Lawrence Berkeley National Laboratory
Recent Work

Title
The Transition from Complete to Incomplete Fusion in Asymmetric Heavy lon Reactions

Permalink
https://escholarship.org/uc/item/2697341K

Journal
Physical Review C, 48(2)

Authors

Hanold, K.
Moretto, L.G.
Peaslee, G.F.

Publication Date
1993-01-12

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/26g7341k
https://escholarship.org/uc/item/26g7341k#author
https://escholarship.org
http://www.cdlib.org/

LBL-32717

UcC-413
Preprint

Lawrence Berkeley Laboratory

UNIVERSITY OF CALIFORNIA

Submitted to Physical Review Letters

The Transition from Complete to Incomplete
Fusion in Asymmetric Heavy Ion Reactions

K. Hanold, L.G. Moretto, G.F. Peaslee, G.J. Wozniak,
D.R. Bowman, M.F. Mohar, and D.J. Morrissey

January 1993

Prepared for the U.S. Department of Energy under Contract Number DE-AC03-76SF00098

|Sy2aM § JOT|
8938TNDITH|

‘bp1d

*Ax8aqTT QS
z Kdoj

Ad0D NVO1

|

LTL2E-T1871




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
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Abstract

Complex fragments with atomic numbers between those of the tar-
get and the projectile have been detected from the reactions of 26 and
31 MeV/nucleon ¥Xe + C, Al, Ti, Cu. Angular distributions, cross
sections, and velocity spectra were extracted from the inclusive data.
Source velocity and Z-total distributions were determined from the
two-fold coincidence data. These results are used to characterize the
emitting source of the complex fragments. The results are compared
to a geometric incomplete fusion model calculation. The agreement
between the model and the data is good.
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I. INTRODUCTION

The characterization of the source of complex fraénents (Z>3) in heavy-ion induced
reactions is presently of great interest. Complex fragment (CF) emission has been observed
at both low [i-S] and intermediate [9-29] bombarding energies for a wide variety of reaction
systems. At low bombarding energy, two sources of complex fragments are obsérved,
a “non-equilibrium” or “deep-i;lelastic” source that is characterized by forward peaked
} gngqlar distributions in normal kinematic reax;tions and a second,“‘equilibriu'm” source
that is characterized by Coulomb-like velocities and 1/sinf angular distributions in tﬁe
center-of-mass frame. This second source has been éhow_n [30] to come mainly from the

statistical decay 6f an excited compound nucleus (CN) formed in either fusion, or, at larger

bombarding energies, an incomplete fusion process.

’ CF emission from excited compound nuclei has beén systematically studied for asym-
metric entrance channéls (X +-C, Al), Where X raﬁges across the periodic table. At
bombarding energies below ~10 MeV /nucleon, CF emission by the CN is rare.[1-3,7] This
is due to the low excifa.tion energy available at these neaf Coulorﬁb barrier bombarding:
energies. However, as ‘Vthe bombarding energy is increased, the excitation energy increases

and the probability of CF emission increases rapidly.[4-7] .

For asymmetric entrance channels reactions at low (E/A <20 MeV) bombarding ener-
gies, many of the features of the “equilibrium” CF production are quantitatively described
[4-7} by assuming a complefe fusion reaction mechanism and then calcplating the decay

- of the resultihg CN using the statistical decay code GEMINI. However, this statistical
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approach fails to repréduce the :da.t.a. from asymmetric systems at higher (E/A>35MeV)
bombarding energies.[lg, 20, 31, 32] If this failure is due to the change of reaction mech-
anism from complete to incomplete fusion, one should use anv incom;;lete fusion model
tp describe the production of the primary fragments as a function of impact parameter
rather than the complete fusion model. The primary fragments could then Be used as the

starting point for a statistical model calculation describing.their decay.

Studies of more symmetric reaction systems exhibit a more comp]icatéd picture [8,
31, 321. CFs are no longer associated with a single source, but rather with a broad range
of sources. A study [8] of the 18 MeV/nucleon 139La + Ni reaction concluded that this
broad distribution of sources is produced by an incomplete fusion process. Incompiete
fusion leads to different mass tran_sfers as a function of impact parameter, proaucing CN
with systematically varying masses, excitation energies and angular momenta. By selecting
a given source velocity, it was possible to characterize the product formed in a specific

2

incomplete fusion process and its decay.

‘In the present work we report on the results for CF emission from the reactions
of 129Xe at 26 and 31 MeV /nucleon with targets of C, Al, Ti and Cu. By using reverse
kinematics, the fragments are given a large kinemétic boost so that they are easily detected
and identified in AE-E teleécopes. Data were taken at two energies intermediate to those
used in the previous studies, so that the transition from complete fusion to incomplete
fusion could be examined. Four targets were used so that the effect of varying the entrance

channel asymmetry could be studied. In the present study, we compared the data with



the results from an incomplete fusion model plus GEMINI that produced a range of nuclei

in incomplete fusion processes and their subsequent decay.

B

II. EXPERIMENTAL

Beams of 26 MeV /nucleon mj"Xev22+ and 31 MeV/nﬁcleon 129X 23+ produced by the
K1200 cyclotron at the National Superconducting Cyclotron Laboratory at Michigan State
University were reacted with thin targets of 12C (1.0 mg/cm?), 27Al (2.0 mg/cm?), "**Ti
(2:2 mg/cm?), and "**Cu (2.9 mg/cm?). The K1200 cyclotron provided beam intensities
of approximately 0.27 pnA. The detection apparatus consisted of eight detector telescopes
arranged in a pla;ne with four telescopes on either sidé of the bearﬁ. Each telescope
consisted of a gas AE section, and a 5 mm Si(Li) E, and was position sensitive in two
dimensions. Thesé detectors have been described elsewhere [4] and are similar in design
to eatlier gas AE/Si E heavy ion telescopes [33]. Low intensity beams of 12C2+, 36 A6+,
84Kr14+ and 129Xe22+ at 26 MeV /nucleon and 129X 23+ at 31 MeV /nucleon were directed

“into each detector for calibration purposes. The filling gas was carbon tétraﬁod_rimié and
was maintained at a pressure of 30 torr. The gas AE segment was calibrated By measuring
the difference in the energy deposited in the Si detector with and without the gas in the
detector. The overall error in the energy calibration of each detector is estimated to be
“one percent and individual Z-values were resolved up Z = 30. The vertical position was

" measured by the drift time in the gas chamber and the horizontal position by Ttesistive

division of the Si(Li) signal. The position spectrum was calibrated using a 49 hole mask



*

which could be remotely placed in front of the telescope. The total in- and out-of-plane

coverage was 25° and 10°, respectively.

-III. RESULTS AND DISCUSSION

II1.1 Source and Emission Velocities

In general, the characterization of the source of CFs is a complex problem. However, .
for very asymmetric reactions, the problem is easier as one typicaliy observes a single
source. If one plots the velociby distribution for the CFs from a very ‘asymmetric reaction
in the V-V n plane,' one observes a. circular ring, a so»called “coulomb ring”, for each Z-
value. The radius of this ring is related to the Coulomb repulsion of the emitted fragments.
Moreover, if the yield along the circumference of the ring is isotropic in do/dd, this is
an indication of a relaxed source that'ha.d undergone binary decay. Thus, pléts of the
distribution of fragment velocities in the V"-V_; plane can give valuable information on

the reaction process.

In order to identify the source, or sources, of CFs is these reactions, the observed kinetic
energy distributions should be be transformed into velocity distributions. However, the

mass of the fragment was not directly measured and a transformation from Z to mass is

. required. The velocity of each fragment was determined using the measured kinetic energy

and Z-value by assuming that the mass is given by

A =2.08Z +0.02922. (1)



This expression is thought to be valid for heavy nuclei that have undergone extensive
evaporatior;. [4] From the calculated velocity and the measured scattering éngle, a dis-
tfibudion of 620/6VI|BV _1_. was created for each atomic number. The limited out—of-piane
a.ccep‘tance was accéunted for by calculating the fraction of the out-of-plane angles covered
at a particular 6 angle and then multiplying the data at that angle by the reciprocal. of
the fraction covered. The petcentage'covered at a particular § angle ranged from 17% at
small angles to 3% at large angles. Some representative dist¥ibutions are shown in figures
1 and 2 for the reactions at 26 MeV/nuclec;n and 31 MeV/nucleon, respectively. (The
distributions for the reactions at 31 MeV/nucleon are incomplete due to an in;:omplete
coverage of the laboratory angular range.) The figures have been made symmetric about
the beam and smoothea to aid presentation. For the very ;symmetric 129%e 4 C, Al
reactions, these distributions show well defined Coulomb ‘rings for all Z-values. Sknﬂar
rings have been seen in numerous reactions at lower energies [4, -6, 8] and are e\;idence
for the emission of fragments with fixed average energies from a source with fixed velocity
parallel to the beam direction. For most Z-va_lﬁes, the intensity along the circumference
of the ring is fairly uniform. However, the smaller fragments show a backward peaking,
which, at loWer bombarding energies, has been associated with a target-like deep-inelastic
component {4]. For the heavier targets, Coulomb rings are nol longer observed. A broader

range of source velocities, possibly populated by incomplete fusion processes, leads to the

smearing of the Coulomb rings along Vy.

The center of a Coulomb ring defines the laboratory velocity of the emitting soilrce,



and its radius defines the velocity with which the fragmehts are emitted from the source.
In those cases in Which a ring could be observéd, its center was determined b); assuming
_ that t;he center of the circle was on the line of the beam velocity. First, a spectrum was
created for a Cl;t through the ring at small V. The resulting si)ectrum contained two
peaks, corresponding to the forward and backward emitted fragments. Each of these peaks
was then fit to a Gaussian function and the average of the two centroids was taken as the
:source velocity of that ring. This procedure was ai)plied to the data for Xe + C, Al, Ti,
Cu reactions at 26 MeV /nucleon and Xe + C, Al reactions at 31 MeV/nucleon. At the
higher bombarding energy, the determination of the source velocity for the heavier systems:
becomes highly uncertain due to.the large width of the rings. The high.Z rings for the lower
bombarding energy are also sub, jeét to this limitation. The source velocities extracted with
this procedure are shown in figure 3 as a function of the fragtfxent Z-value for the diﬂ'e;rent
targets. The variation of the extracted source velocity with the Z-value of the fragment
s fairly small and is only slightly larger than the error in the determination of’the source -
velocity;. In addition, tiliese values are generé.lly in agreement with the value extfa,cted from
the coincidence data (dashed line) that will be discussed below. The arrows on the left-
hand side of figure 3 indicate the complete fusion velocity of each system. Notice that the
very asymmetric 129Xg.;k C, Al systems have average source velocities that are consistent
with complete fusion to withiﬁ the error of the measurement. At 31 MeV/nucleon, the
average source velocity for the 12Xe + C reactions is slightly below the complete fusion

velocity. However, this differénce is within the error of the measurement and might be



attributed to a small systematic error in the energy calibration. On the other hand, the
more symmetric 12Xe + Ti, Cu systems have average source velocities that lie between

the velocity of the beam and that of the complete fusion products.

The laboratory kinetic energies and angles wer.e converted from the laboratory frame
| into the average moving source frame for each overall reaction. The #verage moving source
frame for each reaction was determined from ‘the cbincidénce data for that reaction. The
resulting moving source frame data were then binned into equal size Ad bins for the angular
distributions and the source-frame, emission-velocity distributions were also determined.
The mean emission velocity for each atomic number and the width of each distribution are
shown in figure 4. Note the almost linear decrease in the transformed emission velocity with
iﬁcreasing fragment charge. This nearly linear decrease is consistent with the expectation
that the velocity is mainly determined by the Coulomb repulsion of the fragment and
its decay partner [4]. Also, the sou?cé frame emission velocity for a particular Z-value
is almost constant, independent of the target or bombarding. energy. This suggests that
the nuclear charge, Z, of the soﬁrce is nearly cdn;taht. In contrast, the. widths of the
transformed emission velocity increase as the targét becomes larger. This is expected for
increasing center of mass energies for the larger systems (seé table 1). For large excitation
energies, the i)rima;y products of the binary decay are hotter and undergo more extensive
evaporation which broadens the emission velocity distri\bution_s. The uncertainties in the
mean aﬁd the widtjh éf the emission velocity distributions are about the size of the symbols

in figure 4.



I11.2 Angular Distributions

-

Typical angular distributions of the fragments in the source frame are shown in figures

N N\

5 nud 6. For the very asymmetric 12Xe + C systems, the angular d‘isti-ibutvions are
approﬁmately constant in do/ d0,_‘ as‘expected for the isotropic emission of fragments, for
a wide range of Z values intermediate between the projectile and target. In other words,
the distributions have a do/dQ o 1/sinéd form in;iicaiing isotropic emission in the reaction
pla.ns. Such distributions have been observed previously at 14 and 18 MeV/nucleon [6]
for a very similar system (*°La + C). For the lightest fragments (Z<10), the angular
distributions are backwards peaked. (These distributions are incomplete aue to the li.mited.
- § acceptance and not shown. However, the data does show that the backward component
is larger than the ~forward component.) Such a backward-peaked component in the the
angular distributions has been previdusly associated [6] with target-like fragments at low
.Z-valués.r This backward peaking must be associated with a corresponding forwsrd peaking
at high Z-values from the projectile-like fragments. Thesev eﬁ'scts ,are 'pr&sumed to arise
from deep-inelastic processes. Similar distributions have been seen at both lower [4, 6] and
higher energies[20, 25, 31, 32]. The angular distributions frqm reé.ctions in the sli.ghtly more
symmetric '129Xe+Al reaction are also similar. However, the anisotropy observed for large
and small fragments is more pronounced and the range of atomic numbers whose angular
distribﬁtions are isotropic is more r.estricted.. For the heaviest systems, the backward
peaking present at low Z-values decreases vma,king a transition, around Z=25, ts forward

peaked distributions which become even more forward-peaked as the Z-value increases.
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The angular distributions for the 31 MeV/nucleon reactions, shown in figure 6, are very
similar to the angular distributions from the 26 MeV/nucleon data and are also similar to

those distributions reported for higher bombarding energies. [20, 32, 31]

v

~ _ II1.3 Integrated Cross Sections °

The individual -angular distributions were integrated. to extract the fragment cross
section for éach atomic number. The integration was performed by fitting a quadratic
function to the angular distribution and then integrating it over the fuil angular range.
The fitted functions are shown as solid liﬁes on the angular distribution figures (figures
5 and 65 and the integra'.tedv Cross éectgons are shown in figure .7. The statistical error
in the cros;s section vaiues is émaller than the plotting symbol, Fab,out 5%, however, the.
systematic errors maybe as large as 30%, The s§urces of the systematic errors are about
10% from the beam current and target thickness, and 10% for the lighter fragments to
20% for the heavy frégments from the 'angulé.r distribution integration procedure. The
total cross .section increases rapidly w;’ith ix;creasing target mass, and is correlated with the.
available center of mass energy (table 1). The cross sections are consistent witi} the values
obtained fof' similar systems at energies both above and below the present beam energy
[4, 6, 20, 31, 32]. The charge distribution for the reaction of 2*Xe+C at 26 MeV/ nucleoﬁ,
as a function of increasing Z-value, decreases strongly at small Z values, goix_ig through a
minimum at Z:; 18 and then peéks at Z#Z_’»O. Such minimum and peak values are barély

. .visible with the slightly heavier Al target that also has a shoulder in the Z=10-15 region.
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This shoulder has been observed at higher bombarding energies and was attributed to
multibody events. [20] For the heavier targets, this shoulder is barely visible, interrupting

“an otherwise monotonic decrease with increasing Z-value.

On the other hand, the charge distribution is relatively flat for the‘ reaction of 31
MeV /nucleon.Xe + C, showing n§ signs of the beak observed at 26 MeV /nucleon around -
Z=30. For the Xe + Al reaction, the dist;ibutions decreases with increasing Z-value at
low Z values, then becomes flat. For the heavier targets, the charge distribution strongly
decreases with increasing Z-value. The large increase in the yield of intermediate mass
fragments (Z~12) for 31 MeV /nucleon again may indicate that at the highér center-of-
mass energies, the emission of several fragments becomes the dominant exit channel. In
" such a picture, the average size of the fragménts would then be reduced, the vyield of the
hea;rier fragments depleted, and the yield .for the lighter fragments enhanced.

[ -
I11.4 Coincidence Data

There were a number of events in which fragrhents were; observed on either side of fhe
beam. Higher order coincidences were very rare due to their very low detection efficiency
in the present experimental configuration, and there were essentially no events in which
boi;h fragments were detected on the same side of the beam. For the coincidence events,
tlie Z-value of one fragment is shown as a function of the Z-value of thg second in figure

8. When a source with a constant total charge undergoes binary decay, coincidence events
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should lie along a line parallel to the equation
Z1+ Z2 = Ziotal- (2)

There is some ;:ur-vature of the Z, + Z, ridge visible in the 26 MeV/nucleon ?°Xe +
C data. This couid result from the preferential emission of charged pa;rticles from lower
Z-nuclei present in aéymmetric splits of the CN. If there is a rénge of sources with different
tqtal nuclear charges that undergo binary decay, the events will no longer lie along a single
line. Instead, there should be a broad band of events where the width of the total observed
charge (Zsotar) is related to the range of source sizes. For the very asymmetric reaction
systems, most events fall within a narrow band that corresponds to an approﬁmately
constant sum of the two atomic numbers Zy aﬁd Zo. With the heavier targets, in which
incomplete fusion populates sources with a larger range éf masses, the bands are much
broader. These bands broaden even further with increasing bombarding energy. For the
heaviest target aj. the highest bomb&dhg energy, no distinct band is observed indicating
the importanc;e of events with more than two CFs in the exit channel. For 26 and 31
MeV /nucleon reactions, thé detector thresholds were low enough to detect é,lpha parvt.;iclc‘es .
in coincidence with heavier complex fragments. Alpha-alpha and alpha,-corhplex fragment
coincideﬁces can be observed as ridges parallel to the axes. The evolution from a narrow
ridge for the very asymmetric entrance channels at low bémbarding energy to a broad
ridge which disappears for more symmetric reg,ctions at ﬁighet box;lbarding energy foilow§

the large increase in the available center-of-mass energy.
Histograms of Z;+Z2 are shown in figure 9 for reactions at 18, 26, and 31 MeV/ nucleon.
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For the 1?9Xe+C and '39La+C reactions, the distributions are narrow. For the heavier
targets, the distributions broaden and shift to lower Z-values for 31 MeV/nucleon. In
A additio;x, a tail extending to low Z-values develops. This is due to the incomplete detection
of events in which there were more than two CFs in the exit channel. This tail becorqes
a substantial fraction of the total number of events at higher bombarding energies, where
fmultibody exit channels may be prevalent. In constructing this figure, it was found to Be
useful to place a minifnum Z threshold on each fragment to exclude alpha-CF and Z=6-CF
ridges that can be seen in figure 8. This is done to limit the coﬁta.mination due to events
in which one or more large fré.gments were not detected. The threshold was placed at
Z=T and this restriction is carried throughout the rest of ihe two-fold event analysis. The

dashed and dotted curves on this figure are the results from model calculations, which will

described later.

The center-of-mass velocity of the binary coinciden.ce events was recon"structed for each
event from the Z, total energy, ©, and ><I> .of each fragment in the event. The distributions
of the V) component are shown in ﬁgufe 10. The distributions in V; are very narrow.
(The widths are given in table 2.) The arrows on ﬁguré 10 indicate the complete fusion

velocity for each systém. In the 129Xe + C, Al reactions, only a peak corresponding to
complete quion or very near complete fusion is seen, similar to results observed for loﬁer
energy reactions induced by 63Cu, 93Nb, and !3°La.[7, 4, 6] The data obtained for the
reactions induced by 18 MeV/ nucleon '*°La ions are shown for comparison. .Th.e dashed

and dotted curves on this figure are the results from model calculations that are described
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" below.

To obtain an overview of the evolution of the reaction with excitation energy, linear
-contour plots of th¢ measured sum of the charges Z,+Z, versus the derived emitting
source velocity for different target and beam ene‘rgy combinations are shown in figure
11. An interesting evolution is observed with increasing target mass and beam energy.
For the cases of the 14,18 MeV/nucleon *La + C, Al reactions [4] iny narrow peaks
corresponding to complete fusion are seen. However, for the 18 MeV/nucleon 139La 4
Ni data [8], a band of events stretching from 90% of the beam velocity to the center-of-
mass velocity §ccurs with the intensity peaked at the velocity corresponding to complete
fusion. This band corresponds to the disl;ribut;ion of mass transfers expected for incomplete
fusion.[8] One limit to the range of source velocitiés that results from incomplete fusion
reactions is given by small mass transfers in peripheral colliéions. The resulting CNs will
have very low excitation energy and are unlikely to decay by CF emission. These sources
will have a velocity close to that of the beam. The other limit is given by complete
fusion reactions which have a lower velocity and much higher excitation energy. A similar
shape in the source velocity distribution is observed for the 18 MeV/nucleon 3°La + Ti
[34] and arises from the same mechanism. For the higher energy 26,31 MeV/nucléon Xe
+ Ti, Cu reactions, a broad distribﬁtion of center-of-mass velocities is seen. The range
in source velocities is again gimilé.r to that of the 18 MeV/nucleon data, but the Z;otar
distribution becomes broader, and the mean value decreases with increasing bombarding

_energy. This reflects the large amount of excitation energy available at higher bombarding
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energy and the correspondingly larger number of light charged particles evaporated from
the hot primary fragments. The broad source velocity distribution indicates a broad range . |

of mass transfers.

IV. Incomplete Fusion Model

’

We have just demonstrz;ted that a large range of mass transfers leads to a distribution
of source velocities in the reaction at 18 MeV /nucleon Qith the two heavier targets. Thé 18
MeV/nucleop 139La + Ni data is consistent.with an incomplete fusion reaction model[8].
To make a quantitative comparison with the data, we used an incomplete fusion model[35]
similar to the model o.f _R.Dayra§, et al. [36]). In this model therg are two stages: an
ipcc;mpleté fusic;n process followed by a statistical decay of the excited primary fragments.
In the first stage, a geometrical incomplete fusion model is used to describe the dynarmnics
of the reaci:ion in which two sharp spheres represent the colliding nucléi. The energetics
of fragment forrﬁation is assumed to be dominated by the increase in the surface area c\>f
the fraéments. Since the éurface area created by breaking a smaller nucleus into parts is
less than the area created by breaking the larger nucleus into parts, it takes less energy
to break the smaller target nucleus. To account for this, the model forces the overlapping
nuclear matter to be sheared from the smaller target nucleus an‘d fuses it onto the larger
projectile nucleus to..produce .an excited compound nucleus plus a cold spectator. The
model generates values for the Z, A, excitation energy, final spin J and,the laboratery

velocity of each of the reaction partners. The excitation energy is calculated from the

16



energetics of the surface creation and from the mass transfer.

In the second stage, the Z, A, excitation energy, and J values of the primary frag-
ments were input to the statistical decay model (GEMINI){4]. The statistical decay model
calculates CF emission from the CN. GEMINI also models the center-of-mass energies
and‘ angles of emission of all fragments along the decay chain. The information from the
statistical decay code ax;d the incomplete fusion model was then cémbined to give the lab-
oratory velocities and angles of the resulting fragments. Finally, the fragments were passed
through a detection filter that included the georﬁetry and thresholds of the detéctors used
in the present study. The results are shown in the same figures as the experimental dat;.
The only adjustable paramei:et in this model is the raciius parameter (rp) used to calculate
thé ‘size of the sharp spheres (frovm R=roA1/3). The parameter ro was considered slightly
adjustable to account for the fact the the model used a sharp~éurfaced sphere to-repl;esent

the nuclei, whereas in reality there is some diffuseness of the surface of nuclei.

V. Comparison of Model and Data

The results of the model calculations for 26 and 31 MeV /nucleon Xe + X reactions
are éhown in»the Ziotal VS. Vjource plane in ﬁgures 12 and 13. The top row of ﬁgure 12
contains the data from each of the four targets at 26 MeV/nucleon and the sgcond, third,
and fourth rows contain thé model calculations for three different values of the radius of
the sharp spheres, rg. Similar caleulations with r;, v;zlues of 1.10 fm and 1.16 fm‘av.r.e shown

for the 31 MeV/nuéleon systéfns in figure 13. The range of the source velocity and the



'poéition of the ridge in Z;41q1 are fairly clqse to the da.tavfor all systems. Note that there
is little dependence on ré for the lighter C and Al systems. The model calculations for the
heavy targets show a depletion of cross section in the region of intermediate to high mass
transfers. For these events, the model predicts the resultingr CN will ,deca‘y into three or
more CFs. The data for the same regionr indicate that there are a la.rgé number of events-
with no more than two CFs in the exit channel. In particular, the calcula.tion\shows a
strong depletion for the Cu target at large ro at both bombarding energies which is not

observed in the data.

The results from the model calculations with different ro values are compared to the
dat; in the Z; vs Z, plane in the bottom three rows of figure 14 for the 26 MeV /nucleon
reax:tioﬁs and in the bottom two rows figure 15 for the 31 MeV/nucleon reaction. Little
change is visible as a funcfion of‘ vro for the lighter targeté . For the heavier Ti and Cu
sysﬁem, as thc Io is increased, the excitation energy in t;he model increases for a given
éenter-of-mass velocity and this can be seen in the slightly increasing width of the Zy

versus Z, distributions.

The calculation with a rp value of 1.10 fm gives the best agreement for the data at
26 MeV/ n'UCleon. The source velocity distributions for the reactions of 18 MeV /nucleon
| 1397, 3+ Ti,Ni were also calculated using a ro value of 1.10 fm and are shown on figure
9. The agreement of the calculation with the 18 MeV/nucie_oﬂ data is very reasona.ble.'
The model predictions for alvl of the “obseryed” quantities, the cross sections, emission

velocity, the width of the emission velocity, Z;ota1, and source velocity for the reactions at

18



26 MeV/nucleon are compared with the data in figures 7, 4, 9 and 10, respectively. The

overall agreement of the calculations with the 26 MeV /nucleon data is good for the lighter

targets: For the heavier ta:gets, the range of source velocities is correct (see ﬁguré 10)
as is the centroid of the Z;oq1 distribution (see figure 9) but the calculated width of the
Zyotar is narrower than that observed in the data. The inclusive cross sections (seé figure
7) are well predicted for the lighter targets except for the low Z region. The simulations
for the heavier targets predict the correct order of fnagnitudé but the shape of the cross
section distriButions is wrong. The calculated centroids and widths of the emission velocity

distributions agree well with the experimental data for all targets (see figure 4 upper row).

~The 31 MeV /nucleon model calculations were not in as good agreement with the data
as the 26 MeV/nucleon calculations for the heavier targets. This failing may be due to
the over-estimation éf the excitation energy in the CN. Therefore a correction for pre-
equilibrium emission was attempted. A Boltzman-Nofdheim—Vlas'o‘./ (BNV) model [37, 38]

- was used to estimate the amount of pre-equilibrium emission in the 31 MeV/nucleon re-

actions. The dynamical stage of the collision was simulated by solving the BNV equation

with the test particle approach in a “full ensemble” method (each nucleon Being repre-
sented by 50 test particles).b The self-consistent mean field needed for the calculation
included the Coulomb potential and a nuclear potential approximated by a density de-
pendent Skyrme-like interaction. The parameters of the 'la.tter potential were chosen to
reproduce nuclear matter saturation properties, and a compressibility. coeﬁicient of K=200

MeV. The free nucleon-nucleon cross section was used in the collision term with its energy
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~ and angular dependence. These are the same values used to reproduce 139713 + Al data
at the somewhat higher enéréy of 55 MeV/nucleon [38]. The resulting average trajectory
was followed until tvhe slope of the erﬁitted nucleén ﬁean energy curve changed. This wlas,
taken to indicate the transition from preequilibrium emission to evaporation from a more

equilibrated source.

.The BNV' code was run for the Xe + Al and Xe + Cu reactions at nearlsr central
impact parameters leading to comp!ete fusion. By comparing the.BNV model results to
rthose from the incomplete fusion model for the. same impact parameter, the amount of
nuclear charge, mass, excitation energy and angular momentum lost in pre-equilibrium
emission could be estimated. For the Al target, i;he estimated values were 4 units of
charge, 10 units of mass, 40% of the excitation energy, and 27% of the angular momentum v
was lost to pre-equilibrium ‘particlesf ’I“he uncertainties in these estimates are fairly large,
being about 20% for each physical variable. At 6£h;§r impact para.meﬁers, tixe number of
" pre-equilibrium particles was scaled down ~1;4:5 the amount of mass transfer bredicted by
thg incomplete fusion model. The pé).;centage of the angulg.r momentum and excitation
energy lost to pre-equilibrium emission was kept constant fof all impact patarﬂeters. The
calculation was repeated for the 26 MeV/nucleon and 18 MeV /nucleon reactions. The
26 MeV /nucleon calculatic;n showed only a small amount of .pre-equilibrium emiséion ana
the 18 MeV/nucleo’n calculation showed none. Because of the large uncél:ta.inties in these
estimates, nb corrections we;'e attérﬁpted to the incomplete fusion model calculation at

these two lower bombarding energies.
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Figu;'e 16 contains a comparison of the resulting primary fragments as a function of
ifnpact parameter for the 31 MeV /nucleon Xe+Al systerh. The solid lines are tﬁe results of
the incomplete fusion moc‘lel‘alone while the dashed lines are the results of the incomplete
fusion model when including the effects of pre-equilibrium emission. At 31 MeV /nucleon,
pre-equilibrium emission substantially reduces the excitation energy and to a lesser degree
both the charge and angular momentum of the primary fragments. The results from the
calculation which included pre-equilibriurn ehﬁssion are shown in the second row of figures
13 and 15. The calculations for light targeté remain in good agreement with the data. The
depletion of events with moderate mass transfers for the Cu reacti;)n no longer occurs and
this model calculation is much closer to the observed V,ource distributions. However, the
peak value for Z¢ptq) is not well reproduced and the width of the Z;4:4; distribution is again

too narrow. ( See dotted curves in the last columns of figures 9 and 10.)

The predictéd cross sections from the calculation including pre-equiliBrium are shown
as dashed curves in the lower row of figure 7. The cross section for the C and Altargets are
well reproduced, howéver, for the heavier systems only.the order of magnitude is correct
and the shape of the distribution is not correct. The predictions from this calculation
for the emission velocity and its width are shown as solid lines on the lower row of figure
4. The agreement between the calculation and the data is good. Since the agreement
between the model calculation and data becomes signi_ﬁéantly better a.ftér the inclusion
of ‘the pre-equilibrium emission, we conclude that there is a significant amount of pre-

equilibrium emission in these reactions at 31 MeV/nucleon. However, it is possible to
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speculate that the agreement could be further improved if thevamo;mt of pre-equilibrium
emission were somewhat reduced frorn. the BNV estimates. This would broaden the center-
of-mass velocity distributions for the heavier targets and imprpye tﬁe agreement with the
data. If some pre-equilibrium were to be induded in the 26MeV /nucleon calculation, .
the V, urce distributions for the heavy targets w;)uld have more emphasis on high mass

~ transfers and again the agreement would be improved.

VI. SUMMARY

The good agreement between the simple geometric incomplete fusion model and the
data suggests that this model gives a reasonable descrip’f.ion of the nuclear reactions iﬁ
this energy region. The agreemént also suggests that the CFs-produced in this energy
region arise frc;m the CN produced in the incOmblete fusion prdcess.‘ Since pre-equilibrium
emission is known to occur above 20 MeV/nucleon, the fact that its inclusion fof 31

MeV /nucleon reaction improves the agreement of the model with the data comes as no

surprise.

The production of complex _fragmgnts from the re@tidns of 12Xe with C, Al], Ti, and
Cu targets éf. 26 and 31 MeV/nucleon was measured. Angular distributions, em_ission
velocities, source velocities and cross sections were extracted from the data. The results
were compared to a geometricél incomplete fusioﬁ model coupled to a statistical decay
model. The 26' MeV/nucleon data were found to be well reproduced by this model with

a radius parameter, ro, equal to 1.10 fm. The results from reactions at 31 MeV /nucleon
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were also well described after a simple correction was made for pre-equilibrium emission.
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" Table 1: Available Excitation Energy in MeV.

- Beam Target ClAl| Ti | Cu
18 MeV /nucleon La [ 200 {406 | 640 | 785
26 MeV /nucleon Xe | 285 {580 | 910 (1110 |
31 MeV /nucleon Xe | 340 | 690 | 1085 | 1325

Table 2. Perpendicular Width of Source Velocity in units
of v/e. |

Beam Target C | Al Ti | Cu

26 MeV /nucleon Xe |.033 | .041|.053 | .056
31 MeV /nucleon Xe |.030 | .046 | .063 | .065
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Figure Captions

~ Fig. 1: Linear contours of the experimental cross sections 8%¢/dV) 9V
in the V-V plane for representative Z-values produced in the reactions of
26 MeV/nucleon #Xe 4+ C (row a), Al (row b), Ti (row c¢) and Cu (row
d) for representative Z-values’(10,15,20,25,30). The Z-value is noted in the
lower left hand corner of each column. (The beam direction is vertical.) The
data has been smoothed and symmetrized to aid in presentation.

Fig. 2: Same as figure 1 but for 31 MeV/nucleon Xe induced reactions.
The gaps in the distributions are caused by an incomplete coverage of the
laboratory angular distribution.

Fig. 3: Source velocities (plot symbols) extracted from the Coulomb rings
as a function of fragment Z value for the reactions at 26 MeV/nucleon (top)
and 31 MeV/nucleon (bottom). The error bars shown for the Ti and Cu data
indicate the possible error due to the width of the Coulomb rings. The dashed
line represents the source velocity extracted from the two-fold coincidence
events for each system. The arrows at the left edge of the figure indicate the
center-of-mass velocity for the 31 MeV/nucleon *Xe + C, Al reactions in
the top part of the figure. The arrows at the left edge in the bottom part
indicate the center-of-mass velocity for the 26 MeV/nucleon ?®Xe + C, Al,
Ti, and Cu reactions. Note the suppressed zero on the ordinate axis.

Fig. 4: Mean emission velocities (diamonds) measured at 90 degrees in
the source frame as a function of fragment Z-value.. Top row for the reaction
of 26 MeV /nucleon *Xe and bottom row for 31 MeV /nucleon 2°Xe. The
targets are indicated in the upper left of each panel. At the bottom of
the panel for each system are the widths (circles) of the emission velocity
distributions at 90 degrees in the source frame. The solid lines correspond
to the predictions of the mean value and the width of the emission velocity
distributions from the GEMINI calculations.

Fig. 5: Experimental angular distributions in the source frame for rep-
resentative Z-values produced in the reactions of 1*Xe + C, Al, Ti and Cu.
-The solid curves represent the fitted functions that were used to extract the
cross section for each Z-value. Each column corresponds to a different tar-
get. The Z-values, and a factor by which the data was multiplied for display
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purposes, are indicated to the vleft of each distribution.
Fig. 6: Same as figure 5 but for 31 MeV/nucleon '2°Xe.

Fig. 7: Experimental angle-integrated cross sections as a function of
fragment Z value for 26 MeV/nucleon (upper row) and 31 MeV/nucleon
(lower row) 29Xe induced reactions. The solid and dashed lines are cross
section predictions from the model. See discussion in text for details.

Fig. 8: Contour plots of the detected charge for two-fold coincidence
events from the 18 MeV /nucleon ***La+X (top row), 26 MeV /nucleon '¥Xe+X
(middle row), and 31 MeV /nucleon '®Xe+X (bottom row) reactions. Z; and
Z, refer to the Z-value of each fragment detected.- Each row corresponds to a
different beam energy and each column to a different target. In column 4, a.
Ni target was used at 18 MeV /nucleon and a Cu target was used at the two
higher beam energies. At 18 MeV/nucleon, the C and Al targets are from
ref 6 and the Ti and Ni targets are from references 34 and 8.

Fig. 9: The relative yield of coincidence events as a function of the total
charge detected for: column 1 the reaction of 18 MéV/nucleon **La+C, Al,
Ti, Ni, column 2, 26 MeV/nucleon 12Xe+C, Al, Ti, Cu, and column 3, 31
MeV /nucleon 1#Xe+C, Al, Ti, and Cu. The dashed and dotted curves are
results from model calculations. ‘

Fig. 10: The relative yield of coincidence events as a functlon of the
calculated source velocity for: column 1 the reaction of 18 MeV/nucleon
'19,3+C, Al, Ti, Ni, column 2, 26 MeV/nucleon 129Xe+C, Al, Ti, Cu, and
column 3, 31 MeV/nucleon 129Xe-{-C Al, Ti, and Cu. Arrows indicate the
complete fusmn velocity for each system. The dashed curves and dotted
curves are results from model calculations.

Fig. 11: Contours of source velocity versus total charge for two-fold
events from the 18 MeV /nucleon *La+X (top row), 26 MeV /nucleon 1#Xe+X
(middle row), and 31 MeV/nucleon 1®Xe+X (bottom row) reactions. The
data from the 18 MeV /nucleon ®°La has been shifted down three units of Z to
account for the difference in the La and Xe atomic numbers. The horizontal
line is at the center-of-mass velocity for each system.

Fig. 12: Contours of source velocity versus total charge detected for two-
fold events from the 26 MeV /nucleon reactions. The top row is the data,
while the next three rows are model calculations with values of ro= 1.06,
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1.10, and 1.16 fm, respectively.

Fig. 13: Contours of source velocity versus total charge detected for two-
fold events from the 31 MeV/nucleon reactions. The top row is the data,
the second row is a model calculation with pre-equilibrium included, while
the bottom rows are model calculations with values of rp= 1.10, and 1.16 fm,
respectively. _ - . '

Fig. 14: Contour plots of the charge corelation for two-fold coincidence
events from the 26 MeV /nucleon reactions. The top row is the data, while
the next three rows are the results from model calculations. Details are given
in the text.

Fig. 15: Similar to ﬁgﬁre 14 but for the 31 MeV /nucleon systems. .

Fig. 16: A comparison between the input parameters for GEMINI for the
129X e+ Al reaction from the incomplete fusion model ( solid lines ) and the
parameters resulting from the BNV calculation ( dashed lines ) as a function
of impact parameter. :

31



().:3() ShAM ':“"':""Ef"' ’ ":""Eg""" T ”“l‘{”l"'Ef"'l‘”'l"”l"'E
.0‘252 T | y T T o I ]
0.20
0.15E
0.30}
0.25F
~ 020
015 T N 3
\ff:, 0.30 ; "'i;“" HHHH '*'fz ;i ..,.,,,.,,:::@?::§{4:::{::::{:::§
:>=0.25 ¥ _ ¥ T T 3
0.20 }
0.15F
0.30 }
0.25F
0.20 ¢
0.15 + =

4
T
IBEAnaRERE SRS Wl U We NNE]

PRENNUAEANSRENEN RERN |
+ -+ 3
+ <4 3
£ .‘E- 4
4 +

— —

+ ~+ -
+ e .
4 = .
I | ' I -
3 + P

3 F 3 PTE SPPPL A LR 10 AP T S0 PPN YT POOP
-0.1 00 0.1 0.0 0.1 00 0.1 0.0 0.1 0.0 01
Vv (v/c)

XBL 931-23

Figure 1

32



O 30 Illl@l!l] llllllll g RS LR S AR AR AR R R R RANRS RS RERRD RARRE B!
- - -+ <4 -+ 3

0.25 ;@E %% 20 + % B
0.20E W /%
0.15F 108 P 3 F20 - §2
0.30 ;HH!1!H{%H!{HH;;H‘.:{HH{HH{HH;HH{H::}H::IHH:;:H:{....,.... g
0.25 i T T T I
5020}
2 0.15§
> 0.30 f
v=0.25
0.20 F
0.15F
0.30
0.25
0.20 F
0.15F

0.105"7"00 01 00 0.1
- Vv, (v/c)

N T = .
/, + + 3
f
/; 4 3 p
R L [REFEREanENRIREBEENERNANEESuSERERNASLSRURR ERUND
LI REARSE RARRS R 1 »
4 = 4 .
+ F 3
pu g [ p
£ 3 =
+ + 3
I ) r = i
' 3 = 4

ol NN AT P PP TR IO
1 0.0 0.1 0.0 0.1

XBL 931-24

Figure 2

33



' SOURCE VELOCITY (V_SOURCE/V_BEAM)

1.00
0.95
_6.90
0.85

0.80

=
[

o
©

o
o

©
-2

34

[ T =
— 31 MeV/nucleon Xe + X o
- =
- ]
-~ = 3356009 %% eFo0 T~~~ =]
i Al —— — — — — 1>§§CLQ_ S —
SR -
- 00°°° ]
B S
N 26 MeV/nucleon Xe + X i
[T —C 0202006 600905005909 6000~ —|
> Al —— — — — — — = 50002000000 0 |
r o‘3<>°<>°<>o ‘ 1
[ ' 0¢%o R
I Ti — ©3 %000 g0 T TN~ — = ]
1 —_—r / /—— —GED-G—D"BEE'%- ——————————— ]
> - -

C 1 J 1 | l 1 t ] 1 l 1 1 { L J 7
10 20 -30 -

Z .
XBL 931-25
Figute 3



. GE

EMISSION VELOCITY (V/C)

0-10 ””[””l'””P'”
C

llll]lllllllll"1l‘l_l

T1

llll‘]lll]lllllill_l

l
1
|
1

llllilTlilfIrllll!

TV I T

1lllllllllllllllllllllllllllllllllllll

0 10203040 1020 30 40 10 20 30 40 10 20 3040
Z

+ t T Cu ]

0.08 ¢ -+ TO T .
- T T T ]

0.06 T I T =
0.04 F + + + -
- T I o I~o .
0.0Rt o X1 T T oo -
N ' I 47, T 018 030700030 0N ) T oK f

—l@ L W’l\"’l [ I 1Lt l 1 [ | L1l I--l 111 l (SN [ L1114 l 1 11 L--Ll 1L l 1Li1 l Litl1 I [ l-

O . OO :l T3 LRI L I L l_‘_l i il LB l TETT I T1 l__l LIS ]. T ‘ I l R l-_' L} I LI I LI l T rl_
EC I A r T1 T Cu ]
0.08 T -+ -+ -
: T I I :

0.06 |- 1 -+ T ]
- T T T .

0.04 F 4 + + -
N T T T | ]
0.02F o o | :}-{%}\UW
().()() -Hftququ§qqaﬂn3711‘-|1|| 7] T h

XBL 931-26

Figure 4



9¢.

do/d® (mb/r)

ll‘lrllllllTllIll

ll‘l,l'l1|llllll|ll

Illllllrlllllllll

Illl'llll[llll

[ 150
o
C Al . 11?%1& LW
- LT et ot
_ Qo . . Jzz:;ggg;;xﬁQQ’ \§6&X%0@Mx£99/
214109 poeos | 14 (51000000 | 50 [y o
e b L+ —W——M—
14 (x107? 17 (x1072 :
AW M 20 (x107) .02
" : 1 120 (xlO“"g :eeéoc --W-
17 (x107%) %W A -4
E 2 2| 7 _| 23 (x107) - _mza (x1o;) e 600 |
20 (xlo-a) 7 @W— W I
' = . 26 (x107°) 22 (x107)
23 (x107) T26 (x10‘°g : “W“‘zg (x109) 7
' » 24 \Q&Wm%w¢W%
26 (x1075) 129 (x107%) 7 M‘“— M
W %W 32 (x10-") 32 (x107")
"29 (x107° T32 (x10°7) T T \ 1
W \égeeeooeeeeo” 35 (x10™%) : 35 (x107°) ©
a2 (x10°") 1385 (x107° __M—_ =
T0000600009G \eoeezeeeeec— - | 38 (g0 S | 38 (x10)
35 (x107%) 738 (0 M ‘
> o ©
38 (x107%) T B T N
Illll‘llllllllllll LllllllJlllllllllllllLlllllllllLl’llllJIllllIlllllll
0 50 100 150 50 100 150 50 100 150 50 100 150
Ocy (deg)
XBL 931-27
‘Figure 5



LE

100
103
\

e

E

D -6

o 10

5

o]
10—9
10-12

IlllllﬁllTjﬁlllr

ll‘lll’Tlllrrlll]_rl ) ‘ II"I_IjTIIT]llIT'II TIITTIII]—TIIIIIL
- | Al | T1 | Cu | )
10%).
i 1 ——10 (x ——Z=W |
| z=10 (x10°) 7Z=12 (x107") N
| I Mt -1 = Y
2=10 (x10°) 12”(x10! 14_(x107%) %
L 000000000~ | W 4 W 4 .
-1 16 (x107°
|12 0 14 (100D s000— 16 (X107 (oo | T900000o®T |
-4
14 (x;gs"zs)E 500 116 (x1o"’2 118 (x107%) — __IBW |
10" 18 (x10™* ~ - 20 (x10°0) e
|16 (X105%) e 1 (x107) 1'20_(x107%) S P ]
| 18 (x107%) ' | 20 (x107%) | 2 (x107°%) 00000000 |
_ - 24 (x1077)
20 (1020, o 122 (x107% |24 (x107") 1 ]
N - 8 (x107°
L% (ﬂeé)ee_ee; 1241000 4.26 (x107") I (x\l%)%eeer' 4
. " . - ) —9
|2 (X105 000 e_za%e_‘ 28 (x10-%) ___28 (x107°) i
26 (x107%) 28 (x107%) ,
28 v(x10‘°)
lllllllllll]_LLllLllllllllLIllllllllllllllll[_llllll!I.Lll|'|lllLl.Llllll
0 50 100 150 50 100 150 50 100 150 50 100 150
®CM
! XBIL 931-28

Figure 6



8¢

1000.0
500.0

TT11III-I‘IIII[II[II

1
3
-

T1|IIIII|||III|III

143

T TTTTT
}
Ll

L lllll

100.0

50.0 H * - +

i 1 '..v;'-.;'ﬂ‘.!.,,; Prey | 1: 1
10.0 ¢ E3 E3 E3 E
50F -+ =+ -+ -
] » 4 -+ L -
~~ ' . T T |
o 1.0F £3 E3 E3 E
-llll|llll|llllllIlI.LT—lllllILllllllLLlJllIT'"llllIllIlllIllllllIIT"LllLlllllllllIlllIL]T
e 0_5 E‘_IT"I—llllllllllllIIIlEE‘lllllITllllllllIlI[é:—:lllIl'llllllllllllllléslllllllIll‘llllllilllé
— 500.0f C + Al + Ti + Cu 3
b | 1! T T ]

- | | | T |
100.0 & =1 = ELLTIAR T
50.0 ¢ + -~ TV Fuie” N
- | _..\\ Y \_;_ - \
- 4 I\~ 1 + =
10.0 g E3 Ed E3 E
=) =4 i il =4 -
5.0 [ o) I T T ]
L\ 4 -4 R .
10kEk " D~ /v -+ . -
0.5 —lllllllllIlllllllllI;ClllllIill[lllLLll'lll;lllllllllll‘lllllLLl_l%llllllllllll/llllllll:l:

0 10203040 10203040 10203040 10203040
| 7 | |

XBL 931-29
Figure 7



AT ra——
llll

—t
II‘II

jr

AR AN NISNRSS R VD]

20 40 60

S

KB ARIP 4 TatP s v

LA A I LI LR ] UL L

20 40

—tm

LI l LI B L) l LI S I |

-

607

40 F

20 F

39

0

0

20 40

0

20 40

0

XBL 931-30

Figure 8



AN Ly LR Ll LRy LS KRRy LR LR R EE LR S LA LR NS L L LU I B T ]
- o 4. F X1 N
” © T £ L :
O - N EEEEERE .
= . B [T
. O n - =
- 3 A - -
N I [ .
e T - -
=9 . T C -
o + I n [
. = O - . - -
- M M +4 -+ : L
t___::_::_;:_::_::.i__::________:T_:___:1._.,_ NENENENEE ARNEN W1
T [ e o T T T P T Ty T o (T T T
- O I I I
o) 4 N B
L O lﬁ‘ ~ I I
- = - = - Wl
[~ i - -
- T + T
- e -t - -
F SO T T T
7+ 0 I n
- © O -t s i e | - u
- 02 + < + B -+ O -
Do v b e b o bora e baaas o b b b boo dn b Lo o Lo L 7
T e P T e T T D o e [ o e et e T 7]
= I T T , ]
N % - I I : E
C O - - I ]
= T - ” .
—_— —— — ——

~ T 1 [~
mw I I N
- MC —— —t -
= 3 + =+ -+ .
~ 8 a -+ L e ] “” o .l._.
=25 T IE I .
I NI AT Ty NN AR RN A RU AT IR T I I TN LT T h T SR P T

N

SLNNOD | -

O 20 40 60 80
XBL 931-31

21+72

Figure 9

20 40 60
40

20 40 60 O

O-v



IIT_I_[JTII‘[TTIIIIIIIIIIIIHljllrllllllTll]llﬁ}lll

COUNTS

'_ITTI]“rT[fl‘l'(lll‘Tl'r,_ -j
- 18 MeV/nucleon F 26 MeV/nucleon I 31 MeV/nucleon ]
- La+C E Xe+C T Xet+C :
- T T .
n * j:" .
N s 1% = ]
e el 1 N=ERTARSERI NN ] Arasaleerilies hIRE
_LTITTT]T_III ll‘!lvl]ll'lJ_j]TT]lTT'lvr]—lllll]ll]ll ‘-:l‘[_l][Tlfll‘jlllr.lT—lllll:
- Al Al —+Al ' =
N T £ 3
- T + =
X ¥ x E
~ T+ £ E
- I £ e
n | T + c A a3
llll]lLlll]ll_L ] !ll] ’-l_l_lllll 14 J_!_] $ Ly ll.LIJ Ill] -
:l|l|11!llll11|llllTllllE:Lllllllll[‘llll[1ll[|lij:_l llﬁllj]l lllll]l:
FTi ' I Ti ~ - TTi ]
- I A N U~ L .
- + R o ]
E Ea Vo :
- ¥ / VT .
= S ! \ T E
- ¥ S ? ¥ L3
L_lu = [4411']1 INERTRNEE: -!l!l]llil'li aalersr by n
PI ll]qulllr]T]ll']]uELll_rlllrl ]ljlli'l']lylLl:.L1lllllllllllllllﬂ[m
ENL g % Cu v FCa .
[ -+ / 3 ]
= l [ g /_/ \ :: -
- ] =y | = ]
— I o / \ = i
= . o T -

n TN / = -
= I N F 3 ]
- ‘\ T / =N : . B
t ||d|4nu||1|1_h -;u;Junélnulnu_ln Tty Tleaas bl N

0.5 0.6 0.7 0.80.9050.6,0.70809050.60.708091.0

source/ beam
XBL 931-32

Figure 10

41



11 @anbta

€C~-T1C6 146X

¢z t+ 17 | |
o9 O ~ 09 0P 09 0OV 09 0%

RIS AL LI BLALAL ALY SL AL AL AL ..-q—--.—..-.m.-.._...- LSRN RERES RAREE RAREE RARA @ o
- ot

4

T
u«

sl s

MTEPETES BT A
LI 4
Al

1100

| I

1
LINLIL I IR I LB I N

uﬁ @mw ” @Nﬁu «

90IN0Y

1
i
o @
o e

=
7

- T . Y i 160 &
- T I o
—\F\F——,-—-F— Ll L.t — i ——-— I Ll bl ——. 11 —— L4 _ Lt 1 —— L1l S | — »————- Ll —-- -—_-—- 1111 — 111 — Li _——!Pn—-—- 14l I
L] -—\—- LI — TFEF -— LELIR ) -— LI ) L) 441-——--—- LOL -—- --—q-- -qqul—!quu—-u- —--—-1—,- n-—-—-J-q—-I-J—-j -1—<u-1- 1.!
f ! i :

P P

LA R

M PSS U I A0
T 1t

)

waeo

W

r

-

o 7 ]
T4 ]

IN/nD T 1, v

clhagadag st sla gl ey _—_._...---»___._—--rﬁ_b.._P-——h..._...L._LL SERECRNRE SN RENNE SN

bt -l
1
il

Ll‘ll)l‘
lllillll
ll
@
lll
ll
O Oy @O
— O Qo

42



£y

Velocity Sourcle'

eam

B

Velocity

—_
C

o oo
O O

o o
.\2

/
o o
© o

o o
_\1

0.6¢

© o oo
oy 2 O ©
TIiT TIT7T T TI'I

o o o
o o O

o
@

40 50 60'?0 4050 60 '70 40506070 4050 60 '70
Z1 + Z2

XBL 931~-34

Figure 12



A%

Velocity Sourée

Ill"r‘ll’llllll‘r‘[lcll_r’llll

r,=1.10 pre+

SN

- -+

lIlLlJLllIll]lJlllllll llllllllLl Illlll
LA SLA B B NC LN L It L t T

LI

-1
LI B L _I

40 50 6070 40506070 40506070 4050860 '70
21 + 72

Figure 13




LB LN L BN (L B S

LELMLER]

TrT T VT Ty

LALJLANL I S S B A AL It

T T T T

-+

LI BILILIN R B B I BN B B

4
-+

I ST IS WS i
"l'l“l'l'l

LI B B L B L U N B

LN ML B

LANL L B B B S S (LB S

‘111|==|||111|Jlll-lll.llllnjll

60 ¢

0 20 40 0 20 40 0'20400204060

Z1

XBL 931-36

Figure 14

45



0 20 40 0 20 40 O 20 40 O 20 40 60

Z1

XBL 931-37

Figure 15

46



# of protons

MeV

- 200

40

,I T T 1 I v [ I LB l 1T 1 1

e N o)
o O

)
)

800

600

400

llllllllllllllllllllll lllllhll'l.lllllllllll

lrfl‘lllll

60

20

llllllllll]lll.rlll

AN
/
co s o b e e baaaa

. A\
0,,1,[',1,[,,,1['11,

2 4 6
b (fm) |

)
o)

XBL 931-38

Figure 16

47



LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
TECHNICAL INFORMATION DEPARTMENT
BERKELEY, CALIFORNIA 94720





