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Summary

In this centennial year of the birth of Albert
Einstein, it is fitting to review the revolutionary
and fundamental insights about time which he gave
us in the Restricted Theory of Relativity (1905)
and in the conseqences of the Principle of Equiv-
alence ("...The happiest thought of my life...")
which he developed (1907-1915) into his theory of
gravity as curved space-~time, the General Theory of
Relativity.

It is of particular significance that the ex—
traordinary stability of modern atomic clocks has
recently allowed the experimental study and accur-
ate measurement of these basic effects of motion
and gravitational potential on time. Experiments
with aircraft flights and laser pulse remote time
comparison (Alley, Cutler, Reisse, Williams, et al,
1975) and an experiment with a rocket probe
(Vessot, Levine, et al, 1976) are briefly des-
cribed.

Proper understanding and allowance for these
remarkable effects is now necessary for accurate
global time synchronization using ultrastable
clocks, transported by aircraft, and for the cor-
rect operation of navigational systems such as the
NAVSTAR/Global Positioning System.

Introduction

It is an honor to be asked to review the sub-
ject of relativity and clocks for the 33rd Frequen-
cy Control Symposium in this centennial year of the
birth of Albert Einstein which occurred in Ulm,
Germany on March 14, 1879. I am pleased to attempt
a brief summary of the subject.

The plan is to recall first some of the signi-
ficant events in Einstein's intellectual life by
showing his photographs at various ages. Next, the
restricted ("special") theory of relativity (re-
stricted, that is, to inertial frames of reference)
will be sketched, followed by the implications of
the Principle of Equivalence that gravity curves
light beams and affects the rate of clocks, the
clues that led to the idea of gravity as curved
space~time, the General Theory of Relativity. Re-
cent experiments which have been able to measure
and study some of the effects of motion and gravity
on time will be briefly described. Finally, the
practical matter of including relativity in modern
clock synchronization and navigational systems will

be mentioned.

The international timekeeping community should
take great pride in the fact that the great stabil-
ity of contemporary atomic clocks requires the
first practical applications of Einstein's General

Theory of Relativity. This circumstance can be ex-

pected to produce a better understanding among
physicists and engineers of the physical basis of
gravity as curved space-time. For slow motions and
weak gravitational fields, such as we normally ex-
perience on the earth, the primary curvature is
that of time, not space. A body falls, according
to Einstein's view, not because of the Newtonian
force pulling it to the earth, but because of the
properties of time: clocks run slower when moving
and run faster or slower, the higher or lower re-
spectively they are in the earth's gravity field.

Some Events in Einstein's
Intellectual Development

Figure 1 shows Einstein in his study in Berlin
several years after he had brought the General
Theory of Relativity to its complete form in 1915.
He always regarded this theory as his major accom-
plishment, although his other outstanding contribu-
tions to physics would place him among the greatest
physicists of this century even without the General
Theory. His stature as a scientist and his charac-
ter as a man are appropriately symbolized in the
cartoon of Herblock which appeared in The Washing-
ton Post shortly after his death on April 18, 1955.
(Figure 2). This drawing is included here for an
additional reason.

Imagine someone observing the Earth from the
position of Herblock's observer, taken to be a
space ship far removed from the solar system,
located among the nearby stars but at great dis-
tances from each of them, not moving with respect
to the Sun, and equipped with standard cesium
atomic clocks with which to measure time. This
observer 1s clearly aware of Einsteinian time. The
one hundred years which have elapsed on Earth since
Einstein's birth would be recorded by the Herblock
observer to be about 46 seconds longer due to the
effects of gravitational potential difference (29
seconds from the Sun's potential and ~2 seconds
from the Earth's potential) and orbital motion of
the Earth (nl5 seconds). In the next section, I
wish to recall and explain these fundamental ef-
fects on time which Einstein originally revealed to
us by pure thought.



To continue with Einstein's life, Figure 3
shows his earliest known picture at the age of
about 5. This is when he first saw a magnetic
compass and began to wonder about its behavior.
Figure 4 shows him in elementary school in Munich
at the age of 10. He is second from the right in
the front row. Figure 5 shows him at the age of
14. He had begun to read Euclidean Geometry two
years earlier and a year later was to become a
high school dropout because of dissatisfaction
with the methods of teaching in his Munich gym-
nasium. He spent a happy year in Northern Italy
where his family had moved, travelling and con-
tinuing his own studies. At the age of 16, he
attempted to enroll in the Swiss Federal Institute
of Technology (Eidgendssische Technische
Hochschule) in Zurich, but failed the entrance ex-

amination overall, although he impressed the exami-

ners with his knowledge and ability in physics
and mathematics. These examiners recommended that
he spend a year in the high school in Aarau,
Switzerland, and then enter the ETH, since no en-
trance examination was required of graduates of
Swiss secondary schools. Figure 6 shows the 16
year old Albert Einstein (far right, first row) in
the Aarau classroom of an excellent teacher, Dr.
Jost Winteler. It was during this period that
Einstein began to think about what a beam of light
would look like if somehow he were able to move
fast enough to catch up with it. Figure 7 shows
him as a student at the ETH in Zurich, where he
succeeded in disappointing and alienating his
professors by attending the required classes only
sporadically while pursuing independent studies.
(He particularly liked to spend time in the elec-
tricity and magnetism laboratory and in the study
of Maxwell's Theory of the electromagnetic field,
which was not then taught at the ETH). He passed
the few required examinations only with the help
of his friend, Marcel Grossmann, who was a model
student, attending lectures and taking careful
notes, which he lent to Einstein. The famous
mathematician, Hermann Minkowski, who lectured at
the ETH and later contributed the geometrical
point of view to space-time and relativity, said,
on learning of Einstein's 1905 paper on restricted
relativity, "Oh, that Einstein, always missing
lectures - I really would not have believed him
capable of it!" On another occasion, he referred
to Einstein as "a lazy dog'".

Because of these attitudes, which seem to
have been shared by other members of the faculty,
Einstein could not obtain an academic position or
a permanent job of any sort for about a year and
a half after he graduated. (As a teacher in a
university, I reflect often, when looking at these
pictures of Einstein during his student years, how
easy it is to completely misjudge a student's true
abilities. Conventional teaching in universities
has changed little since Einstein's student days,
and we have yet to react to his criticisms. A
recent essay by Martin Klein? on Einstein and the
Academic Establishment is particularly pertinent
as are Einstein's own essays on education’).
Finally, his good friend Marcel Grossmann pre-
vailed on Grossmann's father who was acquainted
with the director of the Swiss Patent Office in
Bern to intercede and obtain an interview for

Einstein. This led to employment there for seven
fruitful years from 1902 until 1909. He had a nat-
ural aptitude for evaluating the feasibility of the
patent applications, leaving time and energy to
wonder about physics. Often in later life when
asked for advice by young scientists, he would rec-
ommend, with his experience at the patent office in
mind, that they not be dependent for their liveli-
hood on the production of scientific results be-
cause of his concern with the corrupting influence
of the need to be successful. In Figure 8, he is
shown at the age of 26 at his desk at the Patent
Office in the year 1905 when he published three
remarkable papers in the Annalen der Physik: One
introducing the light quantum into physics, one
discussing the theory of the Browmian Motion and
providing the clinching argument for skeptics of
the existence of atoms, and the third, "On the
Electrodynamics of Moving Bodies,'" containing his
revolutionary insight about the relative nature of
simultaneity and the non-absolute nature of time,
the fundamental key to his restricted theory of
relativity. About his years at the Patent Office,
and Marcel Grossmann's help in obtaining the posi-
tion, he wrote in a letter of condolence to Gross-
mann's widow in 1936, "...This saved my life; not
that I would have died without it, but I would have
been intellectually stunted”, and, in the last year
of his life, '"The greatest thing that Marcel Gross-—
mann did for me as a friend". There was, however,
a third major thing that Grossmann did for
Einstein. When he needed to learn differential
geometry and the tensor calculus in order to give
mathematical form to his idea of gravity as curved
space~time, he turned to Grossmann who had special-
ized in the subject and was a member of the faculty
of mathematics at the same ETH in Zurich when
Einstein was a member of the physics faculty there
from 1912 to 1914. Figure 9 shows Einstein in a
playful mood at the California Institute of Technol-
ogy in the early 1930's while Figure 10 shows him
at the Institute for Advanced Study in Princeton
where he spent the last twenty-two years of his
life.

If these tidbits have stimulated you to want
to learn more about Einstein's life, there is no
better book to begin with than the brilliant bio-
graphy by Professor Banesh Hoffmann, Albert
Einstein, Creator and Rebel. Many of the facts

stated above, along with many of the photographs,
were taken from this book. It has the added virtue
of explaining Einstein's physics in a particularly
clear way. Some of the remarks in the next sec—
tions of this talk follow the approach of Hoffmann.

Brief Review of Restricted
("Special) Relativity

This review will be much too concentrated for
those people who may be encountering the ideas for
the first time. However, I shall assume that most
people in this audience have had some prior contact
with the subject so that we can recall the funda-
mental concepts quickly.

The restriction is to reference systems which
move with respect to one another with constant



velocity, and in any one of which a body at rest
remains at rest and a freely moving body moves in
a straight line - the so-called inertial systems.
The adjacent diagram shows the conventional repre-

Yy ¥

sentation of two such systems in relative motion.
A fundamental postulate is that the laws of phy-
sics, electromagnetism and all other parts of
physics, as well as dynamics, are to be the same
in every inertial system. This has the conse-
quence that no experiment carried out within an
inertial system can distinguish it from any other
such system. This 1s the restricted (special)
Principle of Relativity.

The second fundamental postulate which Ein-
stein identified had to do with the velocity of
light in empty space. o Light travels with a defi~-
nite speed (c *3 x 10" meters per second) for
every inertial observer which does not depend on
the motion of its source.

These two postulates appear to be hopelessly
in conflict. Consider the two inertial systems
illustrated, each of which has a light source at
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its center. When the two light sources are abreast
of each other, let them flash simultaneously, send-
ing out light wave fronts in the forward and back
directions for observer A and for observer B.
(These could be railroad cars, in Einstein's own
example, or space ships, appropriate to our own
epoch. For simplicity, we are limiting ourselves
to only one dimension.) In his own system, A would
see the pulses reaching the ends at the same time,
but he would observe the backward travelling wave
front reach the back end of system B before the
forward travelling wave front reaches the front

end of system B. How could observer B measure

that the gpeed of light was ¢ in both directionms,
as A would surely measure? Does this not violate
the postulate of relativity, by which A and B
should agree on the laws of physics?

You know well the resolution of this dilemma,
which came to Einstein after many years of musing
and bafflement. On awaking one morning during

his time at the Patent Office, he sat bolt upright
in bed with the realization that time is not absol-
ute. The situation described is only "apparently
irreconcilable". The simultaneity of separated
events is relative to the inertial observer. Dif-
ferent inertial observers will not agree on whether
two spatially separated events are simultaneous.
For some observers, they may be simultaneous, but
other observers will not even agree on which event
occurs before the other. This fundamental realiza-
tion about time has had profound consequences for

all of physics!!

Einstein's Prescription for Comparison of Time
(Clock Readings) for Separated Events

The following illustration shows Einstein's
prescription for time comparison and affords the
opportunity of introducing space~time diagrams:

t(ns)

x(ft)

Let the vertical axis measure time in nano-seconds
and the horizontal axis measure distance (one di-
mension) in feet (230 cm). Then the plot of a
moving light pulse will make an angle of 45° since
¢ v 1 foot per nano-second. The prescription is
simple. Send out a pulse at time t,, let it be
reflected at the distant event, and return to the
observer at time t.,. One assumes that the time of
reflection assigneg by the observer in midway be-

tween tl and t3:

1
=3 (t1 + t3) (1)

The same measurements of time will also yield the
distance to the event by using the radar equation:

X = 5 (t3 - tl) (2)

The diagram is called a Minkowski diagram after
Einstein's distinguished professor of Mathematics
at the ETH who developed this geometric way of
looking at space-time in 1907.

Modern Observers and Minkowski Diagrams

The modern observer will be equipped with:

1. Atomic Clocks

2, Short Pulse Lasers
3. Fast Photo-detectors
4. Event Timers



The k-Calculus. By sending and receiving
short light pulses and recording the times (epochs)
of such events, one can measure the space-time
coordinates of distant events, as we have Just
seen, In addition, the technique lends itself to
a very clear way of developing the conceptual
structure of relativity, as was first done by
Bondi.3 Consider the following diagram in which
the world line of B is represented in the space-
time diagram of A.
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Observer B has the same equipment as A, in parti-
cular a standard atomic clock. Because of the
motion of B relative to A, light pulses emitted
by A with a time interval T between them will be
recelved by B with a stretched time interval kT
because of the additional distance travelled by
B between reception of pulses. This is just the
familiar Doppler effect. It 1s an easy exXercise
to show that the relativistic Doppler factor k

is given by

k= [/ 1+v/c (3)
1 - v/c

The locus of the events which A regards as
gsimultaneous with his origin event t = 0 as deter-
mined by the operation shows in the above diagram,
a pulseless effect at t = -x/c being received back
at t = x/c. This constitutes A's x-axis. If ob-
server B carries through the same operation, as
shown in the following diagram, emitting a pulse

at t' = -x'/c and receiving it back at t' = x'/c,
A
B
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the locus of all such reflection are the events he
regards as simultaneous with his origin even to

t' = 0. (The same even t to which A assigns t=0).
This x'-axis makes the same angle with _respect to
the locus of light propagation, the 45 1line, as
the t'-axis. The light propagation lines, shown
dashed in the figure, are the same for both obser-
vers because of the invariance of the speed of
light. They are often called the light cone.

The geometrization of space-time, as pointed
out by Minkowski in 1907, amounts to this: There
is an absolute space-time, which is "sliced up'" by
different inertial observers in different ways, as
shown in the following diagram (for one space di-
mension)

Minkowski's Absolute Space-Time (I907)

"Sliced up" in
different ways
by inertial
observers

Light speed same
for all

Some reference event is chosen and a light
cone is associated with it. If this reference
event is chosen as the origin event for several
inertial observers, their time and space axis are
plotted as shown. Observer C is moving to the
left with respect to observer A. The distance in
the diagram along the time and space axes which
corresponds to unity will be different for each
inertial observer’. The coordinates for an event
are determined by parallel projection onto the
time and space axes for any inertial observer, as
shown in the following diagram

N
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Minkowski showed a very remarkable property:
even though t' # t and x' # x in the above dia-
grams, there is an expression which is the same
for both observers, namely8

s" ¢t ~x"= ¢ ¢ - x (4)

This is called the square of the invariant inter-
val between the origin event (0,0) and the event
(t,x) or (t', x'). For any two events whose sepa-
ration in time is At or At' and whose separation
in space is ax?2 or Ax', it is easily shown that

(As)2 = cz(At)2 - (Ax)2 = cz(At')2 - (Ax')2 (5)

Even though At # At' and Ax # 4x', all inertial
observers will get the same result for (As)

as defined by equation (5)! 1In three spatial di-
mensions, (48)2 becomes

ws)? = et - wo? - y)? - (an)?

(6)
Zarn? - axn? - y? - az")? |

and continues to be invariant for all inertial
observers.

This 1s an extremely important result because
it provided the mathematical basis for Einstein's
later development of his theory of gravity - a
curvature of the flat space-time that we have been
discussing in terms of the preceding diagrams - as
we shall discuss later on. Minkowski character-
ized his development of the geometry of space~
time during an address to the 80th Assembly of
German Natural Scientists and Physicians in
Cologne on the 2lst of September, 1908 in the
following famous excerpt:

"The views of Space and Time which I
wish to lay before you have sprung from
the soil of experimental physics, and
therein lies their strength. Hence-
forth, space by itself, and time by
itself, are doomed to fade away into
mere shadows, and only a kind of union
of the two will preserve an independent
reality."

He was, of course, talking about the slicing up of
space-time by different inertial observers, accom-
panied by the invariance of the interval, as we
have just discussed.

The Effect of Motion on Clocks

This is most readily described by using the
invariant interval. Consider the following
Minkowski space-time diagram which represents the
motion of a clock with respect to some arbitrary
inertial observer whose coordinate time and space
axes are displayed. The world line of the moving
clock is just the locus of the events at which

1
World Line of
moving clock Reading of moving
clock is its own time.
L Proper Time.
1™ Clock Ticks D
.- enot .
at{ 8 (At, Ax) ebyr
" | (Ar,0)
!
Dx b3

it is present. The curvature of the world line
shows that it experiences accelerations. Two
neighboring events along the world line of the
clock are shown representing "ticks" of the clock
(every second, or better, every nanosecond). With
respect to the inertial observer, they have a time
separation At and a spatial separation Ax. For
the moving observer accompanying the clock, the
time separation between ticks is the time interval
actually recorded by the moving clock, which is
called its proper time interval and given the
symbol At. The spatial separation between the
ticks for the observer moving with the clock will
be zero, since the clock is always at the origin
of the moving coordinate system. If the two tick
events are close together, the moving observer can
be regarded as an inertial observer since his in-
stantaneous velocity v will change very little
during the interval between ticks. Then, denoting
the time and space measurements of the moving ob-
server with primes,

2
s = Fan? - ol = Faem? - @t @)

But
t =
At At (8)
Ax' = 0
and
Ax = VAt (9)
Equation (7) thus becomes
2 2 2 2 2
c” (AT = At - A
) c(at) (vat) (10)
= (* - vh) (an?
or
2 v2 2
(ar)” = (1 - ‘—3-) (At)
Cc
(11)
2
v At
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relating the proper time increment At of the moving
clock to the coordinate time increment At of the
inertial observer. Note that this important result
has been obtained with very little mathematics.

The author has successfully taught these ideas to
introductory physics students, given several weeks
for them to be absorbed gradually.

If two identical clocks are synchronized to
read the same when they are together, and observed
to have the same rate when together, they will not
exhibit the same reading after being separated and
experiencing different routes in space-time before
being brought together again, even though their
rates will again be the same. The situation is
illustrated below for clocks A and B.

" Your time is
not my time"

The difference in proper times for clocks A and B
will be

TA(flnal) - TB(iﬂltial) = JdTa

=J/1~ vz/c2 dt

A
1z}

TB(final) - TB(initial) = j dTb

= J vy 1 - VBz/c2 dt

Where t represents the coordinate time of some in-
ertial observer and v, and v, are the instantaneous
velocities of A and B with respect to that inertial
observer. The elapsed proper time will be differ-~
ent for clocks A and B since their histories or
routes are different. There is a route dependence
of elapsed proper time. Colloquially, to para-
phrase a once popular song, "Your time is not my
time'!

Note in equation (12) that there is no expli-
cit dependence on the acceleration or higher deriv-
atives of the motion of the clocks, but only the
instantaneous velocity. This is sometimes referred
to in the literature of relativity as the "clock
hypothesis". There clearly must be some accelera-
tion for the clocks to separate and be brought
back together again. Any real clock will be influ-
enced by acceleration to some extent. For example,

a watch dropped on a hard floor from a sufficient
height will probably stop running! However, it is
possible in real situations to keep accelerations
small enough to avoid significant rate changes by
careful packaging to reduce shocks and vibrations
and by sufficiently slow motions of the vehicle
(e.g. aircraft) carrying the clock. The important
point is that there is no specific dependence on
the instantaneous acceleration in the theory pre-
dicting the elapsed proper time for an arbitrary
motion of a clock in space-time.

Einstein's 1905 Prediction

In the 1905 paper, "On the Electrodynamics of
Moving Bodies", referred to earlier, Einstein made
the following statement after developing his ideas
about time:

"Thence we conclude that a balance—clock*
at the equator must go more slowly, by

a very small amount, than a precisely
similar clock situated at one of the
poles under otherwise identical condi-
tions.

*

Not a pendulum clock, which is physical-
ly a system to which the earth belongs.
This case had to be excluded."

The situation is sketched below. The equatorial

O

~0.46 km/s

surface velocity is about 0.46 meters/second.
Equation (12) evaluated in an inertial frame (non-
rotating) with origin at the center of the earth
yields, to first order in v2/c2.

1(final) ~ t(initial)

[}
—_—
—~
=
t
<
N
—
=3
[l

(13)

At a pole, v = 0, but at the equator v2/2c2= 1.18x

10712, If ¢ is one day, the equatorial clock would
run slow with respect to the polar clock by about
102 nanoseconds.

If atomic clocks had existed in 1905 with the
stability we have today (M2 ns/day) so that the
prediction could have been tested, it would have
been found to be wrong! Why? Because the effect
of gravity had not been included! Two years were



to go by before Einstein discovered the Principle
of Equivalence in 1907 and drew the conclusion
about the influence of gravitational potential on
time. The oblateness of the spinning earth causes
a decrease in the gravitational potential as one
moves from the equator to a pole, getting nearer
to the center of the earth. It is remarkable that
the effect of this change on clocks is predicted
to offset exactly the effect of the change of
surface velocity, so that the correct prediction
is a null effect. We have performed an experiment
recently, transporting clocks from Washington, D.C.
to Thule, Greenland and back, which supports this
null prediction, and will describe it later.

The Principle of Equivalence

(Einstein's "Happiest Thought'")

Let us now turn to the incorporation of gravi-
ty into the structure of space-time which in Ein-
stein's hands produced the General Theory of Rela-
tivity - no longer restricted to inertial frames
of reference. It is my experience that the best
way to understand Einstein's theory of gravity is
through the historical route actually followed by
Einstein. The physical ideas came before the full
mathematical formulation of curved space-time in-
volving the tensor calculus, which took eight more
years to develop. The key idea came to Einstein
in 1907 when he was working on a summary essay con-
cerning the special theory of relativity for the
yearbook for Radiocactivity and Electronics. He
described his train of thought in an essay written
in 1919, "The Fundamental Idea of General Relativ-
ity in its Original Form", which is not yet  pub-
lished, but an excerpt was printed in the New York
Times? in 1972 when the planned editing and publi-
cation of all his papers was announced.

"I tried to modify Newton's theory of
gravitation in such a way that it would
fit into the theory., Attempts in this
direction showed the possibility of
carrying out this enterprise, but they
did not satisfy me because they had to
be supported by hypotheses without
physical basis. At that point, there
came to me the happiest thought of my
life {emphasis added] in the following
form:

Just as in the case where an
electric field is produced by electro-
magnetic induction, the gravitational
field similarly has only a relative
existence. Thus, for an observer in
free fall from the roof of a house
there exists, during his fall, no
gravitational field - at least not in
his immediate vicinity. If the obser-
ver releases any objects, they will
remain,relative to him, in a state of
rest, or in a state of uniform motion,
independent of their particular chem-
ical and physical nature.* The obser-
ver is therefore justified in consid-
ering his state as one of "rest".

The extraordinarily curious,

empirical law that all bodies in the
same gravitational field fall with
the same acceleration immediately
took on, through this consideration,
a deep physical meaning. For if
there is even one thing which falls
differently in a gravitational field
than do the others, the observer
would discern by means of it that he
is in a gravitational field, and that
he is falling im it. But if such a
thing does not exist ~ as experience
has confirmed with great precision -
the observer lacks any objective
ground to consider himself as falling
in a gravitational field. Rather, he
has the right to consider his state
as that of rest, and his surroundings
(with respect to gravitation) as field-
free.

The fact, known from experience,
that acceleration in free fall is in-
dependent of the material, is there-
fore a mighty argument that the post-
ulate of relativity is to be extended
to coordinate systems that are moving
non-uniformly relative to one another.

*
In this consideration one must natu-
rally neglect air resistance."

The following simple diagrams illustrate the
point made by Einstein and allow profound conse-
quences to be drawn with little or no mathematics!
Consider a laboratory falling freely as shown be~
low. Objects released with no initial velocity

T

will remain at rest. If the initial velocity is
not zero, the path of the object will be a straight
line. This is now very familiar to us from
television and movies of the U.S. astronauts in
Skylab and the Apollo spacecraft, and the Soviet
cosmonauts in Salyut and the Soyuz spacecraft. The
freely falling spacecraft constitutes a true
(local) inertial system. If one imagines the
spacecraft in a region of space free of gravity but
subject to the acceleration produced by a rocket
engine, as shown on the left below (the "Aclab" of
Banesh Hoffmann), the observer inside will experi-
ence effects similar to those in a stationary lab-
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No Local
Gravitational
Field!




oratory on the surface of a body like the earth
where there is an acceleration of gravity g, In
both cases, objects released will move to the

floor with accelerated motion. In the "Aclab"
case, the floor accelerates to the released cbject,
so that any object, regardless of its composition,
will behave in the same way. In the "Gravlab"
case, it has been measured with increasing accuracy
by Galileo, Newton, E8tv8s, Dicke, and Braginsky,
that all bodles at the surface of the earth fall
with thS same acceleration. The latest measure-
ments,1 using torsion balance techniques to com-
pare aluminum and gold at Princeton University and
te compare aluminum and platinum at Moscow State
University give

Bal " Bay { < 10711 (Dicke, 1964)
g
(14)
g, -8 ~12
al Bt < 106 (Braginsky, 1972)
g

Implications for Light Propagation

Einstein proposed that the equivalence idea
should hold, not only for dynamics, but for all of
physics, and, in particular, for electromagnetic
phenomena, including light. If this is the case,
one can draw some conclusions without using any
mathematics at all as illustrated in the following
diagram. Since the "Aclab" is accelerating with

Wavefronts

&

A Hibingy M,

"Aclab" "Graviab"

respect to an inertial system, and a beam of light
would propagate in a straight line in that system,
to an observer in the "Aclab", the light would ap-
pear to follow a curved path. If the equivalence to
the "Gravlab" is correct, the prediction would be
that light follows a curved path when propagating in
a gravitational field. 1In addition, by noting that
the wave fronts assc¢clated with the light beam must
move like ranks of soldiers when turning, the outer
soldiers moving faster than the inner ones, the
conclusion follows that the speed of light should
increase with height in a gravitational field!!

Implications for the Rate of Clocks

Imagine two atomic clocks of identical con-
struction to be at the top and bottom of an "Aclab”
as shown below, their readings being compared by
modern observers equipped with short pulse lasers,
fast photo-detectors, and event timers as discussed
earlier. The rates can be calculated using the
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techniques of restricted relativity discussed ear-
lier {accelerated motion can be analyzed by using

a succession of inertial frames having the instant-
aneous velocity of the accelerated object}. The
conclusion, as we will show below, iIs that the

high clock will run fast with respect to the low
clock. Therefore, by the principle of equivalence,
in the "Gravlab™, the high clock will run fast with
respect to the low clock. A clock's rate is pre-
dicted to depend on its position in a gravitation—
al field!!

Since we have presented earlier all the math-
ematical machinery needed to draw this conclusion,
let us run briefly through the analysis. Con-
struct a space—time diagram for the low and high
observers in the "Aclab" referred to time and space
axes of an inertial observer, as shown on the left

below. The curvature of the world lines represents
Comparison of Clocks in "Aclab”
+| Low High t Low High
kT
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their acceleration with respect to the cobserver es-
tablishing the time and space coordinates. They
are separated by a vertical distance h when t = 0.
Let two successive light pulses be emitted by the
low observer separated by a time interval T on his
clock. The pulses will be received by the high
observer separated by a time I1nterval kT In accord-
ance with our earlier discussion of the Doppler
factor, equation (3). The wvelocity which should be
used to evaluate k in that of the high observer
when the first pulse reaches him.

v = at = ah/c (15)

where a is the acceleration of the "Aclab" and the
approximation is made that the separation is still
h at this later time so the transit time = h/c.

It is further assumed that during the time T the
velocity will not change appreciably.

Then



k=/14+v/c fl+2v/c =f1+£<ﬂ (16)
1~ v/c v CZ

Now, by the Principle of Equivalence, a = g, the
acceleration of gravity, so k becomes

k=V1+2gh (7)

2
c

Recall that gh is just the Newtonian potential dif-
ference ¢ if h is small,

¢ = gh (18)

so that

K = 1+—2—§ (19)
[od

By the Principle of Equivalence, the situation

would be as shown in the following space-time
diagram. The low and high clocks-are not moving

Low High

"Groviab"

so their world lines are straight. The light pro-
pagation lines are curved because of the increase
of the speed of light with height. The time in-
terval T becomes stretched to kT, where

k=7/1+ 2gx (20)

This circumstance is what can be called the "cur-
vature of time." The elapsed proper time of a
clock depends on where it is located in the gravi-
tational field and differs from the elapsed coor—
dinate time established by an observer, at the
surface of the earth, for example, with the aid of
light signals. The following diagram shows the
relation for vertical distances.

At { \><’ }Ar

The observer on the ground at x = 0 can estab-
lish the coordinates (t, x) of any event by sending
out a light pulse to be reflected back at the time
of the event and received at a later time. The
time he assigns to the event is halfway between his
emission and reception events as described by
equation (1). (This is still valid even though the
speed of light is not constant in a gravitational
field; the time required for the light pulse to go
out is the same as that for it to return). If the
procedure is repeated an interval of coordinate
time At later, it will define an interval of proper
time At at the higher position, as shown in the
diagram. The essential property is that

At # AT 21

Iime Curvature

It is possible to generalize the expression
for the square of the invariant interval in re-
stricted relativity, equations (5) and (6), to
allow for this effect, and that is just what Ein-
stein did, writing now

ps® = 1+ “2512:_)‘:2 ot)? - (AX)2 (22)
[4

For three spatial dimensions, and using the Newton-
ian potential ¢ to include non-uniform gravitation-
al fields

as? = (1 +—L] (At) - (AX)2 - (Ay)2 - (Az)2

c
(23)

Einstein retained the interpretation of As as mea-
suring the interval between two events in space-~
time, so for the interval between two ticks of a
clock,

As = cAt (24)

where At is the interval of proper time recorded
by the clock. TIf the clock is not moving

ws)? = Fan? = 1 +-22) @) (25)

or

At =Y 1 + 28 At (26)

which is the same as equation (19), giving the re-
lation between increments of proper time and coor-
dinate time. If the clock is moving,

Ax = v At, A = Uy At, Az = v, At (27)
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and equation (23) becomes

w)? = Fun?= 1+ P on?
¢ (28)
- {sz + uyz + uzz } (At)2

which leads to

2
_ 2¢ v
AT —///1 + = — At (29)

C c

as the relation between proper time and coordinate
time increments for a clock in motion.

As Einstein developed these concepts during
the years 1907 - 1915, and especially during the
collaboration with Marcel Grossmann from 1912 ~
1914, he realized there would also be a curvature
of space produced by a gravitational field. This
would be represented by coefficients of the (Ax)z,
(Ay)z, and (Az)2 terms of the expression for (As)?2
which would also be functions_of position, just as
the coefficient of the cz(At) term. The values
of these coefficients are determined by his field
equations for a given distribution of matter. For
a spherically symmetric mass distribution, the
famous Schwarzschild solution of the field equa-
tions is

2
= (1+2) 2. L

e? (1+-2)
¢ (30)
- rz cosZB(Au)2 - r2 (AB)2
where
pe- = (31)

with M the mass of the central body, r the radial
distance, o the longitude, and B the latitude.
For motions in weak gravitational fields such that

‘9£ < <1, (32)
[ed

and for slow motions,
< <1, (33)

one can neglect the coefficients of the spatial
increments, and one is left with the equation (23)
containing only the curvature of time.

Under the conditions of low velocity and weak
gravity expressed by equations (32) and (33), one
can approximate equation (29) as

2

Ar:[1+—%- =) at (34)
c 2¢c

All of the experiments with atomic clocks which
have been done recently, and which we will describe
below, are a testing of the relationship (34) be-
tween proper time and coordinate time.

Analogy of Time Curvature to the Curvature of
a Sphere

Consider a sphere, like the earth, whose curved
surface possesses a coordinate system of latitude
and longitude, as shown in the following diagrams.
The coordinates of longitude a runs through the
range 0 to 360,

As
As RAB
R ﬁ: Rcos BAa
I
a SN

The coordinate of latitude runs from -90° to 90°.

R is the radius of the sphere. What is the distance
As between two neighboring points on the surface of

the sphere, differing by Ac and AB? Tt is not given

by

(As)2 (Aa)2 + (AB)2 (Wrong!) (35)

but rather by

2

R cos2 B(Aa)2 + R2

(2s)2 % (36)

L}

There are metric coefficients, which depend on posi-
tion, multiplying the square of the coordinate dif-
ferentials to give the true measure of length, or
proper length, between the points, The actual
proper length will be different for different loca-
tions on the sphere, even though the coordinate
differentials are the same, For example, consider
Aa = 1 and AB = 0, as shown in the following ex-
aggerated diagram.

As =78.9 km

—4as=r

\ As =17 km

At the equator, As will be 111.7 km, while at the
latitude of 45? As will be 78.9 km. The relation
between the proper time increment At and coordinate

13



time increment At in curved space-time is very
closely analogous to the relation between the
proper length increment As and the coordinate of
longitude increment Aa on the curved surface of

the sphere. The coefficients in relativity are
also called metric coefficients. For a network of
curvilinear coordinates, x, and x,, on an arbitrary
curved surface as shown theé propefr length As is

expressed as:

(8s)? = gll(Axl)z + 2g,, (8% ) () + gzz(sz)z (37)

The great mathematician Gauss made many contribu-
tions to the differential geometry of two-dimen-
sional curved surfaces, in particular showing that
the curvature can be calculated from the variation
of the metric coefficients gy on the surface only.
These results were generalizea to an arbitrary
number of coordinates describing n-dimensional
curved space by Riemann. This Riemannian geometry
furnished many mathematical tools which Einstein
and Grossmann used in the final form of General
Relativity.

Brief Summary of the Curved
Space-time Theory of Gravity

In the curved space-time produced by the
oresence of matter,, the metric coefficients in the
a2xpression for (As)” being determined by the Ein-
stein field equations, a free object will move in
such a way that if one imagines it carrying a clock,
che path it follows in space-time will make its
:lapsed proper time a maximum. In technical terms,
it will follow a so-called geodesic path which is
the analog of a great circle on a sphere. Locally,
‘he path will be as straight as possible in the
:urved space-time. In the words of Professor John
heeler,

"Matter tells space-time how to curve;
Curved space-time tells objects how to
move."

his is graphically represented by the following
icture and analogy taken from the book Gravitation
y Misner, Thorne, and Wheeler. The curved sur-
ace of the apple may be thought of as caused by

he stem (analog of mass). The ants moving on the
urved surface try to move locally as straight as
ossible (geodesics). The result is that the ants
ad up moving in curved paths about the stem (planet
rbiting the sun).

/

(after Misner, Thorne,
and Wheeler )

There is another way of looking at free motion
in the curved space-time produced by masses. Re-
call from Einstein's essay that the Principle of
Equivalence allows the local cancellation of the
effects of gravity by going to a freely falling
frame of reference. It can only be local because
gravitational fields in the real world are not
uniform, as the following diagrams indicate. The
extent of the local freely falling frame in both
time and space will depend on the accuracy with

‘O

|

AcLab

surface of earth

Paths of dropped Lorge GrovLab
objects are

Converging Paths
porallet

of dropped objects

which measurements are made. These local freely
falling frames obviously are local inertial systems
in that freely moving objects will move in straight
lines as discussed earlier. Inertial systems must
be local because only non-uniform gravitational
fields exist in the real world. The inertial sys-
tems of large extent as discussed in restricted
relativity are a fiction. An object moving freely
in a non-uniform gravitational field (curved space-
time) can be thought of as moving in straight lines
in the flat space-time of restricted relativity in
each of a succession of local freely falling systems
which differ in both direction and velocity of mo-
tion. It is clear from equations (12) and associa-
ted diagrams that such straight line motion in an
inertial system between two events in space~time
produces a proper time difference greater than
curvilinear motion, since there is some inertial
system in which it would be at rest. Hence, the
conclusion that free motion in curved space-time
follows a path which produces 3 maximum proper time
difference. Bertrand Russelll> has referred to this
as the "Principle of Cosmic Laziness."

Einstein's theory of gravity as curved space~
time does away with the concept of Newtonian gravi-
tational forces. A body falls to the earth because
it follows the locally straightest path in curved



space-time. We have seen that for low velocities
and weak fields, as exist for most motions on
earth, the primary curvature is that of time.
Thus, from the Einsteinian point of view, bodies
fall because of the properties of time and the
behavior of clocks which we are discussing. The
essential property is the relation between proper
time and coordinate time, equation (34). The
curved world line of a falling body results from
the elapsed proper time assoclated with the body

t World Line
of
Falling
Body

Q

Curved Spoce-Time

t(final) - t(initial) = J dt

2 (38)
= f (1+ % - =) a
c 2c

having a maximum value for that path as compared
with other paths between the same initial and final
events.

The following diagram shows a plot of gravi-
tational potential ¢/c? for the sun as a function
of distance from its center, along with a schematic
representation of the change in rate of clock as a
function of position. This is one way of indicat-

—slow fast —

O 0 0 0 0O

Sun CJ r
_SM
rc?
} @ Earth

ing the,curvature of time. At the surface of the
sun ¢/¢” = -2 x 1076, Using the value at the earth
of the solar gravitational potential, the earth
gravitational potential (¢/c2 = -7 x 10710 5t its
surface) and the velocity of the earth in its orbit
around the sun (30 km/s), the additional 46 seconds
since Einstein's birth as observed by Herblock's
distant cosmic observer, (whose proper time will be

the same as coordinate time), was calculated using
equation (38) for the freely falling earth.

In the popular literature on general relativ-
ity, the curvature of space is referred to almost
exclusively since it is somewhat easier to visual-
ize than the curvature of time. However, this is
quite misleading, since the curvature of time leads
to all of Newtonian physics for low speeds and
weak fields in Einstein's theory, and in this sense
can perhaps be regarded as the primary curvature.
One should regard most of these references to the
curvature of space as shorthand for the curvature
of space-time. Now that it is possible to measure
accurately with modern atomic clocks, as described
in the next sections, the remarkable properties of
Einsteinian time,and as the properties are, of ne-
cessity, used more and more in global timekeeping
systems, we can hope for more intuitive understand-
ing of the physics of general relativity.

Experimental Measurements

Introduction

The experiments which will mainly be described
are those of the author and his collaborators with
modern cesium beam atomic clocks in aircraft and
the experiment with a hydrogen maser in a rocket
probe conducted by Vessot and Levine. These exper-
iments were designed to measure primarily the
effects of gravitational potential, although the
effects of motion were necessarily present and were
also measured. They used macroscopic oscillators
controlled by atomic resonances. Before describing
them, it is appropriate to mention for completeness
some of the earlier observations using direct ra-
diation from atoms and nuclei.

Optical Spectroscopy

Solar Redshift Observations. The first
testsléd of the properties of time as affected by
gravitational potential were sought in the shift
toward the red of the frequency of optical radia-
tion emitted by atoms on the sun and received and

compared on earth with radiation from similar
atoms. The potentiég difference would predict a
shift Af/f v 2 x 10 °. It was very difficult to
establish this value with any confidence because
of lack of accurate knowledge of pressure-induced
frequency shifts in the sun's atmosphere and the
complications of Doppler shifts due to turbulent
motions of the emitting gas atoms and the surface
velocity of the sun due to its rotation. A brief
summary with references of these older observations
and the attempts to interpret them is given by
Pauli.l3

The choice of atoms whose spectral lines are
little affected by pressure, and the use of rapid
switching in the earth laboratory from solar radia
tion to laboratory sources has allowed measurement :
with a believable accuracy of about 5%. The exper
iments were done at Princeton University by J.
Brault (1963)16 in France by J. Blamont and F.
Roddier (1965)17, and in the U.S.A. at Oberlin
College by J. Snider (1972)18,



White Dwarf Redshifts. These observations
have suffered from lack of precise knowledge of
the size and mass of the objects from which to
calculate the surface gravitational potential.
Sirius B provides the comparison most widely
known, although there are others, such as 40
Eridani B. The accuracy is probably no better
than 15 to 20%.19,2

Moving Atoms. The first controlled measure-
ments of the relativistic effects of motion were 21
carried out by H.E. Ives and G.R. Stilwell (1941).
They measured the 'transverse Doppler effect"
(that is, the difference between coordinate time
and proper time by examining the light from excited
atoms moving in a collimated beam, much care being
taken to average out the first order Doppler ef-
fect. The accuracy of comparison with theory is
difficult to assess -- perhaps 5 to 10%. Similar
experlments have been performed by G. Otting 23
(1939) H.L. Mandelberg and L. Witten (1962)
quote an accuracy of 5% in their more recent ver-
sion of the experiment.

Using a beam of high velocity Na atoms and
laser techniques for the cancellation of first
order Doppler effects, the "time dilation' has
been recentlz measured by J.J. Snyder and J.L.
Hall (1975)2% to 0.5%.

With Helium-Neon lasers stabilized by Methane,
the expected shift of frequency of 0.542 per de-
gree in the Methane due to the change of rms
velocity with temperature has been observed with
an uncertainty of lO/ by S.N. Bagayev and V.P.
Chebotayev (1972).

Mssbauer Gamma Ray Spectroscopy

Effect of Gravitational Potential. The dis-
covery by M8ssbauer that the frequency shift asso-
ciated with the recoil of the nucleus when emitting
or absorbing a y-ray photon could be very small
when the nucleus transferred its momentum to the
solid of which it was a part opened the way to
very high resolution y-ray spectroscopy. The ap-
plication of the technique to a terrestrial
measurement was first made by R.V. Pound and G.A.
Rebka (1960)26 using a 22.6 meter vertical path in
a tower at Harvard University. The potential
difference _produces a frequency shift Af/f
2.5 x 1071 , which was measured with about IOA
accuracy. Later Pound and J. Snider (1965)
improved the measurements to an accuracy of about
1%.

Motional Effects. The temperatures of the
materials hosting the y-ray emitting and absorbing
nuclei in the above experiments need to be measured
with precision and kept closely equal to prevent
the motional effects on time of the lattice vibra-
tions from masking the gravitational effect.
Complications of solid state physics and tempera-
ture measurement do not allow a very accurate
measurement, but the temperature dependence of the
shift in resonant frequency provides evidence for
the difference between coordinate time and proper
time. The Mdssbauer technique has been used to
demonstrate the effect of velocity on time in
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centrifuge experiments by H.J. Hay, J.P. Sghlffer,
T.E. Cranshaw, and P.A. Egelstaff (1960); by W.
Kiindig (196%6 and also by K.C. Turner and H.A.
Hill (1964)-" while studying other aspects of rela-
tivity. The centrifuge technique has produced an
accuracy of comparison with theory of about 17%.

The very large accelerations associated with
these motional effects, as well as the acceleration
of the muons in storage rings discussed below,have
no intrinsic effect on the relation between proper
time and coordinate time as given in equation (11).

Astronomical Observations from the Moving Earth

The analysis of many types of observations in-
volves the transformation from a reference system
"attached" to the center of mass of the solar system
in which calculations are more easily done, to the
reference system associated with the earth. Such
observations include the measurement of changing
pulsar periods, very long baseline interferometry,
lunar laser ranging, deep space tracking of space~
craft, and planetary ranging. All involve the use
of stable atomic clocks on the earth. The differ-
ence between proper time on the earth and coordinate
time in the solar system is therefore essential in
the analysis of the results of the observations.

A particularly clear discussion of tgi transforma-
tion is given by J.B. Thomas (1976).

High Energy Physics

Charged Pion Lifetime. ThlS has been measured
by A.J. Greenberg, et al, (1969) in a beam from
the Lawrence Radiation Laboratory's 184-inch cyclo-
tron where the factor (1 - v<4/c%) had the value
2.4, The accuracy of the lifetime determination
compared with the previously measured value of 26
nanoseconds for the lifetime at rest agrees with
the relativistic prediction to 0.4%.

-2
~’

Moving Muons. The difference between coordi-
nate time intervals and proper time intervals has
been measured using the decay of muons. The life-
time of rapidly mov1ng muons increased by the
factor (1 - vZ/c2)~%. The most accurate measure~
ment, about 2%, has been made in a storage ring at
Center for Nuclear Res%arch (CERN) in Geneva by
Farley, et al, (1966). The factor (1 - v2/cz)
had a value of 12. Earlier, but much less accurate,
measurements had been made as early as 1941 by Rossi
and Hall3% by studying as a function of altitude the
survival of muons produced by cosmic rays in the
upper part of the earth's atmosphere. They would
not survive to sea level except for the relativistic
effect since their life time at rest is only about
2 microseconds.

Relativistic Dynamics. The design of particle
accelerators and the analysis of high energy exper-
iments uses concepts of relativistic energy and
momentum which are based squarely on the invariance
of the interval, equation (6) above. Thus, high
energy physics makes continuing use of the Einstein-
ian concept of time.




Atomic Clocks Carried in Commercial Aircraft on
Around the World Flights

In October of 1971, J.C. Hafele and R.E.
Keating”” first demonstrated the relativistic ef-
fects on time for macroscopic atomic clocks by
carrying an ensemble of four commercial cesium
beam clocks (Hewlett-Packard Model No. 5061)
belonging to the U.S. Naval Observatory around the
world on scheduled airline flights, first in the
eastward direction, and six days later in the west—
ward direction. The combination of the surface
velocity of the earth due to its rotation with the
velocity of the jet aircraft leads to the predic-
tion of an asymmetry in the relativistic effects
for the different circumnavigation senses. The
gravitational potential effect due to the altitude
of the aircraft needs to be included. The follow-
ing table gives their published values of the pre-
dicted effects:

Effect Eastward Westward
Potential 144 * 14 ns 179 * 18 ns
Velocity -184 * 18 ns 96 + 10 ns
Net - 40 + 23 ns 275 + 21 ns
Trip duration 65.4 hrs. 80.3 hrs.

The uncertainties are from a lack of sufficiently
detailed knowledge of the velocity, altitude, and
position of the airplanes during the flights.

The ensemble of clocks were intercompared to
1 ns once an hour in order to identify any rate
changes of individual clocks with respect to the
average. Several such rate changes were identified
and corrected for in arriving at the measured re-
sults. The systematic error in this procedure is
given as +30 ns. Corrections for temperature and
pressure changes were not made. The measured
values of the average time difference with respect
to the stay-at-home clocks at the U.S. Naval Obser-
vatory are given as:

Eastward -59 ns
Westward 273 ns

The comparison with the predictions seems to show
an uncertainty of about 13% for the westward direc-
tion, but much worse for the eastward direction.

It is difficult to assign an uncertainty for the
comparison of the individual potential and velocity
effects, but their existence is certainly demon-
strated.

Atomic Clocks Carried in an Aircraft on Local
Flights with Radar Tracking and Laser Pulse Time

Comparison

Participants. These experiments were conduct-
ed36 by the author and L.S. Cutler, R.A. Reisse,
R.E. Williams, J.D. Rayner, C.A. Steggerda, J.
Mullendore, S. Davis, L. Small and B. Duvall (all
at the University of Maryland except L.S. Cutler,
who is at Hewlett-Packard) during the period from
May, 1975 through January, 1976 with the support
of the U.S. Navy,37 especially the Time Services
Division of the U.S. Naval Observatory and its
Director, G.M.R. Winkler. The Hewlett-Packard

Model 5061 High Performance (Option 004) cesium
atomic clocks used were provided by the observatory.
They were modified to improve their performance
under the guidance of L.S. Cutler,38 who had been
responsible for the original design at Hewlett-—
Packard. We were kindly lent two hydrogen masers
for the ground clock set made by H. Peters by the
Goddard Space Flight Center,39 which also lent us
the trailer used in the experiments. Three rubidium
optically pumped frequency standards made by Efratom
were included in each c.ock set.®

Theoretical Framework. Our experiments mea-
sured the difference in proper time recorded by
the aircraft clock set, t,, and the proper time
recorded by the ground clock set, Ter The prediction
of general relativity is

T
T = 2 2 2
A J (L + ¢, /c” - v /2c7) de (39)
5 A A
T 2 2 2
T, = I (1 +¢,/c" - V6/2e7) dt (40)
[o]
(T 2 2 2 2
AT e J ((¢A - ¢G)/c - (vA - v G)/Zc ydt  (41)
Q

We used short pulses of laser light to carry out
the comparison of clock readings between the ground
and the airplane as prescribed by Einstein, equa-
tion (1) above. The appropriate spacetime diagram
for the laser pulse time comparison is shown below.

Ground
t Aircraft

~
ATG{q_ /A\)-}ATA
e 1"2

z

The inertial system in which the integral (41) i:
to be evaluated is centered on the freely falling
earth and is non-rotating with respect to distant
matter, as shown in the following diagram.

8 =latitude

=wrcosf
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The vector velocity v, in the inertial system is

given by A
- -+ k > ->
Ve = Vy + w X T (42)
*
whose 3 is the velocity of the aircrgft yith re-

spect to the surface of the earth and w x r is the
surface velocity*of the rotating earth whose angu-
lar velocity is w. The radius vegtor to the loca-
tion of the aircraft is r. When v is squared to
insert in equation (41), one obtains

2
2 * >k
= +
v v 2 v

2 N L @xD+ xD? (43)

The underlined term in the above»eguacion is just
twice the eastward component of v, multiplied by
the eastward surface velocity v, = w r cos 6, where
8 is the latitude. It is this term which leads to
the asymmetry in the around the world flights des~
cribed above, since it is positive for eastward
flights and negative for westward flights. 1In our
local flights, its integral was too small to be
measured.

Airborne Eguipment. A schematic diagram of
the experiment is given below. The aircraft was a
Navy P3C anti-submarine patrol plane, capable of
flights of 15 to 16 hours duration at altitudes up
to 35,000 feet. Figure 11 is a picture of our air-
craft, P3C 912, in flight. On board the plane was
an ensemble of three Hewlett-Packard cesium clocks

Event
m.v
Min -

Computer
v

3 Cesum Bagm Clocks
3 Rubidium Gas Cell Clocks

Corner
Raflector
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Datector
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Ang Calibrotion
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Tronsmit Recsive
Pulse Reflectsd
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carefully packaged to provide a very well controlled
environment along with an environmentally controlled
set of three Efratom rubidium clocks, the entire
collection of clocks and environmental package being
called a "clock box." This is shown in Figure 12
in position on the aircraft. Also on board were an
event timer, capable of measuring the epoch of an
event with a precision of 0.1 nanosecond, a NOVA 2
minicomputer and associated LINC magnetic tape unit,
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a strip chart recorder for visual monitoring of
clock phases and temperatures, a dry nitrogen tank
for the pressure control system, and a non-environ-
mentally controlled traveling clock. This equipment
is shown in Figure 13. Intercomparison of the
epochs of the zero-crossings of the 5 MHz clock out-
puts was made every 200 seconds. The reflection of
laser light pulses from the aircraft was accom-
plished by placing an optical corner reflector of
the typeéfeveloped for the lunar laser ranging ex~-
periment”" beside the forward observing window on
the aircraft as shown in Figure 14. A photomulti-
plier equipped with neutral density filters and a
100 Angstrom band pass filter was housed as shown
in Figure 15 so that it could be pointed by hand
from inside the forward observing window toward the
laser transmitter on the ground. The epoch of the
received laser pulses on the plane was measured by
the event timer in the proper time of the plane and
stored in the computer where it could be read out
and communicated to the ground by voice radio link.

Ground Equipment. On the ground at the
Patuxent Naval Air Test Center, a traller contained
an identical clock box (Figure 16); event timer and
NOVA 2 minicomputer with standard magnetic tape,
disk, and tektronix graphics terminal for analyzing
and displaying the data (Figure 17); and two hydro-
gen masers (Figure 18). Figure 19 Shows the air-
craft parked alongside the trailer for direct com-
parison by coaxial cable of the aircraft and ground
clock sets before and after flights. Between
flights in the absence of the aircraft, both clock
boxes and the airborne electronics were housed in
the trailer. On the five separate fifteen hour
flights, one box was flown three times and the other
twice. Figure 20 shows Dr. Williams and Dr. Reisse
preparing to transfer a clock box to the plane,
into which it had to be inserted through the narrow
hatch shown in Figure 21. The installation of the
electronics and clock box in the P3C aircraft typi-
cally required a day and a half.

Laser Light Pulse Time Comparison. The laser
transmitting and receiving equipment was located in
the van at the corner of the hangar in Figure 19.
The beam directing optics is pictured in Figuré—zg
and jllustrated schematically in the above diagram.
Underneath the laser was located a 7.5 inch tele-
scope42 which was used with a beam splitter both to
detect the reflected laser light with a photomulti-
plier tube and to track the plane with closed cir-
cuit television. This equipment in the wvan is shown
in Figure 23. The laser is a frequency doubled
neodymium YAG system utilizing a mode-locked oscil-
lator with pulse extraction and subsequent amplifi-
cation, emitting a pulse 10 times a second with
energy of 0.5 millijoules and duration of 100
picoseconds. The aircraft was flown mainly at night
with its landing lights on to enhance the contrast
for acquiring and tracking it visually. The flights
approximated the path in a clockwise sense shown in
the following map. The cone shows the acceptance
angle for the laser light pulse to be reflected
back by the corner reflector. The time comparisons
were made on the near side of each circuit, with
occasional gaps due to cloud cover or equipment
difficulties. The aircraft was acquired optically
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shortly before the laser time comparison by point-
ing in the direction communicated by the Chesapeake
Test Range which tracked the aircraft continuously
with radar. The laser beam had a divergence of
about 0.5 milliradians, which illuminated about
one~half the length of the aircraft at the slant
range of about twelve miles. The required preci-
sion pointing was provided by Steve Davis working
with coarse and fine Heath kit model airplane
controllers setting elevation and azimuth rates

for the beam directing optics. The controllers

and closed circuit TV display are shown in Figure
24, while Figure 25 displays the landing lights as
seen on the TV screen. When the laser pulse was
hitting the corner reflector, the return flashes
were seen on the screen and could also be seen by
the eye if one stood next to the laser beam. At
the plane, the laser light was very bright (but
considerably below eye damage levels), actually
casting shadows in the darkened interior of the
plane. An inadequate view of the laser transmitter
and runways as seen from the plane at twilight is
shown in Figure 26. (This is one frame from a
color motion picture film. It can be seen, along
with other parts of the experiments, in the BBC TV
program, "Einstein's Universe," presented on public
television as part of the Einstein Centennial acti-
vities).

Radar Tracking. An essential part of the ex-
periment was the continuous measurement of the air-
craft altitude and velocity during flight by radars
at the Chesapeake Test Range located about two
miles from the ground clock set. At intervals
during flights, the angular measurements of the
radars were calibrated by optical theodolities.

The radar data was used to compute the relativistic
time integral, equation (41), with an accuracy
considerably better than that of the atomic clock
measurements themselves, so that the clock perform—
ance itself determined the accuracy of the compari-
son with general relativity. The Chesapeake Test
Range and a closeup of one of the antennas are
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shown in Figures 27 and 28.

Clock Performance. Typicallztomic clock
stabilities of 2 to 3 parts in 10 for an averagir
time of one day were achieved with commercial
Hewlett-Packard 5061 high performance standards by
making several modifications to them and by main-
taining a rigorously controlled environment. A
plot of the experimentally measured Allan variance
o (2; 1) for five separate standards compared with
the sixth is given below. The modifications con-
sisted of a proprietary change in the beam tube
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which is now standard on all HP5061 high perfor-
mance units; the addition of an additional inte-
gration in the quartz crystal control loop to
reduce frequency offset due to steps or ramps in
the crystal frequency, (now available as an option
from Hewlett-Packard); and the increase of the
beam current by a factor of about two by raising
the oven temperature (also available as an option
from Hewlett-Packard), which increases short term
frequency stability at the expense of tube life~
time. A simple block diagram of the standard is
given below showing the extra integration and
additional buffer amplification to aid in the
intercomparison of the clocks. The modifications
were carried out at Maryland with the supervision
and active participation of L.S. Cutler. Figure
29 shows him tuning up the ensemble of clocks
before they were inserted into the clock boxes.
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Clock Packaging for Environmental Control.
Careful environmental control was maintained to
keep small any changes in temperature, pressure,
magnetic fields, or supply voltages. Isolation
from vibrations and shocks was provided. These
controls were accomplished by mounting each set
of three clocks in a clock box, shown opened in
Figure 30. The objective was to control the
environment so that any changes wguld affect the
clock stability by less than 10714, The clocks
were mounted vertically in individual magnetic
shields of 60 mil thick Mo-Permalloy. After the
magnetic 1id was put on (See Figure 31), individual
clocks were degaussed. To remove heat from the
clocks, and to control their temperature, air was
circulated by an individual fan through each of
the magnetic shields, entering at the top through
the hoses shown in Fipures 31 and 32 after passing
a heater controlled by feedback from a distributed
array of thermistors within the magnetic shield.
The air exited a shield through holes at its bottom
and flowed along the interior bottom of the pres-
sure controlled aluminum clock box, losing heat to
the outside through conduction. Variable speed
fans controlled the flow of external air over the
bottom of the clock box, the rate being controlled
automatically by the external temperature. (We
are indebted to Dr. J.P. Richard of the University
of Maryland for this and other advice concerning
the temperature control), The temperature at in-~
dividual points in the clocks was kept constant to
about 0.060°K. The temperature of the air changed
by about 10° in flowing through a magnetic shield.

The clock box was nearly hermetically sealed
when the 1lid was attached and either dry nitrogen
or dry air was fed to it from a Granville-Phillips
feedback controlled value to keep the pressure
constant to less than 1 Torr at a value slightly
above sea level atmospheric pressure. To allow
for possible decompression of the aircraft cabin
pressure at high altitudes, the clock box was made
very strong with walls of % inch thick aluminum.
This also 1solated the clocks from acoustic noise.
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The isolation against vibration and shock was
achieved by mounting the box on four pneumatic
Barry mounts which gave a resonant frequency of
about 3 Hz, Almost critical damping was achieved
by using expansion cylinders following an adjusta-
ble orifice, which led to an increase of isolation
of 12 db per octave. The characteristic frequencies
of the aircraft were around 80 Hz. Sway of the box
in the aircraft was restrained by a cushioned re-
tainer ring acting on a vertical post extended up-
ward from the box. Strong flexible cables were
fastened around the pneumatic isolaters to restrain
the 1000 1b. box in the event of an accident.

The clock box 1id carried the voltage regula-
tion and pressure control equipment as well as the
environmental control box for the Efratom rubidium
clocks, which can be seen on the left in Figure 33.
Similar control procedures were followed for these
clocks, but they proved much more susceptible than
the cesium standards to the shocks of landing and
take-off, those events producing rate changes. For
this reason, the rubidium data is not very useful
for relativity measurements and will not be present-—
ed here.

Significant Features. Some of the significant
features of the experiments are listed below:

*Ensembles of Clocks on Ground and in Aircraft

Clocks in each ensemble intercompared
among themselves every 200 seconds.

*Careful Environmental Control

~Temperature stability AT < 0.060°K (rms)
~Pressure stability AP < 1 Torr
~Magnetic shielding

-Vibration and shock isolation

-Voltage regulation

Effect on clock stability < 10—14
No need for systematic corrections

*Return of Clocks for Post Flight Comparison

No rate changes observed for cesium
standards beyond statistical expectation
for stationary clocks.

*Repeated Measurements

~Clock Box 1: 3 flights

-Clock Box 2: 2 flights

-5 Test flights of 42 hours duration each
to study and improve performance of
experiment.

*Laser Light Pulse Time Comparison During
Flights

-No Doppler Effect Complications

~Technique of value for future space ex-
periments since optical pulses are
little affected by the ionosphere and
solar corona.

~First realization of Einstein's 1905 pre-
scription for comparing separated



clocks with light pulses.

*Flying Clocks Experience v 1 g of Most of
Time

~No relaxation of stresses as occurs in
free fall.

-Periods of steady acceleration limited
to take-off and landing.

-Plane's rotations made slowly to avoid
Coriolis effects on cesium beams.

Experimental Results. Although much detailed
data exists from the five 15 hour flights, only a
representative sampling can be given here, which is
taken from the flight of November 22, 1975. Shown
below is a plot of the predicted effect of gravi-
tational potential and of velocity on the rate of
the aircraft clock set with respect to the ground
clock set calculated from the radar tracking data.
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The upper curve is a plot Sf (9, - ¢G)/c2 which is
seen to average about 10_1 . Tﬁe stéps in this
quantity are caused by the need of the aircraft to
remain at 25,000 feet for 5 hours while burning
off fuel to enable it to climb to 30,000 feet for
another 5 hours, before being light enough to climb
to 35,000 feet for the final 5 hours. The lower
curve is a plot of V,*2/2c2, the velocity effect
due to motion of the plame with respect to the
ground at the Chesapeake Test Range. The oscilla-
tions are due to the effect of winds as the plane
circles. The avgrage value of this effect is seen
to be about 10~} , corresponding to an average
speed of 138 m/s. The second and third ter of
equation (43) are not plotted sigc Va* * (0w x 1)
will integrate to zero and (w x r)< will be nearly
cancelled by a similar term for the ground clocks.
The lower plots are the integrals of the upper
curves over the 15 hour flight, showing the time

difference At = L TG as it was predicted to
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develop during the flight for the gravitational and
velocity effects separately and for the net effect.
The plotted points with error bars (+ ~ 0.3 ns) are
the laser light pulse comparisons.

The direct comparison measurements of the 5
MHz clock phases before and after the flight are
shown in the following plot along with the laser
pulse comparisons which were made when the plane
was on the ground as well as in the air. The solid
lines are the comparison of the ''paper clocks,"
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that is the averages of the three cesium clocks in
each clock set. The irregular form is due to the
intrinsic clock time fluctuations. In this plot,
the difference in rates between the clock sets
established before the flight has been subtracted
out. The actual rates are shown in the following
plot of the laser time comparison.
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The gap in the preflight data was caused by the
need of the laser operator to sleep before the
flight. The effect of the steps in altitude on
the flying clock rates can be seen by plotting the
laser comparisons during flight in an expanded



scale as is done below. The only change the clocks
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experienced was the change in gravitational poten-
tial.

It is also of interest that the flying clocks
continued to behave with respect to one another
exactly the same during the flights as before and
after. This 1is illustrated by the following plot
of the time of flying clock #3 with respect to the
average of the three flying clocks. Similar data
exists for each clock on each flight. When com-
pared to the ground paper clock, however, flying

Flying Clock #3 versus Aicraft Poper Clock
Flight of November 22, 1975
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clock #3 showed a step as seen in the next plot.
(The black marks fusing into a thick bar are re-
corded when a data point is absent for the direct
comparison of the 5 MHz phases, as was the case
during the flight). The step in T, T is, of
course, the result of the relativistic gffects
during the flight.

1f one treats each cesium clock on each of
the five flights as an individual measurement,
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Flying Clock # 3 versus Ground Paper Clock

60 Flight of November 22,1975
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there is some scatter. Below is plotted a histogram
for the ratio of the measured time difference to
that calculated from General Relativity using the
radar data. The predictions had an uncertainty no
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more than t 0.5%. The formal standard deviation of
the mean was 0.011. To allow for possible system-—
atic efforts, we are currently estimating (conser-
vatively) an uncertainty of * 0.016. The result
is:

Measured Effect = 0.987 £ 0.016
Calculated Effect (General Relativity)

The measured behavior of macroscopic clocks in air-
craft flights - a "human scale'" type of situation -
exhibits the remarkable properties of Einsteinian

time within the accuracy of measurement of about 1%!

Atomic Clocks Carried in an Aircraft on Global
Flights With Inertial Navigation and Radar Alti-

metry.

Participants. The flights were conducted
in June and July, 1977 by the same group (from
the University of Maryland and Hewlett-Packard)
which conducted the local flights described
above with similar equipment. The Air Force
joined the Navy in supporting the experiments by




providing a Cl41 long range transport aircraft from
the Wright Patterson Air Force Base, assistance in
reconfiguring the equipment, and ground support
facilities at the Andrews Air Force Base in Mary-
land near Washington, D.C.

Purpose. The purpose of the flights was to
study experimentally the implications of General
Relativity for the elapse of proper time at dif-
erent latitudes on the spinning earth, freely fall-
ing towards the sun as it moves in its orbit.

Clear understanding of these implications is of
great practical importance for worldwide time
keeping, and will be discussed later. Clarifica-
tion of the concepts by means of simple experiments
aids in the development of physical intuition.

Null Change of Proper Time with Latitude. On
the spinning earth, general relativity predicts a
null effect on proper time as one moves a clock
from the equator to the pole along the mean ocean
surface. This was discussed earlier in the sections
on theory in relation to Einstein's discovery of
the effect of gravity on time. His 1905 prediction
that a clock at the equator would run slow with
respect to one at the pole ignores the influence of
gravitational potential since he did not discover
it until 1907. If the earth were a homogeneous
perfect sphere as shown, the gravitational poten-
tial would be the same everywhere on the earth's

I
<42 _—— Surface velocity = O
at pole

Surtface velocity maximum
at equator

surface and the 1905 prediction would be correct.
However, the earth has the shape, to first order,
of an oblate ellipsoid due to its spin, as shown
in exaggerated form in the following sketch. The
gravitational potential ¢pole’ at the pole is less

<#pole

N

than that of the equator, ¢ , since the pole is
closer to the center of the®@arth. The surface of
the oceans of the ear%h is determined by the
"geopotential," ¢ - V5/2, where VS is the surface

<it:’pole < ¢eq
Peq

s
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speed of the rotating earth. Vz/Z is the "centri-
fugal potential, and ¢ is the gravitational poten-
tial, both of which change with latitude such that
the combination has a constant value independent of
latitude,

| <
YOI N

¢ - = constant (44)

along the ocean surface. From the earlier discus-
sion of the theory, it will be recalled that the
relation between a proper time increment At and a
coordinate time increment At is

AT = (14 —% - Lz) At (45)
c 2c

for the weak gravity and slow velocities which ex-
ist at the earth's surface. Thus, along a surface
of constant geopotential, the relation of proper
time to coordinate time is

constant

2
c

At = (1 + ) At (46)

and all standard clocks at mean sea level are pre-
dicted to run at the same rate independent of
latitude.

Experimental Results for Flight to Thule. To
check this null prediction, a clock box containing
three cesium standards was transported in an Air
Force Cl41 from Washington, D.C. to Thule Air Force
Base in Greenland as shown in the polar photograph
of a globe in Figure 34, this being the largest
conveniently accessible latitude change in one
hemisphere. The latitude of Thule is 76° 32' and
that of Washington is 38° 49'. After a number of
local test flights with the reconfigured equipment
in the Cl41 aircraft, the flight to Thule was under-
taken on June 23, 1977, after several days of
problem-free comparison with the ground clocks, as
a combination of long test flight and global mea-
surement. The plane was kept on the ground at
Thule for four days and returned on June 27.
Although the radar altimeter failed about 2 hours
before arrival at Thule and had to be replaced by
one flown in on a regular Air Force flight, the
experiment was generally successful. Using the
inertial navigation data and radar and pressure
altimeters to evaluate the relativistic integral,
equation (41), and making direct electrical compar-
isons of the aircraft and ground clock sets before
and after the flight as had been done for the local
flights from the Patuxent Naval Air Test Center,
but with pre and post flight periods of several
days, the following comparison was obtained.

Measured: T, - T = 38 ns * 5 ns

A G

T, - T = 35 ns * 5 ns

Calculated: A G



The time difference measured agrees within errors
with that predicted for the flights to and from
Thule. There is no evidence for any anomalous
latitude effect. The "Einstein Error" of 1905 -
not including the gravitational effects ~ would
have predicted a time difference of an additional
56 ns per day, or a total of 224 ns for the four
day dwell time! Because the aircraft had to be
used for other purposes starting August 1, it was
not possible to repeat the Thule flight or to make
flights from Washington to Panama to check further
the null prediction. 1t was deemed more important
to use the remaining time to transport the clocks
to Christ Church, New Zealand.

Reconfigured Equipment for Cl4l Aircraft.
Before describing the purpose and results of the
northern to southern hemisphere flights, the recon-
figured equipment and the ground base at the
Andrews Air Force Base will be briefly discussed.
Figure 35 shows a front view of the equipment being
assembled on an aluminuT frame in the shop of the
University of Maryland. 4 The clock box, seen on
the left, was rewired to meet rigorous Air Force
requirements. It was also mounted, on improved
pneumatic supports at the height of its center of
mass to reduce the sway encountered with the former
bottom mounting. The minicomputer, event timer,
tape recorder, chart recorder, and other electron-
ics were mounted in an Air Force furnished rack
which included some vibration and shock isolation
between the inner structure and the outer structure
which was bolted to the main frame.

Figure 36 is a rear view of the frame and
equipment. A special regulated power supply capa-
ble of working from either 60Hz or 400Hz was con-
structed to power the clocks and other equipment.
It included enough Sears Die Hard batteries in a
speclal vented container to operate the clocks for
at least 12 hours in the event of failure of other
sources. This apparatus is seen on the left, being
worked on by technician Lyndon Small.

The entire frame was surrounded by double wall
plywood panels containing insulation and was mount-
ed on a standard Air Force 7 foot by 9 foot cargo
pallet. Figure 37 is a picture of the complete
assembly in a prefabricated garage structure built
at the Andrews Air Force Base to contain the equip-
ment between flights. The hoses on the back panel
circulate temperature controlled air into and out
of the large insulated enclosure. Two Sears window
air conditioners provide cooling. Heaters in the
flat plenum on the left were used for fine temper—
ature control which could be maintained to a few
degrees. This enclosure solved one of the major
problems -- the large variation with time of the
temperature within the aircraft during flights,
and on the ground. The mounting on the cargo
pallet allowed the equipment to be placed on the
Cl41l or removed from it in about 10 minutes compared
with about one and a half days for the earlier ex-
periments with the Navy P3C aircraft. Figure 38
shows the Cl4l, garage, trailer housing the ground
clocks, and van containing the ground computer
equipment. Figure 39 shows the tail assembly of
the Cl41 with the petal doors which can open to
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receive the pallet with its clock equipment. The
first transfer of the equipment (without its front
insulating panel) from the garage to the plane is
shown in Figures 40 through 44. The installed
equipment with Len Cutler standing in front is seen
in Figure 45. During an actual flight, the equip-
ment is shown from the front in Figure 46 and from
the rear in Figure 47. Enough seats were installed
to accommodate the eight University of Maryland
people and fourteen Air Force personnel who went on
each flight. In addition to the crew for operating
the plane, there were technicians to operate and
maintain the gasoline powered portable electrical
generators, portable air conditioners, and portable
heaters needed to power the plane and provide tem-
perature control of its interior during dwell times
on the ground at the remote sites and at Andrews
Air Force Base before and after flights. The trans-
portation of this equipment, some of it in dupli-
cate, required the large storage capacity of the
aircraft., It was essential in maintaining continu-
ous operation of the clocks in an adequate environ-
ment in the interior of the plane at the remote
sites, and during the 12 hour layovers in Hawaii

on Christ Church flights.

Two Carousel IV inertial navigation systems,
a radar altimeter, and a pressure altimeter were
installed on the aircraft to provide accurate
measurements of latitude and longitude, velocity
with respect to the ground, and altitude above the
ground. This information was recorded automatically
in digital form every 0.6 second on magnetic tape
recorders. In addition, there was provision for
manual readout which was logged every 15 minutes.
This log was used with a Hewlett-Packard 97 calcu-
lator to compute a running integral of the differ—
ence between the proper time on the aircraft and
the proper time at the Andrews Air Force Base as
the flights proceeded. The recording and readout
equipment is seen in Figure 48. At Thule it was
possible to place the aircraft in a hangar, shown

in Figure 49.

The midnight sun was very high in the sky at
Thule since we were there only a few days after
the summer solstice. Figure 50 showing the Cl141
which brought our replacement radar altimeter was
taken just before midnight. The relatively short
shadows cast by thg sun at midnight are shown in
Figure 51. The 237.5 tilt of the earth's spin
axis which causes this summer solstice on the 21st
of June each year in the northern hemisphere made
possible another experiment which required flying
the clock from the northern to the southern hemi-
sphere,



Does the Gravitational Potential of the Sun
Affect Proper Time on the Freely Falling Earth?
The following diagram shows that at the time of
the summer golstice the North Pole and points in

I
(IR 23%5 at time of summer solstice
l—\/
_ _____ Orbital Plane
Eorth | Free Fall

Sun

the northern hemisphere are closer to the sun on
the average (due to the spin of the earth) than the
South Pole and points in the southern hemisphere.
Since the earth is falling freely towards the sun
as it moves in its yearly orbit around the sun,

the nearly fixed direction of the spin axis affords
the opportunity of conducting experiments in a
freely falling laboratory —-- the earth as Einstein's
freely falling elevator. At the time of the Summer
Solstice, the northern hemisphere is the "floor"
and the southern hemisphere is the "ceiling," with
the positions reversed at the Winter Solstice.

Recalling the earlier discussion about
Einstein's Principle of Equivalence, one can ask:
is the gravitational field of the sun transformed
away for experiments on the freely falling earth?
In particular, will clocks on the "floor" run at
the same rate as clocks on the 'ceiling" even
though they are at different distances from the
sun? Here we are taking for granted the effect of
gravitational potential difference on clock rates
as established by other experiments. The question
can be answered experimentally by transporting
clocks from the northern to the southern hemisphere
near the epoch of a solstice, letting them dwell
for a while, and then returning them for comparison
with the stay-at-home clocks. From the theoretical
point of view, the Principle of Equivalence seems
to provide a clear answer: on the freely falling
earth (strictly, the earth-moon system, but we
ignore this complication since its effects are
small) the gravitational effects of the sun are
not experienced, to first order, just as in the
freely falling Skylab in orbit about the earth the
astronauts experienced no effects of the gravity
field of the earth, to first order. Mathematically,
this means that in the plot of gravitational poten-
tial ¢ as a function of distance from the sun, as
shown in the sketch below, the slope, or linear
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term in the Taylor's Series expansion of ¢ about
the center of the earth is sg?tracted away, leaving
only the second order terms. These terms produce
the tides, but the difference in ¢ which they yield
across the earth's diameter would produce a_rate
difference in proper times of only 7 x 107 or
0.62 picoseconds per day. However, the linear
term, if it affected phenomena on earth, would pro-
duce a day to night shift in clock rates of about

8 x 10713 or about 75 ns per day. This question
was studied carefully by Professor Banesh Hoffmann
(author of the biography of Einstein recommended

in the first section of this paper4) in 1957.

He predicted that no such effect would be measured
in the reference frame of the earth, but called for
experiments to check the prediction when clocks of
sufficient accuracy became available.

In 1976 the quezgion was examined again by
Professor Roman Sexl’ = who was seeking an explana-
tion for an erroneous report of a dependence of
atomic clock rates on latitude. He concluded
that there should be a seasonal effect caused by
the tilt in the earth's spin axis, described by the
equation

dt dt

- —— = 14.8{sin O, - sin @l} .

2
(47)

cos [ t - 21 June} ns/day
365

where 7] and 1, are the proper times at latitudes
01 and O (southern latitudes being taken as nega-
tive). This equation results from the incorrect
retention of the linear term in the expansion of
the sun's potential as just discussed. It would be
correct for observations conducted from a frame of
reference attached to the sun, but is wrong for
observations carried out on the earth. Professor
Sexl now acknowledges his error.

Experimental Results for Flights to Christ
Church. Figure 52 shows on a globe tilted at 23°.5
the path taken by our Cl41 in transporting the
closks to Christ Church, New Zealand (latit%da
-43729') from Washington, D.C. (latitude 38°48')
and the different average distances of these loca-
tions from the sun. The first trip was made from
July 10 to July 17 and a second trip from July 23
to July 30. Three days were required for the
travel out and back, including 12 hour stopovers
in Hawaii each way and a 2 hour stopover at the
Travis Air Force Base in California on the westward
journey. This allowed a dwell time in Christ
Church of four days. Figure 53 shows the aircraft
on the ground at the Operation Deep Freeze Antarctic
support base in Christ Church surrounded by some of
the portable electrical generating and heating
equipment (it was winter in New Zealand) it had
carried with it.

The data for the time differences 1, - T

A G are
displayed in the following table:



Measured Calculated Alleged

Value (ns) Value (ns) Effect of

Sun (ns)
Flight 1 115 £ 8 129 + 5 80 + 5
Flight 2 131 = 8 118 £+ 5 70 £ 5

The data is still being analyzed to correct the
readings of the radar altimeter over the varying
topography of the continental U.S. to give altitude
above the ellipsoid rather than above the local
topography, but the changes in the above numbers
will not be large. There is no evidence, with a
detection sensitivity of about 10% when the measured
and calculated effects are compared, of the alleged
effect of the sun.

Hydrogen Maser Carried on Suborbital Rocket Flight
With Doppler Cancellation Tracking

In June 1976, a hydrogen maser was carried as
payload in a suborbital flight by a Scout rocket
launched from the Wallops Test Center of NASA in
an experiment designed and conducted by R.F.C.
Vessot, M. Levine and others of the Harvard/Smith-
sonian Center for Astrophysics. The purpose was
to measure with high accuracy by ground tracking
the large change in frequency of the maser caused
by the large change in gravitational potential as
it ascended to an altitude of about one and a half
earth radii above the earth's surface and fell
back into the Atlantic Ocean in a flight lasting
just under two hours. A sketch of the trajectory
is given below. . The ground path of the flight is
shown in the following map. Ground tracking with
microwave frequencies was carried out from stations

GEQMETRY OF ACCELERATIONS,
VELOCITY AND SIGNAL
PROPAGATION VECTORS

at Wallops Island, Bermuda and Florida equipped
with hydrogen masers., In terms of relativistic
frequency changes, it is readily shown that they
are expressible as the integrand of equation (41)

fprobe - fGround = Af = probe -~ ?Ground
f £ 2
Ground c
2 2 (48)
vProbe - Ground
2
2c
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In this case, the gravitational potential differ-
ence causes the frequency of the probe maser to be
shifted to higher values than the reference masers
on the ground -- a violet shift rather than a red
shift, but it is still convenient to speak of the
effect as '"redshift." The value of the gravitation-
al shift as a function of height above the earth

is plotted below. The received microwave frequency
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will be strongly affected by the ordinary Doppler
effect which is just the rate of change of slant
range divided by the speed of light., For a typical
planned trajectory, the Dopgler shift in frequency
could be as high as 2 x 1072 as shown in the follow-
ing plot. Since the gravitational relativistic
effect would be about 4 x 10"V and the expected
stabi%ity of the hydrogen maser was hoped to be
A107+", extraordinary measures had to be taken to
measure or cancel the Doppler shift, Also, the
large and variable effects of the earth's iono-
sphere causing phase shifts in the propagated
microwave signals had to be considered.
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A very ingeneous arrangement of three micro-
wave links at different frequencies as shown in the
simplified block diagram below solved these prob-
lems.
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REDSHIFT EXPERIMENT DOPPLER CANCELLING SYSTEM

It was possible to achieve real time cancellation
so that the redshift was evident during the flight
as shown by the following quick look beat frequency
data. The break in the data just before the end

of the flight is due to tracking station problems
and interrupted the phase continuity. It could not
subsequently be recovered, so the remaining data is
not useful for analysis. The combination of poten-
tial and velocity effects produced zero beats dur-
ing both ascent and descent. The ascent zero beat
data is shown in Figure 54. The rotation and
nutation of the spinning payload can be clearly
distinguished. Figure 55 shows the environmentally
controlled hydrogen maser package which was flown
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(and not recovered!) being held by its makers, Bob
Vessot (on the right) and Marty Levine. Figure 56
is a picture of the rocket during launch.

Careful analysis of the ground tracking data
to determine the actual rocket trajectory and com-—
parison of the measured frequency shift as a func-
tion of time with that predicted by general rela-
tivity has yielded the following value30 for the
gravitational frequency shift (the velocity effects
were assumed given)

Af

- a5+ 126 x107%) A (49)

2
c

This is the most accurate measurement of the
relativistic effects on frequency. A plot of the
residuals at the early stage of the analysis is
given in Figure 57.

Other Atomic Clock Measurements

Mountain to Valley Experiments. The first
such measurement was made in 1975 in Italy between
Torino and a cosmic ray laboratory at Plateau Rosa
3250 m higher by L. Briatore and S. Leschiutta 5
using one cesium beam clock at each location. Com-
parison was achieved by receiving the same TV sig-
nal at each site and by direct comparison before
and after the 66 day dwell time at Plateau Rosa.
Although no stringent environmental control was
attempted, nor were systematic corrections made for
environmental changes, a 15% measurement was
achieved, agreeing with the general relativistic
calculation within that uncertainty.

The second measurement was made in Japan in
June and July, 1977 by S, Iijima and K. Fujiwara
of the Tokyo Astronomical Observatory. One Hewlett-
Packard 5061 High Performance standard was trans-
ported from the Tokyo Observatory (altitude 58 m
above sea level) to the Norikura Corona Staticn
(altitude 2876 m above sea level) on two successive
occasions and left to operate for one week. Before
and after those trips, one week comparisons were



made with a similar clock at the observatory.
Systematic corrections were made for the effect of
different environmental conditions at the different
sites on the rate of the clock. They also paid
close attention to the placement of the clocks in
the local magnetic field and took great pains to
keep environmental control during the 8 hour
transport time in a cushioned and air conditioned
van. Their results were

Measured Effect
Calculated Effect

= 0.94 * 0.05, (50)

a verification at the 5% level.

These experiments measured purely the effect
of gravitational potential difference.

Comparison of Absolute Frequency Determina-
tions. Since the early 1970's, the National
Bureau of Standards in Boulder, Colorado, at an
altitude of about 6000 feet above sea level, has
been including the gravitational effect A¢/cZ ~

2 x 10-13 in the determination of the absolute
cesium frequency with its laboratory beam tubes.
Other standards laboratories are at much lower
altitudes so the effect is not yet significant in
terms of achievable accuracies for them. However,
the international definition of the second is
based on the value of the cesium ground state
hyperfine transition at sea level, so the gravita-
tional shift of 1.09 x 10-16 per meter must be
included in any absolute measurement. Inclusion
of the effect in the NBS measurements does result
in smaller differences in current international
comparisons.

Practical Applications

Global Timekeeping

At the level of 0.1 microsecond, the relativ-
istic effects of clock transport by aircraft are
quite significant. ' For example, in the global
measurements involving trips to Christ Church, New
Zealand from Washington, D.C. and back, the rela-
tivistic time difference produced was 120 nano-
seconds. It is interesting to give a breakdown of
the calculated relativistic effect for each leg:

Washington to California: +29 ns
California to Hawaii : +31 ns E-W
Hawaii to New Zealand +52 ns
New Zealand to Hawaii : +16 ns

W>E
Hawaii to Washington H - 6 ns

The asymmetry between E-W and W-E is very apparent,
It is clear that even for short flights, the ef-
fects are important at the ten's of nanoseconds
level. The U.S. Naval Observatory is now using an
algorithm to estimate these effects for its trans-—

portable clock trips.

NAVSTAR/Global Positioning System53

This is a new navigation system under develop-
ment by the United States Department of Defense.
It is shown in artist's conception, together with
some facts about it in Figures 58 and 59. There
will be 24 satellites placed in 12 hour period
circular orbits, 8 in each of 3 orbital planes in-
clined at 63° to the equator and equally spaced
around it. Each of these satellites will carry a
very stable atomic clock (with several spares) and
will transmit a pseudo-random noise code with a bit
repetition frequency controlled by the atomic
clock. Information about the orbit of the satel-
lite is also transmitted. User equipment will re-
ceive signals from four or more GPS satellites
simultaneously, or sequentially, locking on to the
transmitted code by shifting a local clock which
steps the same pseudo-random noise code in the re-
ceiver. large scale integrated solid state elec—
tronic circuits in the receiver package can then
calculate the position, velocity, and time for any
user.

The stable atomic clocks in orbit are the
heart of the system. In order for all of them to
remain synchronized with each other and with the
ground clocks at the U.S. Naval Observatory which
sets time worldwide for the Defense Department,
the effects of genmeral relativity must be included.
When placed in such an orbit, a standard clock will
run fast with respect to an identical one on the
ground by 44,000 nanoseconds per day! This effect
was first measured with the NTS-2 satellite carry-
ing a cesium atomic clock. The clocks must be
adjusted to run slow by that amount before being
placed in orbit in order to keep in synchroniza-
tion with atomic clocks on the earth's surface.
Furthermore, periodic change in distance from the
center of the earth for a satellite in a slightly
elliptic orbit can lead to significant effects.

For an eccentricity of 0.005, the peak to peak time
difference will be 24 nanoseconds. This translates
into a range uncertainty of 24 feet which is very
significant in a system whose present design goal
is 10 meters, and must be included in the system
operation.

The fact that standard clock rates are con—
stant at mean sea level on the ellipsoidal surface
of the spinning earth as discussed earlier allows
the establishment of a coordinate time for the
Global Positioning System which can be made the
same as Universal Time on the surface of the earth.
The standard atomic clocks in orbit will keep this
GPS time when they are offset by the ~44,000 ns/day
discussed above and corrected for the relativistic
effects of the elliptic orbit., Stationary standard
clocks on the ground must have their rates compen-—
sated, depending on their distance above or belowy
the mean ocean surface ellipsoid by = 1.09 x 107
per meter in order to keep GPS coordinate time.

Significance

The two applications discussed briefly above
are among the first non-scientific uses of Einstein-



ian Time. That the remarkable behavior of clocks
as predicted by General Relativity is now required
to be included in practical applications is an in-
tellectual milestone, made possible by the extra-
ordinary stability of modern atomic clocks.
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22, Laser Beam directing and receiving optics. 23, Laser equipment and receiving optics in van.

24, Closed circuit TV display with coarse and fine 25, Landing 1ights of plane on TY display during
joysticks for aircraft tracking. tracking.
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26. Laser transmitter and runways as seen from the 27. Chesapeake Test Range.
alrplane at twilight,

28. Ground tracking antenna at the Chesapeake Test 29, L.S, Cutler adjusting ensemble of modified
Range. Hewlett-Packard 5061A atomic clocks,

30. Interior of Clock Box,

32. Air flow boses for controlling temperatures and 33, Lid carrying Efratom rubidium atomic clocks
removing heat from clocks. and voltage and pressure regulation equipment,
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34 polar photograph of globe showing distances of 35. Airborne equipment being reconfigured for €141
Washington and Thule from the Earth's spin axis. cargo pallet (Front View).

Y

36, Airborne equipment being reconfigured for C141 37. Airborne equipment on cargo pallet housed in
cargo pallet (Back View? (Technician Lyndon Small pre-fabricated garage of Andrews Air Force

at left}. Base.

38, Air Porce C141 Starlifter Aircraft 779 at 39. Tail of CI41 with petal door§ through_which
Angrews Air Force Base next to garage, trailer, equipment was loaded, —
and van,

40, Preparing to transfer equipment from garage. 41, Front Tift carrying pallet to aircraft,

37



42} Petal door open to receive pallet. 43. Matching of pallet to aircraft roller tracks.

46. Clock Box Assembly during flight. (Seen from 47. Clock Box Assembly during flight, (Seen from
rear of plane), front of plane),

2

48, Recording and readout equipment for inertial 49, Preparing to place aircraft in hangar at the
navigation units and altimeters, Thule Air Force Base,
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50. A C141 at Thule just before midnight on June 25, 51. Midnight shadows cast by sun at Thule on June
25.

52. Globe tilted at 23%5 showing relation between :
Washington and Christ Church at time of summer 53 g}4lu;7grzneg:?u;:n%t Christ Church surrounded
solstice (Sun to right). P quip ’
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54. Zero beat during ascent of hydrogen maser on 55. Environmentally packaged hydrogen maser to be
rocket probe, h

carried by Scout rocket being held by R. F, C.
Vessot (right) and M, Levine,

56, Launch of Scout rocket carrying hydrogen maser.
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REDSHIFT FREQUENCY RESIDUALS AND GRAVITATIONAL POTENTIAL
VARIATION VS. TIME
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57. Residuals during an early stage of the analysis 58, Artist's drawing of NAVSTAR/Global Positioni
of the hydrogen maser rocket probe data, System, / tloning

59. Major segments of the NAVSTAR system,
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