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THE DISPLACEMENTS OF NICKEL AND TITANIUM LINES
IN THE SUN AND ARC.

By T. Roxps, D.Sc.

The displacements of the iron lines in the solar gpectrum have been given in provious bulleting 1 and from
the sun-minus-arc displacements Mr. Evershed deduced a vertical current at the centre of the sun’s disc
decreaging with depth, and a low pressure in the sun. It was shown, however, that lines which are
ungymmetrical in the arc have abnormal displacements in the sun, and these lines had to be left out of
consideration. In extending the mvestigation to nickel and titanium it has to be remarked that these abnormal
displacements are much more frequent than with iron. In the case ol nickel it is doubtful whether there are
any really symmetrical lines in 1ts spectrum. So rare are symmetrical hines in nickel and titaninm that it has
not been possible to confivm, except to a limited extent, the conclugions arrived abt from the iron lineg, bub one
can only sav that the results from nickel and ltanium are not inconsistent with those indicated by iron.

Tive geparate investigations of digplacemenis were carried o6ut, namely :(—

(i) Centre of sun’s disc minus centre of nickel are,
(i1) Centre of gun’s dige minus centre of tilanium are,
(iii) Limb of sun minus cenlre of gun’s dise,
(iv) Negative pole of nmickel are minug contre of nickel arc,
(v) Negative pole of titanium ave minug cenlre of titaninm are.

The displacements measured are given mm Tables IX and X at the ond of thig bulletin. The limb-minng-
arc digplacements were obtained by addition of the digplacements in (i) and (iii), and in (ii) and (1) for nickel
and titanium respectively.

Eapervmenial Detanls.

The spectrograph has been deseribed previously®, but has now an Anderson grating with 97 x 128 cm.
ruled space and 75,085 lines. The third order speelrum was used and the dispersion varied from 085
angstroms per mm. at A 3560 to 064 angstroms per mm. at M 5170. The oplical arrangement for
photographing sun and arc stmuliancously was tho same ag that employed previously® and the device used for
photographing the two limby and the centre of the dise simultaneously was the same as that deseribed in
Kodaikanal Observatory Bulletin No. XXXIX. Care was taken that the grating was uniformly illuminated
from each of the different light sources whose spectra were required in juxtaposition for meagurement of the
digplacement of the lines. For the adjustment of the limb and centre plates in the micrometer, lines of the
iron arc were impresscd on the plates but were not used for meaguring displacements.

The eleclric arc was supplied from a battery of 110 volts and burned in air at 580 mm. prossure (the
normal atmospheric pressure at the altitude of the obgervatory). The arc was placed vertical, parallel to the
glit, with a length of 10 mm., cnlarged to 32 mm. on the glit plate by a condensing lens. The are length

1 Kodaikanal Observatory Bulleting Nos. XXX VI, XXX VIIL, XXXIX, XLIV, XLVIL
2 Kodaikanal Observatory Bulletin No, XXX VI,
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and current were kept as constant ag possible throughout the series of experiments but it will be readily
understood that the displacement al the mnegalive pole depends to such a large extent on the instantaneoug
condition of the arc that the photographs do not form one homogeneous series even though the regions
photographed were made to overlap. This does not apply however to the sun-minus-are determinations, for
the wavelength at the centre of a long arc ig sufficiently stable for the whole seb of photographs of about 100A.
each 1o form a homogeneous series.

The arc had generally to be exposed longer than the gsun to give easily measurable arc lines, go that the
exposures were not always strietly simullaneous, but the exposure in the sun was always made in the middle
of the are exposure without interrupting the latter.

In each region of the spectrum it was found necessary (as also previously with the iron spectrum) to have
some photographs with a short exposure on the arc and some with a longer exposure. The stronger arc lines
are measured in the ghort exposure plates and the fainter lines in the long exposure with a sufficient number
of lines meagurcd in both to preveni systematic differences being unnoticed. This procedure 18 necessary in
order to avoid making measures on overcxposed arc lines, for in my experience it is not possible to set
accurately on them and in the case of unsymmetrical lines the measures may not be true owing to the
difficulty of distinguishing the position of maximum intensity.

Measurements of cach plate were made with the red on the right hand side and again with the red on the
left, and were made in duplicato by two measurers.

Many lines are included in Table IX which were not identified by Rowland, but there is little reason to
doubt their identity. Rowland missed them perhaps because he did not recognise that lines. nebulous and
faint in the arc are gonerally strengithened in the sun (being high temperature lines) and had mo reagon to
expect ‘such large differences of wavelength between sun and arc which we now know {0 be due to the
unsymmetrical character of gpectrum lines.

I,—NICKEL LINES.

1. The displacement at the negative pole of the nickel arec.

Thege displacements, given in Table IX, column 6, each the mean of three determinations, have been
meagured in the game way as those of iron and other elements deseribed in Kodaikanal Observatory Bulletin
No. XL. As thore wag no supply of pure nickel available, ““ nickel ” coing (value one anna) of the Indian
coinage were taken for the are. The coing arc an alloy consisting of 80 per cent of nickel with 20 per cent of
copper. A coin wag made the lower, negative, clectrode and the upper electrode was commercial iron. With
thig arrangement the arc burned very stcadily, more steadily than the arc between two iron electrodes ; the
iron lines wore produced simultancously and gave a check on the congistency of the results with previous
meagured of the sun and iron are. The arc length was 10 mm. throughout, enlarged to 32 mm. on the slit
plate, and tho current strength 5% ampdres. In order to avoid iron globules adhering to the anna coin when
the arc was struclk, the cleelrodes were never brought into contact but the arc was started by 1nserting a piece
of arc carbon hetween the electrodes.

Except in the region above M 3900, most nickel lines undergo a large displacement either to the red or to
the violet. As in the cases of othor elementis the lines are displaced in the direction to which they widen
unsymmetrically in the arc and those lines which appear symmetrical have zero or small displacements. It is
not claimed that the ncgative pole digplacements less than about 0°004A recorded in Tables IX and X
are real, but the means of the measures have been given without modification. In some cases where the lines
are too faint or diffuge Lor measurement the direction of the digplacement at the negative pole was evident under
low magnification and hag been noted in the table.

There ig a parallelism between the pressure digplacements given by Duffield® and the displacements at the
negative pole but it iz very doubtful whether there is any physical relation between the true pressure effect
and. the negative pole displacement, It seems more than probable that pregsure displacements as determined

* Duffield, Phil, Trans. Roy. Soe., 215, 205, 1915.
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from increasing the pressure of the atmosphere surrounding the electric arc ave, to a greater or less degree
depending on the condition of the experiments, not free from the displacements obgerved at the poleg of the
arc. Consider, for example, the values given by different experimenters for the pressure shift of the Mount
Wilson group e of the iron lines which are displaced to the violet al the necgative pole, The lines of thig
group were originally defined as thoge which ghift, and widen unsymmetrically, towards the violet under
pressure,! and Gale and Adams give the pressure shilt of the group in the region A 5400 to be — 0°014A per
atmosphere (i.e., to the violet) in comparing the arc 1 vacuo with the are al pressures up to 1 or 2 almo-
spheres.? St. John and Babeock, however, comparing the are 4n vacuo with that at pregsures up to 1 atmosphere
obtain a value of + 0'0017A per atmosphere (1.e., to the red), at mean wavelength A 5392 and — 0'0035A por
atmosphere (i.e., to the violet) for the lines at mean wavelength A 37553,  8t. John and Babeock do not state
why their experience differs [rom that of Gale and Adams working between the same pressures, but one may
assume it is because they have had a longer are, or have avoided the polar regions, or both. It is probable
that the values of St. John and Babcock are more free from the pole displaccment but it ig open to gquestion
whether they represent the true pressure shift even now.

It ig to be noted that the lincs showing decided displacement at the negative pole are generally high
temperature lines belonging to those groups which are faini or abseni in the furnace spectrum according to
the experiments of King,* but are nol enhanced in the spark,

2. The sun-minus-are displacements of nickel lines,

These are given in column 7 of Table IX., Only tlhe ceniral portion of a long arc was used for
comparison with the centro of the sun’s digc.

(@) Relation to negative pole displacements—The intimate relation between the displacements in the sun
and at the negative pole of the arc ig al once evident from Table IX. The lines with a decided shilt io the
violel at the negative pole are displaced in the sun more to the red than lines with zero or slight ghilt al the
negative pole, and those with a ghift {0 the red atl the negative pole are digplaced to the violel in the sun or, in
a few cases, only shightly o the red. This indicates that the condilion of the vapour (probably vapour
density®) at the conire of a long arc is intermediate between thakb in the sun and that at the negative pole of the
arc. In the following table, the average sun-minus-arce displacements are given for lines claggified according to

the amount of the ghift at the negative pole of tho are. The result of the lable is embodied in the accompanying
diagram.

TABLE I.—Relatron betiween sun-mmus-are displacements and negative pole displacements for nickel lines.

Displacement al negative pole. Over— 014A — U14A to — 003A Lo + ‘004 A to Ovor+ 014A.
— "U04A., + 003A. + 014A
Mean displacement at negative polo — (0226A. — D090A. + 0N0BA. + *0108A. + “0225A.
Mean centre-mmus-arc displacement + 0106A. + 0073A. + 0034A. — 0M48A. — ‘0063A.
Number of lines 7 6 32 28 28

On account of the non-homogeneity in the serieg of the megative pole ghifts referred to previously, it
is of no service to attempt to formulate algebraically the law connceting solar displacements and negative
pole displacements, but it would secm from the diagram. that a displacement to the red at the negative pole
results in greater abnormality in the golar digplacement than an equal one to the violet would, and that gmall
displacements at the negative pole are proportionalely more effective than large displacements.

2 3t. John and Miss Ware, Astrophysical Journal, 36, 14, 1912. 2 Gale and Adams, Astrophysical Journal, 37, 391, 1918,
3 Bt. John and Babceock, Astrophysical Journal, 42, 231, 1915, 4 King, Astrophysical Journal, 42, 344, 1915,
& Royds, Kodaikanal Observatory Bulleting Nos. XXX VIII and XL,
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Ti¢. 1.—RELATION OF SOLAR DISPLACEMENT TO THE DISPLACEMENT AT THE
NEGATIVE POLE OF THE ARC.
To ihe relation expressed i Table I and the diagram there are only 13 exceptions (not included in the

table) out of 124 lines with negative pole displacements noted. Perhaps they are due to their being unsuspected
blends in the solar spectrum. Thege 13 exceptions are given below :—

Eaxceptrons to Tadle I.

A Shift at negative pole @=-are.
3772673 + 001 A + 019A
3793 745 0 - 7
3913123 - 2 - 1
4164 804 0 - 2
3670536 + B + B
4006 304 + 13 + 15
4284 838 + 13 + 4
4325 777 + 13 - 8
4401709 + 19 + 4
4459 199 + 24 + 4
4925 746 + 13 + 6
5099 497 + 15 + 4
8724970 - + 8

() Relation of sun-minus-arc displacement to wntensity.—Mr. Bvershed has shown that the stronger iron
lines (i.e., high level lines) have larger displacements to the red than the weaker lines, and these displacements
were interpreted as Doppler effects due to a descending current at the centre of the sun’s disc decrcasing with
depth. The nickel lines, however, taking account only of those with zero and ghght pole displacements, do not
show any variation with intensity as the summary in Table II ghows.

TABLE Il.—Relation of sun-minus-arc displacemenits to intensity for nickel lines with zero or slight pole
dusplacements (between == 0'0034) excluding ax 3772°673, 3793'745.

Intensity 0 1 2 3 4 5 6 7 8 10
Mean @— arc | 4+ 0020 | + 0028} + 00821! + 0022 + 0028| + 0037 | +-0023| + ‘0040 [+ 0035 |+ 0030
Number of lines . 2 3 5 6 4 3 6 2 2 1

(W ~ Wil J
Mean intensity ... 19 60
Mean @ —arc + 0-0025A + 0:0030A.

Number of lines ... 16 18
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Thus the lines of mean 1ntensity 6°0 have a mean displacement lavger than that of lines of mean mtensity
1°9 by the doubtinl amount of 070005 A.  According to St. John' lines of nickel and iron of equal intensity
originate at the same level in the sun, and consequently we must expeet equal displacements 1f duc to Doppler
effects. The absolute displacements of the nickel lines, + (0'0028A for mean intensity 4'1 are in good agree-
ment with those of the on lines® between intensities 2 and 7, namely + 0700314, mean intensity 3°9.

The vaviation of the digplacement between lines of mean intensity 19 and 6°0 is small, in agreement with
the results for iron lines of like mtengily but the strongest mickel lines in the above table would have been
expected to give larger displacements, Perhaps the reason for this discrepancy is to be found in the fact thab
the nickel lines although almost or quite symmetrical in the arc at atinospheric pressure are really ungymmetri-
cally widened towards the red, only becoming obviously so under pressure as shown [or almost every line in
column 5, Table IX, from the data of Dufficld® and Bilham.* It should be remembered, however, that the
nickel lines on the whole originate at lower levels than the iron limes which have been studied, and there is
some evidence with the wron lines that the variation with intensity becomes less at the lower levels.

(e) Pressure 1n the sun.—A rclationship could also be traced between the sun-minus-are displacements
and the pressure shift, giving indicalions of nearly zero pregsure in the gun if all lines are conmdered, but this
apparent relation 18 principally due to the dependence of the pregsure shills of unsymmelrical lines on the
shift ab the negative pole. At present we can only make use of the lines which undergo zero and shght shifts
at the negative pole, although even these lines scem, from what has been said m (D), to be under sugpicion.
The range of the pressure shifts for these lines is small but they can be divided into two groups of more and
legs affected lines and the mean displacements for the two groups ave given in Table T[T

TABLE TIT.—80lar pressure deduced from Lines with negabive pole shifts betrween == O0'003.L, excluding
A STT2°673, 37937745, 4855600,

— Less affeclod hines More affectod lines
Pressure shuft per atmo- + 0 0011A + O02:4A.
sphero
® — arc displacement .., + (00324 + "U032A.
Number of Iines ... . 15 16

Therc is no dillerence in the golar digplacement for the two groups of symmetrical lines with a rolalive
difference of pressurc shift of /00I3A per atmosphere.  The solar pressure 18 therelore equal to the pregsure
of the atmosphere at the altitwdle of the observatory. Thig vesult is in agrecnent with the pressure deduced

from the symmetrical won hnes.

3. Dusplacement of nickel lines at the sun's bunb.

It ig geen from column 9 of Table IX thal the limb-minus-centre digplacemenls are more regular than
the centre-minus-arc (isplacements; Mr. A, A. Narayana Ayyar has shown® thal lineg with very large cenbre-
minus-are displacements have normal values for the limb-minus-centre displacement and the values for
nickel confirm this There seems to be no connection whatever belween limb-minus-cenbre displacements
and the unsymmetrical character of the lines ag evidenced by the shift at the negative pole.

(@) Relation to ntensity.—Only 21 lines with shght shift at the negative pole are available and their
mean limb displacement is given in Table IV. As, however, there seems to be no abnormality depending on
pole displacements the means of all lines irrespective of the value of their pole shifts have been given in
Table V.

1 St John, Astrophysical Journal, 38, 341, 1913 2 Kodawkanal Observatory Bulletin No, XXXVIII.
% Duffield, Phal Trans Roy. Soc., 205, 215, 1915. 4 Bilham, Phil. Trans. Roy Soc., 214, 859, 1914,
& Narayana Ayyar, Kodaikanal Observatory Bulletin No-XLIV.
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TABLE IV.—Relation of limb-minus-centre and Lunb-minus-are displacements to intensity for hines
with negative pole shift between = 07003 4.

Intensity . 0 1 2 3 4 5 6 7
Limb — centre - 0000 + 0046 + 0026 + 0050 + 0085 + 0065 + 0045 + 0085
Centre — arct + 0020 + (0023 + 0032 + 0022 + 0028 + 0037 + 0023 _——-Ij —BE)ZO_‘
Limb - are ... + 0020 + 0068 + 0058 + 0072 + 0113 + 0102 + 0068 + 0075

TABLE V.—Relatron of imb-mwnus-centre displacements to intensity for all hines

Intensity .- 0 1 2 3 4 5 6 7

Limb — centre + 0014 + 0034 + 0034 + 0044 + 0048 + 0056 + '0043 + 0035
Centre ~ arc® ‘ + 0020 + +0023 + 0032 + 0022 + 0028 + 0037 + 0023 + 0040
Limb — are ... \ + 0034 + 0057 + ‘0066 + ‘0066 + 0076 + 0093 + 0066 + 0075

From these two tables there is shght evidence of the variation of the himb-minug-cenire displacement
with intensity which was found with the iron lines. Tixcept for the lines of intensity 0, the vamation is so
small ag 50 be of doubtful reality, however. The absolule values of the displacements are shightly smaller
than those of the iron lines at the same level.

(1) Relatwon to wavelength.—There is a glight varvialion of the limb-minug-centve displacement with
wavelength, the mean for limeg from aa 3662 to 4490 beng + ‘0025A and that from aax 4513 to 5160 being
+ "0036A.

(¢) Lvmb-minus-arc displocements—If the limb-minus-arc displaccments are obtained by adding the
limb-minus-centre shifts to the ceuntre-minug-arc ghills the rosults are seen to be muainly dependent on ihe
influence of the negative pole displacement on the last mentioned. Taking, therefore, the cenire-minug-arc
displacements of only those lines which have zero or slight displacements at the negative pole, the relationship
of the limb-minug-arc displacements with intensity is shown in Tables IV and V. As was to be expected {rom
the approximate uniformity in both Limb-minug-centre and centre-minus-are digplacements, the resultant Iimb-
minus-arc digplacement is algo nearly constant.

The absolute values of the limb-minus-arc displacemnents of nickel lineg are smaller than those of iron
lines due to smaller values for both limb-minus-centre and centre-minus-arc.

I —TITANTUM LINES.

1. The displacement at the negative pole of the titemauwm arc.

The arc spectrum of titanium was obtained by feeding small quantities of titanium metal on to the
lower, negative, electrode of a carbon arc. The determination of the displacement at the nogative pole was
confined to a few regions containing strong lines as the supply of titanium was insufficient for the complote
gpectrum. On account of the surprising brilliancy of the luminous spot near the negative pold the lines are
usually overexposed in the few photographs obtained, and the measurements are conscquently not so accurate
ag 18 desirable The arc length was 10 mms., and the current strength 6 ampéres,

The displacements at the negative pole of the titanium arc are given in Table X, column 4. It is seen

that the majority of the lines investicated give appreciable digplacements at the negative pole, mostly to the
red, and the displacements seem to have no relation to the pressure shifts.

2. The sun-minus-arce displacements of titanium lines.
These are given in column 5 of Table X.
(@) Relation of sun-mnus-arc displacements to negative pole displacemenis—As in the casc of nickel,
the shifts at the negative pole are seen to account for most of the deviations from normal displacement.

Grouping the lines according to the direction and amount of their pole shift a relation gimilar to that for the
nickel lines ig obtained in Table VI.

! The centre-minus-are displacements are derived from a larger number of lines in some cases.
* The centre-minus-arc displacements are derived from lines with shght pole displacement only.
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TABLE VI.—Relatron between sun-minus-arc displacements and negative pole displacements
Jor titanium hnes.

Displacement at negative pole ... — 008A to — 003A. to + ‘004A. to Over
— 004A. + ‘003A. + 010A + 010A
Mean digplacement at negative pole .. | — *0063A. + 0005A. + ‘0063A. + 0188A.
Mean sun-mmus-arc displaccment + *0030A. + 0030A. + 0021A ~ 0024 A
Number of lines 3 13 22 9

(&) Relation of sun-minus-arc displacements to intensity.—The range of intensities of titanium lineg is
less than that of either nickel or mon. All lines were taken into consideration as the pole shifts are not

Imown throughout the spectrum and the means are given 1n Table VII.

TABLE VII.—Relation of sun-mainus-are displacements to intensity for all tibanvem lines except M 5025°749.

Intensmty 00 0 1 2 3 4 5

Centre — arc ... — 0015 + 0017 + 0002 + 0024 + 0031 + 0021 + 0040

Number of lines 2 12 16 26 20 10 1
N > J [N v ) [N ~ J

Mean intensity 04 24 41

Centre — arc . + 0007 + +0027 + 0024

Number of hines 30 46 11

According to St. John the lincs of titanium originale at the same level ag iron lines of intensiby higher by
one unit. Above inlengity 2, the absolute value of the mean digplacement ig in salisfactory agrecment with
that for nickel and iron, but below inlensity 2, the ghifts are smaller than expected. Perhaps the oxeclugion of
all lines exhibiling pole ghift would rectify this.

(¢) Pressure in lhe sun.—On account of the dependence of the solar digplacements on the polo dis-
placements and also on account of the pancity of lines with small displacements at the pole it ig of little service
to attempt to deduce the presyure 1n the sun from the relative shift of the more and legs affecled lines of
titanium. The result however, as in the cage of nickel, taking all lines into account is in the neighbourhood. of
abgolute zero pressure in the sun, bul this ig nol believed to represent the true sgolar pressure, because lines
exhibiting pole displaccments have not been excluded.

8. Dasplacement of the Lilanium lines at the sun's limb.

The limb-minus-cenire displacements are fairly regular for the tilanium lines also. TFor lines above
intensity 2, the displacements ave practically independent of intengity, ag shown in Table VIIL

All lines have been taken inlo consideration on account of the incompleleness of the determinatlion of the
negative pole digplacemenis.

TABLE VIIL.—Relation between limb displacements and intensily for all tatanium lines.

Intensiby . 00 0 1 2 b] 4 5
Lamb ~ centre *0000 + +0080 + 0008 + 0036 + +0029 + 0087 + ‘0040
Centre — arc . — 0015 | + 0007 | + 0002 | +-0024 | + 008L | 40021 | + 0040
Limb — arc - 0015 + 0047 + 0010 + 0060 + 0060 + 00568 + 0080
Number of hines 2 12 i;_ 26 20 10 1
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The absolute values of both limb-minus-centre and limb-minus-arc displacements are smaller than those
for the iron lines at the same level in the sun. The smallness of the latter displacement is probably prinecipally
due, agin the case of mickel, to the abnormality of the centre-minus-arc displacements on account of the
unsymmetrical character of the lines in the arc.

My best thanks are due to Mr. A. A. Narayana Ayyar, B.A., Third Assigtant, who has done the bulk of the
meagurement of the plates, and to Mr. G. Nagaraja Ayyar, Second Assistant ; also to Mr. 8. Sitarama Ayyar, B.A,,
First Assistant, who was able to make some meagures hefore he went to Kaghmar.

I would also express my indebtedness to Mr. J. Evershed, F.R.8., the Director, for his interest and
valuable criticisms.

SUMMARY.

1. The majority of nickel lines show abnormal digplacements in the spectrum of the centre of the
sun’s dise owing to their unsymmetrical character m the arc as evidenced by the displacement at the
negative pole of the arc. The deviation of the solar digplacements from normal is inthe opposite direction
to the displacement at the negative pole, showing that the condition (vapour density, probably) at the
centre ol the are is intermediate between that in the sun and that at the negative pole of the arc. Conclusions
can. consequently only be drawn, at present, from those lines which have zero or slight displacement at the
negative pole. Since even these lines, or at any rate most of them, become obviously unsymmetrically
widened in the arc under pressure there is possibly still some abnormality in their golar displacoment, and this
fact may account for the slight discrepancies when compared with the symmetrical iron lines. Consequently,
it can only be said that the conclugions from the displacements of the nickel lines (and of the titanium lines,
for similar considerations apply to titanium also) are not mconsistent with thoge drawn for the iron lines.

2. Taking only those nickel lines with zero or slight displacement at the negative pole of the clectric are,
the mean centre-minug-arc displacement is practically 1dentical with that of the symmetrical iron lines origi-
nating at the same level in the sun, but shows no varation with mtensity (i.e., with depth in the reversing
layer) ag would have been expected from the results for iron. On the whole, however, the nickel lines originate
at lower levels than the iron lines which have been studied and with the latter there is evidence that the variation
with intensity ig less at the lower levels

3. Again taking nickel lines with zero or slight displacement at the negative pole, the solar pressure,
estimated from the relative shift of the lines more and less affected by pressure, is about three-quarters of an
atmosphere, in agreement with that deduced from the gymmetrical iron lines.

4. The relation hetween the negative pole displacement of the mnickel lines and the centre-minug-are
displacement hag been roughly formulated and 15 shown in fig. 1.

5. The limb-minug-centre and the limb-minus-arc displacements also vary but slightly with intensity.
The absolute values are smaller than those of the iron lines.

6. The displacements of the titanium lines are similar to those of the mickel lines.

The displacement at
the negative pole of the arc is again a disturbing factor.

7. The conclusions drawn from the investigation of the iron lines, namely, that the displacements at
the centre of the sun’s dise and at the sun’s limb are Doppler effects due to descending motion in the line of

sight and that the solar pressure is of the order of three-quarters of an atmosphere, are not modified by the
investigation of the nickel and titanium lines.

THE OBSERVATORY, KODAIKANAL,

T. ROYDS,
2nd December, 1916.

Assistant Durector.
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TABLE IX.—Nickel lines.

= Pt
2 Character. N?,ﬁ?g;()f 2
: I s Lomb | Lmb Shatt por | Romarks [~ ] :
o A nten- negative | Centre 11| m shift per emarks =]
= sity A’i;mo- Unde_r f;gole. — arc. | —centre | ~ are. | almo- Centre | Lomb | =
-8 spheric PT:S sphere. - arc. |—coniie 5
3 arc sure. o
1)) ©) (3) 4) (5) () (7) ®) (9) (10) (11) (12) (13) 1(14)
AJ1000 | A/1000| Af1000 | A/1000| A/10000
11 3561898 3 + 2 + 1 7 3 1
2 66522 10 (ur%, R -1 + f . 21 ? 2
3 72014 6 |(ur), R| ur (B) + 1 + . . 19 3 3
4 88:084 6 ur (B) + 1 + b . .. 11 3 4
5 97 854 8 |(ur) R ur 0 + 3 . 21 3 . 5
6 | 3602559 4 . ur 0 0 18 3 . 6
7 09 467 5d? + 1 + 3 . 10 3 “ 7
8 10 647 5 (ur), R | ur (B) -1 + 5 22 3 . 8
9 12882 6d? 3 ur + 1 + 1 14 3 . 9
10 19 539 8 |(ur),R| ur -2 + 4 “ 26 3 w110
11 24 873 4 ur + 1 + 3 . 8 3 . 11
12 30045 1 n uv —43 + 9 . .. 3 . 12
13 41784 1 . + 3 + 2 .. - 4 . 13
14 62 096 3 ur 0 + 6 + 4 +10 11 3 3|14
15 64:234 5d? ur + 3 + 4 + 7% 411 7? 17 3 3 115
16 69 381 4 ur -1 + 7 + 67 +13°? 13 3 216
17 70 566 5 ur +5H + B + 6 + 11 21 3 3 317
18 74 287 4 ur + 3 +1° .- . 17 b . 18
19 | 8724970 1 n uv —~17 + 3 + 1 + 4 T 2 3 110
20 36:058 3 ur (B) + 2 + 3 16 3 “ 20
21 39 870 3 0 + 9 + 6 + B 12 ‘ 3 |21
22 62-758 1 n v (lago —~21 + 2 -19 3 322
23 72:073 2 + 1 +19 -1 +18 11 ‘ 3123
24 75717 7 ur (B) -1 + 4 + 4 + 8 15 2 3|24
25 78203 2 . 0 + 1 + 2 + & 9 3 2 |25
26 83 674 6 0 + 1 + 6 + 7 13 3 3 (26
27 92482 1 " + 2 + 3 + B + 8 10 3 3 27
28 93745 4 . ur 0 -7 +11 + 4 19 3 3 |28
29 | 3807-203 6 (ur), R | wr (B) 0 + 1 + 3 + 4 15 3 3 129
30 81-837 6 ur + 2 + 8 + 4 - 7 47 : 3 130
31 44378 | C4d?| .. w  [nrgo+ -30 + 2 | -9 292 3 3 |3t
a2 58449 7 (), R| ur -2 + 4 + i + 7 21 b 3 |32
33 63 201 Lo (o) | + 8 -1 +4 | +3 T 6 3 133
34 89-810 2 | n, (ur) ur + 6 -1 + 4 + 3 25 |p N ; 3 134
351 3909064 1 nu . ~16 + 7 -9 I 2 3 136
36 12445 |[N1 ? 2 nn “ - 929 + 3 —26 I 2 3 |36
87 13123 2 .. . -2 -1 + 6 + 5 1 2 3 137
38 70 631 1 nm +24 | — 8 +6 1 -9 X 4 3 138
39 72313 2 " 0 + 7 + 4 +11 8 4 3 139
40 73702 |Ni,Zr3 ur 0 + 4 + b + 9 19 5 3 140
41 74 774 2 nn +14 —28 + 3 —25 I 4 3 (41
42 | 4006304 n, (ur) +13 | +15 +5 | +2 4 3 142
43 17724 (N1 ? 1 (uv) . jlarge— P 435 + 1% 436 ° 4 1 |43
44 64 515 1 on, (ur) | wr +14 7| —15 + 2 -13 II 8 1 |44
45 8(:283 w0 nn -27 +15 -1 +14 - 3 1 |45
46 | 4116138 .0 n + 6 -7 + 197 ~86°¢ 15 3 2 146
47 42 465 .2 n, (ur) ur +36 -19 + 1 —~18 Ime 3 3 |47
48 64 804 .0 0 - 0% ~2°¢ I 3 3 |48
49 84 641 .0 . ur +11 + 2 + 2 1T 3 3 149
50 95684 1 ur ur +10 -19 + 4° =15 ° 78 s 3 |50
51 | 4200 611 1 _in, (ur) ur + 9 -1 -2 - 3 82 3 3 |51
52 31183 4N | n,ur ur +36 -21 + 4 -17 II 3 3 |52
53 84-838 1 (n) ur +13 + 4 0 + 4 095 3 3 | 53
54 88149 1 [(n), (ur)| wur +24 -9 + 4 - b 109 3 3 | B4
55 96 044 1 n, ur ur +27 - 4 + 6 + 2 150 3 3 |56
56 | 4325777 1 (n) +13 + 6 - 29 + 47 " 3 3 | b6
57 31'811 9 " 0 + 5 + 2 + 17 30 ? 3 3 167
58 56163 0 n,ur ur +44 ~15 + 197 ~14°? I Appeurs 2 2 | 58
also under
presyure
group %,
59 68462 0 (m),ur| wur +15 -6 + b -1 I 1 1 |59
60 84:698 0 I, ur +15 -4 -1 -5 I 3 2 160
61 99 776 0 (n), ur . +10 -6 + b -1 1 3 |61
62 | 4401 020 0 n ur + 28 —-15 0 ~15 3 3 162
63 01709 2 +19 + 4 + 4 + 8 120 2 3 |63
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TABLE IX.—Nickel hnes—cont.

|
or

Character. Pres- N‘;)Tl?tlges of

A Inten- nseh’l'ftfl\;lg Centre Lamb Lumb shl?;.ul.)eer Remarks
sity. A.thmo- Under Pé(‘)[e — are. | — centre | — are atmo- Centre | Lomb

SpReric ) pres- sphere, —are |—centre
arc. sure.
&) (3) 4 ) (6) ) () 9 | (v J1) (12 (13)
]
A/1000 | A/1000 | A/1000 | A/1000 | A/10000

4410 683 2 | nuv -13 +17 + 1 +18 . 3 3
37-729 . ,u .. +37 —-17 0 -17 117 2 3
59 199 2 ur +24 + 4 + 3 + 7 109 2 2
62:621 ] ur +24 - 4 + 3 - 2 95 3 2
066-548 0 n o |large + -25 + 2 -23 1 1
70 648 |N1-Zir2 ur +26 -3 + 2 -1 110 2 3
730905 {N1? 0 “ small + 4 + 4 + 8 1 3
90-701 0 n uv | large— +24 + 2 +26 I broad 2 3
4513 164 0 ur - 4 + 2 - 2 II Appears 3 2

also under

pressure
grouyp L.

20157 0 .- + 2 + 0 0 + 6 17 3 2
47 101 1 n, ur +27 -9 + 4 -5 .. 5 3
47-401 0 . . +14 -2 - 5 -7 . 4 3
51899 0] n ur +23 -9 + 6°] — 37 II 4 3
538 846 Q . " . + 3 . 3
92707 2 ur ur +16 -4 +2 -2 108 5 3
4600 b41 2 ur +16 -4 + 3 -1 93 4 3
05171 3 ar ur +16 + 1 + 3 + 4 95 3 3
43-835 4 ur ur +10 -2 + 5 + 3 114 4 2
67159 1 + 8 - 6 + 2 - 4 80 3 2
67 941 1 . + 7 -1 + 5 + 4 92 4 1
86 395 3 ur +15 -1 + 6 + b 117 4 2
4701714 1 . ur +26 -7 + b - 2 185 4 2
03-994 3 n uy -6 + 6 + 3 + 9 I 3 9
15 946 4 ur +15 -5 + 2 -3 111 4 2
31984 1 ur + 6 + 2 + 3 + 5 89 ¢ 2
82640 1 n ur +21 - b + 2 — 4 I 3 2
52289 2 n . - 14 + 4 - 10 3 2
52:613 3 n uv —-17 +11 + 4 +15 I 3 3
54-949 1 - ur +16 ~ 1 + 3 + 2 96 3 2
56 705 3 ur ur +15 -1 + 4 + 3 113 3 2
ggigg é . + 1 + 2 + 3 + g 47 g :
47 + 3 + & + f a f : :
86727 3| ur } ur { 14| o+ 1 +4 | +5 } 106 3 :
4807179 2 ur +18 0 + 4 + 4 117 3 1
29214 3 n, ur ur +14 - 8 + 4 -4 62 3 1
31 365 3 ur uar +18 + 2 + 8 + 5 121 3 L
55 600 3 n + 2 0 + 5 + b 62 2 1
66 465 2 . ur +13 + 1 + 4 + 5 122 2 1
73630 2 ur +16 -1 + 2 + 1 128 2 2
4904 597 w3 | n,uv uv -10 + 5 + 6 +11 I 2 1
18'543 2 ur +13 (0] + 7 + 7 136 2 1
25746 1 e ur +13 + 6 + 7 +13 I 3 1
36 015 2 - ur +10 -1 + 5 + 4 157 3 1
37624 |N1?3 | n,uv large — +18 +6 | +24 1 3 1
45622 1 n large + ?| — 8 + 6 -2 I 3 1
53392 | 2 ur +14 | -1 +6 | +5 I 3 1
71531 ) Ni-1 | uv uv -16 | +13 +2 | +16 1 8 1
80352 | N1- 4 | n,uv uv —14 + 9 + 4 +13 I 3 4
84297 2 n uv - 4 + 9 + 4 + B I 3 4
98 408 1 . ur +10 -1 + 5 + 4 I 3 3
5000°626 | N1- 2 | n, uv uv -19 +10 + 4 +14 I 3 3
12625 1 ur +14 -3 + 4 + 1 II 3 ¢
17762 3 ur ur +14 0 + 4 + 4 149 3 3
18463 1 n . -11 + 6 - b . 3 3
35 542 5 | n uv uv -17 + 7 + 4 +11 I 3 3
38774 |N1 22 ™ large ~ 21 +11 + 4 +15 . 1 3
42 367 1 large — + 6 +3 1 +9 1 1 3
49035 | N1- 2 v |large— | +10 +4 | +14 I 1 3
80714 4 | nuv | uv -19 | +9 +4 | +13 1 3 2
81286 2 n -7 +5 +2 | 7 1 3 2
84:279 3 | nuv w  |large — +18 + 4 | +922 3 2
99 497 1 +15 + 4 + 2 + 6 1 2
5100108 n, ur . +24 -10 + 9 - 8 1 9

\
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TABLE IX.—Nickel lines—cont.

" -
fé Character. Shuft Pres- Ngﬁ%:; of ,ig
| Inten- 6 a6 entre | Tamb | Limb sire :

A A . negative | 77 8 shift per | Remarks. &
~ sity. ;;%1?1?10 UI")l;gg_r 1;’01 o arc, | — centre are atm(l)’_ Centre | Limb | o
vgz are sure, sphere, ~ are. (—centre. (%‘

1) (2) &) ) ®) (6 (M )] )] (10) an (12) | @3) a4

A/1000 | AJ1000 | A/1000 | A/1000 | A/10000

127 | 5115 566 2 | (ur) +17 + 2 + 5 + 7 . 1 2 127

128 29 546 2 . —~ 4 + 4 0 . 2 2 (128

129 37 250 3 -1 + 1 + 4 + 5 . 3 2 129

130 42 958 2 ‘s large — ?| +10 + 4 +14 2 2 130

131 46659 | N1-3 n large — +13 + 5 +18 3 2 1131

132 55 935 2 large — +13 + b +18 o 1 2 1132

133 68-832 1 - -6 + 4 - 2 3 133

Column 3— Intensity.—The mntensitios are taken from Rowland’s Table of solar wavelenatha and unless otherwise noted in
this column the line was 1dentified by hum as due to nickel only. The dots before tho il maly indicate that the hne was
not identafied by Rowland.

Column 4—Char acter in the are at «tmospheric pressure —The character in this column was derived from the appearance of
the speclrum lines, more particularly at the negative pole. The letters have the following interpretation .—

ur denoles unsymmoetrically widened towards the red
uv denotes unsymmelrically widenoed towards the violet
n denotes hazy or duff'use.
nn  denotes very hazy or duflusc.
R denotes thal the lino 19 reversed ot the negative pole.
If tho lebters are onclosed in brackets the charactor 18 only shightly evident,

Column 5—Character in the are under pressure.~These are takon mostly from Duffield ; the fow from Bilham are marked(B).

Oolumn 6—Tho displacements al the negalive ‘]folo are derived mostly from threo plabcs.

Column 10—Pressure shaft per atmosphere~The shifls are taken {from Dulfield’s paper. Ii should be remarked that
Duffield has ncluded hines displaced to the violet in the same class as those dwsplaced to the red.
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TABLE X.—Titantum lnes.

_E Shft at ) Plifss re- Number of plates ,E
= Inten- Centre— | Limb— | ILamb— | shift at g
A A negative i Remarks =
2 sy | 7 Sole are. centre are. Spiif;lgs ‘ Centre— | Limb— |3
5 arc cenlre. | §
193] 7]
1) (2) (3 @ ®) ® (7 G (9 (10) a1y 1(2
Aj1000 | A/1000 | AJ1000 | A/1000 | A/1000
1 3904 926 3 . + 1 + 3 + 4 19 ‘3 3 1
9 24 673 4 - + 2 + 4 + 6 10 2 3 2
3 47°918 2 + 8 + 9 +17 4 2 3 3
4 48 818 4 “ + 3 + 3 + 6 13 E’) 3 4
5 62 995 3 - + 6 + 2 + 8 10 2 3 5
6 64416 2 + b + 4 + 9 10 2 3 6
7 81-917 4 + 8 + 4 +12 16 |[Probably blend with; 2 3 7
ge or 1mpurity m
e.

89912 4 0 + 2 + 2 16 2 3

98790 4 + 1 + 6 + 7 16 5 3

4024726 3 -1 + 3 + 2 8 3 1

60415 1 ~ 4 + 1 -3 15 1 1

64-362 1 - 1 -3 - 4 . 2 1

78-631 3 . -1 0 -1 5 2 3

4112 869 1 - + 3 -1 + 2 14 1 3

86 280 1 . + 1 0 + 1 16 2 3

4274:746 2 - 0 + 3 + 3 . 2 3

81530 0 . + 1 + 3 + 4 14 2 8

87566 1 . 0 + 2 + 2 24 4 3

89 237 2 + 8 + 6 +14 25 4 2

98-828 2 0 + 3 + 3 25 4 3

99803 2 . + 4 + 4 + 8 23 4 3

4314°064 1 . + 2 -1? + 1? 32 ? Blend 2 3

26520 0 . 0 + 3 + 3 29 2 ¢

95 201 3 -1 + 3 + 6 + 9 25 p T 3 3

4404 433 1N +5 -4 - 4 -8 5 3

17450 0 + 6 + 6 + 6 +12 21 3 3

21928 00 +12 -1 0? ~ 17 38 |p T Broad msun 3 3

22 985 0 + 5 0 + 2 + 2 28 3 3

27266 2 + 6 + 3 + 2 + 5 17 3 3

40515 00 + 6 - 2 0 -2 29 3 3

43:976 5 -2 + 4 + 4 + 8 21 pTL 2 3

49 813 2 +12 0 + 1 + 1 20 3 3

51 087 1 +14 0 + 5B + B 29 3 3

53486 2 +24 -2 + 2 0 40 3 b

53876 1 —_— + 1 + 1 + 2 26 3 3

65975 1 + 4 + 1 + 2 + 3 25 3 2

71:408 0 + 5 0 v 1 + 1 24 7 4

89 262 0 + b -1 + 2 + 1 29 7 4

96 318 1 0 + 5 + 5°? +10° ? Blend 7 3

4512906 3 + 4 0 + 2 + 2 29 7 4

18198 3 + 8 + 2 + 2 + 4 29 4 2

22:974 2 + 6 + 2 + 5 + 7 31 4 3

27490 3 + 7 + 9 -1 + 8 29 4 3

33419 4 + 9 + 2 + 3 + b 44 4 3

34-953 4 +12 + 2 + 4 + 6 34 4 3

35 741 3 +10 0 + 3 + 3 29 4 3

36:094 2 + 3 + 2 + 2 + 4 23 4 4

36:222 2 +12 + 1 +5 + 6 31 4 3

44864 3 + 7 + 2 + 6 + 8 31 3 3

48938 2 + 8 + 2 + 4 -« 6 31 3 3

52 632 2 + 9 + 1 + 8 + 9 29 4 3

55 662 3 + 7 + 2 + 2 + 4 29 4 3

63 939 4 + 3 + 2 + 4 + 6 34 pT 4 3

4617-452 3 . + 6 + 1 + 7 29 2 2

23 279 2 + 2 + 4 + 6 27 2 2

39 538 2 + 3 0 + 3 . 2 2

39846 | 2 + 2 + 3 + b . 2 2

40 119 1 + 1 0 + 1 2 2

45 368 0 0 +3 + 3 39 2 2

50193 0 + 3 + 3 + 6 37 2 2

56:644 3 + 3 + 4 + 7 17 2 2

67768 3 " +10 + 4 +14 20 2 2

75 204 1 -8 + 2 ~ 6 30 2 2
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TABLE X.—Tllanvum lines—cont.

B B
.g - Shufh at cont - - Pliqsﬁur f' Number of plates. -g
nten- entre— 1mb — 1mbh - shift a
> A sity. negalmve are. centre arc 8 atmo- Remarks, Centre — | Lamb— j
= pole. heres entre i =
g #p . are. centre | £
73] o]
) (2) (3) (4 (5) (6) ) (8 (9) (10 11y {2
A /1000 A /1000 A/1000 AJ1000 AJ1000
B4 4682:088 3 + 4 + 4 + 8 18 2 2 64
G5 98 946 1 + 7 + 4 +11 37 2 2 65
66 4722797 0 + 1? + 1 + 27 36 2 2 66
67 42 979 1 + 2 -9 0 37 2 2 67
168 58 308 1 -3 + 2 -1 27 2 2 68
69 59 463 2 + 2 + 4 + 6 31 2 2 69
70 4981 912 4 + 2 + 3 + 5 25 4 3 70
71 91 247 3 -1 + 4 + 4 + 8 29 4 3 71
2 5014 369 2 - 8 +10 7 . - 21 4 72
73 16 340 2 0 + 2 + 2 + 4 27 3 3 73
74 20 208 2 - 4 -2 + 3 + 1 20 4 3 74
75 23 052 2 0 + 3 + 1 + 4 28 3 2 75
76 25 027 3 0 0 + 3 + 3 27 3 3 76
77 25749 1 +56 -16 0 —16 3 3 77
78 36 645 2 +12 -3 + 4 + 1 42 3 3 78
79 38579 2 +15 -3 0 - 3 48 3 3 79
80 40 138 3 -1 + 4 + 3 + 7 b 4 3 80
81 64-836 3 0 + 4 + 2 + 6 12 4 b 81
82 5145636 0 + 5 + 2 + 4 + 6 29 2 2 82
83 47 652 0 + 7 + 8 + 4 +12 17 2 2 83
84 52361 0 + 3 0 + 4 + 4 18 2 3 84
85 73 917 2 + 4 w7 + 6 +13 23 4 3 85
86 88 863 2 .. + 4 . p Ti. £ 86
87 93139 2 + 3 + 6 + 4 +10 19 4 3 87
88 5210555 3 + b + 4 + b + 9 16 4 3 88

{Price, 8 annas.)
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