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A search for magnetic monopoles in lunar material has been performed by the electromag-
netic measurement of the magnetic charge of samples. All measurements were found consis-
tent with zero charge for all samples and inconsistent with any other value allowed by the
Dirac theory. Upper limits are determined for the monopole flux in cosmic radiation and for
the pair-production cross section in proton-nucleon collisions.

I. INTRODUCTION

An electromagnetic monopole detector has been
used to measure the magnetic charge of samples
of lunar material returned by the Apollo 11 mis-
sion. The null result and a preliminary interpre-
tation have been reported.! This paper gives a
more complete analysis of the experiment,

The discovery of magnetic monopoles would have
far-reaching consequences. Their existence has
been invoked in the explanation of the phenomenon
of electric charge quantization,?*® a phenomenon
which has been verified to the limit of experimen-
tal accuracy.? According to a recent theory? the
elementary particles would be made of electrical-
ly charged monopoles, i.e., particles having both
an electric and a magnetic charge.

All searches for monopoles rely on some physi-
cal properties attributed to those particles. The
failure to discover them in a given experiment
calls for careful documentation of the monopole
properties that were assumed and for an assess-
ment of their likelihood. A “legalistic” point of
view may be appropriate to judge the proofs of
absence of monopoles in such an experiment. All
the properties assumed in our detection technique
stem from long-range interactions, i.e., the only

interactions for which reliable predictions can be
computed when the coupling constant is as large
as the one expected for magnetic monopoles.

In Sec. II we describe the basic properties of the
monopole, and in Sec. III we discuss some experi-
mental consequences based on them. In Sec. IV we
describe our measurements of the magnetic charge
of 28 samples of lunar material. Interpretation of
our negative result in terms of limits for the cos-
mic-ray flux and the production cross sections
depends on the history of the lunar surface, for
which reasonable hypotheses are advanced; that
history justifies the search for monopoles in the
lunar material. These hypotheses cannot be par-
alleled to the properties assumed for the detection
technique. They are described and used to inter-
pret our data in Secs. V, VI, and VII. Some mea-
surements performed on different material with
the same equipment and the limit we have obtained
for the monopole density in ordinary matter are
reported in Sec, VIII. Some remarks about the
present experimental situation are given in Secs.
IX and X.

II. BASIC PROPERTIES OF MONOPOLES

In classical electrodynamics, a magnetic mono-
pole is a particle that possesses a magnetic charge
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g, i.e., a source of a flux of magnetic induction ﬁ,
4ng= () B-dA, (1)
S

where S is a surface surrounding the monopole and
dX an element of that surface, and all quantities
are measured in Gaussian units. I a monopole is
in motion, it generates an electric field E around
its path in a way similar to that in which an elec-
tric charge generates a magnetic field (see Fig. 1),

- 3B >
IxE=-128 %y (@)

where ]’m is the current density of magnetic char-
ges. From Eqs. (1) and (2) one can derive a con-
tinuity equation for magnetic current density.
Therefore, just as electric charge is conserved,
magnetic charge is conserved, so a monopole can-
not decay into magnetically neutral particles only.
If monopoles exist, there must be at least one
kind of them that is stable.

When the general principles of quantum theory
are brought into the picture, a study of the scat-
tering of an electron by a magnetically charged
particle, even at large distances, shows?® that the
magnetic charge must be quantized if the basic
principles on which quantum mechanics is founded
are to be retained:

g=Vg, (3)

where v is an integer and g, is the unit of quantiza-
tion. In the Gaussian system of units

80=5 7 35" ()

where a =137 is the fine-structure constant and e
is the electron charge. Therefore, g,, in emu, is
about 68.5 times the value of e in esu, a condition
originally derived by Dirac? and referred to as the
Dirac quantization condition.

Other theories® ® have been hypothesized which
require that Eq. (3) be valid but that v in Eq. (3) be
a multiple of 2 or 4. References to possible viola-
tions of Eq. (3) can be found in the literature,” and
searches for such violations have been made.®:®
But the demonstration that yields (3) and (4) is the
same as the one that quantizes electric charge;
therefore, only if monopoles satisfy (3) can they
be invoked in the explanation of electric charge
quantization we have referred to.

We assume quantization of magnetic charge ac-
cording to Eqs. (3) and (4) as a basic property of
the monopoles we are looking for, except when
explicitly mentioned otherwise.

The minimum nonzero magnetic charge is g,.
Even if a monopole had the minimum charge, its

Electric field

Monopole path
(north pole)

FIG. 1. Electric rield surrounding the path
of a moving monopole.

coupling constant to the electromagnetic field
would be much stronger than the strong-interaction
coupling constant. It follows that computations of
short-range interactions will be at least as unre-
liable for monopoles as they are for hadrons.
However, monopoles have long-range interactions
due to the electromagnetic field. For them, the
corrections to the 1/7 Born approximation vary as
1/r®% and, for large enough 7, should be negligi-
ble.!° For large » the first approximation is re-
liable, and the properties derived from it are very
well established.

III. EXPERIMENTAL CONSEQUENCES
A. Induction in a Coil

Using long-range interactions only, one can de-
duce the property used in our detection technique.
If a monopole travels along the axis of a coil (as
in Fig. 2) it will induce an electric field that will
contribute to the electromotive force in the coil,

g, 1€ dN 1 dF
g”c dt+cdt’ (5)

where n is the number of turns of the coil and
dN/dt is the number of monopoles of charge g
passing per unit of time; F is the flux of B in the
coil.

If the coil is a superconducting coil shorted by a
superconducting switch, § is forced to be zero.
The flux F is increased at each pass of the mono-
pole by the value AF, (Ref. 12):

—-AF =n4ng. (6)
Switch
'—-—.
Sample Current 1
path 3,—— > — ———
4 N\
{ Coil |
\ /
N P

FIG. 2. Sample path through the superconducting loop
used for magnetic-charge measurement.
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If one arranges to have a sample containing charge
£ make N, passes along the path of Fig. 2 and the
total change, AF, is measured, the magnetic
charge of the sample can be determined from

_-AR

-AF
g= = ———

4mm ~ 4mN, *

(M

B. Binding to Ferromagnetic Crystals

Of course, the above technique detects mono-
poles that are attached to the sample analyzed,
i.e., that are bound to it.

Once a magnetic monopole is in the neighborhood
of a ferromagnetic crystal, it will be attracted by
its image charge in the crystal. One can show that
the binding energy in the ferromagnetic material
is greater than ~30 eV by using the classical laws
for interaction at distances greater than 1000 A,

A monopole can escape a magnetic trap formed of
ferromagnetic material only if exposed to a very
strong magnetic field.'* Of course, it is probable
that monopoles would be tightly bound to atoms or
to nuclei with a magnetic moment,*+!° but, in
ferromagnetic material, the binding is established
with more certainty because it depends only on
long-range interactions. The presence of ferro-
magnetic material in a sample would insure trap-
ping of the monopoles that would have been ther-
malized in it, even if all other binding mechanisms
did fail.’®* That is the case of the lunar sample.'®

C. Energy Loss

Monopoles are bound to lose energy by energy
transfer to atoms of the material they traverse.
Unless pathological characteristics are attributed
to monopoles (like a zero mass, for instance),’
they will, because of this energy loss, slow down
and be thermalized if there is no magnetic field
to accelerate them. However, the rate of energy
loss and therefore the range depend on different
processes. Some of them, the nuclear interactions
for instance, involve short-range interactions and
therefore cannot be predicted.

Energy loss by ionization is, however, well un-
derstood. When quantum effects are taken into
account,'” one finds that the process involves at-
oms at distances up to more than 1000 A from the
path of the monopole. Therefore, computation of
ionization effects may be considered as trustworthy
even for large coupling constants. Moreover, it
can be checked by studying the energy loss of high-
Z nuclei. Such computation for monopoles pre-
dicts an energy loss rather uniform as a function
of energy,'®

dE _ . 2
7, ~v*10 GeVcm?/g, (8)

| >

where v is the constant appearing in Eq. (3). To
take the uncomputable effects into account, we
introduce a new constant N defined by

_ (-dB/dx)y

2
N =10Gev cm?/g *

(9)

N is defined for a given monopole of a given en-
ergy E in such a way that Eq. (9) is satisfied for
(-dE/dx), the average of the energy loss over the
entire range R of the particle. Therefore,

E (GeV)

2\
R(g/cm?) = N0 -

(10)

N is an effective charge, that of a monopole that
would have an energy loss by ionization equal to
the (= dE/dx),, of the monopole considered. N
does not have to be an integer, but the real energy
loss must be at least equal to the energy loss by
ionization, Therefore,

Nzv. (11)

IV. THE MEASUREMENT OF MAGNETIC
CHARGE

A. Technique

Our detector has been described elsewhere,'® It
is essentially a superconducting coil shorted by a
superconducting switch as shown in Fig. 2, The
sample is attached to a cart moving along a closed
path that traverses the coil in a tunnel at room
temperature, so that the sample need not be cooled
below ambient temperature, A superconducting
shield protects the coil against induction of cur-
rent due to changes in the ambient magnetic field.

In order to run the equipment with samples not
containing a monopole and still have observable
results, a measurable current, i, is stored be-
fore the sample is run. This current is generated
by feeding a current into an auxiliary coil while
the superconductiong switch is open, closing the
superconducting switch, and then de-energizing
the auxiliary coil. Next, the sample is circulated
400 times through the coil. Finally, the switch is
opened and the signal resulting from opening the
switch is recorded. A magnetically neutral sam-
ple gives a standard signal whose amplitude would
be exactly the value expected for the current o
if it were not for the noise in the electronics, This
method of operation provides a test of the appara-
tus during each measurement even when no mono-
pole is detected.

The magnetic charge of a sample is proportional
to the difference between the amplitude of the sig-
nal obtained upon opening the switch after running
the sample and the standard amplitude. The equip-
ment is calibrated by using a very long solenoid
carrying a known flux uniformly along the path of
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the sample in the coil. The north pole and the

south pole of the solenoid protude out opposite ends

of the coil and superconducting shielding in order
that the passage of a monopole be properly simu-
lated. The long solenoid is itself calibrated in
flux versus current by use of a copper coil of a
known number of turns, outside the superconduct-
ing shielding.

The current i, is equal to the current that a
monopole of charge g, circulated 1000 times would
have produced. Therefore, when circulated 400
times, the minimum charge g, would have pro-
duced a change of +40% in the signal recorded on
the scope. A bigger charge would have induced
an even bigger change.

A study of the noise shows that the standard
deviation is roughly equal to the signal produced
by a charge g, circulated 50 times and was inde-
pendent of the number of passes N, actually per-
formed by the sample. When N, =400 passes, as
for most of our measurements, the magnetic
charge is measured with an error

08=58. (12)

If, on a measurement, the signal is not consis-
tent with a zero magnetic charge, it is either be-
cause the equipment is not functioning correctly
or because a nonzero charge has been found. In
the latter case, the effect should be found again
and again when the measurement is repeated, be-
cause our measurement does not in any way alter
the sample analyzed. Whenever g is found not
zero by a measurement, the sample is rerun, but
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FIG. 3. Magnetic-charge measurements
of samples 1 through 28 of Table I.

TABLE I. Apollo 11 samples used in this experiment.

Sample NASA Weight Sample NASA Weight
number number ) number number )
1 10002,94  298.0 15 10002,107 303.0
2 10002,87 285.0 16 10002,106 296.5
3 10002,86  286.8 17 10002,108 294.0
4 10002,92  293.2 18 10002,109 319.0
5 10002,93 286.2 19 10002, A 301.5
6 10002,89  300.6 20 10002, 7A  304.5
7 10002,90 261.5 21 10002,7B  298.5
10022,1 22 10002,4B  318.0
8 {10023, 1} 213.0 23 10002,4C  297.5
10024, 3 10002, 5C
9 10002,88 312.5 24 §10002, 4A$ 856.0
10 10002,85 325.8 25 10002,8B  272.0
11 10002,91  300.4 26 10002,5A  312.0
12 10002, 96 304.8 27 10002, 5B 316.5
13 10002,95 325.8 28 10002,8A  296.5
14 10002,97 288.8

just before rerunning, the equipment is tested for
malfunctions. In all such cases so far, evidence
of malfunction was found.

B. Results

The lunar material analyzed in this experiment
was divided into 28 samples of approximately
equal weight whose magnetic charges were mea-
sured independently. Figure 3 shows the measure-
ment of those charges in a sequence that is approx-
imately chronological. Table I lists the samples
by their NASA reference number and by the num-
ber as they appear in Fig. 3. Sample 8 was com-
posed of three rocks. Samples 25 and 28 were
chips between 1 mm and 1 cm, and samples 22
and 23 were unsieved fines. The remaining sam-
ples were sieved fines less than 1 mm from the
“Bulk Sample” of material returned, weighing
7.0 kg altogether.

Each of the samples 1 to 11, 13 to 19, and 26 to
28 was run twice, and the value of the magnetic
charge reported on Fig. 3 is the average of the
two measurements, For the average, the error
should be about 0.1g,. During that period, for on-
ly one sample (sample 10) did the measured mag-
netic charge differ from zero by more than 2 stan-
dard deviations, but for this sample as well as for
all others of this category, the measurement rep-
resents still more than 8 standard deviations from
+g,, the nearest possible value for g.

Sample 12 was run twice, but after the experi-
ment was over, we discovered that the shape of
the signal for one of the tests gave clear evidence
of switch bouncing; the corresponding measure-
ment (-0.3g,) was considered unreliable, and thus
disregarded. The value corresponding to the other
test is plotted in Fig. 3. It is still 7 standard devi-
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ations away from any allowed quantized charge.

When we were running sample 20, and until we
ran sample 26, the superconducting switch showed
signs of fatigue. The noise on the signal was ob-
viously increased by a factor of about 2. To over-
come that difficulty, we increased the number of
passes from 400 to 800 per run, or performed
more than two runs, to make the average more
accurate, Later on, we could disregard some of
those measurements because we discovered the
symptom of switch bouncing in the shapes of their
signals, We plotted the average of the remaining
measurements on Fig. 3. They are all consistent
with a magnetic charge of zero. However, the
error is difficult to estimate because the noise did
not appear to stay constant and no standard devia-
tion can be given to it reliably. This remark ap-
plies to samples 20 to 25 only.

At the time we were running sample 26, a spare
switch was adjusted and substituted for the origi-
nal one. The noise level was again about 3 of g,
per measurement and constant, For sample 26,
Fig. 3 shows only the value of the magnetic charge
obtained from the measurement with the good
switch.

The measured magnetic charges are all com-
patible with zero and incompatible with a value
+g,. If fractional charges were considered as a
possibility, then we can state that the charges
more than 0.3g, cannot have been present in more
than one sample or two,

V. DENSITY OF MONOPOLES IN LUNAR
SAMPLE

Once we accept the idea that magnetic charges
are all multiples of g,, our experiment demon-
strates that in all 28 samples, no monopoles were
present, or the numbers of north poles and of
south poles were equal, We want to use this re-
sult to set an upper limit on the total density of
monopoles in the lunar sample. We choose to
quote the upper limit at 95% confidence, i.e., the
density for which the probability of getting our
zero-magnetic-charge result is 5%.

If the density of north poles and the density of
south poles are not correlated statistically and
if the expectation values for both densities are
known, the probability that the magnetic charges
of N; equal samples are all zero can be computed.
For N; = 23, it is less than 5% if the density of
north poles and the density of south poles are the
same and if the expected sum of both is more than
3.3 for the whole volume explored. Therefore, for
the processes that involve statistically independent
densities of north and south poles, we state that
the expectation value for the density of north and

south monopoles in our sample is less than 3.3
with 95% confidence. This number would have been
between 3.0 and 3.3 for unequal north- and south-
pole densities and would have been 3.0 if we had
not taken into account the possibility of having non-
zero equal numbers of south and north poles in the
sample.

We consider two main sources of monopoles in
the lunar material and treat them separately,
since each may have a different density limit due
to the different natures of the sources. During all
the time the samples have been exposed near the
moon’s surface at different depths, (a) monopoles
of the primary cosmic radiation would have been
slowed down and some of them would have ended
trapped in the samples, and (b) protons of the cos-
mic rays could have produced pairs of monopoles
in collisions with nucleons of the lunar sample.
For process (a) the densities of north and south
poles have obviously been statistically independent.
The maximum density due to that source of mono-
pole is obtained by dividing 3.3 by the weight of all
samples, 8.3 kg. It is 4xX10~* monopoles/g.

For process (b) the creation in pairs causes a
potential strong correlation between both densi-
ties. However, once the poles of a pair were suf-
ficiently separated, it is unlikely that the mutual
attraction between them would have played much
of a role, because each of them would rather have
been immediately trapped by an atom or a nucle-
us,'* ! or, in any event, been attracted by its
magnetic image in a ferromagnetic crystal’® closer
to it than the other pole is. Each monopole would
have been trapped in the grain where it had stopped.
If a grain were small, it would have captured only
one of the monopoles of the pair and left the other
pole to another grain., There is a typical grain
size, d, below which a grain would have trapped
only one monopole. It is of the order of the dis-
tance between the two poles at rest. It depends
on the angle between monopoles at production, the
range of each of them, etc. It is hard to estimate
reliably, However, the contribution to it from
multiple scattering can be computed,? and it rep-
resents a minimum for the value of d. It should be
of the order of 1 mm in lunar material, for in-
stance, for a pair of monopoles of mass 20 GeV
created near threshold.

We consider that the densities of north and of
south poles from this process are not correlated
statistically if the poles of the pair have been
trapped in different grains, because it is believed?!
that the lunar material has, several times in its
existence, been thrown out by meteoritic impact
and transported over distances of up to 100 km, In
such displacements the mixing should have been so
thorough that neighboring grains would find them-
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selves far apart. There is indeed plenty of evi-
dence that a thorough mixing actually did occur,
from analysis of solar-wind particles,?? from fos-
sil tracks in dielectric crystals,? and from mea-
surement of the neutron exposure,24

To compute the limit for the monopole density
due to pair production by incident cosmic-ray pro-
tons, we used only the 7.0 kg of material called
“sieved fines” and considered the densities of
south poles and north poles to be uncorrelated.
That selection corresponds to an arbitrary size
limit d of less than 1 mm for the particles in the
material used; therefore, of the lunar samples
run, samples 8, 22, 23, 25, and 28 are disregard-
ed. The maximum density is then 4.7x10~* mono-
poles/g for a 95% confidence level.

If north and south poles are believed, after pro-
duction and thermalization, to have been separated
by a typical distance d less than 1 mm, only the
fraction of material smaller than d mm should be
used in this analysis. The curve of Fig. 4 repre-
sents the percentage by weight of the fine sample
with grain size greater than a given dimension.?®
It can be read to find what fraction f of our sample
did not meet the requirements, and therefore the
fraction 1 —f by which the above density (and con-
sequently our cross-section limits on Figs. 6
and 8) should be divided.

VI. RADIATION HISTORY OF THE
LUNAR SAMPLE

The relations between density and primary mon-
opole cosmic flux on the one hand or between den-
sity and pole pair-production cross section on the
other hand depend on the history of the samples,?
i.e., at what depths they have been over the years.
We use the same approximation as do the geolo-
gists studying the radiation history of the lunar
soil,?*:%% i.e,, we imagine that its surface has been
mixed completely and uniformly down to a depth L
during its existence as a solid.

We consider only the time for which the sample
has been a solid because — even if monopoles were
bound to nuclei'® —there is no insurance that mon-
opoles stopping in a liquid medium would not have
drifted and spread into the bulk of the moon. It is
safer to count only on the trapping inside solid
material. The age of crystallization we use is
3.6x10° years,27"2°

In the simple model of uniform mixing, the depth
L determines the amount of exposure of the sample
to cosmic radiation and is estimated by matching
the measured exposure age deduced from.spallation
products. These products are believed to be pro-
duced mostly by high-energy cosmic-ray protons
of 1 GeV or so. Among all the possible measures
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FIG. 4. Submillimeter-fines size distribution
according to Ref. 25.

of radiation exposure time, spallation products
seem the most appropriate for representing expo-
sure of the sample to the high-energy primary
cosmic-ray flux. The exposure ages are deduced
from the measured amount of a given stable spal-
lation product and an estimate of its rate of pro-
duction based either on the measured amount of a
radioactive spallation product of the same element
or other auxilliary measurements on the sample.
Exposure ages measured on small samples of
Apollo 11 fines range from 100 million to 1300
million years with an average of about 500 million
years.’® This large spread in measured ages can
be attributed to different histories of burial for
the different samples. For our sample, which is
large, the average exposure age of 500 million
years should be quite accurate compared to the
spread in measured ages of milligram-size sam-
ples.

Our estimate of the mixing depth L involves (1)
estimating the rate of nuclear interactions as a
function of depth below the lunar surface due to the
incident isotropic cosmic radiation, (2) calculat-
ing from these interaction rates the average densi-
ty of interactions expected after a time equal to
the age of crystallization, T, if the soil was uni-
formly mixed to a depth L, and (3) equating this
density to the density of interactions expected for
a sample exposed at the surface of the moon for a
time equal to the average exposure age, 7,.*!

The following assumptions are made:

(a) The collision mean free path is 85.5 g/cm?
in lunar material.

(b) The isotropic cosmic-ray flux of protons
above an energy E has been constant in time and
is given by*

¢(E)=1.4E71% particles/cm?sec sr, (13)

where E is the kinetic energy in GeV.

(c) At each interaction the incident particle re-
tained 60% of its original energy and continued on
in the same direction,3?

(d) The interaction of primary cosmic rays gave
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rise to a secondary flux capable of producing spal-
lation products. (This flux is normalized to give
0.8 interaction per primary interaction at large
depths to match the experimental results for a
thick lead target in the atmosphere.3?)

(e) The sample resided on the surface of the
moon for a period of time prior to collection which
was long compared to the half-life of the radio-
active spallation product used to determine the
production rate of the stable product. (This time
is ~0.2 million years for ®Kr, one of the main
isotopes used in determining production rates.)

The resulting estimate of the mixing depth is
proportional to 7,/7, and amounts to 1000 g/cm?,3!
Since both the flux limits and cross-section limits
of Sec. VII are proportional to L/7T,, it is clear
that the errors in these limits are not very sensi-
tive to the model of uniform mixing but depend
more heavily on the measured average exposure
age. Our 95% confidence limits do not take into
account any uncertainty in the radiation history of
the lunar sample; this uncertainty, however, may
well decrease as more measurements are made,

VII. UPPER LIMITS DEDUCED
FROM DENSITIES

A. Cosmic Monopole Flux

The efficiency of trapping monopoles depends on
how deeply they penetrated the surface, i.e., on
their range R, i.e., on their energy and on the con-
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stant N defined by Eq. (9). If north and south mon-
opoles present in the primary cosmic radiation are
isotropically distributed and monoenergetic with
energy E, the sum of their fluxes per ¢m?sec sr

is given by

(density of monopoles)x L
nX €(E)X (T crystallization) ’

(E) = (14)
where €(E) corrects for solid-angle effects for
large ranges R;

_ )1 for R<L
€(E)‘{I}/Rz for R> L.

Using the value®! for L and the 95% confidence
limit for the density, we get the upper limit for
the flux of monopoles in the cosmic rays as a func-
tion of E,

(15)

1.1x10718

(E) < 75 (16)

In reality, E in Eq. (16) is an average energy of the
cosmic monopole, such that €(E) is the average of
the collection efficiencies of the monopoles over
their energy spectrum. The result is plotted in
Fig. 5 for different values of N.

B. Pair-Production Cross Section

The limit for the production cross sections, by
collision of an incident cosmic-ray proton with a
nucleon of the lunar surface, is proportional to the
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FIG. 6. Upper limit (95% confidence level) on monopole pair-production cross section in proton-nucleon collisions as
a function of assumed monopole mass. The dependence on the parameter N defined by Eq. (9) of the text is illustrated

by the curves for N =1, 4, and 20.

limit for the density of monopoles in the sample,
with a factor of proportionality that we derive from
a Monte Carlo computation.®* Much of this compu-
tation depends on the same parameters as the mix-
ing depth L in such a way that, because of cancel-
lation effects, much of the error in their determin-
ation has little influence on the final result.

In that computation, proton interactions are sim-
ulated with the properties listed from (a) to (c) in
Sec. VIIA. We neglect monopole production by the
secondary flux [condition (d) in Sec. VIIA], there-
fore we compute an upper limit slightly greater
than the real one. In addition, we assume (a) the
cross section o for each mass M assumed for the
monopoles of a pair is constant above threshold
and zero below it; (b) the produced monopoles
were emitted in the same direction as the incident
proton, with the same velocity as the original nu-
cleon-nucleon system, and with range given by
Eq. (10).

The limit for the cross section o for 95% confi-
dence level is plotted on Fig. 6 as a function of the
mass M, for different values of the constant N of
Eq. (10). If the distance between two monopoles of
a pair is believed to have been typically equal to a
value d less than 0.1 cm, then the cross sections
should be increased by the factor 1/(1 —f), where
f is the factor read on Fig, 4 for the abscissa

equal to d.

Because of our accuracy in the measurement of
the magnetic charge, our flux and our cross-sec-
tion limits are valid for any monopole of charge
equal to or larger than g,. Those limits are still
of the same order of magnitude if the monopole
charge is smaller than g, but not lower than 0.3g,.

VIII. RESULTS OBTAINED WITH OTHER
MATERIALS

Our monopole detector was used also to measure
the magnetic charge of other materials. The total
mass of materials measured in our detector, in-
cluding the containers used for lunar material,
weighed about 28 kg. Our negative result sets an
upper limit of 2x1072® monopoles/nucleon with
95% confidence for the average density of mono-
poles in all those samples, i.e., for the average
density of monopoles in matter.

The nonlunar materials were measured with a

number of passes N, greater than 2000, therefore
with an accuracy

6g<g,/40. (17)

The goal was to detect possible monopoles of
charge g,/3, following reports that there could be
charges of that magnitude (see Ref. 35, for in-
stance).



3268

2.4 kg of ocean sediment of the kind analyzed in
an earlier experiment®® and an emulsion contain-
ing a suspect track, exposed in the same experi-
ment, were available, The ocean sediment was
run as eight different samples with N,=2000, and
the emulsion with N, =4000. All magnetic charges
were found consistent with zero and inconsistent
with charge g,/3 by more than 10 standard devia-
tions. It should be pointed out, however, that the
ocean sediment and the emulsion had been exposed
to the very high magnetic fields used in the pre-
vious experiment, and our measurement is mean-
ingful only if monopoles are supposed to be bound
so strongly to the material that they would have
escaped extraction in the strong field.

Portions of various meteorites®® were also avail-
able and were run through our detector, with N,
=2000. Again the magnetic charges were found
compatible with zero and incompatible with charge
8o/3 by more than 10 standard deviations. The
total weight analyzed was about 2 kg.

Various materials such as targets exposed to the
Brookhaven AGS accelerator and some geological
samples were measured with N, =2000; the same
zero results were obtained. A permanent magnet
with a north and a south pole of charge 10°® emu
and its keeper were run with N,=100. The mea-
surement shows that the north and the south pole
of that magnet were equal, at least to 1 part in
5x10%°,
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IX. STATUS OF MONOPOLE SEARCH

Our search has not identified a magnetic mono-
pole, and no other experiment has found one eith-
er. All measurements thus give only upper limits
for monopole density in various locations. Figure
7 shows some 95% confidence limits for the sum of
the primary fluxes of north and south monopoles in
cosmic radiation as a function of the monopole
kinetic energy as they are determined by some of
the monopole searches.’®:37"*! Figure 8 shows
some 95% confidence limits obtained for production
cross section in proton-nucleon collisions as a
function of the mass of the assumed mono-
pole 35:37739,42=45 \Ngre results about monopoles
have been reported than are shown on Figs, 7
and 8. Some former work can be found in a recent
review article,** Limits for pole pair-production
cross sections by neutrinos?’ and y rays® 37:38
have been published., Mass- and charge-dependent
upper limits for cosmic monopole flux more re-
strictive than those of Fig. 7 have been estimated
from reasonable assumptions concerning the be-
havior of monopoles in space.*’ Monopoles have
been searched for by studying Cerenkov light emit-
ted by sea-level minimum-ionizing cosmic-ray
particles.*®

In different experiments different properties have
been assumed for the monopole. They must be
believed if the resulting upper limit is to be be-
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FIG. 7. Upper limit (95% confidence level) on the flux of cosmic monopoles as determined in various monopole
searches. A from this work; B from Ref. 35; C from Ref. 39; D from Ref. 38; E from Ref. 37; F from Ref. 40.
The flux of cosmic-ray protons above an energy E as given by Eq. (13) of the text is shown for comparison; for this
curve the cosmic-ray kinetic energy E is read on the monopole kinetic-energy scale.
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FIG. 8. Upper limit (95% confidence level) on mono-
pole pair-production cross section in proton-nucleon col-
lisions as determined in various monopole searches. A
from this work; B from Ref. 35; C from Ref. 39; D
from Ref. 38; E from Ref. 45; F from Ref. 37; G from
Ref. 44; H from Ref. 42; I from Ref. 43.

lieved. In order to illustrate the different kinds of
experiments that have been done, some of the
assumptions involved are listed below. (The list
is not claimed to be exhaustive.)

1. Electrvomagnetic induction and source of mag-
netic field. The two phenomena are bound together
by Lorentz invariance, They constitute a definition
of the monopole.

2. Acceleration in magnetic fields. There is a
force on the monopole proportional to the value of
the magnetic field. That property could be consid-
ered as an alternative definition of the monopole.
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3. Thermalization. Monopoles are supposed to
lose energy in matter by some mechanism such as
ionization and be slowed from high velocity down
to very low velocities,

4. Migration. After thermalization the mono-
poles are supposed to move from the point of ther-
malization through gases or liquids to a collector
by some mechanism such as following magnetic
field lines,

5. Trapping. After slowing down and perhaps
migrating somewhere, the monopoles are supposed
to be trapped in ferromagnetic or paramagnetic
materials by a magnetic binding energy.

6. No binding to atoms oy nuclei. Monopoles are
supposed not to be bound to atoms or nuclei in
nonferromagnetic material.

7. Extraction. Monopoles trapped in a material
are supposed to be wrenched out of the material by
large magnetic fields.

8. Track signature. Monopoles are supposed to
leave characteristic tracks in emulsion or crystals
due to their high rate of energy loss; they would
not have been detected unless they produced a very
heavy track.

9. Scintillation signature. Large light pulses are
required from monopoles traversing scintillators
in order for the monopoles to be detected.

10. Novth-pole—-south-pole separation. North
and south poles are supposed to be substantially
separated for kinematical reasons after pair pro-
duction and after slowing down in matter, without
the influence of an external magnetic field.

11. Incident cosmic-vay nucleon flux. When-
ever pair production by cosmic-ray nucleons is
involved, some assumptions have been made on
their power spectrum. These assumptions may
concern longer or shorter periods of time, depend-

TABLE II. Experiments determining limits for cosmic monopole flux.

Reference
This
Assumed property 35 37 38 39 40 41 work
Electromagnetic induction
or source of magnetic flux x
Acceleration in magnetic field x x x x X
Thermalization x x x x x
Migration x x x x
Trapping x x x x
No binding to atoms or nuclei x
Extraction X x x
Track signature x v x x
Scintillation signature X v

Interstellar environment

Charge range (Dirac units) 0.16-27
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ing on the experiment.

12. Interstellar envivonment. Some consequen-
ces rely on assumptions concerning the configura-
tion and the magnitude of the magnetic field in
space and the ambient thermal radiation.

13. The asymmetry of magnetic charge. Mono-
poles are supposed to be mainly of a given sign.

The question of which experiment depends on
which property can be answered by reading the
original papers. A partial answer is given, to the
best of our objectivity, in Tables II to IV: in
Table II for some experiments3s:37~%! determining
limits on the cosmic-ray monopole flux, in Table
I for experiments determining pair-production
cross-section limits,35:37739:42=46 gpq in Table IV,
for experiments®+35:3%4° that set limits on density
of magnetic monopoles in ordinary matter. The
limit obtained per nucleon, with the Dirac charge
assumed for the monopole, appears in Table IV,

In each table, there is a column corresponding to
each experiment (identified by the reference re-
porting it). An x in the row corresponding to an
assumed property indicates that it was used in that
experiment; a v indicates that the assumption con-
cerns only part of the experiment. Also indicated
is the range of monopole charge covered (when
specified by the authors). The assumptions quoted
for each experiment are the ones that have been
quoted by the authors themselves.

The main feature of our experiment is that the
only properties assumed for the monopoles, aside
from their production, stem from their electro-
magnetic interactions at ranges of 1000 A or more.
The other assumptions necessary for the interpre-
tation concern essentially the radiation history of
the moon and are independent of the monopole
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theory itself.

X. CONCLUSION

Monopoles may not exist. The monopole theory
as expressed in Refs. 2, 4, 5, and 7 could actually
be disproved experimentally if a small difference
were found between the magnitude of the electron
and the proton electric charges, because it would
require an enormous increase in the unit of mag-
netic charge quantization according to those the-
ories. Since experiment? limits that difference to
less than 10~2° times the electron charge, any pos-
sible difference would correspond to minimum
magnetic charges’ experiencing forces of more
than 3000 tons in a magnetic field of 1 G. If such
a difference were ever found, it would certainly be
interpreted as a violation of charge quantization
and hence as a disproof of the theories referred to
above.

However, monopoles may just have been tricky
enough to elude all searches to date. According
to a recent analysis,®® the cross section might be
very low for producing pairs of monopoles that
would remain separated. It would be necessary to
have longer exposure to high-energy particles to
be able to isolate a magnetic monopole.
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TABLE IIT, Experiments determining limits for cross section for pair production by protons,

Reference
This
Assumed property 35 37 38 39 42 43 44 45 work
Electromagnetic induction
or source of magnetic flux x
Acceleration in magnetic field x x x x x x x x
Thermalization X x x x x x x x
Migration x x x x x
Trapping x x x x x x
No binding to atoms or nuclei x
Extraction x x x x
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Cosmic-ray flux x x x x x x

Charge range (Dirac units) 0.16—-27

1-3 1-30 1-2 1 =0.3
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TABLE IV. Experiments determining limits for density in ordinary matter.
Reference
Assumed property 8 352 39 49 This work
Electromagnetic induction
or source of magnetic flux x x x
Acceleration in magnetic field x x
No binding to atoms or nuclei x
Extraction x x
Track signature x
Scintillation signature x
Asymmetry of charge x
Charge range (Dirac units) >1072 0.16-27 unlimited >0.3
Limit found in monopole /nucleon 107 2x 10730 5x 1028 Tx 10732 2x107%8

a For the value of the density we have used the largest mass mentioned in this paper.
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