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EXPERIMENT ON RELATIVISTIC
RIGIDITY OF A ROTATING DISK

Prepared by:
T. E. Phipps, Jr.

ABSTRACT: Several theories have suggested the possibility that the
space-time metric of a rotating disk could be nonstatic as well as
non-Euclidean. These, and also a theory of optical aberration based
on the Thomas precession of vectors, predict a (real or apparent)
decrease in angular velocity with radius, even in an ideally "rigid"
disk, with a rim lag time per period of av?/c?, where v is rim speed,
c is light speed, and a is a constant between 1 and 1/6, depending
on the theory. A spinning-disk experiment was done at the Naval
Ordnance Laboratory (NOL) over a four-month period of continuous
rotation to look for such effects. Observations on a small stainless
steel disk establish that a = (-1.90 ¢ 3.36)x10"* and that almost
surely |a| < 6x10~*. Consequently the existence of either kinematic
or optical effects of rim lag of physically (approximately) rigid
structures is highly unlikely. Implications for the problem of
logical consistency of relativistic extended-structure kinematics
are discussed. The most immediately significant outcome of the
experiment is that the nonexistence of the optical analogue of the
Thomas precession casts doubt on the Thomas effect as physics, and
suggests the need for further experimentation. Resolution of this
question will be necessary to permit meaningful interpretation of
the behavior of a high-precision gyroscope in a long-term earth
satellite orbit. As with much basic research, the relevance to Navy
interests is to be found in the questions raised, rathei than in
those directly answered.

NAVAL ORDNANCE LABORATORY
WHITC OAK, MARYLAND
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Experiment on Relativistic Rigidity of a Rotating Disk

The work reported here, supported under Foundational Research Task
No. MAT-03L-000/ZR00-001-010, is vart of a systematic effort to
clarify by experimental observations certain issues arising in the
relativity theory of accelerated extended structures. These issues
affect, for example, the operation or observation of high-speed
gyroscopes that must for purposes of accurate navigation maintain
extreme precision over very long times. Whercas the Navy has no
current operational requirement for long-term automated precise
navigation, a future requirement of this nature is conceivable.

The author wishes to acknowledge the cooperation of many individuals
at the Naval Ordnance Laboratory and elsewhere whose assistance
enabled the observations to be made exveditiously and at low cost.
Specific acknowledgments appear on pages 50-51.
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Chapter 1
THEORY

INTRODUCTION

1. The present report describes a small physics experiment done
recently at NOL in an observationally little-explored field, the
relativistic properties of extended structures. Specifically, obser-
vations were made on a high-speed rotating disk to determine (a) its
kinematic rigidity properties, (b) whether the disk metric was static
or nonstatic, and (c) any possible 2ptical aberrational effects at
the v?/c? level, related to the Thomas effect accompanying circular
motion.

2. The remaining sections of this chapter establish motivation
for doing the experiment. 1In a word the experiment represents an
integral part of a systematic attempt to clear up conceptual diffi-
culties concerning the kinematics of extended structures and "rigid
bodies," which have plagued special relativity since its inception.
These difficulties have never shown any sign of diminishing, despite
the steady accumulation of an extensive specialized theoretical
literature aimed at that objective. The experiment to be described
clears up very cheaply (for less than $2000, plus the investigator's
time) speculations that have lain unresolved in the theoretical
literature for over 25 years and continue to form the subject matter
of theoretical disagreements.

3. In informally declining to fund this project, the Office of
Naval Research questioned its "relevance." Some words on this sub-
ject may therefore be in order. It is true that even at the
breathtaking speeds promised by Surface Effect or Semi-submersible
Ships the operating Navy will not be troubled by kinematic problems
arising from the Lorentz contraction. Also the Navy is well aware
that even its sturdiest ships possess no fewer than six degrees of
freedom, and so will not be impressed by the revelation that rela-
tivity theorists have for over sixty years conceded to the "rigid
body" no more than three degrees of freedom--even at zero speed.
Efforts to clear up such rabbinical pilpul offer no obvious payoff
to the Navy. But plans have been made to spend large amounts of
government money to put a superprecise gyroscope into a long-term
satellite orbit around the earth in order to test hypotheses
connected with general relativity--a more fashionabl:, hence perhars
more relevant, fiecld. 1In interpreting results, assv-ptions will »»
made not only about general relativistic effects but about special
relativistic v?/c? effects, such as the Thomas precession of a
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gyroscope carried repeatedly around a reentrant trajectory. Anyone
who has to do such interpreting would be well advised to take note
of the present report and related materials mentioned in paragraphs
46-50. These raise some interpretational questions that can hardly
be ignored by people concerned with understanding whatever data may
emerge from such a satellite experimentation program. They might
even be persuaded that some preliminary laboratory experiments would
be cost-effective.

4. Whenever a small experiment exerts leverage on much larger-
scale national enterprises (as most really basic inquiries aimed at
improving understanding do), it it hardly relevant to question
relevance. The proper question is where do the interest and capa-
bility reside. In the present case interest is not a trivial
prerequisite, since, as mentioned, the issues dealt with have been
in the public domain for over a quarter-century without action from
the scientific community, several members of which recently declined
the writer's invitation to do the experiment in their more pres-
tigious institutions. It makes sense to do experimentation in basic
but unpopular research fields in a government in-house laboratory,
because in that environment the publish-or-perish pressures, which
elsewhere seem to reinforce tendencies to fadism in basic science,
are at a minimum. This is a tentative thought that lacks scholarly
documentation.

5. Apart from such generalities, there were several specific
reasons for doing this experiment specifically at NOL. The experi-
ment depended on laser flash photography, a field in which NOL is a
pioneer in developing techniques, with equipment available off the
shelf. It also depended on a reliable, sustained source of clean,
dry, inert, pressurized gas for driving a high-speed air bearing
air turbine (see Chapter 2). This was available from the dry nitrogen
high pressure bottle field maintained for the NOL wind tunnel, a
facility of a type not found at every research institution. Auxiliary
equipment needed for the experiment was also plentifully available
at a laboratory of NOL's size, and could be borrowed on a no-cost
basis. The combination of these assets made NOL uniquely suited for
doing the experiment at minimum cost and effort.

KINEMATIC PRELIMINARIES

6. Kinematics is concerned with the motional freedoms available
to points and to extended structures. Webster's dictionary defines
it as "the science which treats of motions considered in themselves,
or apart from their causes.”" All "objects” in kinematics are
therefore massless pure geometrical corstructs*; and a kinematic
"rigid body" or "metric standard” is any such object that lacks
internal degrees of freedom.

¥Not all authors agree on this terminology. For example Rohrlich,
reference (a), admits mass into kinematics. This erodes the distinc-
tion between kinematics and dynamics, which we shall rigorously
preserve here.
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7. Special relativistic kinematics deals successfully with the
motions of points, described by single world lines in Minkowski space:;
reduces properly (with one minor exception discussed in paragraph 49)
to Newtonian point particle kinematics in the low-speed limit,
v3<<c?; and is in every respect confirmed by observation.

8. The special relativistic kinematics of extended structures,
described by correlated groups of world lines, is in much less
satisfactory condition. The existing theory of the relationships
anong particles at space-like separations admits nc consistent purely
kinematic concept of rlgidity, therefore fails to reduce to Newtonian
rigid body kinematics in the limit v?<<c?; and is in no respect
confirmed by laboratory observations, since it is not feasible to
impart relativistic speeds to extended structures. Special relativ-
ity thus neatly divides into two parts, one confirmed experimentally
and the other unconfirmed.

9. Are there reasons to question the logical links binding the
two parts of the theory? Warning signals on this point began to
appear early in the history of the subject. The first indication of
kinematic problems connected with extended structures was the
Ehrenfest paradox (reference (b)). It suggested that a laboratory
observer could measure no Lorentz contraction of the rim of a disk
set into rotation, contrary to the widespread opinion that all
kinematic objects set into relative motion are measured by a Lorentz
observer as being contracted in the direction of their motion. This
was followed by the remarkable independent deductions of Herglotz
(reference (c)) and Noether (reference (d)), who showed that a
seemingly natural definition of relativistic "rigidity" due to Born
(reference (e)) produced a non-physical result: The Born-rigid body
possessed only three degrees of freedom, instead of the six needed
to y1e1d Newtonian rigid body kinematics in the limit v? <<c?. That
is, given the world line of any single point in the body, the world
lines of all points were determined. One therefore avoided the
Ehrenfest paradox for the "rigid" disk by denying the disk any
kinematic capability to change its rotational state.

10. There seem to be three general methods of dealing with the
"crisis" created by this unexpected* failire of relativistic kine-
matics to yield the right number of degrees of freedom in the
nonrelativistic limit. Method I accepts that the failure is unavoid-
able and that in fact the "rigid body" represents an impermissible
idealization in physics. That is,on pain of logical contradiction,
it is forbidden conceptually t¢o "freeze out" the internal degrees of
freedom of a structure. or to make corrective allowances for what
degrees of freedom remain in quasi-rigid physical structures, as is
done in classical physics. According to Pauli (reference (f)) and
most physicists who have followed him, "rigid bodies" are not allowed,
but "rigid motions" are (a baffling deduction, since kinematics is

*Einstein in 1907 wrote to Ehrenfest that the special theory concerned
only idealized rigid bodies.



NOLTR 73-9

about nothing but motions). To explain the fact that physical
structures exhibit six degrees of treedom, presumably at all speeds,
Method I invokes internal degrees of freedom, via Herglotz stresses
(reference (g)), later sometimes called Dewan-Beran stresses (refer-
ence (h)), material dilatations (reference (1)), etc.

11. The possibility of kinematic rigidity is thus rejected and
is replaced by a sort of "kinematic elasticity.” This is anomalous
because kinematics is not concerned with causes of motion, hence not
with forces, stresses, material properties, acoustic characteristics,
etc.,which normally lie in the province of dynamics or rheology. To
restore the missing degrees of freedom, Method I appeals to the larger
corpus of physics, and thus admits and accepts that there exists no
purely kinematic solution to the kinematic problem. (Reference (i)
states that "... the relativistic kinematics for extended bodies is
not generally self-consistent. The solution of the (Ehrenfest])
paradox ... is intrinsically dynamical ...") In short one is forbidden
to study the possibilities of motions "in themselves, or apart from
their causes,"” within a purely geometrical context, as Einstein
originally set out to do.

12. The chief objection to Method I is that by depriving
relativity theory of "rigid bodies" one has thereby deprived it of
extended structure metric standards, and has thus forced increasing
reliance on light signals for the mensuration of both space and time.
Sincz one has been coerced in this direction by the threat of logical
concradiction, it is nontrivial to observe that logical circularity
then results from Einstein's second postulate of lightspeed constancy.
Method I therefore puts the theory of extended structures into deep
logical troubles, which resonate unpleasantly with the total lack of
observational support of this portion of relativity.

13. Worse still, certain experimental observations suggest that
as physicists we may have been hasty in discarding "rigid bodies".
In Compton scattering from heavy atoms, for instance, the effective
mass is that of the atom, not the electron, so the atomic structure
as_a whole accomplishes the scattering and responds as if "rigid."
(T am indebted to Dr. R. G. Newburgh for this observation.) More
dramatically in the Moessbauer effect the body mass is effective, so
the lattice "as a whole" takes up the gamma-ray recoil momentum.
Here a macroscopic structure behaves as if physically "rigid". Thus
hints from nature as well as logic cast doubt on the mountain of
literature (much of it skillfully reviewed in references (i) and (f)]
devoted to Method I.

14. Now,if physical structures exhibit six degrees of freedom
at all speeds, it would seem that there thus exists a kinematic
attribute independent of speed. Consequently the permissibility of
the corresponding kinematic idealizations should also be speed-
independent. One should hence not have to invoke forces or other
extra-kinematic concepts to formulate or solve the kinematic problem
at any speed. Methods II and III pursue this line of optimism. It
is not conceded that no purely kinematic solution to Einstein's

4
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original problem of 1905 exists. Instead, it is permitted to look
outside the realm of theoretical formulations Einstein examined,
subject only to the restraint that the experimentally confirmed
portion of the theory -~ viz., whatever is describable by the
Lorentz transformation as applied to single world lines -- be
rigorously kept intact. These methods aim at recovering Newtonian
rigid body kinematics in the low-speed limit and at sacrificing none
of the idealizations inherent in low-speed kinematics. Being thus
celiberately more geometrical and less "physical" in con%tent than
Method I, they conform more closely to the spirit of Einstein's
oriqginal inquiry.

15. In introducing these other methods it should in honesty be
said that they are not part of the accepted "art," but are more o~
less the penchant of the writer -- a fact that counsels caution to
the reader. Moreover, the entire subject area tends to be devalued
or ignored by most physicists, including relativity authorities. For
instance a book on Paradoxes in the Theory of Relativity (reference
(j)) appeared in Moscow in 1966 in which the author, a resvected
Soviet nuclear and cosmic ray physicist, makes no mention of
Ehrenfest, Herglotz - Noether, rigidity, or rotation. Similarly,
the editors of the Physical Review consider special relativity so
cut-and-dried that they have paired it in their subject index with
"Acoustics.” We shall nevertheless persevere as if the fundamental
research interest of the subject transcended acoustics.

16. Method II employs a non-idinkowskian geometrical representation
of events, based on "space-proper-time" (SPT). The approach is to
try to extend the single-particle theory of reference (k) to the
multi-worldline case. The starting point of this thcory is the
recognition that the &orentz transformations, which keep invariant
the form dt? = dt? - =, (dx? + dy? + dz?), preserve also tle
equivalent form ¢

dt? = dt? + }:2 (Ax? + dv? + dz?).

The latter sugqce.ts the geometrical interpretation that dt is an
element of distance in a Euclidean 4-space, referred to as SPT, whose
axes are labeled by (x/c, y/c, 2/c, t1). It is shown in reference (k)
that for a single particle the resulting SPT kinematics fully repro-
duces Minkowski space kinematics and that the two are related by a
simple geometrical convention. It is this single-particle portion of
the theory, as we have remarked, that is obhservationally confirmed.

17. In order to extend SPT theory in the simplest way to the
description of extended structures it is necessary to make a physi-
cally dubious, bhut not hitherto observationally refuted hypothesis:
viz., that there exists such a thing as the proper time of a struc-
ture. That is, the structure is presumed to posscss an inherent
physical integrity; or oneness, mathematically exvressible through

the assignment of a single descriptive proper time parameter 1 to all
of its individual parts. (Such an hypothesis has been applied to the
classical finite-sized clectron [reference (a)], but not, to the
writer's knowledge, to structures in general.)

5
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18. It turns out that this hypothesis has observational
consequences, worked out in Section 3 of this chapter. Suffice it to
say that kinematic rigidity in SPT implies kinematic elasticity in
Minkowski space, and vice versa; so one cannot by ourely theoretical
considerations conclude that a logical failure of the rigidity concept
in Minkowski space necessarily implies a failure of rigidity in SPT.
The geometry of event representation is intimately linked with avail-
able kinematic freedoms. A rotating disk that is rigid on hyperplanes
of constant 1 in SPT exhibits in Minkowski space a radial dependence
of angular velocity — i.e., an "elasticity"” on hyperplanes of constant
laboratory time t, such that an initially straight radial line
progressively curves backwards (as long as rotation continues) at a
rate proportional to v‘/c’?. This implies an observable "kinematic
lag,"” increasing quadratically with radius and linearly with time.
Alternatively, it may be said to imply a non-static disk mctric in
Minkowski space, though a static one in SPT.

19. Method II thus treats the Ehrenfest problem by the hypothesis
that Born rigidity applies in SPT rather than in Minkowski space.
[t represents a sort of "last stand" for the traditional relativistic
parameterization, based on application of the same homogenrcous
Lorentz transformation to all parts of an extended structure. It
merely makes an essentially trivial transfer of the theater of appli-
cation of this familiar parameterization to a new geometrical 4-space.
The game is played by the same rules but in a different space.

20. Method III adopts a much more radical approach. It notes
that the problem of getting six degreces of freedom, instead of three,
into the description of extended structures in Minkowski space is one
of getting extra mathematical parameters into the formalism. There
is one obvious, untapped source of extra parameters, compatible with
preserving the single-particle theory. This involves exploiting the
l0-parameter inhomogeneous Lorentz transformation group, instead of
relying — as all current formulations do — on the 6-parameter homo-
geneous group. To contemplate freeing the "bound degrees of freedom"
by a change in the basic parameterization of relativity theory (such
that each particle of a structure is assigned its own "private" space-
time orgin, designated by four new parameters, independently assigned
by each Lorentz observer in such a way as to grovide for Lim a kine-
matically consistent "rigidity") courts several varieties of heresy.
(I need mention only that the lLorentz contraction need not occur.)

It has drastic implications for our understanding of metric properties.

21. The basic philosophy of Method III is clear: For N particles
at spacelike separations [as von Laue, reference (1), first pointed
out) there are 4N degrees of freedom in space-time, and anyone who
wants to describe a collective with 6 degrees of freedom can obvi-
ously do so by judiciously discarding ("freezing out") all but six,
instead of all but three. One falls into the "all but three" trap
only by taking the popular short-cut of choosing the same space-time
origin for all particles, thus wantonly discarding all the translatory
parameters of the full (inhomogeneous) Lorentz group. This approach
(of not discarding too many parameters) sounds very attractive, even

6
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inevitable, but has such remarkable consequences that a short
exposition is impossible without an appearance of "anti-relativism” —
which would incur the wrath both of amateurs and of that rather
plentiful brand of experts in whose eyes long familiarity with their
territory has transformed even its ugliest features into beauty spots.

22. Method III in effect calls for a "revolution of parameteri-
zation." 1In a sense the 1905 Einstein revolution was also one of
parameterization, inasmuch as its most radical feature was the
assignment of separate space-time parameters to each inertial frame.
If one also needs to assign separate space-time origin parameters to
each particle within a frame, the implications of this second-stage
revolution could be equally far-reaching.

23. In summary, Method I of dealing with the Ehrenfest paradox
and related problems, by abandoning kinematics in favor of dynamics,
is popular because it lets the physicist do his thing. But it over-
looks the fact that the kinematic problem, though in a sense part of
physics, is primarily geometrical and logical in nature. It is in
fact truly pre-physical. Hence all abandonments of kinematics leave
its logical problems not only unsolved but unaddressed; thus courting
circular reasoning in a (metrical) part of the theory that is supported
by logic alone, not by observation.

24. Method II, the approach primarily treated in this report,
proposes a different (non-Minkowskian) geometrical formulation for
the simple description of extended structures. It involves no basic
change in parameterization, but merely transfers the scene of "Born
rigidity" from Minkowski space to space-proper-time. Its virtue is
that it submits itself to experimental judgment.

25. Method III is genuinely revolutionary at the basic parametric
level. It involves abandoning the 6-parameter homogeneous Lorentz
group for the l0-parameter inhomogeneous group, in order to obtain a
consistent relativistic kinematics that properly reduces to Newtonian
rigid body kinematics in the low-speed limit.

26. Methods I and III are not observationally distinguished,
since I claims to be, and III is,compatible with straight lines on a
rotating disk remaining straight to all orders in (v/c). Method I
encounters severe logical difficulties (insolvable in purely kinematic
terms) in explaining how a real disk can thus appear to be "Born
rigid," when the physical existcnce of any Born rigid object is
considered to be logically forbidden. Method III neatly clears up
this logical difficulty by shifting the ground rules of problem param-
eterization, but it has other implications that would make it ideo-
logically unpopular with relativity dogmatists. One does not want to
launch into Method III lightly.

27. Since Method II is observationally distinguished from the

others, clearly the rational first order of business is to dispose of
it. This means doing a rotating disk experiment and observing whether

7
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or not straight lines on the disk stay straight. In the following
sections we discuss additional motivations for doing this kind of
experiment, elaborate on the predictions of Method 11, and mention an
interesting optical aberrational effect related to the Thomas preces-
sion, which might also be observed in the experiment. That will
conclude our attempts at motivating experimentation. The second
chapter will describe the experiment, as done, and its results. ‘The
final chapter will examine the implications with refereicec to the
present discussion.

NONSTATIC METRICS

28. The notion that the Minkowski space metric of a rotating
disk should be non-Euclidean (curved) in its spatial part, which is
orthogonal to an uncurved time part, was originally endorsed by
Einstein and has become incorporated in the standard lore of rela-
tivity. It is consistent with the Method-1 picture of a stressed
rotating disk, relative to which comoving unconstrainel meter sticks
contract. There has been a rersistent literature, much of it summa-
rized in references (m) and (n), to which more recently reference (o)
may be added, compatible with the idea that, if any curvature at all
occurs (contrary to the necessary vanishing of the covariant Riemann
curvature tensor in all frames of reference in any "flat space” such
as that of the laboratcry), this curvature ought to occur in the full
space-time sense and should therefore include the time dimension. In
other words, if the theory is going to contradict itself, it ought to
do so in approved space-time symmetrical style.

29. From this arises the hardy perennial idea of the time-dependent
metric. Most people who have this idea are quickly embarrassed by
it and end up indicating their skepticism (cf. reference (p)). Skep-
ticism is certainly in order about many points in the theory, this
one no more than some others. For if in a certain space-time region
there were a spatial curvature detectable by some observers and not
by others (a truly insane proposition which would have given headaches
to Gauss and Riemann), it is at least a consistent brand of insanity
to ask that it be a space-time curvature.

30. One cannot leave this topic of the "non-Euclidean nature of
the disk geometry" without posing a few questions for those physicists
who are convinced that "the space of the disk is curved." When did
space start belonging to structures? Where are the limits of this
curved space ... one millimeter above the disk surface? Or is it
the material of the disk, rather than "space," that is curved?

Curved into what, a fourth spatial dimension? The writer has become
persuaded that all of the contradictory verbalism about curvature

in a flat space originates in bad kinematics. Nevertheless, let us
march on as if no doubts existed.

31. We consider typical rcasoning that might lead to a nonstatic
metric hypothesis. The classic example of a relativity effect
involving single particles is the "coming back late" of a charged
particle in circular orbit in a high-enercy accelerator. If we confine

8
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attention to low speeds, v’ << c?, the time late per period is
(1/2)v’/c?*. Normally, this tardiness is attributed to mass increase
of the particle; kut the lag time is actually mass-independent and
depends only on particle speed. Suppose we therefore think of the
effect as kinematic. Then it should not have to do with forces, but
should apply to any particle or group of particles, moving at orbital
speed v, whether inter-particle forces are present or not. By this
reasoning the particles at radius r could be replaced by a rotating
rir.g of solid material, each particle of which "comes back late" by
the prescribed lag time. One might then consider r variable and
contemplate a series of concentric rings comprising a disk-like
structure. Could the rings fuse together and form a solid disk, or
would they require separacion for mutual slippage? (Recall that v’/c?
differs at each radius, so we have trouble imparting a common angular
velocity.) It is difficult to answer, without some basis in observa-
tion. The question is, which internal degrees of freedom of the
would-be "structure" can be legitimately frozen out. The writer does
not at the present time know any method to answer this by pure reason.
Some other students of the subject acknowledge a similar incapacity.
For example in a comparable instance Arzeliés (reference (n), p. 238)
states, "Only experimental confirmation can provide a possible justi-
fication of these hypotheses, which are effectively definitions of
the rotating body." 1In any case, if the rings are fused together
without affecting the kinematic lag at each radius, it is clear that
an initially straight radial line on the disk surface will curve back-
wards quadratically with radius and linearly with time. The resulting
effective radial dependence of anyular velocity, as measured in the
laboratory, is
2,.2 \

w(r) = w(0) {1 - .;.%_“’_'-+ 0((5%“’—’)"1}, r?w? (0) << c?. (1.1)
The implications of a relation such as (1.1} for the nonstatic nature
of the metric will be discussed presently.

32. Various nonstatic metric theories are referenced in Table 1.
No attempt will be made to derive these authors' results here, since
the reader can consult the indicated references. However, Takeno's
result is interesting and an elementary discussion of it will
illustrate the type of considerations that can conter.

33. Consider several circular disks in various states of
rotation about a common central axis. We might expect their relative
angular velocities to possess a group property, just as colinear
relative translational velocities do (reference (m), p. 33). In fact
this is the case; but the further natural expectation that the group
additivity law be independent of disk radius is wrong, if the usual
assumption of Born r.gidity of the disks,

ui(r) = rw, , w; = constant, L o 1 ,2,0000 (1.2)

i
is valid, where u, is the tangential speed of a point on the ith disk

at radius r. For we see at once from the Einstein composition law
of tangential speeds at radius r that
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Table 1

RELATIVITY EFFECT CONSTANT « FOR A ROTATING DISK, WHERE (LAG TIME/
PERIOD) = a v?/c?, ACCORDING TO THE TENTATIVE AND SPECULATIVE
NONSTATIC METRIC THFORIES OF SEVERAL AUTHORS

Effect’®
Author Reference Constant a
Rosen (p) 1/2
Hill (q) 1/2
Present Work This Section 1/2
(Eq. (1.1)]
Present Work Paragraphs 39-41 1/72
{Eq. (1.25)]
Takeno (r) 1/3
Weinstein (o) 1/6
Born, Herglotz, (e}, (€),... 0

and all others

'A positive value of a indicates a lag or retardation in the
sense opposite to that of disk rotation.

10
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u, (r) + u,(r)
u,(r) = — ' (1.3)

u,(r) - u,(r)

1l +
c?
whence
w, * w,
Dy = : i (1.4)
riww,
l + ———
c?

a law that shows an r-dependence of ora of the w's. Therefore, as
long as Born rigidity applies, the group add.tivity law cannot take
the simple form

F(wy) = F(w;) + F(wz2), (1.5)
but must take the more restricted form
Fr(w,y) = F (w)) + F(w,). (1.6)
[It is easily verified that the necessary function of form (1.6) to
agree with (1.4) is
rwi
Fr{wj) = 1ln i_i__g_ , i=1,2,3.
ruwi
i - ==
c

This result can be derived, for example, by treating w, as infinites-
imal and integrating the angular velocity analogue of the Fresnel

drag law,
rzw:

c2

Ju, + O0(wd) ,

w, T w, + (1 -

which follows from (1.4).]

34. Under Born rigidity it is thus shown that there exists no
radius-independent group property of relative angular velocities.
Since Born rigidity is known (Herglotz - Noether) to introduce logical
contradictions, we might discard (1.2) and ask what law would replace
it if we postulated radius-independent group properties, equation
(1.5). In this case (1.2) must be generalized to

uj(r) = rwjlr), i=1,2, ... . (1.7)

We shall confine attention to a special case; viz., that in which
(1.5) takes its simplest form,

w, T w tuw,, (1.8)
and in which u;(r), though no longer equal to r wj, is at least some
function of r w;. From the latter requirement ané (1.7) it follows
that

wilr) = wif(rwj) , £0) =1, w;(0) = wj. (1.9)

11
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In the relationship

w, f(rw,) + w, f(rw,)
w, flrw,) = 7 ’
’ e 52- w0, £lre,) £(re,)

which follows from (1.3), v2 treat w, as infinitessimal and obtain

2
wy, flrw,) = w, f(rw,) + w, f(rw,)[} - 5? w: f’(rwzi] + o(m:).

Using (1.8) in this, we get

[:f(r(wl + w,)) - f(rw,i} f(r(vw, + w,))

rw, r

f(rw,)
+ - [1 - r_:_ w? fz(rwz)} + O(wl).

2
r C

Letting w,+o, with rw, x, we have

af(x) _ _ £(x) . £(o) [1 - ﬁ fz(x):l.
- 2
C

dx X X

Multiplying by th? integrating factor f ' 'ax, using f(o) = 1, and
letting u = x , we obtain

Cu = dx (u? - l?) ,

c
which integrates to yield Takeno's result,
w;(r) = £ tanh (fﬁg), i=1,2,3. (1.10)
c

For a real disk ruw;<<c, and we have avproximately

o, (£) ¥ wy {1 -1 (L) + o[( )]g (1.11)

from which follows the factor a = % in Table 1.

12
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35. Thus the simple group additivity property (1.8), postulated
to apply independently of radius, requires that the disk exhibit a
"kinematic elasticity” in Minkowski space, which manifests itself as
a radial dependence of angular velocity. The minus sign in (1.11)
means that this is a lag increasing quadratically with radius, as in
the previous case, equation (1.1).

36. Suppose the radial linc “c b2 marked with centimeters. As
rotation continues, the line, in the view of a laboratory observer,
curves irncreasingly and stretches out. Hence (most rapidly near the
disk rim), the local "centimeter" is changing its definition with
time. One therefore terms the metric nonstatic. But what does a
nonstatic metric mean? Whose metric is changing? The laboratory
observer's? He has a perfectly serviceable static, flat-space metric
for everytiiing he could want to measure. The disk rider's? Obviously
not. (lle is being stretched right along with his metric, so he can
detect no time change of his centimeter.) The metric "of the disk"?
Though such terminology is used loosely throughout this report, we
have already raised questions about it. On reflection, it secms that
the "metric" that is changing is one that is in some sense attributed*
by the laboratory observer to the disk-riding observer. 1If so, it is
a rather peculiar hybrid. Perhaps it is not ridiculous to contem-
plate that such a "metric" could change in time. For it appears to
be the metric of an uninhabited world -- irnasmuch as no observer's
instruments record a time change of his own space's metric properties.

37. Table 1 indicates that a number of theoretical variations
have been played on this theme. All predict "kinematic lag" rates
proportional to v?/c?. There is one rare saving grace in these
theories: they submit themselves to experiment. For whatever "non-
static metric" may mean to anybody, an alleged curvature of a radial
line means something definite to the laboratory observer: to wit,
he should go into his laboratory and observe.

SPT RIGIDITY

38. In this section, following the Method II just discussed, we
examine implications of the hypothesis that the rotating disk is
rigid in space-proper-time (SPT). Our analysis will not be restricted
to uniform angular velocity, but will consider arbitrary time varia-
tions. We shall not repeat the single-particle SPT analysis of
reference (k), which the interested reader can consult. Suffice it
to say that SPT is rightly a "private" space of the individual
particle, because proper time, used as a coordinate in that space,
is unique to the particle. 1In supposing that a common proper-time
parameter can be assigned to all particles of an extended macroscopic
structure, we are admittedly making a questionable hypothesis -- but
one not explicitly refuted by past observations, t- the writer's
knowledge.

*Berenda, reference (s), distinguishes "intrinsic" from "relative"
geometries, but to name is not to explain.

13
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39. Suppose the disk's central angular velocity is known as
some function w,(t)> o of laboratory time t (equivalent to proper
time T at the disk center). Consider a radial line L on the disk
that is straight when the disk is at rest in the laboratory. Let
the rotation start at time t = o, with w,(t) = o for t<o. At some
laboratory time t>o, we inquire through what azimuthal angle ¢(r,t)
the line L has turned in SPT. The answer depends on radius as well
as time. At the center, L has turned through an azimuthal angle

¢(o,t) = _/; wo(t!) dt'. (1.12)
(]
At radius r the angle is T(t)
¢(r,t) = ,/’ d¢ . dr, (1.13)
2 dt
where
t 7 2 (¢
T(t) = 6{’ dt'\Jl = !—éE—L » (T(t) & ¢t), (1.14)
c

is the proper-time coordinate value in SPT associated with laboratory
time t. The condition of disk rigidity in SPT requires that the
"proper angular velocity," d¢/dt, be a constant independent of radius,
in order that radial straight lines in SPT remain straight lines on
all hyperplanes of given 1. The constant angular velocity in ques-
tion must be equal to w,(t) = w,(t), the central angular velocity in
both SPT and Minkowski space. That is,

4% - w, (1) (SPT Rigidity Conditicn). (1.15)
dt
Using {1.15) in (1.13), we have
T(t) T(t)
1 1
$(r,t) = f w, (t)dr =! w,(t7)dt . (1.16)
(o)

Comparing (1.12) with (1.16) and noting (1.14), we see that

¢(r,t) < ¢(o,t), so the rim lags the center. This is true in the
laboratory as well as in SPT, because Minkowski space and SPT are
identical in their spatial dimensions and differ only in the ortho-
gonal time dimension. We note that L is straight in SPT only on
hyperplanes of constant t. Our interest centers on what the
appearance of L is at the instant of laboratory time t, such as
might correspond to simultaneous illumination of all parts of L by
a flash of light; so L curves in SPT on a surface of constant t --
and by the previous remark curves identically in Minkowski space.

14
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40. The azimuthal angle of lag at radius r relative to the
center at laboratory time t is
A¢(t) = d(o,t) = é(r,t) (1.17)

T(t)
= fwo(t')dt' -bf w, (th)at'
o

t
.f w, (thae! .

T(t)
If we define the quantity

t
2 1
At = bfde;’ 1 -\ll - "——:-t—’- , (1.18)
C

which by (1.14) obeys t(t) = t - At, then (1.17) can alternatively
be written

t
A6 (t) =jw°(t’)dt'. (1.19)
A

This is our basic result for the angular lag observable in the
laboratory.

41. We now proceed to make a few approximations that will put
(1.19) into more usable form without impairing its practical validity.
Let us consider r to b2 the radius of the disk. If the rim speed

v(t!) is at all times very small compared to c, then At<<t and we can
neglect fourth and higher powers of v/c, so

t
- 1 - _lviel) : 1 2(p1)qp!
. fdt[ a -z +..):| = [vienaer,

2ct o

To the same order of accuracy v(t') * rw (t'), and

ol e g
£ = I a2 (ehaet, (1.20)
2c? 6

If, during the very short time interval (t - At) to t, the instan-
taneous central angular veloci‘y w, (t') is essentially constant,
(1.19) reduces approximately to

15
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t
Bo(t) * w,(e) [ at! = w (t)at (1.21)
t-at
t

. r?
2w (t) - fu:(t‘)dt'.
2¢c? S

If we define a root mean square angular velocity by

‘ t
wms(t) s\l % fw:(t‘)dt' ' (1.22)
(o]

then (1.21) may be expressed as

2
BO(E) F 0 = wy o (8) - Wl (t) -t

€ (1.23)

where we have written w . (t) for w,6{t) to emphasize the distinction
between instantaneous aﬁa fms quanti&ies. The lag distance at the
rim is rd¢, and the time lag there is

- EA0(t) . ra¢(t) - : ]
“lag T VIE) T0ingt (8 oT “ims(t) * t. (1.24)

After one period of rotation we have

2
(Lag time/period) = a = w2 _(t), a = 3, (1.25)
C

and if welconsider the rim speed v as an rms value, v(t) = r”rms(t)'
then a = vl is the a-value listed in Table 1.

42. Equation (1.23) is the fundamental relationship on which
the experimental design, discussed in Chaoter II, is based. If the
angular velocity is roughly constant over the duration t of the
experiment,

~

"

w 0, (1.26)

Yinst  “rms

then -

Ad(t) = a == ¢, (1.27)
c!
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which is also a useful relationship for some purposes.

43. The fact that w (t) is a factor in (1.23) means that if
the disk stops rotating énéﬁ A¢+0; i.e., the lag disappears as the
rim "catches up" almost instantly. Actually, equation (1.19), the
exact relation, shows there is a "catchup time" At, but this is of
the order of microseconds ir. a practical experiment. It corresponds
to the aqging difference between a "space-traveling twin" on the rim,
who stays young, and a "stay-at-home twin" at the center, who ages
differentially by amount At during the unwinding of the curve L.
(That is, at the moment the rim stops the traveler's age is t(t),
whereas the center observer's age is t = t(t) + At. In the labora-
tory the center stops a time At before the rim does.) Thus our
description is compatible with the usual differential-aging result
of the twin paradox, as it must be according to the analysis of
reference (k).

44. Suppose that w ¢ is constant for a very long time, then
for a short time dips daaﬂ nearly to zero, but not actually to zero,
and then is restored to its iformer value. Equation (1.23) estab-
lishes the remarkable result that this temporary speed decrease has
almost no effect on the observed curving of L. During the dip in
angular velocity, the lag angle A¢ proportionally decreases. But
after the dip the factor w returns to its original value, and

, as given by (1.22), }Q fittle affected because the total
r5@§t1on duration t is large and a short-term notch in the integrand
alters the value of the integral very little. Hence A¢, after the
dip, is restored practically to its value just before.

45. 1In short, as long as rotation continues, the disk displays
a kinematic "memory" for what it has "learned" by past rotation.
The agent of this memory is the integral in equation (1.22). This
observation is of great practical usefulness, because it means that
a temporary speed decrease of the disk does not necessitate
restarting the experiment.

OPTICAL EFFECT

46. An internal NOL publication concerning a possible v?/c?
optical effect, termed the "Thomas aberration," deals in detail with
the matter to be discussed in this section. This information is
available from the present author on request. A short summary
follows.

47. Most texts in treating the aberration of light consider only
the simplest case of a source in uniform translatory motion. 1In the
case of light reflected from a rotating disk the source (any point
on the disk surface) is continuously accelerated; so one would not
be surprised to find in addition to the normal first-order (v/c)
aberration also somethlng appearlng at the v?/c? level. What is
perhaps surprising is that the v?/c? effect turns out theoretically
to be time-cumulative (the surprise may be reduced by observing that
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v? is direction-independent); so that eventually it overpowers the
first-order effect and should be detectable even where first-order
aberration is completely negligible.

48. The basis for this remarkable possibility is an argument by
strict analogy with the derivation (reference (t)) of the Thomas
precession of spins. From the group properties of the Lorentz trans-
formation it is known that successive "parallel-axis" Lorentz
transformations with nonparallel velocities produce nonparallelism
of axes. This means a turning or precession, relative to fixed
laboratory axes, of axes judged coparallel by any observer performing
circular motion in the laboratory. From this geometrical or kine-
matic turning of axes, Thomas (reference (u)) in 1926 inferred a
precession of physical ezlectron spin vectors in the laboratory, and
from this a precession 2nergy needed to correct the imperfect spec-
troscopic theory of the time. Since then virtually all physicists
have considered this physical turning of the spin vector in the
laboratory to be observationally confirmed.

49. However, the following reservations are in order:

a. The axis precession is torque-free, hence without
visible physical source of energy.

b. The torque-free turning of a physical vector, as
distinguished from coordinatc axes, violates both Newton's laws (in
the Newtonian limit of low-speed circulation for a very long time)
and Mach's Principle (according tc which the fixed stars, which do
not precess, determine local iner: al properties, of which spin
angqular momentum would seem to be one).

c. The Dirac electron theory, which appeared soon after
Thomas's work, cleared up all problems of spectroscopic energy without
appeal to gecmetrical pictorializations, such as were involved in
Thomas's model of the electron as a vector-bearing object carried
continuously around a circuit.

d. The quantum theory of measurement, though hardly a
thing of beauty, is probably correct in casting doubt on any physical
view of an electron spin as "carried around" a circuit. Rather, the
spin direction is considered to be created in or by the act of its
measurement, and prior to that act no meaning is conceded to "spin
direction."

50. For these and other rcasons an agonizing reappraisal of
Thomas's "effect," including experimental work to test directly
(rather than indirectly by inference from spectroscopic energy
evidence) the geometrical aspect of Thomas's claim that spins change
their directions in the laboratory under torque-free conditions,
seems long overdue. There is no question that the coordinate axes
of a disk-riding observer precess reclative to the laboratory axes.
But from this the great leap to an assertion that physical vectors
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similarly precess is fraught with perils that any physicist by
definition must recognize. The physical vector has to precess
relative either to the laboratory observers or the disk comoving
observers. But that it must be reclative to the former, and not the
latter, is not a deduction from relativity theory but a new physical
postulate at variance with all rrevious postulates. The justifica-
tion that "it works" (with refercnce to srectroscopy) may have
satisfied Thomas's contemporaries, but it should not satisfy today's
sophisticates. For we have the example of Sommerfeld's fine-
structure theory to remind us that the Dirac electron made obsolete
certain other "relativistic" artifacts that had "worked" in the
preceding era.

51. Setting aside such caveats and accepting at face value the
Thomas precession of physical vectors, we observe that this preces-
sion ought to apply pot only to a spin vector but to ary physical
vector, such as the k-vector (Ikl = 2n/)) of light pronagation
produced, say, by flash illumination of the disk surface. The k
vector is not physically "carried around" continuously, anymore than
the spin vector is -- but if the same formal component-transformation
law is applied a similar precession results. By considering the
geometry it is easily shown that, like the total angle of Thomas
spin precession, the total angle of turning of the k-vector increases
linecarly with time and quadratically with tangeontial speed or radius
of the radiation source point on the disk surface. The effect of
this turning resembles first-order aberration in that it produces an
apparent image displacement. 3ut the time~ and radius-dependent
nature of the effect implies a progressive apparent curving of an
initially straight radial line, which is observationally indistin-
guishable from effects already discussed as possible "kinematic
lags.” It can be shown that after rotation for time t af. uniform
anqular velocity w the total apparent azimuthal lag angle of the
optical image of a source point at radius r is

‘ = r 3l

%opt. = 7 °

This agrees in functional form and algebraic sign with the kinematic
lag effects discussed in the preceding section [compare equation
(1.27)), and even agrees in magnitude with several of the theories
listed in Table 1.

52. The optical effect, here called "Thomas aberration,”
described by cruation (1.28), differs from the kinematic effects
only interpretationally. 1Tt is interpreted as an apparent image
displacement, as scen by a telescope, ecye, or camera that views the
disk from along its aiis; whercas the lkinematic effects are inter-
nreted as “real" in the same sense that Lorentz contraction is real.
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Neither, either, or both the optical and kinematic effects may exist,
If both exist they will add, and the resulting net value of the
effect constant is

< 1. (1.29)

¥ aopt. =

%eotal ~ @

All effects are in the direction of a lag (retardation opposite to
the sense of disk rotation), so an observed total absence of line
curvature will unambiguously refute all curvature theories discussed

in this chapter.

WOULD PRIOR OBSERVATIONS HAVE REVEALED AN EFFECT?

53. If a time cumulative v?/c? effect of line curvature
oxisted in nature, would it have been discovered through intentional
or unintentional prior observations? Since the effects are kinematic
or aberrational in nature, they disappear when motion comes to a
halt -- just as the Lorentz contraction does. Hence the observations
would have to be of the nature of high-speed photographs taken while
the motion was in progress. One can rule out wheelspokes, aircraft
propellers, and large-scale rotating machinery as orders cf magni-
tude off from the required speeds and durations. It is shown in
Chapter II that small geometries are favorable to large angular lag
rates, so the likeliest place to look for such effects would be
long-term onerations of vacuum ultracentrifuges with small rotors.
Professor J. W. Beams has conducted extensive experiments with such
devices for many years. He was of the opinion that had such effects
existed he would have seen them. However, to show the effect in
question, a single mark on a rotor does not suffice. One needs at
least two marks at different radii, preferably a radial line. And
one needs to observe it by very high-speed ston-action photogravhy,
with a camera located somewhere roughly alona the axis of the rotor.
To look at the disk by eye is of no avail. The writer has not been
able to determine from the ultracentrifuge configurations published
by Professor Beams and hie coworkers how a camera and flash equip-
ment would have been arranged to make the necessary observations.
This seems to remain an open question. There is no doubt that
Professor Beams's magnetically-suspended rotors are ideal experimental
vehicles for performing the necessary observations.

54. Dr. C. W. Sherwin suggested that computer memory disks,
which rotate for long periods at high speeds, might by an appearance
of bit migration near the rim reveal the effect in question. His
calculation shows this to be quite plausible. The fact that no such
undesirable data "migration" has ever been reported is strong
presumptive evidence against the kinematic hypotheses, though it
does not bear on the optical aberration.

$S5. Dr. D. H. Weinstein, the author of reference (0), performed
some months earlier a version of the ecxmeriment described in Chapter
II. His results were negative, but provided no quantitative bound
on |a]. They have not beer published. The present writer did not
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consider Dr. Weinstein's results entirely conclusive, even qualita-
tively, because of adversc factors: (1) the disk diameter of 1.5
inches was somewhat large for best results by the criteria of Chapter
II, (2) the rotation (in air) was interrupted by power failure after
three months, (3) photographs were taken with a flash duration of
0.5-1 microsecond, which (taken with the above factors) is lonn.

56. Tinally, there is the question of the earth as a rotor. As
residents of th2 earth, we are "disk riders" who would not see cither
the optical aberrations or the kinematic effects that an external
observer mi~ht. We would participate unwittingly in any distortion
of our metric. Therefore in princinle none of our ohservations would
bear on the matter. And even if we became detached external observers
who looked down on the earth along the north polar axis and vainted a
fiducial stripe alona a line of longitude, after a few hundred million
years, when the apoearance of distortion becime appreciable (the
earth's crust near the equator, for the a = = theories, lags by 1.7
neters per century), the earth's rotational dxis would be as likely
as not to shift, thus spoiling our Gedanken experiment.

57. It appears that there is a fair amount of presumptive
observational cvidence against all of the theories discussed here,
but nothing conclusive, and certainly nothing to place a quanttative
upper bound on |a|, the magnitude of the effect constant.

SUMMARY

58. A short-duration flash photograph of the surface of a
spinniny disk that has been in high-speed rotation for a long time
may, according to certain theories, reveal that an initially straight
radial line has developed a backward curvature, particularly pro-
nounced near the rim. Cither or both of two distinct causes may
produce such a resul+: (1) a kinematic effect evidencinag a "nonstatic
metric" to complement the "non-Euclidean geometry of the disk," or
(2) an optical analocu: of the Thomas effect, manifested as a time-
cumulative aberration of light reflected from the disk surface.

59. “when probed critically, nonc of these theories is frec from
theorctical objections and caveats, but none anpears refutable by
pure reason; and all arc more or less closely allied to tenets of the
chysicist's abiding faith in never-directly-observed aspects of kine-
matics, such as the Lorentz contraction and the Thomas »precession.
The relativistic kinematics of extended structures is itself a dark
swamp of inference hitherto unlighted by a single ray of quantitative
observatio ‘1 fact.* Perhaos that alone conveys enough justification

*Nne minor excentlon is the ex»eriment of Ditchburn and Heavens, ref.
(v), which tested a theorv of kinematir hending-under-rotation quite
difrerent from any discussed here, »nut forward by Gardner and
claborated bv Synge, ref. (w). The exneriment involved reoeating the
Michelson-Morley observations with an interferometer tilted at an
ancle, The result was null.
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to motivate an experiment. Needless to say, the tyne of experiment

it is practical to do is dictated by the continuing technological
inability to impart relativistic speeds to extended structures in the
laboratory. One chooses instead to search for alleged time-cumulative
effects, for here one's observations are facilitated by the ready
availability of a measuring instrument of supreme reliability and
accuracy, a government calendar.
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Chapter 2

EXPERINENT

DISK DESIG!I CONSIDIRATIONS

1. In this section the main design considerations and rationale
for the way the experiment was done will be given. Whether kine-
matical or ontical in origin, the effect sought was a photographahle
azimuthal angular lag,

A¢ = CR?f? radians/day, (2.1)
where

1.5384 x 10~'%a for R in inches, f in rps.,

O
]

2.3846 x 10”'*a for R in cm, f in rps.

(a = theoretical relativity effect constant = 1, 1, L,
+++ etc.) TR

relative to its central portion, of the rim of a disk of radius R,
rotating at constant frequency f, as discussed in Chapter 1. A first
approximation to a figure of merit for cxperimental design is there-
fore A¢, to be maximized, or its reciprocal,

F

. Days per degrec of effect (2.2)

N e -
180CR?f}

to be minimized.

2. Without proceeding further one can observe that, whecther the
experiment is done in vacuum or in air, a small disk size will be
advantageous. In the former case strength of naterials, in the
latter air draq, is limiting. 1In either case rim sreed v is the
significant parameter affected by the limitation; and since v = 27f£R,

3
A = R’fY « ¥,
R

it is apparcnt that in the limiting condition of operation a decrcasc
in R will increasc A¢. ‘lence we anticipatc small geometrics.

3. A better ficure of merit than F_ should bring in the spatial
and temporal resolution limitations on observability of the presumed
cffect, as will now be discussed.
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4. Temporal Resolution: The use of O-switched laser photography
of the disk surface was favored by the high intensity and short dura-
tion of the flash, which make this type of photography ideal for
"freezing” high-speed motion. The mean duration t, of the flash
results in a "blur angle” contribution

Ad = 2nft° radians. (2.3)

b,
This is the azimuthal angle subtended at the center of the disk by
the distance any point on the disk surface travels during time t .
(We neglect any possible second-order effect of variation of
frequency with radius, since A¢bl is already very small.)

5. Spatial Resolution: If Ne is the maximum number of
resolvable Iines per millimeter in the image recorded on the
photographic film, then

Me = (l + u )"l (lines per mm.), (2.4)
£ N, Nz

where

N = number of lines per mm. resolved by the film as
processed, and
N = number of lines per mm. resolved by the lens and
2 optical system at the focus and f-stop employed.

The least distance in the azimuthal direction resolvable on the film
in the image of the disk rim is thus approximately

1
= R A
£ 'b, '’

k, Ng d

where
k, = 25.4 for Rf in inches,

= 10 for Rf in cm.
Hence

B¢y = (k,NeRe)™' radians. (2.5)
Here

Re = radius of the disk image on the film, and

A¢b = azimuthal hlur angle in radians subtended at
? the disk center by the least resolvable distance
on the film at the position of the rim image.

6. Assuming statistical independence of spatial and temporal
uncertainties, we have for the "total blur angle" Aob. svecifying
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the uncertainty of angular position of the image of a sharp-edged
marker at the disk rim,

- 2 2
Bo, ‘\JA%, 2e.? . (2.6)

7. Improved Figure of Merit. The actual effect to be
observed is one of shape change of a radial line or lines on the
disk surface. It depends on appvarances at all radii, not merely
at the rim. An accurate analysis would therefore require a radial
integration. As a crude approximation we can use what happens at
the radius of maximum effect (the rim) as a measure of overall
effect. ilcnce we employ as a working figure of merit the rim
"signal to noise ratio,"

1c3 (2.7)
P, = (02 - . CRES [Effect anglcs/day]
2 -2
L% . \J(Zﬂfto)2 + (kleRf) Blur angle ,

to be maximized. Both fiqures of merit, F, and F,, have the virtue
of being independent of the degree of enlargement of the photographic
image.

8. Flash Illumination. For laser photography reference (x)
gives an empirical formula expressible in the form

k,A N (1 + M)?

P = ' (2.8)
toS RoToT,
where
P = laser peak power (watts),
A.= illuminated area,
N = numerical aperture (f-stop) of optical system,
t,= laser oulse duration (sec.),
S = exposure index (ASA rating) of film for laser
wavelength and pulse duration,
R,= reflectivity of illuminated subject for laser
wavelenqth,
T,= fractional transmission of light int2nsity
by camera and optics,
T, = exp(-0.0lanx) = fractional transmission of
< light by médium, where a_ = medium absorption
coecfficient for laser wagelenqth and x = path
iength (cm.),
and

k;

0.07 for A, in ft?
7.54x10" *for A, in cml
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9. In formula (2.8) we have replaced the N of reference (x)
by an effective value, N(1 + M), where

R
M= L (2.9)
R

is the image magnification ratio, to allow for the effects of bellows
extension in closeup photography. For photography in air at short
path lengths we can take T_ = 1. The illuminated area may be taken
equal to the disk surface grea,

A, = nR?, (2.10)

any spreading of the illumination being accommodated by a reduced
value of T ,<1. The f-stop value N may be chosen for best resolution
of the lens used, and the other quantities, T,, P, t,, R,, S, may be
treated as known constants for the particular photographxc strategy
a?d equipment employed. Putting (2.9) and (2.10) into (2.8), we
find

Re = C, =R, (2.11a)

where

(2.11b)

(2]
m

= LX'
lad

and

k, = 25,59 for R and Rf in inches,

= 65 for R and Rf in cm.

By means of (2.1la) R, can be eliminated from equation (2.7) and the
figure of merit F, can be expressed as a function of two design
variables, R and é.

10. Photographic Parameters. The best lens available for the
experiment for closeup photography (Nikon Micro-Nikkor £3.5, 55mm
focal length) is claimed by the manufacturer to have resolution
N, = 150 lines/mm at its optimum aperture of £8. The best film for
use in ruby laser photography from the standpoint of combined speed
and resolution is the red-sensitive Kodak Linagraph Shellburst film,
which has effective ASA speed S = 400 (see reference (x) ). The
resolution of this film was estimated to be in excess of N, = 75
lines/mm. By equation (2.4) the combined resolution of film and
lens therefore exceeded Ne = 50 lines/mm. The reflectivity of the
disk was guessed to be R, = 0.5, and the fraction of laser light
concentrated on the disk by a parabolic reflector was estimated to
exceed T,= 0.1. The duration of the Q-switched laser pulse was
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apgroximately 20 nanoscconds. The laser initially available for the
experimcnt had a peak power of 4-7 megawat"s, but initial experi-
mental desiga was based on the morc conservative assumption of onc
megawatt. For these parameter values equation (2.1llb) yields

C, = 2.02 inches. For the disk size employed in the experiment

(§ = 0.265 inch), equation (2.1la) gives R_. = 1.8 inch. The result-
ing image diameter of 3.6 inches is ideal for the 4" x 5" Shellburst
film in NOL stock. The image magnification (equation 2.9))
M=1,8/0.265 = 6.8 is suitable for macronhotography with about
16-inch bellows draw on the available 4" x 5" Calumet view camera.

An extension tube/adapter was fitted to the front of this camera in
order to permit the lens to be reversed for best closeup performance,
and to get the body of the camera out of the way. The relief distance
from front (actually, the original back) of lens to subject was 2 5/8
inches, adequate to allow laser illumination to strike the disk at
roughly a 45-degree angle. Many alternatives to this combination
were examined, including the use of other film sizes and emulsions,
other lenses, geometries, and light-concentration schemes, etc. It
cannot be claimed that the arrangement chosen was in any sense "best,"
but it was simple and adequate.

11. Operating Conditions. Primarily for reasons of economy it
was decided to do the experiment in air, although the advantages of
doing it in vacuum are manifold. The need for long, uninterrupted,
effect integration times dictated the use of air bearings, and the
small gcometry suagested the use of a high-speed dental drill or
"orinder,"” in which the same gas supply used for the bearings powers
an air turbine. (Alternatives examined included NOL air-driven fuse
spinners and vacuum ultracentrifuges. The larger geometry of the
fuse spinners was unfavorable, and no suitable ultracentrifuge was
available.) The necessity to work at low rim speeds of the order of
2.6 x 10* cm/sec., imposed by operaticn in air, had the incidental
cost-saving benefit that none of the safety precautions was needed
that would have been required in the materials strength-limited
regime attainable in vacuum.

12. For an air turbine of known speed-torque characteristics,
air drag imposes a limit on f for given R. This provides a further
relationship permitting elimination of either R or f from F, with the
possibility to optimize design by suitable choice of the noneliminated
variable.

13. Aerodynamic Drag. The Reynolds number is

2
R = 31’5—'3— (2.12)

-t
where v is the kinematic viscosity of air, equal to about 1.564 x 10
ft?’/sec., or 0.1453 cm?/sec. For realistic values of R and f this
implies operation in the turbulent flow d ag limited regime. For
such operation reference (Y) gives as the dimensionless dragqg
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coefficient associated with a flat disk "wetted” on both sides

C., ia 2M - 0.146 (2.13)
M ;p(zﬂf)zns K‘/s ,

where 2M = T, is the drag torque on the disk and p is air density,
approximately 0.002378 slug/ft’® or 0.001226 gm/cm’. From (2.12),
(2.13) we have

2nS
T, = °°°72£;f;§) R = 0.073pv'/s (2n£)*/s R?Y/s (2.14a)

=kRB-G fl-. :
where

(2.14b)
k £1.07 x 10" 7 for T4 in inch-1b., f inr.p.s, R in inches,

= 0.00166 for T, in dyne-cm., £ in rp.s.,, R in cm.

The true drag (actual k-value) is higher than this idealization as

a result of (a) departures from flat disk shape, (b) whatever effect
the disk markings and surface irregularities have in reducing aero-
dynamic smoothness.

14. Available Torque. No torque vs. frequency specifications
were available for small air-bearing, air-turbine units. For the
Westwind Model 115 Pencil Grinder (Federal-Mogul Corporation, Ann
Arbor, Michigan) unit selected, the maximum load-free speed at 70
p.s.i. gas pressure was stated to be 500,000 r.pm; i.e., £ = 8333rps.
The static (stall) torque was not known, but could be estimated from
the geometry of the unit and some preliminary observations of disk
rotation performance to be of the order of

Tg ™ 0.004 to 0.006 inch-1b. (2.15)

> 4500 to 6800 dyne-cm.

for turkine air pressure of about 78 p.s.i.
15. From promotional literature it was deduced that for air
motors in general a crudely valid assumption is that the available

torque declines linearly from T_at f = 0 to 0 at f = fm' That is,
the turbine torque Tt roughly ogeys

& . f (
Ty 8 Tl - g, 0cEe 2.16)
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16. This relation applies for constant turbine gas pressure.
No attempt was made to treat the latter as a design parameter, since
it was observed that for small turbines having equal gas pressures
on the bearing and turbine there is an upper limit to the pressure
region of stable operation. Beyond about 80 p.s.i. it was found
empirically that even the best-balanced rotor could unexpectedly
develop instability. A proper turbine design to exploit the avail-
ability of higher gas pressures would permit the application of
excess (stabilizing) gas pressure to the bearing. No unit employing
this differential pressure principle was available commercially in the
very high-frequency range needed for the experiment, although two
air-bearing, air-turbine circuit board drills (Barden Model 100)
with £ = 180,000 r.p.m, which use this principle, were kindly made
availaBle for experimental purposes by the IBM Corporation (Endicott,
New York). Their low value of f_ made them noncompetitive with the
smaller Westwind unit for this pgrticular application.

17. Disk Radius Optimization. The air-drag limited equilibrium
frequency of the disk is the value of £ for which Td = Tt: i.e.,
from (2.14a) and (2.16),

k R*S £100 =T a-£.
£
m

From this we can express R as a function of f,

1

T - _— {2.17)

R= |-8¢ ‘-°(1-£ ) [*$
k f

m L[]

That is, for any given frequency in the range 0 to f_ there is a disk
radius, given by (2.17), at which air-drag limited s@eady operation
occurs.

18. When R, is eliminated from (2.7) by means of (2.1la), and R
is eliminated ffom the result by means of (2.17), we obtain an
expression for the figure of merit F, in terms of f alone, plus
constants known or capable of being estimated; viz.,

1
c£2fTs £ 0-F [355
K m

(2.18)

(' 7 o ¥
(2nt )2£2 + k2Nifc.- | -8 g~1ee (1 £ ) |
2 ! f\' K £
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19. The "optimum" frequency £ = £ is that which maximizes F,,
as determined from a plot of F, vs. £, such as illustrated by the
solid curves in Figure 1. This figure is drawn for typical (esti-
mated) parameter values. The relativity effect constaunt a, to which
F: is proportional, is here given its maximum value of 1/2.

20. If we fix R in equation (2.7) or (2.18), a curve such as the
dashed one of Figure 1 for R = 0.265 inch is obtained. This happens
to be the size of disk used in the experiment. The actual mean
frequency observed for this rotor was about 6070 rps. The solid and
dashed curves refer to an assumed 1 MW peak laser power. The data
points in squares correspond to 4 MW, a more realistic value.
Although Figure 1 suggests the optimum disk radius to be about 0.25
inches, a slightly larger value was chosen to ease problems of
photographic magnification and focus.

21. It is to be noted that two of the least-known parameters,
T_and k, enter (2.18) only in their ratio. The previously mentioned
£fct that k, given by equation (2.14b), is an underestimate of the
true drag means that T_, given by (2.15), is an underestimate of the
available torque by th8 same factor.

22. The observations on which equation (2.15) is based were made
on disks of diameters 0.5 inch, 0.53 inch, and 0.6 inch, with various
degrees of balance and surface roughness. The data are plotted as
three triangle-enclosed points on Figure 2, which shows also the
fiqure of merit F, for the same parameter values as were used in
Figure 1. The solid curves in Figure 2 are obtained by eliminating
R from equation (2.2) by means of (2.17), for three assumed constant
values of T_. The dashed curve in Figure 2 corresponds to the f °
relation obtained by taking R = constant = 0.265 inch in equation
(2.2). The triangular data points result from irserting the observed
f and R values for the three disks into equation (2.17), solving for
T_, and plotting the corresponding data point on the resulting
(Interpolated) T_ = constant contour in Figure 2 at the observed
f-value. The T _-values given in equation (2.15) were obtained in
this way, based”on the assumed constant k-value of equation (2.14b).
It will be noted that there is good consistency between the data for
the (similarly-shaped) disks of radius 0.265 and 0.3 inches. Both
correspond to T, = 0.0056 inch-1b. The 0.25-inch radius disk, on
the other hand, "had a different shape of its lower support portion,
which exposed more wetted area, and it was less well balanced -- facts
that probably imnly an increased k-value, rather than the decreased
Ts-value indicated.

23. From Fiqure 2, which again assumes a maximum value a = 1/2
of the relativity effect constant, it is apparent that with the
0.265-inch radius disk used in the experiment there should have been
one azimuthal degree of cumulative relativity effect at the rim for
every 14.5 days of continuous rotation. It is instructive to note
from Figure 1 that the simple figure of merit F,, if we assume
Ts = 0.0056 inch-1b, calls for an optimum frequency f = 7000r.ps. and
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disk radius R= 0,223 ipch. The limitations of ohservability taken
into account in F; (Figure 1) call for a somewhat larger disk.

24. In sumuccy,; all our design considerations to this point boil
down to two parameter values: the best practical disk radius appears
to be about 0.265 inch, to match the highest r.p.m. air turbine unit
commercially available for the experiment, and the corresponding
image size fits satisfactorily on 4" x 5" film.

25. Rotor Radial Cross-section. With the radius of the rotor
determined, we now have to consider its shape. The questions of
optimum rotor cross-section for maximum strength, materials, and
other related design criteria have been extensively considered in
the literature, particularly by the ultracentrifuge pioneer, J. W.
Beams. (Se» references (z), (aa).] Without any attempt at origi-
nality, we shall analyze the matter in a simple way as it bears on
the present experiment.

26. Although high rim speeds are not attained, it is sound
practice to design for maximum strength. It is well known that this
implies a cross-section tapering toward the rim, as indicated in
Figure 3, in order tc reduce the proportion of mass subject to
greatest acceleration. The air turbine was fitted with a collet that
required a 1/16-inch diameter shaft of aporoximately 7/16-inch length.
This, the disk, and an intermediate support section were machined
from a single piece of metal. The choice of materiais will be
discussed presently.

27. Let r be the radial distance from the disk axis, limited to
r, £r <R, where r, = 1/32 inch, the shaft radius, and R = disk
radius. Let h(r) be the cross-sectional height or thickness of the
disk at radius r. The mass element between r and r + dr is

dm = 2#r dr°h{r) °p,

where p = material density. The centrifugal force on this mass
element is

dF = rw?dm,

where w = 2nf is the angular frequency of disk rotation, assumed
constant. The total centrifugal force exerted on material at radius
r due to material bevond radius r is

R R

F,, = j dF = j r'w?:.2 r'dr'-h(r').p
r r

R
= 2nmw?o f (e’Ph(rhyar’ , e>r .
r
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At radius r the azimuthal cross-sectional area is A(r) = 2wrh(r).

We establish as our ideal design criterion the requirement that the
total centrifugal force per unit azimuthal cross-sectional area be
independent of r, for all r > r,. (For r < r, there Is support from
the collet, so this case need not be examined.) That is, we require
that no disk radius experience greater stress density then any other.

In symbols,

F
X%%T = Constant = £ g e, r <r<R,

where

= yield strength of material (gm/cm?),
acceleration of gravity (to convert grams
to dynes fcrce),

= design safety factor representing the
fraction of yield strength at which the
disk is to operate.

m Qo
|

We have

R
Zmn’pj ('Ph(r')dar' = 2r fge rh(r),
r

R
f @Ph(c')dr! 8(1/&:: rh(r),
r

where

_333 . (2.19)

Elr

rc =

Differentiating with respect to r, we find

dh(r)
dr

-r*h(r) =(1/2)r} h(r) + @/ rir =5

’

dh _ _ dr _ 2rdr

R " —r‘g'
Integrating,
1'2
In h=-1lnr - =—+1ln a ,
ré
S Y
hir) = 2 eF /%c
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where a is an integration constant. Let d = h(R) be the outer edge
thickness. Then a is evaluated to yield

hir) = 8 exp < (By? I:l - (g)’:} , T, <r<R. (2.20)
r C

For r,<<R, the ratio of thickness at the shaft to thickness at the
rim is

h(z,) a (ﬁ—c)’_ (2.21)
ARy T ¢

0
From this we see that r_ is a critical parameter. With R fixed by
other design criteria, €t is obvious that r_ cannot be allowed to
be too small. Otherwise the exponential faltor becomes unrealisti-
cally large, so that we need either a very thin disk near the rim or
a very thick disk near the shafr. This, of course, is the control-
ling factor that limits the feasible magnitude of w for a
magnetically-supported disk spinning in vacuum.

28. Disk Material. The best material from the safety standpoint
is that which maximizes ro for given w; i.e., maximizes (according
to equation (2.19)) the yield-strength tc density ratio, e/p. This
criterion is universally known among designers of high-speed rotary
machinery. In the present experiment r_ is of the order of several
inches, while R is a fraction of an incﬁ, so the exponential term
ir equation (2.21) is essentially unity, and air drag limits w, so
all safety problems are negligible as long as the disk is
structurally sound.

29. Disks were machined from 17-4 PH stainless steel (125,000
p.s.i.yield strength) and from ST 7075 (T6) aluminum (73,000p.si. yield
strength -- essentially what used to be called "duralumin®). Both
have excellent values of e/p. (Probably the best nonexotic material
by this criterion is beryllium. I am indebted to NOL for the
gift of some titanium, but this proved to be not needed.) Both of these
materials were quite satisfactory from the e/p standpoint, so the
choice was based on a different consideration: For the purposes of
counting spin rate of the disk a tachometer was used that detected
light reflected from the disk surface. To improve tachometer signal-
to-noise ratio it was desirable to polish a portion of the disk
surface. It was found that stainless steel took an incomparably
better polish than aluminum (which tended to "ball up" under lapping).
Hence stainless steel was chosen. The actual shape of the disk used
in the experiment departed from the ideal r ' curve of equation
(2.20), but approximated that curve by two straight-line segments,
as shown in the cross-sectional drawing of Fiqure 3. Stress calcu-
lations made for the actual shape indicated very little loss as
compared with the ideal shape, and showed a safety factor greater
than 10.
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30. The stainless steel disk weighed 1.43 grams total with
shaft. It was precision balanced by the Schenck Trebel Corporation,
Farmingdale, New York, with a residual static imbalance of 3.3 x 10 °
gram-cm. This balancing was essential to stable high-speed operation.

DESCRIPTION OF EXPERIMENT

31. A general view of the apparatus is shown in Figure 8. The
experiment was done in a basement room of NOL, Building 402, where
dry nitrogen from the 10,000 ps.i. bottle storage field for the wind
tunnel could be used to power the turbine. A line from an 1800 psd.
intermediate storage bottle led to reducer, popoff, and pressurec-
regulation valves, followed by pressure qauges, filters, and a small
silica gel dryer, as indicated in Figure 4.

32. The gas supply appears to have been of exceptionally high
quality, since during more than four months of operation and addi-
tional experimentation the gel gave no indication of moisture (but
was in fact dried by the gas) and the special Wilkerson filter
(claimed to stop particles down to less than 0.03-micron diameter)
remained as clean as the day it was installed. The pressure, though
not subject to short-term fluctuations, was not entirely steady, but
showed a tendency to drop off by 1:-2 p.s.i. per week. The cause was
not investigated, since the problem was easily corrected by occasional
valve adjustments.

33. The choice of photographic lens and camera has already been
discussed. The camera was mounted vertically on a heavy high-speed
camera stand and was pointed down at the disk, the upper surface of
which was horizontal, as indicated in Figure 5, drawn approximately
to scale. The disk was supported in a homemade (rubber bands and
epoxy) version of an x-y-z positioner, anchored to the stand, with a
ball joint for leveling adjustments and three micrometers that
allowed not-quite-independent horizontal and vertical motions.
Micrometer adjustment was necessary, particularly in the vertical,
because focus was critical to 0.001 inch. Two factors made focus
a major problem that necessitated much cut-and-try photographic work.
First, the disk rose up about 0.015 inch when gas pressure was
applied to the turbine, so that static and dynamic focal positions
differed. Secondly, the focal plane for ruby laser light did not
quite coincide with that for broad-spectrum illumination. Of these
two effects the first was by far the more serious. Fortunately,
once the proper focal position was found it did not shift. An extra
brace between the x-y-z positioner and the lens-holding tube helped
to maintain this stability. Once set up, the camera itself was not
moved and all adjustments were made with the positioner.

34. Disk rotation spced was measured with a Hewlett-Packard
Model S506A tachometer head, consisting of an incandescent light
source and photo diode detector. This was connected to a Hewlett-
Packard Model 500B frequency mecter, which supplied standard output
pulses to a Beckman Model 7260 counter for recording cumulative
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counts and to a Monsanto counter for instantaneous frequency readings.
Tachometry was accomplished by a double reflection of the HP-506A
light signal from a reflecting half of the disk surface to a nearby
small dental mirror and back to the detector. The attempt to main-
tain an accurate total count record had to be abandoned because of
counter failures and repeated burnouts of the tachometer light bulbs,
which, it was discovered, were not intended for full-voltage contin-
uous duty. By reducing the voltage to about 85-90 volts this problem
was largely overcome, but the reduced intensity contributed to other
problems that will be described and that ultimately forced termina-
tion of the run. A record was kept of instantaneous frequency
readings taken throughout the run. From the statistics of these
random samplings it was concluded that (with one exception, to be
discussed) during the four-month duration of the experiment the disk
speed never varied more than about 1%. Because of this stability of
operation it is probably not too serious that an accurate total count
record was rot kept. (In any case this would have been difficult to
do because the tachometer light ad to be turned off during photo-
graphic operations.) There is 0 question that tachometry was a
major weakness of the experimental design. If the experiment were

to be done again a better way should be found, preferably not depend-
ing on light, in order to avoid interference with photography.
(Possibly lccalized magnetism might be induced in the disk.)

35. Though tachometry was seemingly the most trivial aspect of
the experiment, it gave trouble in another way; viz., in connection
with marking the disk. It was desired to put radial straight lines
on the disk. These had to be of various denths and widths, because
it was not known what their appearance would bhe in laser flash
illumination incident at random orientations. (No attempt was made
to synchronize flashes with disk rotation.) This problem was crudely
solved (after scme unsuccessful attempts) by drawing a variously-
weighted steel knife point across the polished disk in an adjustable
scribing machine. Failure attended a surprising number of methods
and attempts to reduce the reflectance of half the disk surface jor
purposes of tachometry. These included various chemical approaches,
surface treatments, vainting, and anodizing (in the case of aluminum
disks). It cannot be said that a good solution was found to this
simple problem. Finally, attempts to maintain aerodynamic
"smoothness" were abandoned and half the (stainless steel) disk
surface was sand-blasted, under a mask, with small glass spheres.
This killed the reflection on half the disk surface and left it
visibly rough, as can be seen in the photographs (Fiqures 6,7).

Very little aerodynamic penalty seems to have resulted. Iliowever,
the problem of optical contrast, which was a recurrent one in this
experiment, provides another reason why nonoptical tachometry would
be preferable,

36. About electronic equipment reliability it should be said
that most of the equipment was old, all of it was borrowed, and four
months of continuous operation is a severe test. It was not
surprising that a number of failures occurred. The older tube-type
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equipment seemed to perform at least as well as newer types. The
only piece of electrical equipment that suffered no failure (aside
from a Variac) was the HP 500B frequency meter. The runner-up was
the old (all-tube) Beckman 7260 counter, which had one failure,
easily repaired. Another more modern Beckman 6030A preset EPUT meter
operated so erratically it had to be ahandoned entirely, and of two
new transistorized Monsanto counters one was erratic and the other
operated perfectly until near the end of the run, when it showed some
signs of erratic behavior.

37. Laser light was focused on the disk by a deep-dish parabolic
reflector of about six-inch diameter, as indicated in Figure 5,
after passing through a hole at the back of the reflector and being
reradiated from a white diffuse reflector of about 3/4-inch diameter
located near the focal point of the parabola. This reflector had an
in-and-out adjustment for focusing. The purpose of diffuse reradia-
tion was to destroy as much as possible of the spatial correlation
("twinkle”) of the laser light. This equipment is more extensively
described in reference (x). The results were excellent beyond
cxpectation. The decorrelation was successful, and the quality of
the photographs (Figures 6,7) speaks for itself.

38. Two lasers were used. The first, used during most of the
experiment for taking over 50 photographs, is the one described in
reference ( x). It employs a 1/4-inch diameter ruby rod. In this
experiment it was Q-switched by a dye cell (vanadium phtalocyanine
in nitrobenzene) and initially gave a measured 0.145 joule output,
which corresponds to a peak power of seven megawatts for 20 nano-
seconds. The photograph in Figure 6 was taken with this laser hefore
the start of the run. With use of the Q-switch progressive bleaching
of the dye occurred. This resulted in eventual onset of laser double
pulsing (which produced multiple-image photographs). Attempts to
overcome this by raising the pumping power, or possibly other causes,
resulted in spalling the glass of the dye cell. Although this was
corrected, it was decided to make the final photographs with a more
powerful laser, which fortunately became temporarily available.

39. This had a similar flash duration of about 20 nanoseconds at
a peak power of approximately 100 megawatts, produced by a Frustrated
Total Internal Reflection (FTIR) Q-switch, of the type descrihed in
reference (bb). This (Korad Kl-()) laser used a four-inch lorq,
3/8-inch diameter ruby rod. The photograph in Figure 7 was taken
with this light source just before termination of the run ufter four
months of operation. The same parabolic reflector/dccurrelator was
used as before. Alignment and focusing procedures for the reflector
were facilitated by the use of a portable He-Ne laser.

40. 1Initial attempts to spin aluminum and stainless steel disks
at high speeds were frustrated by imbalances. This was corrected by
precision balancing, as already described. The final run began on
30 March 1972 and terminated after 172,529 minutes on 28 July 1972.
During this time there were no known electrical outages, although a
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continuous record of voltage was not kept. Such a record would have
been needed only if the attempt had been made to accumulate total
counts of the tachometer.

41. There was one severe pressure drop on 14 July 1972 due to
a valving oversight during routine maintenance of the nitrogen bottle
field. Fortunately, provisions had been made that permitted switch-
ing to the "house air" in such an emergency, and this was done for
about an hour until nitrogen pressure was restored. The disk speed
declined over several hours preceding this measure from its usual
average of abhout 6070 r.p.s. to a minimum of ahout 2500 r.p.s., but
at no time did the disk stop turning. As discussed in Chapter 1,
temporary speed variations have no serious influence on the effect
being sought, because they alter very little the rms speed averaged
over a long time. Had the disk come to a complete stop, this would
have destroyed the putative effect and terminated the run. Almost
100 flash photographs were taken at various times during the run.
After two weeks it was already apparent that there was no relativity
effect of the magnitude theoretically anticipated, and the run was
continued primarily to determine just "how zero" the zero effect was,
i.e., to lower the upper bound on |a

42. The termination of the run was brought about by an
entomologically interesting circumstance. The room in which the
experiment was performed was not designed with relativity experi-
mentation in mind, but instead the pumping of sewage. It therefore
provided an ecological niche for a prolific species of small fly,
of the type most widely noted for its intrepid approach to the
environmental hazards of urinals. These little scientists showed
an insatiable curiosity about the rotating disk, and, along with
any dirt in the air, were continually being sucked down by the
low-pressure region in the center of the disk and hurled radially
outwards along the boundary layex. Since the disk itself was not
aerodynamically smooth, its upper surface gradually became contami-
nated. This process, imperceptible at first, accelerated after a
few months. The more contaminants stuck to the disk the more were
able to stick. The dirtying of the surface began t~ interfere with
tachometry, which depended on high surface contrast. This could be
corrected only by increasing the voltage on the tachometer light,
with decreasing life of the bulb. To avoid deterioration of the
quality of the critical final photograph (Figure 7), on which the
bounding of |a| depended, it was decided to end the experiment while
the surface markings were still clearly visible,

43. It is casy in hindsight to observe that this problem could
have been avoided entirely by placing a simple plastic hood over the
critical portion of the apparatus. However, because of the delayed
onset and nonlinear nature of the phenomenon, the trouble was not
diagnosed until most of the damage had been done. It is interesting,
incidentally, that the accumulation of surface dirt plainly visible
in Figure 7 (compare with the initial condition, Figure 6) did not
decrease the speed nor impair the balance of the disk. Indeed, the
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speed seemed to increase slightly toward the end, a fact that
suggests a streamlining effect. In Figure 9, a closeup view of the
turbine and disk, one of the flies can be seen on the white
reflecting card behind the disk.

RESULTS

44. The photographs of Figures 6 and 7 represent the basic data
of the experiment. Pigure 6 is a flash photograph taken on 23 March
1972, seven days before commencement of the four-month run, with the
disk stationary. The negative is Kodak Linagraph Shellburst emulsion
on 4" x 5" Estar base film (thickness 0.004 inch). Figure 7 is a
flash photograph taken with the more powerful laser on 28 July, with
the disk in rotation at approximately 6116 r.p.s., a few minutes
before run termination. The negative is a similar emulsion on a
4" x 5" glass plate. It would have been preferable to record both
pictures on plates, but the latter were obtainable only on special
order, for which it was decided not to delay the start of the
experiment.

45. The total elapsed time from commencement of rotation to
taking of the final record picture, Figure 7, wes T = 172,517 minutes.
Acceleration to speed took about 20 minutes at the start of the run.
The best estimate of the root mean square speed or rotation during
the run is 6071.8 r.p.s. A reasonable minimum estimate of the rms
speed is 6050 r.p.s. (best estimate minus 0.36%). The effects of
the brief large excursion in speed on 14 July, mentioned in the
preceding section, and other smaller variations are included in
these estimates. The time-weighted arithmetical average frequency
was 6070.6 r.p.s. The total number of disk revolutions during the
experiment was roughly 6.285 x 10'°. These estimates are based on
115 Monsanto counter readings of instantaneous disk frequency, which
divided the experiment into n = 114 nonequal intervals At; (minutes),
such that

n

AT, =T .
{-1 &

To each of these intervals was assigned a mean frequency f.,, eval-
uated as the average of the initial and final frequency reédings that
bounded the ith interval Ari. The average frequency for the run of
duration T is thus

£ =710
} £, 87,

av
=]

and the rms frequency is

~nn , '/
=]

The averaging involved in determining £, reduces maximum eacursions
and therefore results in a conservative (slightly low) estimate of
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46. The minimum estimate of 6050 r.p.s. is based on total count
data for a selected period of duration 28,827 minutes from 31 May to
20 June 1972, during which it is helieved that relatively few counts
were lost. 1In this sample period the Beckman counter recorded
1.05133 x 10'° counts. The resulting average frequency based on
total counts is 6078.39 r.p.s., to be compared with f = 6096.34
r.p.s. and f = 6096.36 r.p.s., obtained as describ@¥ above for
the period iﬁmauestion. If this sample period is representative,
and if no counts were lost by the Beckman counter, a downward adjust-
ment of f by about 0.3% is implied. Applying this to the whole-run
average (8¥ rms) frequency of about 6071 r.p.s., and rounding down-
ward to the nearest multiple of 10, we get 6050 r.o.s. as our minimum
frequency estimate, in which the distinction hetween average and rms
frequencies is not significant. It will be understood that the
discrepancy between 6071 and 6050 is not a "standard deviation" or
other statistical measure, but an educated estimate of maximum
reasonable deviation based on additional physical data (readings of
another counter). [For the sample data period, one has high assurance
from the Beckman data source that the f value obtained from the
Monsanto data source was no more than 073%% high.]

47. Ideally, one mi?ht wish for a complete and exact time record
of cach of the ~6 x 10'’ counts, and a running computer analysis,
but resources available for this experiment, which was primarily a
qualitative one, were not compatible with such an ambitious plan.

48. The negatives werec visually analyzed with a simple traveling-
stage microscope. The best corresponding lines on the disk surface,
indicated by arrows in Figures 6 and 7, were selected and the plate
and film were superposed, emulsion sides up, with the plate below on
the stage of the microscope. The two lines were so oriented that
they were almost but not quite superposed. The image sizes were
approximately the same in the two negatives, since no change in the
lens-to-£film distance occurred, and the lens-to-subject distance
could vary by no more than about 0.001 inch for critical focus. The
radius of the disk image was about 1.781 inches. At twenty different
radii between 0.544 inch and 1.768 inch, readings of the line separa-
tion, transverse to the radius, were made with a micrometer eyepiece
at about 30x magnification. These (azimuthal) separation readings,
taken between estimated line centers, are tabulated in Table 2.

49. The concern of the experiment being with the shape difference
between the two lines, it was natural to use polynomial fitting to
the difference (azimuthal separation) data just discussed. At a
glance it can he seen that the lines are both nearly straight. Hence
it was natural first to investigate a linear fit,

d = a, + ar (2.22)

(d = line separation distance at radius r),

in order to study the "noise" in the data. By use of the NOL library
program LSFITW, it was found that the data fit the linear law with
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Table 2

RAW DATA ON LINE SEPARATION FROM

NEGATIVES OF FIGURFS 6 AND 7, AS

MEASURED WITH TRAVFLING~-STAGF
MICROSCOPE

Disk Image Separation Between Line
Radiu: r (inches) Centers 4 (inches)
1.7681 0.013438
1.7376 0.013012
1.7073 0.012787
1.6693 0.012286
1.6318 0.012224
1.5819 0.012057
1.5378 0.012241
1.4855 0.012213
1.4497 0.012299
1.3939 0.012403
1.3329 0.011705
1.2748 0.012314
1.2216 0.011531
1.1464 0.010853
1.0814 0.010356
0.99116 0.010717
0.90907 0.0097953
0.83467 0.0093455
0.74667 0.0092178
0.54392 0.0071077

IThese values are converted from millimeter readings
without regard to significant figures. Probably no
more than three figures are meaningful.
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a standard deviation
o = 5.07 x 10 “inch. (2.23)

This can be used as an upper bound to the standard deviation of
"noise" in the data, applicable if line curvature is present -- since
any law with curvature will include additional fitting constants a.,
and thus cannot fail to reduce the standard deviation of fitting
error below that for the two-constant (linear) case.

50. Now consider the effect o1 a relativistic lag. As our
theoretical considerations (Chapte. ), paagraph 41 ) indicated, the
lag distance at radius r for the line in Figqure 7 after rotation
time T should be

Distance = rA¢d = awinst. T rms « r .24a
c
- 2 r’ ’
K
where
c?
K = . (2.24b)
(2n)? £. . F T
inst. rms

In the present experiment the instantaneous frequency at the time
the photograph of Figure 7 was taken was f = 6116 r.p.s., the

rms frequency (best estimate) was fr = 6695?8 r.p.s., and
T =172,517 min. = 10,351,020 sec. BRese values imply K = 0.24063
(best estimate); or, for £ = 6050 r.p.s., K = 0.24237 (conservative

estimate) for distances ianﬁches.

51. The relativity effect (in terms of azimuthal distance) being
therefore cubic in radius, we mav consider a law

d=a +ar+ar’ (2.25)
0 1 3

as the natural polynomial to investigate. Here the term a_  measures
any constant offset of the centers of the two superposed disk images,
the tern in a, measures the difference in azimuthal anqular orienta-
tion of the images, and the term a,r’ measures any relativity effect
present. Comparing with (2.24a), we have a/K = a,, or

a=Xa, . (2.26)
A least-squares fit of the data led to a, = -7.824 x 10~ for

distances in inches. Using our best-estimate K-value, we therefore
obtain
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o = 0.24063(~7.824 x 10"°) = -1.88 x 10™" (2.27)
(best estimate)

This is to be comvared with the theoretical values a = 1/2,1/3,1/6,
etc., discussed in Chapter 1.

52. A rouch estimate of the error in this "best estimate" of a
can be expressed in terms of the error bound in equation (2.23).
Considering that part of the separat1on d due to a supposed relativ-
istic effect, we have d = a r + 30, if we take three standard
deviations as bounding Eﬁ& error From (2.26) we have Kd
a ¢+ 30K(1/r'), or, redefining quantities in terms of mean $$1ues,

T
@ =t 30K(;3) 5 (2.28)

est.

In the present case the mean value of the reciprocals of the cubes of
the 20 radii listed in Table 2 is 0.907503 inch ®. Hence

A

a = (-1.88 ¢ 3.32) x 10 ,

or, if the more conservative estimates of a and K based on
frms = 6050 r.p.s. are used,

a = (-1.90 ¢+ 3.36) x 10" . (2.29)

53. It will be noted that the algebraic sign of the effect
constant (best estimate) is negative. That is, the observed "effect,"
if any, is in the wrong (leading vice lagging) direction. There is
almost certainly no significance to such a result, because small
systematic errors of observation in the microscope were definitely
present. The physiologv and psychology of observation of the "center"
of a broad line consisting of mottled blotches would make an inter-
esting separate study unrelated to the present objectives. (Most
of the figures in the second column of Table 2 are not significant.)
Suffice it to say that a much more elaborate analysis of the negatives
could be made, and they are available to anyone with the inclination
and equipment to make it.

54. Had there been a v?/c? effect with a as large as (1/2), a
lagging curvature opposite to the sense of disk rotation (which is
counterclockwise in Figures 6,7) would have been observed, amounting
to 8.36 degrees of rim lag subtended at the disk center. This would
have been clearly visible, as indicated by the dashed line in
Figure 7. Effects of the magnitudes suggested by any of the theories
discussed in Chapter 1 are obviously not present. When all error
sources (see next section) are considered, we may conservatively
conclude from our observations that, if a rim lag per period of

rlm/c is present, then

la] < 6 x 107", (2.29)
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From this it is reasonable to infer the physical absence of any
relativity effect of visible line-bending at the v?/c? level.

SOURCES OF ERROR

55. The pictures themselves are ideally simple data sources.
The only distortions that could occur in them are aberrations due
to imnerfect correction of the lens and dimensional variations of
the negatives due to the effects of humidity, heat, and handling or
processing. Although small lens distortions are undoubtedly present,
they are believed to alter mainly the radial representation, hence
to affect both negatives in about the same way. No estimate of the
azimuthal distortion of the Nikkor lens was available, and it was
assumed negligible in comparison with other error sources.

56. The plate (Figure 7) is probably quite stable dimensionally.
The Estar film base (Figure 6) is much less so. Since reasonable
care was 2xercised in processing, handling, and storage, it is
believed that Kodak estimates of the dimensional stability of their
film are anplicable. These indicate a maximum dimensional change
under processing and accelerated aging-shrinkage of 0.04%. 1In an
image of 3.6-inch diameter this means a maximum dimensional change
of 0.0015 inch, which is comparable with the blur distance at the
rim. Since Kodak states that "the dimensional properties of Estar
base films are nearly the same in all directions of the sheet," it
seems likely that any distortions due to temperature and humidity
are again mainly radial and that any radially-varying azimuthal
distortions are down by an order of magnitude, hence quite small,
of the order of 1% of the d-values listed in Table 2.

57. The remaining major source of error not subsumed in the
standard deviation figure of equation (2.23) is the error in cali-
hrating the transverse separation measurements d in the micrometer
eyepiece. This error was estimated at 12%, and is an orde~ of
magnitude larger than the error in measuring the radius r. These
errors are all included in the estimate of equation (2.29).

LESSONS OF TECHNIQUE

58. The main lessons of technique learned in this experiment
have bheen mentioned before, but will be recaoitulated here.

59. Laser flash ohotography is now a well-developed, practical
method. Decorrelation of the light by diffuse reflection (reference
(x)] removes the last obstacle to its general-purpose use wherever
an intense flash of duration 20 nanoseconds or less is required.

60. Air turbines that use air bearings need separate gas supplies
for the two functions, even in small geometries. (Excess pressure
is desirable on the bearing.) Otherwise precision load balancing is
essential for high-speed operation and the avoidance of "hunting”
(speed instability).
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6l. "Clean room" conditions should have been established in
this experiment to avoid contamination of the disk, or (preferably)
the experiment should have been done in a vacuum,

62. Tachome :ry ought to be based, if possible, on detecting a
non-optical signal.

63. For very long-term continuous operation of commercial
electronic equipment, high assurance of uninterrupted operability
can be seClured (if at all) only through careful ovarall design
involving equipment redundancy, probably at considerable expense.
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Chapter 3

IMPLICATIONS

IMPLICATIONS FOR THEORY

1. The observational null result just discussed implies that a
rotating stcel disk behaves as if kinematically rigid* in Minkowski
space-time, with a static metric. The disk therefore shows a kine-
matic "elasticity" (nonstatic metric) in space-proper-time (SPT),
where a kinematic lead of 2tv¥2c? radians per turn occurs. From this
it may be inferred that the hypothesis of existence of a proper time
of a structure is physically untenable. No such concept of a
collective proper time, shared among the parts of a macroscopic
structure, can lead to a simple description; and any notion of
"proper rigidity" (rigidity on hyperplanes of constant proper time
in SPT) is excluded as nonphysical. In effect laboratory "simul-
taneity" appears to have an absolute meaning for all portions of the
disk. As in reference (k), separate SPT's must be assigned to each
individual particle; and proper time remains the private property of
the particle. Method II of resolving the Ehrenfest paradox and
related kinematic inconsistencies (see Chapter 1, paragraphs38-45) is
therefore observationally refuted.

2. The observations also rule out all other nonstatic Minkowski-

space metric theories, such as those of Table 1, almost surely at

the v?/c? level and presumptively to all orders in v/c. The obser-
vations similarly rule out the optical analogue of the Thomas
precession (here termed "Thomas aberration") and thereby cast doubt
on the reality of the Thomas precession of other physical vectors,
such as spins. There being only energy-related evidence** in favor
of the Thomas spin precession--evidence independently accounted for

* The word "rigid" here may be understood in either the Born
[reference (e)] or the classical sense. Classical kinematics is in
full agreement with the observations. Since (v/c)<10”® in our
experiment, no question concerning the applicability of Newtonian
kinematics would arise except for the possibilities and logical
difficulties concerning "ricidity" (at all speeds) that are generated
exclusively within relativity theory. Classical mechanics is both
logically self-consistent and, as usual, consistent with observation
in the low-speed regime.

** Not all of this evidence is spectroscopic. Inglis and Furry,
reference (cc), used a Thomas precession energy to explain inverted
multiplets of nuclei. This may merely reflect the present lack of

a "Dirac equation”" in nuclear physics.
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(in spectroscopy) by the Dirac equation without geometrical
pictorializations--experimentation to try to observe the geometrical
aspect of the Thomas precession would seem to be in order. The doubt
just mentioned communicates itself to such widely-held beliefs as
that expressed in reference (dd); "Any physical object which can be
described as an infinitessimal line segment will precess if accel-
erated.” The statement just quoted is unqualified as to speed and
hence is in direct conflict with Newton's laws, if we presume the
"accelerated” motion to be torque-free. Such a conflict can hardly
be allowed to go unresolved; for, as Synge (reference (ee)) points out,
special relativistic mechanics is hatched by a "cuckoo process"
(referring to eggs laid in the nest of another bird) that leaves it
with no authority to dictate "physics" to Newtonian mechanics in the
Newtonian domain.

3. We may remark in passing that some authors [e. g., reference
(q9)] have maintained that the problem of the disk and the "geometry"
of its motion cannot be discussed apart from consideration of the
process ¢f generation of the rotation. From the standpoint of
correct analysis of world line shapes, which is indispensable, e. g.,
to an adequate theory of axis calibration by extended-structure
metric standards, the point is unassailable. But from the standpoint
of the present cobservations it is implausible that the manner or rate
of bringing the disk up to speed (a process that occupied about 0.01%
of the run duration) would have affected the qualitative findings of
no line curvature and a static Minkowski space metric.

4. Method I, which involves replacing kinematical problems by
dynamical or rheological ones, is unaffected in status by the obser-
vations here reported. This method rests on two remarkable ratio-
cinations:

a. Logical problems of kinematics are not to be solved, but
vre to be abolished by the assertion that rigid bodies do not
¥hzsicallx exist. Physics thus relieves us of our obligations to

ogic.

b. Kinematic theory, reincarnated as physics, then proceeds
to "predict"” (or infer from the tacit assumption of a static metric
or from"common sense") that the disk will physically be rigid--i. e.,
that all internal degrees of frecedom will be frozen out (immobilized)
on hyperplanes of constant laboratory time in Minkowski space. 1In
other words, radial straight lines stay straight, as con€firmed by
laboratory observation.

Our Figure 7 , then, is a photograph of something that by premise (a)
cannot physically exist, and that by premise (b) confirms the theory
of its own nonexistence.

5. We are bheing ungenerous to Method I in attributing to its
status invariance under the nresent observations. Method I is in
fact a universal invariant: nothing whatever can alter its logical
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status or its plausibility status. The practitioners of Method I,
having rejected the kinematic problem as insoluble, are solving
another problem ad hoc having little to do with kinematics. Because
of the strongly "physical" (and thoroughly unstructured) character

of this other problem, the theory or theories appropriate to Method I
are readily adaptable to anything that observation may reveal (unlike
Method II, which was refuted by observation). Thus, if the disk line
in Figure 7 had formed figure-eight's instead of staying straight,
practitioners of Method I would have been quickly on hand with
generally covariant gravito-elasto-hydrodynamic equations compatible
with such a result, and the "prediction" of straight lines would
quietly have been modified. There is nothing nature can do that such
victims of their own virtuvcsity cannot mimic by elastomeric mathe-
matics; hence no way nature can convey to them her displeasure with
their premises. The endorsement given to Method I by the present
obscrvations is not unlike the endorsement given to Ptolemy's
epicycle theory by the discovery of a new planet describable by
epicycles.

6. With Method II thus observationally eliminated and Method 1
self-eliminated as means of removing the logical contradictions of
kinematics, there presently remains only Method III. It was doubt-
less Sherlock Holmes who said that when the probabilities of all
alternatives but one have been reduced to zero whatever remains,
however improbable, must provide the solution. It is a pity to end
this detective story without naming the villain or even clearly
identifying the crime. But our subject here is confined to the
experiment and its direct implications. The experiment has not
revolutionized anything, but it has done its part to shift the odds
in favor of Method III, a revolutionary approach to kinematics.

7. Method II1 seeks to solve the problem of parametric deficiency
(loss of degrees of ireedom) responsible for the Ehrenfest paradox
Ly introaucing extia parameters from the full Lorentz group of
inhomogeneous transiormations. More specifically, this method
requires the Minkcwski "rotations” of a particle collective to occur,
not around a single, shared space-time origin, but independently for
each particle world 1Ine arourd separate space-time origins appro-
priate to each of the constituent particles. In this it finds
compatibility with the present observational evidence that there is
no physical meaning to a shared proper time. It has taken us more
than sixty years to begin to appreciate the true "apartness” of
particles at spacelike separations. Being permanently "elsewhere"
from cach other, they exist literally in different worlds, and may
descriptively share much less than conventional wisdom supposes.

8. That dynamics can exist without the foundation of a logically
consistent kinematics is absurd; for any structures or motions that
can occur for cause can be described apart from causes--and that
descriotion is known as kinematics. Kinematics is foundational
(logically preconditional) to physics. Physics should rest on its
foundations, not rescue them. The logical order of development of
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physics is clear: first get kinematics right, then go on to dynamics.
The opposite approach is not physics but mathematical mimicry of
nature. Fyom Method III of handling the situation, recommended by
the present considerations, may arise other contradictions, as yet
unsuspected, requiring still more violently radical reformulations.
Many physicists these days seem capable of entertaining revolutionary
thoughts only in the social and political spheres. Arise, ye rigid,
irrotational prisoners of homogeneous Lorentz transformations! You
have nothing to lose but your three degcees of freedom.

IMPLICATIONS FOR FURTHER EXPERIMENTATION

9is If anyone should in the future wish to repeat the present
observations, the experiment might best be done with magnetic (or
other nonmechanical) support of a small disk in vacuum.

10. The main need for further experimentation is in verifying
or refuting the Thomas precession of spins. Thomas took a flying
leap into the unknown when he "deduced" from the kinematic preces-
sion of coordinate axes a precession of physical vectors. The
failure of the optical analogue of his effect to manifest itself in
the present experiment reinforces the doubts about this "effect"”
that should have arisen with the advent of the Dirac equation [(and
that apparently have at least fleetingly arisen in the mind of one
author*--see reference (d)). It is most important that this issue
be unambiguously resolved: do spin angqular momenta, or other
vectors, turn with respect to the fixed stars when carried torque-
free around circuits in flat space, or duv they not? For without a
definite answer to this question all long-term earth satellite
experiments with accurate gyroscopes will be incapable cf meaningful
interpretation.

11. 1In connection with the design of an experiment to test the
geometrical aspect of the Thomas precession, Edmund Trounson,
NOL, has suggested that use be made of a material resembling an ideal
permalloy, wherein magnetization direction is unaffected by relative
orientation of the lattice. This might be spun in the laboratory in
the form of a disk. The magnetization direction of a locally magne-
tized portion of the material near the rim might be initially aligned
with some fiducial (e. g., radizl) direction on the disk. If the
magnetization vector, a sum of atomic spin contributions, precesses
relative to the fiducial direction during a long period of disk
rotation, and the disk is then stopped, the net precession should be

*Another author, Whitmire [references (£f), (gg)]), has recently cast
doubt on the Thomas precession of a macroscopic object such as a
gyroscope. His reasoning is of the Method-I variety, for it invokes
kinematic "shear stresses.” He believes in the observability of the
Thomas effect in respect to electronic spin precessions, a supposi-
tion for which the experiment proposed in the next paragraph should
be crucial.
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“frozen" and the direction change should be measurable in the
stopped disk--unlike the putative kinematic and aberrational effects
discussed in this revort, which vanish when rotation stops. Alter-
natively, there exists a phase-comparison method, suggested by
Abraham Silverstein, NOL, whereby the magnetization direction can be
observed while the disk is in continuous rotation. Thus a few weeks
of high-speed rotation of a small disk should suffice to resolve the
issue. For the record, the writer offers his prediction, based on
acceptance of Newton's laws in the Newtonian limit, that no evidence
for the Thomas directional precession of physical vectors will be
found by this or any other observation.
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FIG. 6 FLASH PHOTOGRAPH OF DISK

ARROW INDICATES RADIAL LINE USED |f ' -
DATA ANALYSIS
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FIG. 7 FLASH PHOTOGCRAPH OF DISK IN MOTION AT 6116 RPS AFTER FOUR
MONTHS OF CONTINUOUS ROTATION. ARROW INDICATES SAME
LINE SO INDICATED IN FIG. 6, DASHED CURVE SHOWS RELATIVITY
EFFECT THAT WQOULD HAVE BEEN SEEN FOR «a = 1/2
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FIG. 9 CLOSE-UP OF DISK SHOWING TACHOMETER LIGHT REFLECTING
CFF TS SURFACE TO DENMTAL MIRROR; X-Y=Z=- POSITIONER
PACRCPSETERS VISIBLE IN 3ACKGROUND



