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LXIII. The illugneto- Optics of Sodium Vapozw mid tlie 
B y  R. ?V. WOOL), Pv‘ofessor Botatory Dispersion ForrrwZa. 

of Eqminzental Pliysics, Johns Hopkins LJm’uersity *. 
[Plnte XXI.] 

IT has been shown in a previous paper? that the vapour 
of metallic sodium is an ideal substaiice for investigating 
the effect of a strong absorption-band on the magnetic 
rotatioil of the plnne of polarization. The preliminary work 
was not very sdisfactory, however, as the method einployed 
did not admit of very accurate deterininntions of the wave- 
lengths, and the verification of the rotatory dispersion 
formula could only be considered as approximate. Improve- 
ments in the methods of observation and design of the 
apparatus have been accompanied by au increase in accuracy, 
which could scarcely have been hoped for, as will be seen by 
the follo.wiiig comparisons. 

I n  the preliminary work no readings of the rotation for 
wave-lengths between the sodium lines could be obtained, 
while in the present case accurate readings have been iiiade 
for as inany as nine different wlues of ?I. between D, aud D2. 
Rotations as great as 1.140° (four complete revolutions) have 
actually been observed, and this with a 10 cin. column of not 
very dense vapour, in al field of only 2000 C.G.S. units. 
This mas for a wave-length midway between D, aiid D,. In 
the earlier work it mas only with the greatest difficulty that 
the bright lines which appeared in tho region of the red and 
green channeled absorption spectrum could be seen. They 
have now been photographed to the number of about 160 
with the 14foot  concave grating. Compiixtively few of the 
absorption-lines show any trace of magnetic yot:ition, scarcely 
one per cent. ; aiid the fact seems to have been established 
that these lines coincide with the bright lines of the fluores- 
cent spectrum of the vapour, which has been found to be by 

Read June 30, 1905. + M’ood and Springsteen, The Mngcetic Rotatioil of Sodiwi Vapour,’? 
Phys, Review, July 1906. 
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no 1neans tlio exact compleinent of the absorption spectrum 
was a t  first supposed. 
1~1 the present paper the mngneto-optics of the vapour lor 

ligllt travelling along the lines of force mill be discussed. 
The double-refraction of the vapour, which occurs when the 
rnps are perpendicular to the field, has also been studied, and 
\Till be reported in  a subsequent paper. Ai1 exhaustive study 
of tlie fluorescence of the ~ a p o u r  has been made, and 
tile lines of the spectrum to the nuniber of several huiiclred 

Very remarkable effects have been 
observed when the vapour is illuiriiiiated with a a e ~ y  narrow 
1,nnd of approximately homogeneous light, the lines in the 
fluorescent spectrum changing t'lieir position and appearing 
t o  dance about in the liveliest inanner with the  slightest 
change in the wave-length of the exciting light. The motion 
is of course only an illusion, lines disappearing nnd others 
renppeariiig, like the sparks of a spinthariscope. Stokes's 
I;I\Y is y io l a td  in a inost flagrant inanner, bright lines coming 
out on both sides of the excited region. The behaviour of 
the spectruni indicates that we are dealing with a nuniber of 
groups of electrons, each group coiitaiaing a large iitiinber 
of d x a t o r s .  The excitation of one of the vibrators sets 
the whole group agoing, but does not st'art disturbances in 
the other groups. These and other reinarlrable plienoinena 
\Ti l l  be fully discussed in the following paper ; they are men- 
tioiied heie only on account of the appnrent relation Letween 
magnetic rotation aiid the fluorescence. 

In tlin wrlicr experiments referred to above, the sodiuin 
u x  1ie:tted iii a tube of h a d  glnss, the ends of which werc 
closed with tliiii plate glass. Tho tubes 1:isted but a short 
time, owing to the chemical action of the metal, aiid in  fact 
11sl1ally craclted on a second heating. In the present ivork a 
tube of' thin steel has been used, the  ends of which projected 
fro111 the helices of the magnet. It was found that tlic field- 
strel1gth within the st,eel iube did not differ greatly from 
that obtnined when glnss tubes were used. 

A 
P c e  of thin seamless steel tubing of such a diaineter as to 
slil' easily through the hollow cores of the electromagnet, 
Erolll which the conical pole-pieces have been reiiiovd, is 

jneasured. 

I ,  

111~ nrrangeinent of the apparatus is shown in fig. 1. 
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procured. A short piece of small brass tuloiiig is brazed illto 
one end, through niliich the tube is exhausted. It has been 
found that a good vaciiuin is essential, all trace of the rotation 
disappearing in hydrogen or nitrogen at attnospheric pressure. 

Pig. 1 

a 
I n  the earlier nor l i  this i’act was not IT~IOWB, a n d  tlie tubes 
were esliausteil aiid then sealed off f rom the pmlip. TIie 
hydrogen liberntecl froin the sodium must h a ~ c  raised the 
pressure to a t  least 15 ciii,~. in all of these esperinie~lts. In 
t,he liglit of wliat is iiow l i1 i0~11 ,  i t  is snrprisiirg that aiiy 
results at ail were o1)tniiic~l ~intler tlieso coiitiitioiis. 

A luiiip of sotliiiiii tlie 5ixo of a ~v:ilaut is meltzd i i i  311 iron 
crticiblc, ani1 po~i red  out iiito a V-slialwd trough inatle of 
thin sheet iron. As sooii as tlie bar is solid it is placeJ in the 
iron tube, one cnil of which lias been pre\,iously closctl nit l i  
a siiinll piece of plate-gl:iss cemcntcd on witli se:Jing-n-ns. 
‘J’he t u b e  is introdneed iiito the magnet, the sociiniii Isxr 
1)iislierl t o  n position n i i d \ ~ a y  Iietivceii t l ~ e  Iit!liec+, nnci the 
otlier elid closed ivitli n 1)iecc of g1:iss in :I siiiiihr 11~111ier. 

The ciicls of the tube slioulcl Le coatctl ~vliilc ho t  with sealing- 
was  I)cEore the introduction of tlie sodiiiiii. Otic 11ns then 
o n l j  to  waw :L Biiiisen flniiie o w r  tlicin ant1 1)ress 011 the 
piece of glass, preyioiislj heated ; tlic sealing-was should 
conie into opticnl coiitnct with the g1n.s t o  ineiire nii air-ti& 
joint .  The tube is now connected \vitli an  air-piiiiip v l i icb  
will proJnce a wciiuiii of  n ~iiilli~nctrc or two. If tile nil-- 
p ~ i i i p  lenlre, it is n good p1m to p1:m a g h ~ s  stopcocl; 
between the piiiup and tube to p r e w i t  the entr;uice of traces 
of air after eshaustion. For piirjmes of deinonstrntion it 
is sufficient t o  heat the tube gmcliially with a Bunsen burner 
tiiriied d01~-11 lon.. In the pre;eiit work! lion-eyer, 13 liere 

P 
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constancy of teiii1wature was esseiitinl, electrical 11e:itiiig was 
illmriably nsetl ; tho tube was wrapped with a thin sheet of 
asbestos board, around wliich w'ns wouiicl a spiral of iron wirc, 
alltl tlie whole subsequently covered with nu asbestos jacket. 

Tile light from a n  arc-lamp, n d e  pir:illel by a lens, is 
pnss'e(1 tlirougli a Xicol prism, the steel tube, and n secoiicl 
llico1, after which i t  is Lrought to n focus by ineniis of a 
sccontl lens upon tho ,clit of' n s1)ectroscopu. I n  tlie present 
c:isc, tlie instjriiiucnt in qiicstion w i s  n conca~r!  grating of 
IA-t'oot r:ttli tis, tlie observations 1)cxing ninde both yisually ancl 
by nieans of photogi*al)hy, 

TVe will now consider briefly the ~~lienuiticnn which are 
presented wvhen tlie sodimn vapoiir is forined in the ni:ignetic 
field. The iiicols are crossed a i d  the spectrum vanishes 
completely. Thc iriagnet is now cscitecl and the Bunsen 
burlier placed under tlie tube, tlie tip of tlie flanie barely 
touching it. I11 n few ininutes we see two briglit ycllo\v lines 
exactly in  the position of the D lines. Tlie light coiistitutiiig 
tliesc lines comes, however, fro111 tlie crater of the arc, as we 
cnii easily see by intercepting tlie beaiii. The lines are in  
reality double, thougli they appear single rri tli low resolving 
powers, while even with the 14-foot  grating their duplicity 
cannot be iiiade out when they first appear. As the density of 
the vapour increases, the compoiieiits separate, four lines being 
distinctly visible. This condition is slion-n in Plate X U .  
fig. 1 ( ~ .  The lilies are formed by tlic constituents of the 
white light bordering tlic two nlsorl)tioii-lincs, \vliich having 
suffered a rotntion of' !No iii tile magnetic field, is elinbled to 
 SS the second iiicol. Tlie lines cont'inne t o  separatc, 
l)econiiiig broncler, nud prcseiitly we see between tliein n 
second pair of lines, for which the rotation is 270, the two 
h k  regions between representing rotations of 180. This 
stage is shown in fig. 1 b and r! Plate XXI. I11 fig. 1 b, the 
two inlier 90' liucs are beginning to fuse together, the ceiitre 
ljeing partially da rk  however. Jii fig. 1 c ,  tile fusion is coni- 
.l'lete and the ceiitre of the  system of lilies is briglit. With 
a further increase in the ~apour-density, tlie onter. lilies (goo> 
sepnrate still further, and widen out into broad flares of light, 
~ n d  othcr lines appear between them, corresponding to  
1:lrger rotations, tlie sjsteiii resenililing a set of diffraction 

J'OL. SIX. 3 F  
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fringes, as shown in fig. 2. Tho centre of the system, as I 
shnll designate it point midawy between l), and I),, becomes 
bright and dark i n  succes3ioi1, as is shown in the succeeding 
figures of Plate XXI. fig. t .  Only a few of' the inner lines 
show in tlie photographs, (is they aru very close together, and 
the vibration of the buildiug prevonte:l their rosolution in the 
photograph. They could bo distinctly seen with the eye- 
piece, niid accurate setting3 ot'the cross-hair could be made. 
Their position with resppct to the D lines \\as very accurately 
determined hy incans of a filar inicromcter, settings being 

Fig. 2. 

made on the dark linos hetween RY ~ ~ 1 1 .  A little practice 
was necessary hefore R complete serirs of readings could be 
taken without error, hut consistent results were finally 
obtained. The method adopted W:IS as follows. A current of 
given strength was turned into the iyon spiral, and as the 
vapour-density increased the alternations of brightness and 
darkness a t  the centre were counted. No measurements were 
commenced until a steady state vas reached, which vas 
indimtad by a fixed condition at  the centre. The position8 
af the  bright lines and dark spaces mere then measured, the 
mndings being taken down by an assistant. If a t  the end of 
the reriea any change was fonnd to hare occnrred at the 



centre, it  was rejected.. As  soon as the skiries was completed, 
tlie heating cur ren t  was shut  off, and  t h e  tube aliowed to cool. 
L)uriiig this process t h e  alternations of brightness a t  the 
centre were couiited, a n d  i f  t h e  number  of chaiiges differed 
from that  originally recorded tlie series was t.hrown 
out .  The rapid cliaiiges wliich occur as tlie tube cools, 
espeaially an unjnclietecl tube, are niost interesting ; the 
centre of the systeni changes froni briglit to dark with grea t  
q i d i t , y .  Tlic Iarg::est, i iuinler  of coinplete alternations ob- 
served w:ts e ight ,  corresponding to a rotation of 1440 degrees, 
oiie alternation (i. e. f r o m  briglit to  hr ight j  corrcsponding to  
180. T h e  wliole th ing  lasts but a few seconds, the br ight  
hand '' winking " aliiiost as fast  as oiie ciin count,. We can, :ts 
it were, sec the  plane of polarization actually turn ing  ar01111d 
tilid arouiid, for four  coniplete rerolntions. Beyolid this 
point t h e  absorption beconies too s t rong  to  admi t  of further 
observations belweeii the D lines, bu t  readings 111ay I)e taken 
above arid below thein i n  the sl)ectruin, witli va11011rs of v e r y  
great densit,y. 

\Vlieii the sapoiir acquires ;I coiisideri~l~le density, it   no st 
magnificent bright-line s lxctruni  a p l J e w ~  iii the red and greeii- 
blue region. Each  briFght line correspoiicls to ii clark line in  
the absorption spectrnrn, bu t  on l r  :I smiill percciittnge of the  
dark lines nppeerir to  esercise rotator1 power. Some of t,lw 
strongest absorption-lines are : i l )solutel~ unrel)rcsentetl in  
t h e  niagnetic rotation spr (~r i i i i i ,  wIiic:h iiiilicaritcls that therc i p  

some radical diffbrence in  tlie :iI)wrl)iiig ~ i i~c~I i : i i i i~ni .  
Much time has heen .;pent in a fur ther  ~ ~ h ~ i ~ g i ~ p l ~ i ~  stucly 

of the channeled rihsorption spectrum. a p iwe of v o r k  which 
'vas cominenced three years ago by the 11-riter in collaboration 
with Mr. J. H. JIoo;.r. It. has  since been found that  the  
presence of hydrogrn?  nitrogeii, or carbonic acid niodifies the 
appearance of  tlie :ibr;orpticn epcctiwm. The photographs 
Previou,clv obtained were made hy passing the light. through 
a ueel tuhe containing sodiuni vapour in  an atmosphere of 
hldrogeii? under wIiic!li oondition the nbsorl)tion spect'rurn 

a inost ixautit'nl s ~ i a d e d  appearniice, bciiig niade up of 
fluted hands, each band coiitaiiiing a very large number  of 
fine lines, If tlie hydrogen is removed, niid tlie sodium vapour 

in rncuo,, tlie fluted appearance disappears almo:t 
3 F 2  
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entirely, althongh the int1ivida:il lines remain. Many i i e \ i r  

lines nly)e'ir, however, liicli are broader atit1 inore distinct 
i l inn the others, ani1 t l i w  l i i i a r  u p p w  to coincide with the 
I)right lines in the rotation q m t r u m .  Tliiz point will bc 
more fully investigated i n  the fa ture ,  the \vorli o n  the absorp- 
tiou spectrum not having been completed at the preseut 
ti iii e. 

Jletnrniiig iiow to the iiieasiireiiicnts obtained in Ihe vicinity 
of the D lines, we will cliscuss theiii in their bearing 011 the 
theory of magnetic rotation. 

The rotation has bemi iiieasurcd over a considerable ronge 
cjf \vave-leiigths in the case of w r y  dense vapours, by the 
iiietliocl described in the previons p a p ~ r .  In brief this inethod 
consisted in rotating one of the iiicolr thyough various aiigles 
ant1 measuring the po4tioii of tlie two d:irlc bands which move, 
the one up, the other dowii the spectrum. The dispersion of 
the 14-foot grating wns too  great for this part of the work, 
:incl n large plane grating wa3 accordingly combiaed with a 
pxir of telescope objectives of :is-foot focal length. A very 
1)dliniit spectrum waq obtniiied in thiq may, aiid the dark 
I)antls Were not so brond but that the cross hairs of the 
inicroiueter conld be set on the centre of the b:md with a 
fair dcgree of' accuracj. Readings of the rotation were 
obtained throughoiit the region coriii)rised betweeii A,= 5340, 
mid h=.XUi. The dark baiids cnnnot be iiurstied d i  

accur:tcy to greater distances froiii tlie D lines, on account of  
their increased breadth. It will be uiiderstood from d i n t  
has been said in tlie lrevions paper, that these dnrli bniida 
retreat froiii the D lines wheu oiie of the iiicols (origin:i11! 
parnllel) is rotated towards the positioii of extinction. Tbe 
bands eater tlia red aiid green rcgions when the nicols are 
very new the crossed position, under which circuinstniicej 
the bright lilies appear, and completely o1)Iiterate all trace of 
the dark lniids, which by t l h  time linve become very broad. 
The rotation for tho wcLve-Ieiigths co i . respn~i i ig  to  the d d  
Iiniicl.;, is the angle tlirough nhich oiie of the iiicols has b m  
rotnted, measured from tlic c r o - i d  lioqitioii. 

The valuw foniid with ~npo i i r s  of' w r i o u s  deiisity are 
roecrtled in the following table. The t:ildes are designated bj' 
tlict m:ignitutlc of thc rotntion iiiitlway lictween the D l i i m  
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observations ; but the reverse proved to be true, though fairly 
good curves were ohtaiiied. The cleiisity of the vapour was 
inuch greater than that cinployed for the visual obserm tions, 
and the dark bands were found to be syinmetrical with respect 
to the D lines, that is the rotation \I 11s the same n t  points 
in the spectrum at equal dii tmces (riieasnrecl in w;~ve-lengths) 
to the right and lvft of‘ the I! lines. This was not the case 
with less dense \apoi i r~ ,  the rotation being greater in the 
vicinity of D, tliaii in the vicinity of D,. The rotation con- 
stant of D2 was foiiiid to  be about double that of D, ; but 
since the direction of rotation is the same on opposite sides 
of the absorption-bands, the efects of tlie t v o  bands are addi. 
tiye, mid lack of symmetry will be less noticeable with very 
dense vapours, \T here the xneasureiiwnts are made in a region 
riot very close to the line<. 

I’~r j / icat ion y j  t h r  7dntutoty I)i<spersion Ehrmula. 
Drntle, in his LeIirbzcch d e ?  Opt&, has given two formulze 

for the mngneric rotatory ilisprrsion, the first of which, 
developed from the h!pothe& of molecular currents, calls 
for an a110111i110119 effect on crossing the baud, and obviously 
tloes not a y p l j  to  sodium vapour. The second, dev~loped from 
tlic Hall-Etfect Hjpothesis, predicts rotations of similar sign 
and equal ningnitude for ware-lengths symmetrically situated 
in the spectrum, with respect to thc centre of the absorption- 
band. The formula deduced for the rotation is 

In the case of sotiiuni vapoiir differs so little froin unity 
that it can be left  ou t  of account. Iiivestigntions of tlie 
refractivity of the vapour by the writer, have shown that with 
very dense vapour (coiii~~ar:~tirely spcalring) the d u e  of f l  

inay be as great as 1.3 in the immediate vicinity of D,, hut 
calculations showed that in all of the cases dealt with in the 
study of the magnetic rotation, n TI-as practically equal to 
unity. K h e n  working very near the D lines the vapour vas 
extremely rare, while observations made with denser vapours 
covered regions not very near the absorption-lines, Since, 
moreover, the rotation is zero for very short waves, the first 
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term in the formula drops out,, i, e., a=O. Precisely the 
slime thing was done in the case of the ordiiiary dispersion 
formula, since the refractive index was found to be unity for 
very short wnves*. The similarity in the sign of the rotation 
011 opposite sides of tlie bands results froiii tlie f k t  that the 
qtiantity (Xz-X",) (wliicli changes sign on crossing the 
absorption-band) is squ:ir{d. A i l  att'enipt was first nmde to 
verify the simplified fo i - inu l i i  by writing Xn,=5893, i. e . ,  
nssruning t'lie D lines to be a single absorptiou-baacl. The 
value of the  constant could t l iw be det,ertiiined froin a single, 
observation, ; i n d  the rotntioiis for diff'creiit s a l n ~ s  of X cal- 
c t h t e d .  Tho cnlculiited values agreed very clo~ely with the 
obsercctl on one side of the double rtl)sorption-band, but the 
agreeincnb on the other side was very poor. This mas at once 
seen to be dtiu to the fact that the rotatory power of the two 
lines WRS very different, and the following formula was con- 
sequently adopted :- 

nX2 b X 2  s=-- (Xz-x;2)2 + (Xz--$,)Z. 

The constants n and b were calcnlated froin two  ol).<c\rwtioiw 
of a, one greater than Ill, the other less tllau D2, 111 ; t l ~ n u ~ t  

every case the ra tio - was found to lie Lrt.ween tlie liriiits 1.8 

and 2.03. Writing D,=5896 a n d  I I 2 = S Y 9 O ,  the d n e s  of 
the constants Q, and b for .r.apo~rs of difiwent densities aru 
recorcled in the following tahle. Tlir densities :ire defined by 
the magnitude of the rotation for a wve-length niidwty 
betmeen D, and 11,. 

n 
h 

1.98 

2.24 
1.8 I 

2.03 1 
Densify .._....... , .  n 

" 5 0  

$690 
3970 
538' 

Cent r sE=  50° ..,.,. 1123 
.. .. 90° .... . 2217 
I, 1 I 

,, ,, 1800 .. . . . . I  4309 
,) $) 3600 . . . . . . I  5111 
,, 450° . ,  , . . .~ 9279 
,, ,, R40° . . . .  , . ;  10326 
,, ,. 720° . . . . . .  I 12750 
,, ,, 960° ,... . . /  23673 

h. 
- 

587 
1350 
lee0 
2571 
454.5 
4tiOi 
7100 
10333 

- . . - . . . . . . . 

n , , i i , I l  Centre /I 1 Rotatiou Calc. 

2.6 / /  803O I 
' See previous paper on the "Dispersion of Sodium Vapour," I'M. 

h f ~ ~ '  WI. yiii, p ,  293 (1904). 
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Tlic " centre" :is clcfiiiecl aboye does not in fact fall nt 
k=5S!l3, but' at' 5893.5, i. c., when the bright bands unite, 
the point of uiiisuii lies iiexrer D, t l i n u  D,. Tliis is owing to 
the fact t h t ,  the c spns ion  of tlie b;uiils fro111 D, is more rapid 
tl1au fro111 Ill. 

I t  -\\.as f'o1,uid tlint if the constants n n n t l  I ,  wcro cnlculntcd 
froiii diffcwent 1):iirs of readin 0'5 tliere \I :IS considrrtil)le 
differelice Letwceii the -\-slues, :I circuiiist:ince vliich indicates 
either tliat the f'orinula is a t  f ; d t ,  or  tliiit tlie olwrmtions 
were iiot sufficiently accurate. TVe arc de:iling Tyitli w r y  
steep curves, :is will be seen Iiy refercnce to fig. 8, and 
siiinll errors in wive-lcngtli rcntliiigs will Iii;il;e large errom 
in  ~ a l u e s  cleducecl froiii theiii. The sererest test of all is to 
calculate the rot:ition :it tlie c w  tre f'roiii ~ ; i i u w  of tlie co1ist;ints: 
cleteriuiiirll froin two iiictlium wlnes  of 8 (say '30 or 180) 
outside of tlic D lines. This 11:~s Leea done in each case, nntl 
in aliiiost every cn5e the atlculated vduc  Lus  tui.iici1 out too 
sninll. I h a w  given all of the t;ib!cs of tl;it,i tlins far ob. 
tninecl, and some of tliaii are clonl,t!e:i.j less ncuurnte thnu 
others. By iiieaiis of an iiiiproved heating coil (which is in 
process of construction), of' porcelnin nnd strip p!atiiiuiii, I 
iiope to be able t o  hold the conditions iiiore nearly steady 
:ind o h i n  still inore nccurate results. It will d s o  be noces.snry 
to  secure greater rigidity of tlie grating. For 1:trge rotatioils 
at the  centre, say above lS0, we cniinot be quite sure of' the 
esnct value, as the best that cnii Le clone is t o  rcgnlate the 
lient so that tlie condition :it tlie centre is either of iiiasiiiium 
hriglitucss or darkness. Errors ot say 15 or 20 degrees call 

he m t d e  ensily. It is qnite possible too that tlio f'or111uln i5 

iiic.oiiiplctc. It seciiis iiiore t,h:iii lilcclp tlixt t,lio iuo1ecal;ir 
currents play some part, a n d  that, the t'orinula huilt up on tho 
hypothesis of the Hall effect is incomplete. As we s1i:ill sw 
presently, however, i t  represents t8he rotation outsiJe of tile 
D lilies witli n surprising degree of accnracy, while Letmeell 
the lilies it gives i n  most cases a ciirve wIiich is eIevatd 
somewhut above thc csperimental curve. It is  ossi sib le tlld 
the refractive iiides plays sotile part, tliougli I regard this 
w r y  doubtful. Dlidway between the D lines the refractivity 
is eqnal t o  niiity, rising and sinking rapidly to  t'lie right 
ailcl left of tliis point. It is not, -\\-orth while to csperiine11t 

f '  
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further with the formula until still mor6 :mura te  data are a t  
hand, which I ani confident, of obtaining in  the autnmn. 

Another matter still to be tl&"tinetl is whether the 
variation of the raitio - results from error-, or whcthcr it h 
increases with the d m + -  of the vapour, a5 aiqmrr? to  be 

n 

the case. These points will be taken u p  again in the second 
paper. 

For densities giving rotations of SOo, YOo, and MO0, at the - -  
centre, the calculated value agrees wit,h the observed to 
within the  probable experimental error, for, as I have said, it 
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is impossible to tis the iwtation a t  the central band t,o within 
say 15. I n  the case of tieriser vapours the discrepancies are 
much too large to be attributed to errors of this sort. 

Outside of  the D lines tho calculated values agree re- 
niar1r:lbly well with the observed, even in the case of the 
denscst vapour used, as wi!l be seen by referring t o  the 
cllrves shown in l ip .  3 & 4.  The ob.+erved values are re- 
preseiited hy circles, the computed 1)y crosses. The obserretl 
d u e s  are, of course, for values of 6 which are multiples 
of 90. In the computat'ions, values of 1 were selected, which 
could be accurately represented by five figures, conseqnent1,y 
we judge of the accnrncy with which the formula represents 
the dispersion by seeing whether the calculated values fall on 
the curve determined by experiment. The computations are 
nasily made. One has but to determine the value of 

fo r  wave-lengths in the region under investigation. These 
tmms being independent of the vapour-densit.y, can be used 
in all cases, the rotations being found hj- niultipl\:ing t,hem 
t , j  the constants n arid Z, as determined for :L particular 
density, :~nd adding the t x o  products. 

On fig. 3 will be found two curves, A and B, for centre 
rotations of 50" and 360'. The values of 8 calciilated for 
the curve A, will be seen to fall in most cases exictly upon 
the curye of oliseryed values. 

Fig. 4 shows t l i n t  the agreement is also good for a 
density giving n yotation of 45@O a t  the centre. 

Fig. j represents the rotatory dispersion of t.lie densest 
vapour investigated by visual methods. The bright band 
between t,he D lines had disappeared completely owing to 
absorption. This corresponds to  a rotation at the centre of 
about 1500, since 1440 is the largest rot'ation actually 
observed. The observed values in this case were obtained 
wilh the plane grating and long focus telescope-lenses of five 
iriches aperture. The positions of the broad, dark bands were 
measured with a micrometer eyepiece for different settings of 
the nicol, and readings were also taken on the narrow bright 
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mitl clark 1)mitls lying bctvcen tlie Iirontl ones nnt l  tlie D 
linea, ~ I i c i i e w r  tl ioy n.erc distinct enough. 111 this casc, the 
c:dcul:ited ~ i l 7 1 1 3  lit. on n c i i r ~ c  eliglitly lower t h i  tlie 
oliservetl curve. This iiiaj- l)c clue io t h o  fiict tliat tllc Talne 
of h for wliich tlic rotxtioii is C Y J ~  to thnt of tlie iiicol iiiay 

iiot lie esnctlp at the ceiitrc of tlic h i i d .  On tlic w\.holc, tlic 

Fig. 5, 

formula iuny bc said to rcyresciit, the rotatory tlislwsiion, 
exclusive of the region Iwtwcen tlie D lines, vitli ;L fair tlcgree 
of nccurncy. If, Iiowever, the constnnta ci :uid b are cnlcnlated 
frolii ditferent pnirs of' re:dings 011 the saiiie curvc, cliffereiit 
d u e s  :ire fonnd. On this :iccou~it, i t  s e e m  desirable to  
redeternline the ciirvea wit11 still p e n  ter prccisioii, which vi11 
be doiie in  t h e  nutnmii. 

Vapour of n still gr-.nter clciisity wis  invc,stignted by a 
l h o  togrn phi c iii e tli otl . 

The spectrum of the liglit trnnamittcil through tlic t n o  
iiicols : i i d  the sodium tube vns 1)hotogrnl)lied with tho 
three-pr im spectrogrn1)h. Seven esposui-cs were iiincle on  n 
tricliroiiiatic l)late, with the seconcl iiicol in seven different 
positions. A sotlium flame, linriiiug continuously in f ron t  of 
the slit of tlie y)cctrogrnpli, recorded tlic D lines oil tlic plate. 
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tube wns heated electrically, niid tlie density of the vapour 
re1n:iined coiistniit tlirougliout tlic total time of csposure. 
Each c q o s u r e  aiiiouiitecl to less thnu  half n minute. One of 
tliese 1nultil)lC photographs is rep‘.oducetl on Plate SX’I. fig. 2. 
Tllc 1)icture inny be snit1 to  show tlie clisperb40ii curve. The 
psitioiis of tlie dark bands, wliicli nppenr on each side of the 

lines, were Iiien.sured on the dividing eiigiiie, mill t,he wave- 
lengths cleteriiiined from tlie cnlibratioii curve of‘ the  spectro- 
gr;tph. For thcse deiisc vnl’oiirs i t  w:1s fouiicl that the 
rdtntorp dispersion curves were symmetrical with respect to 
n point inidway between D, atid D,. Tlie t l i y m i o n  sliould 
therefore be well representecl by n single-term forinnla 

ax2 ~- 
(A2 - A;)) 2’ 

in wliicli h u = 5 S 3 3 .  
fullo\ving table sliows. 

T l i i d  was foiuicl to L c  tlic caw, as  tlie 

Vnlue of constant CL= 1:XGOO. 



ewmtial condition I n  the earlier work with tabes sealed 
off from the puinp, the pressure due  to the liberated hydrogen 
was probably rcslmisiiLle for the faintness of the lines. The 
density of the socliuin vapour must be just right. If it is 
too rare, the rotation is insufficient to bring out  tlie lines, if 
too great the absorption weakens the spc+ctrum. T'Vhen the 
conditions are exactly right, tlie lines arc :illnost as bright aud 
~ i i i m e r o n ~  a$ the inetallic lines i n  the arc. Photographs of 
th2 COikllJletc spec"trutn were inude on tricluoinatjic plates, 
inatlt! hy the Criiiner Drr  Plate Co. o f  St. Louis. These 
plxtes were foiiiitl t,o he sensitive up to t l io  red lit81iiurn line 
( X =  670.5). An expostire of fi fteeii minutes I Y R S  sufficient with 
11 small c o n c ~ ~ v e  grating of about a inetre radiiw. Two of these 
p1iotogr:iplis are reproduced natural s i x  011 Plate XXI. fin. 4. 

1 have never observed a doubling of any of these liiiea 

such :IS occiirs in tlie case of D, atid L)?. So great is the 
quantitjy of tlic light trmismitted by the srcoud nicol, that :L 
hril l iat i t  oraiigc~-c.ol011retl iiiiage of tlie crater of the arc 
aplmxrs 011 tlir slit of the spwtroscope the i i i on i~ i i t  the current 
is tuixc(1 i n t o  tlic? iri:ignPt! i iot~~ith.; tantl i i i~ tlie fact iliat the 
nic,ols :ire c i  oeseti. 

Innsinucli a s  it sceiiied tlnsirnhle to investigate these lines 
iindcr liighw dispersion a n d  determine their wave-lengtlx 
a s  ac,cii~ntely :is ~ m s i h l e ,  the apparatus was transferred to the 
con fxm- g ra t in  g i'ooin . 

The 1Zuhmlrorfl' m a p e t  IYW :~l~anl-loned a t  this point, : ~ s  i i  
n a s  found t l in t  :in csposiire of four o r  five hours \ \ o d d  be 
necessary, and the inapnct hecanit:! ilnnpwonsly hot i n  half 
ai1 ltoiii.: when fed with the IirceussrJ- ct i iwii t .  J i i  its placo 
a yery large inagnet. built Iq- Professor 1lo\~land for die 
study of the Zcemm efftict, \vas n s d .  Tliis magnet could be 
fed with a IlO-volt cnrrent without rtlsistaiice, n n r l  operated 
cont inuonsl~;  for a i i j  necessary iength of tiiiie. 

A steel tube nenrly 3 ems. in diameter  could he uoed with 
this magne,t, which i n c r e a d  i n  no sinall degree the amount 
of liglit :iwil:tLIe. ~ft ' ter  : t  n n r i i b : ~  of i l i i l n i~no ,  a w r y  a a t i a -  
factory nep t ive  secured with the 14-foot grating show- 
ing the rotation spectr:ini RTlii the nhsorption spectrum side 
by &le 011 die saiiie plate. The plate shon.ed oyer 60 lines 
in the blue-green region, some of them eo faint t ha t  the!, 

? 



could scarcely be see11 under the microscope of the dividing 
engine, wliile others were strotig enough to yield prints 
capable of reilroductioii. 

Another plate was exposed :incl a comparison iron spectrum 
recorded by the side of the rotation spectrum, The wave- 
lengths of the rotatwy lines were iiiensured on both plates, 
using the iron liiirs : i n i l  the sodium :il)sorption lines as 
htandards. Suiiie ut' tlic liltter were retleterniined, as it w a s  
found tliat tlwy were i t iucl i  slinrper Lvhen the sodium JW$ 

heated i i i  : I  Iiigli viici~uni,  thnn when Iientcd in hytlrogen, :is 

i i i  tlie preview worlr by Dr. Noot~e ancl tlie writer. A pritit 
obtiiined front tlie illate on n hich the rotatory spectrurti 
and absorption ~spectriim were recorded, is shown on Plate 
XXI.  fig. 5 .  The :ibsorptiou spectrum is above. Nany lines 
are, of COUI'SP, G b l e  on the negative ~ h i c h  do not  show 
011 the print. The rotatory lines in many cases coincide 
with the heads of the groups of absorption-lines, though tlie 
centre of tlie line appears to be slightly displnced bejotin 
the head of the group of absorption-lines. The di.splacemert t 
is, however, very slight, not niore than hiilt' the width of tlic 
line. A list' of the \va~c-leagtlis of all the  lines vi5il.de on tlic 
negative follons. The approxiinate iiiteiisit,ic>s : i ~ * e  rejire- 
sented by nuinerale, 10 indicating the maxininm intensity 
and 1 the minitiiuin. Linvs niarkecl vitli a11 int~errog:it.ion 
point. were so h i n t  ns tn I ) ?  douhtf'ul. 

. .  

G rccn Hotn tion Spec t rii i n  . 
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I t  i j  especially noteworthy that iiiaiiy, in fact niost, of the 
strongest nb~ortitioii-linc~ are n o t  rc~lircsentcd :it all in tIlc 

rotation spcctruiii. Tlii,* fact is of fundanicnt;il irnl)orinncp, 
for i t  indicates tliat tlie a1)sorbing ~ i ~ e c l i ; ~ ~ ~ i s t n  is diffcrcnt in  
tlie two cascs. J u i t  wlicrein the tliffcrence lies cannot :is yet 
be clefiiiitcly stntcd On eit1ic.r 1iFl)otliesis as to tlic cause of 
the inagnetic rot:ition, tlia effect will cliiiiinisli as tlie III:~SS 

of tlic electron increases. The  !iiics of tlio rotatory yiectrul~~ 
may correspond to the negutivc electrons of sinal1 1n:iss ; tlie 
other lilies in the :ibsorl) tion spectrnm wliicli show no rotatory 
power mny be clue to posiitive electrons: or nt all events to 
some form of vil~rntor having a n~ncl i  larger iiiacs t1i:iii 
the  iwgntire electrons. The f:ict t l ~ t  tlie briglit lilies 
in tlic fliior(wxiice spectrum coincide with tlie h i e s  of tlic 
rotatory spcctruni appears in accord with this assumption ; 
for thc agitation of tlic e l d r o n s  by the light vibrn- 
tioiis Jvill bc greatest for those hn\-iiig tlie sma1le.t iiiaw. 
It niil clonbtlc,s lie po~ .~ ib l e  to spe::‘lr more definitely 
in regarc1 to this point, nftcr tlie flnorescence epxtrulii 
has been more c:irefolly studied. The matter will be 
discusset1 fnrtlier i n  tlie p p e r  011 tlie flnorescence oE tlie 
Vly’”1r. 

Tlic rofation spcctrum in the red a i d  orangc! rcgioii 1.3 

inore brilliant t l ini i  the green-blue one, but it was foiind 
imprncticahlo to 1)liotogral)li it  vitli the 14-foot concave 
grating. Esccllcnt photographs of it were secured with n 
snldl concaw grating of about n inetre radius. One of these, 
together with the absorption spectrim, is reproduced in fig, 3, 
Phte S S I .  As the red lilies could be seen without clifficnlty 
\rith the 14-f‘oot grating, n method was deriscd for inappiug 
thein which inny prove useful in otlier lines of nork.  9 
brnss rod, on iyliich n short brass tube hncl been fitted, w i s  
f:lstciic.d into the grating camera j us t  below the groove which 
lieltl the plate. To tlie mo.i-able tube v;ns soldered n second 
tube of 2 i i i t i i .  bore, into which w n s  fitted n short piece of 
brass rod. Tliiv rod carried a needlc point. Tiic wliolc 
nrrnngement is shown in  fig. 6. B li1:ite of thin glass was 
CarcfllIlg sniobed o ~ c r  a g:is-fliime, aiitl tlien n i p d  clcan \vi th  
tllc exception of n i iarrow strip 4 iiitiis. niilc a l~ i ig  tlie centre, 

. .  
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This 1)late wis  iii-oi%xl in the caaiera in  place of the photo- 
graphic plat(:, and the ,y)cctruin brought into such a position 
that the lincs cror;,5ed the sinolrctl strip. The posit2ions of the 
lilies conltl be accaratcly recorded by bringing the neetlle- 
point in contact ait l i  tlie glass exactly 011 tlie centre of a line 
nncl then ptisliiiig it u p  across the soot-film. Intensities 
could be recorded approximately by varying the length of 
tile lines. The sodiuin lines were also recorded on the plate 
i n  the Smile iiiniiiier to  serve as referelice marks. -411 ir011 
:ire spwtr i i~ i i  \ w s  tlic!ii pliotogra~~lied together wit11 tlie sotliuiii 

lilies, :111(I 111 111e:1115 of tlio t \vo  1)lutta tlic wxve-lengtlis of tlie 
lines of t l l ~  rcd rot:ttion spectrniii could be deterinined. The 
striolretl l)latc ~s fixell by flowing it with n very dilute 
solution of collodioli ia ether. A print froin the plate 
ll10niiteLI (( iii register,” n-ith a pliotogruph of the absorption 
spectraln, is sho\va in fig. 6, Plate SSI. Owing to  the 
ineqii;ility of the ab.orption in the different parts of the 
spectrulll above the D lilies, it was necessary to take photo- 
graphs, at  three differelit vaponr densities, to  represent the 
entire set of lilies. The prints hnye been carefully registered 

YOL. XIS. 3 c :  



TIIP fact that the 
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fl,untl that tlie prcwiice of Ii.vtlrog::~n or nitrogen interferes in 
a ycry mnrlcetl tlr:gree wit11 tltc fluorescence of tlie wpour.  

Tlie naiiic tliiiig is true in tl ic c:isc of iodine vapoLir, wliicli 
]las lieen foniitl to posse,+ :L very gre:it rotatory 110wer for 
gycvii liglit, wlicii tlic ~ : 1 1 i o i i i *  i 3  formc!d iii nil c s I tnn~ te i l  tube. 

srn;ill bulb, cont:iini~ig n L C K  crystn1.s of iotlitir, is eslinustetl 
:llitI ~ c : t I ~ ~ d  OK' from the 1 ) i i m p .  0 1 1  Ii1:iving i t  bctncen tlic 
]"'ICs of tl1e lllngll't lwt eii c~os;cCl iiicols, a most beautiful 
pliiernltl-gwcn l ight  is rclstuiwl tlic iiioiiicii t tlie current  is 
trirned into tlie coils. Tlie r;l)wtriiin of t l i i j  l iglit lias bcren 
1hotograpIied niicl  ob~ervecl \.isunlly. I t  ~.er;ie~iiblcs tlie nli- 
sorption sliectrnin so closely :is to lea11 to  the  belicf tliiit tho 
iinrro\v blaclr lines in  it, are pi~odnced IJJ' alisorption. Little 
or no rotnt0r.y power is esliibitcd for red or yc~llow light, 
tlioiigli this portion of tlie SpctrLiiii is filled nit11 fine abwr1i- 
tion-lines, niitl tlie blue region is aiso wniitiiig i n  tlie rotxt,ion 
spectrum, tliongh tlie nbsori)tioii is strongest a t  t1ii.j point. 
These effects are at  preseiit uiidcr inr.estigntion, niicl will Le 
reported in a snbeeyuent p:il)er. 

l l i c  iiiwstigntion W p O I ' t C d  i n  the p w s c n t  paper is one of n 
Feries made possible tlirougli substantid aid recei\.ecl f rom 
the ltumford F~iiicl, t i r o  graiits lin~iiig been ninilc Ly tlie 
American Acadeiiij f o r  a s t u d j  of tlic optical liroperties of 
sodiuiii 17apoiir. 

I 3  

i\Iucli assistance lias nlao bceii rcnil(wt1 11.v M r .  A. 11. Pfnnd, 
for whose serriccs I ai11 indebted to tlic hr i iegicl  Instit,ute. 


