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PhysicB. _. "The ProlJagation of Light in Moving T'l'anspm'ent 
Solid Substances. 1. Apparatus f01' the Observation of the 
FIZEAU-E.tl'ect in Solid Substances." By Prof. P. Zl!JEMAN. 

(Communicated in the meeting of May 3, 1919). 

1. As a l'esult of an experiment by ARAGO with a glass 
prism FRESNEL drew up his bold hypothesis on the convection ro­
efficient in 1818. When in 1851 FIZEAU wanted to put FRESNEL'S 
hypothesis to the test, he experimented, howevel', with watm', and 
examined whethel' Ol' not the velocity of light in standing water 
differs from that in moving water. 

There are many reasons to be adduced for carl'ying out an ex­
periment, &0 exceedingly difiicult as that of FIZEAU, in the first place 
with water; it is, however, also iJ~teresting to examine the motion 
of light in soliet, transparent, l'apidly moving substances. In this 
connection expel'imen ts with rapidly moving q ual'tz and glass have 
been made by Miss SNETHLAGl!J and myself. In tb is communication 
I will give the desCl'iption of the apparatus with wbich these expe­
l'iments have been made. 1t may be well to eaU attention to a few 
points refel'ring to FIZEAU'S experiment with watel'. 

Let c be the velocity of light in vacuo, ,... the index of l'efraction 
of the water, 'W the velocity of the watel' with respect to the tube 
in which it moves; then the velocity 'of pl'opagation of the ligh t 
with respect to the tube is according to FRESNEIJ: 

~±(l-l.)w . , .. (1) 
tJ. ,...' 

In this the uppel' or the lowel' sign is to be taken accol'ding as 
the water and the light move in the same or ju opposed directions. ) 

In 1895 LORENTZ demonstrated that FRESNET,'S cOIlVection coeflicient 
in a dispersive medium must be l'eplaced by: 

1 À d,... 
1-----

P. t tJ. d)' 

This changes fOL'mula (1) into: 

: ± (1 - ~ - ~ dtL) w • (2) 
f.I. t.t l It dJ. 

The expel'iments made by FIZ~AU in 185J, plead in t'IWOUl' of 
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fOl'mula (1), MWHELSON and MORl,EY'S investigation of 1886, perfol'med 
with MlOHELSON'S interf'erometer in one of the numerous forms into 
which as a real PROTEUS this wonderfnl instrument is capable of baing 
changf'd, ga\'a with white light a value of the com'ection coefficient 
which was in excellent agl'eement with the coefficient that follows 
for yallow sodium light from fOl'mula (1). 

Experiments that ha\'a been caJ'ried out by me with different 
colours l'anging from viol~t to red, and in which the axial velocity 
of watel' in the tube was directly measured have been communi­
cated by me in different papers to this Academy 1). The validity of 
the formnla (2) with the tel'm of' dispel'sion conld be demonstrated 
with au accuracy exceeding 0.5 0/,. The optical effect that is measured 
in these expel'iments, is a displacement of intel'ference bands, which 
is gh'en in pnrts of the distance of two bands by the formula: 

1
4l (1 _ 2. _ ~ df.') (.t' 10, • (3) 

,., , C f." (.t dl. 

in wldclt l repre&ents the length of the whole liquid column which 
is in 1110tion. 

2. The appal'atus that has been used for the investigation of the 
motion of light, in solid substances, is shown diagralllmatically in 

______ ._._ .....• _ ... "" .. -o-D ______ ..::E. ____ ._ 

~'ig, 1. 

fig. 1 on a senle of l/m and' might also be naed with simple modi­
ticatiolls fol' the investigation of costly. liquids and eompressed gases. 

The moving, transparent snbstance is rigidly connected with a 
piece DE, and ean therefol'e rapidly move to and fro parallel to 

J) ZEE~IAN, These Proc. 17, 445, 191-1-; 18. 398, 19Hi; 18, 711, 1915; 18, 124:0, 
1916; 19, 125, 1916, 

, I 
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the dotted 11Ile, wlllie a beam of light tnweL'ses the substallce 
parallel to DE. 

The piece DE IS moved to aIJd fl'O, as it io coupled with the 
rodó DC and O'C. Normal to the plane of the dI'awing, axes have 
been fixed at 0 and 0' in a \'el'y strongly constl'llcted frame, 
01\ wbich the bed is fastened, along which DE moves. Tbe aXlS 
in 0 is l'otated by a 3 H.P. motot', so Ihat point A describes a 
cU'cle; B, connected wlth A by the l'od AB, acquil'es a mo\'emeJlt 
backwal'd and forward, which 1& tl'al1sferred to C enlal'ged. 

The piece DE of fig. lis shown diagrammatically in fig. 2 been 
from above on a scale of -(0. In A and B there Me bl'onze shoes 
WhiCh can slide along steel guides. All these have been COl1stl'ucted 
with great cal'e, so that a l'echlineal', hOl'izontal motion of the 
shoes can be obtained. The rods of Ihe transparent substance, which 

-fj- u - - _:- - - - - -@S-
Fig. 2. 

rest on a wooden block wllich is connected with 4 sCl'ews to 
A and B, participate in th is motion. 

The Plate, which is annexed to this communication, gives a 
general survey of the appal'atus, 'rhe thiclmess of the guides amounts 
to 9 mm., the width to 70 mm., the leng th to 1.84 m. They rest 
on heavy l'ectangularly bent pieces, whieh constitute the sides of 
the bed, and which for gI'eatel' tirnmess are connected by velT solid 
pieces about half a metel' long, wlllch at'e bent tWIce l'ectangularly. 
These pieces al'e arran/.!,ed on Ihe lefthand at the bottom side, on 
the righthand on the upper side of the bed, as is to be seen in 
the Plate. The entiI'e leugth of the uppel' pari of Llle appal'atus is 
2.30 m., the leng th of tile stroke is abont 1 melm', 

In' Ol'der to enSUl'e the regnlar movement of the appal'atus it 
appeal'ed to be necessary to provide it with I wo fly-wheels, a. lal'ge 
one seen in the fOl'egl'ound, and a smallet' one fnstened on the other 
side of the axis of rotatioll, and jost visible on lhe Plate The whole 
apparatlls it faEltened with solid balts to a gl'anite slab, cemented to 
the lat'ge pillar of Ihe laboratory. 

As appea,'s f,'om a considel'atiOIl of fig. 1, Llle rate of rnotion- öf 
the shoe is vn,l'iable, with two, ólightlJ diffel'ing maxima of velocity, 
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one in going, and one in l'etu1'I1ing along the gnides. 'fhe maximum 
velocity is pl'actical,ly constant 0\ el' a distam'e of about 20 cm. 
When the fly-wheel pel'fol'ms 1841'evolutions a minute, the maximnm 
velocity rises to somewhat more than 10 meters per second. 'fhis 
is the highest valne that can be l'eached. 

'fhe ddving appal'atus was cOllstl'ueted by the wOl'ks Werkspoor 
at Amstel·dam. The execution of the mechamcal partEt had to be 
adapted 10 the optical l'eqllll'ernen ts in the Labol'atol'y. 

With regal'd to the optIcal al'l'Rngement ot' the experiment we 
may refel' to my formet' communications on the FIzlcAu-effect. The 
quickly moving transpn,rent, solid substanee takes the place of the 
running wa.ter of the eal'lier expel'iments. The leng th of tbe moving 
column of qual'tz Ol' glass ranged between 100 and 140 cm. in 
chffel'ent experiments. Aftel' the succeSSlve application of numerous 
impl'Ovements it was possible to cause the beams of light to intel'fere 
thrOllgh the mO\'illg quartz or glass, and to obtain pure interferenee 
lines at the gl'eatest velocity which the appal'atns admits. 

The experiment co mes to this, th at the interferenee bands are photo­
graphed twiee, first with a movement of the column to the right, 
and then with a movement 10 the 1eft. These photos should be taken 
by admitting light during a time of the order of one hundredth of 
a second and at,lhe moment of the maxilllum velocity . 

The optical effect to be expected, when 1 repr6sents the lellgth of 
the moving trans paren t substance is: 

~ (~ -~ _!.. d(.L) (.L' W • 
l ,C (1 (.L' (.L~ dÀ 

(4) 

It appears t'rom this t'ol'lllllla, which will be proved latei' on (see ll), 
thM the optical eft'ert IS approximately propol'tional to (1-1. In 
FIZEAU'S experiment the optira1 effect is propol,tional to (.L'-1 according 
to (3). This dlffel'enre is conneeted with the faet that in FIZEAU'S 
experimellt iu Hs usnal form, the velocity in a definite point ot'spaee 
is always the same, whereas in the experiment now considered the 
light must overtake tile moving bar. 

As regal'dEt the optical effect obsel'ved, the method conc:;idered now 
will accol'dingly be two nnd a half times less favoura"ble for n 

1,~-1 
vaille of IJ. -' 1,5 than FIZI~AU'S uSllal method, because --1 = IJ + i, 

(1-

This is more or less compensated by an advantage with regard to the 
dispersion term. As folJows from formulne l3) and (4), the ratio of 
the dispersiol1 tel'm to the lwincipal term is in the seeond case t,6 
times that in the fOl'mer experiment. 
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We sllalI now disCllSS a few 1l10l'e ptwtirlllal's of the arrangement 
and the use of the appal'atus, 

3. Dete1'mination of velocity. In Ol'del'~lo get an insight into tbe 
course of tbe velocity in the movement along tlle gnides the position 
of DE (see fig. 1) was detel'mined cOl'l'esponding with 16 different, 
equidistant positions of Ihe fly-wheel. The gl'aph indicating tbe COll-­

nection between the positions of the fly-wheel and the deviations, 
has about the shape of a sinusoid, bilt the two halves of the curve 
ar'e not symmetrical, and in pal'ticnlal', the course of Ihe graph in the 
neighboul'hood of the two bOllndal'y vallles is not exactly the same, 
as all'eady appears fl'om a considemtion of fig. 1, wh en A is imagined 
to move along the dotted ciJ'cle. 

The velocity-time curve can be gl'aphically del'ived from the path­
time curve. At the maxima the velocity is practically constant over a 
distance of 20 cm" of which only 10 cm. are used. As was ah'eady 

d ' cm. , 
state the maximum velocity amounts to 1000 - fol' 184 revolu-

sec. 
tjons per minute, and pl'oportionally the ealculated veloeily 
can be del'ived fol' anothel' numbet' of revolutions. Whether 
really tbe máximum velocity should be taken into account in tbe 
ealclllation, depends fm'thee also on tbe position of tbe moving 
column at the moment that tbe shutter, before the objective of 
the telescope, transmits light. In some cases this position did not 
cOl'l'espond to that of the maximum velocity , whieh circumstance 
was of course taken into àccount in the interpretation of the photos. 

In the most accurate expel'iments the maximum velocity of the 
column was directly measured (for the method lIsed see one of the 
following communications), which l'enders us independent of the 
supposition that the fly-wheel possesses a constant angulal' velority. 

It appeared in the experiments that the machine ran more unifol'rrily -
when the fly-wheel rotates clockwise (seen from the side of the Iarger 
tIy-wheel) than in the opposite dit·ection. Of eomse this favOllrable 
dh'ection was al ways used. 

4. Shu..ttm'. Only at ihe moment th at the machine has Us 
greatest velocity ma)' the light be admilted to the photographic 
plate, The following' arrangement was made fot, this pllrpose. The 
axis of the fly-wheel is provided with a toothed wheel, which 
engages with a second toothed whee.J with double the numbel' of 
ieeth, An insnlated bmss ring witl, cams is fitted on each 
side ot' this second wheel. The cams on the two l'ings are plaeed 
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d iametl'irally opposite one anotller so t hat they take each otjlel"s 
places as regaL'ds level aftel' every whole revolution of the fly-wheel, 
and can make contact with a snitably fixed sliding contact. 

By meam of the cam an electric CUlTent is closed in a CiL'Cllit 
containing also windmgs of a coil that acts electL'omagnetically on a 
sJmtteL' or light interrnpteL', When the second cam makes con­
tact, the CUL'l'ent passes thl'Ollgh a secolld cOll, which closes the 
shlltter, Every time the fly-wheel, and consequelltly the movÏllg column, 
have arrived at Ihe same position aud move in tlte same di1'ection, 
the shutteL' is opened, and light is allowed to pass for a moment. 
The intensity of the interference/figure not being sh'ong enough to 
give ti, satisfactory photo wlth light that has been admitted once, a 
photo is taken e.g. Ihi1'ty times s\lccessively on the same plate. As 
the light is let thL'ough three ti mes a second, this takes only ten 
seconds, 

To take thE:' second photo, i.e, when the colnmn of qllartz mo\'es 
in the opposite sense, a dllplicate al'l'angement is nsed, placed sym­
metrically with respect to the one sketched, By means of a dOllble­
pole throw-switch it becomes possible to make one series of photos 
succeed the other immediately without loss of time and without 
stopping the machine. Only the photographic plate must be moved 
a little. The two lal'ge toothed wheels, and between them the small 
one ean be distinguished on the Plate near the bearing at the 
bottom on the righthand side. 

As some time pa5seS:between the moment that contact is effected by 
the cam and the opening of the shutter, this time must be taken into 
account. To do 80 it is necessary to perfol'Jll a phase detm'mination. 

5. PItase clete1'11ûnation, Le. to ascertain by a separate experi­
ment, if l'eally at lbe moment of the greatest \'elocity the light 
passes thl'ough the shuttel'. For this pnrpose the slwtter is put at 
the place of the greatest velocity by the side of the bed. The 
wooden beam containing the transparent substance, is provided with 
a blM'k screen with an opeuing. A glow lamp is placed in the line: 
shuttel'-place of the greatest velocity, a line which is normal to the 
longitudinal dil'ection of the apparatus. When the machine is running 
Itnd when the shutlel' is in ,ltction, the lamp must be observed through 
it. When it does not work at the right moment, the field of 
view remains dal'k. Then the phase can be impl'oved, and can at 
last be made ,accurate by gradnally shifting the large toothed 'wheel 
with respect 10 the small one. This causes the contact to be formed at 
another mom en t, 
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6. Obse1'vation mul Photog1Ylphy of the Inte}jel'ence-band8, Th~ 
sImt tel' is placed before the objective of the telescope, which was 
also llsed befOl'e to record tbe FlzEAu-effeet 1). In the focal plane of 
the telescope, which is provided with a l1egative achl'omatic system 
of lenses to increase the effecti ve foeal distance, a system of wires 
bas been placed, wbieh is photographed at the same time with the 
in terfel'ence bands. 

The position of the interference fdnges with respert to the wÏl'es 
is detennined. Imm~diately behind tlle wil'es the photogl'aphic plate 
is in a plateholder mounted quite independelJtly of lhe telescope 
with the cross wires, TiJe photographic plate can be put in the 
reqnired position without the telescope being touc'hed, and be shifted 
to take t11e sllccessi ve photos. 

The telescope, Ihe plate-holdel', the illtel'ferometel', and tbe glass 
l'ectangular prism, in which the interfel'ing beams are l'evel'sed, are 
mounted on separate freestone piel's, which are cemented to the 
lal'ge pier, This last melltioned prism, which also sel'ved in the 
eal'lier experiments, is visible on the rig11thand side of the Plate. 

7. 111 eaSll/'ement of the time t/tat tlte s/mttel' 01' intermpt8l' is open ed. 
This time, which is of the ordel' of 101' 2 hnndredths ofa second, is 
dependent on the CUlTent in lhe coils of tbe cirCUIt of the inlel'l'upter 
and can be l'egulated by tbis and by Ille change of the width of 
tbe opening in Ihe movillg SCI'een of the intel'rllptel'. FOL' the detel'­
millation of the time tile interruptel' is placed before the lens of a 
camel'a, with which a small lamp is photogl'aphed, which l'evolves 
on a disk with known velocity . Dllring the time tbat the inlel'l'up­
ter iH opened, the lamp descl'ibeb part of a eit'cle, Iha length of 
whirh is measured. 

8. Checking ancl )'egulatin,q of the appa/'{ttus. Aftel' tile inter­
ference fringes have been made as distinct as possible, the beams 
passing only thl'Ollgb tlle air, a compensatol' is placed in one 
beam, consisting of a plane pal'itllel glass plate 7 m.m, thick and 
witl! a diameter of 25 m,m., made by Hilgel'. 'l'his plate can be 
rotated round a vel'tical and horizontal axis, and enables us to 
change the slope anel the distart<le of the in tel'ference fl'inges in a 
simpJe vvay, In many cases it was unnecessal'y to insert this com­
pensator, as the desil'ed intertel'ence fringes wel'e ah'eady obtained 
with tile inted'erometel' alone. Tben the column of qllal'tz alld glass 

1) ar. ZEEMAN. These Proc, 18, 400, 1915. 
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js introdllced into the bearn of light, precautions being taken whieb 
wtll be melltlOned 111 communication Il. lt mnst then fil'st of all 
be ascertained wIlether the appal'atus and pal'ticnlarly the gnides 
satisfy the high requiremellLs on which the effiracy of the whole 
al'l'angemen ( depends. 

With a .slow movement of the slloes with the qual'tz colnmn 
along the guides the intel'fel'ence fl'inget. did not l'emain stationary, 
but changed with l'egard to distance and slope. When the appat'atu::; 
had first been put togethet', this movement of the bands was very 
great. It is clear that it mnst also orcur fol' a perfectly homogeneous 
column bounded by parallel planes, when the movemeut does not 
take place along a perfertlj straight line. Fol' then the whole column 
of a lengtlt of mOl'e than 100 cm. acts as a compensator of exceed­
ingly great thickness. In ol'der to make the cireumstanres as favollrable 
as possi bie the steel plates of the g tlIdes were laid on t he supporti ng 
plates about in the C01'L'ect position. The bolts which wel'e used to keep 
the appamtus in place, are then sCl'ewed down till a sensitive le\'el, 
whiclt ('ould be placed in longttudinal and in Îl'ansverse directioll, 
indicated a plalle as m neh as pot.sible horizon tal, deterlllined bJ the 
\Ipper platles of the steel gllides. lt was then examined if the inner 
edges of the guides were as perfectly straight and parallel as possible, 
and improvements were made in this respect by filing and gl'indtllg, 
At last the fl'ee play of the bl'onze shoes in t!teit' mo\'ement along 
tlle gnides was removed as muc[l as possible. Great impl'ovements 
were successi ve[y made to the appal'at us in t his dil'ection, 50 that 
l'otatton and change of distance of the fl'ingcs became compamtively 
slight. It was, howe\'e1', impossible to have tbe intel'fel'enr.e fl'Ïnges 
quite steady when the apparatlls was slowly moved. This is, 
howevel', not necessat·y; wltat is reqnil'ed aftel' all is that the same 
positions of the intel'ferellre bands are fOllnd again when the shoes 
have retul'l1ed 10 tlte same point of tbe guides. The results prove 
th at tltis is actually the case, and tltat the occasion al deviations fall 
now in olle sen se, IlOW in anothel'. 

The excellent definÏtion of the interfel'ence fringes, l'ecorded with 
the qllicldy moving apparatns in itself proves ah'eady, that every 
time abont the same position of tlte bands is obtained, as 20 Ol' 30 
images are superposed (see above ~ 4), which could nevel' produce 
a definite image, wh en tbe single light impl'essions were not almost 
identical. Sometimes the system of frillges pl'oved to be l'otated, and 
then the photo had to be l'e.iect~d. Of course rare had also to be 
taken that the gllides were weIl oiled, and thel'e is one more 
clynamic pa1,ticzdm'ity that had to be seen t~. When tbe motor has 
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been stal'ted for tlle firs! time, th en the appal'atus hal'dly ever 
gains the maximum velocity , which corresponds to 184 revolutions 
of the fly·wheel pet' minute. It gÏ\'es the impt'ession that the 
appal'atus is hampered by a resistance, -e.g. only 140 revolutions 
are made. Tbe stattmg IS then repeated a few tuues, and at tbe 
third Ol' fourth attempt the machine sllddenly runs \ ery &moothly 
withont jel'klllg. Tlten tbe feeling of nneasiness of the operator at 
the ex('eedmgly rapid motiOI1 of the large apparatus 80 ('lose to the 
delicate optical parts of tbe interfet'ometel', has abated somewhat 
and the experiment can begin. 1) 

1) The experiment is not entirely without danger. When the experiment wlth 
glass was to begin, four beautlfully filllshed glass cylinders 20 cm. long and 
2.5 cm. thlck were placed m the wooden shoe, and optIcally adjusted. In the 
very first experiment with thls glass column one of the glass cyJinders, which 
eVldently had not been properly fastened, got loose, wl1l1e the apparatus moved 
at full speed; rt smashed all the othel pieces and knocked the brass end pieces 
off the sboe. The glass cylmders. were entirely smashed, the work of months 
was destroyed. It was a wonder that the mterferometer and the glass rectangular 
prisms remained undamaged. 
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