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Abstract: 

Charge distributions, kinetic energy spectra, and angular distributions were 

measured for the reverse kinematics reactions, 19.7 MeV/nucleon 40Ar + 12c & 27 AI. 

Invariant cross section plots constructed in the V11 - V ..l plane give a global view of the 

several competing reaction mechanisms. The evaporation residue cross section, 

which dominates the fusion cross section for the 40Ar + 12c reaction, decreases 

dramatically in the 40Ar + 27 AI reaction and is replaced by isotropic binary decay, 

arising presumably from compound nucleus decay. 
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At low excitation energies, the decay of compound nuclei proceeds mainly through 

a limited number of well defined channels: light particle evaporation, y rays, and, for 

heavy nuclei, fission. This is well understood in terms of compound nucleus theory in 

which the dominant channels are those whose barriers are most comparable to the 

nuclear temperature. Nuclei can now be produced with much higher excitation 

energies, and the very same compound nucleus theory indicates that a greater variety 

of channels, ranging from symmetric fission to light fragment evaporation, should open 

up and compete effectively with the more traditional channels 1 ·2. Consequently, at 

high enough excitation energies or angular momenta a significant amount of the fusion 

cross section should be associated with "complex fragments" produced in the decay of 

the compound nucleus or its products. This has already been observed in 

experiments3-7 for relatively heavy systems in which all the mass asymmetries ranging 

from light particle emission to symmetric splitting of the compound nucleus are 

represented. 

In light systems the evaluation of fusion cross sections has been made traditionally 

by measuring8·9 the "evaporation residue cross section~·. The substantial onset of 

statistical binary decay in competition with the evaporation residue cross section may 

create an apparent disappearance of the fusion cross section with increasing 

bombarding energy 10-13. Consequently, it seems important to determine 

systematically the cross sections for 1) evaporation residues; 2) isotropic (or compound 

nucleus-like) binary products; 3) non isotropic binary (quasi-elastic or deep inelastic) 

products. This separation of the cross section is a prerequisite to any attempt to 

interpret the reaction mechanism. 

The present letter reports on a series of experiments performed at the 88-lnch 

Cyclotron of the Lawrence Berkeley Laboratory on the 40Ar + 12c and the 40Ar + 27 AI 

systems at 19.7 MeV/nucleon. In the case of complete fusion, the compound nuclei 

• formed in these reactions are 52Cr and 67Ga with excitation energies of 200 and 340 

MeV, respectively. Large differences in the excitation energy and angular momentum 

of the complete or incomplete fusion products are expected and suggest possible 

dramatic differences in the role of binary decay in the two systems. 

In order to have a "global" picture of these reactions, the experiments were 
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designed to detect both the fusion residues resulting from the evaporation of ·light 

particles (Z ~ 2) alone, as well as the products associated with the statistical emi?sion 

cif heavier fragments (Z ;;::: 5) from the compound nucleus. One of the adv~mtages of 

studying such light systems, especially when using the reverse kinematics technique is 

that the whole range of reaction products can be· identified with a standard ~E-E 

telescope. 

The reaction products were detected in two ~E(gas) - E(silicon) telescopes (~e = 

5°). Each telescope consisted of a position-sensitive ionization chamber (~E) backed 

by a 2 mm thick position-sensitive silicon (E) detector. The ionization chambers were 

operated at 50 mbar of pressure (CF4) so that heavy fragments emitted from the fast 

moving compound nuclei produced in the reverse kinematics reaction could be 

detected with high efficiency. The telescopes were positioned on both sides of the 

beam so that singles and coincidence events could be recorded. Energy calibrations 

were obtained by the elastic scattering of 40Ar and 12c beams from a gold target. 

To obtain a global view of the cross section, for each element, the invariant cross 

section has been plotted in the V11 (parallel), V j_(perpendicular) plane (see Fig. 1 ). This 

required the measurement of a continuous angular distribution from 2.5° to -60° in the 

laboratory. The laboratory velocities were inferred from the measured en!3rgy. and 

Z-value by assuming4 the mass (A) of the nucleus to be A= Z*(2.08 + 0.0029*Z). Our 

detection system had two natural limitations: a small threshold in velocity (energy) and 

the inability to reach very small angles relative to the beam (Slab ~ 2.5°) which 

resulted in a Z-dependent cut-off observed for low velocities ( -1 cm/ns) and a cu·t~off 

around the beam axis, respectively. 

Some representative examples of these plots for fragments with Z = 6, 8, 12, and 

16 are shown (see Fig. 1) for the 40 Ar + 12c and the 40 Ar + 27 AI systems at 19.7 

MeV/nucleon. Particularly instructive is the result obtained for Z = 8 fragments from the 

40 Ar + 12c system. The binary production of fragments results in a characteristic 

Coulomb ring, which remains even if it is followed, or preceeded, by a significant 

amount of light particle evaporation. The very noticeable Coulomb rings observed for 

'this and other Z values result from this quasi two-body kinematics. These Coulomb 
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rings are centered around the velocities expected for complete fusion events (see Fig. 

1 ). For the fully relaxed events, the binary nature of the reaction has been verified by 

coincidence measurements in which, for all mass asymmetries, the fragments charges 

were found to sum to a constant value . 

For the 40 Ar + 12c system, one can see examples where contributions of other 

reaction mechanisms can be identified: target-like incompletely damped events (Z = 6, 

at low velocities) and evaporation residues (Z = 16). For the 40Ar + 27 AI reaction, the 

above patterns differ somewhat from those for the 40 Ar + 12C reaction. For example, 

quasielastic projectile-like events are seen for Z = 16 at high velocities. The most 

striking differences are the stretching of the patterns along the V 11 direction and the 

broadening of the distributions along V J_· The former effect is most likely due to the 

broader range of incomplete fusion prevailing in this reaction, while the latter seems to 

be due to the increasing importance of binary decay for the 40Ar + 27 AI system. 

For the components centered near the center-of-mass velocity, the contour plots in 

Fig. 1 indicate that, for both systems, isotropic binary decay products dominate for 

lighter Z values (Z - 6 & 8) whereas evaporation residues tend to predominate for 

heavy products (Z ~ 16). For intermediate Z-values, both components are present, 

which can be separated by means of a more detailed analysis (see below). 

At higher and lower velocities (projectile-like and target-like fragments, 

respectively), non isotropic components corresponding to incompletely damped 

collisions (quasi elastic or deep inelastic) are also present. Although the deep 

inelastic products and isotropic binary fusion products can be energetically 

degenerate, deep inelas.tic products are typically forward or backward peaked, 

whereas the binary decay products have approximately isotropic angular distributions 

in the V11 and V .l plane (see Fig. 1, Z = 6 and 8). 

In order to extract the cross sections associated with fusion events (both 

evaporation residues and isotropic binary components), the incompletely relaxed and 

non isotropic components must be subtracted. To a large extent, the problem of the 

subtraction and the complications associated with the broad range of incomplete 

fusion, especially visible in 40Ar + 27 AI system, can be removed by projecting on the V _1_ 
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plane the forward portion of the distribution for each target-like fragment and the 

backward portion of the distribution for each projectile-like fragment. In this way 

distributions in V .l were obtained as shown ·in Fig. 2. For both 'systems, the 

distributions broaden substantially and the peaks, increase to larger values of V .l with 

decreasing z value as the binary component becomes more dominant. In addition, the 

widths are substantially larger for the AI target, presumably due to an increased 

amount of binary decay. 

For the multiple emission of light particles (Z~ 2), the distribution of events s.hould 

be isotropic in the center of mass. The projection of V .lis a function of the type: 

[ 
-v

2

] 
fER (V .l) dV .l = NER exp 

2
crfR V .l dV .l (1) 

where crER2 is the mean square recoil velocity associated with particle evaporation. On 

the other hand, for a heavy fragment emission (Z > 5), the distribution of events should 

be isotropic in the reaction plane. The projection on V .l yields: 

I [ ( v2 V2) 112 v )z ] 
f
8 

(V ) dV = N 
8 
J exp _ .l + 

11 
-

0 dV dV 
j_ j_ 22 II j_ 

<JB 

where V0 is the mean center-of-mass velocity associated with the binary decay· and 

crB2 is a combination of the fluctuations in the center-of-mass velocity and of the recoil 

velocity associated with the particle evaporation. For each Z value, Eqs. 1 & 2, which· 

have a total of five unknown parameters, were fit to the experimental distributions in 

Fig. 2 with a compu~er code that minimized chi-square. The extracted vc; parameter 

shows a dependence upon the fragment Z-value which is characteristic of the 

Coulomb interaction. 

As mentioned above, the projected distributions for the 12C and 27 AI targets (see 

Fig. 2) contain only evaporation residues and compound nucleus-like binary decay 

products. Although the shapes of these distributions change dramatically wi~h Z-value, 
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they are well reproduced by the sum of the calculated evaporation residue and binary 

decay distributions, where the fraction of the two components was varied smoothly with 

increasing Z-value. Examples of the decomposition of the cross section into 

evaporation residue and binary components are shown in Fig. 2, for a variety of 

elements~ For the 40Ar + 12c reaction, Z = 8 is pure·binary and Z = 20 is a pure 

evaporation residue, whereas Z = 12 is roughly an equal mixture. In contrast, for the 

40 Ar + 2 7 AI reaction the binary component dominates for most Z values. 

The quantitative results from the decomposition of the isotropic components 

are shown in Fig. 3 .. The shaded areas correspond to the binary components while the 

white are~s correspond to the evaporation residues. For both targets, one observes 

that the yield of binary decay is quite important in the intermediate Z region (6 - 12). 

However, while for the 40Ar + 12C system the evaporation residue yield appears to be 

dominant at large Z values, this is not the case for the 40Ar + 27 AI system, where binary 

decay seems to dominate at all Z values. This result is quite striking and indicates that, 

at the higher excitation energies and angular momenta associated with the latter 

system, even the fragments with Z ~ 16 (ordinarily believed to arise from light particle 

evaporation)· are also strongly populated by binary decay. A corollary of this 

conclusion is that residues produced by the evaporation of particles with Z :5 2 may 

represent· but a limited fraction of the overall fusion cross section. 

Because of the large excitation energies, this binary process is not pure and is 

followed or possibly preceded by substantial light particle evaporation (n, p, alphas). 

For this reason the observed secondary Z distribution may be far removed from the 

initial symmetric charge distribution that is expected from the primary binary decay. 

This is particularly true for the highly excited light systems under consideration. It can 

be estimated, for example, that the observation of a Z = 8 nucleus could correspond to 

an initial symmetric fission of the compound nucleus, where subsequently the two hot 

fragments lose substantial mass due to sequential light particle emission. At even 

higher energies, only fragments with very low Z values would remain as the ashes of 

this very drastic cooling process. 

In conclusion, we have shown that both evaporation residues and binary decay 

prodUds::originating from fusion-likeproducts are present in reactions of 40Ar on 12C 
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and 27 AI at 19.7 MeV/nucleon. Evaporation residues dominate for the 40Ar + 12c · 
system whereas binary products dominate for the 40Ar + 27 AI system. For the latter 

system, the large excitation energy of the fusion-like products and higher angular 

momentum result in a very large probability for binary decay. Thus "standard" 

evaporation residues (produced by light particle emission (Z~2) alone) are strongly 

depleted by the competing binary decay channels. This disappearance of evaporation 

residues should not be interpreted as the vanishing of fusion-like products.· At even 

higher excitation energies, sequential binary decay of fusion-like products should lead 

to ternary and quaternary events.2 Thus, the observation of three or four bodies at high 

energies may also be consistent with fusion-like processes. 
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Figure Captions 

Fig. 1. Two dimensional contour plots (d2cr/dV 11 dV _1_) in the V 11 vs V 1_ plane for 

representative Z-values (Z = 6,8,12 &16) from the 20 MeV/nucleo_n 40Ar + 1~c;27AI 

reactions. The beam direction and the c.m. velocity are indicat~d by horizontal and 

vertical arrows, respectively. In general, complete distributions have been 

measured, except at very low velocities (see e.g. Z = 6) and at very forward angles 

close to the beam due to the experimental detection limits. 

Fig. 2. Projections on the V 1_ axis for fragments with representative Z values from the 

20 MeV/A 40Ar + 12Ct27 AI reactions. The shapes of the experimental distributions 

(histograms) change dramatically with Z-value and are well reproduced by_ simple 

calculations for either an evaporation residue (curve - ER) or a binary decay (curve 

-B) or the sum (curveS) of these two components (see text). 

Fig. 3. Extracted yields of evaporation residues (white) and binary decay products 

(shaded) for the 20 MeV /nucleon 40 Ar + 12Ct27 AI reactions. The excitation 

energies of the compound nuclei 52cr and 67Ga are 200 and 340 MeV, 

respectively. 
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