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LBSTRACT

Leboratory messurements involving gravity are limited by the small
value of the gravitational ecoupling constant. The range of possible
meesurenents can be extended by speclalized electronies techniques
developed by the author. There 1s described here for the first time a
labbratory me thod for measuring the propagation velocity of gravitational
interasetion. The veloeity measurement is achievad by a precise deter-
minetion of the phase difference between electrical signals derived from
a pair of electromechanicel transducers. The technigues desceribed are
epplicable to more general problems in the laboratory; this paper,

however, deals specifically with e propegation velocity experiment.
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INTRODUCTION
Newton's law of universal gravitction gives the attrective force i:

betveen messes /q, and /4‘1’ & distence r epuart:

Fo= G M M G = 6.67 X(0"F¢cys units
n*

In the proposed experiment, r varies periodicelly end the mssses
experience oscilleting forces, In this genersl situation, the use of
resonence to snhence the smplitude of motion in en indiceting instrument
suggests itself. Ve recell some early proposels of resonant devices

for the determination of the gravitction constent O3 Joly suggested s
pendulum arrangemnnt‘li, uhilc von Eétvos desoribed a torsion instrument,
the "Gravitationmultiplicetor"™ (), |

The résonnnt device proposed here is & vibrator, termed the receiv-
er.s It is described in Section I.

A rotating "transmit ter” is descrived in Section II. It is brought
up to spped by & conventional motor, snd meintained et a constant
roteticnal speed from then on by e smell servoe motor supplying correct-
ing torgue to mainteln the rotatiom.

An electronie phese-measuring errengement is described in Section
111,

Some cslibretion end testing procedures asre suggested in Seotion

IV, en Appendix.



SECTION I
4 reoeiver, (electromechenicel transducer) for oseillsting grevite-
tiopel forces.

Gagﬁptrxi

Figure I shows the receiver. The gravitsational attraction is
primarily betveen the receiver mess My and = tranamittur Mass My. The
receiver 1s to be highly evecusted, seuled off and gettered, the
electricsl connections being fed out throuzsh vecuum tight sesls., 4
smell adjustment of resonsnt fregquency 1s possible in the sealed-off
unit since the upper stem will vibrate slightly end 1ts mass is adjuste
eble externelly. The maszs center of the upper stem is to be relatively
fer from My, 80 thet the upper stem does not experience acoelerations
of the megnitude of those on Mg, 4s M; moves with the appropriate
period, Mg will be set in motion reletive to the wells of the
enclosing quertz tube. 4 sugsesied resonent frequency is 50 eycleg/
second.
Amplitude:

Asgure s tropsmitter wnss M) of 20 kilogrsms, & receiver mess Iip
of 10 grsms, end & winimun seperation r of 20 cm. The peek force Fy, .

will be (in e¢gs units):

. Y 9 :
G.G7 X107 xa0xi0” X 10 -6 aézmezf
FVW 20 X40

The meximum velue of r 1s lerge compared to 20 cm, hence the pesk-to-
peaek value of F will be neerly the wvalue sbove of 34 miocrodynes.

Assume & sinusoidel eomponent of S mierodynes peek et 50 ops. This
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force ascting on & free mess of 10 grems gives a'peak deflsoction *mex of:

Fh\w "Xw"(a
Py = , = 2 - X 5 x> em
M, w* [0x (@mso)

i/ benefit of resonence iz this: the deflestion amplitude of the resonant

instrument will be multiplied by the fagtor {, where

Q - rud onnagy v sonidiy
‘JMUM77,X%M7/ adian )

the usual engineering definition. The viscosity of fused quartz is

suell(®), hence one enticipetes s high (. Also, stability of the prope
erties of ennealed quertz is goods A § of > 5000 was messured for e
simple Pyrex resonator (87 cops) opereting at room temperature, Assuming
that one cen reach & C 2= 65000 with & quertz resonstor at low sbsolute

tempersture,the amplitude becomes

a ] o
5% 1077 e x 5000 = g,é’/ﬁ

Capacitor pletes:
The relstive motion of kg may be converted into en eleatrical signal

by making it pert of some eleotrical cirouit; en electrostatic syatem
is deseribed here. The tungsten Dbloek Mp is to be ground and polished
opticelly flat on two perallel fuues, which see sorresponding flat feces
on the inner well of the outer quartz tube. The faces on the guerts
tube, when metellized, form the outer plates of s ecaepacitor of which ¥y

is the center (moving) member. The quiescent position of My is to be
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nidway betveen the outer czpacitor plates, with a gap of +»001 inohes.
| One outer plste is connected to e fixed source of plus 100 volts
D. Cs end the other to minus 100 volts D C. The block N,, Vie @&
metallized line on the inner guartz stem, is connected to a high-imped-
ence asplifier. The elsotric field between stationsry end moving mem-
bers is 100 vol$s/.001 ineches or 400 microvolts/sngstrom; this is the
output signel obtained under motion, if the emplifier input impedence
is essentially infinite. The expected electricel signel is thus 400
microvolts/engstrom x 2.5 angstroms = 1 millivolt,
Amplifier : |

An eleoctrometer tube 1s chosen aé the input stage of the emplifier,
The ministure tube CK5886 (Reytheon) is a possible choice. Suppose Mo
is & dise of tungsten .25 ocentimeters thick; the faces will heve an

3

erea of 2 cm® for a .5 om volume, which weighs approximately 10 grams,

The cepacitance of each face to a stationary plate4w111 be (h/4f(3 Owdtﬁ)

Ko A $.95 K07 xa xi0”t
Cs —r— = 70 )07 °
4 54 xip-5 ) )

the total cepecitence presented to the amplifier input oirocuit will

be 140 mioromiorofersds, It will be sdvantegeous to adjust the averege
potentiel of M, to such & velue thet it 1s under zero electrostatic
foree (the possible D. C. eleoctrostetic force with unbelance zrestly
exceeds the osoillating gravitationel forces)., Therefore, we choose e
suiteble grid resistor, besed on noise consideretions. The signal i»
developed by &« generator heving an internsl lupedance equal to that of

e 140 uuf oepesgitor; the openegircuit resistor noise is shunted by this



. .
capscitence Co 1In this case, & high velue of resistance R does not

impose the thermel—noise penslty of the openw-gircuit resistor, for

which the mean squere noise emf 1s:

Vi o= 4ATR 4

where 4drf is the bendwidth.
Insteed, the noise for increasingly lerge R is esymptotic to e value
depending upon C.(4) One expects in addition a noise contrivution by
the tube, from the flicker effeet snd shot noise. In generel, flicker
noise is grester at low frequencies £ end may follow & ' lew, but
should be messured for 8 particulsr tube. This hes been done for the
CK 5886, Figure 2 shows the result. A 140 mioromicrofarad eépaeitar
shunted by & 1010 ohm resistor comprises the input circuit. |

The totel amplifier noise is s2bout .1l mierovolt for & bendwidth
of 1 oycle/second; considering the phese detector propertsies, and
therzel fluctuations in the position of My, one might choose a band-
wideth of .~ .0l oycles/second, 4 corresponding measuring time would
be severel hundred seconds.

Recsiver Mounting:

It is proposed to use a peir of identicel receivers and asscelated
emplifiers; the smplifier is physiocslly scall and mey be attached %o
the reseiver snd powered by integral batteries. The output signal
would be electromsgnetieslly coupled from this amplifier to the externsl
phese-messuring oircuit, hence there exists only 1 meshanicsl suspsmsion
point of the entire essembly. The problem of isolating the receiver
unit from spurious vibretion is reduced to the problem of a single suse

pension. (It could be & megnetic suspension. See Appendix).
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SECTION IIX

A trepamitter for sudlo frequency gravitetionsl forges.

Irensmitter Geometry:
The treansmitter consists of e pair of 20 kg. messes connected by

¢ cable 2 meters long snd sbout & centimeters in diemeter. The assembly
is rotated st e Prequency of 25 revs/sec toc excite the receivers tuned

to 50 oyoles/ses. There ere no eppreoizsble slternsting stresses in the
materiel, end the problem of decoupling the transmitter end receiver for
spurious mechenicel signals is simplified, since the fundemental frequeny
of the transmitter does not excite the reseiver. Some properties of the
"mass~-dipole™ transmitter are listed in Table I, A proposed experimentel

leyout is shown in Figure 3.

Ereguengy gontrol:

The trensaitter M, - M; is servo-controlled to run at a frequenoy
determined by one of the reoeivers, sey R\, Since the transmitter will
be run in wveouum, the necessary correeting torques will be those required
to overcome beering friotion, snd ocuazmpensete for alow ereep in osble
length under tension. Teupersture cen be aontiollcd to eliminste thermal

effects as & cause of freguency drifs.

The axes x end y scown ere to be maintained by an opticel system.
Reseiver Rp den be arranged to move precisely on a resdius through R}
and the center of mess of My - My. A small flat o n the extremities of
My - M) contains & fidusial merk. The instentaneous position of this

mark, observed ss it orosses near the x and y axes by a short pulsed
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light and phototube oombination,(s) provides the control informeation
10 the servo meinteining the engular velooity end position of My - Mg
relative to Ry &nd Rg.

Reeeiver e8;
The receivers R} and Rp may be erranged to respond to either the

X or y component of the force; DLy suitably choouing the crosi-aoetian
of the stem supporting lig in the receiver, the x and y modes can be
given frequencies differing by more than 1/Q, &rnd heunce be excited
separotely. The x and y forces as a funetion of time heve the form

shown in Figure 4.

SECTION IIX

Method for messwing ultre-small phase sngles.

Figure 5 is a block diagram,

'31 andlgz ere sine wave signals of the ssme frequenoy but slightly
different in phese and amplitude, The dirrarenoﬁ“ﬁ‘haa components Dy
end Dy in phase end out of phase with respect to‘gz. ﬁy amplitude
modulation of one of the signals, aay‘E;,.(with no accompenying phase
shift), the signels cen be mede to differ only in phasﬁ. A subtraotion
will then give & signel whose emplitude is directly proportional to
phaee difference. In general, the smplitudes will vary with time. 1In
order not to saturate the emplifier kz with the amplitude differenoce
signal, its presence is noted as en erroyr signal by the phese detector
#l, end the amplitude of 51 1s continuously edjusted so tnaﬁ Dx is small,
p, ¢an be deterwined in the presence of & rcasonable or zero amount of
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Dy 735{ is the phase angle sought¥.
The subtraction is perforued by @ shielded transformer, es in
— —
Figure 6; ordinerily, differences of 10“;° volt between S, and 3p

ere readily deteotible in the subsequent sircuits.

gznegronaug 21’8 quenoy gonversion ;

Referring to Figure 2, one sees thet sore iuprovement in asignal-
to-noiselretio would eppear at & frequency asbove 50 eycles/second,
There is a uanrdi method of avolding the excess noise at low frequency
without raising the transmitter frequeney. Thet is to replace the D.C,
signel on the fixed plates of ths receivers R by en sudilo rrbquonay
signel of say § KC. The input signsl to the electrometer tube then
econsists of a peir of side bends of frequencies 5 XC = 50 eps, with

no saccompanying cerrier. The modulation nrocess is of ihe form:
Sin it Sinwyt = L (wtout) - 6o (utrnt)

The phase 1a preserved, so that messuring the phese relation be~
tween a pair of similer side bends is equivelent to 2 phase measurem nt
et the frequ ney wl provided that Wz comes to both receivers from a
eommon source, Frequenoy conversion of this nature is incorporsted in
the oirouit of Figure § where desiresble.

The upper md lower sidebends in this example are sufficiently
well separated (100 ops) 80 that either may be selected with a filter.
{Speciul forms of phese detectors mey use both sidebands.)

The electrometer circuit input impedance must be kept very high to

avold loading the highe{ mechenical resonator; reactive losding will
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shift the resonant frequency and hence the phase;resistive loeding
will reduce ihe a;,.(e’) The input impedance, using eppropriste feedbdaok,
¢en be kept sultebly high ia the frequenéy range ohosen,
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SUMMARY

Signals 8, end S may be expected to have & phase reletion which
depends on the distence X in Figure 4, 1t is the phase difference es a
funotion of X whioh is to be meesured. The receivers Ry and Fg do not

operete in the wave gone, but in the induction zone, mueh less than e
wavelength away. The phese detector must thus be capsble of measuring
& very suell phese difference, The time difference mey be expected to
be of the order of 1 x 10~Y geec. if the receivers are 30 om. apart and
the interectiion trevels with the veloeity of light. This time differ-
ence mey be measured with en estimsted error of 1 x 10'11 second with
the cireouit of Section 11X« The receivers are self-gontained, and een
be located ss deaired to plot the propegation of fielda. Igtereatina
veriations of the experiment ere possible in which the apece X ias
filled with some material, The messurement of the veloeity in frna
space, however, is of first lmportsnce; it nust be regarded as & mile-

stome in the experimental progress of the science of gravity.
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APPRIDIX - SECIION 1V

jalibretion and testing sdure

Transmitter Frequency Stebility

The trensmitter is inherently stsble over short periods of time,
Over longer periods, it will be locked to the frequency of the receivers.
It could in faect be locked t¢ an atomic cloek, but it 1s more ressonsble
to use & receiver &s the standerd since only relative frequenoy drift

ig of greut importence,

Trensmitter Spurious Redietion

Strey eleotric and megnetic fields from the trenasnittier can boff
looked for with sensitive instrumentation and suiteble shields dosiéned
end tested, The vibretiap goupled from the trensmitter through its
suspension gen be mohitared continuously by & pickup device like the
receiver, but directly stisched to the suspension rather then isolated.
A magnetic¢ suspension for the trensmitter would allow it to choose 1ts
own spin axis with the restrictions thet the vertical force of gravity
be Just overcamq,‘and & couple be applied to cesuse precession of the

gorrect megnitude to follow the esrth's rotetion. fI we' o (he=ld),

Magnetle Suspension:

"Megnetic suapension”™ refers to support of asn objeet ageinss
gravity by megnetic forces. Frosition detectors electronically eontrol

the rfield. The instanteneocus equilibrium is not required to be stadle;
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if the system reaponds in 1 miorosecond, the object may fall for parst
of this time and then be picked up. The resulting displecement, however,
is insignificents:

S= dgt* x gxe et = o5 A

The restoring foroes mey be quite non-Hookien if desired, end such a

suspension mmy be given excellent properties es a meohanicel filter.

Reeelver Response:

The receivers can be tested by exolting them with electromegnetic
{light or microwsve) redietion chopped et the desired frequenoy. A
radistion pressure of -~ 5 microdynes (5 x 3011 Newton) during the
"on" pert of the cycle should be exerted on the mass Mp; the required
power beemed toverd Np is ~ B x 103 ¢ = 15 milliwetts. The G-
surves of the receivers cen be plotted in this way, end the frequenoies
of resonsnge® adjusted to be egual. Aging effects on the resonansg
frequency ¢en be followed over & period of time (1 pert in 109 / day
is antigipeted) on & group of several receivers, and & pair heving
similar drift chersascteristics be selected for the propagation velocity
experiment,

The receliver propertlies sre fundemertal to the experiment, end
must be meesured csrefully. A wey to select s pair of similer reeeivers
is to excite them from & eommon source of rediestion, end compare the |
relative phese angle with the device of Section III., If e signifieant
phase dif ference sppeers when the source-io-recciver distances are

equal, & relautive edjustuent of receiver resonent freguency is required,
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Neer the resonant frequency, there will be s phase shirft A(;S A

in rediens )

EER-

where f‘, is the rescnant frequency and Af is the dirrorenaé
h

between e driving frequengy end fo o The adjustment is, of course,

delicate; this is the price we pey Tor dealing with & small force signal

in the first place.

Receliver Shielding:

The shielding of the receiver for spurious fields cen be tested
by plaeing it in muelR stronger fields than the measured spurious fields
of the transmitter, and noting its response. Begsuse of the high  end
the coherent detection soheme, only frequeneies in a very narrow dband

near the operating frequency will osuse significent disturdence.

1esting the phase E“GUI‘}'% deviece:

An eudio frequency oscillator supplies test signals to simulate 3)

By feeding the oscillator
signal through different lengths of coaxial gsble to the inputs for Sl
end Sz, which contain resistive terminetions, & palr of signals having
& known phase relastion is obtained, 3Seps:ete noise gencrators inject

noise voltages into the two signaks; the noise genereators must be
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sepsrate so tue noise is not coherent.
This test has been performed with e sim;le version of the device.
The experimentisl result 1z thet time dif ferences of 1 x 10°11 see. be-

tveen sudio rrequenéiwsignals ean be detected in the presense of noise,
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& 3 of ‘:> 3000 waps maagured for a gimple Pyrex regonator (8% cpg) operating at room

o
temparatura, Assuaing that one car resach e»é§ -, B0OUO witk a quartz regonstor at low ab-
solute temperature, the amplltude Tecones

Sx so A 3T = 2 A

C/m

Capaciter platep:
The relative motion of ¥, may e converted Into an slectrical sigmal by making it
part of sons slectrical oireuit; an electirogtetic gryetem iz degeribted here., Tha tungsten

block K.

- ia %o te ground and pollghed optically flet an two parallel faces, which zes
correagnonding flat faces on the lnner wall of the ocuter quartz tube. The faceg on the
quarizs tube,.'“sn metsllized, form the cuter plates of & sspaclitor of vhich My ig the
center (moving) mewmer, The qulegcent peaition of Hp iz ¢o be zidway bvetwsan the cuier
capasitor pletes, with s gap of 001 ivches,

tne cuter plate ig connectad to & fixed ecurce of plug 100 voltsg De C. and the other
tn minug 100 voltsg D. 5. Te hlosk Mo, vla a2 wetallized line ou the inner quarts gtam, ip
connected to a high-impedence amplifler, Ths electiric field Yetween gtatlonary and noving
memberg ig 100 voltsf.00L incheg or <00 microvolta/mngstrom; thig ig the output gignal
cttained under motiecn, 1f the auplifier input jpelance 1g eggentially infinite. The ex~
pected electricnl glgnal ip thue 400 microvolta/anggtram X 2,0 Broetroms w1 millivels,
Aamplifier:

An electromater tube ig clhiopen g the iaput gtage of the awplifier. The miniature
tube CES888 (Raytheou) is o pogaible chiolice, Suppose Ho is & diac of tungsten .26 centi-
wateres thick; tne faceg will have an ar=s of 2 cm” for a Sem® volume, which weighg approxie

mately 10 grame. The cavasitance of each face to a giationary plate will be (MXs wnits)

LA 5 F5 % 1077 /Y«JX/dy,, ~ -12
C o B2 07 : N ) AN A Y, -
& IS5 x-S -

the toial capacitancs oresented to the amplificr input cireuit will be 140 micromicrofarsdg.

It will be edvuntageous to adjuet the averags poteniial of Ko t0 guch & value thet it i
under zerc electrestatic force (the pogsidle D. C. electrogtatic force with unbelance
greatly excesds the ngcillating gravitational forceg). Therefore, we chocge e zuiiebls

&rid resigtor, bagod on noise conglderations; The signal iz developed by a generetor
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having an intermsl impedance equal to that of a 140 auf cepacitor; the open—circuit re-
sistor nolee iz ahunted by thig capacitance C. In thig cage, a high value of reslisgtance
E doeg rod impogs the thermml-ncige penalty of tiw opsn~clrcuit reglstor, for whick the
nean equers noige ond g
Tk TR
o 1A
winere Af {s tho dandwidth.
irgtead, ¢he nolas lor lucrsaeingly large 7 is sgyupictic to a value depending upen C.
{4) Cmne expects ip addition & rolme contridution by the tube, from the flicker effect and
gnct noles. Yo gensral, flicksr nolgs ig grester at low frequancies £ and may follow a
A law, Tut ghould s meagursd for a particular tube, Thig hes bYeen done for the (X 58E.
‘Figure 2 siiowg the resguld, A 140 micromicrofereséd capacitor ghunted by a 1010 om reglator
couprises the input circudt,
e total awplifier noige 1 about,l microwolit for 2 Dandwidth of 1 sycla/sacnnd;
congidering the phuge detectnr proverties, and thermal fluctuations irn the position of Ms,
one might choog? & bandwidth of ~s .01 cycleg/asecond. A corresponding messuring time

would be geversl hrndred zecondsme

Zecelver Hounting:

It ig propored Lo u=a o oair of identicel receivers and agegociated anplifiers; the
axpiifierv 1lg phyyically gumell and mey be atteched to thas receiver and powered by integral
batteriea, The outpmt zlgorl would be electromagnetically coupled from thig amslifier to
the exlernal nlhase-meaguring circuilt, honce there exlgia only 1 mechenleal gugpension
voint of vhe entlre aggemhliy. ™8 vrotlem of leclating the recelver urnit Jrom spurious
vibration is reduced to the provlem of a sincle pagrensgion. (It could Ve = magmetic gas—

verelon, see Appendiz),



to
wsarimi
A Circuwit”

dgo\\‘ (jb, +

O 47 \ i , oY,
ool N e \fg\t;cwm'é

Equiv. , \

”i“tf%/f h =

Toise /. /2 \ ' =2

U@H"daﬁ \\\ ¢
b ) [/)" /&

Micvovs it ;
= 4. 08 :
voltace
/eps J.96 N gﬁiAWéRS
b;}ga/a/w/b J d 5‘ \
0.2 AN J{

o ! | 4
RO 440 2080 /r 20 000

F?&quency, CFS =

deasured asquivelert input noige as a function of freauency for &

Flz. 2

particuisr tube of tne type $OKB236, The tand width 1s 1 cpeg for thig

wesgluranreat,



B

SRCTION II

A trangmitter for sudio frequency sravitatiopal forcesz.

Trangmnitter Gemetry:

The tranamitier conglats of a pair of 20 kg, meszes connected by a cauble 2 melers long
end about O certiumesers in dlameter, The agsenhly is rotated sV o frsquaney of 25 reva/goc
to excite the receivers tuned to 50 srcles/gec. Thers ars no appreciable alternating
gbregaes ¢n the material, and the problem of decoupling the trangmitter and recelver for
gparioug mechanical aigmaleg ia simplified, since the fundamental fregqusucy of thes treng-
mivter doeg not excite the raoceiver, Some properties of the Ymage-dipole’ trangmitier
are listed in Table I. A propoged oxperimental layout 1s shown in Flgure 3,

Treqoency Gontrol:

The iransmaitier Ml = ¥y 1g servo-controlied to run at 8 frocuency determined Wy one
of the recelverg, =ey Hl' Since %he tranmuitter wiil bs run iz vacwua, ths nescagesry
correcting torques »ill be thoge required to overcome bhsaring friciion, and compengeate for
slow creep in 2abtle lengte under tenglon. Tenperaturs can be centrolled to eliminate ther=
mal eifecty ag & cauge of frequency drift.

Qntical Reference Sygtem:

The sxep x and ¥y ehown are to te malinteined by an optical gyatem. Recelver Ry cen
bs arranged te move preclilgely on a radius through Ry, and the center of masg of My = Ml.
A gmall flat on the extreuwities of Ky - Ml conteing s fiducial marl. Tas insgtantenccug
position of thig mark, obgorvad ag it crogges nenr the x and y axes by a short pulged
light and photetube combinntion, (5) provides tioe control informstion %o the pervo majin-

-

talining thue angalar velocdty and poglt

PN

51 of My - Ml relative to El and Rﬁ.

Jecelver Modeg:

“ne recelverg Xy and R, may be arranged to respond to either the x or y component of
the force; by guitably choosing the croeg-sectisn of the sten guynoriing Mo in the recaiver,
the x m=od y modeg can Ye given frocuencieg &iffering %y more than 1/4%, and hence be excited

goparately. The x and y forcez ag a function of time have the foru showr ir Figure 4,
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SECTION II1

fethod for mesguring ultra-gmall phage angleg.

Pigare & 1ia & bvlock diasgran.

‘§;'ani“§z are sine wave gignelg of the same frequency bul glightly differsnt in phage
end ampliteda, The differencegﬁ-has camponente Dy and Do in phase apd out ¢f phage with
regpect to g;; By amniltude nodulation of one of the aignale, gay £1y {(¥lth ns eccoupanying
nhage shift), the gignslg cen e mngde to 4iffer only in phsee., A subirsctien will then

give & gignal whoge ammlitude ig directly vroportional to phage differerce, In generel, the
amplitudes will vory with time, In order not to gaturate tre emplifier Ky with the aaplitude
differcnce pignal, its vrecence g noted a5 en srror aigusl Yy the nhege detactor #1, and
the armplitule ot 8§y !s continuoasly aljusted ae thet Dy ia girall, ﬂy cen be determired in
the pregence of a resgonnble or zero amouat of Bz}"f?§¥:“ig the rhags argle aonghi,
Tae gubtraction lg performed Ty a ghielded irsnsforamer, az in Figore 6; ordinarily,
tifferencee of 10710 o1t %esween"gﬁ'ani‘§; are readily detectidle in the gubgequent circuids.

Fynenronoua Tregusney coaversiocn:

Referring %o Floure 2, ono zeeg thst pome lonrovement in glenalsicwnoige ratio would
eppear at a frequency sbove 30 cycleg/seccnd, There ig a nseful methed of avoiding the
excegs noige at low freguency without raiging the trangmitter frequency. That ig to replace
the Do C. algead on the flzed slates of the recelvere R by ar sudie frequercy gignal of
gay § ¥C. The invut signal o the elecirometer tube then conglgtg of a palr of gide bands

4 et d"' f— i
of freouvsnciee 5 ¥C - 50 epg, with no accowmpanying carvier. The modulaticn prosesg ig of

the 7orm: Son w i CSin ’V‘J_;t‘ = g {:;:mgw!t ~Wt ) ‘E/QCM(W.t""t’U:é)'

The phsge lg preserved, go that saguring the thrse relation hetween a pair of simi-
isr glde bandg 1s equivaliant to o phrge meagurement =t the fraquency wl nrovided that Wz
cones 10 Tovh recelverg from a coamon gourcs. freguency couverglon of thlg nature ig 1o
corporated in the clronit of Pigare 5 vwhere degiresbhle,

The uppsr and lowver sidebands in this sxample are sufficlently well geéparated (100cyps)
80 thet ocither may Le selected with a filter., (Special formy of phags detectors msy uas

both gidetands,)
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The electrameter circult imput impedence mugt he kept very high to avoid leading
the high=Q mechanical resonator; reactive loeding will shift thws resvnant frequency and
hence the phasd; regisgtive loading will reduce the Q. (6) The input impedence, using

appropriste feelvack, can be kept guitavly hizh in the freguency range chogen.

e 1

B iAMLL

Sigunals §y and 5, may 2e expecled 4o have a phsge relaticn which dependg on the dig—
tance X in Miyure &, It ig “he mhsce difference z2g a functien of X which ig toc be mecgured
The receivers By and 25 do not operate 1a the wave zone, dubt in thne induction zone, mch
legs than a wevelength away. The phoage detector zugt thug be capadble of meaguring s very
gmall vhage difference., The tlae difference may be expected tc be of the order of 1 x 10™9
aec, Lf the recelverg ere 30 cr, avart and the interaction trevelg with the velocity of
lignt. Thig time Alifference way Ye measursd with an egtimated error of 1 x 10" gecord
wi the Clrcult of Fection I1I. The receivars are gslf-contained, and car Ye locuted ag
degired to plot the propagation of flelds, Interseiing varlationg of the axperiment are
peasible in which the gpece X ig £illed with some material, The usegursment of the welocit
in free gpace, however, im of Tirgt importance; it must e regnrdesd as 2 mileettne in the

experimental progresgg of ths science of gravitr.

o~

-

(1) J. Joly, Revort of Uaiv. Bxpil. Asgoc. lesting, Lublin~Fe-ure, 41, £56, 18%¢

. n
(2) 5. von 38tvle, "Untersuchungen User Gravitsiion und Trémammetiamugh
¥ied; Ann,, 59, 354-400, 1898

bl

(3) J. Strong, Procedures in Ixpevrimentel rhysics, Orentie~Zall, Ime., 1938, (Chapter V-
The Use of Fusged Juariz)

{4 A, Von der Ziel, ¥nige, Prensice~EAll, Inc., 1934 p. 13

() Q. A. Korng, %Imiroved Time Reguonee ir Scindillation Counting®, IBN Traneactiong on
Muclear sclencs, Vol, -3, <, Nov, 1958 o, 115

&£

(6) H. ¥. Olgon, Dyarmical Anzlogles, D. Ten Nostrand Commany, Inc., »n 138 - 141, 1843,
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APPIIDIZ - sXCTION IV

Callvration and tegtine procedures

Trangritter Frejuency stebiiity

"o yranesitter i lnherently atadle sver shord periode of tine. Cver lounger perlods,
11 will te Yooked to the FTrejsuency of Lhe rocelivers. It z22uld in fact e locksd to an atom=-

ie clock, Tut it lg mere reacongble fo ugs z receliver ag the gtandard gluce only relative

Srocuaeecy Jrift Lg ¢f gre=t imporiaxnce.

atray eleoctric aad warmedic Ffields From the $Sraneultter can be lockad for vith
sevaltive Inegtmmentation and gdtable ahiclds degigned and tested, The wivration coupled

from tihe treasmitoer foraugsh ile cugpengion cna be monitorcd contlmuovsly iy & pickup de-

shan fsolated, A

omin exis with
whe reeiricticnsg thnet tThe veritical forze oI greviity bs just overcone, and £ counle be
auolied vo cnuge precesaisn of che correct maratliule to 2110w the enrthts rotetien. (7 ww

Hagmetic gugnenglony

Mlagnetic gtagvengion® rofers to aurort 37 an SUiect aoninegt sravieyr by ousagrnetic Torces,

Pogliion detectnr: elactirorically conitral extanecuy enuillitriue is not

veauired to e qtetle; Af the ayveten reen tiae ctjasy many fall for

- s & 4 ypn Sa e P N RS o . BRI - .
=t ool thle Yime and thon Y2 wiziked un, The resuliling dlevlacement, however, la lrelgnifis

cants: } 2 .. » I -l e
nt S‘ - A (},t oy } X /2 A /O - U f/; :

Jie restorlug forceg mey s tuite noa-fdoo’inn 11 desired, snd such o augmension may be

glven exeellent propertlies an a mechanicrl Filter,

Recelvor Lepnongsy
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The receivers can be tegted by exclting them with electromagnetic (light or microwave)
rediation chopped at the deglred frequency., A rediation pregsure of —~— & microdyneg ( B
x 10~11 Newton) during the "on" pert of the cycle ghould be exeried on the megs Hy: the
roquired power teamad tcwar& Mo is X 5=z 10"11 ¢ = 15 milliwattsg, The Q-Curves cf the
recsivers can de plotted in thlg way, 228 the frequencies of regonance adjusted to te equal,
Acing effectg on 4he regonant freauency can te followed over =z period of tirze (1 part in
109 | day ie anticipated) on e group of ceveral receivere, and a pair having similar drift
characterigtice ve gelected for the propagation velncity experinment.

Tue recelver properiieg are fundarcental to the oxperiment, ard mugt be meagured Care—
fully. A way to malect o pair of giuilar roceivers is 10 excits them frcm a common gource
of radlatioz, ard compare the relative phage angle with the device of jecéien 11X, If &
gignificant phage differexnce anp2arg whsan the agourse~to-recelver Gligianceg are egual, e
relative edjugtment of recsiver regonant freouwency ig required. Tear the regonant {requemcy,

there will be o phase ghift [9 ﬂ! i in radiang,

Ad = L7

whare v{g $g3 the regonant frequency and Znggis thhe difference Tetwsen the driving
zreouency and :Z! o The adjustment 1g, of courge, delicate; thig is the price we pay
for &ealing with a gmall force gignal in the firgv place.

Recedver Shielding:

The shielding of the receiver for gpuvicus filelds can be tested by placing it in mmach
gtronger fislde than the meawmured gpurloug fleldy of the travemitter, and noting ite re~
gnenge, EBscauge ¢f the high § snd the coherent detection gcheome, only ‘recuencleg in a

sry narrow banfl nesr the eperating frecuency willl ceuss eignificzxt dlgturtvance.

Tegting the plage mesguring device:

Ar audio freguency ogcillator supplies test alisnalg to gimulste 51 and §,.. By fesding
o
the ogcillator gignal through different lengths of coexial cable to the inputs for §) amd g5
which contain resistive *erminaticne, a neir of gignals having & known phege relation 1g

obtalined, Separate nolge geasratorg inject noige voltages iate the two slguala; tho nolge
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generators mugt be geparate go the noige ig 1ot Coherent,
Thig tegt hag teen performed with a glovle vergion of the device. The sxperimental
result ig that time Aifferenceg of 1 x 101+ gea. between suldlo frequency slignalg can de

detected in ithe pregence of nolse,

Ry





