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In a search for magnetic monopoles produced in high-energy pp collisions, a series of metallic collectors
was exposed at an intersection region of the CERN Intersecting Storage Rings to an integrated luminosity

Lt 27.2X 10" ¢cm™?. The search was sensitive to poles with a mass: m, S 30 GeV. For m, <20 GeV, the
search yielded an upper-limit cross section of o < 1.3.X 10737 cm? (95% confidence level) for 0.2 S g < 1.2

Dirac magnetic charges; for 1.2 < g < 24 the limit is o~ < 4 X 10™% cm?.

I. INTRODUCTION

Experimental searches for free magnetic mono-
poles extend back for many years.  Since the pro-
posal of Dirac in 1931, searches have been per-
formed at nearly every new accelerator at the
frontier of the highest energies. Interest con-
tinues in the possibility of finding free magnetic
monopoles in spite of negative results from these
searches at accelerators and in cosmic rays. In-
deed in the last several years there has been wide
consideration of a theoretical model suggested
independently by 't Hooft and Polyakov.? This mod-
el contains a very massive magnetic monopole.
The mass range suggested by 't Hooft and Poly-
akov, M«M,/a or 5 to 10 TeV, only seems ac-
cessibleata verybigaccelerator (VBA) operating as
a colliding-beam facility. However, variants of
this approach, such as models proposed by Troost
and Vinciarelli,® have suggested substantially low-
er masses. These theoretical models, along with
a review of recent searches, have recently been
summarized in an extensive magnetic-monopole
bibliography covering 1973 to 1976.*

Most searches for free poles are based on the
hypothesis that they have a relatively large mag-
netic charge g:

g=ng,=3ic/en=Len, (1)

where ¢ is the elementary electric charge and »n

is an integer."® Thus magnetic poles should ionize
heavily, should easily be accelerated in magnetic
fields, and should be trapped in matter. In “di-
rect” searches magnetic monopoles are searched
for immediately after their production, which could
possibly occur in high-energy particle collisions.
In “indirect” searches, such as the one described
in this paper, thekmagnetic monopoles produced

in high-energy pp collisions are brought to rest

in a material, frequently ferromagnetic, where
they are assumed to be bound. Later, the pieces
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are placed in a strong magnetic field, by means
of which any pole is extracted and accelerated.
Any pole that has been bound in the material is
then detected in a series of counters. In the ab-
sence of a monopole, this type of experiment is
capable of yielding stringent upper limits on the
pole production cross section since one may in-
tegrate the production search over a long time.
Note, however, that one has to make some as-
sumptions about the behavior of monopoles in
matter. ‘

This paper describes the result of an indirect
search performed in the Intersecting Storage
Rings (ISR) of the European Organization for Nu-
clear Research (CERN). At present, the ISR pro-
vides the largest available center-of-mass ener-
gies, thus allowing searches up to very high
masses. On the other hand, since the ISR lumin-
osity is considerably smaller than those of con-
ventional accelerators, cross-section upper-limit
measurements are several orders of magnitude
larger than those determined with fixed-target ac-
celerators. '

* II. EXPERIMENTAL

The search described in this paper was made
in two separate experiments. In the first experi-
ment we used one piece of the I5 vacuum chamber
which was made of 1.8-mm-thick stainless steel
of the type Avesta-a-SKRN. The piece, about
1m long, was approximately one-fourth of an in-
tersection region in the direction of beam 2 and
covered approximately one-quarter of the solid
angle. It had been exposed over a 3-year period
to a roughly estimated integrated luminosity of
about L¢ =3 X 10°" cm?®.

The second experiment was made under more
controlled conditions and when the ISR luminosity
had reached and surpassed its design value. The
I3 vacuum chamber (1.5 mm thick) was surrounded
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FIG. 1. Configuration of ferromagnetic monopole
collectors at the I3 intersection region of the ISR.

with segmented pieces of a ferromagnetic steel
(446) and sheets of soft iron, covering almost half
of the solid angle. The region was free of any
strong magnetic fields. The geometry of the col-
lectors in the intersection region is shown in Fig.
1. Near 90° to the direction of the protons, the
iron collectors were about 2 cm thick. They were
sized in thickness to stop most monopoles with
g2 0.3g 5. The segmented pieces were machined
at Fermilab to standard sizes of 1X 2.5%X4 cm?;
the sheets were pressed into shape at CERN (see
Fig. 1). These collectors were left in place around
the ISR for a period of 14 months and received an
integrated luminosity L#=7.2 X 10*” ¢cm? over
roughly 2400 hours of machine operation, as il-
lustrated in Table I. For both the vacuum-cham-
ber and the iron-collector geometries, monopoles
could be trapped down to angles of less than 6°
relative to the out-going proton beam.

After exposure all pieces, sheets, and the vac-
uum chamber were brought to Fermilab. (All had
negligible radioactivity.) In the hot-machine shop

TABLE I. Integrated luminosities to which the samples
were exposed during a period of 14 months.

Pbea.m Ecm Lt?
(GeV/c) (Gev/c) (10%cm?)
11.7 23.3 2.4
15.4 30.6 21
22.5 44.6 25
26.7 53.0 579
31.6 62.7 19
Asymmetric 1.0
Total 647.4
Including technical runs 720

2Note that the segmented collectors were removed a
few months earlier than the solid-iron collectors. This
results in a slightly lower overall average luminosity.
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FIG. 2. Monopole detector system. Monopoles with
g=4gp will stop in 5, 2g;, in 6, 0.8gp in 8. The light
from 4 is attenuated by 250 to measure ionization for
monopoles with g>4gp. The scale is in cm.

the soft-iron sheets and the vacuum chamber were
cut to dimensions smaller than 2X 2.5 x4 cm?,
The samples were placed in turn inside a copper
box, which was then inserted in one end of a 50-
cm-long, 80-kG, superconducting solenoid with a
5-cm-diameter warm bore.® The apparatus is
shown in Fig. 2. The side of the box facing
the solenoid was covered with a soft-iron
piece 1 mm thick. The iron served as a stopper
on any lightly bound monopoles so they would not
be accelerated too early in a less desirable field
geometry. The saturation magnetization (times
47) is about 21.6 kG for the soft iron and 12 kG for
the 446 steel. In the model of Goto, Kolm, and
Ford,” a field of 80 kG is several times the field
required to extract a pole from the sample. For

. the stainless-steel vacuum chamber a much lower

field would have been sufficient for the extraction.

The box was introduced into the solenoid with
the help of a rod attached to a winch. Care was
taken that the entrance path into the solenoid was
such that the samples did not encounter a field
greater than 500 G. Provisions had to be made to
overcome the pull of more than 50 kG on the sample
at the entrance to the solenoid.

A monopole with one unit Dirac charge would be
accelerated to an energy of approximately 80 GeV
in the magnetic field of the solenoid. It would be
detected in a series of 12 scintillation counters,
with air light guides. .In general these counters
were made very thin. These counters operated both
asdE/dx counters and as a range telescope. For this
lastpurpose a series of aluminum and iron range ab-
sorbers was interspersed between the third and
tenth counters. Magnetic charges should gain
energy in the magnetic field in direct proportion
to their magnetic charge, while they should lose
energy in matter proportional to their charge
squared. Therefore larger magnetic charges
should stop earlier than smaller ones and give
correspondingly larger light pulses from the scin-
tillators. The system was arranged such that
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monopoles with 24g ;, could just penetrate the first
three counters, while monopoles with <5 the Dirac

charge would pass the eleventh counter. Further de-
tails .on the detecting equipment, its calibration, and
its performance are given in Ref. 6. In this extrac-

tion run we added two sheets of plastic detectors
(Kodak Nitrocellulose, each of 0.02%x9X 12 cm®)
behind counter 3. These foils would be sensitive
to monopoles with magnetic charge g2 0.3g).°

The counter-solenoid layout was set such that
there was a sensitivity to monopoles with magnetic
charges in the range g, <g <24g,. A candidate
event was triggered by a coincidence of the first
three counters for g>0.25¢g,. For g<0.25g, the
system would have been triggered by a coincidence
between the thicker counters 5,10,11. A coin-
cidence triggered a dual-beam scope which dis-
played the signals from all the counters. In ad-'
dition a light display was photographed showing
which of the anodes of the counters triggered their
discriminators (including two large cosmic-ray
blanket counters placed above the monopole count-
ers). Some care was taken to preserve the ability

of this system to measure energy loss over a wide -

range of g values. Photographs were taken of fake
events using light pulsers to calibrate the sys-
tem. Whilethe system trigger was very loose, all
the counter information was on the scope photo-
graph. Real events would have to satisfy dE/dx
and range requirements. In addition it would have
been possible to recycle the range absorber in
which a pole stopped through the extraction sys-
tem so that the monopole could be studied further.
The apparatus was set to accelerate north mag-
netic poles for roughly half of the processed mat-
erial and south poles for the other half. Roughly
1000 pieces, most weighing eighty grams each,
were cycled through the system. The detection
device was in operation for event detection for
approximately ten hours. In that time the appara-
tus was triggered five times. This is consistent
with the background trigger rate from cosmic rays
‘with the magnet off and no sample in place. None
of these five events had even a remote resem-
blance to a magnetic monopole. Several occurred
when no sample was in place. The “least unlikely”
candidate had a cosmic-ray anti present, incon-
sistent pulse height, and a very low g value.

III. RESULTS

No monopole candidate was registered. We can
thus only estimate an upper limit for the produc-
tion of monopoles, using the formula

os K — ,
(@/4m)f 25 Litym,

(2)

TABLE II. Estimated detection efficiencbies for de-
tecting one of the two monopoles with a mass of 10 GeV
produced in reaction 3.

Ecm, ’
g (GeV) 45 53 63

0.2 1 1 1
0.6 0.95 0.97 0.98
1.0 0.7 0.84 0.9
1.4 0.2 0.4 0.5

where we used K =3 to estimate a 95% confidence
level. The fraction of the solid angle covered by
the collectors, /47, is estimated to be 0.25 for
the vacuum-chamber case and 0.38 for the iron
collectors analyzed. L;¢; is the integrated lumin-
osity over all runs of the same energy. The frac-
tion of the collector material processed is f, 83%
inthe case of the iron collectors, and 100% in the
case of the vacuum can. The detection efficiency,
7n;, was studied using the known geometries and
the assumption that magnetic monopoles were pro-
duced isotropically in the reaction

p+p~p+p+G+G (3)

and, further, that the available energy was divided
among the outgoing particles proportionally to
relativistic phase space.’

In the first experiment, which analyzed a piece
of the vacuum chamber, monopoles withg= 1
would have been stopped, while those with smaller

.magnetic charges would have more frequently es-

caped. The situation was reversed for the collec-
tors of the second run, which were mainly sensitive
to low magnetic charges. Table II gives the es-
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FIG. 3. Compilation of some upper limits for mon-
ople production plotted versus their magnetic charge.
Solid and dashed lines refer to direct and indirect mea-
surements (Refs. 3, 8, 10-13). '
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FIG. 4. Compilation of the recent-upper limits for
magnetic-monopole production (Refs. 3, 8, 10-13).
Solid and dashed lines refer to direct and indirect mea-
surements, respectively, at high-energy accelerators;
dotted lines refer to cosmic-ray experiments.

timates of the detection efficiencies for the collec-
tors for detecting one of the monopoles in the case
of monopoles with a 10-GeV mass (the dependence
of the efficiency on the monopole mass is rather
weak). Note that both a north and south monopole
should be produced.  This improves the detection
efficiency because it offers two opportunities to
collect the products of an event.

Figure 3 illustrates, schematically, as a func-
tion of the magnetic charge, the cross-section
limits obtained in this experiment compared to
previous ones. Figure 4 gives, again schematical-
ly, the cross-section limits as a function of mono-
pole mass.

We conclude that for masses smaller than 20
GeV we have established an upper limit at the
95% confidence level on the cross section of

0s1.3%x10"% c¢m® for 0.2<g=<1.2, and 654

%X 10"%" e¢m?® for 1.2<g < 24, for the production of
magnetic monopoles in proton-proton collisions
at ISR energies.

One observation concerning binding should be
made. The stainless-steel vacuum can is not
ferromagnetic. Perhaps the magnetic monopoles
did not remain embedded in the stainless steel.

If they did not, then in the second phase of the ex-
periment, poles with similar characteristics would
have moved out into the ferromagnetic collectors
so that the high g values expected to be stopped

in the vacuum.chamber would have been collected
in the iron colleetors during the second phase.
Note that the steel vacuum chamber was thinner

in the second phase so that both g ranges have'
been covered with some overlap.

This experiment has improved on the earlier
ISR search by an order of magnitude. Neverthe-
less it still does not set as stringent alimit as cos-
mic-ray experiments, which on the other hand
require further assumptions.

The higher-energy storage rings now proposed
at several laboratories should have larger lumin-
osities than the ISR. Since integrated cosmic-
ray cross sections drop roughly as 1/Em, it should
be possible for a further colhdmg—beam machine
to outdistance the cosmic-ray limits.'*
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