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We have searched for light scalar and/or pseudoscalar particles that couple to two photons by study-

ing the propagation of a laser beam (X=514 nm) through a transverse magnetic field. A limit of
3.5 X 10 ' rad was set on a possible optical rotation of the beam polarization for an effective path length
of 2.2 km in a 3.25 T magnetic field. We find that the coupling g yy &3.6X10 GeV ' at the 95%
confidence level, provided m, & 10 eV. Similar limits can be set from the absence of ellipticity in the
transmitted beam. We also searched for photon regeneration in a magnetic field and found the limit

y y & 6.7 X 10 ' GeV ' for the same range of particle mass.

PACS number(s): 14.80.Gt, 12.20.Fv, 14.80.Am

I. INTRODUCTION

Currently, all known particles can be accommodated in
the standard model. However, the spontaneous breaking
of a global symmetry implies the existence of a corre-
sponding light neutral boson [1]. Such particles couple to
two photons through the anomalous part of the triangle
graph shown in Fig. 1(a), and thus can be produced by
photons propagating in a static magnetic field through
the Primakoff effect [2] shown in Fig. 1(b). If such parti-
cles exist, they must be coupled very weakly to matter
[and thus to the electromagnetic (em) field] to have es-
caped detection. As a typical example, we consider the
axion. The axion arises from the breaking of the U(1)
Peccei-Quinn (PQ) symmetry, introduced to explain the
absence of CP violation in QCD [3].

Considering the pions as the Nambu-Goldstone bosons
associated with the breaking of chiral SU(2) symmetry,

the mass m, and symmetry-breaking scale fpO of the ax-
ion are related to those of the neutral pion through

V'z
rn, fpo=N m„f1+2

In Eq. (1), f =93 MeV is the pion decay constant, N is
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FIG. 1. (a) Axion coupling to two photons through a triangle
graph. (b) Axion production by a photon propagating in a static
magnetic field (Primakoff effect).
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the color anomaly of the PQ symmetry, and z-0. 56 is
the ratio of the up- to down-quark masses. Originally,
fpO was thought to be the same as the symmetry-
breaking scale of the weak interaction (250 GeV) so that
the axion mass would be of order 100 keV. This axion
has been ruled out by particle decay and beam dump ex-
periments [4]. However, allowing the PQ symmetry-
breaking scale to become much larger than that of the
weak interaction results in a particle with low mass and
weak coupling to matter [5]. Models for such "invisible
axions include the Dine-Fischler-Srednicki-Zhitnitskii
(DFSZ) axion [6] which couples to all fermions and the
hadronic axion first introduced by Kim [7] which couples
only to quarks.

For invisible axions there are no a priori bounds on fpg
except that it should lie above 100 GeV and below the
Planck mass, 10' GeV. The coupling to two photons
g, z~ can be related to the symmetry-breaking scale by

u 1 E 2 4+z
2vr (fpo/N) N 3 1+z

when the expression for m, given by Eq. (1) is used, g,
can be related to m, through

e

(a)

(b)

(c)

g, = 0.72/X 10 GeV
2~ 0.62 eV

(2b)
FIG. 2. (a) Virtual axion production leading to vacuum

birefringence; (b) Delbruck scattering; (c) photon regeneration.

where g is given by

——l. 95
E 1

N 0.72
(2c)

Here E is the electromagnetic anomaly of the PQ symme-
try and the ratio E/X is model dependent. In the DFSZ
model, as well as in all models where the axion is embed-
ded in a grand unified theory (GUT), E/N =8/3 leading
to g= l. Equation (2b) is not exact because of the uncer-
tainties inherent in Eq. (1).

Low-mass axions are constrained by astrophysical ar-
guments as extensively discussed in the reviews by Kim
[8], Turner [9], and Raffelt [10]. Furthermore, very low-
mass axions (m, —10 ' eV) are considered as candidates
for the dark matter in the Universe. This had led to spe-
cialized experiments to detect cosmic axions which have
condensed in the galaxies. These experiments [11],which
are sensitive to very low values of g, zz, rely on the as-
sumption that axions form a significant component of the
galactic halo.

In the present experiment we carried out a model-
independent search for light scalar or pseudoscalar parti-
cles that couple to two photons as indicated in Fig. 1(a).
This was achieved by propagating a laser beam, co=2.41
eV, through a transverse magnetic field, B =3.25 T. If
the particle mass m, is less than the photon energy co

physical particles can be produced, according to the
graph of Fig. 1(b); in practice, for the length of our
magnetic-field region of 880 cm, coherent production will
occur only for m, & 10 eV. Production of virtual parti-
cles is shown in Fig. 2(a) and manifests itself as a retarda-
tion (phase shift) of one component of polarization of the
photon beam. Both of these processes are of order g, ~&.

L= F„F"a,1
(3a)

where F„ is the electromagnetic field tensor, F„ its
dual, a is the axion field, and M is the inverse coupling
constant,

M= 1

g~rr
(3b)

which has dimensions of energy. For a static magnetic
field and real photons, Eq. (3a) reduces to

Delbruck scattering [12], shown in Fig. 2(b), also invokes
the production of virtual particles but involves the well-
established e-e-y vertex. Finally, when m, & co it is possi-
ble to observe regeneration of photons [13] as shown in
Fig. 2(c). There are also other mechanisms that can lead
to photon regeneration [14]; in general, these processes
are of order g, zz.

The experimental signature for these e6'ects can be un-
derstood as follows. A laser beam propagates through a
transverse magnetic field. The external field must be
transverse to avoid azimuthal symmetry. A photon is a
spin-1 particle, while an axion is spin 0, and the two can-
not mix in a region where azimuthal symmetry prevails.
A transverse electric field could also supply the virtual
photons but high-field densities are more easily achieved
with a magnetic field. For coherent axion production to
take place the axion and photon fields must remain in
phase over the length of the magnetic field, which im-
poses a limit on the mass of the axions that can be detect-
ed.

We write the Lagrangian density for the interaction as
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1I. = (E B,„,)a .

Here E is the electric field of the laser beam and therefore
only light polarized parallel to B„,produces axions. If
the laser beam enters the magnetic-field region linearly
polarized at 45 to the magnetic-field direction, the paral-
lel component is attenuated while the orthogonal com-
ponent is unaffected. The electric-field vector of the light
leaving the magnetic-field region is rotated by a small an-
gle s, as indicated in Fig. 3(a). If the axion combines with
a virtual photon to reconvert to the original photon,
there is no rotation but the parallel component of the
light oscillates to a massive axion for part of its travel,
and so is retarded with respect to the orthogonal com-
ponent. The retardation appears as an ellipticity P of the
emerging light beam as indicated schematically in Fig.
3(b). In a similar manner, Delbruck scattering gives rise
to an ellipticity in the propagated photon beam. To
detect the regeneration of axions an absorber is placed
between the magnets as shown in Fig. 3(c). Since the
photons do not propagate through the absorber but the
axions do, any photon detected at the exit of the second
magnet must have been regenerated by the axion flux or
by another mechanism.

In the case of a scalar particle coupling to two photons,
the interaction is written as

L = F F"'1=4~
S

and gives rise to similar observable effects except that it is
now the component of polarization perpendicular to the
magnetic field that interacts. In this experiment it was
possible to measure an optical rotation as small as
3.5X10 ' rad, but no signal was observed. The Del-
bruck scattering for our apparatus results in an ellipticit—12o 10 rad and therefore remained beyond our detec-
tion limit.

In the next section we discuss the equations for the

propagation of a photon in a magnetic field with a cou-
pling such as shown in Fig. 1(a), and we will estimate the
magnitude of the observable effects. Section III is devot-
ed to a description of the apparatus and of the details of
the experiment. In Sec. IV we discuss the sensitivity of
the experiment, the sources of noise and the method of
calibration. Section V contains the results obtained in
terms of optical rotation and birefringence of the laser
beam propagating through the magnetic field. Section VI
describes the photon regeneration experiment and our
conclusions are presented in Sec. VII.

II. PROPAGATION OF A PHOTON
IN A MAGNETIC FIELD

The Lagrangian of a pseudoscalar particle in an elec-
tromagnetic field is

L = — FF"—+ —(B aB" — )
1

a Ala Q

4M

where F„ is the sum of the contributions from the exter-
nal magnetic field and the field of real photons

The resulting equations of motion to first order in the
photon field A and the axion field a are

(H+m, )a — A B,„,=O,

A+ iB,„,=O,1

where the gauge condition V A=O is used, along with
=0 (the external field is transverse).0

An elegant solution of these equations has been given
by Raffelt and Stodolsky [15] which we include here for

il

Ep Ep

45'

Ep

(b)

E() F&G. 3. {a) Optical rotation due to selective
attenuation of one polarization component. (b)
Elliplicity due to selective retardation of one
polarization component; the dashed curve
shows the locus of EI. (c) Layout of the pho-
ton regeneration experiment.
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completeness. Assuming for the fields plane-wave solu-
tions of the form exp[i(cot —kz)], the coupled equations
(6) can be written in matrix form

2 2
1 Bext~

M m,

(B,„,m, ) l

96coM

ml ml—sin2' 2co

(1 la)

u +8, —iB„,~/M

+iB„,co/M cu +8, —m

=0,
sin

M m a 16M
(1 lb)

where 3, and Az are the components orthogonal and
parallel to the external magnetic field B,„,.

The external field is assumed to be very slowly varying
in space and time with respect to the photon frequency so
that

where l is the length of the magnetic-field region. The
probability of conversion from a photon to an axion can
be found from the off-diagonal elements of the same ma-
trix equation. The probability of conversion is

co + c,)= ( co +i B, ) ( co —i B, )

= (co+ k)(co —ic), ) =2'(co —ic), ) .

P, =4 sin
M m4 4~ 4M

(12)

Thus the matrix equation for the two coupled com-
ponents takes the form

0

0

+ +idM

—id M =0, (9a)

where

2

M 2M' ' 2
(9b)

2dM
tan2t9=

a

2Bext CO

Mm,
(9c)

Since the mixing is weak, —, tan20-0. Using this as-
sumption, the phase shift and attenuation of A (z) are
found to be

The matrix in Eq. (9a) can be diagonalized by rotating
the original fields through a mixing angle 0, where 0 is
defined by

The approximate expressions in Eqs. (11) and (12) fol-
low from expanding the sine and thus are valid only in
the limit m, 1/4' ((1. Therefore, for a given length l of
the magnetic-field region,

m ~ (2rrco/l,

to preserve the relative phase between the axion and pho-
ton fields. The effective length of the magnetic-field re-
gion can be increased by multiply reflecting the laser
beam through the magnets. However, since axions do
not reAect, coherence is lost at every reAection. The rota-
tion and ellipticity are cumulative upon reAection, so that
for N refiections the values of f and E given in Eqs. (11)
are increased by a factor of X.

Polarized light propagating through a transverse mag-
netic field will gain an ellipticity due to Delbruck scatter-
ing. For photon energies co&2m„ this effect is referred
to as the QED vacuum birefringence and it is derived
from the Lagrangian density of the electromagnetic field.
To second order this can be written as [16]

2

L = — FF~ + — (F F"') +—(F F"')
4 Pv 90 4 Pv PV

me

(14)

and

m, z2

/=8 —sin2'
maZ2

(10)

The resulting ellipticity for a path length l is

3' BextlCO
sin2y

45m 4

maz5=20 sin 4'
The physical parameters that are measured are the el-

lipticity g and rotation c., of the photon beam, which, for
light entering the magnetic-field region polarized at an
angle of 45 to the magnetic field, are half the phase shift
and attenuation, respectively. The dependence of g and E

on the angle of polarization is sin2cp, with y the angle be-
tween the electric-field vector of the light and the exter-
nal magnetic field. Introducing Eq. (9c) in Eq. (10), the
ellipticity g and rotation E for light polarized at 45
reduces to

and increases linearly with the number of rejections, N.
Vacuum birefringence is interesting because it is a test of
QED perturbation theory at higher orders but has not as
yet been measured with real incident photons. Delbruck
scattering, however, has been measured in the electric
field of a nucleus [17],where it appears as a small contri-
bution to the scattering cross section and indirectly as-a
small contribution to the muon (g —2) value, in agree-
ment with experiment [18].

The rate for photon regeneration can be directly evalu-
ated from Eq. (12). Light enters the magnetic-field region
polarized parallel to the external field, and the counting
rate of the detector due to the regeneration of photons is
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PI
R =(P, )

CO

(16a)

N
2

(16b)

By rotating the polarization of the light 90', so that it is
orthogonal to the magnetic-field direction, one can search
for light scalar particles.

Photon regeneration may also take place in the absence
of a magnetic field, according to Ref. [14]. The photon of
the electromagnetic field is replaced by two photons
(paraphotons), one of which is massive. In this case the
Lagrangian for the electromagnetic field is

where PI is the laser power, co is the photon energy, and g
the detector efficiency. If the light is made to pass N
times through the first magnet then the counting rate is
multiplied by X/2, since only the axions traveling in the
forward direction contribute. With this factor, and using
Eq. (12), the expected counting rate is

B,„,l
M

3a Bextlag=N =0.22X10
45m,

(18a)

Operating the apparatus at optimum noise performance
for an integration time of —180 days leads to measure-
ments at the 10 ' level.

Similarly, a rotation angle of 10 ' rad for the pararne-
ters of the apparatus corresponds to a limit on inverse ax-
ion coupling of

NB,„,l
16'

=0.68 X 10 GeV, (18b)

valid for

47Tco
m, &

1/2

=8X10 eV . (18c)

effective value of B =4.5 T . The length of the two mag-
nets was 8.8 m, the number of reAections was X =250
and the photon energy co=2.41 eV. From Eq. (15) the
@ED vacuum birefringence for these parameters is

+ —,'mzAz„A~ +j„(e,A", +e2dz ), (17a)

f71 2l
2 2 2

P =4 sin
S 4'

l 4
2

m2 sin 2O .
16'

(17b)

The energy of the interacting photon is m, and l is the dis-
tance the light propagates. Assuming an equal distance
on the other side of the absorber, the counting rate is

(N/2) I
g m2 sill

256 ~ Ci3

(17c)

As in the case of the axions, the heavy photons are not
reflected by the mirrors so that the effect is linear and not
quadratic in the number of reflections, N [19].

It is of interest to evaluate numerically the magnitude
of the expected effects for the parameters of the experi-
mental apparatus. All equations have been expressed in
natural Heaviside-Lorentz units so that the magnetic field
is given by 1 T=195 eV and length by 1 m=5X 10
eV '. The magnetic field used in the experiment was
sinusoidally modulated from 2.63 to 3.87 T yielding an

with the photons 3, and 32 having masses m, and m2
and coupling e, and e2. Then there exist two states: the
ordinary photon, which is the interacting state
y =(e, 2, +e2 A &)/e and the noninteracting state

y, =( —e2 3, +e, A2)/e, where e =e, +ez. Oscillations
can occur between the two states, so that a photon field
may contain a noninteracting component that would pass
through an absorber. The interacting component would
be regained through oscillation on the other side of the
absorber. No external field is required for the oscillation
to occur.

3, is assumed to be the dominant component of y, so
that m, -0 and m2 ))I, . The mixing is then character-
ized by m2 and the mixing angle O, where sinO=e2/e&.
In the limit m, /m2 (&1 and sinO(&1, the conversion
probability for the transition from y to y, is given by

III. EXPERIMENTAL TECHNIQUE

The experimental apparatus divides naturally into two
parts; the magnetic-field region, where the axions are pro-
duced, and the ellipsometer, where the resulting polariza-
tion change was measured, as shown in Fig. 4. The ellip-
someter consists of two crossed polarizers (polarizer and
analyzer). The input polarizer is set at 45 to the direc-
tion of the magnetic field (vertical) whereas the analyzer
is oriented at 90 with respect to polarizer. In the pres-
ence of a signal the polarization of the beam would be ro-
tated by a small angle c. before reaching the analyzer.
Therefore the intensity transmitted by the analyzer is

I =ID[a +( +ac, ) ], (19a)

where Io is the intensity incident on the analyzer, n is the

misalignment angle between the polarizer and the
analyzer (typically ( 10 rad), c, is the small angle to be
measured, and 0. is the extinction factor. For our polar-
izers [20], a typical extinction factor was 2 X 10

Since e is a very small angle ( —10 ' rad), it is essen-
tial that the transmitted intensity contain a term that is
linear in c, , rather than only the quadratic term of Eq.
(19a). This was achieved by introducing a much larger,
time-dependent rotation with which the desired effect
mixes. A Faraday cell, consisting of a piece of borosili-
cate crown (BK7) glass placed inside a small solenoid
coil, was introduced into the path of the transmitted light
before the analyzer. It was modulated at a frequency
cof /2~ =3 12. 5 Hz and contributed a sinusoidal rotation
of magnitude g-10 rad. The transmitted intensity
then has the form

I=Io [ cr + [a + rt cos( cof t +$f ) +E ] ]

=Io [ cr + —,
'

rt [ 1+cos( 2cof t +2pf ) ]

+2art cos(coft +pf )+2erj cos(toft +pf )]

(19b)
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where only terms linear in c and a have been retained.
The Faraday cell was also used for a dynamic correc-

tion of the polarizer misalignment. Because of heating
and mechanical vibrations, the misalignment angle of the
polarizers slowly drifts. To correct it, instead of rotating
the analyzer, the polarization of the light was rotated by
applying a dc voltage to the Faraday coil. The computer
corrected the misalignment every 11 min at the end of
each data file.

So far we have discussed only the measurement of opti-
cal rotation. However, it is also desired to measure the
ellipticity induced by the beam. This was achieved in a
separate measurement where a A. /4 plate was introduced
in the light path before the Faraday cell as shown in Fig.
4. When properly oriented, the A, /4 plate converts the el-
lipticity to a rotation which can then mix with the Fara-
day rotation to yield a detectable signal through the
analyzer.

The magnetic field was supplied by two superconduct-
ing dipole magnets. The magnets, which were prototypes

B =Bo+Bd cos(co t+p ), (20a)

with Bo =3 ~ 25 T Bg
=0.62 T, the dominant time-

dependent B term appears at frequency cu, and

for the Colliding Beam Accelerator [21],were designed to
give a vertical field of 5 T when held at 4s7 K. The avail-
able cryogenic system could cool only to a temperature of
5.2 K, allowing operation at a maximum dc field of 4 T.
Insulating vacuum separated the helium cooled coils
from the warm bore of the magnets, which has a diame-
ter of 3.75 in. ,

' the magnetic-field region was 4.4 m long
for each magnet.

The magnets were modulated at a frequency of 32 mHz
(co /2m ) between 2.63 and 3.87 T, the modulation ampli-
tude and frequency being determined by the current
ramping rate, which had to be kept below 90 A/s to
prevent quenching [22]. The rotation and ellipticity are
proportional to B, but, since the field modulation was
given by
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E, P~2BoB~ cos(co t+P ) . (20b)

The phase P of the magnetic field was measured to be
—176 +4, with reference to the magnet trigger.

To obtain the longest possible light path inside the
magnetic-field region, a delay line optical cavity [23],
consisting of two coaxial spherical mirrors placed at ei-
ther end of the magnets, was used. Light entered
through a hole in the first mirror, was reflected a few
hundred times between the two mirrors and then exited
through the same hole. The reflectivity of the mirrors
was measured to be 99.8%%uo.

Figure 5(a) shows a typical delay line cavity. The ra-
dius of curvature R of the mirrors, and the distance be-
tween the mirrors, D, were chosen to satisfy the condi-
tion

2ng=2m~, (21a)

where 2n =N is the number of trips through the cavity,
m is an integer, and the angle g is defined by

cosg= 1 D /R . — (21b)

(a)

For a stable cavity, D /R &2. It follows that the 2nth
ray will return to the center of the mirror, and, in the ab-
sence of the hole, would repeat the pattern; in the pres-
ence of the hole the beam exits the cavity. For the case
of a central hole, the pattern of spots formed on the mir-
ror is a straight line, and the exit ray is the complement
of the entrance ray. The radius of curvature of the mir-
rors used in the experiment was 20.53 m, and the mirrors
were placed 14.9 m apart. From Eqs. (21) we obtain a
basic pattern with n =17, m =7; that is, the light makes
34 trips through the magnetic-field region. To increase
the number of reflections, one mirror was deformed along
one axis, slightly increasing R for that orientation. The

reflections on the cavity mirrors then formed a Lissajous
pattern before exiting the cavity. Figure 5(b) shows a
computer simulation of the reflections on the entrance
mirror. The exact number of traversals through the cavi-
ty was determined by measuring the time delay of a short
pulse of light injected into the cavity.

A telescope was used to match the waist and radius of
curvature of the Gaussian beam to the lowest-order mode
of the cavity. The waist of the cavity is at its midpoint,
and the waist diameter was 2.5 mm; this gave a beam di-
ameter of 3.2 mm on the mirrors. Data were acquired
with two different cavity entrance mirrors with holes of 7
and 9 mm diam. The profile of the beam after exiting
through the 7 mm hole (Fig. 6) showed only little
diffraction; the mirror with the 9 mm hole gave no im-
provement, because the mirror was slightly astigmatic.
Because the light reflects from the cavity mirrors several
hundred times, any static birefringence due to the mir-
rors can become large. To control this, the birefringent
axes of each mirror were found and the mirrors were
mounted so that the axis was aligned with the polariza-
tion of the light.

The cavity volume was pumped by three ion pumps
and was maintained at 10 Torr since gas in the
magnetic-field region would induce an ellipticity due to
the Cotton-Mouton effect. The box containing the ellip-
someter was held at 10 Torr by a turbo pump, the two
vacuum regions being connected by a 1.5-in. -diam tube
that could also be pumped by an axial ion pump.

The laser used in the experiment was an argon-ion
laser made by Coherent. The laser was capable of pro-
ducing 5 W when running at all lines, but was operated at
a single line at 514.5 nm where up to 2 W could be
delivered. To avoid noise due to thermal stress in the op-
tics, we operated at a level of 0.5 W. The laser was used
in the transverse electromagnetic (TEMOO) mode, where
the specifications for the laser beam were radius 0.75 mm
and divergence 0.5 mrad at the output coupler, which is
140 cm from the laser beam waist. In addition to the
light regulation of the laser itself, we used an external
laser power controller (LPC) [24]. The LPC had a stated
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FIG. 5. (a) Delay line optical cavity for n =5, m = 1. (b) Cal-
culated impact points on the end mirror for a cavity with 460
traversals.

FIG. 6. Profile (one dimensional) of the laser beam after exit-
ing the multipass optical cavity through a 7 mm hole. The
slight asymmetry is due to "clipping" of the gaussian tails.
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FIG. 7. Flowchart of the data acquisition system.

1~2 ~2
2 (22)

which optimized the signal to noise ratio as discussed in
Sec. IV. The third channel of the synthesizer provided a
312.5 Hz square wave, which was scaled by 9752 to give a
transistor-transistor logic (TTL) signal at 32.044 mHz,
which in turn triggered the magnet. The magnet trigger,
Faraday cell voltage, and data acquisition clock were
phase locked together.

long-term power stability of 0.05%%uo and optical noise
reduction of 40:1; with the LPC placed after the laser we
achieved an overall noise reduction factor of 2.

The Faraday cell voltage was supplied by two channels
of a four channel synthesizer, Hewlett Packard (HP)
8904. Channel 1 supplied a 312.5 Hz sine wave, 4 V peak
to peak; channel 2 supplied the dc offset used for the
misalignment correction which was of order 10 mV. The
resulting signal was amplified to about 10 V by a power
amplifier and used to drive the Faraday cell coil. The
amplified voltage was chosen such that

The light transmitted through the analyzer was detect-
ed by a silicon photodiode. The signal was amplified by a
current sensitive preamplifier with adjustable gain, usual-
ly operated at a gain of 10 V/A. This signal, now on the
order of 1 V, was sent to a differential filter that
suppressed everything outside the frequency band
310—315 Hz. This was necessary to avoid dynamic range
problems by removing the large signals at 625 Hz
(2'&/2tr) and at dc. The small signal within this narrow
frequency band was then amplified to a level of 1 or 2 V
and sent to a 16-bit analogue-. to-digital converter (ADC)
card, which digitized the filter output, and directly
transmitted it to the computer. A How diagram of the
electronics is shown in Fig. 7.

The time base for the data acquisition was a 100 kHz
square-wave external clock generated by an HP 3325 syn-
thesizer referenced to the HP 8904. The ADC converted
data at a rate of 50 kHz, the conversion being initiated by
the magnet trigger. It was possible to view the entire fre-
quency spectrum on an HP 35660A analyzer as shown in
Fig. 8. The frequency band from 0 to 712.5 Hz was
displayed so that the dc light level, misalignment, and
Faraday signal could be monitored. The spectrum
analyzer was controlled by the computer via the Hewlett
Packard Interface Bus (HPIB) and the amplitudes of
these three signals were stored with each data file.

To detect the signal of interest, the light intensity in-
cident on the photodiode was Fourier analyzed, as de-
scribed above, for a frequency component at the magnet
modulation frequency, co /2~. Since the photodiode
current was also strongly modulated at the Faraday cell
frequency A@I/27r, the signal appears as a sideband at
cc)f+co The relevant terms in the frequency spectrum
of the transmitted light are

I =Io(rr + 2r q +2aricos(cofr +rtrf )—
+E'g[ sc[o(co /N+~ )r + rtr/+p~ ]+cos[(co/ co~ )t +rtr/ p~ ] I + T~t) cso(2' t/+ 2p/) ) (23)

To provide sufficient frequency resolution and dynamic
range, a spectral analysis system was built, based on the
16-bit ADC card, which transferred the data directly to
the memory [direct memory access (DMA)] of the IBM-

386 compatible computer. Figure 9 shows the Row dia-
gram for the spectral analysis. The ADC acquired 160,
20 ps samples in 3.2 ms, which is the time period of the
312.5 Hz carrier wave. To demodulate the signal, the
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Analog signal input:
312.5 Hz carrier plus
signal at magnet freq.

Frequency
Fourier

component Amplitude Phase

TABLE I. Definitions used for the spectral components of
the signal.

ADC

digitizes data at 50 kHz,
160 samples over each cycle of carrier

Q)f

COf + COm

COf Q) m

26)f

2+ 1~2
2

2Q'rI

t(jg or Et)

Pq or et)
(t+

2pf

DMA to 386 computer

+1
80 samPles 8O samples
multiplied multiplied
by+1 by 1

8O samples 80 samPles
multiplied multiPlied

by -1 by+1

Software lock-in

Assembly language routine that duplicates data
and multiplies by 312.5Hz square waves

(24a)

Thus the magnetic-field phase and Faraday cell phase can
be extracted (modulo ~) from the data by adding and
subtracting P+ and P

(24b)

t=o t=o

integrate (add)
over cycle

integrate (add)
over cycle

integrate over N cycles
l~

integrate over N cycles

repeat 1024 times
x channel

repeat 1024 times
y channel

FIG. 9. Flowchart for signal processing and spectral analysis.

data stream from the ADC was multiplied by a square
wave of frequency 312.5 Hz, before being integrated.
This was accomplished by an assembly 1anguage routine
that multiplied the data by + 1 during the first half of the
data cycle, and by —1 during the second half; the 160
numbers were then added. The software demodulation
was completed by averaging the data over a chosen num-
ber of cycles; the data so collected were called the x chan-
nel; the same operation was also performed with the
square wave shifted by 90, to give the y channel so that
both the phase and amplitude of each Fourier component
could be determined. Thus a data file contained 1024
numbers in each channel, and each file was stored for
off-line analysis while also analyzed on line.

The data file was input to a fast Fourier transform
(FFT) routine which returned a frequency spectrum con-
taining both negative and positive frequencies about
312.5 Hz. Typically, the integration time was chosen to
be 655.36 s, giving a frequency resolution of 1.5258 mHz,
the 512 channels covering +0.78125 Hz. Table I lists
the definitions used for Fourier components of the signal,
and their respective magnitude and phase. The phases of
the sideband signals, rt+ and P, are the sum and the
difference of the Faraday cell phase and magnet phase, as
measured with respect to the magnet trigger:

If the signal is genuine the value of (t obtained from the
data through Eq. (24b) must coincide with the directly
measured value of P = —176+4'. In this way signals
due to systematic effects in the data could be identified as
discussed in Sec. V.

Knowledge of the phase of each Fourier component
makes it possible to "vector average" data from several
files. Namely, instead of simply averaging the magnitude
of each spectral component over a number of data sets, a
vector sum is carried out. This reduces the random noise
in the frequency spectrum by a factor &n where n is the
number of sets averaged. In contrast, in a scalar (rms)
average the random noise remains constant and only its
Iluctuations are reduced by &n. Because the phase of
the magnetic field was known, the positive and negative
frequencies could be vector averaged together, further re-
ducing the random noise by &2.

IV. NOISE CONSIDERATIONS AND CALIBRATION

The ultimate limit in the sensitivity that can be
achieved is set by the noise in the apparatus as well as by
the magnitude of the effect that can be generated. The
latter depends on the strength of the magnetic field and
the number of traversals through the field region. The
noise depends on the systematic and random motion of
the beam and optics, and ultimately on the statistical
Auctuations of the light reaching the detector. If the
laser power exiting the cavity is 0.1 W, which corre-
sponds to approximately N =0.25 X 10' photons/s, then,
on general grounds, the relative fluctuations in the signal
after 1 s of integration will be

b,N /N = 1/&N =2 X 10

In what follows we will evaluate the signal-to-noise ratio
in more detail, but the above estimate correctly sets the
scale of the statistical noise contributions. This noise lev-
el decreases as the square root of the integration time.

Statistical fluctuations in the signal intensity are due to
the random emission of electrons from the photodiode
when light is incident on it (shot noise). The (rms) statist-
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5I, =+2eId, /T;„, , (25a)

where T;„, is the integration time. For this experiment,

ical fluctuations in the current Id, are given by Schottky's
formula [25]

—12
10

—13
10

I I I I I I I I I

MEASURED AMPIJFIER NOISE (Rg= 10 0)
SHOT NOISE

LASER AMPIZfUDE NOISE
Pp= O.RW
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Id, =eQ o +—g

z

2
(25b)

—14
10

6I,
lS

=
Q W2I

Po=e 2Q
CO

CT + 'g z

2
(25c)

In addition to shot noise, the photodiode signal is
affected by fluctuations in the laser intensity and laser
pointing. The laser amplitude noise varies with frequen-
cy and with light power. The relative laser amplitude
noise density at the Faraday cell frequency was measured
in our experiment to be

6P/P =10 /&Hz

and therefore contributes noise in the photodiode current
with a density of

Po
ll eP N

0 +
2

(26a)

At low light levels (i.e. , good extinction) the
preamplifier noise can become important. This is due to
thermal fluctuations in the input impendance Rf of the
amplifier

i = t/4kT/Rf, (26b)

which predicts i =1.3X10 ' A/&Hz for Rf =10 Q.
The preamplifier used in the experiment had a measured
noise current density of 3X10 ' A/&Hz when operated
on the Rf =10 scale, namely, two and a half times the
thermal limit. The contribution of these three noise
sources is shown in Fig. 10 as a function of the relative dc
amPlitude Id, /Io=(o + —,I2) ) for Po=0.2W, Q =0.65,
and X=514.5 nm. Typically, the experiment was operat-
ed in the region of o. + —,'g —10

For an optical rotation c, the signal light intensity is
ErIIo [see Eq. (23)] and therefore the signal-to-noise ratio
(S/X) for the shot-noise limited case is

Eri+QPo /co
5/X = T

2+tr2+ 1~2
(27a)

(Here we used peak rather than rms shot noise which in-
troduces a further factor of &2. ) To iinprove the S/X in
this case it is desirable to have —,'q & o. and when

2 ~2

S/X =(e/2)(+QPo/co) i/ T;„, . (27b)

where Q is the quantum efficiency of the photodiode
(0.65), and Po is the power incident on the analyzer, ap-
proximately 200 mW. It is useful to express the shot
noise as a current density, i.e., per unit square root of
bandwidth ( W2I ), where we defined W2I —= 1/T;„,:

1/2

—15
10 I I

—8
10

I I I I I I I I I

10

Ps+ (1/2) 7) s

—6

10

The value of S/X improves only by v'2 as il ))o. . As is
evident from Eqs. (26) the laser and amplifier noise also

scale as 1/"i/ T;„,. Equation (27b) can be inverted to give
(S), the sensitivity of the system, expressed as a rotation
density. Taking S/X =1 and Po =0.2 W, Q =0.65,
A, =514.5 nrn as before, we find

S =4X 10 rad/&Hz (27c)

at the shot-noise limit. Namely, to reach a rotation level
of 10 'o rad (with S/X = 1) it would be necessary [26] to
integrate for T;„,= 1600 s at optimum performance.

The source of noise most dificult to control in this ex-
periment was due to random fluctuations in the position
of the light beam and to systematic fluctuations at the
magnet modulation frequency co . These were caused by
mechanical vibrations of the optical components and by
the limited pointing stability of the laser. Because of the
very delicate extinction of the beam by the crossed polar-
izers, any motion of the beam on the analyzer resulted in
fluctuations in the transmitted intensity. We refer to this
effect as misalignment noise, which became more pro-
nounced as the laser pointing stability deteriorated dur-
ing the course of the experiment. This was seen as a
widening of the 1/f shape in the frequency spectra of the
analyzed data and resulted in sensitivities for a multipass
cavity of only 10 rad/v'Hz. To control this problem,
we constructed a feedback system using two piezoelectric
controlled mirrors [27] to lock the laser beam at two
well-separated positions. The laser motion in each posi-
tion was monitored by a quadrant diode [28], located
behind a 95%%ug rejecting dielectric mirror. The positions
of the diodes and of the piezo-controlled mirrors are
shown in Fig. 4(a). The second quadrant diode monitors
light which has been transmitted through the cavity, so
that the second feedback mirror compensated for cavity
motion as well as for the pointing instability of the laser.
With this system, the fiuctuations in the pointing of the
laser were reduced to below 0.1 pm over a lever arm of 2
m.

Table II lists the lowest noise level (and the corre-

FIG. 10. Shot noise, amplifier noise, and laser amplitude
noise densities plotted against the relative dc amplitude
Id /Ip = [o +

&
'I) ]. The shot noise and laser amplitude noise

have been calculated for PO=0. 2 W and 5P/P =10 '/&Hz;
the amplifier noise is the measured figure at Rf = 10 0,.
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TABLE II. Best sensitivites achieved with the feedback system operating.

Number of
reflections

Shunt
Shunt

34
34

254
578

Rotation or
ellipticity

Rotation
Ellipticity
Rotation
Ellipticity
Rotation
Ellipticity

Number of
averages

48
25
66
25
40
13

Measured
rms noise level

(rad)

4.3 X10-"
2.0X 10
1.6X10-"
2.0X10-'
4.2X10-"
5.1 X 10

Achieved
sensitivity

(rad/&Hz)

7.6X10-'
2.6X10-'
3.3 X 10
7.9 X 10
6.7X10-'
1.5X 10-'

sponding sensitivity) achieved with the feedback system
in operation as measured for various configurations of the
apparatus. To separate the ellipsometer from the optical
cavity, a "shunt mirror" could be inserted in the beam
path at the location indicated in Fig. 4(a). In this
configuration the laser beam that has passed through the
polarizer is redirected to the analyzer, bypassing the cavi-
ty and allowing independent adjustment of the ellipsome-
ter. Under these conditions and with the magnetic field
off, the observed noise level for rotation measurements
was only a factor of 2 larger than that predicted by Eq.
(27c). In contrast, the ellipticity measurement is three
times less sensitive because the k/4 plate is strongly
affected by beam motion. This is also true for the
configurations where the cavity is used.

The remaining four entries in Table II were obtained
with the beam traversing through the cavity and with the
modulated magnetic field on. Now the motion of the cav-
ity mirrors was the dominant source of noise which is
seen to significantly exceed the shot noise limit and to in-
crease with the number of reflections used. Note that the
total integration time for each of the measurements re-
ported in Table II can be obtained by multiplying the
number of averages by 655 s.

It was possible to calibrate the apparatus by introduc-
i.ng a small amount of nitrogen into the cavity. In a re-
gion of transverse magnetic field, most gases become
birefrigent. This is known as the Cotton-Mouton effect
[29j, where the constant CCM is defined by

An =n~
—n, =CCMA, B (28a)

Here n~ (n, ) is the index of refraction for light polarized
parallel (orthogonal) to the external field. The ellipticity
induced in the light beam is given by

b n = rrC zM sin28 f (BX k) dx,mNl 2 (28b)

with N/ the total optical path length, k the light-
propagation vector, and 0 the angle between BXk and
the polarization vector of the light, the integration being
carried over the length of the optical path. Nitrogen gas,
which has a known CcM, was used to calibrate the ap-
paratus, and furthermore the ellipsometer was sensitive
enough to also make the first ever measurements of CcM
of helium and neon [30,31]. The results of these measure-
ments are given in Table III. Note that oxygen is a very
dangerous contaminant for these measurements, since
CCM of 02 is ten times that of N„and therefore the cavi-
ty must be carefully Gushed if it is open to air.

The data for 100 Torr of He are shown in Fig. 11 and
indicate a noise fioor of 10 rad, the S/N being of order
50; the sideband signal peaks are clearly separated from
the central (misalignment) peak and have the expected
phase with respect to the magnet trigger. The peaks at
+170 rnHz are due to a vibration at this frequency. The
Cotton-Mouton effect for N2, even at a pressure of few
Torr, was so large that it could be directly recorded in

TABLE III. (a) Cotton-Mouton coefficient C«measured for N2, Ne, and He. (b) Observed elliptici-
ty due to the CM effect for N2 and He.

(a)
Gas

N2
Ne
He

Gas

Purity

99.996%'
99.995%
99.999 97%'

Pressure (Torr)
(b)

g,„p, (rad)

CCM at 760 Torr, 298 K (G cm '
)

(
—4.4+0.2) X10-"
(5.5+0.3) X 10
(3.2+0.7) X 10

g„„(rad)

N2
He

49+0.5
98.5+0.5

( —1.09+0.003) X 10
(1.65+0.01)X 10

( —1.07+0.05) X10-'
(1.56+0.34) X 10

'Oz content less than 5 parts in 10, water content less than 1 part in 10 .
Oz content less than 3 parts in 10, water content less than 5 parts in 10 .
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FIG. 11. The Cotton-Mouton effect for 100 Torr of helium.

FIG. 12. Observed optical rotation as a function of the dc
value of the magnet current before shielding. The curve is pro-
portional to the measured stray magnetic field.

the time domain, without any need to Fourier analyze the
data.

V. RESULTS

The production of axions would manifest itself as two
sideband peaks in the power spectrum of the light reach-
ing the detector. The sidebands would be at the Faraday
cell frequency of 312.5 Hz, and would be separated from
the dominant "misalignment" peak by the magnet modu-
lation frequency of 32.044 mHz as shown for the Cotton-
Mouton effect in Fig. 11. Such sidebands, however, can
also be generated by systematic instrumental effects and
were observed during the experiment. In most cases they
can be distinguished from a genuine signal as follows: we
rotate the polarization of the light parallel to the magnet-
ic field in which configuration axion production does not
result in optical rotation; thus if the sidebands persist
they must be instrumental. Two primary sources of such
false signals were a stray magnetic field acting on the
Faraday glass and polarizers, and the motion of the cavi-
ty mirrors at the magnet modulation frequency.

First, the cavity path was blocked by inserting the
shunt mirror, yet sideband peaks remained present in the
spectrum. These peaks had the correct phase (same as
the magnetic field), and the magnitude and phase did not
vary as the light polarization was changed. The depen-
dence of the magnitude of the peaks on Bo, the dc value
of the magnetic field, is shown in Fig. 12, and is far from
linear. In fact, it follows the strength of the stray field as
the dipoles become saturated, as shown by the superim-
posed curve in Fig. 12.

The dominant effect of the stray magnetic field is Fara-
day rotation in the Faraday glass and the two polarizers.
Considering the Faraday glass alone, the stray field neces-
sary (along the direction of propagation of the light) to
give a rotation of 8.5 X 10 rad is

8.5X10 rad
(3.25 rad/T m) X 0.2S4 m

Near the laser, 0.8 mG was measured in the vertical

direction and 0.5 mG along the direction of propagation
of the light. The rotation due to a Faraday effect on the
cavity mirrors and steering optics was measured to con-
tribute less than 10 ' rad to the signal.

When the upstream end of the magnet was encased in a
double layer of 0.25 in. p metal shielding, the signals were
no longer visible above a noise floor of 1.6X10 ' rad.
Assuming the signal to be entirely due to the Faraday
glass, the stray magnetic field at the Faraday cell location
must have been reduced by a factor of 50, to 20 pG. Ro-
tation data obtained with the shunt mirror in place and
with the magnetic field shielded are shown in Fig. 13(a);
no sidebands are apparent. Ellipticity data under the
same conditions (shunt mirror in place magnetic field
shielded) are shown in Fig. 13(b); small sidebands are seen
because of the influence of the magnetic field on the k/4
plate.

When the light traversed a multipass cavity, much
larger signals appeared. Such signals, of magnitude
4.3X10 rad, were first observed early in the experi-
ment [32]. Rotating the polarization parallel to the mag-
netic field did not eliminate them, so it was known that
the peaks were not due to the production of axions. At
that time, the second cavity mirror was measured with a
displacement meter, and was found to move with the
magnet cycle with an amplitude of 5 nm. The magnet
cryostat showed much larger motion, almost 1 pm.

To damp any motion being transmitted by the beam
tube to the mirrors, the mirrors were moved further from
the magnets and a series of soft bellows-rigid support-soft
bellows couplings was added between the magnets and
the cavity mirrors. When this work was completed, mir-
ror motion could no longer be measured with the dis-
placement meter. However, signals of magnitude —10
rad were still visible. That the mirrors were still moving
with the magnet cycle was established by Fourier analyz-
ing the correction signal of the feedback system; this is
evident from Fig. 14 which shows the Fourier transform
of the feedback correction signal for the 4& motion (hor-
izontal plane) of feedback mirror No. 2 (see Fig. 4). The
peak at the magnet frequency indicates that the feedback
system is attempting to compensate for a periodic angu-
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FIG. 14. Fourier transform of the correction signal for the
second feedback system, N motion. The peak at the magnet fre-
quency shows that the feedback system tries to correct for the
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FIG. 13. Final data with shunt mirror in place: (a) rotation,
(b) elliplicity.

lar displacement of the beam of magnitude 10 rad.
The signals observed in the data due to mirror motion

did not remain at the same magnitude and phase for
more than a few hours of data acquisition. The phase in
particular was random whereas the magnitude was pro-
portional to the path length in the multipass cavity. We
infer that the mirrors were mechanically coupled to the
magnet cryostats, most probably through the fioor since
they all rested on a single slab of concrete.

During the o8'-line analysis, each data file was Fourier
transformed separately so that any especially noisy data
files could be removed. Another criterion for rejecting a
data file was an abrupt change in Id, and I2~f Despite
the feedback system, during a data run the cavity pattern
could drift so that the beam scraped the hole in the cavity
entrance mirror. This was manifested by a change in
I2„f, and caused increased misalignment noise as well as
amplifying the magnitude of the false signal peaks. To
avoid biasing the result, the selection of the data was
based only on these two criteria, and not on the existence
or absence of peaks. Several data runs, where the ap-
paratus was in the same configuration, were combined
and the data files were both rms and vector averaged.
For multipass cavity data, the rms average shows larger
signals than the vector average, as expected, because the
peaks generated by mirror motion exhibit a random

X(2BOBq )L

1 6E95@
=2.8 X 10 GeV, (29a)

where we used L =8.8 m, co=2.41 eV, and 2B0B&=4 T

phase.
The data obtained on the measurement of the optical

rotation are summarized in Table IV(a). These are given
for three configurations of the optical beam path: (a)
multipass cavity with 254 reflections, (b) single ellipse
cavity with 34 refiections, and (c) shunt mirror where
there is no traversal through the magnetic field. All data
were acquired with the light polarized at 45 to the mag-
netic field, and with the magnets ramped between 2.63
and 3.87 T. Both rms and vector averaged values of the
signal at the magnet modulation frequency are given;
background has not been subtracted from the listed
values of the rotation angle. The phase given is
—,'((t++(tr ) (modulo m), and for a genuine signal should
be exactly 4+4. This condition is satisfied by the shunt
mirror data but not by the cavity data. Data sets that ex-
hibited a peak at the magnet modulation frequency are
fiagged in the table by I' (yes) whereas the absence of a
peak is indicated by X (no).

The results of folding the positive and negative fre-
quency data together are presented in Table IV(b). The
vector averaged data were used and the large reduction in
the value of E obtained from the multipass cavity data
occurs because the phase for this data set is very close to
90' with respect to the magnet phase [33]. The 2cr level
for the signal is indicated by c.95% and corresponds to a
95% confidence upper limit on a possible optical rotation
for these configurations. The sensitivity limit for these
data sets was given in Table II. The folded data for the
multipass cavity are shown in Fig. 15(a).

Using c95% from the multipass cavity, the limit on the
axion coupling to two photons gayy:1/Mp is calculated
from Eq. (11b). This is shown in Fig. 16(a) and, for
m « 2m'co /l,
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TABLE IV. (a) Optical rotation measured with multipass cavity, one ellipse cavity, and shunt mir-
ror. (b) Component of optical rotation in phase with the magnet current.

Number of
rejections

254
34

shunt

Number of
averages

40
66
22

~rms

(nrad)

8.9
1.7
1.0

(a)

~vec

(nrad)

4.4
0.36
0.37

Noise level
(nrad)

0.42
0.16
0.21

Phase
(deg)

84+12
33+14
20+20

Peak
above noise

Y
?
X

Number of
reAections (nrad)

(b)
Noise level

(nrad)
~95%

(nrad)
Peak

above noise

254
34

shunt

0.35
0.26
0.37

0.30
0.1 1

0.15

0.60
0.38
0.52

?
Y

[see Eqs. (20)]. The limit obtained from the single ellipse
data is weaker, yielding M ) 1.3 X 10 GeV.

The same analysis procedure was used for the elliptici-
ty data. Table V(a) shows the rms and vector averages,
whereas the folded results and corresponding confidence
limits are given in Table V(b). The folded data for the
multipass cavity are shown in Fig. 15(b). The limit on ax-
ion coupling to two photons is calculated from Eq. (1 la)

N

2/95%

2B0B~co

m4
a

m, L m, L—sin2' 267

from the multipass cavity using f95%..

' 1/2

(29b)
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FICi. 15. (a) Folded optical rotation data for a 254 refiection
cavity, (b) folded ellipticity data for a 578 reflection cavity.

FKx. 16. Upper limits on the axion coupling to two photons
(g,~~=1/M). The limit on the inverse coupling M is plotted as
a function of axion mass: (a) from the optical rotation data of
Fig. 15(a); (b) from the ellipticity data for a 34 reAection cavity.
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TABLE V. (a) Ellipticity measured with multipass cavity, one ellipse cavity and shunt mirror. (b)
Components of the vacuum ellipticity in phase with the magnet current.

Number of
reflections

578
34

shunt

Number of
averages

13
25
25

Prms

(nrad)

95
5.5
1.2

(a)

4vec
(nrad)

67
2.2
0.66

Noise level
(nrad)

15.5
0.62
0.20

Phase
(deg)

57+8
40+18
9+16

Peak
above noise

Y
Y
Y

Number of
reflections

578
34

shunt

(nrad)

40.0
1.6
0.63

(b)
Noise level

(nrad)

11.0
0.44
0.14

495%
(nrad)

51.0
2.0
0.77

Peak
above noise

Y
Y
Y

and is a function of the axion mass. It is shown in Fig.
16(b). In this case we used the single ellipse data because
it gives a better limit than the multipass data as can be
seen in Table V(b); this is due to the large systematic
efFects in the multipass cavity data. While the ellipticity
limit is weaker than the rotation limit for m, (10 eV,
it becomes significant for m, ) 10 eV because for ellip-
ticity, M falls off as 1/m„whereas for rotation, M falls
off as 1/m, [see Eqs. (11)].

VI. PHOTON REGENERATION

The principle of the photon regeneration experiment
was discussed in the Introduction and the expected
counting rate is given by Eq. (16b). The experimental ar-
rangement is shown in Fig. 3(c) with both magnets set to
a dc field Bd, =3.7 T. The laser was run on all lines
(principally 488 and 514.5 nm) to increase the power to 3
W. A Lissajous cavity was formed spanning only the first
magnet; furthermore, the return mirror of the cavity was
Aat to ensure that the optical rays projected to the end of
the second magnet would remain within the 3.75-in. -diam
magnet aperture. The cavity was operated with 200
refIections. The polarization was set parallel to the mag-
netic field when searching for photon regeneration due to
the production of pseudoscalar particles and perpendicu-
lar to the field for the case of scalar particle production.
A rotary chopper provided a 10 Hz modulation of the
laser beam, the "on" and "off" states being monitored by
a photodiode.

The end of the first magnet was blocked, and so was
the entrance to the second magnet. At the end of the
second magnet, an f =25 cm lens focused any light onto
the 9-mm-diam sensitive photocathode area of a
9893B/350 photomultiplier tube (PMT) manufactured by
Thorn EMI. This is a special, low dark current tube
which was cooled to a temperature of —23'C. The 14
stage tube was operated at 2000 V; at this gain, the single
photoelectron peak corresponded to Q-20 pC, and the
dark counting rate in the single photoelectron peak was
0.6 Hz. The quantum eKciency of the bialkali photo-

cathode at our wavelength was g=0. 1. The position and
width of the single and multiple photoelectron peaks
were determined by injecting light from a light emitting
diode located at the upstream end of the second magnet.
Figure 17 shows three such pulse height spectra, fitted
with Poisson distributions for a mean number of 0.13,
1.4, and 9.7 photoelectrons, respectively.

The PMT output was split into two parts, one half of
the signal being used to provide an electronic trigger.
The other half of the signal was digitized by a LeCroy
2249, CAMAC controlled, charge sensitive ADC; the
sensitivity was 0.25 pC/channel and the integration gate
At =100 ns. The CAMAC crate controller comrnunicat-
ed with a PC computer via the HPIB bus. The computer
also received the signal from the photodiode which moni-
tored the on/off state of the laser light. The dark current
(no light incident on the PMT) spectrum is shown in Fig.
18(a). The large peak in the pedestal region is due to
electronic noise and is clearly separated from the single
photoelectron peak, shown on the expanded scale in the
inset. The fit to the data is a truncated Gaussian centered
at channel 108, with a standard deviation of 34 channels,
as determined from the calibration. The counting rate is
R =0.6 Hz and they /NDF=1. 27.

The data acquisition program collected an on spectrum
of events when the chopper allowed the laser beam to
enter the cavity, ' and an off spectrum of events with no
light in the cavity. To insure that equal time was spent in
the on and off states, the trigger counts in the noise re-
gion below the single photoelectron peak were monitored
and compared. To simulate a signal, we allowed a small
amount of light to enter directly from the first, into the
second magnet; in this case subtracting the off spectrum
from the on spectrum resulted in the data shown in Fig.
18(b). These data were fitted by the same truncated
Gaussian as in (a) of the figure, and yield R,„—R,&=2. 1

Hz and the y /NDF =0.89.
With no light allowed into the second magnet, the sub-

tracted spectrum is as shown in Fig. 18(c). These data
corresponded to 220 min with laser on, and to 220 min
with laser off and were taken with the light polarization
parallel to the magnetic field (pseudoscalars). There were
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approximately 7000 counts in each state, showing no
significant difference between laser on and laser oK The
results of all the data, including that acquired with the
light polarization orthogonal to the field (scalars) and
with the magnets ofi' (massive photons), are summarized
in Table VI. The cuts on the pulse height spectrum used
to select single photoelectron events introduced a further
ef5ciency g' =0.55.

For the parameters of the experiment the value of the
inverse coupling of pseudoscalars to two photons is relat-
ed to the limit on the counting rate through Eq. (16b):

4
10'G VR =(0.085 Hz)

M
(30)

The 2o. limit on the observed rate is Rz &0.018 Hz, and
therefore

M ) 1.5X10 GeV .

This limit is valid for I, & 10 eV, and its dependence
on mass is very similar to that shown in Fig. 16(a); see
Eq. (12). For more details see Ref. [34].
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FIG. 17. Calibration spectra corresponding to a mean num-
ber of (a) 0.13, (b) 1.4, and (c) 9.7 photoelectrons.

FIG. 18. Integrated charge spectrum. The pedestal is at
channel 63 and the single photoelectron peak [see inset in (a)] is
fitted by a truncated Gaussian centered at channel 108, with
standard deviation of 34 channels. The sensitivity is 0.25
pC/channel. (a) Dark current spectrum including the electronic
noise. (b) Subtracted spectrum when light was admitted from
the first magnet; used for calibration. (c) Subtracted spectrum
when no light was allowed into the second magnet.
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TABLE VI. Summary of results from the photon regeneration experiment.

Data set

Pseudoscalar
Scalar
Massive photon

Time laser on
(s)

13.3 X 10
15.7 X10'
59.7X10'

Number of
counts

—159+115
199+102
252+144

Rate
(Hz)

—0.012+0.009
0.013+0.007
0.004+0.002

X j'&DF

1.0
0.7
0.8

m z(sin29) ( (1.0 X 10 eV)

Our limit is shown in Fig. 19, together with other limits
on the existence of a massive photon.

VII. CQNCLUSIQNS

From the observed absence of an optical rotation [Eq.
(29a)] we conclude that there exist no massless or low
mass, m, & 10 eV, particles that couple to two photons
with a strength g, ~z

——1/M )3.6X10 GeV '. This
result is an empirical fact, but it is of broader interest be-
cause of the theoretical prediction for the existence of
Nambu-Goldstone bosons [1] discussed in the Introduc-
tion. Limits on such nearly massless, weakly coupled
particles have also been obtained from atomic physics ex-
periments [35,36] and from the absence of spin-dependent
long-range forces [37]. The limits from these laboratory
experiments are summarized in Table VII. In this table
and hereafter we will express limits in terms of the in-
verse coupling M, because of its natural interpretation as
a symmetry breaking scale. For the data entries in Table
VII it is assumed that a pseudoscalar particle couples
directly to electrons, an assumption not necessary for the
interpretation of our experiment. High-energy experi-
ments [4], on the other hand, can explore the range of
massive particles through their direct production and de-
cay into e+e, or because of their absence in certain par-
ticle decays, such as IC+ err++a, J/g~y +a, and
Y~y+a. The limits established by such experiments
are generally in the range M ) 10 GeV.

Of all possible low mass particles, the axion has re-
ceived the most attention as discussed in the Introduc-
tion. Astrophysical limits constrain a large fraction of
the available phase space in the m, -g, rr plane [9,10] as
shown in Fig. 20. A highly reliable limit comes from the
age of the Sun, since axion production in the core would
affect the solar lifetime. If axions can carry away energy
faster than the nuclear reactions can liberate it, the star
would contract to raise its temperature and the nuclear
reaction rate. A hotter star has a greater photon (and ax-
ion) luminosity, thus accelerating its evolution and shor-
tening its lifetime. From the age of the Sun, Raffelt and
Dearborn [38] calculate a limit of M )4X10 GeV for a
hadronic axion. This is valid for rn, & 1 keV as the tem-
perature at the center of the Sun is only a few keV. The
limit does not apply for axions which interact too strong-
ly (M ~ 10 GeV), because in that case the mean free path
becomes shorter, and axions cannot carry energy out of
the Sun rapidly.

By a similar argument, the evolution of red giant stars
is used to set a limit of M ) 3 X 10 GeV for hadronic ax-

ions. A DFSZ axion (with an e-e-a vertex) would so
effectively cool the He core of the star, by Compton-type
processes, as to prevent helium ignition from ever taking
place; correspondingly the limit for the DFSZ axion is
M ) 10" GeV [39]. The observation of neutrons from
SN 1987A provided new limits on axions, based on the
duration of the neutrino pulse [40]. Axions of mass
greater than 10 eV, but less than 2 eV, would have
been able to accelerate the cooling of the neutron star and
shorten the neutrino burst [41] and are thus excluded.
The cooling of the supernova would occur through
nucleon-nucleon-axion bremsstrahlung which depends
directly on fp& /X (or equivalently m, ).

Cosmic axion searches place limits on axion couplings
under the assumption that the halo dark matter is axion
dominated. The microwave cavity experiments [11]place
a limit of M ) 10' GeV for a narrow mass range,

20
—12

I ( ) ( I ) a) I I~( I i ~ ) I

In
2x10 eV

FIG. 19. Constraints on photon mixing obtained from (a)
Jupiter's and Earth's magnetic fields; (b) experiments testing the
Coulomb law; {c)comparing the Rydberg constant for different
atomic transitions; (d) this experiment. For (a)—(c) see Ref. [14].
The excluded regions are shown hatched.

4X 10 eV & m, & 1.5 X 10 eV .

A recent telescope search looked for relic axions that had
condensed in galactic clusters and subsequently decayed
into two photons; this search eliminated axions of mass
3—8 eV [42]. An experiment to detect axions emitted
from the Sun by converting them to x-ray photons in a
magnetic field [43] gives laboratory limits similar to those
obtained from the solar lifetime [10]. These results are
summarized in Fig. 20 as a function of coupling g, z~ and
axion mass. The diagonal solid line is the prediction of
Eq. (2b) for the relation between g, and m„assuming
E/N =8/3 as in grand unified models and is subject to
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TABLE VII. Limits on the coupling of light pseudoscalars to matter. g, ff —m f /V, g,» = 1/M, M —V/a.

Experiment

J/Q~) +a
Y~y+a
K+ ~m++a
M( 'Hg ) /co( ' Hg )

Superconducting
screening

Long-range spin-
dependent force

This experiment

Limit
(aeV)

V&S0

V &3X10'

V&104

V&50
M )2.8X10

Interaction

q-q-a

q-q-a /e-e-a

e-e-a

e-e-a

Reference

[4]

[35]

[36]

[37]

10

10 :: LASER EX

ARTICLE DECAY
EXPTS

~ ~ ~ ~ \ ~ 0 ~ ~ 0 ~ ~ ~ ~ ~ ~ O~

10

E~-g
SEARCH

// RED GIANTS (HADRONIC)

10

10

10

—1610
10 10 10

m (ev)

10

the uncertainties discussed in the Introduction. It is im-
portant to note that the present experiment and the solar
and red giant limits, as well as the microwave experi-
ments are directly related to g, . On the other hand, the
particle decay experiments and the limits from SN
1987A, which are indicated by the two vertical lines in

the figure, relate to (fp&/X) or m, .
From a technical point of view, this experiment was

made possible by the availability of a suitable laser and of
high magnetic fields. It was shown that with the shunt
mirror in place the shot noise limit could be reached.
However, when the light traveled through the cavity,
both random and systematic noise exceeded the shot-
noise level. It is possible that these effects could be re-
duced in the future, but they are inherent at the low
modulation frequency imposed by the use of high field su-
perconducting magnets. Stray field and laser alignment
stability would also have to be improved in order to reach
better sensitivity.

The best sensitivity achieved was 7.6X10 rad/&Hz,
and was maintained for an integration time
T;„,=3. 1 X 10 s, resulting in an rms noise level of
4. 3 X 10 " rad. From our experience, the maximum use-
ful integration time is 10 s. Higher laser power may be
used to further reduce the shot-noise limit; this, however,
affects the optics, introducing other sources of noise due
to thermal stress. Equally important is the motion of the
mirrors which follows the modulation of the magnetic
field. This seems unavoidable, and can be best corrected
by a suitable feedback loop.

The photon regeneration experiment is not subject to
the systematic effects that dominate the optical rotation
experiment. This is because the former is based on the
appearance of light, rather than on the detection of a
small perturbation of the incident laser beam. The price
for this important advantage is that the observable signal
is proportional to g, zz rather than to g, zz as for the
latter experiment. Furthermore, it is difficult to improve
the limits on M in the regeneration experiment since M
scales as T „~ . [See Eq. (16b).]

FIG. 20. Limits on axion mass and axion coupling to two
photons. Results from this experiment are based on the absence
of an optical rotation (for m, (10 eV) and on the absence of
ellipticity (for m, ) 10 eV). The solar limit, red giant limit
and the regions excluded by the cosmic axion experiments are
also shown. The heavy solid line is the prediction of the rela-
tion between m, and g, rr for axions embedded in GUT's. [See
Eq. (2b).] The limit from particle decay experiments is also in-
dicated, and the limits on m, from SN 1987A are shown as the
two vertical lines at m, =2 eV and 10 ' eV.
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