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Abstract: The compound nucleus emission of fraoments coverino the entire 
mass range has been observed in reactions exploiting both ordinary and re­
verse kinematics. The compound nucleus mechanism has been inferred from full 
momentum transfer, angular independence of the fragment center of mass kinet­
ic energies and excitation functions. The drastic change in the observed 
charge distributions as one crosses A = 100 illustrates the effect of the 
Businaro Gallone point. 

The experimental distinction between the processes of evaporation and 
fission in relatively heavy compound nuclei can be understood i,n terms of a 
specific topological feature in the liquid drop model potential energy sur­
face V(Z) as a function of mass asymmetry Z. This feature is a deep minimum 
at symmetry (fission region) flanked at greater asymmetries by the Businaro­
Gallone mountains which in turn descend at even larger asymmetries ("evapora­
tion" region). The corresponding mass distribution expected for compound nu­
cleus decay is approximately proportional to exp[-V(Z)/Tz], where Tz is 
the temperature of the conditional saddle point, and indeed shows a peak at 
symmetry (fission peak) and two wings at the extreme asymmetries (evaporation 
wings). 

In progressively lighter compound nuclei the potential energy surface 
undergoes a topological change as the fissionability parameter x crosses the 
Businaro-Gallone point.l At this point the second derivative of the poten­
tial energy with respect to the mass asymmetry coordinate evaluated at symme­
try vanishes.l-3 Thus below the Businaro-Gallone point there is no longer 
a true fission saddle point, and the monotonically increasing potential ener­
gy towards symmetry determines the disappearance of fission as a process dis­
tinct from evaporation. In other words the mass distribution should show the 
two evaporation wings extending as far as symmetry where a minimum should be 
observed. 

Within this framework, it has been possible to describe in a continuous· 
way, the transition from light particle emission to fission.~ This theory 
also predicts changes in the shapes of both the kinetic energy spectra and 
angular distributions of the emitted fragments as their ~asses increase from 
a-particles toward fission fragments. These predictions are amenable to 
experimental test; unfortunately, there is a surprising lack of experimental 
data that can be compared with the above unified treatments or with more 
standard formalisms. · 

In this paper we present two experiments, concerned with the compound 
nucleus emission of large fragments. The first experiment is based upon the 
compound nucleus formation in the interaction between 3He and Ag. The sec­
ond experiment uses reverse kinematics with Ge, Nb, La projectiles impinging 
on Be, C targets. 

*Thls work was supported by the Director, Office of Energy Research, Division 
of Nuclear Physics of the Office of High Energy and Nuclear Physics of the 
" .. S. Department of Energy under Contract DE-AC03-76SF00098. 
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The purpose of the first experiment was to obtain experimental evidence 
for the emission of complex nuclei from helium throu9h flourine by compound 
nuclei produced in the reaction 3He + natAg. The specific choice of 3He as 
projectile was dictated by two reasons. First, it is desirable to have a low 
velocity projectile to minimize preequilibrium losses but massive enough to 
bring in sufficient energy. Second, the mass of the projectile should be 
sufficiently smaller than that of the fragments of interest so that the ambi­
guity of projectile fragmentation or multinucleon transfer can be ruled out. 

The presence of an isotropically emitting source associated with complex 
particle emission is visible in the invariant cross-section plots in velocity 
space presented in Fig. 1 for the 70 MeV 3He + natAg data. The peak cross 
section for a heavy complex fragment, such as carbona has a constant value 
and occurs at the same c.m. velocity from 170° to 40 (as indicated by the 
position of the X's relative to the circular arc). At the most forward 
angle, the peak cross section occurs at a slightly increased velocity. Simi­
larly, the higher velocity region (the region near the arc with the larger 
radius) shows no significant change in the backward hemisphere, but does 
stretch out at forward angles. For a light complex fragment such as Li, the 
peak of the cross section occurs at a constant c.m. velocity for a smaller 
backward angle region (170° to 120°). Forward of 120° the peak increases 
both in cross section and in velocity. The slope of the high-energy tail 
does not change significantly for the three most backward angles, but th~ 
intensity of the tail increases as the scattering angle decreases. The Be 
and B fragments show a behavior intermediate between that of Li and C. In 
general, the heavier ejectiles show patterns more consistent with the emis­
sion from a single source. 

Two conclusions can be drawn from these invariant cross-section plots. 
First, for all elements there is an angular region in the backward hemisphere 
where only a single source is observed, which can be characterized by c.m. 
velocity. This angular region increases and extends to more forward angles 
as the ejectile mass increases. Second, there is a component strongly fo­
cused in the forward hemisphere. 

The mean energies of the spectra are Coulomb-like and increase as the 
charge of the fragment increases. The energy spectra of the equilibrium com­
ponent evolve from a Maxwellian shape for a-particles (not shown) or Li ions 
through a more symmetric shape for 8 or C to a symmetric shape for the heavi­
est ejectiles, as predicted in Ref. 3. 

The experimental yields of the equilibrium component for the 90 MeV bom­
barding energy are shown in Fig. 2. To minimize contributions from sources 
other than the compound nucleus, we have plotted the yields only for the most 
backward angle (Gem= 171°). These yields drop precipitously in going from 
Z = 2 to Z = 3, after which they decrease more slowly. The one exception is 
the enhanced Z = 6 yield. · 

The yield from an equilibrium statistical emission process is roughly 
proportional to a factor exp[-Bz/Tz], where Bz is the emission barrier for 
fragment Z and Tz is the temperature at the barrier. More quantitatively, 
the decay width is given by 

rz « Tz[E/(E - Bz]2 exp[2~a(E - Bz) - 2~aE] 

; exp[-Bz/Tz]. 

1) 

2) 

The theoretical yields were calculated using the followinq expression for the 
barrier was used 

+ u - lJ prox CN ' 3) 

where U1 is the experimental mass of the light fragment, U2, UcN are the drop­
let model masses of the residual and compound nucleus, respectively, and Uprox 
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Fig. 1. Invariant cross-section plots (• ~. ~~"av) for representative 

ejectiles (Li, 9se, B, and C). The diameter of the dots is 
proportional to the logarithm of the cross section and the X's 
indicate the peak of velocity distribution. The two large arcs are 
sections of circles centered on the ·c.m. velocity (center arrow) 
appropriate for complete fusion. The beam direction (0°) is 
indicated by the c.m. velocity vector. 

~ 



~ :_ ..; ' ',_'. ' 
.. ,.' 

' .. :., 

-..... C/) -.0 
::t. -E 

c.) 

8 
"0 
b 
"0 -

4 

90 MeV 3He + natAg 
105 r---~----~----~----~----r----, 

• data (0 = 171 °) c.m. 
calculations 

-102 MeV 

--- 82 MeV 

102 

101 

1. 

10-2 ~----~----._----~----._----~--~ 
2 4 6 8 10 

z 
XBL 836-392 

Fig. 2. Experimental {circles) and theoretical yields versus ejectile atomic 
number (Z). 

is the proximity potential. The center-to-center distanced in the inter­
fragment Coulomb term was taken to bed= 1.225(A1/3 + Al/3) + 2 fm. The addi­
tion of 2 fm to the sum of the radii was done to obtain approximate agreement 
wit~ the·· energy spe~tra. The temperature (T z ~ wa~ eva 1 uated using the re­
latlon E* - Bz = aT • A compound nucleus exc1tat1on energy (E*) of 102 MeV 
{the value for full momentum transfer) and a level density parameter a = A/8 
were assumed. The calculated yields (Eq. 1) for each isotope were multiplied 
by 2! + 1 (where I is the ground state spin of the light fragment) and then 
summed. The theoretical ejectile yields were calculated as a ratio rztr6 
and have been normalized to the data at Z = 6 in Fig. 2. 

The agreement between the data (circles) and this simple equilibrium 
statistical calculation {solid line) is remarkably good for Z = 3-9. The 
calculation underpredicts the a-particle yield because it only takes into ac­
count first chance emission, whereas substantial amounts of higher chance 
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a-emission occur. Precompound emission is expected to leave the compound 
nucleus with a broad excitation energy distribution with a most probable 
value of -85 MeV. A calculation (not shown) with this lower excitation ener­
gy also reproduces the relative yields of the heavy fragments quite well but 
overpredicts the yield of first chan<:e a-emission. More detailed comparisons 
between the data and theory require calculations that include precompound 
emission; however, the substantial agreement deptcted in Fig. 2 does indicate 
that an equilibrated process is responsible for the emission of these complex 
fragments. · 

The angular distributions in the center of mass undergo a change from 
flat to backward peaked as the ejectile mass incteases in the angular region 
from -100° to 180°. Such an increase in anisotropy with increasing particle 
mass is wel~ understood from angular momentum considerations and discussed in 
some detail in Ref. 3. These angular distributions, which for the heaviest 
elements have a minimum at -90°, are consistent with an equilibt·ium process 
for the complex fragments observed in the backward hemisphere. 

Measurements of the excitation functions for a series of fragments shown 
in Fig. 3 on one hand provide an additional proof of their compound nucleus 
origin, with their sharply rising cross sections; on the other they allow us 
to determine the height of the various conditional saddle points of the ridge 
line just like the fission excitation function allowed us to measure the fis­
sion barriers. 

In the second experiment where targets of Be, C were bombarded with Ge, 
Nb, La projectiles we colJ'ld achieve additional relevant goals. 

First, it was possible to prove accurately that the fragments were emit­
ted with constant center of mass energy from an intermediate 1~ith full momen­
tum transfer. S~cond, it was possible to obtain the full charge distribution 
extending from the extreme asymmetries (p, a emission) as far as the symmet­
ric splitting. This latter achievement is of particular importance because 
it is the first time that the mass asymmetry coordinate has been explored 
completely and that the topological changes in the potential energy vs mass 
asymmetry that are expected to occur in the region of the Businaro-Gallone 
point have been verified. 

In this experiment we were helped by the kinematical boost of the frag­
ment velocities and by the lack of interference from target contamination 

.that tended to mar the previous experiment. 
The measured atomic number (Z), laboratory energy and angle allow one to 

verify that the recorded events both origina~e from a system with full momen­
tum transfer and have a c.m. energy independent of angle. This is shown for 
two representative elements in Fig. 4. 

The mean laboratory energies for each Z-value were converted to veloci­
ties wjth two different assumptions for the relationship between the atomtc 
number and the mass of the detected fragments. The first method assumes that 
the Z partition for each mass split is that given by charge equilibration. 
The second method assum~s that the light fragment mass and charge follow the 
valley of a-stability. These velocities are then decomposed into two 
components. One component, along the beam direction, is assigned an ar­
bitrary value; the other component is that required to reconstitute the ori­
g1nal velocity. (For convenience this second component is shown as the c.m. 
energy in Fig. 4.) In this way, for each l-aboratory angle one can draw a 
curve representing the dependence of the c.m. energy upon the c.m. velocity. 
This procedure is followed throughout the kinematically allowed angular range. 
The intersection of these lines determines, in a model independent way, both 
the momentum transfer and the energy .in the center of mass. The error bars 
shown on the lines in Fig. 4 ·reflect the uncertainty in the mean laboratory 
energies. The mass uncertainty was investigated by using the two charge-mass 
relationships mentioned above. 

The results from this type of analysis for the 93Nb + 12c system are 
shown in Fig. 5. The upper part of this figure demonstrates that, with 
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either mass assumption, all of the measured products can be associated with 
the decay of a system with fu11 momentum transfer. For the other systems 
$tudied, the extracted source velocities are also independent of Z within a 
few percent of the velocity expected for full momentum transfer. The deduced 
c.m. energies are shown in the lower portion of Fig. 5. These energies are 
reproduced by a Coulomb calculation for two spheres with a surface separation 

Fig. 3. 
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of 2 fm. This same separation also reproduces the c.m. energies from the 
74Ge induced reations; however a larger separation is required for the 139La 

. Fig .• 4 
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Method for deducing the source velocity (Vs) and the c.m • 
energies (Ec.m.). The line for each angle gives the locus of 
solutions for both Ec.m. and Vs. The intersection of the 
various lines fixes these quantities. The velocity corresponding 
to complete linear momentum transfer is indicated. The error bars 
reflect the uncertainty in the mean laboratory velocity due to the 
inherent width of the spectra. Thi~ figure is drawn assuming that 
the masses follow the line of a~stability. 

data. Both the full momentum transfer and the invariance with angle of the 
c.m. energies are consistent with compound nucleus decay. 

The ex~erimental cross sections for 530-MeV 74Ge, 782 MeV 93Nb and 
1157 MeV 139La + 9se systems are shown in Fig~ 6. The cross sections are 
plotted as a function of charge asymmetry (Zasy = ZdetectediZtotal). The 
yield from the 74Ge + 9se system, with a fissility parameter of x = 0~~1, de­
§reases steadily as one moves to~ards symmetry. The yields from the N~ + 

Be system (x = 0.40) are essent1ally constant from Zasy = 0.2 to 0.4 wh1le 
the yields from the l39la + 9se system (x = 0.50) show the characteristic 
fission peak at symmetry. These three systems clearly exhibit the qualita-
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The deduced c.m. energies (filled circles) and source velocities 
(open symbols) for the 93Nb + 12c system. Source velocities 
were determined assuming that the product mass followed the line of 
a-stability (open circles) or the charge equilibration line (open 
squares). A.Coulomb calculation for two spheres with a surface 
separation of 2 fm is shown both for the c.m. ener9y of the light 
fragment (solid line) and the total kinetic energy (dashed line). 
The value of the source velocity expected for full momentum 
transfer is indicated by the horizontal line. The error bars 
indicate the uncertainty of the intersection point shown in Fig. 4. 

tive trends expected from the topological ~h~nges in the potential energy 
surface predicted by the liquid drop model , • 

A quantitative comparison between these data and a compound nucleus cal­
culation based upon the liquid drop model is also shown in Fig. 6. The abso­
lute yields were calculated from the expression 

~ 

( 

..:; 



\j! 

.J 

Fig. 6 a. 

.•, ...... 

9 

.------. .o, ..... 
E en 10-3 
'-------' 

c: 
~ 
"0 

XBL 845-9370A 

Center-of-mass cross sections for products from the 74Ge, 93Nb 
and 139La + 9se systems detected at GLab = 7.5°. The solid 
line is a liquid drop model calculation of the fragment yield at 
Gc.m. = 30°. See text. 

where tm is the minimum of either tma~ {the grazing angular momentum) or 
tcrit (the critical angular momentum for fusionS). 

The angular distribution expressions given in Ref. 3 were employed to 
calculate the differential cross section {dcr/dn). The c.m. angles of the 
data in Fig. 6 vary as a function of Z. However, the average c.m. angle is 
approximately 30°, so this angle was chosen for co~parison. The agreement in 
absolute magnitude and in trend between this calc~lation and the data con­
firms th~ compound nuclear origin of these fragments. 
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In summary, we have shown that fragments with atomic numbers covering 
the entire range of the mass asymmetry coordinate are produced from the decay 
of an excited compound nucleus. The observed Z distributions indicate that 
the topological transit~on expected at the Businaro-Gallone point does indeed 
take place in the region of A - 100. The exact position of the Businaro­
Gallone point and its angular momentum dependence can in principle be estab­
lished by a systematic study of the Z or A distrib.utions as the fissility 
parameter x and the rotational parameter y are varied. 

This work was supported by the Director, Office of Energy Research, 
Division of ~~clear Physics of the Office of High Ener~y and Nuclear Physics 
of the U.S. Department of Energy under Contract. DE-AC03-76SF00098. 
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