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Abstract: Considerable experimental work was made to improve the post etched surface and to
reduce the background of CR39 and Makrofol Nuclear Track Detectors (NTDs) used for
environmental studies and for rare particle searches. This was achieved with the addition of ethyl
alcohol in KOH or NaOH aqueous etching solutions and improving the temperature stability and the
stirring of the solutions.

A new method was used to determine the bulk etch rate of CR39 and Makrofol NTDs. It is based
on the simultaneous measurement of the diameter and of the height of etch-pit cones caused by
relativistic heavy ions and their fragments.

New calibrations of CR39 and Makrofol nuclear track detectors were made using 158 A GeV
In*" and Pb%" beams at the CERN-SPS, 1 A GeV Fe**" and Si'*" beams at BNL, USA and also 0.41
A GeV Fe*®" ions at HIMAC, Japan. For CR39 the detection threshold is at REL ~50 MeV cm® g,
corresponding to a nuclear fragment with Z/ ~7. The Makrofol detection threshold is at REL ~2700
MeV ecm’ g, corresponding to a nuclear fragment with Z/f ~50.

The SLIM (Search for Light magnetic Monopoles) experiment was performed at high altitude
laboratories. The analysis of the SLIM CR39 sheets with the new “strong” etching conditions used for
the search for intermediate mass magnetic monopoles (107-10" GeV/c?) and nuclearites are presented.
The new limits established for downgoing MMs and nuclearites are at the level of 1.5 x 10™"° cm™ sr”!
s for p~vic>10".

The NTDs were used for the determination of total and partial charge changing fragmentation
cross sections of Lead, Iron and Silicon ions on different materials ranging from carbon to lead.
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1. Introduction

D.A. Young [1] was the first to observe tracks in LiF crystals. Later, Silk and
Barnes [2] made direct observations of heavy charged particles tracks in mica using a
transmission electron microscope. The pioneers in the nuclear track detector field, P.
B. Price, R. M. Walker and R. L. Fleischer [3], made extensive developments of the
technique, observing nuclear tracks in dielectric solid crystals, plastics and glasses.
Because of their properties, like lightweight, large geometrical factor, simplicity,
flexibility and the ability to discriminate against lightly ionizing particles, in certain
fields of physics, these detectors have potential advantages over other detectors [4-8].
In NTDs, the path of an individual heavily ionizing charged particle is revealed by a
suitable chemical etching of the damaged trail.

Cartwright et al, [9] first discovered the CR39 polyallyldiglycol carbonate a
NTD; CR stands for Columbia Resin. CR39 has the widest dynamic range for
detecting charged particles for a large range of Z values, and from low energy
protons to relativistic U ions. For the registration of heavy ions in a wide angular
range, NTDs have marked advantages over other detectors. A single CR39 NTD
can be used to detect nuclei in a wide range of charges down to Z = Se, even in the
relativistic energy region. This needs a carefully designed calibration procedure based
on high energy heavy ions and their fragments. Tarl¢ et al. [10] demonstrated that
for high Z nuclei CR39 has a charge resolution superior to scintillators, nuclear
emulsions and ionization chambers of equivalent thickness. CR39 has an intrinsic

charge resolution of o, ~0.2 — 0.3e on a single sheet diameter measurement [11]; the

charge resolution can be improved to a value of o, ~0.05¢ by measuring the tracks

on many sheets [12]. It should, however, be noted that the particle detection
characteristics of CR39 depend strongly on the etching and measuring procedures.

NTDs should be carefully calibrated before using them for quantitative measurements.



CR39 and Makrofol NTDs have been used successfully for many years as
charged particle detectors. The knowledge of the relationship between the response
of the detectors and the energy deposition by a charged particle is important to fully
characterise the particle registration process that takes place in the detector. The
dynamics of nuclear track formation in polymers is quite complex and depends on
the charge and energy of the incident particles. Benton proposed the Restricted
Energy Loss (REL) model to explain the formation of the track core of relativistic
high and low energy heavy ions; it uses a cut-off delta ray energy (200 eV for CR39
and 350 eV for Makrofol), considering that the outer part of the track does not take
part in the etching process and does not contribute to the track formation [13].

The study of the fragmentation properties of high energy atomic nuclei is of
relevance for nuclear physics, cosmic ray physics and astrophysics. For instance,
fragmentation cross sections are needed to evaluate the changes in composition
undergone by cosmic ray particles in the collisions with the interstellar medium.

The fragmentation of relativistic heavy ions from accelerators has been studied
by many research groups using NTDs [14-18]. Several heavy ion experiments at
relativistic energies have been performed with Si (14.6A GeV/c) and Au (11.6A GeV/c)
ions at the BNL-AGS and with O (200A GeV/c), S (200A GeV/c) and Pb (158A GeV/c)
ions at the CERN-SPS.

Heavy ion reactions like relativistic Pb™" in different targets are of great
interest since various reaction products covering a wide range of mass and charge are
emitted after the fragmentation of beam ions. Experimental studies of energetic Fe*®*
ions are of interest for space radiation research, especially to quantify the risk related
to the exposure to the galactic cosmic radiation [34-38]. The reactions of light ion
beams C®*, Si'*" with light targets like CH, offer favourable conditions for the study
of fragmentation in the treatment of deep-seated tumours in cancer therapy [39-40].
Thus, fragmentation processes of atomic nuclei induced by energetic ions have
recently been getting more attention then ever.

The response of NTDs exposed to a wide spectrum of charges and energies has

been established in many papers [7, 12, 18]. The major focus in this work lies in the



identification of charged fragments produces in the collisions of relativistic heavy ions
with thick targets. Such identification leads to the determination of the total and partial
charge-changing fragmentation cross sections, useful for applications in different
disciplines [18-24].

H. Dreschel et al. [25] used NTDs as targets and detectors to measure the
mean free path of relativistic heavy ions. A. Noll and collaborators [26-27]
developed an automatic scanning system for applications in high energy heavy ions
for calibrating NTDs, for measuring the total and partial charge changing
fragmentation cross section relevant in nuclear and cosmic ray physics, and for
radiobiological studies [28-30]. Westphal et al. used BP-1 glass detectors calibrated
with relativistic gold and lead beams (the detector provided charge resolutions of
0.3< 6, <0.4) for the analysis of cosmic ray composition [31-33].

In this thesis, after a theoretical introduction, I shall first discuss the
improvements made on etching and measuring methods for CR39 and Makrofol
nuclear track detectors. Then their calibrations performed with different ions of
different energies are considered in detail.

The use of CR39 and Makrofol detectors in the search for intermediate mass
magnetic monopoles, nuclearites and Q-balls in a large area experiment at high
altitudes (SLIM) is then discussed, and strong limits are presented. Finally the
measurements of the fragmentation cross sections of different ions of various

energies in different targets are considered and the results obtained are discussed.



2. Nuclear Track Detectors

2.1 Introduction

When an ion crosses a nuclear track detector foil, it produces damages at the
level of molecular bonds (~ few tens of nm) along its trajectory, as a result of the
excitation and ionization of atoms, forming the so called “latent track”. In crystals, the
latent tracks consist of atomic displacements whereas in plastic materials the damage
is due to broken molecular chains which produce free radicals (see Fig. 2.1). By a
suitable chemical etching of the detector, etch-pit cones are formed.

A charged particle can transfer its energy to the insulating material in the
following ways

e Ionization and excitation of the material atoms and molecules by electron
displacements

¢ A nuclear interaction elastic and inelastic with the target atoms causing recoil
tracks

A suitable chemical solution enlarges latent tracks so as they can be seen
under a laboratory optical microscope. This procedure is called ‘‘detector etching’’
or track visualization.

The most common etchants for plastics are aqueous solutions of NaOH or
KOH with concentrations ranging from 1-12 N and temperatures in the range
between 40-90 °C [3]. Somogyi et al., used the PEW (15 wt% KOH + 65 wt%
C,HsOH + 20 wt% H,O) solution as an etchant to reduce the threshold value of
polycarbonate detectors (Lexan and Makrofol). They also observed that the addition
of alcohol in an NaOH solution for CR39 the threshold increases [41-43]. Glasses,

mica and minerals were mainly etched with 47% HF acid. Short etching times are



adequate for the observation of high REL particles and long etching times are
required for low REL particles [44].

CR39 NTDs were successfully applied to observe nuclei with Z/B values
from 5 to 83 [7-8]. The sensitivity, resolution and optical properties of CR39 are the
best among other track recording detectors. Even after dissolving 500 um thickness
by etching, the surface of the detector remains smooth. It is widely used in heavy ion
research, e.g. composition of cosmic rays, heavy ion nuclear reactions, radiation dose
due to heavy particles, explorations of extra heavy elements and search for magnetic

monopoles, etc.
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Fig. 2.1 A latent track is formed in (a) inorganic solids by the ionization and production of
dense positive ions along the ion path and (b) the breakage of polymeric chains by the

passage of charged particle.



CR39®

Poly-allyl-diglycol-carbonate

Composition:
Density:
Refrective index (n):

High light transmission,

MAKROFOL ®

Polycarbonate films

Ci2H1307 Ci6H1403
1.32 (g cm™) 1.29 (g cm™)
1.504 1.584

High light transmission

High surface uniformity

Table 2.1 Etching conditions for some commonly used nuclear track detector.
Material Etching Condition Time

Crystals:

gadolinium gallium 259 HNO,/25% CH;COOH/50% H,O 70°C 30 min

garnet

muscovite mica 489% HF 20°C 20 min

quartz (a}) KOH (aq) 150°C 3h
(b) 48%% HF 23°C 24 h

Glasses:

lead phosphate glass 1 ml 70% HNO,;/3 ml H;0 220 min

phosphate glass 48% HF 5—20 min

quartz glass 48% HF 1 min

soda lime glass (a) 48%% HF 5s
(b) 24% HBF./5% HNO:/0.5% acetic acid 1h

Polymers:

allyl diglycol carbonate NaOH,KOH < 40% <70°C

cellulose acetate 1 ml 15% NaClO/2 ml 625N NaOH 40°C 1h

cellulose acetate butyrate 6.25N NaOH 70°C 12 min

cellulose nitrate < 16N LiOH,NaOH,KOH <50°C <6 h

polyamide (@) KMnQy (25% aq) 100°C 1.5 h
(b}oN NaOH

polycarbonate 6.25N NaOH 50°C 20 min

polyethylene terephtalate 6.25N NaOH 70°C 10 min

polyimide KMnO, in H,O

polystyrene (a) sat. KMnO, 85°C 25 h
(b 10 g K,Cr;0,/35 ml 30% H,SO, 85°C 3 h

polyvinylidene fluoride 5—12N NaOH 65—85°C <100 h

Makrofol polycarbonates manufactured by a casting process into the form of

thin sheets by Bayer AG of Leverkussen, West Germany, have the same chemical

composition (C;¢H1403) as Lexan, a polycarbonate manufactured by the General

Electric Co. of USA. The shape of tracks produced by heavy ions and fission

fragments in Makrofol are needle like with a slight spread towards their tail. They

also offer a very convenient way of detecting heavy ions in the study of the



composition of very heavy cosmic rays, heavy ion nuclear reactions, exploration of
super heavy elements, etc.

The shape of an etched track in a certain NTD depends on the charge, mass
and velocity of the incident particle and also on the track detection conditions, the
type of chemical solution, normality and temperature of the etchant. A
comprehensive summary of the materials that show the track effect is given in Table

1 [45].
2.2 Track Registration Mechanisms

Many track registration criteria have been proposed for the formation of an
etchable latent track in the detector material, which mainly depends on the charge,
mass and velocity of the incoming particle plus the detector characteristics i.e. the

density and chemical composition. Here we quote briefly only three of them.

2.2.1 Total Energy Loss (dE/dx)

According to this criterion the formation of an etchabale track is possible if
the total energy loss (dE/dx)-critical €Xceeds a certain critical value which depends on
the detector material. Fleischer et al., [46], first proposed it; they used different
projectiles having different Z/f values in mica and polycarbonate detectors. The
criterion explains the track formation for low energy ions but at high energy it seems
to fail to reproduce some experimental data. The main shortcoming of this criterion
is that it neglects the primary ionization for the track formation.

The total energy loss is given by [46]

2 2 n2, 2
9E _ 47N m czrzéz—l{ln(wj— Vi —§+AL} 2.1)

dx A p I

where

Na = Avogadro’s number



r. = classical electron radius

Z, = Target atomic number

A, = target mass number

I = mean ionization potential of the target material

7, = effective charge of the incident ions; Z, = Z, [1 - exp(— 1308/2"° )]
d = correction for the density effect

AL = sum of corrections needed for precision measurements

2.2.2 Primary lonization loss (J)

A new criterion was proposed by Fleischer et al., [47]: the d-rays are
produced directly by the incident ion and this is based on the ion explosion spike
model. The material can record an etchable track only if the linear ion density
produced by the primary particle along its trajectory is greater than a critical value

for that material. The primary ionization (dJ/dx) is given by [47]

VA
o 27N m,c’r} ==L
dx AZ ﬁ I Iouter

outer

ZZ 2 2 02 2
outer |:1n( mec ﬂ 7/ _ﬂz —§+K (22)
where
Louer = binding energy of the outermost electron (~2 eV)
fouter = fraction of electrons in the outer state (0.05)

K = constant for target properties (3.04)

The other quantities have the same meaning as in eq. (2.1). Primary
ionization fits the experimental data for heavy ions, but it is subjected to the
following criticisms:

e It does not take into account the primary ionization for the emission of very
low energy o-rays.
o The value Ioyer ~ 2 €V may be sufficient to excite the atoms but not enough to

ionize the atoms. To ionize an atoms one needs about 10-15 eV.



e The model neglects the higher order of ionization produced by the o-rays

(which is controversial).

2.2.3 Restricted Energy Loss (REL)

Benton et al., [13] proposed in 1955 that only the d-rays emitted with an
energy less than a value ®, contribute to the track formation. An etchable track is
formed only if the REL exceeds a critical value of the detecting material. The REL
(MeV cm? g ') is calculated as [13]

REL = (fz_]jjm =47N m,c’r’ éz—ﬁln(%} -5 —ﬂ (2.3)
where

®, = the energy cut-off value; ~ 200 eV for CR39 and ~ 350 eV for Makrofol
or Lexan. The other quantities have the same meaning as in eq. (2.1).

The REL model fits better the experimental data at low and relativistic

energies for a wide range of incident ions [7, 8, 12].

2.3 Methodology of Track Detection and Visualization

2.3.1 Track detection

The latent damage trail formed in NTDs may be enlarged and detected by
preferential chemical etching or electrochemical etching.

The shape of a track formed by a charged particle is governed by the
simultaneous actions of the etchant along the latent track and on the bulk material. A
schematic diagram of chemical etching of a charged particle in a NTD is shown in

Figure 2.1. For reproducibility of results, the quality of etchant should be controlled



carefully: fresh etchants and uniform stirring should be used to avoid deposits of etch

products on the detector surface and in its build up inside the solution [48-49].

2.3.2 Bulk etch rate (vp)

The bulk etch rate vp is defined as the rate at which the undamaged material
of the detector is etched out. It depends on the types of the etching condition; it may
vary with depth below the original surface.

Generally, the following techniques are employed for the measurement of the
bulk etch rate of the detector:

i.  Thickness measurement method
ii.  Track diameter method

iii.  Change in detector mass method

Original Surface
S m g~ m N —mm M — g ———— — —
1\’{51' LY : ¢ Etched Smface
VY T
\. ; - ™
\ | b
Vo - - N 8
\ Ir LE . \ »
A il
¥ 'y
. ———»
D @ ¢~
1, (b)

(a)

Fig. 2.2 (a) Sketch of a NTD track and (b) etched a tracks in a CR39 detector.

2.3.2.1 Thickness measurement method

For the determination of vz the thickness of the detector is measured in
selected points. The detector is then etched for fixed intervals of time A¢ and the

thickness is measured after each successive etching step. The bulk etch rate is given

by

10



vy =Ax/2At (2.4)
where Ax is the thickness variation after etching time At. It is assumed that the bulk
etching is the same on both sides of the detector. By plotting Ax as a function of

etching time t and by a given fit of the data points the bulk etch rate can be

determined.

2.3.2.2 Track diameter measurement method

If vi/vg >> 1 as in the case of fission fragments from a 232Cf source in CR39,
the track diameter measurement technique can be applied for the determination of vg

as [44].
D, =2h rp-l (2.5)

where D¢ is the diameter of fission fragments, p = vr/vg and h is the thickness
removed from both sides of the detector during an etching time t. If p >> 1 the above

eq. can be written as

D¢ = 2h (h = vgt)
D=2 vgt
v = Dg/2t (2.6)

2.3.2.3  Mass Change method

The bulk etch rate may be determined from the change in the mass of the
detector Am before and after etching. From the measurements of Am and the density

of the detector material, vg can be calculated as

Am

V, =—— 2.7
VP 2.7)

11



where A is the surface area, p is the density of the detector and ¢ is the etching time.

Care must be taken in determining Am of the same relative humidity.

2.3.3 Track etch rate (v)

The track etch rate vt is defined as the rate at which the detector material is
chemically etched along the damage trail of the particle trajectory, i.e. the rate at
which the tip of the etch cone moves along the latent track during the etching
process. The track etch rate depends on the energy loss of the incoming particle, the

temperature and concentration of the etchant.

2.3.4 Critical angle of etching (6.) and registration efficiency ()

Fig. 2.3a shows the trajectory of a charged particle incident at an angle 8 with
respect to the detector surface. After an etching time ¢, the etched track length along
the particle trajectory is v7# and the thickness of the bulk material removed is vgt; the

trajectory is observed as an etched cone if the vertical component of (v7t), > vpt. For
(vrt), = vat one has the critical angle 6.; measured with respect to the detector

surface. Particles incident with 6 < €. cannot be detected. 6. is an important
parameter for NTDs, since it is connected with the detector efficiency. The track
registration efficiency strongly depends on the critical angle.

NTDs have low critical angles for high REL nuclei like fission fragments and
large critical angles for low REL particles, like protons and low Z nuclei (for these in
CR39 6. varies from 2° to 5%) [50, 51].

The track registration efficiency # of NTDs is defined as

n=1-sinb, (2.8)

12



From this expression it is clear that for small critical angles one has large
track registration efficiencies. High registration efficiencies (85-99%) are found for

most plastic NTDs having critical angles of 2 - 5°.

Fig. 2.3 Track geometry at different dip angle conditions: (a) formation of the post etched
cone for a particle with an incident angle 0 > 6. (vit > vgt), (b) limiting case when the
incident angle 6 =0, (vt > vgt) and (c) no track is detected if the incident angle 0 <86, (vit <

VBt).

2.3.5 Track geometry at normal incidence

Fig. 2.4 shows the track geometry in NTDs for particles at normal incidence
and constant REL: the basic quantities are the base cone diameter, major and minor
axes, the cone height of the etched track, the “bulk”™ etch rate “vz” and the track-etch
rate vr. The ratio of track-etch rate to bulk-etch rate is the “signal” or sensitivity “p”
of the detector material (p= v;/vg). In general the chemical solution etches the

surface of the detector material at a lower rate (vz at both sides of the detector)

13



compared to the damaged region where the etchant attacks at faster rate vy. Since it is
difficult to measure the track etch rate during etching, its value is determined from

the geometry of an etch-pit [43].

Original surface

0 |
------ — e T —
- T
Wal - | Wal
D.-'_l I' | Etched surface
= 5 ' :
| L=V, 1-v.L)
L= i
\ ; g
y Fa
i
' R
L ]

:

Fig. 2.4 Track geometry for a charged particle impinging at normal incidence in a nuclear

track detector.

The following relations hold for normal incidence geometry (Fig. 2.4):

L=, —vy)t (2.9)
vy =Ax/2A1 (2.10)

The semi cone angle o of the etched cone is

, v
sind =2 =

l (2.11)
Ve P

From eq. 2.9 the track etch rate vy is

14



vT:vB—i-% (2.12)

The relations between ‘D’ ‘v, ‘vz’ and ‘p’ are

D=2y ¢ |Vr=Vs) (2.13)
vy +vp)
_1+(D/2vt) (2.14)
1-(D/2v,ty
1+ 4/ (vt
_ L Ayt (2.15)
1— A/ (nvit?)
The error on ‘p’ can be calculated from the following relations
Ap = AL,
Y
D.AD
Ap = e >
Vlzgtz 1- PRI
4vyt (2.16)
Ap = 2.A4

2
A
ﬁvf;tz(l — 7ﬂv§t2 )

Eq. 2.9 - 2.15 are apply to any particle of constant energy loss such as

relativistic ions, magnetic monopoles and nuclearites.

2.3.6 Track Geometry at Oblique Incidence

Fig. 2.5 shows the geometry of a particle incident at an angle 6 w.r.t. the
detector surface and constant REL. The following geometrical relations can be

deduced from Fig. 2.5:

15



Original surface

Val

Etched surface

L.=v-t-(vet/sing)

Fig. 2.5 Geometry of a particle incident at an angle @with respect to the detector surface.

B tan 8[v, —v, /sin O
"~ sin@—cosftan S

rl

2.17)

5 tan 8[v, — v, /sin 0]
~ sin@+cosftand

From eq. (15) we deduce the relations for ‘D’, ‘d” and ‘p’,

2
J* 1)
D=2y N U (2.18)

(psin@+1)

(psin@—1)

d=2vg,t -
psind+1

(2.19)



44
p=1+—2 (2.20)

-7

where A = (D/2vgt) and B = (d/2vgt) and

2
H:arcsin(l.i+§2J (2.21)
p —

17



3. Magnetic Monopoles and Nuclearites

3.1 Magnetic Monopoles

In 1931, P.A.M. Dirac proposed that particles with magnetic charge could
exist and that the existence of these particles would in turn imply quantization of
electric charge [52]. He established a relation between the elementary electric charge

‘e’ and a basic magnetic charge ‘g’:

eg = nhc/2 (3.1)
£ o £ 685
hc 2 e 2a

Dirac magnetic monopoles lose much energy in matter because of the large value of
the charge ‘g’; nis an integer,n=1, 2, 3,...

There was no prediction for the MM mass; a rough estimate, obtained
assuming that the classical monopole radius is equal to the classical electron radius,
yields my = gzme /e? = n 4700 m.=n24 GeV/c2. From 1931 searches for “classical
Dirac monopoles” were carried out at every new accelerator using simple setups, and
recently also large collider detectors.

Electric charge is naturally quantized in Grand Unified Theories (GUT) of the
basic interactions; they imply the existence of GUT monopoles with calculable
properties. The MMs appear in the Early Universe at the phase transition
corresponding to the breaking of the unified group into subgroups, one of which is
U(1) [53]. The MM mass is related to the mass of the X, Y carriers of the unified
interaction, my > mx/G, where G is the dimensionless unified coupling constant at

the energy E ~ mx. If mx =~ 10" - 10"° GeV and G =~ 0.025, my > 10'° - 10" GeV.

18



This is an enormous mass: GUT MMs cannot be produced at any man made
accelerator, existing or conceivable. They may have been produced only in the first
instants of our Universe.

Intermediate Mass Monopoles (IMMs) with my~10"<10" GeV may have
been produced in later phase transitions in the early Universe and may be accelerated
to relativistic velocities in one galactic coherent magnetic field domain. Relativistic
IMMs could yield the highest energy cosmic rays [54-58].

The lowest mass MM is stable, since magnetic charge is conserved like
electric charge. Thus the poles produced in the early Universe should still exist as
cosmic relics; their kinetic energy was affected by the Universe expansion and by
travel through galactic and intergalactic magnetic fields. GUT poles are best
searched for underground in the penetrating cosmic radiation (CR). IMMs may be

searched for at high altitude laboratories.

3.1.1 Properties of Magnetic Monopoles

The main properties of MMs are obtained from the Dirac relation:

Magnetic Charge: If n =1 and the basic electric charge is that of the electron, then
the basic magnetic charge is gp =% c/2e =137e/2 =68.5¢; the charge is larger if n > 1
and if the basic electric charge is e/3, see eq. 3.1.

Magnetic Coupling Constant: Similarly the fine structure constant, a = ¢*/fi ¢ =
1/137, the dimensionless magnetic coupling constant is obtained as o, = g’n/hc =
34.25.

Energy: In a magnetic field B, a MM can gain the energy W = ngpB{ =n 20.5
keV/G cm. In a coherent galactic length (¢ = 1 kpc, B = 3 uG), the energy gained by
a MM with g = gp is W = 1.8 x 10'' GeV. Classical poles and IMMs in the CR may

be accelerated to relativistic velocities.
Energy Losses of Fast MMs: A fast MM with magnetic charge gp and

velocity v = Bc behaves like an electric charge (ze)eq = gpf3

19



Energy Losses of Slow MMs: (10* < B < 10%) MMs may lose energy by
ionization or excitation of atoms and molecules of the medium (“electronic” energy
loss) or to recoiling atoms or nuclei (“atomic” or “nuclear” energy loss). Electronic
energy loss predominates for p > 107,

Energy losses of very low velocities MMs: MMs with v < 10™c may lose
energy in elastic collisions with atoms or with nuclei. The energy is released to the
medium in the form of elastic vibrations and/or infra—red radiation [59]. Fig. 3.1
shows the energy loss in liquid hydrogen of a g = gp MM vs B [55].

Energy Loss of MMs in Celestial Bodies: For < 10™ the dE/dx in the Earth is due
to pole-atom elastic scattering, eddy currents, and nuclear stopping power. MMs may
be stopped by celestial bodies if they have velocities less than the escape velocity
for:

Moon: p <5 x 107, Earth: B < 10™, Sun: p < 10~.

103

dE/dX (MeV/cm)

10° ;
10 104 103 1072 101 10
B

Fig. 3.1 The energy losses, in MeV/cm, of ¢ = gp MMs in liquid hydrogen vs . Curve a)
corresponds to elastic monopole—hydrogen atom scattering, curve b) to interactions with

level crossings, curve c) describes the ionization energy loss.
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3.2  GUT Magnetic Monopoles

According to the standard model of the Big Bang, the Universe started as a
very small size state of extremely high density and high temperature. As time
progressed, the dimension of the Universe increased, the density and temperature
decreased, while the particle composition changed. The Grand Unification of strong
and electroweak interactions ended when the temperature dropped below ~10** K
(~10" - 10"GeV). At that moment, ~107>s after the Big Bang, the phase
transition is thought to have occurred during which the GUT monopoles were created
as topological defects.

The simplest GUT theories yield too many monopoles, while the inflationary

scenario leads to a very small number of monopoles.

SU(5)—LCY 5 SU3)x (SU(2), xU(1),)—2L%" 5 SU3), xU(1),,

ﬂrga’r= Mmgnetic field of o point Direc monopole

Confinement region, virtwel gomma's, gluons,
\ condensete of fermion - antifermion. 4 fermion
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Fig. 3.2 A massive GUT MM structure with different regions (for details see text).
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GUT MMs can be searched for as remnant particles in the penetrating cosmic

radiation.

The spatial structure of a GUT pole (with my ~10" GeV) may be pictured as
(see Fig. 3.2): 1) a core with radius r, = 1/my ~10% cm, virtual X and Y particles are
inside this region; ii) a region up to r 10™'® cm, where virtual W, W and Z° may be
present; iii) a confinement region with renr ~1 fm; iv) a fermion—antifermion
condensate region up to rr ~1/m¢ ; the condensate may contain 4-fermion baryon
number violating terms; v) for r > 3 fm a GUT MM behaves as a point particle which

generates a field B = g/r”.
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Fig. 3.3 The experimental 90% C.L. upper flux limits for magnetic monopoles obtained
with MACRO electronic and passive detectors; also the results obtained by other

experiments, are shown.

A flux of GUT MMs may reach the Earth with a velocity spectrum in the
range 4x107 < # < 0.1, with possible peaks corresponding to the escape velocities of

the Earth, Moon, Sun and the Galaxy. Searches have been performed for MMs in the
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cosmic radiation with superconducting devices; a combined 90% C.L. upper limit (5
independent) of 2 x 10" em? s sr”! was achieved [5].

Many direct and indirect searches for GUT MMs have been made [65, 60-
63], the flux upper limits obtained with different techniques are shown in Fig. 3.3.
The MACRO detector has set the best limits, using three different types of detectors;
the 90% C:L. flux upper limits are at the level of 1.4 x 10"° cm™ s sr! for #> 4 x
10° [60]. The limits obtained from the Ohya [61], Baksan [62], Baikal and
AMANDA [63] experiments are also shown. Fig. 3.4 shows the MACRO limits
obtained using the CR39 NTDs [60].

Indirect GUT MM searches used ancient mica samples (high Z/p threshold).
It is assumed that a MM passing through Earth captures an Al nucleus and drags it
through subterranean mica causing a trail of lattice defects, which survive as long as
the mica is not reheated. Few sheets of small sizes were analyzed (13.5 x 18 cm?)
which had an exposure time of 4+9 x 10° years. They obtained a flux limit at the

level of ~107 em™ s s [64].
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Fig. 3.4 90% C.L. flux upper limits obtained with the MACRO CR39 nuclear track
detector for MMs with different magnetic charges, g =gp, 2gp, 3gp and for M+p (dyon).
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Detectors at the earth surface could detect the MMs coming from above with
masses larger than 10° to 10° GeV [59]. Lower mass MMs can be detected with
detectors installed at the high altitudes, with balloon experiments and in space. Few
experimental results are available, The SLIM experiment will provide the best limits
for the detections of IMMs for g = gp in the P range 4 x 10° < <3 x 104 and for
>2x 107, and for g > 2gp, for all beta range.

3.3 Intermediate Mass Monopoles (IMMs)

IMMs with masses 10° — 10" GeV may have been produced in later phase
transition in the early Universe [65-66]. The IMMs may be accelerated to relativistic
velocities by the galactic magnetic field in one coherent domain. The structure of a
IMMs would be similar to that of a GUT monopole and is shown in Fig. 3.5, the core
would be much larger (since R ~ 1/my) and the outer cloud would not contain 4-

fermion baryon-number-violating terms.
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Fig. 3.5 The different regions of an Intermediate mass monopole.
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3.4  Astrophysical and Cosmological Limits

Rough upper limits for a GUT monopole flux in the CR were obtained on
the basis of cosmological and astrophysical considerations.
Mass Density Limit: Flux limits for GUT monopoles are obtained assuming
that the magnetic monopoles are uniformly distributed in the Universe and their mass
density does not exceed to the critical mass density of the Universe. For my ~10"

GeV one has the limit:
D= %ﬂ <3x10"h B (em™s 'sr™"). It is valid for poles uniformly distributed in
Vs

the Universe. If poles are clustered in galaxies the limit is weaker [58].

Parker Limit: The ~3 nG magnetic field in our Galaxy is probably due to
the non—uniform rotation of the Galaxy, which generates a field with a time—scale
of the order of the rotation period of the Galaxy (t ~10® yr). An upper bound for the
MM flux is obtained by requiring that the kinetic energy gained per unit time by
MMs be less than the magnetic energy generated by the dynamo effect; one
obtaines: F < 10" em™ s sr™! [68]; taking into account the almost chaotic nature of
the field, with domains of 7~ 1 kpc, the limit becomes mass dependent [69]. An
“extended Parker bound”, obtained by considering the survival of an early seed

field [68], yields @ ~1.2 x 10™"® (mm/10""GeV ) em™ s st
3.5 Monopole Detectors

Monopole detectors are based on MM properties given by the Dirac relation.
Superconducting induction devices are sensitive to MMs of any velocity [57]. A
moving MM induces in a ring an electromotive force and a current change (Af). For a
coil with N turns and inductance L, Ai = 4nNngp/L = 2Ai,, where Ai, is the current
change corresponding to a change of one unit of the flux quantum of

superconductivity. This method of detection is based only on the long-range
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electromagnetic interaction between the magnetic charge and the macroscopic
quantum state of a superconducting ring.

Scintillation counters for MMs have a threshold p ~10, above which the
light signal is larger than that of a minimum ionizing particle [59, 70].

Gaseous detectors of various types have been used. MACRO used a gas
mixture of 73% helium and 27% n—pentane [70]. This allows exploitation of the
Drell [71] and Penning effects [58]: a MM leaves a helium atom in a metastable state
(He*) with excitation energy of ~20 eV, which is transferred as ionisation to a large
organic molecule.

It was shown that both the electronic and the nuclear energy losses are
effective in producing an etchable tracks in the CR39 NTD [73]; CR39 allows to
search for MMs with g = gp, for p around 10™ and > 107, the whole B-range of 4 x
10° < B < 1 for MMs with g > 2gp, [72]. The Lexan and Makrofol polycarbonates are
sensitive for Z/B > 50 [73].

3.6 Interaction of Magnetic Monopoles with Matter

There is interest to know whether the quantity and quality of energy lost by
magnetic monopoles in the detectors is adequate for their detection. Classical poles
and IMMs can be accelerated to relativistic velocities. For such velocities the energy
losses are (g/e)* ~ 4700 times the energy loss of a minimum ionizing electric charge.
Thus, the energy loss of a classical monopole would be enormous, more than enough
to be easily detected with almost any kind of particle detectors. Instead GUT poles
have large masses and are expected to have relatively low velocities, 10 < < 107",
The study of energy losses of slow moving monopoles is thus of great practical
interest.

The interaction with matter of fast poles having velocities > 107 ¢ is well
understood; a monopole with magnetic charge g behaves as an equivalent electric

charge (Ze)* = g* p°. The ionization energy losses may be described by the Bethe-
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Bock formula as corrected by Ahlen [74, 75]; For an incoming particle with electric

charge Ze one has

(d_Ej 4N, Z%e" ln2meczﬂ272
dx ), m,’p’ I

e

—/32—56/2—38} (3.2)

and for a magnetic monopole in a non conducting material

dx I 2

m

2 2 2 n2,2
(o) LI L Ky ]

2
m,c

where K, = 0.406 for poles with g = gp (0.346 for g = 2gp), B=v/c, y* = 1/(1 - B7),
N, is the number density of electrons, m. is the electron mass, I, and O.m are the
mean ionization potential and density effect corrections for the electric and magnetic
projectiles.

For slow monopoles (10 < B < 10), it is important to distinguish the energy
lost in ionization or excitation of atoms and molecules of the medium (‘“electronic”
energy loss) from that lost to yield kinetic energy to recoiling atoms or nuclei
(“atomic” or “nuclear” energy loss). Electronic energy loss predominates for
electrically or magnetically charged particles for p > 10 The dE/dx of MMs with
10* < B < 107 is mainly due to excitations of atoms.

Energy losses of very low velocity monopoles, i.e. with p < 10, cannot
excite atoms; they can only lose energy in elastic collisions with atoms or with

nuclei.

3.6.1 Energy losses of magnetic monopoles in the Atmosphere

We use the same approach as the one used by the MACRO collaboration for
their detection in the streamer tubes. This approximation can be reasonable for the
lowest layers of atmosphere where the density is of the same order as in the steamer

tube one.
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At high velocities: [ > 0.05, the formula that holds for the MM ionization energy

losses is the usual one, used by Derkaoui et al. [59]

AnN g’ 2m ¢’ By
dE mefz {Ln( e]BV ~1+4-B, (3.4)

where N, is the density of electrons in the medium, m, the electron mass, g the
magnetic charge of the monopole (g = n x gp) and / the mean ionization potential in

air. The QED correction k and the Block correction B,, parameters are given by [59].

MM from above
at MACRO depth
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Fig. 3.6 The downgoing MMs accessible mass regions in the plane (mass, ) for g = gp at
an altitude of 20 km, for an experiment at 5230 m (SLIM) and for an underground
experiment (MACRO) [59].

The computations of Ref. [76] show that only heavy monopoles can traverse

the Earth: for instance for g = g, and p = 10~ only MMs with m, > 10" GeV can

traverse the Earth. Fig. 3.6 shows the accessible mass region for MMs of different
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velocities coming from above; for g = g, and p = 10> a MM must have m, > 10"
GeV, 10° GeV, 10° GeV in order to reach the underground MACRO detector; the
SLIM detector at 5230 m altitude and for a detector at a height of 20 km, respectively
[77, 78, 29].

3.6.2 Energy losses of magnetic monopoles in CR39

The REL in CR39 has been calculated for MMs [88, 31]. For > 0.05, the
REL for MMs are obtained excluding the energy transfer due to high energy 5-rays.

a)p;g Ln(l.IZS,chvg—l]_l} if p<1/e
c ba, 2
rEL=1 L e (3.5)
w,8 1.123¢ | 1-1 ,
c2 _Ll’l( ba)p ] > (g—l):| lf ﬂ > l/\/z

2

where @, is the plasma frequency given by: a)f, =4r Nee—, N, is the electronic
m

density in the medium and m, the electron mass. & is given by

\Jé/e=1=0.562 I /ho, , I being the mean ionization potential, b = _L123ne is the

minimum impact parameter below which production of 6-rays occur. For CR39: oy =
200eV,I=73¢V, e=1.6and p=1.32 g/em’.
For B < 0.05 there are two contributions to the restricted energy loss: the

contribution due to ionization and the contribution due to elastic recoils. In the range

3x10™* <8< 1072, the Ahlen-Kinoshita formula [78] for non conductors is used:

22
dE _2N.gep [m 2mVpdy _ 0.5} (3.6)
dx mcv, h
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where N, is the density of electrons, ay is the Bohr radius and v, = i(37r2Ne )1/3 is
m

the Fermi velocity of the free electrons in the medium. The result in REL vs S is

shown in Fig. 3.7. The bump in REL is due to elastic recoil contribution at low

velocity
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Fig. 3.7 The Restricted energy loss of MMs vs [ in CR39 NTDs. The solid and doted lines

show the different detector threshold.
3.7 Nuclearites (Strange Quark Matter)
Witten proposed the possible existence of the Strange Quark Matter (SQM)

[79]; namely an aggregate consisting of approximately equal numbers of u (up), d

(down) and s (strange) quarks. SQM has an integer electric charge which is
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neutralised by an electron cloud surrounding it and forming a sort of atom, see Fig.
3.8.

SQM could have been produced in the early Universe just after the Big Bang
and may have survived as remnant or it may also be produced in violent
astrophysical processes such as in neutron stars collisions and quarks stars [80-83].
Their existence may address the problem of cold dark matter and of exotic events in
the cosmic radiation, also other possibilities have been mentioned [37]

SQM is expected to have a density slightly larger than ordinary nuclear
matter; the relation between the mass M of SQM lumps and their baryonic number A

(one third of the number of constituent quarks) would be
M(GeV) <0.93A (3.7)

An upper limit for the flux of SQM in the CR (also called nuclearite) may
be obtained assuming that they represent the main contribution to the local Dark

Matter (DM) density,

D = —/;ZMMV (3.8)
where v and M are the nuclearite average velocity and mass, respectively and the
density of the dark matteris p,, ~107*g/cm’

Searches for nuclearites were performed by different experiments [61-64].
The best flux upper limit was set by the MACRO experiment: for nuclearites with
B~107, the 90% C.L. upper limit is at the level of 2 x 107® cm™sr's™ for the mass
range 10'* GeV <M < 10* GeV [60,61].

If R, is the radius of the nuclearite core the system core + electronic cloud

(nuclearite) should have a constant radius of ~ 1 A° forR,, <1 A. For greater radii all

electrons must be inside the quark bag, see Fig. 3.8.
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Fig. 3.8 The quark bag radius (Ry) and the core-electron system for nuclearites. For
nuclearite masses smaller than 10° GeV/S’, the whole electron cloud is outside the quark
bag, the global size of the whole system is approximately 10° fm = 1 °A; for 10° < My < 10"
GeV/c’ the electrons are partially inside the core; for My > 10" GeV/c’ all electrons are
inside the core. The black dots indicate the electrons, the quark bag border is indicated by
the solid lines; the border of the core~+electronic cloud system for relatively small masses is

indicated by the dashed lines.
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Fig. 3.9  The solid line shows the nuclearite Ry radius for different nuclearite mass My.
The dashed line shows the radius of the whole nuclearite system (core + electron).

Accessible mass region for the MACRO and SLIM experiments are also indicated.
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The radius of the nuclearite core can be computed as follow:

1/3
R, - ( 3My j (3.9)
47py

where My is the Nuclearite mass. For M, =1.5x 10°° g the nuclearite should have a
radius of 1 A.
Nuclearites should be stable for any baryon number A in the range between

ordinary heavy nuclei and neutron stars ( 4 ~10°").

3.7.1 Energy Loss of Nuclearites in the Atmosphere

Nuclearites of galactic velocities are protected by their electron atmosphere
and coulomb repulsion from direct nuclear interactions with the atoms they may hit
along their path and the same for nuclearites that have come to rest in matter [84].
Thus, it is considers that the principal energy-loss mechanism for a nuclearite passing
through matter is that of atomic collisions. These collisions are mainly elastic or
quasi-elastic for velocities ~107¢ and the rate of energy loss for a massive nuclearite

is [84]:
o _spy (3.10)

where o is the effective cross-section of the nuclearite, v its velocity and o the

density of the medium. Considering what was discussed above concerning

nuclearites dimensions, one will have [84]:

A% forR <14°(M <1.5ng)
(3.11)

2/3
7= 7{ M j forR > 14°(M >1.5ng)
47p
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3.7.2  Accessibility region of Nuclearites

For galactic nuclearites, the velocity decreases exponentially with distance L:

w(L) = v(O)exp(— M | pdxj (3.12)
o 0

where M is the mass of nuclearite and v(0) its velocity at the top of the atmosphere.
The range of nuclearite can be computed considering that the nuclearite is
quickly brought to rest when its velocity becomes smaller than velocity of sound in

the medium v, =./¢/p , so the material will resist interpenetration; &~ 10° ergs/cm3

~ 0.1 MeV per molecular bound, is the structural energy density for integrity of rocks

(Young’s modulus). The range of nuclearites is given by

L

j pdx = MLn(LO)j (3.13)

0 (o} \%

c

We consider the parameterization of the standard atmosphere from [85]:
h H-h

plh)=aet =ae * (3.14)

where the constants are a = 1.2 x 10°g cm™ and b = 8.57 x 10° cm; H is the total
height of the atmosphere (= 50 km). The integral in eq. 34 may be solved
analytically

[ = abe_b(eb_lJ (3.15)

Fig. 3.10 shows the accessible region of nuclearites in the (mass, /) plane at

different experimental depths for their detections. Typical balloon experiments
(CAKE, 40 km), civilian airplanes (11 km), the Chacaltaya high altitude

laboratory (SLIM, 5.23 km), at sea level and experiment at underground
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laboratory (MACRO at a depth of 3400 mwe) are also included. The CR39 and
Makrofol detection thresholds for the SLIM NTDs corresponding to REL = 200

MeV g cm? and 2500 MeV g cm?® values are also shown as dashed curves

[86,87].
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Fig. 3.10  Accessibility region in the (mass, [) plan for Nuclearites at different depths,
assuming the initial velocity of the outer atmosphere of =107 (Chatalcaya altitude, 5230m
(540 g/em’); sea level (1033 g/em’) and MACRO depth (3700 hg/cm’). The detection
thresholds of CR39 and Makrofol NTDs are shown with the dashed lines.

The decrease of the velocity thresholds for nuclearite masses larger than
8.4x10'* GeV is due to the change in the nuclearite cross section, according to
eq. 3.12.

An experiment at the Chacaltaya altitude lowers the minimum detectable
nuclearite mass by a factor of about 2 with respect to an experiment performed at
sea level. If the mass abundance of nuclearites decreases strongly with increasing

mass this could yield an important increase in sensitivity.

35



4 Experimental

4.1 Calibration

The identification of a relativistic charged fragment with the help of a NTD
relies on two sources of information. First, we have a fairly good knowledge of how
a charged ion loses energy while propagating in a stopping medium of well-known
chemical and physical properties. Secondly, the ion trajectory leaves a physically
observable signature that can be experimentally observed with a high degree of
accuracy. The first of these inputs is derived from the expression of Relative Energy
Loss (as discussed in section 2.2.3), which is a function of Z/f, and the second input
is obtained through the measurement of the reduced etch-rate of the ion. A
correlation between the two quantities constitutes the 'calibration curve'. With the
help of this curve, a purely geometrical measurement ( i.e the cone-length of a track
or the area of its base) can be translated into a physical parameter, namely, the charge
of the ion (if all fragments are highly relativistic). In this chapter, the methodology
and results of the calibration in two different detector systems are described, by using
data based on the exposures of detectors to a variety of relativistic energy ion beams

and their fragments.

4.1.1. Chemical etching

An important item is the determination of the optimal etching conditions to
achieve the best surface quality and reduce the number of fake tracks in CR39 and
Makrofol NTDs used in the SLIM experiment as well as in other experiments.
Previously we used aqueous solutions of NaOH and KOH. Extensive studies have
been done on the improvements of etching conditions with improved stirring and

temperature control of the etching solution and with addition of fraction percentages
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of ethyl alcohol. The addition of ethyl alcohol in the etchant improves the etched
surface quality and reduces the number of surface defects and background tracks.

A stack composed of CR39 NTDs of size 11.5 x 11.5 cm® with 1 cm thick
lead target was exposed to the CERN-SPS lead beam (158 A GeV Pb™") ions (see
Fig 4.1 & 4.3). Stacks composed of CR39 of the same size with 1 cm thick
polyethylene (CH,) target were exposed to 5 AGeV Fe’®" and 1 A GeV Fe*®' and
Si'*" jons in 2005 at BNL, USA (see Fig. 4.4). More stacks of CR39 detectors were
exposed to 0.41 AGeV Fe™ and 0.29 A GeV C°®" beams at HIMAC, Japan (see Fig.
4.5). Most of the exposures were carried out at normal incidence and with a nominal
density of 1500 to 2000 ions/cm®. The CR39 material was manufactured by Intercast
Europe Co., Parma, Italy using a specially designed line of production. The CR39
thickness was 700 um or 1400 um. The Makrofol detectors were manufactured by
Bayer A.G., Germany. The Makrofol thickness was 500 um; CR39 and Makrofol
detector sheets were covered by a 30 um plastic film to protect them from exposure
to ambient radon. The protective layers were removed before etching the NTDs.

The etchants used were water solutions of: 6N NaOH, 6N KOH at 70 and 60
°C, respectively, with different fractions of ethyl alcohol. These are called “soft”
(normal) etching conditions. We also used “strong” etching conditions in order to
fastly reduce the thickness of the detectors for the analysis of the SLIM CR39 and
Makrofol NTDs. For strong etching, we used mainly 8N NaOH, 7N KOH, 8N KOH
water solution at 75 and 77 °C, with the addition of different fractions of ethyl
alcohol in the solution.

To avoid the deposit of etched products on the detector surfaces and to have
homogeneous solution, the stirring was kept constant during etching. After etching
the bulk etch velocity vg was measured (from the change-in-thickness method) for all
the detectors, and also by another method (measuring the track cone height and
diameter) for those detectors having tracks of measurable cone length.

For the study of the bulk etch velocity variations and of the effects from
stirring and evaporation of alcohol we used unexposed Makrofol and CR39 detectors

of various thicknesses and sizes.
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Fig. 4.1 Exposure set-up for the calibration of CR39 and Makrofol NTDs to relativistic ions.
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Fig. 4.2 (a) Tracks of beam ions before the target and (b) beam and fragment tracks after
the target (from the 0.41 A GeV Fe’®" exposure). The tracks marked with a red circle are

from a Iron nuclei (a) and its fragment (b), respectively.
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Fig. 4.3 Photograph of the detector stacks exposed at the CERN 158 A GeV Pb*** beam.
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BNL Exposure set up

NSRL (a) AGS (b)

Fig. 4.4 The BNL exposure set-up at two beam lines, a) NSRL and b) AGS.

HIMAC Exposure set up

Fig. 4.5 Exposure set-up for the stacks of CR39 and Makrofol NTDs at HIMAC, Chiba,
Japan.

Most of the tests were aimed at determining the best fraction of ethyl alcohol
in the etchant solution and to obtain the optimal etching conditions for surface
quality and background reduction. Experimental details are given in the sections 5.2

and 5.3 for “soft” and “strong” etching of CR39 and Makrofol.
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Fig. 4.6 Tanks used for the etching of CR39 and Makrofol NTDs; (a) the V2 & V4 tanks are
used for the etching of SLIM NTDs, V3 is used for calibration purposes, and V1 is used for
the washing of the NTDs after etching. (b) The TKB tank is used for pre-soaking;, TKB1 &

TKB2 are used for etching few detectors for calibrations and tests;, TKB3 is used for
cleaning the NTD:s.

Fig. 4.7 Stainless steel supporting racks used for etching of CR39 and Makrofol NTDs. (a)
Rack used for strong and soft etching of the SLIM NTDs in the V2 and V4 tanks (see Fig.

4.5a); (b) rack used for etching in the V3 tank for calibrations; (c) rack used for etching of
NTDs in the TKBI and TKB?2 tanks.
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Chemical etchings were performed in stainless steel tanks: two large tanks
(40 x 52 x 40 cm’, named V2 or V4), a medium tank (40 x 40 x 26 cm’, named V3)
and two small tanks (22 x 34 x 16.5 cm®, TKB1 and TKB2) having different types of
improved stirring and heating systems, and of temperature control (see Fig. 4.6). The
large tank is equipped with a heating system composed of an oil circuit external to
the tank. The large and medium tanks also have a stirring-head with motorized
pumps and an internal thermo-resistance with digital controlled system. The
temperature controlled system guarantees the stability of the temperature throughout
the solution to within + 0.01 °C. The small tank was equipped with only internal
thermo resistances and a motorized stirring head. The stability of the temperature
was within + 0.1 °C. Detector foils were placed in the stainless steel detector holders

(see Fig. 4.7).

4.2 Chemical Etching of CR39 NTDs

4.2.1 “Soft” Chemical Etching

Previous standard etching conditions for CR39 were 6N NaOH water
solution. In order to improve the surface quality of the post-etched detectors, we
made a series of tests adding alcohol in the preparation of etching solution. In Table
4.1 the “soft” etching conditions used for CR39 sheets exposed to the 158 A GeV
Pb*** and In**" ions are listed.

The CR39 etched in 10 % ethyl alcohol, 6N KOH solution at 70 °C, Fig. 4.8b,
was transparent and fake track density was much lower compared to the detector
etched without ethyl alcohol (Fig. 4.8a), but the threshold was higher (Z/f > 30
instead of 5). For this etching condition, it was not possible to measure the tracks
automatically with the ELBEK system because of the lower contrast of the detector
surfaces. In order to improve surface contrast we etched the CR39 in 3 % ethyl
alcohol in 6N KOH at 60 °C. There was a significant decrease of fake tracks due to

surface defects and an increased contrast on the detector surface (see Fig. 4.8c¢); it
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was thus possible to measure the tracks with the ELBEK system, but the detection
threshold is still too high (Z/f > 21). In order to reduce the detection threshold the
CR39 NTDs were etched in 1% ethyl alcohol solution of 6N NaOH for an etching
time of 40 hr (see Fig. 4.8d). The etching time was increased from 30 h to 40 h in

order to enlarge the base cone areas of small nuclear fragments.

(a) 70°C, 6N NaOH, 30 h (b) 70 °C,6N KOH + 10 % ethyl alcohol, 3h

(¢) 60 °C, 6N KOH + 3% ethyl alcohol, 30 h (d) 70 °C, 6N NaOH + 1 % ethyl alcohol, 40 h

Fig. 4.8 Tracks in CR39 of 158 A GeV Pb*" ions and their fragments (a, b, ¢) and (d)
tracks of 158 A GeV In*" ions and their fragments etched under different etching conditions.

In order to study the bulk etching rate vs time with this new etching
conditions, we selected four sheets of CR39 ~1400 um thick and etched them in 6N
KOH with 3 % ethyl alcohol by volume at 60 °C for 30 h in 5 steps of 6 h intervals.
For shorter etching times the thickness is affected by detector swelling. For etching
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times larger than 12 h we did not observe any depth dependence of the bulk etch rate,
see Fig. 4.9. The identical procedure applied for etching detectors with 1% ethyl

alcohol; we observed the same swelling effect for shorter etching time.

Table 4.1. “Soft” etching conditions and bulk etch rates vg for CR39 obtained with the
standard method using 25 thickness measurements for each final data point. The errors are

statistical standard deviations of the mean.

S.N. Etching Conditions vg (um/h)

1 6N NaOH, 70 °C, 30 h 1.15+0.03

2 6 N NaOH + 1 % alcohol, 70 °C, 40 h. | 1.15£0.03

3 6 N KOH + 3 % alcohol, 60 °C, 30 h. | 1.43+0.03

4 | 6 NKOH + 10 % alcohol, 70 °C, 30 h. | 9-3%0.2
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Fig. 4.9 Thickness versus etching time of three different CR39 detectors etched in 6N KOH
+ ethyl alcohol (3 % by volume) at 60 °C. The solid lines are linear fits to the data; the
dashed lines only connect the data points (notice the swelling effect for etching times smaller

than 12 h).
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4.2.2 “Strong” Chemical Etching

Preliminary etching of CR39 foils exposed at Chacaltaya to cosmic rays and
to 1 A GeV Fe**" ions were made in 8NaOH at 90 °C. We found several background
tracks of 10-17 wm range due to carbon, oxygen and proton recoils produced in the
interactions of ambient neutrons; see Figure 4.10a, b: the surface quality of both
sheets was poor. In these conditions, it would be difficult to scan the detectors. In
order to improve the surface quality and to eliminate recoil tracks, extensive tests
were made by etching the SLIM CR39 sheets in 3%, 1.25% and 1.5% ethyl alcohol
in 8N and 7N KOH solution. The CR39 sheets were etched with 8N KOH + 1.5%
ethyl alcohol at 75 °C for 30 hr (see Figure 4.10c, d).

The “strong” etching conditions and the bulk etch velocities of the SLIM
CR39 are given in Table 4.2.

Table 4.2. “Strong” etching and bulk etch rates vg for CR39 obtained with the standard
methods using 9 measurements for each final data point. The errors are statistical standard
deviations.
VB Threshold
S.N. Etching Conditions
(pm/h) | (Z/p)

1 8N NaOH, 90 °C, 50 h 8+0.5 ~7

2 8 N NaOH + 3 % alcohol, 70 °C, 24 h. | 15+0.8 ~21

3| 8 NKOH + 1.25 % alcohol, 77 °C, 30 h. | 6-8+0.3 ~15

4 8 N KOH + 1.5 % alcohol, 75 °C, 30 h. | 8%0.5 ~17

The surface quality of the etched SLIM CR39 sheets improved and most of
the recoil tracks were removed. Moreover the detector is transparent and scanning is
easier. The tracks of the relativistic iron ions and their fragments have sharp contours

and can be easily measured with the automatic image analyzer system “ELBEK”.
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The detector threshold is Z/ ~17, compare to Z/f ~7 without alcohol. In 30h the
thickness was reduced from ~1400 um to ~ 900 um (bulk etching rate of ~8 pum/h).
In order to test if any evaporation effect was still present, we etched the CR39
sheets in tanks of different air tightness; the etching time was 30 h, in steps of 5 h
intervals. After each step we measured the thickness of the detectors. The same
solution was used throughout all the etchings in each tank. A constant evaporation
effect was observed in the tank not perfectly airtight, while there was no observable
effect in the perfectly tight tank. Therefore tightness of the medium and large tanks

was improved by pasting silicon gel to reduce evaporation.

@- . (d)

Fig. 4.10 (a) SLIM CR39 sheet, (b) tracks of 1 A GeV Fe’*" ions and their fragments in
CR39 using 8N NaOH 90 °C without alcohol, (c) SLIM CR39 sheet and (d) the tracks of 1 A
GeV Fe’™ ions and their fragments in CR39 with “strong” etching, 1.5% alcohol at 75 °C.

4.3 Chemical Etching of Makrofol NTDs

4.3.1 “Soft” Chemical Etching

Many tests have been performed with the Makrofol detector to obtain sharp

tracks and low background. This was achieved by etching Makrofol detectors in a
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water solution of 6N KOH at 50 °C with 20% ethyl alcohol for an etching time of 8
h; uniform stirring and a tight etching bath was used to minimize evaporation of
alcohol during the etching cycle. We obtained tracks, which were suitable for the
ELBEK automatic measuring system.

The effect of pre-soaking for Makrofol in a perfectly closed small tank using
regular stirring was also studied. For this purpose, we used 9 unexposed detectors
11.5 cm x 11.5 cm in size, 500 um thick; 4 of them were pre-soaked in de-ionized
water for 1 h, raising the temperature from room temperature up to 50 °C. All the
samples were etched in a 6N KOH solution with 20 % ethyl alcohol at 50 °C for 4 h.
The same steps were repeated five times using every time a fresh solution, in order to
avoid possible effects for evaporation of ethyl alcohol. The bulk etching rate vg was
determined using thickness measurements after each etching step. Within our
uncertainties, we observed no difference between the 4 pre-soaked and the 5 non-pre-

soaked sheets.

. 01 P

Fig. 4.11 Base areas of the “tracks” from 158 A GeV Pb ions in Makrofol at normal
incidence (a) 6N NaOH 50°C, 95 h, (b) 6N KOH + 30 % ethyl alcohol 45 °C, 10 h, (c) 6N
KOH + 20 % ethyl alcohol 50 °C, 8 h and (d) The tracks of Pb ions and their fragments in
Makrofol at 45° incident angle (etching conditions as in c).

For the study of depth dependence few unexposed detectors 500 um thick
were etched in 6N KOH solution with 20 % ethyl alcohol at 50 °C for a total of 30 h
in five steps of 6 h each. In Fig. 4.12 the averaged detector thickness is plotted versus

etching time. A constant bulk-etching rate in all the steps within our experimental
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uncertainties was observed. No depth dependence of the bulk etching rate and no

swelling effects were observed.
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Fig.4.12  Thickness versus etching time for Makrofol foils etched in 6N KOH + 20 % ethy!
alcohol (by volume) at 50 °C. Each point is the average of 4 measured sheets. The solid line

is a linear fit. There are no indications of swelling effects at short etching times.

4.4 Response Curves for CR39 and Makrofol NTDs

Several calibrations were performed with relativistic heavy ions in order to
determine the thresholds and sensitivity of CR39 and Makrofol NTDs.

After exposures, CR39 sheets located after the target were etched in 6 N
NaOH + 1 % ethyl alcohol at 70 °C for 40 h (for the In exposure) and 6N NaOH 70
°C for 30 h (for the Pb, Fe, Si and C exposure). The Makrofol sheets located after the
target were etched in 6 N KOH + 20 % ethyl alcohol at 50 °C for 8 h (for the Pb
exposure).

We recall that the etched cones are formed because the track etching rate v
along the damaged track is larger than the bulk etch rate vg. The size of the etched
cone depends on the REL of the particle. For CR39 detectors, etch-pit base diameters
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and heights of In ions and their fragments were measured with a Leica optical
microscope. For Makrofol, Pb ions and their high Z fragments made through-holes in
the detector sheets; thus the cone length L. was measured only for high Z fragments
that have sharp etch-cone tips (no holes). Nuclear fragments with charges 78 < Z <
82 were identified by etching Makrofol sheets from the same stack in the same

conditions for only 5 hours.

Original Surface D

I vat Etched Surface | 4(a)
L. (b)

Fig. 4.13  The bulk etch rate measurement methods (a) from the change in the detector
thickness and (b) from the measurement of the cone height and diameter of the etched tracks.

4.4.1. “Standard” measurement of vp

The standard determination of vg is based on the measurement of the
thickness of the detector after different etching times, see Fig. 4.13a. The thickness is
measured with an electronic micrometer of 1 um accuracy in 25 positions on the
detector foil. The average bulk-etch velocity is v, = Ax/2A¢, where Ax is the mean
thickness difference after a Az etching time. For CR39, at etching times shorter than
10 hours the thickness is affected by detector swelling [11-13]. The bulk etch-rate
must be determined by a linear fit of Ax vs A¢ for etching times longer than 10 h.

For Makrofol no significant swelling effect was observed.
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4.4.2. The vg measurements from the cone height and base diameter

The track etch rate v can be considered constant for relativistic heavy ions.
For normally incident particles, the measurable quantities are the cone base diameter
D, and the height L., see Fig. 4.13b [88, 89]. L. is obtained by multiplying the
measured cone height using an optical microscope by the refractive index n of the
etched detector material. The refactive index ‘n’ is obtained from the ratio of the
actual thickness (which we measure with an electronic micrometer with a precision
of 1 um) to the apparent thickness measured with an optical microscope (precision of

1 }J,l’l’l) [I’ICR39 =155+ 001, NMakrofol = 1.69 + 001]

Original Swface
e e e et s S e e i
L I ¥
IVBT LY : ¢ Etched Smface
Y I
\ ;
v b
T \ .
T \ i £ (|t
\ |
\:
. ———»
D

Fig. 4.14  Sketch of an “etched track” and its etched track parameters for a normally

incident ion.

The following relations hold:

L,=(v;—vp)t 4.1)
D=2v,1, |1 =Ys) (4.2)
vy +v3)
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From the above relations, the following quadratic equation in vg is obtained

eplip o
4 2t 4¢

The real solution for vg is

(4.4)

p:(v_Tj:H&_ 1+(D/2vyt)* 1+ A/(mi?) @)

vt 1=(D/2vy0)*  1-A/(m2e?)

The bulk etch rate vg and the reduced etch-rate p may by determined by
measuring the track parameters L. (precision of ~1 um) and D (precision of 0.5 um).

Egs. 4.4 & 4.5 were tested with relativistic Pb*" and In*"" ions and their
nuclear fragments. We selected only tracks for which precise measurements of the
cone height and diameter could be performed (for example we cannot measure the
track cone heights for low Z fragments, for which the microscope image may be
affected by shadow effects). Using eq. (4.4) we computed the bulk-etch rate for
CR39 and Makrofol NTDs. Batches of measurements were made by different
operators, and the average vg’s and their statistical standard deviations were
computed, see Table 4.3. By this method we obtain vy values with accuracies of 0.01
+ 0.05 um/h. The v values obtained for the same foils using detector thickness

measurements are also given in Table 4.3.
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Fig. 4.15 (a) Base area distribution of etched cones in CR39 from 158 A GeV In*" ions
and their fragments (averages of 2 front face measurements), (b) cone height distribution for

46 <7/} <49 (single measurements). Soft etching: 6 N NaOH + 1 % alcohol, 70 °C, 40 h.

We can effectively make measurements with the available measuring
instruments using the new method only for intermediate z-values because at low and
high z we do not have enough precision for measuring L. and D, respectively.

The base area of each etch-pit cone, its eccentricity and central brightness
were measured with the ELBEK automatic image analyzer system [12], which also
provides the absolute coordinates of the etched tracks; this allows the tracking of the
beam ions and of their fragments through the CR39 detectors.

In the following sections new response curves for CR39 and Makrofol NTDs,

based on the new determination of the bulk etch-rate are discussed.
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4.5 Response Curves for CR39

Fig. 4.15 shows the etch-pit base area distribution for Indium ions and their
fragments in CR39; averages were computed from measurements made on the “front
sides” of two detector sheets. The peaks are well separated from Z/f ~7 to 45; the
charge resolution for the average of two measurements is ¢, ~0.13e at Z/p ~15. The
charge resolution close to the Indium peak (Z ~49) can be improved by measuring
the heights of the etch pit cones [12]. The heights of 1000 etch-cones with diameter
larger than 48 pum (corresponding to nuclear fragments with Z > 45) were measured
with an accuracy of + 1 um with a Leica microscope coupled to a CCD camera and a
video monitor. The corresponding distribution is shown in the inset in Fig. 4.15; each
of the 4 peaks is well separated from the others, and a charge can be assigned to each
one. The charge resolution for a single measurement of different nuclear fragments is
given in Table 4.4; it is o, ~0.22¢ at Z/f ~48. The charge resolutions oz may be

computed from

2= Sz @)
-, (4.6)
o, = : (b)
oL/ Z

where o, and O o are standard deviations [8], A is the mean base area and L, the

mean height of the etched cones. See Table 4.4 for the numerical results.

For each detected nuclear fragment from Z = 7 to 48 and Indium ions (Z =
49) we computed the corresponding REL values and the reduced etch rate p = vy/vg
using eq. (4.5). The sensitivity p vs REL for CR39 is plotted in Fig. 4.16. The CR39
detection threshold is at REL ~50 MeV cm’ g, corresponding to a relativistic

nuclear fragment with Z ~ 7.
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Table 4.3 Bulk etch rates vy for CR39 and Makrofol NTDs obtained with the new and
with the standard methods using 25 measurements for each data point. The errors are

statistical standard deviations of the mean.

Detector 3 . o vg (um/h) vg ( um/h)
(beam) Zhan:t ANt COIa s New Method | Standard Method
CR39 6 N NaOH
(In03) 44 - 49 +1 % alcohol, 70 °C, 40 h. 1.25+0.01 1.15+0.03
CR39 75 -80 6 N NaOH, 70°C, 30 h 1.10£0.02 1.15+£0.03
(Pb96) , , . . . . .
CR39 78 - 82 6 N NaOH, 45 °C, 268 h 0.16 £0.01 0.17£0.03
(Pb96) , , . . . . .
Makrofol 6 N KOH
(Pb96) 75-178 120 % alcohol, 50 °C, 8h. 3.44 +£0.05 3.52+0.13
Table 4.4 Assigned charges and computed charge resolutions for In*** and Pb**" jons

and their fragments in CR39 and Makrofol detectors. Charge resolution is estimated from eq.

4.6a but the last row was computed from eq. 4.6b.

CR39 Detector | Makrofol Detector |

Charge | Charge Resolution | Charge | Charge Resolution |
Z=8to1l | 0.12¢ | Z=51t058 | 0.18¢ |
Z=12t021 | 0.13e | Z=51t066 | 0.19¢ |
Z=22t031 | 0.16¢ | Z=59t066 | 0.21e |
Z=32t041 | 0.20e | Z=59t069 | 0.22¢ |
Z=32t045 | 0.22¢ | Z=70to74 | 0.31e |
Z=42t049 | 0.28¢ | Z=T75t077 | 0.37¢ |

(bfcoig Z::fjht) 0.22¢ (bfcorzz ;ngzltv 0.18¢

The same analysis procedure was applied for CR39 NTDs etched under
strong etching conditions. Previously exposed to relativistic In**" (158 A GeV) and

Fe®®" (1 A GeV) beams and their fragments.
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Fig. 4.17 shows the tracks of relativistic In"*’ ions and nuclear fragments of
S'" and Kr’®" ions in CR39 sheets etched with strong and soft etching conditions.
Kr**" and high fragments produced through holes with the strong etching condition.

Fig 4.18a shows the mean area distribution of five CR39 independent
measurements (detector etched in 8N KOH + 1.25% alcohol at 77 °C). All peaks
with Z/PB = 15 to 49 are well separated; the response p vs REL is shown in Fig. 4.19.
The detection threshold is at Z/B ~ 15, corresponding to REL ~200 MeV cm? g™
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Fig. 4.16 The etch rate ratio p plotted as a function of REL for CR39 detectors exposed to
relativistic Indium ions using vg evaluated with the new method. Typical statistical standard

deviations are shown at Z/3 = 40, 45, 49; for Z/3 <37 the errors are inside the black points.
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For comparison in Fig. 4.18a shows the same mean area distribution of 158
In*" and their fragments obtained by etching the NTDs in 8N NaOH at 90 °C. Notice
that the threshold is at Z ~7, (compared to Z ~15 in the bottom figure). The charge
peaks from Z = 8 to 20 are well seen and well separated; instead the peaks from Z

~20 to 35 are not separated well as is the case for the etching in alcohol (8N KOH +

1.25% ethyl alcohol, 77 °C, bottom figure).

{}

D =371 pm D= 440 pm
K 36+ 49+
81 um D= 91 pm
.

Fig. 4.17 The surface tracks of Indium and their fragments in CR39. On top, the detector
was etched in “strong” etching condition for 24 h; the bottom, the same tracks etched in

“soft” condition.

In order to achieve low background, high contrast and an “acceptable”
threshold for the SLIM experiment, The CR39 sheets were etched in 8N KOH +
1.5% alcohol at 75 °C for 30 h. The strong calibration was obtained by etching two
CR39 sheets exposed to 3 A GeV Fe®®'; the detector thickness was reduced from
1400 um to ~900 um at the rate of 8 um/h. Fig. 4.20 shows p vs REL for CR39
etched strongly, the detector threshold is at 300 MeV e¢m® g which corresponds to



Z/B ~ 17. This is the etching condition for the SLIM CR39 NTDs (see also Fig. 4.10

c,d).
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Fig. 4.18 “Strong” etching; mean area distribution (4 faces out of 5) of 158 A GeV In**
ions and their fragments in CR39 after 5.50 h: etching in (a) 8N NaOH 90 °C and (b) 8N
KOH + 1.25 % Ethyl Alcohol at 77 °C, respectively.
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Fig. 4.19 p vs REL for the CR39 detectors exposed to relativistic indium ions and their

fragments, etched in “strong” conditions.
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Fig. 420 p vs REL for the CR39 detectors exposed to relativistic iron ions and their

fragments, etched in “strong” conditions.
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4.6 Response Curve for Makrofol

Fig. 4.21 shows the etch-pit base area distribution for lead ions and their
fragments in Makrofol NTDs. The resolution of the base area measurement become
worse as the charge of the fragment increases, because for high charges the base
diameter of the etch pit cone changes slowly compared to the cone height increases

sharply. The effect is qualitatively described in Fig 4.22.
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Fig. 4.21 Cone base area distribution (average of 2 measurements on two front faces) of
158 A GeV Pb*" ions and fragments in Makrofol after 8 h etching, in 6N KOH + Ethyl
Alcohol (80 : 20 % by volume) at 50 °C (Inset single measurements of cone heights).

The changes 6D and 6L, with respect to dp can be obtained by differentiating
egs. 4.1 and 4.2 with respect to p [101]:
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Lo Y LA - (4.7)
p p-l(p+]

=Vt (4.8)

At large p values, 0D /dp is smaller than oL, /dp ; for high REL it is difficult

to obtain a charge resolution <le from base diameter measurements. From Figs. 4.15
and 4.21 it is apparent that at high Z/f, the base area distribution does not give well
separated peaks; instead the peaks are well separated by cone height measurements.

Two Makrofol foils exposed at 90° and at 45° with respect to the detector
surface, respectively were etched in 6N KOH + 20 % ethyl alcohol. The heights of
more than 4000 etch pit cones on each foil were measured with an accuracy of +
Ium. The cone height distributions are shown in Fig. 4.23(a,b); each peak is well
separated from the others, and a charge can be assigned to each. Notice the Z =83
peak which is due to a charge pick-up reaction.

For each charge, the REL and p values have been calculated for the Makrofol
detector with the same procedure used for the calibrations of CR39 NTDs (see Fig.
4.24). The Makrofol detection threshold is at REL ~2700 MeV cm® g,
corresponding to a nuclear fragment with Z/ ~50.

As evident in Figs. 4.16 and 4.24 the reduced etch-rate p is a non-linear
function of REL. For example for CR39 up to REL ~500 MeV cm’ g'l, p changes

slowly with REL, while a rapid increase is observed at larger values.
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Fig. 4.22  The variation of cone height L, and of the base diameter D for relativistic lead

ions and their fragments measured in one sheet of CR39 [12].
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Fig. 4.23 Cone height distributions in Makrofol NTDs for 158 A GeV Pb*" beam exposure

for (a) normal incidence and (b) 45° incidence angle (single measurements).
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Fig. 4.24  p vs. REL for Makrofol detector exposed to relativistic Pb*" ions using v
evaluated with the new method. Typical statistical standard deviations are shown at Z/f3 =

70, 75, 77; for Z/3 <67 the errors are inside the black points.

A comparison of the calibration curves for CR39 etched under soft etching
conditions (with and without alcohol) is shown in Fig. 4.24. Both curves have the
same response up to a charge value of 20. A sharp rise in the sensitivity is observed

for CR39 etched with 1% alcohol.
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Fig. 4.25 Comparison for CR39 NTDs exposed to relativistic heavy ions and etched under
different “soft” condition. Notice the p values at Z = 10, 20, 40 and 49 for two etching
conditions for CR39. A sharp rise is evident for etching with alcohol after Z/ > 20.

4.7  Response Curves of CR39 to Relativistic Pb, Fe, Si and C ions

The same experimental procedure was used as mentioned above for the
analysis of 158 A GeV Pb*", 041, 1 & 5 A GeV Fe**", 1 A GeV Si'*" and 0.29 A
GeV C®" heavy ions. For the determination of the bulk etch rate by the cone height
and diameter method the CR39 sheets exposed to the relativistic Pb ions were used.
For the low charge beams we used the bulk etch velocity measured by the change in
thickness method (the cone height is not measurable due to the large cone opening

angle; in this case cone tip is difficult to identify with optical microscope.
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The distribution of bulk etch velocity of 67 CR39 NTDs is drawn in Fig 4.26.
A Gaussian fit of the experimental data gives a mean value of vg = 1.11 £ 0.07. The
value is the same when measured using the new method (cone height and diameter

measurement, see Table 4.4).

6N NaOH 70 °C, 30h \
1.11 £ 0.07 pm/h |

i |- e

Mk o Dietectors

%] LA 1.5

Bulk Eich Rate {jpm/h)

Fig. 4.26  Distribution of the bulk etch-rate for 67 CR39 detectors measured with the

change in thickness method. The line is a Gaussian fit to the experimental data.

Histograms of the mean base areas for beams of 0.41 and 1 A GeV Fe and Si
ions and their fragments in CR39 detectors etched in the same conditions (6N NaOH
70 °C 30 h) are drawn in the same scale for comparison, see Fig. 4.27. There are
individual charge peaks with a minor shift in the mean area for the same nuclear

fragment.
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Fig. 4.27  Distribution of the etched cone base areas for CR39 NTDs located after the
targets. Averages were made on three top faces. Well separated peaks are observed and a
charge can be assigned to each individual peak. For a given nuclear fragment, we have

about the same mean base area at different beam energies.
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Figures 4.28 and 4.30 show the average base area distributions and scatter
plots of 5 A GeV Fe®® and of 1 A GeV Si'*" ions and their fragments tracked
through 2 foils upstream and downstream of the target. Well separated peaks are
observed and a charge can be assigned to each individual peak; some assigned

charges are shown on each graph.
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Fig. 4.28  Overall view of the analysis of 5 A GeV Fe’*" + CH,: the average area
distributions and the scatter plots of the CR39 sheets placed before and after the target are

presented. Individual charges are clearly resolved down to Z = 7.
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Fig. 4.29 Scatter plots of the base cone areas of the beam ions and fragments from 5 A GeV
Fe’™ and 1 A GeV Si™" in CH,. (a, b) raw data of 5 and 1 A GeV Fe and Si ions before CH,
target, (c,d) refined data of 5 A GeV Fe before and after the target and (e, f) are the refined
data for 1 A GeV Si ions before and after the target, for details see text.
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Fig. 4.30  Overall view of the analysis of 1 A GeV Si'*" + CH,: the average area
distributions and scatter plot of the CR39 sheets placed before and after the target are

presented. Individual charges are clearly resolved down to Z = 6.

Figures 4.29 (a, b) show the scatter plots of raw data of the base cone area for
5 A GeV Fe*® and of 1 A GeV Si'*" ions and their fragments on two front faces
before a CH, target. Fig. 4.29 (c, d, e, f) shows the scatter plots for Fe and Si ions
and their fragments after applying cuts on central brightness, eccentricity and the
minimum difference in the area of the two sheets have been applied. Each cluster of
scatter points corresponds to a charge. Twenty charge states are clearly visible for 5

A GeV Fe®" and ten charge states for 1 A GeV Si'*"
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4.8 Charge Resolution

In this section the charge resolution and the response of the CR39 NTDs
exposed to a wide range of relativistic heavy ions and their fragments will be
discussed. Many charged fragments were produced in the fragmentation of incident
ions inside the target.

Fig. 4.31 shows plots of the mean base areas of the fragments vs the assigned
charges for the exposed detectors to relativistic ions as discussed in the previous
section.

The charge resolution o, of the CR39 was calculated using eq. 4.6. The mean
base areas for each assigned charge (z) and the charge resolutions (o,) are given in

Table 4.5.
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Fig. 4.31 Nuclear fragment charges vs etch pit mean base area for (a) 5 A GeV Fe’*", (b) 1
A GeV Fe™™, (c) 0.41 A GeV Fe’* and (d) 1 A GeV Si'*" in CR39 NTDs.
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Table 4.5

Mean base areas and charge resolutions 67 of nuclear fragment measured in

CR39 NTDs using high energy Fe**, Si'*" and C®" ion beams on a CH, target.

5AGeV Fe* | 1AGevFer | OHLAGY  pageysi 024GV
Z Mean Mean Mean Mean Mean

Area o, | Area o, @ Area o, @ Area o, | Area o,

(pixel®) (pixel®) (pixel®) (pixel®) (pixel®)
L2 S (N S (N (SN (SN (SRR I (NCER KA
5 | - | 257 | 024| 515 | 028 192 | 028 | 913 | 0.14 |
6 | - | 490 | 0.19| 838 | 031 412 | 020 1278 | 0.11|
7| 391 | 022| 746 | 022 1145 | 028| 667 | 0.19 | | |
8 | 612 | 020 988 | 021 | 1408 | 0.26| 904 | 0.19 | | |
9 | 850 | 0.14| 1216 | 0.25| 1679 | 029 | 1131 | 0.21 | | |
10| 1047 | 0.17 | 1428 | 0.21| 1936 | 0.22 | 1344 | 0.18 | | |
11| 1253 | 0.16 | 1633 | 0.21| 2173 | 0.26| 1554 | 0.20 | | |
12| 1434 | 0.17 | 1829 | 020 | 2422 | 0.23 | 1765 | 0.21 | | |
13| 1614 | 0.16 | 2029 | 0.20| 2669 | 0.30 | 1966 | 0.21 | | |
14| 1790 | 0.19 | 2214 | 0.19| 2907 | 0.21| 2165 | 0.20 | | |
15| 1960 | 0.18| 2397 | 0.21| 3130 | 0.28 | | | | |
16| 2128 | 0.18 | 2581 | 0.20 | 3378 | 0.22 | | | | |
17| 2297 | 0.18 | 2764 | 0.20 | 3606 | 0.28 | ] | |
18| 2458 | 0.18 | 2939 | 0.19| 3855 | 0.24 | | | | |
19| 2620 | 0.18 | 3121 | 0.23 | 4095 | 0.25 | | | | |
20| 2782 | 0.17| 3302 | 0.20 | 4336 | 0.23 | | | | |
21| 2939 | 0.18 | 3482 | 0.22 | 4589 | 0.24 | | | | |
22| 3095 | 0.17| 3662 | 0.21| 4840 | 0.22 ] ] | |
23| 3265 | 0.21| 3841 | 020 5082 | 0.23 | | | | |
24| 3418 | 0.19| 4029 | 0.24 | 5326 | 0.24 | | | | |
25| 3570 | 0.19 | 4209 | 0.16 | 5571 | 0.23 | | | | |
26| 3733 | 0.21| 4385 | 0.21 | 5804 | 0.18 | | | | |
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Fig. 4.32 p vs REL for CR39 NTDs exposed to Pb, Fe, Si and C ions of different energies.
(a) by thickness method and (b) by new method for computing the bulk etch velocity vp.
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Better charge resolution oy ~0.13 to 0.18e can be achieved by measuring
three top faces of CR39 sheets exposed to 0.29 A GeV C and 5 A GeV Fe ions and
their fragments. A lower charge resolution (o7 = 0.21 + 0.03) has been obtained for 1
A GeV Fe and Si ions and their fragments measured on three front faces of CR39
sheets. The charge resolutions can be improved by measuring more faces of CR39
sheets.

The etched rate ratio p was calculated by the old and by the new method
(track diameter and cone height measurements). Fig. 4.32a,b show p vs REL for
Si'**, Fe’® and Pb** ions and their fragments in CR39. It is observed that all the
experimental data points are not lying on one curve because of different bulk etch-
rate velocities (see Fig. 4.32a).

Fig. 4.32b shows the p vs REL, with p calculated by taking the mean vg =
1.10 + 0.02 by the new method (see Table 4.3). All the experimental data points are
on a single curve. The REL of charged particles can be used as a convenient criterion

to predict the formation of an etchable track in plastics.
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S. The SLIM experiment

5.1 Introduction

The SLIM experiment, planned for the search for IMMs and SQM, is based
on 440 m” of NTDs installed at the Chacaltaya high altitude cosmic ray laboratory
(Bolivia, 5230 m a.s.l.) since 2000, Fig. 5.1a, and 100 m? more installed at Koksil,
Himalaya (Pakistan, 4275 m a.s.l.) since 2002, Fig. 5.1b. The detectors are organized
in wagons (modules) of 24 cm x 24 cm, each made of 3 layers of CR39 (1.4 mm
thick), 3 layers of polycarbonate (Makrofol, 0.5 mm thick) and of an aluminium
absorber (1 mm thick); each module is sealed in an aluminized plastic bag filled with
dry air at 1 atm pressure; the composition of a SLIM wagon is shown in Fig. 5.2b.
Since the atmospheric pressure at Chacaltaya is ~0.5 atm, a test was made in which

some aluminized plastic bags filled with 1 atm of dry air were sealed and placed in a

chamber at a pressure of about 0.3 atm for three weeks; no leakage was observed.

Fig. 5.1 The sites of the SLIM experiment: (a) Chacaltaya, Bolivia (5230 m a.s.l.) and (b)
Koksil, Himalaya, Pakistan (4275 m a.s.l.).
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The CR39 NTDs are used for the possible detection of Dirac charge (g = gp)
MMs with 8 around 10 and £ > 10 (most of the whole S range, 8 > 10™, for
magnetic charges g > 2gp, dyons and for SQM). The second and third layers of CR39
and all Makrofol NTDs are used for confirmation of possible candidates.

The radon concentration in the experimental sites was measured using E-
PERM (at the Chacaltaya site) and CR39 radon dosimeters (at the Koksil site). It was
found to be about 40 - 50 Bq/m’ at both places; such levels of radon concentrations
do not give any major problem in terms of background tracks in the detectors.

The cosmic ray neutron flux with energy 1 < E, <20 MeV was also measured
with BF; gaseous detectors (Chacaltaya site) and with CR39 nuclear track detectors
(Koksil site). We obtained ®, = (1.7 + 0.8) 10? cm™ s, in agreement with other
reported neutron flux data at the Chacaltaya altitude. At Koksil a flux of (6.0 + 1.0)

10° cm™h™' was measured. The neutron flux could give some background problems.

LExan |— Lo
— LI
T L2
cr39 L3
MAKROFOL | L4
ALUMINUM |
e L5
cr39 L6

LEXAN | 17 L7

Fig. 5.2 (a) The SLIM modules installed at Chacaltaya and (b) sketch of the composition of
one module. The whole module is enclosed in an aluminized plastic bag filled with dry air at

1 atm pressure.

The CR39 and Makrofol detector calibrations are discussed in chapter 4. For
soft and strong etching conditions with alcohol the thresholds for CR39 are at REL
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~50 MeV cm? g and ~200 MeV cm? g, respectively. The Makrofol polycarbonate
has a higher threshold, at REL ~2.5 GeV cm’g™ [90, 92, 72, 73].

5.2 Analysis of SLIM NTDs

After an exposure of ~4 years at the high altitude labs, the SLIM modules
were brought back to Bologna, Italy (from Chacaltaya) and to PINSTECH, Pakistan
(from Koksil). The exposed SLIM wagons were etched in the Bologna and
PINSTECH etching laboratories. Three fiducial holes of 2 mm diameter are drilled in
each wagon with a precision drilling machine to an accuracy of 100 um. The bags
are opened and the detector layers are labelled (see Fig. 5.2b). The thickness of the
top CR39 (labelled L1) is measured at 8 uniformly distributed positions before
etching. It is etched in “strong” etching conditions (8N KOH + 1.5% alcohol, 75 °C
30 h) to reduce the thickness from 1.4 mm to ~0.9 mm. MMs and nuclearites have a
constant REL therefore one expects a signal in the form of either a hole or collinear
etched holes of the same size on both sides of the detector, depending on the etching
conditions. After etching the L1 sheets are scanned with a stereo binocular
microscope at 8x magnification (0.8x objective and 10x eye piece) looking for tracks
as shown in Fig. 5.3: any “interesting track™ is marked on each sheet for further
analysis.

Marked tracks are then observed with an optical microscope at 200-400x
global magnification and classified either as defects or signal tracks. Signal tracks are
further observed at a higher magnification and the minor axes of the base-cone
ellipse in the front (Agont) and back (Apack) sides are measured. We require that
| Agront/ Aback-1 | < 3 times the standard deviation of the difference.

Different track shapes were observed in the top CR39 layer of the SLIM
modules, see the photos in Fig. 5.4. They are all from low energy stopping particles
entering from the top or bottom side of the CR39 sheets; they are due to nuclear

recoils induced by cosmic rays neutrons, muons and pions.
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Fig. 5.3 Classifications of tracks in the SLIM CR39 NTDs after strong etching (cross

sectional view), (a) a “bubble” from a plastic defect, (b) a track due to a stopping particle,
(c) on one side a stopping particle track and on the other side an over etched track or a
bubble, (d) a hole due to an end of range and an over etched track, (e) accidental
coincidence of two stopping particle tracks, (f) two end of range tracks or a track, (g) and
(h) a high REL candidate track at the different etching steps.

7¢C@®

Fig. 5.4 Different track shapes as observed in the SLIM CR39 sheets after strong etching.

In order to evaluate the p values and the incident angles @ for the front and
back sides, the track minor and major axes are measured. A track is defined as a
“candidate” if p and € on the front and back sides are equal to within 15%. For each
candidate the azimuth angle ¢ and its position P referred to the fiducial marks are
determined. The uncertainties A8, Ag and AP define a “coincidence” area (< 0.5 cm?)

around the candidate expected position in the other layers of the SLIM modules (see

Fig. 5.5).

75



A\

6
<

N

' pcosA6+a\/—2 ] R H
N\ L

Fig. 5.5 The procedure used for the ‘confidence’ area in which a possible candidate track

located on the top layer will be searched for in other layers of the same module.

The lowermost CR39 layer is then etched in “soft” conditions (6N NaOH +
1% ethyl alcohol, 70 °C 40h) and an accurate scanning with an optical microscope at
high magnification is done in a squared region around the candidate expected
position, which includes the “confidence” area. If a two-fold coincidence track was
detected all geometrical parameters are measured; the middle CR39 layer would also

be analyzed using the same procedure.

5.2.1 Non Confirmable Strange Events

In the past, a number of magnetic monopoles and other exotic candidate
events were quoted and few results were also published [93], but none of these
results were confirmed.

We observed a strange event in the first layer (L1) of the SLIM module 7408
after strong etching of the CR39 sheet.
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Fig. 5.6 (a) Global view of the event/background tracks in the L1 layer of wagon 7408
exposed at Chacaltaya from 20-2-01 to 28-11-05 (etched on 9-6-06), (b) microphotographs
of the 1-22 tracks at the top of Fig. (a). (c) Normal tracks of 158 A GeV “*Pb ions and their
fragments from a CERN-SPS exposure (soft etching), and (d) of 400 A MeV “°Fe ions and
their fragments from the HIMAC accelerator, Japan (strong etching).
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We found a sequence of many tracks along a 20 cm direction of the strange
event (see Fig. 5.6a, b); each of them looked complicated and very different in shape
from the usual heavy ion tracks in CR39. For comparison tracks from 158 A GeV Pb
ions and their fragments and tracks from 400 A MeV Fe ions and their fragments are
shown in Fig. 5.6¢c, d, respectively. We measured the track lengths and the angles of
few tracks along the strange event; the average total cone length is L = 651um and
the average zenith angle is 38°. In Fig. 5.7 are shown seven tracks of the stranger
event in the L1 sheet of module 7408. Notice their very strange shapes: the tracks
seem to be made by several prongs, with some ending their range and others with
very sharp cones at the end of their tracks.

Fig. 5.8 shows the SLIM module layout in one of the “halls” at Chacaltaya.
Since the “event” in the L1 sheet of module 7408 is rather peculiar, we immediately
started a series of cross checks analyzing all the stacks and sheets around stack 7408
(within a ~1m distance from 7408).

All the sheets from the selected wagons were etched softly in order to follow
the evolution of the tracks. We found an anomalous scratch-like event on the top
face of L6 (CR39 bottom layer) layer of module 7410 after 30 h of etching (Fig.
5.9a).

s PO
r= 'z(um)—mz |

L (um) = 632 0 (degree) L (um) =326
0 (degree) =40 - g 0 (degree) = 41

Fig. 5.7 Micro photographs of selected tracks of the stranger/background event (G = 16x).

We decided to further etch strongly the 7410-L6 layer in short time steps (5
hr.) and to follow the evolution of the “tracks” after each etching step, systematically
making photographs with a stereo-microscope. After 5 h of additional strong etching

the “tracks” start to look-like those in the 7408-L1 layer, see Fig. 9b. After more 4
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and 10 hours of strong etching (Figs. 5.9 c,d) the tracks are even more similar to

those in the L1 sheet of module 7408.
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Fig. 5.8 (a) Layout of the SLIM modules near module 7408 and (b) the positions of the
SLIM modules inside a wooden box during the flight Bologna-La Paz and La Paz-Bologna.

Fig. 5.9 Examples of “tracks” in the L6 layer of wagon 7410 (see Fig. 5.6): (a) after 30 h
of soft etching, observed at a magnification of 25x, (b) after 5 more hours of strong etching,
(c) after 4h of more strong etching and (d) after 10h of more strong etching.
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The presence of this second event/background and its evolution with
increasing etching casts stronger doubts on the first event/background.

Moreover we inspected before and after etchings all the sheets in the modules
located close to 7408. We found at least one small translucid spot on one un-etched
foil, suggestive of a small piece of glass on the surface: this background disappeared
after the first soft etching; the same happened for a couple of other surface defects.
For three single surface impurities observed before etching in modules 7325 (L3),
7332 (L3) and 7339 (L3), we noticed that after soft and strong etching they yielded
tracks which resemble those in Fig. 5.6 and 5.9.

The presence of the second ‘“event/background” in stack 7410 and the
observations made after different etching times and the three single background
tracks cast strong doubts on an event interpretation and supports a “background”
interpretation of the first “event”. The background may have originated in the
fabrication of the CR39: we made different hypotheses and we checked them with
the Intercast Co. The most plausible hypothesis seems to be the following: the
monomer solution is poured within two casting glass plates separated by a gasket. At
the end of the curing cycle, at the moment of detachment of the foil from the glass
moulds and the gasket, some small pieces of the not perfectly cured material around
the gasket could have been electrostatically deposited on the CR39 surface; then they
may have been pressed onto the surface of CR39 by the rolling machine which
presses a thin transparent protective film on both sides of CR39.

We have analyzed more than 400 m”> of CR39 using different etching
conditions and we have not seen before any of the above mentioned cases. We
conclude that we may have seen a very rare manufacturing defect involving 1 m* of

CR39.
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5.3 SLIM Acceptance and Limits for the Search of IMMs and

Nuclearites

5.3.1 Acceptance of the Detector

The acceptance of the SLIM detectors was calculated by assuming a flux of
magnetic monopoles coming only from above. In this case the geometrical

acceptance of a NTD is given by

0.
SQzJ‘cos@sinﬁafﬁ:27rS(1—cos2 6’6) (5.1)
0

where S is the detector area of the and &, is the limiting angle for monopoles. The

critical or limiting angle is (eq. 2.11)

sinf, =—cosf, = 1 (5.2)
p

By comparing egs. 5.1 and 5.2, the detector acceptance for a downgoing flux (Q =

2m) is given by

5Q = ES(I —%J (5.3)
p

From the detector calibrations, p vs REL, in soft etching conditions (see Fig.
4.24) and the REL vs [ acceptance for MMs (see Fig. 3.7) we computed the
acceptance of the SLIM detector for downgoing IMMs with g = gp, 2gp, 3gp and for
dyons; the results are shown in Fig 5.10a,b (in soft and strong etching conditions).

Since no candidate was found the flux upper limit at the 90% confidence level

(C.L.) s

2.3
¢= (SQ.A)e G4
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where At is the exposure time and ¢ is the scanning efficiency of the detector, which

for double scanning is estimated to be ~99% for IMMs.
5.3.2 SLIM Limits

We have analyzed an area of 383 m’ with an exposure time of 4.07 y at
Chacaltaya. No IMMs and nuclearite candidates were found; the 90% C. L. flux
upper limits for downgoing fast IMM's with 3 >0.02 is at the level of @< 1.5 10"
em? st s, The flux upper limits for IMMs with g = gp, 2gp, 3gp and M+p from
above vs f are plotted in Fig 5.11. Fig. 5.12 shows the 90% CL upper flux limit for

downgoing nuclearite with my < 8.4 10'* GeV.
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Fig. 5.10a SLIM detector acceptance (for 400 m°) for downgoing IMMs with g = gp, 2gp,
3gp and dyons (M+p) (soft etching conditions).
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Fig. 5.10b “Strong” etching SLIM detector acceptance (for 400 m’) for downgoing IMMs
with g = gp, 2gp, 3gp and dyons (M+p) (strong etching conditions).
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Fig. 5.11 90% C.L. flux upper limits for downgoing intermediate mass magnetic monopoles
with g = gp, 2gp, 3gp and M + p (strong etching condition) (380 m’ analyzed).
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6. Fragmentation Cross Sections

6.1 Introduction

The availability of relativistic heavy ion beams at the CERN SPS, BNL and HIMAC
facilities have made it possible to investigate the projectile fragmentation on different targets
and for different incoming energies. Experimental results on charge changing cross sections
give information on “peripheral reactions” at relativistic energies. The total reaction cross
sections can give important information’s on many fields, including cosmic ray
propagation, appropriate radiation shielding in space or at accelerators,
radiobiological effectiveness, etc. The fragmentation cross sections are needed to
evaluate the changes in composition undergone by cosmic ray particles in the
collisions with the atomic nuclei of the interstellar medium. Plans for the construction
of Ultra Relativistic Heavy Ion colliders must take into account the expected large total
dissociation cross sections, since this process can be an important mechanism for beam
losses in such machines.

A number of authors [94-98] have successfully used NTDs for the systematic
measurement of nuclear fragmentation cross sections. For this purpose we have used CR39
detectors which can detect a wide range of charges down to Z = Se in the relativistic energy
region [12, 88].

Based on the identification of the charges of the fragments we have
calculated the total charge changing cross sections of Lead, Iron and Silicon ions in
different target materials. Section 6.2 illustrates the experimental procedure; in the
next section, the results on calibrations and on total and partial cross sections are
discussed.

The fragmentation process takes place when a beam of heavy ions is incident
on a target. The emitted fragments are classified as projectile and target fragments.

The target fragments carry a relatively small momentum. The projectile fragments
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travel with nearly the velocity of the beam, with small deflections, and have a lower
charge compared to that of the incident nuclei.

Fragmentation of relativistic ions occurs in targets through two mechanisms.
One is the electromagnetic dissociation (EMD) and the other is nuclear spallation
(NS). The first channel plays an important role in the case of heavy projectiles and
heavy targets: it occurs when a projectile nucleus passes close to a heavy target
nucleus. For relativistic ions one has a violent electromagnetic pulse incident on the

projectile [95]. For lighter targets, the role of EMD in fragmentation is much weaker.
6.2 Nucleus-Nucleus Total Charge Changing Cross sections

The expression for the total reaction cross sections, derived by Bradt and
Peters [99], gives relatively accurate values for the total charge changing cross
sections. In this model the incident and target nuclei are represented as two hard

spheres colliding with a small overlap; the total cross section is

2

o(Ay, Ap) = w2 (4 + 47 b)) (6.1)

Ap and At are the projectile and target mass numbers, respectively; b, is the overlap

or transparency parameter (see Fig. 6.1); 1, is the constant of proportionality for the

nuclear radius r, =7, Al.l/ > both b, and r, are energy-independent parameters.

Fig. 6.1 The geometric view of nucleus — nucleus interaction. The figure shows the

projectile and target nuclei of radii Rp and Ry, and the overlap parameter b,,.
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A modified form of the Bradt-Peters formula was suggested by Barshay et al.,

[99] to account for the observed nucleus-nucleus reaction cross sections
- _ 2
G, = (A + 4V = b (4, + 4;7)) (6.2)

Sihver et al. [99] used this formulation: however, instead of a constant value

of b,, they parameterized it as a first order polynomial in (A,?l/3 + 4, 3), while

maintaining the assumption that it is energy-independent (for E > 100 A MeV), they
find b, =1.581—0.876(4;" + 4;"*)

6.2.1 Exposure and Data Analysis

Six stacks composed of CR39 NTDs, of size 11.5 x 11.5 cm?, and different
targets were exposed at the CERN-SPS to 158 A GeV Pb™" ions (see Fig. 6.2).
Twelve stacks composed of CR39 and with different targets were exposed to 10, 5, 3,
1 and 0.3 A GeV Fe**' ions, 5,3 and 1 A GeV Si'*" ions at BNL, 0.41, 0.14 A GeV
Fe’*" ions and 0.29 A GeV C'*" ions at HIMAC, Japan (see Fig. 6.3).

For the CERN exposures, three CR39 sheets, 1.4 mm thick, were placed in
the A and B sections of Fig. 6.2. Twelve CR39 sheets, 0.6 mm thick, were located
between “A” and the target ‘a’ section, and 24 CR39 sheets, 0.6 mm thick, were
placed after the target ‘b’. The 3 CR39 sheets in ‘A’ detected the total number of
incoming Pb ions. The 12 CR39 sheets in ‘a’ detected the incident beam ions and
fragments produced in the CR39. The target thickness was typically one half of the
ion mean free path. The 24 CR39 sheets in ‘b’ recorded the surviving beam ions and
their fragments. The exposures were done at normal incidence, with a density of
~2000 ions/cm®. Table 6.1 gives information on the target parameters of each stack.

For the Fe and Si exposures at BNL we placed three CR39 sheets, 0.65 mm
thick, before the target and nine sheets after the target; for the Carbon exposure at
HIMAC, one CR39 sheet was placed before and three sheets after the target.

The CR39 sheets exposed to the 158 A GeV lead beam were etched for 268 h
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in a 6 N NaOH solution at 45 °C. Three CR-39 sheets from the stack with the Cu
target were etched for 72h in 4N KOH water solution at 45° C. For the Iron and
Silicon exposures, the CR39 NTDs were etched for 30 h in 6N NaOH at 70 °C.

The base area of the etch-pit cones, their eccentricity and central brightness
were measured with the ELBEK automatic image analyzer system, which also
provides the absolute coordinates of the etched tracks; this allows the tracking of the
beam ions and their fragments through the CR39 detectors [12]. Fig. 6.4 shows the
average track area distribution of 158 A GeV Pb ions and their fragments after
interacting in 1 cm thick Al target. The average is made on 8 to 12 faces (6 front and
6 back faces) of CR39 sheets.

Table 6.1 Atomic mass Ar, atomic number Zr, density pr, thickness of the target ¢,
thickness of the CR39 before and after the target [tcr3op and tcrsgn]. The uncertainties on the

thickness are >10 pum.

Target Ay z ‘ ‘ t (cr39)p t (cr39)a ‘
(gem 3) (cm) (cm) (cm)
H | ' '] S R L
CH, ‘ 47 ‘ 27 | 0.952 +0.002 | 1.02 | 0.73 | 1.35 |
CR39 ‘ 7.4 | 4.0 | 1.320 £ 0.003 | 3.07 | | |
C ‘ 12 | 6 | 1.733 £ 0.004 | 1.01 | 0.69 | 1.48 |
Al ‘ 27 ‘ 13 | 2.692 +0.002 | 1.04 ‘ 0.72 | 1.50 ‘
Cu ‘ 63.5 ‘ 29 | 8.901 +0.002 | 0.99 ‘ 0.72 | 1.51 ‘
Pb | 207 | 82 | 11.331 £ 0.003 | 0.98 | 0.72 | 1.53 |
A a Target b B

Fig. 6.2 Sketch of a stack showing the target-detector configurations used for the exposures
to the relativistic Pb beam at CERN. ‘A’, ‘a’ and ‘B’, ‘b’ are different sections of the stack.
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Fig. 6.3 Sketch of a stack showing the target-detector configuration used for the exposures
to relativistic Fe and Si ions at HIMAC, Chiba, Japan.
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Fig. 6.4 The average cone base area distribution on 8 faces out of 12 measured of CR39
NTDs after the Al target for 158 A GeV lead ions and their fragments.

For the reconstruction of the path of projectiles and fragments, a tracking
procedure was applied; the average track area was computed for each reconstructed
ion path by requiring the existence of signals in eight out of twelve faces for the Pb
ion beams and at least two out of three faces for the Fe, Si and C beams. Well
separated charge peaks can be seen up to Z = 74e in the case of the lead exposure

(Fig. 6.4). The charge resolution obtained on a single face is about 0.19e.
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Fig. 6.5 Cone height distribution (a) of Pb beam ions before the target, (b) lead ions and
their fragments detected immediately after the thick copper target and (c) the survived beam
ions and the fragments produced in the Cu and CR39 targets located in the last part of the
stack. (d) Microphotographs of Pb ion tracks in CR39 before the target and (e) tracks of
survived Pb ions and beam fragments after the target. The microphotographs were taken by

placing the detector at an angle of about 40° with respect to the microscope objective.
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For better separation of high Z fragments we used the cone height
measurement technique, as explained in the calibration sections in chapter 4. The
cone heights of tracks in three CR-39 foils (one before and two after the Cu target)
were measured manually with an optical microscope (approximately 6300 etched
cones were measured in each foil). It was observed that the cone length increases
with increasing ion charges (see Fig. 4.22). Thus the measurements of the charge
changing nuclear fragmentation cross section can be made from a change in cone
lengths. The etched cone lengths were measured with an optical microscope with a
magnification of 40x. The single measurements yield a resolution of 6, ~ 2.5 um (oyz
~0.18e) at Z = 82, see Fig. 6.5a.

In Fig. 6.5b,c at Z = 83 there is a peak which corresponds to a charge pick-up
reaction. The peaks with Z = 63 - 81 are due to the fragments produced in the
interaction of Pb ions with the copper target.

The cross sections of lead ions in CR39 (C,H;307) were measured via the ‘a,
b’ sections in Fig. 6.2 using eqs. 6.3 and 6.4; the cross sections on other simple targets

were computed using eq. 6.5.

—Pcr3olt aNao A
Na — NAe CR391CR39(a) cr39/ Acr3o 6.3)

_ PCR39’CR39(b)NavO'CR39 Acr3o
N, =Nge / (6.4)

N4 and Nj are the numbers of lead ions entering and leaving a stack; N, and N, are the
numbers of lead ions immediately before and after a target; N, is Avogadro’s number;
Pcrzo and Acrso, are the density and the average atomic mass number of the CR39
detector, #cr3oa), fcr3om) are the thicknesses of CR39 in the A and B sections of the
stack (see Fig 6.2 and Table 6.1).

The total charge changing cross sections were determined using the survival

fraction of lead ions on different targets using the following relation:
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AT ln(Nb/Na)
O-(tot) =
pPLN,

(6.5)

The charge changing cross section on Hydrogen target was computed from the

measured total cross sections on the CH, and C targets using the relation
o, =0.530, —o.) (6.6)

ocH, is the average nuclear cross section in the CH, molecule, averaged over the

number of atoms in each molecule. The systematic uncertainties are estimated to be
smaller than 5%; their main contributions are due to two different experimental
measurements (the average base area and the average cone height measurements) and
to the uncertainties on densities and thicknesses of the materials. The statistical

uncertainties on oy, are estimated via the following egs. 6.5a

oS
oo,  =—— 6.5a
() =g (6.5a)

where x =Ar/pt N,, and S = N, /N,.

The uncertainties for the Hydrogen target are calculated as

3 e ?
5o, = \/(5 5%,2) + (5 5acj (6.62)

The measured total charge changing cross sections inclusive of nuclear and

electromagnetic effects in ‘‘simple’” and ‘‘composite’’ targets are given in the 31
column of Table 6.2 and graphically shown in Fig. 6.6; data of Au ions on various
targets [101-103].

We recall that, the measured total charge changing fragmentation cross
sections, are due to the removal of at least one proton from the incoming beam ion

[100].
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Table 6.2 The measured total charge changing cross sections (using eq. 6.5) and G,
and ogyp computed using the result of the fit to eq. 6.7 for Pb ions on different targets. The
cross sections on CR39 and CH, are averaged over the number of atoms in each molecule.

The quoted uncertainties are statistical only.

e A b T e
H | 10 | 1944+25 | 1909 | 2 |
CH, | 47 | 2266+156 | 2366 | 10 |
CR39 | 74 | 2642+81 | 2825 | 22 |
C | 120 | 2910+210 | 2565 | 47 |
Al | 270 | 3804=164 | 3406 | 205 |
Cu | 635 | 5089+274 | 4315 | 943 |
Pb | 207 | 12847+638 | 6357 | 6794 |

Fig. 6.6 shows the total charge changing cross sections of 158 A GeV lead ions
vs target mass A7. Our results are almost independent of energy. For a target mass A7 =
207 the cross section is ~1.8 times larger than the corresponding value for 10 4 GeV
Au beam; the difference is probably due to the increase of the electromagnetic
contribution with energy.

The total charge changing cross section has two components, ., and ogyp
The nuclear spallation o, 1s given by the Bradt-Peters eq. 6.1. The total cross

section including electromagnetic dissociation can be expressed as

o Oy = (AP + AP —b ) +aZ? 6.7)

tot

(o}

nucl

where Ap and At are the atomic masses of projectile and target, Zr is the atomic
number of the target. Our total charge changing cross section data shown in Fig. 6.6,
together with the data from ref. [101-103] have been fitted to eq. 6.7. The result with
the free parameter r,, b,, o and 8. The fit has xz /D.o.F. = 0.7 of the fit is the solid line
in Fig. 6.6. The values of the fitted parameters are r, = 1.31 £ 0.02 fm, b, = (0.96 +
0.03), . =(1.57£0.17) mband 6 = 1.9.
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Fig. 6.7 shows the average base area distribution in CR39 for Fe and Si ion
beams and their fragments after the CH, target. The numbers of events in the incident
peak and in the peak after the target are used for the determination of the total charge
changing cross sections in CH; using relation 6.5.

For the Fe, Si and C ions the fragmentation cross section is calculated via eq.
6.1 [104]; using the parameters r, = 1.35 £0.02 fm and b, = 0.83 + 0.12 obtained in
ref. [104], with fits for nuclei with Z < 26.

Table 6.3a,b,c gives the results of a series of measurements using the setup
shown in Fig. 6.3.

Table 6.4 and 6.5 give the comparison of our measured cross sections with
the data of Webber et al [105] for Fe and Si beam ions at different energies. The

results are in good agreement within the quoted errors.

1 Ll ] L T A V1. O | ¥ . L 5 - SO |
® 158 A GeV Pb [this work]
10°F O 1144 Gev Au[101] i
L m 10 A GeV Au [102] e
O 10.6 A GeV Au [103] y
%-
—
=
=
e
g
)
1[.3 1 1 1

10° 10’ 10°
Target Mass A
Fig. 6.6 Measured fragmentation charge-changing cross sections of 158 A GeV Pb ions

versus targets mass number, the solid line is the fit of the measured data to eq. 6.7. The

lower energy data from [101-103] are also shown.
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Fig. 6.7 Average base area distributions of Fe’®" and Si'*" ions and fragments in CR39.

The average is made on two front sheets of CR39 before and afier the CH, target.

Table 6.3a The measured total charge changing cross sections (eq. 6.5) with statistical
standard deviations (eq. 6.5a) and the computed G, using eq. 6.1 for Fe’*" on different
targets.
oy | T | A O ) || T o)
10 | CH, | 47 | 1166 | 1147+97 | CR39 | 1395 |
10 | CR39 | 74 | 1029 | 1105366 | Al | 2053 |
5 | CH, | 47 | 1137 | 1041+130 |
5 | Cr39 | 74 | 1028 | 1170+478 |
3 | cH, | 47 | 1180 | 904+140 |
3 | Cr39 | 74 | 1071 | 116667 |
1 | cH, | 47 | 1160 | 1105+60 |
1 | CrR39 | 74 | 1029 | 1113176 |
1 | Al | 27 | 1120 | 1870+131 |
041 | CH, | 47 | 1162 | 948+54 |
041 | CR39 | 74 | 1033 | 1285+245 |
030 | CH, | 47 | 1124 | 949+61 |
030 | CR39 | 74 | 1033 | 1174+192 |
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Table 6.3b The measured total charge changing cross sections and the computed G, using

eq. 6.1 for Si'*" ions on different targets.

(EAnél;gg) Target ‘ Ar ‘ (Ny/N,) ‘ Grotfexp.) (MD) ‘ Ta;lget I G"";’;::b) }
5 | CH, | 47| 1149 | 757+£168 | cH, | 851 |
5 | CR3 | 74| 1018 | 807 | CR3 | 986 |
3 | cr39 | 74| 1.025 | 754 | c | 155 |
3 | a4 | 27| 1153 | 1533+82 | Al | 548 |
1 | B | 10| - | 483+76 |
1 | CH, | 47 | 1089 | 694+46 |
1 | CR39 | 74 | 1020 | 834 |
1 | ¢ | 12| r3 | 117+62 |
1 | A1 | 27| 108 | 1397+138 |

Table 6.3c The measured total charge changing cross sections and the computed G, using

eq. 6.1 for 2900 A MeV C®" ions on different targets.

Target | AT | (Nbﬂva) | O tot(exp.) (mb) | Target | Ghnuct (mb) |
CH, | 47 | 1058 | 460+53 | CH, | 562 |
CH, | 47 | 1065 | 5s13+52 | Al | 1136 |
Al | 27 | 1072 | 1155+108 |
Table 6.4 Measured total charge changing cross sections for Fe**™ ions of different

energies on CH, targets. For comparison the results of Webber et al. are also given.

W.R. Webber et al. [105] | This work |
Energy (A MeV) | 6igexp) (mb) | Energy (A MeV) | Guex, (mb) |
400 | 2846 | 300 2847 |

600 2958 | 410 2843 |

810 2958 | 1000 | 3316 |

1180 2962 | 5000 | 3122 |

1600 | 3016 | 10000 | 3439 |
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Table 6.5 Measured total charge changing cross sections for Si'*" ions of different

energies on CH,, C and H targets. For comparison the results of Webber et al are also given.

W.R. Webber et al. [105] | This work |
Energy Crottexpy(mb) | Energy | Giexp.(mb) |
AMeV) | cH, | ¢ | H | AMeV) ' cH, |c | H |

570 | 1933 | 1176 | 379 | 1000 | 2083 | 1127 | 478 |

830 | 1956 | 1183 | 387 | 5000 | 2272 | - - |

1350 | 2027 | 1215 | 407 |
770 [107] | 1980 | 1215 | 385 |
1296 [107] | 2037 | 1229 | 403 |
1450 [108] | 1961 | 1185 | 388 |
Table 6.6 Measured total charge changing cross sections for C** ions of different

energies on CH, and Al targets (measurements from ref. 105-107 and our results).

Energy | Orot(exp. (D) This work |
(A MeV) | CH, | Al Energy G tot(exp.(MDb) |
267[106] | 1075 1215 (AMeV) | cH, | 4 |
498 [106] | 1135 |

326[105] | 988

|
|
| |
| 1103 | 200 | 1194 | 1144
2961051 | 974 | - |
| |
|- |

310[107] | 1030

6.3 Partial Charge Changing Cross Sections

If the thickness of the target is small compared to the mean free path of the
fragments in that material, the fragmentation cross sections can be calculated using
the simple relation [18].

1 N,

O'(Zi,Zf) z?t? (6.8)
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o(Z;,Z ;) is the partial fragmentation cross section of a relativistic ion Z; into the
fragment Z , K is the number of target nuclei per cm’, t is the thickness of the

target, N,

; 1s the number of survived ions after the target and N, is the number of

fragments produced with charge Z . This expression may be valid also for a thick

target, (assuming that the number of fragments before the target is zero):

From the data shown in Fig. 6.4 we may obtain the partial fragmentation
cross section, using the number of events on each peak for Ny = 7 to 74 and the
number of survived lead ions N; after the target for incident 158 A GeV lead ions.
For 75< Z < 82 we measured the cone heights in one face of a CR39 sheet (see Fig.
6.5) before and after each target. Both Nyand N; are corrected for the CR39 detector
thickness before the target using eq. 6.3 and 6.4.

For the Fe and Silicon beam ions exposures, we observed that fragments are
present even before the target (Fig. 6.7). In this case the partial charge change cross

sections have been calculated via the relation [106]

L (Z, 7
Oaz :E( qut _EJ (6.9)

where Z/ and Z/

in out

are the number of projectile fragments of each charge before and

after the target and Z? and Z” are the number of incident and survived projectile
ions, respectively.

The partial charge changing cross sections for 158 A GeV lead ions with
seven different targets are shown in Fig. 6.8. The fragmentation cross sections for
hydrogen material are calculated using eq. 6.6. The overall statistical and
systematical uncertainties are about 10 - 20% (the errors from multifragmentation

inside the thick target and the CR39 material, charge identification, tracking

procedure are not considered).
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The highest cross section is at AZ = -1 (Z = 81) the value decreases for AZ ~ -
11 (Z ~71) and then a rise is noticed. The same behavior is observed in the low
charge change region (Z ~7 to 30); the values decreases and then remains in the

plateau region, no change in the cross section value up to Z = 60.

Table 6.7 Partial charge changing cross sections for 1.0 A GeV Fe**" on CH, target.

For comparison the results of Webber et al and Zeitlin et al are also given.

‘ This Work [105] [109]

AZ Gz (mb) Gz (mb) Gz (mb)
1.0 4 GeV 1.09 A GeV 1.05 4 GeV
-1 - | 378+7 | 374x12 |
2 | 338+11 | 2875 | 299+10 |
3| 285+11 | 201+7 | 220+8 |
4 | 252+10 | 2177 |  225+8 |
S5 | 249+10 | 159+5 |  170+6 |
6 | 197x9 | 1615 |  164+6 |
7| 168+ 8 | 112+7 | 125+5 |
8 | 1327 | 109+7 | 121+5 |
9 | 175+8 | 80+ 5 \ 97+4 |
10 | 107+7 | 95+ 6 \ 98+4 |
11 | 1526 | 59+7 | 74+3 |
12 | 105+8 | 83+9 | 92+4 |
13 | 103+6 | 53+6 \ 70+3 |
14 | 81+6 |
15| 806 |
16 | 50+4 |
17 | 765 |
18 | 866 |
-19 | 1277 |
20 | 263 |

We observed a significant rise in the cross section in the middle charge

change region for the three targets Al, Cu and Pb (see also Fig. 6.3; a rise in the total
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number of counts starts at Z = 38); this may be due to contribution of
electromagnetic dissociation, see the ozp values in Table 6.2. Binary fission may be
one of possible explanations of this effect as observed at the mid charge change of
the Pb incident ions (see Fig. 6.4). The EMD contribution for light targets is not
observed (its value is within our systematic and statistical uncertainties, see Table
6.2).

The measured partial charge changing cross sections for Fe and Si beam ions
with CH, are shown in Tables 6.7 and 6.8. For comparison the results of Webber et
al and Zeitlin et al are also given for the same Fe beam energy region [105, 109]. We
observed the same behavior for the partial cross sections; the maximum cross section
is at AZ = -1. Our results and those of Webber et al and Zeitlin et al at ~1 A GeV Fe
ions have the same trend, a high value at one charge change and then the cross
section decreases as the charge of the fragment decreases. We observed a 2™ high
cross section at AZ = -11; other authors observed the same effect at AZ = -10. We
observe a third high value at AZ = -19. For the 1 A GeV Si'*" ions we observe the

same trend: maximum cross section at AZ = -1, then a decrease and a 2™ high value

at AZ = -6.

Table 6.8 Partial charge changing cross sections for 1.0 A GeV Si'*" ions on CH,

target.
AZ | cuz(mb) |
-1 | 293+18 |
2 | 17712 |
3 12311 |
4 | 122+11 |
5 | 628 |
6 | 117+11 |
7 | 83+9 |
8 | 90+10 |
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Fig. 6.8 Partial charge changing cross sections for 158 A GeV lead ions on targets from H
to Pb;, Charge states are between AZ = -1 to 75. For better visibility are multiplied the
charge change by a factor of 100: 10°-10° for H; 10°-10° CH,; 10°-10° CR39; 10°-10° C;
10°-10" Al; 10"°-107 Cu; 10™-10" Pb.
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7. Conclusions

The surface quality of the CR39 and Makrofol Nuclear Track Detectors were
improved by new etching conditions as compared to previous standard etching
conditions; the new methods remove background and enhance the sharpness of the
tracks. A high sensitivity was achieved by the improved etching and measuring
methods for CR39 compared to previous standard one. The polycarbonate Makrofol
NTD was calibrated for the first time over a large energy loss range: a detection
threshold of Z ~ 50 was achieved for relativistic charged particles.

The addition of small fractions of ethyl alcohol in the etching solutions is
very useful in experiments having a significant background originated by local
sources of charged particles (e.g. the high altitude large area detectors like SLIM)
and in the case of cosmic ray long duration balloon and space experiments, where the
presence of many low energy particles may endanger the study of cosmic
abundances of primary ions.

New calibrations for CR39 and Makrofol NTDs were performed with In*",
Pb**, Fe® and Si'*" relativistic ions making use of new etching methods.
Calibration curves of p vs REL were obtained for wide ranges of charge and energy.

A search for Intermediate Mass Magnetic Monopoles and Strange Quark
Matter was performed with 400 m? of CR39 NTDs, with an average exposure time of
4 years, (SLIM experiment). The exposed NTDs were analyzed using the new strong
etching and improved measuring methods. No survival candidate was found; the
present 90% CL upper flux limits for downgoing IMMs is 1.55 x 107" cm™s'sr™!
(Fig. 5.11). Similar upper limits are also valid for downgoing nuclearites and Q-
balls of any speed. A detailed discussion was made on a strange non reproducible
candidate.

A study of the total and partial charge changing cross sections of relativistic lead,
iron, silicon and carbon ions on different targets was performed. It was observed that the

total charge changing cross sections increase with target mass and energy; the highest

102



values are observed for Cu and Pb targets and this is mainly due to electromagnetic
dissociation (see Fig. 6.6). It was also observed that the total charge changing cross
section is energy independent for light target materials as CH, and CR39. A high
partial charge changing cross section for lead, iron and silicon ions was observed for
AZ ~1; the value decreases as the charge change AZ increases.

The measured cross section data indicate that passive NTDs, especially CR39,
can be used effectively for studies of the total and partial charge changing cross

sections, also in comparison with active detectors.
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