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Search for Supermassive Relics with a 2000-m Array of Plastic Track Detectors
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A direct search has been made for supermassive relics (heavier than about 10' GeV/c ) with a 2000-
m array of CR-39 track-etch detectors deployed underground for 2. 1 yr. The nonobservation of
penetrating tracks places a new upper limit for the velocity-dependent flux at 3.2& 10 ' cm s ' sr
for magnetic monopoles carrying various magnetic charges, for electrically charged relics, and for
strange matter. This flux limit corresponds to a limit on the relic abundance of order n„/n„=10 ' rela-
tive to the 3-K photons.

PACS numbers: 96.40.De, 14.80.Hv, 14.80.Pb

Recently the existence of various kinds of supermas-
sive stable particles has been conjectured: Supermassive
magnetic monopoles are generically predicted' by grand
unified theories, Kaluza-Klein theories, and superstring
theories. A large number of the grand unified theories
and superstring theories predict the existence of mono-
poles with multiple Dirac magnetic charges. Superstring
theories and composite theories of leptons and quarks
speculate on the existence of fractionally or integrally
charged supermassive particles, which might not be to-
tally confined. Higher-dimensional theories contain su-

permassive (of the order of the Planck mass) stable par-
ticles named "pyrgon, " which may be charged. If there
exists a new conserved quantum number, the lightest
particles carrying it must be stable. A quark matter
which is absolutely stable (strange matter) has been pro-
posed as the ground state of nuclear matter. If such
particles exist, they should have been created in the very
early Universe and might have survived to today as the
supermassive relics of the big bang. They might have
participated in galaxy formation and may be trapped in

the clusters of galaxies and in the galaxies with typical
virial P (:—v/c) of 3 && 10 and 10, respectively.
Such supermassive particles might constitute the dark
mass of the galaxies and of the Universe. The existence
of magnetic field in the galaxies can be used to deduce
an upper limit for the Aux of magnetic monopoles of or-
der 10 ' cm s ' sr ' (Parker bound) at P —10
However, possibilities of local enhancement have been
considered for the Aux trapped in the solar system with
an expected typical P of 10

With the aim of searching for an extremely low abun-
dance of order n„/nr =10 relative to the 3-K photons,
we are conducting a search for penetrating tracks using a
total of 3500 m of CR-39 plastic track detectors. The
results from an 80-m array in a mine and from a 160-
m array' at a mountain altitude have been reported
elsewhere. In this paper, we report on an analysis of a

2000-m array placed at underground sites.
The principle" of finding tracks in a plastic track-etch

detector is as follows. The passing particle leaves a trail
of localized damage (latent trail) in the form of broken
chemical bonds. This trail is more vulnerable to a chem-
ical attack than the bulk of the plastic. By chemically
etching the plastic, visible etch cones are developed along
the latent trail on each surface of the sheet with a half
cone angle p =arcsin(Vtt/VT), where Vtt is the bulk etch
rate of the plastic and VT is the etch rate along the
track. The sensitivity S:—VT/Vtt is an increasing func-
tion of the amount of locally deposited energy and de-
pends also on the characteristics of the plastic and the
etching condition. If the sensitivity S is high enough, a
heavy etching' can make the two etch cones on both
surfaces link and form an etch hole, which can be detect-
ed by means of a rapid scanning technique described
below. The condition necessary to produce the etch hole
depends on the S of the track and its zenith angle 0, and
is given by'

cos8, ~ S 'D/(D —d),
where D and d are the thickness of the CR-39 before and
after etching. To eliminate accidental background holes,
coincident holes on multiple layers are required for a
track candidate.

The CR-39 was manufactured by Sola Optical Japan
Ltd. using the monomer supplied by PPG (Pacific) In-
dustry in Japan. The monomer was cured for 21 h with
3% IPP (di-isopropyl peroxydicarbonate) initiator and
0.01% antioxidant, Naugard 445. The characteristics of
this CR-39 have been described elsewhere. ' '

The experimental sites were three caverns with a
depth of 10 g cm at the Ohya stone quarries located
100 km north of Tokyo. The detector array was com-
posed of 8000 unit modules. Each module consisted' of
four layers of CR-39 plastic plates each with an area of
560 mmx545 mm and 1.59~0.03 mm in thickness.
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Each layer was separately brought to the experimental
site and firmly fixed to the others by small pieces of
double-adhesive tape with 2.0-mm spacing between the
layers. The stack was then packed at 1 atm of air in a
laminated bag made of polymer sheets and aluminum
foil, which is light shielding and airtight. Exposure of
the detector modules started between September 1986
and May 1987, and ended between December 1987 and
February 1990 with an average exposure time of 2. 1 yr.
The detector modules were oriented horizontally on the
Aoor. The temperature of the sites was between 2 and
15'C throughout the year.

After the exposure, the detector modules were collect-
ed and twelve small holes were drilled through to provide
the position references. The modules were decomposed
into four layers at the underground sites and the first two
layers were then separately brought out to the etching fa-
cilities. ' The etching was carried out' at 90 C in a
sodium hydroxide solution of 10 mol/liter. For 19% of
the modules, one or two of the first two layers were over-
etched or broken in the handling. For such modules, the
corresponding third and/or fourth layers were etched.
The final thickness (d) for these samples was 0.41+'0.08
mm (rms), corresponding to a removed thickness of 1.18
mm. The etch holes in the CR-39 sheets were then
searched for using a rapid scanning system. ' ' With
this system, etch holes with a diameter greater than 20
pm can be detected with 100% efticiency. The overall
position resolution is 1.0 mm rms. The distance between
a pair of holes in the corresponding two layers was then
measured for every combination. Figure 1(a) shows the
distribution of the distances obtained from an analysis of
7327 pairs of CR-39 sheets. This distribution is con-
sistent with the ones expected for random coincidences
and shows no significant accumulation of events at short
distances. The distance distribution expected for an iso-
tropic flux of penetrating tracks is shown in the figure for
various sensitivities. We note that at least 96% of the
detected penetrating tracks should have a distance short-
er than 10 mm.

For the 94 pairs of holes which have a distance shorter
than 10 mm, we closely examined the shape of the holes
under the microscope. 74 pairs can be safely rejected as
consisting of background hole(s) having irregular shapes.
By use of Bevalac beams we checked that the penetrat-
ing tracks always produced holes with clear circular or
elliptical shape. These irregular holes can be explained'
as due to the intrinsic defects of CR-39 plates. For each
of the remaining twenty pairs, which consist of circular
or elliptical holes, we checked if the shapes and hole po-
sitions were consistent with being due to a single
penetrating track. For this purpose, the unit vectors of
the track directions were calculated for each pair of
holes by three independent methods: Two unit vectors n~

and n2 are calculated from the shapes (major and minor
axes of the apparent ellipse) of the holes of the first and
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the second layers, respectively. A unit vector n„ is de-
rived from the relative position of the two holes. A sin-

gle penetrating track should satisfy the condition
In' n2l-In'. n, l

-l». n, l-l »g«e 1(» shows the

the twenty pairs. Taking account of the accuracy of cal-
culating n~, n2, and n„we expect that 90% of the true
track events should fall inside the shaded area shown in

the figure. In fact, one event falls in the shaded regions.
This event has an incident zenith angle of 7 . The final
thicknesses of the first and the second layers of this event
were 240 and 320 pm, respectively, both much thinner
than the average final thickness. For this event, we
searched for the corresponding etch holes of the track by
etching the third and the fourth layers to final
thicknesses of 320 and 400 pm, respectively. With close
examination under the microscope, no hole was found in

the third or fourth layer within a distance of 10 mm of

0.7 0.8 1.0
In& n&l

FIG. l. (a) Distribution of the distances between pairs of
holes detected in two corresponding layers. The curves show
the distribution (in an arbitrary vertical scale) expected for an
isotropic Aux of relics for various sensitivities S. The dashed
line shows the expected distribution due to random coin-
cidences. (b) Correlations in~ n2i vs in~ n, i and in~ n2i vs

in2 n, i for the twenty pairs of holes which have a distance
shorter than 10 mm after the rejection of background holes
having irregular shapes. Shaded areas indicate the regions in

which 90% of the true track events should fall.
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the expected track position, which was determined by ex-
trapolating the trajectory defined by the hole positions in

the first two layers. From the shape of the tracks found
in the first two layers, this event appears to be produced
by a light nucleus stopped in the stack. The origin of
this event is now under examination. The other 19
events observed at large InI n2I and small InI n, I

and
In2. n„I are consistent with accidental coincidences of
random short tracks, mostly normal-incident light nuclei
such as helium. These light nuclei are likely to be frag-
ments of air or CR-39 material produced' by cosmic-
ray-induced neutrons incident when the CR-39 was at
the surface before and after the exposure.

For the sake of redundancy, we performed an indepen-
dent analysis which did not rely on the shape observation
of the holes. For 84 out of the 94 pairs of holes men-
tioned above, at least one of the third or the fourth layer,
on which we searched for etch holes at the expected
track positions, remained intact after the etching. With
close examination under the microscope, no hole was
found within 5 mm of the expected track position.

Thus we have no candidate for a penetrating track in

the four layers of CR-39. To obtain an upper limit on
the flux, the sensitivity of CR-39 has to be evaluated as a
function of velocity for each type of relic. The response
of CR-39 to highly ionizing charged particles has been
measured in the velocity region P ~ 10, where the en-

ergy loss is dominated by that due to recoiling electrons
and the sensitivity can be well described as a function of
the restricted energy loss (REL), ' which is defined as
the localized part of the energy loss deposited close to
the particle path. For the lower velocity region, 10
& P & 10, it has been shown by Price' that the elas-

tic recoil of atoms significantly contributes to the track
formation and that the sensitivity for heavily ionizing
particles can be expressed by the same function of REL
as at higher P. We assume that the sensitivities for mag-
netic monopoles and strange matter are also expressed
by the same function of REL. The RELs were calculat™
ed at P»10 according to Refs. 19 and 20 for magnet-
ic monopoles and for electrically charged relics, respec-
tively. For P & 10, we calculated the REL of electri-
cally charged relics following Refs. 21 and 22 for the
contribution from recoiling electrons and from recoiling
atoms, respectively. For the REL of magnetic mono-
poles at p & 10, we follow Ahlen and Kinoshita s for
the energy loss as a conservative lower limit. At P—10,where the eAect of the energy gap becomes sig-
nificant, we took this effect into account following Rit-
son, choosing 4 eV (Ref. 25) as an effective energy gap
of the chemical bonds of the plastic. For magnetic
monopoles at P —10, the energy loss via elastically
recoiling atoms was calculated following Price' adopt-
ing the classical approximation. For strange matter,
REL was calculated according to Ref. 26. The RELs of
the magnetic monopoles and electrically charged relics
are summarized in Fig. 2 as a function of velocity.
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FIG. 2. The expected REL (restricted energy loss) and the
sensitivity 5 of various supermassive relics as a function of p.
The solid and the gray curves represent the REL of magnetic
monopoles and of electrically charged relics, respectively. The
dash-dotted line represents the minimum REL of strange
matter. The horizontal dotted lines indicate the REL values
corresponding to 10%, 50%, and 90% detection e%ciency for
isotropic Aux. The horizontal dashed line indicates the mini-
mum REL required to produce etch holes.

The sensitivity S of our CR-39 was determined as a
function of REL by irradiating the samples with Bevalac
ion beams and then etching simultaneously with the ac-
tual exposed sheets. The degradation of CR-39 sensitivi-
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FIG. 3. Flux limits (90%-confidence level) on magnetic
monopoles (solid curves) and on electrically charged relics
(gray curves) as a function of P. The best limits by previous
direct searches using diAerent techniques are also shown for
comparison (see Ref. 27).
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ty (aging) and the fading of the latent tracks during the
exposure were also measured by using the CR-39 sam-
ples irradiated by test beams and stored in the actual
site. ' The corrections to the sensitivity from these ef-
fects were —2% and —5% per year for aging and fad-
ing, respectively. To obtain the acceptance of the CR-39
array for an isotropic Aux of supermassive relics, the
effective solid angle was calculated using Eq. (1) for
each value of REL.

Flux limits on the magnetic monopoles and on the
electrically charged relics at the 90%-confidence level are
shown in Fig. 3 assuming an isotropic Aux. Also shown
in Fig. 3 are the most stringent existing flux limits for
magnetic monopoles from direct searches with diA'erent

techniques. ' For the magnetic monopoles with single
Dirac charge, the present experiment places the most
stringent limits for the Aux at 3.7 & 10 ' and 3.2
x10 ' cm s 'sr ' in the velocity range 4x10
&P&2&&10 and 10 &P& 1, respectively. For the
magnetic monopole carrying double and triple Dirac
charge, we place the best limits for the flux at
3.2 & 10 ' cm s ' sr ' in the velocity range
4&&10 &P & l. It should be noted that the present
search places a unique flux limit at P—10, which is
typical of that expected for the relics trapped in the solar
system. For strange matter, the present experiment
places an upper limit for the Aux at 6.4 x 10
cm s 'sr ' at the 90%-confidence level considering
only the downward Aux. We note that a Aux of
3x10 ' cm s 'sr ' at P=10 corresponds to a
relic abundance n, /n„of order 10 relative to the 3-K
photons, assuming a galactic concentration factor of
4x 104 29

For both magnetic monopoles and electrically charged
relics, the minimum detectable mass is calculated to be
10' GeV/c for P —10 and 10' GeV/c for Ig

—10, respectively. For strange matter, the calculated
minimum mass is 10' GeV/c for P of 10 —10
Our limit for the strange matter represents a 16-times
improvement over the best limit of the previous direct
search in the mass range of 10' —10' GeV/c .

We are grateful to Byobuiwa Co. , Sakamoto Sekizai-
ten Co., and Yamamoto Sekizai Kogyo Co. for providing
the underground sites. We are greatly indebted to Pro-
fessor K. Matsuta and Dr. H. J. Crawford for kindly
helping us with the Bevalac exposures. This work is sup-
ported by the Japanese Ministry of Education, Science
and Culture.

' Present address.
'G. 't Hooft, Nucl. Phys. B79, 276 (1974); A. M. Polyakov,

Pis'ma Zh. Eksp. Teor. Fiz. 20, 430 (1974) [JETP Lett. 20,
194 (1974)]; J. Preskill, Annu. Rev. Nucl. Part. Sci. 34, 461
(1984), and references therein.

2E. J. Weinberg, Columbia University Report No. CU-TP-
270, 1983 (unpublished); G. Lazarides, C. Panagiotakopoulos,
and Q. Shaft, Phys. Rev. Lett. 58, 1707 (1987).

3G. G. Athanasiu er al. , Phys. Lett. B 214, 55 (1988); J.
Ellis, J. L. Lopez, and D. V. Nanopoulos, Phys. Lett. B 247,
257 (1990).

4For example, H. Terazawa, Phys. Rev. D 22, 184 (1980).
5E. W. Kolb and R. Slansky, Phys. Lett. 135B, 378 (1984).
6E. Witten, Phys. Rev. D 30, 272 (1984); C. Alcock and A.

Olinto, Annu. Rev. Nucl. Part. Sci. 38, 161 (1988).
7M. S. Turner, E. N. Parker, and T. J. Bogdan, Phys. Rev. D

26, 1296 (1982); H. M. Hodges, E. W. Kolb, and M. S.
Turner, Phys. Rev. D 35, 2024 (1987).

sS. Dimopoulos et al. , Nature (London) 298, 824 (1982); K.
Freese and M. S. Turner, Phys. Lett. 123B, 293 (1983).

9S. Nakamura et al. , Phys. Lett. B 183, 395 (1987).
'oS. Nakamura et al. , University of Tokyo Report No. UT-

ICEPP-90-01, 1990 (unpublished).
''R. L. Fleischer, P. B. Price, and R. M. Walker, nuclear

Tracks in Solids (University of California Press, Berkeley,
CA, 1975).

' T. Doke et al. , Nucl. Instrum. Methods Phys. Res. , Sect. B
34, 81 (1988).

' H. Ichinose et al. , Nucl. Instrum. Methods Phys. Res. ,
Sect. A 286, 327 (1990).

'4S. Nakamura et al. , Nucl. Instrum. Methods Phys. Res. ,
Sect. A 286, 323 (1990).

' M. Imori et al. , Nucl. Instrum. Methods Phys. Res. , Sect. B
18, 307 (1987).

'6K. Kinoshita and P. B. Price, Phys. Rev. D 24, 1707
(1981).

' E. V. Benton and W. D. Nix, Nucl. Instrum. Methods 67,
343 (1969).

'sP. B. Price, Phys. Lett. 140B, 112 (1984); in Magnetic
Monopoles, edited by R. A. Carrigan and W. P. Trower (Ple-
num, New York, 1983), p. 307.

'9S. P. Ahlen, Rev. Mod. Phys. 51, 121 (1980).
2oS. P. Ahlen, Phys. Rev. D 14, 2935 (1976).
z'E. Fermi and E. Teller, Phys. Rev. 72, 399 (1947).

E. Everhart, G. Stone, and R. J. Carbone, Phys. Rev. 99,
1287 (1955).

23S. P. Ahlen and K. Kinoshita, Phys. Rev. D 26, 2347
(1982).

24D. M. Ritson, Stanford Linear Accelerator Center Report
No. SLAC-PUB 2950, 1983 (unpublished).

25S. Nakamura, Doctoral thesis, University of Tokyo, 1988
(unpublished); S. Nakamura (to be published).

26A. De Rujula and S. L. Glashow, Nature (London) 312,
734 (1984); A. De Rujula, Nucl. Phys. A434, 605 (1985).

z7M. E. Huber et al. , Phys. Rev. Lett. 64, 835 (1990); S. Ber-
mon et al. , Phys. Rev. Lett. 64, 839 (1990); T. Tsukamoto et
al. , Europhys. Lett. 3, 39 (1987); M. R. Krishnaswamy er al. ,
Phys. Lett. 142B, 99 (1984); K. N. Buckland er al. , Phys. Rev.
D 41, 2726 (1990); E. N. Alexeyev et al. , Nuovo Cimento
Lett. 35, 413 (1982).

2sT. Doke et al. , Phys. Lett. 129B, 370 (1983).
This concentration factor corresponds to the ratio of the

galactic halo density (ph, i, =5x10 " gcm ') to the uniform
critical closure density of the Universe assuming the Hubble
constant of 80 km s ' Mpc

1954


