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ABSTRACT

A search for magnetic monopoles that requires very few as-
sumptions’ about their properties has been performed in material exposed
to protons accelerated at Fermilab. No monopoles were found. If mono-

poles exist with masses less than 12 GeV, the probability of pair pro-

duction in a proton-nucleon collision is of the order of 10f18 or less

with 95% confidence.
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INTRODUCTION

N\

~ Since 1931,1 the existence of magnetic menopoles has been re-

peatedlyfihvoked in_ltheories2 in connection with-the observed phenom-
enon of electric charge quantization.3 However, iﬁcreasingly exhaustiﬁe
experiments designed to find and isolate magnetic charges have all had
negative r<_a-suvl'cs.4-1'0 These experiments would have detected monopoles
with various magnetic charges, masses, proauctioh cross sections and
specific.binding properties to matter.11 In this paper, a very general
search for monpoles that can be produced at present accelerators.is re-
ported. It uses a modified version of the detector12’13’used in a pre-
:vious cosmic:'ray'search.6’8 It covers a vast domain of charges and

masses, requires no extraction of monopoles from material, and, to be

‘valid, needs very few assumptions about the properties of monopoles.

IRRADIATION AND SAMPLE PREPARATION

In an experiment at the Fermi National Accelerator Laboratory,

18

aluminum targets were irradiated by about 4x10™" protons accelerated to

several hundreds of GeV in the hope of'producing and trapping monopole
pairs. The target specifications are given in Tabie I. From the accel-
erator records and the geometry of the targets, the number of proton
interactions is computed at each energy. Within 30%, it agrees with

22 7

the estimation based on the ““Na and "Be radioactivity in the first

centimeter of targets 1,2, and 3. The total for all targets is shown

in Table II.



| 'In order'tolsearch*for mohopoleé thatfcou1d'haVeﬁBeeh"producéd;,‘v
h‘ in: pa1rs in some of these 1nteract10ns and trapped in the targets -the =
Vtarget mater1a1 was flrst ground into thin ch1ps to separate the northhj
and south poles of a pair, using a m1111ng machine advancing 10 pm bej'
tween successive cuts 14 Then, .the chips were placed in a.hollow TO- |
tat1ng sphere to be randomlzed They were divided 1nto 30 samples and -
- the magnetlc charge of each sample was measured 1n an electromagnetlc §
detector..12 13 | | |
THE MEASURMENT OF THE MAGNETIC CHARGE

The detector is shown schematlcally in Flg 1. The sample ién
' carrled several t1mes around a path that traverses a c011 (sen51ng c01l);
' ThlS c011 is part of a superconductlng circuit containing two other
coils (fleld_c01ls) ‘each one wound around a sensitive magnetometer
(SQUID).15~‘If a sample has a non-zero magnetic charge, it will inducev‘
a.change of curfént in the superconducting circuit and a change A¢4 and-

A, in the flux measured by SQUIDs 1 and 2. For each SQUID;i
where Vg is the ratio of the sampte magnetic charge g to the Dirac unit
e ._ 137

.__.go i e (in Gaussian unrts) S _51(2)

_ _ p
" the number of passes through the sensing coil and f a constant depending

6, s the flux quantum of superconductivity (2.07<10°" Gauss en), N

on theivarious inductances of the circuit.13 For SQUID 1 (SQUID 2),
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f = 34(290). -

The magnetic charge measurement was perfbrmed by taking magne-
tometer readings after 1, 3, 9,27, and 81 passes.. This procedure pro-
vided an accuracy of 0.03 on the value of Vg with the restriction de-
scribed in Appendix 1 and in Ref. 13. | |

A magnetic charge is found zero if successive measurements of
the current stored in the cifcuit are found to_Be the same within errors.
Equipment instabilities would result in different éurrent readings, i.e.,
in spurious.ﬁonfzero magnetic charge measurement. In our pro;edure they
would trigger a thorough check of the equipment and a remeasurement of
the sample. Therefore, this method of search fof.monopoles is quite safe
against equipment failures. |

Furthermore, in the Maxwell equation,

<>

curl E = - . 4r 3 | | ‘ | 4)
c ‘m- v

(A

O

the magnetic current jm has the same effect as a time derivative of the
magnetic induction B. Therefore, we were able to'test the adequacy of
our apparatus to detect magnetic charge using induction in the sensing

coil, exactly as if magnetic charges were available for that test.

RESULTS

The magnetic charges Vg of all the samples were measured con-
sistent with zero and incompatible with any value'larger than 0.1 (ex-
cept for the restrictions of Appendix 1). From this result, a maximum

value Rmax for the ratio of the number of monopolé pairs to the number
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of interéctionsvhas been computed at a 95% confidence level. Rma*' is

shown in Tabie IT for the three different incident proton enefgies.

These figures are valid when fhe monopdlevcharge_v (in units of gé) is
included_between.l andb7, where the only sizeable' correction éome$~ff0m
the prbbability.thét chips of»opposite charge end up in the_same sampie
in Spité of the randomization. For 1 < v g 7, the expected energy lbss’

of the monopole in aluminum16

E . Zoaevem 0 ©®)

ensures.that most monopoles stop in the targets andzmultiple‘scaftering 
is 1arge enough to separate the north and south poles of ‘a pair by more -

_ than-the chip size. _
The upper limits o for the cross sections for'monopole pair -

' prddu;tion in proton nucleon collision have been computed at a 95% con-
.fidente-lev¢1 and pldtted on Fig. 2. The interactions‘in.aiﬁminum‘were.'
bassumed‘tb correspond to a total proton nucleon cross section of 35vmb, '
Figure 2 _shows‘omax for values of v between 0.01 and 100, i.e., even fbr
fractidnal Values7f§rbidden}by the Dirac theory but for which our search
- 1is still.ﬁeaningful; For v > 7 or v < 1, various correcfions are needed
as describéd in Appendix 2. In order t§ determine‘upper limits ihde-_
pendeht of fhe production process, the most unfavorable case fbr thé.
mondpblévdetection was‘coﬁsidered where monépoles of a péirvaré prd—_u.
-duced with Oo.opening angle and with the same energy; 'The‘upper.liﬁits o
]-indicated by the solid curve on Fig. 2 correspond tb additional plausible
'a$sumptions goncerning mbnopole propertiesl7; the dashed curve corre-

sponds to assumptions more favorable and the dotted curve extremely



unfavorable for detecting monopoles. Assumptions for all three are de-
scribed in Appendix 2. |
In any case, monopoles with masses larger than 12 GeV (that
could not be produced in our proton nucleon interactions), tachyonsl8
and zero mass19 monopoles (that would not stop in the material) would

escape this search.

OTHER MATERIAL SEARCHED

The detector was also used to search for monopoles in a steel
cylinder exposed to 18 GeV electrons at SLAC and in a 100 cm2 X 2 mm
thick stainless steel piece of the ISR vacuum chamber that was located
near an interaction point. No magnetic charge was found. The number of
interactions seen by this material (including a»correction for the solid
angle in the ISR case) is shown in Table II. The value of Rmax’ the
maximum ratio of the number of monopole pairs produced to this number of
interactions, which is compatible with our results, is also shown.20

The SLAC target would have been suited to detect monopoles if
their mass was lower than 2.5 GeV but their production cross section by
electrons higher than by protons. The ISR material would be more suited
if monopoles had a large mass, chérge, and opening angle in the center-
of-mass system. Unless one of these circumstances is true, the chance
to detect monopoles here would be smaller than in cosmic ray exper-

iments.8



| _,CONCLUSIONS; .
“No monopoles were detected in material exposed to 4 x 1018 pro¥

tons. The ratlo of monopole pairs produced to the number of 1nteract10ns

-18

is of the order of 10 or less for a 1arge range of charge and for dlf—

ferent assumptions_about monopole propertles. If monopoles have masses

‘less thanv12 GeV andvare subject to strong interactions, pair production'v

.is affected by a Very strong suppressing mechanism. Indeed, hadrons,‘

produced by strong 1nteract10ns are produced with cross sections that

'range from 10 27 to 10 30 2

‘the order‘of-lo 36cm2 in this energy region. Our limits for monopole pro-

wh11e weak 1nteract10n cross sections are of

duction cross'sectlonS'by proton-nucleon interact;ons (Flgs, 2a and b)
‘are far below the figures for ueak interactions.‘ If monopoles exist,.their
masses are probably higher than 12 GeV. -

- Similar conclusions could be drawn from previous NAL. exper-
Lnentsg’lo and their upper limits are only one or two orders,of”magnitudeﬁ
“above ours However the Va11d1ty of those earller experlments is de- |
: pendent on. the assumptlon that a monopole can be extracted from materlal
:w1th or without a nucleus ‘attached to it. Indeed, the extraction procerr
dure cannot be tested-without monopoles, while Eq. (4) shows that'the'ef—
fect of magnetlc current used in our detector can be 51mu1ated exactly by
;magnetlc 1nduct10n~ Some cosmic ray exper1m.ents4’5 also g1ve cross sec— )
;-tlon limits only a few orders of magnitude above ours), but for them as-
e_sumptlons about mlgratlon nlthe atmosphere and in the ocean water are
‘needed in addition to the p0551b111ty of extraction. With respect to the.

cosmic ray'experiment using the lunar material,6’8 the present experimentpv



has the advantage of relying on more controlled conditions for the pro-
duction and trapping of monopole pairs and it results in limits about 3

orders of magnitude lower.
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APPENDIX 1

Restrietions on the validity of our charge measurements for a
few theoretically uneXpected values of Vg result from the periodic re-
sponse of SQUIDS to magnetic flux changes.13 After. passing the sample
Np times,.each SQUID.preVides a measurement of A¢, modulo ¢o’ therefore
of Vg modulo f/Np. Therefore, a measurement may fail to detect charges
such that.'vSNp/f1 and vSN'})/f2 are both equal to an integer within error.
To avoid most of these failures, the search in the samples was.performed
with N_ = 81 with intermediate stops ahd magnetometer readings after
Np =1,3,9 and 27. Any mggnetic_charge would have been detected except
for the small ones (vs < 0.1) and some Very speciai‘large ones, (all z

580) equal within error, to a multiple of f1 and'leat the same time.

APPENDIX 2

For v<1land v > 7,vthe'va1ues of Rmax given in Table II for
the Fermilab targets need further corrections. Those corrections are
highly charge dependent and are deduced on the basis of assumptions de-
scribed below. | o

For values of v less than 1 (incompetible with the Dirac theory)
the ionization is not sufficient to stop all.the monopoles produced. A
correctlon (referred to as correction No. 1 1ater on) is computed assuming
all the monopoles are produced with a typical ve10c1ty equal to the veloc-
ity of the proton-nucleon center-of-mass system and ;hat they lose 1/2 of
their energy every time they collide with an aluminum nucleus, as dQ pro-

tons at high ehergy when they collide with nuclei-zz
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Nofth_and south polés of a pair with large magnetic charges may
stop closevenough so that thé attractive forcé BetWeen fhemvdrives them
" together toward annihiiation.23 Sepafation due to muitiple Cdulomb scat-
tering is”sufficient to avoid this effect for v < 20. For 20 < v < 60,
large angle Coulomb scattering, and for v > 60 nuclear scattering with’
_half energy 1055; aré used'to estimate a correction (No. 2). In all'casés,
- we considered that mbnopoles of a pair are produced at the same.energy and
with Oo_opening angle. | |
| Another correction (No.3) takes into account the'probabiliiy that
~ the two monopoles of a pair end up:hltheFSame chip. It is estimated‘dn
the Basis of multiple Coulomb scattering and affects the-upper limits.for
v > 7, |
If monopoles had'charges v < 0.1, but there weré many of them,
the statistical fluctuations would generate some measurable éharges for
the samples. Therefore, our experiment allows computation of an upper
limit for the density of such monopoles, with a reduced sensitivity (cor-
rection Nb. 4.)
| These aésuﬁptions, which are‘quite.pessimistic about the sensi-'
tivity of our experiment, correspond.to the solid curve of Fig. 2. The
dashed curve cbrresponds, for v < 0.5, to monopoles coming'out of the
.aluminum,nucleﬁs'in which they.are prod@ced with a very small energy
'(i,é,, without corréction No. 1), and, for.v > 20, correspoﬁds to'mégnet-
..ically charged aluminUm_nuclei very strongly bound to thevcfystal lattice
v(i.e., withoutvcorrectiOn No.‘2). Therefore, - the éffect offcorrection

‘No. 1 (No. 2) is shown by the difference betweén'the}solid and the déshed':
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curQe of Fig. 2 for v< 1 (v > 7). The effecf of correctibns Nos. 3,énd
4 are shown by the difference between tne dashed ¢prve value and the |
solid ;use valﬁe for v = 1.

In qrder to cover an’eVen more pesSimistic but unlikely case
for the séﬁsitivity of our experiment, wherein the magnétically charged
aluminum nuclei do not bind to the crystal but would be free to move in-
side the material, a magnetized iron case producihg a field of about 1.5
Gauss was built around target No. 5. For a suffigient initial separation,_
the poles of a pair would drift in opposite directions along field lines
to the iron, where they would be trapped.24 The irdn'case was divided
into sepafate_samples and processed in the détectbf. The dotted line of
_Fig. 2 corresponds to that casé and to the other_pessimistic assumption
where monopoles have n6 nucleér interaction (liké onns), and do not stop

in the target for v < 0.5.
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Table I. Characteristics of the aluminum targets exposed to the Fermilab

beams.
'Length Location of ~ No. of ’No. of interaction
-Target No.  (cm) irradiation? protons in  lengths before the
' the beam target
130 v 1.3 x 1018 0
2 30 | v 1.3 x 1018 0
3 . 45 BN 1.0 x 1018 0
s 165 Cozxw® o
5 a P 0.4 x 108 0.5

'3, stands for neutrino lab.

P stands for proton lab, eastern section.
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I

Table II. _Eﬁergy distribution of the exposures of the material analeed;

- Rmax is the maximum ratio of monopole pairs to primary interactions (95%

confidence) .

steel

No. of Maximun
Beam primary monopole Range -
- Origin energy - Material inter- - R . ‘mass of
S (GeV) actions (GeV) va
FERMILAB 200  Aluminum 2.0x107  1.6x10°Y7 8.8 1to7
FERMILAB 300  Aluminum 2.5x<10'8 . 1.3x10°1® 10.9 .
FERMILAB 400  Alumimm  6.6x10°  s.ox107! 128 -
‘SLAC 18 Iron axol® 2307 250 1103
ISR 11.5  Stainless 3.5x10° 1.1x10° - 10.5  v=1
_ ‘ steel -
SRS . 9 -10
ISR - 15 Stainless 4.9x10 7.8x10 7 - 14 -
- steel :
o ‘ . 10 -11
- ISR 22.5  Stainless. 4,2x10 9.0x10 21.5 v =2
‘ Steel _ : ‘
ISR 26.5 Stainless 4.6x1010 . 8.3x10°M  25.5 ;
' steel '
ISR 31.4 Stainless 4.6x10%  8.3x107°  30.4 -

aRange of v’fof which'Rmax ih'the table does not need any additional
correction. ' ' ' :




FIG. 1.

FIG. 2.
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Figure Captions

Schemétic view of the detector. SThe sample is moved along the
dashed curve labeled sample path. The supercohducting circuit
is shown with the sensing coil and a field coil‘connécted in

series. The magnetometer and an auxiliary coil are‘alsd’shqwn'

inside the cryostat.

-Upper limit (95% Confidence 1eve1)'on monopole pair-production

‘cross section in proton-nucleon collisions as a function of

mégnetic charge.
a) 300 GeV/c protons on aluminum

b) 400 GeV/c protons on aluminum,

The solid curve corresponds to corrections 1 to 4 described in

Appendix 2, the dashed curve to corrections 1 and 2 equél to 1.

The dotted curve has been computed, using target S5 only, with

a most pessimistic view of the Sensitivity of the experiment.
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information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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