
ELSEVIER Nuclear Physics A734 (2004) 536-540 
www&evier.comllocateinpe 

Analysis of momentum distributions of 
projectile fragmentation products 

O.Tarasov *A* 

’ National Superconducting Cyclotron Laboratory, Michigan State University, East Lansing, Ml 48824.1321, USA 
2 Flerov Laboratory of Nuclear Reactions, Joint Institute for Nuclear Research. Dubna, Moscow region, 141980, Russia 

Abstract 

A model describing fragment momentum distributions as a function of the projectile energy has been 
developed. This model called “Universal parameterization” is based on the convolution between a 
gaussian distribution corresponding to Goldhaber model of fragmentation and an exponential attenua- 
tion arising from friction between projectile spectator and participant. An analysis of several experi- 
mental data sets has been performed to obtain the coefficients of the Universal Parameterization in 
order to avoid drawbacks inherent to the fragmentation statistical model. The Universal parameteriza- 
tion is incorporated in the LISE++ code for fragment transmission calculations. 

1. Introduction 

Fragment momentum distributions measured in relativistic heavy ion collisions are typi- 
cally observed to be gaussian shaped where the center of distribution corresponds to the pro- 
jectile velocity. Within the framework of the independent particle model [1], it was shown 
that the parabolic dependence of the width o,,of the gaussian shape describing the parallel 
momentum distribution can be described by: 

o; =o; A,(A, -A,)l(A, -1) 

where A, is the fragment mass, A, is the projectile mass, and (30 is the reduced width related 
to the Fermi momentum (approximately equal to 90 MeV/c). 

However, this model is unable to account for the following features: 
l The anomalously small values of CJO observed at lower energies; 
l The differences in widths associated with nuclides of the same mass; 
l The reduction of the velocity relation between fragment and projectile at low energies; 
l The occurrence of an exponential tail in fragment momentum distributions in reactions 

at low energies. 
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The last three features are 
clearly visible in Figure 1 where 
experimental and calculated spec- 
tra of 37C1 and 37S from the reac- 
tion 40Ar(26.5 MeV/u) + 64Ni are 
shown [2]. 

Various models have been de- 
veloped for an explanation of 
these phenomena both theoretical, 
and empirical parameterizations. 
Some models are implemented in 
the LISE++ code. V.Borrel [4] et 
al. suggest that in the fragmenta- 
tion process it is required the bind- 
ing energy (B,J of about 8 MeV 
per each nucleon has to be sub- 
tracted from the projectile energy: 

900 
Energy, MeV 

Fig. 1. Experimental energy spectra of “Cl and 37S in the reaction 
4oAr(26.5)+ 64Ni [2]. The spectrum calculated by LISE++ [3] for 
“Cl fragment assuming Goldhaber’s model [I] and y/ up =l. 

UF/UP = & - 4 (A, - A, )/(A, E, ) > (2) 

where Ep is the projectile energy in MeV/u. If one assumes that the projectile becomes 
sheared in two, then several nucleon bonds have to be broken simultaneously. The number 
broken bonds can be treated as being proportional to the surface of contact [5]: 

%I% = dl- 2Ex /kb E, ) 1 (3) 

where Es is the surface energy of contact and equal to 2yS, with y denoting the nuclear surface 
tension coefficient (0.95 MeV/fm2) and S is the area shared the abraded zone and the remain- 
ing fragment. Several models have been developed to describe the experimental widths of the 
fragment momentum distribution parallel to the beam. So for example a simple model sug- 

gested by D.Morrissey [6] predicts the width: 

o,, = lSOJA,-A,/& (4) 

Friedman’s model [7] relates the widths of distributions to the separation energies and an 
absorptive cutoff radius. Also Coulomb corrections have been incorporated in this work to 
explain the small values for the widths observed at lower energies. 

Each of these models has advantages and disadvantages depending on energy region, pro- 
jectile mass and other parameters. The new model “Universal parameterization” is developed 
and incorporated in the LISE++ program [3]. It is called “Universal parameterization” because 
it can reproduce the width of the momentum distribution, the ratio of fragment and projectile 
velocity as well as the low-momentum tail as function of the energy and thus accounts for the 
experimental observations not described within Goldhaber’s model [l]. 
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2. Universal parameterization 

The Universal parameterization is based on the 3-step projectile fragmentation model. The 
first step is abrasion of projectile and formation of an excited prefragment. The shape of 
prefragment momentum distribution is assumed to be gaussian Q(p) following the statistical 
model. Exponential attenuation tl~(pl, ~2) is the next step resulting fromfriction due to kinetic 
energy loss, exchange of nucleons, and transformation into the internal degrees of freedom. 
With increasing projectile energy the contribution of friction decreases and at relativistic en- 
ergies finally becomes negligible. In the third phase (ablation) the excited prefragment decays 
by emission of light particles and gamma-rays. A broadening of the velocity distribution char- 
acterizes the third step. The final momentum distribution&) can be obtained by the convolu- 
tion of the gaussian and exponential line shapes: 

where z = coef . ,/A,, . E, 1 p , 

and oif = Pd,, APF (A, - A,, )/(A, - 1)) 
(6j 

Es is the energy needed to split the projectile, A~F is the mass number of the prefragment, p is 
the projectile velocity, pa is the momentum of a final fragment corresponding to velocity of 
projectile (fi), and oCoIIy, s, coefare parameters fit to data. Following [2,4] three different de- 
terminations of the separation energy are considered: a) mass differences between the projec- 
tile and the prefragment with nucleons cut off the projectile Q,; b) surface energy excess SE; c) 
the sum of first two Q9 + SE. In order to establish parameters for all three possible separation 
energy methods 35 spectra in the energy region 26-2200 MeV/u were used from [2,4,5,8-121. 
The fit values of the parameters ocnny, s, coef were determined assuming crconv to have the 
same value for all separation energy methods (see the results in Table 1). 

The occurrence of a low-momentum tail in fragment momentum distributions at low pro- 
jectile energies was addressed in a number of studies [4,5] and explained by an increasing 
contribution of transfer reactions. To estimate the contributions of various reaction mecha- 
nisms the energy spectrum was represented as the sum two gaussian distributions. The convo- 
lution model does not separate these reactions, and the final momentum distribution of the 
projectile fragmentation products includes the contribution of transfer reactions using the fric- 
tion exponential attenuation. 

The convolution model in- 
volves complex calculations and 
a numerical treatment is re- 
quired. It is necessary to deter- 
mine the most probable pre- 
fragment for each final fragment. 
Then the separation energy is 

Table 1. Coefficients of the Universal parameterization 
depending on separation energy determination. 

Energy separation method 
Mass difference (Q,) 

Surface excess (SE) 

Sum (Q, + SE) 

coef s 

3.344 0.1581 

5.758 0.1487 

2.936 0.1526 
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calculated using mass differences from tables or employing surface excess algorithm pre- 
sented in [13]. The Universal parameterization is implemented in the LISE++ code [3] where 
all these intermediate steps are realized. 

3. Comparison with experimental data 

Recent experimental results [14] from RIKEN on the study of production cross sections 
and the momentum distribution of projectile fragmentation products in the reactions 40Ar + Ta 
and 40Ar + Be at 90 MeV per nucleon and the comparison with the models are presented in 
Figure 2. Differential cross section distributions were calculated with LISE++ normalized on 
the area of experimental spectrum. The sum of surface excess and mass difference was used 
for separation energy in the convolution method. Corrections for target thickness have been 
applied following [ 141. 
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Fig. 2. Experimental spectra of “k, ‘OF produced in 4oAr + Be [ 141 and ‘k, *OF, 29Na, *“Al, %I resulting from 
4oAr + Ta. Calculated spectra using Goldhaber’s model [I] with fragment to projectile velocity ratio equal to 1 
are indicated by solid lines. Dashed lines represents momentum distributions with widths and mean velocity 
based on Morrissey’s systematics [6] and the convolution model calculations are shown by dotted lines. 
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4. Summary 

The Universal parameterization basing on the 3-step projectile fragmentation model has 
been developed as a function of the projectile energy. This model can reproduce the width of 
the momentum distribution, the ratio of fragment and projectile velocity as well as the low- 
momentum tail. The Universal parameterization is implemented in LISE++ for fragment 
transmission calculations. It has been shown that the new experimental data in intermediate 
energies are found in good agreement with calculations done by the Universal parameteriza- 
tion. 
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