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Abstract.
A review of the experimental efforts to search for a fifth force is presented.
The talk begins with a brief history of the hypothesis of fifth force and goes on to describe the context in which the hypothesis gained considerable significance in the recent
past. Then a review of many modern experiments is presented, highlighting some of the
representative experiments and their results. The TIFR torsion pendulum experiments
are described in some detail and the main results are summarized. The talk ends with a
hint of future directions in the field.

1. I n t r o d u c t i o n
It was through the pioneering efforts of Prof. P. K. Malhotra that accelerator
based particle physics flourished in the country in a significant way. My talk deals
with a subject which would be classified as non-accelerator particle physics. This
talk is dedicated to his memory since this gives me an opportunity to recall his
encouragement and support during my own research in this field.
Though the flavor of this talk will be that of a general review of experiments
performed to search for a fifth force, I will confine myself to a few representative experiments to bring out the important techniques used and the results obtained; this,
of course, does not mean that the experiments which are not explicitly discussed
are less important.
The realization that the existence of the infinite range (zero mass) electromagnetic field is closely linked to the conservation of electric charge is the basic idea
which prompted several physicists to suggest, at various times, the existence of other
long range fields coupled to conserved charges like the Baryon number. Wigner had
argued [1] that the reasons behind" the conservation of electric charge and the conservation of the 'heavy charge' (baryon number) were the same and therefore these
had similar consequences. Yang and Mills had studied the properties of the 'b-field',
a possible analog of the electromagnetic field, arising in the context of the conservation of isospin and the invariance of physical laws under isospin rotations in the
absence of electromagnetic fields [2]. Subsequently, Lee and Yang in 1955 discussed
the possibility of a baryon gauge transformation [3]. Since the gauge transformation
on the baryon wave function eB ~ ei6r with 6 an arbitrary function of space
and time, is formally equivalent to the corresponding electromagnetic gauge transformation, invariance under such a transformation necessitates the existence of a
neutral, massless vector field coupled to baryons. Since most of matter consists of
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baryons, the force between two macroscopic bodies would contain a repulsive contribution ~7~B1B~/R~, where ~/is the baryon charge per baryon and B1 and B2 the
baryon numbers of the two bodies. They argued that, since baryon number is not
strictly Proportional to mass (the fractional variations, induced by nuclear binding,
are of the order of 10-3), this new force would be composition-dependent. Since
it was known from the famous EStvSs experiments [4] that composition-dependent
variation in the accelerations of massive bodies towards the Earth are smaller than
one part in l0 s, Lee and Yang were able to constrain the strength of the new force
to less than 10 -5 of the gravitational coupling strength between baryons.
The reasons for elaborating on the hypothesis of Lee and Yang here are twofold:
(a) this is the basic idea that has recurred time and again with modifications,
in theoretical arguments suggesting the existence of new interactions (It may be
noted that the issue of the apparent conservation of baryon number is not yet well
understood), and (b) the possibility of constraining such interactions using precision
experiments which measure accelerationswas pointed out and even now this remains
the most convenient technique to look for composition-dependent forces.
Though the hypothesis of the existence of a fifth interaction was revived in
the context of the observed CP violation in 1964, detailed experimental studies
showed that the observed effect was not due to the coupling of a fifth force to some
hypercharge of the K-mesons.
2. T h e o r e t i c a l m o t i v a t i o n s
One of the more recent suggestions which attracted lot of attention from the experimental quarters was due to Y. Fgfii who considered the scale invariance or the
dilation invariance [5]. Dilation symmetry (invariance of action under coordinate
scalings of the form x ---, e}z), when spontaneously broken, gives rise to a Goldstone
boson - the dilaton - which couples to the graviton through the energy momentum
tensor. In the particular scenario considered, the mass of the dilaton was such that
non-Newtonian gravity was expected at a length scale either in the range of 10 m 1 kin, or at ranges smaller than 1 cm. The expected correction to gravity Was large;
the total interaction between two macroscopic bodies was described approximately
by the potential
1
~r-),
3 M1M2(I" +-~ewhere G is the 'laboratory value' of the Gravitational constant (the value measured
in a standard Cavendish experiment over l'aboratory length scales) and p is the
inverse of the 'range' of the force. This meant that the short distance laboratory
experiments overestimated the Gravitational constant for long range gravity by a
factor of 4/3 ! The situation in experimental gravitation at that time was such that
this enormous correction to the Gravitational constant and inverse square law was
an untested possibility for ranges between 10 cm and 1 kin.
Interaction potentials of the form

V(r)'-- -Goo M1M2 {1 + ~aiexp(-r/A,)}
r

occur in several scalar-tensor theories of gravitY. Such potentials arise also in higher
derivative theories of gravity and in locally supersymmetric theories (Supergravity).
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In extended supergravity theories, the possibility of a vector partner to the graviton
exists. This spin one particle - a graviphoton - would couple to ordinary matter
with the gravitational coupling strength in the unbroken theory [6]. The Yukawa
type of correction to the 1/R potential can arise from the exchange of a spin-0 Goldstone boson with non-zero mass. Moody and Wilczek have discussed this scenario,
especially with regard to the exchange of axions [7]. Forces mediated by spin-0
Goldstone bosons, arising from the spontaneous breaking of a Global symmetry
in the backdrop of the QCD anomaly, were discussed by Chang, Mohapatra and
Nussinov [8].
Almost ten years after Fujii's suggestions, Gibbons and Whiting [9] examined
satellite and geophysical data and made the point that there was very little scope
for a theory which allowed more than 1% deviation from Newtonian gravity at
laboratory distances or larger length scales. (As can be seen from Fig. 1, their
compilation allowed more than a 5% deviation in a narrow region from 10 m to 100
m, called the geophysical window.) They also pointed out the need for improving
the constraints, and suggested that geophysical experiments could reach sensitivities
better than 1%.
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Figure 1. Upper limits on the strength of a new force, derived from a variety of experiments, prior to 1986. St~ey's results and Fischbach's reanalysis suggested a new
force with its parameters in the geophysical window.
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3. E x p e r i m e n t a l investigations
3.1. M o t i v a t i n g e v i d e n c e s
It was the observations by Fujii which spurred the systematic investigation of Newtonian gravity in mines by F. Stacey and collaborators. In the eighties, there were
repeated claims by this Australian group, of evidence for non-Newtonian gravity in
mines. From a series of measurements of the gravitational acceleration in the Hilton
mine and Mount Isa mine in Queensland [10,11] they estimated the value of the
Gravitational constant at an average depth of 1000 m to be about 1% higher than
the laboratory value (see region marked 'Stacey' in Fig. 1). Meanwhile, there were
claims by Aronson et al that an energy dependence of the CP violation parameters
was observed in experiments with K mesons [12]. (These claims were shown to be
incorrect by similar, more detailed experiments soon afterwards.)
These bits of evidence from the mine experiments and from the accelerator experiments prompted Fischbach et al to reanalyze [13] the data from the century old
F.~tv/Ss experiment in which the ratio of the gravitational acceleration to centrifugal
acceleration of many materials was measured in the Earth's field [4]. The details of
this analysis may be found in Ref. [14]. The surprising result was that there was a
tight correlation between the difference in accelerations measured for two materials
and the difference in their baryon number per unit mass [Fig. 2]. After examining
all the three kinds of evidence, the conclusion was drawn that there was a good
indication for the existence of a new force, a fifth force, coupling to baryon number
with a strength -,, 10 -2 of gravity and with a range of about 100 meters. Their paper raised controversies and attracted deep interest. It became necessary to design
and perform new experiments which were more sensitive than the previous ones to
check the suggestion put forward by Fischbach et al. In fact, the experiments and
results discussed in this talk were mainly motivated by the suggestions in Bet'. [13],
though our group in TIFR has been planning a series of experiments, including
a peep at the geophysical window using a high sensitivity torsion balance several
years before Fischbach's suggestion [15].
A finite range fifth force coupling to charge Q is conventionally described by the
Yukawa potential
f2 ~ e x p ( - r / A ) ,
where f2 is the coupling strength and ,Xis the range of the force. If Q is proportional
to mass then the force is composition-independent and manifests macroscopically as
a violation of the inverse square law of Newtonian gravity in experiments measuring
gravitational acceleration. When Q is not strictly proportional to mass, the force
is composition-dependent. A conceptually straightforward method of searching for
such a force when A is maeroscopically large involves measuring the difference in
acceleration of two compositionally different objects in the field of another massive
object. Therefore it is useful to write the total interaction potential including that
of gravity as
V,o, -

-cmt

m 2 [1 -

q2exp(-r/

)]

r

between two bodies of mass ml and m2. In this expression, ~ is the coupling
strength in units of gravity (= f2/4~Gm~ where mn is the mass of the hydro398
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F i g u r e 2. Results from the reanalysis of the E~tv6s data. T h e correlation between
differential accelerations of pairs of materials and the difference in their specific
baryon number is strikingly tight.

gen atom) and q is the charge per unit mass, the specificcharge. W e assume that
gravity itselfis composition-independent, a fact tested to an accuracy of 10 -12 in
F~tv~s type torsion balance experiments. The important charges under consideration are the Baryon number (B), Lepton number (L) and linear combinations of
these charges like the nuclear isospin (I = N - Z = B - 2L for normal nuclei.)
3.2.

Modern

experiments

Immediately after Fischbach and coworkers presented evidence for the existence of
a fifth force there was a large surge of experimental activity and the first results
were available within a year. The torsion balance experiments which form the major
category, themselves had a large variety. There were laboratory E6tv6s experiments
and there were 'out-door' E6tv6s experiments performed near a cliff or a hill which
acted as a source of the field. While many experimenters used a movable source
which can modulate the signal periodically, in one experiment a rotating torsion
balance was used near a hill. The oscillation frequency of a torsion pendulum was
monitored for different orientations of its dipole axis with respect to a cliff source,
in one experiment.
There were several repetitions of the Galilean free fall experiment using sophisticated 'free drop' apparatus. Some other experiments used sensitive gravimeters to
measure local gravity of the earth as a function of height on a tall tower-or as a function of depth in a mine or a bore-hole. These geophysical, Airy type experiments
Pramana- J. Phys., Supplement Issue, 1993
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were similar to the pioneering experiments done by Stacey and his collaborators.
Direct weighing of test masses in the presence of large masses using beam balances was tried in two experiments, one in a laboratory and another over a large
lake. There was also a proposal to use the extremely high sensitivity of a gravity
wave antenna to search for the fifth force, by looking at the response of the antenna when a large flywheel or a ring whose semicircular halves were of different
compositions, was rotated nearby.
A novel and unconventional idea was tried out in two experiments, in which
a new type of differential accehrometer was used for the search. The differential
accelerometer in Thieberger's experiment [16] consisted of a hollow copper sphere
which freely floated, submerged (neutrally buoyant) in a tank of water. If such an
instrument is kept near a cliff or a mountain, the gravitational force and the force
of buoyancy cancels out when the effective density of the sphere is equal to that of
the water. This is because the gravitational interaction is composition independent.
If, in addition to the gravitational force, there is a composition dependent force,
the force on water (which generates buoyancy) is different from the force on the
sphere. This results in a residual force which causes a movement of the sphere in
the direction of the new force at the terminal velocity decided by viscosity of water,
according to the Stoke's law. By measuring this velocity the strength of the force
may be inferred, if the source composition is known.
Though the first results indicated the existence of a force consistent with the
Fischbach hypothesis, they were not reproducible in later experiments and similar
experiments by Bizzeti et al [17] at a higher sensitivity did not reveal any evidence
for the existence of a new force.
3.3. G e o p h y s i c a l e x p e r i m e n t s
Most of the initial results, from geophysical experiments of the Airy-type, supported the hypothesis of a fifth force. In these experiments, the local gravitational
acceleration is measured as a function of depth in a mine or as a function of height
on a tall tower. The expected variation when only Newtonian gravity is present
may be calculated by measuring the local gravity on the surface (reference level) at
several points and then integrating the Poisson's equation upwards or downwards.
The results from the tower gravity experiments of Eckhardt et ai [18], were
consistent with the existence of a new force and indicated an a ~ 0.02 and ~ ,-311 m. They tested for possible errors, including effects of magnetic fields, radio
frequency interferences and tower motions and found none. The additional twist
provided by these experiments was that the force was attractive (Stacey's original
result had indicated a repulsive force) and further that the observations were better
explained if there was a two-component Yukawa force, one attractive component
and one repulsive component as in a scalar-vector model of the fifth force [5, 19].
The results obtained by Eckhardt et al reinforced the fifth force postulate considerably, despite the fact that the more accurate torsion balance experiments continued to give negative results. These two results could be mutually consistent,
since the torsion balance experiments were not sensitive to composition-independent
forces, like one with a coupling to mass. Such a force, with a Yukawa coupling would
give rise to non-Newtonian gravity - a deviation from the inverse square law - but
would respect the Equivalence Principle.
This was also the situation in the experiment conducted in a Greenland bore400
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hole by Ander et al [20]. For the Airy method in mines, one of the major problems
is to determine the density distribution with a sufficient accuracy in a region of
required lateral extent throughout the depth range in which the measurements are
made. It was realized by Ander et al that this problem can be handled by doing
the measurements in a bore-hole in the Arctic ice cap. This experiment also had
results which could be interpreted as evidence for non-Newtonian gravity.
At this juncture, the general feeling was that geophysical experiments might
be indicating non-Newtonian behaviour of gravity, though several torsion balance
experiments had already ruled out composition-dependent forces with strengths
down to 10-4 of gravity. But, different geophysical experiments, while suggesting
non-Newtonian behaviour, were in conflict with each other in detail and even in
regard to the sign of the force. The whole confusion was resolved by the observation
of Bartlett and Tew that the emperor had almost no clothes [21]. They pointed out
two important facts which were overlooked in many of the geophysical experiments;
(a) that the local topography is very important and (b) that quite often the data are
biased due to the practice of confining the positions of the gravity stations to easily
accessible high land, avoiding shallow wet regions or lakes. For a tower experiment
like that of Eckhardt's, this means that the high land which contributes more to
the gravity at the top is oversampled. They also pointed out that a small hill of
about 6 m height and with a lateral extension of about 100 m, spotted at the tower
location, could give rise to the gra~"ity anomaly observed, including the Yukawa
fall off, in Eckhardt's experiment. These suggestions prompted Eckhardt et al to
carry out some more gravity measurements in shallow regions and to reanalyze their
data after including detailed topographic information. And the gravity anomaly
vanished!
Bartlett and Tew went ahead further and looked at Stacey's classical data from
the Hilton mine. The terrain, local to the Hilton mine, is a shallow valley and they
identified topographical features which could mimic the presence of a new force. A
thorough reanalysis of their data by Stacey and collaborators taking into account
of topographical features has later shown that their data are fully consistent with
Newtonian gravity.
A submarine experiment was completed by Zumberge et al in the north east
Pacific ocean using a US Navy submersible [22]. This experiment resembled the
ice-cap experiment, but in this case the density distribution of the sub-water terrain
was more accurately known. From these measurements, the Gravitational constant
was estimated with a fractional accuracy of 2/1000. This experiment gave an upper
limit on a of 0.002 for ranges between few hundred meters to a few kms.
The postscript on geophysical "measurements is that all experimental results are
presently consistent with Newtonian gravity at the 0.1% to 0.3% level (1 a), ruling
out the existence of a new Yukawa force coupling to mass or Baryon number at
that level, for ranges above 100 m or so.
3.4. Galilean free-fall e x p e r i m e n t s
The Earth was the source of gravity in another class of experiments which provided
stringent upper limits on the strength of composition-dependent forces for ranges
between 10 km and 6000 km. These experiments were sophisticated versions of the
classic Galileo experiment. In the experiment performed by Niebauer et al [23], two
test masses made of copper and uranium were dropped in an evacuated vacuum
Pramana- J. Phys., Supplement Issue, 1993
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chamber which itself was falling in another evacuated chamber (this scheme eliminated airdrag from the residual gas to a large extent.) Any differential acceleration
between the test bodies would cause a relative displacement increasing quadratically with time and this was measured using an interferometric scheme. The results
of the experiment suggested that the product aA should be less than 5 m. Though
not capable of ruling out a fifth force as postulated by Fischbach, the experiment
gave useful limits on a for A > 1 km, and very stringent limits for A > 100 km.
A similar experiment was conducted by Kuroda and Mio [24]. In their experiment, the dropped objects were (A1-Cu pair and AI-C pair) designed such that their
centers of mass were coincident to within about 0.2 mm and this design suppressed
the effect of gravity gradients on the separation of the test bodies. This experiment
constrained c~)~to 9 m, comparable to Faller's result.
The sensitivity of a state of the art free-fall experiment is a few meters, for
the product ~A. One serious limitation is the short free-fall time available, of the
order of 0.5 sec, in the laboratory vacuum chamber. A novel idea to increase t h e
sensitivity of the Galilean free-fall experiments was proposed by our group and some
of the sub systems required for the experiment was fabricated and tested. The key
idea was to perform the experiment in a nearly freely falling laboratory like a falling
aircraft where observation times of the order of 10 to 20 seconds could be obtained,
as in trainer air crafts like KC-135 of the NASA. The aircraft can go through
several cycles of ascent and free-fall and a significant improvement in sensitivity is
expected. Even greater sensitivities can be obtained in a satellite experiment where
the free-fall time can be months or longer, but it is too complex and expensive to
execute such an experiment within a reasonable time span. (A Satellite experiment
to Test the Equivalence Principle, called the STEP and proposed to NASA and
ESA as an international collaboration, is in the planning stage and is expected to
take ten or more years before the final results come.)
3.5. Torsion b a l a n c e e x p e r i m e n t s
For ranges below 10 kms or so, the most sensitive and definitive experiments so far
have been torsion balance experiments. Some of these experiments used laboratory
source masses and some geophysical sources like cliffs and hills. The basic concept
of a torsion balance experiment is illustrated in Fig. 3. In experiments searching for
composition dependent forces, a dumb-bell shaped pendulum is avoided to eliminate
gravitational couplings. A symmetrized pendulum mass (like a ring made of two
materials) is ideal. The experiment is usually performed in a dynamical fashion,
either by rotating the source mass or the pendulum itself.
We will discuss the TIFR torsion balance experiments and a set of experiments
conducted by the E6t-Wash group from the University of Washington at Seattle
as representative experiments. The techniques used and the sensitivity to different
charges were different in these two experiments. (These experiments, and those
by Newman et al at the University of California, Irvine were the most sensitive
experiments conducted so far. Torsion balance experiments done by Newman et al
were conceptually similar to the TIFR experiments, though resonance techniques
were not employed. See Ref. [25] for a detailed report.)
The most exhaustive search, though not the most sensitive for all charges concerned, was conducted by Adelberger et al at the University of Washington (E~tWash Group) using a torsion balance set up inside a vacuum can which was capa402
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Figure 3. Deflection of a composite torsion pendulum (A-B) in the compositiondependent field of a source mass (S). An optical lever consisting of the mirror (M),
a light source (L) and a detector(D) measures the angular deflection.

ble of being rotated very smoothly [26]. In their first experiment [27], the source
mass was a nearby hill and the test masses were made of beryllium and copper
( A ( B / p ) "~ 2.5 x 10-3). The arrangement of the cylindrical masses of Be and Cu
formed a baryon dipole but a mass hexadecapole. The entire system - consisting of
the torsion balance, electrostatic and magnetic shields, vacuum chamber and the
optical lever - was fixed on a bearing-mounted platform which was slowly rotated
about a vertical axis at a constant angular velocity ( T = 2r/w .~ 6 x 103 see.) The
horizontal component of the intermediate range force due to the hill of mean density p would produce a torque that varied sinusoidally with the rotation angle (6)
with an approximately known phase and magnitude :

7"bar. = 2~rGaAp(B/l~) Sin6[AB/p]m.
This causes a modulation, at the rotation period, of the equilibrium angle of
orientation of the torsion pendulum with respect to the vacuum chamber. The
ESt-Wash experiment had the double advantage that it was possible to use a large
source mass like a hill and still get a modulated signal, thereby increasing the signal
to noise ratio enormously. The risk was in deciding to use a torsion balance on a
rotating platform since the noise from non-uniform rotation could be considerable
and also all the noise couplings to electromagnetic fields and gravity gradients
also could get modulated. Once it was demonstrated that the rotation could be
made sufficiently smooth and that the external fields could be shielded adequately,
P r a m a n a - J. P h y s . , S u p p l e m e n t
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the ESt-Wash experiments turned out to be very versatile, and the first results
ruled out Fischbach's hypothesis of the existence of a new force coupling to baryon
number with aB ~ 10-2. Subsequent to the first results, there were several modified
experiments from the ESt-Wash group, the details of which may be found in Ref.

[26].
Though it was known from the outset that a composition-dependent force has
to arise from a coupling to some charge which is a linear combination of B and L,
the initial focus of all the experiments was on a force coupling to baryon number.
The isospin and B-2L (equivalent to isospin for normal nuclei) was considered seriously after the torsion balance experiment conducted by P. Boynton gave a positive
result, which was consistent with several other negative results if the coupling was
predominantly to isospin [28]. The estimated value of the strength of the coupling,
a s "~ 2 x 10-2forA > 100 m, was indicative of new phenomena. To make his observations consistent with the results from other experiments, Boynton interpreted
the result as due to a new force with a coupling predominantly to nuclear isospin.
Though this interpretation was not consistent with the EPF data, it was considered
to be very important since the result came from a reasonably well controlled experiment. However the first results from the TIFR experiment and the results from
a second ESt-Wash experiment which was published around the same time ruled
out this interpretation convincingly soon after it was made [29, 30]. The ESt-Wash
group used a stack of lead blocks, instead of the hill, as the source mass for this
experiment.
The ESt-Wash group was also able to constrain the couplings and masses of
scalar and vector partners of gravitons, as proposed in phenomenelogical models
by Goldman et al [19], using the fact that the source strength in their experiment
was direction-dependent and therefore the signal expected from scalar and vector
couplings could be distinguished for a wide range of relevant parameters. They were
also able to put useful limits on the violation of the Equivalence Principle at the
level of 10-11 . For coupling to baryon number their limits are the most stringent
to date, with the constraint smoothly ranging from 10-3 to 10-6 from a range of 1
m to 10 km.
For coupling to isospin and lepton number the results from the TIFR experiments have remained the most sensitive so far for ~ in the range of 1 m to 1 km.
In the remaining part of the talk, I will describe these experiments briefly.
3.6. T I F R e x p e r i m e n t s
The TIFR fifth force experiments have been performed in three phases, with the
first phase starting in 1987 and the last phase completing in 1992 (See [31] for details on design and implementation). As mentioned earlier, the result from phase I
of the experiment was crucial in ruling out the existence of a new force coupling to
isospin, as suggested by Boynton to explain many conflicting experimental results.
In phase II, the overall sensitivity of the experiment was increased ten-fold and and
provided the most significant constraints on the strength of a new force coupling to
isospin [32]. Further improvements in sensitivity were achieved in phase III and now
we have the most stringent constraints on the strength of a fifth force coupling to
isospin or lepton number [33]. The acceleration sensitivity of the torsion pendulum
employed is the highest so far in the world and it is about 10-12 cm/sec -2. It is
basically a resonance experiment in which the source masses are moved around the
404
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ring shaped mass element of the torsion balance at the natural period of the pendulum, and the changes in the amplitude of the torsional oscillations are monitored
to see the influence of a composition-dependent interaction.
The mass element of the torsion pendulum is in the form of a ring formed by
sandwiching two semicircular rings, one made of copper and the other of lead,
between thin annular rings of aluminium. Azimuthal grooves cut in the lead half
equalizes its mass and the first two mass moments of the ring about the suspension
axis, with that of the copper half. The ring weighing 1500 gms and an optical
quality mirror attached to it by copper wires are suspended with the plane of the
ring horizontal from a 105pro diameter tungsten fibre, inside a UHV chamber [Fig. 4
and Fig. 5]. The natural period of this balance was 795.6 seconds. The apparatus
was operated in an underground laboratory, about 23 m deep, that was specially
constructed for performing such sensitive experiments. The laboratory is situated
in a remote village (Kashapura) near Ganribidanur, 80 km north of Bangalore,
in the seismically quiet Deccan Plateau. Operating underground enables effective
shielding of thermal influences by a factor exceeding 100, compared to the thermal
fluctuations at the surface ground level. Also the local seismic disturbances are
reduced by going deep. Further thermal shielding, down to less than a millidegree
in the relevant bandwidth was obtained by passive shielding using thermocole.
Layers of p-metal shield around the chamber provided magnetic shielding to the
required level.

Aluminium

C

~

fibre

Lead

a

b

Figure 4. a) Construction of the mass element of the torsion pendulum used in TIFR
experiments, b) The assembled pendulum suspended from the torsion fibre.
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Figure 5. a) Schematic diagram of the torsion pendulum (TP) inside the vacuum chamber, protected by thermal (TS) and magnetic shielding. The position of the optical
lever (OL) also is indicated. The ion pumps (IP),maintain the vacuum, b) Schematic
view of the experimental set up in the underground laboratory. The depth of the
well is 25 m and the height of the instrument room at the top (IR) is 12 m.

The principle of the resonance experiment can be understood from Fig. 6. If
the source mass is kept at position A or B (Fig. 6a), there will be maximum torque
on the pendulum due to any composition dependent force acting differently on the
two halves of the pendulum. A periodic switching between these positions at the
natural frequency causes resonant modulation of the torsional oscillations which
manifests as an increase or decrease of the amplitude of the oscillations, depending
on the relative phase of the driving signal and that of torsional oscillations. The
change of amplitude is linear in time for durations smaller than the damping time of
the pendulum, which in our case is about 10 days. Ideally the drive pattern should
follow a square wave to maximize the signal, but within practical limitations, what
is employed is an approximately trapezoidal drive pattern, with the effective centre
of mass of the source is at A for a large fraction of a half period and at C for a
similar fraction in the next half period (Fig. 6b).
Due to imperfections in the fabrication of the ring and due to small inevitable
misalignments during the assembly, there are multipole moments (or differences
between multipole moments with respect to different symmetry axes) of the pendulum which can couple to gradients in the horizontal gravitational field generated
by the source masses, and these couplings can cause spurious resonant changes in
the amplitude of the pendulum. Such couplings are suppressed to large degree by
406
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Figure 6. a) Resonant torsion pendulum experiment: the positions (A or B) of the
source mass in relation to the pendulum, b) Schematic diagram of the drive pattern
showing position of the mass as a function of time.

choosing a source mass configuration which is highly symmetrical as far as the mass
distribution is concerned, maintaining a large asymmetry in charges like isospin and
lepton number which can generate composition dependent fields. The source mass
configuration in relation to the torsion balance is schematically shown in Fig. 7.
The average radial distance of the masses is 110 cm from the suspension axis of the
pendulum. The steady improvement in sensitivity from phase I to phase III of the
experiments is due to the identification and elimination of many systematic effects,
mainly of gravitational origin. The source configuration shown is the result of this
steady evolution. The progress made in improving the sensitivity can be read off
from Fig. 8.
To improve the repeatability of the positions of the masses between experimental runs with different conditions, a facility for gently unloading and reloading
individual mass discs without upsetting the entire balance of the mass truss was
incorporated in phase III; light weight aluminium brackets were attached to the
suspension arms in which mass discs could be loaded vertically. UniversM bearings
on the suspension arms at appropriate places ensured that the radial positions of
all the mass piles were repeatable within 0.3 mm (this much of uncertainty in the
radial positions results in spurious fifth force signal corresponding to an at of only
10-~, lower than the random noise in the experiments. Once the repeatabi:,ty of
radial position was ensured, it was possible to perform a difference experiment in
which all the important gravitational couplings were eliminated. The difference experiment consisted of one set of fifth force experiments and one set of control (null)
experiments and in bo'~h experiments the amplitude of the torsional oscillations of
the pendulum was monitored when the masses are rotated in a trapezoidal pattern
at the natural frequency of the pendulum at the apprbpriate phases. The differPramana- J. Phys., Supplement Issue, 1993
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Brass

Lead
Figure 7. The configuration of the source masses in relation to the torsion pendulum
as in phase III experiment. The inset shows the top view.

ence was in the source mass configuration used. In the fifth force experiments the
masses were arranged in a way that there was maximum azimuthal asymmetry in
the composition-dependent charges whereas in the control experiments the lead and
brass discs were mixed up in the mass trays such that all suspension arms contained
same amount of lead and brass thereby symmetrizing the composition-dependent
fields. So we have data with the composition-dependent fields switched on and off,
with the gravitational coupling remaining more o1" less the same. So, subtracting
the average extracted growth rate in the control experiments from that of the fifth
force experiments gives the true fifth force signal.
A high sensitivity optical lever with a resolution of 3 • 10-9 rad/v/-Hz measured
the angular position of the pendulum and the data was digitally processed to yield
the average rate of change of amplitude during the resonant drives. This translates
into values for various coupling constants.
The 2~ limit on the strength of the Isospin coupling is given by the expression
-5.9 x 10-s < a t < 3.44 x 10-~
This represents the best upper limits on ~I from all the experiments so far. As an
absolute upper limit on the strength of forces coupling to Isospin we write

I~ll
408
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F i g u r e 8. Constraints on the strength of a new force coupling to isospin. Results from
all three pha~es of the TIFR experiments are shown. Also, results from the EStWash group (S) and Irvine group and the earlier positive detection by Thieberger
(Th) and Boynton (B) are shown. Coupling to lepton number is constrained by
similar curves for TIFR experiments, and these limits are larger than that on a l by
almost a factor of 4.
This limit, which is applicable beyond a range of 2 m or so is displayed in Fig. 8.
We can also derive upper limits on the strength of a new force coupling to
other important charges like L and B-L. We get these limits by scaling the limits
on a l by the ratio of relevant specific charge to the specific isospin charge. The
relevant multiplication factor here is 3.93. These limits are approximately equal
(and opposite in sign) and are given by

[OIB_L] ~ ]OtLI <: 2.32

x 10 - 4

At present the experimental scene is mature and more or less saturated as far
as the search in the geophysical window is concerned. But it is important to note
that there are no serious constraints on the coupling strengths of new forces for
ranges below 1 m m and in the micrometer region forces with strength a billion
times that of gravity cannot be ruled out! It is a challenge area for experimental
physicists to conceive and execute precision experiments to probe this region. One
major outcome of the intense efforts worldwide to search for a fifth force is the
renewed interest in laboratory tests of the Equivalence Principle with unprecedented
P r a m a n a - J. Phys., S u p p l e m e n t Issue, 1993
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sensitivities. The E6t-Wash group and the Irvine group as well as our group in
T I F R are preparing torsion balance experiments which are expected to test the
Equivalence Principle with sensitivity exceeding 10 -12 . We are also testing designs
for very long period torsion balances with the ambition of reaching sensitivities
around 10 -14 in stages, hopefully within a few years.
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Discussion
B. Ananthanarayan : How does noe understand the positive result reported initially?
C.S. Unnikrishnan : Since there are negative results from several experiments
now which are about 100 times more sensitive than the experiments which
reported positive results earlier, we can say that there were some unidentified
systematic effects in those experiments. In fact, this was shown to be the ease
in many geophysical experiments which had positive results earlier. Now, after
appropriate corrections, all of them are consistent with Newtonian garvity.
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