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A search was made a t  the Brookhaven AGS f o r  

magnetic monopoles produced e i the r  i n  col l is ions of 

3O-Bev protons with l i g h t  nuclei, o r  produced by 

7 rays secondary t o  these protons i n  the Coulomb f i e l d  

of protons o r  of carbon nuclei. In’runs using 

5.7 x 1015 circulating protons, no monopole-like 

event was found. This implies an upper l i m i t  f o r  

production i n  proton-nucleon interactions of about 

2 x 10 -40 cm2. Experimental limits are also derived 

f o r  the photo-production of pole pairs.  
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1 
Dirac has shown that the existence of a magnetic monopole 

would not be incompatible with quantum mechenics es we knar it pro- 

viding the magnetic charge g of the monopole i s  related i n  a par t icular  

way t o  the electronic: charge e. 

multiple of ?Ic/2e . 
other than zero, i s  (137/2)e o r  approximately 3 x 10 

- 
It is necessary tha t  g/e be an integral  - - -  

2 Thus the smellest magnetic pole strength allowed, 

-8 emu. Dirzc - 
suggested tha t  the existence of spch an en t i ty  might have something t o  

do with the quantization of charge and tha t  megnetic nonopoles, though 

hi ther to  unobserv&, might be made i n  pa i r s  i n  very energetic processes. 

'Inat suggestion has stFmulated several previous experimental 

searches for  a magnetic monopole. 

w a s  t ha t  of Malkus, 

detector of monopoles which m i g h t  be incident on the earth's atmosphere 

The first experiment t o  be reported 
2 

who devised a simple but elegant col lector  a& 

as a component of the primary cosmic d i c t i o n ,  or which m i g h t  be 

created i n  the atmosphere through the agency of the ordinary energetic 

primaries. 

f o r  the flux of such monopoles fron e i the r  source. 

and Isbell have described experiments carried out ttt the Bevatron i n  

which they looked, a lso without success, f o r  magnetic monopoles which 

m i g h t  have been m a d e  i n  processes in i t i a t ed  by 6 - ~ v  protons. 

-10 cm-2 sec-l Malkus was able t o  s e t  an upper l i m i t  of 10 

More recently Bradner 
3 

As accelerators of considerably higher energy have become 

available, the question has been reopened. W e  report here the  results 

of a search carried out i n  the flux of 30-Bev protons and of secondary 

y rays of the Brookhaven Alternating-Gradient Synchrotron. Concurrently, 

@ 
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experiments with the same purpose bilt a somewhat different  approach have 

been carried out a t  the AGS machine of CERN. 
4,5 

1. Assumed Properties of the Monopole 

It is generally assumed, f o r  no more compelling reason than 

simplicity, t ha t  the Dirac monopole, i f  it exists, w i l l  bear the charge 

(137/2)~,  not some multiple thereof. 

t h i s  prejudice, and i n  the discussions t o  follow, unless otherwise stated, 

the magnetic charge B is assigned the magnitude (137/2)e. The sens i t iv i ty  

The design of our experiment r e f l ec t s  

t o  multiply-charged monopoles is  considered in  Sec. 10. 

of course, invoking charge conservation, t ha t  magnetic poles must be 

created in  pa i r s  and, conversely, that en isolated pole cannot vanish. 

Given the manigest scarcity, not t o  say absence, of monopoles i n  ordinary 

matter, t h i s  promises pract ical ly  unlimited l i f e  t o  any'mocopole once 

it has been macroscopically separated from i t s  partner i n  creation. 

One assumes, 

Very l i t t l e  can be said - a pr ior i  about the mass of the hypo- 

the t i ca l  monopole. 

be of the order of magnitude of a nucleon mass. 

heaviest monopole that could be produced in pairs in nucleon-nucleon 

col l is ions would have a.rest m a s s  of 2.9 Bev, t ha t  being half  the energy 

available i n  the center-of-mass system f o r  a 30-Bev proton incident on 

a nucleon i n  the primary target .  (The mass l i m i t  would be higher, if 

coherent production i n  proton-nucleus col l is ions by way of long-range 

forces were t o  be considered.) 

cer ta in  numerological appeal, but no more serious claim as far as we 

know, is 2.4 Bev, 

Dirac ventured only the s?eculation tha t  it might 

In our experiment the 

A value of the rest mass that has a 

a mass which would endow a magnetic monopole of charge 
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(137/2)e - withjclassical  radius equal t o  tha t  of the electron. 

t h i s  f igure l i e s  comfortably within the upper par t  of the range accessible 

Because 

i n  our experiment, we sha l l  frequently adopt it as an example in  dis- 

cussing mass-dependent aspects of the exgeriment. 

of cross section, one may say tha t  the present experiment extends the 

A p a r t  from questions 

searched range of rest masses by a factor  3 over tha t  covered e a r l i e r  

by Bradner and Isbell. 

result can wholly supersede an experiment l i k e  tha t  of Malkus, 

3 
No accelerator experiment which has a negative 

2 
fo r  

the cosmic radiation provides primary protons above any reasonabhe 

threshold. 

Equally l i t t l e  guidance is available on questions of production 

cross section. 

poles, one cannot simply recast  the fomuI.as f o r  electromagnetic 

production of electrically-charged par t ic le-ant ipar t ic le  pairs. 

not aware of any rel iable  estimate of a production cross section. 

t h i s  si tuation, the experimenter can only t r y  t o  es tabl ish l i m i t s  as l o w  

as possible, hoping tha t  an eventual 

resu l t s  some significance. 

be the f irst  process t o  yield t o  theoret ical  treatment; one has no basis  

a t  a l l  f o r  discussing other interactions.  

par t icu lar  a t tent ion t o  establ'ishing a l i m i t  on the external photopro- 

duction of pole pa i r s  by y rays. 

mass range we are interested in J i f  the extra  momentum has t o  be transferred 

t o  a nucleon. 

2.4-Bev-mass poles in the f i e l d  of a proton. 

of a carbon nucleus by l7-Bev y rays the mass l i m i t  is  5.6 Bev. 

Because of the very strong interaction of magnetic mono- 

We are 

In 

theory nay lend h i s  negative 

It seems l ike ly  thzt photo-production w i l l  

With t h i s  i n  nind, we have paid 

The threshold is  quite high fo r  the 

For example, it takes a l7-Bev photon t o  make a pa i r  of 

For production i n  the f i e l d  
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2. The Behavior of Magnettc Monopoles i n  Matter 

Although the f'undamental properties of the magnetic monopole, 

i t s  mass, i ts  spin and, ebove a l l ,  i t s  existence, cannot be confidently 

predicted, once it existence as a stable e n t i t y  w i t h  a cer ta in  magnetic 

charge i s  postulated, many features of i t s  behavior i n  matter can be 

foreseen. Cole and Bauer have investigated theoret ical ly  the co l l i s ion  

loss of monopoles moving through mtter. Harish-Chandra, extending an 

investigation begun i n  Dirac's paper, showed that there is no bound 

s t a t e  of  the two-body system, magnetic-monopole and electron. Malkus 

and El iezer  and Roy discussed the possible binding of a magnetic monopole 

t o  e nucleus and t o  an atom o r  molecule. 

those aspects of magnetic monopole behavior which are  relevant t o  our 

eqer iment .  

6 7 

8 

2 

9 

We shall  review here only 

A magnetic monopole of strength - g moviri a t  high speed through 

matter suffers  enormous ionization loss .  It ionizes much like a r e l a t i v i s t i c  

pa r t i c l e  w i t h  an e l ec t r i c  charge 68 e, but i ts  ionization loss,  unlike 

that of an electrically-charged par t ic le ,  is substant ia l ly  velocity- 

independent so long as the velocity i s  well above that of the atomic 

electrons.  As a general rule, a fast monopole rnzy be expected to lose 

about 8 Bev gm/cm2; i t s  specif ic  ionization is  about one-third that  of 

a f i s s ion  fragment. 

relied on as a means of ident i f icat ion i n  a l l  experiments so far, 

including t h i s  one. 

- 

This extraordinary and dis t inc t ive  pmperty has been 

When a monopole has been slowed by col l i s ion  loss u n t i l  it nia 

longer ionizes effectively,  i t s  interaction with the Coulomb f i e l d  of 



. 

nuclei provides a f a i r l y  large elast ic-scat ter ing cross section. 

example, the cross section f o r  large-angle scat ter ing of a monopole of 

speed 2 x 10 cm/sec and mass 2.4 Bev by a nucleus with Z = 6, i s  about 

For 

6Id 
8 

Tnis mechanism would serve t o  moderate fur ther  the energy 2 cm . 
of the monople. However, an even la rger  e l a s t i c  cross section is  t o  be 

expected, for veloci t ies  below lo7 cm/sec, as  a consequence of the 

diamagnetic repulsion between the magnetic monopole and the electrons 

of the atom core. For monopoles of a f e w  electron-volts energy o r  less ,  

the cross section fo r  scat ter ing by dimagnetic reg&.ion i s  of the order 

af atomic s ize .  It is  possible t o  analyze these processes i n  much detail,  

but fo r  our immediate purpose it i s  enough t o  observe tha t  an energetic 

monopole - star t ing,  say, with 1 Bev k ine t ic  energy - w i l l  quite 

cer ta in ly  be reduced t o  thermal energy within a f e w  tenths of a @/cm 2 

of i t s  s t a r t i ng  point. Its subsequent f a t e  concerns us also.  

Between a diamagnetic atom o r  molecule and a magnetic monopole 

there is, as we have already said, a repulsive interaction. 

l a rge r  than any effect  we are accustomed to  associate with diamagnetism. 

As long as the monopole i s  well outside the atom, the re_Dulsive force is 

proportional t o  rm5 and the potent ia l  energy may r i s e  t o  an electron-volt 

o r  so a t  the atomic radius. 

of the electronic  structure makes an accurate estimate d i f f i c u l t  but 

the order of magnitude can hardly be wrong. In a purely dianagaetic 

environment, then, we expect the monopole t o  remain free i n  the sense 

that it is  not bound t o  any atom. Nevertheless, it may be bound within 

a l a t t i c e  of atoms o r  ions i n  consequence of the rspulsion. which creates 

potent ia l  minima a t  i n t e r s t i t i a l  positions. The s i tua t ion  is reminiscent 

of the so-called clathrate  compounds 

It is  much 

A t  t h i s  distance of approach the perturbation 

i n  which a chemically i n e r t  atom Grs 
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is caged within a foreign crys ta l  l a t t i c e .  

l a t t i c e  of heavy atoms the morsopAe moves i n  an effect ive periodic 

potent ia l  which has minima a few tenths of a vol t  deep. 

might appear adequate t o  t ra?  monopoles a t  room t empra twe ,  the mobility 

of such trap7ed monopoles would be f a i r l y  high i n  even a weak magnetic 

f i e l d .  

f i e l d  of 20 kilovolts/cm applied t o  an ordinary ion, nay cause the mono- 

pole t o  d r i f t  through such a potent ia l  with a speed of many cm/sec a t  

room temperature. The process i s  the ~nalogue of  ionic conduction i n  

c rys ta l s  and the mobility predicted is, of course, eqonen t i a l ly  sensi t ive 

t o  the ba r r i e r  hei&t assumed, so tha t  any quantitative estimate i s  very 

uncertain. 

whether a monopole i n  a diamagnetic l a t t i c e  w i l l  o r  w i l l  not be effect ively 

immobilized against  the influence of a we& field.  There is l i t t l e  

doubt, on the other  hand, t ha t  a f ie ld  of the order of several kilogauss 

w i l l  lower the potent ia l  bar r ie rs  enough t o  cause rapid migration of a 

monopole which experiences only diamagnetic interactions.  

In a conpzct diamagnetic 

Although t h i s  

A field of one gauss, f o r  example, which is  equivalent t o  a 

We conclude t h a t  one cannot confidently decide, - a prior i ,  

However, most substances contain a t  l e a s t  a few parzmagnetic 

s i t e s  and we need t o  examine the question of the binding of z megnetic 

monopole t o  a paramagnetic structure.  

be estimated as follows. 

electron spin, and a monopole of charge - g some distance - r away. 

magnitude of the Zeeman energy i s  eKg/2mecr2 . Taere is  an a t t r ac t ive  

potent ia l  corresponding t o  a ground state i n  which the electron spin i s  

polarized favorably along the atom-monopole axis.  

valid providing the spin precession rate, i n  the f i e l d  g/r , i s  fast 

compared t o  the motion of the atom-morsopole axis, a c r i t e r ion  which is  

The interaction can very roughly 

Consider an isolated atom containing an unpaired 

The 

'Ibis. description i s  
2 

@ 
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sa t i s f i ed  with room t o  spare i n  tine case of a nassive monopole. 
-2 -4 now combine t h i s  r a t t rac t ive  potential  with the - r 

potent ia l  a r i s ing  from the diamagnetic interaction of the monopole with 

the electron orbi ts ,  we obtain a p t en t i a l .  well with a depth, typically,  

of a few volts,  the ministun occurring a t  an r around 10 cm. The 

If w e  

repulsive - 

-8 - 
distance is  Small  enough so tha t  our simple representation of both the 

diamagnetic and the paramagnetic interaction can hardly be a good 

approximation. S t i l l ,  the indication is  strong tha t  we nay expect 

binding of the monopole t o  a paramagnetic atom o r  ion with a w e l l  depth 

measured in volts.  This w a s  a lso  the conclusion of Malkus. 
2 

A similar argument applied t o  the two-body system consisting 

of a nucleus o r  nucleon with a magnetic moment and a magnetic monopole 

indicates t ha t  there is  no bound s t a t e .  The question is a de1icet.e one, 

however, f o r  the margin by which a bound state is  excluded is  not vast, 

and one cannot be quite sure that a more refined analysis would not 

restore the poss ib i l i ty  i n  some cases. And, of course, there may be 

specific interactions between monopoles and nucleons of which we are n o t  

aware .  W e  shall discuss later the implications for our experiment of 

E bound monopole-nucleus cmplex. 

The question of the binding of stopped monopAes i n  matter 

can be avoided, up t o  a point, by stopping them i n  a f lu id .  If it is  

surrounded by a f luid,  a monopole, whether it be bound t o  an atom, 

molecule, o r  molecular complex, must d r i f t  i n  the direct ion of an applied 

magnetic f i e l d  u n t i l  it comes t o  the boundary of the f lu id .  Its s s e d  

w i l l  be such tha t  the viscous drag on whatever the monopole i s  bound t o  

ju s t  balances the magnetic force - gB. In a l iquid of viscosity 1 centi-  

poise, f o r  example, the mobility of a s t ructure  of molecular s ize  to 
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which a monopole has attached i t s e l f  would be of the order of magnitude 

of 10 cm sec-' gauss 

Wboundjit w i l l  likewise move i n  the direction of the magnetic force, 

the viscous drag being now provided by col l is ions of the bare nonopole 

with ztoms i n  i t s  path. 

which moves,.in t h i s  case, may be described as a l i t t l e  bubble enclosing 

the monopole, a bubble f r o m  which the l iquid has been pushed by 

diamagnetic repulsion. 

f r o m  the surface tension and bulk.suscept ibi l i ty  of  the l iquid:  it turns 

out t o  be, typically,  of molecular s ize .  Thus i n  a w e a k  f ie ld  the 

-1 . On the other hand, i f  the monopole remains 6$ 

In a suf f ic ien t ly  weak f i e l d  the "structure" 

The diameter of such a bubble can be estimated 

bound and the unbound monopole should move i n  much the same way through 

the l iqu id .  

This hydrodynamic model can hardly ap$y i f  the driving f i e l d  

- B is very strong. 

becomes so large that the loca l  structure of the l iqu id  Icay be al tered.  

O r  it may be that the force - gB simply drags the bere monopole, i f  not  

the bound monopole, through the in te rs t ices  of i t s  molecular enviroment, 

causing it t o  surmount potent iz l  barriers and move with more than themal  

velocity. 

weak and strong f i e l d s  i n  the sense of t h i s  discussion l i e s  around 100 

gauss, 8s an order of magnitude. In any case we can be sure t ha t  the 

d r i f t  velocity of the monopole increases monotonically with increasing 

driving f ie ld ,  and t h a t  nothing can prevent i t s  migration through the 

l iquid i n  response t o  any magnetic f i e ld ,  however weak. 

The energy dissi-oated along the monopole's track 

A study of various models suggests t h a t  the division betveen 

The i n e r t i a l  force involved i n  following a macroscopically 

curved l i n e  of magnetic force i s  re la t ive ly  s l ight ,  as comared t o  the 

drag on the monopole i n  dense matter, under a l l  prac t ica l  circumstances. 
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The extent of transverse diff'usion can also be shown t o  be negligible. 

Hence we may re ly  on t h e  monopole following fa i thfu l ly  a f i e l d  l i ne  i n  

a homogeneous l iquid.  

Grs 

Our experimental strategy was based i n  part on the preceding 

considerations, the i&iS being t o  avoid stopping the monopole in  sol id  

matter between creation and detection, t o  conduct it instead through a 

l iqu id  by applying a magnetic f i e l d  which would also serve t o  extract  

it from the surface of the l iquid.  

l i qu id  surface w i l l  be discussed i n  d e t a i l  i n  Sec. 5 below. 

The process of extraction from the 

3. (Outline of the Experiment 

The experimental arrangexent i s  shown i n  Fig. 1. A long 

straight section in  the AGS machine i s  occupied by an evacuated ta rge t  

box which contains a fli>?ing target  shown a t  the l e f t  of the figure as 

the "primary target".  

C, CH2, Al) about 0.06" thick; it served a number of high-energy e x p r i -  

ments with respect t o  which our expriment was a parasite.  

center of the s t ra ight  section a well i n  the target  box, 8" inside d i a e t e r ,  

serves t o  intercept a fraction of such magnetic nono9oles es might be 

created i n  a proton-nucleon interaction i n  the primary target  and projected 

forward with a velocity comparable t o  tha t  of the proton-nucleon center- 

of-mass system. 

kinet ic  energy of 7.4 Ek?v at t h i s  velocity. 

well  i s  too th in  (0.060") t o  stop such energetic zonopoles, a t  l e a s t  if 

t h e i r  chargs is  no greater than (137/2)e. 

be s t o p p d  within the l iqu id  which f i l l s  the well. 

'This target  consisted of a Light meterial (Be, 

A t  the  

Our "sample" monople of mass 2.4 Bev would have a 

The aluminum wall of the 

They would penetrate it and 

@ The l iqu id  was  Welch 
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Duo-Seal Pump O i l .  

The l iqu id  has another function. It serves as  a ta rge t  f o r  

possible electromagnetic production of nonopole pa i r s  by the energetic 

photons which traverse the w e l l .  The oil. "converter" is zbout half  a 

radiation length thick and i s  favorably located t o  intercept a considerable 

f rac t ion  of the high-energy garnma-ray flux from the primary ta rge t .  
10 

Mounted ver t ica l ly  above the w e l l  i s  a long solenoid by means 

of which a monopole can be accelerated t o  high energy f o r  detection. 

i n t e r i o r  of the solenoid is  maintained a t  a pressure around 100 microrrs 

by a fore-pump, and is closed a t  the top by a 0.002" thick Mylar window. 

A monopole of the appropriate sign, stopping i n  the o i l ,  is  drawn t o  the 

free surface of the o i l  by the f i e l d  from the end of the solenoid. 

Assuming fo r  the moment tha t  it is  there extracted from the o i l  as a bare 

monopole, it is accelerated i n  the evacuated region, arr iving a t  the 

top  of the solenoid w i t h  a k ine t ic  energy near 1.1 Eev, a figure which 

depends, of course, onl ,y  on the monopole charge, the f i e l d  i n  the solenoid 

which was  ordinar i ly  500 t o  TOO gauss, and the effect ive length of the 

solenoid, approximately 90 cm. The non-uniform field near the lower 

end of the solenoid was exploited, as e q l z i n e d  i n  more d e t a i l  below, 

t o  focus all monopole t ra jec tor ies  in to  a small aperture a t  the detector 

end. 

a i r  the monopole enters  the detector. 

The 

After passing through the Mylar window and a f e w  centimeters of 

Two methods of detection were used: ( I )  a xenon s c i n t i l l a t o r  

consisting of a quartz tube f i l l e d  with pure xenon and viewed by two 

photomultipliers, and (.II) nuclezr emulsions. Both detection methods 

re l ied  on the high specif ic  ionization of the magnetic monopole t o  d is t in -  

guish it from the copious background of r e l a t i v i s t i c  charged par t ic les .  Gs 
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Tnis background could have been i p o r e d  i n  using detector (I) if we 

had been quite cer ta in  that the mobility of the m n o p l e s  i n  o i l  would 

not grsa t ly  exceed that  estizaated cbove f o r  the weak-field case. 

ing t o  that estimate, the a r r iva l  of 2 mono-mle a t  &&e detector skould 

be delayed until well a f t e r  the spi l l -out  of the proton beam, and the 

counters could simgly have been gated off  during the s2i l l -out  period. 

It had been our or iginal  plan t o  operate the sc in t i l l a t i on  detector i n  

t h i s  fashion, despite l ingering wcer t a in ty  about the mobility. 

Fortunately it proved psssible to. cope w i t h  the bzckground without gating 

Accord- 

the counter so tha t ,  i n  the end, our conclusions do not dewnd c r i t i c a l l y  

on the assumption of a ininimum delay. 

Thp photomult:lpliers vhich viewed the xenon tube were connected 

The t o  a f a s t  coincidence cfircuit, discriminator, arid f a s t  oscilloscop?. 

discriminator l eve l  could be s e t  with reference t o  pulses from f i ss ion  

fragments provided by an in te rna l  Cf252 source. 

the windows, a nonopole would have deposited i n  the xenon nearly ten times 

the  energy of a f i ss ion  fragment. 

times fission-fragment pulse heigllt adequetely suppressed t he  background; 

any pulses above this ccluld be exrmined i n  d e t a i l  on the oscilloscope 

photograph. 

replaced by a box w i t h  a n  aluminum window 0.001" thick, as indicated in 

Fig. l c .  

Allowing f o r  loss  i n  

A discriminator se t t ing  around three 

For emulsicln runs the xenon counter assembly w a s  reaoved and 

In the ear ly  runs the solenoid was pulsed (to 760 gauss) t o  

avoid any harmful influence of i t s  s t ray  f i e l d  on the proton o rb i t s  a t  

injection. 

nachine repe t i t ion  perioa, f r o m  0.2 seconds before t o  1.2 seconds a f t e r  

beam spi l l -out .  

The solenoid was switched on f o r  approximtely half  the 

After i t  was ascertained t h a t  the s t r ~ y  f i e l d  caused no 
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trouble a t  injection, we ran with the solenoid on continEously with, 

however, i t s  f i e l d  reduced from 760 t o  500 gauss t o  avoid overheating. 

The t o t a l  exposure i n  zny run was most d i r ec t ly  recorded i n  

terms of the number of protons i n  the circulat ing beam summed over a l l  

machine pulses. 

5.7 x 10~5 circulat ing qmtons without recording any monopole-like events. 

To establ ish the significance of t h i s  negative result and t o  dispose of 

a number of possible loopholes, we sha l l  have to discuss i n  d e t a i l  the 

c r i t i c a l  features of the experime?t. 

I n  the whole eqxriment we accumulated a t o t a l  of 

4. Focusing ; 

Tne f i e l d  of the solenoid has e f i r s t -order  focxsing e f fec t  

on the t r a j ec to r i e s  of monopoles which start frora r e s t  near one end and 

are accelerated i n  the (evacuated column. Its action is  l i ke  tha t  of an 

e l ec t ros t a t i c  immersion lens f o r  ions. The t ra jec tor ies  are independent 

of f i e l d  strength and monopole mass i n  the non-rs la t ivis t ic  approximation. 

The focal  distance depends on the position, re la t ive  t o  tne end of  the 

solenoid, of the source plane which i s  here the l iquid surface. 

l iqu id  leve l  was s e t  so as t o  bring the calculated focal point j u s t  

above the upper end of the solenoid. 

focal  length was actual ly  used, although the s h i f t  of focal point w i t h  

The 

A r e l a t i v i s t i c  calculation of the 

mass over the mass range of i n t e re s t  i s  not serious because the bundle 

of  t ra jec tor ies  from the source f i l l s  a very small angle a t  the focus. 

This i s  seen i n  Fig. 1 which shows the t ra jec tory  of’ a monopole which 

has migrated t o  the surface from the upper edge of the -&in section of 

the well wall. Monopoles originating below t h i s  would follow t r a j ec to r i e s  
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even closer  t o  the axis. 

It was necessmy t o  m&e sure thgt  magneti-c f i e l d s  fror, other 

sources would not def lec t  the manopole t ra jec tor ies  away from the 

entrance t o  the detector. 

the s t ray  f i e l d  from the pulsed AGS magpets showed no horizontal component 

greater  than 1 gauss. 

favorable 'in t h i s  respect. 

o2posite orientation, $50 t he t  the axis  of the solecoid was a t  the same 

time an axis of syxn?et:ry of the nearby magnetic s t n c t u r e  of the 

synchrotron. 

of the solenoid would s h i f t  the focal spot by only 2 F!. 

A survey of the ambient s t z t i c  f i e l d  and of 

The location of the solenoid was especially 

It was midway between tvo AGS nagnets of 

A unifonn horizontal component of 1 gauss over the length 

5 .  Extraction from the Liquid 

Suppose a monopole arr ives  a t  the surface of the o i l  bound t o  

a molecule which it ha:; dragged zlong. 

paramagnetic molecules is  l ikely,  ar,d the presence of f ree  radicals i n  

the oil, especially o i l  exposed to intense ionizing radiation, can be 

taken for granted. 

Evaporation is, of course, favored by the upward force gB, equivalent, 

\?e heve seen tha t  binding t o  

11 
W l l  the molecule bearing the nono-pole evaporat;e? 

i n  our f i e l d  of 500 gauss, t o  a f i e l d  of 10 7 volts/cm acting on an ion. 

Now even without such encouragement, i f  the equilibrium vapor pressure 

over the o i l  i s  1 micron, the l i fe t ime of a surface molecule against 

evaporation i s  of the order of 0.01 second. 

bonds between t h i s  par t icular  molecule and i t s  neighbors are  not drast-  

i c a l l y  strengthened by the presence of the monogAe, the molecule w i l l  

ce r ta in ly  evaporate, together with i t s  monopole, becoming then a subJect 

If, therefore, the 

@ 



f o r  the considerations of the following Section. 

One cannot, however, exclude the poss ib i l i ty  that the monopole 

w i l l  associate around i tself  a coxpplex of molecules. 

magnetic bond we have described has a non-saturable character. 

conceivable that the monopole might co l lec t  a she l l  of molecules around 

it, limited in number only by s t e r i c  e f fec ts .  

Paramagnetic a t t rac t ion  i s  a long-range force, and also because we can 

say so l i t t l e  about the chernicel properties of a molecule whose electronic 

configuration has been a l te red  by.the presence of a magnetic monopole, 

we cannot f l a t l y  rule out the coagulation of a c lus t e r  even larger  than 

one she l l  of molecules. 

escape of a heavily encumbered monopole can be guaranteed by the following 

essent ia l ly  macroscopic argument. 

Indeed, the para- 

1% i s  

Moreover, because the 

If the f i e l d  3 is  strong enough, however, 

Suppose tha t  tbe influence of the monopole on the loca l  

mechanical properties of' the l iqu id  becomes negligible a t  some distance 

ro from the monopole. 

r < ro is bound, cross-linked, o r  otherwise congealed in to  a so l id  b a l l  -- 
a b a l l  on which, of course, the force &3 st i l l  ac ts .  

force required t o  extract  a sphere of radius ro from the l iqu id  is 2srrOT, 

where T i s  the surface 1;ension of the l iquid,  by a s sup t ion  normal outside 

the sphere. 

Teke ro = 10 

of the l iqu id  surface i s  admissible. 

monopole on the mechanical properties of the l iquid cannot actual ly  extend 

es far as th i s ,  f o r  the f i e l d  of the monopole a t  such 8 distance is on ly  

30 kilogauss. 

B of 10 kilogauss w i l l  meet our cr i ter ion.  

bIalke the ex%reme assmption tha t  the region 

Xow the maximm 

The b a l l  w i l l  then necessarily emerge i f  gB exceeds 2.rrroT. 
-6 cm. On +his scale, a macroscopic picture of the deformation 

And surely the influence of the 

If we now put i n  50 dynes/cm f o r  T, we f ind t h a t  8 f i e l d  

JQJY relaxation of the a s s u e d  
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r i g i d i t y  within r = ro can only &e extraction easier .  
i \ 

We consider it unlikely Ynat Eono.ooles could have been prevented 

from leaving the surface of the o i l  i n  Cie 500-gauss f i e l d  thz t  wzs used 

i n  nost of the runs. Nevertheless it seemed vorthvhile t o  malle one run 

i n  which t h i s  remote poss ib i l i ty  could be t o t a l l y  excluded. 

solenoid was mounted axii%lly inside the large solenoid, Jus t  above the 

surface of the o i l .  This solenoid could be switched cn f o r  2 seconds to 

produce a f i e l d  of about 10,000 gauss. 

with the emulsion detector put i n  >lace a d  with tk large solenoid l e f t  

on, the o i l  l eve l  w a s  ra:lsed t o  a sui table  height within the small 

solenoid, and the pulse of intense f i e l d  m s  applied. 

t h a t  had accumulated at  -the surface would have previously migrated to 

the magnetic axis and, according t o  the argment above, ncst unquestionably 

have been extracted. 

A sinall 

After exposure of the o i l  t a rge t  , 

Any clonopoles 

Two KO emulsions, 400p thick,( SO eqosed  using a combined 

16 t o t a l  of 1.0 x 10 

l i k e  t rack was found. 

c i rculat ing protons, were scanned and no monopole- 

6. Stripping 

Once the monopole-molecule complex has l e f t  the l iquid,  i t s  

acceleration by the magnetic force brings it t o  a velocity so great t hz t  

a subsequent co l l i s ion  with a molecule of the vapor w i l l  d isrupt  the 

binding and s t r i p  the mnopole from i t s  encumbrance. 

w i l l  happen we note t h a t  the energy acquired froa a f ie ld  of 500 gauss 

i n  one molecular f ree  path a t  100 microns pressure is  of the order of 

magnitude of 3 MeV. 

To show tha t  t h i s  

63 Here we have assumed EL col l i s ion  cross section of  
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2 cm . Even i f  the monopole shared t h i s  energy w i t h  a complex of 

3 mo1ec::lar weight 10 , it:; re la t ive  velocity i n  a co l l i s ions  would be 

high enough t o  disrupt  any paramap;netic binding. 

If the s t r ipping col l is ion were t o  occur orJy a f t e r  the mono- 

pole-bearing molecule had traversed most of the length of the solenoid, 

the energy with which thie monopole i t s e l f  would arr ive at  the detector 

would, of course, be mudh less than we counte& on. Thus a very low 

pressure i n  the c01m-a is  not desirable.  

If one postulates a t t a c h e n t  t o  a very large c lus te r  of 

molecules, l i k e  t h a t  represented as  a so l id  b a l l  i n  the discussion of the 

preceding Section, one can e s t w t e  the ra te  a t  wkrich energy would be 

deposited i n  t h i s  quasi-macroscopic b a l l  as it is  dragged through the gas. 

Also, the drag can be taken in to  account e q l i c i t l y  i n  the equation of 

motion. The indicated energy t ransfer  t o  the b a l l  i s  so large, under the 

prevail ing conditions, t ha t  it would disintegrate i n  much l e s s  than 1 cm 

of t ravel ,  even i f  it s ta r ted  with a radius as la ree  as 10 

clude t h a t  even under th.e most far-fetched assumptions of chemiczl binding, 

the monopole w i l l  be stripped by ges collisions near the bottom of the 

solenoid. 

the o i l  ( o r  through AI., see Sect. 10) have become paramagnetically bound 

-6 cm. We con- 

The same argcunent applies should a monopole on i t s  path through 

t o  a number of oxygen mcdecules. 

A di f fe ren t  s i tuat ion would be gresented i f  the monopole were 

bound t o  a nucleus. 

the nuclear range and a binding measured i n  MeV. 

nuclear col l is ion,  highly improbable under the conditions of the e w e r i -  

Prc:sumably such a structure would have dimensions i n  

In t h a t  case only a 

ment, would detach the monopole from i t s  partner. 

traversed by the compourd object. 

by the magnetic mnopolc? charge, ra ther  than the nuclear charge, and 

would be la rge ly  velocity-independent. 

The detector would be 

The ionization loss  would be dominated 

6d 
Therefore, the range and 
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ionization should be very much the sane, i n  e i ther  detector, as expected 

fo r  the bare monopole accelerated through the same f i e ld .  

A hypotheticdl structure more d i f f i c u l t  t o  hulclle would be a 

monopole bound t o  a nuc:Leus considerably heavier than i t s e l f  i n  a 

structure of dimensions intermediate betveen atomic and nuclear size.  
12 

Stripping might then occur i n  the windovs, o r  i n  the eaulsion, and not 

i n  the accelerating column. The monopole, with on ly  a fract ion of the 

expected energy, would have l o s t  i t s  partner before detection. ?me 

partner would also traverse the s c i n t i l l a t o r  o r  the emulsion, ionizing 

f a i r l y  heavily because i t s  electrons would also Lave been pret ty  well 

stripped away, but not so heavily as t o  deposit a l i  i t s  energy within the 

range anticipated f o r  the full-energy monopole. 

an event would have escaped detection in both the s c i n t i l l a t o r  and the 

emulsion. 

It seems l ike ly  tha t  such 

7. F i r s t  Detection System; Xenon Counter and Associated Electronics 

The most important feature required of a detector of monopoles 

i n  t h i s  experiment i s  the czpabili ty of indicating a rare, extremely 

heavily-ionizing par t ic le  i n  the presence of a copious background of 

r e l a t i v i s t i c  charged pal-ticles and gamma rays close to  the AGS t a rge t .  

We have constructed a xenon gas sc in t i l l a t i on  counter which meets such 

a requirement. 

It is well-est,ablished tha t  the light rzsponse of the rare-gas 

sec.) and tha t  i t s  pulse height i s  a 

The la t te r  characterist ic is  desirable 

-a counter has a fast decay time (10 

l inea r  f’unction of enerey loss. 

when detecting monopoles by pulse-height discrimination since t h e i r  

1 3  

@ 
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ionization density i s  between those of a par t ic les  an& f i ss ion  frag.ents. 

Cie carrow time spread of the l i g h t  p i l se  is  helpful i n  reducing the 

e f fec t  of pile-up of backgrow-d y l s e s  during the beem sgi l l -out  period. 

c3 

Another advzztage of  the gas counter over a p s s i b l e  alterna- 

t ive,  e.g. a sol id-s ta te  detector, i s  t h a t  Lc,e sensit ive volunse of the 

counter can eas i ly  be given a shzge which enhances the sigml t o  back- 

ground r a t i o  i n  our par t icular  e-erimental arracgercent. 

advantage of the focused tmJec tor ies  of the monopoles, 

dimension of the counter can be matched t o  the estiolated range of accel- 

erated monopoles (roughtly 100 mg/cm 1, vhi le  the l a t e r a l  dimension can 

be much smaller,,. 

have shorter  tracks i n  -the counter than nonor;oles bo. 

T'at is, taking 

tke longest 

2 

This ensures tha t  most of the backgroad par t ic les  

The sc in t i l l a t i ng  volume of our c o u t e r  wzs a transparznt tube 

8-1/2" long, 3/4" o.d., and 1.16" wall thickness, f i l l e d  with purified 

xenon gas of spectrosco:pic grade a t  atmos?heric pressure. Tie central  

par t  of the tube, 4-1/2" long, was m a d e  of quartz i n  o d e r  t o  transslit 

s c i n t i l l a t i o n  l i g h t  from xenon which i s  predominantly u l t rav io le t .  

side of the inner w a l l  (of the quartz tube w a s  covered w i t h  a layer of 

evapra ted  aluminum t o  increase l i g h t  collection efficiency. 

sections of the tube were made of Pyrex glass, joined t o  the quartz tube 

through graded seals. 

glass window of 4 mil thickness which correswnds t o  about 25 percent of 

the estimated rznge of monopoles of 1 Bev kinet ic  energy. 

One 

Both end 

The lower end of the tuSe was sealed with a t h i n  

The xenon tube w a s  ver t ica l ly  mounted on a rectan,plar bakeli te 

f raae which i n  turn was held zgainst the faces of two RCA &1QA photo-' 

multipliers.  In order t o  s h i f t  the s p e c t m  of prircary radiation t o  the 

sensi t ive region of the photocathode, a layer  of p-quaterphenyl, approx- 
63 
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2 irrately 40 microgm/cm , was evqora ted  onto t3e sur-fzce of each 

phototube. 

del iberately emTloyed an a i r  g q  t o  avoid any possible source of back- 

In  the space between xenon tcbe zr,C: @otortlultipliers, we 

ground due t o  Cerenkov radiation. 

The whole counter assembly was carerully shielded agaLnst 

magnetic f ields with a combination of Co-netic a d  Xetic m t e r i a l s ,  

enclosed in a rectangular steel box, and placed on top of the acceleraticg 

solenoid. 

mses  from the anodes of bot3 photoml t ip l ie rs  were fed into 

a double-coincidence c i r cu i t  v i a  attenuators. 

c i r c u i t  was recorded on a sca le r  and c l s o  used t o  t r igger  the srrsep of 

a Tektronix 517 oscilloscope; the ve r t i ca l  input signzl consisted of 

the two dynode pulses of both photomultipliers with t 2 r x  delays q p r o p r i a t e  

for a sequential display. 

nanodseconds. 

discrimination leve l  for. the coincidence. For each event which satisfied 

the coincidence condition, a picture was taken of the osc i l l o scop  screen 

w i t h  a Polaroid camera. Thus, each event could be studied z t  leisure, 

pulse heights measured, and pulse shapes and t h e  correlations exmined. 

The output of the coincidence 

The t h e  display covered an in te rva l  of 200 
m 

By adjustdng attenuators on the anoda pulses, we set a 

In view of the uncertainty on the nobi l i ty  of monopoles as 

discussed i n  Sec. 2, it seemed t o  be desirable t o  know the time relationship 

between the beam sp i l l -cu t  and the detection of an event. Tnis v8s 

accomplished with an accuracy of 1 millisecand by arranging f o r  the 

coincidence output t o  turn off a scaler  counting a 1 kc signal, the 

l a t t e r  signal commencing a t  zero-time of the f.GS acceleration period. 

sp i l l -ou t  occurred apiwoximately one second a f t e r  zero-time and had a 

dura t ion \  of 15 milliseconds. 

Seam 

The precise spi l l -out  tirce w a s  monitored 
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with 821 auxi l iary counter-telescope and proved to have negligible time 

j i t ter  with respect t o  zero-time. crs 
The xenon detector system was c a i b r a t e d  using a Cf'252 spontaneous- 

14 
f iss ion source. 

f o i l  and placed along the inner wall of the xenon tube, equi-distant from 

The source was evaporated on a th in  c i rcu lar  platinum 

the two photomultiplier tubes. 

f i s s ion  spectrum with good resolution, the dynode pulses of both photo- 

multipliers were added, stretched,and fed in to  a pulse-height analyzer. 

The double-peaked f i ss ion  spectrum as well as the low-ezlergy alpha peak 

w e r e  observed. 

and Fraser, 

respectively. 

spectrum because of the limited sol id  angle i n  which alpha par t ic les  can 

t r ave l  t h e i r  f u l l  range in the xenon gas. 

spectrum confirmed the :Linearity of our detector with energy lo s s  over 

a wide range of specifit:: ionization (about 3 0 ~ ) .  

(See Fig. lb.) In order t o  obtain a 

According t o  the time-of-flight measurenents of Milton 
1 5  

these peaks correspond t o  lOk.7 Mev, 79.8 MeV, and 6.11 Ikv, 

The heiglit of the alpha peak was  great ly  reduced i n  our 

Nevertheless, the observed 

The monopoles, a f t e r  being accelerated t o  approximately 1 Bev 

by the solenoid f ie ld ,  ' w i l l  deposit approximately 10 t ines  as much energy 

i n  the xenon counter as the maximum-energy f i ss ion  fragment. Thus, the 

bui l t - in  f i ss ion  source provided a convenient reference f o r  se t t ing  the 

discrimination level .  

of the monopole, we normally s e t  the bias  a t  2.8 times that of the maximum 

In view of some uncertainty i n  the estimated range 

f i s s ion  pulse. 

counted the upper part of the f i ss ion  spectrum as a general check of 

the whole detection system. 

taken i n  order to monitor any d r i f t  i n  photomultiplier gain. 

During a long run, we frequently lowered the bias end 

Pictures of the f i ss ion  pulses were re,@.arly 

There w e r e  W o  possible sources of spurious events which might 
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give pulses large er,ough t o  t r igger  the coincidence c i r cu i t :  (1) File-up 

of s m a l l  pulses due t o  the beam bunching, and (2) the production of 

stars with heavily-ionizing prongs. 

t o  gate off  our counter during the bem spi l l -out  period by >ulsing the 

voltage on the focuszing gr ids  of the photoml t ip l ie rs .  However, it 

turned out t ha t  pile-up did not produce pulses la rger  than twice the 

maximum f i s s ion  pulse. 

t h v l  0.2 MeV by ionization i n  passing through the xenon, it required w e l l  

over 1,000 par t i c l e s  bunched together within 20 t o  30 nanoseconds t o  

To avoid the f o m r ,  ire made provision 

Since a r e l a t i v i s t i c  pa r t i c l e  could not lose more 

produce a monoyle-like pulse. 

the beam iritensity (2  x :LO1' protons per pulse) , and the observed in te rna l  

s t ructure  o r  the beam, t h i s  was  a highly improbable event. 

we obtain coincidence events due t o  star production. 

might have been due to t h i s  process were observed only when the oscilloscope 

was triggered by either one of the two photomultipliers alone. 

Considering the geometry of our detector, 

Neither did 

Large pulses which 

The 

resul tant  photograph showed a large pulse i n  one counter and none a t  a l l  

i n  the other.  This was suggestive of s t a r  production i n  the wavelength 

s h i f t e r  o r  i n  the photocathode material i t s e l f .  

8 -  Second Detection System: Emulsions 

In a second ser ies  of runs, nuclear emulsions were used as 

To make long exposure times possible, an emulsion of low detectors.  

sensi t ivi ty ,  namely Ilford K-minus-2, was selected. 

i n  area, 2 0 0 ~  thick.  The sens i t i v i ty  w a s  gauged i n  two ways. F i r s t ,  

p la tes  w e r e  exposed t o  a C f 2 5  source. With the development chosen, the 

f i s s ion  fragments produced heavy black tracks, and residues of a -par t ic le  

The p la tes  were 1 x 3" 

16 2 



-23- 

tracks, consisting of arrays of 3-4 grains o r  of  closely-spaced pa i rs  of 

grains, were vis ible .  

nucleon energy, was obtained. 

IJext, &I eqosure  t o  o-vgen ions, csf' about 10 M ~ v /  

%e ions, incident a t  an angle of 20' t o  

the emls ion  place, produced trzcks about 1301.1 long, moderately l i g h t  

fo r  the mador portion of t h e i r  range, but black o r  nearly black i n  the 

region of maximum ionization near the end of t h e i r  range. 

oxygen ions lose about l . 5  Mev/p, 

of monosoles of charge (:137/2)e. 

In t h i s  region, 
17 

about tvo-thirds of the energy lo s s  

As the ionization of monopoles is  so 

large and nearly independent of range, we could thus f e e l  coe iden t  

t h a t  these par t ic les  would produce eas i ly  visi j le t r x k s .  

For the monopole exposures, the plates  were mounted i n  boxes 

and placed at an angle of 20' t o  the solenoid axis (see Fig. IC); they 

w e r e  centered within 0.5 mm. 

l e f t  i n  posit ion u n t i l  1- x 1014 protons had circulated i n  the AGS. 

F i f ty  p la tes  were exposed and each was 

This 

exposure produced a moderately heavy backgroud of random grains, i n  

which occasional l i g h t  tracks (possibly due t o  l i g h t  ions) and short  

(c  lop) heavier tracks (of heavier ions) could be found. 

Because of tine rapid fading of K-minus-2 emdsions (the ebove- 

mentioned residues of a trecks disappear a f t e r  24 hours of storage a t  

room temperature), the p la tes  were developed within 12 hours, o r  less ,  

a f t e r  exposure. 

three hours, the p la tes  w e r e  stored a t  about O°C, a t  which temperature the 

If the delay between exposure and development exceeded 

rate of fading is  reduced. 

An area corresponding t o  1 cra2 of beam, centered on the 

solenoid axis, was scanned f o r  monopole tracks entering the emulsion 

surface. 

half  as long f o r  twice :;hat charge. 

Such t racks should be about 350p long f o r  charge (137/2)e, and 

In  preparation, the scanners studied 
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the oxygen and other ion tracks i n  order t o  f ind M appropriate scanning 

speed. 

seen w i t h  half  t h i s  magnification. 

Q 
The magnification was 5OOx; the saa2I.e tracks could eas i ly  be 

No t racks t h a t  could be a t t r ibu ted  t o  monopoles were found. 

9. Conversion of Data into Cross-Section L i m i t s  

As previously stated, we express our cegative result i n  terms 

of upser cross-section . L i m i t s  for.production of monopoles (a) by nuclear 

interactions and (b) by 7 rays. 

a r r ive  a t  these nuabers follows. 

We assume t h a t  a l l  pole pa i r s  are produced i n  the primary 

An outl ine of the procedures used t o  

(a) 

t a rge t  by the circulat ing protons and we neglect any production i n  the 

o i l  by scattered o r  secondary par t ic les  (compare Fig. 1) . 
fur ther  t h a t  a l l  monopoles with the correct po lar i ty  (south) which en ter  

the  o i l  w i l l  there be brought nearly t o  r e s t ,  extracted f r c l m  the o i l ,  

focused,; and accelerated i n  the menner outlined i n  Secs. 4-6. For 

monopoles w i t h  character is t ics  z s  defined in the  introduction, this  

assumption is  quite v a i d .  What f e w  dou5ts remain are discussed i n  Sec. 10. 

Finally we assume that any 

system would have been observed. 

We assume 

sauth monopole entering e i the r  detecting 

The number Nm of entering poles is  related t o  the production 

cross section i n  nucleon-nucleon interactions an by the equation 

= f N t N a n  , Nm P 

where 
0 
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= number of c i rculat ing protons, 

= 2 t a rge t  thickness i n  gm/cm x average number of ta rge t  t raversals  

per proton, 

= 

= 

number of nucleons per gram of ta rge t  = 6.0 x 

geometrical fac tor  representing the fract ion of monopoles produced 

and 

which en ter  the c l i l .  

To calculate an upper l i m i t  f o r  a,, we used Nm 3: 2 .  Thus, for 

un equal t o  the l i m i t ,  the probabili ty is  86% t h a t  one o r  more poles 

would have been observed. IT w a s  read ( - : I  on the AGS beam m n i t o r  which 
P lJ2 

.LU 

has an estimated accuracy of f 10%. A conservative estimate of t is 
2 l9 20 @/cm . The geometric fac tor  f w a s  estimated by t rmsfe r r ing  the 

laboratory angles subtended by the o i l  vessel i n to  the center-of-mass 

system of two col l iding nucleons. 

system w a s  assumed and the fract ion of the total so l id  angle represented 

Isotropic production i n  the l a t t e r  

by the transformed laboratory solid angles was calculated f o r  various 

monopole c.m. k ine t ic  energies. For monopole masses m i n  the u?per par t  

of the in te rva l  accessible/in, our experiment, s8y 2 Bev < mc2 C 2.9 Bev, 

typ ica l  values of the kinet ic  energy range from about 0.05 mc2 t o  0.2 mc , 
and e ~ 1  average value of f is  0.2. 

intercepted monopoles i s  clue t o  the high velocity of the center-of-mass 

(in proton-nucleon coll isions) 

2 

20 
The comparatively large fract ion of 

system which concentrated the par t ic les  into a small cone i n  the laboratory 

system, together w i t h  the f a c t  t h a t  the o i l  vessel intercepted nearly a 

quarter of a l l  pa r t i c l e s  (emitted from the ta rge t  a t  angles between 2.5' 

and 8'. Excluding the exposure with a pulsed magnetic f i e l d  (see Sec. 5 ) ,  

the t o t a l  number of c i rculat ing protons included i n  our counter and 

emulsion m s  was 5.7 x 1 0 ~ 5 .  mus, according t o  (11, w i t h  f = 0.2, 
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2 For lower monopole masses, 1 Bev < mc 

are higher, the cone of pa r t i c l e i i s  wider, and f is smaller, roughly 

< 2 Bev, typical kinet ic  energies 

4 

f = 0.1. Tnus, f o r  the:se masses, 'n7 m a  3 x 100~0 cm2/nucleon. 

The poss ib i l i ty  m i g h t  be considered tha t  nonopoles were created 

i n  the primary target but w e r e  reabsorbed by the ta rge t  nucleus i n  Q 

secondary col l is ion,  due t o  some unknown strong interaction. 

as mentioned before, the ta rge t  was  polyethylene i n  part  of the runs; it 

is estimated that i n  about 5$ of the col l is ions the primary pmtons inter-  

acted with the hydrogen contained i n  this substance. 

(other than protons) w e r e  ineffective i n  producing monopoles, the values 

Of Qn,max 

However, 

Taus, i f  nuclei 

would have t o  be increased by e, fac tor  20. 

(b) The apparatus was designed to be effect ive i n  detecting 

monopoles produced i n  the o i l  by y rays from the primary ta rge t .  

estimating upper limits f o r  the cross section of t h i s  process, it w a s  

again assumed tha t  any south monopoles produced i n  the o i l  would have 

been detected. 

In 

The estimates w e r e  based on the y-ray spectra neasured by 
21 

Fidecam e t .  al. at 23.1 and 24.5 Bev proton energy and 3', 3.2', and 

6' emission angles, 

C, o r  CH2, and i n  the other half Al, we used the  average of Fidecaro's 

Be and AI. data. 

Asl i n  about one-half of our runs the ta rge t  was Be, 

The curves were extrapolated t o  somewhat higher energies 

by eye. 

reliable,  as at the highest measured points the experimental curves appear 

t o  depart from the phaf;e-space curves. not only i n  intensi ty  but a lso  

In  shape.) 

independent of primary energy, a 30-Bev spectrum: was  simply obtained by 

a Lorentz transfoxmation. 

(An extrapolation by phase-space data was deemed t o  be even less . .  

On the assumption that the center-of-mass s-E,ctnun is  

(Due t o  this assumption the intensi ty  of the 



-27- 

upper par t  of the spectrum wil l  be somewhat uqderestimated:) 

correction f o r  the increase opx0 mult ipl ic i ty  w i t h  proton energy was 

A small 

applied, but i s  actual ly  negligible coqared t o  other uncertainties.  

Spectra fo r  other angles were obtained by interpolation. Resulting 30- 

Bev spectra are shown i n  Fig. 2 where the dashed portion of the curves 

correswnds t o  the above-mentioned extxqolat ion.  At the  highest energy 

shown the extrapolation may be i n  e r ror  by as much as a fac tor  10. 
the 

These spxtra were then used t o  obtain/distribution of photon 

path lengths i n  o i l  f o r  our experiment. To do t h i s  the o i l  vessel was  

divided in to  segments as seen frorr the target  and a numerical integration 

perfonned t o  obtain the product photon number per interaction times 

path-length i n  o i l ,  i n  cm, f o r  each 1-Bev photon-energy interval  from 2 

t o  20 Bev. These photon-number times path-length products were corrected 

for y-ray absorption in t h e  o i l  assuming a radiation length of 50 cm, 

and were multiplied by 2 x the t o t a l  number of interactions i n  

the ta rge t  corresponding to  the effective target  thickness t = 20 gm/cm . ' 2  

The d i f f e ren t i a l  path-length spectrum so obtained was then converted t o  

the integral  spectrum L(E ), the total path length in oil of quanta having 

an energy > E . Both the integral  and the d i f f e ren t i a l  path-length spectrum 

are shown i n  Fig. 3. 

Y 

7 
The dashed portions of the curves depend on the 

extrapolations of Fig. 2. Below 13 t o  1 4  Bev, however, the uncertainty 

of the extrapolation affects the curves of Fig. 3 but l i t t l e ,  as most of 

the photon path length is  contributed a t  emission angles f o r  which extra- 

polation was not involved. 

On the f i c t ion  ,that ell quanta above the threshold energy E 

have the sane pair-production cross section f o r  monopoles, l h i t s  f o r  the 

cross section can be computed from the relat ion 
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23 where f o r  incoherent production ( i n  the f i e l d  of protons) N = 2.7 x 10 

i s  the number of protons (free o r  bound) per cm3 of oil, and f o r  coherent 

production ( i n  the f i e l d  of nuclei) N = 3.4 x equals the nudoer of 

3 carbon atoms per cm . The energy E i s  related t o  the monopole m 2 s s  m by 

the equation 

where % is  the mass of the ta rge t  nucleus, o r  nucleon. For rsc2 = 2.4 B v ,  

f o r  exznple, E = 17 Bev f o r  incoherent, a d  E = 5.8 Bev f o r  coherent 

production. 

and L = 8 x 1013 cm, respectively. Again set t ing Nm = 2, one obtzins from 

gives 
For these energies, czxxzr-+T-- Fig. 3/L = 6 x lolo cm 

2 = 1.3 x cm per proton f o r  the incoherent and 
Y, max Eq. (2) Q 

2 
CI = ;x cm per nucleus f o r  the cohersnt process. Secause L Y, m a x  
r i s e s  steeply with decreasing E, o falls strongly as m decreases. 

7 , max 

10. Sensitivit:y t o  Monopoles of "Unit" Charge 

In the foregoing discussion of the expected behavior of monoples 

i n  this experiment, we have assmed a monopole charge e; = (137/2)e. 

has no theoret ical  grounds f o r  excluding the poss ib i l i ty  of a charge which 

is  aa integral  multiple of (l37/2)e. 

can be advanced favoring 'whzt we sha l l  c a l l  the "unit" charge, 137 e .  

One 

Indeed, some speculative erguments 

Exmining the experimental conditions with t h i s  poss ib i l i ty  i n  nind, we 

fiiid a we& point a t  CTe step where monopsles d e  $3 the prwary  ta rge t  Q 
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t a rge t  are  assumed t o  penetrate, i n  f l igh t ,  the w e l l  of the o i l  pot. 

Owing t o  t h e  increased cclllision losses, i n  the upper rmss range O n l y  

those monopoles which emerge with nearly the maxiznm e n e r g  aveilable, 

w i l l  be able t o  penetrate the aluminum wall. 

w a l l  remain exposed t o  the end f i e l d  0s' the solecoid, which ranges i n  

strength from 30 t o  50 gauss over the region i n  q-txstion. 

discussion (Sec. 2) of the migration of Eono-poles i n  c rys ta l s  under the 

influence of a magnetic f i e ld ,  it seems possible t3a t  the monopole would 

eventually migrate into the l i qu io  and thence be drawn over the noma1 

route t o  the surface, to be extracted, accelerated, and recorded i n  the 

detector .  EUt t h i s  i s  by no means cer ta in .  It was, of course, j u s t  the 

uncertainty of such considerations of nigration and trap?ir,S tkt 

motivated our use of the l iqu id  "catcher". 

our conclusion t o  cover the case of the "unit" Iliono?ole, insofar zs they 

may be produced i n  the primary target ,  a fur ther  t e s t  wzs required. 

i::onopoles s t o p p d  i n  tha t  

?ma our e a r l i e r  

Tius, t o  justiTy ex-kending 

If we assume thhat mnopoles a re  trapped i n  t i e  aminurn w a l l  

so as t o  be inmobilized against a f i e l d  of 30 gauss over the duration 

of a run, then they w i l l .  surely reaain i n  place i n  the a b i e n t  f i e l d  of 

1 o r  2 gauss t ha t  prevails when the solenoid i s  o f f .  

would simply accumulate i n  the aygaratus, aEd could ultimately be extracted 

by the brief a p ~ l i c a t i o n  of a very strong f i e l d .  

Such Eono2oles 

A f i n a l  t e s t  of t h i s  

s o r t  was performed i n  a manner quite similar t o  the one used t o  extract  

monoDoles possibly trapped 2t  the o i l  surface (see Szc.  5 ) .  Again, the 

s m a l l  c o i l  was mounted i n  the large solenoid which was now closeZ a t  i t s  

bottom by a bese plate .  

which had previously receivsd secondaries from about/circulating protons - - 
was cut  into disks. These disks were inserted, one a f t e r  another, into the 

Tne par t  of the oil well facing the primary target--  - 
&lo16 
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c o i l  assembly a t  a height suita’ole f o r  focusing. 

energizedl t o  500 gauss end the small one pulsed t o  cbout 10 kilogeuss. 

Nonopoles of un i t  charge ‘bound by l e s s  than about lOev should so have been 

extracted . 

”hen the large c o i l  was - 

The response of the emulsion detector t o  unit-charge monopoles 

presents no d i f f i cu l ty .  

solenoid i s  doubled, as compared t o  tha t  of the “half-charge” monopole, 

while the range i s  halved owing t o  the qmdrupoled co l l i s ion  loss. Xaking 

allowance f o r  the energy lo s s  i n  the windows and the shor t  a i r  path, one 

s t i l l  f inds t h a t  the t rack of such a mono2ole i n  tke emulsion should 

have been conspicuous under the conditions of scanning. 

of un i t  charge were bound i n  aluminurn by 0.02 t o  0.2 ev azd would thus 

have been drawn from the disks by a f i e l d  between 30 and 300 gauss, 

prevailing while the f i e l d  w a s  arising, could t h e i r  tracks have been so 

short, naaely 5 5Op, as t o  escape detection. Although the scanners ha3 

The energy acquired by such a monopole f r o m  fAe 

Only i f  monopoles 

been instructed t o  watch even f o r  short tracks, the efficiency of finding 

them might have been l o w .  

from the l iqu id  surfece a n d  s t r ip9 ing  are not a l te red  materially by the 

assumption of “uni t”  charge. 

Our e a r l i e r  conclusions i n  regard t o  extraction 

Two KO emulsions were exposed and scanned, each having been 

used f o r  18 disks.  No monopole-like tracks was found. 

1.1. Summary and Discussion 

From our f a i lu re  t o  observe monopoles, we have concluded t h a t  

i n  co l l i s ions  of 30-Bev protons with nucleons, where the highest manopole 

mass allowed-by kifiematics w a s  2.9 Bev, the Epper linit f o r  the production 
’3 
3 

cross section a, i s  about 2 x 10 -40 ai2. Breidner and I s b e l l  have derivzd 
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-40 cm2 22 
a similar l i m i t ,  2 x 10 , from the negztit-3 rzsu l t  of an experiment 

i n  vhich a polyethylene .target was bombzded by 6-%v protons. A t  th is  
w 

energy poles l i g h t e r  t h a n  the proton could hzve been m z d e .  They could 

have been found, i n  t h i s  eweriment, i f  they were bound i n  the target  

material by 3-20 ev. 

energies similar t o  ours. Fidecrro e t .  al., using counters, found 

WIS experiments bave been perfomad with proton 
4 

s= 2 x m2 f o r  monopoles made, md bound, in aluminm o r  poly- 
5 =n 

ethylene targets .  h l d i  e t .  al., usicg emulsiozs, fomd l h i t s  similar 

to, o r  somewhat higher than, OUTS i n  m s  i n  which tz rge ts  aade 02 

aluminum, polyethylene and aluminum, o r  a Cu-Cr  a l loy  wzre first bocba-rded 

and then subjected t o  a ;strong magnetic f i e l d  f o r  extrzction of poles 

bound with 0.6 t o  60 ev. In  .znot:ier pa i r  of eqe r ixen t s  witk a grzyhite 

t a rge t  there w a s  no rest:riction on the allotrz3le bin6ing energj, ami tke 

l i m i t  on an w a s  10 -39 cn;’ 
Because the y :rays emerging from tne prinary ta rge t  have a 

continuous spectrum, no def in i te  l i m i t  f o r  the photoproduction cmss section 

a can be given. 

a s  on the Wnown dependence on y- ray  energy of a . As an exunple, we 

obtain f o r  a monopole mass of 2.4  Bev and f o r  the unreal is t ic  case of a 

Such l i m i t s  would depend on the Eonopole mss as well 
Y 

Y 

Y 
being independent of y-ray energy above threshold limits of 1 . 3  x 10 -34 cm2 

2 f o r  production i n  the f i e l d  of protons and 7 x cm f o r  production 

i n  the f ie ld  of carbon nuclei. 

No limits f o r  (3 Ere given i n  references 3-5. However, we 

es t ina t e  tha t  i n  the sea:rch of Amaldi e t .  a l ,  i n  which y rays could in te rac t  
5 Y 

i n  the ta rge t  i n  which they wers created, these l i m i t s  shoCLd be roughly 

the sane as ours, as i n  t h e i r  eqeriment the acceptance ar@e is  la rger  

than ours ar? compnsztes f o r  a lesser  amount of matter traversed by a 
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Q In our main experbent ,  zbout 10$ of t h e  circulat ing protons 

were used i n  the counter run. 

is, therefore, an order of magnit'&e higher "&an t ha t  of the emulsion, 

t h i s  detection technique provides us with cocrr'orticg assurance tha t  

monopoles were not overlooked beczuse of some unsuspected f a i lu re  of the 

low-sensit ivity emulsions t o  show mnogole tracks.  OrJy under two se t s  

of c o d i t i o n s ,  both believed t o  be unlikely, would monopoles created i n  

our experiment have been systematically missed. Tiis would Cave occured  

if the -poles had becone bound t o  nuclei  &$ d i s t ames  intemedietc.between 

nuclear and atomic dimensions, or i f  goies n d e  i n  ;proton-mcleon 

co l l i s ions  in the primary te rge t  kzd ckarge 137e, a mass close t o  the 

kinematic l i m i t ,  and where bound in alurninm by 0.02 In 0.2 ev. 

Altllough the linit s e t  by tke counters 

The authors wish t o  acknowledge the ganerous help they received 

with regard t o  theory from D r .  L. Daraxd, 1x1. Tney are  dee?iy indebted 

t o  D r .  F.E. S te iger t  who ex-posed emulsions zt the Yale University Xeavy-Ion 

Accelerator, and t o  D r .  A . J .  T a c h  and Dr. N. Sutin who' perfomed the 

parmagnetic-resonance neasurernents. Finally, the zutinors a re  grateful  t o  

C.Z. Hawrocki fo r  construction of the xenon sc in t i l l a t i on  counter, 213d 

t o  the BIG staff of scanners f o r  t h e i r  conscientious work at "&*e microscope. 
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use of different  confidence limits by multiplying the nmbers 

of B r a e r  and Isbell and of Fidecaro e t .  al. by 2 and those of 

Amaldi et. al. by 0.7. 
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Fig. 1 (a) Elevation view of apparatus showing focuszing solenoid 

and o i l  receptscle i n  rc la t ion t o  the ta rge t  and t a rge t  box 

of the AGS. ('b) Details of counter arrangement. (c)  Upper 

end of focus:'/ing solenoid showing the positioning of the 

emulsions. 

v 

Fig. 2 Differential  photon spectrum f o r  30-Bev protons incident on 

primary ta rge t  f o r  various emission angles. 

a r e  derived by a Lorentz transformation from experimental 

values obtained by Fidecaro e t .  a l .  with 24-Bev protons. 

dashed portions are extrapolations. 

The so l id  curves 

The 

Fig. 3 Differential  and integral  spectra (hv > E ) of photon path 

length i n  the o i l  t a rge t  f o r  2 x 1015 interact ing protons. 

Dashed portions of the curves depend on ?ne extrapolations i n  

Fig. 2, but bel-ow 13-14 i3ev l i t t l e  uncerbainty i s  so introduced, 

because most of the contribution to the pa"h length comes from 

photon emissiori angles for which extrapolation wzs not needed. 

Y 
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