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* Ag + 40Ar AT 288 AND 340 Mev BOMBARDING ENERGigs 

J. Galin t, L. G •. Moretto :j:; R. Babinet \ 

R. Schmitt, R. Jared.and S. G. Thompson 
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and 

Lawrence Berkeley Laboratory 
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ABSTRACT 

LBL-4064 

The particles emitted in the reaction induced by 40 Ar on natural Ag 

at 288 and 340 Mev bombarding energy have been studied. The fragments 

have been identified in atomic number, their kinetic energy distribution 

and their angular distributions have been measured. The kinetic energy 

spectra show two components: a high energy component related to_ the 

beam energy, or "quasi elastic" component, and a low.kinetic energy com-

ponent, close to the Coulomb energy called "relaxed" component. The re-

laxed component is present at all angles and for all particles. The 

quasi elastic component is present close to the grazing angle for atomic 

numbers close to that of the projectile. The relaxed cross section 
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increases with atomic number for Z > 9. The increase in cross section 

is sharper for the lower bombarding energy. The angular distributions 

are forward peaked, in excess of l/sin8 for all the measured atomic num

bers. The forward peaking is larger for particles close in Z to the pro

jectile. The results are interpreted in terms of characteristic times 

associated with a short-lived intermediate complex. The cross sections 

and angular distributions are satisfactorily reproduced on the basis of 

a model accounting for a diffusion process occurring along the mass asym

metry coordinate of the intermediate complex. 

Nuclear Reactions: ~uAr + 1
u ' 1 u~ Ag; EAr = 288 Mev, 340 Mev. Tqe 

emitted fragments have been identified up to Z = 30. For each Z the ki

netic energy distribution, the cross section and the angular distribution 

have been measured. 

* * * * * * * * * * * 

1. Introduction 

Traditionally nuclear reactions have been classified into two .well 

defined categories: the direct reactions and the compound nucleus reac

tions. In the first class of reactions, one or very few degrees of free

dom of the target and 9f the projectile nucleus are involved, on a time scale 

of the order of one nuclear period (- 10- 22 sec-). The trademarks of 

such reactions are a small degree of inelasticity, as determined from 

the kinetic energies of the products, and a strong peaking of the angular 

distributions in the general region of the grazing angle. On the other 

hand, compound nuclear reactions are characterized by the involvement of 

many nuclear degrees 6f freedom on a time scale strongly dependent upon 

excitation energy, but usually orders of magnitude larger than one nuclear 

period. The kinetic energy distributions of the compound nucleus 
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decay products show that the reaction occurs with an extreme degree of in-

elasticity. Furthermore, the center of mass angular distributions of the 

emitted particles are symmetric about 90°. 

These two.situations, so well represented experimentally, are by 

no ~ans unique. Rather they ought to be considered as extreme cases 

of a continuous process of relaxation, whereby the reacting system evolves 

in time from the entrance channel into more and more complex dynamical 

configurations leading eventually to the fully randomized compound nucleus 

structure. Evidence of intermediate situations has been observed from 

time to time with ordinary light projectiles. Doorway states, giant res-

onances and pre-equilibrium particle emission are examples, now fairly 

common, of this state of affairs. 

Heavy ion reactions seem particularly suitable for the study of a 

new class of intermediate phenomena associated with the relaxation process 

leading from entrance channel to compound nucleus. The reason for this 

expectation is based upon the substantial excitation of collective modes 

which must inevitably occur as two distinct large nuclei tend to melt in-

to a single, near spherical, compound nucleus. Furthermore, the large 

excitation energies, frequently involved in such reactions, would lead 

to extremely short compound nucleus decay times, dangerously close to 

the characteristic vibrational and single particle periods. Als~ the 

large angular momenta involved in such reactions drastically reduce or 

- ·~ completely eliminate the fission barrier, thus compromising the stability 

of the hypothetical compound nucleus towards collective deformation. 

This situation appears to be extremely favorable for the study of 

the relaxation processes associated with various collective degrees of 
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freedom. A number of studies with heavy ion reactions show indeed that 

1-11 
this is the case. The patterns of the kinetic energy distribution assoc-

iated with the reaction products show that frictional and viscous phenom-

ena are at work. The initial kinetic energy is dissipated as the system 

moves through an intermediate "quasi elastic" stage and eventually reaches 

a final completely "relaxed" state. The mass/charge distributions also 

show a lack of equilibration, especially visible in Kr induced reactions 

9-11 
on heavy targets. The angular distributions, substantially different from 

those expected for a compound nucleus, also indicate a diffusive evolu-

. f h I d f f d f · f · 12 •13 
t1.on o t e mass charge asymmetry egree o ree om as a unct1.on o t1.me. 

In the present paper the reaction induced by ~ 0 Ar on a natural Ag 

target has been studied at two different bombarding energies: 288 Mev 

and 340 Mev. The atomic numbers of the fragments·have been identified at 

certain angles as far as Z - 30, close to the symmetric splitting. The 

kinetic energy spectra, the cross sections and the angular distributions 

for each individual atomic number have been measured at both bombarding 

energies. Special attention has been given to the measurement of angular 

distributions. A theoretical model, involving diffusion along the mass 

asymmetry coordinate of a thermalized intermediate complex, has been de-

veloped and used in order to predict both cross sections and angular dis-

12,13 
tributing as a function of atomic number. The agreement between experi-

ment and theory is excellent, thus giving confidence that relaxation 

times can be determined for various collective degrees of freedom. 

2. Experimental techniques 

The 288 Mev and 340 Mev Ar beams were provided by the Berkeley Super-

Hilac. Most commonly, the 750 KV injector EVE was used, although, at 

' -
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times, the 3 MV injector ADAM was employed. The beam was collimated to 

a spot approximately 3 mm. in diameter on the target. A Faraday cup was 

used to collect the beam that had crossed the target, and the current from 

the cup was monitored and integrated by means of a standard electrometer. 

The targets employed in the experiment were self-supported natural Ag 

foils, obtained by evaporation. This target thickness ( -300 ~g/cm2 
) 

was such that no appreciable degradation of the beam energy nor of the 

emitted particle energies occurred. 

The products of the reactions were detected and identified by means 

of two ~E, E telescopes mounted on two independent arms rotating around 

the center of the scattering chamber. The ~E counters were gas counters. 

In the early stage of the experiment, a ~E gas proportional counter was 

14 
used .. This detector, operated with a mixture_of,Ar, CH'+(90%, _10% in vol-

ume respectively) at - 6 em Hg pressure, provided atomic number resolu-

tion up to Z - 18. In the latter stages of the experiment, an ionization 

15 
chamber of our own design was used. This detector:~s operated both with 

the above mixture of Ar/CH'+ and with pure CH'+. The latter choice appears 

to be better both in terms of z resolution (up to z :::: 30) and of signal 

rise-time. The gas pressure was stabilized by means of a Cartesian mano-

stat. Pressures ranging from 6.0 to 8.0 em Hg were used. A 50 ~g plas-

tic window (Formwar or VYNS) was used to separate the counter from the 

vacuum of the scattering chamber. The _entrance window of the counter was 

located at 6 em. from the target center and the solid angle, defined by 

the window, was typically 2.0 10- 3 sr. TheE detectors were Si solid 

state counters, 300 ~m thick. 

A schematic diagram of the electronic equipment is shown in fig. (1). 
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The pulses coming from the two telescopes were fed to a standard linear 

and logic circuitry and were routed to a single ADC system through an ana

log multiplexer. The digitized information, as well as the necessary 

identification markers, were fed to a PDP 15 computer event by event 

through a CAMAC system. The data, properly packaged, were then recorded 

on a magnetic tape. On-line monitoring was performed by means of an x, y 

storage scope. 

The data were analyzed off-line on a PDP9 computer and, during the 

experiment, two dimensional ~E-E maps were printed to check the perfor

mance of the system in greater detail. 

3. Data reduction 

a). The Z identification. 

The printed ~E-E maps show well defined valleys separating one ele

ment from the other. When using a~ ionization chamber, the peak to 

valley ratio is > 10 for Z - 10 and it decreases to - 3.0 around z 20 

and to- 1.5 around Z = 30 (fig. 2). The absolute identification of the 

atomic number of any fragment can be made if just one atomic ~umber is 

determined. In the forward angles, the elastically scattered beam(Z=l8) 

makes itself quite visible. In the backward direction one can always rely upon 

the identification of Z = 9 from its unusually low cross section and of z = 6 from 

its very high cross section. In this way it was always possible to iden-

tify the various Z's even prior to the energy calibration on theE and 

~E detectors. Each valley between Z's was identified by connecting a few 

points in the ~E-E map. The coordinates of these points together with 

the Z identification, were fed to a PDP9 computer on punched cards for 

the evaluation of the kinetic energy distributions and of the cross 

. -
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sections associated with each atomic number. 

b). Energy calibration and Kinetic energy spectra. 

The most accurate energy calibration was obtained by means of the 

elastically scattered beam. The energy deposited in the ~E counter was 

computed from the Northcliff and Schilling tables and from the thickness 

and nature of the gas in the ionization chamber. The energy deposited 

was typically a few MeV. In order to calibrate the ~E counter it was 

assumed that all of the charges created into the gas were collected. This 

is not quite true both at the entrance and at the exit of the counter, 

due to the weaker electric field. This may introduce an uncertainty of 

- 5% in the absolute value of the ~E energy. A 3% additional uncertainty 

should be considered because the pressure of the g~s was not measured inside 

the detector but slightly upstream. The relative uncertainty of the total en

ergy may become serious for large Z' at backward angles, because these fragments 

deposit a larger fraction of their energy into the ~E counter. The 

energy deposit in the E counter was obtained by difference, taking into 

account the energy loss in the pastic window. No pulse height defect was 

assumed in the energy calibration. 

c). Dead layer correction. 

Corrections to the measured kinetic energies of the particles were 

made for the energy losses which occur both within the target and in the 

plastic window. The target correction was made by assuming that all the 

fragments originated in the middle layer of the target. For each atomic 

number, a 5th degree polynominal fit to the Northcliff and Schilling table 

was used to calculate the energy loss. This correction is important for 
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the higher atomic numbers at the lowest laboratory energy. In the worst 

cases,the correction may be as large as 10 - 20% of the measured energy. 

However, in most of the cases the corrections were smaller than 5% of 

the measured values. 

4. Transformation from laboratory to center of mass systems. 

The transformation from laboratory to center of mass system was per-

formed on the doubly differential cross section ~-
oQoE llab 

For each 

fragment and for each angle alab' the corresponding ecm & a~:~lcm were com-

puted. At the same time the integrated cross section a_q) 
an) em 

mean center of mass energy E 
em 

mean center of mass angle e 
em 

= ( ~g I em)' L E em ~;~ I em 

= (~-tf'Lacm a_2cr I 
aTiaEl em 

, the 

and the 

were also 

computed. In order to perform the transformation to the center of mass 

system, an assumption must be made about the masses A1, A2 of the frag-

ments which are not measured in this experiment. Two assumptions have 

been made. The first is: 

the second is: 

The differences in the resulting center of mass kinetic energies and 

cross sections are of the order of 2 - 3%. The distribution in 8 for 
em 

a given Ellab due to the laboratory kinetic energy distribution is 
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particularly important around 90° . The FWHM in angle can be here as large 

as 5° to 10° • In principle one needs to know the angular distribution 

in the center of mass in order to obtain the correct center of mass kinetic 

energy distributions and cross sections. However, due to the small spread 

in angle, and· to the fact that the.correction terms to the integrated 

cross section arise only from the second derivative of the angular distrib~ 

ution with respect to angle, the errors introduced by neglecting such 

correction should not be larger than 2 - 3%. 

5. Presentation of the experimental data and discussion 

a) The kinetic energies 

Two distinct components are observed in the kinetic energy spectra, 

similar to those observed in other heavy ion reactions. 

The first component, which we call "quasi~elastic component" because 

its energy is strongly related to that of the projectile, is observed at 

angles close to the grazing angle and for atomic numbers close to that 

of the proj~ctile. The energy distribution of this component is very 

broad and its most probable value decreases as one moves further away from 

the projectile. Examples of quasi-elastic components can be seen in the 

spectra shown in fig. (3). The origin of this component appears to be 

related to the initial stages of dissipation of kinetic energy associated 

with large 1 wave entrance channels. 

The second component, to which this work is particularly addressed, 

is called the "relaxed component". Such component is observed at all 

angles and for all particles. It is characterized by a lower energy than 

the "quasi-elastic" component and appears to increase weakly with the 

bombarding energy. The relaxed components are approximately gaussian-
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shaped and several examples can be seen in fig. (3). 

The most probable relaxed kinetic energies in the laboratory system 

are shown in fig. (4) for the 288 MeV bombarding energy. The great spread 

of these values as a function of angle is mainly kinematic in nature. A 

similar spread of values is observed for the 340 MeV bombarding energy. 

After transformation to the center of mass, the most probable kinetic en

ergy for each fragment seems to be rather insensitive to the angle of measure

ment (fig. 5). The systematic discrepancies that remain (somewhat larger 

energies at smaller angles) are rather small though they are particularly 

noticeable for Z's close to that of the projectile. 

The dependence of the most probable center-of-mass energies upon 

atomic number is easily identified as that of the Coulomb energies of two 

touching fragments. The experimental values are somewhat lower than the 

Coulomb energies of two touching spheres, and are fairly close to the 

predictions for two touching spheroids allowed to attain their equil

ibrium deformation. 

These calculations, shown in fig. (6), have been performed not 

with the idea of fitting the data, but in order to show the unmistakable 

trend, characteristic of the Coulomb .energies, present in the data. A 

conclusion that can be drawn fairly safely from the association of the 

observed kinetic energies with the Coulomb energies is that only two main 

fragments are produced in the reaction. The binary splitting has been 

satisfactorily tested in coincidence experiments on the same system at 

the same bombarding energies. A comparison between the two bombarding 

energies shows that the kinetic energies of the fragments are about the 

same. There is a marginal evidence that the 340 MeV experiment 
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has slightly higher fragment kinetic energies; however the effect is well 

within the uncertainties of the experiment. The most probable energies and 

widths (FWHM) of the kinetic energy distributions averaged over angles are 

shown in fig. (6). The widths range between 20 and 30 MeV, the maximum 

widths being in the region of Z = 18. This, like the maximum in kinetic 

energies, has nothing to do with the fact that Z = 18 is the atomic number 

of the projectile. It is just accidental that the conservation of linear 

momentum (which decides the kinetic energy ratio of the two fragments), to-

gether with the Coulomb energy dependence upon Z, lead to a maximum in frag-

ment kinetic energy around Z = 18. At 340 MeV the widths appear to be larger 

by- 5 MeV than at 288 MeV. 

The overall features of the "relaxed" kinetic energy component of the 

cross section are similar to those of a compound nucleus reaction. In 

fact, they remind one of the fission process. The closeness of the kinetic 

energies to the Coulomb energies, their approximate independence from angle 

and, what is more important, from bombarding energies, suggests strongly 

that the entrance channel kinetic energy has been completely transferred 

into the internal degrees of freedom in from of heat. We have thus assigned 

the name "relaxed" to this kinetic energy component. It should be stressed 

that while the kinetic energies are consistent with the compound nucleus 

hypothesis, 7 they are no proof that a compound nucleus has been formed. The 

only conclusion that can be drawn is that, for each splitting configuration, 

no excess kinetic energy above that required by the thermal equilibrium seems 

to be observed. 

b) The Z distribution 

The laboratory differential cross sections 

atomic number are shown for different laboratory 

dol 
dQ lab 
angles 

as a function of 

in fig. (7). These 

cross sections have been obtained by integration over the relaxed peaks 



-12-

of the kinetic energy distributions. Whenever the relaxed and the quasi-

elastic peaks could not be separated, the cross sections have not been re

corded. The center of mass cross sections are plotted for each Z as a 

function of angle in fig. (8). 

The center of mass cross sections integrated over the experimental 

angular range, and extrapolated to a fixed angular range (30° to 130°) 

are given in Table I. 

The first observation to be made concerns the great variety of prod

ucts formed in the reaction. Fragments of all atomic numbers up to the 

symmetric splitting are produced with cross sections ranging within a factor 

of 10 at 288 MeV bombarding energy and within a factor of 5 at 340 MeV born

barding energy. The cross sections appear to fluctuate strongly, with a 

possible slight decreasing trend, from Z = 6 to z = 9 where a deep minimum 

is observed. From z = 9 to z = 18, the cross sections rise rapidly and 

above Z = 18 they appear to level out. Superimposed upon the general 

trend, a remarkable even-odd alternation is visible, expecially for lower 

atomic numbers. The reason why even atomic numbers are favored with 

respect to odd atomic numbers is not completely clear. It has been ob

served for many different heavy ion reactions,
3

' 6 '
7 

so that it does not 

seem to depend strongly on the entrance channel. In fact, it is possible 

that the effect may be due to secondary particle evaporation from the main 

fragments. Especially interesting in this regard is the Z = 9 fragment which 

has the lowest cross section. It is possible that this fragment, produced with 

substantial excitation energy, easily loses the loosely bound odd proton. 

The data, taken at two different bombarding energies, show that the cross 

sections are increasing more rapidly with Z at the lower bombarding 

energy. A glance to fig. (8) where the angular distributions are shown, 

indicates that, for high Z's the cross sections are about the same at· 

. " 
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both bombarding energies while at low Z's the cross sections are higher 

for the higher bombarding energy. This last feature can be understood 

in terms of a simple statistical argument. In the limiting case.of com-

pound nucleus decay, the fragment yield Y(Z) should be approximately of 

the form: 

y (Z) a: exp(-V /T) 
z 

where V is the potential energy of the system formed with the two frag
z 

ments in contact and T is the temperature. A typical set of curves for 

v as a function of z at various angularmomenta is shown in fig. (9). 
z 

The above equation shows that, as the temperature increases, the cross 

section, initially concentrated around the low potential energy regions, 

spreads out in such a way that the relative cross sections rise in the 

regions of large potential energies and decrease in the regions of low 

potential energy. Again this does not imply that a compound nucleus has 

been formed~ Rather it shows that the reaction is very sensitive to the 

ratio V /T. z 

c) The angular distributions 

The center of mass angular distributions. are shown in fig. (8). 

The plotted data have been checked in detail for the presence of quasi-

elastic components. Even at the most forward angle, the contributions 

of quasi-elastic components are less than 3%. In other words, the angu-

lar distributions-contain exclusively the "relaxed" component of the 

cross section. 

The angular distributions are substantially forward peaked, quite 

in excess of l/sin8, more sharply peaked close to Z = 18 than for lower 

atomic numbers. No evidence of backward peaking is present other than 

a flattening occurring at about 120° . Apart from the absolute value of 
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the cross sections, the shapes of the angular distributions are remark

ably similar at both bombarding energies. 

These angular distributions represent the first direct evidence that 

the compound nucleus hypothesis is .not satisfied for the present reactions 

at least for a large fraction of the observed products. This is not 

surprising in view of the expected role of the collective modes as 

mentioned in the introduction. Furthermore one can make simple 

considerations associated with the energy and angular momentum of the 

system. In fig. (10) the compound nucleus decay time,approximated by the 

neutron decay time, is compared with the rotational and vibrational 

periods. It appears that already at 288 Mev bombarding energy the ro

tational period and the vibrational period are about the same as the 

compound nucleus lifetime, while the nucleonic period is less than one 

order of magnitude smaller. This simple calculation illustrates the fact 

that for the present reactions one should expect substantial evidence for 

incomplete equilibration, since the characteristic collective times be

come comparable with the decay times. 

The lack of symmetry about 90° in the angular distributions indi

cates that the decay time is indeed shorter than the mean rotational 

period. Also, the fact that the kinetic energies associated with these 

cross sections are completely thermalized implies that the relaxation 

time associated with the transfer of the entrance channel kinetic energy 

into the internal degrees of freedom is shorter than the mean rotational 

period. 

At this point, one may wonder about the mechanism involved in these 

processes. Perhaps the clearest hint is given by the change in angular 

distributions as a function of Z. We have already observed that the 
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angular distributions are more forward peaked in the vicinity of the pro-

jectile, and less forward peaked for fragments far removed from the 

projectile. This suggests that particles closer to the projectile are 

formed, and thus can be emitted, on a shorter time scale, while particles 

far removed from the projectile are formed and emitted on a larger time 

scale. Therefore a definite time evolution along the mass/charge asymmetry 

coordinate is visible. Such a time dependence, together with the thermal-

ized kinetic energy is suggestive of a diffusion process taking place along 

12 13 the mass/charge asymmetry coordinate in a short lived intermediate complex. ' 

This intermediate complex can be represented as composed of two fragments 

in contact. The intermediate complex is at high temperature (arising from 

the dissipated kinetic energy) and is rotating rapidly. As the complex 

rotates, it diffuses along the asymmetry coordinates and decays. 

13 In a recent paper Moretto and Sventek proposed the following model. 

After the collision between the target and the projectile, the kinetic 

energy is dissipated as the two fragments slide on top of each other un-

til they eventually stick. A slippage in angle proportional to the initial 

tangential velocity of the projectile is assumed. As the intermediate 

complex rotates, diffusion along the mass asymmetry takes place. The 

diffusion process is described in terms of the master equation in which 

the statistical weights are evaluated from the potential energies and 

the temperatures of the intermediate complex. As the system rotates and 

diffuses, it decays exponentially in time. The cross sections and angular 

distributions are calculated by specifying the window in £ waves associ-

ated with this reaction process (the £ wave window can be estimated from 

the knowledge of the evaporation residue cross section and from the total 
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relaxed cross section). An example of this calculation applied to the 

system studied in this paper is shown in fig. (11). It can be observed 

that the cross sections and angular distributions are reproduced with 

remarkable accuracy. 

The theory seems able to reproduce the forward peaking in the angu-

lar distributions, as well as the dependence of the forward peaking with 

z. 

While many aspects of the theory are quite crude and uncertain, it 

appears that an initial step has been made towards the understanding of 

the equilibration processes in general and towards the determination of 

nuclear relaxation lines in particular. 

6. Summary and Conclusion. 

The study of the reaction Ag + Ar has revealed the presence of a 

"relaxed" component which accounts for a large fraction of the total 

cross section. This component is observed over a great range of atomic 

numbers. The kinetic energy distribu:tions are nearly independentof born-

barding energy. Their most probably values correlate with the energies 

to be expected from Coulomb repulsion and their widths seem to be consis-

tent with a statistical interpretation. From this evidence one is led 

to the conclusion that the kinetic energies are indeed thermalized or 

relaxed. The cross sections show a broad change/mass distribution which 

apparently is s~nsitive to v /T, although it is not possible to conclude 
z 

from the experimental evidence whether these distributions are equili-

brated. The angular distributions are forward peaked, more so for frag-

ments closer in Z to the projectile. From this one can infer that both the 

decay tiiQ.es and the relaxation time for the· thermalization of the kinetic 
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energy are shorter than the mean rotational period. The change 

in angular distribution with Z indicates that the mass symmetry degree 

of freedom equilibrates in a time comparable to the rotational period. 

The experimental data suggest that the latter equilibration process pro-

ceeds through a diffusion mechanism whereby nucleons are transferred be-

tween two fragments in contact and in thermal equilibrium. The study of 

angular distributions appears to be a most promising technique for the 

determination of relaxation times. In particular, the diffusion along 

the charge mass asymmetry coordinate ca? be studied quite nicely by in-

vestigating systems with various initial asymmetries in charge and or 

mass. 
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TABLE I. 

E = 288 MeV E = 340 MeV 

r ro· r ro· max 
2Tisin~ d8 2rrsin8~8 

max 
2TTsin8~8 

ec:m. ec.m. ec:m. ec.m. 
2rrsine~e 

e . 30° 8 . 30° . nu.n max m~n m~n max 
m~n 

z deg deg mb mb deg deg mb mb 

7 28 141 3.9 3.5 36 134 6.9 7.4 

8 26 143 5.2 4.5 35 135 7.9 8.1 

9 28 141 3.'0 2.7 36 135 5.2 5.5 

10 28 140 5.6 5.1 36 135 7.9 8.6 

11 24 140 7.r 5.9 30 135 9.1 8.1 

12 23 138 11.7 9.9 37 134 11.1 11.9 

13 26 141 12.8 10.9 32 134 13.2 13.0 I 
N 
0 

14 26 141 17.5 15.2 33 125 17.1 18.3 I 

15 22 123 19.3 17.2 32 115 14.5 15.9 

16 42 94 9.3 15.9 32 120 18.3 19.0 

17 37 104 12.4 18.9 45 109 11.5 21.3 

18 - - - - - -

19 - - - - 45 114 15.3 24.5 

20 - - - - 39 106 16.0 24.4 

21 - - - - 39 107 16.8 25.2 

Integrated center-of-mass cross sections for individual atomic numbers. The first cross section column 
gives the cross section integrated over the experimental angular interval. The second cross section column 
gives the integrated cross section over a fixed angular interval. Due to the interpolations and extrapolations 
used in the evaluation of the integrals, and to the other experimental uncertainties, the quoted values may be 
in error by about 20%. 
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FIGURE CAPTIONS 

Fig. 1 Schematic diagram of the data collection system. 

Fig. 2 Typical L'IE, E map obtained with a L'IE gas ionization chamber 

telescope. The contour lines show a good Z separation 

up and above Z = 30. 

Fig; 3 Examples of center-of-mass kinetic energy distribution for 

Fig. 4 

various fragments, at various angles, and at both bombarding 

energies. In the distributions at 288 MeV bombarding energy, 

quasi elastic components of increasing intensities are seen 

close to the grazing angle, for Z = 15, 16, 17. The relaxed 

peaks of the kinetic energy distributions are seen to be nearly 

independent of artgle. The distributions have been arbitrarily 

normalized to one another. 

Most probable kinetic energies in the lab system as a function 
; 

of Z at various angles at 288 MeV bombarding energy. 

Fig. 5 Most probable center-of-mass kinetic energies as a function 

of Z at various angles and at both bombarding energies. 

Fig. 6 Center-of-mass most probable kinetic energies and widths 

(F.W.H.M.) averaged over angles, as a function of Z, at both 

bombarding energies. Only the relaxed components have been 

\ 

averaged. Missing error bars indicate that data were avaialble 

at a single lab angle. The upper curve corresponds to the 

(Continued) 
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kinetic energy expected from the Coulomb repulsion of two 

A2 
1.442 

zlz2 
touching spheres: E 

Al + A2 ro(Ai/3 Al/3) Z1 + + 
2 

(r = 1.225 fm). The lower curve corresponds to the kinetic 
0 

MeV 

energy expecte~ from the Coulomb repulsions of two liquid drop 

spheriods allowed to attain their equilibrium deformation. 

Fig. 7 Lab, differential cross sections as a function of z, for the 

various angles, at both bombarding energies. 

Fig. 8 Center-of-mass angular distributions for the various Z's at 

both bombarding energies. The dashed line at Z = 21 cor-

responds to a 1/sin 8 distribution. 

Fig. 9 Total potential energies of two touching spheres, measured with 

respect to the rotating spherical ground state of the combined 

system as a function of the Z of one of the two fragments. The 

potential energies are given for three values of the angular 

momentum. 

Fig. 10 Characteristic collective times and compound nucleus neutron 

decay times (T ) as a function of bombarding energy and angular 
n , 

momentum. The angular momentum scale is such that, for a given 
I 

bombarding energy it gives the RMS angular momentum of the 

combined system. The values of T have been calculated both 

for a spherical compound nucleus (CN) and for a configuration 

of spherical target and projectile in contact (symbolized 

by a small circle touching a large circle). 
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Fig. 11 Experimental angular distributions and _theoretical calculations 

on the basis of a diffusion mode1. 13 



Telescope 
I 

Telescope 

JI 

Preamplifiers 

16EI 
I 
I 

I El ~ 

16E2 ~ 

~ E2 
I 
I 

Data Collection System 

Linear circuitry 

---------------------------------------
~ e 

• 
Timing 8 Logic circuitry 

--~-,---' f> Tdgge• Hnea• - __ 1 -r-1--.J gates 

n '1-:(f}-c ·0 4 r --Save event 

~I - -- .J Dead time 
-- 8 control 

c 

C.R.T. 
display 

Fig. 1 

-

-

Analogue 
ltiol IIIU 

01 
02 
03 
04 
Caine. ,.- reset T1 Event Doto markers 

A 
D 
c, -Reset 

looto 

- CAMAC - Crate Do to 

c 

--

system 8Control -

Magnetic 
p tope 

D 
p 

1 
5 

Line-
printer 

XBL737-3334 

I 
N 
f!::o. 
I 



AE 

l 

0 0 :0 ~ J 0 I~ 52 
-25-

E-

107,~fAg + 340 MeV j~Ar 

81ab7 40o 

21 

22 

23 

24 

25 

26 

27 

Fig. 2 

0 >2o 
~ >40 
!Sill >60 
.• >80 

X8L757-4439 



-26-

0 0 0 
LOOO 

~ ceO~ 
• •c ~ 

C\Jrt">~ 
-~D 
II Do 

N •o ~c D 
Oc • 0 

• D 0 

~ 

0<!. 
vex> 

> 
Cl) 

~ 
rt"> 

II 

(X) N 

(X) 
(\J 

+ 
0' 

<!. 
en~ 
ov .. 
~ 
0 

C\1 
11 

0
c• ~·c 0 

ceo o o •C 
N u • •• o c 0 

•c 
0 

c • • 

c • 
cO 

-
- . 

E . 
u 

w 

-
f() 

f() 
I 

lD 
L() 

1'
_J 

(I) 

·x 

rd 
('l"l 

bO . .... 
~ 



-
<f) -c 
:::l 

>. 
lo.... 

0 
lo.... -...0 
lo.... 

0 ....__... 

<f) -c 
:::l 
0 
u 

0 

107, 109 Ag + 288 MeV 
47 

• 

Z= 15 
C(jt •• 

0 
• 'ef> • 
0 

i> <Jl • •• 

• 0 

(jt 

~ 
• 0 

0 

• 
0 

0 • 
0 • 

0 

0 

~ 00 
0 

0 

• • .. • • 
• 

• •coo 

~~ 
0 0 • 

[]J 
00 

0 

z = 16 
qJ o. 

• 0~ .0 

0 0 0 0 

• 0 oe 
0 ~ • 0 
0 

0 0 
0 

0 • 0 0 0 
0 0 ~ • 

rJ 0 0 

00 00 eo 
0 fj~!:j, :o • 

0 • • • .. 0 

J? • • .. 0 

• • 0 • • OJ • 0 • 0 •• 0 

Ec.m. (MeV) 

Fig. 3b 

40Ar 
18 

• 25° 
0 300 
0 40° 

z = 17 
0 

0 

cPo 
0 

0 

. 

• 
0 

OllJO 

• 
0. 0 

• • 
0 

0 0 
00 

0· 
(JJXlJ 

• 
ore 

0 0 

0 0 ~0 De 
0 ° oo~• 0 • 

0 -· •• 
......-~ 

0 

0 

• 0 

XBL756- 3311 

0 

0 

~c~ 

.. t;'~ 

C.»! 

c 
I 
N-~ 
-.J 
I 

lf, 

.tn 

eN 



0 0 0 

LOOO 
C\Jt{)~ 

> 
Q) 

~ 

0 
v ro 
+ 

.. 
~ 
0 

c • 0 

-28-

~ 
•orjO • 

II De~ e 
N • 0 • c<i:J• 

0 oo• 0 •co 

o• 
1'0 0 
-~ Oc • ! 
II ~-

N ca e 
• o cO•. 0 l! 

() 
(!) 

~------~--------~------~--------~------~() 

s~uno:) 

-> 
Q) 

~ 

E 
cJ 

w 

-
~ 
~ 

I 
<.D 
10 
1'
..J 
(Il 

X 

u 
('() 

0.0 ...... 
~ 



-(j) -c 
::J 

>. 
!o.... 

a 
!o.... -.!:) 
!o.... 

a -
(j) -c 
::J 
0 
u 

0 

I 07, I og Ag + 
47 

z = 15 

of 
«< oe .. 

~<to 
r!'· 0 
• 0 

cf •• 
0 0 

~ 0 

0 o 0
o 
0 • • o.~ 

0 

0 o_. 

340 MeV ~~Ar 

Z= 16 
o&• 
• • 
oelb 

0 

'boo o 
• .:1 
0 0 

0 • 0 
0 

0 0 • .. 
0 0 

0 
0 

~ 
£rt 

• 
0 • 
oo: 

0 • 

60 120 
Ec. m. (MeV) 

Fig. 3d 

0 25° 
• 30°. 
0 400 

Z= 17 

~· 0 
000 

C1' •o 
• 00 

0 ~ 

oo 

0~ 
td' 

0 !I 
• ~ 

0 0 
0 

()J 0 ctc 
eft 0 

XBL 756-3314 

I 

0 

c 

c~ 

..it:. 

c.....: 

c~ 

~' I 

lrt 

:V1 

A 



-> 
Q) 

~ -
.a 
0 

cw 

140 

120 

.100 

80 

60 

40 

20 

-30-

100° 
-~ 110° 

Lab 

~ 120° 

~·109 
Ag t 288 47 

angle 

40 MeV 
18

Ar . 

0 L---L---~--~--~--~--~--~~ 
0 I 0 20 30 40 

z 

XBL 756-3309 

Fig. 4 



80 

-
-
~ 40 u 

<w 

20 

: 

<> • 'V 

5 

I 

10 

.. " 
·~""" • • ®liit!!i ••• I X 6 ••• 

Lab Angle 

• 20° 
0 250 
• 30° 
" 40° 
• 50° 
6 60° 
• 70° 
0 80° 
... 1000 
<> II 0° 
* 120° 

15 . 20 
z 

Fig. Sa 

25 30 35 

XBL757-4441 



-> 
Q,) 

::iE -
E 
(J 

<w 40 

20 

-32-

107 ,I09Ag + 340 MeV 40Ar 
47 18 

5 
z 

• 0 .& • 

Lab Angle 

• 25° 
0 30° 
• 40° 
~ 50° 
• 60° 
6 70° 
• 80° 
0 90° 
• 100° 
<> II 0° 

Fig. 5b 

35 

XBL757-4440 

·. 



-> 
Q) 

~ -. 
E . 
u 

w 40 

20 

0 0 u 0 4 ~ 0 7 s 5 6 
-33-

1\ 

! Average E c.m. 
107, 1~iAg + 288 MeV ~Ar 2 Average F.W.H.M.c.m. 

• 

5 10 15 20 
z 

Fig. 6a 

• •• • 
••• • 

25 30 35 

XBL 756-3 308 



-> Q) 

~ - . 
E . 
u 

w 

-34-

107
• 
109 Ag t 340 MeV ~~Ar . ,.. 
4 7 ! Average Ec.m. 

2 Average F.W.H.M.c.m. 

Spheroids 

5 10 15 20 25 30 35 

z 

X B L 7 56- 3 3 I 0 

Fig. 6b 



!o.... 
(/) 

' ..0 

E 

100.0 

I 0.0 

-- 1.0 
..0 
0 

bl ~ 
"'0 ""'0 

0.1 

O.O I 2 4 

107-109 40 
47 Ag + 288 MeV 18 Ar 

6 8 10 12 .14 16 18 20 22 24 
z 

XBL7411-8216-A 

Fig. 7a 

0 

C:: 

.... , ... ,.,. . 

.~:..~. 

(.~ 

•C w 
U1 

I ' 

. u-~ 

(.fl 

-...: 



~ 

~ 
..0 

E 

.0 
c -

b'c:a "0 "0 -

107
-

109 Ag + 340 MeV 40Ar 
47 18 

10.0 
....... 25° 
; :;o;4oo 
~506oo 

70° 

90° 
- 100° .:.?--1 I oo 

0.1 

0. 0 I ..___.___....L..-..L----'------I_..__~--'----L__.__.l--.L-.....1.--..l...--i....__l.....:-...L-....l.,.__,l_----l..........--J..__~-l...-...l____L__..J.__J 
4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 

z 
XBL752-2301 

Fig. 7b 

I 
W, 
0' 
I 



~ 

1/) 

........ 

.c 
E 

E 

b,~ 
"'0 "'0 

1o1-1o9 Ag 
47 + 

40 
tsAr. 

Z= 
(X IQO) 

17 (X 102 o~A 
13 (x 102) o l ~- A 

~ z-
~9 (xl0°) 

~0 (xl0
1

) 

-\ I 
\ I ,, / 
~ / 
~ .a' 

o 288 MeV 

A 340 MeV 

40Ar 
18 

40Ar 
18 

l I I I I I I ll I I I I I I ll I I I _I I I I 
0 90 0 90 0 ,..,.. 

e c.m. 

XBL752- 2302 

Fig. 8 

I 

0 

'0 
t'~" ... 
'.:io,n'r' 

--·~-~ 

.\;.., 

li'.f ....... 

c 
v.> ..... 
-J ""'~ 
I 

U'\ 

',.,,_ 
v~ 

co 



-> 
QJ 

~ -

-38-

l=O (a) 

60 
l=40 

.. 
40 

20 

o·~--~--~--~--~----~--~~~ 

0 20 40 60 
z 

XBL 757-3462 

Fig. 9 
> • 

\ 



-(.) 
Q) 
en 

N 
10 

-Q,) 

E 
I-

.. 

Ag +40Ar 

• 
I . 
' 

'":1 ' • , 
j' :;) 5 9 
-39-

L ( fl) 

150 

I 
I 
~ n vs. L , EAr= 288 MeV 

I cO 

I 
I 

/J 
/J 

/ 1.. Tn vs. L, EAr=288 MeV 
I I C.N. 

I I 
/ I 

I 
/ ~-/.. . Rot. period vs. L 

/ ........ __ ~ c() 

----/.---·-- ----~~.- ' 

I Vib. period 

I 
/ 

/ 288 

100 200 300 400 500 600 700 

EAr (MeV) 
XBL 757-3463 

Fig. 10 



-40-

A AA A 
A 

10 
A A 

Z=6(XI02 ) 

A 
A 

A - A Z=7(XI0) ..c A 

E 
A 

A 

E; 
0 - _, 

Z=S blq 10 
"'0"'0 

163~--~--~--~--~--~--~--~--~--~--~--~~ 
0 30 60 90 120 150 0 30 60 90 120 150 180 

Bc.m. {deg) 
XBL 753-2473 

Fig. 11 

. .. 
.. 



0 

-. 
. ' 

u I 0 

.---------LEGAL NOTICE----------. 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Energy Research and Development Administration, nor any of 
their employees, nor any of their contractors, subcontractors, or 
their employees, makes any warranty, express or implied, or assumes 
any legal liability or responsibility for the accuracy, completeness 
or usefulness of any information, apparatus, product or process 
disclosed, or represe11ts that its use would not infringe privately 
owned rights. 
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