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Abstrac t: 

A model is presented for the calculation of the cross sections for the 

formation of projectile fragments from the interaction of heavy ions with 

:target nuclei. The model requires that there be spatial overlap between 

target nucleus and tne nucleons removed from the projectile. The results 

are in excellent agreement with experimental fragment yields over a wide 

energy range and with the transfer of linear momentum measured by fission 

fragment angular correlations • 

PACS numbers: 25.70.Cd and 25.70Jj 

* Work supported in part by the Director, Office of Energy Research, 

Division of Nuclear Physics of the Office of High Energy and Nuclear 

Physics of the U.S. Department of Energy under Contract DE-AC03-76SF00098. 
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The first attempt to model fusion, few and multi nucleon transfer 

reactions on the same footing was made by Wilczynski et al. l This model 

predicts that with increasing bombarding energy above the Coulomb barrier 

the massive transfer sets in first and then decreases with l/E bomb in 

favor of few particle capture, and that an ejectile is produced by 

collisions whose impact parameter decreases indefinitely as the projectile \.) 

velocity increases. It is hard to think of a reason why this should be so. 

As an alternative, one can retain just the sum rule of the Wilczynski 

model, and adopt the collision geometry used in the fireball mode1 2 and 

in calculations of the eJectile kinetic energy.3 Here, mass removed 

from the projectile must overlap spatially with the target nucleus. 

Approximately,3 the distance of closest approach Ri(i) is equal to 

R1+R 2-H(i) where the overlap H(i) is the height of a spherical cap in 

the the projectile that contains the nucleons to be removed to leave the 

ilth ejectile and R1,R2 are the radii of projectile and target 

nucleus. Since deep inelastic scattering makes only a small contribution 

to the reaction cross section in the systems considered here, it is not 

included in the sum rule. The cross section for the production of a given 

ejectile by a given projectile partial wave depends on two probability 

functions p (E,i) and P(i). The first of these has its maximum value for 

the partial wave that corresponds to the optimum distance of closest 

aoproach Ri(i) and decreases for lower and higher partial waves. The 

P(i} expresses the inherent probability of projectile break-up into 

ejectile (i) and a residue. 
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The partial waves that produce a given mass removal will not, of 

course, be sharply confined to just the one corresponding to the exact 

geometrical value of Ri(i). The production probability p~(E,i) for the 

ilth ejectile is therefore allowed to vary with partial wave 

~ > ~ (i)-a o ~ 

= 0 ~ ~ Q, (i)-a o Q, 

Here, )Lo(i) is the partial wave corresponding to Ri(i) and (JQ, is a 

width parameter in R--space corresponding to a fixed width (JR in 

R-space. Thus: 

(1) 

(2) 

(3) 

The vrel is the projectile-target relative velocity for a Coulomb 

trajectory at the point of first contact, where transfer begins. Equation 

1 cuts off P1(E,i) more rapidly for t < to than for t > to ' reflecting 

the greater aosorption of the ejectile fragment when it is formed at a 

distance less then Ri(i). Slightly better agreement with experimental 

results is obtained by requiring Ri(i) to have a slow dependence on the 

project i 1 e energy:-

(4) 
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Here, VB is the combined Coulomb plus nuclear potential which ;s 

calculated at (R1+R 2) by the method of Wilczyns~i.4 At low relative 

velocities of target and ejectile, the latter is formed at a distance of 

closest approach slightly greater than R1+R 2-H(i) in order to avoid 

absorption by the target. 

For the parameterization of the complete cross fusion section we have 

to rely either on a model or on experiment. We use an energy dependent 

radius of the form 

(5) 

and consequently an energy dependent critical angular momentum for fusion 

~ 0 ( CF) given by: 

(6) 

with a smooth cutoff such that: 

(7) 

With d = 2h and P{CF) =1, these equations approximately reproduce the 

prediction for fusion for 20 Ne + 197Au obtained with the friction 

model of Gross and Kalinowsky,5 which in turn agrees with experimental 

values for a large range of energies and colliding systems. When the 

factor 0.95 in EQ. 5 is increased slightly (to - 1.2), the fusion 

excitation function for 20 Ne + 27Al 6 is also very well reproduced. 
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The relative probability P(i) for breaking the projectile to fonn the 

ilth ejectile is calculated from the fragmentati~n model of' Friedman? 

which uses approximate wave functions and spectroscopic factors to 

calculate the probability that the projectile will dissociate into the 

observed ejectile and the remainder. This model has been shown to 

reproduce well the relative fragment yields at 15 MeV/N when the effect of 

neutron pickup from neutron rich target nuclei is included. 8 

Complete fusion is cut off at the critical angular momentum to(CF). 

Incomplete fusion too should be cut off in the same way. We find, though, 

that at all energies considered here the angular momentum transferred by 

incomplete fusion always lies below the value of ~o(CF) after making 

proper allowance for the Quantity of mass transferred and the geometry of 

the collision. The nonnalization constants N~ of the sum rule 1 are 

therefore defi ned by:-

and must be calculated separately for each projectile energy E. 

The cross section for the fonnation of the ilth ejectile is then:-

x-max(E) 

a(E,i) = 7TiP(i) I: (2~ + 1) N~ (E)p,9. (E ,i) 

Z=o 

(8) 

(9) 

The sum is carried up to the partial wave ~max(E) which corresponds to 

the radius (R 1+R 2). 
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At energies close to the barrier (E CM= VB)' Eqs. 5,6 and 7 

combined with the relatively high value of P(CF) give a cross section for 

complete fusion almost equal to the total cross section. As ECM is 

increased, Eq. 5 requires that complete fusion progressively disappear 

from the peripheral collisions, thus allowing first the small mass 

transfer channels to compete and then at high enough energy the massive ~< 

transfer channels which lead to the emission of roughly beam velocity 

4He , protons and neutrons. 

As a first test of this model the excitation functions for the element 

yields of projectile-like fragments are compared with experimental results 

for the system 20 Ne+197Au • The data were obtained from a study of the 

inclusive particle cross sections from the 20 Ne +197Au reaction which 

were measured over the energy range (150-400 MeV) at the VICKSI 

accelerator of the Hahn-Meitner Institut, Berlin9 and over the range 

108-340 MeV at the 88-Inch Cyclotron of the Lawrence Berkeley Laboratory, 

Berkeley.l0 

Above 150 MeV bombarding energy a substantial fraction of the 

projectile-like fragments are found to be coincident with protons and a

particles. It has been shown, however, that at least 90% of these. 

coincidences arise from sequential decay of primary fragments produced in 

particle unstable states. 11 For example the inclusive yield of 160 

fragments contains contributions from 20 Ne* ~ 160 + a and 17F* ~ 

160 + p. They have to be subtracted from the inclusive yield while the 
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loss of 160 by the seauential decays 160* ~ 12C + a and 160* ~ 

15N + p must be added in order to obtain the primary yield of 160 + 

160* for comparison with calculations. The corrections were taken from 

coincidence measurements between light particles and projectile-like 

fragments at 290 MeV,11 4w charged particle coincidence measurements at 

220 and 340 MeVlO and neutron multiplicity measurements at 220 and 290 

MeV (12,13). Tne a-particle to proton ratio for the corrections was taken 

to be 4:1 for all energies and all charges. This is an average value 

found in coincidence measurements at 400 MeV at some selected ang1es. 14 

The a-particle yields were obtained by a) subtracting the 

contributions of sequential emission from projectile-like fragments from 

the inclusive fast a-partic1e cross sections on the basis of the data of 

Ref. 9, 10 and 11 at 220, 290 and 400 MeV or b) by determining the amount 

of fast a-particles arising from high (> 100 MeV) excitations of the 

target nucleus as measured with the neutron ball at 220 and 290 MeV. It 

has been shown that both methods agree within the errors. 13 As no light 

particle - a-particle coincidences were measured, the yields of aBe, 

9B, SHe and 5Li appear in the a-particle cross section. 

Fig. 1 shows the excitation functions for the different ejecti1e 

elements together with the result of the calculations. With increasing 

oomoarding energy the yields of the transfer products continue to increase 

up to 20 MeV/N in contrast with the predictions of the Wilczynski model. 

The overlap model reproduces the experimental behavior and the absolute 

cross sections extremely well. The results are not very sensitive to the 



-8-

parameters as long as tney are kept witnin reasonable values, i.e. ~ = 

2h, P(CF) = 1 and the radius parameter ro = 1.4 fm. 

Figure 2 shows the contributions of fusion and incomplete fusion 

channels to the linear momentum transfer measured by the angular 

correlation of fission fragments in the system 20 Ne + 197Au at 290 

MeV.15 The thin lines show the contributions predicted by the overlap 

model under the assumption that all the mass removed from the projectile 

is transferred to the target nucleus. Since the ejectiles leave with 

nearly beam velocity and at small angles, the momentum transfers were 

taken to be 6A.Pfull /A where 6A is the mass transferred from projectile 

of mass A and Pful1 is the momentum transfer for fusion. The same 

angular width, 10.40 , was assumed for all channels. For carbon 

isotopes, only one half of the calculated cross section was used since at 

this beam energy the most probable excitation of the residual nucleus lies 

approximately at tne fission barrier. 

The heavy line in Figure 2 shows the sum of all the predicted 

contributions. It is in excellent agreement with the experiment. In this 

calculation the contribution of 8Be (6A=12) appears explicitly whereas 

in Figure 1 it was added to the Z=2 cross section for comparison with the 

experimental yield of a-particles. 

To summarize, we conclude that the overlap model accounts very well 

for the primary yields of projectile-like fragments over a large energy 

range. A critical angular momentum for the incomplete fusion reactions is 

not reQuired at least up to projectile energies of 20 MeV/N. The overlap 

model explains in a natural way the reduction of linear momentum transfer 

that is observed as the projectile energy is increased. 
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Figure Captions 

Fig. 1. Comparison of experimental and calculated excitation functions 

for primary element yields from 20 Ne + 197Au • 

Fig. 2. Comparison of experimental and calculated fission product angular 

correlations for 20 Ne + 197Au at 290 MeV. Experimental data 

are from Ref. 15. The thin lines show the calculated 

contributions of the complete and incomplete fusion channels: 

the thick line is their sum. 
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