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A de termination of the absolute value of the acceleration due to gravity was completed in June 
1965 at the Na tional Bureau of Standard s near Gaithersburg, Maryland. The determination resulted 
in a value of 980.1018 centimeters per second squared for a reference point on the first floor of the 
Engineering Mechanics Building. T he result was published in The Journal of Research of the Na tional 
Bureau of Standa rds, Vol. 70C, No. 2, Engineering and In strumentation, page 149, April-Ju ne 1966. 
The present paper describes in detail the apparatu s and the techniques employed and presents the 
sum marized da ta from which the value was derived. 
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1. Introduction 

1.1. Absolute Gravity as the Standard of Force 

Determinations of the acceleration due to the grav
itational attrac tion of the earth have been made 
many times since the early observations of Galileo. 
Up to the end of the nineteenth century measurements 
were made with the primary purpose of gaining knowl
edge about the figure of the earth and the e ffects of 
the distribution of mass near its surface. In the years 
that have followed, gravity values have not only con
tinued to be of great interest to the geodesist but also 
have fulfilled an additional role in supplying the base 
for the standard of force. Virtually every measurement 
which involves force, such as elec trical current or 
pressure, depends in some manner on knowledge of 
the gravitational field of the earth. 

It is generally agreed that the unit of force is defined 
by the second Newtonian law of motion and the pri
mary standards of length, mass , and time. The deter
mination of the acceleration due to gravity links the 
dynamic relationship of the Newtonian law to a 
permanent reference in the gravitational field of the 
earth. The gravitational field s trength, multiplied by 
an accurately determined mass value, then becomes 
the working standard of force. From this point onward 
the normal process by which a measurement syste m 
is established, i.e., by the comparison oflike quantities , 
can successfully include force as an element. 

An essential part of the process, of course, is a 
means of extending the single point value of the field 
intensity to other points as needed. This extension is 
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accomplished through the use of compara tors suc h 
as geodetic pe ndulums and gravity me ters. The results 
comprise a unified network whic h will eventually 
cover the habitable portions of the earth. 

The rela tionship between the acceleration due to 
gravity and the concept of the gravita tional field is so 
direct that it is frequently ignored in practical applica
tions. Howe ver , distinction be tween the two concepts 
is essential to a logical understanding of the basic 
equations of mechanics. 

Consider a body of mass m at rest in the gravita
tional field of the earth. The body experiences a force 
which can be expressed as 

F = - mVCP ; 

cP is the pote ntial, a function of posItIOn in space 
relative to a coordinate sys te m at rest with respect 
to the earth. If now the body is free to ml)ve, it will 
experience an acceleration , g, such that 

F = kmg. 

Thus, with the assumption that m is the same quantity 
in both cases, 

Vcp;=-kg. 

The strength of the gravitational field is, therefore, 
equal to the acceleration due to gravity multiplied 
by a numerical factor, k, which depends only upon the 
system of units of measurement selected. In any 
coherent syste m, k is equal to unity. 

Although the validity of the assumption above, that 
the inertial mass is equal to the gravitational mass, 



has frequently been questioned, experiments such 
as those with the Eotvos pendulum [1] I indicate that 
any effects must be less than one part in 1011. This 
amount is several orders of magnitude less than the 

sensitivity of any absolute measurement now under 

consideration. 

1.2. Previous Determinations 

The history of absolute gravity experiments pub· 

lished within the past 70 years has been reviewed by 
several authorities. Cook [2], in particular, gives a 
very thorough treatment. Briefly summarized, an 
absolute determination published in Potsdam, Ger· 
many, in 1906 by Kiihnen and Furtwangler [3] became 
the base for the world network of relative gravity 
observations. Two later determinations, one by Heyl 
and Cook [4] at Washington , D.C. and the other by 
Clark [5] at Teddington, England, disagreed with the 
Potsdam result by significant amounts. Reexamination 
of the Potsdam result by Dryden [6] and of Clark's 
and Heyl's results by Jeffreys [7] improved the agree· 
ment but did not fully resolve the questions raised. 

In 1,..95<2 the results of three ne~ de,.!erminations by 
Agaletskii and Egorov [8] and Martsiniak [9] tended to 
support the conclusion that the original Potsdam 
result is too high by some ten to twenty parts per 
million. Three other absolute determinations appeared 
within the next few years, Preston,Thomas et al. [10], 
Thulin [11], and Faller [12]; all have shown reasonably 
good agreement with each other and have ranged from 
about 12.7 to 14.5 milligals 2 (mGal) below the Potsdam 
result. More recently Cook [13] has reported the result 
of a determination at the National Physical Laboratory 
differing from the Potsdam result by approximately 
13.7 mGal. 

1.3. Accuracy and Precision 

The requirements for accuracy in absolute gravity 

measurements are much the same for the geodesist 
and the metrologist. An accuracy of one part in a 
million is critically needed and an accuracy of one 
or two parts in ten million would be most desirable. 
It has been suggested that some form of absolute 
gravity apparatus which can readily be transported 
and set up in different sites might resolve the apparent 
bias between some measurements with geodetic pen· 
dulums. If such an approach is to be effective, a 
demonstrated stability in the portable absolute appara

tus of one part in ten million is quite essential. 
The results of absolute determinations in which 

measurements of several non-related parameters are 

combined to obtain an estimate of the magnitude of a 
presumed constant quantity, the true value of which 

is unknown, cannot realistically be assigned a level of 
accuracy. One can and does derive an index, such as 
the standard deviation, of the precision of individual 
determinations made over a short period of time. From 
this index an estimate may be derived of the precision 

which might be expected for the means of similar sized 

I Figures in brac ket s indicat e the lite ra ture re fere nces a t the e nd of this pape r. 
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groups of measurements drawn from the same source. 
If such groups of measurements are actually made, 
separated by periods of a day or more, the standard 
deviations of the individual measurements may be 
much the same but the means of the groups will often 

show more scatter than would have been predicted 
from the internal consistency of any of the groups. 

The conclusion is that the composition of the popula· 
tion from which the samples have been drawn has 
changed with time. It is inferred that there must 

exist sources of bias which vary from day to day but 
which do not change appreciably over the course of 

a single set of measurements. 
The nature and extent of variability of this bias 

usually remain unknown. The demonstrated presence 
of bias , of course, arouses the investigator to try to 
analyse it by looking for correlation with other paramo 
eters. In general, though, this process has already 

been carried out to the limits of practicality. This 

residuum of bias is probably a major cause of the well· 
known tendency of the scientist to continue his 
measurements indefinitely. 

In a broad sense, therefore, one can consider that 
an estimate of the accuracy of an experimental meas· 
urement can be made only when the resultant value 
can be compared to a defined or assumed true norm. 
In the absence of such a true norm, a determination 
obtained from a series of measurements made with a 
single piece of apparatus must be regarded as only a 
sample from an unknown population. Estimates of 

the precision should be made, together with statements 
of the sensitivity to variations in the compoIient 
measurements in relation to the precision with which 
those standards were established. Such statements 
give limits to the error only from known sources. The 

final appraisal of the limits of knowledge about the 
true value of the constant determined must come from 

the results of a group of completely independent 
experiments differing in method, location, and in the 
personnel conducting them. 

1.4. Methods for Gravity Determinations 

Taken without regard for experimental difficulty, it 

would appear that the most direct method for deter
mining the absolute value of the acceleration due to 

gravity would be to observe the motion of some object 
moving without constraint under the action of the 
gravitational field of the earth. Up to about 1950 the 

use of such a method was impracticable because of the 
difficulty in measuring the short lengths of time in· 
volved. Virtually all gravity measurements were made 
with some form of pendulum. 

Basically the pendulum method substitutes a system 
with a maximum of constraint for a system with a 
minimum of constraint. From a purely practical view
point the pendulum method offers many advantages. 
An uncertainty of one part in a million in the measure
ment of the pendulum length produces the same 

relative uncertainty in the determination of g. An 
uncertainty of one par! in a million in the measurement 
of time results in an uncertainty of two parts in a mil

lion in g, but the length of the time interval can be 



increased to the point where timing e rrors become 
negligible. The difficulties of the pendulum method 
lie in the complex theoretical correc tions for pendulum 
flexure and the uncertainties contributed by motion 
of the pendulum support and by the ind efinite point 
of rotation at the knife edge. 

Experiments involving unconstrained motion unde r 
gravitational forces have, with the perfection of fre
quency counting electronic circ uitry , de veloped in 
many dive rse forms. The most elementary form of 
such an experiment would be one in which an object 
is released from rest and allowed to fall a known dis
tance in a vacuum. If time is measured from the instant 
of release to the point where the object has travelled 
the measured distance, the acceleration may be com
puted from the simple relationship 

2d 
g=[2. 

Here the sensI tJVJty in the determination of g is the 
same as in the case of the pendulum a nd the efficiency 
of measurement would be high. Unfortunately the ex
perime ntal diffic ulti es in the meas urement of time and 
length and in the release of the objec t are so formidable 
that no investigator up to the present has undertake n 
such an experiment. 

The restric tion s of the ele mentary free· motion ex
periment can be eliminated by releas ing the object 
prior to the start of the time measure ment. In this 
case the object acquires an initial velocity of unknown 
magnitude which can be successfully eliminated by 
the add iti on of one or more distances over which time 
is measured. A parallel and eq ually effective approach 
is to meas ure the di stance the object travels during 
two or more known intervals of time. 

These t echniques, while successfully eliminating 
the experimental diffic ulties of the ele me ntary experi
ment, are introduced at the cos t of an increase in 
sensitivity to errors in the measure me nt of le ngth 
and time. The method offers many advantages from 
the experimental viewpoint and has been employed 
in one form or another by several investigators. 

In 1947 [14] , M. C harles Volet, then Director of the 
Bureau International des Poids et Mesures, suggested 
that if an object were projec ted upwards, passing 
two position sensing stations separated by a known 
distance and then allowed to fall back, and the time 
between s uccessive passages at each level recorded, 
a considerable increase in measureme nt efficiency 
would be obtained. The method is indeed a most effec
tive one since the sensitivity to length errors is the 
same as for the elementary experiment and the 
sensitivity to timing errors is very nearly equal to that in 
an elementary experiment with four times the height 
of fall. The principal disadvantage is the increased 
difficulty in the experimental technique required. The 
method is currently being employed in experiments 
a t the National Physical Laboratory by Cook [2] , 
and at the Bureau International des Poids et Mesures 
by Sakuma [15]. Sakuma's method e mbodies the con
ce pt of making the moving object one re fl ector of an 
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interferometer system illuminated by a gas Laser light 
source. This approac h has the grea t advantage of 
making the le ngth and time measurements occur 
simultaneously and avoid s the limitations of an inter
mediate length standard. Faller's experiment [12] 
was the first published de termina tion using the fallin g 
interferometer plate princ iple. He was limited to a 
very short le ngth of drop by the necessity of using a 
conventional light source . 

2. The NBS Determination 

2.1_ General Description 

Following a review and appraisal of several possible 
approaches to absolute gravity measure ments, it was 
decided to em ploy a modification of the direct free-fall 
method with the release of the object preceding the 
timing seque nce. The method makes use of a concept 
introd uced by AgalefskG and Egorov [8] in which the 
released object falls within a c ha mber which is itse lf 
falling. Agalefskii's techniqu e was to determine the 
acceleration of the object with respect to the chambe r 
and, separately, to determine the acceleration of the 
c ha mber with respect to the earth. The measurements 
were made by a multiple fl ash method at cons tant 
frequency. 

In the experi me nt at the National Bureau of Stand
ards the acceleration of the inner falling object was 
determined directly with respec t to the earth from 
measure me nts of th e time required for two intervals 
of length on a fused silica tube to pass an optical sens
ing sta tion . 

The apparatus for the experim ent was firs t se t up 
at the National Bureau of Standards in Washington, 
D.C., in 1961 in a pair of small rooms known as the 
sub-subbasement of the East Building. This had been 
the site of the absolute determina tion by H eyl and 
Coo k [4]. In February of 1964 the apparatus was 
damaged in a flood which left the s ite in a nearly 
unusable condition. The apparatus was reconstructed 
in the summer of the same year and installed in room 
129 of the Engineering Mechanics Building (Building 
202) at the new site of the Bureau near Gaithersburg, 
Maryland. The measureme nts leading to the final 
value were taken during April, May, and June of 1965. 

In the experiment a fused silica tube slightly more 
than a meter in length res ted on a seat in a vac uum 
chamber a few centimeters longer than the tube. The 
vacuum chambe r was mounted on a carriage and held 
by a latch at the top of a pair of vertical guide rods 
secured in a rigid frame. The arrangement was such 
that when the latch was released, the carriage was 
free to descend vertically down the guide rod s under 
the influe nce of gravity. A sc hematic diagram of the 
apparatus is :;hown in figure 1. Friction between car
riage and guide rods was reduced to a low level by 
antifric tion bearings. In the latc hed position the car
riage was under an additional downward force pro
vided by an adjustable, short-travel, spring-loaded 
plunger. When the latch was released the carriage 
moved downward with an acceleration about ten per-
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FIGURE L Schematic view of gravity apparatus. 

cent greater than the acceleration due to gravity for 
the first 8 mm of its travel. The additional acceleration 
of the car effectively separated the fused silica tube 
from its seat inside the chamber, leaving the tube 
floating without contact with the chamber for the 
duration of the fall of the carriage. By proper adjust
ment of the spring plunger travel , the relative dis
placement between the silica tube and the chamber 
could be restricted to a millimeter or so after the 
initial separation. After a fall of about l1f4 m the 
carriage was brought to a smooth stop by an air 

dash-pot. 
Only the force due to gravity acted upon the silica 

tube inside the chamber. The tube, which was opaque, 
carried three transparent slits, to be described later. 
The slits defined two lengths , one extending from the 
slit near the lower terminus of the tube to the second 
slit 30 cm above it, and the other extending from the 
lower slit to the third slit 100 cm above it. The vacuum 
chamber was provided with pairs of ports at locations 
opposite the slits. A single position-sensing station 
consisted of a light source, a long focus microscope , 
and a photomultiplier cell. As each slit passed the 
station, an illuminated image of it was projected on a 
plane containing a stationary slit within the micro
scope tube. Beyond this reference slit was the photo
multiplie r cell. The reference slit was dark until the 
bright image of a moving slit swept across it, causing 
the photomultiplier cell output to rise from nearly 
zero to full anode potential. A two-channel electronic 
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timer system was triggered at some prede termined 
potential level near the midpoint of the lin early ri sing 
photocell output curve. 

During the fall of the tube, both timer channels 
were started by the passage of the lower slit pas t the 
position-sensing station. One channel was s topped by 
the passage of the second slit and the other channel 
was stopped by the passage of the third slit. They 
thus registered the transit time for the 30-cm and 
100-cm lengths , respectively. 

The apparatus was arranged so that the fused silica 
tube fell a distance of 6.8 cm before the first slit 

initiated the timing sequence. Thus about 118 ms 
elapsed between the release of the latch and the start 
of the time measurements. 

The lengths corresponding to the two distances on 
the fused silica tubes were measured, using the same 
apparatus employed for the free fall time measure
ments. The fused silica rod was secured firmly in its 
seat and a measurement made of the distance the 
carriage moved between the locations where the 
timers would have been triggered by the photocell 
signals. The technique for the length measurements 
is described in another part of this paper. The method 
has the advantage of including effects of the vacuum 
on the actual length of the rod as well as any optical 
effects from the ports in the vacuum chamber walls. 
More importantly, it is a direct measurement of the 
quantity desired. 

The following summary indicates the magnitudes 
of the parameters measured and the sensitivity of 
the result in terms of the least count in the meas· 
urements. 

Magnitudes of measured parameters 

Short length 
Long length 
Time for short length 
Time for long length 

30 centimeters 
100 centimeters 
156 milliseconds 
348 milliseconds 

Least count in measuring instruments 

Length 
Time 
Temperature 

0.1 micrometer 
0.1 microsecond 
0.02 degree Celsius 

Sensitivity of the value of g to variations equal to the least count 

Short length 
Long length 

Time for short length 
Time for long length 
Temperature of silica tube 
Temperature of invar standard 

0.7 milligal 
0.3 milligal 
L8 milligal 
L4 milligal 
0.01 milligal 
0.02 milligal 

2.2. The Falling Objects 

Four tubes were employed in the experiment, all 

constructed to the same nominal dimensions from 



clear, fused silica tubing having an outside diameter 
of 15 mm, and a wall thic kness of 1 mm . Each tube 
had a length of 107 cm. A metal sleeve with an outside 
diameter of 19 mm fitted over one end of each tube 
and was cemented in place with epoxy ceme nt. The 
external end of the sleeve was machined to a spherical 
radius of 12 mm. The sleeve formed the lower support 
tip for the silica tube. 

At a point about 11 cm from the other end of the 
silica tube a second sleeve was attached, fitted with 
guide pins for alinement and rotation in the vacuum 
chamber. Figure 2 shows a schematic view of an 
assembled tube. 

Each silica tube was fitted with three rectangular 

clear apertures formed by pairs of bevel-edge metal 
plates cemented to the outer surface of the tube wall. 
The plate edges were perpendicular to the longitudinal 
axis of the tube and spaced so that the aperture took 
the form of a transverse slit about 1 mm wide and 7 
mm long_ In the experiment the dime nsions of the 
slit were of no particular consequence, as the timing 
sequences were generated by the transition from 
dark to light as the lower edges of the slits passed the 
optical axis of the position sensing optical system. 
The upper slit boundary was supplied to provide a 
sharp cut-off of the light beam in order to prevent 
spurious triggering of the timers by photo-tube noise 
in a slowly decaying light pattern. 

- - -- -- ~ 
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FIGURE 2. Free-fall object showing slits and guide sleeves. 
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The experiment required that the critical edges of 
all three slits be mutually parallel, coplanar, and 
perpendicular to the axis of the fused silica tube_ To 
this end, a special jig was made to hold the silica tube 
and aperture edges during the operation of cementing 
the edges to the tube. 

The jig consisted of a channel-shaped frame of 
steel having two vee-bloc ks attached on the center
line of the channel web at positions corresponding 
to the lower support tip and the upper guide sleeve 
of the silica tube. Three pairs of rectangular notches 
were machined into the flange-edges of the channel 
at locations corresponding to the 0-, 30-cm, and I-m 
aperture locations on the silica tube. The parallelism 
of the jig notches was checked with an autocollimator 
and the notches hand-finished to be parallel within 
7 s of arc. This amount corresponds to an error of 
0.03 J-tm in 1 mm . 

In using the jig, cut and fini shed aperture edges 
were attached to special holders. These wer e Aat 
bars which could be set into the jig notches and 
secured in place with hold-down sc~ews to maintain 
alinement during the setting of the ce ment. The 
holders were cons tructed with Aats lapped on the 
leading edges at the points where they contac te d the 
forward edges of the jig notches. The center portion 
of the holder edges was relieved. An aperture edge 
was attached to each of three such holders by metal 
fingers which gripped the aperture plates at the sides, 
the defining edges of the aperture plates being made 
coplanar with the lapped flats on the holders by a 
light lapping operation. The finished assemblies were 
then chec ked in a comparator. 

A silica tube, complete with supporting tip and 
guide sleeve, was clamped in the vee-blocks which 
had been shimmed to provide a clearance of about 
0_07 mm between the surface of the silica tube and the 
under face of the aperture plate and holder assemblies. 
A dot of epoxy cement wa s the n placed on the center 
of each aperture plate mounted in its holder. The 
three holders were inverted and each carefully placed 
in a jig notch and secured in place with the lapped 
edges forced against the leading edge of each notch. 

After the cement had set for 24 hr, the gripping 
fingers coupling the holders to the aperture edges 
were released and the holders removed from the jig. 
The bond between the silica rod and the aperture 
plates was then reinforced with additional cement. 
Three opposing aperture plates to complete the fram
ing of the apertures were then installed by a similar 
technique_ The bond formed between the metal aper
ture edge plates and the silica tube by the epoxy 
cement was quite strong. Even the bond formed by 
the initial small dot of cement had sufficient strength 
after 3 or 4 days to require considerable force to 
separate the two parts_ 

As a final step each silica tube was given several 
coats of silver conductive paint to prevent the forma
tion of localized electrostatic charges. Preliminary 
experiments with silica rods or tubes in vacuum had 
shown that under certain conditions a substantial 
electrostatic charge was generated by the separation 



of the supporting tip of the tube from the seat in the 
vac uum chamber. Even though the falling object 
was surrounded by the grounded metal vac uum c ham
ber, the internal fi eld was not necessarily zero and the 
s ilica tube tended to be drawn out of the true verti cal 
line as it fell. In some cases th e effec t was so severe 
as to cause the timers to malfunction. The condu ctive 
paint, which reduced the surface resistance of the 
silica tube of Jess than 10 fl , eliminated thi s diffic ulty . 
Only the clear apertures and corresponding areas on 
the opposite face of the tube we re not coa ted . 

2.3. The Vacuum Chamber 

The vacuum c hamber was fabricated in three sec
tions joined by flan ges with O-ring seals. It was 
constructed of brass tubing having a n outside diameter 
of 4.76 c m and a wall thic kness of 0.32 cm. The outside 
of the c hamber was covered by two layers of 3-mm 
cork sheet and finally by a layer of heavy aluminum 
foil to reduce the effects of ambient temperature 
fluctuations. The vacuum cha mber assembled on 
the carriage of the machine is shown in fi gure 3 . 

The lower section of the c hamber contained the 
support cone for the silica tube , the vacuum gage, 
the vac uum pump connec tion , and the optical windows 
for the zero and 30 cm apertures of the silica tube . 
The middle section of the vac uum chamber hou sed 
the upper guide bearing for positioning the silica 

FIGURE 3. Upper portion of gravity machine showing guide rods , 
carriage, and vacuum chamber. 
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tube preparatory to release. In the upper section of 
the vacuum c hambe r were the optical windows for 
the I-m aperture of the silica tube. 

The vacuum c hambe r was so arranged that it was 
necessary to di sassemble only the upper sec tion in 
order to remove or inse rt a silica tube. 

The support cone formed an integral part of the 
removable base closure for the lower sec tion of the 
vacuum chamber. It was made by machining a base 
with a recess in the form of a 900 vertex angle cone. 
The major portion of th e cup form ed in thi s way was 
then milled out, leaving only three ribs, 1200 apart 
and about 7 mm wide. The shape was a compromise 
between the desirable 3-point support and a full 
cone seat. It was considered that a 3-point support 
would te nd to produce localized de formations of the 
silica tube support tip which would in time make the 
contact unstable. Earlie r experime nts with a support 
seat which more nearly approximated a full cone had 
likewise resulted in some undesirable characteris tics. 

The upper guide bearing mechanis m was built 
as a unit into the middle sec tion of the vacuum cham
ber. It consis ted of two end flan ge plates with O-ring 
seals each connected by a metal bellows to a central 
sliding unit. A section of brass tubing of the same 
dimensions as the other section s of the vacuum 
c hambe r was attached between the end flange plates 
providing struc tural support and also guidance for 
the central sliding unit. The central sliding unit 
te rminated in a tube having an inside diameter of 
19 mm which projected above the e nd flange plate 
into the upper portion of the vacuum chamber. To 
thi s tube was attached a bushing having an in side 
dia meter just slightly larger tha n the upper sleeve 
of the silica tube. Th e upper surface of the bushing 
was a doubl e-vee cam surface to engage the guide 
pins of the silica tube sleeve as shown in figure 4. 

When a silica tube is install ed in the assembled 
vacuum chamber , the arrangement is suc h that when 
the central sliding unit is moved to the upper limit of 
its travel , the silica tube is picked up by the guide 
pins in the vee-shaped notc hes and rotated into the 
proper orientation with respect to the optical axis of 
the position sensing station . Then, as the central 
sliding unit is lowered , the silica tube is seated in the 
support cone at the bottom of the vacuum chamber but 
is precisely alined by the guide bushing surrounding 
the sleeve on the silica tube. When the central sliding 
unit reaches the lowe r limit of travel where it can be 
loc ked in place, the guide bushing is comple tely 
dise ngaged from the silica tube sleeve and the silica 
tube stands supported only by the support cone. It 
is then ready for a free-fall measurement. 

During length measureme nts on the silica tube the 
central sliding unit was left in the center of its travel 
where the silica tube received lateral guidance from 
the bushing but rested on the support cone. 

The six optical windows in the vacuum chamber 
were Pyrex glass discs, 4.5 mm thic k and 19 mm in 
diameter. They were optically polished to be flat 
within one-half wave length of the green mercury line . 
The discs were insert ed in machined wells in the cham-



FIGU RE 4. Va cuum chamber with upper section rem.oved, showing 
fus ed silica tube and alignment mechanism.. 

ber wall on O-ring seals. The clear apertures were 
red uced to areas about 13 mm hi gh by 8 mm wide by 
mas ks. 

The vac uum conn ection s to the vac uum chambe r 
were made through a spec ial flange and O-ring seal 
near the midheight of the chamber. A copper tube 
connected to the flange led to a 19-mm valve sup
ported by the chamber. A de tachable connec tion from 
the valve permitted couplin g the sys te m to a mechani 
cal pu mp by a fl exible hose. The sys tem was designed 
to present a minimum throat diameter of 19 mm . The 
vacuum pump was a two-stage mechanical pump 
with a free air capacity of 140 lite rs per min. 

The vac uum chambe r was equipped with a thermo
coupl e-type vacuum gage inserted in the cha mber 
wall at a point about 24 cm below the connection to 
the vac uum pump. Once the vac uum chamber had 
been outgassed it was poss ible to attain a pressure of 
about 0.13 N/m 2 (1 /-Lm of mercury). The vacuum pump 
was operated continuously except during the length 
or free-fall measurements. Generally the leakage rate 
for the system ranged from about 0.4 to 0.6 N/m 2/hr 
a t this press ure. 

A merc ury-in-glass thermometer was imbedded in 
the therm al insulation of the vacuum c hamber near 
the vacuu m gage. The thermometer bulb was kept 
in the rmal contact with the brass wall of the c hamber 
by a pad of compacted aluminum foil. The thermom eter 
was covered by the cork insulation except for a slit 
ex pos ing a portion of the engraved scale . The ther-
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mometer scale was gradu ated to 0.2 deg Celsius and 
read by estimation to 0.02 deg. This thermometer was 
identical to the thermometers used to measure the 
temperature of the length standard. 

2.4. Mechanical Design 

The frame of the apparatus for the determination 
of the acceleration due to gravity cons is ted of a base 
plate of steel 120 cm square and 3.8 c m thick , grouted to 
the floor of the building and held down by four 2.5-c m 
anchor bolts. At each co rne r of the plate there was 
a hollow square-section steel column 3.7 m high. 
Bridging the tops of the column s was a plate of stee l 
120 c m on each side and 5 cm thic k, cut out along the 
edges to r educe the we ight. Two guide rods for the 
carriage were supported in the frame gripped in rings 
bolte d to the base and upper pla tes. The internal 
diameter of eac h ring was 7.5 c m ; eac h ring had four 
cente ring screws. The guide rods were 6. 35 c m in 
di am with a tolerance of 0.1 m m. Th ey were selec ted 
to be straight to within 0.08 mm per m of le ngth. 
The spacin g between the guid e rod s was nominally 
40 c m. 

The carri age of the appa ratu s was about 117 c m long 
and was form ed of two aluminum alloy pl a tes separated 
by ve rtical tubes of aluminum alloy as shown in fi gure 
3. The two guid e rods passed through holes in the 
carri age pl a tes a nd through the interior of th e two 
aluminum alloy tubes. 

At both ends of one tube two pairs of ball bearings 
we re mounted so as to ce nte r the steel guid e rod 
within the aluminum alloy tube. A single pair of ball 
bearings at the upper e nd of th e opposite tube con
strained the carriage agains t rota tion a bout the 
opposite guide rod. The arrangement of the ball 
bearing guid es is show n in fi gure 5. The five pairs of 
ball bearings were adjusted against the guide rod with 
a slight negative clearance to eliminate any poss ible 

FIGURE 5. Upper end of carriage showing guide bearings and latch. 
connection. 



lateral freedom of motion. The motion of the carriage 
was found to be extremely linear and yet with only 
about 100 g friction in the direction of free fall. 

Since it was necessary to counterbalance the weight 
of the carriage and vacuum chamber about 22 kg 
during length measurements , a pair of ball bearing 
pulley wheels were attached to the upper main frame 
plate near the vertical extension of the ends of the 
carriage frame. W eight hangers were connected to 
two spring steel ribbons 12.7 mm by 0.18 mm which 
passed over the pulleys and terminated in fittings 
that could be coupled to the frame of the carriage. 

A view of the assembled frame, carriage and vacuum 
chamber is shown in figure 6. The wood platform for 
the observer was supported from the building floor 
and did not touch the gravity apparatus. 

The main guide rods were alined parallel to the 
direction of gravity by the following procedure. Near 
each guide rod a fine wire was suspe nded from the 
upper plate of the frame. A mass of sufficient weight 
to stress the wire moderately was attached to the lower 
end of the wire. The lower end of the wire and the mass 
were immersed in a pot of oil to damp out oscillations. 
A microscope with reticule graduated to 0.01 mm was 
mounted on the counterbalanced carriage and focus· 
sed on the wire, first in a plane perpendicular to the 
face of the carriage and later in a plane parallel to 
the face. Microscope readings were taken on the wire 
at the upper and lower limits of travel of the carriage 
and the position of the guide rod corrected by adjust-

FI GU RE 6. General view of gravity machine. 
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ing the centering screws in the retammg rings until 
the motion of the carriage was parallel to the plumb 
line to within 0.02 mm in one m. 

The release latch and initial accelerating spring 
were mounted on a subassembly securely attached 
to the upper frame plate of the gravity apparatus. The 
arrangement of the subassembly is shown in figure 7. 

The latc h was designed in such a manner that the 
carriage received no lateral torque or impulse when 
the latch was released The latch parts were ground 
and finally lapped in place to provide a smooth, clean 
separation at release . 

The portion of the latch attached to the carriage 
was coupled to it through a bridge frame anchored 
at the upper ends of the two aluminum alloy tubes that 
formed the vertical members of the carriage (fig. 5). 
This method of mounting insured that the upper plate 
of the carriage would not be subjected to bending 
due to suspension at its center. Consequently there 
would be no sudden release of stored energy to be 
transmitted directly to the vacuum chamber. 

When the carriage was suspended from the latch, 
it was also in contact with the plunger of the initial 
accelerating spring. The accelerating spring assembly 
consisted of a precompressed helical spring contained 
in an adjustable barrel with provision to adjust both 
the force exerted by the spring and the vertical travel 
over which the plunger remained in contact with the 
carriage. These parameters controlled the amount of 
separation between the silica tube and the vacuum 

chamber support cone. As adjusted in practice , the 
spring exerted a force equal to approximately ten 
percent of the weight of the carriage and followed 
the carriage for about 8 mm in its downward travel 
after release of the latch. The spring assembly appears 
as the knurled and threaded barrel located just above 
the latch in figure 7. 

The range of the acceleration spring adjustment was 
such that it was possible to adjust from a condition 
where the silica tube separated only momentarily 

FIGURE 7. Latch assembly with accelerating spring. 



from the supporting cone to a condition where the 
las t aperture on the silica tube was no longer in line 
with the vacuum chamber optical window at the time 
it passed the sensing station. The ac tual operating 
condition was chosen at an inte rmediate value where 
the observed transit tim es were ind epend ent of the 
accelerating spring adjustment. 

The vac uum chamber was attached to the carriage 
of the apparatus by centering sc rews so arranged 
that the upper and lower flanges of the chamber each 
res ted against two adjustable screw stops on the 
longitudinal and transverse axes of the carriage. At 
each end a locking sc rew acting along a line at 4So to 
the screw stops held the flange in firm contact. This 
arrangement permitte d the e ntire vac uum c ha mber 
to be removed from the carriage and then replaced 
wi thout disturbing the alinemen t. 

In the process of alining the vac uum c hamber in 
the carri age, rotational orientation was established 
by observing the superposi tion of the im ages of a 
point light source re fl ec ted from the upper optical 
window of the c ha mber and from a glass flat in con
tac t with the upper cross plate of the carriage. The 
op tical axis of the se nsing sta ti on was alined to be 
perpendic ular to the same reference plane . 

The apparatus was provided with a pneumatic 
receiving cylinder on the lower plate of the fram e 
and a plunger attached to the lower cross plate of the 
carriage to bring the carriage to a stop a t the end of 
its fall. The plunger was machined to fit the cylinder 
with a radial clearance of a bout O_S mm. A lubricated 
O-ring in a groove in the plunger comple ted the air 
seal between cylinder and plunger. The receiving 
cylinde r was 56 c m long and 10 cm in dia me ter. A 
S-m length of high-pressure type rubber tubing was 
connected to the cylinder through a port at the lower 
e nd. The other end of the tubing was connec ted to a 
closed-end section of larger diameter tubing. This 
combination provided damping to reduce the tende ncy 
of the carriage to re bound after being brought to a stop . 

2.5. Optical System 

The optical system of the position sensing aparatus 
is shown in figure 8 with the photomultiplie r cell 
hous ing slightly retracted. This assembly was mounted 
on a steel bracket attached to a concrete pier direc tly 
be hind the gravity apparatus (see fi gs. 3 and 6). The 
lens, a 100-mm microscope objective lens, foc ussed 
a n image of the aperture plate edge on a slit mounted 
in the fo c al plane of a microscope eyepiece in the 
viewing system housing. This arrangement permitted 
an observer to focus the instrument by eye and to 
aline the slit with respect to the image. Once the 
alinement was completed, the optical system was 
terminated by the photomultiplier cell mounted in 
the sliding housing and making a light-tight seal to 
the viewing housing. The slit in the viewing system 
was approximately 4.S mm long and 0.075 mm wide. 
The width of the slit was not c ritical and could have 
been much narrower since the output of the photo
multiplier reached a maximum value in a lO-fLm travel 
of the silica tube . As the magnification of the viewing 
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FIGURE 8. Optical system with photomultiplier assembly. 

le ns was a pproximately unity , a slit 10 to 12 fLm wide 
would have been adequate. The wider slit was c hosen 
in prefe re nce , howe ver, s ince during the preliminary 
adjustment by eye, a narrow slit produces diffraction 
patterns making aJinement and focussing of the 
images diffic ult. 

The photomultiplier tube used was a 10-stage, 
head-on tube having a maximum respon se in the spec
tral region of 400 to 500 nm . The tube was operated 
at a cathode pote ntial of 900 V. The photom ultiplie r 
tube anode was connec ted direc tly into a coupling 
amplifier. The coupling amplifier provided a low
capacitance, 51,000 n load on the photomultiplier 
anode. The anode potential was 6 V. The output of 
the coupling a mplifier was co nnec ted to a 90·,0 ter
minated coaxial cable leading to the timing system. 

The light source was an incandescent filament, 
galvanome ter lamp operated at 6 V, direc t current. 
The lamp had a straight , helical coil filament. The lamp 
was hou sed in a case having a lens on a fo cussing 
mount. The le ns projec ted a roughly parallel beam of 
light which, with a vac uum c ha mber window in line 
with the axis, passed through the c hamber window, 
through the transparent portion of the fused silica 
tube and provided a uniform illumination to the aper
ture edge plates mounted on the opposite side of the 
silica tube. The light source was mounted on a special 
telescope stand to facilitate levelling and positioning. 

2.6. Electronic System 

The power supplies employed for the apparatus 
included a low voltage direct current power supply 
for the light source and a high voltage direct current 
power supply for the photomultiplier tube. The 
signals from the photomultiplier tube were coupled 
by a coaxial cable into the input amplifier of a fast
rise cathode ray oscilloscope. The triggering circuit 
of the oscilloscope was adjusted to start the sweep 
circuit at some potential level of the linearly rising 
(negative) signal from the photomultiplier tube. The 



timers were then triggered from the sawtooth sweep 
c ircuit of the oscilloscope. This arrangement offered 
a high degree of flexibility in adjustment plus very 
good isolation between the timers and the photo
multiplier tube. 

The timers were especially designed for the appara
tus and sequence of signals employed. A master unit 
contained all the gating circuits required , a I-MHz 
thermos tatted quartz crystal oscillator coupled to a 
lO x frequency multiplier, the shaper, and a seven
place decimal counting unit. A second slave unit 
carried another seven-place decimal counting unit. 
Both counting units had a least count of one-tenth 
of a microsecond. 

The timers were so coupled that on receipt of a 
signal from the oscilloscope the gates to both the 
master unit and the slave unit were opened, starting 
both decimal counting units. Upon receipt of a second 
signal, the gate to the decimal counting unit in the 
master timer was closed, leaving the gate to the slave 
unit open. The receipt of a third signal closed the 
gate controlling the slave unit. 

The timers were provided with an optional circuit 
such that an interval di splayed on the indicator panel 
could be retained while the gates were reset for a 
new timing sequence. Subsequent intervals were then 
added to the intervals already displayed. This circuit 
was not employed in the measurements on the falling 
silica tube but was utilized in assessing the errors of 
the gating circuits as described later. 

3. Reference Standards 

3.1. Length 

The standard of length for the determination was 
an invar, 1-m line standard having an H-shaped cross
section. The scale was fabricated and ruled by the 
Societe Genevoise d'lnstruments de Physique of 
Geneva, Switzerland, in 1959. The scale was ruled 
in 1-mm intervals with line widths of about 5 JLm . The 
coefficient of expansion of the invar was determined 
as 0.00000123 per degree Celsius. 

The lengths of 0-300 mm and 0-1000 mm intervals 
on the scale have been compared to the standards 
of the United States periodically since the scale was 
received in February 1960. The results are shown in 
table 1. It was considered that the scale was very 
stable for an invar standard and that the results 
indicated no progressive drift in the lengths. Accord
ingly, the means of all of the reported corrections 
have been applied to the measurements of the fused 
silica tubes in the gravity determinations. 

3.2. Time 

The standard of time for the determination was 
based on the National Bureau of Standards frequency 
standards, since only time intervals were measured. 
The crystal controlled oscillator of the master timer 
was compared to a 1,000-Hz s ignal derived from the 
Bureau's quartz oscillator, which, in turn was com-
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TABLE 1. Calibrations of invar line standard No. 5727 

Corrections to nominal lengths 

J)al e of 

ca libration 

Es timate d limit s 

of error 

September 1960 
October 1961 
November ]<)62 
April 1964 
December 1965 

Mean correc tion 
S tandard de viation 

o to 300-mm 
interval 

III X 10 6 

- 0 .37 

- .22 
+ .03 
- .20 

- 0.19 
.17 

o to lOOO-mm 

inte rval 

III X 10 - 6 

+ 1.16 
+ 1.10 
+ 1.55 
+ I. S5 
+ 1.29 

+ 1. 33 
.2 1 

a No de te rmination made of 0 to 300-111111 in terval. 

Tn X 10 - 6 

:!: O.20 

:± .20 
± .40 
± .30 
± .30 

pared on a daily basis to the WWV frequency standard. 
The comparison of the master timer with the 

1,000-Hz reference signal was accomplished by start
ing the timer with a single sweep of the oscilloscope 
triggered from the reference signal. After an interval 
of approximately 100 seconds the oscilloscope sweep 
was reset and again triggered by the 1,000-Hz signal. 
Even though the inte rval displayed was not exactly 
100 seconds, it was some integra] multiple of 1,000 JLS . 

Since the difference betwee n the crystal oscillator of 
the timer and the frequency standard never exceeded 
50 JLS in 100 s, there was no ambiguity in determining 
the relative error of the timer frequency base. 

The crystal oscillator was checked prior to eac h 
free-fall determination and again after it. Although, 
as indicate d above, the oscillator was always main
tained within 5 parts in lOH, the observed corrections 
were applied to all time interval measurements. 

4. Techniques of Measurement 

4.1. Length 

Measurements of the two lengths, L\ and L2 , were 
carried out using the same apparatus employed in 

the free-fall determinations. The weight of the carriage 
was balanced by means of the steel tapes running over 
the frame pulleys with appropriate weights on the 
other ends of the tapes . The invar length standard 
was attached in holders beside the vacuum chamber 
in such a position that the rulings on the speculum 
surface could be viewed by a reading microscope 
attached to the support table for the position sensing 
apparatus. A fine motion drive was attached to a guide 
rod and served to ad vance the carriage by the small 

motions required. 
Basically the procedure consisted of moving the 

carriage to a position where the lower aperture on 
the silica rod was in a position with respect to the 
sensing station such that the output signal from the 
photomultiplier cell was at the same potential as that 
which would trigger the oscilloscope-timer combina
tion. At this point a reading was taken on the zero 
ruling of the invar scale with a filar micrometer on 
the reading microscope. The carriage was then 
moved on to bring the second aperture into line with 
the sensing station and a microscope reading taken 



on the 300-mm gradua tion of the invar scale. The 
process was repeated again for the upper aperture 
a nd the 1,000-mm graduation. 

It will be seen that thi s process is one of measuring 
how far the silica tube must be moved to produce 
the triggering signals ra ther than of measuring its 
length . This method of measureme nt has the advantage 
of including the e ffects of vacuum on the silica scale 
as well as any po ssible displacement of the images 
by the optical windows of the vacuum c hamber. More 
important, since there are complex diffraction effects 
a t a shadow edge, the measureme nt is related directly 
to the conditions present in the experiment and 
measures directly the quantity sought. 

The reading mic roscope used for the observations 
on the invar scale was mounted on the base pla te for 
the optical syste m. Provi sion was made for the micro
scope base to be attac hed on either side of the position 
sensing syste m. The microscope was mounted on a 
special base with a rac k and pinion foc ussing control 
and a fine adjustment screw. The microscope tube 
length was 215 mm with a 22.5-mm objective and a 
12.5 x -filar mic ro me ter eye piece. The fil ar mic rome te r 
eye piece was equipped with double cross-hairs spaced 
the equivale n t of 12 f.Lm in the object pla ne . The 
mic rometer drum was gradu ated into 100 divi sions 
pe r revolution . The reading microscope was calibra te d 
on a n auxiliary scale and had a fac tor of 1.112 f.Lm pe r 
divi sion. During observations the micrometer drum 
was read to one te nth of a divi s ion. In no case was it 
necessary to measure differe nces exceeding 50 divi
sion s with the filar microme ter eye piece. 

During length m easure ments it was necessary to 
locate the carriage in a pos ition where the output 
from the phototube amplifie r was a t the potential 
required to trigger the timing syste m. A direc t c urrent 
voltmeter with a trimmer was connected in parallel 
to the output of the am plifier a nd adju sted so that it 
indicated full scale at the maximum output of the 
amplifie r. The triggering pote nti al was then se t to be 
a t the half scale re ading. The indi cation was s uc h that 
the s mall graduatio ns o n the voltmeter corresponde d 
to move ments of a bout 0 .2 f.Lm at the carriage. The 
pos ition could be set to a small fraction of a voltm ete r 
divi s ion with the a id of the fine-motion drive . The 
meter was slow e nough in response to mas k the effec ts 
of photomultiplie r tube noise and building vibration. 

The fine-motion drive whic h made possible the 
adju stment of the carriage to the fin al pos ition for 
reading the length standard consis ted of a hinged 
brass clamp whic h could be opened , slipped around 
a stee l guide rod and locked in place. A bronze spring 
provided sufficie nt fri c tional drag on the smooth rod 
to hold the clamp a gain st the 100- or 200-g unbalanced 
weight of th e carriage, ye t permitted the clamp to be 
s lid by hand as a c oarse adjustment. Attached to the 
cl a mp was a flat we dge , driven by a fine thread screw, 
ac tua ting a s mall pus h rod to move the carriage . 

4.2. Temperature 

The invar length standard was equipped with two 
mercury-in-glass thermom ete rs , one mounted near 
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the center of the 0 to 30-c m le ngth and the other near 
the upper end of the scale . The thermometer s were 
graduated to 0.2 deg Celsiu s and had errors less than 
0.02 °C at the a mbie nt te mperature of the room 
(22 °C). The thermome ters we re mounted against the 
back surface of the we b of the H-section of the length 
standard ; the bulbs were pac ked in aluminum foil 
compressed against the surface of the invar and 
covered by 6 mm of cork shee t up to the graduated 
portions of the ste ms. The exposed portions of the 
cork pads were covered with a layer of aluminum foil. 

A similar thermometer was mounted in contact with 
the lower sec tion of the vacuum c hamber. The chamber 
was covered by a 6-mm layer of cork shee t topped by 
a double layer of aluminum foil. While it was recog
nized that the t'e mperature of the silica tube was not 
necessarily the same as the te mperature of the 
chamber wall , it was assumed that the tube te mpera
ture maintained a reasonably cons tant relationship 
to it , once thermal equilibrium was es tabli shed. The 
te mperature of the vacuum c ha mber walls during 
le ngth measure me nts a ve raged a bout 0.2 °C less than 
that during the free fall measure me nts. This differe nce 
probabl y was caused by the larger number of pi eces 
of elec tronic equipme nt ope ra ting during the free 
fall measureme nts. 

4.3. Compensation for Guide Curvature 

The two guide rods, pre viously described , on whic h 
the carriage ran were of a specia l case-h arde ned s teel, 
cente rIess ground and selec ted for straightness. The 
diamete rs were 63.47 ± 0.020 m m and the rods were 
straight within 80 f.Lm per me ter. These tolerances 
were quite adequate for opera tion in the free-fall 
phase of the experim ent but the slight c urvature of 
the rods was sufficient to ma ke a n a ppreciable error 
in the le ngth measureme nt. The error is proportionate 
to the produc t of the angle of rota tion of the carriage 
and the di stance betwee n the axis of the invar scale 
and the silica tube. 

If the position of the silica tube and the inva r scale 
are interchanged with res pec t to the direc tion of rota
tion , the algebraic sign of the error is reversed. Thu s 
the mean of two measure ments with the scale inter
cha nged betwee n the m should be free of the error 
due to c urvatio n of the guide rod , provided that the 
rota tion of the carriage is the same in both sets of 
measure ments. 

The carriage of the gravity apparatus was provided 
with duplicate se ts of holde rs for the invar scale, 
one se t on each side of the vacuum chamber equidis
tant from the centerline of the silica tube . A length 

meas ure me nt co ns isted of two sets of measure ments, 
one for eac h location of the invar scale. The final 
computed lengths from eac h set were averaged to 
obtain a working valu e. Ordinarily the first se t of meas
ureme nts was made at the start of a day. Upon comple
tion of the firs t set, the invar scale was transfe rred 
to the oppos ite se t of holders; about five hours later 
the second se t of measure ments was made. The order 
in whic h the two positions were occupied was reversed 
on alte rnate days of le ngth me as ureme nt. 



Analysis of the length measurements made on four 
different fused silica rods indicated that the length 
deviation due to curvature of the guide rod was about 
1.6 /-tm at the 30-cm length and about 0.7 /-tm with 
opposite sign at the I-m length. 

5. Experimental Procedure 

5.1. Length Measurements 

In the plan of the experiment, length measurements 
and free-fall measurements were made on alternate 
days. A set of length measurements consisted of ten 
independent determinations of the two lengths , the 
silica tube being reseated and realigned and the 
reading microscope refocussed between determina
tions. At the conclusion of the set the invar length 
standard was transferred to the opposite side of the 
carriage and, after a lapse of about five hours, a second 
set of ten measurements was made. 

The procedure in each determination was always 
the same. After reseating the tube and focussing the 
microscope, the thermometers were read and the 
temperature recorded. The carriage was then moved 
to a position where the first or lower aperture was at 
the reference level as indicated by the meter connected 
to the output of the photomultiplier tube amplifier. 
The zero graduation of the invar scale was centered 
between the cross-hairs of the filar eyepiece and the 
filar drum reading recorded to the nearest tenth of a 
division. The carriage was then moved to the second 
aperture position and the corresponding filar reading 
recorded. The process was repeated for the third 
aperture and the carriage returned to the first aperture 
position where the initial reading was repeated. 

For the calculation of the two lengths, any change 
between the first and final lower aperture readings 
was assumed to be due to thermal drift, and values 
corresponding to the second and third aperture read
ings were obtained by interpolation with respect to 
the average time required for the operation. Any run 
in which the first and final lower aperture readings 
changed by more than 2 /-tm was discarded as such 
changes were apt to be caused by actual movement of 
the silica tube in its seat. 

The lengths of the 30-cm and I-m aperture distances 
were computed from the observed filar readings, the 
calibrated lengths of the invar standard intervals and 
the temperature correction for the invar standard 
(1.23 X 10 - 6 per degree Celsius). The measured lengths 
of the silica tube aperture intervals were corrected to 
22 °C for comparison using an experimentally deter
mined coefficient of 0.64 X 10 - 6 per degree Celsius. 
Since the temperature at which the free-fall measure
ments were made was close (within 0.2 0c) to that 
of the length measurements , coefficients of expansion 
were not determined separately for each of the four 
silica tubes used in the experiment. 

5.2. Timer Adjustments 

During the free-fall determinations , the times for 
the passage of the 30-c m length interval and for the 
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I-m interval were obtained from the two seven-decade 
timers already described. The smallest unit of time so 
displayed was one-tenth microsecond. Two corrections 
were applied to the time measurements. A correction 
for frequency of the c rystal oscillator was applied, 
although it was negligible compared to other sources 
of error. A correction for differential delay in opening 
and closing of the gate circuits was also necessary. 
The indication in the unit which displayed the time 
interval for the I-m length was consistently short by 
nearly one-tenth of a microsecond due to an electronic 
delay in opening the counting gate for this bank. 

The gating errors for time interval meters were 
assessed by presenting the system with a series of 
pulses generated by a decimal dividing network and a 
crystal controlled test oscillator. The pulses were 
generated at intervals of 10 ms and the timers meas
ured the time for a single and double pulse interval. 
A total of one hundred such measurements were sum
med in the counter banks of the timers. Since the 
mean of such a group of measurements tends to 
e liminate random effec ts, the result should reflect 
the systematic error in the time measurement system. 
It is assumed that the pulse source contained only 
random variations since it was a continuous system 
and the test oscillator was synchronized with the 
time interval crystal frequency to better than one part 
in ten million. 

5.3. Free-Fall Measurements 

Free-fall measurements were made on days alter
nating with length measurements. The free-fall meas
urements normally consisted of two sets of 16 deter
minations, one set being made at the start of the day 
and one set at the end of the day. 

The first steps in the free-fall measurements en
tailed determinations of the crystal frequency error 
and the mean gating errors for both channels . The 
timing system was connected to the I,OOO-Hz reference 
signal and the time for approximately 100,000 cycles 
measured. The input and triggering circuit used was 
the same as that used for the photomult iplier cell. 
The departure from the nominal multiple of 1,000 /-tS 
indicated the crystal frequency error in 100 s. Single 
cycle measurements of the period of the I,OOO-Hz 
standard signal, as received, all fell within a band of 
± 0.2 /-tS, about the average value of the period. A 
group of measurements over 100 s (approximately 105 

cycles) showed a standard deviation of 0.9 /-tS, approxi 
mately one part in lOB. After the c rystal frequency 
error was measured, single and double individual 
period measurements were made on a decade divider 
pulse signal at a frequency of 100 Hz. The timers 
were operated to total 100 suc h measure ments and 
the mean gating errors co mputed from the two sums 
indicated by the timers. 

After these values had been reco rded, the valve 
in the vacuum pump line was closed and the pump 
disconnected. The vacuum pressure was read, the 
gage indicator disconnected, and the timing sys te m 
connected to the cable of the photomultiplier cell. 



At this point the system was ready for the time 
measurements on the falling silica tube. The silica 
tube was alined in the vacuum chamber by means of 
the upper guide bearing m echanism and the guide 
bearing was retracted and loc ked in pldce. The 
vacuum chamber wall temperature was recorded and 
the release latch opened, permitting the carriage to 
fall. At the conclusion of the fall the carriage was 
immediately returned to the latched position and the 
two time intervals recorded. The silica tube was reo 
alined in the chamber and the apparatus was ready 
for the next determination. 

During the set of measurements, the wall tempera· 
ture of the vacuum chamber was recorded for every 
fifth drop of the carriage. At the conclusion the 
vacuum pressure was read and the frequency and gate 
error measurements repeated. The entire set of meas· 
urements required about three-quarters of an hour. 

6. Results 

6.1. Experimental Data 

Four different fused silica tubes were included in 
the experiment. There were five sets of length measure· 
ments for each tube , a set consisting of two sub-sets 
made with the invar length standard on alternate sides 
of the vacuum chamber as outlined in the section on 
length measurements. Bracketted be twee n each pair 
of sets of length measureme nts were two sets of free· 
fall measurements. A set of free-fall measurements 
consisted of about sixteen individual free falls of the 
apparatus. A few sets contained only fifteen observa· 
tions and some sets contained as many as twenty-one. 
Since five sets of length measurements provide four 
adjoining pairs, there were normally eight sets of 
free-fall measurements for each tube. 

There were two exceptions to this general rule. 
In the case of tube No. V, four free-fall measurements 
were incluced between the first two pairs of sets of 
length measurements, changing the total to twelve. 
In the case of tube No. VI, a re adjustment of the optical 
system of the position sensing station became neces· 
sary after the conclusion of the third set of length 
measurements. The adjustment was made and a new 
set of length measurements inserted to go with the 
succeeding free· fall measurements. 

A summary of the length measurements for the four 
silica tubes is given in table 2. Each e ntry in the table 
represents the mean of two sub·sets of 10 inde pendent 
measurements. From the standard deviations of the 
individual sub-sets an estimate was made of the 
average standard deviation of the meas ured length 
intervals reported in the table. The standard devia· 
tions were approximately 0.14 /-tm for both the 30-cm 
and the I-meter intervals. It is evident that the varia· 
tions in length appearing in the table are partly 
random and partly due to real changes. In order to 
obtain adjusted length values corresponding to the 
free-fall measurements the data were treated as though 
all differences were real and as though the changes 
took pla~e at a uniform rate during the course of the 
intervening free-fall operations. Accordingly, the ad· 
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TABLE 2. Measured length intervals for fused silica tubes 

Tube Meas ured lengths at 22 °C 
no. Date 

L, L, 

Meter Meter 
III May 21, 1965 0.999 950 16 0.299 953 04 

May 24 950 32 953 62 
May 26 949 22 953 53 
May 28 949 44 953 67 
Jun 2 949 66 953 92 

IV Jun 4 1.000 018 29 0.299 993 42 
Jun 7 017 60 993 34 
Jun 9 017 58 993 37 
Jun 11- 12 018 25 993 26 
Jun 21 017 75 993 32 

V Apr 13 1.000 021 39 0.300 012 10 
Apr 16 022 48 01248 
Apr 29 021 55 012 12 
May 3 022 13 01204 
May 5 023 14 012 18 

VI May 7 1.000 050 76 0.300 018 34 
Ma y 10 050 20 018 48 
May 12 049 70 017 98 
May 14 049 62 022 14 
May 17 049 66 021 50 
May 19 049 5 1 02 1 49 

Note: Be tween the obse rvations on th e dates of May 12 and May 14 an adjustment was 
made 10 the lens diaphragm of the view ing s yste m. 

justed length intervals were calculated by linear inter
polation between adjacent measured length intervals. 
The adjusted values were the n corrected from 22 °C to 
the observed chamber te mperature for each set of 
free fall measurements. The adjusted and corrected 
length interval values appear in table 3. 

The time intervals presented in this table are the 
mean times determined from each se t of free-fall ob
servations after correction for both freque ncy and 
gating errors as describe d in the section on time 
meas urements . The corres pondin g values of the 
acceleration due to gravity are calculated from th e 
relationshi p 

tz tl 
g --_. 

1/2(t2 - t l ) 

The values in the final column are the standard 
deviations of the gravity values computed from the 
distribution of the pairs of individual free-fall time 
meas urements about the two mean intervals for each 
set of free-fall observations . The standard deviation 
of an individual free-fall determination may be cal
culated by multiplying the standard deviation of the 
mean by the square root of the number of observa
tion s in the set, given in pare ntheses. 

The mean values of the gravity measurements for 
each of the four tubes are presented in table 4. The 
standard deviation s for the means were calculated from 
the distributions of the individual set means. The 
final result was computed as the unweighted mean 
of the four tubes. The mean of the 36 individual sets 
gives the same value. 



TABLE 3. Free-fall time and length measurements 

Adjus te d le ngt hs (' orre d e d lu (· ha mber 

Tu be Dat e Easte rn Chamber temperature 

Nt .. 1965 s t andard I CllIvera-

lime lure 

L, . I. , 

°c Meier Meier 

III May 22 719/735 21.98 0.999 950 19 0.299 95.3 18 

22 1958/2016 22. 12 95036 95350 

25 718/735 22. 12 950 12 95362 

25 141 7/1435 22.14 949 59 95358 

27 747/805 22.18 949 32 953 57 

27 15 12/1 533 22.07 949 50 953 67 

29 730/ 748 22.20 949 63 953 77 

29 1938/1957 22.20 949 73 95390 

IV J un 5 710/734 22.19 1.000 018 24 0.299 993 44 

5 1937/1955 22. 18 017 89 99339 

8 749/8 15 22.15 01 7 70 99338 

8 1450/1530 22. 12 017 66 99338 

10 805/821 22.08 017 85 993 37 

10 1402/1422 22.16 0 18 13 99331 

19 735/800 22.35 0 1834 99335 

20 919/936 22.2 1 0 18 0 1 99334 

V Apr 14 8 12/825 22.20 1.000 021 66 0.300 0 12 19 

14 15 15/1527 22.16 02 1 90 01 2 27 

15 806/820 22. 14 022 16 01 2 37 

15 1704/1720 22.00 022 34 0 1243 

26 1418/1438 22.116 022 40 0 1245 

27 756/830 22 .1 2 022 2 1 012 36 

27 1605 /1621 22.08 021 95 0 1228 

28 74S/8 10 22.17 02 1 78 0 12 19 

30 739/7S9 22. 15 02 1 80 012 13 

30 1458/15 15 22.20 022 II 012 10 

M a~ ' 4 71 L/724 22.20 022 5 1 012 12 

4 1450/1 5 16 22.22 023 03 012 L8 

V L May 8 653 /733 22.22 1.000 050 76 0.300 018 42 

8 1924/1948 22.24 OSO 49 DIS 49 

II 712/730 22 . 18 050 20 018 39 

II 1517/1542 22. 17 04993 0 18 13 

15 733/802 22. 14 049 74 022 0 1 

15 1545/16 10 22.17 049 74 02 1 69 

L8 757/814 22 .L S 049 72 021 53 

L8 1522/154 1 22. 18 04967 021 52 

T A BLE 4 . Summa.ry of gravity va.lues 

Tube 
No. 

III 
I V 

V 
V I 

Nu mbe r 

of se ts 

8 
8 

12 

8 

Unweigh led mean 

of four tubes 

Mea n acce lerat ion 

due 10 gravit y 

c m l s~ 

980.IOL2 

980. 1015 

980. 101 2 

980.1005 

980.1011 

7. Sources of Bias 

S tanda rd d e via tion 

of th e m ean 

em /s 2 

0.0004 

.(XJ03 

.(XJ04 

.00116 

0.0002 

There are several potential sources of systematic 
error In an experiment of this type . Although the 
amounts of error contributed cannot always be evalu· 
ated accurately , limits can usually be set for them. It 
is considered that the principal contributions to error 
in the results of this measure ment are the following: 
longitudinal vibration of the falling tube , electrostatic 
and magnetic forces, residual air in the vacuum cham· 
ber, la teral deflection of the falling object, effect s 
from the optical windows of the chamber, time con· 
s tants of the electronic circuits, and uncertainty in 
the le ngth standards and measure ments. 
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Mea n lime inte rvals from free- fall 

observa tioll s M ea n S tand ard dev ia tion 

<ll:celerat ion of me an and nUlIl lwr 

IIf 'Ibse rvat ions 

r, r, 

Secolld Spcolld ('m / s ~ ( · fII /. ~ 2 

0.348 :19 1 I I 0. 155 733 04 9811. 100!> 0.00119 fI!>1 

394 77 735 92 . 1007 .001 1 fl 6) 

395 19 736 39 . 1019 .00 11 116) 

398 52 73896 .10 12 .00 15 fl.» 

389 84 732 4 7 .1025 .00 10 116) 

394 05 735 52 .0997 .0016 (16) 

3Y3 86 735 40 .OI)I)H .001 1 116) 

394 47 73606 . 1028 .0010 116) 

0.348 358 59 0.1 55 7 11 97 980.1009 0.0(~)8 116) 

361 20 7 14 09 . 1026 .0006 116) 

365 96 7 17 66 . 1011 .Oon7 116) 

369 53 72038 .10 11 .0007 116) 

370 44 72 1 10 . 1022 .0005 115) 

370 38 720 98 .102 1 .0005 117) 

361 8 1 7 14 41 . 10 16 .0010 116) 

.364 30 7 16 28 . 1002 .01107 115) 

0.348 606 28 0.1 55 906 84 980. 1000 0.01107 1161 

6 1050 9 10 116 .11103 .00071 151 

6 13 76 9 12 45 .0987 .0(107 116) 

6 1:1 83 9 12 62 . 1009 .IIOOS 1161 
6 1445 9 13 0 7 . 1006 .0005 l iS) 
620 33 9 17 60 . 101 6 .OOOS 116) 

622 82 l) 1l) S3 . 101 9 .OOOS 116) 

622 82 9 19 S3 . 1020 .000( 116) 

626 86 922 6 1 . 102S .011 11 116) 

629 23 924 22 . 1002 .0010 116) 

629 71 924 59 . 10 13 .oom 116) 

629 2 1 92429 . 1039 .0005 116) 

0.348 267 64 0. 1.\5 646 73 980. 101 9 0.0008 116) 

27 1 03 649 .3 1 . 11107 .01108 12 1) 

27595 652 88 .0974 .0009 116) 

279 74 655 93 . 10 1.3 .0(XJ8 l i S) 

3 10 18 680 52 . 1007 .0009 12 1) 

304 69 676 30 . 1020 .0016 120) 

3 13 35 68281 . 10 16 .00118 116) 

310 71 68064 .0986 .001 1 116) 

7.1. Longitudinal Vibration 

At the instant of release the fused silica tube rests 
on the support cone which , upon release, moves 
downward with an acceleration about 10 percent in 
excess of gravity. It is reasonable to expect that the 
release of the slight compression of the silica tube 
would cause it to vibrate longitudinally while falling. 
As the displa cement of the various parts of the tube 
would cause a n error in time indication, the magnitude 
of the error is worth examining. 

The largest amplitudes would be those due to the 
first mode of vibration in which there is a maximum 
amplitude at the extremiti es of the tube and a node 
a t the center. For a fused silica tube or rod with 
density 2210 kg/m 3 , modulus 7.2 X 1OIoN/m2 , and a 
length of one meter, the undamped frequency of the 
first mode is about 2850 Hz, corresponding to a period 
of 350 microseconds. The static compression of the 
tube relative to the center of mass would be 0.113 J.Lm 

and the maximum harmonic acceleration under these 
conditions would be 3620 cm/s 2 • Since thi s accelera· 
tion is greater than that of the support (approximately 
1080 cm/s2), the surfaces cannot separate until the 
elastic deformation is reduced to a point where the 
sum of the harmonic acceleration and the acceleration 
of the center of mass is less than 1080 c m/s 2 • 



Ass uming the limiting case in whi ch the accelera
tion of th e ce nte r of mass prior to se pa ra t ion is ass umed 
to be ze ro, th e se paration would occ ur at about 71 
/-LS aft e r th e re lease is initi ated_ a pproxim ately 81 
perce nt of the first quarte r pe riod. At thi s point the 
co mmon veloc it y uf th e twu pa rt s is de te rmin ed by the 
ve loci ty of the uniforml y acce le ra ted s upport , about 
0.0765 c m/s . The res ultant un da mped a mplitude of 
vibration of the fu sed s ili ca tube corres pondin g to 
thi s s peed and di s place ment would be 0.045 /-Lm . The 
maximum e ffec t of suc h a n amplitude would res ult 
in a n e rror less th a n 0.0003 c m/s2 in an individual 
meas ure ment. S uch an e rror represe nts th e upper 

limit possible. The ca lc ul ation has not in cl uded motion 
of th e ce nt er of mass of th e s ili ca tube whic h would 
necessaril y occ ur with a conseque nt redu ction in the 
harmoni c ve loc ity a t the time of se paration. Furthe r
more, the silve r co ndu ctive coa tin g o n the tube would 
add considerabl y tu the da mpin g of th e vibra tion. 

It is considered th at e rrors of the above magnitude 
wo uld not occ ur consiste ntl y in a long se ri es of meas
ure me nts and ca n thu s be considered negligible. 

7.2. Electrostatic Forces 

It has been th e ex pe ri e nce of mos t in ves ti gators 
in free-fall gravity expe rim e nts th a t e lec tros tati c 
forces constitute a major so urce of diffi c ult y. The 
se paration of any two s urfaces, pa rti c ul a rl y in a 
vac uum , usua ll y leaves the m in a c ha rged co ndition. 
It is not necessary for the s urfaces to s lid e in ord e r 
to produ ce the charges. If one or both s urfaces are 
puo r co ndu ctors, the cha rges may re main hi ghl y 
loca li zed and th e e lec tros ta ti c forces ari s ing from the 
int e rac tion of the intense fi eld s may be quit e subs ta n
ti a l. The introdu c tion of radioac tive matel'ia ls into 
th e cha mber offers little he lp as th e gas press ure is 
too low to afford ma ny ions a nd th e time too short fo r 
th em to di ss ipate the c harges e ffec ti ve ly. 

In so me earl y experime nts with the a ppara tus 
described here, a fu sed sili ca rod was prov ided with 
a polyte trafluoroe th yle ne tip . The charge ge nera te d 
by the se paration of the ti p from its sea t was s ufficie nt 
to draw the fallin g rod seve ra l millim ete rs out of its 
path during the 0.5-s fa ll. 

The elec trostatic charge proble m c an usually be 
solved by making the entire falling objec t electri
cally conductive. In the case of the fused silica tubes 
e mployed in this experiment , the objec tive was a t
tained by coating the transparent tubes with silve r 
conductive paint of the type used for printed circuit 
assemblie s. The end-to-end resistance of the tubes 
r anged from 4 to 10 it The tubes were coated on the 
o utsides leaving uncoated only small areas in line 
with the slit apertures_ Since it was possible to vary 
the separation be tween the tube and the support 
cone during the fall by changing the force applie d 
b y the initial accelerating spring, it could be ascer
ta ined that an y remaining electrostatic attrac tion was 
below the limit of detec tion _ 

7.3. Magnetic Forces 

Magnetic forces are not usually a substanti al fac tor 
in free-fall gravity measurements provided the falling 
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object can be con struc ted of nonferromagnetic ma
terials. In the experime nt des'cribed here, thre e of 
the tubes e mployed co nta ined s mall a mounts, less 
than 300 mg each , of steel in the form of thin plates 
for the aperture edges. The other tube, No. III, con
tained no ferromagneti c mate rial s_ S ince the magnetic 
field of the earth was fairl y unifo rm along the line of 
fall of the silica tube, it is co ns idered th at the ne t 
effect of magnetic attrac tion on the tube was negligible. 

Effects cau sed by eddy currents would like wise be 
small. An analysis by E. C. Lloyd 3 of the National 
Bureau of Standards expresses the average ratio of 
the force due to eddy c urrent losses to the gravitational 
force, F III/F g , for a conducting tube falling through a 
magnetic field di scontinuity which is short compared 
to the length of the tube. 

Fill = A2ur(tlH)2 X 10- 12 

F g 1. 27 m(tll ) 

where A = area e nclosed by the tube, square meter , 
t = time of fall , second , 

(J' = c ircumferenti al conductivity of the tube, 
mho/mete r , 

m = mass of the tube, kilogra m, 
tll = length of the m agne tic disco ntinuity, 

meter , 
tlH = change in magne tic fi eld s trength , a mpere/ 

meter. 

For the experiment described here, A = 1.87 X 10- 4m2, 

t = 0. 35s , (J' = 100 mho/m , m = O.l kg. If one ass umes 
a value for tll of 0.01 m a nd for tlH of 12 A/m , 

~ : I = 1.3 X 10- 13 • 

7.4. Residual Air 

Th e prin cipal effects of a ir on a fallin g objec t are 
the buoyant forces due to the densit y gradient in the 
air a nd th e vi sco us drag res ultin g from re lati ve motion 
of th e objec t. The buoyant effec t with fused silica is 
less tha n 600 parts in one million a t a t mos pheri c pres
s ure and , sin ce it vari es in direct proportion to th e 
press ure, can be considered negli gible at press ures 
below 16 N/m2• In the experim ent the pressure a t no 
time exceeded 1.5 N/m 2 . The ave rage press ure durin g 

the 36 se ts of free-fall measureme nts was 0.4 N/m 2 . 

Th e vi sco us drag effec ts of air on a falling object 
are more co mplex. At press ures a bove 100 N/m 2 the 
ine rti al effects of the gas te nd to be the predominant 
fac tor , while a t lower pressures the pred ominant fac
tor tends to be mome ntum tra nsfer fro m molec ul ar 
colli sions with the objec t. Both e ffects overl a p and 
there are no sharp boundari es be tween them. Cook 
[16 J (Section 5.3) has di sc ussed several cases and has 
shown that , at lo w press ures for a rod of radius r and 
density p , the ratio of th e molecular forces to the 
gravitational forces would be ex pected to be less than 

F II/ = Ca U 
Fo 2prg 

3 Informal communicat ion to the author. January, 1962. 



where Q' is the gas density, C is the average molecular 
velocity, and U is the object speed. The gas pressures 
present in this experiment were such that the Stokes 
law forces would be expected to be of the same order 
of magnitude or less. 

I[ Q' = 5 X 10- 12 kg/m3 • C = 5 X 102 mis, 

r= 7.5 X 10- 3 m, p = 2 X 10- 3 kg/m3 , 

and U = 2 X 10- 3 mis, the ratio would be of the order of 

FFm = 0.014 X 10- 6 . 

g 

From the estimate above it would be expected that 
the total effect due to residual air would be less than 
0.03 parts in a million. 

In the earlier course of the experiment a few deter· 
minations were made with atmospheric pressure in 
the vacuum chamber. Since the air in the chamber is 
being accelerated downward at approximately the 
acceleration due to gravity it might be expected that 
the buoyant effect would be very small. For the limited 
number of tests conducted , results at atmospheric 
pressure did not differ significantly from those ob· 
tained at the normal pressures of 0.2 to 0.5 N/m 2 • 

7.5. Deflection of the Falling Object 

Any lilteral impulse imparted to the falling tube 
would cause it to rotate about a horizontal axis through 
its center of mass. Since the reference slits lie both 
above and below this point and in a plane about 8 mm 
closer to the viewing microscope, the amount of error 
depends on the plane of rotation. 

Rotations in a vertical plane perpendicular to the 
optical axis were measured by photographing the fall
ing tube with a 25-/Lm wire stretched vertically across 
the upper slit. The photographs were made through 
the microscope of the optical sensing system, using 
a short-duration flash synchronized with the falling 
tube. The photographs showed random departures 
on both sides of the average line of fall varying up to 
a maximum of 0.2 mm. 

Rotation in the plane containing the optical axis 
could not be measured, but there was no evidence 
from the sharpness of focus of the photographs that 
the motion exceeded that in the other plane. 

The motion observed in the photographs was prob
ably due to a combination of both lateral translation 
and rotation at the center of mass. Lateral translation 
would theoretically contribute no error. 

A computation of the error due to pure rotation of 
the maximum observed amount was made for motion 
both in the plane of the optical axis and perpendicular 
to it. The fact that the aperture plates were located off 
the axis of the tube makes the computation slightly 
different for the two planes. The computed magnitudes 
of the errors were approximately the same for both 
cases, however, about 8 X 10-8g. 

Errors due to rotation in the plane containing the 
optical axis are positive or negative according to the 
direction of rotation and thus are not likely to con-
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tribute systematic error. Rotation in a plane per
pendicular to the optical axis always results in a value 
of gravity which is too high, but it would be expected 
that the average systematic error would not exceed 
0.05 mGal. It did not appear feasible to apply a correc
tion for this error as it could not be determined which 
part of the 0.2-mm maximum displacement of the wire 
image was due to rotation and which part was due to 
lateral translation. 

7.6. Ground Motion 

No attempt was made to measure seismic ground 
motion during the observations. It is considered that 
the greatest effect would arise from microseisms with 
periods on the order of 0.7 s. It was considered prefer
able to operate the release without regard to the 
existing amplitude and phase of the ground motion 
rather than to observe the seismic motion and time 
the release for optimum conditions. In effect this 
represents accepting a larger but purely random varia
bility in preference to a smaller but less purely random 
one. 

One source of ground movement which can operate 
to produce systematic bias , however, is the shock 
wave resulting from the release of the falling object. 
In the present experiment, the mass of the moveable 
carriage with the vacuum chamber was of the order 
of 22 kg. 

The transient disturbance introduced by the release 
of the 22-kg carriage was studied with the aid of a 
Johnson-Matheson seismometer having a frequency 
range of approximately one to five cycles per second. 
The measurements indicated that the pier to which 
the position sensing station was attached experienced 
a sharp upward impluse from the release of the car 
and returned to its original level within about 70 to 
80 ms. The amplitude of the motion was on the order 
of 0.15 to 0.2 /Lm. The motion appeared to be heavily 
damped as there was no appreciable overshoot on the 
return. Random motion of the pier due to other dis
turbances within the building at times produced 
motions of the same order of magnitude. 

Since the time measurements for the gravity deter
mination were not initiated until about 118 ms after 
release it is believed that the systematic effect of the 
shock wave from the release of the carriage was 
negligible. 

7.7. Effects from Optical Windows 

The vacuum chamber was equipped with three 
pairs of optical windows to permit observations on 
the fused silica tube inside. ThE windows, previously 
described , were 4.5 mm thick. It was at first con
sidered that since any optical di splacements which 
they produced were included in the stati c length 
measurements they were not likely to be the cause of 
sys tematic error. Thi s assumption proved to be far 
from correct. 

Initial measurements made with the apparatus 
produced results which showed a long·term, quasi
periodic variability which could not be accounted for 
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by any reasonable assumption of eithe r errors in the 
meas ure me nts or secular c han ges in gravit y. 

During these meas ure me nts the vacuum chamber 
was over-cons trained in its attachment to the carriage, 
the flat paralJel ends of the chamber res ted between 
th e two parallel cross me mbers of the carriage with a 
li ght fri c tion fit and were secured agains t lateral move
me nt by cen tering scre ws. The latc h from which the 
carri age was suspended was attached directly to the 
upper cross-memb er of the carriage just above the 
vac uum chamber. It was suspected that the chamber 
was bein g loaded eccentrically by di stortions of the 
carriage frame resulting from release of the latch. If 
suc h ecce ntric loading should cause so me elastic 
bending of the vacuum chamber during the fall with 
a res ultant rotation of the optical windows, the effect 
co uld be signifi cant. 

Th e di splace me nt of th e image of an objec t viewed 
through a plane- paralle l glass plate is sensitive to 
tilt of the plate. Th e di splacement for s mall angles of 
tilt is on the order of 

whe re T is the plate thi ckness, e is th e an~l e of tilt 
a nd N is the index of refr ac tion. For a thickness of 
4.5 mm and an index of refraction of 1.5 a rotation of 
one minute of arc will prod uce an appa re nt di s place
ment of about 0.4 /-Lnlo 

On the hypothesis that suffi c ie nt fl exure of the c ham
ber was takin g place to produ ce window rotations of 
thi s order of magnitude, and that the amount of fl exure 
would vary with s li ght differe nces of te mperature be
twee n the brass c hamber and aluminum alloy car
ri age, the vacuum chambe r mount was redesigned. 
The c ha mber was s li ghtl y s hortened to produce a 
positive clearance at the upper e nd in th e carriage 
a nd a single point support was provided at the lower 
e nd on the ce ntral ax is of the chambe r. 

The modification effectively eliminated the long
term variations in the observations. Later, when the 
apparatus was moved from the older site in the East 
Building of the Bureau to the new Gaithersburg site 
whe re the observations reported here were made, the 
carri age itself was mod ified . The connection between 
the latch and the carriage was made through two inde
pe nde nt yokes whi ch were attached to the carriage 
at points directly above the two verti cal tubular struc· 
tures. This arrangement eliminated the fl exing of the 
cross- mem bers supporting the vac uum cha mber. 

7.8. Time Constants of the Circuits 

The lO-stage photomultiplier tube used in the 
measure ments had a spectral sensitivity peak in the 
400- to 500-nm range and was always used in the 
da rk-to-light transition condition. Connection to the 
coupling amplifier ci rcuit was less than 5 c m long and 
unshi elded to minimize capacitance loading of the 
anode . The anode current was limited to 0.1 rnA at 
full illumination. The entire phototube c irc uit through 
the coaxial cable connections to the timer panel was 

283-5760 L-68-2 17 

capable of following illumination rise times at least 
five times greater than those provided by the gravity 
apparatus. 

7.9. Uncertainty in the Length Standard 

Of the two standards employed in the measure
ments, length and frequency, the length standard 
was by far the more critical in term s of the difficulty 
in obtaining the desired precision in its calibrations. 
The standard, an H-section scale of invar was ruled 
by the Societe Genovoise. The I-m length was gradu
ated into I-mm intervals. The width of the engraved 
lines was approximately 5 /-Lm . Only the 0- , the 300- , 
and the 1000-mm lines were used in the measurements . 
The calibrations of the scale were limited to the in
tervals defined by those lines. 

Table 1 shows the results of the calibrations of the 
scale made by the Length Section of the National 
Bureau of Standards. No determination was made of 
the 300-mm interval in the 1961 calibration because 
of the very s mall c hange observed in the 1000-mm 
interval. The table s hows that the s tandard deviations 
over the fiv e-year period compare very favorably with 
the estimated limits of error for the individual deter
minations. Since the scale was in active use over the 
greater part of the fiv e-year period , it was concluded 
that the stability was excellent with no significant 
drift. The mean corrections were selected as giving 
the most reli able values for the lengths of the two 
intervals. 

So me es timate of the effect of the different length 
dete rminations obtained for the invar scale can be 
made by computing a se ri es of gra vit y values in whic h 
th e s uccess ive le ngth correc tions are the on ly variable . 
Using the adopted mean corrections as a refere nce, 
the calibrations of 1960, 1962, 1964, and 1965 would 
have res ulted in gravity values differing from the refer
ence level by + 0.5, + 0.7, - 1.0 , and - 0.2 mGal 
res pectively. The standard de viation of the mean 
correction would be 0.4 mGal. This result illustrates 
one disadvantage in the use of an intermediary stand
ard in a measure me nt req uiring the greatest possible 
acc uracy. 

7.10. Uncertainty in the Length Measurements 

As previou s ly indicated in Section 4.1, a determina
tion of the two le ngths, L1 and L2 , of a s ilica tube con
sisted of te n meas ure ments of each length with the 
in var scale on one side of th e carriage and ten meas ure
me nts of each le ngth with the scale on the other side. 
The two se ts were averaged to give the final value . 
Th e individual sets showed good interna l co nsistency 
even though a set req uired about one hour to com
plete. The s ta ndard deviation of a sin gle le ngth deter
minati on of either the 300-mm or the 1000-mm interval 
was usually on the order of 0.6 or 0.7 /-Lm ; thus the 
standard de viation of the mean of ten would be on the 
ord er of 0.2 /-Lm. As indicated earli er, there was usually 
so me evidence of real change in the interval lengths 
over the co mple te series of free-fall experiments. 

An interesting s ide e ffect in the length measure ment 
is th e s mall e rror due to the relative shortening of the 



inva r sca le and the silica tube whe n th ey are sup
port ed a t res t in verti ca l pusitions. Th e le ngth desired 
is , of cuurse, th at of the sili ca tube in it s re laxed co ndi 
tiu n in free fall . T he length of the in var scale is de ter
mine d in th e le ngth labora tory in a hori zonta l pos ition 
while supported at the Bessel (Airy) points . Neglectin g 
the slight droo p of the bar be twee n the sup po rt 
po ints, it ca n be cons idered in a re laxed condition 
during thi s co mpa ri son. If nuw th e scale and the tube 
are s upport ed on their lower e nds in a ve rti cal position, 
both will be co mpressed sli ghtly under their own 
weight. The changes in le ngths are in pro portion to the 
ra tio of the densiti es of th e mate ri a ls to th eir res pec tive 
moduli of e las ti c it y. 

The decrease in le ngth of a rod or tube standing on 
its lower end is give n by the relationship 

tlL = r;;g J (Lo - )')d)' 

where tlL is a change in length , p is the density, and 
E is the modulus of elasti c ity. If the origin is taken as 
the bottom of the tube, at )'= Lo th e integral has the 
value 

- pg 
D.L - O.S E 

and at )' = 0.3Lo the integral is 

t:.L = 0 _255 W· 
The fused silica used in the tubes had a density of 

approximately 2210 kg/m :) with a modulus of 7.2 X 10 10 

N/m 2• Invar has a de nsity of approxim ately 8000 kg/m:) 
and a modulu s of 14.8 x 10 10 N/m 2 • The computed 
correctio ns for the tubes and invar le ngth standard are 
as follows : 

lnva r 
Silica 
Difference 

30·c m l- me ter 
interval interval 

/Am 

- 0.14 
- 0.08 
- 0.06 

/Am 

- 0.26 
- 0.15 
- 0.11 

Although these corrections are below the le vel of 
significance in the measure me nts, the differe nces 
were syste matic and were applied in the adjus tment 
of the lengths of the fu sed silica tubes. 

Since the te mperature of the silica tube was not 
measured direc tly, the assumption was made that it 
te nded to remain at some relatively stable level in 
relation to the temperature of the vacuum chamber 
which surround ed it. Some indication of the validity 
of this assumption can be obtained from an auxili ary 
set of measure ments made on a brass tube of identical 
size a nd cons truction as the fu sed silica tubes from 
which th e formal de termination was made. 

The brass tube was subjected to an identical se t of 
a lternating length measure ments a nd free-fall measure-
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ments as were the fu sed-silica tubes. The se t of expe ri
ments with the brass tube followed imm ediately upon 
the conclusion of the de terminations with the four silic a 
tubes. The decision was made at the outset that re
gardless of what result was obtained with the brass 
tube, the result would not be included in the value of 
gra vity to be re ported. 

The length intervals for the brass tube were meas
ured a t vacuum chamb er temperatures rangin g from 
21.88 to 22.00 °C and corrected to 22 °C using a co
effi c ient of th ermal expa ns ion of 18.5 X 10- 1; per deg:r ee 

Celsiu s. The results are given in tabl e 5. 

TAB LE 5. Meas ured length intervals for brass tube 

Oak 

j u ly 2. 1%, 

j u ly 7 
j u ly 12 

J u J ~ 14 
july 16 

i11t'ler 

o . ~~~ 733 116 
734 23 
734 .>0 
734 34 
734 16 

I., 

MeIer 

0.2(1) c)62 06 

%2 30 
%2 18 
lJ6J 94 

%2 02 

Brass has a te mper ature coeffi cient such th at a 
chan ge of 0.1 °C would c hange the I-m le ngth by nearl y 
2/-Lm . Th e table indica tes that , aside from a s ingle shift 
be tw een the first two meas ure ments of the I-m inter
va l, th e brass tube showed as good re peatability as the 
fu sed s ili ca tubes. Sin ce the te mpe rature coeffi c ie nt 
of thermal expan sion of brass is about 27 times that of 
fu sed s ili ca, th e evidence appears to s ubstantiate the 
ass umption that th e te mperature of th e fallin g object 
followed th at of the vac uum chamber reasonably we ll. 

7.11. Uncertainty in the Final Result 

From the foregoing discussion of sys te mati c error it 
is conclude d that the prin cipal known so urce of e rror 
of a sys temati c nature li es in the un certainty in th e 
va lue of th e le ngth stand ard. The uncertainty in th e 
time s tand ard is too s mall to affec t th e final res ult 
significantly. 

Effec ts suc h as seismic di sturbances, luna r and so lar 
tides and ra ndom errors in the time and length meas ure
me nts are included in the vari ability of the g:ravit y 
valu es shown in tables 3 and 4. The un certainty in the 
fin al res ult is considere d to be due prin cipally to th e 
contributions of thi s variabilit y and the un certaint y in 
the evalu ation of the in var le ngth sta nda rd . 

From the standard deviations of 0.00021 c m/s2 for 
the length a nd time meas ure ment s and of 0.00039 c m/s2 

for the le ngth s ta ndard , it is es tim ated th at the un cer
tainly in the fin al res ult is re presented by a sta nda rd 
deviation uf 0.00045 cm/s2• 

8. Comparison with Other Gravity Values 

The mean value of 980.1011 c m/s2 given in table 4 
is that de te rmined directly from the me asured param
eters of the experime nt. S ince there is a I-(ravity 



gradient of approximately 0.0003 cm/s 2/m, it is neces· 
sary to know the effective height at which the machine 
determines the value. An expression has been derived 
by Preston-Thomas et al. [10] by which the effective 
elevation above the optical axis at which gravity is 
determined can be computed. The effective height, 
H, can be expressed as: 

where Ho= elevation of the center of gravity of the 
silica tube above the optical axis at the 
time of release, 

!1t = time from the instant of release to the 
instant of initiation of the time meas
urements, 

t2 = time for the I-meter interval, 
tl = time for the 30-cm interval. 

In the apparatus Ho had the value 56.8 cm, !1t was 
0.1184 sand t2 and t2 were given typical values of 
0.3486 and 0.1559 s respectively. The resulting value 
of the effective height above the optical axis is 14.2 cm. 

To establish a permanent reference point for the 
absolute value at a location suitable for gravity meter 
measurements, a location on the floor of the same room 
was selected as shown in figure 9. The absolute meas-
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urement site is designated NBS- 1 and the reference 
site is designated NBS- 2. 

The elevation of NB5-2 was established by a first 
order survey by the Levelling Branch of the Coast 
and Geodetic Survey, Environmental Science Services 
Administration, U.S. Department of Commerce. 

Gravity meter connections linking NBS- l and NBS-
2 to the national gravity base in the Department of 
Commerce Building were made in November 1965 
by the Gravity and Astronomy branch of the Coast 
and Geodetic Survey. These connections also included 
the station in the sub-subbasement of the East Build
ing where Heyl's absolute measurement had been 
made. 

A summary of the gravity differences taken from the 
report of the Coast and Geodetic Survey is given in 
table 6. The differences are referred to the national 
gravity base, specifically the top of the east elevated 
pier in the gravity room of the Commerce Building. 
The gravity meter observations were made with three 
gravity meters in a double loop including two other 
stations in the area. The standard error for the sta
tions NBS- l and NBS- 2 was 0.03 mGal and that for 
the sub-subbasement of the East Building was 0.02 
mGal. 

TABLE 6. Cravity differences from national gravity base 

S ta tiun desc riptio n 

S upport for optica l ax is o f a bso lut e ~ r avi l y 

machine. Stat ion NBS- I 

Pe rmanent refert! ll ce on Hoor of Room 129. 
Bldg. 202. Station NBS- 2 

floo r of the s ub-subbaseme nt of the o ld 
NBS Eas. Bldg. 

G r av it y value a l the s t ation minu s g ravit y 

val ue al the na ti ona l g ravit y base in the 

De l}artme nl of C nrnmc l'ce Buildin g 

meal 

- 3.59 

- 2.97 

- 19.46 

The optical axis of the absolute gravity apparatus 
was 12.1 cm above the support plate which , in turn , 
was 220.4 cm above the floor. The machine, therefore, 
measured gravity at a point 232.5 + 14.2 e m above the 
floor. An adjustment of + 0.0007 cm/s2 based on the ob
served gravity gradient of - 0.28 mGal/m of elevation 
was applied to the absolute res ult to correct it to 
station NBS-2. The absolute value of gravi ty for 
station NBS - 2, as determined by the experiment, 
and the coordinates of NBS - 2 are: 

g = 980.1018 cm/s2 , 

Lat = 39°07 .85 ' north , 
Long = 77°13.20 ' west, 

Elevation = 131.042 m above mean sea level. 

A comparison to the Potsdam system may be made 
from the gravity meter connections to the national 
gravity base in the Department of Commerce Building. 
If a Potsdam value of 980.1180 cm/s2 is assigned to 
that station , the corresponding value for NBS - 2 
would be 980.1150 cm/s2 • The NBS absolute result is 
13.2 mGal less than this. This result is in general 
agreement with the results of other recent absolute 
gravity measurements. 



9. Conclusion 

A measurement of the absolute value of the accelera· 
tion due to gravity has been made and referenced to a 
permanent gravity meter station on the grounds of the 
National Bureau of Standards near Gaithersburg, 
Maryland. The value established for the refe rence 
station is 980.1018 cm/s2 with a standard deviation of 
0.0005 cm/s2• This result, transferred to the top of the 
east elevated pier in the gravity room of the Depart· 
ment of Commerce Building, Washington, D.C., 
gives a value of 980.1048 cm/s 2 with the same standard 
deviation. 

The author is deeply indebted for the helpful advice 
and assistance given by the staff of the National 
Bureau of Standards during the course of the work. 
He is particularly indebted to Mr. J. H. Troxell, who 
made the length meas ure ments during the final 
determination. 
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