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THE present communication has two objects. Its subject matter is an attempt to
obtain some knowledge of the series relations in the spectra of the group of the
monatomic rare gases Ne to RaEm, whilst the methods employed will serve to
illustrate the fundamental importance as instruments for further research of the new
facts brought to light in the previous communications.* The importance of the first
object will be generally acknowledged, but it does not yet seem to be realised how
definite and exact those new relationships are, even in their as yet undeveloped form,
and how powerful an instrument is placed in our hands for the analysis of spectra.
It may be well therefore to commence by a brief résumé of some of these laws as
applied in the succeeding pages. Further, as the establishment of the results
obtained must by its nature depend on the numerical comparison of a very large
number of lines in all five spectra, and as this evidence must be fully set out to

* « A Critical Study of Spectral Series,” Part I., ¢ Phil. Trans.,’ A, vol. 210, p. 57.

” ” ” Part II. -, ' 212, p. 33.
” ' ' Part II1. ’ ’ 213, p. 323.
Part IV. ” . 217, p. 361.

b2 2 bRd

These will be referred to respectively as [L.], [IL], [TIL], [TV.].
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‘enable a specialist judgment to be formed on it, the communication has unfortunately
become very lengthy. The mass of detail will perhaps be rather dreary to the
general reader not specially interested in this line of study. It is apt also to hide by
its amount and complexity the general conclusions arrived at. I propose therefore to
give a slight general survey of these conclusions before giving the evidence.

As is well known the wave-numbers of series lines depend on four types of
sequences p (m), s(m), d(m), f(m), and that in any one series they depend on the
differences between one sequent of one type and the successive terms of the sequence
of another type. These sequences are all of the form N/{¢(m)}’, where N is
RYDBERG'S constant and ¢ (m,) is of the form m +fraction, the fraction being, as a rule,
determinable as a decimal to six significant figures. Our aim is to discover the
properties of these functions. The fractional part depends in some way on the order
m, although whether it can be considered a definite function of m in the ordinary
sense is doubtful.®* This fractional part will be referred to as the mantissa, and in
dealing with it, it will be regarded as multiplied by 10° ze., as if the decimal point
were removed.

The Oun.—It is foundt that in each element a constant quantity particular to each
element plays a fundamental part in the constitution of the sequences. This is called
the oun. The d and f sequences depend in definite ways on multiples of this
quantity, whilst it also enters into the constitution of the p and s. Its determination
is therefore for each element a matter of the first importance. Denoting its value by
3, the quantity & = 44, is of such frequent recurrence that it is useful to treat it as
one datum. The oun is accurately proportional to the square of the atomic weight,
and is given by ¢ = (361°8+°1) (w/100)?, where w denotes the atomic weight.

In the case of doublet or triplet series, the corresponding separations between them
are due to different limits whose mantissee differ by amounts A or Aj, A, (say). In
all cases these are found to be integral multiples of the oun. For triplets A, : 4; is
always somewhat greater than 2.

In the case of D series where satellites occur, the separations of the latter are due
to differences in their d sequences. The mantissee of these latter again differ by
quantities which are multiples of the oun, and in the case of triplets they appear in
normal types to be very close to the ratio 5 : 8.

The d Sequence.—In the normal type the sequent of the extreme satellite has its
mantissa a multiple of A, The only known exceptions are found in Sr, Cd which
show the multiple law, Sr in d,, and Cd in d;, instead of in dy;, In both these cases
also the Zeeman pattern is abnormal. As the main lines D,, (and in triplets D,, also)
have their mantissee greater than that of the outer satellite by multiples of the oun,
it follows that all the d saquences for the first order have mantissee multiples of the
oun. It is probable that this is true for all orders of m, but the data are not

* ¢ Astro. J.,’ 44, p. 229, see also [IIL, p. 339]
© 1 [II1.], also ¢ Proc. R. S.,” A, 91 (1915).
342
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sufficiently accurate to prove this, although they obey the rule within error limits.
[IIL., p. 840.]

The f Sequence.—This sequent of the first order also has the multiple of A, The
material at disposal is not so comprehensive as in the case of the D series, for, except
in the second group of the periodic table, the I lines occur chiefly in the ultra-red.
The proof of the above statement is perhaps, therefore, not so conclusive as in the
case of the d sequence. It completely stands the test however in the rare gases.
There seems some evidence that F series also show a satellite effect in a small degree
—of one or two ouns. In the second group it seems to be a general rule that in
many of the low orders (m = 1, 2...) the f sequents receive very large displacements
from their normal value, so that a normal line is much weaker or is altogether absent
and replaced by others separated from it by considerable numbers. This also is found
to be the rule in the present case.

Displacement.—Regarding the ordinary doubtlet or triplet series we may consider
the second (or third) as displaced from the first by the deduction of a certain
number of ouns from the mantissa of the limit; or better perhaps regard the last
satellite set as the fundamental one and the others as displaced by the addition
of ouns. When such displacements occur in the limit of one line the new one is
indicated by writing the displacement on the left. Thus 8,(m) = (—A,)8,(m) or
S, (m) = (A)) S, (m) = (A +A4,)S,(m). With satellites, on the other hand, the similar
effect is produced in the sequence terms. In this case it is entered on the right.
Thus Dy, (m) = Dy, (m) (=28,) or Dy, (m) = Dy, (m) (xd,); Dy (m) = (—=A,) Dy, (m)
= (—A,) Dy, (m) (—28,). Displacements of both kinds are very common in spark
spectra and put themselves specially in evidence in the succeeding pages. A normal
line may not only show lines displaced from it, but often it appears to be replaced by
them, and, in general, when it does not disappear its intensity is abnormally low.
This is practically what happens in the D satellites. The Dy, D, Dy, appear to be
the normal lines in which we should expect descending order of intensity ; but most
of the energy (or the majority of the emitting centres) appears carried over to the
more intense and displaced set D, Dy, ; and, again, most of what should be expected
in D,, 1s carried over to become the strongest line D, Frequently the D, line has
disappeared and only the fragment D, D,, of the triplet left. In general, the D,
lines of any element are the strongest of the series. But in the present vacuum tube
spectra (spark type) we shall find very frequently that the line required for D, is
comparatively weak, and in this case there appear other lines related to it by oun
displacements chiefly in the limit. As the real existence of these displaced series is a
matter of some importance considerable space has been given in the discussion of the
X spectrum (p. 899) to its demonstration in the case of two series depending on the
limits (+28,) D (). It seems a peculiarity of these displacement series that a term
of one series may be absent but appear in another. Thus (—248:) D (m) may not be
observed, but a (+28,) D (m) may be and vice versd. The presence of a similar effect
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in the sequent terms of I series has been referred to above. One good illustration of
double displacements fully established is found in the KrS series (p. 349), in which the
indications are shown for m = 1, 2, 3. A knowledge of the laws governing displace-
ments is much to be desired. Very little is known at present.

Linkages.—Are spectra are distinguished, as a.rule, by the presence of well-defined
series, depending on single groups of P.S.D.F. type. In spark and vacuum tube
spectra, however, these seem to be weakened, and a very large number of other lines
appear which are related to one another by certain constant separations (links) to
form congeries of linkages each connected to a series line. These links can be
calculated when the values of A, or of A, A,, are known. The evidence for these was
given in [IV.]. There appear to be links of several types. Those already discussed
are of two types: (1) separations between successive double displacements of A; on .
either side of S,( ) or p,(1); (2) displacements of A, on either side of P (o) or
s(1). Of these, use is confined almost entirely in the present communication to one

only of type (1) and both of type (2). They are
e = (=24,) p, (1)—(24,) p, (1),

= (—8A))8,(®)—(A,) S, (=),

or

w=s(1)=(A)s(1),  v=(=A)s()=s(1).

These links themselves may also be subject to small displacements by having their
sources on, say, («d,) S, () instead of S;( ). For the present purpose, however,
no use can be made of these. '

In [IV.] the prevalence of these separations in a spectrum in excess of their
occurrence from mere chance was exhibited in a series of curves with abscisse
= separation and ordinates = number of occurrences within a given small amount
on each side. Such occurrency curves are also given here for the e links and for the
u, v of Kr in Plate 2. The e links seem to be a normal accompaniment to series lines
(often displaced, however, when directly attached to those of low order). A further
peculiarity of these linkages is the prevalence of the combination e+ wu, or e+ w.
They are indicated by writing the letter denoting the link to the left of the line
when deducted and to .the right when added. Thus, in the example below,
44236 = e.47419, or 47419 = 44236.e.

Sounding.—In the following pages the unravelling of the complete series of
linkages has not been touched upon, but the e, u, v links have been used for testing
the existence of lines outside the observed region, a method we may call sounding.
A link thus used may be referred to as a sounder. In this way it is possible to
obtain evidence of the existence, or of the exact value, of a calculated line which
lies beyond the region observed. It may even serve as evidence for the real existence
of a line in the observed region too weak to have been observed, for it was shown
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in [IV.] that the e link appeared to have a tendency to increase the intensity of one
of the two lines to which it was attached. - The method may be illustrated by an
example from KrS. In Kr, e = 8183'35. The value of S, (5) as calculated from the
formula is 47419°89, which is in the ultra-violet outside the observed region. But
47419'89—e = 44236°04. This is within the observed region, and as a fact the
corresponding line is found at 4423761 with dx = —'08 if e is free from error. As
an individual case this might be due to a coincidence, but when the same effect occurs
with line after line the cumulative effect becomes convincing. To see this it is
necessary to get at a glance a survey of all the cases, and for this purpose they are
exhibited in sets of diagrams in Plate 3. These diagrams also include links within
the observed region in order to show that where the method can be tested it holds.
It may be specially noted how the similar arrangement of sounders holds for the same
order in the three lines of the same triplet, and how in certain cases the %, v seem
alternative. Qf. for example XS (1, 3, 4, 7, 8), or the main lines of the three parallel
D sets in X, viz. (28,)Dy, Dy, (—28,) Dy, or particularly the prevalence of the
—(e+v) combinations in the unobserved lines for KrD. In RaEm these links are
too large to be of wide application and in Ne too small to be of use. In RaEm
the e link is 23678 and can reach from the unobserved ultra-red across to the
unobserved ultra-violet. In Ne the e link is 196, so that its reach is too small to be
useful. As this method of sounding is new and clearly of importance if substantiated,
considerable attention has been given to its illustration, but as the details themselves
are only necessary for a critical study they have been printed in smaller type and
may be omitted on a first reading.

Abnormal D triplet Separations.—It has generally been held since RyDBERG’S
discovery of the satellite systems that the triplet separations for the D and 8 series
are the same. The actual measures did not absolutely prove this, in fact, they
indicated small differences, but the accuracy was not sufficient to establish a real
difference especially as against a natural bias to expect equality. MErGeERS,* however,
has recently placed it beyond doubt that frequently the separations are really
different. In Group I, for instance, the separations as measured from D lines are
less than those determined from S lines. In the rare gases also this difference appears
quite decisively, but here (group 0) the separations as determined from the D lines
are, in general, larger than those from S. The key to the explanation is found in the
fact that the difference between the two determinations diminishes with increasing
order—in other words, that the sequent in the same set of satellites is not the same,
and that in a large number of cases the value of »,+v, is the same in both S and D
although », », themselves are different. It is found to be completely explained by
the displacement of one or two ouns between the sequents of the first or second
members of a triplet. Sometimes it occurs in the third member. The same explana-
tion accounts for the fact that the F separations are frequently smaller than the

‘ * ¢ Bur. Stand.,” Washington, No. 312 (1918).
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corresponding observed satellite separations. It also accounts for the appearance of
F satellites as shown here and in [III., pp. 889-895] in connection with the F lines
in the alkaline earths. The matter is considered in detail for Kr (p. 368) and is found
to hold for the cases of the other rare gases.

The Atomic Weight.—It is clear that an accurate knowledge of a first f sequent,
or of a d sequent which belongs to the satellite involving the A, multiple,
gives the means of determining the oun to in general a unit in the sixth significant
figure. For these mantisse are usually of the order of magnitude of 0'8 and are
known to six figures. Hence, if the multiple is known, A, can itself be determined,
and since A, is a known multiple of the oun (determined by the S multiplet
separations), the oun is also known to the same degree of accuracy. Further, as the
sources of determining it are often quite independent they serve as tests of the
determinativeness of the oun itself to the same degree of accuracy. When A, is
considerable, its value is known sufficiently well for it to determine the multiple,
and then this exact integer conversely gives the exact value of A,. In the cases of
A and Ne, however, the values of A, are too small to determine uniquely this multiple
directly. The difficulty, however, is surmounted by obtaining successively values
with increasing accuracy from other considerations until the final test can be applied.
As a fact the Ne oun is amongst the most accurate found. Its determination (p. 461)
is specially interesting, and indeed is only possible because the material at disposal
depends on interferential measures and large accurately known separations. That
of X also is a good determination, and is interesting as depending on a number of
quite independent data.

As the oun is proportional to the square of the atomic weight within the limits of
error of determination of the latter, it is natural to assume that the relation is exact
and that ¢ = g.w*, where q is a number between 861°8+1. If this were sustained it
would be possible to obtain w with twice the degree of accuracy of the oun and
therefore far in advance of any obtainable by chemical methods. In fact the question
is raised as to what is actually understood by the atomic weight. Does it refer to
the mass of the positive nucleus, or to that and all or a portion of the electrons ?
The hope might even be entertained of obtaining by this method some knowledge of
the number of electrons partaking in the emission of a line if slight changes in the
oun could be found. For instance, we shall find in these spectra not a single group
of S, D, or F series as in arc spectra, but several independent groups, viz., d and f
‘sequents, depending on different multiples of A, If these gave slightly different
values of the oun it could be explained by a transference of electrons. There is little
evidence of such variation, but it might occur, for instance, in the oun as deduced
respectively from A, and A, As A, depends alone on the measurement of the
separation of a triplet it is not susceptible of such exact determination as A,, and, as
a fact, a suspicion sometimes arises that such a slight difference may exist, and that
d from v, is somewhat less than from », [IIL., p. 338] as also here.
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Suppose the atomic weight is W and the number of electrons involved is «W.

Then the oun is given by

— sy — 8 (o T
8, = q(W+aW/1850)? = 8«)<1+ 925>.

If' another value depends on y electrons

— Y
=51+ 5L),

Sx_‘;y = @
7= 925 T

whence

x—y = 925

which gives the transference. At present these considerations are only of speculative
interest, but a numerical illustration is given below (p. 381) in connection with Kr.
The results obtained in this investigation have given the oun with much greater
exactness than any value obtained in [IIL], even than that of Ag. The value of
q = 3fw?® has been determined [ITL., p. 404] as near 36175 with Ag = 107'88. 1 now
believe from later work that the true value is closer to this than I thought at that
time, but in any case it is far less accurate than the ouns themselves. While,
therefore, we can use the ouns to give extremely accurate values of the ratios of the
atomic weight of the gases, the actual values in terms of Ag are not so exact,
although more accurate than those obtained by chemical means. This statement of
course depends on the supposition of the exact proportionality of oun and square of

atomic weight.
The values of ¢ as obtained later are here collected and the atomic weight deduced

from them by taking ¢ = 361°75.

Ne. A. Kr. X. RaEm,
8 . . . 14°4708+-0006; 57:9209+ -002; 249:536+ -004; 611-0100+ -0017; 1787-024 + - 05
W. . . 20-0005+ +0004; 40-0141 £ -0006; 83-0543+0006; 129-963 + -00018; 222-259+ -003
Chemical. 202 . 3988 8292 130-2 222 to 222-4

It will be seen that in all cases the spectral determinations are much closer to
integral values than the chemical, except in the case of RaEm as estimated from
Hontescamipr’s value for Ra. 1In this case, however, the spectral material is
defective. It is shown from one of the criteria that a value of the oun = 178523 is
just possible but improbable, or = 1783'38 almost impossible. These would give
respectively w = 222°148 + and 222°033+. It is curious also that from the defective
observational work for Ra [IIL., p. 827] the value of J from »+v, = 254096 = 1874,
whence w = 22643 is also greater than HoNIGsCcHMIDT'S and more in accordance with
the value obtained by Mme. Curie. The value for the Emanation is, however, much
more reliable than the above for Ra. If, regarded as a whole, the deviations from the
chemical values (RaFm excepted) are greater than chemists will allow possible, it
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would seem that in this case we are not dea,ling with precisely the same entity in the
two cases.

Special F Series.—There appears to be a remarkably stable triplet series of the F
type apparent in most of the gases, but more especially evident in X, in which
element it was first noticed. Not only are the lines strong and present in a large
‘number of orders, but they appear, at least in X, to be little susceptible to displace-
ments such as are common in other types. The separations are 1864, 829. The
occurrency curve for 1864 is shown in Plate 2, fig. 3. In this, in strong contrast to
other such curves, it rises to a very high single peak and is practically symmetrical.
on both sides of the peak. The similar curve for A is shown in Plate 2, fig. 5.

Summation Series.—In the investigation of this XF series a quite new type of
series was brought to light. The hitherto recognised series appear as the differences
of two terms A—B. The new one has its wave-numbers of the form A+B. In other
words, where the old series are difference frequencies the new ones are the corre-
sponding summation frequencies. The notation adopted is to write the corresponding
terms 1n Clarendon type. Thus

F(m) = A—f(m), F(m) = A+f(m).

The list of the lines in X is given on p. 385 up to m = 30. For low orders, m < 3,
the lines are in the ultra-violet and have to be sounded for. Similar summation
series coupled with other F series are also common. It probably explains also the
crowding of F separations in spectra like that of Cu in short wave regions far beyond
the F limit which has always appealed to me as a difficulty. It is possible that
summation series may also exist for the P.S.D. series in all elements, but, as a rule,
the limits of these are far larger than the F (o), with the consequence that any
P.S.D. lines must lie very far in the ultra-violet, a fact which explains why such types
if existing have not hitherto been recognised. The existence of these summation
series is thoroughly established and their importance as bearing on theories of the
origin of spectral lines is evident. They would seem difficult to explain on any of the
current theories. But apart from this the existence of the type is of great value for
quantitative determinations. This is fully dealt with on p. 884 and it need not be
recapitulated here. Its importance for this purpose may be realised when it is seen
that it forms the starting point in the analysis of the RaEm spectrum, that it settles
in a quite definite way a difficulty arising in the evaluation of the oun in Kr, and
that it fixes a very accurate value for the limit of the 1864 serles in X, thus
simultaneously fixing a particular d sequent subject only to observation error in one
line. :

Groups of D and S Series.—Not only do we meet with different groups of D series
depending on different multiples of A,* but in the case of Kr there appear to be two

* As an example, see p. 403, in X with groups depending on 704, and 794,.
VOL. CCXX.,—A. 3 B
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sets of lines suitable for S;—in other words, there are quadruplets. Whilst the two
sets N, S, give different separations with S,, and consequently different A'), A,, they
givé the same oun, and in connection with them appear two D groups whose outside
satellites depend one on a multiple of A’, and the other on a multiple of A,. It is to
be suspected that this is only one example of what may be a common occurrence in
spark spectra. '
The order of presentation is generally that in Whlch the investigation was taken.
The key was found in obtaining the KrS system, a result first rendered possible by
the publication of wave-lengths in the ultra-violet by Luwis (1915). Amongst them
the KrS (1) triplet was found. XS, AS come next in order of definiteness. The
spectra of RalEm and Ne are more difficult to deal with, the first because of its
defectiveness in range, number of lines, and accuracy, and the latter because of the
smallness of its oun and its triplet separations. After the S series of Kr, X, A come
the D and F series of Kr, X, the spectrum of RaEm, the D and F for A, and, lastly,
the whole sets for Ne. Led by possibly a false analogy to He [I., p. 105], in which
doublet series appear in the blue spectrum, the blue spectra were chosen for investi-
gation, and the family group being of even order triplets were looked for. In Ne,
with a single spectrum of composite character, the results obtained may have some
reference to the red type as well as the blue, especially in connection with certain
remarkable constant separations found by WarsoN and analogous to the RypBERG
constant separations in the red spectrum of A. One is inclined to think that these
red spectra consist mainly of lines of the F type. But the red or first spectra are
outside the. scope of the present communication. Although it is a very lengthy one
as it stands only the beginning of an analysis has been made. The aim has been to
“lay the foundation for the series framework of this family of elements, and little
beyond has been done. The linkages, as a whole, have not been isolated, the red
spectra not touched upon, and many interesting effects which will require clearing up
are passed over without reference. A great field for investigation is open in these
and other spectra for any who are willing to give the necessary time and patience.
In some few cases the presentation might have been slightly shortened by merely
stating the final result and showing how the necessary conditions are satisfied. But
not only would this have passed over certain phenomena of special interest, but
one of the objects of the present communication would have been missed, viz., to
illustrate the power of the new facts to guide a search even when the details
are most bewildering. ~Moreover, the evidence itself is the more striking when
developed from step to step than when the result is dlrectly presented as a finished
product
Krypton.—Krypton shows two spectra, without and with capacity, the former in
the red region and the latter further towards the blue. We have measures of some
of the stronger lines by RuncEk, and a considerable number of weaker lines, not
observed by others, by Livemne and DEwWAR, although the latter are only given to
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the nearest Angstrom. The most complete and reliable sets of measurements are by
Bary* (red spectrum 6456—38502 ; blue 5871—2418), and Lewist (blue 2416—2145),
both of about the same degree of accuracy with probable error in the neighbourhood
of 08 A. Of exact measures there are only two by FABrRY and Buisson] for lines
at 5870.9172, 5570.2908 I.A. In the red spectrum RUNGE has pointed out constant
separations of 945, to which PAurson§ has added three others. The observations of
Lewis gave me the first clue to the KrS set of lines and thus formed the starting
point for the present communication, although a great deal of preliminary discussion
of material for this group of elements had been previously done, especially in
connection with the separations for certain linkages. In the case of Kr a very
large number of separations in the neighbourhood of 786 to 788 had been found,
connected also with others of 809, indicating groups of triplets having these values
for », », Amongst Lewis’ lines a set was found with separations in the reverse
order, clearly pointing to a first set of —S (1) or +P (1) lines and corresponding sets
for other orders were then easily found. It would seem that there are always a
considerable number of separations governed by oun displacements in the limits of the
first order, and that of these, three seem to be of a more stable value and correspond
to normal triplets. For instance, in all these gases we find a very large number of
cases where a S, or D, line is followed by a line with a separation very close to $u,.
They force themselves on attention on account of their value being so close to the
half of a number being sought for, and others may be present although they have
not been looked for. In the present case two alternative sets of lines for the
S, series, one with », = 309 and the other with », = 841 appear. In the original
search the former was taken because it is reproduced in the D series as well. But
later certain difficulties in the determination of the oun, combined with the fact that
the corresponding oun multiple in A,, although quite definite, is out of step with the
march of their values in the other gases, led me to include the second. This gives
a multiple quite in step with the others, and also affords the means of obtaining
a good approximation to the oun.

The lines are given in the following table, which also embrace a few obtained by
sounding, both wave-lengths and wave-numbers are given :—

* ¢Trans. Roy. Soc.,” A, vol. 202, p. 183 (1903).
T ¢Astro. Journ.,” 43, p. 67 (1915).
1 ¢C.R.,’ March 25 (1913).
§ ‘Kong. Fys. Sills. Hand.,” N.F. 25, Nr. 12.
3 B2
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KrS.
S Ss. ‘ S's. Ss.
1. —(10)2353-95 ~ (10) 239838 —(3)2416°31 (-1)2418-134
4246898 786°52 4168246 30920 4137326 34051 41341:95
2. (10)3778-23 (9) 366916 (4) 362374
2646007 78645 2724662 341-49 27588-11
3. (3)2489°51 (1) 2442 - 68* 1 i
40156°61 76980 40926-41
L (1)2216°72 (1) 2179 34 (2) 2164+6 (2)2162-7
45097 - 86 7743 45872:2+2 311°4 461836+ 2 786°45+ 33986 46224-17+2
5. (2)2259-83. (6) 2299 02..u,
(#7421°14) 786°45+3435  (48551-12)
6. (4)2362-18.2¢1 (1) 2159 5.¢ (6) 2302-88.26 (8) 2300 35.2¢
48688°12)  788:06  (49476-18) 301-54  (49777-72)
r (48698-34)§ . ‘ 786°45+340°4 (49825'2)

The first three S, lines give for the formula
n = 5165129—N/{m+'098630—'014156/m }

The caleulated wave-numbers for m = 4...7 are in order 45095°25, 47419°39,
4869538, 49470°47. The first gives O—C, dx = '12; the others are outside the
observed region but are reached by sounding and glve O—C values of —08, ‘12, 22,

the errors including those of the sounders.
Quantities relating to the separation 309 will be denoted by dashed letters. With

the limit 51651'29+¢ and separations 786°45+dy, 309°20+dy,, 341°16+dy, | the
values of A,, A, are found to be

A; = 10969—"316£+1379 dv, = 44(249°30+ 314 dy,—"007¢),
Aly = 4244—121£+1367 dv, = 17 (249°63+ 80 dv/,—"007 ¢),
Ay = 4680—"121£+1365dv, = 183(249°64+ 73 dy,—"007¢).

The value of the oun is thus given by & = 24930+ 314 dv,, 249'63+'8 d'v,, with
the uncertainty usually found from triplet separations [see IIL, p. 332]. From the
limit = p(1) and A, the values of the a, b, ¢, d, e links are at once found. The
result for e = p,(1)(—24,)—p,(1)(24,) is 318385. Since S, (1) = p(1)—s(1),

* 185 (3) (- 99), see displaced sets below.

T Is Fg (2), see p. 376.

1 In region at very end of BALY’S list ; 41841 is his last.

§ (6) 2291-26.c.u.

| Obtained as least square value from m = 1, 2, 3, supposmg A equally probable.
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$(1) = 9412027 + ¢ = N/{1'079474 —578¢}%  From this the w, v links, viz,
u=s(1)—s(1)(A,), v =s(1)(—=A,)—s (1) can be calculated. The results are

u = 1884034233 dvl—'02§",

v = 1942°44 +2°48 dy,— 03¢,
with

e = 3183'84+4'096 dv,—"006£.

The occurrency curves for these are shown in Plate 2 (fig. 1). It will be seen at
once that the maximum occurrences appear with gharp peaks in close agreement with
the calculated values.

The calculated lines for m > 4 are outside the observation region, but their
existence can be indicated by using the above links as sounders. At the same time,
in order to give more confidence in the application of the method, the similar linkages
are examined for the lines which are observed. It is, of course, understood that the
existence of a single link is no conclusive evidence of the existence of the unseen
line, as it may be a coincidence. The evidence is cumulative and is seen at a glance
in the diagram in Plate 8 (fig. 1). The actual data are given here. In the appli-
cation of this the frequent link modification must be allowed for, as well as the effect
of observation errors. Consequently separations deviating by not more than two
or three units from the values determined above are admitted. As a fact, this will
exclude a number of real link connections as well as include a certain number of
pseudo ones. But by limiting the deviations to these small amounts the conclusions
drawn will be more reliable.

SounpiNg Data.

S (1):
(2) 37340 (1) 39799 188257
1944-49
(1) 39284  3184:49 S,  (Im) 38497  3185-23 S Ss
1882-11 :

(3) 41166 (1) 39741 194062

Here the u, v links form a series inequality in S; with 39284 and a corresponding parallel inequality
with S, The —e link with S, is probably spurious, since 38497 will later be shown to be Dy;(2) (p. 371),
and the link as shown is excessive. It is omitted in the diagram. No links are seen with Ss,

8(2). :
(1) 21332 1884:03 (1) 29130 (5) 31726
199417 188673
(2) 23276  3183-57 S;  (4) 24062  3183-70 S, 3183:38 (1) 30430 3183-11 (3) 33613
. 1940-68 1940-93
(5) 24578  1881-95 (2n) 26003 (2) 35554

Here is present. a chain of e links in 8, so frequent in Ag and Au [IV.]. Also, as in the case of m = 1,
are found the same modification effect of about 2 in the u, v links. It may be noted that in addition to
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the above there are lines (1n) 2601423 and (3n) 2529558 respectively 1232-39 below S, and 123266
above 24062-92. Now 1231-14 + -30dA; is the calculated value of a link ¢’ constituted in the same way

as ¢, but with A, in place of A;.
S (3).

(2) 39063  1879-80

(2n) 33791 2x3182+59 [S)] 3180 (1) 44123
(3) 39000  1942-56

The line 40926 entered under S; is 769-80 ahead of S;. The a link is 768-98, so that it may be
S; (3)+a. It is also numerically exactly the displaced line S;(3) (- 98), also (8) Sy(3), but see below.
Note that there is a rather abnormal + e link with the normal value of S;. The calculated value of S; is
41252-26 and is close on the limit of the region observed by BALY. Again with this, ¢ links are in
evidence, viz., (2) 42483-95 and (1) 4002321 respectively 1231-69 ahead and 1229°05 behind [Ss],
~whilst the former has +v links from it, viz.,, 1942-92 and - 1942-97. They are however not entered on
the diagram, since only ¢, u, v links are there shown. ‘

In the foregoing three orders the links are found in evidence. In the succeeding orders they are used

as sounders.

S (4).
(1) 41919 317811 8, (1) 42686 318584 (35S, (3) 43000  3183-04(25;) S5
194310
(1) 39976 (1) 43987 - 1884-63

The links here are unsatisfactory as well as the lines given for S5 5. Numerically the second and third
lines are respectively (381) Sy and (28;)S;.  They may really be displacements on the sequence terms, hut
if so the order is too high to make any certain decision. Taking S; as correet, the normal value for Sy
and Sg would be 4588431 and 46193-51. The former has links 1881-66 back to (1) 4400265 with a
further », 194272, back to (3) 42059-93. No direct link is found for normal S; Its -e¢ link should
produce a line at 43010°16. This is very close to the mean of the 43000 shown in the table and a line
(4) 43019-17, i.e.,, 43009-87. In other words, these two lines are (¢) (28;) S3 and (e) ( — 28,) S, indicating
that the normal S; line has been split into two by displacements + 28, on the limit (or F equal displace-
ments in sequent). Both linked lines are seen, but only one of the lines themselves, which is possibly
due to the fact that they are close on the limits of the observed region. We shall find indisputable

evidence of such displaced parallel series as a general phenomenon.

S (5).
(1) 42293
188465
(2) 44237 318173 [Sy]
1944-48
(3) 42352

The separation —e¢is given on the value calculated from the formula. Inm = 4 the observed is 26
larger than the caleulated, pointing to too small a value for the limit, which is quite possible as the limit
determined from lines involving S (1) = -P(1) is never found correctly. An increase of this order
makes the — ¢ link in S; (5) normal. It gives the line in the table with dA = — -08.
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It is most important to get evidence which can carry conviction as to the reality of
displaced lines, especially where the displacements occur simultaneously on both limit
and sequent. A numerical coincidence in this case can have little weight by itself.
In fact, it can have weight only in each particular case provided it is known from
other considerations that such displacements are a common and universal rule. For
this purpose it is instructive to adduce here some striking evidence afforded by certain
sets of lines connected with the S series. The lines in question are arranged in the
two following schemes, expressed in wave-numbers :—

— (1) 42844 —(3) 42059 ' —(8) 41496
12300 12453 122-92

—(2) 42721 252:37 S;(1)  —(1) 41935 252-94 S;(1) —(1) 41625 252°30 S3(1)
300-11

—(1) 42421

(1n) 26407 35-23 (1) 26442 (2) 27175

1731 17-29 22-53 ‘

(10) 26424 35-31 S1(2) (1) 27207 38-70 S,(2) (1) 27520 35-17 [§5(2)]

29956 29972 298-15
(2) 26724 35-47 (5) 26759 (2n) 27506 -

These lines are numerically displaced with reference to the S by amounts
represented by the following parallel schemes :—

81 (1) (- 99) 82 (1) (- 99) S (1) (- 93)
S (1) (- 63), 8 (1) S()(-69),  Si(D)  Ss()(-60),  Sy(1)
(=1738)S: (1) (- 69) : ]

S1(2) (- 99), 51(2) (- 39), S2(2) (- 99)
51(2) (- 69), 51(2), 8:(2)(-68), - S5:(2), Sa(2)(-69),  [S:(2)]
(-1738)81(2) (- 63), (- 1738)81(2), (= 1748)S5(2) (- 69). '

N

In addition, for m = 3, we have seen that in place of normal S,(8) the displaced
S,(8)(—94) is seen. The parallelism in spite of lacunse show fthat the set are
definitely related, and the fact that the same displacement on the sequents for
m = 1, 2, 3 are required to represent the observed separations is specially striking, it
being remembered that a displacement on the limit gives constant separation for
different orders, whilst one on a sequent gives different for different orders. Here,
for instance, 252 in m = 1, 85 in m = 2, and 16 in m = 3, all depend on the same
oun multiple, 94, displacement in the sequences. Also 128 inm = 1 and 17 in m = 2
on the same 68, whilst the constant displacement 800 is explained by —1748 = —694,
on the limit. , :
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Xenon.—Xenon also shows two spectra, without capacity in the red region and
with it, extending far into the ultra-violet. Practically the only material at disposal
is contained in the extensive lists of Bary* (red spectrum 6198-—2536, blue
6097—2414) with an accuracy of about 03 A. This is supplemented by observations
by LiveiNg and DEwAR,T especially by longer wave-lengths up to 6596, but
unfortunately only measured to the nearest unit.

Bavy draws attention to the large number of lines apparently common to both
Kr and X.  The number of lines in the whole spectrum is very large. BALY gives
1876 in the blue spectrum, but perhaps the most noticeable point for our present
purpose 1s the great variability with change in the conditions of excitation. This is
very clearly indicated by a comparison of intensities of corresponding lines as observed
by L., D. and B. The following are a few examples out of a large number illustrating
this. The numbers following a wave-length give the intensities as estimated
respectively by BALy and by LiveiNe and DEwAR :—

5191 5, 6 4890 5, 38
5188 4, 38 4887 5 0
5080 7, 2 4884 1, 4
5068 not seen, 5 4883 6, 0
5045 3, 6 4844 10, 10

As between the two spectra also, a fact noticed by L. and D. is of importance.
They say “ there is one very remarkable change in the xenon spectrum produced by
the introduction of a jar into the circuit. Without the jar the xenon gives two
bright green rays at about A4917 and A4924, but on putting a jar into the circuit
they are replaced by a single, still stronger, line at about 4922. In no other case
have we noticed a change so striking.” They also state that changes occur with the
same kind of discharge as between different tubes. These are clear cases of oun
displacements. PAuULsoN again (loc. ¢it.) gives some constant separations in the first
spectrum. The triplet separations observed are about v = 1778, v, = 814, in due
order of magnitude with those for Kr. No line suitable for S (1) comes within the
observed region, but there are two lines with W.N. 4037540, 3956150 separated by
81399, which would serve for S,(1) and S, (1) and are in a similar position to the
KrS lines. They clearly suggest that the S,(1) line is at —42158'389, using
vy = 177790 as found from the S, set. This is further substantiated by employing
the value of the e link, found below to be 7314, as a sounder. It requires a line at
about 34839, and such a line is found at (< 1) 8483678 (but see discussion under

* ¢ Phil. Trans.,” A, vol. 202, p. 183 (1903).
t *Roy. Soc. Proc.,” vol. 68, p. 389 (1901); ¢ Coll. Papers,” p. 494.
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S;(8)). The observed S sets, as well as others found by sounding, are given in the
following table :— :

XS.
S | Sa. Sp.
m. 5 .
1. —[2371-57 ~ (10) 247602 - (4) 252697
[42153-39 1777-90 40375-49  813-99 39561-50
2. (4) 385444 (5) 360717 . (1) 3503+ 99
2593690 1777-90 27714-80 815-11 28530-91
3. (4) 252710 (1) 241847 (<1) 2869-71.c
3955946 177669 41336-15 814°63 ° (42150 88)
4. (In) 2689-82.¢ (4) 2871-85.cu (1) 2829-35.6.0
(44480°53) 177744 (46257-97)  817-68 (47075 65)
5. (1) 2828-01.c.u (1) 2944-78.2¢
(46797-58) 177933 (48576-91)
6. (2) 2452:76. (1n) 2623-31.e.0 (1) 2549-05.e.u
(18072-37)  1778-33 (49850-70) 81534 (50666-04)
7. (<1) 2021 Td.ee (&) (4) 2777+ 10.0.¢ (8) (1) 2715910 ( - &)
(48866-68) 1777-80 (50624-48)  815-22 (51439-70)
8. (2)2658-37.e(—&)w (1) 2538+ 16.e.v (2n) 2468 54.c.u
(49350-39) © 177869 (51129-08) 81600 (51945 08)
9. (1) 2850°41.2
(49700 78) .
10. (1) 2616-79.c (= 8).0 (- &) (1) 2701-99.2¢ (1) 2432-87.6 (= 8)u (= 8y)
(49949-59) 177755 (51727-14) 815-61 (52542-75)
11. (1) 2584 0d.eu (2) 2470+ 30.0. (1) 2943+07.2¢.u
(50134-99)  1781-25 (51916-24) 813-57 (52729-81)
12, (2) 32021720 (1) 2479986 (3) 2614-13.2¢
(50276-15)  1777-00 (52053-14) 817-59 (52870°73)
13. (2) 2663 43.2¢ (<1) 2921-74.2¢u
(52162°72)  815-00 (52977+172)
The first three lines gives the formula
2
n = 51025'29-—N/{m+'096726—— O”ﬂf%}.

From the limit 51025, and using the observed separations given by the S (2) lines,
viz., 1777°90, 815'05, the values of A,, A, are found to be

A, = 24893 +13°64 dy,— 72 = 403 {610°87 + 334 dy, —"018¢},
A, = 10996+ 1838 dv— 31 = 18 {610°89+ 74 du,—'017¢}.

The calculated
The result

To a first approximation therefore the oun is given by ¢ = 610°88.
value of the e link from the value of A, is ¢ = 731409 —"0056£+ 423 dy,.
VOL. CCXX.—A. 3 ¢
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of examining the lines of the blue spectrum for separations of this magnitude is
shown in Plate 2, fig. 2. It is distinguished from those of elements hitherto discussed
by showing one definite maximum alone at about 7315°8, although there are indica-
tions of the appearance of another peak beyond 7817. The displaced e (8;) link shows
a difference of 2'32, so that a second peak might be expected at 7317°62. If the
actual value is at 7315°8 it would require 423 dv, = 1'2, or dy, about ‘30, dx = "04
distributed between the two S, ,(2) lines. This is possible with + 02 on each line,
but probably excessive for an error ot one of them. Both values are tested as links
below for the observed lines, and the results show that with the exception of S, (1)
the value of e, calculated from the original », is extraordinarily exact. For this
reason, and because the exact position of the peak of the frequency curve depends
on several disturbing conditions, the original value e = 73141 will be used for
" sounding purposes on lines outside observed regions. Again the first line —42153
and the limit 51025 gives 93178 as the value of P () or s(1). From this the values
of the u, v links are found. The complete set are

Links. ' Changes per §; displacement.
u = 413318 —"049£+2°19 dy, 177,
v = 442800—"061£+2'51 dv, 184,
e =7314'1—"0056+423 dy, 2'32.

The results obtained by sounding are shown at a glance in diagram Plate 38,
which embraces orders up to m = 13. The cumulative weight of the evidence is
overwhelming in support of the general application of this method. The existence
of a series parallel to the normal S at a distance —e is proved, whilst the presence of
other linked lines is rendered extremely probable by succession of similar linking in
the same set, and in neighbouring orders. Compare, for instance, the triplets in
m =1, 3, 4, 7, 8 and the sets for m = 8, 9, 10.

Detarled Discussion.—In the following discussion the starting point f01 the con-
sideration of each triplet set is—after m = 8—the value of S, (m) calculated from
the series formula obtained above. The sounders are indicated to the left of each
observed line and the values O—C in dX are given on the right, the observed or O
line being regarded as the observed sounded line + the link as given above. The value
entered in the table of S lines above is, however, not the line as calculated from the
formula, but the most probable value as deduced from sounding. They are indicated
below by asterisks. For the first three orders the values of d\ obtained by using
e = 73153 are placed to the right of those depending on e = 7314°1.

S(1).
[ - 42153-39] — 4037549 — 3956150
—e(<1) 34836 <15, 07 ~¢(5) 33061 -01, - 06 ~¢(3) 32248 —-07, — ‘14
— 2 (4) 27523  -13, — 02 ~2¢(1) 25747 00, — 15 —o—u(1) 28113  -04, — 07
—¢-u(3) 30700 37, -11 —e—u(l) 28928 00, - -11 —e+u(3) 36379 11, 05

—e—v(1) 27819 <00, - -12
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In the case of S; it appears as if the ¢ = 7315 is much superior. But, as it happens, the value of S3(3)
as calculated from S, (3) by v, is 4215120, and so is very close to S; (1). It will be shown that for this
the 7314 link gives very close values, and the linkage probably belongs to S;(3). The —e—w is
doubtful.

S(2).
25936 27714 : 28530
-¢(3) 18622 00, —-19 - -w(2) 23282 . -5l v(2) 32958  -00, 17
~e+u(10) 22755 -08, ‘16 —v(—28) -00

— 2015441+ 84]

In 8; the intensity of 22755 would suggest that its linkage is a coincidence. L.D. give a line 15447
which may possibly be ( — 2¢) S, for their measures are only to the nearest A.U.

: S (3). .
39559 41336 [42151]
See S5 (1) —e(<1) 34022 --03, --10 ~e(<1) 34836t 02, - 05
—et+u(<1) 38155 —-03, - -06 —2e(4) 27523 -00, - ‘17
—e—u(1) 29892 —-20, - -3l —e—u(3) 30700  -22,  -l4
—et+v(<1)38453 —-16, —-22  —e—u(-28) , -01

~2+u (1) 30843 —-14, -—-16

T S1(1) and S3(3) are very close. This sounder probably is correct here and does not hold for S; (1), -
for which it differs by about 3. : '

S (4).
[44481-06] [46258-43] ' [47073-48]
—¢(ln) 37166 02 * —e(1) 38940 16 —¢(ln) 39763 — 15
or (<1) 39754 23
—e-u(3) 33030 ‘17 ~2(1) 31628 09 —e-v(1) 35333 - -08 *
—e—u(-2%) , -00 —e—u(4) 34810 02 ¥

—e—-v(<1) 34518 ~-08

The 38940, 39763 are too far out to be dependent on ¢ links. They could be dependent respectively on
e(~28;) and ¢(+28;). Or more probably the lines 38940, 39754 may be S (4) (— 25).¢, S5 (4) (— 29).c.

S (5).
[46799-33] [48577-23] [49392- 28]
—e(ln) 39491 28 —e(1) 41257 - -23
—e—u(l)35350  -08 *  —e—uv(<1)36832 ‘11

~2¢(1) 33948 01 *

39491 is too far out for a link. It would give a reading for S; = 46805:45. It is curious, however,
to notice that we have sounders for a set with this value, viz. :—

4680545 1779-80 48585-01 - 815-52 4940053

—e(1m) 39491 —¢(3) 41271-15 —e—u(l) 3759325
S (6).
[48072-77] [49850-67] [56665-97]
—0(2) 40758 -02 * — ¢[42536] — ¢[43352]
 —e—v(ln) 38108 00 * —e—u(l) 39218 <00 *

302
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S (7).
[48846° 60] [50624°50] [51439-80]
— e[41532] — ¢[43310] —e[44125]
~2(<1) 34216  -08 * — 9% (4) 35998 —-08 * ~2¢(1) 36809 ‘08 *

-e—v(2) 37105 - -02

There seems clear evidence of displacement here producing a separation of about 2, which is the same
as that by & on e. The — 2¢ soundings give S;-S; = 177790+ 81512, which is correct, but 35998 is 2
-in the opposite direction. The lines in the list are therefore deduced from this set, using as sounders
e+e(—3), e+e(8), e+e(—5). The values of dA = +00 for the set.

S(8).
[49351-72] " [51129-62] [51944-92]
~¢[42087] —¢[43815] — 0[44630]
~e—v(2) 37606 ‘14 —e—v(l) 39386 02 * ~e—uv(1) 40199 12
—e-u(3) 37901 11 —c—u(3n) 39683 — 06 —c—u(2n) 40497 00 *

—20(2n) 40497 - -11

The linkage separation gives for the —e—v 1780°83+812°41 = v+ 1o+ *29.
' ' ’ ' —e—% 178219+ 81395 = »1+ vy +3°19.
The separations about 1780 are very common and will be discussed more completely under the D series,
but here the origin must be a different one. For S (1) the sounder —e (- 8;) —u is taken.
The — 2v link for S, is probably spurious. The line comes under S; as well. This is because of the
numerical coincidence »; + ve+ 20 = 11448-95 and e+ = 11447-28. It appears in m = 9, 10 also.

. S (9).
[49699-55] [61477-45] [62292-75]
~¢[42385] —¢|44163] — ¢[44978]
~92(1) 35072 —-05 * —90(1) 36842 24 —e—u(l) 40841 ‘16
—e~1}(1) 37953 -18
~ 20 (1) 40841 10
Only one reliable value — 2e¢ for S;.
S(10).
 [49949-21] [61727-11] _ (52542 41]
— e[42635] — ¢[44313] — ¢[45228]
—e—w(1) 38203 ‘16 * —~2¢(1) 36998  -00 * - 2¢(2) 37916 17
- 20(1) 41091 07 —e—u(l) 41091-56 -13 *

The —e~vin Sy, —2¢in Sp, eu in Sz give 1781:53+811:70 = v+ vo+ "28 the modified »;. For S;
and Sy the modified ¢(—8,), w(—8), v(—8&) are taken. The line 37916 under S; is also (ev) Dig(8),
considered later.

S (11). _
[60134°46] [51912-36] (52727 66]

— ¢[42820] — e[44598] — 0 [45413]
—e—u(l) 38687 =—-02 * —o—u(2) 40468 - 28 -2 —u(l) 33968 - -08

—~ 2 —v(<1n) 31076 -05 -2 -v(3) 33674 12
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Again the modified »; = 1780 with ex (S;) euSs. These and (2¢, w)S; give

1781-25 +813°57 = »;+vg—1-37.

S (12).
(50275 68] ' [52053-58] [52868-88]
- e[42961] ~¢[44739] — e[45554]
~9%-v(2) 31219 --02 * —e—v(1) 40311 01 * ~2(3) 38242 - -07 *
S (13). ,
[50385-80] [52163-70] [52979+00]
—2(2) 37534 -03 ~9%-u(<1) 34216  -04

These higher orders are necessarily close to high orders of the D series, and many are therefore
apparently common to both. E.g., 34216 has been adduced as (2¢)S;(7) and is also connected with a D
line. Also their wave-numbers are now so high that it requires two sounders in series to just reach the
limits of the observed region. The later identifications are therefore all doubtful.

Argon.—For the red or non-condensed spark spectrum about 360 lines between
8015 and 2476 together with 16 lines in the ultra-red have been observed. For the
blue or condensed spark spectrum the number amounts to about 780 between 6682
and 2050 together with another 40 lines in the extreme ultra-violet between 1886 and
1833. The measures in the red are due to PascHEN® (ultra-red), Kayser,t RuncE
and PascuEN,} and Eper and VALENTA,§ and in the blue to Kavser,f Eper and
Varexta,§ and Lyman]| (extreme ultra-violet). In addition we have exact inter-
ferential measures in I.A. by MEissNERT for some red lines and measures by Bany**
for a few extra lines in the blue spectrum. The red spectrum is noted for the
existence of the sets of constant separations discovered by RypBERG.TT The present
communication, however, deals chiefly with the blue spectrum. '

The search for the S series in A is more difficult than in the cases of Kr and X.
There are an extremely large number of separations of about the same value but
clearly distinct. They range round 179 to 188, and, as will be seen later, displace-
ments are very common. The clue is given from the analogous S (1) lines for Kr
and X. The only strong triplet lines in the corresponding positions are those given
in the following list :—

* ¢ Ann. d. Phys.,’ vol. 27, p. 537 (1908).

t ¢Berl. Ber.’ (1896), p. 551 ; ¢ Astro. Journ.,” vol. 4, p. 1 (1896).
1 ¢Astro. Journ.,” vol. 8.

§ ‘Denks. Wien. Akad.,’ vol. 64, p. 216 (1896).

|| ¢ Astro. Journ.,’ vol. 33, p. 107 (1911).

€ ¢ Ann. d. Phys.,’ vol. 51, p. 95 (1916).
*% <Phil. Trans.,” A, vol. 202, p. 188 (1904).
11 ¢ Astro. Journ.,” vol. 6, p. 338 (1897).
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AS.
m.
1. —(5) 23444 —(8) 2354°3 - —(1) 28585
4264210 17943 42462767 7560 42387°07
2. (5) 8765463 (2) 373988 (9) 8729450
2654976 18164 2673140 7474 26806°14
3. (1) 24841 (2) 24731 (1) 2468°8
4024405 179'10 4042315 70°39 4049354
: 7559 (40498774)
4. (221277) | (2204°0) (2200°3)
(45179°30) 179°50 (45358'80)  '75'60 (45484°40)
5. ‘ (2098°5)
(47681)
6. [2049°5] [2042°2] [2038°8]
[48776°74] [48950°84] [49081°94]

The observation errors for m = 1 and 8 are very considerable, since the measures
are only given to ‘1 A.U. and ‘05 A. produces about dn = '8. Consequently it is
possible only to obtain approximate values for », »,,  On the other hand, for m = 2,
where we have very accurate measures, there must be some doubt about the allocation
of 8,(2) because its intensity, 9, is so excessive in comparison with the 5, 2 of S,
and S,, and the », separation of 181°64 is greater than observation errors on the lines
for m = 1, 3 allow. The latter objection, however, can be set aside as it corresponds
to the excess », observed in Kr and X diffuse sets and, as will be found later, in NeS.
In these cases »,+v, comes out to be normal. Here, however, the sum is about
1’85+ too large, and with the S(1) separations the typical S;(2) would be at
2680479 or dx = ‘18, probably of intensity 1, and so overshadowed by the strong
line in the list. As will be seen immediately, the linkages will show that this value
is preferable. The linkages will also show the probability of a line at 40498 for
S5 (8). ‘ :

The three first S, lines give the formula

n = 51731'05——N/{m+'095901—%%}2.

For the determination of A,, A, the oun and the links, reliable values of », and »,
are required. We have seen that the values obtained from the observed sets of lines
are subject to large observational errors. Nevertheless that the true value of », is
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not far from that shown by S(1) is indicated by the fact that there are several
accurate separations of about 179°5, e.g.,

(6) 20621 179-31 (8) 20800 .179°61 (4) 20980
(3) 26893 17935 (1) 27072
(1) 31359 17962  (4) 31538

of which the first is part of a linkage. With the limit 51731°05+¢ and
v = 17950 +dw, v, = 75'60+dw,, the values of A, A, are

A, = 2519—"073&+ 14 dv, = 433 (57°59 + 32 dy,—'0016¢),

Ay = 1057 ~"080£+ 14 dv, = 184 (5791477 dv,—"0016¢),

or ,
A = A]""‘Az = 62 X 57'70.

The oun is thus given by 44, = § = 577 with some uncertainty owing to inexactness
in the observed triplet separations. Its value calculated direct from the atomic
weight 39°9 should be § = 861'8 x ('899)* = 57°6 + 14, the uncertainty being due to the
uncertainty +°05 in the atomic weight. The value of s(1) = p (1)—S (1) = 94373°10,
from which the u, v links may be calculated. The e, u, v links are found to be

e = 71971+4 dy,
u = 439°47 +2°43 d,,
v = 442°67 +2°47 dv,.

The examination of the spectrum gives the occurrency curve shown in Plate 2,
fig. 4. It shows a very distinct maximum in the region around 720 but little to
show the exact position. The values appear somewhat irregular. If] e.g., the ordinate
for 719°6 be drawn, it would be the same as for those at 720'5 and 721. It may be
noted that if the maximum 1s taken at 7204, » is '18 larger = 17.9°68 and the oun
calculated from A, becomes the same as from A. But this is rarely the case in
triplets. As, moreover, the link 7197 when applied to the observed S (1, 2, 3) lines
gives better agreement than a link 7204 we shall use it for the purpose of sounding.

The results of sounding are exhibited in diagram form in Plate 3. The details
follow :— '

S(1).
42642-10 4246267 4238707

—e[41922-39] —e[41742-96] ' —e(3) 41666 — 06

(—178,)(2) 41474 —e—v(4) 41299 -02 (—178:)(2) 41218
-e—u 81-86 06 —e—v --03

(68;) (1) 41488 —2¢(2) 41023 - 02 (68,) (2) 41231
e(—68;) (1) 43355 *00 —2¢+u (4) 41460 11 —2e(1) 40949 --10

— 2¢ —u(2) 40585 -+10 .
+¢(3) 43183 - 06

We find in the three sets clear indications of displacements producing separations of 12 or 13. As they
appear in different orders such displacements can only arise in the limit. Two cases occur in m = 1, viz,,
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Si(1)-e—wand Sg(1)—e~v. They land between the lines indicated above, where the separations are
13:76 and 13°59, or the same within error limits. Now 138; on S( o) produces 13-26, and the four
lines in question are 41474-51 = (78;)S;(1)—e—w or ew.(78;)S;(1), 41488-27 = e.u.(—68;) S, (1),
4121808 = e.0.(78;)S5(1), 4123167 = ¢.0.(68,) S3(1). That is, S; repeated from S;.

S(2).
2654976 . © 92673140 2680614
(- 33) (4) 25817 - (—68)(1) 27165 u-5-8(1) 2723982
—e 2944 09 w 71-50 - +09
(28) (7) 25841 (68, (2) 271717 v—-6-2(1) 2724258
2¢ —v (4) 24665 34 —u(-"T8)(3) 26285 ~+05 —¢—12(3) 2609842
—e—u(l) 25391 - 17 - (3) 26001 — % +u (1) 25804 -31
—e 11:98 — 04 '
(3) 22 — % +u+v(3) 26248 ‘11
—2¢(1) 25290 14 — 2 —v(l) 24921
—2¢—v(3) 24845 58

Several interesting points emerge from the above.
(1) The links to 26806 as Sz are all bad. On the other hand, if the links are regarded as correct,

the last three point back respectively to 2680397, 0534, 03-35, or a mean 26804-22. If S, is correct
and vi+vy = 179:50+75:60 as assumed Ss should be 26804°:86, the same within the various error
limits. This is therefore supporting evidence in favour of the supposition made above that the very
strong line (9) 26806 is not itself S;(2), but that it overshadows the true one, which ought to be a very
weak one.

(2) The existence of separations in the neighbourhood of 12 is also very marked. There are lines
(4) 26562-08 at 12-22 above Sy, (2) 2674415 at 12-75 above S,, and (3) 26098-42 at 12 above the linked
line S;+e¢. Further, 12, 2 x 12, appear in connection with the different linked systems, showing the
existence of sets of lines depending on displacements in S ( o).

(8) In 8, the allotted line is 181-64 ahead of S; instead of the normal 179-50. The majority of the
links from S; are to displaced lines, in which &, gives a separation of about 1-03, so that no direct
evidence as to normal value of S; is directly available, beyond the fact itself that displacement is very
prevalent. The two only direct links, 2¢, 2¢+v, would refer back to lines at 2673034, 2777, or a mean
of 2672905, which is 1793 ahead of S; and clearly points to the normal S;. In other words, the normal
8, is displaced by (— 28;) S (), but the linked lines refer back to the undisplaced normal lines. With
the development of our knowledge of the laws of spectral construction, such facts as these may be
expected to be of the greatest importance in settling questions of internal constitution of individual

vibrating systems.

S(3).
40244 40423 (40498 74)
¢+ 6(3) 40969 ¢+17-3(1) 41150 ¢(2) 41218 02 *
e+v(3) 41407 - 04 2e4+6°4—v(3) 41426 e+v(2) 41860 ‘04
2 (3) 41681 07 2¢(2) 41860 14 2¢(3) 41940 - -16
2 —v(3) 41243  -01 —e—u(l) 39265 ~ 12 (1) 41488
2 —u 500 - -10
—¢+12(4) 39536  -02 -~ ~w»(b) 39981 - -08 (1) 41512
~%+u(l) 39244 ~-01 —%+u(3) 39420 16 (2) 40926
’ % 37 <02

(1) 40949
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Here again the links to the line observed near normal Szare bad, whereas the links treated as good refer
back to a line exactly »; ahead of S;. Further the 12 or 6 separation is again in evidence. Also the links
2¢, ~ 2e+u, —e—u refer back to lines differing by about 6 from S,.

S (4).
[45179 - 30] [45358] [45434 - 40]
u(l) 45618 —--02  _  e—v(1) 45635 00 —e—u(l) 44996 - -09
—v(4) 44735 -07 ~v(3) 44913 <12 —e—u(l) 44275 - -0l

-2 +v(2) 44175 - 16

Here the calculated lines agree remarkably with the sounded. The calculated are therefore adopted.

S (5).
- [47501°68] [47681-18] . , [47756-78]
v (1) 48126 - 12
w+6(1) 48126 -00

The only links apparent are for Sy, again with the 6 displacement. These lines are all close to the limit
of observed region.

S (6).
[48776"74] (48956 34] [49031-94]
~%+0(l) 47784 16 ~9—12(1) 47522 -09 —e+u(l) 48753 06

—2—u(l) 47155 —-10

The lines are now so far out of the observed region that.the links are too small to refer back to well
observed regions even if such lines are really existent.

The foregoing discussion of the S series affords evidence of the existence of dis-
placements of about 12 (or 6). This requires further consideration as affording
material on which additional knowledge may be obtained regarding the laws which
such displacements follow. The presence of the same displacements in successive
terms of the series points to a modification on the limit—either a pure displacement,
a linkage effect, or, as the separation is small, possibly the difference of two links.
The further evidence to follow points decisively to the existence of displacement.
Whether they are due to displacements by multiples of the oun on the limit is, of
course, not so convincing. The numerical relations are very closely represented on
this hypothesis, but in the case of argon the & is so small that it produces in S,
“separations of 1°03 only. In lines whose wave-numbers lie about 40,000 or greater,
this produces changes in A of '06 and therefore comparable with observation errors.
In the case of S (2) only—wave-numbers of order 26700—does it produce dx = ‘15.
The measurements here are by KAYSER, whose errors are probably < ‘02, almost

certainly < ‘05, and a close agreement between calculated and observed lines will
give evidence of some weight.
VOL. COXX.—A. ' 3D
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m=1. In S(1) cases of the displacement associated with the linked lines have
been given above. They also exist in connection with the S lines themselves. Near
S, (1) are 4244825 and 42478°'49, both of intensity 1; the first 14°42 above and the
second 10'82 below S,(1), or a difference of 2524 = 2x 12'62. Again (8) 4240145
is 14'88 above S;(1). Now 344 = 144, displacement on S (o ) produces a separation
of 14'42, and of 2146 = 104, one of 10°30. If, therefore, the observation errors are
very small the lines in question are respectively (—144;) S,(1), (104,) S,(1), and
(—144;) S;(1). There is no corresponding (—1446;)S,(1), but (1)42623'93 is
(—188,) S, (1) with dx = "00.

m = 2. In S(2) we find direct displacements on the S (2) lines with a whole set
of linked lines. They are indicated in the following table :—

(9) 26806 14

(4) 2656208 182:07  (3)26744°15 7560 19+75
(1) 26833-37
—e(7) 25841 ~+13 —e(3) 26022 —¢(3) 26098
- 2(5) 25121 - -09 e(2) 27464 - -12 —¢+24-61 (3) 26123
- 3¢ (1) 24399 “30 ~u(2) 263056 - 12
—u(3) 26123 -06 ~e—u(1) 25582

—e+0(3) 26285 -00
- 3¢+v(3) 24845 00

The line 26562 has been already adduced. It is (—24) S,(2) with dx = —'02.
The lines 26022, 26098 under (e)S, and (e)S; differ by 7557 or a normal v, and
refer back to lines which would give the true triplet separations with the first
line 26542.

m = 3. From S, (3) the two lines (1) 40258'62 and (4) 4027321 are displaced
successively by 1457 and 14°59, the same separation as in the case of m = 1. They
are (—144,) 8,(3) and (—284,) S, (8), with O—C given by dx = 00 in both cases.
The first has a modified e link —722°61 and the second another.of 71846 to observed
lines (4) 8958601 ; (6) 40991°67.

The D and F Serzes.

It will be found that the rare gases show a large preponderance of sets of lines
which have all the characteristics of belonging to satellites of D series, or to parallel
multiplet F series. In other words where, as in other elements, the d sequences
show two displacements from the main d;; sequence when triplets are in question, the
rare gases show a large number of such displacements, both in the d and the jf
sequences, many of these being due to large multiples of A, No attempt has been
made to determine the whole system of these satellite sets, a problem belonging to
an intensive study of individual elements, but a sufficient number have been adduced
to prove their existence and to exhibit some of their characteristics. ‘
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Krypton.—The following table contains lines allocated to the D series for krypton
and discussed in the present communication :—

KrD.
78825  (2) 1990469 30971
Dys (1) 19116-44 (2) 2021386
79047 (1) 1990691 306-95
186019 '
786-03 (1) 20714-49 311-84
Dy (1) 19928-46 (2) 21026 33
789-67 (3n) 2071813 308-20
104817
Dis  (2) 2066936 78840  (5) 2145776 308-82 (3n) 2176658
o= 14 307-27
Dys [20763- 25 789-40  (2) 2155265 306-33  (2) 21858-98
213-38 _
Dy (2n) 2084289 788-78 (1) 21631-67 | 307-68  (4) 21939-35
13374 ' ‘
Dis (1) 2087160 78875  (5) 2166035
105-03
Dy (<1) 2087578 78828  (2) 2166406
*100-85
k D11 (6) 2097663 .
Dis (1) 38037-85 787-60 (1) 3882545 311°96  (2) 3913741 ¢
Dy 38275 82] 787-44  (2) 3906326 2
S 3832467 78733  (2) 39112-00 308-99 (1) 3942099
=29 Dy (1m) 3849723 787-16 (1) 3928439 306-87  (2) 3959126
Dy (1) 3853194 ?
Dy (5) 3856046
3 Di;  (2) 4440853 787-99  (2) 4519652 30807 (45504 59)
S Dll (3) 4442667
_— (47077 38) 786-19  (47863°57) 308-15 (48171-72)
= (47080 55) ‘
m =5 (48500-71) 786-88  (49287-59) | 305 [49593-55]
P (49345 98) 78797 (50133 95) 309-89  (50443-84)
= [49349- 39]
m =T (49896-60)

It will be clearer to consider first the Dy, lines by themselves, and then the satellite
lines in each order. From the first three lines the calculated formula is

. 2
" = 51655-56—N/{m+-897262_&Q%E}_ |

The limit is within errors of the value found for S (), but in view of what
happens in the cases of X, and RaEm to be considered later, it may be noted that
the difference D —8_ = 427 is very close to a —, displacement in S, (o ), which
would produce a separation of 4'42. [Note.—If D (o) =S (), £ here = —4'27+¢

3D 2
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of S(o). If D(o)=(=8)8(»), ¢here = §¢~'15 6f S().] The lines calculated
from the formula for the succeeding lines are all outside the observed region. For

m = 4 ... 7 they are respectively in wave-numbers
- 47079°52, 48500°56, 49349°39, 49896°60,

The detailed discussion immediately following will show the evidence for their
existence by sounding. The existence of a parallel set at a distance —(e+w) is
brought to light which show for the above calculated lines values of O—C = 09, "00,
14, —01.

The agreement is remarkably close and would seem to show that the value of
D (o) used is very close to its true value, about one or two units in excess. The
results of the discussion are exhibited as a whole in Plate 3, fig. 4.

As in the previous cases, the linkings with the observed lines m = 1, 2, 3 are given, in order to show
that the method is justified where it can be tested.

1. 9, 3,

(6) 20976 (5) 38560 (3) 44426

¢(4) 24158 17T (1) 41743 04 —0(10) 42483 -0l
(1) 22014 -86 _v(1) 36619 -27 ~2(4) 37061 13

v(-8) 22914 00
~c—v(3) 15856

4. 5 : 6

[47079°52] [48500°56] [49349-39]
—o(T) 43894 08 o [45317] — ¢ [46166]
—e¢—v (1) 41951 09 —e—wv(l) 43374 00 —e¢—v(2) 44220 18
~u(2) 45196 00 ~
7.
(49896 60]
—-¢[46713]

—e—v(l) 44771 - -01
~2-v(3) 41588  -05

In m = 1 negative links lead to lines in the red where observation is defective. LiveING and DEWAR
give a line to the nearest unit which may possibly be a —¢— v link. - The line 22914 is too far out to be
an exact v, but its difference is 4-47, which corresponds to an exact — 8 displacement on the limit, In
other words, it belongs to the limit as calculated from the S series.

In m =.4...7 the —¢—v sounders all show lines in evidence. The —e¢ sounder for m = 5, 6 would
show lines just within the boundary of observation, and the absence of corresponding observed lines is
therefore explicable. In m-= 4 the line 41951 is part of an apparent triplet.

(1) 41951-59 78619 (1) 42737-78 30851 (2) 43045-93.

"I“‘he diminished values of vy, »y indicate that the second and third lines correspond to Dyy and Dg; lines.
The value of »y is however sufficiently close to make the difference due to observation error, in which case
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41951 would correspond to a Dy, leaving the calculated 47079 as a true Dy (dA = 0), whilst Dy, is
47077-38. That 47079 exists is also shown by the » sounder. In the table this arrangement is adopted.
The line entered for m = b is the calculated, as it is so close to the deduced. For m = 6, 7 they are the
deduced from the —¢-—# sounder. The sounders for Dy, Dy, m = 4...7‘, are indicated in Plate 3, fig. 4.

The Abnormal Satellite Separations.—The separations of the lines suggested for the
satellite sets show abnormal values in that they are roughly about 2 greater than »,
for the S triplets. The difference is real and not due to errors of observation, and we
shall find a corresponding abnormality in the other elements of the group. Taking
BALY’s maximum error to be dx = ‘05, the maximum error in n for the D (1) lines
will range from ‘21 to '24, or, say, ‘45 on a difference of two lines. All the D (1)
readings for » can therefore be the same within observation errors, but cannot
possibly agree with that for the S set. Those for », however, 308'82, 307°68, cannot
be the same without allowing errors larger than dx = "05. If they are to be the
same the excessive error is probably in 21766, which is nebulous and would require
dx = "08. Further, in addition to the lines assigned here to the D series, there are
a very large number of other lines showing separations of 788. The question arises,
therefore, as to the origin of this abnormality, and it is important to discuss the
various possible sources. The formula gives so closely the values of the lines for D,,
from m = 1 to m = 7 that there can be little doubt as to the essential correctness of
the Dy, allocation. The limit of the series cannot then be very different from S ().

(1) Is 788 a real separation—i.e., is it produced by a displacement on 8, () by a
larger oun multiple—in this case of 441 in place of 448 ? If so the separation would
. be 4'52 greater, or 791 instead of 788, and such an explanation is therefore quite
inadmissible. :

(2) Is it a b link modified by displacement ? If D (o) be as found, s.e., (=4,) S (),
» will be increased by "09 or 786'45 to 786°54—an inappreciable change. To produce
- a change of 2 in the value of b or » the limit would have to be (—58) 8, (o), which
gives a value 88’5 above S(c). But, as a fact, the limit found is quite close to
S, (). This explanation is therefore excluded. v

(8) Are these displacements on the d sequences? In the normal case the
d sequences for a given satellite triplet are the same, but are displaced from one
satellite set to another. Is it possible that the sequences suffer displacement in the
same triplet also? Take, for example, the satellite set whose first line is 20669.
The sequent is d = 51655—20669 = 3098620 = N/(1'881350)?. A displacement of
—4, on the denominator 1'881 increases d by 206. If the displacement is on the
first line of the triplet it must be —d,, if on the second +d,, and both give practically
the same value 788'51 for the apparent separation in general agreement with the
observed value. There is nothing, however, to show whether the displacement should
be —§, on the d, or +4; on both d,, d,, as the observed 308°82 is within our assumed
error limit, but it is interesting to note that if the oun for », be the same as for », the
true value of », would be very close to the observed. In this connection it is to be
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remembered that in the d sequences the oun is not affected by the peculiar triplet
modification shown by all elements. In the 20842 set the observed v, is 30768, but
the value of the observed v+, is very nearly normal. This means that the third
line does not suffer displacement, but only the middle one 21631.

It this explanation is correct, the modifications must diminish with increasing
order. For instance, in d(2), 8, produces a change in separation of ‘56, and the new
v = 786°45+°'56 = 787°01 as against 787°16 observed. For m = 8 J, produces ‘23,
but the possible observation errors in n—maximum dn = 1'0—are now so great that
the observed separation of 787°99 is well within the limits of 786'68. So far then as
merely numerical agreement goes this explanation would seem very satisfactory, but
the changes required are so small that by themselves they can give little confidence.
We shall, however, see later how it explains certain effects in the F (o) (p. 868)—
which depend on the d (1) sequents—and, further, how it also explains similar
modifications in the other elements of this group. Meanwhile further evidence in
its favour may be obtained from linkage considerations. Some examples follow.

(Note.—The observation errors in the separations should not exceed about *50.)

(@) The mesh
78603 (1) 20714 311-84
(1) 19928 (2) 21026 78736 (4) 21813 30947 (1) 22123
789°67 (3n) 20718 308-20
Here with 20714 », is normal, » abnormal, but »+v, = 1097°87. Our explanation
gives 788'51+30920 = 1097°71. Thus on the upper set the first and second have
the same d sequent, whilst the third has (J,) d. In the lower set, on the other hand,
20718 has (4,) d, the same as for the third.
So also.in Dy,  In the first set d has ¢, in second and third lines, in second set it

has 24, in second line.

(%) A
—786-43 (2) 23390 788" 77—,
; (3) 24178 308 77—,

(4) 22603 789-15 (4) 23392 178603 |
_a11-03 (1) 22914 2 x 78647 (4) 24487

This is a striking example of persistence of the displacement in linked lines. Of
the lines in the second column, the first has the same sequence term as 22603, the
next two have the links v, », but the sequent displaced d,. The line 24178 keeps the
same displaced sequent as these last, and therefore has a normal », to 23392, but the
abnormal to 23390. So 24487 keeps this same d, displaced sequent and so shows a
normal », to 24178 and 2y, to 22914. In other words, if the first line is denoted by
X, the above sets may be denoted by the following scheme —

X—I~r/1

X X (81) +
X (8)) +w X (8) + 20+,

X (31) + 2y,
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(c¢) This example involves the ¢, d links whose values are respectively 80459,
823'29. It belongs to the D (1) system. The lines enclosed in [ ] are hypothetical
and introduced to indicate the transitions. The relations are indicated by the
accompanying schematic arrangement, starting with 20875 = D,.

2/0’38—{9&* 24 22428 . Deaditoc—Ddrersee
O,v
/\2/2442 ye3f) + 8
6%
6 A® .
21642 < 22444 Dgidee(  Dyezird
Fog .
.
> 22444] . (D)4
65!
, 19 s ,
2087/—je8-55 2/660489 .35 /22448———825-89 23274 Drd) ——Dy-4) D s ——D)esed
86’ 45
. 18 : :
P e
206/5 4788 -28 20654 ’ D D

It may be noted that in this fragment of a linkage all the links involved are
p-links. A similar preponderance of these in linkages connected with D lines is a
marked feature also in Ag and Au [IV., p. 389].

The conclusion is to be drawn that there is very considerable evidence in favour
of (8) as explaining the origin of these modified separations. 1t does not, of course,
follow that the effect indicated in (1) does not exist amongst the lines of a spectrum.
We know also that the effect indicated in (2) is existent, and we shall find clear
evidence of it in the existence of lines depending on limits which are displaced S{ ),
e.g., in the case of 19928 considered below Further support to (3) is ‘given by the
F separations (p. 370).

The Satellites.—Any allocation of satellites which may be regalded as firmly
established 1s a matter of some difficulty on account of the large number of », »,
separations which enter indirectly as links, and the prevalence of sets depending on
displaced limits and displaced d sequences. The lines in the list for m = 1 are placed
there provisionally and for special discussion, although other lines certainly belong to
the system. Consequently, the denotation D,, is to be regarded simply as a means
of referring to the different sets considered in this communication only, the n giving
the ordinal position starting from 20976 as D,,.
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