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Abstract

We investigate 158A GeV *’Pb projectile fragmentation on Al target using CR-39 nuclear track detectors. A
stack containing target-detectors assembly was irradiated at SPS-CERN. After chemical etching, detectors
were scanned using an optical microscope to collect the data in the form of etched cone heights. From the
cone height measurements, total and partial charge changing cross sections of **’Pb projectiles on aluminum
target are determined. The results are compared with both relevant published measurements available in the
literature and model predictions. Odd-even effect in the formation of the fragments of 158A GeV *’Pb pro-
jectiles is observed in a consistent and a clear manner over the observed range of fragments (Z = 63 - 81).
This is achieved by using optimized etching and track measurement conditions.
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1. Introduction

Nuclear projectile fragmentation at relativistic energies
provides an insight into some aspects of nuclear structure,
especially the peripheral structure of the nucleus. In cen-
tral and peripheral nuclear collisions, the fragmentation
process leads to the emission of fragments with a wide
range of masses. Experimental results on fragmentation
properties of relativistic energy projectiles are relevant
for nuclear physics, cosmic ray physics and astrophysics.
Fragmentation cross sections are required to understand
and evaluate composition of the cosmic rays propagation
through the interstellar medium [1,2]. At relativistic
energy, projectile fragmentation on different targets has
been studied by a number of authors using both active
and passive detection techniques [3-8].

CR-39 (C;,H;307) nuclear track detectors are manu-
factured by Intercast Europe Co. of Parma Italy. These
detectors have been used for the study of different pro-
jectiles and targets interaction at relativistic energy [9-13].
Previously, we have presented 158 A GeV fragmentation
[10,11] studies on Bi and Cu targets using the most sen-
sitive CR-39 track detector. In this paper, we present Pb
projectile fragmentation on Al target using the wellopti-
mized experiments with the experience of previous expe-
riments. Optimized experimental etching conditions pro-
vided the improved results compared with our previous
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investigations in a way that odd-even effect has been
observed in a clear and consistent manner over the ob-
served range of fragments of 158 A GeV Pb nuclei (Z =
63 - 81) in comparison with our previous reports [10,11].
This is an important observation which is achieved
through optimization of experimental conditions details
of which are given in sections 2 and 3. Section 2 is about
experimental detail and explains the methodology em-
ployed for detector calibration and calculation charge
changing cross sections. Results are discussed in section
3 whereas the last section contains conclusions.

2. Experiments

A stack containing Al target sandwiched with CR-39
detector sheets of the size (10 cm % 10 cm x 1 mm) was
exposed to 158A GeV Pb ions at SPS beam of CERN.
The exposure was performed at normal incidence with a
fluence of about 1500 ions/cm’. The total number of lead
ions in the stack was about 7.8 x 10 distributed in eight
spills. In the exposure stack four CR-39 sheets were
placed upstream the target and almost 39 sheets down-
stream the target. In order to avoid multifragmentation,
appropriate gaps were provided in the detectors placed
downstream the target in the stack, size of the gaps was
nearly 2 cm between the detector foils placed close to the
target and gaps were increased as the stack length.
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In order to scan, we selected one CR-39 sheet upstream
the target and other two downstream the target (one close
to the target and other from last pairs in the stack). These
detectors were etched in 4 N KOH aqueous solution at
45°C for 72 h.

In order to improve and implement appropriate etching
conditions a considerable emphasis was given to the im-
portant factors contributing in the etching process, the
concentration of active etching molecules in the etching
solution an effective and continuous stirring was main-
tained using a calibrated motorized stirring system dur-
ing the etching process to produce a sort of convection in
the etching bath to avoid buildup etch products produced
from detector surface in developing tracks. The variation
in the temperature was not more than £1°C to maintain
control and stability. Concentration of etchant was kept
effectively constant under specific etching conditions by
minimizing the water evaporation from the etching solu-
tion during the etching.

After etching process the beam ions and the fragments
registered in the detector placed after the target appeared
as etched cones on both sides of the detectors. The detec-
tors were scanned using optical microscope at a magni-
fication of 400 x. Using the built-in cone height measur-
ing unit of optical microscope the cone lengths of track
events have been measured with an accuracy of £1 m.
Well optimized experimental procedures and precautions,
especially for the chemical etching, were adopted
throughout the experiments and track measurements.
Bases of such procedures and precautions are described
elsewhere in detail [11].

3. Results and Discussion

3.1. Charge Identification and Detector
Calibration

The etched cones of vertically incident beam particles and
the fragments are of circular shape and completely black
in direct illumination. The background objects are shal-
low and appear as black circular objects with a brighter
centre are not considered. Target fragments can be re-
solved based on their short range. The central brightness
can be used to separate particle tracks from background.
Figure 1 shows the distribution of cone height for beam
ions and the fragments registered in a detector placed
after the target. The ionizing particles traversing through
an insulating material create a narrow path of intense
damage on an atomic scale [12].

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. During
the etching process, the track etch rate vy exceeds the
bulk etch rate vg producing a conical etch-pit at the point
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Figure 1. Average cone heights distribution of Pb ions and
the fragments produced in interaction with the target ob-
served using CR-39 detector placed after the Al target, ar-
rows indicate charge (atomic number) assigned to peak.

of entrance and exit of the particle. The size and shape of
such cones depend on the energy loss of the incident par-
ticle; the measurement of the cone base area or heights
allows, through an appropriate calibration, to determine
the characteristics of the particle.

The focused surface of the opening of the etch-pits
looks like a dark, circular of well defined diameter. The
CR-39 detectors, placed upstream the targets registered
the total number of incident Pb ions and detectors placed
after the target recorded both the survived Pb ions and
the fragments produced in the interaction of Pb ions with
the target. Since the beam exposure is normally incident
to the detector surface, the beam ions and the fragments
produced as a result of fragmentation almost maintain
their longitudinal velocity along the direction of beam
ions and a sequence of etch cones is produced on the sub-
sequent detector surfaces.

At relativistic energies the base area of the post etch-
ing cones depends only on charge Z, therefore peaks of
measured etched cone heights correspond to different
charges. This method is applicable as long as the projec-
tile peak and the fragment peaks are clearly separated. It
is reported in [13] that the etched cone diameter is sensi-
tive to low Z ions, and cone height to high Z ions. The
average values of the cone heights distribution observed
in both the detectors is displayed in the form of well se-
parated peaks, which are assigned to a charge value 63 <
Z < 82 by counting downward beginning with the beam
peak Z = 82 (we assume the charge assigned to the frag-
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ment as the atomic number of the fragment. In reality,
charge of the fragment can be lower than the atomic num-
ber Z in a particular case when fragments have lowered
their energy and collected electrons from the target which
reduces their charge from the maximum possible charge.
For the simplicity the atomic number of fragments is
shown in Figure 1.

The charge resolution is related to cone height resolu-
tion. In view of different units of these quantities relative
charge resolution is equated to relative length resolution
using the relation

Oy :(O-L)/(SL/SZ) (D
where o 1is the standard deviation in the length of in-
dividual peaks assigned to charge value. The plot of
charge Z verses cone lengths L is shown in Figure 2. The
ratio &, /5, is the slope of the plot.

The energy deposited by the charged particle to form
the latent track is the Restricted Energy Loss (REL).The
response of the detectors to relativistic ions is characte-
rized by the correlation of parameter p(V;/vg), and
REL from the calibration curve. Since track etch rate vt
is a function of REL ,which depends on the charge and
energy of the incident projectile ion, for relativistic ener-
gy ions the REL remains approximately constant there-
fore, it is considered that the diameter and length of
etched cone are function of ion charge only as reported
by [14].

The cylindrical cone length L is related to etch rate ra-
tio ‘p’ through the equation

L=vst(p-1) )

where‘t’ is etching time. The track etch rate (V; ) of the
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Figure 2. Correlation plot of the charges to the mean etched
cone lengths measured in detector placed after the target.
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cones produced in the detector can be calculated from the
relation,

Vp =Vg + L/t 3)
where L is the cone height, t is the etching time and v,
is the bulk etch rate of the detector measured by the
change in the thickness of the detector before and after
etching of the detector. The refractive index of the CR-39
was experimentally determined and was used for the de-
termination of the total height of cones.

For the resolution of higher charges the cone heights
are associated with different charges. The charge values
of fragments with almost identical £ are associated
with specific REL values while the lengths are converted
to ‘p’ values using Equation (3).

The relation between REL and ‘p’ is specific to the
etching condition, because the value of ‘p’ is experimen-
tally measured for the given etching conditions when un-
known ion interacts on the detector, it is, therefore, possi-
ble to assign it an REL value. The REL vs. p graph as
shown in Figure 3 constitute a calibration curve. The
function REL defined as

REL = (dE/dx) . “)

For particles with B¢ > 10 ¢, the REL is a fraction of
the electronic energy loss, leading to 6 rays with energies
lower than E., with E .= 200 eV for CR-39 [15]. If
the REL of a particle passing through a stack of detectors

E<E,
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Figure 3. The calibration curve of reduced etch rate p vs
REL value. The uncertainties in bulk etch rate measure-
ment yield error in the reduced etch rate p. The points are
the experimental data and the line is the fit to the data point.

The fitted equation is valid in the REL range ~ 4200 - 7000
MeV cm?g under present etching conditions.
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is constant along its trajectory and the same etching con-
ditions are applied to all the detectors in the stack, the
track etching rate vr is constant and identical cones are
formed on all crossed detector surfaces.

Figure 4 shows the track length and charge resolu-
tions for the fragments of 158 A GeV Pb projectiles pro-
duced in collisions of the projectile beam with Al target.
The dotted horizontal line shows the mean values of track
length and charge resolutions. We have also analyzed the
distributions of track length (Figure 5(a) and charge re-
solutions (Figure 5(b)). Values of »’ / dof and squared
regression coefficients R” for the Gaussian fits on both
distributions are given in the respective plots in Figure 4.
Peak values of the Gaussian fits on track length and
charge resolutions in Figure 4 agree well with the re-
spective arithmatic mean values in Figure 4.
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Figure 4. Track length and charge resolutions for the mea-
sured fragments of 158A GeV Pb projectiles.

3.2. Charge Changing Cross Section Results

The probability of projectile charge change in an interac-
tion with the target nucleus can be estimated by measur-
ing the survival fraction of beam ions during the projec-
tile fragmentation on target. The number of incident and
survived beam ions is determined considering the data of
etched cone before and after the target. The total charge
changing cross section contains both the nuclear and elec-
tromagnetic cross section contribution expressed as

exp __ __exp exp
O-tot - O_nuc + O_em

The total charge changing cross section is determined
using the following expression

oo =—"—In {H ®)
N ao7tr Ns
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Figure 5. The comparison of distributions of measured

track length resolution 8L and assigned charge resolution

6Z for the fragments of 63<Z <82.

where A; is the nuclear mass of the target. N; and
N, are the number of incident beam ions before and
after the target respectively, p; (g/em’) is the target
density; t; (cm) is the thickness of the target and N,
is Avogadro’s number. In the simplest model, the reac-
tion cross sections are assumed to be proportional to the
geometrical area of the interacting nuclei (7nR*, where R
is the sum of interacting nuclei radii). The semi empirical
model approximates the total reaction cross section
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o =2 (AF + A” -b) (6)

with parameters ro= 1.35 fm, and b = 0.83 [16,17]. The
parameter I, is an energy independent effective nuclear
radius, b is either an energy independent or energy de-
pendent overlap or transparency parameter, Ap and At are
the projectile and target mass numbers respectively.

The experimentally observed total fragmentation cross
sections of Pb projectiles on Al target, given in Table 1,
are found to be comparable, within experimental errors,
to the corresponding calculations using the model in Eq-
uation (6). Our measurement of cross section is also in
good agreement with the similar published results [5,6],
whereas data of [18] is somewhat small, which are also
given in the Table 1. However, our measured cross sec-
tion for Al target is small in comparison with the re-
ported measured results for heavy targets at similar ener-
gies [5,6]. This is due to the enhanced electromagnetic
dissociation (EMD) contribution to the total cross sec-
tions for heavy targets nuclei which offer stronger cou-
lomb potential to the penetrating projectiles. The EMD
contribution is comparatively small in the present case of
Al target. The comparative roles of strong and electro-
magnetic interactions in the heavy projectile and target
collisions at relativistic energies have been discussed in
detail in the literature [2,8].

Partial cross sections are measured using the ratio of
the number of fragments of a particular observed as-
signed charge to the number of survived projectiles. The
following relationship was employed to determine partial
cross sections from the observed data,

o :L[N_} )
N AthT N S

where Z = 63e — 81e, N7 is the number of fragment nuc-
lei with the charge Z produced in the target, Ns is the
number of survived projectiles and p;, Ar, tr, Na
are the same parameters as mentioned in Equation 5. The
partial cross sections (o,, ) is found to follow the power
law in terms of charge change AZ ,

Table 1. Comparison of measured total fragmentation
charge changing cross section with theoretically calculated
and results found in literature for the Al target.

Target Ar Zr o (glem) ow (mb) oy (mb)

Al 27 13 2.692+0.002 3938 +197@ 3743@
3804 + 164® 3406®
3750 + 80© -
3601 + 23@ -

(a). Present work, (b). [5], (c) [6], (d) [18]
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oy =alaz|”, ®)

where o and f are fit parameters having values (217
+ 18) mb and (0.42 £ 0.03) respectively. We have plotted
measured partial cross sections as a function of projectile
charge change in Figure 6. It is observed that cross sec-
tions of smallest charge change AZ =-1 does not fol-
low the power law, which is thought to be influenced by
the electromagnetic dissociation in peripheral collisions.
The value of smallest charge change is excluded in the fit
and the power law provides a reasonable fit to the other
values in data sets with a reasonably good values of
Ve / dof =1.4. The number of fragments produced is
larger for small projectile charge change AZ and de-
creases with the increase in AZ . The odd-even effect is
visible in the cross sections results in Figure 6 for AZ
values between 5 and 9 where the dependence of cross
section on AZ is very weak. This effect is not observed
in cross section results for smaller values of AZ due to
strong dependence of cross section on AZ .

Partial charge changing cross section results in Figure
6 can be divided into two regimes. First regime sweeps
the nuclear charge change (AZ ) from 1 to 10 whereas
the second regime with AZ higher than 10. Cross sec-
tions show strong dependence on AZ regime I compared
with the regime II. Regime I is the dynamic regime and
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+ * 20 x Al(This work)
[T ¢ 4 10x Al(Geer er al.1995)
o 30 x Al(Scheidenberger et al.2004)
9 40 x Al(Dekhissi et al.2000)
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Figure 6. Partial charge-changing cross sections of 158 A
GeV Pb ions (o, ) versus projectile charge change (AZ ) in

the interaction with Al target determined using Equation 7.
Partial cross section data of 10.6 A GeV Au ions [18] and
158 A GeV Pb ions [5,6] interaction with Al target are
shown for comparison with the present measurements. The
errors in the measured cross sections include statistical and
systematic uncertainties.
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represents the case of peripheral and minor overlap colli-
sions of projectiles with target nuclei. Interaction streng-
th of such collisions varies due to variation in impact
parameter. Collisions in the second regime (higher
change of AZ) are central or major overlap collisions
which are less probable. Our results (in Figure 6) show
that strength of nuclear interaction (of 158A GeV Pb
projectiles with Al target nuclei) achieves a kind of satu-
ration for charge change value higher than 10.

4. Conclusions

Fragmentation process of 158A GeV *’Pb projectiles on
Al target has been studied using CR-39 nuclear track
detectors. Measurements of fully resolved etched cone
heights corresponding to the projectiles and the frag-
ments produced are used for the determination of the
total and partial fragmentation cross sections. The meas-
ured total fragmentation cross section is in good agree-
ment with the experimental data of the Al target, but
smaller in comparison with the experimental data of
heavy targets at similar energy reported in literature
[4-6,10]. The results show that the nuclear part of the
fragmentation cross section is dominant while the elec-
tromagnetic part being very small in the Pb projectile
fragmentation on Al target. A regular decrease in the
measured partial cross sections is observed with the in-
crease in projectile charge change. The partial cross sec-
tions follow power law in the charge loss over a wide
range of projectile charge change AZ .

The measured partial cross sections (158 A GeV *"’Pb
projectile on Al target) are larger in comparison with the
results of [18] for 10.6 A GeV Au projectiles impinging
on the same target. Our measurements are in agreement
with the corresponding experimental cross section results
of [5,6] for 158 A GeV Pb projectiles penetrating the
same target but found smaller than their results of heavy
targets. An odd-even effect is observed in a consistent
manner, for a section of observed fragments, in the mea-
sured partial cross sections of Pb projectiles on Al target
which shines light on the sensitivity of the of CR-39 de-
tector. Complete analysis of odd-even effect in fragmen-
tation reaction was not possible due to absence of infor-
mation about neutron number of produced fragments in
our experiments. It is worthwhile to mention that detec-
tion sensitivity and resolution of CR-39 and other track
detectors is strongly influenced by etching conditions.
Only the use of well optimized and controlled etch- ing
conditions can yield good results.
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