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FORMATION OF LARGE TARGET RESIDUES IN INTERMEDIATE ENERGY NUCLEAR COLLISIONS 

W. LOVELANDa, K. ALEKLETTb, L. SIHVERb, Z.~Ua, C. CASEya, AND G.T. SEABORGc 

aOregon State University, Corvallis, OR 97331; bThe Studsvik Neutron Re­
search Laboratory, S-61182 Nykoping, Sweden; cLawrence Berkeley Laboratory, 

* Berkeley, CA 94720 

We have used radiochemical techniques to measure the yields, angular distri­
butions and velocity spectra of the large (Afrag ~ 2/3 Atgt) target residues 
from the fragmentation of 197Au by intermediate energy 1Zc, 20Ne, 32S, 
40Ar, 84Kr and 139La projectiles. The fragment moving frame angular distri­
butions are asymmetric for the lighter projectiles (C-Ar). The fragment 
velocity spectra are Maxwellian for the Kr induced reactions and non-Maxwel­
lian for the reactions induced by the lighter ions. We interpret these 
results in terms of a change in the dominant fragment production mechan­
ism(s) from one(s) involving a fast non-equilibrium process for the lighter 
ions to a slow, equilibrium process for Kr. Comparison of the measured 
yields and angular distributions with calculations made using a Boltzmann 
transport equation with appropriate modifications for Pauli blocking, 
etc. show excellent agreement between data and theory. 

1. INTRODUCTION 
Intermediate energy nucleus-nucleus collisions involving lighter (C-Ne) 

projectiles have been studied for several years. In this report, we focus 
our attention on the experimental characterization of intermediate energy 
nuclear collisions induced by heavier projectiles (S-La). Our emphasis will 
be on showing the changes in the character of these collisions as the pro-
jectile size, charge, etc. change. Our experimental focus will be 

ing the properties of the large (Afragment l 2/3 Atarget) remnants 
tion residues") of the target nucleus left after such collisions. 
have been made using radiochemical activation techniques. 

2. EXPERIMENTAL 

on measur­
("evapora­

Our studies 

The experiments to be discussed were carried out at the LBL 88" cyclotron 
(with its 17 A MeV 32S beam), the MSU superconducting cyclotron (32 A MeV 
40Ar), the GANIL accelerator complex (44 A MeV 40Ar and 35 A MeV 84Kr) and 
the LBL Beva1ac (150 A MeV 139La). Thin targets of 197Au were irradiated 
by heavy ion beams with the evaporation residue and target fragment nuclei 

!, that recoil out of the target being collected in mylar catcher foils posi-

·Work sponsored in part by the U.S. Dept. of Energy under Contract DE-AC0376-
SF00098 and De-AM06-76RL02227 and the Swedish Natural Sciences Research Council. 
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tioned on the walls of a cylindrical lucite chamber. Differential range 
spectra (which are converted to fragment velocity and energy spectra) were 
generally measured at three angles (~11°. 90°, 162°) with respect to the 
incident beam. The angular distribution of the fragments was measured simul­
taneously as was the irradiation of a thicker target from which the absolute 
nuclidic yields (and ultimately the fragment isobaric yield distribution) 
were determined. The radioactivity of the trapped target recoils was measured 
by offline y-ray spectroscopy. 

3. FRAGMENT MASS DISTRIBUTIONS 
The fragment isobaric yield distributions from the interaction of various 

heavy ions with similar velocities with Au are shown in Figure 1. 
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FIGURE 1 

Target fragment isobaric yields from the interaction of 35 A MeV 12C (-0-). 
32 A MeV 40Ar (-e-) and 35 A MeV 84Kr (-6-) with Au. 
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The yield distribution from the interaction of 35 A MeV 12C with Au is charac­
terized by a large bump at A ~95 which is presumably due to the fission of 
a Au-like target residue. One can also observe a large yield of products 
with A = 160 - 196 due (presumably) to the large remnants of incomplete fusion 
events. When the projectile size is increased (C ~ Ar). the central bump 
in the mass distribution shifts to larger mass numbers (A~110) consistent 
with capture of a larger piece of the heavier projectile before fission. 
The mass distribution of the incomplete fusion residues extends to lower 
mass numbers and may contribute to the yields of events in the central bump 
(Section 3.). When the projectile size is further increased (Ar~Kr). the 
central bump in the mass distribution becomes quite broad and its centroid 
is at even larger mass numbers. (A~120). 

The mass distributions from the fragmentation of Au by higher energy 12C· 
and 139La projectiles are quite different. (Figure 2). 
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FIGURE 2 
Fragment isobaric yield distributions for the interaction of 86 A MeV 12C 
(solid line, ref. 1.).400 A MeV 20Ne (dashed line. ref. 2) and 150 A MeV 
139La (0, this work) with 197Au. 
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Due to the increase in projectile size and energy. the distribution in the 
La induced reaction is quite dissimilar to that observed for the C induced 
reaction 1• The mass distribution for the 150 A MeV La induced reaction has 
a similar shape to that observed2 for the fragmentation of Au by 400 A MeV 
20Ne apart from the large yields of species near the target mass number. 

40 FRAGMENT ANGULAR DISTRIBUTIONS 
We have shown previously3 for the interaction of 85 A MeV 12C with 197Au 

and 238U that the normal fission fragment angular distributions were symmetric 
about 90° in the moving frame. We conclude for these events that the fission­
ing species lives long enough that the statistical assumption concerning 
level densities is valid. i.e .• a statistically large number of overlapping 
levels is populated so that interferences between them will cancel. In the 
same 85 A MeV 12C induced reactions. the moving frame angular distributions 

of the intermediate mass fragments (Afragment < ~ Atarget) and the heavy 

target residues (Afragment > 1 Atarget) were asymmetric with respect to 90° 
indicating their production in a "fast" process without the establishment 
of statistical equilibrium. Thus the fragment angular distribution is taken 
as a gross measure of the time scale of the reaction (the time for equil­
ibration has been calculated4 to be <2-3 X 10-23 sec.). Furthermore. it 
was shown that the moving frame angular distributions for typical intermediate 
mass and heavy fragments such as 46Sc and 146Gd were kinematic complements 
supporting the idea that the production of these fragments is generally a 
"fast" binary reaction involving a very asymmetric fission. 

In Figure 3 we show the measured laboratory frame and deduced moving frame 
angular distributions for some typical fragments from the interaction of 
49 A MeV 20Ne and the previously discussed 85 A MeV 12C with 197Au. 

The laboratory frame angular distributions were transformed into the moving 
frame of the target residue following the initial projectile-nucleus encounter. 
The parameter "11 (= vll/ V) used to make the transformation (where 'If is 
the longitudinal velocity of the moving frame and V is the velocity of the 
fragment in the moving frame) was determined in two ways (which gave the 
same answer within experimental uncertainties): (a) from moving source fits 
to measured fragment velocity spectra (b) from integrating the angular distri­
butions to give F and B. the fraction of fragments recoiling forward and 

backward from the target (nIl = (F-B)/(F+B». 
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FIGURE 3 
Typical laboratory frame and moving frame fragment angular distributions 
for the interaction of 49 A MeV 20Ne (.) and 85 A MeV 12C (£) with 197Au 
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Since there is a general similarity between the shapes of the laboratory 
frame angular distributions for the 12C and 20Ne induced reactions. it is 
not surprising that the moving frame angular distributions have similar symmetry 
properties. Moving frame distributfons for normal fission fragments (99Mo 
and 131Sa) are symmetric with respect to 90° indicating the occurrence of 
a "slow" process with the establfshmentof statistical equilibrium while 
the heavy fragment (171lu) angular distribution is asymmetric in the moving 
frame indicating the production of these fragments in a IIfast," non-equilibrium 
process. 

A similar situation is observed when Au is fragmented by a lower energy, 
larger heavy ion such as 17 A MeV 32S. (Fig. 4) 
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FIGURE 4 
laboratory frame and moving frame fragment angular distributions for the 
interaction of 17 A MeV 325 with 197Au. 
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Once again typical fission fragment (99Mo) angular distributions are symmetric 
1n the moving frame while those of the heavier fragments (such as 147Gd) 
are not although we note that the 147Gd 1s more nearly symmetric than heavy 
fragment distributions from reactions induced by lighter projectiles. 

The laboratory frame angular distributions for the interaction of 32 A 
MeV and 44 A MeV 40Ar with 197Au are similar. In the interests of brevity, 
we shall restrict our attention to the data from the higher energy reaction 
(Figure 5) 
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interaction of 44 A MeV 40Ar with 197Au. 



-8-

The ,i .. :;ving frame angular distribution for a typical fission fragment (S7y) 

is symmetric about 90° while typical heavy members (131Sa ) of the central 

bump 'in the mass distribution (Fig. 1) have asymmetric angular distributions. 
This latter idea may be understood by the following argument. Assume the 
properties of "nonnal" fission are the same for the reactions of 49 A MeV 
20Ne and 44 A MeV 40Ar with Au (Fig. 6). Subtract from the laboratory frame 
angular distribution of 131Sa from the 44 A HeV 40Ar + Au reaction the measured 
angular distribution from the 49 A HeV 20Ne + Au reaction (normalized at 
the most backward angle). The resulting distribution (Fig. 6) 1s very strongly 
forward peaked and presumably represents the contribution of a "fast". di rect 
reaction to the production of 131Sa and similar high A members of the central 
bump in the isobaric yield distribution. 
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Comparison of typical fission fragment angular distributions from the 
interaction of 49 A MeV 20Ne and 44 A MeV 40Ar with 197Au. Open s~bolS 
refer to 44 A MeV 40Ar+Au while filled symbols refer to 49 A MeV 2 Ne+Au. 
Decomposition of the 131Ba angular distribution into its equilibrium 
and non-equilibrium components. 
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The laboratory and moving frame angular distributions for the heavy frag­
ments from the interaction of 35 A MeV 84Kr with 197Au (Ffg.8 ) are qual­
itatively dissimilar to the distributions for similar fragments from reactions 
induced by the lighter ions. For the first time in our experience, the moving 
frame distributions of the heavy fragments are symmetric with respect to 
90°, indicating the establishment of statistical equilibrium in the production 
of these fragments. Thus we are presented with a picture of an evolution 
in reaction mechanisms as we go from 12C induced reactions to 84Kr induced 
reactions with "fast" non-equi 1 ibrium processes dominating in the 12C induced 
reactions while processes leading to the establishment of statistical equil­
ibrium occur in the 84Kr induced reactions. 

5. FRAGMENT ENERGY SPECTRA 
Using fragment angular distributions as a guide, we focus our attention 

when examining the fragment energy spectra upon looking for evidence for 
a gradual establishment of equilibrium in the heavy fragment spectra as the 
projectile size increases. Alder and Wainwright have shown5 that if one 
takes a group of hard spheres distributed unifonn1y in a volume V with the 
same speed but moving in random directions, one can calculate the evolution 
of the velocity distribution in time (Figure 7). 
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FIGURE 7 
Calculated distribution of speeds as a function of time; T f is the average 
time between collisions. 
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One observes that the initial velocity distribution (assumed to be a spike) 
broadens and eventually evolves into the equilibrium Maxwell-Boltzmann distri­
bution after a modest number of collisions. If one further recalls that 
if a sphere (particle) escapes the volume, the resulting spheres (target 
remnant) will receive a momentum kick in the opposite direction equal to 
the momentum of the emitted particle. Thus the velocity (energy) distribution 
of target remnants might serve to sample the evolution of the reacting system 
towards statistical equilibrium. 

With this idea in mind we can examine the heavy fragment energy spectra 
from the reaction of 85 A MeV 12C and 35 A MeV 84Kr with Au (Figure 9) . 
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FIGURE 9 
Forward angle energy spectra of heavy fragments from the fragmentation of 
Au by (a) 85 A MeV 12C (b) 35 A MeV 84Kr. 
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More detailed quantitative evaluation of these spectra shows that the spectra 

from the 12C induced reaction do not have the equilibrium Maxwell-Boltzmann 
shape while those from the 84Kr induced reaction do. The extracted "slope 
parameters" or "pseudo-temperatures" of the latter spectra are "-2.2-2.5 MeV. 
These observations are consistent with the trends observed in the angular 
distribution experiment. 

6. PRE-EQUILIBRIUM EMISSION CALCULATIONS 
Given the apparent importance of the evolution of the fragment angular 

and energy distributions towards equilibrium. we thought it would be appropriate 
to use the Boltzmann master equation model as developed by Blann6 for use , 
with intermediate energy heavy ion reactions. In this model. the methods 
of quantum statistical mechanics are used to follow the propagation of ex­
citation energy through the target nucleus. The target nucleus is assumed 
to be a two component Fermi gas with all states filled up to the Fermi level. 
Nucleons from the projectile are added to the target nucleus in states above 
the Fermi level. The relaxation of these initial configurations by internal 
nucleon-nucleon scattering or emission into the continuum is followed using 
a classical Boltzmann-like transport equation that has been appropriately 
modified to take into account quantum mechanical effects. 

The basic Boltzmann-like transport equation has the form 

d(Ni g1) 
dt 

- L Wij.klgigjnj(1-nk)(1-nk)(1-nl)9k91-ni9i wi.i'9i' 
j .k.l 

+ ~t (nigi )fus. (1) 

where n1 is the average occupation number and 9i the number of single particle 
states per MeV in an energy interval 1 HeV wide measured from the bottom 
of the compound nucleus well. The wab.cd are the transition probabilities 
for nucleons in initia1 states a and b to scatter into final states c and 
d; they are evaluated from free nucleon-nucleon scattering cross sections. 
Pauli blocking is simulated by the (l-ni) terms. The last term in equation 
(2) represents the time dependent injection of excitons into the fusing system. 
To actually perform these calculations we have used the computer code of . 
Harp and Blann7. The only free parameter in this calculation was the initial 

exciton number which was taken to be (Aproj + 3) for all cases. 
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Using this model. we have calculated the average fractional linear momentum 
transfer to the target nucleus. and the spectra of the pre-equilibrium 
neutrons and protons for each system studied in this work. The calculated 
values of the fractional linear momentum transfer are in good agreement with 
systematics. To calculate the average angular momentum of the excited target 
residue. J. following the pre-equilibrium particle emission. we have used 
the simple semiclassical expression 

J = Pu • PCN Lcri t (2) 

Values of Lcrit were taken from Ref. 8. The distribution of J values in 
the excited target residue was taken to be a 2J+l distribution beginning 
at J=O and extendfng to Jmax with mean value J. The distribution of excitation 
energy values in the excited residual nucleus P{E*) was computed using the 
calculated pre-equilibri~m nand p kinetic energy spectra. the known binding 
energies and conservation of energy. 

We assumed the excited target residue with excitation energy distribution 
P{E*) and spin distribution P{J) would de-excite to the final reaction products 
by equilibrium particle emission. This equilibrium particle emission was 
simulated using the computer codes PACE9 and LINDAIO. In calculating the 
angular distribution of the final product nuclei with the LINDA code. all 
the pre-equilibrium (direct) particles were assumed to be emitted at an angle. 

e =~ kR 
where R is the nuclear radius and k the nucleon wave number. This assumption 
(known as the Mantzourainis limitll) was made to be consistent with the cal­
·culations of the pre-equilibrium emission in the Blann model. 

In Figure 10 we ccmpare the measured12 'and predicted isobaric yield distri­

butions for the interaction of 8.5 and 19 MeV/nucleon 160 and 35 MeV/nucleon 
12C with 154Sm• The agreement between.the measured isobaric yields and those 

predicted by the model is remarkably good. especially if one remembers the 
model has no adjustable parameters (as we used it). The agreement between 
calculation and data extends over a change in the yields of two orders of 
magnitude. signifying a fundamentally correct simulation of the average be­
havior and the dispersion in that average. Good agreement is also obtained 
between the measured and calculated fragment angular dhtributions l2 . However. 
there are significant differences between the measured fragment velocity 
spectra 12 for these reactions and these predicted by the Boltzmann master 
equation model (Figure 11). 



.1 

.' 
, 

II 

---. 
.0 
E ........... • 0 ,. 
-l 
W 

>-
() 

~ 
< I.' (l) 

0 
U1 

t 
tI 

-14-

8.5 A MeV 1 60 + 154Sm 

15. 

,'~ 

1
0 ~ 

I I 
I 0 , 

I I 
I 
I 

/ \ 

Ii L 11. 
. 

n. 

19 A MeV 160 + 154Sm 

(~\ 
, , , , " "\\ 

,.' . "\ \ 
'.~'---------~1~5'~---~~"~'---~ 

35 A MeV 12C + 154Sm 

Product Moss Number A 

FIGURE 10 

Comparison of measured isobaric yield distributions {solid line} with those 
predicted by the Boltzmann master equation model {dashed curve}. 
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At the lowest projectile energy, (8.5 MeV/A 160), the velocity spectra 
show Gaussian peaks centered near the velocity of the completely fused system 
(Figure 11). For the interaction of 8.5 MeV/A 160 with IS4Sm• 93% of the 
cross section is estimated to be associated with complete fusion reactions. 
The measured fragment velocity distribution for a typical fragment, 163Tm, 
agrees well with the predictions of the Boltzmann master equation model. 

For the reaction of 19 MeV/A 160 with IS4Sm• the velocity spectrum of 
ISITb represents that of a typical product. The velocity spectrum of 151Tb 
can be thought of as a composite of spectra representing different reaction 
mechanisms, such as the spectra shown for 151Gd (very incomplete fusion) 
and 156Tb (near complete fusion). The average fragment velocity spectrum 
predicted by the Boltzmann master equation model is not in good agreement 
with the data. The problem seems to be that while the model predicts velocity 
spectra that have the correct shape and mean velocity for fusion-like processes 
(for example. production of IS6Tb). the model fails to predict the changes 
in the shape of the velocity spectra when incomplete fusion processes occur 
(such as the production of 151Gd). It should be noted that the model does 
correctly predict the overall average fragment velocity for the reaction. 

For the reaction of 35 MeV/A 12C with 154Sm, three typical fragment velocity 
spectra are shown. The nuclides involved represent different portions of 
the yield distribution for this reaction. All spectra show considerable 
amounts of incomplete fusion with mean fragment velocities being ~ 1/2 that 
of the completely fused system. Because of the dominance of incomplete fusion 
processes in the velocity spectra of the representative fragments, the pre­
equilibrium emission calculations do not yield velocity spectra with the 
correct shape although the mean fragment velocities are in agreement with 
the calculated results. 

When we applied the Boltzmann master equation model to the fragmentation 
of Au as discussed in this paper, the failure of the model to correctly treat 
incomplete fusion events proved to be serious (Figure 12). While the magnitude 
of the fission cross section is predicted correctly~ the calculated yields 
of the heavy target residues are too low (due to the neglect of peripheral 
reactions) . 

. 7. CONCLUSIONS 
We have shown how the isobaric yield distributions of target fragments 

vary as the projectile size increases from C+la. Both the fragment angular 
distributions and energy spectra are consistent with a change in the dominant 
fragment production mechanism(s) from one(s) involving a fast, non-equilibrium 
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process for the lighter ions to a slow. equilibrium process for Kr.Some 
success was achieved in describing data of this type using a Boltzmann master 
equation model of pre-equilibrium emission although the neglect of peripheral 
reactions in the model prevented a meaningful comparison of the model with 
our data. 
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Measured 1 (solid line) and predicted (dashed line) isobaric yield distribu­
tions for Au target fragmentation. 
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