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One of the major assertions of gravitational theory is that the
welght to mass ratio of a materisl hwody is independent of the nature of
that body. This law 1s assumed to hold even if the body 1s an atom or
an elementary particlé. In fact this law, in the form of the prineciple
of eauivalence, is the cornerstone of genersl relativity. However, this
law 1s of primary importance to gravitational experimentation for more
direct reasons then 1ts connection with generel relativity. For if thils
law 1s completely true, the vossibility of altering the gravitationsl
behavior of matter 1s cmall. Of course the law of the constancy of the
welght to mase ratlio has been shown to hold very accurately by the ex—
periments of Eotvos (1) and Southerns (2) for material bodles large
enough to be weighéd. These experiments will be described in more detail
later. Thils paper discusses the evidence, from these and other experi-
ments, which are relevant to the application of thie law to individual
atoms, protons, neutrons and electrons.

First it will be useful to review the definitions of mass and
welght, the welght to mass ratio belng the retio cf these two properties
of the same body. BSuppose a body has an acceleraticn due to the action
of a force of any type upon it. Then according to Newton's second law,
the ratlo of force to acceleration is a constant, which i1s independent
of the nature of the force, and depends only on the nature of the particle.
This constant 1s called the inertial mess, or more simply, the mass.
Weight, on the other hand, 1s related only to a gravitstional force.
Specificelly, a body in a gravitational fileld undergoes a gravitational
force which is eaual to the product of the gravitational fleld intenslty
and the wélght of the body.

¥ith no further information one might expect some bodies to have
welght, and some to have no weight. In other words e gravitational fleld
might exert a force on some bodles but none on other bodies. However,
experiments have shown not only that all hodies have welight, but that the
ratio of the weight to the mass of a body is a constant which 1s the same
for all matter. The most precise of these experiments was carrled out
by Eotvos (1) in the early part of this century. He compared the weight
to mass ratios of platinum, copper, water, wood, coprer sulfate, copper
sulfate solution, asbestos and tallow. He found that the weight to mass
ratios were the same to better than one »art in one hundred million. This
established the law with tremendous precision for material bodies large
enough to be weighéd. This constant ratic shell be referred to as the
large body ratio in this paper. Southerns(2) carried out similar experiments
on radloactive materisl showing that mess, which is later converted to
energy, also has this gsame ratio,

Eu FPor atoms or subatomic particles two types of deviations from the
law of constant weight to mass ratio might be imagined. These are:

(1) The ratio of one type of psrticle might differ from the ratio
for another type of particle. For example a proton might have a different

ratio from an electron.
(2) The ratio for a single type of rarticle might have a spread



about some eaverage value for thet ratio. (3) For example it is conceiv-
able that the ratio could differ among individual electrons but that the
retio average for all electrons would equal the large hody ratlo.

Consider the first type of deviaticn, the possibility thet differ-
ent types of particles have different ratios. That ig, this part of the
discussion is concerned only with the average ratio for o type of particle.
The question of whether the second kind of deviation also exists will be
discussed later. Since the Eotvos type exveriments were performed for so
many differant elements and compounds, 1t is certaln thet the everage ratio
of any perticular kind of atom is edqual to the large body ratio. For, too
many different substences were used to allow the possibility of fortultous
cen@ellation of differences in the ratlo among different elements. How-
ever, what the Eotvos experiment says 2bout the welght to mass rstio of
neutrons, protons and electrons isg not as evident. Different substances
have different relative numbers of protons, neutrons and electrons. Thus
helium has two protons, two electrons, and two newtrons. Uranium has
one hundred forty six neutrons, ninety two protons and ninety two electrons.
Now 1f protons, neutrons and electrons have different weicht to mass ratios,
then the total welght to mass ratio for the atom depends on the relative
numbers of different particles making wp the atom. To show this, let the
welght to mass ratio for the proton, neutron and electron be written as Xp,
Xn and Xe, and thelr recpective masses as Mp, Mn and Me. However, some of
the mass of the particles making up a nucleus is converted into energy on
formation of the nucleus. Let Mb be the mass equlivaelent of the released
energy and let Xb be 1ts weight to mass ratio. Since this energy is differ-
ent for each atom we denote 1t by the name of the atom in parenthesis.

Thus, for helium, the weight to moqs ratio 1s
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This expression comes ahout because XpMp 1s the proton weight, XnMn is the

neutron yelght, and so forth. On the other hand, the ratio for the
ranlufi™atom 1s

2R xp ﬁﬂr%ﬁ,@ﬂg £ 18 X M0 = Xb [HS o arammm”)
79 /t/p * T2 He F ey M, /ﬂA of Urenium 3_9’

We can write similar exprecsions for meny other types of stoms.

v To write the general expression for the weight to mass ratio of an
atom 1t should be observed that the Eotvos type experiment only applies to
neutrel atoms. Therefore in all these expressions the number of protons
equals the number of electrons. Hence, the general exvression for an atom
with Z protons and N neutrons is:
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Since Z, N and Mb can have as many different sets of valiles a here are
atoms, this expression cen only be true if Xn & ¥Xp = 75 = large
body ratio. Since Xb was used here only as e mathematital Gomfenience,
it will not be discussed further. The above equ %&¥ holds almost to the
accuracy of the Eotvos experiment itself. Now r is the weight
to mass ratio for a proton plus an electron, Thu from he Totvos type

experiment it follows that the ratio for the neutron or for a proton plus
an electron i1s equal to the large body ratip.
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To determine the ratio for protons alone or for glectrons alone
other deta 18 heeded. Essentially, icnlzed material must be welghed or
the gravitationsl deflection of free protons or neutrons must be measured.
At the end of this essay the #iifficulties of such an experiment are dils—
cussed. However, from generzl observations, it can be concluded that no
very large deviations of the proton or electron rationfrom the large body
ratio exist. Examples of such observations are thet 1o change of welght
on charging a body have ever been noticed or that proton beams show no
detectable abnormal gravitetional behavior. On the other hand, there 1s
no experimental evidence ofthe possibility of small deviations. For
example, the electron might have no weight and the proton have a welght
equal to the product of the lsrge body ratio 'and the mess of an electron
plus a protoen. Such a deviation, while beyond the observational limits
of any experiment yet performed, still exactly satisfies the reculrement
that large body ratio,

The second possible type of deviation from the law of constancy of
weight to mass ratio is that a single type of particle might have an en—
tire set of different ratios. It is only reculred that the average of these
ratios would equel the large body ratio. Such a spread could not he deter-
mined by the Eotvos type experiments because these methods glve informdtiodn
only . oh- the average properties of particles., To study this type of devi-
ation, the gravitational effect on individual particles must be measured.
The author proposed a method of doing this with neutral atoms in & previous
essey (3). It has since been pointed out that an experiment of Stern,
Estermann and Simpson (4) while performed for another purpose, and differ—
ing in some respects from the erperiment proposed by the author, gives
the same informaticn. This experiment of Stern et. al. wes carrled out to
study veloclity dlstribution in a beam. A two meter long beam of casium
atoms was produced in a very good vacuun, The gravitational force was
balanced out by a magnetic force produced by the interaction of the atomic
magnetic moment with an inhomogeneous magnetic fileld. From the vertical
deflection, the strength of the magnetic field and the ratio cof magnetic
moment to mass, the welght to mass ratio can be calculated. The average
vertical deflection gave a ratio equal to the large body ratio, as would
be expected from the previous discussion. From the spread in the veriicsl
deflections, differences in the welght to mass ratio of individval atoms
can be determined, However, the spread in vertical deflections agreed to
wlthin a few percent with the deflections expected “rom the velocity
distribution of the beam. A similar experiment with potassium atoms gave
similer results. Thus to within a few percent the welght to mass ratio of
individual cesium or potessium atoms 1s the same as the large body ratio
and no appreclable deviation of the secerd kind exists,

There is also erperimental data avallable on the welght to maes
ratio of individual neutpons. McReynolds (5) me=sured the gravitational
deflection due to the Earth's field of a beam of thermsl neutrons. Specif-
ically, the beam was twelve meters long, and deflection between two differ-
ent velocity distributions was measured. The sverage welght to masg ratio
is equel, within the experimental error, to the large body ratio in agree-—
ment with the conclusions drzwn from the Eotvos experiment. Further, the
spread in gravitational deflection is explainable by the veloclty distri-
bution. Thus, here, as with the neutrsl atoms, there is no evidence that
there 1s any veristion in the welght to mass retlio among irAdividual neutrons,
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Little can be said on experimental grounds of the poseibility of
deviations of the second kind in protons, because the average welght to
mess ratio of protons is known only very roughly. The absence of appreci-
able ratio variation in individual neutral atoms means only that no very
large deviation would be expected among individual protons. Since the
electron comprises less than one ftwo-thousandth of the mass of an atom,
nothing can be said about deviations of the second kind in electrons.

In summary, the experimental facts show that the Jlarge body weilght
0 mass ratio is ecual to the weight to mass ratio of all %types of atoms
2nd neutrons. Further, the large body ratio 1s ecuzl to the average value
of the ratio of a proton plus an electron. Also, no deviations of the
gecond kind occur in neutrons or atoms., That is, every individual atom
and individual neutron has the seme ratio. Exmerimentally the welght %o
mass ratio for protons or electrons, while not showing very large anomalles,
cannot he proven equal to the large body ratio with any accuracy.

Thue there 1s a great need for a preclse experimental determination
of the welght to mess ratio of protons or electrons. Since the ratio for
a proton plus an electron is known already, the determination of the ratio
for either particle 1s sufficlent. The Jifficulty of a direct determination
of the gravitationel deflection of a charged varticle, in an experiment
similar to the neutron or neutrsl atom experiment, is dAue to electricsal
forces belng much greater than gravitation forces. For example, one elect—
ron flve meters away from a second electron exerts as much force on that
second electron as the gravitational field does. Thus stray electrons or
lons which are elways present on the walls of an arparatus can exert suffi-
clent force to completely mask the gravitational force. Even if the surface
charges are neglected, image charges of the electron heam itself and celf
repulsion in the beam may obscure the gravitational deflection. This last
problem is avolded in a static measurement of the ratio such 78 a weighing
of lonized matter. However this last method has the additional difficulty
of reauiring a high proportion of ionized to un-ionized matter in the
sample being weighed. Of course all these problems czn be resolved to
some extent, but 1t is auestionable if an exveriment of either of the above
types cen be designed in which 2ll the adverse effects can gimultaneously
be sufficlently minimized. Prohably a completely new type of erperiment
wlll heve to he devised to messure the welght to mass ratio of the proton
or electron., Such a mercsurement may fetect a deviation from the law of
constant weight to mass ratio. If such an anomely can be shown to exist
there 1s the possibility of finding g material which would be acted upon
in an unusuval manner in a gravitational field,
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Sumnary

A fundamental law of gravitation 1g that the weight to mass ratio
of a body is independent of the nature of the body. This law has experi-
mentally been shown to be true for welghable bodies. Thls essay surveys
the experimental evidence for the epplication of this law to atoms, protons,
neutrons and electrons. It is concluded that the exverimental facts prove
the lew holds for atoms and neutrons, However, there is a possibility of
deviations from thils lew in the case of electrons and protons, since only
the ratio for an electron plus a proton has been measured. Such an anomaly
would present the possibllity of altering the behavior of matter in a
gravitetional field.
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