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A search was made at the Brookhaven AGS for
magnetic monopoles produced either in collisions of
30-Bev protons with light nuclei, or produced by

7 rays secondary to these protons in the Coulomb field

of protons or of carbon nuclei. In runs using
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5.7 x 1077 c¢irculating protons, no monopole-like

event was found. This implies an upper limit for

production in proton-nucleon interactions of about

2 x .’I.O')"O cn”. Experimental limits are also derived

for the photo-production of pole peirs.
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Dirac has shown that the existence of a magnetic monopole

would not be incompatible with quantum mechanics es we know it pro-
viding the magnetic charge g of the monopole is related in a particular
way to the electronic charge e. It is necessary that g/g be an integral
multiple of hc/2e2. Thus the smellest magnetic pole strength allowed,
other than zero, is (137/2)3 or approkimately 3 x lO-8 emu, Dirac
suggested that the existence of such an entity might have something to
do with the quantization of charge and that megnetic monopoles, though
hitherto unobserved, might be made in pairs in very energetic processes.,

‘That suggestion has stimulated several previous experimental
searches for a magnetic monopole. The first experiment to be reported
was that of Malkus,2 who devised a simple but elegant collector and
detector of monopoles which might be incident on the earth's atmosphere
as a component of the primary cosmic radiation, or which might be
created in the atmosphere through the agency of the ordinary energetic
primaries. Malkus was able to set an upper limit of 1070 cn? et
for the flux of such monopoles from either source. More recéntly Bredner
and Isbe113 have described experiments carried out at the Bevatron in
which they looked, also without success, for magnetic monopoles which
might have béen.made in processes initiated by 6-Fev protons.

As accelerators of considerably higher energy have become
available, the question has been reopened. We report here the results

of & search carried out in the flux of 30-Bev protons and of secondary

7 rays of the Brookhaven Alternating-Gradient Synchrotron. Concurrently,
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‘experiments with the same purpése but a somewhat different approach have

4,5
been carried out at the AGS machine of CERN.

1. Assumed Properties of the Monopole

It is generally assumed, for no more éompelling reason than
simplicity, that the Dirac monopole, if it exists, will bear the charge
(137/2)e, not some multiple thereof. The design of our experiment reflects
this prejudice, and in the discussions to follow, unless otherwise stated,
the magnetic charge g is assigned the magnitude (l37/2)e. The sensitivity
to multiply~-charged monopoles is considered in Sec. 10. COne assumes,
of course, invoking charge conservation, that mégnetic poles must be
created in pairs and, conversely, that an isolated pole cannot vanish.
Given the manigest scarcity, not to say absence, of monopoles in ordinary
matter, this promises practically unlimited life to any monopole once
it has been macroscopically separated from its partner in creation.

Very little can be said a priori about the mass of the hypo-
thetical monopole. Dirac ventured only the speculation that it might
be of the order of magnitude of a nucleon mass. In our experiment the
heaviest monopole that could be produced in peirs in nucleon-nucleon
collisions would have a. rest mass of 2.9 Bev, that being half the energy
available in the center-of-mass system for a 30-Bev proton incident on
a nucleon in the primery target. (The mass limit would.be higher, if
coherent production in proton-nucleus collisions by way of long-range
fofces were to be considered.) A value of the rest mass that has a
certain numerological appeal, but no more serious claim as far as we

know, is 2.4 Bev, a mass which would endow a magnetic monopole of charge
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(137/2)e with/éigssical radius equal to that of the electron. Because
this figure lies comfortably within the upper part of the range accessible
in our experiment, we shall frequently adopt it as en example Iin dis-
cussing mass-dependent aspects of the experiment. Apart from questions
of cross section, one may say that the present experiment extends the
searched range of rest masses by & factor 3 over that covered earlier

3
by Bradner and Isbell. No accelerator experiment which has & negative

result can wholly supersede an experiment like that of Malkus,2 for
the cosmic radiation provides Primary protons sbove any reasonable
threshold.

Equelly little guidance is available on questions of production
cross section. Because of the very strong interaction of magnetic mono-
poles, one cennot simply recast the formulas for electrbmagnetic
production of electrically-charged perticle-antiparticle pairs. We are
not aware of any reliable estimate of a production cross section. In
this situation, the experimenter can only try to establish limits as low
as possible, hoping that an eventual theory may lend his negative
results some significance. It seems likely that photo-production will
be the first process to yield to theoretical treatment; one has no basis
at all for discussing other interactions. With this in mind, we have paid
particular attention to establishing a limit on the external photopro-
duction of pole pairs by y rays. The threshold is quite high for the
mass range we are interested inyif the extra momentum has to be transferred
to & nucleon. For example, it tekes a 17-Bev photon to meke a pair of
2.4-Bev-mass poles in the field of a proton. For production in the field

of a carbon nucleus by l7-Bev 7 rays the mass limit 1s 5.6 Bev.



>
&

2. The Behavior of Magnetic Monopoles in Matter

Although the fundamental properties of the magnetic mondpole,
its mass, its spin and, ebove all, its existence, cannot be confidently
predicted, once it existence as a stable entity with a certain magnetic
charge is postulated, many features of its behavior in matter can be
foreseen. Cole and Bauer7 have investigated theofetically the collision
loss of monopoles moving through matter. Harish-Chandra, extending an
investigation begun in Dirac's paper, showed that there is no bound

. 2
state of the two-body system, magnetic-monopole and electron. Malkus

and Eliezer and Roy9 discussed the possible binding of a magnetic monopole
to a2 nucleus and to an atom or molecule. We shall review here only

those aspects of magnetic monopole behavior which are relevant to our
experiment.

A magnetic monopole of strength g moving at high speed through
matter suffers enormous ionization loss. It ionizes much like a relativistic
particle with an electric charge 68 e, but its ilonization loss, unlike
that of an electrically-charged particle, is substantially velocity-
independent so long as the velocity is well above that of the atomic
electrons. As a general rule, a fast monopole may be expected to lose
about 8 Bev gm/cm?; its specific ionization is about one-third that of
a fission fragment. This extraordinary and distinctive property has been
relied on as a means of identification in all experiments so far,
including this one.

When a monopole has been slowed by collision loss until it no

longer lonizes effectively, its interaction with the Coulomb field of




nuclel provides a fairly large elastic-scattering cross section. For
example, the cross section for large-angle scattering of a monopole of
speed 2 x 108 cm/sec and mass 2.4 Bev by a nucleus with Z = 6, is about
10'22 cm2. This mechanism would serve to moderate further ﬁhe energy
of the monopole. However, an even larger elastic cross section is to be
expected, for velocities below 167 cm/sec, as a consequence of the
diamagnetic repulsion between the magnetic monopole and the electrons
of the atom core. For monopoles of a few electron-volts energy oxr less,
the cross section for scattering by dismagnetic repulsion is of the order
of atomic size. It is possible to analyze these processes in much detail,
but for our immediate purpose it is enough to observe that an energetic
monopole - starting, say, with 1 Bev kinetic energy - will quite
certainly be reduced to thermal energy within a few tenths of a gm/cm?
of its starting point. Its subsequent fate concerns us also.

Between a diamagnetic atom or molecule and a magnetic monopole
there is, as we have already said, a repulsive interaction. It is much
larger than any effect we are accustomed to associate with diamagnetism.

As long as the monopole is well outside the atom, the repulsive force is

proportional to r~?

and the potential energy may rise to an electron-volt
or so at the atomic radius. At this distance of approacﬁ the perturbation
of the electroﬁic structure makes an accurate estimate difficult but

the order of magnitude can hardly be wrong. In a purely diamasgunetic
environment, then, we expect the monopole to remain free in the sense

that it is not bound to any atom. Nevertheless, it may be bound within

a lattice of atoms or ions in consequence of the repulsion. which creates

potential minima at interstitial positions. The situation is reminiscent

of the so-called clathrate compounds, in which a chemically .inert atom




is caged within a foreign crystal lattice. In a compact diamagnetic
lattice of heavy atoms the monopole moves in an effective periodic
potential which has minima a few tenths of a volt deep. Although this
might appear adequate to trap monopoles at room temperature, the mobility
of such trapped monopoles would be fairly high in even a week magnetic
field. A field of one gauss, for example, which is equivalent to a

field of 20 kilovolts/cm applied to an ordinary ion, nay ceuse the mono-
pole to drift through such a potential with a speed of many cm/sec at

room temperature. The process is the analogue of ionic coﬁduction in
crystals and the mobility predicted is, of course, exponentially sensitive
to the barrier height assumed, so that any quantitative estimate is very
uncertain. We conclude that one cannot confidently decide, & priori,
whether a monopole in a diamagnetic lattice will or will not be effectively
immobilized against the influence of a weak field. There is little

doubt, on the other hand, that a field of the order of several kilogauss
will lower the potential barriers enough to cause rapid migration of a
monopole which experiences only diamagnetic interactions.

However, most substances contein at least a few paremagnetic
sites and we need to examine the question of the binding of a megnetic
monopole to a paramagnetic structure. The interaction can very roughly
be estimated as follows. Consider an isolated atom containing an unpaired
electron spin, and a monopole of charge g some distance r awvay. The
magnitude of the Zeeman energy is eﬁg/2mecr2 . There is an attractive
potential corresponding to a ground state in which the electron spin is
polarizéd favorably along the atom-monopole exis. This description is
valid providing the spin precession rate, in the field g/re, is fast

compared to the motion of the atom-monopole axis, a criterion which is
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satisfied with room to spare in the case of a massive monopole. If we
now combine this r - attractive potential with the g-h repulsive

potential arising from the diamagnetic interaction of the monopole with

‘the electron orbits, we obtain a potential well with a depth, typically,

of a few volts, the minimum occurring at an r around 10'8 cm. The
distance is small enough so that our simple representation of both the
diemegnetic and the paramagnetic interaction can hardly be a good
approximation. Still, the indication is strong that we'may expect
binding of the monopole to a paramegnetic atom or lon with a well depth
measured in volts. This was also the conclusion of Malkus.2 \

A similar argument applied to the two-body system consisting
of a nucleus or nucleon with a magnetic moment and a magnetic monopole
indicates that there is no bound state. The question is a delicate one,
however, for the margin by which & bound state is excluded is not vast,
and one cannot be quite sure that a more refined analysis would not
restore the possibility in some cases. And, of course, there may be
specific interactions between monopoles and nucleons of which we are not
eware. We shall discuss later the implications for our experiment of
2 bouhd monopole-nucleus complex.

The question of the binding of stopped monspoles in matter
can be avoided, up to a point, by stopping them in a fluid. If it is
surrounded by a fluid, a monopole, whether it be bound to an atom,
molecule, or molecular complex, must drift in the direcpion of an applied
magnetic field until it comes to the boundary of the fluid. Its speed
will be such that the viscous drag on whatever the monopole is bound to
Just balances the magnetic force gB. In a liquid of viscosity 1 centi-

poise, for example, the mobility of a structure of molecular size to



which a monopole has attached itself would be of the order of magnitude
of 10 cm sec™* gauss-l. On the other hand, if the monopole remains
unbound;it will likewise move in the_direction of the magnetic force,
the viscous drag being now provided by c¢ollisions of the bafe moncpole
with atoms in its path. In a sufficiently weak field the "structure"
which moves, "in this case, may be described as a little bubble enclosing
the monopole, a bubble from which the liquid has been pushed by
diesmsgnetic repulsion. The diameter of such a bubble can be estimated
from the surface tension and bulk. susceptibility of the liquid: it turns
out to be, typically, of molecular size. Thus in a weak field the
bound and the unbound monopole should move in much tﬁe seme way through
the liquid.

This hydrodynemic model can hardly apply if the driving field
B is very strong. The energy dissipated along the monopole's track
becomes so large that the local structure of the ligquid mey be altered.
Or it mey be that the force gB simply dregs the bare monopole, if not
the bound monopole, through the interstices of its molecular environment,

causing it to surmount potential barriers and move with more than thermal

velocity. A study of various models suggests that the division between
week and strong fields in the sense of this discussion lies around 100
gauss, as an order of magnitude. In any case we can be sure that the
drift velocity of the monopole increases monotonically with increasing
driving field, and that nothing can prevent its migration through the
liquid in response to any magnetic field, however weak. '

The inertial force involved in following e mecroscopically
curved line of magnetic force is relatively slight, as compared to the

drag on the monopole in dense matter, under all practical circumstances.
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The extent of transverse diffusion can also be shown to be negligible.
Hence we may rely on the monopole following faithfully a field line in
a homogeneous liquid.

Our experimental straﬁegy was based in part on the preceding
considerations, the idea being to avoid stopping the monopole in solid
matter between creation and detection, to conduct it instead through a
liguid by applying a megnetic field which would also serve to extract
it from the surface of the liquid. The process of extraction from the

liquid surface will be discussed in detail in Sec. 5 below.
3. Outline of the Experiment

The experimental arrangement is shown in Fig. 1. A long
straight section in the AGS machine is occupied by an evacuated target
box which contains a flivping target shown at the left of the figure as
the "primary target". 'This target consisted of a light meterial (Be,
C, CHy, Al) about 0.06" thick; it served a number of high~energy experi-
ments with respect to which our experiment was a parasite. At the
center of the straight section a well in the target box, 8" inside diameter,
serves to intercept a fraction of such magnetic monopoles &s might be
created in a proton-nucleon iﬁteractioq in the primary target and projected
forward with a velocity comparable to that of the proton-nucleon center-
of-mass system. Our “semple" monopole of mass 2.4 Bev would have a
kinetic energy of 7.4 Bev at this velocity. The aluminum wall of the
well is too thin (0.060") to stop such energetic monopoles, at least if
their charge is no greater than (l37/2)e. They would penetrete it and

be stopped within the liquid which fills the well. The liquid was Welch
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Duo-Seal Pump Oil.

The liquid has enother function. It serves as & target for
possible electromagnetic production of monopole pairs by the energetic
photons which traverse the well. The oil "converter" is ebout half a
radiation length thick and is favorably located to intercept a considerable
fraction of the high-energy gamma-ray flux from the primary target.lo |

Mounted vertically above the well is a long solencid by means
of which a monopole can be accelerated to high energy for detection. The
interior of the solenoid is maintained at a pressure around 100 micronms
by a fore-pump, and is closed at the top by a 0.002" thick Mylar window.

A monopole of the appropriate sign, stopping in the oil, is drawn to the
free surface of the oil by the field from the end of the solenoid.
Assuming for the moment that it is there extracted from the oil as a bare
monopole, it is accelerated in the evacuated region, arriving at the

top of the solenoid with a kinetic energy near 1.1 Bev, a figure which
depends, of course, only on the monopole charge, the field in the solenoid
which was ordinarily 500 to 7QO gauss, and the effective length of the
solenoid, approximately 90 cm. The non-uniform field near the lower

end of the solenoid was exploited, as explained in more detail below,

to focus all monopole trajectories into e smell aperture at the detector
end. After passing through the Mylar window and a few centimeters of
air the monopole enters the detector. |

Two methods of detection were used: (I) a xenon scintillator
consisting of a quartz tube filled with pure xenon and viewed by two
photomultipliers, and (II) nuclear emulsions. Both detection methods
relied on the high specific ionization of the magnetic monopole to distin-

guish it from the copious background of relativistic charged particles.
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This background could have been ignored in using detector (I)'if we

had been quite certain that the mobility of the monopoles in oil would
not greatly exceed that estimated ebove for the weak-field case. Accord-
ing to that estimate, the arrival of a monopole at the detector should

be delayed until well after the spill-out of the proton beam, and the
counters could simply have been gated off during the spill-out veriod.

It had been our original plan to operate the scintillation detector in
this fashion, despite lingering uncertainty about the mobility.
Fortunately it proved possible to cope with the background without gating

the counter so that, in the end, our conclusions do not depend critically

‘on the assumption of a minimum delay.

The photomultipliers which viewed the xenon tube were connected
to a fast coincidence circuit, discriminator, and fast oscilloscopve. The
discriminator level could be set with reference to pulses from fissicon
fragments provided by an internel szse source. Allowing for loss in
the windows, a monopole would have deposited in the xenon nearly ten times
the energy of a fission fragment. A discriminator setting around three
times fission-fragment pulse height adequately suppressed the background;
any pulses above this could be exemined in detail on the oscilloscope
photograph. For emulsion runs the xenon counter assembly was removed and
replaced by & box with an eluminum window 0.00L" thick, as indicated in
Fig. lec.

In the early runs ihe solenocid was pulsed (to 760 gauss) to
avoid any harmful influence of its stray field on the proton orbits at
injection. The solencid was switched on for approximately half the
machine repetition period, from 0.2 seconds before to 1.2 seconds after

beam spill-out. fter it was ascertained that the strsy field caused no




trouble at injection, we ran with the solenoid on continuously with,
however, its field reduced from 760 to 500 gauss to evoid overheating.

The total exposure in any run was most directly recorded in
terms of the number of protons in the circulating beam summed over all
machine pulses. In the whole experiment we accumulated a total of
5.7 x 1015 circuléting drotons without recording eny monopole-like events.
To establish the significance of this negative result and to dispose of
a number of possible loopholes, we shall have to discuss in detaill the

critical features of the experiment.
4. Focusing :

The field of the solenoid has & first-order focusing: =ffect
on the trajectories of monopoles which start from rest near one end and
are accelerated in the evacuated column. Its action is like that of an
electrostatic immersion lens for ions. The trajectories are independent
of field strength and monopole mass in the non-relativistic approximation.
The focal distance depends on the position, relative to the end of the
solenoild, of the source plane which is here the liquid surface. The
liguid level was set so as fo bring the calculated focal point just
above the upper end of the solenoid. A relativistic calculation of the
focal length,was actually used, although the shift of focel point with
mess over the mass range of interest is not serious because the bundle
of trajectories from the source fills a very small angle at the focus.
This is seen in Fig. 1 which shows the trajectory of a menopole which
has migrated to the surface from the upper edge of the thin section of

the well wall. Monopoles originating below this would follow trajectories
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even closer to the axis.

It was necessery to mzke sure that magnetic fieldsbfrom other
sources would not deflect the monopole trajectories away from the
éntrance to the detector. A survey of the ambient stetic field and of
the stray field from the pulsed AGS magnets showed no horizontal component
© greater than 1l gauss. The location of the solenoid was especially
Tavorable in this respect. It was midway between two AGS magnets of
opposite orientation, s0 that the axis of the solenoid was at the same
time an axis of symmetry of the nearby magnetic structure of the\
synchrotron. A uniform horizontal component of 1 gauss over the length

of the solencid would shift the focal spot by only 2 mnm.
5. Extraction from the Liquid

Suppose a monopole arrives at the surface of the oil bound to
a molecule which it has dragged along. We have seen that binding to
paramegnetic molecules is likely, and the presence of free radicals in
the o©il, ;aspecially olil exposed to intense lonizing radiation, can be
taken for granted.ll Will the molecule bearing the monopole evaporate?
Evaporation is, of course, favored by the upward force gB, equivalent,

in our field of 500 gauss, to a field of lO7

volts/cm acting on an ion.
Now even without such encouragement, if the equilibrium vapor pressure
over the ¢il is 1 micron, the lifetime of a sufface molecule against
evaporation is of the order of 0.0l second. If, therefore, the

bonds between this particular molecule and its neighbors aré not drast-

ically strengthened by the presence of the monopole, the molecule will

certainly evaporate, together with its monopole, becdming then & subject
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for the considerations of the following Section.

One cannot, however, exclude the possibility that the monopole
will associate around itself a complex of molecules. Indeed, the para-
magnetic bond we have described has a non-saturable character. t is
conceivable that the monopole might collect a shell of molecules around
it, limited in number only by steric effects. Moreover, because the
paramagnetic attraction is a long-range force, and alsc because we can
say so little about the chemicel properties of & molecule whose electronic
configuration has been altered by the presence of a magnetic monopole,
we cannot flatly rule out the cocagulation of a cluster even larger than
one shell of molecules. If the field B is strong enough, hdwever,
escape of & heavily encumbered monopole can be guaranteed by the following
essentially macroscopic argument.

Suppose that the influence of the monopole on the local
mechenical properties of the liquid becomes negligible at some distance
T, from the monopole. Make the extreme assumption that the region
r< T, is bound, cross-linked, or otherwise congealed into & solid ball --
a ball on which, of course, the force gB still acts. Now the maximum
force required to extract a sphere of radius ro from the liquid is EnroT,
where T is the surface tension of the liquid, by assumption normal outside
the sphere. The ball will then necessarily emerge if gB exceeds QﬁroT.
Teke T, = 10-6 cm. On this scale, a macroscopic picture of the deformation
of the liquid surface is admissible. And surely the influence of the
monopole on the mechanical properties of the liguid cannot actually extend
es far as this, for the field of the monopole at such a distance is only
30 kilogauss. If we now put in 50 dynes/cm for T, we find that e field

B of 10 kilogauss will meet our criterion. Any relaxation of the assumed
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rigidity within r = r, can only make extraction easier.

We consider it unlikely that monovoles could have been prevented
from leaving the surface of the oil in the 500-gauss field that was used
in most of the runs. Nevertheless it seemed worthwhile to make one run
in which this remote possibility could be totally excluded. A small
solenoid was mounted axially inside the large solenoid, just above the
surface of the oil. This solenoid could be switched cn for 2 seconds to
produce a field of about 10,000 gauss. After exposure of the oil target,
with the emulsion detector put in place and with the large solenoid left
on, the oil level was raised to a suitable height within the small
solenoid, and the pulse of intense field was epplied. Any monopoles
that had accumulated at the surface would have previously migrated to
the magnetic axis and, according to the argument above, must unquestionably
have been extracted.

Two KO emulsions, 40Ou thick,« 50 exposed using a combined
total of 1.0 x 1016 circulating protons, were scanned and no monopole-

like track was found.
6. Stripping

Once the monopole-molecule complex has left the liquid, its
acceleration by the magnetic force brings it to a velocity so great that
a subsequent collision with a molecule of the vapor will disrupt the
binding and strip the monopolé from its encumbrance. To show that this
will happen we note that the energy acquired from a field of 500 gauss
in one molecular free path at 100 microns pressure is of the order of

magnitude of 3 Mev. Here we have assumed a collision cross section of
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10-15 cm2. Even if the monopole shared this energy with a complex of
molecular weight 103, its relative velocity in a collisions would be
high enough to disrupt any'paramagnetig binding.

If the stripping collision were to occur only after the mono-
pole-bearing molecule hal traversed most of the length of the solenocid,
the energy with which the monopole itself would arrive at the detector
would, of course, be much less than we counted on. Thus a very low
pressure in the column is not desirable.

If one postulates attachment to a very large 6luster of
molecules, like that represented as a solid ball in the discussion of the

preceding Section, one can estimate the rate at which energy would be

- deposited in this quasi-macroscopic ball as it is dragged through the gas.

Also, the drag can be taken into account explicitly in the equation of
motion. The indicated energy transfer to the ball is so large, under the
prevailing conditions, that it vould disintegrate in rmuch less than 1 cm
of travel, even if it started with a radius as large as 10-6 cn.  We con-
clude that even under the most far-fetched assumptions of chemical binding,
the monopole will be stripped by ges collisions near the bottom of the
solenoid. The same argument applies should a monopole on ité path through
the oil (or through Al, see Sect. 10) have become paramegnetically bound
to a number of oxygen molecules.

A different situation would be presented if the monopole were
bound to & nucleus. Presumably such a structure would have dimensions in
the nuclear range and a binding measured in MeV. _In that case only a
nuclear collision, highly improbable under the conditions of the experi-
ment, would detach the monopole from its partner. The detector would be
traversed by the compound object. The ionization loss would be dominated

by the megnetic monopole charge, rather than the nuclear charge, and

would be largely velocity-independent. Therefore, the range and
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ionization should be very much the same, in either detector, as expected
for the bare monopole accelerated through the same field.

A hypothetical structure more difficult to handle would be a
monopole bound to a nucleus considerably heavier than itself in a
structure of dimensions intermediate between atomic and nuclear size.12
Stripping might then occur in the windows, or in the emulsion, and not
in the accelerating column. The monopole, with only a fraction of the
expected energy, would have lost its partner before detection. The
partner would also traverse the scintillator or the emulsion, ionizing
fairly heavily because its electrons would also have beén pretty well
stripped away, but not so heavily as to deposit all its energy within the
range anticipated for the full-energy monopole. It seems likely that such

an event would have escaped detection in both the scintillator and the

emulsion.
7. First Detection System; Xenon Counter and Associated Electronics

The most important feature required of a detector of monopoleé
in this experiment is the capability of indicating a rare, extremely
heavily-ionizing particle in the presence of a copious background of
relativistic charged particles and gamma rays close to the AGS target.
We have constructed a Xenon gas scintillation counter which meets such
a requirement.

It is well-established that the light response of the rare-gas
counter has a fast decay timé\(ig'a sec.) and that its pulse height is e

linear function of energy loss. The latter characteristic is desirable

vhen detecting monopoles by pulse-height discrimination since their
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ionization density is between those of «a particles and fission fregments.
The narrow time spread ¢f the light pulse is helpful in reducing the
effect of pile-up of background pulses during the beeam spill-out pericd.

Another advantage of the gas counter over a vossible alterna-
tive, e.g. a solid-state detector, is that the sensitive volume of the
counter can easily be given a shape which ennhances the signal to back-
ground ratio in our partiéular experimental arrengement. That is, tgking
advantage of the focused trajectories of the monopoles,. the longest
diménsion of the counter can be matched to the estimated range of accel-
erated monopoles (roughitly 100 mg/cm?), vhile the lateral dimension can
be much smaller,. This ensures that most of the backgrcund particles
have shorter tracks in the counter than monopoles do.

The scintillating volume of our counter was a transparent tube
8-1/2" long, 3/4" o0.d., and 1.16" wall thickness, filled with purified
xenon gas of spectroscopic grade at atmospheric pressure. The central
part of the tube, 4-1/2" long, was made of quartz in order to transmit
scintillation light from xenon which is predominantly ultraviolet. One
side‘of the inner wall of the quartz tube was covered with a layer of
evaporated aluminum to increase light collection efficiency. Both end
sections of the tube were made of Pyrex glass, Joined to the quartz tube
through graded seals. The lower end of the tube was sealed with a thin
glass window of 4 mil thickness which corresponds to about 25 percent of
the estimated range of monopoles of 1 Bev kinetic energy.

The xenon tube was vertically mounted on a rectangular bakelite
frame which in turn was held against the faces of two RCA €810A photo-
multipliers. In order to shift the spectrum of primary radiation to the

sensitive region of the photocathode, a layer of p-quaterphenyl, approx-
?
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imately LO microgram/ch, was evaporated onto the surface of each
vhototube. In the space between xenon tube end photomultipliers, we
deliberately employed an air gep to avoid any possible source of back-
ground due to éerenkov rediation.

The whole counter assembly was carefully shielded against
magnetic fields with a combination of Co-netic and Netic materials,
enclosed in a rectangular steel box, and placed on top of the accelerating
solenoid.

Pulses from the anodes of both photomultipliers were {ed into
2 double-coincidence circuit via attenuators. The ocutput of the éoincidence
circuit was recorded on a scaler and also used to trigger the sweep of
a Tektronix 517 oscilloscope; the vertical input signal consisted of
the two dynode pulses of both photomultipliers with time delays appropriate
for a sequential display. The time display covered an interval of 200
nanq:seconds. By adjusting attenuators on the anocde pulseé, we set a
discrimination level for the coincidence. For each event which satisfied
the coincidence conditicn, a picture was taken of the oscilloscope screen
with a Polaroid camera. Thus, each event could be studied at leisure,
pulse heights measured, and pulse shapes and time correlations examined.

In view of the uncertainty on the mobility of monopoles as
discussed in Sec. 2, it seemed to be desirable to know the time relationship
between the beam spill-cut and the detection of an event. This wes
accomplished with an accuracy of 1 millisecond by arranging for the
qoincidence output to turn off a scaler counting a 1 k¢ signeal, the
latter signal commencing at zero-time of the AGS acceleration pericd. Beanm
spill-out occurred approximetely one second after zero-time and had a

duration: of 15 milliseconds. The precise spill-out time was monitored
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with an auxiliary counter-telescope and proved to have negligible time

Jitter with respect to zero-time.
252

The xenon detector system was calibrated using a Cf
1k

fission source. The source was evaporated on a thin circular platinum -

spontaneous-

foil and placed along the inner wall of the xenon tube, equi~-distant from
the two photomultiplier tubes. (See Fig. lb.) In oxder to obtain a
fission spectrum with good resolution, the dynode pulses of both photo-
multipliers were added, stretcheéd,and fed into a pulse-height analyzer.
The double-pesked fission spectrun as well as the low-energy alphe peak
were observed. According to the time-of-flight measurements of Milton
and Fraser,ls these peaks correspond to 104.7 Mev, 79.8 Mev, and 6.11 Mev,
respectively. The height of the alpha peak was greatly reduced in our -
spectrum because of the limited solid angle in which alpha particles can
travel their full range in the xenon gas. Nevertheless, the observed
spectrum confirmed the linearity of our detector with energy loss over
a wide range of specific ionization (about 30:1).

The monopoles, after being accelerated to approximately 1 Bev

by the solenoid field, will deposit approximately 1O times as much energy

in the‘xenon.counter~as the maximum-energy fission fragment. Thus, the
built-in fission source provided a convenient reference for setting the
discrimination level. In view of some uncertainty in the estimated range
of the monopole, we normally set the bias at 2.8 times that of the maximum
fission pulse. During a long run, we frequently lowered the bias end
counted the upper part of the fission spectrum as & general check of

the whole detection system. Pictures of the fission pulses were regularly
taken in order to monitor any drift in photomultiplier gain.

There were two possible sources of spurious events which might
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give pulses large enough to trigger the coincidence circuit: (L) pile-up
of small pulses due to the beam bunching, and (2) the production of

stars with heavily-ionizing prongs. To avoid the former, we made provision
to gate off our counter during the beam spill-out period by pulsing the
voltage on the focus:ﬁng grids of the photomultipliers. However, it

turned out that pile-up did not produce pulses larger than twice the

- meximum fission pulse. Since a relativistic particle could not lose more

than 0.2 Mev by ionizetion in passing through the xenon, it required well
over 1,000 particles bunched together within 20 to 30 nanoseconds to
produce a monopole-like pulse. Considering the geometry of our détector,
the beanm intensity (2 x lolo protons per pulse), and the observed internal
structure ot the beam, this was a highly improbable event.. Neither did

we obtain coincidence events due to star production. Large pulses which

‘might have been due to this process were observed only when the oscilloscope

was triggered by either one of the two photomultipliers alone. The
resultant photograph showed a large pulse in one counter and none at all
in the other. This wes suggestive of star production in the wavelength

shifter or in the photocathode materisl itself.
8. Second Detection System: Emulsions

In a second series of runs, nuclear emulsions were used as
detectors. To make long exposure times possible, an emulsion of low
sensitivity, namely Ilford K-minus-2, was selected. The plates were 1 x 3"
in area, 200p thick. The sensitivity was gauged in two ways. First,

52 16
Plates were exposed to a Cf2 source. With the development chosen, the

fission fragments produced heavy black tracks, and residues of q@-particle
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tfacks, consisting 6f arrays of 3-4 grains or of closely-spaced pairs of
grains, were visible. Next, an exposure to oxygen ions, of about 10 Mev/
nucleon energy, was obtained. The ions, incident at an angle of 20° to
the emulsion plane, produced tracks about 130u long, moderately light

for the major portion of their range, but black or nearly black in the
region of maximum lonization near the end of theilr range. In this regiocn,
oxygen ions lose about 1.5 Mev/p.,17 about two-thirds of the energy loss

of moncpoles of charge (137/2)e. As the ionization of monopoles is so
large and nearly independent of range, we could thus feel confident

that these particles would produce easily visible tracks.

For the monopole exposures, the plates were mounted in boxes
end placed at an angle of 200 to the solenoid axis (see Fig. lc); they
were centered within 0.5 mm. Fifty plates were exposed and each was
left in position until 1 x lolh protons had circulated in the AGS. This
exposure produced a moderately heavy background of random grains, in
which occasional light tracks (possibly due to light ions) and short
(€ 10u) heavier tracks (of heavier ions) could be found.

Because of the rapid fading of K-minus-2 emulsions (the ebove-
nentioned residues of ¢ tracks disappear after 24 hours of storage at
room temperature), the plates were developed within 12 hours, or less,
after exposure. If the delay between exposure and development exceeded
three hours, the plates were stored at about OOC, at which temperature the
rate of fading is reduced.

An area corresponding to 1 cm2 of beam, centered on the
solenoid axié, was scanned for monopole tracks entering the emulsion

surface. Such tracks should be about 350u long for charge (137/2)e, and

vhalf as long for twice +that charge. In preparation, the scanners studied
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the oxygen and other ion tracks in order to find an sppropriate scanning
speed. The magnification was 500x; the semple tracks could easily be
seen with half this megnification.

No tracks that could be attributed to monopoles were found.
9. Conversion of Data into Cross-Section Limits

As previously stated, we express our negative result in terms
of upper cross-section limits for production of monopoles (a) by nuclear
interactions and (v) by 7y rays. An outline of the procedures usea to
arrive at these numbers follows.

(a) We assume that all pole pairs are produced in the primary
;arget by the circulating protons and we_neglect any production in the
0il by scattered or secondary particles (compare Fig. 1). We assume
further that all monopoles with the correct polarity (south) which enter
the o0il will there be brought nearly to rest, extracted from the oil,
focused;, and accelerated in the menner outlined in Secs. 4-6. For
monopoles with characteristics as defined in the introduction, this
assumption is quite valid. What few doubts remain are discussed in Sec. 10.
Finally we assume that any .- sauth monopole entering either detecting
system would have been observed.

The number Nm of entering poles is related to the p?oduction

cross section in nucleon-nucleon interactions o, by the equation

Ny = NtNo ' (1)

where




-25.

N = number of cireulating protous,
t = target thickness in gm/cm2 X average number of target traversals
per proton,

23

N = numbér of nucleons per gram of target = 6.0 x 10 °, and
£ = geometrical factor representing the fraction of monopoles produced

which enter the cil.

To calculate an upper limit for 0, We used Nm = 2, Thus, for
0, equel to the limit, the probebility is 86% that one or more poles
would have been observed. Np was,rigdwoﬁ on the AGS beam monitor which
has an estimated accuracy of * 10%. A conservative estimate of t 1is
20 gm/cm2.19 The geometiic factor I was estimated by transferring the
laboratory angles subtended by the oil vessel into the center-of-mass
system of two colliding nucleons. Isotropic production in the latter
system was assumed and the fraction of the totel solid angle represented
by the transformed laboratory solid angles was calculated for various
monopole c.m. kinetic energies. For monopole masses m in the upper part

(in proton-nucleon collisions) 5

of the interval accessible/&n.our experiment, say 2 Bev < mc~ < 2.9 Bev,
typical values of the kinetic energy range from about 0.05 m02 to 0.2 mce,
and an average value of £ is 0.2.20 The comparatively large fraction of
intercepted monopoles is due to the high velocity of the center-of-mass
system which concentrated the particles into a small cone in the laboratory
system, together with the fact that the oil vessel intercepted nearly é
quarter of all particles emitted from the target et angles between 2.5°
and 8°. Excluding the exposure with a pulsed magnetic field (see Sec. 5),
the total number of circulating protons imeluded in our counter and

emulsion runs was 5.7 x lols. Thus, according to (1), with £ = 0.2,

Op max = 2/(0.2 x 5.7 x 107 x 20 x 6.0 x 1023) =1.% x 1o‘l‘ocm2/nuc1eon,



-26-~

For lower monopole masses, 1 Bev < mc2 < 2 Bev, typical kinetic energiles
are higher, the cone of partidleéﬁs wider, and T is smaller, roughly

¢
Lo

f = 0.1. Thus, for these masses, ¢ T 3x10 cm?/nucleon.

n, mex

The possibility might be c;nsidered that monopoles were created
in the primary target but were reabsorbed by the target nucleus in a
secondary collision, dus to some unknéwn strong interaction. However,
as mentioned before, the target was polyethylene in part of the runs; it
is estimated that in about 5% of the collisions the primary protons inter-
acted with the hydrogen contained in this substance. Thus, if nuclel
(other then protons) were ineffective in producing monopoles, the values
of an,max wquld heve 1o be increased by e factor 20.

(b) The apparatus was designed to be effective in detecting
monopoles produced in the oil by y rays from the primery target. In
estimating upper limits for the cross section of this process, it was
again assumed thet any south monopoles produced in the oil would have
been detectea.

The estimates were based on the y-ray spectra meesured by
Fidecaro et. al.al at 23.1 and 24.5 Bev proton energy and 3°, 3.2°, and
6°.emission angles. As in about one-half of our runs the target was Be,
C, or CH,, and In the other half Al, we used the average of Fidecaro's
Be and Al data. The curves were extrapolated to somewhat higher energies
by eye. (An extrapolation by phase-space data was deemed to be even less
reliafl;, as at the highest measured points the experimentel curves appear
to depart from the phase-space curves. not only in intensity but also
in shape.) On the assumption that the center-of-mass spectrum is
independent of primary energy, a 30-Bev spectrum. was simply obtained by

a Lorentz transformation. (Due to this assumption the intensity of the
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upper part of the spectrum will be somewhat underestimated.) A small
correction for the increase<ofn° multiplicity with proton energy was
applied, but is actually negligible compared to other uncertainties.
Spectra for other angles were obtained by interpolation. Resulting 30-
Bev spectra are shown in Fig. 2. where the dashed portion of the curves
corresponds to the above-mentioned extrapolation. At the highest energy
shown the extrapolation may be in error by as much as a factor 10.

These spectra were then used to obtain/gggtribution of photon
path lengths in oil for our experiment. To do this the oil vessel was
divided into segments as seen from the target and a numérical integration
performed to obtain the product photon number per interaction times
path-length in oil, in em, for each l-Bev photon-energy interval from 2
to 20 Bev. These photon-number times path-length products were corrected
for y-ray absorption in the oil assuming a radiation length of 50 cm,
and were multiplied by 2 x 1015, the total mumber of interactions in
the target corresponding to the effective target thickness t = 20 gm/cﬁe.
The differential path-length spectrum so obtained was then converted to
the integral spectrum L(E‘y) , the total path length in oil of quanta having
an enérgy > E7. Both the integral and the differential path-length spectrum
are shown in Fig. 3. The dashed portions of the curves depend on the
extrapolations of Fig. 2. Below 13 to 14 Bev, however, the uncertainty
of the extrapolation affects the curves of Fig. 3 but little, as most of
the photon path length is contributed at emission angles for which extra-
polation was not involved.

On the fiction that\all guanta above the threshold energy E
have the samé peir-production cross section for monopoles, limits for the

cross section can be computed from the relation
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N, = L(E) Ncy,max , (2)

3

. 2
where for incoherent production (in the field of protons) N =2.7x10
is the number of protons (free or bound) per cm3 of oil, and for coherent
production (in the field of nuclei) N = 3.k x lO22 equals the number of

3

carbon atoms per cm~. The energy E is related to the monopole mass m by

the equation

E = 2mc2(l_+ m/mT) , (3)

where o, is the mass of the target nucleus, or nucleon. For mc2 = 2.4 Bev,

for exasmple, E = 17 Bev for incoherent, and E = 5.8 Bev for coherent

=6 x lOlo cm

production. For these energies,
and L = 8 x 1013 cm, respectively. Again setting Nm = 2, one obteains from

BEq. (2) o, =1.3x 10'3u cn® per proton for the incoherent and

jmax

67 max = T x 10-37 cm2 per nucleus for the ccherent proéess. Because L
5

rises steeply with decreasing E, 07 mex falls strongly as m decreases.
’

10. Sensitivity to Monopoles of "Unit" Charge

In the foregoing discussion of the expected behavior of monopoles
in this experiment, we have assumed & monopole charge g = (137/2)e. One
has no theoretical grounds for excluding the possibility of a charge which
is an integral multiple of (137/2)e. Indeed, some speculative arguments
can be advanced favoring what we shall call the "unit" charge, 137 e.
Examining the experimental conditions with this possibility in mind, we

find a weak point at the step where monopoles nmade In the primary target



-29-

target are assumed to penetrate, in flight, the well of the oil pot.
Owing to the increased ccllision losses, in the upper mess range. only
those monopoles which emerge with nearly the maximum energy available,
will be able to penetrate the aluminum wall. Monopoles stopped in that
wall remain exposed to'the end field of the solenoid, which ranges in
strength from 30 to 50 gauss over the region in question. From our earlier
dlscussion (Séc. 2) of the migration of monopoles in crystals under the
influence of a megnetic field, it seems possible that the monopole would
eventually migrate into the liquid and thence be drawn over the normal
route to the surface, to be extracted, accelerated, and recorded in the
detector. But this is by no means certain. It was, of course, just the
uncertainty of such considerations of migration and trapping that
motivated our use of the liguid "catcher". Thus, to justify extending

' monopole, insofar as they

our conclusion to cover the case of the "unit'
may be produced in the primary target, a further test was required.

If we assume that monopoles are trepped in the aluminum wall
so as to be immobilized against a field of 30 gauss over the duration
of a run, then they will surely remain in place in the ambient field of
1 or 2 gauss that prevails when the solenoid is off. Such monopoles
would simply accumulate in the apparatus, and could ultimetely be extracted
by the brief application of e very strong field. A final test of this
sort was performed in a manner guite similar to the one used to extract
monopoles possibly trapped at the oil surface (see Sec. 5). Again, the
small ceoil was mounted in the large solenoid which was now closed at its
bottom by a base plate. The part of the oil well facing zge primary target--

+x10

wnich had previously received secondaries from about/circulating protons - -

was cut into disks. These disks were inserted, one after another, into the
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cq}l assembly at & height suitable for focusing. Then the large coll weas
energizedl to 500 gauss and the small one pulsed to about 10 kilogeuss.
Monopoles of unit charge bound by less than about 1l0ev should so have been
extracted. |

The response of the emulsion detector to unit-charge monopoles
presents no difficulty. The energy acquired by such a monopole from the
solenoid is doubled, as compared to that of the "half-charge" monopole,
while the range is halved owing to the quadrupoled collision loss. Making
allowance for the energy loss in the windows and the short air path, one
still finds that the track of such a monopole in the emulsion should
have been conspicuous under the conditions of scenning. Only if monopoles
of unit charge were bound in aluminum by 0.02 to 0.2 ev and would thus
have been drawn from the disks by a field between 30 and 300 geuss,
prevailing while the field was arising, could their tracks have been so
short, namely < 50u, as to escape detection. Although the scanners had
been instructed to wetch even for short tracks; the efficiency of finding
them might have been low. Our earlier conclusions in regard to extraction
from the liquid surfece and stripping are not altered materially by the
essumption of "unit" charge.

Two KO emulsions were exposed and scanned, each having been

used for 18 disks. No monopole-like tracks was found.

1. Summary and Discussion

From our failure to cbserve monopoles, we have concluded that
in collisions of 30-Bev protons with nucleons, where the highest monopole
mass allowed-by kinematics was 2.9 Bev, the uwpper limit for the production

3
cross section Gn is about 2 x lo_uo cm?. Bredner and Isbell have derived
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22 Lo
a similer limit, 2x 10

cmg, from the negetive result of an experiment
in which a polyethylene target was bombarded by 6-Bev protons. At this
energy poles lighter than the proton could have been made. They could
have been found, in this experiment, if they were bound in fhe target
material by 3-20 ev. Two experiments have been performed with proton
energies similar to ours. Pidecaro et. al., using counters, found

o, T2x 10-39 cm2 for monopoles made, and bound, in aluminum or poly-
ethylene targets. Amaldi et. al.,5 using emulsions, found limits similar
to, or somewhat higher than, ours in runs in which tergets made of
aluminum, polyethylene and aluminum, or a Cu-Cr alloy were first bombarded
and then subjected to a strong megnetic field for extraction of poles
bound with 0.5 to 60 ev. 1In another pair of experiments with a graphite
target there was no restriction on the zllowasble binding energy, and the
linit on o was 10739 .

Because the y rays emerging from the primary target have a
continuous spectrum, no definite limit for the photoproduction cross section
07 can be given. Such limits would depend on the monopole mess as well
as on the unknown dependence on y-ray energy of 07. As an exanmple, we
obtain for a monopole mass of 2.4 Bev and for the unrealistic case of 07

-3h 2

being independent of y-ray energy above threshold limits of 1.3 x 10 cm
for production in the field of protons and 7 x lO-37 cm2 for production
in the field of carbon nuclei.

No limits for uy ere given in references 3~5. However, we

P

estimate that in the search of Analdi et. al, in which 7 rays could interact

in the target in which they were created, these limits should be roughly
the same as ours, as in their experiment the acceptance angle is larger

than ours and compensates for a lesser amount of matter traversed by & 7ray.
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In our main experiment, about 10% of the circulating protons
were used in the counter run. Although the limit set by the counters
is, therefore, an order of magnitude higher than that of the emulsion,
this detection technique provides us with comforting assurance that
monopoles were not overlooked because of some unsuspected failure of the
low-sensitivity emulsions to show ronopole tracks. Only under two sets
of corditions, both believed to be unlikely, would monoroles created in
our experiment have been systematically missed. Tais would have occurred
if the poles had become bound to nuclei at distances intermediete ‘batween
nuclear and atomic dimensions, or if pcles madé in proton-nucleon
collisions in the primary terget had charge 137e, a mass close to the

kinematic limit, and where bound in aluminum dy 0.02 o 0.2 ev.
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Fig. 1

Fig. 2

Fig. 3

FIGURE CAPTIONS

(a) Elevation view of apparatus showing focuszﬁng solenoid
and oil receptacle in relation to‘the target and target box
of the AGS. (b) Details of counter arrangement. (c) Upper
end of focusging solenoid showing the positioning of the

emulsions.

Differential photon spectrum for 30-Bev protons incident on
primery target for various emission angles. The solid curves
are derived by a Lorentz transformation from experimental
values obtained by Fidecaro et. al. with 24-Bev protons. The

dashed portions are extrapolations.

Differential and integral spectra (hv > Ey) of photon path
length in the il target for 2 x lO15 interacting protons.
Dashed portions of the curves depend on the extrapolations in
Fig. 2, but below 13-14 Bev little uncertainty is so introduced,
because most of the contribution to the path length comes from

photon emission angles for which extrapolation was not needed.
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