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ABSTRACT

In 1881, the motivation for searching for an ether was to
distinguish between a Stokes ether and a Fresnel ether.

The conclusion

from the work of Michelson and Morley was that it was a Stokes ether.
This unappealing result incited theoretical work which eventually
evolved the real ether into a mathematical ether. With the acceptance
of Relativity in the early 1920's, the ether was no longer needed.
However, it remains useful as a simple test theory for relativity.
There is cosmological evidence as well as philosophical reasons why
relativity might break, down at some level of precision and a preferred
direction in space would be evident.

We present here the preliminary

results from three different experiments that test for a preferred
direction in space via an anisotropy in the speed of light.

The

previous best upper limit for an ether wind is v/c < IxlO"8 .
Our first experiment looks for an anisotropy in the detected
intensity of light from a light bulb with orientation.
will cause a dipole type emission anisotropy.

An ether wind

We search for such an

effect by rotating a light bulb with a silicon solar cell on either
side and searching for a modulation in the difference intensity the
two detectors see.

The upper limit we reached was v/c < 5xl0-8. This

was set by a relatively short finite averaging time.
made to search for sidereal variation.

No attempt was

If the rotation rate is such

that the detectors are shot noise limited, then for a reasonable
-xvi

xyii
photocurrent of 40mA ('v-lOOm watts) and searching for sidereal varia
tion, the ultimate limit on this experiment would be v/c < 7xl0~15.
Our second experiment searches for a variation in the resonant
frequency of a laser cavity.

We servo a laser cavity length to the

frequency of the inverse Lamb dip of methane and look for a periodic
variation in the servo signal as the cavity rotates through space.
Our measurements were limited to v/c < 7x10 6 due to a systematic
effect caused by a periodic acceleration of the rotating table.

We

have removed the effect by careful dynamic balancing and show how
tilts of the vertical can be nulled to the same limit as the laser
servo noise level.

By searching for sidereal variation, the ultimate

upper limit for this experiment is v/c < 4x10 9 .

By comparing the

servo response for a laser with a polarization axis horizontal and one
polarized in the vertical, an upper limit to a spatial anisotropy in
the absorption frequency of methane of Av/v = 5x10 18 of a cosmic
origin can be reached.

This result could be interpreted by one version

•of Mach's principle as a limit to a mass anisotropy of Am/m < 10 17.
Our third experiment searches for a variation in the beat
frequency between two lasers rotating on the rim of a six foot diameter
table.

An ether wind model predicts a first order variation of the

beat frequency that depends on the lasers' velocity.

Our current

upper limit to an ether wind from this experiment is v/c < 6x10 8 .
This was limited by mechanical problems and poor laser stability.
show how each of these factors can be reduced to more reasonable
levels.

By searching for sidereal variation, we estimate a limit

from this experiment of v/c < 10 10.,

We

CHAPTER 1

THE AETHER IN PERSPECTIVE

First there was the'luminiferous ether.
Then there was the electromagnetic ether.
Now there isn’t either.
V. F. Weisskopf

Introduction
/

-

In 1981 we celebrate the centennial anniversary of the first
experimental search for an aether wind by Michelson (1881).

The word

Ether or Aether [used interchangeably even by Maxwell (1878)], inv
these days when relativity has been the dominant paradigm for seventy
years, has lost all of its significance and has taken on almost an
occult aura.

Yet this concept had its reign as the dominant paradigm

for seventy years from 1830 to 1900.

The "decline of the ether" is

due in part to Planck’s Principle (1949), "... a new scientific truth
does not triumph by convincing its opponents and making them see the
light, but rather because its opponents eventually die and a new
generation grows up that is familiar with it."

The rapid fall of the

ether as the dominant paradigm at the turn of this century is due
mainly though to the ripple generated by the Michelson-Morley Experi
ment (1887) which turned to a tidal wave and eventually swamped the
ether.

To understand the significance of this series of experiments,

one must look at the ether in the perspective of physics of the 19th
century and the nature of light.
i

2
19th Century Ether Theories
By the late 18201s , the foundations of the-wave or undulatory
nature of light were firmly laid.

As Whittaker (1910) puts it:

"By

the genius of Young and Fresnel the wave theory of light was established
in a position so.strong that henceforth the corpuscular hypothesis was
unable to recruit any adherents among the younger men."
Invoking an ether was an obvious step in seeking a mechanical
model for light.

As Sir Oliver Lodge (1909) put it eighty years

later, "... waves we cannot have unless they be waves in something."
The early conception of what that "something" was, tried to apply the
ideas of classical mechanics and vibrations of continuous media to an
elastic solid ether.

Light was thought to be propagating transverse

waves of this medium.

The longitudinal vibrations were a bit of a

mystery.

Ad hoc assumptions had to be made to make them unobservable.

Roentgen's (1896) own immediate reaction to the discovery of his pene
trating radiation was that he had found the long sought after longitu
dinal vibrations of the ether.

He concludes his discovery paper with,

"May not the new rays be due to longitudinal vibrations of the ether?
...I must admit that I have put more and more faith in this idea in the
course of my researches and it behooves me therefore to announce my
suspicion, although I know, well that this explanation requires further
corroboration."
A long list of trial ether models evolved, summarized by
Whittaker (1910) and Schaffner (1972).

These were all luminiferous

ethers, related to visible light propagation.

In 1846, Faraday first

linked the ether and magnetism.

Faraday rotation, the rotation of the

plane of polarization of linearly polarized light as it propagates
in a medium with a strong axial magnetic field, was the first phenomena
that demonstrated the influence of magnetism on light.
massaging, by 1861
magnetic ether.

With Maxwell's

the luminiferous ether had become the electro

These early models were natural extentions of clas

sical mechanics to a microscopic scale to describe the nature of light,
vibrations of the ether, and its interactions with matter.
thought to be another manifestation of the ether.

Matter was

Without invoking

any new physical laws, they provided explanations of many previously
unexplained phenomena.
explanation.

Abstract theory was given a mechanical

For example. Maxwell thought of the displacement current

in free space, 3E/9t as a change in the polarization of the ether.
This real separation of the charges which make up the ether,
composed the current.
A pressing problem which had not been well solved was the
relationship of ether to real matter.

Was there ether within bodies?

Was the ether in any way tied to bodies, and, as Maxwell (1878) asked,
"...whether, when these dense bodies are in motion through the great
ocean of aether, they carry along with them the aether they contain,
or whether the aether passes through them as the water of the sea
passes through the meshes of a net when it is towed along by a boat."
The posed solution of this question ranged the entire spectrum
of possibilities.

Young in 1804 stated the view, quoted by Whittaker

(1910): . "Upon.considering the phenomena of the aberration of stars,
I am disposed to believe that the luminiferous aether pervades the
substance of all material bodies with little or no resistence, as
freely perhaps as the wind passes through a grove of trees."
In 1818, Fresnel developed his famous "partial aether drag
theory" from an extention of Young's ideas.

Young believed that the

refractive powers of transparent bodies depended on the concentration
of aether within them.

Fresnel quantified this statement, assuming

the aethereal density in any body was proportional to the square of
the refractive index.

Using the modern notation:

c = speed of light in vacuum (i.e., ether)
Ci = speed of light in a material body at rest in the ether
n = index of refraction of the medium = c/ci
p = density of the ether in free space
p1 = density of the ether in the transparent body
v = translational speed of the body through the ether
V = measured speed of light through the moving material,.
Fresnel's assumption is that

Pi = n 2p.

(1)

When a body is in motion, only that part of the ether above what is
foundin space, (p^ - p ),.is carried along,
at rest, so proposed Fresnel.
gravity of the

while a density p remains

The velocity with which the center of

aether within the body moves forward in the direction

of propagation is

5
(Pi - P)

n2 _ 1
v = --- — v •
n2

pl

(2)

The net velocity of the light is

V = Ci +

n2 - 1
----- v»
n2

(3)

In a more m o d e m form.

v = ^ + (1 -

n2

(4)

V,

which is precisely the value of the speed of light in a moving media
derived, by French (1968, Eq. 5.5), for example, on the basis of the
relativistic addition of velocities.

The agreement with Fizeau's

1851 measurement of the drag coefficient, (1 - 1/n2) in moving water,
was strong
In

support for this model, see Whittaker (1910).
1845, G. G. Stokes presented the view as summarizedby

Whittaker (1910), that the ether, near the surface of the earth, is
carried along.

At "no great distance" from the surface, the ether

is unaffected.

This model implies that relative

the earth,

the ether is at rest.

to the surface of

Aberration was accounted for in a

complicated way assuming irrotational flow of the ether.

Michelson1s 1881 Experiment
As of 1878, there were almost as many theories of the ether
as there were prominant physicists.

Maxwell (1878), noted it was

experiment which was needed to determine how ether really interacted
with moving matter.

There was a. fundamental technical problem in all

possible measurements of the velocity of the ether near the earth,
though.
All methods, however, by which it is practicable to
determine the velocity of light from terrestrial experiments
depend on the measurement of the time required for the double
journey from one station to the other and back again, and the
increase of this time oh account of a relative velocity of
the aether equal to that of the earth in its orbit would be
only about, one hundred millionth part of the whole time of
transmission and would therefore be quite insensible.
In March, 1879, Maxwell wrote to David Peck Todd of the
Nautical Almanac Office in Washington, D. C., inquiring as to the
precision of the timing measurements of the eclipses of the moons of
Jupiter.

He wanted to know if these measurements were precise enough

to be used as a first order test of an anisotropy in the speed of
light.

By comparing the eclipse times when Jupiter is on different

extremes of its orbit one can calculate the one way speed of light in
opposite directions in space.
nearly precise enough.

The timing data from Jupiter were not

However, at this same time, the Director of

the Nautical Almanac Office was Simon Newcomb.

Working with him on

new measurements of the speed of light was Albert Michelson.
doubt these three talked over Maxwell's letter.

No

In particular.

Maxwell used the very same phrase quoted previously from his Encyclo
pedia Britanica article, noting the technical infeasibility of using
a second order experiment to measure the motion of the earth through
the ether.

This might have been the motivation which incited

Michelson to devise the first experiment with any hope to detect a

second order effect of an "aether wind."

Indeed, Michelson (1881)

mentions Maxwell's belief in his first paper.
. Science is very much a personal endeavor. Had it not been
for Michelson, there might have been a delay of at least twenty
years in pursuing this measurement.
ual.

He was a uniquely suited individ

In 1879, when reading Maxwell's letter, he was twenty-seven

years old.

He had spent from 1875 to 1879 doing precise measurements

of the speed of light, obtaining a value, of 299,910±50km/sec. The
accuracy of these measurements were exceeded only in 1926 by a measure
ment made again by Michelson of 299,796±4km/sec.
are summarized by Froome and Essen (1969).

These measurements

In these measurements, he

became adept at mechanical design and fascinated with the propagation
of light.

In 1880> he went on leave to study optics at von HeImhotz's

lab in Berlin.
Michelson originally set up his "interferential refractor,"
the first name for the Michelson interferometer, at the Physical
Institute of Berlin.

The original funding of this project, ZlOO,

was furnished by Alexander Graham Bell, at the suggestion of Simon
Newcomb.

Due to the extreme sensitivity, the fringes were only

visable a short time each day at midnight, when ground vibration was
at a minimum.

It was then moved to the Astrophysicalisches Obersva-

torium in Potsdam, in the basement of the telescope.

This first

device was the start of high precision measurements and it is all the
more fitting that Michelson was the father of it.
the sensitivity of this instrument.

He was excited with

He recounts, (Michelson, 1881) :

"Here [in Potsdam], the fringes under ordinary circumstances were

sufficiently.quiet to measure, but so extraordinarily sensitive was
the instrument that the stamping of the pavement, about 100 meters :
•
from the observatory, made the fringes disappear entirely!"
He goes on to say prophetically, "If this was the case with
the instrument constructed with a view to avoid sensitiveness, what
may we not expect from one made as sensitive as possible!"

The

diagram of the apparatus is shown in Figure 1.
The basic assumption of this experiment is the existence of
a "Fresnel ether,"

As mentioned earlier, Fresnel’s model has the

background ether unaffected by the motion of transparent media.

Only

the excess ether is carried by the moving body. Michelson assumed
that the small fraction of the ether dragged by the air can be
neglected.

How "ether", in general, interacted with moving matter was

not well defined.
dictions.

Each 19th Century ether theory had its own pre

Fresnel1s theory might have been the more popular because

of its experimental confirmation by the partial dragging experiment
of Fizeau.

Assuming the earth is moving through the stationary ether,

the time required for light to pass from one point to another on the
earth's surface would depend on the direction in which it travels.
Figure 2 is a schematic diagram from Michelson and Morley (1887).
All ensuing experiments have exactly the same analysis.

The inter

ferometer is always initially aligned with a sodium light, but the
final alignment is with white light fringes, ensuring initially equal
lengths in the arms. As the interferometer's arms rotate, any change

9

o.osH
o.oo
0.05-1

Fig. 1.

Apparatus and results of the first aether wind search.
Top:

Sketch of Michelson's (1881) "interferential
refractor" from his paper.

Bottom: 1Michelson's (1881) plot of the expected fringe shift
for one rotation (dotted line) with his observed
shift (solid line). Note that his expectation is
too large by a factor of 2.
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Fig. 2.

Interferometer moving through the ether.
Taken from Michelson and Morley (1887). This shows the light
path in the ether rest frame for light propagating in the arm
perpendicular to the motion of the interferometer.
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in the difference in the round trip light

transit time in the two arms

will show up as a shift in the fringes.
Consider the simple case Of one arm aligned along the direction
of the anisotropy and the other perpendicular to this direction.
the speed of light is C + v in one direction and c - v
then the transit time for light along the

If

in the other,

arm parallel to the direction

of the ether wind is,

*1111 °

+ d V ~ ---y.
—
1 - vz/cz

“ » + ff2)- •

'<=)

In Michelson's first paper of 1881, he made the mistake of assuming
that, "If ... the light had traveled in the direction at right angles
to the earth's motion it would be entirely unaffected and the time of
D

going and returning would be, therefore, 2 — = 2Tg."
later pointed out this error.

"

Andre

Potier

The light path in the ether rest frame

is actually a triangle, and the transit time is

2 1 CI + 55

•

(6)

The difference in travel time is really. At = Jl/c(v/c)2 .

Michelson

originally calculated it as. At = 25,/c(v/c)2 . The fringe shift
expected in rotating 90° is A<f> = 2cAt/A = 2&/A(v/c)2 .

In the 1881

apparatus, £ = 120cm or 2x106 wavelengths of yellow light.

Taking

(v/c)2 = 10 8 r Michelson predicted a shift of .08 fringes in rotating
90°.

In fact, the corrected analysis predicts only .04 fringes.

• 12

•There were 2 experimental difficulties which eventually were
overcome.

If the temperature of one arm were to be 1/100 of a degree

higher than the other, the brass arm would have expanded 3 times
larger than the effect he expected.
very early in the game.

Helmholtz recognized this problem

In a letter to Newcomb of Nov. 22, 1880,

Michelson remarks on this, as pointed out by Swenson (1972), "... he
[Helmholtz] said he could see no objections to it, except the difficulty
of keeping a constant temperature."

This is exactly the problem which

plagued B.C. Miller's measurements of 1921 and 1924, and gave the
appearence of a non null result, as Miller (1933) reports.
The second problem was distortion of the interferometer under
rotation.

Even though it was modified to "revolve as easily as

possible," some of the residual noise observed may well be due to this
effect.

Figure 1 also shows Michelson's observational results com-

pared with his prediction based on a stationary ether. Michelson
(1881) concludes, "the interpretation of these results is that there
is no displacement of the interference bands. The result of the
hypothesis, of a stationary ether is thus shown to be incorrect

"

Michelson adds, almost in justification for these results,
an excerpt from a paper by Stokes of 1846 on his ether theory, which
predicts an ether being dragged by the earth.

This was clearly a

possible interpretation of the experiment.
What was the immediate response of the scientific community
to this experiment, the result of which was the first evidence to
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distinguish between a Fresnel ether and a Stoke’5 ether?.

Nothing!

In a letter to Lord Rayleigh dated March 6, 1887, Michelson says,
as quoted by Swenson (1972), "...I have repeatedly tried to interest
my scientific friends in this experiment without avail and the reason
for my never publishing the correction was (I am ashamed to confess
it) that I was discouraged at the slight attention the work received,
and I did not think it worth while..."
Michelson himself did not make much of the experiment or
emphasize its significance.
July 1882.

He was a physics professor at Case since

In his lectures when it came time to talk of properties

of the ether, he made only a vague reference to his experiment, as
quoted by Swenson (1972), "... the luminiferous ether is to some
extent a hypothetical substance and if it consists of matter at all
must be very rare and very elastic.

It entirely escapes all our

senses of perception."
Why was the response so minimal?

There were several reasons,

which hold true for many similar experiments even in these days.
First the experiment was hard.

There were lots of environmental

factors which could have affected the results.

Had all the possi

bilities been considered?

Second, there was the mathematical

error of a factor of two.

It is not clear who else caught this as

Lorentz (1887) was the only one to publish remarks
ment up to 1886.

on this experi

With this error, the SNR was reduced from .08/.02

= 4 to .04/02 = 2, much less significant, giving the impression of a
crude experiment.

At this time, Michelson was still only in his
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twenties.

For all of his

he was not well known.

work on the speed of light measurements,

And finally, a major hinderence to being

accepted was the conclusion that had to be adopted - the ether obeyed
Stokes rules, rather than Fresnel.

It was an "anti-establishment" .

conclusion.

.

Michelson and Morley in 1887
'
. ' '
■'
:
From 1884 to 1886, Michelson and Morley (1886) worked together
■

at Case redoing the Fizeau measurement of the speed of light in moving
water using their new techniques of interferometry.

From these

experiments they confirmed that the Fresnel stationary aether was,
"... essentially correct:

and that the luminiferous ether is entirely

unaffected by the motion of the matter which it permeates."

In 1887,

Lorentz published a "very searching analysis" of the 1881 experiment,
pointing out among other things, the error of a factor of 2. He asks for
a repetition and refinement of the experiment, as it was a marginal
effect.

Near this time. Lord Rayleigh wrote to Michelson, urging him

to try the 1881 experiment once again.

Toward the middle of 1886,.

Michelson and Morley began setting up for a new test of the motion of
the earth through a stationary ether.
The general nature of the 1887 experiment was identical to the
1881 system.

There were a few mechanical changes.

To provide stress

free rotation, the entire assembly, now mounted on a sandstone block,
floated in a pool of mercury.

To increase the sensitivity, the length

of each arm was doubled and 5 separate beams, bounced back and forth

■
effectively increasing the length of the path by tenfold.
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With this

sensitivity, they expected to see .4 fringes shift in rotating 90 .
Figure 3 shows their result from Michelson and Morley (1887).

They

say, "... It seems fair to conclude from the figure that if there is
any displacement due to the relative motion of the earth and
luminiferous ether, this cannot be much greater than .01 of the
distance between the fringes."
To avoid the unlikely possibility of the sun’s proper motion
cancelling out the orbital motion of the earth through the ether,
they say, "the experiment will therefore be repeated at intervals of
3 months and thus all uncertainty will be avoided."
wasn't.

All the data obtained for the 1887 observations came from

just 36 revolutions of the interferometer.
taken?

In fact, it

Why wasn’t more data

There were four factors which contributed to this. Almost

three months were required to build the foundation for the sandstone
block, mounted in the basement of an old building, known to be a
temporary site.

By the end of July of 1887 these preliminary

results were completed.

With the beginning of the fall semester in

September, the apparatus had to be moved to the basement of the new
physics building.

Setting it up there would have required another

three months of building and aligning.

Michelson was not enthusiastic

about the move, considering the disappointing results.

Secondly,

Michelson and Morley (1887) did not think any other terrestrial measure
ments would yield any better results.

Their observations supported
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The Ether drift experiment of 1887.
Taken from Michelson and Morley (1887).
Top:
Their sketch of the interferometer set up on a sand
stone block floating in a pool of mercury.
Bottom: Observed fringe shift (solid line) at noon and mid
night for 1/2 a rotation. Dotted line is 1/8 of the
expected fringe displacement for an ether wind of
(v/c)2 = 10"8.
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a Stokes

ether which is dragged along with the earth.

Measurements

at some distance above the surface though, might prove valuable.
They suggest,
- It is obvious from what has gone before that it would be
hopeless to attempt to solve the question of the motion of
the solar system by observations of optical phenomena at the
surface of the earth. But it is not impossible that at even
moderate distances above the level of the sea, at the top of
an isolated mountain peak, for instance, the relative motion
might be perceptible in an apparatus like that used in these
experiments.
Perhaps if the experiment should ever be tried
in these circumstances, the cover should be of glass or should
be removed.
Third, at this time, the fine theoretical details of the nature
of the ether were not well understood, and no viable theory was
presented to analyse this situation.

Michelson and Morley (1887)

alluded to this in their conclusion,
Stokes has given a theory of aberration which assumes the
ether at the earth's surface, to be at rest with regard to the
latter, and only requires in addition that the relative
velocity have a potential; but Lorentz shows that these
conditions are incompatible. Lorentz then proposes a modifi
cation which combines some ideas of Stokes and Fresnel and
assumes the existence of a potential, together with Fresnel's
coefficient. If now it were legitimate to conclude from the
present work that the ether is at rest with regard to the
earth's surface, according to Lorentz - there could not be a
velocity potential, and his own theory also fails.
Finally, Michelson was anxious to get on to applications of
his interferometer, specifically, using it to standardize lengths
in terms of wavelengths -of light. It was for these reasons that no
other measurements were made until 1904.
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The Response to the Michelson-Morley Experiment
The only immediate response within 6 years of the 1887
Michelson-Morley Experiment, is a one paragraph letter to the editor
of Science by G. F. Fitzgerald (1889).

He says,

... their (Michelson.and Morley's] result seems opposed to
other experiments showing that the ether in the air can be
carried along only to an inappreciable extent. I would
suggest that almost the only hypothesis that can reconcile
this opposition is that the length of material bodies
changes, according as they are moving through the ether or
across it, by an amount depending on the square of the
ratio of their velocity to that of light. We know that
electric forces are affectqd by the motion of the electri
fied bodies relative to the ether, and it seems a not
improbable supposition that the molecular forces are
affected by the motion, and that the size of a body
alters consequently.
This was an ad hoc statement made to explain why the
Michelson-Morley Experiment did not detect a Fresnel ether, and was
itself not accepted until 1894 when Lorentz incorporated this con
traction hypothesis into his theory of electrons.
how this assumption saves the-Fresnel ether.

It is easy to see

If the length of an

arm, £, in the parallel direction is shrunk to a new length, i 1,

v

(7)

= « d - £ ) 2)’5

then the round trip transit time for light along this arm of the
interferometer is,

.

(8)
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This is identical to Eq. (6), the transit time for light
along the. other arm.

This equivalence holds also for any arbitrary

alignment of the arms.
As late as 1892, Lorentz wasn't satisifed with this notion.
In writing to Lord Rayleigh dated Aug. 18, 1892, Shankland (1964)
quotes Lorentz as saying,
I am totally at a loss to clear away their [Michelson and
Morley's] contradiction [ether being dragged in their experi
ment, but not in a Fizeau type experiment], and yet I believe
that if we were to abandon Fresnel’s theory, we should have
no adequate theory at all, the condition which Mr. Stokes
has imposed on the movement of the ether being irreconcilable
to each other.

Sir Oliver Lodge and "Ethereal Viscosity"
It was this confusion which influenced Oliver Lodge (1892) to
attempt to measure "ethereal viscosity."

As Lodge (1932) recounts

in his autobiography,
I set to work to design an ether whirling machine to see
whether rapidly moving matter would convey any ether with it.
The plan was to whirl a pair of steel disks clamped together
with a space of1" between them, whirling them at a great
rate, and sending light round and round between them, both
with the motion of the disks and against it."
This was an obvious method to test whether moving matter
carries the ether with it, as in Stoke's theory, of if it remains at
rest, as with the popular Fresnel theory.
"Of real reversible shift

Lodge (1892) concludes,

due to motion of the ether, I see nothing.

I do not believe the ether moves.

It does not move at a 5/100 part

of the speed of the steel disks... all ordinary masses of matter do
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not appreciably carry the ether with them.

Their motion does not seem

. to disturb it in the least."
He even tried charging the two disks to a high potential, at
least 20,000 volts between them, because there would often be a spark
across the 1" space.
charged plates.

There was also no ether drag for spinning

Lodge (1932) says, "the result of all the experiments

was that nothing that I could do would alter the velocity of light
one iota."

The New Ether Theories
The Michelson Morley Experiment was the only conflicting
observation which did not fit nicely into the popular ether theory.
This experiment started the wheels turning which led to a revolution
in the nature of physics in general: a trend away from mechanical
models and more into mathematical models.
Father of the "mathematical ether."

Lorentz is in a sense, the

Goldberg (1969) quotes Lorentz

on his view of the ether.
Either one is satisfied with the consciousness of the
fundamental possibility of the mechanical explicability of
all electromagnetic processes, without striving for a single
working invention. Or one completely renounces every
mechanical explanation - a view which the author himself
acknowledges. Thereby one must still keep many expressions
of mechanics. One even speaks of the forces acting on an
electron, but the ether has completely lost properties like
density or elasticity... Does it still make sense at all to
speak of the ether? Ultimately it still has only so much
substantiality left, for a coordinate system to be determined.
The ether represented to Lorentz nothing more than the frame
of reference in which his absolute time and length was to be determined.

Between 1892 and 1904 Lorentz's theory of the ether and the
electrodynamics of moving bodies evolved, as outlined by Goldberg
(1969) .
It was, however, Larmor , in 1900, as Kittel (1974) points
out, who showed that the ad hoc assumption Lorentz made as to trans
formation equations of time and length from the ether rest frame to
any other frame, also left the form of Maxwell's equations for
electric and magnetic fields invariant.

This added support to

Lorentz's interpretation of time and length contraction:

Maxwell's

equations are true in the rest frame of the ether, and because time
and length are modified in any frame moving with respect to it by

x ' = -—

—

--- (x - vt)

(9)

^1 - v2/c2

t ' = — ■■■--

(10)

(t - vx/c2)

^1 - v2/c2

then Maxwell's equations have the same form in any such moving frame
also.
At the turn of the century, there was a quiet theoretical
revolution taking place

with

ether. A good start was being made

in weaving a theoretical framework based on an "absolute space-time"
with suitable transformations to moving frames, but all the bugs
were not worked out and the transformations were still ad hoc.
to the experimentalist Michelson, the future would be simple.

But
In
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his 1899 Lowell Institute Lectures, Michelson (1903) made his famous
statement, "... the more important fundamental laws and facts of
physical science have allbeen discovered, and these are now so firmly
established that the possibility of their everbeing supplanted in
consequence of new discoveries is exceedingly remote... our future
discoveries must be looked for in the 6th place of decimals."

Measurement of the FitzGerald Contraction
Lorentz’s motivation for assuming a length contraction followed
FitzGerald's suggestion that motion through the ether should cause
a change in the electric forces between atoms which make up lengths.
Lord Kelvin, a strong supporter of the ether, urged Morley and Dayton
Miller, whom he met at the International Congress of Physics at Paris
in 1900, to test for this contraction effect.

This is why Morley and

Miller's (1905) paper was entitled, "Report of an experiment to
detect the FitzGerald-Lorentz Effect," even though it was merely a
repeat of the Michelson-Morley Experiment but with the interferometer
made of different materials.

They constructed two separate inter

ferometers, one of pine wood, the other of steel.
they saw no fringe shift near the expected value.

In both cases,
They concluded,

"We may therefore declare that the experiment shows that if there is
any effect of the nature expected, it is not more than the hundredth
part of the computed value... If the ether near the apparatus did not
move with it, the difference in velocity was less than 3.5 km/sec
unless the effect on the materials [FitzGerald contraction] annulled
the effect sought."
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; Dayton C. Miller And His Positive Result
Another reasonable test which could be made was looking for
an ether drift at different altitudes which Michelson and Morley
(1887) suggested in their original paper.

In addition, an open frame

work should be used so as not to "entrap the ether."

Morley and Miller

(1905) make the same statement, "Some have thought that the former
experiment only proved that the ether in a certain basement room was
carried along with it-.- We desire to place the apparatus on a hill,
covered only with a transparent covering to see if any effect could
be there detected."
Soon after their 1904test of the FitzGerald contraction
hypothesis, Morley and Miller

(1907) set up a new interferometer in

Cleveland Heights, "...free from obstructions by buildings and at an
altitude of about 285m.

The house was provided with glass windows

at the level of the interferometer so that there should be no opague
screens in the plane of the drift."
The interferometer arms were covered with a glass case rather
than pine wood as in the 1904

measurements. They report a limit on

the relative speed of the earth through the ether of 8.7 km/sec.
This is compared with 7.5 km/sec for the 1904 measurements, when
analyzed in the same way as the 1905 results.

The published limit of

3.5km/sec. for the 1904 results were obtained by adding together noon .
and midnight observations.

This assumes the same phase relationships

at these times which will cause a cosmic effect to be enhanced, and
non-periodic noise to be suppressed.

The effect sought varies as the

24
second harmonic of the rotation period.

The earth rotated the

apparatus 180° through space, which is one full period of a fringe
shift, bringing noon and midnight data in phase. Miller abandoned
this simple signal enhancing trick after he decided not to make the
assumption that the "ether wind" would be due to the earth's orbital
motion solely.
It was after this 1905 work that Morley "retired from active
service" and Miller carried on alone.

It was Miller's belief that

there was a real positive residual effect in all the trials repeating
the Michelson-Morley Experiment.

He was correct in pointing out that

none of these experiments were null.

They all showed some effect, but

much below that expected for the earth's orbital motion through space.
What caused these effects was open to debate. The-speculations included
instrumental noise, mechanical instability, temperature fluctua
tions, rotational induced strains, noise in the recording process,
etc.

Miller believed the real source of the residual was of cosmic

origin, related to a modified ether theory.
The basis for hoping to see an effect with the Michelson-Morley
Experiment was the assumption of aFresnel ether, one in which the earth
moves through with no drag.

No one had developed a consistant theory

to explain how the ether might interact with opaque objects.

Michelson

expressed some concern about this question, as pointed out by Shankland
(1964), but came to no conclusion.

It was Miller's belief that opaque

obstructions which surround the interferometer drag the ether with
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it, thus yielding a null result.

Miller (1933), in summarizing

his series of experiments, suggests that, "The apparatus 'should be,
as nearly as possible, in the open so that there is no possibility
of entrainment of the ether in massive material surrounding it."
He. gave up the notion that elevation is a factor in seeing
the ether.

He says, "The evidence now indicates that the drift at

Mount Wilson [2000 meter elevation] does not differ greatly in
magnitude from that at Cleveland and that,at sea-level it would
probably have about the same value."

These conclusions were based

on his measurements in 1921 and 1924 at Mount Wilson.

In 1921,

the interferometer was set up in a specially built hut on Rock
Crusher Knoll, later known as "ether Rock" near the telescope.
"The sides of the house were enclosed with sheets of corrugated iron,
except that at a height of from 4 to 7 feet above the floor, on all
sides there were continuous 'windows' of white canvas cloth."
Though it was plagued with temperature fluctuation problems, as one
side of the hut faced a sheer cliff. Miller (1933) reported, "the
first observation... gave a positive effect such as would be pro
duced by a real ether drift, corresponding to a relative motion of
the earth and ether of about 10 km/sec."
He repeated these measurements in 19 24 under similar
circumstances.

He reports, "these observations [of Sept. 4, 5, 6,

1924] all show a positive periodic displacement of the interference
fringes, as of an ether drift, of the same magnitude, about 10 km/sec.
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as had been obtained in previous trials..^ the effects were shown to
be real and systematic, beyond any further questions."
After almost 40 years of Michelson-Morley Experiments yielding
a negative result, contrary to the expectations of an ether theory.
Miller, at a time when the ether proponents were a true minority,
turned up a positive result.

It was, however, taken seriously.

Soon after these measurements, on Dec. 29, 1925, at a meeting of
the AAAS in Kansas City, Miller, as retiring president of t,he APS,
delivered an address, "The significance of the Ether-Drift Experiments
of 1925 at Mt. Wilson."

Because of these sensational results, he was

awarded the third American Association prize, of $1000.

Page and

Sparrow (1926) remark that Miller's experiment was, "... generally
considered to be a crucial difficulty for the theory of Relativity."
There was some confusion about Miller's model of the ether
that explained his results.
ether?"

What was meant by, "entrainment of the

Morley and Miller's 1904 measurements had the interferometer

covered with pine to prevent air currents and temperature fluctuations.
Yet Miller (1933) uses this experiment, and indeed, all the previous
ones, as an example supporting his case, saying, "... the morning and
evening observations [of 1904] each indicate a velocity of ether drift
of about 7.5 km/sec."

In his Mt. Wilson measurements of 1921 and

1924, the hut containing the interferometer was completely enclosed
by black opaque paper to cut out sunlight so as to facilitate daytime
observations of the faint fringes.

To get around this issue, he makes

the ad hoc assumption that it is metal which "entrains" the ether.
Those interferometers enclosed in metal will produce a null effect,
because they carry the ether with them.
claimed that previous measurements,

Further, Miller (1933)
. had never been made at sea-

level, nor, in fact, at any place except Mt. Wilson, with sufficient
completeness to give accurate measurements of the effects."
As a direct result of this challenge, four repetitions of
the classic ether drift experiments were completed.

Illingworth

(1927) put an upper limit of 2.2 km/sec as the earth's velocity
through the ether.

Piccard and Stahel (1926) floated an automated

interferometer in a balloon at an altitude of 2500 m.
limit was 7 km/sec.

Their upper

Piccard and Stahel (1927) took this interfero

meter to a mountain top of 1800m elevation, obtaining an upper limit
of 1.5 km/sec.

Michelson, Pease and Pearson (1929) used a specially

designed interferometer that allowed the observer to remain at rest
above the rotating interferometer. They obtained an upper limit of
3 km/sec.
In 1930, Georg Joos (1930) completed the most precise
measurement using fused quartz arms to prevent magnetostriction, and
an automatic photographic recording system to eliminate the observer
bias z
and gain higher precision.

He reports, "Microphotometric

measurements of the photographs taken by it show that, assuming the
presence of an aether wind, any effect is less than 1/1000 of a fringe
width, an amount of aether wind that might be less than 1.5 km/sec."
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There was added confusion o£ Miller's theory of the ether
suggested by the recently completed Michelson, Gale and Pearson (1925)
experiment.

They built two large Sagnac interferometers and saw a

fringe shift due to the motion of the earth.

It was Joos*(1932) who

pointed out the significance ofv.this experiment in terms of the null
results of the Michelson-Morley type experiments, "the Michelson Gale
experiment is of importance from the fact that it makes all attempts
to explain the negative results of the Michelson-Morley experiment by
convection of the ether seem

futile, for it seems absurd that the

ether could be carried along

by the earth completely in translation, .

and not at all in rotation."
The same reasoning applies when viewing Miller's results.

If

metal entrains the ether, then there should have been a null result,
as the interferometer was completely enclosed in steel pipes, evacuated
to 1/100 of an atmosphere.
case,

Why

should the

and not in the other?Just as with

ether be "entrained" in one

the "drag

coefficient" for

the speed of light in moving transparent matter, relativity theory
predicts identical results for this experiment as a Fresnel ether, but
not a Stokes ether.

With this experiment in mind, Miller's results

cannot be explained on the basis of this vague and confusing ether
containment theory.

Furthermore, Miller never did the obvious check

which would have proved his claim.

He never sealed his shack all in

metal to see if the presumed periodic fringe shift disappeared.
What then was he seeing?
1924 were exceedingly difficult.

Miller's observations of 1921 and
As Miller (1933) points out.
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Prof. Moriey once said, ’Patience is a possession with
out which no one is likely to begin observations of this
kind’....the observer has to walk around a circle about 20
feet in diameter, keeping his eye at the moving eyepiece
of the telescope attached to the interferometer which is
turning on its axis steadily at the rate of about one turn
in 50 seconds; the observer must not touch the interferometer
in any way and yet he must never lose sight of the inter
ference fringes, which are seen only through the small
aperture of the eye piece of the telescope, about 1/4"
in diameter.
He then goes on to say, "very few if any scientific experiment
requires the taking of so many and continuous observations of such
extreme difficulty; it requires greater concentration than any other
known experiment."

.

There were also environmental factors which influenced the
fringe pattern.

Miller (1933) states, "A change of 10° in tempera

ture requires a change of about 18° in the turning of the [translation]
screw, corresponding to a displacement of 112 wavelengths in the
double lightpath."

The 10 km/sec effective velocity Miller reports

corresponds to a shift of .09 fringes, or about 1/20X.
Temperature effects in the 1921 experiment in particular were
often a severe problem.

He says,"Half the time, perhaps, the observa

tions are int erupted before they become numerous enough to be useful,
because of excessive changes or by earth or aerial vibrations."
The excessive problems with temperature were special for
Miller’s experiment because so much of it was exposed.

He emphasizes

this point, "When the apparatus is used with the least possible cover
ing, it is subjected to greater temperature disturbances than when
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fully protected which results in greater dispersion among the separate
readings; it is therefore necessary to accumulate a large number of
readings as rapidly as possible... the readings are taken at intervals
of 3 seconds
After the work of Michelson, et al. (1929) and Joos (1930),
the ether drift question was laid to rest in the physics community.
But, for 30 years. Miller's data rested as an enigma.

It was the

only interferOmetric data yielding a consistantly positive result,
while at least four other similar experiments yielded upper limits
as low as 10 times smaller than reported by Miller.

In 1955,

Shankland, et al. (1955), reanalysed Miller' data and concluded that.
The small periodic fringe displacements found by Miller
are due in part to statistical fluctuations in the readings
of the fringe position in a very difficult experiment. The
remaining systematic effects are ascribed to local temperature
conditions... Under the most favorable experimental circum
stances, the second harmonics in the Mt. Wilson data remain
essentially constant in phase and amplitude through periods
of several hours, and are then associated with a constant
temperature pattern in the observation hut. This, together
with the statistical and mechanical analysis, forces us to
conclude that the observed harmonics in the fringe displace
ments are not due to a cosmic phenomena (aether drift), nor
to magnetostriction, nor to mechanical causes, but rather to
temperature effects on the interferometer. These disturbances
were much more severe at Mt. Wilson than those encountered by
other observers in their repetition of the Michelson-Morley
experiment performed in laboratory rooms."
Forty-five years before Miller's final work of 1925,
Helmholtz predicted temperature effects would be the most difficult
factor to overcome.
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Dirac1s Ether
Swenson (1972), suggests that this review by Shankland (1955)
was instigated as a response to the new ether theory proposed by
Dirac (1951).

Dirac does not suggest that there is a luminiferous

ether, but that there is a fundamental velocity derived from electro
dynamics.

He concludes, "It is natural to regard it as the velocity

of some real physical theory.

Thus with the new theory of electro

dynamics, we are forced to have an aether."

Infeld (1952) rejects

Dirac's conclusions, but Bondi and Gold (1952) relate this aether to
their continuous creation cosmology.

Dirac's ether does not seem to

have gained any popular support, and Shankland (1955) does not cite
this work.
Swenson (1972) also mentions Dirac's resurgence in interest
in the ether as the motivation for a series of experiments looking
at the frequency variation of cavity resonances, the second genera
tion ether drift experiments, detailed in Chapter 4.

CHAPTER 2

THE IMPACT ON SPECIAL RELATIVITY
Special relativity predicts no anisotropies in any of the
laws of physics.

The two founding postulates of special relativity,

as stated by French (1968) are:
Postulate 1:

" All inertial frames are equivalent with respect

to all laws of physics."
Postulate 2:

"The speed of light in empty space always has

the same value, c."
From the postulates, one can derive the consquences of
relativity, such as length contraction, time contraction, and mass
increase with velocity, among others.

There are other sets of

postulates to start at from which one can derive the same experimental
conclusions.

It should be noted that confirmation of the conclu

sions is not necessarily a proof of the postulates.

It is certainly

good support though.
Experiments looking at the derived consequences of Special
Relativity test,in general, for velocity dependent effects.

Presently,

the main effects that have been measured are mass variation, time
contraction and spin effects.

There is another class of experimental

tests of relativity which test for null results.

Newman, et al.

(1978) list a summary of high precision tests of relativity.
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The experimentally, observed time dilation of moving muon
beams in storage rings has been found to agree to a precision of
1x10 3 with the predicted results of Special Relativity in experiments
by Bailey, et al. (1977).

The relativistic variation of the mass of

protons with velocity has been measured by Grove and Fox (1953) to
agree with the predictions of Special Relativity to a precision of
6x10 \

Combley, et al. (1979) interpret the measurements of Bailey,

et al. (1977) of the muon g-2 factor and lifetime at high energy
compared with measurements at low energy by van Dyck, Schwinberg and
Dehmelt (1977) to conclude that the transformation coefficient, y,

-

for mass, time, electromagnetic fields and rotations are identical
to a precision of 2x10 3.

These experiments are easy to interpret in

the sense that Special Relativity predicts a positive result, and one
designs an experiment to measure this quantity.

Experiments for which

Special Relativity predicts a null result are a bit harder to
interpret.
Dicke (1961) has pointed out the importance of null experiments:
"... a physicist is severly limited if he considers only those experi
ments which would be expected to give a positive result."

Any non

null result however, cannot be interpreted in the framework of Special
Relativity, except to say that the theory breaks down.

As Hill (1&80)

pointed out, any null result must be interpreted by a different theory.
Even in the absence of a contending theory, null experiments prove
valuable in testing the limits of a theory.

The quest for lower and

lower upper limits can always be justified by Franken’s Principle of
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Minimum Astonishment.

One version says, "It would be astonishing

that a theory is so perfect as to not break down at very high pre« <
cision, and the higher the precision, the more astonishing."

There

is a wide variety of null tests of Special Relativity that have been
made.

No attempt is made for an exhaustive survey here, but some

highlights are pointed out

Null Tests of Relativity
Brecher (1977) has analyzed pulsar timing data from binary
x-ray pulsars.

He concluded that any change in the speed of the

x-ray pulse relative to the orbital speed of the pulsar is
Ac/v — 2x10 9.■ In the view of emission theories, where c ' = c+kv,
he puts an upper limit on k of k <2x10 9 .
Michelson Morley type experiments, looking for fringe shifts
in a rotating passive interferometer reached their limit of precision
with Joos (1930) . He estimated a A<j>/<J> of 2x10 11.

Interpreting this

experiment with an ether wind model puts a limit on v/c of v/c<5xl0 6 .
This is to be compared with the Michelson and Morley (1887) result of
Acjj/cj) = 2x10 10 which yields an ether wind limit of v/c < 1.5x10 5.
Cederholm

and Townes (1959) looked for a frequency variation

in the output from two ammonia molecular
of the molecular beam

beam masers asthe direction

and, cavity changed through

space. The

upner limit of the relative frequency variation they observed was
Av/v ^ 10 12, with a molecular beam velocity of u/c - 2x10 6 . As
viewed from a Fresnel
upper limit of v/c <

ether wind theory,one may
= 1.2x10 7.

estimate anetherwind

*

'
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Brillet and Hall (1979) searched for a variation in the cavity
resonant frequency of a Fabry-Perot interferometer.

They see no

sidereal frequency variation with a limit of Av/v < 2x10 15. Assuming
on ether wind model, one may put a limit on v/c < 7xlO~8.
Champeney, Isaak, and Khan (1963) searched for a frequency varia
tion of a rapidly rotating Mossbauer source.

V < Av/v _

c

They obtained a limit of.

.

u/c

Three New Tests of Relativity
Two of our experiments reported here are similar to the latter
two experiments mentioned.
simple type.
Relativity.

Our third is of a completely new, though

All three are null experiments in the view of Special .
To gain a perspective on their interpretation, we

analyze these three experiments in terms of a simple Fresnel ether.
The justification is taken partly from Weisskopf's (1974) axiom,
"Sometimes a lie can tell more of the truth than the truth."
New evidence has arisen in recent times to suggest that Special
Relativity might break down. The universe may not be as isotropic as
x
Special Relativity predicts and possibly some physical processes may
reflect this anisotropy on a local scale.

At what precision Special

Relativity will break down is related to the extent of the degree of
coupling of local physics to the cosmic preferred frame.

Absolute Motion Via Astronomy
In 1978, A. Penzias and R. W. Wilson were awarded the Nobel
Prize in physics for their earlier discovery of the primordial cosmic
background radiation (Lubkin, 1978).

In May of 1964, they detected

an excess noise temperature of 3.5°K in their microwave detectors used
for communicating with the Echo and Telstar satellites (Penzias and
Wilson, 1965).

Dicke, et al. (1965) first interpreted this measurement

to be of cosmic origin.

The basis of their interpretation lies in the

Big Bang model of the origin of the universe.
mates that

Weinberg (1976) esti

700,000 years after the Big Bang, matter and light

decoupled, leaving the radiation spectrum a black body spectrum
corresponding to the temperature of the universe at that time, 3000°K.
In the intervening years, the universe has expanded and the energy
density of the radiation has decreased and red shifted.

Dicke, et al.

(1965) estimated a residual black body spectrum corresponding to 10°K;
of the same order as the effective noise temperature measured by
Penzias and Wilson (1965).
Muehlner and Weiss (1973) first confirmed the black body
nature of the spectrum in observations at 6-10 cm 1.

They showed that

the spectrum does turn down past the peak at 5 cm 1, corresponding
to a 2.7°K source.
The question of how isotropic the distribution of the microwave
spectrum is, is best answered by Smoot, Gorenstein and Muller (1977).
By fitting the spectrum to a Planckian spectrum they estimate the
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temperature of the sky at various places across 2/3 of the northern
sky.

All their observations fit a form of

T (0) = T0 + Ti cos(0,n),

(11)

with a best fit f o r .

T i = 3.5 ± .6m°K ,

(12)

'
n = 11.0 ± .5 hr right ascention 5 ± 10°declination ,

T 0 was not measured .

They further note that, "except for a component that varies as
cos(0,n) the cosmic black body radiation is isotropic to 1 "part in
3000."

This anisotropy can be interpreted as a doppler shift due to

the motion of the earth relative to the rest frame of the cosmic black
body radiation.

If the average temperature is 2.7°K, then.the relative

velocity SmoOt, et al. (1977) offer is: v = c T i/Tq = 390 ± 60km/sec
in the direction of the constellation Leo, and v/c = 1.3x10 3.
This evidence indicates that we are moving with respect to the
frame of reference in which the temperature distribution of the
universe is isotropic.

Conceivably, this is also the rest frame of

the universe where the net momentum of the universe is zero.
There is also evidence of our motion relative to a more local
mass distribution.

In 1973, Rubin, Ford and Rubin (1973) pointed out

"... a curious distribution of radial velocities of Scl galaxies with

14<in<15."

The observations contributing to this Rubin-Ford effect

have since been expanded.

Rubin, Ford and Thonnard (1976) reported on

the spatial distribution of redshifts for.96 ScI and Sell galaxies
with Zwicky corrected magnitudes

from 14<m<15, all with corrected

radial velocities 3500<v<6500/km/sec.

Sampling a narrow range of

magnitudes effectively samples a shell of galaxies all over the sky
at a distance of roughly .1.00 Mpc.
tion of redshifts.

They find an anisotropic distribu

Assuming a frame where the redshifts would

appear isotropically distributed, they estimate a velocity of the sun
with respect to this frame to be 600 ± 125 km/sec toward a = 32° ± 20°
6 = +53° ±11.

Considering the motion

of the sun with

respect to

our galaxy, they estimate the velocity of our galaxy to be 454
± 125 km/sec toward £ = 163°, b = - 11°.

This represents the motion

of the earth relative to a frame where the local mass distribution has
zero momentum.
There is evidence suggesting motion of the sun with respect
to the rest frame of the local distribution of galaxies as well as
with respect to the rest frame of the universe.

Though there may be

a large scale isotropic distribution of mass, there is an apparent
anisotropic distribution of momentum both locally and very distant.
On a very fine scale there may be some coupling of the forces of
nature to either the rest frame of the Big Bang or the mass distribu
tion of the universe.

In some as yet unspecified manner, the motion
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of the earth through this fixed coordinate system might show up as
an anisotropy in the forces of nature or the laws of physics due to
a velocity dependent interaction.

It is not unreasonable to expect

that the unobservability of "absolute motion" on a local scale might
break down due to some coupling of the laws of physics to a cosmic
frame in which we seem to be moving.

At what precision the coupling

causes a break down can only be guessed.

It becomes more and more

astonishing, however, when no such effects are seen at higher and
higher precision.

CHAPTER 3

A NEW FIRST ORDER TEST FOR AN AETHER WIND

Introduction
The back pages of Physics Today offer a popular forum as a
want ad for jobs for physicists.

They also act as want ads for used

equipment. These batk pages are not so well known as being a want
ad for ideas that would probably not be printed anywhere except in
the back.

Between 1974 and 1980, there were 13 short listings under

"miscellaneous".

For example, in August, 1979, we find, "ANTIGRAVITY

EFFECT: Weight is inertial mass' reaction restrained from free-fall.
Mass of resting saucer-device falls with falling center-of-mass.
Zero reaction.
NASA read this.

Zero weight!

Immanent in Principle of Equivalence.

Up, up and away!

Anthony Klotz, 39 Simon St.,

Babylon, N. Y., 11702."
It is perhaps for such reasons that this miscellaneous section
is not widely read.

Perhaps 70% of the columns are refuting

relativity and 20% refuting quantum mechanics.

The remaining 10%

deal with such topics as perpetual motion and new energy devices.
Typically, the people who present these ideas do not have
any physics background and use a different jargon from physicists often using the same words, but in a different context.
what they mean from what they say is a difficult task.
40

To decipher
Furthermore,

41
the pay off for physics from analysing this type of work has a very
low batting average, though there may be some personal satisfaction
gained.

With the myriad other projects in which the practicing

physicist is involved, it is not surprising that little time is spent
considering "crackpot" notions.

It is in general, not "cost effective."

However, one such miscellaneous idea did bear fruit.
In particular, the three months, December 1975, May 1976 and
March 1977, carried the same notion.

They were one paragraph

articles entitled, "Relativity disproved," "Absolute Southward Motion
of Solar System," and "Our Galaxy Is Moving."

The March 1977 column

goes on to say, "OUR GALAXY IS MOVING -Observed since 1966 with
Godart experiment.

Recorded light intensity varies with orientation.

200 to 250 million year climatic, galactic cycle linked:
as it goes against galaxy's southward motion.
Easily Reproduced Experiment.

sun is slower

Must facts be ignored?

K. Kissel, 26655 Loganberry Dr., Rich

mond Ht., Ohio, 44143."
After writing to K. Kissel, one receives a response from
Raphael Godart, previously published in Techniques Nouvelles of
Brussels in September 1974.

He describes a simple experiment:

two solar cells and a light bulb between them.

take

Look at the difference

in intensity between the two detectors as their axis rotates in space.
He goes on to say, "The experiment was originally planned to show the
motion of the earth through space.

It was assumed that electromagnetic

waves are received with less intensity when they travel in the same
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direction as the earth, because the receiver is then receding from
the point of emission."
He concludes from his work, "the most interesting result is
a decrease in intensity corresponding roughly to a propagation of
light toward the south of the solar system..."

Nowhere does he give

any numbers of the relative intensity variation nor his measured
value of the anisotropy of the speed of light.

Much of his article

is filled with Comments on FitzGerald contractions and other evidence
of an ether wind, such as Miller's (1933) observations.

His descrip

tion of his experiment and what he did is clearly insufficient to
base a claim of the detection of an ether wind.

Though his experi

mental technique left much to be desired, it doesn't mean that
Godart's experiment in concept is poor.

In principle, it is a

realistic test for an ether wind.

.

Theory

Special Relativity, predicting no anisotropies, would suggest
that as the detectors, and light bulb rotate, there should be no
change in the relative intensity the two detectors see.

However, this

is not the case for a Fresnel ether model.
Consider the simplest situation, with each detector a distance
£ from the light bulb.

If the bulb is a point source, a spherically

symetric intensity distribution will propagate only in the rest frame
of the ether.

In a frame moving through the ether, the wave fronts

from light emitted simultaneously in opposite directions will not
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reach the detectors simultaneously.
light emitted.

Imagine a very short flash of

As it expands outward, the center of this flash is

stationary in the ether rest frame.

If there is motion of the light

bulb through the ether, then in the time between the emission and one
detector seeing the flash, roughly t = &/c, the center of the flash
and the light bulb’s position, are displaced a distance SSL - vJl/c.
This is shown in Fig. 4.

The ether wind in the plane of rotation of

the axis of the detectors is v.

Under DC emission, as the detectors’

axis rotates through space, the effective center of the point source
rotates about the bulb with a radius of 55. = 5v/c, alternately bring
ing it close to one detector, then the other.
point source varies as 1/5.2 .

The intensity from a

Since the effective distance between one

detector and the center of the wavefront varies by 6d = 55, cos6, we
expect the intensity seen by one detector to vary as;

= 2 — ■ cose ,

(13)

where 8 is the angle between the detector’s axis and the direction of
the ether wind.
is measured.

The difference in the intensity from each detector

Because of the arrangement, when the intensity decreases

in one, it increases in the other by the same amount.

The measured

intensity variation difference, AI, is twice the intensity change
from one detector:
AI = 251 ,

(14)

and
AI = 41 ^

cose •

(15)
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Fig. 4.

Circuit diagram and arrangement for the new first order
ether wind experiment.
Top:

Configuration of the center of a flash when the
wave front has reached one detector.

Bottom:

Circuit diagram.
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Since
<5£ = £ — cose
c

(16)

then
(17)

Monitoring the intensity difference from the two detectors is
a first order test of an ether wind.

It requires nothing more

sophisticated than a light bulb and two detectors.

Selenium resist

ance cells as light detectors came into use in the late 19th century.
This experiment could easily have been done at just the time it would
have been a crucial experiment.

Perhaps if Michelson had not intro

duced the interferometer, there would have been less directed thought
to these second order experiments and this experiment would have been
done then.

It remains as a bit of a mystery why this experiment has

never been done to high precision except for this work.

The Experiment
In the.first version of this experiment we used a #49 light
bulb rated for 60mA at 2v-.as the source and two silicon phototransistors
as the detectors.

The spacing between the detectors was about 10cm.

The electronics arrangement for all versions is basically the same
with individual component values varying, due to different gain
requirements.

The circuit is outlined.in Figure 4.

preamp for each detector.

There is a

One generates a positive Signal, the other

a negative signal, related to the intensity seen.

The op amp acts as
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transconductance converter,
the photocurrent.

yielding a voltage proportional to

One preamp has a fixed feedback resistor, the

other variable, to provide variable sensitivity.

These positive and

negative signals are summed, yielding a difference signal, with gain.
Ideally, the voltage from the differential amplifier is zero.

How

ever, due to small DC offset voltages in the op amps, there is a
slight residual.

This difference signal is AC coupled with a time

constant of 30 seconds to another amplifier.

The resulting signal,

typically .1 to 1 volt showing some low frequency noise, is then
recorded.

The light bulb and detectors were sealed in a small

aluminum box with its

interior painted black.

This box fitted into

the electronics box, yielding a small, rugged, compact unit.

To

change the orientation of the detector - light bulb axis, the entire__
box rested on a rotating table.
The table was designed for the experiment using methane
stabilized helium neon lasers, described in detail in later sections.
It is six feet in diameter and floats on a cushion of air, rotating at
a frequency up to .5Hz.

Power leads and signal voltages pass

from the rotating frame to the lab frame via 31 mercury slip rings.
For this experiment only 4 rings were used.
of lines was sent to the box.

A regulated ± 20v pair

Inside the box were ±15v regulators.

The ground return was via the shielding of the coax cable taking the
Iv signal from the box to a slip ring".
a slip ring.

The ground return also used

This arrangement prevented ground loops and kept other

AC pickup from appearing on the internal power supply.

After passing .
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through the-slip rings to the lab side, a Tektronix 7A22 plug-in was
used as a buffer amplifier for a PDP-11/10 minicomputer.
The table rotated at a convenient rate of 10 seconds per
rotation.

A trigger pulse set the phase of the table once per rotation.

An external oscillator provided an 80 Hz square wave which acted as
the clock for the computer's A/D to sample the difference signal.
One rotation typically had 800 data points recorded.- The data from
each rotation was summed with the previous rotations which were stored
in a buffer memory.
1000.

The phase resetability was better than 1 part in
<-

Ti

At some preset rate, typically every 3

n

or 5 , the current

buffer of summed rotations was analysed.
The buffer was centered about zero by subtracting a constant.
Otherwise, the stored buffer is not changed. The rms variation and
the first and second harmonic amplitudes were calculated from a
normalized set of data which is this buffer divided by the number of
rotations summed. This data was scaled so as to represent AI/I.

This

is directly related to v/c by

M f -

(18>

It is the first harmonic component which has ether wind data in it.
We occasionally also plotted the buffer values.

Consecutive

averages plotted are shown in Figure 5 for a series,of rotations.

If

one uses one's imagination, one can easily see a first harmonic signal
in the data.

This is the same problem that Miller (1933) faced.
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I Rotation

5 Rotations
Averaged

25 Rotations
Averaged

i

25 Rotations
Averaged

I Rotation

Fig. 5

Computer averaged rotation data.
Each plot is with the same vertical scale of the relative
intensity difference. They represent averages of consecutive
rotations. Any periodic signal would have a constant
amplitude.

'
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How can a"real" signal be distinguished from noise, which, because
of human pattern recognition sensitivities can appear as a signal?
If there is an ether wind, it will always cause a periodic intensity
variation.

Noise sources, which are not periodic, are uncorrelated

and should average away with the square root of the number of
averages.

The first test of a real ether wind signal is that the

SNR should get better with more rotations averaged.

The second test

is that the phase should vary with sidereal time rather than lab time.
An effect which is diurnal could also be due to a nonlinear response
to temperature variation from day to night or a nonlinear response to
vibration which has higher amplitudes during the day compared to at
night.

Such a periodicity might also be due to a nonlinear response

to rf or AC pickup which also varies with a 24 hour period.

One

expects that only a cosmic effect will vary with sidereal time,
being 12 hours out of phase with the diurnal cycle after six
months.
To check the first test, in Figure 6, we plot the first
harmonic amplitude vs. the number of cycles averaged.

It is clear

that the amplitude decreases with the square root of the number of
cycles averaged, as expected if we see just white noise.

After

averaging 625 rotations, the amplitude was AI/I = 9x10 6 . This
corresponds to a limit on v/c

2.25x10 6.

The effect of rotation on the noise of the system is very
small.

This can be seen simply by averaging blocks of data for the
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First Harmonic Amplitude of

-4

Best fit to nonrotating
system noise

-5

I0

I00

I000

Number of Rotations Averaged

Fig. 6.

Calculated amplitude of the first harmonic variation of
AI/I with rotation.
If there were a true ether wind signal, the first harmonic
amplitude would remain constant no matter how many rota
tions. If the first harmonic is due to just noise, it
should decrease with /n.

,
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same 10 second time interval, while not rotating.

In Figure 7, we

plot the first harmonic amplitude of the relative intensity variation
for 10 second blocks, exactly comparable to when the table was
rotating.

This best fit line, of the form, AI/I = 1.2x10 ^//nT

corresponding to v/c = 3x10 5/Vn", is plotted on the rotation data
of Figure 6 for comparison. There is no substantial excess noise
present rotating compared with the stationary case.
The typical rms stability during a 10 second block of time is
AI/I = 5x10 4 . This corresponds to an rms motion of the center light
of A&/& = 1.2x10 1+.

With Z = 5cm in this device, then A&
= 6y.
rms

The intensity difference is sensitive to microphonics.

When loud

noises, are made, or the box is tapped, the signal responds well to
it.

However, mechanical buffering of the base with one inch of

foam and acoustic shielding of the sides did not change the noise
amplitude appreciably.

We believe the source of the excessive noise

was not microphonics, but was due to light bulb intensity variation
and nonperfect nulling.

Second Version - Lower Noise
The light bulb is not a perfect isotropic point source.
detector sees a different side of the filament.

Each

Coherent temperature

fluctuations of the filament are seen equally by each detector, but the
varying anisotropic emission causes each detector to see a slightly
different short term intensity.

The fact that each detector sees a
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Fig. 7.

Effective nonrotating system noise.
10 second blocks were averaged n times and the first
harmonic amplitude of the 10 second block calculated. If
there were no ether wind, rotating data would match this
behavior.
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different side of the filament is fundamental unless some other
type' of source is used.

The conditions on this source are:

- be close to a point source
- emit isotropically
- have good DC stability
- be bright
- be rigidly mounted to reduce sensitivity to microphonics
and accelerations.
An alternative method could use a single bulb and a
beamsplitter arrangement, as shown in Fig. 8.

In this way, each

detector sees the same light, and there are still spherical wave
fronts propagating in opposite directions.

An ether wind will still

cause an intensity variation between the two detectors.
As a simple approach, a light bulb is a good approximation to
the required conditions.

To get around the fine scale anisotropic

emission, large area detectors were used so as to average over a
larger solid angle.

Putting a lens in front of the phototransistor

would have increased its sampling solid angle, but would have made it
more sensitive to microphonics.

Instead, silicon

measuring 3/4" by 1 1/4" were used.

solar cells

They are sensitive to the

visible, have reasonable efficiency and are plentiful and inexpensive.
Three versions of apparatus were built, each with different
specializations but all yielded the same sensitivity.

We show in

Figure 9 the first harmonic amplitude of AI/I vs. the number of
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Beam
rI

Light Bulb

Fig. 8:

Alternative detector arrangement.
In this setup, the fluctuations the two detectors see are
correlated and is thus reduced by the CMRR. This
eliminates anisotropic emission problems of the light
source.
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Fig. 9.

Ether wind data for lower noise apparatus.
A true ether wind would yield a calculated first harmonic
amplitude which is constant with the number of rotations.
Noise would decrease with /n.

rotations averaged using the same computer technique outlined
previously.

In Fig. 10, we show the variation of the first harmonic

amplitude of 10 second blocks averaged when the table is not rotat
ing.

Once again, there is no appreciable excess noise just due to

rotation.

The typical noise level is AI/I = 1.8xlO~6/Vn".

corresponds to a limit of v/c = 4.5x10 7//n.

This

The upper limit we

measure, after averaging 91 rotations is v/c < .5xl0~8 .
The factor of 100 decrease in the noise is mostly due to the
factor of 5,000 larger solid angle subtended by the solar cells
compared to the phototransistors.

The solar cells have an area 600

times the transistors, and were positioned about 1 cm from the lightsource.

The remaining enhancement is due to increased common mode

rejection of the light source fluctuations by better nulling
techniques.

Modeling the Electronics Circuitry
The difference signal depends in
light bulb between the detectors.

part ontheposition

of the

There are alsothreeelectronics

parameters with each detector-preamp which influence the difference
signal.

In Figure 4, we show a schematic diagram of the system and

distinguish these parameters:

x^ = distance of detector

1 from bulb

X 2 = distance of detector

2 from bulb

= Feedback resistor of
1

preamp 1
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Fig. 10:

Nonrotating system noise.
The amplitude of the first harmonic calculated from 10
second blocks of data when the detectors did not rotate.
The amplitude decreases with /n.

= feedback resistor of preamp 2

Rl

= summing resistor forpreamp 1

Rg

= summing resistor forpreamp 2

kj

= photon efficiency of detector 1

kg.

= photon efficiency of detector 2

A}

= area of detector 1

Ag

= area of detector 2

Rg

= summing amplifier feedback resistor

PQ

= total power emitted by bulb, isotropically.

The power seen by detector 1 is
AlPrt
Pi

=

-

477X12

For detector 2’, it is
AgP.
P2

=

---- -

47rx22
The current generated by detector 1 is

i, - k.P., ^
^
2
47TX1 Z
and for detector 2, it is

,
.
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k A P
2 2 0

i2 = k2P2 =

(2 2 )

4ttxo2
The output voltage from preamp 1 is

i

k A P

Vi = -J — = —k. I .
R
f
R_4nxi"
1
f
X

(23)

the output voltage of preamp 2 is

V?

k A P
2 2 o

(24)

R_c 4irx22
f2

The summing amplifier will produce the difference in voltages.

This

is so arranged by connecting the solar cells oppositely, one yieldinga positive signal, the other a negative signal. The output of the
summing amplifier will be
R

R

(25)

AV - tt— V% - jj— V2 .
Ri
R2

Thus, the signal we see, the difference voltage, is

V =

R P
s o
4ir

I

k lA l

'X R, xv

k2A2

(26)
R2 R£,x 22

In order to null out this difference, only one of these parameters
need be varied. The detector area and efficiency are fixed.

For

simplicity and ruggedness, in the device used for the ether wind
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data, we have allowed only the feedback resistor, R-

to be
1

variable, all other elements fixed.
To gain an estimate of how well the nulling can be performed,
in one device, the light bulb was mounted on a micrometer slide that
allowed its position to.be moved ± H" between the two detectors.
distances xj and X2 are nearly matched.

= x0 + Sx1

We may expand them as

x2 = x0 + 6x2

;

The

.

(27)

4irx02

If the term

t—>'

V o

26x1

k 2A]. . ^2^2
-jRlRf 1
R2Rf2
>

I

AV =

if

In this arrangement, Sxi = - 5x2 , and the difference signal is

RtR

±l

R2R/r

±2

*0

within the brackets is not exactly zero,

signal willdepend on fluctuations in the intensity of the

(28)

the difference
bulb, P .

How well this term can be nulled, determines the common mode rejec
tion ratio.
The

This CMRR was measured in a simple way.
light bulb power, P , was modulated at 1 Hz byinjecting

a small periodic voltage on top

Of the DC lamp supply.

amplitude was .22% of the DC voltage.
variation

This

The resulting intensity

a single detector saw was ± 1%.

All parameters were kept

constant except the position of the light bulb.

In Eq. (28) Sxi

was varied and the amplitude of the modulated difference voltage was
observed.

In Fig. 11, we plot the relative amplitude of the 1 Hz

signal seen by the difference amplifier vs. the motion of the lamp’s
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Fig. 11.

The common mode rejection of correlated fluctuations.
As the position of the lamp, 6x, varies, we plot the
relative intensity difference the two detectors see of
the 1 Hz modulated lamp intensity.
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position, Sx x /x q . The nulling ability in positioning the lamp seems
to bottom out at AI/I = 2x10 5.
sees in AI/I = 1 0 2 .
mode rejection.

The relative AC signal one detector

Thus, there is a factor of 500 gain in common

This is a CMRR of 27dB.

The limitation might be

set by anisotropic emission of the filament, or mechanical vibration
or gain drifts in the detectors.
For the ether wind data, the detectors were mounted in a rigid
structure, epoxied to a support approximately 1cm from the bulb on
either side.

The nulling was accomplished by modulating the light

bulb intensity and minimizing the difference signal modulation by
adjusting the feedback resistor, R- .
r1

We obtained comparable nulling

with this method as with nulling in position.

Light Bulb Modeling
The #49 light bulb and all other filament bulbs are
inherently noisy.

In Fig. 12 we show the output light intensity

each detector sees individually.

The noise over a 10 second period

is roughly AI/I ~ ± 2x10 1+. The rapid transition like behavior
might be due to rotations of individual tungsten crystal faces in
the filament having different emissivities. Many days of being on
doesn't change this behavior.

Figure 13 shows the signal from the

difference amplifier relative to the DC level in one detector.

The

burst noise is mostly nulled out, but there is a slow drift probably
due to gain drift in the detectors.
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Fig. 12:

Intensity noise in each detector from consecutive time
periods.
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Relative difference in intensity the two detectors see.
Top:
Bottom:

Same scale as Fig. 12.
xlO more sensitive.
burst noise.

There is drift, but no
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It might seem strange that a .22% modulation of the lamp
voltage should yield a 1% modulation of the intensity.

This suggests

a relationship between the intensity. I, and the voltage on the lamp,
V, of the form

I % V4 '5 ,

(29)

X = 4 . 5 ^ >

(30)

so that

It is not difficult to see why this might be.
We can model the light bulb as a temperature dependent
tungsten resistor with

R = k lP(T) ,

with

(31)

being a constant related to the geometry of the filament.

The temperature dependency of the resistivity of tungsten is plotted
in Figure 14.

p

=

It is of the form,

k2T

.

(32)

The resistance of the filament is thus

R = kik2T

.

-

At equilibrium,

(33)

thetemperature of the filament is determined

by the equilibrium of the electrical power in and the conducted and
radiated power out.

This condition is:
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Fig. 14:

Resistivity of Tungsten with temperature.
Data taken from the CRC Handbook, 52nd Edition.
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+k^T

,

(34)

orV2 = k 1k2k3T5 + k 1k2ktfT2 .

(35)

When the conduction loss greatly exceeds the radiation loss, then

V ~ T

.

(36)

At all temperatures, the radiated intensity. I, will depend on T4 .
Thus, at low temperatures,

V -v

or

I ~ V4

.

(37)

At the high temperature extreme where radiation cooling dominates,

V2 -v T 5 ,

(38)

and
V -v I5/8

or

I % V8/5 = V1 *6

.

(39)

Thus, in the relationship,

I. ~

V°

,

(40)

we expect a to be near 4 at low intensities decreasing slowly at
higher intensities to the limit of a = 1.6.

We plot in Figure 15

the voltage.on the lamp vs. the detector current, which is related
to the intensity.
1/a = %.

At low intensity, the slope is very nearly

At higher intensity, the slope becomes steeper, close

to 1/a = 1/2.8.
op amp of 4.2mA.

This also shows the saturation current of a 308
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Lamp voltage verses intensity.
The lamp isioperating in the conduction cooling regime
where v 'v- I'3. This shallow dependency is easily seen.

Ultimate Limitations
The limit on the measurement of v/c for this apparatus is
set by the limited CMRR and variation in the light sources'
intensity.

This is a static experiment in the sense that the v/c

signal does not depend on the rotation frequency.

However, the

noise does. At a rotation frequency of .1 Hz, convenient for the
table, there is a bit of 1/f noise in the intensity from the
filament.

At higher frequencies, the light bulb might have an

advantage over solid state and plasma light sources because of its
thermal time constant.

One could arrange a rigidly mounted system

on a rapidly rotating, small platform, possibly driven by a
centrifuge or high speed drill motor.

A rotation frequency high

enough to get beyond the 1/f noise should be used.
predominantly shot noise in the detector,

If the noise is

then the current noise

will be

(41)
where

i^ is the signal current

Af is detection bandwidth,
e is charge of the electron .
By taking 1000 sampling points per rotation the bandwidth would
f
being the rotation or modulation frequency.
be 1/500 f;
mod’ mod

The

shot noise in each detector will be incoherent, so that with good
nulling, the difference noise will be
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Ai = /J in = /4j~eAf

,

(42).

and the relative intensity change would be

= Ai = /4eAf/i
and
1
1s
5 .
Taking

i
s

= 4x10 2A

e

= 1.6xl0~19coul.,

Af

= 1/500 x fmod

—
— = 4xlO'9/Alz.
/If 1

(43)

,

then

—
A* = 1.8x10"10 ,
/f 7
mod

(44)

and
J

| X

= ‘>■5x10" “ //Hz x

.

If one averages many rotations, the SNR increases.

= 4.5xlO”11//Hz" x /f

d //n

.

(45)

One expects

(46)

Taking
n = £mod x t *

then

(47)
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£-= 4.5xl0-11//t

,

(48)

with t in seconds.

A one hour average would yield a noise limited upper limit of
v/c < 7.5x10 1^.

By looking for sidereal variation of the phase of

this amplitude, we might expect to gain a factor of 100 enhancement,
as Brillet and Hall (1979) and Jaseja, Javan, Murray and Townes
(1964) do in similar experiments.
The reasonable maximum upper limit to this experiment is
v/c < 7x10 15, exceeding the best current upper limit of v/c <
1x10 8 of Champeney, et al., (1963) by 6 orders of magnitude.

Currently,

our upper limit is v/c < 5x10 8 without optimizing any parameters
nor searching for sidereal variation.

Acceleration Effects
At this high sensitivity regime, there are numerous
environmental factors which might be important. The most critical
will be periodic acceleration, either due to a nonuniform rotation
rate or a tilt of the spin axis.

This will cause the detectors to

bend one way, then the other, yielding a first order signal.

The

sensitivity of the device to this effect will depend on the
rigidity of the mounting.
We have measured the sensitivity of our device to accelerations
by tilting the box at various angles and monitoring the relative
intensity variation vs. the effective acceleration along the axis.

We plot the response of the detectors to accelerations in Fig. 16.
is

= 5x10 10/jig.

This corresponds to an effective sensitivity to

a v/c measurement of 1.2x10 10/ug.

To take advantage of the low

noise at high rotation frequency with this current design, the
periodic accelerations the detectors see along the axis should be
less than 6x1 d~3 iug. This will be very difficult.

If the light

bulb is on the spin axis and the detectors' arms are well matched
for spring constant and length, the effects of angular acceleration
can be greatly reduced.
problem.

But, the spin axis tilt will still be a

If table tilt were reduced to Ip radians, the limitation

due to the periodic distortion of this apparatus would be v/c <
1.2x10 10.

Looking for siderial variation of the phase would gain

an ultimate upper limit of v/c < 1x10 12 as a first order ether
wind measurement.
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Fig. 16.

The relative intensity difference as the detectors’
axis is tilted.
This is a measure of the sensitivity of the difference
signal to accelerations.

CHAPTER 4

CAVITY RESONANCE VARIATIONS AS A TEST FOR THE AETHER

At 9.2 GHz
The second generation "ether drift" experiments had their start
in 1954 with a suggestion by Furth (1954) for a new second order test
of an anisotropy in the speed of light.
this resurgence of interest.

It is not clear what prompted

It is of note that in the original

short article in Nature, Furth (1954) has no references cited.

He

emphasises that the first generation experiments, the MichelsonMorley type, all utilized propagating waves.

He proposes using

standing waves in a resonant cavity.
Consider a simple TEMqo cavity with a length between the end
mirrors, SL.

The condition for resonance is that a round trip path

should have an integral number of cycles so that successive reflec
tions are in phase.

If there were no anisotropy in the speed of

light, the resonant frequency is determined from the wavelength of
the light, set by the geometry of the cavity, and the speed of
light.

The condition on the wavelength, A is:

where q is the mode number, a large integer.
v , is given by

The resonant frequency,
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One may also view the resonant frequency as a multiple of the
fundamental mode which is the round trip frequency for a light pulse
rattling in the cavity.

tl = ^

The round trip time is

•

(51)

The first fundamental resonant frequency is

vi = i r = 2 r -

t52>

The other resonant frequencies are

vq = qvi = q 2T

•

(53)

Suppose now, there is an anisotropy inthe speed of light with a
cos0 dependence, as expected for a Fresnel ether wind.

The round

trip travel time for the cavity can be calculated in the identical
way as with the Michelson-Morle.y experiment.

ti = ^— [1 + H (p)2 (1 + cos28)]

It is

,

(54)

where 0 is the zmgle between the cavity axis and the ether wind
direction and v is the component of the velocity of the wind in the
plane of rotation.

vq = ^

The resonant frequency of the cavity is thus

= q 2J [1 - %(J)

(1 > .cos20)]..

. (55)
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It is clear that as the cavity rotates in space, there will be a
constant term,

Vq

o

= q 21 Cl "

^ ~ q 2T

'

'

(56;)

and a term twice periodic with the rotation of the axis:

Av = q ^

cos20 % q

h(^)

% cos26 .

(57)

The relative amplitude of the second harmonic is

f = ^ 2 ■

C58)

It is on this basis that Furth (1954) suggests using an external
oscillator to look at changes in the resonant frequency of a cavity
as it rotates through space.

He makes the interesting comment,

"the experiment should preferably be carried out at a high altitude."
No doubt this suggestion is motivated by the possibility of testing
for a Stokes ether.

In the light of the experiments by Lodge (1892),

Michelspn and Morley (1887) and Michelson, et al., (1925), a Stokes
ether is inconsistent.

However, in the light of relativity, any

luminiferous ether at all is inconsistent.

In using this experiment

as a null test of relativity without a guiding theory to motivate
it, one might consider attempting it in many extreme conditions:
vacuum, at high pressure, at low temperature, at high temperature,
in strong magnetic or electric fields, and at low frequencies and
very high frequencies.

This is ultimately the rationale for doing

in
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a large variety of null experiments.

Perhaps it is only in particular

situations that relativity will break down.
Essen, working at the National.Physical Laboratory in
Middlesex, England, modified Furth's proposal.

Essen (1954) suggested

that greater sensitivity in the resonant frequency variation can be
obtained if the cavity resonator is used to control the frequency
of the oscillator.

Shortly after this comment, Essen (1955) com

pleted the measurement.

As he remarks, "The experiment was performed

with existing apparatus and was completed within a few weeks of its
assembly."
He used an INVAR cavity 16.8 cm long and 8 cm in diameter,
resonating at 9.2 GHz.

The axis was rotated at about 1 rev/min.

At

every 45 degrees rotated, the frequency of the cavity oscillator
was compared with a quartz oscillator stable to 1 part in 1010.
The ether wind signal varies as the second harmonic, having 2 maxima
and 2 minima per rotation.

He found, however, that, "there is a

much larger periodic variation having one maxima and one minima per
rotation.

This was found to be due to a tilt of the turntable and

was difficult to remove..."

There was also a residual 2nd harmonic

term which he attributed partly to magnetostriction of the cavity.
The calibrated frequency shift due to a magnetic field of the earth's
magnetude was Av/v = ±2xl0~11.
8x10

He offers an upper limit of (v/c)2 <

or v/c < 9x10 6 with no real effort at searching for sidereal

variation.
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Laser Resonators
The natural extension of a cavity used to control the
frequency of the oscillator is a laser.

With an active gain medium

within the cavity, the oscillation frequency, v, depends both on .
the cavity and on the atoms:

v

v = '^

0

+ v

Q

+ Q '
xc

-xm

'

<59)

as given by Sargent, Scully and Lamb (1974), for example where

vm = resonant frequency of the atoms

vc = resonant frequency of the cavity

= vm/^vm > quality of the atomic radiators

Qc = Vc/Avc; quality of the cavity .

In most situations, the Q of the cavity can be made larger than the
Q of the molecules so that

v

'vl v c

-

9

2 j^ * -

(6 0 )

As the resonant frequency of the cavity changes, due to length
changes, the output frequency does not strictly obey this simple
I
linear relationship due to mode pulling and pushing effects of the
active medium within the cavity.

In these ether wind experiments,

however, this is unimportant as one limits frequency excursions to a
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small fraction of the total gain curve.

With a laser's frequency

much higher than an rf cavity's and potentially more stable, it
offers an ideal extension of these second generation experiments.
Jaseja, et al., (1964) first applied an optical maser to a test for
the anisotropy of the speed of light.

It is not clear that they

were aware of Essen's (1955) experiment as they don't cite his work.
Jaseja, et al. (1964) use helium neon lasers operating on
the 1.15u line.

With a cavity length of 100 cm, the fundamental

frequency of the cavity is 150 MHz. The l.ISp line has a frequency
of 2.6x 1014H z .

Thus, under normal conditions, q ^l.SxlO6 . As the

laser axis rotated through space, the output frequency should vary
as
2
V = q ^

[i -

(1%

+ % COS26)]

.

(61)

The relative amplitude of the second harmonic term is

v =

* C^ 2 •

(62)

Jaseja, et al., (1964) use a clever technique to measure
variation in the laser frequency and enhance the effect.

On a

platform suspended by wires that was allowed to oscillate back and
forth ±90°, were two identical lasers whose axes were oriented at 90°.
Their beams were interfered and the resulting beat frequency was
measured with a photodetectbr and taken off the table.

Because of

the oscillation rather than rotation of the table, mercury slip

rings were not required.

In general, the two lasers will not have

exactly the same length, so they will have slightly different out
put frequencies.

<5v =

Their beat frequency will be

-V2

V

+ (v% + vg) %(—)

cos20

(63)

or
Sv

(64)

There is a constant beat term and an "ether wind" term which varies
as the second harmonic of the rotation.

The amplitude of the relative

frequency variation is

This is enhanced by a factor of two from Eq. (59) by comparing two
cavities at 90° to each other, rather than.one cavity and a
stationary reference.

1

In a normal laboratory, acoustic and mechanical noise acting
on the two lasers' mirrors cause excessive uncorrelated frequency
noise on the order of 100 kHz - 1 MHz. To avoid this noise, the
oscillating platform was set up in the basement of a wine cellar at
MIT's Round Hill Estate in New Bedford, Mass.

Great care was taken

to remove all sources of vibration from the room and to take data
only when the weather was quiet.

In monitoring the beat frequency as,the

lasers rotate, a systematic second order effect was observed.

Fig.

17 shows their recording of the beat with the ±125 kHz frequency
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Fig. 17:

Ether drift experiment of Jaseja, et al. (1964).
Data from their paper.
Top:
Beat frequency variation showing magneto
striction. Glitches are timing marks.
Bottom:

Variation of the amplitude of the beat frequency
over a period of 6 hours. A true ether wind
would vary h. cycle over this time.

modulation. . They attribute this Av/v = 10"^ to magneto striction
of the invar spacers in the earth's magnetic field.
A true ether wind due to the earth's orbital motion through
space will vary with sidereal time.

Over one day, the effect should

show a second harmonic periodicity. They plotted the measured peak to
peak variation of the magnetostriction effect at intervals over a
six hour period and conclude that at most 3 kHz could be the peak
to peak value of a term varying with sidereal time.

This yields an

upper limit of (v/c)2 = 1.5x10 11. They conclude by suggesting
changes for further experiments saying that their present one is,
"... only a preliminary one."

Yet, this particular experiment was

never followed up.
It was not until 1979 that the next,step was taken in this
series of second generation ether drift experiments.

Brillet and

Hall (1979) looked for basically the same effect, a change in the
resonant frequency of a cavity which rotates in space, but utilized
sophisticated laser and data processing techniques.

Their experi

mental arrangement is diagrammed in Fig. 18.
A Fabry-Perot cavity, 30 cm long made from CerVit and
operating in a TEMqq mode was the resonant cavity.
transmission fringe was 4.5 MHz.

Its FWHM for a

This was mounted inside an aluminum

vacuum envelope which was temperature stabilized.to within ± .2°C.
The emission frequency of a helium.neon laser, oscillating on the
3.39y line was slaved to the peak of the transmission fringe.

This
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Fig. 18.

The Brillet-Hall (1979) experiment.
Experimental arrangement taken from their paper.

.* ' ■
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was done by dithering one mirror of the laser at 45 KHz with a laser
frequency excursion of ±2.5 MHz.

As the center frequency moves

across the transmission fringe, the phase and amplitude of the
first or third harmonic of the transmitted intensity was used as an
error signal to servo the laser's mirror position.

At the peak, the

odd harmonics vanish and change sign on either side.

In this

way, the laser frequency tracked changes in the resonant frequency
of the cavity.

The laser, cavity and locking electronics rested on a

1 meter diameter rotating slab of granite 5" thick.

A fraction of

the laser beam was picked off and sent up the rotation axis, as
circularly polarized light.
To measure laser frequency changes which correspond to changes
in the resonant frequency of the cavity, the light from the table
was beat with a methane stabilized laser resting in the lab frame.
Each laser had a frequency stability of Av/v = 2x10 ■
l3.

The full

potential of this stability was not utilized though.
As the table rotated, there was a real modulation in the
cavity's resonant frequency of 200 Hz peak to peak at the first
harmonic of the rotation frequency.

This nearly sine wave signal

they attribute to gravitational stretching of the interferometer due
to the rotation axis not perfectly vertical.

The amplitude of the

second harmonic, which has cosmological significance, always showed
a peak to peak value of 17 Hz with constant phase in the lab frame.
This might be due to some harmonic distortion by the cavity's
mounting, in response to the tilt.
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Brillet and Hall (1979) take blocks of 100 rotations,
averaged over about 1/2 hour and look for a component with a 12 hour
periodicity.

Of the 17 Hz variation they observe, they offer typically

a .5 Hz amplitude that could vary with sidereal time, as shown
in Fig. 19.

In averaging over 120 days, they conclude that at most

a peak to peak value of .13±.22 Hz could be due to a cosmic effect.
Their upper limit for a relative.frequency variation of the cavity
with orientation is Av/v = 1.5±2.5xl0 15.

Since (v/c)2 = 2Av/v

for a peak to peak frequency variation, their upper limit is
(v/c)2 < 5x10 15. This is a limit of (v/c) < 7x10 8 .
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Fig. 19.

Ether drift data of Brillet and Hall (1979).
Data taken from their paper.
Top:
The reduced second harmonic amplitude plotted
as the radial coordinate with its phase as the
angular coordinate, for ^ hour blocks averaged,
Bottom:

The amplitude of the term periodic in sidereal
time over 120 days.

CHAPTER 5

A NEW SECOND ORDER TEST FOR THE AETHER WIND

Introduction
Jaseja, et al., (1964)_rotated a cavity which was passively
stabilized by rigid spacers.

This was translated to a frequency

and compared with an identical laser oriented at 90°.

Brillet

and Hall (1979) rotated a passively stabilized cavity, converted
it to a frequency and compared this frequency to a frequency tied
to the rest frame of the methane molecule which did not rotate.
This is a higher precision version of the Essen (1955) experiment
of comparing the frequency of an oscillator slaved to a rotating
cavity, with a stationary frequency standard, a quartz crystal.
present here a third version.

We

The frequency reference rotates with

the cavity which is servoed to always stay coincident with this
reference.

We monitor the servo voltage as an indication of how the

length must be varied to keep the resonance condition.
we keep the cavity frequency constant at v

o

In Eq. (55),

and compensate £.

The

condition on i is
2
I = q ^ ~ [(1 - h (£) (1 + cos28)3 .
o

(66)

A Fresnel ether wind will cause the length to have a second harmonic
variation with rotation.

The relative amplitude is,
37
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M.
£

(67)

We monitor the length we correct the cavity for and search for a
second harmonic component. The cavity and frequency standard is a
methane stabilized helium neon laser, the operation of which is
based on the inverse Lamb dip.

We hbve also designed a method of

testing for variation in the frequency standard as the cavity
rotates which can be interpreted as a search for Machian effects.
This experiment was devised by us independently of the work of Essen
(1955), Jaseja, et al., (1964) and Brillet and Hall (1979).

It is

a natural thought when considering the interaction of relativity
and laser physics.
The Inverse Lamb Dip
Stabilizing the frequency of a laser to an absolute frequency
standard is based on the presence of fixed, well defined features in
the gain curve. Helium neon lasers lend themselves to a wide variety
of stabilizing methods. The Lamb dip in particular, utilizes a prop
erty of the saturated neon which is the lasing medium.

Under certain

conditions, there will be a small decrease in the output power at the
line center of the neon.

The width of the dip will be twice the

natural width of the neon atom.

Lamb dip stabilized lasers are locked

to the central minimum of the power curve.
The inverse Lamb dip is similar in principle, but requires
a saturable absorber, external to the gain tube.

The absorber gas

is in a standing wave field, either inside the cavity or external.

When the radiation frequency is tuned off the line center of the
absorbing molecules' rest frame center frequency, only molecules moving
so as to be doppler shifted into resonance will absorb.

There are two

velocity groups that interact with the two counterpropagating
beams.

This is shown in Fig. 20.

As the radiation frequency is tuned

to line center, the molecules' velocity needed to be doppler shifted
into resonance decreases, and at line center, absorbing molecules must
have, near zero velocity.

There is only one group of mo 1ecu 1es,at:}d.,ine

center with a velocity spread about zero corresponding to the doppler
broadening of their natural linewidth.

Thus when the radiation

frequency is precisely the absorption frequency in the rest frame of
the molecules, there will be less molecules to absorb than when tuned
off line center.

If the absorber is inside the laser cavity, the

decrease in absorption means more power comes out on line center than
off.

As the frequency of the radiation is scanned, there will be a

small peak at the rest frame absorption frequency of the absorber.
The inverse Lamb dip has many more advantages for stabilizing a
laser's frequency than the Lamb dip.

The Lamb dip occurs only under

special conditions of the intensity and the width of the dip is
related to the natural width of the lasing atoms.

Its absolute

frequency depends on the environment of the plasma tube.

Further,

stabilizing on the dip means a loss in power, which can be a dis
advantage.

The inverse Lamb dip separates the properties of the

lasing environment from the absorber.

The absorber's condition can

be optimized for a narrow peak, while not affecting the lasing media.
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L in e C e n te r f o r A b s o rp tio n

Mechanism of the inverse Lamb dip.
Left:

Distribution of molecules contributing to
absorption far from line center. There are 2
complete groups.

Right:

Distribution of molecules available for absorption
near line center. The available number had
decreased because the two groups share atoms. Less
total number of atoms are available on line center.
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This also allows a far greater variety of absorbers for a given
frequency.

Especially in the infrared at 3.39p and 10.6#, there is

a rich overlap with many organic molecules. Since it is a peak
■
.
.
-V
that is servoed on, the SNR can be near optimum.
Lee and Skolnick (1967) first used this technique to see an
inverse Lamb dip in 2®Ne.

They used a ^He - 2®Ne plasma tube as the

gain cell and a low pressure 20Ne discharge cell as the absorber.
O
Figure 21 shows the power out of this laser oscillating on the 6328A
line, scanned in frequency.

The linewidth of the neon in the low

pressure (.1 torr) cell was limited by the natural linewidth of the
Ne which they estimate to be 15±2.5 MHz, FWHM.

The fact that the

laser's gain curve is not coincident with the center of absorption
of the low pressure Ne is due to a pressure shift of the lasing neon
by the high pressure (3 torr) of helium in the gain cell.

This

pressure shift is 60 MHz toward higher frequency.
Barger and Hall (1969) take advantage of the "remarkably
happy" coincidence of the P(7) line of the v3 band of methane and
the 3.391# line of the helium neon laser.

Helium neon lasers are

widely known to lase at the three wavelengths, .632#, 1.15# and
3.39#.

The popular red line shares a level with each of the other

two lines.

Rigden and White (1963), by looking at competition effects,

first pieced together the level diagram for these three transitions
which we show in Fig. 22.
The methane absorption frequency is 100 MHz to the blue of
the He-Ne:line center.

However, Barger and Hall (1969), by using
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45MHz

a>

cr

45MHz

Frequency

Fig. 21.

(Hz)

Inverse Lamb dip in neon.
Data from Lee and Skolnick (1967) showing the output
power scanned in frequency for;
Top:
Ne absorption cell turned off.
Bottom:

Ne absorber on, showing inverse Lamb dip peak.
(Redrawn from oscilloscope trace.)
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. 22.

Level diagram for Ne.
This shows the common levels of the three popular
transitions for He-Ne lasers.

12 torr of helium, are able to pressure shift the neon into near
perfect coincidence.
FWHM of 300 kHz.

They obtain an inverse Lamb dip peak with a

This is a Av/v % 3x10 9. This limitation was not

set by the natural linewidth of the methane transition, but by the
transit time broadening of the molecules. Molecules which interact
with the radiation when tuned to the center peak have no longitudinal
velocity, but do have a transverse velocity.

In Barger and Hall’s

(1969) laser, the methane molecules were only in the beam for 3u
seconds, yielding a broadened line of 300 kHz width.

The natural

linewidth of methane due to its radiative lifetime is tens of
Hertz.

Barger and Hall (1969) estimate an ultimate attainable inverse

Lamb dip peak with a width of Av/v ~ 2x10 12. With the 300 kHz width
peak, they report reproducibility of an absolute frequency to within
± 1 kHz.

In Fig. 23 we show the output power of one of our lasers

scanned in frequency, with an inverse Lamb dip peak of approximately
1 MHz.

This is to be compared with Fig. 21, of the inverse Lamb

dip in neon.
Hellwig, et al., (1972) studied the frequency stability of
methane stabilized helium neon lasers with the motivation of their
being used as absolute frequency standards.

Fig. 24 shows their

stability curves for DC and rf excited plasma tubes.

Two identical

lasers were constructed and independently servoed to their own peak.
The width of each peak was about 100 kHz.

The lasers were mounted

on a %” thick steel plate, resting on a 1" thick foam rubber pad.
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Fig. 23.

Output power with frequency for 3.39y He-Ne laser with
methane absorption cell.
A calibrated, linear sweep voltage was put on the PZT.
This shows only part of the gain curve of the laser.
50 MHz to the blue of the center of the gain curve is
the inverse Lamb dip of methane. It is possible to
blue shift the neon gain curve into coincidence with
this peak, and have it directly on top. This is the
ideal situation.
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Laser frequency stability.
Data taken from Hellwig, et al. (1972). This shows the
fractional stability (Allen variance) with different
averaging times under locked and unlocked situations.
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There was no other attempt at acoustical isolation. For a one second
average, Hellwig, et al., (1972) report typical, frequency stability
of Av/v = 10 13 for a locked laser and Av/v = 2x10™10 for a free
running laser.

The Methane Stabilized Helium Neon Laser System
In Fig. 25 we show a schematic diagram of the lasers used in
this experiment.

The cavity was a 60 cm long solid block of Ultra.

Low Expansion (ULE) glass 8 cm on a side with a 1 1/16" diameter core
drilled and acid etched down the axis. On the front face a dielec
tric coated mirror with 95% reflectivity was optically contacted.
This served as the output coupler.

On the back face was optically

contacted a quartz plate on which was mounted a piezo

electric

transducer (often called PZT for lead, zirconium and titanate, the
most common composition). On top of the PZT was mounted a 1" diameter,
%" thick mirror with a i m radius of curvature.

The methane absorp

tion cell was 20 cm long and filled with about 15 mtorr of methane.
The PZT has a sensitivity of 8.5x10 7cm/volt with a usable
dynamic range of 12y.

We have measured the frequency response of

the PZT and the massive mirror with an arrangement shown in Fig. 26.
The Hewlett Packard 302A wave analyser has a mode of operation where
a constant amplitude sine wave is outputted with a scannable
frequency.

A 6 Hz bandwidth tuned amplifier has a center frequency

which is synchronously tuned. The amplitude from this tuned amplifier
is outputted as a DC value.

The sine wave can be used as the driver

a)

ULE Block

b)

O u t pu t coupl i ng m i r r o r

c)

A l i g n m e n t w ed ge s , o p t i c a l l y c o n t a c t e d
together

d)

Back m o u n t i n g plate, o p t i c a l l y c o n t a c t e d

e)

H e l i u m - n e o n gain tube

f ) M et h a n e a b s o r p t i o n cell
g)

cur ve d m i r r o r

h ) aluminium mirror mount

Fig. 25.

i)

PZT t r a n s d u c e r

j)

High v oltage p o w e r leads for gain tube

Schematic diagram of the methane stabilized helium neon
laser used for these experiments.
Cavity length is 60cm.
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St r i p c h a r t
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Fig. 26.

Schematic of the arrangement fox measuring the PZT
frequency response.
The data obtained is shown in Fig. 27.
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and the tuned amplifier, with up to 70 dB of gain, can measure the
response.. This method is not sensitive to phase shifts which do
occur as the PZT is driven through mechanical resonances.
The gain curve of the methane stabilized helium neon laser
is shown in Fig. 23.

The PZT was swept slowly along with a high

voltage linear ramp and the intensity of the laser monitored.

By

applying a constant DC bias voltage to the PZT supplied by a 300
v battery, we can sit anywhere on this curve.

Thermal drifts and

Vibrations are very small with the ULE cavity so that compensation
to stay at the same output power level and hence slope, can be easily
servoed to within ±5% manually.

A constant amplitude 5 v AC

signal was fed to the PZTi from the 302A wave analyser.

The AC

intensity seen by the InAs photodiode was amplified with a Tektronix
7A22 plug in and then measured with the tuned amplifier of the 302A.
The amplitude of the intensity variation depends on the slope of the
gain curve and the PZT frequency responsivity.
The oscillation frequency of the 302A was scanned at 20 Hz/
sec with a synchronous motor tied to the frequency control knob.
The output was recorded by a Mosely 608 strip chart recorder.
resulting PZT frequency response is shown in Fig. 27.

The

At low fre

quency the sensitivity is 8.5x10 7cm/volt, as determined by sweeping
through a free spectral range, or

requiring 200 v.

This is in

good agreement with the measured specs. from Lansing of 8.6-8.8xl0~7
cm/volt.

After 7 kHz, the response> except at resonances, is less

than %%•; of the D.C. response.

' -
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PZT frequency response.
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In locking on the inverse Lamb dip peak, the PZT is dithered
at 3 kHz. This is probably one of the worst frequencies to
oscillate at.

If there should be mechanical noise at 100 Hz, this

will cause the effective response of the PZT to slide up and down
the slope causing an asymmetric modulation shift, a frequency shift
off from the center peak.

This nonlinear noise induced frequency

shift has not been observed.

It is probably below 1 kHz, but

should be worried about in more high resolution work.
two PZT system should be used.

Ideally, a

A large slow one can compensate for

low frequency drifts while a small fast one with a flat response at
3 kHz can supply the dither and high frequency compensation.
The system we use to lock the frequency of the laser to the
peak of the inverse Lamb dip is shown in Fig. 28.

A 3kHz stable

oscillator applies a variable amplitude modulation to the PZT.

This

amplitude as we show in a following section, can be optimized to yield
a laser frequency modulation of ±500 kHz.

An InAs photodiode, in photo

voltaic mode, monitors the low level, 3 kHz intensity modulation
When the average laser frequency is the center of the inverse Lamb
dip peak, the first harmonic component goes to zero.

On one side

of the peak, the intensity variation is in phase with the PZT
oscillation, while on the other side, it is 180° out of phase.

Within

a limited region of the line center, the locking region, approximately
± 400 kHz, the phase and amplitude of the first harmonic of the
intensity variation offers an error signal.

This is measured with a

lock-in amplifier using the 3 kHz oscillator as the reference and
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Schematic diagram of the locking electronics for our
inverse Lamb dip stabilized lasers.
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the signal from the photodiode as the input signal.

The demodulated

output is the error signal. This is then integrated and applied
to the PZT with a high voltage amplifier.

In an early version,, a

± 60 v FET opamp was the output stage to the PZT.

This offered

only a short dynamic range and run time before the PZT had to be
manually reset due to compensating for thermal drift.

We later

incorporated a very slow, high voltage integrator which used the low
voltage, audio frequency signal on one side of the PZT as an error
signal, and applied the integrated signal to the other side with a
200 second time constant.

The 3 kHz dither and low frequency, low

level compensating voltage were applied to the PZT via a 741 opamp,
while thermal drift compensation was applied with this high voltage
integrator.

The circuit diagram for this integrator is shown in

Fig. 29.
The laser is initially locked manually.
the integrator has a .1 second time constant.

In manual operation,.
A bias is applied to the

PZT, via the integrator, adjusted by an external voltage level.

The AC

signal from the photodiode is observed on an oscilloscope. When the bias
has adjusted the laser frequency between the two maximum in the
first derivative, the automatic lock switch is closed and the servo
system takes over.

The error signal is usually very small and the

laser usually stays locked.

If the gain curve of the neon could be

accurately pressure shifted into good coincidence with the absorption
peak of the methane, this manual locking system would not be needed.
The frequency would automatically be adjusted to maximize the output
power.
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To M o n i t o r ,
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Circuit diagram of high voltage integrator for PZT control.
The transistor follower feeding the PZT is necessary to
prevent oscillation.

106

When the servo is operating, the only signals going to the
laser and locking electronics are power supplies. The frequency
stabilized laser with its electronics, represents a compact, isolated
unit.

The frequency stability of the laser can be measured by

beating it with an identical one.

In Fig. 30 we show the Allen

variance for two such lasers independently stabilized with various
averaging times.

The 1 kHz noise for a 1 second average is limited

not by the servo system but by the SNR in the InAs detector, which
is described in a following section.
This active stabilization always guarantees that the average
output frequency is at the center of the rest frame absorption
frequency of methane with some noise on top.

With 1 kHz noise,

averaged for 1 second, this corresponds to a frequency stability of
Av/v = 1x10 11.

The primary factor which influences the output

frequency is the cavity length, which is compensated to always keep
the oscillation frequency constant.

Assuming.an ether wind, Eq. (55)

predicts the length must change with cavity orientation in order to keep
the resonant frequency constant. The servo system will adjust this length
as the cavity rotates.

Knowing the response of the PZT, a measure of

the servo voltage to the PZT is a measure of the length compensation.
In order that the laser cavity orientation b e .changed, the
laser and locking electronics are mounted on a 6 foot diameter rotat
ing table.

The high voltage power supply for the laser and PZT and

low voltage supply for the locking electronics are sent from the lab
frame to the rotating frame via mercury slip rings. In the final

.

:

■

'
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Fig. 30.

I0

0.1
(Sec)

Frequency stability between two identical lasers locked on
the inverse Lamb dip of methane.
This data was taken with new lasers when peaks were
optimized for SNR. With time, power out and stability
degraded.
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design, the manual locking control signal was also sent via slip
rings, but was disconnected when the servo was functioning.

The low

voltage fast signal to the PZT was sent via a buffer amplifier
through a slip ring and to the lab frame.

This is the quantity that

was measured. With a sensitivity of 8.5xl0~7cm/volt, a A£ of the
cavity is

A£ = 8.5x10 7cm/volt x AV

.

(68)

Since
2

& = q 2^ [1 - h (—) (1% +h. cos26) ]

,

(69)

the relative amplitude of the secondharmonic of the length variation
is related to (v/c)2 as

f 1 = % (£)2 .

(70)

With a cavity length of & = 60 cm we have

= 1.4xl0"8/volt

x

AV

(71)

and
v 2

(—)

= 5.6x10 8/volt x AV.

(72)

Measurements of the Anisotropy in the Speed of Light
The very first data recorded showing the PZT servo response
as the orientation of the laser changed is shown in Fig. 31.

Data

is shown for two identical methane stabilized lasers with their axes
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One R o t a t i o n
Ti m e — ►

One Ro tation
Ti me — ►
Laser 2

Fig. 31.

Laser

3

First ether wind data from these lasers.
Plotted is the servo voltage onto the PZT observed directly
with a chart recorder, folded with the rotation. The drift
is due to correcting for thermal drift of the cavity.
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in the same orientation.

There is no real advantage, in looking at

the difference in the PZT voltage between two lasers oriented at
90° because the PZT s cannot be matched well enough to have the
same frequency response and the majority of the noise is uncorrelated
due to vibrations and poor SNR in each detector.

In any event,

only limited data is available for two lasers, as one laser died
and was never rejuvinated.
The data shown in Fig. 31 was obtained before the high
voltage integrator was used and was recorded by taking the servo
voltage right off. of the old high voltage opamp directly into the
strip chart recorder.
glitches.

This data was plagued by unaccountable

Their ultimate source was probably slip ring anisotropy

and drive motor vibration, as filling various slip rings with more
mercury and replacing the drive motor removed the glitches.

The

steep drift is due to compensating for thermal expansion of the
cavity.

We might take .5v as the possible amplitude for a second

harmonic anisotropy.

Then (v/c)2 = 5.6x10~8/volt x .5 volts

=2.8x10 8. This is more than a factor of 5 larger than Michelson's
(1881) upper limit.
The improved data taken soon after this, is shown in Fig. 32.
This data was taken after the lasers had been on for a number of
hours and had thermally stabilized somewhat. The glitches in rota
tion have disappeared.

There is some apparent periodicity though

in the signals superimposed on the thermal drift.

We might estimate
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Fig. 32.

Rotation

Laser 3

PZT servo voltage for the rotating lasers.
The servo voltage was recorded directly from the PZT after
a few hours when the cavity had thermally stabilized. Data
is for two identical lasers with their cavities in the
same orientation.
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about 50 mv as the variation in the PZT voltage. Then (v/c)2
= 5.6x10 8/volt x .05 v = 2.8x10 9.
About two months were spent in overhauling the slip rings
and the method of biasing the PZT's used to initially lock the lasers
and compensate for drift.

The slip ringassembly was removedfrom

the table and each ring was cleaned out completely.

The mercury

was washed and filtered and the entire assembly was repositioned and
filled.

Rough pump oil of an organic base, had been covering the

mercury to inhibit evaporation.

It was probably oxidation and

cracking of this oil that contributed to its forming a paste with
the mercury over the two years of being exposed to the air.
certainly contributed to some of the noise.
oil was added.

This

In the final fill, no

The massive optics shop of the Optical Sciences

Center is so large and well ventilated that the open slip rings
probably do not present any more of a hazard than a few broken thermo
meters which no doubt also lurk in the room.
The electronics was modified so that no control signals
were carried over the slip rings while the data was being taken
and the table was rotating.

The total run time before the PZT’s

had to be readjusted was increased by a factor of six due to
the higher dynamic range of the 400 v transistors, compared,
with the 60 volt opamps previously in the lock box.

Fig. 33 shows

the PZT servo response of the lasers as the table rotates with these
two improvements.

From the response of the noisier laser, one might

One R o t a t i o n
( 3 0 Seconds)

On e

Rotation

(30

Laser 2

Fig. 33.

Seconds)

Laser 3

Improved PZT servo response of two rotating lasers.
The servo voltage is recorded with a strip chart recorder
folded with the rotating cycle.

.

•
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estimate 10 mv as the maximum amplitude of a second harmonic signal.
This yields,.(v/c)2 = 5.6x10 ® x 10 2 = 5.6x10 10.
The major improvement on this data has come from the use of
computer averaging of many rotations to decrease the noise and
calculate numerically the second harmonic component. Toobtain
maximum efficiency of the computer system and its A/D range, the PZT
signal from the lasers was processed to:
- remove the small linear drift due to thermal expansion,
with a .02 Hz high pass filter,
- remove the 3 KHz high frequency dither signal with a
10 Hz low pass filter,
- amplify by 50 to make use of the full scale range of the
A/D,
- offset the signal by 2.5 volts so that the A/D does not
saturate at either end.
The analog electronic circuit which does this is shown in Fig. 34.
The PZT signal was processed after it came through the slip rings.
The standard procedure was to sample the servo voltage at
four measurements per second as the table rotated at 28 sec/rotation.
These values were stored in a buffer of 1024 points.
data from 9.1 rotations of the table.
sweeps were averaged together.

This collects

Some number of such consecutive

A magnetic trigger on the side of

the table always assured phase synchronization of each sweep.

At

about 4 minutes per sweep, typically five sweeps were averaged at a

6V

-15 V

OM
500 K
Fr om P I T
Servo
S i g na l

lpu.F

IOM
■WV"
308
I0K
IOM

Fig. 34.

308
To Computer
A /0

I OM

Circuit diagram of PZT locking signal-computer A/D
interface.
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time.

If the lasers should get out of lock near the end of a group

of sweeps, the entire buffer is useless.

This sometimes happened

due to the high voltage integrator exceeding its range or excessive
vibrations causing the laser frequency to jump beyond its lock range.
Because of an instability in the table, this was not an uncommon
occurance.

Successive groups of sweeps can be added together to yield

for example 15 sweeps representing data taken within a one.hour period.
An FFT program was used on the normalized data in a buffer,
generating the sine and cosine amplitudes.

These amplitudes were

combined to yield the power spectrum which was then stored.

It is

the square root of the power spectrum which is plotted as the Fourier
transform.

The phase spectrum was not recorded.

A sample of the

data obtained in this way is shown in Figures 35, 36 and 37.
There is a strong first harmonic component. The second
harmonic of the rotation in bin 18, may be due to whatever produces
the first harmonic signal.

With a second harmonic amplitude of

.9 mv as an average, we arrive at an upper limit of (v/c)2 < 5.6xl0~8
x 9x10 ^ = 5x10 11. All the data taken shows a clear first harmonic
signal of 1-2 mv with a second harmonic component of .5 to 1.5 mv.
This .9 mv amplitude corresponds to a AJ£/£ = 1.4xl0~8/v x .9x10 3v
- 1.3x10 21. For the 60 cm long cavity, this is a second harmonic
amplitude length variation, averaged over the face of the mirrors of
’O
.075 A. The first harmonic of the length variation corresponds to a
periodic length change of the cavity of ± .17A.
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Number

PZT servo voltage from five sweeps averaged.
Top:

Data from 45 rotations, 9.1 rotations per sweep.

Bottom:

FFT spectrum of the 9 rotations in the buffer.
The first harmonic of the table frequency is in
bin #9. The second harmonic of the table frequency
is in bin #18.
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PZT servo voltage from 10 sweeps averaged.
Same condition as Fig. 35.
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PZT servo voltage from 11 sweeps averaged.
This is 99 rotations of the table. Ether wind data is in
bin #18 of the FFT. Same conditions as Fig. 35.
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We have deterimined that this variation was caused by periodic
accelerations of the table causing compressions and expansions of the
laser cavity.

By the time this problem was eliminated, both stabilized

lasers had died and no further data has been obtained.

We include

in following chapters the method to get around this problem, other
noise sources that might arise, and our preliminary work in designing
and testing new lasers.
Our measured upper limit to an anisotropy in the speed of
light is (v/c) <_ 7x10 6. This is not a fundamental limit and no
attempt was made to search for sidereal variation.

These lasers with

this rotating table have the potential of exploiting the high fre
quency stability of the lasers. Though the Brillet and Hall (1979)
measurement was limited by their table, we show in a later section
that this need not be the case.

We estimate an upper limit to the

sensitivity of this system for measuring an anisotropy in the speed
of light as (v/c)2<2x10 17 or (v/c) < 4x10 9.

CHAPTER 6

THE SYSTEMATIC EFFECT

Measurements of the PZT servo voltage during rotation of the
laser’s axis show a clear systematic effect.

This is common to all

four of the second generation ether drift experiments described.
In our experiment, this systematic effect is due to periodic accelera
tions of the table.

It had been noted early that rocking the table

back and forth by hand with low velocity but high acceleration caused
a well defined response in the PZT servo voltage.

A change in the

direction of the acceleration was accompanied by a change in the
sign of the PZT change. Why there should be an effect on the cavity
length due to acceleration is not hard to understand.
Modeling The Laser Cavity
The ULE box rested inside a styrofoam box with 2” thick walls,
base and top.

This was clamped securely with a plate from above to

the table's surface.

This mount supported the weight of the cavity in

some complicated distributed way that depended on the clamping of the
plate.

If it were held rigidly only on one end, then an acceleration

down the axis would cause a compression for one direction, and an
expansion for accelerations in the other direction.

This would con

tribute a first harmonic response of the cavity length to periodic
accelerations.

If it were clamped rigidly only at the very center,
121
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then' an acceleration down the axis would cause one side to expand but
the other side to compress.

There would be no first harmonic response,

but there might be a second harmonic response to periodic accelera
tions.

The PZT, which is clamped at one end and has a massive (>30

gm) mirrorj will always contribute some first harmonic response.

The

precise nature of the distributed loading will determine the harmonic
distortion in the response of the cavity's length.
We can estimate the maximum magnitude of the first harmonic
response by considering the ULEcavity rigidly mounted at
seen in Fig. 38.

one end, as

For an acceleration, a, of the support wall in the

direction of the axis there will be an effective inertial force com
pressing the cavity an amount, AS,. A small section of the cavity,
d&', located at position £' from the front, will have a strain given
by

^djt *

d£'

_

P

_

p 3~& *

Y '

Y

/-yz")

*

■

with
p = density of ULE
Y = Young's modulus for ULE = 8x1 C1’1 dyne/cm2 from Babcock
(1977) .

Integrating along the whole cavity to find the net compression we
have:

AS,

=

M 6d£,' = V r . u ,
Y

= pa£
2Y

.

(74)

123

Cr os s S e c t i o n

C o m p r e s s i o n o f d 1'

is

8dJL*

8 d I 1 _ fol"
dX’

Fig. 38.

"

y

Schematic diagram of the model for cavity expansion and
compression.
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If we call

with
m = mass of the ULE box,
A = crossectional area,
£ = length.
then.
A£=

..

(76)

This simple model predicts a length sensitivity to acceleration of

T -

’

S y

^

•

With
m = 8.Ixl03gm,
£ = 60 cm,
A = 64 cm2 - 4cm2 = 60 cm2,
Y =8x 10 11 dyne/cm2,

the model predicts a length sensitivity of:
= 5x10*9 sec2 = 500 A/g.

(78)

In order to measure the sensitivityof thecavity
acceleration, we could have tilted the

to

ULEbox. Inaddition to intro

ducing a lot of noise, this would have drastically changed the
distributed support of the cavity, and would not be relevent for true
rotationally induced accelerations.

Instead, we pulsed the angular
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velocity of the table and measured the rim acceleration while
simultaneously monitoring the PZT servo voltage.

The table's velocity

was measured by counting the sprocket holes of a strip of 16 mm film
going by.

The drive motor was slaved from a triangular pulse which

caused the table to speed up, slow down and stop and repeated every
two minutes.

The table motion was quite reproducible.

The oscillator

which controls the drive motor produced a synchronous pulse at constant
phase in its cycle.

This provided a reference trigger for the computer

so than many cycles could be averaged synchronously.

The buffer size

and sample rate was arranged so that 1.9 periods were recorded per
sweep:
While the table was undergoing this pulsed motion, both the
table speed and the PZT response of one laser was recorded by the
computer.

Figure 39 shows one sweep and the average of 26 sweeps of

just the PZT response.

It demonstrates the signal to noise enhancement

of this digital lockin technique.

A clear periodic signal remains as

the noise decreases.
The recording of the table speed was numerically differentiated
and smoothed to yield the table's acceleration.
this acceleration and the PZT's response.

In Fig. 40 we compare

The correlation of accelera

tion and PZT response is clear. To calculate the cavity's length
response to an axial acceleration, we used the table's angular velocity
recording to estimate the acceleration.
son clear.

Figure 41 makes this compari

The laser's axis was along the circumference of the table at

a radius of roughly 1 meter.

In these measurements, its acceleration
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PZT response to table

motion.

Top:

One sweep of the buffer showing the PZT servo
voltage as the table goes through 1.9 cycles of
its oscillation.

Bottom:

26 sweeps of the buffersynchronously averaged
with a fixed phase of the table oscillation.
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Table acceleration and PZT response.
Top:

The numerically differentiated table velocity
showing the qualative behavior of the acceleration,
synchronously recorded with the PZT servo voltage.

Bottom: PZT response. The correlation is obvious.
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Table velocity and PZT response.
Top:

The pulsed behavior of the table velocity showing
1.9 cycles.

Bottom:

The synchronously recorded PZT response.

'

was roughly a =1.5 cm/sec.

.
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The resulting PZT response was roughly

4.1x10 9cm. . The length sensitivity was thus measured to be
,

O
.'AA/a. = 2.8x1 O'9 sec2 = 280 A/g.

(79)

This value is good to within the ^±20% experimental error,
the noise in the system.

limited by

As expected, itis less than the estimate

(Eq. 78) of a rigid mounting on one end. From this measurement it
could be interpreted that only 50% of the cavity was supported by one
end, the rest more uniformly.

This might account for the observed,

roughly 50% harmonic distortion in Figures 35, 36 and 37.
The cause of the systematic effect in the ether wind data is
clearly due to acceleration.

Using this table velocity sensor,

described fully in a following section, we measured the table motion
under steady state rotation, as shown in Fig. 42.

This was measured

after the ether wind data was obtained, but presumably the table
behavior had not changed much from that time.
with the first harmonic of the rotation.
fully in the following sections.

The velocity varied

Why this was, is considered

The period of rotation was T = 28

sec, which is a frequency of .036 Hz.

The amplitude of the angular

acceleration was,

a = 2trFAF = 1.1x10 9Hz/sec,

(80)

with AF being the amplitude of the frequency variation, AF = .005 Hz.
The rim tangential acceleration was
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Chart recording of the table’s rotation frequency.
This velocity was measured shortly after the ether wind data
was obtained. This behavior is very similar to what the
table was doing at that time. Botton glitch marks the start
of a new rotation.
Top glitchis an artifact due to a hair
being over a hole.
The CRG isa chart recorder glitch
due to poor paper feed.
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a = 2nRa = .7 cm/sec2 .

(81)

From the measured sensitivity of the laser cavity length to
accelerations, given by Eq. (79), we expect a first harmonic amplitude
of length change due to this acceleration to be:
{
O
AZ = 2.8x10 9 sec2 x .7 cm/sec2 = 1.9x10 9cm = .19 A.

(82)

This is in good agreement with the typical first harmonic response
we have measured in the ether wind data of .17A .
It is thus apparent that the stumbling block in the path to a
smaller upper limit on (v/c) 2 is the table's acceleration.
two approaches to decrease this effect.

There are

The table acceleration can be

decreased and the laser's length sensitivity to acceleration can be
adjusted.

No effort was made to try other methods of supporting the

cavity to decrease the PZT sensitivity to acceleration.

One might

expect to gain perhaps only a factor of 10 improvement.

However, much

effort was expended in removing the periodic accelerations of the
table, reducing it by a factor of 500.

Periodic Accelerations of the Table
We can characterize the table motion in terms of periodic
accelerations and transient accelerations.

The transient variations

will merely set the level for noise which will average away as the
square root of the number of rotations.

Periodic acceleration is

very critical, as this sets a fundamental limit to the averaging
process.

Brillet and Hall (1979), monitoring a Fabry-Perot cavity on

,
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a rotating table, were plagued by table tilt.

They saw a length

stretch of their cavity of Ll/l - 2x10-1? with a first harmonic of
the rotation.

The second harmonic, of cosmic significance, was

A£/£ = 2xl0~13. This was due to a distributed loading of the
cavity's support which gave 10% harmonic distortion.

Though their

laser frequency stability was Av/v = 2x10 13 for one rotation period,
averaging many rotations did not decrease this systematic signal.
There was always the residual A£/£ = 2x10*13 for each rotation.

How

ever, they were able to gain an upper limit of Ll/l <_ 2xl0_15as due
to cosmic effects by looking at the phase of this gravitational
stretching.

They estimate at most 1/100th of the stretch amplitude

could vary with sidereal time.
Acceleration affects can be measured in two ways; by measuring
the rim speed or the table tilt.

If the table were perfectly balanced,

and the spin axis were tilted from the vertical by an angle <f>, the rim
speed would be constant, but there would be a periodically changing
component of gravity along the table's surface of amplitude, a = <j>g.
We balance the table by measuring the acceleration of the rim velocity
as well as monitoring the actual component of acceleration in the plane
of the table with precision accelerometers described in a later section.
If the table is perfectly leveled at one time, the rotation
axis will still have a tilt which varies with earth tides, and cause
the vertical to wander.
a variation of

This tilt is ~± Iprad (Wylie, 1979), yielding

lyg effective acceleration.

At best, cancellation

of the component of gravity along the table's surface can be nulled
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out to no better than 'vfc l^g.

To get below this limit, we could

monitor the actual acceleration with a low noise accelerometer.

To be

limited by variations in the tilt of the vertical, periodic angular
accelerations must be reduced to 1 ug/

In approaching the limit of

Ipg rim acceleration, periodic drag torques must be minimized.
Minimizing Periodic Drag Torques
The entire table (see Fig. 43) is supported in the vertical
direction by a three foot diameter thrust air bearing built by the
O.S.C. machine shops.

It is aluminum with an anodized coating making

hard surfaces wherever there may be contact.
radial stability with a 5° conic taper.

It provides only minimal

The clearence between the

table's driving shaft below and the hole through the thrust bearing
was very small.

In our early measurements a small burr on the shaft

was able to rub a burr on the collar once every rotation.

This caused

a very slight, but noticable bump. By enlarging the clearence, this .
vibration glitch was removed.

A small perturbation often caused a

radial instability where the table rocked about this central shaft.
With a model 4R air lubricated journal bearing from Professional
Instruments Co., this problem was eliminated.

This smaller radial air

bearing mounted to the stator of the thrust bearing and the shaft of
the table fitted closely through the central axis of it.

The radial

bearing has an effective spring constant of 2 pounds/pinch for radial
displacements with an unloaded reproducibility of the axis of < 2y
inches.

To first order, it determines the location of the spin axis
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Schematic diagram of the cross section of the rotating
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assembly.
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relative to the thrust bearing, and the tilt of the spin axis. There
are numerous 2nd order factors which affect these two conditions.
If the thrust bearing’s surfaces should have any asymmetries,
this will show up as a periodic dragging force which will influence the
table speed.v There is clear evidence of this asymmetry.

There is a

fundamental problem with the design of the conical air bearing.

Even

with a perfectly balanced table, the rotating table axis exactly
aligned with the stator's geometrical axis is an unstable orientation.
Air flows between the surfaces from a series of 12 holes evenly spaced
along a circumference midway along the radius.

Air probably flows

outward in a circularly symmetric fashion. There is no evidence against
this.

It does not flow inward symmetrically though.

At the central

hole where the rotating table's shaft comes through , a jet of air
shoots out.

When the table is grossly unbalanced, the position where

this jet comes out corotates with the rotating table.

This is reason

able if the gross unbalance causes the heavy side to squeeze closer
to the stator and the light side to have a larger spacing.

We would

expect the jet to come out under the lighter side which corotates
with the table.

Indeed, by manually displacing the axis of the table,

this jet can be moved to any arbitrary orientation.

When the table is

well balanced though, this jet changes position only ~±30°.
basically always at the same orientation.
in the stator's surface.
clues.

It is

There is thus some asymmetry

A gross visual inspection yielded no obvious

It could be a warping of the surface, perhaps a slightly

larger air hole on that side or maybe a widening of the air channel
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feeding the holes.

It should be noted that the jet is -^120° from

the air inlet port.
If the table axis is well centered, this asymmetry in the stator
may cause the axis of the table to shift laterally until the decreased
spacing between the surfaces compensates for the different support
force where the high velocity jet is.

One might expect then that the

rotation axis of the table will, merely be displaced from the center,
but stationary.

With the radial bearing in place, one might expect

the spin axis to be only very slightly displaced from its geometrical
axis, the radial bearing1s rotor providing the extra restoring force.

Dynamic Behavior of the Table
There are six major, delicate factors which influence the
dynamic behavior of the table:
- the centering of the table's drive shaft to its geometrical
center (coincidence of spin axis to geometrical axis)
- weight distribution and balance of table
- alignment of radial bearing's spin axis to the geometrical
axis of the stator's
- tilt of the stator's geometrical axis from the vertical
- tilt of the radial bearings spin axis to the stator's
geometrical axis
- balance of the driving motor springs coupling to the table's
shaft.
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All of these factors influence the asymmetric spacing of the
thrust bearing’s surfaces and the drag forces here and in the radial
bearing.

We have found that the air flow rate to the bearings has

minimal effects provided there is > 80psi head pressure in the radial
bearing and > 2-7psi in the thrust bearing.
We have devised an iteration method for adjusting these
parameters which minimize periodic drag forces and accelerations of
the rim.

A measure of the rim acceleration is obtained by looking at

changes in the rim velocity.

The velocity is measured by watching the

sprocket holes of a 16mm film wrapped around the circumference of the
thrust bearing, described in a later section.

We summarize the

iteration process and supply the details following.
1.

With the radial bearing and table shaft removed, the table

is dynamically balanced.
2.

The stator is leveled to roughly minimize the acceleration

when unbalanced.
3.

The table shaft is aligned and mounted to the spin axis

of the table.
4.

The radial bearing is mounted so as to minimize periodic

accelerations.
5.

The drive shaft of the motor is aligned to the table’s

shaft and the tension in the coupling springs is balanced.
6. The table is unblanced with a calibrated weight and the
stator is finely leveled.
7.

The table is rebalanced..
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Ideally, we'd like the table's spin axis to correspond with
its geometrical axis since the geometrical axis' alignment with the
stator determines the drag forces.
close to achieving this.

By balancing the table, we come

This dynamic balancing technique is described

in the section on the velocity measurements.

The shaft for the rotat

ing table was mounted with the table under optimum balance so that
its lateral displacement as the table rotated was minimized.

This

displacement was measured with a dial gunge in contact with the shaft,
while the table slowed down following a short spin up by hand.
varied by less than

mil.

This variation was due to the unstable

nature of the bearing and is unavoidable.
tion to set knowledgeably.

It

It is a difficult orienta

Once mounted, the shaft cannot be adjusted

without removing the radial bearing, and starting the procedure from
the beginning.
With this shaft close to the geometrical axis, and the table
well balanced so there is no periodic drag force, the radial bearing
is mounted.

Its restoring force is 2 pounds/uinch.

ment will cause a 2,000 pound restoring force.

A 1 mil displace

This will clearly

dominate in determining the rotation axis of the table.

We need to

align the axis of the radial bearing with the geometrical axis of the
stator.

Because of the instability in the equilibrium position of the

thrust bearing, there could be an error in the lateral position of the
geometrical axis and the axis of the shaft of ±2 mil.

With the radial

bearing determining the rotation axis, there could be a lateral
displacement of the spin axis from the geometrical axis of ±2 mil.
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The 5° cone shape of the surfaces causes a lateral motion to be
transferee! into an intersurface separation reduced by sin 5°, a factor
of .09.

The ±2 mil lateral shift is a ±.18 mil (4.5u) change in

surface separation.

A dial guage placed on the edge of the table has

shown the vertical motion of the table as the air is turned on, to
be a,5 mils.

We see then that this lateral shift produces only a 3%

change in the separation distance between the 2 bearing surfaces.
Just as important as lateral orientation is angular orientation.
The clearance of the Shaft through the radial bearing is very small,
on the order of microinches so that we need to position the bearing's
axis to within microradians of the table's vertical shaft axis in order
to not introduce distortion.

Aligning the radial bearing is very

crude, by adjusting 3 large mounting set screws which attach it
underneath the thrust bearing.
The criterion of alignment is obtained by measuring the slow
down velocity of the table.after being spun up by hand.
achieved when there is a steady acceleration.
of poor and good alignments.

Alignment is

Figure 44 shows examples

Under poor alignment, there is an obvious

glitch which seems phase locked to the rotating table's orientation.
Aligning the radial bearing only affects the amplitude of this glitch,
not the phase position.

This is probably due to the asymmetry in the

thrust bearing's surfaces. With the radial bearing off, we monitored
the slow down velocity and location of the drag force glitch as a 20
pound unbalance weight was moved about the circumference of the table.
It is clear from Figure 45 that though the table's center of mass
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Fig. 44.

Table frequency as it freely slows down.
The downward glitches are markers showing the start of a
new cycle. .Table is slowing down due to drag forces. By
changing the alignment of the radial bearing these drag
forces are made very constant.
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\

I

Fig. 45.

Nine examples of the table velocity under free slow down.
The radial bearing was removed and the table spun up by
hand. A 20 pound weight was repositioned at different
locations along the circumference for each reading. The
phase can be measured by the relative position between
the two start pulses.
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migrates around, the glitch orientation remains at the same phase.
From Figure 46, we can estimate an overlap region of about 60°
along the rim which is very sensitive to- the separation
distance, or at least a table unbalance.
this sensitivity is reduced.

With good weight balance,

If there is some extra drag torque, t ,

that acts over a fixed angular extent, A0, and is independent of table
frequency, F, then the angular velocity change we expect to see is
given by

1F = T F -

(83)

where I = moment of inertia of the table.

Since we measure only AF,

we are more sensitive to these drag torques at small angular
velocities.
In mounting the drive motor, there is only a little control
over the positioning of the drive shaft.

The small leeway was used

to align this axis with the table axis to within about 20 mil, as best
as could reasonably be determined.

We show in Figure 47 how critical

the balancing of the two springs which connected directly to the rotat
ing table shaft was.

Figure 48 shows the detailed arrangement.

A dif

ference of % inch out of 2 inches total length in the two springs
caused an order of magnitude increase in the periodic acceleration.

To

assure balance, the spring lengths were adjusted, with the mounting
collar to the table shaft removed from the shaft so that the collar was
centered with respect to the drive shaft.

This automatically assured
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Fig. 46.

Table velocity during low velocity slow down.
The radial bearing is in place and alignment is poor.
shows the glitch lasting for approximately 1/6 of the
cycle, or 60°.
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Fig. 47.

Effect on table velocity of the springs' balance.
Top:

The two drive springs are adjusted for equal
tension.

Bottom:

The two springs are grossly unbalanced. The table
is rotating steadily being driven by these springs.
Note the decrease in acceleration for balanced
tension.
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S t a to r B o t to m
Radial B e a r i n g (Stator)
Radial B ea ri n g (Rotor)
A i r Line to Radial Bea ri n g
T able S haft
Adjustable Collar
Tygon Tub in g
Flexi b le C o u p l i n g
100K 10-turn Pot
PAR Model 191 C ho p p i n g M o t o r
Ca r b o n - B r a s s Brushes
(Phase Lag Detector)
P ulley A s s e m b l y

Fig. 48.

Detailed arrangement of the radial bearing, table shaft
and drive motor assembly.
The resistor pot between the motor axis and table axis, with
the three brass-carbon brushes, measured the phase lag of the
table and the motor. This has great potential, though
wasn't used much for diagnostics.
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the forces on the two sides to be equal when mounted to the table’s
shaft.

There was still some room for fine adjustment here.

The Coupling Springs
An unexpected problem was noticed in the long-term frequency
behavior of the table at low speeds, even with a good balance.
Figure 49 shows the table speed after being changed from .07 Hz to
.038 Hz.

The apparent beating effect is obvious.

and cause are not clear.

The exact nature

The beat frequency corresponds to an

interaction between the rotation frequency of the table and the free
oscillation frequency of the table in the potential well of the
coupling springs, with a spring constant of 30 pounds/inch.

One

expects free oscillations due to the transients of start up or other
velocity change to die away with some decay time due to damping.

We

see this in Fig. 49. However, there is a residual amplitude which
must be driven by some source.
■
.■
Monitoring the drive motor speed shows thatit retains its
typical stability of 1 part in10^ over a rotation
does not provide the coupling.

period, and thus

The precise behavior of this beating

depends on the weight balancecondition, as shown

in Fig. 50. For

more unbalance, the beating is worse.
It may be some small periodic drag force which produces a
transient once per rotation which drives the free oscillation frequency
and yields the beating.

This problem was eliminated by replacing the .

good quality springs with very lossy springs:
tubing.

two lengths of tygon

Fr eq ue nc y
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x 10 m o r e s e n s i t i v e s c a l e

Fig. 49.

Beating effect in the table frequency.
Top:

Recording of the table velocity with a good weight
balance and tension match in the springs.

Bottom:

The same recording on higher sensitivity showing
the clear beating of the oscillation frequency and
the rotation speed.
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Recording of the table frequency.
Top:

Table is well balanced to start and then unbalanced
grossly.

Bottom:

Simultaneous recording at xlO more sensitive scale.
Note the change in the periodic acceleration.
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The balance of the tension in the two arms is critical.

We

show in Fig. 51 the effect on the table speed of a good match and a
poor match.

Figure 52 shows the final behavior of the table well

balanced and with these tygon tubing springs.
Modeling Periodic Table Accelerations
High resolution measurements of the table's angular velocity
are important in seeking a good balance.

To first order, a tilt of

the spin axis and an unbalance, i.e., a displacement of the center of
mass from the geometrical center, will cause a periodic rim accelera
tion due to the offset mass going up hill and down hill.

The

acceleration can be calculated from:
KE = PE

(84)

Iurn = liRAmgoj cos0

where

I = moment of inertia of the table = kMR2 ; k is of order %
a) = tableangular velocity inrad/sec
<p

= tilt angle of the spinaxis from the vertical

R = tableradius - 1m
0 = phaseangle of the table
Am = unbalance weight at the rim.
The rim tangential acceleration is thus given by

(86)
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Fig. 51.

Tygon T u b i n g
Balanced

Recording of table speed with tygon tubing springs.
Top:

The tension in one arm of tubing greatly exceeds
that in the other arm.

Bottom:

Well matched tension.
acceleration.

Note much reduced periodic
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Well balanced table behavior.
Start up behavior of table’s velocity showing the initial
transient of the free oscillation which damps quickly.
The residual glitches are due to a nonperfect phase match
of the ends of the 16mm film. The higher sensitivity
recording was taken simultaneously.

The acceleration appears only in the first harmonic with an amplitude
of

The spin axis of the table is primarily determined by the
restoring force on the shaft by the radial bearing.

An unbalance of

the table will cause an additional tilt of the spin axis which rotates
with the table.

The resultant motion is a wobble.

This has the

additional disadvantage of causing a periodic change in the separation
between the thrust bearing surfaces which, coupled with the asymmetry in
the surfaces, introduces varying drag forces. These two second order
effects contribute higher harmonics to the table acceleration which
are sometimes observed.

They are minimized by dynamically balancing

the weight distribution of the table.

The Table Velocity Sensor
The angular velocity of the table is measured with a very
simple arrangement utilizing a strip of 16 mm film.

This problem is

a challenging physics question; what method can be devised to measure
the instantaneous angular velocity (within £ .Isec) of the rotating
table?

Such possibilities as measuring the force on an adjacent magnet

due to eddy current drag in the aluminum bearing, or measuring the
doppler shift of tangentially scattered laser light in a homodyne
interferometer come to mind.

Though elegant they may be, one likes

to start with the simplest method first.
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Another possibility is measuring the time interval between
equally spaced fiducial marks on the circumference of the table.

The

surface which is accessible and closest to a circle is the rotating
air bearing itself.

The criterion on these marks is that there be a

minimum amount of jitter in the spacings and that they be closely
spaced so as to provide the highest resolution possible.

A large

density of marks can be obtained by recording a 5 kHz tone on magnetic
tape and wrapping this around the circumference.
a very close recording head.

Playback can be via

This method may suffer from too much

phase noise in recording the tone though. The sprockets of film
seemed to be the best candidate for low phase noise, and 16mm reel
movie film has the closest spacing of .15" between holes.

With 755

holes around the circumference of the bearing (36" diameter), there is
a simple conversion from the pulse frequency of the speed sensor to
the table frequency.
frequency/755.

We expect, table frequency = speed sensor

This relationship has been confirmed experimentally

to better than %%.
The original velocity sensor used a GE 222 light bulb to
shine through the sprocket holes and was detected by a cheap Radio
Shack photo darlington in a special mount.
the air bearing and the film.

The detector is between

The film was spaced %" from the air

bearing by being wrapped over two turns of UG 58 coax cable.

Aligning

the film to within 1/16" relative to the detector sets the limitation
in the measurement of table frequency stability due to phase noise in
the triggering level.

A layer of teflon tubing was. fitted over the
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detector so that the tape rides over this surface and is always in
the same orientation. This prevented problems of tape flexing without
rubbing and scratching of the detector's surface.

The GE 222 light

bulb ran off a well regulated power supply to prevent 60 Hz ripple.
In the early measurements, the ends of the film were joined
together with tape, blocking about a 1" length of holes.

This provided

a convenient start pulse to initiate computer data processing as well
as a good visual clue on chart recordings of the phase of the rotation
(see Fig. 44 as an example).
Other detector methods were found equally successful.
LED using a current of 200mA replaced the GE 222 bulb.

A red

To eliminate

the phase noise caused by the unavoidable misalignment of the film
wrapped around the coax cable, a reflection mode detection method was
substituted.

A layer of black paper tape, poorly reflective, was

wrapped around the bearing.

Directly on top of this, the 16 mm film .

was wrapped, keeping the alignment within 1/32".

A Texas Instruments

TIL 149 optical gate was used to detect the holes going by.

This

small unit has an infra red LED and matched detector with lenses,
aligned so that the effective detection point is V

from the surface.

The exposed 16mm film'is black but very reflective, compared to the
black paper seen through the holes.

The light to dark signal ratio

is almost 10, but depends greatly on film and detector alignment.
Indeed this provides a good method for finely aligning the detector.
There are two methods of processing the pulses to gain high resolution
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measurements of the table's speed: by analog and by digital
techniques.

We describe the analog technique in the following

section.

Analog Measurements of the Table Speed
Regardless of the detector, the processing electronics are
the same.

The detector's pulses are made into square waves by a

comparator.

These are made into fixed width pulses by a monostable,

and then integrated.

The integration time constant can be adjusted,

and the standard pulse width can also be adjusted to provide a con
venient calibration.

The circuit diagram is illustrated in Fig. 53.

There is a fundamental limit to the precision at which the
table speed can be measured with this analog method.

This is related

to the statistical noise set by integrating the standard pulses which
yields some ripple.

The peak to peak AC voltage out of the RC filter

will be roughly:
1
AV = Vcc X 1 + wRC

(88)

with to = 2ir x F x 755
F = table frequency
RG = t
Taking toj »

AV
V
cc

1 then

1
2ir x 755 x.F x r

2.1 x 10~4
Ft

(89)
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Circuit diagram of the frequency to voltage converter of
the speed sensor.

:
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Suppose the sensitivity is adjusted so that an output voltage of V
corresponds to a frequency, Fmax* Then the frequency noise amplitude
corresponding to the ripple noise is

4F-

K a *

——

•

Two properties are clear.

C90)

1/(Ft) is the number of integration time

constants per rotation cycle.

For an undistorted first harmonic,

one wishes 5 times constants. For observing a second harmonic varia
tion, one wishes 10 time constants per cycle.

The time constant is

fixed by an RC circuit which can only be optimized for one rotation
speed at a time.

Secondly, to.minimize the frequency noise, the

sensitivity should be adjusted so that the maximum frequency is close
to the operating frequency.

In the ideal case, one can't hope for

better frequency resolution with a SNR of 1, than.

^
F

1 x
2

.1

= ixlO"3 .

-

(91)

This same condition holds for a phase locked loop method of converting
the frequency into a voltage.
A further problem is introduced by the taped joint.

The

recovery time from the unavoidable glitch introduced by the joint is
a few time constants.

In making this time constant short, to minimize

the effect of the joint, the ripple noise increases. A chart recorder
conveniently gets around this problem by offering a non RC frequency
response.

The frequency response of a Mosely 608 strip chart recorder
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is shown in Fig. 54.

For frequencies higher than 2.5 Hz, the time

constant for AC signals is .4 seconds.

The ripple, which at a table

frequency of .1 Hz is 75 Hz, is filtered with the .4 second time
constant, while the glitch recovers with a .1 second time constant.
The typical resolution obtained with a chart recorder is AF/F = 1%
of full scale.
If we limit attention to only first harmonic variation, we
can describe the table frequency as
F = Fq + AF sin(2irFot) .

(92)

The tangential rim acceleration is given by

a = 2ttRF = 4tt2RF0AF

(93)

and

^ = 4FqAF

for F in Hertz

.

(94)

If the precision for measuringthe table frequency is

8 = AF/Fq ,

(95)

then the rim tangential acceleration is

- = 4F 28 . •
g
o

(96)

Using just visual inspection of the chart recording of the
table velocity, one can balance the table well enough to reduce the
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Relative response of a Mosley 608 chart recorder to square
waves of different frequencies.
The DC response extends to 2.5 Hz, where it drops off with
a .4 sec time constant.
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•
rim acceleration to ±13yg.
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If the rim acceleration has a constant

amplitude with velocity given by Eq. (87) of
a _ i Am
9
g- 2 M

(97)

due to an unbalance and a table tilt, then for a limited precision in
measuring AF from the chart recording we gain in nulling the unbalanced
mass, Am, by rotating at low frequency. The lowest frequency where the
driving motor's speed is stable is F = .033 Hz.

The precision limit

in measuring the amplitude of a speed change is. AF = ± .0001 Hz.

The

limit on measuring the rim acceleration and thus being able to balance
it out is

= 4x.033x.0001 = 13x10'6

(98)

min

Dynamic Balancing
The table is initially dynamically balanced with the radial
bearing and drive shaft removed.

The table is spun up to moderate

speed by hand and its velocity is monitored as it slows down.

A

convenient weight of 20 pounds is moved along the rim to various
locations and the periodic amplitude of the frequency variation is
measured.

At, the optimal position, the balance weight is varied and

the acceleration again monitored.

Figure 55 shows an example of how

the periodic acceleration varies with different values of the balance
weight from 0 to 25 pounds, at this optimum position.

It is apparant
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Fig. 55.

Table velocity with different balance weights.
The radial bearing was off and the table freely slowed.
The magnitude of the balance weight at the optimized
position was varied. The table velocity recordings are
skewed to better show the periodic component. It is
clear that the minimum acceleration is with a 12 pound
weight.

'

162

that even a one pound change has a noticable effect on the acceleration
amplitude.

When the magnitude of the weight is optimized, the position

is reoptimized.

By this iteration, process, the ideal magnitude and

position for a balance weight is found and the periodic acceleration
is minimized.
When the table is balanced, the driving shaft and radial
bearing are attached and optimized.
and the table rebalanced.

The drive motor is then attached

There is in general a small change in the

balance condition after the radial bearing is applied.

In Fig. 56,

we plot the measured rim acceleration with a 20 pound weight at
various positions along the circumference. Figure 57 shows a com
parison of the final balanced and an unbalanced condition, showing
the limiting rim acceleration of 'v 15yg using just the chart
recorder.

Computer Assisted Balancing
The limit to a measurement of the rim acceleration is set when
the rms of the amplitude is equal to the rms value of the ripple of
the frequency to voltage converter.

This limit is given by Eqs. (90)

and (94);

- = 4F AF
g
°
(Fmo x2.1xl0™4)
= 4.5x10 6
= 4x Fq X% --------

(99)

(100)
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Plot of the rim acceleration for different balance
conditions.
A 20 pound weight was moved along the circumference and the
circumference and the steady state amplitude of the rim
acceleration was measured. Note the clear minimum at the
position 160" from the start. The table frequency was
.025 Hz.
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Fig. 57.

Table motion before and after balancing.
A.

Table velocity recorded at steady state.

B.

Table velocity at steady state after balancing carefully.

C.

On xlO more sensitive scale, showing the very low
periodic acceleration. The upward glitch and the
excessive noise is due to poor alignment of the 16 mm
film.
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with Fq = .033 Hz ,

V

= -1

•

F
= .033 Hz .
max
This can be further lowered by a factor of 22 by calculating
the first harmonic amplitude of each rotation by computer.

In

sampling 1000 points per rotation, one expects the noise in the
calculated harmonic amplitude to be decreased by V1000/2. We find
this to be the case.

The ultimate limit by computer analysis of

this analog measuring process is thus:

- = 2.0x10"? .
S

(101)
-

' .

In using the previous technique for balancing the table, the
minimum reasonable rotation velocity was .07 Hz.
too long for transients to decay.

Slower rates took

For various reasons the maximum

frequency the F/V was set at was .1 Hz rather than .07 Hz.

The

actual limit to the amplitude noise set by just the F/V ripple was

- = 4x.07x% (-1x2.1x10 4) ^ 29x10~6 .
g
• '

(102)

In all measurements when the balance was good, the repeated measurements
of the effective acceleration amplitude from the rms value were between
35 and 45x106, close; to what we expect ideally.

The limitwe expect

from a harmonic analysis under these experimental conditions is

In repeated measurements of the table's acceleration amplitude under
identical conditions, we measured a standard deviation of 1.5xl0~6,
very close to what we expect ideally.
Computer analysis of the analog signal could only be valuable
if the phase glitch
he at most % a

at the joint

hole shift at the

is minimized. In general, there might
ends.

By very careful alignment and

adjustment, this shift was reduced to ^1/50 of a hole, which ultimately
accounts for the lower limit of the first harmonic amplitude for the
table speed variation over one cycle.

Figure 58 shows an example of

the table speed with this small phase glitch.

To set the phase of

the table's orientation for the computer, a small wire or mark was
placed above the sprocket holes at some point, and)was read by a second
detector.

This controlled a flip flop which acted as a flag for the

computer to know the start and stop of a rotation.

Only every other

rotation was processed, the number crunching going on in the dead time.
This assured the computer getting a complete rotation of data and
resettability of the phase to 1 part in 1000.

A program in BASIC

was written which sucked in the analog measurements of the table speed,
taking 1000 points per rotation, and calculated the list harmonic
amplitude of the acceleration, among o^her quantities.
is outlined in

Fig. 59.

We show

data generated

from this program.

This program

in Fig. 60 anexample of the reduced
In Fig. 61, we show the results

using this program to dynamically balance the table.

At the ideal
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Fig. 58.

Recording of the table’s frequency as it freely slows
down.
The square wave is the flag which flips once per rotation.
Note the absence of the glitch where the ends of the tape
are joined.
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T AKE SAMPLE DATA TO M EA S U R E
T ABLE S PE ED

I
C AL C U L A T E SAMPLE RATE TO
ENS UR E 1000 P OINTS

REC OR D DATA WHEN FLAG
IS LOW
• I

CAL CU L AT E Fo AND a FROM
LEAST S QU AR E S FIT
I

S U B T R A C T THIS S T R A I G H T
LINE FROM THE DATA

C AL C U L A T E RMS A N D H A R M O N I C
A M P L I T U D E S OF T HI S R ESIDUAL

O U T PU T THE C A L C U L A T E D
V A L UE S A N D THE R ES ID U AL DATA

Fig. 59.

Block diagram of the computer analysis program for table
acceleration measurements.
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Reduced table velocity from the computer analysis.
The F/V ripple is apparent as well as a small, low level
phase glitch.
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Computer analysis of dynamic balancing the table.
Top:

Plot of the rim acceleration amplitude measured as
the position of a 20 pound weight moves along the
rim.

Bottom:

Plot of rim acceleration amplitude as the magnetude
of a weight at a position 180'' from the start
changes. The spread in values with this data is
due to the beating effect which had not been
eliminated when this data was obtained.
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balance, repeated measurements of the acceleration yield a value of
3.5 ± l,5pg.

The distribution is shown in Fig. 62.

Most of this 3.5yg residual acceleration is an artifact due to
the joint glitch of the film.

No further improvement can be expected

with this simple analog technique without radical change in the type
of sensing method.

A Precision Accelerometer
In planning for future repetitions of this experiment using
this table and improved lasers, we expect a laser stability of 5 Hz
for a 1 second average. This is Av/v = 6x10 llf.

If we can keep the

length fluctuation noise for a 1 second average to this order also,
then A&/& = 6x10 lit. The sensitivity of the ULE cavity to accelera
tion has been measured as 1/a (A&/&) = 5x10

Thus, a periodic

acceleration of lyg will cause an effective relative length shift of
A&/& = 5x10

(jf the cavity were not servoed, the laser frequency

would shift by 'VS Hz.) Monitoring the PZT servo voltage, we would see
a first harmonic amplitude with a SNR of 1.
tions, the SNR would be 10.

After averaging 100 rota

If this were the limitation to the

measurement of a periodic change in the cavity length, then we might
expect to gain a factor of 100 lower by looking for a periodicity
with sidereal time.

The ultimate upper limit imposed by a Ipg periodic

acceleration, perhaps due to a tilt of the spin axis, which is
unavoidable because of earth tides, is (v/c)2 < 6x10 15.
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Histogram of the measured rim acceleration amplitude for a
good balance.
These represent 44 consecutive rotations. The la distribution
is very close to the expected statistical spread of ±1.3wg.
The 3.5yg average is mostly due to the phase glitch.

If the limitation to a A&/& measurement is set by periodic
acceleration, this limit can be reduced by another factor of 100 by
calibrating the sensitivity of the cavity to accelerations and simul
taneously measuring the periodic acceleration the cavity feels.
can then subtract perhaps 99% of the residual A£ variation.

We

The

ultimate limit on a (v/c)2 measurement would then be, (v/c)2 < 6xl0~18.
To do this, we need an accelerometer which has a factor of 100 lower
noise than the acceleration we need to measure. For one rotation we
would like to measure a Ipg acceleration to within 1%.

We require an

accelerometer with a noise level of lOng at about 1 Hz (assuming a
rapid rotation rate of the table, which it is capable of) within a
bandwidth of perhaps .005 Hz.

This corresponds to an acceleration

noise required of

—
=
= 1.4x10'7 g//Hz".
/Af
/.005Hz

(104)

Commercial accelerometers for the sub ug region at low frequency
are very hard to come by, and are very expensive.

For example, the

Bell and Howell type 4-205 strain guage accelerometer with a ±lg range
costs $690.
lag.

With 40mV output for Ig, this is a sensitivity of 40nV/

The noise characteristics are not known.

The ultimate noise

though, will always be set by at least Johnson noise in the wire's
resistance, given by
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The Bell and Howell type 4-205 strain guage accelerometer has a
resistance of 350 SI.

At room temperature, its voltage noise will be

,
—
= 2.4nv//Hz.

(106)

/Af
this corresponds to an acceleration noise of

—
= 6x10"8 g//Hz.
/Af

(107)

It would just fit the required specifications if its noise were
Johnson noise limited at 1 Hz.
In the hope of developing a better system, we have designed a
cheap simple precision accelerometer.

Preliminary testing indicates __

this device may have great promise for future work in measuring small
accelerations.
The heart of the system is the PZT element from a crystal
microphone.

In particular, the Radio Shack crystal microphone car

tridge element has been used, costing $1.49 each.
approximately 1 cm square and less than 1 mm thick.
one side at two points across a diagonal.

The PZT itself is
It is mounted on

A small extender wire

mounted on the other side across the skewed diagonal makes contact
with the aluminum foil diaphram.
foil diaphram is removed.
is 3x108 dynes/volt.
meter.

As a force transducer, the aluminum

The sensitivity of the crystal to forces

This was measured from the completed accelero

It is simple to convert the force transducer into an
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accelerometer.

Figure 63 shows the general configuration.

It is

designed to measure bidirectional accelerations along a particular
axis.. A 30gm steel rod rests against the wire standoff which is in
contact with the crystal.

A force applied causes the crystal to be

bent skewed which generates a voltage proportional to the force.

The

mass is made to rest against the standoff by the tension in the fine,
supporting cotton strings which it hangs from.

An acceleration

down the axis of the mass will cause the force it applies to the
crystal to either increase or decrease by:

AF = mAa.

(108)

The mass is very stable in its position and is not perturbed from its
orientation at up to 45° tilts from the level in most directions. To
maximize the sensitivity, the mass of the weight should be large.
lead weight would be more appropriate.

A

For this geometry, a 30gm

weight was found convenient.
To calibrate the accelerometer, it was tilted and the change
in voltage on the crystal was measured.

We plot in Fig. 64 the

applied acceleration verses the induced voltage.
seen to be 10 v/g.

The sensitivity is

In Fig. 65, we show an example of the accelerometer

aligned for radial, accelerations of the table compared with the
velocity changes of the table.

To be useful at the yg level, the noise

will have to be 1.4x10 6 v//Hz.

There still remains one small effect

which must be understood to reach this level.
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Fig. 63.

Padding

Sketch of the structure of the $1.49 precision accelerometer.
It rests on a 1" cushion of foam rubber to reduce vibrations.
The entire assembly, 6cm long, is emersed in a can of oil.
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Sensitivity of the accelerometer.
Plotted is the induced voltage for various effective axial
accelerations produced by tilting the accelerometer.
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Table velocity and radial acceleration of the rotating
table.
The acceleration is recorded from the accelerometer. It is
responding to a tilt of 2m rad and a deliberate slowing
down of the table.
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There is a low DC bias voltage on the crystal in a loaded or
unloaded case, as measured with a 1010R input impedence amplifier.
The magnitude of this bias voltage varies from 0 to -.9 volts over a
temperature range of 26° to 16° C.

This was measured by emersing

the accelerometer in an oil bath and heating the oil with resistors
or cooling it by placing the bath in contact with ice.

The temperature

was measured with an LM334 temperature sensor in direct contact with
the aluminum mount which the PZT was attached to.
changes were very slow.

All temperature

Because of this temperature effect on

the bias voltage, temperature fluctuations will cause voltage fluctua
tions on the crystal, contributing to the acceleration noise. At room
temperature, there is a sensitivity of .1 V/°C.

A voltage noise of

10 6V/v^Hz" requires a temperature fluctuation noise of the crystal
wafer of

10-5oC//Hz".

Open to the air, convection currents produce

excessive voltage noise.
might be overcome:

There are three possible ways this problem

decreasing temperature fluctuations, working at

a DC temperature where the bias voltage is not so temperature sensi
tive, and annealing the bias voltage out.
The crystal itself represents a very small thermal mass.
Blowing gently or waving a hand near by to produce a slight breeze is
enough to cause large fluctuations in the bias voltage. It was difficult
to measure the temperature fluctuations present in the air which the
PZT wafer sees as there were no temperature sensors with a fast
enough response available.
appropriate.

Perhaps a small bead thermistor would be

The first step in minimizing these thermal fluctuations
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was emersing the entire accelerometer in an oil bath, using 30 weight
Shell oil.

Figure 66 shows the voltage from the accelerometer in air

and its noise spectrum.

Figure 67 shows the voltage from the accel

erometer in an oil bath and its noise spectrum. The sensitivity is
unchanged in oil, but there is an order of magnitude decrease in the
noise in the oil bath compared to open air, no doubt due to a
decrease in the temperature fluctuations. The oil bath has the added
advantage of damping oscillations and decoupling the device from
mechanical and acoustic vibrations.

This data for room temperature

shows an accelerometer noise of 4x10 4 volts/vilz" at 1 Hz.

Decreasing

thermal fluctuations another factor of 400. would make this PZT applic
able for measuring pg accelerations.

Perhaps by enclosing it in a

vacuum jacket we can reach this limit.
Close examination of the temperature dependence of the bias
voltage, shown in Fig. 68, shows an obvious change in slope at higher
temperature.

This was not explored in depth, but may offer a way of

decreasing the temperature sensitivity of the accelerometer.

The

slope, which is the temperature sensitivity, is temperature dependent.
At higher temperatures above room temperature, the slope may go to
zero.

Here, the bias voltage would be insensitive to temperature

fluctuations.

The temperature of the oil bath could easily be

adjusted to sit at this temperature.
The mechanism for this voltage bias is not obvious.
like a constant power source of 1 nano watt.

It behaves

When the crystal is

shunted to ground via a lOMft resistor, the time constant for a response
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Behavior of accelerometer in still air.
Top:

The long term DC behavior, 1000 points stored in
a computer buffer.

Bottom:

FFT spectrum of this buffer showing the voltage
noise amplitude.
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Behavior of accelerometer in oil bath.
Top:

Computer buffer of 1000 points.

Bottom:

FFT spectrum of this buffer. At 1Hz, the noise
is 4xl0-4 V/ Hz. This is a factorof 10 lower
noise than in open air, due to a decrease in thermal
fluctuations. The sensitivity is unchanged.
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Fig. 68. Temperature dependence of the crystal's DC bias voltage.
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to DC tilts is .1 seconds. This implies a shunt capacitance in the
PZT OF

C = —

= 10" 8F.

(109)

107

When an LM 308 or LF 356 opamp is used as a follower to observe the
voltage response to tilts of the accelerometer, the time constant is
the same for both, 10 seconds.

This must be set by the shunt shorting

resistance of the crystal as the input impedence of the LM 308 is
1010ft and that of the LF 356 is 1012ft.

We estimate the shunt

resistance to be

R = 1-Q -S-eC = 109fi .
10"8F

(110)

At a typical bias voltage of Iv, the power generated is

v2
1
P = — = --- = 1 nwatt .

(Ill)
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We can thus model the PZT as shown in Fig. 69 with a temperature
dependent constant power source. Theseries resistance has not been
measured, but is clearly

lessthan IMfi.

At constant temperature, the power generated seems to be
independent of the impedence the PZT sees.

If it were a constant

voltage, then as the impedence changes from 1 Gft to lOMft, the bias
voltage should not change very much.

This was found to not be the
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Fig. 69.

Transducer

Simplified model of the PZT behavior.
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case.

It is difficult to obtain resistors in the range 107 - 1 0 %

in a convenient shape and inexpensive.

However, two opamps can be

used as a variable resistor anywhere within this range easily.

This

circuit, diagrammed in Fig. 70 will be useful to match the PZT's
impedence to minimize the noise voltage from the PZT.

It was with

this circuit that the impedence the PZT saw was varied from 109
- 10%.

There was a large decrease in the output voltage of close to

a factor of 10.

Unfortunately, to be useful as an accelerometer,

the time constant needs to be on the order of 10 seconds requiring
a high impedence.
What could be the cause of this DC bias voltage?

R. A. Young

(1980) suggests it might be a strain in the crystal which is slowly
relaxing.

Changing the temperature might produce thermally induced

strain which counteracts the inherent strain.

There is some evidence

to suggest that after cycling the crystal to 50°C and lowering the
temperature, the bias voltage was reduced, without noticably changing
the sensitivity of the accelerometer.

Possibly, there is an annealing

temperature at which stresses relax and are not regenerated upon
cooling. .
A combination of these three techniques can greatly reduce the
temperature sensitivity and no doubt the noise, making this cheap
device suitable for sub yg acceleration measurements.
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LF 356,

□ PZT
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For f = . 9 9 ,

Fig. 70.
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—| — = I n p u t I m p e d a n c e
Cryst al Sees

R = 2.2GA

Circuit diagram for a simulated input impedence of
107 - 109

CHAPTER 7

ENVIRONMENTAL AND OTHER NOISE SOURCES
In addition to periodic accelerations which cause the very
noticable systematic effects observed, there are five other environ
mental factors which might contribute to both systematic, and random
noise:

magnetic fields, InAs detector noise, cavity vibration,

discharge current drift and temperature gradients.
Magnetic Field. Effects
The earth's magnetic field does not seriously influence either
the laser's optical cavity length or the center frequency of the
methane absorption peak.

Uzgiris, Hall and Barger (1971) have measured

the Zeeman splitting of methane for linearly polarized radiation and
an axial magnetic field.

It is a symmetric splitting into a triplet

with a spacing between the m = ±1 states.of 500 Hz/Gauss.

The inverse

Lamb dip peak is time of flight broadened in our lasers to 1 MHz.
This small splitting is averaged out and does not change the weighted
center of the peak.
The splitting for the neon transition is also symmetric and will
not change the center of the gain curve.
slightly.

Howeverit might broaden

If the 3He pressure is adjusted to pressure shift the 20Ne

transition into coincidence with the CH4 line, then the real part of
the susceptability of the neon, which is the index of refraction of
the medium, at line center, will be independent of the slight Zeeman
188
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broadening. Unless there is a quadratic term to the Zeeman splitting
in either Ne or CH^ which would yield an asymmetric shift of the line
center from the no magnetic field situation> the optical path length
for radiation at line center, and the frequency of line center, will
be unaffected by axial magnetic fields. This is another advantage
to pressure shifting the neon for precise coincidence with the CH4
line center.
ULE has the advantageous property of having no measurable
magnetostriction coefficient.

If the ultimate limit of this experi

ment is reached and the ULE box does not show a magnetostriction
effect, it must be less than

i ~

<6xl0~18/gauss.

(112)

Precision laser metrology techniques can be used to measure this
coefficient to a much lower level.

Such work is already underway

(Jacobs, 1980).
There may be some magnetostriction effects in the PZT.. With
working lasers, the effects of external magnetic fields can easily be
measured by applying a strong field and using a lockin technique to
calibrate the PZT's response to it.

We have seen no evidence of the

effects of magnetic fields on the lasers at the l/B(A£/£) = 10"11/
gauss level.
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Detector SNR
Early measurements of the frequency stability of the methane
stabilized helium neon lasers by other groups (For example, Hellwig, .
et al., (1972) found, one second averaged frequency excursions of
Av/v ~ 1x10 13.

It is thus surprising that the stability for our

lasers is at best Av/v = 5x10 12 and more typically, Av/v = IxlO"11.
We suspect our limitation is not environmental noises, but low laser
power and poor SNR in the photodiode detectors.
Assume the inverse Lamb dip peak

is aLorentzianprofile.

the laser frequency is tunedover the peak,

the signal due

As

to the

peak only, as seen in the detector will vary as

' v, - t r ,

where

•

«

(U3)

V = voltage out of detector at peak - voltage out of
P
detector away from the peak,
y

= HWHM of the peak,

v

= detuning frequency from peak center.

In the lockin method of stabilizing on the top of the peak, the laser
frequency is dithered as

v = v0 + 6v sin wt

where

(114)

v = instantaneous laser frequency,
vq

= average laser frequency measured from the center of the
peak.

191

6v = modulation index of the frequency variation,
to = mirror dither angular frequency.
Substituting this into Eq. (113) yields,

V

t = V

----—
(Y2 +

Y2

V

q

---- 1---- ------------------2
+ 2 6 sinwt + 6v2 sin2wt).
v q

(115)

v

If the average detuning is near line center, as it should be if the
stability is detector noise limited then Vq << y.

Further, we can

expand the sin2 (cot) as,
6v2 sin2(ot = %6v2 (1 - cos2wt) .

(116)

The bandpass after the detector is centered near the dither frequency,
blocking the DC and the second harmonic term.
small compared with

v out. = V-p

Taking 2v q 6v costot as

y2 we may expand Eq. (115) to yield:

--- 1d----(y2

+ %5v2 ,

r
(2v06«

cosut) .

(117)

To find the optimum modulation index for best SNR, Vout is maximized
withrespect

to 6v.

The condition is

y2 + %6v2 = 26v2 ,

(118)

6v = /2/3 y = .828y ,

(119)

or

as thecondition for optimum SNR.
Eq. (117), we have

Substituting this value of Sv into
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V

Vout = *93

v0 cosat .

(120)

Ther lockin will take the amplitude and phase of this term and
compare it to the reference oscillator.

The limit on how small a

deviation from the center of the peak, v q , is set by when the amplitude
of the

term is on the order of the noise which gets through the

bandpass filter.

The noise limited value of v q , Av, is given by:
V

Vn = .93

Av.,

(121)

setting
Vn = Vout *

d 22)

Thus,
Av _ 1
Y
.93

V,
n ^ 1,
V ~ SNR
P

(123)

We might expect that for one sweep of the dither, the frequency
stability is given by Eq. (123).

If the noise decreases with l//n,

where n is the number of dither oscillations averaged,

n = 2mot,

(124)

then

(l25)

For most of the laser tubes used,
y = 500 kHz

(126)

.

Sira) = 3x 103H z

.
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(127)

The tuned filter had a bandwidth of 3 KHz, starting at near DC.
Observing the inverse

Lamb dip peak on

this bandwidth, there appeared

to be

anoscilloscope withnearly
a SNR of 10between the detector

noise and the magnetude of the peak.

The predicted frequency stability

is

5x105

1

SNR

/3xl03t

_

9x 103H z

SNR/t

= 900 Hz//t .

(128)

This relationship is plotted, along with the measured frequency
stability of the beat frequency between two identical lasers, with
different averaging times in Fig. 71.

The actual frequency stability

of a single laser is perhaps 1//2 of the stability of two.

The agree

ment of the actual stability with a SNR limited stability is very
good.
There are two ways of improving the stability:
signal or decreasing the noise.

increasing the

Our attempt at increasing the laser

power is outlined in a later chapter.

To decrease the noise, one

approach might be to use a narrower bandpass filter of perhaps 2*00 Hz.
As is shown in the following section, most vibrations decline after
200 Hz

so

that any smaller bandwidth might be a disadvantage.

could only give a factor of 4 improvement.
to use a lower noise detector.

This

A more useful solution is
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Time,
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Typical Allen variance of the methane stabilized helium
neon laser.
Also plotted is the expected frequency stability based on
SNR limit in the InAs detector.
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The infrared detector that monitored the dither signal was a
J-12LD InAs photodiode from Judson Infra Red, Inc.
detect the rf beat frequency between the lasers.

It was also used to
For most of the

early work with these lasers, it was used in photovoltaic mode.

The

gap voltage for InAs is on the order of .35v, as it has a peak response
at 3.4y.

The typical voltages recorded were of the order of ImV and .

the detector should have been operating in its linear region.
age signal from one laser was measured to be .5mV.

The volt

The same detector

>

was then used in current mode with a transconductance amplifier
to measure the current signal from this laser, which was lOpA.

With

a responsivity of .6A/W, from the specs, the laser power was 16y watts.
This corresponds to a photovoltaic sensitivity of 30 V/watts.
The inverse Lamb dip peak is only ^2% of the full intensity,
at best.

It corresponds to a signal of .3y watts. The ultimate limit

to the noise in the detector is shot noise due to the 16y watt beam.
The SNR for one sweep of the dither can be calculated by looking at
the number of photons in the signal and in the noise during one sweep,
of time, x.

where

The photon signal current is:

I

= P /hv = 5.4xl012 photons/sec ,

P

= .3y watts

s

(129)

hv = .35 ev.
The number of photons in the signal is

S = 5.4xl012 X T

.

(130)

196
The photon noise will be due to a power of 16y watts.

N =

(131)

T = 1-6xlo7/f

The SNR is thus;

S _ 5.4x1012t
SNR = £
N
N
1.6x107/T

= 3.3x 105/T .

(132)

With t = 3x10 5 sec, we have

SNR = l.SxlO2

(133)

fpr shot noise limited.
If we can approach the shot noise limit, then the stability,
as given by Eq. (128) is

Av = 5 Hz/r" .

(134)

For a 1 second average, the expected frequency noise is 5 Hz.

This

is a stability of Av/v = 6x10 I1*.
Our measured SNR is 10, a factor of 100 worse than the shot
noise limit.
detector.

We believe this discrepancy is due to noise in the

With a power in the signal of .3n watts, and a 3 kHz

bandwidth with a SNR of l.SxlO3, the required NEP of the detector is

3xl0~7 watts

3x10 12 watts//Hz" ,

1.8x103 x /3kHz
at a modulation frequency of 3kHz.

(135)
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The Judson I. R. Inc. InAs detector mounted on a two stage
thermoelectric cooler in a TO-8 vacuum housing has an NEP of precisely
3x10 12 watt//HzT.

Two of these detectors were purchased and pre

liminary results show a much lower noise than the J-12LD detectors
that were used.for the previous ether wind measurement.
Without any increase in the laser power, but with these
detectors, the SNR will be shot noise limited and the stability will
be Av/v = 5x10 ^V'/t.

Unfortunately, the helium neon gain cells

had died before these new detectors had been obtained.

Vibrations
The test for an ether wind involves monitoring length changes
in the cavity.

There is an obvious influence which will cause real

length changes, and that is mechanical vibrations.

If the vibration

amplitude is uncorrelated with the orientation of the laser axis,
vibrations will merely set the level of white noise which will
average away with the square root of the number of averages.
In the absence of all external stimuli, there will still be
thermal vibrations.

Jaseja, Javan and Townes (1963) suggest that the

vibration amplitude at the resonant frequency of the cavity is

M
I

2kT
YV

For our ULE boxes;
Y = SxlO11 dynes/cm2

( 136)

V = 60cm x 60cm2 = 3600cm3

k = 1.38x10"16 ergs/°K

T = 300°K
and
A£/£ = 5x10"15 .

For the lasers used by Jaseja, et al., (1963), A£/£ = 8 x 1 0 " 15. At
the 1.15ia wavelength of their lasers, this noise would yield a 2Hz
amplitude.

In the beat between two such lasers, they see a beat

width of 30 Hz, indicating the frequency noise of one laser is 20 Hz.
Their length stability is within a factor of 10 of the theoretical
limit.

Further, this modulation noise of the laser frequency was

at the resonant frequency of the cavity.

The average length stability

over a one second interval would.have been even smaller.
The resonant frequency of the ULE box can be estimated from

f = &

where

C137)

v = velocity of sound in ULE
£ - length of the cavity.

■

If we assume that the ends of the cavity are not constrained, which
is very realistic, on a scale of .lA, then the first resonant mode is
X = 2£= 120cm.

Babcock (1977) gives 6xl05cm/sec as the typical veloc

ity of longitudinal waves in quartz,.

The first resonant frequency is
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thus £ = 5 kHz.

Over a one second average, we might expect the thermal

length fluctuations, occuring at 5 kHz, to be reduced to:

A£/£ = — 10 1- = 7x10"17
/SxlO-*

(138)

The hindrance to reaching this fundamental limit is coupling
of the laser cavity to acoustic and mechanical vibrations from the
environment.

Under normal operating conditions, the primary source

of noise which affects the laser cavity is the normal mode vibrations
of the aluminum rotating table.
do influence the lasers.

Acoustic noises in the room clearly

Clapping hands causes the beat frequency

of the two lasers to have side bands.

Crickets are very prolific in

the O.S.C. massive optics shop, especially during the summer.

Their

audio chirp produces megahertz sidebands on the lasers' beat.

These

extraneous noises though can easily be eliminated by working at night
to avoid people noises and by pouring a generous dose of liquid
nitrogen on the floor near the crickets, or shooting them with
acetone.

The basement is only 500 yards from the University of

Arizona football stadium.

It was found advantageous to not work on

nights of football games as the ground vibration produced at touch
downs by the stamping crowd of 20,000 spectators was sufficient to
affect the laser cavities.

Constant background vibrations are harder

to eliminate.
The table’s vibration is easy to characterize.

A crystal

microphone was taken apart and the PZT element placed in contact with
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the table's surface.

The AC signal was amplified, taken off the table,

and then rectified with a precision opamp diode.
shown in Fig. 72.

The circuit is

With this, we could monitor the vibration amplitude

under different conditions.

In Fig. 73, we plot the vibration ampli

tude of the table with a very quiet room, with the air conditioners
on and with various head pressures of compressed air which floats the
table.

It is clear that the predominant noise comes from air rushing

through the thrust bearing.

However, this can be optimised at certain

pressures which does not affect the dynamic rotational properties of
the table.

There is some evidence that the vibration noise increases

with rotation frequency, but this was not measured in detail.
The vibration spectrum was recorded by using a Hewlett Packard
302A wave analyser to scan the preamplifier signal directly off the
crystal.

Fig. 74 compares the noise amplitude when the table is not

floating and the room is very quiet with the spectrum when the table
is floating but not rotating.

The spectrum indicates prominant

amplitudes at 120 Hz to 200 Hz which is probably just the table's
normal mode, as no such peaks are apparent in looking at the ground
vibrations directly.
frequencies.
good.

In Fig. 75, we show the noise spectrum at higher

Past 600 Hz, the amplitude is very small.

This is

The resonant frequency of the cavity is 5 kHz, and the PZT

resonances don't really begin until 2 kHz.

This will further help

to decouple the cavity from the table's mechanical vibrations.
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Circuit diagram of precision rectifier.
This was used to measure the rms vibration amplitude of the
table picked up by a crystal mike in direct contact.
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Vibration spectrum of the table.
Top:

The room is very quiet and no air is flowing in
the thrust bearing.

Bottom:

On xlO less sensitive scale, the spectrum with air
flowing. The peaks are the same, probably
indicating normal mode vibration.
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Vibration spectrum of the table on a more sensitive scale.
On a more sensitive scale, this shows the vibration spectrum
at higher frequencies. The peak frequency has an amplitude
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For the ether wind data reported, no great effort was made
to isolate the lasers from vibration.

For higher precision work,

mechanical and acoustical isolation techniques should be applied.
Even a sand box beneath the cavity might drastically reduce the
mechanical vibrations the cavity feels.

There is a long way to go

before fundamental limitations set in.
A high degree of decoupling is vital to avoid a real frequency
shift due to a nonlinear response to fixed table bumps.
data, a large bump caused lots of problems.

In the early

In Fig. 76, we show the

signal from the microphone fixed to the table as it rotated.
without the radial bearing in place.

This was

There is a very clear bump which

could just bearly be heard. The laser servo clearly responded to it as
can be seen.

In Fig. 77, we show the averaged PZT servo response of

70 rotations of the table.
very prominant.

The bump near the end of the cycle is

The 1 Hz periodicity may be due to the bump exciting

a lateral oscillation of the rotation axis.

Sometimes the bump was

large enough to trigger an unstable rocking of the table about the
center shaft.
bump.

Indeed, this was probably the original cause of the

A severe rocking of the table's shaft within the hole through

the stator no doubt caused two burrs; one on the shaft and one on the
collar around it. The clearance was very small, on the order of 10-20
mils.

Each time the burrs passed, they nudged the table.

After the

shaft was removed and machined down to make a %" clearance and the
radial bearing was mounted, the large bump and the radial instability
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Effects of a large bump.
Top:

Recorded vibration amplitude from the microphone
in contact with the table, as it rotated.

Bottom:

The response of the stabilized laser's servo
voltage to the PZT. When the table's shaft
clearance was increased, this bump went away.
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PZT response averaged for 70 rotations.
The bump caused lateral oscillations which coupled to the
cavity via acceleration. This probably accounts for the
1 Hz periodicity observed. The general variation is a first
harmonic table acceleration. Each rotation was added in
phase. Note some very quiet regions where the noise is
greatly reduced.
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were both completely removed.

It is apparent though from Fig. 78 that

though there clearly are some quiet regions, there are also a few
other noisy regions which the servo is responding to.

If there is any

nonlinear response to this AC noise, there will be a net shift in the
laser frequency at that orientation.

This will produce a periodic

shift and contribute to the systematic noise.
nonlinear the servo is.

It is not known how

A noise induced frequency shift has not been

observed at the 1 kHz range, but might be important at the 10 mHz
range.
We have monitored the table for periodic bumps and excess .
noise which is unfortunately present.

By averaging the vibration

amplitude from many rotations, periodic vibrations will remain at con
stant amplitude while uncorrelated noise will average away.

In Fig. 78

we show the vibration amplitude of consecutive averages of up to 128
rotations of the table, measured with the microphone and precision
rectifiers.

The largest peak present corresponds to roughly .1% of

the bump which was removed.

In Fig. 79 we show 256 and 512 rotations

averaged on xl00. more sensitive scale.

It is apparent that there is

a clear slowly varying periodicity to the general background vibration
amplitude, as well as numerous well defined peaks which are periodic.
No effort was

made to minimize these vibrations.

They may depend

greatly on the air pressure floating the thrust bearing.
a particular rotation frequency where they are minimized.

There may be
In any

event, the vibrations may be low enough so that appropriate shielding
of the lasers will make them insensitive to these microbumps.
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seconds

Consecutive averages of the vibrations of the table for up
to 128 rotations.
One-half unit is roughly .1% of the amplitude of the
previous large bump that was present. Uncorrelated noise
will average away, while periodic bumps will remain of
constant amplitude. It is clear that some microbumps
are present.
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Fig. 79.

More consecutive averages.
The vibration amplitudes are displayed on a xlOO more
sensitive scale. Each of the fine peaks are real.
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Intensity Shift
The laser intensity influences both the line center peak
frequency as well as the optical path length in the cavity.

In our

lasers we had not pressure shifted the neon into perfect coincidence
with the methane.

The inverse Lamb dip peak sat on the slope of the

Gaussian of the neon gain curve.

In the first harmonic lock, a zero

crossing of the first derivative of the power curve is used to sense
the center of the peak.
slope.

Consider when the Lorentzian peak sits on a

The signal out, as the frequency is detuned from the

Lorentzian's center is:

vout - VP y

+ v

*

c‘v -

C13£°

with a the slope of the gain curve at v.

dV
— -°U ■= - 2vdv

y2V
-E

(Y2 *

The first derivative is

+ a .

(140)

V2 ) 2

If a = 0, the base line is flat and the center of the peak, v = 0,
is where the derivative goes to zero.
the new locking point is shifted.

However, with a nonzero a,

The shift in the zero of the first

derivative, Av, is,

Av = % r 2a

(141)

P

We have measured the center frequency shift of one of our methane
stabilized laser compared to the other.

It is roughly 360 Hz/%
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(intensity variation).
the peak is.

This is strongly dependent on the slope where

If it lies on the top of the Gaussian, near zero slope,

this dependency would be greatly reduced.

For a 5 Hz frequency

stability averaged for 1 second, the current noise should be:

A l < 5Hz//t

1

_ 1'4xl0-h//£ ,

(142)

360Hz/%

The present current stability of the power supply is 1 part in 10^
over a 1 second interval^ sufficient for this level of precision.
Providing there is no periodic modulation of the laser current, this
frequency shift will not be a problem.
Such a periodicity might arise from the resistance change in
the slip rings.

As the nickel finger from the stationary side rotates

in the mercury the path length of the current through the mercury
varies.

The maximum resistance change for a middle ring is .006 ft.

The ballast resistor feeding the laser is 100 kft.
resistance change of AR/R = 6x10 8.

There is a periodic

If the power supply is constant

voltage, this will cause a current variation of Ai/i = 6xl0~8. With
a sensitivity, having the inverse Lamb dip peak far away from the neon
peak, of Av/(Ai/i) = 36 kHz, this corresponds to

Av
= 4.5xlO'10 .
i

The periodic frequency shift the slip ring would introduce is

(143)
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Av/v = 4.5x10'10 x 6xl0'8 = 2.7xl0"17.

(144)

This is below the periodic acceleration limited frequency variation of
Av/v ^ 6x10

Thus, the slip ring is not an important effect.

Of

course, if the neon and methane resonance are coincident, this effect
becomes even more insignificant.
The effect on the index of the helium-neon discharge changing
with the discharge current is a bit more serious.

Hochuli and

Haldemann (1971) have measured the relative frequency shift of a 6 3 2 8 A
helium neon laser with discharge current to be
Av

= T.2xl0™8 ,

(145)

i

for i =? 5mA.

If we take this figure as applicable for the 3 . 3 9 u line

then this frequency shift will be translated into a length change by
the servo system.

For a 1 second averaged length stability of A l / l

= 6x10 14, the current noise must be lower than Ai/i < 5x10 6.
Tliis current stability can no doubt be reached with a simple
circuit that has been found to be very useful in stabilizing the dis
charge current of lasers.

In Fig. 80 we show the circuit.

We have

used this to allow a cheap, crude, unregulated high voltage power
supply to feed a laser tube and produce no measurable 60 Hz ripple in
the intensity.

This is a reduction of a factor of 100 from what was

present without the regulator.

No measurements, have been made on the

ultimate stability of this curcuit, but with suitable choice of high

A node
Cot hode
- V W —^
Loser
Bo Host
Resistor
Tub e

200 V
ECG

277

200 V

Ref

> 1.2 kV
308

200V

80.

Voltage

Pr o t e c t i o n

Neon

Over

U nreguIoted
H. V.
SuppIy

High voltage, current regulator.
This circuit is useful in stabilizing, or servoing the
current of any low power gas laser.
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performance opamps, 1 part in 106 current stability should be possible.
In order for the ultimate periodic discharge current variation to not
affect the (v/c)

measurement more so than the acceleration, we require

Ai/i < 6x10 lfVl.2xlO 8 = 5x10 8. The slip rings would contribute
Ai/i = 6x10 8. This is a just barely significant effect.
suppressed somewhat with the current regulator.

It might be

It could be further

reduced by changing the geometry of the slip rings to be closer to the
spin axis and have much less effective resistance change.

The

estimate of Hochuli and Haldeman (1971) for the index change in the
cavity due to a current change may be an over estimate for the 3.39y
line.

It is certainly an important measurement to make for future

high precision repetitions of this experiment.

Temperature
The only positive results ever reported for an ether wind
(Miller, 1933), were apparently due to thermal gradients in the
laboratory (Shankland, et al., 1955).

It is important not to under

estimate the possible effects of temperature on all such tests.

There

are two effects that every high precision measurement is sensitive to:
microphonics and temperature.

A periodic temperature variation will

affect both the laser frequency and the optical path length of the
methane stabilized lasers.
The inverse Lamb dip is not really centered on the rest frame
absorption frequency of the methane molecules.

Molecules which con

tribute to the peak have no longitudinal velocity along the cavity
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axis, but do have a Maxwellian distribution transverse to the axis.
Because of this, there is a time dilation red shift of the peak.
The simplest analysis of this factor is to consider all the molecules
having an rms transverse speed of

V - 4 W

■

(146)

This will cause a relativistic time dilation red shift of

v -

^ ( | )2 ’ I S

’

5 -7 x l 0 " 1 5 / ° K

x

T

(147)

-

or
(148)

= .46 Hz/°K

Bagaev and Chebotaev (1975) have measured this temperature shift and
report a sensitivity of Av/AT = ,5 Hz/°K.

If the periodic relative

frequency variation is set by acceleration, at Av/v £ 6xl0"16, then
the allowable periodic temperature variation integrated over the
methane absorption cell is AT = 6x10 16/6xl0_l5/oK = .1°K.

A gradient

of this size is trivial to avoid.
A more severe constraint is placed on periodic temperature
variations by thermal expansion of the cavity.

The relevence of

particular components of the cavity to the net thermal expansion of
the cavity can be compared by calculating aASL/SL, where a is the
thermal expansion of the material, A2 is the length of the component
and & is the cavity length.

There are only three major constituents

that are important. At about 47°C, the thermal expansion coefficient

• .

of ULE crosses zero (Berthold, Jacobs and Norton, (1977)).
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At room

temperature, a = 5x10 8/°C. With no special temperature control,
the cavity itself has an expansion of o.Ll/1 = 5xlO~8/°C.

The PZT

element with a =7 x10 6/°C, contributes to the net expansion with

a.Ll/1 = 1 .2x10~7/°C.

In the early ether wind data, the back curved

mirror was held onto the PZT element with an aluminum spacer mount.
This 1 cm length contributed a A Z / Z = 3.3xlO-7/°C.
dominant factor.

It is clearly the

In later work, this spacer was removed and the

mirror was epoxied onto the PZT element directly.
was taken though with this new configuration.

No ether wind data

With an expansion set

by the aluminum, and no temperature induced shifts greater than

ASL/Z % 10 11, the periodic temperature variation of the aluminum
spacer inside the cavity must have been less than AT < 3xlO~5°C.
is not the limitation on thermal gradients in the room though.

This
The

ULE box, with its styrofoam outer box, had a very long thermal time
constant.

At least one hour was required after turn on for the

thermal expansion to decrease by a factor of two.

Taking a thermal

time constant of 3600 seconds, and a rotation period of 28 seconds,
the external temperature variation could have been as large as

AT = 3xlO~5oC x ^ p = 4m°C.

No measurements were made on thermal gradients.

(149)

However, the tempera

ture in the massive optics room is stabilized to ±250 m°C and is well
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circulated.

With the rotating table mixing the air also, there is a

good chance gradients were less than 4m0C.
For higher precision work, the needed temperature uniformity
will be harder to keep.

If the limitation is set by the PZT, a simple

compensating mount can be made which nulls out the thermal expansion
by a factor of 20 at least.

The temperature of the cavity can be

stabilized to 47°C where the ULE expansion

is negligible. Taking the

effective 1/5, (A&/AT) = 5x10 9/°C, then for

no periodictemperature

induced length changes, A2/& > 6x10 16, the maximum allowable periodic
temperature variation that the cavity can see is,

AT < — -1-0-.-1-5- ■■ = 1.2x10~7°C.
5x 10"9/°C

(150)

With a thermal time constant increased to three hours by enclosing the
cavity in a vacuum sealed vessel, resting on insulating ceramic tiles,
and a rotation period of 1 second, the maximum effective periodic
outside temperature variation is then set at

AT < 1.2xlO~7oC.-X--?— -S—
1 sec

= 1.2x10“3°C

.

.

(151)

By further enclosing the top of the table in a plastic cover which
allows the trapped air to corotate, the temperature gradients the
laser sees can easily be kept to <lm°C. The plastic cover had been
used for early work, but it was found that the laser frequency stabilstability did not warrent the extra shielding from the environment
at this stage.
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Conclusion
At the current level of precision of A&/2 % 10 11/most of
the previously outlined environmental factors are not important.
Even at the expected ultimate limit of h i / I ^ 6xl0~16, all of these
factors can be suppressed and do not pose a hinderence to approaching
this final limit of precision.

It is by searching for sidereal

variations in the systematic effects that may arise at the h i / I
~ 6x10 16 level that the upper limit of h i / 1
influences can be obtained.

6x10-^8 for cosmic

CHAPTER 8

A TEST FOR MACHIAN EFFECTS

To first order, the oscillation frequency of a helium neon
laser is based on the round trip travel time for light along the axis
of the cavity.

It is on this property that a test of the directional

dependence of the speed of light is based.

The cavity length of the

methane stabilized helium neon laser is servoed to match the oscilla
tion frequency of the Vg(f2) vibration of the methane molecule.

It is

possible for the cavity's length to reflect the methane's vibration
frequency to 6 parts in 1014//t".

In this case, the primary factor

determining the laser's frequency is the methane molecule.

The

radiation field inside the cavity which the methane molecules see is
linearly polarized, determined by the orientation of the Brewster
windows.

Herzberg (1945) describes this vgCfg) vibration as a

coherent motion of the hydrogens all in the same direction with the
carbon at the center of the tetrahedron, moving in the opposite direc
tion.

The effective plane of acceleration of the atoms of methane

is along the direction of the polarization vector in the laser cavity.
The apparatus for our cavity resonance test for an ether wind
can also be used to test for a spatial dependence of the vibration axis
on the absorption frequency.

If the plane of polarization of the

laser is horizontal, then as the laser axis is rotated through space,
220
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the direction of the induced vibrations of the methane molecules
sweep through space.

If the. resonant frequency depends on the direc

tion in space of the atoms' acceleration, the laser's servo will
correct the cavity length to match this frequency change.

The length

change is related to the frequency shift by

V

= f

•

(152)

If the polarization axis is vertical, no change in the natural
vibration frequency of the methane atom is expected as the cavity axis
sweeps through space.

When the polarization axis is parallel to the

spin axis of the table, even though the cavity changes its direction
in space, the direction of induced vibrations in methane is fixed
in space.

The use of two methane stabilized helium neon lasers on

the table can offer a very simple test for this spatial anisotropy of
the absorption frequency of methane.

One laser can be monitored with

its plane of polarization vertical, the other with its plane of
polarization horizontal.

Such an effect will show up as a length mod

ulation in the horizontally polarized laser, but not in the vertically
polarized laser.

In the ether wind data, the polarization axis was

vertical and hence, insensitive to this effect.

For future work with

these lasers and this table, the upper limit possible on sidereal
dependence of the laser frequency is At/2, £ 6x10 18. This experiment
could thus offer a high precision limit on the directional dependence
of the absorption frequency of methane. . Why might such an effect be
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expected?

One explanation lies with an interpretation of Mach's

Principle.

Mach's Principle
Newtonian mechanics is based on absolute space.

The premise

of Newtonian theory is that there are preferred frames, inertial
frames, where F = ma works.
one measures a.

It is with respect to such a frame that

The degree of acceleration of a frame with respect

to this preferred frame is measured by the size of the pseudo force,
centifugal or Coriolis, for example.

-

Newton (1968) used his famous example of the curving of the
surface of a spinning bucket of water as an example of how to sense
absolute rotation.

Newton (1968) says, "the ascent of the water

shows its endeavor to recede from the axis of its motion; and the true
and absolute circular motion of the water... becomes known and may be
measured by the endeavor."

By assuming the existance of this absolute

frame, no new information is obtained that wasn't present before.

It

is philosophically somewhat unsettling to adopt such an adhoc
assumption.
The predominant alternative to this absolute acceleration of
Newton is Mach's principle.

Mach refers acceleration not to an

absolute frame, but to the frame of the distant matter in the universe
- the "fixed stars."

In this sense, accelerations are relative.

Whether the bucket of water rotates and the fixed stars are stationary,
or the fixed stars rotate and the bucket is stationary, the water
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curves upward.

In this view, it is the relative acceleration of the

distant matter of the universe which is the agent, through some
coupling interaction, which produces centrifugal, Coriolis, and other
"inertial" forces.

Proposing a new long range coupling between

distant matter and local matter adds a new explanation to the nature
of inertia that can be tested for independently of "inertial forces."
Sciama (1959) calls this the, "... one over riding argument in f&vor
of Mach's principle, an argument so compelling that it forces one to
attempt to construct a theory in the hope that the obj ections [that
have been raised] can thereby be removed."
Interpreting Mach's principle mathematically is a difficult
task; and herein lies the problem in testing it.

As Brans and Dicke

(1961) point out, "A principle as sweeping as that of Mach having its
origin in matters of philosophy, can be described in the absence of
a theory in a qualitative way only."
Sciama (1953) proposed a simple model based, on a vector theory
of gravity.

The tie between gravity and inertia is hinted at in

the equivalence principle:

that the inertial mass and gravitational

mass of a body are exactly proportional to a high degree.

This vector

theory relates inertial forces as another manifestation of gravita
tional forces from interactions with relatively accelerating distant
matter.

In a limited way, it is very successful.

Sciama (1953) is

able to derive the "fictious forces" of Newtonian mechanics for rotat
ing bodies, as gravitational effects of a rotating universe, in agree
ment with Mach.
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Cocconi and Salpeter (1958) go further and derive a testable
conclusion.

If the inertia of a body locally (its mass), depends on

the distribution of mass in the universe, then, they say, "...we
might expect that the slight asymmetry in the distribution of matter
at large would result in slight deviation from at least some of the
laws of mechanics and gravitation which are commonly assumed to be
exact."
In particular, they propose an asymmetry in F = ma.

Their

model takes the mass of a body to be a tensor, affected by the direc
tion in space in which an asymmetrical mass distribution lies and the
direction of the acceleration.

The presence of most of our galaxy to

one side of us produces a nearby mass anisotropy which might affect
the symmetry of local physics.

Mach's principle alone does not

predict the nature of the effect that matter at large has on the
inertia of a body so Cocconi and Salpeten (1958) make some preliminary
assumptions.
First, the contribution to the mass of a test body Am,
resulting from a mass M at a distance R away is

Am ~

M

,

(153)

RV

with 0<v<l.

If v>l then nearby mass like the sun and earth, dominates.

If v<0 then very distant mass has an increasingly stronger influence.
Secondly, there is an angular dependence.

The angle, 0, is.

between the direction of the acceleration, a, and the line connecting

225
the test mass and the source, r . They propose that it be maximum for
6 = 0,ir and zero for 6 = ±ir/2.
P2

A second order legendre polynomial,

fits this form.
The total inertial mass of a body, m, is composed of a part

due to the interactions of the averaged over distant mass.of the
universe,mQ , and a part due to the interaction with the nearby mass
of the galaxy:

m= m

o

+ Am.

(154)

This smaller part. Am, will only appear for accelerations toward or
away from the galactic center.
inertia

For perpendicular accelerations, the

of the test body will be reduced.
Using the simple model of Cocconi and Salpeter (1958), m^

and Am can be calculated:

m

o

(155)

~
o

where

p

= density of the universe

R = radius of the universe.
u
If Am is due to the mass, M, of the galaxy, at a distance, R

g

away, then

(156)
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and
Am _
’

M(3-v)____
R v 4irpR

g

(157)

U

Using data from Allen (1964);

Ra = 2400 light years,
M

= 2xl0lfi+gm

p

= 7x10 3:Lgm/cm3

R = 1028cm
u
then for v = 0
— =6.8xl0_11
m

,

(158)

and for v = 1

— = 1.9xl0'4 .
m

(159)

This simple model predicts a variation in the inertial mass of an
object with a P2 (cos0) spatial dependence.
Cocconi and Salpeter (1958) propose that this mass anisotropy
will manifest itself as an energy shift in a transition where the
vibration of the mass has a well defined orientation, such as a Zeeman
splitting due to an external magnetic field.

They estimate

the energy

shift, AE to be
AE = — T P2
m
z
where T is the average kinetic energy of the vibrating mass.

(160)
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Another simple interpretation is possible.

All one dimensional

mechanical and quantum mechanical oscillators are based on a vibrating
mass with some type of restoring force.

A well defined axis exists

in space in the direction of the acceleration.

If the inertial mass

of the oscillator depends on the direction of its acceleration in
space, the oscillation frequency, which depends on the inertial mass
will show a variation with orientation of the axis of vibration.

Experimental Tests for the Anisotropy of Inertia
The simplest high precision macroscopic oscillator is a quartz
crystal.

Essen, Parry and Steele (1960) monitored the resonant

frequency of two stationary quartz crystals compared to a Cs atomic
clock, over a long period of time.
1$ 10 9 for a sidereal variation.
limit of Am/m ^ 10 9.

This work places a limit of Av/v
This may be interpreted as an upper

No attempt was made to optimize the experiment

to search for a cosmic influence.

Conceivably, this limit could be

pushed to a factor of 104 smaller with appropriate design.
In their original paper, Cocconi and Salpeter (1958), suggest
using a Zeeman transition as a test for mass anisotropy.

An atomic

electron in an orbital angular momentum state will be split into
magnetic sublevels by an external magnetic field.

Each sublevel will

correspond to a different orbital configuration with respect to the
magnetic field. - The presence of a mass anisotropy may shift the
levels for some orientations of the magnetic field in space.

Transi

tions between these magnetic sublevels will show a frequency shift
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which changes with different alignments of the magnetic field in
space.
The Zeeman effects in the oxygen 3p ground state and the
chlorine 2p^y2 state have been studied by paramagnetic resonance
absorption as a test for mass anisotropy.
these experiments.

Hughes (1964) summarizes

By searching for sidereal variation in the

electron paramagnetic resonance spectrum of these two atoms, he places
an upper limit of Am/m < lO""10.
In a later paper, Cocconi and Salpeter (1960), suggest using
the then recently discovered Mossbauer effect to search for a mass
anisotropy.

The advantage of a nuclear transition is the larger

kinetic energy the nucleons have, with not too much worse frequency
resolution of the MSssbauer line compared with EPR transitions.
Sherwin, et al. (1960), searched for a change in the width of the
14 KeV transition in 57Fe with an external magnetic field as the earth
rotated, sweeping the magnetic field through space.
upper limit on mass anisotropy of Am/m

They place an

< 5x10 16.

Hughes, Robinson and Beltran-Lopez (1960), reported an even
lower limit observing an NMR transition in 7Li.

In an external

magnetic field, the 7Li nucleus will have four energy levels correspond
ing to allowed values of the magnetic quantum

number, m^.

In the

absence of a mass anisotropy, the levels are equally spaced, and
transitions between them are degenerate.

Hughes, et al. (1960), show

that this single NMR line will be split into a triplet if there is an
anisotropy of inertia.

By monitoring this peak width over a 12 hour
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period as the magnetic field was rotated through space by the earth,
they were able to place a limit on the mass anisotropy of Am/m
<10 20. After refinement of the apparatus, but basically the same
technique, Beltran-Lopez,. Robinson and Hughes (1961), reached an upper
limit of Am/m < 10 22.
Drever (1961) used a different technique to measure the
frequency splitting of the 7Li NMR line.

Rather than looking at the

linewidth itself, he looked for a sidereal variation in the decay
rate.

In the time domain, the splitting due to mass anisotropy will

cause a low frequency beating and shorter decay time.

He reached an

upper limit of Am/m < 5xl0~23.

Mass Anisotropy And Methane Stabilized Helium Neon Lasers
High precision measurements have been made with macroscopic
masses, nucleon-nucleon interactions and electron-atom interactions.
Our experiment offers another interaction:
hydrogen atoms of methane.

vibrations of the four

The ultimate limit wecan

reach for possi

ble cosmic variation in the laser frequency is Av/v ~ 6x10 18. If we
call the kinetic energy of the vibration mode,

T = hv ,

(161)

then from Eq. (160)

Y

= Al = AEp (cos8) = % — cos29 .
v
m ^
m

Our expected upper limit is Am/m ‘‘v 10~17.

(162)

Different interpretations of Mach's principle yield different
predictions to the expected observation of Am/m.

Epstein (1960) has

shown that potential energy might also show an anisotropic dependence
which will just cancel

out the kinetic energy behavior.

Because of

the balance of kinetic and potential energy in all oscillators, the
anisotropy, in one may cancel the anisotropy in the other, predicting
a null result for these experiments.
Dicke (1961) has expanded on this.

He also predicts a null

result if the inertial interaction is a manifestation of the gravita
tional force.

However, Dicke (1964) offers another justification for

the importance of these experiments. Any zero mass Boson field is
capable of yielding an interaction with matter.

These mass anisotropy

tests place a limit on the anisotropy of the coupling to any long
range cosmic forces of this type.

Without a particular model to

specify what type of field might couple to matter, it is important to
test as many varieties of interactions as possible

A vibrational

transition in the methane molecule offers another arena for such a
high precision test.
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CHAPTER 9

THIRD GENERATION ETHER DRIFT EXPERIMENTS

Tests of Special and General Relativity are basically
technology limited.

In most cases, with the exception of our experi

ment described in Chapter 3, they are pushing the state of the art.
If they were easy, they would have been done long ago, extended to
their limit.
Soon after the discovery of the Mossbauer effect for which
M'dssbauer received the 1961 Nobel Prize in physics (Mossbauer, 1962),
three new tests of relativity were completed.

Pound and Rebka (1960a)

measured the gravitational redshift of 14.4 KeV gamma rays in falling
through a height of 73 feet.

The transverse doppler-time dilation

effect was measured first indirectly by Pound and Rebka (1960b). They
looked at the temperature induced frequency shift of the Mossbauer
line.
(1960).

The second order shift was measured directly by Hay, et al.
They rotated a source on the end of a centrifuge and measured

the frequency shift at the center for different rotation rates, con
firming that Av/v = %(v/c)2 .

The third experimental application of

the Mdssbauer effect to relativity was the first of the third genera
tion ether wind experiments.
Ruderfer (1960), proposed a "First order terrestrial ether
drift experiment using the Mossbauer Radiation."

His original

motivation for the experiment was as a "crucial" test between
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relativity and a Lorentz ether.

However, Ruderfer (1961) later

retracted this claim, realizing that both theories predict a null
result.

Regardless, its significance remains as a high resolution

test of Special Relativity.
Ruderfer (1960) described an experiment to use the Mbssbauer
effect.

In fact, it is independent of the nature of the source.

Consider a rotating platform with a source radiator at frequency vs
on the rotation axis and a frequency sensitive detector on the cir■
.
.
■
'cumference, a distance s away. When there is no rotation, the
detector sees a frequency vs .

Suppose there is an ether wind in some

direction in space with a velocity component in the plane of the plat
form of v.

The direction of propagation of the radiation is at an

angle 8 with respect to the ether wind.

Consider the steady state

case, with constant rotation angular frequency, w.

The transit time

for light from the source to the detector is

:

—

TcJT,

'

(163:i

Ruderfer (1960) concludes that this changing transit time, as the
platform rotates, will cause a phase modulation which is then
translated as a frequency shift, Av, with.
^

^

= wsv_sin^ _ v. ds

The last term is a doppler shift.

_ 1 ds ,

(164)

If the centrifugal acceleration is

periodically changing, the finite Young's modulus of the platform

will cause a periodic change in s , and by a first order doppler shift,
a frequency modulation.
mental design though.

This can be avoided by appropriate experi
The first and second terms represent ether

wind interactions'with the tangential and radial velocities of the
detector.

If the radial motion is negligible, then the relative

frequency variation expected is

(165)

where u = us = tangential velocity.

By rotating the platform, an

ether wind will cause an apparent periodic frequency variation.

A

search for such a frequency variation is a test for an ether wind,
with

v _ Av/v
c
u/c

(166)

Misner, Thorne and .Wheeler (1973), cite another interpretation.
Suppose there is a velocity dependent interaction with distant matter
which affects, for example, the time dilation of the rotating absorber
on the rim.

And suppose that the laboratory moves at a velocity, v,

relative to the zero momentum frame of the universe.

Ordinarily, the

second order redshift due to the detector's rim velocity will be

(167)

and constant in magnetude.

If the relative motion of distant matter
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couples to the time frame of the detector, we might expect, as Misner
et al, (1973) suggest, that the coupling is of the form:

rate of clock moving-relative to universe at speed, g
rate of clock at rest relative to universe

_

% rifiS''
■^
J

there 8 is the relative speed of the clock to the speed of light.

For

the rotating detector, its velocity with respect to the zero momentum
frame of the universe, 8, is

8 = ^4-^ ,

(169)

and

To first order in v/c, the periodic component of 82 is
■
S2 jj, 2uv_cos6 _

(171)

This periodic variation in 82 will cause a periodic modulation of the
rate of the moving clock.

^

= y62 =

We might expect

.

(172)

This differs from Eq. (165) by a factor of two because the coupling
constant, y is adjusted to the form of Eq. (168), rather than Eq.
(167).
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Results of the MSssbauer Experiments
It is obvious from Eq. (166)
limiton v/c, large velocities
required.

that to reach an interesting

and high frequency stabilities are

Such experiments could hot be done before the Mossbauer

effect.
Champeney, et al. (1963) reported the first test for a first
order ether wind.

They mounted a 57Co y ray source on one side of a

centrifuge, and across the diameter, a 57Fe absorber.

As the rotor

spun, at two opposite North-South orientations, the count rate through
the absorber was monitored.

A relative frequency shift of the

absorber or source would cause more or less absorption and hence
higher or lower count rates.

Further, because an ether wind signal

scales with the tangential velocity of the source and detector, they
looked for asymmetric count rates at high and low velocity.

They

also searched for variations over 24 hours looking for diurnal varia
tion".

Champeney, et al., (1963) place an upper limit on an ether

wind of v < 2.8m/sec.

This is a v/c < IxlO"8.

Turner and Hill (1964) did a slightly different experiment.
Their 57Co source was on the rim and the 57Fe absorber was near the
axis.

This allowed monitoring the absorption count rate Continuously

for all four quadrants of rotation.

The half width of the Mossbauer

line for their materials was Av/v = 4x10 13.

By using the second order

doppler shift of the source on the rim, they shifted the absorber's
effective line center to sit on the side of the emission peak, where
the count rate is most sensitive to frequency shifts.

In searching
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for sidereal variation, they placed:a limit on vv in the equatorial
plane of yv < 8.4m/sec.

In Eq. (166), this corresponds to an ether

wind of v/c < 5xl0~8.

First Order Tests in the Optical Regime
Silvertooth (1976), proposed an experiment to test for relative
phase shifts upon rotation of two red He-Ne laser beams directed at
each other.

His motivation was based on assuming there would be a

periodic relative shift in the wavelength of light propagating in
opposite directions, as the direction was swept through space.

Though

this experiment did not bare fruit, it evolved into our third test
for an ether wind, pursued at the Optical Sciences Center.
Conceptually, the modified Silvertooth experiment is identical
to the original experiment proposed by Ruderfer (1960) and completed
by Champeney, et al. (1963) and Turner and Hill (1964).

In our experi

ment, two lasers rest on opposite sides of a 6 foot diameter table.
Their beams propagate along a diameter in opposite directions and
interfere at the center.

The beat frequency is monitored as their

orientation in space changes.
beat frequency variation.

An ether wind will cause a periodic

The conceptual setup is shown in Fig. (81).

The analysis is similar to Ruderfer (1960).

The phase

difference at the center of the table, due to the two lasers will be
V2&
■A « M <h - <j>2 = Vlt

which reduces to

v2t + c _ v cose

C173)
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v

L os e r 2

Laser
c + v cos 9

j-— K H ^

Fig. 31.

Conceptual design of our third generation ether wind
experiment.
Two lasers shine toward each other across a distance, 22.
The component of the ether wind in the plane of the
rotating table is v.
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A<j> = (vx - V£)t - ~

taking vx % v2 = v.

cos6 ,

(174)

The frequency measured at the center is

£ = vx - v2 - ^

Vbeat

with F= table rotation
between

2

frequency.

2ttF £ sin9

(175)

The first term ismerely the beat

the two lasers, which, for ideal

perfectly constant.

,

frequency sources, should be

The second term is the periodic frequency shift

due to an ether wind.

This varies with the first harmonic of the

table motion, with an amplitude of

Av
v

2ir£F
c

v _ 0 u v
c
c c

(176)

The factor of 2 difference between Eq. (176) and Eq. (165) is due to
the relative velocity difference in our experiment being twice the
tangential velocity, u, of one laser.
This raises an interesting question.

In the light of

relativity, will the laser's beat frequency vary with rotation rate?
With one laser at the center and the other on the rim, both a time
dilation analysis considering the tangential speed, u, and a gravita
tional potential well analysis, predict a redshift of the rotating
laser of Av/v = % u2/c2 . However, with both lasers on the rim, one
might say that since there is a relative instantaneous velocity of 2u,
there will be a large red shift between them.
approach though.

This is too naive an

Both lasers are at the same effective gravitational
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potential and there is no change in the beat frequency expected with
high rotation rates.

This

as confirmed by Champeney and Moon (1961).

They rotated a Mossbauer source and absorber on opposite sides of a
rotor, and looked for a change in absorption rate with rotation rate.A relative frequency shift of Av/v = % ((2u)2/c2) would have yielded
an increase of 10% in the count rate.

They estimated the increase to

be .8%±2% with the uncertainty due to statistical noise.

Champeney,

et al., (1963) then used this same apparatus to search for an ether
wind by looking for spatial variation of the absorption rate.
The effect of an ether wind on the beat frequency of our
lasers can be viewed very simply.

Suppose the component of the wind..

in the direction of propagation is ±v cos0.

When the table is

stationary, the beat frequency between the two lasers should be
relatively constant.

As the table rotates though, the radiation along

one path is speeding up, and along the other, it is slowing down.
This causes an advancing and retarding phase shift at the center which
appears as a frequency shift.

The Experimental Arrangement
The apparatus consists of two methane stabilized helium neon
lasers as the frequency references, which are located on the rim.

A

third helium neon laser is offset locked to one of the stabilized
lasers using the technique of Barger and Hall (1969).

It is

the beam from this offset laser and the other stabilized laser which
propagate along a diameter and interfere in the center.
set up is shown in Fig. 82.

The experiment
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Fig. 82.

Top view of the rotating table.
This shows the orientation of the two stabilized lasers
and the offset laser with their beam paths.
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The offset laser is servoed to be 5 MHz higher frequency than
the stabilized laser.

This is done by monitoring the beat frequency

and using a phase locked loop with a 1 MHz crystal reference.
Fig. 83 we show the Allen variance of this beat frequency.
set laser provides two benefits.

In

This off

Both stabilized lasers are locked

to nearly the same frequency. There is in general 10-30 kHz differ
ence due to the intensity shift and the methane absorption peaks
being on different parts of the gain curve for the two lasers.

With

the ± 500 kHz frequency dither though, the output frequencies do
overlap.

If one laser sees radiation from the other, close in

frequency, it could cause injection locking or mode pulling effects
which would adversely affect the lasers' frequency.
assures injection locking connot occur.

The 5 MHz offset

Further, the experiment

entails looking for variation in the beat frequency. The 5 MHz off,
set provides a conveninet bias to get away from the zero beat condition .
With the very tight frequency lock, the offset laser does not degrade
the stability of the methane reference at all.
In early measurements, the 5 MHz beat between the offset
laser and the two stabilized lasers was detected with an InAs photo
diode and a two stage transistor differential amplifier with an LC
tuned filter of 1.5 MHz bandwidth.

It was later found that a

LeCroy 510 pulse preamp offered far better performance.

It had a gain

of 40dB, did not appreciably affect the SNR of the rf beat, and had
wide bandwidth.

The amplified signal was taken off the rotating table

via a mercury slip ring and counted with a Hewlett-Packard 5345A
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Allen variance of the beat frequency between the offset
laser and the stabilized laser it is locked to.

frequency counter under control of the PDF 11/10

mini

computer.A

synchronous signal was produced by the rotating table once per
rotation which triggered the computer to start the data taking.

The

counter would record the beat frequency averaged for one second long,
consecutive intervals and store this in a buffer.
would be added to the previous.

The next rotation

After a preset number of rotations,

the normalized averaged frequencies for each sector would be printed
out.

In Fig. 84 we show the frequency variationof the two lasers

for 25 rotations of the table averaged.
This is a dynamic experiment in the sense that the effect
expected depends on the rotation rate of the table.

These early

measurements were limited to very slow periods of only 28 sec/
rev. due to the radial instability mentioned previously.

By the time

the radial air bearing was in place and the table behavior was very
reproducible, one or both of the lasers had died and no further data
could be taken.

In addition, a small bump, also previously discussed,

caused large frequency excursions of the lasers at a particular phase
position.

For the data shown in Fig. 84, the tangential velocity was

u = .22 m/sec, or u/c = 7.5x10 10.

We might estimate a first harmonic

variation to the beat frequency to be Av/v ~ 10
upper limit on v/c of

This places an

Frequency

(kHz)
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Fig. 84.

Angle

Ether wind data for our third generation experiment.
The glitches near the start of the cycle are the lasers'
response to the small bump. This data is 25 rotations
averaged.
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Expectations for Future Work
This measurement was limited by two factors:

poor laser

frequency stability and the rotation problems of the table.
quently, both of these problems have been diminished.

Subse

We have

rotated the table up to .5 Hz where the rim centrifugal acceleration
is

'

a = 4ir2F2R = 1 g.

(178)

At this speed, some of the small electronic boxes which were not
securely mounted to the table became dislodged.

There is nothing to

prevent rotating up to 1 Hz if everything is well afixed to the table.
At this speed, the rim centrifugal acceleration is 4g.
If the laser frequency stability can be kept to its nonrotat
ing value of Av/v = 6xlCT.14, we might expect a noise limited value
of v/c for one rotation to be

- = 6x10 1- = 1.4xl0~6
C
4 .2xl0~8

’

(179)

By averaging many rotations, we expect to be limited by a periodic
frequency variation of the lasers caused by changes in the tilt of
Av/v = 6xl0_*6 . This would yield an upper limit of

-£■ < 1.4x10“8.

(180)

By searching for sidereal variation we expect to gain another two orders
of magnetude and reach a final upper limit with this experiment of
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<' 1.4xlO~10.

(181)

In using the analysis of Turner and Hill (1964), this corresponds
to a limit on yv/c of

yv/c < 7x10 11.

(182)

If we take for a value of v/c = 10 3 as measured by Smoot, et al. (1977)
of the earth's motion with respect to the cosmic black body radiation,
then the limit obtainable by this experiment for the coupling constant,
Y >

i s

y < 7x10-8 .

(183)

CHAPTER 10

METHANE STABILIZED HELIUM NEON LASERS

Disadvantages of the Cavity Design
Without a doubt, the weak part of the two experiments using
frequency stabilized Helium-Neon lasers is the laser tubes' very short
lifetime.

In the early design period of this experiment, it was

thought that a very rigid cavity of ULE with optically contacted
mirrors on the ends was the way to go for good frequency stability.
The advantage in the rigid sides lies in keeping to a minimum
the length fluctuations due to coupling of acoustic and mechanical
vibrations.
the PZT.

This gives less noise on the servo voltage of

With the low thermal expansion of the ULE, the box itself

does not contribute much to the thermal sensitivity of the

cavity's

length.

the run

Also, the lower the thermal expansion, the longer

time before the dynamic range of the PZT has been reached and must
be reset.
The design adopted uses a solid block of ULE glass, 60 cm long
by 8 cm x 8 cm in square cross section (see Fig. 25).

A 1" diameter .

hole was drilled and etched out down the axis. The front and back
faces of the box were polished flat, though not parallel.

The PZT,

with a high reflectivity mirror attached, was mounted to a ULE slab
and the slab was optically contacted to one end of the box.
247 .

The PZT
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could be aligned roughly with three set screws.
absorption cell fitted into the central bore.

The gain cell and N
A 95% reflecting dielec

tric coated output coupling mirror was optically contacted on the other
end of the box.

To adjust alignment of the front mirror, two wedged

circles were rotated and then with the mirror on top of these, all
three pieces were optically contacted together, and to the front.
This design, though seemingly simple and compact had many drawbacks.
The inner bore of the box was only 1" in diameter.

Both the

Helium-Neon plasma tube and the methane absorption cell had to fit
within this.

No commercial coaxial He-Ne laser tubes have maximum

outer diameters less than 1 1/8".
be custom made by us.

This meant the gain cell had to

Literally years of time was wasted by failures

of homemade laser tubes.

Drilling out the bore to a greater diameter

was contemplated, but the possiblity of damaging the box was considered
not worth the risk.

In hindsight, it would have been worth it.

The plasma tube is effectively entirely enclosed in glass,
the only opening being a small hole in the PZT mounting plate to allow
the high voltage leads for the D.C. discharge

to pass.

The only way .

the discharge heat could be disappated was by conduction through the
ULE glass wall, 1 1/2" thick.

This created a constant heat flux

through the glass which, due to the long thermal time constant of the
box, maintained a high temperature inside the cavity.

Although we did

not directly monitor the inside temperature we can estimate it from
the thermal properties of ULE.

In normal operation, the ULE box is

enclosed in a styrofoam box effectively increasing the time constant
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and the cavity temperature.

When the top styrofoam was removed,

allowing heat loss through only 1/4 of the ULE, the outside surface
equilibrium temperature was ~40°C.
If we assume the box is a cylinder of inner radius r^ and
outer radius r2 ; then at equilibrium, the temperature difference
between inside and outside is given by:
QlnOa/rx)

with

% x 2'irLk

^

~

Q

= the power generated in discharge = 10 watts

r2 = outer radius = 4 cm
r% = inner radius = 1.5 cm
L

= length of the discharge tube = 30

cm

K

= thermal conductivity of ULE =12x10 3 joule/cm-sec-°C.

and
AT = 17°C.

With a temperature of 40° on the outside, this implies 57°C
as the cavity temperature, or ^30° above the ambient room temperature.
The small hole into the cavity provided some communication
to the outside world via hot air convection which is very noisy in
our geometry.

The PZT mounted mirror being inside this high tempera

ture environment, accounted for most of the thermal expansion.

The

high inside temperature with convection currents from the cooler room
no doubt caused fast temperature fluctuation, and degraded the length
stability. 1This should not have affected the frequency stability too
much, though, as the servo should have compensated for low frequency
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length fluctuations, but it might have increased the noise for the
cavity length variation measurements.

Sealing the hole with a plug

would have removed any problems though.
Both the PZT mounting plate and the front mirror were optically
contacted to the ULE block.

Optical contacts are well known for their

long term stability after settling of <1A/day (Berthold, Jacobs and
Norton, 1977).

They are also very difficult to perform especially

when the mirrors must be contacted aligned, no simple feat.

Once both

mirrors were contacted, there was access only to the PZT plate for
fine aligning.
25%.

This might have degraded optimal alignment by perhaps

With our power starved laser-detector system, the frequency

stability was inversely related to the SNR.

Not being able to finely

align the front mirror cost us in frequency stability.

The inconve

nience of these optical contacts did not balance any advantage they
might have.
The width of the inverse Lamb dip peak is set by the transit
time of a molecule in the laser beam.

For minimum peak width, the

absorption cell should be in the widest part of the beam.
located at the curved mirror end which is on the PZT.

This is

Unfortunately,

the power leads to the gain cell had to come out the PZT end and it
was not possible to have these leads pass by the absorption cell.

In

operation, the gain cell was at the large beam waist and the absorp
tion cell at the small beam waist.

Because of this placement, the

beam diameter seen by the methane molecules was increased by a factor
of two.

The inverse Lamb dip was a factor of two larger than
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possible, and this translates to a factor of two worse frequency
stability.
All of these problems could be eliminated if an open framework
of ULE spacer rods is used to support the mirrors.

There can be

ample room to rigidly mount a commercial He-Ne plasma tube and a
methane absorption cell.

The entire cavity could be in a vacuum

enclosure to remove air pressure effects which degrade the cavity's
optical length stability and to further decouple the cavity from the
environmental vibrations and temperature variations.

A surrounding

box with mechanical and acoustical insulation could no doubt yield
sufficient vibration isolation to reach the length stability expected
of AS,/Z = 6x10 ^ .
We have had great success in getting commercial red laser
tubes to lase at 3.39y.

A Spectra Physics model 120-D tube and a CW

Radiation model LT2P tube with quartz Brewster windows both have 50
mil (1.25 mm) I.D. capillary tubes and a discharge length of 15 to
20cm.

Using the same cavity length and mirrors as the ULE box, we

obtained a power of over 300p watts without a methane absorption cell
in the cavity, and 200p watts with the absorption cell.

The inverse

Lamb dip peak was nearly 100 MHz off from the center of the gain
curve though.. However, commercial custom tubes could be obtained with
the 12 tbrr total pressure which Barger and Hall (1969) have used to
pressure shift the 20Ne into precise coincidence with the methane
peak.
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Hindsight is a wonderful attribute and it is too bad we did
not have it.

1st Generation and Laser Tubes and Their Rejuvination
Much of the behavior of the Helium Neon plasma interacting
with the electrodes and vessel walls in the gain tube is not well
understood.

The methods that are used in the processing of new glass

tubes into long lived He-Ne lasers can be classed almost as magic the right incantations to say as the tube is processed have been
learned from good guessing, trial and error.
yield good tubes is not quite clear.

Why these techniques

One can at best wave one's

hands and make guesses.
In the early days of these experiments, the laser tubes lasted
for only a relatively short time, on the order of one month before
they would quit lasing (see Fig.85).

Their discharge color was blue

and sometimes the turn on voltage would rise.

Running a low current

discharge for 10-20 minutes would at times cause lasing (see Fig. 86).
This simple method did not always work though.

Two obvious possible

explanations of the laser deaths present themselves:

something bad

getting in or something good getting out.
In the two lasers that were reborn by running a discharge for
30 minutes, there was a noticable change in color from blue to a more
orange-pink.

This seems to be an indication that impurities, most

probably air or water vapor, were present.

Only when the discharge
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Fig. 85.

Death of a laser tube.
This tube was on the vacuum system while the power out was
monitored. It was on for only 24 hours before it began to
decline. There was a slight change in color, turning more
pink.
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Fig. 86.

Rebirth of a laser
This tube had been tipped off and running for weeks. After
two weeks of being turned off, a discharge of 5mA for about
20 minutes total was needed to changethe color from blue to
pink, and start lasing. This tube failed completely one
week later.
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color was nearly orange with no trace of purple have our lasers ever
lased.

This rebirth phenomena is most likely due to the well known

gettering properties of aluminum cathodes.

However, some tubes never

•changed from their blue color though the discharge was on for days.
There is clearly something more going on.

To counteract the gettering

of the cathode, there might be a source of impurity which feeds the
discharge.

This might be from an air leak through the torr seal which

seals the brewster windows on, or outgassing of contaminates from the
cathode itself.

It should be noted that two lasers with optically

contacted windows still turned blue after a few months, and died.
Dick Sumner (1978) of the Optical Sciences Center Optics Shop
has had great success in getting red He-Ne lasers to lase after they
quit by surrounding them in a ^He gas bag while running a discharge.
Sumner (1978) points out that not every red laser can be rejuvinated
in this way.
Helium leaking through the walls can be easily understood
quantatively.

Shelby (1974) has measured the diffussivity of helium

for Pyrex glass (CGW-7740). He finds the diffussivity can be
characterized by:

D = DqT exp(-Ed/RT)

(184)

for the temperature range 250C<T<544°C, and with

D = 3.4x10 7 cm2/sec-°K
o

(185)
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Ej = 5.7 R cal/mole ,

(186)

E,

r 2870°% .

(187)

The flux of helium molecules through the tube can be
characterized by

F = AD|1-;

A

(188)

= Surface area exposed.

An = Density difference between the inside and outside,
Ax=

Wall thickness.

The rate of pressure rise inside the tube, P, is given by:

P = f- ;

(189)

F = net flow rate,
V = tube volume.

Assuming a cylindrical shape, and neglecting the end surfaces, then
P = Jgf-- D —
%7rd2 £

= f
with

H

d

= tube diameter,

I

= tube length.

Ax = wall thickness.

(190)
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D

= diffusion constant.

An = differential density.

For our first generation tubes,

d

= 2.5 cm

Ax = .2 cm

At room temperature, T = 300°K and

D = 3.4xlO'7cm2/sec/°K x 200°K x exp(2870oK/300°K)

= 7.1x10 9 cm2/sec .

(191)

The rate of pressure rise is thus,

P = 4/(.2cm x 2.5 cm) x 7.Ixl0~9 cm2/sec

x

760 torr-cm3/cm3

= 4.3x10 5 torr/sec.

(192)

A change of 1 torr would require 6.5 hours.
Sumner(1978) states

3-5 hours ofrunning

is sufficient for rejuvination.

It should be noted that
a red laser in ahelium bag

If the Metrologic tubes have a

wall thickness of .1cm and a change of 2 torr is required, the run
time we estimate from this model is 6 hours.

Our simple model seems

reasonable.
We have run some of our tubes for days at a time in a helium
bag with no on set of lasing.

For two days in the helium bag, we

would expect the pressure rise to be:
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P = 4.3x10 5 torr/sec x 16xl04 sec = 6.8 torr.

(193)

This supposed increase in pressure did not produce lasing.
The diffusion rate is strongly temperature dependent.

By

putting the tube in a helium atmosphere oven at 200°C} graciously
loaned to us by Dr. Mike Jacobson of the Solar Energy Surfaces group
of Optical Sciences Center, we increased the diffusion rate by over
100.

At 200°C, the diffusion rate is

D = 3.4x10"? cm2/sec-°K x 500oK exp(-2870/500)

= 5.5x10 7 cm2/sec.

'

(194)

The rate of pressure rise inside the tube is:

P = 6xl03 x 5.5x10 7 torr/sec = 3.3x10 3 torr/sec.

(195)

The one hour in the oven should have yielded a pressure change of 10
torr.

There was no lasing before the treatment, and no lasing after

wards.

The discharge was a distinct blue after the baking, as if the

walls had outgassed considerably.

Firing the getter cleaned up the .

color, but there was still no lasing.
that there was helium diffusing in.

No independent check was made
It could be that the pyrex glass

used as the walls was not very permeable to helium.
There is clearly something more going on.
discharge seems to degrade the lasing.

Just running the

For one tube, which was lasing

poorly, there was severe degradation after four hours in a helium bag.
at room temperature (see Fig. 87).
over the 4 hours is

The pressure.change we would expect
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Fig. 87.

Output power before and after helium bag treatment.
A comparison of the output characteristics of a rejuvinated
tipped off tube, before and after running at 5mA in a
helium bag for 4 hours.
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P =4.3x10 5 torr/sec x 1.4x104sec = .6 torr

(196)

The change we saw was a drastic reduction in the power out.
Above 5 torr total pressure, the power out at constant current is
constant up to

10 torr (see Fig. 88).

The drop in power is clearly

not related to any helium pressure change inside the tube.

The fact

that the lasers can die so quickly and can't be rejuvenated by adding
helium, leads one to believe some other cause than helium leaking is
involved.

The Cathode Material
There were nine first generation plasma tubes constructed,
all with the

same design.

Eachof these were filled and failed within

three years.

In those tubes it

was possible, the sealed off nipple was

cracked and a glass stem sealed on.

The used laser tubes were put

back on the vacuum system and processed to rejuvinate them.
successful rejuvination lasted more than two months.

No

The reason why

perhaps lies with the cathode and the discharge chemistry.
Hochuli, Haldemann and Hardwick, (1967), note that with proper
choice of cathode material the mode of death after 10,000-30,000 hours
is a pressure drop due to the cathode eating up the gas mix.

This

they account

to sputteringof the cathode material and trapping of the

gas in these

layers.

They have found aluminum 2024 to be the most

effective cathode material if processed correctly.
Pure aluminum is notorious for high sputtering rates.

Kueuk

and Brewer (1932) note that with a helium pressure of .5 torr and a

POWER OUT (ARBITRARY UNITS)
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Fig. 88.

Output power of a rejuvinated helium neon laser connected
to the vacuum station as the pressure of a 7:1 mix of HeNe is varied.
The discharge current was 5mA.
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discharge current density of. 5 mA/cm2 , a 2cm2 surface of pure aluminum,
vacuum cleaned, sputtered enough to produce an opague layer on the
glass wall in 15 minutes.

We have also observed such rapid sputtering.

To reduce the sputter rate, Hochuli, et al. (1967), recommend
running a discharge with the cathode in an oxygen atmosphere of 2 Torr
to form an oxide layer on the surface.

Current densities should be

5-10 mA/cm2 , and the discharge should be flushed periodically as the
pressure rises initially due to outgassing, and fresh Og added as the
oxide layer forms.

With this technique, they report laser lifetimes

of 30,000 hours for a 3 torr total pressure.

A tube made in 1968

is still lasing in 1979 (Hochuli, 1979).
There is more that affects the lifetime than the sputtering
problem:

In testing many different metals as possible electrodes,

Hochuli and Haldemann (1965) found discharge lifetimes of less than
500 hours except for aluminum, magnesium and berylium surfaces with
oxide layers.

It is only with the particular alloy

of aluminum 2024

that exceptionally long lifetimes have been obtained.

They note that

Reynolds Wrap cathodes lasted only 4,000 hours.

In general, success

has only been obtained with 2024 Al, no others.

After a laser with a

well treated cathode has died, it has been removed, machined down to a
virgin surface, retreated and tested again in a laser.
tube has ever lasted long.

No rejuvinated

Hochuli (1979) notes that perhaps this is

due to a low rate of outgassing of hydrogen which somehow aids the
discharge chemistry.
aluminum cathode.

Perhaps it is due to the gettering of the

After some time, an equilibrium might be reached

263

between diffusion of impurities into and out of the bulk aluminum.
Laser death might occur when the cathode can no longer pump
contaminants.
Fein and Salisbury (1977) have obtained 13,000 hour lifetimes
with evaporated thin film aluminum cathodes, 3 microns thick.

They

note that others have obtained successful operations with .lu - .3u
thin surfaces.

Though they used an oxide coating, they express some

doubt as to whether it is really necessary to reduce sputtering for
a thin film.

It is not needed for outgassing the film.

It is not clear what cathode material was used for our early
tubes.

It could well be the more common

6061.

seem to confirm Hochuli’s (1979) observations.
short lived is not clear.

Our poor lifetimes
Why they should be so

Aluminum 2024 has 3.5-4% copper concentra

tion with 1.2-1.8% magnesium as the major impurities.

Aluminum 6061

has a much lower impurity concentration; magnesium having the largest
component of ~ 1% and silicone and iron both at 'v.79%.
zinc concentrations are rv.3%.

Copper and

6061 is closer to the pure aluminum of

Fein and Salisbury (1977), yet Hochuli, et al. (1967) and our results
indicate no success with it.

It may be due to particular batches of

2024 which were used, or some very low level impurity which arises
from the alloy's processing.
There still remains a mystery of why the output power was so
low with these first generation tubes.

There is some indication,

described in a following section, that it might have been due to
contaminants.

The power output was never more than 30p watts with no

absorption cell or above 15y watts with an absorption cell, either in
the ULE cavity or in the cavity setup on the vacuum fill station.
With this very same cavity, the second generation tubes gave 300u
watts with no absorption cell and 200y watts with a methane cell, as
did the commercial laser tubes also.
understood.

This latter correlation is easily

The similarity laws for neutral atom lasers are well

known (Bloom, 1968).

If -the Spectra Physics model 120D tube has a

4 torr total pressure with the standard 1:7 20Ne to 3He mix, which
was a typical fill for the second generation tubes, then the power out
should scale linearly with the discharge length. I, and inversely
with the capillary bore diameter, d.
20cm, d = 1.25mm.
d = 3mm.

For the commercial tube, I =

For our second generation tubes, X = 45cm and

The ratios of £/d are

16 and 15 respectively.

They are

nearly the same, agreeing with the nearly equal output powers observed
with the same discharge current of 6 mA.

Based on the similarity

relationship, we would expect IlOy watts from the first generation
tubes, but measured only 30y watts.
The same gas bottles which filled some of the first generation
tubes were used with the second generation tubes.

In some of the old

tubes, CaF2 windows were substituted for the slightly more lossy
quartz windows, but with no real change in the power.

T h e ,spectra

Physics and the CW Radiation tubes both used quartz.
It is unlikely that the alignment of the first generation
tubes was the cause of the low power.

We have developed a method of

aligning the plasma tube, absorption cell and the cavity which has
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never failed to produce lasing in any of the lasers that have ever
lased.

This same.technique also yielded 300u watts for the second

generation tubes and for the commercial red tubes that were tried.
This is diagramed in Fig. 89.
the cavity axis.

An external red laser is used to define

This is shined through the front, output coupling

mirror of the 3.39# laser.

This mirror is a H u thick quartz blanc

with a dielectric coating on the inside giving it a 95% reflectivity
at 3.39#.

The front mirror is aligned so that the red beam is

centered and the reflection from the dielectric coating goes back to
the red laser.

Luckly, this dielectric coat is relatively transparent

to red, and the alignment beam goes right through.

The back mirror,

a 99% curved reflector with a 1 meter radius, is roughly aligned to
send the red beam back to the red laser.

The plasma tube is then

placed in the cavity and aligned so that the beam goes right through
the front of the capillary tube, appearing as a circular spot on the
far side in front of the curved mirror.

Good alignment is when small

perturbations in the tube’s position don't affect this spot size.
The front mirror is tweaked so that there are multiple bounces between
the red laser's front mirror and the dielectric coating.

The back

mirror is then tweaked so that the spot which has reflected off of it
and the front side of the dielectric coating, has come back to the
front mirror.

In this condition, when the laser tube is turned on,

it will lase, if the tube will lase under any conditions.

With care,

this method gives greater than 50% of the fully optimized power out
the first time, before optimizing the alignment.
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Schematic arrangement for aligning the laser cavity on the
vacuum station.
The detector was taken out while aligning.
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Before the commercial tubes had lased, it was thought the low
power was due to lossy windows, nonstraight capillary tubes and too
short a discharge length.

With these notions in mind, the second

generation tubes were designed and built.

The Second Generation Tubes
With the ULE cavity, the beam waist was located at the flat
mirror.

The diameter of the waist is given by

W Q = Wl

g

L.X

(197)

IgiCl-gigz)
with
gl = 1-1/“

§ 2 = 1-.6/1 = .4

and

L

= 60cm

A

= 3.39x10 4 cm

wq = 8x10 2cm x .9 = .72mm.

The spot size at the curved mirror is given by

0)2 =

-a
Sz
'l a '
U j .g2 (l-glgz), = 8x10 2cm x 1.4 = 1.1mm.

(198)

If the methane molecules see a beam of 1.1mm width, then, with their
thermal velocity of 6xl0lfcm/sec, they will be in the beam for 1.8y
sec.

This would produce a transit time limited FWHM of the inverse

Lamb dip of 550 kHz.

With the early setup, the methane cell was at the

flat end and the transit broadening was 830 kHz.
methane may have been pressure broadened.

In addition, the

Barger and Hall (1969),

-
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have measured this broadening to be AVj = 16 kHz/mtorr.

At the 15m

Torr pressure used, the contribution to the FWHM due to pressure
broadening is 480 kHz.

It is not clear that we are sensitive to this

effect in our lasers though.

The mean free path of the methane

molecules at 15m torr, assuming a cross section of 10_15cm2 , is 1 cm.
The beam size is less than 1mm.

Only 10% of the molecules interrogated

by the beam interact with other molecules during that time.
To maximize the output power of the Helium Neon gain cell, the
longest length possible should be used.

Of the 60 cm available in the

cavity, 10cm is needed for the absorption cell.

The remaining 50cm

was used for the gain tube, with the capillary tube 45cm long (see Fig.
90).

Siegman (1971) recommends to keep diffraction loss low, the

smallest aperture, should be three times the largest beam width.
sets the capillary inner diamter at 3mm.

It has since been found that

the diffraction loss with the 1.25mm IDof commercial plasma tubes
not critical.

This

is

Since the power goes up with smaller bore diameter, we

could have gotten three times more power if we had used 1mm ID
capillary tubing, almost 1m watt of power.

•

Typical commercial red laser tubes have a very large diameter
cathode with the discharge opening up to it well inside the cathode.
In our first generation tubes, the cathode was on the outside of the
capillary tube, and the discharge turned 180° after leaving the
capillary tube to hit the cathode.

This same geometry was adopted for

the second generation tubes with two changes.

The cathodes were made
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Schematic diagram of the second generation laser tube.
The capillary tube was 3 times the length of the old tubes.
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from aluminum 2024 tubing with a length increased from 1" to 6".
Various designs were tried, none of which yielded perfect success.

Sealing on Brewster Windows
The best type of seal to affix the Brewster windows in place
is shrowded in some controversy.

The ideal seal in terms of purity

and leak tightness is an optical contact.

This is not a simple process,

and it requires using quartz as the window material.

It was thought

that CaF2 would be a better choice because of its slightly lower
absorption.

At least two tubes have died even with optical contacts

on both windows.

It is thus not clear if the tight seal of an optical

contact justifies the danger of cracking the tube when the ends are
polished and the extra expense involved in making the contact.

The

method we have adopted is sealing with an epoxy.
A quick glance at virtually all Spectra Physics He-Ne laser
tubes shows that it is possible to have long lasing lifetimes with an
epoxy seal.

Of course, what epoxy to use is -important.

Physics would not reveal their epoxy.

Spectra

However, they did hint that it

should be anhydrous to prevent water leaking.

Hall (1979) has used

torr seal from Varian, but later switched to an epoxy from Teckits.
Hochuli (1979), uses a complicated Indium film seal which he has
developed and found successful.

Fein and Salibury (1979) seal quartz

windows for red lasers on with solder glass, though they have found
success with epoxy also.

Rabinowitz (1979), in the early days of He-

Ne lasers, found that torr seal would leak water vapor contaminating
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the discharge.

By using an overcoat of an anhydrous epoxy from B. F.

Goodrich, normally used for coating floors, he found successful
operation with torr seal.

Tubes manufactured by Jodon use straight

torr seal with no overcoat.
Varian, distributors of Torr Seal, though having made many
measurements of the outgassing properties of torr seal, have never
looked at the water permeability of various thicknesses under normal
conditions.

We have tried a few simple experiments, testing the leaki

ness of torr seal but with ambiguous results.

When water was dabbed

on the window seal of a tube connected to the vacuum station at
1x10 6torr, the pressure dropped to 4x10 7torr and slowly rose.

This

happened twice, but then steadied at 1x10 6torr and was insensitive
to any further water.
with.

Only one end of the tube was sensitive to begin

The vac-ion pump was very dirty at the time of these measure

ments and there was some pressure noise.

It should be noted that with

a clean pump, we have been able to reach 1x10 8torr with the windows
affixed with Torr Seal.

It may be that different mix ratios of the

resin and hardener and different annealing conditions may affect the
porosity of the Torr Seal.

Our vacuum system was not well set up

for analytic measurements.
The first occasion in which a tube lasted 100 hours

.

continuously lasing was with an overcoat of the B. F. Goodrich epoxy,
A1177B.

The failure mode was sputtering of the cathode and severe

drop in the He-Ne pressure.

We have used the overcoat in all subse

quent tubes, still unsure of its necessity, but sure that it can't
hurt.
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Diagram of the vacuum station.

The second generation laser tubes were made by Frank Meyers
of the Chemistry- Dept, of the University of Arizona from our designs.
They were processed and filled by us on a special vacuum fill station.
The vacuum station was all glass with metal valves and a
Varian, 85,/sec vac-ion pump.
in Fig. 91.

The system is shown in schematic form

There were four ports with precision leak values to let

in 20Ne, 22Ne, ^He and a standard mix of 7:1. % e and Ne with a
natural isotope concentration (90% 20Ne). There was an additional
valve used to open the system to air, or to bleed in Og.
pump could be isolated from the system to pump on itself.

The vac-ion
In addition,

there was a valve connected to the fore pump via a liquid nitrogen
trap.

All of these valves lead into a manifold for connecting various

glass vessels to be processed and filled.

The laser tubes were

connected via a long glass tube to the manifold.
and pinched them off when filled.

We torched them on

The pinching process, because it

was so delicate, oriented in an awkward position, and under vacuum,
was a very difficult operation.

It was with more than a little fear

that this task was approached and it was more than one tube that did
not survive the process.

An added feature of this fill station was

the ability to align the laser in a cavity while connected to the
manifold.

We were able to get lasing with or without a methane

absorption cell in place.

The cavity dimension was not stable enough

to do any precision spectroscopy on the position of the inverse Lamb
dip peak though.
plasma tube is.

It is not clear what the best pressure for the
Barger and Hall (1969) reported 12 torr as the helium
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pressure needed to shift 20Ne into coincidence with methane.
Bergquist and He11wig (1972) suggest pressures of .1 to .2 torr for
20Ne and 4.6 to 4.7 torr 3He or 1.1 to 1.3 torr of 3tte with .05 to
.2 torr of 22Ne.

By monitoring the inverse Lamb dip peak with the

laser tube connected to the vacuum station, it was hoped we could find
the optimum pressure emperically.
The high vacuum pump was a Varian 8)1/sec vac-ion pump.

It

worked quite well even in pumping helium and neon, if treated correc
tly.

A sublimation pump, cooled by liquid nitorgen, had originally

acted as the fore pump for the filling station.

This is an awkward

way of pumping helium which does not stick well to the cold zeolite.
This was replaced by a high speed roughing pump with a liquid nitrogen
trap to prevent oil backstreaming into the fill station.

The

advantage of this pump is in pumping the nobel gases faster and more
conveniently, and allowing bake out of the vac-ion pump.
The cathode of the vac-ion pump, being made of titanium,
will hydrate readily and produce some background vapor pressure of
hydrogen when saturated.

In much of the early filling conditions,

there was always a base pressure of 10 6torr which the pump would not
go below, even when just pumping on itself.

This might have been due

to either hydrogen outgassing or the nobel gas background of helium,
neon and argon from the air.

It was only after a bake out of the pump

that the base pressure was reduced lower than 10 8torr, off scale.
Vac-ion pumps do not pump effectively above 1m torr because
the glow discharge is unconfined and considerable wall degassing
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occurs.

The sides of the pump get very hot and the pressure increases.

This was used to advantage in outgassing the vac-ion pump.

With the

roughing pump and the liquid nitrogen trap, the lowest pressure obtain
able is .1m torr to 1m torr. While pumping on the vac-ion pump with
the roughing pump, the discharge was turned on.

The pressure, as

measured by the discharge current in the vac-ion pump would always be
slightly off scale, greater than .1m torr and would remain there.
This is presumably due to the residual air.

The vac-ion pump never

went below .1m torr while operating the rough pump.

However, the

walls heated up and sometimes the pressure would rise as high as 10m
torr.

When the vac-ion pump became too hot to touch, but less than

100°C, the discharge was turned off, while still operating the rough
pump, and allowed to cool to 50°C.

At this point, closing off the

vac-ion pump and letting it cool always resulted in the pressure off
scale on the low end, less than 10 8torr, when turned back on, one
hour later.

By using this treatment every few months, the vac-ion

pump worked well in keeping a very low pressure in the laser tubes.
When the entire glass, system was baked, the pressure in the laser tube
could be maintained at 10 8torr.

A few months after the last baking,

the pressure was usually limited at 5x10 7torr.
Before this bake out technique was used, as well as never
getting less than 10 8torr, there were periodic pressure bursts
recorded in the vac-ion pump when pumping on the laser tube.
shows an example of these bursts.

Fig. 92

We monitored the pressure read by

the vac-ion pump from an internally generated reference signal.

This
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Examples of the pressure bursts recorded from the vac-ion
pump's discharge current.
They would occur periodically with a dirty pump, but
disappeared after the pump was regularly baked out.
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was calibrated manually for pressure.
curve.

Fig. 93 shows the calibration

No such pressure bursts were recorded after a bake out.

.Processing the Laser Tubes
After the windows were well affixed with torr seal and the
overcoat epoxy had dried, the tube was pumped down and baked out.
Two methods were used in baking:

either wrapping heater tape to

completely surround the tube or applying a propane torch directly to
the laser tube body until it began glowing orange.

Usually, the

pressure peaked and finally went down to 10 6torr.

After cooling, the

pressure was typically 5x10 7torr for a dirty glass system and 10 8
torr when clean.
Hochuli, et al. (1967) recommends running a 2 torr Og discharge
at 5-10mA/cm2 of cathode area to form an oxide layer.
sputtering and gas cleanup.

This prevents

Within 10 minutes of turning on the Og

discharge, with a virgin tube, the pressure usually increased to 4'.
torr due to out gassing of the cathode.
at 20mA, the pressure starts dropping.

After two flushes, running
Higher currents caused danger

ous thermal stresses which resulted in more than one instance of the
tube cracking.

The difference in sputtering rate between no oxide

layer and with an oxide layer is striking.

In one case where only the

front 3" of the cathode had formed an oxide layer, the helium neon
discharge sputtered an apaque layer of aluminum on just the glass wall
directly above the back 3" of the cathode.

This sputtering problem

was the chief fault of the second generation tubes.

In their early
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life, the output powers were very high. Their lifetimes though, were
very short.

Even an oxygen discharge running at 20mA for 5 days

continuously, did not prevent sputtering from occuring.

With a

sputtered film acting as another electrode, the output power was some
times very noisy.

Fig. 94 shows the evolution of the noise build up

for one tube that showed the effect the most drastically.

As the

sputtered film built up, the impedence of the tube changed.

The

discharge, after coming out of the capillary tube, bent back to the
cathode.

At 5 torr pressure, it was a confined filament.

The contact

point on the cathode oscillated all around the 6 ' length, depending
on the sputtered regions. The discharge current, and hence the output
power, were strongly dependent on this complicated behavior.
To avoid these sputtering problems, future tubes should have
the end of the capillary tube recessed 6 1 inside the cathode.

Hochuli

(1979) has measured the current density hitting the cathode as a
function of length and finds no appreciable current past 6" from the
opening of the capillary tube.
We have some indication that the cause of the low power levels
for the first generation tubes was contamination.

Upon first filling

the second generation tubes with the standard Helium-Neon mix of 7:1,
and after oxidizing the cathode, output powers were very
times greater than 300y watts.

high, some

For the first few fills, however, this

power dropped considerably in a short period of time.

Fig. 95 shows

the power degradation of a tube after it had been processed, opened to
air, pumped down, and filled with helium and neon.

The power falls

0

2

4

6

8

T i m e (m in )

Fig. 94.

Evolution of the discharge noise of a second generation
laser tube.
This is the output power recorded with an InAs detector
It has been on for 30 minutes and a sputtered film had
built up. The oscillation corresponded with the motion
of the discharge column alighting on different parts of
the cathode.
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brought up to air.
It was probably outgassing of the walls by the discharge
which caused the failure, as the color turned very blue.
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off with a time constant of about 8 minutes.

The color also.changed

to purple, an indication of impurities getting into the discharge.
In Fig, 96, we show the output behavior after two flushes of fresh
helium and neon.

It starts high, falls off and stops lasing, but

recovers again in three hours of running the discharge.

The new

equilibrium level, though, is only 1/3 as intense as the initial
power.

After 4 or 5 flushes of helium and neon, the power stayed high

for a few days.

Then sputtering began to pump the gas and degrade

the output.
Fein and Salisbury (1979) mention the importance of
contamination in adversely affecting the lasing of their red lasers.
Since the 6328A and the 3.39u lines share a common .upper level, the
same mechanism which quenches the 6328A line by decreasing the excited
atom density will also affect the 3.39p line.
well known for their gettering properties.

Aluminum cathodes are

However, it may be an

equilibrium process for some contaminants, rather than an irreversible
process.

The impurity density in the discharge at equilibrium deter

mines the output power.

By repeated flushings, the cathode is depleated

of its impurities and eventually

reaches a low enough level where the

residual concentration does not affect the lasing behavior.
Detailed quantative studies of the factors affecting the
behavior of these lasers was difficult to do with no diagnostic equip
ment on the vacuum fill station.

If this work should be continued,

the minimum accessories should include a very stable, rigid cavity
for aligning the laser while on the vacuum stand so precision
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.spectroscopy can be done, a mass spectrometer which can be used to
monitor contaminants, as well as serve as a leak detector, and a
scanning monochrometer, to look at the visual spectra of the side
light.

Without these diagnostics, only a crude knowledge of the

physics behind the design and performance of these lasers can be
gained.

The most cost effective approach, however, is to use

commercial tubes.

CHAPTER 11

Summary And Conclusions
The results reported here represents preliminary data which
is oriented toward pointing out the weaknesses of the experimental
designs and to give an idea of the expectation for the future for
these three new tests of relativity.
In the new first order test, looking at the anisotropy of
emission from a light bulb, a limit of v/c = 5x10 8 was reached.
systematic effects were found at this level.
in the light bulb.

No

It was limited by noise

This can be greatly diminished by using the beam

splitter arrangement of Fig. 8 .

Rotating rapidly has the advantage

that at a higher modulation frequency, there will be less 1/f noise.
The disadvantage is the centrifugal effects which may arise.

With

appropriate design, this influence may be reduced to an insignificant
level.

If the detectors are shot noise limited with a phbtocurrent

of 40mA, the minimum upper limit that might be obtained is v/c< 7xl0"15.
This represents a fundamentally new type of test and may have relevance
for other theories of gravity and cosmology.
The second generation experiment reported here was limited by
a systematic effect:
rotating table.

distortions due to periodic accelerations of the

We have shown that these accelerations can be reduced
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to Sug, and by the same balancing technique, even lower, using a more
precise way of measuring the rim speed.

If the speed sensor pulse

frequency is measured with the frequency counter and the numerical
analysis is done by the computer, a measuring limit of less than
lug should easily be possible, unaffected by the joint glitch.

This

should allow dynamic balancing of the table so that periodic rim
accelerations caused by the spin axis tilt are negligible.

This table

tilt will affect the laser cavities and cannot be reduced below lu
radian.

By monitoring the tilt directly with a low noise precision

accelerometer and subtracting off a scaled value from the lasers'
response, the effect on the lasers can be reduced two orders of
magnitude.

With the current laser box and support, the systematic

limit of periodic length changes due to this effect will be M / l
% 6x10 16.

It might be further lowered by testing other supports for

the laser cavity.

It is not important to get much below this limit,

as the white noise from the servo loop will require three hours of
averaging to get to this limit.

By taking readings over a long period

of time and searching for sidereal variation, the ultimate limitation
is v/c ^ 4x10 9.
Rotating these lasers offers the additional test for a
variation in the absorption frequency of the methane molecule to a
limit of Av/v v 6x10 18.

Unlike the other tests of Mach's Principle,

this involves a vibrational transition in a molecule and may be more
sensitive to some long range cosmic fields.
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Our third generation ether drift experiment searches for a
velocity dependent interaction of the lasers’ beat frequency.

Though

this early work was plagued with mechanical problems at first, they
were all subsequently removed.

With well constructed laser cavities,

it is not unreasonable to expect their behavior with a 4g centrifugal
acceleration to be similar to their behavior when at rest.

We have

demonstrated that it is possible to construct portable, rugged
frequency stabilized lasers.

For future high precision work, the

cavity should be redesigned to allow the use of commercial plasma
tubes.

With this improvement, we have shown that the expected ultimate

limit to this experiment is v / c <10 10.
The result of these preliminary experiments is that these
upper limits are within the realm of possibility.

They are each of a

fundamentally different nature, and may represent sensitivity levels
of cosmic significance.
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