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in this e il two rubndism vapor

v stundards were placed spproximmtely 506 m

XDErimen: :
apart and the phase of thelr signals compared a& & functon of tdme. The diurng) rotation of the sarmh
wub used 1o introduce & change iy the direvtion of propagation of the sigmal, thereby providing z tes

of the assumption of isolropy. of propagation of

tic radiation. The relative phase difference

between clocks was aleo compered for negligible sepuration of the clocks. The drift rate changed
dewectabiy for the separated ‘elocks, while the ruund-trip velocity remeined constamt to within

© % ¢ Typical varigtions observed in the one-way -velocity imply & diurns! medulation of the wrder
of © 1L T% 1o LUk The relative precision of the measarements amounted to } par in 5 » 1047,
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1. introduction

The assumption of the solropic propagstion o, ight in
the special theory of rﬁla‘tnln‘ is traditional. The adop-
ton of @ comvention involvi INg amsoiropic prupagatmn'

doer not necesgarily viotate the principle of relativity.

For exampic, Winnie i1] fumulated three :ynchrony free
principies which include the factual core of the observa:
tinys which support special relativity. The equations are
expressed 1o oe-generalized Lorentz form, which requires
o assumptions regarding the one-way veloeity of light.
Formulated in this generalized way, the special theory of
relativity allows for the possibility of anisotropic propa-

gation of electromagnmetic radiation, which js not observ-

abie via roand trip experiments. or any other similar
sympetnical arrangement of the propagation path, How-

ever. we have nol been able 1o find any expenments re- -
ported in the jiterature hh)ﬂ’h are free of the symmetries
which cancel the effects of possible anisotrepies in space,

Sources of possible anisotropy in the propagation of .'

Hght inciude anisotropies in the distribution of matter in
tht* universe gt large, or pussithly the existence of an

“absolute space’’ as advocated by Poincdre {21 i his
strang theory of relativity. which has at s basc the
non-refativistic theory of Lorentz [3). Giannoni [4] for ex-

ample has ales furmulated a spectrum of nen-relativistic .
theories which satisfy the essence of Winnie's {3] svn-
chrony free principles. and Torr and Kolen 15] have -
gitabiished that the special Jheoryv and the Poineare (2]
formulation of the Lorentz {3] theury lie @t the extreme

ends of d spectrum of theones. ah of whieh sztisfy the
essence of Winnie's [} principles ax modified by Gian-
nonif 4],

There is, therefore. sigmificant theoreties] justification
for the measprement of the one-way veloeity of light
provided that L sustable experiment can be devised for
this purpose. I this paper we describe the results of an
experiment in which the rowstion of the earth = used 10
introduce changes i1 the direction of propagation of elee-
tromagnetic radiation  with the purpose of delecting
chinger in phase produced by varmtions in the one-way
veldoerty of bght

2. Historical Problems with the One-Way
Experiment

Historically there has been a miscoficeplion regard.ag
the feasibility of any experiment designed o messure the
one-way velocity of light Generally it 1 Lelieved that
the experiment is meaningiess. The rationale behind thir
argument proceeds as follows. In order to make the
measurement by Lming the one-way flight of a light
pulse It 15 necessary W syvhchronize 1we clocks separated
by seme distance d. T« do this it is apparent!y necessary
to make some assumptions about the propagation spes
as g function of direction. since motion affects the fre.
quencies of cloeks, i.e., they cannot be locally synchro-

nized arsd then separated without sorme unknown

n phase occurring. Thus a Knowiedge of the veloonty of

propagelion is reguired 1o svnchronize the clocks. which
introduces a circular argument which in turn renders the
concept of the experiment meaningiess.

In the experiment reported in 1his paper we cicum-
Tent this problem by not requiring that the clocks be
hronized. We look instesd for variations in the rela.
tne phases of signals generated by two clocks, which
should only oceur if the one-way velocity of light i direc-
tion dependent. It nev ertheJess transpires that even the
absoluie veloeity of propagation can be deduced from this
sxperiment as descrived Beww.

3. Concesa of the Experiment

The experiment that we conducted Ulzed twe
Hewlett Packard mode] H65A ruh dium \apor frequency
standards to ime ke flight of clectromagnetic signals
across # disiance o - 3 m separating the clocks. The
experiment arrangement that vielded the best results
v sebematically iflustrated n Fig. 1 Each clock gen
erates & ~5.5 V rms 5 MHr sinewave, The HE‘-IH} fropm
clock A was used 1o trigper the start input of an HP
model 33T9A Universal Time Intervai Coumer, The sig
nal from clock B war used to stap the counter,

The theory behind the experiipent argues that i per
fert clock stabihity i assumed, at some arbiirsr time

BEST COPY AVAILABLE



e pr———]
L nouos | pTERVAL; CTOP NPT TR0
1 [ | \rr—ra {
a, Ir_""llL:ufE A " 8
PR B S . e
: .

TART T T o
FIGURE 1. Schematic tHustrmtiom of the concept of the experi-

the interval counter wili measure a signal given by

:..M l-|u.,£im
e

Af {1)

where Af represente some initizl phase offsetl between

the clocks, d = 5K m, and 7 is the velooity of propags-
tion at that time and orientation of the experiment. The
experiment relies on the rotation of the earth to inter-

change the positioie of the two clocks, so that tweive -

hours later we measure
i

-
where ¢~ potentially represents a differert value for the
velocity of propagation of the signal. Henee subtraction
of the two measured Unervals vields the guantty

d a

Aty = M

-+

{23

where Al = 2 ()
) i
dv = Lz &
and 1 5 (T}
Hence ¢ oo %r , (B}

Sinee 2 roundinip measurement vields M, ¢ and ¢ can
be determined as a function of time.

In reality, however, the simplicity of this concept is
marred by errars of measyrement which we discues in
section .

4. Experimential Arrangement

Figure 2 schematically illugtrates the details of the ex-
perimental arrangement that was used. The ciocks were
placed 500 m apart in an east-west orientation. The
5 MHz sine wave signal was propapzied via a nitrogen
filled coaxial cable maintained at constant pressure at —~2
pei sbove the ambient atmospheric pressure using a 2
stage regulator. Thermal contrel was achieved to within
=18 over a diurnal cyele by burving tae cable at a
depth of 5 feet below the surface, and the enclosures
housing the equipment 10 feet below the surface. Flectn-
eal isolation was achieved by enclosing the quipmeat in

B = Ay A, =L o A (2 a Faraday cage. Figure 2 also iflustrates the de power
¢ ¢ ] supply arrangement used to supply reguiated power to
e — ¢ L within = 10 mV., The power was introduced into the
= perrasl ‘41 Faraday cages via electromagnetic interference filters.
Naturally if the special theory of relativity is cerreet ¢° wgkefg?ﬂmi ;; Em;f;iﬁﬂfk;‘ﬁ Thidmmt‘;i‘::ﬁ
= =cand ¥ =1, L 1 m. Limitations imposed in the measurement due to
To a first order approximation clock errors were determined. and reguirements for a
dy , successfu] experiment established. These findings are
of = ) _"‘ir:_a_ ‘ (2 discussed in seetion 6,
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Fictre 2. Flock diagras Nustratiag the defails of the erperimental armangeent,
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§. Evaluation of Errors of Maasurement for
Rubidium Vapor Frequency Standards

According te manufacturer-supphed information there
are twoe primary sources of error which affect the
behavior of rubidium clocks. These are:

a} Setighility—This represents the practicaj limit of

setiing both cloek oscillators to the identical frequency.

This error acciinaiates with time.

by Long Term Frequency Drifi—This error is intro-

duced by *‘iong termn’” noise, and produces a pon-linear

arift with time,

By ooserving the behavior of the clocks at zero separa-
tmn (i.e. =1 m) their relative drift rate covld be meas-

red and hence the clock errors funectionaliy fitted and

accurately defined. Aceording to the manufacturer’s
gpecifications [6] the accumulated error of a rubidium
ciock can be parametenzed. as follows:

Tivy = (1e2yat = HF = f
whei o
T(f; = total accumylsted error with respeet to a
perfect time base,
a = freguency drift rate = 1 » 107" per month,
h o= {%F - 1} = settability = 2 = 10"¥
- seconds ‘second,
£, = initial frequency of osallator at 1= 8,
f, = reference frequency, and

{, = imitial time error at { = 4.

(3

Yo cajeulawe Lhe difference in relative gocumuiated er-

ror betweel: two rubidiivm eloeks, Eq. (9) is modified s

AT = 120, ~ at® = bt 2, (10}
where
~T {1} = relative accwmnulated error,
a2 = frequency drift constants of the respective
cioeks F 5 — ?c‘
by = (b, - bay = “e L0 and
ir

initial {requencies of the respective clocks
at = (.

_fl LT

1t can be seen from Fq. (b that if o, = a., AT {f) can

be approximated by
AT (43 = bt =, {11}

for & short enough time such that the guadratic term can
be neglected. This point is important for using rubidiom
clocks in this application which will be discussed in detatl
in the dats redoction section.

In order to characterize the behavior of the clocks witk
repsect to each other, we monitored their performance
for a period of — & weeks at zero separation. Figure 31t
lustrates the tyvpweai relative dmft rates observed. We
have plotted the relative accumulated elock error AT}
for 7 days. These resulis show a pattern that we have
confirmed is typical. The clocks tend to dnift lineariy for
periodds of time which amount to several days. These
linear drift periods ace interspersed with non-lnear ¢dinft
periods were the slope of the drft curve changes rop-
wdly, and then settles down to th  finear patiern again.
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Ficirae 3. Typeea! relafive drf? rote oheerved for the Kubidinm
Vapor Freguency Standords over o period of 7 days for zero
separafn.

Figure 4 representis a fypical linear segment over one
day for zero clock separation. Figure b shows the residn-
als, i.e., with the linear trend removed.

While {he mean departures from lineanty over many
days agpree with the manufaeturer’s Epecrﬁcatmm these
departures oceur ‘‘suddenly’ providing large variations
over a few hour: which are clearly dentifiable. Over the
linear segments, the clock error is about a factor of 10
smuailer than that specified by the manufacturer. Using
the manufacturer = specifications we caleniste a mean
non-linear component of ~15 ns per day. Tipicaliv, how-
ever, the observed depariure from linearyy over 24
hours fer a “'linear segment’” seldem exceeds 1.5 ns,
which allows ene 1o make a measurement of refative pre-
cision of ~1 part in & x 169,
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Fioure 4. A fypical linear drff segment over a 25 honr periot
for rera soparation of Hthe cocks.
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FIGURE 5. Typwae! remdual dnfl role obfained when the Linear
frend is remiocred. "

&. Rubidium Results

Several months of data have been obtained for the
cioeks separated and for zero separstion. The separated
clocks exhibited a behavior pattern which is significantiy
different from that observed for zerv separstion. Very

large (~ 10 n2) departures from linearity have been ob-

served on several occasions for the separated clocks. Two
examples are given in Figure 6. However, one cannat be
absoliutely sure that this behavior is not simply another
form of the non-linedar pattern identiied in Fig. 3 even
though the cloeks have not exhibited this kind of
behavior under zero separation conditions. Qur resuits
indicate that departures from linearity for the separated
clocks remain below threshold (—~ 1.5 ns} 30 nercent of
the time. Amplitudes between 1 and 8 ns are most com-
mon. However, not only does the amplitude of the signal
vary from day to day, but the phase does also. Since
there i no theory availzble which can account for these

variations, we believe that it is essential to repeat the

experiment with different clocks such as cesium beamns

PHASE DIFFERENCE (NS)

.
LOCAL TIME (HOURS)

i 2 & W 18 2 2E 24

FIGERE 6. The aalerisks show a iypicel dinrag! vanation ob-
fained for zerc separation when the hnear drifi comporient s
removed. Resuits obtained for a typcal day for the seporated
clocke are shown oz the triangles. The erosser and res
represent the mazimuwm diurnal veriation observed, szetuding
caser which exhibnt sudden “quantum” changes in driff rate
which are clenrly due to clock errors.

678

which do not exhibit the non-linear variations peculiar to
rubidium vapor frequency standards.

if these variations are real and the experiment is indi-
cating the presence of a dynamical “absolute space,” or
the effeets of anisotropic distribution of matter in the
universe then the motion of the solar svstem in the
gaiaxy sheuid be embedded ip the observed variations.
This should be observable as a sine wave modulation of
the signal over a 24 hour period. The componeni of the
velocity of the solar system in the ecliptic plane is
~HP m/s "7 which transiates into an amplitude variation
of —+{.5 ns. In the presence of variations which exceed
=3 ns for 36 percent of the time, significantly mere than
a year of integration would be required to detect this signal
at a signal-Lo-noise ratio of 3 to 1. We have therefore used
a sample of data restmeted to variation amplitudes <3 ns.

The time required to obtain a given signal-to-noise ratio
{SNE}is given by
SN = BN (12)
&g
or
(SNE ¥a?
e 'm“'gimi"“* {13}_

where 5 = mean signal amplitude,
o, = standard deviation of the data, and
N = gidereal day count.
if we let SNE = §,
& = 0.Hns
oy = 3 N8 _
N = 324 sidereal days at an occurreace rate of 30 per-
cent, which considerably exceeds the number of days of
dats currently available. Henee the expecied signal is not -
yet detectabie with our present arvangement.
Figure 7 shows the result ohigined integrating 23 days’
date for which {he maximun amplinde never ex
3 ne. From these reguits we can place an upper limit on
5 of 6.5 ns, 1.¢. |

¥ < 9 kg

This fairly closely approximates the compeonent in the
ecliptic plane of the velocity of the solar system in the

galaxy.
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Froore 7. The coherent pum of 28 dayr’ dafa for the zeparated
clocks for the period Febragry to June, 1881 Summing was
corried out using Aalf kowr bins.
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7. Conclusion

The main result that has emerged from this work is the
demonstration of the viability of 3 measurement of the
pne-way velooity of light. Given perfect clocks the zhso-
iute one-way velocity could be accurately determined.
With rubidium vapor frequency standards integration
over 3 years would provide an unambiguous detection of
the ration of the solar system in the galaxy, if such meo-
tion is indeed detectable by this technigue.

The resalts we have obtained to date exhibil large
variations in ¢ {0.1% to 1% c) for the separated clocks,
which are not chserved fi.e., in the same form) for zers
separation. More observational time will be required to
unambiguously establish whether the observed variations
are indeed due ta clock errors or not.

We believe that the ambiguity ::;’;f?"aﬁgrﬁaﬁy yeduced
by using cesium beam clocks with ., 5%k Eerfmnce o
tion which significantly improvestHe cioeK stabilivy.
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