No. 5.] VELOCITY OF LIGHT. 283

THE VELOCITY OF LIGHT IN THE MAGNETIC FIELD.
By HexrY T. EbpDY, EDWARD W. MoORLEY, AND DavToN C. MILLER.
Parr L

UroN THE ELECTROMAGNETIC THEORY OF THE ROTATION OF THE
PLANE OF POLARIZATION IN A MAGNETIC FIELD.

By Henxry T. EpbDy.

N a note upon this subject read before Section B at the Toronto
meeting of the A. A. A. S., August, 1889,' the present writer
developed the essential points in the present paper with the excep-
tion of the numerical estimate of the amount of the suspected effect.
At the same meeting® Professor Morley pointed out a method
(See Part II) by which it might be possible to demonstrate experi-
mentally the existence of the suspected effect, which consisted in a
decrease in the velocity of the light passing through any magnetic
field in a medium causing rotation of the plane of polarization.

An appropriation was generously granted from the funds of the
A. A. A. S. to construct apparatus in accordance with the proposal
of Professor Morley for the purpose of trying to discover, if pos-
sible, whether such an effect as theory indicates was, in fact, observ-
able.

The report finally presented to the A. A. A. S. at their Boston
meeting, August, 1898, shows that no such effect was observable
with the apparatus employed. The numerical estimate at the end
of this paper makes it evident that the effect to be looked for was
only two one-hundred-millionths of a wave-length, while the small-
est effect capable of observation was five one-hundredths of a wave-
length. Hence the effect to be looked for was only four one-
millionths of the smallest effect capable of observation with the ap-
paratus. This sufficiently accounts for the failure to observe any

1Proc. A. A. A. S., 1889, Vol. 38, p. 129. . 2Ibid., p. 130.
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such effect. But it was not known at the time of observation
what might be the possible magnitude of the effect.

The effect is, therefore, one which would, in the field employed in
this apparatus, amount to about one one-thousandth of an Angstrom
unit with sodium light.

It is the hope of the writer that the effect in question may not
prove to be finally beyond the reach of experimental demonstration
by spectroscopic methods, which, as stated in the note above
referred to, seem, perhaps, the most promising for rendering the
effect observable.

The differential equations which were proposed by Professor
Rowland' to express the propagation of plane polarized light as an
electro-magnetic disturbance in a magnetic non-conducting field in
the direction of the lines of force taken as parallel to the axis of
z, are: ) . -

arr cr d3G d
K (gt = ) = a7
4G o d3F) 4G (1)
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T di

in which / and G express the electro-magnetic momenta in the
directions of x and y respectively, and they are so named because
they are defined, in case ¢ = o, with respect to the actual electro-
motive forces 2 and Q per unit of length in the directions of x and
» by the equations :

dF/dt———-—P and dG/dt=—Q,

and these equations are analogous to the mechanical equations for
forces and momenta.

K is the specific inductive capacity of the medium, g is its mag-
netic permeability, yy is the magnetic induction parallel to the axis
of 2z, and ¢ is the coefficient of proportionality for the Hall effect.
There is no electromotive force along 2, and there is no magnetic
induction except along 5.

In case ¢ =0, egs. (1) reduce to those originally proposed? by
Maxwell.

1 Am. Jour. Math., 1880, vol. 3, p. 109.
2Maxwell’s Elect. and Mag., Vol. 2, 3d ed., p. 439.
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Rowland says that we may well suppose one solution of egs. (1)
to be:
I =7 cos (nt — gs) cos mt
G = 7 cos (nt — gs) sin mt }

(2)

in which cos (n¢ — ¢s) is the factor on which depends the transverse
vibration of the electromagnetic disturbance which is propagated
with a velocity #, a wave-length 2, and a period of oscillation 7, such

that v =nlq, A= 2x/q, T=2a/n (3)

The periodic factors cos mzt, and sin m¢ are those which would ex-
press a continuously progressing rotation of the plane of polarization
directly proportional to the time but independent of space. So that
as time passes the rotation continues without cessation though space
be arbitrarily assumed to be constant.

While it might be possible to arrange an apparatus for experi-
ment in which such a continuously progressive rotation of the plane
of polarization could be imparted mechanically to that plane at the
place where the light enters the medium, nevertheless it is evident
that that is not what is intended to be treated by egs. (2).

The writer would therefore propose instead, the following solu-
tions as applicable to the case in hand, viz., the case of a stationary
plane of polarization which is twisted in its passage through the
medium in the magnetic field. It is this stationary twist which is
described by the word ‘“ rotation "’ used in this paper. The egs. pro-
posed are :

F = r cos (nt — gs) cos ps }
G =7 cos (nt — ¢s) sin ps

(4)

in which the factors cos ps and sin ps express a continuously pro-
gressive twisting of the plane of the polarization increasing uniformly
with the space traversed by the ray. If the angle of twist be 8, and
the distance in which the plane makes one complete turn be g, then

0= ps, 6= 2rjp=2r5/0, and /i = ¢/p. (5)

In order to obtain the equations of condition which must exist
between the constants 7, g and p in order that egs. (4) may be so-
lutions of egs. (1), let the values of / and G be substituted in egs.
(1). The result may then be written in the form :
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A cos (nt — gs) cos ps + Bsin(nt — gz) sin pz =0 } )

A cos (nt — gz) sin ps — Bsin (nt — gz) cos ps = 0
in which the values of 4 and 5 are those given in egs. (7).
Egs. (6) are identically equal to zero for all values of # and s,
and eqs. (4) are consequently solutions of egs. (1), when and only

when 4 = 0 and B =o0. Hence, writing the values of 4 and B
in full and equating these values to zero we have :

¢ + P — Kun* — Kngp 2[3_:= o
o @)
2gp — Kn(q* + p°) an =0

By taking the sum and difference of egs. (7):

Kyt = (g — p)* (1 + ne)
Kpnt = (g + p)* (1 — ne)

in which egs. for brevity,

(8)

cr
=K (9)

In eq. (9), since ¢ is small, ¢ is small also.

Now, in eq. (5) o is very large, compared with A, hence ¢ is very
large, compared with p. The positive sign must, therefore, be
taken in extracting the square roots of egs. (8); hence by the bi-
nomial theorem

nV Kpp= (g — ) (1 + ne — 3n** 4 etc) }

nVKp= (g + 2) (1 — ne — 3n** — etc.) (10)

By taking the sum and difference of egs. (10) we have approximately

(11)

From the last of eqs. (11) p = gne nearly, and this substituted in
the first of egs. (11) gives:

nv Kp= g(1 — 3n*é®) — pne
0 = gne — p(1 — 7’ } '

ns/l(]u=q(l —g‘g—:) . (12)
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If v, = 1/ Ky be the velocity of light in the medium when the
magnetic field vanishes, we have by egs. (3) and (5):

/‘\2
:%) (13)

V=70 I —
(135

-2 (14)

If 5, be the length of path in the medium occupied by a certain
number of wave-lengths when the field vanishes, and z, — 9z, be
the length of path occupied by the same number of wave-lengths
when the field has diminished the velocity,

ou, 0z, 2
then, S oy, (15)
<« uo

and : 10 = 3 ﬂ;’ (16)

Eq. (16) expresses the fraction of a wave-length by which light
is retarded in traversing a length of path s, through the field in the
medium.

Egs. (13) to (16) state that the assumption of eq. (4) as the solu-
tion of egs. (1) leads to the result that the velocity of light is less
while the plane of polarization is being twisted in a medium by a
magnetic field than when the magnetic field vanishes and the plane
undergoes no twisting.

In case we take the wave-length of sodium light as approxi-
mately =6 x 1075 cm,, and let 5, = 120 cm,, and ¢ = 240 cm,,
as they were in the apparatus employed, we find from eq. (15).

ds,= 11 X 107" cm.

or approximately one one-thousandth of an Angstrém unit, which
last is 10—% cm.
05,/ A= 2 x 1077 nearly,

or two one-hundred-millionths of a wave-length of sodium light is
the total amount of the retardation of sodium light during its passage
through the apparatus with which the experiment was made :

and L ov, [v, = 05,/ 5, = 1073 nearly,
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or the retardation to be looked for in the field employed is one part
in one hundred thousand times one hundred million.

Professor Rowland has shown in his discussion of egs. (2) that
they involve an increase in the velocity of light instead of a decrease
such as follows from egs. (4) ; and in the further discussion of the
matter he has assumed that he is at liberty to write the equation
0 = mz/v, whereas in his equations 6 = ¢ is the only value of @
which is admissible, since = and ¢ are independent. It would seem,
therefore, that so much of his discussion as depends upon this as-
sumed value of 6 may not be valid.

MINNEAPOLIS, OCTOBER, 1898.

Part II.

EXPERIMENTS ON THE VELOCITY OF LIGHT IN A MacgNETICc FIELD.!
By EpwaArD W, MoORLEY AND DAavTON C. MILLER.

At the Toronto meeting of the American Association for the
Advancement of Science in 1889, Professor Henry T. Eddy (see
Part I), discussed the partial differential equations of the motion of
plane polarized light in a magnetic field. These equations contain
terms ‘“expressing the transverse electromotive force due to the
Hall effect. The particular solution of these equations which Row-
land proposes contains a periodic factor dependent upon the time.”
In Professor Eddy’s paper, “a different particular solution, contain-
ing a periodic factor dependent upon the space which the ray traverses
in the field, is discussed at length and compared with the solution
proposed by Rowland.” It is shown that the velocity of the ray
would be increased if there is a periodic factor dependent upon the
time, but would be decreased by a factor dependent upon the space.

In the discussion which followed the reading of Professor Eddy’s
paper, one of the present writers suggested a form of apparatus
which would detect the suspected change of velocity, provided it
amounted to one part in fifty millions. The whole matter was of

1Report of an experiment made with the aid of a grant from the research fund of the
American Association for the Advancement of Science.
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such interest that the section of the Association before which the
paper was read, obtained, from the research funds of the Associa-
tion, a grant of money with which to construct the apparatus and
make the experiment. The apparatus was finished in the summer
of 1890, and Professor Eddy came to Cleveland to take part in the
experiment.

The optical part of the apparatus consists of the interferential re
fractometer used by Michelson in his experiments to determine
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Fig. 1. Diagram, showing arrangement of optical parts.

whether light moves with the same velocity in different directions
in the solar system. A train of waves of light from the source s,
(Fig. 1) is divided at the second surface of a4, which is coated with
silver of such thickness that the division is nearly equal. If the
mirrors, / and g, are properly adjusted, the two parts reunite at a4,
and interference bands can be seen by the eye at ¢, if the distances
of f and g from aé are properly related. If, now, any force acts in-
termittently to change the velocity of one part of the ray while the
paths are separated it may be detected by a motion of the inter-
ference bands, provided the change is not too small.

If we put two tubes, 2 and 7, in the paths of the divided ray,
make these of very nearly the same length, close them with plane
parallel glasses of equal thickness, and fill the tubes with carbon bi-
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sulphide, we shall still obtain interference bands. If we surround
each tube with a coil of copper wire, use polarized light, and close
the circuit through one coil, there will be a rotation of the plane of
polarization of the ray which passes through the magnetic field. If
the rotation be not so much as to prevent, or too much affect, the
interference of the parts of the divided train of waves, a change of
velocity of light while in the magnetic field will produce a displace-
ment of the interference bands. If we complete the circuit in the
two coils alternately, we double the displacement which is sought
to detect.

If any displacement is observed, it will be necessary to determine
whether it may not be due to strain or displacement of parts of the
apparatus. In the case of the plates @b, cd, f and g, this may be
accomplished by watching the effect of closing alternately the cir-
cuits through the two coils while tubes 7 and / contain only air.
But a disturbance which should affect the position or length of one
of these tubes needs special means for its detection. The plates
which close the ends of these tubes are accordingly placed as shown
at 4, /, m and », and are silvered except where they cover the tubes.
When proper adjustments are made, the observer can see interfer-
ence bands through the tube by placing the eye at ¢, interference
bands at the covers of the nearer end of the tubes by placing the
eye at ¢/, and interferences at the covers of the farther ends of the
tubes by placing the eye at ¢/’. Since the interferences produced in
these three cases are due to rays which have passed through only
glass and air, they can be so adjusted as to detect with ease and cer-
tainty a displacement which would be entirely insensible in the ir-
regular and most unstable interference bands produced after a ray
of light has passed through a liquid so optically unstable as carbon
bisulphide. Our means of detecting the effect of mechanical dis-
turbances were therefore greatly superior to those of detecting the
change of velocity in question, and the statement that no displace-
ment of interference bands was caused by mechanical disturbance
due to the opening and closing of the current through the coils is
open to no doubt.

The plates @b and ¢d were 9.3 by 2.0 cm.; f and g were 2.0 cm.
by 2.0 cm.; 4,/, m and # were 4.3 cm. by 2.0 cm. The tubes /
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and 7 were 1.7 cm. in inside diameter, and were 38.1 cm. long.
They lay in adjustable supports, and were not in contact with the
coils which surrounded them. The core around which the wire of
the coils was wound was rectangular in section. Around a free
space of 4.2 cm. by 2.2 cm. was first a nonconducting layer of 0.6
cm. in thickness, then a space 0.6 cm. thick for the circulation of
water ; and, lastly, a coil of wire. Each coil was made of two
wires laid side by side, so that when the same current was sent
through the two wires in opposite directions, its effect was null. A
commutator was so arranged as to send a constant current through
one wire of each coil, while the same current was so sent through
the other wires of the two coils as to neutralize the effect of the
current in the first wire of one coil, and to double it in the other
coil. The heating due to the passage of the current was therefore
identical in the two coils. The wire of each coil weighed about 82
kilogrammes, and the length covered by the wire was 30 cm.

The flame of a Bunsen lamp was colored by the introduction of
some sodium compound as the usual source of light, because the
interference bands can, in homogeneous light, more easily be given
forms which permit delicate discrimination; a luminous gas flame
and the electric arc were also employed. A Nicol prism was some-
times interposed, and the plane of polarization was placed in various
positions. The optical parts of the apparatus were so related that
the visible interference bands coincided with the surface of the more
distant mirrors ; their displacement can then be detected by referring
their position to lines ruled on the mirrors.

With this apparatus, one observer adjusted the interference bands
in width and position ; when these were made suitable, the second
observer used the commutator to produce a magnetic' field, first in
one coil and then in the other. He announced the change from
one to the other in such a way that the first observer did not know
which coil was acting, so that the effect of any possible bias might
be excluded.

With this apparatus, both observers suspected a slight displace-
ment of the interference bands, and both satisfied themselves that
this displacement was in the direction which indicated acceleration
in the light passing through the magnetic field. The amount of
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the acceleration thus suspected was not more than one part in one
hundred millions. But the displacement was so slight that they
could not be confident of its existence.

In the examination of the effect of a magnetic field on a ray pass-
ing through it, the appearance on making and breaking the circuit
suggested the possibility of a change in the density of carbon bisul-
phide while in the field. There was produced a momentary dis-
placement of the interference bands, which was unmistakable, being
many times as great as the displacement which it was suspected con-
tinued as long as the current passed. It was easy to imagine that
the force which quickly brought the molecules of the liquid into
the new positions in which they produce rotation of the plane of
polarization, might carry them beyond the position of equilibrium,
to which they would quickly return. To examine this phenomenon,
a thick brass box filled with carbon bisulphide was placedin each coil,
and the two boxes were connected with each other and with a glass
tube of small diameter. After all parts of the apparatus had come
to a uniform temperature, the level of the liquid was brought to a
convenient part of the glass tube, and a current of twenty-seven
ampéres was sent through the two coils, in such direction as to pro-
duce a magnetic field in both coils. Each time the circuit was com-
pleted, there was a momentary rise of the liquid by 0.06 mm., and
an instantaneous fall to 0.03 mm. On breaking the circuit, there
was a momentary fall to —0.03 mm.,, and an instantaneous rise to
0.00 mm. This displacement could be well measured three or four
times by means of a reading micrometer with an amplification of
about sixty diameters, the probable error of a reading being less
than 0.005 mm. After three or four measurements, the heat de-
veloped in the coils made it necessary to wait many hours for
equilibrium of temperature to be established again. There were
380 cubic centimeters of carbon bisulphide in the magnetic field ;
the area of the capillary tube was 0.55 square millimeters; the
lasting change of density or the change in the volume of the con-
taining envelope was therefore one part in twenty-three million.
The intensity of the field was 1,650 centimeter-gramme-second
units.

This matter was afterward investigated with another brass box
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made to fit loosely between the poles of a dynamo-electric machine,
whose coils had been so connected that the box was placed between
a north and south magnetic pole. The material of this box was
free from magnetic admixture, and was supported so as not to be in
contact with any part of the dynamo. In this envelope, we have
not yet been able to detect any such change of density or volume
as was suspected before. The cause of the momentary displace-
ment of the interference bands which was so obvious will therefore
need further examination.

At the meeting of the American Association for the Advance-
ment of Science in Indianapolis, in 1890, Professors Morley and
Eddy made a report of the result of their experiment, The matter
seemed of such interest to the section that it obtained a further grant
with which to continue the experiment with more powerful appara-
tus. Owing to other occupation, the construction of this apparatus
has been delayed till the present year. With the assistance of Pro-
fessor Dayton C. Miller, now associated with Professors Eddy and
Morley, a new apparatus has been set up with which the accelera-
tion or retardation produced would be three times as great as with
the former apparatus. Further provision has been made for secur-
ing much greater thermal and optical stability of the carbon bisul-
phide used in the apparatus.  As a result of these two modifications,
our power of detecting small changes of velocity of light in a mag-
netic field is probably five times as great as in the case of the former
apparatus.

The second apparatus differs from the former in two respects.
The optical parts remain as before ; the only difference in their use
depends on the fact that the coils are now twice as long as before,
so that the mirrors / and g are farther from the mirror 2é. The
tubes 7 and / are therefore 30 cm. longer and the column of carbon
bisulphide in the magnetic field is twice as long as at first. Further,
these tubes are so connected that a current of bisulphide can be
passed through them at pleasure ; and around them are concentric
tubes through which passes a current of water, intended to prevent
the heating of the bisulphide by the passage of the electric current
through the coils. A tank, placed in the room with the apparatus,
supplies water at constant temperature, for this purpose; in this
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tank is immersed another tank, which supplies a current of bisul-
phide having the same temperature as the water. This arrangement
for preventing changes of temperature in the column of carbon
bisulphide in the tubes of the apparatus greatly increases the steadi-
ness of the interference bands to be scrutinized, and so increases the
delicacy of the observations.

The illustration taken from a photograph shows the apparatus
ready for use. At the extreme right are seen the commutator, am-
peremeter, and resistance coils, used in managing the electric cur-
rent. The wooden stand at the extreme left carries the source of
light and the condensing lens. The adjacent stone pier carries the
coils ; between them is seen the cubical block of stone which sup-
ports the diagonally placed mirrors a6 and ¢4 of Fig. 1. Apparently
just above this block, but really some yards to the rear, is a dou-
ble tank supplying water and carbon bisulphide to the apparatus.
The reading telescope with which the observations were made is
marked by the hanging cloth. On the left edge of the pier is seen
an iron stand carrying a Nicol's prism for polarizing the ray of
light sent through the apparatus ; on the wooden stand to the right
of the pier is seen the analyzer, by means of which the rotation pro-
duced was measured while the current was adjusted so as to secure
the rotation desired.

When a current of twenty-seven ampeéres is sent through the
coils of this apparatus, there is produced a rotation of the plane of
polarization of light by one-half a circumference ; in the previous
apparatus, we could utilize a rotation no larger than about fifty de-
grees of arc. The rotation utilized now is therefore three and one-
half times as great as that in the former case, involving a corre-
sponding increase in the change of velocity which it is hoped to
detect.

With this apparatus, a current was sent through the coils at the
call of the observer at the telescope. The current had been ad-
justed so that it should produce a rotation by half a circumference
of the plane of polarization of the light employed at the time. This
rotation caused the interference bands, which had been seen before
the passage of the current, to shift their position by half a wave-
length ; this was due to the reversal of phase of the ray which had
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suffered rotation. A micrometer wire was set on a maximum or a
minimum, the current was reversed, and the coincidence of the wire
with the maximum or the minimum was scrutinized. As a result
of such scrutiny, often repeated, both observers are confident that
there was no displacement amounting to one-twentieth of a wave-
length. They also are of opinion that there is no advantage to be
expected from an increase in the size of the apparatus, and a repeti-
tion of the experiment with carbon bisulphide, unless it shall be
kept thermally and optically homogeneous by rapid motion. If
dense glass, sufficiently transparent in a long cylinder, could be
used in place of the bisulphide, it would probably be possible to
detect a quantity which, if a liquid is employed, could not be de-
tected except at an expense which would be prohibitory.

The result reported at the Boston meeting of the American Asso-
ciation is, that we are confident that when light corresponding to the
solar D line is passed through one hundred and twenty centimeters
of carbon bisulphide in a magnetic field which produces rotation by
half a circumference in the plane of its polarization, there is no such
change of velocity as one part in sixty million, and probably no
such change as one part in a hundred million.
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