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Our search for magnetic monopoles in lunar materials has been concluded with the explora-
tion of an additional 11.5 kg of material returned by the Apollo 11, 12, and 14 missions,
using a modified version of our electromagnetic detector. Again, no magnetic monopole was
detected. Combining these results with the results of our previous experiment, we set an
upper limit of 1.7x1074 monopoles/g for the density of isolated monopoles in the lunar sur-
face and improve our upper limits set for the monopole flux in cosmic rays and for monopole

pair-production cross section.

I. INTRODUCTION

Our search for magnetic monopoles in 8 kg of
lunar material has been reported.! The search
has been continued in more lunar material returned
by the Apollo 11, 12, and 14 missions. The result
is still negative and the new experiment permits
improvement of the upper limits derived in Ref. 1
for the monopole density in the lunar sample, for
the monopole flux in cosmic rays, and for cross
sections of pair production by incident cosmic-ray
protons.

II. THE EXPERIMENT

The search technique was the same as the one
used in Ref. 1. The lunar material was divided
into 46 samples and the magnetic charge g of each
sample was measured independently. The detector
used to measure the magnetic charge has been
modified in an attempt to save on liquid-helium
consumption but its principle is still the same,
relying on the current-change AI induced in a
superconducting circuit traversed by a magnetical-
ly charged object. The circuit is represented
schematically in Fig. 1 (see Ref. 2) and described
in more detail in a separate report.? A very sen-
sitive magnetometer consisting of a SQUID?
(superconducting quantum interference device)
coupled to a 1000-turn coil is used now to mea-
sure the current change in the circuit.

Certain values of AJ cannot be detected because
of the noise in the magnetometer signal and be-
cause its response is a periodic function of ATI.
Therefore, to minimize the domain of undetected
charges, several tests with different numbers of
passes N, were needed. We used a series N,
=1,2,4,8, and 16. However, there are two dis-
tinct regions of magnetic charge that would have

escaped detection and hence this fact restricts
the range of magnetic charge to which our search
applies.

Restriction (a): magnetic charges that are too
small to give a signal larger than the noise. Using
an arbitrary criterion of five standard deviations
of signal above noise, this amounts to a charge
range of g<0.4g, where g, is the minimum Dirac
monopole charge:

ke
go"ze (1)

in Gaussian units.

Restriction (b): magnetic charges that have just
the right size to cause the magnetometer to show
no change due to its periodic response. For our
equipment this restriction amounts to g~nXx36.0
Xgo, Where n is an integer and 36.0 is a property
of our equipment.

Those restrictions are explained in more detail
in Ref. 2. They do not appreciably affect the valid-
ity of our search, since any monopole compatible
with Dirac’s theory escapes restriction (a), and
since restriction (b) applies only to magnetic
charges of a considerable magnitude.

III. RESULTS

In Fig. 2, we plot the measured value g, - of the
magnetic charges g of each sample, determined
by a least-squares technique using all measure-
ments on a given sample. Within the error due to
the magnetometer noise, it represents the value
of the real magnetic charge module 36.0g,. Tables
I to III list each sample with its NASA identifica-
tion number, weight, nature, and magnetic charge
as we have measured it.

From Fig. 2 one sees that we found no magnetic
charges g,.,, significantly different from zero in
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FIG. 1. Sample path through the superconducting loop
used for magnetic charge measurement. Current change
is measured by the coupling of a 1000-turn field coil to the

2
SQUID.

the samples. We conclude that there are no mag-
netic monopoles consistent with Dirac’s theory

[ except possibly for restriction (b) above], or at
least that the number of south and north poles are
such that they cancel in each sample.

A small portion of the lunar material was also
searched for monopoles of charge 36g,, using the
detector in a desensitized mode as described in
Ref. 2. This portion comprised samples 2, 17, and
19. The result was also compatible with a zero
magnetic charge for each of the three samples.
Here restriction () still applies but, combining
the result of the normal test procedure and the one
due to the desensitized mode, we reduce restric-
tion (b) to charges near multiples of 36g, and 305g,
at the same time. That less-restrictive condition
of our search applies to samples 2, 17, and 19
only.

IV. INTERPRETATION

Combining these results and those reported in
Ref. 1, we compute an upper limit for the density
of monopoles in the lunar surface material. It is
less than 1.7x10™ monopole/g for a 95% confidence
level, using the same computation as in Ref. 1,
i.e., including the correction for equal north- and
south-pole charges in a sample.

From the upper limit of the density, we compute
the upper limit for the flux of monopoles in cosmic
rays as a function of energy for different values of
N, the effective magnetic charge in units of g, as
defined in Ref. 1. Also, the computation is de-
scribed in Ref. 1. Adjustment for varying exposure
ages of the samples has been made and all samples
have been taken to have a mixing depth of 1000 g/
cm®.*~® Our upper limits for the monopole flux in
cosmic rays together with comparable limits set
by other experiments’'® using different techniques
are shown in Fig. 3 (see Refs. 7 and 8).

Because of the correlation between north- and
south-pole density distributions when pairs of them
are produced (as explained in Ref. 1), we compute
the new limit for the monopole density due to pair
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FIG. 2. Magnetic-charge measurements of samples 1
through 46 of Tables I through III.

TABLE 1. Apollo 14 samples and measured magnetic

charge.
Sample NASA Weight
number number () Type? & meas

1 14163.0 259 .4 F —0.05

2 14163.0 230.9 F 0.09

3 14163.0 299.5 F 0.01

4 14163.0 142.9 F -0.02

5 14163.0 268.2 F 0.01

6 14163.0 269.6 F 0.02

7 14163.0 223.8 F 0.00

8 14163.0 259.2 F 0.00

9 14 259.0 198.5 F -0.09
10 14 259.0 215.1 F 0.08
11 14 259.0 199.0 F 0.06
12 14 259.0 224.6 F 0.00
13 14163.0 250.6 F -0.02
14 14 003.15 301.0 F 0.04
15 14163.0 206.5 F -0.01
16 14 259.0 198.1 F —-0.06
17 14163.0 288.0 F 0.07
18 14 259.8 301.5 F 0.05
19 14163.0 286.4 F 0.01
20 14163.1 34.3 F -0.13
21 14 259.0 207.3 F -0.10
22 14163.0 248.6 F —-0.02
23 14163.0 232.3 F -0.02
24 14 321.60 261.0 R -0.00
25 14 259.0 196.1 F 0.06
26 14 003.16 301.0 F 0.07
27 14 259.0 192.5 F -0.01
28 14 321.61 104.0 R 0.04
29 14163.0 243.0 F —-0.01
30 14163.0 238.8 F 0.06
31 14163.0 263.2 F 0.06

2 F stands for fine material of grain size less than 1

mm; R stands for rocks and chips.
 The units of g meas are gy [see Eq. (1)].
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TABLE II. Apollo 11 samples and measured magnetic g 6L | T Il H /I T ]
charge. 3 /, I/ /
c n
sample NASA Weight S AN /
a b 2l v g |
number number (g) Type & meas 5 w 10 . / 2 2
T /
32 10072.19 40.26 R R T /
10017.74  107.52 R 5% gk B / i/ i
10021.36 29.98 R o A / / / Lorger N
10061.2 32.89 R € ()
10017.81 98.98 R N
10085.105 _28.13 R g 10®- | | | ] ]
)
33776 0.06 [ 10? 10 10° 10® 10'°
33 10019.31 29.66 R Monopole kinetic energy (GeV)
10 058.3 173.29 R FIG. 3. Upper limit (95% confidence level) on the flux
10085.101 26.03 R of cosmic monopoles as determined in recent monopole
10 061.48 27.00 R searches. A from this work, B from Ref. 7, C from
10044.15 39.74 R Ref. 8.
10082.1 49.13 R
344.76 -0.02 would have been unambiguously detected by its
magneitc charge. The accumulated evidence
34 10057 35.50 R against the existence of isolated magnetic mono-
10045.18 21.02 R poles is by now very great, and the hope to detect
10002.22 46.05 R s .
10059 1 53.96 R them can be held out only in experiments even
10100.2 29.98 R more sensitive than this one.
10 020.16 128.65 R
308.16 0.12
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3 F stands for fine material of grain size less than 1
mm; R stands for rocks and chips.
b The units of g meas areg,[see Eq. (1)].

production by incident cosmic-ray protons, using
only the 6.81 kg of fines from Apollo 14 materials,
the 2.02 kg from Apollo 12, and that 7.9 kg from
Apollo 11 analyzed in Ref. 1. The selection corre-
sponds to an arbitrary size limit of less than 1 mm
for particles in the samples used. The maximum
density is then 2.0x10~* monopole/g for a 95% con-
fidence level. Our upper limits for the cross sec-
tion of pair production along with comparable lim-
its set by other recent experiments’~° using differ-

The lunar soil was a highly desirable place to
search for magnetic monopoles, as evidenced by
the limits placed on their production cross section
in Fig. 4 from the analysis of about 20 kg of ma-
terial. The search was carried out in such a way
that even a single isolated monopole of the mini-
mum charge compatible with the Dirac theory
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ent techniques are shown in Fig. 4. -

In Ref. 1 (Table IV) we listed the properties as- g G4
sumed for the monopoles that condition their de- g’i
tection by our search; they are still valid here. §"|O—6
In addition, there are the restrictions (a) and (b) 23
mentioned above. ¢ G108
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FIG. 4. Upper limit (95% confidence level) on monopole
pair-production cross section in proton-nucleon collisions
as determined in recent monopole searches. A from this
work, B from Ref. 7, C from Ref. 8, D from Ref. 9.
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TABLE III. Apollo 12 samples and measured magnetic charge.
Sample NASA Weight Sample NASA Weight
number number () Type? £ meas b number number (g) Type & meas
35 12065.89 49.82 R 41 12021.101 3.91 R
12001.98 32.90 F 12033.3 23.00 R
12079.10 168.14 F 12070.150  181.16 F
12021.151 0.04 R 12033.2 22.40 R
12021.152 7.32 R 12064.44 22.65 R
12021.153 1.70 R 12060.0 22.18 R
12021.159 0.01 R 12021.117 2.65 R
12033.1B 7.60 R 277.95 0.05
12059.0 58.35 F
325.88 0.04
42 12021.96 9.92 R
36 12021.75 3.40 R 12021.127 4.01 R
12033.1D 350 R 12020.46 25.14 R
12 036.1 42,75 R 12038.76 36.43 R
12021.123  106.21 R 12070.165 39.95 B
12001.3 85 54 F 12070.138  156.40 F
12044.0 70.11 F 12079.2 78.35 R
12021.107 2.89 R 350.20 0.10
12077.0 21.25 R
335.65 0.05 43 12070.150  150.00 F
12008.2 30.30 R
37 12021.158 0.80 R 12065.55 40.61 R
12033.1F 10.13 R 12022.91 88.82 R
12037.4 36.36 F 12 002.92 36.40 R
1372 239.55 F 12 002.183 26.33 R
286.84 —0.02 12021.131 2.12 R
374.58 0.00
38 12032.1 26.62 R
12021.110 4.04 R 44 12002.25 77.92 R
12034.38 21.83 R 12 021.15 23.75 R
12035.7 21.61 R 12 022.103 41.11 R
74.10 —0.06 1373 B 227.08 F
12018.65 24.88 R
39 12021.113 2.34 R 12063.118 27.06 R
12021.119 3.40 R
12053.74 35.76 R 425 20 0.08
12002.179 42.40 R
12051.21 26.22 R
12022.108 31.94 R 45 12021.115 1.83 R
12021.100 2.46 R 12 003.29 46.28 F
1373 C 235.10 F 12 021.54 29.96 R
376.22 0.14 12021.121 2.40 R
12 051.63 28.78 R
40 12063.74 41.32 R 12021.35 2.77 R
12021.128 3.50 R 1377 32.57 R
12021.76 2.14 R 144.59 0.07
12076.4 28.80 R
12033.1A 2.42 R 46 12021.64 39.58 R 0.05
12042.4 57.70 F
12021.74 3.92 R
1373 A 239.35 F
379.15 0.13

2 F stands for fine material of grain size less than 1 mm; R stands for rocks and chips.
b The units of g meas are golsee Eq. (1)].
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Certification of Three Old Cosmic-Ray Emulsion Events as 0~ Decays and Interactions

In 1962, when Gell -Mann' predicted the proper -
ties of the 7, including its unique decay mode
into a K~ meson, three cosmic-ray events were
known®™ that could most easily be explained by
the decay of a heavy hyperon into a K~ meson. The
hyperon masses calculated from the two cleanest
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In the “pre-accelerator years,” when large stacks of emulsion were exposed to cosmic rays at high
altitude, three events were found in which K ~ mesons were emitted from slowly moving particles. The
Q~ is the only presently known particle that can give rise to a K~ when moving at nonrelativistic
speed, but none of the three events has until now been clearly identified as an Q~. One of the
cosmic-ray events (Eisenberg, 1954) has been incorrectly interpreted as an Q~ decaying in flight; it is
now shown to be an interaction in flight of an Q~ with a silver nucleus. The second event is a
clear-cut example of an Q~ decaying in orbit, bound to an emulsion nucleus. The third event is quite
complicated, but can be unambiguously attributed to the decay of an Q~ atomically bound to an N4
nucleus, followed by a collision of the daughter A with the N'%, in which the compound system then
fragments into ,C"* + p + n. The mass of the O~ as determined by each of the last two events (Fry
et al., 1955) agrees closely with the mean of all bubble-chamber events.

1. INTRODUCTION events (Eisenberg, and Fry No. 2) differed by
about 50 MeV, when the errors could scarely have
been more than 2 MeV in either case. The third
event (Fry No. 1) was complicated by a pair of
related “evaporated prongs” that made the inter-
pretation unclear, and the mass apparently un-
certain by about 20 MeV.

Many high -energy physicists believed that the



