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Abstract:
Duringthepastthreeyearstherehasbeenanintensesearchfor slow, massivemagneticmonopoles,presumedto betheoldestobservablerelics of

creation.Thereis little theoreticalguidanceas to theirexpectedflux, althoughsuchparticlesaremandatoryin alargeclassof grandunified theories.
We review experimentalconstraints. Superconductinginduction experimentsprovide the most direct upper limit, 1.5 >< 10_2 cm~

2sr s~at
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the90%confidencelevel, independentlyofvelocity. A RussiangroupusingalargescintillationcounterarrayreportsF~ 2 x lO~cm
2sr’ s- for

monopoleswith velocitiesaslow as10’c, the localvirial velocityin thegalaxy.A searchfor tracksin ancientmuscovitemica establishesa limit near
10_1* cm2sr1s~at this velocity, albeitwith someinterpretativeproblems.These terrestrialboundsare to be comparedwith theParkerlimit at

cm2sr~’s’ (overmostof theexpectedmassrange),aboundat 1019 cm2SC S - if magneticfieldssurvivein clustersofgalaxies,andwith
severallimits basedupon neutronstarobservations——’1O’22cm’’ sr_i s~’if nucleondecayis or is not catalyzedby monopoles.New induction,
scintillation,and proportionalwire chamberexperimentsarein their late constructionstages,and a very large array of He—n-pentanestreamer
chambers,tracketch detectors,andscintillatorshasbeenproposed.Thisactive andexcitingfield would beevenfurtherstimulatedby thediscoveryof
monopoles.

Introduction

The magneticmonopole is the most venerablememberof the mythological bestiaryof physics.
Formally permittedby Maxwell’s equationsbut somehowignoredby most 19th centuryphysicists, it
receivedrenewedvigor with Dirac’s 1931 Study of its physiology[1].Among otherthings,he notedthat
the existenceof an isolatedmonopolewas consistentwith an electron’shaving a Single-valuedwave
functiononly if themonopole’schargegwasnel2a,wheren is anintegerwewill usuallytakeasunity and
a (e2/tic 1/137) is the fine structureconstant.Sincethequantizationinvolvesthe electriccharge,the
quantizationof electricchargealso follows if even onemonopoleexists. Searchesin expectedhabitats
overthe yearshaveall proven futile [2,3].

However,two recentdevelopmentshavestimulatedintenseactivity. Thefirst wastheoretical:“Grand
unifiedtheories” (GUTs)haveappeared,which attemptto unify theelectroweakandstronginteractions.
Theseinvolve somesemisimplegroup(SU(5), SO(10), etc.) whosesymmetry is badly broken in our
presentworld. Sinceit mustcontaintheelectroweaktheoryandhenceanexplicit U(1)factor,topological
defectswhich appearasmagneticmonopolesmust of necessityexist[4,5]. We know of nowherein the
presentuniversethat objectsof such large mass(~10’~GeVIc2)could be produced,but cosmicrays
should includetheseancientrelics of creation.

Secondly,B. Cabrera’scarefulandsensitivesearchwith a superconductinginductionioop turnedup a
credibleandcertainlyinterestingmonopolecandidateevent,which, if genuine,implieda very largeflux
[6]. In the early months following Cabrera’sobservation,thereappeareda host of “opportunistic”
experimentsand theoreticalpapers.It graduallybecameclearthat no easydiscoverieswere to be made,
andby nowthefield hasrevertedto thosewilling to do long anddifficult work,with improvednull results
asthe most likely outcome.

The searchhasstimulatedthevery bestin physicist’s ingenuity. Theoristshaveimaginedmonopoles
bobbingon thesurfaceofa neutonstar’ssuperconductingcore,astheyslowly migratefrom onemagnetic
poleto another[7],while experimentalistshavelookedfor tracksrecordedin micabeforetheirancestors
left the oceans[8]. It is only regrettablethat thereis no evidencefor monopoles.

The emphasisof this reviewis uponexperiment,in partbecauseof thereviewer’sinterestsbut in part
becausetheory hasbeen so well treatedin Preskill’s recentreview [9]. “Experiment” is interpreted
broadly:Any experimentinvolvessomechainofdeductionbetweendataandconclusions.In thecaseof a
superconductinginduction experimentthe chain is very short, becausethere is little doubt that a
monopolewill producea signal.The numberof links is larger(with increasedchancesfor a weakone) in
the caseof Price’s searchin ancient mica, and larger still in e.g. Rephaeliand Turner’s arguments
concerningmagneticfield survival in clustersof galaxies [10].However, evenflux limits basedupon
nucleondecaycatalysisin neutronstarsarestill “experiments”,becausethey areultimatelybasedupon
measureddata.
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Someof the limits aremutually exclusive: If catalysisexists, then limits based upon field survival in
stellar objects or upon the formation of monopole-nucleusbound statesare 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 inductionand
electronic detectors are off by a factor of two. Wemake little attempt at complete consistency in this
regard,since it seemsbetter to makeminimal assumptionsin interpretingeach class of experiments.

Two setsof conferenceproceedings,MagneticMonopoles[11]andMonopole83 [12], are oftencited
in the following pages.Theseproceedingsalsocontain a numberof usefulmini-reviewswhich havenot
beencited explicitly. The proceedingsof the 1981 Trieste conference on the subjectprovidesadditional
theoreticaldetail [13]. A useful counterpointto this paper is provided by Giacomelli’s thoroughand
recentreview [14]. Carriganand Trower have publisheda very nice succinct reviewof the subject in
Nature[15], while their Scientific Americanprovides a more popular introduction1161.

1. Monopoles

The monopoleas the sourceof magneticchargein Maxwell’s equationswas a rathersimpleobject,or
atleastso it mighthaveappearedassoonasoneforgot hispreconceptionsaboutaxial andpolarvectors.*
If we reverseour usualpicturesof E and B, we see that an inducedazimuthalelectric field would be
observedarounda monopolewith chargeg travelling with velocity v, with magnitude

E vgb
— c(b2+

where the impact parameterb is reachedat time t = 0. The direction is “out of the paper”, i.e.,
perpendicularto both the velocity and radiusvector, just as in the caseof an inducedB field. As the
monopolegoesby, anelectronadistanceb from its pathreceivesan azimuthalimpulse~p which is easily
shown to be 2eg/cb,or an angular momentum impulse ~XL= b~p= 2eg/c. If we insist that ~L = nil, we
then obtain the Dirac condition g ne/2a [17].

A very muchmorecomplicated(andinteresting)monopolefollows from the work of ‘t Hooft [4]and
Polyakov [5], who showed that magnetic monopoles are a necessary consequenceof a verygeneralclass
of theories,amongwhich areincludedall GUTs. Underthe simplestof assumptions(no intermediate
massscales,or the “deserthypothesis”)the monopole’smassshouldbe aboutM~/a~,whereM~is the
unification mass (~10’~GeV/c2) and a

5 1/40 is the fine-structure constant evaluated at the unification
mass.The object can apparentlybind a proton or heaviernucleus[18], or might possessan intrinsic
electronic charge [19]. Since the gauge fields nearits 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,althoughour implicit assumptionwill be that the chargeis g/2a.

Presumablyaboutonemonopolepereventhorizonwas producedin connectionwith the breakingof
the GUT symmetryin the early universe[23]. Much later, at about 10_6s, nucleonscondensed.If the
expansion proceeded in the conventional way between these epochs, we should expect about one

The symmetry introduced into Maxwell’s equationsis less pleasingin four-dimensionalnotation, since the magnetic current is a totally

antisymmetricthird.ranktensor.One canrecovera normal-looking4-vectorcurrentby making a duality transformation,but only at the expenseof
convertingthe electric 4-currentinto suchan object.
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monopoleper nucleon.It is possiblethat 90% of the massof the universeis contributedby monopoles,
but not all but a part in 1015! A way out of this theoreticaldilemma(andseveralothers)hasapparently
comewith the discoveryof inflation by A.H. Guth [24].In connectionwith the phasechangefrom the
symmetryof the GUT epochto the brokenGUT symmetryof the next, the radiusof the universe(the
scalefactorin the Robertson—Walkermetric)increasedexponentiallybeforeresumingnormalexpansion.
In thiscaseourpresentinformationhorizonmaynot yethavereachedthesizeof the“bubble” containing
“our” monopole.Theoreticalestimatesof monopoleabundancethus differ by a factor of 1080.

2. Astrophysics

The enormouselectric fields whichcharacterizeatomicsystemsdo not occurmacroscopicallybecause
theyare“shortedout”: Freeelectricchargesarealwaysavailableto cancelthem.For example,although
ablackholemight in principlepossessan electriccharge,it is unlikely to maintainsucha chargebecause
it wouldselectivelyattractprotonsor electronsuntil it were neutral.Evenin the few placeswherelarge
electricfields probablyoccur(suchasnearrotatingneutronstars),thefieldsareproducedandmaintained
by moving magneticfields. Onthe otherhand,magneticfieldsexist on the scaleof galaxiesandperhaps
evenon the scaleof galacticclusters.It follows just from the existenceof thesefields that thereis not a
copioussupply of magneticcharges.* The limits actually set by theseconsiderationsin a variety of
circumstancesderive from the argument,originally madeby E.N. Parker, that the survival of galactic
fields impliesanupperlimit to themonopolenumberdensity[25,26]. In thewakeof recentdevelopments
his argumentshavebeenreexaminedandextended,and exceptionsto the “Parkerbound” havebeen
sought.

While not infallible, field survival argumentsare sufficiently compelling that they must be taken
seriouslyby anyoneplanning new experiments.In this spirit, we review them with somecare.

Limits can also be set using the knownluminosity (or luminosity limits) of objectsrangingfrom planets
to exotic stars.If monopolesexist, suchobjectwill havebeenaccumulatingthemfor along time. Either
monopole—antimonopoleannihilation or monopole—catalyzednucleondecaywould produceexcessive
luminosity if the monopoleflux were too high. Limits calculatedassumingdecaycatalysisin neutronstars
are amongthe most stringentyet found, but only with assumptionsas to the existenceand rateof the
process.

2.1. Velocitiesof massivemonopoles

Left to itself, a relic monopolegas would now have cooled to —i05 mK, so that, for monopole
massesgreaterthan 1 GeVIc2 or so, kinetic velocities would be less than 10’21c. Obviously, such
monopoleswould havebeen acceleratedby gravitationaland magneticforces, and they might have
becomegravitationallyboundin anumberof ways.Possiblepresenthabitatscanbecharacterizedby their
velocities:

1. Notgravitationally boundto our galaxyor supercluster:Monopolesroamingbetweengalaxieswill
arrive at earthwith atleastescapevelocity from ourpositionin the galaxy,or justover 103c(depending
upon the massof the “dark halo”). They very likely will havebeenmagneticallyacceleratedto much
higher velocities.

* An exceptionresultsfrom therathercontrivedpossibility that themagneticchargesarethemselvesthesourceof thegalacticfields, as will be

discussedlater.
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2. Boundto thegalaxyor local superciuster:v 103c.Circularvelocity at the sun’s distance from the
galacticcenteris about80% of escapevelocity from the galaxy (again dependingupon the massof the
“dark halo”), which in turn is just belowsuperciusterescapevelocity. Within the accidentsof thevector
addition of the sun’s velocity to that of the monopole, such “galactic monopoles” will thus penetrate
terrestrialapparatusat a velocity very close to 103c. This theoreticallyattractivepossibility is also
appealingexperimentally,since it provides the lowest velocity (againwithin afactorof two or so)at which
a monopole’s electromagnetic interaction in commonly used detector materials would incontrovertibly
producesignals.

3. Boundto the sun and other stellar systems:v 10- 4c for terrestrialobservations.Since the field
survival argumentswhich setflux limits in the abovetwo casesarenot applicablehere,andsincesucha
monopolemightnot produceasignal in aproportionalcounterorscintillator, thisidea wasappealing—ex-
cept for thelack of acrediblecapturemechanism.Initial argumentnot withstanding[27], it nowappears
that no sensiblelocal densityenhancementover the galactichalo case(above)would be expected[28].

4. Boundto planetssuch as the earth: v <4>< 105cat the earth’ssurface.A capturemechanismis
evenharderto understandherethan in the stellarcase.Carrigan[29] hasset limits underthis scenario
basedon monopole—antimonopoleheatingof theearth,andM.S. Turner[30]hassetevenmorestringent
limits by invoking heatingfrom nucleondecaycatalysis.As will be seen,such slow monopoleswould
actuallystop in the earthif their masseswere lessthanabout1016 GeV!c2, so that (a) the swarmaround
the earthwould needcontinualreplacement,and (b) searchesin old iron ore, etc. [31,32] might be
promising.

2.2. Field survival arguments

Sincethe reality of Cabrera’s1982 monopolecandidatewould imply a monopoleflux incompatiblewith
the “Parkerbound”, the field survival limits haverecentlybeenreexaminedin detailby Turner,Parker
andBogden(TPB) [33], and by others [34].

Interstellarfields of 2—5
1iG havebeenmeasured[35]. Although the field structureis fairly chaotic,

thereis aroughtendencyof lines to follow the spiralstructure;indeed,differential rotationof the galaxy
“stretches”themin this directionandcreatesnewfield. Theregenerationtime via thismechanismis thus
aboutthe galacticrotation period,or 2 x 108 yr. Fields which are coherentover large distanceshavea
maximaleffecton monopoles(andconversely).TPB considerthemost favorablecasefor largemonopole
flux which is consistentwith the data [36]— fields which are coherentover small “domain” sizes of
I 300Pc but which are otherwiserandom.

A monopole entering such a domain with negligible velocity will leave with kinetic energy
~MV~ag = gBl, or velocity Vmag= (2gBlIM)”

2. Following an increasinglycommonconvention,we scale
all variablesby their fiducial values.For example,121 means1 as measuredin units of 1021 cm, or 300pc.
Taking g as the Dirac monopole charge,B in units of 3 p~G,and the monopole mass in units of
1019GeV/c2, we find*

Vmag 10’4c(1
21B31.11419)

1’2

A monopole enteringa sequenceof domainswith velocity v ~‘ Vmag will gain or loselongitudinal

velocity (averagingto zero over many domains)but will also receivetransverse“bumps” which will
* In theappropriateunits, g ( e/2o)= 20600eVG -‘ cm
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systematicallyincreaseits energy. In particular,as it crossesone domain the monopole’senergywill
increaseby

~E ~M(v+~v)2— ~Mv2—Mv~v+~M(~v)2.

The dot productwill averageto zeroaftermanydifferently orienteddomainsarecrossed,while thelast
termis alwayspositive,resulting in themonopole’sslowly gainingenergyat theexpenseof themagnetic
field. Since the monopoleexperiencesan accelerationgB/M for the time i/v it spendscrossingthe
domain,~v = gBlIMv, and the averageenergyincrementis

z~E=2X10’7eV(103c/v)2B~l~
1IM19.

If the flux ofmonopoleswith velocityvis F (in cm-2 sr’ s
1), then ‘irl2F dfl enterasphericalregionwith

radiusI in angularregiondfl in unit time. Over theentiresolid angle(4~)(irl2)Fenter(and leave)per
unit time, andeachtakesaway ~E. If the entiremagneticfield energyin thevolume (~(B2/4ir)(~

1ü
3)) is

drainedno fasterthana regenerationtime t
15 (expressedin units of 1015 s = 30 Myr), then

F~1013 cm
2sr~ s’M

19(v/10
3c)2l~’tj

5
1

The B dependencehascancelled.
The only realassumptionhereis that v ~‘ Vmag• The monopolesmight be gravitationallyboundto the

galaxy(habitat2, above),or justpassingthrough (habitat1). The aboveflux limit is shownasfunctionof
massby theupward-goingpartof theheavysolid curve in fig. 1. A referencevelocity 103chasbeen
chosenbecauseoftheargumentsof thelast section:Monopoles“falling into thegalaxy” haveat leastthis
velocity, andit is also closeto thevirial velocity of a gravitationallyboundmonopole.Highervelocities
would resultin less restrictiveflux limits, but would guaranteemonopolesbelongingto anintergalactic
population.As we shall see,cosmologicaldensitylimits then restrict the permissibleflux.

In this discussionwehaveso far assumedv~ Vmag~For a sufficiently low-massmonopoleVmag canbe
quite large,andtheanalysisfails. In this case,an infalling monopolefinds itself acceleratedto Umag in the
first domainit enters,afterwhich it travelsfrom domainto domainuntil it escapes.Eachtime it gainsor
losesenergyL~E= gBi, so after traversingn domainsit hason theaverageextracted‘v’~i~E.TPB take
n 30 kpc/300pc 100, so that with r = r

23 1023 cm the average monopole extracts about 6 X

1021eV B3(121r23)~
2in traversingthe galaxy.Relatingthis energyextractionpermonopoleto the flux as

above,exceptthat thevolume is now~i~r3,we obtainF ~ 1015cm2sr_t s1 B(r
23/l21)”

2t~.This time
thereis no massdependence,andwe obtainthe horizontalpart of the field-survival curveshownin fig.
1 — theoften-quotedl0’~cm2sr1s’ flux limit.

The cross-overbetweenthe horizontal and sloping parts of the field survival curve occurswhen
monopolesenterthegalaxywith V = Vmag~With v = 103cand theotherparameters(domainsize and
magneticfield strength)at their nominal values,the changecomesat 1017 GeV/c2.

TPB havebeen careful to chooseparameterswhich will leadto the least restrictive possibleflux
bounds,asis appropriatefor their analysis.Galacticfields areprobablycoherentover largerdistances
than 1021cm, but their choicesallow a higher flux limit if v~ Vmag• In the present caseit does the
opposite,althoughthedependenceis weaker.However,theirchoiceof r = 1023 cm compensates: This is
aboutthe radiusofthegalacticdisk, andsoits useimplies domainswith B fields lying in theplane,or else



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

I ‘I .~‘ I

I~< ~

TPB Galactic field °i,~~ Re3
In .-~.

In
~ io~—

- Uniform distribution i’.. Clustered with
- -~ .~‘ I ,E ,,~ \galaxies

io~— \~ //// —

Rephaeli-Turner _. \*~‘/ -

Ritson-Ap stars

10—20 — / —

- Harvey et al.- field survival in neutron stars -

1 022 - -

/ / / Catalysis limits for f
0 = 1 / / / /‘

- //~////////// //
1024 I I

1012 1014 1016 1018 ‘~ ici~° 1022

M (GeVIc
2)

Fig. 1. Astrophysicallimits on themonopole flux. The netoptimistic upper limit asafunction of monopolemass,setby density and galacticfield
survival considerations, is indicated by theheavyline. The dotted lines indicatelimits obtainedwith our “reasonable”setof parameters,asgivenin
table1. “MM in ~“ refers to Carrigan’slimit basedupon terrestrialheatingbasedupon annihilation[29].ThecatalysisboundsandtheHarveyet al.
limit areexclusive.

with B fields of similar strengthand size filling a galactichalo. The combinedevidencefrom cosmicray
age [37]and cosmicray isotropy [38]indicatesthat fields lie in thegalactic planefor only a few disk
thickness(121 1), so that againthe flux limit conservativelyerrson the high side.

TPB’sgalactic“Parkerbound” at 1015 cm2srt ~ hasbecomesowidely acceptedthat it is usefulto
re-calculateit, using “reasonable”ratherthanconservativevaluesfor theparameters.Ourchoicesare
given in table1, alongwith thoseusedby TPB, andthe resultinglimits areshownby thedotted curve in
fig. 1. Thechangesmakesurprisinglylittle difference.In particular,for v ‘~ Vmag(the low-masscase),our
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Table 1
Parametersusedin fig. 1

Parameter TPB “Reasonable”

Field coherencelength 300 Pc 1000pc
Average magneticfield strength 3 p.G 3 ~sG
Field regenerationtime 30Myr 200Myr
Number of galacticdomains

crossedby a “slow” monopole 100 2(?)
Hubble constant 100 kms’ Mpc’ 6Okms’Mpc’
Monopoledensity = 0 5
Closuredensity 51

decreasein thenumberof randomlycrosseddomainsand increasein the field regenerationtime cancel,
resultingonceagain in the limit at 10t5cm2sr~s1

RephaeliandTurner[10]haveobtaineda much morerestrictivefield-survival flux limit by applying
thesameargumentsto theintragalacticfields ofclustersof galaxies.The evidencefor fieldsof0.01 ~Gto
1 ~G comesfrom diffuseradio emissionfrom rich clusters[39].Such fields would hardly be surprising,
sinceit would be difficult to understandhowhot intraclustergasof probablegalacticorigin could have
failed to carrygalacticfieldswith it into thespacebetweengalaxies.The regenerationtimescalewould be
thetimescaleofgalacticorigin, or ~i09yr. Takingthe typical field coherencelength las 10 kpc (a galactic
size), Rephaeliand Turnerre-applytheTPB argumentsgiven aboveto find a flux limit two ordersof
magnitudesmallerthanin thegalacticcasefor v ~ Vmag~If v is smallerthanVmag~thenthemonopolesare
not bound to the clustersand by the previousargumentswe obtain F <2 x i0’9 cm2sr’ st for
r = 300kpc. Bothof theselimits arefor the flux in the rich clustersthemselves.Sincethematterdensity
(and, by inference,themonopoledensity)is anorderof magnitudegreaterin a rich clusterthanin the
neighborhoodof our owngalaxy,they alsoarguethat theflux of monopoleswhich canbe gravitationally
bound to rich clusters (M � iO’5 GeVIc2) but not to our own galaxy (M ~ iO’9 GeVIc2) should be
restrictedby anothertwo ordersof magnitude.Both curvesareshownin fig. 1. However,astheauthors
warn, this improvementover the galactic field survival boundsmust be treatedwith caution until the
existenceof the intraclusterfields is better established.

2.3. Monopoiemasslimits

Given the massdependencein severalof theaboveexpressions,it is evidentthat a numberof mass
limits can be obtainedfor monopolesbound to the galaxy:

1. They will remainboundonly if thegravitationalforce theyexperienceexceedsthemagneticforce,
or Mv~ircIr>gB. For Vcirc = 300 kms~and r = 10 kpc, the monopole’s mass must exceed B

3 x
1018 GeVIc

2for this to occur.
2. Theymustnotgainescapevelocity in crossingonedomain,i.e. VmagmustbelessthanVeSC~It follows

that

M ~ (10~3C/Vesc)l
2iB3x 1017 GeV/c

2

3. Theymustnot acquireescapevelocity in less thantheageof the galaxy. If ~M(t~v)2is acquiredin
the time i/v requiredto crossa domain, and in time t = t

10 X 1010yr the monopoleshouldincreaseits
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energyby less than ~MV~SC, then

M ~ (10
3C/Vesc)3~2l~2B

3t~
2x 0.6 x 1019GeV/c.

—3 11 2
For Vesc = 2x 10 c, the mass mustexceed4 x 10 GeV/c.

Theselimits areshownby the verticaldashedlinesin fig. 1. The highestlimit, just below 1019 GeV/c,
marksthe boundarybetweenour habitats1 and2. It is remarkablethat the nearlyunrelatedestimates
are so close,especiallygiven the arbitrarinessof the input parameters.Moreover,theyare all fairly high
comparedwith the 1015 GeVIc2 or so “expected” for a GUT monopole.

Similarly, monopoleswith masses~i0’5 GeV/c2 can cluster with rich clustersof galaxies.

2.4. Limits basedon massdensity

The averagemass-energydensityin the universemaybe written as Qp~,wherethecritical densityp~is

Pc 3H~/8irG= 1.9 X 1029g cm3h2

with the scaledHubble constanth definedas H
0/(100kms~Mpc~).Most experimentalvalues for h

nowlie between0.5 and1.0. The fraction of the densitydueto nuclearmatteris thoughtto lie between
0.014 and 0.14 [40]. Experimental determination of 12 dependsupon dynamic observationson
ever-increasingdistancescales.Althoughit onceseemedthat11waslargerthancould be accountedfor by
nuclearmatter, recentvalueshavetendedto be lower. Limits as low as 0.06 and as high as 0.6 are
reportedby variousauthors[40], althoughsomefeel that 111 = 1 cannotbe excluded[41]. In addition,a
valueof preciselyunity is predictedby most “new inflationary” theories,andsuchmodelsareatpresent
very attractive.Could someor all of the non-nucleonic“dark matter” neededto reachclosuredensity
(11 = 1) be monopoles?

If monopoleswith velocity vand numberdensityN movein randomdirections,the flux F is Nv/41T.
We maythen write

F=2.5 x iO~cm
2sr1 ~ h2QM(vI103c)M~,

where11M is the monopolecontributionto 12. This flux is shownin fig. 1, usingTPB’s value ‘11M = 2 and
h = 1. A dotted line hasbeenadded for our “reasonable”values 11M = 0.5 and h = 0.6 (h2QM = 0.2).

Turner hasrecentlypointed out that h2f1 is better known than either 11 or h [42]. Under very
reasonableassumptions,*h21l ~ 1. Evenso,h211 reachesunity only for 12 >6. TPB usedh2flM = 2,sothis
limit occurssomewherebetweenthedottedandsolid “cosmologicaldensity” lines for v = 103cin fig. 1.

These limits are the most restrictive between _..10t6 GeVIc2 and .~.~1019GeV/c2, above which
monopolescan be boundto galaxiesand the argumentis no longer relevant.Curiously, theysupersede
field survival limits over most of the region whereV> Vmag.

But what if the monopolesarebound to the galaxy?The dynamicaldataconcerningmassdensityare
adequatelydescribedby saying(a) in thehalo, themassinterior to radiusr is proportionalto r, and(b) a
massof 1011 solarmassesis interior to the solarlocation at 10 kpc. Together,thesestatementsimply a
local densityof 6 X 1025gcm3,or 3 X i04 timesthecosmologicaldensityfor h = 1. Someor evenmostof

A matter.dominateduniversewith A= 0, older than 10 Gyr and with h � 0.45.
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this “dark halo” could consistof monopoles.The flux boundimplied by this densityis labeled“galactic
halo” in fig. 1.

The heavydarkcurvein fig. 1 representsthecombinedupperlimit for theflux of monopoleswhichare
eithergravitationallyunboundor boundto thegalaxy,on thecombinedbasisof field survivalanddensity
limit arguments.Theycan beboundonly if their massesapproach1019GeV/c2. In thiscase,field survival
arguments(flux limit ceM) andaveragedensityarguments(flux limit ocM’) competein limiting theflux;
for the exampleshownthehalo densitylimit is themostrestrictiveovermuchof the range.Below about
i0’~GeV/c2,whereVmag is highcomparedto otherinterestingvelocities,field survivalargumentsyield the
mass-independentlimit. Betweenthesemasses,cosmologicaldensitylimits prevail. The least restrictive
limit, at about10 13 cm-2 sr1s’~,occurs(by accident)for monopoleswith nearly the Planckmass.As
impliedby the dottedcurves,only aparticularlyfortuitousset of parameterscould allow fluxesashigh as
this particular “Parkerbound”.

2.5. Escapesfrom field survival and averagedensitylimits

But what if it shouldturn out experimentallythat the monopoleflux exceededtheselimits, as was
consideredpossiblein 1982?We havealreadypointedout thatmonopolesin ourhabitats3 and4 — bound
to stellarorplanetarysystems— escapedfrom theaboveconsiderations.Instead,thecombineddifficulties
of finding acrediblecapturemechanismandavoidinganumberof indirectflux limits, basedon monopole
annihilation,nucleon decaycatalysis,etc., makethesepossibilitiesunlikely.

A shortreviewof the ingeniousmechanismsinventedto avoid thefield survival problemfor galactic
monopoleshasbeengivenby Parker[43].Most involve speciallyconstructedsymmetries,andsome,such
asthat by AronsandBlanford [44],leadsto aflux requirementsubstantiallyabovepresentexperimental
limits.

Wasserman and his colleagues at Cornell have made a recent foray into the problem [45,4.6]. In their
modela massivegalactic halo is madeup of equalnumbersof monopolesandantimonopoles,andthe
disk’s azimuthalmagneticfield is generatedby electriccurrentsin the usualway. For sufficiently high
monopoledensities,they find that field energyis traded for monopoleplasmatransverseoscillation
energy,with thefield oscillatingon atimescalelessthanorcomparableto thefield regenerationtime. The
field is eventuallydrainedby the combinationof severaldampingmechanisms,but on atimescalequite
long comparedto its regenerationtime. For low monopoledensitythefield dampsover a long time, for
basically the samereasonas in TPB’s model. The cross-overbetweenoscillation anddampingoccurs
whenthe plasmaperiodis about~of the time it takesahaloparticleto reachthe disk, in agreementwith
TPB’s observationthat their limit correspondsto field depletionin the first quartercycle of a plasma
oscillation. In fact, given the smalldifferencebetweennumericalfactorschosenby the two groups,the
“houseroof” partof the curvein the final figure of ref. [46]is exactlyasin fig. 1 of TPB! The differenceis
that the Cornell groupbelievesthat a monopolehalocan exist abovethe low-massside of the “roof’ if
sufficiently coherentoscillationsexist.As weshallsee,this regionis very nearlyexcludedexperimentally
in any case.

2.6. Other limits basedupon field survival

Are thereother astrophysicalsituationsin which field survival argumentscan provideflux limits?
Various kindsof starswith magneticfields immediatelycometo mind. As will be discussedin a later
section,the energyloss rate of a monopolewith velocity v as it passesthroughionizedgas is of order
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10(v!c)GeVg’ cm2, so that a reasonablefraction of monopoleswith M ~ 1018GeV/c2 stop in a stellar
radius, moreor less independentlyof the star’s mass.

Ritson [47]has applied such arguments to field survival in magnetic A stars,with theconclusionthat if
(a) the fieldsare “fossil” (asold as the stars)and(b) themonopolesarelight enoughto becaptured.then
the averagemonopoleflux is less than 7 X 10_20cm2srt s~1.

Field survival in white dwarfs hasbeenanalyzedby A.K. Drukier [48].
A very recentanalysis[7] of field survival in neutron stars seems to providethe bestmonopoleflux

limit yet available,asidefrom the moreconjecturalboundsbasedupon catalyzednucleondecay.The
problem is complicatedby the likely existenceof a superconductingcore in the star, throughwhich its
magneticfield threadsin quantizedflux tubes.Monopolesessentiallyfloat on the core, by virtue of the
enormoustensionin the flux tubesthat would connectthem with the surfaceif theysank.However,a
monopoleneara magneticpole of the corecould affix itself to two existingflux tubes,* andwould be
pulled quickly throughthe coreby the flux tubetension.It would thenspenda comparativelylongtime
(hours)migratingon thesurfaceof thecoreto theotherpole,whereit wouldstartover. Harveyet al. find

F~5x 1024( R~ 10’°yr)2( 1.4M
0)( v~ )2 cm

2sr1s’
15km r~ M

8 1O~c

whereR~,M8 and r~,are the radius,massand field survival time of the neutronstar, and ~ is the
monopole’s velocity far from the star. The v~dependence expresses the classical gravitational
enhancementof the star’sgeometriccrosssectionfor capturingobjects.Althoughthelimit is independent
of B, other problemsariseunlessB ~ 106 G, a conditioneasilymet for anypulsar.The limit is hardly
stringentfor most pulsars(T ~ 106 yr), but a pulsarsuch as PSR1937 + 214, thought to be morethan

yr old [49], leadsto a flux limit of about 5 x 10~cm
2sr’ ~ for monopoleswith asymptotic

velocity v 103c. Unlessproblemsarefoundwith Harveyet al.’s analysisor the pulsarage,thislimit,
morethansix ordersof magnitudebelow the Parkerbound,meansthat terrestrialmonopoledetection
will be virtually impossiblej A circular detector through which one monopole year passedwould
havea circumferenceof 160km, twicethat of the proposedSuperconductingSuperCollider.

2.7. Monopole—antimonopoleannihilation

Annihilation might contributeto the luminosity of various objects.Carrigan [29] hasshowedthat
unreasonableheatingof the earthwould occurunlessF~ 7 x ~ cm2Sr1 s’. Theneutronstarcase
is complicatedby the superconductingcore: Different monopolesoccupydifferent flux tubes,andhence
seldom meet [50]. Annihilation might contributeto the luminosity of lower main-sequencestars,but
would probablybe unobservable[51].

2.8. Limits basedupon nucleondecaycatalysis

As was mentioned earlier, severalworkershaveindependentlynotedthat the monopolesappearingin
grandunified theories(‘t Hooft—Polyakovmonopoles)haveinteractionswith ordinarymatterwhich do

* Since theconductorsare protonCooperpairs, the flux quantum is ~(41rg).whereg is the Dirac monopolecharge.

tAt first sight it would appearthat limits two ordersof magnitudeunderthe Parkerbound would be set by l0~year old pulsars,whose ages
aremoresecurelyestablished.In this case,however, fields mightbe sustainedby currentsnearerthecrust,and the analysiswould notapply.
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not conserve baryons [20—22].A proton in the vicinity of a magneticmonopolewould thusdecayvery
quickly; the monopolewould thenproceedto anothercloseencounterwith a nucleonwhosedecaywill
also be catalyzed.The crosssectionfor the processcan be written [52] as

ci hc \2
O~B/O~v ~1GeV) ~

where v is the monopole—nucleonrelative velocity, (lid 1 GeV)2 = 0.4 mb, and u
0 is a dimensionless

fudge factor estimated as 0(1) to 0(100) by the original authors. We might thus expect decay-catalysis
crosssectionstypical of thoseof the stronginteractions.

In carefully repeating the calculations,Baiset a!. obtainedvaluesin the rangeO(10~)to O(10~)for

o~[53].Preskillhas arguedthat thereis further suppression, perhapsto 0(10-10)[55].Walshet al. have
concludedthatthe Rubakov—Callaneffectvanishescompletely,atleastin the SU(5)case,if the fermions
in the theory havemass [56]. Othersdisagree[57].

Evidently catalysis can still occur via the “weak anomaly”, having to do with baryon number
indefinitenessin unbrokensubgroupsof theunificationgroup,evenif the physicsnearthe monopolecore
doesnotviolatebaryonconservation(throughquark-leptonunification) [54,58, 59]. While crosssections
for this alternateto theCallan—Rubakovprocessarelikely to be manyordersof magnitudesmaller,the
processcan“go” evenwhenthe Callan—Rubakovprocesscannot.It is alsoarguedto be a generalfeature
of all monopoles,not just of ‘t Hooft—Polyakovmonopoles[58].

Ononehand,thehaplessexperimenteris assuredthat decaycatalysismustcertainlyoccur,andon the
otheris told thatvariousmechanismsmaysuppressordestroyit. If observed,two crowningpredictionsof
grandunified theorieswouldbeverified simultaneously— nucleondecayandthe existenceof monopoles.
Its non-observationproveslittle. We proceedto discussastrophysicallimits baseduponcatalysis,but are
inclined to take them as far moreconjecturalthan otherlimits discussedin this paper.

It is convenientto re-write the abovecatalysiscrosssectionas

(v/c)o~B~~O= 10_28cm
2 f

0,

wherethe dimensionlessandvelocity-independentscalefactor f0 differs from o~by a factorof about
four. * Jfall of the nucleonsin a materialwith densityp (andnucleonnumberdensityNn) behaveasfree
nucleons,then the catalyzednucleon decayrate is N~vo~= cf0p X (6.4 x i0’~g’ cm

2). For ordinary
waterthe rateis 2 x 106f

0 persecond,tso that for v = 10
3cthe interactionlengthis 16f

0 cm. In the core
of a neutron star, this primordial Pac-Man[66] wreaks its havoc at 5 x 1020fo s~,correspondingto
powerproductionof 75f0GW for eachmonopole!Needlessto say,a substantialmonopoleconcentration
would leadto excessiveluminosityfor anyof severalkindsof astrophysicalobjects.A numberof interesting
flux limits can be calculated.

Neutronstarshavereceivedthe most attention[60—63].Monopoleswith an initially non-relativistic

* We contributeto theBabel of notationwith greatreluctanceandonly afterseveralrevisions.Various authorsuseo’~,o’~8,(o’$) /i0
27, o~/3,

~ etc.;we objectto eachfor variousreasons.In our notation)’
0is aboutunity for astrong-interactioncatalysiscrosssection,andtheactualcross

sectionis given by or = 10_28 cm
2f

0//3,wheref3c is themonopole—nucleonrelative velocity.
t For this examplewe haveneglectedvelocity-dependentcorrectionsdue to the extraangularmomentumin theelectromagneticfield of the

monopole—nucleussystem 165]. This factorstrongly suppresses thecatalysiscross sectionfor even-spinnuclei suchasoxygen, andenhancesit for
protonsby approximately(10~If3).Thecorrectionis relevantfor main-sequencestarsandterrestrialcatalysisexperiments.Thesamephysicsleadsto
higherbinding energiesand largercapturecross sectionsfor monopole—nucleusbound stateswhen the nucleushasodd spin.
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velocity which arelessmassivethanabout1021 GeVIc2will stop in a neutronstar.After exposureto aflux
F for a time r, the total numbercollectedis

NM ~~c4i~Fr ITR2(1 + (VescIVj2),

wherei~R2is the star’sgeometriccrosssection,V
05~(~=O.

3C)is theescapevelocity from the surface,andv~
is the monopole’svelocity far from the star.The last term is the gravitationalenhancementof the star’s
capturecrosssection; for v~= 103c it is about i05. Most monopoleswill settle to the core, wherethe
densityis pt.. The decaycatalysiscontributionto the star’s luminosity should then be

2 —5—I 2LM NM(mflc )cp~f
1X (6 X 10 g cm )

wherem0c
2 is the rest energyof a nucleon.

Given thisgeneralframework,the problemof settingflux limits reducesto (a) finding sensibleupper
limits on the luminosity of neutron stars, (b) estimating their ages or age distributions, (c) taking into
accounteffects which might modify the catalysisrate (for example,monopole—antimonopoleannihil-
ation,effectsof local heatingon the density,or monopoleejectionbecauseof a pioniccore[7, 50]), and
(d) asalways,worrying about thevalueof f

0. The latter issuecan be avoidedby leavingf0in the quoted
limit. Theluminosity limits havecomefrom direct X-ray flux limits on individual objects,negativeresults
from searchesfor X-ray stars in selectedfiducial areasof the sky, and from limits on the neutronstar
contributionto the diffuse X-ray background.All of the flux limits are in the range Ff1/r ~ (10 24 to
1022) cm

2sr~~ wherer is the ratio of total luminosityto photonluminosity. Fora hot neutronstar,
r can bevery largebecauseof neutrinoemission,while for “old” starsit is aboutunity. A particularly
interestingtwist wasintroducedby Frieman[67],who notedthat thelimit could bereducedby 106 if most
of the monopoleshad beencapturedby the star’smain sequenceprogenitor.A recentcomparisonof
various approacheshas been made by Kolb and Turner [63], and we cannot improve upon their
discussion.

If the monopole’smassis sufficiently low, electromagneticforcesdominategravity as the monopole
approachesa neutronstar.The enormousdipolefields possessed(or oncepossessed)by most neutron
starsaresufficient to deflect monopoleslighter thanabout iO’4 GeV/c2. The neutronstarcatalysisflux
limit bandshown in fig. 1 is thereforecut off at this mass.

Similar boundshavebeenobtainedfor white dwarfs [68], Jupiterand the earth[30]. Although less
stringentthanthe neutronstarlimits, theyaresubjectto quite different loopholes.Freese[68] hasbeen
able to argue from both sides: For old white dwarfs to have cooled to i0~L®, we require
Ff

0 ~ 2 X 1018 cm
2sr~s’, while the absenceof fainter whitedwarfs might betakenas evidencethat

the bound is saturated! The planetary case is especially interestingbecauseof the remotepossibility that
themonopolesmight clusterwith the stars(habitat4 above);thecomplicationsare thatonly light or slow
monopolescanbecapturedandthatnucleareffectsmightmodify the effectivecatalysiscrosssection.For
the earth,Turner obtainsF~f~f

0~ 7 X 1023cm
2sr’ s~,wheref

0 is the fraction of monopoleswith
velocity lessthan3 x 10’

5cIM
16. ForJupiter,thelimit is 5 X i0’

9 cm2sr’ s~,wherethis timef
0 1 if

M ~ 1016Gev!c
2. For v 103c,theJovianlimit is betterthanthe terrestriallimit becauseof the capture

factor.
Frieman,FreeseandTurner[51]havecalculatedthe monopolecatalysiscontributionto theluminosity

of main-sequencestars,with the conclusionthat theeffectswouldbe unobservable,evenfor asubstantial
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catalysiscontributionto thetotal luminosity.This resultis not unexpected,sinceit haslongbeenknown
thatthestructureof a staris insensitiveto howtheenergyis generated,solongasit is generatednearthe
center[69].Convectioninhibits MM, at leastfor uppermain-sequencestars.However,aswas mentioned
above, the long monopoleaccumulationtime in a neutronstar’s progenitoreffectively reducesthe
neutronstar catalysislimits by six or more ordersof magnitude.

A relatedline of reasoninghasbeenfollowedby Kajitaetal. [70].Catalysisin thesunwould leadto an
observableneutrino flux (throughthe decay of catalysis-producedmesons)in the KAMIOKANDE
nucleon decaydetector.Three eventswere observed,consistentwith expectedbackgroundfrom the
decayof unobservedmuons.The null resultsis interpretedas a flux limit

Ff0 ~ 6.5 x 10_is cm
2sr1 ~ X (0.25+

wherethe last factor expressesthe usual gravitationalenhancementof the capturerate and /3c is the
monopole—protonrelative velocity in the core. The “0.25” arisesbecausethe sun’s escapevelocity
(2 x 103c) hasbeenexplicitly inserted;for all practicalpurposesit maybedropped.For /3 = 1.7 x 103c
in the solarcore,theauthorsfollow Arafune andFukugita[65]in including anotherfactorof ~ 1 on the
right side, to obtainthe limits shown in their paper.While the limits do not apply for fastor massive
monopoles(which are not captured),they areinterestingfor the caseof monopolesboundto stellar
systems.

Terrestrialproton-decaydetectorsaresensitiveto monopole-catalyzednucleondecay.Theselimits,
although far less stringent than the astrophysicalones, close an interesting loophole in the above
arguments.They will be discussedin section9.

2.9. Conclusionsconcerningthe astrophysicsofmassivemonopoles

We summarizethe main resultsof this ratherlong sectionas follows:
1. Relic monopolesprobably arrive at the earthwith velocitiesclose to 10 3c.
2. If they arrive with velocitieshigher than Vmag (which would happenif their masseswere below

iO’7 GeVIc2 or so), field survival argumentslimit the flux to lessthan1015cm2sr’ s~.
3. If theyhaveremainedclusteredwith thegalaxysinceits formation,theymustbemoremassivethan

nearly 1019GeVIc2.
4. For massesbetweenroughly1016 GeVIc2andiO’9 GeV/c2,cosmologicaldensityargumentsprovide

the lowest flux limits.
5. A moretenuousargumentconcerningfield survival limits in rich clustersresultsin limits below

10_19cm2srt s1 over part of the massrange.
6. A planedetectorof areaA subtendsasolid angleof 21T. If it detectsno eventsin atime t, thenatthe

90% confidence level F s (2ITAt) x ln 10. Thus, if a flux limit at the “Parker bound”
(i0’5 cm2sr1s’~)is to be reachedin one year, the detector area must be just over 1000m2,
substantiallylargerthan that of any detectoryet built.

7. If monopolescatalyzenucleondecay,thenF ~ 1022 cm2sr1s’ for f
0 = 1.

8. Conversely,if monopolesdo not catalyzenucleondecay,andif the analysisby Harvey, Ruderman
and Shahamis correct, the survival of the magnetic fields of old neutron stars implies F~ 5 x
10_22 cm

2sr’~”s—i.
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3. Superconducting induction experiments

A monopolemaycomewith an attachedproton or heaviernucleus,maycarry electric chargeof its
own, or maybe moving too slowly to be detectedin plasticscintillator or in a proportionalchamber.
However,it still carriesamagneticchargeof atleasteI2a,andassuchwill inducea predictablecurrentif
it threadsa conductingloop. The absenceof signal in experinlentswhich exploit this property thus
provide our only totally incontrovertible evidence against the passageof monopoles through the
apparatus.It is only the difficulty and cost of building large inductive detectorswhich makesother
approachesattractive.

A loop of wire passedover a monopolewith chargeg necessarily“cuts” all of its flux, or (by Gauss’s
theorem)4wg. For the minimal Dirac monopole,4irg = 4.14x i0~G cm2. If theloop hasinductanceL
(in henry), then the current (in ampere)induced in the loop by the monopole’spassageis 4n-gIL =

4.14 x 10 151L. Sincea 1 m loop of 250 I.tm wire hasaninductanceof about10 p~H,the passageof a Dirac
monopole through it would induce 0.4nA [71]. While this is not a difficult current to measurewith
ordinary instruments, there are practical problems:

1. A part in 10h1 variation of the earth’sfield (causedby the passageof a distantbicycle?) would
producea similar current.

2. Under most circumstancesthe current would quickly decrease,making its measurementmore
difficult than in a DC situation.

3. For noisereductionreasons,a largedetectorwould of necessitybe inside aconductingshield. Since
the areaof the detectorshouldbe as largeas practical, its dimensionsarenot small comparedwith the
dimensionsof theenclosure.As shownin fig. 2, eddycurrentloopsareinducedin thewalls by thepassing
monopole.Thesecurrentsgo in the same(projected)direction asthe currentsinducedin the ioop, and
contributeto the flux in the loop. As a result, the inducedcurrent in the loop might be substantially
smallerthan 4rrg/L.

Althoughin principle superconductingtechniquesarenot necessary,their contributionto the solution
of thefirst two of theseproblemsis sogreatthat theyhavebeenusedin all successfulexperimentsto date.
In the first place, a ioop in a superconductingenclosure is highly isolated from ambient field
perturbations,and the field itself may be reducedor virtually eliminatedusing establishedtechniques
[6,72].Secondly,the inducedDC currentin the loop can bemeasuredwith extremelyhigh sensitivityby
usingSQUID’s (superconductingquantuminterferencedevices).

According to Dirac’s original argumentconcerningthe monopolecharge,the requirementthat an
electronmoving in aclosedpathhaveasingle-valuedwavefunction meantthatthemagneticflux through
the path wasan integralmultiple of 4lTg, or hcle. In a real superconductor“Cooperpairs” of electrons
areactuallythe chargecarriers,so the flux quantumhashalf thisvalue,or = hcl2e.The signatureof a
monopole’spassagethroughan isolatedloopshouldthusbe acurrentchangecorrespondingto ~ (or an
integral multiple of 24.~).

An apparentproblemarisesfrom our statementthat the loop “cuts” the flux lines, since flux lines
cannotpenetratea superconductor.The resolution is shown schematicallyin fig. 3. As the monopole
passesthrough the loop, lines bendaroundthe superconductor,and eventuallypinch off to leavethe
newlyrejoinedlineson theothersideof theioop andclosedlines aroundthewire — in otherwords,those
producedby the current which now exists [73].

Cabrera’soriginal detector is shown in fig. 2 [6]. Magnetic fields near the four-turn loop were
reducedto 5 x 10_8G in several steps,ranging from the useof a Mumetal shieldon the outside,to
“lead balloons” on the inside whichwere expandedafterthey becamesuperconducting.The loop was
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Fig. 2. Cabrera’soriginal superconductinginduction detector.

smallcomparedwith theenclosuredimensions,so eddy currentvorticesin the walls would reducethe
monopolecurrent signal by no more than 6%. The expectedmonopolesignaturewas remarkably
specific: Passageof a minimal-chargemonopolewould producea currenttransitionequivalentto a flux
changeof 8tfr0, within 6%.

Extensionofthe techniqueto large-apertureexperimentswasdifficult: The heroicmeasuresneededto
reducetheambientfield werenoteasilyextendableto very large enclosures,andin any caseenclosures
could not be largecomparedwith large-arealoops. Independentapproachesto eachof theseproblems
havenow convergedto a roughly commonstyle now being usedby severalgroups.

A groupworking at IBM [74,75] approachedthe problemof making the detectorinsensitiveto
changesin theambientfield, developing“gradiometers”of thekind illustratedin fig. 5. In part (a), four
identical loops are shown, connectedin seriesso that currentflows in theoppositesensein adjacent
loops.Any time changein a uniform magneticfield normalto thepaperwould thusresultin no induced
current.It also follows that the time changeof a normalfield with a constantgradient in x andywould
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ji~

Fig. 3. Fieldline behaviorasamonopolegoesthroughasuperconductingloop. Althoughlines never“cut” theconductor,theydistort andthenpinch
off (seeinset),resulting in radial lines from themonopoleafter it goesthroughthe loop, as well as thosedue to the inducedcurrent in the loop.

alsoproduceno inducedcurrent.More complicatedloop structurescan be constructed,in two or three
dimensionsto eliminateflux changesensitivity to as high an order as desired.For example,the planar
gradiometershownin fig. 5(b) is insensitivethroughthird derivativechangesin the planeof thepaper.
Given reasonablygood magneticshielding, no specialfield reductiontechniquesare required.*

Motivated primarily by the desire to reducesensitivity to the vortex currentsdepositedon the
enclosurewalls, the University of Chicago—Fermilab—Michigangrouparrivedat quite similar structures
[77,78]. Their argumentwas that if the largerloop could be twisted anddeformedinto a numberof
smallerloopswith alternatingcurrentflow directions,just asis shownfor four loopsin fig. 5, thenthe flux
from eddyvorticeswould inducecancellinge.m.f.’sin adjacentcells if the cell size weresmallcompared
with the distanceto the shield. The first such “macramés”were literally woven.They were later plated
onto G-10, usingsolderas thesuperconductor.The boardswere two-sided,with plated-throughholesto
connectloopsin the appropriatesense.A nine-loopexampleof sucha macrameis shownin fig. 6(a). It,
like the gradiometercoil shownin fig. 5, can be deformedbackinto a single loop if severaltwistsout of
the planearemade.

However,thereis no reasonnot to run severalloopsin parallel. As the simplestexample,considera
squareloopwith the SQUID connectedacrossadiagonal.The diagonalconnectionmay be deformedto

* Henry Frisch has pointedout that Ampereinventedthe device in 1820. to reducethe effect of the earth’sfields in his experiments[76].
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Fig. 4. Data recordfor Cabrera’soriginalapparatusfor 1982Feb. 14, showingthestepof nearly8 flux units, asexpectedfor a Diracmonopole.Also
shownaretypical disturbancesproducedwhen the apparatuswas serviced.

divide the square into a large number of smaller squares, with alternate squares belonging to the two
halvesof the originalsquare[79].Suchaschemeis shownin fig. 6(b), wherethe shadedsquaresall belong
to the lower left triangle. It is somewhateasierto makeone-sidedmacramésor gradiometers,but the
innovationalsohasa far moreimportantadvantage:As gradiometersbecomelargertheir inductances
becomelarger.Theimpedanceof a largeloophasusuallybeenmatchedto thatof the SQUIDby means
of a transformer.For a several-looptopology the inductancesarein parallel, andso the layoutcan be
chosento provide the impedancematchdirectly. Frisch and his collaboratorshave shown that the
multiloop configurationis exactly equivalentto usingoneioopanda transformer[79],but transformers
arealways lessthan ideal. The new topologywill beused in severalof the detectorsdescribedbelow.

To the bestof our knowledge,monopoleexperimentswith superconductingioopsarebeingdoneby
sevengroups:

1. Stanford.The pioneeringwork in the field was done by Bias Cabrera,who with his original
four-turn, 5 cm diameterioop saw a respectablecandidateevent on Valentine’sDay, 1982 [6]. The
apparatusis shownin fig. 2, andthe data recordfor that Sundayis shownin fig. 4. Small signalswere
seenduringliquid nitrogentransfers,andsmall stepsin the SQUID outputhavebeenobserved— none
anywherenearthe size of the monopolesignatureso beautifullyrepresentedby the data.Despiteefforts
by severalgroups,no adequateexplanationfor the eventhasever beenfound. Cabreraneverclaimed
that the eventweredue to a monopole’spassage,but if it werea monopoleflux 6 x 10_b cm

2sr~s~
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(a) Two-sided macrame’

(a) 1 x 1 Gradiometer ~-~—-—

+ -] _ _

(b) One-sided macrame’

(b) 3 X 3 order minimum — _________

inductance gradiometer — + —

I_+ -: _ -

__ H/f
Fig. 5. (a) A first-ordergradiometerin two dimensions:No currentis Fig. 6. Two-sided and one-sidedmacramés.The circuit on the two-
inducedif either afield normal to thepaperzor its first derivativesin x sided board shownin (a) is topologicallya single loop with several
or y changesin time. (b) A 3 x 3 orderplanargradiometer,insensitive twists out of theplane,while thecircuit shownin (b) can bedeformed
to field changesto third order in x ory, normal to the paper. in theplane from two loopsconnectedin parallel.

would be implied, basedupon the reported151 daysof data. Since later experimentshave provided
nearlya thousandtimes the exposurewithout producinganotherviable candidate,we insteadfollow
Cabrerain quotingan upperlimit of 1.4 x i0~cm2sr~1s’~at the 90% confidencelevel.* This and
other limits areshown in fig. 7.
The successorto this detectorwas designedfor redundancyas well asfor largersensitivearea[80,81]. It
was madeby winding threeorthogonalloopsof two turns eachon thin grovescut into the surfaceof a
500ml Florenceflask. (An additional loop is usedfor calibration.)With r.m.s.noisebelow O.O2q5

0(or
0.0240/L in the current), a noisesignal as largeas0.1~is exceedinglyimprobable,andan accidental
doublecoincidencebetweentwo loopswithin the system’sbandpassmight occurevery5000 years.The

90% confidencelevels, In lOx (fdAdfl dt)’, will bequotedfor all direct experimentalresults.Conversionshave occasionallybeenmade

without comment.
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Fig. 7. Monopoleflux limits obtainedwith induction detectors(solid linesindependentof velocity) andtrack-etchdetectors(dash-dottedlines).Early
resultsof severalgroupshavebeenomitted.Thedisplacedmicacurveindicatedby thearrow showswhat is believedto bethemaximumcorrectionfor
early protoncapture.The dotted line indicatesthe one-yearlimit for a plannedexperiment.

groupdistinguishesbetweentwo kinds of events:Thosethatpenetrateoneioop (‘—~44~)andshowa signal
>0.14~in another,asmight be producedby wall vortexcurrents,and“nearmiss” events,in which the
vortex currentsproduce signals >O.lçb

0 in at leasttwo loops. The averagedetectorarea* for the
“penetrationevents”is 71 cm

2, andtheaverageareafor “nearmiss” eventsis 405 cm2. Thetotal areaof
476cm2 can be used to set limits in the absenceof signal, whereasone would certainly require a
penetrationsignal to establishtheexistenceof monopoles.A cosmicray shieldsurroundstheapparatus
[82], anda magnetometerandaccelerometercompletethe experimentalarmor. Excursionsas largeas

* In most induction experimentsan “averagearea”is reported,an areawhichwhenmultiplied by 4ir givesthearea-solidangleproductusually

quotedfor theexcitation-ionizationexperiments.Sincethearea—solidangleproductof aplanedetectorwith areaA is 2irA, its “averagearea”is A12.
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0.1~in onelooponly haveoccasionallybeenseen;thesearenot understoodbut arepossiblydue ‘ ~he
motionof trappedfluxons in the SQUIDs.The apparatuswas cooleddownon 25 January1983, .

5 September1985 no monopole candidate events had been seen, for a preliminary flux limit ~
5.3 x 10’~cm2 sr’ s’. A detailed final report will be published after the experiment is terminated in
late 1985 [83].
A 1.5m2 detector is nearly complete, and will be cooled down at the beginning of 1986. Eight
16 cm X 490cm one-sided gradiometers, of the kind described above, cover the sides of an octagonal
prism. Its “hit” areais 32 timesgreaterthanthe “nearmiss + hit” area of the three-loop detector. Along
with the new large-areadetectorsbeingbuilt by othergroups,it also provides prototype experience for
detectorswhich may somedaypushdirect flux limits below the Parkerbound.

2. IBM. As mentionedabove,the group at IBM has pioneeredthe use of gradiometersin building
large-areainductiondetectors.A prototypeusingtwo coincident10cm x 10 cm seventh-ordergradiome-
ters was brought into operationon 8 April 1983 [75]. With an effective areaof 24 cm2 for coincident
operation, it establisheda flux limit of 5.2 x 10_b crn2 sr’ s~in its 165 days of operation; its
single-looplimit is threetimes smaller.
This detector was replaced by a six-gradiometerdevice with an effective area of 0.1 m, with the
gradiometerscoveringthe facesof a 15 cm x 15 cm x 60 cm rectangularprism. It operatedfor 15 months,
startingon 14 November1983.Two eventswith large~ ‘—1~~),almost-coincidentstepswere in fact
seen, but both could be ruled out using any of several criteria. The final limit was 5.5 X

—12 —2 —1 ~-l *

10 cm sr s [84].
A 1 m2 detectorshould becooled down in early1986 [85,86]. (It is, of course,a prototypefor a more
ambitiousattempt.) Eachface of a horizontal rectangularprism is 25 cm x 380cm, andis madeup of
fifteen 25 cm x 25 cm gradiometers,all connectedin parallelto a single DC SQUID. Eachgradiometer
board is of the double-sidedvariety, which for this particular designgives a somewhatlarger signal.
In turn, this detectoris to bereplacedby a 4m2 octagonalmodel, shownin fig. 8. The cryostatis to be
deliveredin January1986,but detailsof the designare in flux pendingexperiencewith the 1 m2 detector.
The 4 m2 detectoris thoughtof as a prototypemodule for a very large arrayof such devices.

3. Chicago—Fermilab—Michigan(CFM). This innovativegroup hasalso beenbuilding a seriesof
“prototype” inductiondetectors,thefirst of whichhasset limits comparableto thosegivenabove[77,78].
It consistedof two parallelmacrameplanes,eachin its own superconductingshield. The averageareafor
coincidentdetectionwas 700 cm2. Each of the two-sidedmacramésconsistedof 80 loops, in a square
patternon a 0.6m circleof G-10. The detectorassemblywassimilar to the newerversionshownin fig. 9.
Its eight monthsof operationwith no candidateeventsleadto aflux limit of 6.7 x 1o 12 cm-2 sr ~—

The successorto this detector,shownin fig. 9, is nowoperating.It is somewhatlarger(1.1 m diameter
gradiometers),andusesthe newone-sidedgradiometerswith severalloopsin parallel. In addition,each
of theshieldscontainstwo gradiometersinsteadof one.Theyareclosetogether,but oneis rotatedby 90°
abouttheir commonaxis, essentiallyeliminating their mutualinductance.The distancebetweenthe two
shieldshasbeenincreased.A four-fold coincidenceis not requiredbut might be expectedabout20% of
the time, and the effective detectorareafor two-fold coincidencesis 0.75 m2.
How big canonemakea detectorplaneconnectedto a single SQUID, while still obtaininga usable
signal/noiseratio? DC SQUIDs promise a factor of 10 over the RF SQUIDs usedso far, and the
impedance-matchingtricks alreadydiscussedprovidefurther gain. Frischand his co-workersconclude
that areasin excessof 3 m2 are quite reasonable[71].

The limits setby thefour largestdetectorsyet operatedarethe sameto within 20%, as of October1985.
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Fig. 8. The proposedIBM—BNL 4 m2 superconductinginductive monopoledetector, now in its earlydesignandprocurementstages.

In CFM’s concept,severalpairsof suchdetectors,in separateshieldsasatpresent,couldbemountedin a
commoncryostat.An arrayof suchcryostats(e.g. filling the floor of theold cyclotronhall attheFermi
Institute)with an effectiveareaof perhaps100m2 couldset limits attheParkerboundaftera three-year
run.

4. Imperial College,London.The group’sentry into the field starteçlwith a three-loopdetectorwith
an effective areaof 16 cm2 [871.Inductivecouplingto the walls wasreducedin yet a different way: In
serieswith eachmain coil wasa small multi-turncoil woundin theoppositesense,sothat thenetflux
coupling wasvery small. The detectorhassinceevolvedin an interestingdirection.Oneof the 17 cm
diametercoaxial loopswasreplacedby a largerectangular(“window frame”) loop with oneside along
the axisof thecylindrical shield,andtheothersalmostin contactwith it. C.N. Guyhasshownthat the
responseis almostthesameasthatof astraightwire coaxialwith theshield,whichin essenceservesasthe
currentreturnpath[881.Thereis somedistributionof signalsize,but for mostmonopolepathsit is close
to 24g. Using themodifieddetector,which hasaneffectiveareaof 0.17m2, thegrouphasestablisheda
flux limit of 6 X 1012 cm2sr’ ~ in 202 days of livetime [89].
A viable monopolecandidatewasseenin the “window frame” in August1985 [90].Giventhepresenceof
unexplainedglitchesin detectorsof this kind, aswell asthelackofredundancy,weremainskeptical.This
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experiment[781,and eachdetectorplaneconsistsof two coincident gradionseters.

eventonceagainunderscorestheneedfor coincidentdetection,if aneffect ratherthananupperlimit is to
be established.

5. Kobe University. Ebisu and Watanabehaveassembleda detectorwith an 8 cm diametercoil in
order to searchfor superheavymonopolestrappedin magneticiron ores[31].The ideais to heatthe
magneticsandaboveits Curiepoint over theapparatus;themonopolesarethenno longer boundto the
ore and fall throughthe loop underthe influenceof gravity.* A searchof morethan900kg of ore has
revealedno candidates,for a limit of 2.5 >< 106monopoles/g(90%CL.). Theyrelatethis to aflux limit
of 5.9 x lO~cm2sr~s’. The densitylimit representsa substantialimprovementover previouslimits
establishedby similar methods[91,92], and a larger detectoris to be installed in a commercialore
processingplant. Given theconjecturalnatureof themonopolecaptureand releasemechanism,andin
particularto theway thetrappeddensityis relatedto aflux, we areuncertainashow to weightthelimits
setby theseimaginativeexperiments.As a byproduct,theyhavealso establisheddirectflux limits, albeit
less stringentthanthe onesnow availableelsewhere.

* March, Cline and Joutrashave proposeda 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 collaboratorshaveestablisheda limit at 1.1 x 10_b cm2sr1s~,
usingadetectorwith two closegradiometersin separatesuperconductingshields. Eachconsistsof an
8cm x 25 cm Nb wire grid with 1 cm cell size,woundin the style of the two-sidedgradiometershownin
fig. 6(a). No coincidentstepswereobservedin 190 days.

7. NBS. A group at the National Bureauof Standardsfocusedits early attentionon how artifact
eventsmightbeproducedin superconductinginductionapparatus.Intentionallyworkingwith asmallcoil
in a single Mumetal shield, theysubjectedpartsof the apparatusto a variety of mechanicalshocks,
stressesandmagneticsignals.Stepscorrespondingto flux changeswere in factproduced,but only as the
resultof largedisturbances.Theirconclusionwasthat with good clampingandprudentprotectionfrom
disturbancessuch signalscould be completelyeliminated[94].
A devicesimilar to Cabrera’sthree-loopdetectorwasthenbuilt, with threeorthogonal16 cm diameter
coilsinsidea 30 cmshield[95].Its near-missareawassomewhatlargerthanCabrera’s,andaftera yearof
operationhadseenno events.

All groupshavereportedunexplainedstepsin the SQUID outputs,although the stepsare seldom
greaterthan1 ~. Histogramsof stepsizedistributionsaregivenin mostofthepapers.Typically, stepsare
largerandmore frequentin theearlyweeksof operation,andthe distributionsare rapidly decreasing
functionsof step size. Stressrelief somewherein the systemis the usualsuspect.

As of September1985, the combined flux limit in superconductinginduction experimentsis
1.5 x 1012 cm-2 sr~s1, where most of the weight comesfrom the first four experimentsdiscussed
above.Within about18 monthsthe limit shouldbe reducedby anotherorderof magnitude,asresults
are obtainedwith the new —~1m2 detectors.There seemto be no technicalobstaclesto building
detectorsa hundredtimes larger,andperhapswithin the decadesuchdetectorswill pushlimits to the
Parkerbound.

4. Ionizationand/orexcitation by slow monopoles

The monopoledetectorof preferenceis undoubtedlya superconductingloop, since the detection
schemethenemploystheoneattributeof a monopoleof which we arecertain.On theotherhand,areas
of 1000m2 orgreaterarenecessaryto probethe limits discussedabove.Although themost recentwork
suggeststhateconomicalinductiondetectorsof this scopemaybecomepossible,wearealsomotivatedto
considerthecheap,large-areadetectorsnormally usedfor particledetection,i.e. plasticscintillatorsand
proportionalwire chambers(PWCs).But can they detectslow monopoles?We lack the “test beam”
usuallyavailableto the experimenter,andmustproceedwith care.The answerdependsuponwhat we
meanby “slow”, but it is cautiouslyaffirmative, evenfor conventionaldetectors,down to just below the
velocities expectedfor galactic monopoles.For velocities between103c and 104c there is both
uncertaintyandcontroversy.At theevenlowervelocitiescharacteristicof a monopoleorbitingtheearth
(<4 X 105c), it seemsunlikely that any scintillator or PWC would respondto a monopole’spassage.

We nowunderstandthat themost importantwaya slowmonopolelosesenergyto an atomicsystemis
in somesenseby “depositing angularmomentum”— leavingan atom with Z electronsin a statewith J~
increasedby Z after a Dirac monopolepassesthrough thecenterof an atomin the z direction.The
mechanismis essentiallythesameasthat by which it changesthecurrentin aninductionloop, or changes
the relative angularmomentumof a passingchargeaswasdescribedsimplistically at the beginningof
section1. However,theproblemwasfirst approachedin a lesssophisticatedmanner:The complexities
(andrealities)of atomicstructurewere replacedby a convenientelectronicmomentumdistribution,and
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interactionoccurredonly via the Lorentz force, i.e. through the inducedelectric field of the passing
monopole.Previousknowledgeof chargedparticleenergyloss could thenbe extendedto themonopole
case.Thispicturehastheadvantagethatonecandealwith acomplicatedatomicormolecularsystemwith
reasonableconfidence,andobtainwhat is probablya dependablelower limit to the actualrateof energy
loss.We will first approachthe problemin this way, thenreturn to theproblemof transitionsto statesof
higherangularmomentumandenergyinducedby a monopoleslowly passingthroughan atomicsystem.

Most of thosewho build large PWCor scintillator arraysarehigh energyphysicists,whose intuition
aboutenergyloss (dE/dx) is basedon the Betheformula [96].At low velocities dEldx is arapidly falling
functionof velocity (~v2),andabovev ~0.95c (or y 3.2) it rises slowly, as In yexcept for polarization
corrections. This function accurately describesenergylossfor v~ O.03c, thevelocityof a 0.5 MeV proton.
Fortunately,otherphysics subcultureshave long beeninterestedin suchproblemsas implantingheavy
ions at controlleddepthsin silicon or efficiently detectinglow energyneutrons,bothof which require an
understandingof energyloss at the velocities characteristicof a massiveprimordial monopole.

For the low-velocity region we must immediately makeseveraldistinctions of little importanceat
higher energies:

1. Inelasticatomic recoil contributessubstantiallyto the total energyloss rate. Gas and scintillator
detectorsare sensitiveonly to excitationandionization, so we are interested only in the “electronic”
contributionto the total rateof energyloss. To simplify notationwe will somewhaterroneouslycall this
contributiondE/dx. It is sometimes conveniently normalized to (dEIdX)min ‘mm’ the minimum value of
the Bethefunction roughly characteristicof energyloss by cosmicray muons.

2. Atomic electronvelocity is not negligible.In the simplestapproximationsdEldx depends critically
on the form of the electronic momentumwavefunction. In more sophisticated treatments the momentum
wavefunctionis allowed to distort during the energy-transferringinteraction.

3. PWC’srespondto ionizedelectrons,soeitherthe atom mustbeionizedby thepassingmonopoleor
excited in such a way that it can ionize other atomicspeciespresentin the mixture.

4. Scintillators respondto excitationas well as ionization,but exhibit “saturation”: the rateof light
output (dLldx) is not linear in dEldx becauseof radiation quenchingin the highly ionizedcolumn of
materialneartheparticletrajectory.In the caseof a scintillator we areinterestedin dLldx, whichagain
is conveniently referred to the minimum value obtained for relativistic particles with unit charge.

Finally, therewill alwaysexist somemonopolevelocity Vbelowwhich electronicenergyloss will not
occur.Forexample,supposethat in themonopole’sframean atomof massM approacheswith velocity V.
andthatanenergyz~,.Eis requiredto excite or barely ionizetheatom.Sincethekineticenergyof theatom
after the excitationwill be~MV2— iXE, the excitationcannotoccurunlessV> \/~7~M.Forhelium,
this thresholdis 1.03 3< 104c.It is substantiallylower for heavieratomsor molecules,but veryoftensome
other more restrictive thresholdappears,such as that due to diamagneticrepulsion. In the “binary
encounter” case to be considered first, the collision is considered as being between the monopole and an
orbital electron,with the restof the atomicor molecularsystemplaying little role. The maximumenergy
which can then be transferred to an electron with mass meand velocity Ve is 2meveV.For example,if the
highestavailable electronicvelocity is ci137 and the ionization energy is 5 eV, ionization cannotbe
producedby monopoleswith velocitiesbelow 6.7x 101c.

4.1. Energyloss to electrons~viathe inducedelectricfield

As we haveindicated,energylossmechanismsfor chargedparticles(protonsandheavierions) arewell
understoodboth theoreticallyand experimentallydown to v 103c. Following work by Fermi and
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Teller [97],Lindhardandvariouscollaborators[98]approximatedtheelectronicstructureof solids by a
Fermidistributionin constructinga semiphenomenologicaltheory.A reviewof thiswork, togetherwith a
surveyof theexperimentalstatusof theproblem,is given by Northcliffe [99],anda morerecentoverview
given by Ahien andKinoshita [100](AK hereafter).As thevelocity of the incident ion decreases,fewer
electronsare nearenough to the top of the Fermi sea to be available for ionization, and a linear
dependenceof the rate of electronicenergyloss upon ion velocity results. Departurefrom this linear
behaviorshouldoccursomewherebelow v = 103c,becausetheelectronicstructuresof realdetectors,
which aremadeof insulators,areinadequatelydescribedby Fermi distributions.

Energyloss datahavebeenobtainedfor a variety of incidentions andabsorbersdownto below 4 keV
incidentenergy,orv 3 X 103cin the caseof protons[101].The lowestvelocity experimentsknown to
us extendto 6 X 104c [102],although there are interpretativeproblemsbecauseof the unknown
crystallinestateof the thin carbonfilms which wereused.In someexperimentalinstancesrange-energy
data(or measurementsof electronicenergydeposition vs. incidentenergy,or total light output vs.
energy)wereobtained.The slopeof thesmootheddatawasthenreportedase.g.stoppingpower,leading
to be deceptively smooth “experimentaldata” shown in our fig. 10, by Ahien andTarlé [103],and
elsewhere.

10 11111111 1111111 I 111111

g = ±137e/2(Ah::)~ E
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Fig. 10. Monopoleenergylossas calculatedby Ahlen andKinoshita [1001,andasextendedby Ritson[105].Exceptfor thelowerdecade,thefigure is
adaptedfrom ref. [100].
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The stepto energy loss by monopolescan be madein a minimal way. An electronexperiencesan
inducedelectric field equaltogv timesgeometricalfactors.Foraslowmonopolethe relativevelocityv is
verycloseto the electron’svelocity, which for an atomicelectronis aboutcxc ci137. Sinceg = ei2a for
aDiracmonopole,gvic e/2. In otherwords,a slowmonopole’sinteractionwith anelectronis thesame
as that of an electricchargee/2, andwe shouldthusexpecta slow monopoleto be 1/4 as ionizing as a
proton with the samevelocity. AK useda slightly moresophisticatedversionof this argument,with a
monopoleversionof the Rutherfordcrosssection[104),in calculatingthe energyloss curvereproducedin
fig. 10.

Extensionbelowv 10~3cis complicatedby the energygapof ascintillator or the ionizationpotential
of a PWCgas. Ritson [105)hastakensucheffects into accountin a rough way by (a) approximatingthe
electronicstructureby a Thomas—Fermidistribution and (b) requiring that the energy transferin a
collisionbe in excessof somegapenergyG

0. In fig. 10 we showthe effectof extendingAK’s curvefor a
decadeby thismethod.Curvesfor G0 16 eV (ionization)in argonandG1, 4 eV in carbon(excitationof
scintillator) are given in Ritson’s paper; a similar curve for Go = 3 eV in carbonhasbeen published
elsewhere[106].On this basis a scintillationcutoff hasbeenclaimedfor velocities below 1.4>< 10

4c.
Ahien andTarlé havearguedon thebasisof a Fermi distributionthat thescintillatorcutoff lies closerto
6 X 104c [103, 107],

In anattemptto understandthe differencebetweentheseresults,H.N. Nelson hascomparedseveral
modelsfor theelectronicmomentumdistributionin plasticscintillator [108].His resultsfor (a) Ritson’s
Thomas—Fermidistribution, (b) Ahlen and Tarlé’s Fermi distribution, (c) Hartree—Fockmomentum
waveform for carbon [109],and (d) a phenomenologicaldistribution for polyvinyltoluene, basedon
measuredComptonscatteredline profiles [110],are shown in fig. 11. It seemslikely that Ritson has
overestimatedthe contributionof high-momentumelectronsto dEidx, while Ahlen and Tarlé have
underestimatedit. Using an extrapolationof the phenomenologicaldistribution, Nelson obtains an
effectivecutoff in the vicinity of 3.7 x 104c.

The issue is further confusedby possibleeffects of light output saturationin plastic scintillator.
RecentlyAhlen et a]. haveinvestigatedthe light outputof calibratedscintillator samplesproducedby
proton recoils from scatteredslowneutrons[111).The neutron’sscatteringangleand time-of-flight were
usedto tagtheprotonenergy.Resultsextenddown to 400eV. As describedabove,the datashowinglight
output versusrangedatacould be smoothedanddifferentiatedto obtaindLidx — if only the range were
known as a function of energy! Their results, using (a) a Lindhard—Scharf-Schiøttrange-energy
relationship,and(b) a formuladueto BrandtandReinheimer[112]areshownin fig. 12. Also shownare
dL/dx data at somewhat higher velocities [113),and, for comparison, Ritson’s dEidxcurvesfor protons
in carbonwith andwithouta4 eV gap. Effectsof light outputsaturationareclearlyevidentin the Renner
et al. data.Independentlyof all theoreticalarguments,thefact that light is seenfor 400 eV protonrecoils
demonstratesthat chargedparticleswith velocities somewhatbelow 103c scintillate. Since thereare
interpretativedifficulties with the lowest-velocitydata, thecutoff is not experimentallydemonstrated.It
shouldbeemphasizedthat thecurvesexpectedformonopoles(dash-dotted)is uncertainin bothdirections
by a factor of threeor so.

4.2. Atomic induction

Drell et al. [114)(DKMPR hereafter)havepublishedan elegantand thoroughtreatmentof slow
monopoleenergyloss in atomichydrogenandhelium. They describethe adiabaticdeformationof atom
with Z electronsasthemonopolepasseswithin an impactparameterb of the nucleusalongapathparallel
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Fig. 11. Electronicmomentumdistributionsrelevantto plasticscintillator. Curvesarefor (a)theThomas—Fermidistributionusedby Ritson[1051,(b)
the Fermi distributionfor carbon,using all the valence electrons,(c) Hartree—Fockelectronicmomentumdistribution for carbon,and (d) a
phenomenologicaldistributionobtainedusingComptonscatteredline profiles.

to the z axis. With a b-dependentprobabilityit makesa transitionto astatewith J~increasedby Z and
possiblywith higher energy.The resultingenergyloss ratefor the monopoleis anorderof magnitudeor
morehigherthanthat obtainedby themethodsof theprevioussection,and thevelocity cutoff is at just
above10

4c.
Energylevel shifts occurringduring thepassageareobtainedby piecingtogethersolutionsobtainedin

variousregions.Whenthemonopoleis far from thenucleus,theusualZeemanperturbationexists.Exact
solutionsof theSchrödingerequationare availablewhenthenucleusandmonopolearecoincident[104,
115]. Near the nucleus,energylevel shifts from the z= 0 values can be obtainedusing a multipole
expansion.(Only thedipoletermis necessaryto obtainthedesiredtransitionprobabilities.)Solutionsare
thenjoined to obtainthe energylevel diagramsshownin fig. 13. As expected,m

1 for a hydrogenstate
increasesby one as the monopolepasses,and for helium statesit increasesby two. Since stateswith
different principal quantumnumbersbecomedegenerateasthemonopolecrossestheorigin, theatom
canbeleft in anexcitedstateafterthepassage.Forexample,theheliumgroundstate(m1 = 0) crossesto
the 2

3P statewith rn = 2, which decaysto the metastable2~Sstate.
Thelevel degeneracyoccurringwhenthemonopoleis atthenucleusis splitwhentheimpactparameter

is non-zero.In thedipoleapproximationthetransitionprobabilityis inverselyproportionalto theslopeof
E(z) atz = 0, or ((dHIdz)

5=~).Betterwaysof obtaininga goodestimateof this slopehaveledto several
revisionsof theexcitationcrosssectionreportedfor helium in theoriginal paper[116,117]. In particular,
accountmustbetakenof thenon-zeroseparationofthemonopoleandnucleusin makingthecalculation.
If thenucleusis consideredasbeingat theorigin (aswasdonein theoriginalpaper),theperturbationis a
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magneticdipole. If the monopoleis atthe origin, it is an electricdipole. Clearly, the resultmustbethe
sameeither way — exceptwhenapproximatewavefunctionsmustbe used,as is the case.With improved
functionsanda stationarymonopole,the groupreporteda reductionof 50% in the total excitationcross
section for helium at the Monopole ‘83 conference[1161.A more recentcalculation usedvariational
wavefunctionswith up to seventyterms[117),andthe two methodsof calculatingthe slopenowagreeto
about9%. The presentbestestimateof the total crosssection is

a = 3.5 X 10’’
8(f3i10~4)(1— /32//32)3/2 cm2

which is 30% below that originally reportedby DKMPR. Here /3 = v/c, and the last factor, with

= 0.929x i0~,correctsfor nuclear recoil. As mentioned above, the processhas a thresholdat
1.03 X 10 4c. If z~Eis theexcitationenergyandtherearen atomsperunitmass,thendEidx = no- .~E,so
that for helium

dEidx 10.5(/3i104)(1— /32//32)312 MeVg~cm2.

Two-thirds of theexcitation is to the metastable2~Sstate.One-third is to the 23Pstate,which usually
de-excitesto themetastablestate.Giventhedifficulty of detectingthe 1 .15-eVde-excitationphoton,how
canthemonopole’senergylossbedetected?As it turnsout,collisionalenergytransferto anotherspecies
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Fig. 13. Energylevels for hydrogenandhelium atomsas aDirac monopolepassesthroughtheatom in thepositivez direction [1141.In thecaseof
hydrogenwith themonopoleat the origin, the energyof the lowest triplet is half that of thenormalground state.According to the most recent
calculations[1171,thehelium triplet energyat thecross-overis 9.01eV.

presentin thegas(the Penningeffect) is knownto beefficient [118],andheliumplusa quenchinggasis a
perfectlyadequatemixture for a proportionalwire chamber.We might thereforeexpectlargeionization
effects if the ionizationpotential of the quenchinggaswere less thanthe de-excitationenergyof the
helium. This conditionis easilymet by awide varietyof commonlyusedquenchers,suchas methaneand
carbondioxide. Atomic inductionexcitation, followed by energytransferto a specieswhich becomes
ionized,* thusforms the basis of all of the newerPWC monopolesearches[119].

Presentbestestimatesof energyloss ratesin hydrogenandhelium by atomicinductionexcitationare
shownin fig. 14. Forcomparison,weshowdEldxfor monopolesin carbonascalculatedby Ritson.All
are normalizedto ‘min~

* weabbreviatethis long phraseasAI.ET (atomicinductionexcitation—energytransferwith excitation) in thesubsequentdetectordiscussion,The

abbreviationis almostasunsatisfactoryastheexpression.
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Fig. 14. Drell et al’s energyloss rates for Dirac monopolesin hydrogen [114]and helium [117].scaledto ~ = 4.22MeV g - cm2 (for atomic
hydrogen)and1.94MeV g cm2(forhelium).For comparison,we alsoshowdE/dxfor monopolesin carbonascalculatedby Ritson[105]normalized
to protondata at v= 5 X 10 ~.

StandardPWCgasesuseargonratherthanhelium, andin particularmixturesof argonwith asuitable
quencher(CH

4, CO.,,or n-pentane)wereusedin severalmonopolesearchesprior to DKMPR. Doesthe
mechanismjust describedwork with argon andothernoblegasesas well? In the opinion of Kroll and
Ganapathi[117],the mechanismvery likely works, but calculationof the crosssectionsis exceedingly
difficult. In addition,the lower velocity thresholdimplied by themoremassivenucleusprobablycannot
be realizedbecauseof diamagneticrepulsion;the thresholdin argonmightevenbehigherthanin helium.
Given theseconsiderationsand the easeof constructingPWC’s filled with helium with a convenient
quencher,thereis little motivation for usingargon in the new detectors.

Oneimportantcaveatdeservesrepeatedemphasis:Atomic inductionobviouslyworksif the monopole
is adyon, or if it carriesa boundproton or heaviernucleus— exceptthat the electrostaticinteractionis
very important.In the caseof positivedyonsor monopole-protonboundstates,thenet effect is to reduce
the excitationcrosssectionto such a degreethat the effect is uninterestingfor practicaldetectors[116].
Conversely,anegativedyonhasa very largecrosssectionfor ionizing helium, down to just above10

4c.
It hasbeenelsewherethat most monopolesacquireda protonjust afterthe elementsynthesiserain the
earlyuniverse[120].A negativedyon shouldbeevenmorelikely to havedoneso, but would thenappear
asanunchargedmonopole.Among all of thesepossibilities,we concludethat atomicinductionwill only
beuseful for a baremonopoleora negativedyon with a boundproton. Any largenew ionizationdetector
shouldthereforecoverboth possibilities,by havingan“unchargedmonopole”Al-ET triggerto provide
coveragedownto almost103c,andan alternatescintillatortrigger, in casethemonopoleshaveapositive
electriccharge.

Most of the reportedPWC experimentssuffer from an additional problem: Evenwith the likely
existenceof atomicinductionin argon,the mechanismis unobservablebecausetheionizationpotentialof
mostof the quenchersis larger than the de-excitationenergyof the argon metastablestate.*

* An exception is n-pentane,used in the NUSEX detector[121].
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Atomic inductionmight occurwith a usefulcrosssectionin morecomplicatedmolecularsystems,but
the computationalproblemis formidable.Even beforethe DKMPR calculation,McIntyre andWebb
[122]discussedthepossibility that excitationsfrom the singletgroundto the triplet excitedstatemight
occur in moleculesof the kind found in plastic scintillator. Since the triplet stateis long-lived, they
expectedinteraction betweenpairs of triplet statesto excite a singlet statewhich would decay with
detectablephoton emission.Their detector,basedupon this mechanism,is now in operation.

5. Track-etchexperiments

An electricallyormagneticallychargedparticlewill inevitably leavebehindit a trail of local radiation
damageas it traversesmatter. In a wide classof dielectric materials,the damagedregion is more
chemicallyreactivethanthesurroundingundamagedmaterial. Suitablechemicaletchingcanproducea
visible track,orevena tiny holewhich canbefoundwith a leakdetector.Annealingtimesfor thedamage
arevery longatordinarytemperatures,andsuchmaterialcanbe deployedoverlargeareasvery cheaply.
On the otherhand,only extremeionization will producean etchabletrack, so the potentially large
f dA dQ dt is useful only for very fast monopoles,or for slow monopolesboundto atomicnuclei.

The developmentof track-etchtechniqueshasmostlyfollowedthework ofFleischer,PriceandWalker
[123,124], although therewere severalearlierobservationsof etchedtracks [125].Practicaldetectors
rangefrom avarietyofcommonplastics(cellulosenitrate,polycarbonatessuchasLexanandCR-39,etc.)
to naturallyoccurringmica, wheretheintegrationtime canbevery long.The basicdamagemechanismis
quite different in thetwo cases:In a polymer,electronicenergyloss resultsin brokenpolymermolecules
andnewcross-linkages.In a crystallinematerialsuchasmica, thenuclearrecoil part of theenergyloss
(thepartspecifically ignoredin section4) dominatesat low velocities,whereour primary interestlies.

In section4 we observedthat thepassageof a monopolewith chargeg andvelocity v producesthe
sameelectricfield asa staticelectricchargeq = gvIc, exceptthat thefield pointsin a differentdirection.
In the context of that section,v wasmostly the atomicelectronicvelocity (zwcxc), and the equivalent
electricchargewase12for a Diracmonopole.Forhighervelocities,q 69(vlc)e.Evenat0.lc, weexpect
a monopoleto produceabout50 timesminimum ionization. A fast monopolethusappearsasahighly
ionizing penetratingparticle— much more penetratingthan a high-Z nucleuswith which it might be
confused.This signaturehasbeen the basis for severalof the older searches,and for at leastone
“discovery”. In thepresentcontext,mostplastic track-etchdetectorsaresensitiveto monopoleswith
velocitiesdown to just below 0.Olc, dependingupon experimentaldetails.* Theresultsof threerecent
experimentsof this sort havebeenpublished:

1. Berkeley1981 (Kinoshita andPrice [1261).A CR-39 exposureon White Mountainresultedin a
limit at 1.6 x i0’3 cm2sr1s’ for v> 0.02c, if we assumetheir solid anglewas21T. This andother
track-etchflux limits are shownin fig. 7.

2. Berkeley 1983 (Barwick et al. [1271).Despitesome experimentalproblemswhich resultedin
reducedsensitivity, thevelocity thresholdof this secondCR-39 exposurewas0.007c.The flux limit was
10_12cm2sr1~

3. Japan(Dokeetal. [128]).A collaborationfrom severalJapaneseuniversitieshasexposed100 m2 of
cellulosenitrate for 3.3 years. They obtain a flux limit of 5 x 10_15cm2srt s~for v > 0.04c.

Pricehasrecentlypointedout that (a) plasticssuchasCR-39 arealsosensitiveto monopolesin asmall
low-velocitywindow justbelow 104c,and(b) if, assomeexpect,monopolesarrivewith a boundproton

* The exceptionappearsto be JapaneseCR-39, discussedbelow.
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[120],thensuchplasticsaresensitiveoveraverywide monopolevelocity range[131].He re-interpretsthe
earlier Berkeleyexperimentsto obtain the velocity-dependentlimits also shown in fig. 7.

A University of Tokyo group has deployed 100 m2 of CR-39 underground; analysis of the one-year
exposurewill start in January 1986. An additional 300 m2 will soonfollow, and approval hasbeen
obtainedfor a5000m2 array. By usingJapaneseCR-39with extremelyuniform thicknesstheyareable to
etch very heavily, leavingonly about 15% of the material.Calibrationswith Bevelacbeamshaveshown
thattheir CR-39 is alsomoresensitivethanthat usedby Price[124].Assumingthe monopoleenergyloss
ratesgiven by Ahlen andKinoshita [100],theyfind a thresholdat 1.0 X 103c. Theirplannedthree-year
exposureof the large arrayshould reachgalacticmonopoleflux boundsbelow lO ‘~cm~sr -‘ s’ [129.
130].

Byfar themost interestingresultsin theareahavecomefrom searchesin old mica [8, 132—1351, where
the integration times have been close to 500 Myr. Price and his co-workersargue that a monopole
traversingrock capturesa nucleuswith a largemagneticmoment,the mostcommoncandidatebeing27A1.
Mica is not aterribly sensitivetrack-etchdetector,but theresultingboundstateleavesan etchablerecord
for velocitiesin a broad regionnear103c.The procedurehasbeento cleaveacut sheetof mica,then to
separatelyetch two or three—.100 J~msheets.Themicacontains(a) —0.01 ~imtracksproducedby nuclear
recoilswhenU andTh impurities a-decay,(b) uranium fission fragmenttracks, typically —.20 p~mlong,
and (c) —-.0.5pm tracks, madeby nuclearrecoils when Al andSi are struckby a particles from 212Po
decay.This newly-discoveredclassof recoils is particularlyinteresting,in that theyshouldproducethe
samekind of radiationdamageexpectedof magneticmonopoles[135].In particular,theyshouldanneal
in the sameway. Nearly 1000m2 of mica has now beenscanned.A few accidentalfission track stub
line-upshavebeenfound, but noneshow alignedtracksin threesheets.The frequencyof theseaccidental
eventsis as calculated.

There havebeen severaldiscussionsof possible loopholes[132—134].Therenow seemsto be little
question about the cross sectionsfor nuclear capture,* the age of the mica, or its averagedepth
undergroundduringexposure.Severalremainingproblemsdeservecomment:

1. It was consideredpossiblethat monopoletracksmight annealat adifferent ratethantherecoil and
fission fragmenttracks used to corroboratethe age-dating.Monopole damageshould consist almost
entirelyof point defects,while a-decayrecoilsproduceextendeddamagecharacteristicof electronicloss.
In contrasttoboth, fission fragmentsproducesuchextensivedamagethat annealingwouldbe difficult. As
mentionedabove, the newly-discoveredtracksdueto atomsstruckby a particlesshouldannealin nearly
thesameway asmonopoletracks. Thereis someindication thatthedensitiesof both kindsof recoil tracks
areslightly lower thanexpected(asnormalizedto the fission track densities),but the effect is certainly
minor. The track-fadingquestionappearsto have beenanswered.

2. Bracci andFiorentini havearguedthat most monopoleswould havecapturedprotonsat an early
epoch[1201.If so,theycould not capturehigh-Znucleiwhile going throughthe rock abovethe mica, and
wouldnot leavedetectabletracks.After correctionfor an error in the Bracci andFiorentinipaper,it now
estimatedthat 15% to 98% of the monopolesarrive with attachedprotons [133].At worst, Price’smica
limits would be increasedby a factor of 50 if the estimatesare now correct.The physics of this epoch
(kT—— 50 keV, betweenthelight-elementformationeraandthe matter-radiationdecouplingtime) is well
understood.However,the correctionfactor, thoughtto be of 0(10) to 0(100), is exponentiallysensitive

* In principle, onecalculatesthephotodisintegrationcrosssectionfor theboundstate, then applies detailed balance to find thecrosssectionfor the

inverse reaction. The wavefunetions are reasonably well known, except for some questions concerning the interaction at nuclear distances.
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to smallchangesin theparameters,especiallyto thepoorly-knownmonopole—protonbindingenergy[18,
134]. Given the importanceof this experimentallyelusivepoint, we remain somewhatapprehensive.

3. Similar problemsariseif monopolesmanifestthemselvesasdyons.Positively chargeddyonswould
avoid27Al capturebecauseof electrostaticrepulsion,while negativeoneswould tendto capturethefirst
availablenucleus— possiblyevenatmosphericnitrogen.The chargeof thecapturednucleusmight betoo
low for trackproductionin mica.

4. If thereis appreciablewater(—4km equivalent)abovethemicaduring muchoftheexposuretime,
thenprotoncapturecould occurmostof the time. Sincecontinentalplatematerialdoesnotoccurunder
deepoceans,we considerthis possibility unlikely.

5. Catalyzednucleondecay(exceptperhapsvia theweakanomaly)would preventsurvivalof bound
states for long enough to produce mica tracks. As statedearlier, we regard the mica limit and
astrophysicalcatalysislimits as exclusive— if catalysisexists, the mica limit is unnecessary.

The absenceof signal implies the velocity-dependentflux limit labeled“mica” in fig. 7, wherethe
possiblecorrectionfor monopolesarriving with boundprotonsis indicatedby the higher dottedcurve.
We haveplottedthe most recentresult[133],improvedby a factorof 70 from the limit publishedearlier
[8]. Thevelocity dependenceresultsfrom severalfactors:Sincetheetchrateis morethan50 timesfaster
parallelto thecleavageplanethannormal to it, sensitivityvarieswith angle,andhencethe effectivesolid
anglevarieswith thenuclearpartof theenergylossrate.At highvelocity thisratedecreases,while atlow
velocities diamagneticrepulsion introducesa thresholdat 3 x 104c. Taken at face value, this single
experimentsets a flux limit nearly four orders of magnitudebelow the Parker bound for galactic
monopoles(v 103c), and a factor of i05 below the bestscintillator and proportionalwire chamber
limits.

6. Scintilator experiments

Organicscintillators and gas-filled proportionalwire chambers(PWCs) canbe deployedover large
areasat a reasonablymodestcost,andhavelong beenusedfor cosmicray work. Severallargedetectors
were thereforealreadyin operationin 1982,whenthepossibilityof slow monopoledetectionoccurredto
mostof us. The electronicsfor thesedetectorshadbeenbuilt assumingv c, so that slow monopoles
wouldhavepreviouslyescapeddetection.Electronicmodificationswerequickly made,andin atleastone
casedatawerebeing obtainedlessthantwo weeksafter the conversionwas first discussed.Since that
time, severallargedetectorshavebeenbuilt, andevenlargeronesareplanned.Mostof thenew detectors
havemultiple physicsgoals.

Suchdetectorsare sensitiveto any ionizing particles.The surfaceintensityof cosmic-raymuonsis
about 10_2 cm~2sr’ s~,but drops off rapidly underground,reaching 1.5 x 10h1 cm’2 sr1 ~ at
7000hg cm2,the depthof the Kolar Gold Fields(KGF) detector.Shallow experimentsmustelectroni-
cally eliminatecosmic ray triggers,andthereforeareusually not sensitiveto high-velocitymonopoles.
The veto requirementcan be somewhatrelaxeddeepunderground,where cosmicray eventsare less
frequent.

In section 4 we discussedelectronic energy loss for slow monopoles,with the conclusion that
monopoles would not produce detectablesignals if their velocities were below some threshold,
somewherebetween103c and 104c. The details variedbetweenscintillatorsand PWCs. Thereare
otherdifferences.Scintillatorsarein generalfaster(—10 nspulses),andat10 3c amonopolespends30 ns
crossinga 1 cm scintillator. Some of the liquid scintillator modules in use are 30 cm thick. Since a
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discriminatoris normally designedassumingpulse integrationover a very short time, the monopole
signal,presentedasa seriesof single-photoelectronpulsesspreadover a longtime, might for thisreason
alonefall belowdetectionthreshold.For theseandothertechnicalreasons,we find it usefulto divideour
discussionsof scintillator and PWC experiments.

Scintillatorarray(or scintillatortriggeredarray) resultshavebeenreportedby ninegroups.At least
two newexperimentswill soonrun, andtheproposedGranSassoexperiment(section8) usesscintillators
aswell as PWC’s andtrack-etchdetectors.The reportedresults,all upperlimits, are shownin fig. 15.
Individual commentsfollow.

1. Bologna [136, 137]. For reasonsof backgroundrejection in this surface-leveldetector, the
discriminationthresholdwas at about20 timesthe ionization producedby relativistic cosmicray muons,
or 201min~The detectorwas enlargedafterthe first publicationto 38 m2 sr. Lowervelocity limits varied in
different runs from 0.OOlc to 0.007c;for the runswith Vmjn = 0.OOlc the ionization thresholdswere at

101min~Sizechanges,electronicschanges,andgeometryall contributeto thev-dependentflux limit shown
in fig. 15. The final limit was about 15% below that reportedin ref. [137].

2. Tokyo[138—140].A small (1.1m2 sr) 6-layersurfacedetectorwith a l~2Imnthresholdwas used to
obtainthe data shown as “Tokyo I” and “Tokyo II”. The differencewas that in the secondcasethe
velocity window was 2 x 10~2crather than 0.Olc < v <0.25c. We would expect a dE/dx-imposed
thresholdat 3 x 104c to 7 x 104c, on the basis of our discussionin section4. A much larger array
(Afl = 22 m2 sr) located250 m undergroundat Kamiokawas usedto obtainthe “Tokyo III” limit [140,
141]. It had a thresholdof 0.061mm for v > 0.Olc, and 0.251mm for 3 x 10’4c < v <0.Olc. In the original
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Fig. 15. Experimentalmonopoleflux boundsobtainedwith scintillatorarrays.Reportedionization thresholdsin units of I,,, areshownin parentheses;
in somecaseshigher thresholdswere usedfor thehigh-velocity regions.Dotted lines indicated one-yearlimits for plannedexperiments.
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configurationwith six horizontalscintillator layers,it achieveda flux limit of 6 x 10-13cm2sr’ sW’. It
hassincebeenre-arrangedinto a largertwo-layerdetector,andthepresentnull result(September1985)
implies F ~ 1.7 X i~’~cm2sr’ s~[1411.

3. Baksan[142,143].This enormous(All = 1850m2 sr)detectorlocated850 hgcm2undergroundin
theBaksanMountainshasbeenusedto setthebestavailablescintillator flux limit on galacticmonopoles.
Figure 16 showsthedetectorin somedetail.Grossfeaturesarefrom an earlypublication[144],while the
arrangementof the liquid scintillator cansand concreteabsorberareshownwith someaccuracy[145].
The original electronicmonopolevelocity thresholdwas4 x 103c[1421,butmodificationsafter thefirst
half-yearofoperationreducedit to 2 x 104c.Theactualthresholdis setby pulsewidth (50nsintegrators
precedethevoltage-sensitivediscriminators),discriminatorthresholds(O.25Iminfor arelativisticparticle),
andestimateddE/dxfor monopoles.With 773 daysof observation,F~1.9>< i0’5 cm2sr~s~,at the
90% C.L.
At 103c, a normally incidentmonopolecrossesascintillator planein 1 p.s. The50 nsintegrationtime
meansthat theaveragepulse size is reducedby a factor of 20, comparedwith that producedby a fast
particlewith thesamedE/dx.The °•251minmuonthresholdthusbecomes51mifl for a monopoleat 103c.
The effectivethresholdis fairly independentofangle,since theenergydepositperunit time remainsthe
same.From fig. 12 it can be seenthat a bare monopole at this velocity should producesomewhere
between51min (Ahlen) and 101mm (Ritson).Ahlen expectstheBaksandetectorto becomeinsensitiveto
monopolesjustbelow 103c[1461,while modelswithout a truncatedmomentumdistributionfor atomic
electronsleadto a slightly lower velocity for thesensitivitycutoff. In anycase,it seemsclear that (a) the
Baksandetectoris fully sensitiveto baremonopolesdown to about103c,and(b) thesensitivitydrops
rapidly at smallervelocities. The conclusionis impressive:for monopoleswith or without associated

I?0

0

Fig.16. A cutawayview of theBaksandetector.Eachliquid seintillatoris 70cmx 70cmx 30cm.Thetop layerconsistsof 24 x 24 suchcounters,while
theotherhorizontal layersare20 x 20. Vertical walls are 15 high; two are22 wide andtheothers24 wide. Therearepracticallyno gapsbetween
scintillators.The wallsof thecentralconcreteabsorber/supportare80cmthick. The entire array,16 m x 16m x 11 m, is thesizeof a large4-story
building.
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electriccharge,the flux at the local virial velocity in thegalaxy is no morethana factorof two abovethe
Parkerbound.

4. Mayflower[106].A small3-layerdetector507hg cm 2 underground in theMayflowerMine (Utah)
initially operatedwith ‘~‘~‘0.25Iminthresholds,Pulseintegratorswere then introducedto permit velocity-
independenttriggering, and thresholdswere reducedto about 0. ‘

2tmifl’ Their estimatedvelocity lower
limit (1.4 x 104c) is basedupon Ritson’s excitation curves; it should probably be somewhathigher.

5. Michigan [147].A 5-layersurfacearraywas set to trigger at the single photoelectron(p.c.) level.
Since 150—200p.e.’swere obtainedper minimum ionizing muon traversal,theyreport a thresholdof
0~011min.

6. Berkeley[146]. A single thick slab of naphthalene-basedscintillator subtending17.5m2 sr was
viewed by 52 photomultipliersin this surface-levelexperiment. The authors have arguedthat this
scintillator hasa lower velocity cutoff thanthe conventionalpolyvinyltoluenetype [103].Pulse shape
discriminationwasusedto eliminatecosmicraysandmeasuremonopolevelocity in therange5 x 104c
to 4 x 103c. Since —.5000p.e.’s were obtainedper muon traversal,the effective thresholdwas quite
low. As of October 1983 no viable candidates had been seen, for a flux limit of 4.1 x
i0’3 cm~sr~~ We seriouslydoubt the final two sentencesof the paper.

7. TokyoInstitutefor Cosmic Ray Research(ICRR) [148].The first stageof the experiment(which
later used a He—CH

4 PWC trigger, as reportedbelow) useda scintillator trigger with thresholdsat
°~°

5’min~The arrangementof scintillators, PWC’s, and absorberis shown in fig. 17. A flux limit of
1.8 x 1012 cm2 sr~s~has been reported for 2.5 x 104c<v<0.lc. The lower limit relies upon
Ritson’sexcitationcalculationsand shouldprobably be doubled.

8. BrookhavenNeutrino Detector(BNL—Brown—KEK). The triggerof an existing neutrinodetector
at Brookhaven[149]was modified to acceptmonopoleswith 103c~ v ~ 0.2c [1501.Eachof the 112
vertical modulescontaineda 422cm >< 409 cm plane of small liquid scintillator counters (used for the
monopoletrigger),aswell astwo planesof PWC’s. No interestingeventswereseenin a 35.5dayrunwith
this 14.5 m2 detector,for F<~5.2x 10’~cm~2srt s~.
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9. TexasA. & M. [122].A three-layerarrangementof 182cm X 182 cm acrylic scintillators with
a total apertureof 330 m2sr is locatedin a salt mine 500 hg cm2 underground.Using 1 cm scintil-
lator and a BBQ light collection system, only 2 or 3 p.e.‘s are collected for eachmiminum ionizing
particle,resultingin a fairly high threshold.As wasmentionedattheendof section3, theyexpectdelayed
light emissiondueto triplet excitationsthoughtto dominatetheenergylossprocess,andtriggeron botha
fast thresholdat 1 p.c. anda delayedthresholdat severalp.e.’s.Onthe basisof 2500hoursof operation,
the reportedflux limit is 7.7x i0’4 cm2sr~s’ (90% C.L.) for 6 x 104c< v<0.Olc.

10. Homestake(U. of PennsylvaniaandBNL) [151].A liquid scintillator“box” surroundsDavis’ 37Cl
solarneutrinodetector,4200hg cm2undergroundin the HomestakeMine (SouthDakota).As shownin
fig. 18, it consistsof 200 detectors,each30cmx 30cmx 800cm.Eachis viewedfrom both ends,so that
longitudinalpositionmay be obtainedfrom relativepulsetiming. Scintillator quality and light collection
efficiencyare suchthat amuon producesabout350 photoelectrons.Thresholdshavetentativelybeenset
at0.1 ‘mjfl~The sophisticatedelectronicsis designedfor severalphysicsgoals.Transientrecordersmonitor
the long pulseshapesexpectedfrom slowmonopoles.The electronicvelocity window is from 104cto
1 .Oc. For thereasonsdiscussedin section4, theactualdetectionthresholdwill be6 x 10 4c or somewhat
less.The southhalf of thedetectorwasworking asof October1985, and the restwill be commissioned
soon.With an apertureof 1200m2 sr the arrayshouldset limits at 2 x 10-15 cm2sr~s~within three
years,providing a welcomecomplimentto the Baksandetector.

11. Mt. Blanc Large VolumeScintillator [152].An Italian—Russiancollaborationhasbuilt a large
multipurposedetector5200hg cm2 undergroundin theMt. Blanc. It consistsof 72 liquid scintillators,
each 1.0 m x 1.5 m x 1.0 m, arrangedin threelayers. All pulseswith �1p.e. will be recordedin the
time window arounda monopoletrigger,anda flux limit at5 x ~o “ cm2sr1~ shouldbesetafterits
first yearof operation.

16 m -

7.6m

8m<~

Fig. 18. The Homestakelargearea liquid scintillationdetector. The two hundredboxes, each30cmx 30cmx 800 cm, arefilled with extremely
transparentliquid scintillator and viewed on both endswith 12 cm diameterphotomultipliers.



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

Theseexperimentsdiffer in so manywaysthat it is difficult to makeoverall comparisons.In anycase,
the combined limit at the galactic monopole velocity, 103c, is totally dominated Baksan result,
F~1.9 x i~’~cm2 sr~s~1.

7, PWC experiments

The comparatively low cost of PWC detectorsmake them even more attractive choicesthan
scintillators for large-aperturearrays.However, the first experiments,with tubesfilled with the usual
argon-plus-quenchermixtures,may not havebeenas sensitive to slow monopolesas was hoped.For
example,Ritson’scurvesfor ionization in argonsuggestthat Uliman’s pioneeringexperiment[153]was
insensitiveto monopolesover the entire velocity window setby the electronics.If the atomicinduction
mechanismwere operativethe experimentwould still be insensitivebecausethe ionization potentialof
methane(13.0eV) is greaterthanthe argonmetastableexcitationenergy(11.6eV). We do not wish to
concludethat thesesearcheswere invalid for v< 103c,but merelythatthereareproblemsin the context
of presentfirst stepstowardunderstandingenergyloss by slow monopoles.The newerdetectorshave
madeexplicit useof atomicinductionexcitationfollowedby energytransferto a quencherwhich becomes
ionized(Al-ET), as discussedin section4, andassuchpromiseto set themost trustworthynon-inductive
limits. We repeatan earlier caveat: Al-ET does not work for monopolescarrying a positive electric
charge.In this casea PWC will work in the normal way, with sensitivitydown to just below 103c.

Aswith othertechniques,theresultsarenegative.PWCflux limits obtainedby ninegroupsareshown
in fig. 19, with the heavierlines for the AI-ET results. Detaileddescriptionsfollow:

1. Brookhaven(Ullman [153]).The modestlimit set by this experimentis offset by thefact that it was
by far the earliest, even antedatingCabrera’s.A 3-layer surfacearray of argon-methanechambers
subtended1.8m2sr for 2-way incidence.The thresholdwas at 21min’ and the velocity window was
3.3 x 104c <V <1.2 x 103c.

2. Soudan[154,155]. This underground(1800hg cm2) experimentmakesuseof a massiveproton
decayarray(All = 103 m2 sr) with 48 layersofA—CO

2 filled PWCs.A high (161mm)thresholdis usedto
setlimits for v > 10

2c,while for 2 x 103c< v< 102cthe thresholdis 0~5Imjn* Theanalysisis uniquein
that theauthorscompletelyincorporatethepossibility of nucleondecaycatalysis.Following theOccam’s
razorcriterion introducedearlier,we consideronlyf

0 = 0 (nocatalysis)in thissection,andin fig. 19 show
a flux limit just under 1013 cm

2sr~s’.
3. Kolar Gold Fields [1561.This 250m2 sr array,operatedby a Japanese—Indiancollaborationvery

deepundergroundin theKolar Gold Fields,consistsof 34 PWC layers filled with 90% argon and 10%
methane.Monopolesareidentified by (a) dEldx (952 days),for which uniform ionization �2. ~‘mjn is
requiredin at least12 layers,and(b) time-of-flight (623days),applicablewhen7 x 10~4c< v <4 X 103c
anddEldx> 0~25Imin~The dE/dxtriggeradmitsmonopolesdownto 7.5 X 104c,but the high ionization
requirementis thoughtto raisethe effectivethresholdto 1.3 x 103c. We showthecombinedlimit in fig.
19, againassumingthe absenceof catalysis.

4. Osaka [157]. Groupsfrom two universitiesin Osakahaveoperateda surfacedetectorwith an
apertureof 4.6 m2 sr. In the first phaseof theexperimentit contained5 layersof PWC’s filled with an
A—CH

4 mixture, and set a limit at 1.5 x 1012 cm
2sr~s~(OsakaI). Two additional layers were

added,the gasmixture waschangedto He—CH
4, andthethresholdraisedfrom 0.051mm to

71min~A limit

* In the first publication, 105cis given as the lower limit.
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of 2.8 x 1012 cm2sr~s~1has been set with the new configuration(OsakaII). In both casesthe
electronicvelocity window wasbetween1 x 104cand 4 x 104c.

5. NUSEX[158](Mont Blancprotondecaydetector).Thedetectorconsistsof 134 limited streamer
tubeplanesfilled with A—C0

2—n-pentaneandseparatedby 1 cm thick iron plates.Sincethe tubesare
sensitiveto single electron—ionpairs and a minimum ionizing particle producesabout30 pairs, the
single-tubethresholdis about°~°

31mifl~The apertureis 9.5 m2 sr. Themonopoletriggerelectronicsadmits
particleswith vbetween104cand0.05c;duringthefirst third of the livetime it permittedtriggersonly for
downward-goingmonopoles.A minimum of nine aligned planesare requiredfor a trigger, and most
recordedeventswere in this category.As ofApril 1984a flux limit of 6.4 X 10_13 cm2sr~s~hadbeen
established.It is especiallyinterestingto note that if atomic induction excitation occursin argonthis
detectorshouldbesensitivevery nearlyto the lowerelectronicthreshold,sincethen-pentanewould be
ionizedby energytransferfrom the metastableargon.

6. TokyoICRR [159].This 11.0m2 srsurfacedetectorwasthefirst of thenew-generationAl-ET PWC
arrays;it is shownin fig. 17. After initial operationwith a scintillatortrigger(discussedin thelast section)
thePWC’swere filled with He—CH

4(10%)andusedin thetrigger,a 6-fold delayedcoincidencein either
direction.Thresholdswere at

31min~Theelectronicvelocitywindow extendedfrom 104cto 0. ic, sothat
from fig. 14 we might expectsensitivityabove2 x 104c. Operationceasedin late 1984, aftera limit of
4.8 x i0’3 cm2sr’ s~was obtained[160].

7. La Jolla [161].Maseket al. havebuilt a prototypemodulefor what is hopedwill bea largeand
economicalAl-ET array. It consistedof three 1 m wide planesmadeup of 7.3 m long aluminum
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extrusions.Eachextrusionhas two layersof 2.5 cm X 2.5 cm squaretubes,onelayeroffsetby half a tube
width from the other. After correction for geometricalefficiency (a 6-layer trigger is required),the
apertureis 36m2sr.* With a He—CH

4 gas mixture and a thresholdat ~1min, the expectedvelocity
thresholdis 1.1 X 10

4c. The electronics is optimized for low-velocity monopoles,where a limit of
4.0 x i0~ cm2 sr~s~is obtained, and the effective aperture decreases to a cutoff at v = 103c.
A new versionhas sincebeenbuilt, with six 7.3m X 7.3 m doubleplanes.Alternatedoubleplanesare
crossedto providetwo-dimensionaltracklocation.Theelectronicshavebeenmodifiedto provideconstant
apertureup to 3 x 103c. Operationby early 1986 is expected.

8. Akeno[1621.Haraet al., alsoat theTokyo ICRR, modifiedthelarge(130m2 sr) calorimeterof the
Akeno air showerarrayto functionas aAl-ET detector.The electronicvelocity thresholdis 4.1x 104c.
but with a thresholdat 101mm the aperturedecreasesrapidly below 103c. A monopoleflux limit at
1.4x i0~cm~2sr’ s~was obtainedafter the first 145 days of operation.

9. Frejus [163].The 6 m x 6 m X 13 m nucleon decayexperimentunder constructiondeepunder-
groundin theFrejusTunnelcontains1000flash-tubeplanes,for an apertureof 1000 m2 sr. Sincethe tubes
are filled with Ne—He, excitation via atomic induction cannot be observed. The 124 planes of
Geigertubes,usedto trigger the apparatus,arefilled with A—C

2H~OH(2%). The electronicwindow is
evidently 10

4c< v <0.lc, but energy-lossconsiderationsprobably limit the thresholdto just under
103c. Theexpectedone-yearflux limit, 7.3 x iO~5cm2sr~s~is shownby thedotted line in fig. 19.

10. Moscow [164]. A 6-layer surface array was used to search for very heavily ionizing events
(>1001mm)for 2.5 years, establishing a limit at 3.1 x i0~3cm2sr~s’ for v >0.Olc.

As in thecaseof the scintillator experiments,it is difficult to comparethe resultsof experimentswhich
differ in so many ways. However, the combined result of the Al-ET experimentsat 103c is
1.0x 10~13cm2sr1s~,while the KGF result using conventionalgas mixtures is nearly an order of
magnitudelower.The LaJollaexperimentis the first to probethe possibilitythat monopolesareboundto
stellarsystems(v 104c), andwe look forward to large-apertureresults in this region.

8. The MACRO detector

A largeconsortiumof physiciststfrom CERN,Italy, andtheUnitedStateshasproposeda12000m2 sr
Monopole,Astrophysics,and Cosmic Ray Observatory(MACRO) to be located4000hgcm2under-
ground,in Italy’s GranSassoTunnel [165].Sinceit will consistof scintillator counters,streamertubes,
and track-etchdetectors,descriptionof this bold proposaldoes not convenientlyfit into any of the
precedingsections.Much of the prototypedevelopmenthasalreadybeencompleted,approval for the
dominantItalian partsof theventurehavebeenobtained,and1/9 of thedetectorshouldbe installedand
operatingby late 1986.

Although the monopolesearch is the primarygoal, MACRO will also searchfor point sourcesof
high-energyneutrinos(by looking at secondarymuon directions), for neutrinosfrom supernovacore
collapse(containedeventsin thedetector),andwill do standardcosmicray muonphysicsataninteresting
depth.

Most of the componentsarearrangedin horizontalplanes.Eachmoduleis 6.2m x 12 m x 4.7 m high,
with the long dimensionof the modulenearly filling thewidth of Hall B in the GranSassoLaboratory.

* Severalnumericalcorrectionsto thepaperhave been made,and thequencherwas really methane.

t B. Barish(Caltech)and E. larocci (Frascati)are theco.spokesmenfor thecollaboration.
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Eighteen such modulesmore than fill the length of the hail, for a total length of 111.4m. The
arrangementis shownin fig. 20. Both endsof the “connectinggallery” shownin thefigure meetthenorth
side highway tunnel, providingtruck accessto the laboratory.

A sectionacrossone of themodules(parallelto the long axis of thehall) is shown in fig. 21. Large
liquid scintillator countersspanthe lengthof eachmodule (crosswiseto thehall) at its topandbottom.
Tenlayersofstreamertubes,also orientedalongthe 12 m length of themodules,arearrangedasshown.
Nearthemidplaneis a layerof plastic track-etchdetectors.Half-meterthick concreteslabsseparatethe
layers.The overall heightwaschosento providereliabletime-of-flight determinationof muondirections,
which is essentialfor theneutrino-physicsgoalsof theexperiment.Not shownis a top concretecover,
which might serveasthe floor for an experimentoccupyingthe upper 10 m of the tunnel.

Also not shownarethemodule“ends”. Two verticalplanesof streamertubes(with wireshorizontal)
areseparatedby a planeof scintillators,similarto theonesusedat thetopandbottomof thearray.Given
that modulesidesmeetothermodules,thedetectoris nearlyhermitic. The ratio of active areato total
areais about0.96.

The 25 cm X 50cm X 12 m scintillation countersare evolvedfrom thosedevelopedfor Homestake
[151]. The mineral-oil basedliquid scintillator fills PVC boxeswith teflon liners (for total internal
reflection).The20cm diameterhemisphericalphotomuitiplierswerechosento optimizetime resolution.
A thresholdat 0. 11mm will beusedinitially; gain calibrationswill be madeusing the 30 muonswhich go
through eachbox daily.
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The He—n-pentanefilled plasticstreamertubesarealso basedupon a well-testeddesign,this time in
theNUSEX detector[158].The3cmx 3 cm tubesarein a plasticextrusion,with conductor(graphite)
only on the vertical walls of the extrusion. After somehours of operation,an equilibrium charge
distributionis establishedon the dielectrichorizontalplanes,shapingthefield. Readoutis by meansof
conductingstripson theoutsideof the extrusion,parallelto the tubedirection on oneside andat 45°on
theother. Sinceone electron—ionpair can initiate the breakdown,operationat °~

0031minis expected.It
will alsobepossibleto operatesomeof the planesin a proportionalmode,shoulda reasondevelopto do
so.

Two of the various triggersarerelevantto the monopole search:
1. A slow coincidencebetweentop and bottom scintillators initiates detector readout,including

waveformdigitization of thescintillator pulses.Among otherthings, a monopolecandidatemust show
the properrelationshipbetweenpulsewidths andthe transit time betweentop and bottomlayers. The
electronicwindow is for v> 104c, but as usual dEldx limits the lower velocity to —5 x 104c.

2. An Al-ET triggerwill beimplementedusingthestreamertubes.Becauseof theirlow thresholdand
thepresenceof naturalradioactivity, somedegreeof patternrecognitionmustbe implementedto obtain
low trigger rates.Unchargedmonopoleswith v > 104cshould producethis trigger.

The track-etchdetectorpackagenearthe mid-planeof arrayconsistsof two 1 mm sheetsof CR-39
(with expectedthreshold5 x 103c) and four 0.2mm sheetsof Lexan (for v > 0.3c). The appropriate
50 cm X 50 cm moduleswill be etchedif the electronicsproducesan interestingevent.

The turn-onof thedetectorover thenext severalyearswill be a gradualprocess.The entiredetector
will be able to establisha monopoleflux limit at 0.6 X 10 ~ cm 2 sr - s’ in oneyear,andoperationfor
abouta decadeis anticipated.It thusofferstheexcitingprospectof searchingwell below theParkerlimit
for monopoleswith v> 104c.

9. Terrestrial limits basedupon nucleondecaycatalysis

Thereis yet anotherrock to look under.In section2 wewrote the nucleondecaycatalysiscrosssection
as

(V/c)~B�(I = 1028 cm2 f
0

where the scalefactorf0 was perhapsas greatasunity, but wasvery likely O(10~)or so. It wasalso
possiblethat catalyzeddecayproceededonly throughthe “weak anomaly”,with f11 i0’~.Neutronstar
luminosity limits were used to find Ff~~~ 1022 cm

2sr’ s~.If catalysisdoes proceedwith a weak
interactioncrosssection thislimit is not very interesting,but anotherpossibilityexists.Underterrestrial
conditions(butnot in a neutronstar)amonopolemight bindto anodd-spinnucleus,andcatalyzeddecay
would then occuron a weak-interactiontimescale.Catalyzeddecaymight be observedin a terrestrial
proton-decaydetector, for example,without severeastrophysicalconsequences[166, 167].

Forexample,supposetheproton-monopolecapturecrosssectionwere1025 cm2 (equivalent tof
0 = 1

at v = 10
3c, but for a different process).If the capturecrosssection on 160 were negligible, the

monopole’sinteraction length in waterwould be 140cm(18/2 times the16cmobtainedin section2). At
103c,anaverageof 5 ns would elapsebetweencollisions — sufficient timefor catalysisvia aweakprocess.
Since the monopole—protonbinding energyis between10 keY and 100keV, such two-stepprocesses
would not occur in the hot interiors of neutronstars.
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In theastrophysicalcontext,weignoredthepossibility thata nuclearangularmomentumbarriermight
suppressorenhancethecatalysiscrosssection.In thecaseofa terrestrialdetector,wheresucheffectsare
important, it is convenientto re-write thecrosssectionas

(v/c)oAB,~O= F(/3, Z) f0 x 1028 cm
2

The suppressionfactorF( f3, Z) can differ from unity by severalordersof magnitudein eitherdirection
[65].The crosssectionis enhancedfor odd-spinnuclei (protons,27A1, etc.),andsuppressedfor spin-0
nuclei like 160 At therisk of confusingdirectcatalysiswith capture,we notethatthesamephysicsleads
to the large 27A1 capturecrosssectionrelevantto the mica track-etchexperiments.

Now supposethatamonopolecrossesa largeproton-decayapparatus,suchas the water-filled 1MB
detector[169].It capturesa protonafter travelingsomecharacteristicinteraction lengthA~(140cm, if
F( /3, Z)f

0 is unity for protonsandzerofor oxygen),anda catalyzeddecayquickly occurs.After another
meandistanceAc theprocessrepeats,asthe monopoleleavesa trail of proton-decaystarsthroughthe
detector.The electronicandanalysislogic mustobviouslytreatsuchan eventdifferently thana “normal
proton decay”(!), so that theeventwill not be lost because(a) the first or last decayoccursoutsidethe
fiducial volume, with decayproductsperhapsevengoing through a veto shield, or (b) the first decay
initiates eventreadout,blockingobservationof the restof theevent.The observationof this remarkable
signaturewould simultaneouslydemonstratethetwo crowningpredictionsof grandunifiedtheories— the
existenceof monopolesand theoccurrenceof proton decay.

Sevensuchexperimentshavereportedthe absenceof suchsignatures[168]:
1. Irvine—Michigan—Brookhaven(1MB) [169].This 22.8m x 16.8m X 17.5m water-filledCerenkov

detectoris locatedin an Ohio salt mine.
2. Aachen—Hawaii—Tokyo(AHT) [170].An eventmultiplicity of �4wasrequiredin the 17 m

3 water
detector,unlike the �2 requirementin all of the otherdetectors.

3. NUSEX[1711.This iron-plate—limitedstreamertubedetectorwasdescribedearlier in connection
with a direct monopolesearch[158].

4. KAMIOKANDE[70,172].A 3000m3 waterCerenkovdetectoris located2700hgcm2deepin the
Kamiokamine, wherethe University of Tokyo scintillator arrayis locatedat a shallowerdepth [140].
Limits basedupon the lack of neutrinosfrom monopolecatalysisin thesun,also setwith this detector,
were discussedin section2.

5. SOUDAN-I [155].Describedabove in connectionwith direct monopole detection[155],this
103 m2 sr PWC-in-concretedetector has also been used to set limits basedupon the absenceof
multiple-interactioncatalysisevents.

6. Kolar Gold Fields (KGF) [174].This protondecaydetector,consistingof 34 horizontallayersof
PWC’s and iron plates,is 6 m x 4 m X 3.7 m high, was mentionedearlier as having establishedthe best
PWC limit near v— 103c [156].

7. Dublin [175].While theprimarypurposeof all theabovearraysis thedirect detectionof nucleon
decay,this0.90m3 waterCerenkovdetectorwasbuilt specifically to look for monopole-catalyzeddecays.

Perhapsthebestmultiple-interactionflux limits havebeensetusing the 1MB detector.Resultsafter
300 days (most of the currently availablelivetime) are shownin fig. 22. The contoursof constantA~
correspondto monopole-protoncapturecrosssectionsof 1.5 mb, 15 mb, 150mb and1500mb. We have
also addedcurves of constantf

0, to make contactwith our previous discussionof direct catalysis
(catalysis-in-flight, in this context). As the interaction length becomeslarge comparedwith detector
dimensions,theprobability of multiple interactionsbecomessmall, leadingto the largerflux limits for
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Fig. 22. The 1MB flux limits as a function of monopolevelocity and monopoleinteractionlength in thewater-filled detector.

largerA~.Similarly, very slow monopolesencounterelectronicacceptanceproblems.For intermediate
velocity and short interaction lengths detection efficiency is high, leading to the “bottoming out” of the
flux limit at 3.4x i0~’5cm~sr~s~’.

Similar curvesexist for all of the otherdetectors.KAMIOKANDE limits arenearlyas low as those
from 1MB, while the otherrangeupward.

10. Conclusions

Over the past three years, in a search of unprecedentedscale and intensity, theoretical and
experimentalphysicistsfrom manyspecialtieshavequestedfor the legendaryrelic magneticmonopole,a
particlerequiredin thecontextof avery generalclassof grandunified theories.Occasionalrumorsto the
contrary, thereis at this point not one shred of evidencefor its existence.The most dependable
measurements,thoseobtainedwith magneticinduction experiments,now limit the flux to just over
10_12cm2sr~s~,andwe anticipatean orderof magnitude improvement within the next two or three
years.Directsearcheswith scintillator arrayshavenearlyreached10 i5 cm~2sr’ s’ for monopoleswith
the local galactic virial velocity, a flux limit also set by rathersolid astrophysicalarguments.Somewhat
moreconjecturalastrophysicalargumentsleadto limits 4 to 7 orders of magnitude lower. Price’s searches
in ancientmica alsoreachto 1019cm2sr1

5~I for v = 10
3c, albeit with assumptions as to what was

going on backat kT = 50keV. Someof theseargumentsandsearchesareinvalid if nucleon-decay catalysis
exists, but in that caseneutronstarswould glow too brightly unlessthe flux were very, very small.

Therearestill possiblehabitatsto be searched:If for someunknownreasonthe monopoleschooseto
orbit stars, theretypical velocities at the earthare =104c, and herethe first new-generationPWC
experimentssetpreliminary limits near5 x 10_I3 cm 2 sr ~s~~,not far below the inductionexperiment
bounds.We look forward to muchbetter limits in this region,aswell as to further improvementsnear
10 3c.

Even with negative results, the adventurehas been well worth the trouble. Theoreticiansand



D. E. Groom, In search of the supermassive magnetic monopole 369

experimentalistsalike have reachednew levels of understandingand technique,and new cross-
disciplinaryand internationalcollaborationexists.

We must regretfully concludethat the massivemagneticmonopoleis not only endangered,but very
likely extinct. We hope for nothingmore than to be provenwrong by futureexperiments.
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