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Abstract

Angular distributions of Larget fragments from the reactions of '2C with '%7Au
and 238U were measured at projectile energies of 292 MeV, 1.0 GeV, 3.0 GeV, 12.0
GeV and 25.2 GeV.

The angular distributions of the '%7Au target fragments were all forwardly
peaked. Extensively forward peaked angular distributions were observed at the
non-relativistic projectile energies (292 MeV, 1.0 GeV). No obvious differences
were observed in the angular distributions at the different relativistic projectile
‘energies of 3.0 GeV, 12.0 GeV and 25.2 GeV. The characteristic angular distribu-
tioﬁ pattern from the relativistic projectile energy experiments was also
observed in the non-relativistic energy experiments. Maximum degree of
forward-peaking in the angular distributions at each projectile energy was
observed at the product rﬁass number { A ) arbund 190 from the 292 MeV pro-
jectile energy, at A=180 from 1.0 GeV and at A= 175 from 3.0 GeV and 12.0 GeV.
In general, two different types of angular distributions were observed in the
relativistic projectile energy experiments with the 238U target. Isotropic angu-
lar distributions were observed for the fission product nuclides. The angular
distributions of the fission products at the intermediate { 292 MeV ) energy
showed slightly forward- peaked angular distributions. Because of the long
projectile-target interaction time in the primary nuclear reaction, larger
momentum was transferred from the projectile to the target nucleus. Steep
forward-peaked angular distributions were also observed with the 238U target.
The reactidn to produce the steep forward-peaked angular distributions with
the U target was the same as the one operating with the 197Au targel at the
relativistic projectile energies. An interesting feature of the angular distribu-

tion was some favouring of sideward emission at the large angle for the light
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products from the reaction of 25.2 GeV '2C+?3U in comparison with the 12.0
GeV and 3.0 GeV projectile energy results.
Computations were attempted tg estimate the basic properties of the target
fragments for the reaction of the 3.0 GeV '2C projectile with the !%7Au target
using two diﬁereﬂt assumptions. In the first assumption, proton-proton elastic
scattering experimental resulls were applied and the nucleons of the projectile
and target nucleus were treated as completely free nucleons. The computation
gave the side peaked angular distributions at all impact parameters. The other
assumption was to treat the abraded volume of the target nucleus as a collec-
tive volume and to use the nuclear potential energy between the abraded
volume and the residual target volume for computations of the recoil energies
of the target fragments. The estimated recoil energiés of the heavy products
based on the second assumption had a'trend consistent with the experimental

data.
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1 Introduction

The reaction between two heavy nuclei depends on the kinetic energy of ti:e
projectile nucleus in the center-of-mass system. At a kinetic energy below the
Coulomb potential energy, the projectile nucleus does not approach the target
cloée enough to make a compdund nucleus. Instead, the interaction sometimes
exchanges a few nucleons between the projectile and target nucleus at an
energy slightly below the Coulomb energy. Also, photon exchange with no
nucleon transfer excites the target nucleus and causes nuclear evaporation or
even fission!. Sometimes, the projectile nucleus scatters the target nuéleus
without exciting it. A Coulomb interaction that results in no change of the
nuclear energy level is characterized as elastic scattering.

At a kinetic energy of the projectile nucleus higher than the Coulomb potential
barrier, the projectile nucleus can make a compound nucleus upon fusing with
the target nucleus, or a deep inelastic reaction can occur transferring several
nucleons between the target and projectile nucleus beside elastic

scattering?34.

Also, after the primary reaction, the target nucleus may be
excited and fission or evaporate some nucleons. However, the nucleons
transferred from the projectile to the target nucleus do not have high enough
kinetic energy to push out the colliding target nucleons breaking the binding
with the rest of the target nucleus.

When the kinetic energy of a nucleon of the projectile nucleus is higher than
the binding energy of a nucleon in the target nucleus, the nucleons transferred
from the projectile nucleus to the target keep their original forward momentum
by pushing out the colliding target nucleons. Thus, the reaction produces

three parts. General descriptions of relativistic heavy ion nuclear reactions

can be found in references 5 - 11. As is shown in Fig.1, because of the high



kinetic energy of the projectile nucleus, part of the projectile.nucleus keeps
moving forward leaving the reacting nucleons behind after the initial collision.
The nucleons transferred from the projectile nucleus to the target carry a
large momentum in the beam direction. Those nucleons knock off part of the
target nucleus by imparting energy exceeding the binding energy of this part to
the rest of the nucleus. Part A, in Fig.1, is the projectile nucleus residue. Part
B is often called the participants. Part C is the target nucleus residue.

The projectile nucleus residue, par£ A, maintains its relativistie kinetic energy

2, Investigations on this aspect

even after collision with the target nucleus!
have been underway for several years at the Lawrence Berkeley Laboratory.
The products from part B have been measured in various ways and many reac-
tion mechanisms'3-!® have been proposed to describe the experimental results.
However, the reaction mechanism is still obscure. The third part, C, is the tar-
get nucleus residue. The recoil kinetic energy of the target residue is small. At
relativistic energy, the momentum transfer from the projectile is very small,
because a compound nucleus is not formed. The target residues barely come
out of the target material®®?!, Part C has not been studied extensively, com-
pared with the other two parts, even though it is equally important to under-
stand this aspect of the revlativistic nucleus reaction mechanism. This study
was focused on the behavior of this target nucleus residue.

The angular distributions of the target fragments were measured in this work
for the first time. To compare the resuits from those Bevalac experiments, the
angular distributions were also measured from the reactions of non-relativistic
energy projectiles. The experimental results showed the validity of the categor-
ization of the three reaction parts, A, B and C. Even at the non-relativistic pro-

Jectile energies, some of the characteristics of the angular distributions were

observed similar to those observed from the results of the relativistic projectile

&



3
energy experiments. Measurements of the angular distributions of the target
nucleus residues made possible the evaluation of the forward momentum
transferred from the projectile nucleus corresponding to the different impact
parameters for the primary reaction. This computational analysis tests the
validity of the physical concept for relativistic nuclear reacﬁions and may offer

further insights into the reaction mechanism.



11 Experimental

The angular distributions of the target residues were measured by catching
the recoil fragments with catcher foils placed over the target. Aﬁ.er the bom-
bardment, the catcher foﬁs were removed and divided into pieces correspond-
ing to different axial angles from the beam direction, then mounted on a Ge(Li)

detector to obtain the y-ray spectra of the recoil nuclides caught on the

catcher foils. From these y-ray spectra, the decay curves were constructed to

find the half-lives associated ':vith the y-ray peaks. By counting the standard
source with the same detector, each peak position of the spectra was calibrated
to give the y-ray energy. The energy and half-life gave the information neces-
sary to identify the nuclides®??3, The radioactivity at the end of the bombard-
ment was computed with the help of the data from the decay curve for each
nuclide. The relative activities on the different angular catcher foils were cal-
culated for each nuclide. These relative yields were divided by the solid angles
subtended by the angular catcher foils relative f.o the target to give the
differential cross sections.

In order th> understand heavy ion nuclear reaction mechanisms, it is desirable
to employ a heavy element as target . Depleted urarﬁum and gold were chosen
for the target material. Uranium is a heavy element and has a large reaction
cross section and fissions into a variety of products, which may not clearly show
the character of the primary reaction. On the other hand, gold is interesting to
compare with uranium, since gold is much less fissionable and also a heavy ele-
ment. Carbon was chosen as the projectile. Although carbon is not a very
heavy element, in this recoil experiment, high beam intensity is required. The

Bevalac produces a relatively high intensity carbon beam.
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The projectile energies used for the angular distributioh measurements are 2.1
GeV/n, 1.0 GeV/n and 250 MeV/n from the Bevalac at the Lawrence Berkeley
 Laboratory, 86 MeV/n from the SC synchrocyclotron at CERN in Switzerland and
and 24.5 MeV/n from the 88-inch cyclotron at the Lawrence Berkeley Labora-

tory.



II-A Bevalac Experiments

The target assemby utilized for the Bevalac experimehts is éhown in Fig.2.
238UF, and !®’Au were evaporated on a 2 mil thick aluminum foil and a 5 mil
thick mylar foil, respectively. The target backing material should be as light as
possible, so that the radioactivities of the recoils produced from the backing
material do not disturb the measurement of the target recoils. UF, and Au were
evaporated to produce ~1mg/cm?® thickness deposits with a 5/8 inch diameter

which is comparable to the size of the Bevalac beam . The thickness of the Au

evaporation target was determined by the activation analysis method using the

'I'RIGA-MARK—III reactor at the Department of Nuclear Engineering of the Univer-
sity of California, Berkeley. The catc.;her foil was made of a cone shaped 2 mil
thick mylar and vplaced over the evaporated target material. Although the
mylar catcher foils were directly exposed to the beam during the bombardment,
the components of mylar (C,qHgO0,) will not produce any heavier nuclides than
themselves at relativistic projectile energies?* 2%, These catcher foils caughl the
target nucleus residues recoiling from the evaporated target as a result of the
reaction with the carbon projectile. Since the recoils should reach the catcher
foil without major attenuation, the whole assembly was put in a vacuum
chamber and evacuated to ~2x10~2 Torr. Also, the target should be thin to
reduce scattering and absorption of the fragments. However, a thin target does
not produce a sufficlent amount of recoil nuclides for measurement. The
energy degradation of the carbon projectile in the Al and mylar backing was
estimated?®®?? to be much less than 3 MeV even for the 100 MeV/n '2C beam
which is the highest energy available in reference 27. This is negligible in com-
parison to the initial energy. Taking advantage of the large energy of the rela-

tivistic energy projectile, the multi-target systermm was employed to overcome

¥
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the insufficient beam intensity. Seventeen target-catcher foil components were

built into each assembly. Although the size of the target evaporation was rela-
tively large, it was almost uniformly exposed to the beam, because of the
difficulty to focus the beam pulses at the Bevalac. The total beam fluences were
104 over the time period of ~27 hours for the 250 MeV/n beﬁrn, 10!3 over 11.5
hours for the 1.0 GeV/n and lb‘z over 10 hours for the 2.1 GeV/n beams. After
the bombardment, the catcher foils were removed and divided into 4 concentric
pieces whose angular ranges were 0°-30° 30°-50°50°-70° and 70°-90° from
the center of the target in the beam direction. The catcher foils which had the
same angular range from each of seventeen target assemblies were counted
together by using a Ge(Li) detector to increase the intensity of the radioac-
tivity. The levels of radioactivities of the target fragments caught on the
catcher foils were assessed through the usual analysis of the y -ray spectra.
After identifying the product nuclides, the radioactivity level, Ay, of each
nuclide at the end of the bombardment was computed to give the relative yields
at the different recoil angles. The differential cross section, do/ dQ(%), was
obtained by dividing the relative activities by the "catching probabilities” of the
different angular catcher foils subtending from the target. A schematic
diagram is given in Fig.3, showing the analysis employed to compute the catch-
ing probabilties for the different angular catcher foils in this experirﬁent. The
target was assumed to be uniformly exposed to the beam. Also, the atoms
recoiling out of the target material were assumed to reach the catcher foil and
were all stopped. According to the Northcliffe and Schilling table?®, the heaviest
element (!®!Re) identified here, which is also estimated to have the lowest recoil
energy?® ( ~10 MeV ), has a recoil range of 0.6 mg/cm? in air. Comparing this
value with the air density in the target chamber, 2x10™° mg/cm® we can see

the attenuation of the recoil atoms in the vacuum chamber is negligible (
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distance between the target and catcher foil is 2 em ). The thickness of the

mylar catcher foil, 7.3 mg/cm?, is large enough to stop the lightest nuclide

' identified here, which has a large kinetic energy, ~50 MeV?8. The recoil range of

such a nuclide in mylar is estimated to be ~1.5 mg/cm?, using the recoil energy

estimates reported by Loveland et al 28.

A description of the analysis used for the det.errnination of the differential cross

section is as follows:

On the basis of Fig.3, we can see that all the récoils caught by the cone part, a,, -
must pass through the circle plane, ap,. The probability for the particles to be.
caught by a. , after isotropic emission from the target, is thus the same as the

probability for the particies to pass through the plane, a,,. (ap=ac). On the basis

of the same argument, the recbils to reach the cone part, a.+b,, must pass

through‘ the plane, b, (b,=a.+b.). Rewriting this.equation. we obtain b =b,—ay,.

Now, we have the probabilities for, a, and b,. For the third part of the ang'ular‘v
catcher foil, the same analysis gives the relation, c.=c,—b,. The fourth part was

assumed to have d4,=0.5—c,, since half of the particles will be recoiled ontv the

catcher foil. Finally, the whole problem is now to find the "catching probabili-

ties” for the isotropically emitted recoils caught by such catcher foil dises

coaxially placed parallel to the target plane. The details of the computation are

described in Appendix A.

- Still, the actual exper'unentaﬂ assembly might seriously differ from this idealized

situation so as to cause serious errors in the final results, due to the geometric
distortion of the cone shaped catcher foil and the thickness of the evaporated
target. These effects were measured in a calibration experiment. For this pur-
pose, we measured the angular distribution of fission products from the 43 MeV
“He+%38U reactions, using a target-catcher foil assembly identical to those used

in the Bevalac experiments. The 44.3 MeV a-particle beam from the 88-inch
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cyclotron at the Lawrence Bérkeley Laboratory was utilized, taking into
account the beam energy degradation by the Al target backing foil and the UF,
material itself. The beam was collimated by use of the 5/8 inch diameter car-
bén block to expose the evaporated target uniformly as it was in the Bevalac
experiments. After irradiation with the total fluence of ~10!4 ions of !*C over
the time period ~4 hours, t.hé single catcher foil was removed and divided into
four pieces, as it was in the Bevalac experiments. The relative activities of the
fission nuclides, ®*Mo and !12Pd, for the four foils, were compared with the angu-
lar distribution function, W(8)=1+ asPs+a,P,, reported by Vandenbosch et al %°.
thus giving the calibration factors for the angular catcher foils. The correction
factors ( A ) obtained for the 30°, 50° 70° and 90° catcher foils are 1.00, 1.03,
1.04 and 1.44, respectively. The computational detail for the calibration factors
is described in Appendix A.

Another set of calibratibn factors was necessary in order to account for the
counting geometry errors. The mounted counting sample for the widest angu-
lar catcher foil has a large area compared with the smallest angular one. Since
the measurement was done by use of a Ge(li) detector, the geometrical angle
between the Ge(Li) crystal and the mounted samples affects the counting
efficiency. The correction factor for each angle was obtained by measuring the
vy-ray yield of 137Cs spread over the same area of the catcher foils. Since the
multiple target system was used for the Bevalac experiments, angular catcher
foils of the same angle were counted together as one sample at the Ge(Li)
detector. The thicknesses of the samples mounted for counting at the Ge(Li)
detector also affected the counting efficiency. This correction was also con-
sidered in the similar way to that described above. The final geometric correc-
tion factors ( B ) are 1.00, 1.00, 1.13 and 1.27 for the 30° 50° 70° and 90°

catcher foils, respectively. The final values of the differential cross sections,
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do/ d(), were calculated by use of the following formula, using the activity, A,

for each angular catcher foil and the correction factors, A and B,

do/ A0(8) = .‘l‘_;;xAxB

and where P is the "catching probability” given in Appendix A.

-
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1I-B SC synchrocyclotron experiment ét CERN

The SC synchrocyclotron at CERN produces 86 MeV/n carbon beam with an
ihtensity more than 103 times of the higher energy beams from the Bevalac.
Also, the beam was well focused to = 3 mm diameter without a collimator. The
total beam fluence was ~10'® ions over the time period of 15 hours for both Au
and U target experiments.

The experiments were performed through the joint work between the people

involved in the CERN projects and those in the LBL.

For the experiment with the Au target, the experimental set up was owing to the

efforts of the people in Europe ( Aleklett, Hagebo, Haldorsen, Lund and Molzahn
) and my colleagues involved in the LBL projects ( McGaughey and Loveland ).
For the experiment with thé U target, the experimental set up was owing to the
effort of the people in Europe ( Aleklett and Lund ) and my colleagues (
McGaughey and Loveland ).

The high intensity of the beam made the experiment easier than the Bevalac
experiments. The target assembly consisted of a single evaporated target and
catcher foil, forward and backward, as shown in Fig.4. The !%’Au and 2°®UF,
were evaporated on the Al foil of thickness 13 mg/cm? with thickness of 0.3
mg/cm? and 0.8 mg/ cm?, respectively. The beam energy was degraded by this
backing foil by less than 3 MeV??. The whole target assembly was evacuated in
the beam line to <107 Tbrr. The expérirnental procedure was similar to that
used in the Bevalac experiments. After the bombardment, the catcher foil was
rernoved‘ and divided into different angular pieces. The divided pieces were
mounted at a Ge(Li) detector and the y-ray spectra were obtained to construct
the decay curve in order to identify the products. After the measurements

done by Kraus and Loveland at the Oregon State University for the samples
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from the experiment with the Au target, analyses were done at the Oregon State
_ University and at LBL. For the experiment with the U target, during the first
eighteen days after the end of bombardment, the measurement was performed
at CERN for the short half- lived nuclides. The measurement for the long half-
lived nuclides was done by Aleklett at Studsvik, Sweden. The data obtained
from the first counting were partly analyzed with GAMANAL by Lund and partly
with SAMP0%2 at LBL. Those frofn the second part of the measurement was
analyzed with SAMPO at LBL. The catching probability and the mean angles,
<3¥>, for each angular catcher foil, subtended from the small diameter beam
spot, were computed using the equations given in Appendix A just as they were
in the analysis of the Bevalac experiments. The small size of the beam spot
eliminated the need for most of the corrections which were necessary for the
Bevalac experiments. Corrections were made only for the relative thickness of
the backward and forward target thicknesses. The relative activities on the
catcher foils were divided by the solid angles to obtain the differential cross

sections.

¥
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II-C 88-inch cyclotron experiment

A 292 MeV ‘_?‘C beam was obtained with barely enough intensity to carry out this
recoil experiment with the 88-inch cyclotron at the Lawrence Berkeley Labora-
tory. The !%7Au and 238UF, evaporated targets of ~1mg/cm?® thickness were
prepared as they were in the previous studies. 10'* particles were delivered
over the time period of 10 hours. The cat:cher foil was made of 13 mg/cm?
mylar foil. A schematic diagram is given in Fig.4. Because of the significant
beam energy attenuation, unlike the Bevalac experiment, a single target-
catcher foil assembly was used. With the 13 mg/ cm? thick Al backing, the 292
MeV C beam energy was degraded by 8 MeV, as determined by use of the stop-
ping power table?’. The assembly shown in Fig.4 was set in the charhber and
evacuated to 107 Torr. An advantage of this experiment was that the beam was
better focused. Also, a carbon collimator could be used to obtain a small 1/4
inch diameter beam spot on the target.

After the bombardment, the same experimental procedure was used as before.
The mathematical treatment used for this analysis was much easier than in the
Bevalac experiments because of the relatively small beam spot size. The
catcher foil was divided into five and four different angles for the Au and U tar-
get, respectively. The catching probability for eachvangular catcher foil was

computed, again using the equations in Appendix A
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IlI1 Experimental Results

The angular distributions were measuréd with ﬁvé different projectile energies
involving three different types of acceleraﬁors. As described above we employed
different target-catcher foil assemblies to correspond to the different beam
parameters characteristic of the different machines. The numbers of identiﬁed
nuclides ranged from only three nuclides from the 25.2 GeV !3C + 238 reaction
to forty five from the 1.0 GeV '2C+238y reaction. The number of angular data
points also ranged from four points for the Bevalac experiments to nine for;
those at the SC synchrocyclotron at CERN with the Au target. In order to
extract physically meahingful results for use in comparison among these
different experiments, a function to fit the experimental results was sought.
The mathematical process was difficult and only a moderately good fit was
accomplished. However, the obtained function enabled us to examine the five

different types of results in a comparative manner.

~
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[II-A-1 Results from the 25 GeV, 12 GeV and 3 GeV

12C4+197Ay reactions

The experirnenfal results are shown in Fig.5, 6 and 7 and tabulated in Table I,
111 and V for the reactions of 25.2 GeV, 12.0 GeV and 3.0 GeV '2C+!97Au, respec-
tively. 'I'h.e results of the angular distributions were normalized at the widest
average angle, 73.8°. As was mentioned above, the total beam fluence for the 25
GeV '2C ions was small and that for the 3 GeV !2C ions was relatively large,
v‘vhich resulted in the identification of five nuclides from the 25 GeV energy
experiment, nine from the 12 GeV experiment and twelve from the 3.0 GeV
experiment. A more complete tabulation of the products from'these nuclvear
reactions can be found in the work by Kaufman et al ?°>. All the nuclides show
forward peaked angular distributions. The relatively light products, #™Sc,%’Ru
from the 25 GeV experiment, 8%Zr, °Nb and °’Ru from the 12 GeV experiment
and %Zr,°°Nb,*’Ru and '?3] from the 3 GeV reaction have mildly forward peaked
distributions. The relatively heavy products, which are the rest of the products,
are much more forward peaked. Fig.8 shows that the angular distribution
become steeper with increase of the product mass number until the mass
number reaches 187 in the 3 GeV !2C experiment. Among the products heavier
than '’Tm, the forward peaking of angular distributions becomes milder with
increase of mass number. The angular distributions from the 12 GeV '2C experi-
ments show a similar trend. The steepest forward distribution is observed at
mass numbers between 149 and 155. These characteristics of the forward
peaked angular distributions, observed in the 3 GeV and 12 GeV energy experi-
ments, are in good agreement with the results for F/B (forward/backward)
ratios measured by Kaufman et al ?°. The products which give steep forward

distributions have large values of F/B ratios. The relation between these trends
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and the irnpéct parameters of the primary reaction will be of interest in order
to understand high energy heavy ion nuclear reactions392, The error bars
reflect only statistical errors. Since the effect of the evaporated target thick-
ness was corrected for by use of the measured angular distributions of fission
products from the 43 MeV *He +238U reaction, the relatively light products, with
estimated recoil energies which are almost the same as those of the %He
induced ﬂssion prodﬁcts. do not have. large errors as indicated by the resulté
obtained here. However, the error caused by the target thickness is signiﬁcént
for the heavy products. The heavy products are estimated to have small r.ecoil

energies and the stopping power is large?®.

The correction factors were
estimated by use of the equations given in Appendix A using an estimated 10
MeV for the recoil energy for the heavy products. together with the use of of
the recoil range table?®. The estimated error is significant at the largest angle.
Since the angular distribution was normalized to this largest angle, we cannot
simply compare the values at the small angles with those for the heavy pro-
ducts. A function to fit the angular distributions was sought in order to make

comparison possible among the different products, ranging froin the light #™Sc

to the heavy '®'Re. Since we had only four data points in the distribution, the

task was difficult. The function, y= was used to fit all the angular dis-

tributions from the Au target at all five different energy experiments. The
mathematics involved to accomplish this purpose are shown in Appendix B. The
derivatives of the angular distribution functions were computed at the angle,
26°. These derivative values are specially useful to find physical meaning for
the angular distributions in comparismlx among different product mass
numbers, since the small angle points ( 22.7°. 33.1° ) do not have the significant

errors caused by the target thickness. The function gives acceptable fit at the
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small angles, independent of the errors at the largest ahgle. as seen in Fig. 5 -7.
The derivative values are given in Fig.8 with respect to the product mass
number. Table II, IV and VI tabulate these values with the parameters to give

the best fit of the function by use of the least squares method.
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I1I-A-2 Results from the 1 GeV'

12C4+187Au reaction

Because of the high intensity of the ‘2C. beam from the SC synchrocyclotron at
CERN, we obtained much more precise results than those obtained from the
Bevalac. Through our analyéis, twenty eight nuclides were identified, giving
nine angular points, _ﬁve for the forward angles and four for the backward.
Identification of more products is found in reference 33. The results are shown
in Fig.9 and tabulated in Table VII. The differential cross sections were normal-
ized to the largest forward angle, 71°. The general trend is similar to the
Bevalac results. The relatively light products { <'?!Te ) show the mild forward
peaks and the heavy products ( 2!*°Eu ) show steep forward peaks in the angu-
lar distributions. The steepest forward-peaked distribution was found a%ound
the mass number 187. Interesting isotopic effects in the angular distributions
were observed for Rb, Y, Zr, Eu, Gd and Pt. The functional fit was good for the
light products. Because of the steep forward distribution with the long tail, the
fit was not good for the heavy products. In these cases, the function fit was
attempted only for the forward angles.

The derivative values at 26° are given in Fig.10 and tabulated in Table VIII. The
isotopes which have smaller mass numbers than those of the largest derivative
value ( shown in Fig.10 ) show an increase in the degree of forward peaking of
angular distributions with increase of the mass number, but the isotopes of Pt
show the opposite trend. This fact implies that Pt was produced by a different
reaction process. In the reaction producing Pt isotopes, the momentum
transfer from the projectile was small because of the large impact parameter.
The reaction at srnaller impact parameter is expected to produce smaller mass

number products. This general character is very similar to the trend of the
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Bevalac experiments, which shows an effective role of the impact par;meter in
relation to the forward momentum transfer. The small surface mass density will
make the same reaction possible as that at the higher projectile energy. Fis-
sion products which are usually. observed from 23U fission were observed
among the relatively light products { <!2!Te ). The reaction with relatively small
impact parameters leaves the target nucleus in the highly excited energy level
and leads to fission. The deexcitation of the fission products will evaporate
nucleons. The evaporation and fission itself will smear out the forward momen-
tum initially transferred from the projectile. In Fig.10, the derivative values ére
observed approximately similar among the relatively light products. However,
the results described in this work show the angular distributions which do not
include the angular points in the beam direction. The radioactive background
produced by the reaction with the catcher foil material made it difficult for us
to idéntify the products from the reaction with the target material.

A new analysis which is under progress will show that the data points of the
angular distributions at ~0° are considerably different among those of the rela-

tively light products. The results will be reported in the near future.
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III-A-3 Results from the 292 MeV 2C+

187Ay Reaction

Eight nuclides were identified from the 292 MeV !2C + !%7Au reaction and their
angular distributions were obtained with five forward angular points. The angu-
lar distributions are shown in Fig.11 and tabulated in Table IX. The results were
normalized to the largest angle. The relatively heavy products give steep for-
ward peaked angular distributions. The derivative values at 26° were also
obtained and shown in Fig.8 and tabulated in Table X. Isotopic effects were
observed for the Au products. The derivative of !®Au is much largex; than that
of '%8Au. The derivative of fhe 198Ay angular distribution is extremely small.
The approximately isotropic angular distribution of !°®Au is due to the recoil by
one neutron evaporation, after excitation by the primary reaclion. Also, the

momentum transfer from the primary reaction seems to be very small.
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11I-B-1 Results from the 25.2 GeV, 12.0 GeV

and 3.0 GeV 12C+238U reaction

Only three nuclides were identified from the 252 GeV '?C+238U reaction,
because of the low total beam fluence of the highest energy projectile from the
Bevalac. Data for these are shown in Fig.12 and tabulated in Table XI. Six
nuclides and seven nuclides were identified from the 12.0 GeV and 3.0 GeV
1204238y reactions, respectively. The res‘ults are shown in Fig.13 and Fig.14 and
tabulated in Table XII and Table XII for the 12.0 GeV.and 3.0 GeV projectile
energy, respectively.

In Fig.lS and Fig.14, we can observe two different types of angular distributions.
One is an almost flat distribution and the other is a forward peaked distribution
similar to those observed with the Au target. The flat distributions are observed
in the measurements for the nuclides, "?As, %7r,%Zr Mo and !3%], which are
typical fission products from ?38U. The peripheral collision kicks out several
nucleons from the target nucleus, leaving it in excited states which are high
enough to cause fission. The almost completely flat distributions, like those of
9%Mo, imply that the initial momentum given by the primary reaction is very
small in comparison with the random recoil momentum arising from the fission
process. The fission process has a significant role in the production of ®®Mo. On
the other hand, the non-fission light product, *3K, gives a slightly forward
peaked angular distribution. The non-fission heavy product, 4°Gd, gives a steep
forward peaked angular distribution. This trend is similar to the results
obtained for the angular distributions from the Au target. The same type of
reaction actually takes place for both reactions with '®?Au and 2%8U targets,
although the fission is dominant in the reaction with the U target, especially in

the production of the typical fission nuclides. The angular distributions of the
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products identified in this work are in good agreement with the measurements
of F/B values®®34, Also, it is interesting to compare our results.with those from
- 0.8 - 400 GeV proton bombardments3®-39,

From the results obtained with the 25.2 CeV projectile energy, we can see
interesting features. The nuclides identified at this projectile energy are typi-
cal fission products. The_disf.ributions are almost flat like the fission nuclides
obtainéd with the 3.0 GeV and 12.0 GeV projectile energies. However, we may
observe a relative increase of the differential cross section at 73.8° for 8¥Zr and
97Zr angular distributions. As mentioned before, the experimental assembly
and the analysis were exactly the same for the three different Bevalac experi-
ments. With use of the same mathematical method aé applied to the analyses of
the other experiments, an attempt was made to find the best fit functions. But,
even the best fit was not good enough to be meaningful for. the 25.2 GeV projec-
tile energy experiments. Therefore, the slopes for the differential cross sec-
tions at 44.3° and 73.8° were calculated .

The slopes calculated for the light products of the three Bevalac energy experi-
ments are given in Fig. 15. Fig.15 shows that the slope values are large for the
light products from the 25.2 GeV projectile énergy ;‘eaction in comparison with
the results from the 3.0 GeV and 12.0 GeV energ}; experiments. This observation
may not contradict the fact that the observation of sideward peaked angular
distributions of light products from the 400 GeV p + Heavy Elements reaction
done by Stewart and Porile et al 3%37 is more obvious than the observation from
the 3 GeV and 11.5 GeV p+U reaction3. A disagreement, however , is that the
mild forward peak of the angular djstriﬁutibn was also observed in our studies.
The observalion of approximately equivalent forward and backward production
cross sections by Loveland et al 3 also presents a question about ourl results of

the forward peak of the angular distributions for the light products at this
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projectile energy. The discrepancy between the two reéults may be understood.
if we observe the increase of the angular distributions around 90° by perform-
ing the experiment for the backward angular distributions. The possible obser-
vation of the hump at t.h.e sideward angle is difficult to understand by use of the
usual concepts developed for the relativistic heavy ion nuclear reaction. At the
projectile energy of 2.1 GeV/n, m-meson production must be significant. How-
ever, the major fraction of pions does not recoil sidewards and therefore they

cannot give such a sideward recoil momentum to the target residue.
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J1I-B-2 Results from the 1.0 GeV

1204238 Reaction

After the bombardment, nuclides of short half-lives were‘ measured at CERN.
The nuclides of relatively long half-lives were measured at LBL and at two other
places in Europe. Forty five nuclides were identified alltogether from this
experiment. Eight angular points were obtained and the apgular distributions
are shown in Fig.18 and tabulated in Table XIV. All the angular distributions are
forward peaked in this reaction of 1.0 GeV '2C + 38U, but much less forward
peaked than the distributions of the products from the Au target experiments
of the same projectile energy. The distributions of the products, '89Yb,!53Gd
and %Gd have steep forward peaks. The functions were found to fit the experi-
mental results with good agreement. The derivative at the angle, 26°, was cal-
culated from the functions and is shown in Fig.17 and tabulated in Table XV.
The isotopic effects for the angular distributions were observed among the rela-
tively light nuclides as can be seen in Fig.17. The derivatives at 26° of the iso-
topes of Sc, Y, Zr, Ru, Rh, Ag, In, Sb, I, Te and Ba decrease with increase of mass
number. This trend is opposite to those of the fission products from the Au
experiments of the same projectile energy, but the same as the trend for the

angular distributions of the Pt isotopes.
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111-B-3 Results from the 292 MeV

120 4.238(J Reaction

Seven nuclides were observed in the 292 MeV !2C + 238y reaction. The angular
distribuitons are shown in Fig.18 and tabulated in Table XVI. Although all the
identified nuclides are typical fission products except *8Sc, the angular distri-
butions of all the nuclides are forward peaked. The kinetic energy of the pro-
jectile in this experiment is low and the primary reaction is a relatively slow
process, such as an incomplete fusion reaction or a. compound nucleus
production?®. The interaction in a relatively long time period allows the large

forward momentum transfer to the target nucleus from the projectile.
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I1I-C  Summary of Results

The relations among the results of angular distribution measurements with five
different !2C projectile energies and *%®U and !®7Au targets were investigated

with help of derivative values from least squares fit functions.

The derivative values of angular distributions ’frorﬁ five different projectile ene-
gies with a Au target are shown in Fig.8 and Fig.10. We observe large derivatives
of the angular distributions around the product mass number of 160 for 3 GeV
and 12 GeV !2C+!%7Au reactions. The largest derivative value from the 1 GeV
projectile energy exp‘erirnentv is observed at a slightly larger product mass
number than for the 3 GeV and 12 GeV projectile energy experiments. The 1
GeV projectile can produce the same reaction effects as those for the 3 GeV and
12 GeV energy projectiles only at larger impact parameters. The reaction must
abrade more nucleons at the sméller impact parameters. ( Assuming abrasion
between the projectile and the target nucleus during the primary reaction,
geometric characteristics between the two spherical nuclei were computed.
Fig.19 shows the relation between the residual masses of the target nucleus and
the impact parameters. ) The abrasion model is again useful for interpreting
the derivatives for the Pt and Au isotopes produced from the 1 GeV and 292 MeV
C + Au experiments, as shown in Fig.8 and Fig.10. At the 292 MeV projectile
energy, the observation of the large derivative values for '?%], !®!Re and '%*Au (
Fig.11 ) may imply that the reaction such as abrasion as observed for the rela-
tivistic energies took place between the nuclear surfaces of target and projec-
tile. Since the mass density is small on the nuclear surface, the 292 MeV pro-
jectile can abrade the nucleons at the surface. The products of relatively small

mass numbers ( <'?'Te) have similar values of derivatives of the angular
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distributions in the range between 1 and 7 for all the five different projectile
energies as we can observe in Fig.8 and Fig.10. The reaction to produce these
products is different from the reaction to produce heavy products. The rela-
tively light products are produced from the reactions with small impact param-
eters, which do not clearly show the effects of the primary reaction such as
abrasion reactioﬁ. However, the angular distributions of the heavy products (
a“"’_Eu) are useful to understand the relativistic heavy ion nuclear reaction
mechanism; the information from peripheral interactions is particularly

instructive.

The derivative values of angular distributions with the ?38U target are shown in
Fig.17 only for the 1 GeV experiment. ?*®U is much more fissionable than '%7Au _
and we therefore observe particular effects which we do not observe from the
Au target experiments. The typical fission products give flat angular distribu-
tions from the reactions with relativistic projectile energies. The reactions with
lower projectile energies show the forward peaked angular distributions even
for these typical fission products. Since the non-relativistic energy projectile
takes a longer time in the reaction with the target nucleus in comparison with
the relativistic energies, it transfers more primary forward momentum. Com-
paring Fig.10 and Fig.17, the angular distributions from the Au target are
steeper than those from the 238U target by a factor of 10 . However, we must be
careful to consider the following points. The largest nuélide observed from the
U target has the mass number 169, formed by the loss of 89 nucleons from the
original U mass number of 238. The product mass number from the Au target
equivalent (by ratio) to this product mass number is 139. An interpolation in
Fig.10 gives a value for the derivative of around 20, which is approximately

equivalent to the derivative of the !®®Yb angular distribution as shown in Fig.17.
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This fact implies that the same type of reaction produced the heavy products
for both the Au and U targets. This reaction is heavily dependent on the impact
parameter. We could not identify the heavy elements from the U target experi-
ments corresponding to those observed from the Au target. Although the peri-
pheral abrasion reaction actually occurs also for the U target, the heavy pro-
ducts do not survive fission. The increase of the angular distributions of the
light products at the wide angle from the U target are observed at the 25.2 GeV
projectile energy relatively to the 3.0 GeV and 12.0 GeV energy. The light pro-
duct; (**™Sc) from the Au target produced with the 25.2 GeV energy projectile
shows the similar increase in the angular distribution but nbt any heavier pro-
ducts, although the angular distribution of products heavier than *™Sc from
the 400 GeV p + Heavy Elements reactions show obvious sideward peaks®’. A
target as heavy as 238U or the lightest product from !®7Au and a projectile
energy as high as 25.2 GeV/n seem necessary to produce this particular feature
of the angular distribution. The isotopic effects for the angular distributions of
the light products from the 1 GeV C + Au reaction are opposite to those from
the 1 GeV C + U reaction. The isotopic effect for the Au angular distributions
from the 292 MeV C + Au reaction is the same as that for the 1 GeV C + U reac-
tion. These light products are fission products from ?3°U and ®7Au. 97Au must
be excited to a higher level than 23%U to produce fission products. The smaller
impact parameter giving the higher excitation would also transfer more forward
momentum to the target nucleus. On the other hand, 23U would fission even at
the large impact parameter giving smaller forward momentum. The Pt products
from the 292 MeV energy projectile reaction are produced from the peripheral
interaction and the forward momentum transfer is also small. Thus, the small
momentum transfer from the primary reaction gives the same isotopic effects

for the products from the 1.0 GeV '2C+ 238U reaction and the Pt products from
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the 292 MeV C + Au reaction. Thus, the large primary momentum transfer

results in the isotopic effects oppousite to those resulted by the small primary

momentum transfer.
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IV Computational Evaluations

The experimental measurements of the angular distributions of the residual
target nuclei described here encourage us to investigate a reaction model to
explain the results. The angular distributions are especially interesting in rela-
tion to impact parameters. Even simple geometric computations may give some
insights into such nuclear reactions ( Fig. 19 ). The angular distributions of the
heavy nuclides produced from the reactions with large impact parameters show
that the largest forward momentum transfer occurs to the product with mass _
number around 175 in the experiment of the 3.0 GeV energy projectile with the
Au target. The steepest forward peaked angular distributions imply that, for
the relatively heavy products, the forward momentum transferred to the target
residue is 1argeét. since the recoil momentum imparted by nucleon evaporation
during the deexcitation of the residual nucleus gives approximately the same
smearing effects among the peripheral reactions of different impact parame-
ters. This experimental evidence will help us to test reaction models. Two
extreme cases were tested here. One model is to treat the nucleus-nucleus
reaction of the 250 MeV/nucleon projectile energy free as nucleon- nucleon
scattering. The scattered nucleon penetrates the participant volume and
(Fig.20) reaches the residual volume, and finally leaves the volume, or some-
times will be stopped inside the volume with a certain probability. Assuming the
scattering differential cross section between the nucleons of the target and
projectile nucleus, do/ d((3¥), to be the free p-p scattering cross section, the
angular distributions of the target residues were computed for the different
impact parameters. The other model is to treat the participant part of the tar-
get nucleus as a collective volume throughout the primary interaction. The

binding energy was computed between the participant volume and the residual



31

volume over the abraded surface. The potential energy was calculated with
respect to the displacement between the two volumes. The residual volume
receives a forward momentum for each impact parameter.

The p-p scattering model does not seem applicable to the experimental results
of the angular distributions. The latter nuclear potential model, treating the
interacting parts of the nucleus as a collective matter, seems more effective.
Cumming*! suggested that the nucleus can be viewed as a single object, instead
of a group of independent nucleons, from a projectile at a relativistic kinetic

energy, because of the Lorentz contraction.
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IV-A Application of proton-proton Elastic Scattering

For the 250 MeV/nucleon energy (3 GeV !2C), one of the projectile energies for
our experiments from the Bevalac, the rotational and vibrational motion of the
target nucleus can be ignored. Also, the Fermi energy of 197Au, which is approx-
imately 40 MeV, is far below the kinetic energy of nucleons of the projectile
nucleus. Since the binding energy of a nucleon in the nucleus is ~8 MeV, the
reaction between two nuclei at 250 MeV/n incident energy will not result in t.he_
formation of a compound nucleus . The projectile nucleus residue will keep
moving after the collision, leaving the rest of the projectile nucleus behind with
the target nucleus. The part of the projectile nucleus participating in the colli-
sion will experience scattering with the nucleons of part of the target nucleus.
Some of the scattering and scattered nucleons will penetrate the interaéting
volume and reach the target nucleus residue. | The target nucleus residue will
receive the momentum from those nucleons and will give rise to the angular
distribution.

The following assumptions were used to pursue this scattering model:

1. All the nucleons were treated as protons in terms of the scattering cross sec-
tion. 2. The motions of the nucleus and the Fermi motion of the nucleons were
ignored during the primary interaction. 3. The nucleons were treated as free
nucleons. 4. Only the first scattering was taken into account. The multiple
scattering effects were ignored, élthough more sophisticated treatments use

4042 5 The number of nucleons

particular theories for multiple scattering
along the beam direction inside the projectile and target nucleus remained

unchanged during the primary reaction. The Fermi motion was ignored. 6.

Only proton-proton elastic scattering was employed, although 250 MeV/n is
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high enough to produce n-mesons by the scattering. The inelastic scattering is
~14 % at this energy*® . The error from this assumption will be discussed later.
7. A clear-cut spherical nuclear shape was assumed and the R.M.S. radius was
employed**. 8. The nuclear density inside the participant part was assumed

unchanged from the original target nuclear density.

The analysis for the computation is described in Fig.21. The target and projec-

tile nucleus are described by,

x2+y?+2%=R%.....eq.1

x2+y%+2z%=r?.....eq.2
with the target radius, R=5.33fm and projectile radius, r=2.50fm. The projectile

nucleus is described with the impact parameter, b, by the following equation,
(x~b)2+y2+2%=r2.. eq.3
At (xo,yg) inside the participant volume, the path iengths of the target and pro-

jectile nucleus in the beam direction are,

L,=2Vré~(x,-b)*-y§.....eq.5

.respectively. The numbers of nucleons within the volume, Lydxdy, is given, with
the nuclear density, p;,, by
N,=pplydxdy......eq.8

where p, is obtained from dividing the mass number by the spherical volume of
the nucleus, 'C. We must find f.he number of collisions at (xgy,), when the pro-
jectile nucleus passes by the target nucleus. Nucleons of the projectile will
interac£ with .the target nucleons along the path length. The number of
interactions of one nucleon of the projectile is given by,

1 T, 79 P eq.7

where oy is the 250 MeV proton- proton total cross section ( elastic + inelastic )
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and p, is the original nucleon density of the target nucleus, obtained by dividing

the mass number by the nuclear volume, ;—nRs. The actual number of collisions

along the z-direction at (xqyo) is given by,

A scattering takes place at a point (Xg¥q,20). The collision density inside the tar-

get nucleus volume is given by d(x,y)= -N— eq.9

L,

The straight trajectory of the scattering nucleon is given by,

XX ___Y~¥o _7Z7%0
sindcosy sindsing. cosY

The scattering points, (Xq¥¢,2g), are uniformly distributed along the beam direc-
tion, assuming there is no attenuation during the collision. Since we are deal-
ing with only thé elastic scattering, in the laboratory system, both the scat-
tered and scattering nucleons should go forward beyond the scattering point,
which means z>z; must be satisfied. With the assumption of a clear-cut
abraded cylindrical surface produced by the nucleus-nucleus collision, the sur-
face of the cylinder is given by,
(x-b)3+y2=r2........ eq.11
The intersecting point of the line defined by eq. 10 with the surface given by eq.

. 11 is found to be,

<= B+ -AC
A
. _v. Sinp  sing gt\/ﬁz—AC
Y=Yo x°cos¢Ycos¢ T eq.12
_[ sing 8+VA°-AC siny] cosd
zZ= Xo : : TZg
cosy A cosg jsindsing

where,



35
A=14 SO0
cos?yp

.2 .
sin sSin

B=b+ 2;0 Xo— 2
cos®p cosy

Yo

sin® sin

C=b%+ ;;-;E?;xé+y§—r2—2x0y° Eﬁ‘

. 4 e
There are two physical situations to be considered. The scattering nucleon is
recoiled and goes out without touching the target nucleus residual volume or it
enters the residual volume. Since we are interested only in the scattering

f

nucleons that go into the residual volume, the following condition must be
satisfied to give the correct one of the + and - signs. The intersecting points,
(x, y. z ), must satisfy, x®+y?+2z?°<R% Determining the point (%, y, z) as the

entrance to the target residue, we find the distance from the scattering point

to the entry point,

1
1.==[(K-Xc)z-*-(y-'yo)z+(z—z(,)2 2.....eq.13

Now, we must find the path length of the scattered nucleon inside the target
nucleus residue. Solving eq. 10, simultaneously with ,

x%+y2+22=R?
we will find the point where the scattering nucleon goes out of the spherical

target volume. This is given by,

—B+VBZ-AC ] cos®

. hn
¢ cosgsind 0

where,

1

Az —s i
cos?psin?y
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sin®y . sing cos®3 cosd
B—-XQ 2z Yo 2 " TZO -
cos®y cosy cos“psin®yd cosgsind
- 2 - ' 2
_.2 5in%y 2 sing , o cos*d cosy 2
C—-xg 2 +y° —szyO +Xg 2 .2 +24 -’220 0‘——1‘,:""R
cos“y cosg cos“psin®y cosysin

The obtained exit point (X, y. z) should satisfy the condition, z=z, because of
the same reason as before. The scattering nucieon leaves the target volume at
this point. The trajectory length of the scattering nucleon from the scattering

point to the exit point is given by,

¥We must note that l, should be larger than l;,, because we are not interested in
the nucleons scattered in the positive x direction. A fraction of the scattering
nucleons .will be stopped by reacting with the nucleons of the target nucleus.
The total proton-proton cro.ss section, op(E), was found from the function,
S;=Au~3+Bu~?+Cu~!+D....eq.18

fitting the total cross section data from reference 41 by the least squares
method. The variable, u, designates the kinetic energy of the scattering or
scattered nucleon. The fraction of a nucleon to reach the target residual
volume after the scattering is given by

P,=exp{-or(E)lo7).-.......8Q. 17

and the fraction of a nucleon to leave the target nucleus volume is given by,
Pa=exp(-o1{(E)loT) e cveee eq.18

assuming the same nuclear density in the participant volume and residual
volume of the target nucleus. ogr is determined by the kinetic energy of the
scattered nucleon and the kinetic energy is found from a given scattering
angle, ¥ , at the first scattering, since the elastic scattering energy is only
dependent on the scattering angle. Reference 45 shows the relativistic elastic
scattering mechanics.

The relativistic relation for a proton with Eg, = 250 MeV is,
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(Pc)?*=Exin ?+2Egin Eg
where m, = proton mass and c = light speed.

¥With the momentum pc, we define,

E=M2/ 2M= %—

1
M=((2myc?)?+2m,c?Ey,) 2
In order to treat the mechanics in the C.M. system, we define,

p=(E?-(mcz)2);—

g'=p/E
' L
B=(Efin+2my,c?Fyy) 2/ (Rmyc?+ Eyyy)

y=(1-g%) 2

and the scattering angle B¢y is given by,

(-« YEZAD),

@ =Cos

Here

A=(1++tan?@)g?
B=gg'y*tan?%@

C=v?g%*tan?@-g
where @ is the scattering angle in the LAB system. Now, with given @45, Ocy is

calculated. With this scattering angle, @¢ 4. the scatlering energy is given by,
Exin=(7E~mypc?) +pgycos(Bc ) |

Now given the scattering angle, ®@1,p, the scattering energy is found through the

calculation of @cy. The experimental data of the differential cross section,

do/ dQ, for the 250 MeV p-p elastic scattering in the C.M. system?*? were used to'

fit the function of the Legendre polynomials,

Sq=A+BP,(cosO¢ y ) +CP,(cosO¢c g )eeeeneeee eq.19

The total cross section was computed from this function by integrating over 6.
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The comparison with the total elastic scattering cross section at 250 MeV in eq.
18 normalized the differential cross section function, eq,19. Also, conversion

from the differential cross section in the C.M. system to those in the LAB system

sinGcy. ( do ,

sin@p,p * 40"

scattering energy and the probability of a nucleon scattered in the given angle,

BLap-

VWith the scattering energies at the different scattering angles, eq.16 gives the

is giﬁen by do/ dQ(GLAB)= g—%(ec.u.) Ocu )=S4). Now, we have the

total cross sections. The nucleons scattered at 90° in C.M. have a very low
scattering energy ( ~ 0 MeV) and give a very large total cross sectiofx. The
correction was made to improve this situation by taking into account the Fermi
motion of the target nucleons.
To calculate the Fermi motion levels of nucleons in the !®7Au nucleus, the
energy levels of the harmonic oscillator model in ref. 46 were utilized. Only pro-
tons were taken into account. With a given momentum of the scattered
nucleon, P { ¥ ), ( ¥ is the scattering angle in the LAB system at the first p-p
scattering, accordingly =0 ), and the i-th oscillator level of the proton in the
nucleus calculated from the oscillator model, P;, the compound momentum is
given by,

P(8)+P;sin¥'cosgp’
The momentum that was averaged over the different oscillator levels and the
angles, ¥4' and ¢’ is,

ziniff(P(ﬂ)+Pisin19’cos:p’)d13'd;o’
471N,

where n; is the number of protons on the i-th energy level of the oscillator

<P(8)>=

model and N, is the total number of protons. This averaged momentum gives

the kinetic energy resulting from the relative motion between the scattered
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nucleons and the nucleons of the target nucleus under Fermi motion. Eq.18
gives the total cross section for this averaged kinetic energy of the nucleon.
Finally, the function of the scattered nucleons remaining in the target residual

volume is given by,
do/ dQ(ﬁ):fffde(xo,yo) 'aia'?sm‘l’A'!’(Pl-Pg)dgodXQdyOdZQ

=fffff(xg.yg.zo.ﬂ.rp)dxgd)fodzod;o ..... eq.21
where
or(E)=S,
Pl=exp(—pTaT(E)le(x'szﬂ’»¢))

P;=exp(—pror(E)l(x.y.z.3.%)
as given before. o(9) is the differential cross section for p-p elastic scattering

at 250 MeV, which gives the scattering probability at the angle, ¥, with normali-
zation by or. or , shown in Fig.22 , is the total cross section for 250 MeV p-p

scattering. The integrals of X,y 2z¢ are over the participant volume of the tar-

get nucleus. ¢ is given by Tan™}( p—

y-y:') from eq.10, having the (x, y. z) to saﬁsfy
the conditions given before. The muitiplication factor, 2, rises from the fact
that, in p-p elastic scattering, we cannot distinguish the scattered protons from
the scattering ones. Also, sind comes from the fact that we are seeking the
differential function with the 4 variable, keeping the function out of the 4
integral.

The momentumn given to the target residues is calculated through multiplying

the core of eq.21 by the momentum of a scattered proton. pis given by,

1
cp=(Exin(Exin +2myc?)) 2

P=fcpf(x.y.z.19.:p)dxdydzd;o:fcpf(V)dV ...... eq.22

In this equation, Egy, is the kinetic energy of the scaltered nucleon and is a
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function of the scattering angle, 9. The excitation energy of a target residue is
given by multiplying Eg, of a scattered nucleon inste‘ad.of the momentum term,
cp. However, we must note the relation, fEKm_f(Q)dQ= Recoil Energy + Excita-
tion Energy. The recoil energy and excitation energy also depend on the
azimuthal angle in this reaction model. Table XVII gives the computational
. results of the excitation energies and recoil energies of the target residual pro-
ducts with respect to the mass numbers. Fig.24 shows the result of the
differential cross section of the product niass number 195, do/ dQ(8), for the
impact parameter, b=7.11 fm. The largest value of the differential cross section
occu;'s at the angle, ~41° in the laboratory system. 'The total cross section
rapidly increases at low kinetic energy as shown in Fig.22. The nucleons are
scattered strongly in the forward direction and the scattered nucleons at large
angles are attenuated very rapidly inside the participant volume. The nucleons
must reach the residual volume to give recoil energy to the target . The
nucleons can reach the volume only at small scattering angles corresponding to
the small total cross section with a large kinetic energy (small attenuation ).
The calculated recoil energies using this model seem to be too small, since a
large fraction of the scattering nucleons do not reach the residual volume
because of the large attenuation in the participant volume.

Thus, the proton-proton elastic scattering model does not lead to a reasonable
picture. As indicated above, proton-neutron or neutron-neutron scattering and
the inelastic pion-production were not taken intc; account. However, the
proton-neutron or neutron-neutron scattering effects*'4° will give even less
forward peaked distribution, since a larger fraction of the hucleons are scat-
tered at large angles. Also, the pion*® distribution will enhance the sideward
peak of the distribution.

The program for this computation was tested as follows:
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The computational result of the target residue angular distribution should be
isotropic under the assumptions of the isotropic p-p differential cross section
in the LAB system ( i.e. S4= const. in eq. 19 ) and the uniform attenuation of the
scattering nubleons over axial angles inside the participant volume ( i.e. P;-P,
= const. in eq. 21 ). Also, a steep forward peaked differential cross section and
a steep sideward peaked crosé section were used for Sy in eq. 19 instead of the
approximately isotropic distribution { Fig. 23 ) used in this computation. The
computational results showed a forward peak and sideward peak in the target

residue angular distributions, respectively.
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IV-B Application of Nuclear Potential Energy

The nuclear potential model was next applied to try to explain the forward
momentum observed in the angular distribution measurements reported here.
The 3.0 GeV !2C ( 250 MeV/n ) projectile and the %7Au target were again used to
apply this model. The binding energy-of a nucleon in the nucleus is approxi-
mately 8 MeV. Since the kinetic energy of a nucleon of the projectile nucleus
has much higher energy than the binding energy, the concept of the abrasion
model is useful to understand the reaction mechanism. The Fermi motion was
ignored for both the target and projectile nucleus. The idea for applying the
nuclear potential energy to the relativistic nucleus-nucleus reaction is the fol-
lowing; When one nucleon is pulled out of the nucleus, the rest of the nucleus
will be pulled together. According to the abrasion model, the projectile abrades
a part of the nuclear volume away from the rest of the nucleus. The abraded
volume may pull the rest of target nucleus in the same way as a nucleon pulled
the nucleus. The recoil momentum was calculated from the intersection
geometry of a cylindrical path of the projectile nucleus in the spherical target
nucleus volume using the R.M.S. radii for the both projecfile and taréet nucleus.
The abraded surface area is described as a function of the displacement (
Fig.20 ), as shown in Fig.25. Since all the nucleons inside a nucleus are in the
nuclear potential energy, the residual nuclear volume is under the potential
energy of the abraded volume. The square well potential with 1.4 fm width and
-38.5 MeV depth*® was used to compute the potential energy of the target
nucleus residue with respect to the abraded part of the target. The abrasion
process was treated as simple displacement of the partial volume of the target
nucleus ignoring the addition of the volume f—rom the projectile and even the

shape of the abraded partial sphere was assumed unchanged. The computation
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to find the potential energy of the target residue with respect to the abraded
part is given by the equation;
- 2R ol H U 3 ' ] ]
Vo= fp fTU(1.4)r r'?sin¥sin®'dddpdrdd'dg'dr'....eq.23
where U( 1.4 ), square well potential, is defined by

U(1.4)=0.......R>1.4

U(1.4)=385......R<1.4

where R=Ir-r'l. r' and r are the positions inside the target residual volume and
the abraded volume, respectively.

The integral was carried out over the abraded volume of the target sphere, P,
and the residual volume of the target, T. The value, Vg is the depth of the
potential energy of the residual volume with respect to the abraded volume.

The actual computation for the momentum given to the target residues in the
beam direction goes as follows: Generally, the surface area is given by the equa-

tion,

xg 72 VA z
S=./;1 fy1 \/1+( 3 g)zdxdy....eq.u

The boundary conditions are found in the following way:
The target and projectile nuclei are described by the following equation as well

as equations given in Lhe previous section,

where R, r are the radii of the target nucleus and the projectile, respectively. b
is the impact parameter. The cylindrical trajectory of the projectile nucleus is

given by,

The projectile nucleus moves in the negative direction of x axis. The boundary

conditions are calculated by using the equations for a circle in the y-z plane,



Solving this with the use of eq.27, simultaneously, we obtain

_ b2%+R%-r?
2b
Z, is the largest Z component of the intersection between the projectile path

Z, SUUPUO 1. -1° I

and the target nucleus. With Z,, the boundary zondition for x and y are given
: -
by, ’
x,2=—(x VR -2Z-y?)
YI.2=-(3t VR _Z‘a) '

To find the surface area function dependent on the displacement, d, we need
the equation,

(x+d)2+y%+z%=R2........ eq.30
describing the part of the target nucleus under abrasion in the negative direc-

tion of the x-axis. The surface area function is given by,

= [T 9z 12, (82 e (T (92y2, Bz 2
f(d)‘,/;l '/;'1 \/1+( ax) +( By) dXd}""zfx,l j;,l \/1+( ax) +( ay) dxdy..eq.31
with boundary conditions,
£, ==V R*-ZZ-y*
xg=d—VRZ-ZZ—3%

Re—rc-b*“-d</ 4
y12==(£\/ r2~( == )2)

2b
and
\e= (e RI)
= —b?=d°/ 4
- 2 __ 2
Y \/r ( 2b )
y'2=\/§"r——Z‘2

The term, \/rz-( R‘—r‘—g);-if/dl)' is the value of the y-component of the

intersection between the abraded part of the target and the residual part on
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the abraded surface. In Fig.25, the abraded surface area of the target nucleus
is shown aé a functiop of the displacement, d, for the impact parameter, 5.61
fm. When the larget nucleus is being abraded, the binding energy between the
abraded volume and the residual volume is a function of the abraded surface
area. The potential energy of the residual volume with respect to the abraded

volume at displacement,d, is given by.

V(d)=vo(1- 29y eq32
Sa
where V, is given by eq.23. f(d) is the abraded surface area function dependent
on the displacement, d. S, is the final abraded surface area at a given impact
parameter and used as a normalization factor. According to the classical
mechanics, the momentum and force are related by,
P= [F(t)dt

where t is the time period when the force works on the target residue. The

force is given using the potential energy,

finally,

P=-{ V() 4., eq.33
where r is the displacement of the abraded volume and can be related to the
time, t, by |
r=vt eq.34
where v is the velocity of the abraded volume to be calculated from the momen-
tum given by the primary collision and r denotes the displacement, d, in eq. 32.
The following relations give the momentum estimates for the abraded part of

the target nucleus.

P =PAPAVP/ (AVT+ AVP)
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where
AVp = abraded volume from the target
AVp= abraded volume from the projectile
and
Pap= momentum carried by the projectile volume to be abraded through the
collision. |
The velocity of the abraded volume used in éq.33 is calculated from this

momentum, by using the relativistic relation,

_ (AV+AVp)pmyv
P Vi-?/c?

where p is the nucleon density of the original target nucleus.
The results giving recoil energies for five impact parameters are given in Table
XVIIl. The conversion from momentum to energy was simply given by,

2
=P
E 2M

M is obtained from,

VT—AVT
Vr
The general trend of the results is in good agreement with the trend implied

\
from the experimental analysis based on the two step vector model. The com-

M=197x

putation was attempted only for impact parameters larger than 4.71 fm, which

is the region, B, in Fig. 19.



IV-C Discussion of Computational Models

Use of the nucleon-nucleon scattering model failed to give correct estimates of
the angular distributions. The basic assumption was tp treat the nucleons of
the projectile and target nucleus as free, independent nucleons. In the compu-
tation attempted here, only élastic protoh-proton scattering was applied. How-
ever, consideration of the other factors, p-n, n-n scattering or even inelastic
scattering ( m-meson production) will not satisfactorily improve the results.
The sideward peaked differential cross section of the target residue obtained by
the computation is due to the extremely large total cross section at the low
proton kinetic energy, as shown in Fig.22. The nucleons scattered from the pri-
mary reaction away from the target residual volume do not influence the resi-
due, since, because of the large total cross section, the nucleons scattered at
large angles with low kinetic energies are stopped before they reach the target
residual volume. If the nucleons of the participant volume have a very high
temperature caused by the projectile collision, a larger fraction of the scat-
tered nucleons will reach the target residue, penetrating the participant
volume. By taking into account this high temperature effect, the computation
will be improved. Also, the approximately isotropic distribution of p-p elastic
scattering function, shown in Fig. 23, was obtained by fitting the Legendre poly-
nomials to the experimental data. The actual distribution function is more for-
ward peaked. The results may be improved by introducing significantly forward
peaked function for p-p scattering cross section. However, the difficulty in
applying the free nucleon-nucleon scattering model to the expianation of the
results of relativistic nucleus-nucleus reactions seems to imply that the
nucleons cannot be treated as free for such relativistic nucleus-nucieus

reactions®0.
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On the other hand, upon treating the participating volume as a collective
volume instead of a group éf independent nucleons, which is the opposite
extreme case, the computational results seem much more reasonable. The
recoil energy estimates are close to the observed values. Our use of this model,
with the recoil effects given by evaporation which was not included here , will
give angular distributions cofxsistent with t;he measurements. Our computation
was done only for impact parameters larger than 4.71 fm. This impact parame-
fer corresponds to the target residue mass number, 175. The computations at
smaller impact parameters must be .done to see if the recoil momentum
decreases with the decrease of the impact parameter. However, this nuclear
potential model may not be valid at impact parameters less than 4.71 fm. The
momentum given to the edge of the residues (Fig.19) may remove this part from
the rest of the target. Despite the lack of computations with impact parame-
ters less than 4.71 fm, use of this reaction model gave reasonable agreement
for values of the target recoil energies. In comparison with the p-p elastic
scattering model, the collective treatment of the abraded parts seems more

applicable.
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V Conclusion

The first success of the measurements of the angular distributions from the
Bevalac experiments have revealed interesting characteristics of the relativistic
nucleus-nucleus reaction. Surprisingly, there were some common characteris-

lics between the Bevalac energies and the other two lower energy experiments.

The angular distributions from the 187Au target were all forward peaked. Steep
forward-peaked angular distributions were observed for product mass number,
~180, from the reactions of 3.0 GeV and 12.0 GeV '2C + 197Au , and also the 1.0
GeV 12C+!97Au reaction showed the steep distribution at mass number ~170.
Even the reaction of 292 MeV ?C+!%7Au gave a similar trend of the angular dis-
tributions. Since only five nuclides were identified from the 25.2 GeV 12C+“"’vAu
reaction, we could not confirm this trend. The product mass number which
corresponds to the steep forward angular distribution slightly shifts to the
larger mass numbers with a decrease of the projectile energy. This shift may be
due to the low mass density at the nuclear surface. The low kinetic energy pro-
jectile can knock off a small number of nucleons at the surface. It is interest-
ing to note that the product mass number , ~170, which corresponds to the
large derivative value of the angular distribution, corresponds to the change (
from B to C in Fig. 19 ) for the geometric .relation between the projectile and
target nucleus. The crt')ss section of the groove created by the projectile
nucleus abrading the target exceeds the semi-circle. The target residual
volume unlikely possesses the volume left from the simple geometric abrasion

process by the projectile.

Two different types of angular distributions were observed from the 238U target.
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There were flat angular idistributions of the fission products and forward angu-
lar distributions of the non-fission products. The forward angular distributions
were produced from the same reaction process as with those of heavy products
from !'97Au. The fission products were produced from excited target residues,
from which several nucleons were chipped off by the primary interaction with
the high energy projectile. 'I'ﬁe relativistic energy projectile transferred little
momentum in this case and the angular distributions of the fission products
were quite flat. The low energy ( 292 MeV, 1.0 GeV ) projectile produced even
steeper forward angular distributions, as the result of the transfer of the larger
momentum to the target nucleus.

The angular distributions of the light products showed a slight, relative
increase of the differential cross section at large angles >in the 25.2 GeV
12C 4+238(J reaction in cr:;amparison with the 3.0 GeV and 12.0 GeV reaction.
According to the model computations attempted here, the abraded parts of
both the projectile and target nucleus behave as collective matter rather than

as groups of the loosely linked nucleons.
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Appendix A

The "catching probability” for the isotropic emission from the finite size of the
target must be found for the calculation of the differential cross section. Fig.
A-1 shows the diagram of the catcher foil disc and target plate placed pérallel
to each other.

The solid angle is generally obtained by use of the equation,

S an=/, :' j:zdﬂdga.........eq.A—l

The boundary conditions are determined by the geometry of the catcher foil
subtending from a point on the target. Taking a point on the target disc as it is
shown in Fig. A-1, the boundary conditions were found for eq. A-1 as follows:

We easily find the relation,

$=Tan"! %.........eq.A—Z
The projection of the catcher disc on the target plane with the coordinate ori-
gin at the point taken above gives the relation between r' and, ¢, ( r’ is the
radial component in the new coordinate )

(r'cosg+l)?+r'sinp=a%......... eq.A-3

given r’=r, the relation between ¢ and r is found,

a?-1%r?
2rl
Eliminating r from eq.A-2 and eq. A-4 gives,

cosg= veoeee.8q. A4

a®—-1°h%tan?y
2lhtan?
For the case that the target is smaller than the catcher foil,

cosp=

the boundary conditions are,



From eq. A-5,

n-! ~lcosgEV 1200524¢;—12+e12

d=Ta o

Taking + for the positive value of 4, finally,

1’1=0

-1 —lcosg+VIPcosPg—I2+a°
h

Considering the finite size of the target, the "catching probability” is given by,

‘82=Tan

J; zma /, :'” j::zww)sinddﬁdga

P(W(s))= 4md3m

-...eq.A—-8
with W( 3 ) =1.
For the case that the target is larger than the catcher foil,

we need the equation,

a am 9, . d ¥2 . ] .
P(W(8))= fo 27midl j; dg j;le('d)sm'ddﬂ+ j; 2nldl L ., 49 _/;.:W(ﬁ)smﬂdﬂj/ 4rrd
- eq.A-7
where W(i¥) =1. The boundary conditions, ¥',; and ¢', 5, are given on the basis

of a similar analysis as before,

 =lcosp—Vi%cos?p—1°+a?

* =T -
0] 1 an h
§'o=Tan-} —lcosg+Vifcos?y—1° +a°
2 h
and
1 -1 V]. -—a
¢',=n—Cos -
ViZ_a2
¢'g=ﬂ+COS_l—l—?—‘

1
The average angle, <¥>, for each angular catcher foil was obtained using eq.A-6

or A-7, and setting W(8)= 1.
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P(1)
Obtaining <¥;>, <¥;>, and <W¥3> for the catcher foil parts, a, b and c in Fig.3,

respectively, the final average angles were found by the following relations,
<8, >=<B>, <p>=<B>—<>, <BD>=<Vg>~<VYp> and <Bg>=<P,>—<V3>. <B,>
was obtained by use of eq. A-6. The boundary conditions used for this purpose

are ¥9,=0, 9= m, ¢,=0 and p,=2m.

We can also find the relative activities on the angular catcher foils used in our
experiments, knowing the angular distribution function, W( 4), in eq.A-8 and A-
7.

The calibration factors were obtained by comparing the relative activities com-
puted with the anguiar distribution function, W( ¥ ), and the experimental

measurements .

The error caused by the short recoil range of the heavy products in the targel
evaporation was computed by limiting the integral over 4, in this case the

actual limitation of ¥ being given by,

$=Cos—1

r
d is the depth at which the reaction takes place, and r is the recoil range for
the product with the estimated recoil energy. The target tnickness { 1mg/cm?)
was divided into ten layers and the accumulative effects were calculated to

. N
obtain the final correction factors beside the correction for the light products
by the calibration experiment. The results show that the yield of the heavy pro-
ducts ( A=140 ) was underestimated by 31 %Z to 89 % at the largest angle,

depending on the recoil range estimates.
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The average angles should have been found by iteration, considering the angu-
lar distribution function . To avoid the confusion of change of the average
angles depending on the product nuclides, they were computed in the way
described here, represented by the isotropic distribution. The largest error
occurs at the smallest angle, since the angular distribution is very steep, which
‘differs from the flat distribufion. The error estimate shows that there is a 7°
overestimate in the smallest angle for the very steep forward peaked_ angular

distributions.



Appendix B

As the function to fit the measured angular distribution, y= was chosen.

sin®ad

This function looks complicated to use as a fit function. Polynomials were
attempted to fit the distribution, such as y=a+bx"+cx™, y=a+bx™"+cx™,
y=a+bexp(—cx), y=a+bx+exp(~cx) or y=a+bPy(x)+cP,(x). None of them gave a
satisfactory fit. The Legendre polynomials did not drop rapidly enough after
fitting by the least squéxre method. The x", x"®-polynomials also had the same
problems. Even the exponential term did not drop rapidly enough. Obviously,
the difficulty is that we have only four data points in the angular distrit;ution
from the Bevalac experiments. We can include only less than four parameters
in the function. Practically, three unknown parameters is the allowable
number. The most important thing to obtain from the function fit is the deriva-
tive values at the forward angles. The function must drop rapidly enough to

correspond with the measured results. In terms of using the function,

=D , we should note that the angular distributions given in the text

sin®ad

already correspond to the differential cross sections. The use of the sin ¥ lerm
is merely to fit a function to the measurements. There is no physical meaning
for this function. 1/sin® makes the function drop rapidly and gives a long tail,
because sin ¥ remains small and becomgs large only slowly at large . Besides,
the factor,b, adjusts the horizontal écale. The power of ¢ can produce any
steep curve at small angles.

The fitting process fnust. follow the least squares method. The least squares
method for this function is described below. Knowing the partial derivatives of
a, b and c, the following three equations must be simultaneocusly solved for a, b

and c.
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=2y —abcsin"'“la"ziicdsaﬁ,- 0 B_1
=0..eq.B-
1| sin aﬂ Yi sin®¢a; 1 _
1
Vi =0....eq.B-2
2'[ sin®ady, jl] sin®av; 1

sin®ad;-y;

sl

Because of the non-linear relation between a, b and ¢, we cannot analytically

]sin"aﬁiln(sina'ﬂi)==O...eq.B—3

solve this'equation. We solved the equationé with use of a computer: First, given
a and c, we obtain b from eq.B-1. With the new b and using the same a, we get ¢
from eq.B-2. With the new b and ¢, we find a from eq.B-3. And, then, we go back
to eq.B-1. We continue this iteration until the three equations simultaneously

~go close to zero.

However, the convergence process was very slow and did not reach satisfactory
conditions. So, in actual process we used only eq.B-1 and B-2, under the fixed c
and the two equations were solved simultaneously to find a and b. Still; for
some cases, the computation to solve the equations took a very long time. ( The
situation was not improved by choosing the other two sets of the equations. )
The reason for this slow convergence was the extremely rapid drop of the func- |
tion of eq.B-2 around the zero point. ( intersection with the a -axis ) as shown in
Fig.B-1. Since we need only to find approximate values of the parameters,

eq.B-2 was modified as,

9y
3b 100
After obtaining a and b values with a given c, x2 was calculated with the follow-

ing definition,
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yi

=3y (%) =y)?

...eq.B—-4
S
i ag;
where 7 is the average angle of the data points in the measured angular distri-
butions. y;is the experimental yield at ¥; and o; is the standard deviation for yi.-
Changing the value, c, with use of the computer we found the values, a, b and ¢
to give the minimum x® . Then, these values of a, b and c¢ at the minimum »?

were taken as the parameters of the fit functions.
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- Figure captions

Fig. 1. Schematic figure of relativistic heavy ion nuclear reaction showing three
separate parts, A, B, C after the primary reaction.

Fig. 2. Schematic figure of target-catcher foil assemblies used in the Bevalac
experiments.

Fig. 3. Schematic figure showing analysis for computation of the "catching pro-
bability".

Fig. 4. Cross section figures in the beam plane of target and cylindrical catcher
foil assemblies. The'one above was for use in the 1 GeV !2C energy experiment
at CERN and the one below was for use in the 292 MeV '3C energy experiment at
the 88-inch cyclotron, LBL.

Fig. 5. Angular distributions of target fxzagments from the reaction of 25.2 GeV
12C+ 197Au. The curves show the fits of the function to the data points.

Fig. 8. Angular dist.ributiohs of target fragments from the reaction of 12.0 GeV
12C+ 197Au. The curves show the fits of the function to the data points.

Fig. 7. Angular distributions of target fragments from the reaction of 3.0 GeV
12C+ 19744, The curves show the fits of the function to the data points.

Fig. 8. Absolute values of derivatives of the fit functions at 26° with respect to
the product mass number.[] denotes the absolute derivatives from the 25.2 GeV
12C4+ 197Au, X from 12.0 GeV, A from 3.0 GeV and o from 292 MeV reactions.

Fig. 9. Angular distributions of target fragmentis from the reaction of 1.0 GeV
12C4+ 197Au. The curves show the fits of the function to the data points.

Fig. 10. Absolute values of derivatives of the fit functions at 26° with respect to
the product mass number from the reaction of 1.0 GeV 2C+197Au.

Fig. 11. Angular distributions of target fragments from the reaction of 292 MeV

12C+197A4u. The curves show the function fits.
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Fig. 12. Angular distributions of target fragments from the reaction of 25.2 GeV
12C4 2saU_
Fig. 13. Angular distributions of target fragments from the reaction of 12.0 GeV
12(4 288(],
Fig. 14. Angular distributions of target fragments from the reaction of 3.0 GeV

12C+ ZSBU-

s{74°)—s(44°)
74°-44°

Fig. 15. The slope values of angular distributions at wide angles,

X denotes the slopes from the 25.2 GeV '2C+ 238y , O from 12.0 GeV and A from
3.0 GeV reactions.

Fig. 16. Angular distributions of target fragments from the reaction of 1.0 GeV
12C+ 238{J, The cﬁrves show the function fits. |

Fig. 17. Absolute values of derivatives of the fit functions at 26° with respect to
the product mass number from the reaction of 1.0 GeV 12C+238(,

Fig. 18. Angular distributions of target fragments from the reaction of 292 MeV
1204 238y,

Fig. 19. Abraded surface area and residual nucleus mass number as functions
of the impact parameter in the reaction of *C+'%7Au. The geometric relations
between the two nuclei are also shown. Region A is for an impact parameter
larger than 7.83 fm. Region B is for an impact parameter range where the
nuclear potential model computation was applied, 4.71 < b < 7.83 fm. Region C
is for an impact parameter between 4.71 and 2.83 fm. Region D is for an impact
parameter less than 2.83 fm.

Fig. 20. Schematic figure showing the primary scattering point A, the point B
for the scattered nucleon to enter the residual volume and the point C for the
nucleon to leave the target nucleus. The distance d is the displacem;ent used as

a valuable in the computation of the nuclear potential model.
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Fig. 21. Diagram shdwing the computation based on p-p elastic scattering. P is
the projectile and T is the target nucleus. Lpis the path length of the projectile
part interacting with the target and Ly is that of the target at (xq, yo)-
Fig. 22. Least squares fit function of p-p total cross section used in the compu-
tations. The data were obtained from ref. 43.
Fig. 23. Least squares fit func.;tion of differential cross section of 250 MeV p-p
elastic scattering used in the computation. The data were obtained froin ref.
43.
Fig. 24. Computational result of angular distribution based on p-p elastic
scattering for the reaction of 250 MeV/n !'2C+197Au at the impact parameter
7.11 fm.
Fig. 25. Abraded surface area as a function of the displacement of the abraded
part of the target nucieus with respect to the residual volume.
Fig. A-1. Diagram explaining the mathematics employed to compute the catch-
ing probability.
Fig. B-1. Behaviour of function G defined by G=log(8S/8b) for 3S/8b>0 and CG=

-log(-8S/db) for 8S,/db<0 using 8S/0b in eq.B-2 as a function of a.



Table I. Differential cross section from the reaction of 25.2 GeV

12, , 197 Au, normalized at the average angle 74°.

Nuclide Average Angle <6>
23° 33° 44° 74°

44m

Sc 2.69+0.57 1.11+0.44 0.5040.13  1.00+0.17
972 2,05+0.98 1.58+0.34 0.87+0.14 1.0040.17
14504 6.43+41.57  2.2040.59 1.15fo.2o 1.00+40. 22
1494 7.80+1.40 1.8140.37 0.7340.20  1.00+0.21
A 7.92+41.83  2.40+0.60 0.96+0.27  1.00+40.23

9



Table II. Least squares fit of f= b/sin®a 6 to the angular distribution
from the reaction of 25.2 Gev 12C + 1971\\1.

Nuclide a b c df / de

(26°)

dmg 0.1554 0.0848 1.2 -5.40

97Ru 0.1568 0.1689 0.9 ~3.61

1456, 0.1543 0.0230 2.0 -20.6

14%a 0.1634 0.0299 2.0 -29.3

171 0.1588 0.0100 2.4 -24.0

S9



Table IIIX.
12 197

Differential cross section from the reaction of 12.0 GeV

C + Au, normalized at the average angle 74°.
Nuclide Average Angle <@>
23° 33° 44° 74°

8%2r 2.7840.72  2.7840.50 0.6740.17  1.0040.22
O, 3.2140.50  3.03+0.35 1.54+0.15  1.00+0.14
Tra 2.1540.53  1.2940.21 1.26+0.11  1.0040.13
145gy 4.29+1.14  2.29+40.43 1.14+0.29  1.00+0.14
149:4 9.3341.58  3,00+40.58 1.67+40.25  1.00+0.33
1550y 9.60+2.26 5.1540.58 2.77+40.31  1.0040.27
167y, 5.8741.27  2.73+0.47 1.13+0.20  1.000.27
170y¢ 4.73+0.73  2.0340.42 1.97+40.29  1.0040.19
181pe 3.7141.13  2.19+0.58  1.23+0.33  1.00+0.27

99



Table IV.

from the reaction of 12,0 GeV

Least squares fit of f= b/sina 6 to the angular distribution
12 197
cC +

Nuclide a b c af / 46 (26°)
89
zr 0.1659 0.1927 1.0 -5.63
90
Nb 0.1685 0.2305 1.0 -6.64
2 0.1649 0.2996 0.7 -2.83
1450, 0.1649 0.0908 1.4 -10.6
14364 0.1656 0.0225. 2.2 -32.4
15550 0.1671 0.0560 1.9 -31.5
170,¢ 0.1656 0.0997 1.4 -11.5
181 e 0.1658 0.1057 1.3 -8.74

L9



Table V.
3.0 Gev

Differential cross section from the reaction of

7Au, normalized at the average angle 74°.

Nuclide Average Angle <06>
23° 33° 44° 74°

892r 2.25¢0.27 1.3140.09 1.06+0.05  1.00+0.04
O 2.4940.18 1.7740.09 1.5540.05  1.00+0.03
7 Ru 3.1340.20  1.53+0.13  2.0840.06  1,00+0.05
123, 4.04+0.16  2.27+0.07  2.24+0.03  1.00+0.02
145e, 6.26+0.37 5.19+0.26  3.19+0.15  1.00+0.07
1494 6.1740.21  4.06+0.11  3.48+0.05  1.00+0.05
152, 4.28+40.31 3.6840.16 2.80+0.08  1.00+0.05
1550y 7.0040.28  5.8240.19  4.64+0.09  1.00+0.05
167 8.2140.36 4.91+0.17 5.01+0.09  1.00+0.07
170y¢ 7.2340.56  5.58+0.27 3.71+0.14  1.00+0.08
17 5.0040.52  4.03+0.16 2.87+0.10  1.00+0.06
181pe 5.8340.39  3.5040.21  4.23+0.11  1.00+0.06

89



Table VI. Least squares fit of f= b/sina 0 to the angular

" distribution from the reaction of 3.0 GeV 12C + 197Au.
Nuclide a b c af / a0 (26°)
89

Zr 0.1611 0.2988 0.7 -4.23
90 '

Nb - 0.1674 0.2835 0.8 -4,41
97

Ru 0.1661 0.2562 0.9 -5.82
1231 0.1664 0.1989 1.1 -8.26
143, 0.1691 0.2009 1.3 -16.2
149Gd 0.1683 0.1888 1.3 -15.3
152Tb 0.1704 0.2405 1.1 -18.6
15550 0.1691 0.3853 1.1 -15.7
16.7Tm_ 0.1670 0.3182 1.2 -18.6
170Hf 0.1683 0.2270 1.3 -18.4
171Lu 0.1683 0.2689 1.1 -11.0
181 e 0.1684 0.3016 1.1 -12.4

69



Table VII. Differential cross section from the reaction of 1.0 GeV

12C + 197Au, normalized at the average angle 71°.

Nuclide Average Angle <@>

21° 32° 4q° 57° 711° 114° 133° 148° 159¢

e 2.4741.05 1.3140.20  1.2240.15 1.0040.10 1.0140.08 1.06+0.12 1.09+40.24 0.9140,04
Ms 1.9140.22 1.7840.08 1.3740.06  1.14+0.03 1.0040.03 0.89+40.06 0.9640.06 0.9840.07 0.96+0.05
Pse 2.0040.28 1.64+0.23 1.3440.10  1.1640.08 1.00+0.04 0.9140.03 0.94+0.11 0.90+40.08 0.9740.05
Mg 1.6140.41 1.18+40.33  1.1940.22 1.0040.19 0.90+0.07 0.7340.36 0.8940.08  1.0940.01
aJRb 1.97+0.08 1.7540.12 1.3340.09 1.15+0.04 1.0040.05 0.6810.03 0.95+0.12 0.8640,04 0,9540.05
8 2.7140,77  2.2240.46 1.59+40.19  1.2240.06 1.0040.03 0.8840.02 0.95¢0.07 0.95+0.05 1,0240.05
87y 1.8640.07 1.73+0.19 1.34+40.06  1.15+0.04 1.0040.06 0.88+40.02 0.83+0.02 0.86+0.03  0.7940.04
88y 2.2640.80 2.0040.47 1.3340.17  1.16+0.10 1.0040.07 0.91+0.05 0.91+0.11 0.9140.06 1.00+0.04
882 1.701p.2i 1.68+40.14 1.3240.08  1.1540.04 1.00$0.03 0.8240.02 0.81$0.10 0.75¢0.05 0.62+0.06
8%2e 1.8640.39  1.7540.09 1.39+40.12  1.1640.05 1.00+0.04 0.87+0.01 0.84+0.04 0.85+0.04 0.80+0.04
o 2.63+40.80 2,08+0.41 1.47+40.24  1.29+0.28 1.0040.12 0.9140.06 1.1840.16 1.2140.13  1,3740.30
b 2.04+0.14  1.85+0.13  1.42+40.12  1.2240.17  1.0040.07 0.9540.07 1.00#0.10 1.05+0.07 1.08+0.10
" 1.53¢1.17  2.96+1.16 1.33+40.16  1.2140.09 1.0040.14 0.88+0.17 0.7540,14 0,68+40.07 0.68+40,07
my, 2.54+41.17 1.95+0.48 1.4640.14  1.17+0.05 1.0040.09 0.7140.02 0.59+0.03  0.5940.07  0,5940.09
1214, 2.2640.46  2.0740.29 1.64+40.20  1.3140.13 1.0040.12 0.60+0.05 0.46+0.07 0.40+0.06 0.4040.06
145, 15.1 +0.64 10.4 40.73  5.2940.32  2.48+40.12 1.00+0.03 0.22+40.02 0.24+0.02 0.14+0.02 0,1040.02
147Eu 25.0 11.75 16.2 il.l7 6.23+0.66 3.4310.26 1.0040.13

oL



19.9+1.11
16.7+1,29
23.54+0.34

29.5+41.73

© 36.040.91

33.741.69
30.3+0.47
24.440.52
16.0+1.14
17.9+40.43

11.940.61

12.9+0.59
11.6+3.30
14.940.27
17.940.64
20.9+40.66
19.5+1.07
18.340.24
15.7+0.30
11.8+0.82
13.240.25

9.340.87

6.0240.28
5.50+0.36
6.6740.17
7.3040.49
8.57+0.10
8.4240.37
8.09+0.12
7.6340.14
7.0240.42
7.2240.16

4.85+0.46

2.6740.10
2.49+0.12
2.80+0.04
2.95+0.22
3.3340.11
3.2240.16
3.2040.10
3.14+0,10
3.1440.19
3.3040.09

2.5040.15

1.00+0.06
1.00+0.20
1.00+0.03
1.0040.07
1.00+0.04
1.00+0.08
1.00+0.03
1.00+0.05
1.00+0.05
1.00+0.04

1.00+0.11

0.2240.02
0.2040.01

0.144+0.01
0.16+0.02
0.24+0,02

0.1240.01

0.3640.06

0.25+0.01
0.22+40.01

0.22+0.01
0.24+0.03
0.3640.01

0.25+0.03

0.4340.06

0.1740.02
0.1840.02

0.14+0.03
0.18+40.03
0.2640.02

0.1440.03

0.3740.11

© 0.1340,03

0.2040.02

0.1640.03

0.4140.15

L



Table VIII.

distributions from the reaction of 1.0 GeVv

Least squares fit of f=b/sinca ® to the angular

12c + 197Au

72

Nuclide a b c af 7/ de (26°)
59
Pe 000130 001088 0.6 -’3012
s 0.0219 0.2781 0.4 -1.55
73se 0.0182 0.2582 0.4 -1.55
"o 0.0415 0.4461 0.3 -0.97
83gp 0.0165 0.2495 0.4 -1.56
84 0.0038 0.0147 0.8 -4.19
87
Y 0.0161 0.1490 0.5 -1.92
88
Y 0.0092 0.0441 0.7 -3.16
88
2r 0.0158 0.1396 0.5 -1.81
892r 0.0161 0.1501 0.5 -1.94
95
2r 0.0125 0.0617 0.7 -3.55
w 0.0260 0.1332 0.6 -2.53
97
Ru 10.0107 0.1316 0.5 -2.08
1l 0.0010 0.0047 0.8 -3.85
121p, 0.0010 0.0043 0.8 -3.69
1455, 0.2676 0.1226 2.1 -47.5
147y 0.4078 0.2731 2.4 -83.0
1464 0.3068 0.1707 2.2 -63.4
14764 0.2764 0.1449 2.1 -52.5
149%a 0.3984 0.2426 2.4 -78.0
1550, 0.4868 0.3450 2.6 -100.7
167 m, 0.5023 0.4536 2.6 -122.1
169, 0.4928 0.4045 2.6 -114.4
Yl 0.4980 0.3758 2.6 -103.5



175

185OS

188Pt

191Pt

0.4216

0.2820

0.2869

0.1794

0.2893

0.1846

0.2135

0.0965

2.4

2.0

2‘0

1.8

-8l1.2

-49.7

-55.5

-35.0

73




Table IX. Differential cross section from the reaction of

292 MeV 12C + 197Au, normalized at the average angle 74°.

Nuclide Average Angle <0>

10° 21° 32° 47° 74°

96Nb 5.30+0.40 3.4040.13  3.00+0.12 1.50+0.05 1.00+0.03
Mar 5.43+1.15  2.76+0.41  3.7740.50 1.5640.18  1.0040.10
97Ru 7.48+1.38 3.1440.41  3.17+40.38 1.91+0.11 1.0019;06
99Mo 5.95+40.12  2.8240.04  2.72+0.03  1.97+0.04 1.00+0.09
1231 13.8 +0.46 2.7440.07  2.56+0.07 1.35+0.03 1.00+0.02
18lRe 17.7 +3.10 4.1040.70 4.00+0.87 2.30+0.30 1.00+0.20
194Au 16.8 +2.46 5.60+0.69 4.14+0.73  3.06+40.25 1.00+0.11
196Au 2.34+40.53 2.13+0.17 0.99+0.14 1.30:9.08 1.00+0.04

L



Table X. Least squares fit of f=b/sinca 0 to the angular distribution

from the reaction of 292 MeV

12c + 1971\\1.

af / &9 (26°)

Nuclide a b c
96 -
Nb 0.1755 0.3254 0.8 -4.34
97
2r 0.1758 0.3291 0.8 -4.38
97k 0.1662 0.2074 1.0 -6.05
o 0.1683 0.3390 0.8 -4.67
123, 0.1644 0.0874 1.4 -10.2
181, 0.1667 0.1609 1.3 -13.2
194,, 0.1333 0.1720 1.2 -13.2
196,, 0.1360 0.5231 0.4 -1.40

SL



Table XI. Differential cross section from the reaction of

25,2 GeV 12C + 2380, normalized at the average angle 74° .

Nuclide ' Average Angle <0>
23° 33° 44° 74°
89 o |
2r 1.9340,37 1.73+0.34 0.66+0.13  1.00+0.19
Mo 2.50+0.90 1.0640.30  0.79+0.14  1.00+0.12
99

Mo 1,07+0.22 0.79+0.10  0.94+0.05

1.00+0.05

9L



Table XII. Differential cross section from the reaction of

12.0 Gev Y% + 2380, normalized at the average angle 74°.
Nuclide Average Angle <6>

23° 33° - 44° 74°

43¢ 1.9740.31 0.85+0.13 1.ozio.o7 1.0040.10
"ns 2.80+0.78 0.7140.16 0.75+0.14  1.00%0.16
M 1.86+0.30 0.81+0.14 1.18+0.09 1.00+0.10
Mo 1.1240.12  0.96+0.05 1.1540.03  1.00+0.02
133, 1.1640.27  0.68+0.14 0.6140.08  1.0040.13
194 5.67+41.56  4.7841.22 1.2240.22  1.0040.33

LL



Table XIII,

3.0 GeV 12C +

Differential cross section from the reaction of

2380, normalized at the average angle 74°.

Nuclide Average.Angle <0>
23° 33° 44° 74°
'S 1.1540.11  0.9440.05  1.08+0.03  1.0040.03
ps 1.1340.20  0.8940.09  1.0140.08  1.00+0.09
892r 0.80+0.17  0.6640.07  0.77+0.05  1.00+0.05
o 0.8440.10  0.8040.04  0.96+0.03  1.00+0.04
o 1.0540.02  0.8840.01  1.04+0.01  1.00+0.01
133, 1.13+40.12  0.89+40.06  1.0440.04  1.00+0.05
1494 2.3440.28  1.7340.13  1.68+0.07  1.00+0.08

8L



Table XIV.
12C + 238

U, normalized at the average angle 71°.

Differential cross section from the reaction of 1.0 Gev

Nuclide Average Angle <0>
21° 32° 4 57° n° 114° 133° 151°
Byg 3.32+40.26  2.2740.48  1.76+0.21  1.18+0.08 1.0040.08 0.6140.07 0.47+0.04 0.610.07
46sc 3.6610.74  1.70$0.24  1.1140.33  1.15+0.16 1.00+0.18 0.9240.23 0.6940.08  0.89+0.11
485 1.65+0.23  1,37+0.08  1.25:0.07  0.96+0.12 1.0040.13 0.81:0.18 0.79:0.08 0.82:+0.19
re 1.5040.05  1.5040.04  1,2140.04  0.9840.06 1.0040.03 0.85:0.03 0.78+0.05 0.74+0.03
Mae 1.68+0.16  1.5740.11  1.3640.07  1.1740.04 1.0040.07 0.9340.03 0.86+0.04 0.80+0.04
5se 2.0340.35  1.4640.16  1.41:0.20  1.2240.14 1.0040.15 0.85:0.01 0.90+0.04 0.80+0.13
83pp 1.66+0.08  1,5740.06  1.40+0.04  1.16+0.07 1.0040.03 0.88+0.04 0.83+0.04 0.84+0.04
84 1.7450.12  1.5640.13  1.47+40.12  1.1840.03 1.0040.03 0.91+0.01  0.85:0.05 0.84+0.05
Ny 1.1640.23  1.2140.16  1.2340.06  1.07+0.03 1.0040.20 0.99+0.11 0.96+40.06  1.08+0.05
87y 1.8140.11  1,7240.09  1.45:0.13  1.23+0.08 1.0040.10 0.83+0.08 0.83+0.13  0.86+0,07
88y 1.69+0.07  1.55+0.10  1.40+40.08  1.1430.03 1.00+#0.05 0.8540.06 0.8740.02 0.81+0.03
892¢ 1.7940.10  1.7340.09  1.46+0.08  1.23+#0.07 1.00+0.06 0.88+40.05 0.87+0.05 0.86+0.06
ar 1.38+0.27  1.3140.29  1.0840.14  1.0240.05 1.0040.12 0.9240.08 0.9040.11  0.95+0.09
o 1.00$0.20  1.2240.14  1.09+40.15  1.03+0.10 1.0040.12 0.99+40.08  0.92+0.07 1.03+0.06
Bo 1.49+40.05  1.4440.08  1.29+40.04  1.13+0.07 1.0040.07 0.99+0.09 1.0040.08  1.06+40.09
7 pu 1.74+0.06  1.74+0.14  1.42+0.08  1.2140.07 1.0040.14 0.78+0.16 0.86+0.11  0.88+0.11
103, 1.5340.07  1.5140.05  1.33+0.03  1.22:0.03 1.00$#0.02 0.93#0.05 0.9940.06  1.05:0.02

6L



124

126Sb

12Bsb

119mTe

121mTe
132Te
124
131

133

1.77+0.39
1.42+0.08
1.38+0.12
1.84+40.17
1.6740.27
1.7740.32
1.4240.16
2.1240.13
1.60+0.17
1.8240.35
1.9740.17
1.68+0.09
1.44+0.07
1.2540.27
0.9640.29
1.8940.11
1.85+0.05
1.2640.10
1.5540.29
1.2240.26

1.22+0.08

1.70+0.31
1.4040.05
1.15+0.17
1.70+0.17
1.73+0.26
1.68+0.09
1.35+0.06
1.99+0.11
1.58+0.06
1.6140.27
1.7540.17
1.65+0.05
1.44+0.01
1.38+40.20
1.09+0.20
1.91+0.06
1.8540.10
1.29+0.10
1.53+0.25
1.29+0.07

1.21#0.10

1.5040.19
1.2640.05
1.1740.14
1.43+0.43
1.4440.12
1.4640.04
1.3140.06
1.63+0,09
1.4840.12
1.48+0.17
1.5340.12
1.4340.05
1.4340.07
1.31+0.18
0.97+0.17
1.63+0.11
1.58+0.04
1.16+0.08
1.47+0.08
1.2740.14

1.2440.06

1.26+0.06
1.14+0.04

1.12+0.15

1.2140.08

1.33+0.11
1.24+0.07
1.21+0.08
1.3240.07
1.28+0.08
1.28+0.19
1.3240.05
1.2840.03
1.21+0.11
1.2340.15
1.12+0.29
1.36+0.10
1.35+0.04
1.15+0.01
1.28+0.09
}.17+0.08

1.0410.03

1.0040.27
1.00+0.03
1.00+0.04
1.0040.12
1.00+0.05
1.00+0.03
1.001§.os
1.00+0.05
1.00+0.08
1.00+0.16
1.00+0.05
1.0040.02
1.00+0.04
1.0040.21
1.0040.27
1.0040.04
1.00+0.06
1.00+0.10
1.00+0.09
1.0040.07

1.00+0.04

0.79+0.08
0.9640.05
1.0740.06
0.7940.13
0.84+0.09
0.94+0.02
1.0240.06
0.7940.05
0.93+0.06

0.88+0.11

0.88+0.02 °

0.96+0.02

1.06+0.07
1.06+0.10
0.97+0.09
0.8140.04
0.9140.02
1.06+0.04
0.9240.09
0.98+0.08

1.08+0.07

0.804+0,08
1.01+0.14
1.02+0.08
0.89+0.10
0.80+0,05
0.95+0.07
1.11+0.09
0.79+0.05
0.9339.07
6.9139.12
0.96+0.03
1.0340.06
1.06+0.10
1.13:9.15
0.98+0.05
0.9240.02
0.95+0.04
1.07+0.02
i.ooip.JA
1.10+0.09

1.10+0.03

0.7640.16
1.05+0,04

1.1240.05

0.82+0.04
0.9440,11
1.16+0,05
0.9640.05
0.9040,03
0.91+0.81
0.98+0.05
1.09+40,04
1.04+0.09
1.1140,26
1.09+0.12
0.86+0.06
0.85+0.04
1.1640.05
1,01+0.27
1.13+0,07

1.1240.13

08



136C8
13 JmBa

140

139

146

g

153

g

169Yb

1.00+0.39
1.4610.45
1.2310.07
2,4240.10
6.05+0.36
3.8040.93

8.29+0.62

1.68+0.33
1.5740.27
1.22+0.07
2.2140.07
4.32+40.22
3.2441.11

6.30+0.57

1.4240.22
1.3640.14
1.28+0.03
1.8640.12
3.0140.17
3.33+0.93

4.6940.95

1.30+0.18
1.2840.11
1.2140.04
1.5040.08
1.97+0,11
1.88+0.30

2.32+0.43

1.0040.09
1.0040,07
1.00+0.03
1.0040.06
1.0040.13
1.0040.42

1.00+0.13

1.13+40,09
1.08+0.16
1.08+0.04
0.80+0.06
0.5140.03
0.93+40.50

0.4740.08

1.1740,12
1.0040.15
1.13+0.09
0.94+0.06
0.53+0.08

0.9240.56

1.0840.19

1.1040.11

1.1540.05
0.82+0.04
0.52+0.05

0.85+0.42

18



Table XV. Least squares fit of f= b/sin*a 6 to the angular

distributions from the reaction of 1.0 GeV 12C + 2380.
Nuclide a b c df/ de (26°)
28
Mg 0.1237 0.1522 1.0 -5.97

46
Sc 0.1090 0.1331 1.0 . -5.93

48 . . ,

Sc 0.0296 0.2669 . 0.4 -1.32

59
Fe 0.0370 0.2840 0.4 -1.28
74 | '
As 0.0345 0.3036 0.4 -1.41
735e 0.0164 0.1526 0.4 -1.95
83pp 0.0346 ° 0.3029 0.4 -1.41
84pb 0.0313 0.2995 0.4 -1.45
N 0.1693 0.9157 0.1 -0.26

87
Y 0.0226 0.2737 0.4 -1.51

88
Y 0.0314 0.2922 0.4 -1.41
89,r 0.0262 0.2904 0.4 ~1.51
95z, 0.0878 0.6770 0.2 -0.57
97 0.2086 0.8701 0.1 -0.24
o 0.0882 0.7439 0.2 -0.62

97
Ru 0.0258 0.2832 0.4 -1.48
103:, 0.0788 0.5560 0.3 -1.00
10lm, 0.0218 0.1714 0.5 ~1.90
105ch 0.1020 0.7441 0.2 -0.61
12,4 0.1423 0.9511 0.1 -0.28
105,4 0.0277 0.1954 0.5 -1.92
106mg 0.0305 0.2994 0.4 -1.46

110m

Ag 0.0373 0.3321 0.4 -1.50



115Cd

lllIn
114mIn
117mSn
120msb

122

124sb

1265b
128

119mTe

121,

132Te
124
131
133
136
133m
140Ba
139

146

&

153Gd

169Yb

0.1399

0.0135

0.0525

0.0305

0.0241

0.0596

0.1108

0.1638

0.2800°

0.0224

0.0265

.1684

0.0732

0.1693

0.1836

C.2117

0.1019

0.1923

0.0073

0.1l188

0.1686

0.1815

0.8009
0.1553
0.5118
0.3078
0.2986
0.5491
6.7879
0.9972
0.8570
0.1881
0.3068
0.9625

0.5553

0.9641

0.9470

1.0288

0.7934

0.9774

0.0737

0.1460

0.4447

0.0910

0.2

0.3

0.4

0.4

0.5

0.4

001

0.3

0.1

0.1

0.1

) 0.2

0.1

0.6

1.2

0.8

1.7

~0.61
-2.19
~-1.04
~-1.50
-1.60
-1.07
~-0.63
-0.28
-0.23
-2.06
-1.59
-0.27
-1.02
-0.27
-0.27
-0.29
-0.65
-0.27
-3.00
-12.8
~-€.12

-23.8

83



Table XVI.

Differential cross section from the reaction of

292 MeV 12C + 2380, normalized at the average angle 47°,
Nuclide Average Angle <@>
10° 21° 32° 47°
220 1.48+40,04  1.17+0.02  1.0640.01  1.00+0.01
736a 2.49+40.07  1,2240.19  1.34+0.10  1.00+0.04
103p, 1.8740.10  1.4640.06  1.1640.04  1.00+0.02
105pn 1.7240.17  1.4120.07  1.15:0.05  1.0030.02
131, 1.53#0.16  1.2340.07  1.1540.05  1.00+0.03
132c4 1.1740.10  1.0040.06  0.90+0.04  1.00+0,02
135e 1.9540.26  1.44#0.09  1.00+0.05  1.00+0.02

14:]



Table XVII.

Recoil energy and excitation energy of target fragments

estimated from the computation based on the p-p elastic scattering model

for the reaction of 3.0 GeVv

12c + 197

Product Mass

Impact Parameter

Excitation

Recoil

Number (fm) Energy Energy (MeV)
181 5.31 238.5 1.76

184 5.61 203.6 1.28

187 5.91 l168.9 0.88

190 6.21 134.6 0.55

192 6.51 100.7 0.31

194 6.81 68.1 0.14

195 7.11 38.2 0.04

196 7.41 14.1 0.006

S8



- 86
Table XVIII. Recoil energies of the target fragments_

from the computation based on the nuclear potential model

for the reaction of 3.0 GeV 120 + 197Au.

Impact (£m) - Product mass Recoil (Mev)
parameter number enerqy

4.71 174 : 13.2

4.83 175 : 12.7

5.61 184 5.3

6.33 191 1.8

7.23 196 0.1
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