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ABSTRACT

Title of Dissertation: PERSISTENCE OF THE DEEP-INELASTIC REACTION
MECHANISM INTO THE INTERMEDIATE ENERGY
REGIME

Daniel Edward Russ, Doctor of Philosophy, 1998
Dissertation directed by: Professor Alice C. Mignerey

Department of Chemistry and Biochemistry

Projectile-like fragments produced in the reaction *Xe + **Cu and ™Sc at

E/A =30, 40, 50, and 60 MeV were detected using a new forward array, the
Maryland Forward Array, for the Michigan State University 4z array. The charge,

energy and position of the fragments were measured. Inclusive energy, charge and
velocity distributions, as well as mean charge and charge width as a function of
energy, and mean velocity as a function of charge, were generated. In addition, the
deflection functions for the systems were measured over the range of the detector.

The data are compared to the results of Tassan-Got’s stochastic nucleon
exchange model to see if a deep-inelastic process can produce the fragments seen in
these reactions. In addition, a dynamic model, BUU, is used to see its predictions for
peripheral collision reproduce the trends seen in the data.

At E/A =30 and 40 MeV, a comparison of the data with Tassan-Got model
calculations and an orbiting pattemn in the deflection function suggest that the deep-
inelastic reaction mechanism is occurring for both the Xe + Cu and Sc systems. At
E/A =50 MeV, the grazing angle for the Xe + Sc system falls inside the detector’s

inner radius, so no conclusion, based on the deflection function, about deep-inelastic
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process is made, however for the Xe + Cu system, the mean charge, charge width
and mean velocity plots support the presence of deep-inelastic reaction. At E/A =690
MeV, tiic grazing angle falls inside the detector’s inner radius for both systems.
However, the differences in the data suggests that the deep-inelastic process may no

longer be occurring.
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TG+SMM (solid lines) and BUU+SMM (dashed lines) model calculations for the Xe
+ Sc system at (a) E/A = 30 MeV, (b) E/A = 40 MeV (c) E/A = 50 MeV, and (d) E/A
SO0 MEV. e e 183

Figure V.9 A comparison of the inclusive velocity distributions for the data (dots) and
TG+GEM (solid lines) and BUU+GEM (dashed lines) model calculations for the Xe
+ Cu system at (a) E/A = 30 MeV, (b) E/A = 40 MeV (c) E/A = 50 MeV, and (d) E/A
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Figure V.10 A comparison of the inclusive velocity distributions for the data (dots)
and TG+SMM (solid lines) and BUU+SMM (dashed lines) model calculations for the
Xe + Cu system at (a) E/A =30 MeV, (b) E/A =40 MeV (c) E/A = 50 MeV, and (d)
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Figure V.11 A comparison of the inclusive velocity distributions for the data (dots)
and TG+GEM (solid lines) and BUU+GEM (dashed lines) model calculations for the
Xe + Sc system at (a) E/A = 30 MeV, (b) E/A =40 MeV (c) E/A = 50 MeV, and (d)
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Figure V.12 A comparison of the inclusive velocity distributions for the data (dots)
and TG+SMM (solid lines) and BUU+SMM (dashed lines) model calculations for the
Xe + Sc system at (a) E/A = 30 MeV, (b) E/A =40 MeV (c) E/A = 50 MeV, and (d)
EIA=60MEV. e 192
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F.gure V.13 A comparison of the mean charges as a function of laboratory kinetic
energy for the data (dots) and TG+GEM (solid lines) and BUU+GEM (dashed lines)
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Figure V.14 A comparison of the mean charges as a function of laboratory kinetic
energy for the data (dots) and TG+SMM (solid lines) and BUU+SMM (dashed lines)
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Figure V.15 A comparison of the mean charges as a function of laboratory kinetic
energy for the data (dots) and TG+GEM (solid lines) and BUU+GEM (dashed lines)
model calculations for the Xe + Sc system at (a) E/A = 30 MeV, (b) E/A =40 MeV (c)
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Figure V.16 A comparison of the mean charges as a function of laboratory kinetic
energy for the data (dots) and TG+SMM (solid lines) and BUU+SMM (dashed lines)
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Figure V.17 A comparison of the charge widths as a function of laboratory kinetic
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Figure V.19 A comparison of the charge widths as a function of laboratory kinetic
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Chapter I Introduction

The study of nuclear reactions goes back to Geiger and Marsden’s goid foil
experiment. Alpha particles were elastically scattered off gold and other heavy
targets. Elastic scattering was the only reaction possible because the alpha particles
did not have enough energy to make it past the Coulomb barrier.

Then, with the advent of cyclotrons, projectiles with sufficient energy to
induce nuclear reactions became feasible. A major goal of studying nuclear reactions
is to understand the different reaction mechanisms by which nuclei interact.

Currently, no one theory can describe globally nuclear reactions. But different
theories are applicable for particular energy and centrality regions.

Heavy-ion (A > 4) reaction mechanisms can be categorized by the bombarding
energy and impact parameter. Reactions with beam energy (Eg,,,,) less than around 20
MeV/A are considered low energy reactions, while reaction with 100 MeV/A <E,,, <
1000 MeV/A are considered high energy. Higher beam energies are considered
relativistic and ultrarelativistic. The impact parameter (b) can be described as the
distance between two point particles when they pass by each other in the absence of
any force acting between them [WON90]. Because of Coulomb repulsion, the
projectile scatters in an approximately hyperbolic path, as shown in Fig. I.1.
Therefore, the distance of closest approach is larger than the impact parameter. For
reactions with a small impact parameter, the nuclei collide “head on” in a central
collision; for reactions with impact parameters around the sum of the projectile and
target radii (R, + R,)), the nuclei barely collide in a very peripheral collision.

In low energy central collisions, projectile and target nuclei can fuse forming a
compound nucleus. The compound nucleus remains intact long enough for the
system to reach thermal equilibrium. This allows a decoupling of the entrance and

exit channels. Statistical models of evaporation and fission can well reproduce data

1
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Figure I.1 An example of (a) a grazing collision and (b) a central collision. The solid
line represents the path the projectile travels, and the dashed line is the path the

projectile would travel if there were no interaction with the target.
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from low energy central collisions. In more peripheral collisions, deep-inelastic
reactions that form projectile-like fragments (PLF) and target-like fragments (TLF)
retain a memory of the incoming channel. Stochastic nucleon exchange models, along
with statistical decay models, are used to predict experimental results and have met
with a good deal of success. These low energy collisions are fairly well understood,
and are controlled to a large part by the mean-field effects of the nuclear potential.

In high-energy the system is viewed as a collection of nucleons. The reactions
can be viewed as geometric in nature, such as in a participant-spectator scenario
[Day86). Nucleons that are in the region of overlap between the projectile and target
are considered participants in the reaction, whereas the other nucleons are considered
spectators. The participant nucleons can be sheared off the projectile leaving the
spectator nucleons whizzing off at beam velocity. These reactions are dominated by
the hard scattering of participant nucleons. Between these two energy regimes is the
intermediate energy region (20 MeV< E, /A <100 MeV). Both mean field and hard
scattering considerations need to be accounted for. This interplay between the mean
field and hard scattering makes theoretical description of these reactions difficult.

The intermediate energy region has stimulated a wide array of research
interests. In the low energy scenario, the moderately excited compound nucleus
survives long enough for the system to reach thermal equilibrium before decaying via
a chain of particle emissions and fission. Entering into the intermediate energy, the
excitation energy of the system increases and the time between successive emissions
decreases. When the time between successive decays becomes small enough, the
system can no longer reach thermal equilibrium. Eventually, with enough excitation,
the system may explode in one multifragment decay. It is not known at what
excitation energy multifragmentation becomes the dominant decay mode. The method

by which the system breaks apart is also unclear. Some multifragmentation models
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assume that the nucleus undergoes a liquid-gas transition, and recently *“caloric
curves” have been measured for several systems [LEE97] showing a plateau in
temperature with increasing excitation energy. The plateau is analogous to the plateau
in the temperature with increasing energy in water as it boils. Other models assume a
statistical break-up of the compound system after some degree of equilibration.
Dynamic models, which calculate the phase space coordinates of individual nucleons,
predict the formation of “neck regions” and other non-spherical geometries where
particles are emitted from nonequilibrated systems.

Studies of a the systems, '**'%*Xe + ''21%Sn at E/A = 55 MeV [Sob97] and
Xe + Sn at E/A=50 MeV [Luk97] have claimed that dynamic effects different than the
deep-inelastic mechanism are occurring and intermediate mass fragments (2 < Z <
Z,.../2) may be the result of emission of particles from the neck region. However,
orbiting patterns in the deflections functions from *Xe + **Bi at E/A=28 MeV

[Bal9S] show strong evidence of deep-inelastic reactions.

I.A Deep-Inelastic Reactions

Deep-inelastic or damped reactions have been extensively studied with low
energy heavy-ion reactions [SCH84, TOK92] and bridge the gap between direct
reactions (pickup/stripping of a nucleon) and compound nucleus formation. Deep-

inelastic reactions occur for collisions with impact parameters larger that the impact
parameter associated with the critical angular momentum ( ¢_, ) for fusion and smaller
than the grazing impact parameter (b,). The value of ¢_; is the maximum angular
momentum that the system can have and still fuse. The value of b,, corresponds to the
impact parameter where the distance of closest approach of the projectile and target is
the equal to the sum of the projectile and target radii.

Deep-inelastic reactions occur when the projectile and target overlap to form a

dinuclear system. A window for nucleon exchange opens, and nucleons pass through

5
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it carrying angular momentum and kinetic energy with them. Large amounts of
excitation energy can be generated in the dinuclear system. The amount of excitation
energy in the system is a function of the number of nucleons exchanged. As the
projectile and target overlap, the dinuclear system rotates and then separates, forming
a projectile-like fragment (PLF) and a target-like fragment (TLF). The system rotates
while the nuclei are in contact due to conservation of angular momentum. The larger
the angular momentum, the faster the system rotates, but the shorter the system stays
in contact. The smaller the angular momentum, the slower the system rotates, but the
longer the system stays in contact. This effect leads to focusing of the PLF around
the grazing angle. In addition the longer the system is intact, the more nucleons are

exchanged, and the system becomes more excited.

I.B Signatures of Deep-Inelastic Reactions

The double ditferential cross section, 3°6/0Ed6, or deflection function as this
E and 0 dependence is commonly called, is used as a signature of rotation in a deep-
inelastic reaction. In deep-inelastic reactions, the PLF is focused toward the grazing
angle. However, as the impact parameter decreases, the system rotates and the PLF
goes to smaller angles, as seen in Fig. 1.2. The rotation will eventually pass through
zero degrees and enter into negative angles. As the amount of rotation increases, the
PLF scattering angle is larger and the kinetic energy decreases. The double
differential cross-section for potassium isotopes in an “’Ar + 2*Th reaction at 388
MeV is shown in Fig 1.3 [SIW76]. A large peak corresponding to quasi-elastic
events is seen. The ridge of products with lower energy and smaller angles are events
where the dinuclear system rotates longer and more kinetic energy is converted into
excitation energy. As the system passes through zero degrees, a second ridge is seen

where the products continue to lose energy, except the scattering angle increases.
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Figure 1.2 A schematic showing the scatter angles arising from the different classical

trajectories.
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Figure 1.3 The deflection tunction for potassium ions for the reaction 2*Th + “Ar at
388 MeV. The circles are calculations for angular momentum values ranging from ¢ =

180h to ¢ = 250h [SIW76].
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This is the negative angle scattering ridge. The dots on the figure represent a model

calculation performed with ¢=1807# to ¢=250% [SIW76).

Another signature of the deep-inelastic reaction is the broadening of mass and
charge distributions with increasing total kinetic energy loss (TKEL). This is viewed
as an indication of the nucleonic exchange process. A deep-inelastic reaction will
have a smooth mean charge with increasing TKEL. The mean charge and charge
widths as a function of the TKEL for *Fe + '“Ho at E/A = 12 MeV [Mad95] are
shown in Fig. 1.4 (a) and (b), respectively. The arrow is the value of the TKEL

associated with the entrance channel Coulomb barrier.

I.C Signatures of Other Mechanisms

If a participant-spectator mechanism is occurring, then the signatures of the
reaction would be different than those for a deep-inelastic reaction. The size of the
projectile spectator is a measure of the impact parameter. A large projectile spectator
means that there was very little overlap of the system (peripheral collision), and a
small projectile spectator indicates a more central collision [WES76). The velocity of
the projectile spectator is very nearly beam velocity, so the mean velocity should not
change with the Z of the projectile spectator. In addition, the width of the charge
distribution should not change much with increasing energy loss and be very small.

The mean of the velocity distributions should be near the beam velocity for all Z’s.

I.D Research Goals

The goal of this research project is to examine the extent to which the deep-
inelastic mechanism is responsible for the production of PLF’s in E/A = 30, 40, 50,
and 60 MeV *Xe + "*Cu and ™Sc reactions. In order to study PLF’s, a detector
with the ability to identify a large range of products over a large range of energies was
built. Since PLF’s from deep-inelastic reactions are focused towards the grazing

angle, which goes from 1.0" in the Xe + Sc at E/A = 60 MeV system to 2.8" in the Xe
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Figure 1.4 The (a) mean charges and (b) charge widths as a function of TKEL for the
system *Fe + '“Ho at E/A=12 MeV [Mad95]. The arrow in the figure is the value of

the TKEL associated with the entrance channel Coulomb barrier.
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+ Cu at E/A =30 MeV system, the new detector sits at very forward angles. The
detector needs to be fast and durable since it receives a large number of events. The
new detector, the Maryland forward array (MFA), is a segmented silicon-plastic-
plastic detector telescope.

The data from the MFA will be compared to Tassan-Got'’s stochastic nucleon
exchange model [TAS91] to see if a deep-inelastic model can predict the experimental
results. In addition, the data will also be compared to a BUU model which will see if
a microscopic model can predict the experimental results.

The experimental technique and equipment used in the experiment are
described in Chapter II. Chapter III describes the results of the experiment.
Descriptions of Tassan-Got and BUU models and the results of the model calculations
are presented in Chapter IV. A comparison of the models and experimental results
can be found in Chapter V. Finally a summary of the results for each system and

concluding remarks are in Chapter VL

14
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Chapter II Experimental Details

The experiment was performed at the National Superconducting Cyclotron
Laboratory (NSCL) on the campus of Michigan State University (MSU) as
experiment 93046. A beam of '*Xe at E/A = 30, 40, 50 and 60 MeV was extracted
from the K1200 cyclotron. In addition, beams of ‘He, '*C, %0, “Ar, and “Kr at
E/A =40 MeV and 60 MeV were extracted as calibration beams. Reaction parameters
for the Xe + "*Cu calculated using the systematics of the Atomic Data and Nuclear

Data Tables [WIL80] arc listed in Table II.1 for a natural Cu (A = 63.546) target.

Table II.1 Reaction Parameters for '®Xe + **Cu and (**Sc)

30MeV/A | 0MeV/A | SOMeV/A | 60 MeV/A

R,, (fm) 12.94 12.94 12.94 12.94
(12.46) | (12.46) (12.46) | (12.46)
VouMeV) | 174.33 174.33 174.33 174.33

(131.03) (131.03) (131.03) (131.03)
E. MeV) 1277.22 1702.96 2128.70 2554.70
(1000.13) | (1333.51) | (1666.89) | (2000.27)

8, (deg) | 2.77 2.04 1.61 1.31
(2.08) (1.53) (1.21) (1.00)

0 mpc (deg) | 8.40 6.18 4.89 4.05
(8.04) (5.92) (4.69) (3.88)

e (1) 115.96 115.96 115.96 115.96
(108.00) |(108.00) | (108.00) | (108.00)

lome (1) 613.00 721.69 816.02 900.53

(463.94) (545.71) (616.74) (680.39)

15
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ILA Experiment Setup
The beam was directed into the N2 vault at the NSCL which contains the

MSU 4r array [WES85]), a 32 element truncated icosahedron (soccer ball) with 20
regular hexagonal sides and 12 regular pentagonal sides, with an approximate outer
radius of 1 meter. The front and back pentagons were removed for the beam entrance
and a forward array. The beam current was measured using a faraday cup at the end
of the beam line. The 4n array was augmented with a new far forward array, the
Maryland Forward Array (MFA) [RUS97], which fits inside the forward array of the
4x. The targets were 1.3-mg/cm? thick copper, 1.0-mg/cm? thick scandium and 0.4-
mg/cm? thick gold. The current analysis of this experiment is limited to the study of

the projectile-like fragments measured by the MFA.

II.B Maryland Forward Array
The MFA is an array of 16 silicon-phoswich detectors forming a circle

centered on the beam axis, as shown in Fig. II.1. The inner and outer diameters of
the MFA are 2.4 cm and 4.8 cm, respectively. Mounted inside the MSU 4r array, the
MFA sits 96 cm from the target. The active region covers between 1.4° to 2.9° in the
laboratory. The active area of one of the MFA segments is 3.39 cm® or a solid angle
of 0.368 msr. The total active area is 54.29 cm? or 5.89 msr.

Phoswich detectors are commonly used to measure the intermediate mass
fragments produced in intermediate energy heavy-ion reactions. They consist of a fast
and slow plastic element sharing a single photomultiplier tube (PMT). The thin piece
of fast scintillating plastic, the AE detector, is optically coupled to a thick piece of
slow scintillating plastic, the E detector. The fast and slow plastics have different
response times. The PMT signal, which is the sum of the AE and E signals, can be
separated into the AE and E components by splitting the PMT signal and sending each

16
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Figure I1.1 A schematic of the Maryland forward array showing the different parts of

the array
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of the split signals into charge integrating analog to digital converters (QDC’s). The
two QDC'’s have different time gates over which they are integrated. The first QDC

time gate is set corresponding to a peak in the AE signal. The second QDC time gate
is set corresponding to a later time when the AE signal has decayed away. The

integrated values are proportional to the light output of the plastic detectors, which in
turn is related to the energy deposited.

The AE detector used by the MFA consists of 1.0 mm of BC400 fast plastic.
The fast plastic has a characteristic rise time of 0.9 ns and a decay time of 2.4 ns. The
E detector consists of 10. cm of BC444 slow plastic. The rise time of the slow plastic
is 19.5 ns, and the decay time is 179.7 ns. Physical properties of the fast and slow
plastics are shown in Table I1.2. The phoswich is optically coupled to a

Hammumatsu R1924 PMT via a BC800 light guide.

Table I1.2 Technical Specifications for the Scintillating Plastic

Fast Plastic Slow Plastic

Material BC400 BC444
Light Output | 65 % Anthracene 45 % Anthracene

Rise Time 0.9 ns 19.5 ns
Decay Time | 2.4 ns 179.7 ns
Density 1.032 g/cm® 1.032 g/cm’

The voltages on the PMT’s are set with a LeCroy 1440 HV power supply.
Using the LeCroy 1440, voltages can be set and monitored remotely using a computer
outside the vault. The voltages were set around -900 V, and were checked throughout

the experiment.
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Figure I1.2 A schematic of the front and back of the silicon detector used with the

Maryland forward array.
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A schematic of the silicon detector is shown in Fig. I.2. The silicon element

of the MFA is a Micron Semiconductor design S (Heildelberg) annular silicon

detector. This commercially available detector is a 2-sided 300.-pm thick silicon

wafer. The detector is fully depleted at 20.5 V. On the front face the detector is

segmented into 16 equal arcs of 22.5°. On the back are 16 concentric rings broken

into quadrants for a total of 64 strips.

II.C Maryland Forward Array Electronics
The electronics for the phoswich element of the MFA were designed to match

the electronics for the MSU 4= array, the intention being that, for data acquisition

purposes, the MFA would look like the rest of the MSU 4xr. An electronics diagram
for the MFA is shown in Fig. I1.3. A complete description of the 4r array electronics
can be found in MSU 4n LUsers guide [CEB89], along with a complete description
of each of the modules used in the setup.

A signal from the MFA’s PMT was amplified and split into 3 similar signals
using a passive splitter box specially designed for the MSU 4= [CEB89]. Each
splitter module had 16 BNC inputs and 48 (3 groups of 16) ECL outputs. One set
was delayed by 300 ns and placed in the AE Fast Encoding Readout ADC (FERA) to
be read into the computer. The second set was delayed by 150 ns and placed in the E
FERA. The FERA integrated the signal it received from the PMT while a gate was
opened. The AE and E FERA’s had different time gates so that they would integrate
different parts of the PMT signal. The FERA’s in this experiment were set in zero
suppression mode, meaning that if, after pedestal subtraction, there was a zero value
in an ADC channel, then no data word was written into the data stream. The third set
of signals was placed into a 16 channel Phillips discriminator and used to set the

trigger logic and ADC gates.

22
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Figure I1.3 Diagram of the electronics for the MFA used in experiment 93046.
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The signals from the silicon detectors were pre-amplified with NSCL quint
preamplificrs and then shaped using NSCL shaping amplifiers. The shaped pulse
height was proportional to the energy deposited in the silicon detector. Gates for the

peak sensing ADC’s were created by the MFA signal.

ILD Calibration of the Maryland Forward Array
The MFA was designed to identify the charge and measure the kinetic energy

of a fragment. The method used to calibrate the MFA has undergone many iterations.
It has spanned the range from simple to highly complex before settling in on the
method described here. The general philosophy behind the calibration is to decide if
the fragment stops in the fast plastic, slow plastic, or neither. If a fragment stops in
the fast plastic, then the silicon and fast plastic detectors are used to identify the
fragment. If the fragment stops in the slow plastic, then the fast and slow plastic
detectors are used. If neither of these situations occur, then the MFA cannot identify

the fragment and the fragment is discarded.

[1.D.1 Energy Calibration of the Silicon Element of the MFA
The energy calibration for the silicon detector was performed using the

centroids of elastic peaks of several calibration beams. The pulse height of the silicon
signal responds linearly with the amount of energy deposited. Energy loss
calculations were performed using MFA_ELOSS, a FORTRAN computer code based
on Zieglar systematics [BIR89,ZIE80]. No pulse height defect corrections were
attempted because the particles that are identifiable do not stop in the silicon detector
[KEH92, MOU78]. The calibration results for one of the 16 silicon segments are
shown in Fig. 11.4.

25

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure I1.4 The raw silicon detector ADC value versus the elastic energy of the beam.
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I1.D.2 Light Output of the Scintillating Plastic Detectors

The light output from scintillating plastic detectors is inherently non-linear.
Over the range of Z and E in this experiment, the light output has a strong non-linear
Z and E dependence. This makes particle identification and energy calibration
difficult. Also, since the fast and slow plastics share a single PMT, some of the light
from the fast plastic will be digitized in the slow gate and some of the light from the
slow plastic will be digitized in the fast gate. It is necessary to decompose the signals
from the raw fast and raw slow QDC values into values that are a function of the light
output from only the AE detector, the AL value, and a value that is a function of the
light from only the E detector, the L value. A 2-dimensional fast versus slow
histogram for the MFA is shown in Fig. IL.5. The data fall between 2 lines. The
first, the punch-in line, is a collection of particles that stop in the fast plastic. These
particles deposit no energy in the slow plastic. All the light is from the fast plastic and
the points should fall on the y-axis (L = 0). The other line, the neutral line, consists
of neutral particles and cosmic rays which leave little to no energy in the fast plastic.
The neutral line should fall along the x-axis (AL = 0). The decomposition into AL
and L is equivalent to pulling the neutral line and punch-in lines onto the x and y axes,
respectively. Typically, a linear mapping is performed [CEB92], however for the
MFA a linear mapping cannot be used because the punch-in “line” is a curve.

The method used to decomposed the signals is similar to a linear mapping.

Two functions, f{slow) and g'l(fast), are subtracted from the fast and slow values,
respectively, to take into account the light from slow and fast plastics. The mapping
is done using the following equations:

AL =(fast - Y,) - f(slow), -1

L = (slow-X,) - g™ (fast). (11-2)
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Figure IL.5 Scatter plot of the raw fast versus slow ADC values.
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In the linear case [CEB92), fislow) = kp(slow - X,), and g-1(fast) = (fast -
Yo)/kp, where &, and kj, are the slopes of the neutral line and the punch-in lines,

respectively. The intersection of the punch-in and neutral lines is the point (X,,Y,),
and is a measure of the offset in the QDC. In principle, the punch-in curve can be fit
to a tunction of the slow signal. However, inverse functions can be difficult to
calculate depending on the function chosen. In order to simplify the procedure, data
are plotted as a slow versus fast 2-dimensional histogram. Fitting the function in this
manner gives the inverse function g"'(fast) directly. The punch-in curve s fit to a
linear + exponential function

g (fast) =) pc 4 d fast, (11-3)
where g, b, ¢ and d are fitted parameters. The linear + exponential function has the
property of being approximately linear for small values of the raw fast signal. This
being the case, the point (X,,Y,) can be calculated assuming 2 straight lines. The first
line is the neutral line, the second line is the line tangent to the punch-in curve at

fast = 0. This line should approximate the punch-in curve for small raw fast values.
The slope of this line is given by g.l(O), and the intercept is g(0). For the linear +

exponential function,

1 1
1 =2’(0) = = -4
stope = ¢(0) g7 0) be*+d @-4)
and
-1 a
intercept = g(0) = g0 _etc (I-5)

g 0) T be+d’
The linear approximation can be interpreted in another way. It is an ideal

response for the detector. Under this assumption, for every value of the raw fast

signal, there is a fast’ signal which is the ideal response of the detector. The fasr’

value is a linear extrapolation of the low energy response of the scintillating plastic for
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all points, including those not on the punch-in curve. It should be noted that this

method does not include any contribution to the non-linearity caused by the slow

plastic, or by a mixed fast-slow term. The fast’ value is given by

&) 4 e 4 d fast—e® —¢
be*+d

fast’ = , (11-6)

where 4, b, ¢, and d are the same parameters as in Eq. I1-3. A fast’ vs. slow

distribution is shown in Fig. I.6. The fast’ vs. slow distribution is linearly mapped

using Eqgs. I1.4 and ILS to put the punch-in curve on the AL axis and the neutral curve
on the L axis. The L and AL values are used to identify the fragment, and calculate

the fragment’s kinetic energy.

I1.D.3 Particle Identification of Fragments
In order to identify the fragments, the detector that the particles stops in must

be known. A threshold value is set on the L value to discriminate whether or not a
particle made it into the slow plastic. For particles to be identified, it is also required
to have a AL value. As seen in Table I3, a flag is set on these conditions specifying

the set of detectors to use for particle identification.

Table I1.3 PID Flags and their Meaning

Conditon ~ Descripion  Value

AL>0 AND L<20  Particle is identified with the silicon and fast plastic ~ flag = 1
detectors

AL>0 AND L<20  Particle is identified with the fast and slow plastic flag=2
detectors

Else (AL<0) Particle cannot be identified flag =-3
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Figure IL.6 Scatter plot of the fast’ versus the slow ADC values.
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For the plastic detectors, the centroids of the elastic peaks for the calibration

beams were calibrated using,

AL = g AE*Z* (I1-7)
and
L=qa,E*Z", (II-8)

where a,, a,, b, b, , ¢, and ¢, are constant for a given detector and AE and E are the
energy deposited in the fast and slow plastic detectors, respectively. The values of a,,
a,, b, b, , ¢, and ¢, are given in Table A.1.

Using Egs. II-7 and II-8, an energy loss computer code can be modified to
calculate AL and L values. Energy loss calculations for each Z from 2 to 54 over an
energy range from 2 to 70 MeV/A were performed. The energy loss calculations for
Z =6 and Z = 8 are shown in Fig. I1.7. The dots represent the calculated points,
and the x’s are the data from the calibration runs. The function AL(L) was fit for cach
Z using the equation

ALQ) =~ (1-9)

for points where the particle stopped in the slow plastic, with fitting parameters s, and
s,. The solid line in the Fig. I1.7 is a fit using Eq. II-9. Since this is a calculation
based on energy loss, the detector in which the particle stops is not ambiguous. The

values of s, and s, are parameterized in terms of Z using a second order polynomial,

5(Z) = 5,0+ 5., Z + 5,Z° (II-10)
and
§x(Z) = Sag + S Z + 5, 2°. (I-11)

One problem that arises from the parameterization of s,(Z) is that it creates a
region in the AL-L plot where there is no solution. A power-fit would be a better

parameterization; however, upon substitution into Eq. II-9, it cannot be solved
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Figure IL.7 The calculated AL and L values for Z = 6 and 8. The dots represent
calculated values for fragments with Z =6 or 8 and E/A = 10 to 70 MeV. Points with
L =0 are removed. The x’s are the AL and L values from the '*C and '°0 beams at

E/A =40 and 60 MeV.
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analytically. In order to minimize the size of the region where there is no solution, s,
is refit using points for Z < 20. The values of s, $,,, 5,2, S5, 55, and s,, are given
in Table A.2. The second order fits are shown in Fig. IL.8 for s,, and ,.
Substituting this parameterization into Eq. II-9 and collecting terms yields

(S22- 813) Z2 + (55 - 5,,) Z + (8559~ 5,0+ AL L) = 0, (I11-12)

which has a quadratic form and can be solved analytically.
For particles that stop in the fast plastic, an analogous method is used. The

function Si(AL) is fit to energy loss calculations using the equation

/i
S, +AL’

Si(AL) = (II-13)

where f;, and f, are parameterized in terms of Z using a second order polynomial,

fx(z) =fio +fuz +fl'.'zz (1I-14)
and
FoA2) = foo + foZ + f,Z°. (1I-15)

Substituting this parameterization into Eq. II-13 and collecting terms yields a form

analogous to Eq. II-12,
Fa-fi) Z2 + (fyy - i) Z + (fio- f0 + Si AL) = 0. (1I-16)

The values of f,,, fi,» fiar far for» and f,, are given in Table A.3. The second order

fits are shown in Fig. IL.9 for f, and f,.

I1.D 4 Kinetic Energy of the Fragments

The kinetic energy of a fragment is calculated using the value from the
stopping detector and the results of the energy loss calculations. The elements in front
of the stopping detector are used as a degrader. The energy is Z dependent, so the
particle identification must be done first. The function KE(AL) or KE(L) is fit to a

polynomial; KE(AL) is used when the fragment stops in the fast plastic, and KE(L) is
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Figure I1.8 Polynomial fits to the parameters s, and s, used in Eq. 9.
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Figure I1.9 Polynomial fits to the parameters f, and f, used in Eq. 13.
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used when the fragment stops in the slow plastic. The function is parameterized in

terms of a second order polynomial giving

KE(L)=m,L’ + m,L+m, (U-17)
and
KE(AL) = n,AL? +n,AL +n,, (1I-18)

where m,, m,, m,, n,, n,, and n, are functions of Z. Each parameter is fit to a 2" or
higher order polynomial in terms of Z for each of the 16 detectors. Once the Z is
identified using the method in Sec. I1.D.3, the energy can be calculated from the AL
or L using Egs. II-7 or II-8. The fitting functions and their parameters for m,, m,,
m,, 0y, 0,, and n, are given in Tables A.4 and Table A.S.

After the energy and charge calibration, the data are compared to Eloss
calculations for punching into and out of the detector, as shown in Fig. I1. 10 for a
E/A =50 MeV Xe+Cu system. The three solid lines are the detector energy threshold
(labelled threshold w/Si), the energy where fragments enter the slow plastic (labelled
punch into slow plastic), and the energy where the fragments punch out of the
detector. The dashed line in is the detector threshold when the silicon detector is not
used. There is no low Z data identified with the silicon - fast due to an offset in the Si

ADC'’s.

II.D.5 Angular Identification
The position of a particle is measured by correlating which silicon strip and

segment fired. The distance away from the center of the detector is measured by the

strip that is hit. The strip number is converted to a distance in centimeters by using

, 24017 -strip)

d=24 T

1-19)

The strip number is defined in this experiment as an integer from 1 to 16 with the

outermost strip being defined as one, and the innermost strip as 16. Subtracting
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Figure IL. 10 Calibrated charge vs. energy distribution for Xe + Cu at E/A = 50 MeV.
The solid lines are an Eloss calculation showing the threshold of the MFA with the
silicon detector, the energy required to punch into the slow plastic for each Z, and the
energy required to punch out of the detector. The dashed line is the MFA threshold

without the silicon detector.
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from 17 reverses the order in which the strips are defined. The constant 2.4 is the
inner radius of the silicon detector, and the 2.4 in the numerator is the difference
between the inner and outer radii. Figure .11, shows the hit pattern on the silicon
detector for one experimental run. If the beam was centered on the detector, the
number of counts at a distance away from the center of the detector would be constant
with respect to ¢, with ¢ given by the segment,

¢ = 78.75 - 22.5 (segment-1), (11-20)
where segment is an integer from one to 16. The numbering scheme for the segments
starts at oné. centered on 78.75°, and goes around the detector clockwise until it
reaches 16, centered on 348.75°. As seen in Fig. I1.11, the beam is not centered on
the silicon detector. Since the silicon detector has fine angular resolution, it is
necessary to correct for the beam position.

In order to calculate the beam position, a circle is with equal number of counts
is created. The center of the circle is the beam position. A histogram of the distance
away from the center of the MFA for one Si segment is shown in Fig. I1.12. As seen
in the figure, farther away from beam corresponds to less counts. The distribution for
each Si segment is fit to a power law. By choosing one value for the number of
counts, 16 distances can be calculated using the different power fits. These 16
distances, along with the ¢ value of the Si segment, are converted from polar
coordinates (d, ¢) to rectangular coordinates (X,Y). The origin of both of these
systems is the center of the detector. These 16 points should lie in a circle centered on
the beam position. The value for the number of counts should be chosen so that the
16 points that form the circle are within the detector. This is not a requirement, but
since a power fit was used to calculate the distance, it is best not to extrapolate beyond

the experimental data.
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Figure II.11 Contour plot showing the hit pattern on the silicon detector . The data is
smoothed by adding a random value to spread the data across the face of a detector

segement.
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Figure I1.12 An example of a fit to the histograms of distances away from the center

of the detector.
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The method used to find the beam center is illustrated in Fig. I1.13. Three
non-colinear points are required to define a circle. Three points (X,,Y),), (X,,Y,), and
(X;,Y,) are chosen from the 1€ points. The set of all points equidistant to points
(X,.Y)) and (X,.Y,) is the line L,, which is perpendicular to a line that runs between
the points. The slope of line L, is

X, -X,

A A (I1-21)

As denoted by the stars in Fig. I1.13, the line also runs through the midpoint of the
two points, ((X,+X,)/2, (Y,+Y,)/2). The slope and any point on the line completely
define L,. Line L, is the set of points equidistant to the points (X,,Y,) and (X,,Y,).
The slope and midpoint for line L, are calculated in the same manner as was done for
L, except that X, and Y, are substituted for X, and Y,. The two lines L, and L,
intersect at the center of the circle, which is the position of the beam, (X, Y,). The
method is repeated tor all combinations of the 16 points taken 3 at a time. The center
is the average X and Y of the 560 different combinations possible. The beam center
for each run is shown in Fig. II.14. The dots represent the mean X or Y position of
the beam when the data trigger is one particle in the MFA. The x’s represent the mean
X or Y position of the beam when the data trigger is two particles in the main ball of
the MSU 4r.

For every hit in the silicon detector, a silicon segment and a strip measure the
position. The segment and strip are converted to polar coordinates (d,¢). Since the
detector has only 16 strips/segment and only 16 segments, the data are spread out
over the region covered by the strip and segment by adding a random number from -
11.5 to +1 1.5 to the ¢, and adding a random number from -0.75 to +0.75 to the d.
The value of 11.5 and (.75 correspond to half the ¢ coverage of the segment and half
the distance between strips, respectively. The spreading smoothes the data so that

angular distributions can be made. After spreading, the data are converted to
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rectangular coordinates (X,Y). This spreading technique was also employed in
producing the hit pattem shown in Fig. I.11.

For each hit, the average beam center for a run is subtracted trom the position
based on the segment number and strip number to give the fragment position in the
coordinate system centered on the beam. The new position is converted into spherical

coordinates (r,8,¢) and used for further analysis.
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Figure I1.13 A schematic describing the method used to calculate the position of the
beam. The points (X,,Y)), (X,,Y,), and (X,,Y,) are 3 non-linear points. The dashed
lines are the lines connecting the points, and the solid lines are the all the point
equidistant from (X,,Y,) and (X,,Y,) (labeled L1) or (X,,Y,) and (X,,Y,) (labeled
L2). The stars indicate the midpoint between points (X,,Y,) and (X,,Y,) and the
midpoint between points (X,,Y)) and (X,,Y,).
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Figure II.14 The beam position for each run. The dots represent the mean value of
the X and Y position of the beam for an MFAL trigger, and the x’s are the mean
values of the X and Y position of the beam for a BALL?2 trigger. The error bars are

one standard deviation above and below the mean.
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Chapter III Restlts

The results presented here are from NSCL experiment 93046, a 'Xe beam at
E/A =30, 40, 50, and 60 MeV on targets of "Cu and "Sc. In Sec. IIL.A charge and
energy distributions are shown for the Xe + Cu and Sc at all beam energies. Section
IT1.B presents the means and widths of the charge distributions gated on PLF
laboratory energy. In Sec. III.C the mean energy distributions as a function of Z for
all systems in the study are shown. Velocity distributions as a function Z, are also
presented in this section. The deflection functions or “Wilcynski-type” plots are
shown in Sec IIL.D. The data are normalized by setting the area under the elastic

peak, scaled by the beam current, equal to the Rutherford cross section.

IIILA Charge and Energy Distributions
The charge and energy distributions show what type of fragments are formed

in a reaction. The charge vs. laboratory kinetic energy 2-dimensional histograms for
Xe + Cu are shown in Fig. IIL.1 (a)-(d). At E/A =30 MeV, Fig. III.1(a), there are
numerous fragments in the elastic region, and a ridge of fragments with decreasing
charge and energy. Most of the fragments formed are 35 < Z < 56, however there are
some fragments with Z < 35 not seen in the figure because their yields falls below the
lowest contour. Increasing in energy to E/A = 40 MeV, Fig IIL.1 (b), the same shape
to the distribution is seen, but a larger fraction of the fragments are outside the elastic
region. One reason for this is that the grazing angle decreases with increasing beam
energy, and the elastic cross section decreases dramatically outside the grazing angle.
At E/A =50 MeV and E/A = 60 MeV, the trend towards forming smaller, less
energetic fragments increases with increasing beam energy. The same trends are seen

for the Xe + Sc system, as shown in Fig I11.2 (a)-(d).
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Figure III.1 Log Contour plot of the Z vs. kinetic energy of the fragments for Xe +
Cu at (a) E/A =30 MeV, (b) E/A =40 MeV, (¢) E/A =50 MeV, and (d) E/A =60
MeV
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Figure I11.2 Log Contour plot of the Z vs. kinetic energy of the fragments for Xe + Sc¢
at (a) E/A =30 MeV, (b) E/A =40 MeV, (c) E/A =50 MeV, and (d) E/A = 60 MeV
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The charge distributions integrated over kinetic energy for Xe + Cu at E/A =
30, 40, 50, and 60 MeV are shown in Fig. I11.3 (a)-(d). For E/A = 30, 40, and 50
MeV, the elastic peak at Z = 54 is easily seen. Along with the elastic peak is a tail of
lower Z fragments that increases in magnitude with beam energy. However, in the
E/A = 60 MeV system the elastic peak is not noticeable. This is because the grazing
angle falls inside the inner radius of the MFA. The charge distributions for the Xe +
Sc system at E/A = 30, 40, 50 and 60 MeV are shown in Fig. II1.4 (a)-(d). Since Sc
has a smaller nuclear charge (Z,.=21, Z,=29) than Cu, the grazing angle becomes
smaller. The elastic peak is visible at E/A = 30 and 40 MeV, but it is not visible at
E/A =50 and 60 MeV. This leads to a difference in the shape of the charge
distributions. The hole in the Z distribution around Z = 17 is caused by a negative
offset in the Si ADC. Fragments in the hole should be identified using the Si and Fast
plastic, however these fragments do not drop enough energy in the Si to overcome the
offset. Since they have a zero value in the Si, the fragment is removed from the data
stream. The charge distributions at E/A = 40 MeV are similar to those at E/A = 30
MeV, with the noticeable exception that the total cross section for the data is less than
the cross section at the other energies. This may be caused by the position of the
beam. Because the elastic cross section is very sensitive to the angle, if the calculated
beam center is off by 0.1 mm, it will cause a noticeable difference in the cross-
section. However, the shape of the distribution should not change if the beam center
is off.

The laboratory kinetic energy distributions for the Xe + Cu system at E/A =
30, 40, 50 and 60 MeV are shown in Fig. [ILS (a)-(d). A peak in the energy
distribution is seen around the beam energy at E/A = 30, 40, and 50 MeV. As with
the charge distributions, the number of lower energy fragments formed from the

reactions increase with beam energy when compared to the elastic peak. The energy
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distributions for the Xe + Sc system at E/A = 30, 40, 50, and 60 MeV are shown in
Fig. I11.6 (a)-(d). The energy distributions for the Xe + Cu and Sc are very similar
for the E/A= 30 and 40 MeV systems, however the grazing angle for the Xe + Sc at
E/A = 50 MeV falls inside the inner radius of the MFA, whereas it does not in the Xe
+ Cu at E/A =50 MeV. This causes differences in the shapes of the energy

distributions.

III.B Mean Charge and Charge Width Distributions

How the mean charge varies with laboratory kinetic energy is often interesting
when studying reaction mechanisms. Laboratory kinetic energy was chosen instead
of the more standard total kinetic energy loss (TKEL) used at lower energies to avoid
assuming 2-body kinematics. The charge centroids and widths are measured two
ways. In both cases, charge distributions are created with laboratory kinetic energy
bins 2(0)-MeV wide. Each distribution this then fit to a Gaussian distribution

y= g_exp[_l(z-_(z)_)’], (IIL1)

2\ o

where y is the number of counts with nuclear charge Z (or the probability of having

nuclear charge Z when the distribution is normalized to one), <Z> is the mean of the

charge distribution, ¢ is the standard deviation of the charge distribution, and A is a

normalization constant. A moment analysis is also performed, where the first

moment, or the mean, is given by

<Z >=%Zz,., (II.2)

=l

and the second moment, or the variance, is given by

oz =—3(z,-(2)). (IL3)

n-li=l

63

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



where Z, is the nuclear charge of one fragment in the histogram, <Z> is the mean

nuclear charge of the distribution, o% is the variance of the distribution, and n is the
number of iragments in the histogram.

The mean charges for Xe + Cu at E/A = 30, 40, 50 and 60 MeV are shown in
Fig. 1.7 (a)-(d). There is very little difference between the two methods when the
distributions are fairly Gaussian in shape. However, when there is outlying data, the
Gaussian fitting is done excluding the outlying data; the moment analysis is always
done over the entire distribution. For all the Xe + Cu systems, a smooth decrease in
mean charge is seen with decreasing energy. The results for the Xe + Sc system at
E/A = 30), 40, 50, and 60 MeV, shown in Fig. I11.8 (a)-(d), are very similar to their
Xe + Cu analogues.

The charge widths for Xe + Cu and Xe + Sc at E/A = 30, 40, 50 and 60 MeV
are seen in Fig. II1.9 (a)-(d) and Fig. III. 10 (a)-(d), respectively. There is a more
significant difference between the Gaussian fitting and the moment analysis,
particularly in the higher energy bins. This is primarily due to non-Gaussian tails in
the distributions that increase the width in the moment analysis. Since the Gaussian
fits excludes these regions, the methods yield different results. In both the Xe + Cu
and Sc systems at E/A = 30 and 40, the trend shows an increase in the width of the
charge distribution with decreasing laboratory energy (or an increase in TKEL).
However, at E/A =50 and 60 MeV, there is a flat region in the highest kinetic energy
bins, where the width does not change. For lower kinetic energy bins, the widths

increase with decreasing kinetic energy.

III.C Mean Velocity

Instead of comparing the mean energy, the mean velocity can also be used.

This removes the trivial mass dependence from the energy. Since the MFA can
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Figure I1.3 Inclusive charge distributions for the data from the reaction Xe + Cu at
(a) E/A =30 MeV, (b) E/A =40 MeV, (c) E/A = 50 MeV, and (d) E/A = 60 MeV.

The charge distributions are integrated over the detector’s coverage.
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Figure I11.4 Inclusive charge distributions for the data from the reaction Xe + Sc at (a)
E/A =30MeV, (b) E/A =40 MeV, (c) E/A =50 MeV, and (d) E/A = 60 MeV. The

charge distributions are integrated over the detector’s coverage.
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Figure IILS Inclusive energy distributions for the data from the reaction Xe + Cu at
(@) /A =30 MeV, (b) E/A = 40 MeV, (c) E/A = 50 MeV, and (d) E/A = 60 MeV.

The charge distributions are integrated over the detector’s coverage.
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Figure II1.6 Inclusive energy distributions for the data from the reaction Xe + Sc at (a)
E/A =30 MeV, (b) E/A =40 MeV, (c) E/A =50 MeV, and (d) E/A = 60 MeV. The

charge distributions are integrated over the detector’s coverage.
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Figure I11.7 Energy dependence of the mean charge for the reaction Xe + Cu at (a)
E/A =30 MeV, (b) E’/A =40 MeV, (c) E/A =50 MeV, and (d) E/A = 60 MeV. The
dots represent Gaussian fits to the charge distributions and the X's represent the first

moment from a moment analysis.
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Figure II1.8 Energy dependence of the mean charge for the reaction for the reaction
Xe + Sc at (a) E/A =30 MeV, (b) /A =40 MeV, (c) E/A =50 MeV, and (d) E/A =
60 MeV. The dots represent Gaussian fits to the charge distributions and the X’s

represent the first moment from a moment analysis.
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Figure II1.9 Energy dependence of the widths of the charge distributions for the
reaction for the reaction Xe + Cu at (a) E/A =30 MeV, (b) EFA=40MeV, (c) E/A =
50 MeV, and (d) E/A = 60 MeV. The dots represent Gaussian fits to the charge

distributions and the X’s represent the second moment from a moment analysis.
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Figure I1I. 10 Energy dependence of the widths of the charge distributions for the
reaction for the reaction Xe + Sc at (a) E/A =30 MeV, (b) E/A =40 MeV, (c) E/A =
50 MeV, and (d) E/A = 60 MeV. The dots represent Gaussian fits to the charge

distributions and the X's represent the second moment from a moment analysis.
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measure charge and not mass, the mass is parameterized by using [BOW91]

A =2.08Z +0.0029Z7, (I11.4)
where Z is the atomic number and A is the mass number. The velocity of the particle

is calculated by

Vel=E/A, (I11.5)

where E is the laboratory kinetic energy of the fragment. The velocity is then divided
by the beam wvelocity so that the systems with different beam energies can be
compared directly. Velocity distributions are gated on the Z of the fragment to show
the mean velocity as a function of the Z. The mean velocity plots for Xe + Cu and Sc
at E/A = 30, 40, 50, and 60 MeV are shown in Figs. III.11 and I11.12 (a) - (d),
respectively. At E/A =30, 40, and 50 MeV, the velocity decreases with decreasing Z
until around Z = 20, 25, and 30 for E/A = 30, 40, and 50 MeV, respectively. After
this initial decrease in the velocity, the velocity increases for light fragments. In the
E/A =6() MeV systems, the velocity remains around the beam velocity, except for the

smallest Z values.

III.D Deflection Functions
The double differential cross section 3°c/0Ed8, which will be referred to as the

deflection function, can provide evidence for rotation in the dinuclear system. The
deflection functions for the Xe + Cu and Sc systems at E/A = 30, 40, 50 and 60 MeV
are shown in Fig II1.13 to IT1.20. At E/A =30 MeV, there is a ridge of products
located at the elastic energy and within the grazing angle. A second extends off it and
goes to smaller energies and angles. A third ridge observed at even lower energies,
goes to higher angles with decreasing energy. This is the typical “orbiting pattern”
seen when a system rotates, with the excitation energy of the system related to the
amount of time the system rotates. The third ridge is the mirror of the rotation past

zero degrees (see Fig 1.3). This orbiting pattern is also seen the Xe + Cu and Sc
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systems at E/A = 30 and 40 MeV. At E/A = 50 MeV, the Xe + Cu possibly shows an
orbiting pattern, however in the Xe + Sc system since the elastic peak falls inside the
inner radius of the detector, only the low energy negative angle scattering branch is
seen. For the Xe + Cu and Sc systems at E/A = 60 MeV, both cases fall outside the

grazing angle, and no orbiting is observed.
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Figure ITI.11 Charge dependence of the means of the velocity distributions for the
reaction Xe + Cu at (a) E/A = 30 MeV, (b) E/A =40 MeV, (c) E/A = 50 MeV, and (d)
E/A = 60 MeV. The dots represent Gaussian fits to the charge distributions and the

X’s represent the second moment from a moment analysis.
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Figure III.12 Charge dependence of the means of the velocity distributions for the
reaction Xe + Sc at (a) E/A =30 MeV, (b) E/A =40 MeV, (c) E/A =50 MeV, and (d)
E/A =60 MeV. The dots represent Gaussian fits to the charge distributions and the

X's represent the second moment from a moment analysis.
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Figure III.13 Deflection function showing the double differential cross section =%

tor Xe + Cu at E/A = 30 MeV on a log scale.
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Figure III. 14 Deflection function showing the double differential cross section +%

for Xe + Cu at E/A = 40 MeV on a log scale.
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Figure III.15 Deflection function showing the double differential cross section %

for Xe + Cu at E/A = 50 MeV on a log scale.
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Figure III.16 Deflection function showing the double differential cross section &%

tor Xe + Cu at E/A = 60 MeV on a log scale.

93

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



JI[2

e

-._.--—._.-—_--—-._.—--_-—-—-_—-

g

: § 8 § 8 8 ¢

qelq

(=]

1O

Theta

94

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure III.17 Deflection function showing the double differential cross section 7’;,,—%

for Xe + Sc at E/A =30 MeV on a log scale.
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Figure II1.18 Deflection function showing the double differential cross section £&

for Xe + Sc at E/A =40 MeV on a log scale.
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Figure III.19 Detlection function showing the double differential cross section %a%

for Xe + Sc at E/A = 50 MeV on a log scale.
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Figure II1.20 Deflection function showing the double differential cross section £&

for Xe + Sc at E/A = 60 MeV on a log scale.
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Chapter IV Model Calculations

Model predictions serve as a guide to help understand the signatures of
reaction mechanisms. In this study the data are compared to two models. One of the
models, the Tassan-Got (TG) model [TAS91], is a stochastic nucleon exchange
model which is used to describe deep-inelastic reactions. The other model solves the
Boltzmann-Uehling-Uhlenbeck [BER88] (BUU) equation and is a fully microscopic
model which tracks nucleons as they interact with each other under the influence of a
mean field.

The cooling of hot nuclei, with temperatures above a few MeV, is not a well
understood phenomena. Both TG and BUU form excited primary fragments. Before
the results can be compared to experimental data, the primary fragments must be
allowed to de-excite. After the models are run, the calculated hot fragments are then
allowed to cool using two different “afterbumers”. The sequential binary decay code
GEMINI [CHA88,CHA90] is the standard decay model used for nuclear systems
with low to moderate excitation energy. The simultaneous multifragmentation model
SMM[BONS85a, BON85b, BAR87] is often used for hot systems formed in
intermediate energy heavy-ion collisions. These two models use very different
assumptions. Whether hot nuclei break apart in a series of sequential 2-body steps or
in one multfragment step is still under debate.

The results of the models are normalized to the geometric cross section as a

function of the ¢-value for the primary calculations.

IV.A Tassan-Got’s Stochastic Nucleon Exchange Model

Tassan-Got’s model assumes that energy dissipation occurs through a
stochastic exchange of nucleons. As the projectile and target touch, a window opens

for nucleon exchange, as seen in the shaded region in Fig. IV.1 [TAS91]. As
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Figure IV.1 A schematic diagram showing the geometry assumed in the TG model.
The x, y, and z axes are defined in (a). The point O is the origin of the coordinate
system, and C, and C, are the centers of the donor and acceptor nuclei, respectively.
The window of overlap is shown in (b). The values of p and 6 define the position in

the window of the transterred nucleon.
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nucleons transfer from the donor to the acceptor, they bring relative kinetic energy
with them.
The transfer process is parameterized by 5 parameters, 6(p,,, p,,» Py, P> 0).
The first 3 parameters are the x, y, and z components of the momentum of the
transferred nucleon. The last 2 parameters, p and 0, define the position of the
transferred particle in the window, as shown in Fig. IV.1. The origin of the reference
frame is in the center of the overlapping region, labeled O in the figure, and p and 6
are defined in the y-z plane. Only transfers that occur in the appropriate direction are
allowed. The probability for a transfer to occur is given by
P = [®Tn(1-n,)d’%, av-1)
where @ is the one way phase space flux and T is the barrier penetrability calculated
using a sum of two Woods-Saxon potentials. The variables n, and n, are the
occupation probabilities.
A random drawing decides the type, proton or neutron, and the direction of
the transfer. Energy conservation is maintained by requiring
Ab,+AS, + AE; + AE, + AK + AU =0, (Iv-2)
where A, and Ad, are the changes in the mass excess after the removal of a nucleon
trom nucleus 1 and the addition of a nucleon to nucleus 2. The AK term is the relative

kinetic energy of the nucleon, and AU is the difference in the potential well depth of
the donor and acceptor nuclei, as shown in Fig IV.2 [TAS91]. The values AE'1 and

AE;, are differences in the excitation energy over the ground state due to differences
2 gy g

in the Fermi energies of the donor and acceptor nuclei,

AE =g, —¢, (Iv-3)
and
AE, =¢, -€p. (Iv-4)
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Figure I'V.2 Potential wells for the donor and acceptor nuclei. The energies &, and
€, are the Fermi energies, U, and U, are the depths of the potential wells, and €1 and

€2 are the different energies of the transterred nucleon over the Fermi energies for the

donor and acceptor nuclei, respectively.
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After a transfer occurs, new values for A, Z, and E" are calculated and the process

starts again.

IV.B Boltzmann-Uehling-Uhlenbeck Equation (BUU)
The BUU equation is a combination of the cascade model and the Vlasov

equation [BER88]. In the cascade model, the nucleus is considered a spherical
collection of point particles. The nucleus is then boosted to beam velocity and given a
particular impact parameter with respect to the target. The projectile and target
nucleons are allowed to scatter off each other and are followed throughout the
reaction. The cascade model treats only the hard scattering of the nucleons and
ignores mean-field effects. The Vlasov equation is an approximation of time

dependent Hartree-Fock theory. The BUU equation is

%f.w-v,f-v,vafﬂlﬂ, av-s)

where T| f| is the average rate of change of the particle distribution f. This is

numerically solved using the cascade model. The left side of the equation, when set
to zero, is the Vlasov equation. The mean-field potential U used in the BUU equation

is a density dependent Skyrme potential
4]
U(p) = A(Z)+B(2), av-6)
where the A term is attractive, the B term is repulsive, ¢ > 1, p is the density, and p,

is the normal nuclear density (~0.15 fm™).

The solution to the BUU equation is a particle distribution function; it does not
produce individual fragments. A clustering routine is necessary to create fragments
out of the particle distributions. Garcia-Solis’ [GAR96] clustering routine was used
in this study. The routine looks for fragment seeds by breaking up coordinate space

into cubes with sides 2r,. The cube is considered “interior” if the nuclear density at
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the center of each face of the cube is greater than normal nuclear density. In this case,
the nucleons in the center are surrounded by nuclear matter. A nucleon is an “exterior
nucleon” that is part of the cluster if its momentum and position are within the Fermi
momentum and r,, the cube size of the seed. The value of r, was set to 9 fm.

In addition, when in time during the collision to start the clustering is
important. Typically, a freeze-out time is chosen at the time when the overall density
and energy are at a minimum [GAR96]. The time dependence of the density and
energy are shown in Fig. IV.3. After the first minimum, the system will continue to
oscillate in density and energy. The first minimum was chosen as the freeze-out time
at around t =90 fm/c. At this point the BUU is stopped [BER88], and clusters are

created from the resultant nucleon distribution in phase space.

IV.C GEMINI
The sequential decay code GEMINI follows the decay chain of a hot

compound nucleus. It steps though binary decays until the fragments no longer have

enough energy to decay. For Z < 2, GEMINI uses Hauser-Feschbach formalism to

calculate the decay widths for evaporation of light particles (Z,,A,) from the hot

system (Z,A,), leaving the residual nucleus (Z,,A,). The decay width T is given by

E'-B-€,

2], +1 ‘&
T,(e)p,(U,.1,)de,  @V-7)
2190 el ! (€)p, 2)

[(Z,.A,.2,.A,)=

where ¢ and € are the angular momentum and the kinetic energy for the emitted

fragment. The transmission coetficient T, is taken from the sharp-cut off model,

0 e<e,, +——h 8(84:1)
2uUR"
7;(8) = 2 ’ (IV‘8)
h*e(e+1)
1 e2¢e +————
2uR°
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Figure IV.3 Time dependence of the overall density and energy calculated by the
BUU model.
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where L is the reduced mass and €, is the Coulomb barrier. The absorptive radius R

is calculated using

(Iv-9)

1.16A}” +2.6fm for proton and neutron emission
" |1.16A¥ +3.7fm  for alpha emission )

The level density of the residual nucleus p(U,, J,) is calculated using the Fermi-gas

model with the Lestone {LES95] temperature dependent level density parameter.
For Z > 2, the transition state formalism of Moretto is used to calculate the
decay widths. The decay width is given by
) E'-EUo)
F(Zl,Al,Zz,A2)=# [EXCAS AT (IV-10)
Po %
where p_, is the level density of the conditional saddle point configuration, € is the
kinetic energy, T, is the transmission coefficient, and U, is the thermal energy of the
saddle point, given by
U,=E-E_({J,)-¢. (Iv-11)
The deformational plus rotational energy of the saddle point E_,(J,) is given by
Eai(lo) =EZ™ (1) - My, (Z,,A)) + M. (Z1.A), (Iv-12)
where E:‘MFRM (J o) is the saddle point energy from the rotating finite range model, M,
is the mass calculated from the Yukawa+exponential model, and M,,, is the
experimental mass.
After the hot system breaks up, the resulting fragments are treated as new
excited systems which can decay if they have sufficient excitation energy. The decay

chain is followed until all the fragments are cool.
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IV.D Simultaneous Multifragmentation Model
The simultaneous multifragmentation model SMM [BON85a, BON85b,

BARS7] starts with an excited compressed system characterized by mass A, charge
Z,, and total energy E,. The system goes through three stages. First, during
formation of the hot system, cracks form in the system. Second, the system expands
and fragments form. Last, light particles evaporate removing the last of the excitation
energy. Before the system expands through a break-up volume, thermal equilibrium
is reached and the system attains an average composition of protons and neutrons.
After the break-up the system is in a final state partition. The partition consists of all
the fragments that the system broke into. The probability that the final state is in
partition {F} is given by

AT = exp Sg(Ag.Zo.Eo). Iv-13)

where S is the final state entropy. The final states are constrained by

Y NazA=A,, (IV-15)
AZ
ZNA.ZZ=ZO av-16)
AZ
and
E, =225 +Y N, E,, =E™™ +E; =E,, av-17)
5 R 4~

where N, , is the multiplicity of fragments with mass A and charge Z, and E, is the

excitation energy above the ground state EE™™. The total energy E,, is the sum of

the Coulomb energy of a homogeneous charged sphere of radius R and the
contribution of the individual fragments. The energy E, ,, for each fragment with
mass A and charge Z is approximated using the liquid drop model as the sum of the

bulk, surtace, clustering, Coulomb, and translational energies
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Eprz=EXz+Ejz+EY3 +E{, +EL . (IV-18).

IV.E Primary Distributions
The primary Z vs. E* distributions calculated by the TG model for the Xe +

Sc and Cu systems at E/A = 30 MeV are shown in Fig. IV.4 (a) and (b), respectively.
For both systems, the TG model predicts formation of an excited PLF. The TG
model tends to drive the primary system toward greater mass asymmetry, as seen in
lower energy reactions with similar mass asymmetries [MAD92, MAD95].
Increasing the beam energy has little effect on the primary Z vs. E* distribution
calculated with the TG model, other than to make the system slightly more excited.
The calculated primary Z vs. E* distributions for Xe + Sc and Cu systems at E/A =
30, 40, 50, and 60 MeV are shown in Fig. IV.4 - IV.7 (a) and (b), respectively. The
TLF is not shown because it typically does not have enough energy to be identified by
the MFA and is mostly at angles covered by other detectors. Neglecting the TLF
saves CPU time, which can be considerable for the afterburners. Excited products
from more central collisions are not seen in the TG results because the TG model
restricts the angular momentum range from ¢_, to ... By definition, fusion cannot
occur over ¢,.

The primary Z vs. E* distributions calculated by the BUU model for the Xe +
Sc and Cu systems at E/A =30 MeV are shown in Fig. IV.4 (c) and (d), respectively.
The solid lines mark Z,,,;..;. = 54 and Z,_, = 21 and 29. Unlike the TG model
results, BUU predicts the formation of many light charged particles. The BUU model
also tends to create systems with more excitation energy than systems from the TG
model, since the BUU calculation includes reactions over all impact parameters, not
just peripheral collisions. Unlike the TG model, BUU predicts a very different

primary distribution for the Xe + Sc and Xe + Cu systems. In the Sc system, it
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Figure IV.4 Primary charge vs. excitation energy at E/A = 30 MeV from the (a) Xe +
Sc TG, (b) Xe + Cu TG, (c) Xe + Sc BUU, and (d) Xe + Cu BUU model

calculations.
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appears that a PLF is present with excitation energy similar to the TG result.
However, in the Xe + Cu system the PLF cross section is very small and the PLF has
very low excitation energy. Instead, a significant fusion-like component exists in the
Xe + Cu system, along with copious production of IMF’s.

The BUU generated primary Z vs. E* distributions for E/A =40 MeV are
shown in Fig. IV.5 (c) and (d). Again, the primary fragments are very different in the
two systems. For the Xe + Sc system, no longer can a clear PLF be seen. Fragments
from near Z = 54 down to IMF’s are produced, and the system has greater excitation
energy than at E/A = 30 MeV. For the Xe + Cu case, the system no longer
completely fuses. A highly excited system forms when the projectile tears off a chunk
of the target. Increasing the beam energy to E/A = 50 MeV, shown in Fig. IV.6 (c)
and (d), causes a dramatic difference in the Z vs. E* distribution between the Xe + Sc
and Xe + Cu systems. A projectile spectator, with Z around 54 and low excitation
energy, and a hot target-like fragment are seen in the Cu distribution. Thus, the BUU
model predicts a participant-spectator reaction in the Xe + Cu system, but not in the
Xe + Sc system. At E/A = 60 MeV, shown in Fig. IV.7 (c) and (d), an excited PLF
and TLF are tormed in the Xe + Cu system, however it’s not seen in the Xe + Sc
system. The incomplete fusion-like component of the Xe + Sc resembles the Xe + Cu
at E/A =40 MeV.

The primary deflection functions calculated using the TG model for Xe + Sc
and Cu at E/A = 30, 40, 50, and 60 MeV are shown in Figs. IV.8 - IV.11 (a) and (b).
The deflection functions calculated by the TG model for the Xe + Sc system are very
similar to the deflection functions for the Xe + Cu system. This is not true for the
BUU calculations shown in Figs. IV.8 - IV.11 (c¢) and (d). The BUU calculations
have a much smaller cross section for the higher energy fragments at small angles for

the Xe + Sc system than for the Xe + Cu system. Since the MFA sits at small angles,
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Figure IV.5 Primary charge vs. excitation energy at E/A =40 MeV from the (a) Xe +
Sc TG, (b) Xe + Cu TG, (c) Xe + Sc BUU, and (d) Xe + Cu BUU model

calculations.
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Figure IV.6 Primary charge vs. excitation energy at E/A = 50 MeV from the (a) Xe +
Sc TG, (b) Xe + Cu TG, (¢) Xe + Sc BUU, and (d) Xe + Cu BUU model

calculations.

121

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Sc Cu

100 100
X @ | P FEw®
80 80
70 70
60 60
N 5 50
40 40
30 30
20 20
10 10
0 Bubvviilindennd
0 1000 2000 3000 4000 O 1000 2000 3000 4000
100 100 ¢
90 90 E (@)
80 80 F
70 0 E
60 60 P
N 5 50
40 40
30 30
20 20
10 § 10
o BT 1l
0 1000 2000 3000 4000
E* (MeV)
122

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure IV.7 Primary charge vs. excitation energy at E/A = 60 MeV from the (a) Xe +
Sc TG, (b) Xe + Cu TG, (¢) Xe + Sc BUU, and (d) Xe + Cu BUU model

calculations.
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Figure IV.8 Kinetic energy of the primary fragments vs. scattering angle at E/A = 30
MeV from the (a) Xe + Sc TG, (b) Xe + Cu TG, (¢) Xe + Sc BUU, and (d) Xe + Cu

BUU model calculations.
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Figure IV.9 Kinetic energy of the primary fragments vs. scattering angle at E/A = 40
MeV from the (a) Xe + Sc TG, (b) Xe + Cu TG, (c) Xe + Sc BUU, and (d) Xe + Cu
BUU model calculations.
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Figure IV.10 Kinetic energy of the primary fragments vs. scattering angle at E/A = 50
MeV from the (a) Xe + Sc TG, (b) Xe + Cu TG, (c) Xe + Sc BUU, and (d) Xe + Cu

BUU model calculations.
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Figure IV.11 Kinetic energy of the primary fragments vs. scattering angle at E/A = 60
MeV from the (a) Xe + Sc TG, (b) Xe + Cu TG, (c) Xe + Sc BUU, and (d) Xe + Cu
BUU model calculations.
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the BUU calculated cross sections are expected to be smaller for the Xe + Sc system
than in the Xe + Cu system.

The Z vs. theta distributions calculated by the TG model for Xe + Sc and Cu
at E/A = 30, 40, 50, and 60 shown in Figs. IV.12 - IV.15 (a) and (b) are very similar
for the two targets. This is in contrast to the Z vs. theta distributions calculated by the
BUU model for Xe + Sc and Cu at E/A = 30, 40, 50, and 60 MeV, shown in Figs.
IV.12 - IV.15 (c) and (d), which are very different. For the E/A = 30 MeV systems,
the Xe + Sc has a clear PLF focused at forward angles, and a TLF that is spread out
to larger angles. In the Xe + Cu system, no PLF/TLF distinction exists. There is a
peak at Z around 46, possibly due to incomplete fusion where a chunk of the
projectile was removed by the target. Increasing to E/A =40 MeV, the PLF and TLF
are no longer seen in the Xe + Sc system. The Xe + Cu system forms fragments
extending to much larger Z values than does the Xe + Sc system (AZ, . = 8)
although forward focused peaks around Z = 46 are seen fro both systems. At E/A =
50 MeV, there is a large contribution from incomplete fusion in the Xe + Sc system.
In the Xe + Cu system, a participant spectator peak exists along with many light
charged particles. At E/A =60 MeV, large systems are formed in the Xe + Sc
calculation resembling the Xe + Cu at E/A =40 MeV, while the Xe + Cu still contains
the projectile spectator peak seen at E/A = 50 MeV. The Z around 46 peak persists .
for the Xe + Sc even at E/A = 60 MeV.

IV.F MFA Filter

Since the MFA has such a small angular coverage, the geometric, as well as
the energy, filter has a significant effect on the final distributions. The filter rejects
fragments that have too little energy to punch into the fast plastic, and rejects
fragments that have enough energy to punch out of the slow plastic, since in either

case the MFA cannot identify the fragment. The filter also rejects fragments that fall
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Figure IV.12 Primary charge vs. scattering angle at E/A = 30 MeV from the (a) Xe +
Sc TG, (b) Xe + Cu TG, (c) Xe + Sc BUU, and (d) Xe + Cu BUU model

calculations.
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Figure IV.13 Primary charge vs. scattering angle at E/A = 40 MeV from the (a) Xe +
Sc¢ TG, (b) Xe + Cu TG, (c) Xe + Sc BUU, and (d) Xe + Cu BUU model

calculations.
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Figure IV.14 Primary charge vs. scattering angle at E/A = 50 MeV from the (a) Xe +
Sc TG, (b) Xe + Cu TG, (c) Xe + Sc BUU, and (d) Xe + Cu BUU model

calculations.
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Figure [V.15 Primary charge vs. scattering angle at E/A = 60 MeV from the (a) Xe +
Sc TG, (b) Xe + Cu TG, (c) Xe + Sc BUU, and (d) Xe + Cu BUU model

calculations.
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outside the angular coverage of the MFA. Since the beam was not centered, the
position of the fragment was shifted by the measured mean center for each energy and
target combination. After the GEMINI and SMM afterburners were run, the
calculated results were filtered with the MFA filtering routine. The effect of the filter
can be seen in Fig. IV.16 (a) and (b). The solid lines are the unfiltered TG calculated
(a) charge and (b) energy distributions with a GEMINI afterburner. The dotted lines
are the same distributions after going through the MFA filter. The dashed lines are the

results for the filtered TG calculation with an SMM afterburner.

IV.G Secondary distributions
The secondary charge distributions calculated by the TG model for Xe + Cu at

E/A = 30), 40, 50, and 6() MeV are shown in Fig. IV.17 (a) - (d). The solid and
dashed lines are the results from the TG model with the GEMINI afterburner or with
the SMM afterbumer, respectively. The similarity between the results of the two
afterburners at the higher energies is interesting considering they have such radically
different assumptions. One difference that stands out is the presence of a symmetric
fission peak around Z = 30 in the TG+GEM results. The energy distributions
calculated by TG+GEM and TG+SMM for the Xe + Cu at E/A = 30, 40, 50 and 60
MeV are shown in Fig. IV.18 (a)-(d). The fission peak located just below E = 0.5
E,... is evident in the TG+GEM results. The velocity distributions for the Xe + Cu
system at 30, 40, 50 and 60 MeV are shown in Fig. IV.19 (a)-(d). There is a
predominance of fragments near the beam velocity, regardless of the secondary decay
mode. The TG results for the Xe + Sc system are not shown because they are very
similar to TG results for the Xe + Cu system as noted in the primary distributions.
As with the TG model results, there is little difference between the SMM and
GEMINI afterburners in the BUU secondary distributions. The BUU secondary

charge distributions are shown in Fig. IV.20 (a)-(d) for the Xe + Cu system
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Figure IV.16 Effect of the MFA geometric and energy filter on the TG model results.
The solid line is the untiltered TG+GEM results. The dotted and dashed lines are the
filtered results from the TG+GEM and TG+SMM models, respectively.
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Figure IV.17 The calculated secondary charge distributions for the TG+GEM and
TG+SMM models for Xe + Cu at (a) E/A =30 MeV, (b) E/A =40 MeV (c) E/A =50
MeV, and (d) E/A = 60 MeV. The solid and dashed lines represent the TG+GEM and

TG+SMM results, respectively.
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Figure IV.18 The calculated secondary energy distributions for the TG+GEM and
TG+SMM models tor Xe + Cu at (a) E/A =30 MeV, (b) E/A =40 MeV (c) E/A =50
MeV, and (d) E/A = 60 MeV. The solid and dashed lines represent the TG+GEM and
TG+SMM results, respectively
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Figure IV.19 The calculated secondary velocity distributions for the TG+GEM and
TG+SMM models for Xe + Cu at (a) E/A = 30 MeV, (b) E/A =40 MeV (c) E/A =50
MeV, and (d) E/A = 60 MeV. The solid and dashed lines represent the TG+GEM and

TG+SMM results, respectively.
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Figure IV.20 The calculated secondary charge distributions for the BUU+GEM and
BUU+SMM models for Xe + Cu at (a) E/A =30 MeV, (b) E/A =40 MeV (c) E/A =
50 MeV, and (d) E/A = 60 MeV. The solid and dashed lines represent the
BUU+GEM and BUU+SMM results, respectively.
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at E/A = 30, 40, 50, and 60 MeV and in Fig IV.21 (a)-(d) for Xe + Sc system. Notice
that there are few products with Z near the beam. As shown in Figs. [V.4 -1V.7, the
BUU model fails to produce many primary fragments in this regicn. Also, there is no
peak associated with symmetric fission in the BUU+GEM calculation. The situation
is the same for the calculated energy distributions for the Xe + Cu system at E/A = 30,
40, 50, and 60 MeV, shown in Fig IV. 22 (a)-(d), and for the Xe + Sc system at E/A
= 30, 40, 50, and 6() MeV, shown in Fig. IV.23 (a)-(d).

A comparison between the charge distributions of Xe + Sc and Cu at E/A =
30, 40, 50 and 60 MeV calculated using BUU+GEM is shown in Fig. IV.24 (a)-(d).
The solid line is the Xe + Cu system and the dashed line is the Xe + Sc system.
There is about a factor of 10 difference in the cross section for these two systems at
E/A =30 and 40 MeV. As the energy increases, this discrepancy becomes smaller.
As seen in the BUU primary distributions, the Xe + Sc system does not produced as
many forward moving PLF’s as in the Xe + Cu system. A comparison between the
energy distributions of Xe + Sc and Cu at E/A = 30, 40, 50 and 60 MeV calculated
using BUU+GEM, Fig. IV.25 (a)-(d), shows the same effect.

The velocity distributions calculated with BUU+GEM and BUU+SMM for
the Xe + Cu system at E/A = 30, 40, 50, and 60 MeV are shown in Fig. IV-26 (a)-

(d). For all the distributions, the two afterburners look similar.
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Figure IV.21 The calculated secondary charge distributions for the BUU+GEM and
BUU+SMM models for Xe + Sc at (a) E/A =30 MeV, (b) E/A =40 MeV (c) E/A =
50 MeV, and (d) E/A = 6() MeV. The solid and dashed lines represent the
BUU+GEM and BUU+SMM results, respectively.
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Figure IV.22 The calculated secondary energy distributions for the BUU+GEM and
BUU+SMM models for Xe + Cu at (a) E/A =30 MeV, (b) /A =40MeV (c) E/A =
50 MeV, and (d) E/A = 60 MeV. The solid and dashed lines represent the
BUU+GEM and BUU+SMM results, respectively.
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Figure IV.23 The calculated secondary energy distributions for the BUU+GEM and
BUU+SMM models for Xe + Sc at (a) E/A =30 MeV, (b) E/A =40 MeV (c) E/A =
50 MeV, and (d) E/A = 60 MeV. The solid and dashed lines represent the
BUU+GEM and BUU+SMM results, respectively.
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Figure IV.24 A comparison between the BUU+GEM charge distributions for the Xe
+ Cu and Sc systems at (a) E/A =30 MeV, (b) E/A =40 MeV (c) E/A =50 MeV, and
(d) E/A = 60 MeV. The solid and dashed lines represent the Xe + Cu and Xe + Sc

systems, respectively.
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Figure IV.25 A comparison between the BUU+GEM energy distributions for the Xe
+ Cu and Sc systems at (a) E/A =30 MeV, (b) E/A =40 MeV (c) E/A = 50 MeV, and
(d) E/A = 60 MeV. The solid and dashed lines represent the Xe + Cu and Xe + Sc

systems, respectively.
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Figure IV.26 The calculated secondary velocity distributions for the BUU+GEM and
BUU+SMM models for Xe + Cu at (a) E/A =30 MeV, (b) E/A =40 MeV (c) E/A =
50 MeV, and (d) E/A = 60 MeV. The solid and dashed lines represent the
BUU+GEM and BUU+SMM results, respectively.
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Chapter V Discussion

As mentioned in Chap. I, the goal of the research project is to see to what
extent the deep-inelastic mechanism is responsible for the production of PLF’s in Xe
+ Cu and Sc reactions at E/A = 30, 40, 50 and 60 MeV. In order to do this, data are
compared to model predictions. In this study, the charge, mean charge, charge width,

energy, velocity and mean velocity distributions are compared with model predictions.

V.A Inclusive Distributions

V.A.1 Inclusive Charge Distributions

A comparison of the inclusive charge distributions for the Xe + Cu system at
E/A =30, 40, 50, and 60 MeV with the TG+GEM and BUU+GEM calculated
distributions is shown in Fig. V.1(a)-(d). A comparison of the data with the
TG+SMM and BUU+SMM is shown in Fig. V.2(a)-(d). The dots represent the data,
and the solid and dashed lines represent the TG and BUU model distributions with the
appropriate afterburners, respectively. At E/A = 30 MeV, the TG+GEM predicts a
narrower quasi-elastic peak than seen in the data and has a pronounced fission peak at
around Z = 30, not seen in the data. The data have a smooth decrease in the cross
section with Z. With the SMM afterbumer, the quasi-elastic peak is even narrower
than with the GEM afterburner. The BUU+GEM and BUU+SMM do not have
quasi-elastic peaks because the primary BUU mechanism does not produce many
PLF’s.

At E/A =40 MeV, the TG+GEM and TG+SMM overpredict the cross section,
and predict a narrower quasi-elastic peak than seen in the data. The BUU fails to
produce a quasi-clastic peak. At E/A = 50 MeV, the TG model fits the data

remarkably well from the quasi-elastic region to around Z = 35. Again, BUU fails to
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Figure V.1 A comparison of the inclusive charge distributions for the data (dots) and
TG+GEM (solid lines) and BUU+GEM (dashed lines) model calculations for the Xe
+ Cu system at (a) E/A = 30 MeV, (b) E/A =40 MeV (c) E/A = 50 MeV, and (d) E/A
=60 MeV.
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Figure V.2 A comparison of the inclusive charge distributions for the data (dots) and
TG+SMM (solid lines) and BUU+SMM (dashed lines) model calculations for the Xe
+ Cu system at (a) E/A =30 MeV, (b) E/A =40 MeV (c) E/A = 50 MeV, and (d) E/A
=60 MeV.
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produce a quasi-elastic peak; however, with either afterburner it does a good job at
predicting fragments in the region from Z = 10 to Z =45. At E/A =60 MeV, the
experimental elastic peak falls inside the inner radius of the detector, but calculated
quasi-elastic events which should be removed by the filter are not, because the TG
model fails to properly calcuiate the scattering angle, as seen the model deflection
functions shown in Figs. IV.8 - IV.11. The BUU model reproduces the charge
distribution from around Z = 10 to around Z = 40, but still underpredicts the higher Z
component.

The inclusive charge distributions for Xe + Sc at E/A = 30, 40, 50, and 60
MeV, along with the TG+GEM and BUU+GEM calculated distributions, are shown
in Fig. V.3(a)-(d). A comparison of the data with the TG+SMM and BUU+SMM is
shown in Fig. V.4(a)-(d). The dots represent the data, and the solid and dashed lines
represent the TG and BUU model distributions with the appropriate afterburners,
respectively. There are several notable differences between the Xe + Cu and Xe + Sc
systems. The BUU model with either afterburner does a good job of predicting the
cross section in the E/A = 30 and 40 MeV Xe + Sc; however, in the Xe + Cu system
it overpredicts the cross section. In the E/A = 50 and 60 MeV Xe + Sc system, BUU

underpredicts the cross section in the Xe + Sc, but in the Xe + Cu system it does fine.

V.A.2 Inclusive Energy Distributions
The energy distributions for the Xe + Cu system at E/A = 30, 40, 50, and 60

MeV are shown in Fig. V.5(a)-(d), along with the TG+GEM and BUU+GEM model
calculations, and in Fig. V.6(a)-(d), along with the TG+SMM and BUU+SMM
model calculations. The dots are the data and the solid and dashed lines are the TG

and BUU models, respectively.
In the E/A =30 MeV Xe + Cu system, the TG+GEM model reproduces the

data from the quasi-elastic region down to around where the fission peak starts at
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Figure V.3 A comparison of the inclusive charge distributions for the data (dots) and
TG+GEM (solid lines) and BUU+GEM (dashed lines) model calculations for the Xe
+ Sc system at (a) E/A =30 MeV, (b) E/A =40 MeV (c) E/A = 50 MeV, and (d) E/A
=60 MeV.
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Figure V.4 A comparison of the inclusive charge distributions for the data (dots) and
TG+SMM (solid lines) and BUU+SMM (dashed lines) model calculations for the Xe
+ Sc system at (a) E/A =30 MeV, (b) E/A =40 MeV (c) E/A = 50 MeV, and (d) E/A
=60 MeV.
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Figure V.5 A comparison of the inclusive energy distributions for the data (dots) and
TG+GEM (solid lines) and BUU+GEM (dashed lines) model calculations for the Xe
+ Cu system at (a) E/A = 30 MeV, (b) E/A = 40 MeV (c) E/A = 50 MeV, and (d) E/A
=60 MeV.
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Figure V.6 A comparison of the inclusive energy distributions for the data (dots) and
TG+SMM (solid lines) and BUU+SMM (dashed lines) model calculations for the Xe
+ Cu system at (a) E/A =30 MeV, (b) E/A =40 MeV (c) E/A = 50 MeV, and (d) E/A
=60 MeV.
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~2500 MeV. The TG+SMM reproduces the data down to about 3500 MeV, but
underpredicts the intermediate energy fragments. At 40 MeV, the TG model
overpredicts the cross section over all fragment kinetic energies.

The BUU overpredicts the cross section everywhere at E/A = 30 and 40 MeV.
AtE/A =40 MeV, the BUU model with either afterburner reproduces the trends of the
data for the region 2000 MeV < E < 4000 MeV, but not the much lower magnitude.
AtE/A =50 MeV, the energy distribution is well reproduced by the TG+SMM model
for E > 2500 MeV. The BUU+SMM calculation also reproduces the energy
distribution, except for the quasi-elastic region. At E/A =60 MeV, the failure of the
TG model to properly calculate the scattering angle allows elastic events to pass
through the MFA filter even through they should be filtered out. The BUU model
results reproduce the data for 500 MeV < E < 5000 MeV.

For the Xe + Sc system, the energy distributions at E/A = 30, 40, 50, and 60
MeV are shown in Fig. V.7(a)-(d), along with the TG+GEM and BUU+GEM model
calculations, and in Fig. V.8(a)-(d), along with the TG+SMM and BUU+SMM
model calculations. The dots are the data and the solid and dashed lines are the TG
and BUU models, respectively. At 30 MeV, neither the TG+GEM or TG+SMM fit
the quasi-clastic peak. The BUU model does a good job fitting the distribution,
except for the quasi-elastic region. At E/A =40 MeV, the shape of the overall
distribution is reproduced by the TG+SMM down to about 1000 MeV, however the
overall cross section is about 10 times too high. The BUU model reproduces the data
from around 500 MeV to 4000 MeV. At E/A =50 MeV and 60 MeV, the BUU is
much too low throughout the energy range. Quasi-elastic scattering is not seen in the

data, but due to incorrect angular behavior it is predicted by the TG calculations.
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Figure V.7 A comparison of the inclusive energy distributions for the data (dots) and
TG+GEM (solid lines) and BUU+GEM (dashed lines) model calculations for the Xe
+ Sc system at (a) E/A = 30 MeV, (b) E/A =40 MeV (c) E/A = 50 MeV, and (d) E/A
=60 MeV.
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Figure V.8 A comparison of the inclusive energy distributions for the data (dots) and
TG+SMM (solid lines) and BUU+SMM (dashed lines) model calculations for the Xe
+ Sc system at (a) E/A = 30 MeV, (b) E/A = 40 MeV (¢) E/A =50 MeV, and (d) E/A
=60 MeV.
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Figure V.9 A comparison of the inclusive velocity distributions for the data (dots) and
TG+GEM (solid lines) and BUU+GEM (dashed lines) model calculations for the Xe
+ Cu system at (a) E/A = 30 MeV, (b) E/A = 40 MeV (c) E/A = 50 MeV, and (d) /A
=60 MeV.
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V.A.3 Inclusive Velocity Distributions
The velocity distributions for the Xe + Cu system at E/A = 30, 40, 50, and 60

MeV are shown in Fig. V.9(a)-(d), along with the TG+GEM and BUU+GEM model
calculations. The data along with the TG+SMM and BUU+SMM model calculations
are shown in Fig. V.10(a)-(d). The Xe + Sc velocity distributions are shown in Fig.
V.11(a)-(d), along with the TG+GEM and BUU+GEM model calculations, and in
Fig. V.12(a)-(d), along with the TG+SMM and BUU+SMM model calculations. The
dots are the data and the solid and dashed lines are the TG and BUU models,
respectively.

While all the calculations reproduce the data around the beam velocity, all
variations produce distributions which are much too wide at E/A = 30 and 40 MeV.
The distributions are still too wide at E/A= 50 and 60 MeV for Cu target, but are

reasonable for the Sc target.

V.B Energy Dependence of the Charge Distributions
Unlike the inclusive data, the means and widths are not sensitive to the overall

cross section. In a deep-inelastic mechanism, they have been shown to be
independent of angle, so they are insensitive to the geometric filter. The means and

widths of the distributions have been extracted using Gaussian fits.

V.B.1 Mean Charge
The means of the charge distributions for the Xe + Cu system at E/A = 30, 40,

50, and 60 MeV are shown in Fig. V.13(a)-(d), along with the TG+GEM and

BUU+GEM model calculations. Figure V.14(a)-(d) shows the means of the charge
distributions tor the Xe + Cu system with the TG+SMM and the BUU+SMM model
calculations. The dots represent the data and the solid and dashed lines represent the

TG and BUU models, respectively. In general, the TG model does a good job
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Figure V.10 A comparison of the inclusive velocity distributions for the data (dots)
and TG+SMM (solid lines) and BUU+SMM (dashed lines) model calculations for the
Xe + Cu system at (a) E/A = 30 MeV, (b) E/A =40 MeV (c) E/A = 50 MeV, and (d)
E/A = 60 MeV.
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Figure V.11 A comparison of the inclusive velocity distributions for the data (dots)
and TG+GEM (solid lines) and BUU+GEM (dashed lines) model calculations for the
Xe + Sc system at (a) E/A =30 MeV, (b) E/A =40 MeV (c) E/A =50 MeV, and (d)
E/A =60 MeV.
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Figure V.12 A comparison of the inclusive velocity distributions for the data (dots)
and TG+SMM (solid lines) and BUU+SMM (dashed lines) model calculations for the
Xe + Sc system at (a) E/A =30 MeV, (b) E/A =40 MeV (c) E/A = 50 MeV, and (d)
E/A =60 MeV.
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Figure V.13 A comparison of the mean charges as a function of laboratory kinetic
energy for the data (dots) and TG+GEM (solid lines) and BUU+GEM (dashed lines)
model calculations tor the Xe + Cu system at (a) E/A = 30 MeV, (b) E/A =40 MeV
(c) E/A =50 MeV, and (d) E/A =60 MeV.
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Figure V.14 A comparison of the mean charges as a function of laboratory kinetic
energy for the data (dots) and TG+SMM (solid lines) and BUU+SMM (dashed lines)
model calculations for the Xe + Cu system at (a) E/A =30 MeV, (b) E/A =40 MeV
(c) E/A =50 MeV, and (d) E/A = 60 MeV.
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Figure V.15 A comparison of the mean charges as a function of laboratory kinetic
energy for the data (dots) and TG+GEM (solid lines) and BUU+GEM (dashed lines)
model calculations for the Xe + Sc system at (a) E/A = 30 MeV, (b) E/A =40 MeV (c)
E/A =50 MeV, and (d) E/A =60 MeV.
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describing the data, except for at E/A = 60 MeV. The BUU model fails to reproduce
the means for high energy bins, but does a reasonable job for lower energy bins.

The means of the charge distributions for the Xe + Sc system at E/A = 30, 40,
50, and 60 MeV are shown in Fig. V.15(a)-(d), along with the TG+GEM and
BUU+GEM model calculations. Figure V.16(a)-(d) shows the means of the charge
distributions for the Xe + Sc system with the TG+SMM and the BUU+SMM model
calculations. The dots represent the data and the solid and dashed lines represent the
TG and BUU models, respectively. The TG model with both afterburners predicts
too large a mean charge at E/A = 60 MeV, and the TG+SMM is slightly high at the
other energies. The BUU with either afterburner fails to reproduce the high energy

bins, but for intermediate energies it does a good job for E/A = 30, 40 and 50 MeV.

V.B.2 Charge Widths
The widths of the charge distributions for the Xe + Cu system at E/A = 30,

40, 50, and 60 MeV are shown in Fig. V.17(a)-(d), along with the TG+GEM and
BUU+GEM model calculations. The data with the TG+SMM and BUU+SMM
model calculations are shown in Fig. V.18.(a)-(d) The dots represent the data, and
the solid and dashed lines represent the TG and BUU calculations with the appropriate
afterbumner. The sharp peaks in the figures are associated with the fact that widths are
very sensitive to the shape of the charge distributions. Ignoring the peaks, the general
trend is reproduced at E/A = 30 and 40 MeV, and for the higher energy bins at 50
MeV. The E/A = 40 MeV TG+SMM model results appear to be shifted to lower
energy bins. For all energies, the BUU model is flatter than the TG or the data. In
the E/A = 60 MeV system, neither model can reproduce the large widths of the data.
The charge widths for the Xe + Sc system at E/A = 30, 40, 50, and 60 are
shown in Fig. V.19(a)-(d) for the data along with TG+GEM and BUU+GEM model
calculations and in Fig. V.20(a)-(d) for the data along with the TG+SMM and
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Figure V.16 A comparison of the mean charges as a function of laboratory kinetic
energy for the data (dots) and TG+SMM (solid lines) and BUU+SMM (dashed lines)
model calculations for the Xe + Sc system at (a) E/A =30 MeV, (b) E/A =40 MeV (c)
E/A =50 MeV, and (d) E/A =60 MeV.
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Figure V.17 A comparison of the charge widths as a function of laboratory kinetic
energy for the data (dots) and TG+GEM (solid lines) and BUU+GEM (dashed lines)
model calculations for the Xe + Cu system at (a) E/A =30 MeV, (b) E/A =40 MeV
(c) E/A =50 MeV, and (d) E/A = 60 MeV.
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Figure V.18 A comparison of the charge widths as a function of laboratory kinetic
energy for the data (dots) and TG+SMM (solid lines) and BUU+SMM (dashed lines)
model calculations for the Xe + Cu system at (a) E/A = 30 MeV, (b) E/A =40 MeV
(c) E/A =50 MeV, and (d) E/A = 60 MeV.
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Figure V.19 A comparison of the charge widths as a function of laboratory kinetic
energy tor the data (dots) and TG+GEM (solid lines) and BUU+GEM (dashed lines)
model calculations for the Xe + Sc system at (a) E/A =30 MeV, (b) E/A =40 MeV (c)
E/A =50 MeV, and (d) E/A = 60 MeV.
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Figure V.20) A comparison of the charge widths as a function of laboratory kinetic
energy for the data (dots) and TG+SMM (solid lines) and BUU+SMM (dashed lines)
model calculations for the Xe + Sc system at (a) E/A = 30 MeV, (b) E/A =40 MeV (¢)
E/A =50 MeV, and (d) E/A =60 MeV.
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BUU+SMM model calculation. The dots represent the data and the solid and dashed
lines represent the TG and BUU model calculations, respectively. The Xe + Sc
system has larger fluctuations in the calculations than in the Xe + Cu system.
Ignoring the fluctuations and focusing on the general trends, the TG model
reproduces the trends at E/A = 30 and 40 MeV, and for the highest energy bins at 50
and 60 MeV. At all energies, The BUU is too flat.

V.C Charge Dependence of the Velocity Distribution

The charge dependence of the mean velocity is shown in Fig. V.21(a) for Xe
+ Cu at E/A = 30, 40, 50, and 60 MeV and for the Xe + Sc at E/A = 30, 40, 50, and
60 MeV in Fig V.21(b). The dots represent E/A = 30 MeV, the squares represent E/A
= 4() MeV, the crosses represent E/A= 50 MeV, and the x’s represent E/A = 60 MeV.
There appear to be three different slopes seen: the first slope is the E/A = 30 data, the
second for the E/A = 40 and 50 MeV data, and the last is for the E/A = 60 MeV data.

The mean velocities for the Xe + Cu system at E/A = 30, 40, 50, and 60 MeV
are shown in Fig. V.22(a)-(d) along with the TG+GEM and BUU+GEM model
calculations. The data along with the TG+SMM and BUU+SMM model calculations
are shown in Fig. V.23(a)-(d). The dots are the data and the solid and dashed lines
are the TG and BUU models, respectively. For Z >20 at E/A =30 MeV, both the
BUU and TG model can predict the charge dependence data. At E/A =40and 50
MeV, the TG model does a good job predicting the means. Neither model works well
at E/A = 60 MeV.

The mean velocities for the Xe + Sc system at E/A = 30, 40, 50, and 60 MeV
are shown in Fig. V.24(a)-(d), along with the TG+GEM and BUU+GEM model
calculations. The data along with the TG+SMM and BUU+SMM model calculations
are shown in Fig. V.25(a)-(d). The dots are the data and the solid and dashed lines
are the TG and BUU models, respectively. The calculated mean velocity distributions
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for the Xe + Sc system look similar to the Xe + Cu system for Z > 20, with the
exception being that the Xe + Sc TG+SMM at E/A = 30 MeV is lower that the Xe +
Cu and the data.
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Figure V.21 A comparison of the mean of the velocity distributions as a function of
laboratory kinetic energy for the (a) Xe + Cu and (b) Xe + Sc at E/A =30 (dots), 40

(squares), S0 (crosses), and 60 (x’s).
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Figure V.22 A comparison of the mean velocities as a function of charge tor the data
(dots) and TG+GEM (solid lines) and BUU+GEM (dashed lines) model calculations
for the Xe + Cu system at (a) E/A = 30 MeV, (b) E/A =40 MeV (c) E/A =50 MeV,
and (d) E/A = 60 MeV.
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Figure V.23 A comparison of the mean velocities as a function of charge for the data
(dots) and TG+SMM (solid lines) and BUU+SMM (dashed lines) model calculations
for the Xe + Cu system at (a) E/A = 30 MeV, (b) E/A =40 MeV (c) E/A =50 MeV,
and (d) E/A = 60) MeV.
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Figure V.24 A comparison of the mean velocities as a function of charge for the data
(dots) and TG+GEM (solid lines) and BUU+GEM (dashed lines) model calculations
for the Xe + Sc system at (a) E/A =30 MeV, (b) E/A =40 MeV (c) E/A =50 MeV,
and (d) E/A =60 MeV.
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Figure V.25 A comparison of the mean velocities as a function of charge for the data
(dots) and TG+SMM (solid lines) and BUU+SMM (dashed lines) model calculations
for the Xe + Sc system at (a) E/A =30 MeV, (b) E/A =40 MeV (c) E/A =50 MeV,
and (d) E/A =60 MeV.
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Chapter VI Conclusions

In this experiment, the heavy-ion reactions '*Xe + ™Cu and *Sc at E/A = 30,
40, 50, and 60 MeV were studied to see if deep-elastic reactions are responsible for
the production of PLF’s within the intermediate energy regime. A new detector, the
MFA, was designed and used to identify fragments that go from 1.5° to 2.9° and to
measure their energies. In retrospect, the fact that the beam position was offset from
the detector’s center was lucky. It allowed a larger angular range than if the detector
had been centered. Experimental results were compared to BUU and TG model
calculations each performed with two different afterbumers. An interesting aside is
that for all of the systems studied, the differences between the SMM and the GEMINI
afterburners are remarkably small. It is serendipitous that this should occur; this
study is not focusing on the decay of the hot system (although that is another
interesting topic), but rather on the mechanisms forming the hot system

Evidence of rotation is seen in the experimental deflection functions for Xe +
Cu at E/A =30, 40, and 50 MeV. The ability of the TG model to reproduce the
shapes, if not always the magnitude, of the inclusive charge, inclusive kinetic energy,
inclusive velocity, mean charge, charge width, and mean velocity distributions for
PLF's is strong evidence supporting the persistence of the deep-inelastic mechanism
up to at least E/A = 50 MeV. The discrepancies in the model distributions in the lower
energy and charge bins are less important, because the model does not take into
account reactions with ¢ > £_,. Adding a fusion-like component for central collisions
may create a better overall fit to the inclusive distributions. It’s quite remarkable the
TG model fits the lower Z’s and E’s as well as it does. However, it may be focused
natute of the acceptance that makes the fits as good as they are. Unlike at lower beam
energies, at E/A = 60 MeV the mean velocity distribution for the Xe + Cu system

stays around V/V,, = 1, and the TG model does a poor job fitting almost all of the
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distributions presented at E/A = 60 MeV. A transition in the reaction mechanism may
be occurring between E/A = 50 and 60 MeV in the Xe + Cu system.

The Xe + Sc data looks very similar to the Xe + Cu. The target independence
of Xe-induced reactions has been seen previously at E/A = 50 MeV [MAD9%,
MAD96], so the similarity between the two systems is not unexpected. The Xe + Cu
system has more available energy for the reaction (larger E_), but otherwise the
systems behave similarly. The TG model has a weak target dependence, but in the
BUU model changing the target has very pronounced effets.

The BUU model does a very good job of predicting the distributions away
from the quasi-elastic region. For the E/A = 50 and 60 MeV Xe + Cu, the BUU
model shows evidence of a projectile spectator. In addition, the Xe + Sc BUU
calculations at E/A = 60 MeV looks similar to the Xe + Cu calculations at 40 E/A =
MeV. This may be attributed available energy (E/A = 60 MeV Xe + Sc E_, = 2000.27
MeV, E/A =40 MeV Xe + CuE_, = 1702.96 MeV). It appears that the primary
BUU mechanism for Xe + Sc will undergo a transition to a participant-spectator
mechanism at slightly higher beam energies.

The attractive nuclear potential in the BUU may be too weak. Increasing the
strength of the attractive mean field would increase the energy where the transition
from deep-inelastic reactions to a different mechanism occurs. In addition, a stronger
mean field may hold the nucleus together forming a quasi-elastic peak in the charge
distributions. Additionally, it would interesting to measure the balance energy for the
Xe + Cu system and see if it falls between E/A = 50 and 60 MeV. This may be
extracted from the data set if the MSU 4x main ball detectors are analyzed. In reality,
neither model predicts the data and there is no good comprehensive model for the

intermediate energy regime.
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Appendix

Table A.1: Values for calibration constants used for the MFA to calculate the light
output by the scintillating plastic using Eqs. II-7 and II-8.

m a, zx ¢ aQ, z2 <)

1 49724 0.31395 0.599 0.085232 -0.73339 1.46

2 14.393 0.37846  0.523 0.65455 -0.77003  1.238
3 11.483 -0.21224  0.799 0.42955 -0.63434 1.214
4 5.5188 -0.078772 0.819 0.31049 -0.6709 1.239
5 4.7471 -0.95357 1.364 3.8822 -0.2205 0.756
6 13.748 -0.2536 0.802 0.73399 -0.754 1.196
7 7.0906 -0.16706  0.83 0.26856 -0.73584  1.297
8 7.016 -0.21593 0.85 0.2842 -0.70441  1.263
9 9.0096 0.062529 0.71 0.3299 -0.74226 1.3
10 17.748 -0.27213  0.774 1.1687 -0.70706  1.134
11 19.784 -0.14506 0.71 0.96786 -0.73464 1.17
12 14.859 0.12051 0.652 1.5586 -0.65343  1.073
13 8.8123 0.26522  0.629 0.26824  -0.69898  1.308
14 12.104 0.3926 0.515 0.28635 -0.72938  1.313
15 16.371 0.50237  0.449 0.54686 -0.70322  1.233
16 11.621 0.53188  0.463 0.22181 -0.69341  1.348
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Table A.2: Values for calibration constants used for the MFA in calculating the PID

when the particle stops in the slow plastic from Egs. II-10.

I 6.4009e+05  -1.4492¢+05 88735.0 24525 39.300 0.29095
2 2.5066e+05  -55655 7800.4 147.35  55.642  0.11939
3 1.3681e+05  -31474 3646.9 26.184  22.180  0.25891
4 1.4969¢+05  -34496 2836.5 20.558 17.091 0.18561
5 4.6774e+05  -97609 6030.3 -31.013 45514  0.23497
6 57187 -11136 3143.3 60.051 23.057  0.16681
7 1.2072e+05  -28671 2884.9 23.790 19.413  0.18085
8 1.0257¢+05  -24217 2443.7 18.878 16.316  0.16949
9 2.0070e+05  -47607 4836.5 57.372  30.672  0.22300
10 43453 -4522.5 3386.2 75920  26.626  0.20597
11 48982 -5473.5 4026.9 10205  31.014  0.20111
12 2.3673e+05  -48453 6401.1 119.71 31.955  0.23660
13 3.4007e+05  -79138 6580.9 61.202 36376  0.27139
14 2.6027e+05  -61047 6644.0 122.85  49.190  0.24464
15  3.6710e+05  -81592 9780.5 222.57 62117  0.27200
16  4.8828e+05  -1.1428¢+05 10051 121.91 66.114  0.35878
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Table A.3: Values for calibration constants used for the MFA in calculating the PID

when the particle stops in the fast plastic from Eq. II-11.

et fro fu fr2 fro fa faz
| 2.7840e+06  -3.3508e+05 12188 -82.043 58.200 0.97469
2 2.4069¢+06  -2.8939¢+05 10291 -266.46 50.130 0.75188
3 1.4877e+06  -1.8566e+05 7722.1 -251.65 59.144 0.30557
4 1.5482e+06  -1.8935e+05 7296.1 -135.32 44.334 0.44815
5 1.1348¢+06  -1.4712e+05 10721 572.23 120.92 -0.032498
6 2.0779%e+06  -2.5397e+05 9731.6 -202.42 58.826 0.59650
7 1.9410e+06  -2.3264e+05 8257.5 -105.41 37.247 0.67326
8 1.7006e+06  -2.0438e+05 7335.8 -95.008 34.590 0.58007
9 2.6122e+06  -3.0917e+05 10441 -116.38 37.029 0.97146
10 1.2973e+06  -1.6573e+05 7800.2 -227.20 72.740 0.15375
11 1.4215¢+06  -1.8040e+05 8286.3 -196.75 73.278 0.21845
12 1.5170e+06  -1.9400e+05 9225.1 -248.16 86.687 0.17587
13 1.5869e+06  -1.9780e+05 8416.6 -118.94 63.004 0.37611
14 1.3306e+06  -1.6868e+05 7618.8 -225.67 66.886 0.20141
15 2.1396e+06  -2.6235e+05 10118 -282.99 64.118 0.56784
16 1.7521e+06  -2.1654e+05 8659.7 -239.11 59.899 0.42785
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Table A.4: Values of constants used to calculate the Kinetic energy of a particle. For
particles stopping in the fast plastic, KE(AL) = n,AL? +n,AL + n,, where

n, = ng,Z*> + ny,,Z + nyy, and n, =n,Z2° n,,Z* n;,Z° n,2% + n,,Z + n,,, and
n, =n,Z*n,,Z° n,,Z* + n,,Z + n,,. Table (a) contains the value needed to
calculate n,, Table (b) contains the value needed to calculate n,, and Table (c) contains

the value needed to calculate n,

a)

Det Ny, n,, Ny,
| -275.48 48.105 0.40267
2 -283.03 48.887 0.37314
3 -283.03 48.887 0.37314
4 -281.08 48.497 0.38578
5 -276.56 48.165 0.39980
6 -281.73 48.570 0.38312
7 -279.00 48.323 0.39271
8 -279.00 48.323 0.39271
9 -279.00 48.323 0.39271
10 -283.00 48.809 0.37542
11 -282.52 48.686 0.37918
12 -282.84 48.764 0.37671
13 -280.34 48.429 0.38847
14 -283.00 48.809 0.37542
15 -282.00 48.809 0.37542
16 -282.84 48.764 0.37671
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b)

n,, n, n,, n, n,, n
T 0.36916 -0.024720 0.00i4937 -2.9016e-05 2.1030e-07 -9.4280e-11
2 0.54138 -0.062199 0.0036862 -9.3188e-05 1.1306e-06 -5.2520e-09
3 0.43342 -0.049728 0.0030298 -7.3884e-05 8.6696e-07 -3.8466e-09
4 0.55618 -0.051108 0.0030939 -7.0218e-05 7.3363¢-07 -2.6895e-09
5 0.08555 -0.003846 0.0003348 -1.2280e-07 -1.0777e-07 1.1825e-09
6 0.43080 -0.041556 0.0025051 -5.8274e-05 6.3340e-07 -2.4978e-09
7 0.65528 -0.055109 0.0032427 -7.2866e-05 7.3835e-07 -2.5379e-09
8 0.70177 -0.058611 0.0034670 -7.7257e-05 7.7214e-07 -2.5748e-09
9 0.65949 -0.057399 0.0033012 -7.6905e-05 8.2545¢-07 -3.1800e-09
10 031986 -0.035248 0.0021952 -5.1248e-05 5.7503e-07 -2.3858e-09
11 031130 -0.031899 0.0019971 -4.5272e-05 4.8530e-07 -1.8659-09
12 0.26353 -0.028386 0.0017760 -4.0931e-05 4.5165e-07 -1.8241e-09
13 0.34616 -0.029417 0.0018517 -3.8554e-05 3.4995e-07 -9.0436e-10
14 035780 -0.039367 0.0024374 -5.7412e-05 6.4902¢-07 -2.7256e-09
15 041315 -0.045410 0.0027331 -6.6847e-05 7.8205e-07 -3.4591e-09
16  0.43050 -0.046273 0.0028080 -6.7511e-05 7.7444e-07 -3.3291e-09
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0.00028975
7.8971e-05
7.6432¢-05
-1.7872e-05
6.2496e-05
0.00014075
0.00014625
0.00019691
-5.8698¢-06
-1.0505e-05
-8.8113e-06
-1.6005¢e-05
8.0218e-06
9.8612¢-05
7.5193e-05

-5.6620e-07
1.8192¢-05
2.4798e-05
3.9149¢-06
1.3232e-05
1.8953e-05
2.5016e-0S
6.8743e-06
1.6689¢-05
1.5554¢-05
1.1812e-05
1.7347e-05
1.8465e-05
9.8980e-06
1.5271e-05

n,, n,, n,,
- - 1.2838¢-08  -9.1758e-11
-4.1596e-07  1.1469¢-08  -9.1486e-11
-1.0049¢-06  2.0240e-08  -1.4223e-10
-1.4443¢-06  2.9668¢-08  -2.1035¢-10
-1.6742e-07  3.1171e-09  -2.1519e-11
-7.9895e-07  1.6584¢-08  -1.1815e-10
-1.3209¢-06  2.8754e-08  -2.0968e-10
-1.6625¢-06  3.5706e-08  -2.5876e-10
-7.7128¢-07  1.8543e-08  -1.4119e-10
-7.9192e-07  1.5143¢-08  -1.0390e-10
-7.4867¢-07  1.4377e-08  -9.8798e-11
-5.5581e-07  1.0595¢-08  -7.2586e-11
-8.7790e-07  1.7175¢-08  -1.1906e-10
-9.0650e-07  1.7538¢-08  -1.2094e-10
-6.5258¢-07  1.3859¢-08  -9.9774e-11
-8.8520e-07  1.8106e-08  -1.2810e-10
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Table A.5: Values of constants used to calculate the Kinetic energy of a particle. For
particles stopping in the slow piastic, KE(L) = m,L? + m,L +m,, where

m, = m,Z + my, and m, = m,Z°m,Z* m;;Z’ m;,Z* + m,;Z + m,,, and
m, = m,Z* m,,Z* m,,Z* + m,,Z + m,,. Table (a) contains the value needed to
calculate m,, Table (b) contains the value needed to calculate m,, and Table (c)

contains the value needed to calculate m,

a)

1 16.723 1.5240
2 15.946 1.5349
3 15.902 1.5355
4 15.969 1.5345
5 16.894 1.5196
6 15.858 1.5361
7 21.103 1.4565
8 16.038 1.5336
9 16.151 1.5320
10 15.727 1.5379
11 15.799 1.5369
12 15.646 1.5390
13 16.177 1.5316
14 16.193 1.5314
15 15.953 1.5348
16 16.311 1.5297

231

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



b)

m,, m,, m,, m, m,, m,
T 137220 0.112560 -0.C109520 0.00044452  -7.9395¢-06 5.2899e-08
2 053714 0.099939 -0.0076828 0.00029822 -5.2829¢-06 3.5438e-08
3 097155 0.082898 -0.0072736 0.00028736 -5.0277¢-06 3.3116e-08
4 1.17230  0.122160 -0.0103100 0.00040188 -7.0017e-06 4.6036e-08
5 1.03290 -0.12037 0.0053433 -0.0001080 1.0806e-06 -3.775e-09
6 0.60138 0.106190 -0.0077980 0.00029003 -4.9178e-06 3.1876e-08
7 098878 0.135010 -0.0109550 0.00042133 -7.3266e-06 4.8226e-08
8 112180 0.137290 -0.0112780 0.00043556 -7.5681e-06 4.9715e-08
9 0.78993 0.111690 -0.0090258 0.00034663 -6.0192e-06 3.9550e-08
10 0.53195 0.077471 -0.0057323 0.00021369 -3.5979¢-06 2.3167e-08
11 0.52647 0.086352 -0.0063514 0.00023630 -3.9949¢-06 2.5826¢-08
12 0.55892 0.060989 -0.0046639 0.00017612 -2.9490e-06 1.8853¢-08
13 094640 0.101220 -0.0087443 0.00034314 -6.0202e-06 3.9756e-08
14 0.85619 0.109180 -0.0090711 0.00035148 -6.1324e-06 4.0390e-08
15 0.68020 0.087252 -0.0069951 0.00026802 -4.6294e-06 3.0303e-08
16 093564 (.085998 -0.0078347 0.00031248 -5.5305¢-06 3.6693e-08
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m,,

my

-0.00190380 0.00028335

-0.00034422
-0.00065669
-0.00109850
0.00137950

-0.00039186
-0.00097595
-0.00113280
-0.00063759
-0.00025590
-0.00027974
-0.00021912
-0.00080581
-0.00072115
-0.00041126
-0.00078758

8.9339¢-05

0.00018284
0.00027768
0.00028351
0.00011896
0.00020142
0.00026261
0.00013038
0.00010195
9.4829¢-05

0.00011934
0.00016115
0.00014180
0.00010689
0.00014217

-1.4676e-05 3.1573e-07

-4.3142¢-06
-9.5671e-06
-1.4228¢-05
-1.7718e-05
-5.4599¢-06
-9.9550e-06
-1.3195e-05
-6.4239¢-06
-4.7265¢-06
-4.3713e-06
-5.6209¢-06
-8.2436¢-06
-7.0952¢-06
-5.3102¢-06
-7.3609¢-06
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m,, m,,

~-2.4408e-09
9.0310e-08 -71.0195e-10
2.0594e-07 -1.5913e-09
3.0326e-07 -2.3394e-09
4.0195e-07 -3.1326e-09
1.1083e-07 -8.4879¢-10
2.081 5e-07 -1.6013e-09
2.7857e-07 -2.1470e-09
1.3428e-07 -1.0349¢-09
9.6457e-08 -7.3367e-10
8.8953e-08 -6.7925¢-10
1.1545e-07 -8.7347e-10
1.757 1e-07 -1.3571e-09
1.4949e-07 -1.1529e-09
1.1152e-07 -8.5803e-10
1.5812e-07 -1.2230e-09
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Table A.6 Velocity data for Xe + Cu a) at E/A =30 and 40 MeV and b) E/A = 50 and
60 MeV
a)

“3.0000 1.1689  0.051724 1.1172  0.055425
6.0000  1.1324  0.013409 1.0204  0.0098446
9.0000 1.1334  0.045721 1.0325  0.0084016
12000  1.0906  0.057190 0.98805 0.011087
15000  1.1723  0.089544 0.97831  0.0095580
18.000  1.2100  1.1900 1.0053  0.0027122
21.000  0.80525 0.0086561
24000  0.90620  0.0058588
27.000  0.92388 0.0075362  0.86628  0.0040105
30.000  0.89636  0.014654 0.89589  0.0031756
33.000  0.93817 0.0025724  0.90948  0.0020559
36.000  0.94891 0.0014369  0.91838  0.0015045
39.000  0.95973  0.0010084  0.91968 0.0016124
42000 097558 0.00066363  0.92220  0.0020474
45.000  0.98622 0.00040463  0.95212  0.00099627
48.000 1.0025  0.00017850 0.96035 0.00044854
51.000 0.99982 6.2065¢-05 0.97680  0.00010540
54000 1.0059  3.6365¢-05  0.99086  8.7578¢-05
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b)
<V> ) +/- <V> +/-
“3.0000 1.1116 0.0042936 1.0524 0.0046797
6.0000 1.0372 0.0043157 0.95950 0.0041059
9.0000 1.0814 0.0040351 1.0461 0.012060
12.000 1.0337 0.0057274 1.0347 0.0067500
15.000 1.0449 0.0045877 1.0349 0.0059876
18.000  1.0229 0.0040313 1.0270 0.0034266
21.000 1.0140 0.0037929 1.0288 0.0037815
24.000 097615 0.0052235 1.0283 0.0034115
27.000 097923 0.0022460 1.0184 0.0034010
30.000 0.97642 0.0024564 1.0061 0.0024819
33.000 097741 0.0022023 1.0013 0.0021055
36.000 0.88976 0.00061413 0.99572 0.0015321
39.000 091554 0.00054697 0.99875 0.0012210
42.000 093151 0.00028950 0.99433 0.0010740
45.000 0.94406 0.00022130 0.98767 0.00097903
48.000  0.96050 0.00028635 0.97238 0.00011190
51.000 097155 0.00017668 0.98547  4.7866e-05
54.000 099459 4.2841e-05 0.99535 3.3565e-05
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Table A.7 Velocity data for Xe + Sc a) at E/A = 30 and 40 MeV and b) E/A = 50 and
60 MeV
a)

<Vel> +/- <Vel> (40) +/-
3.0000 1.2176 0.049479 1.1521 0.012671
6.0000 1.1257 0.018106 1.1115 0.0070482
9.0000 1.1671 0.0087314 1.0673 0.013615
12.000 1.1091 0.011284 1.0524 0.0077041
15.000 1.1316 0.011646 0.99045 0.013666
18.000 0.98819 0.011236
21.000 1.0028 0.0023076

24.000 0.92236 0.0090410 1.0327 0.0016074
27.000  0.99712 0.0027085 0.89278 0.0028949
30.000  1.0003 0.0045331 0.93042 0.0012718
33.000 0.93106 0.00094064  0.92328 0.00094310
36.000 0.95705 0.0012324 0.92551 0.0012792
39.000 0.96062 0.0014692 0.93187 0.00093445
42.000 0.97702 0.00047592  0.93931 0.0012999
45.000 0.98600 0.00016378  0.95437 0.00076248
48.000 1.0074 0.00017502 0.97133 0.00033395
51.000 1.0036 3.7502e-05 0.99182 9.6553e-05
54.000  1.0090 1.7524e-05 1.0071 2.2098e-05
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b)
<Vel> (50) +/- <Vel> ( +/-

“3.0000 T1.1116 0.004293¢  1.0960 0.0044235
6.0000 1.0372 0.0043157 097925  0.0030944
9.0000 1.0814 0.0040351  1.0924 0.0040376
12.000 1.0337 0.0057274  1.0597 0.0043624
15000 1.0449 0.0045877  1.0593 0.0031217
18.000  1.0229 0.0040313  1.0428 0.0027780
21.000  1.0140 0.0037929  1.0433 0.0025610
24000 097615  0.0052235  1.0374 0.0018333
27.000 0.97923  0.0022460  1.0286 0.0017963
30.000 097642  0.0024564  1.0227 0.0015583
33.000 097741  0.0022023  1.0139 0.0013900
36.000 0.88976  0.00061413 099381  0.0012585
39.000 0.91554  0.00054697 0.98460  0.00090796
42.000 093151  0.00028950 1.0019 0.00064006
45.000 0.94406  0.00022130 0.99373  0.00062238
48.000  0.96050  0.00028635 0.98504  (.00042842
51.000 097155  0.00017668 0.98203  0.00019141
54000 0.99459  4.2841e-05 098933  0.00018458
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Table A.8 Mean charge and charge width data for Xe + Cu at (a) E/A =30 MeV, (b)

E/A=40MeV, (c) E/A =50 MeV, and (d) E/A =60 MeV.

1900.0 32.326 0.25244 2.834) 0.43180
2100.0 34.901 0.14793 2.2890 0.24264
2300.0 37.320 0.089318 1.9482 0.082666
2500.0 39.728 0.097627 2.2206 0.085214
2700.0 42.526 0.062405 1.7840 0.064675
2900.0 43.938 0.021636 1.1310 0.026692
3100.0 45.578 0.013005 1.1715 0.021025
3300.0 48.239 0.018162 1.9751 0.019903
3500.0 51.412 0.0058649 0.68050 0.0093689
3700.0 52.466 0.0052026 0.87868 0.0037588
3900.0 53.871 0.0048925 0.68010 0.0037639
4100.0 54.702 0.0045832 0.51350 0.011138
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b)

> +/- o, +-

~2500.0 35.201 0.24675 5.0045 034147

2700.0 37.268 0.16305 4.0728 0.16131

2900.0 39.164 0.13782 3.6519 0.11663

3100.0 40.797 0.098672 3.1279 0.080123

3300.0 42.489 0.079774 2.8522 0.057536

3500.0 44.425 0.071482 2.6897 0.052894

3700.0 46.038 0.058521 2.2343 0.042473

3900.0 47.574 0.034044 1.9506 0.035387

4100.0 48.778 0.026245 1.7792 0.027982

4300.0 49.956 0.023271 1.5935 0.029308

4500.0 51.387 0.0053919 0.77487 0.013670

4700.0 52.383 0.0053004 0.52772 0.0055857

4900.0

5100.0 52.418 0.0077785 0.92296 0.014523
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c)

~2500.0 27.438 0.28905 6.2448 0.32238
2700.0 29.833 0.28605 6.2352 0.32020
2900.0 32.601 0.34449 6.8703 0.40878
3100.0 34.769 0.31014 6.4794 0.38822
3300.0 36.641 0.15763 4.4051 0.19814
3500.0 38.638 0.080097 2.6010 0.17656
3700.0 40.000 0.067645 2.4446 0.10047
3900.0 41.356 0.068158 2.7282 0.075765
4100.0 42.894 0.061541 2.6311 0.055379
4300.0 44.339 0.057551 2.6493 0.047471
4500.0 45.716 0.051046 2.3120 0.039237
4700.0 47.016 0.034604 2.1910 0.034463
4900.0 48.194 0.029813 1.9395 0.030046
5100.0
5300.0 51.311 0.0061240 0.58646 0.010519
5500.0 52.018 0.0044177 0.48299 0.0065293
5700.0 52.597 0.0093964 0.68421 0.012421
5900.0 53.282 0.0034664 0.65833 0.0063347
6100.0 54.179 0.0023675 0.55947 0.0038762
6300.0 55.064 0.0015522 0.51602 0.0038774
6500.0 55.886 0.0033678 0.45439 0.0036795
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d)

~3700.0
3900.0
4100.0
4300.0
4500.0
4700.0
4900.0
5100.0
5300.0
5500.0
5700.0
5900.0
6100.0
6300.0
6500.0
6700.0
6900.0
7100.0
7300.0
7500.0
7700.0
7900.0

> +- o, +/-
30.103 0.53135 9.4029 0.76650
30.550 0.57549 9.4769 0.82530
31.782 0.38590 7.7336 0.56989
33.269 0.42557 8.5510 0.64200
33.990 0.31475 6.9742 0.59537
34.740 0.23153 5.3810 0.41568
36.276 0.24682 6.2066 0.39122
35.889 0.084315 6.0563 0.076274
39.744 0.17443 5.3144 0.21191
41.049 0.15891 5.2643 0.19232
42.457 0.12963 4.7430 0.13287
43.605 0.11907 4.5300 0.13568
44.634 0.10421 4.2631 0.11910
46.021 0.086106 3.8561 0.093989
47.496 0.084912 3.5688 0.11939
48.759 0.24846 2.8626 0.81713
49.828 0.0071498 0.52936 0.0069153
50.792 0.0040412 0.53208 0.0057242
51.736 0.0053478 0.51813 0.0043849
52.664 0.0047551 0.50500 0.0043080
53.566 0.0043770 0.48840 0.0039219
54.443 0.0017123 0.47103 0.0044123
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Table A.9 Mean charge and charge width data for Xe + Sc at (a) E/A =30 MeV, (b)

E/A=40 MeV, (c) E/A =50 MeV, and (d) E/A =60 MeV.

~1900.0 32.619 0.11919 1.3483 0.13306
2100.0 34.788 0.096106 1.6253 0.11528
2300.0 36.858 0.097408 2.2602 0.10952
2500.0 39.498 0.086180 2.1976 0.081386
2700.0 42.344 0.042780 1.5012 0.056466
2900.0 43.887 0.016684 1.3248 0.028570
3100.0 45.331 0.010524 1.1276 0.031876
3300.0 48.221 0.025427 1.9097 0.020450
3500.0 50.611 0.0033037 1.2295 0.0088065
3700.0 52.256 0.0035801 0.87479 0.0030916
3900.0 53.872 0.0027475 0.66233 0.0020389
4100.0 54.948 0.0085913 0.57936 0.0087950
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b)

> +/- G, +/-
~2700.0 ~ 37.164 0.14167 4.3180 0.12555
2900.0 38.800 0.099125 3.6860 0.076904
3100.0 40.378 0.078357 3.3845 0.057351
3300.0 41911 0.068288 3.2001 0.049850
3500.0 43.577 0.056600 2.9406 0.039563
3700.0 45273 0.047734 2.7144 0.033204
3900.0 46.717 0.031208 2.4622 0.032459
4100.0 47.933 0.025614 2.3145 0.033327
4300.0 49.844 0.031360 1.3792 0.036592
4500.0 50.851 0.015905 1.1920 0.029540
4700.0 51.799 0.0025234 0.71691 0.012236
4900.0
5100.0 53.256 0.0053045 0.66023 0.0045380
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~2500.0
2700.0
2900.0
3100.0
3300.0
3500.0
3700.0
3900.0
4100.0
4300.0
4500.0
4700.0
4900.0
5100.0
5300.0
5500.0
5700.0
5900.0
6100.0
6500.0

+/- o, +/-
27.473 0.21051 6.2047 0.26250
28.538 0.17551 5.5999 0.20058
30.440 0.18483 6.0291 0.18415
31.776 0.13458 5.2701 0.12531
33.804 0.18631 6.2780 0.16192
36.234 0.15629 5.8332 0.13902
39.730 0.039446 2.1195 0.061215
40.900 0.056309 2.4008 0.063777
41.890 0.044860 2.2246 0.041216
43.031 0.036709 2.3309 0.032932
44.113 0.032955 2.3008 0.026803
45.276 0.029388 2.2154 0.021389
46.505 0.026210 2.0982 0.017145
44.948 0.012337 2.8939 0.010274
48.824 0.013509 1.8960 0.015204
49.948 0.015111 1.7396 0.015111
51.802 0.0079699 0.89804 0.017002
52.432 0.0069170 0.88475 0.013511
53.146 0.0040207 0.62505 0.0090112
53.752 0.0023956 0.51818 0.0059711
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d)

+/- a, +/-
~3700.0 28.620 0.26484 6.7712 0.35043
3900.0 29.450 0.19719 5.5425 0.23448
4100.0 30.368 0.14016 4.4915 0.15569
4300.0 31.187 0.12114 4.1028 0.13202
4500.0 32.125 0.10761 3.8474 0.10735
4700.0 33.849 0.095526 3.8795 0.10262
4900.0 34.902 0.094407 3.8624 0.11026
5100.0 35.192 0.050490 5.4436 0.037782
5300.0 37.951 0.11988 4.5962 0.13582
5500.0 39.352 0.11582 4.7394 0.12209
5700.0 40.869 0.094740 4.6162 0.084535
5900.0 42.689 0.073001 4.3695 0.057738
6100.0 43.946 0.066239 4.1247 0.050021
6300.0 45.165 0.061291 4.0462 0.046887
6500.0 46.465 0.061112 3.8159 0.047391
6700.0 47.824 0.059377 3.6316 0.046034
6900.0 49.511 0.010208 0.63260 0.018735
7100.0 50.508 0.010267 0.71059 0.017835
7300.0 51.411 0.0080320 0.62879 0.013956
7500.0 52.386 0.0078043 0.63363 0.012430
7700.0 53.315 0.014045 0.59230 0.014909
7900.0 54.182 0.0056604 0.54554 0.017225
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