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Fragmentation cross sections of ®0, ?*Mg, and *?S projectiles at 3.65 GeV /nucleon
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We have investigated the fragmentation of 3.65 GeV /nucleon 60, 2*Mg, and 328 projectiles on C,
Al, Cu, Ag, and Pb targets using solid state nuclear track detectors. Track counting was performed
by an automatic measuring system. Total charge changing and the partial cross sections for the
production of fragments with charges 9 < Z < 15 for 32S projectiles and of charge 6 < Z < 11 for
24Mg were determined. Comparison with theoretical models and other experimental data is made.

PACS number(s): 25.75.+r, 25.70.Mn

I. INTRODUCTION

Experimental results on total charge changing and par-
tial cross sections give information on peripheral reac-
tions at relativistic energies. They also have applica-
tion to astrophysical problems, especially understanding
the cosmic ray propagation. Fragment production cross
sections can provide the basis for theoretical studies on
the interaction process of high-energy collisions. Since
the charged fragments originating from projectile break-
up maintain most of the projectile longitudinal velocity,
they can be identified using the relation between nuclear
charge Z and dE/dX. Charge identification in solid state
nuclear track detectors (SSNTD) depends on this rela-
tionship. The detection principle of SSNTD is based on
the fact that when an ionizing particle passes through an
insulating solid, it creates a chemically reactive radiation-
damaged region along its trajectory [1]. By an appropri-
ate chemical treatment, the damaged regions of the de-
tector material are etched with a velocity v (track etch
velocity) and the undamaged material with a constant
velocity vg (bulk etch velocity), where v > vp. As a
result, an etched cone (nuclear track) is formed which is
visible under a microscope. What we see in the present
case is the intersection of the etched cone with the detec-
tor surface. In most cases, this is a dark ellipse or circle
on a brighter background.

The track etch velocity vr is a function of the restricted
energy loss (REL), defined as that part of the energy loss
due to ionizations where & electrons with an energy below
a value wq are generated. In the CR39 used, wo has been
determined to be 200 eV [2].

Somogyi and Szalay [3] have derived the relation be-
tween vr, vg, and the radius R of a circular track:
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where t is the etching time.

Since vy = f1(REL) and REL= f3(Z,E), vy =
f3(Z,E) or equivalently R = f(Z, E) because the rela-
tion between R and vr is known. For energies above 800
MeV /nucleon, the REL remains approximately constant.
Therefore R can be considered to be a function of only
Z [4].

The experimental setup for measuring the projectile
fragmentation cross sections is shown in Fig. 1. A stack
of three CR39 foils is placed upstream of the target in
order to register the incoming beam particles. Another
stack of three CR39 foils is placed downstream to identify
the outgoing beam particles and projectile fragments.

The stacks were exposed perpendicularly to the beam
axis at the Dubna LHE synchrophasotron. The beam
of 328, contaiminated with about 40% 0 at 3.65
GeV /nucleon, had a total intensity of 4 x 10® ions/cm?.
The 2*Mg beam had the same energy per nucleon and
an intensity of 1 x 10 jons/cm2. The CR39 was etched
afterwards in 6 NV NaOH at 70 °C for about 50 h.

II. IMAGE ANALYSIS SYSTEM

For scanning the detector surfaces and measuring the
track radii, an automatic measuring system based on im-
age analysis techniques was used [5]. The principal com-

CR39

FIG. 1. Experimental setup.
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ponents of the system are a PC computer with a frame
grabber, an image display monitor, a microscope with a
motorized stage, and a video camera. The software for
the image analysis and track recognition has been specif-
ically developed to fulfill the requirements of automatic
measurements.

A detector foil is scanned by moving the motorized mi-
croscope stage under computer control. The image of the
microscope is viewed by the video camera and digitized
by the frame grabber to a 512 x 512 pixel digital image.
Nuclear tracks appear as dark areas recognized by the
software. For each track the parameters determined are
the radius, coordinates of the center, and the brightness
in the center of the track.

III. EXPERIMENTAL RESULTS

Tracks were measured upstream and downstream of C,
Al, Cu, Ag, and Pb targets using the image analysis sys-
tem. As an example of the as-measured data, we present
in Fig. 2 the distribution of radii obtained downstream
for 2Mg on a Pb target. The large peak is due to beam
particles which came out of the target without undergo-
ing a nuclear reaction. No other peaks corresponding to
intermediate fragments produced by projectile fragmen-
tation are easily distinguished. The measurements were
further processed to: (i) reject tracks due to detector
background, and (ii) correct projected track area due to
inhomogeneous stage illumination.

The data of Fig. 2 are shown in Fig. 3 after this pro-
cessing. A peak for each fragment charge from Z = 6 to
Z = 12 now appears.

A numerical fitting method using successive minimiza-
tions have been used to fit the radius distributions with
the appropriate number of Gaussian peaks, each corre-
sponding to a fragment charge. The parameters which
have to be estimated are the peak position, the FWHM,
and the height. These parameters permit the calculation
of each peak integral. The quality of fit was estimated by
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FIG. 2. Track radius distribution of ?*Mg fragmentation
on Pb target (downstream). .
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FIG. 3. Track radius distribution of >*Mg fragmentation
on Pb target (downstream) after corrections.

the reduced x2. Its value was between 0.1 and 1.0 for the
different spectra. A linear relation between track radius
and the peak position was found, which is equivalent to a
linear correlation of track radius with fragment charge Z.
From the standard deviation of each peak and this linear
relationship, the charge resolution in these experiments
was found to be of the order of 0.25 elementary charge.

IV. TOTAL AND PARTIAL CROSS SECTIONS

From the number of tracks measured for each charge
Z upstream and downstream of the target, the total and
partial cross sections were calculated using the formula

[6]:
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where « is the surface density of the target, z = Nypt/A,
N4 Avogadro’s number, p target density, Ar target
atomic number, ¢ depth in the target, /V;(0) number of
tracks of charge Z; at ¢ = 0, where for the 32S expsoure
Zy = 16 and Zio = 7, and for Mg exposure Z; = 12
and Z7 = 6, N;(x) same as N;(0) at arbitrary z, o; total
charge changing cross section of nucleus with charge Z;
in the target, o;; partial cross section of the production
of a projectile fragment of charge Z; in a collision of a
projectilelike of charge Z; on the target.

Concerning the choice of target thickness, a compro-
mise was necessarily made between two conflicting re-
quirements: The target should be thin enough to min-
imize multiple interactions and beam energy loss, and
thick enough to produce a high interaction rate. The
thickness of the targets used in this experiment was
rather large, between 20% and 35% of the 32S interac-
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tion mean free path. The use of Eq. (2) in calculating
the partial cross sections takes into account multiple in-
teractions in the thick target.

The presence of 10 in the 32S beam in fact permitted
obtaining results for both projectiles. In Fig. 4 the total
charge changing cross sections are presented as a function
of target mass Ar. For the Z = 8 coming from 328 a cor-
rection had to be made for the 10 beam particles in the
Z = 8 peak. A smooth extrapolation of the AZ = 7,6,5
results permits estimation of the number of Z = 8 frag-
ments coming from 325, and thus by difference the atten-
uation (total charge changing cross section) of the O
beam in the targets. The Z = 8 particles from 32S form
about 0.1% of the total Z = 8 peak, corresponding to a
0.7% reduction in the total charge changing cross section
of %0 which is negligible compared to the experimental
uncertainties. Errors on total charge changing cross sec-
tions as well as on partial cross sections were calculated
taking into account the weighting factors based on the
experimental error on track counting [7].

The total charge changing cross sections derived us-
ing the Eq. (2) were compared with theoretical values
according to several models. One of them is the geomet-
rical model of Bradt and Peters [8]:

o =mr3(AY° + A% —b)?, (3)
where Ap, At are the projectile and target mass number,

respectively, ro the nuclear radius constant (r; = roA:/ 3),

and b the overlap parameter, which is assumed to be
constant. The values taken for 7o and b were 1.20 fm and
1.32, respectively.

The above relation was modified by Barshay et al. [9]
based on the soft-sphere model [10]. In the modified ex-
pression for the total charge changing cross section, the
parameter b is not constant and is expressed as

b=bo(4p"* + A7'%) (4)
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FIG. 4. Total charge changing cross sections as a function
of target mass Ar for 32S, 2*Mg, and 0.

with by = 0.72. by is the curvature correction parameter
and accounts for the nuclear surface deformation during
the collision.

The best agreement with our results, for the three dif-
ferent projectiles, was obtained by using Eq. (3) with
the overlap parameter as expressed in Eq. (4). Keeping
in mind that the parameter ro should be constant and
independent of Ap and Ar, the data were fitted using
Eq. (3) with rq set at 1.35 fm, which is a commonly used
value in the literature [7,11]. The parameter b and the
reduced x? were calculated to be

32g b=0.51+0.03 x2 =1.51,
24Mg b=0.82+0.04 x? =1.60,
60 b = 0.94 £ 0.04 x*> =1.10 .

The results show a dependence of the overlap param-

TABLE 1. Total charge changing cross sections for **0O, ?*Mg, and 32S at 3.65 GeV/nucleon
determined in the present experiment and other experimental data in the same range of projectile
energies. The data from Webber et al. [15] are for 1.56 GeV /nucleon for *°O, 1.45 GeV /nucleon
for 2*Mg, and 1.14 GeV/nucleon for *2S. The data from Brechtmann and Heinrich [18] correspond
to 1.2 GeV/nucleon for Al and Cu targets and 0.7 GeV /nucleon for C and Ag targets. The data
from Lindstrom et al. [19] correspond to 2.1 GeV /nucleon.

Beam Target Otot (mb)
This work Ref. [15] Ref. [18] Ref. [19]
C 1244 £ 55 1269 £+ 13 1250 + 21
Al 1761 + 43 1771 + 26
329 Cu 2451 + 94 2428 + 61
Ag 2993 + 87 3034 + 83
Pb 4189 + 93
C 1009 + 36 1133 + 11
Al 1386 + 41
Mg Cu 2048 + 61
Ag 2446 + 85
Pb 3439 + 81
C 843 + 45 851+9 1022 + 25
Al 1169 + 38
160 Cu 1765 + 59 1950 + 41
Ag 2125 + 65
Pb 2985 + 75 3270 + 82




eter on the small mass involved in the reaction in agree-
ment with the results of Heckman et al. [12]. In our
experiments the smaller mass was that of the projectile
in most cases.

Expressions proposed by Hagen [13], Binns et al. [14],
and Webber et al. [15] also fit our results well. The
parameters estimated in each case are quite different
from those given in the references even though the re-
sults show acceptable x? values. Keeping in mind that
there is no significant energy dependence of total charge
changing cross section over the range from a few hun-
dred MeV /nucleon to a few GeV/nucleon [11], we con-
clude that all these relations are acceptable with different
parameters. In most cases, the data reported refer to sys-
tems lighter than ours.

When the geometrical model is used to fit our data, a
correction for electromagnetic dissociation effects should
be applied, especially for the heavier targets. Its contri-
bution to the total charge changing cross sections was cal-
culated using the Weizsacker-Williams method [16] and
found to be about 10% for the Pb target and 6% for the
Ag target. For the lighter targets this contribution was of
the same order of magnitude as the experimental errors
[17] and no correction was applied.

Table I presents the total charge changing cross sec-
tions for 0, 2*Mg, and 32S determined in the present
experiments and experimental data of others [15,18,19].

An iterative program has been used to calculate the
partial cross sections for projectile fragmentation. This
program assumes that for a given charge loss AZ, the ra-
tio of the partial cross sections to the total charge chang-
ing cross sections for a given AZ is constant for all Z in
this range of Z [14]. For the total charge changing cross
sections, the program used the Bradt-Peters formula with
parameters calculated by fitting the data of the present
experiment.

In Figs. 5 and 6, partial cross sections are shown for
24Mg and 32S projectiles, respectively. Partial cross sec-
tions for fragment production with charge 6 < Z < 11
from 2*Mg and 9 < Z < 15 from 32S fragmentation were
calculated using Eq. (2). The 'O data are not pre-
sented, because of the limited number of experimental
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FIG. 5. Partial cross sections for 2*Mg, at 3.65

GeV /nucleon on C, Al, Cu, Ag, and Pb targets as a func-
tion of charge change AZ.
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FIG. 6. Partial cross sections for **S at 3.65 GeV /nucleon
on C, Al, Cu, Ag, and Pb targets as a function of charge’
change AZ.

points, Z = 6 being our detection limit.

A regular decrease of 0(AZ) with AZ is observed. The
cross sections 0(AZ) depend on the target. Heavier tar-
gets give larger partial cross sections with increasing dif-
ference at smaller AZ (Figs. 5, 6). Similar results have
been found, for example, for 56Fe projectiles on about
the same set of targets at 1.88 GeV /nucleon [11].

Comparison of our results with the data of Webber
et al. [20] for 32S and 2*Mg projectiles on C targets at
respective beam energies of 1.15 and 1.45 GeV /nucleon
shows agreement within 7.5%. Similar experimental
methods for 32S on Al and Cu at 1.2 GeV/nucleon and
for 32S on C and Ag at 0.7 GeV /nucleon [18] show agree-
ment within 11%.

The cumulative fraction of the partial cross sections
o0(AZ) as a function of the charge change AZ is plotted
in Fig. 7 for 2Mg and 32S projectiles. Partial cross
sections were summed to Z of about half of the projectile
charge.

In the case of the 2*Mg beam, the figure shows that the
percentage of total fragmentation from the Cu, Ag, and
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FIG. 7. The incremental fraction of the total charge chang-
ing cross sections as a function of the cumulative charge
change AZ.
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Pb targets is almost constant (about 30%), whereas the
corresponding values for the lighter targets are consider-
ably higher, namely 45% and 55% for Al and C targets,
respectively. This behavior, which is also observed in
other experiments [14,20], shows that the lighter targets
have a greater probability for fragment production and
especially for small Z fragments. The same behavior is
also observed with 328 projectiles. The percentage frag-
mentation reached by Cu, Ag, and Pb targets is about
35% of the total cross section, whereas for C and Al tar-
gets these values are about 50% and 45%, respectively.

V. CONCLUSIONS

We have used SSNTD to measure total and partial
charge changing cross sections for 60, 2Mg, and 32S on
C, Al, Cu, Ag, and Pb at 3.65 GeV /nucleon.

The total charge changing cross sections can be well
described by a geometrical model with an overlap pa-

rameter depending on both target and projectile masses.
The smaller mass involved in the collision contributes the
greater part of the overlap parameter.

The partial cross sections are target dependent. Frag-
ment production from the projectiles is higher for small
AZ and decreases with increasing AZ. Fragment pro-
duction with small AZ is higher for heavier targets. Par-
tial cross sections account for up to half of the total
charge changing cross section. For C and Al targets this
fraction is inversely proportional to the target mass. For
Cu, Ag, and Pb the fraction of the total charge changing
cross section appears to be almost target independent.
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