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CHAPTER I
INTRODUCTION

Much work has been done in the field of heavy ion
nuclear physics, both experimental and theoretical. In the
past decade, the interest has been concentrated in the
projectile energy regimes below 20 MeV/nucleén and above 200
MeV/nucleon. As a result of studies in the lower energy
regime, theories of compound nucleus production and mean
field theories of the nucleus such as the Time Dependent
Hartree-Fock theory (TDHF) have been developed. Theories
such as hydrodynamics, cascade, and fireball/firestreak have
been developed as a result of studies in the higher,
relativistic energy regime. Theories developed for a
particular energy regime tend to give agreement with the
experimental data in that energy regime. But because of the
differences in their underlying assumptions, none of them
can be extrapolated into the other regime. It would seemn
that the projectile energy range from 20 to 200 MeV/nucleon
should provide a transition region iq_which these disparate
theories can be joined. Only recently, with the
inauguration of the K500 superconducting cyclotron at NSCL
and the availability of beams from the low energy beam line
at Lawrence Berkeley Laboratory (LBL), has this transition

region been open to experimental exploration. Other new
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facilities such as the GANIL national facility at Caen,
France, the SARA accelerator in Grenoble, France, and the
HHIRF at Oak Ridge are also beginning to produce results in
this energy regime, The present study is a preliminary look
at two energies in this region.

Most of the experimental work that has beeh done at
intermediate energies with heavy ions has involved the
measurement of inclusive double differential cross sections
from carbon, oxygen, and argon induced reactions on Au or
other heavy targets [Ab 83, Fi 84, Ja 81, Ja 83, We 82, and
We 84]1. Some work has also been done using more symmetric
systems [Ab 83, Ja 81, and Jc 84]. 1In general, it has been
found that, the resulting double differential cross sections
fqr light particles with 15Zs2 and for intermediate mass
fragments with‘3szs10 give indications of the existence of a
thermalized region in the combined projectile-target system
moving at a velocity near the velocity of the center of
mass, Other reaction mechanisms are known to exist as
shown, for example, by the results of projectile
fragmentation experiments [Bo 83, Gu 84, Mo 81, Ra 84, Va
79, and Vi 79]. Borrel, et al. observed fragments of the
projectile with 33572516 at laboratory angles less than 12
degrees from “°Ar induced reactions on Au and Ni at Uuy
MeV/nucleon, The velocity distributions for these fragments
were found to be gaussian in shape with centroids near the
projectile velocity. The reaction mechanism is thought to

be a fragmentation process whereby the projectile nucleus is
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excited by the target nucleus and subsequently breaks up
into smaller fragments. Whether the breakup occurs almost
immediately after the collision or only after a partial
thermal equilibrium of the projectile is established, is a
tople of current research. 1In order to better understand a
given reaction mechanism, it is necessary to constrain the
dynamics of the reaction under investigation. To this end,
a number of investigators have undertaken complex
coincidence measurements, each concentrating on a particular
aspect of the reaction. A typical coincidence measurement
is the detection of light charged particles with Zs2 in
coincidence with slow, heavy target-like fragments [Br 83,
Me 80, Wa 83]. Examination of the fragment yields as a
function of the light particle multiplicity indicates that
the lighter fragments are associated with high multiplicity,
Wwhile the heavier fragments are associated with low
multiplicity. The high multiplicity events have in turn
been identified as indicators of central collisions. The
most ambitious coincidence experiments are the work of the
"plastic Ball" group at LBL . The "Plastic Ball" Un
detector allows detection of light charged particles with
nearly a full Ux acceptance, Analysi§ of events based on a
calculated energy flow tensor as a function of light
particle multiplicity by Gustafsson, et al., [Gu 84] has
given indications of what are termed non-trivial collective
nuclear flow effects, namely, the bounceoff of the

projectile fragments for peripheral collisions, and the
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side-splash of fragments from the disintegration of the
projectile and target nuclei for central collisions. The
reactions studied were Ca+Ca and Nb+Nb at 400 MeV/nucleon.
The present work seeks to observe the dependence of the
light particle spectra (Zs2) on fragment production.
Observed fragments are projectile-like fragments with 33Zs18
at forward angles and intermediate mass fragments with 3£Zs7
at angles away from the projectile direction. An estimate
of the direct knock out contribution to the light particle
spectra, proposed for the higher energy regime,is also
sought in coincidence measurements with other light
particles (z2s2).

Four models are widely accepted today-cascade,
hydrodynamics, fireball/firestreak, and coalescence. These
models all have their origins in the relativistic regime and
have been applied in the intermediate energy regime with
varying degrees of success. The cascade model [Cu 81,
Cu 82, Ki 84, Kr 84, Ya 79] assumes that high energy heavy
ion collisions proceed via individual nucleon-nucleon
collisions within the overlap zone of the two nuclei. The
nucleons follow straight-line trajeétorieg between
collisions. As the collisions con;inue, particles whose
energy exceeds the binding energy are considered to be
emitted, until a minimum collisional density is achieved or
until a predetermined collision time is reached. Effects
due to the Pauli principle and pion production have more

recently been included [Ki 84, Kr 8u47. A cascade
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calculation was unavailable for inclusion in this work.
Most applications of the cascade model have been restricted
to energies above 400 MeV/nucleon. Comparisons of the early
cascade models with experimental data at these relativistic
energies [Bec 84, Gu 84, St 68, St 82] show that the cascade
model fails to reproduce the trends in the 400 MeV/A Nb+Nb
data of Gustafsson, et al, [Gu 84]. A more recent cascade
calculation by Kitazoe et al. [Ki 84], has had more success
in describing the Nb+Nb data by including the effects due to
Pauli blocking and pion production. It remains to be seen
whether or not the cascade formulation can be successfully
extended down into the intermediate energy region.

The hydrodynamic or nuclear fluid dynamic model [Bu
81, Bc 84, St 68, St 79, St 80, St 8t, St 82, St 83]
requires the assumption of a short mean free path relative
to the size of the interaction region. This is in contrast
to the necessary assumption of a long mean free path used in
the cascade model. For peripheral collisions involving only
a few interacting nucleons, the mean free path is likely to
be long. Since inclusive measurements contain contributions
from all impact parameters, it is likely that inclusive
measurements are not a good test of hydrodynamics. Although
hydrodynamics predicts regions of extreme temperature and
density during the reaction, at later times in the reaction
the density becomes so small that the nucleons rarely
collide. At this point hydrodynamics no longer applies

because of the requirement of a short mean free path and an
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evaporative model is employed in order to give cross
sections directly comparab;e to experiment,. Comparisons
with the recently obtained results of Gustafsson et al. [Be
84, Gu 84] show that hydrodynamics is capable of reproducing
the trends in the high multiplicity selected Nb+Nb data at
400 MeV/A. A hydrodynamic calculation was available for
this work and will be compared with the data for both
inclusive and central impact parameter selected events.

The nuclear fireball model has been compared with
heavy ion reaction data at relativistic energies greater
than 200 MeV/nucleon [Go 77, Go 78, We 76, My 78] and also
with data from 2°Ne induced reactions on Au at 100 and 150
MeV/nucleon [We 82]. The fireball model assumes that a
highly excited interaction region is created by the
projectile sweeping out the portion of the target which 1is
in the overlap region of the two nuclei. This region,
called the fireball or participant zone, moves forward in
the laboratory frame with a velocity near half the
projectile velocity. The fireball is treated as an
equilibrated nonrotating ideal gas of nucleons characterized
by a temperature. The fireball then expands isotropically
in its center of mass frame with a ngwellian distribution
in energy. The laboratory distributions are obtained by
transforming the fireball frame momentum distributions
relativistically. The model incorporates the specific
geometry for the colliding nuclei, the binding energy of the

nucleons in the fireball, and composite particle production.
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Of more importance for extreme relativistic collisions, the
model also considers the creation of baryonic resonances in
order to obtain a more accurate estimate of the temperature
from the available energy in the center of mass of the
fireball. The firestreak model is an extension of the
fireball model, in which it is now assumed that chemical
equilibrium is reached between the various hadronic species.
This is described by a chemical potential. A critical
"freeze out" density is introduced, below which the fragment
momentum distributions no longer change. The other
modification to the fireball is the use of a nuclear density
distribution with a diffuse surface. The use of a diffuse
surface leads to a temperature gradient across the
participant zone according to the relative amounts of
material coming from the target and the projectile. The
firestreak has had its greatest success at energies above 1
GeV/nucleon [Go 78], although it seems to agree with the
data at least as well as the fireball at energies down to
100 MeV/nucleon [We 82]. A firestreak calculation was
available for the inclusive light particle spéctra from 92
MeV/nucleon *°Ar+Au and will be presented in Chapter V.

The models which have been diggussed so far have all
incorporated aspects of the dynamics of the collision
process in heavy ion reactions to calculate proton cross
Sections as well as composite particle cross sections. The
coalescence model [Aw 80, Gu 76, Le 79, Sa 81] uses a

primary nucleon distribution, usually the experimental
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inclusive proton spectra, to determine the cross sections
for composite fragments in the reaction. The model assumes
that if a subset of the primary distribution of nucleons
corresponding to a bound nucleus is localized in a region of
phase space with a radius less than a "coalescence radius",
the subset will coalesce and form a nucleus. The cross
section in momentum space for the emission of a composite
with A nucleons is then related to the Ath power of the
single nucleon cross section at the same momentum per
nucleon. A single free parameter, the coalescence radius,
is used in the calculation of the composite cross section.
The coalescence radius has been determined for a number of
systems over a large range of projectile energies by fitting
measured composite cross sections with spectra calculated
from the measured proton cross sections [Ab 83, Aw 80, AW
81, Go 78, Le 79, Sa 811]. In general, this radius is
constant in magnitude from 20 MeV/nucleon to over 2000
MeV/nucleon. A coalescence model fit has been done for the
Ar+Au reaction of the present work and coalescence radii
have been extracted for d, t, 3He, and “*He. A more detailed
discussion of the actual coalescence caléulation performed
will be presented in Chapter V. .

Of the four models discussed, hydrodynamics and the
fireball/firestreak models require the assumption of short
mean free paths for the interacting nucleons. They also
require the thermalization of at least a localigzed region of

the interaction zone. The cascade model requi}es the
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assumption of long mean free paths compared to the length of
the nuclear interaction. The nucleons are assumed to
undergo only two body interactions. The coalescence model
makes no assumptions as to the dynamics of the collision,
but instead, uses a primary nucleon distribution to predict
the cross sections of the heavier composite particles. All
of these models have been shown to work at incident energies
above 200 MeV/nucleon. Only the coalescence model has been
shown to work at energies much below 100 MeV/nucleon.

Theoretical models developed for the energy regime
below 20 MeV/nucleon have not been successfully extended up
into the intermediate energy regime. Attempts to apply TDHF
theory at energies of 30 and 85 MeV/nucleon [St 81, So 80]
have shown that TDHF predicts too great a transparency for
the colliding nuclei. Calculations directly comparable to
experimental data could not be found in the literature for
TDHF . Further discussions of these models, as well as a
wealth of references to the literature, can be found in the
excellent review articles of Scott and Boal [Sc 79, Sc 81,
Bo 847].

Results from two experiments will be presented in
this thesis. 1In the first, the “°ArfAu reaction was studied
at 92 MeV/nucleon. Various inclusive or "singles" and
coincidence measurements were made. Light particle, Zs2,
inclusive spectra were measured at angles from 45 to 90
degrees in the laboratory. Energy spectra were also measured

for light particles (Zs£2) in coincidence with intermediate
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mass fragments with 35Zs7 at -30 degrees in the laboratory
(180 degrees in azithmuth from the light particles) and with
projectile velocity fragments with 352518 at -13 degrees.
Energy spectra were also measured for light particles in
coincidence with other 1light particles at -90 degrees.

In the second experiment carried out using the K-500
cyclotron at the National Superconducting Cyclotron
Laboratory, a 30 MeV/nucleon !2C beam was used to bombard
targets of Al and Au. Light particle inclusive sSpectra were
measured at a number of angles from 45 to 90 degrees in the
laboratory. Light particle coincidence Spectra were
measured for the intermediate mass fragment (3£256),
projectile velocity fragment (3sZ5$6), and light particle
triggers at -25, -13, and ~45 degrees respectively,

The thesis is organized as follows. Chapter 1I1I
deals with the development of the plastic scintillator array
and multi-wire counter that were used in the two
experiments. The setup of the experiments is presented in
Chapter III. Chapter IV outlines some of the specifics of
the data analysis performed. In particular, the methods
used to make the corrections to the light particle spectra
for reaction losses and scattering out of the detectors will
be given, The data, along with a discussion of the
observable trends will,be presented in Chapter V. Fits to
the available models will be shown and discussed. A summary
of the findings of this thesis will be given in Chapter VI

along with some possible avenues of future research. The
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Appendix contains a detailed description of the momentum
conservation calculation which is used for most of the

coincidence data.



CHAPTER I1I
DETECTOR DEVELOPMENT

In order to accomplish the goals set forth in
Chapter I, it was necessary to undertake the development of
a detector array capable of detection of high multiplicity
light particle events. The design of this detection system
can be separated into two separate subsystems; an array of
light particle telescopes capable of determining the energy
and identity of light isotopes (p, d, t, *He, and “He), and
a multiwire proportional counter capable of proViding more
precise position information on these same light isotopes
positioned in front of the telescope array. We will discuss

the telescope array first.

A, Telescope Array

The design of the telescope array is in many respects
similar to the design employed by the Plastic Ball group at
Lawrence Berkeley Laboratory [Ma 80, Ba 82]. There are,
however, several aspects of our degign that warrant its
discussion here. The array consists of seven NE102 [Nu 80]
plastic scintillator - Qan "Phoswich" telescopes each of
which uses a single photomultiplier tube to collect both the

plastic scintillator and the CaF, signals. The two signals

12



13

are distinguished by means of their extremely different
decay times., The decay time for plastic scintillator is
less than 10 nsec compared to 1 usec for the CaF,.
Integration of the photomultiplier output in a charge
integrating ADC for the first 80 nsec gives most of the
plastic scintillator signal. A separate integration in
another charge integrating ADC over a period of 2 usec
delayed by 240 nsec relative to the beginning of the first
integration gives the CaF, signal (Figure II-1). There is a
certain amount of eagh signal which is either lost or
contained within the wrong integration due to the overlap of
the two signals. This is, however, a fairly small effect in
most instances and can be corrected offline. Discussion of
the corrections will be deferred to Chapter IV.

In our design the plastic scintillator is 17 em thick
and functions as the stopping detector thus giving the E
information, The CaF, is 2 mm thick and functions as the
energy loss detector thus giving the AE information and
enabling particle identification (Figure II-2) to be carried
out . The telescopes were designed to close pack in a
spherical geometry as six tapered hexagonal shaped detectors
surrounding a seventh tapered hexagpnal shaped detector.
The design is in fact not correct for a Uy geometry in that
a perfect design would be based on a truncated icosahedron,
ie. a pentagonal detector surrounded by five hexagonal
detectors. The discrepancies in the geometry at this scale

were however outweighed by the advantages of having



14

MSUX-82-366

Photomultiplier Tube
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Figure II-1. Seven telescope scintillator array used at LBL
and NSCL
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fast plastic scintillator component and the
slow CaF, component.
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identical solid angles for the seven telescopes and a single
geometry to machine,

Due to the low melting point of the plastic
scintillator and its tendency to craze near regions exposed
to high temperatures, care had to be taken in its machining
and polishing. The finish cuts on the plastic were done
with a fly cutter running at = 1000 RPM, removing = 10 mils
of material per cut. The cutter was cooled using a
continuous flow of a water soluble o0il. The plastic
scintillator was then sanded with #600 grade silicon carbide
waterproof polishing baper immersed in water and finally
polished with optical polishing alumina (particle size below
9 um) slightly moistened with water on a cotton cloth. This
procedure produced a highly polished surface on the plastic
with no noticeable machining marks and no evidence of
crazing. A clear lucite lightpipe was also machined to
match the plastic scintillator to the photomultiplier tube.

In order to achieve optimum light collection
efficiency and resolution, the plastic scintillator was
painted with a Ti0, water based reflective paint [Bi 67].
In addition, the light guide was also painted with TioO,
paint but in a striped pattern loogely based on a Monte
Carlo simulation of light collection efficiency and
resolution by Sch&lermann and Klein K1 79, Sc 80]. This
was predicted to give better energy resolution by more
uniformly distributing the emitted light over the surface of

the photomultiplier photocathode.
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The photomultiplier tube used for the telescope array
was an EMI model 9872, 3.81 cm diameter, 10 stage compact
focused tube with beryllium copper secondary emitting dynode
surfaces [Em 79]. The tube was chosen based on its compact
size, a fast response time of 2.2 nsec risetime comparable
to the 2.4 nsec decay time of the plastic scintillator, and
its relatively low cost. The base containing the divider
chains for the photomultiplier tube was an EMI active base
design (Figure II-3) which incorporated high voltage
transistors in the last four stages of the divider chain to
maintain a constant voltage drop during periods of high
count rate. The design also current limited above a certain
maximum current to prevent destruction of the
photomultiplier tube should the tube be exposed to excessive
light accidentally [Hi 77, Ke 77].

The 1light particle telescope was completed by the
addition of the CaF, element which was machined from a
5.1 cm diameter by 2 mm thick disk of CaF,(Eu) using a 1/16
inch wide diamond wheel on a vertical grinder with a
constant spray of water soluble coolant directed onto the
material. The mounting procedure for the CaF, was similar
to a procedure used in mounting Si'wafers to be cut for
solid state detectors using a wax substrate between the
material and an aluminum mount., This procedure worked well
and produced only one partially fractured crystal out of
eight which were cut. It should be noted, however, that for

crystals 12.5 cm in diameter, this procedure does not
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produce satisfactory results as the material tends to
fracture severely.

The entire assembly of CaF,, plastic scintillator,
light guide, and photomultiplier tube was joined with a thin
layer of optical epoxy at each interface and wrapped in a
layer of aluminum foil to prevent light leakage into the
detector. The entrance window to the detector was a 13 um

aluminum foil.

B. Plastic Scintillator Energy Calibration at IUCF

Before the CaF, elements were ready, six of the seven
plastic elements were taken to IUCF to be calibrated for
proton energy response from Ep=15 Mev to 120 Mev [Ha 82].
Protons of various energies were selected by the angular
positioning of the detectors in the chamber and the use of
the elastic scattering of 148.9 MeV protons from a 20 mg/cm?
CH, target. A simple coincidence between the scattered
proton and its recoil !H target provided a clean spectrum in
the detectors (data in two detectors at a time). Because of
the large dE/de a slit was fixed to the front of each
detector. The slit was 0.25 cm x 1.27 cm slot in the center
of a 0.890 c¢cm thick copper disk: This gave an angular
opening of 0.41°, The copper disk was sufficiently thick to
stop up to =80 Mev protons. The coincidence spectrum, shown
in Figure II-4, consisted of a peak for protons which passed
through the slit and also a lower energy peak for protons

which were degraded by penetration of the copper disk. The
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proton beam energy of Ep=148.9 Mev was too low to allow both
the incident and the recoil proton to penetrate the copper
disks in front of the detectors. The energy of a proton
penetrating the copper disk was determined from its energy
loss in the disk using an initial energy given by kinematics
and the angular position of the slit through which its
coincident proton passed.

Singles data was also taken using the CH, target
(Figure II-5). Peaks were found for the !2C elastic and
first (4.4Y4 MeV) and third (9.64 MeV) excited states [Aj 75]
for protons which were degraded by penetration of the copper
disk. Protons passing through the slit did not appear in
the spectrum because the amplifier gains were set too high.
Elastic peaks for protons scattered from a Au target and
from deuterium in the CH, target were also seen. Again,
only the peaks for the scattered protons which were degraded
in the copper disk appeared in the spectrum.

The detector angles were checked by comparing the
position of a dip in the degraded singles p-p elastic
scattering peak at angles of + 30 degrees (Figure II-5).
The dip was caused by the removal from the degraded peak of
the elastically scattered protons which passed undegraded
through the slit opening. The large magnitude of dE/de for
p-p scattering gave a large spread of energies across the 7
degree width of the detector. -This spread'in energies,
which can be seen in the large width of the dominant peak in

Figure II-5, combined with the relatively small spread
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across the slit opening gave a well defined minimum in the
spectra. From this it was found that there was a
misalignment of the zero angle of 1.28 degrees. The
misalignment was verified by the observation that opposite
curvatures of the calibrations for detectors on the two
mounting arms in the chamber were eliminated when the
correction of 1.28 degrees was applied,

Four of the six detectors calibrated at IUCF were
found to have essentially the same calibration, the slopes
being very nearly linear and the intercepts being close to
zero. A representative calibration curve is shown in Figure
I1-6. A fifth detector experienced a gain shift throughout
the calibration, which was later found to be due to the
separation of the phototube from the lightguide., The sixth
detector had a soméwhat different slope but about the same
intercept as the other detectors indicating a different gain
characteristic of the base.

The resolution of the plastic scintillator detector
was also determined during the IUCF calibration run. The
intrinsic resolution of the detector was unfolded from the
fwhm of the coincident calibration peaks and the effect of
dE/d6 on the proton energy across the slit opening. The
effects of energy straggling for coincident protons which
penetrated the Cu slit material andvthe 13 pm Al foil
entrance window, the finite beam spot size, and straggling
in the CH, target were not taken into account. These are

relatively small contributions to the overall resolution and
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would only serve to slightly decrease the calculated
intrinsic resolution. The calculated intrinsic resolution
for five of the plastic scintillator detectors is shown in
Figure II-7 along with a plot of the root inverse range in
the plastic as a function of the particle energy. The curve
has been arbitrarily normalized to 2 percent at 100 MeV.
The resolution is seen to vary smoothly from greater than 10
percent below 20 MeV to approxidately 2 percent above 100
MeV. From the statistics of photon counting and the range
energy relationship, the intrinsic detector resolution
should be proportional to (Range)_'25 . This can be
considered as a lower limit to the resolution. The
departure from the lower limit at low energies is seen as an
indication of less efficient light collection for particles
which stop farthest from the photomultiplier tube.

The proton beam energy at IUCF was determined from
the beam optics and an NMR reading and is estimated to be

correct to better than 1%.

C. CaF, Thickness

The choice of thickness for the CaF, element of the
light particle telescope was based on a calculation of the
energy loss in the two elements of the telescope. Figure
II-8 shows the calculation for a CaF, thickness of 2 mm.
Assuming that the resolution obtainable with the combined
elements of the telescope would not be much different from

that obtained in the IUCF calibration run for the plastic
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scintillator, it was apparent that a 2 mm thickness would
give both sufficient energy loss and isotope separation for
the range of particles and energies anticipated. Another
important consideration was the low energy cutoff imposed by
the relatively thick CaF, front element., Calculated cutoffs
are given in Table II-1 for the hydrogen and helium isotopes
for CaF, thickness of 2, 3, and 4 mm. The cutoffs imposed
by the 2 mm thickness were considered to be sufficiently low
for the beam energies at MSU and quite sufficient for LBL

Low Energy Beam Line energies,

D. Multiwire Proportional Chamber

Small angle light particle correlations have been
shown to yield information about the size of the emitting
system in nucleus-nucleus collisions [Ly 83, Gu 847. In
order to extract this information one needs to be able to
determine the relative momenta of two coincident light
particles to better than = 2 MeV/c. For two protons of 50
MeV this translates into an angle resolution of the order of
1 degree. One way to achieve this level of spatial
resolution is through the use of a Multiwire Proportional
Chamber or MWPC {Ch 70]. The principa} behind the operation
of an MWPC is that the electrons liberated by ions
traversing the chamber drift (typically 20-40 nsec/mm) to
the positively charged anode wire. Close to the wire
(within a few diameters), the electric field is very strong.

Here the electrons experience inelastic ionizing collisions,
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giving rise to a multiplicative avalanche, The positive
ions produced in the avalanche drift toward the cathodes.
An important point is that the pulses detected on the anode
are mainly produced by the motion of positive ions.
Negative signals are induced on the central anode wire while
positive signals appear on the adjacent anode wires.

In this design [Ti 81, Ti 82], the MWPC contains 3
anode planes, two of which provide horizontal and vertical
position information, while the third plane is positioned at
45° with respect to the first two planes and is used to
resolve the position ambiguity which arises when several
ions traverse the chamber simultaneously. The sensitive
area of the detector is 15.5 cm x 15.5 e¢m, the anode-cathode
spacing is 6 mm, and the anode wire spacing is 2.54 mm,.
Each anode plane consists of 64 sense wires (gold plated
tungsten with a diameter of 20 uym) which are paired
electrically into 32 channels giving an angular resolution
of 0.8° when the dgtector is 35 cm from the target. This
resolution satisfies the requirement imposed by the small
angle correlation measurement. To reduce the material
thickness of the detector, some of the cathodes are common
to two anodes. The design consists of three contiguous
cells having a total of four cathode planes made of sheets
of 6.4 pym aluminized mylar (both sides aluminized) and the
three anodes giving a material thickness of 10 mg/cm?. The
resulting signals from each pair of anode wires are

processed using an electronic Proportional Chamber
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TABLE II-1

CALCIUM FLUORIDE PUNCH THROUGH ENERGIES (MeV/n)

THICKNESS 2 mm 3 mm ’ 4 mm
Proton 21.5 27.0 31.5
Deuteron 14.5 18.2 21.4
Triton 11.5 14.5 17.1
3Helium 25.2 31.5 37.0

“Helium 21.5 27.0 31.5
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Operating System (PCOS III) developed by LeCroy [Le 81].
LeCroy 2735 16 channel integrated circuit boards placed
directly on the anode wire plane board first amplify the
anode signals from each plane using four quad amplifier
chips, one for each set of four wires, Each set of four
amplifier outputs is then passed through a quad
discriminator chip and then bussed out of the detector to a
slave CAMAC crate containing LeCroy 2731 Delay and Latch
modules each capable of processing up to 32 channels or one
entire MWPC plane. The information in the latches is
controlled via the backplane of the CAMAC crate by a LeCroy
2738 MWPC Digital Readout Controller. The controller is
strobed with a valid event gate and read via a single 50
conductor ribbon cable by a LeCroy 4299 Databus Interface.
The interface resides in a CAMAC crate which is under the
control of the data acquisition routine. Only "hit"
information is available from this system. Linear
(proportional) signals are not provided. This is not a
limitation, however, since there is insufficient energy loss
in the detector to obtain a good energy signal for light
particles. The energy information is obtained from the
telescope array which is behind the MWPC.

Operating conditions for the MWPC were determined to
be a gas mixture of Argon-Ethane (50%) at 500 Torr and a
cathode high voltage of -3000 volts. Early bench tests of
the MWPC system using a '°®*Ru g- source with an endpoint

energy of 3.54 MeV revealed that the detector was extremely
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sensitive to RF noise. The detector vacuum box was
therefore designed to provide adequate RF shielding as well
as good ground plane connections between the enclosed
amplifier-discriminator cards and the vécuum box. In
addition, the entrance and exit windows of the detector were
required to withstand an internal/external pressure
differential of 500 Torr when the detector was placed in the
vacuum chamber. This necessitated the development of a wire
mesh (0.6 mm dia. piano wire) which held a 75 um Kapton
window in place. The spacing of the crossed wire wire mesh
was approximately 1.5 cm and was pressure tested up to a
pressure differential of 760 Torr without failure.

Tests of the completed MWPC with the 8- source show
that single wire resolution is achievable and that the
efficiency of the detector is reasonable, although highly
dependent on the threshold settings of the amplifier-
discriminator cards. Figure II-9 shows a representative
test of the MWPC using the !'°®Ru B- source with a small
(approximately one wire pair wide) start scintillator behind
the detector. The chamber was operated at an atmosphere of
Ar-Ethane (50%) with Vcath=2.7 kv. Note that the source was
placed in five different locations alopg the center of both
the X and Y planes. The source was left in each position
for varying amounts of timei Figures II-9;a,b,c show the
projecions of each wire plane for the different source
positions. Figure II-9;d is a two dimensional plot of

coincidences between the X and Y planes of the detector with
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the additional requirement that only one wire fired in each
of the two'planes, Overall, the position resolution of the
detector is quite good, especially considering the amount of
angle scattering for an electron in an atmosphere of Ar-
Ethane.

The MWPC was used in two experiments, one at Lawrence
Berkeley Laboratories, and the other at NSCL. During the
former experiment, the MWPC functioned properly during the
setup runs and for the first few minutes of the first data
run, however, a sudden increase in the beam intensity caused
the MWPC to arc internally. Attempts to restore the cathode
voltage caused further arcing before a useful working
voltage could be reached. Later examination of the anode
and cathode planes revealed no obvious cause for the arcing.
It has been assumed that the large instantaneous secondary
electron flux at the time of the beam current surge created
a high electric field point somewhere in the detector
(perhaps a whisker on an anode wire), which limited the
current, No useful data were obtained with the MWPC at LBL
because of this problem. During the NSCL experiment, the
MWPC appeared to be functioning properly during the on-line
analysis, however, subsequent scannipg of the data showed
that the MWPC was being gated properly for singles events
only. The coincidence events, for which the detector was
designed, had MWPC wires in the events a substantial amount
of the time, however, the wires seldom corresponded to the

array plastics which had fired in the event.
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The MWPC has since been used in another experiment at
NSCL. This time the detector functioned as originally
expected. It is expected that some interesting results will

be forthcoming from the use of the MWPC in this latest

experiment.



CHAPTER III
EXPERIMENTAL SETUP

The experimental setups for the data to be presented
can be divided into two distinect parts. Data was taken over
two weekends at the Low Energy Beam Line (LEBL) at the
Lawrence Berkeley Laboratory Bevalac using the same beam and
target combination, 100 MeV/n "°Ar+Au, and with similar
detector combinations and experimental goals each weekend.
Another experiment, which was performed at the National
Superconducting Cyclotron Laboratory (NSCL) at Michigan
State University, used a single beam with two different
targets, 30 MeV/n '2C+Au,Al, and a single setup. We will

discuss the experiment'at LBL first.

A. LBL Experimental Setup

The experimental setup for the 60 inch Maryland
chamber is shown in Figure III-1, The positions and solid
angles for the detectors are given in Table III-1. All of
the detectors to be described here yere not in the chamber
for both weekends. "Differences will be pointed out in the
discussion for each detector. The plastic scintillator
telescope array (See Chapter II) was positioned in the
chamber with the center three telescopes at the beam height

(Figure II-2). This array was the only detector which was

36
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TABLE III-1

DETECTOR ANGLES FOR THE BEVALAC SETUP

DETECTOR THETA (DEG) PHI (DEG)  SOLID ANGLE (MSR)
pLF (3 -13.0 0.0 2u.7
1rr (P ~30.0 +10.0 16.0
1rr(¢) -30.0 -10.0 140
Lp () -45.0 0.0 §.5
Lp (e ~90.0 0.0 10.9
array(f) 45,67.5,90 0.0 12.0

(a) Projectile-like fragment telescope first weekend.
(b) Intermediate Rapidity fragment telescope second

weekend. High energy stack.

(c) Intermediate Rapidity fragment telescope second

weekend. Low energy stack.

Scintillator Array.

) Light Particle telescope first weekend.
) Light Particle telescope second weekend.
) Angles are for the central element

of the array.
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moved during the experiment and three runs were taken with
the center telescope at U45.0, 67.5, and 90.0 degrees,
réspectively. This allowed essentially a full coverage of
the in-plane angles from 38 to 97 degrees for light
particles. The plastic scintillator telescopes functioned
properly throughout the experiment, although, due to an
unforeseen timing problem with the scaledown modules for the
singles events during the first weekend, the ADC gates for
the plastic scintillator singles data were off by about 50
nsec. This was enough to prevent useful recovery of the
first weekend singles data. The scaledown modules were not
used during the second weekend. The energy calibrations
will be discussed in Chapter IV, In order to improve the
coincidence counting rate the singles gate was removed from
the electronics logic at the Master "OR" for most of the
runs. These runs will be referred to as "coincidence" runs
as opposed to the runs in which the singles gate was not
removed which will be referred to as "singles" runs.

A high energy fragment detector was placed at -13
degrees as a Projectile-Like Fragment (PLF) trigger for the
plastic array during the first weekend. This detector
consisted of a five element silicon sFack (800 uym, 5 mm, 5
mm, 5 mm, and 5 mm) which measured spectra for near beam
rapidity fragments from Li through Ar.

During the second weekend a fragment detector was
placed at -30 degrees as an Intermediate Rapidity Fragment

trigger for the plastic array. This trigger consisted of
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two separate silicon stacks placed at the same in-plane
angle but at out of plane angles of +10 degrees. The low
energy stack (100 uym, 300 um, and 5 mm) measured spectra for
particles 357258, while the high energy stack (800 um, 800
uym, 5 mm, 5 mm, and 5 mm) measured spectra for particles
from Li through Mg.

During the first weekend, a Light Particle telescope
(LP) was placed at -45 degrees as a light particle trigger
for the plastic array. The LP detector was placed at -90
degrees during the second weekend. This detector was a
silicon (1 mm) - NaI(Tl) (10 cm) telescopes and measured
spectra for 1light particles (p, d, t, *He, and “He).
Unfortunately, the p, d, and t spectra for the -45 degree
setting were restricted to low enérgies due to a high
threshold setting for the LP Si constant fraction
discriminator,

Data acquisition at the Low Energy Beam Line was
controlled by a PDP 11/34 computer through an MBD CAMAC
interface. Experiment control and on-line data sampling and
histograhming were done using the programs QDA and MULTI
running on the PDP. Figure III-2 shows the electronics
diagram for the LBL and NSCL expeﬁiments. Note that the
scaledowns were removed from the electronics for the second
weekend. In order to improve the coincidence counting rate
the singles gate was removed from the electronics logic at
the Master "OR"™ for most of the runs. These runs will be

referred to as "coincidence" runs as opposed to the runs in
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which the singles gate was not removed which will be
referred to as "singles" runs.

The time structure of the Bevalac “°Ar beam was a
beam spill of approximately 500 ms duration every 3.5 sec
[Be 79].‘ The beam intensity was typically 1X107 particles
per spill. This resulted in measured livetimes qf
approximately 20 percent for runs in which both singles and
coincidence events were taken without scaledowns on the
singles events, For runs in which the singles were scaled
down or ignored entirely, the livetimes were approximately
80 percent. The beam current was monitored with an ion
chamber which had been calibrated against a counting
scintillator at low beam current (<1X10° particles per
spill). Figure III-3 shows the ion chamber calibration for
the second weekend. Results of a least squares fit to the
calibration are shown on the figure. A separate calibration
for the first weekend gave a similar fit. For beam currents
higher than 1X10® the counting scintillator saturated,
hence, the need for the ion chamber for which the response
was expected to remain linear up to 1X10'2? particles per
spill.

The target for the LBL expgriment was a self-
supporting 213 mg/cm? Au foil,.

The beam energy out of the Bevatron, as determined by
the Bevatron field, was 100 MeV/n. However, a 50 um
aluminum vacuum window in the beamline degraded the beam

energy to a calculated value of 92 MeV/n.
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B. NSCL Experimental Setup

The setup for the 60 inch chamber at NSCL is shown in
Figure III-1. Note that the LP detector at -90 degrees was
not in place for this experiment. The positions and solid
angles for the detectors are given in Table III-2. The
plastic scintillator array (See Chapter II) was positioned
in the chamber Qith the bottom two telescopes at the bean
height (Figure II-2). As in the LBL experiment, the array
was the only detector which was moved during the experiment
and the central detector was positioned at various angles
from U45.0 degrees to 93.0 degrees.

A high energy fragment detector was placed at -13
degrees as a Projectile-Like Fragment trigger for the
plastic array (PLF). This detector consisted of a three
element silicon stack (800 ym, 5 mm, and 5 mm) which
measured spectra for near beam rapidity fragments from Li
through C.

A second fragment detector was placed at -25 degrees
as an Intermediate Rapidity Fragment trigger for the plastic
array (IRF). This detector consisted of a three element
silicon stack (100 uym, 300 uym, and 5 mm) which measured
spectra for particles from Li through C,.

A third detector was placed at -45 degrees as a Light
Particle trigger for the plastic array (LP)., This detector
was a silicon (400 um) - NaI(T1l) (10 cm) telescope which

measured spectra for p, d, t, 3He, and “He.
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TABLE III-2

DETECTOR ANGLES FOR THE NSCL SETUP

DETECTOR THETA (DEG) PHI (DEG)  SOLID ANGLE (MSR)
pLr(?) -13.0 0.0 4.38
1rF (P) -25.0 0.0 6.89
Lpte) -45.0 0.0 13.8
array (4) 47,56,71,90 6.5 14.9
arrAY(®) 45,56,71,90 6.5 14.9

(a) Projectile-like fragment telescope.

(b) Intermediate Rapidity fragment telescope

(¢) VLight Particle telescope.

(d)
(e)

Scintillator Array for
the central element of
Scintillator Array for
the central element of

the
the
the
the

Au target.
array.
Al target.
array.

Angles are for

Angles are for
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Data acquisition at NSCL was controlled by a VAX
11/750, running the program PEEKABQOO, connected to an LSI-
11/23 processor through a CAMAC serial highway [Au 83]. The
electronics diagram is shown in Figure III-2.. As was the
case for the second weekend at LBL, the scaledowns were not
used during this experiment. Again, the singles gate was
removed from the electronics logic at the Master "OR" for
most of the runs.

The un-pulsed 30 MeV/n '2C*+ beam current was
monitored in a well shielded faraday cup placed
approximately two meters beyond the exit port of the
scattering chamber, The current was integrated in a BIC
Current Integrator [Bi 80] and was recorded in the computer
using a CAMAC scaler module. Apparently, there was an
impedence mismatch in the logic ouput of the current
integrator causing considerable ringing. This generated a
non-constant multiple pulsing at the scaler module. From a
comparison with data taken with 35 MeV/n !'!2C+Au and
comparisons of actual current integrator front panel meter
readings with the scaler readings, it seems that the
multiple pulsing was approximately a factor of 10. It was
possible to cross normalize the various singles runs in the
experiment relative to themselves since the trigger
detectors never moved and therefore had constant cross
sections. The coincidence runs were normalized relative to
the singles runs and therefore relative to themselves by

comparing the plastic array c¢cross sections in the
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coincidence runs at the various angle settings to the same
cross sections in the singles runs. The errors involved in
such a process are not negligible and will be discussed in
Chapter IV, The beam intensity varied from 0.33 particle
namps (2X10° particles per second) to 2.5 particle namps
(1.5X10'° particles per second) giving livetimes for the
singles rgns of as low as 15 percent and as low as 60
percent for the coincidence runs.

The targets for the NSCL experiment were self-
supporting natural Au and Al foils of 2.0 mg/cm? and 3.0
mg/cm?® thickness, respectively.

The beam energy out of the NSCL cyclotron as
determined by the accelerator settings was 30 MeV/n. The
beam energy was not degraded in passing to the scattering

chamber,



CHAPTER 1V

DATA REDUCTION AND ANALYSIS

The data taken in the experiments at LBL and NSCL
were recorded on magnetic tape in event form. The event
data were later read back onto the computer and sorted by
particle type using software gates which had been created
with the aid of a two dimensional color display device. The
sorted data were then calibrated, binned into histograms and
corrected for various experimental effects. Normalizations
were applied to obtain the final absolutely normalized

spectra. The energy calibrations will be discussed first.

A. Energy Calibrations of Detectors used in LBL Experiment
Energy\calibrations for the scintillator array
telescopes in the LBL experiment were based on direét beam
calibrations done before the second weekend. Since the
timing for the ADC gates was changed between the first
weekend and the beam calibration, the first weekend spectra
for the scintillator array telescopgs had to be calibrated
against spectra from the second weekend. Further details of
the first weekend calibration will be presented after the
discussion of the actual beam calibration of the second

weekend spectra,

48
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The ability of the Bevatron to produce very low
intensity proton and alpha particle beams of 150 MeV/n made
it possible to safely calibrate the scintillator detectors
by positioning them directly in the beam. A full beam
energy calibration point and five lower energy points were
obtained for both protons and alphas by degrading the beam
in a stepwise variable thickness Cu degrader placed in the
target ladder, The energy of each calibration point was
determined from the Bevatron beam energy, less any energy
loss due to obstructions in the beam line and the calculated
energy loss in the degrader, Figure IV-1 shows the
calibrations for protons and alpha particles in one of the
plastic E elements. The particle energy is the actual
energy deposited in the plastic, taking into account the
energy loss of the particle in the AE element. Note that
the proton calibration is linear up to the maximum
calibrated energy of 150 MeV. The alpha calibration becomes
nonlinear beyond 250 MeV. The difference in slope is due to
differences in the NE102 response for the two particles, as
shown in Figure IV-2 [Go 60]. The nonlinearity in the alpha
response is a result of reaction losses in the scintillator
which will be discussed later in the chapter. All seven of
the plastic scintillator elements had similar calibrations.
No correction was made to the E signal for contributions
from the AE signal, since knowing the energy deposited in
the scintillator made that correction unnecessary. The AE

signal was, however, corrected for the contribution from the
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tail of the E signal which was collected in the AE gate.
This correction was necessitated by the fact that at high
particle energies the magnitude of the contribution was
great enough to cause the AE value to begin to increase.
Without a correction, this increase gave rise to a double-
valuedness for the calibration of the AE element as shown in
Figure IV-3. The correction applied to the data was derived
from that portion of the AE-E spectra which contained the
neutrons and gamma-rays which triggered the detector by
stopping in the plastic (Figure IV-l4). For these events, no
signal was generated in the AE element and therefore, the
contribution of the E signal to the AE can be obtained. The
correction was made by calculating the difference between
the AE channel of the n,Y line at the minimum E channel and
the AE channel of the n,Y line at the E channel
corresponding to the AE channel to be corrected. This
difference was then subtracted from the AE channel number to
give the corrected channel number. As can be seen from
Figure IV-5, the resulting corrected calibration curves were
quite linear for both protons and alphas. As was true for
the plastics, the AE CaF, calibration was similar for all
seven telescopes. ,

As was stated at the beginning of this chapter, the
energy calibration for the scintillator array telescope
spectra from the first weekend at LBL had to be obtained by
comparison to spectra from the second weekend. Because the

first weekend array singles spectra were lost due to a
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timing problem with the scaledowns, the calibrations for the
first weekend were further restricted to fits to coincidence
spectra. The CaF, AE spectra and the plastic scintillator E
spectra were matched to spectra from the second weekend
using a least squares fitting routine which determined the
proper calibration for each telescope. The correcton to the
AE response for charge from the E signal in the AE gate,
which was made for the beam calibration, was also made for
the fitted calibration. Values of the reduced chi-squared
for the fits were typically less than 5 and a comparison of
the final normalized coincidence spectra indicated that a
satisfactory calibration was obtained.

The Si AE element of the Si-Nal telescope at the -90
degree setting was calibrated with a calibrated pulser. A
calibration using the direct proton and alpha beams gave
similar results. The Nal E element was calibrated using the
direct proton and alpha beams, as shown in Figure IV-6. The
Si-Nal telescope at the -45 degree setting was calibrated
using only the direct alpha particle beam for the Nal E
element and a pulser calibration for the Si AE element.

The various fragment detectors, which all consisted
of stacks of silicon detectors, were calibrated with the

calibrated pulser.

B. Energy Calibrations of Detectors used in NSCL Experiment
The calibration of the scintillator array telescopes

at NSCL presented a special challenge in that at the time of
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the experiment, the best beam available for energy
calibrations was a 25 MeV/n alpha particle beam. An attempt
was made to calibrate using 25 MeV/n alphas elastically
scattered from a Au target. However, since the minimum
energy for an alpha particle which penetrates the CaF, is 22
MeV/n, and since the proton and alpha particle calibrations
are not the same, as shown in Figure IV-1, this calibration
proved to be inadequate. Approximately one year after the
original data was taken a 53 MeV/n alpha beam became
available, at which time inclusive p, d, t, SHe, and “He
spectra were measured for the original reactions of 30 MeV/n
'2C+Au,Al using a Si-NaIl telescope. Calibration points were
obtained for 53 MeV/n alpha particles elastically scattered
from a Au target and for 70 and 100 MeV recoil protons from
alpha elastic scattering on a mylar target. The recoil
protons were measured in coincidence with the elastically
scattered alphas, giving well separated proton calibration
peaks. These calibrated spectra were then used to calibrate
the original spectra using a fitting technique similar to
that used to calibrate the first weekend spectra from LBL.
The AE calibration was retained from the 25 MeV/n alpha
calibration and was used for both pro?ons and alphas, No
correction was made in the AE channel number for the
contribution from the E signal since the measured particle
energies did not extend to high enough energies to show a

significant contribution.
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The Si-Nal telescope was calibrated using a
calibrated pulser for the silicon AE element and the 25
MeV/n alpha calibration for the NaIl E element. The Nal
inclusive data were compared to the 45 degree data taken in
the more recent calibration run with 53 MeV/n alphas and

found to be in good agreement.
The fragment detector telescopes were again

calibrated with a calibrated pulser.

C. Normalizations

The method for monitoring the beam currents in the
two experiments has been discussed in Chapter III. All runs
with the same detector settings were summed for the
coincidence events. The singles events were summed only for
singles runs, ie. the runs in which the singles event
trigger was present in the electronics logic. Pseudo
singles events were present in the coincidence runs due to
coincident neutrons and gamma rays and other unidentifiable
coincident particles, but, these events were biased by the
coincidence trigger requirements and therefore, did not
constitute true singles events.

The NSCL spectra originally pad only a relative
normalization because of a problem with the current
integrator which was discussed in Chapter III. It was
possible, however, to provide an absolute normalization for
the spectra by normalizing to the spectra measured in the

recalibration run. It is believed that the normalization
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for the NSCL spectra is known to approximately 20 percent
based on errors incurred in the cross normalization of the
coincidence spectra discussed in Chapter III and the
absolute normalization method, which is believed to be known
to 10 percent, The LBL normalizations are believed to be

good to 10 percent,

D. Target Thickness Correction

Because of the 213 mg/cm? Au target thickness at LBL,
the fragment spectra (PLF and IRF) were corrected for energy
losses in the target. The corrections were based on the
energy lost by a given particle at a given energy in the
full thickness of the target, including the added thickness
encountered by the particle due to the target angle relative
to the detector. Corrections were typically less than 20
MeV, The bin sizes for the inclusive fragment histograms
were 100 MeV for the PLF and 30 MeV for the IRF and a factor
of two larger for the coincidence histograms. This was
therefore, a relatively small correction to the spectra.
This correction was not applied to the NSCL spectra due to
the small thickness of the 2.0 mg/cm? Au and 3.0 hg/cm2 Al

targets.

E. Reaction Loss Correction
The scintillator array and Si-Nal telescope spectra
were corrected for reaction losses of the light particles

stopping in the detectors. Charged particles traversing a
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scintillation counter or solid state counter may undergo
nuclear interactions as well as interactions with the atomic
electrons. The latter type of interaction gives rise to the
full energy peak in the detector. The nuclear interactions,
on the other hand, tend to broaden the full energy peak on
the low energy side. Inelastic collisions in the detector
typically have neutrons, gammas, deuterons, and alphas as
the reaction products. Due to the nonlinearity of the
response of scintillation materials to more highly ionizing
particles, the light output in the detector is less for
these reaction products than it would have been for the
original projectile. This results in the loss of the
particle from the full energy peak. In the case of neutrons
and gammas, light output is less because of the reduced
probability of any further interaction in the detector by
the reaction products. Other effects can also lead to
losses in the detector. We will discuss one of them,
scattering out of the detector, later on in the chapter.

A number of authors have presented data and
calculations for reaction losses in detector materials such
as silicon [Ja 66, Ma 68 and Me 69] and NaI(Tl) and plastic
scintillator [Ja 66 and Me 69]. w§ have patterned our
calculation after that of Measday and Richard-Serre [Me 69].
The calculation requires the integration of the total
inelastic reaction cross section of the incident particle
as it stops in the detector. The range of the particle is

divided up into cells of about 0.1 mglecm? in length. At
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each cell the particle has a different energy and since the
reaction cross section is energy dependent, the reaction
cross section must be determined for the average energy of
each cell. The average energy in each cell was calculated
from a range-energy table generated by the code DONNA. The
reaction cross section was then calculated using a
parameterization obtained by fitting a modified form of the

standard reaction cross section
0R=nR2(1—vc/E)x(1+(K/E)*) (IV-1)

to measured cross sections tabulated by Measday and Richard-
Serre [Me 69]. The parameters in Equation IV-1 are the
nuclear interaction radius R given by

R=rg (A, "3+a,'3-1)  (fm), (1V-2)

where r,=1.2 fm,

the coulomb potential at the interaction radius, Vc, given

by

Vo=2,Z,e*/R (MevV), (Iv-3)

and ¢ and » which were adjustable parameters. An adjustable
overall normalization factor was also included in the fit.
The calculation of the reaction cross section was repeated
for each cell with the total fraction of interactions being
given by

f=1—exp(—2nioi), (IV-14)
i
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where ni is the number of atoms/cm? in the ith cell and 9y

is the calculated cross section in each cell. The data and
the parameterized fit for protons in carbon are shown in
Figure IV-T. Although plastic scintillator also contains
hydrogen, its contribution to the reaction loss is
negligible since the scattered proton is likely to remain in
the detector volume. The quality of the fit in Figure IV-7
was limited by the use of the standard reaction cross
section formula as the basis for the fit,. This
parameterization was necessary in order to extend the cross
sections to particles other than protons. Another
limitation on the quality of the fit was the attempt to
determine a single consistent set of parameters for all
relevant materials., The values found for x and A were k=20
MeV and A=1.2, with the normalization constants being 1.1
for silicon, 2.0 for Nal, 2.7 for CaF,, and 1.45 for plastic
scintillator,

The resulting corrections for protons in Nal and
blastic scintillator are shown in Figures IV-8 and 9
respectively, plotted as the ratio "tail-to-peak", i.e.
f/7(1-f), along with the data tabulated in [Me 69]. The
agreement is good for both detector materials. The tail-to-
peak ratios for p, d, t, *He, and “He in a silicon-Nal
telescope and a scintillator array telescope are shown in
Figures IV-10 and 11 respectively. The fit to the reaction

cross section and the calculation of the correction factors
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was also performed for the silicon AE element., No data or
independent calculations were available for CaF,, so0
parameters similar to Nal were used instead. The silicon
and CaF, corrections had little effect on the overall
correction because of their limited thickness. The actual
correction to the spectra was made by dividing each bin by

the appropriate value of 1-f .

F. Scattering Out Correction

In order to achieve the high packing density of the
scintillator array, the individual telescopes were not
collimated. Particles incident near the edge of a detector
were likely to scatter out and not be identified as valid
events. This is the other important mode of particle loss
in the array detectors. Particles scattering into the
detectors from neighboring telescopes would not be
identified as valid events since there would be no AE signal
for such events. No correction is required for these
events. To correct for the scattering out, a Monte Carlo
calculation was developed to simulate the effects of
transverse straggling of the particles and to correct for
the slight geometrical error incurred by placing the
telescopes closer than their design distance. The code
calculated the range of a given energy particle in the
plastic and then calculated its transverse straggling based
on a gaussian distribution with a root mean square projected

angle given by the formula [Pa 84]
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Z*14(t+my) 1/2 1 Am,
=-—M— —
Opr'oj A-t(t+2m,) (L/LR) [+~ 9 L'og”(L'/I"R)][1 * (t+m°)As]
(Iv-5)

where
t=Incident kinetic energy per nucleon,
m,=931.5,
L=Thickness of material traversed (g/cm?),

LR=Radiation length,
A,As=Mass number of particle, medium,

Z=Atomic number of particle.
Radiation lengths for a variety of materials are tabulated
in the literature [Pa 84]. Radiation lengths for unmeasured
compounds were calculated based on a formulation given by
Tsali [Ts 74]. The calculated trajectory of the particle was
checked against the actual geometry of the detector to
ascertain if the particle would have scattered out. The
effect of transverse scattering in the CaF, was included in
the calculation of the trajectory. The entrance point for
each particle at each energy was also found using a Monte
Carlo technique such that the geometry of the front face of
the telescope was treated exactly wWith a constant
probablility at each point. The fraction scattered out, R,
was calculated as the number of simulated events for which
‘the particle scattered out divided by the total number of
events. The correction factor with which each bin of the

measured spectra was multiplied is then 1/(1-R)., The
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fraction scattered out of a scintillator array telescope for
p, d, t, ®He, and “He are shown in Figure IV-12 plotted as

tail-to-peak ratios,
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CHAPTER V

RESULTS AND DISCUSSION

The data presented in this chapter are primarily
light particle energy spectra derived from the scintillator
array telescopes discussed earlier. Exceptions will be
figures showing the inclusive spectra for the trigger
telescopes. Of primary interest here are the effects of the
various coincidence conditions imposed on the light particle
spectra measured with the scintillator array. All telescopes
ih the array have been summed together in order to obtain
the best possible statistics. The errors depicted in the
energy spectra are statistical. Positive detector angles
imply the side of the reaction plane on which the
scintillator array was placed. Negative angles imply the

opposite side of the reaction plane.

A. 92 MeV/A “°Ar+Au Inclusive Spectra

1. Light Particle (Scintillator Array) Inclusive Spectra
Light particle inclusive spectra (Z=1,2) have been

measured for the reaction 92 MeV/A “°%Ar+Au at angles of u4s5,

67.5, and 90 degrees in the laboratory. Energy spectra for

p, d, t and *He, “He are shown in Figures V-1;a&b,

respectively. The solid curves in the figure correspond to

73
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Figure V-1, Energy spectra of (a) p,d,t, and (b) 3*He,"He
from the reaction 92 MeV/A "°Ar+Au. The angles
measured are 45° (circles), 67.5° (squares), and
90°¢ (double triangles) in the laboratory. The
errors depicted are statistical,. The solid
lines correspond to a hydrodynamics model
calculation and the dot-dashed lines correspond
to a firestreak calculation as described in the
text.
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hydrodynamics (HD) calculations by Buchwald [Bu 84] with
arbitrary normalizations for each light particle as follows:
protons x10; deuterons x3.3; tritons x.13; Z3He x1; and “He
Xx.33 . The HD results are azimuth and impact parameter
averaged for impact parameters from 0 to 7 fm. The dot-
dashed curves are firestreak (FS) calculations for the same
System using the impact parameter with the maximum Weight
giving a firestreak with 82 nucleons and 34 protons at an
impact parameter of 5 fm [We 84]. It is interesting to note
that while neither calculation fits the proton spectra, both
fit the deuteron spectra. The HD calculation tends to give a
more realistic fit to the other spectra. This is especially
true at the low energy end of the spectra where the FS
calculation tends to overpredict the cross sections. The
firestreak model assumes that the surfaces of the colliding
nuclei are diffuse. The surface of each nucleus is divided
into infinitesimal streaks parallel to the projectile
direction. The projectile streaks follow straightline
trajectories and interact with the target streaks only
through completely inelastic collisions. The streaks are
not allowed to broaden during the collision. The
simplifying assumptions for the trajectories and interaction
mechanism are valid at the relativistic energies for which
the firestreak model was first proposed. At intermediate
energies, ie., between 20 and 200 MeV/nucleon, these

assumptions break down, causing the model to overpredict the
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low energy part of the spectra, particularly for particles

of mass A>2.

2. Moving Source Parameterization

When considering a large volume of data it becomes
useful to find a way to ﬁarameterize the whole set in terms
of a few meaningful parameters. To that end, we have chosen
to fit the light particle scintillator array spectra with
what is commonly known as a single moving source
parameterization,. It has been shown that the high energy
tails of light particle inclusive spectra can be explained
in terms of emission from an excited source of light
particles in thermal equilibrium [Go 77]. This source emits
particles isotropically in its rest frame which is moving at
approximately half the beam velocity. The energy spectra
are also assumed to be isotropic in the source rest frame
with a relativistic Maxwell-Boltzmann energy distribution in

the rest frame [La 69] given by
d23g g exp(-E/1)

p*dpd@ ~  lgm? 2(t/m)? Ky, (m/t)+(t/m)K,(m/ 1) *

where p and E are the momentum and total energy,

(v-1)

respectively, of a particle in the source rest frame. K,
and K, are MacDonald functions, alsq known as modified
Bessel functions of the second kind. The double-
differential cross sections are transformed into the

laboratory frame using

d%g ~ pE' d?g¢
dEdQ p'2dprdq' °

(v-2)
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where d2g/p'2dp'dQ' is the moving source rest frame momentum
distribution, p(p') is the particle lab (source rest frame)
momentum, and E' is the source rest frame total energy of

the particle expressed as

" - - -
E "m.s. (E Bn.s.P CO88, ), (v-3)
where
_ - 24 1/2 a
Ym.s.' 17 Bm.s. ) : (v-14)

Here E and elab are the total energy and angle in the 1lab,
respectively. The moving source spectra are fit to the data
using the method of least squares with three free
parameters. The three fit parameters are ¢, the total cross

section, 8 the velocity of the moving source (usually

m.s.’
expressed as the ratio to the beam velocity), and t, the
slope parameter, which is often referred to as the
temperature of the source. The effect of the velocity
parameter can be understood by considering that if the
source velocity is zero, then the spectra at all angles will
be identical, ie., isotropic emission as in Figure V-2;a.
If the source is moving along the beam direction, the
spectra will no longer appear isotropic, but will have the
general appearance of Figure V-2;b. The source velocity is
then a measure of the change in the cross section as a
function of angle, ie. the source velocity is reléted to the
slope of the angular distribution dog/dgq. The inverse
temperature reflects the slope of the spectra in the high

energy tails. A negative energy shift is applied to the

data before fitting to take into account the boost acquired



Figure V-2.
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Schematic representation of the energy spectrum
of particles emitted from a thermally
equilibrated source (a) in the source's rest
frame and (b) in the lab frame with the source
moving in the forward direction.
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by the particle in the coulomb field of the target. The
resulting moving source fit Spectra are then shifted up in
energy by the same amount for comparison with the measured
spectra. The coulomb shifts used in the analysis of the Au
target data were 10 and 18 MeV for Z=1 and 2, respectively.
For the Al target data, shifts of 4 and 8 MeV were used for
Z=1 and 2, respectively,

The inclusive spectra for p, d, t, and %*He,“He are
shown with single moving source fits (solid curves) in
Figures V-3;a&b, respectively. The spectra were not fit for
energies below 50 MeV/nucleon to eliminate contributions
from target emission. All angles were included in the fits.
The values of the parameters extracted from the inclusive
spectra are given in Table V~1 and agree with the
sSystematics of the moving source parameterization as shown

in Figure V-4 [We 827.

3. Coalescence Model

The dot-dashed curves in Figure V-3 are the results
of coalescence model calculations for the light composite
fragment cross sections. A coalescence relation given by

dzo(Z,N,EA) A

d%2¢(1,0,E)
= C [____.L_:___.] , (V-5)
dEAdQA dEdQ
where
N+ N,V A-1
c - ( D t) A 1 [ bqP,3/3 ] (V-6)
zp+ Z,’ NIZ! g, [p/(p2+m?) ]



Figure V-3.
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Energy spectra of p,d,t,®He, and “He from the
reaction 92 MeV/A “°Ar+Au. The s80lid lines
correspond to moving source fits as described in
the text. The dot-dashed lines correspond to
coalescence model calculations.
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TABLE V-1

MOVING SOURCE PARAMETERS FOR 92 MeV/A Ar+Au (INCLUSIVE)

Particle Temperature Cross section Velocity
T Go B
(MeV) (mb) (e)
PROTON ‘ 21.040.2 22600.:21%. 0.205%0.002
DEUTERON 21.6+0.2 13600.%+223, 0.181+0.003
TRITON 19.5+0.3 7827.+217. 0.152+0.002
*He 29.4+0,2 2540.+ 35, 0.218+0.002

“He 25.9+0.3 3960.+111, 0.194+0.002



Figure V-4,
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The variation with incident energy above the
barrier of:(a) the p,d,t,"He cross sections
associated with a mid-rapidity source (the solid
lines are to guide the eye, and the dashed line
is the fireball model prediction for
protons);(b) the extracted temperatures from the
moving source compared with fireball description
(dashed) and a Fermi gas model (solid) for equal
participation from projectile and target
nucleus;(c) the moving source velocities
compared with the fireball (dashed) and equal
participation models (solid).
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was used to extract the coalescence radii from fits of the
proton inclusive spectra to the composite fragment spectra.

In Egqn. V-5 dzo(Z,N,EA)/dEAdQA is the double differential

cross section of nuclei composed of 2 protons and N=A-Z

neutrons. Np’Nt are the number of neutrons in the

projectile and tatget nuclei, respectively, and Zp’Zt are
the number of protons in the projectile and target nuclei,
respectively. The value of ¢, is taken to be the total
reaction cross section. P, is the coalescence radius and p
and m are the relativistic momenta and mass for the protons.
The coalescence radius in momentum space, was the single
free parameter used in the fits. The deuteron and alpha
spectra are well described by the coalescence model. The
model does not fit the triton and *He spectra very well,
although, the coalescence radii are still reasonable. The
coalescence radii are summarized in Table V-2. It is
possible to relate the coalescence radii to the size of the
fireball at the freeze-out density V through the parameter
B, given as [Me 78]

A-1 W3 _2s+1 A-1

(Poa) = A
2A

(ﬁoa) (V“7)

This parameterization removes explicitly the spin alignment
and phase factors from the coalescence radius. With the
freeze-out density given by [Le 79]

1/ (A=

Vo=(N1Z1) ") (3n3/4np,*) (V-8)

and the volume of the equivalent sphere taken to be
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TABLE V-2

COALESCENCE MODEL PARAMETERS

Py B, v R
(MeV/fm) (MeV/fm) (fm?3) (fm)

92 MeV/A “°Ar+Au (a)

%H 165 90 615 5.28
*H 139 101 629 5.32
2He 155 113 450 4,76
“He 171 147 229 3.80
100 MeV/A '%0+Au (b)

2y 87 5.5
*H 111 3.8
*He _ 115 3.8
“He 142 2.9

(a) Present work.
(b) Parameters from Auble, et al. [Ab 83]
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V=4/3(mR?) (v-9)
the radii at freeze-out were obtained and are presented in
Table V-2. . Included in Table V-2 are the coalescence model
parameters obtained by Auble, et al, [Ab 83] for the
reaction 100 MeV/A !'®0+Au. The parameters obtained in the
present experiment are in fair égreement with the !'°80

induced results.

4. Intermediate Rapidity Fragment Inclusive Spectra

The inclusive fragment spectra (352<7) for the
Intermediate Rapidity Fragment (IRF) trigger at -30 degrees
are shown in Figure V-5, The data have been plotted as
invariant cross sections as a function of the total fragment
momentum, The lihes are to guide the eye. The similarity
of the shapes of the cross sections is an indication that a
single reaction mechanism is responsible for the production
of the various fragments. This phenomenon has been examined
in detail by Jacak, et al. [Ja 83]. It was shown that the
inclusive fragment spectra from 30 to 90 degrees in the
laboratory frame could be explained with the assumption of
fragment emission from a single intermediate rapidity
thermal source. Temperatures and velo?ities extracted from
the intermediate mass fragment spectra using the single
moving source parameterization were similar to parameters
found for inclusive light particle spectra measured in the

same experiment.
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Figure V-5. Invariant cross section plots versus total
momentum for intermediate rapidity fragments in
the IRF trigger at -30° from the reaction 92
MeV/A *°Ar+Au. The lines are to guide the eye.
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Figure V-6, Projectile-like fragment cross sections for the
PLF trigger at -13° plotted versus the fragment
velocity over the projectile velocity from the
reaction 92 MeV/A “°Ar+Au.
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5. Projectile-Like Fragment Inclusive Spectra

The inclusive double differential cross sections for
the Projectile-Like Fragment (PLF) trigger at -13 degrees
are shown in Figure V-6, Cross sections are shown for
fragments with (35Z518) as a function of the ratio of the
fragment velocity to the incident projectile velocity. It
is possible to observe evidence of three distinet reaction
mechanisms in the PLF fragment spectra - projectile
fragmentation, thermal emission, and few nucleon transfer.

Projectile fragmentation has been described as an
interaction occurring for large impact parameters in which
the incoming projectile nucleus becomes excited upon contact
with the target nucleus. The projectile velocity is not
appreciably reduced by the collision as it would be for a
collision at a smaller impact parameter, The excited
projectile either breaks up near the target nucleus before
equilibration of the excitation energy or decays in flight
after thermal equilibrium is established. The momentum
distribution for a fragment emitted from a decaying
projectile has been described by Goldhaber [Go T7U4] using a
gaussian distribution exp(-p2?/2¢2?), where ¢ is the momentum
width of the distribution. For a fragqent with K nucleons
emitted from a projectile with A nucleons the momentum width
is given as
0% = 0,2K(A-K)/(A-1), (v-9)
where g,= 100 MeV/c. The value of ¢, can be related to the

fermi momentum of the nucleons in the projectile nucleus by
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o°=pf//5 - Projectile fragmentation has been observed in Ar

induced reactions on Au at 213 MeV/nucleon by Viyogi, et al.
(Vi 79] as well as at energies below 100 MeV/nucleon in Ar,
C, and N induced reactions [Mo 81, Bo 83, Gu 83, Ra 83].
The velocity distributions in Figure V-6 which most clearly
show projectile fragmentation are those for the oxygen
through phosphorus fragments. The observed peaks appear
gaussian in shape with centroids between 85 and 90 percent
of the projectile velocity. The shift in velocity down from
the projectile velocity can in part be accounted for by the
loss in kinetic energy of the emitting system due to the
binding energy associated with the emitted fragment.

The Li and Be fragment velocity distributions are
primarily exponential in shape with only slight shoulders to
indicate the possible presence of projectile fragmentation
phenomena. The exponential fall-off of the distributions is
consistent with the assumption of emission from a thermal
source, as discussed in section A.L. The B, C, and N
velocity distributions show evidence of both fragmentation
and thermal emission.

The few nucleon transfer reaction mechanism involves
the exchange between the target and projectile nuclei of one
or several nucleons. The fragment velocity distributions
for the transfer process are characterized by narrow peaks
centered at the beam velocity. The narrow peak widths can

be attributed to the limited range of energies of the
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availlable excited states into which the exchanged nucleons
can be transferred. The sulfur, chlorine, and argon
fragment velocity distributions of Figure V-6 appear to be
dominated by the few nucleon transfer mechanism as shown by
the markedly narrower widths and higher velocities relative
to the oxygen through phosphorus distributions. The
apparent sudden change from fragmentation to transfer
reactions at sulfur has been examined more closely by
Borrel, et al. [Bo 83] and Rami, et al. [Ra 84] in Ar
induced reactions at 44 and 27.6 MeV/A, respectively. They
find that the mechanism changes from fragmentation to few
nucleon transfer between 353 and 3¢s,. Interestingly,
formation of a fragment smaller than 3*¢S from “°Ar would
require the transfer to the target of a fragment larger than
an alpha particle. The argon velocity distribution
undoubtedly contains a large component from elastic
scattering. The grazing angle for the 92 MeV/nucleon
“°Ar+Au reaction is approximately 3 degrees.

These three reaction mechanisms need to be taken into
account when attempting to understand the light particle
coincidence data. For coincidences with fragments with Zs7,
the contributions from thermal sources are non-negligible.
A picture which includes both fragmentation and thermal
emission is necessary. For coincidences with fragments with
857515, a fragmentation picture should suffice. There will
undoubtedly still be contributions to the light particle

spectra from emission from a moving thermal source as well
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as target evaporation. Coincidence events with the highest
three Z fragments might be expected to yield light particles

originating primarily from target evaporation.

6. Light Particle (90°) Inclusive Spectra

The inclusive light particle spectra (Z=1,2) for the
Light Particle (LP) trigger at —90-degrees are shown in
Figure v-7, The spectra are plotted as invariant cross
sections as a function of the total particle momentum. .The
lines are to guide the eye. The slightly steeper slopes at
the low energy end of the d and ¢t spectra are associated
with evaporation from the colder target remnant. For the LP
triggered light particle coincidence spectra, the target
evaporation portion of the LP spectra has been discarded. A
lower cut at an energy of 20 MeV/nucleon was imposed on the
LP spectra, corresponding to a momentum of approximately 200
MeV/c/nucleon. Inclusive spectra measured at 90 degrees 1in
the scintillator array were in good agreement with the LP

spectra.

B. 92 MeV/A *°Ar+Au Coincidence Spectra

1. Momentum Conservation Model

The interpretation of coincidence spectra has as an
inherent hazard the possibility of assigning special
significance to phenomena which had their origins in simple

conservation laws, It is, of course, not possible to
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Figure V-7. Invariant cross section plots versus total
momentum for p,d,t, and *He in the LP trigger at
-90° from the reaction 92 MeV/A *°Ar+Aau. The
lines are to guide the eye.
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perfectly model a nuclear reaction, even for conservation of
momentum, because of the simplifying assumptions which must
be made, It is, however, useful to attempt to understand
the coincidence results from the perspective of the current
level of understanding of the inclusive results, and do so
within the framework of the conservation laws. The
calculation which has been performed assumes that two
coincident particles are emitted sequentially from a single
moving source as described in section A.1. In reality, more
than two particles are emitted from any collision violent
enough to create an excited thermal source. The assumption
of two particle emission is a minimal requirement. Emission
of a third particle would be likely to reduce the
correlations seen in the two particle calculation due to the
increased number of degrees of freedom. From a knowledge of
the momentum of the first particle, it is possible to
calculate the reduction in excitation energy of the source
and its recoil momentum. The second particle is then
emitted from the cooled, recoiling éource. Since it is not
possible to know which particle was emitted first, both time
sequences are combined to give the final coincidence cross
section. The initial source parameters used in the
calculations were those parameters extracted from the
inclusive light particle spectra for the particle of
interest. The size of the emitting source was chosen to
correspond to the size of the fireball formed a; the most

probable impact parameter. This gave source sizes of N=82
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for the Ar+Au reaction and N=18 and 38 for the C+Al and C+Au
reactions, respectively. The ﬁormalizations of the final
calculated coincidence cross sections were obtained using
cross sections from moving source fits to the inclusive
spectra of both emitted particles. The intermediate mass
fragment cross sections were provided by Jacak [Ja 8&1. The
spectra were further normalized by dividing by the reaction
cross section, There were no other free parameters in the
Ar+Au normalizations,. Fragment c¢cross sections were not
available for the 30 MeV/A reactions. The calculated
spectra for the 30 MeV/A reactions were arbitrarily
normalized in order to compare the shapes of the
distributions. A detailed presentation of the calculation

is given in Appendix A.

All of the coincidence spectra to be presented here
have been divided by the solid angle of the trigger
detector. The limits imposed on the integration of the
trigger particle spectra are those imposed by the lower and
upper energy cutoffs of the detector, except where noted.
The solid curves in the figures are moving source fits to
the data with energy and angle cqts as given in the
presentations of the inclusive results. Exceptions will be
pointed out when they occur. The dotted curves in the
figures are momentum conservation calculations as outlined

above,.
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2. Light Particle - IRF Coincidence Spectra
Light particle spectra for coincidences between p, d,
t, *He and “He at 45, 67.5, and 90 degrees and intermediate
rapidity fragments (35Zs7) at -30 degrees are shown in
Figures v-8-12. The inclusive light particle spectra have
been included in the figures for comparison with the
coincidence spectra. The coincidence spectra have the same
general features as the inclusive spectra for all measured
light particle - intermediate rapidity fragment
combinations. the momentum conservation calculation (dotted
lines) for the proton spectra of Figure V-8 are in overall
agreement with the data. Differences between the
calculation and the data are seen to occur for low proton
energies and for the normalizations of the Be and B
triggered spectra., Excessive emphasis should not be placed
on the normalizations of the calculation. The discrepancies
at low energies can be understood as an overestimate of the
calculated recoil velocity of the source. The trigger
fragment is assumed to be emitted to -30 degrees causing the
Source to recoil. The perpendicular component of the recoil
velocity makes the calculated light particle spectra between
+45 and +90 degrees slightly less stegp because the source
now has a velocity component directed toward that side of
the reaction plane. The parallel component of the recoil
momentum reduces the original velocity of the source and

causes the calculated spectra to become more isotropic. The

effect of the source recoil on the calculated spectra is



Figure V-8,
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(a)Proton inclusive energy spectra and proton
coincidence spectra for IRF trigger fragments
(b)lithium, (c)beryllium, (d)boron, (e)carbon,
and (f)nitrogen from the reaction 92 MeV/A
*°Ar+Au. The trigger fragment angle was -30°,.
The so0lid and dotted lines are moving source
fits and momentum conservation calculations,
respectively, as described in the text.
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Figure V-9. Same as Figure V-8 for deuterons.
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Figure V-10. Same as Figure V-8 for tritons.
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Figure V-11. Same as Figure V-8 for °3He.
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Figure V-12. Same as Figure V-8 for “He.
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quite small, Any effect in the data is apparently even
smaller,

The extracted moving source fit parameters for the
IRF triggered light particle coincidence spectra are
tabulated in Table V-3, the temperatures and velocities are
plotted in Figures V-13;a&c, respectively, as ratios to the
inclusive values. Note, the points plotted for fragment
masses of 1 and 2 correspond to coincidences with the LP
trigger and will be discussed later in the chapter.

Figure V-13;a shows that the extracted coincidence
spectra temperatures tend to be slightly higher than the
inclusive temperatures (about 5 percent). There does not
appear to be any significant variation in this parameter
over the range of trigger fragments measured. Figure V-13;c
shows that the extracted coincidence spectra velocities tend
to be lower than éhe inclusive velocities by about 1q
percent . There may be some indication of a decrease in the
velocity parameter with increased trigger fragment mass.
There seems to be no significant dependence of the
temperature and velocity parameters on the particular type
of light particle measured. The apparent differences
between the *He parameters and thosg of the other light
isotopes may be due to the lower statistics of the 3*He
spectra,

The slightly lower apparent velocities for the
coincidence spectra relative to the inclusive spectra may be

due to the fact that the 145 degree angle was included in all



114

800°0%6G1°0 ‘91 Fhee L*1¥8°62 NIDOULIN

L00°*0¥941°0 €2 FronS 8°0¥0° " he NOdHVD

700 0¥2L1"°0 ‘Ot ¥ hEb L°0¥8°hwe NOHOS

#00°0¥1l91°0 "9 F 6ENL 9°0%g° €2 WNI1Xx43d

0L0°0%1LLL°0 "hHGLFLLEG 2'0¥9°¢€¢ WATHLIT NOY¥3IN3d

600°0¥691°0 *he FrGON e L¥Ltle NIDOYLIN

g800°0F2glL"0 "€ F°ECH 6°0F9°c¢ NOgHYYVD

S00°0¥8LL"0 gk Frelol 9°0%¥G6°¢t¢ NoY¥oOd

€00°0F08L°0 *29 Fr2iee G°0¥9°¢2 RNITTRY3E

#00°0¥881°0 *Z6LFCLGES 9°0%0°¢t2 WNIHLIT NolLoud
(2) (qu) (A9W) d4TI
9 %9 1

k3100719 UOT3098 €S0J) sdngeuasdus] J983 T4l 2T1o013ded
(YIADDHIYL dJYI) nV+dV V/ASW 26 HOJd SUILIWVHVYL IJOHNOS ONIAOW

€-A 378VL



115

650°0F%6G61°0 2L ¥°601 6°9FE°GE NOdHYVD

S€0°0FQgLL"0 *2¢ ¥°9lL1 6'n¥6°Ct NOHOd

L20*0FE22"0 ‘Gh ¥°98¢ g E¥6°LE WNITTXY34

kl0°0Fg802°0 *2S F'0L6 £ LFEnE WNIHLIT 9H¢

L10°0FEEL O "he *°h9l gEr1¥ecge NIDOYLIN

€20°0F8EL"O ‘82 ¥°29¢ 6°0¥9°he NOHHVD

LOO*0FHKL" O 0§ *F°c¢h9 G 1¥0°¢€c NOHOHd

900°0%GEL "0 1L F°h68 0°iL¥f°0c WNIT1X4¥34d

700 0FLEL"O *GGLFL6NE S°0¥8°61 WNTHLI'T NOLIHL
(9) (qu) (A2R) LR
S| °p 1

£3100719A U0OT13088 E80d4) suangedaduwa ] J988 714l 9T0T134ded

(QaNNIINOD) €-A 3T1EVL



116

GE0°0¥2461°0 Ll F°06 2 4e¥lL4c NIDOHLIN

£EL0°0F661°0 *6g F°6le h*2¥s* L2 NOgYvV¥D

21l0°0¥L61°0 *h9 ¥°9g¢ 9 1¥g" L2 NOoYyod

900°0FEQL" 0 96 F°94§ £€1¥€°9e WAITTX44dd

L00'0%2L1°0 *gGl¥°2ggl 0°*1¥2°6c WATIHLIT 9H,
(2) (qu) (AOW) JYI
| °p 1

£3100719A UOTI4088 €S0JD aJdnjedadus ] SEY-F-REAN aTo13ded

(QINNILNOD) €-A FTHVL



Figure V-13.

[(a) and (c)] Coincidence spectra moving source
fit temperatures and velocities for the LP and
IRF triggers and [(b) and (d)] the PLF trigger
from the reaction 92 MeV “°Ar+Au. The
parameters for protons (circles), deuterons
(squares), tritons (double triangles), 3He
(crosses), and “*He (pluses) are plotted as
ratios of the coincident spectrum value over
the inclusive spectrum value as a function of
coincident particle mass.
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of the moving source fits. The size of the scintillator
array gave an angular acceptance at the U5 degree setting
forward to =35 degrees. It is well known that forward
angle inclusive light particle spectra show contributions
from projectile evaporation at energies corresponding to the
beam velocity. It is likely that detection of intermediate
mass fragments at -30 degrees selects events in which the
projectile either disintegrates or is appreciably slowed.
The IRF triggered light particle spectra would therefore not
be as likely to have contributions from projectile
evaporation.

Figure V-1U4 shows the results of the hydrodynamics
(HD) calculation of Buchwald [Bu 84] for the reaction 92
MeV/A “°Ar+Au. The solid lines are the predicted p, d, t,
*He, and “"He spectra for in-plane angles of 45, 70, and 90
degrees and an azimuthal angle of ¢=0°. An azimuthai angle
of ¢=0° corresponds to the side of the reaction plane on
which the projectile nucleus is incident in the calculation.
the dot-dashed lines show the prediction for an azimuthal
angle of ¢=180°, ie. the opposite side of the reaction
plane. The calculation is impact parameter averaged for
impact parameters from 0 to 7 fermi. The calculation is not
azimuthally averaged as was the HD calculation used in
comparison to the inclusive light particle spectra. The
normalizationé used for the HD predictions of Figure V-114
were the same as those used for the azimuthally averaged

predictions of Figure V-1. The hydrodynamics prediction can



Figure V-14.

120

Coincidence energy spectra from 92 MeV/A Ar+Au
for (a) p,d,t and (b) *He,*He triggered by a Li
fragment in the IRF trigger. The solid (dot-
dashed) lines correspond to an impact parameter
averaged hydrodynamics calculation for an
azimuthal angle of 0° (180°)
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be characterized by the enhancement of the forward angle
¢=0° spectra. The ¢=180° prediction is almost isotropic.
This azimuthal angle dependence is due to what is called the
"highly inelastic bounce-off" effect. Hydrodynamics
predicts that for collisions which are not head-on, the
incident projectile is inelastically scattered from the
target nucleus into the ¢=0° side of the reaction plane and
then decays by emission of light particles. The 1light
particles are focussed in the direction of the scattered
projectile due to its relatively high velocity. The target
nucleus is also excited and decays by emission of 1light
particles while slowly recoiling into the ¢=180° side of the
reation plane. The predicted ¢=0° spectra subsequently show
an enhancement in the high energy tails at forward angles.
The ¢=180° spectra are characteristic of emission from a
stationery source. The symbols in Figure V-14 are light
particle coincidence spectra for a Li fragment in the IRF
trigger. The light particle spe