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Search for Strange Matter by Heavy Ion Activation
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We present the results of an experimental search for stable strange matter using the heavy ion
technique, based on properties of strangelets. We studied samples of a meteorite, terrestrial nickel ore,
and lunar soil. Our search improved by 2 to 3 orders of magnitude the existing experimental limit on
the strange matter content in normal matter and enabled probing the flux of low mass strangelets on the
lunar surface for the first time.p [S0031-9007(98)07179-8]

PACS numbers: 95.35.+d, 12.38.Mh, 21.65.+ f, 24.85.+p
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Suggestions of various forms of tightly bound strongly
interacting matter have been made in the past [1]. Stran
matter, aggregates of up, down, and strange quarks a
possible form of these systems. If strange matter exi
and is absolutely stable, it would be the true groun
state of the strong interaction. Witten [2] suggested th
particles of stable strange matter, also called strangel
would contribute significantly to dark matter. De Rújul
and Glashow [3] discussed different methods to dete
strangelets in the Earth and in space-based experime
Later, Alcock and Farhi [4] placed severe restrictions o
scenarios for strange matter survival in the hot tempe
tures of the early Universe. Nevertheless, there is
evidence against the stability of strange matter an
although not produced cosmologically, it could be prese
in today’s Universe.

A favorable astrophysical environment for the forma
tion of strange matter would be inside neutron stars [5,
In fact, if strange matter is stable, all neutron stars wou
be “strange stars” [7]. The decay of the orbits of b
nary pairs of such compact stars lead to their collisio
allowing for a fraction of their material to be ejected int
the galaxy [8,9]. Experimental searches for strange m
ter have been performed using a variety of techniqu
each sensitive to a different mass range. Searches w
performed in cosmic ray experiments, where strangel
would show anomalous energy losses in matter [10–1
Experimental limits on the concentration of strange ma
ter in normal matter, in the400 , A , 107 amu mass
range, are due to Brügger and collaborators [13]. Acc
erator mass spectrometry is the most sensitive techniq
to search for low mass strangeletssA , 300d. The pro-
duction of low mass strangelets would be evidence
the quark and gluon plasma [15]. More speculativel
strangelets could be “grown” by neutron absorption an
be used as an energy source, since strange matter abs
normal matter exothermically [16].
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The properties of stable strange matter were evaluat
by Farhi and Jaffe [17]. Berger and Jaffe [18] develope
a mass formula for strangelets and studied their possib
decay modes and stable configurations. Takahashi a
Boyd [19] extended this model. Stable strange matter h
positive charge, but lower than ordinary matter of the sam
mass. Consequently, it presents a lower Coulomb barr
than ordinary nuclear matter. This property led Farh
and Jaffe [20] to propose a method to search for stran
matter by heavy ion activation. In such an experimen
when normal matter penetrates the Coulomb barrier of
strangelet, the quarks will “dissolve” and release energ
inside the strangelet. The energy added to the system
given by DE ­ IAB 1 K, whereI is the extra binding
energy per nucleon of stange matter relative to that
normal matter,AB is the mass of the beam nucleus, an
K is the kinetic energy of the beam.I could be as large
as 5 to 20 MeV [21], meaning that energies of the orde
of GeV’s can be released in the interaction. Dependin
on the masses of the strangelet and projectile, some
this energysEMd will be used by the system to regain
flavor equilibrium via weak decays [18]. The remaining
available energy will be released in the form of photons
The time scale for these two types of deexcitation could b
very different, although we expect the photon deexcitatio
to be prompt and the weak decays to occur within the tim
scale of weak interactions. We assumed that none of t
energy released in weak decays contributed to our signa

The argument against the emission of nucleons fro
excited strangelets can be understood as follows: Partic
emission would require the deconfined quarks inside th
strangelet to gain the configuration of a particle, say
a neutron. This would imply an unlikely high local
concentration of energy and, as shown in [18], is
negligible decay mode for strangelets withA . 2000.
Pion emission would require a very energetic quar
near the boundary of the strangelet [22]. Subthresho
© 1998 The American Physical Society
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pion production and preequilibrium nucleon emission,
observed in heavy ion collisions, have very low cro
sections and are negligible for low energy projectil
[23,24].

The excited strangelet is modeled by a Fermi g
with a uniform temperatureT ­ fs2mdEdysp2Adg1y2. T
characterizes the spectrum of emitted photons. In
equation,A is the baryon number of the strangelet,m is
the quark chemical potentialsm , 300 MeVd, anddE ­
DE 2 EM , where DE and EM have been previously
defined. According to [20], strangelets are not opaque
photons of these characteristic energies, implying that
spectrum of emitted photons will be similar, but not equ
to that of a cooling blackbody. Depending on its mass,
excited strangelet will radiate many low energy photo
indicating that such an experiment requires a detector w
a large solid angle, high granularity, and sensitivity to
broad energy range.

We used the GAMMASPHERE [25] detector array
perform this search. It is composed of 110 eleme
of high-purity germanium (Ge) detector surrounded
bismuth germanite (BGO) crystals. The4p solid angle
coverage is shared by the Ge detector (45%) and the BGO
crystals (55%). The Ge detectors are sensitive to a wi
range of energies, from 20 keV to 20 MeV. The tot
Ge detector’s efficiency at 20 keV is approximately3%.
The BGO crystals cover the energy range from 20 k
to 10 MeV. Our sensitivity to photons of about 20 ke
would be enhanced in a strange matter interaction
pileup, induced by the high multiplicity of low energ
photons within the1 ms electronic time window.

We performed our experiment at the 88-inch Cyclotro
using 136Xe projectiles at 450 MeV, below the Coulom
barrier for all normal matter. The beam of 250 nA w
delivered in the charge state261. Three samples were
examined: nickel ore, obtained 2070 m underground [2
the Allende meteorite [27], and lunar soil collected by t
Apollo-17 mission [28]. The lunar soil sample is com
posed of very fine grains. 200 mg of this soil was co
pressed into an aluminum cup to produce a suitable tar
The beam current could not be monitored continuous
because the beam was stopped in the thick insulating
gets. However, periodic measurements of its current, p
formed upstream during the irradiation time, confirmed
stability. The range of the beam in the samples was ca
lated using the codeTRIM [29]. Since the composition o
all of the samples was very similar, SiO2 being the main
component, the calculated ranges of the beam in these
gets are all of about36 mm. Table I summarizes the dat
used to obtain our results.

Our sensitivity was evaluated by a Monte Carlo meth
using GEANT 3.21 [30]. The response of GAMMAS-
PHERE to a strange matter signal was evaluated forI ­
5 MeV. In this case, if the interacting beam is136Xe,
then DE ­ 1.13 GeV. EM was evaluated as a func
tion of the strangelet mass through the mass form
derived in [18]. EM depends on the chargesZd and hy-
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TABLE I. Summary of data used in the analysis. The136Xe
charge state in all irradiations was261. kAl represents the
average beam current during irradiation

Time kAl
(h) (nA) Target

4.0 250 Allende met.
5.1 250 Ni ore

15.1 0 BKG
13.2 220 Lunar soil
16.3 0 BKG

perchargesY d of the stable strangelet configuration. I
the strangelet is large, the addition of a136Xe nucleus
should not change its equilibrium flavor. Thus, we a
sumedjZ 0

m 2 Zmj ø 54 and jY 0
m 2 Ymj ø 136, where

Zm is the charge andYm is the hypercharge of the stable
strangelet before the addition of a136Xe nucleus, andZ0

m
is the charge andY 0

m is the hypercharge of the stable
strangelet withA0 ­ A 1 136. This approximation is
valid for strangelets with massesA $ 2000 amu. (Ac-
cording to Ref. [18],Zm ­ 105 for a strangelet of mass
2000, andZ0

m ­ 110 for a strangelet of mass 2136. Thes
values were obtained assuming 150 MeV for the mass
the strange quarkms and 300 MeV for the up-quark chemi-
cal potentialm0.) For the simulation we approximated th
spectrum of emitted photons to that of a blackbody cha
acterized by the temperatureT . Table II shows the total
net energy availabledE, the characteristic strangelet tem
perature, and the expected number of photons released

A strange matter signal would present high multiplic
ity and high energy deposition in the detectors. We us
four parameters to select candidate events: the Ge
tector multiplicity (NGE), the BGO detector multiplicity
(NBGO), the total energy deposited in all Ge detecto
sSEGEd, and the total energy deposited in all BGO de
tectorssSEBGOd. All of these quantities depend on the
total energy released in the interaction and on the indiv
ual energy of the photons released. Thus, for the sa
beam impinging onto a strangelet, they are functions
the baryon number of the strangelet and the total ene
availablesdEd. Figure 1 shows the comparison betwee

TABLE II. Characteristic signal expected from interactions o
136Xe and strangelets of different masses.dE is the energy
released in the form of photons,T is the characteristic tempera-
ture of the photon spectrum, andNg is the expected number of
emitted photons per strange matter event.

A dE T
(amu) (GeV) (keV) Ng

2 3 103 0.11 1855.3 61
5 3 103 0.72 2961.3 144
1 3 104 0.92 2370.0 391
1 3 105 1.11 820.0 1353
1 3 106 1.13 261.5 4314
1 3 107 1.13 82.7 13 653
1 3 108 1.13 26.2 43 178
2417
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FIG. 1. Comparison between the measured distribution
NGE and SEGE and the expected distributions for strang
matter events. The simulated values (hatched) shown h
were obtained for 100 interactions of136Xe and 104 amu
mass strangelets. The experimental distributions are from
bombardment of the lunar soil sample. The section criterio
used is NGE. 15 and NBGO. 15.

the experimental distribution of NGE andSEGE, and
their distributions predicted by Monte Carlo calculations
The experimental distributions are from the bombardme
of the lunar soil sample.

The distributions of NGE, NBGO,SEGE, andSEBGO
used in the analysis were obtained by the generation
100 events for strangelet masses ranging from 2000
108 amu. These distributions are Gaussian, and the ev
selection criterion was to accept events if the experimen
values of NGE, NBGO,SEGE, andSEBGO were within
two standard deviations from the fitted Monte Carl
predictions. No events in the data satisfy this criterio
thus enabling us to set upper limits on the concentrati
of strangelets in our samples.

Experimental events with relatively high multiplicity
and energy deposition were due to cosmic-ray bac
ground. They are also present, with the same rate,
background data. For example, the event rate in the ba
ground forSEGE . 150 MeV is 4.2 per hour.

We tested the efficiency for the retrieval of high
multiplicity events from the data using simulated even
randomly inserted in the data set. The retrieval efficien
of these events, using the event selection described abo
is 100%. Pulsar data was also taken and analyzed
different frequencies and amplitudes in order to verify th
readout of high multiplicity events.

The concentrationsnd of the strangelet in our samples is
given by

n ­
N

srbeamp
, (1)

whereN is the number of events observed,s ­ s0A2y3 is
the cross section for the interaction,rbeam is the range of
the beam particles in the samples, andp is the number of
particles impinging the sample.s is a purely geometric
quantity, ands0 ­ 3.04 3 10226 cm2 was obtained as-
suming a baryon number density of0.25 fm23 [4,20].
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We plot in Fig. 2 our results for the three studied
samples, assuming an upper limit of 1 forN. For
comparison, the results by Brügger and collaborato
[13] have been included in the plot. If strangelets in
deed behave as described by Farhi and Jaffe [17], th
our experiment has certainly improved, by 3 orders o
magnitude, Brügger’s limit for strangelets with masse
between2000 and A ­ 107. We also set a limit for
strangelets with masses up toA ­ 108, a range inac-
cessible to Brügger’s experiment. The sensitivity o
our experiment to high mass strangelets was determin
by the sensitivity of GAMMASPHERE to low energy
photons. ForA ­ 108, the average energy of emitted
photons in a strange matter event is 26 keV. Below
this energy, the efficiency of the array, and hence i
sensitivity, is very small.

Our experiment was mostly sensitive to light strangele
sA , 109d which, if present as cosmic rays, would have
been absorbed into the Earth’s atmosphere. Since t
Moon has no atmosphere, and its surface has been expo
for millions of years, the upper limit of the concentration o
strange matter in the lunar soil can be used to deduce a lim
for the flux of impinging strangelets. The lunar sample wa
collected from the top 0.5 to 1 cm surface, at the base
the Sculptured Hills, Station 8 [28]. Details of this sample
can be found in [31,32]. The presence of high cosmic ra
track densities in the sample suggests that the integra
lunar surface exposure age is about 100 My [33]. Usin
the range of strange matter in normal matter suggested
De Rújula and Glashow [3], our concentration limits, an
the integrated lunar surface exposure age, we have dedu
a limit on the flux of strangelets on the surface of the Moon
Figure 3 shows our results as a function of the strange
mass. For comparison, we plotted the limits obtained b
Shirk and Price [34].

FIG. 2. Experimental limit on the concentration of strangelet
in our samples. The limits are based on the number of even
that survived the cuts described in the text (i.e., have NGE
NBGO, SEGE, and SEBGO within 2 standard deviations
from the expected values). The results from Brügger [13
and collaborators obtained with an iron meteorite have bee
plotted for comparison.NstrangeyNnucleons is the concentration
of strangelets per nucleons contained in the sample.
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FIG. 3. Limits on the flux of strangelets impinging on
the lunar surface obtained in this experiment. The resu
from Shirk and Price [34] were also plotted for comparison
Maximum cosmic flux refers to the cosmic flux of strangelet
assuming that all of the dark matter in the Universe is compos
of strangelets.

Based on the limit on the flux of strangelets in cosm
rays, we deduced an upper limit for the mass dens
of strangelets in the Galaxy. Assuming that strangele
have a typical galactic velocity of3 3 107 cmys, the
upper limit for their mass density will range from
3 3 10237 gycm3 for A ­ 5000 strangelets, to2 3

10231 gycm3 for A ­ 108 strangelets. These values
should be compared with the upper bound estimate
10229 gycm3 deduced by Glendenning [8] and base
on the collapse of binary compact stars. Even thou
our upper limits are 2 to 8 orders of magnitude lowe
than the previous estimated values, many quantities ha
large uncertainties. The fraction of pulsars that occur
binary compact systems and the fraction of mass ejec
in binary star collisions, for example, are subjects o
current study. Consequently our results do not rule o
the existence of strange matter in the Universe.
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