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ABSTRACT

MULTI-FRAGMENT DISINTEGRATIONS IN
INTERMEDIATE ENERGY NUCLEUS-NUCLEUS COLLISIONS

By
Yeongduk Kim

The possibility for the highly excited nuclear matter to break into multi-
fragment final states has been predicted by various theoretical calculations.
Experimental information about low-density nuclear equation of state may be
obtainable from detailed studies of multi-fragment emission processes. A new
low-threshold 4r charged particle detector array, the MSU Miniball, has been
constructed for the study of multi-fragmentation. Intermediate mass
fragment(IMF) emission has been studied using beams of 14N atE/A=50MeV and
36AratE/A=20,35MeV on 238U and 197Au targets. MostIMFs are emitted in central
collisions characterized by large charged-particle multiplicities. Energy spectra
and angular distributions indicate the non-equilibrium nature of IMF emission.

Time-scales for multi-fragment emission, key in distinguishing the various
reaction mechanisms, have been studied using two-fragment correlation

functions. The experimental two-fragment correlation functions were found to

dey i i i =

pend mainly on the reduced relative velocity, Veed vrel/ﬂ1+Z2 , of the
fragment pairs. It is therefore possible to sum over different pair combinations
with little loss in resolution. From the comparisons of the inclusive experimental

correlation functions with the classical expression of Koonin-Pratt formula, mean
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emission times of the order of 100-200 fm/c have been extracted with about 50%
uncertainty. Three-body Coulomb trajectory calculations were also performed to
estimate the uncertainty from the interaction with the heavy residue. A more
detailed study indicates that fragment emission in central collisions begins at the

very early stages of the reaction and continues throughout the later equilibrated

stages.
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pter 1 Introduction

In this thesis we will present a study of intermediate mass fragment
ion in nucleus-nucleus collisions at energies between E/A=20-50MeV. At
energies(E/A<10MeV) quasi-elastic, deep inelastic, and complete fusion
ions dominate the exit channel in proportions which depend on the impact
neter of the collision. At these energies mean-field dynamics plays a
ominant role. In contrast, the experimental data at higher energies
2200MeV) indicate a geometrical picture (participant-spectator model),
e the role of nucleon-nucleon collisions is more important. At intermediate
ies, one observes the interplay between mean-field and nucleon-nucleon
ions and a transition between two different reaction mechanisms at lower
uigher energies [Gel87,Lyn87]. In addition a new phenomenon may appear
s energy regime, namely the liquid-gas phase transition of highly excited
ar matter [Cse86].
When the excitation energy is not too large, the decay of an excited nuclear
m is believed to be a succession of evaporation steps of neutron and light
ed particles (H and He isotopes). As the excitation energy is raised to about
al MeV per nucleon, however, decays by intermediate mass fragment (IMF :
20) emission are predicted and observed to become important. For
iently high excitation energies, 4-5 MeV/nucleon, a number of theoretical
lations predict a simultaneous breakup of an excited nuclear system into
al IMFs (Multi-fragmentation). This process should be qualitatively

ent from the conventional decay process like evaporation or fission. Over
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the last decade there has bee a great deal of interest in multi-fragmentation
processes because information about the low-density nuclear equation of state
and the liquid-gas phase transition of nuclear matter may be obtainable from

detailed studies of multi-fragment emission processes.

1.2 Theories of nuclear fragmentation

|
1.2.A Nuclear equation of state : liquid-gas phase transition

The thermodynamical properties of nuclear matter at finite temperatures
have been studied to investigate the nuclear equation of state at low
density(p<p 0) [Sau76]. A simple pedagogical example of the nuclear equation of
state assuming Skyrme-type interaction can be written as a virial expansion in

density p [Jaq83],
P = pkT - aop2 + 2a3p3, (1.1)

where P is the pressure, T is temperature, and a 0 and a3 are constants related to
the binding energy of a nucleon and normal nuclear density. The first term
represents the pressure from kinetic motion of the nucleons. The second and
third terms arise from the nuclear interaction; the reduction in pressure due to
long range attractive interaction and increase in pressure due to short range
repulsion between nucleons respectively. The isotherms of this equation of state

[Sau76] are similar to those of Van der Waals gas as shown in Figure 1.1 with the

critical point at TC=18MeV and p C=‘0.3p 0 The possibility of a liquid-gas phase
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tion of excited nuclear matter was conjectured from this analogy
6,Dan79], but how to detect this effect experimentally was not clear.

he dispute about the possibility of the liquid-gas phase transition and
fragmentation of low density nuclear matter has been stimulated by the
retation of the experimental data on the mass distribution measured for
elativistic proton induced reactions by Purdue Group [Fin82,Min82]. The
distribution for the IMFs was measured and rather well described by a

T . .
rlaw, o, «< A , with critical exponent t=2.64. Discussing the analogy of the

r-law b;avior with the general clustering models like a droplet model by
T and a percolation model [Sta79], they concluded that "fragments are
2d statistically in the multibody breakup of a highly excited nuclear
ant” [Fin82]. In one reaction scenario that leads to such a phase mixture, the
etic collisions of two heavy nuclei can generate a gas of unbound and
d nucleons. As the system cools and expands, nuclear binding could cause
of the nucleons to clump into IMF's; these "liquid drops" are imbedded in
emaining gas. The phase transition continues and the IMF’s present at
up can be detected [Jag83]. According to the model of [Fis67], the size of the
1 drop formed inside the excited nuclear matter at and below the critical
can be estimated to have the distribution [Sie83,Pan84],
P, = A exp(-b(maZ’3), (1.2)

e A is the fragment size, b(T) is a measure of the surface tension depending
mperature, and 1 is the critical exponent. At the critical point this
bution becomes P, « A-T, which was the basis for the Purdue Group’s

A
usion.
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Figure 1.1 Equation of state for nuclear matter with the Skyrme force. The solid
lines show the pressure of nuclear matter as a function of the density for various
fixed temperatures(isotherms). The unstable states of the homogeneous system
are indicated by the dashed lines [from Sau76].
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This interpretation stimulated many experimental measurements of IMF
emission and theoretical studies of multi-fragmentation. Before long, similar
fragment mass distributions have also been observed in heavy-ion experiments
at high energy [Gut82] and intermediate energy [Chi83] nucleus-nucleus
reactions. By fitting the IMF mass distributions with eq. 1.2 and fragment energy
spectra with a Boltzmann distribution to obtain the fragment temperature T,
Panagiotou et al. obtained a relationship between these two quantities to obtain
the "critical exponent” parameter 1 for the available data which existed over a
large range of incident energies and projectile target combinations [Pan84] in an
attempt to find an experimental evidence of a phase transition. However, the
power law behavior of the mass distributions proved to be an ambiguous
signature of the phase transition; similar behavior has been predicted from
completely different theoretical approaches based upon the percolation model
[Bau86], or the sequential decay of an excited compound nucleus [Fri83]. It is
now clear that we need more exclusive experimental data than the inclusive
mass distribution to understand the phenomenon of multi-fragmentation.

A different picture of multi-fragmentation was presented by Bertsch and
Siemens [Ber83]. The solid curve in Figure 1.2 shows the S=0 isentrope for a
schematic nuclear equation of state. The left hatched area is the mechanical
instability region where the compressibility ( x = n 'g% | S) is negative (isentropic
spinodal region). In this spinodal region a local accumulation of density would
lead to a lower pressure, which causes more matter to flow into the high-density
region leading a separation into liquid (high density) and gaseous (low density)
phases. If the initial condition is to the right of the dashed line (overstressed
zone), the system has enough energy to expand into the unstable region
(fragmentation zone). A possible reaction trajectory for a heavy-ion collision

reaching the unstable region has been drawn as a dashed line (details of the
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Figure 1.2 Instabilities of nuclear matter. Left grating:region of hydrodynamic
. .. 9P
1nstab111ty,(5;)s<0. Right grating: initial conditions leading to breakup after

expansion [from Ber83].
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considerations behind this curve can be found in reference [Ber83)). In this region
instablities can grow exponentially from small amplitude, thus can split the
system into liquid and gas phases rapidly. The possibility of reaching the
fragmentation zone via heavy ion collisions presents a persuasive argument for

investigating multi-fragmentation process in such collisions.

1.2.B Microscopic Models

The schematic arguments described in the previous section predict the

existence of multi-fragmentation processes. A detailed investigations of
fragmentation processes requestes theories that can be compared directly with
the experimental observables. Such a quantitative comparisons are only
provided by microscopic simulations of nucleus-nucleus collisions, in which one
can introduce finite size effects, surface and Coulomb energy effects, and a
reasonable dissipative dynamics [Sur89].

In most statistical multi-fragmentation models, the basic assumption is that
a compound nucleus has been formed with given excitation energy, angular
momentum and parity. Once formed, such a nucleus is assumed to decay
according to the statistical weights of the various allowed decay configurations.
Bondorf et al. and Gross et al. predict the onset of multifragmentation at
temparatures of about 5-6 MeV [Bon85b,Gro86] within canonical and
microcanonical treatments respectively. Recently Friedman explored multi-
fragmentation with an evaporation model of an expanding nuclei. This
calculations predict a multi-fragment rapid massive cluster formation for an
excitation energy of about 1.5 GeV in a mass 190 system [Fri90]. However,
statistical calculations generally have several limitations : (1) Thermodynamical

equilibrium is a priori assumed, while the experimental angular distributions of
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IMFs indicate nonequilibrium emissions, (2) The formation step of the outgoing
fragments is not described due to the lack of dynamical effects.

A number of microscopic dynamical calculations indicate that the reaction
trajectories of excited nuclear systems produced in heavy-ion collisions may
indeed enter the mechanical instablity region [Vic85,Boa86,Sur89], in which
density fluctuations can grow exponentially [Boa90a]. The initial conditions
leading to évaporation, multi-fragmentation and total vaporization have been
studied by mapping reaction trajectories on the phase diagram
[Vic85,Boa86,5ur89]. Recent calculations for Ca+Ca collisions at b=0fm estimate a
multi-fragmentation threshold at around E/A = 30-35 MeV [Sur89]. These
calculations, however, may not contain sufficient fluctuations to describe the
fragmentation process. For this reason, it is also interesting to explore statistical

fragmentation approaches.

1.3 Detection of multi-fragment emission

A number of experiments on the IMF production in heavy-ion reactions
have been performed at intermediate energies for a variety of systems and
energies [Chi83, FieJ84, Fie]86, Jac87, Bow87]. To identify IMF emission as a multi-
fragmentation clearly, however, one must examine the multi-fragment final
states on an event-by-event basis. First experimental evidence of multi-fragment
emission was established from Plastic Ball data obtained by the GSI/LBL
collaboration. The Plastic Ball/Wall [Bad82] consists of 815 Can-plastic
telescope modules covering the angular region from 10° <6

<160°. For Au+Au
lab

collisions at E/A=200MeV, IMFs(3<Z<10) were detected at <30°

)
lab
corresponding to the forward hemisphere in the center of mass system. These

measurements were performed with an energy threshold of E th/ A=35-40MeV.
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Figure 1.3 shows IMF multiplicity distributions gated on various participant
charge multiplicities thereby representing different regions of impact parameter
[Jac87]. On average, 3-4 fragments were detected per central collision. Therefore
the data clearly established the existence of multi-fragment emission. Also, the
data show a smooth increase in the probability of IMF emission as the participant
charge multiplicity increases or as the impact parameter decreases.

At intermediate energies, a few experimental measurements of multi-
fragment emission have been performed with relatively restricted phase space
coverage. Bougault et al. studied Kr+Au and Kr+Ag at E/ A=43MeV using mult-
detector system covering about 50% of 4n [Bou88]. They detected IMF

multiplicities as large as N = 6 with non-negligible cross sections. They

concluded that even mougItI:/IFthe multi-fragmentation is observed in these
measurements, it does not result from a simultaneous explosion of the total
system. Recently Trockel et al. reported multi-fragment emission from O + Au at
E/A =84 MeV with mean IMF multiplicity about 0.5 [Tro89,Fri90]. Comparisons
of data with both statistical multi-fragmentation calculations [Bon85b] and
calculations with a sequential binary decay model [Cha88] were inconclusive.
Earlier a series of experiments have been performed by Berkeley Group using
reverse kinematics. From the coincident measurement of fission fragments for La
+ C at E/A = 50 MeV, they concluded that sequential binary decay dominates
this reaction with an estimated excitation energy of the composite system of
about 280 MeV [Bow87]. This conclusion was challenged by Gross [Gro88]. He
showed that his microcanonical multi-fragmentation model could reproduce the
experimental binary charge correlations reasonably, and concluded that the real
cranking should be observable at excitation energy above 600 MeV for nuclei in

this mass range.
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Figure 1.3 IMF multiplicity distributions for Au + Au at E/A=200MeV. Five
participant charge multiplicity bins increase from MUL1 to MULS5 [from Jac87].
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It has become clear that more exclusive experimental data are needed for an
understanding of multi-fragment emission processes. For example, impact
parameter selection could eliminate less interesting peripheral collisions. A
systematic study of the excitation function of IMF production could reveal the
onset of multi-fragmentation reactions. Dynamical calculations suggest that the
probability or onset for multi-fragmentation may be sensitive to the nuclear
equation of state at low density [Sur89). Therefore we can expect to gain
information about the equation of state of low density nuclear matter from a
detailed studies of the multi-fragment emission processes. The first task of the
present work was to measure exclusively multi-fragment emissions with an

apparatus of large phase space coverage.

1.4 Time scales of multi-fragment emission

At present, it is not clear that the theoretical calculations described in
Section 1.2 predict final states which are different from final states predicted by
conventional evaporation or fission like processes. In principle one cannot
exclude the possibility that sequential multi-step binary decay mechanisms can
generate multi-fragment final states [Mor88].

As pointed out by Bertsch [Ber83], the usual liquid-gas phase transition is a
first order transition that applies to processes that occur slowly enough for an
equilibrium to be established across a phase boundary. A lower limit for the time
required for such decays is given by the time required for exponential growth of
density fluctuations or the expansion of the nuclear system; this time scales are of
the order of 50fm/c in dynamical calculations [Sur89,Boa90]. On the other hand,
conventional evaporation-like binary decay assumes a nearly complete relaxation

of the excited composite system between each decay. For example, the time scale
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of fission at initial nuclear temperatures of about 5 MeV is estimated to be fo the
order of 10-Zosecond or several thousand fm/c [Hil89]. The time scale for
evaporative processes is predicted to be of the order of 1-5x10-21(=1000 fm/c)
[DeY89]. Therefore key to experimental confirmation can be provided by the
measurement of the fragment emission time scales for the breakup.

One of the first experimental time scale measurements were obtained by
Trockel et. al. [Tro87]). They constructed correlation functions between heavy
residues, fission fragments, and intermediate mass fragments as a function of
relative velocity as shown in Figure 1.4. Comparing the IMF-IMF correlation
functions with trajectory calculations, they extracted mean IMF emission times of
the order of 300-1400fm/c (the mean emission time, t, and the "half-life" for
)

IMF-IMF’ IMF-IMF"
The similar time scales of HR(heavy residue)-IMF and IMF-IMF decay

IMF emission, t defined by [Tro87], are related by : 1 = 1.441
processes led them to conclude a sequential nature of multi-fragment emission.
However the range of possible time scales extracted is quite large in this
measurement. A qualitatively similar result has been obtained by Bougault et. al.
who quote a mean emission time 300fm/c without a corresponding estimate of
the uncertainty [Bou89]. More experimental data are needed to explore these

issues. The second part of this thesis will address this problem.

1.5 Organization of the thesis

We first performed an exploratory experiment to begin the investigation of
the multi-fragment emission processes. In Chapter 2, we describe this experiment
which combined the Dwarf Ball/Wall 4n phoswhich detector with two parallel
plate avalanche counters(PPAC) [Bre77]. After this experiment, we began to

develop our own 4rn detector with improved characteristics. Chapter 3 explains
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the detailed technical aspects of the MSU Miniball. The first experiment with the
MSU Miniball was a study of the reaction of 36Ar + 197Au at E/A = 35MeV. In
Chapter 4, we describe the experimental setup and the methods of data
reduction. In Chapter 5 we present experimental results; elemental and angular
fragment distributions, total and IMF multiplicity, distributions, and charge
correlation functions.

To obtain informations about the time scale of IMF emission we employed
the technique of intensity interferometry. In Chapter 6 we present a simple
theoretical expression for the two-fragment correlation functions and investigate
the validity of the approximations used in the calculations. In Chapter 7 our
experimental two-fragment correlation functions are compared to calculations

and the time scales are extracted. Summary and conclusions are provided in

Chapter 8.
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Chapter 2 Observation of Multi-fragment Emission

with Dwarf Ball.

To study multi-fragment emission processes in intermediate energy heavy-
ion collisions we performed an exploratory experiment with a newly developed
4r detector from Washington University [Sar88,5tr90]. Two additional PPACs
were constructed for this experiment by our group. To clarify the relative
importance of single and multi-fragment emission mechanisms, we have
measured the IMF multiplicity distributions for fragments emitted beyond the
grazing angle for thereactions 36Ar + 238U atE/A =20and 35MeVand 14N + 23'8U
at E/A = 50MeV. To discriminate between fusion-like central and less violent
peripheral collisions, the IMF multiplicity distributions were measured in

coincidence with two fission fragments and light charged particles from the

decay of the associated heavy reaction residues.

2.1 Experimental setup

In the experiment, a 238UF 4 target of 400 pug/ cm2 areal density was
bombarded by 14N and 36Ar beam of three different energies from the K500
cyclotron at Michigan State University. Charged particles were detected with 96
phoswich detectors of the "Dwarf Ball/Wall" array developed at Washington
University[Sar88,5tr90]. A schematic diagram of the experimental setup is shown
in Figure 2.1. The geometrical front view of the Wall and ball detectors is shown
at the bottom part of the figure. Each phoswich detector consisted of a thin fast
plastic scintillator foil followed by a thick CsI(T]) scintillator, with 200 pm plastic

15
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Dwarf Ball/Wall + PPAC

Experimental Setup

% PPAC

Figure 2.1 Schematic of experimental set-up using Dwarf Ball/Wall and two
PPACs; bottom part is the geometrical front view of Dwarf Ball/Wall system

consisting of hexagons and pentagons.
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scintillation foils and 20 mm CsI(T1) scintillators at the forward angles, reducing
to 40 pm foils and 4 mm CsI(T]) scintillators at the backward angles. To suppress
secondary electrons and X-rays, the Dwarf Ball detectors (located at 9235°) and
Dwarf Wall detectors (located at 12°<6<35°) were covered by 5 mg/ cm2 thick Au
foils and 10 mg/ c:m2 thick Ta foils, respectively. The most forward detectors at
©<12°, covering the grazing angle, were shielded by 1 g/ cm® Pb absorbers to stop
elastically scattered projectile nuclei. These absorbers also stopped IMF's, but
allowed the detection of energetic light particles. For light particles, the detection
array provided an angular coverage corresponding to about 85% of 4n. For
heavy fragments, the coverage was reduced to about 78% of 4x; about 1% of the
loss in coverage is due to the Pb absorbers with additional losses due to poor
elemental resolution for detectors located at ©>150°.

Particle identification was achieved by integrating the photomultiplier
anode current over three different time gates (See Section 3.3). This information
was combined to obtain the energy of the detected particle as well as elemental
identification up to about Z=6 and isotopic identification for light particles (Z<2)
stopped in the CsI(T1) scintillators. Fission fragments were detected with two X-Y-
position sensitive parallel plate multiwire detectors [Bre84] covering angular
ranges of ®l=36°-116°, and 62=-(39°-89°) in the reaction plane. In the off-line
analysis, the energy thresholds for the Dwarf Ball detectors were set to 12 and 18
MeV for hydrogen and helium nuclei, respectively; for the Dwarf Wall detectors
they were set to 20 MeV for both hydrogen and helium. All heavier particles
which passed through the absorber and scintillator foils were analyzed,
corresponding to thresholds of E/A=6-9 MeV and E/A=~2-3 MeV for the Dwarf
Wall and Dwarf Ball detectors, respectively. Unfortunately, double-hits by two a-
particles caused significant contaminations in the Z=3 particle identification gate.

Therefore, IMF multiplicity distributions for fragments with Zz4 have been
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constructed. Contributions from random events were negligible for all

observables discussed in this thesis.

2.2 Reaction filter: Impact parameter selection

Inclusive experiments determine only impact-parameter averaged
quantities, while the detailed reaction mechanism largely depend on the impact
parameter. The resulting loss of information can lead to ambiguous
interpretations, which could be overcome by employing suitable reaction filters
capable of selecting specific classes of collisions. Such filters are particularly
useful if they can be used to select well defined narrow ranges of impact
parameters.

A number of different techniques have been explored. The folding angle,
G)ff= O 1" efz, between coincident fission fragments provides information about
the linear momentum transfer to fissionable heavy reaction residues
[Fat85,Che87]. ((afl and ©

f2
respect to the beam axis.) Folding angle measurements can discriminate between

are the polar angles of the two fission fragments with

peripheral, quasi-elastic collisions and central, fusion-like reactions. An
alternative technique employs neutron multiplicity measurements [Gal85]. For
the 20Ne+U reaction at E/A=14.5 MeV, the measured neutron multiplicity was
found to exhibit a monotonic and nearly linear dependence on folding angle,
indicating a close relation between these two kinds of reaction filters, at least at
low incident energies.

Existing 4 neutron detectors are mostly sensitive to low-energy neutrons
emitted in the statistical decay of fully equilibrated reaction products. Hence, the
measured neutron multiplicity is closely related to the amount of energy

deposited into equilibrated degrees of freedom. Since energies and angles of the




em

mo
Ve

ene

ne:
em

I

el



19

emitted neutrons are not measured, other details of the reaction remain
undetermined, e.g. the orientation of the reaction plane or the transverse
momentum of the emitted particles [Dan85]. Charged particle detector arrays can
overcome such limitations and provide information about the multiplicities of
energetic emissions for which 4z neutron detectors become inefficient.

For low incident energies, the multiplicity of charged particles emitted
statistically to backward angles will largely reflect the excitation energies of the
nearly equilibrated reaction residues. The multiplicities of charged particles
emitted to forward angles, on the other hand, are dominated by nonequilibrium
processes. With increasing energy, the multiplicities of these nonequilibrium
emissions should reflect to an increasing degree the impact parameter dependent
geometry or "participant volume" characteristic of the early stages of the collision
[Wes76]. At intermediate energies, both equilibrium and nonequilibrium
emissions are present. The sensitivity of any charged particle array to either
process may depend strongly upon the angular range subtended by the device.
Therefore we have performed a cross calibration of charged particle multiplicity
filters for intermediate energy collisions, through an experimental investigation
of the relationship between charged particle multiplicities and fission fragment
folding angles for the reactions 36Ar + 238U at E/A=35MeV and 14tN + 238U at
E/A =50 MeV.

Figure 2.2 shows two-dimensional contour diagrams of folding angle, eff,
versus measured charged particle multiplicities. (These raw multiplicities are not
corrected for efficiency losses due to detection thresholds and incomplete solid
angle coverage; therefore, they are slightly smaller than the true charged particle

multiplicities.) The left and right hand panels show data for the 14N+238U and

36, 2 . . .
Ar+ 38U reactions, respectively. For orientation, the upper scales give the linear

momentum transfer, AP /P, to the heavy reaction residue in units of the projectile
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Figure 2.2 Measured correlation between charged particle multiplicity and
folding angle for the ' *N+*’ *U reaction at E/A=50 MeV (left hand side) and
for the ’ °*Ar+’°°*U reaction at E/A=35 MeV (right hand side). The angular
range over which the charged particles are detected is indicated for each panel.
The numbers of events (divided by a factor 1,000) for individual contours are
given in the figure.
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momentum, P, assuming symmetric fission of the compound nucleus. The upper
panels show the total multiplicities, M, measured with the entire array (covering
the angular range of ©=5°-170°). The center panels show the number of particles
detected with the "Dwarf Ball" (covering the angular range of ©=35°-170°) and
the lower panels show the number of particles detected with the "Dwarf Wall"
(covering the angular range of ©=5°-35°).

For both reactions, the average multiplicity of charged particles emitted
over the entire angular range (©=5°-170°) increases monotonically with
increasing linear momentum transfer to the heavy reaction residue. This
dependence is qualitatively similar to the monotonic relation between neutron
multiplicity and folding angle which has been established for reactions at lower
incident energies [Gal85,Mor88]. For the 36Ar+238U reaction, the dependence of the
average multiplicity on folding angle is similar to the results obtained for a
similar reaction at a slightly lower energy [Jacq85]. A nearly linear correlation
between multiplicity and linear momentum transfer is observed for charged
particles emitted at intermediate and large angles (©=35°-170°). In contrast, the
multiplicity of charged particles emitted at forward angles (6~5°-35°) is nearly
independent of the linear momentum transfer to the heavy reaction residue
[Jacg85]. At least for the present reactions, the multiplicities detected in forward
arrays [Biz86] cannot be used to select violent projectile-target interactions in
which large amounts of energy and/or momentum are dissipated.

Charged particle multiplicity as well as folding angle measurements
represent reaction filters of finite resolution. Even for the ideal case of formation
and decay of a composite nuclear system with unique spin, excitation energy,
and recoil momentum, multiplicity and folding angle distributions have finite
widths. The widths of folding angle distributions reflect the finite widths of the

mass and kinetic energy distributions of the fission fragments as well as
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smearing from light particle evaporation. For more energetic collisions,
additional broadening can be caused by the emission of intermediate mass
fragments [Fat87]. The widths of charged particle multiplicity distributions
reflect the stochastic nature of neutron and charged particle emission
mechanisms. Particularly at lower energies, where the charged particle
multiplicities are small, statistical fluctuations in the multiplicities can be
comparable to the mean values and the selectivity of charged particle
multiplicities as reaction filters can be reduced.

The widths of various gated distributions are shown in Figure 2.3. The

238U and the 36Ar+238U reactions,

upper and lower sections show data for the 14N +
respectively. The left hand panels show distributions for total charged particle
multiplicity gated by folding angle intervals, 1° wide and centered at the
indicated angles. The right hand panels show folding angle distributions
measured for different total charged particle multiplicities, M =1, 3, 6 for the 14N
+ 238U reaction and M =1, 6, 12 for the 36Ar + 238U reaction. The high multiplicity
gates (M=6 for 14N + 238U and M=12 for 36Ar + 238U) represent cuts in the tails of
the charged particle multiplicity distributions, at values approximately 50%
larger than the most probable multiplicity observed for fusion-like collisions (see
left hand panels, or Figure 2.2).

Charged particle multiplicity distributions gated by large folding angles,
G)fle75°, are clearly peaked at M<1. However, they exhibit remarkably long tails

extending to high multiplicities. Multiplicity distributions gated by small folding

14N +238U and

Ar+238U reactions, respectively. They are rather broad indicating significant

angles (or fusion-like collisions) are peaked at M=4 and 8 for the
36
fluctuations of the number of emitted charged particles. There is considerable
overlap between the multiplicity distributions gated by very different folding

angles.
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Figure 2.3 Gated multiplicity (left hand panels) and folding angle (right hand
panels) distributions measured for the reactions ' ‘N+*’°*U at E/A=50 MeV
(upper part) and * “Ar+* * *U at E/ A=35 MeV (lower part). The distributions for
each panel are normalized to the same integrated yield. The gates on folding
angle, eff, are 1° wide; their centers are indicated in the left hand panels. The

gates on multiplicity, M, are indicated in the right hand panels.
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Folding angle distributions gated by low (high) charged particle
nultiplicities are peaked at large (small) folding angles, respectively. The widths
of these distributions are very similar to the widths measured for the out-of-
plane distributions of fission fragments selected by the same multiplicity gates,
indicating that these gates do not introduce significant broadening beyond the
infrinsic resolution of the folding angle technique. In contrast, folding angle
distributions gated by intermediate charged particle multiplicities (M=3 for
14N+238U and M=6 for 36Ar+238U) are significantly broader indicating that such

multiplicity gates are less selective.

2.3 Multi-fragment emission

The solid line in Figure 2.4 shows the inclusive folding angle distribution
for fission-fission coincidences. The dashed and dotted-dashed curves show
folding angle distributions gated by the detection of at least one and three

intermediate mass fragments at backward angles (6 >35 °)in the Dwarf Ball, N ;:4;
(b)

2 1 and 3, respectively. Distributions gated by NIMF > 1 and 3 are remarkably
similar indicating that single and multi-fragment emissions to intermediate and

large angles can be associated with violent, fusion-like collisions characterized by
large linear momentum transfers [Fat85]. The light and heavy dotted curves

show distributions gated by the detection of at least one and three intermediate
(w)
IMF
> 1 does not select a very specific class of

mass fragments at forward angles-(6 < 35°) in the Dwarf Wall, N 2 1and 3,

(w)
IMF
collisions, with contributions from both incomplete fusion reactions and
peripheral collisions. The requirement Ng:;; 2 3, On the other hand, clearly selects

more peripheral collisions with smaller linear momentum transfers to the heavy

respectively. The condition N

reaction residue.




YIELD (arb. units)

Figure
per
Momg,
Varigy
disriy
indyg
Yielgs
RN



25

MSU-89-001
AP /P
1.0 0.5 0.0

i T T Tt 1 | T L L 1 4
ST %ar + %0, E/A =35MeV ]
N — inclusive ]
= ]
R (x2) -
5. : N%: ...... 21, ...... _2_3 :
a 3 B
Sy i ]

= AT
S ]
S ok ;
= T A N )
R ) :
1~ ]
N 5

0

igure 2.4 Folding angle distributions between coincident fission fragments. The
pper scale gives the linear momentum transfer, AP/P, in units of the projectile
omentum to the heavy reaction residue assuming symmetric fission. The
irious gating conditions are explained in the text. For comparison, the
stributions are normalized to give the same integrated yields, with the
clusive distribution multiplied by an additional factor of 2.0. The measured
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Figure 2.5 shows associated charged-particle multiplicities, N c= Ntot -
N(g ate)’ where N,  is the total observed charged particle multiplicity (excluding
IMF tot (g ate)

ission fragments) and NIMF

-urves are defined as in Figure 2.4: the solid line shows the inclusive distribution

denotes the number of fragments in the gate. The

for fission-fission coincidences; the dashed and dotted-dashed light and heavy

N (b) (w)
dotted) curves show distributions gated by NIMF 21and3 (NIMF 2 1 and 3),

respectively. Consistent with this finding, the observed associated charged
particle multiplicities are large for IMF's emitted at © > 35° and rather similar for
the N ® ) > 1and 3 gates. The requirement N (w)

IMF IMF
charged particle multiplicities consistent with a bias towards more peripheral

> 3leads to lower mean associated

collisions. The different gates discussed in Figs. 2.4 and 2.5 clearly select different
classes of collisions reflecting impact parameter ambiguities which obscure the
interpretation of inclusive data. These ambiguities can be removed by suitable
choices of reaction filters.

, of

IMF
intermediate mass fragments for different gates on folding angle. Open circles

Figure 2.6 shows probabilities for observed multiplicities, N

correspond to the inclusive distributions for fission-fission coincidences; open
squares correspond to small momentum transfer collisions gated by eff> 160°
(AP/P<0.2); solid points correspond to large momentum transfer collisions gated

by ©_< 133° (AP/P20.5). Both single and multifragment emission occur with

ff
significantly higher probabilities in central collisions characterized by large linear

momentum transfers. However, since all events in this experiment required
coincident fission fragments in the exit channel, we cannot exclude the possibility
that even higher multiplicities might occur in collisions which do not lead to

fission. Even though most IMF’s are produced in events with N F=1 [Bor88], unit

™M
IMF multiplicity does not appear uniquely significant. Instead, the multiplicity

distributions decrease monotonically from N_, =0 and are rather well described

IMF
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C
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gure 2.6 Probabilities per fission trigger for the detection of single and
ultiple fragments with Z > 4. Open circles: no gate on O open squares:

fl60°; solid points: effsl33°. Solid curve: Poisson distribution, P(N,v) =

N
'y /N, with v=0.25; dashed curve: prediction of the percolation model [Bau86]
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y Poisson probability distributions (an example is shown by the solid curve).

Poisson distributions are characteristic of processes which occur with a low
and constant probability. Such conditions may prevail for nuclear decays at high
excitation energies and with low fragment multiplicities. For example, the
statistical weight for fragment emission is small as compared to that for light
particle emission when calculated in a statistical rate equation approach such as a
sequential evaporation model [Mor75,Fri83]. In this case, deviations from
Poisson distributions would be expected to occur mainly for high fragment
multiplicities or small systems when emission probabilities are affected by
energy or mass conservation. To illustrate that Poisson distributions may also be
expected in a static theory which encompasses a phase transition we show in
Figure 2.6 a distribution predicted by the percolation model [Bau86]. While the
IMF detection efficiency of the present experiment is sufficient to reveal the
qualitative trends of the multiplicity distributions, the IMF yields below the
detection thresholds of the present apparatus would be required to determine
the exact shape of the multiplicity distributions and hence, definitive values for
the percolation parameter, Py Or the average v of the Poisson distribution. A
model independent correction of the IMF detection efficiency is beyond the scope
of the present measurement.

To see the dependence of IMF production probability on the system and
incident energy Figure 2.7 shows the IMF multiplicity distribution for all three
reactions preformed in this experiment with central gate, AP/P>0.5., on the
folding angle. For all three cases the data can be described by the Poisson

distributions shown by the curves in the figure.
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2.4 Summary

This experiment was the first 4x experiment at NSCL which was performed
with nearly 4x solid angle coverage. The detector, "Dwarf Ball/Wall", was a
pioneering device for intermediate energy heavy-ion nuclear collision
experiments. It has a larger phase space coverage and dynamic range than that
which characterized the previous devices used to study multi-fragment emission
at intermediate energies [Bou87]. Nevertheless, this device also display some
limitations such as a poor resolution in particle identification specially for IMFs,
a non-polar geometry, a relatively small dynamic range(1<Z<10), and a low
granularity. Moreover, energy calibrations for the response of the Dwarf
Ball/Wall were not performed for this first experiment, which seriously limited
the directions of the data analysis. Therefore our group decided to build a new
4n detector which could overcome some of these limitations. This new 4=n
detector, the MSU Miniball, was completed in the spring of 1990 after 2 years of
design work, test runs, and the mass- production of the detectors. The next

chapter describes the technical details of this device.
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Chapter 3 MSU Miniball - 4n fragment detection

array

In order to study multi-fragment disintegrations of hot nuclear systems
with nearly 4rx coverage, we have constructed a fragment detection array of high
granularity and low detection thresholds. The design criteria we considered were
as follows :

(1) High granularity to handle large multiplicity events.

(2) Good particle identification for Z = 1-20.

(3) Low energy threshold.

(4) Large solid angle coverage.

(5) Mass identification for light charged particles (H+He).

(6) Good energy resolution.

(7) Modular design; compact and portable.

(8) Polar coordinate geometry.

In its original configuration, the device covers the angular range of Oab= 9°-160°
with 188 phoswich detectors consisting of 40 pm thick plastic scintillator foils
and 2 cm thick CsI(T1) scintillators. Thresholds for particle identification range
from E/A=~1.5 MeV for alpha particles to E/A=3 MeV for Ca ions. Individual
detectors can resolve elements from Z=1-18, as well as isotopes of hydrogen and
helium. Fission fragments can also be identified. Charged particle detector arrays
based on similar techniques have also been built by two other groups

[Sar88,Dra89].

32
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3.1 Mechanical Construction of the Array

The Miniball phoswich detector array is designed to operate in vacuum.
Figure 3.1 shows an artist's perspective of the three-dimensional geometrical
assembly of the Miniball sitting on the turntable of the 92" scattering chamber.
The array consists of 11 independent rings coaxial about the beam axis. For ease
of assembly and servicing, the individual rings are mounted on separate base
plates which slide on two precision rails. The rings and detector mounts are
made of aluminum. Good thermal conductivity between detectors and the
mounting structure allows the conduction of heat generated by the
photomultiplier voltage divider network into the array superstructure. This heat
is removed from the Miniball by cooling the base plates to the desired
temperature by circulating ethanol through a copper pipe attached to the base
plates. By this means, constant operating temperature in vacuum is achieved
after a brief equilibration time. The individual detector mounts are designed to
allow the removal of any detector without interfering with the alignment of
neighboring detectors. The entire assembly is placed on an adjustable mounting
structure which allows for the alignment of the apparatus with respect to the
beam axis.

Figure 3.2 shows a half-plane section of the array in the vertical plane
which contains the beam axis. Individual rings are labelled by the ring numbers 1-
11 which increase from forward to backward angles. For each ring, the number
of detectors is given in parentheses. For a given ring, the detectors are identical
in shape and have the same polar angle coordinates with respect to the beam
axis; these angles are indicated in Figure 3.2. In Table 3.1, we list the solid angles
and the ranges of polar and azimuthal angles which are covered by inidvidual

detectors of the Miniball. Since the angular distributions of the emitted particles
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Figure 3.1 Artist's perspective of the assembly structure ofththeli I\;Iltmb:lsmg
fragment detection array. For clarity, electrical con‘nectlons, Fz ghavz sing
System, the cooling system, and the target insertion mechanism
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MSU-90-046

Figure 3.2 Half-plane section of the Miniball array. Individual detector rings are
labelled 1 through 11; numbers of detectors per ring are given in parentheses; the

polar angles for the centers of the rings are indicated. The dashed horizontal line
indicates the beam axis.
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Table 3.1 Coverage in solid angle, polar and azimuthal angles for individual
detectors of the Miniball. Ring 1 was not used in this experiment.

IRing # | e&(deg) | AQ(msr) | A©(deg) | Ad(deg) |

1 | 125 | 123 | 7 | 30 I
12 | 195 | 147 | 7 | 225 |
| 3 [ 27.0 | 185 | 8 | 18.0 |
| 4 | 355 | 229 ) | _15.0 |
[ 5 | _45.0 | 30.8 [ 10 | 15.0 I
[ 6 | 57.5 | 64.8 | 15 | 18.0 I
| 7 | 725 | 74.0 [ 15 | 18.0 |
| 8 | 90.0 | 113.3 |20 | _20.0 I
| 9 | 110.0 | 135.1 I 20 | 257 I
| 10 | 130.0 | 128.3 | 20 |_30.0 I
| 11 | 150.0 | 125.7 | 20 | 45.0 |
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are strongly forward peaked, the solid angle subtended by forward detectors is
smaller than for detectors at backward angles. Variations in solid angle were
achieved largely by placing detectors at different distances from the target while
keeping their size approximately constant. The front face geometries of the
individual CsI(T1) crystals are shown in Figure 3.3. Different detector shapes are
labelled by the respective ring numbers with the number of detectors per ring
given in parentheses (see Figure 3.2 for the definition of the ring numbers). The
crystals are tapered such that front and back surfaces subtend the same solid
angle with respect to the target location. In order to save cost of fabrication, the
curved surfaces corresponding to constant polar angle were approximated by
planar surfaces. The resulting loss in solid angle coverage is on the order of 2%,
comparable in magnitude to the loss in solid angle coverage resulting from gaps
between individual detectors (which must be provided to allow for mechanical
tolerances and optical isolation between neighboring crystals).

An isometric drawing of the target insertion mechanism is shown in Figure
3.4. The targets are mounted on frames made of flat shim stock of 0.2 mm
thickness. Each target frame is attached to an insertion rod. The insertion rods
are mounted on a tray which can be moved parallel to the beam axis. An
electromagnetic clutch provides the coupling to the insertion and retraction drive
once a target rod is located at the appropriate position. A third drive allows
rotation of an inserted target about the axis of the insertion rod. This rotation of
the target plane is useful for the determination of the shadowing a detector
experiences when it is located in the plane of the target frame. All the motions of
the target system are remotely controlled by a computer program through
controllers located outside of the vacuum chamber.

In its present configuration, the detector array covers a solid angle

corresponding to about 89% of 4r. The loss in solid angle can be decomposed
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Figure 3.3 Front views of different detector shapes. The detectors are labelled by
their ring number; numbers of detectors per ring are given in parentheses.
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Figure 3.4 Isometric view of the target insertion mechanism.
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into the following contributions: (i) beam entrance and exit holes (4% of 4r); (ii)
approximation of the curved surfaces corresponding to constant polar angle by
planar surfaces (2% of 4r); (iii) optical isolation of detectors and allowance for
mechanical tolerances (4% of 4x); (iv) removal of one detector at 6=90° to

provide space for target insertion mechanism (1% of 4r).

3.2 Detector Design

All phoswich detectors of the array are composed of a thin (typical
thickness: 4 mg/ cmz or 40 um) plastic scintillator foil, spun from Bicron BC-498X
scintillator solution, and a 2 cm thick CsI(T1) scintillator crystal. A schematic of
the detector design is given in Figure 3.5. In order to retain flexibility in the
choice of scintillator foil thickness, the scintillator foil is placed on the front face
of the CsI(TI) crystal without bonding material. (Tests indicated that a slightly
improved resolution could be achieved when the two scintillators are coupled
via a thin layer of optical cement, see Section 3.8 below.) The back face of the
CsI(TD) scintillator is glued with optical cement (Bicron BC600) to a flat light
guide made of UVT plexiglas. This light guide is 12 mm thick and matches the
geometrical shape of the back face of the CsI(Tl) crystal. This light guide is glued
to a second cylindrical piece of UVT plexiglass (9.5 mm thick and 25 mm
diameter) which, in turn, is glued to the front window of the photomultiplier
tube (Burle Industries model C83062E). The photomultiplier tube and the
cylindrical light guide are surrounded by a cylindrical p-metal shield (not shown
in the figure). Front and back faces of the CsI(Tl) crystals are polished; the
tapered sides are sanded and wrapped with white teflon tape. The front face of
the phoswich assembly is covered by an aluminized mylar foil (0.15 mg/ cm?

mylar and 0.02 mg/ cm2 aluminum).
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MSU-90-03I
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Figure 3.5 Schematic of phoswich assembly of individual detector elements. The
p-metal shield covering the photomultiplier is not included.




prin
[Kn

Inax

san
ma
~ath
Gl

Gl
frat

(@n

3
Bet
thi
phy
fit
pa
eff

for

at



42

The Bicron Beta-paint (BC-498X) used to make fast scintillator foils is a
ternary plastic scintillator consisting of a solvent (PVT:Polyvynyle Toluene), a
primary solute, and a secondary solute, wave shifter, dissolved into xylene
[Kno89,Hur85]. The primary scintillation of the plastic scintillator foil has its
maximum intensity at 370 nm. In bulk material of the scintillator, the intensity
maximum is shifted to 420 nm by the addition of a wavelength shifter. Our

‘ scintillator foils are, however, too thin for an effective wavelength shift and
maximum emission remains in the far blue region of the spectrum (the full width

at half maximum lies between 350 and 450 nm). The absorption of this light in
CsI(T]) places a constraint on the maximum useful thickness of the CsI(TI)
crystals. For example the transmittancy of visible light at 350nm through 20mm
CsI crystal is about 79%, while it is about 85% at 450nm and reaches a maximum
transmittancy at about 700nm [Har88]. Additional absorption in the light guides
can be minimized by using UVT plexiglas rather than standard plexiglas light
guides. The transmittancy of the 24mm thick standard plexiglas is almost 0% at
350 nm and about 50% at 380 nm., which can seriously reduce the blue light of
Beta-paint [Bic90]. On the other hand the transmittancy of UVT of the same
thickness is about 90% over 350nm. The cathode responsivity of our
photomultiplier tube has maximum of 70% at between 350 and 450 nm, which
fits the emission spectrum of Beta-paint well. Such considerations become
particularly important for phoswich detectors utilizing thin scintillator foils in
efforts to reduce particle detection thresholds.

Figure 3.6 shows a photograph of the basic photomultiplier assembly used
for all detectors. The phoswich and matching first light guide have not yet been
attached in this photograph. A precision- machined aluminum ring is glued to

the p-metal shield surrounding the photomultiplier and the cylindrical light
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Figure 3.6 Photograph of photomultiplier assembly. The scintillator and the first
matching light guide are removed. The ring glued to the p-metal shield defines
the alignment of the can housing the voltage divider. The can has been removed
to expose the voltage divider.
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guide. This ring provides the alignment for a precision machined aluminum can
which houses the voltage divider and which defines the detector alignment
when bolted to the rings of the array support structure. In order to expose the
voltage divider chain, this aluminum can has been removed and placed next to
the photomultiplier. The active voltage divider chain is soldered to the flying
leads of the phototube. To prevent destruction of the FETs by sparking during
operation in poor vacuum, the entire divider chain, including the leads to the
photomultiplier tube, is encapsulated in silicone rubber (Dow Chemical Sylgard
184). Vacuum accidents occurring with fully biased detectors do not lead to
divider chain failures. In fact, the detectors are designed to survive a full
pumping cycle from atmospheric pressure to vacuum with bias applied to them.
The 10-stage Burle Industries model C83062E photomultiplier tube was

chosen because of its good timing characteristics (t,,=2.3 ns), its large nominal

gain (--107), and its good linearity for fast signals. Sin?e the apparatus is designed
to operate in vacuum, active divider chains were chosen to minimize the
generation of heat. (The base circuit was designed by M. Maier.) A schematic of
the active divider chain is given in Figure 3.7. The final stages of the divider
chain are of the "booster" type which provides improved linearity for high peak

currents generated by large signals of the fast scintillator.

3.3 Detection Principle

With this highly granular geometry the additional requirements for the
Miniball telescope are good particle identification, energy resolution, and low
energy threshold. The detection principle of the Miniball telescope is based on
the plastic-CsI(T1) phoswich technique employed for example in the Washington
University’s Dwarf Wall/Ball. The anode signal from the photomultiplier tube
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Figure 3.7 Schematic of the active voltage divider used for the Miniball
detectors.
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Figure 3.8 Schematic of photomultiplier sygnal with three time gates applied.
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has the shape depicted in Figure 3.8. It consists of fast and slow light
components. We apply and integrate the charges with three different gates,
"fast", "slow", and "tail". The "fast" and "slow" signals represent approximate AE
(energy loss in fast plastic foil) and E (energy loss in CsI(T]) crystal) signals. The
elemental resolution is achieved in the 2-dimensional map of the "fast" and
"slow" signals because of the dependence of stopping power dE/dx on the
particle charge, mass, and energy.

The CsI(T]) crystal has several good characteristics as a stopping
scintillator. First, it has large stopping power because of its relatively large
density (4.51g/cm3). Hence a large dynamic range could be achieved with
relatively short crystals. Second, its light output has two components of different
decay times. One component (dominating the "slow" signal) has decay times of
0.4 - 1 ps, depending on various particle type and energy [Sto58,Ben89,Kes69].
The second component is governed by decay times of the order of 4-7 us
[Ben89,5to58,Kes69]. This component dominates the "tail" signal. The relative
intensity of the "slow" and "tail" components depends on the specific energy loss
of the detected particles. From this property the mass resolution of H and He
isotopes can be achieved using the pulse shape discrimination [Ala86,Ben89]. An
example of the applied time gates is shown in Figure 3.8. Third, CsI(T1) has good
energy resolution for charged particles (about 1% for 100MeV a particle)
compared with other scintillator materials such as plastic scintillator [Gon88]. So
to achieve the requirements listed earlier we investigated the characteristics and

fabrication methods of these scintillators in great detail.
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3.4 Uniformity of Scintillation Efficiency of CsI(TI)

Previous experience with CsI(T1) crystals used for the detection of energetic
particles had revealed difficulties with the production of scintillators with
uniform scintillation response [Gon88,Gon90c]. Therefore, considerable attention
was paid to select CsI(T1) crystals of uniform scintillation efficiency. In previous
tests of large cylindrical CsI(T]) crystals [Gon88,Gon90c], non-uniformities of the
scintillation efficiency were detected by measuring the response to collimated ¥y-
rays. Such measurements are relatively easy to perform since they can be done in
air. However, they are less suitable for small volume crystals, since collimated v-
rays sample a relatively large volume of the crystal. Small scale fluctuations of
the scintillation efficiency may stay undetected. In addition, measurements for
small non-cylindrical crystals are less precise, since the shape of the Compton
background depends on the position of the collimated y-ray source. Such
dependences lead to additional uncertainties in the extraction of the photopeak
position.

It was determined, however, that nonuniformities of the scintillation
efficiency can be detected very sensitively by scanning the CsI(TI) crystals with a
collimated a-source in vacuum. All crystals ordered from various manufacturers
were rectangular in shape with dimensions of 2"x1.5"x1". They were polished at
the front and back faces (with dimensions of 2"x1.5") and sanded at the sides.
The back face was optically coupled to a clear acrylic light guide with the same
dimensions as the crystal. This light guide, in turn, was optically connected to a
photomultiplier tube of 1" diameter. The sides of the CsI(Tl) crystal and of the
light guide were wrapped with white teflon tape. By covering the front face of
the CsI(T1) scintillator with an aluminized mylar foil, a uniform light collection

efficiency was achieved. (Without a reflective entrance foil, the light collection
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efficiency decreased by about 5% from the center of the front face to its sides.)
The front face of the crystal was scanned in vacuum and the peak location of the
8.785 MeV a-line from a collimated 228"1"h a-source was monitored. In order to
avoid edge effects, regions within about 2 mm of the side boundaries of the
crystal were not scanned. Most tests were performed with a simple multichannel
analyzer equipped with a peak sensing ADC; in those instances the anode signal
of the photomultiplier was shaped and amplified with standard electronics,
using integration and differentiation times of 1 us.

Figure 3.9 shows the results of a scan for a crystal exhibiting a large
gradient of the scintillation efficiency. The horizontal axis of the plot shows the
location of the collimated a-source with respect to the center, along the short
symmetry axis of the front face. Different surface treatments of the front face of
the scintillator did not affect the measured variation of the scintillation efficiency.
In order to demonstrate that such variations were related to the bulk material of
the scintillator we exchanged the role of front and back faces of this scintillator
and performed an equivalent scan of the parallel surface (i.e. the previous back
face). The results of the two scans are compared by the solid and open points in
Figure 3.9. (The coordinate system was kept fixed with respect to the CsI(TI)
crystal.) Nearly identical variations of the scintillation efficiency are observed
across the two parallel scintillator surfaces indicating that the measured large
gradient of the scintillation efficiency persists through the bulk material of the
sample.

The measurements shown in Figure 3.10 were performed by integrating the
anode current of the photomultiplier with a charge integrating ADC using time
gates of At = 0.1-0.5 pus and At = 1.1-4.1 pus which select the fast and slow
scintillation components of CsI(T1). The fast component exhibits a larger

variation of the scintillation efficiency than the slow component. Since the
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Figure 3.9 Relative variation of scintillation efficiency measured for two parallel
surfaces of a CsI(Tl) crystal by using a collimated a-source. The axes of the
coordinate system are parallel to the sides of the scintillator; the coordinates are
fixed with respect to the scintillator.
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integrating ADC for two different time gates selecting the fast and slow
components of scintillation for CsI(T]).
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relative intensity of fast and slow scintillation components depends strongly on
the Tl concentration [Bir64,Mané2], the observed variations of scintillation
efficiency are most likely due to gradients in the T1 concentration.

Crystals incorporated into the Miniball were preselected by scanning the
1.5"x2.0" rectangular surface of original crystals along two perpendicular axes
and requiring a uniformity of scintillation response better than 3%. The
preselected crystals were then milled into their final shapes and scanned a
second time, requiring uniformity of response within 2.5%. The preselection
process avoided expensive machining of poor quality crystals; it was about 90%
efficient for the selection of crystals of the desired quality.

Figure 3.11 compares variations of scintillation efficiency detected with
collimated a-particles of 8.785 MeV energy (source: 228Th) and y-rays of 662 keV
energy (source: 137Cs). The left and right hand panels give examples for a rejected
and an accepted crystal, respectively. The enhanced sensitivity of the a-particle
scan is obvious. It is probably caused by the fact that a-particles sample a much
smaller volume than y-rays and that the two kinds of radiation exhibit different
sensitivities to the Tl concentration [Bir64,Man62].

The results of our standardized prescans are displayed in Figure 3.12. The
histogram shows the number of scanned crystals, obtained from different
companies, as a function of maximum detected scintillation uniformity. Crystals
obtained from one supplier (a) were grown with the Czochralski technique
[Cz018,Bric65]; crystals obtained from three other suppliers (b-d) were grown
with the Stockbarger-Bridgman technique [Bric65,Brid25]. Crystals grown with
the Czochralski technique exhibited, on average, more uniform scintillation
efficiencies than crystals grown with the Stockbarger-Bridgman technique.
Quality differences between different suppliers using the Stockbarger-Bridgman

technique may not be significant since only a limited number of crystals were
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Figure 3.11 Variations of scintillation efficiency detected with collimated «-
particles of 8.785 MeV energy (solid points) and collimated y-rays of 662 keV
energy (open points). The left hand panel shows the measurement for a detector
which was rejected. The right hand panel shows the measurement for a detector
which was incorporated into the Miniball.
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Figure 3.12 Maximum detected scintillation nonuniformity for crystals obtained
from different suppliers. The number of crystals scanned for each supplier is

given in parenthesis.
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scanned for each supplier. (The number of crystals scanned from each supplier is
given in parentheses in Figure 3.12.) Furthermore, some differences are expected
to result from different ways of cutting the 2"x1.5"x1" crystals from the ingot,
since Tl concentration gradients build up largely in the vertical crystal growth
direction. Our standard scan of the 1.5"x2.0" face of each crystal should then
reveal an especially large gradient of the scintillation efficiency when the 2" long
side was cut parallel to the vertical growth direction of the ingot. Selective cuts of
some crystals from various locations of the ingot and with different orientations
with respect to the crystal growth direction provided supporting evidence for the
relationship between the Tl concentration and the uniformity of scintillation
response. For most of the crystals, such detailed information was not available to

us.

3.5 Fabrication of Scintillator Foils

Scintillator foils were made by using the so called "spin-coating method"
[Mey78,Nor87]. The original Beta-paint solution was ordered with a 40% weight
ratio of scintillator material to xylene. It was then diluted by adding more xylene
to about 30% until the solution had the desired viscosity of 20-30 poise. After we
measured the viscosity of the solution, we stirred this solution inside a brown
bottle using a stainless steel rod for about 5-10 minutes to mix it well and achieve
optical uniformity. Then we let the solution in this bottle setle for about half day
before spinning to remove all the bubbles generated during stirring.

The viscosity was determined by measuring the terminal speed, v, of a steel
ball sinking in a glass tube filled with a sample of Beta-paint. Correcting Stoke’s
Law for the finite diameter of the glass tube gives the following expression for

the viscosity [Din62]:
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2
n =28 (pa0) (1-2.104(§)+2.o9(§)3-0.95(§)5 ). (3.1)

v
Here, n denotes the viscosity, r and R are the diameters of the steel ball and the
glass tube, g is the gravitational acceleration, and p, and p are the densities of
the steel ball and the Beta-paint, respectively.

For the fabrication of scintillator foils, a glass plate of 23 cm diameter was
mounted horizontally on a small platform connected to the drive of an electrical
motor which allowed spinning of the plate about its center at a preselected
speed. To facilitate the removal of spun foils, the glass plate was covered
successively with metasilicate solution and Teepol 610 and then wiped to leave
only a thin film of the releasing agents on the glass substrate. An appropriate
amount of beta paint was poured on the center of a glass plate. In order to
provide rapid spreading of the initial solution, the plate was spun at an enhanced
speed for the first few seconds until the entire plate was covered with Beta-paint.
Following this rapid startup, the glass plate was spun at the preset rotational
frequency for a duration of approximately 4 min until a solid foil had formed.
After spinning, the glass plate was stored in a flow of dry nitrogen for a duration
of about eight hours. The foil was then peeled from the glass plate, mounted on a
frame, and placed in a dry nitrogen atmosphere for another 24 hours to allow
further evaporation of residual xylene.

We obtained good and reproducible results by using more dilute solutions
and spinning at lower rotational frequencies than described in refence [Nor87]. A
number of measurements were performed to determine the relation between
rotational frequency and foil thickness in this operating range. The results of
these measurements are shown in Figure 3.13. For each foil, thickness and

homogeneity were determined by scanning the foil in vacuum with a collimated

228 . , .
Th a-source and measuring the energy of the transmitted o- particles in a
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Figure 3.13 Relation between scintillator foil thickness and rotational frequency
of spinning measured for solutions of Beta-paint of different viscosity. The lines
show fits with the power law expression, t e v
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calibrated silicon detector. The energy loss in the foil was then converted to an
areal density according to reference [Lit80]. The spun foils were uniform in
thickness to within typically 1-2% over an area of 7x7 cmz. Scintillator foils used
for instrumenting the Miniball in its present configuration were selected to have
a thickness of 4.0 £ 0.12 mg/ cmz.

We have explored the light collection efficiency for scintillator foils placed
with and without optical cement on the front faces of the CsI(T]) scintillators.
Considerable effort was spent on developing a technique which provides an
optically clear glue bond of minimum thickness between the plastic scintillator
foil and CsI(T]) crystal. Best results were obtained with Epo-tek 301 which has a
low viscosity of 1 poise and a curing time of 1 day. A thin layer of the epoxy was
distributed on the scintillator foil by spin coating. By means of a thin rubber pad
and a weight, the epoxy coated foil was pressed onto the CsI(Tl) crystal in
vacuum and cured in a clean and dry nitrogen atmosphere. The pressure applied
by the weight was typically 13 kPa. Glue layers of 300-500 ug/ cm2 areal density
were achieved, with nonuniformities of the order of 50%.

We investigated the position dependence of the light collection efficiency
for phoswich detectors prepared with and without glue bonds between the
plastic scintillator foil and the CsI(Tl) crystal, by measuring the response at
various locations on the front face (labelled 1 through 11 in Figure 3.14). The
upper and lower panels in Figure 3.14 show the relative variations of the plastic
scintillator response (integrated over the time interval A st 0-50 ns) and the fast
w 60-400 ns) for a-

t

CsI(T1) component (integrated over the time interval Af?s o
particles sampling different locations of a phoswich fabricated with (upper
panel) and without (lower panel) a glue bond between the two scintillators. Both
detectors have sufficient uniformity of response to provide good particle

identification (see also Section 3.7). In this bench test, a better uniformity of
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ow" time gates, At,  =0-50nsand At ,  =60-400 ns, respectively. The same foil
fast slow

d CsI(TI) crystal were used in this test. Various positions sampling the
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esponse was obtained for the phoswich without glue bond. Somewhat larger
but still tolerable) fluctuations are observed when a glue bond is applied. The
bserved fluctuations can be attributed to thickness variations of the glue layer
hich cause variations in energy deposition in the stopping CsI(T]) scintillator
see open points in the top panel). Since some of the CsI(T]) signal overlaps in
ime with the fast plastic scintillator signal, a correlated modulation appears in
e charge integrated by the fast time gate. For more energetic particles, this
ffect should be less important as the energy loss in the glue layer decreases.

The fabrication of phoswich detectors without glue bond has the advantage
f allowing changes in scintillator foil thickness to be made relatively easily.
lued phoswich detectors, on the other hand, are mechanically more rugged. In
ur test runs, improved particle identification was obtained with glued phoswich
etectors (see Section 3.7). However, these improvements do not appear to be
ompelling enough to justify the initial use of glue bonds in the Miniball array.
50 all the experiments up to the present time (September of 1991) have been

serformed without glue layer between fast scintillator and CsI(TI) crystal.

3.6 Data Acquisition Electronics

Figure 3.15 shows a block diagram of the data acquisition electronics. The
node current from the photomultipliers is split via passive splitters into the
fast", "slow", "tail", and "trigger" branches of relative amplitudes I fast’ Islow : Itail :
trig = 0.82:0.04 : 0.04 : 0.1. The "slow" and "tail branches are connected directly
rom the splitter to their respective fast encoding readout analog-to-digital
onverters (FERAs). The gates for the "slow" and "tail" FERAs are 390 ns and 1.5
1s wide and open 150 ns and 1.5 ps after the leading edge of the linear signal,

espectively. For the "fast" branch, a linear gate(Phillips 7145) is inserted between
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ure 3.15 Schematic diagram of the data acquisition electronics of the Miniball.
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the passive splitter and the "fast" FERA. This linear gate allows the individual
gating of each "fast" channel which cannot be achieved with the common gate
FERASs (see also the discussion in Section 3.7). The linear gate is opened 10ns
prior to the leading edge of the linear signal and for a duration of 33 ns. The
"fast" FERA is gated by a common gate of 140 ns width which begins
approximately 60 ns prior to the leading edge of the linear input signal. The
trigger branch, Itrig’ is re-amplified by a fast amplifier and fed into a leading edge
discriminator module (Phillips 7106), the output of which provides the stop
signal for the time-to-FERA-converter and opens the linear gate for the "fast"
channel. The detailed timing diagram is shown in Figure 3.16.

Each discriminator module provides a sum output for its 16 channels. The
amplitude of this sum signal is proportional to the number of channels which
have triggered. By setting a discriminator level on the linear addition of all
discriminator sum outputs, a simple multiplicity trigger is obtained. Each
discriminator channel has 1.5 ps internal dead time to prevent double triggering.

In order to reduce dispersive losses for the fast anode current pulse
representing the response of the plastic scintillator, the data acquisition
electronics is located close to the measurement station. Discriminator thresholds
and photomultiplier gains are adjusted via remote computer control. Remote
inspection of each detector signal is also possible by using the sum output of the

linear gate modules and selectively masking the discriminators.
3.7 Particle Identification

The particle identification resolution of various phoswich detectors was

4 197
tested for fragments emitted at about elabz35° in the 0Ar+ 9 Au reaction at

E/A=35 MeV. All data were taken with the standard electronics setup described
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yure 3.16 Timing diagram of analog signal and gates.
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gure 3.17 Particle identification obtained from two-dimensional "fast" vs.

low" matrix for reaction products emitted at Slab=35° for the ‘°Ar+'°’Au

action at E/A=35 MeV; a scintillator foil of 4 mg/cm* areal density was used
ith a thin glue coupling to the CsI(TI) crystal. (a) Matrix of raw data. (b)
inearized matrix. An intensity threshold of 2 counts per channel has been set.
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n the previous section. Part (a) of Figure 3.17 shows a two-dimensional plot of
e "fast" versus the "slow" charge integration parameters for a phoswich
onsisting of a 4 mg/ cm2 scintillator foil glued to the CsI(TI) crystal. Elemental
identification up to Z=18 is achieved over a considerable dynamical range of
article energies. Part (b) of the figure shows a linearized presentation of these
ata which is more suitable to display the resolution of the device. From such a
inearized presentation, projections on the particle identification axis can be
generated which show the particle identification resolution in a more
quantitative form.

Spectra projected on the particle identification axis are shown in Figure
3.18. Part (a) of the figure shows the projection of the data displayed in Figure
3.17; part (b) show the result for a phoswich using a 4 mg/ cm2 scintillator foil
without glue bond. Better resolution is obtained by using a glue bond between
the scintillator foil and the CsI(Tl) crystal. Additional improvements in particle
identification resolution can be achieved by increasing the thickness of the
scintillator foil. For a specific experiment, the benefits of improved particle
identification resolution due to an increase in scintillator foil thickness must be
weighed against the ensuing higher energy threshold. We have also explored the
use of thinner foils and found that the resolution deteriorates rapidly for
scintillator foils thinner than 3 mg/ cmz. For most purposes, particle identification
provided by foils of 4 mg/ cm2 thickness is satisfactory.

The use of thin scintillator foils in phoswich detectors for particle
identification is complicated by the fact that the fast plastic scintillator signal is
superimposed on the rising signal from the CsI(Tl) scintillator. Good particle
identification via direct charge integration depends critically on well defined
integration times. Electronic walk introduced by leading edge discriminators

changes the detailed shape of a particle identification line in the "fast" versus
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Figure 3.18 Projections of linearized particle identification spectra for reaction
products emitted in the ‘°Ar+'’’Au reaction at elab=35° using phoswich

detectors using scintillator foils of 4 mg/cm?* thickness, (a) with and (b) without
glue coupling between the scintillator foil and the CsI(T1) crystal.




67

"slow" matrix, but it has only minor effects on the separation between adjacent
particle identification lines. Time jitter in the integration gate, however, does
have an adverse effect on the particle identification resolution, since it produces
fluctuations in the amount of CsI(Tl) scintillation integrated by the fast time gate.
If the fast component is integrated by ADCs with a common gate mode, loss in
resolution will occur whenever there is a time jitter between gates provided by
different channels. Loss in resolution will be inevitable when more than two
detected particles with different flight times are converted in separate channels
of a common gate ADC. For example, the difference of flight times between
70MeV proton and 70MeV carbon detected in ring 2 is approximately 2ns. The
problem can be avoided by introducing linear gates into the "fast" channel which
are individually opened (see Figure 3.15).

Figure 3.19 illustrates the sensitivity of the particle identification to time
jitter in the integration gate for the "fast" channel. The solid curves correspond to
the centers of selected particle identification lines in the "fast" versus "slow"
matrix (see, e.g. Figure 3.17). The dashed curves show how these particle
identification lines are shifted when the gate of the "fast" ADC arrives two 2 ns
later in time. (In these two measurements, the gate width was kept constant.)
Even a 2 ns time jitter in the "fast" gate is sufficient to mix the particle

identification lines of neighboring elements in the "fast" versus "slow" matrix.

3.8 Light Pulsing System

Gain drifts of the photomultiplier tubes are monitored by a simple and
compact light pulser system which operates in vacuum. In order to preserve the
modularity of the device and avoid unnecessary removal of optical fibers during

transport, each detector ring is provided with its own light pulser system. Figure
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.20 shows schematics of the mechanical assembly of the light pulser system and
of the driving circuit for the light emitting diodes (LEDs) which is triggered by
an external NIM logic signal. During experiments, the light pulser is triggered at
a rate of about 1 Hz. Light is generated by simultaneously pulsing an array of
eight LEDs (Hewlett Packard HLMP-3950) which generate light at wavelengths
around 565 nm. The emitted light is diffused by reflection from an inclined teflon
surface. Light fibers which only view scattered light transport the light to the
individual photomultipliers.

Because of temperature fluctuations and aging effects, operation of light
emitting diodes may not be stable over long periods of time. Therefore, the
intensity of each light pulse is monitored by two PIN diodes (Hamamatsu 51223)
read out by standard solid state detector electronics. The ratio of the signals of
the two PIN diodes can be used to monitor their stability. The ratio of pin diode
and photomultiplier signals can then be used to monitor the gain of the

individual photomultiplier tubes according to the relation:
Ch’ = Chx(Pin1+Pin2)/2Pmt . (3.2)

Here, Ch denotes the ADC conversion measured for a given event, Ch’ is the
converéion corrected for gain shifts, and Pmt, Pinl, and Pin2, are the channel
numbers for LED generated light pulses detected by the individual
photomultiplier tube and the two PIN diodes, respectively. Better than 1% gain
stabilization is achieved if the temperature of the CsI(T1) crystals is kept constant.
(Variations of the scintillation efficiency of CsI(T]) caused by temperature
fluctuations cannot be detected with the light pulser.) It was verified, however,
that active cooling of the base plate ensures rapid achievement of a stable

operating temperature for the Miniball.
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Figure 3.21 illustrates the gain stabilization achieved with the light pulser
tem. The gain variations of a photomultiplier (enhanced by variations of the
ply voltage) were directly measured by irradiating a CsI(T1) crystal with a-
ticles emitted from a collimated 228Th source and monitoring the peak location
the 8.785 MeV a-line; they are shown by the open points in the figure. The

Id points in the figure show the peak positions obtained in the off-line analysis

2r correcting the gain variations according to information from obtained by

light pulser system. Gain stability to better than 1% was achieved.
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iformation from the light pulser system.
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apter 4 36Ar + ? Aureaction atE/A =35MeV with

Miniball

1 Experimental setup

The experiment was performed using the MSU Miniball in the 92" diameter
attering chamber of the National Superconducting Cyclotron Laboratory at
ichigan State University. An 36Ar beam of energy E/A=35 MeV and intensity
=1O8 particles per second (~0.3nA) was extracted from the K500 cyclotron.
ypical beam spot diameters were of the order of 2-3 mm. The target foil
onsisted of 1 mg/ cm2 197Au. During the experiment, a vacuum of better than 10-5
1T was maintained in the scattering chamber. Water and hydrocarbon vapor
omponents in the residual gas were strongly reduced by a large cold trap filled
lvith liquid nitrogen. By this means, carbon deposits on the target were reduced

a negligible level eliminating contamination from auxiliary reactions.
Light particles and complex fragments were detected using rings 2-11 of the

iniball covering scattering angles of ©, . =16°-160° and subtending a solid angle

orresponding to 85% of 4n. As a precalstti)on against secondary electrons, rings 2
nd 3 were covered by aluminum foils of 0.81 mg/ cm2 areal density. All the
etectors were checked with a Th228 asource located at the target position looking
t "fast" and "slow" 2-dimensional spectra to see the resolution of the 8.785 MeV

signals. The high voltage supplied to each detectors was adjusted to
ompensate the variations in the gain and give similar dynamic ranges (Z=1-20)

the "fast" and "slow" 2-dimensional spectra obtained with the beam on target

luring the early stage of the experiment. Moderately suitable adjustments in the
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in of the photomultipliers could be made by using the approximate relation,

G v
G —(V) . 4.1)

‘his empirical relation was obtained from tests with an a source in which the
elation between photomultiplier tube gain and cathode voltage was explored.
[he temperature was monitored with temperature sensors located at various
positions, and the reservoir of the cooling system has been kept at constant
temperature of about 15°C over the duration of the experiment.

The discriminator thresholds are common for sets of 16 channels. They
were set slightly above the signal level by electrons emitted in large numbers

from the target. Most data were taken with a hardware trigger of N taz, where

hi
Nhit denotes the number of detectors firing; a run with reduced statistics was
taken with Nhitzl. Due to the low beam intensity, random coincidences were
negligible.

4.2 Data reduction and Analysis

4.2 A. Particle Identification

For each detector three gated charge signals were recorded : "fast", "slow”,
and "tail". Hence, one can generate three combinations of 2-dimensional spectra
for particle identifications. This information is combined to establish the logic to
get optimal particle identification. As explained in Section 3.3, elemental
resolution for intermediate mass fragments has been achieved from a 2-

dimensional "fast" versus "slow" map. To get better channel resolution we

transformed the "fast" signal to ;
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“Tail”

Fast/

Figure 4.1 "slow"(upper) and "tail'(bottom) versus fast' spectra of a Bicron

detector(det # 2-8)
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fast' = "fast" - c"slow", 4.2)

where c is a constant less than 1. However a number of detectors supplied by one
company (Bicron) had better elemental resolution for IMFs (3sZ<6) on the "fast"
versus "tail" spectra, possibly due to different thallium doping. Figure 4.1 shows
"slow" vs fast' (upper section) and "tail" vs fast' 2-dimensional spectra for a
detector using a Bicron crystal (compare this with Figure 4.2 which shows a
spectrum from a Hilger crystal). Especially Li, Be, and B have better separations
in "tail" vs. fast' spectrum than "slow" vs. fast'. Overall Hilger crystals had
better particle identifications than Bicron crystals. We have made individual
particle identification gates for each detector to keep the best resolution. At first
one line was drawn to separate light charged particles (Z<2) and intermediate
mass fragments (Z23) on the fast' versus "slow" or "tail" spectra (Figure 4.2), and
the particles identified as light charged particles were identified on the "slow"
versus "tail" spectra by mass.

Figure 4.3 (upper section) shows this "slow" vs. "tail" spectrum, and H and
He isotopes are cleary separated on this plot except in the very low energy region
where all particles merge together. To get better resolution in the low energy
region we transformed the 2D-matrix putting upper and lower bounds as shown
in the upper section of Figure 4.3 and expanding the useful dynamic region with
full channel resolution. So |

tail(upper bound) - "tail"

tail' =C Altail) , (4.3)

where C is constant and A(tail) is the difference between upper and lower
bounds for given "slow" channel. The transformed 2-dimensional spectrum

“slow" versus tail' is shown in the Figure 4.3 at bottom section. Hydrogen
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“Tail”

Tailr

“SIOW”

Figure 4.3 "tail"(upper) and tail'(bottom) versus “slow" spectra.
transformation is explained in the text.

The
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