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Introduction

This thesis is mainly about

1. the search for Intermediate Mass Magnetic Monopdes with the SLIM exper-
iment at the Chacaltaya High Altitude Laboratory (5230 m |, Balivia) and

2. the measurement of the elemental alindance of the primary cosmic ravs with

the CATE experiment on boord of a stratospheric balloon.,

Bokh experiments were basad on the use of plastic Muclear Track Detectars (IMMTDs),
mainly the CRIY. NTDs can reccord the passage of ionizing particles: b using some
chemical reagents such passage can be make visible at optical microscopes.

In the first chapter I boety discuss our present knowled ge of the priman: cosmic
ray charge spectrum and its implications on the understanding on their crigin,
aocelersbion and propagstion to the Earkh.

In the second chapter 1 examine the characteristics of the different massiwe
particles of possible cosmological cngin, proposed o5 dark matter candidates, and
which can be searched for in the cosmic radiation impinging on the Earth.

I will then briely present the principle of Sclid State Muclear Track detecticon
describing the mechanism of track formation and gecmetryv and the sstem for the
data collection.

Chapters 4 and 5 are dedicated to the analvsis of the data of the SLIM experi-
ment and to the work I have done for the stud v of the background induced by the
neutron Hux of the expenmental site through Monte Carlo sitmilations. The oode
I havre developed is described in detail and compared to one of the few existing for
such purposs.

Finallv 1 present the results obtained by the CAWE experiment and in partic-
ular the computations tocls 1 have implementad for increasing the efhiciency of the
automatic track recognition and messurements






Chapter 1

Cosmic Rays

1.1 Introduction

Cosmic rms (CHs) arriving on Earth can give information about different tyvpes of
processes that happen in the Universe. B studying their composition and energv
spectrum, infor mation about their origin and propagation can be obbained. Cosmic
radiation was discovered by V. Hess in 1912 studving the ionisation rabe of gnses
ocontained in closed vessels: with a balloon experiment he observed that the ioni-
sation mate was several times the cne measured at the sea level, and in 1927 this
ionisation was attributed to the presence of a penetrating radiation of extraterres-
trial cogn. In the same vear it wms also discovered the terrestrial gecmagnetic
effect, a5 a consequence of the fact that the ionisation produced by CHs depends
on the latitude, and it was 5o established that CHs are electrically charged.

Primary CRs are 92% protons, 67 helium nuclei and 1% heavy nuclei. Electrons
are present at the level of 1%, gamma s ab the level of 0.1%, other fypes of
particles are present in small percentnges, e g positrons and anti-protons at the
level of 10—+ [1]. The “all particle" energy spectrum of CHs (Agure 1.1}, shows that
the Hux of particles decrease rapidly with incressing energy: the spectrum ocovers
many crders of magnitude. At low energies (< 1Gel’) the spectrum is composed of
CHs of solar origin, ssscoated to viclent processes in the Sun.

The total ensrgy density of CRs with £ > 1 Gel’ is roughly 1 Mel’/m” dom-
inated by the low energies. Prmary CRs interact in the atmeosphere at ~~ X km
of altitude, generating secondaries cosmic mys e g et and l.'.f': (bath discovered in
1937 by Andescon), mesons 7, 7% (disooverad in 1947 by Powell ).
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Figure 1.1: “All particle” ensrgy spectrum of coemic rays. The ensrgy range
covers more than 10 orders of magnitude, and the flux decresses rapidly (some
fluxe valus are indicabed).
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1.2 Energyv Spectrum of CRs

Several features havwe been identified or proposed for this spectrum. The first of
these fentures is a softening of the spectrum of an ensrgy of about 3« 101° &V
where the Hux bends doun (the knee). When later on, ancther downburn at higher
energy (L = 10 &V was ohsarred | it wos naturally called the second imee This
point is the lower end of the energy mange of the so callad Ultrs High Energw
Cosmic Bays (UHECR). About one order of magnitude higher at -+ 10%% &V the
spectrum becomes less steep for at least tvwo decades of energy. This is called the
ankle, bacause the bending is in the opposite sense than the one seen at the knee.
Finally at about & =« 10 &V a cuboff (Greisen 1968, Datsepin £ Kuz’min 1966) is
encpected, due to energy losses of CH by photopion produchion of protons on the
ocemic microwmve background radiation [4].

The spectrum is described by a power law I E) = kE", whith a spectral index
7 = — 27 up to the knee (rv 310" &V}, then up to the ankle (~ 101 &V}
& = —=3.0. At higher energies v~ = —-2.7.

Figure 1.2 shows the differential “all particle” CR spectrum multiplied b E&7
In the figure are also shown the energies of different accelerators: LHOC will reach

an energy ~ 10% V.
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Figure 1.2: Summary of experimental messurements of the high energy cosmic
ray spectrum [§].

The enetgy spectra for individual elements are cbbained directly with sabellite
and balloon-born experdments at the top of the atmesphere up to energies of sevaral
10% &V, as the balloon experiment JACEEE (infigure 1.2). At higher ensrgies large
detection arens and long exposure times are required; the measurements of thess
enargies come from ground based experiments, as WASCADE [8] (fgure 1.2). At
ultra high energy ~+ 10% &V and larger, experiments detect extensive air showers
(EAS) generated by interactions of UHECHK with nuclei in the atmeosphere. Recent
results from AGASA, Fly's Exe, HiRes (1 & I1) and Auger seem to confirm the
existence of the GIIL cutcff at v 10P" &V [4].

1.3 Composition of Cosmic Ray nuclei

The relative asbundances of cosmic rovs are comparad with abundances of elements
in the sclar svstem in figure 1.3. The svmbols in the figure have the following
meanings: solid circles represent the cosmic rav abundances, while the white bones
represent the Sclar system abundances relative to Silicon (2 = 14). Beth sclar
svetem and cosmic rav abundances show the “odd-even” effect, even Z nuclel be-
ing more abundant. There are, howevar, to apparent differences betwean the two
oompos ions.

Fimst, nuclel whith Z = 1 are much more abundant relatiw to protons in cosmic
rovs that they are in solar syvstem materials. This is not clearly understood. Ik
maw be that hydrogen is relatively hard to ionize in the injection and accelerabion
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proocess, or it could reHect a genuine difference in composition at the source.
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Figure 1.3: The Coemic Kay slemental abundances measured at Earth (Tepre-
semtad with back dots), compared to the Sclar system abundances (representsd
withwhite boxes |, all relative to Silicon.

The second difference is better undemstood and it is an inportant tool for un-
derstanding propagation and confinement of ccemic rans in the Galasoy, The teeo
groups of elements Li, Be, B and 5o, Ti, V, Cr are many orders of magnitude more
abundant in the cosmic radiation than in solar svstem moterials. These elements
are esentially absent = end products of stellar nuclecsvnthesis. Thev are nev-
ertheless present in the coemic radiastion as mspallation products of the abundant
nuclei of carbon and coovgen (Li, Be, B) and of iton (3¢, Ti, V, Cr, Mn). They
are produced by collisions of cosmic rayvs in the intestellar medium (ISL). From a
leneewledge of the cross sections for spallafion, one can indirectly infer the amount
of matber travemsed by cosmic ravs between produckion and chservation. For the
bulls of the cosmic ravs the mean amount of matter traversed is of crder X = 5510
g/om®. The density gy in the disk of the galaor is of order one proton per em®, so
this thickness of material correspond to adistance of I = X/ (mpx ) =3 « 10 cm
1000 kpe. (Since the Cosmic Rays may spend some time in the diffuse galactic
halo, this is o lower limit to the distance trawelled ). In anv case, [ == d rd0.1 kpe,
where d is the half-thickness of the disk of the galaoor This implies that cosmic rav
confinement is a diffusive process in which the particle mattle arcund for a long time
before escaping into intergalactic space [5).



1.3 Composition of Cosmic Ray nuclei

1.3.1 Stellar Nucleosynthesis

The brghtest stars are the most interesting for nuclecsvnthesis. In ewlutionary
models for some star evolution, a convective core 1s present in their central regions.
The msss of the core is dominated by the products of the nuclear reactions. The
most efficient nuclear process for Sun-lilke stars is the hydrogen burning p-p cycle,
where Helium is produced according to the following chain

p+p—d+et +v, d+p—*He+, ‘He+*He —* He + p (1.1}

Reactions 1.1, may be thought of as the weak decoy of the proton in a fheld of a
second proton: the nuclear inberaction sets a particular energyr binding that males
this possible.

The internal temperature of Stars which are more massive than the Sun, can
such be higher to initiate the CIMO (Carbon, Mitrogen and Oxygen) cyele. High
temperature means greather kinestic energies to the ionized particles present in the
core of the Stars. Thus, the Coulombian potential barrier of nuclei can be brolen
more easily, and the nuclear fussion becomes more efficient for heavier elements.

The CHMO ovele includes the following reactions:

BOotpT N4q, BN B C+et+v, PCH+p—=*N4q, (12
BN pp =04y BOSBN et b, N 4p =T 040,
BN 4p =044

Carbon and nitrogen isctopes act as catalvsts, and tend towards o stead v-stable
abundance patbern, which is callad the egudibrium CNO abundance [14]. The energy
production rate e, for the CIMO cycle has the form € T7) rv T# [12]. Both the pp-cycle
and CHO-ovele determine the socalled H-burning phass.

In werv massive stars, additional processes can cocur leading to the production
of heovier nuclei. Because of the hyvdrostatic inequilibrium, the core of a massiwe
star becomes smaller until the temperature is high encugh that the He-burning
phase can tale place and reackions with heavier elements can now oocur.

The chemical compesition of the nuclear reachion preducts depends significantly
on the ratic 2/ of the number of probons to that of neutrons in one nucleus. For
light nueclei with Z=28, the highest stability is generally reached bv the so-called a
isobope (when the number of protons and neutrons are equal). It means that the
abundances of the vields will be the highest for nuclel with T: r 1 (Rgure 1.5). Also
because of the binding energies, nuclei with even atomic number are most stable,
and their abundance are higher with mespect to those with odd atomic number.
The even-odd effect is a gensral one, which cocurs, nght for the same renson, to
heavier nuclei. Generally it is assumed that the even to odd nuclei ratic is abouk
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Figure 1l.4: Shell structure of a star, containing a central micleus of heavy ele-
ments, and lighter elements in the outer layers.

1+ At the final stages of the evolution of massive stars, an “onion” structure is
expected: a central nucleus of heavy elements (Fe, ...} and external lovers of Silicon,
Carbon, Oxygen, Helium and Hiydrogen, as scletched in igure 1.4, The formation
of elements hesrier than iron is discussed in the next section.
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Figure 1.5: Abundance features of elements produced in the star nuclesosynthesis.
The solid squares are data from the 1989 compilation of Anders and Grevesss,
while the open squares are due to Cameron [14]. The stable group of slements
called the a-nuclei are indicated , as the sharp peak of iron. Some elements formed
by the two different neutron capture procsss (1-process and s-process) are also
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1.3.2 Neutron Capture Process

Muclear fusion is efficient up to the production of ™ Fe nuclei, since it has the highest
binding energy in nature, and the envircmental conditions of any star is capable to
induce the breaking of its Coulombian barrder. The preduction of elements whith
A=56 15 due to the so-called neutron capture. When a neutron is captured by a
nucleus (of mas number A and charge I), different isctopes can result from the
reaction depending on the iscbope.

Ifthe neutron has encugh time to decay, the process is called s-process, otherwiss

it is called r-process. In both processes when a neutron is captured by a nucleus
with A nuclecns and charge Z the following reackion ooours

n4 (4, 2V = (A4 4+1 I+ (1.3}

If the modified isctope is close to the O-decay stability line, one more neutron can
decav increasing the dharge of the coginal nucleus

A4+1,2) = (d+1, 2 +11 4+ +7 (1.4}

The mmin difference between 5 and -processes is the mean time w, spent to cap-
ture one neutron with respect bo the 3-decaving fime v of the formed adicackiw
nucleus. If 7, > 75 5-process oocurs, generating the so-called s nuclei, whereas r
nuclel are produced it 7, = 74, in -processes.

The s-process imposes certain features on the spechrum of hearr elements abun-
dances. For neutron numbers [T = 28, 50, 32, 126, neutron capture cross-section is
much smaller than for neighboring nuclei. That means that when “magic numbers"
are reached |, it become significatly less likely for nuclei to capture more neutrons.
These numbers are quantum mechanical effect of closed shells. 3decay half-lives
tar from the line of stabilitr are of the arder of seconds, so the r-process must be
very rapid.

1.4 Injection of Cosmic Rays into the ISM

I the mtic of the Galactic Cocemic Ravs GCURs to the solar svstem abundance
is plotted versus the first ionization potential (FIP) of each element !, a definite
pattern (so-called FIP effect), is evident, as shown in figure 1.6, In the plot there
is a large group of low-FIP elements abhout 30 fimes more abundant, relative to H.
At o FIP of the order 10 @V there is a mther sharp change; at larger FIP the mtic
is about 3.

1The fitzt ionization potential measures how sasy it is bo remore one elobton from the cub-most
ek cbron shell n the ground shats of a neuitral atom.
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Figure 1.8: The TTES to Solar relative abundance ratice plotted vs. first ion-
ization potential (FIF) Abundances are normalized to Hydrogen. Solid squares
dencte those dements which can be used to distin guish bebwesn FIF and volatility.

There exists a relaticnship betveen the FIP of the waricus elements and their
“wolabilit”, which is messured bw the condensafion temperature”. Low-FIP ( “re-
fractive" ) elements are much more abundant than wolatile (high FIF) cnes. A few
alements do not follow the correlation FIF volatility, in principle, allow adistinction
to be made betwean o FIP aeffect and a volatility effect in the GCORS composition.

An important question to answer is wether (or not) the CHs hawe the most
powerful acceleration not too far from their injections. The messurement of the
isctopic composition of some TR elements can help to provide information about the
elapsing time betwesn injection and accelermtion. If the abundances of radicackive
to stable elements ratio is small, one can stabe that the ariginal radicactive particle
spent enciugh time sfter the injection in the scoeleraticn phose so to decayv inbo a
stable daughter. If the mmdicactive to stable mbic leeps more or less consbant with
respect to what it is believed the crnginal element fractional in sources, it can be
saidthat the mdicackiw parbicles are efficiently accelermted in the neighborhood of
their injection sites {ie. before they have time to decay), boosting their lifetime
encigh o arrive in the vicinity of Earth. The actinides o5 well as some for Sdecar
isctopes (*"Fe, PO, AL F 01, ™ M n) could give important information concerning

?The condensation tempetatiire iz the tempetatiure at which 80% of the dominant solid com-
poimnd fommed by each element has condemmed ot of the gas phas=.
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the elnsing time, other than serve for coamputing the duration of the propogation of
ZHs in the galanoe

1.5 Propagation Models

The high isctropy and the relabively large number of secondary nuclei present in
CHhs indicate effective miving and long travel time for high-energy parbicles in the
galooor, Semi-empincal models are used to explain the nature of the propagstion:
the most commen frameworl 15 the so-called diffusion medel.

Leaky box model for our galaxy

The “lealy box" model (Cowsik et al, 1968; Gloeckler and Jd:ipii 1969), can
be considerated as a simplified version of the diffusion model [2]. It describes an
equilibrium model, in which the CH sources, and the primary and secondary CHR
particles are homeogeneusly distributed in a confident volume (the box, 1e  the
Galav) and constant in ime with no gradient of CR density into any direction.
Thus the transport of CHs is not controlled b a real diffusion, but by a hypothetic
lealnge process at the imaginan: boundaries of the bore. Their power and space-time
distribution is described by the functions

SN, N

5+ T + a%(b,-.‘ij'- + fine, IV, 4 %1 =3 + Z fver;; V; + Z _l}"t} (1.5)
joi

where the subscript 1 charactenses the tyvpe of nucleon. € is the enargy per nucleon,
v is the velocity of the nucleus: o; is the inelastic scatbering cross secticn of a nucleus
of type t on nuclei of the ISM: o;; is the production cross section of nuclei @ from
heovier nuclel 7: 7; is the lifetime of a nucleus of trpe ¢ with respect to mdicackiw
decay;: Ti-g, 15 a pammeter with dimensions of time which characterises the escape
trom the galaxy, and several quantities are sveraged cver the volume of the galasoy,
lile the power of the sources §;, the density of the ISM 7, and the rate of loss
of enargy 5. The density of CR in the lealo~bex model doss not depend on the
ooordinates. So the lealo-box model can be obbained as o limiting case of the
diffusion model, provided that there is a little lealnge of particles from the srstem
and strong reflection of the particles at the boundaries of the galasy: [16].

1.6 Geomagnetic Cut-off

The terrestrial magnetic field acts like a barrier o the sclar wind., At a disbance
ro15 Earth radii from the Earth, a shock wave is present due to a the intermction be-
tween the terrestrial, and the solar magnetic field; it acts as a natural spectrometer,
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which deviates in the baclorard direction particles sccording to their rigiditv. The
rigidity is the p/Zess, where Z.¢¢ is the effective charge of an incompletely ionized
ion, and p is the particle momentum. Particles with high rigidity have larger radius
of curmture in o magnetic field, thus thev can escape more ensily; the geomag-
netic cub-off is the minimum rigidity for a particle in crder to penetrate the Earth
magnetosphere (geomagnetic cut-off )[17].

Using the dipolar approscimation for the terrestrial magnetic field, the geomag-
netic cub-off for positively charged particles is give ba

G0(1— \,.-"1—1:'-:51 cost a

= (cos v cosa P

where, v is the madial distance from the center of the dipole, measured in earth
tadii, A is5 the latitude in dipole coordinabe sysbem, and a is the angle betwean the
trajectony of the particle with respect to the mognetic west. Figure 1.7 shows the
world map of the geomagnetic cut-off [13].

Lal-uilz

W w4 L Kl fak I
i Gy
Figure 1.7: World map of the rigidity cut-off valuss in units of GV [18].



Chapter 2

Rare Heavy Particles

2.1 Introduction

Fare exchic massive particles could be present in the Cosmic Radiation (CR).

Lagnetic Moncpeles (MLs) might have been produced in the early Universs at
the phase transitions corresponding to the breaking of GUT group into subgroups,
one of widch is [7{1).

Strange Quark Matter (SOM) “nuggets" may arise from warious scenarics; they
ooiild be formed in highly energetic nuclear collisions associated with the formaticn
of quark-gluon plasma they might be of cosmoogioal ongin, o5 remnants of the
cosmic JCD phase transifion, or could be crginated in collisions of strange stars
[22].

-balls are hypothetical aggregates of supersymmetric particles that can be park
of the CR aniving oo Eadkh.

Several searches for such particles were made, thev still are an item in accelerabor-
produced particles [26], and in astroparticle physics experiments [27]-[29)].

2.2 DMagnetic Monopoles

In field theones charges are related with the coupling constants | and their intensity-
determines the intensity of the coupling (interaction) with the field. The magnetic
monopole 15 an hvpothetical padicle carrier of the magnetic charge as the electon
is the carder of the alectric charge. In electromagnetic interactions, a symmetne
hetween the electric and magnetic field, for the exchangs (E — B & B — —E)
felds exists. In 1931 P.A M. Dirac [30], derived the following relation between the
electic charge ¢ and the magnetic dharge g

equabion , in arder to explain the quantization of the elementary electric charge
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£, he could only find an equation which was quantoizing the product e.g:
eg = nlic, 2 (2.1}

where n is a pesitive integer; From (2.1) the unit magnetic charge g is gp =
fic/2e = 68.5%¢. The infreduction of the mognetic charge would lend to a formal
svmmetnzabion of the Masowell equations, but not numerical by since the unit mag
netic charge is much larger than the unit electie charge.

Schwinger (1969 called dyon the system formed by the pair e, g.

Elactric charge is naturally quantized in Grand Unified Theories (GUT) of the
electromwenl and strong interactions: theyv imply the existence of super heavv Mag
netic Monopele (MM) called GU'T monopeles, with calculable properties. % Hooft
and Pobyalow (1970) have shown that MLs would appear as stable topological
point-like sclutions in the early Universe at the phase transition carresponding to
the breaking of the GUT group into subgroups, one of which is U7({1n [32].

For excample one oould have the fdlowing transitions:

10 Fel” 10% GFel”
SU(5) — SU(S)z = [SU(2)p = U(1)] — SU(3)z = Uldigar
10-*g 1095

(2.2}

The MM mass is related to the mass of the X, Y carriers of the unified inber-
action, myy = my /&, where G is the dimensionless unihed coupling constant at
energies E = my. Fmy = 10" —10" GeVand G =0.025, mar > 10% - 10 GeV.
In the sbandard ccsmdogy the GUT phase tmansition SU(5) — U (1) would
lend to too many poles (the monopole problem ). A rapid expansion of the early
Universe (inflatron) proposed by Alan H. Guth [33] would defer the GUT phase
transition: in the simplest version of inflation the number of generated MLs would
be verv small. Howewer if there was a eheating phase up to large encugh temper-
atures one would have MIMs produced in high energy collisions, like ete— — MM.

The qualitative description of the structure of a GUT ML consists in o wery
small core, an electrowenk region, o confinement region, a fermicn—anti fermion
cond ensabe (which may contain 4—fer mion barnvon—number—viclating terms b for r =
few frin a GUT pole behaves as a point particle generating a field B = g/r* (figure
217 [34].

Direct searches for GUT MIs were pedformed above ground and under ground
using many different tpes of detectors. The highest sensibivity to GUT LiMs
in the CR was reached by the MACRD underground experiment [36]. MMACRO
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Fizure 2.1: Possible structure of a GUT ML, with a core dimention of ~ 10—
em; far v = fm it behaves as a point particls generating & magnstic fidd B = o/+
[34].

performed o search with liquid scintillateors, limited streamer tubes and IMTTDs with
an acceptance r+ 10,000 m?sr for an isctropic Hux of MMs. The 90% CL Hux limits,
established for g = gp, are at the lew]l of 1.4 W em st ar  for 3> 42 107"

[37].
2.3 Intermediate Mass Magnetic Monopoles

IMagnetic monopeles with masses of 10° — 10F GV, (Intermediate Mass Magnetic
Monopoles TMMs), are predicted by thecries with an intermediate mass scale [33].
Thev would appear as topological point defects in the Eady Universe at a laber
times than the GUT phase transition.

It wos suggested that IMIMs could be generated, if the GUT group vields the
U(1) group that describes the electromagnetic interaction in the Standard hedel
in the following two steps [35]

101" Gel” 107 Gel’
SO(10) — SUL) « SU(2) = SUI2Y  —  SUS) = SU(2) = U(1)
103" 10735

(2.3}
A possible structure of the IML is illustrated in igure 2.2. The warious regicns cor-
respond to the intermediate maoss scale core of B ™ lﬂ_z'r:m; the electrcrranl: soale
shell; then the shell containing the condensate fermion-anti fermion pairs, similar
to the GUT case, but which does not contain any term viclating baron number
conservakion; a confinement shell region; and the cutests region, corresponding to
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a the magnetic field of a point Dirac moncpele [34.
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Figure 2.2: Possible structure of an IMM. The inner region (r = 10~"cm)
corresponds to the intermediate mass scales; inside this region one should find
the intermediste mass bosons responsible for the symmetry breaking. The outer
regions are the condensate region, the confinement region, and the magnetic field
of a point Dirae monopols [34].

IMMs moo be accelerated to high + in the galactic magnetic field. The ensrgy
IV acquired in a coherent region of the galactic magnetic fisld F is [39]

W =ngpB =n 20.5 kel Gcm (2.4)

In a ocherent galactic length I =~ 1 kpc, with B =~ 3uG, 17 = 1.8 « 10" GeV. Thus
one may lock far 3 = 0.1 IMDMs [35].

2.4 Strange Quark Matter

Strange Quark Matfer (SQM) which should consist of aggregates of up (u), down
(d) and strange (5) quarls in almest equal proporticns; has been proposed as the
fundamental state of nuclear matber [47)]

In quark matter it can hoppen that quarls u and d, forced to cocupy high
energy states, transform into an 5 quark, by means of the wealk inberaction. The
wenlk interactions cocur until the Fermi energy of all Hovors is the same. At the
density leval of nuclear matter the Fermi energy is v 300 MeV: cbher quarlk Hovors
(e, b, and t) do not appear because their masses are large compared to 300 LeV.
It is possible that SQM with non zerc mass of the quark s (m. =0) has an ensrgy
per baryon smaller that 953 MeV |, and be more stable than nuclear makter [46]. In
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Figure 2.3: Diagram of theenergy levels for ordinary quark matter and for SOLI.
By introducing the s quark the total Fermi ensrgy of the system is decreased [46].

hgure 2.3 1t is sketchad a possible ener gy level dingram compared to crdinary nuclear
matter. SQL should havwe a constant density gy = My /Ty = 3.5 < 10M g em 7,
slightly larger than that of abomic nuclei (10 g em—7), and it should be stable for
all barvon numbers in the range beteesn crdinary heasy nuclei and neutron stars
(A ro 1057 [H]. SQM could have been produced sheoetly after the Big Bang: they
could also appear in viclent astrophysical processes, such a5 neutron star collisions;
and it could be a component of Cold Darle Matber.

In SOLI the number of 5 quarks should be lower than the number of U or d
quarls: globally S0M should havre o relatively small peositive inkeger charged ocore.
The overall neutrality of S0OM is ensured by an electron cloud which surrcunds it,
forming o sort of atam. The number of electrons is given by N, = [Ny — N)/3,
where NV, and NV, are the number of quarlss d | and s respectiwely, assuming Ny = IV,
[49]. A qualitative picture of SQL structure is shown in figure 2.4 [34], where the
full line circle represent the core and the dashed line the cierall size. Electrons
are represented by dots. A clossihention of SO depending on their moss and
bamon number vares depending on the authors. In this thesis S0OM aggregates
are classificated into “nuclearites” and “strangelets". The word “nudearsie” was
introduced to indicate large lumps of SOL which could be present in the CR [47, 48]
Nuclenrifes are neutral objects with some or all the electrons inside the core, see
hgure 2.4 Muclearibe should hore galackic velocities, 5 ro lﬂ_g:, and for masses
larger that 0.1 g could frawerse the Earth [35). Strangelets with masses up to the
multi-TeV region could be iocnized and could be accelerated to relativistic velocibies
by the same astrophysical mechanisms as for ordinary nuclei of the primany Cosmic
Foms [50).
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Figure 2.4: Sketch of the strange quark matter structure: the quark bag core
{radius B~ , indicated with asaolid line) and of the coretelectron system; the black
points are electrons (the border of the core4electron coud for small nuclearits
masses is indicated by dashed lines). A classification for the S0 according to
their mass and radius is shown. In this thesis we indicated asz: Sfrangelefs with
masses < 107 3V, which have electrons cutside the core. Nuclearifes with masses
10% = m = 10Y GV, have some or all the electrons inside the core. Wacroscopic
Nuclearifes with m = 10% GV, have all the slectrons insids the core.

According to the ratic 2/ 4, strangelets can be classified in two frpes; “ordinan”
or “CFL" strangelets. The first type (crdinary) has the following relaticnship be-
tween = and 4 [51]

. m ] -
oY | e P e i
\Teanser)
oS T T L S L (2.5)
150 e

with m, i5 the mass of the strange quark. In figure 2.5 the o relaticns are shown
b blue and black curves.

IMadsen [52] assumed that quarls with different cclor and Havor quantum num-
bers form Cooper pairs inside the SOM, (so-called “cclor Haveor locked” CFL phasa),
increasing the stability of the strangelets, because of the wery large binding ener gy
The charge to mass relation of CFL strangelets mayw be

e o m, 2 =i oo
_._clul:.]EIU:IIIEI::I .-‘J. |:_.EI

where m, 15 the mass of the strange quarl:. Figure 2.5 shows the charge to barion
number function, shown by a red curve.

2.4.1 DModel= of Strangelet Propagation in the Atmosphere

Twoo main scenarics are discussed here, one proposed by G Wilk et al. [56], and the
other proposed by 5. Banerjee et al. [57].
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Figure 2.5: Poszible electric charge number ve. baryon number relation as ax-
plainad in the text. Possible candidates events are also shown, [54].

In [56] it was assumed that in penetrating the atmesphere strangelet™s size and
mass are reduced through sucoessive inberactions with the atomic air nuclei. This
soenario 15 based on the spectator-padticipant picture. Two interaction models are
oonsiderad: quarl-quark (ealled sfanderd), and collective (called fube-lrke ). At each
interaction the strangelet mass is reduced by about the mass of a nitrogen nucleus
(in the standard model), or by mere (in the tubelile medal), while the spectator
quarls form a lighter strangelet that continues its Hight with essentially the same
velocity,

The mean interaction length of astrangelet of mass number A in the atmesphers
= gven b _ A me
Com(112415 g A
where ry is the scaling facter of the strangelet radius B = rpd ™.

A crifical mass is reached arcund 4_; =~ 300 — 400, when neutrons would
start to emporate from strangelsts: for 4 < 300 SOM would became unstable and
decay into normal matter [50]. The mean atmeospheric depth k penstrated by the
strangelet before reaching ibs critical stabiliby mass is given by

]

h :Z’I"J* (2.8)

A it

Lol
N = i‘%’:f:“ is the mean number of interactions. In figure 26 (A) it is shown

the decrense of the strangelet’s size with the atmosphenc depth k, for two different
initial masses: the critical mass walues are indicated by cincles.



20 Rare Heavy Particles

A Ll T T T T F
L)
. L
'-., [l aal ""“Ill
1amy i = J-' .
. =T ; i [
3 I foRuw g
L= [ i r;"
170 i T K il ! 4
5, * = ’ A _—
"y [ N ' | T
* ™ @ wa . ),-" LS
r ™ ™, = a
o i 3 - + =11
“'\.& mu = s -7 _,.-"""ff
- = B E N
i .-"‘"_a'= i 1 1 1 L ;
i ] 400 300 T i
b ledemt] Altitode | < 1]

Figure 2.6: Propagation models; (A) Firgt model:  prediction of the decreass of
the baron number 4 of a strangelet ve. the atmospheric depth A fraversed for
two different initial sizes: A, =1000 and A, =2000 (dotted lines correspond to
A= A_y) [66). (B) Second model Strangelet mass and charge incressing with
decreaging altitude [57].

A second model of propagation of strangelets in the atmosphers, proposed b
[57], assumes that small strangelets arrving at the top of the atmesphere would
pick-up nuclear matter during interactions with air nuclei, accreting neutrons and
protons. After each inberaction, the strangelet mass would incresse by about the
atomic mass of nitrogen, with a corresponding reduction of welocity. This mech-
anism also imply an increass of the electnc dharge of the strangelet, thus an in-
crease of the Coulomb barrier. Figure 2.6 (B) shows the predictied increase of the
strangelet mass, for a given initial mass, with decressing altitude (increasing atme-
spheric depth). In the same picture the increment of the charge is indicated by a

dashed curre.

2.5 Q-balls

J-balls should be aggregates of squarls g, sleptons ! and Higgs fields [59]. The
scalar condensate inside a -ball core has a global barvon number @ (and may be
also alepton number ). We assume that the Q) numbers of quarls and squarlks are
equal to 1/3 (Q; =25 =130 ar /3 (D, = @ =2/3). Protons, neutrons and may
be electrons could be abscrbed in the condensake.

The Q-ball mass M, core size Fj and global quantum number Q are related
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by the following relaticns [62]

+Tf-

Ma = MG = 50240, (Tel WP (Ge 1) (2.9)
1 .

Rg = _1.1'_1i31 14w 107 M Gel )y M Y em) (2.10)
32

where the parameter M, is the energy scale of the SUSY breaking svmmetov
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Figure 2.7: Sketch of the Qball structure: (o) SECS: (b), SEINS. The black
points represent electroms, and the empty dots s-electrons (supersymmetric part-
ner of the electron .

There could exist neutral and charged Q-balls. Supemsvmmetric Electricallyv
Meutral Sclitons (SEIMNS) are generally more massive and may catalyze proton decay
SENS may obtain a positive electrne charge when abscrbing a proton in their intet-
actions with matter vielding SECS (Supersymmetric Elactrically Chearged Solitons),
which have a core electric charge, have generally lower masses and the Coulomb bar-
rier oould prevent the capture of nuclei. SECS have only integer charges becouse
thev are color singlets. In figure 2.7 [34] is shown a sketch of SECS and SEIS.
A SEIMS which enters the Earth atm-:ﬁphere r.:'uuld absorb a nitrogen nucleus and
wiould thus become a SECGS with charge - = 7. Other nuclear abscrptions may be
prevented by Coulomb repulsion. I the ':'_l-]::':n.]l can absab electrons at the same
rate as protons, the positive charge of the absarbed nucleus may be neutralized by
the charge of absorbed electrons. If, instead, the abscrption of electrons is slow or
impossible, the O-ball carries o positive electric charge after the capture of the first
nucleus in the atmoephere.

2.6 Cosmological and Astrophysical Bounds to
Fluxes of Rare Massive Particles

Theories do nok predict the abundances of M=, Bounds have been derived bosed
on astrophisical plus cosmoloeal consideraticons.
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Galactic magnetic helds of rv 3uls, are probably due to the non-uniform rotation
of the galaxy, which generates a field with o time-scale of the order of the rotation
pericd of the galasor ~+ 10° wr. An upper bound to the MMM Hux T is chiained by
requiring that the lkinetic ensrgv gained per unit time by Mds be less than the mag
netic energy in the galasor generated by the dyvnamo effect. The wmlue chinined of
T < 107 ern—" s~ 1sr ~ [64], is callad the “Parker bound”; the bound is indicated b
ared dashed linein figure 2.3, Taldng into acoount the almest chactic nature of the
galactic magnetic held , with domains of ~v 1 kpe, the limit becomes mass dependent
[E5]. An “extended Parker bound” was obtained by requiring survival and growth
of a galactic seed field [66], vislding T < 107"/ 10 Gel) e~ s~ tar—t.

Magnetic monopole, are considered possible components of the galactic oold
dark matter. Assuming a local dark matter energy density of p v 0.3 GeV/cm?
and that MKs, nucleantes and/or Q-balls could be part of it and have fpical
velocities of 3 == 1072, an upper limit on their Hux is cbfained in [67]. By the
same consid erations that can be applied to Muclearites and Q-balls.
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Figure 2.8: PFarker bound cosmological upper bound limit to the BIRT fux.

Uniform: Flux upper limits for nuclearites and for Qrhalls va. their masses,

assuming that they have 7 = 10~ and that each of them saturates the local dark

matter demsity. If the abundance of each of them is 10— of the cold dark matter,

the limits are 10~ smaller [34].

In figure 2.3 the Parker bound and the galactic bound are sheown for MMMs versus
their masses.



Chapter 3

Solid State Nuclear Track

Detectors

Heavily ionizing particles passing through some materials lile mica, glasses, wmrious
mineral crystals and plastics !, produce damaged regions. In crvstlas this consists
of atomic displacements, manifesting themselves as interstitials and wmeancies, and
surrcundad by a region of considerable latbice strain. In plastics the madiation
damage produces changes in the molecular structure, r.e. broken mdecular chain,
tree madicals, ebe. The narrow trails of damage are called “lafent frucks” and hove
tvpical sizes at the crder of v 10 mm. Certain chemical reagents (“etchants” )
dissclve these damaged regions with at a higher rate than the undamaged material
and this etched track mav be enlarged until it is visible under an optical microsccpe.

The two tipes of Muclenr Trad: Detectors (IMTDs) usad in this thesis are CR38
and MMalarota. The chemical composition of CR39 is {C1oH12 0% ), it is a thermoset
plastic. Thermosets polvmer are matenals that cure, through the addition of energy,
to a stronger form. The CR39 density is pogw = 1.32 g/cm?, and the mtic of the
atomic weight and the atomic number is 4/ = 1377, CR30 is a trade marled
product of PPG Industries®, originally developed by Coumbia Chemical Co Ine.
The CHE3Y usaed in the experiments discussad in this thesis wos produced by the
Intercast Co®. A special batch of CR39, containing 1% of diccty]l phthalate (DOF)
into the polymer, was also used. The opfical and ebching properties of CHR3Y can
be improved by incorporating such additives [63).

Iakrofol and Lewan with chemical compeosition (CyHp 04 ), or bisphencl-A
polvearbonate are polvearbonate resin thermoplastics. A thermoplastic melts to a

'Plastic iz the general berm for a wide range of synthebic of semi synthebic polymedzation
prodicts. Polymerization is a process of bonding monoimets, or "sngle tmts" bogether through a
vatiety of mackion mechanEmes to form bnger molscular chains named polymeis.

:']:'lrbp:__'__'wvrw.ppg.arg

Zorwrw intetoask ik
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liquid when hested and freezes to abrittle, W glassy state when coolad sufficiently.
The Makrofol/Lenan density is purakoga = 1.28 g/em”, and the ratic 4,7 =1.806.
Leoan 15 o registered trademark for General Flectric Co, and Levan is produced by
Bover A5G Co.

The meolecular structure for each debector is represented in igure 3.

n i
i _ —_ "}HE;:'. li..'
CH, = G- 0-C - 0-CH, - CH=¢ 'BEN Y
g B g O E‘-“
"CH,-CH.~ 0-€ -0 -CH,~CH=C - L
Hy-CH,-0-C -0 -CH;-CH=CH, :
A El

Figure 3.1: {A) Chemical structure of CR39, (B) chemical structure of Iakro-
fol /Lexan.

3.1 Track Formation and Geometry

The main processes that charged particles undergo in a medium are

t. Jonization and excibation. The electrostatic foros betwean the particles and the
alectrons surrounding the target nuclel can strip these electrons from their orbits,
of excite the electrons to less tightly bound states.

. Bremsstrahlung. The decsleration of the incident particles produce emission
of electromagnetic radiation. This process 15 important for light particles, such as
alectrons, and large energles.

i1, Electrostatic foroes can act directly between the moving ion and the target
nuclei themselves, and can result in the ejlection of target atoms from lattice sites
of out of moleciilar chains.

The initially generated primary products (1. e ions; excited atoms and melecules;
free electrons) rapidly undergo secondary reactions (dissociation of some excited
molecules, ebe. ), until thermodynamic equilibrium is reached. This is followed by a
chemrcal stage, in which ions and free radicals react with each other and with other
atoms and moleculss to vield the final preducts of the iradistion.

3.1.1 Restricted Energy Loss

In IMTDs the energy lost by an incident particle causing o called lafent frock, is
the Restricted Energy Loss (REL). In CR39, when the incoming particle hos a
velocity 3o < 1077 the REL is equal to the total energy loss in the medium [69].
For particles with velocities 3¢ > 10-7c, the REL is a fraction of the electronic



3.1 Track Formation and Geometry 25

enargy loss, leading to S-raps with energies lower than £, ., with £, . = 200
eV for CR3, and 350 for Maltofol /Levan [T]. The REL expression is cbbained
trom the Bethe- Bloch expression for energy loss of electrically dharged particles, by
intreducing an energy cutoff [71]
et & (i
)5 - 2] 61

dE Z T e a3
el =E T B () - S (145
where K = ixW rimc = 0307075 Melem?/g, r, and m, the classical slec-
tron mmdius and mass. [V is the Avogadros number; and Z/4 is the mbic be
tween the atomic number and the stomic weight of the absorbing material (e g.
—-.-"-‘1| = 0.53) z is the charge of the incident particle, and 3 = vjcits
‘i.'E'].DC'I‘II'- f 15 the menn excitation potentinl, o main parameter in the Bethe Block
formula, and is essenfially the average orbital frequency # from Bohr’s formula times
Planclk’s constant, h#. In practice this is a very difbcult quantity to calculabe, in-
stead values of [ for several materials have been deduced from actual measurements
of dE/dx and asemi-empirical formulafor I vs T was deduced [T2]. One such formula

is

=124 —el’

! Z =13
! - ——119 p— Y
:—EI o4+ 53.82 el Z =13 (3.2)
e.q. for OR339 the mean excitabion potetial is [-gm = T el’. I,.. i5 the meooci-

mum energy transfer in a single collision (maximum possible electron reccil kinetic
energy |, and for an incident particle of mass M, lkinematics gives
I ot Pt

T = a
14 2ym /M + (m /M

(3.3}
in the low energy approcimation, Taes Imec- 3y, The limit energy loss in o

single ccllision is given by the walue T, (T < Ti,o), and T, is the lemser of

T.pand I .., eg T, = 200 eV for CR39, and T, = 300 ;:‘ for Lescan.

Figure 3.2 is an eccample plot, showing the cose of the energy loss of 7% in copper
Z = MWfora Ta: =05 MeV, and [ =322V,

The denarfy effect arises from the fact that the slectric fisld of the particles also
tends to polarze the atoms along its paths. This effect becomes more important at
higher energies of the incident particle, and depends on the density of the matenal,
since the induced polarization will be greater in condensed materials. Values for &
are given by [73]

d X < &,
Sd=4 1812 $d4alX;, - X" Ay X < X (3.4)
48052X 44 X =X
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Figure 3.2: Energy loss rate of chargad pions in copper, evaluated for a cut-off
at T = 0.5 MeV. The function without the density effect is also plotted with a
dashed line, as is the shell correction at low velocities enhanced by a factor 100.
Two low-energy apprecimations (- 377, F-%3) are also plotted [T1].

where X = log,,(3v),and X, X, d, a,and m depend cn the absorbing makarial.
e g table 3.1 show constant values for the parameters X, X, and m for ITTD s
[7a].

maberial IeVy | Xy | X | m
Ch39 1] 2.2 (240 3.0
CHh38 DOP [t g2(2a0 (20
Lecan 1 (0.2 (03403

Table 3.1: Constants for the demsity effect correction for some MTDs.

The parameters d and o are defined ==

I
d:_(zm(g)n), a = djaommi (3.5)

P
with
| AT r_""
| =¥
I'.|..'F = |||III| — EEE"

here W, = NapZ/ 4 is the electron density. At low energy the density effect is
negligible. In figure 3.2 is shown the contribution of & to dE/dx, for the =% in Cu
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Chse.

The shell correction acoounts for effects which arise when the velocity of the
incident particle is comparable or smaller than the crbital wlocity of the bound
electrons. Af this welociby the assumpbion that the electron is stabicnan: with
respect to the incident particle is no longer valid. The comrection is small and is
given by the empireal formula, valid for p = 0.1

CiL,m) = (0422377~ 4 0.03040437~ — 0.000381067~%) « 10°°
+(3.8501907~° — 0. 1887980y~ + 0.00157955,™") « 107°° (3.7)

where 7 = Gy and [ is the mean encitation pobential in V. In plot 3.2 is shown
the effect of the shell carrection enhanced 100 times, for the example of 7% on Cu.
The REL farmula (3.1) smeoothly jeins the standart Bethe-Block formula fune-

tion for T, = T ..

3.1.2 Chemical Etching and the Reduced Etch Rate

When a parficle posses through a MNTD, it causes o damage called lafent frock
(LT ). The Latent Track can be made visible to an optical micrescope by chemically
etching the detector. The etchants are highly basic or acid sclutions, e g aguecus
solutions of [TaOH or IWOH of different concentrations and temperatures, usually
are in the mnge 40 ~ 7P C.

Etching tales place via mapid disclution of the discrdered region of the 1T
which exists in a state of higher free energy than the undamaged bullk matedal.
Along the LT the material is removed ab a velocity vr, and a velooity vg from the
bulk material, the removed material. vy depends only on the etching sdution 1 e
its concentration and temperature. v depends oo the chemical etching conditions,
and alsoon the energy loss of the incident parbicles.

The reduced efch mate p is defined ns p = i‘;—, and if o = va (p>1) etch-pit
cones are formed. In fgure 3.3 (A-B) are shown steps of formation for a particle
inpinging normally on the detector. Figure 3.3 (C) shows a photograph of etch-pit
cones, observed at a tilted angle. IMade it to show the cones farmed on the two
sides of the detector.

For a particle drecrensing its ldnetic energy, the REL changes and this determine
that v+ also changes along the LT, In this case the opening angle of the etch-pit
cone becomes smaller. For a parficle stoping inside the detector, if the chemical
etching continues beyvond the traclk range, the cone end dewelops into o spherical
shape (end of range tracls).
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Figure 3.3: (A) Scheme of the labent track left by the passage of an ionizing
particls through & MTD. (B) Formation of stch-pit cones (C) Micro photograph
aof etch-pits, from an **+ Fe beam of 0.414 AG=V. The photograph was talen with
an tilked angle (around 457), to shew beth the upper and lower cones.

3.1.3 Track Geometry of Etch-pit Cones

The most easily measurable parameters of an ebched ftradc are the ebched-cone
length L., and the major and mincr semi ooees a, b of the ebch-pit opening, hgure
(3.4). In general the projection of the track on the detector’s surface (cone base) is
elliptical. If the incidence is perpendicular o the detector surface the cone bases are
citcular. The reduced efch mfe p can be determined by using the following relation

o : e, orignal surfece
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‘\{;}‘l L L
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Figure 3.4: Track formation geometry. The scheme represents the case of an
inclined track, impinging the detactor surface at an angle 8. efty) is the criginal
detactor thicknsss, and e(t) is the thickness after an etching time t. The removed
bulk material is vgt, and along the latent track it is equal to vrt. The etch-pit
cone high L, is equal to vrt—(vst/sin#). The angle J is the openin g angls of the
etch-pit cone.

| 1 4=
= _— i
P I||I||I1+|:_1—_EE]E [33
with 4 = —=— and B = & whete ta.4 15 the etching time. vz is obtained

Tumbpioy Tumtgichy ?

bv mensuring the varation of the thickness of the detector, before and after the
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etching, refearing to figure 3.4,

_ le'I:f.;.'l — et}

1 ] §
Uvg = 3 (f_fﬂ] |:,_.EI

where 5 is the initial time, and ¢ is the etching time; e(t,) is the initial thickness
(before the ebching) and e(t) is the post etch thickness. The incident angle with
respect to the detector surface can also be determinad:

114+ EB*
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Figure 3.5: (A) If the impinging angle @ is greather than the critical angls, the
particls is registerad by the detector shest. (B) The limit case of detaction is for
# =#_. (T) When the impingin g angls is amaller than the critical angls, the track
is not recorded, and the bulk material is consumed faster than the material along
the latent track

3.1.4 NTD Detection Limit Angle

If the component of the track etch welocity normal tothe surface v, (or the material
removed along this path) is equal to the bull velocity vy (o the bullk material
remored ), the tip of the etch cone never keeps ahend of the advancing surface, so
the etch-pit can not form. The angle 8., defined by

== (3.11)

1
sind_ = —
P ir
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is the critical (or limit) angle of detection and represents the minimum angle with
respect to the detector surface for a particle to be detected, provided it is abowe the
detector threshold. Figure 3.5 shows the different cases when the impinging angle
is greater than €., 5o the trad: is visible. When & =8, is the limit cose of the tmack
tormation, and & < €. when the track is no longer recorded b the IMTTD. The limt
angle for Fa Z = X ions, in CR39 with v = 1.15 pm/h is 8_ rv 609, 12 all Fe
ions impinging on o Ch3 debector foill are recorded for about @ = 6.

3.2 Calibrations of the NTDs

In crder to determine the detactor responsa, that is a relation between the reduced
etch rate p and REL, different stads of [NTTD s were enposed to ion beams of fived
energy perdifferent charges and energy, at the CERIN-SPS, BINL (USA), HIMAC
I:Jﬂ.pﬂ.n].

The stacls composition used in cur calibrations are formed by piled up shests
of NTD, placed before and after the target (figure 36). Targets were of different
maberials, Al Cu, polythylene, etc. about 1 em thiclk.

Figure &.8: Stack used for calibration of CR29 eposad to 138V /nucleon iron
beam at CERIT.

Jon beam particles are recorded by the detector lavers before the target When
the beam interact with the target, fragments are produced, and all the productks of
the intersction are reccrded in the shests piled up after the target.

After the exposure, detectors are chemically etchad | with a set of chemical condi-
ticns from which the detector response depend strongly (because of the dependence
of the bulk velocity on these parameters ). In this way traclks are enhanced and are
ready o be messured with optical microsoopes.

The incident beams used for calibration usually are nortmally impinging to the
detector surface, 5o the cone bases of the etch-pits cones are circular with diameter
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0. In this cose p, can be evalunted using*
1+ (52—

v et 3.12)
1- (_M tpieh F l::

The area distribution of the etch-pit cones (tradis) reccrded in the detectors
aftar the target, is o function of the charge of the fragments. To incrense the
resclution of the ebch-pit area distribution (vilding also to a betber resclticn in the
charge assignament) tracks are mensured over saveral sheets of the stacl:, and then
their trajectories are reconstructed ower the staclk. For tracls possing through the
staclk their semi axis, and area are averaged. Figure 3.7 shows the area distribution
averaged over 4 sheets of CR3Y exposed to the CERI Ph™F beam of 158 4 GeV.
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Figure 3.7: Surface stch-pit are distribution of the CH29 expoesd to a FBE=F
beam of 158 A GV the CR39 was etched in MaOH &I at 707 for 30 hours. The
surfouce aren were averaged over J shests.

Figure 3.7 shows that the area increase with the incressing ion charge: thus
nuclear fragments mo be detected as a changs in the area of the tradis. Using
equation 3.1 the REL for each fragment can be computad.

The so called “calibmation plot” 15 obtained, plotting the KEL vws. p for each
fragment.

For this thesis different “calibrations" where obtained, using different chemical
etching conditions, different beam energies and different land of ions. Each calibra-
tion will be described in detail in the chapters relative to endh experiment, chapters
4 and 6.

n general p & mdependent of the ions impinging angle. The independence was tesbed exper-
imentally uming tiled calibration beams, for details s=e [70)].



32

Solid State Muclear Track Detectors

3.3 The Data Acquisition System

The detectors used for calibration, and all the detector sheets of the CATLE exper-
iment were messurad with the SAMAIC A automatic data acquisition system.

The SANMAICA (Scanning And Mensuring with Automatic Image Contour Anal-
vals) svetem 15 a product of ELBEEL-Bildanalvse Gmbh, Germany. It is inbended for
automatic messurement of solid state track detector foils. Our configuration con-
sists of the following hardware components (a short description on their worling

procedure is also given )

a personal computer (PC)
graphics adapter (VGA)

a built in frame grabber (image analyser which recanstruct the imnge), based
on two mictoprocessars, 32-bit MC 83020 (& <33 MH=) and 32-hit MC 63331
(@ <50 MMHz), interfaced with the PC by a serial R3232 terminal line.

Zeizs Axictron microsccpe with variable magnifring power (set of 4 chijetives,
lodged in a rotating slit). The cbjetives magnification are 52 (1603 <1249
prm ), 1020 { TH6 <623 pm® ), 200 (406 316 pm™ ), 50X, The field of view (FOV)

mensured for each objetive is indicated in parenthesis.

autcfocus svstem 7

bladz /white Hamamatsu C3007 CCD camara with 7445760 pinel with resc-
luticn CCIR. The spectral responce ranged from A = 300 nm and A = 1100

nm with o moodmum sensitivity of 100% of A = 550 nm.

monochrome SOMNY XC 7WCE video camera, 2/3"CCA BW of 1111 pm.

a7
50 frame/sacond . Effective pivel elements 756 <581, elements in video cut

739 <575, Cell size 1111 pm?, sensvtive aren 33«66 cm”. The camera is

svnoronized with an external svne signal from the PO
display monitor

XY -stage with 1mm spindle pitch. The plane is defined on o 20 <30 em® alum
minium plate where the detector foils are ledged . The plate is equipped with
an air-sudcing channel (83 cm- ) used to fix the sheets. The positicning pre
cision is limited due to errors of the spindle (< 10 pm), with a systematic error
(£ 10 pm) which caused a constant deviakion of the absclute position due to

mechanics and statistical uncerbainty due to repeated positioning movements
[7a].
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# [anchmiser stage controllsr with a spindle pitch of 2 mm. Is equipped with a

Jevstick and a R3232 intedface for remote cantrol by the PC (40000 microsteps
per revolution).

7 The ELBELL contrast autofoous svstem uses the video signal from the camera to
calculate the contrast on the imnge. This contrast wmlue is avmilable after evary half
image of the camera. Therefore the fime between o contrast walues is alwams 20
ms. To get the Z coordinate of the focus the syvstem has to tale the contrast walues
at different positions. Then the Z coordinate of the moodmum conbrast is expected
to be the forus posibion. For this purpose the software of the autofocus first monves
down the stage from the last position and then up with constant velocityr through
the old position to gather the contrast values. As the time between two contrast
values is constant, the number of points depends on the number of steps below and
abore the old peosition and the spesd of movement. The greather the interval for
tocus position search and the smaller the speed , the greather the number of points
will be [T4].
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Figure 3.8: Leff: Hardware configuration of the SAMAICA systam. Right: S=t
up of the measuring system at the laboratory of the IMFH Bologna.

The program SAMAICA hos two moin meodules, the first is responaable for
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the control purposes like file handling, stage mowvement and process control. The
second module ICA (Image Conbour Analysis) worls on the imnges, and do the
pattern recognition. To do this ICA has to extract elliptical obijects and decompese
crerlapping objects in order to messured them separately. This procedurs needs
a parametrization of a lot of variables made by the user. These parameters are
subdivided into: logic, contour, form, optimization, and cut parnmeters plus scme
special parameters used in the autcfocus proceadure ®.

The ICA procedure search for objects in a pivel grid, and search for pivels
with grev walue lower than a limit fixed b the user in one warable, and with a
contrast wmlue greather or equal to ancther fived value defined by the user (for
the adjustment of this two parameters, one of the boghtest object which are to be
detected is talen as reference). Such pivels exist at the edge of focussed cobiects.
The grev spectrum has to be well adjusted by the lluminabion and perhaps by the
frame grabber reference parameters for the ADC, The lowest grev walues should be
close o and mngs up to about 255 so that the 3 bit capacity of the digitizer 15 usad
but no undelow or overflow cocurs [T4]. The border between gray values lower and
greather than the fiwed walue set in the parametrization, the edges of an chiect is
found. The list of edge points is analvoed for convendty to detect crrerlapping or
incomplete objects (this is made calculating the curvature ). In the case of composed
structure (overlapped chjecks ), single contour is recompesed during ancther step of
the image analy=zis, for further detaills see [T4].

Evaluating the relative square deviation from a test circle, ICA classifies the
conbours inbo circullar and non-ciccular ones. This classification is done for star
bilization of the fts of incomplete curves. If a well deined best ff ellipse exists
(determinated v the elliptical deviation 32), then dlso a best fit circle will exist
but net vice versa [T4].

The data determinated for detected obijects are:

# two cenber coordinabes (u,v) in units of pixel lenght, measured respect bo the
center of the FOV

# semi mincr axis (b) in units of pixel length

® Iatio of semi minar to semi major axis (&)

& sine of the polar angle of the semi major axis (s)
¢ elliptical deviation (32), zero if not fitked (52

# anclosed area (ea) in units of square pixel langht

EIn chapber @ a detailled analyes of some of this parametstr will be given
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¢ central brightnes grey wmlue plus Hags (fch).

These eight pammeters are return by ICA for ench detected chiject ans soved
during automatic measurement together with image number.

Figure 3.9 shows the graphical display of SAMAICA during o scan session:
the mmin square shows the microscope field of view (FOV): some of the displomed
tracls are recognized by the system (their perimeter is marke with o green line)
while cthers are neglacted because of the scan parametrization

The snapshot of the cutput disploay of the SAMAICA system (Agure 3.9) shows
the digitalized image of the detector, the auto focus parameters, the stage move-
ment, and in the box at the botbom of the image are listed the wmriables rend by
the svstam.

Lnd & “ane

Miefess

~adan--z_:rans

Figure 3.9: “Snapshot” of the SAMAICA display, showing some example signal
detectad by the system, e.g real Crygen (O] tracks, a background track (radon
or neutron track), and some defects (a chain of inhomeogensities, and a tracks of
a particle that stops inside the bulk detector material, called end of range track).

3.3.1 Tracks Measured with SAMAICA
The Valid Track Candidates

The valid tracls have several trpologies since TR have different charges and imping-
ing angles. Tracls of highly charged ions are bigger than low charged ions, becauss
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the REEL relense inside the detector 15 higher. Figure 3.10 shows micro-photographs
of wlid tracls candidates, each picture width correspond to 100 pm. The upper
line micro-photographies corresponds to traclks on the top sudace of the debector
shest: in the lower line are shown the “bad:-partner” tracks present on the bottom
surface of the detector in correspondence to the each upper track: the images on
the back were talen moving the microscope foous across the sheet. Tilted particles
(with respect to the normal direction to the detector surface ) impinging the detec-
bor with a higher zenithal angle form tracls with high ellipticity (ratic of the miner
to major semi aves 1; tracks impinging the sheet vertically form circular tracls. Ex-
penmentally was found that the track brightness is a function of the —enith angle.
Slightly inclined (almest circular ) trmcls are darler than elliptic tracks wich mirrer
back some of the microscope light impinging on the detector. In figure 3.10 are
shown tracks passing through the detector with different impinging angles. More
aliptic tracls appears lighter, than circular ones.
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Figure 3.10: Different shapes of good tracks formed by CR ions. The top line
show the pictures of the tracks on the fromt of the shest; the corresponding lower
line shows the pictures of the tracks ssen on the back of the shest. Each picture
width correspond to 100 pm.

The background tracks

Sheet infomogeneities (such as scrabches or bubbles ) and tracls due to low ensrgy
particles |generally reccil probons, neutrons, and a-particles meostly from mdom
decoor) contibutes to the background present con the detector sheets. [oise tradcs
are randomly distributed con th sheets surface. Figure 3.11 shows some example
of noise introduced by the SAMAICA svwstem when performs an automatic scan.
On the left are shown detector defects miss-interpreted os tracls: of the center is
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(a) (b) (=)

Figure 2.11: The main background tracks cn CR39. (a) Bubbles from surface
shest defects. (b) Low energy particle track, mestly dus to interactions of primariy
neutrons with compenents of the material. (c) Track due to the pasage of a particle
that relesss an increasing amount of ensrgy inside the detactor.

shown a micro- photography of track from a low energy particle, these kind of tracls
correspond particles that slows down and stops inside the detector (these tracks are
called End Of Range EOF tracks ). In figure 3.11(a) the white spots slightly close
to the center of the particle track indicate that the ion trajectory wer inclined,
stopping after few microns inside the shest.

PBesides recognized good tracls and background there is an intermediate large
category of tracls that locls lilke good trads, but sometimes they do not cross the
sheet. These ldind of tracls are usually similar than real tracls, but with smaller
dimensicns; with a mean major axds smaller than about 30 pm [70]. Bade-partners
of such lind of tracls, when they exist, have different sizes with respect to the front-
traclks, indicating that the particle relesss an increasing amount of energy inside
the detector, igure 3.11(c) shows a micro-photography






Chapter 4

The SLIM Experiment

Figure 4.1: The Chacaltaya high altitude laboratory. The MTDs were placed
on the roof of the buildings (at ~ 4 m from the ground level), as shown in the
photograph on the l&ft comer of the composition. The geographical poszition of
the lab. iz 1&°3 &8°W , and is indicatad on the right corner.

The SLIM experiment | “Search for L1ght magnetic Moncpoles” ) | was dedicated
to the search for magnetic monopdes of intermedinte mosses (IMIMs), aggregates
of strange quark matter (strangelets, nuclearites ) and supersymmetric dark matber
candidates (Q-balls).

The loyout was about 440 m® of nuclear track detectars, exposed foar about 4
vears ot the Laboraforio de Fisica Cosmica®, Chacaltayn, La Paz, Bolivia (16°3
63°W). The laboratory is located at an albitude of 5230 masl | at an atmespheric
depth of to 540 g/cm®.

Thttp:/ /o pn mmsa. bo /o pn / app Tserrice=page Physics
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The gecmagnetic cut-off for coemic s ot the detector latitude is 70 12.5 GT7.
Envirconmental conditions at the Chacaltasn lab are: atmosphenc preassure ro 0.5
atm; mean temperature 12°C, cecillating from 0 to 30°C; the radon concentration
is rv 0550 Bg/m*. The neutron Hux in the range from few hundrad ke to ro 20
IMeVis 1.8 « 10-% em—%s1,

4.1 Accessible Regions for MMs and INuclearites

The aocessible regions in the plane mass vs. 3, for magnetic monopoles are plotbed
in figure 4.2 for poles of charge g = gp, for detectors located at different altitudes.
The wlocity 3,;, 15 the minimun welocity at the top of the sbmosphere that the
particle has to have in order to reach at the detector. The curves correspond to
detectors located at the underground LITGS®, at a depth of 37 kg/em”
atmeospheric depth of 540 _qu,-'f:rn:, and at an altibude of 20 km.
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Figure 4.2: Accessible regions in the plans (mass, F) for monopolss with mag-
netic charge ¢ = gp coming from above for ecperiments ab altitudes of 20 km, at
5230 m as.l, and for an underground detector.

An imporbant feature is that lighter monopoles can be detected at higher al-
titudes, that is the main motimbtion for deploving the SLIM experiment at the
Chacaltayva alkitude. For 3 = 1077 MMs as ligth as 10" GeV can be detected: the
minimum mass for a Mhs with the same velocity to reach the LITGS depth is ~ 10*
times larger.

2 orvrer. Ings. infn i
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Figure 4.3: Muclearite detection conditions in CH39 (solid curves) for ecxperi-
ments locatad at different locationa [50].

Muclearites of mass M entering the atmosphere with an initial velocity we << ¢,
after creesing a depth L will be slowed dowrn to

LII:L] = u.]r_r_'ff' fo ek |:4=.1]

where p is the air density, M is the mass of the nuclearite, and o is the nuclearite-air

Cross sechich

_ TEEHI*TP\ F'IIE fD.l' _-lr:f E E+ w 1|:|1-|. G'E.['l.fl‘__q [4: .
“= 7 107 em? for M < 8.4 10Y Gel/ 2]

with px = 36 % 10" gern ™. For M = 8.4« 10" GeV/c” the radius of the SQLI

is 10~ cm.

IMuclearite detection conditions in CR3% and Malrofol, expressed as the mini-
mum velocity at the top of the atmesphere (50 km) vs nuclearite mass for different
encparimental locations are shown in Agure 4.3 In this cose, the constraint is that
nuclearites have to have a minimmin velocity ab the detector level in crder o produce
a track. For 3 = 10~ nuclearites with masses rv 10" GeV can be detected at the

Chacaltzyra lab: the minimum mass of nuclearites with the same velocity to reach
the LGS depth is ~ 10° times larger.
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Figure 4.4: The minimum velocity for astrangelet at the top of the atmosphere,
to be able to overcome the geomagnetic cut-off at the levd of the SLIN debector.
The red curve corresponds to CFL strangelets, and the blue curve to ordinary
strangelsts [55] (section 2.4)

For strangelets, assuming them to be elactneally charged , cne hos to tale into
account the geomagnetic cut-off (sect. 1.6). The minimum velocity to overcome the
effect of the geomagnetic field is

[ N—— |'I il
WL IIHIIR:‘l'l::—'-I;IanC:

(£.3)

where Fis the maximun ngidity between F_._.¢; and FRs;r due to the sdar med-
ulakion, mge” is the nuclecn mass.

For the parbicular cose of strangelels (masses lower than -~ 10F GeV), using
the charge-mnss ratio for both strangelets types (crdinary and CFL), the minimun
incident velocity at the top of the atmosphere to reach Chocaltonm is computed ws.
strangelet moss (figure 1.4). Strangelets with baryon number smaller that v 107

have to have very high welocities in order to overcome the geomagnetic cut-off and
reach the detector.
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4.2 Energy Losses of MMs. Nuclearites. Strangelets
and Q-balls

In the following the main features of MIMs, nuclearibes, strangelets and Q-balls
energy losses relevmnt for their detection are described.

4.2.1 IMM Energy Losses

The interactions of IMMLs with matter are related to the electromagnetic properbies
of the IMLs and are a consequence of the Dirac relation (section 2.2).

A “fast” IMM (3 = 10-7) with magnetic charge gn and velocity v = 3 be
heres lile an equivalent electric charge (ze),, = g3 [3]: the energy losses of fast
meonopoles are thus large. There is the possibility that IMMs could be mulkiply
charged, g = 2gp, a5 in some SUSY theores, and g = 3gp, a5 in some superstring
medels (gn = fic/2e =635 ¢ is the basic Dirac monopole charge) and the basic
electric charge could be 1/5 [4].

The energy loss of “fast™ IMDIs can be caloculated in the same way as for fast
electically charged particles, using the Bethe-Block formmula. The energy loss of

M= by ionization is
dE ngopon < /dE )
(=), =(8) (%) ()
where Iidf Ie 15 the electrc particle energy loss. Far velocities in the range I::lll:l_.3 =
3 lﬂ_:'I:, the ML energy lees is caloulated bor approsdmating the absorbing mate-
rial of the detector with a degenarated gms of free electrons [+1]. Ahlen and Kincshita
[42] developad a model considering the monopole inberaction, for non conducking
materials, obtaining

dE IxN_ge*ad Imash 1 .
— = I:ln. " — E] (4.5
where ve = iy m,I:S.T:.'"f. 2 iz the Fermi welocity of the material, A is the menan free
path. For non conduckive materials A is equal to the Bohr's radius. In figure 4.5
(left) are shown the restricted energy lesses for mognetic meonopoles with different

magnetic charges ¢ = gp, 20n, 69p, 900.

dx M CU

4.2.2 Nuclearite Energy Losses

Large mass nuclearites can be treated 05 “metecrites”; elastic collisions with atoms
and molecules of the traversed medium are their relevant energy loss mechanism.
dE -
— = —gpu” 1]
dr il (+6)
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Figure 4.5: Left: Bestrictad energy loeses ve. 3, for MLz with different m agnetic
charges § = 9p. 20p.... [43]. Right: the Restrictad Energy Loss of miclearites of
various masses in CHE39 vs their vdoeity, The threshold for CR39 in the SLIM
ecperiment (strong etching) is alsa shown.

where p is the density of the medium, v 15 the nuclearite velocity, and « is the cross
saction (equation (4.2)). Figure 15 (right) shows the enargy loss for nuclearites of

different mosses.

4.2.3 Strangelet Energy Losses

The energy loss of low moss strangslets was computed aos for any ordinary ou-
cleus, talding into account the charge to mass relationship. At low welocities it was
estimated from Zisgler’s fit to the experimental data [55]. At higher energies the re-
stricted energy loss of strangslets can be emluated using the modified Bethe-Bloch
formula. In figure 4.6 | right) it is shown the restricted energy losses of sbrangelsts
in CR3Y of different electric charges.

4.2.4 (-ball Energy Losses

The restricted energy loss of charged ()-balls, is similar to that of nucleartes and
can be emluated using the BetheBloch formula, considering the contributions of
icnization, and abomic reccil. In ref. [B3] the calculations where made for SECS
in CR30 nuclear track detector. Figure 16 (rrghf) show the computed resbricted
energy loss for SEGS with g = le and q = 13e plotbed vs. 3.
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Figure 4.8: Leff: Restrictad Energy Loss ve. J for strangslets, in CR39. Right:

Restricted Energy Losses of SEGS with charges € and 13 vs.

CR39 [&3)].

their velocity in

4.3 The SLIM Experimental Layout

The total sudaoce of SLIM was 140 m=
The detector was organized in 7408 modules
24«24 cm® in size. The detectors used were
CHR39 fails with a mean thidiness of 1450 pm,
Lialorofol foils with a mean thickness of 570
pm and Lexan of 450 pm thickness. Each
medule was made of three lavers of CR39 (L1,
L3 & LE), three layers of Malrefol (L2, L
and L5), two protective sheets of Lenan (10 &=
L7, and an aluminium absorrer 1 mm thick
used tostop or slow down nuclear recoils, the
stack composition is sketched in figure 4.7
The stack was sealed in a oovlar-aluminium
bag 125 pm thick, flled with drov air of o
preasure of 1 atm. The bag acts like a barrier
to ambient radicactivity coming from == Rn.
The thickness t of the components of the
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Figure 4.7: SLIIM moduls

composition.

stack are: tuyle—a = 0.032 g/em®, tisen = 0.1096 g/cm®, term = 06019 g/om”,
brekrafat = 0.2205 g‘fcrn:, and 4 = 0.27 _qu,-'f:m:. The total thickness of the stack
i5 tye = 1.234868 g/cm”. The tckal height of one module was 3.37 mm, including
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the thidiness of a ilm 50 pm thide that covers both sides of each detector foils. The
film is remoned just after the stack is opened , before the etching. A special bakch
of CR39 conbaining 0.1% of DOP additive was also used: the total surface covered
with thess detectors wos ro50 m*.

4.4 Calibration of the Detectors

In crder to calibrate the response of the SLINM [TTDs, stacls of CR3Y and Malaofol
foils weare exposed to beams of 158 A GeV of m*™ and PEFY ions at the CERIT
3PS and to 1AGeV Fe™ ions at the BINL AGS.

In crder to improve the quality of the surface of the debectors after etching,
ethilic alochel in different percentages was added to the chemical solution. Ethilic
aloohol speeds up the rate of the remowed bulk material, but it also increnses the
detection threshold.

Two ebching conditions were used for the analvsis of SLIM CER39: for the ebching
of the Arst CH3Y lover, a condition called “strong” etching was applied. In the coss
of a candidate track the lower sheets of CR.3Y were ebched using chemical conditicons
denobed as “soft etching”. Was alsc used CR30 (DOP), was calibrated in both
etching conditions.

In strong etching conditions, the bull: material is remowed at a wlocity vy =
7.8 pm/h. The thidiness of the detectors is reduced from 1450 to 1000 pm. Using
the soft etching conditions the velocity of the removed bulle material is lower (vg =
1.21 pim/h. For soft ebching the thresholds of CR3E 15 lower than for strong etching.

The chemical conditions usad and the detection thresholds (REL), 5, and (z/ 3,5,
are lisked in table 4. 1.

detector tipe solution /3 REL
[MeVem® /g
CER39 A IOH 4 1.5% alecheol 70°C 30h IR 204a
strong | CR39 DOP | 80 KOH + 1.5% alechel 75°C 30h | 19 24
Malarofol Gl INOH 4 20% alochol 75°C 30h i 2504
coft CER39 61T I'MaOH 4+ 1% alochol T0?C 10h 7 50
ChR39 DOP 61T MaOH 70°C 40h 10 235

Table 4.1: Themical etching condition used for the SLIM detectors; the threshold
in = /7 and restricted energy loss REL [Mevem® /g] are slso indicated.

The “calibration plots” (in the plane REL ws. p) for CR39, obtained with both
ebching canditions are plotted in figure 1.3 for CR39 and CR38 (DOP).
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Figure 4.8: Keducsd stch rate (p — 1) ve. REL for strong and soft etching.

4.5 Analysis of the SLIM Nuclear Track Detec-
tors

After the exposure 3 Aducial holes of 2 mm diameter, were drilled on each SLIM
module with a position accuracy of 100 pm. The holes are used as reference points
to align the detector folis.

Betore etching the thickness of the laver is measured with 1 pm accuracy; de
tectors are etched in batches of 25 foils.

After the chemical etching, the L1 foil thickness is measured and the bullk ve-
locity rate 15 compubed.

4.5.1 Identification and Classification of the Etch-pit Tracks

Heavy particles like INMIMs, nuclearites, strangelets and Q-balls are expected to
lesmre in the detector meduls a constant REL. The peost-ebched track in L1 should
ocorrespond to “passing through-lilke” tracls of equal sizes in each detector foil whean
the same etching conditicns are applied: the possible morphology of ebch-pit traclks
are sketchad in Agure 4+ 9.

“Falee tracl=s" can be originated by slowing down particles, nuclear reccils in-
duced by cosmic rov neutrons, stopping parficles inside the detector; surface inho-
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Figure 4.9 Possible morfology of different types of real traclks recorded in the
detector.

mogensities. Some fake tracls are sletched in fgurs 410,
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Figure 4.10: “Fakg" etch-pit tracks that can be mis-identified as candidats
tracks. Tracks (a), (b), and (&) are sasy to discriminats; the other casss are
more difficult to classify. In few cases the etching of additicmal layers may be
required.

Candidate tradcs were selected by comparing the size and the slopes of the
etch-pits on the two sides (front and bade). A first selection is made by requiring

Gt _ 1| < AR (47)
ek
where AR is the overall uncertainty on the frack dimensions; deroms and dy,, are
the track diameters on the front and back surfaces of the debector. L1 foils are
observed using optical sterec microscopes at 3 <magnifieation (0.3« objetive, and
10 eve piece). Anyv “particular” track detected in this first sean is further analvzed
with an optical microcscope at 200-100 » global magnification. In crder to ewmluate
the pvalues and the incident angles & for the front and bad: sides, the trad: minor
and major oxis are messured. A trade is defined as a “candidate” if p and & on
the front and back sides are equal within 30%. For each candidate the azimuth
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angle £ and position R refered to the fidual marks (drilled holes) are determined.
The uncertainties A and AR defines a “confidence” area (< 0.5cm”) arcund the
candidate expected position in the lower lovers of the SLIM module, see Agure 4.11.

Al

SR

A=

Figure 4.11: “Confidence” ares. in which a possible candidate track located on
the top layer will be searchad for in the lower layer of the same moduls.

The lowermost CR39 lover (etched in the “soft” conditions ) was scanned using a
high magnification microscope of 300« o 100 < of global magnification in a squared
region arcund the candidate expected position, which includes the “confidence”
aren. If a two-fold concidence track was detected all gmometrical parameters are
mensurad: the middle CR38 laver would also be analyvzed using the same proceadure.

4.6 Acceptance of the Detector

The acceptance of the SLIM detector to o isctropic Hux of particles coming from

abore 15 given by
S
55‘2:#5/ cosdsin &S = 75 (1 — cos 24.) (L.3)
o

where 5 is the surface of the detector and 4. = 90 — &, where €_ is the “critical
angle" of detection, defined in 3.1.4 By using the relation (3.11) and (4 8), the
geometrcal acceptance is

1

50=75(1-os”d) =75 (1- =) (L)
»

In figure 412 is shown the global accepbance of the TR SLIM detector o ML
with go (black), 2go (red ), 3go (green), to Dyons (blue) o= a function of 3 computed
for the strong etching conditions
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Figure 4.12: Acceptances of the SLIM detector (CR39) for magnstic monoples
with charges go, 290, 390 and A4 + p (dyons).

4.7 Upper Flux Limits

Since no candidates were found the 90% C.L. upper limits for downgoing particles
was computed as
23
g = m I:-.I:.].ﬂ:l
where At is the mean exposure time equal to .22 vears, 50 is the total acceptance
(8 =427 m"), ¢ is the scanning efficiency estimated .1
The global 909 C.L. upper limits for the Hux of downgoing IMIMs and dvons
with velocities 3 = 4 « 10-" were computed, as shown in figure +.13. The Hux limit

for 3 = 0.03 is [E7]
T< 13« 10" cm"sr—ts?

The 90% C.L. upper Hux limmits for dewngoing nuclearites and Q-balls is at the
same level | as for fast magnetic monopoles

T<13ix10""em~sr s, for 3> 107
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Figure 4.13: Final results of the SLINM experiment; upper fux limit for magnetic
monopoles with charges 9n, 290, 300 and A+ p.






Chapter 5

Study of the Neutron Induced
Background in SLIM

5.1 Introduction

At the Chocaltonm altitude pomary neutron in the TR can inberact in MTDs.
Charged secondaries particles can be detected if their energy loss is above the de-
tector threshold. Such parficles contribute to the background in searches for rare
particles, as MMs, or nucleartes. In myv study I hove encamined mainly the baclk-
ground generated by neutrons on the fst lover of CR3Y of the SLIM stacls using
Llonte Carle (MC) simulations. Meutrons at the altitude of the SLIM lecation could
havre different crigins: here we are focused on neutrons due to primary cosmic v
interactions with the atmesphere. The neutron spectrum at the SLINM site were
measurad by [75] with different systems which allows to reconstruct the neutron
spectrum in the atmeosphere in the mnge 100 leV to 400 GeV'. The measured spec-
trum is shown in the double loganthmic plot in Agure 5.1; as the intensity times
the energyv of the neutrons vs. their ensrgw.

5.2 Neutron interactions

Because neutrons have no electric charge, they interact with nuclei via the strong
torce, and are usually detected via nuclear reaction products: because of the shork
range of the strong interaction these reactions are much rarer than slectromagnetic
ones. [Meutrons must come within ~+ 10—1* cm of the nucleus before any interaction
tale place. The interactions undergo in a vadety of nuclear processes depending on
the energy [72)]:

Elastic smitering from nucler, 1e. Ain,n)4d. This is the principal mechanism of
energy loss for neutrons in the MeV region.

Inelastic smitering, eg Aln,n')4%, A(n, 2n')B, etc. In this reaction, the nucleus
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Figure 5.1: Wide range spectrometer; eiparimental neutron spectrum messured
at Chacaltaya laboratory (5230 m a.sl, 16%S 65°W), Zanini et al. [TH).

i5 left in an excited state which may laber decay by gamma-royv or some other form
of radiative emission. In crder for the inelastic reaction to occur, neutrons must
have sufficient energy to excibe the nucleus, usually on the crder of 1 MeV or more.
Belowr this energy threshold, only elastic scabtering moy ooour.

HRadiative nevtfron capture, 1.e. n+ (2, 4) — 4+ (2,4 4+ 1). In general, the cros=
section for neutron capbure goes approcdmately as ro 170 where v is the velocity of
the neutron. Abscrption is more likely, therefore, at low energies.

Other nuclear renctions, such as (n,p), (n,d), (n,a), (n,t), (n,ap), ete. in which
the neutron is captured and charged parbicles are emitbed. These generally coour
in the &V to ke egion.

Fission, t.e. (n, f), mcst likely at thermal energies.

Hrgh energy hadron shower productron, which cocurs only for neutrons of wery high
energy, £ = 100 Mel’

5.3 DMonte Carlo Simulations

A dedicated T4+ software was implemented to study the interaction of neutrons
in CR3Y. The code is writben in the framework of the Geantd toclldt [78]. The
version used here is Geantd 3.2 running in a Scientific Linux 4.1 platform. Geank
is the name of a seres of cbiect criented T4+ simmilation software designed to de-
scribe the passage of elementary particles through matter, using Monbe Carle (MC)






