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Abetract
An electromagnetic search for magnetic monopoles of
the;minirnun'r size predicted by Dirac, or of any larger rhag— :
' nij:ude’, has been performed en 8,37 kilogra'nis'ef.lunar
surface material returned by the Apollo 117'c_rew.' No
monopole was found. This -e‘xperiment sets new limits
on the production cross section for monopoles, and on

their occurrence in cosmic radiation.

' For several years now, 'the hunt has been on for particles that
would interact with the magnetic field, just as-electric cherges iﬁteract.
‘with the electrie field,. e.cting as a source for th_efield and being accel-
erated by it.- These particles, called monopoles, would be stablev.'_ They
would have a rrragnetic charge measured by an integer v, using the |
Dirac cherge = 3:»(10-8 emu as a unit (1). Their existence would give

credence to the 'prl‘ly known explanation for the extraordinarily accurate
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phenomehon of char‘ge quantization (2)." According to a recent théory (3)
the‘y would be the most fundamental particles, t_hé building blocks éf the
uhiversé. 'However, no such parti;le,- or Combiﬁatibn with a net nonzero
“magnetic charge has ever been found (4-6).

In vie.w of the negative rééults of these expefimehts (4-6), the lunar
surface is cénsidered té be the most likely hiding place for mopopoles,
whether they belonged to the primary cosmic rays or were produced in
the collision of a hi‘_gh energy cosmic-ray particle with a nucleon of the
lunar surface. In either case the lunar material would slow th‘e mono-
pole down and trap it. Thé reasoning that favors the lunar sample in-
volves its grea,tage,3 to 4 x 109 years, and fhe smé.ll depth to which the
surface has been churned during that long period of time. These two
factors givev the lunar surface the longest known exposure to cosrnic
rays. Fufthermore, the absence of both an a;cmosphere and a magnetic
field on thé moon allows the fate of a mono?ole after it has been slowed
down to be‘assessed With more certainty than it could be ‘on the earth.

Our détectibn technique felies on the electrométive force induced iﬁ a .
coil by a moving monopole. As in Ref. (7), the ‘sample was transported

~ along a continuous path threading the windings of a coil. In this experiment
the coil was made of supefconducting material and was short-circuited

by a superconducting switch. A small current was stored in the super-
conducting loop before a sample was run. If a sample containing a mono-
pole had been run, the induced electromotive force wouid have modified
this current. After each sample had been circulated 400 times, the

superconducting switch was opened and a signal'proportional to the
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current in the loop was tfaﬁsfefred elé‘ctricéiiy .oiit of'th.e'crybstat,
amplifiéd, and finally recorded on\anrosvcillvo.écope. A real magneﬁc
charge wquld .have been de_,tected as a differerice bevtween_thev.s:igneil
oBtaiﬁed W‘h(.anﬁthe switch was opéned and the oné norr;‘lally ébserved '
when the. pperﬁng of the éwifch ihferfupted the ""standard current' that
had been introduced as-an overall chéck on th.e apbéirafus;. A zero
magnetic.’ch‘airge therefore ébfresponded to _a.nonzelio .standai‘d signal.
This fechﬁié;[ue assﬁréd ﬁs that the equipment was' w'o-rkivr.1g at éll times. |
An ovei'all calibration was obtained from a long soienoid in which

a known change of cﬁrrent simﬁlated the "miésing tefm" iﬂ Maxwell' vs
equation's—-fhe one describing the.'conf_ri.biltion of a "magﬁefic current
denéity. " Staﬁstical stﬁdy éf our signals shows that the measuré_mént of
the ma;gn.étic charge was affected by a 1—standé,rd-dveviation error of
about 1/8of a 'Dirac unit, when a ride of 400 pa.s'ses _wés given to the
sample, Therefore, the érﬁallést monopole cdrr;batible with Dirac _
theory’\vgva‘s expected‘to_produce an 8-étandard-deviation signai. vT_her‘e‘vare-
reasons.to Believe‘the smallest ac.tual charge woﬁld hé.ve. twice the vDiré..c
value.(8), and this would correspond to twice as big a signal.

~ The lunar surface material analyzed in this experiment consiéted
of 28 individual samples. One.sarnple wé.s composed of three _;r'ocks
(NASA numbers 10022-1, 10023-1, and 10024—3) weighing all _togethef
213 g.. -Th.e remaining 27 samples Were all fines frém the bulk sample
(NASA number 10002): The individual-samples of fines ranged in v:ve'ight
from 261 to 356 g, and Wei-giled. all 'fégether 8. 13 kg. |

The measured magnetic charge of each sample was consistent with

~zero and statistically imcompatible with the hypdthesis- that the absolute
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value of the i’né.gnétic _chargé was as large as (Sr ié.rg'er_than a single
Dirac 'unit'oAf- magnetic .chai'ge.' We caﬁ therefore set'uppe’r limits on
the ﬁﬁmber of monopblés presént in the primary cos".r‘nic ra.ys in_cl on
the number o.f monopoles produced by high ehergy cosmic —:ray particles
ihteracting with nucleons of the lunar surfacé material. We qubte our
fesults at the 95% éon.fidenc;e level, including a évbrrection of 10% to the
monopole density to take vinto account the possibility fhat any individual
sample ma'y'l‘iave contained paired monopoies of opposite chargé. |

The actual \}alﬁes of both upper limits depend upon unknown prop-
erties vo'f. the hypothetical ma.gnefig monépole-—-namely, its charge, its

niass, and all the paramefers that determine its raﬁge inside the lunar.

" material before it comes to rest. Therefore we express our reults as
a function of n, .a parameter which relates the approximé,te range R, in
g/cmz, to the kinetic ener.g.y E, in GeV, by R = 0.1 E/n2 For low |
velocities, when the monopole loses energy by ionization only, n in the
this forrﬁula is a rria‘g.net‘ic cha.rge v measured in Dirac units. At
higher velocities, the effective value of n is expected to increase wit h |
E due to bremsstrahlung.

The values of both upper limits depend also upon the assumption
we make regarding the bdepth D to which the lunar surface has been
churned. We have represented our results in Figs. 1 and 2 for an

“assumed exposure time of 3x109 years and for two mixing depths, (a) 5 cm
(solid curve), which represents effectively no mixing depth, and (b) 100 cm
(dashed curve)..

 On vFig. 1, v?e plot our upper limit for the flux of monopoies per

2 e . . .
cm ~sec-steradian in the cosmic rays. The curves are displayed as a
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function of the kinetic energy"of'the monopole with n and-'D._ (defined above)

as parameters. The curves A and B représent upper limits.knowﬁ.from

the most extensive previous searches for monopoles in cosmic rays.

Curve A results from examinat_ion of deep ocean deposits (5), ‘vand B results

from an analysis of tracks in obsidian and mica (6). The results of the

most extensive search carried out in the earth's atmosphere are given

by cunve Cc (9).

The production of monopoles by protor.l—nucleovn interactions depends
updn the rri\orvlopdle paif ;production cross sectioﬁ, 0. On Fig. 2 we have
plotted thé ﬁpper limit for 0, as it results from our experiment, :as a
function of the monopole mas.s for different values of D and vn. The flu_x )
of primary co'smic.rays abéve the energy E in GeV Wés assumed to be

E-i‘ 67 cm_zlsec—1 sr_1(4).

1.4 x
The incident pi‘oton wés ass;umed to lose 40%‘ of its enévrgy.at -e’acv‘h
protén-huéleon interaction (9). The monopole pair-production cross
section was assumed to be constant above the thv.'Aresholdv energy for mono -
pole pair production. Curves A and C represent the' limits for 0 as .
known from Refs. (5) and (9') respectively. - Curve Dvcom_es froin a -
search for monopoles in a meteorite (10) as interpreted in Ref. (4).
Curve E éorresponds to the most extensive accelerator study to date (11).
The search for monopoles in the lunar sample of Apollo 11 rebsulted_.
in the finding that there was neither an unpaired north nor south mono-
pole in a.ny of the 28 samples studied. This result sets {ipper. limits o.n

the pfesence of monopoles both in the primary cosmic ra}?s and in the

proton-nucleon interactions, without any assumption concerning the
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the migration of the monopoles through vmatte_r under the in.fluen‘cve of the
magnetié Ifi’eld. ' If the lunar -rnixiﬁg depth is 1ess-fhaf1 10 méters éver

a period of 3x109 years, our upper limits are lower than an&r previous
values except in high rang'es of mass and energy; as shown on Fligs. .1

-

and 2.
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: Figui‘e Ca.pfions

Figure ‘1 A9_5%.conﬁaen_vc'e ievél upper limit on the flux of‘rln.onopoles as a
. g function of monopole energy. The solid a.nd dashed curves for'.
D¥5 and 190 cm are from this work. The parémeters.n and D are
* defined in the text. A is from referenc‘e (5); B frém reference (6);
C from reference (9)
Figure 2. 9v5% confidence level upper limit on the monopole pair pro-
| | duction cross section in proton-nucleon collisions. _._The solid
 and dashed c‘urve for D=5 and 100 cm are from this work. The
parameters n and D are defined in the text. A is from revference'.(S);

| C from reference (9); D from reference (10); E from reference (11).

4
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission’’
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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