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A STUDY OF CHARGE, ENERGY AND ANGULAR MOMENTUM TRANSFER IN 
THE 56Fe + 197Au AND 56Fe + 107,109Ag REACTIONS 

AT 7.2 AND 8.3 MeV/NUCLEON* 

G. J. Wozniak, G. J. Mathews,a) R. P. Schmitt,b) R. Regimbart,c) 
H. Hubel,d) R. M. Diamond, and L. G. Moretto 

Abstract 

Nuclear Science Division 
Lawrence Berkeley Laboratory 

University of California 
Berkeley, California 94720 

Kinetic energy spectra, charge and angular distributions have been 

measured for thirty elements produced in the reactions of 401 and 460 

MeV 56Fe + 197Au and in the reaction of 470 MeV 56Fe + lOl,l09Ag. 

In addition, y-ray multiplicities were measured at the 470 MeV bombard­

ing energy for both targets at a limited number of angles. The charge 

distributions for the deep-inelastic component of these systems 

increase monotonically with atomic number in the measured angular 

range, whereas, those for the quasielastic component are skewed toward 

Z-values below the projectile. The angular distributions for the Fe-

induced reactions show a smooth evolution from a side-peaked to 

forward-peaked distributions with increasing mass transfer. This side 

peak is more intense and more persistent for mass transfers from the 

projectile to the target. In the quasielastic region they-ray multi­

plicity is observed to increase almost linearly with decreasing Q-value 

whereas for large negative Q-values it is essentially constant and 

independent of the exit channel mass asymmetry. Finally, angular 

distributions, angle-integrated charge distributions and M have been 
y 
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compared with a diffusion model in which the dynamics of shape evolu-

tion, N/Z equilibration, angular momentum and energy ~xchange occur via 

one-body forces. 

NUCLEAR REACTIONS: 197Au( 56 Fe,Z), natAg( 56 Fe,Z), E = 401, 460, 

470 MeV; measured a (E, Z, e), y-ray multiplicity for 13 < Z < 39. 

Theoretical interpretation based on a ~iffusion model. 

* This work was done with support from the U. S. Department o( Energy. 
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c) Present address: Laboratoire de Physique Corpusculaire Universite 
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1. Introduction 

When two massive heavy ions approach each other, they must overcome 

both Coulomb and centrifugal barriers to make contact. If the Coulomb 

and centrifugal fields are sufficiently small, the two nuclei can fuse, 

forming a compound nucleus. However, if the dynamics are dominated by 

Coulomb and centrifugal effects, the nuclei, after interacting for a 

short time, will instead separate. These latter, deep inelastic, 

collisions occur for a wide range of projectile-target combinations at 

a few MeV per nucleon over the Coulomb barrier. 

In the last decade, extensive studies1- 6 have shown that the 

primary deep inelastic collision process is essentially binary in 

nature and that the primary fragments de-excite largely through the 

evaporation of light particles (n,p,a) andy-rays. The final kinetic 

energies of the products range from nearly elastic energies down to the 

Coulomb interaction energy between highly deformed fragments. Nucleon 

exchange between the two interacting fragments yields a distribution 

of product masses. This mass transfer process is controlled by both 

the interaction time and by the potential energy of the dinuclear 

system. In addition, angular momentum is transferred from relative 

orbital motion to the intrinsic spin of the two primary fragments. 

Although early studies of deep inelastic collisions were performed 

with Ar-induced reactions, 7 more recently extensive studies have 

investigated the bombarding energy and entrance-channel-asymmetry 

dependence of Kr- and Xe-induced reactions. 2' 3' 6' 8- 17 In addition, 

many model calculations18- 25 have been performed to explain the data 
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from these heavy systems. In contrast, relatively few systematic 
. 26-28 studies of Fe-induced reactions have been reported. In this 

paper, we report on.the kinetic energy spectra, the charge and ·angular 

distributions and the transfer of angular momentum in Fe-induced 

reactions. Diffusion model calculations 29 of the charge and angular 

distributions as well as the y .... ray multiplicities (M ) are also 
y 

presented. 

A brief description of the experimental technique is given in 

Section 2. Section 3 contains a discussion of the experimental kinetic 

energy, charge and angular distributions. In Section 4, the y~ray 

multiplicitj data are considered. A brief description of the diffusion 

model is given in Section 5 and in Section 6 a comparison of the model 

calculations and the experimental data is presented. 
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2. Experimental Technique 

2.1. Procedure 

Beams of 401, 460 and 470 MeV 56Fe from the Lawrence Berkeley 

Laboratory SuperHILAC were used to bombard natural, self-supporting 

targets of 107 , 109Ag and 197Au. The experimental setups for both 

the singles and coincidence measurements have been described in detail 

elsewhere8, 10 and will be only briefly outlined here. The atomic 

number (Z), energy, and lab angle of the reaction products were 

measured with aE-E telescopes. The Z-resolution of this aE-E telescope 

(which consists of a gas ionization aE-counter and a solid-state 

E-counter) is illustrated in fig. 1. The number of events detected in 

bins 0.2 l units wide is plotted for products from the reaction of 460 

MeV 56Fe + 197Au at 30° over the range from Z = 10 to 40. The 

peak-to-valley ratio between adjacent elements is generally better than 

3/1 below the projectile (Z = 26) and 2/1 from 27 < Z $ 40. 

Gamma-ray multiplicities were also measured at one bombarding 

energy, 470 MeV. They-rays were detected in a multiplicity filter 

which consisted of six 7.6 em x 7.6 em Nai detectors mounted at 45° 

above the reaction plane. Lead sheets 1.9 em thick were placed between 

each counter to reduce Compton scattering into adjacent counters. The 

y-ray efficiency of the multiplicity filter was measured for several 

y-ray energies with 60co and 207Bi sources utilizing a seventh Nai 

detector as a trigger counter. The six Nai detectors were placed at a 

distance of 15.5 em from the target in order to obtain a large y-ray 

detection efficiency. The summing of prompt y-rays (from the same 



4 

reaction event) in a single Nai counter was corrected for in the 

analysis. 30 Since the flight path of 15.5 em was insufficient to 

separate neutrons from y-rays by their time-of-flight, two additional 

Nai detectors were placed at a distance of 60 em to estimate the 

neutron contamination of the multiplicity filter events. From these 

time spectra and from the ratio of the neutron to y-ray detection 

efficiency (n In - 0.1), it was estimated that the neutron events 
n y · 

increased <M > by less than 10 percent. . T . 

Standard NIM electronics were utilized to process the signals from 

the Z-telescopes and the multiplicity filter. Z-singles events were 

defined by a slow coincidence between the AE and f single channel 

analyzers of the Z-telescope. Particle-y coincidence events were 

established by a fast coincidence (2T = 30 ns) between the output of 

the constant fraction discriminator (CFD) of the E detector and each 

CFO of the Nai array. If this coincidence requirement was met, each 

Nai logic signal was fed into a box which produced an output propor­

tional to the number of Nai detectors which had fired. (To discrimi­

nate against X-rays in the Nai detectors, the lower threshold of the 

CFOs was set at 100 keV.) The analogue signals from both singles and 

coincidence events were digitized and written onto magnetic tape with 

a Mod Camp IV computer for subsequent off-line analysis. 
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3. Experimental Results 

In this section laboratory energy spectra, charge and angular 

distributions are presented for approximately 30 individually 

identified elements. The energy dependence of the charge and angular 

distributions is also described. 

3.1. Kinetic Energy Spectra 

The energy calibration scheme for the Z-telescopes has previously 

been described in Ref. 8. The measured lab energies of the detected 

fragments were corrected for losses in the target, Z-telescope windows, 

and the dead layer of the solid-state counter using polynomial fits to 

the Northcliffe and Schilling range-energy data. 31 Additional 

corrections were made for the pulse-height defect32 in the solid­

state· counter. The relative energies should be reliable to 

approximately 1 percent. Nevertheless, because of uncertainties in the 

absolute beam energy and in the above corrections, the absolute 

laboratory energy of a fragment could be in error by up to 2 percent. 

To give an overview of the distribution of the reaction cross 

section in energy and mass asymmetry, two dimensional-contour diagrams 

of the lab energy vs the Z of the detected fragment were constructed. 

Products detected at 40° from the reaction 470 MeV 56Fe + 
197Au 

are shown in Fig. 2. The nearly horizontal ridge which lies between 

100 and 300 MeV and stretches from Z = 10 to 40 comprises the deep­

inelastic (DI) component. The quasielastic (QE) component shows up 

as a nearly vertical ridge extending above 300 MeV around Z = 26. 

Elements far removed from the projectile contain only DI events and 
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have relatively narrow energy distributions, whereas atomic numbers 

near the projectile have very broad energy distributions, exhibiting a 

continuous energy relaxation from near beam energies down to the 

Coulomb barrier. One should note that the very low-energy ridge for 

Z-values between 30 and 40 actually corresponds to much heavier frag-

ments which have just barely penetrated the &E detector, which are, 

therefore, misidentified in Fig. 2. In addition, for low energies the 

vertical ridge at Z = 26 is due to slit scattering of the projectile. 

These events were removed in later stages of the data analysis. 

Although the deep-inelastic ridg~ is nearly constant in energY for 

Z-values greater than 26, there is a steady decrease for lower Z 

values. This decrease reflects the smaller Coulomb energies associated 

with larger mass asymmetries~ Another intriguing feature is the 

sloping of the QE ridge towards smaller Z-values. This preference for 

the transfer of charge from the projectile to the target in the QE 

region, has also been observed in the 56Fe + 165Ho system. 28 While 

this skewing of the QE yield to Z-values below the projectile Z was not 

observed in Kr-induced8- 10 , 14 reactions at similar energies above the 

barrier, this feature has been seen at higher bombarding energies17 

and also in Ar-induced reactions. 7 In the above contour diagram which 

was taken at an angle near the grazing angle, both QE and DI ridges 

are present. As expected, contour diagrams from data obtained behind 

the grazing angle exhibit only the DI ridge. 

The laboratory energy spectra for each element were obtained from 

the two dimensional &E-E maps by setting gates around each element 

ridge. These lab spectra were transformed to the c.m. system by 



7 

assuming charge-equilibrated,33 pre-evaporative masses. The effect 

of light particle evaporation (n, p, and a) on the fragment masses and 

energies was neglected unless otherwise noted. Whenever a distinct or 
component was observed in the c.m. energy spectra, its mean value and 

width were extracted. 

Extracted mean values and FWHMs averaged over the angular range of 

measurements where the or component was clearly identified are 

presented in Fig. 3. The "error bars" represent one standard deviation 

from the average value. For comparison, the solid curve corresponds 

to the calculated* Coulomb repulsion energies for two touching spheres. 

The mean energies are somewhat lower than the calculated energies, a 

difference which increases with increasing Z-value. This is probably 

due to the effects of particle evaporation and deformation of the 

fragments. One should note that the average energy of the or component 

(uncorrected for particle emission) is essentially independent of 

bombarding energy. This feature has been observed previously34 in 

the similar system 63cu + 197Au. However, this behavior is not 

expected to hold over a very large range of bombarding energies. 

Eventually higher angular momenta should produce higher fragment 

kinetic energies {before evaporation). Some evidence for this effect 

has been seen in Kr-induced reactions. 14 One should also note that 

the values of the FWHM for the or component are significantly larger 

at the higher bombarding energy. This increase could partially arise 
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from the larger number of light particles emitted f.rom the "hotter" or 
fragments formed at the higher bombarding energy. ·It is also likely 

that the .higher temperature of the intermediate complex also leads to 

a greater width due to the enhanced excitation of shape fluctua­

tions.35 

In Fig. 3b values of the mean c.m. energies and FWHMs are presented 

for the DI component measured for the 470 MeV ~6Fe + lOl,l09Ag 

reaction. As in the 56Fe + 197Au system, the mean c.m. energies 

fall slightly below but roughly parallel to the calculated Coulomb 

energies. The values of the FWHM are relatively independent of Z and 

are similar in ma~nitude (30~40 MeV) to those for the 56Fe + 
197Au 

system (see Fig. 3a). Similar values were also observed in Kr:..induced 

reactions. 8' 9' 14 

3.2. Charge Distributions 

Laboratory Charge distributions integrated over both the QE and DI 

components are presented in Figs. 4 and 5. For the Au bombardments the 

most striking feature is the intense peak which is highly skewed. 

towards Z values below that of the projectile. This peak persists over 

a large laboratory angular range for both the 401 MeV and the 460 MeV 

data. The peak, which is broadest at the most forward angles, 

increases in magnitude and narrows for intermediate angles, and 

disappears at the most backward angles. 

The angular dependence of the width of this peak, which is composed 

mainly of QE events (see Fig. 2), can be explained in terms of the 

t-dependence of the interaction time. The largest ~waves correspond 
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to the shortest interaction times, which characterize the yield close 

to the grazing angle. Since there is little time for mass transfer, 

these Z-distributions are rather sharp. At more forward angles (i.e., 

30° in Fig. 4a), the QE yield is produced by intermediate ~-waves as 

evidenced by the observed lower kinetic energies. Since more time is 

required for the intermediate complex to rotate to more forward angles 

before decaying, more mass transfer can occur, broadening the Z-dis-

tribution. The yield at very backward angles corresponds to the low­

est ~-waves and hence the longest interaction times. At very backward 

angles (i.e., 70° in Fig. 4a), the Z-distributions seem to approach 

the equilibrium limit, which peaks at symmetry (Z = 52). For angles 

slightly backward of the grazing (i.e., 60° in Fig. 4a), the QE peak 

appears to be s~tting on the slope of the steeply rising nearly equi­

librated component. 

One striking feature evident in Fig. 4 is the pronounced skewing 

of the QE peak towards Z-values below that of the projectile. This 

shift of the mean value by 1 to 2 Z-units below Fe is likely to be 

associated with the rapid equilibration of the neutron-to-proton ratio 

of the interacting system. 29 Because 56Fe has an A/Z ratio (2.15) 

which is substantially lower than that of 197Au (2.49), the neutron-

to-proton ratios can be most quickly equilibrated by transferring 

protons from the projectile to the target. Recent measurements26 , 27 

with discrete Z and A resolution of Fe-like fragments produced in DI 

collisions show that proton stripping to the target is favored, and 

that the time scale for N/Z equilibration is comparable to that of the 
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energy damping process. The charge distributions of the 56Fe + 

10l, 109Ag system (see Fig. 5) show much less skewing of the QE peak. 

This perhaps reflects the fact that the A/Z ratio of the projectile 

(2.15) and target (2.30) are more comparable. Since this lighter 

system was studied at a substantially larger energy over the barrier 

E/B = 2.20, its grazing angle is considerably smaller. Thus behind 

20°; the Z-distributions show only an 11 equilibrated 11 DI component 

which peaks near symmetry (Z = 36). 

To illustrate how the total reaction yield is distributed along the 

charge asymmetry,degree of freedom, the experimental Z-distributions 

·were integrated over energy and angle by extrapo 1 at i ng over the 

measured (dcr/de)c.m. to 0° and to 180°. The resulting total charge 

·distributions for the Fe+ Au systems are shown in Fig. 6. Although 

the yield increases with bombarding energy, the overall shapes at both 

energies are very similar. At the higher bombarding energy, the large 

increase in yield for Z-values less than 26 could possibly be due to 

the onset of 3-body processes similar to those observed by Olmi 

et al., 17 in high energy Kr reactions. An alternative explanation 

is that this large increase in yield is the result of the larger 

temperature which increases the spreading to larger asymmetries ina 

diffusive mass transfer process. Similar behavior has been observed 

in low energy Kr-induced reactions. 14 

Figure 2 illustrated the coupling of the energy dissipation process 

with the relaxation along the mass asymmetry degree of freedom. To 

investigate the dependence of the measured Z-distributions on the 

.• 
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degree of energy damping in more detail, angle-integrated charge 

distributions have been constructed for various energy windows (see 

Fig. 7). As described in Refs. 8 and 9, these distributions have been 

constructed by making cuts (20 MeV wide) in the c.m. energy spectra 

parallel to the mean relaxed energy (approximately parallel to the 

Coulomb energy) as defined by the data in Fig. 3. The lowest energies 

in Fig. 7 correspond to the lowest bin numbers. The relaxed peak is 

roughly centered in bin 7. 

The angle-integrated charge distributions exhibit a dramatic 

dependence on energy damping for both bombarding energies. In Fig. 7b 

one sees that the distribution is very narrow and is peaked at about 

the projectile Z-value when the energy damping is small (bins 15 and 

14). As the degree of energy damping is increased (bins 13-9), the 

distribution broadens and drifts to lower Z-values. For fully damped 

events this peak abruptly disappears and a rapid transition occurs to 

very broad distributions with mean values substantially above the 

projectile Z-value. This drift of the peak toward lower Z-values with 

increasing energy damping is consistent with the equilibration of the 

neutron-to-proton ratio during the short lived QE collisions. For the 

longer lived fully damped collisions, one observes Z-distributions more 

closely resembling an equilibrium distribution. 

3.3. Angular Distributions 

Center-of-mass angular distributions for atomic numbers between 13 

(6Z =- 13) and 39 (6Z = + 13) are presented in Fig. 8. Because of 

background from slit scattering, data for the projectile (Z = 26) have 

been omitted. Distributions for the same net charge transfer to and 
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from the projectile (i.e., ± 6Z) are shown in adjacent columns. The 

amount of charge transferred increases from 1 to 13 down the columns. 

For both bombarding energies, one observes the evolution from side 

peaked to forward peaked angular distributions with increasing charge 

transfer. (For comparison, a 1/sine angular .distribution is shown at 

the bottom of the 2nd column.) For the higher bombarding energy the 

evolution towards forward peaking proceeds faster, presumably because 

the grazing angle is smaller for the larger bombarding energy. More 

striking is the marked asymmetry in this evolution for charge transfer 

to and from the projectile, a feature observed at both bombarding en­

ergies. For Z-values larger than 26 (6Z > 0), the side peak is very 

weak and quickly disappears for larger charge transfers.. For Z­

values less than 26 (62 < 0), the side peak is much more intense and 

persists for much larger charge transfers. 

The evolution from side- to forward-peaked distributions has been 

explained2' 8 in terms of a diffusion-controlled time delay. On the 

average, small charge transfers require less time than large~ ones in 

a diffusion process. Since small charge transfers populate elements 

near the projectile, the mean lifetime is short, resulting in side­

peaked angular distributions. For larger charge transfers,· the longer 

average lifetimes allow the intermediate complex to rotate more before 

decaying. This produces forward-peaked angular distributions. The 

fact that the evolution proceeds more rapidly at the higher bombarding 

energy is probably due to the larger orbital velocity of the inter­

mediate complex and the smaller angular distance (more forward grazing 

angle) through which it must rotate to reach 0°. 
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The large difference in the rate of evolution of the side peak for 

~Z > 0 and ~Z < 0 can be better understood by examining the angular 

distributions as a function of Q-value. At both bombarding energies 

(see Figs. 9 and 10) the side peak is clearly seen to be associated 

with the partially damped events, and, in general, the intensity of 

the side peak decreases with increasing energy dissipation. Since the 

Z-values above the projectile have a smaller fraction of the partially 

damped events, the side peak for the energy-integrated angular distri­

bution is relatively weak. ·One should note that for the lowest energy 

bins both the shape and magnitude of the cross sections are very simi­

lar for the same amount of charge transfer to or from the projectile. 

Again one notes that the evolution from side-peaked to forward-peaked 

angular distributions is more complete at the higher bombarding energy, 

probably because of the higher temperature, smaller grazing angle and 

larger range of energy losses. 
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4. Gamma-Ray Multiplicity Data 

Further insight into the heavy-ion reaction mechanism can be 

obtained by studying the angular momentum transfer. In a simple 

macroscopic model the initial orbital angular momentum is transformed 

into fragment spin by the tangential component of the friction tensor. 

The total angular momentum, 61, transferred into intrinsic rotation 

depends on the range of partial waves involved, the interaction time, 

the initial asymmetry of the system, and the rate of mass transfer. 

Thus carrel at ions of 61 with the degree of energy damping and the 

·re 1 ax at ion of the mass-asymmetry degree of freedom for .Fe-i nduced 

reactions can test various models of the energy dissipation and mass 

transfer process. It is also interesting to see if the angular 

momentum fractiona~ion promoted ~Y the ridge-line potential energy, 

which was observed in Kr-induced reactions 15~ 18 is evident in 

Fe-induced reactions. 

To investigate angular momentum transfer, we have measured the 

average number of y-rays (M ) emitted during the de-excitation of 
y 

the two excited fragments. If the multipolarity of these y-rays were 

known, it would be possible to determine the angular momentum carried 

away by the y-rays. Compound nucleus studies36- 38 of intermediate 

mass nuclei have shown that the fragment spin is carried off mainly by 

they-ray cascade and that this cascade consists primarily of stretched ~ 

E2 transitions. By analogy, the total spin of the two fragments 

(I 1 + r2 = 41) produced in the or collision can be related to the 

y-ray multiplicity (neglecting angular momentum loss by particle 

emission) by the expression: 
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(4-1) 

where a is the number of statistical y-rays emitted per fragment as it 

decays to the yrast band. Both compound-nucleus and DI studies with 

heavy-ion reactions36- 39 indicate that a ranges from 2 to 4 depending 

upon the nucleus. 

In the following subsections the energy, angular and mass 

dependence of M will be discussed for the systems 470 MeV 56Fe + 
y 

107 , 109Ag(~ = 216h) and 470 MeV 56Fe + 197Au(1 = 246h) max max • 
These two systems are interesting both because relatively large amounts 

of angular momentum are involved and because they correspond to 

different entrance-channel asymmetries. 

4.1. Energy Dependence of M 
y 

The dependence of M on kinetic energy is shown in Fig. 11 for 
y 

the system 470 MeV 56Fe + 
197Au at elab = 40°. For three Z-

bins, M is plotted against the total exit-channel kinetic energy 
y 

(TKE) corrected for neutron evaporation. Let us first concentrate on 

the bin for Z = 21-30 (part b) where a continuous range of energy 

damping is observed. In part b a very strong correlation is observed 

between M and the degree of energy damping. M first rises 
y y 

steadily with decreasing TKE, then levels off for TKE values between 

150-250 MeV and finally decreases by -30 percent for very small 

(-150 MeV) TKE. For the two Z-bins far removed from the projectile 

(corresponding to large mass transfers), where only a fully relaxed 

energy component is observed, M has a constant value of -20, with 
y 

perhaps a slight falloff at the smallest TKE. 
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For the system 470 MeV 56Fe + lO?,l09Ag, MY averaged over the 

angular range (elab = 20-80°), is presented in Fig. 12. Although 

the magnitude of M is slightly lower than that obtained ~ith Au {as 
y 

would be expected from the smaller imax value), a very similar pat-

tern is observed. One should note that the Fe + Ag data extend to 

1 ower TKE than the Fe + Au data because of the smaller Caul omb energy 

of the former system. 

The correlation of M with the degre~ of energy damping can be 
y 

interpreted as follows. The initial rapid increase of M with . y 

decreasing TKE is due to the rapid transfer of angular moment~m, which 

occurs as the energy of relative motion is being equilibrated. 39 

Although the angular momentum of the incident partial wave, i, .. 
decreases with decreasing TKE, both the interaction time and the number 

of particle transfers increase, allowing a larger fraction of the 

entrance channel angular momentum to be converted into intrinsic spin. 

When rigid rotation of the dinuclear system10 , 40 , 41 is reached in the 

DI region, the maximum fraction of the entrance channel angular 

momentum is converted into intrinsic spin. Thus in this simple picture 

Mr should reach a maximum in the DI region and then decrease for 

smaller values of TKE. The fact that M is relatively constant over 
y 

the DI region indicates the presence of other processes39 , 42 , 43 

(e.g., shape fluctuations and thermally excited bending and wriggling 

modes), which can generate intrinsic angular momentum in the fragments 

and smear the simple correlation between kinetic energy and angular 

momentum. The observed gradual decrease of M in the region of very 
y 
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small TKE may also be due to the increased probability of charge-

particle emission which can carry off substantial amounts of angular 

momentum. 

4.2. Dependence of M on Mass Transfer and on Angle 
y 

In Kr-induced reactions M depends strongly on the exit channel 
y 

asymmetry for partially damped events and weakly for fully damped 

events. 15 , 16 ,18 For Fe-induced reactions this behavior is also 

readily apparent in Figs. 13 and 14, where energy-integrated M are 
y 

shown as a function of exit channel asymmetry. Data obtained near the 

grazing angles for both the Fe+ Au (Fig. 13) and the Fe+ Ag 

(Fig. 14a) systems show a strong dip at the projectile Z-value which 

is caused by the substantial QE component. At angles of 40° and larger 
! . 

where only fully damped events are observed in the Fe+ Ag system, M 
y 

is essentially independent of Z. 

The independence of M (on mass asymmetry for fully relaxed-
. y 

events) observed in the above Fe data and in Kr-induced reac-

tions,15,16,18 is in marked contrast to results obtained for light 

systems like 175 MeV 20Ne + Ag. For such light systems a strong 

dependence of M on mass asymmetry is observed40 , 41 which is 
y 

indicative of rigid rotation. However, the sub-Coulomb kinetic 

energies of the products from the Kr-induced reactions also imply 

that rigid rotation is achieved. Unlike light systems, the DI 

reactions induced by Kr occur within a very large t-window. Because 

of this large t-window, different t-waves can populate different mass 

asymmetries producing an t-fractionation15 as borne out by diffusion 
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model calculations. 18 Angular momentum fractionation arises because 

both the intermediate complex lifetime and the potential energy surface 

contr~lling the mass transfer are strongly !-dependent. Since the 

interaction time increases with decreasing angular momenta, more mass 

transfer (on the average) occurs for low 1-waves. A similar effect 

results from the decreasing steepness of the slope of the driving 
. . 42 

potential for diffusion with decreas1ng 1-waves. For DI reactions 

induced by very heavy projectiles both of these !-fractionation effects 
. . 

tend to compensate any increase of M with increasing asymmetry. 
y 

For the Fe + Ag system, M decreases with increasing lab angle, 
y 

which may be interpreted as evidence for orbiting in this system. The 

angles backward of the grazing angle seem to be populated predominantly .. 

by low £;-waves. These 1-waves lead to dinuclear systems with 

relatively long lifetimes (as evidenced by the equilibrated 

Z-distribution); however, the low angular velocities do not permit 

these systems to rotate through 1 arge angles. 
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5.1 Model 

As we have seen in the previous sections, a number of interesting 

effects occur in Fe-induced reactions which correlate with the mass 

transfer process. Hence, it is desirable to compare these data with 

detailed model calculations based on the nucleon-exchange process. The 

evolution of the dinuclear system along the mass asymmetry coordinate 

can be described as a diffusive process. Recently, the diffusion model 

of Moretto and Sventek19, has been extended by Mathews et a1. 29 to 

include the effect of N/Z equilibration and the influence of the shape 

evolution of the system. In particular, this diffusion model attempts 

to eliminate some of the free parameters associated with the collision 

dynamics. 

The driving force for diffusion is determined by the total 

effective potential energy of the ion-ion complex. In Fig. 15 the 

calculated total effective·potential energy, as a function of asymmetry 

(labelled by the atomic number of one fragment), are presented for the 
56Fe + 197Au reaction at two bombarding energies and for several 

~-waves ( ~ = 0, ~rms and ~max). The potential energy has been 

calculated relative to the injection point (Z = 26) along the valley 

of (N/Z) equilibrium. These potentials assume rigid rotation of the 

complex at an average overlap distance calculated from the 

dynamics 29 and should represent the path along which the system 

diffuses after (N/Z) equilibrium has resulted. For the high partial 

waves, the large negative slope of the potential at the injection point 

gives rise to a substantial driving force toward symmetry. Therefore, 
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on the basis of these potential energies alone, the Z-values above the 

projectile should be preferentially populated, while those below should 

be rarely populated by these partial waves. Even for the very lowest 

.Q.-waves there is still a driving force toward symmetry, but it is much 

weaker. Thus, these partial waves might populate asymmetries sub­

stantially above and below the entrance channel asymmetry. For the 

two bombarding energies, the potential energy curves are very· similar. 

In addition to the relatively slow evolution2 of the system along 

the mass-asymmetry coordinate, however, a more rapid equilibration of 

the N/Z ratio of the system should occur. 1, 26 , 27 This means that 

even though the mass asymmetry of the system can probably be character­

ized by the Z of one of the fragments, there is important drift and 

dispersion in t~e Z distribution due to the s~parate equilibration of 

the N and Z degrees of freedom. This effect was introduced in the 

mode1 29 by solving a Fokker-Planck equation for an harmonic potential 

along the Z coordinate at fixed mass asymmetry. 

To describe the shape evolution of the system, a cylindrical neck 

was assumed to form between the two ions. 44 Neglecting volume con­

servation and the Coulomb energy of the cylinder, the contribution of 

the neck to the potential energy of the system is just the difference 

between the surface energy of the cylinder and the surface energy of 

the neck area of the two interacting ions. The neck degree of freedom 

also affects the driving potential for diffusion, the form factor, and 

the lifetime of the interacting system. 
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Fig. 16 shows the calculated interaction time as a function of the 

incoming partial wave for the 56Fe + 197Au system at two bombarding 

energies with and without the neck degree of freedom. The lifetime 

distributions are quite similar for both bombarding energies. 

Introducing the neck degree of freedom dramatically increases the life­

time for low and intermediate partial waves. The neck holds the window 

between the fragments open for a longer time. One should note that for 

this system, the formation of a neck is not sufficient to trap the two 

ions, thus no complete fusion is predicted in this model. The 

bifurcation of the two curves (into neck and no neck curves) 

corresponds to collisions which just penetrate to the geometric limit 

for neck formation, i.e., contact point of the two quarter-density 

radii. 
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6. Discussion 

In this section the diffusion model results are compared with the 

data. Of course, by adjusting various parameters of the model, better 

fits could be obtained. 25 The approach we have adopted here, 

however, has been to eliminate free parameters associated with the 

collision dynamics. The differences between the model predictionsand 

the data should thus highlight interesting features of the reaction 

process. 

6.1 Charge distributions 

It is instructive to first compare the theoretical and experimental 

angle- and energy-integrated charge distributions. By comparing 

Z-distributions with the model, some of the sensitivity to details of 

the dynamics is removed. Thus, the integrated charge distributions may 

be a good indicator of how well the one-body transport model describes 

the data independently of the dynamics (which are treated here only in 

an average, schematic way). 

The calculated and experimental total charge distributions for the 

Fe+ Au system are presented in Fig. 17. For small mass transfers, the 

calculations reproduce the yield around the projectile and in 

particular the skewing of this yield to smaller Z-values. This success 

is due primarily to the inclusion of the N/Z equilibration process in 

the model. It is also encouraging that the longer lifetimes associated 

with neck formation lead to yields more consistent with the data for 

Z-values above the projectile. However, for the low Z-values, the 

model underproduces the yields, and, moreover, shows a trend with 
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bombarding energy which is opposite to that observed in the data 

(i.e., a narrower rather than a broader distribution at higher 

bombarding energy). It was found that changing the lifetime, the 

variance of the lifetime and the critical distance for the onset of 

neck formation did not substantially improve the agreement with the 

data. This implies that the real driving potentials (Fig. 15) for 

diffusive mass transfer are perhaps not as steep at the entrance 

channel asymmetry as those utilized in the calculations. This 

conclusion is indicated by the 11 neck 11 calculations which dramatically 

increase the mean lifetimes for intermediate and low ~-waves and cause 

a large shift of the yield to larger Z-values relative to the 11 no-neck 11 

calculations. With the large negative slope of the driving potential 

at the injection point, increasing either the lifetime or the variance 

of the lifetime distribution results in a depletion of yield for low 

Z-values and an enhanced yield for larger Z-values. This result may 

indicate the need for more shape degrees of freedom than allowed for 

in the averaged dynamics of this model. It may be necessary to follow 

the actual evolution of the potential (and driving forces) during the 

collision. 

6.2 Gamma-ray multiplicities 

To gain further insight into the ~-fractionation along the mass 

asymmetry coordinate, we have compared the transferred angular 

momentum as calculated by the model with energy-integrated M for 
y 

different exit channel asymmetries. The transformation from the 

calculated fragment spins toM utilized Equation 4-1. The number 
y 
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of statistical y-rays per fragment a was taken to be 3. Because there 

is some uncertainty in this value, caution must be exercised in 

comparing the absolute values of the calculated and measured 

multi p 1 i cities. 

In Figs. 13 and 14, a comparison is presented between the data and 

the calculations (with neck) for the energy-integrated M as a 
y 

function of mass asymmetry. For angles near the grazing angle arid for 

small mass transfers, the sharp asymmetric dip at Z = 26 is nicely 

reproduced for both the Au and Ag data at 40° and 20°, respectively. 

For 1 arger mass transfers the agreement with the data is poorer. For 

Z-values between l2 and 22, the calculations slightly underp~edict M 
y 

whereas above Z = 33 the calculations overpredict M • For the more 
y 

backward angle Ag data, the calculations generally overpredict the 

magnitude of M • 
y 

The above comparisons indicate·that in the model 

too much of the yield from intermediate t-waves is drifting toward 

symmetry due to potential surfaces which are too steep. The near 

discontinuity in the calculated values of M at Z = 20 for the 
y 

Fe + Au system arises because the Z-values below 20 are populated only 

by low t-waves whereas the Z-values above Z = 20 are populated by the 

highest t-waves. A calculation with a flatter potential-energy surface 

would produce a larger yield for atomic numbers below the projectile 

and a 1 arger and smoother M • 
y 

6.3 Angular Distributions 

The most sensitive test of the model dynamics involves a comparison 

between the calculated and experimental angular distributions for 

individual Z-values. In Fig. 18, this comparison is made for several 



representative Z-values (from the Fe+ Au system). For small mass 

transfers, the agreement between the data and the calculations is 

reasonable. However, for large mass transfers, the calculations 

diverge significantly from the data. In general, the calculations 

including the neck degree of freedom, are in better agreement with the 

data. The longer lifetime for small partial waves better reproduces 

the strong decrease in yield behind the grazing angle which is observed 

in the data. The magnitude of the side peak for Z-values above the 

projectile, however, is too intense and occurs at too large an angle. 

This effect is related to the excessive drift towards symmetry observed 

for the charge distributions. The narrow side peak observed in the 

data could perhaps be reproduced with a narrower lifetime distribution 

for short lifetime collisions as recent dynamical simulation studies 

suggest. 45 (In the above calculations, a gaussian lifetime distribu­

tion was assumed for each partial wave with a variance equal to 1.5 

times the mean interaction time.) 

In Fig. 19 are shown the angular distributions of several 

representative Z-values for the Fe+ Ag system. For all mass transfers 

forward of 90°, the agreement between the data and the calculations 

(with neck degree of freedom) is reasonable. The strong forward peak 

in the data and the rate of fall off with increasing angle are nicely 

reproduced by the calculations. The agreement at large angles (>90°) 

is poor. While the calculations indicate an increase in yield at large 

angles, the data are consistent with a smooth decrease in cross 

section with increasing angle. 
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7. Conclusions 

In summary, kinetic energy spectra, charge and angular 

distributions, as well as y-ray multiplici~ies were presented for 

56Fe-induced reactions with a natAg and a 197Au target at two 

bombarding energies. In the quasi-elastic region, the product 

Z-distributions, from the 56Fe + 197Au system, are skewed toward 

Z-values below ~hat of the projectile. Diffusion model calculations 

indicate that this skewing is probably the result of the N/Z equilibra­

tion of the system. For the 56Fe + 197Au system, an evolution from 

side to forward peaked angular distributions is observed with increas-

ing charge transfer. This evolution is not symmetric for charge 

transfers to and from the projectile. For products lighter than the 

projectile, the side peak is more intense ~nd persists for much larger 

charge transfers. This pattern of the angular distributions is more 

similar to Ar-induced than Kr~induced reactions. 

In the quasi-elastic region, the large increase of the y-ray 

multiplicity with increasing energy loss implies a good correlation of 

energy loss and t-value. In the deep-inelastic region, the subsequent 

saturation of the y-ray multiplicity indicates a poor correlation. 

They-ray multiplicitiy in the deep-inelastic region was observed to 

be independent of the mass asymmetry of the system which indicates an 

t-fractionation effect similar to that observed for Kr-induced 

reactions. However, the steady decrease of they-ray multiplicity with 

increasing angle implies that the deflection function for the Fe+ Ag 

system is not as strongly focussed as those for Kr-induced ~eactions. 
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Diffusion model calculations were performed with a model which 

incorporated the collision dynamics, the N/Z equilibration and the 

shape evolution of the dinuclear system. For the Fe+ Ag system 

reasonable agreement was observed between the calculations and the 

experimental y-ray multiplicities and the angular distributions. For 

the Fe+ Au system the model does well for Z values close to the· 

projectile and poorly for Z values substantially larger or smaller 

than the projectile. A detailed comparison of the data with the model 

calculations indicates a need for improvements in the calculation of 

the collision dynamics and the ridge-line potential. Work along this 

line is currently in progress. 45 
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Figure Captions 

Fig. 1. Intensity distribution vs. atomic number of the fragments 

detected at 30° lab illustrating the discrete z~resolution 

attained with the 6E-E telescopes. 

Fig. 2. Contours of laboratory energy (E3) vs. atomic number Z for 
. 0 

products detected at 40 lab for the reaction 470 MeV 

56Fe + 197Au. The contours are averaged over 1 Z-unit, 

therefore the discrete Z-ridges cannot be seen. 

Fig. 3. Mean c.m. energies and FWHMs of the DI component observed in 

the a) 56Fe + 197Au reaction at two bombarding energies: 

401 MeV (solid circles), 460.MeV (squares) ~nd b) the 470 MeV 

56Fe + 107 , 109Ag re~ction. The FWHM was computed from 

the second moment of the spectra by assuming a GaussiaQ peak 

shape. "Error bars" which correspond to one standard 

deviation from the mean value, are shown for the 401 and 470 

MeV data. They are of simi 1 ar magnitude for the 460 MeV 

data. See discussion in text. 

Fig. 4. Energy-integrated charge distributions (curves) measured at 

several lab angles for the a) 401 and b) 460 MeV 56Fe + 

197Au reactions. Data points are shown for some 

representative angles. Statistical error bars are shown only 

when they exceed the size of the data point. Cross sections 

for Z = 26 may lie above the smooth curve drawn through the 

data points because of background contributions from slit 

scattering and difficulties in subtracting out the low energy 

tail of the elastic peak. 

. 
' 
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Fig. 5. Charge distributions for the combined DI and QE components 

observed in the 470 MeV 56Fe + 107 •109Ag reaction at 

several lab angles. See caption of Fig. 4. 

Fig. 6. A comparison between the experimental angle-integrated cross 

section for fragments (10 ~ Z ~ 40) produced in the reaction 
197Au + 56Fe at two-bombarding energies: 401 MeV (solid 

circles) and 460 MeV (squares). See discussion in text. 

Fig. 7. Angle-integrated charge distributions from the a) 401 and 

b) 460 MeV 56Fe + 197Au reaction for various c.m. kinetic 

energy windows. The bin number multiplied by twenty gives 

the upper limit of the window in MeV for Z = 26. Bin 7 is 

approximately centered on the relaxed peak. 

Fig. 8. Experimental c.m. angular distributions for elements detected 

from the 197Au +a) 401 and b) 460 MeV 56Fe reaction. 

Distributions for the same net charge transfer to (~Z > 0) 

and from (~Z < O) the projectile are shown in adjacent 

columns. The curves through the data points serve only to 

guide the eye. 

Fig. 9. Experimental c.m. angular distributions for several kinetic 

energy windows and four selected elements from the 197Au + 

401 MeV 56Fe reaction. Bin 7 is approximately centered on 

the relaxed peak. The curves through the data points serve 

only to guide the eye. 

Fig. 10. Experimental c.m. angular distributions for several kinetic­

energy windows and four selected elements from the 197Au + 

460 MeV 56Fe reaction. See·caption of Fig. 9. 



34 

Fig. 11. M vs total kinetic energy (TKE) for the reaction 470 MeV 
y 

56Fe + 197Au at elab = 40°. The experimental TKE has 

been corrected for neutron evaporation and averaged over 10 

Z-values (a) Z = 11-20, (b) Z = 21-30, (c) Z = 31-40. Only 

relative errors are shown. 

Fig. 12. M vs. TKE for the reaction 470 MeV 56Fe + 107 , 109Ag. 
y 

The experimental data have been averaged over the angular 

range 20-80° lab. ·See caption of Fig. 11. 

Fig. 13. A comparison of the experimental (symbols) and calculated 

(line) energy-integrated M for products from the reaction 
. . y . 

470 MeV 56Fe + 197Au at 40°. Only relative errors are 

shown. 

Fig. 14. A comparison of the experimental (symbols) and calculated 

(line) energy-integrated M for products from the reaction 
y . 

470 MeV 56Fe + 107 , 109Ag. Only relative errors are shown. 

Fig. 15. Calculated total effective liquid-drop potential energy 

curves as a function of charge asymmetry for the 56Fe + 

197Au reaction at two bombarding energies for·three 

R--waves. The potential energies have been plotted relative 

to the entrance channel value. 

Fig. 16. Calculated interaction times as a function of the incident 

partial wave for the 56Fe + 197Au system at 401 and 460 

MeV with and without the neck degree of freedom. 

: 
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Fig. 17. A comparison between the experimental angle-integrated cross 

section (symbols) and diffusion model calculations with 

(solid lines) and without (dashed lines) the neck degree of 

freedom for the 401 and 460 MeV 56Fe + 197Au reactions. 

Fig. 18. A comparison between experimental (solid line) and calculated 

c.m. angular distributions with (dashed) and without (dotted) 

the neck degree of freedom for several representative 

elements from the 197Au + 401 MeV 56Fe reaction. 

Fig. 19. A comparison between experimental (symbols) and calculated 

(curves) c.m. angular distributions for several 

representative elements from the 107 , 109Ag + 470 MeV 56Fe 

reaction. 
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