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ABSTRACT

Beta Decay Studies of Neutron-Rich Nuclei

By

Mark Steven Curtin

The half-lives of eight neutron-rich light nuclei have
been measured using the Reaction Product Mass Separator at
NSCL. Utilizing a 30 MeV/A lsO beam from the K500 cyclotron
at the National Superconducting Cyclotron Laboratory it was
possible to generate sufficient yields of exotic nuclei to
determine half-lives. The previously unknown half-lives of

1l 17 .
Be and C are reported within this thesis along with the

9 11 12 12 1 l1s
half-lives of Li, Li, Be , B, B and B providing a
check on the accuracy of the experimental technique. The
half-lives were obtained through repeated measurements of
the time interval between the detection of a heavy-ion

reaction product and its associated beta. Yield information

from the experiment suggests the existance of a reaction



mechanism intermediate between direct and fragmentation
mechanisms namely, one in which the neutron-excess of the
target plays an increasingly important role in the yields of
very neutron-rich nuclei. Shell model predictions for the
beta decay of these nuclei are presented and compared to the
measured values. This experiment also provided the first
significant test of the mass Separating properties of the
RPMS. The performance of the RPMS is discussed in appendix

A‘
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Chapter 1 - Introduction to the Study of Exotic Nuclei

1.1 Introduction and Motivation

The field of nuclear physics is dedicated to the study
of dynamical and structure aspects associated with a system
of nucleons interacting via the strong force. Until
recently, the testing ground for experimental investigations
of such nuclear systems has been limited to nuclei residing
on or near the valley of stability. Similarly for light
nuclei (AsSUO) investigations of nuclear dynamics has been
restricted to relatively cold normal-density nuclear systems
where single-particle descriptions of the observed phenomena
prevail. The contemporary understanding of such combinations
of protons and neutrons belonging tc the described regime is
based on a shell model theory. Although present day shell
model theories have proven extremely successful over limited
regimes, many questions concerning their global validity
have remained unanswered. Questions concerning the
appropriateness of spherical shell model descriptions for
nuclei far from the valley of stability may certainly be
raised since it is well known that the model breaks down at
the onset of regions of deformation. Can existing mass
theories be extended out to the very limits of particle
stability? If not, what are the implications associated with
the breakdown of existing systematics? In addition to the

many interesting questicns concerning structure aspects of



2
exotic nuclei there are equally as many questions related to
the dynamical characteristics of hot high-density nuclear
systemsf A vast preponderance of our current knowledge is

restricted to normal nuclear density (p,) and near zero

temperature (T=0). What then is the equation of state of
nuclear matter under extreme conditions of temperature and
pressure? Many of the suggested questions could not be
answered if not for the emergence of heavy-ion collisions as
a viable testing ground for such studies.

Heavy-ion collisions have added a new dimension to the
study of nuclear physics by providing accessability to vast

new territories lying outside the near-stable, p=p, and T=0

domain. A range of differing experimental efforts have
emerged that study nuclear phenomena as a function of one

or more of the parameters (Tz,p,T). For instance one

experimental effort 1s directed toward the study of beta
decay of exotic nuclei which isolates in relative purity the
isospin dependence of nﬁclear systems. Structure and decay
investigations of exotic nuclei have already benefiled
greatly from this new branch of physics. Experimental
investigations of the dynamical characteristics of such
collisions are also under way, yet the lack of detailed
theoretical predictions makes the experimental results
difficult to interpret.

The primary motivation of this thesis is to ascertain

information concerning the production and decay modes of



3

light neutron-rich nuclei. In addition another objective was
to help develop the necessary tools to facilitate beta decay
half-life measurements using high-energy heavy-ion beams at
NSCL. To accomplish the indicated objective, chapter one
deals with the current experimental status of heavy-ion
production mechanisms and decay studies followed by the
contemporary limits of our understanding of effective
interactions. Chapter two will review the shell-model
approach to beta decay and an appendix will be provided to
discuss the Reaction Product Mass Separator which was
developed and used for the decay studies given in chapter 3.

Finally, in chapter four, I will present my
suggestions and recommendations for future study using the
RPMS in light of the results presented here and availability

of different beams at NSCL.

1.2 Heavy Ion Production Mechanisms

There can be no denying that the study of exotic
nuclei has experienced a renaissance within the last two
decades due chiefly to the advantages associated with high-
energy nuclear reactions. Evidence for the prolific nature
of high—-energy nuclear c¢ollisions for the production of

exotic nuclei began to take shape in the mid 1960's with the

8 11 12 14 1

H
discoveries of He, Li, Be, B, and B [Cebb6, Pob65,

Pob66]. Experiments using high-energy proton spallation of



i
Uranium extended our knowledge of the sodium isotopes [Th75]
past the limits of the s-d shell and in so doing radically
modified existing mass theories. Meanwhile, in Dubna heavy-
ion transfer reactions produced nearly 30 previously
unobserved nuclei in the low A region of the Chart of

Nuclides [Ar69, Ar70, Ar7la, Ar7ib]. This work was extended

%0 238
at Orsay using Ar on U at 6.6 MeV/A and resulted in the

observation of 4 new isotopes [Au79]. As accelerator
technology improved, high-energy heavy-ion beams became
available to the physics community for the production of
exotic nuclei. The first experiments utilizing high-energy
heavy-ion beams for the production of exotic nuclei began in

the late 1970's at the Lawrence Berkeley Laboratory (LBL)

“ 0

(Sy79] using an Ar beam at 205 MeV/A. Within a year's

L)
time, another experiment utilizing a rare Ca beam again at

LBL demonstrated the existence of 14 new isotopes [(We79].
Figure 1-1 illustrates the present day boundaries
associated with the light neutron-rich nuclei and indicates
some of the major contributors to establishing their
particle stability.

Concurrent with these experimental investigations,
Schematic models describing the collision of two heavy ions
began appearing in an effort to resolve the observed
differences between high and low—eqergy heavy-ion phenomena.

A large class of these models took as their foundation
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6
classical physics thereby describing heavy ions as 'macro!-
entities composed of member nucleons. This classical
treatment relied on the impact parameter to describe the
collision dynamics and the resultant aftermath of nuclei.

It was found that a large percentage of the observed
heavy-ion phenomena could be explained by a relatively few
number of reaction mechanisms whose boundaries were
dependent on the projectile energy and impact parameter of
the collision [Sc79] (see figure 1-2). Of the reaction
mechanisms illustrated in this figure, fragmentation and
deeply-inelastic transfer have proven exceptionally prolific
in the production of neutron-rich nuclei as discussed
earlier. The relative ability of fragmentation compared to
deeply-inelastic mechanisms for the production of exotic
nuclei can be seen in figure 1-3. The basic difference
between fragmentation and deeply-inelastic mechanisms for
the production of exotic nuclei resides in the dependence of
the target nucleus. At lower energies where the collision
time is longer than the transit time of a nucleon at the
Fermi level, the nuclei respond coherently during the
collision characteristic of a mean field interaction [NeT78].
Therefore, during a deeply-inelastic collision, neutrons
will migrate from the more neutron-rich target nucleus into
the projectile nucleus until the N/Z ratio of each member
equals the N/Z ratio of the composite system. This proves
advantageous since it is possible to produce nuclei having a

greater number of neutrons than the original projectile
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9
which is not the case for projectile fragmentation. However,
if high-energy 'exotic' beams are available, fragmentation
has definite advantages over the deeply inelastic mechanism

for the production of exotic nuclei. These advantages are:

i) The use of thicker targets can enhance the

yield of exotic nuclei by =10 [Sc79].

ii) Greater kinematic focussing at these energies
directs a larger fraction of the total yield
into a tight, forwardly-directed cone [Gr75]
proving more compatible with the solid-angle

characteristics of existing spectrometers.

iii) The energy distribution of projectile fragments
is observed to be narrow [Vi79] reducing the
required momentum transmission of the spectrometer

system.

Combining the advantages given in i) and ii) result in a

factor of 106 improvement for fragmentation mechanisms when
compared to deeply-inelastic¢c mechanisms. Quantitative
estimates of the isotopic cross-sections for projectile
fragmentation can be obtained using the fireball model

[WeT76, GoTT].
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The fireball model describes a heavy-ion collision in
terms of a two (three) stage abrasion-ablation (-FSI)
process as shown in figure 1-4, The peripheral collision

between a high velocity projectile and stationary target

results in the formation of three entities
i) Target spectator
ii) Projectile Spectator
iii) Participant

The model relies on the impact parameter to determine the
number of nucleons in each of the three final state entities
by calculating the volume overlap between the projectile and
target nuclei. The projectile spectator (representing the
exotic isotope) has nearly the same velocity as the original
beam except for the energy required to break the nuclear
bonds associated with the abraded nucleons as will be
discussed in chapter 3. The number of nucleons remaining in

the projectile fragment is given by

- A 1o . -1
Aps ApL1 F(v,B;s8) (1-1)

where F(v,8;38) represents thé volume sheared away from the

incident projectile during impact. The dimensionless
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parameters v and B sSpecify the relative size and

impact

parameter characterizing the collision while s signifies a

shape dependence. If both ions are assumed spherical with

sharp radii, four differing functional forms for F(v,8)

result depending on the region in v-8 space describing the

collision (see figure 1-5)

2 3/2 2 1/2
Fpo= [D1-C-u) 1I01=(8/v) 1
1/2 2
Frp = 3/8C1-v) 7 (1-8) -
v
1,2 2 31,2 2 1,2
1/8(3(1=v) / =L1=Ct=u ) 7 101-C1-w) 177 ) (1-8)
M \Y]
1,2 2 1,2 3
Fopp = 3/801-v) 7 (1=8) -03C1-v) 7 -11(1-8)
\Y] AY
Fry =1
Wwhere
v 1
ROYR;
8- 0 __
R_+ R

3

(1-2)

(1-3)
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Figure 1-5. Schematic drawing illustrating the different
regions associated with a heavy-ion collision as a function
of the normalized impact parameter 8.
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The different regions in v-8 space are interpreted

physically as

I) A cylindrical hole is gouged in the nucleus Ap

(which is larger than AT)

II) A cylindrical channel is gouged in Ap, with a

radius smaller than that of Ap.

III) A cylindrical channel is gouged in Ap, with a

radius larger than that of AT'

IV) All of Ap is obliterated by A. (whose radius is

T

larger than that of Ap).

Since regions I and IV result in the destruction of the
projectile fragment, only regions II and III will be
considered. Isotopic cross-sections may then be calculated

using
0(Z,A) = C(Z,A)a(A) (1-4)

where
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g(A) = n{[b(A+O.5)]2- [b(A-O.S)]z} (1-5)

and the function C(Z,A) describes the ground-state proton-
neutron correlations in the projectile just before impact.
Two differing dispersion relations were used in the isotopic
cross—-section calculations with figure 1-6 employing a
hypergeometric dispersion relation [Ra77] while figure 1-7
represents the isotopic cross-sections resulting from the
Gliant-Dipole-Resonance dispersion relation {Mo78]. The
results indicate relatively large isotopic cross-sections
for the abrasion stage however, the ablation stage will act
to reduce the primary distributions. The exact amount of
this reduction requires detailed information on the
fragments excitation energy and its angular momentum. One
popular prescription used to predict the fragment's
excitation energy involves calculating the difference in
surface area between the abraded fragment and that

corresponding to a sphere having the same volume.

Multiplying by the surface energy coefficient 0.9 MeV/fm?
predicts the excitation energy as shown in figure 1-8. The
resulting values for low-mass fragments are not very
realistic and generally do not predict enough energy for
nucleon emission. Furthermore, the theory assumes that this
energy has equilibrated throughout the entire fragment which
also represents a questionable assumption. At relativistic

incident energies, the model assumes that angular momentum
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has not been acquired by the projectile fragment. The
remaining step would be to use something like an evaporation
code to predict the particle emission.

In concluding, we mention that two heavy=-ion
mechanisms exist which provide favorable yields of exotic
nuclei. Fragmentation seems preferable to deeply-inelastic
transfer due to reasons discussed previously. A fireball
model was used to describe what occurs during fragmentation
and then used to predict isotopic cross-sections. Although
models exist which can predict the ablation stage of a
collision they are generally quite poor and contain
nonverifiable assumptions associated with the magnitude and
distribution of excitation energy. Thus in practice it has
become standard to reduce the primary yields by a factor of

ten to estimate the secondary yields [Mo80].

1.3 Decay studies

Until the late 1960's, beta decay data was limited to
nuclei lying relatively close to the valley of stability.
This limitation was imposed by the lack of adequate
production mechanisms capable of providing sufficient yields
of exotic nuclei so that their decay modes could be studied.
A significant contribution to the study of decay properties
of exotic nuclei occurred in the late 1960's when high-
energy proton spallation reactions were used to produce

large quantities of neutron-rich nuclei. Using an intense
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beam of 24 GeV protons from the CERN proton synchrotron on

targets of Iridium and Uranium resulted in half-life

11 273

determinations of Li and 1Na {K169]. Coupling the
large production cross-sections associated with spallation
reactions with thick targets and intense beams resulted in
high yields of neutron-rich nuclei out to the very limits of
the sd shell. Experimental half-life determinations were
limited to alkali elements (Li,Na,K) since the technique
employed required the isotopes to diffuse through a heated
graphite foil where they would undergo surface ionization,
reacceleration and finally identification using a mass
Spectrometer. Continued improvements and modifications of

the accelerator and mass spectrometer resulted in the half-

32 “8_50
life of Na (f-shell nuclei) and the observation of K

(K172]. More detailed experiments measuring delayed neutron
emission probabilities (Pn), beta Q values, and various J1T

assignments were undertaken for the same sodium isotopes

[LRo74]. Pushing this work to the limit half-1life

29y _131
measurements for the daughter nuclei Mg were obtained

at the same facility [De79]. Concurrent with the work
performed at CERN, a group at Brookhaven National Laboratory

(BNL) undertook the study of T,= *5/2 sd shell nuclei

13 le 1y

LAl76]. Using heavy-ion beams of c, 0, and F, they were

able to produce and measure masses, half-lives and

21 23 29 31 33 s
Spectroscopic properties of o, F, Mg, Al, Si, and P
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representing the entire set of TZ= +5/2 nuclei contained

within the sd shell. In the lower mass region of the chart

10
of nuclides, the Be(t,p) reaction was used to generate

12
Be and its half-life was then deduced as =24.0 ms [Al78].

6 10
Similarly, using 31 MeV Li ions on a Be enriched BeO

1
target resulted in the half-life measurement of B [ALlT74].

Quite recently, another significant advance occurred
which demonstrated a tremendous potential for extending
decay studies out to the neutron-drip line for light nuclei.
This new reaction mechanism essentially turned the
spallation mechanism around and used high—-energy heavy-ions
as the projectile. The first half-life measurements

employing fragmentation of high-energy heavy-ion beams were

40
obtained at Lawrence Berkeley Laboratory (LBL) using Ar at

9
285 MeV/A on Be. The experiment resulted in half-lives for

22 32
8 neutron-rich nuclei two of which ( 0O and Al) were first

time measurements [Mu82]. The new technique demonstrated the
potential benefit of heavy—-ion beams for the study of exotic

nuclei, in particular, their decay modes. Recently, within

15
the last year the half-1ife of B was measured to be

l8 12
11720 £ 1.0 msec. using an 84 MeV/A 0 beam on a C target

[Du8u].
Limitations on the heavy-ion approach were mainly due

to low beam intensities and inadequate i1sotope separation.



22
The first results obtained at Michigan State University,
(presented in chapter 3), verify the tremendous capability
of heavy-ion reactions for the study of light neutron-rich
nuclei and paint a promising picture for future studies. In
addition to the MSU group, a Bordeaux-Ganil collaboration is
actively involved in decay studies and should provide

adequate competition in extending measurements well out

toward the neutron drip line [La84].

1.4 Effective Interactions

One of the primary goals of nuclear science is the
determination of the effective nucleon interaction in the
context of the nuclear many-body problem. The achievement of
this goal is contingent upon acquisition of detailed
experimental information related to how the free nucleon
interaction must be modified in the presence of other
nucleons. Two schools of thought have emerged as to the most
advantageous method to be employed in the pursuit of this
goal. The first such school advocates a phenomenological
approach involving the determination of one- and- two- body
matrix elements, (comprising the model Hamiltonian), through
a numerical least squares fitting procedure [Ch76]. The
effective Hamiltonian is generated in a truncated spherical
shell model basis through the use of a selected set of
empirical energy level data taken from nuclei believed to be

Wwell described by this restricted Hilbert space. The
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ultimate utility of such an approach can be determined when
experimental data emerges which may be compared to the
corresponding predicted features calculated with this
interaction. Although this effective interaction has been
specifically tailored to describe energy level data of
nuclei contained deep within this restricted model space,
other observables such as spectroscopic factors, ft values,
magnetic and electric transitions, and various magnetic and
electric moments will provide an independent check on the
quality of the resultant interaction [Br80a,Br80b]. When
this comparison is made, one generally observes remarkable
agreement for nuclei not far removed from those used to
generate the Hamiltonian. This outstanding agreement is of
course at the expense of introducing a sizable number of
free parameters.

In contrast, the second school of thought utilizes an
empirically determined nucleon-nucleon interaction which 1is
then modified through the use of many-body mathematical
techniques to account for the influence of the nuclear media
{Br713]. Although somewhat more fundamental than the
aforementioned phenomenological method, (since this method
results directly in an eloquent decomposition of the
interaction into free nucleon and many-body aspects), this
'realistic' approach is plagued by many difficulties
associated with the importance of various Feynman diagrams
as well as the procedure for summing them. When comparing

overall agreement of the 'realistic' and 'phenomenological'
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predictions to existing data, one must concede the greater
predictive capability to the 'phenomenological' approach.
Thus, it is in the context of the 'phenomenclogical’
approach that the salient features displayed by nuclei far
from stability will be discussed. The remainder of this
section will be devoted to the description of such a
phenomenological shell model technique.

Two basic features of this empirical shell model
approach must be elucidated namely, the choosing of an
appropriate model Hamiltonian and the selection of a
suitable truncated shell model space in which the model
Hamiltonian can be diagonalized. The model Hamiltonian
employed consists of one- and- two- body matrix elements

having the following form

t_t
1.6
a, + ) V1 mn®k?1%mn ( )

where

si = gingle particle energies

- atrix elements
vklmn two-body m i

aI = single nucleon creation operator (1.7)

a, = single nucleon annihilation operator

Since the matrix elements of the model Hamiltonian must be
adjusted to fit energy level data, one is required to choose

a suitable basis set in which the energy diagonalization can
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Figure 1-9. The extreme single particle orbits obtained by
solving the non-relativistic Schrodinger equation with a

Woods-Saxon plus spin-orbit potential.



26
be done. Futhermore, due to computational limitations
[Se68], one is forced to choose a finite subset of the
complete basis set and it is within this subset that the
wavefunctions will be expanded. Thus, it becomes imperative
to make a judicial choice of this subset if one is to have
confidence in the resulting set of wavefunctions. The

extreme single particle orbits (Os‘/ ,Op,/ ,Opl/ ,Od,/
2 2 2 2

ye++), Obtained through solving the non-relativistic
Schrodinger equation with a Woods-Saxon plus spin-orbit
potential, supply a suitable complete basis set (see figure
1-9). This basis set exhibits natural energy partitions
associated with shell closures which may be exploited in
making the proper choice of truncated model space. The
empirical shell model approach requires a three way

subdivision of the complete basis set

i) closed core
ii) active orbits (1.8)

iii) forbidden higher lying orbits

Thus, a nucleus characterized by A nucleons will have A-Ac

valence nucleons distributed among N active orbdbits in such a

way as not to violate the Pauli principle, where Ac nucleons

are contained within an inert core. An individual valence
nucleon which occupies a specific shell model orbit will

interact with the core nucleons through the one—~ body matrix
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elements which depend simply on the orbit quantum numbers,
Likewise, the valence nucleons interact amongst themselves
through a residual interaction characterized by the
remaining two- body matrix elements. These two- body matrix
elements depend on the individual j's of each particle as
well as the total J and T (and in one case also depends on

A). For example, in a full s-d shell calculation, one

assumes an inert 0'® core with valence nucleons distributed

among the active orbits (Od,/ ,Is,/ »0d 4, ) such that the
2 2 2
higher lying orbits (Of,/ ,Og,/ ,1p,/ y+e..) are
2 2 2

inaccessible. The corresponding Hamiltonian consists of 3
single particle energies plus 63 two body matrix elements
which are fit to 200-300 well-known energy levels found in
nuclei near the interior of the model space. The resulting
effective interaction is then used to generate a family of

wavefunctions wnTJv where

n = number of nucleons occupying the active orbits
(A—Ac)

J = total angular momentum : (1.9)

T = total isobaric spin

v = counting index which identifies a particular

eigenstate of the ndT set
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These wavefunctions then comprise the entire predictive
content of this empirical shell model apprcach and are used
to compute other observables against which experimental data
may be compared. Detailed calculations for beta decay will
be presented in chapter 2 of this thesis using wavefunctions
obtained from various 'phenomenological' interactions as

discussed abaove.



Chapter 2 - Theory of Beta Decay and the Shell-Model

2.1 Introduction to Fermi and Gamow Teller Beta Decay

OQur current understanding of both the strong and weak
interactions has benefited greatly from the study of nuclear
beta decayf Since its first observation, nuclear beta decay
has represented a formidable curio which, like many curiocs,
resulted in a substantial advance in our understanding of
nature. From the unexpected observation of the continuous
énergy spectrum characterizing the emitted beta particles,
which resulted in the prediction and eventual observation of
the elusive neutrino, to the role played in the downfall of
parity conservation ([Le56,Le57,Wu57], nuclear beta decay has
made a profound mark on contemporary nuclear science.
Furthermore, nuclear beta decay holds the promise of
providing a testing ground from which the neutrino rest mass
may be extracted LMab69], which if accomplished would have
repercussions on the cosmological scale [St79]. In addition,
beta lifetime measurements prove extremely important in the
determination of stellar evolution since they represent the
Slowest process in the primary nuclear burn cycle. As
indicated, the importance of beta decay to the discipline of
physices is multifaceted making it impossible to accurately
describe all aspects of this interdependence in a limited

amount of space. Therefore, the intention of this
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introduction is to discuss the salient features of beta
decay and how measurements of its associated properties will
contribute to our knowledge of nuclei, particularly nuclei
far from stability.

Nuclear beta decay may be coined a semi-leptonic
process which involves the interaction of leptons with
hadrons and, as such, provides a unique setting in which to
study the coupling of leptonic and hadronic degrees of
freedom. The elementary processes thought to occur in

nuclear beta decay proceed in one of the following manners

n+p +e + v (electron emission) (2.1)

P >n+e + v (positron emission) (2.2)

where the electron neutrino Ve acts as a silent partner in

the beta decay process except that it carries away 1/2 A of
spin and an energy which is determined utilizing Fermi-Dirac
statistics to describe the three body final state. The
formalism developed for handling a three body final state
using Fermi-Dirac statistics was able to describe the shape
of the observed beta spectrum. Likewise, it is the deviation

from the mv= 0 spectrum shape which proves to be a sensitive

test for the determination of the neutrino rest mass. The

first of these two processes represents the decay of the
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free neutron which has an observed half-life of 623.6 + 6.2
seconds and provides information on the axial vector

coupling constant ga. The second process, representing the

decay of the free proton, 1is energy prohibited by
approximately }800 KeV due to the greater rest mass energy
on the right side of equation (2.2). Although nature does
not permit the free proton beta decay, this decay can occur
in the presence of a nucleus since the proton may draw the
necessary energy from the surrcunding nuclear medium.
However, this energy exchange mechanism quite naturally
introduces nuclear degrees of freedom into the problem which
could wash out the resemblance between nuclear beta decay

and the elementary processes given in equations (2.1) and

(2.2). Observation of super-allowed J"= 0% 0" (T=1) beta
transitions indicate that this is not the case for Fermi
beta decay. On the other hand, observation of Gamow-Teller
transitions does reveal a strong influence of the nuclear
medium on the corresponding lifetimes. This discussion of
beta decay will be limited to only super-allowed and allowed
decay mechanisms which are characterized by the following

selection rules and comparative half-lives

Fermi Transitions 2.9 s log ft,/ S 3.7
2

Ad = 0
A® = no

AT = 0 (2.3)
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+ e s s
AT, = £1 | le?tron emission }
=~ Ppositron emission

Gamow-Teller Transitions 4,4 5 log ftl/ $ 6.0
2
AJ = £1,0 ( 0 » 0 forbidden )
AT = no
AT = £1,0 (2.4)

electron emission }
- positron emission

The formalism developed for the study of allowed beta decay
classifies transitions according to pure Fermi, pure G-T, or
a mixture of both types of decay. Comparative half-lives of
allowed beta transitions may be written in terms of Fermi

and G~-T matrix elements

K

8/, T ETE(FY T g TE(GD) (2.5)

Wwhere

1
B(F) /2, Fermi Decay Matrix Element

/2

1
B(GT) = Gamow-Teller Decay Matrix Element

g, = Vector coupling constant (2.6)

ga = Axial vector coupling constant
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213 (He)’1ln 2 9u

= 2 = - 2. 6.
K (mec )se (1.77541 + 0.00004)x10 erg cmé®-sec

This representation requires the determination of two

constants gv and ga which is best accomplished by measuring

the lifetimes of J'= o%» 0o° (T=1) Fermi transitions which

yield a value for gv along with measurements of the free

neutron lifetime resulting in a value for gé + 33; It

should also be mentioned that it has become customary to

decompose g, into yet more fundamental constants

g; = Gzcosz(ec) (2.7)

where
G = Weak Interaction Coupling Constant (2.8)

@c= Cabbibo angle

The constant G is generally determined from the.decay of the
ui and cos(ec) reflects the nuclear media contribution with

a value approaching one, implying less contribution of the
nuclear degrees of freedom. The most recent values of these

two terms are [DuB3]

S -2

G = (1.16632 + 0.00002)x10  GeV (2.9)
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cos(@c) = 0.9748 + 0.0003 (2.10)

It has become apparent that the study of Fermi beta decay
reveals important information concerning the vector nature
of the weak interaction while also providing detailed
information on the isospin mixing properties of the Coulomb-
nuclear interaction.

Next, we focus our attention on G-T decays which
exhibit more complicated phenomena involving participation
of many nuclear degrees of freedom and resulting in a
substantial altering of the elementary processes. Gamow-
Teller transitions involve both a spin and isospin changing
operator, wWwhereas Fermi transitions simply involve an
isospin rotating operator. Thus G-T decays will provide
information on the spin mixing components of the nuclear
interaction which are believed to be comparatively large in
view of the fact that the nuclear interaction seems to have
little or no isospin mixing capability. Futhermore, G-T
transitions are valuable in evaluating the resemblance

between initial and final state wave functions which may

have differing J" and T. Gamow-Teller transition matrix
elements are observed to vary substantailly for differing
mother-daughter systems which is not the case for Fermi
transition matrix elements which almost always exhibit only

small deviations from perfect overlap. Before meaningful
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Structure information can be extracted from a comparison
between predicted and measured strengths, one must first
address the question of ot renormalization arising because
of model assumptions as will be discussed in detail later.
For shell model calculations involving the full s-d shell,
this renormalization factor is seen to be fairly constant
having a value of approximately 50% as confirmed by (p,n)
reactions [Go80].

One may well expect that G-T beta decay will provide
information on the coupling of low lying single particle
states to this high lying collective state. Likewise, G-T
decay provides an easily accessible test of empirical shell
model calculations which employ the isospin formalism. The
remaining portion of this chapter will deal quantitatively
with the shell model approach to allowed beta decay and
finish by presenting the predicted features of G-T decay for
l1ight neutron rich nuclei for a variety of model

assumptions.

2.2 Introduction to Shell-Model Formalism

Comparative half-lives of allowed beta transitions, as
seen in equation (2.5), may be written in terms of Fermi and
Gamow-Teller matrix elements. For computational purposes
associated with the empirical shell model approach, it
proves conveinent to rearrange the aforementioned equation

into the fcllowing form
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C

tl =

/4 (2.11)

F GT, .,
[fv+ fec]B(F) + Efa+ fec]B (GT)

where

fv = phase space factor for Fermi decay

fa = phase space factor for Gamow-Teller decay

fzca phase space factor associated with electron

capture for Fermi decay

(2.12)

GT

fec' phase space factor associated with electron

capture for Gamow-Teller decay

The constant C appearing in equation (2.11) measures the

pure Fermi decay strength which, when extracted from 0+» O+
Fermi transitions in the s-d shell, has the value 61704

{Wi78] comparing favorably with previously reported values

2
(Br78,LaT73,Wi80,Ti78]. The remaining constant (ga/gv) has
been incorporated into the modified Gamow~-Teller matrix
element B'(GT). The utility of this formulation resides in
the complete separation of the structure dependence

contained in the matrix elements and the energy dependence
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contained in the phase space factors. Futhermore, this
decomposition of partial half-lives into Fermi and G-T decay
components allows information to be extracted about both the
vector and axial vector interactions responsible for allowed
beta decay.

Fermi beta decay involves a transition between isobaric
analog states (I.A.S.) which, assuming charge independent
interactions, are identical. The inclusion of charge
dependent interactions breaks this exact analog symmetry
through the introduction of isospin mixing and a
corresponding coulomb energy shift which may be calculated
from the Isobaric Mass Multiplet Equation (I.M.M.E.). This
resultant energy shift changes the beta Q-value for the
transition requiring modification of the phase space factor
while isospin mixing necessitates a correction factor in the
Fermi matrix element. Evaluation of the Fermi matrix element

is straight forward resulting in

B(F) = [T(T-1) - T_ T_ 1§

z 'z if(1-5) (2.13)

where (1-¢)=0.995 + 0.003 [(Wi78] and represents the
deviation from perfect overlap due to isospin mixing. The
fact that this value lies close to 1.00 indicates that the
symmetry breaking is very weak. As mentioned earlier the
resulting energy shift will influence the final state

interaction between the leptons and hadrons which is usually
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accounted for by introducing small multiplicative factors to

the phase space factor [Ko83].

GR = energy-dependent terms

AR = energy-independent terms (2.14)

where these terms correct for the final state
electromagnetic interactions which modify the corresponding
phase space factors. Furthermore, electron capture is seen
to compete with positron decay which introduces atomic
degrees of freedom into the problem. This however, does not
introduce a large uncertainty into the calculation since the
atomic wavefunctions are known with high precision.

This concludes the discussion of super-allowed beta
decay and directs the discussion toward Gamow-Teller
transitions which characterize the decay of light neutron
rich nuclei. The beta decay of neutron rich nuclei does not
proceed through the Fermi decay component since the isobaric
analog states increase in energy as one decays back toward
the valley of stability. Thus the Gamow-Teller decay
component represents the only type of allowed decay which

simplifies equation (2.11)

t, = (2.15)
fa B'(GT)
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The determination of the G-T matrix element proceeds from
the evaluation of linear combinations of one body matrix

elements D, j and single nucleon matrix elements Sj 3
1 2 1 2

according to

1 1 T

1

B'(GT) /te mmmomoiooo f AT Ti ) I b, . s, .
/2(2ji+ 1) zf z zi Jidz2 Jida

(2.16)

The entire predictive capability of the empirical shell

model approach is reflected in the D, elements, which

J1da2

reveal the degree of configuration mixing generated by the

model Hamiltonian and are calculated from

Ad=1,AT=1
1 1w,>

73 (2.17)

-t
4 . ,
wf'IILaJLQ an]

Dj . = T
1J2 {((24d+1) (24T+1) }

where the triple bar indicates reduction in both spin and
isospin and the wavefunctions are obtained from the
empirical shell model approach as explained in section

(1.4). The single nucleon matrix elements may be calculated

using

Sj1Jz= lga/ gvl < plnyl,3,)] ot | pln,l,isn)> (2.18)
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and reflect the relative efficiency of the G-T operator at
converting model nucleons from one single-nucleon state to
another. The ratio of the axial vector to vector coupling

constants is taken to be

Iga/gvl = 1.2605 £ 0.0075 (2.19)

which may be determined from the free neutron lifetime and

O* > O+ Fermi decays [Wi82]. The evaluation of Sj . follows
1 2

from knowledge of the aforementioned constant and
<ol o [ =z (2.20)

J1dz § I

<p(nlll\]1)l| o llp(n212J2)> =J(2~J+1) C1112 1112 .j],.jz

f/R. R, r dr (2.21)

ijz= JiJa2

Jaslazt/, _jl'—lltl/zj
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The resulting free nucleon values of Sj j for the various
1 2

active orbits employed in the calculations are given in

table (2.1). When the free nucleon values are used along

with the Dj j to calculate partial lifetimes, one observes
1J 2

systematically shorter lifetimes relative to experiment.
This 'quenching' of the ¢t strength is believed to originate
from a variety of sources such as model space truncation
effects which include both core polarization and high lying
collective states involving the forbidden orbits
{Ma6T7,Sh74]. Other effects include non-nucleonic degrees of
freedom such as delta resonances, mesonic exchange currents
and relativistic corrections to the nucleon wavefunctions
[Ch71,Ba75,Knh78,Mu73,To79]. The empirical alternative to the
exact calculation of this renormalization is to treat the

Sj j as parameters in a least squares fit to experimental
1 2

values of the G-T matrix elements [Br78]. When this was done
for the universal s-d shell interaction (USD) of Wildenthal
[Wi82] an orbit independent scale factor of 0.77 emerged,
representing a 69% increase in the predicted lifetimes as

compared to those obtained using the free nucleon Sj1j2

values.

The final issue to be discussed concerns the

evaluation of the phase space factor fa which when

determined allows the partial half-lives to be calculated
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TABLE 2.1
J J!' Sy 4+ (Free Nucleon)
3., 3, -4, 747
'/, Y/, 7.506
2/, %/, 8.881
S/ M, ~9. 494
., /., 9.494
Y/, 1/, -2.502
3, . 7.912
., v/, -7.077
2 VR 7.077

Table 2-1., Single nucleon
model orbits.

matrix elements for p-sd shell
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and compared to existing experimental values. Following the
prescription of Wilkinson and Macefield [Wi74], one may
obtain phase space factors accurate to within =0.5% for
nuclei used in this study. Evaluation of the phase space
factor starts from the analytic expression for f due to a

chargeless point nucleus

fo = (/o) [2W5-9W2=-8]1P, + ('/ )W, 1n(W,+P,) (2.23)

where W, equals the total electron end point energy

1/2

(electron rest mass units), Po=(W,-1) and higher order

corrections are introduced through the multiplicative

factors given below

§ y 85, 6 (2.24)

The resulting total phase space factor may then be written

as

= (2.25)
r‘a 6D‘SRGWMf"

with the most important phase space correction factor being

SWM which is calculated in the form



4y

Suy = exp[ I a (1nE)" ] (2.26)

the a, coefficients are given in [(Wi74]. These values were

calculated assuming a uniform spherical charge distribution
whose radius was adjusted to fit electron scattering and
muonic x-ray data. Energy-dependent 'outer' radiative
corrections to order alpha, finite nuclear mass and
screening effects associated with atomic electrons were also

included in the SWM correction factor. The factor SR

accounts for the outer radiative correction to orders Za?

and Z%*a? and is given by

- ‘ -6
g = 1 + 3.67x10 |Z| + 3.60x10 2Z°? (2.27)

where Z is the atomic¢c number of the daughter nucleus. The

final correction factor &§. incorporates the effects of the

D

diffuseness of the charge distribution

-5 1,356 -6
8y = 1+ 1.8x10 | 2| - 1.2x10 | Z|W, (2.28)

The evaluation of the total phase space factor depends most

critically on the beta Q value of the transition, an

approximate E?* dependence, which requires an accurate

determination of coulomb energy differences between initial

N
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and final states. These coulomb energies were assumed to

follow
BE_(Z,A) = ac<z)[z<zn)u\]"* (2.29)

where the values of ac(Z) were obtained from empirical

analog state binding energy differences and the neutron-

proton mass difference. The values for Ec(Z) are listed in

table (2.2) and supply the last component necessary for
determination of Gamow-Teller transions using the empirical
shell-model approach. The following section utilizes this
formalism to predict G-T decay modes and half-lives of

neutron-rich nuclei.
2.3 Decay and Half-life Predictions

Beta decay features of neutron-rich nuclei have been
calculated using the shell-model formalism discussed in the
previous section. A variety of different model-space
assumptions and effective interactions have been used (see
figure 2-1) 4in order to ocotain a comprehensive set of
predictions for many light neutron-rich nuclei. The most
complete set of beta decay predictions which include all

T,S */, nuclei falling within the sd shell were carried out

using the USD interaction [Wi83]. The USD interaction was
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TABLE 2.2

2 | | §,(2)

8 3.509

9 3.999
10 4.300
1 4.787
12 ' 5.020
13 5.495
14 5.695
15 6.086

Table 2~-2. Coefficlents used to determine coulomb energy
differences between nucledl.
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constructed using the isospin formalism and limited to a
fixed one-body spectrum and a set of two-body matrix

elements which have been scaled by the A dependent factor

6,3
(1874) . Predicted half-1lives have been scaled by 1.69 to

account for the observed ot quenching within the sd-shell
[(Br83]. The calculated half-lives are compared to existing
experimentally determined half-lives in figure 2-2. Due to
the strong influence of beta Q values on the half-lives of
neutron-rich nuclei, a comparison between measured and
calculated Q values is presented in figure 2~3 which
provides insight into discrepancies originating from the
energy dependent contributions.

Beta decay predictions were extended down into the
p—-shell orbits to include light neutron-rich nuclei that had

low-lying negative parity states. Level structures for js®/,

17 17 ly ly
and decay modes were calculated for c, N, 0, and N

using the Reehal-Wildenthal Hamiltonian [ReT73] which spans

the space (Op,/z,Od,/2 ,131/2 ) (Cu81,Cu82]. The ground

state of '°N was calculated to be !/, , well separated from

17
its first excited state. However, in C the three lowest

+

lying states (’/z+, 3/, ,‘/z+) were predicted within 570 KeV

of each other making the ground-state g7 assig ment

difficult. Coupling this with the observed ground-state

+ 18 ; i
inversion ('/, ) of C forced us to consider all three J
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17
values as reasonable candidates for the ground-state of c.

17 ly
Decay modes and half-lives for C and N are shown in

figures (2-4,2-5,2-6) where the half-lives have included the
0.6 quenching factor discussed earlier. It is observed that

exclusion of spin-orbit partners, such as Od,/ in this
2

calculation, results in a shorter predicted half-life than
observed experimentally [Mec70]. This can be attributed to
the mixing of differing phases associated Wwith spin-orbit
partngrs as seen in equation (2.22). In order to eliminate
this effect, additional calculations were done using the
Millener-Kurath interaction [Mi75] which represents a full

2hw calculation. Of particular interest are the predicted

17 15 11 1%
decay modes of c, B, Li, and Be which are shown in

figures (2-7,2-8,2-9). These predictions prove interesting
since it is possible to extract spectroscopic information
about the parent and daughter nuclei through a half-life
measurement as will be discussed in section 3.4 of this

thesis.
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Figure 2-4,. Gamow-Teller beta decay branching ratios
predicted for the decay of '7C using the Reehal-Wildenthal
tnteraction. The predicted half-life is =100 ms when a ’/,’
ground state J" is assumed (quenching has been included).
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Figure 2-5. Gamow-Teller beta decay bpranching ratlos

-Kurath
redicted for the decay of '’C using the Millener
Enteractlon. This full 2hw calculation predicts an inversion

of the ’/,’ and ’/,' states in '’C tn addition to predicting
a much longer half-life (quenching has been included).
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Figure 2-6. Camow-Tell