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ABSTRACT

STUDIES OF THE BETA DECAY OF
LIGHT PROJECTILE FRAGMENTS
FAR FROM STABILITY

By
David Mikolas

Nuclei far from stability can be produced by the fragmentation of
beams at the National Superconducting Cyclotron Laboratory at Michigan
State University, and separated by the Reaction Product Mass Separator.
Since these fragments maintain a significant fraction of the momentum
of the beam broadened by the reaction dynamics, the beta decay of these
nuclei can be observed only after they come to rest in a thick layer of
material such as an active silicon detector. Here decay products such
as the emitted B8 particle and any B-delayed charged particles can be
detected and often their energy determined. |

New techniques to study beta decay and beta delayed particle emis-
sion from projectile fragmentation have been developed. Problems such
as the determination of absolute partial and total decay rates, con-
tamination by other isotopes, background and daughter activity, fitting
procedures where only a small number of events are available or where
data are contaminated with other activity or background and energy
calibration are discussed. Techniques for their management are
presented.

The Nuclear Shell Model, with an empirical Hamiltonian based upon
tabulated nuclear structure information from stable or close to

stability nuclei, will benefit particularly from information of the




structure of nuclei far from stability for two reasons. At first, ob-
servables such as beta decay rates can be measured and compared to
predictions. Any deviations might give insight into the limitations of
the present Hamiltonians. Later as more information is gathered, a
significant body of excited states will be compiled facilitating a new
fit of the matrix elements of the Hamiltonian including far-from-
stability configurations. It is however difficult to extract the
standard quantities such as beta decay matrix elements from the data in
a form comparable to the predicted values. Many levels will be unbound
to nuclear decay, often to the emission of two or more particles. The
distribution in phase space of all of these particles must somehow be
interpreted with a reasonably simple model in order to extract beta
decay matrix elements. In this thesis, a simple model is presented in
order to interpret such data. This model incorporates the generalized

density of states concept into the standard model of beta decay to

bound levels,
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SECTION I



I. Introduction:

The beta decay properties of nuclei provide a view on the internal
structure of the nucleus predominantly by the association of decay
rates with the overlaps of calculated wave-functions and known or em-
pirical operators. The study of the decay properties of nuclei far
from stability allows us to put theories of nuclear structure and decay
to the test. This is because most of the information used in the con-
struction of these theories represents properties of nuclei very close
to the line of stability1. Often, the beta decay will populate
unbound levels. In this case further study of the nuclear structure
can be extracted from the nuclear decay properties following beta
decay. A recent compilation of beta decay data was produced by
BROWN85. While the data spans decades of research, a clear peak in the
number of 'new' nuclei measured and B(GT) (see Equation 2.4) occured.
The number of newly accessible nuclei has diminished as the current
production and detection technologies have matured. This trend is il-
lustrated in Figure 1.1.

The characteristics of beta decay of nuclei far from stability
differ from those closer to stability in many ways. The major dif-
ference lies in the greater amount of energy released in each decay.

The available phase space for the electron and neutrino behaves roughly

1. The stability line is drawn on the Z,N axis. Z and N
represent proton and neutron number respectively. The nuclei
which define the stability line are those with the ratio of
protons to neutrons which provide the lowest energy
configuration for a given number of total nucleons (Z+N).




as the fifth power of decay energy, and thus half lives become dramati-
cally shorter for those nuclei farther from stability.

Many more excited states become energetically accessible with the
increase in available energy, and the binding energy of the daughter
nucleus simultaneously decreases. This is illustrated in the series of
graphs in Figure 1.2. Here the beta decay energy and nucleon separa-
tion energy of the daughter are graphed for each element (Z) as a
function of 'neutron richness' (N-Z).

With the availability of more isotopes for decay studies, higher
production rates and improved and innovative measurement techniques,
new decay phenomena and un-expected yariances with theoretical models
will be discovered as the study of nuclei far from stability continues.
One area of particular growth will be the observation and understanding
of delayed multi-particle emission. The probability of observing such
processes rapidly increases farther from stability. The case of the
decay of '°®B is illustrated in Figure 1.3, where the beta decay
energies and neutron decay thresholds in Mass 19 are shown. Here, up
to seven neutrons can be emitted following the beta decay of '°B.

In other fields of nuclear physiecs, the breakup of light systems
is studied as they are emitted from hot nuclear sources. Table 1.1
gives some examples of high energy beta decays which can provide be-
tween 1 and 2 MeV of excitation energy per nucleon in the daughter.
The associated nuclear temperature T which one might assign to this ex-

citation energy per nucleon from a simple Fermi gas model is given by,

T = Va EX/A . (1.1]
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Table 1.1 Some maximum excitation energies and inferred temperatures
following beta decay.

Parent Daughter Maximum EX Maximum Inferred

Isotope Isotope (MeV) Temperature (MeV)
%He SLi 10.65 3.3
.Li ®Be 16.00 k.0
°B °Be 16.96 4.1
°Li ’Be 13.61 3.5
°C °B 15.48 3.7
YLi ''Be 20.73 3.9
''Be ''B 11.51 2.9
'2Be '2B 1.71 2.8
‘2B t2C 13.37 3.0
12N ‘2C 16.32 3.3
130 13N 16.74 3.2
'*Be '*B 17.36 3.1
'*B teC 20.64 3.4
'SB '5C 19.10 3.2
1B '7’C 22.98 - 3.3
198 e 26. 3.3
2251 22Mg 17.41 2.5
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The level density parameter a is set to 8 MeV in this case (from
NAYAKS8). .

A great deal of research is presently underway at NSCL and other
laboratories to infer the conditions which occur in a heavy ion reac-
tion from the break-up of light nuclei emitted from the reaction
environment. The observation of the breakup of these nuclear systems
in the 'clean environment' of beta decay (no nuclear spectators or con-
tamination from other processes when beam strikes target) may improve
our understanding of such processes, and may indeed yield important
spectroscopic information not easily obtainable in any other way.

Some beta delayed particle decay channels will be quite complex,
or compete with two or more other particle decay channels. .In Figure
1.4 the beta delayed particle decay channels for 22Al are shown. In
Appendix B maximum beta decay energies and particle decay thresholds
for all energetically accessable channels are tabulated for nuclei with
protons and neutrons in the Op and 0s1d shells.

While it will become more difficult to extract detailed structure
information from delayed particle distributions as the decay process
becomes more complex (more particle decay channels and greater
multiplicities), the large number of isotopes which will be available
for study in the future will make these types of investigations very
attractive and productive. Projectile fragmentation will be a
predominant source of unstable nuclei for nuclear structure studies.
However the study of the decay properties of projectile fragments

beyond half-life is still in it's infancy. This reaction provides it's
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Figure 1.4 Beta delayed particle decay thresholds for 22Al.
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own advantages and disadvantages to the experimenter with a particular
observable in mind. New techniques are presently being developed, and
more will no doubt be necessary in the future to push the quantity and
quality of nuclear structure information obtainable from nuclei far
from stability to their limit,

This thesis is the result of a fusion between two goals. The
first goal is to provide a discussion of a set of studies of the decay
properties of a particular nucleus °C, which involved the development
of a formalism with which to study the beta delayed multi particle
final states and extract information which can be compared to shell
model calculations. The second is an attempt to create a 'how to
manual' for investigators interested in the study of the beta decay
properties of nuclei produced by projectile fragmentation. This work
is then naturally divided in two halves. The first half dealing with
specific experiments, results, and comparisons to theoretical calcula-
tions. These are given in Sections II through IV. The second half is
represented by the remaining sections, which contain detailed dis-
cussions of the various elements of an experiment and subsequent
analysis which have been worked out over the years I have been at NSCL.

In section II, the standard formalism for connecting 'observables'
such as beta decay half-1ife and branching ratio with 'calculables'
such as nuclear wave functions, beta decay operators, and phase space
factors for the beta-neutrino pair are presented. In section III, this
connection is rederived for the situation where the final state is un-
bound. While various approximations are made, a system is developed to

make preliminary interpretation of beta-delayed breakup spectra, even
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