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AN INVESTIGATION OF THT DISPLACEMENT OF UNSYMMEI'RICAL LINES UNDER
DIFFERENT CONDITIONS OF THE ELECTRIC ARC.

By T. ROYDS, D.Sc.

Whilst investigating the suitability of iron lines as standards of wavelength, St. John and Miss Ware
found that in one of their photographs the wavelengths of lines of their group d wore longer, and of group
e shorter, than m other photographs !, and Goos has concluded that the wavelengths of certain iron lines
vary with carrent, arc length and region of the arc?, also Fabry and Buisson detected shifts of opposite
mgns for the two kinds of unsymmetrical Iines when the current in the are was increased®. I have been
led to similar results in the coursc of a comparison of the spectrum of the centre of the sun’s disc with
that of the eloctric arc . In these experiments I found that when a short arc had been employed the
solar displacoments were for certain lines systematically different from those when a long arc had been used
for comparison with the sun. Uhis suggested a direct comparison of the cextre of a short arc with the
centro of a long are, and it was found that the iron lines of group d and certamn of group ¢ (d.e., lines
unsymmetrically widened towards the red) were displaced in the short are to the red, and the lines of group
e (unsymmetrical towards the violel) lo the violet, whilst symmetrical lines were practically undisplaced.

Tho existence of this displacoment alfecting almost exclusively those lines which are most shified by
pressure, seriously limits our means of estimating the pressure shifts in the sun, Also there is evidence
that the wavelongths of the lines which are liable to undergo displacements are not normal even at the
ceatre of a vory long are, for many of the solar displaccments given in Table IX of Kodaikanal Observatory
Bulletin No. XXX VIII are so large as not to be explained as due either to pressure or to motion m the line
of sight It is thorefore of prossing importance to investigate the cause of the displacements which ocour
in differont conditions of tho electric ave, and to find a light source giving normal wavelengths for all classes
of lines,

Bzperimental dotails —The spectrograph employed for this mvestigation has leen described else-
whove . The {third orderspeectriun was generally used except for regions less refrangible than A 5800 for
which tho gocond order was used. The dispersion in the third order varies from 0'9 A per mm. at A 3950
to 0-6 A per mm. at A 5680.

The eloctric ave was supplied by a Latlery of 110 volts, the poles were vertical and an image, enlarged
81 times, was formed on the vortical shit of the speetrograph by means of g condensing lens. The comparson
of the spectra from two different parts of the arc was made by means of an occulting screen sliding in front
of the slit. Tho comparison spectrum was in every case the central portion of a long arc and was nmpressed
on the photographic plate above and below a spectrum in the middle to be compared with it. Half of the
exposare of the comparison spectrum was given immediately belore exposing the middle spectrum, and the
second half immediately afterwards. This guarded agaiust the possibility of shifts due to temperature

(1) 8t John and Miss Ware, Astrophysieal Journal, XXX1X, 5, 1913

{2) Goog, Astrophysical Journal, XXX VI, 48,1918 and XXX VI, 141, 1013,
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changes or to mechanical disturbances passing unnoticed. A graduated scale on the occulting screen enabled
the length of the arc to be controlled.

The atmosphere surrounding the arc was air at ordinary pressure (580 mm, at the level of the Observa-
tory) or abreduced pressure. For the won and copper arc metallic poles were used ; in the cases of other
elements salts were ntroduced on one or both poles of a carbon arc.

Investigation of Iron Lines.— [t was found previously that the displacements of the iron lines m the short
arc were associated with the nnsymmotrical character of the lines, limes widened more towards the red wore
found to be displaced to the red, and those widened more towards the violet to the violes, winlst symmetrical
lines were undisplaced. For the present purpose therefore spectrum lines may be classified as symmetrical
(marked s in the tables), those widened unsymmetrically towards the red (marked ur) and those widened
unsymmetrically towards the violet (marked uy). The study of the iron lines has been confined to two
regions of the spectrum, namely, M\ 3363—5435 and A\ 5555—5688 ; these regions include 7 symmetrical
lines and 16 strong unsymmetrical lines, 8 heing widened more towards the red and 8 towards the violet.

The measured displacements of these 1zon lines under different conditions are given in Table I.

Taers I.— Disrracemests or Irow Liwws v A/1000.

Centre of are | Centre of arc
Centre of are Negative Pole | Positive Pole | (7 mms. long) | (2 mms. long)
2 mms long | Negative Pole | Positive Pole (aéfc 2 mms (arc 2 mms at 9} amps ab 8“} amps.
4 {Rowland) — Centre of | — Centre (a1c | — Centre (arc [long) — Centie/long) — Centre| — Ce:xtre of | — Centre of
arec 7 mms 7mms long).| 7 mms long | (src7 mms, (are 7 mms, aie (7 mms arc (2 mms,
long Tong) lone) long) at long) at
[ 43 amps, 3+ amps,
No. of Photographs | 1 i 7 | 1 2 2 1 r 1
| |
5871 784 (s + 1 + 1 0 + 2 0 - 1 | 2
5397314, (3 - ] + 1 - 1 + 2 0 0 b+ :3
§405'989 (s) 0 + 1 + | + 1 0 - 1 b+ 9
5429 911 (s) - 1 + 1 0 -+ 1 0 - 1 ‘ 0
5434740 (s) + 1 4] 0 + 3 - 1 - } |+ 2
5447 180 (5) - 1 0 0 + 2 0 - 2 [ 4
5435'884 (s) - 2 0 - 1 4 1 Q - 1 - 2
Mean (s) — 0004 A 4+ 00UB Al — 0001 A| 4+ 0017 A| -~ 0001 A| -- 0010 A| - 0004 A
5393 875 (ur) 4+ 4 4+ 12 - 1 + 12 + 2 + 3 + 8
5569 848 (ur) + 7 + 10 + 5 + 8
5673075 (ur) + 8 -+ 10 + 5 -+ B3
5576 820 (ur) 4+ 10 4 10 + 6 + 5
5586 991 (ur) + 6 + 11 + 3 + 3
5603'186 (ur) + 6 + 12 2
56;5 377 (ur) + 9 4+ 10 i g i :
56247769 (ur 5 11 . .
Mean ((ur)) _-t 0089 A T 0115 A| 4+ 0043 A] 4+ 012 A} 4+ 002 A| + 0026 A| -+ ‘008 A
5365 069 (uv - 10 . . v
5367669 (uv)) - 1z -1 - 7 T . -1
§870'166 (uv) - 8 - 11 - 3 - 6 - 4 -~ 3 - 9
5883 578 (wv) - ] - 13 - 8 - 9 - 4 - 5 - 7
5404 357 (uv) - 8 - 12 - 5 - 10 - 6 - 4 - 9
5411'124 (uv) - 10 — 12 - 7 - 9 - 5 - 5 —_ 12
5415°416 (uv) - 12 - 12 - 8 - 7 - 6 ~ 8 - 14
5424 290 (uv) —- 12 - 13 - ] — 7 - 5 -~ 10 - 11”
Mean (nv) | 0101 A —  0l2L A| ~ 0060 A| - ‘0084 A| -~ 0050 A| -~ 0058 A| -— ‘0107 A

It 15 seen from the table that only unsymmetrical lines undergo any mnotable displacement and these
always in the direction of greater widening. How far this result is due to errors of esblmating the correct
position of the maximum intensity m an nnsymmetrical line is discussed below. The largest displacements
occur in the region near the negative pole of the wou arc, at the positive pole the displacement is about
half that at the negative pole. A considerable displacement is also produced by shortening the arc (as was
shown for other lines in Bulletin No. XXXVIII) or by increasing the current through the arc.

Fig. 1 of the accompanying plate is a three times enlargement of a portion of a photograph comparing
the spectrum of the region near the negative pole with the centre of the arc and shows the different
behaviour of the three lmes A 5383 (uv), A 5398 (ur), and X 5397 (s).
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Destigation of the Caleium Triplet near \ 4580.—Since the sun and arc compansons detaled in
Kodakanal Observatory Bulletin No. XXX VIIT showed that the solar displacements of certamn lines of some
elements were much more abnormal than those of the 1ron lines, 1t was to be expected that these lines wounld
also g«ve larger displacements under varying arc conditions, The calcium friplet at X 4580 was selected as
beng most convewment for investigation. In Table II are given the displacements measured using an arc
between carbon poles on one of which « little calcium chloride had been placed. The displacement at the
negative pole 18 greater than onc-tenth of an Angstrom unit for each lme of the triplet when the salt has
been placed on the negative pole, and 15 not appreciably greater when the salt has been placed on both
poles ; one photograph illustrating the displacement 1s shown enlarged 3 times in fig. 2 of the accompany-
ing plate  The average displacement at the negative pole of the line X 4607'510 (due to strontium impurity)
on the same photographs is + 0 0004 A.

Tarre 1L—DisPracemuns or tHE Carcicy TRiPLET NEAR A 4580 v tHE CarBON ARC IN Ak,

Negative Pole — Centre Positive Pole—(entre
(Arc 12 mms, long). (Arc 12 muns long).
A (Rowland,)
Salt placed Salt placed Salt placed ' Salt placed
on — pole. on + pole, on—pole. | on + pole
- - |
Number of pholo- 3 4 1 1 1
graphs. i |
4578 739 (w) + 101 + 51 + 50 L4 o5
1581575 (ur) + 113 + 62 + 63 | 4 B6
4586047 (ur) + 126 + 69 4 68 + 58
Mean 4+ 113 A -+ 061 A 4063 A -+ 1055 A

When the salt i placed on the positive pole only, the displacement at the negative pole 1s rednced by
nearly one-hall and becomes about cqual to the displacemwoent at the positive poloe. For the positive pole
the displaccinent 1s approximately the same on whichever pole the salt has been placed. The resull that
the displacainent ati tho negative poleis greater when ihe calcium salt has been placed on that pole 1s
of great importance in tracing tho vause of tho displacements In ovder to keep the calcium content of
the arc more constant than it is possible to obtamn by placing a salt on the poles, the “ flanic * arc was also
employed to produce these lines, the measures being given in Table IIl. The displacement 15 of the same
order as that when tho carbon arcis supplied with calcium salt, and when the llame arc carbon is the
positive pole and s ordivary are carbon the negative, the displaceraont at the negative pole is loss than
half that when hoth poles are llame arc carbons.

Tapte [1L—Dispracemunrs op rar Canoron Twrirrer NEAR N 4580 1§y 1HE “ Frame 7 Arc 1v AIg.

. "] — . - - 7
l Negative Pole—Centre (Are 15 mms. long) Pailﬁévfalrg:s %?ggw Contro of are
— . ‘ (8 mms. long) ai
| . ’ . " 9 amps,
A (Rowlamd ) + pole, flame arc| + pele, oxdinary +pole, llameare| __ (e of ave
Buth poles flame carbon carbon Both poles lame carbon (6 mms long)
are carbons, |—pole, ordimary| —pole, flame aic carbouns, | —rpole, ordinary at 3 amps
carbon, arc carbon. carban, '
Numboer of photo. .
graphs. 4 2 2 8 2 2
4678 732 (ur) -+ 128 -+ 49 -+ -+ 59 ] -+ 87 + 84
4681-576 fur) + 47 + 60 4+ 47 I + 49 4+ 28
4586 047 ( + 187 4 87 + 8 + 86 | 4+ e + 37
i |
Mean 4 182 A -4 051 A + 074 A -+ 054 A ‘ 4+ 056 A ! + 033 A

Displacements of the Caleium Trplet near N 4580 i the Arc in Vacuo—~The displacements of these lines
in the “ flame ” arc in vacuo are very much smaller than in the arc in air, but they undoubtedly exist and
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probably under all the conditions in which they oceur in the arcin air. The displacemeunt near the negative
pole disappears at less than a millimetre from the pole so that if the arc burns nto a cavity in the electrode
the shift is not seen at all The displacements observed 1n the arc at about 3 cms. pressure are given in
Table IV. The shift at the negative pole is about one-ninth of that in the arc 1n air, and there is a shuft
due to mcrease of the current strength The largest displacement occurred when the region near the
negative pole at 8 amperes was compared with the centre of the arc at 8} amperes, even theu the mean
displacement of the triplet amounted only to 0:024 A. These lines are probably very sensitive to pressure
but smee ths did not vary more than a mllimetre during an experiment the displacements are not due to
pressure

Tasre TV.—Drseracesests or 18y Catcud Trierer xpar A $580 v 7uE “ Frane’’ Arc ¥ Vacvo.

N Centre of arc at |Negutive Pole of
! egative Pole 8 amps arc at 7} amps
A (Rowland.) — Centre of Arc.|--Centie of arc | —Centre of arc
at 3] smps at 3} amps
Number of photo- 9 1 1
graphs. h 1
4578732 (ur) + 10 + 8 4+ 93
4581675 (ur) + 9 + 5 + 5
4586°047 (ur) + 10 + 6 428
Menn .. + 010 A + 1006 A 4+ 024 A

Displacements and Plenowena near the Negative Pole of the Arc —The hght from the neighbourhood of
the negative pole 1s much more intense than that from the centre of the arc. When a calciam, or other,
galt has been introduced wmto a carbou are thore can be seen near the negative pole a well-defined region of
mtenscly luminous vapour extending more or less towards the centre of the are according to the quantity of
salt introdunced , at the positive pole there 18 a similar intense region less luminous and extensive. Hven
wish the enlarged 1mage of the arc projected on the aluminium occulting sereen in front of the sht, tho
intonse region mear the negative pole was very trying to the unprotected eye. Tt is in this intensely
Tummous region near the poles that the displacement occurs, in the parts of the arc ontside 1, though still
distant {rom the centre, the displacement 15 very small compared with that 1 the parts within its limits.
A series of photographs of the caleciam triplet noar A 4580 1n the flame arc was taken comparmg the spectrum
of different distances from the negative pole with the spectrum of the centire of the are. The length of the
image of the arc was kept constant at 2 inches and the mean displacement of the two lunes A 4578 und
2 4586 were as {ollows —

Distance from 1mage of negalive pole Dﬁplffnlccmoxtz( cot{np‘n cd
Wit eentre Of arc,
1 mm (inside mtense region} ... + 0132 A
P » ) . . + 0107 A
9 ,, (just on limit of intense region) .. . . 4+ 0022 A
16 ,, (outside mtense region) ... - + 0008 A
25 ,, (ecenive of are) ... . . (L-000 A)

The results for the iron lines and the caleinm triplet near v 4580 show that toinvestigate the relative
behaviour of spectrum lines it is sufficient to confine the experiments to a comparisnn of the spectrum near
the negative pole with that of the centre of the arc. It would take along time to investigate the behaviour
of all lines of every element, even of only unsymmetrical lines, but such a course is hardly necessary in
order to show the characteristic features of the different types of lines and the displacement at the negative
pole. Various types of unsymmetrical widenng are met with even in the comparatively small number of
lines which have been photographed. Some of the broad lines have large displacements, others small,
depending on the amount of dissymmetry , some lines have one edge fairly sharp, others have both edges
diffuse ; lines which are comparatively narrow may be very unsymmetrical and undergo large displacement.
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The majority of the vnsymmetrical lines mvestigated are widened towards the red, but some were also
chosen which are widened towards the violet.

Table V contains the vesults for all the lines which have been photographed. The second column
quotes the character of the lines as given in Kayser’s tables !; chiefly from the data of Kayser and Runge,
Exner and Haschek or lider and Valenta. The direction of unsywmmetrical widening can be seen in the

spectrum of the region near the negative pole even of many lines whose character 1s not given by these
authoritics, but the most sensitive test is the direction of displacement.

Tapur Ve—DisrracoMents At rEE NEaarive Ponk or A LONG ARC COMPARED WITH TUE CENTRE OF THE ARC.

Displacement i A/1000. Displacement 1n A/1000
X»‘ P ¥ e
b tive - . bl ive Pole - Centre.
A (Rowland) % ~ gfguW_V- E?li__Oen(f: - A (Rowland ) % .,E?giﬁ“f e -
5 Centre of ] Centre of
= Unreversed,| Reversed. aret =2 Unreversed. | Reversed. are.t
© ©
Alnminm, Oaleium (cont )
3044160 (1) + 4 + 3 4485 129 u .. + 2 + 3
3961674 (8) e + 4 4+ 2 4435 851 . + 2 -+ 2
445 958 u . - 1 .
Barinn, 4456'794 . 0 + 7
4527°101 (ur) wr 4173 - 44
4239°01 (ur) ur +111 . 4578 782 (ur) 4101 - 25
4242 83 (ur) ur - 67 . . 4581°575 (ur) . -+113 — 24
4264 46 (nv) u - B2 4586047 (ur) ur 4125 - 30
4088 27 (ur) ur . 4+ 10 5857 874 (ur) u -+ 111 .
4201+32 (ur) + 11 , 6102 037 (ur) +173 + 21 -~ a7
4323 15 (uv) uy - 167 (G122 434 (ur) - 190 + 14 — 24
4825 88 (ur) + b6t 6162:34C (ur) . --233 + 15 - 28
4833:04 (uv) | u - 24 . .. 6160240 (ur) | . + 40 .
435049 (ur) ur +166 + 8 , 6169 778 (ur) v + 42
485980 (ur) -+ 48
416736 (ur) + 50 . Copper
4480°50 (uv) uv — 45 ..
4408 82 (uv) uv — 42 4581 04 (nr) + 34
4506 11 .. . 0 £587 10 Eur Y | u + 24
4528 48 (ur) " - 11
152519 (nr) ar 4 44 - Teon §
4554211 (8) 0 - 5
4574 08 (ur) 4+ 8 4045 975 (8) 0 + 9
4579 84 (ur) + 10 2063 759 (s) - 2 + 7
1673 69 (uv) | uv —~118 , 1071 008 (s) — 2 + 10
4691 74, (ur) - .. 4 4 4325 939 (s) + 2 + 12
47700 64 (ur) ur +216 . 1883720 (s) 4+ 1 4+ 8
4726 6% (ur) + 14 4404927 (s) + 2 + 7
8083 38 () | .. 4 87 + a1 :
6111 01 (ur) 4+ 89 4+ 14 . Magnosinm,
6141 98 (ur . + 62 .
4352083 (ur) ur + 75
Caleram 6167:407 (ur) + 14 10
5172 856 (ur) 4+ 18 S
3083 825 (8) . + 2 . 5188751 (ur -+ 12 — 9
8057177 (ur) | 1 + 14 -
3968 625 () " - 2 Rodum
8973 804 (ur) ur + 17
4092821 (ur) | ur - 107 . 56+2:869 (ur) | ur + 3e1°? -~ 19 — 127
4283161 . 0 1 4+ 6 5688486 (ny) | ur + 8027 — 19 — 14
4280 525 (wv) | .. -9 + 1 ¢ 410 6154438 (ur) | ur 4+ 523 — 81
4290149 (uv) | ., -1 -2 ' 48 6161950 (ur) | ur + 513 — 79
487 (392 , o | 410
4307 907 (uv) " - 11 - 2 . Strontinm
4818'817 (uv)| uv - 12 -2
41256 608 u -+ 3 + 2 4607°510 () . + 1 + 1

* Prom the Tables i Kavser’s Handbuch der Spectroscopio, Vols, V and V1
+ Trom Kodaikanal Observatory Balletin No XXX VITL.
§ See also Table I, column 3

It 15 soen from the table that, as found from iron lines, whilst symmetrical lines undergo very small, if
any displacement unsymmotrical lines are displaced in the direction of their greater widening. Not asingle
exception to this has yet been met with ; of lines which were previously known, or are now found, to be

* Kayser, Dandbuch der Spectroscopie Vols. V and VI.
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unsymmetrical, all ave displaced (provided they are unreversed) either to the red or to the violet accordng
to the direction of unsymmetncal widening, The fact of the displacement bemng dependent on the un-
symmetrieal character of the line makes 1t essential to remove any possibility of doubt that the displace-
ments are not due to errors of estimating the true maximum of mtensity of an unsymmetrical line since
the tendency of the error 1s probably also m the direction of greater widening. This pomnt is discussed
below.

When an unsymmetrical line 1s reversed abt the negative pole the displacement of the reversal is
much smaller than that of the unreversed hine; mn the case of the sodium pair Ar 5652, 5688 (both ur) the
reversal is displaced to the violet. The significance of these facts will be discussed later.

The dependence of the shifts on the unsymmetrical widening of lines seems to outweigh that on any
other characteristics. For instance, the shift to the violet of the first subordinate series of barium 1s not
characteristic of all first subordinate series but happens With barium sinee 1ts series is unsymmetrically
widened towards the violet. Similarly the shift tends to increase as we pass down a series only because
the unsymmetrical widening hecomes greater.

Reality of the Displacement of Unsymmetrical Lines.—The practice of dividing the exposure ol the
comparison spectrum into two halves, one before and the other after the middle strip of the photograph was
exposed on the part of the arc to be mvestigated, has removed the possihihity of fictitious shifts being
undetected. A further safegnard hasbeen the presence of symmetrical lines on nearly every photograph ; the
fact that these lines suffer no displacement at once shows that the shifts of ether ines are not spurious

The dependence of the displacements on the unsymmetrical character of the lines makes 1t necegsary to
consider very carefully the error which enters into the estimation of the portion of maximum intensity of an
uvsymmetrical line, for the direction of the error 18 probably in the same direction as the displacements found.
The error of measnrement of the position of maxium intensity of a broad unsymmetrical line cannot be #mall,
but it 1s perfectly clear from the photographs reproduced m the accompanying plate that a real dispiaco-
ment exists whose magnitude cannot be considerably affected by any possible error of measurement. In
figure 2 especially is this obvious, where the lines of the region near the negative pole staid quite clear of
those of the centre of the arc, and similar cases arc frequently met with. In order to obviate as much as
possible the false displacement due to errors of measurement, I have 1n the case of some of the iron unsym-
metrical lines underexposed the widened lines until they appeared of the same width as {hose in the com-
parison spectrum. Under these conditions it may be assumed that the degree of unsymmetrical widening
would be the same in the two spectra and the errors of estimating the position of the maximum inteunsity
would be the same in both cases. Nevertheless, the measured displacement is still of quite the same order
asn fully exposed photographs

It might be argued that the displacements are apparent only, being due to the complete absorption of
one side of the nnsymmetrical line by the outer portion of the arc, leaving visible in the photograph really
only a portion of the line apparently displaced® , on this view the emission line from the mnsr portion of
the are, as well as the absorption Line from the outer regions arc supposed, 1f it were possible to isolate them,
to be undisplaced. In the sodinm pair A\ 5682, 5688, the absorption line can be seen nnder proper density
conditions to be almost at the very edge of the eimssion line, and 1t 15 easy to conceive of a case a little more
extreme m which the absorpticn line actually reaches to the edge leaving ouly one component of the emis-
sion line visible. The argnment ymght conceivably hold for some cases but it cannet apply to the majority.
Tt must be remembered that the displacemeni can be made, by choosmg the proper portion of the are, to
have any value fiom zero up to the maximum observed at the negative pole, and the smaller displacements
ooeur with the line so broad that any undisplaced absorption line must be visible. Indeed so far from
having to suppose an absorption line not siifted, the actnal absorption line observed in reversed lines
is 1n many cases displaced, a fact which disposes of the hypothesis.

The possthility of anomalous dispersion 1n the arc must also be considered It is conceivable that at
the negative pole, for example, there 13 a density gradient sufficient to cause wavelengths on each side of

1 Exner and Haschek beheve this to be possible (Die Spekiren der Elemente ber Normalem Druck, Vol, L, p., 28.)
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the absorption line, for which the refractive index would be abnormal, to be refracted out from the direction
of the condensing lens and mussing from the spectrum. There are, however, several facts against the
anomalous dispersion hypothesis. Firstly, it fails to account for the displacement of unreversed lines.
Secondly, for some of the lines widened unsymmetiically towards the red, the displacement of the reversal
18 to the red (e.g., the caleium lines AM 6102, 6122, 6162) and for others to the violet (e.g., the sodium lines
A\ 5682, 5688) ; these cannot be reconciled by the hypothesis. Thirdly, the unsymmetrical hines undergo
large sun~arc displacements whose signs are opposite to those of the displacements at the negative pole;
the existeuce of an anomalous dispersion band in the apparent absorption line does not assist in any way
m explaining these shifts

There 18 also the possibility of the displacement being due to the enhancement of a satellite on one side
which blends with the principal hne to produce apparently a single line displaced. A satellite 1s known to
exist for example, on the red side of the calcium line A 4586 shown in fig. 2, but to account for the greatly
varying displacements which can be obtaned in Qifferent portions of the arc, we must suppose that not
ouly is the satellite cnhanced until stronger than the principal line, but also 1s itself displaced. Besides,
many lines known to be single are displaced.

The Cause of the Displacement of Unsymmetrical Lines under different conditions of the Hlectric Are —In
Kodaikanal Observatory Bulletin No. XXXVIII, I have suggested that differences of density are the cause
of the displacoments between the short and the long arc, and presumably, between the sun and the long
arc. Therc 1s now a cousiderable amount of evidence to elucidate the origin of the displacements under
different arc conditions, and deusity is the only cause which can explain allthe phenomena. Very significant
are the following facts :—

(a) When the current strength 19 incrcased, thus increasing tho amount of vapour in the are, the
lines are displaced in the samo direction as at the negative pole. With an iron arcof 2 mms. length
doubling ihe current strength produced a mean displacement of — 0:011 A for seven lines unsymmetrical
towards tho violet or nearly equal to that between the nogative pole and centre of the long arc for the
same lines (see Table I); with an iron arc 7 mms. long doubling the current stremgth did not, from the
appearance and sonnd of the arc iiself, produce noarly so great a difference i the rate of production of
vapour and the displacement was smaller. Increasing the current in a “flame ” arc 6 mms. long also
produced a displacenont of the calcinm triplet near \ 4580 of + 088 A.

(b} The displacement of the caleinm triplet mnear N 4580 at the negative pole is larger
when the salt has been placod on thab pole than when on the positive ; with the flame arc the displacement
at the negative pole 14 largor whon both poles are flame arc carbons or when the negative pole only is a
flame are carbon, than when the positive polo only 18 a (lame arc carbon.

(c) When an ungymmotrical linc 15 reversed at the negative pole, as frequently is the case, the
displacement of the veversal 15 much smaller than would be expected in an unreversed lme of the
same dogree of unsymmoetrical widening. There are many cases, such as the calcium triplet A\ 6102, 6122,
6162, which are reversed 1n one photograph (caleium salt placed on the poles) and unreversed in another
(sodium sult with ealermn impurity placed on the poles) , the displacements of the emission lines of the
triplet m the latter average + 0°198 A and of the absorption line m the former 4 0015 A.

(d) Tako the example of tho sodium pair AA 5682, 5688. As mentioned previously, the revirsal of
those lines appears under certan conditions of vapour density, almost at the violet edge of the lines. The
reversal 1s so far to the violet thal the maximum of {he emission lhnes appears quite undisturbed by the
absorption, as has boen observed by Duflicld in the case of certain iron lines under pressure * and by
others ; on this assumption the emission line ai the megative pole is displaced by + 0-86 A, an amount
not inconsistent with the solar displacement. Whether the displacement is so great as this may be
doubtful, but it is «l any rate practically certain that the displacement of the emission lme for lines so
obviously unsymmetrical towards the red is to the red. Tt iy, therefore, important to note that the reversal
15 displaced by — 0 019 A, that isto the violet, of theline at the centre of the arc or in the direction opposite
to that of the emission line.

1 Duffield, Phil. Trang. Roy 8oc. A. 208, 111, 1908.
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(¢) The displacements exist 1n those parts of the arc where the lLines are widened and are greatest
where the widening 1s greatest The cause of the displacement may be the same as that ol the widening
i.e., exther density, temperature, or some electrical effect such as 1msation, but the effect of mnereasing the
quantity of material in the arc on the width of linos 1s so obvious that this 1s probably the chief causo.

The explanation of the reversal phenomena on the density hypothesis is obvious The vapour in the
outer regions of the arc 1s of low density (and low temperature) and therefore produces a narrow absorption
line superposed on the broad emission line due to the vapours of high density (and high temperature) in the
inner regions. The displacements of the absorption line at the negative pole will therefore not be so great
as that of the emission line, and may, when the density of the absorbing layer 1s smaller than that at the
centre of arc (which gives the comparison spectrum), be displaced in the opposite direction.

The fact that the shift at the negative pole is greater than that ut the positive, implying greater
density of vapour there, may be explained as due to the metallic ions, which would carry a positive eleciric
charge being carried over to the negative pole by the electrical field.

There may be other hypotheses brought forward to explain the displacement of unsymmetrical lines,
the most important of which is pressure. The 1ron lines which undergo displacement under different
conditions of the arc, are those which have large pressure shifts, and the directions of displacement are
those which would result from an increased pressure in the arc due to a sudden production of vapour at the
poles. 'The amount of pressure required to produce the observed displacements van be calculated, as 1s
done in Table VI. It 1s altogether inconceivable that pressures of 8 atinospherves above atmospheric can
be produced locally in the arc burning 1n free air at atmospheric pressure.

TaBte VI.—PRESSURE NECESSARY TO PRODUCE THE MBASURED DIsPLACEMENTS.

Fressure neces-

Displaccment ot | Pressure shift sary to produce

Line and element,

N _utive Pale | per atmosphere. displacement
61023
6122 +Ca . . . + 01987 A -+ 024 A | 82 atmospheres
6162 above atmo-
spherie,
g?gél Na . .. 4+ 036rA + 035 A | 6'5 atmospheres
88 ) above atmo-
spherie.
g?ggl Na (absorption .ines) — 0019 A + 086 A O'?{:x atmospheres
80 clow atwo-
sphenic.

s +  r009* A | 38 atmosplieres
i ab;)ve atmon
. spheric
4531 Cu . . . - + 03 A<| + 022+ A} 1'B atmospheres
! above atmo-
L spheric
Fe ur lmes . 4 011 A + 022 A | 05 atmospheres
above almo-
s horie
Te uv lines ... — 012 A — 017 A | 07 atmosphmes
above atmo-
spheric

* According to Humpnreys. + Accordine to Duflield,

The effect of pressure would be to displace all lines, whereas it has been found that symmetrical lines
are not systematically displaced cither one way or the other.

The fact of absorption lines at the negative pole having smaller displacement than the emission lines
could also be explained as due to lower temperature of the outer vegions of the arc, instead of to lower
vapour deusity. The temperature hypothesis does not however explain the other phenomena, for example
the displacement due to increase of current density or to shortening the arc.

Tonisation effects may be present in the arc, and in the explanation givea above it is not impossible
that for the phrase  density of vapour,” ‘“density of ions” should be substituted, for in the arc the two
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are indistnguishable since practically the whole of the vapour will be ionised. The former is more proba-
bly the cause of the displacement, and the point can perhaps be tested in furnace spectra.

There is no difficulty 1n accounting for a density effect on wavelength. Soon after the announcement
of the pressure shift Schuster pointed out the mportance of determining whether the shift was depe.ndent
on the fotal pressure or on the proximity of molecules of the same nature L Many ohservers have tried to
detect the effect ot the latter but gemerally with negative results. Txner and Haschek however did find
an effect ? but their conclusions have not gained universal acceptance.” The probable reason why negative
results have been obtained is that most spectral lines are symmetrical and therefore show no displacement
due to density. So far as my experiments go 1t appears that the displacement of symmetrical lines under
pressure is dﬁe solely to the total pressure of the surroundmg atmosphere, but there is as yet no direct
evidence as to whether the displacement of unsymmetrical lines under pressure is due entirely to increased
density or partly to the increased total pressure.

The intimate relation betwoen the unsymmetrical character of spectrum lines and their density displace-
ment is of great importance in the theory of the vibrations of elections within the atom and of the mutual
influence of molecnles due to their proximity. Whatever theory is put forward of the origin of spectrumn
lines and of their displacements mast he able to explain not only the displacements of unsymmetrcal lines
due to pressure and density to the red or to the violet according as the widening is towards the red
or the violet, but also the absence of a densily effect on symmetrical lines for which a pressure effect exists.

Consequences of the density eflect on  other investigations of the displacement of spectrum lines and
investigations of wavelength standards.—Tt is necessary to consider whether the existence of the displace-
ment of ungymmetrical Jines by different conditions in the electric arc do mot affect the conclusions drawn
frosn the displacements of spoctrum lines in other researches in which an elociric are has heen employed to
produce the spectrum.

The yrossure in the reversing layer of the sun can be estimated by comparing the relative sun—are
displacements of the lines most and least allected hy pressare The lines most shifted by pressure,
however, are comprised almost entirely of unsymmetrieal lines, and since these lines undergo shilts
within the are isell, the sun — are displacoments can be varied at wall according to the part of the are
selected for comparison with the sun. It wag shown mm Kodaikanal Observatory Bulletin No. XXXVITL
that even m the centre of very long are, the condilions producing the shiftsin different parts of the are,
whether they be dounsity or not, slill do not approach those in the sun. So long, thereforo, as the electric
are 14 used for comparwon wilh the sun, unsymmetrical lines must, lor the present, be left out of aceount
altogether in studying the pressure displacomnent in the sun. Consdering only symmetrical lines the
pressarc in the reversing layer at the level of the ivom lines is aboul three-quarters of an atmosphere ¥ and
the pressure at the limb is probably not much greater than this.k

Also, the arc is the sonrce which has heen cluelly cmployed for the investigation of pressure displace-
ments, and similar considerations will apply. The are does not always burn well under pressure, and 1t is a
practical impossibility to keep the arc conditions identical with those for the comparison spectrum either as
to length or as to the portion of the arc which falls on the spectrograph slit, although this latter in the case
of astigmatic spectrographs way not ho so important. Tt will not be surprising, thereforo, if the supposed
pressure displacement of the unsymmetrical lines does not tnrn out to be at least partly due to tho displace-
ments which oceur in dilferent parts of the arc at constant pressure. For instance knowing that the caleimin
triplet A 6102, 6122, 6162, is displaced by 0:198 A al the negative pole compared with the ceutre ol the are,
we cannot ignore the possibility that the shift of these lines undor pressure is partly due to this displacement

unless 1t is shown that special precautions have beon taken to exclude the polar regions ol the arc from
entemng the spectrograph.

L Schuster, Astrophysroal Jonrnal, TII, 202, 1806
* Bxner and Maschek, Die Spekiren der Elemente ber Normalem Druck, Vol. I

4 Bee Kayser Handbuch der Spectroscopie, Vol, IT, 297, 308, 309, 310 and Eder and Valenta, Astrophysical Journal, XIX,
951, 1904,

* Royds, Kodarkanal Observatory Bnlletm No XXXVIIL
' BEverghed and Royds Kodaikanal Observatory Bulletin No, XXXIX.
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Pressure displacements have also been investigated m the furnace.' The same pressure produces
much larger shifts in the furnace spectrum than in the arc, and since this is true for symmetrical as well as
for unsymmetrical lines, density effects, which do not displace symmetrical lines, fail to account for it.
Nevertheless there 1s a difference between the behaviour of symmetrical and unsymmetrical lines. The
following Table V1I, compiied from the data of Gale and Adaws*® for the wron arc and of King® for the
furnace, shows that the ratio of furnace displacement to arc cisplacement is considerably smaller for the
1ron lines unsymmetrically widened towards the red, than for symmetrical lines. This tact can be explained
if the arc under pressure has been short or the exposure made on a region near the poles, for either of these
would cause the shift of the unsymmetrical lines to be larger than the true pressure effect.

TaBL® VII —COMPARISON OF PRESSURI DISPLACEMENTS OF IRON LINES 1N WURNACE AVD ARe

Rutio fornace digplacement at 9 atmospheres,
arc displacement at 9 atmospheres

Region Syminetrical lines Lines ungymmetrical towards the red
A 4068—4461 ... 2:48 (26 lines) ... ... 149 (5 lines).
AN 5227 —5341 197 (7 lines) .. 1-87 (2 lines).

Although these experiments were not directed to the determination of standards of wavelength they
have an obvious bearing on the choice of light source for standard lnes. It does not seem necessary to
abandon the arc 1 air so long as symmetrical ines ave chosen as standards, but =with this source it cannot
be expected that independent experimenters will get sufficiently concordant results for unsymmetrical lines
on account of the great sensitiveness of these lines to density effects. The arc in vacuo 18 bettor for unsym-
metrical lines but is not suffieiently convenient for ordinary usage.

‘What we shall conmider as the light source giving “ normal” wavelengths for unsymmetrical lines is
entirely arbitrary but is of importance when we wish to interpret the displacements m heavenly bodies
such as the sun. We have now at least three causes of displacement of spectrum lines:—(1l) motion in
the line of sight, (2) pressurs, and (3) density It is desirable to eliminate the denmty shift since we have
at present no weans of estimating 1t quantitatively. Whether the arc under reduced pressure or the
furnace will prove the more suitable source for comparison with the sun 18 a matter for mnvestigation.

Test of unsymmetrical character —The presence of displacements at the megative pole 1s a simple and
powerful means of testing the unsymmetrical character of spectrum lines if we can assume the generality of
the rule that only unsymmetrical lines are displaced and these m the direction of thewr greater widening.
In the arc at ordinary pressures the unsymmetrical widening in most cases 1s not so obvious that its direction
1s evident ; the displacement at the negative pole i+, however, generally sufficiently large that the direction
of displacement can be ati once seen by mspection, although in some cases 1t would be necessary to measure
the displacement. Consider the case of the copper line » 4578. In the arc at atmospheric pressure this
line 18 so diffuse that 1 1s quite 1mpossible to say whether 1t is unsymmetrical or not, but supposng that
it were important fo learn its character for determiming 1ts series relationship or other reasom, the facl
that its displacement at the negative pole amounts to +0-024, A would show that it is unsymmoetrical
towards the red, but that the dissymmetry is not great in proportion to the width of the line since the
copper line A 4581 comparatively narrow undergoes a larger displacement. This conclusion as o the
character of the N 4578 line is 1n agreement with that found hy Duffield ¢ in the arc under pressure.

The method is not so sensitive for lines which reverse at the negative pole since the displacement of
the reversal is generally small. As however the unsymmetrical character is in the case of reversed lines
easier to detect owing to the reversal not being central, tlus limitation 1s not very serious.

! King, Astrophysieal Journal XXXIV, 87, 1911, XXXV, 183, 1612
2 Gale and Adams, Astrophysical Journal XXXV, 10, 1912

4 Ring, Astrophysical Journal XXXTV, 87, 1911

* Duflield, Phil. Trans Roy. Soc. A. 209, 205, 1908,
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SUMMARY,

1. When the spectrum of the regiou of the arc near the ne'gabiw'fe pele L°’ compm'ed' l“"t‘.h‘:"“l:?'pmh_::‘::
contre, the unsymmetrical lines are seen to be displaced in the diroction ?ftlxcalr groator wic omn.,:i : 1; -
widened more towards the red are displaced to the red at the megativo pole, and t.lmﬁo widunu L
towards the violet are displaced to the violet. Symmetrical lnes have V'ﬁry small ‘11”1’11""‘5"“"‘“?“1: I:'uuie
ave really displaced at all. The displacement amounts to over ono-tenth of A A’\rlgfft"o"‘ }””"_“" ! 1 "
examined, a number which could probably be easily multiplied by extending tl'w th‘HLl}-’;tl'{'l““ o “.‘ pl
elements and regions of the spectrnm, The largest displacoment yet, mengured is 0052 A for tho sodiam
pair Ax 6154, 6160. '

2. There is & displacement 1n the region near tho positive pole of about Tl the magnitudo ol thab
the negative pole.

3. A displacement of the same sense as that at the poles ig produced ul the centre of the are by
increasing the current, or by shortening the arc. . )

4. The displacement at the negative pole 18 reducod if only the positivo pole is supplied with the
material producing the spectrum o

5. Displacements oceur in the arc in vaeuo also, but to a much smaller oxtont than in the are in ndr.
The arc m vacuo is therefore the better source Lor the determination of standurds of wavelongth aund lor
comparison with the sun’s spectrum.

6. When a lime reverses in the region near the negative polo the displacemoent of the veversal is nuteh
smaller than that of tle unreversed line, but is gonerally in tho same diveetion; in the cuse of vory
unsymmetrical liues such as the sodivm pair A\ 5682, 5683, the displacemont of the absorplion line is in
the opposite direction relative to the line at the contre of Lhe ave.

7. The cause of the displacement 15 shown to e inercase of vapour dousity of the mabmial producing
the spectrum. The pressure required to produce the displacomonts obsorved i too lnrge o be enbertiined
as existing 1n the arc in aw and other possible hypoblieses have also o he rejectod.

8. The vapour density in the sun’s reversing layer is lower than that at the contro of tho are wnder
the conditions of my experiments.

9 The intimate relation between the unsymmetrical widening and the displacomoents due to ineronsed
density or to pressure, as well as the absence of any density offoet on sy mmotrieal lines for which a prossure
effect exists, are believed to be of importance in the theory of these shifts and of the vibragions of {he
electrons 1 the atom.

10. The possibility of displacement at the negative pole seems to bo o glmplo and offeetive nieans of
besting the unsymmetrical character of specirum lines, since 10 ex woptions have boon found (in unrovor el
limes) to the generality of the rule that unsymmetrical lines ave displaend in the direction of their greator
widening.

11. The bearing of the density effect on some othor investigations of displacements in whioh the are
has been used is discussed.

I wish to acknowledge wy indebtedusss Lo Messry. S, Nitarama Ay yur, G. Nagarajn Ayyar wad
A. A Narayana Ayyar, the first

: y second and third assistants rospectively, for valuablo assistance in wepsip-
ing the photographs.

Kovatkanan Ossmvatony, T ROY DS,
August 6th, 1914, Lasigtant Divoelop

———— .- -
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