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' ABSTRACT

A study which included a Master's theeis* in Physics at
M.I.T., completed in June, 1969, coﬁciudeS'that‘the Brans—Dicke
theory of gravitation cannot readily be checked by means of a
grav1tat10nal clock in eccentric orblt, even around Juplter. : T
Pertlnent summarizing parts of the thesis are given. Considera-.
‘tion is then given to the use of a Pendulous Integrating Gyro
Accelerometer to meascre the force on an orbiting ﬁass directly,

- to check the ‘same theory ’ This—anaiysis is also taken- from the
the51s.. In the analytlcal comment following, the fundamental
-difficulties of the clock experiment are compared with those of

. tﬁe accelerometer experiment. A val}d'Earth-orbital experiment ; s
‘with the~latrer appeareeat'the_preeent'time to be’e good

© possibility, and a proceddre for'following'this'ﬁp_is recommended,

~including suggestions for required accelerometer development.

I * Blitch, M.G., "The Feasibility of a Gravitational Clock to
i . .Test the General Theory of’ Relat1v1ty" M,S. Thesis TE-32,
IR M I. T., June, 1969, . ORI
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‘Introduction to the Thesis Exerpts .

In the pages immediately following are three exerpts from
the cited thesis. The'fifst, entitled_Introduction, discusses
the theoretical béékground*of an experiment to measure possible
variations in the "universal gravitational constant" G, as
expected in the Brans-Dicke scalar gravitational theory. The
experiment would consist in measuring the perioﬁ—&ariatiqnsAof
an eccentrically—orbiting gravitational clock. These variations
in G would also be detectable in principle in a direct forﬁe
.measurement. made in orbit/ and this is described in the second
exerpt. Whi}e tﬁis‘exerpt ié gntitled“A'Gyroséopic Gravitational
Cloék? the title is misleading; the device is not'a clock, but

an accelerometer, and will be so designated in the conclusions

to thié’repbrt.

' In'the‘légt.exerpt, the-éénclusien to the. thesis is given; .
it is, én balance, unfa&ofablevto‘the use of the gravitational

© clock’ for this purpose. However, the acéeieroﬁater-measPrement
remainS a good possibility.i | |

‘ ﬁolibwing ﬁhesé exerpts,_tﬁé;authortbf;thé‘prééeht reporﬁﬁ
'dgﬁménts_bn fhe;éhesié %esﬁité;ahd récomﬁenQS.écaurSe 6fvv

action. =




I, “{TRODIJCTION

1.1 The Strong Principle of Equivalence and Its Possible
Violation

This thesis is the result of en invcstigatinn of 2 pos-
siblo test of the General Theory of Rolativity, Moro par-
ticularliy, the thesis exemines e possible test of the Strong
Principle of FquiV°1nnce of that theory, This ﬁrinciplo deals
with the equality of inertial frames for exenmining the numer-
ical content of physiczl lavs, and the extonsion of the con-
cept of inertial fromes to reely falling fremcs in grav-
itational fields, Specificelly, the Strong Principle of
Equivalencs states "that at overy spaco-timo point in an ar-

bitrary gravitationn) field it is possiblo to choose & Jocal-

—Io

1y. inertinl coordinate systen such that, within & sufficion Tly
small region of tha point in question, the lavs of nature

take the same form as in u.nr‘:::c_r:].(r:*:z_{,od Cartesien coordinate
systems in tho ebuonce of grevitation, The Principlo of
Equivalience saays that at any point in space-time we may orect

“-

locally inceriied coordinote s ystom In which matter santizfics
the Jaus of spacial 1*0].:Li’-5\*i'L;«'."1 Conscquently, the law of
gravitational ettrection betwoen two mensivo bod]ﬁﬁ vould

hold true as they fell {o".:uu & third massivc,body if they

v R T R o W | 7 s £ : g,
. Wore obsorved by =a 00"“0V4“¢ observer losated in their inm-
h | 2 > - . & [ P . L e . . - . PR b TS 2 3.0
rediate vieinity, %his thesis deais with the possibility
- . . . . S - R, y & *
in a+& principle may net b2 trua, and that 2’ violatien
of the princinle 1eht be Brleoected B ennh 63 baarvaz o
’ G PIINRCIDAS B0 - uected by SRCHE Tl oI gTvVar. 4
TA N 2 A o : , T =, . . 2 2
&W waleh would be elteved &S far es this. thesis is concernad

T Definition by Professor S. Weinberg in unpublished lecture
notes on ueneral Relat1v1ty and Cosmology, fall 1968 at MIT.

T e
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would be the graviti onal law mentioned, and the ex-
periment and the obsorvation would take place in a referenné
system freely falling in a gravitetional field,.

The experiment treated in the following text invglves
& harmonic oscilletor whose elastic restoring force is grav-
itational, making its frequency a function of tho Universal
Gravitational Constant, Icco*d1n~ to tno oquivalence princi-
pal this restoring force, and, therefore, the oscillator
frequency, would nol change as frr as a local and co-moving
observer 1s concerned if the oscillator were placed in & re-
foronce frene frooly felling toward some massive body, Thon
i.f the oscillator were synchroni: ad with enother time-keeping
systom, such as an elomic clock, end the socond tims-lcoping
system wero made a companion to the oscillator, the synchronism
vould be xﬁinpﬁinqi as lho two fell from deep space toward
some large planct, I the synchronism vwere not maintained,
then tho roesult could ba ascribed to a vi c»? tion of the Strong
Principle of Eaquivalenca, Phet is to say, the rosult wvould
indiéate such a vio]ntfon if tho oscillator did not chang
TIrequency due to some other causse, Tho &

ecifie problem

of this theslis investigation is to determina if, assuning

= E
usve

‘e

.

such a less of synchronism occurs, this loss could be

O 54 . ! 3 | s " (O - :
< L E ~ - ¥ ) T, s - B il Vgl
fiably atiributed to & violalion of the Strong Principle of
"‘,C“lu\’ .lf}’!"- 54 101 Y 13y 2y "’»)'\ 1) € e +rra
. R - DI L8 4 L LF e TR R J N BT OUuD .'((L:J IS

TN e o 2 v .
s 13 & Tl i 2 e B oY peg, ¥ - 3%~ 2 - % % A 2 T e Rt
. Chassd &g -Le 1)-V'J SIS R ed ] A )€ v iLle o2 a0 3.4 € -
- ~ B
5.‘. - 3 _',V.'} % e o 2 ’-,: - - 1. e - -
& - N - - ~ - g 2y - - . - 2. p - % -
SLeabliolial Counly ail il SONVE DD LA N8 CESS QL URN HO0 0,

2. C.Brans and R. Dicke, "Mach's Principle and a Relativisitc
Theory of Gravitation", Phys. Rev.124 (3), Nov. 1961.

| REPRODUCIBILITY OF THE ORIGINAL PAGE IS POOR.|
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g . Caleulations are madle on the basis of this theory to determins
how great 2 loss of synchronism could be expacted., Then the
yossible uncertainties in the measurenmcni are exeminad to
seo -how they compare in magnitude with the erfsest to be
measured, The criterion for experimental success used iz
that the eflect to be measured should exceed tho eggregate
of the measurement un cortalnules
1,2 Calculation of the Expected Change in Gravitational
Coupling : ‘ .
Accorumno to the Brans-Dicke Theory, the gravitatlional
‘ “+
coupling bhelwveon local massos is influenced by the rest of
the mass in thc universe, and the effect of the other masses
o in the universe in the immediate viecinity of a point mass can
i be oxpro cssed 1n the form::
. - : .y
= (1.2-1) g? Y = §9 I
Py : - ) (‘ ) O / ‘JL
“”.; " i ’ "7‘/ . . ,' . N o
: vhore SZ%J%) = the .scala grvau bional fleld -at
; ' ' - the OOSGP"“;;OH p0¢nt for.
",j L L ' S = distance from tho polh* mass to the
15 ST | ' . .‘observation'v int
i
Cbil et e ’ B =a conuionu de; 1 ncwrb on tho point
AN T ' ' T ' ‘ NAasS -
R ' S
g QDA T= the scalar_greviiQtcha] fl“3d cue
- ‘ e to the .mass distribution of the rest
: “of ‘tho uhiverye :
4 ) . - .i;,""o' " . ’ -,p'p."()/
L e T ppass DISTRIDUTION
B ' RC e R — T
: L C v . oF THE RBST O/
,:,l - : ' € :
oo . SRR 7‘ £ ///,//fo’”";
Ent : -6 - ;
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- These quantities are relsted it is postulated, to the ucuel

gravitetional constent, G, (Newton's Universasl Grevitetional

Constent) in the following way:

~ B
(1.2-2) @ = ———
o :’o .
- ,/ . . v 8 &
vhere B° = e dirensionless constant

Go = the voiue of G that is due to thro
rest of the rass in the universe
(besides the point mass, 72n7)

13
2o 20n) = -
(1.2-3) DPCr) o5 omry

vhore Gaéﬁ) = the value of ¢ that would be ob-
served In the neighborhood of tho
point mass 2772,

Then from (1,2-1) tho rolaticn specifically dnvolving G ie
3 7 %3 7 7) /
. J " 5
(L.2-})) —m— oo e

P
two separate loeations is wha woudd be mezsured, Consaider,
then, the ChfL;O;A(7’Jn'G #s the radiel distance is deereased
from R;  to s in the sketch of (1.2-1). The gravitelionzl
coupling at the two Tlerent locaiiconsg ies
‘r% v B it
(1.0 a4 e o S0

((J./> 60 : -/3/




. A2 6 B’/ 5// B,
St & (R2) Go = A4

5 AN
Z” -Q, .’2;‘(,

(1.2-7) ~—— = — G(na)

whore AG = G(pa)~— (7-(/2/)

A.”z = jl, - /2,2

Tho form of (1,2-7) shows that the change,/G ,vould be & de-
creasa in ¢ ag the observar x.*.ovcc} from a larger to & smallor
distance from the point meas 22 , .This decrease in gravi-
tational coupling would be menifested by & decrense In gravi.
tationo) force tatwecn eny two nassive bodloes,

From (1.2-7) the mexiram chan

proeching

a point mags from an nitieclly remote locale ist

. ' ’ y
: 7 B G (R
AG //'n e G ..‘./;1..),.2..- e o ,L..{.sz.',)..
(1.2-8) L) = R ot B
> ()} A 1 /6% o 1o 2
G(2) tiny R &
For en observer appreaching Barth, for excunle, the expocted

.3 A

'#hift would be czleunlated using.the value of G(a) obsarved
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of the Zarth)., The counstznts B and 2 tn {1.2-.) end
o e 2 ToEaE TR e s e 2
(1.2-2) ere, according to the theory being considered:




(1.2-9) .'8'=

“v l/ i ‘/C’),

1
J
!
|

(1.2-10) A

so that in (1.2-8) their ratio 1is:

/

( B 77
1,2-11) TR b DB Tt qumasbeet

T =

The constent ¢ thet hes 5 1 1
wstant, ¢ A8 hes been Introduced is a number
whose value is not definitely ectahlse
] -5 Nov deiinitely esteblished ot present, A lowor

Limit of "6" i t 4 :
LLMiY ol ) 3 8ot 1 the Brons-Diel-

6" is sct in tho Brins-Dicke Theory by the otserved
precession of the perihelion of Vaverns "

1 perihelion of Morcury The uvpper bound is
hot oo delinitely
§8 favorod hv +% 1 .

)8 favored }-'.,v the authors of the theory In this thesis o
oL idd ‘e RS BN | <

. ¢
r&lue Y 25 i [ Eab | gesie
value oy ¢ O @ Wwill be nse (7.. Thon vith &

e
-
ol
‘ot
-
>
v
e s
2
o
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(1.2-12) and this value ol &) y (1.2-8) bocoroa:

AG =92 G /ta)

(.' 2] «7.’) ’(_i' ))“ . - S ./(). Sare T Ko i
L) [riny C*“ e

'".j:, e e
(]'K -*-/) ("'.(/.:[.) /';'I"}:/

' " 3 9 € Y =
. Y Wb e > . - ln':/\' ! & i )
.
S v e A 3 " <. T ! i -
Vi bt Lt L ¢ O TYRY K PN N1 | & ABET IS G ple Yie DR ha s
) R % Al ¥ W & & & & B a8 "‘.'4. & \QZ'. Phd :_:('
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* of the shift depends upon the magnitude of the mass, 772

end going to the vicinity of a more massive planet

a greater effect,
.the mass of the oearth,
| grﬁ./cr.z’ as
is paruly orfset by an Increase in m
However, the grevitaetional

larger:

AG

O e e e e 8

G(2,) [riny, TOPITER

-
-

(1.2-11)

snift would still be

2

can produce

For instance, Jupiter has over 300 times
It is not as dense as the earth (a2bout

compared to 6 gm/em3) end the increase in mass

-

Inirum distance, /22 ,

appreciably

~9

- 2 X/0

The sun gives a still greater effoct, For en observer moving
from deop space to 10 Solar radii the shift in G would be:

AG

Gty T i S

(10 2"35)

(;:(-/2/,)' PIAY., SUN
The muericel values given ebov

10

-8
2 X/o
¢ vould be different, of

course, for diffcrent velues of o’ 4 such as night be found
in other gravitational thecorliea vhore a scalar field varies
Ty - = .

88 u e (es in the Brans-Dicke Theory). Tho numarice) value
of the change In coupling may therefore be larger o srialler
‘1, 3 . = . : == . kvl

-than the results obtained sbove, In order Lo have a numericeal

criterion for judging the exparinment, considering this pos.

22 23 - - 1 . - & ~"sr . S -9 L 2 e & v e y < ’ (24
83bility (and in anticipation that the ccupling shift will

e gmalY If 1U existe &L £11), 3t 38 pssured In this Lhesin
that the ccupling shift ohecrved will be of the oxder of paris
3y ° T 2 P s .Jv.\ = e . Rl P IR | o e e | Y
LN 1.0" 1o 28 - BHG S 3 ¢ TR iel 1 P Go g S raE sl b ;_' e SRRy e SEUbN




frequency would change by the seme order of magnitude eas

the gravitational coupling changs. Thet is to say, the size
of the effect to be measured is of the ofder of parts in 109.
The numariczl eriterion to judge the eiperiment is, then,
that the uncertainties in clock frequency due to all causes
should not exceed parts in 1010.

It is to be noted that accepling uncertainties of that
order rules cut Earth as a2 suiteble point rnass for the ex-
periment, according to the Brans-Dicle Theory., To give'the
nurgrical values discugsed sore perspoctive, it may be ob-

served that thers ere about 3 x 307 secconds in a yosr, so

thet an ordinary cloclk: keeping tire to 3 seconds over a year

would be good to about 2 part in 107. Such a cleck would have

to keep time to within 3 soconds over 100 yoors for an ac-

cuoracy compnrrable to the grevitational celoc!): contemplate

~
8t
-

Thus it is apperent that & high degree of froquency stability

vould be required of the gravitationa) celoclk

r'w;&é A SN S0 1 S i s i o oA Lot b



IV. A GYROSCOPIC GRAVITATIONAL CLOCK

.1 Description of the Plocb

A scherme for building a graevitational clock which
erploys & single-deg ~of-freedon pandulous 1ntogrut1na
gyroscope affixed to a massive sphere 3s shown in Figure 19,
The gravitational sttraction of the sphere on the pendulous

= . o~ 72
mass of the gyro produces a torque on the gyro of the

/

G 1771
hisn) Mo B
1 R/ C/zb"" é,{‘)l

' 1 e Gy e 3 ~ = N .
This toraue is balanced by ¢ gyroscopic toraque doveloped by

S

precessicn of the egvro, The gyresceple torquo has the

nagnitudo:

— A -~ : E
(h.222)  Meyro = )y /

vhore: Cpp = precession apeed

// = yrd sp:’n ?ng;u’_'_?.z» nmonentun

4 K s :
The relat 3 sotvine -3 o s
5 _3§.rfion veiween the precession spoed end ihe gravitaticnal
edeyqd 13- Ea 4 e : ; :
.eonsuent when the torques are balapnced is:
: e S
(! ) Cs 7o Jad
(n W Ay m el Seed
e . (aﬁn} 6 s /7
e /‘
C
Tt
- ’;"/'t’ 3
o we WP - ¥ - L en o e D - > & %
wnaz 7 \S e - o/? ivitv o Tha geng in
iy e -~ ., T 2 .
PEGsBEC Do SoalEod B
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As a numericel example, consider & 20 cn radius for an
Osriunm sphere (mass = 750 kg) and a gyro mounting heicht of
1 em. Then (4.1-3) beccres:

' = s Yl
(lh.1-1) p = (/'/ Y /0 o©m /.)CJ"'G \"/

The sensitivity of pendulous gyros used for inertial guicdence

is usually sbout 1 red/scc for & "1 pgravity" acceleration or
. r}/ - 3 2 ] L M L PR .

about 1 rad/scc for 10° em/sec®., For this gensitivity, the

precession rate in (l.1-l;) becoros:

by 2t ’
(h.1-5) Wp = 27T ’Q /2,,/:/.-;,//;{15

tically slow rate to maessure smnll

W

-

as it would teke 2. . yoargfor
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the gyro to meéke cono revolution, But the fact that the gyro

-

is usually designed for the sennitivity above doos not meon

that other sensitivities ere not poseible, ~. If

7

, - : % /¢ec
(i.2-9) M= [0 g ciil {/S




This anguler momentum togather.with a.pendulosity of 10 gn-
em for the gyro produces = sensitivity:
| ' : 72720 5"¢Q¢¥a///vfc |
" (4.2-10) s=(7;-' =[O0 =
cva ¥ erc
For {this sensitivity the procession rate in (L.2-1) becomes
10 red/ssc, The period for one compleio revolution is thus
0.6 ssc, or aboul 10h less than for ons complete cyele of the
gravitational oscilleator,
The advontage of the shorter poriod is thait more maagure -

ments (i.e., more complote cyecles ) of tho gravitalional con-

parss
~
v
e
~le
C
o
-
~
-
£y
» 7
&
e
-
2
)

v given armount of tims so that a more ef-

~
L
~

fective averaging of tho results cen be obteined. Tho ebility

to evaragos over ronv maasurersnts meons that rendom errorsa
L) .

nificant,

2

' N q " = T 1. 5 .
may be "averagnd out" or, at least, made less sir

The procossion rate errived at in (1;.1-10) is not necassorily
f moximve: valve, It is e value which may be ettsinable with
instrumantation currently svaileblo oy being constructed, such
as tho NASA SFIR insirueant, The stability of the sonsi-

tivity in (I.1-3) of that instrurent is ebova @ part in 10’. |

e ey B e PO 3 R Gl g : N iz Ry ¥ - f
The significence of this stability for the reasursment of
Y ‘o S .- aya 2 4 3. 2 - g L o 4
chenges in the grevitabtiensl conastont is ar follous, !
r « el L (2 B =y = S . . PR " 1 0 ~ | 3
.2 Consideration of Unecsyiuinties &nd Comparative Advantages
ER) B "~ . » £ S L Y | : P
Of L0 ‘74"\ 90 I o (::'& £ ‘.’P)‘J"\‘z‘fll (‘-}OC'!‘-

\
.
3
g

=

:

e .3 S SPARE B e Rl ) .,..' G s %% ™ > %
If the gravitationz) constend ehznces by a small anmount,




amount, Aa/ ‘eccording to:

(L.2-1) (L@)rar L A%

o -

But if the Instrumont sensitivity S in (4.1-3) changes by.
& smal) amovnt, AS , the prececssion rate changes according
to:

A2 ) ns
(-2 9 ) oAk

Co) b

Now tho changs in gravitational constant to be expoctad is

9

of the order of parts in 10" as given in Chapiter I, There-
fore, the resultant chenge in gyro precession rate pivaen in
(l1.2-1) would be of that order, But the chonge in tho gyr

1

preceaslion rate bacause of & change in sensitivity would be
of the order of a part in 107 for instruments like the one
nentionad sbove, “Tho uncertain chong
would {hus ook the rato chan
of ln"l',n:?_tu_dc:. Houvover, the incartainty in 10" mesasurements
vould be enly 10",3 of the uncertainty in one measurement

6

(zsouming randon errors), Therofore, in 100 cycles of the
instrament tho overall measurvermant uncerisinty would be a
: R TR TS ot : ] . 1" ¢ " ,

rart in 10 nasgurensnt Lire reauired for JO  ojcies

3 3 3 1 R SE ] S 5 e rn
vould be 171 hours or-about & week. - Therefore, the rendul

’ y Pevp o e ol o 24 X -hisen < - 4 s -y 2 2 S 4. 2
g¥ro having A sansitivity. stabllity of & part In 10 dosizned
; 5 i
\_ = f e s . 5 £ o TG e
for the senelitivity in (k. l~1 ) of 167 rad/see per on [eec

- 18 =




N n \ X " < Yoy ‘\"'nrp o o 1
viould allow measurements of chenres in gravitational con-
= = -
stent to perts in 10 without an fnordinate emount of time~
on-station for the spsace probe, That is to say, the space

Y - o 3 - 4
probe transporting the system in Figure 19 would be stati

-~

Qo
6
&7

.

.1. 5 - - - = - 4 )
in orbit about Jupiter (or the sun) 1'or sbout a veelk sSo as
to obtain =& good averagce of the gyro readings,

It is poesible that the stability of the gyro would be

bettor then a part in 10 for this application, This ap-

plication is aliost s free-rell situation whorezas the gyro
stability s vsually testod under "I gravity" conditions.
But it is known that some of tho uncertainties in gyros

> dininish wit) doerensing ecceleration., fThis has been showr

for similar inctrumantetion in the recent Apollo missions.
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ellovietion of the attitude stebility requirement necessary

for the oscillator, The necessity for attitude stebilization

for the sphere-gyro system shown in Fipgure 19 arises from

the centrifuge) force on the ro pendulous mass if the
g £y

sphere rotates about its CM. The certrifugal force from

the rotation would be opposite in direction to thg gravi-

o
tational force &nd would produce a torque on the gyro counter

to the torgue in (};.1-1). The ratio of tho centrifugal force

to the gravitational force is:

W

f‘ ,L.:’_/
hi2-8) - & ¢ Sﬂ'b’ J 2

Fg-. G’

vhore /e = centrifugnl forco on gyro
@ = rctation speed of sphare

4, = erevitationel
v

L&

. -
As & nunerical exsasrple, consider & rotatien rate

Eyro pondulons

iorce on

Wi
y Nass

-

-
of 10

deg/hr, end the varoreters used for (L.1-4). %he ralio in

(h.2-3) becoros:

(holiy =5 = # 4 5

Novw & rotation rate of 10 = der/ar ig ebout 10 tirgs the drvift
rate of & good fnertisl) gyro, - Thus ¢the rotation rate of the
sphicre in Pigure 19 could be controlled well eothcugh by @
stabllized pletfoms to keep uncertzinties dus to ecentrifuza)l

- 18-
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forco &t or below the level of (4.2-4). The level given in

(l,2-y) is pessimistlic in any event beceuse the rotation rate
of & 750 kg ball would not be that uncertain over the period
of one messurement(l&4 seconds). Yo othor attitude stebili-
zation would be required for this system, It could be al-
Jowéd to tumble slowly in space if that were & convient
procedure, | ‘

Another benefit frem the uge of the gyro is that the
problem of stray massos from dirt in tho interplenetary
region nmight be alleviated if not qlimipntod. Figure 21
illustrates how this might be dono, Tho gravitetional force 4
on tho pondnloeus mass of gyro #1 due to the stray mass shoun
s opposits to the a@tracticn of the sphere, But the forco
cn the nmaass of gyro 2 is in tho soms direction as the at-
traction of the sphere, Therofore if the two procossion
rates of thess gyros &ro dzd tcv'*'an* end everapgaed, the
combinad effect of the stray mass will be less then oh elither’
gyro s e;ﬁ:-,rr;{,-" Xy,

YNow il enothor pair'of gyros, #3 and #H,'is added e
shoun, the gravitational forde from the stray mass will not
proﬁﬁcc a Ltoraus on thosc'gyron. Conscauently, if the pre-
cesaion rates of gyres #) through #i ere adﬁud and their

average tak

than with en aversge based on Just gyros 1 and 42, In

gonosrel, thon, &ny pair of evres &dded to the system &and !
included in the zbove eversging will reduce the effect of §
& stroay riese (o exzimle, gmros #5 gnd #6 in Fimare 21),




Plecing & large nurber of gyros syruratricelly on the surface
of the sphere and averaging over their swmad precession

rates will thus gvéatl" reduce the effe
For a sphere of 20 ¢m in radius (5 x 1

-

ena & mounting surface area of 50 er® for each gyro, 10
gyros could be mounted for tha averaging process,

It is to be noted that such a symmetrical arrangemeht

of gyros over the spharical surface would not reduce the
T o

s S 4= - r -3 A = % .
gravitational force on the poendulous mass cof eny gyro, but

3 a0 Y o - e 2 A m 3 "
instead, would actually increesa it, fTherofore, the precss-

A

slon rate would not bo docresnsed by nmaking

- sensitivo to gravitationa) gradients from stray massos,
. rn . s e . 2 ioe . SR . B T, A_ L 0. % .
1015 option 1s nov evailable to the gravitetional oscil-
. lator since adding £dditionzl masses to it so as to reduca

" 1)t ' 2 T o B T 2 v ~rlsy A~ J. ¢ . .
gradient sonsd LIVALY reduces tho oseillator emplituda (s20
.

' oo - & b x a9y - ’ 3 S . ~ el & Ve -
Chapyer IIX), FPuarthsrmore, 3f this ercangemant wes ewployod,
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to hold.the.preccssion rate constant to ﬁarts in 1010.
Howevor, the heat capacity of the sphere would be los-jouie/.
% s> that aboubt 10 jouleswould be needed tu chenge the
tenperature of the sphere by 10”1'r " Considering the 0.0
second rotation poriod for the gyros, the sphare would

have to absprb or losa about 20 watls in ordor to chenge

the precession rate by paris in 1010

on ono rotation period,
Such a power flow would almost certainly be prevented, so
that tewpereoture oxcursions would ba appreciacbly less than

-l! O
10 L C for cho measurerment pericd., The terpersture sen-

l®)

vleuleted considoring a steel

-~

cl

~s

sitivity given above was ¢

LS

cesing for the gyro (Tho casing wes considoraed to be screwed
into the Osnibwm sphere end mechanically pinned there)., It
theréforo appoears thet ordinary terporaturcs used, as ere

s1vas o -. -0 Fae % K . . . ’ 0
conmonly spocificd for such gyres (i.e., in the 20° to 1;0°

.

g ary . ' 3 Yarad ¢ et Jn " : FPSRTIY T S e Sy pails
C range), weuld be perpisdible for the gravitationel ccenstant

‘o 2 . . oy 2. P s S - . . -~ .
measuronents and thet the nced for liquiad Helium &nd gs.

< L i P 5 N kb i . o N . £ L
seocintod apparatus g avoidad,  Also tvoided is the uncer-

tainty reported in Chopier -I11 concerning rachetization of

5

ssery for

>

supcrconductors, Superconducitors weuld ba unnoee

OSSO
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ator."Thdrmal agitation should not be 2o

e

for the oscil
liniting factor for the gyroscopic messurerents becsuse of
the stiffness of the restraint on the motion of the pen-

dulous mass,




V. CONCLUSIONS
In Chapler I the expected shift in the gravitetional
oscillator Tfrequency was caleulated to be of the order of

.

erl

I-

parts in 309 Tho crite n established to judge the ec-

o

curacy of the oscillator wes thuat the aggregafe of ell
uncerteintics in tho oscillator fzc'uoncy °hou]d not excecd
the ordei of barts in 10", The rcse&rch for this thesis
indicates that those uncerteinties in the reesurercnt of thoe

gravitationsl oscillator frecuency which erise from di-

-~
(@

rientional changes duo to terperature verlations, cosm
rays incident on the oscilletor rotor - raarvrcr'xi of the
engular position of the rotor et its zero crossiy 10, Mo
netic and electrical conber nn‘tzol of the rotor, and oscil-
lator snhawmonic effeets should be of the order of parts

in 10" or less., Tho investigations also indicate that

tho uncertaintics due to thormal tgitavion of the rotor,

nty due to the prectical limitetions in cur-

.
3

nall uncerts!
ront attitude control systoms Tor space craft, and stray

mesnes (dirt) near the messive bodies of the solar s-

cowld bo expected to excced the order of pérts in 30 .,

2 e il ¥ o " L B [ T e -
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o ey 3 A T PRI s e o e TR A R
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particles accurmlated there would be sﬁfficiontly rare
ovcn?s that they would not constitutg &n uncerteinty in
the oscilletor frequency msasurengnt."However, on the
bagis on information availeble at presént it is the

conclusion of the research thet the results from freo-

Quency reasurenents by the gravitational oseillator could
not be justifiasbly used to prove or disprove thaet the

Strong Principle of Bouivelence had beon violated,
Fartherrore, it is recommonded thet elternat

dosigns which may sucessfully civeumvent the limitetions
L . v

par
el
e
&)
~
~
"
-~
e
1",

1lator be econsidored, One such elternative,
the pendulous gyroscopic eloek rentioned in this thesis,

E o de . =% A wds & > ds 0
rerite furthor investd cetion,

.




Ana}z;ical Comment on the Gravitatonal Clock's Drawbacks

In the thesis conclusions immediately preceding, the gravita-
tional clock is considered infeasible, on balanée; in contrast, the
Pendulous Integrating gyro acceleromecer is considered potentially
feasible and the basis for a possible alternative experiment.

The measured variation in G was expected to be of the order of

one part in 109, so that gravitational clock was considered
effectively precise enough if it had errors within one part in
1010. The figures apply to an eccentric orbit around Jupiter;
around the Earth, a precision ten times better is required. After
examining what appears to ‘be an exhaustive list of pertinent

error sources, the author of the thesis concludes that errors
larger than one part in 1010 may be expected from the following
sources:

l. Thermal agitation of the rotor. This point would require

further investigation if the gravitational clock experiment
were pursued,

2. Attitude control (to 10710

radian).
3. Stray masses (dirt) in and around the gravitational
oscillator.
Note that the thermal-agitation conclusion is based on the
‘measurement ofAtime intervals lLetween zero-crossings of the
peﬁdulum. Amplitude infdrmatidn, except for the indicated Zero

amplitude at crossover is not taken from the pendulum durihg its’

swing. The point was to reduce the measurement to a time-measure-

ment only, on the general'principle that time-int- rval measurement
is the most accurate known form. Here the principle was applied

by measurihg a force (and thus G) by measuring the period of a

- 26 .~




pendulum, =
While it would seem that a gfeat deal of information would

be thrown away in not measuring the amplitude during the entire

cycle, there would be great difficulty in doing this to one paft =

in 1010. However, the thesis implicitly answers this, as will

be shown below,

The Accelrometer Force-Measurement Viewed as a Zero-Frequency

Pendulum

The difficulty with the amplitude measurement can be reduced,.
probably to within acceptable limits, by reducing the period of
te pendulum to zero. At once the time between zero-ciossings is
known (it is infinite) and the "amplitude“ measurement--the force
between two masses--mecasures (along with some of the disturbances
mentioned in the thesis in connection with the gravitational
clock) the variations in G. But this is just what the author
of the thesis is talking.about in suggesting that a Pendulous
Integrating Gyro Accelerometer be mounted on a test mass and
orbited. The experiment is then changed from a dynamic one,
measuring a time interval betwéen the zero-crossings of the
pendulum, into a static one, measuring the slowly varying force
between a seismic mass‘in an accelerometer and a large test mass.
The remaining questions are, can an accelerométer be made precise-
ly enough to do the job? Ahd aléo, as.a practical question,
can the experiment be performed in Earth orbit?

State of the Accelerometer Art, and Recommendations

The most promising accelerometer for the present purpose
app2ars to be the Pendulous Integrating Gyro Accelerometer. The

chances of making it sufficiently precise are good, chiefly be-

Sel, 45




cause it is the only kind of force-measurer which does not depend
on the elastic property of a material, i.e., it does not render
force in terms of distance. The principle of the accelerometer

has been in the literature for many years*. It has been and con-
tinues to be an object of research at the M.I.T. Instrumentation
Laboratory, most recently in connection with the NASA SFIR-research
program, Briefly, the accuracy requirement is this. If such

an accelerometer were Earth-orbited, we would need absolute

accuracies of the order of one part in 10;1. With 106 measurements

averaged, however, we would only need about one part in 108.
This is the goal:- for the new generation of these devices being
built for NASA at M,I.T. To get more accuracy from present °
instruments, (which are good to about one part in 107) we need
to increase the pendulosity (and thus the sensitivity). We
could keep the angular momentum at its present level, thus
retaining present torque-uncertainty lewvels, which are satisfactory. .
Given the gyro wheel anguiar momentum for minimum torque-
uncertainty effect the major trade-off appears at present to be
between sensitivity (and thus pendulosity ), and the measurement
of fractions of a revolution of the accelerometér float to high
enough accuracy. Both of these aspects have already been studied
at M.I.T. in oﬁher connections; their application to the present
case is being made now. 4
We have discussed.this with members of the M.I.T. Instrumenta-
tion Laboratory; and projectgd accelerometer development appears i

1ro be eminently feasible, and would take, it is estimated, three years. |

w Drapar, C. 5. N, Wrigley‘and J. Hovorka, "Inertial Guidance"
(Pergamon, N.Y., 1960) p. 94 ff.
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