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Abstract

This thesis describes two pieces of apparatus designed to look for a composition-
dependent intermediate-range force. Both instruments employ variants of the torsion
balance technique. The first measures static torques by means of a capacitance bridge
detection and feedback system. The second employs a dynamic technique which looks
for shifts in the period of a torsion pendulum. Results from the static experiment,
obtained at a site with a significant slope in the terrain, have been used to place
limits on couplings to baryon number, isospin, and linear combinations of the two.
For a coupling to baryon number, we find the product of the strength, ag, and the
range, A, of the interaction to be agA = —0.04 £ 0.07m for 25 < A < 400m growing
linearly to apA = —0.05 £+ 0.09m at A = 1600 m. For longer ranges, out to 5km, we
find |ag| < 10~%. Constraints on a coupling to isospin are similar in magnitude, while
for couplings to B — L and L the limits are approximately 26 times smaller.

The dynamic apparatus has not yet been used to look for new interactions. Non-
linear behavior was found to be a major source of systematic error. This behavior may
have contributed to one of the early positive results in this field for which no expla-
nation has been found. The behavior was characterized and steps taken to minimize
such effects.

The final portion of the thesis is a review of experiments looking for departures
from Newtonian gravity over ranges of meters to kilometers. Current limits constrain
departures from the Newtonian inverse-square law at terrestrial scales at the level of
one part in 10° (1o). There is also no evidence for the existence of any composition-

dependent effects at these ranges.
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Beyond Gravity ...:
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On page 18, in line 2, “Second, Keyser, et al., noted .. .” should read “Second, Keyser,
et al. [40], noted ...”

On page 32, Equation 2.13 should read:

el (2) (2]
r Hi H2

in line 15, oy = fz/(;m%’ should read |ap| = f2/G’m§,3 and Equation 2.14 should read:

I(lcl < 10_5.

On page 42, in line 9, “We follow the convention of Fischbach and ...” should read

“We follow the convention of IFischbach, et al. [157], and ...”, where Reference 157
(to be added on page 212) is given by:

[157] E. Fischbach and C. Talmadge, Modern Physics Letters A 4 (1989) 2303-2315.

On page 47, in line 3 of footnote I, “...the book by Strong [84] which ...” should
read “...the book by Strong [84, See chapter 5] which ...”

On page 48, in line L. “...thus we expect the sensitivity, in general, to scaic roughly
as ..." should read “...thus we expect the sensitivity, in general, to scale roughly as

88] ...”

On page 63, in lines 2 and 3 of Table 3.3, “... values for ethylene and and long-clain
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based on Reference 85.”
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on References 113-119).”
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The Princeton Experiments



Chapter 1

Introduction

During the past two decades, considerable attention has focused on the possibility of
a new fundamental interaction which would act over ranges of meters or kilometers.
The initial impetus for this interest came from various theoretical speculations which
suggested the possibility of finite-range scalar and vector partners of the inﬁnite-rangé
graviton [1-5]. In particular, Fujii extensively considered a scalar-tensor gravity the-
ory where symmetry-breaking arguments suggested a range of several kilometers for
the scalar component [3]. Another interesting line of speculation came from Scherk
who, working in the context of supersymmetric gravity theories, considered both mas-
sive vector and scalar partners of the graviton [6-8]. All of these speculations sug-
gested that a new interaction was likely to have roughly gravitational strength. Thus,
its existence would imply noticeable departures from the Newtonian inverse-square
law on terrestrial scales. Although none of these theoretical ideas could be considered
compelling, they served to highlight the lack of precise experimental constraints on
the behavior of gravity at these distances. In fact, it was realized that direct ob-
servations could not exclude departures from Newtonian gravity as large as 40% of
gravitational strength [9] when the first of these new interactions was suggested.

In order to clarify the situation, several experiments were designed and carried out
to test for gravitational departures from 1/,.2 behavior at laboratory and terrestrial

scales (i.e., from centimeters to meters, and meters to kilometers, respectively) [10~
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15]. By the early 1980’s, attention was drawn especially to geophysical experiments
which measured the gravitational acceleration as a function of depth beneath the
earth’s surface. These measurements suggested a departure from the gravitational
inverse-square law at the 1% level over distances of hundreds to a thousand meters.

In 1986, interest in this area was further heightened when Ephraim Fischbach
and his colleagues published results from a reanalysis [16] of the E6tvos experiment
[17]. The Eotvos experiment (hereafter referred to as EPF) was performed by Baron
Roland von Eo6tvos and his co-workers Pekar and Fekete during the first decade of
this century. EPF compared the gravitational acceleration of numerous test bodies
towards the earth. The data was originally interpreted as a null result, showing
no variation in the gravitational acceleration due to composition, at the level of
5 parts in 10°. Later refinements of the experiment by Roll, Krotkov and Dicke
(RKD) (18} and by Braginsky and Panov (BP) [19] extended this limit to 3 parts
in 10" and 9 parts in 10'3, respectively, thus establishing the equivalence principle
for gravitational and inertial mass to great precision. To everyone’s surprise, the
Fischbach reanalysis revealed a striking dependence of the EPF data on the baryon
content of the comparison materials.

The apparent conflict of the reanalyzed EPF data and the later experiments can
potentially be resolved by noting that the RKD and BP experiments looked for a
composition dependence in the gravitational acceleration of test bodies towards the
sun. Thus they were only sensitive to composition-dependent effects acting over
distances of 1.5 x 108 km or more. In this light, the correlation found in the EPF
data to the baryon content of the comparison materials does not indicate a violation
of the equivalence principle for long-range tensor gravity but is consistent with the

presence of a new interaction acting over terrestrial scales. Thus the Fischbach group
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proposed a new interaction, the fifth force, coupling to the baryon content of normal
matter as an explanation for both the EPF and anomalous geophysical results. Since
the publication of their analysis, over 20 additional experiments have been conducted,
and many more proposed, to look for a composition dependence or failure of inverse-
square law behavior in gravity.

The first part of this thesis will consider the motivations for new intermediate-
range interactions and describe two torsion balance experiments which have been
designed and built at Princeton to look for composition-dependent effects. The second
part provides a review of the experimental work conducted since 1986 to search for

new interactions with ranges of meters to kilometers.

1.1 Departures from Newtonian Gravity

Our basic notions of gravity, in the classical limit, have persisted unchanged since
Newton published the Principia in 1687 [20]. Newton’s law of gravitation contains
two fundamental principles
o That there is a power of gravity tending to all bodies, proportional to the several
quantities of matter which they contain.?

o In two spheres mutually gravitating each towards the other, if the matter in
places on all sides round about and equi-distant from the centres is similar,
the weight of either sphere towards the other will be reciprocal to the distance
between their centres.?

which are embodied in the familiar force law

Gm1m2 (1 1)

!Book 111. Proposition VII. Theorem VII.
2Book III. Proposition VIII. Theorem VIII.
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Newton further observed® that the force of gravity on different bodies towards the
earth appeared independent of their composition. Thus the mass defined by New-
ton’s second law F' = ma and that in the gravitational law were equivalent. In the
Newtonian theory, this could only be viewed as an interesting coincidence. Einstein,
however, elevated this principle to much greater importance when he used it as a
basis for his General Theory of Relativity [21].

The question of whether the gravitational force is independent of composition is
an age-old theme in physics. Galileo may or may not have tested it by dropping balls
of varied composition from the leaning tower of Pisa but he did consider the rate at
which such balls rolled down an inclined plane [22]. Newton and Bessel considered
the periods of simple pendula [23]. Over the years many investigators pursued tests
of the equivalence principle to successively greater degrees of precision. These tests
culminated in the high sensitivity torsion balance experiments of this century which
were briefly described above. These experiments, however, all concentrated on long-
range gravity. Furthermore, the 1/.2 description of gravity was rooted in the motion
of the planets. Until recently, little attention was paid to what might happen at

shorter ranges.

1.2 A Yukawa Potential

We will consider a Yukawa interaction mediated by a massive gauge boson. If the
boson has mass m;, then the interaction will be apparent over a range given by its

Compton wavelength

A= (12)

mbc'

3Book 111. Proposition VI. Theorem VI.
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If we consider boson masses in the range 0.02-200neV, the interaction will act over
distances of 1m to 10km. Since, among the known fundamental interactions, it is
only the gravitational force which acts between neutral objects at these distances, it
has become standard to treat such an interaction as part of a total “gravitational”
potential, irrespective of whether it is intrinsically associated with gravity or not.

Such a potential is the sum of a Newtonian and a Yukawa term which we write as
Goomlmg =y !
V(r)=—"2"122 (1 + ae™'h) (1.3)
”

where G is the Newtonian gravitational constant and « and A are the strength and
range parameters describing the new interaction. The corresponding force between

two test masses is then

F(r) = ~G=mime [1 iy (1 + %) e*'/A] . (1.4)

P2

1.2.1 Composition-Dependent Aspects of the Yukawa Potential

The above description emphasizes the 1/.2 nature of a departure from Newtonian
gravity at the expense of any composition-dependent aspects of the interaction. In
general both features may be present. If the interaction couples to some charge C
of matter and C; and C; are the charges of the two masses in Equation 1.3, then
« contains information about the proportionality of that charge to the mass of each

object and the intrinsic coupling strength of the interaction, ag. Thus we define

- ()(2)

where the (Ci/m) ’s give the charge per unit mass. Any equivalence principle violating

effect is completely contained in a.
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1.2.2 The Experimental Value of G

We also note that, for mass separations much smaller than the range of the Yukawa

contribution, the force between two masses is given by:

Goomima (1 4+ &)

r2

(1.6)

F(r)y= —

Our best experimental value for the Newtonian gravitational constant comes from
the torsion balance experiment of Luther and Towler [24]. This experiment measured
the force between gravitating masses at a separation of Tcm. In the presence of
an interaction coupling to bulk matter and acting over distances of meters or more,
their value, Gy = (6.6726 £ 0.0005) x 1078 cm®sec™?g~1, does not represent the true

Newtonian gravitational constant. The relationship between the two is given by

Glab
Gy =
(1+«)

(1.7)

which must be taken into account in any calculations.

1.3 Departures from the Inverse-Square Law

In 1981, Stacey and Tuck [13] published a survey of borehole, mine, and marine mea-
surements of the variation of the gravitational force as a function of depth beneath
the earth’s surface. The observed variations were consistent with the value of G be-
ing O(1%) larger than the standard laboratory value. A careful exposition of this
Airy method to determine G will be left to Chapter 6. For the moment, we note
that, if these borehole measurements are treated as indicative of new physics, they
can be readily explained by the presence of an intermediate-range repulsive interac-
tion. In this scenario, a test mass on the earth’s surface will experience an effective

gravitational acceleration which is smaller than the purely Newtonian acceleration.
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(a) . (b)

Figure 1.1: (a) Acceleration on a test mass on the earth’s surface where the shaded
region is within range to contribute to a short range repulsion. (b) Deep inside the
earth short range repulsions from the two shaded regions above and below the test
mass cancel leaving a net acceleration due only to Newtonian gravity.

At depths greater than the range of the interaction, short range repulsive contribu-
tions from the material immediately above and below the test mass approximately
cancel (See Figure 1.1). Thus the value obtained deep inside the earth will roughly
correspond to the purely Newtonian value of G.

The reliability of the measurements considered by Stacey and Tuck was not imme-
diately clear, however. It was suggested that the observed trend could be explained
by a systematic error in the measurement of rock densities in the geological layers
through which the boreholes passed. This would lead to an incorrect calculation of
the expected Newtonian gravity profile below the surface. Holding and Tuck {14] con-
ducted an experiment in 1984 at the Hilton mine in Queensland, Australia where they
carefully addressed this issue. They obtained data which also appeared to disagree
with the laboratory value of G. The scale of the Hilton experiment was determined

by the approximately 1 km depth of the borehole. In terms of a Yukawa coupling, the
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Hilton results suggested a departure from Newtonian gravity over ranges of hundreds
of meters to a kilometer or so.

In addition to the geophysical analyses, several reviews of extant data providing
information on gravitational departures from l/.2 behavior were carried out from
the mid-1970’s to the mid-1980’s [9,25-28]. These reviews covered all ranges for
which gravitational data was available. Figure 1.2 summarizes the limits that were
inferred from tests at laboratory, terrestrial and astrophysical scales. More detailed
information on how these various limits were set can be found in Appendix A. The
important feature of the figure from our point of view is the substantial window just
above the laboratory scale with no significant limits on possible interactions at the
level of a percent of gravitational strength or smaller. Note, in particular, that the
initial results from the Hilton mine experiment were not in any conflict with limits

from other sources.

1.4 The Role of the Eotvos Experiment

Because of the importance of the E6tvos technique to current composition-dependent

searches, we will take a few moments to consider that experiment in some detail.

1.4.1 Principles of the Eotvos Experiment

The principles of the E6tvos experiments are demonstrated in Figure 1.3. Two test
masses, A and B, of different composition are suspended from opposite ends of a
torsion balance arm. The key to the original EPF experiment is that the total force

exerted on each mass results from the sum of a gravitational force and an inertial

4In order not to confuse the reader about the current experimental situation, it must be mentioned
that, in light of more recent developments, these early Hilton mine results are no longer considered
compelling.
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Figure 1.2: 1o limits on departures from the gravitational inverse-square law. This
assumes a single Yukawa term added to the Newtonian potential as given in Equa-
tion 1.3. The upper plot is for positive values of the strength parameter, a, corre-
sponding to an attractive interaction while the lower plot is for a repulsive interaction.
Excluded regions are above the solid limit curves in the upper plot and below the
solid limit curves for the lower plot. The range of interaction strengths consistent
with the early mine results are enclosed by the pair of dashed lines.
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(@) (b)

Earth

Sun
(6 am.)

Figure 1.3: (a) The principle of the E6tvés experiment; (b) as carried out by E6tvos,
Pekar and Fekete; (c) as carried out in the Roll, Krotkov, Dicke and Braginsky, Panov
experiments.

force which are acolinear. We can obtain the size of the effect on the two objects,
which have gravitational masses m4, and mp, and inertial masses m,; and mp;,
by considering the conditions for static equilibrium of the balance—for a long thin
suspension fiber the net force and torque vectors must lie along the axis of the fiber.

The net force and torque on the balance are given by:

F = (mag+mpy)§+ (mai +mp:)@. (1.8)

7a X fa+78 X fB

~,
|

= (magTa + mpyTB) X §+ (Maifa + mpiTB) X @, (1.9)

where 74 and 75 are the position vectors of A and B, and d. is the centrifugal force

field. Since we require these vectors to be parallel, the magnitude of the observed
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torque may be written as:

=~

|7] = F- (1.10)

—

=h

In our case g > a. and the magnitude of the force along the wire is approximately
lﬁl = (m4y + mpy) g. Taking the origin of our coordinate system as the point midway

between the centers of the two masses, we obtain to lowest order:

lflzm(mBi - m’“)FB- (acd) (1.11)
mpg Mg g

where

_ MAgM By
T (1/2) (mag + mpy)’ (1.12)

m
Clearly, a non-zero torque requires a breakdown in the equivalence of gravitational
and inertial mass for the two test bodies. Since the centrifugal field points outward
from the axis of the earth’s rotation, we see that the maximum signal is obtained
when the arm of the balance is oriented in an East-West direction. We also require
the balance to be located at a latitude such that there is a significant component of
the centrifugal force in the plane of rotation of the balance. Such a situation is shown
in Figure 1.3(b).

A crucial facet of this experiment is the fact that there is no way in which to make
a measurement with the signal source turned off. Note, however, that upon rotation
of the entire balance by 180°, the signal reverses sign. Thus a real world measurement
requires comparing the torques measured in two different configurations—switching
between these configurations without introducing extraneous systematic effects is one
of the primary challenges to the experimentalist. The Dicke, et al., and Braginsky and

Panov experiments avoided this systematic difficulty by comparing the accelerations

of the test masses in the gravitational field of the sun and utilizing the earth itself



CHAPTER 1. INTRODUCTION 13

as a gigantic, ultrastable turntable. Their experimental arrangement is shown in
Figure 1.3(c). In this case the arm of the torsion balance is oriented in a North-South
direction and the accelerations of the two masses towards the sun are compared at 6
a.m. and 6 p.m. A failure of the equivalence principle couples directly into a torque

around the fiber axis.

1.4.2 The Reanalysis of the E6tvos Experiment

The 1986 reanalysis of EPF by Fischbach, et al. [16], demonstrated a strong correla-
tion between the baryon content of the materials used by E6tvés and the signals he
obtained. Their initial motivation for the reanalysis was an apparent energy depen-
dence in the parameters of the neutral kaon system which could be explained by an
interaction coupling differently to the particle and antiparticle [29-32]. One expla-
nation for such a dependence is a hyperphoton field coupling to the strangeness or
hypercharge (Y=B+S) of the kaons (This is discussed in more detail in Chapter 2).
Fischbach, et al., noted that a hypercharge coupling in the kaon system would imply
a coupling to baryon content for normal matter. They asked the question of whether
other data from existing experiments might shed further light on such an interac-
tion. Since the baryon content of normal matter is a function of the binding energy,
the effect of such an interaction is composition-dependent and should be apparent as
a violation of the equivalence principle. Hence the reanalysis of EPF. In addition,
the vector nature of such a coupling guarantees a repulsive interaction between like
charges. A massive hyperphoton field was thus consistent with the observed depar-

tures from Newtonian gravity in the borehole measurements of G.
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Comparison Materials 103A (B/#) 102An

Cu-Pt +0.94 +0.4+ 0.2
Magnalium-Pt +0.50 +0.4£ 0.1
Ag-FeSO, 0.00 0.0+ 0.2
Schlangenholtz-Pt -0.50 -0.1£ 0.2
Asbestos-Cu -0.74 -0.3£ 0.2
CuS04-5H,0-Cu -0.86 -0.5+ 0.2
CuSOy(soln.)-Cu -1.42 -0.7+ 0.2
Water-Cu -1.71 -1.0+ 0.2
Tallow-Cu -2.03 -0.6+ 0.2

Table 1.1: The Eotvos results as reanalyzed by Fischbach, et al. [16].
1.4.2.1 The Eo6tvos Data

Moving now to the EPF data, Table 1.1 lists the pairs of materials that were com-
pared by EPF and their baryon content differences. Dicke, et al. [18], noted in 1964
that there was a spread in the EPF data that was somewhat larger than might be
expected from the quoted standard errors. They attributed it possibly to some sort
of “systematic disturbances of the [torsion] balance.” In particular, they expressed
concern over the fact that, for an observer to approach the Edtvos apparatus in thé
proper position to make an observation, the gravitational torque exerted by the ob-
server would be large enough to perturb the measurement. Bod, et al. [33], note
that Eotvos was aware of this problem and that measurements were made rapidly
with respect to the torsion balance natural frequency to minimize such an effect.
There seems little else that E6tvos and his colleagues could have done other than
state their results as a limit on the equivalence of gravitational and inertial mass,
irrespective of any misgivings they, themselves, might have had about the spread of

their data points. Certainly they could not have been expected to find a correlation
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Figure 1.4: The baryon dependence of the E6tvos data as demonstrated by Fischbach,
et al. [16].

to baryon content when that concept would not be developed until decades after their

experimental work was complete.

1.4.2.2 Some Details of the Reanalysis

The range of baryon contents of the materials tested by EPF provided an important
probe of the hypothesized interaction. The correlation between the EPF signal and
the baryon content is plotted in Figure 1.4. The correlation by itself is highly sug-
gestive. Nevertheless, the sensitivity of the EPF experiment to such an interaction
must be carefully considered before we can say that the correlation is indeed due to
such an interaction. The initial analysis by Fischbach, et al., assumed a uniform and

spherical earth as the source of the new interaction. In this scenario, the acceleration
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vector due to a new interaction lies along the same line as g which is acolinear with
the effective local gravity vector, gessy = § + @.. Again applying the conditions of
static equilibrium to the torsion balance we arrive at the analog of Equation 1.11:

|7| ~ mis - [(a,,s — @ps) X (9-!!-)] (1.13)
Geff

where @45 and dps represent the fifth force accelerations on the two masses each with
mass m. Unfortunately, this model is wrong. Torsion balances are intrinsically sensi-
tive to horizontal forces. As was pointed out by Eckhardt [34], for an ideal rotating
earth in hydrostatic equilibrium, the force due to an intermediate range interaction
will be perpendicular to the local surface (See Figure 1.5). Thus it will be precisely
parallel to the direction of g.ss, and no torque will be felt by a torsion balance. Thus
an EPF-type experiment is sensitive only to departures of the local mass distribution
from hydrostatic equilibrium [35-38]. One sees immediately that the ideal situation
is to place a torsion balance apparatus looking for such an interaction next to a large
topological feature on the earth’s surface. This provides a large horizontal compo-
nent of the force due to any new interaction—a location halfway down the face of a
cliff of extent greater than the range of interest provides the maximum signal (See
Figure 1.6). This sensitivity to local mass distributions made a quantitative inter-
pretation of the EPF results impossible without detailed information about the local
topology of the Budapest site at which the work was done.

Before proceeding further, it should be noted that there were several points of
contention over this analysis. Since the issues received so much attention at the
time, they will be briefly summarized here for completeness. First, it was noted
by Thodberg [39] that, in the context of the spherical earth model, the Fischbach
group made a sign error which made the interaction appear repulsive, in agreement

with the borehole results. The proper sign indicated an attractive interaction. The
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Figure 1.5: The torsion balance signal from an intermediate-range interaction: (a)
in a spherical earth approximation, one incorrectly assumes that ge;; = g + @. and
ds are acolinear; (b) consideration of an earth in hydrostatic equilibrium, gives no
horizontal component of an intermediate range interaction and thus no signal in an
EPF experiment; (c) local mass distributions uniquely determine the torsion balance
signal.
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d»A
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h»A

Figure 1.6: The ideal torsion balance experiment where the balance is located at the
middle of the face of a cliff which extends for distances much larger than the range
of the interaction in all three dimensions.

dominant sensitivity to local mass distributions, however, makes this point moot.
Second, Keyser, et al., noted the omission of some of the EPF data—in particular,
the tallow and schlangenholz points were originally omitted because of uncertaint);
in their precise compositions. Also a comparison of radioactive RaBr; in a brass vial
versus platinum was omitted. Each of these data was subsequently dealt with to
everyone’s satisfaction. Finally, perhaps a more questionable omission was the set of
data obtained by E6tvos’ student Renner. These data were thoroughly reviewed by

Dicke, et al. [18], who found that the quoted statistical errors had been uniformly
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underestimated by roughly a factor of 3.5 Keyser, et al. [40], and Fischbach, et
al. [38], have considered the Renner data in terms of a baryon coupling. If the
questions just raised about the data are ignored, the central values obtained do not
show such a correlation. The lack of a correlation, however, may be attributed to
the fact that the terrain at the location of the Renner experiment was much more
symmetric than at the Edtvos site [33]. Thus, none of these considerations affect the
fundamental issue of a baryon content dependence in the EPF data which needs to
be explained.

An alternative explanation of the EPF correlation was proposed by Chu and
Dicke [41]. They suggested that a thermal gradient across the EPF apparatus would
lead to a pressure gradient since the experiment was not operated under vacuum.
Such a gradient could couple into a torque on the balance if the masses at each end
were of different cross sections. If the gradient were steady in time and its direction
determined by external features of the room in which the experiment was operated,
the signal obtained would mimic a real signal upon rotation of the apparatus. Chu
and Dicke were able to make a reasonable fit of the EPF data in this scenario using
cross sections for the masses based on information provided by reference [17]. As
pointed out by Fischbach, et al. [42], however, the mechanism by which a constant
thermal gradient could be maintained over thousands of hours [33] of operation time
is unclear.

To summarize the information provided on new interactions from the reanalysis
of EPF, all that can be said is that a correlation corresponding to a specific form
of composition dependence, baryon content, was found. At the time when new ex-

periments were starting to attack the situation, there was insufficient information

5They also expressed concern over the fact that the scatter of the individual data points was too
small to be representative of the proper statistical errors.
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available to say anything concrete about the range of the interaction based on that
data. A possible explanation requiring no new physics had been proposed but was
certainly no more compelling than the explanation requiring new physics. This last
comment is made somewhat tongue-in-cheek because the innate point of view of the
physicist is that no new physics should be introduced until there is a substantial de-
gree of certainty that the framework of standard physics simply cannot accommodate

the observations.

1.5 New Experimental Efforts

After the EPF reanalysis, the need for new experimental tests to clarify the situation
was very plain. Immediately upon publication of the Fischbach article, a range of ex-
periments covering the geophysical and composition dependent effects were proposed
and pursued at a number of institutions. In view of the fundamental importance
of the E6tvos results, we decided to pursue a new round of torsion balance experi-
ments at Princeton, d la Dicke, to search for an apparent violation of the equivalence
principle.

The correlation of the EPF data to baryon content suggested that any new ex-
periments should carefully choose the comparison materials in order to maximize
sensitivity. Since the mass of normal matter scales nominally as the baryon number
of the material, this requires considering departures from this proportionality, i.e.,
considering the binding energy differences of the comparison materials. Clearly the
maximum contrast occurs between samples of iron and hydrogen. These materials,
however, are not well-suited for incorporation into an apparatus for measuring small

differential accelerations. Table B.1 in Appendix B lists the baryon content of the
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stable elements. It also lists the “isospin”® and “B-L” contents which will be of
interest in later discussions. A reasonable choice for a high baryon content material
is copper. Although not the easiest material to machine, copper parts can be man-
ufactured very readily. Also, the availability of high purity forms, makes it a prime
candidate from the point of view of being able to minimize systematic effects from
ferromagnetic impurities. A choice for a low baryon content material is somewhat
more difficult to arrive at. Of the metallic elements with low baryon content, Li is a
poor choice because of its high reactivity on contact with moisture. Beryllium offers
a viable choice, although particular care must be taken when machining it due to its
carcinogenic properties. A final class of possibilities are plastics with their intrinsi-
cally high hydrogen content. These materials are often easily machined or can be
molded into the necessary component shapes. We chose polyethylene, -CH,-, which
maximizes the hydrogen content of the plastic and is easily machined as our low
baryon content material. This choice yields A (B/u) = 2.3 x 1073, This is to be
compared with A (B/u) = 2.5 x 1072 for copper vs. beryllium or iron vs. beryllium,
and the maximum contrast of A (B/u) =9 x 1073 for iron vs. hydrogen.

Two pieces of apparatus for composition-dependent searches have been constructed
at Princeton. Both utilize a torsion balance, however they differ in their methods of
detecting torques. The first is a variant of the Cavendish experiment [43] which looks
for static angular displacements of a torsion balance due to an external torque. In our
case, instead of measuring the angular displacements, an electronic feedback torque
is applied to the balance to maintain it in its equilibrium position. The size of the

feedback torque then is a direct measure of any external torques acting on the system.

6Note that the isospin values quoted in the table are the negative of 3. This is a convention that
has been universally adopted in these searches, presumably since it makes the isospin value for most
bulk matter positive.
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Our second experiment employs the method of Boys [44]. In this type of experiment.
the frequency of the torsion pendulum is measured. If an external field is present
which increases (decreases) the restoring torque on the balance then the frequency
of oscillation will increase (decrease). Figure 1.7 illustrates the two techniques in
the context of a terrestrial source experiment. Part (a) shows the Cavendish-type
technique where the “composition dipole” axis of the torsion balance is oriented per-
pendicular to the line joining the centers of mass of the torsion balance and the source
mass. In this scenario, the torque on the balance is measured in one orientation and
then the entire apparatus is rotated precisely 180°. If there is an external differential
force acting on the balance, then the sign of the measured torque will reverse. In part
(b) the Boys-type technique is shown. Here the dipole axis of the balance is oriented
parallel to the line joining the centers of mass of source and balance. If there is a dif-
ferential force on the two masses, the restoring torque for the oscillation will increase
(from the value due to the fiber alone) in one orientation and decrease in the other,
leading to a difference in the oscillation frequency between the two orientations.

In order to make a precision measurement, it is necessary to minimize the sensi-
tivity to the Newtonian gravitational field. Thus the current torsion balance efforts
typically utilize balances for which the mass distribution is cylindrically symmetric
or is composed of discrete masses mounted in a pattern which reduces the sensitivity
to gravitational gradients through several multipole orders. A major challenge asso-
ciated with this comes from maintaining the necessary mechanical tolerances while
making the two halves of the balance from different materials which typically have
substantially different densities.

Further details of the techniques and results from our two pieces of apparatus will

be found in Chapters 3-5.
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(a)

(b)

Figure 1.7: (a) Sketch of the Cavendish arrangement which looks for a shift in the
static angular displacement of the torsion balance upon a rotation of the apparatus
by 180°%; (b) the Boys arrangement which looks for a shift in the torsion balance
frequency upon a 180° rotation of the apparatus.
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Chapter 2

Theoretical Speculations

In this chapter we survey several theoretical suggestions for new fundamental in-
teractions. These speculative ideas come from two main sources. The first is high
energy physics where, over the years, a variety of new particles and interactions have
been proposed in attempts to explain specific observations not fully accommodated
by existing theory. Attempts to unify the four known forces of nature into a sin-
gle, quantum-mechanically satisfactory framework provide another bountiful source
of such suggestions. Our current understanding of spontaneous symmetry-breaking
provides a mechanism for the bosons mediating any new interactions to acquire mass
and thus act over finite ranges. It is particularly interesting that simple symmetry-
breaking arguments suggest the terrestrial scale as an interesting place to look for
new physics.

Before beginning our survey, a couple preliminary comments are in order. First,
what is presented here is not intended to be, in any way, an exhaustive review of
theoretical concepts and possibilities, but rather a brief look at several ideas which
seem particularly relevant and illuminating to our search for intermediate-range in-
teractions. Secondly, we emphasize, yet again, that all of the possibilities mentioned
here are purely speculative. The existence of any of these proposed interactions is

ultimately an experimental question.-
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2.1 Some Scalar Interactions

It has long been wondered why we see no long-range fundamental scalar interaction
[45] when both vector and tensor interactions of that type are present. This was the
impetus for the development of the Jordan [46] and Brans-Dicke [47] scalar-tensor
theories of gravity. Furthermore, Brans and Dicke noted that a long-range scalar
contribution to gravity could allow general relativity to be made compatible with
Mach’s principle [48-50]. Nevertheless, no evidence for such an interaction has ever
been seen. In 1970, Wagoner considered a more general form for scalar-tensor theories
of gravity [1] which included the Brans-Dicke theory as a special case. Wagoner’s
formulation led, in the static limit, to a gravitational potential with both the standard
Newtonian part and a contribution from the scalar field which plausibly had finite
range. He assessed the existing observational constraints on the theory and found
that scalar coupling constants only slightly weaker than the tensor coupling constant

were possible.

2.1.1 Dilatons

Fujii also considered the possibility of a scalar field coupled with tensor gravity [2,3].
Fujii’s scalar particle was the Nambu-Goldstone boson associated with scale invari-
ance, the dilaton. This possibility has also been considered, more recently, by Peccei,

Sola and Wetterich [51]. The dilaton mass is found to scale as:

2

~ L
myg =~ MP, (2'1)

where Mp is the Planck mass and g is an undetermined mass scale. It is argued
in both cases that a plausible value of the dilaton mass may be obtained by by

considering ¢ to come from hadronic physics This makes g on the order of Agep and



CHAPTER 2. THEORETICAL SPECULATIONS 26

leads to interaction ranges on the order of kilometers. Perhaps the most intriguing
aspect of Fujii’s speculations was the rather precise prediction for the deviation from
the Newtonian inverse-square law that resulted. His interaction generated a potential

given approximately by:

G 1 _» 3G 1 _»
~ U _-/A)=__9( _-/A) .
V(r) . (l + 3¢ ™ 1+ 3¢ (2.2)

where G, is the proper Newtonian gravitational constant that would be measured
outside the range of the second term while Gy is the value of G that would be mea-
sured by a Cavendish type experiment operating at separations of laboratory scale.
O’Hanlon, eschewing a quantum mechanics based theory, developed a classical ana-
logue of Fujii’s theory including a mass term for the scalar field with precisely the
same form for the potential [4]. The large coupling to such a scalar field was quickly
excluded for the boson mass range suggested by Fujii (See Figure 1.2). At very short
ranges, i.e. smaller than a few millimeters, this form cannot be ruled out. How-
ever, probes that operate between the high energy scale and the laboratory scale are
difficult to devise leaving a large region of the o — A plane unexplored.

The dilaton interaction suggested by Peccei, Sola and Wetterich was constructed
to provide a mechanism to solve the “cosmological constant problem,” i.e., as a
method to drive the vacuum energy density to zero. Their dilaton, the cosmon,
couples primarily to mass but has equivalence principle violating corrections which
effectively couple to baryon number and the third component of isotopic spin. In
what they consider to be the most likely scenario for their coupling, the effective;

charge of normal matter looks like:

C'nucleua ~ f [""‘ —-oB-§ (N - Z)] (23)
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where f is a strength parameter and o and §é specify the relative contributions from

the baryon and isospin portions of the interaction. Peccei, et al., give

o () 1 1
l:— i — =1l == 2.4
my my 20 250 ( )

as the hierarchy of these contributions to the interaction. Although the composition-
independent part of this interaction dominates, it would probably be easiest to detect
in a composition-dependent experiment due to the much greater precision with which

a differential force measurement can be made.

2.1.2 Axions

Another particle that can potentially lead to long range interactions between normal
matter is the axion [52,53]. The axion is the Nambu-Goldstone boson associated with
Peccei-Quinn symmetry-breaking—a mechanism to solve the “strong CP” problem of
QCD.! Moody and Wilczek have examined in detail the possible manifestations of
the axion in intermediate-range force experiments [56,57]. The axion has pseudoscalar
couplings to fermions and because of instanton fields can also couple to quarks via
a CP-violating scalar vertex. This leads to the possibility of three types of axion-

mediated static interactions which are distinguished by the combination of interaction

! The strong CP problem arises when quantum chromodynamics is combined with the electroweak
theory in the standard model. There is a P and CP violating term in the QCD Lagrangian which, in
the limit of massless quarks, can be transformed away but which, in the real world, is potentially non-
zero (See, for example, the discussion of Kolb and Turner [54, Chapter 10]). Such a CP-violating term
should lead to an electric dipole moment of the neutron. This can be seen classically by considering

the transformation of &- £ under CP: - E S5 —5. E. The experimental limit on this value for the
neutron is EDM < O (10~2% — c¢m) [55]. We can make a rough estimate the size of a CP-violating
parameter in QCD by a simple dimensional argument: EDM = e - £ - ©¢cp_yiolating, Where e is the
electric charge, £ is a distance determined by QCD, and © is the CP-violating parameter. Taking £
as the hadronic scale gives EDM =~ 10~1*@e — ¢m which implies that the CP-violating parameter
is 10~10 or less. Why so small? In the context of the axion, the Peccei-Quinn symmetry-breaking
mechanism dynamically forces this parameter to zero.
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vertices which contribute. They are:

Vinonemon (r) = —Ttfemmer (2.5)

Voonety () = =g ($22) (25 (224 5) o (2.6)

Viran () = —1= (%) (22) [61-00) (B2 + 5 + T )
—(61-7) (62 7) (ﬁ:- + 3:',:“ + %)] gmar (2.7)

where g, and g, represent scalar and pseudoscalar coupling constants, respectively, m,
is the axion mass, ¢ is the spin vector, and M is the mass of the fermion to which the
axion couples. The first is a monopole-monopole coupling which would be evident as a
coupling between nucleons. The second is a monopole-dipole coupling which could be
detected as a coupling between bulk matter and spin-polarized material. The third
type leads to spin-spin interactions. Equation 2.5 gives the coupling of particular
interest to.us since it would be the source of an interaction coupling to bulk matter.
Since it represents a coupling between nucleons it will scale only approximately as
the mass and would be detectable, in principle, as a deviation from 1/.2 behavior in
a composition-independent test of Newtonian gravity or as a baryon dependence in
an Eotvos-type experiment. This assumes that the axion mass is such that it would
actually be detectable in these macroscopic experiments.

There are two parameters which specify the mass and couplings of the axion. The
first is the Peccei-Quinn symmetry breaking scale, Fpg. The second is the QCD
CP-violating parameter, ©. The discussion in Footnote 1 of the previous paragraph
gives the accepted upper limit on the CP-violating parameter © ~ 10~'°, In terms
of these parameters, the coupling constant for an axion-mediated coupling between

nucleons is [56]:

© 2m,my
Fpq (my + my)

JonN = 5 (N |V) (2.8)
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where m,, and my are the masses of the up and down quark and {N| ¢ |N) is the pion-
nucleon ¢ term. If we take (N|o |N) =60 MeV, m, ~4.5 MeV, and myq =7.5 MeV,

this yields:

GINN 2 © ’ '
=22 =63M —_— 2.9

ym 63MeV ( qu) (2.9)
The mass of the axion is approximately determined by the inverse scale of QCD and

the scale of the symmetry-breaking according to [54]:

A2
me & —2C8 (2.10)
Fpq

With this last relation, it should be noted that the coupling constant given in Equa-
tion 2.8 is proportional to the axion mass. As is pointed out by Kolb and Turner,
the Peccei-Quinn symmetry-breaking scale is unspecified from the point of view of
resolving the strong CP problem and could plausibly lie anywhere between roughly
the weak scale and the Planck scale. This gives rise to potential axion masses in the
region | peV-1MeV corresponding to Yukawa ranges of 200 fm-200 km. High energy
experiments, however, constrain the mass to lie below about 10 keV. Furthermore,
if the axion mass were less than about 1 ueV, then the mass density due to axions
in the universe would exceed the critical density. Finally, consideration of the cool-
ing of the cores of stars further constrains the axion mass to lie between 1 ueV and
I meV or around a few eV. This corresponds to ranges of hundreds of microns to
tens of centimeters in the first case and submicron ranges in the second (The reader
is referred to Chapter 10 of reference [54] which provides a comprehensive summary
of these constraints and continuing experimental efforts.). For an axion of mass in
the 1076-10~% eV mass range, Equation 2.9 implies coupling strengths in the range
10=%4-107%. If we write this in terms of o as given in Equation 1.3, this corresponds

to a &1076-10712,
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Thus we see that the axion coupling provides a route to couplings weaker than
gravity. Furthermore, the coupling to nucleons described here is expected to yield
exactly the sort of baryon number dependence noted in the EPF data. Its range,

however, is too short for it to be a candidate for the interactions of interest here.

2.1.3 Axion-like Scalars

By axion-like scalars, I mean Nambu-Goldstone bosons which arise from the breaking
of some global symmetry and which have induced scalar couplings because of the
CP-violating term in the QCD Lagrangian described above. Chang, et al. [58], have
considered these couplings in the context of equivalence principle violations. The
phenomonology of such interactions closely parallels that of the axion but with the
details of the couplings being specific to the particular model. Nevertheless, couplings
which are weaker than gravitational strength are likely, as is exemplified by the axion,
because they vary inversely as some potentially large symmetry-breaking scale. A
general expression for the mass of the boson in such models as:

Om,
mbz—-"LF@ (2.11)

where mgq is a mass which might be as large as the top quark mass. If mg is taken
to lie somewhere in the region 10 MeV-100 GeV and F in the region 10°-10!? GeV

(as is suggested by axion limits), this gives interaction ranges from less than 1 m to

10* km.

2.1.4 Other Sources of Scalar Interactions

Taylor and Veneziano [59] have considered the scalar dilatons which naturally arise
in string theories. These dilatons couple naturally to mass, but radiative correc-

tions lead to an equivalence principle violating portion of the interaction. Scalar
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interactions also appear in theories which attempt to unify gravity with the other
fundamental interactions. Scalar and vector interactions in these theories are par-
ticularly interesting to fifth (and sixth!) force searches because they naturally have
couplings of gravitational strength. These theories will be considered later in this
chapter. From the viewpoint of particle physics, gravitational strength couplings
seem much too small to be natural in most interactions [60]. The exception is in the
case of a Nambu-Goldstone boson which results from the spontaneous breakdown of
a global symmetry which has anomalies. This is the case with the axion and cosmon
which were described above. In such cases, a coupling is introduced which is inversely
proportional to the scale of the symmetry-breaking and directly proportional to the
size of the anomaly (presumably quite small). This leads to very small coupling con-
stants for sufficiently large symmetry-breaking scales. The mass associated with such
a boson is generically determined by the scale of the dynamics involved, Agy, and the

symmetry-breaking scale, F:

2
dyn 9 ¢
N —, 2.12
™= Fss. (2.12)

As we have already seen, macroscopic range interactions are readily accommodated
by substitution of plausible parameters into Equation 2.12. At this point we will turn

our attention to the consideration of some candidates for new vector interactions.

2.2 Vector Interactions

Perhaps one of the most persuasive lines of reasoning for the existence of new interac-
tions is that explored by Lee and Yang during the mid-1950’s [61]. Gauge invariance
leads to charge conservation laws. They asked, in particular, the question whether

a gauge invariance should be associated with each and every apparently conserved
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charge. Yang and Mills attempted to base a theory for the strong interactions on
just such a gauge invariance connected to the approximately conserved charge, iso-
topic spin [62]. Some years later Néeman considered his “fifth interaction,”a coupling
to strangeness [63]. Finally, Lee and Yang considered the apparent conservation of
“heavy particles,” i.e., baryons [61]. We will consider this last hypothesis in a bit
more detail.

Application of a locally gauge invariant transformation to the baryonic wave func-
tion proceeds in complete analogy to the gauge transformation of electromagnetism.
Such a transformation gives rise to an infinite range vector coupling between the
“heavy particles.” For interactions between like charges, the coupling will be repul-
sive and, since baryon content is not precisely proportional to mass, should give rise
to a baryon dependence in the EPF data. The modification to the gravitational force

law would look like (in our notation):

p = _Gmma [1 ~ a0 (E) (E)] (2.13)
r Ha H2

where ap = f2/Gm§, and f is the baryon charge. Lee and Yang used the EPF result

to place an upper limit of
g < 10—5 (214)

for the strength of such a coupling. We can only wonder how the knowledge of a

correlation to baryon number in the EPF data would have influenced the further

development of gauge theories at the time.?

2A particularly controversial point would presumably have been the apparent attractive nature
of the coupling indicated by the experimental data. In the case of a long range force as envisioned
by Lee and Yang, the initial rotating spherical earth approximation used in the Fischbach reanalysis
would have been the correct way to interpret the experiment. The apparent attractive nature of the
interaction would have been crucial to any further developments (See Chapter 1). Note that the
Roll, Krotkov, Dicke and Braginsky and Panov experiments had not yet been carried out so that
there would have been no reason, a priori, to consider a short range effect.
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2.2.1 Hyperphotons

A hyperphoton coupling to hypercharge or the third component of isospin was first
suggested by Bernstein, Cabibbo and Lee [64] and separately by Bell and Perring [65]
as a possible explanation for the decay of the long lived component of the kaon system
KJ — 27 which would not require explicit CP violation in the weak interactions. The
presence of an external field giving a potential energy difference between K° and K°
leads to a small real shift in the diagonal elements of the kaon mass matrix. The
eigenvalue problem for the weak decay modes, which in the limit of CP invariance
and no external fields yields the CP eigenstates K; and K,, then diagonalizes to
states which can be characterized as dominantly CP= +1 or CP= —1 but with each
state having a small admixture of the “wrong” CP component. Thus the long lived,
dominantly CP= —1 state can decay to a CP= +1, two pion final state. If ¢ is the
parameter describing the admixture, and we allow the possibility that the potential
is not necessarily due to a vector interaction, then ¢ oc v/, where J is the spin of
the field and + is the usual relativistic factor [64]. The energy dependence of the 27
decays quickly ruled out the possibility of a vector interaction as the source of thé

K — 2r decays. In general, the observation that

B (K} — n*n™) 2 B(K? — n*n™)
B(K{ — 7°z°) 7 B(K? — n%x0)

(2.15)

indicates that the two pion decay modes for K? and K? cannot both be due strictly
to decays of a K7 component in each wave function.

Weinberg pointed out that a hyperphoton coupled to hypercharge would neces-
sarily be massive since hypercharge is not absolutely conserved [66-68]. This can be

seen in the following way. The equation of motion for a massive vector field is:

B, (O°AY — 8" A%) + m2A° = J°. (2.16)
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Taking the divergence of this equation then yields:
m?d9,A” = 4,J". (2.17)

We see immediately that a nonconserved charge requires a massive hyperphoton.
For normal matter, the hypercharge is simply the baryon number (Y=B+S). Thus
the massive hyperphoton coupled to hypercharge provides a plausible mechanism for
a finite range interaction between bulk matter. For the ranges of interest in the
interaction window described above, and since accelerator experiments are conducted
near the earth’s surface, such a coupling would also be expected to show up in data
from the neutral kaon system and give rise to an energy dependence of the neutral
kaon parameters. Such an energy dependence was considered by Fischbach, et al
[29-32,69], in a series of papers which analyzed results from several experiments of
the late 1970’s that were carried out at higher energies than had previously been used

in kaon studies.®

2.2.2 A Supersymmetric Vector Boson

Another possibility for a vector interaction, which is satisfying to an experimentalist
because of its explicit predictions of the charge dependence of the force, is the U, pro-
posed by Fayet, which appears as a supersymmetric partner for the spin-1/2 goldstino
(or as a supergravity partner of the spin-3/2 gravitino) [72-74]. Fayet emphasizes that
such a boson is required in many supersymmetric theories to make the unobserved
supersymmetric lepton and quark partners massive via spontaneous breaking of thé

supersymmetry. He considers, in particular, the extension of the standard model

3At present, however, the failure to see hyperphotons via the decay K+ — n% + vg at the level
of 1.7 x 1079 [70] strongly constrains the possibility that this particle could be the mediator of
an intermediate-range force having roughly gravitational strength (See Reference 71 and references
therein).
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gauge group SU(3)xSU(2)xU(1) to SU(3)xSU(2)xU(1)xU(1) where the extra U(1)
group is the source of the new spontaneous symmetry-breaking. The U potentially
couples to both axial and vector currents leading to both “bulk matter” and spin-
dependent interactions [75], which is similar to the case of the axion described above.
Also, it would, in general, be expected to mix with the Z%°—as long as its coupling
is small, the standard model predictions of Z behavior would not be significantly
altered [76].

Fayet’s U has a mass given by:

gll g”
My 2 =My = = Mz = 123GeV x g (2.18)

where g and ¢’ are the weak interaction coupling constants and g” is the coupling
associated with the new U(1) gauge group. The expression is stated as an inequality
because additional Higgs fields may serve to increase the U mass above this basic
value [75]. If in fact the U is considered a partner of the gravitino, it is natural to

expect g” to be of gravitational strength. If we take

(¢") ~ Gym% = 0.5 x 1078 (2.19)
we see that

My ~ 107 eV = Ay = 20 meters (2.20)

leading to effects that are detectable in macroscopic experiments. If we require a
potential coupling to be somewhat weaker than gravity as is required by the experi-
mental limits, then the U range would correspond to terrestrial scales.

The general form of the charge for the vector coupling of the U is given by [77]:

CY =aB+b.Le+b,L, +b.L, +cQ (2.21)
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where B, L and Q are baryon number, lepton number and electric charge, respectively,
and where the coefficients of the various terms are model dependent. In the case of

neutral bulk matter this becomes
CY (bulk) = aB + b L. (2.22)

For the purpose of composition-dependent experiments, the charge given by Equa-

tion 2.22 will effectively appear as:

CY (bulk) = (a + 92—) B - (%) (N - Z). (2.23)

From the point of view of grand unified theories (GUT’s), restrictions can be placed
on the form of Equation 2.21. These theories often imply the nonconservation of B
and L but still retain (B-L) as a good quantum number. In this case the U couplings

become [77]:
CU=a(B—L)+cQ = CY(bulk)=a(B-L)= 5‘2- B+ (N-2)] (2.24)

where L now refers to the total lepton number.

2.3 Gravity Theories

Certain lines of speculation come directly from attempts to unify gravity with the
other known forces in a single quantum mechanically satisfactory theory. It is interest-
ing to note that such attempts typically result in both vector and scalar components
of the gravitational field. Because of the repulsive nature of the vector interaction

between like charges, the concept of “antigravity”* was revived in this context [7].

4“Antigravity,” in its criginal context, was meant to indicate that antiparticles might “fall up”
in the gravitational field of normal matter. In the current context, that of a vector interaction, an
antiparticle would actually be more strongly attracted to a matter source than a matter particle.
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Because these extra components are fundamentally linked to gravitation, they nat-
urally have gravitational strength, thus circumventing the concerns about the small
intrinsic coupling constants noted in Reference 60 and in Section 2.1.4 above.
Another point which can be made about interactions intrinsically linked to gravity
is an estimate for the “natural” range of such interactions. For a boson mass aris-
ing from spontaneous symmetry-breaking via the Higgs mechanism, the relationship

between the boson mass and the symmetry-breaking scale is given by [8]:

my = g (¢) (2.25)

where ¢ is the coupling constant. For g of gravitational strength, Equation 2.25

becomes:

my = /G () = LL8L (2.26)

Mpianck

If 4 and & are both taken to lie in the range of Agecp — Aciectrowear, We have:
my ~ 1071%-107%V (2.27)

which is equivalent to ranges from tens of centimeters to hundreds of kilometers.

2.3.1 Supergravity

Much of the speculation about new interactions with gravitational strength originated
with Scherk [6-8] in the context of extended supergravity theories. He considered, in
particular, N=2 and N=8 supergravity models.

In the case of an N=2 theory he noted the appearance of a vector field, a “gravipho-
ton,” associated with normal tensor gravity. The resulting gravitational potential
between fundamental particles, in the limit of a massless vector field, is given by [8]:

G
Vir)=-— (7n17n2 - %r%) : (2.28)
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The coupling constant, g, is given by g = +m./(47G), where the + sign is for a

particle and the — sign is for the antiparticle . Thus the potential becomes:

V()= -8Mm g 2 q (2.29)

7

where the upper sign corresponds to a particle-particle interaction and the lower cor-
responds to a particle-antiparticle interaction. Note that, in the case of self-conjugate
particles, the vector interaction disappears [6]. This implies that the gravitational po-
tential between matter (or between antimatter) vanishes while the gravitational field
between particle and antiparticle would be twice the “normal” value. The vanishing
of the potential between like objects constitutes “antigravity” as defined by Scherk.
In order for such an interaction to be compatible with observation, however, it would
also be necessary for symmetry-breaking to occur, giving the vector field a finite
range.

In the case of an N=8 model (here, Scherk begins with a five-dimensional model
which is compactified to four dimensions), the tensor component of gravity is ac-
companied by both a vector and a scalar component. Scherk gives the gravitational

interaction between fundamental particles as:

V(r) = Ve (r) + Vo (r) + Vs () (2.30)
where

Vr(r) = —_-Ci’?@ (2.31)

W(r) = ﬁg:”—"—”—? (2.32)

Ve(r) = —S0mima (2.33)

"
with the upper sign in Vy for particle-particle(antiparticle-antiparticle) interactions

¢

and the lower for particle-antiparticle interactions—as in the N=2 case, the vector
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interaction disappears for self-conjugate particles. Note that there is again a compe-
tition of the three terms for matter-matter interactions which, in the case of all three
fields being massless, gives no gravitational interaction between particle or antipar-
ticle pairs. The same considerations apply here as they did for N=2 and symmetry-
breaking is required for this model to be in any way compatible with observation.
An important point to note for any attempt to use either of these models as a
phenomenological template in the search for new interactions is the nature of the
“mass” to which each boson couples [6]. The above interactions are those between
the fundamental particles of the theory—not interactions between bulk matter. The
spin-2 graviton couples to the stress-energy tensor and thus the actual mass of bulk
materials. In the case of the vector interaction, the coupling must be to some charge
of the particles. In Scherk’s models, this charge is proportional to the mass of the
fundamental fermions involved. Thus for protons and neutrons, he suggests that the
vector coupling to protons and neutrons is to the bare mechanical masses of the quark
constituents. Scherk takes the scalar interaction to couple to the trace of the stress

energy tensor so that the scalar interaction sees the rest mass of composite particles.

2.3.2 A Kaluza-Klein Proposal

Bars and Visser have proposed a five-dimensional Kaluza-Klein gravity model [78] in
some ways similar to the N = 8 supergravity model as described by Scherk. Their
model includes a five-dimensional vector interaction which, upon compactification
to four dimensions yields both a scalar and a vector interaction of roughly gravita-
tional strength. Symmetry breaking provides a method to make both of the bosons
associated with these interactions massive.

They note, as did Scherk, the need to specify the precise form of the “mass charge”
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to which their vector interaction should couple. They prefer not, however, to assign it
a priori to the bare mechanical mass of the fundamental fermions in their theory, al-
lowing for a potentially more complicated effective charge when considering couplings

to composite objects. This leads them to an effective vector charge of the form:
Cvess =Cy(B—2)+(C) +Cy)Z =Cy(B —€2) (2.34)

where € = (C}, —Cl, —C%)/Cy and n, p, and e stand for neutron, proton, and electron,
respectively. In the case of coupling to bare mechanical masses (with m,=4.5 MeV,
my=7.5 MeV, m.=0.5MeV), this implies ¢ ~ 0.17. For the scalar interaction, they
assume, in the same manner as Scherk, a coupling to the trace of the stress-energy
tensor so that the scalar coupling for composite particles is to the rest mass.
The authors emphasize the potential generalization of their compactification scheme

to superstring theories. From a purely phenomenological point of view, the interac-
tions of the Bars and Visser model are indistinguishable from the supergravity models

of Scherk.

2.4 Summary and General Phenomonology

In the preceding sections we have seen that there are a variety of theoretical specu;
lations which lead us to wonder about the presence of heretofore unseen interactions.
None of these speculations is absolutely compelling because they are just that, spec-
ulations. The question does exist, however, as to whether a “theory of everything”

can be arrived at without introducing something new.
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2.4.1 Ranges

One thread that runs through most of the above speculations is that the range of a
new interaction may be written as:

A~ % (2.35)

where M is some large mass scale, typically the Planck scale or the scale at which a
global symmetry is broken, and A is determined by the scale of the hadronic or weak
interactions. The resulting forces may then act over distances of up to hundreds or
even thousands of kilometers. This places renewed emphasis on the use of classical
techniques to probe for new physics. In some sense, the methods needed to look for

new interactions have come full circle during the span of the 20¢h century.

2.4.2 Charges

The effective charge for a scalar interaction is not necessarily simply characterized.
In quantum gravity models there is a predilection to let the scalar field couple to
the trace of the stress-energy tensor so that the effective charge is the rest mass of
the materials involved. If the coupling is to rest mass, the scalar interaction would
only be apparent in composition-independent searches for new forces, i.e., searches
which rely on looking for a deviation from !/.2 behavior of gravity. Less simple
scenarios are, in general, also possible as is illustrated by the coupling of the cosmon
to the anomalous part of the trace of the stress-energy tensor. Such couplings would
manifest themselves both as a violation of 1/.2 behavior as well as in violations of the
equivalence principle.

For vector couplings, the situation is somewhat more straightforward (However,

see the discussion in Section 2.4.3 below.). A vector coupling to bulk matter, com-
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posed of protons, neutrons and electrons, can be characterized by the effective charges

of these three basic constituents. This leads to an effective vector charge of the form:
Cvess =CyN 4+ (C) + Cy)Z = Cy B+ (C) — Cy + Cy) L. (2.36)

A coupling to B—L as might be suggested by a gauge coupling to the conserved charge
of a GUT corresponds to C) = C} = —C¢; a coupling to the third component
of isospin, N — Z, (note the opposite sign convention from that normally used in
high energy physics) corresponds to C), = —Cp, Cf = 0. Since Z = L for bulk
matter, an effective charge can be defined as some linear combination of N and Z, or,
equivalently, B and I;. We follow the convention of Fischbach and define a mixing

angle, 05, which characterizes the mixing between the latter two quantities

% = (g) cos (f5) + (é) sin (6s) . (2.37)

This expression will be used for the analysis of various experimental results later in

this paper.

2.4.3 Competing Forces

Goldman, Hughes and Nieto have considered in detail the phenomonology of quantum
theories of gravity [79-82]. In the static limit, the total potential with scalar, vector,
and tensor terms may be written as:

V(r) = _@;_% (

1F veJ/’\V + se_r/’\S) (2.38)

where v and s are the coupling strengths of the vector and scalar couplings, re-
spectively, and the corresponding \’s are their ranges. Note that the minus sign in
Equation 2.38 corresponds to the interaction between two matter or two antimatter

masses while the plus sign gives the coupling in the matter-antimatter case. In the



CHAPTER 2. THEORETICAL SPECULATIONS 43

context of the same spontaneous symmetry-breaking process giving mass to both the
vector and scalar, we can consider the case where both bosons acquire roughly thé
same mass. If we now ignore, for the moment, the complicated information about
the couplings that are contained in the values v and s and algebraically set v =~ s, we
see that a composition independent test of the 1/,.2 would lose all sensitivity to the
pair of interactions. This sort of cancellation is not unreasonable, for instance, when
considering a vector coupling to baryon number and a scalar coupling to T*,. In this
case the sensitivity of, say, a borehole or tower experiment would be roughly 10~3
of the sensitivity for either interaction alone. For a composition-dependent search,
however, the full sensitivity to the vector part of the interaction would be maintained.

Nieto and Goldman argue that more precise cancellations may in fact occur. To
support this possibility they have suggested several exotic vector and scalar couplings
which depart from the forms for the effective charge given in Section 2.4.2 {82]. For

instance, they suggest, among others, a vector coupling to the dilatation current
J¢ =X, T* (2.39)

which would yield a gravivector interaction precisely proportional to mass for com-
posite systems. They also consider graviscalar couplings to the square of the field-
strength tensor for the gauge fields. This scenario leads to interaction terms roughly
proportional to the baryon and lepton numbers. They point out that tuning the
various coupling coefficients which result could allow a rather precise cancellation of
a vector coupling to some combination of baryon and lepton numbers by the scalar
field.

Clearly, scenarios can be devised which make the partners of the graviton invisible
to the current round of experiments looking for composition-dependent and indepen-

dent interactions. However, the tailoring of the interactions to explain the current
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lack of experimental evidence for one or both seems, at best, not very compelling. In
the event that such a cancellation does occur, and if we restrict ourselves to experi-
ments which operate in the static limit, the only method available for verifying the
existence of the vector and scalar parts of gravity is to weigh some antimatter in which
case the two contributions sum instead of cancel. For vector and scalar contributions
which don’t cancel, a combination of composition-dependent and independent tests
employing normal matter can, in principle, fully characterize the pair of interactions

without resorting to antimatter tests [83].
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Chapter 3

Some General Considerations

Before proceeding to a description of the specific pieces of apparatus used in the
Princeton experiments, we will consider some general issues of torsion balance sensi-
tivity to signal, sensitivity to systematic effects, and noise performance. We do this
in the context of a linearly damped harmonic oscillator which is subject to a con-
stant external signal or systematic torque and various noise torques. The equation of

motion can be written as
10 +2860 + x6 = 7 (1) (3.1)

where [ is the moment of inertia, 3 is the inverse time constant (for the oscillator
amplitude), & is the torsion constant, and 7 represents all externally applied torques.

With these parameter definitions the homogeneous solution is given by
0, (t) = e P (Asinwt + B cosuwt) (3.2)

where w} = w? — ? with w = y/k/I. For a composition-dependent external torque

which couples differentially to the two halves of the torsion balance, we have

Tsignal = Ts sin ¢ (33)

where 1 is the angle between the dipole axis of the torsion balance and the hori-
zontal component of the composition dependent acceleration and 7, is the maximum

torque which can be exerted. Thus we have siny =~ +1 or —1 for a Cavendish-type
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experiment and siny =~ ¥ & +60 or —0 for a Boys-type experiment. For a Cavendish
measurement, we may ignore the dynamic terms in Equation 3.2 and write the sen-

sitivity, Sc, as

Sc =00 = (3.4)

x|

For the Boys measurement, the external torque effectively increases or decreases the
torsion constant by 7,, depending on the orientation. Thus the dynamic sensitivity,
SB, which is determined by the induced shift in the oscillator frequency, can be written

as

1%

Sp = (3.5)

Aw  Ts
w 2k
Note that the dynamic technique has only half the intrinsic sensitivity of the static
technique. Hence it might be argued that a static measurement is the method to

pursue. Response to noise and systematic effects are somewhat different for the two

methods, however, making such a judgement impossible, a priori.

3.1 Signal Strength at a Terrestrial Site

Terrestrial source experiments are sensitive to any horizontal component of the earth’s
gravitational field. As was mentioned in Chapter 1, the optimal experimental location
is half-way down the face of a cliff which is much larger in extent than the range of
interest. In practice, the experimental site is typically a location exhibiting terrain
with large slope. In this case we can define an effective tilt, 8,, of the terrain which is
obtained by averaging over the range of the force and which corresponds to the angle
of inclination necessary for an “infinite” plane of material to exert the same force

as the actual source-mass distribution. The maximum torque exerted on a torsion
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balance configured as a composition dipole, with two masses m, is then given by

3 oo Plocal C@) (Cz 01) .
= — )| —=-— ¢ 0 3.6
7 2Rg (1 +ao) ( Po ) (H@ B2 M mgtsin (6) (3.6)

where Rg, pg, and Cg/ug are the earth’s radius (assumed to be far larger than A),

mean density (5.5 g/cm?), and effective charge per unit mass, respectively. piocat is
the local mass (rock) density, the C;/u; are the effective charges of the test masses
and £ is the effective moment arm of the torsion balance. Note that, for small o, this

technique is sensitive to the product, ag), of the strength and range of the interaction.

3.2 Torsion Balance Sensitivity

Equations 3.4 and 3.5 express the sensitivity in terms of two parameters, 7, and
k. This statement is actually somewhat misleading. Since 7, is proportional to the
masses of the two materials used and since the maximum mass that can be employed is
determined by the tensile strength of the torsion fiber, both 75 and & can be expressed
in terms of fiber properties. We want to examine the general scaling of the sensitivity
to differential forces with respect to fiber size and strength. The maximum load which
can be supported by a fiber scales approximately as r* where r is the fiber radius.!
The torsion constant of the fiber scales approximately as 74/ L, where L is the length
of the fiber. Ignoring the precise torsion balance geometry, the mass to be supported
by the fiber scales roughly as R® where R is the characteristic linear dimension of the

balance. Hence the magnitude of the signal torque, 7, scales as

T, MR « R*. (3.7)

1t should be mentioned that the fiber sizes utilized in these experiments have diameters of
order 25um and that the mechanical properties of fibers in this range begin to have significant
contributions from surface effects (See for example the book by Strong [84] which summarizes the
situation in the case of quartz). This results in departures from the precise scaling relationships
derived in this section. These departures will not affect any of our conclusions, however.
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Thus we expect the sensitivity, in general, to scale roughly as
S o Lr~ s, (3.8)

In practice, the scaling relationship departs from this form due to the specific geom-
etry of the torsion balance used (See Appendix C). The use of spherical shell and
toroidal geometries tends to lessen the l/r” dependence of the sensitivity. In fact, an
idealized toroid shows no r dependence.

In the end, finite fabrication tolerances limit how small the torsion balance can
reasonably be made—for instance, the relative contribution from gravitational gradi-
ents will grow as 9/p as R — 0 for a fixed tolerance §. We have found that balances
with characteristic dimensions of a few inches are reasonable to build and mount for

use.

3.2.1 Torsion Fibers

We must also consider that there is a choice of fibers available with which to hang our
torsion balance. It is standard to load a fiber to a substantial fraction of its breaking
strength in order to maximize signal. This fraction is typically around 50% . Thus r?
of the fiber scales as the inverse of its tensile strength, Si,s, and the torsion constant

scales as

(3.9)

Rayire X 7‘4 (s 8 .
SZ
tens

Table 3.1 shows the mechanical properties of the principal fiber types we have em-
ployed. The obvious choice of fiber material in this context is tungsten with its tensile
strength more than twice that of steel. This choice is complicated, however, by the
fact that tungsten is polycrystalline. In a static experiment this results in fiber creep

where the equilibrium angle of the fiber periodically undergoes a shift because of a
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Young’s Modulus | Rigidity Modulus | Tensile Strength
Fiber Material (10''dynes/cm?) (10''dynes/cm?) | (10''dynes/cm?)

Tungsten 35.5 14.8 0.41
Be-Cu Alloy 12.7 5.0 0.13
Quartz 7.1 3.1 0.11
Carbon Steel 20.0 8.11 0.15

Table 3.1: The mechanical properties of some fiber materials we have employed are
shown. Tungsten and steel values come from Reference 85; Be-Cu Alloy from Refer-
ence 86; and quartz values from References 84 and 87.

realignment of the crystals. In a dynamic experiment it is manifested as nonlinear-
ities in the restoring torque of the fiber leading to an amplitude dependence of the

oscillator frequency.

3.3 Systematic and Noise Constraints in Torsion Balance

Measurements

As has already been pointed out, the scaling relations obtained above give only a very
incomplete picture of the measurement capability of a torsion balance. Fundamental
noise limitations and a host of potential systematic effects combine to place significant
constraints on the attainable precision and accuracy of these measurements. The
following sections provide a survey of several sources of such limitations. The reader
is referred to the accompanying chapters on the two Princeton experiments for more

specific details of the impact of these effects on our two pieces of apparatus.

3.83.1 The Thermal Noise Limit

Thermal noise sets an unavoidable lower limit on the size of forces that can be mea-

sured by torsion balances. We now consider contributions to 7 in Equation 3.1 which
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are due to thermal excitations of the system. We can immediately write down the
size of such contributions by considering the equipartition theorem. In the context of

measuring a static angular displacement this gives a mean square noise amplitude
15 (6?) = L1ksT. (3.10)

This expression, however, greatly exaggerates the thermal limit that can be achieved
in typical torsion balance experiments if careful signal averaging is carried out. The
reason, as was pointed out by Boynton [88], is that such excitations of the torsion
balance remain coherent over many cycles.? To see how this works, consider starting
a measurement of the displacement at time t=0 where the result will be obtained by
averaging the signal over an integral number of oscillator cycles. Since the system is
in thermal equilibrium, there will be some initial angular displacement and velocity

due to thermal excitation. On average these will be given by:

02 = kB_T (3.11)

K
ok
2 = _BIZ (3.12)

Using these values as boundary conditions to specify the constants in Equation 3.2

gives:
_ _—pt B . by .
f(t)=e 0o | coswit + —sinwyt ) + — sinw;tf . (3.13)
wh wh .
and the resulting “noise signal” averaged over one cycle is
kgT
t~ — 1 — .
= / t)d A (3.14)

to lowest order in

o1 =LF

)
m

(3.15)

2In the interest of accuracy, we note that Dicke, ef al. [18], had pointed out that signal averaging
over integral cycles of the oscillator period would yield a greatly improved thermal noise limit in
their 1964 paper.
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where P is the balance period. Now we must also consider the noise which enters the
system during the measurement cycle. It will be found that it is this source which
dominates the sensitivity limit. To estimate this contribution, we recall Nyquist’s
theorem for thermal fluctuations in a dissipative system [89] which specifies the mean

square thermal torque as
(120e) = 4kpT (2B1) Af (3.16)

where 231 gives the dissipation in the system and Af is the bandwidth. We identify
A f with the inverse sampling time which we will take as one period of the oscillator.

The mean square fluctuation can now be estimated as

<62> ~ —K’l—2<7—1foise>

. 4kgT (281)
- k2P
2ksgT
N w0 (3.17)

so that the RMS noise amplitude from this contribution scales as /@=1 which dom-
inates the amplitude uncertainty given in Equation 3.14 for large Q. Thus Equa-
tion 3.17 represents the thermal noise limit for single-cycle averaging in a static mea-

surement. If we extend the averaging over N cycles, we obtain

(0?) ~ ;tig (3.18)

There are two standard methods which can be used to minimize the size of (62)
as given by Equations 3.17 and 3.18. First, @ can be maximized by operating the
torsion balance in high vacuum, thereby minimizing the damping contribution due
to the viscosity of the gas in the apparatus. Second, the system can be “cooled”
by introducing electronic damping. Such damping provides an effective route to

remove energy from the system without introducing the thermal fluctuations which
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are inherent when the dissipation is into a reservoir with which the system is in
thermal equilibrium. If we specify the electronic Q-factor as

w

—_ 3.19
Z/Belec ( )

Qelec =

where fF,e. is the inverse time constant due to the electronics, and we assume that the
electronic damping is much larger than the viscous damping, the effective temperature

of the system is

T ~T (Qi'—c—) (3.20)

which offers substantial noise performance improvement for high-Q systems.

In the case of a period measurement in a dynamic system, thermal noise results
in a random walk of the oscillator phase [88] which, in turn, causes variations in
the measured period. Appendix D estimates the impact of these variations on the
measured period. The resulting mean-square fractional uncertainty in the period

measurement is given by Equation D.12

(A2Y) & kel
P = 4rNkQO?

Note that the RMS timing uncertainty scales as 1jg so that operating at fairly large
amplitudes improves the noise performance. Substantial improvement is also obtained

by using oscillators with large Q.

3.3.2 Vibrational Noise

For the two Princeton experiments the noise levels have been dominated by vibra-
tional as opposed to thermal noise. There are three general sources of such noise to be
considered: seismic noise, weather-related noise, and man-made noise (i.e., “cultural”

noise). There are several specific mechanisms by which we expect such vibrations to
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couple into the torsion mode of our oscillators. In principle, angular excitations of
the foundation on which the apparatus rests provide a direct excitation. We expect,
however, that linear motions of the foundation are the dominant source of of vibra-
tional input to each apparatus. Thus we will examine some obvious mechanisms for
linear motions to influence our torsion signals.

First we consider a situation where the natural twist of a fiber is a function of the
tension, or equivalently the stretch, of the fiber. Such a dependence is evidenced by
the behavior of fibers when tension is initially applied—for instance, in the case of our
tungsten fibers, a fiber typically undergoes a period of “untwisting” upon application

of tension which persists for days to weeks. We write this dependence as
0o () = a(l— L)+ b(f— L) +... (3.21)

where 6y is the equilibrium angle of the torsion balance and ¢, is the unperturbed
length of the suspension fiber. Vertical excitations of the balance lead to an oscillatory
torque from the shifts in the equilibrium angle. With the typical fiber loadings and
lengths employed in these experiments, the vertical stretch mode has a frequency,
f > 10 Hz, much higher than the natural frequency of the torsion oscillation. The
torsion amplitude response is thus suppressed from the equivalent DC response by
a factor fg/ f2. Furthermore, at these frequencies, passive vibrational isolation is a
fairly effective method of preventing unwanted balance excitations.

As was noted by Dicke, et al. [18], the presence of the second, nonlinear, term in
Equation 3.21 leads to a mean displacement of the equilibrium angle of the torsion
balance when the stretch mode is excited. If the torsion balance is operated in high
vacuum so that the Q of this mode is extremely large, this can pose a problem for an
experiment measuring a static displacement. By operating our experiments in air (or

helium), the lifetime of a mode with the characteristic frequency of the stretch mode
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is relatively short, of order a few hundred seconds, so that any major angular offsets
from this source will die away quickly on the typical integration timescale of our static
measurement. In the case of a dynamic measurement, it is the time-dependence of
the mean displacement which will affect the period measurement. But again, the
short lifetime of this mode at atmospheric pressure makes it possible to selectively
remove segments of data when major oscillations of this type have been excited.
Horizontal motions of the torsion balance suspension point result in excitation
of the pendulum modes of the balance. These excitations can couple to our torsion
signal in several ways. In principle there is a stretch coupling, as just discussed, asso-
ciated with this mode due to the time-varying tension on the fiber as the pendulum
swings back and forth. However, for small oscillations this effect is presumably small.
Probably a more significant coupling to the torsion mode arises from the bending
stresses induced around the suspension points as the balance oscillates. Such stresses
are also expected to change the effective equilibrium angle of the balance, thus driving
torsion oscillations. The lowest order contributions to such a coupling presumably
have the same form as has already been discussed. Another mechanism by which
the pendulum modes of the balance are expected to affect any measurement is by
the resulting physical displacements coupling into the detection system employed. In
the case of our static displacement apparatus, movement of the balance vane (See
Chapter 4) relative to the other components of the capacitance bridge resulted in
systematic shifts of the torsion signal. In the case of our dynamic apparatus, side-to-
side displacements of the optical elements on top of the balance lead to angular shifts
in the detection system which will appear as timing shifts if there is movement of the
balance between successive zero crossings (See Chapter 5 for details of this detection

system). A final, more direct manner in which the pendulum modes can couple to
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the torsion mode is via the moment of inertia tensor. If the balance experiences a
rocking motion which is not around a principal axis, torques will be generated about
the other axes of the balance. These types of issues had to be considered in some
detail for the dynamic apparatus and we will defer a detailed description of this effect
until Chapter 5.

An important point to note with any of these mechanisms is that the fundamental
excitation frequencies are considerably higher than the torsion balance frequency. As
has already been mentioned in the case of the stretch mode, this results in “filtering” of
the excitation so that the excited torsion amplitude is smaller by a factor of fg/f2 than
would be the case for a DC torque applied to the balance. Furthermore, the higher
frequencies result in increased damping of these modes at atmospheric pressure due
to excitation of wave motions in the fluid (See Appendix E). Finally, for frequencies
above about 1 Hz, passive vibrational isolation techniques become effective. Both
Princeton experiments have relied heavily on passive isolation. Thus proper isolation
of the apparatus minimizes excitation of most of these modes. The lowest frequency
mode of the balance is the simple pendulum mode which oscillates at very near 1 Hz
for all of our balance configurations. Excitations of this mode are highly suspect as

the major source of vibrational noise coupling into our torsion signals.

3.3.3 Gravitational Gradients

Terrestrial sites which are useful for intermediate-range interaction searches are in-
evitably associated with large local gravitational gradients. As a result, care must be
taken to insure that the torsion balances employed possess sufficient symmetry not to
introduce spurious signals from standard Newtonian couplings. In principle it is not

difficult to design a torsion balance possessing a mass distribution where the mass
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multipole moments vanish to several orders. Limits are imposed on the implementa-
tion of such designs, however, due to imperfect fabrication and assembly capabilities.
In particular, the ability to maintain a high degree of symmetry is sorely tested by
the need to construct a composition-dipole balance from comparison materials with
very different physical properties (note that the densities of polyethylene and copper
used in our balances differ by an order of magnitude). We have employed balances
with toroidal and spherical geometries during the course of our research. The details
of each design will be provided with the descriptions of the specific experiment. Nev-
ertheless, we will take a moment here to provide some estimates of the level at which
gravitational effects may become important.

The presence of a balance quadrupole moment results in couplings to the first
order derivatives of the gravitational field. The most demanding operational situation
arises when the balance is located at the edge of cliff. This configuration provides
half of the maximum signal sensitivity but also maximizes the local gravitational
gradients. Figure 3.3.3 shows the calculated gradients for a torsion balance mounted
at a height of 30 cm above ground level near the edge of a 160 m high ideal cliff. This
approximates the situation that would exist at the Palisades cliff along the Hudson
River overlooking New York City, a potential experimental site. Our coordinate
system takes the x-axis to point outward from the cliff, the y-axis along the cliff face,
and the z-axis vertical. For a quadrupole which is not azimuthally symmetric there
will be couplings to the horizontal gradients of g, and g,. For a toroidal balance
geometry, the dominant effect comes from considering a balance tilt coupling to the
agx/az and agy/az derivatives as the balance rotates. Let’s take a toroid of mass
200 g with radius 5cm and negligible cross-section which is tilted at an angle of

1 mrad from horizontal. A vertical gradient of 10 E6tvos results in an anomalous
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Figure 3.1: Gravitational gradients near the edge of an “ideal” cliff of infinite width
and depth and a height of 160 meters.

signal of 5 x 107® dyne-cm upon 180° rotation which would appear as an anomalous
acceleration of 8nGal.®  An equivalent torque would be exerted on a “barbell”
balance, with the same total mass and a 10 cm length, by a 75 kg man standing 1.7m
away at an angle of 45° with respect to the balance axis.

The situation described above is vastly improved by choosing an experimental site
with approximately uniform slope—a 30° slope giving the same source strength as a
location at the top of a cliff. This leads to vertical gradients that are more than an
order of magnitude smaller and somewhat reduced horizontal gradients. Furthermore,

the assumption of a 1 mrad tilt is rather gross if care is taken with the mounting of

3Note that a Galileo is a convenient unit of measure commonly used by geophysicists.
1Galileo(Gal) = lem/s?. Another convenient unit which will be of use shortly is the E6tvos which
is a measure of gravitational gradients. 1 Eétvés (E) = InGal/cm = 107972,
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the balance. Our balances have typically been constructed with a 10.2cm outer
diameter so that 1mrad corresponds to a 0.01 cm vertical displacement from side
to side. This represents only a modest levelling of the balance and, using simple
mechanical techniques, we should be able to verify the toroid tilt to nearly an order
of magnitude better than this. The point of this argument is that a carefully designed
and assembled toroid should allow differential acceleration measurements at the level
of 0.1 nGal at a suitable site.

Further improvements can be attained by minimizing the quadrupole moment
of the torsion balance. With a cylindrical geometry, masses to null the quadrupole
moment can be located above and below the toroid on the vertical axis. With our
second apparatus we pursued a spherical geometry in hopes of minimizing multipole
contributions to all orders. The details of our torsion balance designs are contained

in the following two chapters.

3.3.4 Temperature Drifts

Sensitivity to temperature variations is unavoidable in a mechanical measuring device.

We broadly divide these variations into two classes:

1. Temperature-induced mechanical changes in the apparatus which result in a
time-varying output signal correlated with the temperature, and;

2. Thermal gradient effects which can introduce spurious signals and instabilities
in the gas which surrounds the apparatus.

In each of our experiments, we have observed diurnal drifts associated with the first
category. This section will consider some mechanisms for these drifts. Note that our
experimental situation in this case is somewhat more tractable than that faced by
Dicke, et al., since our fundamental measurement timescale is not set by the rotation

of the earth.
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Temperature Coefficient Coeflicient of

of the Rigidity Modulus, Linear Expansion,
Fiber Material y(°C™1) a(°C1)
Tungsten (about)-2x10~* (See footnote) 4.43x10°®
Quartz +1.3x10™* 0.3x10°¢

Table 3.2: Temperature coefficients of fiber materials. Tungsten values are based on
Reference 90 while those for quartz are from chapter 5 of Reference 84.

In a Cavendish-type experiment, the most direct link of temperature variations to
the torsion signal is via a mild temperature dependence of the equilibrium angle of
the fiber. Further variations presumably result from temperature induced changes in
the detector geometry. Overall, the situation may be quite complex and our approach
has been to analyze data sets that span periods of smoothly varying signal and take
the drifts into account during the fitting process.

For the Boys technique, it is possible to be somewhat more quantitative in our'
assessment. Temperature-induced changes of the apparatus geometry should only
enter dynamically since a static shift in the detector alignment will not affect the
timing measurement. In this case, we expect the timing variations to be dominated
by a temperature dependence of the torsion constant of the suspension fiber and
by changes in the geometry of the torsion balance itself. Table 3.2 gives values for
the temperature coefficients of our primary torsion fiber materials.* There are a
couple things to note about these numbers. First, the temperature dependence of the

torsion constant, kK = 7rZ"4/2g, is dominated by changes in the modulus of rigidity as

4The temperature dependence of the rigidity modulus, ¥, for tungsten contained in Table 3.2 is
a very rough estimate based on the change in the Young’s modulus over a 1000° C interval. Since
the rigidity modulus is related to Young’s modulus by Z = Y/2(1 4 v), where » 2 0.28 is Poisson’s
ratio for tungsten, we expect the rigidity modulus to scale roughly as the Young’s modulus with any
temperature dependence in Poisson’s ratio to enter as a correction. The gross temperature range
used to estimate the Young’s modulus temperature coefficient renders these numbers suitable only
for very gross estimates of the temperature dependence, however. Temperature dependences in our
dynamic apparatus appeared substantially smaller than the above estimate would imply.
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opposed to dimensional changes of the fibers. Secondly, the temperature dependence
has opposite sign for the two materials (tungsten is polycrystalline whereas quartz
is a vitreous material). Thus we expect the temperature dependence of the torsion

period from this source to be

% = —-%'yAT (3.22)

Thermal expansion and contraction of the torsion balance affect the period of
oscillation via the moment of inertia. To lowest order the moment of inertia behaves

as
Al ~ 2IAT (3.23)

where « is the coefficient of linear expansion and the induced period shift is

£ ~ oo, (3.24)

For most materials, « is a few parts in 10°. Thus the balance portion of the temper-
ature effect is smaller, but not negligibly so, than our estimated fiber contributions.

Our estimate for the overall temperature dependence of the period is then

ap

1
iz ~ (——’Yﬁber + abalance) AT. (3.25)

2

Thus we expect temperature drifts to enter the dynamic experiment at least at the
level of (AP/p) ~ a few x107° per degree C.

Another temperature-related effect is pressure gradients introduced in the gas
surrounding the balance due to thermal gradients in the apparatus. We will discuss

this issue in the following section.
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3.3.5 Gas Perturbations

The presence of thermal gradients across the apparatus leads to pressure differences
and thus convection currents which can exert forces on the torsion balance. These
effects were already mentioned in Chapter 1 as a possible explanation for the EPF
data requiring no new physics. They can be minimized by requiring a high degree
of symmetry in the torsion balance so that the two halves do not present different
cross-sections to any convective air flow in the system. Horizontal temperature gra-
dients are minimized by using multiple layers of insulation and conducting surfaces
around the balance and providing a large thermal reservoir in the form of a thick-
walled aluminum housing. We seem to have been successful in maintaining the overall
thermal stability of the atmosphere in the inner portions of each apparatus by main-
taining a small vertical temperature gradient. In our early tests, we saw evidence for
atmosphere instabilities during periods of substantial temperature variations in the
form of wild fluctuations in our output signal. Measurements made with moderate
temperature stability and the vertical temperature gradient being maintained have

shown no evidence for this type of effect.

3.3.6 Rotation Effects

As has already been mentioned, the requirement that the apparatus be rotated to
make a measurement substantially increases its susceptibility to a variety of system-
atic effects. Needless to say, any rotation must be undertaken with great care in order
to prevent a major shock to the fiber which could result in an irreversible change in
the fiber’s properties. Once the rotation of the apparatus to its new orientation has
been accomplished, concern focuses on whether the top of the fiber has experienced a

slight bend due to a levelling difference between the two positions. As was discussed
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in Section 3.3.2, such a bend is expected to shift the equilibrium angle of the fiber
at some level, thus leading to a systematic signal in a static deflection experiment.
The situation in the case of a dynamic experiment is somewhat better since we know
that twists in thin fibers tend to propagate along the local fiber axis and should
“penetrate” around any bend. Nevertheless, a small levelling dependence cannot be
dismissed out of hand.

Another concern of this type, which is directly associated with the rotation pro-
cess, is excitation of the pendulum modes of the balance by the rotations between
positions. Such an excitation will occur if the top suspension point of the torsion fiber
fails to lie on the rotation axis. Mechanical tolerances in the apparatus lead us to
expect that a misalignment of several thousandths of an inch are likely. Since appara-
tus rotations typically take place on time scales much longer than the periods of the
pendulum modes, however, they drive these modes only very weakly. For instance,
with the most rapid rotations used with our dynamic apparatus, the amplitude of
the induced pendulum oscillations is estimated to be no more than microradians. In
general, we have implemented a delay after each balance rotation, to allow unwanted
oscillations to die away, before beginning to analyze the data in each position.

Other systematic effects which become apparent upon rotation of the apparatus,
such as gravitational gradient and magnetic field couplings, have been or will be

discussed separately.

3.3.7 Magnetic Contamination

Ferromagnetic contamination of the torsion balance is a primary source of concern
when considering systematic effects. The most obvious method for introducing such

contamination comes during the fabrication process. If care is not taken with the
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Magnetic Susceptibility

per gram of material

Material Xmass (Cgs units)
Copper —0.09 x 10~®
Polyethylene —0.55 x 10~¢

Table 3.3: Magnetic susceptibilities of our torsion balance materials. The polyethy-
lene value is an estimate based on the available values for ethylene and long-chain
alkanes.

cutting tools used to make the balance components, a small tool chip can be embedded
in the piece being fabricated or adhere to its surface in some hard to clean spot. We
expect such a chip to be highly magnetized due to the stress it undergoes while
shearing away from the body of the tool. Noting that the saturation magnetization
for iron is roughly 1.7 kG, we consider a chip that is partially magnetized at the level
of 100 G and has size 0.001 x 0.001 x 0.01 cubic inches. The torque experienced by
such a chip in the earth’s magnetic field is of order 10~® dyne-cm. A torque of this
size would mimic a true differential acceleration of 5 nGal when using our toroidal
balance.

We also consider the magnetic susceptibilities of our torsion balance materials.
Both copper and polyethylene exhibit diamagnetism as is shown in Table 3.3. Clearly,
it is the polyethylene which dominates the contributions from this source. If the local
magnetic field were due entirely to a dipole at the center of the earth, the contribution
to the torque on the balance from this source would be entirely negligible. As things
stand, unless there is a local concentration of magnetic material to distort the earth’s
magnetic field and cause anomalously large gradients, we can ignore diamagnetic
effects, even in the absence of magnetic shielding around our torsion balance. It

would require a local gradient of roughly 1 mG/cm to mimic a fifth force differential
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acceleration at the 0.1 nGal level.

3.3.8 Electrostatic Effects

We make brief mention of one final category of systematic effects. Since our torsion
balances have employed an insulator as one of the dipole materials, the buildup of
charge on a portion of the balance surface is a potentially significant systematic ef-
fect. To minimize any buildup, we aluminized and grounded all insulating surfaces.
Even with proper grounding, however, contact potentials might still lead to electro-
static effects. Typical surface areas for our balances reach the hundreds of square
centimeters level and typical separations within the torsion balance housing are of
order centimeters. With moment arms also on the order of centimeters, this could
lead to torques on the order of 10~®dyne — cm for a contact potential of 0.1 V, a non-
negligible number. One way to avoid this would be to encase the balance in a uniform
outer shell (For the vast majority of our tests with our dynamic apparatus, we have
employed an aluminum shell null balance for that reason). An important point is,
however, that if the amount of charge buildup remains constant and the position of
the torsion balance remains fixed with respect to the housing, then such an effect
only appears as an offset torque and does not hurt a differential measurement. In the
case of our static apparatus, the entire balance housing was rotated with the balance
and the relative position of the balance within the housing precisely maintained. We
note that any time variation of a contact potential would be expected to contribute

to the overall drift of our torsion signal.
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Chapter 4

The Static Measurement

We have already described the relatively unexplored region in the a-A plane for meter
to kilometer ranges that existed during the mid-1980’s (See Figure 1.2). The aim of
the first Princeton experiment was to search for a baryon-dependent interaction of
finite range using a device with sufficient sensitivity to constrain a coupling constant
at or below the level suggested by the borehole measurements of G described in
Chapter 1. This corresponds to ag ~ 1072 and 100m < A < 5km. In order to pursue
this goal, an apparatus based on the torsion balance was constructed to compare
the relative forces acting on copper and polyethylene in the presence of a horizontal
component of gravity due to a major topological feature (See Figure 1.6) [91].

By the time the experiment was completed, substantial interest had also arisen
in looking for isospin-dependent forces. The choice of copper and polyethylene as
comparison materials was fortuitous in this context. Hydrogen, along with its very
low binding energy, exhibits a third component of isospin which is opposite in sign to
all of the elements except helium. Thus we were able to place a useful limit on this
type of coupling as well. We have also considered the resulting limits on couplings
to the bare quark masses as suggested by Scherk [6] and Bars and Visser [78], and

to the GUT charge (B — L)/u. The vector charge differences for these two materials
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(based on Table B.1) are:

A(By) = 224%x10°° (4.1)
A(f) = o2 (4.2)
B-1L

A( . ) = 0.12. (4.3)

4.1 The Apparatus

The apparatus design was governed in large part by the necessity of making 180°
rotations of the torsion balance to obtain a signal and the need for a relatively portable
instrument for remote site operation. In order to maintain the alignment of the
detection system with respect to the rotating portion of the apparatus, the detector
elements were completely contained within the torsion balance housing and underwent
rotations along with the balance. In order to monitor the angular position of thg
torsion balances, an aluminum vane was attached to the underside of each. This vane
hung between pairs of capacitor plates at either end forming part of an RF capacitance
bridge. Signals from this bridge were used to generate a DC feedback voltage which
was then applied back to the capacitor plates around the vane. This feedback allowed
us to operate the apparatus in a null mode where any external torques on the balance
were precisely countered by the applied voltage. Thus the feedback voltage became
a direct measure of any differential forces acting on the torsion balance masses.

The instrument was designed to operate at atmospheric pressure to insure that
vibrational modes would be quickly damped. In particular, oscillations of the pendu-
lum mode of the balance which would directly affect the capacitance bridge alignment
could be kept under control. In terms of portability, this was favorable because there

was no need for high vacuum equipment.
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A sketch of the torsion balance housing is shown in Figure 4.1. The capacitance
bridge and torsion balance were located in a 15 cm O.D. aluminum cannister with
6 mm wall which was mounted on a 28 ¢cm diameter by 1.2 cm thick aluminum base-
plate. The entire plate and cannister assembly was suspended as a simple pendulum
by a single 0.05 cm steel wire to minimize levelling variations upon rotation. To pro-
vide rotation capability, the suspension point of the baseplate was driven by a small
electric motor. A precision rotation stage was mounted on the top of the aluminum
cannister. This stage allowed angular positioning of the balance vane to nominally
center it with respect to the capacitance bridge. A microscope tube with ladder gear
was mounted in turn on this rotation stage and provided a means to vertically posi-
tion the balance. Layers of mu metal sheet were placed both inside and outside the
cannister for magnetic shielding. Finally, the entire apparatus was placed in an insu-
lated box for temperature stability. To prevent thermal inversions, the temperature
at the top of the box was maintained 2.0-2.5 °C higher than at the bottom during
the various data runs. For vibrational insulation, the feet of the box were placed on

“lossy” rubber sheets interleaved with lead bricks.

4.1.1 The Torsion Balances

A set of three torsion balances was used in the experiment. Two balances with discrete
masses allowed us to check the local gravitational gradients at the remote site while
a cylindrically symmetric balance, in the form of a toroid, was used in the fifth force
measurement.

The toroidal balance, which we affectionately called the “bagel,” is shown in
Figure 4.2. The toroid had an outer radius o_f 5.04 cm and a 2.54 x 2.54 cm? cross

section. The density ratio of copper to polyethylene is approximately 10. Thus, to



CHAPTER 4. THE STATIC MEASUREMENT 68

To
Turntable

Steel

/ Suspension

Tungsten Fiber Microscope Tube
0.0008" for quadrupole for Vertical
balance. 0.002" for Adjustment
toroid balance.
Rotation
Stage
Aluminum N
Can
Mu Metal
. Shield
1 inch
— Capacitor
Cu ‘ Plate
Al
Vane

AV L. V4 Lf‘

Electronics Cavity

Figure 4.1: A sketch of the torsion balance housing used in the static displacement
apparatus.
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Figure 4.2: The toroidal torsion balance used to obtain fifth force data

match the masses and the cross sections of the two halves, the polyethylene half
was solid while the copper half consisted of three layers (the top and bottom layers
were nominally 0.76 mm thick while the center layer was 0.89 mm) separated by
styrofoam spacers. The total mass of the polyethylene was 65.753 g while the copper
was 65 g. The combined mass of the copper and styrofoam was trimmed to match the
polyethylene mass. To eliminate any possible systematic effects due to charge build-
up on the insulating surfaces, the outer vertical surface of the toroid was sheathed
with a grounded sheet of aluminized mylar. Attached beneath the “bagel” was an
aluminum vane, an integral part of the position sensing system. The quadrupole
moment of the vane was compensated by a slot of material removed from the toroid
itself. This balance was suspended by a 0.005 cm diameter gold-plated tungsten wire

which had been annealed under tension. This wire also served to electrically ground
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Figure 4.3: The torsion balance used to calibrate the apparatus via a Cavendish
measurement and to measure horizontal gravitational gradients at the YBRA site in
Montana.

the balance to the rest of the apparatus.

The first of the two gravitational gradient balances, the “Cavendish balance”
(CB), consisted of two 11.89 g right circular cylinders, one of polyethylene (solid
with an aluminized surface) and the other of copper (hollow with end caps). Each
cylinder was 2.54 cm tall and 2.54 cm in diameter and the two were separated by
5.08 cm (See Figure 4.3). This balance was used to measure horizontal gravitational
gradients at the remote site and to calibrate the detection system in a Cavendish
experiment at Princeton. The final balance, the vertical gradient balance (VGB),
shown in Figure 4.4, was designed to measure a.‘]z/az since this was the gradient of
primary concern with respect to measurements made with the toroid (Recall from

Section 3.3.3 that misalignment of the suspension point on the toroid results in a
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Figure 4.4: The vertical gradient torsion balance used to measure agx/az at the YBRA
site in Montana.

tilt which directly couples to this gradient term). This balance consisted of two
10.8 g copper disks (2.54 cm diameter x 0.24 cm thick) mounted on 2.3 cm tall,
1.2 g aluminized polyethylene posts. The two masses were inverted with respect
to each other so that the centers of mass of were vertically displaced by 2.00 cm.
Both of these balances were suspended by a 0.002 cm diameter gold-plated tungsten

suspension wire.

4.1.2 The Detection and Feedback System

A key feature of the apparatus was the capacitance bridge detection and feedback
system as shown in Figure 4.5. The ends of the aluminum vane beneath each tor-

sion balance hung between pairs of capacitor plates which formed part of a 4 MHz
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Figure 4.5: The capacitance bridge system which was used to detect angular displace-
ments of the torsion balance as well as pendulum motions in the direction perpendic-
ular to the aluminum vane. DC feedback for the torsion mode was applied through
the inner plates of the bridge.

capacitance bridge. Signals from the bridge were differentially amplified, mixed and
demodulated to yield both torsion and pendulum displacement signals (pendulum
signals were for displacements in the direction perpendicular to the vane). In the
case of the torsion mode, a DC feedback voltage was applied to the capacitor plates
to maintain the angular alignment of the balance. This feedback voltage provided
a direct measure of the external torque on the system, independent of the gain of

the amplifier. For the pendulum mode, recall that the entire torsion balance housing
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Figure 4.6: A block diagram of the static displacement apparatus.

was suspended as a simple pendulum. This permitted us to use an active levelling
system in the dimension sensed by the capacitance bridge. This system consisted of
a magnet mounted as the bob on a simple pendulum whose motion was constrained
to one dimension. The pendulum angle could be controlled by running a current
through a pair of small speaker coils adjacent to the magnet. Note that sensitivity
to pendulum displacements in the direction parallel to the vane was minimized by
constructing the vane to extend well beyond the fixed capacitor plates at each end as
can be seen in Figure 4.1. A block diagram of the detection and feedback system is
shown in Figure 4.6.

The maximum signal from the capacitance bridge detector is obtained when Cy

and the vane-to-fixed plate capacitances, C;, are made equal. This was nominally the
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case with our bridge. If we consider a small displacement of the vane from its center
position, the change in amplitude of the voltage, AV;, on one of the fixed capacitor
plates is

Vo

AS,‘
AV,~~Z— —

So

. (4.4)

where Vp is the amplitude of the driving voltage, so is the separation between vane
and fixed plate when the vane is perfectly centered, and As; is the displacement of
the vane from the centered position relative to a given fixed plate. If we consider a
displacement that is purely torsional and take the sum of the signals from all four

fixed plates we have

A‘/torsion = ‘/0& (4-5)
b0

where 6o = S0/} and [, is the effective moment arm of the capacitor plates. Feedback
for the torsion mode was generated by applying a DC voltage difference to each pair
of fixed capacitor plates. By maintaining a constant voltage difference between the
fixed plates and shifting the central value up and down, an electrostatic force could
be applied to each end of the torsion balance’s vane. The force exerted on a centered
vane is given by:

(V¢ = W) G

230

F= (4.6)

where V) and V; are the voltages applied to the fixed plates on either side of the vane.
If we now call the total voltage difference between the plates V and AV the average

of Vi and V,, we may write the feedback torque applied to the balance as

C:VAVI,

So

Trg = (4.7)



CHAPTER 4. THE STATIC MEASUREMENT 75

Parameter Value
Vane-to-Fixed Plate Capacitance, C; 3.3 pF
Internal Bridge Capacitance, Cq 3.5 pF
Vane-to-Fixed Plate Separation, sg 0.14 cm
Capacitor Moment Arm 2.86 cm
Feedback Voltage Difference, V 94V
DC Gain, Gq ~ 5000
4 MHz Oscillator Voltage 1V

Velocity Feedback Time Constant, 7 0.17 sec

Table 4.1: Nominal values of the capacitance bridge detection and feedback parame-
ters.

We can use Equation 4.5 to write AV = GVpA8/0y, where G is the overall gain of
the electronics, which lets us define an electronic torsion constant for the system

krp = GCVI, (ﬁ) . (4.8)

500
This electronic torsion constant completely dominated the torsion constants of the
fibers used in this experiment. A final point to make about the feedback system was
the inclusion of velocity feedback for the torsion mode. Differentiating a portion of

the demodulated torsion signal provided an effective amplifier gain given by
G = Gp (1l + wT) (4.9)

This results in a Q-factor for the balance

2
Q= orpt’ (4.10)

where wgp is the resonant frequency of the balance with feedback applied. A summary
of the pertinent capacitance bridge parameters is given in Table 4.1.
We return now to consideration of the AC signals generated by the bridge cir-

cuit. These signals were coupled to the externally mounted amplifier electronics via
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Figure 4.7: The resonant circuit used to couple the capacitance bridge signals from
the torsion balance housing to the externally mounted amplifier circuitry.

a passive resonant circuit. The use of a tuned circuit in this instance obviated the
need for a heat-producing preamplifier circuit within the confines of the torsion bal-
ance housing (This was particularly important since the capacitance bridge circuitry
was located immediately beneath the body of the torsion balance. This is the worst
possible position for a heat source because of thermal convection.). The details of
this circuit are shown in Figure 4.7. After differentially amplifying the (A,B) and
(C,D) output pairs, mixing was carried out to give both torsion and pendulum out-
put signals. The mixing scheme is shown in Figure 4.8. These outputs were further

amplified and phase-shifted before demodulation to provide the DC feedback signals.

4.1.3 Summary of Torsion Balance Parameters

We finish our description of the apparatus with a summary of some key torsion balance
parameters shown in Table 4.2. Surveying these numbers, it is interesting to note that
the 3 nrad angular displacement for a 10 nGal differential acceleration corresponds

to a movement of only 1 Angstrom of the torsion balance vane relative to the fixed
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Figure 4.8: The signal mixing scheme used to produce both torsion and pendulum
output signals.

capacitor plates.

4.2 The Experimental Site

The site chosen for the experiment was the Yellowstone Bighorn Research Association
Camp situated on the slopes of Mt. Maurice near Red Lodge, Montana. Below the
camp the terrain slopes away towards the North with a tangent of 0.16 while above
the camp the slope has a tangent of roughly 0.5 to the peak roughly 2 km away. An
important feature of the local geology is a nearly vertical tear fault of 5 km width

and 1 km depth which is centrally positioned beneath the camp. Thus the material
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Parameter Value
Torsion Constants:

0.002 cm diameter x20 cm Au-plated W wire 0.1 dyne-cm

0.008 cm diameter x20 cm Au-plated W wire 5 dyne-cm

Electronic Feedback 5 x 102 dyne-cm
Toroidal Balance Periods:

Free 137 sec.

With Feedback 14 sec.
Quality Factors:

No Velocity Feedback 0(10%)

With Velocity Feedback 13
Angular Displacements (Toroidal Balance):

Free (for Aa = 10nGal) 0.3urad

With Feedback (for Ae = 10nGal) 3 nrad
Effective Dipole Moment Arm (Toroidal Balance) 249 cm

Table 4.2: Torsion balance parameters.

to the North of the camp was composed primarily of sedimentary rocks with densities
of 2.3-2.4 g/cm?®, while, towards the South, the rock was primarily pre-Cambrian
granite with a density of 2.7 g/cm® as shown in Figure 4.9. Details of the terrain

were obtained from U.S. Geological Survey topographical maps.

4.2.1 Baryon Content

Since the baryon content of normal matter is approximately 1 per amu, the source
fields for an intermediate-range baryon coupling could be computed by a simple inte-
gration over the local source mass distribution. Recall Equation 3.6 which gives the

torque exerted on a torsion balance by an intermediate-range interaction in a region
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Figure 4.9: A sketch of the average terrain at the YBRA Camp on the slopes of
Mt. Maurice just outside of Red Lodge, Montana. The position of the apparatus is

denoted with an X.

with uniform slope:

3 (79 placal) (C®) <CZ Cl) .
_ =)= - = Zsin (6;).
’ 2Rg (1 +ao) ( P& pe/ \H2 M mytsin (8)

The local topography for the Mt. Maurice site was numerically integrated over a

100 km? region, with the density discontinuity at the tear fault being taken into
account (a typical density value of 2.33 g/cm® was used for all material below the
fault), for a Yukawa potential with various values of the range. The results of this
integration were stated in terms of an effective tilt of the terrain. For a coupling to
baryon content, assuming a repulsive interaction 1% of gravitational strength, values
of the expected horizontal component of the differential acceleration between copper

and polyethylene are shown in Table 4.3.
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A ay ¢
(m) (10? nGal (deg) (sin (6:))
25 0.21 0 0.35
50 0.41 358 0.35
100 0.80 355 0.34
200 1.58 353 0.33
400 2.98 352 0.32
800 5.34 352 0.28
1600 8.43 354 0.22

Table 4.3: Horizontal component of a differential acceleration between copper and
polyethylene assuming a coupling to baryon content with intrinsic strength ap =
—0.01 and range ). ¢ indicates the direction relative to North and 6, is the effective
slope angle.

4.2.2 Isospin Content

When considering a coupling to isospin, which is highly dependent on the local chem-
ical composition, the integration over the source becomes much more difficult. The

local geology can be broken into three regions:

[. Above the tear fault the rock is primarily pre-Cambrian granite from the Beartooth
uplift, possibly with some amphibolite and granodiorite inclusions (on the order
of a percent). Interstitial water content is estimated to be less than 0.5%, with
an absolute upper limit of no more than 1%;

Il. At distances greater than roughly 1.5 km downslope Tertiary sediments of the
Fort Union Formation of the Bighorn Basin predominate. These sediments
are primarily composed of sandstones and shales with substantial clay mineral
content and numerous coal beds. Substantial hydrogen content is present both
from the carbonaceous material and from water occupying the pore space of the
rock;

IT1. Just below the tear fault the material is primarily porous clastic sediments of
the same origin as the Fort Union Formation along with an overlying granitic
conglomerate eroded directly from the pre- Cambrian granite above. Also some
Paleozoic and Mesozoic sedimentary material was introduced by the extensive
local thrusting of the mountain range.
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In region I the mineral content of the rocks has been fairly extensively studied [92,93].‘
This gives I/ﬂ = (6.6 £ 1.4) x 1073, where the errors represent limits on the value that
are dominated by our lack of knowledge about the precise water content of the rock.
In region II the isospin content is determined primarily by hydrogenous materials
(carbonaceous deposits and water) present in the formation. Contributions from the
rock were estimated based on chemical analyses of the major mineral components of
the Fort Union Formation [94]. The contribution from the hydrogenous materials was
estimated using neutron-density logs from various wells drilled in the formation [95].
Stating the hydrogenous material content as the equivalent amount of water, the well
logs indicate 8-18% water content in the porous formation. The resulting isospin
value for this region was I/H = (=7 £ 9) x 1073, where, again, the quoted uncertainty
represents limits on the value as opposed to a statistical error. In region III very
little information existed with which to evaluate the chemical composition of the
sediments and, furthermore, no detailed information was available as to the degree of
water saturation of the local strata. The most significant point that could be made
was to note that, particularly at short ranges (i.e., a few tens of meters) the isospin
content was expected to be strongly influenced by the overlying granitic conglomerate
in this region. Thus, the most conservative position was to take an upper limit as the

value obtained for region I.

4.2.3 Other Source Charges

In the case of a coupling to B-L, we return to writing the generalized charge as

(Equation 2.37)

Cs _ (g) cos (85) + (é) sin (65)

7
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which gives, for normal matter,

)= () w

at 05 = 45°. Considering the relatively small contribution from the isospin values

obtained in the previous section we are able to write
B-L
(T) = 0.50 & 0.01 (4.12)

for all of the geology around our site. Thus we can directly apply the source inte-
gration used for the baryon coupling, with a suitable change in normalization, to set
limits in this case.

Finally, considering a coupling to the lepton and bare mechanical quark masses
(m,=4.5 MeV, my;=7.5 MeV, and m.=0.5 MeV) corresponds to setting s ~ 3.9°
in Equation 2.37. Thus, for all practical purposes, this coupling is indistinguishable

from a coupling to baryon number.

4.3 Data

Calibration data for the capacitance bridge detection and feedback system was ob-
tained at Princeton using the CB torsion balance. A 23.7 kg source mass was moved
from a position adjacent to one mass (Adjacent in this case means at a distance of
21 cm from the center of the torsion balance at an angle of 35° with respect to the
torsion balance dipole axis) to a corresponding position adjacent to the other mass.
The change in torque was used to generate an effective value for Ci/so as defined by

Equation 4.7. This calibration yielded
Cifsy = 16.1 £ 0.6

where both parameters are measured in centimeters.
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Results from gravitational gradient measurements using the CB and VGB torsion

balances at the YBRA site are given in Table 4.4. In the case of the Cavendish

Measured Calculated
(10? Eotvos ) (10% Eotvos )
09./0z — 0g, /0y 6.0+ 1.0 4.05
0g./0y —-2.6+1.0 -2.0
09,/ 0z 0.82£0.12 1.03

Table 4.4: Measured and calculated gravitational gradients. Positive x is North, y is
West, and z is up. Recall that 1 Eotvos =10"%sec™2.

balance, the torque exerted by the first derivatives of the gravitational field is given

by:
99 _ 99y 09z gy .
= 2 2 _ 29 -3 29 — Z2Y 4ip?
T(0) = 2ml [(8:1: By > sinf cos 6 + By cos” @ 5z S0 0
_ 2 |1 89z _ g\ .. . 99z .
= 2m/ [2 (8.1 By sin (26) + P cos (260)] . (4.13)

Measurements were made with the balance displaced by £15° from the normal oper-
ating orientation (i.e., with the balance dipole axis perpendicular to the direction of
maximum slope on the mountain) to give the horizontal gradient values in Table 4.4.
These measurements served as a rough check of our numerical integration of the to-
pography. In view of their sensitivity to the details of the nearby mass distribution,
for which precise knowledge was lacking, the observed agreement between calculated
and measured values seemed quite satisfactory.

The search for a composition-dependent interaction was conducted using the
toroidal balance. The balance was oriented so that the axis of the composition dipole
was perpendicular to the average line of maximum slope. In order to make the com-
parison measurements in the required two balance orientations, slow 180° rotations

(~10°/min) to prevent jarring to the balance were followed by 30 minute periods
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Figure 4.10: Chart recorder data showing both torsion and pendulum signals obtained
with the toroidal torsion balance. The pendulum signal is the lower of the two and
was recorded at 10 V full scale. The torsion signal is at 500 mV full scale. The chart
segment is approximately 85 minutes long.

during which the apparatus remained stationary. Data from the last 8 minutes of
each stationary period was read from the chart recorder trace by means of a “Dicke

Integrator.”?

These readings were repeated separately by all three observers with a
typical scatter of £0.5 mV. Figures 4.10 and 4.11 show some typical data obtained
with the toroidal balance. Least squares fitting of large segments of the data to
simple functions proved difficult due to slow instrumental drifts. On time scales of a

few to several hours, however, second order polynomial fits with the signal difference

between 0° and 180° as a free parameter proved adequate. Errors in these fits were

'A Dicke Integrator is a ruler-shaped piece of lucite with a fine, centered lined scribed along its
length. It allows a rather simple, but accurate, visual integration of chart recorder data.
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Figure 4.11: A plot of data obtained with the toroidal balance over a 24-hour period.

taken to be identical from point to point and were adjusted to give a x* equal to the
number of degrees of freedom. The results from these fits and their weighted average
are given in Table 4.5 along with the corresponding acceleration differences between

the copper and polyethylene.

4.4 Some Comments on Noise and Systematic Effects

In stating a null result, the responsibility rests with the experimenter to demonstrate
that the apparatus is capable of detecting a signal and that a true signal is not in some
way negated by systematic effects. With respect to the first requirement, we note that
measurements made with the VGB balance involved measuring a 10~ dyne-cm torqué

with an uncertainty of 15%. Furthermore, this value was in good agreement with the
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Number of Signal Horizontal Acceleration
Rotations (mV) (10-2uGal)
13 3.50 +1.46 4.85 £+ 2.03
6 —1.45+17.53 —2.02£10.5
10 0.04 +0.86 0.06 +1.20
12 —0.14 £ 1.81 —0.20 + 2.51
8 —1.60 £+ 3.35 ~2.22 + 4.65
10 —0.96 + 1.84 —1.33 £+ 2.56
6 —0.47 +£4.08 —0.65 + 5.67
10 —0.10 £ 1.22 —0.14 £1.69
6 0.23 £ 0.51 0.32 £ 0.70
5 —-0.33 £1.04 —0.46 + 1.44
Weighted Mean 0.21 £0.35 0.30 £+ 0.49

Table 4.5: Results from ten runs obtained in Montana under widely varying external
conditions.

expected torque from our calculated value of the vertical field gradient. For the
composition-dependent measurement, the same torque corresponds to a differential
acceleration of 30 nGal with an uncertainty of a few nGal, thus demonstrating our
ability to make measurements at the requisite sensitivity levels.

In order to assure ourselves that a true signal was not masked in any way, I
will discuss the operating characteristics and sensitivity to systematic effects of our
apparatus before interpreting the data of the previous section in terms of the existence

of a new fundamental interaction.

4.4.1 Noise

It was described in Chapter 3 how careful signal averaging yields an improved thermal
noise limit over that naively suggested by the equipartition theorem. Alternatively;

the noise levels can be improved by “cooling” the system electronically. The latter
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approach was followed with this apparatus. As has already been mentioned, the Q of
the system with electronic velocity feedback was some two orders of magnitude smaller
than would be expected in the absence of feedback. This leads, via Equation 3.20, to

the values given in Table 4.6. In fact, the observed noise levels were noticeably higher

Torque Noise | Readout |Differential Acceleration
(dyne-cm) | Noise (mV)| Uncertainty (nGal)
Without Velocity Feedback | 4.5 x 10~¢ 0.50 7.0
With Velocity Feedback |~ 0.45 x 10~¢ 0.05 0.7

Table 4.6: Calculated thermal noise levels from equipartition for the static displace-
ment experiment.

than this—typical levels were a few to several millivolts corresponding to differential
accelerations of tens of nGal. These noise levels were observed to vary on a diurnal
schedule and were attributed in large part to vibrations in the building—in particular
due to creakings associated with expansion and contraction of the building during the
large external temperature swings associated with a mountain site. Movement near
the balance was kept to a minimum to prevent additional vibrational noise from
human sources. For the data sets shown in Table 4.5, each of which lasted for no
more than several hours, variations in the noise level over time was small enough that

our assumption of equal measurement uncertainties throughout the run was justified.
4.4.2 Systematic Effects

4.4.2.1 Gravitational Gradients

As has already been mentioned, an ideal toroidal balance couples to the vertical gra-
dient of the gravitational, dg./0z field when tilted slightly. Fabrication and assembly
tolerances in the vertical dimension also contribute. We ascribe an effective tilt to

the “bagel” of no more than 2 mrad. Using the measured vertical gradient value, this
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leads to spurious gravitational torques upon rotation of 2.4 x 10~7 dyne-cm. Further
couplings to horizontal gradients result due to departures from cylindrical symme-
try and failures to make precise 180° rotations. We mention again that the primary
design departure from this symmetry was the presence of the aluminum vane be-
neath the balance. The quadrupole moment of this piece was compensated, however,
by introducing a corresponding region of negative mass in the volume of the toroid.
Even in the absence of compensation, the quadrupole moment of the vane coupled
with a roughly 5 mrad uncertainty in the rotation size yields a spurious torque of
only 8 x 10~® dyne-cm, or roughly 1/3 the tilt coupling. We estimate the true cou-
pling to horizontal gradients to be roughly an order of magnitude smaller than the
tilt coupling. Thus the overall sensitivity to gravitational gradients is no more than
~ 2.7 x 1077 dyne-cm which corresponds to 15% of the quoted error bars for our

material-dependent result.

4.4.2.2 Signal Drifts and Thermal Effects

Daily drifts of the torsion balance signal were attributable to two major sources:

1. Unwinding of the torsion fiber; and,
2. Temperature induced drifts which led to diurnal variations in the equilibrium
angle of the balance.

The widely varying rate of drift was the primary limitation in fitting the torsion data.
Peak drift rates reached ~ 100 mV /hour while using the toroidal balance. Substantial
segments of data existed, however, where the drifts were much more manageable, at
the level of < 10 mV/hour. Nevertheless, the wide range of external conditions at
the remote site which drove these drifts is quite evident in the range of the errors

associated with the various fits in Table 4.5. Such variations also make it unlikely
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that any sort of static temperature gradient could have masked a true signal.

As has already been mentioned, the top of the apparatus was maintained at an
elevated temperature with respect to the bottom to prevent thermal inversions of the
atmosphere inside the torsion balance housing. During periods of stable running, no

“burps” were noted and we considered this technique quite adequate.

4.4.2.3 Levelling Effects

Tests with the toroidal balance at the YBRA site, showed a small levelling dependence

for pendulum displacements perpendicular to the torsion balance vane at the level of

A‘/torsion _ 0.09mV
Avpendulum B A% )

Note that a pendulum signal of 1 V corresponds to an angular displacement of about
S5urad. The pendulum mode signals were monitored throughout the data runs and a
correction was applied to all data. On any single rotation this correction was never

more than +0.04 mV, much smaller than our quoted errors.

4.4.2.4 Magnetic Contamination

Magnetic tests were conducted on the toroidal torsion balance at Princeton. Mag-
netic fields were generated using a 154 turn coil mounted on the outside of the wooden
box housing the apparatus. Comparisons were made between states with the coil on
in one polarity, with the coil off, and with the coil on with reversed polarity. With
both polarities, the torque signal was dominated by the diamagnetic susceptibility of.
the polyethylene giving results in excellent agreement with the effect expected based
on the diamagnetic susceptibilities given in Table 3.3 for copper and polyethylene.

Magnetic couplings from this source alone would have been negligible at the YBRA
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Parameter Value

Magnetic Field at Torsion Balance 4.0 G

Field Gradient at Torsion Balance 0.28 G/cm

Signal Averaged over both Polarities 18.5 £ 5.0 mV
Diamagnetic Torque (8.7+2.4) x 10~® dyne-cm
AXmass (Cu— (CHa),) (0.46 £0.12) x 107 (cgs)
Asymmetry Signal Between Polarities 7.5+4.2 mV
Magnetic Moment (4.5 £ 2.5) x 10~¢ dyne-cm/G

Table 4.7: Summary of the magnetic tests conducted on the toroidal balance at
Princeton.

site even without the presence of magnetic shielding around the balance. In addi-
tion to the diamagnetic effects, which were independent of polarity, an asymmetry
corresponding to the direction of the applied field indicated that the balance was
contaminated with a small permanent magnetic dipole. The dipole was sufficiently
strong to imitate an anomalous acceleration of approximately 4 nGal in the earth’s
field. The presence of magnetic shielding around the balance reduced the effect by
a factor of at least 5-10 making the effect at most several percent our final quoted
errors. One final point that should be mentioned is that, since the magnetic shields
were fixed to the torsion balance housing and thus rotated with the balance, any
residual magnetization of the shields themselves would not affect our measurement

because they would remain constant with respect to the torsion balance.

4.4.2.5 Electrostatic Effects

The possible impact of electrostatic effects on our measurement was outlined in Sec-
tion 3.3.8. In particular, the fields due to a contact potential between different parts of
the torsion balance or some charge trapped on the polyethylene can directly generate

a torsion signal on rotation. This will occur if the position of the balance, relative to
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the surrounding surfaces of the balance housing, changes. Such displacements in this
apparatus result from levelling differences between the two operating orientations.
Thus the levelling tests, described above, place strong constraints on contributions to
the torsion signal from this source. In light of the small size of the observed levelling

dependence of the torsion signal, this was not a major source of experimental error.

4.4.3 Summary of Systematic Effects

Table 4.8 summarizes the contributions from the various sources just discussed to the

torsion signals of Table 4.5. These numbers are to be compared with the quoted error

Source Contribution to Signal (nGal)
Thermal Noise 0.7

Observed Noise 2-10
Gravitational Gradients 0.8

Levelling (before applying correction) 0.6

Magnetic Contamination < 0.8

Table 4.8: Summary of the noise and systematic contributions to the fifth force signal

at the YBRA Camp.

on our final result of 4.9 nGal.

4.5 Limits on New Interactions

Our results, when interpreted in terms of a coupling to baryon number, yield the limits
shown in Table 4.9 and plotted in Figure 7.1. As was noted in Section 4.2.3, a coupling
to the lepton and bare mechanical quark masses is practically indistinguishable from

a coupling to baryon number and these limits apply to that situation as well.
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Range (m) Baryon Limit B-L Limit
25 < A < 400 oo = —0.04 £ 0.07 m ao) = (—1.5+2.6) x 10~3
1600 oA = —0.05 £ 0.09 m ap) = (-2 £5) x 1073
1600 < A < 5000 lao| < 1074 lovo| < 4 x 1076

Table 4.9: Limits on the coupling to baryon and B-L content based on the YBRA
data. The values and errors at 400 m grow linearly with range to the values given at
1.6 km.

For a coupling to B-L, the constraints on oA are somewhat tighter. In this case

(B — L) A (EZ—L—) = 6.0 x 1072 (4.145
TR N 7

in comparison to

(g)@ A (%) =224 x 1072 (4.15)

for a coupling to baryon number. These results are also shown in Table 4.9 and a.ré
plotted in Figure 7.3.

It is discussed in Chapter 7 how an effective charge, which is a linear combina-
tion of baryon number and isospin as given by Equation 2.37, disappears for typical
geological sources very near the region of pure isospin coupling. Using our con-
servative position that, for short ranges, the isospin content of the rock above and
below the Mt. Maurice tear fault must be treated as equal (See Section 4.2.2, the
source charge disappears for 05 = 90.4°. In terms of the region of compatibility be-
tween the Thieberger and Boynton results that is described in Section 7.4, we obtain
ap = (2.3 £4.0) x 1072 in marginal agreement with those experiments. Assuming a
value for the isospin content of the downhill side more in line with the typical val-
ues for the Fort Union Formation worsens the agreement. Considering a coupling to
pure isospin, and maintaining our conservative position that the isospin values for

the source are equal for a short distance on either side of the tear fault, yields limits
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on agA which are 60% larger than the baryon limits for ranges out to 100 m or so. At
ranges of a few hundred meters or more, the isospin content of the source should be
more characteristic of the Fort Union Formation values. There the isospin limits are
the same as those obtained for a pure baryon coupling to well within the experimental

error.
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Chapter 5

The Dynamic Measurement

Our second torsion balance apparatus had three goals in mind. The first was to see
whether we could improve the sensitivity of our measurement by one to two orders of
magnitude. Secondly, we were interested in trying a slightly different technique than
we used for the first apparatus—i.e., the method of Boys. At the time we started our
design work, Boynton, et al. [88], had already published a result obtained with an ap-
paratus employing the Boys technique. As will be described in Chapter 7, this result
showed a small non-zero effect. We hoped to characterize the technique sufficiently
to determine whether that effect might be systematic in origin. As has already been
mentioned, our experience with nonlinearities associated with the torsion fibers em-
ployed may provide an explanation for the effect seen in that experiment. The third
goal was to design a torsion balance which would still allow us to make a fairly direct
comparison with the materials employed by Thieberger when he obtained a positive
result at the Palisades along the Hudson River. Thus we decided to continue using
copper and polyethylene as comparison materials and to construct a torsion balance
compatible with making measurements at the Palisades. The large gravitational gra-
dients present near the edge of a cliff prompted us to design a prototype balance with
approximately spherical symmetry in an attempt to remove gravitational multipole
couplings to all orders. This has the added advantage of insuring that the rotation

axis of the balance must be very nearly a principal axis, irrespective of fabrication
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and assembly tolerances. Unfortunately, systematic effects with this apparatus have

prevented us from achieving all of our goals.

5.1 A Period Measurement with a Spherical Balance

The principles of a Boys measurement have already been described.! = We take a
moment, however, to calculate the sensitivity that can be achieved using a torsion
balance with a spherically-symmetric mass distribution, i.e., a torsion balance con-
structed of two hemispherical shells of differing composition. When making a period
measurement, we can consider orienting the composition-dipole parallel (anti-parallel)
to the horizontal component of an external field. Then, depending on the sign of the
effect, the period of the torsion oscillation will be longer (shorter) than its unperturbed
value. Upon rotating the orientation of the balance by precisely 180°, the effect will
reverse sign giving a period which is shorter (longer). For our spherical-shell balance,

the period shift between these two orientations is given by

AP Aw ~ 3Aa5
P T W  8wR (5.1)

where P and w are the period and frequency, respectively, R is the radius of the shell,
and Aas is the differential acceleration due to a fifth force. For the torsion balances we
have employed, R ~ 5¢cm and P = 130sec (quartz) or P ~ 280 sec (tungsten). Thus
making a timing measurement good to 1 part in 10® provides timing sensitivity to
differential accelerations of <0.3nGal. Furthermore, if we take the minimum timing
unit to be fixed, the sensitivity improves as the cube of the torsion balance period. As
was discussed in Chapter 3, longer periods require smaller balances so that fabrication

tolerances become more important when considering systematic effects. Furthermore,

'See Equations 3.3 and 3.5 and the accompanying text. Also see the general comments in the
introduction, p. 22.
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Figure 5.1: A side view of the dynamic apparatus showing the torsion balance housing,
the major components of the optical detection system, and the I-beam frame on which
all of the above components were mounted.

timing drifts over timescales of hours force us to keep the period short enough so that
timing comparisons spanning several rotations of the balance can be made in a fraction
of a day. Typically a measurement in a single position lasts for at least 15 cycles.
Thus, given the above constraints, periods greater than a few hundred seconds are

difficult to implement.

5.2 The Apparatus

A sketch of the apparatus is shown in Figure 5.1. The torsion balance is housed

inside a pair of concentric aluminum cannisters which are mounted on a large I-beam
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frame. The aluminum frame, which consists of two sections of I-beam welded together
in the shape of a “T”, holds the components of the optical detection system along
its stem and mountings for the stepper motor which drives the balance rotations
on the crosspiece, adjacent to the cannisters. To insure the rigidity of the frame,
reinforcing struts run between the ends of the crosspiece and stem of the “T”. Three-
point levelling of the apparatus is provided by adjustable “feet” at the three ends of
the of the “T”. These feet rest on interleaved layers of Pb bricks and 1.3 cm sorbothane
sheets? for passive vibrational isolation. All of the above components reside inside a.

large, insulated wooden box which is temperature controlled.

5.2.1 The Torsion Balance Housing

An expanded view of the torsion balance housing is shown in Figure 5.2. The inner
housing is a 15cm ID aluminum cannister with a 6 mm wall. The overall height
(including the cap and baseplate) is 65cm in order to permit the use of balance
suspensions nominally 60cm in length. The components necessary to mount and
adjust the torsion balance are located on the cap of this inner can. These components
will be described in detail in Section 5.2.3. Two 2.5 cm diameter holes, slightly above
the level of the torsion balance, were cut on opposite sides of the inner can. As
part of the optical detection system, 40cm f.l. lenses were mounted in each of these
holes. Ultimately, only one was employed in the detection system. Thermal contact
of the inner housing with the rest of the apparatus was minimized by mounting the
baseplate on a 2.5 cm thick ring of G-10 which was 4.4 cm high. This ring was in turn

mounted to the baseplate of the outer housing. The temperature of the inner can was

2Sorbothane is a rubber-like material which approximates a Newtonian liquid for sufficiently high
frequency vibrations. It is commonly used when particularly good vibrational isolation of a large
piece of machinery is needed. '
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Figure 5.2: The torsion balance housing. The various components are described in
the text. Note that, in the picture, the stepper motor shaft is shown rotated 90° from
its true orientation with respect to the optical axis for ease of view.
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monitored during all runs to follow the temperature dependence of the measurements.

The outer housing, including top and bottom plates, is 102 cm tall with a 23cm
ID and 6 mm thick walls. Heating elements are mounted on the outer surface of
this cannister as well as on the top and bottom plates. These heating elements,
which are all counter-wound to prevent generation of magnetic fields near the balance,
provide the innermost layer of thermal control for the apparatus. As with the static
apparatus, the top is normally maintained at a slightly higher temperature than
the bottom to prevent convection instabilities in the atmosphere inside the cans.
The temperature difference from the top of the housings to the support frame is
nominally 1°C. The baseplate for this cannister, in the same manner as the baseplate
of the inner housing, is mounted on a G-10 ring to minimize the thermal coupling
to the rest of the apparatus. In this case the G-10 ring is mounted to yet another
aluminum baseplate which is in turn bolted to the frame on which the apparatus
rests. To further aid in thermal isolation, the outer housing is surrounded by several
centimeters of insulation. The outer housing is sealed and gas fittings (not shown) are
present to allow the system to be operated in other than an air atmosphere. Normal
operation is carried out under helium (the reasons for this will be discussed further
in Section 5.3.2.1) with a slow flow of the gas being maintained in the space between
the two cans.

Two magnetic shields are shown in Figure 5.2. Each consists of an outer layer of
relatively low permeability Netic material with a high permeability Co-Netic inner
layer. The system has been operated with none, one or both of these shields in place.
Typical operation has been with the shields absent in order to allow magnetic tests

on the system using a set of externally mounted coils.
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3 Cu Shells

Mouting Holes

Figure 5.3: The spherical torsion balance prototype constructed of polyethylene and
copper. The three shell construction of the copper half allows matching of the first
three mass moments of each half. The balance departs from spherical symmetry via
the overlap of the copper and polyethylene where the two halves join.

5.2.2 The Torsion Balance Prototypes

The prototype torsion balance, shown in Figure 5.3, is a spherical shell with hemi-
spheres of differing composition. The nominal mass of the balance is 204.6 g. The de-
sign was intended to minimize couplings to the large gravitational gradients expected
at a site next to a major topological source. The primary departure from spherical
symmetry resulted from a region of overlap which provided the means to join the
two halves. This ring, with a nominal mass of 6g, results in residual quadrupolé
couplings to the earth’s gravitational field. The polyethylene half has a thickness

of approximately 7.9 mm while the Cu half is made of 3 electroplated shells ranging
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in thickness from approximately 180 yum to 410 yum. The three-shell construction al-
lowed matching of the mass, centroid, and moment of inertia of the two halves of
the balance. The shells were fabricated by machining an aluminum mandrel with
a hemispherical surface, electroplating a layer of copper onto it, and then polishing
the copper surface, on a lathe, with repeated weighings to generate the correct mass
for the shell. Subsequently the edge of the hemisphere was trimmed at the correct
distance from the “nose” of the shell in order to provide the proper overlap of the
components of the two halves. Finally, the aluminum mandrel was etched away in
a concentrated sodium hydroxide solution. To minimize charge buildup, the entire
surface of the polyethylene half was aluminized by vacuum deposition.

For test purposes, the actual balance currently in use is one fabricated entirely of
aluminum. It has a shell thickness of 0.25cm, a mass of 200.7g, and 2 moment of
inertia of 3.3 x 10% gcm?. This balance has the advantage of not having a quadrupole
mass ring around the seam joining the two halves, however, fabrication tolerances
lead us to expect small variations in the moment of inertia around the principal
axes. A “worst-case” distribution of the mass places an upper limit of 1,% on this

asymmetry.

- 5.2.3 The Suspension and Rotation Systems

Two primary fiber suspension systems have been employed over the course of testing
this apparatus, one for use with tungsten fibers and the other for use with quartz. To
describe the current system, I will begin with the fittings on the balance, itself, and

work upwards and outwards to the other components.
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5.2.3.1 The Quartz Suspension

Two 1.6 mm diameter aluminum “plugs” fit into each of the mounting holes shown in
Figure 5.3. These plugs have a 110 um feedthrough hole running their entire length
which aligns a 100 pm gold-plated tungsten wire passing through the center of the
balance. The wire extends approximately 6 mm above the top surface of the balance
and enters a similar fitting on the bottom of the aluminum fixture which holds the
four right-angle prisms for the optical system. A gold-plated copper collar, with a
100 pm center hole, holds one end of the quartz torsion fiber and fits into the top of
the optics fixture. The 43 cm long torsion fiber, which has a vacuum-deposited layer
of gold on its surface to ground the balance, is 75 — 100 um in diameter. The upper
end of the quartz is held by an identical collar which fits into an aluminum coupling to
an upper suspension fiber, of copper or beryllium-copper wire, which is thick enough
to prevent a large contribution to the torsion constant of the system but which takes
up any bending in the suspension due to levelling changes upon rotation. It also
helped prevent breakage of the quartz fiber during the process of loading the balance
into the housing. The upper suspension point is located at the top of a moveable
microscope tube with its optics removed. This tube allows vertical positioning of the
balance and the balance optics to within 25 um. The microscope tube is mounted on
a precision bearing and gear assembly which allows rotation of the suspension point.
These rotations are driven from a stepper motor via a worm gear drive. The gearing
ratio results in 12,000 steps per single revolution of the torsion balance suspension,
i.e., a 0.5 mrad positioning resolution. The angular velocity and phase of the rotations

relative to the balance oscillation are computer controlled.
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5.2.3.2 The Tungsten Suspension

The suspension system when using a tungsten torsion fiber was somewhat simpler.
In this case, a 1.6 mm stainless steel pin was used to directly mount the prism holder
to the top of the torsion balance. A 50 um diameter, gold-plated tungsten fiber was
crimped into another 1.6 mm SS pin with a 100 um hole through its center. This pin
fit into the top of the prism holder. The top of the tungsten fiber was fed through and
soldered to a a cylindrical copper mount using a low temperature silver solder. The
mount, with a precision weight attached, was suspended as a simple pendulum during
the soldering process to insure that the tungsten fiber exited the mount parallel to
its axis. Wicking of the solder along the tungsten fiber provided a gradual tapering
in the effective diameter to that of the torsion fiber. This helped to prevent small
levelling changes at the top of the suspension from coupling strongly to the torsion

constant of the system.

5.2.3.3 Summary

Table 5.1 provides a summary of the torsional characteristics of the two suspension

systems.

5.2.4 The Optical Detection System

In the context of making a dynamic measurement, we required a detection scheme
that would perturb the overall cylindrical symmetry of the interior of the apparatus
as little as possible. This led us to implement a simple optical lever-arm detection
system that would only require a set of on-axis mirrors on the torsion balance (we
actually employed precision right-angle prisms) and a set of access windows in the

torsion balance housing,.
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Suspension Segment Torsion Constant (dyne-cm/rad)

Suspension Method I:
50 um x60 cm Au-Plated W Fiber 1.7

Suspension Method II (Quartz):
Top Segment—

310pmx13cm Cu Wire 3.7x103

380um x 14cm Be-Cu Wire 8x103
Main Segment~

75-100pm x43cm Quartz Fiber 7.4
Bottom Segment-

100gm x3-6mm Au-Plated W Fiber 2.7-5.4x103

Table 5.1: Torsional characteristics of the elements of the two balance suspensions.

40 cm 50um
Lens 50/50 Vertical  5mW He-Ne
Beamsplitter Air Slit  Laser
Prism Split Photodiode 5x Beam
Assembly Detector Expander
-

Figure 5.4: The optical detection system

Figure 5.4 shows the components of the optical detection system. The beam from
a 5mW, randomly polarized, He-Ne laser passes through a 5-times beam-expander
and is used to illuminate a 150 pm x 3 mm vertical slit. Light from the slit is imaged
with an approximate demagnification of 1 to 2.3 on a Siemens SFH204 four-quadrant
photodiode detector. The detector, composed of four 100 um x 100 pm active re-
gions, has 12 um spacing between adjacent quadrants. The effective moment arm

from the prisms to the detector is nominally 26 cm. The diodes in the detector are
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ganged “vertically” (See Figure 5.6) to provide two channels for horizontal position
measurement of the beam as it sweeps by at each half-cycle of the torsion balance os-
cillation. The optical elements on the torsion balance are 5 mm, precision, right-angle
prisms mounted to provide retroreflection in the vertical dimension. The front of each
prism is angled upward by nominally 12 mrad to prevent front surface reflections from
propagating through the optical system. An angular tolerance of £150 urad in the
retro-reflection dimension results in £40 gm uncertainty in the vertical position of
the image at the detector—much smaller than the 1.3 mm vertical spot size. Hor-
izontal positioning of the prisms with respect to the plane of the torsion fiber axis
is 125 pm leading us to expect apparent angular offsets between the four 90° po-
sitions of £0.25 mrad. The observed angular offsets between the four positions are
considerably larger than this due to angular tolerances of the prisms in the hori-
zontal plane which are much poorer than the corresponding vertical values. Typical
measured horizontal variations between the positions are +1.5mrad which ends up
being a very critical tolerance affecting the amplitude stability in the balance rota-
tion scheme described below. Another point to consider concerning the mounting
tolerances of the prisms, is the torque which can be exerted on the balance due to
light pressure. Certainly such a torque, to lowest order, results in an offset of the
equilibrium angle and not a shift in the period, but it gives us an idea of the level
at which such effects become important. The total power impinging on the balance
optics is about 100 xW so that the corresponding torque when the balance optics
are horizontally displaced by 125 um is 7 x 1071° dyne-cm or 3% of the torque ex-
pected from a differential acceleration of 0.1 nGal. Two antireflection-coated 40 cm
f.l. lenses are mounted on opposite sides of the wall of the inner can. Only one of

these is used by the optical system while the other provides visual access to the inside
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of the apparatus for inspection of the balance and to aid in the initial alignment of
the optical system. The double passage of the laser beam through one of these lenses
provides the necessary focusing of the slit image. Access through the outer housing
is provided by two lucite windows adjacent to these lenses which are inclined at a
small angle to the vertical, again to eliminate stray reflections in the optical path. In
addition to the split-photodiode detector, there are also two phototransistor detec-
tors mounted 2.2 cm to either side of the central detector which allow a time-of-flight

(TOF) measurement of the oscillation amplitude at each half-cycle.

5.2.5 The Electronics and DAC System

A block diagram of the electronics is shown in Figure 5.5. The major components of

the electronics are:

e Circuitry associated with amplifying, filtering, and triggering on the difference
signal from the split-photodiode detector.

e Circuitry for amplifying, differentiating and triggering on the phototransistor
signals which provide for the time-of-flight measurement of the balance ampli-
tude.

e A 32-bit clock to provide single-cycle period measurements with a precision of
better than 1 part in 108 for all of the balance/suspension configurations we
have employed.

In addition, there are modules for monitoring and controlling the apparatus temper-
ature and a stepper motor controller which is computer driven. All data is collected
and the apparatus is controlled by a Macintosh computer.

The four-quadrant photodiode detector, with the diodes ganged to provide a differ-

ential position measurement in the horizontal dimension, is the basis of the precision
timing circuitry. The detector and one of the associated current-to-voltage converters

are shown in Figure 5.6. Signals from the two channels are amplified and combined



CHAPTER 5. THE DYNAMIC MEASUREMENT 107
2 Stepper Motor c ‘
Controller
Apparatus
Temperature
< —> Monitor/ ——
Controller /ﬁ
: : Phototransistor
Split Photodiode . . +,
Time-of-Flight
Detector/Preamp AmplitudeDetector A
Lowpass
Filter/ Differentiator \i(
Amplifier A
TTL Timing A
Circuitry < > «<—1
Macintosh
Computer
w/DAC
Board
Oven Controlled
Quartz Oscillator >
10 stability

Figure 5.5: Block diagram of the dynamic apparatus
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Figure 5.6: The four-quadrant photodiode detector. The quadrants are ganged in
pairs to provide precision position information in the horizontal dimension.

to yield a difference signal. The zero-crossing of the difference signal upon equal
illumination of the two photodiode channels is used to trigger latches in the clock
circuitry which hold the current timing value. This value is then read and stored by
the computer. The characteristic frequency of the difference signal is determined by
the speed at which the laser spot sweeps over the detector. Typical signal widths,
as determined by the interval between the half-height points on the leading edge of
the first-activated photodiode pair and the corresponding point on the trailing edge
of the second pair are > 20 msec under normal operating conditions.® The other key
characteristic of the difference signal is the voltage slew rate at the zero-crossing. This

is typically a few mV/usec for the balance amplitudes and periods we employ. Thus;

3This value of the signal width corresponds to operating with a quartz-suspended torsion balance,
which has a nominal period of 130sec, and an amplitude slightly less than 1rad. The largest widths
seen have resulted from operating a tungsten-suspended balance at oscillation amplitudes of a few
tenths of a radian. The nominal 280 sec period of such a balance gives rise to widths of O(100 msec).
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triggering of the timing circuitry as the analog signal passes through zero is relatively
insensitive to electronic noise, with noise levels of several millivolts producing timing
uncertainties of a few microseconds in the period measurement (See Section 5.5.2.3
for additional discussion of electronic effects on the timing signal).

Signals from the two phototransistor detectors which provide time-of-flight am-
plitude information are amplified and then differentiated to provide a zero-crossings
in the electronic signals corresponding to the beam being centered on each detector.
This technique, although offering a simpler set of amplification and trigger electronics
than for the split-photodiode detector, provides timing measurements which are in-
trisically much less precise than those provided by the central detector. The resulting
amplitude measurements are good to about 3 parts in 10° under normal operating
conditions.

The clocking circuitry consists of a 32-bit TTL counter which is driven by a 10 MHz
oven-regulated, quartz crystal oscillator. The oscillator has a rated long-term stabil-
ity of 1 part in 10°, an order of magnitude better than the timing precision that we
require. The clocking signal is divided such that timing triggers from the central
photodiode detector are binned into 1 psec intervals. Triggers on all three timing
channels (the central and two TOF channels) as the balance passes through its equi-
librium position result in a “read signal” being sent to the Macintosh computer which
then collects the timing information which has been latched for all three channels.
At the end of the read cycle, all latches are reset in preparation for the next set of
timing triggers.

The Macintosh computer, in addition to recording the timing signals, controls the
rotations of the balance between the four operating positions, monitors the temper-'

ature at various points inside and outside the apparatus and carries out real-time
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analysis of the balance dynamics.

5.3 Some Critical Issues for a Dynamic System

There are several aspects of conducting measurements with a dynamic system that
merit particular attention. This section provides details associated with the rota-
tion scheme that is used for angular transport of the balance between measurement
positions and also serves to excite the oscillations in each position. It then goes on
to consider the effects of a viscous medium on the balance dynamics. Finally, an
estimate of the impact of the torsion mode coupling to the other normal modes of

the balance is made.

5.3.1 The Rotation Scheme

During normal operation the torsion balance is periodically rotated by 90° increments
and data is recorded in each position for anywhere from 8 to 45 cycles of the oscillator.
Instead of rotating the entire apparatus, as was done with the static experiment, the
transport between positions is accomplished by a rotation of the top of the suspension
fiber. The phase and angular velocity of each rotation is designed to excite the balance
amplitude to a specific initial value for each set of measurements.

In order to clarify this scheme, consider an ideal undamped oscillator with am-
plitude 6o and angular frequency w. As the oscillator passes through its equilibrium
position (which nominally corresponds to the laser spot crossing the split photodiode
detector) a rotation of the top of the suspension fiber is begun. This rotation is in the
same direction as the balance motion, with constant angular velocity wfp, so that the
top of the suspension fiber rotates in phase with the torsion balance. If this rotation

continues for 90° and then stops, the balance will undergo oscillations with the same
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Figure 5.7: Amplitude stabilization as a function of the number of 90° rotations of
the torsion balance with a quartz suspension. The amplitude values correspond to
the initial amplitude in each new balance orientation. The period and damping time
were 132.6sec and 5.8 x 103 sec, respectively, and the rotation time between positions

was 30 sec.

amplitude as before but with its equilibrium position shifted by 90° .

In a lightly damped system, the situation is only slightly more complicated. Here,
the amplitude of the balance at the start of a rotation may be considerably smaller
than its initial amplitude in that position. For instance, period measurements last-
ing 45 cycles of the oscillation (when using a quartz torsion fiber and operating in a
helium atmosphere) result in a final amplitude only 40% of the initial amplitude. By
rotating the suspension point of the fiber with an angular velocity larger than that of
torsion balance, however, the oscillation can be re-excited to its original amplitude.
With this rotation scheme a stable steady-state value for the initial amplitude in each
position is reached within several rotations of the balance. This is demonstrated in
Figure 5.7 which shows the calculated and observed initial amplitude in each position

as a function of the number of rotations for a torsion balance initially at rest. The
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small discrepancy between the modelled and measured values is attributable to mod-
elling errors on the order of 1% and an uncertainty in the amplitude calibration at
the level of a few percent. Statistical errors in the measured values are negligible at
the scale of the plot. The error bars represent a systematic uncertainty in the time-
of-flight amplitude measurement between the four measurement positions result. In
practice, when starting the balance from rest, the amplitude stabilizes to within a few
parts in 10% in a dozen rotations or less. Unfortunately, systematic variations in the
amplitude at this level coupled significantly to nonlinearities in the tungsten torsion
fibers we initially employed.

Systematic variations in the oscillation amplitude arise when the four prisms
mounted on top of the torsion balance are not precisely separated by 90° angles. As
was noted in Section 5.2.4 the typical angular tolerances involved are ~ £1.5 mrad.
As a result, when the driving rotation is started immediately upon an incoming trig-
ger from the optical system, the relative phase variations from position to position
induce amplitude variations. These variations then couple to nonlinearities in the
system giving systematic changes in the measured period between positions. To min-
imize this problem, real time control of the phase of the driving rotation by the
computer to compensate for these angular errors was implemented.

A potential drawback to our rotation scheme is the fact that the entire torsion
balance housing is not rotated along with the balance. Thus, the torsion balance
rotates with respect to all external components and may be susceptible to a wider

variety of systematic effects.?

“For instance, consider that any magnetic shielding will remain fixed so that magnetic contami-
nation of the balance could couple to a residual magnetization of the shield.
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5.3.2 Operation at Atmospheric Pressure

As with the previous apparatus, it was decided operate the dynamic experiment at
atmospheric pressure. This provides damping for the various non-torsional modes
which might be excited by external vibrations coupling into the apparatus or para-
sitically by the excitation of the torsion mode (See Section 5.3.2.3 below). At the
same time this raises concerns about the influence of the surrounding fluid on the
oscillating balance. In particular, the characteristics of our apparatus require us, first
of all, to consider the fluid as a potential source of nonlinear contributions to the bal-
ance dynamics. Secondly, the nature of the oscillatory solutions to the Navier-Stokes
equation must be detailed and the effects of fluid oscillations on the balance dynamics

outlined.

5.3.2.1 Fluid Viscosities and Reynolds’ Numbers

We begin by considering the fluid dynamics regime in which the balance operates.
The transition between linear and nonlinear fluid dynamics is characterized by the

value of the Reynolds’ number

R = ”T“e = ”7” (5.2)

where p is the density of the fluid, u is the velocity of the object moving through the
fluid, ¢ is the characteristic dimension of the object, and 7 is the dynamic viscosity.
The ratio v = 77/p is the kinematic viscosity. We see immediately that nonlinearities
will be minimized by the use of low density gases. Table 5.2 gives the viscosity values
for air and heltum which have both been employed in this experiment. For a sphere

of radius R undergoing torsion oscillations with frequency w, the expression for the
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Parameter Air Helium
Dynamic Viscosity (uPoise) 182.7 194.1
Kinematic Viscosity (cm?/sec) 0.15 1.0

Table 5.2: Dynamic and kinematic viscosities of air and helium. These values were
obtained from Reference 85, pp. B-19 and F -9, 47-48.

RMS Reynolds’ number is
_ 006&)1‘22

R % (5.3)
while for translational oscillations it is
rowhR
= 4
R =8 (54)

where 6y and zg give the oscillation amplitude in each case. Table 5.3 summarizes the

situation for several modes of our torsion balance. Since the Reynolds’ numbers for

Characteristic RMS Reynolds’ Number
Mode Frequency, f (Hz) | Air Helium
Torsion Oscillation (Tungsten) 3.64 x 1073 2 0.3
Torsion Oscillation (Quartz) 7.70 x 1073 4 0.6
Simple Pendulum Mode 0.64 0.4 0.06
Vertical Stretch Mode 10 1 0.15

Table 5.3: Reynolds’ numbers for the major torsion balance configurations employed
in the dynamic experiment. The values are calculated for a 5cm diameter sphere.
Torsion mode numbers assume a 1rad amplitude; simple pendulum mode numbers,
100 prad; and vertical stretch mode, 10 gm.

the torsion mode approach or surpass unity for our system, the possible effects of non-
linear damping on the period measurement cannot be ignored. Nonlinear behavior
of the torsion mode will be considered in detail in Section 5.4. For small excitations

of the other normal modes we can reasonably make all estimates using the linear

equations.
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5.3.2.2 Oscillatory Characteristics of the Fluid

A proper treatment of the effects of the surrounding fluid on the dynamics of our tor-
sion balance must include the oscillatory nature of the balance motions. Thus we must
consider the explicit time-dependence contained in the Navier-Stokes equation when
calculating the effects of the surrounding gas on the torsion balance oscillations [96).
Appendix E outlines the important details of the time-dependent calculations; we
simply summarize the principal results here.

In comparison to the steady-state calculation of the fluid coupling to a sphere
undergoing translation or rotation, the time-dependent calculations introduce two
corrections. First, there is an inertial correction due to the acceleration of the fluid as
the balance moves back and forth. Due to the low density of the gas, this correction
can be ignored. Secondly, the outward propagation of waves in the fluid, taking energy
from the balance, results in increased damping of the various modes. The outgoing

waves are characterized by their penetration depth, §, which can be written as

§ = \/2—5 (5.5)

where w is the angular frequency of the oscillatory mode being considered. In the
case of our hollow sphere, a penetration depth smaller than the radius of the balance
results in the internal fluid effectively decoupling from the motion of the balance walls
with the result that both the external and internal fluid volumes significantly damp
such an oscillation. The damping of a sphere, of radius R, undergoing oscillatory

motion can be described by defining an effective viscosity as

et = Nof (?) (5.6)

where f (R/g) — 1 as f/s — 0. Values of B/s for the various modes are summarized

in Table 5.4. Using Equation E.4, we can write f (£/s) for translational motions as
g )
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s
Mode Air Helium
Torsion Oscillation (Tungsten) 14 0.54
Torsion Oscillation (Quartz) 2.0 0.78
Simple Pendulum Mode 18 7.0
Wag Mode 39 15
Vertical Stretch Mode 72 28

Table 5.4: Values of the oscillatory damping parameter, R/g, for the major modes of
the balance.

f ({;) ~ 2? (5.7)

where this expression includes contributions from both the external and internal vol-
umes of fluid. It also assumes a negligible shell thickness for the sphere and R/5 > 1.
Thus damping of the last three modes in Table 5.4 are dramatically increased in
comparison to the Stokes’ Law value in the limit of uniform motion. In contrast, the
relatively small values of /s which are found for the torsion oscillations result in a
much smaller change in the effective damping. In the limit of R/5 < 1 Equation E.7

gives

(5.8)

<§>z 1+2—?+2(?)2+§(?)3+i<£)"
142 42(B) 525

) )
where the final term is due to the internal fluid and clearly does not contribute

significantly (the internal fluid essentially co-rotates with the balance). In the case
of the quartz-suspended balance operating in a helium atmosphere, this expression
indicates roughly a 10% increase in the damping of the torsion mode due to oscillatory

effects.



































































































































































































































































































