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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

Suggestions of various forms of tightly bound strongly- The properties of stable strange matter were evaluated
interacting matter have been made in the past [1]. Strandey Farhi and Jaffe [17]. Berger and Jaffe [18] developed
matter, aggregates of up, down, and strange quarks areaamass formula for strangelets and studied their possible
possible form of these systems. If strange matter existdecay modes and stable configurations. Takahashi and
and is absolutely stable, it would be the true groundBoyd [19] extended this model. Stable strange matter has
state of the strong interaction. Witten [2] suggested thapositive charge, but lower than ordinary matter of the same
particles of stable strange matter, also called strangeletmass. Consequently, it presents a lower Coulomb barrier
would contribute significantly to dark matter. De Rujulathan ordinary nuclear matter. This property led Farhi
and Glashow [3] discussed different methods to detecand Jaffe [20] to propose a method to search for strange
strangelets in the Earth and in space-based experimentsatter by heavy ion activation. In such an experiment,
Later, Alcock and Farhi [4] placed severe restrictions onwhen normal matter penetrates the Coulomb barrier of a
scenarios for strange matter survival in the hot temperastrangelet, the quarks will “dissolve” and release energy
tures of the early Universe. Nevertheless, there is ninside the strangelet. The energy added to the system is
evidence against the stability of strange matter andgiven by AE = IAg + K, wherel is the extra binding
although not produced cosmologically, it could be presenenergy per nucleon of stange matter relative to that of
in today’s Universe. normal matterAp is the mass of the beam nucleus, and

A favorable astrophysical environment for the forma-K is the kinetic energy of the beam could be as large
tion of strange matter would be inside neutron stars [5,6]as 5 to 20 MeV [21], meaning that energies of the order
In fact, if strange matter is stable, all neutron stars wouldf GeV’s can be released in the interaction. Depending
be “strange stars” [7]. The decay of the orbits of bi-on the masses of the strangelet and projectile, some of
nary pairs of such compact stars lead to their collisionthis energy(Ey,) will be used by the system to regain
allowing for a fraction of their material to be ejected into flavor equilibrium via weak decays [18]. The remaining
the galaxy [8,9]. Experimental searches for strange matavailable energy will be released in the form of photons.
ter have been performed using a variety of techniquesThe time scale for these two types of deexcitation could be
each sensitive to a different mass range. Searches wevery different, although we expect the photon deexcitation
performed in cosmic ray experiments, where strangeletto be prompt and the weak decays to occur within the time
would show anomalous energy losses in matter [L0—12}cale of weak interactions. We assumed that none of the
Experimental limits on the concentration of strange matenergy released in weak decays contributed to our signal.
ter in normal matter, in thet00 < A < 10’ amu mass The argument against the emission of nucleons from
range, are due to Briigger and collaborators [13]. Accelexcited strangelets can be understood as follows: Particle
erator mass spectrometry is the most sensitive techniguemission would require the deconfined quarks inside the
to search for low mass strangeléis < 300). The pro- strangelet to gain the configuration of a particle, say,
duction of low mass strangelets would be evidence of neutron. This would imply an unlikely high local
the quark and gluon plasma [15]. More speculatively,concentration of energy and, as shown in [18], is a
strangelets could be “grown” by neutron absorption anchegligible decay mode for strangelets with> 2000.
be used as an energy source, since strange matter absoRisn emission would require a very energetic quark
normal matter exothermically [16]. near the boundary of the strangelet [22]. Subthreshold
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pion production and preequilibrium nucleon emission, asTABLE I.  Summary of data used in the analysis. THXe
observed in heavy ion collisions, have very low crosscharge state in all irradiations wa". (A) represents the
sections and are negligible for low energy projectiles?verage beam current during irradiation

[23,24]. Time (A)

The excited strangelet is modeled by a Fermi gas(h) (nA) Target
with a uniform temperatur@ = [QudE)/(7*A)]V2. T 40 250 Allende met
characterizes the spectrum of emitted photons. In this g5 4 250 Niore
equation,A is the baryon number of the strangelgat,is 15.1 0 BKG
the quark chemical potentig ~ 300 MeV), andSE = 13.2 220 Lunar soil
AE — Ey, where AE and E), have been previously 16.3 0 BKG

defined. According to [20], strangelets are not opaque to
photons of these characteristic energies, implying that the
spectrum of emitted photons will be similar, but not equal,percharge(Y) of the stable strangelet configuration. If
to that of a cooling blackbody. Depending on its mass, thehe strangelet is large, the addition of'#¥Xe nucleus
excited strangelet will radiate many low energy photonsshould not change its equilibrium flavor. Thus, we as-
indicating that such an experiment requires a detector witsumed|Z), — Z,,| < 54 and|Y), — Y| < 136, where
a large solid angle, high granularity, and sensitivity to aZ,, is the charge and,, is the hypercharge of the stable
broad energy range. strangelet before the addition of #Xe nucleus, and/,

We used the GAMMASPHERE [25] detector array tois the charge and’}, is the hypercharge of the stable
perform this search. It is composed of 110 elementstrangelet withA’ = A + 136. This approximation is
of high-purity germanium (Ge) detector surrounded byvalid for strangelets with masses = 2000 amu. (Ac-
bismuth germanite (BGO) crystals. THer solid angle cording to Ref. [18],Z,, = 105 for a strangelet of mass
coverage is shared by the Ge detect®%) and the BGO 2000, andZ!, = 110 for a strangelet of mass 2136. These
crystals §5%). The Ge detectors are sensitive to a widevalues were obtained assuming 150 MeV for the mass of
range of energies, from 20 keV to 20 MeV. The totalthe strange quark, and 300 MeV for the up-quark chemi-
Ge detector’s efficiency at 20 keV is approximat8l.  cal potentialwy.) For the simulation we approximated the
The BGO crystals cover the energy range from 20 keVspectrum of emitted photons to that of a blackbody char-
to 10 MeV. Our sensitivity to photons of about 20 keV acterized by the temperatufe Table Il shows the total
would be enhanced in a strange matter interaction byet energy availablé E, the characteristic strangelet tem-
pileup, induced by the high multiplicity of low energy perature, and the expected number of photons released.
photons within thel us electronic time window. A strange matter signal would present high multiplic-

We performed our experiment at the 88-inch Cyclotron,ity and high energy deposition in the detectors. We used
using '*%Xe projectiles at 450 MeV, below the Coulomb four parameters to select candidate events: the Ge de-
barrier for all normal matter. The beam of 250 nA wastector multiplicity (NGE), the BGO detector multiplicity
delivered in the charge staf®*. Three samples were (NBGO), the total energy deposited in all Ge detectors
examined: nickel ore, obtained 2070 m underground [26](2XEGE), and the total energy deposited in all BGO de-
the Allende meteorite [27], and lunar soil collected by thetectors(3EBGO). All of these quantities depend on the
Apollo-17 mission [28]. The lunar soil sample is com- total energy released in the interaction and on the individ-
posed of very fine grains. 200 mg of this soil was com-ual energy of the photons released. Thus, for the same
pressed into an aluminum cup to produce a suitable targebeam impinging onto a strangelet, they are functions of
The beam current could not be monitored continuouslythe baryon number of the strangelet and the total energy
because the beam was stopped in the thick insulating taavailable(§E). Figure 1 shows the comparison between
gets. However, periodic measurements of its current, per-
formed upstream during the irradiation time, confirmed itSTABLE 1l. Characteristic signal expected from interactions of
stability. The range of the beam in the samples was calcu=*Xe and strangelets of different masse8E is the energy
lated using the coderiM [29]. Since the composition of released in the form of photon$, is the characteristic tempera-

- o . ture of the photon spectrum, amd, is the expected number of

all of the samples was very similar, Si®eing th_e Main  emitted photons per strange matter event.
component, the calculated ranges of the beam in these tat=

gets are all of about6 um. Table | summarizes the data 4 OF T
used to obtain our results. (amu) (Gev) (keV) Ny
Our sensitivity was evaluated by a Monte Carlo method x 103 0.11 1855.3 61
using GEANT 3.21 [30]. The response of GAMMAS- 5 X 10° 0.72 2961.3 144
PHERE to a strange matter signal was evaluated fer 1 X 10 0.92 2370.0 391
5 MeV. In this case, if the interacting beam i¥Xe, 1 X 10° 111 820.0 1353
then AE = 1.13 GeV. E, was evaluated as a func- ! i :8: iig zgg-s 1;2%;1
tion of the strangelet mass through the mass formul X 10° 113 26.2 13178

derived in [18]. E) depends on the chard&) and hy-
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We plot in Fig. 2 our results for the three studied
samples, assuming an upper limit of 1 faf. For
comparison, the results by Brigger and collaborators
[13] have been included in the plot. If strangelets in-
deed behave as described by Farhi and Jaffe [17], then
our experiment has certainly improved, by 3 orders of
magnitude, Briigger’s limit for strangelets with masses
between2000 and A = 10’. We also set a limit for
strangelets with masses up #= 10%, a range inac-
1k | | cessible to Briugger's experiment. The sensitivity of

T T T T T T our experiment to high mass strangelets was determined

NGE T EGE (MeV) by the sensitivity of GAMMASPHERE to low energy
FIG. 1. Comparison between the measured distribution ofhotons. ForA = 10% the average energy of emitted
NGE and SEGE and the expected distributions for strangephotons in a strange matter event is 26 keV. Below
matter events. The simulated values (hatched) shown henis energy, the efficiency of the array, and hence its
were obtained for 100 interactions df®Xe and 10* amu sensitivity, is very small.

mass strangelets. The experimental distributions are from the . . .
bombardme?nt of the Iunarpsoil sample. The section criterion Our e;(perlr_nent_was mostly sensm\_/e to light strangelets
used is NGE> 15 and NBGO> 15. (A < 10”) which, if present as cosmic rays, would have
been absorbed into the Earth’s atmosphere. Since the
Moon has no atmosphere, and its surface has been exposed
the experimental distribution of NGE anMEGE, and  for millions of years, the upper limit of the concentration of
their distributions predicted by Monte Carlo calculations.strange matter in the lunar soil can be used to deduce a limit
The experimental distributions are from the bombardmentor the flux of impinging strangelets. The lunar sample was
of the lunar soil sample. collected from the top 0.5 to 1 cm surface, at the base of
The distributions of NGE, NBGGLEGE, andXEBGO  the Sculptured Hills, Station 8 [28]. Details of this sample
used in the analysis were obtained by the generation afan be found in [31,32]. The presence of high cosmic ray
100 events for strangelet masses ranging from 2000 tgack densities in the sample suggests that the integrated
108 amu. These distributions are Gaussian, and the eveninar surface exposure age is about 100 My [33]. Using
selection criterion was to accept events if the experimentahe range of strange matter in normal matter suggested by
values of NGE, NBGOXEGE, andXEBGO were within  pe Rujula and Glashow [3], our concentration limits, and
two standard deviations from the fitted Monte Carlothe integrated lunar surface exposure age, we have deduced
predictions. No events in the data satisfy this criterion limit on the flux of strangelets on the surface of the Moon.
thus enabling us to set upper limits on the concentratiofFigure 3 shows our results as a function of the strangelet

of strangelets in our samples. mass. For comparison, we plotted the limits obtained by
Experimental events with relatively high multiplicity Shirk and Price [34].

and energy deposition were due to cosmic-ray back-

ground. They are also present, with the same rate, in

background data. For example, the event rate in the backz '° ¢

ground forXEGE > 150 MeV is 4.2 per hour. St Sudbury Ore
We tested the efficiency for the retrieval of high £ .wof o [hlende Meteorite

multiplicity events from the data using simulated eventss _ .t

randomly inserted in the data set. The retrieval efficiency“g10 3

of these events, using the event selection described abov§,® s

is 100%. Pulsar data was also taken and analyzed af "L

different frequencies and amplitudes in order to verify the 10‘”2

counts
counts

102

N(nucleol

—1of
0 &

Brugger et al.

readout of high multiplicity events. I
The concentratiofn) of the strangelet in our samples is _m;
given by 0 E
N 107 Ll T
n=-——, (l) 10 10 0 10 10 0 Strcn;eolet Mossﬂzomu)
O I'beam P

) ) FIG. 2. Experimental limit on the concentration of strangelets
whereN is the number of events observed = ¢oA?3is  in our samples. The limits are based on the number of events
the cross section for the interaction., is the range of that survived the cuts descrlbeq in the text (i.e., ha\_/e_ NGE,
the beam particles in the samples aﬂdi the number of NBGO, SEGE, and SEBGO within 2 standard deviations

ticles impinging th | . | tri from the expected values). The results from Briigger [13]
particles impinging the sampléo IS a purely geometric - 54 collaporators obtained with an iron meteorite have been

quantity, andog = 3.04 X 1072 cn?* was obtained as- plotted for comparison. Nyyunge /Naucicons IS the concentration
suming a baryon number density @25 fm—3 [4,20]. of strangelets per nucleons contained in the sample.
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