
PHYSICAL REVIEW D VOLUME 30, NUMBER 1 1 JULY 1984
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The forces mediated by spin-0 bosons are described, along with the existing experimental limits.
The mass and couplings of the invisible axion are derived, followed by suggestions for experiments
to detect axions via the macroscopic forces they mediate. In particular, novel tests of the T-
violating axion monopole-dipole forces are proposed.

MACROSCOPIC FORCES

Very light, weakly coupled bosons are occasionally sug-
gested in the literature, for example, axions, ' familons,
majorons, arions„and spin-1 antigravitons. Such parti-
cles must couple very weakly to ordinary matter to have
eluded detection thus far. A boson with small enough
mass (say, 10 eV) would have a macroscopic Compton
wavelength (say, 2 cm) and would mediate a force on lab-
oratory scales. Even if very weakly coupled at the single-
particle level, a macroscopic body with 10 constituents
could produce a measurable, coherent light-boson field.
In the familiar case of gravity, the dimensionless coupling
between two nucleons due to graviton exchange is absurd-
ly small [(m„„,&„„/Mp] g) —10 ], but two 1-g masses
separated by 1 cm experience a measurable force of

(6X10 ) (m~/Mpi) =6.7X10 dyn .
(1 cm)

We shall be interested in the possibility of detecting
very light spin-0 bosons through the macroscopic forces
which they mediate. The possible forces are determined
by the allowed couplings; the spin-0 boson must couple to
an effectively conserved quantity. There are only two
possibilities for couplings to fundamental fermions: the
scalar vertex and the pseudoscalar vertex. The scalar and
pseudoscalar vertices can be analyzed in momentum space
using the Gordon decomposition. For pure spacelike
momentum transfer q, they become

scalar,

pseudoscalar,

qP
gpq(qW'(pf }t YS P(p )gpq'(q}

2M P(pf )t1 s1 tb(p'}

=gptp(q} [gt(pf ); &g(p;)] . (2)

Here pf ——p +q/2 and p; =p —q/2 are the final and ini-
tial on-shell momenta and M is the fermion mass. The
matrix X is the diagonal spin matrix. In the nonrelativis-
tic limit (small fermion velocity and momentum transfer),
the scalar coupling is spin-independent and depends only

~ ~
upon the fermion density g&@pe

' q '. The pseudoscalar
coupling is entirely spin-dependent, however. The virtual
boson fields of a fermion in the two cases will thus be
"monopole" and "dipole" fields (in the sense of the multi-
ple expansion).

The scalar and pseudoscalar vertices (1) and (2) can ap-
pear in one-boson-exchange graphs in three combinations;
this allows the existence of three distinct forces. The
two-fermion potential can be calculated in the inverse
Born approximation,

d q (vertex 1)(vertex 2)e'q''
(2n. ) q +w~

The results are (see Fig. 1)

(monopole),
—Nl l'—gsgse

g, tp(q)p(pf )g(p; ) =gstp(q), f(pf )$(p; )

—i " "
p(pf )tT~"g(p;); (1)

2M

monopole-dipole,

(dipole),

r
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VlgI'gI' ~y 1 4~ 3 Iq 3~y 3 —m rV(r) = (&,.&„),+, + 5 (r) —(&, r")(&,.r") + +— e16mMM " r2 „3 3 r2 r3

(6)

Regardless of the assigned parity of the light, spin-0 bo-
son, the (monopole} and (dipole) forces conserve P and
T. However, the monopole-dipole force enjoys a unique
status amongst possible macroscopic interactions, because

&.r violates P and T and of course macroscopic P and T
violation has heretofore not been observed.

A few experimental upper limits exist for the strength
of anomalous (monopole) and (dipole} interactions.

30 130



30 NEW MACROSCOPlC FORCES? 131

7sg~p 1759p 1759p

couple to quarks only through a T-conserving pseudosca-
lar vertex:

mq
Q ql p5q

(0) (b) (c)

FIG. 1. Graphs for the potentials of Eqs. (4), (5), and (6). (a)
(Monopole), (b) monopole-dipole, (c) (dipole).

Spero et a/. performed a Cavendish experiment to test
deviations from the Newtonian 1/r potential over the dis-
tance range 2 to 5 cm. Their experiment established an
upper bound for additional Yukawa-type interactions
given by

V(r) =- 6m ~m2 (1+ac ' );—r/A.

r

at their scale of greatest sensitivity A, -3 cm, a was found
to be less than 10 . Since the dimensionless coupling
constant for the gravitational interaction between two nu-

cleons is (mz/mp~) =10, we see that any anomalous
Yukawa coupling at a scale of 3 cm must have a dimen-
sional magnitude of 10 ' or smaller.

The measured g factor of the electron provides a limit
on nonelectromagnetic electron spin-spin interactions.
Since the experimental findings agree with the predictions
of QED to eight digits for experiments using ferromag-
nets, we get a limit for any nonelectromagnetic spin-spin
coupling at a scale of 1 cm of 10 Xa(A,,/1 cm)
=10 ', where A,, is the electron Cornpton wavelength

1and cx:
A limit on photon spin-spin tensor interactions is pro-

vided by Ramsey, based upon studies of the hydrogen
molecule. Ramsey finds that any nonmagnetic interac-
tion must be 4&10 " smaller than that between proton
magnetic moments. Extrapolated to a distance of 1 cm,
this establishes an upper limit on the dimensionless cou-
pling for an r tensor force of 10

Of these various limits, only the anomalous (mono-
pole) interaction limit of 10 ' obtained by Spero et al.
comes close to testing the range of possible strengths for
axion-mediated forces. Furthermore, we know of no obvi-
ous experimental limit on the macroscopic P- and T-
violating monopole-dipole interaction. Thus, the oppor-
tunity is ripe for pushing past known limits and perhaps
finding something new. We shall shortly discuss some ex-
periments which may do so.

arid

H „,=m„ut ug+mgdLdg+ +H.c.

2

HT ——0 GG .
32m2

(7a)

(7b)

Under a Peccei-Quinn transformation,
—i g/2 i g/2mq~mqe, ql. ~e qL, , qR~e qg,

the phase of the 't Hooft vertex varies as
r

arg g k, gg
q

hence, e' becomes e' + "', where N = number of quark
flavors. Similarly, under chiral U(1),

and the 't Hooft vertex changes as e'e~e'e+ '. Thus, a
combined Peccei-Quinn and chiral U(1) transformation
with v= —q leaves 0 invariant.

To calculate the mass of the axion, we imagine per-
forming a Peccei-Quinn transformation; this leaves the
quark mass terms unchanged, but changes 0 to 0+60.
We now undo this change of 0 by reabsorbing b,8 into the
quark mass sector by the combined chiral SU(N))&U(1)
transformation which minimizes the energy. This gives

where F is the scale of Peccei-Quinn symmetry breaking.
However, a pure Peccei-Quinn transformation changes

the phase multiplying the 't Hooft vertex. It is energeti-
cally unfavorable to change this phase (which requires en-

ergies of the order of the mass of the g'), so the Peccei-
Quinn transformation is compensated for by a combined
chiral U(1) and chiral SU(N) transformation which leaves
the phase invariant and minimizes the energy. Since the
quark masses are not zero, these combined (Peccei-
Quinn) [U(1)q ] [SU(X)~ j transformations cost energy,
and the axion acquires a small mass. If, in addition, the
effective 8 parameter Hcff is not zero, the axion will also
couple to the quarks with T-violating scalar vertices.

To see how this all works, consider the quark-mass and
T-violating sectors,

AXIONS H „=m„uu cosh'„+ m~dd coshO~+ . (10)

A particularly well-motivated proposal for a very light
spin-0 boson is the axion. It arises in models to explain
the smallness of a potentially large P- and T-violating
coupling in QCD.

The axion is the quasi-Nambu-Goldstone boson of a
spontaneously broken Peccei-Quinn quasisymmetry. If
the Peccei-Quinn symmetry were not broken by the
t Hooft vertex associated with fermion emission in in-

stanton fields, the axion would be massless and would

i&q

mj

subject to the constraint 40„+40~+48, +. . . =60.
Since the quark bilinears acquire the vacuum expectation
value (uu)=(dd)= . =V&0, the minimum is found
to be at
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For example, in SU(3),

—U mumdmsma= 2F mumd +mdmg +mgmu

in SU(3). Here, we have identified Fb,8=a from the
properly normalized axion kinetic energy: —,'F (Bb,8); F
is the scale at which Peccei-Quinn symmetry is broken.
By using m, »mu, md and the Pion-mass formula

—U

z (m„+md),

we obtain

2 2mu fu mum'
mg F (m„+md)

(12)

We can now extract the pseudoscalar couplings for the
axion. Labeling a =F48 as above and expanding H „,
(7a) to first order, we get

H „,=m„uz u~(1+i b8„)+m~drdll (1+i58')
+ o ~ i +H

a mu mdmg= pm, qq+—F mumd+mdm, +m, m„

X (ul y5U+dl ysd +s ly5$)

In the limit m, —+ 00, the pseudoscalar couplings are just

a m„md
H;„,=— (uiysu +diy5d +s iyss) .F mu +md

(13)

The T-violating scalar axion-quark couplings are ob-
tained by absorbing the 8 term (7b) into the quark-mass
sector while minimizing the energy as before and expand-
ing. From

H „,=m„uu cos(8„+58„)
+mddd cos(8d+68d )+

we get

a mumd
H;„,=— 8(uu +dd +ss) .F m„+md

(14)

m„md+mdm, +m, mu

By expanding H „, out to second order, we obtain
—,
'

mrna, where

0 mumd
g~~~= + uu+dd+$$F mu+md

g mumd= N — uu+dd NF mu+md

, (x [~fx&, (15)F (m„+md)
whe~e (N

~

o
~
&) is the pion-nucleon o term, taken to be

60 MeV.
In a wide class of axion models, basically all those

deriving from grand unified theories, the axion-electron
pseudoscalar vertex is

me
H;„,=a eiyse .F (16)

Several limits exist for the key parameters of axion
physics, 8 and F. Measurements of the electric dipole
moment of the neutron have established that 8&10
The expected value of 8 depends upon the model of CP
violation chosen. In the conservative Kobayashi-
Maskawa model, one of us (FW) has estimated that
0-10 '; other models should give higher values. Stellar
energy-loss rates constrain the scale of Peccei-Quinn-
symmetry breaking F to be F & 10 GeV. ' Finally,
cosmological considerations" suggest a preferred value of
F=10' GeV; in this case, axions would account for the
missing mass of the Universe. However, F is probably
less than 10' GeV; otherwise, axions would overdominate
the Universe.

Before proceeding with our discussion of possible ex-
periments, let us write down the three force laws which
will be of practical interest, those involving electron spins
and nucleons. In terms of the effective interaction
strengths at the scale of the axion Compton wavelength,
they are [following Eqs. (4), (5), and (6)]

thereby effectively on 8. Since both the coefficients and
the vacuum matrix elements of these operators are uncer-
tain, due to our ignorance of the mechanism of I' and T
violation and our lack of computational skill in QCD,
respectively, a reliable calculation of this type is impossi-
ble. Accordingly, we have treated 0 as a phenomenologi-
cal parameter. It should be remarked that the additional
operators will also have nonzero nucleon matrix elements,
so the scalar coupling (14) is incomplete, although it is
probably a reasonable approximation.

To calculate the effective scalar coupling of the axion
to nucleons, we make use of the value of the cr term in
current algebra. The effective scalar coupling is

In the calculation leading to (14), we have assumed that
the energy is minimized when the coefficient of the
't Hooft vertex is 8, while the quark masses and U are real.
In a theory with axions, this 8 is, in principle, dynamical-
ly determined by minimizing the vacuum energy with
respect to the phases of appropriate Higgs fields. This
can be done at the effective Lagrangian level by consider-
ing a more complete Lagrangian including I'- and T-
violating four-quark terms induced by the weak interac-
tions, whose coefficients depend on quark masses and

nucleon [(monopole) ],
e —1

~ivy = Gx~(7 ~)—4m.k,g

nucleon —electron [monopole-dipole],

o'r e
Vx, Gx, (it,~)——

A

electron [(dipole) ],

(17)

(18)
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P1g
Gee(mq ) = —1/F (22)

For convenience, the axion mass and Compton wave-
length are given by

10' GeV (23)

Ag =2 em 1210' GeV
(24)

EXPERIMENTAL POSSIBILITIES

We now discuss techniques for measuring very weak

forces and suggest experiments to detect axions. Novel
"monopole-dipole" experiments to detect the macroscopic
T-violating axion interaction are proposed.

Axion sources are macroscopic collections of nucleons

(ordinary masses) or coherent, spin-polarized electron or
nucleon systems. %'e shall be interested in using dense or
highly spin-polarized test masses of dimension compa-

rable to the axion Compton wavelength. The dimension-

less axion coupling strengths for the three interaction

types [Eqs. (20), (21), and (22)] as functions of F and 8 are

shown in Fig. 2. The gravitational coupling is shown for
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FIG. 2. Dimensionless axion couplings {at scale A, & ) as func-
tions of F and 0. Long dashed lines are G~~/4m for 0=10
and L9=10 ' . Short-dashed lines are G~, /4m for 8=10 and
0= 10 ' . Solid diagonal line is G„/4m. Gravitational coupling
between two nucleons {M~/Mp~) shown for comparison.

e
—1

Vee = —Gee(~a)[ 4 (&t'r)(&2'r) —
z &'t'&2]

4nA.„,
The effective interaction strengths in terms of m& using
(15) and (16) are

2
8(60 MeV) 2mumd —(8/F), (20)

(m„+mg)2

8(60 MeV)mz 2m„md
G~, (mg)= -8/F, (21)F (m„+md)

2

comparison. Clearly, the axion forces are weak.
For assessing experimental sensitivity, a useful quantity

is the acceleration experienced by a nucleon at a distance
A, ~ [axion Compton wavelength, Eq. (24)], due to a semi-
infinite axion source composed of iron. This acceleration
is shown in Fig. 3 for the three interaction types along
with the gravitational acceleration exerted by an iron slab
of thickness A,q. (Of course, the geometry is important
for the spin-dependent forces, but we are concerned only
with order-of-magnitude comparisons. ) The accelerations
and range depend upon I and 0; realistically accessible
lengths are 0.2 mm and greater.

The techniques for detecting axions are borrowed from
experimental gravity. The experiments are of two types:
those which employ broad-band torsion balances to mea-
sure Newton's constant or to test the inverse-square law
("Cavendish experiments"), and those proposed for sensi-
tive tests of post-Newtonian gravity which use high- Q
monocrystals and torsion balances operated at resonance
("high-Q experiments"). Cavendish experiments represent
an existing technology currently capable of probing ac-
celerations as weak as 10 ' cm/sec. For example, the
Eotvos-Dicke equivalence-principle test attained this pre-
cision. ' The cryogenic, high-Q experiments represent a
goal to strive for; having sensitivity to accelerations as
weak as perhaps 10 cm/sec, they would be limited
only by attainable Q's and the corresponding (thermal)
Nyquist noise limits. ' The evolution from the current
state-of-the-art Cavendish experiments to the high-Q ideal
may be a difficult process, requiring several generations of
experiments.

(MONOPOLE) AND (DIPOLE) EXPERIMENTS

Currently, two experiments of the Cavendish type to
detect anomalous gravitational (monopole)2 forces at dis-
tances of less than 2 em are proposed or in progress. ' '
The sensitivity of these experiments is expected to be
10 " cm/sec, and thus probe the range 8 & 10
F & 10' . Since the (monopole) axion force competes
directly with gravity, such experiments are fundamentally
limited by metrological precision. For example, the
best measurement' of G [(6.6726+0.0005) )& 10
cm sec g '] is good to only one part in 10. Clever
geometries, such as Newman's nested cylinders, ' can be
used to nullify the Newtonian force, but without perfect
precision. The fine tuning of these experiments will prove
a challenge for experimentalists. Perhaps forces 10 times
weaker than gravity are accessible.

A test for anomalous gravitational spin-spin interac-
tions is currently being built by Graham and Newman. '

This Cavendish experiment measures the torque between
two spin-polarized bodies. By using state-of-the-art su-
perconducting magnetic shielding, ' Newman expects to
achieve sensitivity to anomalous forces 10' times weaker
than the magnetic spin-spin interaction. This sensitivity
is 7 orders of magnitude better than the limit placed by
the measured electron g factor (which agrees with QED to
eight digits). Unfortunately, since the axion coupling is
10 9 times the photon coupling [a(m, /F), F =10'
GeV], it is unlikely that such experiments will be able to
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FIG. 3. Order-of-magnitude accelerations expected for axion-mediated forces as functions of I' and 0. The accelerations are for an
atom of iron at a distance A, z outside a semi-infinite axion source with the nucleon density or the electron spin density (two free spins
per atom) of iron. The geometry dependence for the spin-dependent forces is ignored. The coupling strengths are those of Eqs. (20),
(21), and (22) shown in Fig. 2. (a) Nucleon-nucleon (monopole) acceleration, obtained from the formula—re,~a (r) =2m'( Gz&!4n.)A,&p;„„e /m&, where p;„„is the nucleon density of iron. The competing gravitational acceleration due to a
slab of iron of thickness k& is shown for comparison. Experimentally accessible region (shaded) is limited by size and metrology (pre-
cision with which competing gravitational acceleration can be canceled); it is arbitrarily taken to be A,»0.02 cm and (accelera-
tion) & 10 gravitational. (b) Nucleon-electron monopole-dipole acceleration (spin-dependence ignored). Experimentally accessible
region (shaded) is limited by size and acceleration sensitivity. We take these to be A, q & 0.02 cm and a & 10 cm/sec . (c) Electron-
electron (dipole) acceleration (spin-dependent ignored). Experimentally accessible region (shaded} is limited by ability to cancel com-
peting electromagnetic interaction. Even with a magnetic shielding factor of 10,the axion spin-spin force is inaccessible.

see the axion spin-spin force.
The above torsion balance experiments are state of the

art. %'hat are the present limitations on the performance
of torsion balances for measuring weak forces? Borrow-
ing from the experience of Roll, Krotkov, and Dicke, '
the most serious systematic effects which need to be con-
trolled are (1) temperature variations, (2) changing gravity
gradients, and (3) seismic noise. Some possible cures are
as foilows. "—"

(l) Temperature gradients and temperature changes
cause a multitude of problems, notably radiometer forces
and electrostatic forces due to varying contact potentials.
Both radiometer forces and contact potentials can be con-

trolled by the use of clean, uniform surfaces on torsion
balance parts (resulting in uniform accommodation coeffi-
cients and work functions), operation in high vacuum and
at low temperatures, and careful maintenance of tempera-
ture stability.

(2) Changing gravity gradients due to moving people
and even low-frequency air pressure fluctuations can exert
significant torques on torsion balances, unless they are
designed with minimized quadrupole and even higher
rnultipole moments.

(3) Seismic noise, whether from natural earth tremors
or human activity, can cause erroneous response in the
torsional mode via direct torsional motion or nonlinear
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mechanical couplings of translational or tilt excitations to
the torsional mode. Rotational seismic noise is fortunate-
ly almost nonexistent, ' so the keys to seismic noise reduc-
tion are minimization of nonlinearities in mechanical
design and effective damping or shielding of translational
and tilt excitations. Electronic refrigeration of pendulum
and vertical "spring" modes can critically damp transla-
tional excitations, while active, antiseismic shielding can
be used to insulate against tilt disturbances and torsional
excitations. Finally, a quiet location such as a mine is
desirable.

Solving such problems will be important for the low-

frequency, high-Q experiments to be discussed later.

MONOPOLE-DIPOLE EXPERIMENTS

Monopole-dipole experiments offer distinct advantages
over (monopole) and spin-spin experiments. Unlike the
(monopole) interaction, the monopole-dipole force can be
switched on and off without moving the sources. This al-
lows the use of an alternating axion force which can be
distinguished from static gravitational or van der Waals
forces. Unlike the spin-spin force, the monopole-dipole
force should not be magnetic-shielding limited. A mono-
pole body is in principle magnetically neutral, so magnetic
shielding would be necessary only to safeguard against the
presence of magnetic impurities. By using "dirty" super-
conducting shields around both monopole and dipole
bodies, the unwanted magnetic couplings could hopefully
be reduced to a dc effect. A monopole body made of
zone-refined monocrystal could have a uniform impurity
distribution of only one part in 10', with no macroscopic
magnetic ordering.

The switchability of the monopole-dipole force lends it-
self to measurement by high-Q mechanical oscillators. A
high Q can buy you two things: a large equilibrium-
oscillation amplitude for a given acceleration and small
Nyquist noise.

It is the small Nyquist noise which we wish to exploit
by using high Q's; for our purposes, the oscillator ampli-
tude built up over time will be limited by the uncertainty
in our knowledge of the resonant frequency co+ and our
observation time r, not the intrinsic Q of the system itself.
Ideally, the equilibrium amplitude of the oscillator excited
with acceleration a at resonance coR is

a
(~)max 2 Qintrinsic ++R

(~~ )2 4m

where ~* is the relaxation time. In practice we will not
know ~R precisely and will excite the oscillator slightly
off resonance at to=coz+b, co. This will induce an ampli-
tude

wait for r seconds, then soft /b, co=ad/aft, so we find

a ~ 1(hx), ff— 2
=

2 a77ft
2~R 2 ~R 8~2

[For our purposes below, we will set both the time we
spend determining the oscillator's natural frequency and
the time we spend exciting the oscillator at (or near) reso-
nance to be v= 10 see or 10 days. ] From Eq. (25), we see
that sensitivity is increased in proportion to the period.
The principal advantage of a high Q is seen in the Ny-
quist noise formula:

a Brownian
merit Q

Two high-Q devices have been proposed to measure
weak forces: the high-frequency monocrystal and the
low-frequency torsion balance. ' ' ' Here, we propose a
monopole-dipole experiment using a sapphire or niobium
crystal and existing technology which could detect an
anomalous acceleration of better than 10 ' cm/sec . We
then discuss the promising possibility of doing more sensi-
tive low-frequency experiments using torsion balances or
other devices. These, however, require good seismic
shielding.

A CRYSTAL EXPERIMENT

We envision a monopole-dipole crystal experiment as
follows (see Fig. 4). A 10-g, 3-cm-long monocrystal of
sapphire or niobium would passively respond to an oscil-
lating field produced by an adjacent, but magnetically
shielded, electron-spin system. The crystal would have a
resonant frequency in its quadrupole mode of roughlyf=150 kHz. At T=0.001 K its relaxation time is expect-
ed to be r" =10 sec (see below). If one then observes the
crystal response to an oscillating axion field applied at

MAGNET I C
SH I ELD I NG

/y/~
/ 4 a

RYSTA

(~

//, „
where the effective Q is

CUR

eff

The uncertainty in the frequency depends upon how long
we are willing to spend determining the frequency. If we

DISPLACE MEN

TRANSDUCER
Flax. 4. Sample schematic for a monopole-dipole high-Q

crystal experiment. Electron spins and resulting axion field
shown.
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coR+Aco for r=10 sec (where b,co=2~/r), one finds a
thermal-acceleration noise level of

a Brownian

1/2
8kT —10 cm/sec 2I'77

(27)

LOW-FREQUENCY EXPERIMENTS

The above discussion of the intrinsic, surface, suspen-
sion, and superconductor dissipation mechanisms suggests
that a low-frequency monopole-dipole experiment would
accrue a significant advantage. The relation r'=Qr~/m.

For a displacement sensitivity of Ax =10 ' cm using a
capacitive transducer or an inductive SQUID (supercon-
ducting quantum-interference device) transducer or laser
interfemmetry, an acceleration of

a -Snfhx /r. -10 ' cm/sec

would be detectable. Such an experiment could unam-
biguously detect an anomalous monopole-dipole accelera-
tion as small as 10 ' cm/sec or could establish very
stringent upper bounds for the existence of such a force.
While the axion monopole-dipole force is expected to be
slightly weaker than this experiment could detect, no ex-
perimental limit exists for a macroscopic T-violating
force, so the results of such an experiment would be very
significant.

There is good reason to believe that the above proposal
is practical. Bagdasorov et ai. (see Ref. 21) constructed a
15-cm sapphire crystal which oscillated at f=34 kHz
with an amplitude of 10 ' cm in its quadrupole mode
with a Q of 5&&10 at 4.2 K. A 3-cm sapphire cylinder
would have a frequency 5 times that of a 15-cm crystal.
For compressional modes, the primary internal losses
(from thermoelastic dissipation and phonon-phonon in-
teractions) and surface dissipation mechanisms scale as

Q~„, '~coT for sufficiently low temperatures and fre-
quencies. Thus, our 3-cm crystal operating at T=1 mK
should yield a Q;„,„„„,of at least 4)& 10' .

However, the Q of the Bagdasorov et al. crystal may
have been limited by their wire-loop suspension system;
the intrinsic Q could have been much higher than 5& 10 .
Suspension losses scale with the frequency Q,„, 'ace
and go down slightly with temperature. The suspension
losses may also be amplitude dependent; we would expect
the nonlinear, amplitude-dependent losses to be smaller
for small amplitudes. If the attainable Q,~~

' proves too
large for mechanical suspension systems, we propose the
use of a Meissner-effect levitation system with either a
niobium-coated sapphire crystal or a pure niobium crys-
tal. The attainable Q's should be quite high, because su-
perconducting microwave cavities have demonstrated Q's
of 10' at 1 GHz, so the Q's for a 10 -Hz crystal could
be as good as Q,„,z ——10' . (It should be noted that a mys-
terious ac dissipation mechanism has been found in induc-
tive SQUID readout systems ' which may be due to
motion of magnetic fluxoids penetrating superconducting
films. It might be possible to cure such an effect by using
a pure niobium crystal through which fluxoids could not
penetrate and dirty shielding to pin fluxoids. )

becomes z'=C~R, where C depends upon the materials,
the mechanical design, and the temperature. The Browni-
an acceleration level scales as

a B„„— (SkT/m rC )
'~

+R

while the measurable accelerations are

+R

The major additional problem which must be contended
with at low frequencies is seismic noise. The power spec-
trum of seismic disturbances generally increases with the
period in the range of interest (100 to 10 Hz).
Low-frequency experiments must thus be designed to
minimize the coupling of seismic vibrations to the oscilla-
tor itself. At very low frequencies, say, 10 to 10 Hz,
it may be necessary to use active antiseismic shielding,
which is in principle possible because seismic noise is non-
thermal.

Braginsky, Caves, and Thorne (1977) have proposed the
use of very-low-frequency torsion balances in tests of
post-Newtonian gravity. ' They desire sensitivity to a sig-
nal of 10 ' cm/sec and a Brownian acceleration level of
10 ' cm/sec . They cite state-of-the-art (as of 1977) re-
laxation times of r*=10' sec and suggest that numbers
like r* = 10' should be attainable in the near future by go-
ing to low temperature and refining existing techniques
(see earlier discussion). The experiment they propose
would operate at f=10 Hz and would require active
antiseismic shielding of only 3 orders of magnitude or less
for the various translational, tilt, or rotational modes.
The practical limits on the performance of torsion bal-
ances are not really known at present. With a displace-
ment sensitivity of 10 ' cm, it is conceivable that one
could perform an experiment with a sensitivity of 10
cm/sec and at a higher frequency such as f =10 Hz
where the seismic-noise problems would be easier to con-
trol.

To appreciate the difficulties imposed on such an exper-
iment by seismic noise, let us note that the uncertainty in
horizontal or vertical position introduced by earth motion
during a 10 -sec integration time at 10 Hz is 10 cm.
This is to be compared with a 10 ' -cm signal excited in
the torsional mode. Active antiseismic shielding would be
required to the extent that nonlinear mechanical couplings
allow translational noise to leak into the torsional mode.

A very clever variation of the low-frequency resonance
technique which greatly reduces the effect of seismic dis-
turbances is available; it is so-called electronic refrigera-
tion technique. ' '" The torsional mode is critically
damped by a velocity-sensitive electronic-feedback system;
this effectively erases memory of past unwanted distur-
bances. Since the damping is accomplished by pumping
energy of the system rather than through dissipation, the
Brownian noise level is unchanged. Operating, for exam-
ple, at ~R ——10 sec for a time ~=10 sec, one effectively
does 100 separate experiments where the amplitude ob-
tained with each half cycle is now given by the free mass
formula
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FIG. 5. Hybrid crystal oscillators.

This is in contrast to the single measurement of

one would obtain in an equivalent resonance experiment.
The electronic-refrigeration technique is more forgiving
than the standard resonance technique, because not only
are unwanted disturbances "forgotten, " but bad data can
be judiciously excised. However, slightly greater measure-
ment sensitivity is required. For a = 10 cm/sec,
~~ —10 sec, and ~-10 sec, the resonance technique
gives a steady-state amplitude of hx —10 ' cm, while
the electronic-refrigeration technique requires M —10
cm sensitivity.

Several possibilities besides standard torsion balances
exist for low-frequency oscillators. One genre of devices
is intermediate between crystals and torsion balances;
these are the hybrid oscillators cut from monocrystals; ex-

amples are tuning forks and dumbbell-like torsion osci11a-
tors (Fig. S). Depending upon how delicately these de-

vices could be machined, they could operate at frequencies
as low as f=10 or f =10 Hz. Hybrid torsion oscilla-
tors made from BeCu with frequencies of —1 kHz and
Q's of —10 at temperatures as low as 1 mK have been
used in superfluid helium experiments. Furthermore, a
torsion crystal oscillator has been proposed to measure the
post-Newtonian Faraday effect. ' Whether Q's higher
than 10 (as in BeCu) are attainable for carefully polished
sapphire is as yet uncertain, bemuse the internal dissipa-
tion in noncompressional modes includes defect motion in
addition to the thermoelastic and phonon-phonon process-
es. Dissipation due to defect motion, however, is probably
highly amplitude dependence and may be unimportant for
the very small amplitudes we seek to measure. Projecting
optimistically, a magnetically levitated sapphire tuning

fork operating at T=0.001 K with f= 100 Hz could have
a relaxation time of r* —10' sec. The associated Browni-
an noise level would be 10 ' cm/sec .

Another genre of low-frequency devices are Meissner-
levitated masses or torsion arms which experience mag-
netic restoring forces. The restoring force could in princi-
ple be tuned to yield an arbitrary natural frequency of,
say, f=10 to 10 Hz. Extrapolating from attained Q's
of microwave resonators, the Q of such a system could be
astronomical, say Q —10' at f= 1 Hz. The correspond-

g Brownian noiselimits could be a8„„=10
cm/sec for an observation time r=10 sec with an ac-
companying measurement sensitivity a m„, = 10
cm/sec .

There may be unanticipated dissipation effects (e.g., un-
controllable fluxoid motion in superconductors, frequen-

cy, and temperature-independent-loss mechanisms, etc.)

which could reduce these sensitivities. However, if a mea-
surement sensitivity of 10 cm/sec were attained, the
entire suggested range in 0 for the axion monopole-dipole
force could be tested. Regardless of whether one believes
in axions, we feel that the possibility of detecting a weak
P and T-v-iolating force is important and exciting and
that specific ideas for experiments such as those presented
here deserve further study.

Before closing, we note that Sikivie has proposed
detecting physical axions from the Sun and galactic halo

by taking advantage of the Primakov process which cou-
ples axions to the electromagnetic field. 9
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