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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



B Cosmic Rays

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).



15 Rare Heavy Particles

* ..‘: IJI"-"'-._ _."""'_
51 16 6 €O
Tl R L St :
L 1F 12 lr3

R ifm) ¥ 1c- :
Wiz 1 - 1o 107 i

Aumans - =300 z1g -* #zzle upla ~1E-
Srangeless Muslcarites Masrasteain

relight y eharger) (nerral) Tuslcarlos

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.
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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
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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)].
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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).



4.5 Analysis of the SLIM NTDs 47

r E '|-
i 18
I. ﬂ
o J‘I:Eall'l st ® " |1l
e Ladt? ,-1"
A . T i LertLE
".Jr“"“ i H ‘:.‘:E"!-"'rlil'l'l
b .r-l' .JI.
1 s 1 ot o
o o -
i r i
g i it
;o i i
Py :
Lk S = ¥
Pk RS0 0P
i
r
1F . _L_|
1] w0 L] 110 i i1} i) 1000 110 Eril f=01]
FEL Pk ey’ REL [ enr g
(a) Calibraticems CEA9 k) Calibration=s CR23 DO P,

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)
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methods. The name is from “GEometry AN Traddng” . Geantd includes facilibies
for handling gecmetyr, tracking, detector response, run management, visualization
and user interface. Geantd nins using specific classes from the CLHEP library of
high energy physics: in this thesis the version CLHETP 2.0.3.1 was used. Gensr-
ated data were analvzed with the cbject-crented data analvsis ramevwork ROOT
(http:/ /roct.carn.ch /)

5.4 Detector Construction

For the Meonte Carlo siomulation only the fist laver of CR3Y of the SLILM staclk
was considerad (see figure 1.7). The CR30 polymer is defined in the simulation by
its chemical formula, (C2H120% ), , and other physical properties e g the density
g =131 g/am®.

The detactor geometrr consists ina parallelogram of 1 cm « 1 om, with a thick-
ness of 1450 pm being this the menn thick value of the CHR3Y detectors used in
SLIM. The detector is divided in an arbitrary number of slices each one of the same
thidiness: each slice is divided in an arbitrary number of vertical and horizontal
sectors, defining tridimensional cells forming o grid. The subdivision i5 made in
order o gain accuracy in the determination of the energy elease by the different
particles, both for primaries and secondaries passing through the detector, figure
5.4, Downstream the detector o slice of sensitivwe detector s added in order to record
the passage of cutgeing particles; this element is called the “cutgring senser” (O3S
the OS5 15 plotted a5 o blue parallelogram in Agure 5.4

The CR38 shest is surrcunded by a parallelogram that represents the boundaries
of the SLIM stack. All the arrasr is surrcunded by an external region called “the
world” (representad in figure 5.4 by a gray bax), which defines the boundaries of
the simulation. The world is defined as abox of 343 em®, and 0.5 cm thid:.

The absolute reference system is left handed, with the ocrigin at the center of
the detector, and the the T ands perpendicular to the detector surface. IMeutrons
are assumed o move along .

Phys=ical Processes

The processes implemented for the neutron interactions in CR3% and for secondary
parbicles are listed in the appendix A.
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Figure 5.2: Detactor geometry. Leff: The detector material is CR39, with di-
mensions of 1 em # 1 em » a thiclmess of 1450 gm dencted by e in the figura
The detector is subdivided in an arbitrary numbsr of slices which are divided in
cells, representad in the figure by green boxes. The blus parallelogram after the
CE.39 shest iz the “outgoing senscr™ OF, and is a piece of CR39 that records the
passage of the outgoing particles. The white paralldogram represents the stack
with thickness E = 1 cm, and is fillad with air at 1 atm of pressure. The gray
parallelogram surrcunding the detector (world) limits the boundary of the simula-
tion. The sketch plotted here is not on scale. The beam direction is perpendicular
to the detector surface, along the Z axis. Right: 457 view of the geometry of
the simulation, showing the detector, the stack, and the world. The system of
reference is located at the center of the detector.

5.5 The Monte Carlo Software Architecture

The code is crganized in o main program, mandatorn: classes, custom classes, and
a closs that manage the graphical visualization called VishIanager(i. The TURIL
(Unifed Meodeling Language ) scheme 5.3 shetches the structure of the softerare.

In Geantd, Run is the largest unit of simulation, implemented in the class Run-
Action. A run consists of o sequence of events. Within o run, the detector gecmetry,
the set up of sensitive detectors, and the physics processes used in the simulation
should be kept unchanged. A run is represented by a G4Run class object. In the
IMain( ), are initialized several objects with which all the steps of the simulation are
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made. The code malke the simulation event per event. The mandatory closses are, o
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Figure 53: UKL diagram of the software implemented for the Monte Carlo
gimulation. The mandatory classes which defines the “experimental layout™ are
written with green characters; the custum clasess which manages the interactions
are written with blue characters. The class vishanager manages the visual inter-
face of the simulation runs.

class where the material and the gecmetny of the detector are defined as explained
in saction 5.4 (in the diagram dencte bn Detector Construction); a class were are
instantiated the channels that describe the inberactions, as detailed in section 5.4
{in the dingram dencted by PhysicsList ) finally a class that initializes the physical
characteristios of the primary neutrons eg. its energy, and momentum direckion,
its incident directicn and position (in the diagram dencbed by PrimarvGeneration-
Action).

The custom classes are, EventAction() which objects are the primary units of
a simulaticon run [T3]. An cbject of this class cantains all inputs and cutputs of
the simulated event: this closs manage the interaction of primanes, determining the
quantity of energy relessed on a cell of the detectar grid for each interaction (called
hit). Figure 5.4 shows the energy deposit inside a cell. The clas StackngAckion()
manages the information of the secondaries produced in each hik. The Steppin-
gactionl) class plays an essential role in particle tracking. It perfams mesage
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Figure 5.4: Energy deposition inside a cell. For each interaction the ensrgy loss
iz evaluated; the total energy loss inside a cell is computed.

passing to objects in all categones related to particle transport, such as geometnr
and physics processes.

5.6 OQOutput of the Monte Carlo Simulation

The graphic cutput of MC shows the experimental set up (ie the debector, the
stack and the world), the primary neutron beam, the interaction points and the
trajectories of the generated secondary particles. An example is shown in figures
5.5, for the interaction of 10 MeV neutrons in CR38. Particle trajectories are drown
with different colors according to their charge: red lines for negative particles, for
positive particles a blue line, and neutral particles are represanted by green lines.

Dutput data is recorded 1n 3 ROO T-Ales 1, cne for the pomaries: ancther for
each tvpe of secondary particles: and a third fle contains the information about
neutrons exdting the detector. For the primares the energyr deposited on each
inberaction, the coocrdinates where the interaction oocurs, the components of its
momentum, and the polar angle (angle between the =-axis and the direction of the
particle) are saved. As well as the mean volues per ceall of the same variables.

For each tyvpe of secondary generated inside the CH3®, the energy deposited on
the detector, the coordinates where the particle was generated | the fipe of process
ko which it was generated, the momentum, and polar angle are soved .

B+ using the abore the trajectones of the primaries and secondories can be
reconstructed: as well as the interackion peoints. Figure 5.6 (left) shows interaction
points of primary neutrons of 10 MeV interacting in CR38. In figure 5.6 (right)
are plotbed the coordinates where secondaries are generated. Blue dobs indicates
positivelyr charged particles, red dots negative particles, and green dots correspond
to neutral particles. The figure shows that most of the secondaries are gensrmated
along the beam direction.

14 BOOT file &= like a UMNIX file ditecbory. [t can contain direchories and objects or-
gamzad in unlimibtsd niumber of levels. It also is sbored in machine independent format
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Figure 5.5: Leff: Graphical output of the MO simulation. The lines represant
particle trajectories: green lines represent neutral particles, red lines repressnt
negatively charged particles, and with blue lines are plotted the trajectories of
positive particles. The red dots represent interaction points e.g decays, colli-
gions, energy deposition, secondary production, sbe. Right: Detailed view of the
detector showing the trajectory splitting caused by different type of interactions.

Figure 5.7 a) shows the profile of promary interaction positions (left ) and the ra-
dial distrubions with respect to the beam direction, for 10 MeV neutrons impinging
perpendicularly to CRI3S.

5.7 Cross Checks of the SLIM MNonte Carlo

The results cbbained with the simulation I performed (SLIM MMonte Carle) are
compared to those obbained by ancther MO pavlages commeonly used in neutron
physics, the MCIHPX *? (Monte Carlo IM-Particle eXtendad ) which is a general-
purpcee MO radiation transport code.

The cross check consists on the simmilation of neutron processes using fved ex-
perimental conditions. The model consists in the simulation of the proton (p) with
fied energies interacting with a thids alluminium (Al) target, and traddng the
secondary neutrons produced inside the target. The energy of the primary p ranges
in the eV region. The expernmental set-up consists of a proton beam inpinging
ona 3x3%3 cm® Al target which is divided in cells, forming a trn-dimensional grid.
The experimental lmvout is shown in figure 5.8, For the simulation 10% primary

*hittp:/ /' menpee.lanl gor,
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Figure 5.8: Leff; Interaction points of 10 MeV primary neutrons inside o CH39
ghest. The incident neutron direction is along the z-axis; the trajectory spread is
due to interactions inside the material e.g. elastic and inelastic scattering. Right:
production points for secondariss: red dots are usad for nexative charged particlss,
blue dots for positivey charged particles, and green for neutral particlss.

protons with energy from 30 MMeV to 150 IleV were considerad . O ut of all seccoda-
v neutrons only those in the forward direction are selected. The companson with
MCHPXY is made by taking inko account only neutrans preduced in the (p,n) nuclear
reactions. The relative abundances of neutrons (defined as the number of secondary
neutrons over the total number of secondanes) with forward direction preduced in
() processes, chtained using the SLIM MC and the MCIPX are plotted in figure
5.9 (left). Differences are within the ~20% up to energies of ~80 L&V at higher
energies the relative abudances differ by r.36%. The total energy release by neu-
trons leswving the target v also evalusted. The results are plotted in Agure 5.9
rght. The differences for energies from 30 up to 100 MeV are within ~ 219 at
energies in the 100-150 MeV mnge the difference rises to ~o38%. The agreement is
satisfactonr up to energies of Fa80 LV, MCMPX uses the neutron hbrar- TA TS0
which extend the range from 20-150 eV, except for some ions which energy range
goes up bo 100 MeV. This library fvpically exctends ENDF /B-VI data for the rangs
20-150 Li=V.
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Figure 5.7: Example of the interaction of primary neutrons of 10 eV in CR.39.
The balck marks represents the points were interacctions occurred: thesubdivision
of the detactor is shown by red lines.

5.8 Simulations of Neutron Interaction in CR39

A CR3% shest of 1om = 1 cm » 1450 pm was used as a target. For the simulaticns

a primary neutron beam I:II:I:' neutrons ) of definite energy was considerad.

The energy of the neutrons is sampled from a wide range, in order to study all
the possible mechanisms of secondan: production; the energy is sampled in a wide
range, talen the following wmlues: 100 eV, 500 ke, 1MeV, 10 MeV, 5 MV, 15
hieV, 20 eV, 30 MeV, 50 MeV, 100 IMeV, 1 GeV', 10 GeV.

The results are expressed as “relative abundances" defined as the mbio betwesn
the number of secondary particles of cne fpe cver the tobal number of secondary
particles generated. The most abundant elements produced inside the CR3IY are
found to be probons, followed by iscbopes 0 and %O, figure 5.10, then ~-particles
and secondary neutrons, igure 5.11.

In the interacticns a-particles, electrons, and also Carbon iscbopes (different of
B dencted by C*, Barvllium {EBe”) are produced. Isctopes of Boron, Mitrogen,
Lithium, Oxygen (different to I'_',:'M'l:I Hydrogen and Helium are also produced, but
with relative abundances smaller than 1%. The same relative abundances are found
for 7 particles (7%, 7% ), and positrons e+
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Figure 5.8: Layout of the simulation of a beam of protons of fived energy in-
teracting in a thick Al target of 3%3%3 em® The sensitive detector Al b
is divided in a 3 dimensicmal grid represented by white boxes; the yellow paral-
lellogram iz the “cutgoing sensor”. The blue line indicates the directiom of the
incident proton beam; red dots represent interaction points and the green lines
are the trajectories of neutrons generated inside the target.
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Figure 5.9 Leff; Belative abundances of the secondary neutrons in the forward
direction produced in the nuelsar reaction (p.n) obtained with the SLIM MC (blue
curve] and the MCMPX cods (green line) respectively. Right: eneryy deposibed
by the secondary neutrons in the downstream surface by primary protons. Im red
the values obtained with SLINM KT, and in green are the results obtained with
LICIEZ.

In table 5.3 are lisked the most abundant secondary particles: in the second
oolumn 15 indicated the minimmim ensrgy of primar: neutrons for the casss when

sacondary particles to be produced.
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Figure 5.10: ERdative abundances of the most abundant elements i e. protons,
and isctopes ¥ C and 0 produced inside CR39 plotted ve. the primary neutron
ENETTY.

A more detailled study for the preduction inside TR of secondary particles was
made in the MeV region. ERelative abundances are plotted in figure 5.12 for the
energyv range 1-—50 eV, From the results of the simulation for the production of
secondary particles and from the total cross sections of neutrons, some comments
can be made about the main nuclesr reactions.

In CR3Y neutrons undergo elastic scattering with the constituent elements
of the detector (meostly H, C, O). The high H content, about the 50% in mass and
the high croes section (15000 mb at 0.1 MeV and 1000 mb at 3 IMeV) makes the
reaction H(n,n) the most significant one. Byv-preduct of this reaction are recciling
protons which contribute to the trad: density after etching [68]. This is confirmed
b plots in Agure 5.10.

Meutrons undergo also elastic scatfering with carbon Cin,n), and coorgen O(n, )
EC, and O isctopes are then produced [32]. Figure 5.10 shows that the relative
abundances of ¥, and 0 incrense up to rv 30% for FC and o 25% for O
arcund 523 MMeV, then both decresse (see igure 5.12(a)). Experimental mensure-
ments of abundances of neutrons inside CR30 made by [8]] indicabes that direct

carbon and aorgen reccil tracks | from elastic cdlisions ) are detectable if the energy
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Figure 5.11: Eelative abundances of + particles, o particles, electrons, neutrons,
and isctopes of carbon and beryllium produced in the interaction of neutrons with
CE2 vg the primary neutron energy in the MeV region.

of the neutron is higher than 5 eV, and that for ener gies larger than 2 LeV' then
abundances are depletad.

In Agure 5.10 the abundances of the isctopes of C and O ae plotted. Up to
energies of ~o10 IMeV protons are much more abundant than Cand O nuclei; arcund
10+20 IMeV the abundances are comparable, *C abundance is larger than p in the
range 10=40 eV,

Meutrons interact wa inelastic scattering with carben C(n, 7' 10" and axvgen
D[ri,ri" W37 In this reaction the nucleus is lett in an exccited staba, and mo later
decay by gamma-rmw () or same other form of radiative emission. The inelastic
reaction ococurs only if neutrons have encugh energy to excite the nucleus, usually
at 1 MeV or higher. Below this threshold | cnly elastic seattering may cocur [72]. In

figure 5.11 left the relative abundances of +-particles mpidly increnses for energies
larger than rv 1 MeV. Other bv-products of this reactions are carbon and oxvgen
ions. Other tvpes of inelastic scatbering processes also coour. For exampls in the
reactions *C(n,n"), F0(n,n') secondary neutrons are produced inside CR39. This
process has a threshold arcund 5 MeV [81]. Figure 5.11 (middle) shows the produc-
tion of secondary neutrons obtained with the MOC sirmlations, with o production
threshold of 1 MeV'; the relatiwe abundances rise around 5 MeV, as shown in figure

5.12(b).
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Element | Energy threshold
P 100 eV
o= 100 laV
(e 104 1=V
. 100 eV
- 100 laV
n 1 hieV
e 1 L=V
' 10 eV
EBe” 10 eV
et 10 MeV
7y 20 MeV
E 20 MeV
H* 20 MeV
H* 20 MVl
H* 50 MMeVT
He* 50 MeV
Le’ 50 MeV
T 1 GeV

Table 5.1: Production threshold of the different spaciss, the energy value corre-
spond to the energy of the primary neutrons ab which the secondary type starts to
beprodussd. Thevalue 100 k¥ is the minimmm value used in the simulations and
it is not neccesary the producticn threshaold. 7 are Hydrogen isotopes, deuterium
(H7) and tritium (&7).

Different alpha reactions (n, a) can cocur in the MeV region where a-particles
are produced; the main reactions are: ¥ Cin, n3a) callad the three alpha-process
having a crees section of ~+ 380 mb at 15 MeV [31]. MC results for a-particles are
plotted in figure 511 (right), showing an energy production threshold at 10 MeV;
arcund 20 LaV a fast increase of their sbundance cocurs, of the crder of 10%.
Ancther alpha reacticn is ®C(n,n'a)?Be by which both a particles and beryllium
isobopes are produced , the cross sechion for this reaction is ro 50 mb abore 8 eV
[31]. The relative abundances of the Be isctope, shown figure 5.11 (right) behave as
for a-particles. The production energy threshold is 10 el at 20 IMeV an increnss
of ro 1009 in the relative abundances can cocur.

Carbon isctopes ¥ C and a particles can be produced via the IEDI:H,.:'L]EC' re-
action. The cross section for this process is rv 1000 mb arcund 10 MeV [81]. Figure
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Figure 5.12: Eelative abundances of the sscondaries produced inside TR by
the interaction of neutrons with ensrgiss in the 1MV region (showing 1 to 50 L=V
vg. the neutron ensrgy.

5.11 (left) show the abundances cbtained for the iscbopes of C; in parkicular ¥ C
is plotted with black doks and other isctopes of C (1°C, 2O, 1T, 1°C, ?C) are
indicated bv red markers: the isctope *C is the mest abundant carbon isctope
(different to ¥ C) up to ensergies arcund 20 LeV.

It has been reported that for neutron energy £ = 100 eV hadron shower pro-
duction cccurs [T2]. MC simulations in this regicn show that 77, 7% are produced
with a preduction energy threshold arcund 1 GeV: their elabive abundances is at
the crder of 8%,

5.9 The application of the simulation to SLIM
modules

Three SLIM modules were exposad at 3 different locations at Chacaltay in crder to
evaluate the leval of tracls induced in the ORI by cosmic neutron. The exposure
elpased 16 months. After exposure the CR3Y foils were etched, and all etch-pits

weare cotinbed .
A first atbtempt to interpret the expernmental chservations was made by simmulating
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Process secondary produced
elastic scattering
Hin,n) P
Cln,m) 2C
D, m) 5
inelastic scattering
O, ) L, PO
Dl:?!:?!'l [y 27, 153
alpha reactions
B 0(n,n3a) a
B 0(n, n'a’Be “Be
B2 n,a 10 a, BC
hadron production T

Table 5.2: Iain resctions involved in the interaction of neutroms with CR39.
Mcet abundant sscondary elements by-products of the main reactions cited.

the interaction of the neutron Hux in o CH3Y sheet of 1450 pum. Since after etching
the thiclkness is rv 1000 pm, generated tracls are considered only if their production
poink 15 225 pm above the after ebching detector surface.

Two main parameters has to be defined in crder to simulate the incident neutron
Hux, hirst the number of incident neutrons corresponding to the exposure time, and
their energies. The simulation implemented don not considered the contribution
of the bacl-scattered neutrons so only downgoing neutrons are considered. Both
parameters are caloulated from the neutron ener gy spectrum measured at the SLIM
site, plobted in Aigure 5.1, The spectrum plotted as the inbensity 1 times the energy
E vs neutron energy r.e E% vs. E (cn the x-axis is In E).

The number of neutrons per unit of energy can be whtten as

d¥ d N 1

- 5.1)
dE ~ dlog,E 13E (5:1)

the factor 2.3 comes from the bose change, In to log. Eqn. 5.1 can be approc. by

d v AN

— sl —IMel 5.2)
dE  23E Alegy, E [ern ™ s T er T M el ] (5.2

div AN 1 -1
EE =] m [E?i".l = sT ] |:-53'|
The approcdimation made can be interpreted as a discretisation (binning) of the
distribution; so a histogram of the log,, £ weighted by I:Es%]jiﬂ was creabed
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(plot in figure 5.13 left). That histogram was used to sample neutron energies in
the SLIM WMC simulation. Histogram 5.13 (right) shows a sample of 10" randem
walues talen from the neutron spectrum histogram, that reproduce the experimental

measurements of Agure 5 1.
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Figure 5.13: Leff: Histogram of the neutrons ener gy at the SLIN detector zite.
Right: 10" random ensgy valuss (talen from the distributiom on the left) used
for the neutrons generated in the MC simulation.

Let’s now determine the number of incoming neutrons for a gwen exposiure time.
The Hux mensured experimentally in the energy interval £, E4dE is

drz \
T = EE I:E-.-.LI
5o the number dn of neutrons is given bar
s
dn =EdE = T dilog £) (5.5)

The number of neutrons over an element of surface d.5, solid angle A2, and fime

interval df is
dn = T dileg £)d0 .45 d¢ (58]

ddS is the detectors acceptance. For a surface 5 over a time At one has

ST
N= f dr::-f Einéfmédéfd.ﬂfdffdlugf, (5.7}
] G =
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where & is the scimmuthal angle, § is the zenith angle, manging from 0 to §_ ;. defined
in 3.14 PBecause neutrons impings upon the CR3Y perpendicullary the the limik
angle i5s not considerad , inally

N = 57 flff{[?d[lugE'l (5.8}

The integral fi[? dilog E) is evaluated numerically by integrating the energy
spectrum, hisbogram 5.13 (right ) over the interval 130 l&V to r0 100 GeV which are
the minimnim and mosdmim values expenmentally found . For an exposure time of
16 meonths, NV = 1120770,

The MC simulation implementad males o mun for a single neutron: so o siomlate
the total number of neutrons, &V runs were made, and the doka generated for each
rin was storaged.

5.9.1 Simulation Results

Figure 5.14 (Right) show the distributicn along Z of the number of interactions of
primary neutrons inside the detector. Figure 5.14 (Left) shows the radial distri-
buticn (in the plane X-Y) of the number of interactions. [Meutrons were orginally
generated with a momentum direction along the Z-ands. One chserves no asimime-
trv for the interaction points along the detectors thickness, even if neutrons were
genermted with different energies. The plot on the right shows that the 92 .69 of the
inbaractions cocur along the incident direction, in a circular region of radius - 150
pm on the detector plane (XY the number of inberaction points then decrenses
Linearly with the increasing radius.

The relative abundances of sscondary particles are plotted in Agurs 5.15. The
most abundant particles produced are protons, with a relative abundance of the
52.4%, then ¥*C iscbopes (12.5%0), ~-particles (9.5%), secondary neutrens (9.3%),
%2 isotopes (3.5%0), and a particles (~22%). The other species qucted on the plot
contribute for less than o 1%,

For the more abundant species, the generation mechanisms are listed in table

5.3

The meost important mechanism for neutrons interaction is the had ron elastic proces
that is the elastic scobternng of primany neutrons with the constituent elements of
CR39 (H, C, O protons and isctopes (¥C, **0) are mestly genemted by this
process. Inelastic scatbering (IMeutron Inslastic) is the second meost frequent process
that neutrons underge:; bv-proeducts of this mechanism are + and a parkicles.
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Figure 5.14: Lefi: Profile distribution, along the beam direction (Z-axis) of
the numerical denzity of the interaction points of the primary neatrons. Right:
Radial distribution , around the beam axis, of the mumerical demsity of the primary
interaction points.
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Figure 5.15: Secondary production inside CR39 (1000 gm, peost stched thick).
The relative abundances (ratio of the number of sscondaries of one specie and the
total mumber of secondariss.] are expresad in percentage. Statistical errors are
indicatad with bars.
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Secondary FProcess
[ Hadron Elastic (39%), Meutron Inelastic (117 ), Proton Inelastic (3.1%)
2o Hadron Elastic (94%), Meutron Inelastic (5.8%), Other(0.1%)
3 Meutron Inelastic (34%), Decay (14%), cther (2%)
n MNeutron Inelastic (99.6% ), Other (0.4%)
53 Hadron Elastic (95% ), Meutron Inelastic (L.6% ), Other (0.4%)
a Meutron Inelastic (99.1% ), Other (0.9%)

Table 5.3: Phyzical processss by which secondariss are generated inzide CH39.

5.9.2 REL Distribution of Secondaries

The TR detection threshold is REL,,;,, =50 MeVem®g~! and 200 MeVem s~ for
soft anf strong etching cond itons respectively, as discused in saction 4.4, Thresholds
are included in the simmilaticons by requiring that cnly parbicles with REL longer
than threshold are detectable. Figure 5.16(a) is the REL distribution for secondary
pootons. In the figure are also the for soft and strong ebching. The number of
detectable particles is obtained b integrating the REL distributicn from REL =
REL qin.
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Figure 5.16: BEestictad enear gy loss distribution for particles genesrated inside the
CE3 detector.

For ¥ and ¥ ions and for o-particles it was found that their REL is alwavs
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larger than KREL ;. for sttong ebching. That implies that all such particles are
detectable under beth ebching conditicons. The REL distribution of a-particles is
shown in igure 5.16(h).

For protons the REL distrbution is continuos in the range ~0-510 MeVem g~
the number of detectable protons is wery sensitive to the deteckor threshold; for
REL, ., =50 MeVem®g—? the fraction of detectable protons is 88% of secondacyv
protons; for REL, ;, =200 MeVem®g~! the same fraction is 42%,.

5.10 Experimental Measurements of SLIM Back-
ground Tracks.

Thres SLINM-like modules were exposad in the same detector location in role to eval-
unte the background signal for cosmic neutrons. The exposure lasted 16 months. Af
ber retrival the CR39 top sheets were ebched with soft ebching conditions (RE L, ;, =50
MeV em®g~). A scan was performed over an area of 30«30 mm®, with a trans
mision microscope with global magnification 25 ococular and 6.3 objective. The
scan area was sub-divided in 30 —ones along each aods (30«30 grid ).

The spatial distribution of the trads over one of the debectors is shown in igure
5.17. The mean track number 15 homogeneus over the thres detector folls.

15

0

o

Figure 5.17: Mean numeric density of the background tracks measured in a
CE.33 shest. The data is represented in a two-dimension histogram, with a hin
width of 1 mem the mmber of tracks is plotted with a color scals.
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5.10.1 Track Morphology

In particullar neutron induced trocls morphology is strickly related with the point
of inkerachion of the neutron with the detectors bullkk material; vielding different po-
sitions of the latent tracls (LT ) inside the detactor. The shape of the post etch-pit
oones for different locotions of the LT before the etching are represented in figure
5.18 with dashed lines. In the higure the positions are dencted by the letters o, b,
c and d, and the shapes of the post etch-pit cones are indicaked with the ralative
prime letbers 2’ b’ ¢’ and d”. According to [32] different shapes of the ebch-pit cones
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Figure 5.18: Latent tracks in TR39 (dashed lines) at different depths inside the
bulk material (a, b, ¢ £z d). The post-ebched surfacs is denotad by the dotted line,
and the correspondent etch-pit cones are dencted by the prime letters a’, b" ¢ and
d” [82].

are expectad; and the radius of the etch-pits, even for o certnin specie of particls
emitbed in the same direction through a common interaction, should be distributed
widely since it depends on the depth where the interaction tales place.

The next sample of photographs shows different kind of tracls found on the
hrst CR3Y laver of the SLIM stacls. All of the photographs are made with a 3.6«
objective, a diaphragm of 3.5 and an illumination set at 3200 . Figures 5.19(a)
and 5.19(c) shows the tmcls o5 seen on the top sudace of the detector, and figures
5.19(b) and 5.19(d} shows the photographs of the tracls as seen on the bottom
surface of the debector.

Ancther tvpe of tracks correspond to these criginated by “mulbiple tradd” reac-
tions lilee **Cin,n'3a) ar ¥ Oin,n'da). The shape of these tracls is complex; but
are recognized by the presence of “prongs" (small tracks). In these processes the a
particles forms small trades, all with a commeon crigen (the point where the reaction
cociirs). Figure 5.2 shows a micro-photography of a track of this tipe.
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Figure 5.19: Ilicro-photographs of reccil tracks found in the uppermost CR39
layer of the SLINM stacks, as seen on both sides of the detector shests.

5.10.2 Identification of Recoil Ions

In ocrder to identify the tvpe of reccil ions, mensurements of the dimensions of the
track on the top and botbom sudace are made. Using the track’s semi-axds and
the vy, wmlue of the sheet, the reduced etch mte p for the trad: on the front and
bottom sudaces can be caloulated using equation 3.5, Then using the calibraticon
curve plotbed in Agure +8(a) the corresponding restricked energy losses REL for
the front REL ¢ one and for the bottom FE Loy, sutdaces are obained.

Figure 5.21 shows the REL of different icos funchion of their kinetic energv
I RELg .4 correspond to some Iy according to the “eandidate” ion considered.
For eadh ion with intial energy I, the energy loss inside the CH3% 15 calculated
using the Zisgler’s SRIM program® [84], and the final kinetic energy K is estimated.

S v BT OTE,
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Figure 520: Micro-photograph of a neutron induced track produced by a “mul-
tiple track” reaction; the complex shaps of the track is dus to the presence of
emall a-tracks, generated in the interaction.
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Figure 521: Bestricted energy losses versus kinetic energy for different ions
obtained with the MO simulations. For the low energy regions the curves weare
evaluated using the SREIN program.

Using fgure 5.21 15 found which ion have ensrgy losses REL; 0 and RELyuon
corresponding to kinetic energies Juy and .

For example measurements of the tradc shown in fgure 5.22 yvield to pene =
1.335 corresponding to RELfome = 45474 MeVglom®™ and oo = 3335 corre
sponding to BE Lumses = 738,32 MeVglom®. Comparing the REL wlues chtained
with the functions plotted in figure 5.21, it is found that the energy losses corre-



TG Study of the Meutron Induced Badkground in SLIN

spond to a carbon ion with an initial energy of Ky =298 MeV, leaving the sheet
with a final energy of i 2161 MeV. The final /' is withing the expermental errors
equal to the kinstic energy calculated evaluating the energy losses.

Figure 5.22: Micro-photograph of the track on the top and bottom surfaces of
the detactor shest. The track correspod to a Carbon recoil messured in the first
layer of CR39 of the 4042 SLIM stack.



Chapter 6

The CAKE Experiment

The CAKE { Cosmic Abundances below the Iinee Energy) balloon experiment aims
to messure the primary ocemic rov charge spectrum on to the top of the Earth’s
atmosphere by menns of sheets of CH3Y, Malirofol and Lexan nuclear track detec-
tros.

Figure 8.1: (a) Trajectory of the balloon flight, from Sicilly, [taly to the central
Spain (~ 1500 km). The rigidity cut-off at the fight latitude was about 8 GV,
(b) The 834=10* m” volume RAVEN halloon. () Compesition of a cylindric
aluminum ecntainer: one assambled tray with 5 stacks is shown. (d) The balloon
gondola: among the payload, the boges with the CTAKE detectors are visible on
the upper sectors surrounding some electronics.

The balloon weas launched in July 1999 from the Trapani-Mils base (12.5°E
3292°N) of AST ({Agen=a Spaciale Haliana) and landed in central Spain after 22
hours of Hight. The tmjectory of the Hight is indicated in figure 6.1 (a). The
plafond altitude was 37-40 km (3-3.5 gem ™™ ) far about 20 hours. Along the balloon
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trajectory the mean wertical rigidity cut-off was about 8 GV (limiting the minimal
energy of the impinging CHs with a cut-off for E<3 GeV/nuclecn)[35].

The principal elements of the Hight-chain which compesed the balloon were: a
83.4210* m® volume RAVEN balloon (fig. 6.1 (b)), a 24m° area Irvin parachute, 20
m long quadnflar stesl wires and 90 m pyvro wites connected to a pair of explosive
device for cubting the steel wires ab the end of the Hight, a radic beacon, the COBY-
2 payload and the gondola which was not equipped with a pointing system (fig. 6.1
().

CANE was composed of 30 multi-layver stacls of [MTTD sheets, each are 11.5 =
11.5 cm® for a full detection aren of 1 m® Each stack had a core of 10 shests of
MMalaotol 4. 25 mm thick, sandwiched by several layers of CR3Y, 0.7V mm or 1.4 mm
thick. The total thidiness of a stack was about 2.3 _g,."c'mg. The stacls, iwe by five,
ware inserbed into aluminum covlinders; the cvlinders which manteined an internal
preassure of 1 Atmosphere all the balleon Hight, The cilinders four by four, were
inserted into aluminum bewes, with an internal insulating foam ooverage (fig. 6.1
(c)). The enbire experimental set-up was lodged on the pavload of the balloon.
The temperature inside the cvlinders containing the stadis was never greater than
3470, Studies performed in a controlled henting room at C.IT R of Bolegna hore
determinad that CR.39 keeps constant its sensitivity fram -50°C up to 50°C [70]. The
thickness of the total amount of Al which was surrounding the stacls, considering
the cvlinders and boes, was less than 2.7 g,."cnfn thicl:.

6.1 Detector Calibration and Limit Angle

The CAIE MNTDs were calibrated using 158 A GeV ** Pb icns at CERIT 3PS
(Gincomelli et al., 1997, 1983 [3E]), the reduced etch rate p was related to the
charge number of the crossing particle I (zee CR39 calibmtbion exposad in section
3.2). The etching conditions used for calibrating the CTHR3Y detectors were 61 MalOH
at (TO£0.1FC for 30 hours. Such conditions were used for etching the CAWE stad:s
which Hew on the balloan. The calibration curves are plotted in figure 8.2 (left) for
three values of the bulk velocity, Figure 6.2 (rght ) shows the limit angles obtained
for the three vz wmlues considered in the calibration curves.

6.2 Automatic Scan Session

Ten staclks cut of the 3] cnes contained some Al a Pb 0.5 mm thick: the cverall
thickness of each one of such the stacls was about 3.0 and 4.5 g,."cnfn respectively,
and represent the 12.5 % of the whole detector. Such “heaw" stad:s were inbended
for fragmentation studies. The results in this thesis concerns only the analys=is of
those 70 normal stads assembled with ITTDs only. For each one of the 70 staclks,
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Figure 8.2: Leff: calibration curves for THR29 sheets etched with 6 MaOH
at (7040.1)°C, for thres values of vg. The dashed line indicates a computed
calibration curve for an intermediats vg, obtained by interpolating p ve. vg data
[70]. Right: Limit angle (¢ is the zenithal angle) as function of the ions charge,
caleulated in TH39 for thres values of bulk etch vdocity.

1+ CR.39 detector foils were scanned using the SAMAICA system (described in sect.
3.3) with automatic scan sessions. The scanned area of eadh foil was reduced to3 <3
cm- for byvpossing the boundary slices of the sheet: the dumtion of a scan session
was about 12 hours. The complete guide for the parametizabion of the SARATC A
syvstem can be found in [74] and extensive explanations of the parameters used in
the scan of the CAWE detectors are given by [70]. A detailed discussicn of some of
the parameters that mayv introduce uncertainties or ambiguities in the automabic
soan proocess are discussed forward in this chapber.

System of reference

The best mensure of the dimensions of the track melesssd b a high energy icn
is cbtained by aweraging all the ion traclks along ibs trajechory through the piled
sheets of one sbaclk. In order to scan o region of one sheet, SAMAICA builds an
ortogonal (XY) reference frame starking from two points of the foil set by the user
called Marlers. SAMAICA refers the position of all the traclks to such a reference
frame in order to pursue the ion trajectory through piled foils. A cormespondence
betreen the marlers on all the scanned shests is required. Detector shests were
aligned inside the stack by means of three aluminum pins passing through three
fducial holes per shests with a diameter of 3 mm each. The center of teo of the
fiducial holes were chosen as markers for the frame determination (see figure 6.3,
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the fiducial holes used as marlers are M1 and 2. The Aducial holes are also used
to fix the detectar on the microscope XY-stage which was carrving 3 similar pins
disposed accrding the same design. In resulted that the 2 marlers used to define the
reference frame had limited sistermatic errcr dus o the positicning of the foils onto
the micrcscope stage, with a minimum spindle pitch (< 10pm), and a stakiskical
uncertainly due to the repetition of the movements of £ 1um.

Figure 8.3: The sheat refarance frame is debarminad from two fidueial holss (ML

and 12) which are chosen as markers for SAMAICA.

The posibion of the messured tradis is thus referred to the frame defined by
the fducial holes, such systemn of reference is called the fiducial-frame Thus, the
relative uncertainty of the track position on teo different sheets is strongly red uced .

Central brightness and mininnm perimeter parameters

The optical microscope of the SAMAICA system worls by reflected light, 5o that
any engraved element on the shest absorbs the light and appenrs darker than therest
of the sheet surface. Since the etched pit related to o high energy ion is desper than
any cther track or plastic deffects, it higly absorbes the microscope light. Figure
6.4 shows o snapshot of SAMATICA messurement display: becauss of not cormect
svstem parametrization, good and noise tracls are either measured or discarded.
The brghtness of a trads 15 a crucial parameter in crder bo distinguish beteresn
signal and noise tracls. The SANMAICA svstem wos developed to mensure trodcs
of ions at accelermtor beams, with almost all the particles impinging with the same
angle with respect to the detector sudace. Such beam characeristics determine
small Huctuation of tradd’s brightness, even it still depends on the track dimen-
slon. Anyvway for accelerator beams, the ion tracls pressnt homogenous brightness
through the track base. Far this reason the SAMATCA svstem allows the retrival of
the traclk brightness but only in the central part. Thus during the autcmatic scan,
the con line selection of the measured tracls depends strongly on the setbings of the
central brightness threshold parameter OB, unfortunately without any reference
bo the track ellipticity (ratic between the tmclk major to minor semi axds). When
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mensuring cosmic rayv tracls this is a strong iimitation since the impinging direckicon
of the cosmic ions are higly wmryving, and expen mentally we observed that the tracl
central brightness sensibly increases with the track inclination. If a limitant OBy
cuts the badsground tracls off (which are mainly circular with a high brghtness )
also vanous good inclined traclks are lost. In this way, the COF,, threshold affects
the angular acceptance for the measured tracks.

Figure 8.4: Tompeoeition of images obtained with the SAMAICA system; darker
tracks (low CB ~100 arbitrary units) correspend to good tracks (tracks enclosad
by a greem and red circles). The gray chain of bubble shaped tracks encloesd by
green contours is a souree of background tracks (with high ©8 -~ 200 arbitrary
unita].

The main biss induced by the OB, threshold is in the messurement of small
tracks which are formed by light relativistic particles, even though they are not
too much inclined. For encample beacuse of the limiting angle, Carbon traclks may
hore o detected zenith angle smaller than 20°, while Iron tracls could reach 53°.
IMeverthaless, Carbon trads appears about 1.5 times brghter than the Iron cne
with the same inclination [7].

The efbiciency of the automatic scan depends also on the minimum pedmeter of

the track. The minimum perimeter threshold B of the track is ancther parameter
of SAMAICA; given the equation 3.8 which relates the reduced etch rate p to the

traclk anes, o threshold on the minimum perimeter sats a constraink on the minioum
detectable p and thus on Z; 3.

In crder to perdform a good countour it of the track the SAMAICA digital image
i5 tuned using a contrast parameter by wnrving the light intesitv of the microsoope
(a detailed description of the set up of these parameters can be found in [70]).

For the automatic scan of the CATWE detectors, the C By parameter was fived

to o wvalie in order to have o minimim biss in the small tradis messurement. This
impliesd the intreduction of noise which had to be treated off line.
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6.2.1 Automatic Scan Elliciency

The automatic scan efficiency € was estimated empirically in [70] by re-menssuring
the same portion of a sheet Arst interactively by the operator, changing the param-
ebers involved in the track identification) and then with the sutomatic scan. I is
found than the scan efficiency ranges from ~0100% for wertical tracls with perimetar
grenter than P, and central brightness less than & B, down to even 409 for small
tracls (for example the Carbon and Oxvgen traclks with diameters below 100 pm)
which are inclined bewond ¢ = A°. The empirical estimate of ¢ as funchion the
particle charge I, valid in the mnge of 0° < & < 60° when F,;, = 80 pm, and
C B, r-80% of the mean brightness of the field of view is given bv equation 6.1; the
scanefhciency funckion of the ion charge is plotted in Agure 6.5,

e=l-g 7 — 13 (6.1}

51/

Figure 8.5 Experimewntal sstimate of the autom atic scan efficiency € as function
of the charge of the incident ion [70]; such curve was calculated for the SAMAICA
settings: F,u, = S0um and CB,, - 90% of the mean brightness of the field of
view, in the zenith angle range 0 =< & < &0,

6.3 Neural Network Based Off-line Filter

To reduce the background introduced by the automatic scan, an off line hltar was
implemented and applied to the rowr datn. A sample of trocls actually passing
through a stack was messured with semi automatic scan runs [70], were the track
walidation was pedotmed interactively by an operator: such a dataset wos dencted
a5 “pure” data. The pure doba showed a particular configuration when were repre-
sented in the track ellipticity vs. trad: central brigthnes plane (called “features"
plane). An Arificial Meural Network [(AMNIT) was implementad in order to classify
the acquired tracls elving on the feabures plane.
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6.3.1 DMultilayer Perceptron INeural Network

An AN is an algorithm inspired in the wayv that ological nerrous systems process
informations. The AN is composed of a large number of highly interconnected
processing elements (called neurcns) which worlk together in order to sclve specific
problems. An artificial neuron is a device with many inputs and one cutput. An
AN learns by eommples, and it 15 conhgured for specihic applications, such as
datn classification, through a learning stage. This process inwlwes adjustments
to the connections that exists between the neurcns, callad svnapses (modifving
the srnaptic matnce which is the arrar of the connections), as a real biclogical
svstems[37]. During the learning stage (training), the netwerl (f.e the array of
neurons ) is trained to associate cutputs with input patterns. In the training mede,
is determined a law to establish how a single neuron responds to different input
patberns.

Hence, the learning problem amounts to find a synaptic matnx that can “learn”
the patterns of a given fraining seb. Anyv algorithm vielding such a svnaptic matnx
will be regardad as a lerning rule [383]. The network identifies the input pattern
and tries to cutput the associated cutput pattern. The power of neural neteorls is
shown when a pattern that has no cutput asscciated with it, is given as an input. In
this case, the networl gives the cutput that corresponds to o thought input paktern
that is least different from the given pattern. The perceptron is a simple medel
of a neuron and the multilayer perceptrons (MLP) are networks with at least
one hidden loyer [90). The structure of the implementad mulki layver perceptron is
shown in Agure 6.6 (right).

The parameters that are considerad to evaluate the trainning and the responoce
of an AN are the so-called “clmssification errcr”: the classification error is defined
as the sum in quadrature, devided by two, of the error on each indimdual cutput
neuron: the AL learning method minimizes the total error using the computational
methods maldng loops over all the encamples, eadh loop is called a “training epoch™:
the convergence is a property of the methed [0]].

65.3.2 Neural Network Implementation

The AMNHM implemented had 4 lavers of hidden neurcns. Far the training of the
AN the “pure data set” was used: cnce that the AN wos trained we want test
it with the “test" set which was composed of all the memsured tracls from one
aubtomatbic scan (2 e valid and badiground trads). Each data sets is camposed of
ra2700 trocls.

Input data to the AL were chosen recursively from both pure and test sets,
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Figure 6.8: Leff: Features representation of the “pure dats” obtained with the
interactive scan. The features chosen are the central brightness of the tracks, and
the ellipticity. The color scale represents the numerical density. Right: Sketch of
the multilayer perceptron [39).

then the training and the test process were executed: this loop was repeated untill
the training epodh reached the value of 100 iteractions. At each epoch the errors
ware evaluated and minimazed by adjusting the weights of the AT cutputs. Figure
6.7 (left) shows the relative quadratic errcrs obtained for the training and for the
test stages for each epoch. The plot shows that the ertrors decreases with the
increasing epoch time. It was found that for epoch times greather than 100 the
AT is overtrained.

The cutput lover of the AT svnthesized the decisional processes of the MLP
intoan cutput parameter, called “Label Index” (LI). A value of 11 =0 corresponded
to o track recognized as badoground, while a wmlue of LT = 1 cormresponded to o tmcl
matked as good one (i.e. perfectly fitting to the pure-data set characteristics). The
blue and red-dashed histograms in figure 6.7 (right) show the neural networlk re-
sponse os function of the L] parameter on the “test” set. The histogram peals
showrs that the quite well the AN managed to identifv the two baclkground and
good tracls cabegories; [Mevertheless, the smooth overlapping through all the full
mange of L] reveals that a sub-set of the analv-ed tradis were classified with scme
uncertainty. Such a sub-set of data corresponded to small bright tracls, someti mes
very inclined cnss, which could have deceived the AN o= well as the human oper-
ator during an interactive scan. It was convenient to fix a LI threshold wmlue, LI,
52 that only those traclks with LI j Ll were sslacked.
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Figure 6.7: Left; Errors obtained in the training and in the test processes of
the neural nebwaork cutput as a function of the loops over the examples (training
epoch). Right: Meural network response, showing the labd index distribution,
the valus equal to zero represents background, and the index aqual to one corre-
spond to good data, The distributions are overlappad due to miss-classifisd signal
(difficult to evaluats) that contains both data and background.

6.3.3 Filter Elliciency

The filter efficiency is studied using data generated with Monte Carle (MC) simmi-
lations. With the MC simulations implemented for the CAKE experiment (further
detnils are given in saction 6.7), track parameters (charge, raduced etch rate, semi
aods, polar and zenithal angles) are genereated for the signal and background tracls.

To determinate the flter efficiency e, the MC background tracls are generabed
with a central brightness (CE) value cutside the ranges measured for real tracks.
Details about the COF assignement in the MO implementation are given in sachicn
6.7

The efficiency of the filter ¢ is equal to ~85%; ¢ indicates the amount of data
selectad from the row data after the filker application. The value cbtoned implies
that almest 25% of the row data elimintaed by the filter correspond to baclground
tracks. The filter do not eliminates walid traclks in the selection process.

Figure 6.8 (left) shows the aren distribution of the salected (plotted with a red
line) and the raw data set (plotted with a black line) corresponding to cne shest
onlv. The plot is made in semi-logarithmic scale to enhace the differences betwean
the distributions. A strong rejection cocurs for the smallest tracls (as shown in
figure 6.8 left): in fact most of the background due to plastic defects, EOR tracls,
and fake tracks present areas less than ~2300 pm®.

Figure 6.3 (right) shows the rejection efficiency caleulated for each bin of the area
distribution: showing the strong rejechion in the first bins and strong Huctuations
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the highest bin number due to the small statistical sample.
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Figure 8.8: Leff: Tracks area distribution corresponding to one detector foil
automatically scanned. The raw data is plotbed with a black histogram, an the
filbered data. is plotted with the red histogram. Right: Rejection efficiency (ratic
of the number of rejectad particles over the total number of particles) caleulated for
each bin. The Auctuations shown at the higher bins is due to the small statistics.

6.4 Data Overview

As previcusly explained in section 6.2 236 sheets were scanned (~270 staclks) with
the SARMAICA svstem. The mean number of measured chjects per foil is ~oB500,
the number of entres cbiained in all the shests are plotted in Agure 6.9 left.

All the scanned foils shared the same expenmental conditions durnng the Hight
(excposition to CR and background particles) and the etching stages. Seldom nok
properly correct parametrization of the SARMAICA svstem vielded o number of
measured objects per shest even greater than tvo times the reported mean wmlue.
Thus, among all the scanned shests, only those with less than 20000 measured
objects were considered for the analvsis.

As reported in previous sections, the bullk velocity vy is an inpoartant feature
of the messured foils: it is stricly linked to the detector calibrations, and it is
fundamental to retmeiwe the particles charge number from the meassurement of the
tracls on the sheets. Dhue to several factors as small varnstions of the enviromental
cond itions during the ebching stages, or the differences in the polimeric aggregation
of CR3%, different vz resulted among the 236 etched debactor foils. As previuslhe
menticned , a range of 1.10 pm/'h = vs =1.21 pm/h was determinated with the
CH39 calibrations. Howewer, a larger range waos used for accepting the etched
foils; this wos called the “acceptance range” and spanned between (0.9-+-1.4) pm/'h.
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Figure 8.9 Leff: number of measured objects as a function of the v5; the mean
value of measured chjects per shest is ~8500. Right: bulk etching velocity (vg)
of the measured detectors. The dashed lines show the rangs of vs usad in the
calibration of CH 3. The “acceptancy rangs” of vs for the analysis (plotted with
rad salid lines) is 09+1.4 gm/h. The errors are dus the uncertainty intraduced
in the thickness measurament.

Figure 6.9 (right ) shows the vs for the 236 analy=ad sheets; the sclid lines represent
the boundary regicns of the “acceptance range”: while the dashed lines enclose the
calibration range. Both conditions, the “acceptance range” of vy and the masdmum
number of messurad trades per sheet (20000 set the Frrst Lewel (F.L.) of selaction
of the data. These criteria implied wheter the detector foil was to be considerad
of not in the analvsis. From now on the presented analyvsis is for tracls from the
toils that satished the F.L. criteria, refeared to “raw dafa”: the total amount of
measured ocbjects was 22565440,

Second level of acceptance

The sacond level of acceptance s set by the off line flter applied to the rowr data
set. The filtered data set is about the 0% of the raw data set; the filkerad zample
is representad in figure 6.10 (in the “features plans" ) with red dots, the green dots
represent the mw daka,

Figure 6.11{a) show the distributions of the ellipticity of the raw and fAlbtered
data sets. The row data distobution shows a bump arcund ellpfrofy =13 indi-
cating trados with o very sharp elliptic shape. Filtered data, represented with the
blue histogram in the same plat (fig. €.11{a)), show an exponential decrense of the
number of tracls with values lower than 0.4
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Figure 6.10: Tracls central brightness (messured in arbitrary units adu) ve
track ellipticity. The raw data set is plotted with green dots; the filtered data set
is repressntad with red dots. The filbered data sst is ~-60% of the raw data

In fgure 6.11(k ), the distributicn of events from the raw data set as function of
the track central brightness shows a penls around 170 ad u., which is suppressed by
the filker. Such high CEB mnge corresponds to fale tracls, recorded by SANMAICA
after a wrong track-contour At in zone of the foils with an enhanced amount of
superhcial detects cr etched scratches. Indeed , during the automatic messurement,
SAMATCA can be deceived by mislending wmlues of the pixel " contrast" and " bright-
ness" parameters along the detetct ad ges, and it can erronecusly mer ge more contour
segments into fale, big and extremely elongated tracls.

The zenithal angle distribution of the data is shown in figure 6.12(a). The
zenithal angle ranges from O (vertical incidence) up to the limit angle §;,,.

The polar (azimuthal) angle » distribution of both data sets is plotted in Agure
6.12(b .

Because the gondda was not azimuthally controlled, a Hat distribution of events
with respect to (2 is expected, with no evidence of the enst-wost effect due to the ter-
restrial magnetic field. The figure shows instead an apparent bump arcund » =10,
with a peale-valler discrepancy of about 25%. Such discrepancy on the arrival di-
rections of the CHsis mainlyv due to the thickness of the Alluminum cvlinders which
is =27 gem™" in the barrel and ~80 g cm™ at the endeaps. Such differences de
termined an asvmmetryv in the experimental transversad by the CRs before ardving
to the detectors.
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Figure 8.11: Distributions of the raw and filtered data ssts. The peak around
CE=170 a.d.u. in (b) correspands to background tracks which are eliminated by
the off-line filter.

6.5 Data Analysis
65.5.1 The Tracking and Selectic Software

To identify tracls of primary CH impinging on the debactor, and to eliminate the
remaining background in the fltered data, two dedicated sottware, the “Traclear™
and the “Selector” |, were developed.

Since high energy ions completely cross one stack without a sensible change in
their energy, nor in their trajectory. Tracks (one per each feil) which were aligned
along the same direction and with the same dimensicons, formed the CR signature.
A minimum number of 3 crossed foil waos the first requirement for the discrimination
of signal from baclkground.

The Tracker softwrare determines all the possible correlations betwean tracls
trom different foils, all belonging to the same staclk. Its tosk is to restrict the
mimber of candidates which should sty along one CR trajector:. Becouse of the
high track density mensured on each detector surface, more than one candidate on
ench foil could be correlated by the Tracker to the same CR trajectory. Thus, the
Selector sottware go through o further data manipulation, in crder to dhoose the
best fitting tracls (one per foil) to a CR straight line tmjeckory.

From the geometric dharacteristics of a track and by knoering the thickness of
the traversed materal, it is possible to recursively compare the theoretical position
of the ion tracks on all the subsequent messured foils.

From the upper foil, the algonthm matches the computed position of the traclked
etch-pits to the cnes measured on top of the subsequent fol, recording those tracls
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Figure 8.12: Angular distributions of the raw and filtered data sets.

which best fit to the computation. [MNaturally, due to vanous experimental uwncer-
tainties the matching operation is performed by cretlapping not a single computed
position but a computed extended “confdence aren” tothe messured tradss.

The determination of the confidence area for the position of the candidate track
on the bottom sudace is made using gecmetrical considerations as in the SLIM
experiment case [ chapter 4). The thearetical distance between cne upper track
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Figure 68.13: Relative distance of two tracks (zy) between two adjacent shests
after the chemical etching: 4 is the thickness of the protective lexan shest, ans 51
iz the pre-etch thickness of the upper shest.

and its partner on the subsequent foil , projectad on the sheet plane, is evaluated
as T = ﬁ-‘ﬁ, where & is the impinging angle, and z; is the effactive lover separation
between the two sufaces (see figure 6.13), and it is given by the following relation:

zp=sl 4+ (v, —wait+d (6.2}

where 5] is the pre-etch thiclness of the upper foil, v, and ve are the bulls etch
velocities of the “upper” and “lower" sheets after an interval of etching time ¢; d is
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the thiclkness of the protective lecan film that covers ench CH38 sheet, with o mean
thidiness of about 30pm Pecause of the uncertainties A and A (2 is the pelar
angle) the confidence region is Equﬂ.l to an are of ciccumference with its inbernal
and external radius equal to r £ Tu'ri' ,and cpening of 25, (see figure £.11). The
uncertainty A intreduced by SALMAICA in the automabic measurement inversely
incresses with  [7]. The @ angle is a function of vy and the ellipse’s semi axis, so
its error can be evaluated by propagating the errcrs in equation (3.10).
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Figure 8.14: Lefi: Scatter plot of the tracls pogition messured on the “upper™
shest; the black circumferences represent the confidence region: the blue dots
represent the candidate tracks measured in the “lower™ shest. Righf: zoom in
of the dstector surface, showing the tracks cn the upper shest (black dots), and
the confidence areas (cireular for perpendicular tracks) and arc of circumference
for the inclined tracks. Blue dots repressnt the candidate tracks on the bottom
detector surface.

The matching procedure is applied recursively to all the sslected fols. Figure
.14 (left ) showrs a map of the candidate track positions, and the confidence regions
where the parbner trads are searched for. The blue dots represent the candidate
tracls measured cn the lower sheet. Figure 6.14 (rght) is a coomed region of the
figure 6.1 (left); tracks on the upper sheet are represented by bladc ellipses, and
the blue ellipses represnt the tracls messured on the lower layer; the “confidence
arens” are also shown.

For quasi-vertical ions, the mensured errors on the trade aves are greather than
the difference betwesn the major and mincr axis. In these coses the track is correctly
reconstructed by SAMATCA as quasi circular. As alrendy mentioned, such frack
polar angles suffer of very high uncertaunties. In those cases, the Tradeer algotirhm
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uses a circular “confidence area” for matching the track positions, ns shown in fig.
6.14 (right).

The tracker algorithm produces a set of tradss (one per foil) which should all
balong to the same trajectorny. Such set is called “ewent”. In crder to fine tune the
affinity among the tracls of one event, they must poss vanous other quality cheds
regarding a limited spread of their dimensicns, zenith and poar angle, ete.

The tracker algonthm reccrds all the possible patterns for tmjectones of cne
cosmic rovs through the stack, as shown in figure 6.15. One pattern of trades
oorres ponds to what we has been previocusly defined as one “event”. The Selector
algonthm dhocses among all the concurrent events the one that best it to a straigh
line trajecton.

Figure 8.15: Tracking and assembling processes. The dashed line repressnts
the true trajectory of an ion through the stack., The colored lines repressnts the
possible ssgments reconstructad for two adjacent shests, Ssgments with different
colors are linked forming a possible trajectory through the required mimber of
ghests. The “Traclker” algorithm records all the possible trajectories, even if they
are not real cnes. The “Sslector™ algorith choces the straight line frajectory.

6.6 Results of the Analysis

For each stad:, a minimum of 3 foils were scanned with the SAMATICA system.
Becnuse of the firs level of acceptance, 64 stacks contributed with 3 sheets, and 37
with 4 sheets.

The mean v g values each one of the analvzed stacls are plotted in hg. 6.16, the
vertical bars indicabes the statistical errors: the calibration mangs of v 5 15 indicated
with the hod-ontal lines.

6.6.1 Data Rescaling

Figure 6.17 shows the distribution of the mean etch-rate p, computed with equation
(3.8}, for all the events which crossed three sheets in a stack. The histograms clearly
shows two peals arcund p=1.1 and p=1.3 and an cubtstanding plabeau betwesn
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Figure 8.16: MMean vg values of the analyzed stacks; the horizontal lines indicates
the calibration interval of vg.
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Figure $.17: Distribution of the computed p for events passing through thres
CE39 foils.

17 = p = 21, Ak a A=t lock, such features seem to reveal the abundances of
particular groups of nuclei: in fact, from CHR3Y calibration exposed in seckion 6.1,
p < 1.5 corresponds to the CIMO group, while p ro2 is related to the Fe group.
Unfortunately it is not possible to infer any precise estimate of the TR abundances
trom this plot. In fack, even though each p is strictly connected to the identity
of the particle that relensed the track in the CR38, different bulk velocities vy for
the etched detectors lead to different p, given the same impinging ion. Since the
displaved distobution is a superimposition of events messured on several shests
with widely spread mlues of vg, any precise feature of CH composition is lost.

Thus, an important step of the data analysis consisted of producing a global
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charge spectrum, correctly merging datn from all the scanned sheets. The major
difficulties lied on getting a proper conversion from the ion frack p o the melabive
ion charge number = taling into account of all the wmriocus vg of all the seanned
foils.

Apart from the three accurate calibration sets (called sfandard), which were
experimentally determined cnly for three wmlues of vg=( 1.10 + 1.15 + 1.21) gum
k~! the sets of non standard vz were chinined by means of simple extrapolations.
In many cases, bv using such indirect calibration sets, the simple conversion from
p to Z conversion vielded o distorted charge spectrum. The most evident bins
consisted of a contraction as well as an expansion of some of the spectrum features,
a5 the relatiw distances betwesn the CIO or Fe peals. Such pesls represent the
signature of the CH abundances spectrum. For example, o distorted reconstruction
assign to the Fe group a mean charge number Z equal to 24 instend of 26, see
figure .18 (top left). On the contrary, by selecting data measured only on shests
with standard vg the messured charge spectrum correctly matched the spectrum
teatures reported in litberature, see higure 6.18 bottom

&

s 11 Lrﬁrm]J ~ [“h'iih[ J}M.S[Jr |

Figure 8.18; Charge distributions obtained for single stacks with different vg
values. The hin width iz 0.5 times the unit electric charze The upper left fizure
iz a mis-reccetructad Z distribution. The biss introduced on the conversion from
pto = is dus to the non “standard” calibration sets. The mean v 5 of each stack is
indicated in the figure. The charge distribution plotted on the right is correctly
reconstructed, having v, =1.21 gm /'h.
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In order to benefit from the largest stafbistics, o rescaling of the position of the
most prominent penls was performed for the distorted charge spectrum, in order
to fit the expected positions.
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6.6.2 Final Z Distribution

Figura 6. 18 shows the final reconstructed charge distributions, chtnined for tracls
linked through three CH38 shests. The bin with is 0.5 times the unit electric charge
{e). It is possible to distinguish some elements, r.e. the even charge elements which
are indicated in the Agure.
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Figure 68.19: Final charge spectrum obtained for the CAKE data (5 > Z < 31):
the bin width of the distribution is 0.5, and wvertical bars repressnt statistical
errors. The histogram represent tracks linked through thres sheets. Even charge
elements are distinguish in the distribution.

The number of heavy ions (2 =26) as a function of their charge are plotted in
logarithmic scale in figure 6.19; the vertical bars represent the statistical errors.

Figure 6.20 shows the scatber plobs of the track anes plotted with a color scale.
Green and pink regions show the most dense cluster of events, thev correspond to
IMg (with track axes of about 40 pm) and to the Fe group (with trad: axes of about
60 pm). The superimposed lines define the thecretical boundaries for event groups
talking inks account a vg range of (1.1+1.3 pm/h).

6.7 Monte Carlo for the CAKE Experiment

Expected Mumber of Events

The number of ions with the same charge T armriving with a zenithal angle £ to the
detector per unit of time 1, over a surfnce 5, with o sclid angle 12, and energr £ is

dmn
did5ddE

= Pioos r;e_;'- I:E..?- i
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Figure 8.20: Scatter plot of the tracks minor and major axis, the numeric density
is plotted with color scale. The red and black lines represent the theorstical
pradictions of the track axis function of the zenithal angls ¢ and p, for the indicated
elements. Theelements indicated are defined by their charge, therefore their p for
a fived vg value. The range of { is {;,, — 90° (normal incidanes).

where T* 15 the differential primary CR Hux, [ 15 the particle effective path langth,
and ) is the relative atbenuation length. Assuming that the Hux is isctropic on the
detector we set d? = —deos (dip. The path length can be expressed as function of
the atmospheric depth X, =] oos{. Replacing these terms in eqn. (6.3) we get

dn
—_— il i
Td51E I (6.4)
where T is the angular acceptance
an x
=27 oos (e ™=t d oo (6.5)

0

The angular acceptance of CATE was ewaluated by [T0] calculating the atmespheric
depth X at the Hight altitude 38-40 lom, and the attenuation length A in CR38 as a
function of the arriving particle mass number. The results obtained for the angular
acceptance as a funchion of the ions charge is shown in figure 6.21 (left). T is the
differential Hux given b Bisrmann et al. [93]

I oy o .
T = ﬂ"’(rlr) [m=2s~lsr ' Tel ] (6.6)
e

where v and Iy, depend con the carge T of the ions. By replacing egs. (6.5) and
(6.6) in (6.4), and inbegrating over the sudace 4 and live time T, the total number
of ions of a given charge T impinging on the detector is

':Ial'-_\-— 1i

.
If = AT@T ( ‘"‘“] 8.7)
M1 W Ger (6.7)
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where It ;, 15 the minimum lkinetic energv necessar: to overcome the gecmagnetic
cut-cff i (calculated using eq. 1.6), Fimin = —mma + +/'mg + ( ZeRF, with mo and
Ze the particle moss and electrostatic charge, respactivaly.
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Figure 8.21: Leff: CAKE angular acceptance for asinglesheet as function of the
ioncharge. Right: CAKE expectad number of events for sach dement. The green
belts bound the expectations according to an atmospheric depth 2.5 < X, < 3.5
g cm™ and a magnetic rigidity cut-off 7 < B <9 GV [74].

The expected number of events at the detector, assuming an effective area of
1 m® and a live time of 20 howrs is shown in fg. 6.21 (right); the green belt for
each bin indicabes the Huctustion of the number of events caloulated for different
Hight conditicns: the lower bound is calculated for an atmespheric depth X, =
3.5 gr crn':, and a ngdity cut-cf & =8 &V, the upper bound 15 calculated for
Xv =28 grem™ and R =7 GV. The dashed line indicates the detectable limit.

MOKA generator

MOIA (MOnbe carlo for the calie expected Abundances) is a dedicated software
that simulates the TR events cvar the CAWE detectors. It gives the possibility to
generate a “virtual" stack formed by varous sheets of CR3. The program weights
the statistical frequency of eadch ion with the expected distribution in Agure 6.21
(fight). The impinging zenith angle is generated according to a Hat distribution
versus cos ( with 1 = 0 = g}j,nliph,'nj where the limit angle is a functicn of the
generated reduced etch mate value p,. Eadh gensrated charge 2, is weighted by the
CARE angular acceptance fig. 6.21 (left). The relative p, has an uncertainty o, (2, )
which depends on the detector response showed in figure 6.2, thus a Gaussian p.d.f
centerad in p, with width o, determinate a Gaussian spread for the genemted Z..
The major and mincr semi axis of the track are generated according o 3.8; then
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MO A generates the scimmithal angle 0 < 2 < 27, and the track cocrdinates cver
the detector shest accarding to a Hat distributicon.
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Figure 8.22: Lain values of the “good” tracks central brightness as a function
of their eccentricity; tracks are classified by their area, and different area intervals
are represented with different cclars: Blue dets (1700 < A < 3000) pm®, red dots
(800 = A = 1700) pm®, magenta dots (550 < A < 800) wm®, and green dots
(150 = A4 < 550) pm®.

Baosad on the data obtained with interactive measurements, the central bright-
ness (CB) of real tracks is related to their ellipticity, and to their area. Figure
6.22 shows the mean wmlues of the tracls CB for small manges of the track ellip-
ficity: the verbical bars are the statistical emrcrs. The plotted data is subdivided
inte four groups according teo track areas: blue deds (1700 = 4 < 3000) pm?®, red
dots (300 = 4 < 1700) pm?, magenta dots (550 = 4 < 300) pm®, and green dots
(150 < 4 < 550y pm?

Onece that the traclk semi aves are randomly genermted, the aren is determinead
and for the corresponding ellipticity value, the OB is generated. MOILA gensrates
the central brightness acoording toa Gaussian pd f. for small ranges of the tradis
allipticity. For a given ellipticity range, the gaussian distribution is cenbard arcund
a mean value of OB expenmentally measured. The pd.f o 15 an input parameter
s=t by the user

For the simulated backgraind tracls the CPB can be fixved to arbitran: values or
randomly values chosen in the fails of the gaussian p.d.f
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6.8 Comparison of Data Reconstructed to Monte
Carlo Predictions

Figures 6.23 shows the comparson of the dharge distributions betwesn the LT
results (red histogram) and the reconstructed data (black marlers). The MC is
generated for a dgidity cut-off equal to 8 GV, and the range of the char ges sampled
is from & = 2 =< 31; the MO distribuficn is normalized to the data entries for
Z = 26. The bin width of the distributions is 0.5e. The experimental data with
statistical errors (blads points) comes from ions passing through three detector
lavers.

The plot represented in figure 6.23 (left | shows the charge spectrum in the range
Z =10 + 30, For 2 > 16 there is good agresment between data and expectations.
Figure 6.23 (right ) shows the relative rabic (matic between the relabive difference of
the number of generated events with the reconstructed evwents over the number of
reconstructed events ), calculated for each bin (again the bin width is 0.5¢ ), the blue
line indicakes a relative difference equal to zero (1.e. the perfect agreement betwean
data and MCY FBor the interral Z = 16 the radic is -0,

In the range 10 < = = 16, both distributions have the same shape. The relative
ratio for this charge mnge, plotted in fg. 6.23 (dght) is M T/ Data v 1

The agreement betwreen the MO predictions and the experimental data is appar-
ently worse for low ion charges (Z < 17); This effect could be determined by some
scanning inefficiencies both of the SAMAIC A svstem and of the off-line filker which
are particularly selective with small tradis. Indeed, the estimated SANMAICA scan
efficiency €. (see figure 6.5) strongly decrenses with the charge = of the icns, and
the impinging angle.

Since the data acquisition was set up to mensure at least all the Meon (2 = 107
tracls, only not much inclined Oxygen traclks are recorded [70]). For example the «
of the © (Z = 8)is rv 109 lower than the value of the Fe (2 =26), and e of Z =16
is ro2% higher than the values cbtained fa Z = 10.

Figure 6.24 shows the comparisan of the number of trans iron events (2 = 26
plotbed with black dots with the MO expectabions, plotbed with a red histogram:
the wertical bars indicates the statistical etrors of the reconstructed data. The bin
width of the distdbution 15 0. 5.

The expected TR abundances predicted by the MO simmilaticons depends on
quantities such as the geomagnetic ngidity cut-off { By, ) and the atmospheric depth
I:lfl,-'l, whose walues could var- during the balloocn Hight Figure ©6.25 shoes the
pradicted abundance ranges (the red vertical band) far ench CR impinging cn the
CARE detector with charge 16 < 2 < 31, The band lower limit is computed by
setting Fy, =9 GVand X, =35g em~=, while the upper limit follows after setbing
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Figure 8.23: Left: Comparison of the reconstructsd data. (black dots) and 1S
eccpectations (red histogram ). The errors of the data are statistical; the range of
the ions charge is Z = 5+ 30. The bin width is 0.5 times the unit electric charge.
The MC distribution is normalized to the experimental valuss corresponding to
Fe (Z = 26): some even charge elements are indicated. Right: Ratio between the
BC expected mimber of events and the reconstructed events, calculatsd using a
bin width equal to 0.5 times the unit electric charge. The ermrors indicated with
bars are statistical; the blue line indicatss a ratio difference agqual to zero. The
ratio was caleulated for the M distribution normalized to the number of entries
of Z = 26 of the reconstructed distributions.

Hy, =7 GV oand Xy =15 g cm™>. Such mocdmum and minimum values for R
and Xy respectively correspond to mocimum and minimum estimabes, computed
for the CATE frajectory, according to the altitudes and latitudes reached by the
balloon during the Hight.

The mensured abundances are superimpcead as black dots, with error bars due
to statistics only. The data-IMC agreement is sufficiently good, if considering that, in
MOIA (MC genemtor of CAWE), any nucled fragmentation was not implementad
neither in air ner in the CAKE experimental hardware setup. This could explain
the prominent abundance of the simultated Fe group with respect to measured data.
Since the Fe peal: cannct recsive anyv relewnnt conbribution from the fragmentation
of trans-iron nuclei, it is expected to be suppressad of a 5-10%. However, only the
Fe fragmentation does not fully explain the different ratics beteresn the Fe and the
sub-iron abundances in data and in MC, respectively. A further the explaination of
such a problem could reside in the fact that simmilaticns do net consider eventual
anvironmental effects | which could affect the detection ethoiency of the CRIY sheets
(e.g. due tosome pressure a temperature instabilities, which could not be efficiently
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Figure 6.24: Comparison between reconstructad data (black dots) and MC data,
(red histogram) of the trans iron elaments (Z = 26); vertical lines indicates sta-
tistical errors. Elements with even charges are indicabed. BT data is normalized
to the experimental iron entries,
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Figure 8.25: Comparison between the reconstructed data (black dots) with
statistical errors and the MO predictions. The red band represent the BC bound-
aries of the expactad number of events between thelimit cases: the lower bound is
caleulated considering an atmospheric depth of 3.5 gem™ and a rigidity cut-off of
9 3V, and the upper bound considering an atmospheric depth of 2.5 gem =~ and
& rigidity cut-off equal to 7 GV,

meonitored during the Highth
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6.9 Comparison with Other Experiments

Figure 6.26 shows the Huxes of elements with Z =10 relatiwe to the Hux of ®Fe
ions obtained with CAKE (red dots). Fluxes are ewaluated with equation 6.3,
using the exposure conditions of live fime, detection aren and the detectar angular
acceptance of each element plotbed in fAgure 6.21 (left). This time, the CALE
relative abundances were corrected according to a rough estimation of the iron
muclel fragmentation in the allumiun cvlinders which contained the detector stacls.

In the same figure are plotbed (with black triangles ) the relative Huxes at the
top of the abmesphere obtained b Bhattachara et al. [94] using CR39 and nu-
clear emulsions with a balloon-borne experiment, which Hew for about 32 hours
at an atmeospheric depth of 9.8 g cm™ with a minimum cut-off energy Eu = 4
GeV /nucleon for ™ Fe nuclel. On the same plot, the results obtained bv Grieder ot
al. [85], with energies abowe 5 GeV/nucleon for *Fe nuclei, are superimposed with
blue dots.
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Figure 6.268: Comparison betwesn the relative flux obtained with CAKE (Ted
dots with statistical errors) and other experimental results: Bhattacharya &b al.
{black triangles) and Grieder et al. (empty blue dots). See tent for details.



Conclusion

In this thesis teo different aspects of the research feld where Astrophysics and
Particle physics mer ge have bean explored with the application of the [MTuclear Traclk
detectors (ITTD ). The main scope of the SLIM experiment was the search for enctic
heovy particles - Intermed inbe mass magnetic monopoles, nucleartes and C)-balls - in
the coemic radiation. The experiment locate at high altitude has allowed to extend
significantly the parameter space (mass, beta) explored by establishing upper limits
(90% CL) in alsence of candidates which are among the best if not the only cne
for all three kind of particles.

A preliminary study of the background induced by ccemic neutron in TR was
made using Monts Carlo simulations. With the simulation were identified the main
processes of secondarn: production inside CR3IY. Charged secondany particles are
detected b CR3Y if their REL is above the detection threshold. It was found that
protons are the most abundand specie; by taling into account the CHR3Y threshold,
the debected abundance is about the 517, the second meore abundant detected ele-
ment is 0 with the 14%, followed b 20 with the 9%, and a-particles contributing
with the 2% of the overall badcground tracks. The other 24% is composed b the
contributions of ancther species of secondaries.

The CARKE experiment was built as a prototype for examining the poesibilities
of using large aren IMTDs in spoce and/or on boord of stratcspheric balloons in
order to determine the elemental abundance of cocemic nuclei with charge number
Z=30. The data collected during a short balloen Hight of CR38 modules for 1.7m ar
hore been used for studyving the charge distribution in the mnge 5 = 2 = 30, where
significant statistics was awailable. Automsbic procedurss for frack measuringand
algorithms for incressing efficiency in badoground rejection were implementad. In
particular an Artificial Meural MNetwork (AT ) was developed to male an off-line
selection of raw data: the efficiency of the AL was about 85%.

Whitin the charge range of interest even charged elements can be distinghished:
the Fe as well as the CHMO groups can be clearly identified. Scme events likelyv
ocorresponding to trans-iron elements were measured. The relativwe abundances were
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comparad with the results obtained with other experiments, and a discrete agree-
ment was found.

The theaetical expectation of the number of events orer the CAWE debector
ware computed with a hMonbe Carlo generator that simulates the mnin features of
the INTDs. Experimental results were compared to the Monte Carlo expectations,
showing good agresment for nuclest with charge Z > 10.
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Appendix A

SLIM MC, Physics List

Physical processes activated in the siomilaticn of the interaction of neutrons with
CR3Y. Individual channels are indicated for each cne of the process.

Electromagnetic processes:
GablultipleSeattering ), G4GammaConmersion ),
GiComptonScattering ), G4PhotoElectricEfact(),
Gdelonisation (), GlePremsstrahlung|),
GleplusAnnihilation( ), GiluBremsstrahlung( ),
G4bluPairProduction (), G4lMulanisation|),
Gihlonisation| )

Hadron Phys=ics:

GilleutronInelasticProcess | ), G4LEMeutronInelastic,
GiHEMeutranInelastic( ), G4lTeutron HP Inel=stic, (0 - 20 eV}
GiHadronFElastic| ), G4+UHadronElasticProcess| );
GilTeutronHPElastic )

Ion Physics:(ICRU)

GiLEDeutercnlnelastic] ), GiDeuteronInelasticProcass(),
G4LETribonInelastic( ), GiTritanInelasticProcsss( ),
GLiLEAlphalnel=stic(), GiAlphalnslasticProcess( )

Capture:

GiHadronCaptureProcess( ), GLLCapture( ),
GilleutronHP Capture| §, G4lMeutron CaptureAtReast| )

Diecay:{Imnchenlo)
GdDecm( )
Low energy physics:
GiHadronFissionProcess( ), GLLFission( )
GilleutrenHPFission() (0 - 20 MaV ), G4lMeutron HPor LFissicn ()






Appendix B

Cross Sections

The figure show the total cross sections (o) of n with H, C and O as a funchion
of the energy. The data is talen from the Frvalvafed Nuclenr Dafa Frles, electronic
libranes from the iorea Atomic Energy Research Institute 2000 the data plotied
is from the electronic library EMDF-VI *. The plct show o in the mnge 0.05 to
60 barn vs. the neutrons energy in the range 0.1 to 20 MeV, H cross sections are
plotted with a red line (data from the libmary 1-H-1 LAWL Ewal Oct.39, Hale,
Diodder, Sicilianc, Wilson); for C the o is plotted with a green line (library: &-C-0
ORMNL Ewal. Augd8, CY. Fu, E.J. Axton and F.G. Perev):; total cross sections for
O are pletted with a blue line (30-16 LANL Eval Jan 9, G. Hale, Z. Chen, P.
Young) The figure shows that the mean total o of H with neutrons at low energies
(rs0.1- 1MV}, is higher than the o of Cand O (not considering the fine structure
showing bumps i: at energies in the range rv 2 - 10 MeV the o values of H, C and
D are cverlapped: and for energies greater than rv 10 MeV the o of © and O are
higher than H ones.

IENDF-VI summary documentation hbtp: |/ abom. kaeri. re Lt /cgi-bin /endfplot. pl.



116

Cross Sections

Figure B.1: Total cress sections of n-H (red ling), n-O (blue line),
and n-C (green ling) in the energy range 0.05 - 60 Me'V. Data form
the EMDF-VI libraries of “Evaluatsd IMuclear Data Files™ from the
Forea Atomic Energy Research Institute 2000,



