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ABSTRACT

In a search for magnetic monopoles, a steel beam

16 protons of 300 GeV

dump has been exposed to 3.4 x 10
energy at the National Accelerator Laboratory. The
search apparatus employed an 80 kG solenoid 50 cm long
capable of extracting a monopole and accelerating it
through a series of thin scintillation counters. A monopole
would have been identified by its energy loss and rﬁnge in
the scintillators. No monopoles with magnetic charges in
the interval from 1/6 to 24 times the Dirac n’iagne_tic
charge were found. The upper limit at a 95% confidence

‘ -42
level for the cross section per nucleon on ironis 6 x 10

sz.
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There appears to be no compelling reason why an isolated magnetic
pole should not exist with magnetic properties analogous to the electrical
properties of an electric charge. 1 Dirac's observation that the existence
of an isolated mégnetic monopole could explain electric charge quantization
added impetus to the interest in_inagneti_c moﬁopo_les. This suggestion is
certaiﬁly one of the most elegant solutions to this problem. An unusual
property of the magnetic monopole-electric charge system is that it. intrin-
sically violates time réversal invariance. 3 The discover& of time reversal
violation in 1964 has turned this apparent defect into something of a virtue.
Further, Schwi.nger4 has suggested that Dyons, particles with both magnetic
and electric charge, could give rise to an S.U3 algebra. Particle modefs
utilizing Dyons have also been developed.by Barut. 5

While there éppear to be no overwhelming theoretical reasons to rule
out isolated n.uagnetic poles, there are reasonable arguments which suggest
that the cross section for production of a pole-anfipole pair would be small
and requi.r.'e very high center of mass energy. & For example, to separate
a classical Dirac pole pair at an initial separation of 1 .Ferr‘ni to infinity
requires an energy of 7 GeV, |

Experimental searches for magn_etic poles extend back over many
centuries and constitute one of the earliest roots of elementary particle

physics. 7 Almost as a matter of tradition, an accelerator on the forefront
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of development is hséd to exiend the search to the new energy rangé. Up
to this time, the best lower limits on monopole production by protons with
energies above 70 GeV have been set by a group of three cosmic ray
experiments, 8-10 rhe limits from each are roughly comparable while the
experiments themselve_s are somewhat éomplimentary. The previous
highest energy acceler;ator searchl! has been carried out at Serpukhov
with 70 GeV protons.

The experixhent described here has not been undertaken with the
object of proving or disproving the magnetic monopole conje::ture or even
attempting to make the most concentrated experifnental‘a‘.ttach on the prob-
lem possible at the National Acéelerator Laborgtory. Rather, it has been
carried out as a systematic search for free.magnetic monopoles making
the fuilest possible utilizatic;n of the available resources in the early
phases of NAL operation. |

The basic search strategy has had three assumptions: 1) The range
of magnetic charges searched for were between 1/6 and 24 times the Dirac
charge. The lower limit is ‘a factor of two lower than Kolm's pseud6
avent, ¥ while the upper limit is two times higher than that allowed for dyons
with an electrical charge of 1/3 in Schwinger's magnetic quantization. 2)
The energy ]_.oss properties of magnetic particles in matter obeyed those

suggested by Cole, Bauer, Martemianov and Khakimov, 12 and many others.
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i. e., those of a very heav.ily ionizing particle with an energy loss approxi-
mately 1/u2 of a minimum ionizing electrically charged particle, 3) Ferro-
magnetic binding was assumed as described by Goto, Kolm and Fo}d
(GKF). 13

-The last two assumptions have been discussed many times. It should
be noted that the presence of an additional electric charge (e.g., dyons)
would not appreciably effect any of these assumptions since its interaction
would be down in electro;:nagnetic stréng‘th by a factor of the order of a.

The basic experimental ter;hnique consists of bornbarding a steel beam
dump with 300 GeV protons, then placfng pieces of the dump at one end of
a high field solenoid to extract and accelerate any monopoles. Finally, a
‘possible monopole would E_e detected by high energy loss and its range in a
series of thin scintillators and absorbers. Fiéure 1 iliustrates the appa-
ratus schematically.

The beam dump in this experiment.consisted of a stainless steel
assembly fifty inches thick along the beam, 0.4" high and 1-1/2" wide.
The induced radioactivity in the dump was the major practical problem in
carrying out the experiment. For example, the radiation level of the dump
was approximately 70 R/hr about a foot from the dump several days after
the irradiation. To amelioréte the problems with radioactivity, the dump

was divided into fifty smaller samples (0.4" high by 1-1/2" wide by 1"
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inicx) for ease of handling a'lci insertion into the solenoid. Care was taken
wiat the dump did not accidentally come into contact ﬁrith any ferromagnetic
material or substantial siray magneticA fields. The dump,was placed
seventy-five feet beyond the twelve inch aluminum produétion target used
for the neutrino and muon beams at NAL. Roughly, one-third of the pro-
tons in the external beam pass tarough the produéticm target without .
imteracting. A magnet downsiream deflects these protons on to the mono-
pole dump. Typically, the beam spot at the dump was 2 mm wide by 3 wmin
Ligzh. The position of the spot and the development of the nuclear cascade
in the dump were checked by means of radiography afier the exposure. 14
The number of protons incident on the dump was detérmined by .counting
ne Mnsﬁl 303 day half life activity in the front end of the dump. This tech-
nique had been cross calibrated earlier by"comparing to copper foil
activity. The c.alibration gave Np =3. 4 x 10'8 incident protons. Use of the
long lived Mn54' activity avoids small corrections having to do with the
irradiati.on history of the dump.

Note that the dump is about seven absorption lengths or fifty radiation
.er.gths thick. Under this circumstance, a [ull nuclear cascade consisting
of pions, kaons, lamda$g, neutrons, antiprotons and gamma rays can develop
and interact repeatedly. For this reason the monopole production limit

e2s*zblished here applies in some sense (after folding in a production model
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such as Hagedorn-RanItls)

to all of these particles. This feature is one
imporiant reason for employing a dump rather than a production target
for a search.

After a cooling period to allow for.dec-ay of the short-lived radio-
activities, the samples from the dump were placed in turn in one end of a
_ 50 cm long, 80 Kg s'uperconducting solenoid with a 5 ¢m warm bore diame-
ter. The saturation magnetization Jor the 446 steel used in the dump was
‘12 kilogauss. For the GKF binding hypothesis, eighty kilogauss is more
than three times the field required {o exiract a pole from the dump sample.
The s#mple‘s were introduced into the evacuated solenoid by means of a gate
valve. Care was taken thafc the entrance path into the gate v'alve was such
that the sai'nples never encountered a fieid greater than 500 gauss. The
sample was then moved to the center of the solendid along the solenoid
axis by means of a rod é.ttached to a winch., Provision had to be made to
overcome the pull‘ of more than 100 pounds on the sample at the entrance to
the solenoid. Note that the velocit.y of the pole through the sample is suf-
ficently fast so that there is n;) problem concerning the length of time the
sarmple remains in the solenoid. |

V:Any monopoles would have been detected in a series of ten very thin

scintillation counters with air light pipes. These counters operated as

both dE/dx counters and a range telescope. A series of aluminum and

b1
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iteel range absorbers were .interposéd between the third and tenth counters.
“hese absorbers were -segmented so they could also i:e ingerted in th;:
iolenoid. “"hile larger mé.gne;tic charges gain energy in proportion to their
‘harge in ;;he magnétic field,. they lose energy propdrtional- to their charge
iquared. Therefore,. la.i-ger charges stop earlier than smaller charges,
und gi‘;re correspondingly larger light pulst from scintillators. A mono-
»ole with twenty-four times the Dirac charge could just penetrate the first
hree cbunters. while one with 1/86 the Dirac charge would jusf pass the
enth counter. ﬁ;ote that the entire counter-solencid system was evacuated
o prevent air acting as an energy degrader (or trap for a stopping mono-
»ole). Each counter consisted of a 10 mil thick scintilfatof with an
:ffective area of 2" Sy 3". AS5.5MeV Am24! source with a shutter
nechaniém and a 'Iight emitting diode were attacﬁed to the end of each
sounter aliowing thé counters to be calibrat;d and their linearities checked.
The 5.5 MeV alphé rajr correspc;hds -closely to the energy lost in a cdunter
* L]
vy a 1/6 Dirac charge monopole. Typically, the counter resolution for ]
e 5.5 I\'/IEV a;lpha was 20% FWHM. In operation, the first two counters
1ad to have their gains réadjusted after the magnetic field of the extraction
solenoid was activated.

An "event" was triggered by a majority coincidence of the first three

:ounte.rs. This triggered a dual beam scope which displayed the signal
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from both the anode ang a Iow;f dyniode of the first three counters and the
next to last dynode of counters four through ter}. In addition, a light dis-
play was photographed showing which‘ of the anodes of the counters triggered
discriminators (thresholds set for 1/6 Dirac charge), including two larger |
counters placed above the monopole ;:Ounters. These blanket counters
above the monopole ;:ounters could act as a visual anti of cosmic ray events.
This trigger was very loose. Real "events' would additionally have to
.'.'satisfy dE/dx and range requirements.r plus tﬂe ability to recycle a mono-
pole through the system. ‘

An important feature of the system was the ability to simulate real
events with the light pulsers. In view of the expeéted low signal rate, this
was an essential check on the functioning of the apparatué.

With the apparatus set to accelerate north magnetic poles, no events
were found which even faintly éatisfied the requirement of a monopole
si_gnature-, From this, the number of protons incident on the dump and the
target thi'ckness, a 95% confidence limit can be set on the upper limit of the
cross section pér nuclec;n for the production of a monopole by 300 GeV
protons using the formula

o <30

~Ypn
pr

O 18 taken as 47.1 mb, the proton-nucleon absorption cross section

obtained from the 17. 1 ¢m absorption length in iron determined by Engler
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el al., 16 fisan absorptio-nl factor which reflects that the proton-monopole
cross section is based on the first eight inches of the dump i.e., 7T0% of
the protons have been absorbed. This gives og,< 6 x 10742 cn?.
For comparison, the Serpukhov search at 70 GeV established a limit
of ay< 4.2 1073 cw®.  No mention is made of the humber of protan traver-
sals of the Serpukhov target but indirect e-stimates indicate that if was

018

Sx1 - The effective target thickness was somewhat less than the NAL

dump. The most recent result from the lunar cosmic ray search using the

2 rhixing depth gives an

entire available lunar sample and a 1000 grn/cm
upper iimit for the cross section at 300 GeV ten times higher than this ex-
periment. Figure 2 illustrated the relation of this ‘experimer_atal limit to
other recent searches. The abscissa is expres.sed in monopole mas-s which
is the maximum mass; kinematically possible neglectﬁug pole-antipole bind-
ing effects. ' - |

This cross section limit is subject to the following constraints: 1)
Magnetic charge. The magnetic charge range searched for is between one-
sixth and twenty-four times the Dirac charge. The limit on the upp.er charge
value was set b_;y the thickness of the fir:st.three counters while the limit on
the lower charge was set by the counter thresholds to trigge> an é\?ént. The

iransverse dimensions of the solenoid and counters were chosen so that the

variation of monopole trajectories with magnetic charge was not a limitation;
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'2) Mass. The upper limit for a pa'rticle‘ mass producéd in pairs on a free
proton is 12 GeV neglectihg pole—‘antipole binding. The apparatus is such
"that masses below 100 GeV could still be counted, that is, bound s_tates Su.
as a monopole bound to an iron nucleus had trajectories which would still
pass through the counters; 3) Electric charge. This is no con.straint on the
Cross secti-on limit since it constitutes only a small perturbation on both
the orbits and range relations. Monopoles bound to iron nuclei will have
different range characteristics but still fall within the detection capabilitie:
of the apparatus; 4) Monopole lifetime. Since the monopole charge is
assumed to be conserved, the daughter product would still be acceleratgd
and detectéd by the system. I the charge Split-into iess than six products
and was initially one Diraé charge or greater, it would still be dett;.cted.
’i‘he present experimental tech-nique can be extended to protdn expo-
sures at least two order of magnitudes larger. The téchnique, is limited
primarily by radiation handling diffi_culties and the length of the exposure.
With [ew exceptions, there appears to be no real utility in carrying
out free monopole searches in beams of other particlgs in view of the fact
that nearly all particles are produced and interact in profusion in a proton
dump. An important tlexcepti;m is da be;a.m of neutrinos. Schwinger has
suggested that a magnetic intermediate bc_)son rhight serve as a medium of

exchange in nuclear processes. If so, these magnetic bosons might be pro-
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duced in neutrino procesdses alpng the lines suggested for the norn;al
hypothetical intermediate vector boson. In'a previous bubble chamber
search and a re-evaluation of existiné cosmic ray data, 17 1o evidence was
found for such a-magnetic paﬁicle. Hdwever. NAL offers the possibility
of significant improvernent in the capabilities for such a search.

We wish to acknowledge the help of M. Otavka in carrying out the
extraction runs; S. Baker helpgd perform the radioactivity analyses;
R. Stefanski, T. Yamanouchi, R. Orr and T. Toohig of the Neutrino Labo-

ratory have been most helpful in the execution of the dump exposures.
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FIGURE CAPTIONS

Figure 1. Schematic of monopole accelerator solenoid and detector
system. The arrows indicate stopping positions in the
rangé absorbers of monopoles with twenty-four, one, and
one-sixth of a Dirac charge. An iron backéto-lﬁ 0. 8" thick
is placed behind the sample to catch any poles of opposite

polarity.

Figure 2. Upper limit for the ¢cross section of monopole production
in p-nucleon collisions. Where relevant cross sections

based on A2/3 have been shown. The 12 GeV limit is the

result of this experiment. The 5 GeV limit is Serpukhov. 11

The dashed line is Fl.eischer et al., 10 the dotted line Ross

et al., 8 and the solid line is Kolm et al. 9
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