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ABSTRACT

A study which included a Master's thesis* in Physics at

M.I.T., completed in June, 1969; con cludestha.t the Brans-Dicke

theory of gravitation cannot readily be checked by means of a
gravitational clock in eccentric orbit, even around Jupiter,:

Pertinent summarizing parts of the thesis are given.	 Considera--

tion is then given to the use of a Pendulous Integrating Gyro

Accelerometer to measure the force on an orbiting mass directly,
to check the-same theory.	 This. analysis is also -taken-- from the
thesis.,	 In the analytical comment following, the fundamental

: difficulties of the clock experiment are compared with those of 3

the accelerometer experiment.	 A valid`Earth-orbital experiment

` with the latter 'appears. at the -present time to be a good =a

possibility, and a procedure for following this up-is recommendeu'

including suggestions for required accelerometer development.
,4.

* Blitch, M.G., "The Feasibility of a Gravitational Clock to
f Test the General Theory of'Relativity", M.S. Thesis TE-32,

M. I . T. , 	 June, ,1969.
;.
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Introduction to the Thesis Exerpts.

In the pages immediately following are three exerpts from

the cited thesis.	 The first, entitled Introduction, discusses-

the theoretical background . of an experiment to measure possible

variations in the "universal gravitational constant" G, as

expected in the Brans-Dicke scalar gravitational theory.	 The

I
experiment would consist in measuring the period-variations of

h an eccentrically-orbiting gravitational clock. 	 These variations

in G would also be detectable in principle in a direct force

measurement. made in-orbit, and this is described in the second

exerpt.	 While this exerpt is en'titled P/A Gyroscopic Gravitational

Clock	 the title is misleading; the device is not a clock, but

an accelerometer, and will be so designated in the conclusions

to this report.

In . the last exerpt, the-conclusion to the.thesis is given;.

it is, on balance, unfavorable to the use of the gravitational

clock
'

for this purpose.	 However, the acceleromater measurement

remains a good possibility.
4

Following these exerpts, the-. author ' of the present report.

comments on the thesis results and recommends a course of

- action,	 -
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1.1 The Strong Principle Of MG , !vI lence and Its Possibl©
V 1G1e:t;iUI1

is i s the result of all investiSation of a pos-

sible tort of tho Gmoral Theory

tiCUi.ari. J , I'Che V_ncs i s

Prins iplo of Fgt.i.v^ ler!^e of that

With thv	 of i.nn, toiril fn,

Of 'Rclfltivity • Yoro par-

po-;siblo test of the Stroilr,

theory. This pri- ►1ci.l-)ln dcal9

'-'- ,̂n s for C?:11 ,: I1: IaL th(, nurro r-

7`ni-s tt:e

I

fca7. cont01"'tf 1)	 'c..)	 t1	 to	 .1^-s^ ^	 r.,;s, r+ d ho cl:totl:ll_otl of t:hr. c:on-

cepfi Of j ticrt .<1_ f y 'r::^ c: to frc cly f , 311-11 - S'I'ar,c': i.n ^ra.^•_

t;a t c^:1Z:1. f :!.Old: . 	 Spo"c ifi.c ally, the Strot,-,	 of

C'	 Uit t: ()^ tt	 t f!t ()t'E!I'y c. •t-n r	 •,,..^	 j

bIt„

	

•'^ .r ^^t'a^'J-t:^t^ ? 011 fl ^. fic!ld i. ^:	 ^)C^ ^:;l.t)7 U t"•0 C}1G0•"C ft ^.O^.aI -

ly :^rlcrui.::l cc^:^rcli:l:^tr; :; `-.:t:er.. 	 V1,11;, ti•^ t: }l .r. F?	 ,r,.	 o^:t^ Y

rozjon of	 tt1 ^^J i:1:	 •.tl Ci`,IC:Si: lC? ! "?^ t•}1^ 1; ,;;I of `'! ,-t;t.lro

:c.^:Cl	 ; : ^1:1	 ft;:C!	 C1':	 £'::;	 ).t. t?.11.":: i ^•1.nr :'-t;CC^ C^?I'tc' ^^^	 :1 CC,12'ilatl`1t;Er

	

C!2 0,	 t;Y

r	 •^.	 OC:s: :1. Iv Jtli:l'^J.t='^	 r(,^^.^C , ^ J - r, 	
1 I:Ct t^ r .,'`^.'

	

.''t _'( .Lc:l I l ,l. f: l• 1 1' l l • ^ •	 C•o?: ^!^I1.7^_!I1l :l J'^	 t!?^?	 ^.c it 01

I' a ^'a-tom t?_v:1':1 £ tt 4. coon

lO^.C:	 l^•1 -• ;1<:	 i ^;	 t;r^n•	 fC' E ^	 1 ' , - r •. ..-	 ^	 1 ^	 .^..	 ^•C	 ^..	 _	 :3 C.	 t.1.! 1'Y. I;:^:::; _.^'^,	 t C^C^;	 ?.f	 -hey

. l C) -	 .0;V  •.	 ^ • l^ .'. l • ^.1/ l•^0 J.r

v

2 t 2^ 1.0la	 C:Z^ 'E

o•	 v:.•C i • L: Q ► 1: • : 11. i;	 :':!	 (.^L. '^4	 ^,tC^..-	 .•^^ .	 •

1. Definiticn by Professor S. Weinberg in unpublished lecture
notes on General Relativity and Cosmology, fall 1968 at MIT.

•- 4 -



E3,':7t:C•:,'r 11C'I't? I';.^.C^r'	 £1 CC):;;^	 :':i.f,i

^.El^)	 c^. v ^'_':_G:1: ? ^l .•^) c̀: v

would be the gravitiational law mentioned, and tho ox-

perinent tnd the obsorvation would tako place in a reference

system freoly fr:llinn- iz: a gravit^ti.onal fiold,

lrho experin:en;; treated in thefollo:^i.n^, te::t ir. -.'olvcs

a har:..onic oscillct.or w1lose els: ti.c restorir.- force is grav-

itat^ one)., ?:ak n^ its frequency a function of tllc Universal

G r a t:ationn3. Con ;tant. ACco1'c',i.n-- to tiio c ou-Tvc.I-C)lice pr inci-

pal tllis restorirl IE; force, and, therefore, tlhc o:;ci_llator

free-meiicy, vcmlC1 I:ot C31an c s ,! fE r a s a ).oc£t). ,e nd co-;':ovin"

obsc:r'vor i:; co:zcernod if , t e osciJ.).^:t:or ^:^z'r. ^)) ^ ccd iii z: rc-

foronco fr. r•:^ f2'C)E^1. y f.015-n r- t:o::nrcl	 body.	 T ,ion

i.f the	 -,:era	 ti:.th eI)CA.Aer ti".:C?--1_c;e^")iJ^^

sy':itClicl,	 tich a:. E+J1 ::{ :' tC C) b . 0 i:, f:1]CI t.} , O 6(1colld	 1". o	 o 0 p 11-1 f,

	

to t;11 n p.`.;C7.^.aE:tG1',	 t•}1<^ :;^y'i1^^IlI'O?1^:^:I

1•'0111 !' t`^ I. -j II ItIIo,I n	 t(ln t	 f 	 (10 p	 'tc	 to:i^1'dt

C)`1:C'. ,1 £irk,:! ^^)' ;'t !' l s	 ).	 t:;lri	 "t'1C'^:2'C^:11.:)!ii 11ero not.	 1

tl)en thn I'f):;ll ^'i• CC)' "`).C? b-! f:cc2,3 1,C.(I to ft	 or t•11	 `^ ^ .,	 .

i'1'il^ci.i^lE) C)	 tl'^' E: ).CJ1C;)	 1: lE	 is to r ny 	 tho ro: u? - voulcll

J I1CI1C';{: E' St]'_ ^1 £1 \-'_ ,1.E?'"	 )'1 i.f t:1 ^,	 ,;,	 ^'	 „	 "	 + 	 ^1';'CC'	 ^. C .	 .1^	 C ^C: ^ .L .1.<1 ^:C,,	 C_.t.C^	 1i0 ^•	 C'1'!^. -u

f z' c, 1 t0	 i"':a p i;l2(''2' C 1:11:;^.	 '111e :;t)CiC::! f • a. 0 111'pl1).E:3;l

of Vli_:; t %1 :'	 i nVCS 	 n 	 Y' 11	 "s.? ail

S U C 1 < ). C` : :' o f : > % 't : O h 1' 	 C) C : t?. ?' , t• l 2 J. S ^. C, s C U I. C t b C

11 C) ! v-ioz, C)1 t'!	 :) t•;'C):2"	 >2'^ 1^^^ r,^ E,	 n

e:ctr^:.._ cc•_ -	 cto_

C)	 th 1 eid	 2'C' ^<` z'.•::. ' : d	 t o	 t:^. '	 c	 ?'^'.^ i; t t?;^ c>>: -	 ( ^_	 .. .

C.Brans and R. Dicke, "Mach's Principle and a Relativisitc
Theory 

or 
Gravitation", Phys. Pev.1.24 (3), Nov. 1961.
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Calmilations are mac'-, on uhe .basis of this t:^eor ^ to determine

how great a loss of synchroni-ani' could be expected. Then the

.sible uncertainties in the measur0r'6 ,t; are examined to

see how t.liey compare in magnitude with the ari",e,t to be

measured, The criterion for experiment-al success used is
that` the ef'ect to be measured should exceed tho aggregate
of the ire {surencnt urcertaintics,

.2 C'alcula.t:^orz of tho ^ * pected Cha:^gc in Gray=itat-ional
Coupling

According to tho Bz ans--Di cko Theory, the gravitational

coup'! In 'r; beta-mein local riassels 5.s influenced by the rest of

the mass in tho univorse, and the effect of the other vii-tssc;s

in thc: uniti o r Z,c	 in thei7, r^ed1- -nie tai c Ini.ty of ci point masS' 	00,11

be o pro s so d in the f ormn:

a	 .JL

•	 -vrh o re	 ^^^;,:^	 __	 {^7e; . ;cs	 t r. ^;^^av i t 4	 a o?:<<1_ f	 c .d <at.

_thc	 ob.,' ,,I'Vi'.i Ldtl	 pC)a.n^	 ti^^fl.

._ C	 :?'^:s^^ce	 fr) ;: ' -hc poin	 na Us	 to	 the
, cb 	 'va tion r,oint	 -. .

a coast ent	 elcu ..I' din	 on vIa o	 po a.Ti i%

Iiia^S l^

F l^r	 i• ^n	 ;;C . c.	 c̀i ? '	 f;r2.t'	 1. c:i•,1,C1^.cia^	 f'1,£•'ld	 Giie

_	 o	
tot ,n .r:s s	 r^ .4;t^ ^.;:ut ion of the	 rest

k
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f
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C,%^,

t
(Ah: C:I • 'i	 . 0)li 1)1,	 `'„-.

ti-:C)	 sep::	 cc.^ir,^:

fJ'O';.	 -wl tC'

Those can ntiti cs

gra.vitet •ional cc

Con3tant) in the

(1.2-2)
O

aro relatc c'., i t; is postulated, to the

rstar^t, G, (?;e;^tcm f s i,'1^ivers?1 Gr^vitz?t G ^.1

.fo?_lo,rinE, wad*:

tidh 01, C.	 t^ ,^	 F' Ci ^ ;': ;; I : S G 111. c! S : C O I2 ^ ` '^J v C• n V

^ V" 	 C C) f CCr t11"t	 ClU C t 0 t'.hCl
react of the r'	 in --

e(bes..C'c s thc: p  r_t r,ca ;s, 1i? )
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P

B 
lZ

Corbin-j'.n rt (2.2- 5̂ ) end 1.2-6) [-,-*-ves tb^! change ir, C:
4.3	 - 

(1*2

whore
	

11 C/ : C. - 01- ) - cz C/z I )

14 ./lOL - 	 'A " -- /l(. _1

'ilici for:--, c)_" D.P . 7)	 thr-t the	 jvol"^d bc! 1,

C	

dc-

.1
CYT." I ; cl 5.1 -1	 '	 the. 0l) r;cl -'v 	 -',-cr,7cO, from t i	 to a

	

A	 6

C-'►kstt' .' ncc	 1-,3.!C,. 	 AnvS.,; '/;?	 .	 III j i, avj -

tirl t! C"' I rt^ co .tl pl .^	 I) v t., d cc, o nnc 3-11 grn-vi • -

c,.,.

	

A- in r .,	 V C. b o el

	

Y3 C)T-. (1. 2	 x i r.11	 C'	 1	 t-') 1 , c! Gb 2!'	 c I-1

1,1 C) C,a c	 Sl f, 1) C'	 r.	 i C;.L:L 
v

02

C, I) ENV C: c"Fol . 	 01• Oxzr;:Vwlc '

s'nC1. 1 n i.^! '-! ut!	 V. l 'l n	 cC;

0	 cOil h 1. s

ur c c_r	 X.	 0	 c:	 c	 cl.cc n.j C  o	 C,

Ac c . 7

c 0.. S
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(1.2-c>)

so that in (l, 2-) rile it r^ do ^.

f^'	 fib

Z",le cc^I::,t^;It^ C:^'^{;ti.^.;; h^^ keen J.nt?'or.uce^^ 3_n ^ nt?.r^'^e,'

pre-ent,	 ^`^ .^ U`r7 L] 2'

in

1, C! 	 C l .:1 Of' t:1C Oli O^ I;O:'Ctli'1',	 1':°t^ 1`1'^^1;;2' ^1 Ci?IICl is

tlOi:	 : 11	 C'C^' a J2^.i.0	 ^. i I;'_l. ^•E'C^. ^i	 t'f`.]t!E?	 or	 n^.'O: 	 1.a'n. ^:C?'I	 _	 1I ^1t
v

OJ.	 tho	 theory.	 lIi	 t111:;	 the, ;l	 £.

V	 atin	 'r,,, n ,t
of

(.^- • ^_'	 .I :1	 }	 C : tl :^	 ^•'^ :i :	 `' ^• .-^.t1C'	 O ^' G:.^ ^	 ,	 ('^	 ^' _ f,	 tJC; C ..	 ,

^'-	 £	 ^. 1 . 1 c'	 +	 ^` 	 !^ O+ ."'OrveJ.	 c ^^t).+ O^ . C : :1J
1

t	 0	 i:C.;. -

4 r; j	 1 U
'J

•	 I-A

o



• Of the shift d-opcnds upon the T^--C-L^'litUdC Of tho ma-ss, 12;?

tnd coins to the vic.- ln-lty o l" P. r-.orc nassivc planot can produce

area -I-, e r c f f ru C- t, 	For ilin-IL-.ance, Junitcr hls o% , cr 300 til-- !-!sI	 -

t.1 ^ I': n̂, s s, C7"	 t: 1 C'(--	 o -, r 'u- h . It i.- not P-s dense	 as the ear -uh	 (--bou-L';

gn/cj-13 as	 cc ,^ip arod to C.6 :/c1-:3)	 and the	 incrc.,-s L)	 in

is partly o*L'J',e, ct by 4n incrcasc in min l.-A-um diStIrUnce i 1?;Vp &

UAC	 r"n-Ift	 still be apprecic-bly

)- firf , C, r:

16 (7 >1

Te

I	 -
.O,A. )Cj	 11	 e ffoc-L-l.	 Yor vii obs nlrvor i-,--ov`lTjz-;

frog: 0c'Clp sp,'-Cc to 1-0 S) o 1. [-1 Y ' I"-!0,;.i  t,l),-. shift j.11 C/- 	 v'oulol bo :

C C) I I I	 ru r C)	 vpluo	 C'.,1L-1 C-0 rl r—t tic	 foulld

ell

J1. C

or

r C'. ml	 t.s	 61) -,L" a	 n C: 0,	 a 'v o -; ,c Yn ore q r 1).r"VC

C; 1^;.	 c, !I f o r 	v.

C; C n V-	 C C ,'a l

C. C o

1-^ p 1, -

C
L

10



to {:r.c ^► ti,, . 'i•o ti,i^.}^Sn 3 : ;^C C;i, ,^^ o^'c^z• ) (;O

C1 l,	 C. S'	 t	 1 

of the [.-ravlji;, J. i ollc

0

frequency 'Would change by the sa':"e or2cr of r-grj.tu:ie as

the cra:• ita tic ,, al Ccuplil.- change. Th"t is to sad;, the s; -c

of the ef_ec - to Le ncr " surad is of the order of parts in 109

The TZUwer3.c£:1 critcrio to ;;ud-:;c the ©xper^-:.ant is, thc.l,

that th, t!.^1Ce2'^^i^.j'ti;":GS ^n cl ocl., frogr-.er^c y' C:11F1 t0 a]_Z C£:U:ic^S

:hov.l O no'L-1 f'xcced 
	 i !1 10 I o,

It is to be noted that ^CCt t^tin t1I1C;• I' ii<<'int 1Ci	 Of thc:t

o.rc'.•cr	 .cs cu :;c:rtl, c, a su _t£^h7.e volnt T . -LSs for the ex--

pcI • .^r:cnt, accor'c1._^.r,^; to th;, }3r:=11^-Jic^:e i'hcor;,- 	 To rt• e th ee

ntL?;:©^^^.cal	 ^ • ^:ltics c?	 cti:^:,c^c^ so: ;_ p:,i • : 1)0c1;az-c', ^.^; r:^^y bo ob•_

sc^rvcd t:l^t	 t-,orer^ tc `;oul , 3	 ^:
7

10 sccr•nc1^ ^^, 1•^^,^ ^^

i:^^at. r I I o^ c.3:•	 e^.oe^- ►:c	 A	 t•S	 to 3 :;ceotzc's over aye a2,

ti:C)lllC' }); cood to Ir"bu-11; £: })' : I'i% ^.J1 .^.07 .	 ut2C}l	 C^ C-Ck= ti;orllCi }1_'CC
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W. A 	 ,C L4 Ci'

lr..l 'Doscrip -i.on, of tnc Clod:

A scheme for dui d; rc7 a GrF-v it.at3 ojznl c 1-ock which

er.ple^,-s a sir^:,^-e-de^reC -cf-freec?oj: por_c? l.1ous intoJrating

f;Yr• os coi-)c, aff'.^ x o d to a r a:^ j,• c, 	;	 , 3 s sl:o,:n 1 n F  ;-ure lc^,,

Tito g1 c+vit^i.;.cna1 s.ttr^ct,i-c,jt of the sphero on the pc'ndul ous

of the ry-. -•o producea	 tvrC^ttr, on the r yro of the

rna^ n?_t.u0.c

t:C) cII	 ^.r h^:.l^j^ccc' b -%	 '2'C', cops c torque e-71 olc^}j:,d b,rv

}^rC cC! ; ^.c"I C)f i;},e 	 vrC;.	 The E ^•, 'c : cr. } '.r, to„cruo },^; tho

^/	 -• ^;^;.'i^	 .`.':'^^ I1	 •̂ j^ ^t2 _^ ^'?^ j;,,7,.^j-:tttl'.

C .	 -'a ^ . i.Ujl	 G^' ;;^Cj: t:? • Ci	 p C	 :':' ).CZ,l	 S" 	 C?	 [ r:r^	 t:	 C	 ^.^' i.^	 ,l_<<•^.r,;,
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A	 numori.cal exe Implo, consider a. 20 cr-i radius for an

Oc:^iu1. U3 1	 (r.^as: -= 7^0 l:^) and a Cr- , or:o'^.tit3.n^ hei_ alt of

1 cr..	 Then (!; . 3 3 ) bec c:"-e

ir?^	 xtiv^.ty oi' pcnc3ulou^ gyros u.cd.	 for	 i_t^.^?rtia^_	 gulc'c! tic c

i. 0, usun 11.,	 ^....	 '^ tr+b^u ^ I .^I-C, 	 c ^'c for	 C ^ "	 .	 • ,	 "	 ^	 ,1.	 ^1' ,'1V^_^^^'	 ^,CCC1^.C,I"'Rt;l.G:t	 n^

eboui, I r^ CI '. C fo,: G;.,^^C.G2 :''01'	 ti1'.:^	 auT1: a_^ . ^Z+ ] ^.`',	 the

, t:• ill (!^.	 ^.-1;) r^'^: ^•

Ito	 to	 C.

(?•c?.1'i,.`. J.11 1^iC) )	 (^:^T:^'t:^	 1T:	 ft:?	 J.t	 1.'C^Ll7.C. tf t'n	 2'. r^^ fol

t^1C r'`J o	 to
1 . r.
	

^..^ `	 ^	 {.	 •	 ^	 ^	 J.	
l•1 : C^	 1^ r (i..	 C.	 !	 1 'C l'O^.tl ^•It.	 jr.	 oI	 BlA 1.	 ^ ^ : ^^ 1. i	

f j	
ol•: 1 

^.:; f'() 1' C-OC r T	 2,:(t':I!

tIA st. C)tI .l. 1. •^' J ^, a C' :i	 ^'rC'	 tlf^ t:	 ^ ; (^v: 1.^t .^ ^' .	 r .l 7

I '
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0

This ,,nsa ulFr no-r--ntun lo, athcr with a pendulosi ty of 10

cr-, for the ET'c produces R sensitivity:

( ►_ l.I-10)	 S == --^ - ) =- /CJ	 --	 ,

For t,!-,J,s sct, -,-;iWvity t?:e p1,ccr-ss1-c,,n rats, iti (1,.^. -1;) bcco:,:cs

10 r (1/;;c0	 eriod f(' .' C)"10 C 	 yon 3s thus

C. 6 :;,;c, o,' aboaJu-	
Of t. 

7.(J ;:v tha:1 for onn corr:plct c, cyC lo of t}^c

f;r^.v1.t••.-:tj on^^ o^ci:i.l.eto?^.

TiZr	 d; ^t1t:r: -., C)f t11(, s?>rrtc^r." p^rxud i s i,11c^.t r.or(^ r:;zastt.re_

:1 	 ^.^ont! )_	 cc,t;_

Wit•^I^'Z:	 C3	 1'',.C.^	 ).t^	
.i	 f;1.v^n	 £t l :c^tltlt•	 c, .f	 t1::_l	 ^:o	 thr. t;	 a	 vloro	 of--

1 -6 1, i n r, oX t11:^ I esu1_ -1, CP. 11 br' obi:,V l nofl. 	 1-	 £gib •

tt^	 C. ` • c, ,'^^ (^^ 	 ^^^^l i\	 i^..' 21	 I	 CI fii ll? ' (j :': r̂ Il t- `1	 1"	 U-In' (,	 I21	 C^jii	 03

I i:f : ,^	 j :ln	 ClV	 ..::^	 C>^.1^ 1t 	 ( 1 .'^	 fit	 lo  Std 	 lC':'	 ::1.	 ^:1Z.L	 Lcc`f2:t•

t-4	 t : :'I	 ^_1'!'C3	 C:^	 J-t1	 i	 • 't	 '1	 ^)	 ^•	 ti.,	 r^	 ,i

r: ^ . . 9.:^:'^,'. ^ • r:lu_' .	 Tt: 1.^ , r' t• ^^11c s:}, ^ clt^ t:`'-^ t^: l f.t,:^ ^ ti £;^i:tn ^: s.th

....1	 C'u. '1 C'slt^..	 ._\	 ^ ^! J..^l	 p .	 ^^fSl pr• C^^	 ..{ ?	 n	 rl	 ^ 1in

1	 •	 \	 ♦
L .`:	 t i1^ ^. •'. ^!^	 St\^^t.i	 .^.tl :i ^.^'t,i':'lt^^• •	 r^.11^'	 i) ^•.:^) ^.^. ^. l •-y'• Of	 t - i (^	 r ;_^t^ ^^ ^

f-i.'. i t:ti• 	 j t1	 (!^., 1	 :^)	 (,.^	 ..'::^ t	 ^.tls : I ^^; .r ji ^: 	 f br'.: C. 	I.:

.,d.^^i 	 C: I.	 t!1:_ ^i	 r tc: J!.•^_ 1 t `r'	 1 C
,
:' 	111i	 Chi

C } 1 r.t -1`;	 <,	 1.:!	 1.^:^1	 4^	 l • : ^:1^' ^.	 t. l-1 •

.	 _	 t	 Y . •	 a . ♦ 	 ..	 ..	 ^	 -	 -	 1	 1	 -	 _ ... 1 • ^	 . • \ 1 ..	 3 `' :^ • •-' : 1 ^	 C . IJ « v s^ 	 1' . (, ^I	 _^ t i ^ i :l
^'.^	 C ^^ 1`•Cl•	 `l•,•r''''i^	 ^^^	 ^ i ^• .^♦ 	•-1 j 	t	 •.	 1	 • n	 f,ti-t ^	 \^^	 . ♦1 n i ;^	 /•	 t_

J. j •	 tip C v 	 _C`:1 C•^.	 CC):.; vL':1 ::	 c	 Ct1	 r,S	 t;-	 c;. ♦.•-;^'1	 e:

- 1 5 --

--
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I
&r:Ounce, ^^ J	 acc ording t0:

^J

Ilu.- if the in p trunont sonsitiv;	 n	 cha n&, s by

a sl':^:;.1_ £I':O:'tl I	 A S , t1"'_^ precO:301C`n I'£3te chn n n-es ^ccor c ing

to:

CA co) ,', '	 As
?-2)- - -

Cu

1^O; .t 	t1;:'	 C'13^: I? ^;.	 ^ I1 0,	 .l	 co rj-t^""nt to	 t' .:^	 cxpncti:.CO' 	J.s

of t'In	 O- -." of pLa , ts In	 10 	 ^! S	 ^-'^'C'21	 ^.I1 ^•til^'t^'^^^.'.'	 (,	 i1larc_

i orc,t'1"t^	 I'i' X11.1. {•' I1 ^,	 C t 1^:I1	 ;''.	 ].n	 ^,^'rn	 t-we	 C' ^ `; ^.C)n	 I'£ : t^	 F;1VC+I;	 lil.

?• 1.)	 ;:nli7 ;t 	'.;c: c,	 thc:	 c)r c}c, r,	 "'lt	 ::h^ chrn rx+	 ..1 n	 tho

re co. .	 .,	 <<	 :st,i:	 ?.I-t	 se 1 - •.• 1 t;	 _^' ^	 t•	 ,	 1: Gi11_;3	 b0

O1	 t• I	 c1'c'.; ,	 o ", 1't	 5 n	
1.0•l	

i w 	 in 's I?{,.	 11 kc	 the	 on-

n1 -,	 v {:r i n	 ,- 	 :r j.n	 tP3c	 r•.',;.,,'ro

1••'0.11.:	 {.iil2 ^	 :^.: ^^ r.	 t^^,	 r	 r	 tit"!:^':^	 {•O	 tl^	 Tr;1.? rl.t''.^. Ct	 1: `y	 t^ j•:O	 C	 ^,? innr.	 t.	 I'^	 l•	 C	 1	 ^	 ^,,

Ur	 1 .1 , 1-1	 .i•u',"	 }^C^'.: 1^'C 2 .^	 t11('	 ^.i1C ;:1^ i: ^ •	 `,' ^I1	 1 U G	 T.'^C.^; ,1? :''"'I1tS

C.31 ,,•	 1••>	 ^. C i^	 1	 „ 	 r	 ^T!C __	 t 1 C'	 I,	 I	 l" . J	 i• c..	 ,l t; j )	 ^,	 ••nc,el ,	 ^, -,'	 `I) tC^.?..	 .f.. " .	 •_1	 c.I.".

1C:2`C)f'C);'C'	 )11
10	

cyC:1.:':;	 C,

3.I)n'6 1- 1^. .^'tl lr	 t•:1 f	 (7',	 i:'^-.^	 1	 t L^::^:72^^: 1 iJl • ^' 1'i L''. Z.^ C^ }^i.	 £j

^f•• I:'t	 a..I3 1._C/ 1 0 ,	 ^ '3 f. r _^.:^	 ,	 .1' .,	 • ;'_^	 '1`	 1 •	 1-T C'	^'r.>> ^+	
E^	 -c 1 n ..

f C•. 7 • ,• 'r n	 n I' : ?	 ^,	 ': 	 •.	 i 1 1	 l) r
•'

^^	 '^ , -  I,	 -
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ti;ould slzo,: treasure ► eats of chenr,es in Frsvitctiori,?1_ cor.-

stint to p^.its in, 1010 without vn i nordin^.to	 of t j rje _

on-st.tior, for ti;e space probe. That is to Say, the space
prob^	 the s js t;el'? ill 	 D_9 W0.11 d t:c Stdt:i0i''_eC{
in orbil-t; about Jtipi.ter (c , r the., sun) for about a week so as

to obt '
 i.tl P c;ood	 0 ' the C ro rec-c?inf;s.

It is possiblo thF,t: theteibi ] i.ty 
of i'hc y-ro woul_c^ Lie

bettor t:hn n c: p^.rt: i.n 7 07 fo.^ thS_s F;I).,:1_i cat.l cY:. 	 1ilis tip -
p1.i.c;:t;a c,:: 	 r?h^o:,t: F. 1' 'ce- fF:1 J. :?i flif=i,i_o!! ti:hcl'^^c ^: the- 

r.—

stf , bi ..i. t.l• 	 v tes teC^ LZ:1Onj' r!	 ^r,.n	 ff•	 .l	 l alt' 1 t•Y	 C Oi:Ci:1 t:.Uti:;

t^tit. 3. t: i:^ l:n(^;;1; t^I^ i; : o: 	 oi' t:hc? l^ric^rt.^ I i_ri	 c ,	 t1	 y-rC,;,

aT: j_t1J.::1 S'^t•3; C:;iCj''	 ;fit!,. F.	 n	 ' • C 	 r
C! 

for St y:^i;root > >ri i,^,f, rccc'l=!t: ^':^,c)1.10 z::i".,i.on.;.

1'h 01 C+ f 01' f' ^ 1 t1 F? I l (: t ; \' ^. I' Cl ^ ] ;': r 1: j; 
of N' C' I' ' ^ ^ i l F C' C C` 1 C` r ^ ' ::i G t 1 : ' t'. C; } ]

E):^ c,	 sp-' c, c^ ^,ro11c	 ti :r ► F-^; :'o :;	 ' I. i.:► i. ty c c'u1.c' i r:pro p: e ,

The r,p;17.c^',:ic';1::

U:` ^ C3 1'C	 (:	 is ^ ► 1;. GI '.''.':11C'^	 r.{	 ^? S.^^1	 ^i,•,TC^h	 ^•I,^ ^^	 ^'^

C G Ca 
	 ,

I'E'C'i: GCi .'t t;. I"^'^:.:,U1'^I'::'21'•.'; Ct" Ver y

:' i.t ?C.	 tc{,^}f. t• {;.1C	 . ._.t) is j cou.1-0

ror this

^^.,	 a. 1. 1. ^.,::	 f-t1.i :^
	 ('.'iy--.rte ►i

 yyl•^=b^. .1 ^. 1 Yi 3^.^ 	 ci ^.T'^:c 	 ^n	 ^^^C	 J.ltcj

). t: 11 ''	 ::.fi I1C^'_ .`c: E'?: tC:::C'?„
;.

C.v ;. Gr' ` :	 O	 C' ,•.v ^' c is i I ./:)i	 tl^^

	

.......	 c	 _	 •	 It	 '.. -	 .._ __^^..'	 bi 	̂ t+^.:'



I

ollovir , tion cf -ho attitude stabi) ity recuirer:ent necessary

for th n- oscillator. he necessity "'or attitude at-bili7•st?o21

for the sl^ne? c'-^,y: o s :-t•e:: sho:;tZ in	 19 Prises from

the centrinzo-, 1 force on the gyro penLlulous r:ass if tiro

sphere rotates about it' s U. The•certri.fll^^:l forcr, fro:

the )l otF.ti on would be anpos to in, 0, .roctiet^ to t-11- gl,r 'i-

tat. ion-1 i'crcc.. F-ncl t^:ou) c? prC^:'.ice f: t;orrl^c can the gyrocoi2tlt:car

to the to1':ill0 i.n	 711(" rai.3.o of tiic cC+ntrifiirs) fo1'r.e

to t:.0	 r- t•i C)!I ] force Is:

V  i

ti:l:c ► i'c;	 ^^	 cc>>t.ri f u"c l_ forcc, oti gyro

r  t:rt: i on :;	 e ci o f	 o) ' c

i. Ijt•, 	 ,3 G:'•). (' "":.^'t^l C'	 CC1;1' ^i'•^t2' i; ro' '' ^.0:l )"at- of ) 0

J.
(;n`;/^j1'^	 f.?j;? t'..,^ h'•_^	 :r.	 n„r•	 1`^''n(^. f, ' 	 ^^^	 -•^^_^	 r'

I	 '

C) v,	 f:	 )'C^:,. .C^:i :'	 i•^ C^^

O.•?

;AI fi;

All :'^p^'' : ?'^	 i.'1 :':t ;ii,^•, 1 U C . i' .,	 G'. C G::	 "C> '^ l e ._. i:: ^^	 f' ^^ ^.•.L •	 ' 1	 1,_

C. l • r^•'1 '^	 i'.(' ^L ~'11{ (.',-: t• .n	 `\ 1	 i	 >..^	 i .•^1 r.	 %tti^	 In ,1^	 „`	 '•t - 1`

E

r

1

A

v



rz, Y/111)

'r- %. "") /,-j

ci )i:'C^ /
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jr

force F t or bolo.-i the level of (4.2--4) , rM. level E3.ven in

()1.2-11,.) is pass.lmds -lc in any event beceusc tho rotstion rate

of a 7.^')'0 k is ball wk u'ld not be that unc er ta in o,te:' Lh3 period

Of' onor:E:i ;;Ll"C Z:eI?%<<; 3 ^eCOt^ ;) ,	 I':o Ot^^et' F.t	 t?1C^^. S ^F.'rj il-

2atic-n wotllci be rer-^lil'ed for this sy^tC !"I.	 It could bc, al-

lowed to	 to-:' p lc : J.o:,l;'	 in sracc	 if ':hat wero	 E: convient

procC' Oare .

Another bcI'icfJ-t frcm t'z,' lire of %lc gyro i., that the

pi'o1+.l-c i	 of	 S	 Y ii -.assoS	 f • J'o:: dirt J.Il t:10	 i11t:C'I'pZ£'11Ht,11,j

re£;^.vll	 I:t"',lt	 r^ e^.1e^ ; ^.i,ec3 if tint: el 1'iin:;tod, )"Jr-,arc 27

i:►.J u: ^:.'^ is^; ho-.,, thJ s rJr -, 1t: bo c?o:lc, , Tho force

Oil	 t•ho	 t^:'I (""I 1. o'-1 ;	 ) :: i -n	 oft;^• i'C► 3. Oil(? to	 t•)^C	 .; tr"IY I;:f?.^J:; `)1C ► '::il

,.^;	 C'1 ► j osi.to	 t() t :)li:	 i'.i - i -,I	 C t ► .0 !1 of Laf' )>?1^1'C	 }'llt;	 t)10 f'orccl

CI1	 t•)1C'	 l:.'):;fi	 Of •,	 ,	 ''?	 ••'̂	f3	 1 ' 1 '+;:a C^ ^rhC:t;^ (!!I	 f?:^	 VIC) 11t--

t:^ ^.c ,'. c , :l o.f t;hc: :,',ilc rc . 	 '1'il^::'fc^1':!)	 , -,	 oili f' t: 1^ t•t o	 ^• c n

(':, Of' t)I ►'	 £'-I;ri	 Q1a

C U	 f  C. 	 (11 t"-'o 	 1	 ^.	 l  

	

t	 { _	 1'	 ••7 w i ll. )..'^ le st t•T 1 I1 (,D C	 .'

.^hc ► ^::1,	 ^ _.	 ^;t ..t• ^ i•• \•ic ► 1 ,.^. ^. c.. cc	 fro-, t o	 ^.	 ,; ^^	 <

C,	 . c	 .t ^c>^ c	 -	 o.t i:^ c^.^ r .. 1, u., 	 Gc^.t u •.: ♦ ,1 ,,1 \•1	 ,	 1.f

f • t^1	 ^,r,`	 fi r 	)f'e,	 J ,.''	 ..	 ^.`.	 ^- ► ,	 r. I.	 r•, X,, +	 ,!	 iCG,,. ..Ccl 1. c	 C. 	 r-- —r. %^,	 t• ).1.' Ci'.l. ,i	 c._	 .:C	 CI ^•..d

I \•C:1'i'—^ci	 ^ • •̂ i::'Ti	 i '..	 C'J^'J'C'C t {^'. l i	 C:9.,.n.	 I:C :;c 5^:._^ •^	 C1	 ,1 •C :;:

t}1:.;i	 1:! i1! ^.t1 (1• r: C` o>^	 l'	 F "6	 { j'r 'Ct r 1• c:;, ^.TZ

i	 C•1 ? is	 t^	 1  :	 ' ..I!	 ^' ^ ^..	 2'C E ^'1';.' C' \•	 C''

^O

t

F	 _
,

t

I_
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1,

Placi_nr a ls.rge nur.-1cr of gyros Symmetrically on the surface
of the sphere and avera r-ing over tnoil , swan--od precession

r t c s Z'11 - ^.1 t- -1-,u  S;'c y 2'educ° th0 cf'•' CaC	 Of) c n  str-n T'o'ss,

For c: sphero of 20 cm S. r: radius (> ?: 10 3 cI:2 in surface c:rc^ )

and a r:ountin c, suri'sce c:rea of ^0 cr'^ for Each gyro, 3 - 02

EY"oe cou j.0 be 2,-:r,) ntcc1 for tho 1;•-vor'I rr inr- proce.,3

It is to be nC)ted t:^ :t such a s-rmn:otr..cal, az)ran^el,:ent

Of EYI'os o%'cr thc4 y F)i:erical surface would no -'t--, r'oc?uce the

f;rav'► tatic,^i^::!	 fo g °c^^ oti	 j,,l^	 ^)c,n il?]- c,^.l s i!:ass	 ci	 an	 F^	 rc^	 but:^ .:Y	 ,

5.IJ^tc'nd, Z •I p 'l^_0	 ^^c'I;llC. 1.;,	 :ili^1 'c^f :?c	 j_t, 'i'ii crc:S'^rt^, the pre-cos-

Sion	 1'c:.t o v"I)u1d: )';r c ^ ^	 „, -. ^ c ^^ c,	 d:) c_ c .•..,	 c)	 by ,,,ri^,,.^,:tr.g,	 fzl:;	 Sy: , ^.c:rl

S 'DI	 .t I	 v  to	 ^^^'( ^' ^. ^.:^. ^J_n:l^'•)	 f'i' r'	 ^	 '	 ^ ,,1	 r

f	 1O:J	 • 11C) i: f t'r_^ ^ ,. blC,'	 tC) t;:)n	 ^•l.^t,1^,^'.^.J.C^11^^. O'G'11--

I n to" , 	C	 i.O!; 	 so n s to ro c'Ilcf)

LX..c..i.c! I' ll <,	 ,•c+17 .J.1,::'^_{;J 3 . C, 	 t})c)	 o: a.:l.1c {.c,	 '.e	 ,^;^

Chi-1^)'yti:)'	 1 - ^^ j .	 111'{.il's^': :)I'c, 	 i t' . j:1; ^.:^	 ^^.-`r<i T1::^^'i ^ '^^,t' ^'^•^ ` `^ 	 Y;-,c{,

Y1C.	 . v.'I	 ?	 ^1'1,/;,	 t+.':'I'	 ^.^).1	 :ili	 ^• 'i);''^ll^,:	 vC`:11.:'	 )o

	

r) i• 1 C)1' {,^):i	 C'	 C+	 fiil	 1211C^''1't;C'.;!.; 1: i.

	

:_'lc.1;;_+^<	 ^.	 • .. ^,.:U.I'e,.._.?1 ^.	 t%].'.c`:!	 (-;J.'.'ET11	 Ill C o'.lt. q C ^•::.t)?

1'i Ltll	 ((1 • '^•'?, j'^Lllll	 (' '	 1	 1'}]a=:1 (.^ X11':• if .'-00	 1 11:) l•7 l,i+.C1n l i^

1

^. l}7^?'C1	 liCil'! J.l :ilC).	 .._.il^;	 S ' rC) ' . the	 u,;Ct 	t > P .{• ir1	 f.,:j)t)	 ^.^
v

^•^ V	 E' 1.1)
1

C
' .

V^ ) C'.	 .'^	 .0	 ..	 l•^...:^	 qtr {-':	 :^^ -	 -	 '- -,	 ,.	 ^-

;> -	 ^^ i 'r 	) tic) ^,	 ^', C^:? 1'^!'. aI J 	1•::?.:` ^.

C:1 C 	 :1 . C.' T:C	 `.!•	 :r:. ^'	 t 7	 : :l	 c	 r,1 {'	 ^.;	 r L)	 ,.^i:•'J	 .r	 ^•^

_	 •	 .:	 ♦ 	 /	 ^ ^	 ^'. ^	 { ^ 1 ). _	 . .	 .^ .	 • ^.	 .
• ' .	 ^.	 :	 `/ •	 . ^ _	 ♦ 	 ..	 L • 1.

C,.)_,, 1 . CI^ t ^. c ,	 .': x_11 '	 }n	 :..	 •'._: ^.7
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0

to hold the precession rate constant 	 -to p its in 1-010.

Ho-„evor, the ho g t capacity of the sphcro rrould b^ 1067

 joule/
r

°C si that about; 10 ' jcul- :j',-could be nee c d t;, ch2nSc the

ten-posture c'f the sp'-ierc by 10 - 	• Considovin” the 0-6
second rotation I:cjri_od for t.ho gyros ; t?:E . spbare would

have	 to a.bscr.b or 1_oso about 20 v	 t:ts in order to chnn^o

tho pr•ccessi.o n rate by p2.r t:s 	 in 1010 on ono rotation period.

Such ' 	 f1o:7 v.ould f1.vo.:i; CC,1-• tcninly be p2--eventec111 , so

that tclr-oc ra.tu-Pe c*xcursi.on i;o	 lcl	 bra approclr:bl_y le s s then

10 cJC 	 for CT.a v-.•-7. r?'n11'_^C:I':^11'.% pee' i.cd, '21)0	 tC':	 )C1'C'l;t1l'C+ on-.

t ► \' ^. - y fa I.VC'I? cli) ovn vr n s 0I'.IC:11 l ted cU11s1d o n r-'. " 2 :;i.::: 1
cc•;; 1I.^, f'oa' the p ro (`.' :ct c^^ _;i.I: w', s con-70or^d to be acre .rod

R

c c>>:^ :oti1.- ; T >C^ r.	 ^i c' c? for  ,	 ;	 }- '	 ,0	 1.	 n

1'::?	 rC:) , ^; C`11^ C^	 :)C; >t^. ;'i l	 :;	 }J^.0 f Cil'	 t,}lC	 ^;1': ^'	 . i ?. ^; ).0 :i`'.)_	 C: C r2:	 i:Ctn t•

I	 .	 , :.11:	 c # .:"I)'. : ^:t^c',	 t•::^'t t;}-_e	 T..	 ^;ci f C" I	 1.i c_,_ii.c?	 n	 s	 -

sc^c:	 '.t:'ac^ a:;p^ i'r.t.^1^^ i :	 ^:,• oa.c	 ^r
I

tl;c	 1:l^cc' 1 -•

l'	 1'e:pa:.'t;cc? i T: C'.c:c^tc':'  1'

:;11	 C^:"^,1	 . Sin^,^.	 ^.
' ̂ „.^	 ..^	 ♦. Ctl_l•7 i'cC. ^.Qi•,r ..,	 .^('.	 .^.1.	 ^^:j	 1•.,,11:'.E	 C	 .,.ac	 1'^	 ':

C 1. i.	 - t .	 ?	 ,^. U.	 I' .	 r '^^C?	 ^•.t (' ^;^1 ^.^ ).:^^.:'	 ^;}w n.i'C)i'	 ,'I'C^;' .

tJi1C	 Ett^-iv,' ^)^ ♦r}'^.^_.+. Ci^ i; E^..^:': `t ;'^}1,	 ^1-t.	 i^".-^'_^ 1. ?.t^. E^i1C:^.

`"^E • .-.^. ^.^: 1. t^ 	 ►lvl li i,	 l 	 C,	 f. 	 ^Y...}I 	 `I7	 C';'^•L	 !^ 
^ ',^..t	 _ ^ ( l..	 l ^r	 ^:•	 .	 l • 	 I.'r;CE's	 l•^r	 J_ ^1	 [:^.

a

1'c'C't?^':' ::"^ :"	
E,..	 ,..•	 ^. ^.,:	 ^1:	 ;iii	 1	 ,r,,,	 .,	 r,,-. C .,	 ... ^,..,	 :,Y•,,•^^-

^^'`..__ ..	 c	 c i	 - •	 r^'^^1^'	 L t ."^1^. ,^t..^	 :'	 r'.!_. :	 ?' .l i•.L	 C'0?.t•i.. •.. i.	 l!.`^ifi
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T	 1

for . the oscillator. , Uherirr-1 ClZitatio:, ,-mould not be a

liraiting; factor for th e cyrosconi c r.-e s.surer:ents becF-us° of

the S t J-f J. r_o s s of the rc s tr- int on ti:e not JI.on of tho Pon-

C a l cal s r'i^ v

G



V . C01:01,1-Ts 07-S

In Chiptcr I the, expec t A cl si-lift ire tilc 9r<</it:.ti oral
o cj_^.12t:Or ircc^uetl^y W , cc.11^ red. t ,o be of the orc'.ez' of
p^!-?'ts n J. G9 • 	iho eriteric'ti e stall 1.;;:-.cd to judE-,o the n e..

:t tOf t11Q U:^C'._^i._^it.0?' Z;C S t; ,̂' r 	rl© ?r'r'I'E'^''a C Of ^ ;Lc>u o t

1:i1CQ?' te ztitic s in trc o^c ; : l :+.cltoi' fz cc_uency should not o::cocd
the erc':^;' ^f p::rts :itl	 ( ► ] C^.	 Z'}le rc: ;e^rch for• t}Ii: the: is

r:	 a.c^.i c:^ t.► £.t	 tho"Q x i11C art-P. into c, r	 in tho of t►1c

f;r^:^r^.t;£^tj.o ►.,c.^.	 o"c_:i.]ctto.^ J'c:r^•c:tic;; 	 ti:;^ich cr;:.c	 i'ro?'1	 dj.--
C', li£' .L E,	 1 [:1	 ,t_ J	 ^^.11^^ tin	 tom'	 1	 2 r ^t)^^^ •t IBC"

1	 '

^ ^'y	iIiC	 .C't:l:t: UI?	 tha C1:.1C i.a.)_£^.t,or	 1 , c)i;0?' 3 7	 _ ,Sl`I'Ct,:C;1i::	 Uf	 tho

I ,	 C) tiot:	 of	 t-•:1c	 rC)tcx'	 1	 :^^.:; 7 C C1	 2.1;j_1^C>>

ti^ t• j c:	 l0 clQCti'^.c,_]_ co:^'	 •- '`.'1i':t;'t^t...':l	 c'	 ;i_ O'1	 Of 1t;,1C' I ()t,0r,	 all 	 UrC ?:l-^

Cif be Gf {}. 	 ( i J'CGC:I' Of }?c 1'i;s;

^ i1 .1.0^1•^, , 	n,C) 	 :1 f?:	 ^.ie!	 j.ti':-n: t; I L ,f " • .t.1 oii:;	 C.

t-hcl 1 1.11CC:^'i • ^ t;t;'.G;; C11_„ to t1 -,01 , ; ^1	 ^;J.t.cii;	 o

ll:'t?	 11iiCt'I' i 	 -L,-,c, th e pr ^:{; ::: ^.	 . ;•.:i{,	 ^: C`I:C;	 :i- I1 CU..1.'.

1'C*llt £t{:{: J.1;?.0?.F`	 CCi :ll• I'ti1^	 :'Y;;i%::i ..	 f C? 1'C.tlC? .'•i:T'C! J'

I 1£:;,:;C,;;	 ( 61.1.:	 ^•)	 ^:.'i:^'	 t,I^f.	 iit^ t• r. • ♦• •1 L/.

j-cE,^ta_c^	 hc^	 e;':hcc^•c:<<	 t•o	 c^.c:cc'ci t:}.c, c-_'ci:',' Of'
3 0

an

^•	 ^	 o_	 C:.:1.1

Zi:^:^' bC?	 1 C ; l 1:C	 ',_.i:£'t	 t;til^,^\^••:r ')	 £, f.!

l	 .	 `	 ^	 1 . 11 . ♦ \	 ^J.	 .	 1.

0

f o.	 :_ t. ,,C. C,

2^ _

C^12 c.Cy



S ^ro rl`; Princ i.l^lc off' i.c>>

I'ur icr	 •;,

the	 pc.' n(au).N1 n £ - C	 C

c.'1'

i

6

Particles accur—ml tcd there 	 be Su`'fici.c'ntl • ruse

cvcnts t'i.t t' c Y ',cUld rl()t constitute F:; uticertai.nty in
the oscillator frccuenc y t:sesurer:ent. Hol:evcr, on the
bt.si_s	 on	 i.nfoz . ::^.t.iorl	 avc.^.1.^ b1e	 ^:t ure: ert it	 i_r	 thc

convlu:.ioti of t,.e res osrch t'l at the 1'Csults from fro-

Cluclac";	 C.J Z .. j7t	 1	 h	 r	 ^`'	 1 'C' ^	 3' th	 vI c•.E'._i;- t ^ r,^1c:.1. USCx.1.12tp?' COl[1:^

not bc^ ju^tifzably use:? to1 'ov'© or dis;^ro^-e the t; tho



Analytical Comment on the Gravitatonal Clock's Drawbacks

In the thesis conclusions immediately preceding, the gravita-

tional clock is considered infeasible, on balance; in contrast the

Pendulous Integrating gyro accelerome-cer 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 10 9 , so that gravitational clock was considered

effectively precise enough if it had errors within one part in

10 10 . 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 1_ist of pertinent

error sources, the author of the thesis concludes that errors

larger than one part. in 10 10 may be expected from the following

sources:

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

further investigation if the gravitational clocL- experiment

were pursued.

2. Attitude control (to 10 -10 radian).

3. Stray masses (dirt) in and around the gravitational

oscillator.

Note that the thermal-agitation conclusion is based on the

measurement of time intervals bentween zero-crossings of the

pendulum. Amplitude information, except for the indicated zero

amplitude at crossover is not taken from the pendulum during 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 accuz-ate known form. Here the principle was applied

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

Nhile it would seem that a great 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 part

in 1.0 10 . However, the thesis implicitly answers this, as will

be shown below.

The Accelrometer Force-Measurement Vies-.ed as a Zero-Frequency

Pendulum

The difficulty with the amplitude measurement can be reduced,

probably to within acceptable limits, by reducing the period of

to pendulum to zero. At once the time bets-een zero-crossings is

kno:.n (it is infinite) and the "amplitude" measurement--the force

between two masses--measures (along ^-.ith some of the disturlDances

mentioned in the thesis in connection with the gravitational

clock) the variations in G. But this is just what the autbo.r_

of the thesis is talking.about in sucj gesting 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 between the zero-crossings of the

pendulumn, into a st atic ojie, measuring the slowly varying force

between a seismic mass in an accelerometer and a large test mass.

The remaining questions are, can an accelerometer be made precise-

ly enough to do the job? And also, as a practical question,

can the experiment be performed in Ea--th orbit?

State of the Accelerometer Art; and Recommendations

The most promising accelerometer for the present purpose

appears to be the Pendulous Integrating Gyro Accelerometer. The

chances of making it sufficiently precise are good.chiefl.y be-

6
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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 SFI:R-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 101 1 . With 1.0 6 measurements

averaged, h6wever, we would only need about one part in 108.

This is the goal•f-or 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 10 7 ) 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 le-uels, which are satisfactory..

!I Given the gyro wheel . angular momentum for minimum torque-

uncertainty effect the major trade-off appears at present to be

between sensitivity (arid thus pendulosity ), and the measurement.

of fractions of a rcv,)lution of the accelerometer float to highg

enough accuracy. Both of these  aspects have already been studied

at M.I.T. in other connections; their application to the present

case is being made now.

We have discussed. this with members of the M.I.T. Instrumenta-

tion Laboratory; and projected accelerometer development appears

vo be eminently feasible, and would take, it is estimated, three years.

* Draper, C.S., 11. Wrigley and J. Hovorka, "Iner_tia.l Guidance"
(Pergamon, N.Y., 1960) p. 94 ff.
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