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ABSTRACT

THE EMISSION TEMPERATURE AND THE NUCLEAR EQUATION
OF STATE

BY

Hongming Xu

The relative populations of a large number of particle stable states of intermediate
mass fragments were measured with the Oak Ridge Spin Spectrometer for 32S induced
reactions on "**Ag at an incident energy of E/A=22.3 MeV The measured relative
populations of these states were compared to those calculated from a thermal model
which include sequential feeding from higher lying particle unstable states of heavier

nuclei. This comparison indicated an average emission temperature of T~ 3—-4 MeV.

To study whether emission temperatures can provide information about the nu-
clear equation of state and the in-medium nucleon-nucleon cross section, dynami-
cal calculations based on the Boltzmann-Uehling-Uhlenbeck (BUU) equation were
performed. Calculations for “°Ca+4°Ca and “°Ar+?7Al collisions indicate the cross
sections for heavy residues are rather sensitive to both the equation of state at sub-
nuclear density and the in-medium nucleon-nucleon cross section. This dual sensi-
tivity may be reduced or eliminated by measurements of the emission pattern of the
coincident light particles. Excitation energies and total angular momenta were also
calculated for the residues formed in “°Ar + ?7Al collisions. These calculations sug-

i



gest that reaction dynamics, not Coulomb or thermal instabilities, plays the most
important role in limiting the production of fusionlike residues at energies E/ A ~30

MeV.

From the emission rates of nucleons and the thermal excitation energies of heavy
residues produced in “°Ar +%7Al and *°Ar +!%*Sn collisions, consistent thermal freeze-
out times were obtained. The total excitation energies and temperatures predicted
by BUU calculations are comparable with those obtained from experiments. These
predicted values for the excitation energies and temperatures are quite sensitive to
the equation of state and the impact parameter. Surprisingly, These two observables

show little sensitivity to the in-medium nucleon-nucleon cross section.
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Chapter 1

Introduction

I Motivation

Nucleus-nucleus collisions have proven to be an excellent laboratory for the study of
statistical and dynamical properties of highly excited nuclear systems. The properties
of such systems evolve with incident energy. At incident energies of a few MeV
above the Coulomb barrier, the formation of a fully equilibrated compound system
(commonly referred to as ‘complete fusion’) and its subsequent statistical decay is the
dominant process for central collisions [More 72, More 75, Frie 83, Sobo 83, Sobo 84].
The statistical decay by emissions of v, neutrons, and light charged particles as well
as fission has been well described by statistical models of compound nuclear decay.
At incident energies above E/A ~ 15 MeV, however, the situation becomes more
complicated. First, complete fusion of projectile and target becomes less likely, and
one observes the onset of preequilibrium emission mechanisms. Second, the limits of
stability and the mechanisms for decay of very hot nuclei are not known. This latter
issue provides a strong stimulus for the investigations of energetic nucleus-nucleus

collisions despite their complexity.

Investigations of nucleus-nucleus collisions have focussed either on the properties

of hot fusion-like composite residues consisting of significant fractions of the projec-



tile and target nucleons or on the statistical and dynamical aspects of the hot, but
non-equilibrium, initial stages of the reaction. In a practical sense, such a separa-
tion is artificial because one can not address issues concerning the properties of hot
residues without considering the mechanisms by which they are formed. In fhis dis-
sertation, both the preequilibrium processes of the initial stages of the reaction and
the thermal properties of the composite residues are considered. In the first part of
the dissertation, the intrinsic excitation of intermediate mass fragments emitted dur-
ing the non-equilibrium initial stages of the reaction is determined by measurements
of the 4 rays from the decay of particle stable states of the fragments. Further dis-
cussions of the physics motivation of these measurements are given in subsection A
of the introduction. These measurements have shown that the intrinsic excitation at
freezeout is surprisingly small. A theoretical investigation of the factors which may
affect the intrinsic excitation is the topic of the second half of the dissertation. There
we also explore the properties of the residues produced in these reactions. Additional
background concerning the properties of such residues is given in subsection B of the

introduction.

A Complex Fragment Emission and the Emission Temper-
ature

The emission of low energy intermediate mass fragments (IMF), 3 < Z < 20, in
processes distinct from fission has been observed for a large variety of nuclear reac-
tions [Lync 87, Gelb 87a, Gelb 87b, Cass 89, Guer 89]. In general, the energy spec-
tra of these fragments exhibit broad maxima at energies close to the exit channel
Coulomb barrier and exponential slopes at higher energies. The fragment distri-
butions [Gelb 87a, Mini 82, Finn 82, Hirs 84, Chit 83, Troc 86, Fiel 86a, Fiel 86b,

Faty 87b, Sang 87| follow an approximate power-law dependence on fragment mass,



A~7, in both proton and heavy ion induced reactions, possibly indicating that the
mass distributions are determined by a common physical process. For reactions at in-
termediate energies, E/A=20-500 MeV, the angular distributions are forward peaked
indicating that appreciable emission occurs prior to the attainment of statistical equi-
librium of the composite projectile-target system [Chit 83, Jaca 83, Fiel 84, Mitt 85,
Troc 86, Fiel 86a, Fiel 86b, Kwia 86, Faty 87a, Faty 87b, Poch 85a, Poch 85b, Chit
86, Xu 86, Xu 89, Poch 87, Chen 87a, Chen 87b, Chen 87c,Sain 88] . At backward
angles, the angular distributions, particularly for heavier fragments, become more
isotropic, consistent with significant contributions from the statistical emission by
equilibrated heavy reaction residues that could, for example, be formed in incomplete

fusion reactions [Sobo 83, Sobo 84, Kwia 86].

At present, there is no consensus concerning the origin of these fragments. Frag-
ment production has been calculated within statistical [Mini 82, Finn 82, Hirs 84,
Fiel 84, Boal 84, Lope 84b, Snep 88, Boal 88b, More 75, Gros 82, Frie 83, Rand 81,
Fai 82, Bond 84, Ban 85, Hahn 87, Fiel 87, Gome 88] as well as purely dynamical
[Schl 87, Vice 85, Lenk 86, Baue 87, Aich 88, Boal 88b, Sura 89a, Sura 89b, Sura 89¢]
models. Most models reproduce selected observables such as the fragment mass dis-
tribution. Differences between the various fragmentation models reflect, to a great ex-
tent, differences in assumptions concerning the densities, internal excitation (charac-
terized by emission temperature) and degree of thermalization which characterized the
system at thermal freezeout. For example, IMF emission has been related to the oc-
currence of adiabatic instabilities [Bert 83, Schl 87, Snep 88, Boal 89a] which may lead
to the liquid-gas phase transition of highly excited nuclear matter [Lope 84b, Finn 82,
Jacq 84]. Other statistical models [More 75, Fiel 84, Tsan 88, Hahn 87], as well as
dynamical models [Boal 89, Boal 89a, Sura 89a, Sura 89b, Sura 89c, Sura 90, Peil 89],

which do not incorporate a phase transition have been equally successful at reproduc-



ing many features of the fragment data. To distinguish between different statistical
models, one needs to measure experimentally the freezeout densities as well as the

emission temperatures, to constrain the assumptions of these fragmentation models.

Since the fragment kinetic energy spectra are sensitive to collective motion, the
temporal evolution of the reaction, as well as Fermi motion and Coulomb barrier
fluctuations, they do not provide quantitative information concerning the internal
excitation energy at the freezeout stage of the reaction [Fiel 84, Frie 83, Bond 78,
Ban 85, Stoc 81, Siem 79]. Information about the intrinsic excitation and the degree
of thermalization at freezeout may be better obtained from the relative populations
of nuclear states of the emitted fragments [Morr 84, Morr 85, Poch 85a, Poch 85b,
Chit 86, Xu 86, Poch 87, Chen 87a, Chen 87b, Chen 87c, Bloc 87, Galo 87, Sain 88,
Xu 89, Naya 89].

Emission temperatures of T=4-5 MeV were extracted from pairs of widely sepa-
rated (AE > T) particle unbound states in “He, 6Li, and ®Be fragments at angles
significantly greater than the grazing angle where contributions from projectile frag-
mentation are negligible [Poch 85a, Poch 85b, Chit 86, Poch 87, Chen 87a, Chen 87b,
Chen 87c, Chen 88a, Sain 88]. The relative populations of these states were found
to be surprisingly insensitive to the incident ex;ergy over the range of E/A=35-94
MeV [Chen 87a, Chen 87d]. Moreover, these measurements revealed little sensitiv-
ity to the gates placed upon the linear momentum transfer to the target residue
[Chen 87c] or the associated multiplicity of charged particles emitted at forward an-
gles [Sain 88]. Slightly lower values, T=3 MeV, were extracted [Bloc 87] from the neu-
tron decays of excited states of 3Li emitted in the !N+ "3*Ag reaction at E/A=35
MeV. In contrast, significantly lower values, T=1 MeV, were extracted [Galo 87]
from the neutron decays of excited *C nuclei emitted close to the grazing angle

in the N+ '®Ho reaction at E/A=35 MeV. Finally, measurements involving the



~-ray decays of both low lying [Xu 86, Morr 84, Morr 85, Morr 86] and high lying
[Gome 88, Sobo 86] particle stable states have been performed. Before this disser-
tation started, the emission temperatures obtained from the decay of particle stable
states [Morr 84, Morr 85] were reported to be much lower than those obtained from
the decay of particle unstable states [Poch 85a]. Some of earliest work done in the
dissertation study [Xu 86] demonstrated that these low-lying particle stable states are
more difficult to interpret due to sequential feeding from higher lying particle unbound
states [Poch 85a, Xu 86, Hahn 87, Fiel 87, Gome 88, Sobo 86]. When the sequential
feeding is considered, these low-lying v-ray measurements are not in contradiction

with the emission temperatures extracted from the decay of particle unstable states

[Xu 86].

If the populations of excited states can be described in terms of thermal dis-
tributions corresponding to a single emission temperature, this temperature can be
unambiguously determined by measuring the relative populations of just two states.
Indeed, prior to the measurements undertaken in this dissertation and the disserta-
tion of Tapan Nayak [Naya 90], emission temperatures were generally extracted from
relative populations of just a few states. On the other hand, the degree of thermaliza-
tion and the internal consistency of this thermal assumption can only be investigated

by measuring a large number of states.

To perform such tests, a large number of particle stable states of intermediate mass
fragments were measured in this dissertation for 32S induced reactions on "**Ag at
an incident energy of E/A=22.3 MeV. These measurements were performed at angles
back of the grazing angle to avoid large contributions from peripheral processes.
Previous particle correlation experiments [Fiel 86b] on this system established that
fragments are emitted with a low average multiplicity, Mipr < 1, for a broad class

of violent projectile target collisions representing about 60-70% of the total reaction



cross section. In these reactions, large amounts (200-400 MeV) of energy are converted
into intrinsic excitation, and a significant fraction of intermediate mass fragments are
emitted prior to the attainment of statistical equilibrium of the composite system

[Fiel 86b).

In this dissertation work, the measured relative populations of excited states of
intermediate mass fragments are compared with those calculated from a thermal
model which includes sequential feeding from higher lying states. The comparison
indicates an average emission temperature of T~ 3 — 4 MeV. These measurements,
combined with previous measurements of particle unstable states, provide a picture
of a constant or gradually increasing emission temperature with incident energy. The
maximum observed emission temperature, is rather small. There are other indications
from neutron multiplicity measurements, high energy hard v-ray measurements, and
measurements of charged particle spectra which suggest a similar limitations to the

intrinsic excitation of composite residues.

Such observations may relate to the characteristic fragmentation temperature pre-
dicted to occur by multiparticle phase space models [Gros 88, Bond 85] when the hot
system expands to sufficiently low density. Questions concerning how hot systems
expand and cool may be better addressed by dynamic calculations. Surprisingly,
these models also predict a low and nearly constant intrinsic excitation at freezeout
[Lenk 86, Schl 87, Snep 88, Frie 88, Boal 88a, Boal 88b]. Within these calculations,
Both the particle emission and the expansion play roles in cooling the system. To
study whether the observed low and slowly varying emission temperatures can teach
us anything about the nuclear equation of state or in-medium nucleon-nucleon cross
section, we have performed dynamical calculations based on the Boltzmann-Uehling-
Uhlenbeck (BUU) equation, which is a theory based on the one-body density matrix.

Such calculations have the disadvantages that they do not properly describe many



body correlations and they do not contain sufficient fluctuations to properly predict
the emission of intermediate mass fragments, We therefore investigated excitation
energies and emission temperatures of the heavy residues predicted by the BUU
calculations. We are encouraged to try this approach by the results of molecular
dynamical calculations [Lenk 86, Schl 87] which indicate that all reaction products,
regardless of their masses, have about the same emission temperature. This suggests
that the excitation energies of heavy residues calculated in our study may provide
insights concerning the emission temperatures of intermediate mass fragments. Our
BUU calculations also allow us to address questions concerning the fusion cross sec-
tions, excitation energies and angular momenta for the heavy residues which have not
been studied in previous dynamical studies. Further discussion of these questions was

given in the following subsection.

B Disappearance of Fusionlike Residues

On rather general grounds, one expects fusion of the projectile and the target nuclei to
become less likely with increasing incident energy. Most experimental investigations
of the energy dependences of fusion or fusionlike processes have concentrated on mea-
surements of the traditionally well understood residue decay channels leading to the
production of the evaporation residues or fission fragments. Such measurements indi-
cate that fusionlike processes, particularly for Ar [Lera 86, Auge 86, Nife85, Fahl 86,
Jacq 84, Fabr 87, Bour 85] or Si [Deco 90, Grif 90] induced reactions, decrease rapidly
with incident energy when E/A > 20 MeV, and eventually vanish at around the Fermi
energy E/A ~ 35 — 40 MeV.

Fig. 1.1 shows a example of the fission fragment folding angle distribution (the
angle between the two fissioning fragments) measured for “°Ar+232Th collisions. In

such measurements, one sees two peaks in the folding angle distributions at E/A=31



MeV: a large peak at Opr ~ 170°, from the decay of target residues in peripheral
collisions, and a small one at fpr ~ 110°, from central fusionlike collisions. As the
energy increases from E/A = 31 MeV to 44 MeV, the peak due to fusionlike reactions

decreases with energy and eventually vanishes at E/A=44 MeV.

Total excitation energies and emission temperatures were also extracted from the
velocities of the fusion-like residues [Lera 86, Auge 85, Nife85, Bour 85, Gali 88] and
coincident light particle spectra [Goni 88, Gali 88, Wada 89, Deco 90], respectively.
Light particle evaporation spectra have also been analyzed [Goni 89, Bohn 90, Grif 90]
to extract the temperatures and the excitation energies of the residues. These analyses
suggested that the maximum excitation energy that a nucleus can sustain, decreases
with the mass of the composite system, from E*/A = 5-6 MeV for light systems
with total masses A< 100, to a value of E*/A ~ 3 MeV for a total mass A > 200.
[Guer 89, Lera 86, Auge 85, Bohn 90, Fahl 86, Bour 85]. If one assumes a level density
of a = A/8 MeV, the residue temperatures for these heavy systems are comparable
to the emission temperatures extracted from the emission of non-equilibrium IMF ’s

that were discussed in subsection A.

The disappearance of fusionlike cross sections has been most frequently interpreted
to be a consequence of the instability of hot nuclei at high temperatures [Finn 82,
Lope 84b, Bert 83, Schl 87, Snep 88, Boal 89a, Bord 85, Levi 84, Besp 89, Gros 88].
For example, the static model of Levit and Bonche [Levi 84] predicted a limiting
temperature of T ~ 5 — 10 MeV, above which nuclear matter becomes unstable
against hydrodynamic expansion. If one assumes a soft nuclear equation of state and
a level density of a = A/8 MeV, this ‘limiting temperature’ is consistent with the
observed disappearance of fusion-like processes with Ar induced reactions at E/A> 35
MeV [Auge 86]. These analyses assume the existence of an equilibrated residue at an

excitation predicted by incomplete fusion. To address the validity of this assumption,
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Figure 1.1: Differential cross section of fission products as functions of both the inci-
dent energy and the folding angle between the two fission fragments for *°Ar+2?Th

collisions [Conj 85] .
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one must also consider the processes which govern the formation of a highly excited

composite residue.

Within the presently available microscopic dynamical models, the formation of
a fusionlike residue depends on the interplay of the nuclear mean field and the
in-medium nucleon-nucleon scattering cross section. Clearly within these models,
whether two nuclei fuse or not depends on these ingredients. For example, a larger
nucleon-nucleon cross sections would give individual nucleons in the medium more
chances to collide with the others. This would result in more stopping and a larger
cross section for the formation of heavy composite residues. Therefore a study of,
for example, fusion cross section with models having these ingredients may allow one
to place limits on these model parameters. Similar questions can be asked about
the sensitivity of the residue cross sections or the excitation energies to the nuclear
equation of state. Dynamical models based on the Boltzmann-Uehling-Uhlenbeck
equation [Bert 84, Bert 87, Aich 85, Bert 88, Rema 86, Baue 87, Baue 88, Moli 85a,
Moli 85b, Krus 85,Aich 87, Aich 88, Gale87, Welk 88, Gale90, Peil 89, Cass 88, Cass
89] allow the possibility of investigating these questions. Prior to this dissertation

study, however, these issues had not been investigated.

II Organization

This dissertation contains two distinctive parts: The first four chapters deal mainly
with an experimental determination of emission temperatures for a large number of
particle-stable states. The remaining three chapters describe a theoretical project,
designed to address whether one can learn anything concerning the nuclear equa-
tion of state at sub-nuclear density from measurements of emission temperatures or

heavy residue cross sections. Final conclusions are given in chapter 8. Both parts of
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this dissertation are motivated by the idea of testing the concept of thermal freeze-
out by emission temperature measurements and by the desire to learn whether such

measurements can provide information concerning the nuclear equation of state.

In particular, this dissertation is organized as follows: In Chapter 2, the ex-
perimental details, including an overall description of the experimental setup, the
background subtraction of coincident y-rays, as well as the y-ray calibrations, will be
given. In Chapter 3, the inclusive fragment cross sections are presented and fitted
with simple parameterizations. The bulk of the particle y-ray coincidence data are

also presented in this chapter.

In Chapter 4, a detailed sequential decay calculation is described. The results of
this model calculation are compared with the experimental data and a mean emission
temperature is extracted. Summary and conclusions concerning the experimental

study are also made in this chapter.

In Chapter 5, a comprehensive description of the improved Boltzmann-Uehling-
Uhlenbeck (BUU) equation is provided. In this dissertation study, the BUU equation
is improved with a Lattice Hamiltonian method. Such a method gives an excellent
conservation of total energy which therefore allows us to study the thermalization and
energy deposition which would otherwise be impossible. In this chapter, we will give
a detailed descriptions of formal equations, numerical solutions of these equations,

and numerical tests of the ground state stability and the conservation of energy.

In Chapter 6, the improved BUU equation is applied to “°Ca+4°Ca and “°Ar+2?"Al
collisions in order to address the following two important questions: 1) which observ-
ables are most sensitive to the nuclear equation of state at sub-nuclear density; 2)
what are the dynamical limits to the formation of heavy residues. We will first discuss

the fusion cross sections and their sensitivities to the nuclear equation of state and
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the in-medium nucleon-nucleon cross section. We then discuss how one can design an
experiment to disentangle these sensitivities. Finally, we examine the various aspects

which limit the calculated fusionlike cross sections.

In Chapter 7, we return to address the emission temperature and its possible
relation to the nuclear equation of state. For such purposes, we investigate °Ar+27Al
and “°Ar+'%Sn collisions to determine the sensitivities to the equation of state. A

short summary is given in Chapter 8.



Chapter 2

Experimental Details

After a brief description about the experimental setup in section I, we discuss in detail
how to understand the coincident spectra and the background spectra obtained with
the Nal(T1) detectors of the Spin Spectrometer. Since the background yields measured
with these detectors are much higher than the yields of the discrete transitions of
interest (in some case, background is more than 20 times larger), it is crucial to
understand the line-shapes of the spectra. For this purpose, we present, step by step,
the calibrations of the line shapes using 4 — 4 sources, as well as proton inelastic
scattering. The determination of the absolute efficiency and the correction of the line

shape distortions due to double hits are also discussed.

I Experimental setup

The experiment was performed at the Holifield Heavy ion Research Facility of Oak
Ridge National Laboratory. Silver targets of natural isotopic abundance were irradi-
ated with3?S ions of 714 MeV energy. Intermediate mass fragments were isotopically
identified with five AE — AE — E surface barrier detector telescopes, positioned at the
laboratory angles of 6;pF = 20°, 25°, 30°,45° and 50°. The telescopes subtended solid

angles of AQ = 9.8, 10.1, 15.4, 36.3, and 28.6 msr, respectively. Each telescope con-

13
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sisted of two planar AE-detectors with thicknesses between 50 and 100 mm and an E-
detector with thickness of 1.5 mm. Cross contaminations between adjacent isotopes
were reduced by restricting the analysis to fragments that stopped in the E-detectors
of the telescopes thus permitting two independent particle identification gates. This
introduced energy thresholds at about E/A=8 MeV for 1°B at 0;pF = 20°,25°,30°
and at about E/A=T7 MeV for 0y = 45° and 50°. In order to reduce computer dead
time and speed up data acquisition, a hardware gate was set during the experiment
which suppressed triggers of the telescopes generated by light particles (p,d, .., a).
These particles are emitted with significantly larger cross sections than intermediate
mass fragments which were the focus of the present experiment. In order to make
sure that no nuclei with Z > 3 were rejected, the gates were set such that a small
fraction of a-particles were recorded on tape. About 85% of all light particles were

rejected by this method.

Coincident 7-rays were detected with the Spin Spectrometer [Jaas 83]. Six of
the Nal(T1) crystals of the Spin Spectrometer were replaced by Compton shielded
Germanium detector modules. In addition to the particle y-ray coincidence events,
the Spin Spectrometer was triggered by the detection in one Germanium detector of
0.898 or 1.836 MeV «v-rays from an 8Y source positioned close to the Ag target. With
a high probability, a 0.898 (1.836) MeV y-ray detected in the Germanium ensures the
interaction of the companion 1.836 (0.898) MeV ~4-ray elsewhere in the the Spin
Spectrometer. Using this additional source data, it was possible to monitor the gain
shifts of the photomultipliers of Nal(T1) detectors and make corrections for these gain

shifts, run by run, in the off-line analysis.
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II Background Subtractions

In the backward hemisphere of the Spin Spectrometer, neutrons could be suppressed
by time-of-flight discrimination. The time-of-flight separation of neutrons from v-rays
for detectors in the forward hemisphere of the Spin Spectrometer was considerably
worse due to the large cross sections for fast, noncompound neutrons at forward
angles. To reduce the systematic errors arising from background subtraction, we
consequently restricted our analysis to data taken with the Nal(Tl) modules in the
backward hemisphere (6, > 90° ) of the Spin Spectrometer. To illustrate neutron
suppression in the backward hemisphere, we show in Fig. 2.1 the relative time spec-
trum obtained between a solid state particle telescope located at O;pr = 20° and a
Nal(T1) y-ray detector located at 6, = 138°. The time spectrum clearly exhibits a
sharp peak due to prompt y-rays and a long tail caused predominantly by low energy
neutrons emitted from excited target residues. Significant background reductions
could be achieved by selecting prompt 4-rays with a narrow time gate. The lower
and upper limits of the time gate employed for this particular detector pair are shown

by the arrows marked as ¢; and ¢, ,respectively.

The energy spectra of coincident v-rays were transformed, event by event, into the
rest frames of the detected fragments using relativistic Jacobians and Doppler shift
corrections. Since these transformations shift and broaden v-ray transitions of the
target residues, particular attention was paid to identifying and correcting for such
effects. For this purpose, background spectra were generated by performing similar
transformations to v-ray spectra measured in coincidence with Be nuclei which have
no strong transitions at the vy-ray energies of interest. The background spectra were
then used in the fitting procedure to extract the yields of 4-rays from the decay of

the detected intermediate mass fragments.
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Figure 2.1: Relative time spectrum between a particle detector ( at ;pF = 20°) and
a Nal(Tl) v-ray detector (at 6, = 138°). The limits of the time gate used for the
analysis is indicated by the arrows marked as ¢; and t,.
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For illustration, the transformed 4-ray spectra measured in coincidence with !B,
110, and '2C fragments are shown in the left hand panels of Figs. 2.2-2.4, respectively.
The spectra were summed over all measured particle emission angles and energies
and over all 4-ray detectors located in the backward hemisphere. The dashed lines
show the corresponding background spectra. On this scale, individual transitions are
barely, if at all, visible. A better visual comparison of coincidence and background
spectra is possible when smooth analytical functions are subtracted from both of

them. The dotted curves correspond to functions of the form
f(Ey) = A- exp(=Ey/a) + Bexp(—E,/B) + C (2.1)

where A, B, a, B are constants adjusted by fitting the background and C is a constant
offset. The solid and open points in the right hand panels show the coincidence
and background spectra after subtraction of these functions. On these scales, the
individual v-ray transitions are clearly discernible. Moreover, spurious structures
of the experimental background spectra are small in comparison with the identified
peaks of the coincidence spectra. (The subtraction of the function f(E,) cancels in
the final data reduction; this intermediate step only facilitates a detailed comparison

of the coincidence and background spectra in regions of high background.)

The yields of 4-rays from the decay of the detected intermediate mass fragment
were fitted by folding the detector response function with the energies of known
transitions of the detected fragment and adjusting the strengths of the individual
transitions and the normalization of the background spectrum. The detector response
function was calibrated over the energy range of E ~ 0.5—7 MeV with y-rays emitted
from ?*Na,%°Co,%8Y, and 2°7Bi radioactive sources as well as y-rays produced by the
inelastic scattering of protons from '?C and!®O target nuclei. The response function
includes detailed descriptions of the photo-, first and second escape peaks, as well as

line shape corrections due to coincidence summing. Finally, the inclusive fragment
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Figure 2.2: Left hand panel: Coincidence (solid line) and background (dashed line)
spectra for !B fragments. The dotted line corresponds to the function of Eq. (2.1).

Right hand panel: Coincidence (solid points) and background (open points) spectra
after subtraction of the function of Eq. (2.1)The locations of specific y-ray transitions
in B are marked by arrows.
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Figure 2.3: Left hand panel: Coincidence (solid points) and background (dashed
line) spectra for !'C fragments. The dotted line corresponds to the function of Eq.
(2.1). Right hand panel: Coincidence (solid points) and background (open points)
spectra after subtraction of the function of Eq. (2.1). The locations of specific 4-ray
transitions in !'C are marked by arrows.
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Figure 2.4: Left hand panel: Coincidence (solid points) and background (dashed
line) spectra for 2C fragments. The dotted line corresponds to the function of Eq.
(2.1). Right hand panel: Coincidence (solid points) and background (open points)
spectra after subtraction of the function of Eq. (2.1). The locations of specific y-ray

transitions in '2C are marked by arrows.
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yields and the fragment-+-ray coincidence yields were summed over angle to extract
the fraction F., of observed fragments which were accompanied by the designated
v-ray. Technical details of the response functions and corrections for the effects of
coincident summing are presented in the next section. Here we present a less detailed

overview of the analysis procedure.

The effects of coincidence summing are illustrated for the simple case of the 4.44
MeV q-ray transition of excited ?C fragments, see Fig. 2.4 for the coincidence
and background spectra. The final coincidence yield after background subtraction
is shown by the solid points in Fig. 2.5. The dashed curve shows the detector
response as calibrated via the '2C(%,~’)!2C reaction for which the gamma ray mul-
tiplicity is one. This calibration underpredicts the high-energy tail of the line shape
for the spectrum measured in the ***Ag(32S,'2Cy) reaction in which the average v-ray
multiplicity is high. Due to this high 4-ray multiplicity, there is a non-negligible prob-
ability that two coincident 4-rays or a 4-ray and a neutron are detected in a single
Nal(Tl) module. We denote this effect as ‘coincidence summing’; it depends on the
associated v-ray and neutron multiplicities and on the geometry of the experiment,
but is independent of the beam intensity. The calculation of the line shape distortion
due to coincidence summing will be described in Section III(C). The corrections are
illustrated in the lower part of Fig. 2.5. The dashed line shows the response of the
detector to a given number of 4.44 MeV 4-rays in the absence of coincidence summing.
A fraction, p(~ 0.28), of these v-rays, will interact with the detector in coincidence
with a second 4-ray or a neutron from the same reaction. The summed response to
the 4.44 MeV ~4-ray plus the second 4-ray or neutron is shown by the dashed-dotted
curve. The remaining fraction, 1 — p, of the 4.44 MeV y-rays will interact individu-
ally with the detector with the response function measured at low multiplicities and

shown by the dotted curve. The total response function, corrected for coincidence
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summing, is shown by the solid lines in Fig. 2.5; it corresponds to the sum of the
yields represented by the dotted and dashed-dotted curves (See also Eq. (2.19)). This
parameter-free correction reproduces the measured coincidence yield rather well. All

fitted spectra include corrections due to coincidence summing.

Coincidence summing corrections were also required to extract the y-ray yields
from measurements obtained with the Compton suppressed Germanium detectors of
the Spin Spectrometer. Due to the superior resolution of the Germanium detectors,
individual 4-ray hits are well separated from summed events and corrections to the
line shape are not required. In the Compton suppressed operating mode, however,
additional 4-rays or neutrons detected in the Germanium detector or the Compton
shield result in a multiplicity dependent loss of efficiency of about 20%. This loss of

efficiency are corrected and the data are also included in Figs. 4.4 and 4.5.

Figures 2.6 and 2.7 give examples for more complicated coincidence spectra. The
solid points show the final coincidence yields from!'B ( 2.6) and !'C (2.7) y-decays,
after background subtraction. (The original coincidence and background spectra were
already shown in Figs. 2.2 and 2.3.) The photopeak locations of the most important
q-ray transitions are marked by arrows. The lower panels show individual contri-
butions from the most important transitions used in the fits. The most important
transitions and branching ratios used in the final fits are shown in the inserts. Clearly,
the individual populations of states above about 6 MeV excitation energy are not well
determined. In these and other ambiguous cases, we have used the summed strengths
of the groups of states indicated in the upper parts of the figures to provide informa-

tion about the emission temperature.
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Figure 2.5: Upper panel: Background subtracted coincidence yield (solid points) at-
tributed to y-ray decays of excited '2C fragments. The location of the photopeak for
the decay of the 4.44 MeV states is marked by an arrow. The dashed line shows the
original response function determined from the calibration at low 4-ray multiplicity.
The solid line shows the final line shape which includes corrections due to coincidence
summing. Lower panel: Corrections due to coincidence summing at high 4-ray mul-
tiplicity. The solid and dashed lines are the same as in the upper panel. The dotted
curve corresponds to the calculated response due to the simultaneous detection of two
~-rays; the dashed-dotted line corresponds to the undistorted response when only the
4.44 MeV ~-ray is detected. The solid line corresponds to the sum of the dotted and
dashed-dotted lines.
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Figure 2.6: Upper panel: Background subtracted coincidence yield (solid points)
attributed to y-ray decays of excited !B fragments. The solid line shows the fit used
for the extraction of the vy-ray fractions,F,, listed in 3.2. The locations of several
strong transitions are shown by arrows. Lower panel: Contributions from individual
transitions. Important transitions and branching ratios are given in the insert.
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Figure 2.7: Upper panel: Background subtracted coincidence yield (solid points)
attributed to v-ray decays of excited !'C fragments. The solid line shows the fit used
for the extraction of the v-ray fractions,F,, listed in 3.2. The locations of several
strong transitions are shown by arrows. Lower panel: Contributions from individual
transitions. Important transitions and branching ratios are given in the insert.
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IIT ~-ray calibrations

A Line Shape Calibration

The response functions for the individual detector modules of the Spin Spectrometer
were calibrated with v-rays emitted from ?*Na,%°Co,%8Y, and 2°’Bi radioactive sources
as well as y-rays produced by the inelastic scattering of protons on '2C and '¢0O nuclei.

In total 12 calibration points were measured over the energy range of E, ~ 0.57 — 7

MeV.

After gain matching of the individual detector modules, the y-ray spectra were
summed over the detectors located in the back hemisphere of the Spin Spectrome-
ter. The summed spectra were then fitted with a parameterized response function.
Examples of calibration fits are shown in Fig. 2.8. The fitted response function was

parameterized as:

E‘y(E, Eo, Ao) = 22: Ak[ak(E', Ek) + ﬂk(E, Ek)], (22)

k=0
with

exp[(Lk/2aZ)(Lk +2F - 2E'k)], forE < Eyx — Ly
ak(E, Ek) = exp[—(E - Ek)2/2az], forEk —Li<E<E.+U; (2.3)
exp[(Uk/20%)(Ux — 2E + 2E})], forE > Ei + Uy

and

Bk(E, Ei) = S;,{% + arctan[ax(E — Ex — b))

+Ti arctan[ax(E — Ei — by — )] — Tk arctan[ax(E — Ex — b + ¢)]} (2.4)

In Egs. (2.2)-(2.4), the indices k = 0, 1, and 2 denote the photo-, first and second
escape peaks, respectively; Eq and E denote the original 4-ray energy and the detector
response in MeV; the functions ax(E, Ei) and Sx(E, Ei) parameterize the line shapes

of the individual peaks and the Compton backgrounds, respectively. The positions of
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the first and second escape peaks were given by:
Er = Eq — 0.511k. (2.5)

The photopeak amplitude, Ao , was fit to the measured spectrum, and the relative
normalizations of the amplitudes, A; and A; , were determined from the calibrations

and could be expressed in the functional form:
A = CxAo{1 — exp[(1.56 — Ex)/3.0]}6(Ex — 1.56), (k = 1,2), (2.6)

where O(z) is the unit step function, ©(z) = 0 for z < 0 and ©(z) = 1 for z > 0,
and C; = 0.90 and C; = 0.18. The energy dependence of the line shape parameters

was determined by the calibrations and could be represented by the functions:

Ly = [0.19 + 3.52 exp(— Ek)) o, (2.7

Ui = [0.47 + 1.22 exp(—Ex/1.91)]0%, (2.8)

o = (6.8 + 33EL/%) x 1073, (2.9)

g, _ [ —0012E, +0.075,  for Ey < 4.44MeV (2.10)
¥~ 0.00345E; +0.0063, for E; > 4.44MeV '

T, = 29.50%, (2.11)

ar = —1.0/(78.70%), (2.12)

by = —2.0 — 377.00% + 50.0E; /(1.0 + 9.8E), (2.13)

Cc= 72.00’0. (214)

Apart from the y-ray energy E, , the calibrated detector response function contains

only the adjustable parameter, Ag, which determines the normalization.
B Absolute Efficiency

The relation between the fitted amplitude A and the total number of 4-rays of energy
Ey was calibrated at low energies, E, = 0.57 — 2.75 MeV, via 4-v coincidence mea-

surements using radioactive sources with coincident transitions. At higher energies,



28

E. 2 4.4MeV, the absolute efficiency was obtained from p — v coincidences measured
for the inelastic scattering of protons on '2C and!®Q. If the observed y-ray peak can
be attributed completely to the particle y-ray coincidence yield, we can define the

normalization function n,(E,) as:
My(Eo) = Ao(Eo)/N(Eo), (2.15)

where Ag(E)) is the amplitude fitted to the spectrum of a y-ray of energy E, (defined

as Ap in Eq. (2.2) and N(Ey) is the total number of emitted 4- rays.

For two coincident 4-rays of energies Eo and E,’, the efficiency for the detection
of y-rays of energy E, with the Nal(Tl) detectors of the Spin Spectrometer can be
calibrated by determining the amplitude Ao(Ep) for the spectrum measured in coin-
cidence with 4-rays of energy Eo’ detected with a Compton suppressed Germanium
detector module of the Spin Spectrometer. When gated on the y-ray peak of energy
Ey' in one (Ge) detector, non-negligible contributions, Ag(Eo’), of the same energy
Eq' are observed in the other (Nal) detectors (Fig. 2.8). These contributions,Aq(Eo’),
are entirely due to random coincidences and thus allow us to correct for the random
coincidence contributions to the true peak Ao(Eo). Since Ag(Ey) is determined from
the spectrum summed over all detectors contained in the backward hemisphere of the
Spin Spectrometer, angular correlation effects are effectively integrated out. When
such random coincidence effects are important, 7,(E,) is not given by Eq. (2.15).

Instead, making the random correction, one has,

(o) Py (Eo) 1
N4(Eo") Py(Eo")" Nge(Eo') Poy(Eo)’

Here, Nge(Eo') denotes the total number of y-rays of energy Eo’ detected in the

1v(Eo) = [Ao(Eo) — Ao(Eo’)

(2.16)

Germanium detector; P,,(E,;) denotes the conditional probability that a +-ray of
energy E, is emitted in coincidence with the detected v-ray of energy Eo’; typically,

P,,(Ey) = 0.8 - 1.0; P,(Eo) and P,(E,’) correspond the single inclusive emission
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probabilities for y-rays of energies Eo and Ey’, respectively. The second term in the
square brackets corrects for random coincidences. When gated on the other v-ray
peak E, (Fig. 2.8, the upper and lower figures in the left-hand column), the true
coincidence amplitude for y-rays of energy Eo’ and random amplitude for f—rays
of energy Eo can be extracted. Thus, a corresponding equation for 7.,(Eo’) can be
established with Ey and E,’ interchanged in Eq. (2.16), allowing the unambiguous

determination of 7,(E,) and n,(Eo’) by an iterative procedure.

For the case of y-rays emitted in the 2C(p,p’y) and '®O(p,p’y) reactions, one
places a gate on the respective peak in the proton spectrum to determine the number,
N+, of inelastically scattered protons. Summing over the Nal(Tl) detectors in the

backward hemisphere, one obtains:

v(Eo) = Ao(Eo)/[Np+ Poy(Eo)), (2.17)

where the amplitude A¢(Ey) is determined from the coincident 4-ray spectrum, cor-
rected for random coincidences; P,,(Ey) is the conditional probability that a y-ray of
energy Ey is emitted in coincidence with the detected inelastically scattered proton.

For the transitions of interest, the conditional probability P,,(Ep) is unity.

Figure 2.9 shows individual points measured for the normalization function. The

solid line shows the analytical interpolation used in our analysis,

y(Eo) = 4.11 E;%*% exp[—0.0143(3.912 + In Ep)? — 0.010(3.912 + In Ep)?). (2.18)

C Coincidence Summing

For the average event analyzed in the present experiment, the individual Nal(TI)
modules in the backward hemisphere trigger with a coincidence probability of about
p = 28%. This high probability is due to the rather large multiplicity of y-rays (and

neutrons) emitted from highly excited target residues. Only a fraction, 1 — p, of
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recorded fragment v-rays will be correspond to single 4-ray interactions for a given
detector module; there is the probability, p, for the coincident interaction of a second
v-ray with the same detector module. This ‘coincidence summing’ effect leads to
considerable, multiplicity dependent line shape distortions, see Fig. 2.5 of the main
text. These line shape distortions were evaluated by folding the fraction, p, of the
original calibration function, Eq. (2.2), with the normalized background function,
B, (FE), obtained from an energy spectrum in the backward hemisphere of the Spin
Spectrometer which reflects the pulse height distribution for neutrons and +-rays
emitted from target residues. This latter spectrum was gated by the detection of a
°Be fragment in a particle telescope to avoid introducing structures due to discrete
~-rays emitted from the detected fragments. The corrected response function has the

form:

€3 (B, o, Ao,p) = Aol(1~ p)es(E, o) 4 [ dB'lex(E ~ ', Eo)By(E")]}(2.19)
with

/ dE'B,(E") = 1. (2.20)

where €, (E, Ep) is the result of Eq. (2.2) with Ag = 1.
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Eqs.(2.2)-(2.4). The solid lines show the fitted line shapes; the dashed lines show
the calculated Compton background.
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Figure 2.9: Measured values of the normalization function 7,(E,), defined in Eq.
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Chapter 3

Data

In this chapter, the data for single particle inclusive spectra and the coincidence 7-
ray spectra are presented. In the first section we present the single fragment kinetic
energy spectra, and fits to the spectra using a ‘moving source’ parameterization. The

coincident v-ray data are discussed in the second section.

I Single fragment Inclusive Cross Sections

The inclusive differential cross sections, measured at 0,y = 20°, 25°, 30°, 45° and 50°,
are shown in Figs. 3.1-3.5 for isotopes of lithium, beryllium, boron, carbon, nitrogen,
and oxygen, respectively. Consistent with previous measurements [Fiel 86a, Fiel 86b],
the spectra exhibit broad maxima at energies close to the exit channel Coulomb
barrier and rather featureless, nearly exponential slopes at higher energies. These
slopes become steeper at larger angles. In the center-of-mass system, the cross sections
are peaked at forward angles, indicating emission prior to the establishment of full
statistical equilibrium of the composite nuclear system. In order to obtain analytical
interpolations of the inclusive cross sections to unmeasured angles and energies, the
data were fitted by a parametrization employing the superposition of three Maxwellian

distributions (‘moving sources’):

33
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;)2_;5 = EN.'\/E —U. exp{—[E - U.+ E; — 2\/E{(E — U.) cos 0] /T:} (3.1)

1=1

Here, U, is the kinetic energy gained by the Coulomb repulsion from the heavy
reaction residue assumed to be stationary in the laboratory system; N; is a normal-
ization constant and T; is the "kinetic temperature” parameter of the i-th source;
E; = mv;, where m is the mass of the emitted fragment and v; is the velocity of the
i-th source in the laboratory system. This choice of parametrization was chosen for
simplicity. Fits obtained with this parametrization are shown by the solid lines in
Figs. 3.1-3.5; the parameters are listed in Table 3.1. Because of the small angular

range covered by the data, substantial ambiguities exist for the individual parameters.
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Table 3.1: Parameters used for the fits of the inclusive cross sections with Eq. 3.1.
The Coulomb repulsion energies U, and the temperature parameters T; are given in
units of MeV, and the normalization constants N; are given in units of ub/(srMeV3/?).

TT vl/c N1 Tg vg/C Nz T3 ‘U3/C N3 Uc
°Li | 0.156 | 5.1 73.5 [0.095| 9.6 |219.9(0.025 | 5.0 | 226.4 | 35.0
"Li |0.143 | 8.6 | 229.7 |0.081 | 9.6 | 369.7 | 0.007 | 5.0 | 270.6 | 34.6
8Li {0.160 | 5.0 0.1 0.090 | 11.0 | 34.3 | 0.009 | 13.7 | 17.1 | 34.3
"Be | 0.161 | 7.7 65.7 [0.085 (10.1 | 73.1 | 0.018 | 5.0 | 41.3 | 45.4
°Be | 0.154 | 6.8 74.6 |0.086 | 10.0 | 107.9 | 0.000 | 5.0 | 121.5 | 44.5
10Be | 0.180 | 5.5 57.7 10.105 [ 10.2 | 48.9 | 0.043 | 10.4 | 29.7 | 44.1
1B [ 0.172 | 2.5 | 5675.6 | 0.097 | 10.5 | 92.8 | 0.001 | 12.7 | 42.6 | 47.0
1B [0.167 | 4.0 | 977.7 |0.101 | 10.4 | 190.3 | 0.008 | 11.7 | 106.8 | 46.6
12B 10.173 | 2.7 | 1494.4 | 0.102 | 11.0 | 21.9 | 0.014 | 12.5 | 12.0 | 46.3
13B 10.167 | 3.3 1274 |0.097 [ 12.0 | 4.8 | 0.013 [ 13.1 | 2.3 | 46.0
1C (0.164 | 3.5 | 260.2 |[0.100 | 11.2 | 26.0 | 0.013 | 9.0 | 17.2 | 58.0
12C 10.165 | 3.8 | 1608.1 |0.102 | 10.1 | 156.9 | 0.022 | 8.4 | 139.0 | 58.8
13C 10.162 | 3.5 | 1787.7 | 0.100 | 10.1 | 107.1 | 0.037 | 6.7 | 98.6 | 66.8
4C 10.164 | 3.5 | 930.5 |0.102|10.6 | 37.5 | 0.038 | 10.2 | 23.7 | 58.0
BN [0.165 | 3.6 | 1255 [0.102|12.3 | 3.8 [0.001 [ 11.4| 4.6 |69.3
14N [0.169 | 2.7 | 11904.2 [ 0.105 | 10.5 | 49.5 [ 0.051 | 7.4 | 37.0 | 68.9
15N [ 0.164 | 3.2 | 8122.8 [0.106 | 9.6 | 123.1 [ 0.051 | 8.0 | 79.0 | 68.5
16N [0.159 | 3.8 | 211.4 [0.102|11.4| 9.6 [0.043 |10.4| 9.5 |68.5
1N [0.155 | 4.5 40.3 (0.104 (119 3.6 |0.048|11.6| 3.5 |67.8
150 1 0.164 | 2.8 | 2206.9 | 0.106 [ 11.6 | 56 |[0.052| 7.5 [ 7.0 |76.9
160 [0.159 | 4.2 | 1254.1 | 0.107 | 9.8 | 66.3 | 0.057 | 7.8 | 55.9 | 76.5
170 |0.158 | 3.8 | 1254.4 [ 0.107 | 10.1 | 33.6 | 0.054 | 8.3 | 32.4 | 76.1
180 10.158 | 4.0 | 557.1 |0.103 [ 10.4 | 19.8 | 0.051 | 8.1 | 19.5 | 75.7
190 10.149 | 5.5 22.1 0.099 1126 | 2.0 [0.055|11.8| 3.1 | 754
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I ~-Ray Spectra From Decaying Fragments

A ~7-Ray Spectra From Germanium Detectors

Spectra of 4-rays detected in coincidence with isotopes of 8Li, "Be, 1°B, 1?B, ana 13C
are shown by the histograms in Fig. 3.6. To obtain these spectra, the energy spectra
of coincident v-rays were transformed into the rest frames of the coincident particles
using relativistic Jacobians and Doppler shift corrections. Since these transformations
shift and broaden v-ray transitions of the target residues, particular attention was
paid to identifying and correcting for spurious structures in the 4-ray background.
Similar to the analyses of the Nal(Tl) spectra, background spectra were generated by
performing Doppler shift transformations on raw <-ray spectra measured in coinci-
dence with 6Li, °Be, and !B nuclei. These nuclei have no strong 4-ray transitions at
the v-ray energies which could be measured with the Germanium detectors; however,
these background spectra contained discrete transitions from target residues common

to all spectra.

The Doppler shifted background spectra are indicated by the solid dots in the fig-
ure. The following transitions were analyzed: 8Li(1*, 0.981 MeV)— y+2Li(2%,g.s.),
"Be(3”, 0.429 MeV) — v+"Be(37,4.5.), 1°B(1*, 2.154 MeV)— 7+!°B(0%,1.740
MeV), 13C(§+, 3.854 MeV)— 7+!3C(27, 3.684 MeV), and overlapping transitions:
12B(2+, 0.953 MeV)— v+!2B(1%, g.s.), 1?B(17, 2.621 MeV)— v+'?2B(27,1.674 MeV).
We did not analyze the transition, "Li(1~, 0.478 MeV)— 7+"Li(27, g.s.), because the
pile-up of two coincident a-particles in the telescopes is misidentified as a "Li, [Wohn
74], nor the long-lived transition, 1°B(1*, 0.718 MeV)— v+1°B(3+, g.s.; 7 = 1.02ns),
[Ajze 86a], because this decay occurs at a considerable distance from the target re-
sulting in major uncertainties in the efficiencies of the y-ray detectors. The data in

Fig. 3.6 were summed over all detectors; the individual detectors provide comparable
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Figure 3.1: Inclusive differential cross sections for lithium and beryllium isotopes; the
laboratory detection angles are indicated in the figure. The solid lines represent fits
with Eq. (3.1); the parameters are listed in Table 3.1.
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Figure 3.2: Inclusive differential cross sections for boron isotopes; the laboratory

detection angles are indicated in the figure. The solid lines represent fits with Eq.
(3.1); the parameters are listed in Table 3.1.
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Figure 3.3: Inclusive differential cross sections for carbon isotopes; the laboratory
detection angles are indicated in the figure. The solid lines represent fits with Eq.

(3.1); the parameters are listed in Table 3.1.
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Figure 3.4: Inclusive differential cross sections for nitrogen isotopes; the laboratory

detection angles are indicated in the figure. The solid lines represent fits with Eq.
(3.1); the parameters are listed in Table 3.1.
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Figure 3.5: Inclusive differential cross sections for oxygen isotopes; the laboratory

detection angles are indicated in the figure. The solid lines represent fits with Eq.
(3.1); the parameters are listed in Table 3.1.
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Figure 3.6: Spectra of 7-rays detected in coincidence with isotopes of ®Li, "Be, 1°B,
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numerical contributions to the sum. The inclusive fragment yields and fragment-v-ray
coincidence yields were summed over angle and combined to extract the fraction, F.,, of
observed fragments which were accompanied by the designated 4-ray. Spin alignments
were assumed to be zero. This introduced a spin alignment dependent uncertainty in
F., of about 3%. Values for F, obtained for these transitions, after correction for the

efficiency loss due to the coincidence summing effects are presented in Table 3.2.

B ~-Ray Spectra from Nal Detectors

The 4-ray spectra detected in coincidence with °Be, 2B, 13C, 14C, 4N, 15N, 1€Q,
and '30 fragments are shown in the left hand panels of Figs. 3.7- 3.14, respectively.
The respective background spectra are represented by the dashed lines. The right
hand panels show the yields obtained after subtraction of the background spectra.
These yields are associated with 4- ray transitions in the detected fragments. The
solid lines show the fits used for the extraction of the v-ray fractions, F,,. The inserts
in the left hand panels show the most important transitions and branching ratios.
Photopeak locations of important transitions or groups of transitions are indicated
by arrows in the right hand panels. For the actual fits, we used the complete set of
transitions and branching ratios from the compilation of ref. [Ajze 84-88]. The y-ray
yields associated with decays of excited !B, ''C, and '2C transitions were already

presented in Figs. 2.5-2.7.

For 12C, 3C, and !°Be fragments we have investigated whether the measured
values of F,, depend on the fragment kinetic energy or scattering angle. Within the
experimental uncertainties, no dependence of the F., on either quantity was observed.
Values for F,, listed in Table 3.2, were obtained by combining the data for the various

intermediate mass fragment kinetic energies and scattering angles.

The coincident v-ray spectra can be well understood in terms of known transitions
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in the detected fragments. The good agreement of the measured and fitted spectral
shapes justifies, a posteriori, our treatment of the background associated with emis-
sions from target residues. The only case which shows noticeable deviations from
our standard calibration and background subtraction procedures corresponds to thé
width of the 0.95 MeV y-ray peak measured in coincidence with 2B fragments, see
Fig. 3.8. This peak results from the superposition of the decays ?B(2+,0.953MeV)
—y+12B(1%, g.s.) and ?B(1~,2.621MeV) —y+'?B(2-,1.674MeV). For this low en-
ergy v-ray, the line width was somewhat larger than expected from the overall calibra-
tion of the response function, suggesting that the resolution of the Spin Spectrometer
was slightly worse during the experiment than during the calibration. This degrada-
tion of the resolution could possibly arise from the coincidence summing of low energy
v-rays and z-rays which lie below our experimental thresholds and therefore are not
taken into account by the coincidence summing corrections described in Appendix
C. This resolution problem made the background determination and subsequent sub-
traction more difficult for v-ray energies below about 1 MeV. In order to extract
the strength of this peak more accurately, the spectrum was fitted by folding the
calibrated response function with a Gaussian of 0.14 MeV FWHM (while conserving
the integral normalization of the spectrum). The v-ray fraction extracted from this
peak agrees within 10% with that extracted [see Table 3.2] from the y-ray spectra
measured with the Compton shielded Ger