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MAGNETIC MONOFPOLES™*

Ta ihis talk op magnetic monapoles, firnt ) will brielly review
some historical backgreu.d; then, [ wil! describe what scveral
different types of moaopoles might leok Bie; and Sinally T will
discuss the mxperimental situation.

In relating the bistory of the magoetic monapole and the
ideas which led up to its prediction, ] Lke to start with Maxwel).
As you all know, bullding upon the pioneericg work of Coulomb,
Ampthre, and Paraday, Maxwell in 1865 istroduced the displace-
ment currest and wyole dowa what we now call Maxwoll's
equations.! lu contemperary notation, these are:
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¥ use Jere Gaustlan anits, which are particulariy convenient; one
$440 the vasuum parameters gy m ¢ w | and, as a consequence,
electric and magnalic charges are expressed in the same uwits.

It is well kpown that this system of equations can be solved
by introduclng tbe potentials ¢ and A, which sre derivable from
the source terms 4wp and 45 /c, and then solving for the elec-
tromaguetic 8¢lds by using

Bu-¢-22ond Buixi ()
In covariant notation one wiites Eq. (2) as
va = ap"u - av"m (3)

where AP = (é,ﬂ; # and » are the usua) indices which range
from 0 to 3,

While Maxwel) introduced the eleciric di current
85 /bt in analogy to the magnetic tarm 95782, Equ. (1) are
still not completely symmeiric with respect to electricity and
magnetism. They have cnly electric source terme — no magnetic
soutce terms. This, of conrse, was quite reasonable, since there
was no evidence whatwoever for magnetic sources.

1 believe that Heaviside® was the first to publish (In 1683) a

symmetrical ses of Maxwell’s equations:
G Deaanp i:ﬂ-%%?a-:!j’ “
4
V Bmdre —ﬁxﬂ-%%?=‘-{-i

Here ws seo that the magnetic souree Yenma which Heaviside
iotroduced are 48¢ and 4x3/c. But if you read Boaviside’s book,
you will see thal be didn’t really balicve there were physical
wagnetic sourcen. He called thess termns *ficticious®; he had

ouly included them as A ¢cunvenient way to deseribe the "mag-
netification™ of materiala,

T4 Is ulso interesting to note here that Lhe minus sign to front
of the ¥ x £ term indicates 1hat a Ieft band rule governs the fields
associated with magnetic curresty, in contrast to the right baod
rule associated with elacirie currents. Thus oot enslly sees here
the basis for the oft repeated statement that maguetic cbarges
wiolale parity.

Dirac® in 1031 was the Gret o suggent that we should con-
sider the possibility of a particle which wonld earry maguetic
charge. In order to descrlbe the *Coulomb® feld from a mag-
netic charge g, sitnated at the origin of a coordinate system,
Dirac proposed the vecior potential

=~ g FxA
A=A ®
wheve @ is an arbitrary unil vector. 1t is a good exerciee for the
student to show that using the standard formuls, H = V x 4,
Eq. [5) will indeed give the *Coulomb® field, B = gFf +*.
But there is a problem here, Everyone knows that the di-
vergence of 3 curl is identically sero. That is ;

G- Ba¥:¢xd=0. (5)

Thus, thera can be no magnetic charge in Maxwall's system of
equations if we insist that 5 w ¥ x A A related aspect of
this difficulty is evident In a glance at Dirac’s potential. The
denominator of his expression for A equala sero for apy 7 along
fi. ‘This sero in the denomizator leads to & divergence in the
magnetic Geld which bas come o be known as Dirac’s string —
or simply a string.

Essentially what Dirac’s formunlation led to was the appear-
ance of 2 Coulomb-like magnotic field, but one In which shere is
no actual magnetic charge. It Is easy to show mathematically
that in Divac's formalation all of the fiux which appesrs to ter-
minate npon {or emanate from) a monopole really goes down
along the string which Is eonnected to the "charge.” As a cooee-
quence, there is no magnetic charge as a source, and slnce there
is no maguelic charge in this formulation, Maxwell’s equations
have bot really been symmetrived,

In Fig. 1 we have an actist's conception of Dirac's menopole
with ite string attached. Here you eee the maguetic Conlomb-
like field of a north pole with the string going oft 1o the right
either to infinity or to a catnpanion south pole. One can thiok of
the string as very much resembling 2 tube of quantised Gux i 3
superconductor. We shall see below that the minimum chavge on
a Dirac mouopole is g, 5 68.5¢, where ¢ ia the positron charge.
Such a charge would be associnted with a etring ecataining two
of the superconducting flaxons {of magnitude g = Aef2¢). In
the context of QCD it is somatimes proposed that such strings
congect the color charges of quarks. Another way to look at
Dirac's pola is thal it la just the end +f an Infinltely long,
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infinitely $hin solenpid. In the Bgure, the Littls rings aloag the
string are just an artist's conception of some mechanism for
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bolding the string $ogether. H the siring has sero radius, it
would have an infinite amount of encrgy per unit length. This,
of course, is an additiona) difficulty.

r2-ae “ieg
Fig. 1. Dirac mozopole,

{u order to make & more iractable theory, Diract iotroduced
an additicnal term ju the formulation of the Geld tensor, Fi,.
That Is, be modified tbe relationabip between the Gelds and their
potentials by writing

Fun = 0,4y = B, Ay + 4T, (G')" )

where the additiona! term necounts for the string variables. But
this approach s not entirely satisfsctory, even though it was as-
serted that the etring should be unobserable. For example, in his
quantum mechanical formulation Dirac had to veto any electron
contact with the strog. This notion of 2 velo is inconsistent
with that of unobservability,

But o epite of these dificulties whick one findp with Dirac’s
formulation, his 1931 paper Is properly viewed as a major paper
in theoretical physics; it inltiated mouoopole physics. Furtber-
more, it Introduced tbe extremely important idea that there ina
definile relationshij, between electric and magnetic charges. He
derived this relationship by using simult gauge transf
maations of the electromagnetic field and the electron wavefupc-
tion. Assuming that the wavefunction of the electron ma.t be
single velued under these iransformations in the presence of a
maguaetie charge g, Dirac obtained the relationship

eg/hc=n/f2, 8)

where 1 is any integer. The amallest nonsero tagnetic charse,
then, occufe when a = 2.

Behwinger,® who much hier invented the uotion of a dyon,
s pardicle carrying both electric and magnetic charge, derived a
simiar relationship:

o2 ~ s
e Taa @)

where ¢ and g, are the eleciric and magnetic charges of the ™
dyon, and again a Is an loteger. Thus the miviwum Schwinger
mopopole {n = 1) would bave twice the maguetic charge of the
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minimum Dirac monopole (assuming in both cases that ¢ is the
charge of the positron). It is pow generally believed, however
that from the point of view of quantum mechanical gauge trans-
farmations the Dirac formulation Is correct. To be conslstent,
then, Eq. (8) would have an n/# on the right baod side.

These relationsbips tell us two very Imporiant things. First,
the magnetic monopole is expected to carry a very large charge.
Using the empirical fact ihat the fine structure cosstant o =
€'/Rc = 1/137, one deduces that the (smallest) monopole has &
charge equivalent to about 68.5 elecirons. Thus the Dirac mag-
netic charge g, 2 68.5¢. Secoud, and even more important—and
this was polnted out by Dirac in 193]1—{be existence of a mag:
netic monopole of this maguitude could account for fact that el
ementary pariic.. 1 are abserved to bave chasges which aye quan-
tized in units of «. Furthermore, the smpirically observed value
of e would now have x quantative explanation.

A maore physical way to understand the Dirac quantisation
condition was suggested by Saba® in 1836, Saha's hevristic ph:-
ture for the gbantum refaticaship between electric and magsetic
charge i depicted in Fig. 2. One first imagines that an electric
charge e and a magnetic charge g are separated hy a (vector)
distance 4. Then one forms she Poyating vector

= ¢ x Bfaa. (10)

P, which carriea electromagnetic momentum, can be seen to
circulate around d, as indicated in Fig. 2 by the large arrow.
This leads to an angular momentum along d. The integral of this
angular momentum over all space bas a magnitude equal io eg/e
—independent of the length of d! Thl.ll. Saba said all we have
to do is thiok in terms of quant jes and tize this
angular momentum in units of A/2 and voild, we have Dirac'a
relatiopship. H one believes that this angular momentum should
be quanticed in units of A, one obiaine the original Schwinger
relaticnship.

A a
\ .
~— - \ P
- : N .
*~ ) -
\\ -
P \
- \

Fig. 2. Dustration of Saba' calculation. The full ar-
vows represent the magnetic field from the (uovth) mag-
netic monopole g. The open arrows represeat the slec-
tric Gield from ske (potitive) charge ¢. The beavy arow
indicates the irection of cireulation (around &) of the
momentum carsied by the Poyoting vector.

You will recall that the original motivation for this snaly-
sis was the idea that Maxwell's equations should scmebow be
symmetrired—that E and H should phy symmetrical roles, as
would electric and magnetic charges. A manifestation of this




symmeiry is that the simultanesus substitutions

E~H RA--%
g G =p {11)
ele. dte.

will leave the symmetrised Maxwell's equations iavariaat. That
is, If one zeplaces all electric quantities by their magaetic conn-
terparts and al) magnetic quantities by sajpus their electric conn-
terparts, then ope regains Maxwell's equations. Obviously 2 sec-
ond application of these substitutions ylelds minue ihe criginal
Maxwell's equations. This invariance has been called duality
invariance.

Before exploring duality invariance further, for completness
I would like to remark that there are other important invari-
ance properties of Maxwell's equations which have been known
for a long time, It waashown by Lorents” ju 1892 that Maxwell’s
equations are jnvariant under the six parameter group uow known
as the Larents group. The operators of $hls group generate the
thras pomsible rotations in three-space and the three possible
Lorents trapslormations in a four dimensional Miskowski space
(3 space, ) time). More generally, Maxwell’s equations are also
invariaut under the operators of a ten parameter group called
the Poincar group. This gronp containg the six operators of the
Loreniz group as a subgroup as well as arbitary displacements
aleng the four coordinate axes of Minkowski space. And finally,
it was shown® in 1910 that Maxwell’s equations enjoy invariance
under the eperations of a 15 parameter group called ihe confor-
mal group, This group containa the tea transformations of the
Polocard group as a subgroup as well as Gve more: four called
the special conformal transformations plus one called the dilita-
tion tranaformaticn, which just changes the scale of the coordi-
nate gysiem. It follows from dilitation invariance that equations
which are jovariaut under the operations of the conformal group
can contalp nothing which represente » scale. Consequently,
such equations can cnly describe masalesa particies, The pho-
tan, of course, is considered to be a mazaless particle.

Relurniog to duality invariance, it was poiuted ot in 1025
by Rainich® that this discrete "refiection” conld ac-
tually be gencraliced fo a symmetry of coutinuous rodation by
an arbiteasy angle ©. Thus, in 2 plane lo which the x-axis In
the magnetic directlos and the y-axis In the electrie direction
ond can rotate al} of the terms of the symmetrized Maxwell’s
equalions by an arbitrary angle ©. For example,

B =Ecn0 + B sh®
#=-£ sn0 + e,

When ope thep collects all the primed terms (wbich relate to
the newly chosen magpetic and electric directions) one sees that
one again has the set of symmetrised Maxwells equations, just
as before, but this time In terms of the primed quantities. So we
tan see that ibe distinction between electric 208 magnetic charge
in merely oue of definition. H it had been asserted the early days
that the electrop was praguetically charged, thea my colleagues
and [ would presently be engaged in searches for ¢ hjects carrying
what we would then call elecirical charge,

Ia coasidering duality invariance, Cablbbo and Ferrasi' ave
shown that If one introduces a second four potential

M = (%, M), (3
one can sliminate the Dirac string. Thia Is done by modifying

3
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the relationahip between the electromaguetic Geld tenser and the
poteatials. They write

Fuo = 8uA. — 8,4, + o B°MP, (14}
where €,.0s s the totally antisymmetric tansor. Hag and

Biedeobarn, who contlnued the study of theas deas T showed
that Eq. (14) Is equivalest to

Bu94_28_ G hd and
?“? _ (1)
B=-9y-2.0xi

Oze cag easily see the ‘reflection” gymmetry mentioned above
i» malptained by the subslitutions

d=d V-4
Aokt M--i {1%)
Vsing the two potential approach, it is casy t0 see why there
are no eirings atiached to magaetic charges; magnetic charges
and magneiic corrents are associated with the vector potential
AP, while elecitic charges and casrents “generate® A, With
this dual system of potentials we have 8o prgblem with maig-
taining ¥ - (¥ x A) = 0 simultancously with ¥ . F = ¢xa 20,

It is appropriate to mention, bowever, that the two poten-
tial approach of Cabibbo and Ferrari doee entail some possible
difficulties. For example, it has been shovn'? that except under
very resirictive’ conditions there is no single Lagrangian from
which ope can derive Maxwell’s equations and the squations of
motion for massive pariicles.” This problem also extends into
quantum electrodynamies (QED) because the Lagrancian and
ite associated play a fundamental role io s formu-
tation.

With this discussion as background malerial, 1 would ke
to describe to you suother scrt of manopale called 2 vorten."?
This ohject is 2 semistassival configarativt of genetalived electro.
magnetic charge and its associated eleciromaguetic Selds, which
eatisly the symmetrised Maxwell’s equatione. It Is constructed
to he Inveriant under a certain O[d) = 0{3)x0{3) subgroup of
the cogformal group. 0(4) is the orthogonal group of rotations
in jour dimevaions, apd O(3) is the orthogoaal group of rotations
in thres dimensions, One of these 0(3) groups is just the group
of rotatiops in three dimensional space. The other 0(3) describes
toroidal rotations, akin to the vortex motion of o smoke sog.®

Thus the vorton carties two different kinda of angular momen-
tum -~ the ususl kind, and a toroidal angular momentum.

An artist"s conception of a section of a vorton Ia shown iv
Fig. 3. Here wa sos 3 doughnut-like object, which le simply
one of the coordinate surfaces of a torcidal coordinste system. ™
There Is no epecific sise predicted for this doughtaut-like object.
One expecte that vortesy can come in any size, just as photons
can come with any wavelength. These results are dirsctly tied
to the dilltation invaziance of Maxwell's equations.

i but called the Invariance by tbe name *dyality lovariance.”
12 Thls result is perbaps not vareasonable, since musslve par-
g:]:l gb;i“k c:'n!m::la{ invasiance, while Maxwell’s equa-
conlormal invariance.
55 ol kind of motion Is called a0d fhe moments
associated with thein, anapoles.'
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Fig. 3. Vorton.

The arrows in Fig. 3 indicate that the rotational motion
s comprised of two compotente—one d the s-axis (along
Lnes called parallels) and the other around the surface of the
dooghrut (along lives called meridians). One can apply the
Bohr-Sommerfeld quantum condition $o these angular momenta,
{semi-classically) quantisiog tbem in unile of A. Then, setting
the eergy of the configuration o » mini , one obtains spe-
cific values for the magoitude of the eleclrennnmc charge Q
of the vorton as a function of the angular momentutn quantum
numbers. For ope unit of angular tzm ip each rotati

the result s
Qz - BIJ: (1

which using e? /hc & 1/137 Is squivalent to Q & 25.83e.

Since the symmaetrical Maxwell's equations do ot single out
any specific direction jn the eleciromaguetic plane, this charge @
can be eleciric, magaetic, or in fact, a0y combination of electric
and magnetic, as long as the magnitude is 25.83¢. One obtaina,
theu, a circle of radlus 25.83¢ i the generalized electromagnetic
chatge plane, where the duality asgle @ is arbitrary, as shown
in Pig. 4. As indicated, the intersections of this circle with the
axes are where one would place electric or magnetic vortons. To
et the acale of this circle, the locations of the electron and a
(north) Dirac monopole are also shown.

Etectric Vorton

Electei¢ Axis

Mognetic Yorton

/ e

Electron

Mognetic Axis

Diroe Monopole
168,50

"o LYY

Fig. 4. Geaeralised eleciromagnetic charge plane
with efeciric aud maguetic vortons, 8 Dirac moncpole,
and clectron fudicated.

Vortons bave adother interesting feature. It turna out that
as a result of the two rotations, the vorton casties what is called
topological charge, Topological charge !s a global property of
s Seld. That is, i§ cannot be Jocalised {0 any specific location,
but rather is a funchion of ihe entire feld dlsiribution. A simple
everyday analogy Is a koot in a string. The knot ian't focated
at auy particular point on the string, bul rather ita existence
depends upon the configuration of the siring an a whole. An-
other, perhaps better, analogy Is the twist in a Mobius strip.
Fig. § illustrates this idea. The strip laballed b has no twist and
hence is equivalent to an object zarrylng n topological charge
of sero. The oirip labelled ¢ is the usual Mbius etrip with one
balf twin™ to the left 30d hence can be thought of as having
a topological charge of minus cne. (I am $acitly asauming right
hand twista are poditive.) Strip d, then, with two {half) twists
to the Jeft, has 2 topological charge of minus 2. If ane now locke
at strip @, on¢ £ees that it also bas two (half) twists, bt in
opposite directions. It is easy to convince yourself that Fike 2
rubber band, ope can nntwist this sizip »d obtain at a st ip
like that labelled b. That is, negative and positive topological
charges can cancel ¢ach cther.
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Fig. 5. Topological charge Hlusirated by MGbius strips.

Now it has been ahewn that topological charge is a conserved
quantity.! Thus, one expects an object which carries topological
charge to be etable, unless it ebould apcounter another such
object carrying an oppoalte topological charge. Oue concludes,
then, that if vorions are mere than s mathemsatical curceity,
they wonld be stable,

" Mntl!y it would be mose appropriate to use a full twist
I 10 a unit of ical charge, but it is more
mwmmiodmlhl!-tw aslide.
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In summarising their features, vortons could come with any
mase, but with a specific electromagnetic charge magpitude @ =
£5.88¢. Tt one conside:s the duality angle 8 1o be a troe degree
of freedom, this Q could be anywhere on the cirela shewn in Fig.
4.

Let us 2ow turn to the mainstream of precant monopole of-
foris. Thess are based upon what are called non-Abellan gauge
thecrles, These theories are extensions of ¢lesiromagnetiam,
which !s an Abelan gange theory. I won't go into any details
of gange theories bere, but for background, some of you may
be interested in reading one of the manay articles which have
besn published on the subject. For example, there is an excel
lent discussion of gauge theeties by Gerard % Booft jo Scientific
Ameriean,t?

14 appears that pardicle interacticns are amenable fo a group
theoretizal descriplion for which

SU(3) = SU(2) = U(1) (18)

is the sherthand. SU(3) is the color group which geverns quan-
tum chromodynamics, the underlying theory of the strong inter-
action, 8U(2) goveros the weak interaction and U(1) quantum
elecirodynamica—tbat is, electromagnetism.

The ides in that these three groups are subgroups of some
larger group, aud that the interactions which they describe are
metely 7 :vent lacets of one basic or fundamental interaction,
which would be associated that larger group. (It is appropriate
to point oul thal the correct desigustion of thls larger group
has not yet been made. It s fair to say, howsver, that there
are numercus theoretical candidates.) It is In this way that a
Grand Uglfication of the intecactions would be achleved, and
the theories which do this are called Grand Unified Theoriea or
GUTe,

Al of this Is intecesting for monopole anters, because it
torns oul that these Grand Unified Theories have monopoles
20 eolutions 4o the ficld equations—grand unified monopoles,
or GUMs for short. In 1874 % Hooft!® and Polyakov'? inde-
pendently showed that non-Abelian field equations had Bnite
energy monopole sojutions. These theories also avold the Dirac
string problern by elaborating the relationslip betwean the field
tensors and bho potentials. In this case the relationship is

Fo = 0a AL~ 8, A% + furc AL AS f19)

where a, &, ande are group indices, labelling the gauge fleide—that
is, the pboton as well a2 all of the other fields which are described
by the group—and f,» are the atructure constaats of the group.

There Is & good discussion of Grand Unification for the in-
terested layman by Boward Georgi in Scientific American.® The
theory he describes is an SU(E) theory, which beeaks down Into
the subgraup product shown in Eq. (18). In ihis theory one ex-
patts monepole aolutions which might look as showa in Fig. 6.
An a core, this monopole has an X bosen, which carrles a force
which ean $ransmute quarks to leptons. The X boscn Is expecied
to be very massive. [t's mass is estimated 1o be ~ 1013GeV /c?.
Outalde this core are virtual photons, gluons, weak interaction
boscos, as well a3 guark-antiguark pairs. The monopole is de-
picted 1o be In layers (which are not to scale), where each layer
exiends oul from tbe central core by an amount squal to the
Compton wavelongth of it major component. Thus, the radivs
of this monopelt is on the order of the aise of & gucleon even
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thongb the monopole itself Is estimated o b+ aven heavier than
the X boson—10' GeV /2, may.
N, 1 /
N e
5 r s

Fig. 6. Schamatic representation of 3 Grand Unitied Monopole
{GUM).

Outsida the monopole is 3 standard Coulomb-like magpetic
field. As one follows these maguetic Lines of force from the out-
side back through the surface of the monopole and Into the jn-
terlor, one finds that through the extra term on the right had
side of Eq. (18), the magnetic field begins to *twist” In group
space, gradually taking on the qualitiea of the *magnetic® field
associated with the other bosons. Again, there is no magnetic
charge.

One would expect that instead of 2 Dirac siring there wonld
be thege other magnetic-like fiekds coming back out from the
monopols. Hut this does not, in fact, happen. Through a
spontaneous symmetry breaking process the intermediste vec-
tar bosons of the weak force bave acquired maes, and hence
their assoclated fields are of limited range {X = A/me ~ 2 x
10~¥¢m). In the case of QCD, the color forces are thought to
be confined—though this has never been conclusivaly demon-
strated mathematically, Thus the QCD magnetic lines cannot
ematate from the monopole either, and one is lelk with ag ob-
ject which carries only the umal Coulomb.like magnetic Geld.
It ook Jike & magnetic manopole from the ouiside, but joside
there is no magnetic charge as such, just a dwist or kink in the
fields. Apd there are no sirings attached.

The large mass of these GUM» results in behavior patterns
which are qualltatively different from thooe of coaventional par-
ticles, which bave masses an the scale of 2 few GeV or lemy, For
example, if & GUM is travelling at a smzall fraction of the velocity
of light, it earries an enormous amount of energy and momen-
tumn. Comsequently, GUMs are very penetrating; 3 monopole
travelllng with a velocity v such that § = v/fc = 1073 or even
10~ can peneirate the entire eorth. This penetration, of course,
is aided by the fact that at low velocities, the enesgy loes per
centimeter is very muck veduced. Another feature is that at the
wmxface of the aarth ncn-magnetic binding forces of GUMs to or-
dinary atoms will be overcome by the graviational foree. Thuw,
monopoles at rest would oot be expecled to remain st rest, but
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Fig. 7 The Stanford mopopole candidate event. This figure
is taken from the Stanford preprint that was pubsequently pub-

llahed as Ref. 24.

would fzll toward tho center of the earth. It does turn out,
however, ihat the magnetlc binding forces between 2 monopole
and an atom or molesule with a large magnetic moment™ such
as magnetits jren ore, are strong encugh to reals! the gravita-
ticnal force. Thup one anticipates that over the millennia GUMs
may have become trapped io such materials, These rather novel
aspects of auticipated monopole bebaviot have L2ad 10 novel ex-
periments, at lcost by past standards, to detect them.

The question Is now, "Where are we with respect to the
discovery of monopoles?™ Wa know that in 1886 Hertr demon-
strated the physical existence of mdio waves, about 20 years
after Maxwell wrote down his equations which predicted clec-
tromagnetic waves, On the other hand, now in 1084, it i over
50 years since Pirac predicted magnetic monopoles.

ARer Dirac's seminal paper, there followed a few monopole
search experimenis over the aext several decades, but they all
gave negative resulis. While this is an interesting bistory, I won’t
have tima to cover it here. For those wish to pursue it, a good
discuesion of the history of monopola theory and experiment has
been published by Amaldi2

I will pick up the story in 1081 when Blas Cabrera at Stan-
ford University realised that if there were a low velocity compo-
pent of GUMa in commic rays, that it would be quite conceivable,
even probable, that for varioua reasons searchers up unti) that
time wonld pot have detected them. But more important, he
realiged that be had b his diaposal all of the apparatus, already
bullt, with which be could detect these cosmic GUMa. He had a
four tors Aip coil of 20 em? area {which was designed 1o measure
the magunetic eld in a magnetically shielded dewar), a SQUID,
and a chart recordes.

Detection of the monopoles would $ake place using the indue-
tion principle.?® This principle derives from a siralght-forward
application of Maxwell's equalioul Bach time & GUM passes
shmugh a superconduciiog leop, there would bs a emall jump
in the current Bowing in that loop. This jump would be equiv-
alent to that which would be caused by a Aux change of two
Auxons threading the coil, To set up bis experiment alt Cabrera
had to do was use bis SQUID to menitor the current in the coil
and feed its outpul 1o the recorder.

On February 14, 1982 be was rewarded with the spectacu-
lar data shown in Fig. 7. At about 2 PM the current in the
coil jumped by almost exactly the amount one wonld expect a8
a result of an object carrying coe Dirac monopale (2¢4) going
through the four turn coil. From tbe chart recorder trace, one
can easily see that system nolse Is very low and is not a prob-
lem. From tbe thres jpserts in Fig. 7 ope can conclnde that
normal routines such as transfer of Gguid nltrogen or iquid be-
Tum would not Jead to such ap event. Cabrers alio tiied various
mechanical perturbatione but was not sble to generate auy spu-
rioua cvents of comparable magnitude. News of this event spread
quickly. So much interest and spectulstion was generated that
Cabrera decided to publish® all be koew about it. Since he
was not yet convinced that It was oot some sort of background
that he couldn't think of or that he couldn’t produce upon com-
mand, he made no claims of discovery, but cnly labelled the
eveni a monopole candidate. As a poesible background, he used
this candidaie event to set an upper lmit on the cosmic ray
GUM flux of 6.1 X 10~¥em=1g-}er),

"85 Actually supercouductivity i not an essentlal feature of the
induction principle, but it makes the fechaique practical.
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Figure 8§ sbows ta what this evens did to the Interest in
monopole physies. Ia ledt band histogram the ordinate, labelled
*Interest,” is the total number of papers in a given yoarthat have
the word “monapole” or “dyon” in the fitle. Prior to 1073, there
ware only o few papers on moaopoeles, aud jo many years there
were no papers at all. Since that time ibe interest in monopoles
has grown enormously. There are siow on the order of 200 papers
per y=ar being published on various aspects of monopole phyaics.
While the presant loterest in the theory of monepeles wans initi-
ated by the mopcpole solticas found by "t Booft sad Polyakor,
by now mencpoles are seen $o have impertant implications in
many other disciplines, such as asirophysics and esmology. It
is clear, Lien, that the discovery of a monopole would be ex-
tremely important and would have far-reaching consequences,
indeed.

Mengpoles 19731983 Caperiment

Does are left Tinking 1b: Joop, and as & consequence there s an
mseociated electric current Bowing in $be loop. The senee of thie
current is indicated by the untal arrow hoad and tail symbols.
As 3dvertised, wa see that the sense of this electric current in
relation to the gemerating magnetic eurrent i glven by 2 left
band rule. Finally, in the bottom pieture we see the monopsle
moving away from the loop. The loop remains with a residual
carreat flowing in it to waintain the Increment of additional
flux now linking is. The flux from the monepole itsel] no longer
threads the loop; it ban broken sy by 3 process depicted in
the jnsert. The current Increment AJ is glven by

AF= tang/1, ()

where n ja the gumber of turus in the detection coil, 7 is the
moucpcla charge, sad I is the inductance of the coil and its
ted detectlon circuitry.
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Fig. 8. Thls figure, which histograms the number of
published menopole papers, is an updated version of
one complied by 3. Preskill®® Tbo data comes from the
SPIRES data bace at SLAC, and I wish to thank R.
Gex for assiptance in its preparation.

The right haod histogram is the subset of the total sumber
of papers (given lg the left band histogram) that one would call
*sxperimental.” That is, they either propose an experiment, de-
eribe a specific experiment, of discuss some aspect of monapole
experiments, such a8 energy Joss. One sees bere the peaks en-
geodered by {he Price amnouncement® of the discovery of 2
monopole In & cosmic ray experiment ualng a track-eich tech-
aique, now retrseted,” and the 1982 Cabrera menopole can-
didate eveni obiulned using the Induction technique. Today
there ars many different techniques being used 40 search for
monopoles, sad even if no events at il arve found in the next

_neveral yeary, ) wipect the intavest level will coptunue to remain

high.

Of these various experimental techniques, T would like to
start with a brief description of the Induction techulque, It in
such an elegant application of the phenomenon of superconduc-
tivity, and as such is an appropriate tople for this conference.
The principle fellows directly from the symmetrised Maxwell's
equations, that ls, from the equation Juvolviag ¥ x £ and the
magnetic curreat §.

A physical representation of the theory Is given in Fig. 9. In
the upper pleture we see a north maguetic pole approaching a
superconducting Joop. The motion of $be pole, of eourse, toeans
that there Is & maguetic current Rowing from Jeft 1o the right.
As the pole gets closer Lo the loop, we see, as a tesult of the
Melssoer effect, the fux Iines deforming to avold the loop. After
the pole has passed tbrough the loop, we sse that some flux
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Fig. 9. Priociple of induction tech-
nique, after Cabrera

Figure 10 is & schematic depiction of » typical induction
experiment. Inside @ superconducting shleld the detection coil
is sbown feeding 3 BQUID, alec inside a superconducting shield.
Thess two components must be well shizlded in order to avoid
spurious algnals or large noise backgronnde due %o Bocinations
In the ambient moguetic Geld. To give you an idea of the care
{hat experimenters will take, the shiclding in the initial Stanford
experiment provided 180 db of isolation from external maguetic
field changes, and the feld at the detecior coll was about 50
pasogsuss. You will meall that the earth’s magnetlc field is
about balf 3 gauss.

Supercorducting
Sheetds
'r 5Quid

Fig. 10. Schematic of a typical inductlon detector.



The SQUID, which stands for Superconducting QUantum
Interference Device, is tha key component of the fnduction. de-
tector. Aa mast of you know, It is a most elegant application in
the macroscopic domaia of the quanium mechaoics of supercon-
ductivity. And sines SQUIDs ars axtremely sensitive devices,
they are perfectly adapted to thes challenge of directly detecting
an Individual elementary partiels, But it would bs presumptu-
ous of me {0 tell this group how s SQUID operates, 3o I shall
refrain. For those of you who would like 10 know about recent
developments in SQUID technology, I see from the conference
program that there will be several sessions on SQUIDas and their
applications. Aed, in fact, some of the papers will be discussing
SQUIDs i conjunction wilk monopole detector,

Whex ap induction experiment 1s properly set up, one only
has to look at the recorder output once 2 day, say, and make sure
that the liquid nitrogen and bellum levels are adequate. Liquid
transfers cay be automatic, or made manually as cequired. Typ-
ically, for experiments now ln progress, on the chart recarder
there are also records of maguetic fiskds, mechanies) vibrationa,
Tine vollages, etc. Thess are referred to as “counter imsuigency™
measures. For example, the accelerometers are sengitive enough
to detect the slamming of laboratory doors. If an event should
occur, the first thing the experimenter would do would be to
check the tracen of all of the counter insungency records io see
if the event could be asgociated with some kind of background
disturbance,

Figure 11 depicts the configuration of the Stanford group’s
present detection apparatus. This apparatus has been operating
since January 1983. The mafor improvement in this experiment
over their initial one ia the use of three orthogenal detection
loops, complete with a calib=atlon coll. They periodically pulse
the calibration cail to assure themselvea that the detection loops
are functiosing and the amplifiers ave set to the proper gain.
The present srrangement has an effec.ive sensing area of 476
<m? (averaged over 4x steradlaos) for double colncidence eventa.
The direct detection ares for a monopole passing through two
{or three) of tbe loops, which wil! give a coincidence signal, is 71
em?. It turns out that if a mencpole passes near the loops but
does not go through any of them, one stills expects an induced
eignal, though considerably smaller than the direct signa’. Thin
leads to 3 pear mies sigoature which ie siill adaquately abave
background, ¢contributing snnther 405 cm? of effective detector
.

In November of last year, tbey published®® a description
of this detecior and ibe resulls of about four monibe of data
taking. The results were negalive and gave an upper limit of
3.7 X 107% em™2aec~Ygr~! (with & BO% confidence level) for
moncpoles of any mass st apy velocily passisg through the
earth’s surface. This result lowezed thelr previous flux Limit*¢
by a factor of 38. This qumsbar lnclndes the near miss detection
area. But gince there are no evenils, one does tot peed to be-
come embroited in questions about the validity of any pear miss
events, There aren'i any svents o argue about,

By uow they have added In excess of another year to this
data sample and siill have not seen sny events, Thus, they bave
reduced the upper limi} yel furtber ~by more than a factor of
150 below the rate implied by the initial ovent candidate,

in order to set yet lower rate limits wsing the induction tech-
Dique, ove must make harger loops and put them in arger de-
wars. But these larger loops bave more area aud comsequently

are mote sensitive to Auctuations in the background Selds. Thia
problem is compounded becauss lurger loops tend to have larger
inductance aad bence by Eq. (20) will yield smaller signals.
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Fig. 11. Pressut Stanford mogogale ‘ctector apparstus®

Oxe technique to ameleorate the problem of greater valper-

-ability of jarge cvils to nolee, which was suggested by Clandia

Tesche and ber collborators a? IBM,M s called 2 high-order
gradiometer. The Hea of 3 kigh-order gradiometer is to wind
the detaction loop in such a way that the sense of the coupling
to a uniform mugpetic Geld aliernates over the surface area of
the loop. The mere alternstions there are, the bigher the orde:
of the gradiometer. Through careful construction one can use
this idea to caneel cut not oply the uniform field eoupling, but
also as many of the higher order tarms In the Fourler expansion
of a wore general field as one whbes.

This idea I demonstrated in Pig. 12, Oue etaris with a
single (square) loop, as shown at the upper left hand coruer,
labelled a. The plus sign indlcatas the sense of the caupling.
One can then combine $his loop with one of equal area, but of
oppr-i¢~ s~~2¢ aa shown in Fig. 12b. It is clear that there In no
coupling of this (composite) loop lo a uniform feld. Oae can
then replicate the loop again, 4o achieve additional cancellation,
as chown in Fig. 12z, In Fig. 12d this atep i carried cue otep
farther in both the x aud y directions. At thin point, coe sees
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that it one Is claver, some of the wires can be eliminated, becanse
certain of the adjacent aveay have the same coupling sanse, Car-
rying this step out yields the configurution shown in Fig, 12
Thin Jast stop is useful because it not caly simplifies the loop
construction bu$ also reduces the loop Induciance, increasing
the expected signal level,

fo}

to larger loops the signal falla 28 Iv'T ratbier Absn 4/, where &
is the inductance of the loop. This approach aleo eaables cne to
improve the impeadance match belween the detector loop and
the SQUID, eliminating the need for 2 matching ransformer.
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Fig. 12. Representotion of gradivmeter principle, after Ref. 31.

A similar jdes bas been independently nuggested by Henry
Frisch and his collaboratoms at the University of Chicago, Fermi-
1ab, and Michigan.*? Their variation, which tbey cal) macramé,
in Wustrated in Fig. 13. Agaln the full Josp ares is subdi-
vided into smaller orean or cells with opposite coupling scnves;
the word macramé wae chosen because the wiring was originally
surung by hand on 3 1.6 mm circuit board, The 2lid lines 1ep-
resent wiree on the front eide of the board, the dashed Lines,
wires behind, The arrows indicate the segee of the current flow
through the wires,

Subdividing tba loop area, ay illusirated in Figs. 12 aad
13, also bas the advantage that the foial loop area can be made
larger with respect to the cross section of any given dewar, When
a monopole penetrates Lhe superconducting shield it will leave
trapped tlaxons, which will tend 10 cancel on} $be aignal directly
induced by ths mozopole in the delector loop. The decoupling
distance between 30 ordinary loop and the fluxcus trapped in
the superconducting shield goes like the loop diameter, while the
decoupling distance for a subdivided loop goes like the cell sise.
Conseqevently, for given a dewar sise, gradiometer coils can be
made larger, and hence more sepsitive, than simple coils,

There is ancther very simple way to improve the perfor-
maoce large Inductien detectors; it s called n series-parallel
gradlometer,®® and s ekeiched In Fig. 14, In Fig. 14a one sees
two Jecpa in paralle) with a common diagonal, in which one con-
mecls the SQUID input as shown. It is a gradiometer becanse
the coupling these twv loope to a uniform field Is of opposite
sense. In Fig. 145 one sees how the diagonal can be rercuted ta
give & higher order gradiometer. With this scheme, a» one goes
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Fig. 13, Macramé gradiometer pattern, taken from Ref. 32,
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(b) Distribuled Poargllel
Grodiomeler

Fig. 14, Dietributed series-parallel gradicmeter, taken from
Ref, 33.

‘With this ratber short summary of the induction technique
used for monopole detection, 1 would now like to show you some
of the cperating apd prejecied induetion experiments. Two of
these have data samples ronghly comparable in magnitude to
that of the second gemeration Stanford detector shown in Fig.
11

Figure 15 depicis » monopele detector constructed by the
IBM gronp. It has planar gradiometer detectors ag the six sides
of a rectangular parallelepiped 20 showu, and 3 valld mozopole
signal requires a coincldence betvern any two of these plancs.
Its area of 10° ern?® makes it about twice the (effective) size of
the present Stanford device shown in Fig. 11. The IBM group
staried dats :aking with this device on October 3, 1983, sonie-
what [ater than the Stanford detector, and has ran essentially
continuously without sny monopole signal. Since they bave seen
no events, the present data of this experiment iteelf reduces the
limit by a factor of about 200 times below that imphed by the
original event candidase.

(a) Two Loops « Fargliel
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Fig. 15. Current [BM monopole detector, furnished by P.
Chaudhari,

The olher major contribution to the reductisn of the presenl
cosmic GUM fux limit by the induction techalque from a
dovice being operated by the Chicago- Fermilab-Michigan eollab-
cration. Details of this debector were reported®™ at the Monopole
183 Conferepce st Aon Atbor.”® The detector consists of two
60 cmn dizmeter !ooploﬂhemuﬁméduin The eflective area.
of these loope laken together is 2100 cm?, about twice that of
the present 1BM device. The ambiect field at the detector coil
in thia device ls In the range of 1 to 10 milligauss. This mean:
that when ope constructs larger detectors, such heroic shielding
efforts, nudulmphnmtdmthﬁmﬁnﬁrdweﬂmut
will not be uqulred

The collaboration started taking data on August 29, 1083,
and have been operating the detector for over 8 year now. Since
hey have yeen no monopole events, this accumulated area-time
product is also shout 200 times the original Stanford sample.
Together these three induction experiments raduce the cosmic
GUM fluyx timit by an estimated facior of about 500, or almost
0 10712 em=2a=lar-1,

This impliea strongly, but not concluslvely, that the origi-
nal Starford monopole candidate was soroe kind of background.
Consequently, the motivation for more sensitive experiments
tends to become decoupled from that original Stanford event
and focusses ou a much smaller flux, the so-called Parker llmit ¥
which is ~ 10™% cm~2y~larL,

The Parker Yanlt  derived from 1be fact bat the galac-
tic magretic Beld in observed to bave a mean strength in the
neighborhood 3 16 5 microgauss.®® Tha existence of such a fleld
is incompatible witk a2 magnetic monopole Sux [o excess of the
Parker limi4, The reason s simply that if there are too many
monopoles moving through this galactic feld, they will extract
enough energy from the maguetic field ic “quench® it. This
B, which turns out o be a function of monojole mags, is plot-
szd in Fig. 16, Should monopoles turn out 4o be heavier than

nn-npml-ahonmnmlmhmwdm
" NB Mﬂeﬂoﬁnwhldnmnotmudhﬂn
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at Boulder has successiul ted some-
what sma T“mn;duetion detector jn an E;:b ent flald of 3
mjlligl\lll.

about 10:T GeV/c? their mans reduces this quenching effe-t and
the upper limit increanes. If should be heavier than
the Planck mass, the flux imit is delermined by {he mawimum
amount of mass whith monopoles could contribute to $he mass
of the galaxy and to the universe. In this range, if monopoles
are assumed 1o be heavier, fewer of 1brm are permitied, and the
limit becomes xmaller as tke assumed monopole mass increases.
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Fig. 18, Parker Nmit on cosmic ray

GUM flux ax a function of monopole
mass. The inlormation in this Ggure
is extracted from Ref. 37. The il
mated GOT mas of 10%% GV /c? and
the Planck masa of 1.22 x 10" GeV)e2,
{Re/G)i, where C is Newton's gravita-
tional constant, are also indicated. The
velocty v = 107%¢ Is ivpical of what
one might expect for cormic monopoles.
The shape of the curve will vary some-
what with velocity.

For completeness, | should mentiog that there are otker 3.
trophysical limits™ on the possible monopole flux, some of which
are considerably smaller than the Parker Gmit. But since the
derivation of thege limits usnally entalls additichal 288umpicas
and ape consequently less secure, 1 will pot cover them here.

Vrith the thought of approaching thi Pasker lmit, the TBM
group bas formed a collaboration wist Brookbaver Natioual
Laboratory and is presently building o larger detector as shown
in Fig. 17, B i» essentially a sealed-up version of she present
1BM device but with an effective soincident detection area of
3.6 m*, They hops $o start Iooking for mozopoles with this de-
vice in 1085, If it aperates succeasfully, they wouid view it as a

Tl g »
SR op

- ;ju
}./4/ Ry
S s

\'ﬂ.lﬂ SHELL

L L yaroR SlL e~ e

Fig. 17. Schematic of a prototype of future JBM mononale
delector, furnished by P. Chandbasi.
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prototype for 3 prop farm ised of perbap
many as 20 such units. Su:hampddzteduuwnldm:h
the Parker limit in 3 conple of years of operatisn.

Figure 18 schematically depits the detector which the Stan-
ford group is presently constructing.®® The detector apparatus
will be placed in a dewar mearuring 3 feet in diameter by 22 feet:
lang, having a 4.2° K cryogenic compartment 20 inches in diam-
ater by 20 feet long. These dimension are dictaled by the fact
that the dewar already exists; it was used to house a prototype
gravitational wave ant Using a 3hand dewar has at
feast two advantages. It saves some money, and it enables the
group to get cn the air sooper. As shown, they presently plan
1o use zn eight sided array of series-parallel gradiometer panels,
each feeding its own SQUID, A twe-fold coincidence aignal will
ba used. The large length to diameter ratio of their geometry
permits them fo Jeave off end panels without significant loss in
effective aren. The effective senaing area of this proposed detec-
tor, averaged over 4w steradians, i 1.5 m?. They plan to be on
the air in early 1985.
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Fig. 18. Future Stanford monopole detector, furnished

by M. Taber.

There is a very interesting series of induction experiments
balng carried out by a group al Kobe University in Japan.¢®
Schematice of their firnt two detectors are given In Fig. 19. Kobe
I is a three turn superconductiog coil of 8§ cm diameter, and
Kobe I is a 2 turn coil of 14 e dlameter. These detector coils
were placed below ovens which contained charges of old iron ore,

tic sand, and maghemite. These ch were then heated
to above their Curie temperatures, the point at whirb they Jose
their natural magnetism. The idea is that if there should be
30y monopoles trapped in these materials, they will become un-
bound at the Curie temaperature. The m~nopoles, reaponding 1o
the earih's gravitational force, will then fal) toward the center
of the earth, passing through the dets -ticn coils. Kobe T has
examined 428.4 kp of material and Kobe 11, 514.5 kg. Taken
together, these two expetiments set An experimental™ Emit of
almost 10~ monopoles/p.

1 These experimests have ron a total of 1010 4+
hmcomewm y ¥bey also serve to set 2 on
cosmnic ray GUM flux, bus 3t j» mnch smaller than the
ready discussed,
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Fig. 18. Schematic depictions of the KOBE 1, a.nd
KOBE H detectors, {urnithed by T. Watanabe.

The Kobe group io now planning along these lines a much
larger experiment in conjunction with Robe Steal Ltd. They
plan to place two 21 cm dianteter, 2 tura ¢oils below the cooveyor
of a sintering farnance.” In this way they can examine iren ore
for moncpaoles at 3 rate of about 50 tona/month. They hope to
hzve this apparatus operating by the summer of 1985.

1 would now like 1o take a few moments to teli you aboul
a pole search experi that Steve St. Loraot and ] are
working on at SLAC. It is 3 low budget experiment featuriog a
usea superconducting magnet obiained from Argonne Natioca!
Laboratory. A schematic of the experimental arrangment ie
shown in Fig. 20. The maguet Is about 2 = luog bas 8 7
cm warm bore, and a central field of 50 kilogauss The idea ia
that this inagnetic Geld cag accelarate monopoles from a source
into an electron multiplier tube (EMT), which is used a4 3 de-
tector. Io the preset coofigaration we are vsing a tungsten
filament 28 a source. Small samrles can be placed on this fila-
ment agd beated, *boiling off® .tae monopoles. They will then
be accelerated by the solenoidal Seld and detected by the EMT.
To eliminate any mulsiple scattering or energy loss, the source
is in a commor vacuum sysiem with the EMT; the vacuum is
better than 10~ torx, which correspends io a mean lree path of
>0 m.

It is amusing to calkulate the capability of this apparatus
as a monopole accelerator. The kinetic energy K E (in electron
volta) picked up by a owoopole of strength g in iravelling a
distance £(cn) along 3 magnelic field A (gaues) is given by

I E =2 300BEs/e, (21}
where the factor 300 is used 1o convert! atatvolls to volts Eq.
(21) tella ys that for Dirsc monopoies we have a 200 GeV ac
celeralor — not bad, covsldering ils sive in comparison 1o more
conventional accelerators.

But more to the poiat, we can use Eq. (21) and the fact that
the EMT can dete-t ions carvying (even lees than) 1 keV to as-
certain the capability of this ap asa e det
‘The region of sensitivity o(m lpparatulm lu-mudmopcle
charge and le mass is indicated by the shaded part of
Fig. 21. F: light objects, 1he limiting factor for detectability

P A -iniumpetimebtllnbm proposed by a Wisconsin
group,tt
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Fig. 20. SLAC monopole accelerator and detector.

is kinetic energy, and we have arbitrarily taken this limit to be 4
keV, well above the energy of detectable ions from the iungsten
filament. (Actually, electrons of only 200 eV are detectable; they
yield about two secondary electrons.) For objects heavier than
& tungsten ion {~170 GV /¢?), we assume that to be detectable
they must have a welocity at least equal to that of a 4 eV
tungsten ion {f = 2 x 10~9).

Unfortunately, we sce from Fig. 2] that this apparatus can-
got detect 2 GUM,; even with an envrgy of 200 GeV, it wonld
bavea 8 ~ 2% 10~7, much too low for detectability. Actually, we
dos*t coneider this ¢o be a serious problem; we believe vhat there
ave already enough people looking for GUMa. Ratber, we view
our experiment as adding diversity to the search for monopoles.
The experimental regions that this detecior is uniquely capable
of exploring is the region of very small magnetic charge. One
sees Lhat this apparatus can detect monopoles with charge al-
most as small as 100y,

‘This in virgin lerﬁlnrym and as such is the experimental
motivation for this effort, However, we note that there are also
some theoretical proposals which fall within the shaded region
of Fig. 21, One ia the electro-weak monopole, shown with a nnit
Dirac charge and a mass of about 10° GeV/e?, Suck an object
migkt be expected in an SO(3) theery, such as 4hat explored by
'\ Hoofi.'8 Another possibilily is a vorton atom,

One arrives at the notion of a verion atom by the following
line of reasoning. If the angle © is & true degree of freedam,
then one could suppose that a vortop would asek a potential
minimum by hecoming electrically positive and binding electrons
to jt. This minimum is at € = /2, for which the varton charge
will be +25.83¢. In such & situation, one expecta it to bind 26
electrons, making a quasi-iron atem, But if @ is a true degree
of freedom, then it should have associated with it § kT, where
k Is Boltsman's constant and T is temperature. It is shown
jn Appeadix A that one expecis such aa atom to have an rms
maguelic charge equivalent to ~ 10~%¢, well below the range of
sensiivity of prior mopopule searches ™!

In fact, the best experimental limit to the abundance of such
stoms is given by quark searches io bulk matter. Such searches
would give a signal because a vorion atom cannot be electrically
peutral; the quasi-iron vorton stom would have a charge of

10 This fact was noted some yeam ago Ig Usachev,4? wha at
D et e Btion ot B (8 or ()] b
rac jon £ or awa

and should not be fully truhd.‘"
11 Thbe most extensive monopole scarches in bulk matter have
been done at Berkeley.S i

0.03 g9, which is equivalent to
n;ar:ﬂ'-mld:.ofm hw:ddeddmneﬁcw-
with O =0 v, but oot be able to see vorton aloms

canying g ~ 10~%¢,

~0.17c. If cne wishes to avoid questions of what various refin-
ing processes might do these atoms, one should focus primarily
on searches in unrefined natural materials. The best published
search that 1 kucw of in this category, which addresses the ques-
tion of quark charges at the de/6 level, ylields for objecta carry-
ing a charge of either 52/6 or —e/6 a limit (with 3 95% confidence
[evel) of no more than 8 (aod consistent with sero) ia 85 pg of
native mercury. ¥
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¥ig. 21. Plot showing the region of sen-
eitivity of SLAC monopole detector, with
meoopole magnetic charge and monopole
mase a8 the coordinates, The jungsten jon
calibration point, which gives the lLimita of
detectability, is indicated.

As cne might surnnise, jo our experiment it turns out that
the size of the (natural) sample which ooe beats with the fla-
ment is severely limited by cutgassing aud the loss of a good
vacunm. Consequently, our present efforts consist of trying to
devise ways 1o concentrate monopoles from natural materials
onto cur tungsten filamen?. So far we bave seen no monopoles.

A very simple and inexpentive niethod that has general ap-
plication for detecting mouopoles is the track-etch technigne,
which was pioueered by P.B. Price aod his amociates. This
tecauique baa beet used in experinients 1o ¢earch for monopoles
in patural materials, accelerator experiments, and cosmic rays.
The detection technique depends upon the radiation damage
that jo done when a highly fonising particle, either electrically
or maguetically charged, passes through certain materials.

The principle of the experimental process shown in Fig. 22.
In Fig. 22a, a parilcle of (electrical) of charge 2 and initial
£ is shown eniering the detector material. Abeve a certain
threshold, ionization damage for electrically charged particles is
a function of Z/f;; for magnetically charged particles, {to first
arder) there im™ any velocity dependence. The little wiggly
Eines along the (dotted) track denole radiation damage along
the track. Thia track damage ¢an remain dormant in the ma-
terial over extended perioda of time—even many thousands of
yearm. It Bas been found that the chesnical elch rate of cer-
fain materials is increased in the vegion of radiation damage.
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The detection material jin “developed,” much as a photographic
negative is developed. Plastics such 28 Lexan and CR-30 are
examples of detection materiala; for these, sodium hydroxide is
the chemical that is used 28 the etching solution. As shown in
Fig. 22b, when the material is put into an etching solution, some
of the material dissolves. At the same time, due to the increased
elch rate, pits are formed along the track. If the sheets are left
in the etching solution long enough, then holes will be etched
tbrough the sheetw, as shown in Fig. 22c. The minimum de-
tectable charge, which will result in such a hole, depends upon
the streagth of the solution, the etching temperature, and the
duration of the etch. It is an casy matter to scan large areas for

such holes,

3

(@ Yz (b} (e},
Fig. 22. Jlusiration of charged particl= detection
by the track-etch techoique, furnished by P. B.
Price.

Track-etch experiments are very suitable for uge in an ac-
celerator enviropment because they are essantially ineensitive
to minimum ionizing particles. Thus, sheets of plastic can be
wrapped around a possible monopole source, such aa the in.
teraction point of a storage ring, aad left for extended periods
of time —even as muck 28 3 year or more. They can then be
removed, etched, and scanoed for tracks.

The limits set by several track-etch experiments, as well an
some other accelerator experimentsm are given in Fig. 23. Ex-
cept for the SPSC experiment, these limits reach well below
the QED point cross section and the weak interaction cross sec-
tion. Therefore, to search further in the mass range accensible
to present accelerators would bave to be mativated by thoughis
of some more exotic production mechanism. Of course, as new,
more energetic accelerators become available, it is impartant to
search their products for monopoles (as well as other possible
particles).

Track-etch experiments lookiang for ic ray monopoled, in
particular GUMs, have also been performed. Relative {o induc-
tion experiments, however these experiments have the disadvan-
tage that they are not sensitive to monopoles with law velacity.
A recent cxperiment reported by a collaboration of Japanese
groups,® which bas exposed cellulose nitrate {CN) sheets of a
total area of about 100 m? for 3.3 years, estimate their sensi-
tivity to cut off below B = 0.03. Tbeir limit, Jabelled *DOKE
(CN)™, is plotted jn Fig. 24. (My apologles to the "et als™ of
the experiments shown in Fig. 24; the full List of autbors will be

112 Fig. 23 is nol a complete representation of all accelera-
tor experiments; older results, and results yielding less re-
strictive limits are omitted. For a more complete coverage
contult Ref, 53.

found in the ref } Experimentera at Berkeley®5%, who
have exposed arrays of CR-39 at high altitude, calculated that
they were sensitive for monopoles with # > 0.007. Their fux
limit, labelled *BKLY™, is alo plotted in Fig. 24. Their calcu-
fated velocity limit is indicated by a short vertical line at § =
0.007.

| 1c 100
(Gevre?) o84

i T T T T

E 1032 —

£ i SEECIA5]

3 4

el 1 “
C_ ISR iar) o

E R

L | PETRAL4)

& L , sesisar T
- r -

E ~ 35

g 1074%

(5]

Maonopole Moss

Fig. 23. Production croses section limits
(at the B5% confidence level) of scme mag-
netic monopole experiments performed at
accelerators. Reference numbers are in
parentheses. The solid lines represent di-
rect searches by the track-etch techrique
and the dashed lines, indirect searches {gen-
erally involving magnetic extraction from
aamples subsequent io exposure).

Recently it has been argued” that the repulsive diamagnetic
interaction between the GUM and atoms in the plastic detection
sheets will result in 3 region of sensitivity in CR-39 at § ~ 107,
It is further argued that if the monopole ehould be bound to
a proten, then the sensitivity would be enhanced even more;
monopole-proton composites in the intervening velocity region
would also be detectable, and the track-etch sensitivity in CR-
39 would extend from S = 1 down to § ~ 3 x 1075, This
line of argument leads to an extension to the original Berkeley
result. This extension, labelled “PRICE (CR-39)," has also been
plotied in Fig. 24.

Such an extension finds some theoretical support, for it has
been argued® that coamic ray GUMa would, in fact, be bound to
a proion. There is an additicnal complication, however. It has
been pointed out that for certain GUTe, monopoles will catal-
ize nucleon decay.3%® If this is true, the proton in the bound
state of monopole and proton would decay, probably with a life-
time too short to be useful for the track-etch detection tech-
nique. But while this possibility would militate against the ex-
teneion of the track-etch techoique to low velocities, it affords
another way to eearch for cosmic ray GUMs—a method called
“catalysis.” Monopole catalyis experiments are being performed
a8 2 by-product of experiments looking for the decay of the
proton, which is predicted as a consequence of Grand Unified
Theories. Several experiments utilieing this method bave been
reported.t1-%3 The first of these®! gives the best Bux Limit and
is plotted in Fig. 22 labelled “ERREDE (CAT}.>

Before going op to the ionization experiments, I should mes-
tion one other interesting brack-etch experiment.™ The detector
in 2 13.5 cm? piece of mica, etched with hydrofluoric acid. Thia
experiment is of interest because of its very low Hux rate limit,
which is plotted in Fig. 24 as "PRICE (MICA)." The low rate
derives from the long exposure time—4.6 x 10 years. However,
when one contemplates the significance of this result, some cau-
tion is advised. Mica is not a particularly sensitive material
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(at the 1 evens level), The Parker limit jp indicated

for purposes ¢f comparison.
for the track-etch technique, and, In fact, is not sensitive enough
to detect a monopols carrylog (af any velocity) a Dirac charge.
As & way arouud this problem, the authors bave assumed that
the monopole has captured s pucleue—aluminum, say, While
the authors put fortb srguments why nuclear capture shouid
pecur, one should bear in mind that even if these arguments are
valid, there are n couple of dificulties with this assumption: 1)
if the monopole has alrsady captured 2 pmton. as :ugguled by
Bracc) et al.’® then the necessary (subseq)
mnldprobnblymm(ndaclm+mm“uum
leave an deteciable track in mica) and 2) if monopoles catalyse
nucleon decay,**#? then the monapole would probably not apend
encugh time bound ko efther & proten or to 3 puclens to make
an detectable track,

In addition to tbe jnductios and track-stch experiments,
there are alas numercus experiments that use ionisation to far-
vish the GUM eignal. Before the advent of the mamive comnic
12y GUM, nc one worrled very owch about whother there would
be encugh ionization along 3 monopole tradk; eatly calcalations
showed™ that the energy loss of 3 monopole was ccmparable
te that of a particle of charge g; the ratio (to ficat order) of
their energy losses was ahewn to be {gA/g)’. Consequently, for
evet moderate vélocilles, the large anticipated charge of the
motopale wouldiuuu:alublul‘nl.whi:hnuldbemy to
detect.

Bntmmﬁﬂ!bmcpuhdhhdn,pedﬂym
very slow, and the energy loss along the track of a low velocity
mozopole had to be considered In detall. This has now been
done, 47 and the resulis are plotted In Fig. 25. Also indicated
in Fig. 25 Is the earih's veloclly xround ke suz, § = 1074,
Since for an eanth borne detector, ihis veloclly would add to
ihat of any cosmic object, It affords a conservative target for the
{lawar limit of) valocliy senaltivity of a cosmic ray monopole

experiment. While there otill may be some dlspute about the
lower cutoff of fosisation detectom, [t appears to be a safe bet
that a carefully designed experiment locking for icnlsation by

ernventional techniques can see poles down to 3 equals a
few times 1074,
1ot l[erlns Orhiat vmc::’
o |
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Fig. 25. Energy loss by lonisaion (See
text).

The curve iz Fig. 25 {abelled "Drel ot 21" refers to what is
now kaown a8 the *Drell Mechanism **? 3 shiftlog of the atomic
energy levels due to the large monopole field, which bas a high
probability of leaving (he atoms along the monepele track in an
excited state. This curve indicates that specially designed ex.
periments based upon this mechanism cag get down to perbaps
8 ~ 2 x 10~4, These considerations sbow that there is a ve-
locity region where the jnduction experizients are upique, but it
isn’t very large. There Is 2 recently repc- :ed experiment®® which
utilizes the Drell Mechanism, plotted 1© Flg, 24 as "KAJINO
(DM).® This experiment, at 3.9 m (wicth) by 3.3 m (length)
by .4 s (beight), is large relative 1o prasent Induction experi
ents, but it is small ¢. ‘npared to its competition in ionigation
experiments. They report their lower velocity cutoff to be at
B~3x1074

Jouization experiments bave the advautags that they can be
made very much larger than the induction sxperiments. While
a large sive, of coursa means 2 large cost, such experiments can
do movre than just look for monopoles, making it enaler to justify
the large cost. The lazgest operating Jonlsation experimens®”
—sametimes referted to 3a the Baksan experiment after jits lo-
cation in the Soviet Unlon—bhasa muriae areaof 16 mby I6 m
and stands k1 m tall. There are same publisbed results®™ from
this experiment, which are ploited in Fig. 24 lobelled "ALEX-
EYEV.” Since that publication, additional data has been taken
and these results have been updated.™ This updated finx lrvel
Emit is aleo indicated in Fig. 24, habelled *CHUDAROV>

There are numerous other experimants uslng jonization to
furnish the detection signal. Without golog over these in de-
tail, I have just plotted the mare recent tesults in Fig. 24. For
purpases of comparisob, the rate implied by the original Cabr-
era event and an estitnite of the present induction limit are
also indicated. I joclude Table 1 to give a brlef description of
the apparatus of Vhese experiments and indicate the appropriate
references,

s Actually, some of the ﬁmton decay experiments are larger,
such as Errede & ol. % which has at effectlve area of 550
m3, But these ;enenlly look for menopoles via catalyuis,
which is more teauous as 2 signature.
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TABLE 1
Reference ecior Ares x Solid Angle
Tarle™ Scintillator 1T.5 msr
Groom™ Scintillater 2.7 mPar
Mashima® Scintillater 22 misr
Bartelt™ Prop. Cnir. 5.7 m? % 4xer
Kajino®® Scintillator 11 misr
{Stage I)
Kajino (DM)® Prop. Ontr. 247 m? or
(Stage IT)
Bovarelli™® Scintillator 36 m?sr
By CR-39 15 m?
Bkly* CR-39 16 m?
Price (CR-36)*7  Same as Bkly3$4¢
Krishuaswamy®®  Prop. Cnir. 218 misr
Alexeyev ® Liq. Scint. 1850 m2sr
Chudakov™
Fricds (CAT)V  Cerenkov 550 m? x 4x ar
Dok. (CN)™ Cellslose Nitrate 100 m?x ~ 6 o1
Price (MICA)®  Mica 13.5 em?
Cabrera tnduction 20 em?
Candidate®
Stanford® Induction 476 em? X 4% or
IBMM1 faduction 1000 em?
CFM™® Induction 2100 em? x 4x or

Uzforiunaiely, [ don't have time to describe some of the
more exatic lechoiques, such a2 a acousiic detection,” detec-
t u by superconducting phase changes," or by optical pump-
ing magnelometty,™ which various groups are investigating. In
addition to these efforts, there are definite plans to build large
detectors of a mere conventional sort. For example, a Japanese
collaboration™ is setling up a 1680 m? track-eteh detector using
CR-30. Avcther very inleresting proposal it cne submitted by
a collal jou of ten European groups aa well aa half a dosen
from the Upited States. The proposal Is to install a detector of
1000 m? sepsitive ares (~ 10¢ m¥sr) In the experimental hall
of the Grap Basso Laboratory in Italy.® In a year's operation
of such » detector » flux at the Parker limit would yield thmee
detected events. The Gran Sazso scheduling committee will be
looking at this proposal (as well as others), and 1 am told that
may make 3 decirion 45 early as December of this year.

It is clear from the magnitude and diveraity of these efforts
we think $hat monopeles are important—perhaps even funda-
mental. | bope I have convinced you aa well. If we conld anly
find one.
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APPENDIX A

An estimate of the rms maguetic charge of a vorton atom.

The voricn'® has an eleciroinagnetic charge @ = 35.83 with
an arbitrary duality angle ©. If the voricn is electrically posi-
tive, it will thea bind electrons to it, leading to a reduction in
the overall potential energy. The potential energy will be a mic-
imum when © = x/2. This situation corresponds to the electric
vorton designated in Fig. 4. It wilbave a g=0and a Z2 =
25.83, bindiog to it 26 electrons (forming & pseudo-iron atom).
The tetal binding energy for atoms bas been calculated ™ Intes-
polating between manganese and iron, this binding energy for
Z=2583 in 34 keV.

Now if © is a tree degree of freedom, then © will fucluvale
about the mivimum of potential energy at © = #£/2; by the

quipartition th , the m=an reduction in the total binding
energy 8 E due to this motion will be i xT.

One can estimade the resuliant rms maguetic charge §g asso-
ciated with these fluctuations. First note that the total binding
energy as 3 function ¢f Z goes Like B%: one power due to the
nuclear charge, one power due to a reduclion in mean radius
(< ! >~ 2), and one power because there are Z electrona,
Since only two of these factors will vary for small fluetustions,
one writes

6B 282
T (41
or
24E R
2= 5 (A4.2)
Figure 26 indicates that
(Sg/e)? 2252, (A3)

Substituting (A.2) lato (A.3) and setting 6E = J&T yields

ZT
7 _
(6g/e)' = <5 (4-4)
Using Z = 25.83, AT = 1/40 eV, and E = 34 keV yields
59/c =DOL6 ~ 1072, {A5)

4
25,83}

1hgd A973A N

Fig. 26. Duality angle and magnetic
charge associated with a Buctustion
in the potential energy of » vortoa
atom.
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