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INTRODUCTION

The formalism of quantum mechanics has been used succeséfully to
predict the existence of new particles, codify their~properties, and
study their interaction with other particles. However we often obtain
from this mathematical formalism results such as imaginary nuﬁbers and
‘isolated singularities which &o not have an obviéus physical iﬁter-
pretation. It is very tempting for a physicist to disregard these
extraneous mathematical features, reasoning that they result from a
mathematical formulation which doesfi't exactly fit the physical
situation. However an antipathetical point of view -- that the
mathematics is prediction of physics thaéqis as yet unrealized -- is
also a possible approach. When P.AM. Dirac in 1930 used the
mathematical formalism of quantum mechanics and special relativity to
describe a free electron, a difficulty arose, He found not only
positive, but also negative kinetic energy values were predicted for
the electron. Dirac chose not to dismiss these negative kinetic
energy states, but instead interpreted them as the result of a new
particle, the electron’s antiparticle, the positron. A year later,
the positron was discovered by Anderson.

In 1931 Dirac, concerned with the reason for quantization of
electric charge, studied the motion of an electron in an electro-
magnetic field. He interpreted the resulting wave equation as that of
an electron in the field of én isolated magnetic pole. This result did
not give a value for the electroanic charge, but rather related the

quantization of electric charge to that of magnetic charge! This



impliéd the existence of a carrier of the elgméntary magnetic charge,
fortﬁwith known qs‘the magnetic monopole,

Dirac's success in predicting thé‘positron motiVated a search
which is still unsatisfied. Cosmic rays have been examined for signs
of free monopdle; while brptons frbm.accelerators aﬁ Berkeley;

. Brookhaven, Geneva, and Serpukho§ havé Been»used to bombard nuclei in
an attempt to producg free monopoles.,” All expériments td date haﬁe'hﬁd
negative results;  Therefore it wO#ld be easy to conclude that
monopoles do not exist. Ho&ever attempts to fiﬁd a‘conservétion law
which Qould préhibif the existence of thé ménofole have alsb been
fruitless.

' If‘we heed GellrMann‘s‘totalitarianfprinciple (EVerything which
is noé forbiddéﬁ'is compulsory.), we must attempt to find non-ffee
monopoles. Ru&erman‘énd Zwanziger have put.forwafd;ap e#planation for
the negative expériméntal reéultsa 'They argué that ménoédles are
>like1y to be prodﬁCed in- pairs, which afe tigﬁtly‘bqqnd'and never
.beéomqffreetbarticles, Such a pair ﬁas an anai#gﬁe in pésitronium'v
~with the electran‘aﬁdfPOSitroﬁ. Thefe-che~3ysﬁgm,:deécribed classical~-
"1y in terms‘d§ K$§§er§anéﬁrbits, has a 1ife£img.égainst anhihilatibnv
depending qgatﬁe,sﬁgarat%&ﬁ of the ?éfticleéror;'edﬁivaiently, on the
streﬁgﬁh'of“tﬁé‘énta%actibn. Annihilation of‘twb Such*mohopples,v
which we*will caliﬂpﬁleonium, Ruderménléné Zwéhéiger poiqt outfcouid
~.cause certain'anohéiéus cosmic ray event$¢
We propose.héfecgn experiment to investigate thé cosmic rayféﬁéﬁﬁs

of the type which could result from formation and annihilatién‘of'



monopole pairs in the Ruderman-Zwanziger model. We however first
review Dirac's arguments, calculate the monopole's properties, and
investigate the incidence of evokation»of monopoles in current
particle physics theory. We critically review previbus monoﬁole
experiments, and summarize their:results. Finally, using the model
proposed by Rudgrman and Zwanziger. to give identifying proberties of
bound monopole pairs, we proposeaaﬁ ékperiﬁent designea to det;ct the

materialization of the magnetic monopole.



THE THEORY OF DIRAC MONOPOLES

In this section we review Dirac's magnetic monopole theory,
theories using monopoles, and properties of magnetic monopoles.

Dirac Monopole Theory

Magnetic monopoles resulted from Dirac's investigation of an
g . . s . 1,2 . .
electron's motion in an electromagnetic field. For a free electron,

its wave function is

Y= ¥(ze® 1

where q{ is a wave function defined at each point in four-space and
whbse modulus is everywhere equal to tﬁe modulus of q) . The wave
function q’~is undetermined to within an arbitrary phase factor which
we represent by f in.EfP. Although the value of ,P at a point has
no physical heaning, the difference between the values of F? at twq‘
different points, the rélative phase, is measurable,

Since the wave funéfion must be continuous and single valued af‘ﬁ
~any point on a closed curve, the chaﬁge in phase,A§3 , -around this
curvevmust be an integral multiple of 27 ., This change in phasé may
be different for different wave functions by arbitrary multiples of

2w, but if we consider a very small closed'curVe, the continuity
condition requires that-bﬁ be very small for all,;hg*wavé functions,
Thus,‘the change in phase is independent of which wavé funcfion
representing different states of the electron we examine.

If we operate on the wave function in eq.(l) with the four

momentum operators



P = iW= -ihsgm ” Pf ‘v‘_*‘ 5%; .,-)_.2 3 (@
we obtain | | |
(WY = eP(ihsm k)l (3a)
“and _ . o ,- _
P - e®(-hag k) ¥ (3b)
where
. K, = %ﬁ) | ;K =_'%§_ , 3=1,2,3 | (4)

It now follows that if ‘P satisfies a wave equation involving the

fnomentum-ene.rgy‘operators (I\’i,'iW), then '4: will satisfy the correspond-

ing equation with these replaced by (Pj +*m<j,1w + 1K)

Let .
2 AS'-’-hks. , )-113 | (5a)
eA, =Rk, BN COY

Then \|;’ will satisfy the wave equation with the operators replaced by
(Pj + (e[c)Aj,lw + 1§A4) |

Associating A and A4 with the electromagne'tic four potential, we see

3 = 13233

that if \P satisfies the wave equation for am: electron in the absence

of any field, then \H W111 satlsfy the equatlon of an electron in an

“electromagnetic field where

?x ’A‘ - 'I'_I o e o (6a)



S / L 2A = ~ 6b
-VA - 55 " E (&)
We can now relate the A's to the change in phase of a wave function

around a closed curve. Using Stokes' Theorem and defining the field

strength tensor

DAy QA
F:/'(V' = gxﬂ ng ) o, V= ‘,v 2]3[ 4 (6C)

the change in phase around a closed curve in four-space can be written

as _
§A,, di, = S;F/” dx,. dx
=g§aﬁ'45 . ela(Egg., 0o
AHowever | |

- - ' X |
§E =0 | | (7b)
since it represents the change in potential energy over a‘clésed loop.
Wekcan‘now interpret the change in phase around a closed curve in
iterms of the flux of the vector H through the éurve.

What happens to the change in phase of a wave function around a
small closed curve when the wave function vanishes on the curve? The
vanishing of the wave function réquires two conditions since it is
complex so that the points at which it.vanishes are constrained to
lie along a li;é, traditionally called "nodel line". If the "nodel
line" iptgrsects our small closed curve, we can no longer say that
the change in phase must be small., The change in phase can only be’

determined to within.?un,vwhere n is an integer. Therefore



ap= 2n Zn o (50) (743 @)
where the summation is'ovef all "nodel'linesﬁ that'pass through our
small closed curve. If the summation does not vaniéﬁg some "nodel
lines" must terminate inside the surface bounded by the curve,  The
end points of the '"nodel lines" are interpreted to be singularities
of the electromagnetic field. | | o
| Because the change in phase for all wa&e functions around é
vanishing small closed curve is‘vaniShing émall; then in the
integration of (8);‘the total change in ph;sé vaﬁishesir Thé magnetic

flux crossing the surface bounded by the curve is just

4wg = lﬂn"hc/e_ (9
Thus, the interpretation of the end points as singuiarities in the
electromagnetic field led Dirac fo a value of magnetic»fluxfwhich is
quantized in terms of electric charge. The objects which'coﬁtaine&
unit qﬁantized magnetic charge Dirac called magnetic monopoles,

Theories Using Monopoles

Dirac magnetic monopoleé have been used to ex?lain ‘some unresol&ed-
problems in particle physics.

Porter3 and later Coto4 have evoked magnetic mqnépqles in an
attempt to ékpiain the origin of extensive largé cosmic showers5
which céntain 1argé nﬁmbers‘of parﬁicles and have very high total
energies. They‘argue that if Difac monopoles were preseﬁtjin primary
cosmic rays, they would be accelerated by galactic magnetic fields

0

and could obtain energies of'102 eV, If thesé monopoles then fell



on the earth's atmosphere;_they‘would bremsstrahlung,'producing copious
showers of particles. In ordér'to account for the:fréqﬁency of
observéd extensive air shoﬁers;-onlf 10‘14>of'the primary cosmic- rays
would héve ﬁo be Dirac monopoles.

Schiff has used the monopole:to'permit the fractipnal}y charged
quark to exist within hadrons, and at thg‘same time to prohibit the
quark from éppearing'as ffee parficle.6 Schiff modifiestiréc’s'
quantization to include monopoles which have a finite siéé
characterized by a fadius R, the :adius of a2 hadron, This modification
requires the‘quantizabioniof eleetiié charge within a range R of each
other. Using his selectioh ru1e7, which requires that quark clusteré
which lie within fange, R,»of each‘other_have integer Baryon number,
he shows thét duarks éan exist within clustefé éf range R. Isélatéd
quarks can not be seen because they have fractional baryoﬁ nﬁﬁber,
whicﬁAis prohibited by the éelection»pfinciplg,‘aﬁd they haﬁe
fraCtioﬁal electric chargé; which is‘prohibitéd by‘quéntization of
v charge through monopoles.

Schwinger has &evéloped‘a particle theory based on fundaméntal
particles, called "dyons", which carry both gléctrié and magnetic
Charge.8 Using "dyonsf,‘Schwinger shoﬁg that all particlé»
interactions are electromagnetic in nature, the "@tfohg“‘iﬁteractiOn'
vbeing accounted for by the interaction of the magnetic chargequ

"dYons", 

Electrodynamic Consequences of Monopoles

We describe herevthe anticipated properties of the magnetic



monopole.

If magnetic monopoles exist, Maxwell's equations would become

v-D = 4ug (102)
T 8 - ang. (100)
VxH =k ?a-:i =23 (10c)
where -
B LB an
B = uH (12)

The sign of the magnetic current density Jm‘would be reqﬁired’from

magnetic charge conservation,

. F. = - 9P~ 13)

The equations are symmetric with respect to the interchange of electric
and magnetic fields: B for D, H for E, and ?h for ﬁ; ;'ju.for €
~and J_ for J .
m o e’
Amaldi9 points out’that, even in a system with monopoles present,
if E and H should retain their spatial symmgtry-propgrties, (i.e.,
the first being a polar vector -- odd under the parity operation --

while the second an axial vector -- even under the parity operation),

the magnetic pole strength

q = g(”"‘ dV 8
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‘should be a psuedoscaler and the magnetic densityc_urrent

El:my = ?,,,-\-; (15)

should behave as an axial vector with respect to space reflections.
Ramsey = has pointed out th#t in a theory'wh‘ich includes magnetic

‘poles, the»CPT theorem would be repléced by a CPTM thgorem where M is

.an operatioh which carries each ﬁole intp a pole of equal, but opposite

sign (i.e. anti-pole).

We now consider the effect of monopoles on the stress-energy tensor,

. ‘ . : _cs.S. - |
T}‘\r = T&i : _‘ic.S,_ ) (16)
: — o e - - -; -;‘s? }"J(. 12,3,4
"“"Sa ~n.cs.‘_ ~ic s; (VR .

where Tij is the Maxwell stress tensor

'T'Vs € z:;; '{ E,-i?D;i_* Hi.Bj - .'/1 3.5(5-'6+ ﬁ-é)} «'.,s=.ll‘,‘2.,3 (17)

‘the Poynting vector

—

e g.0 18
,S: aw EXH ( )
and the energy dehsity5 : ‘ ‘
W =z— | E'D + H-B |
8 ( .) ,
"Tﬂv- is invariant under the transformation
--i“ - . -—, . - v—-" . . -—
E = Ecwsée +H simé " Hr-E simd + H Ceséd
D = D cosp + B simg

B= -D'sind + B' cosé

where ¢ is an arbitrary mathematical parameter.- By 'ap'plying- the same



11

transformation to the "sources"

e ?e,l cos ","‘\)-»:‘50“4’ CPac ‘(’e' sond 40 cosd
v . - . - R (21)
Je= Je cosd +Sm ond Tow = - e v +3u osb

not only the Poynting vector (18) and energy demsity (19), butﬂalsd
Maxwell's equations (10) remain invariant,

Physical Properties  of Mbnopoles

Charge
Dirac specified thé-charge of the monopole from the  quantization

condition to be _
nke

(22
q @2

Mass

At the time of his prediction Dirac speculated that éhe maSé'of the_
monopole should be very large because no particles of 1oﬁ mass (Only
the proton, neutron, electron, and p;siiroh were‘knOWn.) had been
found ‘which resémbled ménopoles.,

It is customary to define a méssifor the‘ﬁopopole fromia classical

radius of the monmopole equal to the classical radius of the electron,

o . .
€ = ng” L et L (23)
T Mgt mec?
Using this definition we obtain
g 2
(8
'W'\3 = N (e) Me
=24 GeVfe for =t (24)

= | 2.6 ’ GeY/cl :G\r.u‘ ns2 (25)
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Electric Dlpole Moment

\ Amaldi g_,_l,ly. p01nted out that since Dirac treated monopoles as

Fermions Ofuspinh%,,thevaould necesaarily'havewanfeleetricfdioole

moment »

Mg T iig = ey . (26)
lmc' ' '

the dlrection of which would be, for p081trve poles, opposite in
Zdirectlon to that of the spin and for negatlve poles ‘the same as that
of the spin. - |

Ionization

Bauerlz:.andiCole;S have eatimated the'rate of ionization-energy
loss for monoooles'by‘the‘semi-classical impact‘parameter;methoq;’vThe
}gssnmptiona are‘that the electrOnehin the mediUm,aré'fréé;‘and'at rest,
iand the-forcebhetWeen»thenmonooOle_and the~electron»iel |

Al 2ol = @

er®

where r is the separation-distanCe of the monopole and electron. ' The

1mpulse given to the electron by the paSSIng ‘monopole is

. g .
AP, = f F . S‘ Fodx o= g“——-“”‘ Ix (28)
+ v C-“ Ll : v
where EL is the . component of the force field . at the p031t10n of the

,electron normal to the trajectory of the monopole, 6’15 the angle
descrlblng thlS component and \/ 1s . the veloclty of the monopole. The
31ntegra1 is evaluated eaS11y, and energy transferred to the electron

7at.a_d15tancevb;1s

AE(L) = (89 . 2 j(;g_‘e_')?’ (29)
i 2wme  Me\ bec
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Since there are thbeJx-’eiectroﬁs per Péth Iength dx .th.a,t are bEtW‘eebnv:’
a dlstance b and b + db from the monopole, the energy- loss per path

length dx is

- gal_ ~:zfu\n?f;(-!nlk. (x)&

4N 2 gte” %(bm.g/bmch) (30)
In order ‘to obtain a wvalue of bmax the adiabetic condition is used.
This states that one cannot indﬁcé 'ttansitions ffom one quantum state
to another by a 'perturb_ationbif the veriavtion of thevp"erturbation is
small during the period of the ‘syStet_n. Itl our case it can be ‘assumed
that the dﬁr‘aticn of the perturbat.i‘.ﬁcvn' is the time .b/Y d_ﬁa_ring which the v
'mOnopol'e i‘enear'-'the ve_lectrvo‘n. Iﬁ order ‘t:o’produce 'trv'ensi'tion‘s;.‘ the |
condition H
‘b\,‘ < B
'j,:where: {‘().is .an "approptiate avefége of the ffeqﬁencies of the’ atom,

~must be fulfilled. | Treating this relativis’tiﬁcally, 4we"obtain fcr "bmax

= : (31).
bmm; o <(>(!_ V/ )’L ) . )

Quantum mechanlcs glves a limit for b 'n' since the electron can.

only be locallzed w1th respect to the monopole ‘to the accuracy of its

de Broglle wayelength»-

MU S TR o2
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Equation‘(BO)'Can‘now be written as

- dE 41: N-Z: _‘3_5_ ﬂm.[ me Y* ]; (33)

ax T meet t<r>(:- Viz)

>81nce the 1onlzation for relativ1st1c partlcle of charge z =1 is

g;ven bylé

e _ y ."'V’ng\/t |
*%E‘ = 4aNZ e _ [ ] (3%)

eV e (1= V)
the energy loss for a monopole in terms of the energy loss for the
" charged partlcle with the same velocity 1s_ AU
() (S 0

Pole ' Pnr'l’ cle e ’ . -
_For a charged partlcle and monopole, mov1ng with velocity‘v-vcz the_
»energy loss for the monopole is greater than the energy 1oss for the :
.charged;partlcle‘byxa‘factOr

(e = 4100 @

. Bremsstrahlung

Bauer12 has also“calculated the energy 1oss due to bremsstrahlung
for monopoles u31ng a seml-claSS1ca1 approach wh1ch does not give the
vfamlllar 1ogarithm1c dependence of the energy loss._ We have calculated
the energy loss, but. have taken as a model the derlvation given by
Rossi15 for charged’partlcles. The assumptlon here is that the energy
.radrated per- unit: time for a charged partlcle underg01ng accelerat1on

is given»by c1a331ca1 electrodynamlcs”to be

B-= 29" a* = .f_L ot <)
o 3¢3 S . c

where a 1s the acceleratlon of the partlcle.,

The mDnOpole“in a‘framelof.reference'(prinedvframe)fin Which‘it.is
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initially at rest and the nucleus, charge Ze, moves with a velocity -V,

exerts a force on the nucleus given by
F

Rélativisticélly;‘the maximum value of the acceleration of the

E[ng]‘ = Ze vg (38)
c I € Tyz

monopole isvgiven by

! - 7Zegv K
Gone = Vfaﬁ Ty @9

where b is the impact parameter, The acceleration has the magnitude

‘of the order of aéax for a time of the order of

) : M
ve 2 (- )" (40)
c c* ‘, :

Therefore, the’energy radiated during the collision has, -in the primed

reference system, the approximate value

i %ej! i -!L va.v'.'s.
c3 5 et bY (1= V%) c.( )

a‘e‘q“ v i (41)
metc® b® (1= V)"

'In order to find the energy, P, radiated during the collision in

"

the reference frame in which the nucleus is at rest, we assume that
" the intensity of the radiation in the primed system is symmetfical'so
that the total momentum of the radiation field‘vanishesfin.the,primed

reference frame. Then the energy radiated in the unprimed frame is

P . _P . Fedvo 1 (42)
(1 -y e b (1-%)

The frequency distribution in the primed system is related to the

distribution in the unprimed system‘by‘meansfof the relativiStic
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Doppler‘effect; |

‘ : bv , ' i - .
v = | + ¢ Cos® - (43)
where gf is the angle of emission of the electrdmagnetic.wavé in the
'primed system. The frequency spectrum in the primed(gystem will rapidly

drop to zero for frequencies 1argef than

1

=

| v [+4 ‘ (44)
— S 5 o, e
T’ b(l"'v/ﬁ' 2 | .
In the unprimed system this frequency is given by
| i 3
s |’ — e )
“ (=ve)r T - V)

Since we have assumed the frequency spectrum tO'bevconstaht, the

. (45)

energy per unit frequency interval is the ratio of the total energy o
emitted to the maximum frequency

—if..v = _E ‘ -2281 "lvl- » (46)

&N v gt ¢’ b*
Equation (46) can not hold for frequencies larger than
Y, = E&x : 7)

since a particlg cannot radiate a photon pf energy larger than its oﬁn
kinetic energj. ' | |

| In order to obtain the energy radiated into photbns-by a monopole
tré&ersing a thickness dx of absorber, we integrate (46)'ovér the
frequency range. The numBer of collisions with impact pafameters

.betWeen‘b'and,b fﬁdbfin a thickness dx:isfgiveh by;>

| 2 w N‘be}’Jx'v
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8o the energy loss is given by

bm‘l N
An: j | f ( ) J\flrth aux (48)
Omwn ° dv
VSubstitutlng equation (46) in our above relatlon, we have
' : . bmag oA .
g [T g )Nmm
.dx mg*c” b*

D o

- 2w N 2%e’q" v E O b max

: . i‘msi- TI‘F } Lm'éw
‘(m) m,:») e~) e mi’m . (49)

Rbssi15 has. derlved the energy ‘loss due to bremsstrahlung for

- electrons and obtains

(“)( f‘.‘) Qe NZ'E p. 222 baax | ..‘(.50)

me” & b mon
Assuming that fhe logarithmic factpr, which depends only on the
‘screening of the‘atomic electrons, is of the Same:efder for electrons
~and mononoles, we can»write the bremsstranlung‘energy 1oss of monogolee

in terms of that from electrons -
- - : 4 : ‘ '
(d5) - _45) | x(ﬁ.)(."_‘s:)(f), (51)
dx /poles  \ dx/alectrons e’ my? C" ' ’
:which.in the extreme relativistic-limit ('v-aco becomes:
(5@) x(lxlo")( Me) (ELE_'> | < (52
dx, poles . ‘ ms dx q%ed’\‘_oﬂs ' ‘

. .
"Cerenkov Radiation

16,17

- Using the symmetry of Maxwell's equations, Tompkins has

generalized to include momopoles the caleulations of-Fermileﬁfor
'Eérenkov emission of charged panticles moving through a medium,

Tompkins found that the Cerenkov emission for monopoles was
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dE) L9 m
(%), = & " (53)
\compaﬁd to Fermi?s,resultvforlcharged particles,
JE) - Em (54)
axly € | |

‘where M is a con$£ant dependiﬁglén the magnetic permeébility, e ,‘andv
‘dielectric cOnétant,vé , of fhe medium..' |

'We‘have'attempted, unsucceésfullj, to calculate théiﬁérenkov
‘emission for monopbles following.the procedure ﬁsedvby J&cksoﬁ for
ﬁéharged’particles.lg‘;Our attempt;hag failed because we can not derive
the energy loss due to the B field of a moving'monopoie iﬁteracting
with the magnetiC,moﬁents of the elgcgrqqé of the medium, “Further
inﬁéstigaﬁion-of‘this'problem Will.be:ﬁade'afpéf‘the'aﬁthor gains a 
bettef understanding of'£h§ machScépic‘effect ofvé @oQiﬁg monopole oa
a medium oflpermeability;/A‘, |

Atomic Binding of Mbnopoles

Malkuszo has tried to detérmine if the presence of a magnetic

monopole iq an atom could modify fhe electronic structure'andlléad to
bound states. He ;ketched various_approaghes for treating this
problem. One of»these,lwhich is QualitatiVe in'ﬁaturé, 1ead§‘to the'
conclusdion that a pqle'can be bouﬁd'to an étom or a molecule, but‘with"
an energy of thé,érder,of eléctron volts, We ﬁow‘réproduce.tﬁis
argument,

Lf we place a pole at»a‘disfénce r from thé ceﬁteréof-hass of an
atqm‘df mqlecule;-théjmagnetic field producedvby~the:pplé’

H= 9/ | (55)
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will polarize the molecule with a resulting change in energy given by

(56)

AE.= EP'EJ -
Ep is caused by attractive 1ong‘ranged paramagnetic effects while Ed'
is caused by repulsive short ranged diamagnetic effects, At large

distances, we expect that there is a place where AE has a negative
{ .

minimum, - Quantitatively these two terms can be approximated by

- et . % ¢ oy . )
E,x - B ¥ L(m «25.) (57a)
and‘
e* 2 ii 2 .
Eq = e H - & | (57b)

where mi, si-are the eigenvalues of the opératbrs representing the 'z
components of the orbitél momentum and spin and ﬁ?'is the average
of the square of the perpendicular distance from the z-axis of the
i-th electron. - (The magnetic field is tékeﬁ és the axis of
‘quantization.)

The condition for binding is given by

dr

d aE = o (58a)
o

.
Lul

(.Sfﬁ..) 3 (o, + 1 s: ) - (;4__";23_:‘”) pa [ ’ovv_ . "-.‘;(’58b)

S
mec 3 M e

The value for r where A E is a minimum is given by.

5y - Y
.- 4ey  F & : (59)
e E(meas)

For the case of the hydrogen atom t

. +2,2
-] : : 8 2 3£L
2= l B v‘_mzao oy _Sz—ﬂl?. . e:(m:cz)
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we obtain

r= \.FOBA.' AE = -0.85eV . (60)

Thus .the poles can be bound to a paramagﬁetic atom orﬁmolecule'dniy -
with energies comparable to the chemical bond.

Amaldi 55,21.11 have pointed ouﬁ that if the.Difac monopoles were
Fermious of sPin R they would have an electric dipole moment, Tﬁis.
moment would giye rise to an attractivé force when placed in the
électric fieid of an electroﬁ'or of a‘nﬁcleus which would resuit in a
deepening of theApole'nucleus.potential weli;: To estimate thé'ordef of
magnitude of this effect consider theﬂmondpoiéﬁplaced gt'thé;3urface'
of a nﬁcleus‘with ité;spin'in the most favb:able;direétibh;;:Tﬁe; 
‘qérfeSpoﬁdiﬁglenefgy is‘giveﬁ,by

E= '.&13.5

r'\
. ) 2
= - ¥e ™
> AYs
z -3.2 2 Mev (61)
LAY
‘if we assume |
“ s : a:L S 1‘5‘3 em (62a)
-and
- e ..‘3 . .
(3= fe= 2.8 %10 om o - (62b)

~The binding enefgy~iﬁ5é1éments;such‘aSWCOpper andAaluﬁinium is ‘found

to be about -5MeV.



EXPERIMENTAL L, ATTEMPTS TO DETECT FREE MONOPOLES

We are motlvated to believe in the existence of a magnetlc monopole
because 1t would make our mathemat1ca1 description of nature more
. symmetric., We are encouraged in this belief because there is no
 known prohibition agalnst the monopole s ex1stence.>'Thus cosmic ray’
and accelerator experlments have been performed to search for the
:monopole. These‘experlmentsvare.rev1ewed here,and-theit_results»

summarized,

‘Accelerator Experiments

In accelerator experiments -an‘attempt is made'to'produce monopoles
‘through the interactlon of high energy protons Wlth target nuclei,
These exper1ments have the advantage of a large. flux of 1nc1dent
‘protons; but the disadvantage of belng llmrted by the%energtes of
feiisting accelerators 'thue restricting thevpossible mass of the
monopole; Monopole search experiments with accelerators are of three
types on the ba31s of the dlfferent partlcular properties used to
identify Dirac monopoleS. |

In TypeEI experiments a paramagnetic (or ferromagnetic)vtarget E
trradiated in the beam of protons ie:sufficiently thick‘(a few:g/sz)
“that an»appreciable fraction of anyvmonopoles produced will lose
energy in it by ionization and stoo’inside the target itself‘ After
1rrad1at10n the target is placed in a pulsed magnetlc field in an
attempt‘to dragzthe monopoles out. In Type II experlments, a magnetic
.fleld of several hundred gauss is applled to the target during the

exposure of the proton beam in the hopes of extracting the poles when B

21
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they are produéed,' Such poles would be accelerated ipba vacuum pipe
by solénoids and brought directly to avdetector. In Type III
experiments poles produced in a thin target, which thej,would escape by
virtue of their initial velocity, would_be deflected and accelerated

by a magnetic fieid and then brougﬁt to a detector.

Bradner and Isbell21 were the first to perform an accelerator
experiment to search for monopoles. They atfempted all three types of
experiments! Using 6.2 GeV protons frbm the Bevatron at Lawarence
Radiation Laboratory, they tried to produce ménopoles‘ofvmass up to
that of one p:oton. Iﬁ,the first paft of the expefiment, the
accelerated p;gtons interacted with a thin aluminium térgeﬁ which waé
in a magnetic field. vamonopoles had been produced, they would haﬁe
been driven by the magnetic field into an emulsion stack Where they
could be identified by their large ioniéatioh loss, 1In the second
part of the experiment, a thick copper target was bombarded by the
vﬁrotons, \The mdnopoles producéd in this ta;get would diffuse through
the target and Be éccelerated by a magnetic field into an emulsion
stack. Finally they placed ‘a polyethylene target1which.had been
bombarded by the,proﬁons for a long period of'timeiin the magnetic
'field, hqping to extract monopoles. In allvthree cases mno monopoles
‘were seen. B

In the period 1961-63 three éets of experiments were made .along
similiar lines of the Bevatron experiment: two at Geneva ﬁsingnthe
.iﬁternalvproton beam (28:G§V) of the“CERN-PS and one’athrookhaveﬁ

with the internal proton beémv(30 GeV);of-the:AGS{vfIn‘these,éxperi-



23 -

ments monopoles of'upvto about three proton masses could have been
detécted.

Fidecaro et 31.22 experiments were Type I and II, using copper and
aluminium targets bombafded by pfotons. Any mbnopoles‘produced wou1d>”
have been accelerated by a magneﬁié'ﬁiéld iﬁto a scintillation counter
“array. They also looked at a polyethylene target which was being

irfadiated by protons to detect radiation which might have oriéipated ‘
in monopoleeantiﬁonopole aﬁhihilation. None of these experiments
produced any.evidencé of ﬁagnétic monopoles, |

Amaldi et al.f]'1 have also performed all three types of experiment§
at CERN, using the 28 GeV protons. The experiments‘of the first two
types were similiar to those performed by Fidecaro gg‘gl,?z In thé
third type of experiment a beryllium target was irradiated by the
protons in a magnetic field. If a mqnopoie-had been~prodﬁced, it
would have beeﬁ directed into emulsion stacks for identification. tInf
all thrée types of experiments;‘no monopoles Were,seen;‘ *
Purcell 25151.23 at the Brookhaven AGSvlooked for mqnopoies
‘produced either in nucleon-nucleon collisions or by secondary R rays.
The experiment, of type III, was based on the idea‘that any monopoles,
‘produced by the protoné interacting with the target (Be,C,CHz,AI),
would escape and be stopped in a liquid downstream. The‘liquid'also
served as a target for possib1e~e1ectromagnetic ?rddudtjon'of monopole
pairs by energetic photons. Anyvmonoboles s;oppe& in the liquid W6u1d‘
be drawn by a solenoid into a CQunte:ior emu1sion stack, “ﬁo_events

attributable to monopqles,were,seen.1“
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The most recent accelerator search for monbpoles has been carried
out at the I,P.,H.,E. synchrotron at Serpukhov.24 This 70 GeV proton
accelerator is capable of producing a monopole with mass up tov5 proﬁon
masses using a hydrogen target, and up to 7 proton masses using.a'lead.
target. The exberiment was of Type I and monopoles which were
. produced would be tfaéped in tungsten plates that‘surroundéd the target.
After exposure these plaées‘were placed in a magnetic field which
would extract any monopoles trapped in them, and dirgct the monopoles
to a nucléar,emulSion stack for de;egtion. Agaiﬁ ﬁo monopole was

detected.

Cosmic Ray Experiments

Cosmic ray experiments, unlike accelé;ator experiments, are not
limited by the mass of the monopole that can be produced. Cosmic ray
experiments performed so far have also been of three types. Type CIL |
attempts to directly measure the instantaneous flux of monopoles
produced in the upper atmosphefe by primary:cosmic rays. Type CII
felies'on extracting monopoles, using pulsed‘magnetic fields, trapped
in "potential collectors'". These materials have been exposed for
geologicél times to the flux of primary cosmic rays., In experiments of
: Tybe CIiI, one tries to observe the electric field generated (see |
eq.(10c)) from a magnetic current caused by the motion of samples of
-"potential‘collectors".

An experiment of Type CI was first performed by Malkus20 who
. assumed that monopoles produced by cosmic rays in the upper atmosphere

B

would travel in‘the general direction of the Earth's;magnetic:field.
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Using a solenoid to concentrate geomagnetic lines and Eo accelerate
the poles, he directed the poles into a nuclear emulsion, but failed
to see any tracks attributable to monopoles. Recently other groups
.have performed Type CI experiments using the method of Malkus, but

they also obtained similiar reSu1t5.25326

- The Type CI experiment
performgd by Ga;een27 attempted to detect the flux of monopoles in
priméry cosmic radiation by,ﬁsing the difference in Eérenkoﬁ emission
for charged particleé and monopoles, ﬁe found no monopoles.

Petukhov and Yakimenk028 have sgarched for monopoles in a Type CII
experiment using as a "potential coiiecfor" a piece of the Likhote-
Alin meteorite. The sample was héated tq a gaseous state while in'a_
magnetic field. Mﬁnopoles trapped in th; sample would bg forced by
the magnetic field into a counfer where they could be detected. The
total time for the treatment of the sample was 112 minutes and only
one count was recorded. -

Goto, Kolm, and Ford29 use& a portable i70 kG pulsed magnet in a
Type CII experimeht to extract monopoles trapped up to a depth of
several centimeters in a magnetic outcrop of the Adirondack Mountains.
N§ tracks aftributable to monopolés were querved in'thexemulsion used
. for detection. 1In another CII experiment Kolm, Filz,rand Yagoda30
attempted to extract momopoles from deep-sea sediﬁeﬁt"éhd to detect
‘them with nuclear emulsions. Several tracks, geometficaily compatible
with those of southvmonopolés were'séén; hoWevef; although they
exhibited constant ionizatioﬁ, it was not sufficiently qense,té be the

. tracks ovairac»mbnopdle§;> They then performed a second experiment
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usingvscintillation detectors31 ‘which produced negative results.

The Type CII experiment by Flelscher et al. 32 utilized a 265 kG
pulsed magnetic field to extract and solid -state detectors to observe
magnetic monopoles from maganese nodulas formed on the floor of the

rSouthern Ocean and from maganese pavement'at the bottom of the North
Atlantic,‘Ocean.;3 Finally, they attempted to observe monopolevtracks
in samples of mica and of obsidian.>* No tracks Were‘found which
could be attributed to monopoles. ‘
In relation to Type CIII experiments, Vant-Hu1135'has.built a
'superconducting quantum interferometer to detect magnetic charge. The
' passage of a monooole through the device genérates:a voltege which
"shifts the quantum phase by an amount proportional to the pole
strength The 1nterferometer then detects this change in phase. In
samples free of magnetic monopoles Vant—Hull was able to determine
»gdiv‘B to be less than 1.2 x 10™1% Wb/Kg.

Alvarez36 has invented an‘ﬁeleotromagnetic monopole‘detector"

‘to be used in Type CIII eXperiments.v The device permits the analysis
of a saﬁple suspected of containing monopoles withoot changing any of
| the sample's properties. . The sample under study iS'circulated through
a coil which forms a closed superconducting circuit, By detecting a
change in the current eauSed by the induced electromagnetic force
 associated with the change in flux in the electric circuit, the
presence of a monopole'WouId'he known,‘ The flux genereted‘by a single
Dirac monopole .is

I
4 = 4x10 emuw.



The generalized Faraday-Newmann law states that .

em® - §E AT« -ia-2B® (@0

(o

-which reduces, in the absence of a variable flux of 3, to

emf. = § E.of = - - ; (63b)

~ If a "potential collector" containing an excess, Ng’ of monopoles of
one charge is carried by a wheel rotating at a frequency f through a

“coil of N turns, the magnetic current genérated is

= Nowge £ - (6
If £ is 100 Hz and N‘is 2 x 106, thé«observed d.c., voltage should be
about 10-6 eV, which can be measured without major difficulties,
Alvarez has used this detector with a sample of moon rock brought

back by Apollo 11.37

In searching the 8.37 kilograms of lunar surface
materials, he found no monopoles, | |
: An experiment by Berkowitz and Kronenberg38 is a combination of
all three types of cosmic réy éxperiments. :The authors exploited the

property of the earth's geomagﬁetic field to collect and concentrate
magnetic poles into a small area near the North Pole., There the

" monopoles were trapped by the'snow from which they were extfacted
using a strong magnetié field ané‘collécfed'on sheets of aluminium

and other materials, ‘These sheets were then analySed by means of thev_
_electromagnetic detector of the Alvarez’group. N6 monopoles were 4

found,

Summary of Experimental Results

No monopoles have:been deteéted=e8perimeﬁtally'to.date@ - However



28

this effort has succeeded in placing limits on free monopole productioﬁ
cross sections and the monopole mass, 'In~Tab1e I we summarize these
limits which result from nucleon-nucleon{collisions in accelerator
 experiments. These negative results may be explalned 1f the monopole :
exists only if its mass is greater than the 1ower 11m1t and/or its ”
atqmic binding is stronger than expected.

In Table II we list thepresults 6f experiments to detect monopoles

in "potential collectors'". The product of the area over which the

poles were collected and the time of'hpllecfion is given as a measure

of the abundance, All negative resulté except those obtained by use .
.of thé Alvarez de;ector can be explained if the binding of monopoles
to matter is much stronger than predicted.

Table III 11$tS the results of experlments to detect the flux of
monopoles in cosmic radlatlon.; The only way that these negative 7
results may be explained is if there are no free monopoles or 1f

‘their propertles are completely dlfferent from those predlcted by

theory.»'
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{70 GeV)

by 220 KG magnet

Table I. Results of accelerator experiments to detect the magnetic
monopole
Accelerator - o '  mass limit (in’ other
(protons) Year (cm”)  proton masses) features Reference
Bevatron 1959 10740 1.0 binding energy in 21
Berkeley : polyethylene between
(6.3 Gev) 3 and 20 eV
CERN-PS 1961 10-39 ~ 2,9 insensitive if-large 22
Geneva : ‘ binding energies
(27.5 GeV) '  exists
-40 -
- - B :
CERN-PS 1961-63= 10 ~ 2.9 binding energy in 11
- Geneva b
(28 GeV) . matter between
: v _ » .6 and 60 eV
AGS 1063 1070 3.0 - 23
Brookhaven - - :
(30 Gev).
AGS 1963 10737 ~s.9 23
Brookh ° cross section for -
ggoc aven photo production
( eV) _ (coherent)
AGS : 1963 10-34 ~ 2.4 cross section for 23
.Brookhaven- photo preduction
(30 GeV) " (incoherent)
I1.P.H,E, 1970 10-41 5,0 éssumed monopoles 24
. Serpukhov could be extracted
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Table II. Results of experiments to extract free monopoles from matter.

Method Area x Time Mass Limit " number/

(vear)  _ (cm?.sec)  (in proton masses) _ nucleon Reference
Extraction '3 x 10*2 4,000 8x10°%8 29

from magnetic
outcrop (1963)

31

16 40,000 3x 10

Extraction : 4:x 10~
from deep ' '
sea Sediment

(1966)

30

14 25

Extraction 2,8 x 10 32
from Mn nodule

-(1969)

13,000 1.3 x 10~

Stored tracks in 2.3 x 1018 200,000 L e 34

minerals (1969) '
17 28 37

Stored'monopbles 4.3 x 10
in Apollo 11 ' '

soil (1970)

" 300 4.8 x 10”

Monopoles in .1013 - e ' 38
Artic Ice (1966) »
.Monopoles in v = -- 6 x 10 35
commercial copper ’

(1968)

"Extraction from - -- 28
Meteorite® (1963)

* Cross section for monopole production by cosmic rays S IO'EG’cmZ. =




Table III. Results of monopole searches

31

in primary cosmic radiation.

Monopole Intensity

Method on Surfacglof Earth }
(year) (cm~l sec Srf}) Other Features Reference
Used ionization < 10-10“ Assumed mass of 20
properties as means monopoles <103
of identification mass of proton
(1951) v
Used Solenoid to < 10-13 Assumed mass of 25
extract monopoles monopole S 7x10
from cosmic rays mass of proton
(1966)
Used Calorimeters < 10-12 Energy of monopole 26
to search for ’ > 1013 o
monopoles (1969) : '10 ev
Used éérenkov 6 wa 27

emission to detect

monopoles (1967)

<4x10




RUDERMAN-ZWANZIGER MODEL

Ruderman and Zwanzigér39 have put forward an e#planationlfor the
negative results of experimental searches for free monopoles in
keeping with the existence of monopoles. We review here their model;
its predictions, and_the_exper{mental evidence which they use to
support it, |

Limits on Mass

Ruderman and Zwanziger point that at large separations and low
velocities, the interaction of a pole-antipole pair can be described
‘by a magnetic Coulomb attractive potential

V(= =97 . (D)
However, since g is atlleést 137 times greater'thaﬁ e, the force
between the ﬁonopole_pair is 104 greater than the force between‘an
electron-positron pair. This magnetic potential only dominates at
large distances, since at separatioms smaller than one pion Compton’
wavelength strong interéctioh forces ﬁay contribute through the
exchangé of a mésén. The'maghetic‘potential should be valid down to a
distance

. .

h 'z: ) 66

Co =
the Compton wavelength of the pion. In order for the vacuum to be
stable against spontaneous production of pole pairs at separations
down to rs the mass of the pole pair must be greater than the

Coulomb potential for all values for r down to r#. The méSSQOf‘the

monopole, mg, must satisfy the equation

32
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2mg c*- 9%, voO (672)
or
Lmge™ - 9 ™t/ >0 - (67b)
-therefore,
K3 . )
mct > TME . 10 GV (68)
~2ke :

It is interesting to note that if we replace the mass and charge of

the monopole with that. of the electron, we obtain

2 e mgt (69)
MeC™ 7 = F° =~ .5 MeV,
e 2te

Soft Photon Emission

Because the Qonopole is coupled so strongly to the electromagnetic
field, (The coupling constant is g2/hc‘m 137.) the creation and
‘acceleration of a magnétic monopole pair will always be »accompanied”'l‘?y.
-the emission of many soft photons. Ruderman and‘Zwanéiger39 state
that the probability that a monopole pair\ié suddenly emittedeith
veloc‘ity Vv ~ ¢ without an energy loss exceéding }AE,.- vto any dipole ~‘

photon is approximately ‘ ‘ v‘
( > (oa, ] i

exp | -( 89" /3nhe) tn (mgc*/ae) ]| |,
For magnetic pair emission at an extreme relativistic relative.

velocity, the energy emitted into "soft"' photons would be

EERZSINEE S
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Thus the kinetic energy with which the monopoles leave the region,
r < o should be much smaller than that of light -- the accompanyihg
soft photons.

Bound State Prediction

The above consideration of the soft photons suggests that the
energy of the monopole pair in theif center of mass may ﬁave to
exceed the rest mass énergy? ngcz, enormously in order for the poles
to have'enough.kineticvenergy to escape their mutual attraction., Thus
instead of free monopoles being produced, it is overwhelmingly more
likely that the poles, when produqe&;w;ill assume Keplerian orbits.
The lifetime of the poleonium against subseéuent annihilation will
.depend on the time it takes to radiate away enough energy to bring
them within an annihilation distance ro.

The lifetime of poleonium can bevestimated.from thé,unCertainty

principle
4E at :“R ‘ (70)
‘where | _ |
WE = 9 (71)
-12 i

For a radial excursion of r = 10 cm, the lifetime of the bound
‘state is of order of 10723 sec.

- Number of Photons Emitted

The production of poleonium results in photons from two sources;
bremsstrahlung from the mutual attraction and annihilation radiation.

The ﬁultiplicity of these photons, which depends of course on the
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_dynamical details, is roughly of the.order3?
' 2 2 :
q/he = 10" (72)
The energy spectrﬁm-of these photons depends on the pair separation'
and the lifetime of the bound system, For a radial excursion of
2 x 10-12 cm, the soft photon emission goes roughly like‘gz dw/w and
‘cuts off sharply below 1 MeV.

Evidence to Support Theory

In support of their model, Ruderman and Zwanziger point to the
observation of a numbef of unexplainég; energetié, narrow, pure photomn
showers.ao_azb These showers each contain in a narrow cone some tens
of photons and havevno incident charged particles. The evenﬁsiwere
observed in nuclear emulsion stacksAflown in balloons ?t high altitudes,
Ionization and scattering measurements Weré used to identify the
observed particles as electron pairs., The energy of the'photbn
causiﬁg each electron pair waé detérminéd by measuring the opening
angle of the pair, This is possible since a phofon of a given energy
in tﬁe Coulomb field of a nucleus originates an electron pair whoéeiif
~ opening angle depends both on the energy of the photon and the
. moméntum transferred ?o' the_nﬁcléus. The mdst probabie opening
- angle, OP , ofra pair created_by a photon of én'efgy E'.‘v ';:'given'by

lBorse111n043, is

13y

. Thus the values of the photon energy is only_a-rough estiméte'because

_ of the nonﬁniquehes$‘9£che;opéning;anglé{
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| " Table IV lists the energy'of the-phbtdn aséociated with each pair, -
estiﬁated ffom the measured opening angle; aﬁd thé radial and
longitudinal distance of the electron pair from the origin of the first
pair. |
Figure 1 shows a two dimensional érojection of the pairs and their
opening angles for two events. A radiation length in emuléion is
2,9 cm, so we see that the incident neutral particle had to travel

more than a radiation length before any electron pairs were seen. 1t
is difficult to explain the shower ip terms of W° decay. Siﬁce the
pairs have a most probable opening é;éie of annihilation the order éf
10"3 rad., the maximum angle between the two photons from ° decay

' should be of the same order., If equipartition of energy between the

two photons is assumed, the energy of the TW° and the angle Jp betwee
s P l}

its two decay products are related by the formula

) 2
Op = Zmec . 3y (74)

which gives an energy of 270 GeV for the-ﬂ° . The sum total energy
of the pairs given in Table IV is a factor of five lower than this
number. Assuming for the moment that the W°® hypothesis is correct
and that all the energies arejgrpssly undefestimated, the origin of
the w® must Be foun&. A w® with ¥ = 2,000 will travel only 2 or
3 mm before decaying to photons., But from Figure 1, Qé see that there_
was no charged particle which could cause a nuclear interaction that
could create a w° of this energy-in five to twenty W lifetimes.

From the above, an interpretation in terms of a purely electro-

magnetic,process becomes more appealing. Perhaps these showers can
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Table IV. Data from two narrow shower events.41

Pair Angle Energy Radial distance Distance from

_Event no, (mrad.) . (GeV) (D) “first pair (mm)
1 1 0.2 10.0 -- --

2 0.2 10.0 6.0 .76

3 1.0 2.0 2.0 2.20
4 1.0 2.0 < 1.0 5.03
5 1.0 2.0 2.5 6.80

6 10.0 0.2 3.5 11,82

7 0.6 3.3 1.5 12.16

8 10.0 0.2 28,0 16.56

9 0.6 3.3 30.0 18.67
10 1.0 2.0 - 3.0 19.50
11 2.0 1.0 35.0 19.85
12 1.0 2.0 2.0 20,00
13 < 1.0 > 2.0 3.5 21.00

14 8.0 < 0.3 22,0 24,50
ZE > 40 (O ~1 mrad,0™% =10 mrad) .
2 1 1.0 2.00 0.5 --

2 0.2 10.00 0.0 .55

3 1.0 2.00 1.5 27.24

4 0.6 3.30 0.0 27.44

5 2.0 1.00 4.5 27.69

6 10.0 0.20 7.0 30.51

7 20.0 0.10 12.0 32.99

8 25,0 0.08 63.0 35.66

9 - 1.0% 2,00 11,0 36.42
.10 -- -- 11.0 36.42
11 0.4 5.00 0.0 37.24
12 1.0 2,00 . 0.0 37.29
13 0.1 20,00 17.0 39.16
14 25.0 0.08 24.5 39.56
15 1.0 2.00 15.0 41,21
16 8.0 0.25 18.0 41,61
17 0.3 6.60 10.0 42,46
18 0.8 2,50 . 15.5 43,01
19 50.0 0.04  11.5 44,21
20 3.0 0.66 4.5 45,46
21 2.0 1.00 21.0 45,91
22 50.0 0.04 27.0 46,46
23 < 2.0 > 1,0 9.0 46,76
24 < 2.0 >1.0 3.5 46.81
SE >62 0 =~1, 0™¥*=50mrad)

2 mrad,
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angles of the pairs.

Projected points of origin and openi

Figure 1,

.Event'2»
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be explained‘by‘an electro-photonic cascade initiated by a single high
energy photon, This process, however, fails to explain the energy
distribﬁtion of pairs in the development of the showers. 1In event 2,
for gxample, the first pair has an opening angle_ten times greater than
the opening angle of the second pair; moreover, i;s two electrons do not
travel in the same direction as the shower. It is'difficult to see how
‘the second pair could be a result of the first, which has less ehergy.
Further, in the one photon hypothesis, the pairs 2 and 3 of evént 1
~must be the materialization of photons radiated by tpé electrons of

pair number 1. The phq;ons associated with pair 2 and 3 wogid make an
angle of at léast 5 and 1 milliradians, respectively, Vith the direction
of bair 1. But the distribution of angie between the electron and the
photon in the bremsstrahlqng_process is the same as f§r the photon and
positron in pair productidn,44 Thué iﬁ is improbable that an electron

- of a pair whose opening angle'ié 0.1 millirad..should radiate a photon
with an angle ten times larger.

An interpretation of the event as the materializa;ion and successive
multiplication of even three simultaneous photons has two difficulties:
some of the pairs haQe too high energy and there are still too many
pairs. The exéerimental data are best explaiﬁed if 10-12 pairs are
the materialization of the same number of incident photons whose
energies vary between 2 to 10 GeV. |

Ruderman and Zwanziger39 speculate that these 10-12 photons result
from the formaﬁion, decay, and annihilétion‘of bound monopole pairs in-

the'emulsion. The fact that almost a radiation léngth of material is
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traversed before any photon'conversion.suggests the possibility that a
high-eﬁergy photon, in;eracting in the first radiation length of
material witﬁ a'nucléus, created a monopole pair whose interaction and
annihilation explain the numbef and eﬁergy of the photons. The
mechanism for the production of poleonium could be analogoué‘to that fof
electron-positron pairs.  For a photon incident on a nucleus with protén
number Z, and étomic number A, the_probability for eIectronic pair

production is a thickness dx in g/cm2 is given by45

e = 4aNE Rt [z pniezz)-5] 09

For a monopole of charge g = 137e and mass =~ 10 GeV/cz; itslclassical
radius, rg, is equal to the classical radius of the electron, fe. Thus
~at large energy it appears: that the probability for monopole pair
production is-aboqt equal to the probability for electron-pgsitron pair
production. |

The ¥ of the center-of-mass of the observed photon showefs can-also
be exp}ained in terms of'béund monopolese"In order that the momentum
transfer, q, to the participating nuéleué be small'compared to the

nuclear radius, we must have

ad] = sm;r . 'm,,c',)t- 76
Wl () e (e 78

Therefore

A"z @ 2
Ey 2 4—-—...,-‘?'5‘- a7

Then for a bound pair of approximate mass < ng/cz, the center-of-mass
of the photon shower has, for ansilverihucleusthichﬂis the main

component of nuclear emulsions,
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¥= B . 2a"m,
ZW\S"-L My

A" (F4e) = 10° (78)

This ¥ is consistent with the ¥ calculated for the events observed by

Debenedetti.41 The ¥ given above also gives an estimate of the energy

3

of the incident photon, from equation (77).. For ¥ =107, the etergy of

the photon is  approximately 1013 ev.



PROPOSED EXPERIMENT
The anomalous events péinted out by Rudermén aﬁd Zwanziger éeem to
fit their theory of bound ﬁonopole'pairs, yet they are too few in
number to give definite evidqnge for the existence of monopoles and to
rule out the possibility that they are not statistical fluctuations,
We propose here an experiment to examine a large number of phéton
showers in order tqltestvthe Ruderman-Zwanziger mddel for‘monopole pair

“production.

Produbtion Process
A possible ﬁechaniSm for the éroducfion of monopbles would be
throughbstrong interacfions,'such as proton-proton colliéions where we
céuld have
ptp-p+ptg +g (79)

where the g's represent the monopole pair., Amaldi et gl.ll have

~considered the production processes shown in Figure 2. They have made
a rough estimate of total cross section in each case and obtain a

value of the order of 10-35.cm2 for monopoles with mass equal to 3

proton masses., Amaldi et gl.ll state that the cross section

galculations,_which are based on pgfturbation theory, may be.invalid
beéause of the large coupling (eq.(72)) of the monopolé to the
eléctromagnetic field, Since the production of mdnopoiés“of-mass

10 GeV/c? at rest in the centér-of-mass-systemirequirés at least 20 GeV
'centernof-mﬁss energy, the incident proton energy would ha&e to be

greater than 200 GeV. This fact plus the very low cross section forces

us to look for othér mechaniSmé for.monopoie productidn;
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Figure 2, -Possible processes for monopole production.

~(a) Production of a pair of poles 1nvolv1ng only the 1nteract1on of
: the Coulomb fields of the two collldlng protons.

& -

(b) Production of a pair of poles via the product1on of a virtual
plon and 1ts decay into two gamma rays.

R 4

Pz

>

2

(c) Production of a pair of poles by a virtual gamma ray, following
the exchange of a v1rtua1 plon between the proton and the nucleon,.
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The monopole pair appears to be an."bvergrown" electron-~positron
pair which carry magnetic charge instead of electricucharge; We have
seen thaf the proﬁability for monopéle production abové,thfeshold isv
1.the same as that for electfon-positron production (eé.(75)):v Therefore
“we will look for monopole pairs in the pfocess of pair pfoductipﬁ_in v
cthe'field‘of a_nucleus by a high energy photon. The ahalbgy to |
electron-positron production is seén in our equation |

X+N-»N+3+*3. : (80) -
As was seen in the last 'section, tﬁébincident‘photon energy 'should be
:of érder 1013 eV in order to produce monopole pairs, éhotons of this
energy exist in cosmig fadiafion at high altitudes, but the‘flux is
very small, For instance, at an altitude of 13,000ufget;gthe,f1ux of
photons with energy greater than 1 TeV is given by4§ |
o 1 Rﬁ10-8photons/¢m2-secvster. a - (81)

_Experimental Equipment

A scheﬁatic pf the experimental set-u§ is sh§wh in Figure 3.
The prébability for produdtion of mpgoﬁole pairs by‘high energy'
- photons is proportional to the squére ok the proton numberv§f the
target (ZZ); ‘We will use a high z material, 1éad, of one radiation
length thickness (.51 centimeters) as a target,

Scintillation counters, used to-deteqt charged’éarticles,'will be
placed above.and below the.téfget. We wanf td invéstigatélonly_photon
produced monopole pairs,lso the counters,will_b¢§used iﬁ anti-

.coincidenceoi‘Thatiis, they will be used"as‘parfwoffa‘trigger system
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Figure 3. Schematic of experimental set-up.
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~to tell us when we have a neutral particle incident on the target,

Directly below the target will be two proportional wire spark
chambers, one.x?y, one u-v.. These chambers, which have high
multipdrticle detection efficiency, will tell us the coordinates. of any
.charged particles léaving the targét, If a photon incident on the
target produces an electron-positron pair, the spark chamber will allqw
us to detect these particles and obtain an estimate of the x-y
coordinétes of the interaction vertex. If bound monopole pairs are
produced, some of their radiated photons may convert to_electﬁdns-
bositron pairs before leaving the target. If this does‘happen, then we

can also détermine this interaction vertex.

Seventy-five‘feet below the target will be an array of 10 similiar
double spark chambers (x-y and u-v) with .2 radiation lengths of lead
in between each double chamber. The large distance from the target
is needed in order to resolve the separate photons produced in the |
photon showers. The bhotons from monopole pair production are
expected(to be in a very small cone with an average separation of
photons on the order of a milliradian, The .2 radiation lengths of
lead above each chamber will allow the gradual conversion of the
photons to electron-positron pairs, which éan be detected by spark
chambers. In order to resolve two different pairs in‘the chamber,
they must be separated By a 1egst .1 inches. We can‘not hope to
identify each»electfon in the pair because their separation is much

' smailer than the resolution of the éhamber. The.array of counters

will allow us to study the development of the électron-pho;oh shower
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~as a function of shower depth. Eachvspark chamber will give us the
ﬁumber of electron-pésitron pairs and the x-yrcoordinates.

Underneath the sPafk chamber array wiil be'another scinﬁillation
counter and a total absorption Eéfenkqv counter. The scintillation
counter, in anticoincidence with the counter above the target, will be’

‘used as part of the triggering system. The Cerenkov countér»will
~consist of a large tank of water which is viewed by photomultiplier -
‘tubes. Using. the tank, we can obtain a rough estimate (within 50%) of
fhe total energy of fhe shower.

_A Iypidai Event

The three scintillation counters; Sl above the target; S2 below
the target, and S3 above the Eérenkov counter will be used tobtrigger
the system. We will require thét webhave a signal (iﬁdicéﬁing at least
one cha:ged particle )AfFom,S35 in anticoincidence (no signal) with Sl,
indicéting no charged particle incident on the target. We Will use S2-
in anticbincidence with S3 when we want to look at the case of nb |
‘charged pérticles leaving the target. if our trigger system indicaﬁes.
a neutral particle incident on the target, we will then_test;the
‘signal from the Eerenkov counter to see if the pulse height indicates a
shower energy compétable with a neutral inéidéné pafticle ehergy of
1012 eV. 1If we do have sufficient'ihci&ent energy, we will tAen pulse
‘the~spark chambefs,ahd read out the codrdinate points on each of the

planes. o

i

Our data will consist of x-y or u-v points from each spark chamber,

a pulse height from the Cerenkov counter, which will tell us the
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energy of the shower, and indicator that tells us if counter S2 had a
charged particle passing through it. All the data will be written on
magnetic tape for computer analysis,

Analysis of Data

The data from the spark chamber will allow us to determine the:
number and coordinates of the charged particles, but we must first
eliminate the spurious data points, These points occur whenever there
is mofe than one particle passing through the chamBer at the same time.,
If we have two pafticlés passing through a x-y chamber, our data will
cdnéist of an (ﬁl,xz) and (yl,yz). Tﬁefe are now four poséibie points
which can be formed from these coordinates. 1Two points, (xl,yl) and
(xz,yz), represent the points the charged pattiqles passed through.
The points (xl,yz) and (gz,yi) represent spurious points which have no
‘physical significance and must be eliminated.

For each .2 radiation length of lead in the chamber array we will
use double chambers (éne X-y, one u-v) to aid in eliminating spurious
points, For each péir of chambers, we will take the x-y éoérdinates
from the "above'" .chamber and make all possible point combinations. For-
this point we will calculate the correspﬁnding point on the "'below"
chamber (u-v chamber), and ask that there be a data point within a
smali radius of this point. If we‘do locate a point on the "below"
chamber, then we;have located two points on the tfack of a charged
particle passing through the.array. By examining éll points on all
pairs of chambers in this way, we can determine the number and-‘

positions of the charge-partiéles on each plane.
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Once we know two»points for the particle we can calculaté its line
t:ajectory and determine‘where it was produqed simply by checkiﬁg ébove
 each layer of lead to see if there is a §Oint 1ying‘oﬁ‘the trajectory.
We may also in this way obtain a rough estimate of the location df»the“
‘ iﬁtgraqtion in the targetvby‘brojectiﬁg all of éhe particig ' .
| trajectories in the array back to the target.

Experimental Requirements

In monopole pair production, photons-are preduced fhrough thé
adéelération and deacceleration of the poles, and through their mutpal'
attractive CoulomB interaction, »Rudé¥;;h ahd Zwanziger39 étate that the
multiplicity is essentialiy constant and of the ordet of 106‘ The
~multiplicity of showers produced‘byvbremsstrahiung'and péir production -
depends on the energy of the incident particle; ité‘chargevand the
medium surroundiqg the particle. |

If we have a high energy photon incident on our lead target, fhe “'
“photon méy produce an electron-positron pair or abbound'monopole pair,
By observing the‘interactibn in the sandwichhspark chamber érray below
the target, we can distinguisﬁ the two types ofbevents,-"Iﬁ the case

:of,electron-positrén production, a cascade showér will‘be iﬁitiated by
‘these two particles, Inithe case of"monopble prodﬂction% since they
'radiate‘about 100.photoné in 1eé$‘than 10--23 sec; we wou1d aiso'have a
cascade shower, but one produced by ébouﬁ 100 "ingident"vpafticlesl
| Arley47 derived a theory of electrqmégnetic cascades which appear
“to agreeﬁwith oBserved pﬁoton-eiectrbnpcééCade showeré.forpincident'

energies éf the order;lol,2 eV, .In Figure 4 we have plottedvArley's
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Figure 4. Number of pairs versus shower depth,

Curve: Arley's Prediction
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prediction for the number of elect:on-positron pairs as a function of
shower depth in radiation lengths, and the data from the two anomalous
events observed by Debenedetti.41 Since no errors were quoted on this
data, we have taken the error to be i‘J_E_, where N is the number of
pairs., With a little imagination, we can state that the two events.do
agree with the theory, but‘ﬁe must point out that the lowest energy
pair that Debenedetti recorded is 100 MeV. This is encouraging in that
the cut-off energy of the photons in bound monopole production is a
few MeV and many low energy pairs could have been undetectéd in the
events of Debenedetti. We must therefére determine absolutely the
number of pairs as a function of shower depth in order to distinguish
between electron-positron production and bound monopole pair
production, |

Using Arley's theory47 as a‘base; we will perform a Monte-Carlo
~calculation on the development of photon showers pfoduced by one
incident photdn;’ From this calculation we can 6btain more information
:about the possible fluctuations in shoﬁer develbpment and be able to

&
‘estimate what can be expected for electron-positron pair production.

Specious Events
Our triggering system permits us to trigger on all neutral particles
incident on the target, so we will have to eliminate eventsicauséd by
o, '
.neutrons or T 's,
The neutrons will interact strongly with the target and the
secondary particles produced will mainly be hadrons. We can eliminate

these events from,our data by observing the secondary particles and
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théir interaction with our chamber array., A w° incident on the target
presents a more serious problem. The ° will decay into photons which
will cause a cascade in our chamber array. We will first do a
‘Monte-Carlo éalculation of the resulting shower to determine the
possible fluctuations in shower development due to photons from w°
decay. We believe that these fluctu;tions will ﬁot be so large that
the.ﬂ? decay events can not be'separatéd from the bound monopole
production events,

_Location of Experiment

A reasonable flux of cosmic rays with energy greater than 1012 ev -

exists at mountain altitudes. We propose to pérform our experiment atop
Mt. Evans which is located in Colorado at am altitude of 13,000 feet,
where the incident flux of photons with energy greater than 101-2 eV46

is given by equation (81).

Our target and detection array will have a cross-sectional area of

approximately 10 feet squared, so our maximum solid angle will be

' Y
C(_n_ = (w x .01 ster
s5* :

. The probability for monopole production, assumed to be equal to the
probability of electron-pogitroq production, is .8 in onme radiation

» iength of lead, The number 6f expecﬁed monopole events in a time T,
is given by

N = (flux) x (probability) x (time),g (area of target) X (solid angle).

From this webcalculate'the,number of monopole events per day as
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N = (10-8photons/cm2-sec°ster)x(;S fnonoéoles/photon)x(S.6x104 sec/day)x

[< metersz)x(.OZ ster)
N ~ 2 monopole events/day

The dead time of our system, the Eime during which the system is
insensitive to events, is determined by the time it takes to read out
‘all of the data'from spark chambérs and place it on magnetic tape.
Tﬁis,time is typically 1essvthan a secondeO we will notvbe limited by
this factor, |

We will perform our experiment over a 3 month'period in order to
~obtain enough data to make conclusive étatementS‘éBoﬁt.the Rudermap-

Zwanziger model'for’bqundlmonopole pairs,
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A PROPOSED EXPERIMENT TO DETECT THE
VMAGNETIC_MONOPOLE OF THE RUDERMAN-ZWANZICERbMODEL
iDonald M. Stevens |
- Abstract
In 1931 P,A.M, Dirac postulated fhe,existence of a quantum of

magnetic charge, the magnetic monopole. Since its prediction, cosmic
ray and accelerator expériments have been performed to detect the
monopole, but all have failed. M. Ruderman and D. Zwanziger have put
forward an explanation for the negative eXperimenfél results, They
argue that monopoies are likely to be produced in éairs, which are
tightly bound and néver becoﬁe frée; Ruderman and Zwanziger point to
‘certain anomalous cosmic ray events as evidence of production of bound
monopole pairs, In tﬁis paper we review Dirac's arguments, calculate
the monoéole's properties, and critically review’previoué monopole
éxperiménts. Using the.model proposed by Ruderman and Zwanziger to .
give idenﬁifying properties, we propose an experiment:designed to

“detect the materialization of the magnetic monopole.
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