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Fragmentation of 158 A GeV 27py projectiles is studied on Bi, Pb, Cu and Al targets using CR-39 nuclear track
detectors. Stacks containing detectors and targets were exposed at SPS beam facility of CERN. After chemically
etching, detectors were scanned with an optical microscope. Lengths of etched cones produced as a result of beam
ions and the fragments in the detectors have been measured. The charge resolution (cz) achieved by this technique in
the charge region 63 < Z < 82 is ~ 0.3e — 0.2e. The total charge-changing cross sections have been determined using
the statistics of etched cone heights corresponding to the projectile ions and their nuclear fragments. Measured total
charge-changing cross sections are compared to the corresponding calculations with semi-empirical models and
predictions of the FLUKA code. The dependence of total cross sections on the projectile and target mass is also

described.
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1. Introduction

Projectile fragmentation studies can provide
information about the fragmentation mechanism
and liquid-gas phase transition process in hot
nuclei and help to trace the reaction mechanism of
nucleus-nucleus collisions. In these experiments
the main interest is focused on nucleon-nucleon
interaction with small impact parameters
corresponding to the significant overlap of nuclei.
Central collisions are most appropriate for studying
the highly excited and compressed hadronic matter
and quark gluon plasma [1]. Peripheral collisions
are used to study the fragmentation of spectators.
However, the collisions with impact parameters
exceeding the sum of nuclear radii, i.e., with no
direct overlap of nuclei, can also significantly
contribute to the nuclear reactions via the long-
range electromagnetic interaction. At relatively non
central impact parameter of interacting nuclei,
reactions are exhibited eventually giving rise to the
fragmentation of the excited nuclei leading to the
emission of fragments with a wide mass spectrum.
The fragmentation charge changing cross sections
are important to estimate the composition of the
cosmic rays and their propagation through the
interstellar medium [2].
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Several authors have investigated projectile
fragmentation at relativistic energies on different
projectile-target combination using active as well as
passive (SSNTDs) detection techniques and
measurement of total and partial charge changing
cross sections have been reported [3-8] .

FLUKA is a Monte Carlo simulation package,
written in Fortran language, for a variety of models
of particle transport and interaction with matter
[9,10]. The FLUKA program is one of the most
useful simulation tools for many applications in
high-energy physics and engineering. FLUKA can
simulate the interaction and propagation in matter
of more than 60 different particles (in practice,
FLUKA considers all particles listed in the Particle
Data Book [10-11], except for hadrons with bottom
and heavier quarks)—such as heavy-ions,
electrons, neutrons, photons, neutrinos and
muons—in many types of research fields: shielding
design, detector response studies, cosmic-ray
studies, medical physics, and dosimetry
calculations. In recent years FLUKA has been
extensively developed and improved, the newest
version introducing many fundamental changes to
the implementation of modern physics algorithms,
as well as programming upgrades.
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We have used CR-39 nuclear track detectors in
this experiment manufactured by Intercast Europe
Co. Parma, ltaly. The response of this detector
towards a wide range of projectile charge and
energies has been extensively recognized in
various experimental studies [12-19]. We report in
section 2, the experimental technique, results are
discussed and compared with FLUKA calculations
in section 4 and section 5 contains the conclusions.

2. Experimental Procedure

For this experiment four stacks containing Bi,
Pb, Cu and Al targets sandwiched with several
CR-39 nuclear track detectors of size (11.5cm Xx
11.5cm x 1mm) were exposed to the 158 A GeV
Pb ions at the SPS heavy ion beam of CERN. The
exposure of each stack was performed at normal
incidence. The total number of lead ions in each
stack was about 7.8 x 10% distributed in eight
spots. The central density in each spot was about
1500 ions/cm®.

50 cm

Figure 1. Sketch of the target-detector configuration used for
the exposures. For the present study, one detector
upstream of the target and another downstream of
the target were used for etching and the follow-up
nuclear track measurements in all four target-
detector stacks.

For the exposure of stacks containing targets
and detectors we used the geometry sketched in
Fig. 1. Four CR-39 detector sheets were placed
upstream and more than 40 detectors downstream
of the target in the exposure stacks. We have
selected one CR-39 detector upstream and
another detector downstream of the targets from
each stack and etched in 4N KOH aqueous
solution at 45° C for 72h in a thermostat etching
bath provided with continuous stirring. The KOH
etchant has been selected due to its very small
swelling effect on CR-39 sheets. After etching, the
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beam ions and the fragments registered in the CR-
39 detectors appeared as cylindrical cones on both
sides of the CR-39 detector.

The diameters of the etched cones have been
measured by an optical microscope with a filar
micrometer eye piece and the lengths with
Heidenhain depth measuring linear transducer
attached with the stage of the optical microscope.
The smallest value of measurements was 1um.

We have used a tracking procedure for the
reconstruction of tracks produced in the first
detector and in the second detector surface down
stream of the targets. The average track lengths
have been computed for each etched cone on two
surfaces of the detectors. Figure 2(a, b) shows the
average cone height distributions for 158A GeV Pb
beam ions registered in the detector placed before
and their fragments registered after the target.

CR-39 detectors, placed upstream of the
targets registered the total number of incident Pb
ions and detectors placed after the target recorded
both the surviving Pb ions and the fragments
produced in the interaction of the Pb ions with the
targets. The bulk etch velocity vg of the detector
was measured by the change in the thickness of
the detector before and after etching of the
detector. For this etching time, the change in the
detector thickness is measured and the average
bulk etch rate vg was vg = 0.140 + 0.012 um/hr.
The refractive index of the CR-39 has been found
to be 1.561, by measuring the actual thickness of
the detector by depth measuring instrument and
observed thickness using an optical microscope.
The measured cone length has been multiplied
with the calculated refractive index to determine
actual etched cone height. The detectors upstream
the target and the other downstream of the target
from each target detector combination stack have
been etched and scanned for the measurement of
etched cones parameters using an optical
microscope.

The ionizing particles passing through an
insulating material create a narrow path of intense
damage on an atomic scale [14]. The damaged
region in the detector can be revealed and
enlarged by treating with a proper chemical reagent
to become visible under an optical microscope.
The etch pits of conical shape are formed during
the etching along the particle tracks on the surface
of detectors. The size of the etch pits along the
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track increases with the ionization energy loss, i.e.
with charge for the relativistic ions. The focused
surface of the opening of the etch-pits looks like a
dark, circular of well defined diameter. The
undamaged region of the detector is etched with a
constant velocity vg and the damaged region with a
velocity vy. If vi > vg, a conical etch-pit is produced
at the point of entrance and exit of the particle. The
nuclear tracks in shape of the etched cone are
formed on both surfaces of the detector sheets.
The ratio p = v¢/ v is an increasing function of Z/B,
depends on diameter and length of the etch-pit.
During the etching process etch pits of conical
shape area are formed along the particle track on
the surface of detectors. The size of these etch pits
along the track increases with the ionization energy
loss, e.g., for relativistic particles with their charge.
The position and size of the mouth of all etch
cones on all detector sides can be measured with
an optical microscope. In the track etch detectors,
the projectile and fragments with energy loss
exceeding the threshold of the detector are
registered. Therefore, for an ion with Z/p greater
than the detector threshold (Z~ 7e for Intercast CR-
39), the etching process leads to formation of
etched cone on each side of a detector along the
ion path [13-15]. Since the beam ions exposure
have been performed at normal incidence to the
detector surface, the projectile ions and the
fragments produced as a result of fragmentation
almost maintain their longitudinal velocity along the
direction of beam ions, and can easily be identified
as a sequence of etch cones produced on the
subsequent detector surfaces. Target fragments
can be separated on the basis of their short range.

3. Charge Resolution and Calibration of
Detectors

The size of the etch cone depends on the
radiation damage which is proportional to the
energy loss of the impinging ion. The momentum
transfer in a relativistic nuclear collision is very
small in comparison to the momentum of projectile,
therefore projectile fragments emerge from
collision into a narrow cone in forward direction
having exactly the same velocity of the incident
ions. Based on our experimental technique
projectile and the fragments with charge greater
than the detection threshold of the CR-39 are
registered.

The etch cones of normally incident beam
particles and their fragments are of circular shape
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and completely black in direct illumination. After
etching, some track structures are visible on the
detector. These background objects are shallow
and appear as black circular objects with a brighter
centre. They are very similar to over etched tracks
of stopping particles but their abundance excludes
that they are particle tracks. Additionally we see
tracks of target fragments, which have no preferred
angular direction with short range due to the low
energies. The central brightness can be used to
separate particle tracks from background.

In the projectile fragmentation relativistic
velocity fragments are emitted in a narrow forward
cone. The distribution of fragments of accurately
known Z/B can easily be resolved on a detector
surface. For each stack we scanned the central
region of the top sheet with an optical microscope
with built in depth measuring unit and measured
the length and diameters of more than 6500 beam
particles, selecting only those in a narrow range of
diameters so as to eliminate background fragments
with different charge or velocity from the beam.
With the coordinates of the projectiles in the top
sheet as an input to the microscope stage control,
the tracks of the surviving beam particles appeared
at the expected positions (at these energies
Coulomb scattering is negligible in plastic
detectors) and the tracks of projectile fragments.

We show in Fig. 2 (a,b) the spectrum of the
average cone height distribution of projectile and
the fragments produced on the projectile
fragmentation with the target.

The cone height peaks are assigned a charge
value starting from Z = 82 the main peak due to
beam ions. One can see that all fragments with
charge 63 < Z < 82 can are well resolved and
separated.

At relativistic energies the energy loss of the
ions traversing the detector material depends only
on charge Z, therefore peaks of measured etched
cone heights correspond to different charges. The
fragments charge can be represented by assigning
charge values to these peaks. This method is
applicable as long as the projectile peak and the
fragment peaks are clearly separated. However,
with increasing area charge resolution deteriorate
as the difference between adjacent peaks
decreases. It has been reported by [15] that etched
cones base area is sensitive to low Z charge
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fragments, the cone height is practical for the
charge resolution of fragments of high Z.
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Figure 2. (a) shows the track length distribution of the incident
beam of 158 A GeV Pb ions and (b) the fragments
produced as a result of Pb ions interaction with Al
target (as an example) recorded in the detector
placed (a) upstream and (b) downstream of the
targets. The arrows show the charge assigned to
prominent peak is due to incident Pb projectile and
the small peaks represent the projectile fragments.

We have therefore used the measured cone
heights for the charge resolution of high Z projectile
and fragments. The fragment with charges 63 < Z
< 81, having well separated peaks are assigned
charge values by counting charge numbers
downward beginning with the beam peak Z = 82.
The peak at Z = 83 corresponds to a charge pick-
up reaction.

The charges assigned to each peak and charge
resolutions in charge region 63 < Z < 82 are given
in Table 1. The charge resolution is related to cone
height resolution. The relative charge resolution is
equal to the relative length resolution as follows
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oz =(oL)/ (6.7 8z) (1)

where ¢; is the standard deviation of the individual
peaks assigned to charge values given in Table 1.
The ratio 6,/67 is the slope of the plot of Z verses L
as shown in Fig. 3. The charge resolution oz on
single surface of the detector in the charge region
63 < Z < 82 has been obtained to be 0.3e-0.2e.

Table 1. Mean cone heights corresponding to various peaks in
Fig. 1 alongwith the full width half maxima of fitted Gaussians
on these histogram peaks, for the interaction of (158 A GeV)
Pb ions with the Al target. Assigned charges and their
resolution values are also given.

Charge (Ze) Cone Length Charge
(um) Resolution (e)
63 23+1.1 0.29
64 29+1.1 0.27
65 35+1.1 0.28
66 41+1.0 0.24
67 47 +1.0 0.26
68 53+ 1.1 0.27
69 59+ 0.9 0.23
70 65+ 1.0 0.25
71 71+0.9 0.22
72 77+1.0 0.26
73 83+0.9 0.23
74 89+1.0 0.26
75 95+ 1.0 0.25
76 101+£0.8 0.21
77 107 £1.1 0.28
78 113+£1.0 0.24
79 119+£1.0 0.25
80 125+ 1.1 0.27
81 131+£0.9 0.23
82 137+ 0.8 0.20
G. Sher et al.
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Figure 3. Correlation plot of the charges to their mean etched
track lengths measured for detector placed after the
target.

The detectors response to relativistic ions is
characterized by the relation of the parameter p
(vr, vg), and restricted energy loss (REL) from the
calibration curve. Since the track etch rate vt is a
function of restricted energy loss (REL) and REL is
function of charge and energy of the incident
charged particle, and for relativistic energy ions the
REL remains approximately constant therefore, it
may be considered that the diameter and length of
etched cone are function of only charge Z [16] . At
any given time of etching which is much less than
the time required for revealing full track, the
difference of vy and vg leads to the formation of a
cone with a circular base of diameter D and cone
length L. These two geometrical parameters are
measured by using appropriate hardware
attachments to an optical microscope. For normal
incident particles, D is the surface etch-pit
diameter. Previous calibrations had shown that the
reduced etch rate p is a function of Restricted
Energy Loss (REL) only [14,27]. It is defined as that
part of energy loss including only ionization in
which & electrons with energy below threshold w
are generated .For each detected charge the REL
was computed using the Bethe-Bloch formula. The
track diameters were obtained from the etch—pit
surface area measurements.

The parameters D and L are related to ‘p’
through the equations [17]

D=2v,t p-1 (2)
p+1
L=vgt(p-1) 3)
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where't’ is the etching time.

The track etch rate v for the fragments produced
in the interaction of 158 A GeV Pb ions with target
using CR-39 is calculated from the relation,

Vi=Vg+— (4)

The value of vg, the bulk etch rate of the
detector can be calculated by the change in the
thickness of the detector before and after etching

AX
Vﬁ = E )

The bulk etch rate vg has been determined to
be 0.140 £ 0.012 um/h. For the resolution of high Z
fragment, we have used the method to associate
different charges with cone heights. Further the
charge values of fragments with almost identical g
are associated with specific REL values while the
lengths are converted to ‘p’ values through Eqn. 4.
The REL vs. p graph as shown in Fig.4 constitute a
calibration curve.

The values of restricted energy loss (REL ) are
determined from the following expression.

REL = (dE/dX)E<Emax —2000v = C (%j iT|:|n(C:2j B % B 2} ©

where C, = 4nN_r’m_c* and

C2 = \/2me02B2Y2Emax,

At these energies the nuclear component of the
energy loss is negligible. In Egn. 6, the value of
C; = 0.307 MeV.cm®’.g"; z/B refers to the ion
fragment, Z; and Ar are the average charge and
mass values of the target (CR-39: Z; /A= 0.533),
the mean ionization potential of CR-39 is | = 70eV,
E.ax= 200eV [18] the density correction ‘6 ‘depends
on the composition and state of the medium [28]. If
the REL of a particle passing through a stack of
foils is constant along its trajectory and the same
etching conditions are applied to all the sheets of
one stack, the track etching rate vt is constant and
identical cones are formed on all crossed detector
surfaces.
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Figure 4. Calibration curve of reduced etch rate p vs REL.
The points are the experimental data and the line is
the best fit to the data point. The fitted equation is
only valid in the REL range ~ 4000-7100 MeV
cmzlg. The main contribution to the errors comes
from the uncertainty in the determination of vg. The
uncertainties in the bulk velocity yield a systematic
error on the reduced etch rate p.

3.1 Physics Models of FLUKA

A description of the intermediate and high
energy hadronic interaction models used in the
FLUKA code and benchmarking against
experimental data are reported [9] in order to
validate the model performance. Finally the most
recent developments and perspectives for
nucleus—nucleus interactions are described
together with some comparisons with experimental
data. FLUKA [9-11] is a multipurpose transport
Monte Carlo code, able to treat hadron—hadron,
hadron—nucleus, neutrino, electromagnetic, and u
interactions up to 10000 TeV. Charged particle
transport (handled in magnetic field too) includes
all relevant processes [9]. About nucleus—nucleus
collisions, since ion—ion nuclear interactions were
not yet treated in FLUKA, past results have been
obtained in the superposition model approximation,
where primary nuclei (0-10000 TeV/A) were split
into nucleons before interacting. Due to this
“microscopic” approach to hadronic interaction
modelling, each step is self-consistent and has
solid physical bases. Performances are optimized
comparing with particle production data at single
interaction level. No tuning whatsoever is
performed on “integral” data, such as calorimeter
resolutions, thick target yields, etc. Therefore, final
predictions are obtained with a minimal set of free
parameters, fixed for all energies and
target/projectile combinations.
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3.2.  Nucleus—Nucleus Collisions

The FLUKA implementation of suitable models
for heavy ion nuclear interactions has reached an
operational stage. At medium/high energy (above a
few GeV/n) the DPMJET model is used as
described in subsection 3.3. The major task of
incorporating heavy ion interactions from a few
GeV/n down to the threshold for inelastic collisions
is also progressing and promising results have
been obtained using a modified version of the
RQMD-2.4 code.

3.3 The FLUKA - DPMJET Interface

DPMJET-I1.53 [23], a Monte Carlo model for
sampling h—h, h—-A and nucleus-nucleus (A-A)
collisions at accelerator and cosmic ray energies
(Elab from 5-10 GeV/n up to 10°-10"" GeV/n) was
adapted and interfaced to FLUKA. FLUKA
implements DPMJET-II.53 as an event generator
to simulate A— A interactions exclusively. DPMJET
(as well as the FLUKA high energy h—A generator)
is based on the Dual Parton Model in connection
with the Glauber formalism. The implementation of
DPMJET is also considered a possible, future
option to extend the FLUKA energy limits for
hadronic simulations in general. Internally,
DPMJET wuses Glauber impact parameter
distributions per projectile—target combination.
These are either computed during initialization of
the program or can be processed and output in a
dedicated run of DPMJET in advance. The
computations are CPU intensive for heavier
colliding nuclei and it would not be practical to
produce the required distributions repeatedly while
processing full showers in FLUKA. Therefore, a
procedure was devised to efficiently provide pre-
computed impact parameter distributions for a
complete matrix of projectile—target combinations
up to a mass number A=246 over the whole
available energy range [24].

FLUKA requires A—A reaction cross sections
internally in order to select A-A interactions
appropriately. Hence, a complete matrix of A-A
reaction cross sections was prepared alongwith the
Glauber impact parameter distributions. Owing to
the well established validity of the Glauber
formalism, these cross sections can be safely
applied down to a projectile kinetic energy =1
GeV/n. DPMJET is called once per A-A interaction.
A list of final state particles is returned by DPMJET
for transport to FLUKA, as well as up to two excited
residual nuclei with their relevant properties. De-
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excitation and evaporation of the excited residual
nuclei is performed by calling the FLUKA
evaporation module.

4, Results and Discussion

The latent tracks are produced when a highly
ionizing particle traverses through the CR-39
plastic track detectors. Consequently, damages
appear in the polymer bonds due to the energy
deposition by the projectile. The nuclear fragments
with integral charges are clearly resolved with the
measurement of the etch pits on both sides of the

CR-39 nuclear track detectors. In principle, the
etch-pit areas increase with increasing ion charges.

Measurement of the diameters and length of the
etch pits is, therefore, used to estimate the charge
of the fragments. The Pb-ions are fully stripped and
the detected charges are indicated by arrows in
Fig.3. The small peaks to the left of the largest one
are due to the fragmented-Pb peaks (lower-charge
nuclei). It maps the etch-pit minor axes into
incident projectiles of charge Z < 82, fragmented
incident projectiles down to Z = 63 and pick-up
nuclei with Z = 83. The numbers of unfragmented
ions Z = 82, fragments produced in the charge
region 63 < Z < 81 and charge pick-up nuclei Z =
83 have been estimated from the spectrum of cone
heights distribution displayed in Fig. 2(a,b).

4.1.  Total Charge Changing Cross Sections

The numbers of incident and survived beam
ions are determined considering the etched cone
lengths distribution of the Pb beam peaks before
and after the target. Neglecting the successive
fragmentation process in the target, the total
charge changing cross sections are determined
with the survival fraction of ions using the following
formulation of Cecchini et al. [29]

o= —AT_jn| N (7)
Napt | N

S

where Ar is the nuclear mass of the target, N, and
N;s are the numbers of incident ions before and
after the target, respectively; p (g/cm3) is the target
density; t (cm) is the thickness of the target and N,
is Avogadro number. The measured total charge
changing cross sections are shown in Fig. 5. It has
been observed that for light target mass region the
results of Refs. [4, 5, 6, 26] the cross sections are
comparable to cross sections measured in this
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work, whereas for the heavy targets our cross
sections are significantly larger than those reported
[6, 26] at ~10-14 A GeV projectiles and comparable
to those observed [4, 5] at similar energy.

This work
Ref.[4]
Ref.[5]
Ref.[6]
Ref.[26]

10"

O 4 % o m
]

tot

o (mb)

T
10 100
A (amu)

Figure 5. The experimental total charge changing cross
sections and the cross sections of reported in Refs.
[4, 5] at the similar energy, and Refs. [6, 26] at 10.6
A GeV are shown for comparison. The solid line
represents a fit of our experimental cross section to
Eqn. 8. The error bars include statistical and
systematic uncertainties added in quadrature;

systematic  uncertainties arise from the
measurements of the density and thickness of the
targets.

Electromagnetic dissociation plays significant
role in the heavy projectile-target collisions at
relativistic energy. It can give rise to the process of
projectile fragmentation even at impact parameters
beyond the range of nuclear forces. Bertulani and
Baur [22,23] have derived spectra of virtual
photons which strike on the projectile passing by a
target nucleus. The photon may be considered
representing the time dependent electromagnetic
field caused by the target charge Zr and seen by
the projectile. The projectile nucleus absorbs high
energy photons by giant resonances, or by the
A(1232) or higher lying nucleon resonances and
decays by emission of one or more nucleons .
Possibly, after absorption of a very high energy
photon accelerated nucleons penetrate nuclear
matter causing fragmentation on their way [22].
The electromagnetic dissociation considerably
enhances the total charge changing cross sections
particularly in the case of very heavy projectile and
target collision [12]. The experimental value of the
total charge changing cross sections of Pb
projectile fragmentation includes the contribution of
nuclear and electromagnetic components of cross
section; following the Refs. [6, 7, 29] we fitted the
experimental data to Eqn. 8.
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O =a(A® +AY -b) +az,? (8)

where Ar and Z; are the atomic mass and atomic
number of the target and Ap is the atomic mass of
the projectile. Assuming the values of parameters a
= 57mb and 6 =1.9, we obtained b = (0.86 + 0.10),
and «=(1.59 £ 0.02), with led.o.f = 0.6. The solid
line in Fig.5 represents this fit.

The total experimental charge changing cross
section measured in this work can be described by
the Eqgn.8, containing both nuclear and
electromagnetic components. It has been observed
that the nuclear term depends on the atomic mass
number Ay of the target and Ap of the projectile.
The electromagnetic excitation of nuclei in
peripheral collisions depends on the beam energy
[7. The main evidence that the process is
electromagnetic arises from the observation that
the cross sections show charge dependence. The
total charge changing cross sections measured are
almost comparable with those reported [4,5]. Our
measured total charge changing cross sections are
significantly higher than those reported in [6, 7, 26 ]
at low energies.

4.2.  Semi-Empirical Model Calculation

Total cross sections can also be computed for
the comparison with semi empirical models of
Bradt and Peters which has an overlap parameter
b, to allow some surface transparency. We have
calculated the total reaction cross sections for
%"pPp beam incident on all targets using the Bradt
and Peters [20] formula of the form

oot = 1o’ (Ap P+ Ar by )

with best fit parameters for ry = 1.35 fm and b =
0.83.

The probability for projectile nuclei to undergo a
charge—changing interaction has been determined
from its geometric cross section, as parameterized
by Townsend and Wilson [21]

or =mr’ (Ap P+Ar™-02-A-A:TY  (10)
where ry is an energy independent effective

radius, ro= 1.26 fm, and A p and A 1 are the
projectile and target mass numbers, respectively.
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Table 2. The nuclear component of the total charge changing
cross sections (in mb) of 158 A GeV Pb ions with Bi , Pb, Cu,
Al and CR-39 targets calculated using models of Eqns.8, 9 10
have been compared for all targets

Calculated Calculated Calcglated
Targets using Eqn.8 using Egn. 9 using
g Ean. g Ean. Eqn.10
Bi 6885 6953 6635
Pb 6860 6940 6625
Cu 4674 4726 4612
Al 3699 3743 3692

In the simplest model, the reaction cross
sections are assumed to be proportional to the
geometrical area of the interacting nuclei (nRz,
where R is the sum of interacting nuclei radii). Most
of the empirical models approximate the total
reaction cross section according to Bradt-Peter
with

or =mro (Ap "+ At —bp)? (11)

where ry is an energy independent effective
radius, by is either an energy independent or
energy dependent overlap or transparency
parameter, and Apr and Ar are the projectile and
target mass numbers, respectively. This form of
parameterization works nicely for high energies.

The total measured experimental charge
changing cross sections are significantly enhanced
the semi empirical model calculated cross sections.
The excess of total cross section which can be
attributed to electromagnetic dissociation
processes. It is reported [22] that in relativistic
heavy ion fragmentation the process of
electromagnetic dissociation plays an important
role to increase total cross section. Furthermore,
the cross section for EMD, increases almost
logarithmically with the energy, exceeds the
contribution of nuclear component of cross section
of total cross section.

The total charge changing cross section and
calculated values of the nuclear and
electromagnetic cross sections are shown in fig.6.
The uncertainties in the total cross sections are
statistical and systematic from the measurement of
target thickness and densities. The measured total
fragmentation cross sections for all the targets are
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compared to FLUKA calculations of total cross
sections which are found in good agreement.

The total experimental charge changing cross
section measured in this work can be described by
the Egn.8, containing both nuclear and
electromagnetic components. It has been observed
that the nuclear term depends on the atomic mass
number A; of the target and Ap of the projectile.
The electromagnetic excitation of nuclei in
peripheral collisions depends on the beam energy
as reported by [7,27]. The main evidence that the
process is electromagnetic arises from the
observation that the cross sections demonstrate
charge dependence. The total charge changing
cross sections measured in the collision of 158A
GeV Pb ions are comparable with that reported
[4,5] referring similar energies. Our total charge
changing cross sections are significantly higher
than those reported [6,26] at low energies.

14.0k -
e EXP (TOT)
] —— FLUKA (TOT) L
120k NUG -
. ~——EMD -
3 10.0k A -
£ rd
© -
& 8.0k -
2 7
g 6.0k -
5 40k
o
2.0k
0.0 — T T T
0 50 100 150 200

Target mass A, (a.m.u)

Figure 6 Comparison of total experimental charge changing
cross sections with the calculation made with
FLUKA model. The calculated nuclear and
electromagnetic cross sections of 158AGeV Pb ions
as function of target mass are shown.

The dependence on the projectile nuclide, at
least for more massive nuclei, can be expressed in
terms of neutron content of the projectile. The
performance of the detectors established in this
experiment not only made it possible to explore
charge-changing reactions, but demonstrated the
potential of this type of track-etch detector. These
measurements done at 158A GeV heavy
projectiles collision with heavy targets give insight
into both the physics involved and the conditions
established in relativistic energy heavy ion
collisions. The results from this experiment show
the importance of nuclear and electromagnetic
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contributions in peripheral collisions involving large
impact parameters.

5. Conclusions

We have studied fragmentation of 158A GeV
Pb projectiles on heavy targets (Bi, Pb, Cu and Al)
using CR-39 nuclear track detectors. Based on the
data of etched cone heights, the charge resolution
of CR-39 detectors has been obtained as ~0.3e—
0.2e for the range of detected fragments. A
calibration curve for the detector response has also
been presented for the heavy fragments with
charge Z from 63 to 82. The charge resolution is
determined using the measurement of etched cone
heights on a single surface of CR-39 detector.

The total fragmentation charge-changing cross
sections for 158 A GeV Pb nuclei interaction with
Bi, Pb, Cu and Al targets have been measured
using the survival fraction of beam ions in the
detectors. The fit of experimental data to the model
given in Eqn. 8 has made it possible to estimate
the nuclear and electromagnetic components in
total fragmentation cross sections. The total
experimental fragmentation cross sections for all
targets, particularly for heavy targets are found
significantly larger in comparison to the calculated
using semi empirical models of eqns.10 and 11.
However, the measured total fragmentation cross
sections are in good agreement with the
predictions of the FLUKA model. The enhancement
in the total fragmentation charge changing cross
sections can be accounted due to the influence of
electromagnetic dissociation (EMD) in heavy ion
collisions at relativistic energy. It is observed that
for the heavy targets the EMD contribution in total
fragmentation cross section is almost equal to the
contribution of the nuclear cross section, whereas
for the light targets the contribution of the nuclear
cross section is dominant compared to the
contribution of EMD cross sections.

The large values of total fragmentation cross
sections in particular measured for heavy targets Bi
and Pb can be ascribed due to the influence of
electromagnetic  dissociation in peripheral
collisions. The total fragmentation cross sections
observed in these studies are in agreement with
similar experimental data in the literature [4,5].

The measured cross section data indicate that
CR-39 can be used effectively for studies of the
total charge changing cross sections. So, NTDs
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provide a considerably good method
complementary to active detectors for such studies
of nuclear reactions. The total fragmentation cross
sections measured for all the targets do not show
any energy dependence whereas they depend on
the projectile and target masses.
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