFIED LINES

Table XIV lists the wave length, estimated intensity,
and wave number of each line that arlises from combinations
between established energy levels. These wave length
measurements and intensity estimates are taken from the
master list reproduced in Appendix III, which was compiled
from many sets of measurements, and the method used for
assembling the data for the master list 1s described in

the appendix.

The following explanatlion pertains to the symbols
used in Table XIV;

F - Findlay

M - Meggers

M*- Meggers, revised by Findlay

P - Combinations, arising from terms
dlscovered by Meggers and Findlay,
which appeared in Shenstone's vacuum
measurements

H - Hager

w - Wide Line

¥ - Very wlde line

CO I- Lines which may arise from the normal
cobalt atom
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Table XIV.
IDENTIFIED LINES

WAVE LENGTH  S,T. SPK. WAVE NUMBER
IN VACUUM INT. INT. 1IN VACUUM COMBINATION AUTHOR
1010.971 0 98914.8 a’f, - v'D, H
1012.864 0 98729.9 a’F, - vD, H
1266.930 4 78993. 3 o'F, - y°F, H
71.936 5 620.3 8’F, - yF H
72.278 3 599.2 &K, - yF, H
76.901 4 314.6 a’F, - y°F, H
80.677 0 083.7 b’F, - 484p’F H
80.950 1 067.1 a’f, - y°F, E
81.884 1 78010.2 a’F, - y°F; H
83.003 1 77942.1 2’F, - y°F H
86.619 1 783.5 a’F, - y°F, E
86.083 0 756.5 2°F, - yF, H
86.841 1 709.7 b°F, - 484pF, E
87.361 1 678.3 8’F, - y¥ EH
93.671 6 299.4 b’F, - 4s4p’F, H
95.539 4 188.0 b’F; - 484p’F) H
95.864 7 168.6 b’F, - 4s4p’D] H
97.004 3 77095, 4 v’F, - 4s4pF, B
1299. 574 8  76948.3 a’F, - x’D, H
1302. 390 6  7678L.9 b’F, - 4e4p D H
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Table XIV. (Continued)

WAVE LENGTH S.T. SPK.  WAVE NUMBER

IN VACUUM _ INF. INT.  IN VACUUM  COMBINATION AUTHOR

1306.966 8 76513.1  &'F, - x D} H
11.117 5 270.8 & F, - x°Dj H
11.856 5 227.9  &°F, - x°D) H
12.869 2 169.1  b°F, - 4s4p°’D} H
15.419 4 76021.4 a'F, - xD, B
16.077 5 75983.0 & F, - x°D; H
18.180 2 862.2  a’F, - x°D, H
18.586 3 838.8  a'F, - x°D H

1319.836 3 76767.0 & F, - x°D, H

1424.784 0 5 70186.1. a’F, - 85 H
38.693 4 69507.56 &', - *10, H
44.336 2 236.0 a'F, - ’8} H
45,544 3 178.1  &’F, - “11° H
48.009 2 10 69060.3  a’F, - °7, H
52.558 1 68844.1  &’F, - x G, H
66.196 3 10 203.7  &'F, - x°62 H
68.204 6 110.4 o’E - ’7; H
68. 356 v 6 668103.4 a'B - y°B° H
71.860 1 6 67941.2 a' P, - ¥ B H
72.892 4 8 894.0  a'F, - x'G H

1475.018 o 67795.8 &P = yP H
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Table XIV. (Continued)

WAVE LENGTH  S.T. SPK. WAVE NUMBER
IN VACUUM ___INT. INT. _ IN VACUUM _ COMBINATION AUTHOR
1484.251 6 67574.1 &P, - 3P H
86.483 4 9 272.9  a’P, - y'P; H
87.768 2 2 214.8  b'P, - 4a4p’P° H
92.064 1 021.3 bR, - 484p’P’ B
92.254 o 6 67012.3  a’P, - B} H
1495.256 2 66878.2  b'B, - 4s4p B’ H
1500. 875 1 s 627.8  bP, - 4s4p’® H
05.234 2 66434.9  D'P, - 484p’P] H
19.391 4 66815.8  ¢’P, - 4s4p’P; H
34.820 3 65154.2  a'F, - y'G7 B
52,762 9 64401.8  a°F, - y'G¥ H
53.754 4 360.3 a'F, - y'F H
57.039 6 224.5  a’F, - y’a} H
57. 542 6 203.6 a'F, - y’d¥ E
60.865 4 64067.0  a’F, - yF, H
72.645 1 7 63587.1  a’F, - y’D, H
72.886 o 4 577.4  a'F, - ya% B
74.548 o 8 510.5 &' F, - y°Fj H
76.789 2 7 420.0 a’F, - y°F} H
77.042 2 ? 400.9 a’F, - y'F, H
1661.715 1 63222.5  B’P - 4s4p’D, H
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Table XIV. (Continued)

WAVE IENGTH S.T. SPK. WAVE NUMBER

IN VACUUM  INT. INT.  IN VACUUM  COMBINATION AUTHOR
1689. 654 3 62906.8  b'P, - 4s4p’D, H
93.299 5 762.9  a'F, - y°F; B
93. 439 2 767.5 &P, - xD) H
95,773 o 6 665.6 a F, -y H
96. 508 3 636.7 a'F, - yD; H
96.614 1 632.6 &P - xD B
98.470 5 560.8 a'F, - y H
99.308 4 527.0  a'P, = ¥°D} H
1699.701 3 511.7 &P, - x'D} B
1601.282 2 460.0 aP, - xD H
05.962 5 268.0 & F - y°D, H
12.410 2 62019.0 a'F, - y'DY H
24.024 o 4 61670.0  &'D, - V'L, B
27.482 3 444.6  a’D, - v°D, H
30.044 1 348.0 & D, - v°D] H
37.269 3 077.5  a’D, - v°D; H
38.787 ow 4 61020.7  2°D, - v°Dj H
40.669 4 60950.8  a&’D, - v°D{ B
47.446 o 6 700.0 8Dy = w'D{ H
47.729 3 689.6  a'D, - w D, B
1649.263 17 60633.1  a’D, - w'D H
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Table XIV. (Continued)

WAVE LENGTH S.T. BSPK.  WAVE NUMBER
IN VACUUM INT. INT.  IN VACUUM  COMBINATION AUTHOR
1656.119 3 60418.6  a.D, - % D B
" a’F, - 3178 H
59.032 4 276.1 aSDL - wSD: H
66.276 5 60014.1 a5D3 - wsdi H
70.799 0 2 861.6 a}Pg - 315°‘ H
73.787 1 744.8 aSDAr - xSFz H
73.918 3 740.1 &R - ’16° H
74.921 1 s 704.3  a'Dy - x'Fy H
77.093 0 1 627.0  &’D, - 484p3F: B
b - x°F° H
79,232 2 60551.0 ape 316§ H
80.125 3 59619.4  a’F - ’15° i
83.722 3 6 392.2 a}PL - 314‘;~ H
5 5 .
a’D. - x°F H
86. 896 1 5 280.5  %spt T xsE} B
87.057 1 B 274.8 agq$ - x°F H
87.788 1 249.1  a’F, - 2143 H
91.310 2 4 125.8 35D3 - xSE: H
1693. 330 1 3 59065.2 a°F, - y°D; H
‘ 5 550
1700. 487 1 58806.7  a’F, - 2°F P
12.614 1 390.3  bF, - x°G H
23.013 4 58037.9 aFFg - y°D) P
27.806 1 3 57676.9  &°P, - "132 H
1736.225 o 57596.2  a’P, - 312‘; H
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Table XIV. (Continued)

WAVE LENGTH S.T. SPK.  WAVE NUMBER
IN VACUUM  INT. INT.  IN VACUUM  COMBINATION AUTHOR
1743.381 0 3 ‘57369.8 aSF; - ysﬁz P
46,207 2 264.0  a’P, - ’12° H
47.882 5 212.0 aSE¥ - ysn§ P
48.543 3 197.0  a’P, - '10% H
54.217 7 57005.56 a'P, - 9 H
58.642 8 56862.1 &P - 9% H
65.675 5 699.8 a'F, - y D} P
64.279 4 680.4 a&F, - y°D, P
75.040 1 4 400.3 a.SFz -y} P
75.867 3 310.5 agrl - 70} P
77.658 3 253.8 & F - y'IY P
81.068 12 146.1  a°F, - y°D| P
1783. 909 2 56056.7  a°F, - y°I} P
1833.271 1 54547.3 b'F, - y'Fy H
56,037 2 2 C0I 53907.3 b’F, - yD H
59.625 2 774.3  bF, - y'D§ H
1862. 363 6 53696.5 b'F, - y B H
1908. 518 o 6 52396.7 &P, - 67 H
13.756 2 253.3 & B - 6 H
17.627 1 7 147.8  a’®, - °8° H
1920.706 3 52064.2  a’F, -~ 6° H
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Table XIV. (Continued)

WAVE IENGTH S.T. B8PK. WAVE NUMBER

IN VACUUM  INT. INT.  IN VACUUM  COMBINATION AUTHOR
1922.927 5 52004.1 &R - 50  H
35.963 1 51653.9 &P, - 30  H
37.069 4 624.4 &P - % &
40.64 50 F 512.3  &°F, - 2’} F
44.188 3 435.4  &°P, - >4 H
50.098 15 279.5 a°F, - 2°D F
63.071 3 201.4 a'P - 2 B
57.424 14 61087.6  a’F, - 2D, F
75.008 4 50632.7 & F, = 2°D F
81.736 2 460.8  a’P, - y'D| H
83.953 4 404.4 &R - R H
84.843 3 1.6 'K, - 2°Fy F
87.030 4 326.4 a’P, - y°D, B
91.567 3 211.7 a’P, - y DY H
95.733 2 106.9 &P, - 2P, H
97,135 3 o717 a’P, - 2P H
1998. 549 1 §0036.3 & F, - z°G} F
2001.445 . 7 49963.9 a'F, - 2K F
08.877 4 9.1 a’tg - 2°H H
12.199 o 16 697.18 &’F, - 2’E; F
2023.019 o 18 49430.84 a’F, - 2°F; M*

€1



Table XIV. (continued)

WAVE LENGTH S.T. SPK.  WAVE NUMBER

IN VACUUM  INT. IN®.  IN VACUUM COMBINATION AUTHOR

2026. 424 o 13 1934775 & 'F, - ORI
27.703 0 14 316.42  a'F, - 2F M*
53.379 10 179.2  a’P - 2°8) B
37.244 11 085.9 a’F, - 26} M*
39.333 9 49035.6 &' B - 280 E
47.223 5 18846.7  &'B - 28, H
49.831 5 784.5  a’F, - 2’Fy  M*
51.42 10 746.8 33F3 - 2°F, F
51.999 3 733.0 bR, - 16
59. 480 11 556.9  &’F, - 28 M
64.453 10 439.0 a’F, - 2’6} e
72.209 3 267.7 o’F, - 16° H
79.485 1 48088.8  a’P, - yD, H
83.358 ow 10 47999.70  &’P, - y'0;  H
90.889 1 826.5  ¢P - ~167  H
91.738 4 807.1 8'F, - 276, M®
94.931 2 734.3 a’F, - 2N M
97.809 3 668.8 a5F3 - 2°D} M

2099.230 2 636.5 8P, - 8 H

2106.019 3 47483.0 & F, - 2’0} M#
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Table XIV. (Continued)

WAVE IENGTH S.T.

SPK. WAVE NUMBER

IN VACUUM  INT. INF.  IN VACUUM COMBINATION AUTHOR

2106.162 3 a7479.7  a'F, - 2°D°  w*
12.140 7 345.3  a’F, - £°G,  M*
12.540 1 36.4  o%R - "1  H
13. 335 2 318.1 B - ‘60 H
14.966 o 4 282.10  o’By - 16
15.088 2 279.4  a'F, - 2’05 M
18.644 4 200.0  a'Fy - 2560w
24.524 2 069.4 &P - '8
26.532 3 s7024.9  a°F, - 2D} W
29.87 1 46961.3  a°F, - 2D}  M*
34,174 4 856.5  a'F, - 2°G] M*
37.178 3 790.7  &’F, - £507 M
46.932 6 661.8  a'F, - 2’00 M
48.06 2 553.6  a'F, - z°85  M*
57.381 10 M 352. 6 ::;1 - ;2;? Lo
57.635 40 M 347.0 &°F, - 2°Fg M¥
58.862 1 320.7  @&’F, - z°Df M
62.67 2 M 239.1  a°D, - °17°  H
69.766 o 3 087.90  &’F, - 2D}
73.573 3 46007.2  a’F, - z°60  M®

2174.008 19 45998.40 gg;ﬁ - z§g§ e
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Table XIV. (Continued)

WAVE LENGTH S.T. SPK.  WAVE NUMBER
IN VACUUM  INT. INT. 1IN VACUUM COMBINATION AUTHOR
5 3.0

2175.614 2 45084.0. 8. - 2 F M*

586450 3Py - 13f H

81.299 6 844.3 2’P, -y} H

82.414 4 820.8  a'Fy - zF  F

82.679 " 816.3  a P, - y'IJ H
87.730 25 M 709.6  a'F, - zF M*
89.666 25 M 668. 6 a°F, - 2’FQ M*
91.34 76 M 634.2 &P, - 2P, M

91.638 7 628.0  a’d, - °16)  H
93.180 11 695.9  a°P, - 2'B M
94.293 3w 12 572.86  &°P, - 2B N

95.89 1M 539.7 P - "12° H

S LYY

. . aP -y3D H

96.515 0 4 526. 56 3, e i
2198.968 6 476.9 8’y - 20 ¥
2201.101 0 25 M 431.79 ast - z3g§ M

0P, - 39 H

03.617 11 379.9 o i
04.106 3 369.9 a’F, - 2D} M*

05.750 8 336.1 a’F, - 2°F H
06.205 9 326.7  a°P, - 2°P° M
06.576 9 310.1  a'F, - 26, W
06.905 4w 75 M 312.99  &°P, - 2°F} M
£2212.102 10 45205.9 a’F, - 2°a° ¥
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Table XIV. (continued)

WAVE LENGTH S.T. SPK.  WAVE NUMBER
IN VACUUM INT. INT.  IN VACUUM COMBINATION AUTHOR
2212.902 0 2 45189, 27 aaEl - zsrf H
13.826 7 170.1 33D3 - 148 H
15.456 1 20 M 137.11  2°F, - z°F} u*
17.968 3w 10 086.10  a°F, - 2°6]  M*
20.594 1 8 032.41 a3D1 - 16° H
20.775 2 10 028.89  a°p, - z°B)  M*
21.171 ow 4 020.83 &’F, - 25K  H
22.123 1 9 45001.44  a’D, - °15° H
22.422 2 9 44995.54 o’B, - "1z,  H
22.915 4 086.0 bR, - %  H
9224.745 1 6 44948.49 P - 19 H
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Table XIV. (Continued)

WAVE LENGTH 8.7. BSPK. WAVE NUMBER

IN AIR INY. IN¥.  IN VACUUM COMBINATION AUTHOR
2232.065 3 50 4478760 © &P, - %G, M
45.120 15 100 527.20  a’F, - 263  M®
48.66 8 467.1 a’F, - z°65  M»
51.10 10 408.9 a°p, - 2°8)
51.63 2 308.6  a’Dy - yBy
54.181 0 1 348.13  a°D, - y'B§
65.76 6 121.7 a°F, - 2°0, M*
66795 w10 44101.47 &P - 280 H
72.266 0 20 43096.42  a°F, - £°63 M
80.938 0 7 828.06  a’F; - 2°G) M
83.511 3w 20 78.77  aF, - 226 M*
86.147 50 150 728.20  a°F, - 2°G0 H*
87.82 4001 696.2  aD - 133 H
91.981 12 40w 616.91  a°P, - yDj M*
93.411 10w 30 580.71  a'Fy - 2°G) M
98.727 0 10 s88.92  a°P, - ySDZ M#
2299.76 26 469.4  a’P - y°D)  M*
2301.401 2 15 438.39  a'F, - 2263,  M*
07.507 0 2 323.46 &P, -y M*
07.854 25 75 317.06  a’F, - 2°G° M*
2311.596 25 50 45246.81  a°F, - zseg M*
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Table XIV. (Continued)

WAVE LENGTH S.T. SPK. WAVE NUMBER

IN AIR INT. INT.  IN VACUUM COMBINATION AUTHOR
2312. 548 6 10 43229.02 &P, - y° u»
13.619 3w 8 209.02 aspl - y°DS u*
14.063 25 40 200.81  a’F, - 2°G0  M®
14.646 11 189.84 &' - ‘11° H
14.969 40 30 183.61  &'F, - 6]  M*
18.420 2w 8 119.21  aF - yB0 M
24,310 10 40 43010.29 'gégi - gig; M
£6.103 36 20 42977.14  &5F, - 2°DY  M*
26.458 30 25 970.69  a°F, - z°D) ¥
29.094 gw 10 921.96  &°P, - y'D}  M¥
" 50. 361 15 30 898.81  a°F, - 2°D° e
36.223 15 20 790.99 :SFE - ;zgg ne
38.72 6 745.2 a*D, - 312° H
41.112 15 40 701.64  &°D, - ‘8 B
42.247 ow 2 660.95 &°D - 90  H
44.254 15 25 g44.42  &F, - 200 M
47.362 25 30 587.60 & F, - D M*
53.386 75 60 478.95  8°F, - 2°D)  M*
60. 508 25 20 350.80 a°G, - y'FS  H
60.784 20 8 346.8¢  &°D, - 2100  H
2361.510 8 10 42332.85  a°F, - 2D M*
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Table XIV. (Continued)

WAVE LENGTH 5.T. BSPK. WAVE NUMBER

IN AIR INT. INT. IN VACUUM COMBINATION AUTHCR
2363.802 100 90 42201.78 @’F, - 20, M
75.190 15 15 089.05 aSF1 - zsni M
76.023 0 o74.28  &’D, - ‘8] H
78.620 100 100  42028.35 &K, - 2> M
83. 455 100 80 41043.10  a°Fy - 2°F; M
86. 367 75 50 891.92  &°F, - 2°FS M
86.717 75w 25 8686.83  a'G - y'E°  H
86.918 100 100 847.19 &°Fy - 2°FC M
89.537 30 40 836.35  &°F, - z°F M
93.901 10 10 760.09 & F, - 0 K
2397. 380 20 60 699.50  b'F, - 2D M
2404.108 26 20 581.65 & F, - 2 F° M
04.523 10w 10 575.65  &°D, - >7; H
07.664 10 20 521.39  bF, - 2D M
08.746 15 25 502.74 & F, - 25F; M
08.833 3 07 501.2¢4  8°G, - ¥ H
14.068 50 40 411.26  &°F, - 2°F) M
16.214 25 15 374.48 & Hg - x°6, H
16.899 0 30 °  s62.74 bF, - 230 M
17.669 76 40 349.75  a°F, - 2°F, M
2418.584 1 41333.93  b°P, - >5° H
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Table XIV. (Continued)

WAVE LENGTH S.T. SPK.  WAVE NUMBER

IN AIR INT. INT.  IN VACUUM COMBINATION AUTHOR

2422.04 1 41274.8 a’D, - yES
23.626 10 10 247.96  a'F, - 2°F} M
23.756 2 3 245.75 b Py - 67 H
28.289 10 10 168.77  8°F, - 2°FQ M
29.928 4 5 140.99 bR, - 55  H
52,517 35 30 097.20 &' H - x°60  H
36.983 4 10 41021.90 aSFZ - 2°F) M
43.781 15 40 40907.81  bF, - 2°D5 K
47.826 8 12 840.20 bP, - 3  H
49.166 6 10 817.86 &P, - zF3 M
60.005 12 35 803.88 b Fy - 2°D) M
52. 556 w2 761.44 bR - 4% H
b4.14 1 786.30 & H¢ - x°0p H
59. 452 10 10 647.16 1P, - '35 H
64.200 20 35 568.85 m;"‘r'",r - 2’F) M
67.051 15 20 521,97  ¢'Py - 55  H
78.195 6 4 339.75 c’P, - 6  H
78.299 5 5 338.06 b°P, - 220 B
81. 534 2 0 285.49  b°P, - y By H
85. 358 8 10 223,61 Db 'Fy - 2°G;  H

2486.439 15 35 40206.02 bR, - 2’Fp M
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Table XIV. (Continued)

WAVE LENGTH S.T. SPK.  WAVE NUMBER
IN AIR INT. INT.  IN VACUUM GOMBINATION AUTHOR
2487.150 3 5 40194.62 bR, - 2%  H
87.376 3w 4 190.88  ©'F, - 2°D) M
90. 392 10w 15 142.16  o’Py - 4 H
93.572 0 0 081.05  <*P, - 80  H
2497.490 6w 10 40028.1¢  o’P, - 3} H
2506.473 75 70 30884, 68 1:;’?,,r - 2P0 M
12.061 sw 3 796.00  ¢’Py - 60  E
12.406 2w 790.5¢ bR, - y°D,  H
17.439 4 3 710.95  o’P, - >4 H
19.8253 10 60 678.39  BF, - 2K M
24.212 1 604.45  a’D, - x°D, H
24.643 aw 7 sor.ce DB = ¥.D) "
¢’P, - 330 H
24.971 75 80 592.55 b F, - z°FP M
28.216 8w 5 541.70 b'P, - y'Dy  H
28.613 76 50 535,49 b F, - 26 M
30.105 50w 40 512.18 b'P, - y'D;  H
33.821 36w 30 454.23 bPR - yo0°  H
37.454 13 397.756  b°P, - z°P°  H
40.621 25 20 348.86 P, - y' D} H
41.958 30 60 327.95 bFy - 2’6 M
2644.267 76 CO I 39202.26 BB, - 2Py H
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Table XIV. (Continued)

WAVE LENGTH S.T. SPK.  WAVE NUMBER

IN AIR INT. INT.  IN VACUUM COMBINATION AUTHOR

2644.541 2w 4 39288.03 ©°P, - 2° H
45.040 2w 5 280.33  &°P, - 2D H
45.718 1 2 269.8 b’R, - 2B H
46.743 20 20 264.06 Db, - 2P H
49.723 4 oW 208.19  z'F, - 'K F
50. 534 2 196.72  z'F, - &°F, F
52,391 4 4 167.20 o'B - 4 H
53.938 3 oW 143.48  2°F) - o°F, F
56.761 25 8060I  100.286 b°P - z°B) H
57. 341 6 8 001.39  a’B, - 2’}  H
57.438 1 089.91  2°F, - e°F, H
59.410 60 40 39069.80 bF, - 2’F;, M
64.044 100 75 38989.21  bF, - 2’F, M
64.293 0 986.42  a°D, - x°D H
65. 367 2 8 969.10  a'P, - z'D) H
74.860 8 10 825.44 &P = 2'D) H
75.474 20  Ow 816.19 2’ FQ - e F; F
76.893 1 809.87 2°Fy - o°F, H
76.206 3 805.16  a®D, - x°Dj H
77.927 1 779.5  ¢’B, - 2°P° H

2580. 3356 50 100 38743.07  B’F, - 2°G; M
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Table XIV. (continued)

WAVE LENGTH S.T. SPK. WAVE NUMBER

IN AIR INT. INT.  IN VACUUM COMBINATION AUTHOR
2581.211 ow 2w 38720.92 P, - y°D} H
82.244 30 50 714.42  bF, - 20, N
83.170 15 15 700.55 ¢'P, - y'O  H
87.223 50 60 639.95 bR, - 2°G, M
87.521 12 636.48 2R - &°Fc
88.900 10 oW 614.90  z°F, - ¢°F,  F
92.709 1 2w 658.18  z°D) - °F,  F
2593. 429 ow 2 547.47 o’P, - y'D°  H
2605.724 20 365.7  bP, - 28] H
06.950 1 347.6  o'B - 2°P) B
07.600 0 338.0  BF, - 2°6G; H
10.300 1 208.4  ©’B, -y D, H
12.499 15 1w 266.11 2D, - ¢'F,  F
13.494 26 10 251.54 a’®, - 2D}  H
14.353 30w 20 238.97 a’P, - 2 S M
18.894 8 20 172.4 bR - 28 H
21.924 8 128.57 200 - o'Fy  F
26.728 8 2w 068.83  z°D) - ¢°F,  F
28.83 8 028. 4 b’B, - 2’8, H
28.886 2 027.60 2D - &°F, F
2630.540 3 38003. 6 R - D H
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TABLE XIV. (Continued)

WAVE LENGTH 8.T. SPK. WAVE NUMBER

IN AIR INT. INT.  IN VACUUM COMBINATION AUTHCR
2632.239 208 30 57979.16  a’P, - 2°8, M
36.070 12w 6 923.96 a’D,- 52 H
39.081 3 860.69 2 D] - ¢F  F
43.108 2 §23.0  a’D, - 5 H
44.464 ow 1 803.59 o Py - z°PC  H
48.407 3 747.32  z°D] - °F,  H
52.193 8 oW 693.4¢ 2D, - e°R F
53.095 o 1 680.65 bF, - 26, M
53.713 12w 15 671.85 &P, - 28, M
55.05 0 652.9  a’B, - £ Fy  H
56.641 3w 630.33 20, ~ e Fy K
62.056 1 §53.8  o'P, - 28, H
62.482 4 547.78  z°D} - ¢’F,  F
62.640 o 1 545.56 a°D, - 6
63.534 30 60 532.95 b'F, - 2°G, K
65.344 0 507.46 a’F - 2’F,  H
66.726 5 5w 488.00 2°G) - & F, F
69.773 20 4W 445.24  2°6) - &'F,  F
* 70.831 oW ow 430.42 a&'D, - 5, H
75.856 20 18W 360.13  2°G) - &°F,  H
2680. 435 o 1 37206.35  a°D, - 5,  H
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Table XIV. (Continued)

WAVE LENGTH S.T. SPK. WAVE NUMBER

IN AIR INT. INT.  IN VACUUM COMBINATION AUTHOR
2681.903 o 1w 3275.90 b P, - 200  H
84.421 20  15W 240.94 2 G - K, F
88.41 0 185.7 b’P, - y0) H
89.826 2 166.1 bR, - y'D} H
92.982 11 122.55 o’P, - 2’8,  H
93.090 1 2 121.06 &’F, - z’Fy  H
94.680 25 30 099.16  BF - 2°Gy M
95. 857 5 082,9  b’P, - y°D,  H
2697.069 8 066.3  b'F, - 26, M
2700.415 o e 020.38 a’D, - 323 H
00.686 1 57016.66  z°G) - o°Fy H
02.019 8 2w 36998.41  2°Gj - e'F, F
02.424 0 992.86  b°P - y°D;  H
S~0 5
06.507 30 10w 937.06 g3g§ - ;s§§ :
07.348 20 6w 925.58 260 - o’F, F
08.002 2 8 916.67  a’D, - 45 H
08.943 8 1w 903.84 260 - o°F, T
14.437 6w 20 . 829.15 gigz - Zzgg -
16.380 0 5 802.80  a®D, - 33 H.
18.111 1 79.57 26, - °F,  H
2718. 423 0 36775.2  a’P, - 2°8, B
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Table XIV. (Continued)

WAVE LENGTH S.T. SPK.  WAVE NUMBER

IN AIR INT. INT.  IN VACUUM COMBINATION AUTHOR

2727 . 773 10 10w 36649.10 QBF; - e'F, F
35.009 o 6 578.90  ¢’By - z°8°  H
34.539 8 5W 558. 44 z5F§ qée3Fz F
36.91 2 526.8 b°F, - 2°D° M
38. 522 4 507.80  b’F, - 2°D;  F
41.656 0 463.5 o*p, - y°0° H
48.433 1 33.6  o'P, - y'Dy B
49.909 3 354.1 ¢’P, - y°0] H
51.688 0 3%0.6  b'Fy = 2D H
53.216 6 2w 510.45  2°G) - o'F F
65.511 ) 0 280.21  a’D, - y°I| H
60. 443 o o 215.39 b'F, - 2D,  H
64.721 1 0 169.35 b'F, - 2°F, F
66.719 15 W 133.2¢  2°G) - o'F, F
69.072 1w 10 102.5¢  a°D, - y3D§ H
70.818 0 o79.8  a’dD, - z’B° B
74.578 0 0 030.90  a’D, - y’D} H
74.964 15 2w 36025.89  z'Fy - ¢’F,  F
79.660 5 5w 35066.05 2’ Fy - By  F
81.399 0 942.5 o’p, - y°D;  H

2786.049 3 35882.6  a’D, - 2P  H
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Table XIV. (Continued)

WAVE LENGTH S.T. SPK.  WAVE NUMBER

IN AIR INT. INT.  IN VACUUM COMBINATION AUTHOR

2787.832 1 35859.6  a’D, - 2Py K
93.726 15 5W 783.99 2 Fy - o°F, P
96.134 2 7651  a'Dy -y’  H
96.837 3 744.2  OF - 2°F, F

2798.949 ow 3w 717,19  b'F, - 2°0}  F

2807.173 1 10 612.556 b°Fy - 2D, M
10.853 8 12 566,93 bR, - z F0 M
165,746 0 3 504.14  a’'D, - y’D) H
16.971 0 488.7 ’B, - y°D] H
18.074 0 474.8 a’D, - y’'D] H
18.900 w5 464.41  BF, - 2°F° M
19.382 ow 458.3¢ 20 - &°F H
20.402 0 445.53  2°G eBFL¥ H
21.449 5 1w 432,37 2F - e'Fy F
26.236 2 15 384.89 D’F, - z’FS M
34.942 2 10 263.74  b'F, - z°Fy M
37.480 0 232.2 a’ 0 N H
45.688 < 5 130.6  a'F, - 2Fy  F
45.890 0 128.10  a’P, - 2°G;  H
48.167 6 oW 36100.01  2z’F, - ¢’F,  F

2857.585 0 34984.33  a’P, - 2°G;  H

76



Table XIV. (Continued)

WAVE LENGTH S.T. B8PK. WAVE NUMBER

IN AIR INT. INT.  IN VACUUM COMBINATION AUTHOR
2865. 293 0 54890.21  a’P, - 285  H
65.378 31w 889.18  z'Ey - ¢°F,  H
69.876 6 1 834.51  2°Dy - ¢°F,  F
73,853 1 786.92 2B - ¢°F,  H
80.134 5 4w 710.456  2°D0 - &'F,  F
82.504 0 661.91 z Fy - o'F, H
83.464 o 2 670.36  b°F, = 2°FS  F
. 2885.165 0 649.9  bF, - 2°F]  H
2918. 387 15 265,50 2D - o°F,  H
22.672 1 206.78  z’F, - €°F,  H
30.239 12 2ow  34116.96 z'D, - ¢’F,  F
42.968 26  15W  33969.40 2D, - ¢°F,  F
49.744 0 891.4  a°F, - z°D; H
51.396 0 g72.40  a’D, - y°D H
59. 589 ow 5 778.65  a’P, - 2°D{  H
60.795 0 764.9  a’D, - yD°  H
61.548 1 ow 766.29  a’Dy - y'Dj H
2968. 688 0 33675.10  a°D, - y°D; B
3130. 335 0 51936.2  b°P, - 285  H
3131.329 Ow 926.1  a°P, - 2’F,  H
3212.019 3 31124.1  ¢’P, - 2°8]  H
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Table XIV. (Continued)

WAVE LENGTH S.T. SPK. WAVE NUMBER

IN AIR INT. INT.  IN VACUUM COMBINATION AUTHOR
3290.761 0 31379.4  a'P, - 2°6]  H
3328. 360 0 30036.0  a'Py - z°G;  H
52,786 30 29817, 4 a°P, - 2°D) M
58.608 10 766.7  a°P, - z°Dy M
70.933 50 666.9  a’B - z°D) M
87.698 60 §10.1  &°P, - z°D, M
3388.18 35 505.8  a°P, - 2D} M
3415.785 75 267.8 e°P, - 2°DJ M
25.846 40 198.6  a°P - z'D, M
3446.401 50 29007.5  &°P, - z°DO M
3501.708 200  28549.4  a°F, - z°D, M
14.219 2 477 &P - I°F° M
17.503 10 a2l &R, - 2Fy M
17.988 0 417.2 ©B, - 2D° E
35.940 15 272.9  b°B, + #°D°  H
45.032 25 200.5  a'B, - 2°F, M
56,926 6 14,1 &°B - F) K
61.123 50 073.0 8’6, - 2’F}  H
66.977 5 28026.9  a’@, - z°G;  H
3578.022 30 27940.5 &, - B M
3610.60 3 27688.4  a’G, - z°F,  H
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Table XIV. (Continued)

WAVE LENGTH S.T. SPK. WAVE NUMBER

IN AIR INT. INT. IN VACUUM COMBINATION AUTHOR
3621.177 100  27607.5  a°P, - 2’F> M
43.589 6 4377 ©R, - 2D H
56.16 2 345.2  oP, - 2’00 H
3656.845 2 27338.2 2’a, - z3G; H
3714.709 3 26912.4  c’P, - z°D} H
3754.700 30  26625.8  c’P, - 2Dy H
3983.040 10  25099.4  a’D - zD° K
4040.05%7 a? 24745.16  a’D, - z°D7  H
4146.153 15 117.8  a’D, - 2D} H
4160.672 50  24027.8  a'D, - 2D} H
4272.202 3 23400.6  a’D, - 2D} H
4285.36 1w 23329, 2 a’D, - z°FY E
4384.25 27 22802. 5 a’D, - z’F, H
4413.864 30 649.5 a’D, - 2°B0 H
82.707 5w 301.7 a’d, - y°D; H
4489.12 2 269.9 a’D, - 2’Fy H
4516.432 10 135.2 a’D, - z°FY H
33.206 10 053.3 a’Dy - z°P)
37.971 10 22030.1  a’D, - 2°B{ H
59.28 8 21927.2 a°D, - z°P° H
4569.27 25 21879.2 2’Bg - 2°G, H
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Table XIV. (Continued)

WAVE LENGTH S.T. SPK. WAVE NUMBER

IN AIR INT. INT. 1IN VACUUM COMBINATION AUTHCR
4616.234 5 21656.6 O S
22.011 2w 629.6 agbz.- 2P H
60.66 25 450.2  a’Hy - 260 H
4680.72 0 21358.3 8D, - 2Py H
4831.16 10w 20693.2 a,gn,,r - yD) H
4865.83 1w 545.8 a°D, - y°’D} H
4980.113 3 20074.3  a°D, - y°D; K
5012.082 5 19946.2 &Dy - yD) B
17.025 3 926.6 2D, - y°D{ H
5097.445 1 612.2 a’p, - y°0° H
5120. 957 3 522.2 a’p, - y'D; H
40.114 3 449.4  8&°D - yDy H
5192.947 ow 3 10261.50  &°D, - y°D; H
5477.568 aw 18251.16 ¢ Fg - voDC H
5501.548 4w 18171.67  o’F, - v'D; H
5683.165 1w 17590.96 o F, - v°D]  H
§773.944 Ow 17514.39  e’F, - wDS H
5934.252 1w 16846.66  o°F, - w'D] H
6083. 964 w 432.11  &°F, = x’F) W
86.496 1w 425.28 eng - ngi7 3
6088.017 . 1w 16421.17 70 - ¢F, H
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Table XIV. (Continued)

WAVE LENGTH S.T. SPK. WAVE NUMBER

IN AIR INT. INT. IN VACUUM COMBINATION AUTHOR
6201.034 1w 16121.89 e5F3 - xsEf H
65.561 1w 15955.86 egFg - xggs H
6292.156 Ow 888.42  °105 - ¢F, H
6305.768 1w 854.12 eSF;¥ - xFY H
06.655 oW 851.89  o°F; - x°FY H
6370.218 1w 15695.72  o°F, - ng; H
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VIII.CONCLUSION

Although a considerable majority of the strong lines
in the spectrum have now been classified, many stlll re-
main unidentified. Most of these should be the result
of combinations between the many odd triplets of the 3d74p
configuration and the even triplets of the 3d74s eonfigur-
ation. At least traces of some of these triplets have
been found, but 1t has not been possible to completely
establish them, even though it 1s felt that thelr approx-
imate positions are well enough known so that 1t should
not have been dlfficult to establish them. Apparently
nelther the condensed spark nor the Schuler tube provide
the proper excltation to permit completion of this phase
of the analysis. In order to further develope these
lower levels of the spectrum, it is recommended that the
method of the cathode spot be tried. The work of Dobblelsa
on the Fe 11 spectrum shows that there 1s some hope for

success with this type of excltation.

It now appears that the Schuler tube, employed in
the manner described in Appendix II, 1e not a useful
source for extending the study of the Co II spectum %P the

16a - J. C. Dobbie, Annals of the Solar Physics Cbs=-
ervatory, Volume V, Part I, Cambridge (1938)

g2



region of higher energy levels. For further development
of these high levels, there 1s need for some new method of
excitation. It should be stated that the experimental
work was not completely frultless. Most of the lines
previously observed in the condensed spark were also
observed in the hollow cathode discharge, and because of
the great sharpness of the llnes produced by the Schuler
tube, and because fo the high dispersion of the 21 ft.
grating instrument, the measurement of these llhes has been
accurate. Consequently the energy levels of Co II have
been establlshed with a higher degree of accuracy than
heretofore. Algo the terms eSF and 95F in the 5d75s con-
figuration have been given much support by the appearance

of 14 new lines which did appear in the discharge.
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Appendix II.
SCHULER TUBE DEVELOPMENT

The condensed spark 1s unsatisfactory for exciting
the high levels of Co II. The few lines which do appear
as a result of combinations with high levels cannot be
measured accurately, because they are broad, asymmetrilc,
and very weak. It 18 necessary to employ an excitation
agent other than the spark to establish the hlgh seriles
members required for more accurately determining the lon-
ization potential. A possiblé source ieg the hollow cath-
ode discharge tube, called the Schuler tube, which has
been useful for exclting high levels in the spectra of

several silmilar metallic ions.

The work of Paschen, Schuler, Shenstone and others
hae shown that when a hollow cathode discharge ls run in &
noble gas, and when a sample of a metal is placed 1inslde
the cathode, the spectrum of the metal will be produced,
and marked enhancements of certaln lines willl appear.

Sawyerl7

suggests that free atoms of the metal experlience
collisions of the second kind with noble gas atoms which
have elther been ionizef or excited to metastable states.
As a consequence of the colliesion, the lonlzation energy

or the excitation energy may be transferred from the noble

17 - R.A. Sawyer, Phys. Rev., 36, 44 (1930)
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gas atoms to the metallic atoms. _One may observe en-
hancements of those lines in the spectrum of the metallic
atom which originate in levels whose energy values, as
measured above the ground state of the neutral atom, cor-
respond to the excltation energy obtained from the atoms

of the gas.

In the case of many metals, the levels where maximum
enhancements occur fall somewhere in the 8pectrum of the
eingly ionized atom, depending on the noble gas used in
the tube. By prudently choosing gases, it 1s possible
to achleve selectlive excliltation in several energy level
reglons. Table XV lists the levels at which three of the
noble gases may produce enhancements in the speotrum:of
singly ionized cobalt. The energy required to ionlze the
cobalt atom must, of course, be accounted for when computing
the values of these levels. The table shows that both
neon and hellum should be useful for sexclting those upper
series members which are predicted to fall in a reglon
between 80,000 and 100000 wave numbers sbove the ground
state of the singly lonlzed cobalt atom.

The discharge must not only malntaln the colllision
process which produces the excitation, but 1t must also

provide the means for freeing metallic lons from the solld
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Table XV.
ENHANCEMENT BY NOBLE GASES

10N ON TAB IONIZATION LEVEL OF
POTENTIAL STATES POTENTIAL ENHANCEMENT
GAS cM-1 CM-1 CM~-1 oM~
He 198308 63400 134,908
159830 63400 96, 430
166251 63400 102, 851
Ne 173930 63400 110,530
134819 63400 71,419
A 127104 63400 63,704
94546 63400 31,146

body of the sample inserted in the cathode. It does this
by cathodic sputtering or bolling, and cobalt cannot be
expected to respond rsadlly to either process, because it
will boll only at very high temperatures as shown in
Table XVI, and it is not a good sputterer, as shown in
Table XVII,

Table XVI.
MELTING AND BOILING POINTS OF METALS18

METAL MELTING POINT BOILING POINT
Co 1495 ©C. 3000 ©cC.
Fe 1535 000
Cu 1083 2300
Pt 1774 4300
Mn 1260 1900

18 - Handbuok of Chemistry and Physics, p. 1898 (1950-51)
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Table XVII.
SPUTTERING RATES OF METALS™®

SPUTTERING RATE

METAL ( mg/amp~hr)
BA 1470
Te 1200
Asg 1100
L 1080
Sb 890
Ag 740
Au 460
Pb 400
Zn 340
Cu 300
C 262
Sn 196
Fe 68
Ni 65
W 57
Co 56
Mo 586
Mn 38
ca 32
Al 29
Cr 27
Ta 16
Mg ]

19 - Gunterschulze, Zelts fur Physik, 36, 563 (1926)
These measurements were made in hydrogen wlth a
770 volt cathode fall, and a current density of
7 mllllamperes per square centimeter.

PR
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Shenstone suceeded in running the Schuler tube with
C\120 and Ptzl. Although platinum ie seen to have a very
high beolling point, it is a moderately good sputtererzz.
Curtisza was successful in exciting Mn by this method,
and in this case 1t is likely that the successful exci-
tatlion may have been due to the relatively low bolllng
polnt of the metal, because the sputterling rate of this
metal 1s quite low. Green24‘had difficulty 1n exciting
iron, and cobalt 1s unfortunately very simllar to iron
with respect to both boiling point and sputtering
characteristics.

20 - A, G. Shenstone, Phil. Trans. Roy. Soc. 237

453 (1938)

21 - A, G. Shenstone, Phil. Trans. Roy. Soc. 2358
196 (1936)

22- Platinum is not included in Table XVII, but is
consldered to be ae good & sputterer as copper
by other observers. See, for example,

J. Strong, "Procedures in Experimental Physics",
p- 163, Prentice-Hall,(1938)
23 - G..-W, Curtis, Phys. Rev. 53, 474 (1938)

24 - L, C. Green, Thesis, Princeton University (1937)
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A. THE POWER SUPPLY

Because the Schuler tube has negative reslstance
charscterisitics, i.e., the potential drop across the tube
decreases when the current increases, it was necessary
to provide some external means for stabllizing the current.
The simple series ballast resistor 1s not practical in this
case because a potential of 1000 volts 1s required to
pass a current of more than 2 amperes through the Schuler
tube, and the potential drop across such a ballast resistor
would make 1t necessary for the power supply to furnish a
potential considerably higher than that required by the
Schuler tube itself. Increasing the voltage of the power

supply 1ls very costly when such large currents are required.

The power supply used was 2 three phase constant cur-
rent source designed by Green®® for running the Schuler
tube in the iron experiment. This system was partially
re»designgd to permit use of easlly obtalned components.
The circuit 1s shown in Flg. 4, and the specifications for
the parts are listed in Table XVIII. A mathematical

analysis of the circult ls given in the abkove reference.

Fig. 5 shows how nearly constant the current remains’
when the load reslstance 1s varled. The safety cutoff
circult l1ls mandatory, because an open load clrcult pro-

26- L. C. Green and J. B. Horner Kuper, Rev. Scl.

Instruments, 11, 250 (1940)
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POWER SUPPLY CIRCUIT
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Fig. &

CONSTANT CURRENT POWER SUPPLY
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Table XVIII.

SPECIFICATIONS FOR CONSTANT CURRENT POWER SUPPLY

DESIGNATION

IN FIG. 4 DESCRIPTION

Vi - V6 Type 872-A mercury rectifier tubes

\it4 Type OA4G cold cathode thyratron

T2, T3, T4 Filament transformers, 5 v., 10 amps.

T1 Filament transformer, 5 v., 30 amps.

T5, Te, T7? Standard 14 K.V.A. stepdown transformers,
connected so that ratio of turns 1is 4:1,
and used backwards to step voltage up.

T8, T9, T10 Standard Variacs, 115 v., 10 amps., ganged
on single control shaft. (115 volt Variacs
run safely on 230 volt 3 phase line, if
they are connected in a wye network.s

R2 Sensitive plate circult relay.

Rl Standard motor start relay with lock-in
contacta.

81 Spring-load push switches

82 Single pole single throw switch

Cc1, Cz2, C3 Banks of condensers totalling 125 mfd.
each. Should be o0il capacitors rated
at 330 ¥. A.C. 7

L1, L2, L3 Inductances made of #8 D.C.C. wire wound

on a hollow-cored spool. The core is

10 cm. in diameter and 15 cm. long. The
outside diamter of the wound coil is 19 cm.
The value of the inductance was adjusted
to give resonance with the capacltors by
inserting iron wire into the open core
whitle passing 60 cycle current through

a serles combination of the inductance

and the capacitance and adjusting the volt-
age applied to the combination to keep the
current at about 15 amperes.

Resistors chosen to match relays and meters.

93



duces a large voltage drop across the large banks of con-
densers in the constant current network, and these con-

densers may be completely destroyed.

B. THE VACUUM SYSTEM

Fig. 6 shows the vacuum system employed in conjunction
with the Schuler tube. It had two functions: with stop-
cocks A, E, and F open, and with stopcocks B, C, and D
closed, the system served to evacuate the Schuler tube
and the assOcliated traps. With A, C, and D closed and
B, E, and F open, the diffusion pump circulated the noble
gas through the system. The gas was inserted by opening
and closing D, putting gas into the small dosing chamber,
and then opening and closing C. Liquid gir was used on

the traps.

A'getter" tube using a hollow cathode discharge over

mischmetal26 was provided for cleaning small impurities

26 - Mischmetal may be obtalned from New Process
Metals Co., 46 Center St., Newark, N.J. Alrco
"reagent grade" noble gases were found to be
pure enough so that the tubg ran well without
mischmetal cleaning, provided the cathode was
well out-gassed, uslng an induction furnace, or
by heating the cathode in the Schuler tube dis-
charge and then pumping out the gaseous impur-
ities from the system before dosing wlth clean
noble gas.
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Fig. 6
THE VACUUM SYSTEM
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Fig. 7
MISCHMETAL DISCHARGE TUBE
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from the gas in the system. Fig. 7 shows the construction
detalls of & mischmetal discharge tube with & cathode that
ls removable for re-charging. After the window and the
anode were removed, the cathode was 1lifted out quite easily
wlth a section of glass tubing and & pilece of wire arranged
as shown in the figure. When operated at a pressure that
produced a 5 mm. differential on the mercury manometer,

the miechmetal dlscharge required a current of 0.25 ampere
and 3 to 4 hundred volts potential across the tube.

C. THE SCHULER TUBE

The Schuler tube used was a 3-liter Pyrex flask with
a second neck fastened on the side of the bulb opposite
the original neck, as shown in Fig. 8. The hollow cath-
ode was machined from graph1t027 on a lathe. The inside

dlameter of the most satisfactory cathode was 7 millimeters.

The cathode was loaded with about five 1 mm. cubes
of pure cobalt and was suspended inside the tube with tung-
sten wires. The windows were fastened onto both ends of
the tube with black wax. An electric fan circulated alr
around the tube during running to prevent softening the

wax and overheating of the main bulb.
27 - ACHESON GRAPHITE rod, 1 inch in diameter, was
obtained from the National Carbon Div. of Union
Carbide and Carbon Corp., 30 E. 42nd S5t., New York.
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Fig. 8
DETAILS OF THE SCHULER TUBE
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Before running the discharge, the system was evacuated
to about 10.-5 mm. of mercury, and 1t was then dosed with
noble gas until the manometer showed a differential of a
few mlllimeters. With the system used, this required about
two doses, with a 3 c.c. dosing chamber, when the supply
flask was new, l.e., when the noble gas pressure in the

flask was approximately equal to atmospheric pressure.

Then the constant current source was turned on at low
power, and it was gradually turned up. If the discharge
did not take place inslde the cathode, the pressure was
increaced until 1t did. If, on the other hand, there was

excessive arcing, the pressure was deoreased.

When the current reached about 2 amperes, the cathode
was whlte hot. Usually, the cobalt spectrum could be ob-
served when the current was above 1.5 amperes. Often,
when there was a fresh charge of cobalt inside the cathode,
excessive arcing occurred which could not be eliminated by
lowering the pressure. But after running for a few minutes
at 1.5 amperes or more, the discharge settled down and ran
smoothly. After about 30 minutes of running, the suspend-~
ing wires began to heat up slowly. After another 30 min-
utes, the wires became so hot that the tube had to be turned

off.
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No change in the geometry of the cathode or the method
of suspending the cathode permanently removed this troubls,
but a small fresh lump of cobalt in the cathode always re-
furned the tube to proper running condition for another

30 minute period.

When the Schuler tube was used with the vacuum spec-
trograph, only a few changes had to be made. They are
shown in Fig. 9. Instead of clrculating the gas as before,
the gas was injected into the tube through a glass nozzle
which directed the stream of gas toward the slit of the
spectrograph. The gas passed through the slit into the
vacuum chamber. This served to charge the tube with the
noble gas and also to keep the slit clear of matter that
wag thrown from the cathode from time to time during the
running of the discharge. The noble gas used was hellunm,
and it was purified with a chabaz1t328 trap. The rate of
flow into the Schuler tube was kept uniform by passing the
gas through a small artificlial leak.

28 - Purification by chabazlte 1s described by

G. P..Baxter and H. W. Starkweather, Pro.
Nat. Acad. Soi., 11, 231 (1925) "
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Fig. 9
SCHULER TUBE MODIFIED FOR VACUUM SPECTROGRAPH
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D. THE EXPERIMENTAL RESULTS

The results of the experiment were not gratifying in
that no new terms have been established as a result of

the plates obtained with the Schuler tube.

It 1s true that some atoms of cobalt must have been
released from the soclid sample because the cobalt spect-
rum was produced. It is also evident that some of the
desired collision excitation was occurring because so many
lines8 appeared that resulted from combinations wlth the
high terms eSF and esF. These lines were very sharp and
could not have resulted from the type of excitatlon produced
by elther the arc or the spark. But it seems that the
colllsion excitation did not take place on a large enough
scale to produce the lines needed to fix the positlon of
new energy levels. The extremely high temperature
required to produce free cobalt atomes may have been a factor
in reducing the excitation due to collisions of the second
kind. Also, at this high temperature, molecular band
spectra appeared, causing some sections of the plates to
be so over-populated with lines that they were virtually

unmeasurable.
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With neon in the Schuler tube, the spectrum was
photographed from 2000 to 6400 A, The plates were measured
from 2000 A to 3000 A, and from 5000 to 6400 A. The
region from 3000 to 5000 A did not seem worth measuring,
equglally when 1t became clear that the enhancement was
poor. With helium in the tube, a plate was exposed on
the vacuum spectrograph. This plate was measured from

1400 to 1900 A, and agaln the enh&ncement was poor.
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Appendix III.
MASTER LINE LIST

The following pages are photostatic reproductions
of a master line list which is a compllation of all of the

avallable measurements of the Co II spectrum.

The wave number values calculated from wave length
measurements made of the Schuler tube plates are listed with
one more slgniflcant figure than the values reduced from

spark plates.

The intensity estimates for lines taken from the
Bchuler tube plates are based on & 0-200 scale. In the
wave Yength reglon 1010 to 2225 A the intensity of the
spark lines is estimated on the basis of a 1-16 scale,
except where the estimates are followed by the letters
“F¥ and "MY, in which case they are based on a 0-200 scale.
In the region from 2225 to 5140 A the spark 1nfensit1ee
represent the average of several estimates, and the 0-200

scale was used.
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Appendix IV.
VITA

Nathaniel Ellmaker Hager, Jr. was born on June 3,
1922 in Lancaster, Pennsylvania, the soqﬂ of Nathaniel

Ellmaker and Ruth Mayer Hager.

He graduated from Franklin and Marshall Academy in
June 1940 with honors in sclence and literature, and then
attended Franklin and Marshall College. He graduated
in November of 1943 with the degree of Bachelor of Sclence
with Departmental Honors in Fhysics, and while at Franklin
and Marshall he was elected to Phi Beta Kappa and Sigma

Pi Sigma honorary fraternities.

He was commissioned as an Ensign in the United States
Naval Reserve in January 1944, and served with the United
States Submarine Forces until July 1946, when he retired

from active duty with the rank of Lieutenant Junior Grade.

He entered Lehigh University in March 1947, and re-
ceilved the degree of Master of Science in June 1948.
While at Lehigh he became an associate member of Sigma X1
honorary fraternity. He has served at Lehigh as a graduate

assistant and ae an instructor in the physics department.
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