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MASS ASYMMETRIC FISSION BARRIERS 
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Jing3, M. Justice, J. C. Meng3, G. F. Peaslee2, G. J. Wozniak, and L. G. 
Moretto 

Nuclear Science Division, Lawrence Berkeley Laboratory, 1 Cyclotron Rd, 
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Abstract 
Fragments with atomic numbers covering nearly the entire range of the mass
asymmetry coordinate (4<Z<27) were observed from the 5.0, 6.2, 6.9, 8.0, 10.2 
and 12.7 MeV/A 63Cu + 12C reactions. Energy spectra and angular distributions 
show the presence of projectile-like and target-like components along with an 
isotropic component. The isotropic component appears as a Coulomb ring in the 
invariant cross-section plots indicating the presence of a binary compound decay 
which is confirmed by the coincidence data. Excitation functions were constructed 
for each Z value and a nearly complete set of mass-asymmetric barriers has been 
extracted for 75Br. There is excellent agreement between the experimentally 
determined barriers and the finite-range model predictions. 

i Present address: Institute de Physique Nucleaire, Orsay, France 
2 Present address: NSCL, MSU, East Lansing, MI 48844 
3 Present address: Institute of Atomic Energy, Beijing, China 
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l.INTRODUCTION 

Light particle evaporation and fission are the main modes of decay of a compound 

nucleus. They can be considered as the two limiting forms of a common process, whose 

underlying connection is provided by the mass-asymmetry coordinate. Light particle 

evaporation occurs at extreme mass asymmetries, while fission occurs at symmetry. Decay 

at intermediate mass asymmetries leads to the emission of complex fragments I. 

The probability of emission of a complex fragment depends on the banier associated 

with that particular mass asymmetry. This barrier is associated with a "conditional saddle" 

with the constraint of a fixed mass asymmetry. As shown in Figure 1, the locus of all such 

conditional saddles defines a ridge line in the potential-energy surface of the nucleus I. A 

compound nucleus, confronted with this potential-energy ridge, can choose any asymmetry 

through which to decay. A continuum of trajectories can be envisaged, originating in the 

compound nucleus region, that reach up to the ridge and then descend towards the product 

region. The statistically favored trajectories are those passing through the lowest points of 

the ridge line. Since the nuclear shapes at the saddle are very indented, except for the 

heaviest nuclei, once a conditional saddle is negotiated the asymmetry should remain 

practically constant until scission. Thus, the probability of overcoming the ridge at the 

various asymmetries can be translated into mass distributions. The relationship between the 

yield Y and the conditional barrier B(z) for a given complex fragment is given 

approximately by Y cc exp[-B(z)ffz] where Tz is the saddle temperature!. Thus, the 

dependence of the conditional barriers on the asymmetry of the binary division determines 

the charge or mass distribution of the emitted fragments. 

The shape of the ridge line depends on whether the fissility parameter x lies above or 

below the Businaro-Gallone point2. This point corresponds to the fissility parameter value 

at which the symmetric saddle point gains/loses stability against the mass-asymmetry 

coordinate. In the liquid drop model such a transition occurs at XBG = 0.396 for zero 

angular momentum. The approximate dependence of the potential energy and the yield upon 

mass asymmetry is shown in Figure 2. For heavy nuclei, well above the Businaro-Gallone 

point, the ridge line presents a deep minimum at symmetry giving rise to the well known 

fission peak in the mass distribution. The ridge line also reaches a minimum at the largest 

asymmetries, producing the other well known decay mode, light particle evaporation. For 

light nuclei, below the Businaro-Gallone point, there is no longer a traditional fission saddle 
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point and the monotonically increasing ridge line towards symmetry implies the 

disappearance of fission as a process distinct from evaporation. Thus the fission peak 

vanishes and the mass distributions are "U" shaped with a minimum corresponding to 

symmetric division. 

The precise form of the ridge line, or the dependence of conditional fission barriers 

upon mass asymmetry (Figure 2) requires the measurement of the entire mass distribution 

at various bombarding energies. In light systems these measurements are difficult because 

of the expected low yield for symmetric decay of the compound nucleus at the low 

excitation energies. Furthermore, one always needs to verify that the reaction occurs 

through the compound nucleus mechanism. 

Experimental determinations3,4,5 of symmetric fission barriers have played an 

essential role in the establishment of key features of nuclear models. For example, the 

ambiguity between the surface and Coulomb energy in the liquid-drop model has been 

resolved by fitting simultaneously both the ground-state and saddle-point masses in heavy 

nuclei6. Furthermore, shell effects for both the ground-state and saddle-point 

configurations have been verified by measurement of the fission barriers of nuclei in the 

vicinity of closed shells and in the actinide region, respectively?. 

In a large number of studies8-13 experimental fission excitation functions were 

compared to statistical model calculations using the Rotating Liquid Drop Model 

(RLDM14) fission barriers. These studies concluded that the RLDM barriers needed to be 

reduced in order to fit the experimental data. Such a reduction in fission barriers agrees 

with the predictions of the Rotating Finite Range Model (RFRM15-17) which incorporates 

fmite-range and surface-diffuseness refmements. 

The RFRM barriers are lower than the RLDM barriers because the effect of the finite 

range of the attractive nuclear forces acting between the surfaces of the indented shape at 

the saddle point tends to lower the saddle point energies with respect to the liquid drop 

model, which assumes nuclei of sharp surfaces. The difference in the predicted barriers 

from the two models tends to decrease as one moves to higher values of the fissility 

parameter x and angular momentum as shown in Figures 3 & 4, respectively. This occurs 

because the indentation of the saddle shape decreases with increasing fissility parameter x 

and angular momentum, thus weakening the contributions of the attractive nuclear forces. 

Calculations using the RFRM barriers have had good success in reproducing fission 

excitation functions obtained in heavy ion reactions (A> 100)18,19. The RFRM17 has also 
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been successful in reproducing zero-angular momentum conditional barriers associated 

with the emission of complex fragments in 3He induced reactions20. In order to extend the 

validity of the RFRM, a study of light nuclei (A<lOO) is desirable, since in this mass 

region the RFRM conditional baniers are 10 MeV or more lower than the corresponding 

RLDM baniers. This difference can be clearly seen in Figures 3 & 4 where the predicted 

fission barriers for J = 0 as a function of Zl!A and for A= 75 as a function of angular 

momentum J of the compound nucleus are shown. The upper curve is calculated with the 

RLDM and the lower with the RFRM. The barriers and the finite range corrections are 

very large in the vicinity of A= 50-100 and decrease as the mass or the angular momentum 

of the compound nucleus increases (see Figures 3 & 4). 

The major objective of the present work is to provide, for the first time, a complete set 

of experimental asymmetric fission baniers for a single nucleus, against which macroscopic 

models can be tested. In this paper we present a nearly complete experimental ridge line of 

conditional barriers at zero angular momentum for 75Br, obtained by studying complex 

fragment emission from the reaction 63cu + 12C at six different bombarding energies (E = 

5.0, 6.2, 6.9, 8.0, 10.2, 12.7 MeV/ A). Early results of this study have been reported in 

Ref. 21. 

The organization of the paper is as follows: The experimental details are given in 

Section 2. In Section 3, the results of the experiment are presented and the separation of 

complex fragments of compound nucleus (CN) origin from the deep-inelastic component is 

discussed. The experimental charge distributions compared to statistical model calculations 

and the extracted baniers are presented in Section 4. Finally the conclusions of this work 

are presented in Section 5. 

2. EXPERIMENTAL METHOD 

The experiment was performed at the 88-Inch Cyclotron of the Lawrence Berkeley 

Laboratory. Copper vapor was produced in a high temperature oven and introduced into 

an electron-cyclotron resonance source, where the Cu atoms were ionized. The ionized 

atoms were then injected into the cyclotron and accelerated to the desired energy. Rapid 

beam energy changes were accomplished by accelerating different charge states at the same 

mainfield setting. By keeping the mainfield constant, the settings for the transport line to the 

4 

• 



.... 

experiment could be left unchanged. In addition, scaling the injection voltage with the 

charge state leaves the injection line settings constant22 as well. 

The 63Cu beam impinged on a 12C target of 0.5 mg/cm2 thickness. The thin target 

ensured that the energy loss of the fragments within the target was small. Fragments were 

detected in two position-sensitive Lffi-E quad telescopes placed on either side of the beam . 

Each quad unit consisted of four separate gas-silicon telescopes. The active area of each 

telescope subtended 5 degrees both in-and out-of-plane. The gas ionization detectors 

served as L1E detectors and were operated with isobutane gas at a pressure of 30 torr. The 

E detectors in each telescope unit were 5 mm thick silicon detectors with a resistive layer on 

the front to determine the position of a detected fragment The telescopes were position 

sensitive in two dimensions. The in-plane position signal was obtained from the voltage 

division across a Pd resistive layer (5 KQ) evaporated on the front surface of the Si 

detector. The out-of-plane position was determined from the drift time of the electrons in 

the gas ionization chamber. Using these telescopes, the energy, the atomic number, the in

plane and out-of-plane angles could be determined for each fragment that traversed the .1£ 

and stopped in the E detector. 

These quad-telescope detectors covered an angular range of 24.80 in-plane, with a 

separation between the active edges of adjacent telescopes of 1.60. Measurements were 

initially performed with the detectors positioned to cover the angular range from 40 to 

28.80. The detectors were then moved by 30, to allow fragments to be detected at angles 

which were initially located in the dead areas between adjacent telescopes. In this way, 

complete and continuous angular distributions were obtained for constructing invariant 

cross section diagrams with a relatively small amount of beam time. 

The atomic number of the detected particles was determined from the measured .1£ 

and E values. An example of a .1£-E map illustrating the range of fragments observed and 

the Z resolution achieved is shown in Figure 5. 

The energy calibration of the Si detectors was obtained using several elastically 

scattered projectiles from a 1 mg/cm2 Au target. Calibration points were obtained with 

beams of 18Q, 20Ne, 37Cl, 40Ar and 63Cu with energies ranging from 5.0 to 12.7 MeV/A. 

The gas ionization chambers were also calibrated at the same time. Measurements of the 

residual energy of the elastically scattered beam particles with and without gas in the 

ionization chamber, allowed the energy loss within the gas section to be deduced. These 

energy losses were used as calibration points. Corrections were made for energy losses in 
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the mylar window of the ionization chamber and in the Au absorber foils used for 

suppressing electrons and X-rays. The energy calibrations were accurate to ± 1%. 

Corrections were made for the pulse-height defect using the systematics of Moulton23. 

The position calibration was determined with a mask, consisting of a matrix of 2.5 

mm diameter holes separated by 5 mm, that could be lowered into position remotely. The 

typical position resolution obtained was± 0.20. To obtain absolute cross sections, the beam 

charge was collected in a Faraday cup and integrated with an appropriate charge-integration 

module. This Faraday cup integration setup was calibrated from the measurements of 

Rutherford scattering on a 197 Au target with thickness of 1 mg/cm2. Inclusive and 

coincidence events were recorded on magnetic tape and analyzed off-line. 

3. RESULTS 

3.1 Velocity diagrams. 

The reaction was studied in reverse kinematics, namely the heavier 63Cu nucleus was 

the projectile and the 12C the target. The advantages of this technique can be seen by 

examining the kinematics diagram in Figure 6. In this figure the velocity of the source of 

the complex fragments is represented by the vector Vs. In the present reaction Vs 

represents the velocity of the compound nucleus, while Ve represents the velocity of the 

complex fragment emitted in the center of mass from the binary decay of the compound 

nucleus. Ve has a rather well defined value determined mostly by the Coulomb repulsion 

between the two decay products. The locus of the emission velocities for a particular 

complex fragment is represented by the circle. Va and Vb are the velocities of the 

fragments observed at a laboratory angle e. The high velocity solution (V ;J corresponds to 

the forward emission in the center of mass and the low velocity solution CVb) corresponds 

to the backward emission in the center of mass. In Figure 5 one clearly sees the upper and 

lower kinematic ridges associated with the binary decay of a fast-moving compound 

nucleus. The upper and the lower ridges correspond to fragments emitted forward and 

backwards in the c.m. system, respectively. 

Isotropic emission of complex fragments in the reaction plane is characteristic of the 

decay of a compound nucleus. To determine the existence of an isotropically emitting 

source and its velocity, the laboratory energy spectra were transformed into cross-section 

plots in velocity space. The velocity V of each fragment was calculated from its mass and 
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kinetic energy. When the excitation energy per nucleon E/A of the fragments was greater 

than 1 MeV their mass A was determined from the empirical formula24 A = 2.08Z + 
0.0029Z2 where Z is the measured atomic number of the fragment. For fragments whose 

excitation energy per nucleon was less than 1 MeV, their mass A was determined from the 

relation A = (AcN!ZcN)Z where AcN and ZeN are the mass and atomic number of the 

compound nucleus. Both formulas predict the same values of mass within 0.3 mass-units 

over the range 4 < Z < 26 . In Figures 7 & 8 we present the cross section a2crJavuav ..l 

plotted in the Vu-V ..l plane for representative complex fragments. For Z > 8 these plots 

show an isotropic ring of high cross-section (isotropic Coulomb ring). The width of the 

ring is broadened by sequential evaporation of light particles and fluctuations of the 

Coulomb energy near the scission point arising from thermal fluctuations in various 

collective degrees of freedom1.25,26. The observed Coulomb rings correspond to the 

emission of fragments with Coulomb-like velocities from a single source with a well 

defined laboratory velocity. These rings have been previously observed24-27 and are 

indications of fully relaxed binary decays associated with either deep inelastic processes or 

compound nucleus emission. The center of each ring defmes the laboratory velocity of the 

source system (compound nucleus or composite system) and the radius corresponds to the 

emission velocity with which the complex fragments are emitted in the source frame. For 

the lighter fragments (Z = 6 & 8 see Figure 7), the isotropic component is still visible at the 

forward angles. However, at backward angles, the isotropic component is masked by the 

stronger target-like deep inelastic component, which is backward peaked in reverse 

kinematics. 

3.2 Source velocities 

The source and emission velocities for each atomic number. were obtained from its 

Coulomb ring by determining its center and average radius. The velocity corresponding to 

the center of each ring is the experimental source velocity (V 5). For the four highest 

energies the source velocity vs. fragment atomic number are shown in the upper portions of 

each quadrant of Figure 9. The experimental source velocities show very little dependence 

on the fragment Z-value confirming that all fragments are emitted by the same source. 

These source velocities agree closely with the velocities expected for complete fusion V cf, 

which are indicated in Figure 9 by the solid lines. 

The statistical error in V s is smaller than the size of the symbols used in Figure 9. 

The large single error bar shown for each bombarding energy in Figure 9 gives an estimate 
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of the systematic error arising from the energy calibration of the detectors and the mass 

parameterization. The fact that the data points tend to lie slightly below the V cf, which is 

unphysical, is due to these systematic errors. 

3.3 Emission velocities. 

The average radii of the Coulomb circles or emission velocities (V e) of the fragments 

are shown in the lower portions of each quadrant of Figure. 9 (represented by the 

diamonds). The Coulomb nature of these velocities can be inferred both from their 

magnitude and from their nearly linear dependence upon atomic number. A calculation 

(solid line) of the Coulomb velocities based upon the Viola28 systematics generalized to 

asymmetric divisions is also shown in Figure 9. Details of this calculation are given in the 

following section. The dashed lines are the first moments of the emission velocity 

distributions calculated with the statistical code GEMJNJ.25,26, which includes evaporation 

and angular momentum effects. The agreement betWeen the data and the calculations is 

quite good and confirms that the emission velocities are Coulomb like and consistent with 

statistical emission. 

Each emission velocity V e is associated with a distribution that arises from the width 

of the Coulomb ring. The variances of these distributions for each fragment are plotted at 

the bottom of Figure 9 (open squares). The variances calculated with the statistical code 

GEMINI are also shown (stars) and reproduce quite well the experimental values. 

3.4 Kinetic Energy Spectra. 

The kinetic energy of the emitted fragment in the center of mass was calculated by 

the formula Bern= 1/2 A (V)2 where A is the mass of the fragment (discussed in section 

3.1) and Vis the velocity of the fragment in the source frame. In particular V has a 

distribution whose peak value is V e· The widths of the energy spectra arise from the 

widths of the rings that are associated with each Ve. Figure 10 shows the kinetic energy 

spectra for a typical light fragment (Z=5) at different angles in the center of mass. For light 

fragments such as Z = 5, there are contributions from both the isotropic and deep inelastic 

components. At the most forward angles, the spectra show only the isotropic component. 

At more backward angles there are additional contributions from the deep-inelastic 

component. This can be clearly seen in Figure 10 where the maximum and the width of the 

energy spectra increase in value with increasing angle because of the additional deep

inelastic component 
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Kinetic energy spectra could be constructed for most Z-values by integrating over the 

center of mass angular range covered by our detectors (200 to 1600). In order to avoid 

contamination from the deep inelastic component, the spectra of the lighter fragments (Z < 

10) were integrated between the angles of 400 and 800. Energy spectra for representative 

Z-values are shown in Figure 11 for the 8.0 MeV/A 63cu + 12c reaction . 

The first (Xs) and second (crosses) moments of the energy spectra in the center of 

mass were extracted for each Z-value and are plotted in Figure 12. The Coulomb-like 

behavior of the first moments of these distributions can be inferred through a simple 

comparison. A calculation of the Coulomb energy based on an initial scission 

configuration of two spheres is shown by the solid curve. Since the Viola systematics28 

has been compiled for symmetric fission, we have generalized it for asymmetric decay by 

solving for the radius parameter ro in Eviola = 1.44 * Z 1 *Z2f ro (A 1/3 +A 113) with Zt = Z2, 

A 1 = A2. The extracted ro was then used to calculate the kinetic energy released for 

asymmetric decay where Z1 :t; Z2 and At :t; A2. Although there is a significant deviation 

from the calculations for the lighter fragments, the overall agreement indicates that the 

kinetic energy is Coulomb like. The kinetic energies predicted by the statistical code 

GEMINI, represented by the diamonds, are also shown in the figure. 

The second moments (crosses) of the experimental kinetic energy distributions, also 

shown in Figure 12 increase with decreasing fragment charge. An overall increase in the 

widths is observed as a function of the bombarding energy. The widths of the energy 

distributions arise from various causes. The.y are partly due to fluctuations in the Coulomb 

energy near the scission point arising from them1al shape fluctuations1,25,26. At the higher 

bombarding energies, the evaporation of light particles from the CN before and after 

scission also contributes to the width. The squares at the bottom of Figure 12 are the 

widths of the kinetic energies as calculated by GEM!NI which reproduces both the 

magnitude and trend of the experimental widths. 

3.5 Angular distributions. 

As has been pointed out in previous work27,29-32, and in the previous section, along 

with the isotropic component, deep-inelastic (target-like and projectile-like) components 

also appear in these reactions. The experimental angular distributions dcr/d8cm in the frame 

of the source system allow one to distinguish and measure the contribution of the various 

components (see Figures 13 & 14). 
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For intermediate Z-values the isotropic component dominates and the distributions are 

· flat over the measured angular range, indicating that these fragments are emitted 

· isotropically in the reaction plane. For fragments with Z<lO, the distributions are peaked at 

. backward angles due to the presence of an additional target-like component The projectile

like component is associated with the slight forward peaking of the distributions for Z>23. 

Fragments larger than the projectile were not observed in the angular range studied due to 

their strong kinematic focusing to very small angles. Such fragments were lost along the 

beam direction, since our detectors were limited to angles greater than the critical angle, 

8crit· 

3.6 Cross-sections. 

At all bombarding energies an isotropic component can be seen for most fragment Z

values. Angle-integrated cross sections for the isotropic components were determined from 

the average value dcr/d8 of the flat regions in the angular distributions. When no flat region 

was obseved in the angular distributions, a constant equal to the minimum value of dcr!d8 

was taken as an upper limit for the isotropic cross-section. The non-isotropic components, 

which we identified with quasi- and deep-inelastic reactions, are concentrated in the general 

neighborhood of the target and projectile. For all six energies the measured charge 

distributions of the isotropic component are shown in Figure 15 while the corresponding 

excitation functions are shown in Figure 16. 

The measured charge distribution of the isotropic component shows the characteristic 

U-shape associated with the decay of a compound system below the Businaro-Gallone 

point. The change of the absolute cross-section as well as the evolution in shape of the 

charge distribution as a function of bombarding energy are shown in Figure 15. 

The observed flattening of the charge distributions with increasing energy can be 

explained by the increase in the temperature of the system which tends to make all of the 

decay channels more equally probable as predicted by the equation rz oc exp( -Bz(f). 

The complex fragment cross sections calculated with the statistical model code 

GEMINI are also shown in Figure 15. This code calculates the decay of a compound 

nucleus. All possible binary decays from light particle emission to symmetric division are 

considered. Mter each binary division, further decay of the resulting excited fragments is 

followed until all of the available excitation energy is exhausted The barriers used in these 

calculations were obtained from the RFRM using a two spheroid parameterization for the 

shape of the conditional saddle-point configurations15.33. This parameterization generates 
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conditional barriers which are within 2 MeV of the saddle point energies calculated with 

more realistic shape parameterizations15 for A=110. To correct for this difference, the two

spheroid saddle point energies are scaled by a constant factor for all mass asymmetries and 

angular momentum. The scaling factor is chosen so that for symmetric division, the scaled 

saddle-point energy was equal to the value calculated with the more realistic shape 

parameterization by Sierkl5,33. The cross-section is integrated over 1 waves up to a 

maximum 1 value that provides the best fit to the experimental charge distributions. In all 

cases the quality of the fit is very good and the fitted values of 1 max are close to those 

predicted by the Bass model34,35 (See Table 1). 

3. 7 Coincidence Data 

Events in which coincident fragments were detected on opposite sides of the beam 

axis were analyzed. Practically no coincidences between telescopes on the same side of the 

beam axis were observed. This is consistent with the predominantly binary nature of the 

complex fragment events and conservation of momentum. Plots of the total detected charge 

Z1 + Z2 are shown in Figure 17. Essentially all of the total charge ZeN of the CN is 

detected in the two fragments, which confmns the binary nature of the reactions. The small 

difference between ZeN and the detected charge Z 1 + Z2 determines tb.~ amount of charge 

particle evaporation from the hot primary fragments. The total charge for 75Br is 35; the 

average total charge loss at the highest energies is about 2 units smaller and decreases to 

less than half a unit at the lower energies. 

4. CONDITIONAL BARRIERS 

The excellent agreement between model calculations and experimental data (Figure 

15) suggests that the conditional barriers used in the statistical code GEMINI are quite 

close to the actual values. In order to obtain the best values of these barriers as well as their 

sensitivity to a variety of parameters, the experimental excitation functions have been fitted 

with functions obtained from a transition-state method following the Bohr-Wheeler 

formalisml,36,37,38 and from the Weisskopf39 theory (light particle emission). In the 

transition state theory, the reaction coordinate is determined at a suitable point in coordinate 

space, (typically at the saddle point) and the decay rate is identified with the phase space 

flux across a hyper plane in phase space passing through the saddle point and perpendicular 
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to the fission direction. The decay width for first chance emission of a fragment of charge 

Z is expressed as: 

E-Bz 

1 f z 
rz = 27tp(E-Rsph) p(E- Beff 

0 

-E)dE (1) 

where p(E-Rsph) is the compound nucleus level density, p(E- B~ff-E) is the level density 

at the conditional saddle with kinetic energy E in the decay mode and B~ff is the effective 

fission barrier defined as B~ff = Bz + Rsad. with Bz being the conditional barrier for zero 

angular momentum. Rsph and Rsad are the rotational energies of the spherical nucleus and 

rotating saddle point, respectively. The neutron and proton widths can be written as: 

-E)de (2) 

and 
E-Bp 

2mR2g• J fc.. p 
rp = fi227tp(E-Rsph) E[l- £JP(E- Beff -E)dE (3) 

0 

respectively, where p(E-Rsph) is the level density of the excited compound nucleus, p(E -

B~ff- E) and p(E- B~ff- E) are the level densities of the residual nucleus after neutron or 

proton emission, respectively. E is the energy of the emitted particle (neutron or proton), m 

its mass, g' its spin degeneracy, R the radius of the nucleus from which its being emitted, 

and Ec is the Coulomb barrier for proton emission. B~ff and B~ff are the effective neutron 

and proton barriers defined as B~ff = Bn + Rsph and B~ff = Bp + Rsph. where Bn is the 

neutron binding energy and Bp is the proton binding energy. 

As shown in equation 1, the angular momentum dependence of rz has been obtained 

by the addition of the rotational energy Rsad = fi2g, (~ + 1)/21 to the conditional barrier for 

zero angular momentum Bz, where I is the moment of inertia about an axis perpendicular to 
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the nuclear symmetry axis of the nucleus at the conditional saddle point Such treatment of 

the angular momentum is adequate since the calculated moment of inertia of the saddle point 

is virtually constant15 over the range of angular momentum considered here. 

The formalism presented above requires the use of specific level density expressions 

in the widths r "' r p and r Z· It is mainly in these quantities that all the physical information 

concerning the nucleus at the saddle point and the residual nucleus after light particle 

emission is contained. For the level density we have used the expression p(E) oc 

exp[2(aE)ll2] where E is the excitation energy of the system and a is the level density 

parameter, which is related to the single particle level density g by the expression a = n2J6 

g. The level density parameter a has been given the value a ,; A/9. 
The maximum angular momenta 1 max used in the calculations were not treated as free 

parameters for each individual fit (for each Z). Instead they were chosen to minimize the x2 

of all the fits simultaneously. The angular momentum distribution following fusion cr, was 

parametrized using a Fermi distribution18,19.40: 
nA-2(21 + 1) 

cr, = 
1-1max 

l+exp[ & ] 
(4) 

where ot determines the diffuseness of the distribution <!.!ld t max is the maximum angular 

momentum. The value of ot was chosen to be 4. This value is close to those needed to fit 

experimental fission excitation functions at low bombarding energiesl3,18. The expression 

used in evaluating the cross section for a given fragment was given by : O"z = L cr, Pz(t) 

where P z(t) is the probability of emitting a complex fragment. In the expression used for 

Pz(t ), we have included second and third chance emission. The total decay width was 

taken tO be equal to r T = r n + r p + r z where r 0 , r P• r z are the decay widths for neutron, 

proton and complex fragment emission, respectively. The decay width for alpha emission 

was not included in the total decay width. This is reasonable, since in this mass region r n 

+ rp >> Lz>l rz, as predicted by GEMINI. 

The excitation functions were analyzed by a means of a two parameter fit. One of 

these parameters was the conditional fission barrier and the other the ratio of the level 

density parameters at the saddle point and for the residual nucleus after neutron decay 

(aJan). The fits are shown in Figure 16 by the solid lines. Excellent agreement is obtained 

for all Z values. The quality of the fits is also shown in Figure 18 where charge 

distributions obtained from the experiment (diamonds) are compared with those obtained 

from the fits (solid lines). The agreement between the data points and the calculations for 
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all six energies is quite good. The Lmax values extracted from the the fits (Figure 16) are 

nearly identical with the values used (Figure 15) in GEMINI and about 2n lower than the 

Bass model predictions, as can be seen from Table L 

The extracted barriers are represented by the solid points in Figure 19. They increase 

as a function of mass asymmetry, peak at symmetry and then fall off. This is the trend 

expected for a system with A= 75 whose fissility parameter x = 0.28 lies well below the 

Businaro-Gallone point The experimentally determined barriers are remarkably well 

reproduced by the RFRM41 calculations (solid curve). On the other hand, the RLDM 

(dashed curve) overestimates the barriers by almost 15 MeV. This large disagreement 

justifies the inclusion of finite range and surface diffuseness refinements in the RFRM. 

The values of a .Jan extracted from the fits span the range of values from 0.90 to 0.98 

and most values are centered around 0.91. The ratio a.zfan decreases asa function ofmass 

asymmetry with a minimum around symmetric splitting and then increases again. This 

behavior is not understood. 

The extracted zero-angular momentum barriers (Figure 19, lower) and ratio of level 

density parameters (Figure 19, upper) are subject to several uncertainties. Thus the 

sensitivity of the fit was examined with respect to changes in the fitting parameters and 

possible uncertainties in the data. A variation of the level density parameter within 

reasonable limits (between N8 and NIO) introduces an uncertainty in the extracted barriers 

and values of a .Jan of at most± 2% for all values of Z without changing significantly the x2 

of each fit In addition, a change of the diffuseness parameter 82. between 2 and 6 shifts 

the barriers by ± 1%. Similarly, a systematic variation of the measured cross sections 

(increased or decreased by 50% from the values shown in Figure 16, in order to allow for 

possible unexpected systematic errors) introduces an uncertainty of at most± 2% in the 

extracted barriers and values of a.Jan. Thus, we assign a possible overall uncertainty of± 

3.5%. 

The amount of charge loss by the fragments due to sequential evaporation has been 

determined from the Z1 + Z2 coincidences. The average total charge loss at the highest 

energy is about 2 units and it decreases rapidly to less than half a unit with decreasing 

energy. This small correction has not been applied to the abscissae of Fig. 19. 

A check that our results are internally consistent can be made by comparing the 

barriers for complementary atomic numbers (atomic numbers whose sum is equal to the 

atomic number of the compound nucleus). From Table 1 one can see that the barriers for 
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complementary charges (e.g. Bz for Z = 15 and Bz for Z = 20) have almost the same 

value, within 1 MeV. Lighter fragments tend to have slightly lower barriers than their 

complementary partners. This difference may arise from the difficulty in identifying the 

heavier fragment atomic numbers at the lowest energies . 

5. Conclusion 

Complex fragments were detected in the reaction 63Cu + 12C at the bombarding 

energies of 5.0, 6.2, 6.9, 8.0, 10.2,- and 12.7 MeV/A. From the measured kinetic energy, 

angular and velocity distributions, the observed complex fragment emission could be 

separated into two components. a) A component associated with the binary decay of the 

compound nucleus, which has an isotropic angular distribution in the reaction plane and 

. covers the entire range of atomic numbers. b) A deep-inelastic and quasi-elastic component 

associated with the target-like and projectile-like fragments. 

The isotropic component was found to result from the statistical binary decay of the 

compound nucleus formed in complete fusion reactions. The experimental cross sections 

and velocity distributions were well reproduced by statistical model simulations. A nearly 

complete ridge line of the potential-energy surface for 75Br was experimentally obtained. 

The experimental barriers are peaked at symmetry and decrease towards both larger and 

smaller values of the mass asymmetry as is characteristic of systems below the Businaro

Gallone point The small uncertainties of the extracted conditional barriers (± 3.5%) and the 

remarkable agreement between the experimentally determined conditional barriers and those 

predicted by theory justify the incorporation of finite-range effects in the liquid-drop model. 
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Table Captions 

Table 1. Tabulated values of the maximum angular momentum for fusion. The first 

column contains the bombarding energy per nucleon. The second column contains the 

Lmax values predicted by the Bass model. In the third and fourth columns are the values 

used in Gemini and in the fits, respectively. 

Table 2. Tabulated values of the finite range, liquid drop and experimental barriers 

(in MeV) and the ratio of the level density parameters as determined from the fitting 

procedure. The errors shown are those arising from the xz of the fitting procedure. To 

these values an overall systematic error of the order of ± 3.5% is be assigned as 

discussed in the text. 

Table 1. 

Energy 
(MeV/A) 

12.7 
10.2 
8.0 
6.9 
6.2 
5.0 

Bass 
(n) 

42.9 
42.9 
39.3 
36.5 
34.6 
30.3 

18 

Fits 
(n) 

42 
39 
37 
35 
32 
30 

Gemini 
(n) 

42 
39 
36 
34 
33 
30 

... 

... 



·-
Table 2 . ... 

z F.R. L.D. Exper. R=az/an 
(MeV) (MeV) (MeV) 

5 25.7 42.0 27.3 ± 1.1 .956± .034 

6 27.8 44.0 26.4 ± 1.1 .952± .034 

7 29.9 45.4 29.8 ± 1.1 .929± .034 

8 31.8 46.4 30.3 ± 1.1 .919± .032 

9 33.0 47.9 32.9 ± 1.2 .906± .032 

10 34.1 48.5. 33.4 ± 1.2 .902± .032 

11 35.0 48.9 34.3 ± 1.2 .900± .032 

12 35.9 49.6 36.0 ± 1.2 .923 ± .032 

13 36.4 49.9 35.6± 1.2 .900± .032 

14 36.8 50.1 35.7 ± 1.2 .900± .032 

15 37.0 50.3 37.4 ± 1.3 .913 ± .032 

16 37.1 50.4 36.9 ± 1.3 .900± .032 

17 37.2 50.5 37.8 ± 1.3 .910± .032 

18 37.2 50.5 37.5 ± 1.3 .904± .032 

19 37.1 50.4 37.8 ± 1.3 .913 ± .032 

20 37.0 50.3 37.5 ± 1.3 .917 ± .032 

21 36.8 50.1 37.1 ± 1.3 .916 ± .034 

22 36.4 49.9 36.6 ± 1.3 .921 ± .034 

23 35.9 49.6 36.7 ± 1.3 .941 ± .035 

24 35.0 48.9 35.1 ± 1.2 .939 ± .035 

25 34.1 48.5 35.8 ± 1.2 .986± .035 

26 33.0 47.9 33.3 ± 1.2 .977 ± .035 
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Figure Captions 

1. Schematic potential-energy surface as a function of the reaction and mass-asymmetry 

coordinates. 

2. Schematic ridge-line potentials (solid curves) and expected yields (dashed curves) as a 

function of the mass-asymmetry coordinate for: a) a heavy system above and b) a light 

system below the Businaro-Gallone point. 

3. Fission symmetric barriers of nonrotating nuclei as a function of z2JA, along the line of 

beta stability. The upper line represents the results of calculations with liquid-drop model 

parameters. The lower line represents the results from the finite range model. Both 

calculations use the two-center model shapes. (Ref. 42) 

4. Liquid drop (RLDM) and rotating finite range model (RFRM) calculations 

incorporating the effects of the finite range of the nuclear force and surface diffuseness for 

75Br. The result is a substantial reduction in the fission barriers, B(J), compared with the 

prediction of the RLDM. 

5. Density plots of Lill vs E for the reaction 10.2 MeV/A 63Cu + 12C for fragments 

detected at forward laboratory angles. 

6. Schematic representation of the reverse kinematics production of a compound-nucleus 

and its decay by fragment emission (see text). 

7. Contours of the experimental cross section a2a1av .1 Vu in the V .1 - Vn plane for 

representative Z-values detected in the reaction 6.9 MeV/A 63Cu + 12C. The fragment 

velocities are expressed as a fraction of the beam velocity and the beam direction is vertical. 

The magnitudes of the contour levels indicated are relative. 

8. Same as in Fig. 7 for Z = 10, 15, 20 at the four highest bombarding energies. 

9. In the upper part of each section, are shown the source velocities (x's) extracted from the 

invariant cross section plots for each Z-species produced in the 6.9, 8.0, 10.2 and 12.7 

MeV I A 63Cu + 12C reactions. The single large error bar for each data set indicates the 

possible systematic error due to the mass parameterization and energy calibrations. The 

complete fusion velocity (V cf) is also shown in the plot and indicated by the horizontal line. 

In the lower portion of the figure, are shown the extracted Coulomb velocities (diamonds). 
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For comparison a calculation based on the Viola systematics (solid lines) and GEMINI 

(dashed line) is also shown. The experimental and calculated variances of the velocity 

distributions are shown by the open squares and stars, respectively. 

10. Smoothed experimental kinetic energy spectra in the center of mass for boron (Z=5) 

fragments emitted in the reaction E/A = 6.9 MeV 63Cu + I2c. 

1l.Smoothed kinetic energy spectra for representative Z-values for the isotropic component 

measured in theE/ A = 8.0 MeV 63Cu + 12C reaction. 

12. The first (Xs) ·and second (crosses) moments of the fragment center-of-mass kinetic 

energies are shown for the 6.9, 8.0, 10.2, 12.7 MeV/A 63Cu + 12C reactions. The solid 

lines show the calculated Coulomb repulsion energies between two touching spheres which 

is discussed in the text The f"rrst (diamonds) and second (squares) moments of the 

fragment center-of-mass kinetic energies calculated by GEMINI are shown also. 

13. Angular distributions da/d8 in the frame of the source system for representative Z

values produced in the 12.7 and 10.2 MeV/A 63Cu + 12c reactions. 

14. Same as in Fig. 13 for the 8.0 and 6.9 MeV/A 63Cu + I2c reactions. 

15. Comparison of experimental (diamonds) and calculated (lines) charge distributions for 

the 63Cu + 12C reaction at six bombarding energies. The statistical errors are indicated 

when they are larger than the experimental data points. Also shown are the Lmax values 

used in the GEMINI calculations for each bombarding energy. 

16. Dependence of the total integrated cross section on the center-of-mass energy for 

emission of complex fragments from the reaction 63Cu + 12C. The points and error bars 

correspond to the experimental cross sections with statistical errors. The curves are fits 

with the parameters shown in Fig. 19. The numbers to the right indicate the factor by which 

each curve and set of experimental points was multiplied by in order to separate it from its 

neighboring curves for visual display prnposes. 

17. The relative yield of coincidence events plotted as function of the sum of the atomic 

charges of the two coincident fragments for the E = 12.7, 8.0, 6.9, 6.2 MeV I A 63Cu + 12C 

reactions. For each bombarding energy, the mean total detected charge is given. 

18. Comparison of experimental and calculated charge distributions for six bombarding 

energies. The experimental data are indicated by the diamonds with their respective 

statistical error. The calculated values from the fits are shown by the solid line. Also 

shown are the Lmax values used in the fits. 
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19. The experimental emission barriers (solid points) and ratio (x's) of the level density 

parameters, extracted in fitting the excitation functions as a function of the fragment charge 

or asymmetry, ZIZcn (ZfZcn = 0.5 corresponds to symmetric splitting). The error bars 

arising from the x2 of the fitting procedure are smaller than the size of the points. The large 

error bar represents an estimate of the possible systematic errors as discussed in the text. 

The predicted barriers from the finite range model and the liquid drop model are shown by 

the solid and dashed lines, respectively. 
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