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ABSTRACT 

· f 40Ar· (28.8 MeV}. and 84
v ... ( 60. ) f '1 Heavy 1on beams o ~ - 0 MeV rom H1 ac 

acceleration and 
14

N (100, 160, 250, MeV) and 
20

Ne (250 MeV) from the 88" 

cyclotron have been used to bombard natural silver targets. Formation 

cross sections, angular distributions and kinetic energy dist~ibutions 

for reaction products in the range z = 6 - 20 have been measured using 

gas 6E - E telescopes. Kinetic energy distributions generally agree well 

with coulomb repulsion energies for binary division. Angular distribu-

tions are discussed in terms of relaxation time for the mass asymmetry 

mode compared to rotational periods • 
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1. Introduction 

During recent years·there has been increased interest in re

action studies with heavy ions. On one hand spectroscopic studies have 

been performed for reactions in which few nucleons are transferred. 

On the other hand compound nucleus reactions have been studied in which 

large amounts of excitation energy and angular momentum are introduced 

by the heavy ions. In performing these studies some reactions have 

been unveiled that have characteristics bet~een the two extremes. These 

reactions are similar to compound nucleus reactions in that a high 

degree of inelasticity is associated with them but they are also 

similar to direct reactions in that there appears to be some coupling 

between entrance and exit channels. It is this latter class of reactions 

. that will be emphasized in ·the present discussion of some of the 

experimental work done by our group at Berkeley. In order to have a 

guideline for the presentation of our work certain :remarks should be 

made concerning the expected properties of the intermediate systems. 

As shown by Nix [1] collective degrees of freedom are likely to control 

the fusion of the two nuclei. Furthermore, calculations show that the 

decay times, for example for neutron emission and for other modes are 

of the same order of magnitude as the periods of rotation and vibra-

tion of the nucleus itself. Thus a compound nucleus with the traditional 

characteristics may not be fanned. Indeed one may expect partial relax

ation of some modes but perhaps not of others. with these facts in·mind 

we plan to present the data according to the following scheme: 

1) The dissipation of the translational kinetic energy into 

internal energy will be determined by studying the.kinetic energies of 

some of the products formed. 
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2)· With regard to the relaxation of the mass asymmetry mode, it 

is of interest to examine the cross sections as a function of atomic 

number z. 

3) One may attempt to study the decay time of the intermediate 

system relative to rotational periods by observing the angular distribu-

tions. 

2. Experimental 

In our experiments we use AE-E counter telescopes to identify 

the atomic numbers and kinetic energies of the particles. Gas proportional 

counters [2] were used in the early work but improvements have resulted 

recently from the use of ionization &. counters which have given atomic 

number separations up to Z = 30. The counter telescopes can be moved 

to different angles to obtain angular distributions and in certain cases 

one telescope·has been used in coincidence•with an E detector. 

We have bombarded natural silver targets with 
1~N at several 

. 20 . .· 
energies and with 

10
Ne (250 MeV) at the 88" cyclotro11. · It is useful to 

compare these data with those obtained at the Hilac, where natural silver 

40 . 
was bombarded with full energy 

18
Ar (288 MeV) [3]. A small amount of data 

were obtained by bombarding silver with full energy ~:Kr (-600 MeV). 

3. Results 

3.1 40 Kinetic Enetgy Distributions for Ag + Ar (288 MeV) 

A mapof total energy vs. AE at angle 30° is shown in fig. 1. 

One should note the large diversity of products formed with atomic nunwers 

from z = 6 to Z = 20. Lower Z products are observedbut they are not 

plotted here. Of course, \'le also have the large quasi-elastic argon peak. 
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For products near the projectile, e.g. Z = 16, 17 we have two components 

in the kinetic energy distributions. The higher energy peak we call 

the quasi-elastic peak. It has an energy close to that of the elastic 

scattered particles. The lower energy peak we call the relaxed peak. 

It has an energy very close to the coulomb energy of two touching 

fragments in a binary division. Thus, it appears that one observes a 

complete r~laxation of the translationzll kinetic energy into the intrinsic 

degrees of freedom. 

In fig. 2 we show the kinetic energy distributions in the center 

of. mass system for atomic numbers close to that·of the projectile. These 

data are shown for three differentangles. The critical angle is 28°. 

At angle 25° the quasi-elastic peak dominates. At 30°, a relaxed peak 

appears, and at 40° the relaxed peak .is dominant. 

For atomic numbers further away from the projectile, e.g. Z = 12, 13, 14, 

the center of mass spectra measured at angles 25° and 40° coincide very well 

(fig. 3). The centroid energies, as before, correspond to the coulomb 

energies of fragments in contact in a binary division. 

3 2 . . D. . b . f A 14N · • K1net1c Energy 1str1 ut1ons or g + 

These spectra obtained from 88" cyclotron experiments are shown 

for purposes of.comparison with those obtained at the Hilac with argon. 

In this case, 14N ions at three different energies were used; 100, 160, 

and 250 MeV. 

As before we obsetved a wide diversity of product~ with separated 

elements up to z = 20 and greater. In fig. 4, kinetic energy spectra for 

Z = 9 and z = 14 are shown at various angles. One notes a large di.fference 

in energy for z = 9 at lab angles 70° and 150° and for Z = 14 at angles 
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35°, 70° and 150°. However, in the center of mass, .all the spectra over

lap except for z = 9 at 35°. Thus a part of this latter spectrum does 

not seem to 'be completely relaxed. 

3.3 Summary of Kinetic Energy Distributions 

In.fig. 5, a summary is given of the most probable kinetic energies 

for the relaxed peak vs. Z in the lab system for the reaction Ag + Ar 

(288 MeV). A large spread in energy at the various angles is observed. 

Figure 6 shows the result of transferring these data to the center of 

mass, where the results fall in a rather narrow band 'for all products 

and angles.· The upper line is the coulomb repulsion energy of two 

touching· spheres and the lower one represents the coulomb energy of two 

touching spheroids which are allowed to achieve their equilibrium deformation. 

In fig. 7, we show the same data.for Ag + N (160 MeV). In this 

case the.experimental points also agree well witl:l the coulomb repulsion 

energy of. two touching spheres. 

Thus there see·ms to be a reasonably good understanding of the 

kinetic energy distributions which over a large angular range are relaxed 

and behave as if the reactions occurred through a compound nucleus. In other 

words, in most cases a complete therrnalization or.the energy has occurred. 

The shapes of these distributions are roughly Gaussian and can 

be reproduced quantitatively on the basis of a purely statistical model [4]. 

Cross Sections 

The. cross sections as a function of Z can provide information on 

the degree of relaxation associated with the mass asymmetry degree of 

freedom. 

:-, .. 

• 
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In fig. 8, we show plots of cross section in mb/sr as a function 

of Z at various angles for the reaction Ag + Ar (288 MeV). Ohe observes 

an increase in cross sections as Z increases. An even-odd fluctuation 

also can be observed which seems to be commonplace in reactions which have 

undergone extensive relaxation. 

Figure 9 shows similar data for the reaction Ag + N (160 MeV). 

These cross sections show dramatic peaks in the region of Z = 6, 7 and 

8 which is close to the projectile. These peaks decrease in magnitude 

at higher angles and at higher Z values where the cross section becomes 

roughly constant above z = 12. It appears that the large peaks are 

associated with coupling between the entrance and exit channels. A 

further feature of the spectra is again the even-odd fluctuation. 

Similar effects are observed for the case of Ag + N ·(250 MeV) 

and for the same reaction at 100 MeV. However, in the case of Z's well 

away from the projectile the cross sections for the 250 MeV data are 

about 3 to 4 times larger than for the 160 MeV case and at 100 MeV they 

are about a factor of ten lower than at 160 MeV. Thus, for high Z 

products the cross sections are increasing with en~rgy in a way which 

reminds us of the excitation functions associated with compound nucleus 

formation. 

' 
3.5 Angular Distribution 

~he angular distributions obtained from our data are especially 

\-..,.1 . . . 

significant. In fig. 10 both the laboratory and _center of mass angular 

distributions for the reaction Ag + Ar (288 MeV) are shown. All the 

angular distributions associated with the various atomic numbers are 

strongly forward peaked. There is a suggestion of a slight rise of the 
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cross section in the backward direction. It should be kept in mind that 

the cross sections for reactions induced in this way are modulated by the 

geometrical factor 
1 

--~- because of the orientation of the angular momenta 
sin0 

in a plane perpendicular to the beam direction. Thus, if a long-lived 

compound nucleus were formed, the angular distributions would follow a 

1 
sin0 

dependence. However, if the decay occurs in a time comparable to 

the time of rotation the forward angles will be populated with greater 

probability than the backward angles. 

In fig. 11 we show the angular distributions obtained in the 

reaction Ag + N (160 MeV) . Here one observes a strorig peaking in the 

forward direction and distinct peaking is also seen in the backward 

directions. The forward peaking is extremely large, perhaps of the order 

10-100 for £ragments close to the projectile stich as Z = 5, £, 7, 8, and 

9. The angular distributions become increasingly flatter for heavier 

fragments such as Z = 10 to 14 and here the deviation from a --):_
0 

distri
S1n-

bution is perhaps only a factor of two in the forward direction while 

the agreement seems quite good in the backward di:r:ection. 

One co11clusion that may be reached is that the forward backward 

asymmetry suggest some general ideas about the time .scale for the processes 

which appear to occur. The time scale is comparable with the period of 

rotation of the system. 'l'he time scale for the decay of fragment.s close 

to the projectiles is shorter than it is for the decay of particles 

removed from the projectile. This result may have a simple explanation. 

If only a fe~ nucleon~ are transferred the decay takes place early. 

Otherwise, more particles would be transferred. In this case the angular 

• 
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distributions should be more pronounced in the forwa·rd direction than 

in the backward direction. If on the other hand many particles are 

transferred, the· decay time is long and the system will have more time 

to rotate thus making the angular distribution more symmetric about 90°. 

In conclusion, there is some evidence that these angular distri-
\.J 

butions may provide a possible means for studying relaxation phenomena 

which "occur in a time scale shorter than previously investigated, perhaps 

-20 -21 as short as 10 or 10 seconds. 
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Figure Captions 

Fig. 1. Typical contour map 6 E-E obtained with proportional counter~ 

Fig. 2. Energy spectra for different elements detected in the 

4qAr (288 MeV) induced reaction on natural Ag. 

Fig. 3. 

Fig. 4. 

Fig. 5. 

Same as Fig. 2. 

Energy spectra measured at different angles. 

Most probable kinetic energies as a function of atomic number 

of the fragments at various angles. 

Fig. 6. Most probable kinetic energies as a function of atomic number 

of the fragment in the center of mass system. · The upper line corresponds 

to the coulomb energies of two touching spheres. The lower line 

corresponds to the coulomb energies of two touching spheroids at 

equilibrium deformation. 

Fig. 7. Most probable energies as a function of atomic number in the 

center of mass system. The line corresponds to the coulomb energy 

of two touching spheres. 

Fig. 8. Cross sections for the formation of the identified elements at 

various angles. 

Fig. 9. 

Fig.lO. 

Fig.ll. 

Same as Fig. 8. 

Anguiar distributions for the various elements. 

Same as Fig. 10. 
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107•109Ag + 40Ar (288MeV) 
Angular distributions 
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