
A PROPOSED EXPERIMENT TO DETECT TIJE MAGNETIC · 
. . . 

MONOPOLE OF THE RUDERMAN - ~WANZIGER MODEL 

by 

Donald Meade Stevens 

Thesis submitted to the Graduate Faculty of the 

VirginiaPolytechnic Institute and State University. 

in partial fulf.illment of th~ requirements . for.• the· degree of 

MASTER OF SCIENCE· 

in 

Phys.ics 

APPROVED: 

w. P. Trower· 

A. G. 'Btillard R. J /1o~ers · 

Date 

September 1970 

Blacksburg, Virginia 



ACKNOWLEPGMENIS 

The author is indebted to his advisor, Dr. Peter Trower, who has 

provided_ the inspiration, constructive criticism, and editorial assist-

ance necessary for the completion: of this manuscript. He: would like to 

acknowledge the ·generous help he received from Dr~ George Collins,. 

Dr. John Ficenec,. and Dr. Robert .Brown regarding experimental procedure· 

and magnetic monopole theory. The author wishes to thank all the 

members of his graduate committee, who provided useful cominents 

regarding the final version of the paper. He is thankful for a loving · 

wife, , who not only p~ovided understanding and encouragement 

but also performed the typing_of the: manuscript. 



LIST OF TABLES • 

LIST OF FIGURES • 

TABLE OF CONTENTS 

• • • • • • • 8 • s • • • • • u • • • • • 8 • 

. . . . . . . . . . . . , .......... . 
v 

vi 

INTRODUCTION • • • • • • • • • • • • o • • ., • • . • • • • ., • • l 

THE THEORY OF DIRAC MONOPOLES. ct e fl) e 4l o IC e . Iii, • o . . . 
Dirac Monopole Theory. 

Theories using Monopoles 0 • .. 

Electrodynamic Consequences of Monopoles 8 0 6 o· e G ~ 

4 

4 

7 

8 

Physical Properties of Monopoles • .. - • .. • .. .. .. .. • ~ • • 11 

EXPERIMENTAL ATTEMPTS TO DETECT FREE.MONOPOLES,., • ~ • .• • Q • 21 

Accelerator Experiments. • • 0 .. G - .. .. • • '" • e • • " • .. 21 

Cosmic Ray Experiments .. II If • 0 • o e • • · o • • o • • • • 

Summary of Experimental Results •• Cl " • t) • • tt • QI •. • Qt 

RUDERMAN-ZWANZIGER MODEL • • • • Q • • ~ @ •· • • • o· ~ o o e ti 

24 

27 

32 

Limits on Mass •••••• @ ............. ~ • • • • .. 32 

Soft Photon Emission • ~ •· e ~ • o • • o • • • o e • • • • 

Bound State Prediction . . • • e e .• • • ~ • •· o • • • • • 

Number of Photons Emitted., ~ ~ e • 0 0 0 0 • G • e 8 • 9 • 

Evidence.to Support Theory 

33 

34 

34 

3.5 

PROPOSED EXPERIMENT. • • ., .. $ • g .. .. .. .. • • • o ., . • • • .. • 42 

Production Process 42 

Experimental Equipment • .. -. .. • • • _ • • .. ~ .. .. o ., • .. . .. 44 

A Typ i ca 1 Ev en t • • • . . • • .. .. .. ,, .. • • .. . • .. • ~ .. • • .. • 4 7 

Analysis of Data ~ • ·• • 0 ~ ~ • ' • 0 •· • •. 5 • •. ~ • • 0 • 48 

Experimental Requirements,. • ~ • o .. .. .. • • .. • • ., .. ., • 49 

iii 



iv 

Specious Events • • • • • • • • • • • • • • • • • • • ·o • • 51 

Location of Experiment. • • • 0 • • • • • • • • • • • • • • 52 

REFERENCES .. • • • • • • • • ·• •· .. • • •· • • • ·• . • • • •· •· • • 54 

VITA • • • • • • 0 • • • .. .. • . .. • .. • • • •· • • • • • • • • 57 



LIST OF TABLES 

I. Results of accelerator. experiments to dete.ct the magnetic 
monopoleo • • • • • • • • 0 • • • • • • e G • e • • • • • • • 29 

II. Results of experiments to extract free monopole from 
matter. • • • • • 0 • • • • • • • • • • • • 0 Q • " 0 

30 

III., Results of monopole searches in primary cosmic radiation. .. . 31 

' IV. Data from two narrow shower events observed by Deb.enedetti. ~ 37 

v 



LIST OF FIGURES 

1. Projected points of origin and opening angles of the pairs ••• 38 

2. Possible processes for monopole production. • • e • • • • ••• 43 

3. A schematic of the experimental set-up •• ~ . .. . . .. .... 45 ~ 

4. Number of pairs versus show depth for two events observed by 
Debenedetti • • • • o • • • • • • • • • • • • • • • • • • • • • 50 

vi 



INTRODUCTION 

The formalism of quantum mechanics has been used successfully 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 numbers and 

isolated singularities which do not have an obvious physical inter-

pretation. It is very tempting for a physicist to disregard these 

extraneous mathematical features, reasoning that they result from a 

mathematical formulation which doesh' t exactly_ fit the physical 

situation. However an antipathetical point of view that the 

mathematics is prediction of physics that is as yet unrealized is 

also a possible approach. When P.A.M. 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 t.he field of an isolated magnetic pole. This result did 

not give a value for the electronic charge, but rather related the 

quantization of electric charge to that of magnetic charge! This 
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implied the existence of a carrier of the el~mentary magnetic charge, 

forthwith known a.s the magnetic monopole. 

Dirac's success in predicting the positron motivated a search 

which is still unsatisfied. Cosmic rays have been examinedfor signs 

of free monopole_s while protons from accelerators at Berkeley; 

Brookhaven, Geneva, an:d Serptikhov have been used to bombard nuclei in 

an attempt to produce free monopoles.· All experim'ents to date have had 

negative results. Therefore it would be easy to. conclude that 

monopoles do not exist. However attempts to find a conservation law 

which would prohibit th~ exi.stence of the monopole have also been 

fruitless. 

If we heed Gell.-Mann• s totalitarian .principle (Everything which 

is not forbidden is compulsory.), we must attempt to find non-free 

monopoles. Ruderman and Zwanziger have put. forward.an explanation fot: 
. . 

' . . . 
the negative experimental results •. ·They argue that monopoles are 

likely to be produced in pairs, which.are tigtitl,y bound .and never 

. become free particles. Such a pair has an analogue in positronium 

with the electrd~·and·positron. There thesysteni, described classical-

. ly in terms o:f Ktap'bsrian :orbit:s, has .Ji lifetime agafo.st annihilation 

depending qn the s~parlitfo,n of the p·artieles or,· equiv'alently, on the 

stren.gth of· th~ :t;~t-~<ract:fon. Annihilation of twc> .s.uch monopoles, 

which we will callpoleonium, Ruderman an,d, Zwanziger point out could 

-cause certain anomil.lous cosmic ray events. 

We propose. here' an experiment to investigate the cosmic ray<eveiits 

of the type which could result from· formation and annihilation of 
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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 previous monopole 

experiments, and summarize their results. Finally, using the model 

proposed by Ruderman and Zwanz,iger to give identifying properties of 

bound monopole pairs, we propose an experiment designed to detect the 

materialization of the magnetic monopole. 



THE THEORY OF D1RAC MONOPOLES 

In this section we review Dirac's !Ilagnetic monopole theory,. 

theories using monopoles, and properties of magnetic monopoles. 

Dirac Monopole Theory 

Magnetic monopoles resulted from Dirac's investigation of an 

electron's motion in an electromagnetic field. l, 2 ·For a free· electron, 

its wave function is 

\JJ ( ...... t.) e.i~ I X .. 
(1) 

where 'k is a wave function defined at each point in four-space and 

whose modulus is everywhere equal to the modulus of './-' . The wave 

function ~ is undetermined to within an arbitrary phase factor which 

we represent by ~ in e:~. Although the value of ~ at a point has 

no physical meaning, the difference between the values of ~ at two 

different points, the relative phase, is measurable. 

Since the wave function must be continuous and single valued ai:'" 

any point on a closed curve, the change in phase,~~ , around this . . 
curve must be an integral multiple of 2Tf" • This change in phase may 

be different for different wave functions by arbitrary multiples of 

2-rr-, but if we consider a very small closed curve, the continuity 

condition requires that A(3 be very small for all th~_wave functions. 

Thus, the change in phase is independent of which wave function 

representing different states of the electron we examine. 

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

momentum operators 

4 
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(2) 

we obtain 

(3a) 

and 

e;~(-i.~& 
";,) 

+ 1; K; ) ""' P. ~ ":: Jx. 
l 3 

,) ' (3b) 

where 

K -= u K. ~ ~ ~ : 1, 1. 3 4 ?(Lt:) ) ) ;l)('. 
J 

(4) 

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

momentum-energy operators (1?;, iW), th~n lJ: will satisfy the correspond-

ing equation with these replaced by (Pj +1iKj,iW +1iK4). 

Let 

) (Sa) 

l.e A"" = i; Kat (Sb) 

Then ~ will satisfy the wave equation with the operators replaced by 

(P. + (e/c)A.,iW + ieA4) 
J J 

j "'' 1,2,3 

Associating A and A4 with the electromagnetic four potential, we see 

that if 'J.1 satisfies the wave equation for an electron in the absence 

of any field, then ~ will satisfy the equation of an electron in an 

electromagnetic field where 

~ - -v~ A=- 1-l (6a) 



J.. 
c. 

...... 
":JA - : ?t 

.6 

E. (6b) 

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 

(6c) 

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

as 

= 

= \ :e- H .Js + (7a) 

However 

(7b) 

since it represents the thange in potential energy over a closed loop. 

We can.now interpret the change in phase around a closed curve in 
-a 

terms of the flux of the vector H through the curve. 

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 

v.anishing of the wave function requires two conditions since it is 

complex so that the points at which it.vanishes are constrained to 

lie along a line, traditionally called "nodel line". If the 11 nodel 

line" intersects 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 2 trl'I, where n is a:n integer. Therefore 
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2rr Ln + (8) 

where the summation is over all "node! lines" that pass through our 

small closed curve. If the summation does not vanish, some "nodel 

lines" must terminate inside the surf ace bounded by the curve. . The 

end points of the "nodel lines" are interpreted to be singularities 

of the electromagnetic field. 

Because the change in phase for all wave functions around a 

vanishing small clos_ed curve is vanishing small, then in the 

integration of (8), the total change in phase vanishes. The magnetic 

flux crossing the surface bounded by the curve is just 

(9) 

Thus, the interpretation of the end points as singularities in the 

electromagnetic field led Dirac to a value of magnetic flux, which is 
'• 

quantized in terms of electric charge. The objects which contained 

unit quantized magnetic charge Dirac called magnetic monopoles. 

Theories Using Monopoles 

Dirac magnetic monopoles have been used to expla,in some unresolved 

problems in particle physics. 

Porter3 and later Goto4 have evoked magnetic tno11opoles in an 
. 5 

attempt to explain the origin of extensive large cosmic showers 

which contain large numbers of particles and have very high total 

energies. They argue that if Dirac monopoles were present in primary 

cosmic rays, they would be accelerated by galactic magnetic fields 

and could obtain energies of 1020 eV. If these monopoles then fell 
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onthe earth's atmosphere, they would bremsstrahlung, producing copious 

showers of particles. In order to account for the frequency of 
-14 ooserved extensive air sbowers, only 10 of the primary cosmic rays 

would have to be Dirac monopoles. 

Schiff has used the monopole to permit the fractionally charged 

quark to exist within hadrons, and.at th~ same time t:o prohibit the 
. . . 6 

quark from appearing as· free particle. Schiff modifies. Dirac's 

quantization to include monopoles which have a finite size 

characterized by a radius R, the radius of a hadron. This modification 

requires the quantizaHon of electric charge within a range R of each 

other. Using his selection rute7, which requires that quark clusters 

which lie within range, R, of each other have integ,er baryon number, 

he shows that quarks can exist within clusters of range R. Isolated 

quarks can not be seen because they have fractional baryon number, 

which is prohibited by the selection principl~, and they have 

fractional electric charge, which is prohibited by quantization of 

charge through monopoles. 

Schwinger has developed a particle theory based on fundamental 

particles, qalled "dyons", which carry both electric and magnetic 
8 charge. Using "dyons", Schwinger shows that all particle 

interactions are electromagnetic in nature, the ''strong" interaction 

being accounted for by the interaction of· the magnetic charge of 

"dyons". · 

Electrodynamic Conseg\,lences of Monopoles 

We describe here the anticipated properties of the magnetic 
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monopole. 

If magnetic monopoles exist, Maxwell's equations would become 

- -~. 

4'1'f fe g. D = -\I· B :: 4tt f .... 

-V' x 'E:. 

where 

i). 

B 
.... 

The sign of the magnetic current density J would be required from 
m 

magnetic charg~ conservation, 
__. 
v. :r~ = 

(lOa) 

(lOb) 

(lOc) 

(lOd) 

(11) 

(12) 

(13) 

The equations are symmetric with respect to the interchange of electric 
..... ... __... 

and magnetic fields: B for D, H for E, and ~""' for fe ; )"- for E: 

-· and J for J • m e 

Amaldi 9 points out that, even in a system with monopoles present, 
..... ...... 

if E and H should retain their spatial symm~try properties; (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 

(14) 
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should be a psuedoscater and the magnetic density current 
. ' (15) 

should behave as an axial vector with respect to space reflections. 
·. 10. . 

Ramsey has pointed out that in a theory which includes magnetic 

·poles, the. CP'i' theorem would be·· replaced by a CPTM theorem where M is 

an: operation which carties each pole .into a pole of equal, but opposite 

sign (i.e. anti-pole). 

We now consider the effect of monopoles on.the stress.;enetgy tensor, 

- - - - - - - - - - .-
- \cS1 

. where Tij is the Maxwell st'i:·ess tensor 

.. . ~. 
'-~c.;,·, 

• ; #". 
~~c.~ .. 11 

.... .I 

. (16)· 

,., i : ·.~-rr f ~i Di . "". Hi. s_. - •/;. ~.j ( E· 1) ~}i ·B) J i~i~ ,, ,_, ~ cu> 
the.Poynting vector 

...... . s ;_ c - .... - .41T ExH 

and the energy density· 

: T-p'f is invariant· under the transf.ormation 
..... -'I . -, 

E = ~ c:os ~ + ff s VA ~ 
~ ...... , ... ,..,...,, 
H • .... E. s~ ~ + H ~· .. . _.. ' 

· D ~ . 'D' c.o~cp +:a'. s~~ .·• 
...... , . . -. '6'"' -:0 St.JI\ ct+ 'B ~it-

. . 

(18) 

(19) 

(20) 

. where cp· is an arbitrary matbematica+ parameter~ · .. By applying the same 
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transformation to the "sources" 

..... ..... _. 
::re = 'Je ' c.os4> + 'J,.,: ,.,!M 11:> 

-..I. _. - -- ' .:r ~ ..., - -:s:, .. ~ .... :i-..: c.os cP 
(21) 

not only the Poynting vector (18) and energy del1.sity (19), but also 

Maxwell's equations (10) remain invariant. 

Physical Properties of Monopoles 

Charge 

Dirac specified the charge of the monopole from thequal1.tization 

condition to be 

(22) 

Mass 

At the time of his prediction Dirac speculated that the mass· of the 

monopole should be very large because no particles of lo~ mass (Only 

the proton, neutron, electron, and positron were known.) had been 

found which resembled monopoles •.. 

It is customary to define a mass for the monopole from a clasSical 

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

.(23) 

Using this definition we' obtain 

W\~ = n-i. { ~ f me 

= '1.4 Gc::V /c."'" .feaT 't\: \ (24) 

.- 'l.b Gev /c.,. 



12 

ElectricDipole Moment 

Amaldi il al. 11 . pointed out·that since Dirac treated monopoles as 

Fermions of spin ~' they would necessarily have an electric dipole 

moment 
(26) 

the direction of which would be, for positive poles, opposite in 

direction to that of the spin and for negative poles, the same as that 

of the spin. 

Ionization 

Bauer12 and Cole13 have estimated the rate of ionization energy 

loss for monopoles by the semi-classical impact parameter method. The 

assumptions are that the electrons in the medium .are free, and at rest,_ 

and the force between the monopole and the electron is 

(27) 

where r is the separation distance of the monopole and electron. The 

impulse given to the electron by the passing monopole is 
.,.-

FJ. clt =) f ~ ct --
1' ... 

= =1f ~·· d)( 
c. ) r-.. -· where '1_ is the component Qf the force field at the poSition of .the 

electron normal to the trajectory of the monopole, et is the angle 

(28) 

describing this component, and V is the velocity of the monopole. The 

integral is evaluated. easily, and energy transferred to the electron 

at a distance b Js 

6 E( \,) .··-= (29) 
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Since there are lrrNtbJoJx electrons per path length dx that are between .. 
. . . : 

a distanc~. b and b + db from the monopole,. the energy loss pe~ path 

length dx is .. · 

..... JE 
.=::· 

. 'CJj(""..· 

: 4-a-1'1-l ".:/e"" ·~ ('omAY./b,..;...) 
wt11ac• 

(30) 

In order to obtain a· value of b . the adiabatic condition is used. max 
This states that one cannot induc~ftansitions from one quantU,in state 

to another by a perturbation if the variation of the perturbation is 

small during the period of the system. In ou:i: case it can be assumed 

that the duration of the perturbation is the time b/v .:Iu~ing which the 

monopole is near the electron. In order to produce transitions, the 

condition 

6 I --v <V'> 
. . 

where. <. <> is an appropriate ave~age of the frequendes of the atom, 

must be fulfilled. Treat.ing this relativistically, we obtain for b max 

= .. ~<>(1-
(31) 

. Quantum mechanics gives a limit for bmin sin~~ f;he electron can 

only be localized with respect to;the monopole to the accuracy of its 
. . . ~ . 

de Broglie wavelength 

= . !. . = ,1; ( I .:. ~: )"~ (32) 

··m.v 
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Equation (30) can now be written as 

- c:IE 
di' 

_ 41t N-t 

Since the ionization for relativistic particle of charge z = 1 is 
. .. .. 14 given by 

- JE 
d'IC = 

. the ene.rgy loss for a monopole in terms of the energy loss 'for the 

charged particle with the same velocity is 

(33) 

(34) 

(35) 

For a charged particle and monopole, moving with velocity'\/..., c., the 

energy loss for the monopole is .greater tha~ the energy.loss fo:r the 

char~edparticle by a factor 
l. 

(9/e} ::::: '"1'100 (36) 

Bremsstrahlung 
12 . . 

Bauer · has also calculated the energy loss due to bremsstrahlung 

for monopoles using a semi-classical approach which does not give the 

familiar logarithmic dependence of the energy. loss. We have calculated 

the energy loss, but have taken as a model the derivation given by 

Rossi 15 for charged particles. The assumption here is that the energy 

radiated per unit time for a charged particle undergoing acceleration 

is given·by classical electrodynamics to be 

B-- 1 2. 2. z. 2. ·~a.,:: ~o.. {37) 
3c~ c• 

where a is the acceleration of the particle. 

The monopole in a frame of. reference· (primed frame) in which it is 
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initially at rest and the nucleus, charge Ze; inoves with a velocity - v, 
exerts a: force on the nucleus given by 

\F( = 1¥-[vxs]J (38) 

Relativistically, -- the maximum value of the acceleration of the 

monopole is given by 

-'le9v 
~ C. ba. (I - V%.,)'lz. 

(39) 

where bis _the impact-parameter. The acceleration has· the magnitude 

of the order of a' for a time of the order of max 

~ { I - - ~: )"a. (40)' 

Therefore, the energy radiated during the colliSiOn has; -in the primed_ 

reference system~ -_ the approximate value 

:::: 
... 1. .. 'a. 

~e'"
m ... c." b3 

' 
(41) 

( I - v~ ... ) ''.a. 

'in order to find the energy, P, :t;"adiated during the collision i.n 

the reference frame in which the nucleus is at rest, we assume that_ 

the intensity of the radiation in the primed system is SYmmetrical·so 

·-that the total momentum of the radiation field vanishes: ~in. the _primed 

reference frame. ·Then the energy radi~ted in the unprimed frame _is 
I 

( I - ..;lc_~) 'Ii. 
p =-

(1-"'~·) 
(42) 'P 

The frequency distribution in the primed system is related to the 

distribution in the_ unprimed system' by_ means- of the- re1.atlvi:stic 
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Doppler effect: 
~ I I 

I + c. cos;> y (43) 
(I _ V/~-.) '/a 

. I 
where 'I is the angle of emission of the electromagnetic wave in the 

primed system. The frequency spectrum in the primed ~ystem will rapidly 

drop to zero for frequencies larger than 

In the unprimed system this 

--
frequency 

(".I 
I . 

'I )''a. b (I- vk& 

is given by 

b (I - "%~) 

(44) 

• (45) 

Since we have assumed the frequency spectrum to be constant, the 

energy per unit frequency interval is the ratio of the total energy 

emitted to the .maximum frequency 

dP 
Jv 

= 
Equation (46) can not hold for frequencies larger than 

.. (46) 

(47) 

since a particle cannot radiate a photon of energy larger than its own 

kinetic energy. 

In order to obtain the energy radiated into photons by a monopole 

traversing a thickness dx of absorber, we integrate (46) over the 

frequency range. The number of collisions with impact parameters 

between band b +db in a thickness dx is given by. 



so the energy loss is givenJbl •• 

c:IE = . 
o ... ~ 
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~ . .[ c~n JV 1,, wb db.Ix. 

Substituting equation (46) in our above relation, we have 
b,.... I&/;; . 

cJE = [ f ·( ~2. e""~'4 v' ) J{" 2."Tt 'Nb db 
. d>t.. . M a. c:"' ba. 

... _ 0 5 

= E 

=(~·)(ft\::~ )(7:) 
i ~ ' 

llf N i..,. E ·tr.. J, ... -
1> .... ;... 

.. 
Rossi 15 has.derived the energy loss due to bremsstrahlung for 

electrons and obtains 

JE 
d>< 

Assuming that the logarithmic factor, which depends only on the 

(48) 

(49) 

(50) 

screening of the atomic electrons, is of the same order for electrons 

and monopoles, we can write the bremsstrahlung energy loss of monoe_oles 

in terms of that from electrons 

~(i)( ~)(~:J.,) 
. !l 

(51) 

which in the extreme relativistic limit ( "_,, c.) becomes 

(dE) . "Ji. pole$ 
(52) . 

"' Cerenkov Radiation 

U . h f M 11' . T .k. 16,17 sing t e symmetry o axwe s equations, omp ins has 

generalized to include monopoles the calculations of Fermi18 for 

"' Cerenkov emission of charged particles moving throttgh a medium • 
..,,. . 

Tompkins found tha.t the Cerenkov emission for monopoles was 
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(dE) = 
Tx i 

.compard to Fermi's result for charged particles, 

( c:JEJ 
di~ 

= e.,. M 
E. 

(53) 

(54) 

where M is a constant depending on the magnetic permeability, )A. , and 

dielectric constant, E , of the medium. 
v 

We have attempted, unsuccessfully, to calculate the Cerenkov 

emission for monopoles following the procedure used by Jackson for 
. 19 · charged particles. . Our attempt has failed because we can not derive 

the energy loss due to the B field of a moving monopole interacting 

with the magnetic moments of the electrons of the medium. Further 

investigation of this problem will be made after the author gains a 

better understanding of the macroscopic effect of a moving monopole on 

a medium of yermeability ,µ. . 
Atomic Binding of Monopoles 

Malkus 20 has tried to determine if the presence of a magnetic 

monopole in an atom could modify the electronic structure and lead to 

bound states. He sketched various approaches for treating this 

problem. One of these, which is qualitative in nature, leads to the 

conclusion that a pole can be bound to an atom or a molecule, but with 

an energy of the order of electron volts. We now reproduce this 

argument. 

If we place a pole at a distance r from the center-of-mass of an 

atom or molecule, the magnetic field produced by the pole 

(55) 
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will polarize the molecule with a resulting change in energy given by 

(56) 

Ep is caused by attractive long 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 
if . . . .• . 
'[_(rn .. +2.St;) 
• 1. & 
Llll 

(57a) 

and 

(57b) 

·where · i mz' 
i s are the eigenvalues of the operators representing the z z 

. 2. 
components of the orbital momentum and spin and f.: is the average 

of the square of the perpendicular distance from the z-axis of the 

-i-th electron. (The magnetic field is taken as the axis of 

quantization.) 

The condition for binding is given by 

(58a) 

or 

.. •. ·(58b) 

The value for r where AE is a minimum is given by 

[ ' ~ .. 2. r <('" : 4e~ 7:-1 
~c. f (m~ + i S~} 

.. 
l•I . 

(59) 

For the case of the hydrogen atom 

, 
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we obtain 
• r= \,oloA 

) b E. :: - o. Q s e." (60) .. 

Thus the poles can be bound to a paramagnetic atom or molecu.1e only 

with energies comparable to the chemical bond. 

Amaldi et al. 11 have pointed out that if the Dirac monopoles were 

Fermicius of spin ~' they would have an electric dipole moment. This 

moment would give rise to an attractive force when placed in the 

el.ectric field of an electron or of a nucleus which would result in a 

deepening of the. pole-nucleus potential well. To estimate the order of 

magnitude of this effect consider the monopoleplaced at the.surface 

of a nucleus with its spin in the most favorable direction. The 

c_orresponciing energy is given by 

if we assume 

and 

--
.: - 3.2.. ~ N\eV 

A"'-a 

-1'1 
f'o '» \ , 1 JC. 10 C.WI 

-13 
'("' = f'e =.1.'C ~ 10 c- " 

(61) 

(62a) 

(62b) 

· The binding enetgy ·in· elements. such as copper and. aluminium is found 

to be about -SMeV. 



EXPERIMENTAL ATTEMPTS TO DETECT FREE MONOPOLES 

We are motivated to believe in the existence of a magnetic monopole 

because it would make our mathematical description of nature more 

symmetric. We are encouraged in this belief because there is no 

known prohibition against the monopole's existence. Thus cosmic ray 

and accelerator experiments have been performed to search for the 

monopole. These experiments are reviewed here and their results 

summarized. 

Accelerator Experiments 

In accelerator e_xperiments, an attempt is made to produce monopoles 

through the interaction of high energy protons with target nuclei. 

These experiments have the advantage of a large_ flux of incident 

protons, but the disadvantage of being limited by the energies of 

existing accelerators, thus restricting the possible mass of the 

monopole. Monopole search experiments with accelerators are of three 

types on the basis of the different particular properties used to 

identify Dirac monopoles. 

In Type I experiment-ii a paramagnetic (or ferromagnetic) target 

irradiated in the beam of protons is sufficiently thick (a few g/cm2) 

that an appreciable fraction of any monopoles produced will lose 

energy in it by ionization and stop' inside the target itself. After 

irradiation the target is placed in a pulsed magnetic field in an 

attempt to drag the monopoles out. In Type II experiments~ a magnetic 

.field of several hundred gauss is applied to the target during the 

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

21 
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they are produced. S.uch poles would be accelerated in a vacuum pipe 

by solenoids and brought directly to a detector. In.Type III 

experiments poles produced in a thin target, which they would escape by 

virtue of their initial velpcity, would be deflected and accelerated 

by a magnetic field and then brought to a detector. 

Bradner and Isbell21 were the first to perform an accelerator 

ex:periment to search for monopoles. They attempted all three types of 

experiments! Using 6.2 GeV protons from the Bevatron at Lawareilce 

Radiation Laboratory, they tried to produce monopoles of mass up to 

that of one proton. In the first part of the experiment, the 

accelerated protons interacted with a thin aluminium target which was .. 
in a magnetic field. If monopoles had been pro~uced, they would have 

been driven by the magnetic field into an emulsion stack where they 

could be identified by their l'arge ionization loss. In the second 

part of the experiment, a thick copper target.was bombarded by the 

protons. The monopoles produced in this target would diffuse through 

the target and be accelerated by a magnetic field into an emulsion 

stack. Finally they placed a polyethylene target.which had been 

bombarded by the protons for a long period of·time in the magnetic 

field, hoping to extract monopoles. In all three cases no monopoles 

were seen. 

In the period 1961-63 three sets of experiments were made along 

similiar lines of the .Bevatron experiment: two at Geneva using the 

internal proton beam (28 GeV) of the CERN-PS and one at Brookhaven 

with .the internal proton .beam (30 GeV) of· the AGS~ In these ·experi-
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ments monopoles of up. to about three proton masses could have been 

detected. 

F 'd 1 22 . d d i ecaro ~ .!....· experiments were Type I an II, using copper an 

aluminium targets bombarded by protons. Any monopoles produced would 

have been accelerated by a magnetic ~ield into a scintillation counter 

· array. They also looked at a polyethylene target which was being 

irradiated by protons to detect radiation which might have originated 

in monopole-antimonopole annihilation. None of these experiments 

produced any evidence of magnetic monopoles. 

A.maldi et al. 11 have also performed all three types of experiments 

at CERN, using the 28 GeV protons. The experiments of the first twQ 

types were similiar to those performed by Fidec~ro et a1~~2 In the 

third type,of experiment a beryllium tar&1et was irradiated by the 

protons in a magnetic field. If a monopole had been produced, it 

would have been directed into emulsion stacks for identification. In 

all three types of experiments, no monopoles were. seen. 
23 ' Purcell ~ al. at the Brookhaven AGS looked for monopoles 

produced either in nucleon-nucleon colli~ions or by secondary 1 rays. 

The experiment, of type III, was based on the idea that any monopoles, 

produced by the protons iD;teracting with the target (Be,C,CH2,Al), 

would escape and ~e stopped in a liquid downstream. The liquid also 

served as a target for possible electromagnetic production of monopole 

pairs by energetic photons. Any monopoles stopped in the liquid would 

be drawn by a solenoid into a counter or emulsion stack. No events 

attributable to monopoles were seen~ 
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The most recent accelerator search for monopoles has been carried 
24 out at the I.P.H.E. synchrotron at Serpukhov. This 70 GeV proton 

accelerator is capable of producing a monopole with mass up to 5 proton 

masses using a hydrogen target, and up to 7 proton masses using a lead 

target. The experiment was.of Type I and monopoles which were 

produced would be trapped in tungsten plates that sur.rounded the target •.. 

After exposure these plates were placed in a magnetic field which 

would extract any monopoles trapped, in them, and dir~ct the monopoles 

to a nuclear .emulsion stack for detection. Again no monopole was 
:,i:~ ' .. / 

detected. 

Cosmic Ray Experiments 
~ 

Cosmic ray experiments, unlike accelerator 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 CI 

attempts to directly measure the instantaneous flux of monopoles 

produced in the upper atmosphere by pl;'imary_cosmic rays. Type CII 

relies on extracting monopoles, using pulsed magnetic fields, trapped 

in "potential collectors". These materials have been exposed for 

geological ~imes to the flux of primary cosmic rays. In experiments of 

Type CIII, one tries to observe the electric field generated (see 

eq.(lOc)) from a magnetic current caused by the motibn.of samples of 

"potential collectors". 

An experiment of Type CI was.first performed by Malkus 20 who 

assumed that monopoles produced by cosmic rays in the upper atmosphere 

would travel in. the general direction. of the Earth's.magnetiC:field. 
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Using a solenoid to concentrate geomagnetic lines and to 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. expe~iments using the method of Malkus, but 

they also obtained similiar results. 25 , 26 The Type CI experiment 

performed by Green27 attempted to detect the flux of monopoles in 
V' 

primary cosmic radiation by using the difference in Cerenkov emission 

for charged particles and monopoles. He found no monopoles. . . . 

Petukhov and Yakimenko28 have s~arched for monopole$ in a Type CII. 

experiment using as a "potential collector" a piece of the Likhote-

Alin meteorite. The sample was heated tc;i a gaseous state while in a 

magnetic field. Monopoles trapped in the sample would be forced by 

the magnetic field into a counter where they could be detected. The 

total time for the treatment of the sample was 112 minutes· and only 

one courit was recorded. 

Goto, Kolm, and Ford29 used a portable ~70 kG,pqlsed magnet in a 

Type CII experiment to extract monopoles trapped up to a depth of 

several centimeters in a magnetic outcrop' of the Adirondack Mountains. 

No tracks attributable to monopoles were ob.served in the. emulsion used 

for detection. 30 In another CII experiment Kolm, Filz, and Yagoda 

attempted to extract monopoles from deep-sea sediment' and to detect 

them with nuclear emulsions. Several tracks, geometrically compatible 

with those of south monopoles were seen; however; although they 

exhibited constant ionization, it was not sufficiently dense,to be the 

tracks of ~irac monopoles. :,rhey then per,formeda second experiment 
·.;: . ·' 
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using scintillation detectors31 which produced negative results. 

The Type CII experiment by Fleischer fil_ 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 

Southern Ocean and from maganese pavement at the bottom of the North 

Atlantic. Ocean. 33 Finally, they attempted to observe monopole tracks 

in samples of mica and of obsidian. 34 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 monopole through the device generates a voltage which 

shifts the quantum phase by an amount proportional to the pole 

strength. The interferometer then detects this change in phase. In 

samples free of magnetic monopoles Vant-Hull was able to determine 
..... -14 div B to be less than 1.2 x 10 Wb/Kg. 

36 Alvarez has invented an "electromagne·~ic monopole detector" 

to be used in Type CIII experiments. The device permits the analysis 

of a sample suspected of containing monopoles without 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 caused by the induced electromagnetic force 

as.sociated with the change in flux in the electric circuit, the 

presence of a monopole would be known. The flux generated by a single 

Dirac monopole is 

41T ~ 
-7 :::::. q. JC 10. e. "'· u.. .. 
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The g·eneralized Faraday-Newmann law states that 

e t" - .C'E.d"i = -~ - cl ~(s) 
• Wl • '1", - j "" dt 

(63a) 

.... 
which reduces, in the absence of a variable flux of B, to 

e. wi • .t. ::- ~ E ·<l'i • - ....... (63b) 

If a "potential collector" containing an excess, N , of monopoles of . . g 

one charge is carried by a wheel rotating at a frequency f through a 

·coil of N turns, the magnetic current generated is 

i = N • g • f. m g, 
(64) 

If f is 100 Hz and N is 2 x 106, the observed d.c. voltage should be 
-6 .about 10 eV, which can be measured without major difficulties. 

Alvarez has used this detector with a sampl~ of moo~ rock brought 
37 back by Apollo 11. In searching the 8.37 kilograms of lunar surface 

materials, he found no monopoles. 
38 An experiment by Berkowitz and Kronenberg is a combination of 

all three types of cosmic ray experiments. The authors exploited the 

property of the earth's geomagnetic 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 extracted 

using a strong magnetic field and .collected on sheets of aluminium 

and other materials. These sheets were then analysed by means of the 

electromagnetic detector of the Alvarez group. No monopoles were 

found. 

Summary of Experimental Results 

No monopoles have been detected experimentally to date. However 
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this effort has succeeded in placing limits on free monopole production 

cross sections and the monopole mass. In Table I we sunnnarize these 

limits which result from nucleon-nucleon collisions in accelerator 

experiments. These negative results may be explained if the monopole 
! . 

exists only if its mass is greater than the lower limit and/or its 

atomic binding is stronger than expected. 

In Table II we list the results of experiments to detect monopoles 

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

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

of the abundance. All negative results except those obtained by use 

of the Alvarez detector can be explained if the binding of monopoles 

to matter is much stronger than predicted. 

Table III lists the results of experiments to detect the flux of 

monopoles in cosmic radiation. The only way that these negative 

results may be explained is if there are no free monopoles or if 

their properties are·completely different from those predicted by 

theory. 
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Table 1. Results of accelerator experiments to detect the magnetic 
monoEole 

Accelerator (J mass limit (in· other 2 
~Erotonsl Year !cm l erotonmassesl features Reference 

Bevatron 1959 10-40 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 

CERN-PS 1961-63t 10-40 Rj 2.9 binding energy in 11 
Geneva 
(28 GeV) matter between 

.• 6 and 60 eV 
· AGS 1963 10-40 3.0 23 

Brookhaven 
(30 GeV) 

AGS 1963 10-37 Rj 5.9 cross section for 23 
Brookhaven photo production 
(30 GeV) (coherent) 

AGS 1963 10-34 Rj 2.4 cross section for 23 
Brookhaven· photo production 
(30 GeV) (incoherent) 

I.P.H.E. 1970 10-41 s.o assumed monopoles . 24 
. Serpukhov could be extracted 

(70 GeV) by 220 KG magnet 
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Table Il. Results of experiments to extract free monopoles from matter. 

Method Area x Time Mass Limit 
___ <.-v"'"'e""a"""r.,.) ___ _...( c .... m ... 2_._s_.e_..c.._)_.... (in proton masses) 

Extraction 
from magnetic 
outcrop (1963) 

Extraction 
from deep 
sea sediment 
(1966) 

Extraction 
from Mn nodule 

' (1969) 

.3 x 1012 

4 x 1016 

2. 8 x 1014 

Stored tracks in 2.3 x 1018 
minerals (1969) 

Stored monopoles 4.3 x 1017 
in Apollo 11 
soil (1970) 

Monopoles in 
Artie Ice (1966) 

. Monopoles in 
commercial copper 
(1968) 

Extraction from 
Meteorite* (1963) 

'1013, 

4,000· 

40,000 

13,000 

,.200,000 

300 

number/ 
nucleon Reference 

8 x 10-28 29 

3 x io-31 30 

32 

34 

37 

'38 

'6 x 10:..25 35 

28 

*Cross section for monopoleprqduction by cosmic rays s; 10-40· cm2. 
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Table III. Results of monopole searches in primary cosmic radiation. 

Method 
(year) 

Used ionization 
properties as means 
of identificatipn 
(1951) 

Used Solenoid to 
extract monopoles 
from cosmic rays 
(1966) 

Used C.alorimeters· 
to search for 
monopoles (1969) 

. v 
Used Cerenkov 
emission to detect 
monopoles (1967) 

Monopole Intensity 
on,~urfac~1of ~arth (cm l.sec sr 1) 

-6 < 4 x 10 . 

Other Features 

Assumed mass of. 
monopoles :::;;103 
mass of proton 

Assumed mass of 
monopole :::;; 7xl03 
mass of proton· 

Energy of monopole 
~ .1013 eV 

·Reference 

20 

25 

26 

27 



RUDERMAN-ZWANZIGER MODEL 
. . 39 

Ruderman and Zwanziger have put forward an explanation for 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. experimental 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 

.. 
However, since g is at least 137 times greater than e, the force 

between the monopole pair is 104 greater th~n the force between an 

electron-positron pair. This magnetic potential only dominates at 

large distances, since at separations smaller than one pion Compton 

wavelength strong interaction forces may contribute through the 

(65) 

exchange of a meson. The magnetic potential should be valid down to a 

distance 

the Compton wavelength of the pion.· In order for the vacuum to be 

stable against spontaneous production of pole pairs at separations 

down to r , the mass of the pole pair must be greater than the 
0 

(66) 

Coulomb potential for all values for r down to r 0 • The mass of the 

monopole, rn , must. satisfy the equation g 

32 



33 

2. 2 J 1 m~ c. - '3 'r"o (67a) 

or 

(67b) 

therefore, 

-- (68) 

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

the monopole with that of the electron, we obtain 

-=: • 5' tv\e.V • (69) 

Soft Photon Emission 

Because the monopole is coupled so strongly to the electromagnetic 

field, (The coupling constant is g2/hc ~ 137.) the creation and 

acceleration of a magnetic monopole pair will always be accompanied by 

h . . f f h Rd d-Z · 39 t e emission o many so t p otons. u erman an wanziger state 

that the probability that a monopole pair is suddenly emitted with 

velocity v ~ c without an energy loss exceeding . A E to any dipole 

photon is approximately 

For magnetic pair emission at an extreme relativistic relative. 

velocity, the energy emitted into "soft" photons would be 
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Thus the kinetic energy with which the monopoles leave the region, 

r < r , should be much smaller than that of light -- the accompanying 
0 

soft photons. 

Bound State Prediction 

The above consideration of the soft photons suggests that the 

energy of the monopole pair in their center of mass may have to 
. . 2 

exceed the rest mass energy, 2m c , enormously in order for the poles g 

to have 'enough, kinetic energy to escape their mutual attraction. Thus 

instead of free monopoles being produced, it is overwhelmingly more 

likely that the poles, when produced, will assume Keplerian orbits. 

The lifetime of the poleonium against subsequent annihilation will 

.depend on the time it takes to radiate away enough energy to bring 

them within an annihilation distance r • 
0 

The lifetime of poleonium can be estimated.from the.uncertainty 

principle 

where 

For a· radial excursion of r = l0-12 cm, the lifetime of the bound 

state is of order of l0-23 sec. 

Number of Photons Emitted 

(70) 

(71) 

The production of poleonium results in photons from two sources; 

bremsstrahlung from the mutual attraction and annihilation radiation. 

The multiplicity of these photons, which depends of course on the 
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39 dynamical details, is roughly of the order J 

1. 
~10 

The energy spectrumof these photons depends on the pair separation 

and the lifetime of the bound system. For a radial excursion of 

(72)' 

-12 , 2 I 2 x 10 cm, the soft photon emission goes roughly like g 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 number of unexplained, energetic, narrow, pure photon 
40-42 showers. These showers each contain in a narrow cone some tens 

of photons and have no incident charged particleS,. The events were 

observed in nuclear emulsion stacks flown in balloons at high altitudes. 

Ionization and scattering measurements were used to identify the 

observed particles as electron pairs. The energy of the photon 

causing each electron pair was determined by measuring the opening 

angle of the pair. This is possible since a photon of a given energy 

in the Coulomb field of a nucleus originates an electron pair whose 

opening angle depends both on the energy of the photon and the 

momentum transferred to the nu~leus. The most probable opening 

angle, Op , of• a pair created .by a photon of energy El', given.by 
43 . 

Borsellino , is 
2. 4 Y'r'leC 

E"J 
(73) 

Thus the values of the photon energy is only a rough estimate because 

.of the nonuniqueness of the opening angle.' 
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Table IV lists ~he energy of the. photon associated with each pair, 

estimated from the measured opening angle, and the radial and 

longitudinal distance of the electron pair from the origin {)f the first 

pair. 

Figure 1 shows a two dimensional projection of the pairs and their 

opening angles for two events. A radiation length in emulsion 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. It 

is difficult to explain the shower in terms of lf0 decay. Since the 

pairs have a most probable opening angle of annihilation the order of 
-3 0 10 rad., the maximum angle between the two photons from .11 decay 

· should be of the same order. If equipartition of energy between the 

two photons is assumed, the energy of the 11° and the angle tJp betweeI\ 

its two decay products ar.e related by the formula 

(74) 

which gives an energy of 270 GeV for the rr0 The sum total energy 

of the pairs given in Table IV is a factor of five lower than this 

number. Assum~ng for the moment that the it0 hypothesis is correct 

and that all the energies are grossly underestimated, the origin of 

the n° must be found. A '\1° with 1 = 2,000 will travel only 2 or 

3 nun before decaying to photons. But from Figure 1, we see that there 

was no charged particle which could cause a nuclear interaction that 

could create a "\t0 of this energy in five to twenty 11° 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) (µm) . 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 LO 35.0 19.85 
12 1.0 :to 2.0 20.00 
13 <:: 1.0 > 2.0 3.5 21.00 
14 8.0 < 0.3 22.0 24.50 

EE > 40 
'V 

(0 9max . ) . p R; 1 mrad, . = 10 mrad, 

2 1 1.0 2.00 0.5 
2 0.2 10.00 o.o .55 
3 1.0 2.00 1. 5 27.24 
4 0.6 3.30 o.o 27.44 
5 2.0 1.00 4.5 27.69 
6 10.0 o. 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 o.o 37.24 
12 1.0 2.00 o.o 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 43.0l 
19 50.0 0.04 11. 5 44.21 
20 3.0 o.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 . > l 0 3.5 46.81 

L:E . > 62 max (0 R; 1. 2 mrad, 0 =50mrad} y p 
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.·Figure 1. Projected points of origin and opening angles of the pairs. 
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be explained by an electro-photonic cascade initiated bya single high 

energy photon. This .Process, however, fails to explain the energy 

distribution of pairs in the development of the showers. In event 2, 

for example, the first pair has an opening angle_ ten times greater than 

the opening angle of the second.pair; moreover, its two electrons do not 

travel in the same direction as the shower. It is diff:i,.cult to see how· 

·the second pair could be a result of the first, which has less energy. 

Further, in the one photon hypothesis, the pairs 2 and 3 of event 1 

must be the materialization of photons radiated by.t}:te electrons of 

pair number 1. The photons associated with pair 2 and 3 would make an 
I 

angle of at least 5 and 1 milliradians, respectively, with the direction 

of pair 1. But the distribution of angle between the electron and the 

photon in the bremsstrahluns.l?rocess is the same as for the photon and ., 

positron in pair production. 44 Thus it is improbable that an electron 

of a pair whose opening angle.is 0.1 millirad. should radiate a photon 

with an angle ten times larger. 

An interpretation of the event as the materialization and successive 

multiplication of even three simultaneous photons has two difficulties: 

some of the pairs have too high energy and there are sti.11 too many 

pairs. The experimental data are best explained 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 formation, decay, and annihilation of bound monopole pairs .. in · 

the emulsion. The fact that almost Ii .radiation l~ngth of mate.rial is 
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traversed before any photon conversion suggests the possibility that a 

high-energy photon, interacting in the first radiation·length of 

material with a nucleus, created a monopole pair whose interaction and 

annihilation explain the number and energy of the photons. The 

mechanism for the production of poleonium could be analogous to that for 

electron-positron pairs. For a photon incident on a nucleus with proton 

number Z, and atomic nµmber A, the probability for electronic pair 

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

(75) 

For a monopole of charge g = 137e and mass ~ 10 GeV/c 2, its classical 

radius, r , is equal to the classical radius of the electron, r • Thus 
g e 

at large energy it appears that the probability for monopole pair 

production is about equal to the probability for electron-positron pair 

production. 

The 1 of the center-of-mass of the observed photon showers can also 

be explained in terms of bound monopoles. In order that the momentum 

·transfer, q, to the participating nucleus be small compared to the 

nuclear radius, we must have 

(76) 

Therefore 

(77) 

Then for a bound pair of approximate mass ~ 2m /c 2 t the center-of-mass 
. g 

of the photon shower has, for a silver nucleus which is the main 

component of nuclear emulsions, 
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l A•l11 
"'s 

(78) 

This 1 is consistent w;i.th the i calculated for the events observed by 
. 41 

Debenedetti. Th~ i given above also gives an estimate of the energy 

of the incident photon, from equation (77). For i = 103; the energy of 

the photon is· approximately 1013 ev. 



PROPOSED EXPERIMENT 

The anomalous events pointed out by Ruderman and Zwanziger seem to 

fit their theory of bound monopole pairs, yet they are too few in 

number to give definite evid~nce 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 photon 

showers in order tc;> test the Ruderman-Zwanziger model for monopole pair 

·production. 

Production Process 

A possible mechanism for the production of monopoles would be 

through strong interactions, such as proton-proton collisions where we 

could have 

p + p .... p + p + g + + g (79) 

where the g's represent the monopole pair. Amaldi ~ &. 11 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 l0-35 cm2 for monopoles with mass equal to 3 

proton masses. Amaldi et al. 11 state that the cross section 

calculations, which are based on perturbation theory, may be invalid 

because of the large coupling (eq. (72)) of the monopole to the 

electromagnetic fielda Since the production of monopoles of mass 

10 GeV/c2 at rest in the center-of-mass system requires at least 20 GeV 

center-of-m~ss energy, the incident proton energy would have to be 

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

us to look for other mechani.sms for .monopole production. 

42 
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Figure 2·. ·Possible process.es. for monopole production. 

(a) Production of a pair of poles involving only the interaction of 
the Coulomb fields of the two colliding protons. 

(b) ·. Production of a pair of poles via the production of a virtual 
pion and its decay into' twq gamma rays. 

(c) Production of a pa:i.r of poles by a virtual gamma ray, following 
the exchange of a virtual pion between the proton and the nucleon. 
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The monopole pair appears to be an."overgrown" electron-positron 

pair which carry magnetic charge instead of electric charge. We have 

seen that the probability for monopole production above threshold is 

the same as that for electron-positron production (eq.(75)). Therefore 

we will look for monopole pairs in the process of pair production in 

the field of a nucleus by a high energy photon. The analogy to 

electron~positron production is seen in our equation 

(80) 

As was seen in the last section, the( incident photon energy ·shoul.d be 

of order 1013 eV in order to produce monopole pairs. Photons of this 

energy exist in cosmic radiation at high altitudes, but the flux is 

very small. For instance, at an altitude of 13,000 feet, the flux of 

photons with energy greater than 1 TeV is given by46 

-8 2 
I~ 10 photons/cm •sec·ster. 

Experimental Equipment 

A schematic of the experimental set-up is shown in Figure 3. 

The probability for production of mo,p.opole pairs by high energy 
. ';~ 

photons is proportional to the square of the proton number of the 

target (Z2). We will .use a high Z material, lead, of one radiation 

length thickness (.51 centimeters) as a target. 

(81) 

Scintillation counters, used to detect charged particles, will be 

placed above and below the target. We want to investigate only photon 

produced monopole pairs, so the counters will be used in anti-

C'oincidence. That is, they will be used as part of a 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 

multiparticle detection efficiency, will t~ll us the coordinates of any 

charged particles leaving the target. If a photon incident on the 

target produces an electron-positron pair, the spark chamber will allow 

us to detect these particles and obtain an estimate of the x-y 

coordinates of the interaction vertex. If bound monopole pairs are 

produced, some of their radiated photons may convert to electrons-

positron pairs before leaving the target. If this does happen, then we 

can also determine this interaction vertex. 
' 

Seventy-five feet below the target wilt' 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 photons from monopole pair production: are 

expected to be in a very small cone with an average separation of 

ph~tons on the order of a mqliradian. The .2 radiation lengths of 

lead above each chamber will allow the gradual conversion of the 

photons to electron-positron pairs, which can be detected by spark 

chambers. In order to resolve two different pairs in the chamber, 

they must be separated by a least .1 inches. We can not hope to 

identify each electron in the pair because their separation is fl'!UCh 

smaller than the resolution of.the chamber. The array of counters 

will allow us to study the development of the electron-phot.on shower 
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as a function of shower depth. Each spark chamber will give us the 

number of electron-positron pairs and the x-y coordinates. 

Underneath the spark chamber array will be another scintillation 
V" counter and a total absorption Cerenko.v counter. The scintillation 

counter, in anticoirtcidence with the counter above the target, will be 
. v 

used as part of the triggering system. The Cerenkov counter will 

consist of a large tank of water which is viewed by photomultiplier 

tubes. Using.'f:he tank, we can obtain a rough estimate (within 50%) of 

the total energy of the shower. 

A Typical Event 

The three scintillation counters; Sl above the target, S2 below 
.,,. 

the target, and S3 above the Cerenkov counter will be used to trigger 

the system. We will require that we have a signal (indicating at least 

one charged particle ) f~om S3, in anticoincidence (no signal) with Slso 

indicating no charged particle incident on the target. We will use S2· 

in anticoincidence with S3 when we want to look at the case of no 

charged particles leaving the target. If our trigger system indicate~ 

a neutral particle incident on the target, we will then test the 
.,,. 

signal from the Cerenkov counter to see if the pulse height indicates a 

shower energy compatable with a neutral incident particle energy of 

1012 eV •. If we do have sufficient incident energy, we will then pulse 

the spark chambers and read out the coordinate points on each of the 

planes. 

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 more than one particle passing through the chamber at the same time. 

If we have two particles passing through a x-y chamber, our data will 

consist of an (x1,x2} and (yl'y2). There are now four possible points 

which can be formed from these coordinates. Two points, (xl'yl) and 

(x2,y2), represent the points the charged particles passed through. 

The points (xl'y2) and (~2'yl) 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 (one x-y, one u-v) to aid in eliminating spurious 

points. For each pair of chambers, .we will take the x-y coordinates 

from the "above" .chamber and make all possible point combinations. For· 

this point we will calculate the corresponding point on the "below'' 

chamber (u-v chamber), and ask that there be a data point within a 

small radius of this point. If we··:ao locate a point on the "below" 

chamber, then we have located two points on the track of a charged 

particle passing through the array. By examining all points on all 

pairs of chambers in this way, we can determine the number and 

positions of the charge particles on.each plane. 
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Once we know two points for the particle we can calculate its line 

trajectory and determine where it was produced simply by checking above 

each layer of lead to see if there is a point lying- on the trajectory. 

We may also in this way obtain a rough estimate of the location of the 

interaction in the target by projecting all of the particle 

trajectories in the array back to the target. 

Experimental Reguirements 

In monopole pair production, photons are produced through the 

acceleration and deacceleration of the poles, and through their nrutual 

attractive Coulomb interaction. Ruderman and Zwanziger39 state that thE 

multiplicity is essentially constant and of the order of 100. The 

multiplicity of showers produced by bremsstrahlung and pair production 

depends on the energy of the incident particle, its cha+ge and the 

medium surrounding the particle. 

If we have a high energy photon incident on our lead target~ the 

photon may produce an electron-positron pair or a bound monopole pair. 

By observing the interaction in the sandwich spark chamber array below 

the target, we can distinguish the two types of events. In the case 

of electron-positron production, a cascade shower will be initiated by 

these two particles. In the case of''monopole production, since they 
-23 . radiate about 100 photons in less than 10 sec, we would also have a 

cascade show~r, but one produced by about 100 "incident" particles! 

Arley47 derived a theory of electromagnetic cascades which appear 

to agree with observed photon-electron, cascade showers for incident 
12 energies of the order 10 . eV. ·.In Figure 4 we have plotted Arley's 
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Figure 4. Number of pairs versus shower depth. 
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prediction for the number of electron-positron pairs as a func'tion 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 ± ~' where N is the number of 

pairs. With a little imagination, we can state that the two events do 

agree with the theory, but we 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 undetected in the 

events of Debenedetti. We must therefore 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 produced by one 

incident photon. From this calculation we can obtain more information 

about the possible fluctuations in shower development and be able to 
'~ 

estimate what can be expected for electron-p~sitrbn 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 events caused by 
0 neutrons or TI '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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their interaction with our chamber array. A TI0 incident on the target 

presents a more serious problem. The TI0 will decay into photons which 

will cause a cascade in our chamber array. We will first do a 

Monte-Carlo calculation of the resulting shower to determine the 
. 0 possible fluctuations in shower development due to photons from TI 

decay. We believe that these fluctuations will not Qe so large that 
0 the TI decay events can not be separated from the bound monopole 

production events.· 

tocation of.Experime~t 

A reasonable flux of cosmic rays with energy greater than 1012 eV 

exists at mountain altitudes.. We propose to perform our experiment atop 

Mt. Evans which is located in Colorado at an altitude of 13,000 feet, 
. . 12 46 where the incident flux of photons with energy greater·. than 10 · eV 

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 

d..n = Cir) 5a. ~ . O l. ~+•~ 
'15.. . 

:The probability for monopole production, assumed.to be equal to the 

probability of electron-positron production, is .~ in one radiation 
. . . 

length of lead. The number of expected monopole events in a time .T, 

is giVen by 

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

From this we calculate the number of monopole eve~ts per day as 
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N = {l0-8photons/cm2·sec•ster)x(.8 mono~oles/photon)x{8.6x104 sec/day)x 

(9 meters2)x{.02 ster) 

N ~ 2 monopole events/day 

The dead time of our system, the time during which the system is 

insensitive to events, is determined by the time it takes to read out 

all of the data from spark chambers and place it on magnetic tape. 

This, time is typically less than a second so we will not be limited by 

this factor. 

We will perform our experiment over a 3 month period in order to 

obtain enough data to make conclusive statements about the Ruderman-

Zwanziger model for bound monopole pairs. 
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A PROPOSED EXPERIMENT TO DETECT THE 

MAGNETIC MONOPOLE OF THE RUDERMAN-ZWANZIGER MODEL 

Donald M. Stevens 

Abstract 

In 1931 P.A.M. Dirac postulated the .existence of a quantum of 

magnetic charge, the magnetic monopole. Since its prediction, cosmic 

ray and accelerator experiments have been performed to detect the 

monopole, but all have failed. M. Ruderman and D. Zwanziger have put 

forward an explanation for the negative experimental results. They 

argue that monopoles are likely to be produced in pairs, which are 

tightly bound and never become free.. Ruderman and Zwanziger point to 

certain anomalous cosmic ray events as evidence of production of bound 

monopole pairs. In this paper we review Dirac's.arguments, calculate 

the monopole's properties, and critically revi~w previous monopole 

experiments. Using the model proposed by Ruderman and Zwanziger to. 

give identifying properties, we propose·an experiment designed to 
' 

detect the materialization of the magnetic monopole. 
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