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ABSTRACT

Extension of the analysis of the spectrum of Ni I.—Almost all the known lines
(1071) »f Ni I have been classified. There are included in the classification 66 lines
from the solar spectrum which have not been found in the laboratory. The spectrum,
in spite of its apparent complexity, is admirably regular. Every obscerved term fits
without constraint into the scheme predicted by Hund’s theory. A iew of the pre-
dicted terms have not been found, but in all cases their combinations should either be
faint or out of range. Term values, combinations, configurations and identified lines
are tabulated.

Ionization potential of the Ni atom.—The principal ionization potential of the
neutral Ni atom is calculated to be 7.606 volts. It corresponds to a double eiectron
change from the configuration d3s? to d°.

ICKEL affords an excellent example of a spectrum in which the term
separations are wide and the multiplets overlap. Numerous energy
levels were identified by Walters! and these were assorted into terms by
Bechert??® and Sommer? who greatly extended the analysis, identifying
almost all the important low terms, proving the existence of singlet, triplet
and quintet systems, and classifying all the strongest lines. Many lines,
including some fairly strong ones, were however unassigned. Subsequent
work by Meggers and Walters? and Menzies® added new terms from lines in
the remote ultra-violet. :
The present communication records the extension of the analysis to in-
clude almost all the lines and increases the number of those classified from
622 to 1071.

1. OBSERVATIONS

The principal source for wave-lengths has been the extensive and accurate
work of Hamm,? extended towards the red by that of Meggeis and Kiess.”

! Waiters, J. Washington Acad. Sci. 15, 88 (1925).

2 Bechert and Sommer, Ann. d. Physik 77, 351 (1925).

3 Bechert, Ann. d. Physik 77, 538 (1925).

4 Meggers and Walters, Sci. Papers Bureau of Standards 22, 205 (No. 551), (1927).
5 Menzies, Phil. Mag. 6, 1210 (1928).

6§ Hamm, Zeits. f. Wiss. Photographie 13, 105 (1913).

7 Meggers and Kiess, Sci. Papers Bureau of Standards 14, 649 (No. 324), (1918).
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Many fainter lines have been taken from Exner and Haschek,? or from Hassel-
berg.® The measures by Randall and Barker? give data in the infra-red.

New measures have been made in the ultra-violet, upon three plates
taken by Professor Shenstone with the large Hilger quartz spectrograph of
the Palmer Physical Laboratory, and containing exposures on the arc and
spark spectra. These were measured by Miss Charlotte E. Moore, using lines
of Cu I, Cull,and Ni II as standards. They show 129 lines between N2244
and A1963, which appear to belong to Ni I—twice as many as had previously
been recorded. Comparison of the observed frequency differences with the
known term-intervals indicates that the probable error of these measures is
+ 0.18 cm™!, which corresponds to = 0.008A at the mean wave-length.

Finally,a number of lines in the solar spectrum which are in the predicted
positions of the fainter members of certain multiplets, which have not yet
been observed in the laboratory, and show the anticipated intensities, are
included. As nickel is very prominent in the solar spectrum, the appearance
there of many of these “predicted” lines is to be anticipated.!® Only those
which showed a close agreement with the anticipated intensity, as well as
wave-length, have been included, and all blends omitted. In spite of this
decidedly conservative policy, 66 lines have been added.

King’s observations'* of intensity and temperature class have been of
great value in the analysis, as have also been those of Meggers and Walters*
upon the under-water spark in the ultra-violet.

No modern observations of the Zeeman effect exist for this spectrum.
This has been a considerable handicap in the analysis, and the fact that,
without this knowledge, it has been possible to classify almost all the energy-
levels is to be credited mainly to the aid given by the theory of Hund, which
in this case, as in all others, proves to be completely successful.

2. OBSERVED TERMS

Table I gives a list of all the energy levels so far recognized in Ni I. Its
arrangement follows the notation recently suggested as a result of corres-
pondence among many spectroscopists.’? The second column gives the de-
signation of each level, and the first the initials of the investigators who
detected it. When these initials are in parentheses the level has been newly
. classified in the present work, and when no initital appears, the level is new.
A “?” following the term designation indicates that the assignment is tenta-
tive.

The third column gives the energy levels. The final column headed
“connection” is designed to aid in picking out the components of the multiple
terms which are much intermingled. Its arrangement is obvious.

8 See Kayser's Handbuch der Spectroscopie 6, 177 (1912).

9 Randall and Barker Astrophys. J. 49, 55 (1919).

10 Compare The Presence of Predicted Iron Lines in the Solar Spectrum, Mt. Wilson Con-
tribution No. 365, Astrophys. J. 68, 151 (1928).

1 King, Mt. Wilson Contribution No. 108; Astrophys. J. 42, 344 (1915); Mt. Wilson Con-
tribution No. 181; Astrophys. J. 51, 182 (1920).
i 12 Report on Notation for Atomic Spectra, Russell, Shenstone and Turner, Phys. Rev, 33,
900 (1929).
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The number of energy levels is 186, of which all but six have been allo-
cated as components of 81 spectroscopic terms, of which 48 are even and 33
odd. The weaker components of some of the higher terms remain to be found.
The unassigned levels are denoted by Arabic numbers. The energy values
are measured, as usual, upward from the lowest level. The low (stable or
metastable) terms, which in this case are even, are lettered a, b, - - - the
middle odd being 2z, y, x - - - and the high even terms e, f, g, .

Table ITshowswhat combinations have been observed among these terms.
Below the designation of each term is written its leading energy-level (for
reference to Table I) and on the right are listed all the terms which combine
with it. Below each of these is the number assigned to the corresponding
multiplet in Table V. The ° mark for the odd terms is omitted here—though
not in the first column,—since no confusion can arise, as the even terms
are lettered ¢ to 7 and the odd 2z to u.

3. Thelow terms, with one exception, were found by Bechert and Sommer
and assigned to electron configurations by Hund.®®* They comprise 1S from
d', 3D, D from d°, and 3F, 3P, 1D, G from d8?. The G term is new. Its
reality is confirmed by three good lines, one of which is in the infra-red.
There should also be a 1S term from this configuration, which has not been
detected. It might be expected to lie at about the level of the !G, and almost
all its combinations would be in the infra-red.

4. The middle terms are of more interest. The lower-lying among them
were arranged by Hund into triads, 1P°D°F°, 3P°D°F° arising from d%p and
SDPF°GP, 3D°F°G°, 'D°F°G° from d®p, with the limits *F, 2F. An additional
3F° term (Bechert and Sommer’s f1) appeared also to be present, though no
place could be found for it in Hund’s theoretical scheme, while only the first
two components of the °F° term were given by these authors. In the course
of the present work, a neighboring unclassified level with j=1 was found
and it appeared subsequently that the level previously called 5F was ficti-
tious, the lines which were assigned to it belonging elsewhere. At this
point it became obvious that the five remaining levels were really the com-
ponents of the *F° term predicted by theory, which was normal in all respects
except for a moderate departure from the interval-rule, and gave excellent
multiplets.

The one serious apparentexception to Hund’s theory which has been found
in the whole range of spectra which have so far been analyzed thus disap-
pears—reminding one of the old tale of the Eastern freight-agent, who
reading on his way-bills “one burro” and supposing the words to be misspelled,
wrote at the end of his day’s work “one bureau missing; one jackass over.”

There are numerous higher odd levels, which combine with the lowest
terms to give strong lines in the far ultra-violet. Among these we
should expect by analogy with other spectra* a triad 3D°F°G° with limit
4F, and combining very strongly with the low a®*F. The absorption data of
Meggers and Kiess identify these terms securely. Mixed with these multiplets

18 Hund, Lintenspektren, Berlin 1927, p. 165.
14 H, N. Russell, Astrophys. J. 66, 184 (1927) (especially p. 201).
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are fainter ones which appear to belong to 3P°D°F° and 'P°D°F° triads
with the limit ¢?D in Ni II—the next lowest to those already exhausted.
For these terms the components of smallest j have not been detected and
the identification of some of the others is uncertain.

The next highest limit term is 4P, which should give 3S°P°D° and 5S°P°D°.
The 3D° term may be safely identified with »3D°, which gives a characteristic
multiplet with ¢®P; and x¥*P° has also been put here, mainly because of the
other evidence, discussed below, that in this spectrum the members of a
triad or pentad of terms occur at nearly the same level. The quintet terms
have not been worked out, but there are two unassigned levels (1; and 2,)
which lie in about the position where these might be expected. and find no
other theoretical place. Their combinations with the low triplet terms are
faint as should be the case for inter-combinations, and there are several
unclassified absorption lines near by.

Above the terms already mentioned lies a tangle of levels, revealed by
lines in the far ultra-violet. Some of these combine also with €D to give
lines observed by Randall in the infra-red. As the latter certainly comes from
d®-Ss, the former terms must be attributed to d°-5p. The remainder of the
SPDF, *PDF triads of this configuration were then easy to find. They will
be discussed further in section 5. The term #*F° combines more strongly with
a®F (d%?%) than with a®D (d%), and this at first cast doubt on its assignment,
but the combination with e*F settles the question. Few odd levels remain.
The three highest appear to form the term #?F° which can be assigned only
to the triad 3FGH having the limit ¢®G in Ni II. Of the six unclassified odd
levels 1° and 2° are discussed above, while 6° and 5° may perhaps be part of
a®D term with the limit ¢?P (the only remaining metastable configuration in
Ni II).

5. The high even terms include e®D, e!D and f*F, ¢5F, which were dis-
covered by Bechert and Sommer, and undoubtedly arise from d°-5s and
d®%-5s. The configurations d°-4d and d3s-4d should give pentads SPDFG
(triplets and singlets), PDFGH (quintets and triplets). The former should
give multiplets of hazy lines in the green, and the latter lines in the near
ultra-violet. All the components of the former pentad have been found and
all but a few of the latter.

Search for later series members revealed the terms g'D, g®D(d®- 6s), which
fixed the series limit accurately. A large part of the pentads d?-5d was then
found, and also terms arising from the addition of a 5s or 4d electron to the
2F term of Ni Il and a 6s or 5d electron to *F. Only the leading components
of the latter terms have been found, and they are identified largely by means
of series relations.

Table III shows the terms which have been assigned to each configura-
tion, with the leading energy level and the separations between the remaining
components, in order of decreasing j.

6. SERIES RELATIONS

The identification of the third members of the d%-ms series permits an
accurate determination of the limits. Ritz formulae give the values 61573
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for 3D, 61583 for 3D,, 63080 for 3D; and 63093 for 1D,, (all above the lowest
Jlevel 3F, in Ni I). The first two evidently converge toward the lower com-
ponent a*Dq; of the ground-term of Ni II and the others to a®Dy;, which lies
1507 cm~! higher. Allowing for this the four series give a range of only
13 cm™! in the value of 3Fy —2Dy,, which indicates that the mean value 61579
can be adopted with confidence. The corresponding ionization potential for
the neutral atom is 7.606 volts. This is the principal I.P. but corresponds to a
double electron change, from d8? to d°.®® The correlation of the term com-
ponents and their limits is of the “inverted” type pointed out by Shenstone!®
and accepted by Hund in his latest paper!” on the subject.

All the terms arising from the a2D limit of Ni II show the same inverted
convergence. The separation of the two limits is usually large compared with
that arising from the added electron, and the levels belonging to a given elec-
tron configuration fall sharply into two groups, one containing the two lead-
ing components of the triplet terms, and the other the triplet with smallest
jand the singlets. The latter have the higher limit, with the smaller j value.

The same behavior is shown by the terms with limit ¢2F in Ni II; but it is
remarkable that those with a*F as limit behave differently. In the d8-4p
configuration, the triplets and quintets are widely separated and in d8s-35s
they barely overlap—but in the pentads arising from d8s-4d the terms with
largest j, both of the triplets and quintets, form a compact group, followed
at a considerable interval by those with the next largest j, and so on. This
indicates convergence of the “normal” type first suggested by Hund, in which
the components of greatest j for both multiplicities go to the limit component
of greatest j.

It might be doubted whether the levels here called 3H, *Gs, etc., should
not rather be °Hg, °G5 - - - as would be demanded by inverted convergence.
But the intensities of the individual lines appear to settle the question. The
levels in question combine more strongly with triplets than with quintets.

It is a matter of general experience that the intensity rules in multiplets
maintain their validity, at least qualitatively, long after the interval rule, and
Lande’s g-values have broken down. In the “super-multiplets” of Ni I arising
from transitions such as d8p —d3s-d the relative intensities throughout the
group are qualitatively in very good accordance with theory, except that the
components of smaller j give fainter lines than might be expected. This
accounts for the failure to locate some components of the terms.

The convergence suggested by these terms is consistent with the latest
form of Hund’s theory, according to which the levels of any given inner
quantum number are divided among the various limiting components of the
spark term simply in order of their own position—those which happen to be
lowest going in appropriate number to the lowest limit, and so on.

On this principle the terms involving an s electron should show inverted
convergence ; those from a d electron, normal convergence; and those derived
from a p electron the following curious arrangement;

15 Russell, Astrophys. J. 66, 251 (1927).

16 Shenstone, Nature 122, 727 (1928).
17 Hund, Zeits. f. Physik 52, 601 (1928).
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Limit ‘F 43 33 2% 13

2
5G 654 3 2
SF 5 43 2 1
5D 43 2 1 0
3G S 4 3
SF 4 3 2
3D 3 21

The terms w?D°, w?F°, y3G°, which arise from the addition of a 4p electron to
this limit, are however grouped with their components of highest j close
together, followed at an interval by those of next highest j, and so on,—which
suggests that each of the groups of components has one of the components of
the *F term as limit.

It would be of great interest to know what actually happens; but, un-
fortunately, only the leading components of a few of the terms involving a
6s or 5d electron can be identified. The 5p configuration should combine
with the low terms to give multiplets near A\1800, where nothing is known
about the arc spectrum, and its combinations with d3s- 5s are in the infra-red.

The full evidence for the series assignments of the present paper may be
found in Table IV, which gives the quantum defects for all the components of
the terms arising from the limit a2D, and for the components of highest j of
the terms assigned to other limits. The relative levels of the lines in Ni II are
taken from Shenstone.'® It has been assumed that the convergence is every-
where inverted, except that for the configuration d8s(*F)d it is supposed
normal.

The principal evidence for the existence of a number of the high even
terms, which are located by only one or two lines, is the agreement of the
quantum defects with those anticipated from series relations. The value
given for the quintets under a*P represents roughly the levels near 40300
which have been attributed to this configuration.

7. List or LINEs oF N1 I

Table V includes all the lines which have been classified as belonging to
Ni I, and also all but the weakest of the unclassified lines. Among the latter,
all those given by Randall and Barker in the infra-red are included, all those
found in absorption by Meggers and Kiess in the under-water spark, and all
which have recently been measured here in the ultra-violet. Alllines observed
by Hamm, or by Meggers and Kiess, have been included, except those to
which they assign the minimum intensity 1. A total of 196 unclassified lines
of intensity 1 have been omitted of which 81 were listed by Hamm, 22 by
Meggers and Kiess, 90 by Exner and Haschek and 3 by Stiiting.

The first column gives the source of the data (as explained at the foot of
the Table), the second the wave-length—in air up toA2000 and in vacuum
beyond, the third the intensity, and the fourth the temperature class.

King’s estimates of intensity have been adopted for all lines for which he
gives aitemperatUre class except those to the red of A6500, where his values

18 Shenstone, Phys. Rev. 30, 255 (1927).
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are relatively low. For the ultra-violet lines observed in absorption by
Meggers and Walters, their absorption intensity is listed in column 3, and 4
is inserted under “Class.” This is undoubtedly equivalent to King’s Class I
or II. The intensities of the remaining lines are taken from the sources
mentioned in column 1, and are given in parentheses in the Table. They are
on a much more compressed scale, 1 to 10 as against 1 to 100 or more.

The fifth column gives the wave-numbers and the sixth the designation of
the classified lines. In a number of cases, where there is good reason to be-
lieve that a weaker line is masked by a stronger, the designation of the former
is added in parentheses.

The last column gives a multiplet number, for cross-reference to Table II.

Practically all the lines of any importance have been classified, except in
the infra-red. Here there are two unidentified groups, with values of A about
5500 and 7200. The former is in just the place for lines arising from the
transition d°-4d—d?-4f, and the latter for d3s-5s—d8%-5p. In both cases
there should be a complex group of overlapping multiplets which cannot be
worked out without further data.

8. CoNcLUSsION

The arc spectrum of nickel, in spite of its apparent complexity, is ad-
mirably regular. Every observed term fits without constraint into the
scheme predicted by Hund’s theory. A few of the predicted terms have not
been found, but in all cases their combinations should either be faint or out
of range.

It is hoped that the present analysis is about as complete as the existing
data permit, but there is a great deal of profitable work still to be done on
this spectrum. First may be mentioned the observation of the spectrum in
the infra-red (where only the strongest lines have so far been detected), and
in the ultra-violet beyond A2000. Observations with an arc in nitrogen and
vacuum spectrograph, following Fowler’s very successful work on Si I,
would certainly be repaying.

A search for later members of the known series would be well worth
while, if a source could be found which intensified the last members already
known. Many interesting questions of correlation to multiple limits might
thus be settled.

The Zeeman effect in this spectrum has never been adequately investi-
gated, and offers an extensive field for work. It may be anticipated that
many g-values will be abnormal, especially for the higher terms, but this
should be important in studying the changes of coupling of the vectors which
are involved. Finally the intensities of the lines afford an extensive and
fruitful field for precise measurement.

In conclusion it is a pleasure to express the writer’s indebtedness to
Professor A. G. Shenstone for valuable comments, and for the photographs
of the ultra-violet spectrum, and especially to Miss Charlotte E. Moore, for
her extensive and accurate work in the measurement of these plates and in
the preparation of the tabular data and of the manuscript,and the correction
of the proofs.

19 Fowler, Proc. Roy. Soc. A 123, 422 (1929).
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