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Chapter 1

Introduction

A bulk of data concerning heavy-ion induced nuclear reactions at low and intermediate
energies is available to date. In the so-called Fermi energy domain, at energies of about
30-50 AMeV, these reactions are governed from the first touching of the two nuclei to the
creation of the final products by a complicated interplay of different processes which are
thermodynamical in nature.

Thereby, the formation of an excited compound-like nucleus is one of possible reaction
channels while nuclear fission remains to be the dominating decay mode for a large interval
of excitation energies. The disintegration of heated heavy nuclei into two fission fragments
(FF) mainly competes with the emission of neutrons and at temperatures above 3 MeV [1]
light charged particles (LCP). It seems to be well established now, that fission represents
an overdamped collective motion that brings the compound system over the saddle of the
potential energy surface to a considerably large deformed scission configuration, and that
proceeds on a time scale of several units of 1072 s [2].

By now, the experimental efforts to extract fission time scales and nuclear friction
coefficients have concentrated mostly on the study of reactions where it is assumed that
the reacting nuclei fuse completely forming a fully equilibrated composite system with
well-defined characteristics. In particular, compound nuclei are formed with moderate

Figure 1.1: The view of the FOBOS 4r-spectrometer. The height of the viewed area at
the detector site amounts to 3 m.



temperatures T ~ 1.5-2.5 MeV. To increase the temperature of a given system one obvi-
ously should increase the projectile energy. However, as the bombarding energy becomes
larger than ~ 10-15 AMeV, dynamical effects lead to an incomplete fusion mechanism
[3] in which particles or a cluster of particles are emitted in the very early stage of the
reaction thus carrying away a considerable amount of mass, energy, linear and angular
momenta before the composite system reaches its thermal equilibrium. Hence, an increase
in excitation energy is achieved at the expense of a less defined composite nucleus. The
uncertainties in the properties of such a composite system can be remedied by measuring
both fission fragments. With reasonable assumptions about the relation between linear
momentum transfer and excitation energy [4] the properties of the composite system can
be inferred. This method demands a detection system of high efficiency for correlated
fragments achievable only in a so-called 47-device [5].

The 47 fragment spectrometer FOBOS [6] (fig. 1.1), built up in the JINR/Dubna is
one of such devices especially designed for the study of the fission process in the Fermi
energy domain. Utilizing the FOBOS detector one is able to deduce ”event by event” the
fission fragment masses, charges and momentum components in a wide dynamical range.
In addition, a shell of CsI scintillators surrounding the fragment detectors was constructed
for the independent registration of light charged particles. The high geometrical efficiency
of FOBOS opened the possibility to reconstruct the reaction kinematics and the inclusion
of data obtained with the scintillator shell nourished great hope for deducing pre- and
post-scission LCP multiplicities as well as LCP spectra by means of a clear separation of
different emission sources. The dependence of LCP characteristics is to be explored as a
function of both excitation energy of the composite system and fission mass asymmetry.
Furthermore, the experimental data should provide valuable information on the excitation
energy and its partition between the fragments at the instant of scission.

The study of the sharing of excitation energy between the fragments turned out to
be an issue of a great interest. The deviation of the excitation energy partition from
thermodynamical equilibrium should hint at a faster time scale relative to that proceeding
via equilibrium. A decay time of (60 £ 20) x 10~2!s for symmetric fission was deduced
from the distribution of the fission fragment masses measured by the FOBOS detector
[7}. Evidence has been found for some additional process coming into play at initial
excitation energies larger than ~ 300 MeV in fission of Au- and Th-like composite systems.
This process feeds more asymmetric disintegrations and is supposed to be faster than
fission at lower excitation energies. The latter fact naturally raised the question whether
asymmetric fission proceeds faster than symmetric one. A number of papers is devoted to
this problem, but no definite answer has been found up to now. The information on the
excitation energy sharing between the fragments together with the light charged particle
data measured at FOBOS was expected to give further insights into the problem of fission
time scales.

The present thesis is organized as follows. Chapter 2 contains a short review of the
present situation in the field of related investigations and lists the tasks of this thesis
referring to results obtained earlier at the FOBOS detector. Chapter 3 is devoted to the
description of the experimental setup. Chapter 4 covers in details the scintillator shell,
which has been built and put into operation by main efforts of the author. A new method
of intrinsic energy calibration of the scintillator shell is presented in Chapter 5. Chapter
6 lists physical results obtained by the data analysis, and main conclusions are given in
Chapter 7.




Chapter 2

Status of the field and particular
tasks

2.1 General problems

Numerous attempts to describe nuclear collisions in the Fermi energy domain reflect the
great interest in a coherent description of nuclear matter behavior [8]. With respect to low
energy reactions, there is a drastic increase of the number of possible intermediate states
between two known instants: i) impact of a projectile on a target and ii) a set of reaction
products in a detector system. This leads to the difficulty of separating the problem
into two subsets: entrance channel problems (elastic, inelastic, fusion, incomplete fusion
etc.) and exit channel problems (fission, quasi-fission, multifragmentation etc.). Since
different approaches are used for the description of the entrance and exit channels, it is
convenient to introduce an averaged intermediate state which would bridge them. The
analysis of the nucleus-nucleus collision dynamics and decay characteristics of compound-
like products requires also a consideration of light particle (LP) and y-ray emission because
these processes bring large contributions to the total reaction cross section.

Emission of LPs at the very early stage of reaction (projectile break-up, pre-equilibrium
emission etc.) is governed by the dynamics of the heavy product formation. Particles
emitted at later stages of the reaction are treated normally such as they do not "remem-
ber” the entrance channel. LPs and 7-rays accompanying nucleus-nucleus collisions are
the objects of the systematical study because they remove from the interaction region a
significant amount of nuclear matter with certain quantum properties [9]. A complete
description of the formation and decay of compound-like systems cannot be achieved
without understanding the LP emission mechanisms. Experimentally observed properties
of mass, energy and angular distributions of LPs are sometimes quite unexpected. The
explanation of these properties is very difficult because a large number of LP emission
sources are involved. The experimental discrimination of these sources is a problem of
increasing importance.

The nuclear fission is undoubtedly a reaction of particular interest. A compound
nucleus represents a long-living body of excited nuclear matter of some definite geometrical
shape, which exhibits quantum properties at the same time. The rich experimental data
concerning different aspects of fission dynamics are collected and analyzed to date [2, 10,
11]. In accordance with a well-known empirical relation of Viola {12}, the mean total
kinetic energy (TKE) of fission fragments for a given compound nucleus does not reveal



any dependence on the excitation energy. This reflects large overdamping in the collective
motion towards fission. The nature and magnitude of nuclear viscosity and its effect on
fission remains a topic of great interest [5]. The so-called ”dynamical delay” of fission
induced by nuclear viscosity is recognized through a relative increase in the pre-scission
emission of neutrons [13, 14, 15] and LCP [16] (in comparison with predictions of standard
statistical models), as well as by the enhanced emission of giant dipole resonance (GDR) -
rays [17, 18]. In spite of these extensive studies a number of general questions still remains
open. The question how fission proceeds with respect to the time-space evolution of the
nuclear matter is essential in understanding the collective behavior of a multi-nucleon
system. In contrast to a usual picture of fission as a sequence of equilibrium steps, Brosa
[19] treated fission as "an evolution of instabilities”. The random neck rupture approach
requires a violent stretching of a nucleus to a pre-scission configuration, and the position
of the neck rupture, accounting for the fission mass fluctuations, is not pre-defined. The
mass-asymmetry, hence, is introduced as an independent degree of freedom.

A complicated shape evolution from some initial symmetrical form of a composite
system to an asymmetric configuration in the exit channel appears as a rather time-
consuming process. Statistical and quantum properties of the studied objects make it
difficult to come to a definite conclusion about the time scales.

2.2 Scission dynamics

Time scales play a key role in understanding fission and quasifission dynamics. Infor-
mation of it is contained in such well-studied observables as TKE and its width, fission
mass-distribution widths, angular distributions of massive fragments and so on. The ex-
perimental and theoretical findings on fission time scales are rather controversial. Hinde
et al. [15], for example, deduced a dynamical fission time scale of 35 & 15 zs ! by analyz-
ing pre-scission neutron multiplicities and mean kinetic energies in fusion-fission reactions
of symmetrical fission of compound nuclei with A ~ 140 — 250 and excitation energies
E* ~ 0.3 — 1.2 MeV /nucleon. Hinde also concluded that the dynamical fission time de-
creases with increasing mass asymmetry in the fission split. Similarly, Lestone [20] found
a dynamical fission time of 3010 zs by analyzing pre-scission proton and a-particle mul-
tiplicities and mean kinetic energies, also in fusion-fission reactions of fission of compound
nuclei with 4 ~ 195 and excitation energies E* ~ 0.3 — 0.5 MeV /nucleon.

Most data concerning fission dynamics are obtained from exploiting neutron mea-
surements [11]. Transient fission times deduced from LCP multiplicities are not well
established experimentally. Tkezoe et al. [21, 22] measured and analyzed pre-scission pro-
ton and a-particle multiplicities without any reference to nuclear dissipation, using a
standard statistical code [23] for energy spectra and multiplicity fits. Standard statistical
models manage to describe fission data, however, above a certain excitation energy strong
dissipation is needed [24].

Gui et al. {25] studying proton and o-particle emission proposed a decreasing scission
time from ~ 10 zs to ~ 0.5 zs as the mass-asymmetry decreases in the range Ay/Ap = 4.8
to 1.0. The corresponding excitation energies at scission are found to decrease from
~ 2.2 to 0.6 MeV/nucleon. Siwek-Wilczynska et al. [26], on the contrary, suggested
even a slightly longer time for asymmetric (Ax/A; = 1.6) fission comparing pre-fission
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multiplicities of a-particles observed in the reaction “°Ar(9AMeV) + Z2Th, but due to
large statistical uncertainties one can assume also that there is no fission time dependence
on asymmetry. Charity [27], however, in the framework of the statistical model concluded
that there is a strong dependence of the fission ”delay time” on the mass asymmetry.
Analysis of pre-saddle multiplicities and fragment charge distributions reveals that the
system should spend a significant time for the saddle-to-scission transition. The fission
pre-saddle time 7y, and the saddle-to-scission transition time 7, in the analysis of LCPs
by Lestone was consistent with 7, = 9 £ 6 zs and 7y, = 22 & 7 zs, implying that the
hot system spends a considerable time beyond the saddle point. Rubchenia et al. [28] by
the use of the neutron data from fission of 22Th at E*~40 MeV in the framework of the
time-dependent statistical model also concluded that the hot fissioning nucleus spends a
longer time beyond the saddle. Their estimation of the transient time amounted to 170 zs,
and a tendency to shorten this time with increasing the excitation energy was deduced.

Time scales deduced from the GDR «-rays are in strong contradiction with those
usually obtained from light particle multiplicities. Recently, van’t Hof et al. [29] have
analyzed the energy spectra of the GDR, y-rays emitted from the compound nucleus 56Dy
at excitations energies £* ~ 0.7 MeV /nucleon, and concluded that the fission time scale
is of the order of 100 zs. V. Kamanin et al. [30] related GDR to the very early stages of
reactions, especially with ., > 30 MeV. Mechanism of the GDR +y-emission is probably
connected with the angular momentum dissipation. Measured time scales are then of
course quite different from the fission ones. Adding to the controversy, Siwek-Wilczynska
et al. [31] concluded that the fission time scale was indeed of the order of 100 zs when
they confronted the neutron data by Hinde et al. [15] with simulations of a dynamical
one-body dissipation model coupled to a time-dependent statistical model.

2.3 LCP emission studies

Different sources for the emission of y-rays, neutrons, LCP and intermediate mass frag-
ments (IMF) during the decay of the composite system are experimentally distinguishable
due to, on the average, their different properties. However, the origin of a given particle
being emitted can generally not be identified.

Emission of particles and y-rays proceeds on quite different time scales, e.g. starting
from bremsstrahlung before nuclear forces are active and up to the de-excitation of heavy
remnants. Generally, in order to reach the high excitation energy of the compound-
like system it is necessary to increase the incident energy. With the increase in the
incident energy, more and more nucleons and complex fragments drop out of the further
interaction due to the projectile break-up and pre-equilibrium emission [32]. Additionally,
the multifragmentation channel opens already in the Fermi energy domain. This means
that much more information can be obtained on the nuclear cohesion and nuclear response,
as compared with the low energy region. Full understanding of those nucleus-nucleus
collisions and, in particular, fusion-fission-like processes requires the inclusion of heavy
remnants and both LCP and IMF data. The idea of a complete experiment led to the
compromise principle of the FOBOS array being a logarithmic detector [6].

The bulk of data collected so far concerns sequential emission of LCPs and IMFs. The
shape of their spectra has been well studied in selected experiments with high statistics
and is well described in general by statistical models. The subdivision into LCP and



IMF by means of cutting Z < 2 and 3 < Z < 8 is mostly operational, since they are
complementary data.

Similarly to LCP data, the emission of IMF during fission has been recently studied in
order to probe nuclear dynamics. Bowman et al. [33] investigated a variety of collisions at
an incident energy of 50 AMeV and reported a strong dependence of element distributions
and multiplicities of IMF on the LCP multiplicity. The importance of pre-equilibrium IMF
emission is also deduced. Chen et al. [34] studied the reaction *He + ?2Th at the same
projectile energy. The neck and isotropic component of IMF emission are separated by
means of energy, angular and charge distributions. Similar data were obtained recently
with the FOBOS detector. For instance, the isotopic composition of neck matter was
found to be almost identical to that of the compound nucleus; however, sequential IMF
have a composition in accordance with the B-stability systematics [35]. LCP data also
distinguish between emitter configurations, therefore, the so-called near scission emission
of a-particles is treated separately (see, for example, Siwek-Wilczynska et al. [26]). The
above mentioned arguments clearly show the necessity to perform the LCP data analysis
together with the analysis of IMF and massive fragments.

The ”usual” sequential emission is found to lead to some unexpected results. Gui et
al. [25] concluded, that symmetrically fissioning nuclei as light as A ~ 180 at E* of about
3 MeV /nucleon in the initial state are cold at scission. This is because the time needed
for the hot nucleus to change shape into two nearly equal sized nuclei is estimated to be
~ 10 zs. During this time, the very rapid evaporation of light particles can remove a large
portion of the excitation energy, leaving the system relatively cold. The cooling down of a
compound nucleus during the descent from saddle to scission has been observed recently
with the FOBOS detector [35] in experiments described in the present thesis. ~

2.4 Contribution of FOBOS and motivation of fur-
ther work

Mass-energy distributions of fission fragments of hot nuclei with excitation energies £* >
40-50 MeV in the fissility range of Z2/A = 20-33 have been extensively studied in heavy-
ion reactions [11] and a large amount of experimental data on the mass dispersions of
fission products is collected within the so-called stiffness systematics [10]. The dispersion
of a mass distribution oy is related to the effective nuclear temperature ,5¢ in first
approximation as

0% = Ocrs/ess (2.1)

where g.7; is the parameter of stiffness with respect to mass-asymmetry deformations.
The value ¢.5; can be calculated exploiting the liquid drop model. The diffusion model
in [36] gives reasonable stiffness values also for high excitations E* > 80 MeV and fissility
Z%/A > 32. The term effective” reflects a substantial duration of the fission process.

The above described method is used to get information on the temperature of fissioning
nuclei in the analysis of mass dispersion data measured with the FOBOS detector {35].
Hot heavy nuclei were produced by incomplete fusion in the reactions *N (34 AMeV) +
973u and "Li (43 AMeV) + ?*2Th, and the mass distribution of binary disintegration has
been investigated using the 4w-array FOBOS.

First of all. the correctness of the mass and excitation energy determination was




checked [37]. A decrease in total mass (fragment mass sum) with an increase in lin-
ear momentum transfer (LMT) has been observed. This is caused by enhanced particle
evaporation, since within a massive-transfer approach LMT is used as a measure of the
excitation energy E* (fig. 2.1, left panel). The obtained value of 13 MeV per lost nucleon
agrees well with that from direct measurement of particle multiplicities [38].

At E*=50-90 MeV, the fragment-mass distribution width, o,,, reveals good agreement
with the mass-asymmetry stiffness systematics represented by the solid line in fig. 2.1
(right panel). However the rise of oy, at higher excitation energy was found to be con-
siderably smaller. The narrowness of the mass distribution is attributed to the relatively
long saddle-to-scission transient time, allowing the system to substantially cool down by
evaporation of light particles [35]. However, a steep rise of the mass distribution width
at E*>250 MeV cannot be accounted by the interplay between the nucleus’ heating and
the removal of excitation energy by the particle evaporation.

A preliminary analysis of the mass dispersion data obtained from the reaction N (34
AMeV) + 97Au produces .5 ~2.3 MeV when applying g.;;=0.009 MeV/amu? in the
saturation region. The average duration of the cooling cascade in the reaction "Li (43
AMeV) + B2Th, where the cooling effect was observed for the first time [37], is consistent
with the time of ~60+20 zs [7]. In this respect the related temperature measurements
from the LCP data (corresponding to an earlier decay stage) become of top interest.
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© : F »
- ‘ ‘“g L Diffusioo;or:oh:elv(fl\deevzet al) >
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Figure 2.1: Left panel: Linear correlation between LMT and average total mass. Right
panel: Saturation of the mass dispersion at E*=100-250 MeV. Dashed line is an eye-guide.

The analysis of the fragment mass distribution reveals two components with essentially
different mass dispersions (fig. 2.2). The first narrow component qualitatively follows the
stiffness systematics. The second broadened component becomes notable at E*~ 250 MeV
and is predominant at 350 MeV. Mass distributions corrected for geometrical acceptance
effects have been created in dependence on E* (fig. 2.2, left panel). The widths of these
spectra steadily increase with increasing E*. The data have been fitted by a sum of two
Gaussians with dispersions of the components taken from the distributions at the extremes
of E*. One observes, that at E*~140 MeV the contribution of the broad component is
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about 10%. It steadily increases with increasing E*, whereas the yield of the narrow
component reaches its maximum near £*=250 MeV and then decreases again (fig. 2.2,
right panel). It was concluded, that a substantial change in the two-fragment decay
mechanism of hot nuclei was observed. A valid argument was found for distinguishing
between the two superimposed processes, namely between ordinary fission and hot binary
fragmentation (BF)[39]. One can expect a manifestation of these trends also in the LCP
emission channel.

1% T 10°— ; y T g T y T
3 <E*> = 348 MeV E E
oy = 14 amu - *
—
o+ 3 i
. 10k o S A e E
=3 j2] N /
Q =y o L
= 3 | J *»
) o / /
2 | ]
> 10% / * E
. /
. o, = 27.2amu
(VY M PO S . g 102 N [} L 1 L [} L 1
0 50 100 150 0 100 200 300 400
Fragment mass / amu Excitation energy / MeV

Figure 2.2: Left panel: The experimental fragment mass distributions for ezcitation energy
bins can be fitted by the sum of two gaussians. Right panel: Dependence of the amplitudes
of these gaussians on excitation energy.

2.5 Particular tasks of this thesis

The analysis of the experimental data obtained to date nourishes great hopes that LCP
data from the FOBOS scintillator shell especially in combination with the forward phoswich
array can deliver vital physical information which can be used in the sense of a nuclear
"clock”, nuclear "thermometer”, or "calorimeter”. It could probe the nucleus shape and
can be used as an entrance channel filter. The complexity of the studied subject and the
experimental equipment require, however, to pay particular attention to the reliability of
the data and the limitations of the used methods. It has been numerously highlighted,
that the implicit averaging over a large number of reaction channels plays a significant
role in the Fermi energy domain. Therefore, even assuming a good separation of the
incomplete fusion and subsequent fission from other reaction modes, one should take into
account this averaging before interpreting any data.

The present thesis contains for the first time an analysis of the LCP data obtained
from the FOBOS scintillator shell and the prospects of more advanced investigations are
shown. First of all, the data derived from gas detectors (masses, coordinates, LMT etc.)
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should be checked by proper correlations with LCP-observables. The effects observed in
the massive fragment analysis could be reflected in the LCP data.

General problems to be solved in connection with the present thesis are as follows:

e to set up and put into operation the scintillation shell ?;

to develop and test methods of data analysis and, first of all, methods of energy
calibration adequate to actual experimental conditions;

e to perform full scale measurements, delivering the LCP data;

to demonstrate the reliability and consistency of the measurements;

to extract the temperature of emission sources and the associated LCP multiplicities;

to search for indications of the dependence of the fission time on mass-asymmetry.

The following experiments aiming in particular at that tasks have been performed.

The September’95 experirhental session (incomplete FOBOS configuration)
N (34 AMeV)+197Au

The June’96 experimental session (commissioning of CsI-shell)
1N (53 AMeV)+1¥7Au

The January’96 experimental session (complete FOBOS, but without ARGUS)
(to be called in the following as JAN96)
14N (53 AMeV)+17Au
14N (53 AMeV)+22Th

The March’97 experimental session (complete FOBOS, together with ARGUS)
(to be called in the following as MARCHO7)
DA (36 AMeV)+2¥Cm
YA (36 AMeV)+"tAg

In all above sessions thin spectrometric targets (100-300 ug/cm? deposited on C or
Al,03 backing) were exposed to a beam of several units (2-3) of 10° ions/s.

The present thesis is mostly based on data obtained during the January’96 session.
There are approximately 2 x 10° selected binary fission events available for the analysis

for each reaction, including ~ 1% of ternary events.

2this is a small violation of the chronology - the idea appeared some years ago
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Chapter 3

The experimental setup

3.1 Design of the FOBOS detector

The 4n fragment spectrometer FOBOS [6] is set up at the Flerov Laboratory of Nuclear
Reactions of the Joint Institute for Nuclear Research in Dubna at the beam of the isochro-
neous cyclotron U-400M [40] recently supplied with an ECR ion-source [41]. FOBOS was
finally completed in 1996 and a series of full-scale experiments has been performed.

]

Figure 3.1: General view of the FOBOS central vacuum chamber with some inserted
detector modules. The beam enters from the left side. The exit cone at the right side
houses the forward array.

The spectrometer is designed for studying reactions at incident energies of 10-100 AMeV
in direct kinematics, i.e. a light projectile impinges upon a heavy target nucleus. The
decay of a compound-like system from such reactions is characterized by the following

12
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Figure 3.2: General layout of a FOBOS detector module.

products: 1-3 heavy fragments (e.g. fission fragments (FF)or heavy residues (HR)), few in-
termediate mass fragments (IMF'),conventionally defined as being heavier than o-particles
but lighter than FF, a fairly large number (10-30) of neutrons and 5-10 light charged par-
ticles (LCP).FOBOS is able to register charged reaction products only, from protons up
to HR.

The intention to perform exclusive spectroscopy of charged fragments within a broad
dynamic range, covering large intervals of atomic number (Z), mass number (A4), and
simultaneously a considerable part of the solid angle of 47 as well, requires some reasonable
compromises between registration efficiency, detector granularity, detection thresholds,
possible counting rates etc. For this purpose, the so-called logarithmic detection principle
is applied. This principle assumes a successive increase of the stopping power along
the flight path of the particles. This principle has been used in the construction of
experimental setups such as PAGODA [42], INDRA (Ganil) [43], FOPI (GSI) [44].

Due to reaction kinematics, most of the ejectiles are directed into the entire solid angle.
Therefore, the basic geometry of the detector set-up turns out to be a sphere surrounding
the target.

The general lay-out of the spectrometer FOBOS is schematically shown in fig. 3.1.
The central vacuum chamber has an inner diameter of 1330 mm [45]. From outside the
basic shape is a precisely manufactured (+0.2 mm) 32-face truncated icosahedron with
circular holes in the centers of 20 regular hexagonal (2480 mm) and 10 regular pentagonal
(@380 mm) surface elements for mounting the 20 large and 10 small detector modules,
respectively. Two of the oppositely placed pentagons of the central vacuum chamber are
used for beam entrance and exit.

The spectrometer FOBOS consists of three consecutive shells of particle detectors
and a more granular forward array. One position-sensitive avalanche counter (PSAC),one
axial Bragg ionization chamber (BIC).,and a mosaic of 7 CsI(T1) scintillators (CIS) are
arranged in 30 separate detector-modules [46] which are mounted onto the central vacuum
chamber from outside. The sketch of a module is shown in fig. 3.2. Groups of detector
modules are placed axial-symmetrically at the same polar angle with respect to a beam
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Figure 3.3: Parameters of charged particles, measured or derived from the signals delivered
by a detector module. Different methods of analysis are applied, if (see the lower part of
the figure) (i) only the PSAC has fired (dotted lines), (i) the PSAC and BIC have fired
(thick solid lines), (i) only a CsI(Ti)-detector (1,2,3, ... 7) has fired (thin solid lines),
and (vi) the BIC and a CsI(Tl)-detector have fired (dashed lines). The logarithmically
increasing stopping power of the different detector shells is illustrated by the given mean
areal densities of the detector materials of the PSAC, BIC, and CsI(Tl)-crystals for typical
experimental conditions.

thus forming six detector rings at < 8 >= 37.38°, 63.44°, 79.19°, 100.81°, 116.56° and
142.62°. (See tab. A.1 and fig. 4.3 for details).

A relatively long flight path of 50 cm between the target and the inner detector shell of
PSACs is available for a precise time-of-flight (TOF) and coordinates (6, ¢) measurement
of fragments with Z > 2. Analysis of TOF and pulse-height (AFE) information from a
PSAC provides a rough Z-identification of heavy species not reaching the next detector
shell, e.g. evaporation residues (HR).

The second detector shell consists of axial Bragg ionization chambers (BIC) which
register the full energy-loss distribution (Bragg-curve) of the fragments stopped within
the gas-volume. The residual fragment energy (Fg) and the magnitude of the Bragg-peak
(BP), as a measure of Z, are directly derived. From the TOF- and the Er-information the
masses m; of the fragments can be calculated applying a suitable correction procedure
which takes into account the different energy losses in penetrated detector materials.
Hence, the momentum vectors p; can be derived independently for each fragment ”:”
event-by-event. This feature is a necessary condition for an exclusive measurement.

14
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Since the PSAC and BIC are not sensitive to low-ionizing LCP (Z=1-2), a third, more
granular, shell of CsI(T1) scintillation detectors ! is arranged behind them. The LCP are
analyzed by their signal pulse-height and -shape. Fast LCP do not affect the registration
of fragments in the PSAC and BIC. Therefore, the correlations between fragments and
LCP can be studied for all possible relative angles. Furthermore, the well known AFE-FE-
method can be applied for the identification of high-energetic IMF which penetrated the
BIC and are stopped in the scintillators.

The parameters of a particle, measured or derived from the signals delivered by a
FOBOS module, are schematically drawn in fig. 3.3. In addition, an array of phoswich
detectors is placed inside the central vacuum chamber covering forward angles of § = 4.5°-
26°. It provides registration of LCP and projectile-like fragments (PLF) by means of a
principle similar to that for CsI(T1) scintillators.

It has to be mentioned, that a similar 4w-array for charged fragments has been built at
the Cyclotron Laboratory of the Michigan State University, East Lansing, USA [47]. The
concept of the spectrometer FOBOS resembles it in general design, and several detection
principles applied at these two devices are almost identical.

Two advantages of the FOBOS detector concept should be emphasized:

e The long flight path and the excellent timing properties of the PSAC make it gen-
erally possible to apply the TOF-Er method for the mass determination of the
fragments instead of the AE-FE-method which has its natural energy limits caused
by the AE-detector. In other systems heavy fragments (FF, HR) often cannot be
identified, e.g. at the 4m-array INDRA [43] where small ionization chambers deliver
the AE-information, but timing cannot be used, or at the MSU 4r-array [47] where
the compact detector design requires thicker entrance windows of the BIC leading
to considerably higher registration thresholds.

e The excellent spatial resolution of the PSAC together with the mentioned principle
of mass determination provides a more precise determination of the linear momenta

of the fragments.

3.2 Position-sensitive avalanche counters

Following the general construction the PSACs of the first detector shell form a truncated
icosahedron-like shape at a distance of ~50 cm from the target. The hexagonal- and
pentagonal-shaped frames of PSACs are mounted separately in front of the BIC entrance
windows on big and small modules, respectively.

The PSAC are based on the principles described in ref. [48]. Three thin Mylar foils
(1.2 um ) serve as cathode and entrance/exit windows. The central cathode-foil is covered
by 40 pug /cm? thick Au-layers. It delivers the timing signal. Two perpendicular wire-
planes (made of 30 um thick Au-plated W, spaced by 1 mm) are positioned at both sides
from the common cathode at the distance of 3 mm +50 um . They serve as coordinate
grids. The window foils are glued to special frames which can be changed individually in
the case of leakage. The transparency of the PSAC amounts to 92%. Their sensitive areas

! Their detailed description is given in the next chapter because it was an essential part of this thesis
to assemble and put into operation this scintillator shell.
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are circles of a diameter 327 mm and 243 mm for the large and small detector modules,
respectively. A total solid angle covered by the PSACs amounts to 7.1 sr (56.5% of 4).
The spatial resolution of the PSAC amounts to Az = Ay ~ 1.5 mm.

The counter-gas is pentane at a pressure between 200 Pa and 800 Pa. A high volt-
age level is chosen for an effective registration of heavy fragments with a threshold of
~0.05 AMeV. The efficiency of registration drops for a-particles at energies of >1.5 AMeV
because of the decreasing energy loss in the sensitive volume.

A rough selection of heavy fragments by their mass can be carried out using the AE
vs TOF scatterplot of the PSAC, delivering also the information on correlated and random
events, which is necessary in the case of a pulsed, micro-structured ion beam.

The timing resolution amounts, typically, to ~200 ps FWHM if only a small central
area of the counter is irradiated. When the whole sensitive area is exposed, the resolution
becomes worse by a factor of about three. However, a special coordinate-dependent
correction allows to determine the TOF of the fragments with an accuracy of ~300 ps. In
addition, the PSAC electronics can withstand a considerable high §-electron background
(= 107-10% 571 ) correlated with the beam bunches.

3.3 Axial ionization chambers

The principle of a BIC was first described in ref. [49]. Since the electric field is parallel to
the direction of the incoming particles, the registered pulse-shape of a fragment stopped in
the BIC gas-volume represents the image of the specific energy loss along the ionization
path, which is characterized by the Bragg-curve. The integral of the electronic charge
created is proportional to the energy (Eg) of the fragment, and the maximum of the
ionization-density distribution of the fragment along its stopping path (Bragg peak height,
BP) is a smooth function of Z. A special, new processing method has been developed which
derives the Eg- and BP-values directly from a digitized signal [50] (see also Section 3.5).
An example of a BP vs Eg scatterplot is shown in fig. 3.4. The charge resolution obtained
around Z=13 is Z/AZ=65. Elements are resolved from He up to Z ~ 26 (Fe).

A sketch of the lay-out of the detector module is shown in fig. 3.2. The conical shaped
BIC have apertures of 260.0 msr (large module, 385 mm, Af = 33.08°) and 167.8 msr
(small module, @285 mm, A = 26.54°). The entrance windows are made of 1.5-3 pm
thick aluminized Mylar. The total solid angle covered by the BICs amounts to 6.88 sr
(54.7% of 4m).

The sensitive depth of the BIC is 250 mm. To withstand the pressure of the working
gas, the delicate window foil, which at the same time serves as cathode, is supported by a
twofold structure, i.e. an etched Ni-mesh with cell dimension of 2.7 mm carried by a solid
concentric grid with a transparency of 94%. Otherwise, the extremely thin foils would
not withstand gas pressures up to 100 kPa needed to stop most of the IMF within the
sensitive depth. This mesh, however, reduces the transparency of the entrance window to
75%. causing a serious reduction of the effective solid angle of the spectrometer.

The shaping of the axial electric field is performed by 5 mm spaced Cu-strips coated on
the inner side of the conical Teflon insulator [51]. The Frisch grid is placed 10 mm in front
of the anode. It consists of two perpendicular wire-planes (50 pum thick Cu-Be spaced by
1 mm). The anode is a 10 pm thick aluminized Mylar foil. In typical experiments the
BICs are filled with a P-10 gas-mixture (90%Ar+10%CH,) at a pressure of 20-40 kPa
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Figure 3.4: Scatterplot of Bragg peak-height (BP) vs residual energy (Er) for fragments
measured by o BIC for the reaction **Ar (36 AMeV)+*8Cm. Branches of resolved ele-
ments are clearly visible (FF — fission fragments; IMF ~ intermediate mass fragments).

and are operated with an anode voltage of 1.5-3 kV. At the design limit of 100 kPa this
voltage reaches 8 kV.

The PSAC foils and the BIC window foil together cause a dead layer of =~ 510 ug
/em? for fragment spectroscopy. For the registration of FF, having typical energies of 0.5-
1.5 AMeV, the residual energy threshold amounts to =~ 0.3 AMeV. An energy resolution
of the BIC of 89 keV has been achieved for 2®Pu a-particles. In order to maintain the
energy resolution during long-time experiments, the P-10 gas is mixed on-line and the gas
composition is permanently controlled [52]. The gas-supply/vacuum system is computer

controlled [53].
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Figure 3.5: Charged-particle identification matriz as measured by a phoswich detector of
the forward array at 6 = 8° for the reaction “® Ar (36 AMeV)+?*8 Cm (PLF — projectile-like
fragments).

3.4 Forward array

For geometrical reasons the smallest acceptance angle of PSAC and BIC of the FOBOS
spectrometer is 8 =~ 21°. Forward-directed fast reaction products are not registered by
the gas detectors. Therefore, part of the former ARGUS detector array [54] has been
modified for use as a forward array of FOBOS. It has been installed inside the central
vacuum chamber through the forward (exit) cone (fig. 3.1).

The forward array consists of six concentric rings of altogether 92 phoswich detectors,
each being a combination of a 0.5 mm thick fast scintillator (Pilot-U) and 20 mm thick
slow BGO scintillator (phoswich detector) read-out with one PM. The detector geometry
of the forward array is the following: one ring of 12 detectors at < # >= 5° and 5
rings each of 16 detectors at < § >= 8°, 10.5°, 14°, 18.5° and 23.5°. The outer ring
of the forward array slightly overlaps with the BIC positioned in forward direction at
< # >»=37.4°. The phoswich detector allows to stop protons (a-particles) with energies
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Figure 3.6: Electronic systems and computer net of the FOBOS setup.

phoswich light pulse (L) by an analog differentiation of the photomultiplier current
signal. Ouly two integration gates (Atze = 100 ns and Aty = 400 ns) common for all
phoswich detectors are necessary [56].

A particle-identification matrix (Lfes: vs Liotar) Of a phoswich detector representing
PLF from incomplete fusion of “®Ar (36 AMeV) with **3Cm is given in fig. 3.5. Fast PLF
can be observed at all possible Z, and also broad particle branches of H- and He-nuclei.
Since the element resolution of a phoswich detector strongly depends on the exact setting
of the integration gate for the fast component, a slightly worse resolution compared with
the case of using individual integration gates for each detector [54] is expected. However,
this read-out system is very compact and less expensive.

3.5 Data acquisition system hardware

The simplified structure scheme of the FOBOS electronic systems together with the local
computer net is shown in fig. 3.6. A detailed description of the system is given in [57].

The electronics of the gas-detectors occupies ten CAMAC crates housing the special
digitizing electronics (8 crates) and the control logic together with some service modules
(2 crates). Splitter and delay boxes and CIS-electronics (4 crates), and FASTBUS mini-
crate are used for the photomultiplier read-out of the scintillator shell and the forward
array.

In order to minimize expense and occupied volume special CAMAC blocks {Bragg
digital processors, BDP) have been designed in the Research Center Rossendorf for the
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BIC data [50] processing. The BIC signal is shaped with a short time constant ( 7=0.2 or
0.4 us ) in a spectroscopic amplifier and digitized by an 8-bit flash-ADC with a quartz-
stabilized sampling frequency of 10 MHz. When a signal is recognized by the threshold
comparator, two special arithmetic units extract the values for Fp and BP from this
digitized curve. The control logic provides the coincidence condition with respect to the
PSAC, a pile-up inspection, and the connection with the first-level trigger.

The first-level trigger signal of FOBOS [58] is usually generated by the gas detector
part, and the scintillators are read-out in the slave mode. However, a trigger signal can
also be generated by the scintillator shell and/or the forward array. The entire TTL/ECL-
based hardware of the trigger logic fills one CAMAC crate. The logic delivers either the
LAM demand ("look at me”) for data storage or a general RESET if the event inspection
leads to a rejection of the event.

Provided the BDP is not busy, a timing signal of the corresponding PSAC passes a
special blocking and pile-up inspection unit (LBIN) connected with the control logic of -
the BDP, opens an event gate of At=200 ns duration, sets a bit in the coincidence pattern
register and starts a TDC which will be stopped by the next RF-signal from the cyclotron.
The event pattern is analyzed by a majority coincidence unit connected with the central
event selector which induces a LAM demand if a preset multiplicity condition was fulfilled
and there was no signal pile-up.

After a LAM demand has been recognized, the VME processor reads the coincidence
pattern register first and then the conversion results of the TDCs (TOF) and BDPs (BP,
ERr) which had fired. Subsequently, the QDCs of the scintillator shell and the forward
array are serviced. The blocking signals of the LBINs are then removed, and the system
waits for the next event.

The counting rates of events of different fragment multiplicity naturally differ by orders
of magnitude. A special unit (major divider) which allows to modify the accepted rates
concerning the event multiplicity has been developed to optimize the data storage.

All CAMAC- and FASTBUS-crates are connected with a main VME crate by means
of the parallel VSB Differential Bus Extension (VDB). The VDB is well suited for multi-
crate systems where different bus standards have to be controlled. The CAMAC-to-VSB
interface is a single-width CAMAC crate controller STR 610/CBV [59] driven from the
VME Subsystem Bus (VSB) via the VSB Differential Cable. The specification of the
CBYV is similar to the CAMAC crate controller of type Al. It maps a portion of the VSB
address space to the CAMAC (C,N,A,F) and generates single CAMAC cycles from each
proper VSB cycle.

The FASTBUS mini-crate contains a 68030-processor board (CERN Host Interface,
CHI), an I/O-Port, a LAN Ethernet module [59] and six 96-channel FASTBUS QDCs (4
of the C.A.E.N. F683C [60] type for Csl-data and 2 of the LeCroy [61] type for phoswich-
data). The VSB I/O-port provides an efficient interface between the CHI and the VME
workstation where the CHI is operating in the VDB-slave mode. The CHI data memory
is directly mapped into the local VSB address space, and the EUROCOM-6 processor
module is treated in the same manner as any local memory.

A single-board computer EUROCOM-6 with a 68030 CPU builds the event data blocks
[62]. The VME workstation sends the data blocks via Ethernet (LAN) and a fiberoptical
link to a SUN SPARC-station 10 which records them to the mass storage memory event-
by-event. The maximum data rate with respect to the gas-detector part of FOBOS is
about 200 kbyte/s. Due to the conversion time of the FASTBUS QDGCs (1 ms) rates of
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50-100 kbyte/s are typical for the whole spectrometer. Therefore, the maximum permitted
counting rate of FOBOS becomes 500-1000 events per second. It is mostly restricted by
other experimental considerations like the rate of random coincidences etc.

3.6 Experimental data structure and software

The EUROCOM-6 and the CHI are operating under the Microware real-time operating
system OS-9 (professional). All time-critical tasks are moved to the module processors.
The data acquisition control program TINH [63] runs on the SUN SPARC-station 10.
Quasi-on-line monitoring of the recorded data is performed using several PC AT as well
as X-terminals and the ATHENE data analysis software [64, 65], which via LAN organizes
a direct access to the data just written to the disk memory of the SUN SPARC-station
10.

The data file structure is characterized by sequential event storage into closed blocks of
fixed length (512 bytes). A header contains information on defined parameters. The list-
mode data structure is adopted from the VMS-based data acquisition system HOOPSY
[66] in order to use the available OLYMP data analysis package [67]. It is module-oriented
information on fired detectors, listed by number in an event-pattern register. Up to 10
parameters can be assigned to be read out per one pattern bit, and altogether 2000
parameters can be handled by the program TINH as well. A valid event is characterized,
on average, by 20-30 parameters which are stored within ~ 2.5 ms.

The PC-oriented ATHENE code [64] was especially designed for a distributed analysis
of the data obtained at the FOBOS spectrometer using IBM PC of a type AT 386 and
higher. The program allows to read data written in the formats of the programs CAMDA
[68], HOOPSY and OLYMP. Special transformation algorithms to read data written in
other formats are available. The version for 16 megabytes of XMS-memory is capable to
accumulate and to visualize simultaneously 20 ordinary histograms together with 50 color
scatterplots (350 x 350 cells). The new and more powerful version ATHENE94 [65] written
in the object-oriented language C++ has been developed for real-time data processing on
computers with UNIX-like operation systems and an X-WINDOWS environment.

The first step of the data processing consists in sorting out the so-called single-files
containing information on each fired detector separately. This reduced subset of the
primary experimental data is used for calibration purposes (see {6] and refs. therein).
The calibration is performed by utilizing specially developed software, except of stopping
power calculations.

Finally processed experimental data are transformed into a particle-oriented structure.
This means, that each event is represented by a set of particles of a certain type and
velocity vector or/and energy and angular coordinates, where the fired detector number is
also a parameter. Some calculated event-values are also added to the data {multiplicities,
transferred linear momentum components etc).



Chapter 4

Scintillator shell of the FOBOS
detector

4.1 Design of the scintillator shell

The scintillation process is studied, and photomultiplier-coupled scintillation detectors
are widely used for the registration of ionizing radiation for about fifty years [69]. In par-
ticular, inorganic CsI(Tl) crystals have some attractive features. They are mechanically
rugged, plastic, easily machinable and only slightly hygroscopic. The relative compact-
ness of CsI(Tl) counters due to the large stopping power of the scintillator, the high
scintillation efficiency due to low quenching, and, last but not least, the market price
make CsI(T1) one of the most appropriate scintillating materials for the detection of light
charged particles and medium mass ions in nuclear research [70, 71]. The CsI(T1) material
has a moderate dependence of the light output on the crystal temperature of 0.28%/K in
an usual temperature range (to be compared with -0.73%/K for BGO) [72]. Mainly these
reasons caused the choice of CsI(Tl) for the scintillator shell [73] of the 4w-array FOBOS
[6].
The shell of CsI(T1) scintillator (CIS) detectors is arranged behind the BIC to reg-
ister less ionizing LCPs and energetic IMF's which penetrate the gas-filled detectors. It
consists of 210 hexagonal-shaped large-area crystals covering angles § ~ 19° — 162°. The
geometrically covered solid angle is 5.6 sr, the effective solid angle amounts to about 4 sr
because of the reduced transparency of the inner detector shells. The angular resolution is
limited by the dimensions of crystals to 9°~11°. Mosaics of 7 CsI(T1)-crystals are grouped
together with their light-guides and photomultipliers inside the BIC cases covering 84%
of the BIC aperture. Rubber rings pressed to the phototubes serve as seals between the
gas-volumes of the BIC and the atmosphere. '

The LCP-identification is carried out by applying the pulse-shape analysis method [74].
Governed by the intrinsic features of Tl-activated CsI the pulse-shape of the scintillation
light depends on the ionization density produced by the incoming particle. The pulse-
shape is characterized by several components of different decay times. The decay time of
the fast component (77,5) and the ratio of magnitudes of the major slow component to
the fast component (hgou/hest) are smoothly decreasing functions of the stopping power
(dE / dx) [75].

Signals from photomultipliers are integrated within two time gates in accordance with
the pulse processing necessary for the pulse-shape analysis (PSA) [76]. Due to the particle-
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Figure 4.1: Ezamples of the best particle identification matrizes at the utmost forward (left
panel) and backward (right panel) angles. A very good particle resolution is achieved for
Z < 3, punch-through points (PTP) for H isotopes are easily recognizable. A descending
branch consist of particles piercing a crystal. Because of the large amplification applied
for backward oriented crystals a y-line appears above threshold.

and energy-dependent decay constants of CsI(T1) ([75, 74] and refs. therein), the best
LCP separation in the particle identification matrix (PIM) is observed with the time gates
Atpese =0 to 400 ns and A t50,, = 1600 to 4600 ns. Initial values for these gates were esti-
mated by simulations like those made in ref. [75] (Appendix, fig. B.1). Real experimental
conditions (timing, trigger logic etc.) in measurements with the whole detector array
required some modification of these time gates.

LCP with Z < 3 are well separated with respect to their atomic and mass numbers.
The scatterplots illustrating the LCP-identification and the particle branches in a particle
identification matrix (PIM) are given in fig. 4.1. An ascending particle branch corresponds
to completely stopped particles in a scintillator. Values of L. and Ly, parameters
grow with particle energy. Those particles which punch through a crystal deposit only a
small amount of energy and this portion decreases as the particle energy increase. These
particles form an descending particle branch. There is no Bragg peak in a crystal from
piercing particles, therefore their signals differ only in amplitude and all descending lines
are overlapping.

The resolution for heavier particles Z > 3 is not as good. On the other hand. the
efficiency of Z > 2 registration in gas detectors is high (hydrogen is not seen in PSAC at
all, except only for fairly high voltage). If particles pierce a BIC their lines in the BIC
plot (Eg vs BP) are overlapping. The particle identification of such energetic IMF can
be performed applving the AE-E-method (fig. 4.7, left panel} using the energy loss in
a BIC and the light output of the scintillator. By this means the dynamic range of the
FOBOS detector is considerably enlarged for IMF spectrometry.



P-10

gas-volume BIC anode
reflector

Csl(Tlyerystal

"/ diffuse-reflecting

hallow light-guide layer

magnetic shield

profile fing }
T

module Jid

Lemo "';V
Figure 4.2: Sketch of the general layout of a CsI(Tl) scintillation detector unit (CIS).

4.2 Scintillation detector unit

A single CIS detector unit [77, 78] (fig. 4.2) consists of a large-area (260 cm? or 146 cm?)
crystal which is grown under vacuum applying Kyropoulos’ method (MONOCRYSTAL-
REACTIV Company, Kharkov, Ukraine) and a hollow diffuse-reflecting light guide cou-
pled to a spectroscopic photomultiplier (SPM) of the type FEU-173, @170 mm or FEU-
167, @120 mm (EKRAN Company, Novosibirsk, Russia). The photomultipliers are sur-
rounded by cylindrical anti-magnetic shields.

The thickness of the CsI(T1) crystals in forward-positioned detectors at polar angles
of 9 = 23° to 52° amounts to 15 mm, the other part of the scintillator shell in the angular
range of ¥ = 53° to 157° consists of 10 mm thick crystals. These thicknesses allow to
stop protons and «-particles with energies up to =~ 64 AMeV and 51 AMeV, respectively
(tab. 5.1)

The content of the Tl-activator in crystals amounts to 0.07-0.08%, which is an empirical
optimum for high light output as well as good pulse-shape properties for LCPs. The
samples of a regular hexagon shape were cut from the central part of @500 mm ingots. In
order to enhance the light output, the front side of the crystal is polished using organic
solvents to avoid a dead layer at the surface. For the same reason it is covered with a
1.5-3 pum thick reflector foil of aluminized Mylar mounted at a distance of 3 mm from the
surface. The rear side of the crystal is rough to avoid inner total reflection at the read-out
surface and subsequent absorption losses of light. The output was measured to be nearly
30% higher as compared with double-sided polished crystals.

The photomultipliers have large area trialcali photocathodes with high photocathode
sensitivity of typical 1.5-2.5x10™* A/lm and due to their spectral sensitivity range of
A=300-850 nm are ideally matched to the emission spectrum of CsI(T1) (A ez =~ 500 nm).

The main problem of using large scintillators consists in the position dependent detec-
tor response induced by (i) the nonuniform light output of the crystal, (ii) the nonuniform
photocathode sensitivity and photoelectron collection efficiency of the photomultiplier,
(iii) the position dependent light collection efficiency.
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Figure 4.3: The principle of the CIS detectors layout in polar coordinates. CIS detectors
(four modules) and other module centers (circles) are shown as they can be seen from the
backward hemisphere from outside towards the beam direction. Concentric circles corre-
spond to polar angles of modules’ centers. Gray contours, circles and letters correspond
to the projection of the forward hemisphere.

Scanning the crystals with the help of an a-source and collecting the light with a
small diameter phototube, the radial non-uniformity of light output induced by the inho-
mogeneous dopant concentration was checked to be less than 2%. Coupling of a crystal
with conventional plexiglas light guide leads to a very large radial variation of light col-
lection up to a factor two. Monte-Carlo simulations of light transport were carried out
for several types of light guides. The hollow light guide (hexagonal at the crystal side
and round at the opposite end) with a diffuse-reflecting inner surface was found to be the
best solution. It is made from zinc plated sheets of metal, painted with white TiQ,-based
enamel solved in butanol with a boron acid admixture. The inner surface of the light
guides have been pre-processed with a sand-jet for best adhesion. The reflectivity of the
inner surface amounts to 90%. Such a light guide diminishes the position dependence of
the light collection to about 5%. The light guide serves also as a crystal support allowing
easy inclusion into a crystal mosaic.

Due to the rough read-out surface and the diffuse reflecting surface of the hollow light
guide the serious radial nonuniformity of the photocathode response is smoothed due to a
nearly homogeneous illumination and, therefore, its influence on the energy resolution is
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Figure 4.4: The layout of CIS detectors in 0-¢-plane. Detectors marked with black spots
have been used in a data analysis of the JANY6 experiment.

minimized. The energy resolution for 5.5 MeV a-particles amounts to 6-7% for collimated
particles and 9%, if the entire surface of the crystal is illuminated [77].

4.3 The geometry of the scintillator shell

The geometry of the CIS shell follows the modular structure of the gas-ball. The principle
is illustrated in fig. 4.3. The numbering rule for individual crystals reflects the module
number itself and the position of a crystal in a module related to its 6 and @ coordinates.

Seven individual crystals in one module are placed side-by-side in a plane at a certain
distance between their centers h (tab. 4.1) mounted together on a lid. The diameter d of a
crystal is measured between opposite corners. The inner (central) crystal is placed at the
distance R from the center of the FOBOS (the target position). Since the arrangement
of the CIS-lids is also regular (as shown in fig. 4.3), the angular coordinates 6 and ¢ of
crystal centers can be calculated. The true center of an outer crystal in a lid differs from
the visible one due to a geometrical perspective. The correction for the angle 3 between
inner and outer crystals amounts to about 1%. This has to be taken into account also in
the calculations of the solid angles of crystals Q;, and Q. These important parameters
are collected in tab. 4.1. Angular coordinates of crystals are listed in tab. A.1 (Appendix).
Oppositely positioned crystals’ numbers are to be found in tab. A.2.

The lavout of crystals in the §-¢-plane is shown in fig. 4.4. Two modules (# 8 and
20) have not been plugged in during the JAN96 experiment, and some of detectors have
been switched off or excluded from the processing mainly due to failing of a corresponding
(DC-channel and only two of them because of a poor detection quality. The values of
average polar angles and total solid angles for this experiment for particular detector rings
are presented in tab. A.3.



Table 4.1: The geometry of crystal mosaics.

| parameter || ”1arge” module | ”small” module |
distance from the center R / mm 896 861
crystal diameter d / mm 200 150
intercrystal distance h / mm 178 135
intercrystal angle B/ deg 11.14 8.86
inner crystal solid angle Q;, / msr 32.06 19.60
outer crystal solid angle €,,; / msr 30.28 18.90
total solid angle in a lid 4, / msr 213.7 133.0

The nominal solid angle covered by CIS detectors amounts to 5.602 sr, i.e. 44.6%
of the whole sphere, however it is reduced because of supporting grids (see Section 3.3).
The Ni-mesh is not thick enough to stop all particle passing through the grid material,
thus distorting the energy spectra and making the transparency energy- and particle-
dependent. Gas volumes and foils in the flight path to scintillators also restrict the
efficiency. The corresponding correction is described later.

4.4 Scintillator shell electronics

The complexity of the electronics associated with the large number of channels raises
some difficulties related to their tuning, control and general management. Consequently,
a number of additional demands need to be met by the design of CIS electronics and data
acquisition, beside of usual requirements such as low noises and wide dynamic range:
namely, a minimum number of connectors, a uniformity of signal processing. a fast read-
out of fired channels, a software control of settings and the lowest possible cost per channel.
A compromise has been found in the following way.

The block-scheme of CIS electronics is given in fig. 4.5. The corresponding signal
structure is presented in fig. 4.6. Current signals from photomultipliers via 25 m 750-
cables are fed to the passive split-and-delay box consisting of 16-channel plates {crate
6U-type, Euromechanics), specially manufactured in the Research Center Rossendorf.
For the purpose of the pulse-shape analysis the signals are split into "fast” and "slow”
branches. The "fast” signals are delayed by 200 ns delay-line chips FLOETH PD24-
20051D. The branches are directly connected with respective four CIAFB 96-channel
current integrating analog-to-digital convertors (QDC). The CIAFB F683C (60, 791 is a
single width FASTBUS module, using IAHJ0485 {80. 81] fast charge integration mini-
plates providing 12-bit resolution for 15-bit dynamic range. {For missing QDC-channels
the 8-channel CAEN QDCs in the CAMAC standard are used.}

The integration gates for the "fast” (400 ns) and "slow” (3 us } signals are delivered by
the REDUV gate-and-delay generator [82], supplied with a fast clear logic. High frequency
(HF) from a cyclotron is fed through a discriminator to a NIM strobe generator. The
HF-signal has a separate tunable delay line. Gates are opened by the first HF-signal
coming after the TOF signal from the PSAC is accepted with the delay of about 100 ns.

An analog sum of signals from each of the 7 detectors, corresponding to one detector
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Figure 4.5:
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module, is fed via buffer to a discriminator. Four CF8101 8-channel blocks [83] with
program-controlled thresholds serve as discriminators. A simple first-level trigger signal
of the CIS shell (?Csl-fired”) is derived from the discriminator outputs "OR” and fed
into a gate-and-clear logic. The signal ”CsI-fired” is sent into the central event selector
and used as a "start” in "Csl-master” mode only. The ECL outputs of CF8101 are fed
through a differentiating chain into corresponding four SILENA 8-channel timing ADCs
[84]. These blocks provide time-of-flight signals of CIS detectors and also serve as pattern
registers for CIAFB QDCs readout, one KOI-bit per a 7-crystal module.

Getting a LAM the EUROCOM-6 VME CPU after reading the front-ends of the gas
detectors looks for CIS KOI bits. If a bit is set, the corresponding data portion (7 ”fast”
and 7 "slow” signals) from QDC blocks are transferred after conversion to a VME buffer.
The conversion time amounts to about 1 ms for the 96 channels of the CIAFB QDC.
Then all conversion results are scanned and those exceeding a given threshold value are
added to the event data. If there is an event in gas detectors but not in the CIS shell or
an event has been rejected by the fast trigger of the gas detectors, the ”Fast Clear” signal
prevents the conversion in the CIAFB thus shortening the dead time by 1 ms.

Because the multiplicity of fired CIS in one module not often exceeds one and timing
signals of CIS are not used in data processing directly, one common timing signal (CT) per
module seems to be a good compromise between TDC costs and data quality. If at least
one CIS in a module has fired, it causes the read out of all QDCs in that module. The
output of non-fired detector QDCs contains then a QDC-pedestal value, thus forming
a sharp peak in spectra of parameters CF (Ly,s) and CS (Lgey) in the raw data. A
parameter CT and 7 pairs CF-CS correspond to one bit in the event pattern.

The high voltage power supply system is based on CAEN SY403 blocks [85] (64 inde-
pendent channels per crate). They are filled with 16-channel A503 series plates providing
a bias of up to 3000 V by 0.2 V steps and a current of up to 3 mA independently for
each channel. The typical bias is around 1600 V. The values are chosen such as to fill the
whole dynamical range of a QDC. The HV blocks can be controlled via coaxial 50€2-cable
with the CAMAC block C117B [86] utilizing the H.S.CAENET protocol (1 Mbaud).

4.5 Test of self-consistency and stability of data

The separate processing of the gas- and CIS shell data in the data acquisition system might
lead by a number of reasons to a synchronization violation in the data flow. It means, that
fission fragments, registered in the gas-modules for a certain reaction would be combined
with light charged particles from either a preceding or a succeeding events. If this happens.
it can significantly affect the physical results obtained. The strong correlation between
physical observables such as linear momentum transfer (LMT) and LCP multiplicity, as it
will be shown below, demonstrates, that such event mixing does not really happen in most
of the events. Hoxxexer it is necessary to look for the direct correlations between data
from the gas- and the crystal-shell. It has been done also in the N (34 AMeV)+'"Au
experiment {87].

Indeed, most of particles with Z > 2 and also a fraction of Z=2 particles are tracked
in PSAC, thus forcing a read out of BIC data. If particles have enough energy to punch
through a BIC and are registered in a CIS, one can set-up a AE-E-telescope, utilizing
the E signal from a BIC (Epj¢) as AE and the "fast” signal of a CIS detector (Lfast) as
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panel). The ring corresponds to the PSAC frame and the arrow shows the direction of
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E. This check has been done on-line during the experiment. The observed matrix for the
detector #015 is presented in fig. 4.7 (left panel). One can see separated particle lines up
to Ne, also isotopes of ®Li and “Li seem to be resolved. Such a nicely resolved structure
has been observed also in a Zpr¢c vs Lfast Projection.

In order to get rid of most of the accidental coincidences and thus to get a clearer
picture, only He and heavier particles registered in the scintillator have been selected by
means of gates in corresponding particle identification matrices (PIM). In case of only
piercing particles being selected in a Epc vs Zprc matrix, one can expect, because of the
good angular resolution of a PSAC, a perfect projection of the hexagonal crystal shape
onto the coordinate plane of a PSAC. This hexagon should be accompanied by some
moderate number of dispersed counts mostly due to coincidences with slow alphas and
fission fragments. Such a picture is presented in fig. 4.7 (right panel). One can see more
counts concentrated in a lower part of the hexagon, because it corresponds to a smaller
polar angle, thus reflecting an angular dependence.

The other source of errors in the data is an instability. If it is caused by a slow drift
of parameters, and reasons for it are known (see below), it can be corrected by fixing of
run-by-run averaged parameters at an overall mean level. Such a procedure is used to
correct the time-of-flight in the gas part of FOBOS. This procedure cannot be applied to an
individual CIS so easily, because the mean number of counts per detector in the scintillator
part is approximately tree times lower, and, because LCP are mostly forward peaked, an
order of magnitude worse in backward scintillators. Therefore the main problem is to
distinguish short term deviations from a real parameter drift, especially in the automated
processing mode.

A number of sources of instabilities during the experiment must be considered. Some
of them can be excluded: namely, (i) the photomultiplier {PM) HV-supply is digitally
stabilized, (ii) positions of QDC-pedestals are found to be the same for each run. However,
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light output from crystals, PM efficiency and electronic thresholds can drift. It is known,
that a PM comes to the steady state of operation only after some days. A PM amplification
can be affected by magnetic stray fields from beam line and cyclotron which depend on
operation conditions due to insufficient shielding. The light output of CsI(Tl) in low
radiation fields is mainly affected by the temperature. Bad contacts in a HV power supply,
if any, can cause serious oscillations, and electronical noise is supposed to deteriorate
mainly energy- and particle resolution.

In order to check the stability of the detectors’ output during the experiment, some
measured values are utilized. Average values for the parameters CF and CS, also with
respect to different particle types, are analyzed as a function of the run number. The total
number of counts per detector and the dispersion of parameters are also considered. An
example of the oscillations of average values is given in fig. 4.8 (left frame). If there was a
drift in parameters, caused by reasons mentioned above, the behaviour of average values
<CF> and <CS> for protons and alphas should be strongly correlated. Moreover, in the
case of a non-stochastical slow drift of parameters a correlation between neighboring runs
should occur. In order to get a feeling of the correlations’ level, one can look first at the
correlation coefficients for a special case.

The correlation coefficient between two sets of values z; and y; is given by !

= if:ﬁ“n(xi - fz‘)]lwu(,yi = 7)] — - (4.1)
V!Z?zliwfri (z: — D) Tinilww (s — DI

where Z and 7 are average values of z; and y;. Setting, for example, 3 = z;-1, one obtains
the self-correlation value.

Imaodified from that of [88], where statistical weights are not included



The statistical weights wy, are normalized to unity by means of the equation 30, w,, =
1, where p denote_s“either z or y. The weight of the value p; is proportional to the number
of measured counts N; from which p; is determined. Then
Ap;?

Wp; = ———-—-L—_—, 4.2
P 21,21 Ap 2 ( )

T

where Ap; = 0p,/+/N; and op, is the dispersion of p;.

For a large number of probes n (according to ref. [88] for wpy, = 1) the values z; and 'y;
are correlated (or anticorrelated) at the confidence level of 1 —« if the following inequality
is fulfilled:

s

Za<\/-7;’_li

1 -7’ (4.3)
where r is the correlation coefficient given by eq. 4.1, and z, corresponds to the confidence

level 1-o in terms of the Error-function:
1—a=20y(z,) (4.4)

The inequality 4.3 is true for any r € [~1;1] if |r| > 7, where r, is the critical
correlation coefficient defined by this inequality. Some values of 7, are given in table 4.2.

The typical analyzed chain of runs is of a length about n=50. The reasonable critical
value of 7, &~ 0.25 is deduced from the data analysis. Experimental values of the correla-
tion coefficients are given in Table 4.3 for the detectors shown as an example in fig. 4.8. A
visible difference in the data is reflected in the coefficients. The obvious correlation of the
<CF> parameter for alpha and protons in CIS 033 results in large coefficients r for the
detector 033. Large self-correlation values correspond to visible macro-drifts of the pa-
rameter <CF>. On the contrary, correlation and self-correlation coefficients for CIS 034
are smaller than 0.25, indicating less correlation. Coefficients calculated with statistical
weights reveal obviously larger values than those without weights, because weighted coeffi-
cients are less sensitive to stochastical noises. The correlations between <CF> for protons
and alphas on the one hand side and the total data (e.g. without particle-separation) on
the other hand side are rather strong. A low correlation level of even the anticorrelation
would indicate problems with particle separation, because the proton- and alpha-data are
major components of the total data.

The correlation analysis revealed 26 detectors in the forward hemisphere, where some
instability occurs. In general, the stability of the data seems to be rather good {see the
last line in Table 4.3), however some problems still remain. The application of the corre-
lation analysis in the backward hemisphere is questionable because of the low statistical

Table 4.2: Values of the critical correlation coefficient r,, calculated for the n=25-200
probe points. The (anti)correlation occurs with the probebility of 1w if v > ry.

l—a |z ros  Ts  Twn  Tae |
050 [0.665]0.13 0.09 0.07 0.05
0.90 |1.645]030 022 0.16 0.1t
095 1196 ]035 026 0.19 0.1
099 12538 |042 033 024 0.1
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Table 4.3: Values of the ezperimental correlation coefficient r, calculated for CF signal
from detectors presented in fig. {.8. The indez w means, that weights are used, ”all”
denotes no particle type selected, "self” correspond to self-correlation in the given parti-
cle data. The last line represents mean values over 82 selected detectors in the forward
hemisphere (FH), the standard error is = 0.02 for each coefficient.

CIS T;]—He TP—HG T;’—total T}Ule—total T;L:self Tp,self T%e,self Ttuétal,self
033 0.70 0.38 0.86 0.88 0.56 047 0.63 0.57
034 0.14 0.05 0.27 0.73 0.14 -0.03 0.08 0.02
Mean (FH) | 0.21 0.12 0.51 0.54 0.17 0.09 0.27 0.30
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Figure 4.9: The Fourier-frequency spectrum for CIS 017. Half-a-week and daily peaks are
recognizable, other peaks are not reliable. See text for detailes.

accuracy. The origin of instability is not clear, however, the correlation analysis is useful
in checking different hypotheses. For instance, the possibility of the QDC-amplification
drift is excluded by considering the correlation coeflicients between <CF> and <CS>.
They are found at the level of =0.96. Such a high correlation level is not possible in the
case of a drift in the individual channel, because ”fast” and ”slow” signals are processed
even in different QDC plates. )

In order to understand the origin of the parameters’ drift it was tried to perform a
Fourier-frequency analysis (FFA) of the average-value oscillations like in ref. [89]. It is
rather difficult to calculate frequencies precisely, because there is no real time parameter
in the data, however one can assume a rough time scale of =3 hours/run. Some results, for
example, for CIS 017, are shown in fig. 4.9. One cannot rely on sub-daily frequencies, but
the existence of half-weekly period and daily period seem to be obvious. Similar results
are obtained for all analyzed detectors. Subtracting a linear trend or simply a constant
fraction before FFA, one can locate these peaks even better, but only the analysis based
on a real time parameter would provide reliable results.

The half-week period can be compared with that from ref. [89], but it originates more
probably from the limited observation time. The daily period can be attributed to a
number of reasons, first of all to the day-night temperature difference and also to an often
observed day-night difference in the beam quality. The latter is, of course, incorrectable.
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The second half of the experiment JAN9G? generally satisfy the beam and detector
operation stability requirements. The CIS data from the second half of the experiment,
reveal the better particle resolution. During the first half of the experiment there were
changes in tuning of some detectors, what introduces an additional complexity of a data
processing. Due to these reasons the data from only the second half are used in this thoesis.

4.6 The scintillator shell data processing

The first step the data processing consists in sorting out the data accumulated in cach
module separately (single-files). A CIS single file consist of the values of signals CT, CF/.
CSi (i=1..7); the values of the coincident signals from gas detectors CTOF (PSAC TOL),
CX and CY (PSAC coordinates), CE and CZ (BIC Egp and BP) can be also added.

The typical space occupied by the raw data from one experiment amounts to some
tens of gigabytes. In order to save processing time and to reduce the amount of storage
media needed the bulk of data is reduced by means of validation gates in raw paramcter
distributions. CIS data are reduced by cutting off pedestals. The latter reduces the data
volume at least to 1/4 of the initial volume. The position of pedestal peak is used as zero
in the CIS energy calibration.

2according the internal designation: lst half — NTHA and NAU; 2nd half — NTHB and NAUZ
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The punch-through points (PTP), needed for the calibration, are defined in the middle
of the steep spectrum slope at the end of the ascending particle branch (fig. 4.10). The
choice of the point is based on the idea, that a thick scintillator can be imagined as a
sandwich of two thin crystals. The corresponding continuous spectrum of the thick crystal
should be a sum of symmetrical spectra of the thin crystals. The punch-through point for
one thin crystal should be at the same time the ”punch-in” point for another one. This
PTP position corresponds also to the salient point on the descending particle branch.

The energy calibration is described in Chapter 5. The particle energy at the target
position is reconstructed taking into account all penetrated media on a particle fight path.
Every individual PIM is scaled by means of a linear transformation to an ”ideal” PIM, for
which the geometry of particle branches and inter-branch separators are calculated (see
Appendix, tab. B.2). Using these data one gets automatically a particle type together
with the energy calibration. This saves a lot of time as compared to manually set particle
identification gates in each individual PIM. Because particle separators are defined as
some non-intersecting functions, particle lines for H isotopes are additionally cut-off near
a PTP position. The other way to separate particles without gates might be to use some
particle identification functions, like in ref. [90].

The above procedures are applicable to event-by-event processing. There are some
reasons leading to a distortion of the shape of spectra. A thin supporting grid of 50 pum
Ni on the flight path affects one forth of all particles. The same happens because of
coordinate wires in PSACs. This leads besides energy loss to an additional reduction of
transparency. The registration efficiency itself depends on the velocity of the emitting
source as well. Corrections of these factors cannot be done event-by-event. Although the
precise correction is impossible, two rough procedures can be applied.

The correction procedure in the case of an etched Ni-mesh is the following. The affected
energy spectrum is split first into small energy steps. The distribution of counts among
split channels plays no role — the smooth interpolation instead of uniform distribution
results only in some small corrections (fig. 4.11, left panel). The total number of counts in
the spectrum remains, of course, the same. In order to get a reasonable statistical accuracy
experimental LCP spectra are accumulated into 2 MeV energy bins. A reasonable steps
for split spectra are found to be 0.2 MeV .

The split spectrum is treated in the following way. The channel number /I with the
highest energy Ey is treated as containing Ny only non-affected particles (with the prob-
ability 3/4). Because of the 3/4 mesh transparency the number AN = Np/3 should
be added to Ny, at the same time AN is subtracted from the channel number L corre-
sponding to the energy Fr = Ey — AE(Ey), where AE(Ey) is the energy loss in 50 um
Ni. Then the same step is performed with the channel number H — 1 and so on, down
to the lowest energy. Afterwards the spectrum of redistributed counts is summed with
the energy steps of the initial spectrum of 2 MeV. Such a simple procedure is able to
reconstruct an affected spectrum. An example is given in the fig. 4.11 (right panel).

The next step aimed at a correction of the shape of a spectra modified due to par-
ticle emission from a moving source. Spectra analyzed below are assumed to originate
from the compound nucleus. The registration efficiency then can be simulated using the
experimentally measured source velocity distributions, restored from the fission fragment
kinematics.

The registration efficiencies are explored by means of an event-by-event simulation. A
source with the given velocity v, (the component parallel to the beam axis) emits, in its
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Figure 4.11: Left panel: Splitting of the spectrum into small steps with the uniform and
smooth distribution. The cut-in illustrates the method tdea (see tezxt). The model a-particle
spectrum (squares) have been passed through 50 um Ni-mesh with 75% transparency. Right
panel: The affected spectrum (circles) has then been reconstructed (line). The agreement
of initial and reconstructed spectra is very good, at least for a smooth spectrum.

rest frame, particles into the whole sphere isotropically and with a uniform energy distri-
bution. Orthogonal components of the source velocity are gaussian-like distributed. The
distribution widths w, and w, depend on v, because the contribution of the momentum
removal by LCP grows with LMT. Experimentally measured w; = w, are represented for
convenience by a linear approximation (fig. 4.12).

The velocity of a particle in the laboratory frame is calculated as the vector sum of
the particle’s c.m. velocity and the source velocity. The energy spectra are accumulated
if the particle hits the detector and produces a signal above threshold. The normalization
of the resulting spectra to the initial one immediately gives the efficiency. An example of
simulated spectra is given in fig. 4.13.

- The quantitative results obtained from particle spectra which will be discussed later in
chapter 6 are obtained after all necessary corrections, they will not be mentioned further.
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ular to the beam azis. The dependence on |v,| is assumed for interpolation purposes to be

a linear function.
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Figure 4.13: The registration efficiency for protons (left) and a-particles (right) emitted
into 4 sr calculated for the azimuthal angle region 9 = 100 — 150°. Each line corresponds
to one emitter velocity in the listed order. The bold line corresponds to a resting emaitter.
The solid angle covered amounted to 0.35 X 4x sr.
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Chapter 5

Calibration of the scintillator
detectors of FOBOS

5.1 Calibration problem!

The energy calibration of a scintillator response is commonly based on the measurement
of the total light output; the dependence on the shaping time has also to be considered
[92]. Often a few calibration points are obtained by a direct exposition of the detector to
radioactive sources or ion beams, exploiting then an additional AE or TOF information
for further analyses. The energy calibration is then obtained by fitting the data with
sophisticated empirical functions for the light output L(E) [93, 94] or E(L) [95]. Such
functions can also be the result of analytical calculations based on models for both the
energy deposition along the ion track in the scintillator and the luminescence process [96].

The light output of CsI(T1) manifests a strong dependence on the energy (&) of the
incoming particles and also on their atomic (Z) and mass number (A). Furthermore, the
scintillation-light pulse-shape is a complicated function of the stopping power d&/dx (cf.
ref. [75] and refs. therein). Hence, much attention has already been paid to the problem of
detector calibration. There are some common features in the scintillation light processing
in spite of the different operation modes of the CsI(Tl) crystals (e.g. utilizing them in the
usual regime or in a phoswich combination with other scintillators [95, 97, 98], in AFE(5i)-
E(CsI) telescopes [75, 99], the TOF-E(CsI) analysis [100, 78], also applying photodiode
read-out [101, 102, 90] etc.). In particular, the pulse-shape analysis (PSA) method [75, 74]
is used to search for the best particle separation and energy resolution for light charged
particles (LCP) in a wide dynamical range (Appendix, fig. B.1).

The aim of the present work is to perform an energy calibration of the CsI(TI) scin-
tillators (CIS) used in the outer shell of FOBOS [73] for the LCP spectra recorded in the
absence of specially measured reference points. The only available information is given by
the punch-through points (PTP) of different LCPs, and the corresponding energy values
are the largest energies which can be deposited in the crystal by these particles. Moreover,
the variant of PSA used at FOBOS for LCP separation does not deliver the total light
output, i.e. the total integral of the light pulse, but only two partial ones. We, therefore,
applied a rather simple model for the simulation of the CsI(T1) light pulse in dependence
on the type of the incoming ion (Z, A) and its energy £ and, further, simulated the par-

1This chapter has been published by the author in the "Nuclear Instruments and Methods...” [91]
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Figure 5.1: Summed particle identification matriz (PIM) for the CsI(Tl) detectors po-
sitioned at V5 = 28° to 47 (AQ = 0.4 sr). This PIM represents 40% of the entire
data body recorded for the reaction N (53 AMeV) + #2Th. The energy scale extends to
300 MeV.
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ticle identification matrix (PIM) as it follows from the application of the PSA method

_ under real experimental conditions. These matrixes reveal very useful scaling properties

for the calibration procedure of the altogether 210 CsI(T1) detectors of FOBOS (fig. 5.1).
In the following, the calibration method is described in detail. A first attempt to apply
such a method has been published earlier [103].

5.2 Calibration method

Under the assumption that all CsI{Tl) crystals of the scintillator shell have similar prop-
erties (that was guaranteed by the manufacturer), that all photomultipliers are operated
in a linear regime, and that all signals are processed in an equial manner, one expects
that all PIMs look similar, and one can sum them up into one PIM after some linear
transformation accounting for different gains. Therefore, we scaled the individual PIMs
to each other by use of the point E=0 (pedestal position) and PTP. The summed PIM is
shown in fig. 5.1. Indeed, resolved particle branches occur for the H and He isotopes, also
for °He and 8He. Furthermore, branches of heavier particles are clearly seen. Usually,
these branches are very weak in the PIMs of the individual detectors due to low statis-
tics. Note that the scaling procedure does not lead to a loss of resolution for the particle
identification.

The largest energies of H, He and Li isotopes which can be deposited in the CsI(TI)
crystals by were calculated using the stopping power code STOPPOW [104], and are
given in Table 5.1. Particles with these energies manifest themselves in PTP. Particles
with higher energies are not stopped in the crystals. They pierce them, and the deposited
energy becomes successively lower with increasing incident energy. Hence, the particle
branches, after reaching the PTPs, turn backward (descending branch, fig. 4.1) approach-
ing the branch of low-ionizing particles (electrons, y-rays). The PTPs are well pronounced
in the PIMs of forward-positioned detectors.

The CsI{Tl) crystals are manufactured with precision of 0.1 mm. Therefore, the PTPs
can be treated as intrinsic energy reference points suitable for calibration purposes. The

Table 5.1: Mazimum energy losses of light ions in the CsI(Tl) crystals of the scintillator
shell of FOBOS (PTPs).

Particle AMeV MeV
10mm 15mm | 10mm 15 mm
P 51.0 64.5 51.0 64.5
d 34.2 43.2 68.3 86.4
t 27.0 34.2 80.9 102.5

3He 60.3 76.1 180.8  228.4
tHe 51.1 64.5 204.2  258.0
6He 40.4 51.1 242.3  306.3
3He 34.2 43.2 2734  345.8
6T 64.6 81.5 387.3  489.1
“Li 59.1 74.6 4134 5221
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Figure 5.2: Coordinates of punch-through points in individual CsI(Tl) detectors after
application of the scaling procedure. Solid symbols denote the coordinates Ly,s, open
symbols denote the coordinates Lsioy-

clear indication that PTPs are really reliable is given in fig. 5.2. The relative error of the
determination of the PTP-coordinates from PIMs of individual detectors is typically of
about 2%. The scaling procedure, therefore, is based on PIMs with well pronounced PTPs.
It brings the particle branches, and naturally also the PTPs, of all CsI(Tl) detectors to
superposition.

The PTPs are weakly pronounced or absent at all in the detectors positioned in the
backward hemisphere of FOBOS. To add these PIMs to the summed PIM too, we applied
the following method. We first constructed an ”ideal” PIM (Appendix, table B.2) out of
such individual PIMs, where a good particle resolution is observed and the PTPs (mainly
those of the H isotopes) are clearly pronounced as well. A special procedure was also
developed utilizing the shapes of the particle branches in the PIMs for scaling purpose.
It is based on the simulation of the PIM as it follows from the application of the PSA
method. Simultaneously, relative energy scales for the individual particle branches are
generated. The normalization of the simulated PIM at the PTPs then delivers the absolute
energy scales. By a suitable variation of the energy- and particle-dependent parameters
being model ingredients of the scintillation light pulse-shape, the experimentally observed
shapes of the particle branches in the PIM can easily be generated. The obtained relative
energy scales can then be used for the scaling of the PIMs without PTPs for adding them
to the "ideal” PIM. In the following, this method is described in detail.

5.3 Simulation of the particle identification matrix
The simulation of the PIM as it follows from the PSA method used 1s based on the approx-

imation of the CsI(T1) scintillation light pulse-shape L(t) (eq. 5.1) by three exponential
functions with the characteristic time constants 7;; a few hundreds of nanoseconds for
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Figure 5.3: Calculated shape of a scintillation light pulse of CsI(Tl), constructed by su-
perposition of the fast and slow components of an a-particle of 50 MeV energy. The time
gates are shown as they were set in the ezperiment.

the ”fast” light component (745 ), a few thousands of nanoseconds for the "slow” light
component (Tsiow ), and 10 to 100 ns to take into account the pulse rise-time (Ttront )-

hSO‘Ul t h‘as t hro
L(t) = =2 epp(———) + L2 ogp(— —) — L ezp(-

slow Tslow Tfast Tfast Tfront T front

). (5.1)

P tast and hgo, denote the magnitudes of the two light components. Coordinates of the
PIM are the integrals L, and Ly, of L(t) taken for the hardware-set time gates At;.
The values of Atjys = [80,480] ns and Atyey = [920,3920] ns are used in the experiment
(fig. 5.3). The time constant Ty, is known to be nearly particle-independent and to
take values in the range of 4 to 7 us. The ratio R = hgow/hfest a5 well as the decay
time constant of the fast component 74, are decreasing functions of the stopping power
dE/dz ([75] and refs. therein). The function 7rs shows some saturation effect near a
stopping power of 1000 MeV/cm {105].

The properties of CsI(T1) crystals strongly depend on their quality and T1 concentra-
tion. To obtain analytic expressions for the dependence of R and 7f,, On E and the type
of particle (Z, A), the appropriate empirical functions R(E, Z, A) and 7705:(E, Z, A) are
fitted to the experimental data from ref. [75]. The dependence on the type of particle
is given in terms of the quenching parameter ¢ = AZ% To limit the number of fitting
parameters, the following expressions were found to be suited:

R d .

R(E,q) = ql_/g’p — g:z:p(—;]—rﬁEQ”? (5.2)

Bog) = o+ —2- {1 — eap(~ -2 E9)] (53)
Tfast( :‘I) =17y + q0_1334[ eTp (11/'4 i )
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Figure 5.4: Comparison of CsI(Tl) data of ref. [75] (symbols) with our approzimations
(lines) based on a quenching parameter systematics. The arrows show the rise of the decay
time of the fast light component (upper panel) and of the ratio between the magnitudes of
the slow and fast light components (lower panel) with AZ? as a function of the energy of
an incident particle.

where the fitting parameters assumed values of 75 = 365 ns, 7, = 3323 ns, Ry = 4, and
d = 0.081. The parameter ) was found to be slightly dependent on ¢. An analytic
expression for extrapolation purposes was found in the form of

Qlg) = 0.285(1 — eap(—5m)lg™ ™. (5.4)

The functions R(E, q) and 7f,.:(E, ¢) may not represent the best fit for each particle type
individually, but they describe the general trend sufficiently well (fig. 5.4).

If the ratio of the light components R is given, the absolute values for As.q and Ao
can be derived from the normalization of the total integral of L(¢) to the total light output
L(E)

/L(t, E: Z7 A)dt - hslow + hfast - hfront- (55)
0
The latter is set equal to the expression given in ref. [93],
E
L(E) = S[E — In(———— 5.6
(B) = S1B — a(2, A)in( gz + 1) (56)
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Figure 5.5: The real particle identification matriz Lgoy vS Lyase of a CsI(TI) detector is
compared with the simulated one. They are scaled to each other using punch through point
for 2H, marked as an enlarged symbol. Deviations of simulated lines from real ones don’t
ezceed few percent even no fit is performed.

where F is the energy deposited in the CsI(T1) crystal, a(Z, A) is the quenching constant,
and S is the scintillation efficiency. By the condition L;—q = 0 the value of Afon is
connected with R as well as with the time constants and thus can be easily estimated.

Performing the simulation of the PIM for given types of particles, intervals of incident
energy and time gates (At fost,Atsion ), We simultaneously get the relative calibration curves
Lfost(E) and Ly, (E) for every particle branch. The simulated PIM is shown in fig. 5.5,
calculations for different time gates are given in Appendix, fig. B.1.

The normalization of the simulated PIM to the "ideal” PIM with reference to the -
positions of the PTPs delivers the particle-dependent absolute energy scale. The shapes
of the particle branches in the simulated PIM can principally be modified to approach the
experimentally observed ones by slight variations of the parameters of egs. 5.2 and 5.3,
accounting in this manner for the properties of the CsI(T1) crystals used.

Since Atfaer < Atgow, the contribution of noise in the measured values of Lyag is
significantly less than in Lgg,- On the other hand, L0, is less sensitive to small energies.
We used Ly, (E) for the calibration of the spectra of LCPs within the entire dynamic
range. The calibration curves for both light components with respect to the time gates
used are shown in fig. 5.6.

The energy losses of the particles on the flight path from the target to the CsI{T1)
crystals in the penetrated detector materials (i.e. the PSAC foils, the windows and the gas
volume of the BIC, the Mylar reflector foil) were calculated using the code STOPPOW
[104]. The dead layer at the surface of the CsI(Tl) crystal {106] is very thin and was
neglected. A useful empirical expression for the correction of the energy losses has been
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Figure 5.6: Simulated calibration curves for the slow (upper left corner) and fast (lower
right corner) PSA components recorded for time gates Atf.e = 80 to 480 ns and
Atgow = 920 to 3920 ns, respectively. For better visuality, the fast component is plot-
ted in a logarithmic scale.

deduced (fig. 5.7),
By = [(Eq + Ep)* + C*]M* — Ey, (5.7)

where E; and E, are the energies of the particles at the target and in the CsI(T1) crys-
tal, respectively, and Ey, C and « are fitting parameters (Appendix, table B.1). The
approximated function E4(Lfest) can be written in the form

f(z) =az®+ (5.8)

+ .
di+z dy+zx

The fit coefficients a, b, ¢1, d1, 2, dy calculated for the simulated dependence L4 (E) are
given in the Appendix, table B.2.

(6581 Co
1

5.4 Shape-scaling method

As already mentioned above, PTPs are not available in some cases. There are mainly two
reasons for this. First, the energies of the particles emitted into the backward hemisphere
(in the lab-system) are lower due to kinematics. Secondly, a significant error in the PTP
determination occurs due to low counting rates in backward-oriented crystals. If the PIM
is not distorted by other influences, it can be scaled to the ”ideal” one by use of the shapes
of the particle branches. The idea is demonstrated in the following.

Two lines of different curvature, e.g.

y= a'izbiz (59)
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Figure 5.7: Energy losses of the LCPs on their flight path from the target to the CsI(Ti)
detector. They were calculated using the code STOPPOW [104].

can unambiguously be scaled to pass through two arbitrarily chosen points in some area
(z,y) by means of the transformation

kyy = a;(ksz)", (5.10)

where the coefficients k; and k, can be defined analytically.

Such a transformation cannot be applied directly to the experimental PIMs, because
the particle branches are not significantly curved. Thus, small discrepancies in the shapes
of the particle branches in the PIMs together with the effect of noise lead to intolerable
uncertainties. Non-linearities of such kind introduce variations of the coefficients b; of
about 13% and 26% for protons and a-particles, respectively.

Therefore, we constructed a model of the ”ideal” PIM using empirical functions for
the description of the particle branches,

F;Ideal(Lfasti: Ls[ow,-a Ai; Zz) = 0: (51 1)

where the index 7 denotes the type of particle (Z, A). The coefficients kpesr and kypp are
found by minimization of a x2-like functional

Z Edeal(kfasthastn kslostlowu Ai: Zz) = n. (512)

Of course, a suitable choice of Fiyey is important. Functions of the form like eq. 5.9 in
general fit the particle branches well. But they fail in the region of low energ;, that becomes
critical for the PIMs of backward-positioned detectors. Therefore, we use functions of the
form of €q.5.8 for Lggw and Lyas. Then the corresponding functional becomes

¥ =3 (kY; - F(k:X;))%, {5.13)

J
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Figure 5.8: Comparison between the both x*-calculation methods and using punch-trough
points ("absolute”). They are identical for the most of detectors. The arrow shows an
exception, where due to some quality reasons the discrepancy is significant.

where X and Y are the two components of the PSA, 7 denotes a point in the experimental
PIM, and F represents any function X = F(Y, Z, A) of the type like eq. 5.11.
There is also another way to define the x2-like functional.

X' = (Y~ F(kX;)/ky). (5.14)

The points (X, Y;) are arbitrarily but nearly equidistantly scanned along the entire par-
ticle branches of the PIM. The coefficients k; and k, are then obtained numerically by
setting the derivatives dx?/dk; and dx?/dk, equal to zero.

The solutions of egs. 5.13 and 5.14 are found to be identical for PIMs with well resolved
particle branches. They also perfectly describe the PIMs with pronounced PTPs (fig. 5.8).
Discrepancies with respect to less resolved PIMs or PIMs without pronounced PTPs are
significantly larger for eq. 5.14 than for eq. 5.13, but a comparison of the coefficients
obtained for PIMs with and without PTPs do not lead to a preference of one of these
equations. This fact indicates some limits of such a procedure. Nevertheless, the precision
of the shape-scaling method was estimated to be about 5% with respect to the energy
scale. This is illustrated in fig. 5.9.

5.5 Check of the calibration

A special test measurement was carried out to check the reliability of the calibration
procedure. In this measurement a BIC was used as the AE detector, and the CsI(TI)
scintillator measured the residual energy [76]. In spite of the special operation mode of the
BIC, this test was more qualitative than quantitative because of the large uncertainties
due to the small AF signals of a-particles, the limited dynamic range and the generally
low registration efficiency of the BICs for LCPs.

Unfortunately, light particles beams are not available in the experimental area of
FOBOS technical reasons. Therefore, a direct energy calibration was not performed. The
TOF for scintillators were used only qualitatively in order to locate data from neighbouring
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Figure 5.9: Coefficients obtained for the shape-scaling of the "ideal” particle identification
matriz to itself. They are based on the particle branches of protons and o-particles. The
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+2% of the actual value of the coordinates. The 1st and 2nd method of x*-calculation is
in correspondence with their order of description in the text.

bunches appropriately, because the necessary correction for the TOF drift (caused by the
cyclotron HF phase drift) was performed later.

A quantitative check of the calibration method was performed by comparing the results
for the 10 mm thick crystals with those of the 15 mm thick ones. Such comparison is
reliable, if the transparency of the CsI(T1) crystals is high enough. The PIM of the thick
crystal was scaled to that of the thinner one by means of the scaling procedure which
considered the shapes of the particle branches. The result is shown in fig. 5.10.

Finally, we estimated the precision of the calibration procedure described in this work
as being better than 10%, i.e. of the order of the energy resolution of the CsI(Tl) detectors.
This has been verified involving such additional references as the resulting shapes of the
energy spectra of LCPs measured by different detectors but at the same polar angle, or
the spectra of the y-rays.

This method has been applied for the first time for the calibration of the CsI(T1)
detectors of the scintillator shell of the FOBOS array in the JAN96 experiments carried
out to investigate the decay of hot heavy nuclei produced in the reactions N (53 AMeV)

+ 22Th and 7 Au [107]. Calibrated a-particle spectra measured in these experiments
[108] are shown for illustration in fig. 5.11.
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Figure 5.10: Comparison of the simulated coordinates of the punch-through points (solid
symbols) with the measured ones (open symbols). The points with larger error bars (ezcept
for 3He) correspond to a 10 mm thick crystal and were obtained by applying the shape-
scaling. The points for ®He are, for convenience, multiplied by a factor of 0.5.

5.6 Final remarks

The actual properties of the CsI(T1) crystals used may slightly differ from those crystals
investigated in ref. [75], and the parameters in egs. 5.2-5.4 may not be ideally suited
for our simulations. A general adjustment of these parameters was performed by fitting
the simulated PIM to the measured ones. However, it turned out that this was not
necessary on the level of accuracy required. Agreement of simulated and measured PIMs
was achieved with Tye, = 4 ps. Such a value for the slow decay constant has likewise been
found for CsI(T1) crystals [109] delivered by the same manufacturer.

In principle, the simulation of the PIM would require to carry out measurements of
the scintillation light pulse-shapes for the CsI(TI) crystals used, like it has been done
in ref. [75] using high frequency signal sampling, or with thin slices of the same CsI(T1)
scintillator material like in ref. [105]. On the other hand, the general view of measured
PIMs could be reproduced even by simulations based on relatively rough approximations
for R(F, q) and Tf.::(E, g), for example with the expressions

R(E, q) = 0.2227(E/q)'/3, (5.15)

Trast(E, q) = 390 + 200(E/q)*/?, (5.16)

and the precision of the energy scale obtained for the LCP spectra is comparable with

the energy resolution of the CsI(T1) detectors. However, it is impossible then to fit the
shape of particle branches.

It seems also possible to perform in the same manner a simulation and, thus, a cal-
ibration of descending particle branches, characterized by higher energies £ > Eprp. It
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Figure 5.11: «-particle spectra from the reaction N (58 AMeV) + 2 Th accumulated
into AQ=0.16 sr for each laboratory angle O, (40% of the entire data body).

requires, however, some additional assumptions on the scintillation process.

The uncertainty of the detected Ey is naturally largest for lowest particle energies. On
the other hand side, at the FOBOS detector, the energy loss of LCPs in piersed layers
of other detector materials are in this case larger than the residual energy E;. Thus,
the necessary corrections for the energy loss introduce the dominating part into resulting
Ey(Ltast) at small energies, and, therefore, the relative error of B is reduced.

The shaping time of 3 ps in the measurement of the total light output of CsI(Tl) in
ref. [93] does not significantly affect the final result for energies larger than a few AMeV.
This shaping time is, however, implicitly assumed in eq. 5.6, therefore the corresponding
correction for the simulation at lower LCP energies is taken into account.

The influence of the rise-time of the scintillation light pulse can be neglected (7fons =
0, hgrone = 0), if the time gate Atgqe does not cover the initial part of the CsI(T1) detector
signal. As reported in ref. [75], the rise-time for electrons is about 40 us, and even shorter
for high-ionizing particles, but the timing properties of the photomultiplier used have to
be taken into account.

Performing the above mentioned TOF drift correction, one can get a reliable energy
calibration on the level of accuracy required even in spite of rather poor time resolution
(fig. 5.12, left panel). The method is described in ref. [110]. One measures an averaged
function TOF(Lfes) and uses the calculated TOF for a certain measured Ly, value.
The time resolution becomes much better in the absence of scattering on supporting
and coordinate grids and straggling in gas and foils (fig. 5.12, right panel); this was
observed in MAR97 experiment in those modules were the gas detectors were removed
in order to record LCP spectra without thresholds and distortions. On the other hand,
some other difficulties arise from contamination of a scintillator PIM with FF. The PSA
discrimination between He and FF is impossible - the FF spot overlaps with the low energy
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Figure 5.12: Time of flight vs fast light component plots from MARY7 experiments. The
bulk of counts from the right bunch (A) is surrounded by spots from neighboring bunches
(B) standing =~ 54.9 ns from each other. The difference in the time resolution for the
regular case (left panel) and empty module (right panel) is obvious. The line corresponding
to heavy particles (FF) arises in absence of foils and gas in a flight path.

part of the He line. In this case only a careful TOF-E analysis provides the separation.
Besides of the TOF based calibration, just a comparison between the spectra accumulated
by modules with and without BIC can be used as an additional calibration check.

Taking into account all the above notes, one can assume this calibration method to
be suited for the FOBOS scintillator shell. The following advantages of the described
calibration procedure should be emphasized:

Special calibration measurements are not necessary.

]

It does not rely on measurements of the total light output.

All 210 CsI(T1) detectors can be calibrated in an unique manner by scaling the
individual PIMs to an "ideal” one.

It enables a high degree of automatisation for data processing, no setting of particle-
gates manually is required

e Some visual inspection and check of data quality can be easily performed during
the data processing.




Chapter 6

Experimental results

6.1 Main observables and parameters

Two main physical observables are used as parameters: mass-asymmetry and initial ex-
citation energy. Despite some obvious correlations they can be treated independently.

The FOBOS detector is capable of registering fission-like events up to very asymmetric
mass splits in a broad range of initial excitation energies. The limitations of the whole
geometrical efficiency and the lack of neutron data prevent reconstruction of each event by
means of energy and momenta balance. Therefore, attention has been paid to correlations
between observables as an additional check for data consistency.

Tt will be shown that only a multi-dimensional analysis of the data involving some un-
usual coordinates can separate different reaction channels. However, conventional meth-
ods of the analysis were also tried and were compared with previously obtained results.

6.1.1 Excitation energy

The excitation energy is treated in the framework of the Massive-Transfer-Model [4]. For
central collisions of very asymmetric projectile-target combinations, a linear correlation
between the portion of the linear momentum transferred from the projectile to the target
and the excitation energy E* imparted to the system is well established [111]. The ratio
between the linear momentum of the compound system P and that of a completely fused
system Pras is used as a measure of the imparted (or initial) excitation energy E*

P
E* ’N"Eg;zm-]—)r—n—, (61)

where E{T. is the projectile energy in the center-of-mass system. This energy for a
53 AMeV N beam amounts to 50 AMeV for the Th target and 49.5 AMeV for the
Au target. The 100%-LMT corresponds to a linear momentum of 4.392 GeV/c. The
calculated limit of the induced excitation energy amounts to 699.8 MeV for complete
fusion of the beam particle with 2Th and 692.8 MeV for %7 Au, respectively. The beam
velocity amounts to 10.11 cm/ns.

Most of the induced E* is spent usually by the emission on neutrons and LCP during
the de-excitation cascade. This causes an anticorrelation between the calculated com-
posite system momentum P and the total heavy fragment masse M = Ay + Ay (The
indices H and L denote the heavier and the lighter fragments). Such an anticorrelation
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Figure 6.1: Left panel: The experimental distribution of the composite system’s linear
momentum from reactions on Au and Th target nuclei. The decomposition into periph-
eral and central collisions is shown for Th-data (see text). Right panel: The distributions
of transverse-to-beam components of the system’s linear momentum for Th-data is also
indicated. The asymmetry around zero is caused by the non-symmetric geometrical accep-
tance.

is observed and the linear dependence is deduced [112]. An averaged amount of energy of
about 14 MeV (binding and kinetic energy) is carried away per evaporated nucleon from
a composite systems produced in central collisions.

The experimental distribution of the linear momentum component parallel to the
beam axis P, used for the excitation energy calculation is given in fig. 6.1 (left panel).
Fission after peripheral collisions is strongly suppressed in Au, because fission barriers for
nuclei around *TAu are significantly larger than those for nuclei near 2?Th. Thus, the
distribution for Th data reveals two components, the component corresponding to larger
values is perfectly reproduced by the form of the distribution for Au. The additional
component in the spectrum of the linear momentum for Th corresponds to peripheral
collisions, this component is missing in the case of Au. Some negative values of P, occur
because an influence of LCP evaporation onto the momentum balance at a low LMT
is significant, and a negative value corresponds to forward-emitted energetic LCPs and
IMFs. ‘

The direction of the restored linear momentum vector of the composite system does
not coincide in general with the beam axis. The influence of the particle evaporation from
both the composite system and from the fragments is illustrated by distributions of the
linear momentum transverse to the beam in fig. 6.1 (right panel). The increase of the
distribution width with increasing the LMT was shown earlier in fig. 4.12. This is also an
effect of the particle evaporation, which turns out to be more intense at higher excitation
energies. Emission of particles into the backward hemisphere leads, in the same sense,
to values of the longitudinal velocity V; = P,/M exceeding Vinus = Prmaz/M (this will be
reflected in fig. 6.10).




6.1.2 Mass-asymmetry
Conventional mass-asymmetry

The simplest way to analyze the mass-asymmetry consists in considering different mass
bins in the mass distribution of the fission-like fragments. This method, however, has a
serious disadvantage if the composite system is not well defined. For instance, defining for
the actual mass-distribution of fragments from the Au-target in fig. 6.2 large, intermediate
and small asymmetries simply by means of the mass ratio, one observes that some masses
belong to all asymmetries. This indicates the necessity to introduce an other mass-
asymmetry criterion.
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Figure 6.2: Fission-like fragment mass distributions obtained from Aw (left) and Th (right)
targets. Three bins in mass-asymmetry are overlapping within the hatched area.

Different definitions of the mass-asymmetry are used in this thesis. The definition of
the mass-asymmetry parameter 3 as a simple ratio of the fragment mass numbers!

B=Ar/AL (6.2)
is obvious, but the definition
Ag ~— AL \
= 6.3
X Ag + AL ( )

is used for data visualization. The parameter x is convenient because it is normalized to
unity, while the distribution of 3 is concentrated in a narrow region of low values {fig. 6.3,
left panel). The relation between x and 3 is obvious.

Experimental distributions of mass-asymmetries are shown in fig. 6.3 (right panel).
Masses of fission fragments observed in the gas detectors extent down to LCPs. A rea-
sonable statistical accuracy is obtained even for mass splits as large as 1:10. A dropping
down of the mass-asymmetry distributions at y > 0.86 is observed. This reflects the

1Tn fact experimentally measured masses are used
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Figure 6.3: Left panel: Two different representations of the mass-asymmetry; dotted lines
mark x values for given light particles (Ar) and Ag ~=200-230. Right panel: Ezperimental
distributions of asymmetries for the reaction 1*N (53 AMeV) + %7 Au (circles) and 2> Th
(squares) and the decomposition of the latter into spectra accumulated in different LMT
regions (for Au only the high LMT contribution is shown,).

decrease of registration efficiency of light ions by the gas detectors as well as the dimin-
ishing of geometrical acceptance for highly asymmetric FF pairs. It seems appropriate to
assign the terms symmetric, asymmetric and very mass-asymmetric to the bins indicated
in fig. 6.3 (right panel).

A significant difference in the form of these spectra is observed for xu;7>0.55, which
can be explained qualitatively. The most probable composite nucleus originating in re-
actions of the JAN96? series is close to the target nucleus, as it has been predicted by
simulations [5]. In contrast to Au, the Th nucleus is easily fissile. This means that after
a very asymmetric first split the still highly fissile heavy remnant can undergo sequential
fission, and one observes a ternary event. The registration probability of a ternary event
is, of course, lower than that of a binary event. But, if the lightest particle is lost from
recording the remaining two heavy fragments contribute to a rather symmetric channel,;
if one heavy fragments is lost from recording then such an event should be rejected by
the data filter.

Some simple estimation seems to be helpful for understanding this phenomenon, if
only ternary events are responsible for the difference in the spectra. As it is seen from
the data, fission of a Au-like compound nuclei still occurs at relatively small excitation
energies. Therefore, the sequential fission of the Th-like composite system can happen if
the mass of the heavier fragment from the first split is comparable with Au or even a little
smaller. If the first scission is fast and most of the nucleons as well as excitation energy
remains in the system, then the critical value can be estimated by xaifs ~0.6. Indeed,
the observed value of x4 is between 0.55 and 0.6. If one assumes evaporation of a large

2See Section 2.5 for the experiment designation.
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number of nucleons from the Th-like composite system, the value of x4y should increase
significantly. On the contrary, an intensive evaporation from the heavier fragment reduces
Xdiff- One cannot derive quantitative results from this rough estimation. However, this
picture is consistent with the implementation of very asymmetric fission as a fast process
at relatively high excitation energy [113]. Indeed, most asymmetric mass splits in both
the Th and Au data are observed at high LMT. However, as fig. 6.4 indicates, there is
no correlation between mass-asymmetry and LMT, i.e. these quantities can be used as
independent variables.

Primary and secondary mass-asymmetry

Due to the evaporation of particles from fission fragments the mass-asymmetry at scission
should differ from the measured one. The mass-asymmetry parameters introduced in
eqs. 6.2 and 6.3 are actually related to the instant of registration by the detectors, i.e.
they refer to secondary masses and secondary asymmetry.

Since the mass of the scissioning nucleus is not well defined, one cannot measure
primary masses of the fragments directly. Assuming momentum conservation one gets,
however, their mass ratio. The transverse momenta of the fragments in the lab system

are equal :
mivy sin 191 = Myl sin 192, (64)

where velocities and angles are experimental observables. It is conjectured that light
particles are evaporated isotropically and, hence, do not change velocities and angles of
the fragments, on the average. Using the provisional mass ratio R, = m;/mq, the primary
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Figure 6.5: Left panel: Experimental distributions of the primary mass-asymmetry for Th
and Au data, a shift is found in comparison to the secondary asymmetry spectra (fig. 6.3).
Right panel: The difference between spectra is illustrated by the formally introduced ratio
(see text) of primary to secondary asymmetries.

mass-asymmetry then can be defined as

R,—1

ek A .
Xprim Ru T 1 (6.0)

Index "v” indicates that this ratio is based on the velocity analysis. This primary mass-
asymmetry essentially differs from that of eq. 6.3, which is calculated from the secondary
masses measured by the detectors. The symbol R, used instead of Bp.m stresses again
that the primary masses are unknown. Note, that Xprsm could assume negative values.

The distributions of the primary mass-asymmetry are shown in fig. 6.5 (left panel).
They generally look like secondary asymmetry distributions (fig. 6.3), however, the crit-
ical points are shifted towards smaller asymmetries. It is difficult to observe all such
peculiarities because of the logarithmic scale. In order to make visible the difference the
ratio of these spectra is formally introduced (fig. 6.5, right panel). By definition, total
count numbers in the spectra of primary and secondary asymmetries are equal, however,
events with a certain value of mass-asymmetry X,.m may be found at a different value
of . Therefore, the complicated behavior of this ratio reflects the fact that post-scission
emission plays an essential role in formation of the secondary mass distribution. We will
dwell on this point by introducing in Section 6.3 the mass-asymmetry matrix as a more
appropriate method to explore the mass-asymmetry.

6.1.3 Total kinetic energy and masses

The total kinetic energy (TKE) wvs fragment mass distributions (TKE-M) for the Au
and Th data are given in fig. 6.6. They have the typical fission-like banana form. The
distribution for Th is slightly broader than that for Au and displays a single hump while

58



contours:
min=>5 counts

contours:
min=5 counts

o204 E max=4300 - 20, - max=10000
“ next~1.5"prev i 4 next~1.5"prev
U U N DL VL DL A DL L LU L DL I A D D SR L
20 40 60 80 100 120 140 160 180 200 220 20 40 60 80 100 120 140 160 180 200 220
Fragment mass number Fragment mass number

Figure 6.6: FEzperimental distributions of total kinetic energy vs fragment mass (TKE-
M). The contour plot in the low mass region is replaced by the scatter plot in order to see
details.

the top of the distribution for Au has a double-humped structure as it is also observed in
the fragment mass distribution (fig. 6.2).

The broad top of the TKE-M distribution for Au survives even if only symmetric events
are selected. Setting |Xprim|<0.05 (corresponding to 10% of the fragment mass difference)
one observes a slant oval spot probably being the superposition of two broad overlapping
peaks. A similar behavior is observed in the LMT-M and TKE-LMT plots. The distribu-
tion of the total fragment mass can be well approximated by two Gaussian with the mean
total masses of 176 and 191 units, respectively. These components correspond to large
and small LMT (or high and low excitation energy: HE and LE). The double-Gaussian
fits with respect to the total mass as well as LMT are shown in fig. 6.7. The corresponding
values of the mean excitation energy and the average TKE are summarized in tab. 6.1.

The same procedure performed for the Th-data delivers mean total masses of 210
and 201 units for the LE and HE peaks, respectively. The bump of peripheral colli-
sions (fig. 6.7) at small LMT or lowest excitation energies corresponds to a mean total
mass number of 221. The numerical data are also given in tab. 6.1. The uncertainty of

Table 6.1: Components in the TKE-M distributions for most symmetric splitting
(Ixprim|<0.05).

Data Th Au

Peak ID Periph. | LE | HE | Periph. | LE | HE
<M> ] u 221 |210|201| - |191]176
<TKE> /MeV | 162 | 161|158 - 148 | 136
<FE*> [ MeV 60 160 | 300 - 160 | 300
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Figure 6.7: Gaussian decomposition of the total mass distribution of the fission fragments
by low energetic (LE), high energetic (HE) and peripheral (for Th-data) components for
the most symmetric mass splits (left panel) and respective decomposition of LMT distri-
butions (right panel).

the extracted mass values amounts to about 2%. Except for that additional peripheral
component, it seems that the TKE-M matrix for the Th-data has in general a similar
composition like that for the Au data.

As it was expected from the mass-asymmetry analysis, an other difference between
the Th and Au data is found at low fragment masses. Therefore, the mass region under
consideration is shown as a scatterplot (fig. 6.6), because the structure would not be seen
in the contour plots 3. TKE values significantly larger than fission-like ones are observed
in the Au-data and they are nearly absent in the case of 'Th. Such an effect was already
ohserved in ref. [111] and treated as dynamical emission of IMFs.

In order to describe the entire TKE distribution, the extended TKE systematics re-
cently introduced by Wagner [35] is used:

zZ? A4y

TKE = 0.29 x ,
AP AR A3 T AL,

(6.6)

where A;p; = A; + Ag and Z is the charge of the compound system.

The charge of the fissioning nucleus is estimated assuming the multiplicity of evapo-
rated neutrons being approximately ten times larger than that of protons. Therefore, one
can subtract one proton per ten neutrons, starting from the Th nucleus for peripheral
collisions. The corresponding TKEs, plotted as lines in fig. 6.8, well describe the average
banana form of the TKE-M matrix. In the case of Th these lines nicely follow the ridge
of the distribution up to its maximum.

The situation for the Au data is quite different, there is no way to describe the TKE-M
distribution in the same manner as in the case of Th target. The BUU [114] simulation

3This effect is much stronger in the data from the reactions *°Ar (36 AMeV) + ?*8Cm and " Ag
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Figure 6.8: TKE-M lines for certain elements calculated by eq. 6.6 superimposed on actual
distributions.

predicts for the fissioning system <Z>=79.5 [5]. However, the corresponding TKE-lines
for Z = 79 and Z = 78 are not adequate to the matrix shape (see left panel in fig. 6.2).
Using the corresponding value of the TKE from table 6.1 one finds that Z = 83 is the only
appropriate charge. Consequently, TKE-lines for *'Bi and 7Pt seem to be responsible
for the observed shape of the TKE-M distribution for the Au data.

Since the dominating amount of fission events is symmetric, one can use the extracted
Z and A as limits to estimate the most probable composite systems. (Of course, some
nucleons are still evaporated after scission.) It has been already observed with the mini-
FOBOS that for heavier projectiles the reaction is clearly dominated by two channels
with low and high linear momentum transfer [115]. This split is probably not so clearly
pronounced in the pregent data because of the light projectile. However, the two peaks
observed might probably also be considered in our case as representing two reaction
channels.

Despite a reasonable representation of the LMT and total mass spectra by three Gaus-
sians for the symmetric mass splitting in the Th-data, the attempt to apply the same
procedure to the charge spectra of the composite system fails. Using the extended TKE
formula 6.6 one can extract Z event-by-event, the spectra of Z obtained in this way are
presented in fig. 6.9.

First of all, the spectrum of Z for near symmetric mass splits looks similar to that
for the entire Th data. The spectrum for the entire Au data is slightly broader as that
for symmetric splits and shifted to lower Z values. This difference between the Th and
the Au data could be due to the dominating contribution of peripheral collisions in the
case of Th. Fixing Z values at 83 (HE) and 78 (LE) one can well describe the Au data in
the case of symmetric splitting (right panel). Fitting the peak position results in mean Z
values of 83.3 (LE) and 80.7 (HE) (left panel) . It is important, that the contributions in

4These values agree better with the widely used empirical rule which estimate the incomplete fusion
result as target plus half of the projectile than with the already quoted BUU predictions.
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either case have comparable magnitudes (as it was the case for the total mass and LMT),
because the decomposition is not a real multidimensional fit. All above argues in favor of
the reliability of these Z-spectra.

The Z-spectrum for the Th data, however, cannot be well approximated using mean
7 values derived from mean TKEs. A three-Gaussian fit results in either suppressing
one of the contributions (left panel) or yielding a contributions far off the expected ones
(right panel). The peripheral component is peaked, as it is expected near 89, but its
magnitude becomes too small in the first case and too large in the second case. Assuming
that the measured and calculated TKE as well as the mass data are correct, one should
also suppose the existence of at least two reaction channels leading to different TKE at
equal charge of the composite system or vice versa. This statement in any case would not
contradict the above described decomposition of the mass and LMT spectra (fig. 6.7).

One further interesting observation is presented in fig. 6.10. The distributions of the
average TKE and the total mass for Th reveal clearly visible double-component structures
(as in fig. 6.1). The component corresponding to central collisions looks like the distri-
bution for Au. The distributions at the lowest and the highest relative values represent
only a few counts which may contain accidental coincidences. They are excluded from
the further discussion.

The rise of the average TKE in Au at low LMT up to a certain value and further
decrease could be interpreted by the balance between the growing fused part of the pro-
jectile and an increasing removal of nucleons by evaporation. The average behaviour of
the total mass replicates the form of the mean TKE up to an intermediate LMT of about
2 GeV/c (open symbols). The further growing of the total mass might be only explained
by assuming the existence of a fast process, meaning that particles have no time to be
evaporated. Such an argument would explain the contradiction found between TKE and
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total mass data if one presumes conventional fission only 5.

The TKE and total mass distributions as a function of the system’s longitudinal
velocity Vz relative to that of complete fusion (see fig. 6.10) both for Th and Au also
reveal a peak at low values, but then they decrease monotonously (solid symbols). Such
a difference between these distributions and those vs LMT could indicate that eqg. 6.1 is
inadequate in describing the actual imparted excitation energy. The distributions vs the
relative velocity spread far over 100%. This should point to pre-equilibrium emission into
the backward hemisphere in the most central collisions. This fact will be illustrated by
the LCP data in the next Section.

6.2 Analysis of the LCP data

One of the most important tasks to be solved with the scintillator shell of the FOBOS
detector is the determination of pre- and post-scission multiplicities. Therefore, even
in the first experiment with only a few scintillator modules mounted, we have tried to
separate particles originating from different sources [116]. The primary LCP data analysis
aimed at checking the data from both the gas detectors and the scintillator shell by means
of physically significant correlations between heavy fragments and LCP.

5Note that the region of linear anticorrelation between total mass and LMT has been obtained in the
experiment carried out at lower beam energy
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Figure 6.11: Average energy of protons and a-particles as function of the angle of emission
(left) and of LMT (right). The entire data of JAN9IE experiments are used. Lines in the
left frame represent fits for Th data by a function of type Aexp(—6%/B).

6.2.1 Primary LCP data analysis

The gross properties of LCP emission are well know. Therefore, distributions of the
average energy of a certain particle depending on the LMT and on the registration angle
were created (fig. 6.11). As expected, average energies reveal a pronounced increase
in forward direction because of projectile break-up and pre-equilibrium emission. The
average energy of a-particles is constant at 0., > 100°, whereas a slight decrease of the
energy of protons towards the backward direction persists. The average energy of particles
increases with increasing the LMT. This increase is usually related to the increasing
excitation energy and, hence, to the nuclear temperature. Note, that energies of particles
emitted from N+Th reaction are systematically larger than those from N-+Au. This is
due, on the average, to the larger charge of the emitter.

In addition to individual properties of LCPs a number of their collective properties
could be analyzed. The set of LCPs observed in the CIS-shell in a certain event will
is called, for the simplicity, the ”CIS-event”. Thus, the next important observation is
presented in fig. 6.12 (left panel). A linear correlation of the total mass M and the total
mass of LCPs is found, at least within the FWHM of the distribution of the total mass
of the heavy fragments. This result proves the consistency of the data, because fragment
masses and LCPs were measured by different detector shells.

The longitudinal Vz and transverse Vx,V4 velocity components of the center of mass
of the CIS-event (i.e. total velocity) were determined event-by-event. The dependence
of average total longitudinal velocity Vz on LMT is shown in fig. 6.12 (right panel). De-
creasing Vyz of the CIS-event (all curves) reflects the transition from peripheral to central
collision. The same reason leads to slightly reduced Vz values if only CIS-events with
multiplicity vrcp > 2 are chosen (triangles), because, on the average, higher multiplic-
ity corresponds to more violent collisions. Therefore, events with vrcp > 2 contain less
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Figure 6.12: Left panel: Correlation between the total mass of LCP and the total mass of
the heavy fragments; widths of distributions of M are indicated. Right panel: Dependence
of the average longitudinal velocity of a CIS-event on the LMT. See text for details.

forwardly peaked pre-equilibrium particles, and this fact is observed as the reduction of
Vz. A

The plots of the velocity components provide a good visual presentation of LCPs in
the scintillator shell (fig. 6.13). The almost axially symmetrical appearence of the plot of
transverse velocities as well as clearly observed structures (left panel) reflect the detector
geometry. It has been seen, that the most probable observed number of L.CPs in an event
amounts to 0 or 1. Thus, easy recognizable "rays” in the velocity plots (both frames)
correspond to the multiplicity vzcp = 1, because counts are defined by discrete positions
of CIS detectors and by the LCP energy. The five groups of rays in the V, ws V, plot
correspond to five detector modules in the first modular ring. The notable asymmetry
of the plot V; ws V, is due to the already mentioned sources of pre-equilibrium emission,
which are known to be forwardly peaked. This plot also reveals a rather ”isotropic®
velocity distribution beyond 64 = 100°.

The observed angular dependence of the pre-equilibrium emission agrees with results
of simulations, given in Appendix D. These simulations predict that only at 5 > 100°
one can study LCP evaporation from a composite system. Therefore, the limit of 100°
is chosen to minimize the contribution of pre-equilibrium particles. Backward angles
Bap > 160° are not accessible due to the FOBOS geometry. All available crystals under
this condition cover the solid angle Q5=2.08 sr. This angular range will be further called
the "backward hemisphere”.

The LMT should depend directly on the impact parameter. The increase of LCP mul-
tiplicity with the LM'T will be shown later. The classical picture of two colliding particles
results in the following suggestion. As long as the target nucleus is not transparent for
nucleons of a projectile the velocity distributions of the LCP event should change from the
forwardly-elongated shape in peripheral collisions (low LMT) to rather isotropic shape in
central collisions (high LMT). Moreover, multiple nucleon-nucleon scattering in a central
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Figure 6.13: Distributions of the velocity components of the LCP event ("total velocity”)
in the c.m. of the scissioning system orthogonal to the beam (left) and parallel to the beam
(right). The entire data of JAN9E experiments are presented.

collision could result in emission of fast particles into backward direction and the system
should get additional momentum in the beam direction.

Indeed, the average longitudinal velocity of the LCP event in the center of mass of the
scissioning system drops down even below zero reflecting the transition from peripheral
to central collisions (fig. 6.12, right panel). The linear momentum smaller than zero acts
as an additional momentum resulting in high longitudinal velocities of the composite
system exceeding the velocity of a completely fused system. This also contributes to
the peculiarity of the LMT distribution observed at high values of the latter as seen in
fig. 6.10. In such a way, the contribution of pre-equilibrium particles into the backward
hemisphere could turn out to be even larger than it was already expected.

6.2.2 N 34 MeV /nucleon experiment

The spectra presented in fig. 6.14 are accumulated in one module of the backward hemi-
sphere (Ring #6) and summed over 7 scintillators. Their PIMs of raw data were scaled
to each other by means of a linear transformation following the idea proposed for the
calibration procedure. The angle limits of integration are about 120° around the given
values. The left and right plots are obtained from different detector modules.

The first spectrum (squares) contains a-particles coincident with the heavier fragment
(HF) moving in the same direction as an a-particle. The second spectrum (circles) rep-
resents o-particles moving almost perpendicularly to the fission axis. Most particles of
both spectra originate from the hot composite system, but the difference of these spec-
tra (triangles) is consistent with the emission from a HF moving in the direction of the
a-particle detector. In this case an "energy excess” occurs due to summing the velocities
of the a-particle and of the emitter.

Estimates using such a subtraction procedure deliver yields of a-particles and, af-
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Figure 6.14: Spectra of a-particles accumulated at different angles with respect to the
heavy fission fragments (HF) from the reaction “*N (34 AMeV) + ¥"Au. The difference
corresponds to an extra energy of particles emitted from the moving source. The energy
calibration of these data is very rough due to technical reasons.

Table 6.2: Average a-particle multiplicities (yields per fission eztrapolated to 4T). Vpost
and vyre denote, respectively, pre-scission and post-scission multiplicities (i.e. LCP from
the fragments).

< E*> exp. data from ref. [117] | calc. by CDSM
MeV Vpre Vpost Vpre Vpost Vpre
250 | 0.36(12) | 0.09(4) | 0.4 | 0.08 0.42

ter extrapolation to the whole sphere, one can compare them with data from literature
(tab. 6.2). The good agreement with the data from ref. [117] testifies to the reliability of
this simple method. The available calculations within the Combined Dynamical Statisti-
cal Model (CDSM) [118, 119] for the fission of the excited 2% Pb nucleus delivers the same
pre-scission multiplicity at least for moderate angular momenta [120]. This agreement
implicitly checks also the reliability of the performed extrapolation to the whole sphere.

6.2.3 Post-scission multiplicities at *IN 53 MeV /nucleon

It has been proposed to separate pre- and post-scission particles as well as pre-equilibrium
particles by the use of the multi-source fit method. This method required complicated soft-
ware and numerical simulations, which were developed within the FOBOS collaboration
by R.Yanez [5]. However, first attempts to apply the method to the present experimental
data failed due to very high thresholds of the gas modules in a the flight path of LCPs.
Distortions due to supporting grids and, first of all, due to smearing of the low-energy
part of the spectra contributed additional difficulties. As long as the precise separation
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Figure 6.15: Raw spectra of protons and a-particles accumulated in the backward hemi-
sphere parallel or perpendicular to the direction of heavy fission fragments (HF) from the
reaction AN (58 AMeV) + %7 Au.

of emitting sources in the JAN96 experiment appeared to be impossible, the success of
the simple approach described above nourished some hope, that one can apply the same
method also to 53 AMeV data.

Spectra of LCPs are accumulated in coincidence with fission fragments in the backward
hemisphere. In order to get the same solid angle for "parallel” and ”perpendicular”
directions to the fission axis, the "parallel” direction (¢» = 0°) to heavy fragments (HF)
is chosen in the region cos(y) € [0.8;1], and the ”perpendicular” direction (¢ = 90°)
means cos(y) € [—0.1;0.1]. The clearest result should be obtained for the symmetric
case. Therefore, only events with the asymmetry 8 < 1.5 are considered. Unfortunately,
no difference in these spectra are observed (fig. 6.15).

The lack of difference in proton spectra and, especially, in a-particle spectra may be
due to the following reasons. First, a larger contribution of pre-equilibrium emission into

“the backward hemisphere compared to that for the 34 AMeV reaction. Second, different
reaction mechanisms are involved. The 53 AMeV experiment could provide more reaction
channels as that at 34 AMeV. Third, all particles are emitted from the composite system.
The first idea seems to be reasonable, as it was already mentioned. The second reason
will be illustrated in Section 6.3. The third reason can be checked by the method of the
so-called ” Galilean-invariant circles”.

Galilean-invariant coordinates have been successfully applied to the source separation
in LCP analyses [25, 121] and to IMF study as well [122, 121]. Similar to these papers
Galilean-invariant coordinates were used in the analysis of LCP data from the JANO6
experiments (fig. 6.16). This method has the same physical ground as the ”energy excess”
method described above, and, hence, it has also some limitations because of thresholds.

In general, the two-dimensional picture, i.e. plots of longitudinal vs transverse ve-
locities with respect to the scission axis in the rest frame of scissioning nucleus, should
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heavy (HF) and light (LF) fragments, respectively. The dotted line represents the detection
thresholds imposed by the gas detectors. Arrows indicate the average direction of LCP
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provide more detailed information than simple energy spectra®. Therefore, despite the
threshold problem it was expected to observe some peculiarities in these plots related
to the contribution of post-scission emission. In particular, these plots accumulated for
different mass-asymmetry values should significantly differ from each other.

Transverse vs longitudinal velocity plots were studied under different coincidence con-
ditions reflecting variations in mass-asymmetry, in initial excitation energy and in angular
ranges of both LCP and FF detection. In contrast to expectations, besides of a tail found
in the direction LF at x~0.6 in a high LMT bin (fig. 6.16, right panel), pronounced
structures were neither observed in Th nor in Au data. This tail represents emission from
the lighter fragment and accompanies the reduced dispersion in the direction HF, where
Galilean-invariant circles from CN and HF almost coincide. In such a way, the character
of the distribution differs from that for the symmetrical case (left panel).

The effect of the geometrical acceptance is also well seen in fig. 6.16. First, the accep-
tance in directions near the scission axis is significantly reduced. Second, the registration
of LCPs only in the backward hemisphere affects the observed average direction of LCP
emission. In the symmetrical case this direction should be perpendicular to the scission
axis, but it is bent toward the heavier fragment. However, in the asymmetrical case it is
bent towards the lighter fragment, reflecting the well known Coulomb focusing.

Despite the extraction of post-scission multiplicities appeared to be impossible, these
observations argue in favor of the LCP data consistency. One should also note, that o-
particles evaporated from a composite system seem to be not distorted by the threshold.

5Unfortunately, this reduces the number of counts per channel.
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the JAN96 experiments. Right panel: The distribution plot of the average multiplicity
depending on LMT and mass-asymmetry.

6.2.4 Pre-scission multiplicities at “N 53 MeV /nucleon

The multiplicity of LCPs were obtained by means of extrapolation of the average values
measured in the backward hemisphere to 47 sr (fig. 6.17). Most of these LCPs are
presumed to be evaporated from an equilibrated composite system. It is then expected,
that the multiplicity in the Au case should be higher than that in the Th case because
Th data additionally contain results from peripheral collisions. This is, indeed, the case
at low LMT. The difference in proton multiplicities is observed over the entire range of
LMT. It is also correct, that multiplicities of a-particles are by an order of magnitude
lower than multiplicities of protons. However, except for LMT<20%, multiplicities of
a-particles from Th exceed those from Au. This could mean that there is an a-particle
source behaving differently than the source of proton emission.

If the LCP multiplicity is related to the duration of the evaporation cascade, one
might also consider a dependence of the LCP multiplicity on the mass-asymmetry. The
right panel of fig. 6.17 represents the average LCP multiplicity for Th depending on
LMT and on primary mass-asymmetry. It is obvious, that the multiplicity increases with
increasing LMT in any mass-asymmetry bin. However, the trend at LMT<10% of the
LCP multiplicity v to increase slightly with increasing primary mass-asymmetry changes
to the opposite at LMT>25%. Such a change together with the complicated profile of
yields make questionable any one-dimensional analysis of the dependence v(x), it indicates
also that different processes may contribute to the entire data.

The major process at low LMT should be ordinary fission of Th-like nucleus at low
excitation energy. Hence, particles observed in the backward hemisphere at low LMT
should be mostly those evaporated from a compound system. Therefore, the increase in
multiplicity with increasing mass-asymmetry at low LMT should indicate either a longer
duration of ordinary asymmetrical fission as compared to a symmetrical one or higher
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Figure 6.18: Sample spectra of protons (left panel) and of helium (right panel) from the
reaction AN (58 AMeV) + 22 Th for symmetric scission (symbols). Lines are the fits with
the Lestone-type parametrization.

excitation energy in asymmetric channel at the same LMT. The analysis of multiplicities
at higher LMT definitely requires to separate the various reaction channels.

6.2.5 Slope parameter measurement

It is known, that the kinetic temperature is related to the nuclear temperature, but
because of a number of reasons it should be treated very carefully {123]. A long evaporation
chain results in an averaging over different reaction stages. One can also obtain non-
physical temperatures by mixing different sources of particle emission. It should be noted,
that the spectra measured in JANO6 experiments are not well suited for the study of the
kinetic temperature. Such a measurement requires to fit the long tails of spectra at high
energy. Spectra obtained at high LMT are likely to be contaminated with pre-equilibrium
particles.

In order to avoid these difficulties a method sensitive to the position of the spectrum’s
maximum is used (Leston-type parametrization, Appendix C). The highest energy for the
fit was limited in order to cut off the tail originating from a pre-equilibrium emission (see
also Appendix D).

Spectra of protons and a-particles were accumulated in the backward hemisphere.
The direction perpendicular to the scission axis was chosen in order to minimize the
contribution of particles emitted from the fragments. The asymmetry window was set
as x < 0.2. Two sample spectra are presented in fig. 6.18. Lines are the fits with the
Lestone-type parametrization performed between the maximum position and the value of
25 MeV for protons and of 40 MeV for a-particles, respectively.

Resulting kinetic temperatures are plotted together in fig. 6.19. As it was expected,
temperatures deduced from protons are lower than those from wa-particle spectra. On the
average, during a de-excitation chain protons have a chance to be evaporated later than
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Figure 6.19: Left panel: Kinetic temperature (slope parameters) obtained using a Lestone-
type parametrization for the data measured with the projectile “*N (53 AMeV) on %7 Au
and on *2Th targets. Horizontal bars indicate the integration interval. Temperature
uncertainties are those from the fit. Right panel: Comparison of kinetic temperatures
obtained from a-particles spectra with the ALADIN data. The picture is adopted from

ref. [123].

a-particles. Thus, the effective temperature for protons turns out to be lower because of
cooling down with each act of LP emission.

Even if kinetic temperatures might not be too reliable because of method problems,
two unexpected properties of their observed values should be noted. First, the expected
nuclear temperature at the excitation energy of about 0.5 AMeV amounts to 2.5 MeV
(Appendix D) and the kinetic temperature should not exceed the value of nuclear tem-
perature. Second, no dependence on LMT, i.e. primary excitation energy, is found. Both
of these observations indicate that the presumed channel of fission after incomplete fusion
should be contaminated with other reaction processes even at low LMT. In turn, the
reliability of LMT as a measure of excitation energy should be also questioned.

Although the determination of temperature and the interpretation of results are al-
ways model dependent, it is interesting to compare the derived kinetic temperatures with
data from literature. The average apparent temperature observed by Wada et al. [124]
in the reaction %Cu (35 AMeV) + Au reveal the same saturation. Deduced values
amounted to 4.5 MeV measured by a Li-He isotopic thermometer and to 4 MeV by a H-
He thermometer. This agrees with temperatures of 4.2 MeV and 3.9 MeV for a-particles
and protons, respectively, obtained from the FOBOS data.

The conclusion has been drawn in [124] that the derived temperatures show only a
little variation with the excitation energy and that a limiting temperature may be reached
at a relatively low excitation energy. It has also been stated that the apparent tempera-
ture of 4-5 MeV had been observed over a broad range of excited nuclei up to an initial
excitation energy of about 10 AMeV in a number of recent experiments. Careful calcu-
lations made in ref. [123] reproduce measurements with different thermometers within a
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standard evaporation formalism. An example of such calculations together with ALADIN
data from ref. [125] is compared in fig. 6.19 (right panel) with the present FOBOS results.

Such a fairly good agreement of the 53 AMeV data measured by FOBOS with the
ALADIN data from the reaction *"Au (600 AMeV) + 7Au leads to the conclusion that
the contribution of already assumed hot fragmentation in JAN96 data is significant (see
Section 2.4). '

6.3 Exploring the mass-asymmetry

The primary and secondary asymmetries reveal, as it was shown in Sec. 6.1.2, some
" interesting features, which cannot be understood from their single spectra. From this
point of view the idea to explore the correlation matrix of these asymmetries seems to be
natural’. The application of such a correlation matrix turned out to be a powerful method
for data interpretation. Therefore, a detailed description will be given in the following.

6.3.1 Definition of symbols

The basic reason for the difference between the primary and the secondary asymmetry is
the distortion due to particle evaporation from the composite system as well as from the
fragments, the latter is dependent on the sharing of excitation energy between the frag-
ments. Although the mean velocity vectors do not change if the evaporation is isotropic,
particle emission leads to a broadening of any distribution resulting from fluctuations of
the excitation energy sharing.

The idea is illustrated in fig. 6.20 (left panel). The indices ”1” and ”2” denote the
number of the fragment in a pair of FF. Up to now § and x were specially defined to get
always a positive value of the parameter x and a value of 5>1 (eq. 6.3). The generalization
is needed, because the heavier primary fragment can become the lighter secondary one
after post-scission emission. The definition of the asymmetry parameters is then given by

,Bsec = Al/A2; (67)
and
Ay — Ay
sec = T 6.8
X A+ A (6.8)

In such a way one gets secondary mass-asymmetries Sse. and Xse. from the masses mea-
sured.

Although the masses A;prim are not known, some parameters useful for the further
discussion need to be defined, e.g. the mass removal from a fragment due to post-scission

emission
A;= Ai,prim - Ai,sec: (69)

and its relative amount is
51' = Az‘/Ai,prim- (610)

TActually, this idea arose in search for a method to separate different sources of LCP and for a
parametrization which reduces the number of uncertainties in the study of post-scission emission
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For both primary and secondary asymmetries and masses the equation A; = SA, yields
M = A3(1+ B) where M denotes the total mass number of the fragments: M = A; + As.
Substituting the dependence of 8 on x, namely,
1+4+x
=" A1
=1y (6.11)
and using eq. 6.9 one gets the mass of the system just before scission with the only
non-measured quantity A; or As8:

_ —]\/fsec(l - Xsec) + 2A2

Mprim - 1= Xori y (612)
prim
M - Msec(l -+ Xsec) + 2A1 (6 13)
rem 1+ Xprim . '

The same can be written using the difference between A; as
MprimXprim = lwsechec + (Al - AQ) (614)

A simple application of this procedure is the following. For the case of the low-energy
fission of Th eq. 6.12 is considered for the lighter and heavier fragments. Setting A;=0
one gets an estimate for the mass of the composite system. The spectra of the total
fragment mass as well as of the mass of the composite system restored in such a way
are accumulated within narrow bin around LMT=0. Since fission of nearly cold 232Th

8Most of the light particles emitted from the fragments are neutrons, therefore, A; is nearly equal to
the corresponding neutron multiplicity.
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is selected in such a manner, the hypothesis Ar=0 should not be far away from its real
mean value, especially for an asymmetric split. The latter means, that the calculated
Mprim should represent the lower limit for the system mass. As one can see from fig. 6.20
(right panel), the restored distribution is slightly shifted when accounting for post-scission
evaporation. The restored distribution can be approximated with two Gaussians, meaning
that it consists of the dominating contribution of fission of nearly cold Th-like nuclei and
some contribution from other reaction channels.

Indeed, the peripheral peak at the mass number of 23041 is observed together with a
smaller one at about 211. According to ref. [126] the pre-scission neutron multiplicity for
232Th amounts to 2—-4. Hence, one gets 233 &= 3, which is a rather good estimation for the
mass of the fissioning Th nucleus. However, some imperfection of this mass reconstruction
is obvious — the yield of total masses above the initial total mass of 246 amu becomes
larger with respect to the measured spectrum. Probably, the transverse velocity of the
compound-like system should be taken into account in the calculation of pmm for a more
advanced analysis. The impact of transverse velocity on Xpm should be larger at low
LMT. Also the contribution of processes other than ordinary fission should be studied.

In order to get a quantitative measure for the difference between primary and sec-
ondary asymmetries, the parameter ¢ can be introduced:

6 = :Bsec//Bprim- (6.15)

The values A; reflect the multiplicity of particles evaporated from the fragment ”4”,
and therefore A; can be used as a measure of the excitation energy deposited in the
fragment ”3”. Then & = A;/A; is a measure of the excitation energy per nucleon in
the fragment ”4”. Equilibrium sharing of the excitation energy between the fragments
supposes Ef ~ A;, then, on the average, equilibrium sharing of the excitation energy
leads to the conservation of the asymmetry (Xprim = Xsec) because of §; = d5. Therefore,
the parameter ¢ defined by eq. 6.15 is close to unity only in the case of thermodynamical

equilibrium.
Substituting egs. 6.7 and 6.9 into eq. 6.15 one gets
s 1-6
= . 6.16
The latter expression can be written as
= 1~ 1/16?
R 6.17

where €} is the excitation energy per nucleon, and v; is the average multiplicity of particles
per 1 MeV of the excitation energy.

In such a way, the formally introduced parameter { may be called "the excitation
energy sharing parameter” 9. It is model-independent, dimensionless and can be extracted
directly from experimental data. In this sense the parameter { can be treated as an
additional physical observable.

As it follows from eq. 6.16 the proposed (-parametrization is, of course, not perfect
for a study of the excitation energy sharing. If, for instance, one changes both §; and

%9The exéitation energy sharing parameter will be re-defined by eq. .20
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09 proportionally, the same degree of equilibration is maintained, however, the value
of the parameter { would change. Interchanging of fragment ”1” and "2” also leads
to a change of each value to 1/(, which is inconvenient for an analysis of (-spectra.
These inconveniences will be corrected later in order not to loose the physical meaning of
parameters by transformations of coordinates.

In addition, the direct application of this parameter in an event-by-event analysis is
also not correct, because the primary asymmetry delivers reliable information only on
the average. Despite the mentioned difficulties, the (-parametrization delivers a powerful
method of data interpretation which will be exploited in the following.

6.3.2 The mass-asymmetry matrix

Mass-asymmetry matrices for the data from both the JAN96 experiments are presented
in fig. 6.21. Two statistically reliable structures are observed. Both matrices for Th
and Au contain a bump near the equilibrium value of the excitation sharing parameter
¢. A second structure is represented by peaks at { ~ 0.6 and ¢ &~ 1.4 for the most
asymmetric mass splits in the matrix for Au . The weak tendency of the deviation of ¢
from equilibrium with increasing mass-asymmetry could be found also in the Th-matrix.

The interpretation of the mass-asymmetry matrix is facilitated by fig. 6.22 (left panel).
The structure of the matrix is of central symmetry around the point Xrim = Xsec = 0
for such decays where no difference between the fragment ”1” and ”2” is presumed.
This is actually not the case, because the numbering of the fragments in the raw data
usually corresponds to their laboratory angle. Therefore, the fragment ”1” is usually
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Figure 6.22: Illustration of the information contained in the mass-asymmetry matriz (left
panel) and its further transformation (right panel). The mass-asymmetry matriz is, by
definition, symmetrical with respect to the center (left) and, therefore, the lower part is
rotated by 180° (right).

directed forwardly with respect to the beam axis in the center-of-mass system. This
means that the mass-asymmetry matrix could be non-symmetrically populated because
of the certain choice of the fragment numbering. In addition, mass-asymmetrical pairs
of the fragments could significantly differ in the registration efficiency depending on the
direction of the heavier fragment. Thus, the asymmetry matrix does not symmetrically
extend into positive and negative directions of x* ; this is most clearly seen in the Th
data as a cut-off at xprm ~ 0.55 (fig. 6.21, right panel).

The mass-asymmetry matrix is stretched along one of the diagonals and shows some
symmetry with respect to the other one. Both diagonals have special meanings. Points
located at the positive diagonal Xprim = Xsec = X correspond to the equilibrium case.
The ratio between mass removals from the fragments can be written as

Al 1+ '3(+

_—= (6.18

Ny 1—x* (6.18)
Besides of the increase of "non-equilibrium” along the negative diagonal xP™™ = —x¢¢ =

X, for given primary and secondary masses one can write the simple difference
Ay = Ag = X~ (MP™e + MP) (6.19)

Removing one a-particle from one of the fragments should result in the appearance of
some structure in the mass-asymmetry matrix at x~ = 0.01 parallel to the x* diagonal.
This line is characterized by the value of ¢ = 0.95, and it runs exactly through the peak
in the Th-matrix.

The region Xprim > 0 above the x™ axis contains those events, where the evaporation
from the heavier fragment is more intensive, relative to the fragment mass, than from the
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lighter one (05 >0). The situation is reversed (§,>0y) below the x* axis (see fig. 6.22).
This area can also host a situation, when the lighter fragment receives more excitation
energy than the heavier one on an absolute scale.

Summarizing, one can conclude that the asymmetry matrix should be really trans-
formed into a matrix of a type like x* vs x~. The primary mass-asymmetry is more
interesting for the further analysis, because it is directly related to the instant of scission.
From the point of view of formal logic, there is no difference between +Xprim and —Xprim.
Therefore the lower part of the mass-asymmetry matrix is rotated by 180° around zero
(fig. 6.22, right panel). Hence, values of Xprim will be always positive — such a transfor-
mation will be further indicated by |Xprim|- In such a way, relation 6;>6x means ¢ > 1
and vice versa.

An inconvenience of -spectra analysis noted in the previous section can be corrected
introducing the derivative parameter

(=C-v/C+), . (620)

as it was done for the mass-asymmetry parameter y. Equilibrium is then represented by
¢ = 0. The definition of eq. 6.20 will be further assumed when using the term ”excitation
energy sharing parameter”.

This simple transformation of ¢ into ¢ provides also some simple physical meaning of
the excitation sharing parameter. Indeed, the relationship between the excitation energy
E*, the mass A and the temperature 7" (”the caloric curve”) was found to obey the Fermi
gas law. The formula

E* = oT? (6.21)
should be reliable up to € = E*/A =~ 6 — 7 AMeV with the constant level density
parameter a, typically in the range from A/13 to A/8 MeV~! [127]. Let A = a/A, then it
follows from eq. 6.17 that
- 1- 1/1)\1T12
C = 1- 1/2A2T22 ’

Because of \; ~ 107! as well as v; ~ 107! by order of magnitude, one gets from eq. 6.20

(6.22)

1
C ~ -2—(V2/\2T22 —_ Vl/\le). (623)

Setting for the most symmetric splits v; & v, and A\; = Ay, one gets a rough expression,
which qualitatively reflects the meaning of the parameter ¢

(~T2-TE (6.24)

Hence, the further transformation of the mass-asymmetry matrix shown in fig. 6.22
should be the matrix of |Xprim| vs ¢. Positive values of ¢ represent higher temperature of
the lighter fragment, and negative values of ( indicate higher temperature of the heavier
fragment. Such a matrix will be called further ”{-y matrix”1°.

6.3.3 The TKE factor R,

Notable success in the FOBOS data processing at lower beam energies is achieved using
the LMT for the excitation energy calculation. However, difficulties of the conventional
data analysis concluded in Section 6.1.3 require to introduce some additional parameters.

10 An example of the ” ¢-x matrix will be given in fig. 6.29.
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dence of the average TKE factor R, on the mass-asymmetry accumulated for the very low
c.m. velocities V, (solid symbols) and for the highest CMR folding angle (open symbols).
Errors of averaging are smaller than o symbol size.

The first problem concerns the possibility to separate a certain reaction channel by
means of a cut in ordinary parameters. Setting the total mass to be around the ” periph-
eral peak” as M € [215,225] u in the most mass-symmetric bin of |Xprim| < 0.05, one
considers the matrix (fig. 6.23, left panel) of longitudinal velocity V, vs ®carr. The folding
angle ®cpp is calculated in the center of mass of the reaction (CMR). This folding angle
is 180° only if the projectile has completely fused with the target, otherwise it is always
smaller than 180°. The folding angle is dependent on the observation angle, and hence, as
an example, the distribution for the very narrow angular range of 4 15 = 401° is repre-
sented in the left frame of fig. 6.23. As it is expected the peak is located at small velocity
and small folding angle values. However, in spite of rigid constrains, points populate the
broad band between the point of compound-like system (circle) and cold fission with the
lowest possible folding angle ®oa/r (square). This means that the studied mass-symmetric
peak at M=221 u could originate from completely different reaction mechanisms, and an
analysis such as presented in Section 6.1.3 is too simplified. Therefore, ®¢arr is also used
as an auxiliary parameter.

The next problem concerns the interaction mechanism and the calculation of the exci-
tation energy. In the limiting case of no interaction between a target and a projectile, the
LMT and V, calculated from the sum of the participants’ linear momenta would be 100%
for the given reaction, the same it true for the total mass. In this case a high LMT does
not imply excitation of the system. Therefore, special attention should be paid to the
relative fragment-velocities which could keep memory about the initial projectile velocity.
However, the relative velocity of fission fragments depends on the mass-asymmetry.

As long as the fission systematic of TKE is well known, one could use TKE. For
comparison of TKE for asymmetric and symmetric fragment pairs, one should correct the
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measured TKE by a mass-asymmetry dependent factor. The most simple way, probably,
consists in using the already mentioned extended TKE-formula eq. 6.6. Setting Z = A /2
one gets

A1 A,
AP A A
The following simple ratio is found to be useful for the analysis:

R, =TKE/Ew, (6.26)

which will be called further the "TKE factor R,”. The charge of the heavy system
is definitely lower than As/2, therefore R, should be below unity. Nevertheless, this
rough approximation is sufficient for the qualitative comparison between symmetric and
asymmetric decays of similar systems.

Note, that R, is not dependent directly on the total mass A;;. Therefore, it is
reasonable to use this parameter for exploring the time scale of a reaction. Indeed, it is
known that during the evaporation cascade neutrons are emitted much more frequently
than charged particles. Thus the ratio Z/A, and, hence, TKE as well as R, increase.
Therefore, a cooled down system should differ from the system which has lost nucleons by
any kind of direct emission. Thus, this ”TKE factor” consists of two independent parts

R, = R, (vprr) + Ry (Z/A), (6.27)

where vprp marks the part depending on the residual projectile velocity and Z/A points
to the dependence on the isotopic composition. '

To give an example, mean values of R, were accumulated in dependence on the mass-
asymmetry for the entire data (fig. 6.23, right panel). These values are found to be nearly
constant in the wide range of X, for Th and Au data. A small increase in the slope is
observed at mass-asymmetries larger than 0.5. Bumps of R, are observed at large mass-
asymmetries in Ag and Cm data, where the formation of PLF-TLF pairs is assumed. Qual-
itatively, values of R, for most symmetric splits appeared to be ordered according to their
usual isotopic composition in each of both the ”compound-like” group (Peopr = 180°)
and the ”peripheral-like” group (V, = 0). Values of R, for ”compound-like” systems are
systematically higher than for ”peripheral-like” ones. For mass-symmetric splits it could
generally mean different values of the ratio Z/A, e.g. cooling down occurs. Concerning
mass-asymmetric splits, the systematically observed increase in R, should be a hint that
semi-peripheral interactions could contribute to any of the studied reactions. Thus, an-
gular dependencies should be considered in spite of complications because of acceptance

effects.

By =0.073

(6.25)

6.3.4 Experiment with ¥Ar (36 AMeV) beam

Data from the MARCH97! experiments provide a good check for the (-parametrization
and deliver a useful information, which is applied for exploring JAN96 data. For instance,
asymmetry and ¢ distributions for the Ag data can be used as a qualitative time ”cali-
bration” reference for a short time scale 2, so far as only a small contribution of fission
for Ag is presumed.

1iSee Section 2.5 for the experiment designation.
12The low-energy (ordinary) fission of Th-like nuclei is used in the same manner as an ethalone for a

slow process.
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Figure 6.24: Entire mass-asymmetry matrizes for the experiment MARCHY7. Lines rep-
resent different (-values. The full-range matriz is shown in order to check the acceptance
effect — these matricies were expected to be more symmetric than those for Au and Th.

Two statistically reliable structures are observed in mass-asymmetry matrices for the
entire data (fig. 6.24). The matrix for Cm contains a bump near equilibrium of the
excitation energy sharing. It is associated with the fission of Cm-like nuclei after peripheral
collisions. This region is less populated in Ag data. Its matrix is peaked at ¢ = 1.8, Most
of the Ag data and this peak itself are located in the area where the temperature of the
lighter fragment should be higher than the temperature of the heavier fragment. Such
sharing of the excitation energy has been concluded to be essential for the PLF-TLF
formation in refs. [128, 129]. The contribution of the PLF-TLF formation process is
present also in the Cm-matrix at ¢ ~ 1.8, although it is almost covered by the ridge of
events with { = 1.0. The asymmetry of this structure in both of matrices reflects the
fact, that data of dynamical decay, where forward and backward directions are essentially
different, are modified by the detector acceptance differently. The asymmetry matrix
for Cm is dominated by equilibrated decays, which symmetrically populate the positive
diagonal of the matrix. The broader distribution for Cm is conditioned mainly by the
significantly larger number of events accumulated. Generally, as it was expected, the
matrices for Ag and Cm are more symmetric than those for Au and Th because of a more
symmetrical entrance channel and, therefore, more symmetrical distribution of fragment
masses.

Data from the reaction *Ar (36 AMeV) + "**Ag are difficult to analyse because of
the large mass and linear momentum carried away by fast LCP and projectile residuals.
However, only this reaction (among available data from JAN96 and MARCH97 experi-
ments) can deliver heavy fragments which can be clearly assigned to a well defined reaction
channel. Hence, reasonable assumptions concerning the relative duration of the reaction
could be put forward. Cm data are even more complicated because of additional reaction
mechanisms.
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In order to separate clearly the decay of the composite system into PLF and TLF, the
following conditions were set. 1) The total mass was constrained between 108 and 148
amu, e.g. between masses of the target nucleus and the initial total mass of the system.
2) The missing linear momentum was limited by means of cut of the folding angle ®cir
>110°. Such constrains select ”almost binary” events; however, this leads to the drastical
reduction of the data (few percent of the entire data bulk). 3) Most of events defined by
these conditions are distributed between LMT values of 3 and 6 GeV /c (fig. 6.26). Events
with LMT out of this region were also rejected from the analysis. 4) In the same manner
the longitudinal velocity V, was constrained between 0.9 and 1.9 cm/ns.

The mass-asymmetry matrix filtered in such a way reveals two components — two
oppositely located asymmetric peaks and the broad symmetric component (fig. 6.25). The
mean peak values of the asymmetric component are found at |xprim| = 0.49 and |xsec| =
0.67. This difference indicates a substantial evaporation of nucleons from the PLF. The
mean peak position of the primary asymmetry is located near the initial target/projectile
asymmetry value of 0.46. This implicitly proves the calculation of X,mm. The asymmetric
component should represent peripheral collisions where the interaction time reflects only
a short touching of the nuclei. This component reveals a sharp peak in the distribution
of the scission angle at 64 = 50° (angle between scission axis and beam direction). One
should expect high relative velocities of fragments, because the beam velocity in very
peripheral collisions is not damped and the reaction proceeds on a short time scale.

On the contrary, a certain time is needed to create a mass-symmetric distribution from
a mass-asymmetric entrance channel. This, probably, occurs in central collisions. In such
a case the excited composite system intensively evaporates nucleons, and if this proceeds
long enough, the number of lost nucleons should be considerable. On the other hand
side, one should expect less pre-equilibrium particles emitted with beam-like velocities
compared to the asymmetric case. This difference in pre-equilibrium particles could be
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Table 6.3: Comparison of symmetric (7S”) and asymmetric splits (”A; 2”) for the ”almost
binary” events for Ag data (average values). Typical uncertainties are of about 2% for
symmetric and 1% for asymmetric splits, respectively.

parameter | M /amu | (| |V, /cm/ns | TKE / MeV | R,
symmetric 115 0.12 1.45 107 1.23
asymmetric 119 0.21 1.18 105 1.73
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Figure 6.26: Left panel: The division of LMT spectrum for Cm into "low” and "high” parts
for the "almost binary” events. The spectrum of LMT for Ag is shown for comparison.
Right panel: Spectra of primary and secondary mass-asymmetries for Cm for these LMT
bins.

observed in the higher velocity V, in the symmetric case. These pre-equilibrium particles
reduce the excitation energy of the system in the asymmetric case thus reducing also the
expected difference in the evaporated mass. Excitation energy sharing is expected to be
equilibrated in a slow process. Therefore, the parameter ¢ should somehow distinguish
between the symmetric and asymmetric splits for Ag.

Indeed, an excess of the total mass for asymmetric splits is found (tab. 6.3). As it was
supposed, significant difference in the excitation energy sharing and V; velocity occur. The
TKE turned out to be nearly equal. This happens because of the mass- and, therefore,
the charge-symmetry lead to the reduction of the TKE, whereas a rest of the projectile
velocity contributes to the TKE. On the contrary to TKE, R, reveals this additional
velocity in asymmetric splits.

In order to check such a well pronounced manifestation of PLF-TLF formation in a
mass-asymmetry analysis, Cm data were analyzed in the same manner as Ag. Constrains
were set to the total mass as Aj;/u€ [248,288] and to the folding angle as ®our €
[145°,180°]. The peak is observed in the distribution of scission angle at 4 = 45°. The
mass-asymmetry spectra in the same LMT box as for Ag data reveal also that the PLFs
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are hot enough to evaporate a significant number of nucleons, i.e. Tprr > T p (fig. 6.26).
Note, that the mean peak value of the primary asymmetry is found well below the initial
asymmetry of 0.70 (compare with Ag). This could indicate either a knock-out of target
matter or its flow to the PLF during the interaction, or, probably, both processes are
present'®. These events should be classified as semi-peripheral because no symmetric
component is observed, but a large number of target nucleons deﬁmtely participate in the
interaction.

The most peripheral as well as the most central collisions for Cm are observed in the
LMT bin 69 GeV/c. The mass-asymmetry matrices for this bin are very similar to that
for Ag, the peak of scission angle appears at 04 =~ 50°. The essential difference consists
in the not heated PLF. No significant shift is observed between primary and secondary
mass-asymmetry spectra. Moreover, their mean values of the asymmetric peak are close to
the initial projectile/target asymmetry. Therefore, this asymmetric component originates
from very peripheral collisions. The low yield of the symmetric component does not allow
to compare mean values as for Ag in tab. 6.3, however, a few percent larger velocity for the
symmetric case should be noted. The parameter R, took values 0.57 for the symmetric
case and 0.70 for the asymmetric, respectively, e.g. a larger relative velocity is detected
again in asymmetric fragment pair, as it was expected.

Summarizing, the preliminary analysis of the MARCHO97 data has established three
parameters to be reaction-time sensitive, namely: the total mass M, the excitation energy
sharing parameter ¢ and the TKE factor R,.

6.3.5 Anomaly of the cooling curve

It seems to be well established now, that a fissioning nucleus cools down by LP emission
on the descent from saddle to scission. This is the reason for the lower mass width
obtained at high excitation energies in comparison to that expected at lower excitation
energies. This is an essence of the ”cooling curve” phenomenon (cf. fig. 2.1 in Section
2.4). The conclusion has been drawn earlier, that the steep increase in the mass width
ascribed to E* > 300 MeV corresponds to a switching-on of some fast process. In order to
distinguish against ordinary fission this process has been called ”binary fragmentation”
(BF). However, this process still lacks exploration.

High excitation energy has been deduced from high LMT. However, as it was already
noted, an observed large LMT in fission-like processes does not generally mean high
excitation energy. For peripheral reactions it means, that the PLF is registered and
passed through kinematical filters as a fission-like product. By means of the analysis of
excitation energy sharing one could try to find the BF process.

Spectra of primary and secondary asymmetries for ” almost binary” events in Au data
reveal the same kind of peaks of the excited PLF (fig. 6.27, left panel), as it was observed
in Cm and Ag data (fig. 6.25, 6.26). However, these peaks are missing in Th data. They
belong into the class of ”ternary” events and, therefore, they are treated separately'*. In
contrast to Ag data, the difficulty to observe very peripheral collisions for Au and Th
consist in the reduced registration efficiency of very light projectile remnants in the gas
detectors. They rather reach scintillators and are treated as LCP or IMF. A PLF from

13Details of this interesting problems require a further analysis.
14This was discussed in terms of high fissility of Th in Section 6.1.2, p. 56.
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Figure 6.27: Left panel: Spectra of mass-asymmetries accumulated for "almost binary”
events in Au data. Right panel: Average scission angle for asymmetric (symbols) and
symmetric (lines) splits. Variance is represented by error bars.

a very peripheral collision escapes in the beam exit cone and could be registered only in
ARGUS. :

A significant difference between mass-asymmetry spectra of ”almost binary” events
for Au and Th on the one hand side, and for Cm and Ag, on the other hand side, is
found in the mass-symmetric part of them. The part of asymmetry spectra at |x| < 0.5
is very similar for Th and for Au, therefore, only the one for Au is shown in fig. 6.27 (left
panel). The whole spectrum of X, is shifted toward asymmetric values with respect to
the spectrum of Xprim *°. Such a large effect should indicate the fast process populating
the entire range of mass-asymmetries. ,

In spite of acceptance problems angular distributions are very useful in the analysis of
duration of the process. The dominating channel in the studied reactions of the JAN96
series is supposed to be ordinary fission. As a very slow process it should be characterized
by an isotropic angular distribution and equilibrated excitation energy sharing.

The broad angular distribution of the PLF emission selected as |Xprim| > 0.6 for
» almost binary” events in Th and Au data seems to be seriously affected by the acceptance
(not shown in figures). Nevertheless, note for comparison purposes that the average
scission angle amounts to 75°. The average scission angle for the entire data was considered
in dependence on the excitation sharing parameter ¢ (fig. 6.27, right panel). An average
value <@,> and its variance were calculated for an angular distribution of 64 produced
for each presented value of { separately. Such a representation facilitates comparison
between different ¢ with respect to either an isotropic or focused angular distribution.
Indeed, being processed in such a way, an ideal isotropic angular distribution delivers
< 04 >= 60° and variance ~ 20°. Deviations from this values should mean focusing.

15Ty order to judge wether the LF in a symmetric slit has the higher temperature one should explore
the ¢ — x matrix!
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Acceptance effects, of course, introduce complications.

Angular distributions for equilibrated decays-in both ”symmetric” and ” asymmetric”
bins for |{| < 0.2 seem, in first approximation, isotropic. With increase in || the dis-
tribution becomes narrower and the average value drifts into the forward direction, i.e.
focusing occurs. This tendency directly indicates that, on the average, the time scale
for large || is shorter than that for equilibrated decays (|¢] < 0.2 ). As long as the
behaviour of <0,> for { < —0.2 and ¢ > +0.2 is similar (fig. 6.27, right panel), time
scales corresponding to negative and positive ¢ should be also similar.

The formation of a PLF-TLF system of a certain asymmetry from a given projec-
tile/target configuration is defined, obviously, by the impact parameter. A general trend
of decreasing the scission angle during the relaxation of the mass-asymmetry is found.
This angle ranges from 75° for the ”almost binary” decays (not shown, see also above)
to much lower values for symmetric splits (fig. 6.27, right panel). This trend could be
explained by means of variation of the impact parameter. However, the angular distri-
butions at { < —0.2 in "symmetric” and ”asymmetric” bins does not differ. It means,
that by applying the criteria mass-asymmetry and velocity no PLF is found. Rather a hot
system decays very quickly into two heavy fission-like fragments, i.e. binary fragmentation
(BF) occurs. It would be consistent to ascribe BF to semiperipheral or central collisions.
If the PLF completely loses its ”individuality”, but the reaction is still governed by dy-
namical effects, e.g. the system is still not relaxed thermodynamically, sharing of the
excitation energy between the fragments should reveal significant fluctuations. It means,
that BF should populate the entire range of (-values. Indeed, the angular distributions
for symmetric decays are quite similar for positive and negative values of {, whereas PLF
formation should be found at positive { and this manifests itself in an obvious asymmetry
of the angular dependence with respect to ¢ = 0 in the mass-asymmetric bin (fig. 6.27,
right panel).
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Figure 6.29: The "trajectory” of the primary mass-asymmetry relazation by means of the
yields in the {-x matriz (entire data).

Hence, one should observe the whole set of fast processes for { > +0.2. A good
representation of these processes is found in the plot of Xy vs velocity of the c.m. of the
composite system V, (fig. 6.28). The spot of the "PLF-TLF mechanism” is encircled. As
it was already noted, the most peripheral peak is absent in Th data. In other details both
plots are similar. Although some number of PLF could be found in the ”symmetric” bin,
the bulk of events from BF is responsible for the mass-symmetric part of fast decays. The
maximum of the BF yield is found at V,/V = 0.5, what is consistent with its expected
position at E* > 300 MeV. This observation explains qualitatively the anomaly in the
cooling curve and also gives a hint for further data processing.

6.3.6 Inventory of the ( — y matrix

The analysis of the fission time scale requires, obviously, to select the channel of ordinary
fission. As it follows from the previous section, this problem is difficult as long as many
reaction channels are open.

The most reliable parameter which is really able to reflect the time scale of slow
ordinary fission seems to be the total mass Ayy;. The average total mass corresponding
to a slower process should be lower because of a longer evaporation chain. Therefore the
best separation of time scales by means of mass could be expected at high excitation
energy, because evaporation would be intensive. On the other hand side, a high LMT
region contains all of the above mentioned fast processes, Therefore, a general picture of
interplay between these channels must be discussed.

PLF emission and the BF process significantly differ in excitation energy sharing and
in mass-asymmetry. This is evidenced by the average of ¢ which varies with {xprim]- It is
illustrated in fig. 6.29. The ridge of this distribution indicates the largest probability of a

87



L B LR AL BRI
3 Au peripheral collisions

Primary mass-asymmetry [y, |
o
4]
1

_ B | ey - v ey b 3 T 5 |
04 02 0,0 0,2 0,4 0,6 08 -04 0,2 0,0 0,2 0,4 0,6 0.8
Excitation energy sharing parameter { Excitation energy sharing parameter

Figure 6.30: The distribution of the average total mass in (-x coordinates for entire Th
data (left panel) and Au data (right panel). Ridges of the largest mass are schematically
indicated by arrows. The triangle in Au data marks the area of peripheral collisions which
is not pronounced in Th, the other mazimum of mass is encircled.

decay resulting in a certain excitation energy sharing ¢ and a connected mass-asymmetry.
Emission of a PLF, as the fastest and the most asymmetric process is represented by
positive values of (, i.e. the temperature of the light fragment is higher, than the tem-
perature of the heavier fragment (cf. eq. 6.24). The BF process is slower, it is more
mass-symmetric, and because of some yet unknown reasons the most probable temper-
atures of the lighter fragments are low. Probably, the BF process could be imagined in
some sense as a bullet piercing a very viscous body and the bullet remains intact. Or-
dinary fission definitely dominates among most symmetric decays and, thus, excitation
energy sharing approaches equilibrium. The indicated line in fig. 6.29 could be consid-
ered as "trajectory” in the mass-asymmetry vs excitation energy sharing plane and thus
describes that relaxation of the entrance channel.

An even more indicative picture of the mass-asymmetry relaxation is the distribution
of the average total mass in the same coordinates (fig. 6.30). The most probable channel
in Th data becomes fission of a Th-like nucleus after very peripheral collisions, as it can
be concluded from LMT and respective total mass distributions. Therefore, the contribu-
tion of equilibrated decays is enhanced. This explains the major difference between the
distributions for Th and Au in fig. 6.30. The line of the largest mass follows the trend
found in the yields (fig. 6.29), but it is more impressive.

The largest average mass corresponds, obviously, to the fastest process. Comparing,
in the same coordinates, the distribution of the TKE factor <R, > and of the scission
angle <64> (fig. 6.31), on the one hand side, with the distribution of the total mass
<Ai> (fig. 6.30), on the other hand side, one recognizes the processes responsible for
the population of different areas.
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Figure 6.31: The average TKE factor R, (left panel) and the average scission angle 04
(right panel) for the entire Au data in {-x coordinates. The circle marks the entry of most
peripheral collisions, the square indicates the entry of most central ones.

Probably, any process can be found with a certain probability in a given region in the
¢-x matrix. However, two extreme values of the impact parameter can be found (fig. 6.31).
They corresponds to the two entries of a fastest decay by means of a largest total mass.
The entry of the most peripheral collision is indicated by significantly increasing R,, e.g.
projectile-like velocity of a PLF. The entry of the most central collision is found at the
moderate mass-asymmetry value of ~ 0.5 in the minimum of the R, valley. One could
follow two trajectories of evolution of the decaying system starting from these entries
(fig. 6.32).

Decreasing the impact parameter from its limiting value to some moderate one re-
sults in growing of excitation energy and angular momentum of the TLF (trajectory " R,
ridge”). The value of R, remains relatively large as long as the projectile is not com-
pletely stopped (see eq. 6.27). The TLF could undergo a fission-like decay, when certain
values of angular momentum and of excitation energy are reached along the "trajectory”.
Such events would be recorded as ”ternary”; but if one of the fragments is not registered
this event in the "binary” data results in a low total mass. These fragments are located
in the {-x matrix apart of the equilibrium zone at moderate asymmetry (circle ”ternary
events”). This could indicate, as long as these events were not rejected by kinematical
filters, that such a "ternary” event originates as a double neck rupture in the PLF-TLF
system, or as collinear tripartition. The latter agrees with conclusions which have been
made earlier in the analysis of ternary events from the same reactions [113]. This mech-
anism explains also a high yield of ternary events as well as the conclusion that the time
interval between the first and second scission in tripartition is rather short [130].

The other trajectory starts from central collisions (trajectory ” R, valley”, same fig. 6.32),
where the BF process is probable. Until the critically high angular momentum is nof
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Figure 6.32: Illustration for the different processes contributing the observed data. The
total mass distribution for Au is used as the background; dark colors correspond to low
masses. Details are explained in text.

reached, the system can succeed to cool down by the particle emission. This is the rea-
son, why the ridge of the total mass (fig. 6.30) corresponds exactly to the bottom of the
R, valley (fig. 6.31). Indeed, the multiplicity of neutrons is much higher than that of LCP,
therefore, the long evaporation chain leads always to increasing Z/A. It is the only reason
for increasing R,, as long as the velocity of a projectile should be completely damped in
central collisions. The relaxation of the asymmetry along the valley of R, takes a certain
time, therefore, R, slightly increases (the arrow in fig. 6.31, left panel). The binary decay
remains fast in the valley until the asymmetry is relaxed and the equilibrium is reached.
. Further evolution is related to slow ordinary fission along the axis of { = 0 (trajectory
»LMT valley” in fig. 6.32). Therefore, probably, the asymmetric fission life-time is longer
resulting in dR, /dx > 0, and the absolute value of this derivative is larger compared to
that along the valley.

Such a representation of "trajectories” seems to be useful for interpreting the data.
Some trends can be noted also in distributions of averaged ®cpr, V>, and LMT in the
¢-x plane, although they do not supply such a clear visual information and, therefore,
are not shown. It would be reasonable to suppose, that ordinary fission is very probable
at some low LMT if a significant portion of the available excitation energy is removed
by pre-equilibrium emission. Indeed, a local valley is found in the entire <LMT> and

90



PoA A I1<0
i e entir ordinary selected
! ! data .. 1g1<0.1
6 ' : 8 fission
. i ]
ordinary ifi{:
51 fission i]!}|:
3] L 3 87
8 4+ | s a
& ' ! 3
~— ) —
> 1
T %7 3 4
> binary PLF-TLF = N
2 1 fragmentation / fission-like
"mixture”
\ 2 binary L
1 JUO bty Kk Ml Wbt I : fragmentation PLE-TLF
-~ A TN Tl ) /
0~y T T — T T T 0 I \Q.\.:-.:s_' """" y
06 04 02 00 02 04 06 08 10 0,0 0.2 0.4 0,6 0.8
Excitation energy sharing parameter ¢ Primary mass-asymmetry x,
rim

Figure 6.33: Schematic illustration of superposition of PLF emission and binary fragmen-
tation with the major contribution of ordinary fission. Left panel: Composition of the
unconditioned (-spectrum. Right panel: Constraint of |(| < 0.1 effectively separates the
ordinary fission channel in the mass-asymmetry spectrum.

the average folding angle <®cug> distributions around ¢ = 0 at |Xprim| < 0.5. Largest
<LMT> are observed in the "PLF-TLF” area (fig. 6.32), where lower <®¢uz> indicates
significant pre-equilibrium emission. Larger <®cpp> values correspond to the BF area
where pre-equilibrium emission should be rather isotropic.

6.3.7 Does asymmetric fission proceed faster?

The preliminary analysis revealed, that contributions of different processes populate the
entire regions of LMT and V. The best discrimination between these processes could be
found at moderate values of LMT. On the other hand side, the best ”time resolution” by
means of < A, > could be achieved at high initial excitation energies of the fissioning
nucleus (see also p. 87).

These reasons conditioned the window between 50% and 80% of the relative LMT,
which was used for the analysis. In order to select ordinary fission the excitation energ
sharing parameter was constrained to || < 0.1 (fig. 6.33, left panel). The precise quantita-
tive determination of contributions of each process is a matter of a very advanced analysis.
The qualitative relation between different reaction channels fitting the given conditions
is presented in (fig. 6.33, right panel). Ordinary fission should cause the major effect at
IXprim| < 0.4, the background of BF should be negligible for the analysis of the average
total mass !6. The area of dominating PLF emission is located at |Xprim| > 0.6 {PLF-
TLF domain). The intermediate range of |X,-m| represents comparable contributions of
all "fission-like” processes .

Under the above mentioned conditions on ¢ and LMT distributions in fig. 8.34 were
produced. A close inspection reveals the following behavionr of the average parameters
wich increasing mass-asymmetry in the domain of ordinary fission.

16The contribution of BF, however, should be taken into account in the analysis of the width of the
distribution of the fragment mass
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1. The decrease of the LCP multiplicity (b) indicates that the initial excitation
energy of the system was higher, on the average, for symmetric fission. This
is consistent with the small slope in the average LCP energy (c). The higher
initial excitation energy observed in the mass-symmetric case should be defined
by the smaller impact parameter.

2. The slight decrease of the average ®cpr (f) indicates a small difference in
pre-equilibrium emission in the forward direction. This fact also proves smaller
impact parameters to govern the symmetric case. In semi-central or central
collisions selected by means of high LMT, a higher average angular momentum
should be ascribed to a larger impact parameter. The latter means that a
larger angular momentum corresponds, on the average, to the asymmetric
case.

3. The observations 1 and 2 relate increasing angular momentum and decreas-
ing excitation energy in the selected data to increasing mass-asymimetry.

4. The de-excitation by evaporation of particles significantly reduces the mass
of a hot system prior to scission. Simultaneously, angular momentum is known
to increase the fission probability and, hence, to reduce the fission life-time.
Thus, increasing angular momentum should be observed as increasing total
mass due to shortening the evaporation chain.



5. If there is no direct dependence of the fission life-time on mass-asymmetry
(Tasym = Tsym) one should observe a constant total mass as a function of
|Xprim|. However, because of the conclusion 3 and 4, a larger total mass should
be observed in the asymmetric case.

6. If the life-time of asymmetric fission is smaller than that for symmetric
fission (Tasym < Tsym), @ larger total mass should be observed in the asymmetric
case. Again, as in 5, conclusion 3 and 4 lead to the same consequence, namely,
larger total masses with increasing mass-asymmetry.

7. As it follows from 5 and 6 the assumption T,sym < Tsym always leads to an
increase of the total mass with mass asymmetry. This obviously contradicts
the observed decrease of <A;;> (a). Therefore, only longer life-times for
asymmetric fission can be deduced.

8. A lomnger evaporation chain in the asymmetric case leads to an increase of
Z/A with mass-asymmetry, and this is observed as an increase in R, (e).

9. Considering the statistical nature of fission, the average duration of the
process is inversely proportional to the process probability. The decreasing
decay probability is observed as a reduction of the yield of asymmetric fission

(d).

The PLF-TLF domain |Xprm| > 0.6 is characterized by an increase of the total mass
because PLF formation is very fast [a]. The tendency of R,(Z/A) to decrease [e] occurs
because of returning back to the initial isotopic composition (represented by arrows).
However, it cannot compete with the contribution of R, (vprr), which is steeply growing
accounting for the projectile-like velocity of a PLF. The emission of LP with projectile-like
velocity also becomes possible due to a large impact parameter and this is indicated by
the dropping down of ®cprr [f].

The discussed picture of physical processes is definitely simplified. Probably, a lot of
particular effects come also into play. However, the observed experimental data reveal the
general trend of the longer duration of asymmetric ordinary fission compared to symmetric
ordinary fission. The BF process together with PLF emission reveals the opposite trend,
because relaxation of the mass-asymmetry in the entrance channel requires a certain time.
Therefore, considering all these processes together one is lead to the reasonable conclusion,
that an asymmetric ”fission-like” decay is faster than a symmetric ”fission-like” decay.

A similar conclusion on the interplay of fast fission-like processes with ordinary fission
and large fluctuations of sharing of the excitation energy between the fragment has been
made in the chemical study of A — Z distributions from the reaction 3!V (25 AMeV) +
¥7Au in ref. [131]. The importance of the study of excitation energy sharing is stressed
in refs. {128, 129]. :
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Chapter 7

Summary

The thesis aimed at the qualitative comparison of time scales of symmetric and asymmetric
fission. Main goals of the present work are given in Section 2.5. During fulfilling this
research program the following tasks were executed.

The desired FOBOS scintillator shell was completed and turned into operation.

Its capability to register light charged particles (LCP) was demonstrated. Methods
for the LCP raw data processing were developed.

Data were taken in a series of full-scale experiments.

The validity of the data from the FOBOS scintillator shell was exhaustively tested.
Their reliability and self-consistency are demonstrated.

Numerical simulations were performed using the Dubna Cascade Model (CASCAD
code) and the Combined Dynamical Statistical Model (SAND code). These simu-
lation aimed mostly at obtaining auxiliary information for data interpretation.

A new method for the energy calibration of CsI(Tl) crystals is proposed. The
method is based on the physical properties of CsI(T1) crystals. The most attractive
features of the method are: minimized manpower expenses, an independence of the
calibration data on corresponding calibration beams, a high degree of automation
and a visual quality inspection.

A new method of the experimental data analysis is proposed. The method is based
on the independent measurement for the velocity and for the energy of heavy frag-
ments by the FOBOS detector. This allows to reconstruct the mass-asymmetry of
the decaying system at the instant of scission. This information is transformed into
the parameter ¢ reflecting the partitioning of excitation energy which is a means
to separate different processes contributing to the measured bulk of data. Results
obtained in this unconventional way open new prospects for a more advanced data
analysis.

The main result of this thesis consists in the separation of reaction channels into
ordinary fission known from low energies and a number of fast processes by means of
a specially designed parametrization. These processes cannot be distinguished from
ordinary fission using conventional methods of the analysis. The physical ” picture”
of fission and related time scales deduced from the experimental data is in following.
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1. Ordinary fission.According to the classical picture the ordinary fission process is
related to a compound nucleus which is defined to be an equilibrated system with a
relaxed compact shape. The probability of ordinary fission into a given configuration
depends on the height of the corresponding fission barrier. From the calculations
of potential energy surfaces follows that the fission barrier increases with increasing
mass-asymmetry. Due to the statistical nature of the process the fission time scale
is inversely proportional to the fission probability. The decrease of the fission prob-
ability is observed directly as a decrease of the yield of asymmetric fission compared
to the symmetric one. The corresponding increase of the fission time is concluded
from the length of the evaporation chain observed as a decrease of the total mass of
the fragments with increasing the mass-asymmetry.

2. Fission-like fast processes. The initial configuration of the touching target and pro-
jectile nuclei with a given relative velocity requires a certain time for relaxation into
a compound nucleus. Two stages of the relaxation should be mentioned.

The fastest fission-like process observed is a decay of the non-equilibrated system
formed in semiperipheral collisions where a projectile-like fragment (PLF) and a
target-like fragment (TLF) can be identified. The duration of this process should
be of the order of the contact time. The very short reaction time manifests itself
in a similarity of the velocity of a PLF with the initial projectile velocity and in a
preferably higher temperature of the PLF compared to the TLF.

Evidence is found for a slower fission-like process which is characterized by a rather
symmetric. configuration at the scission point. A manifestation of this process has
been observed earlier and it has been called "hot binary fragmentation”. It should
be associated with the most central collisions. In this case no definite PLF could
be found by means of velocity and mass-asymmetry distributions. The essentially
short duration of this process is observed by non-equilibrium sharing of excitation
energy between the fragments. In contrast to the PLF-TLF formation the higher
temperature must be ascribed, on the average, to the heavier fragment.

Both of these fast processes are accompanied with intensive emission of light parti-
cles (LP). Each particle carries away mass, a portion of energy and angular momen-
tum. As a result the system configuration evolves into a relaxed state. The further
evolution of the system leads to ordinary fission or to formation of an evaporation
residue. In some sense, ordinary fission is realized in this case instead of the faster
processes mentioned.

3. Ternary events.Provided the excitation energy in the heavier remnant after PLF

emission is large enough, this remnant can undergo a further binary decay. Thus,
all the ”binary” events observed at low a LMT could be treated as " ternary” events,
since in the most peripheral collisions a rest of the projectile is lost from the regis-
tration if it is emitted into in the beam exit cone, and only the binary decay of a
TLF is observed.
Semiperipheral collisions result in a higher LMT. The decay of a TLF after emission
of an excited heavy PLF can then be recorded as "ternary” decay. Such a mechanism
seems to be responsible to the mass-symmetric tripartition. Those of ”ternary”
events, where one fragment is not recorded are characterized by a lower total mass
but a large velocity of their center of mass.
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The significant difference between central and semiperipheral collisions consists in
the different value of the angular momentum. The decay probability is enhanced at
higher angular momenta. Therefore, the decaying system originating from a central
collision can succeed to cool down by LP emission and then undergo ordinary fission.
Such events are observed at high LMT.

Such a picture of ”fission” governed by thermodynamical and statistical laws is consis-
tent with the observed experimental data. Therefore, contribution of fission-like processes
other than ordinary fission must be distinguished. This was made possible by introduc-
ing the excitation energy sharing vs mass-asymmetry matrix (¢-x), which allows a deeper
insight into the dynamics of heavy-ion induced reactions.

96




Appendix A

Geometry of the scintillator shell

Table A.1: CsI(Tl) scintillator detectors coordinates. Each line represents a ring of CIS
with an equal polar angle 6 given in the last column in ascending order. The number of
a CIS consists of a module number (first two digits) and a crystal number in a module
(last digit). The crystal number 1 corresponds to the center of a module (bold faced lines).
Dimensions of crystals are given in the form thicknessx diameter, Qx is the calculated
summed solid angle of all crystals in a ring. (to be continued on the next page)

Csl # ¢ | Csl # ¢ | CsI # ¢ | CsI # ¢ | Csl # é | 9
Ring 1, big modules, {25=1.068 sr, crystals 15 mm %200 mm

014 78.21 | 024 150.21 | 034 222.21{ 044 294.21 | 054  6.21 | 28.21 |
015 101.79| 025 173.79| 035 245.79 | 045 317.79 | 055 20.79 | 28.21
011 90.00 | 021 162.00 | 031 234.00 | 041 306.00 | 051 18.00 | 37.38
012 72.03 | 022 144.03 | 032 216.03 | 042 288.03 | 052  0.03 | 38.77
013 107.97 | 023 179.97 | 033 251.97 | 043 323.97 | 053 35.97 | 38.77
016 82.45| 026 154.45| 036 226.45 | 046 298.45 | 056 10.45 | 47.31
017 97.55 | 027  169.55 | 037 241.55 | 047 313.55 | 057 25.55 | 47.31
" Ring 2, small modules, {23=0.665 sr, crystals 10 mm %150 mm

062 126.00 | 072 198.00 | 082 270.00 | 092 342.00 | 102 54.00 | 54.58
064 117.07| 074 189.07 | 084 261.07 | 094 333.07 | 104 45.07 | 59.29
065 134.93| 075 206.93| 085 278.93| 095 350.93| 105 62.93 | 59.20
061 126.00 | 071 198.00 | 081 270.00 | 091 342.00 | 101 54.00 | 63.44
066 117.73 | 076 189.73 | 086 261.73| 096 333.7Y3{ 106 43.73 | 68.11
067 134.27 | 077 206.27 | 087 278.27 | 097 350.27 | 107 62.27] 68.11
063 126.00 | 073 198.00 | 083 270.00 | 093 342.00 | 103 54.00 | 72.30
Ring 3, big modules, Q5=1.068 sr, crystals 10 mm x200 mm

114 84.09 | 124 156.09 | 134  228.09 | 144  300.09 | 154 12.09 | 69.61
115 95.91 | 125 167.91 | 135 239.91| 145 311.91] 155 23.01| 69.61
111 90.00 | 121 162.00 | 131 234.00 | 141 306.00 | 151 18.00 | 79.19
112 78.67 | 122  150.67 | 132 222.67 | 142 294.67 | 152  6.67 | 79.40
113  101.33| 123 173.33| 133 245.33 | 143  317.33 | 153 20.33 | 79.40
116 84.46 | 126 156.46 | 136 228.46 | 146 300.46 | 156 12.46 % S8.87
117 95.54 | 127 167.54 | 137 239.54 | 147 311.54 | 157 23.54 | 88.87




Table A.1: CsI(Tl) scintillator detectors coordinates. Continuation.

Csl # ¢ | Csl # ¢ | Csl # ¢ | CsI # ¢ | Csl # ¢ | [
Ring 4, big modules, Q25=1.068 sr, crystals 10 mm %200 mm
166  131.54 | 176 203.54 | 186 275.54 | 196 347.54 | 206 59.54 91.13
167  120.46 | 177 192.46 | 187 264.46 | 197 336.46 | 207 48.46 91.13
162 13733 | 172 209.33 | 182 281.33 | 192  353.33 | 202 65.33 | 100.60
163 114.67 | 173  186.67 | 183 258.67 | 193  330.67 | 203 42.67 | 100.60
161 126.00 | 171 198.00 [ 181 270.00 | 191 342.00 | 201 54.00 | 100.81
164 13191} 174 20391 | 184 27591 | 194 347.91| 204 59.91 | 110.39
165 120.09 | 175 192.09 | 185 264.09 | 195 336.09 | 205 48.09 | 110.39
Ring 5, small modules, Q5=0.665 sr, crystals 10 mm x150 mm
213 90.00 { 223  162.00 | 233 234.00 | 243  306.00 | 253 18.00 | 107.70
216 98.27 | 226  170.27 | 236 242.27 | 246 - 314.27 | 256 26.27 | 111.89
217 81.73 | 227 153.73 | 237  225.73 | 247  297.73 | 257 9.73 | 111.89
211 90.00 { 221 162.00 | 231 234.00 { 241 306.00 { 251 18.00 | 116.56
214 98.93 | 224 17093 | 234 242.93 | 244 314.93 | 254 26.93 | 120.71
215 81.07 | 225 153.07| 235 225.07 | 245  297.07 | 255 9.07 | 120.71
212 90.00 | 222 162.00 | 232 234.00 | 242 306.00 | 252 18.00 | 125.42
Ring 6, big modules, Qx=1.068 sr, crystals 10 mm %200 mm
266 133.55 | 276  205.55 | 286 277.55| 296 349.55 | 306 61.55 | 132.69
267 11845 | 277 190.45 | 287  262.45 | 297 334.45 | 307 46.45 | 132.69
262 14397 | 272  215.97 | 282 287.97 | 292 359.97 | 302 71.97| 141.23
263 108.03 | 273 180.03 | 283  252.03 | 293  324.03 | 303 36.03 | 141.23
261 126.00 | 271 198.00 | 281 270.00 | 291 342.00 | 301 54.00 | 142.62
264 13779 | 274 209.79 | 284 281.79 | 294 353.79 | 304 65.79 | 151.79
265 114.21| 275 186.21| 285 258.21| 295 330.21 | 305 42.21 | 151.79
Table A.2: Positioning principle of opposite crystals
Numbers of opposite detector modules
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
28 29 30 26 27 24 25 21 22 23 18 19 20 16 17
Numbers of opposite crystals in opposite modules
"big” module "small” module
1 2 3 4 5 6 7T 1 2 3 4 5 6 7
1 3 2 5 4 7 6 1 2 3 5 4 7 6
Table A.3: Summary of actual CIS-detectors for the JAN9E ezperiment
Parameter Ring 1 | Ring 2 | Ring 3 | Ring 4 | Ring 5 | Ring 6
average angle 0., deg || 37.67 | 63.24 | 78.17 | 100.72 | 116.72 | 142.06
solid angle Qp,, sT 0.914 | 0.494 | 0.795 | 0.795 | 0.550 | 1.008
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Appendix B

Energy calibration data

The tables contain data calculated for the FOBOS configuration of the JAN96 experiment.
Fit parameters in the tables are taken from a computer output as they are. The tables
below refer to the following functions:

B, = [(Eq+ Ey)* + C°Y* — E, (B.1)
f(@) = az® + a1z /(d + 1) + co/(da + ). (B.2)

Table B.1: Fit coefficients for energy loss calculations by the formula B.1. The cases of
normal (central crystals) and slanting (outer crystals) particle penetration are considered.
The gas pressure in the BICs is assumed to be 150 Torr.

Ey C o E, C o
Ion Outer crystals Central crystals
thin BIC anode foils 1.5 um
p | 0.2116 3.09303 1.76903 | 0.20732 3.05259 1.76129
d { 041395 4.1717 1.76823 | 0.37747 4.09453  1.75745
t | 0.50276 4.8909 1.75458 | 0.48363 4.823 1.74946
SHe | 0.7263 11.0726  1.78049 | 0.68896 10.92656 1.7736
‘He | 1.0799 12.63206 1.7855 | 1.13937 12.52952 1.78758
6He | 1.86201 15.24702 1.79386 | 1.78317 15.0344 1.79158
8He | 2.40937 17.27603 1.79254 | 2.87015 17.36607 1.80559
°Li | 3.74296 24.91118 1.81884 | 2.83395 24.0716  1.80405
TLi | 5.11629 27.21605 1.83742 | 5.01941 26.86323 1.83534
thick BIC anode foil 10 um (module #2 in JAN96)
p { 0.21471 3.26256  1.77385 | 0.2132  3.22395 1.76862
d | 0.40393 4.38943 1.76963 | 0.36276 4.316 1.76244
t | 0.52643 ©5.18408  1.76281 | 0.36276 5.03409 1.76244
SHe | 0.68814 11.63232 1.78336 | 0.66644 11.49118 1.78131
“He | 1.04193 13.28682 1.78965 | 1.02381 13.12669 1.78749
6He | 1.76053 16.01103 1.79644 | 1.90218 1592057 1.79984
8He | 2.43152 18.23875 1.79924 | 2.35916 17.99338 1.79647
61i | 3.63208 26.14455 1.82255 | 3.47088 25.75842 1.81847
“Li| 4.3708 28.07572 1.82262 | 4.78389 28.1192  1.83656
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Table B.2:

The "ideal” PIM model. Fit coefficients for the energy calculation for
Tstow=4 WS in the form of eq. B.2, where z=L;,5; and y=E4 are assumed. Fit coeffi-
cients for the particle branches and inter-branch separators in the "ideal” PIM presented
in the same form, but y=Lg4,. The lines for He and Li are reliable, of course, only above

a certain resolution threshold. p’ denotes the descending proton line E > Epyp.

ion | a b c1 di C3 da
A. Energy calibration coefficients for the ideal PIM
p | 0.08324 1.03117 -43.207  1374.367 0.57229 5.70191
d | 0.12551 0.99247 -88.980 1529.238 0.64706  4.36303
t}0.14229 097979 -127.685 1927.394 0.79062  4.5601
SHe | 0.22908 0.92521 -315.802 3735.899 1.26262 3.06503
“He | 0.25122 0.91507 -361.367 4170.621  1.44649 3.02738
®He | 0.29176 0.89858 -419.180 4678.786 1.71184  2.84082
8He | 0.3211 0.88944 -479.487 5238.052 1.99135 2.83548
®Li | 0.37831 0.87784 -668.406 6909.963 2.73615 3.00315
TLi | 0.38961 0.87082 -609.090 6673.603  3.11469 3.00423
B. Particle lines in ideal PIM
p’ | 03714 1.18186 8142.797 2998.919 -20501.84 9120.779
p | 0.48839 1.13094 621.825 347.711 -458.941  222.685
d | 0.43988 1.11798 1429.507 1657.210 -474.625 462.552
t10.23512 1.158 7045.592  2100.823 -4188.443 1290.425
SHe | 0.05881 1.27889 16187.578 8330.697 -6331.916 3692.019
‘He | 0.06449 1.28435 13524.682 12334.791 -3902.989 4264.449
®He | 0.09296 1.2638 3707.568 10314.465 -981.481  3022.859
8He | 0.08081 1.25836 16504.738 29201.165 -3164.483 6685.976
Li | 0.10516 1.22514 17577.774 38372.710 -5838.571 14524.649
"Li | 0.09991 1.20345 18646.626 33347.346 -3200.693 7051.915
C. Separator lines in ideal PIM
Upper limits for particles
p{1.32348 1.0 -410.274  42.176 383.346  44.634
d | 0.82215 1.06394 -402.433 254.212 400.577  390.581
t ] 0.79713 1.06905 -522.816  383.793 400.577  492.679
SHe | 0.17238 1.22917 0.0 0.0 0.0 0.0
‘He | 0.12884 1.25792 0.0 0.0 0.0 0.0
6He | 0.04144 1.36615 4026.834 2780.09 -2884.015 2206.393
8He | 0.05351 1.32963 -520.229  4135.02 1810.962 7213.716
TLi| 0.10842 1.235 0.0 0.0 0.0 0.0
Lower limits for particles
t | 0.74891 1.073 -267.371  404.395 810.406 16750.461
8He | 0.04994 1.33468 -1116.377 3600.116 1243.261 2685.226
7Li | 0.05103 1.29659 -512.455 1602.960 1691.891 4376.089
General validation limits
upper | 12.3378 0.72351 73.495 2696.908  -442.722 117.152
lower | 0.08232 1.22618 0.0 0.0 0.0 0.0
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Figure B.1: Simulation of the particle-identification matrizes under different timing con-
ditions using the data from ref. [75] as described in section 5.3. The simulated particle sei
is limited to Z < 4. The phoswich principle is obviously the worst one, it leads however
to the better resolution between heavier particles. The best case is not renlized because
of trigger logic requirements, real timing conditions etc. The gap between gates slightly
increases the resolution.
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Appendix C

Kinetic temperature

This most widely used method to determine the temperature T};, of nuclei from LCP data
is based on measurements of kinetic energy spectra of emitted particles (slope parameter).
A nucleus in thermal equilibrium evaporates particles with an energy distribution defined
by the Maxwell-Boltzmann formula:

E, - B,
N(E}) = C(Ey — B,)eap(————=¢

), (1)
where Ej, is the kinetic energy of the emitted particle, B, is the Coulomb barrier, and Tj;,
the temperature of the source after emission. A chain of evaporated particles ”delivers” an
average temperature of the entire cascade. The problem of fitting consists in adequately
accounting for the maximum of the distribution, especially in the case of limited statistical
accuracy of the measured spectra or multi-source fits.

Actually, different modification of the general exponential law are used to fit evap-
orative particle spectra in order to extract the slope parameter related to the nuclear
temperature. For instance, Peter et al. [132] used the following form to extract the slope
parameter S:

Ek - Bc Ek - Bc
——S—é—— exp(—- ——S—)

In order to fit kinetic energy distributions of light charged particles emitted from a com-
pound nucleus and fission fragments, Lestone proposed [133] the following parametrization
of a Maxwellian form (in rest frame of emitters):

N(E) =C (C.2)

N(Ey) =0, E, < B, (C.3)
1 nD Ek ’
N(By) o C' (Ey — B)? exp (—?) , B <E,<B+T, (C.4)
E
N(By) o (Bx - Besp (- =), Ex2B+T, (C.5)

where ¢’ = T/ (DT)? and B' = (1 — DYT+B. The parameter T is the mean temperature
of the source which controls the slope of the energy distribution at higher energies, B is the
mean height of the emission barrier, and D is related to the curvature and penetrability
of the barrier and controls the slope of the distribution at lower energies. The maximum
of the distribution occurs at F, = B+ T.
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Appendix D

Numerical simulations

D.1 Cooling down by light particle emission
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Figure D.1: Left panel: Apparent temperatures are obtained by fitting CDSM-generated
kinetic energy spectra (lines+symbols) for ™ Pb. Caloric curves assume a level density
parameter a = A/13 (dashed line) and using the systematic from ref. [185] (solid line,
numbers denote a in some points). Right panel: Cooling curves are simulated for three
values of the initial excitation energy. The hatched area corresponds to most probable
fisison times.

The simulations by the Combined Dynamical Statistical Model (CDSM) [118] were
performed for the fission of a 2Pb nucleus by using the program code SAND, developed
within the FOBOS collaboration [134, 120]. The code calculates event-by-event for an
equilibrated compound nucleus with given values of excitation energy E* and angular
momentum J the sequence of emitted light particles (v, n, p, d and @) with their energies,
the residual excitation energy and the duration of a cascade leading either to ordinary
fission or to formation of an evaporation residue.

Energy spectra of light particles were accumulated for trajectories leading to fission
and the slope parameter T" was derived assuming the Lestone type parametrization. The
apparent temperatures turned out to be lower than they were calculated using level density
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Figure D.2: Left panel: The surface of the nuclear temperature is calculated for a fized
excitation energy of 100 MeV. Numbers mark lines of equal temperatures. Right panel:
The excitation energy surface is calculated for a fized temperature of 4 MeV. Numbers
denote lines of equal excitation energies.

parameter systematics. Neutrons emitted prior to charged particles remove a significant
portion of the excitation energy, thus the emitter cools down. As it follows from simula-
tions, a-particles should be evaporated, on the average, earlier than protons. Therefore,
protons demonstrate lower apparent temperatures than a-particles do. Indeed, this is
pronounced in the experimental data.

As it would be expected, the mean excitation energy remaining in the system at the
instant of scission asymptotically decreases as the duration of an evaporation cascade
increases (fig. D.1, right panel). The most probable scission happens within the period
of 10-100 zs. The residual excitation energy seems to be not sensitive to initial values
exceeding ~100 MeV. The latter is reflected in the saturation of the cooling curve derived
from mass dispersions (see Chapter 2). The influence of the angular momentum on the
temperature, emission chances and multiplicity distributions is found to be very weak.

The slope parameter reaches its experimental value of ~4 MeV only at high excitation
energy of about 500 MeV. This definitely means, that the cooling-down effect cannot
reproduce the experimentally observed behavior of the apparent temperatures alone. It
seems to be reasonable that averaging over the ensemble of different emitting nuclei con-
tributes to the complication of the behavior of the apparent temperature.

D.2 Available temperatures

The calculation of effective nuclear temperatures was performed using the empirical ap-
proach [135] based on the experimental data systematics from ref. [136]. The absolute
upper limit of the temperature was estimated assuming complete fusion with full dissi-
pation of the beam energy. The corresponding compound nuclei are 2 Rn (T=6.3 MeV)
and 23 Bk (T'=5.9 MeV). Therefore the value of the apparent temperature of ~4 MeV at
high LMT looks reasonable.

However, the apparent temperature obtained from the proton spectra at £* ~ 100 MeV
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seems to be overestimated. Mixing of sources with different temperatures could result in
a small increase of apparent temperature. The other reason could be related to the in-
adequate description of spectra by the Leston-parametrization due to the rather broad
Coulomb barrier distribution caused by the deformation and the rotation of a nucleus, es-
pecially if a slope is measured near to the peak of a spectrum. However, the contribution
of both these effects do not exceed ~ 1 MeV[137].

Figure D.2 (left panel) presents the surface of nuclear temperatures calculated for the
fixed excitation energy of 100 MeV. The corresponding temperatures should be around -
2.4 MeV. At E* = 100 MeV the cooling effect should not be strong. On the other hand
side, as it is seen from the excitation energy distribution (right panel) calculated for the
fixed temperature of a nucleus, the values of the initial temperature of about 4 MeV
correspond to 260-300 MeV of the excitation energy. Note, that the maximum of the
LMT distribution for central collisions corresponds to E* =~ 300 MeV and the value of
100 MeV in Th data is covered by the strong peak of peripheral collisions. Therefore,
the most probable reason for the overestimation of the apparent temperature is that the
LMT values is not an adequate measure of the initial excitation energy. The latter means,
that the contribution of processes other than fission after incomplete fusion and/or pre-
equilibrium emission should be also taken into consideration.

D.3 Pre-equilibrium emission

Usually pre-equilibrium emission is treated as forwardly peaked. However, as one can
conclude from simulations by R.Yanez [5] (BUU + evaporation code), pre-equilibrium
emission might compete with evaporation from a compound nucleus even in the backward
hemisphere. The test particle technique of the BUU model is not able to generate particles
heavier than a nucleon which are apart of TLF and PLF. However, it would be interesting
to estimate the contribution of pre-equilibrium emitted a-particles as well as to compare
predictions of the BUU with other models.

The so called "Dubna Cascade Model” [138] was used to explore the contribution
of more complex pre-equilibrium emitted fragments. The collision between nucleons in
DCM is treated in a similar way as in the BUU model, but DCM does not resort to
the test-particle technique and the dynamics of each NN collision can be followed. The
coalescence formalism is used to produce complex particles. In spite of probable difficulties
of the coalescence model, e.g. possible underprediction of the pre-equilibrium particle
multiplicities [139], one can make some estimations.

Calculated inclusive spectra of protons and a-particles for the reaction N (53AMeV)+
197 Au, accumulated at different polar angles are presented in fig. D.3. The direct compar-
ison with experimental data is scarcely possible because the DCM version used does not
differentiate between exit channels. This results in incomparable yields of LCP originat-
ing, in particular, from the projectile break-up. However, the spectra responsible for the
evaporation from the TLF rather well agree with the experiment. Two experimentally
observed trends are reproduced as well — the spectrum slope decreases with increasing
6 and almost saturates at # > 100°, a slight enhancement of proton yields at the most
backward angles is also reproduced.

The problem of describing pre-equilibrium emission is that pre-equilibrium particles
have no definite source. The analysis of emission time distributions shows that they are
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Figure D.3: Inclusive spectra of protons (left panel) and a-particles (right panel) calculated
with the Dubna Cascade Model. Spectra are accumulated within 20°-bins.
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Figure D.4: Left panel: The contribution of pre-equilibrium emitted protons is compared
with the evaporation from the target-like fragment. Right panel: Spectra of pre-equilibrium
emitted a-particles are accumulated within 20°-bins.

most probably emitted within 60 fm/c after the beginning of the interaction. The rough
estimation of the contact time using interaction radii from the systematics from ref. [140]
delivers 70 fm/c. Therefore pre-equilibrium particles seem to come from the contact zone
between colliding nuclei.

Proton spectra accumulated into the backward hemisphere are shown in fig. D.4, left
panel. The pre-equilibrium component appeared to be comparable with the evaporative
one. The simulated yield of pre-equilibrium o-particles into the backward hemisphere
turned out to be low, their spectra for some forward angles are shown on the right panel.
The maxima of these spectra lie at 50-80 MeV and, therefore, reminding the probable
underprediction of the yields of complex particles, one should be careful also in interpreting

c-particle spectra.
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backward hemisphere, 65
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abbr. binary fragmentation, 10, 84,
86 -
distribution, 86

BIC
abbr. Bragg Ionization Chamber, 13

CDSM
abbr. Combined Dynamical Statisti-
cal Model, 67, 103
CIS
abbr. CsI(T1) scintillator, 13, 22, 39
detector, 24
energy resolution, 26
event, 64
lid, 26
single file, 35
correlation coefficient, 32

DCM
abbr. Dubna Cascade Model, 105

energy losses, 47, 99
excitation energy, 53
sharing parameter, 75, 78

FF
abbr. fission fragment, 3, 13
fission-like process, 84, 91, 93, 95

Galilean-invariant coordinates, 68

IMF
abbr. intermediate mass fragment, 7,
13
LCP

abbr. light charged particle, 3, 13, 39
data consistency, 64, 69

multiplicities, 67, 70
spectra, 51, 67, 68, 71
correction, 36
simulation, 106
total mass, 64
total velocity, 64
Lestone-parametrization, 102
LMT
abbr. linear momentum transfer, 9,
30

parameter
R,, 80
¢, 75
X, 55
Xprim 58
Xsees 13
¢, 78
particle branch
ascending, 23
descending, 23
PIM
abbr. particle identification matrix,
23, 41
examples, 17, 18, 23, 31, 40
ideal, 42, 45-47, 100
sumed, 40, 42
pre-equilibrium emission, 64, 65, 71, 82,
105
PSA
abbr. pulse-shape analysis,
PSAC
abbr. position-sensitive avalanche counter,
13

99 [ 3ed

Liday iy

39

PTP
abbr. punch-through point, 36, 39
definition. 35
energy, 41
simulated, 45, 50



quenching, 43, 45
reaction time, 84

scission angle, 82, 83, 85, 88
distribution, 85, 89

ternary event, 11, 56, 84, 89, 95
TKE
abbr. total kinetic energy, 5
distribution, 59, 61
formula, 60
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