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Abstract:
During the past three years there has been an intense search for slow, massive magnetic monopofes, presumed to be the oldest observable relics of
creation. There is little theoretical guidance as to their expected flux, although such particles are mandatory in a large class of grand unified theories.

We review experimental constraints. Superconducting induction experiments provide the most direct upper limit, 1.5x 10 *em *sr™'s™" at
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the 90% confidence level, independently of velocity. A Russian group using a large scintillation counter array reports F2x 107" cm™sr™* s~ for

monopoles with velocities as low as 10 ¢, the local virial velocity in the galaxy. A search for tracks in ancient muscovite mica establishes a limit near
107" em™?sr ™' s 7" at this velocity, albeit with some interpretative problems. These terrestrial bounds are to be compared with the Parker limit at

1 -1 2 -1 _-1. . P . .
st s if magnetic fields survive in clusters of galaxies, and with

~107" em™*sr™" ™" (over most of the expected mass range), a bound at 10™*° cm™
several limits based upon neutron star observations—~10" em~sr™'s™" if nucleon decay is or is not catalyzed by monopoles. New induction,

scintillation, and proportional wire chamber experiments are in their late construction stages, and a very large array of He—-n-pentane streamer
chambers, track etch detectors, and scintillators has been proposed. This active and exciting field would be even further stimulated by the discovery of
monopoles.

Introduction

The magnetic monopole is the most venerable member of the mythological bestiary of physics.
Formally permitted by Maxwell’s equations but somehow ignored by most 19th century physicists, it
received renewed vigor with Dirac’s 1931 study of its physiology [1]. Among other things, he noted that
the existence of an isolated monopole was consistent with an electron’s having a single-valued wave
function only if the monopole’s charge g was ne/2a, where n is an integer we will usually take as unity and
a (¢¥/hc =1/137) is the fine structure constant. Since the quantization involves the electric charge, the
quantization of electric charge also follows if even one monopole exists. Searches in expected habitats
over the years have all proven futile (2, 3].

However, two recent developments have stimulated intense activity. The first was theoretical: “Grand
unified theories” (GUTs) have appeared, which attempt to unify the electroweak and strong interactions.
These involve some semisimple group (SU(S), SO(10), etc.) whose symmetry is badly broken in our
present world. Since it must contain the electroweak theory and hence an explicit U(1) factor, topological
defects which appear as magnetic monopoles must of necessity exist [4, 5]. We know of nowhere in the
present universe that objects of such large mass (=10"° GeV/c?) could be produced, but cosmic rays
should include these ancient relics of creation.

Secondly, B. Cabrera’s careful and sensitive search with a superconducting induction loop turned up a
credible and certainly interesting monopole candidate event, which, if genuine, implied a very large flux
[6]. In the early months following Cabrera’s observation, there appeared a host of “opportunistic”
experiments and theoretical papers. It gradually became clear that no easy discoveries were to be made,
and by now the field has reverted to those willing to do long and difficult work, with improved null results
as the most likely outcome.

The search has stimulated the very best in physicist’s ingenuity. Theorists have imagined monopoles
bobbing on the surface of a neuton star’s superconducting core, as they slowly migrate from one magnetic
pole to another [7], while experimentalists have looked for tracks recorded in mica before their ancestors
left the oceans [8]. It is only regrettable that there is no evidence for monopoles.

The emphasis of this review is upon experiment, in part because of the reviewer’s interests but in part
because theory has been so well treated in Preskill’s recent review [9]. “Experiment” is interpreted
broadly: Any experiment involves some chain of deduction between data and conclusions. In the case of a
superconducting induction experiment the chain is very short, because there is little doubt that a
monopole will produce a signal. The number of links is larger (with increased chances for a weak one) in
the case of Price’s search in ancient mica, and larger still in e.g. Rephaeli and Turner’s arguments
concerning magnetic field survival in clusters of galaxies [10]. However, even flux limits based upon
nucleon decay catalysis in neutron stars are still “experiments”, because they are ultimately based upon
measured data.
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Some of the limits are mutually exclusive: If catalysis exists, then limits based upon field survival in
stellar objects or upon the formation of monopole-nucleus bound states are not correct. If monopoles
going through rock capture nuclei, as Price must assume to obtain his mica limits, then most monopoles
cannot arrive at a detector by coming through the earth, and all of the quoted limits for induction and
electronic detectors are off by a factor of two. We make little attempt at complete consistency in this
regard, since it seems better to make minimal assumptions in interpreting each class of experiments.

Two sets of conference proceedings, Magnetic Monopoles [11] and Monopole 83 [12], are often cited
in the following pages. These proceedings also contain a number of useful mini-reviews which have not
been cited explicitly. The proceedings of the 1981 Trieste conference on the subject provides additional
theoretical detail [13]. A useful counterpoint to this paper is provided by Giacomelli’s thorough and
recent review [14]. Carrigan and Trower have published a very nice succinct review of the subject in
Nature [15], while their Scientific American provides a more popular introduction [16].

1. Monopoles

The monopole as the source of magnetic charge in Maxwell’s equations was a rather simple object, or
at least so it might have appeared as soon as one forgot his preconceptions about axial and polar vectors.*
If we reverse our usual pictures of E and B, we see that an induced azimuthal electric field would be
observed around a monopole with charge g travelling with velocity v, with magnitude

E= vgb
(b o)

where the impact parameter b is reached at time 1 =0. The direction is “‘out of the paper”, i.e.,
perpendicular to both the velocity and radius vector, just as in the case of an induced B field. As the
monopole goes by, an electron a distance b from its path receives an azimuthal impulse Ap which is easily
shown to be 2eg/cb, or an angular momentum impulse AL = bAp =2eg/c. If we insist that AL = nf, we
then obtain the Dirac condition g = ne/2a [17].

A very much more complicated (and interesting) monopole follows from the work of 't Hooft [4] and
Polyakov [5], who showed that magnetic monopoles are a necessary consequence of a very general class
of theories, among which are included all GUTs. Under the simplest of assumptions (no intermediate
mass scales, or the “desert hypothesis”’) the monopole’s mass should be about M /a , where M _is the
unification mass (=10'* GeV/c’) and «, ~ 1/40 is the fine-structure constant evaluated at the unification
mass. The object can apparently bind a proton or heavier nucleus [18], or might possess an intrinsic
electronic charge [19]. Since the gauge fields near its core probably violate baryon conservation, a
nucleon in close proximity might decay [20-22]. Finally, it might carry any multiple of the minimal Dirac
charge, although our implicit assumption will be that the charge is g/2a.

Presumably about one monopole per event horizon was produced in connection with the breaking of
the GUT symmetry in the early universe [23]. Much later, at about 10~° s, nucleons condensed. If the
expansion proceeded in the conventional way between these epochs, we should expect about one

* The symmetry introduced into Maxwell's equations is less pleasing in four-dimensional notation, since the magnetic current is a totally
antisymmetric third-rank tensor. One can recover a normal-looking 4-vector current by making a duality transformation, but only at the expense of
converting the electric 4-current into such an object.
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monopole per nucleon. It is possible that 90% of the mass of the universe is contributed by monopoles,
but not all but a part in 10"°! A way out of this theoretical dilemma (and several others) has apparently
come with the discovery of inflation by A.H. Guth [24]. In connection with the phase change from the
symmetry of the GUT epoch to the broken GUT symmetry of the next, the radius of the universe (the
scale factor in the Robertson-Walker metric) increased exponentially before resuming normal expansion.
In this case our present information horizon may not yet have reached the size of the “bubble” containing
“our” monopole. Theoretical estimates of monopole abundance thus differ by a factor of 10%.

2. Astrophysics

The enormous electric fields which characterize atomic systems do not occur macroscopically because
they are ‘“‘shorted out”: Free electric charges are always available to cancel them. For example, although
a black hole might in principle possess an electric charge, it is unlikely to maintain such a charge because
it would selectively attract protons or electrons until it were neutral. Even in the few places where large
electric fields probably occur (such as near rotating neutron stars), the fields are produced and maintained
by moving magnetic fields. On the other hand, magnetic fields exist on the scale of galaxies and perhaps
even on the scale of galactic clusters. It follows just from the existence of these fields that there is not a
copious supply of magnetic charges.* The limits actually set by these considerations in a variety of
circumstances derive from the argument, originally made by E.N. Parker, that the survival of galactic
fields implies an upper limit to the monopole number density [25, 26]. In the wake of recent developments
his arguments have been reexamined and extended, and exceptions to the “Parker bound” have been
sought.

While not infallible, field survival arguments are sufficiently compelling that they must be taken
seriously by anyone planning new experiments. In this spirit, we review them with some care.

Limits can also be set using the known luminosity (or luminosity limits) of objects ranging from planets
to exotic stars. If monopoles exist, such object will have been accumulating them for a long time. Either
monopole—antimonopole annihilation or monopole-catalyzed nucleon decay would produce excessive
luminosity if the monopole flux were too high. Limits calculated assuming decay catalysis in neutron stars
are among the most stringent yet found, but only with assumptions as to the existence and rate of the
process.

2.1. Velocities of massive monopoles

Left to itself, a relic monopole gas would now have cooled to ~107° mK, so that, for monopole
masses greater than 1GeV/c” or so, kinetic velocities would be less than 107*'c. Obviously, such
monopoles would have been accelerated by gravitational and magnetic forces, and they might have
become gravitationally bound in a number of ways. Possible present habitats can be characterized by their
velocities:

1. Not gravitationally bound to our galaxy or supercluster: Monopoles roaming between galaxies will
arrive at earth with at least escape velocity from our position in the galaxy, or just over 10~ ¢ (depending
upon the mass of the “dark halo”). They very likely will have been magnetically accelerated to much
higher velocities.

* An exception results from the rather contrived possibility that the magnetic charges are themselves the source of the galactic fields, as will be
discussed later.
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2. Bound to the galaxy or local supercluster: v =~ 10 ’c. Circular velocity at the sun's distance from the
galactic center is about 80% of escape velocity from the galaxy (again depending upon the mass of the
“dark halo”), which in turn is just below supercluster escape velocity. Within the accidents of the vector
addition of the sun’s velocity to that of the monopole, such “galactic monopoles”™ will thus penetrate
terrestrial apparatus at a velocity very close to 10 "c. This theoretically attractive possibility is also
appealing experimentally, since it provides the lowest velocity (again within a factor of two or so) at which
a monopole’s electromagnetic interaction in commonly used detector materials would incontrovertibly
produce signals.

3. Bound to the sun and other stellar systems: v~ 10" "c for terrestrial observations. Since the field
survival arguments which set flux limits in the above two cases are not applicable here, and since such a
monopole might not produce a signal in a proportional counter or scintillator, this idea was appealing-ex-
cept for the lack of a credible capture mechanism. Initial argument not withstanding [27], it now appears
that no sensible local density enhancement over the galactic halo case (above) would be expected [28].

4. Bound to planets such as the earth: v <4 x 10 at the earth’s surface. A capture mechanism is
even harder to understand here than in the stellar case. Carrigan [29] has set limits under this scenario
based on monopole-antimonopole heating of the earth, and M.S. Turner [30] has set even more stringent
limits by invoking heating from nucleon decay catalysis. As will be seen, such slow monopoles would
actually stop in the earth if their masses were less than about 10'° GeV/¢?, so that (a) the swarm around
the earth would need continual replacement, and (b) searches in old iron ore, etc. [31, 32] might be
promising.

2.2. Field survival arguments

Since the reality of Cabrera’s 1982 monopole candidate would imply a monopole flux incompatible with
the “Parker bound”, the field survival limits have recently been reexamined in detail by Turner, Parker
and Bogden (TPB) [33], and by others [34].

Interstellar fields of 2-5 uG have been measured [35]. Although the field structure is fairly chaotic,
there is a rough tendency of lines to follow the spiral structure; indeed, differential rotation of the galaxy
“stretches” them in this direction and creates new field. The regeneration time via this mechanism is thus
about the galactic rotation period, or 2 x 10° yr. Fields which are coherent over large distances have a
maximal effect on monopoles (and conversely). TPB consider the most favorable case for large monopole
flux which is consistent with the data [36] - fields which are coherent over small ‘‘domain” sizes of
[ =300 pc but which are otherwise random.

A monopole entering such a domain with negligible velocity will leave with kinetic energy
%vanag = gBI, or velocity v, = (2gBI/M )% Following an increasingly common convention, we scale
all variables by their fiducial values. For example, [,, means / as measured in units of 10*' cm, or 300 pc.
Taking g as the Dirac monopole charge, B in units of 3 wG, and the monopole mass in units of
10” GeV/c?, we find*

Vmag = 107%c(ly, By/M,5)' " .

A monopole entering a sequence of domains with velocity |v|> Unag Will gain or lose longitudinal

velocity (averaging to zero over many domains) but will also receive transverse “bumps” which will

*In the appropriate units, g (=e/2a) =20600¢VG ' cm™".
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systematically increase its energy. In particular, as it crosses one domain the monopole’s energy will
increase by

AE=}M(v+Av)’ - 1My’ = Mv-Av + 1 M(Av)’.

The dot product will average to zero after many differently oriented domains are crossed, while the last
term is always positive, resulting in the monopole’s slowly gaining energy at the expense of the magnetic
field. Since the monopole experiences an acceleration gB/M for the time //v it spends crossing the
domain, Av = gBI/Mv, and the average energy increment is

AE =2x%10"eV(10 c/v)’B2l5,IM,, .

If the flux of monopoles with velocity vis F(incm > sr~'s™"), then /°F d{2 enter a spherical region with
radius / in angular region df2 in unit time. Over the entire solid angle (4)(/*)F enter (and leave) per
unit time, and each takes away AE. If the entire magnetic field energy in the volume (=(BY4m)(4nl’))is
drained no faster than a regeneration time ¢, (expressed in units of 10" s = 30 Myr), then

F=<10"Pcem st s™'M(v/10 )15t s .

The B dependence has cancelled.

The only real assumption here is that v > v_, . The monopoles might be gravitationally bound to the
galaxy (habitat 2, above) or just passing through (habitat 1) The above flux limit is shown as function of
mass by the upward-going part of the heavy solid curve in fig. 1. A reference velocity 10~°c has been
chosen because of the arguments of the last section: Monopoles “falling into the galaxy” have at least this
velocity, and it is also close to the virial velocity of a gravitationally bound monopole. Higher velocities
would result in less restrictive flux limits, but would guarantee monopoles belonging to an intergalactic
population. As we shall see, cosmological density limits then restrict the permissible flux.

In this discussion we have so far assumed v > v, . For a sufficiently low-mass monopole v, can be
quite large, and the analysis fails. In this case, an infalling monopole finds itself accelerated to v,,,, in the
first domain it enters, after which it travels from domain to domain until it escapes. Each time it gains or
loses energy AE = gBI, so after traversing n domains it has on the average extracted v AE. TPB take
n=30kpc/300 pe= 100 so that with r=r,,10° cm the average monopole extracts about 6 X

10*' eV B,(l,,7,,)"? in traversing the galaxy Relating this energy extraction per monopole to the flux as
above, except that the volume is now % 77°, we obtain F <10 cm™>sr ™' s ™" B(r,,/l,,)" 15 . This time
there is no mass dependence, and we obtain the horizontal part of the field-survival curve shown in fig.
1 - the often-quoted 10™"° em™*sr™'s™" flux limit.

The cross-over between the horizontal and sloping parts of the field survival curve occurs when
monopoles enter the galaxy with v = v, .. With v = 10%¢ and the other parameters (domain size and
magnetic field strength) at their nominal values, the change comes at 10" GeV/c’.

TPB have been careful to choose parameters which will lead to the least restrictive possible flux
bounds, as is appropriate for their analysis. Galactic fields are probably coherent over larger distances
than 1021 cm, but their choices allow a higher flux limit if v>v_,,. In the present case it does the
opposite, although the dependence is weaker. However, their choice of r = 10” cm compensates: This is
about the radius of the galactic disk, and so its use implies domains with B fields lying in the plane, or else
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Fig. 1. Astrophysical limits on the monopole flux. The net optimistic upper limit as a function of monopole mass, set by density and galactic field
survival considerations, is indicated by the heavy line. The dotted lines indicate limits obtained with our “reasonable™ set of parameters, as given in
table 1. “MM in @ " refers to Carrigan’s limit based upon terrestrial heating based upon annihilation [29]. The catalysis bounds and the Harvey et al.
limit are exclusive.

with B fields of similar strength and size filling a galactic halo. The combined evidence from cosmic ray
age [37] and cosmic ray isotropy [38] indicates that fields lie in the galactic plane for only a few disk
thickness (/,, =1), so that again the flux limit conservatively errs on the high side.

TPB’s galactic “Parker bound” at 10™** cm st ™' s ™" has become so widely accepted that it is useful to
re-calculate it, using “‘reasonable” rather than conservative values for the parameters. Our choices are
given in table 1, along with those used by TPB, and the resulting limits are shown by the dotted curve in
fig. 1. The changes make surprisingly little difference. In particular, for v < v, (the low-mass case), our
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Table 1
Parameters used in fig. 1

Parameter TPB “Reasonable”
Field coherence length 300 pc 1000 pc
Average magnetic field strength 3uG 3G
Field regeneration time 30 Myr 200 Myr
Number of galactic domains

crossed by a “slow” monopole 100 2"
Hubble constant 100kms™ Mpc ™! 60kms™ Mpc™'

Monopole density _

Closure density 2 0.5

decrease in the number of randomly crossed domains and increase in the field regeneration time cancel,
resulting once again in the limit at 10™"* cm st~ s

Rephaeli and Turner [10] have obtained a much more restrictive field-survival flux limit by applying
the same arguments to the intragalactic fields of clusters of galaxies. The evidence for fields of 0.01 uG to
1 wG comes from diffuse radio emission from rich clusters [39]. Such fields would hardly be surprising,
since it would be difficult to understand how hot intracluster gas of probable galactic origin could have
failed to carry galactic fields with it mto the space between galaxies. The regeneration timescale would be
the timescale of galactic origin, or 210’ yr. Taking the typlcal field coherence length / as 10 kpc (a galactic
size), Rephaeli and Turner re-apply the TPB arguments given above to find a flux limit two orders of
magnitude smaller than in the galactic case for v > v, . If vis smaller than v, then the monopoles are
not bound to the clusters and by the previous arguments we obtain F<2x10"”cm ?sr™'s™" for
r =300 kpc. Both of these limits are for the flux in the rich clusters themselves. Since the matter density
(and, by inference, the monopole density) is an order of magnitude greater in a rich cluster than in the
neighborhood of our own galaxy, they also argue that the flux of monopoles which can be gravitationally
bound to rich clusters (M =10" GeV/c?) but not to our own galaxy (M =<10'° GeV/c’) should be
restricted by another two orders of magnitude. Both curves are shown in fig. 1. However, as the authors
warn, this improvement over the galactic field survival bounds must be treated with caution until the

existence of the intracluster fields is better established.
2.3. Monopole mass limits

Given the mass dependence in several of the above expressions, it is evident that a number of mass
limits can be obtained for monopoles bound to the galaxy:

1. They will remain bound only if the gravitational force they experience exceeds the magnetic force,
or Mvm/ r>gB. For v, =300kms™' and r=10kpc, the monopole’s mass must exceed B, X
10" GeV/ ¢ for this to occur.

2. They must not gain escape velocity in crossing one domain, i.e. v,,,, must be less than v, . It follows
that

M= (10 c/v, ), B, x 107 GeV/c* .

CSC

3. They must not acquire escape velocity in less than the age of the galaxy. If  M(Av)’ is acquired in
the time !/v required to cross a domain, and in time ¢ = ¢, X 10" yr the monopole should increase its
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2
esc?

energy by less than 3 My, then

M= (107"c/v,, )’ 13 * Boty,> X 0.6 X 10" GeV/e” .

For v, =V2x 10 "¢, the mass must exceed 4 X 10'* GeV/c"

These limits are shown by the vertical dashed lines in fig. 1. The highest limit, just below 10" GeV/ (",
marks the boundary between our habitats 1 and 2. It is remarkable that the nearly unrelated estimates
are so close, especially given the arbitrariness of the input parameters. Moreover, they are all fairly high
compared with the 10"° GeV/c¢” or so “expected” for a GUT monopole.

Similarly, monopoles with masses 210" GeV/¢* can cluster with rich clusters of galaxies.

2.4. Limits based on mass density
The average mass-energy density in the universe may be written as {2p_, where the critical density p, is
p.=3H.87G=19%x10""gem™ h’,

with the scaled Hubble constant / defined as H,/(100kms™' Mpc™'). Most experimental values for 4
now lie between 0.5 and 1.0. The fraction of the density due to nuclear matter is thought to lie between
0.014 and 0.14 [40]. Experimental determination of {2 depends upon dynamic observations on
ever-increasing distance scales. Although it once seemed that {2 was larger than could be accounted for by
nuclear matter, recent values have tended to be lower. Limits as low as 0.06 and as high as 0.6 are
reported by various authors [40], although some feel that {2 = 1 cannot be excluded [41]. In addition, a
value of precisely unity is predicted by most ‘“‘new inflationary” theories, and such models are at present
very attractive. Could some or all of the non-nucleonic “‘dark matter” needed to reach closure density
(£2=1) be monopoles?

If monopoles with velocity v and number density N move in random directions, the flux Fis Nv/4r.
We may then write

F=25x10""%em st ' s A0, (/100 )M ) |

where (2,, is the monopole contribution to {2. This flux is shown in fig. 1, using TPB’s value {2,, =2 and
h=1. A dotted line has been added for our “reasonable” values £,, =0.5 and h =0.6 (h°(},, =0.2).

Turner has recently pointed out that 4’2 is better known than either £ or & [42]). Under very
reasonable assumptions,* h’2 < 1. Even so, h’( reaches unity only for £2 > 6. TPB used h’Q,, =2, 50 this
limit occurs somewhere between the dotted and solid “cosmological density” lines for v = 10 *cin fig. 1.

These limits are the most restrictive between ~10'° GeV/c¢® and ~10" GeV/¢’, above which
monopoles can be bound to galaxies and the argument is no longer relevant. Curiously, they supersede
field survival limits over most of the region where v>uv, ..

But what if the monopoles are bound to the galaxy? The dynamical data concerning mass density are
adequately described by saying (a) in the halo, the mass interior to radius  is proportional to r, and (b) a
mass of 10'' solar masses is interior to the solar location at 10 kpc. Together, these statements imply a
local density of 6 X 10"*’gcm ™, or 3 x 10* times the cosmological density for # = 1. Some or even most of

* A matter-dominated universe with A =0, older than 10 Gyr and with 4 =0.45.
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this “dark halo” could consist of monopoles. The flux bound implied by this density is labeled “galactic
halo” in fig. 1.

The heavy dark curve in fig. 1 represents the combined upper limit for the flux of monopoles which are
either gravitationally unbound or bound to the galaxy, on the combined basis of field survival and density
limit arguments. They can be bound only if their masses approach 10" GeV/c?. In this case, field survival
arguments (flux limit M) and average density arguments (flux limit <M ~") compete in limiting the flux;
for the example shown the halo density limit is the most restrictive over much of the range. Below about
10" GeV/c’, where Unmag 18 high compared to other interesting velocities, field survival arguments yield the
mass-independent limit. Between these masses, cosmological density limits prevail. The least restrictive
limit, at about 10™"* cm~*sr ™' s ™, occurs (by accident) for monopoles with nearly the Planck mass. As
implied by the dotted curves, only a particularly fortuitous set of parameters could allow fluxes as high as
this particular “Parker bound”.

2.5. Escapes from field survival and average density limits

But what if it should turn out experimentally that the monopole flux exceeded these limits, as was
considered possible in 1982? We have already pointed out that monopoles in our habitats 3 and 4 — bound
to stellar or planetary systems — escaped from the above considerations. Instead, the combined difficuities
of finding a credible capture mechanism and avoiding a number of indirect flux limits, based on monopole
annihilation, nucleon decay catalysis, etc., make these possibilities unlikely.

A short review of the ingenious mechanisms invented to avoid the field survival problem for galactic
monopoles has been given by Parker [43]. Most involve specially constructed symmetries, and some, such
as that by Arons and Blanford [44], leads to a flux requirement substantially above present experimental
limits.

Wasserman and his colleagues at Cornell have made a recent foray into the problem [45, 46]. In their
model a massive galactic halo is made up of equal numbers of monopoles and antimonopoles, and the
disk’s azimuthal magnetic field is generated by electric currents in the usual way. For sufficiently high
monopole densities, they find that field energy is traded for monopole plasma transverse oscillation
energy, with the field oscillating on a timescale less than or comparable to the field regeneration time. The
field is eventually drained by the combination of several damping mechanisms, but on a timescale quite
long compared to its regeneration time. For low monopole density the field damps over a long time, for
basically the same reason as in TPB’s model. The cross-over between oscillation and damping occurs
when the plasma period is about § of the time it takes a halo particle to reach the disk, in agreement with
TPB’s observation that their limit corresponds to field depletion in the first quarter cycle of a plasma
oscillation. In fact, given the small difference between numerical factors chosen by the two groups, the
“house roof” part of the curve in the final figure of ref. [46] is exactly as in fig. 1 of TPB! The difference is
that the Cornell group believes that a monopole halo can exist above the low-mass side of the “roof” if
sufficiently coherent oscillations exist. As we shall see, this region is very nearly excluded experimentally
in any case.

2.6. Other limits based upon field survival
Are there other astrophysical situations in which field survival arguments can provide flux limits?

Various kinds of stars with magnetic fields immediately come to mind. As will be discussed in a later
section, the energy loss rate of a monopole with velocity v as it passes through ionized gas is of order



334 D.E. Groom, In search of the supermassive magnetic monopole

10(v/c) GeV g~' cm 7, so that a reasonable fraction of monopoles with M < 10'® GeV/¢” stop in a stellar
radius, more or less independently of the star’s mass.

Ritson [47] has applied such arguments to field survival in magnetic A stars, with the conclusion that if
(a) the fields are *“fossil” (as old as the stars) and (b) the monopoles are light enough to be captured, then
the average monopole flux is less than 7 x 10> cm “sr™'s

Field survival in white dwarfs has been analyzed by A.K. Drukler [48].

A very recent analysis [7] of field survival in neutron stars seems to provide the best monopole flux
limit yet available, aside from the more conjectural bounds based upon catalyzed nucleon decay. The
problem is complicated by the likely existence of a superconducting core in the star, through which its
magnetic field threads in quantized flux tubes. Monopoles essentially float on the core, by virtue of the
enormous tension in the flux tubes that would connect them with the surface if they sank. However, a
monopole near a magnetic pole of the core could affix itself to two existing flux tubes,* and would be
pulled quickly through the core by the flux tube tension. It would then spend a comparatively long time
(hours) migrating on the surface of the core to the other pole, where it would start over. Harvey et al. find

2 Ry )(10'°yr><14M ( U, \ I
F=5x10 <15km — M. ) 1();30) cm st

where R,, M, and 7, are the radius, mass and field survival time of the neutron star, and v, is the
monopole’s velocity far from the star. The v2 dependence expresses the classical gravitational
enhancement of the star’s geometric cross section for capturing objects. Although the limit is independent
of B, other problems arise unless B = 10° G, a condition easily met for any pulsar. The limit is hardly
stringent for most pulsars (7 < 10° yr), but a pulsar such as PSR 1937 + 214, thought to be more than
10° yr old [49], leads to a flux limit of about Sx 10 **ecm™*sr's™' for monopoles with asymptotic
velocity v = 10 c. Unless problems are found with Harvey et al.’s analysis or the pulsar age, this limit,
more than six orders of magnitude below the Parker bound, means that terrestrial monopole detection
will be virtually impossible.t A circular detector through which one monopole year passed would
have a circumference of 160 km, twice that of the proposed Superconducting Super Collider.

2.7. Monopole—antimonopole annihilation

Annihilation might contribute to the luminosity of various objects. Carrigan [29] has showed that
unreasonable heating of the earth would occur unless F <7 x 10~ cm st~ s~'. The neutron star case
is complicated by the superconducting core: Different monopoles occupy different flux tubes, and hence
seldom meet [50]. Annihilation might contribute to the luminosity of lower main-sequence stars, but

would probably be unobservable [51].
2.8. Limits based upon nucleon decay catalysis

As was mentioned earlier, several workers have independently noted that the monopoles appearing in
grand unified theories ('t Hooft—Polyakov monopoles) have interactions with ordinary matter which do

* Since the conductors are proton Cooper pairs, the flux quantum is {(47g), where g is the Dirac monopole charge.
T At first sight it would appear that limits two orders of magnitude under the Parker bound would be set by 107 vear old pulsars, whose ages
are more securely established. In this case, however, fields might be sustained by currents nearer the crust, and the analysis would not apply.
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not conserve baryons [20-22]. A proton in the vicinity of a magnetic monopole would thus decay very
quickly; the monopole would then proceed to another close encounter with a nucleon whose decay will
also be catalyzed. The cross section for the process can be written [52] as

2
c{ hec
Tapro™y <1GeV> %

where v is the monopole—nucleon relative velocity, (fc/1GeV)’ =0.4mb, and g, is a dimensionless
fudge factor estimated as O(1) to O(100) by the original authors. We might thus expect decay-catalysis
cross sections typical of those of the strong interactions.

In carefully repeating the calculations, Bais et al. obtained values in the range O(10™*) to O(10™>) for
0, [53]. Preskill has argued that there is further suppression, perhaps to O(10™'°) [55]. Walsh et al. have
concluded that the Rubakov-Callan effect vanishes completely, at least in the SU(5) case, if the fermions
in the theory have mass [56]. Others disagree [57].

Evidently catalysis can still occur via the “weak anomaly”, having to do with baryon number
indefiniteness in unbroken subgroups of the unification group, even if the physics near the monopole core
does not violate baryon conservation (through quark-lepton unification) [54, 58, 59]. While cross sections
for this alternate to the Callan-Rubakov process are likely to be many orders of magnitude smaller, the
process can ‘‘go”” even when the Callan—Rubakov process cannot. It is also argued to be a general feature
of all monopoles, not just of 't Hooft—Polyakov monopoles [58].

On one hand, the hapless experimenter is assured that decay catalysis must certainly occur, and on the
other is told that various mechanisms may suppress or destroy it. If observed, two crowning predictions of
grand unified theories would be verified simultaneously — nucleon decay and the existence of monopoles.
Its non-observation proves little. We proceed to discuss astrophysical limits based upon catalysis, but are
inclined to take them as far more conjectural than other limits discussed in this paper.

It is convenient to re-write the above catalysis cross section as

(v/€)0 o =10 em” f;

where the dimensionless and velocity-independent scale factor f, differs from g, by a factor of about
four.* If all of the nucleons in a material with density p (and nucleon number density N_ ) behave as free
nucleons, then the catalyzed nucleon decay rate is N,vo = cf,p X (6.4 x 10~° g"' cm®). For ordinary
water the rate is 2 X 10°, per second,t so that for v = 10 ¢ the interaction length is 16f, cm. In the core
of a neutron star, this primordial Pac-Man [66] wreaks its havoc at 5 X 10°°f,s™", corresponding to
power production of 75f, GW for each monopole! Needless to say, a substantial monopole concentration
would lead to excessive luminosity for any of several kinds of astrophysical objects. A number of interesting
flux limits can be calculated.

Neutron stars have received the most attention [60—63]. Monopoles with an initially non-relativistic

* We contribute to the Babel of notation with great reluctance and only after several revisions. Various authors use o,, 0,5, {a8) /1077, 0,8,
0_,, €tc.; We object to each for various reasons. In our notation f, is about unity for a strong-interaction catalysis cross section, and the actual cross
section is given by o =107 cm’f,/8, where Bc is the monopole-nucleon relative velocity.

1 For this example we have neglected velocity-dependent corrections due to the extra angular momentum in the electromagnetic field of the
monopole-nucleus system [65]. This factor strongly suppresses the catalysis cross section for even-spin nuclei such as oxygen, and enhances it for
protons by approximately (107*/8). The correction is relevant for main-sequence stars and terrestrial catalysis experiments. The same physics leads to
higher binding energies and larger capture cross sections for monopole-nucleus bound states when the nucleus has odd spin.
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velocity which are less massive than about 10> GeV/ ¢” will stop in a neutron star. After exposure to a flux
F for a time 7, the total number collected is

Ny, =d4m Fr 7R’ (1 + (v /v,)),
where 7R’ is the star’s geometric cross section, v, (=0.3c) is the escape velocity from the surface, and v,
is the monopole’s velocity far from the star. The last term is the gravitational enhancement of the star’s

capture cross section; for v, = =107 c it is about 10°. Most monopoles will settle to the core, where the
density is p.. The decay catalysis contribution to the star’s luminosity should then be

LM = NM(mnCz)Cpcﬁl X (6 X 1075 g71 sz)

where m_c” is the rest energy of a nucleon.

Given this general framework, the problem of setting flux limits reduces to (a) finding sensible upper
limits on the luminosity of neutron stars, (b) estimating their ages or age distributions, (c) taking into
account effects which might modify the catalysis rate (for example, monopole—antimonopole annihil-
ation, effects of local heating on the density, or monopole ejection because of a pionic core [7, 50]), and
(d) as always, worrying about the value of f,. The latter issue can be avoided by leaving f, in the quoted
limit. The luminosity limits have come from direct X-ray flux limits on individual objects, negative results
from searches for X-ray stars in selected fiducial areas of the sky, and from limits on the neutron star
contribution to the dlffuse X-ray background. All of the flux limits are in the range Ff,/r < (10~**
107**)em ™ *sr™"'s ™, where r is the ratio of total luminosity to photon luminosity. For a hot neutron star,
r can be very large because of neutrino emission, while for “old” stars it is about unity. A particularly
interesting twist was introduced by Frieman [67], who noted that the limit could be reduced by 10° if most
of the monopoles had been captured by the star’s main sequence progenitor. A recent comparison of
various approaches has been made by Kolb and Turner [63], and we cannot improve upon their
discussion.

If the monopole’s mass is sufficiently low, electromagnetic forces dominate gravity as the monopole
approaches a neutron star. The enormous dipole fields possessed (or once possessed) by most neutron
stars are sufficient to deflect monopoles lighter than about 10" GeV/c”. The neutron star catalysis flux
limit band shown in fig. 1 is therefore cut off at this mass.

Similar bounds have been obtained for white dwarfs [68], Jupiter and the earth [30]. Although less
stringent than the neutron star limits, they are subject to quite different loopholes. Freese [68] has been
able to argue from both sides: For old white dwarfs to have cooled to 107 L., we require
Ff,<2x10"" em™*sr™'s™", while the absence of fainter white dwarfs might be taken as evidence that
the bound is saturated! The planetary case is especially interesting because of the remote possibility that
the monopoles might cluster with the stars (habitat 4 above); the complications are that only light or slow
monopoles can be captured and that nuclear effects might modify the effective catalysis cross section. For
the earth, Turner obtams Fof fys7Tx107 % em 2 sr7's , where f is the fractlon of monopoles with
velocity less than 3x10° c/M 6 For Jupiter, the limit is 5 >< 107" “?sr™'s ™", where this time . =~ 1 if
M 10" Gev/c? For v =10 °c, the Jovian limit is better than the terrestrial limit because of the capture
factor.

Frieman, Freese and Turner [51] have calculated the monopole catalysis contribution to the luminosity
of main-sequence stars, with the conclusion that the effects would be unobservable, even for a substantial
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catalysis contribution to the total luminosity. This result is not unexpected, since it has long been known
that the structure of a star is insensitive to how the energy is generated, so long as it is generated near the
center [69]. Convection inhibits MM, at least for upper main-sequence stars. However, as was mentioned
above, the long monopole accumulation time in a neutron star’s progenitor effectively reduces the
neutron star catalysis limits by six or more orders of magnitude.

A related line of reasoning has been followed by Kajita et al. [70]. Catalysis in the sun would lead to an
observable neutrino flux (through the decay of catalysis-produced mesons) in the KAMIOKANDE
nucleon decay detector. Three events were observed, consistent with expected background from the
decay of unobserved muons. The null results is interpreted as a flux limit

Ff,<6.5%x10 " emsr7' s x (0.25 + (10 °c/v,)?) ,

where the last factor expresses the usual gravitational enhancement of the capture rate and Bc is the
monopole—proton relative velocity in the core. The “0.25” arises because the sun’s escape velocity
(2 X 107 °¢) has been explicitly inserted; for all practical purposes it may be dropped. For 8 =1.7 X 10 ¢
in the solar core, the authors follow Arafune and Fukugita [65] in including another factor of 8" on the
right side, to obtain the limits shown in their paper. While the limits do not apply for fast or massive
monopoles (which are not captured), they are interesting for the case of monopoles bound to stellar
systems,

Terrestrial proton-decay detectors are sensitive to monopole-catalyzed nucleon decay. These limits,
although far less stringent than the astrophysical ones, close an interesting loophole in the above
arguments. They will be discussed in section 9.

2.9. Conclusions concerning the astrophysics of massive monopoles

We summarize the main results of this rather long section as follows:

1. Relic monopoles probably arrive at the earth with velocities close to 10 ™.

2. If they arrive with velocities higher than v, (which would happen if their masses were below
10" GeV/c® or s0), field survival arguments limit the flux to less than 107 ecm ™ sr™"'s ™",

3. If they have remained clustered with the galaxy since its formation, they must be more massive than
nearly 10" GeV/c*.

4. For masses between roughly 10'° GeV/c” and 10" GeV/c¢?, cosmological density arguments provide
the lowest flux limits.

5. A more tenuous argument concerning field survival limits in rich clusters results in limits below
10" cm™?sr~"'s™" over part of the mass range.

6. A plane detector of area A subtends a solid angle of 2. If it detects no events in a time ¢, then at the
90% confidence level F=<(2wAf)xXIn10. Thus, if a flux limit at the “Parker bound”
(100" cecm™?sr™'s™") is to be reached in one year, the detector area must be just over 1000 m?
substantially larger than that of any detector yet built.

7. If monopoles catalyze nucleon decay, then F<10"* cm *sr™'s™ for f, = 1.

8. Conversely, if monopoles do not catalyze nucleon decay, and if the analysis by Harvey, Ruderman
andZZShahazlm ils clorrect, the survival of the magnetic fields of old neutron stars implies F <35 X
107" cm “sr s
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3. Superconducting induction experiments

A monopole may come with an attached proton or heavier nucleus, may carry electric charge of its
own, or may be moving too slowly to be detected in plastic scintillator or in a proportional chamber.
However, it still carries a magnetic charge of at least e/2«, and as such will induce a predictable current if
it threads a conducting loop. The absence of signal in experiments which exploit this property thus
provide our only totally incontrovertible evidence against the passage of monopoles through the
apparatus. It is only the difficulty and cost of building large inductive detectors which makes other
approaches attractive.

A loop of wire passed over a monopole with charge g necessarily “cuts™ all of its flux, or (by Gauss’s
theorem) 4 g. For the minimal Dirac monopole, 47g =4.14 x 1077 G cm”. If the loop has inductance L
(in henry), then the current (in ampere) induced in the loop by the monopole’s passage is 4arg/L =
4.14x 10" "/ L. Since a 1 m loop of 250 wm wire has an inductance of about 10 wH, the passage of a Dirac
monopole through it would induce 0.4 nA [71]. While this is not a difficult current to measure with
ordinary instruments, there are practical problems:

1. A part in 10”"" variation of the earth’s field (caused by the passage of a distant bicycle?) would
produce a similar current.

2. Under most circumstances the current would quickly decrease, making its measurement more
difficult than in a DC situation.

3. For noise reduction reasons, a large detector would of necessity be inside a conducting shield. Since
the area of the detector should be as large as practical, its dimensions are not small compared with the
dimensions of the enclosure. As shown in fig. 2, eddy current loops are induced in the walls by the passing
monopole. These currents go in the same (projected) direction as the currents induced in the loop, and
contribute to the flux in the loop. As a result, the induced current in the loop might be substantially
smaller than 47g/L.

Although in principle superconducting techniques are not necessary, their contribution to the solution
of the first two of these problems is so great that they have been used in all successful experiments to date.
In the first place, a loop in a superconducting enclosure is highly isolated from ambient field
perturbations, and the field itself may be reduced or virtually eliminated using established techniques
[6, 72]. Secondly, the induced DC current in the loop can be measured with extremely high sensitivity by
using SQUID’s (superconducting quantum interference devices).

According to Dirac’s original argument concerning the monopole charge, the requirement that an
electron moving in a closed path have a single-valued wave function meant that the magnetic flux through
the path was an integral multiple of 47g, or hc/e. In a real superconductor “Cooper pairs” of electrons
are actually the charge carriers, so the flux quantum has half this value, or ¢, = hc/2e. The signature of a
monopole’s passage through an isolated loop should thus be a current change corresponding to 2¢, (or an
integral multiple of 2¢,).

An apparent problem arises from our statement that the loop “‘cuts” the flux lines, since flux lines
cannot penetrate a superconductor. The resolution is shown schematically in fig. 3. As the monopole
passes through the loop, lines bend around the superconductor, and eventually pinch off to leave the
newly rejoined lines on the other side of the loop and closed lines around the wire — in other words, those
produced by the current which now exists [73].

Cabrera’s original detector is shown in fig. 2 [6]. Magnetic fields near the four-turn loop were
reduced to 5x 107° G in several steps, ranging from the use of a Mumetal shield on the outside, to
“lead balloons” on the inside which were expanded after they became superconducting. The loop was
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Fig. 2. Cabrera’s original superconducting induction detector.

small compared with the enclosure dimensions, so eddy current vortices in the walls would reduce the
monopole current signal by no more than 6%. The expected monopole signature was remarkably
specific: Passage of a minimal-charge monopole would produce a current transition equivalent to a flux
change of 8¢,, within 6%.

Extension of the technique to large-aperture experiments was difficult: The heroic measures needed to
reduce the ambient field were not easily extendable to very large enclosures, and in any case enclosures
could not be large compared with large-area loops. Independent approaches to each of these problems
have now converged to a roughly common style now being used by several groups.

A group working at IBM [74, 75] approached the problem of making the detector insensitive to
changes in the ambient field, developing “‘gradiometers™ of the kind illustrated in fig. 5. In part (a), four
identical loops are shown, connected in series so that current flows in the opposite sense in adjacent
loops. Any time change in a uniform magnetic field normal to the paper would thus result in no induced
current. It also follows that the time change of a normal field with a constant gradient in x and y would
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Fig. 3. Field line behavior as a monopole goes through a superconducting loop. Although lines never “cut” the conductor, they distort and then pinch
off (see inset), resulting in radial lines from the monopole after it goes through the loop, as well as those due to the induced current in the loop.
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also produce no induced current. More complicated loop structures can be constructed, in two or three
dimensions to eliminate flux change sensitivity to as high an order as desired. For example, the planar
gradiometer shown in fig. 5(b) is insensitive through third derivative changes in the plane of the paper.
Given reasonably good magnetic shielding, no special field reduction techniques are required.*

Motivated primarily by the desire to reduce sensitivity to the vortex currents deposited on the
enclosure walls, the University of Chicago—Fermilab—Michigan group arrived at quite similar structures
[77,78]. Their argument was that if the larger loop could be twisted and deformed into a number of
smaller loops with alternating current flow directions, just as is shown for four loops in fig. 5, then the flux
from eddy vortices would induce cancelling e.m.{.’s in adjacent cells if the cell size were small compared
with the distance to the shield. The first such “macramés” were literally woven. They were later plated
onto G-10, using solder as the superconductor. The boards were two-sided, with plated-through holes to
connect loops in the appropriate sense. A nine-loop example of such a macramé is shown in fig. 6(a). It,
like the gradiometer coil shown in fig. 5, can be deformed back into a single loop if several twists out of
the plane are made.

However, there is no reason not to run several loops in parallel. As the simplest example, consider a
square loop with the SQUID connected across a diagonal. The diagonal connection may be deformed to

* Henry Frisch has pointed out that Ampere invented the device in 1820, to reduce the effect of the earth’s fields in his experiments [76].
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Fig. 4. Data record for Cabrera’s original apparatus for 1982 Feb. 14, showing the step of nearly 8 flux units, as expected for a Dirac monopole. Also
shown are typical disturbances produced when the apparatus was serviced.

divide the square into a large number of smaller squares, with alternate squares belonging to the two
halves of the original square [79]. Such a scheme is shown in fig. 6(b), where the shaded squares all belong
to the lower left triangle. It is somewhat easier to make one-sided macramés or gradiometers, but the
innovation also has a far more important advantage: As gradiometers become larger their inductances
become larger. The impedance of a large loop has usually been matched to that of the SQUID by means
of a transformer. For a several-loop topology the inductances are in parallel, and so the layout can be
chosen to provide the impedance match directly. Frisch and his collaborators have shown that the
multiloop configuration is exactly equivalent to using one loop and a transformer [79], but transformers
are always less than ideal. The new topology will be used in several of the detectors described below.

To the best of our knowledge, monopole experiments with superconducting loops are being done by
seven groups:

1. Stanford. The pioneering work in the field was done by Blas Cabrera, who with his original
four-turn, 5cm diameter loop saw a respectable candidate event on Valentine’s Day, 1982 [6]. The
apparatus is shown in fig. 2, and the data record for that Sunday is shown in fig. 4. Small signals were
seen during liquid nitrogen transfers, and small steps in the SQUID output have been observed — none
anywhere near the size of the monopole signature so beautifully represented by the data. Despite efforts
by several groups, no adequate explanation for the event has ever been found. Cabrera never claimed

that the event were due to a monopole’s passage, but if it were a monopole flux 6 X 10" cm ™2 sr s~
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Fig. 5. (a) A first-order gradiometer in two dimensions: No current is Fig. 6. Two-sided and one-sided macramés. The circuit on the two-
induced if either a field normal to the paper z or its first derivatives in x sided board shown in (a) is topologically a single loop with several
or y changes in time. (b} A 3 X 3 order planar gradiometer, insensitive twists out of the plane, while the circuit shown in (b) can be deformed
to field changes to third order in x or y, normal to the paper. in the plane from two loops connected in parallel.

would be implied, based upon the reported 151 days of data. Since later experiments have provided
nearly a thousand times the exposure without producing another viable candidate, we instead follow
Cabrera in quoting an upper limit of 1.4 X 107 cm st 's™" at the 90% confidence level.* This and
other limits are shown in fig. 7.

The successor to this detector was designed for redundancy as well as for larger sensitive area [80, 81]. It
was made by winding three orthogonal loops of two turns each on thin groves cut into the surface of a
500 ml Florence flask. (An additional loop is used for calibration.) With r.m.s. noise below 0.02¢, (or
0.02¢,/L in the current), a noise signal as large as 0.1¢, is exceedingly improbable, and an accidental
double coincidence between two loops within the system’s bandpass might occur every 5000 years. The

*90% confidence levels, In 10 x (f dA df2 df)", will be quoted for all direct experimental results. Conversions have occasionally been made
without comment.
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Fig. 7. Monopole flux limits obtained with induction detectors (solid lines independent of velocity) and track-etch detectors (dash-dotted lines). Early
results of several groups have been omitted. The displaced mica curve indicated by the arrow shows what is believed to be the maximum correction for
early proton capture. The dotted line indicates the one-year limit for a planned experiment.

group distinguishes between two kinds of events: Those that penetrate one loop (~4¢,) and show a signal
>0.1¢, in another, as might be produced by wall vortex currents, and “near miss” events, in which the
vortex currents produce signals >0.1¢, in at least two loops. The average detector area* for the
“penetration events” is 71 cm’, and the average area for “near miss” events is 405 cm”. The total area of
476 cm’ can be used to set limits in the absence of signal, whereas one would certainly require a
penetration signal to establish the existence of monopoles. A cosmic ray shield surrounds the apparatus
[82], and a magnetometer and accelerometer complete the experimental armor. Excursions as large as

* In most induction experiments an “average area” is reported, an area which when multiplied by 4 gives the area-solid angle product usually
quoted for the excitation-ionization experiments. Since the area-solid angle product of a plane detector with area A is 27 A, its “average area” is A/2.
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0.1¢, in one loop only have occasionally been seen; these are not understood but are possibly due - the
motion of trapped fluxons in the SQUIDs. The apparatus was cooled down on 25 January 1982, ¢ as o
5 September 1985 no monopole candidate events had been seen, for a preliminary flux lirmt oi
53x10"%em ?sr™'s™". A detailed final report will be published after the experiment is terminated in
late 1985 [83].

A 1.5m’ detector is nearly complete, and will be cooled down at the beginning of 1986. Eight
16 cm X 490 cm one-sided gradiometers, of the kind described above, cover the sides of an octagonal
prism. Its “hit” area is 32 times greater than the “near miss + hit” area of the three-loop detector. Along
with the new large-area detectors being built by other groups, it also provides prototype experience for
detectors which may someday push direct flux limits below the Parker bound.

2. IBM. As mentioned above, the group at IBM has pioneered the use of gradiometers in building
large-area induction detectors. A prototype using two coincident 10 cm X 10 cm seventh-order gradiome-
ters was brought into operation on 8 April 1983 [75]. With an effective area of 24 cm® for coincident
operation, it established a flux limit of 5.2x 107" cm *sr™'s™' in its 165 days of operation; its
single-loop limit is three times smaller.

This detector was replaced by a six-gradiometer device with an effective area of 0.1 m”, with the
gradiometers covering the faces of a 15 cm X 15 cm X 60 cm rectangular prism. It operated for 15 months,
starting on 14 November 1983. Two events with large (~1¢,, ~1¢,), almost-coincident steps were in fact
seen, but both could be ruled out using any of several criteria. The final limit was 5.5X
107" cm st s [84].

A 1m° detector should be cooled down in early 1986 [85,86]. (It is, of course, a prototype for a more
ambitious attempt.) Each face of a horizontal rectangular prism is 25 cm x 380 cm, and is made up of
fifteen 25 cm X 25 cm gradiometers, all connected in parallel to a single DC SQUID. Each gradiometer
board is of the double-sided variety, which for this particular design gives a somewhat larger signal.
In turn, this detector is to be replaced by a 4 m* octagonal model, shown in fig. 8. The cryostat is to be
delivered in January 1986, but details of the design are in flux pending experience with the 1 m” detector.
The 4m? detector is thought of as a prototype module for a very large array of such devices.

3. Chicago-Fermilab-Michigan (CFM). This innovative group has also been building a series of

“prototype” induction detectors, the first of which has set limits comparable to those given above [77, 78].
It consisted of two parallel macramé planes, each in its own superconducting shield. The average area for
coincident detection was 700 cm®. Each of the two-sided macramés consisted of 80 loops, in a square
pattern on a 0.6 m circle of G-10. The detector assembly was similar to the newer version shown in fig. 9.
Its eight months of operation with no candidate events lead to a flux limit of 6.7 x 10" cm > sr "5 ™",
The successor to this detector, shown in fig. 9, is now operating. It is somewhat larger (1.1 m diameter
gradiometers), and uses the new one-sided gradiometers with several loops in parallel. In addition, each
of the shields contains two gradiometers instead of one. They are close together, but one is rotated by 90°
about their common axis, essentially eliminating their mutual inductance. The distance between the two
shields has been increased. A four-fold coincidence is not required but might be expected about 20% of
the time, and the effective detector area for two-fold coincidences is 0.75 m”.
How big can one make a detector plane connected to a single SQUID, while still obtaining a usable
signal/noise ratio? DC SQUIDs promise a factor of 10 over the RF SQUIDs used so far, and the
impedance-matching tricks already discussed provide further gain. Frisch and his co-workers conclude
that areas in excess of 3m? are quite reasonable [71].

* The limits set by the four largest detectors yet operated are the same to within 20%, as of October 1985.
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Fig. 8. The proposed IBM-BNL 4 m® superconducting inductive monopole detector, now in its early design and procurement stages.

In CFM’s concept, several pairs of such detectors, in separate shields as at present, could be mountedin a
common cryostat. An array of such cryostats (e.g. filling the floor of the old cyclotron hall at the Fermi
Institute) with an effective area of perhaps 100 m* could set limits at the Parker bound after a three-year
run.

4. Imperial College, London. The group’s entry into the field started with a three-loop detector with
an effective area of 16 cm” [87]. Inductive coupling to the walls was reduced in yet a different way: In
series with each main coil was a small multi-turn coil wound in the opposite sense, so that the net flux
coupling was very small. The detector has since evolved in an interesting direction. One of the 17 cm
diameter coaxial loops was replaced by a large rectangular (“window frame’’) loop with one side along
the axis of the cylindrical shield, and the others almost in contact with it. C.N. Guy has shown that the
response is almost the same as that of a straight wire coaxial with the shield, which in essence serves as the
current return path [88]. There is some distribution of signal size, but for most monopole paths it is close
to 2¢,. Using the modified detector, which has an effective area of 0.17 m’, the group has established a
flux limit of 6 X 10" cm™?sr™'s ™" in 202 days of livetime [89].

A viable monopole candidate was seen in the “window frame” in August 1985 [90]. Given the presence of
unexplained glitches in detectors of this kind, as well as the lack of redundancy, we remain skeptical. This
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Fig. 9. The present Chicago-Fermilab—Michigan induction detector. A cylindrical section has been added to lengthen the housing used in the previous
experiment {78], and each detector plane consists of two coincident gradiometers.

event once again underscores the need for coincident detection, if an effect rather than an upper limit is to
be established.

5. Kobe University. Ebisu and Watanabe have assembled a detector with an 8 cm diameter coil in
order to search for superheavy monopoles trapped in magnetic iron ores [31]. The idea is to heat the
magnetic sand above its Curie point over the apparatus; the monopoles are then no longer bound to the
ore and fall through the loop under the influence of gravity.* A search of more than 900 kg of ore has
revealed no candidates, for a limit of 2.5 X 107 monopoles/g (90% C.L.). They relate this to a flux limit
of 5.9% 107 cm™?sr™' s . The density limit represents a substantial improvement over previous limits
established by similar methods [91,92], and a larger detector is to be installed in a commercial ore
processing plant. Given the conjectural nature of the monopole capture and release mechanism, and in
particular to the way the trapped density is related to a flux, we are uncertain as how to weight the limits
set by these imaginative experiments. As a byproduct, they have also established direct flux limits, albeit
less stringent than the ones now available elsewhere.

* March, Cline and Joutras have proposed a similar detector, to be located in a U.S. Steel facility which has a ten million ton per year
throughput [32}.
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6. Stonybrook [93]. Kao and his collaborators have established a limit at 1.1x 0™ em ™ sr™'s ™,
using a detector with two close gradiometers in separate superconducting shields. Each consists of an
8 cm X 25 cm Nb wire grid with 1 cm cell size, wound in the style of the two-sided gradiometer shown in
fig. 6(a). No coincident steps were observed in 190 days.

7. NBS. A group at the National Bureau of Standards focused its early attention on how artifact
events might be produced in superconducting induction apparatus. Intentionally working with a small coil
in a single Mumetal shield, they subjected parts of the apparatus to a variety of mechanical shocks,
stresses and magnetic signals. Steps corresponding to flux changes were in fact produced, but only as the
result of large disturbances. Their conclusion was that with good clamping and prudent protection from
disturbances such signals could be completely eliminated [94].

A device similar to Cabrera’s three-loop detector was then built, with three orthogonal 16 cm diameter
coils inside a 30 cm shield [95]. Its near-miss area was somewhat larger than Cabrera’s, and after a year of
operation had seen no events.

All groups have reported unexplained steps in the SQUID outputs, although the steps are seldom
greater than 1¢,. Histograms of step size distributions are given in most of the papers. Typically, steps are
larger and more frequent in the early weeks of operation, and the distributions are rapidly decreasing
functions of step size. Stress relief somewhere in the system is the usual suspect.

As of September 1985, the combined flux limit in superconducting induction experiments is
1.5x10" % cm st~ 's™!, where most of the weight comes from the first four experiments discussed
above. Within about 18 months the limit should be reduced by another order of magnitude, as results
are obtained with the new ~1m’ detectors. There seem to be no technical obstacles to building
detectors a hundred times larger, and perhaps within the decade such detectors will push limits to the
Parker bound.

4. Ionization and/or excitation by slow monopoles

The monopole detector of preference is undoubtedly a superconducting loop, since the detection
scheme then employs the one attribute of a monopole of which we are certain. On the other hand, areas
of 1000 m” or greater are necessary to probe the limits discussed above. Although the most recent work
suggests that economical induction detectors of this scope may become possible, we are also motivated to
consider the cheap, large-area detectors normally used for particle detection, i.e. plastic scintillators and
proportional wire chambers (PWCs). But can they detect siow monopoles? We lack the “test beam”
usually available to the experimenter, and must proceed with care. The answer depends upon what we
mean by “slow”, but it is cautiously affirmative, even for conventional detectors, down to just below the
velocities expected for galactic monopoles. For velocities between 10™>c and 107*c there is both
uncertainty and controversy. At the even lower velocities characteristic of a monopole orbiting the earth
(<4 x107°¢), it seems unlikely that any scintillator or PWC would respond to a monopole’s passage.

We now understand that the most important way a slow monopole loses energy to an atomic system is
in some sense by “‘depositing angular momentum” - leaving an atom with Z electrons in a state with J,
increased by Z after a Dirac monopole passes through the center of an atom in the z direction. The
mechanism is essentially the same as that by which it changes the current in an induction loop, or changes
the relative angular momentum of a passing charge as was described simplistically at the beginning of
section 1. However, the problem was first approached in a less sophisticated manner: The complexities
(and realities) of atomic structure were replaced by a convenient electronic momentum distribution, and
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interaction occurred only via the Lorentz force, i.e. through the induced electric field of the passing
monopole. Previous knowledge of charged particle energy loss could then be extended to the monopole
case. This picture has the advantage that one can deal with a complicated atomic or molecular system with
reasonable confidence, and obtain what is probably a dependable lower limit to the actual rate of energy
loss. We will first approach the problem in this way, then return to the problem of transitions to states of
higher angular momentum and energy induced by a monopole slowly passing through an atomic system.

Most of those who build large PWC or scintillator arrays are high energy physicists, whose intuition
about energy loss (dE/dx) is based on the Bethe formula [96]. At low velocities d £/dx is a rapidly falling
function of velocity (v %), and above v = 0.95¢ (or y = 3.2) it rises slowly, as In y except for polarization
corrections. This function accurately describes energy loss for v = 0.03¢, the velocity of a 0.5 MeV proton.
Fortunately, other physics subcultures have long been interested in such problems as implanting heavy
ions at controlled depths in silicon or efficiently detecting low energy neutrons, both of which require an
understanding of energy loss at the velocities characteristic of a massive primordial monopole.

For the low-velocity region we must immediately make several distinctions of little importance at
higher energies:

1. Inelastic atomic recoil contributes substantially to the total energy loss rate. Gas and scintillator
detectors are sensitive only to excitation and ionization, so we are interested only in the “electronic”
contribution to the total rate of energy loss. To simplify notation we will somewhat erroneously call this
contribution dE/dx. It is sometimes conveniently normalized to (dE/dx),,;,, = I,;,, the minimum value of
the Bethe function roughly characteristic of energy loss by cosmic ray muons.

2. Atomic electron velocity is not negligible. In the simplest approximations dE/dx depends critically
on the form of the electronic momentum wavefunction. In more sophisticated treatments the momentum
wavefunction is allowed to distort during the energy-transferring interaction.

3. PWC’s respond to ionized electrons, so either the atom must be ionized by the passing monopole or
excited in such a way that it can ionize other atomic species present in the mixture.

4. Scintillators respond to excitation as well as ionization, but exhibit “‘saturation”: the rate of light
output (dL/dx) is not linear in dE/dx because of radiation quenching in the highly ionized column of
material near the particle trajectory. In the case of a scintillator we are interested in d L/dx, which again
is conveniently referred to the minimum value obtained for relativistic particles with unit charge.

Finally, there will always exist some monopole velocity V below which electronic energy loss will not
occur. For example, suppose that in the monopole’s frame an atom of mass M approaches with velocity V,
and that an energy AE is required to excite or barely ionize the atom. Since the kinetic energy of the atom
after the excitation will be %MV2 — AE, the excitation cannot occur unless V > V2AFE/M. For helium,
this threshold is 1.03 X 10" *c. It is substantially lower for heavier atoms or molecules, but very often some
other more restrictive threshold appears, such as that due to diamagnetic repulsion. In the “binary
encounter” case to be considered first, the collision is considered as being between the monopole and an
orbital electron, with the rest of the atomic or molecular system playing little role. The maximum energy
which can then be transferred to an electron with mass m, and velocity v, is 2m v, V. For example, if the
highest available electronic velocity is ¢/137 and the ionization energy is 5 eV, ionization cannot be
produced by monopoles with velocities below 6.7 x 10" “c.

4.1. Energy loss to electrons Vvia the induced electric field

As we have indicated, energy loss mechanisms for charged particles (protons and heavier ions) are well
understood both theoretically and experimentally down to v=10""c. Following work by Fermi and
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Teller [97], Lindhard and various collaborators [98] approximated the electronic structure of solids by a
Fermi distribution in constructing a semiphenomenological theory. A review of this work, together with a
survey of the experimental status of the problem, is given by Northcliffe [99], and a more recent overview
given by Ahlen and Kinoshita [100] (AK hereafter). As the velocity of the incident ion decreases, fewer
electrons are near enough to the top of the Fermi sea to be available for ionization, and a linear
dependence of the rate of electronic energy loss upon ion velocity results. Departure from this linear
behavior should occur somewhere below v = 10™°c, because the electronic structures of real detectors,
which are made of insulators, are inadequately described by Fermi distributions.

Energy loss data have been obtained for a variety of incident ions and absorbers down to below 4 keV
incident energy, or v =3 X 10 ¢ in the case of protons [101]. The lowest velocity experiments known to
us extend to 6x 10™“c [102], although there are interpretative problems because of the unknown
crystalline state of the thin carbon films which were used. In some experimental instances range-energy
data (or measurements of electronic energy deposition vs. incident energy, or total light output vs.
energy) were obtained. The slope of the smoothed data was then reported as e.g. stopping power, leading
to be deceptively smooth “experimental data” shown in our fig. 10, by Ahlen and Tarlé [103], and
elsewhere.
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Fig. 10. Monopole energy loss as calculated by Ahlen and Kinoshita [100], and as extended by Ritson [105]. Except for the lower decade, the figure is
adapted from ref. [100].
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The step to energy loss by monopoles can be made in a minimal way. An electron experiences an
induced electric field equal to gv times geometrical factors. For a slow monopole the relative velocity v is
very close to the electron’s velocity, which for an atomic electron is about ac = ¢/137. Since g = e/2a for
a Dirac monopole, gv/c = ¢/2. In other words, a slow monopole’s interaction with an electron is the same
as that of an electric charge e/2, and we should thus expect a slow monopole to be 1/4 as ionizing as a
proton with the same velocity. AK used a slightly more sophisticated version of this argument, with a
monopole version of the Rutherford cross section [104], in calculating the energy loss curve reproduced in
fig. 10.

Extension below v =~ 10 ¢ is complicated by the energy gap of a scintillator or the ionization potential
of a PWC gas. Ritson [105] has taken such effects into account in a rough way by (a) approximating the
electronic structure by a Thomas-Fermi distribution and (b) requiring that the energy transfer in a
collision be in excess of some gap energy G,. In fig. 10 we show the effect of extending AK’s curve for a
decade by this method. Curves for G, = 16 eV (ionization) in argon and G, = 4 €V in carbon (excitation of
scintillator) are given in Ritson’s paper; a similar curve for G, =3¢V in carbon has been published
elsewhere [106]. On this basis a scintillation cutoff has been claimed for velocities below 1.4 x 10 ™.
Ahlen and Tarlé have argued on the basis of a Fermi distribution that the scintillator cutoff lies closer to
6 x 10~ ¢ [103, 107].

In an attempt to understand the difference between these results, H.N. Nelson has compared several
models for the electronic momentum distribution in plastic scintillator [108]. His results for (a) Ritson’s
Thomas-Fermi distribution, (b) Ahlen and Tarlé’s Fermi distribution, (c) Hartree-Fock momentum
waveform for carbon [109], and (d) a phenomenological distribution for polyvinyltoluene, based on
measured Compton scattered line profiles [110], are shown in fig. 11. It seems likely that Ritson has
overestimated the contribution of high-momentum electrons to dE/dx, while Ahlen and Tarlé have
underestimated it. Using an extrapolation of the phenomenological distribution, Nelson obtains an
effective cutoff in the vicinity of 3.7 x 10™%¢.

The issue is further confused by possible effects of light output saturation in plastic scintillator.
Recently Ahlen et al. have investigated the light output of calibrated scintillator samples produced by
proton recoils from scattered slow neutrons [111]. The neutron’s scattering angle and time-of-flight were
used to tag the proton energy. Results extend down to 400 eV. As described above, the data showing light
output versus range data could be smoothed and differentiated to obtain dL/dx - if only the range were
known as a function of energy! Their results, using (a) a Lindhard-Scharf-Schigtt range-energy
relationship, and (b) a formula due to Brandt and Reinheimer [112] are shown in fig. 12. Also shown are
dL/dx data at somewhat higher velocities [113], and, for comparison, Ritson’s d £/dx curves for protons
in carbon with and without a 4 eV gap. Effects of light output saturation are clearly evident in the Renner
et al. data. Independently of all theoretical arguments, the fact that light is seen for 400 eV proton recoils
demonstrates that charged particles with velocities somewhat below 10 "¢ scintillate. Since there are
interpretative difficulties with the lowest-velocity data, the cutoff is not experimentally demonstrated. It
should be emphasized that the curves expected for monopoles (dash-dotted) is uncertain in both directions
by a factor of three or so.

4.2. Atomic induction
Drell et al. [114] (DKMPR hereafter) have published an elegant and thorough treatment of slow

monopole energy loss in atomic hydrogen and helium. They describe the adiabatic deformation of atom
with Z electrons as the monopole passes within an impact parameter b of the nucleus along a path parallel
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phenomenological distribution obtained using Compton scattered line profiles.

to the z axis. With a b-dependent probability it makes a transition to a state with J, increased by Z and
possibly with higher energy. The resulting energy loss rate for the monopole is an order of magnitude or
more higher than that obtained by the methods of the previous section, and the velocity cutoff is at just
above 107“c.

Energy level shifts occurring during the passage are obtained by piecing together solutions obtained in
various regions. When the monopole is far from the nucleus, the usual Zeeman perturbation exists. Exact
solutions of the Schrodinger equation are available when the nucleus and monopole are coincident [104,
115]. Near the nucleus, energy level shifts from the z =0 values can be obtained using a multipole
expansion. (Only the dipole term is necessary to obtain the desired transition probabilities.) Solutions are
then joined to obtain the energy level diagrams shown in fig. 13. As expected, m;, for a hydrogen state
increases by one as the monopole passes, and for helium states it increases by two. Since states with
different principal quantum numbers become degenerate as the monopole crosses the origin, the atom
can be left in an excited state after the passage. For example, the helium ground state (m; = 0) crosses to
the 2°P state with m; =2, which decays to the metastable 2°S state.

The level degeneracy occurring when the monopole is at the nucleus is split when the impact parameter
is non-zero. In the dipole approximation the transition probability is inversely proportional to the slope of
E(z) atz =0, or ((dH/dz),_,). Better ways of obtaining a good estimate of this slope have led to several
revisions of the excitation cross section reported for helium in the original paper [116, 117]. In particular,
account must be taken of the non-zero separation of the monopole and nucleus in making the calculation.
If the nucleus is considered as being at the origin (as was done in the original paper), the perturbation is a
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Fig. 12. Experimental data and Ahlen-Tarlé expectations for scintillator response to very slow protons [111]. Ritson’s d £/dx curves for protons and
monopoles in carbon [105] are also shown, as are smoothed dL/dx data for proton recoil as obtained by Renner et al. [113].

magnetic dipole. If the monopole is at the origin, it is an electric dipole. Clearly, the result must be the
same either way — except when approximate wavefunctions must be used, as is the case. With improved
functions and a stationary monopole, the group reported a reduction of 50% in the total excitation cross
section for helium at the Monopole ’83 conference [116]. A more recent calculation used variational
wavefunctions with up to seventy terms [117], and the two methods of calculating the slope now agree to
about 9%. The present best estimate of the total cross section is

o=35x10""(B/107H(1 - B2/B*y " em’ ,

which is 30% below that originally reported by DKMPR. Here B =wv/c, and the last factor, with
B.=0.929 x 107*, corrects for nuclear recoil. As mentioned above, the process has a threshold at
1.03 x 10 ~*c. If AE is the excitation energy and there are n atoms per unit mass, then dE/dx = no AE, so
that for helium

dE/dx=10.5(8/107)(1 - B2/B*)*MeVg ' em’ .

Two-thirds of the excitation is to the metastable 2°S state. One-third is to the 2°P state, which usually
de-excites to the metastable state. Given the difficulty of detecting the 1.15-eV de-excitation photon, how
can the monopole’s energy loss be detected? As it turns out, collisional energy transfer to another species
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Fig. 13. Energy levels for hydrogen and helium atoms as a Dirac monopole passes through the atom in the positive z direction [114]. In the case of
hydrogen with the monopole at the origin, the energy of the lowest triplet is half that of the normal ground state. According to the most recent
calculations [117], the helium triplet energy at the cross-over is 9.01 V.

present in the gas (the Penning effect) is known to be efficient [118], and helium plus a quenching gas is a
perfectly adequate mixture for a proportional wire chamber. We might therefore expect large ionization
effects if the ionization potential of the quenching gas were less than the de-excitation energy of the
helium. This condition is easily met by a wide variety of commonly used quenchers, such as methane and
carbon dioxide. Atomic induction excitation, followed by energy transfer to a species which becomes
ionized,* thus forms the basis of all of the newer PWC monopole searches [119].

Present best estimates of energy loss rates in hydrogen and helium by atomic induction excitation are
shown in fig. 14. For comparison, we show d E/dx for monopoles in carbon as calculated by Ritson. All
are normalized to ;.

* We abbreviate this long phrase as AI-ET (atomic induction excitation-energy transfer with excitation) in the subsequent detector discussion. The
abbreviation is almost as unsatisfactory as the expression.
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to proton data at v=5x10""c.

Standard PWC gases use argon rather than helium, and in particular mixtures of argon with a suitable
quencher (CH,, CO,, or n-pentane) were used in several monopole searches prior to DKMPR. Does the
mechanism just described work with argon and other noble gases as well? In the opinion of Kroll and
Ganapathi [117], the mechanism very likely works, but calculation of the cross sections is exceedingly
difficult. In addition, the lower velocity threshold implied by the more massive nucleus probably cannot
be realized because of diamagnetic repulsion; the threshold in argon might even be higher than in helium.
Given these considerations and the ease of constructing PWC’s filled with helium with a convenient
quencher, there is little motivation for using argon in the new detectors.

One important caveat deserves repeated emphasis: Atomic induction obviously works if the monopole
is a dyon, or if it carries a bound proton or heavier nucleus — except that the electrostatic interaction is
very important. In the case of positive dyons or monopole-proton bound states, the net effect is to reduce
the excitation cross section to such a degree that the effect is uninteresting for practical detectors [116].
Conversely, a negative dyon has a very large cross section for ionizing helium, down to just above 10 *c.
It has been elsewhere that most monopoles acquired a proton just after the element synthesis era in the
early universe [120]. A negative dyon should be even more likely to have done so, but would then appear
as an uncharged monopole. Among all of these possibilities, we conclude that atomic induction will only
be useful for a bare monopole or a negative dyon with a bound proton. Any large new ionization detector
should therefore cover both possibilities, by having an ‘‘uncharged monopole’” AI-ET trigger to provide
coverage down to almost 10 ¢, and an alternate scintillator trigger, in case the monopoles have a positive
electric charge.

Most of the reported PWC experiments suffer from an additional problem: Even with the likely
existence of atomic induction in argon, the mechanism is unobservable because the ionization potential of
most of the quenchers is larger than the de-excitation energy of the argon metastable state.*

* An exception is n-pentane, used in the NUSEX detector [121].



D.E. Groom, In search of the supermassive magnetic monopole 355

Atomic induction might occur with a useful cross section in more complicated molecular systems, but
the computational problem is formidable. Even before the DKMPR calculation, McIntyre and Webb
[122] discussed the possibility that excitations from the singlet ground to the triplet excited state might
occur in molecules of the kind found in plastic scintillator. Since the triplet state is long-lived, they
expected interaction between pairs of triplet states to excite a singlet state which would decay with
detectable photon emission. Their detector, based upon this mechanism, is now in operation.

5. Track-etch experiments

An electrically or magnetically charged particle will inevitably leave behind it a trail of local radiation
damage as it traverses matter. In a wide class of dielectric materials, the damaged region is more
chemically reactive than the surrounding undamaged material. Suitable chemical etching can produce a
visible track, or even a tiny hole which can be found with a leak detector. Annealing times for the damage
are very long at ordinary temperatures, and such material can be deployed over large areas very cheaply.
On the other hand, only extreme ionization will produce an etchable track, so the potentially large
[ dA d€2 dt is useful only for very fast monopoles, or for slow monopoles bound to atomic nuclei.

The development of track-etch techniques has mostly followed the work of Fleischer, Price and Walker
[123, 124], although there were several earlier observations of etched tracks [125]. Practical detectors
range from a variety of common plastics (cellulose nitrate, polycarbonates such as Lexan and CR-39, etc.)
to naturally occurring mica, where the integration time can be very long. The basic damage mechanism is
quite different in the two cases: In a polymer, electronic energy loss results in broken polymer molecules
and new cross-linkages. In a crystalline material such as mica, the nuclear recoil part of the energy loss
(the part specifically ignored in section 4) dominates at low velocities, where our primary interest lies.

In section 4 we observed that the passage of a monopole with charge g and velocity v produces the
same electric field as a static electric charge g = gv/c, except that the field points in a different direction.
In the context of that section, v was mostly the atomic electronic velocity (=ac), and the equivalent
electric charge was e/2 for a Dirac monopole. For higher velocities, g = 69(v/c)e. Even at 0.1c, we expect
a monopole to produce about 50 times minimum ionization. A fast monopole thus appears as a highly
ionizing penetrating particle - much more penetrating than a high-Z nucleus with which it might be
confused. This signature has been the basis for several of the older searches, and for at least one
“discovery”. In the present context, most plastic track-etch detectors are sensitive to monopoles with
velocities down to just below 0.01c¢, depending upon experimental details.* The results of three recent
experiments of this sort have been published:

1. Berkeley 1981 (Kinoshita and Price [126]). A CR-39 exposure on White Mountain resulted in a
limit at 1.6 x 10" cm > sr™'s™" for v >0.02¢, if we assume their solid angle was 2. This and other
track-etch flux limits are shown in fig. 7.

2. Berkeley 1983 (Barwick et al. [127]). Despite some experimental problems which resulted in
reduced sensitivity, the velocity threshold of this second CR-39 exposure was 0.007¢. The flux limit was
107 % em s s

3. Japan (Doke et al. [128]). A collaboration from several Japanese universities has exposed 100 m” of
cellulose nitrate for 3.3 years. They obtain a flux limit of 5x 107 cm™>sr™"s™" for v >0.04c.

Price has recently pointed out that (a) plastics such as CR-39 are also sensitive to monopoles in a small
low-velocity window just below 10 “c, and (b) if, as some expect, monopoles arrive with a bound proton

* The exception appears to be Japanese CR-39, discussed below.
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[120], then such plastics are sensitive over a very wide monopole velocity range [131]. He re-interprets the
earlier Berkeley experiments to obtain the velocity-dependent limits also shown in fig. 7.

A University of Tokyo group has deployed 100 m° of CR-39 underground; analysis of the one-year
exposure will start in January 1986. An additional 300 m” will soon follow, and approval has been
obtained for a 5000 m® array. By using Japanese CR-39 with extremely uniform thickness they are able to
etch very heavily, leaving only about 15% of the material. Calibrations with Bevelac beams have shown
that their CR-39 is also more sensitive than that used by Price [124]. Assuming the monopole energy loss
rates given by Ahlen and Kinoshita [100], they find a threshold at 1.0 x 10~ "c. Their planned three-year
exposure of the large array should reach galactic monopole flux bounds below 10 ~'* cm *sr ~'s™' [129.
130].

By far the most interesting results in the area have come from searches in old mica [8, 132-135], where
the integration times have been close to 500 Myr. Price and his co-workers argue that a monopole
traversing rock captures a nucleus with a large magnetic moment, the most common candidate being *’Al.
Mica is not a terribly sensitive track-etch detector, but the resulting bound state leaves an etchable record
for velocities in a broad region near 10 c. The procedure has been to cleave a cut sheet of mica, then to
separately etch two or three ~100 um sheets. The mica contains (a) ~0.01 wm tracks produced by nuclear
recoils when U and Th impurities a-decay, (b) uranium fission fragment tracks, typically ~20 um long,
and (c) ~0.5 pm tracks, made by nuclear recoils when Al and Si are struck by a particles from *"’Po
decay. This newly-discovered class of recoils is particularly interesting, in that they should produce the
same kind of radiation damage expected of magnetic monopoles [135]. In particular, they should anneal
in the same way. Nearly 1000 m* of mica has now been scanned. A few accidental fission track stub
line-ups have been found, but none show aligned tracks in three sheets. The frequency of these accidental
events is as calculated.

There have been several discussions of possible loopholes [132—134]. There now seems to be little
question about the cross sections for nuclear capture,” the age of the mica, or its average depth
underground during exposure. Several remaining problems deserve comment:

1. It was considered possible that monopole tracks might anneal at a different rate than the recoil and
fission fragment tracks used to corroborate the age-dating. Monopole damage should consist almost
entirely of point defects, while a-decay recoils produce extended damage characteristic of electronic loss.
In contrast to both, fission fragments produce such extensive damage that annealing would be difficult. As
mentioned above, the newly-discovered tracks due to atoms struck by « particles should anneal in nearly
the same way as monopole tracks. There is some indication that the densities of both kinds of recoil tracks
are slightly lower than expected (as normalized to the fission track densities), but the effect is certainly
minor. The track-fading question appears to have been answered.

2. Bracci and Fiorentini have argued that most monopoles would have captured protons at an early
epoch [120]. If so, they could not capture high-Z nuclei while going through the rock above the mica, and
would not leave detectable tracks. After correction for an error in the Bracci and Fiorentini paper, it now
estimated that 15% to 98% of the monopoles arrive with attached protons [133]. At worst, Price’s mica
limits would be increased by a factor of 50 if the estimates are now correct. The physics of this epoch
(kT ~50 keV, between the light-element formation era and the matter-radiation decoupling time) is well
understood. However, the correction factor, thought to be of O(10) to O(100), is exponentially sensitive

* In principle, one calculates the photodisintegration cross section for the bound state, then applies detailed balance to find the cross section for the
inverse reaction. The wavefunctions are reasonably well known, except for some questions concerning the interaction at nuclear distances.
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to small changes in the parameters, especially to the poorly-known monopole-proton binding energy [18,
134]. Given the importance of this experimentally elusive point, we remain somewhat apprehensive.

3. Similar problems arise if monopoles manifest themselves as dyons. Positively charged dyons would
avoid *’Al capture because of electrostatic repulsion, while negative ones would tend to capture the first
available nucleus — possibly even atmospheric nitrogen. The charge of the captured nucleus might be too
low for track production in mica.

4. If there is appreciable water (~4 km equivalent) above the mica during much of the exposure time,
then proton capture could occur most of the time. Since continental plate material does not occur under
deep oceans, we consider this possibility unlikely.

5. Catalyzed nucleon decay (except perhaps via the weak anomaly) would prevent survival of bound
states for long enough to produce mica tracks. As stated earlier, we regard the mica limit and
astrophysical catalysis limits as exclusive - if catalysis exists, the mica limit is unnecessary.

The absence of signal implies the velocity-dependent flux limit labeled “mica” in fig. 7, where the
possible correction for monopoles arriving with bound protons is indicated by the higher dotted curve.
We have plotted the most recent result [133], improved by a factor of 70 from the limit published earlier
[8]. The velocity dependence resuits from several factors: Since the etch rate is more than 50 times faster
parallel to the cleavage plane than normal to it, sensitivity varies with angle, and hence the effective solid
angle varies with the nuclear part of the energy loss rate. At high veloc1ty this rate decreases, while at low
velocities diamagnetic repulsion introduces a threshold at 3 X 10~ “c. Taken at face value, this single
experiment sets a flux limit nearly four orders of magnitude below the Parker bound for galactic
monopoles (v=~107>c), and a factor of 10° below the best scintillator and proportional wire chamber
limits.

6. Scintillator experiments

Organic scintillators and gas-filled proportional wire chambers (PWCs) can be deployed over large
areas at a reasonably modest cost, and have long been used for cosmic ray work. Several large detectors
were therefore already in operation in 1982, when the possibility of slow monopole detection occurred to
most of us. The electronics for these detectors had been built assuming v = ¢, so that slow monopoles
would have previously escaped detection. Electronic modifications were quickly made, and in at least one
case data were being obtained less than two weeks after the conversion was first discussed. Since that
time, several large detectors have been built, and even larger ones are planned. Most of the new detectors
have multiple physics goals.

Such detectors are sensitive to any ionizing particles. The surface intensity of cosmic-ray muons is
about 10 2cm ™ *sr™'s™', but drops off rapidly underground, reaching 1.5x 10" ecm™>sr™'s™" at
7000 hg cm ™7, the depth of the Kolar Gold Fields (KGF) detector. Shallow experiments must electroni-
cally eliminate cosmic ray triggers, and therefore are usually not sensitive to high-velocity monopoles.
The veto requirement can be somewhat relaxed deep underground, where cosmic ray events are less
frequent.

In section 4 we discussed electronic energy loss for slow monopoles, with the conclusion that
monopoles would not produce detectable signals if their velocities were below some threshold,
somewhere between 10™°c and 10™*c. The details varied between scintillators and PWCs. There are
other differences. Scintillators are in general faster (~10 ns pulses), and at 10~ c a monopole spends 30 ns
crossing a 1cm scintillator. Some of the liquid scintillator modules in use are 30 cm thick. Since a
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discriminator is normally designed assuming pulse integration over a very short time, the monopole
signal, presented as a series of single-photoelectron pulses spread over a long time, might for this reason
alone fall below detection threshold. For these and other technical reasons, we find it useful to divide our
discussions of scintillator and PWC experiments.

Scintillator array (or scintillator triggered array) results have been reported by nine groups. At least
two new experiments will soon run, and the proposed Gran Sasso experiment (section 8) uses scintillators
as well as PWC’s and track-etch detectors. The reported results, all upper limits, are shown in fig. 15.
Individual comments follow.

1. Bologna [136, 137]. For reasons of background rejection in this surface-level detector, the
discrimination threshold was at about 20 times the ionization produced by relativistic cosmic ray muons,
or 201_,.. The detector was enlarged after the first publication to 38 m* sr. Lower velocity limits varied in
different runs from 0.001¢ to 0.007c; for the runs with y_, = 0.001¢ the ionization thresholds were at
107, .. Size changes, electronics changes, and geometry all contribute to the v-dependent flux limit shown
in fig. 15. The final limit was about 15% below that reported in ref. [137].

2. Tokyo [138-140]. A small (1.1 m’ sr) 6-layer surface detector with a 1.2/ . threshold was used to
obtain the data shown as “Tokyo I"" and “Tokyo II”". The difference was that in the second case the
velocity window was 2 x 10 °c rather than 0.01¢ <wv <0.25c. We would expect a dE/dx-imposed
threshold at 3 x 10 ™%c to 7 x 10™*c, on the basis of our discussion in section 4. A much larger array
(AQ =22 m”’ sr) located 250 m underground at Kamioka was used to obtain the “Tokyo III" limit [140,
141]. It had a threshold of 0.061_, for v>0.01c, and 0.25I ,, for 3 X 10™*c < v <0.01c. In the original
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Fig. I5. Experimental monopole flux bounds obtained with scintillator arrays. Reported ionization thresholds in units of /_, are shown in parentheses;
in some cases higher thresholds were used for the high-velocity regions. Dotted lines indicated one-year limits for planned experiments.
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configuration with six horizontal scintillator layers, it achieved a flux limit of 6 X 107’ cm ™2 sr™'s ™" It
has since been re-arranged into a larger two-layer detector, and the present null result (September 1985)
implies F<1.7x10 % em™2sr™'s™" [141).

3. Baksan [142, 143). This enormous (Af2 = 1850 m” sr) detector located 850 hg cm ™2 underground in
the Baksan Mountains has been used to set the best available scintillator flux limit on galactic monopoles.
Figure 16 shows the detector in some detail. Gross features are from an early publication [144], while the
arrangement of the liquid scintillator cans and concrete absorber are shown with some accuracy [145).
The original electronic monopole velocity threshold was 4 x 10™>¢ [142], but modifications after the first
half-year of operation reduced it to 2 X 10™*c. The actual threshold is set by pulse width (50 ns integrators
precede the voltage-sensitive discriminators), discriminator thresholds (0.251_;, for a relativistic particle),
and estimated dE/dx for monopoles. With 773 days of observation, F 1.9 x 10" cm ™ >sr™'s ™, at the
9% C.L.

At 107%¢, a normally incident monopole crosses a scintillator plane in 1 ps. The 50 ns integration time
means that the average pulse size is reduced by a factor of 20, compared with that produced by a fast
particle with the same dE/dx. The 0.251_, muon threshold thus becomes 51_, for a monopole at 10 °c.
The effective threshold is fairly independent of angle, since the energy deposit per unit time remains the
same. From fig. 12 it can be seen that a bare monopole at this velocity should produce somewhere
between SI_, (Ahlen) and 107_,, (Ritson). Ahlen expects the Baksan detector to become insensitive to
monopoles just below 10 c [146], while models without a truncated momentum distribution for atomic
electrons lead to a slightly lower velocity for the sensitivity cutoff. In any case, it seems clear that (a) the
Baksan detector is fully sensitive to bare monopoles down to about 10~ ¢, and (b) the sensitivity drops

rapidly at smaller velocities. The conclusion is impressive: for monopoles with or without associated

Fig. 16. A cutaway view of the Baksan detector. Each liquid scintillator is 70 cm X 70 cm X 30 cm. The top layer consists of 24 X 24 such counters, while
the other horizontal layers are 20 x 20. Vertical walls are 15 high; two are 22 wide and the others 24 wide. There are practically no gaps between
scintillators. The walls of the central concrete absorber/support are 80 cm thick. The entire array, 16 m x 16 m x 11 m, is the size of a large 4-story
building.
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electric charge, the flux at the local virial velocity in the galaxy is no more than a factor of two above the
Parker bound.

4. Mayflower [106]. A small 3-layer detector 507 hg cm ~* underground in the Mayflower Mine (Utah)
initially operated with ~0.257 . thresholds. Pulse integrators were then introduced to permit velocity-
independent triggering, and thresholds were reduced to about 0.127 . . Their estimated velocity lower
limit (1.4 X 107%c) is based upon Ritson’s excitation curves; it should probably be somewhat higher.

5. Michigan [147]. A 5-layer surface array was set to trigger at the single photoelectron (p.e.) level.
Since 150-200 p.e.’s were obtained per minimum ionizing muon traversal, they report a threshold of
0.017_,,.

6. Berkeley [146]. A single thick slab of naphthalene-based scintillator subtending 17.5m’ st was
viewed by 52 photomultipliers in this surface-level experiment. The authors have argued that this
scintillator has a lower velocity cutoff than the conventional polyvinyltoluene type [103]. Pulse shape
discrimination was used to eliminate cosmic rays and measure monopole velocity in the range 5 x 10™*¢
to 4x 10 c. Since ~5000 p.e.’s were obtained per muon traversal, the effective threshold was quite
low. As of October 1983 no viable candidates had been seen, for a flux limit of 4.1 X
107" cm *sr™'s™". We seriously doubt the final two sentences of the paper.

7. Tokyo Institute for Cosmic Ray Research (ICRR) [148]. The first stage of the experiment (which
later used a He-CH, PWC trigger, as reported below) used a scintillator trigger with thresholds at
0.051,,. The arrangement of scintillators, PWC’s, and absorber is shown in fig. 17. A flux limit of
1.8x 107 cm ™ sr's™' has been reported for 2.5x 10 *c<wv <0.1c. The lower limit relies upon
Ritson’s excitation calculations and should probably be doubled.

8. Brookhaven Neutrino Detector (BNL-Brown-KEK). The trigger of an existing neutrino detector
at Brookhaven [149] was modified to accept monopoles with 10 ¢ < v <0.2¢ [150]. Each of the 112
vertical modules contained a 422 cm X 409 cm plane of small liquid scintillator counters (used for the
monopole trigger), as well as two planes of PWC’s. No interesting events were seen in a 35.5 day run with

this 14.5 m” detector, for F<52x 10 “cem Zsr's™".
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Fig. 17. The ICRR array in Tokyo. It originally used a scintillator trigger, but was then converted to use a He-CH, PWC trigger, to set the first AI-ET
limits.
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9. Texas A. & M. [122]. A three-layer arrangement of 182 cm X 182 cm acrylic scintillators with
a total aperture of 330 m” sr is located in a salt mine 500 hgcm > underground. Using 1cm scintil-
lator and a BBQ light collection system, only 2 or 3p.e.’s are collected for each miminum ionizing
particle, resulting in a fairly high threshold. As was mentioned at the end of section 3, they expect delayed
light emission due to triplet excitations thought to dominate the energy loss process, and trigger on both a
fast threshold at 1 p.e. and a delayed threshold at several p.e.’s. On the basis of 2500 hours of operation,
the reported flux limit is 7.7 X 10 ecm ™ st ™' s™* (90% C.L.) for 6 x 10™*c < v <0.01c.

10. Homestake (U. of Pennsylvania and BNL) [151). A liquid scintillator “box” surrounds Davis’ *'Cl
solar neutrino detector, 4200 hg cm ~* underground in the Homestake Mine (South Dakota). As shown in
fig. 18, it consists of 200 detectors, each 30 cm X 30 cm X 800 cm. Each is viewed from both ends, so that
longitudinal position may be obtained from relative pulse timing. Scintillator quality and light collection
efficiency are such that a muon produces about 350 photoelectrons. Thresholds have tentatively been set
at 0.17_. . The sophisticated electronics is designed for several physics goals. Transient recorders monitor
the long pulse shapes expected from slow monopoles. The electronic velocity window is from 10™c to
1.0¢. For the reasons discussed in section 4, the actual detection threshold will be 6 X 10~ *c or somewhat
less. The south half of the detector was working as of October 1985, and the rest will be commissioned
soon. With an aperture of 1200 m” sr the array should set limits at 2 X 107" cm ™ sr ™' s™" within three
years, providing a welcome compliment to the Baksan detector.

11. Mt. Blanc Large Volume Scintillator [152]. An Italian-Russian collaboration has built a large
multipurpose detector 5200 hg cm® underground in the Mt. Blanc. It consists of 72 liquid scintillators,
each 1.0m X 1.5m X 1.0 m, arranged in three layers. All pulses with =1p.e. will be recorded in the
time window around a monopole trigger, and a flux limit at 5 X 10" cm ™% sr ™' s " should be set after its

first year of operation.

Z
Z

Fig. 18. The Homestake large area liquid scintillation detector. The two hundred boxes, each 30 cm X 30 cm X 800 cm, are filled with extremely
transparent liquid scintillator and viewed on both ends with 12 cm diameter photomultipliers.
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These experiments differ in so many ways that it is difficult to make overall comparisons. In any case,
the combined limit at the galactic monopole velocity, 10 ¢, is totally dominated Baksan result,
F<19%x10 " em ?sr s

7. PWC experiments

The comparatively low cost of PWC detectors make them even more attractive choices than
scintillators for large-aperture arrays. However, the first experiments, with tubes filled with the usual
argon-plus-quencher mixtures, may not have been as sensitive to slow monopoles as was hoped. For
example, Ritson’s curves for ionization in argon suggest that Ullman’s pioneering experiment {153] was
insensitive to monopoles over the entire velocity window set by the electronics. If the atomic induction
mechanism were operative the experiment would still be insensitive because the ionization potential of
methane (13.0eV) is greater than the argon metastable excitation energy (11.6 V). We do not wish to
conclude that these searches were invalid for v < 10 ’c, but merely that there are problems in the context
of present first steps toward understanding energy loss by slow monopoles. The newer detectors have
made explicit use of atomic induction excitation followed by energy transfer to a quencher which becomes
ionized (AI-ET), as discussed in section 4, and as such promise to set the most trustworthy non-inductive
limits. We repeat an earlier caveat: AI-ET does not work for monopoles carrying a positive electric
charge. In this case a PWC will work in the normal way, with sensitivity down to just below 10 ¢,

As with other techniques, the results are negative. PWC flux limits obtained by nine groups are shown
in fig. 19, with the heavier lines for the AI-ET results. Detailed descriptions follow:

1. Brookhaven (Ullman [153]). The modest limit set by this experiment is offset by the fact that it was
by far the earliest, even antedating Cabrera’s. A 3-layer surface array of argon-methane chambers
subtended 1.8 m’sr for 2-way incidence. The threshold was at 21 . , and the velocity window was
33x107%c<v<1.2x107,

2. Soudan [154, 155). This underground (1800 hg cm ~*) experiment makes use of a massive proton
decay array (Af2 = 103 m” sr) with 48 layers of A-CO, filled PWCs. A high (161_, ) threshold is used to
set limits for v > 10 ’c, while for 2 X 10 ¢ < v < 10 ’c the threshold is 0.5 .* The analysis is unique in
that the authors completely incorporate the possibility of nucleon decay catalysis. Following the Occam’s
razor criterion introduced earlier, we consider only f, = 0 (no catalysis) in this section, and in fig. 19 show
a flux limit just under 10 cm *sr™'s ™.

3. Kolar Gold Fields [156]. This 250 m® st array, operated by a Japanese—-Indian collaboration very
deep underground in the Kolar Gold Fields, consists of 34 PWC layers filled with 90% argon and 10%
methane. Monopoles are identified by (a) dE/dx (952 days), for which uniform ionization 22.5I_, is
required in at least 12 layers, and (b) time-of-flight (623 days), applicable when 7 X 10 *c <v <4 x 10 "¢
and dE/dx >0.251_, . The dE/dx trigger admits monopoles down to 7.5 x 10~ *c, but the high ionization
requirement is thought to raise the effective threshold to 1.3 X 10~°c. We show the combined limit in fig.
19, again assuming the absence of catalysis.

4. Osaka [157]. Groups from two universities in Osaka have operated a surface detector with an
aperture of 4.6 m” sr. In the first phase of the experiment it contained 5 layers of PWC’s filled with an
A-CH, mixture, and set a limit at 1.5x 10> cm™*sr™'s™" (Osaka I). Two additional layers were
added, the gas mixture was changed to He-CH,, and the threshold raised from 0.05/_; to 71 _, . A limit

*In the first publication, 10 "¢ is given as the lower limit.
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Fig. 19. Experimental monopole flux bounds obtained with proportional wire counter arrays. Reported thresholds (in units of I_, ) are shown in

parentheses. For experiments with multiple thresholds, the one effective at 107°c is given. Heavy lines indicate limits obtained utilizing atomic
induction in helium and the Penning effect (AI-ET), and the dotted line shows the limit expected from the Frejus experiment after one year.

of 28x 107" cm™?sr™'s™" has been set with the new configuration (Osaka II). In both cases the
electronic velocity window was between 1 X 10™*c and 4 X 10~ %,

5. NUSEX [158] (Mont Blanc proton decay detector). The detector consists of 134 limited streamer
tube planes filled with A-CO,-n-pentane and separated by 1 cm thick iron plates. Since the tubes are
sensitive to single electron—ion pairs and a minimum ionizing particle produces about 30 pairs, the
single-tube threshold is about 0.031__ . The aperture is 9.5 m” sr. The monopole trigger electronics admits
particles with v between 10~ “c and 0.05¢; during the first third of the livetime it permitted triggers only for
downward-going monopoles. A minimum of nine aligned planes are required for a trigger, and most
recorded events were in this category. As of April 1984 a flux limit of 6.4 X 107 cm™*sr™' s ™' had been
established. It is especially interesting to note that if atomic induction excitation occurs in argon this
detector should be sensitive very nearly to the lower electronic threshold, since the n-pentane would be
ionized by energy transfer from the metastable argon.

6. Tokyo ICRR [159]. This 11.0 m” sr surface detector was the first of the new-generation AI-ET PWC
arrays; it is shown in fig. 17. After initial operation with a scintillator trigger (discussed in the last section)
the PWC’s were filled with He—CH, (10%) and used in the trigger, a 6-fold delayed coincidence in either
direction. Thresholds were at 31_. . The electronic velocity window extended from 10™*c to 0.1¢, so that
from fig. 14 we might expect sensitivity above 2 X 10 “c. Operation ceased in late 1984, after a limit of
48x10 " cm ?sr™'s™' was obtained [160].

7. La Jolla [161]. Masek et al. have built a prototype module for what is hoped will be a large and
economical AI-ET array. It consisted of three 1 m wide planes made up of 7.3 m long aluminum
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extrusions. Each extrusion has two layers of 2.5 cm X 2.5 cm square tubes, one layer offset by half a tube
width from the other. After correction for geometrical efficiency (a 6-layer trigger is required), the
aperture is 36 m®sr.* With a He—CH, gas mixture and a threshold at 1/ . . the expected velocity
threshold is 1.1 x 10 %c. The electronics is optimized for low-velocity monopoles, where a limit of
4.0x10" " cm ?sr™"s' is obtained, and the effective aperture decreases to a cutoff at v =10""c.

A new version has since been built, with six 7.3 m X 7.3 m double planes. Alternate double planes are
crossed to provide two-dimensional track location. The electronics have been modified to provide constant
aperture up to 3 X 10 °c. Operation by early 1986 is expected.

8. Akeno[162]. Hara et al., also at the Tokyo ICRR, modified the large (130 m* sr) calorimeter of the
Akeno air shower array to function as a AI-ET detector. The electronic velocity threshold is 4.1 x 107 "¢,
but with a threshold at 10/ , the aperture decreases rapidly below 10 "c. A monopole flux limit at
1.4x 107" cm ?sr's™' was obtained after the first 145 days of operation.

9. Frejus [163]. The 6m X 6 m X 13 m nucleon decay experiment under construction deep under-
ground in the Frejus Tunnel contains 1000 flash-tube planes, for an aperture of 1000 m” sr. Since the tubes
are filled with Ne-He, excitation via atomic induction cannot be observed. The 124 planes of
Geiger tubes, used to trigger the apparatus, are filled with A-C,H;OH (2%). The electronic window is
evidently 10 *c <wv <0.1c, but energy-loss considerations probably limit the threshold to just under
107%c. The expected one-year flux limit, 7.3 X 107" em 2sr 's ™' is shown by the dotted line in fig. 19.

10. Moscow [164]. A 6-layer surface array was used to search for very heavily ionizing events
(>1001,,, ) for 2.5 years, establishing a limit at 3.1 x 10" cm s 's™' for v>0.01c.

As in the case of the scintillator experiments, it is difficult to compare the results of experiments which
differ in so many ways. However, the combined result of the AI-ET experiments at 107%¢ is
1.0x 10" em *sr™'s ', while the KGF result using conventional gas mixtures is nearly an order of
magnitude lower. The La Jolla experiment is the first to probe the possibility that monopoles are bound to
stellar systems (v =10"*c), and we look forward to large-aperture results in this region.

8. The MACRO detector

A large consortium of physicistst from CERN, Italy, and the United States has proposed a 12 000 m* sr
Monopole, Astrophysics, and Cosmic Ray Observatory (MACRO) to be located 4000 hg cm * under-
ground, in Italy’s Gran Sasso Tunnel [165]. Since it will consist of scintillator counters, streamer tubes,
and track-etch detectors, description of this bold proposal does not conveniently fit into any of the
preceding sections. Much of the prototype development has already been completed, approval for the
dominant Italian parts of the venture have been obtained, and 1/9 of the detector should be installed and
operating by late 1986.

Although the monopole search is the primary goal, MACRO will also search for point sources of
high-energy neutrinos (by looking at secondary muon directions), for neutrinos from supernova core
collapse (contained events in the detector), and will do standard cosmic ray muon physics at an interesting
depth.

Most of the components are arranged in horizontal planes. Each module is 6.2 m X 12 m X 4.7 m high,
with the long dimension of the module nearly filling the width of Hall B in the Gran Sasso Laboratory.

* Several numerical corrections to the paper have been made, and the quencher was really methane.
+B. Barish (Caltech) and E. larocci (Frascati) are the co-spokesmen for the collaboration.
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Fig. 20. Planned MACRO-detector layout in Hall B of the Gran Sasso Fig. 21. Cros } orwith the cut along the
Laboratory. Each module is 6.2 m X 12 m, 5o that the entire 18-module length of the detector hall. Vertical planes of streamer tubes (ST) and
array is 111.4m X 12 m. scintillation counters cover the ends of the modules.

Eighteen such modules more than fill the length of the hall, for a total length of 111.4m. The
arrangement is shown in fig. 20. Both ends of the “connecting gallery” shown in the figure meet the north
side highway tunnel, providing truck access to the laboratory.

A section across one of the modules (parallel to the long axis of the hall) is shown in fig. 21. Large
liquid scintillator counters span the length of each module (crosswise to the hall) at its top and bottom.
Ten layers of streamer tubes, also oriented along the 12 m length of the modules, are arranged as shown.
Near the midplane is a layer of plastic track-etch detectors. Half-meter thick concrete slabs separate the
layers. The overall height was chosen to provide reliable time-of-flight determination of muon directions,
which is essential for the neutrino-physics goals of the experiment. Not shown is a top concrete cover,
which might serve as the floor for an experiment occupying the upper 10 m of the tunnel.

Also not shown are the module “ends”. Two vertical planes of streamer tubes (with wires horizontal)
are separated by a plane of scintillators, similar to the ones used at the top and bottom of the array. Given
that module sides meet other modules, the detector is nearly hermitic. The ratio of active area to total
area is about 0.96.

The 25cm X 50 cm X 12 m scintillation counters are evolved from those developed for Homestake
[151]. The mineral-oil based liquid scintillator fills PVC boxes with teflon liners (for total internal
reflection). The 20 cm diameter hemispherical photomultipliers were chosen to optimize time resolution.
A threshold at 0.17_, will be used initially; gain calibrations will be made using the 30 muons which go
through each box daily.
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The He—-n-pentane filled plastic streamer tubes are also based upon a well-tested design, this time in
the NUSEX detector [158]. The 3 cm X 3 cm tubes are in a plastic extrusion, with conductor (graphite)
only on the vertical walls of the extrusion. After some hours of operation, an equilibrium charge
distribution is established on the dielectric horizontal planes, shaping the field. Readout is by means of
conducting strips on the outside of the extrusion, parallel to the tube direction on one side and at 45° on
the other. Since one electron—ion pair can initiate the breakdown, operation at 0.0037_;, is expected. It
will also be possible to operate some of the planes in a proportional mode, should a reason develop to do
$O.

Two of the various triggers are relevant to the monopole search:

1. A slow coincidence between top and bottom scintillators initiates detector readout, including
waveform digitization of the scintillator pulses. Among other things, a monopole candidate must show
the proper relationship between pulse widths and the transit time between top and bottom layers. The
electronic window is for v>10"*c, but as usual dE/dx limits the lower velocity to ~5x 10™*c.

2. An AI-ET trigger will be implemented using the streamer tubes. Because of their low threshold and
the presence of natural radioactivity, some degree of pattern recognition must be implemented to obtain
low trigger rates. Uncharged monopoles with v >10"*c should produce this trigger.

The track-etch detector package near the mid-plane of array consists of two 1 mm sheets of CR-39
(with expected threshold 5 x 10 *c) and four 0.2 mm sheets of Lexan (for v >0.3c). The appropriate
50 cm X 50 cm modules will be etched if the electronics produces an interesting event.

The turn-on of the detector over the next several years will be a gradual process. The entire detector
will be able to establish a monopole flux limit at 0.6 X 10™"° cm > sr~'s™" in one year, and operation for
about a decade is anticipated. It thus offers the exciting prospect of searching well below the Parker limit
for monopoles with v >10""c.

9. Terrestrial limits based upon nucleon decay catalysis

There 1s yet another rock to look under. In section 2 we wrote the nucleon decay catalysis cross section
as

(v/€) ppwo = 107 cm® fos

where the scale factor f, was perhaps as great as unity, but was very likely O(10™*) or so. It was also
possible that catalyzed decay proceeded only through the “weak anomaly”, with f, ~ 10™"*. Neutron star
luminosity limits were used to find Ff, <10 cm >sr™'s™". If catalysis does proceed with a weak
interaction cross section this limit is not very interesting, but another possibility exists. Under terrestrial
conditions (but not in a neutron star) a monopole might bind to an odd-spin nucleus, and catalyzed decay
would then occur on a weak-interaction timescale. Catalyzed decay might be observed in a terrestrial
proton-decay detector, for example, without severe astrophysical consequences [166 167].

For example suppose the proton-monopole capture cross section were 107> cm (equivalent to f, = 1
at v=10""c, but for a different process). If the capture cross section on '°O were negligible, the
monopole s interaction length in water would be 140 cm (18/2 times the 16 cm obtained in section 2). At
10’¢, an average of 5 ns would elapse between collisions — sufficient time for catalysis via a weak process.
Since the monopole—proton binding energy is between 10 keV and 100 keV, such two-step processes
would not occur in the hot interiors of neutron stars.
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In the astrophysical context, we ignored the possibility that a nuclear angular momentum barrier might
suppress or enhance the catalysis cross section. In the case of a terrestrial detector, where such effects are
important, it is convenient to re-write the cross section as

(v/€)ospuo= F(B, Z) fo X 107** cm

The suppression factor F( 8, Z) can differ from unity by several orders of magnitude in either direction
[65]. The cross section is enhanced for odd-spin nuclei (protons, >’Al, etc.), and suppressed for spin-0
nuclei like * O At the risk of confusing direct catalysis with capture, we note that the same physics leads
to the large *’Al capture cross section relevant to the mica track-etch experiments.

Now suppose that a monopole crosses a large proton-decay apparatus, such as the water-filled IMB
detector [169]. It captures a proton after traveling some characteristic interaction length A_ (140 cm, if
F(B, Z)f, is unity for protons and zero for oxygen), and a catalyzed decay quickly occurs. After another
mean distance A, the process repeats, as the monopole leaves a trail of proton-decay stars through the
detector. The electronic and analysis logic must obviously treat such an event differently than a ‘“normal
proton decay”(!), so that the event will not be lost because (a) the first or last decay occurs outside the
fiducial volume, with decay products perhaps even going through a veto shield, or (b) the first decay
initiates event readout, blocking observation of the rest of the event. The observation of this remarkable
signature would simultaneously demonstrate the two crowning predictions of grand unified theories — the
existence of monopoles and the occurrence of proton decay.

Seven such experiments have reported the absence of such signatures [168]:

1. Irvine—Michigan—Brookhaven (IMB) [169]. This 22.8 m X 16.8 m X 17.5 m water-filled Cerenkov
detector is located in an Ohio salt mine.

2. Aachen-Hawaii-Tokyo (AHT) [170]. An event multiplicity of =4 was required in the 17 m® water
detector, unlike the =2 requirement in all of the other detectors.

3. NUSEX [171]. This iron-plate-limited streamer tube detector was described earlier in connection
with a direct monopole search [158].

4. KAMIOKANDE [70, 172]. A 3000 m® water Cerenkov detector is located 2700 hg cm ™2 deep in the
Kamioka mine, where the University of Tokyo scintillator array is located at a shallower depth [140].
Limits based upon the lack of neutrinos from monopole catalysis in the sun, also set with this detector,
were discussed in section 2.

5. SOUDAN-I [155]. Described above in connection with direct monopole detection [155], this
103 m” sr PWC-in-concrete detector has also been used to set limits based upon the absence of
multiple-interaction catalysis events.

6. Kolar Gold Fields (KGF) [174]. This proton decay detector, consisting of 34 horizontal layers of
PWC’s and iron plates, is 6m X 4m X 3.7 m high, was mentioned earlier as having established the best
PWC limit near v =~ 10""¢ [156].

7. Dublin [175] While the primary purpose of all the above arrays is the direct detection of nucleon
decay, this 0.90 m’ water Cerenkov detector was built specifically to look for monopole-catalyzed decays.

Perhaps the best multiple-interaction flux limits have been set using the IMB detector. Results after
300 days (most of the currently available livetime) are shown in fig. 22. The contours of constant A,
correspond to monopole-proton capture cross sections of 1.5 mb, 15 mb, 150 mb and 1500 mb. We have
also added curves of constant f,, to make contact with our previous discussion of direct catalysis
(catalysis-in-flight, in this context). As the interaction length becomes large compared with detector
dimensions, the probability of multiple interactions becomes small, leading to the larger flux limits for
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Fig. 22. The IMB flux limits as a function of monopole velocity and monopole interaction length in the water-filled detector.

larger A,. Similarly, very slow monopoles encounter electronic acceptance problems. For intermediate
velocity and short interaction lengths detection efficiency is high, leading to the “bottoming out” of the
flux limit at 3.4 x 10 " em st ' s,

Similar curves exist for all of the other detectors. KAMIOKANDE limits are nearly as low as those

from IMB, while the other range upward.

10. Conclusions

Over the past three years, in a search of unprecedented scale and intensity, theoretical and
experimental physicists from many specialties have quested for the legendary relic magnetic monopole, a
particle required in the context of a very general class of grand unified theories. Occasional rumors to the
contrary, there is at this point not one shred of evidence for its existence. The most dependable
measurements, those obtained with magnetic induction experiments, now limit the flux to just over
107 em™? sr™'s™/, and we anticipate an order of magnitude improvement within the next two or three
years. Direct searches with scintillator arrays have nearly reached 107" cm *sr™' s™' for monopoles with
the local galactic virial velocity, a flux limit also set by rather solid astrophysical arguments. Somewhat
more conjectural astrophysical arguments lead to limits 4 to 7 orders of magnitude lower. Price’s searches
. . R -19 I I | 1n-3 : . .
in ancient mica also reach t0 10" " cm ™ “sr s for v =10 "¢, albeit with assumptions as to what was
going on back at k7 = 50 keV. Some of these arguments and searches are invalid if nucleon-decay catalysis
exists, but in that case neutron stars would glow too brightly unless the flux were very, very small.

There are still possible habitats to be searched: If for some unknown reason the monopoles choose to
orbit stars, there typical velocities at the earth are =10 *c, and here the first new-generation PWC
experiments set preliminary limits near Sx 10" " ecm *sr™'s ™', not far below the induction experiment
bou?ds. We look forward to much better limits in this region, as well as to further improvements near
10 "c.

Even with negative results, the adventure has been well worth the trouble. Theoreticians and
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experimentalists alike have reached new levels of understanding and technique, and new cross-
disciplinary and international collaboration exists.

We must regretfully conclude that the massive magnetic monopole is not only endangered, but very
likely extinct. We hope for nothing more than to be proven wrong by future experiments.
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