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ABSTRACT 

LBL-5810 

Nuclei have been identified by atomic number up to z = 50 using 

~E-E telescopes. Kinetic energy spectra, charge and angular distributions 

have been measured from 8lab = 10-80°. At angles removed from the grazing, 

a single peak with a mean energy somewhat below the calculated Coulomb 

energy is observed for all elements. Near the grazing angle, a much 

broader peak appears, which extends from near elastic energies down to the 

Coulomb barrier. The charge distributions were peaked near the projectile 

z and demonstrate a strong shape dependence on the angle of observation. 

The angular distributions for elements near the projectile are strongly 

side-peaked; however, as Z is increased or decreased from z = 36 they grad-

ually become forward peaked. The dependence of the charge and angular dis-

tributions on energy dissipation is discussed as well as the patterns ob-

served in the two-dimensional Wilczynski plots. Diffusion model calcula-

Uons reproduce the experimental data both qualitatively and quantita-

tively. This successful application of the diffusion model, which was orig-

inally developed to explain N, Ne and Ar induced reactions, to the present 
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system is strong evidence that no essential differences exist between 

the "quasi-fission" process observed in Kr bombardments of heavy targets 

and the deep-inelastic phenomena seen with lighter ions. 

E NUCLEAR REACTIONS 
197

Au(
86

Kr,Z), for 14 < Z : 55; 

E = 620 MeV; measured a(E,Z,8); 
lab -

deduced: mass diffusion constant, lifetimes of intermediate 

complex. 

* This work was done with support from the U.S. Energy Research and 

Development Administration. 

+ Present address: University of Rochester, Rochester, New York 14627. 

++ Nato Fellow . 

Present address: DphN/HF-CEH, Saclay, France. 
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1. Introduction 

Rather remarkably, nuclear reactions induced by simple projectiles 

such as p, d and a particles can be categorized as either direct or com-

pound nuclear. reactions. These p~ocesses are distinguished from each 

other by the number of degrees of freedom involved, the time scale and 

the extent to which the entrance and exit channels are coupled. Direct 

interactions typically involve only .a few spedific degrees of freedom, 

-21 -22 . 
occur on a short time scale (10 to 10 sec) and exhibit strong cou-

pling between entrance and exit channels. On the other hand, compound 

-18 
nuclear reactions proceed through the formation of a long lived (~ 10 sec) 

intermediate system which is equilibrated in all nuclear degrees of free-

dom (i.e. the compound nucleus) and, aside from the constraints of con-

servation laws, show complete decoupling of the entrance and exit channels. 

When heavier projectiles are employed, this dichotomy breaks down, 

and, in addj. tion to compound nuclear and direct reactions, one observes a 

variety of phenomena which reflect varying degrees of relaxation towards 

equilibrium~-3 
Broad charge distributions have been observed for the deep-

inelastic or energetically relaxed products from the bombardments of a 

variety of targets at energies well above the Coulomb barrier. The nearly 

thermalized energy spectra of these products were reminiscent of the fission 

process and the shapes-of the charge distributions Y(Z) were in rough quali-

tative agreement with the statistical prediction: 

Y(Z) ex e 
-v /T 

z (3) 

where T is the temperature and V is the liquid drop potential energy 
z 

4 4-7 
for touching spherical fragments. However, detailed studies of 
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reactions leading to similar compound nuclei (Ag + N, Ag + Ne and Ag + Ar) 

reveal that the pattern of the charge distributions depends strongly on 

the entrance channel, indicating that such deep-inelastic products are the 

result of a non-equilibrium process that does not proceed through the for-

mation of a compound nucleus. This was also indicated by the angular 

distributions which are forward-peaked in excess of 1/sin 8. These ob-

servations have been interpreted as evidence for an intermediate complex 

consisting of two touching fragments wh~ch evolves along the mass/charge 

8,9 
asymmetry mode via a diffusion process. Moretto and Sventek have devel-

oped a model employing the Master Equation and have obtained quantitative 

10 
agreement with the experimental charge and angular d~stributions of prod-

ucts formed in the reaction 
107

•
109

Ag + 288 MeV 
40

Ar. 

Early experiments with Kr projectiles at center of mass energies of 

about 1.5 times the Coulomb barrier revealed features so different from those 

seen with lighter projectiles that a new mechanism, "quasi-fission", was postu-

lated. 11 , 12 Although the 'quasi-fission' fragments had Coulomb-like energies, 

their relatively narrow mass distributions were peaked near the projec-

tile mass, and the gross product (all masses) angular distributions were 

side-peaked. In order to clarify the e~perimental situation for such 

heavy systems, we have applied the technique of elemental (Z) identifi

cation to the system of 
197

Au + 620 MeV 
86

Kr. A brief report of this work 

d . f 13 has appeare 1n re . 



0 0 u 0 4 7 0 4 Q I ~ 

-3-

2. Experimental Technique 

86 
Beams of 620 MeV Kr from the Berkeley Super-HILAC were utilized 

• d 0 45 I 
2 1 lf . 197 f '1 to bombar . mg em natura , se -support1ng Au 01 s . Beam inten-

sities of 5 -·so nA (q =+32) were readily obtained with dead time and 

pileup considerations limiting the intensity.at forward angles. A for-

ward-angle out-of-plane counter monitored the beam energy.and was also 

utilized to detect the presence of parasitic beams,which were eliminated 

with proper tuning of the accelerator. To monitor shifts in the gain or 

baseline, pulser signals were fed into the system both during and between 

beam bursts. 

Reaction products were detected with four telescopes mounted in pairs 

on opposite sides of the scattering chamber, each consisting of a gas ioniza-

. A d 4 l'd 14 
t1.on uE counter an a 00 lJ so 1 state E counter. At forward angles 

the gas counter entrance windows were 0.28 mg/cm
2 

polycarbonate (Kimfoil) 

2 
foils and at more backward angles 0.04 mg/cm Formvar foils. The gas 

counters operated with pure methane (CH
4

) gas at pressures between 50 

and 300 Torr and at flow rates of~ 0.1 ~/sec. These pressures and flow 

rates were independently regulated for the more forward and more backward 

pairs of counters to better than 0.5% with cartesian manostats. To 

identify events with Z = 40 from those with Z = 41, the ~E thickness 

must be fixed to better than ~ 2%, thus it was important that the CH4 

density was well regulated. 

The telescope acceptance angles of l 0 to 2.5° were defined by circu-

lar collimators with diameters of 0.1 to 0.3 em. The absolute 

solid angles of the tPlescopes were d . d . 241 eterm1.ne w1.th an Am a-source 
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of known activity. Elastic scattering measurements at both positive and 

negative angles were made to determine the scattering chamber asymmetry. 

Two parameter (L'IE, E) event-by-event data were taken with a multi

plexer analog-to-digital converter system and written on magnetic tape 

with a PDP-15 computer. On-line monitoring was accomplished with a two 

dimensional display of E and L'IE on a storage scope. In addition, the solid 

state E counter was inspected for radiation damage by observing the posi

tion and width of the elastic line (~10 MeV FWHM) in four separate one

dimensional displays. The z-resolution of each telescope was monitored 

off-line by printing expanded E- L'IE arrays with a PDP-9 computer. 

Event-by-event data were sorted off-line into two-dimensional L'IE 

versus E maps (960 x 100 channels). A computerized technique
15 

was used 

for the automatic location and subsequent fitting of ridges correspond

ing to individual elements in the two-dimensional map. The prominent 

projectile ridge determined the absolute Z calibration. In order to 

systematically locate these ridges, a triangular function.was convoluted 

with the data in a narrow cut in E along the L'IE coordinate. This fold

ing integral oscillates through maxima and minima as a function of L'IE 

due to the periodic superposition of-the triangle with the ridges and 

valleys, respectively. The grid of ridge points generated by the maxima 

defined the z-ridges, and the limits for individual Z's were chosen mid

way between the ridge lines. 

• 



-5-

An energy calibration of the E amplifier systems was obtained from 

a precision mercury pulser that was calibrated at low energies with a 

241
Am a -source and at high energies with elastically scattered Kr ions 

whose pulse heights were suitably corrected for energy losses in the 

target, in the gas counter window and the dead layer of the solid state 

counter. These calibration data were collected with the gas counter 

evacuated. The shift in the energy of the E signal for runs with and 

without gas in the telescope along with the mercury pulser were used to 

calibrate th~ L'lE amplifier system. 

Laboratory energies of the detected fragments were corrected for 

losses in the target and gas windows using polynomial fits to Northcliffe 

and Schilling range-energy data.
16 

The pulse-height defect in the solid 

state counter was determined in sub-barrier bombardments of heavy targets 

with argon projectiles through a coincidence measurement of the elastic 

argon and the recoil target nuclei. Tpe Z-dependent pulse-height defect 

calibration was obtained as described by Kaufman, et a1.
17 

Uncertainties 

in the total laboratory fragment energy are of the order of 3% due to 

uncertainties in the beam energy and in the above corrections. 
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3. Results and Discussion 

In this section center-of-mass kinetic energy spectra, 

charge and angular distributions are presented for over 30 identified 

elements. The number of elements that were identified is dependent on 

the fragment energy, more being resolved at forward angles where the 

energy is highest. These experimental results are compared to those 

from other projectile-target combinations and to the diffusion model 

calculations of Moretto and Sventek.
10 

In Table I, the values of a number of parameters which character-

ize 
197 86 

the system Au + 620 MeV Kr are listed. One should note that 

the ratio of the center of mass energy to the Coulomb barrier of 1.5 

> 
for this reaction is somewhat_ small compared to a typical E/B ~ 2 for 

1 . h . . h . 1 d . d 4 - 7 d h h most 1g t 1on react1ons we ave prev1ous y stu 1e , an t at t e 

maximum angular momentum is very large~ 300 h. Furthermore, the grazing 

angle is 58° (8 )and the rotational period of the intermediate complex 
c.m. 

-20 
is about 10 seconds. 

3.1 KINETIC ENERGY SPECTRA 

To generate kinetic energy spectra for each identified element, 

a two-dimensional gate was set around each element ridge and laboratory 

energy spectra were projected out. To transform these spectra to the 

center of mass system, one must know the fragment mass. Direct A and 

z measurements for fragments produced in the reaction Ni + Ar support a 

18 
charge equilibrium model. In this model, the mean pre-evaporative Z 

is the one which minimizes the liquid drop potential energy for fixed 

mass asymmetry. This model has been confirmed with coincidence measure-

. h 1 . 107 'l09Ag + 288 MeV 40Ar .19 ments for a sl1g t y heav1er system 
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The fragment mass calculated from the charge equilibrium model was utilized 

to make the lab to center-of-mass transformation, neglecting_ the effect of 

light-particle evaporation (n,p and a) on the fragment masses and energies. 

* To first order, the energy before evaporation E is given by: 

* E E/ (l- V/m) , (l) 

where E, m, and V are the energy after evaporation, the mass before evap-

oration and the evaporated mass, respectively. To accurately correct for 

the neglect of particle evaporation, one must know the fragment mass before 

evaporation and the number of evaporated nucleons. However, if the quan-

tity V/m is small, the error in the mean center of mass energies due to 

this effect is given by the expression: 

* 6= E - E 
mm E E 
_p p lab 

M2 
T. 

cos (2) 

where Elab and 8 are the observed laboratory energy and angle of the frag

ment, mp and Ep are the projectile mass and energy and MT is the total 

mass of the system. Even pessimistic assumptions of the number of evap-

orated particles result in corrections of at most 7%. 

Center-of-mass kinetic energy spectra from the reaction 620 MeV 

86 197 . 
Kr + Au for a number of elements are showh in Fig. l for selective 

angles: before (18.8°), near (35.4°) and behind (60.4°) the grazing angle 

(Olab = 41 o). Although energy spectra were obtained for each of the '\, 30 

elements identified at each angle, the spectral shapes change slowly 

with Z so only a few representative cases are depicted here. The atomic 

number of an element's energy spectra is noted only once on the left of 
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the 18.8° data. To illustrate how an energy spectrum would look if the 

individual elements were not identified, a "total" spectrum is shown for 

each angle at the bottom of the columns in Fig. 1. In these "total" 

spectra, the center-of-mass energies were obtained by assuming that all 

events had the mass of the projectile. 

Glancing down the column of Fig. 1, one is struck by the prepon

derance of cross section in the broad peak occurring near the Coulomb 

energies for two touching spheres (arrows). An inspection of the loca

tion and width of this broad peak for both the forward and backward 

angle data shows that, to first order, they are constant for all of the 

detected elements, indicating a nearly complete relaxation of the kinetic 

energy. 

For elements close to the projectile at 35.4°, the uniformity 

of the energy spectra is violated. For these elements the spectra show 

a much broader structure extending to energies substantially above the 

calculated Coulomb barrier, indicating large contributions from quasi

elastic or incompletely damped events. The higher energy events are 

clearly more numerous than the relaxed events for z 

the two contributions are approximately equal for Z 

32 and 36 while 

40. The continuous 

evolution observed in the degree of damping from the deep inelastic to 

the quasi-elastic makes it difficult to reliably determine their individ

ual magnitudes. 

3.2 MEAN KINETIC ENERGY 

Mean energies and full-widths-at~half-maximum were extracted from 

the broad peaks observed in Fig. 1 after the subtraction of background 

due to elastic and slir scattered projectiles, recoiling transfer products 
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and low energy elastic scattering of target nuclei (e.g. see intense 

low-energy tail in 60.4° data of Fig. l). In Fig. 2 the extracted mean 

energies {open circles) and widths {open squares) for each identified 

element averaged over angles both fore and aft of the grazing angle 

are shown. The "error bars" represent a one standard deviation spread 

in the data. Their relatively small size indicates the complete damp

ing of the initial system's kinetic energy for all elements at most 

angles. 

To.illustrate the case of partial damping, the 40.4° data 

{shaded symbols) <Jre also shown {no ·attempt was made to separate the 

strongly overlapping quasi-elastic and deep inelastic components 

at this angle) . A sharp peak is produced near Z = 36 in both the 

mean energies and widths by the large quasi-elastic component; 

whereas, the data for elements far above or below the projectile fall 

within one standard deviation of the average value::> for the relaxed 

energies (open symbols). Thus Fig~ 2 illustrates the occurrence of 

partial damping for elements near the projectile and angles near the 

critical angle, and the complete relaxation of the kinetic energies 

over the entire angular range (10 - 80°) for elements below Z = 29 and 

above Z = 41. Since incomplete energy damping is only observed for 

relatively small mass transfers, energy damping appears to occur more 

rapidly than mass transfer. 

An additional interesting feature illustrated in Fig. 2 is the 

:20'!. difference between t:he experimental mean values {open circles) an·j 

the Coulomb energies calculated from the repulsion of two touching 

spheres (solid curve). In general, the relaxed energies follow the 



-10-

trend of the curve but l;ie.somewhat below it. The experimental center-

. 
of-mass energies have not been corrected for particle evaporation (see 

earlier discussion) , and the solid curve does not include the rotational 

energy of the complex. Because these two effects are similar in magnitude, 

their combined effect should not appreciably change the separation be-

tween the data points and the calculated curve. Thus the 20% shift below 

the calculated Coulomb energies for spheres is probably the result of 

fragment deformation. 
7 20 40 136 

Data ' from 288 MeV Ar and 979 MeV Xe on 

197
Au add additional support to the fragment deformation hypothesis. For 

elements near the projectile, the shift below Coulomb energies is 12% 

7 . 20 
for the Ar +Au system and 30% for the Xe +Au data. Thus the increas-

ing deformability of the heavier systems manifests itself in a larger 

decrease of the fragment center-of-mass kinetic energy below the calcu-

lated Coulomb energies for two touching spheres .. , 

3.3 EXPERIMENTAL CHARGE DISTRIBUTIONS AND DIFFUSION CALCULATIONS 

The measured laboratory charge distributions for the reaction 

197
Au +620 MeV 

86
Kr are given in Fig. 3 for a wide range of laboratory 

angles. In general they tend to be narrow in comparison with those 

. 6 7 
obtained in Ar bombardments at high energ1es. ' Moreover, there is a 

strong shape dependence of these Z-distributions on the angle of obser-

vation. At forward angles, they are rather broad and are centered near 

the projectile z. As the detection angle increases, a narrow peak 

develops around the projectile atomic number. For Uie most backward 

angles, the Z-distributions arc broadest and are shifted toward hcav.i (~r 

elements, although the experimental z cutoff makes it difficult to 

accurately locate their maxima. 
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The displacements in the Z-distribution centroids and the large 

width variations can be attributed to differences in the system inter-

action time. For diffusion along a linear potential, the solution of 

. 21 22 the Fokker-Planck equat1on ' yields: 

<z> = zo + ~1 t, (4) 

• 
and 

a 2 
~2 t, z (5) 

where z
0

, <z>, az2 
are the initial Z, the average Z, the variance of 

the charge distributions and the time. The quantities ~l and ~2 are the 

drift and spreading coefficients, respectively. While one does not ex-

pect that a linear potential represents the physical situation, for a 

variety of potential shapes one would expect that eqs. 4 and 5 are quali-

tatively correct in their predictions: short ~imes imply little drift 

from the entrance channel asymmetry and small charge widths. 

Realistic potential energies, calculated using the liquid drop 

model and the assumption that·the complex consists of two interpenetrat-

-' 
ing spheres, are shown in Fig. 4 for several £-waves (0.80,:)..60 and 240 h). 

Each curve has been calculated relative to the injection point potential 

energy (Z of the projectile). It should be noted that the injection 

point for this system is to the right of the Businaro-Gallone moun-

tain and that a negativ~ slope of the potential at the inject.ion point 

favors the transfer of matter from the target to the projectile. An 

example of the population probabilities calculated with the diffusion 

model for Q, = 0 (see Fig. 4) are presente~ in Fig~ Sa as contours of 
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constant population in the plane defined by the charge asynunetry and the 

time. The drift of the distributions from the injection point towards 

symmetry (low potential energy) with increasing time is well illustrated. 

Perhaps more impressive is the rapid spread in width of the distributions 

with time which is accentuated by the overlap of the target and projec-

tile distributions. 

Returning to Fig. 4, one notes that the slope of the potential at 

the injection point increases dramatically for increasing ~- Thus for 

the low ~-waves; the driving force toward synunetry is small. Because of 

the high temperature the system can spread over a-broad range of charge 

asymmetries. When the angular momentum is increased, the potential well 

at symmetry becomes deeper. Thus the system is more quickly driven towards 

symmetry. The effects of the angular momentum-dependent driving potential 

on the population probabilities (calculated with the potentials shown. in 

Fig. 4) are beautifully illustrated in Figs. 5a,b,c, and d. The narrow-

ing of the population distributions for high ~ values is particularly 

apparent in Fig. 5d and is due to a drastic reduction in the nuclear 

temperature because of energy tied up in rotation. 

Since the usefulness of the Fokker-Planck approximation to the 

. 22 
Master equation has been dealt with elsewhere, it will not be discussed 

in detail here. However, it should be noted that the linear relation 

2 
between a z and <Z>- z

0 
predicted by Eqs. 4 and 5 is appproximately borne 

out by the calculations (see Fig. 5). This linear dependence is better 

~ 

illustrated by the calculations shown in Fig. 6. While for any indivi-

2 dual Q, 
1 

o increases ttbtrly l irH~arly 1 the ~lop<·~ varies drastically with ~. 
z 
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It is important to note that, irrespective of details of the 

models (Fokker-Planck or Master equation) or the £-wave dependence, the 

width and the displacement of the charge distributions increase with 

time. This leads to the association of the narrow Z-distributions ob

served at near grazing incidence with short interaction times. Thus 

one can label these distributions as "young". Similarly, the inter

mediate width distributions at forward angles and the broad distribu

tions at backward angles may be described as "middle-aged" and "old", 

respectively. 

The variation in the shape and centroid of the Z-distribution 

with angle can be understood qualitatively if one assumes that the 

intermediate-complex lifetime increases with decreasing impact param

eter (or angular momentum) . For large values of the impact parameter 

b, the small radial velocity results in little internuclear penetration. 

Under these conditions the complex is short-lived or "young". Because 

of these short lifetimes, little mass is transferred and only small 

angular displacements occur yielding narrow ("young") distributions 

near the grazing angle. For intermediate values of b, the lifetime 

is long enough ("middle aged") for considerable mass transfer and rela

tively large angular displacements to occur. In fact, the composite 

system may rotate to angles forward of the grazing before decaying. 

Small impact parameters involve the largest radial velocities, 

maximum interpenetration and therefore the longest lifetimes ("old"). 

While these long lifetimes allow the diffusion to reach a more .advanced 

state, the low angular velocities permit only a small rotation of the 

complex before decay so that emission occurs largely b.ehind the grazing angle. 
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Unlike the "young" and "middle-aged" distributions,the "old" distribu-

tions (backward angles) show a substantial shift towards symmetry. 

Since the qualitative features of the angular dependence of the 

charge distributions can be explained in terms of a diffusion process 

with an t-dependent lifetime, we were encouraged to perform detailed 

calculations in an attempt to quantitatively reproduce the data. Dif-

197 86 
fusion model calculations for the Au + 620 MeV Kr system have been 

23,24 
performed previously by Sventek and Moretto assuming that the complex 

consisted of two touching spheres and that 

T(Q,) T (0) (l- Q,jQ, ) 
max. 

(6) 

where T(Q,) is the lifetime of the complex for angular momentum (Q,). The 

assumed linear relationship between T and Q, is reasonable in light of 

d . 1 25 ynam1ca treatments. The various parameters in the model (see ref. 24) 

were grossly adjusted to reproduce the experimental charge and angular 

distributions. In order to obtain reasonable agreement, a diffusion 

constant K whose value was one-half of that obtained from fitting the 

angular distributions for the reaction 
107

'
109

Ag+288 MeV 
40

Ar was used. 

These cross section calculations were in reasonable agreement with ex-

perimental data for atomic numbers with Z ~ 32, and the variation of the 

z-distributions with angle was qualitatively reproduced. However, the 

theory underestimated the yield of light elements by roughly an order of 

magnitude. 

Since the diffusion constant K should be system independent apart 

from a geometrical form factor, reducing it by a factor of 2 represents 

a serious difficulty for the theory. The poor agreement for the lower 

' 
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atomic numbers was thought to .be the result of a potential energy that 

was too steep at the injection point rather than a failure of the theory. 

Too steep a slope drives the system too quickly toward symmetry at the 

expense of the yield for small atomic numbers. Reduction of the diffusion 

constant by a factor of two slows this drift toward symmetry, but also 

reduces the spreading, thus yielding poor agreement for elements con-

siderably lighter than the projectile. 

Since the potential energy depends on the assumed shape of the 

complex, it is reasonable to investigate the effect of different shapes 

on the diffusion process. For simplicity the individual fragments were 

held spherica~ and only the distance between their geometrical centers 

was allowed to vary; more explicitly 

d = 1. 225 (A l/3 +A l/3 ) + o 
1 2 

(7) 

where d is the separation of the centers, A
1 

and A
2 

are the mass numbers 

of the fragments and o is the new parameter. 

It was found that positive values of o led to poorer agreement as 

they increased the slope towards symmetry'because of the smaller rotational 

energy asso~iated with the more extended shapes. On the other hand, 

negative values of o flatten the slope causing less displacement and 

allow more spreading of the Z-distributions. Fits to the integrated 

charge distributions obtained with o = -2.0 fm are shown in Fig. 7. 

Impressive agreement between theory and experiment is observed. Both 

the shape and magnitude of the data are reproduced to approximately 50% 

with the largest deviations occurring for elements near the projectile 

where there are large quasi-elastic contributions (neglected in the 



-16-

calculations which assume an upper Jl, cutoff of 252 h). 

The assumption of a more compact.shape may seem at first to be 

in conflict with the elongated shapes implied by the mean fragment 

kinetic energies which lie below the calculated Coulomb energies for 

spheres using a 0 of +2.0. However, the observed mean energies re-

fleet the shape at scission rather than the time averaged shape which 

is the relevant one during the diffusion process. Dynamical calcula-

. 26 . . h . . f 2 f . . bl t1ons 1nd1cate t at an 1nterprenetrat1on o m 1s qu1te reasona e. 

In addition, we should point out that Eq. 7 yields d = 10.53 fm for the 

distance between the two centers of the complex, which is to be compared 

with 11.19 fm obtained from summing the half density radii calculated 

27 
according to the prescription of Myers . The most important question 

remaining is whether the previously studied Ag +Ar case
10 

can be fitted 

when the interpenetration of fragments is taken into account. Pre-

liminary calculations indicate that this can be done in a consistent 

manner with appropriate scaling. 

Calculated charge distributions are presented in Fig. 8 for 

a variety of center of mass angles. To aid comparison with theory, 

"experimental" points have been obtained by: linear interpolation 

between points in the angular distributions. Both the widths and 

the centroids of the calculated Z-distributions are in reasonable 

agreement with experiment except for angles where there is a large 

quasi-elastic contribution. The inclusion of higher £-waves in the 

model calculations should improve the fit in these regions. 
\ 

Further-

more, the angular dependence of the width and ~agnitude of the Z-dis-

tributions is well predicted (except for 80°), supporting the hypothesis 
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of an ~-dependent lifetime. Calculated angular distributions utilizing 

the same pararneteffiwill be presented in the next section. 

A total experimental reaction cross section of 2.2b is obtained 

by summing over all Z's in Fig. 7. This number is in reasonable agree-

ment with the value of 2.3b for the calculated total reaction cross 

section given in Table I and with the value (1.9b) calculated from a 

. 28 ( radlus constant r = 1.38) found in the literature. 
0 

The absolute 

error in our total reaction cross section may be as large as 25% due 

to uncertainties in background subtraction, solid angle, target thick-

ness, etc., and difficulties in resolving elastic and inelastic events 

for z = 36. 

Before ending the discussion of the experimental charge distri-

butions, some comments should be made regarding the possible contribu-

tion to elements near Z = 42 from the fission of the Au-like deep-inelastic 

f . 1 d" 20 f h . 197 97 .ragments. Recent experlmenta stu les o t e reactlon Au + 9 

136 
MeV Xe revealed bimodal kinetic energy spectra for products with Z 

near 42. The charge distributions and energy dependence on angle for 

the two peaks indicated that one of the components was due to the fis-

sion of Au-like fragments produced in the deep-inelastic process. While 

there is no direct evidence for secondary fission in the kinetic energy 

d d . . 197 2 86Kr, . spectra of fragments pro uce ln the reactlon Au + 6 0 MeV slmple 

calculations indicate that for most angles the fission fragments would 

have insufficient energy to be identified in Z under the present ex-

perimental conditions. For angles near 50° in the lab, where they should 

be observable, the expected energies overlap those of the abundant deep-

inelastic component. 



-18-. 

The charge distributions also fail to give an unambiguous answer 

to the question of whether any secondary fission yield is present. At 

backward angles there is a substantial population of elements near z = 42, 

but the potential energy associated with the mass/charge asymmetry coor-

dinate (see Fig. 4) decreases as one moves towards symmetry, so this 

yield can be accounted for as enhanced diffusion towards symmetry. In 

conclusion, while it is reasonable to expect some secondary fission of 

the Au-like fragments from the current reactio~ no clear evidence is 

observed in the current experimental data. Future coincidence measure--

ments are needed to resolve the issue. 

3.4 ANGULAR DISTRIBUTIONS 

From the discussion of the charge distributions in the last sec-

tion, it is clear that the diffusion model predictions are in nearly 

quantitative agreement with the data. While this observation lends con-

siderable support to the contention that the so-called "quasi-fission" 

phenomenon shares a common mechanism with the deep-inelastic process, 

the angular distributions for individual elements produced in the 

197 86 0 1 10 1 d ub 0 0 0 d d Au+ 620 MeV Kr react:wn eave J.tt e o · t that thJ.s J.S J.n ee 

the case (see Fig. 9). These distributions are side-peaked for elements 

close to krypton, but forward peaked (in excess of 1/sin 8) for elements far 

above or below krypton. A close inspection of Fig. 9 shows that the transi-

tion from side to forward peaking is continuous. As the atomic number 

of the f1:agrnent is increased or decreased from that of the projectile,. the 

pcilk _i_n the anguL:tr distributions moves to smaller angles, producing first· 

a shoulder for intermediate mass transfers, and eventually disappearing 

for the largest mass transfers leaving forward peaked distributions. 
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Side-peaked angular distributions suggest that the lifetime of 

the complex is substantially shorter than the rotational period so that 

the system seldom rotates past 0°, causing the fragments to be emitted 

on the side of impact. This seems to be the case for elements close 

to Kr. For somewhat longer lifetimes one expects angular displacements 

towards 0° with a corresponding increase in yield at small angles.. When 

the lifetime is sufficiently long, rotation past 0° is possible and 

causes a forward peaking in the angular distributions as is observed _ 

for elements well above or below the projectile. Such qualitative con-

siderations lead one to the conclusion that the effective lifetime for the 

197 
Au+ 620 MeV 

86
Kr system increases with increasing mass {charge) transfer. 

The above observations are readily explained in terms of a dif-

• 
fusive evolution along the mass asymmetry mode. For a diffusive mech-

anism the spread in mass increases with time {see Fig. 5); therefore, 

the time delay in populating a given element should increase as the 

difference I z- z . I increases. Thus the increasing time delay as so-
pro] 

ciated with larger and larger mass transfer can be correlated with 

the observed continuous transition from side to forward peaking in the 

experimental data. 

Angular distributions calculated with the diffusion model of 

Moretto and Sventek are presented in Fig. 10 along with the experimental 

data for every other element. These distributions are presented {from 

top to bottom of Fig. 10) in order of increasing mass transfer to the 

target {left column) and to the projectile {right column) . For elements 

above the projectile, the position and magnitude of the side peak as 

well as the shape of the experimental data are quite well reproduced. 
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For elements below the projectile, the magnitude of the side peak is 

underestimated, but its· position as well as the magnitude of the back-

ward angle points is correctly predicted. The large underestimation 

of the magnitude of the side peak observed for elements close to the 

projectile is due to the strong quasi-elastic contribution in .the data 

(see Fig. 1) and the neglect.of partially damped processes in the cal-

culations. It should be stressed that no-normalization between cal-

culations and experiment has been performed. 

From these calculations, the following values of the diffusion 

const·ant, K, and 1 ifetime for Q. = 0, 'T ( 0) were obtained: 

21 -1 -2 
K = 0. 5 x 10 charge units sec fm , 21 -1 

].1
1 

= 3. 0 x 10 charge units . sec 

T (0) sec. . 22 .. . 2 -1 
].1

2 
= 0. 66 x 10 (charge un1 ts) sec 

(The values of ].1
1 

and ].1
2 

for the injection asymmetry were calculated from 

22 
K, see ref. ) As discussed in the last section, this value of K is the 

same as that obtained from the 
40

Ar fits. For the current reaction the value of 

'T(O) is rather accurately determined by the position of the side peak and, 

in agreement with the above discussion, is considerably smaller than the 

-20 . 
expected rotational period ('V 9 x 10 sec).· The quantity T (O) should 

not be directly compared with the Q.-independent lifetime used to fit the 

107 
,l09 Ag + 288 MeV 40Ar data of reference 10. 

. 29 30 31 
Recent exper1ments ' ' have. been performed with Ag, Tb and Ta 

targets and Kr projectiles. In the case of Ag + Kr at 7.2 MeV/A, broad 

charge distributions pea_ked at symmetry and forward-peaked angular dis-

29 
tributions were observed, which arc qualitatively very similar to those 

40 
obtained in the Ar bombardments. d . "b . 30 For Tb the charge 1str1 ut1ons are 
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still broad (although narrower than those for Ag); however, the angular 

distributions show weak side peaking near the projectile. The Ta charge 

distributions
31 

are narrower than those of Tb, but somewhat broader than 

in the Au case. The side peaking in the angular distributi9ns is well 

developed for Ta, but does not persist for as many elements as in the 

7\u case. 

The continuous evolution in the behavior of the angular distri-

bution appears to be correlated22 with the ratio E/B. For the systems 

620 MeV Kr +Ag, Tb, Ta and Au, the ratio E/B is 1.9, 1.7, 1.6 and 1.5, 

respectively. For E/B less than about l. 6, strong side peaking is ob-

served in the angular distributions. When this ratio is much greater 

than l. 6, forward peaking is observed. 
. 32 33 

Recent exper1mental results ' 

40 
for Ag + 170 MeV and 200 MeV Ar (E/B = l. 2 and l. 4, respectively) also 

show strong focusing effects in the angular distributions. This point 

is discussed in more detc:..il in refs. 22 .and 23 . 

3.5 DEPENDENCE OF THE CHARGE AND ANGULAR DISTRIBUTIONS ON 

ENERGY DISSIPATION 

The energy spectra observed in "light ion" reactions and in the 

reaction Ag + 620 MeV Kr were bimodal near the grazing angle and a decom-

position of the relaxed and quasi-elastic was justifiable. In the cur-

rent reaction the quasi-elastic and relaxed components are not resolvable. 

In fact only very broad energy distributions are observed at angles near 

the grazing angle, and thus it is of considerable importance to determine 

the energy dependence of the charge and angular distributions. 
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To this end, we have adopted a procedure for producing charge and 

angular distributions for various energy windows, or "bins", relative to 

the relaxed energy line. The energy windows are defined by a series of 

E vs. Z lines parallel to the experimental mean relaxed energies 
fragment 

as determined from measurements at forward and .backward angles, where the 

energy spectra are essentially relaxed (see Fig. 2). 

The dependence of the integrated (over angle) charge distributions 

on the degree of energy dissipation is illustrated in Fig. 11. The degree 

of energy dissipation increases with decreasing window number (i.e. from 

l:op 1:o bottom of Fig. 11). The qualitative interpretation of this 

fiqure is clear. In the early stage of energy dissipation (large ener-

qics or large bin numbers, the Z-distributions are narrow or "young". 

For larger degrees of damping, the charge distributions become pro-

gressively broader or "older". The position of the centroids is strongly 

correlated with the Z-distribution widths. The narrow distributions show 

essentially no shift from the projectile atomic number. However, as the 

distributions broaden, the centroid moves to somewhat larger atomic num-

bers, in accordance with potential energy considerations (secondary fis-

sion of Au-like fragments may also contribute to the shift in centroid 

for the low energy bins). The overall behavior of the Z-distributions 

shows that the diffusion along the mass asymmetry mode is coupled to the 

energy relaxation. The variation of the Z-distribution widths with energy 

damping has been discussed by Huizenga et a1.
34 

The angular distributions of several energy windows (see Fig. 12) 

show a very interesting feature (note that dO/d8 is plotted and that a 
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1/sin (:) dis-tribution for dofdfil would be here a horizontal line). For 

:;mal J energy lOSS<"!S (shaded squares and open triangles) the side peaking 

is very strong. This is not unexpected if one ass9ciates these bins with 

quasi-elastic transfer (short complex lifetimes). For progressively larger 

energy losses (longer lifetimes), the peaking bec9mes less pronounced; and, 

for the lowest energy windows (circles), the distributions are forward peaked 

(straight line with negative slope). One should note that the side peak 

appears to be somewhat more persistent for atomic numbers closer to the 

projectile (the anomalous t.ehavior for some elements at backward angles 

results from kinetic energies somewhat higher than the average in this 

region, and is discussed in the next section). From these angular dis-

tributions one may conclude that the lowest kinetic energy products are 

associated with longer decay times as manifested by forward rather than 

:,;ide peaking of their angular distributions. 

3.6 WILCZYNSKI DIAGRAMS 

In .interpreting the data it is useful to produce contour diagrams 

. . . . 35 f 
like those f1rst made by W1lczynsk1. A ew representative examples 

are given in Fig. 13. These plots have been generated by linearly inter-

polating between adjacent experimental center-of-mass spectra and were 

drawn with the aid of a CDC-7600 computer. The spectra have been con-

verted to Et t l vs 8 and contours have been drawn through points of o a em 

constant a 2o;ae aE thus, a l/sin8 distribution appears on such a 
em T 

plot as a series of parallel horizontal contours. 

The deep-inelastic component manifests itself as a ridge at low 

energies, approximately parallel to the 8-axis. For Z's well above or 
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well below the projectile, this ridge constitutes the only major struc-

ture. For all elements, forward peaking in excess of l/sin8 is observed 

(see Fig. 13). The behavior for high Z's (particularly Z = 44 and 46) 

at backward angles is not well understood. Secondary fission may be the 

cause of this distortion of the deep inelastic ridge. However, this 

increasing energy observed at back angles may be due to experimental 

errors, and/or errors in the relatively large energy corrections for high 

atomic numbers cannot be ruled out. Note also that the conversion to 

the total center-of-mass energy amplifies the absolute disagreement. 

Atomic numbers closer to the projectile exhibit a second concen-

tration of cross section at small center-of-mass angles, generally asso-

ciated with bulging towards higher energies reflecting the coupling of 

energy dissipation and mass diffusion. For Z's still closer to the pro-

jectile, Z = 34, 38 for example, a well defined quasi-elastic ridge 

develops. This ridge attains its maximum energy slightly inside the 

grazing angle (60° from Table I) , and moves rapidly towards lower ener-

gies for smaller angles. The slope of the quasi-elastic ridge is con-

"d 1 h h . h 29 f 6 0 . 1" h . s1 erab y steeper ere t an 1n t e case o Ag + 2 MeV Kr or 1n 1g t 10n 

bombardments high above the interaction barrier. This sharp descent of 

the quasi-elastic ridge is the reason that near the grazing angle only 

a single very broad peak is visible in the kinetic energy spectra. This 

claim is supported by the case of Ag+620 MeV Kr where the gentler slope 

29 
results in bimodal kinetic energy spectra. 
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4. Conclusion 

The dominant influence of the interaction time on the character 

of the charge and angular distributions produced in heavy ion reactions 

is clearly visible in the 
197

Au+620 MeV 
86

Kr data. The evolution from 

side to forward peaked angular distributions with both increasing energy 

dissipation and increasing mass transfer beautifully illustrates the 

transition from short to long lifetimes for the intermediate complex. 

This transition is also seen in the evolution of the charge distribu-

tions from narrow ("young") to broad ("old") with energy dissipation 

and with lab angle. The differences between the deep-inelastic and 

quasi-fission behavior appear to be related to differences in the life-

time of the reaction intermediate. 

The complicated patterns observed in the charge and angular distri-

butions are quantitatively reproduced by a diffusion model calculations 

incorporating an £-dependent lifetime of the intermediate complex and an 

interpenetration of the two fragments. In particular, the peak magnitude, 

position and width of the integrated charge distribution as well as the 

angular dependence of the charge distribution are reproduced. Furthermore, 

the calculated position of the side peaking in the angular distributions 

and its evolution with mass transfer are in good agreement with the data. 

197 86 
This overlap between theory and experiment for the Au + 620 MeV Kr and 

I . f d f the 107, l09Ag 8 t1e prev1ous agreement oun or + 2 8 MeV Ar system demon-

strates that the diffusion model holds over a large mass range of projec-

ti.l1• and target t:tlmhinations, thus providin9 a uriificd picture for the 

interpretation of heavy ion reaction phenomena·. 
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Table 1. Characteristics of the reaction 
197

Au + 86Kr 

at 620 MeV bombarding energy. 

E 
c:m. 

(MeV) 432. 

B(MeV) 282. 

E/B 1. 53 

OR (b) 2.3 

ecrit (deg) 58. 
c.m. 

£, (h) 302. 
max 

T (sec) 
rot 

9. X l0-21 

An r of 1.225 fm was used in calculating the nuclear 
0 

radii. In addition, 2.0 fm were added to the sum of the 

radii in the calculations. The rotational period Trot is 

given for the entrance channel mass asymmetry and assumes 

£ = £ and spherical fragments. 
r.m.s. 
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Figure Captions 

1) 

2) 

3) 

Center of mass kinetic enerqy spectra for representative elements 

(Z indicated only once on far left) detected in the reaction 

197 . . 86 
Au + 620. MeV Kr at three angles. See discussion in text. 

For reference the calculated Coulomb energy for two touching 

spheres(R = 1.225 (Ai/3 +A~/3 ) + 2.G fm) of the indicated 

asymmetry is shown by a vertical arrow for each spectra. 

Mean. center-of-mass kinetic energies and widths; average of all 

angles where there was no evidence of a quasi-elastic component 

~pen symbols), and an angle close to the grazing angle (40.4° 

shaded symbols). The "error bars" shown correspond to one 

standard de~viation from the mean and one should note that the 

very small standard deviatio;~s for large z' s (>so) are the 

result of few data points. The solid curve is the calculated 

energy expected from the Coulomb repulsion of two.spherical 
+ 

_fragments. The FWHM was calculated from 2nd moments of energy 

spectra assuming a gaussian shape. The small FWHM for Z = 36, 

relative to neighboring elements, is caused by the very intense 

quasi-elastic component. 

Charge distributions for reaction products detected at several 

laboratory angles. The dashed lines indicate uncertainty in. 

·obtaining accurate cross sections for Z's close to the projectile 

due to large background contributions. 
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4) 197." 86 Ridge line potentials for the reaction Au + 620 MeV Kr. 

Each curve is labeled according to £-wave •. 
,. 

5) Contours of constant population in the plane defined by the 

charge asymmetry coordinate and the time f~r four £-waves and 

for the reaction 
197 

Au+ 620 MeV 
86

Kr. Th~harpening of the 

population distributions at high £-values is readily visible. 

6) Calculated dependence of 0
2 

vs z- z (Z 36) for various z 0 0 

£-waves in the reaction 
197 86Kr . 

Au+ at 620 MeV bombarding 

energy. The 0
2 

vs Z- Z curve for the distribution obtained z 0 

by integrating over 9v with the 2£ + 1 weight is also shown. 

7) Total experimental (circles) and calculated (heavy curve) 

cross sections, as a function of Z for the reaction 

197 86 
Au+ 620 MeV Kr. The data points were integrated from 

e = 10- 80° and the thin line connecting the data points 
lab 

is to guide the eye. 

8) Comparison between "experimental" and calculated z distributions 

. f f . 197 62 at var~ous ·center-a -mass angles or the react~on Au+ 0 MeV 

86 
Kr. The "experimental" curve was obtained by linear inter-

polation between data points. 

9) Center-of-..,mass angular distributions as a function of fragment 

. 197 86 
atomic ·ttumber for the react~on Au+ Kr at 620 MeV bombarding 

energy. The curves drawn through the data points are to guide the 

eye. 
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10) Calculated (curves) and "experimental" (circles) angular 

distributions for the reaction 
197 86 

Au + 620 MeV Kr. 

11) Integrated (over angle) charge distributions for several 

kinetic energy windows for 
. 197 86 

the reactJ.on Au + 620 MeV Kr. 

The bin number multiplied by 20 gives the upper energy limit 

of the window in MeV for Z = 36. Window number 9 is approx-

imately centered on the relaxed peak for all fragments 

(see discussion in text). 

12) Center-of-mass angular distributions, (da/d6) , for several 
c .m. 

kinetic energy windows and four selected elements. 

13) Contours of constant~O/d6) in the plane defined by the fragment 
c.m~ 

total kinetic energy (center-of-mass) and by the center-of-mass 

angle (Wilczynski plot) for a selected number of fragments 

from the reaction 
197 

Au + 620 MeV 
86

Kr. The spacing of the contours 

. . 23, 24, ... l.S g1ven by ~b/rad - MeV. 
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