| NTRODUCTION

EARLY HisToRY OF BETA DECAY

The discovery of radioactivity by Becquerel [BE96] at the turn and of the last
century opened a new field of physics. This new property of atoms led to a search to
identify the new particles emitted by certain elements and an attempt to better understand
atomic structure. One of the decay processes, beta-decay, could not be explained by
gravitational, electromagnetic, or strong interactions [SC66]. A new fundamental
interaction (known today as the weak interaction) had to be devel oped [FE33] to explain
this decay, thus making it very important for the investigation of nuclear structure and it
wasthefirst evidence of nuclear instability in certain energy states[RO55]. Today beta-
decay is found to be very wide spread and is an important tool for nuclear structure
study.

Rutherford was the first to identify (via range measurements) the new particles
emitted from radioactive material known today as beta-particles or electrons [RUO3].
As early as 1910 studies on beta-decays showed that the emitted beta-particles did not
have well defined energies; but had a continuous energy and momentum distribution
that appeared to violate the laws of conservation of energy and momentum [HAG9].
Another major problem was reconciling atomic mass and atomic number with nuclear
spin. The concept that nuclei consisted of protons and electrons did not always predict
the correct nuclear spin. If electrons existed in the nucleus, then the spins measured for
odd atomic number and even atomic mass elements did not fit theoretical predictions.
One exampl e isthe deuterium nucleus with Atomic Number 1 and Atomic Mass 2. This
nucleus should contain two protons and one el ectron giving ahalf integral spin; however,
its ground state has spin 1*.

The solution to the problem of energy and momentum conservation camein 1931
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when Pauli postulated that a second particle was emitted with the beta-particle that he

called the neutron [PA34]. Later Fermi called this elusive particle the neutrino [FE33].
This postulate did not violate conservation of energy and momentum because the decay
involved three particles allowing a continuous energy and momentum distribution for
the beta-particles. Thenin 1932, Chadwick [CH32] discovered the neutron and solved
the spin problem associated with the spin of odd-odd nuclei. The deuterium nucleus

consist of two spin 1/2 particles giving the observed integral spin.

FormALIsv oF BETA DeEcAY THEORY

In 1933 Fermi postul ated that beta-decays could be represented by amodel similar
to the electromagneti ¢ interaction process of the emission and absorption of light quanta
[FE33]; however, it was much more complicated than electromagnetic interactions
[ROS5]. Fermi's proposed theory for beta-decay [FE33] has become the theoretical

basis for weak interactions today. The basic assumptions for this theory were:

1) The existence of a neutrino with mass equal to zero, to uphold
the principle of conservation of energy and momentum [FE33].

2) Beta-particles or electrons emitted by nuclel do not exist prior
to the decay but are formed together with the neutrino in a
fashion similar to how light is formed in a quantum jump in an
atom [FE33].

3) The proton and neutron are two quantum states of asimilar
nucleon (Isospin symmetry) [FE33].

4) Beta and neutrino emissions are connected with atransition

between the two quantum states of a nucleon [FE33].
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Fermi used the method of “ quantized probability amplitudes’ to represent beta-interaction

operators. He expressed the interaction Hamiltonian as:

H=QL(¥,0)+ QL(¥ ")
[FE33]

where L represents a bilinear expression of 1 and ¢, Q and Q" areisospin lowering and
raising operators, respectively [FE33]. Beta and neutrino wave functions y and ¢,
respectively, are non-commutative operators that act on the functions of the occupation
number of the quantum states of the betas and neutrinos so that 1 decreases betas by one,
1" increases betas by one, ¢ decreases neutrinos by one, and ¢* increases neutrinos by
one [FE33].

Fermi’s theory of beta-decay allowed five forms for the interaction operators:
scalar, pseudoscalar, vector, axial vector, and tensor [FE33]. Thetheory allowed all five
forms of the interaction Hamiltonian because beta-decay does not have a macroscopic
analog that one can useto apply the correspondence principle. The production of el ectrons
are alowed by introducing the wave functionsap and " in different terms of the energy
interaction and in first approximation variations of vy and ¢ across the nucleus can be
neglected [FE33]. Sinceparticlesare created or destroyed, one must treat the problemin
terms of field theory. A nucleusis the source of the field, with the beta and neutrino as
field particles [RO55]. When a nucleus changes its state of energy it involves the
production of af-+ Vv or f* + v [SC66]. These transitions aso conserve lepton number.
Prior to beta-decay the parent nucleus has alepton number of 0. When anucleus changes
itsstate of energy through beta-decay the sum of lepton numbersfor the daughter nucleus
and emitted particlesis0 + (+1) + (-1) or O + (-1) + (+1), both resulting in atotal lepton

number of 0.
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Experiments demonstrated that beta-decay is much slower than gamma-decay

for same AJ; therefore, the beta-interaction had to be weak compared to the electromagnetic
interaction [RO55]. Also, Fermi predicted that the transition probability for beta-decay
wasproportional to E> . Shorter half-livesfor beta-decay requirelarger energy, making
the emission of nucleons more probable than a beta-particle [RO55]. Since thelifetime
of beta-decay is very long compared to other types of radioactive decay, beta-decaying
nuclei are sometimes considered "stable"; namely stable against strong interaction decay
[RO55, SC66].

Angular momentum was shown to have an effect on beta-decay half-lives with
the most favorable AJ= 0 or 1 [RO55]. Beta-decay experiments also showed that there
isawide distribution in the measured beta-decay half-livesfor given changesin angular
momentum. Fermi introduce the concept of comparative half-life or ft value to put all
beta-decays on a common scale [FE33]. In his definition for comparative half-life he
corrected the measured half-life for atomic number Z and decay energy E__ [FE3S,
HAG9]. This correction results in groups of log(ft) values for the various known beta-
decays and leads to the idea of allowed and forbidden beta-decays, see figure 1.

Allowed beta-decays were originaly defined as having log(ft) between 3 and 6,
forbidden beta-decays having log(ft) values above 6 in general. Asthe understanding of
beta-decay improved, amodification was madein the definition of allowed and forbidden
beta-decays. Today allowed and forbidden beta-decays are defined by the orbital angular
momentum (parity) carried away by the beta-neutrino system. Allowed decaysare defined
as decays where the beta-neutrino system carries away zero orbital angular
momentum, | = 0 (Ar = +) for the beta-neutrino system, and forbidden decays are defined
as decays where the beta-neutrino system carries away orbital angular momentum, | = O.
Beta-neutrino systems carrying away one unit of orbital angular momentum, | = 1 (At =-)

for the beta-neutrino system, are defined asfirst-forbidden beta-decays, | = 2 are second-



60
s i L] SUPERALLOWED
i (] ALLOWED
i [ FIRST FORBIDDEN
[ [ FIRST FORBIDDEN
L(?J : B SECOND FORBIDDEN
%) i B THIRD AND FOURTH FORBIDDEN
< B
O 40_
w
O
. - |
wi
m |
E -
5 i
=z 20F
O- . I i { s I ! L . [ L B mon
0 5 {0 (5 20

LOG fi VALUE

Figure 1 : Systematics of observed log(ft)-values for different types of beta-decay.
(Adapted from G. E. Gleit et al., Nucl. Data Sheets 5 1963 set 5.) [WO90]



forbidden, etc.

Beta-decay includes three main processes (3 (electron emission), * (positron
emission), and EC (electron capture); involving four particlesin each interaction - proton,
neutron, electron, neutrino, and recently the predicted "bound state beta-decay,” with the
emitted electron occupying an atomic orbital of the fully stripped ion [JU92] . Each

main process of emission is represented by the following:

B ZA - (Z+ 1A +p +v
B 78— (Z- 1+ B +v
EC ZA+e— (Z-D A +v

As can be seen by the first two interactions, §~ and p*, energy and momentum are
distributed among three particlesgiving abroad distribution for the beta-particles' senergy
and momentum.

The beta-decay model proposed by Fermi [FE33] hassevera observable properties

that provide important information about nuclear structure:

1) The beta-energy spectrum shape provides information about
angular momentum and parity changesinvolved in atransition.

2) Coincidence between emitted beta-particles and gamma rays of
the daughter nuclei provides information about nuclear level
schemes.

3) The definite helicity of the neutrino, see below, implies that the

daughter nucleusis polarized [W0O90, WU57], allowing for
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beta-gamma angular correlation studies.

Another interesting weak interaction property is that parity is not conserved in
the decay. In 1956 T.D. Lee and C. N. Yang showed that there was no reason to assume
parity conservationin beta-decay; and in 1957 Wu, Ambler, Hayward, Hoppesand Hudson
found parity not to be conserved in the decay of ®Co [HA69, WU57]. Parity non-
conservation in weak interactions predict a specific helicity, or longitudinal polarization,
of beta-particles. Frauenfelder found longitudinally polarized beta-particlesin 1957 with
%Co. It was later shown that fast moving beta-particles, -, (v/c = 1) have negative
helicity and fast moving beta-positive particles, *, have positive helicity; again verifying
that space reflection (parity) is violated [SC66, SE72].

Experiments measuring the correlation between the recoil momentum of the
daughter nucleus and the emitted beta-particles have shown the neutrino must have half
integral spin [RO55] and negative helicity [GO58, MAS58]. These experiments aso
demonstrated that the best representation for allowed beta-decay isthe Vector interaction
(V) minustheAxial-vector interaction (A) or V - A theory. Of thefive possibleinteractions,
the Pseudoscalar interaction does not contribute in first order to allowed decays. The
Scalar and Tensor interactions allow leptons and antileptons to have the same helicity,
while the Vector and Axial-vector interactions require these two groups to have opposite
helicity [SC66]. Note that in first order, momentum conservation requires that the beta-
particle and antineutrino are emitted parallel for the Vector interaction and anti-parallel
for the Axial-vector interaction.

This representation of alowed decays by the V - A operator model has been
extensively tested. In 1984 A. |. Boothroyd et. a. surveyed the status of experimental
results with the standard V - A model of allowed beta-decay. Intheir review of 92 data

values they found that the V - A model with maximal parity violation was compatible
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with experimental results [BO84]. They also found that the data did not forbid a small

admixture of right-handed lepton currents [BO84].

Since the interaction is represented by a field theory, the complete beta-decay
operator is a combination of the beta-neutrino system wave function and the Vector or
Axial-vector interaction operators [BL79, RO55, SC66, WO90]. Allowed decays, as
stated earlier, are defined to be decays where the beta-neutrino system does not carry
away orbital angular momentum, Al = 0. Generally the beta-neutrino system wavefunction
is represented by aplane wave of the form e’ [BL79, RO55, SC66, WO90]. Inlowest
order (kr << 1, long wave length approximation) the exponential can be replaced by 1
since higher order termsare small and can be neglected. Theinteraction Hamiltonian for

beta-decay contains the following components:

1 Isospin raising or lowering operator, <. .
2) Wave function for the beta-neutrino system, '*2" (Equal to 1 for
allowed decays).

3) The Axial-vector interaction also contains a spin operator, o.

The Vector and Axial-vector interaction are al so known asthe Fermi and Gamow-
Teller interaction, respectively. The Vector interaction or Fermi operator does not have
spin coupling and is proportional to 1 and,. Defining AJas the changein total angular
momentum, AT as the change in isospin, AT, as the change in z-component of isospin,
and Ax as the change in parity between the initial and final nuclear states, the selection

rules for aVector interaction are:

AJ=0
AT =0but 0 — 0 forbidden



AT,=1

Amr = Even

The Axial-vector interaction or Gamow-Teller operator has a spin component and is

proportional o andt,. TheAxial-vector interaction has the following selection rules:

AJ=0,1 but 0 — O forbidden
AT=0,1 but 0 — O forbidden
AT, =1

Amn = Even

The change in total angular momentum, AJ, can be 0 or 1 because of the nuclear
spin coupling with the beta-neutrino wave function’s orbital angular momentum in the
Axial-vector interaction. Note that the parity is till even because the beta-neutrino
system does not carry away orbital angular momentum, | = 0. A special class of alowed
beta-decay, superallowed beta-decay, involve 0" — 0* transitions. Only the Fermi operator
can cause thistransition. There is no mixing with the Gamow-Teller operator since no
spin coupling is possible [RO55, SC66, WO9(].

Up until 1978 the beta-decay interaction was represented by the decay of “bare”
nucleons. This meansthat a neutron decaysdirectly into aproton or viseversa. In 1978
Kubodera, Del orme and Rho proposed that aweak meson exchange current in the nucleus
could be observed in thetimelike (large energy, small momentum transfer) component in
the axial current of beta-decay [KU78]. This meson current could contribute to the
observable properties of beta-decay. Extensive investigations by Warburton, Townes
and others show that first-forbidden rank zero beta-decays have the best promise for

verifying the effects of the meson exchange current in theV - A model [M182].
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ForeIDDEN BETA DECAY

Forbidden beta-decays are defined by the amount of orbital angular momentum |
carried away by the beta-neutrino system. First-forbidden beta-decays involve 1=1,
second-forbidden beta-decays are |=2, etc. Forbidden beta-decays are further classified

by the change in total angular momentum between the nuclear decay states.

Rank 0 AJ=0
Rank1 AJ=1
Rank2 AJ=2

The Hamiltonian for forbidden beta-decay thus has terms proportional torY,  (6,) due

to the next higher order terms in the plane wave expansion of the beta-neutrino system.

For first-forbidden beta-decay the interaction Hamiltonian is proportional to

T,rY, . (0,0) +T,[o HIY (0,$)] 2
giving the following selection rules:
AJ=0,1,2
AT =01 but 0 — O forbidden
AT, =1

Ar = odd [WOQ0]

Forbidden beta-decays are important because they are predicted to be sensitive
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to meson exchange currentsin nuclei. In the Vector minus Axial-vector theory, meson
exchange currents are believed to enhance the timelike component of the axial-vector
current by as much as 40 % over impul se approximations[KU78, M182, WA91]. Thisis
because the pion has J* = O as required for first-forbidden beta-decay. First-forbidden
rank-zero beta-decays are usually dominated by the Axial-vector operator and therefore
they provide a good test for the comparison of theory and experiment [M182]. Once
matrix elementsare accurately calculated for rank-zero decays, afurther test of the theory
is to measure first-forbidden rank-one beta-decay branching ratios to determine the
population of higher energy states in the daughter nucleus. One then accounts for
contributionsfrom the decay of these higher energy statesto the states populated by first-
forbidden rank-zero beta-decay. Thisallows additional refinement in the comparison of
theory and experiment.

It should be noted that investigation of forbidden beta-decays also allows other
forms of interactions operators. The Pseudoscalar and other induced operators like the
induced Tensor interaction may play arolein these decays [SC66]. Improved limitson
Scalar interactions could show evidence of this operator [AD93]. Measurements of
allowed decays are not sensitive to these induced interactions because the effects of
meson exchange currents on allowed operators are very weak and the Pseudoscalar
interaction is second order in allowed decays [M182, AD93]. Therefore, allowed beta-
decays are not a sensitive tool to observe these possible effects.

Theweak nature of forbidden beta-decays make them asensitivetool for measuring
meson exchange currents, but at the sametime also makesthem very difficult to measure.
Only a few forbidden beta-decays with small branching ratios have been measured for
both rank-zero and rank-one decays, as compared to the number of known branching
ratiosfor allowed beta-decays. Branching ratio isdefined asthe decay probability to the
state of interest divided by the total decay probability.
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We set out to measure the first-forbidden rank-one beta-decay branching ratios
for the transition from the 2* ground state of °F to the 3 state at 5.62 MeV and 1 state at
5.79 MeV of ®Ne. Previous upper limits for these first-forbidden rank-one branching
ratiosto the 3 and 1 states of ?Ne are 4.8 x 10 and 1 x 1073, respectively [AJ78]. The
allowed beta-decay branching ratio of F to the 2" state at 1.63 MeV of °Ne is 0.9999
[AJ83] and thefirst-forbidden rank-zero beta-decay branching ratio to the 2 state at 4.97
MeV of ®Neis9.0x 10°[AL81al.



THEORY

BeTA DeEcAY TRANSITIONS

Fermi’s formalism of beta-decay is modeled after electromagnetic interactions
with the knowledge that beta-decay is weak and the assumption of a point interaction
[FE33]. One obtains Fermi’s Golden rule in a straight forward calculation using time
dependent perturbation theory with H(t) = H, + H'(t). H, isthe time-independent shell
model Hamiltonian and H'(t) isthe time-dependent interaction Hamiltonian. Expressing
the eigenstates of the Hamiltonian H(t) as an expansion of the eigenfunctions of thetime

independent part of the Hamiltonian, H ;:

W(ir) = Y ad) (e
k
@

and substituting this representation back into Schrédinger’s time-dependent equation
one solvesfor the coefficients g (t). The coefficients g (t) are probability amplitudesfor

finding the nucleus in the unperturbed state k at timet. Thisleads to the relationship

) 12 = 20D (7)H’ [P 21 - cos ((Ex - Eg)t/S
la(®) [° = 2K k() [H' [Do(F)) | E-Ey?

2
a () is the probability of finding the nucleusin state k at timet.

Taking thetimederivative of equation 2, changing the summeation over all possible
fina states for the daughter nucleus, beta-particle and neutrino to an integration over
energy multiplied by the lepton density of final states, and assuming the matrix elements
areindependent of beta-particle energy one gets Fermi’s Golden rulefor thetotal transition

probability of allowed beta-decay [BL79, WO90]:

13
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A= 2g|<<bf<F)|H' |Di(M)Pp(Er)

©)
The transition matrix element in equation 3 is also called the shape factor C and the

integration over the lepton density of final states, p(E)), is referred to as the allowed
Fermi integral f.

Theinitia nuclear statein Fermi’s Golden rule consists of only the parent nucleus
and can berepresented by [JM.CI3 . Thefina nuclear state consists of the daughter nucleus,
emitted beta-particle, and the emitted neutrino. Representing the final nuclear state as
[JMER and the beta-neutrino system as a plane wave, the transition matrix element in
equation 3 can be expanded as shown in equation 4 [WQ90]. In equation 4 Jis the
nuclear angular momentum, M 1o the vuyheap T HOUTOVEVT O OLVYUAQP LOUEVTUU,
C representsall other quantum numbers necessary to uniquely identify the parent nucleus,
and & represents all other quantum numbers necessary to uniquely identify the daughter

nucleus.

(O(P)H |©i(P) = \}umlew

4 )
(Y Y Van(@r+1) () ") akn) You(6,0)}IMIT)
A=0 pu=-A
4
H’ does not contain any parity changing operators. Keeping only the A = 0 term, using

the long wave length approximation for the spherical bessel function j, (kr), summing
over al terms, and inserting an explicit beta-decay Hamiltonian for the V - A model

[WO90], the transition matrix element for an allowed decay can be expressed as:
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(Dr(N)|H'|Di(r) =

\}E <J,Mf§|§ {Gvt.(n) + Gaok(n) ()} FMT)
KM+ n=1

©®)
Where G, if the vector coupling constant and G, the axial-vector coupling constant.

The parity selection rulefor the zero order terms, A = 0 in equation 4, describing
allowed transitionsrequiresno changein parity [BL55, RO55, WO90]. Inour experiment
weareinterested in thefirst order terms, A = 1 for the beta-neutrino system in equation 4,
that describe first-forbidden beta-decays and require a change in parity [BL55, RO55,
WOQ90]. The beta-neutrino system is represented by Ylu(e,q)) making thefirst-forbidden
beta-decays proportional to rY lM(E),q)) and (oHrYl(e,<|>))nK withn =0, 1, and 2. Thetotal
spin of the beta-neutrino system is coupled to theintrinsic spin operator o, and ) represents
the rank of the spherical tensor operator produced from this coupling indicating the total
change in momentum for the transition [WO90]. The transition matrix element for first

forbidden beta-decay is

A
(@O IR0) = LS (IMiEl Y {Gvea(n) + Gao(n) T}
KM+ n=1

x§1 {1 4§°(kr) Y 1.(6,4)}HIMIT)

(6)
Since the spherical harmonic Yo has a parity of -1, first forbidden beta-decay has a

Am =o0dd. Rank-one beta-decays correspond to achangein the total angular momentum

of one unit (n = 1). The operator (oHrYl(e,q)))nK isfound using the relationship:

(O XYy = E (L mg 1 mz | K)Om, 'Y 1m,

mimsz

()
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Theterms £1m, 1 m_, nx B areClebsch-Gordan Coefficients.

CoMPARATIVE HALF-LIFE

Correcting beta-decay half-livest |, for the decay energy and charge of the
daughter nucleus results in values that are comparative for decays with similar
characteristics [FE33]. These corrected half-lives are called comparative half-lives and
are represented in the literature as ft values. The factor f is called the Fermi integral.
There is alarge spread in the ft values; however, the log(ft) does show some grouping
within each class of decays, seefigure 1.

The Fermi integral is defined using Fermi’s Golden Rule. In its development
above we approximated that the transitions matrix elements were independent of the
beta-particle energy. This is true for allowed beta-decays since the first term of the
bessel function contained in our plane wave expansionis 1. Since the transition matrix
elements for allowed beta-decays are independent of energy, they are taken outside the
integral over the allowed density of states. Substituting the expression for the density of
states and integrating over all final beta-particle momenta, one obtains the definition for
the Fermi integral. Using this approximation the Fermi integral for allowed beta-decay

is:

?

fo= j F(Z, EeX rﬁgc)z(E%;CEe)z(rﬂEg)

()
The Fermi function F(Z,E) corrects the beta-state density for distortion effects caused

by the nuclear charge Z of the daughter nucleus and beta-particle energy E_[BL 79, SCE6,
WQO90]. Theterm E, isthe beta-particle end point energy for the transition. Expressing

the transition probability as afunction of the Fermi integral for alowed beta-decay:
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Figure 2 : Energy level diagram of “Ne [AJ83].
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2 A
p=n2 = MEC gy (AIH' o)
tyz  2n3s
©)

The Fermi integral cannot be expressed in asimple form if the transition matrix
elements depend on beta-particle energy. Thisisthe situation for forbidden beta-decay
since the operators in the perturbed Hamiltonian H' are dependent on the beta-particle
energy. Because one does not know the correct functional relationships for the beta-
neutrino system, the nuclear wave functions, or the beta-decay operators, the Fermi integral
in forbidden decays must be approximated. In forbidden beta-decay it is customary to
calculatethe Fermi integral asif the beta-decay was allowed and approximatethetransition
matrix elements or shape factor C. Using experimental results one then estimates the

transition matrix elements from the relationship.

A Yo [(Dr(7)H @)
(10

Thetransition probability for beta-decay isproportional to the square of the nuclear
matrix element multiplied by the Fermi integral or beta-neutrino system phase-space
factor [BL79, WO90]. Thisrelationship allowsthe use of the known branching ratio for
the first-forbidden rank-zero beta-decay from the 2* ground state of °F to the 2- lowest
excited state of Ne at 1.63 MeV, BR = 9.0(4) x 10° [AL81a] see figure 2, to estimate
the first-forbidden rank-one beta-decay branching ratios to the 3- and 1° lowest excited
states of Ne, at 5.62 MeV and 5.79 MeV, respectively. It is known that the Fermi
integral or phase-space factor is proportional to the total nuclear transition energy raised
to the fifth power [BL79, SC66, WO90]. Applying this energy correction to the first-
forbidden rank-zero beta-decay branching ratio, the first-forbidden rank-one beta-decay

branching ratios to the lowest 3" and 1 states are estimated to be 1.4 x 10° and 7 x 10,
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respectively. Through systematic studies of beta decay, E. K. Warburton proposed that

the square of the nuclear matrix elements for first-forbidden rank-zero beta-decays are
larger by approximately afactor of 10 than first-forbidden rank-one beta-decays (Private
communication to Moshe Gai, 1992). Application of this proposal and the energy
correction to the known first-forbidden rank-zero beta-decay branching ratio resultsin
estimates for the first-forbidden rank-one beta-decay branching ratios to the 3 and 1-
states of “Neto be 1.4 x 10° and 7 x 107, respectively.

MEesoN EXCHANGE CURRENTS

It has been proposed that meson exchange currents (mec) dominated by soft pion
(large E, small |p)) exchangein the nucleus significantly enhance the timelike component
of theaxial current [KU78, RI90]. Analysisof this possible enhancement of thetimelike
component inweak axial currents predict that first-forbidden transitions show the greatest
promisein revealing thiseffect [TO86, WA 91, WA94]. Since the timelike component of
theaxial current operator dominatesfirst-forbidden rank-zero beta-decays[ GU78, KU78,
WA91], and the pion possess the correct quantum number J* = O for first-forbidden rank-
zero beta-decay, these decays provideinformation on apossible coupling. First-forbidden
beta-decaystherefore allow the study of subnucleonic degrees of freedomin nuclei. The
verification of this processisvery difficult because the choice of basisfunctionsused for
nuclear wave functionsinfluence the cal culations and forbidden transitions are not easily
measurable [TO86a, TO86].

First-forbidden rank-one beta-decays play an important role in verifying meson
exchange current enhancements since accurate measurements of these decays allow the
removal of measurable contributions to rank-zero decays. Removing the effects of the
decay of higher energy states populated by rank-one beta-decay that subsequently decay

to states populated by rank-zero beta-decay allows for an improved measurement. Itis
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also important to estimate the effect of rank-one beta moments on first-forbidden rank-
zero beta-decays. In arank-zero decay the transition matrix elements consist of rank-
zero, rank-one, and rank-two operators. Accurately measuring the effects of rank-one
operators improve the estimates for meson exchange currentsin nuclei. A shell-model
study of eighteen first-forbidden beta-decays in the lead region showed the importance
of understanding the rank-one component to rank-zero decays [WQ91]. In the small
atomic number region, A=16, calculations of first-forbidden rank-zero beta-decays are
approximated without contributions from rank-one operators [WA94]. Measuring first-
forbidden rank-one beta-decay branching ratiosin thisregion will allow for animproved
test of theory and experiment by taking into account the effects of rank-one operators on

rank-zero decays.



THE EXPERIMENT

TARGET DEVELOPMENT

For target development it was advantageous to consider atarget that could be used
both in this experiment and in a concurrent experiment on the Beta-Delayed Alpha-Decay
of N. Thetarget requirementsfor both the 2°F and *N experiments were very similiar and

required targets that produced:

1) Good cross sections for neutron capture by the beams, *°F and *N.

2) Minimal angular distribution of the secondary beams of *F and **N
in the laboratory frame of reference.

3) Minimal background in the regions of interest for the alpha-

particle decays.

If acommon target could be developed it would enable greater flexibility in the conversion
of the experimental apparatus to measure these two decays concurrently.

The first consideration for a target was a deposit of deuterided metals on a thin
carbonfoil. Thistypeof target was considered because of itssuccessin Z. Zhao thesiswork
on the Beta-Delayed Alpha-Decay of ®N [ZH92]. After careful investigation it was
determined that the melting points and decomposition temperatures were too low to be
useful due to the heat produced by the large beam currents we are forced to use [HU52,
LEG67, SH67, SP61].

Mr. R. H. France |1l devel oped adeuterium gastarget for hisPh.D. thesison ®N that
could also be used for the study of *F decay and other experiments [FR96]. Computer
simulations of 2°F multiple scattering in 1mg/cm? Beryllium, the gas target windows, at 40

MeV using TRIM 92 showed that the beam remained collimated to within 1 degree of its
21
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Figure 3 : Top - Typical plot of multiple scattering of F in °Be and ?H. Bottom - Typical
kinematics plot of 2H(*F,%*F)*H reaction.



23

100
- Be°F,”F)a.a
80 - 80 MeV “F
S 60 —
L
\2-/ -
T 40 -
20 —
O 1 I 1 I 1 I 1
0 10 20 30
1 (deg)

Figure 4 : Typical kinematics plot of °Be(*°*F,*°F)a.a reaction.

40



24

original directioninthelab reference frame, seefigure 3[Z191]. Kinematic cal culations of
the production of ?°F at 40 MeV with the reaction 2H(**F,°F)*H al so showed that 90% of the
reaction products were within 3° of theinitial beam direction, seefigure 3. These computer
simulations predicted that a gas target with °Be windows would produce awell collimated
guas mono-energetic secondary beam of °F.

The deuterium gas target proved to be unsuccessful for this experiment due to the
significant neutron induced background produced. The neutron induced background
overwhelmed the region of interest in the alpha-energy spectrum limiting the sensitivity to
low energy alpha-particles emitted from the 1- statein ®Neat 5.79 MeV and 3 statein ®Ne
at 5.62 MeV, with predicted energies of 0.85 MeV and 0.71 MeV, respectively.

Through the testing of the deuterium gas target it became apparent that a solid °Be
target (i.e. the exit foil of the gastarget alone) would be useful in measuring first-forbidden
rank-one beta-decays of F. The °Be(**0,*0)a.a reaction was demonstrated to have ahigh

relative yield of radioactive nuclides in beta-decay measurements [AL81]. Testing of this

target showed that:
1 Its neutron induced background was significantly reduced.
2) It could withstand the beam currents necessary to produce the large

number of 2°F nuclel necessary to measure the first-forbidden rank-

one beta-decays, seefigure 5.

A computer ssmulation for thetarget used in thisexperiment predicted resultssimilar
to the gas target for multiple scattering of a secondary beam of 80 MeV °F on a0.0025 cm
thick Be target at 60° to the beam, see figure 6 [ZI191]. However, the kinematics of the
‘Be(*F,2F)aa exit channel predicted an increase in the laboratory frame of reference's 2°F

maximum angular distribution, see figure 4. An additional collimator was placed in the
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collimated to within 1° of *°*F beam's original direction in the lab reference frame.
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beam to minimize the background caused by deposited ?°F on the internal chamber

components due to the increased angular distribution of *F,

EXPERIMENTAL PROCEDURES

The energy level structure of 2Ne in relation to the ground state of 2°F makes 2°F a
good candidate for measuring the branching ratio of afirst-forbidden rank-one beta-decay.
In thisdecay thelowest 3 and 1" excited states, at 5.62 MeV and 5.79 MeV, respectively, of
2Ne are abovethe **0 + o threshold at 4.73 MeV, seefigure 2. Since both thelowest 3 and
1" excited statesin ®Ne decay primarily (larger than 92%,99% respectively) through alpha-
particle emission [AJ87], this allows the use beta-delayed alpha-decay to minimize the
background in the first-forbidden rank-one beta-decay branching ratio measurements.

The low background and high sensitivity obtained in this experiment is based on
coi nci dence measurements between beta-particles and al pha-particles from forbidden beta-
decays of ?F. These alpha-decays are normalized to the gamma-decay of the 2+ excited
state at 1.63 MeV in ®Ne in coincidence with the beta-particles emitted from the allowed
beta-decay of 2°F. Thisallowed beta-decay ismeasured to have abranching ratio of 99.99%.
A comparison of the decays of the 2* first excited state at 1.63 MeV in ?°Ne with the lowest
excited 1 and 3 statesat 5.79 MeV and 5.62 MeV, respectively, in ®Ne yields the absolute
normalization of the branching ratios for the first-forbidden rank-one beta-decays. Since
the branching ratios were estimated to be on the order of 10° to 10, minimizing the
background is essential for increasing sensitivity while at the same time maintaining a
reasonable production of F. These two conditions played amajor rolein the design of the
experiment.

We produced °F using the reaction °Be(**F°F)aa. A °F beam was chosen with a

Be solid target so as to increase the production of F. The *°F beam was accelerated to an
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Figure 7 : Experimental setup used in current measurement.
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energy of 80 MeV using the ESTU tandem accelerator at Yale University’s Wright Nuclear

Structure Lab (WNSL). A 80 MeV *°F beam was collimated and sent to a production area
just inside the vacuum chamber. Herethe '°F beam hit a°Be solid target that was at an angle
of approximately 25° to the beam producing ?F. The kinematics of a **F beam on a °Be
solid target alowed usto produce a ?F beam as discussed above, seefigure 4. Thereaction
products then passed through arectangular collimator to reduce background by shielding a
catcher foil frame and allowing the ?°F produced to be deposited only on a thin carbon
catcher foil and not on the frame holding the foil. The catcher foil consisted of a 30ug/cm?
thick carbon foil mounted on a rotating arm and frame assembly. The catcher foil was
mounted at an angle of approximately 7° with respect to the beam, see figure 7. This
orientation produced an effective catcher foil thickness 8 times greater than its actual
thickness. Placement of a thin foil in this manner allows the use of a thin catcher foil to
efficiently collect reaction products.

The accel erated beam was chopped at the accel erator vault, approximately 30 meters
from the target. After the beam was on for 16 seconds, the catcher foil and arm were then
rotated with the chopper in. An electronic monitoring system ensured that the beam was
chopped before the arm was rotated to prevent spraying reaction products on the catcher
arm frame. Therotation of the catcher foil to the counting areatook approximately 3 seconds
to allow the decay of short lived contaminates. All detectorswereinhibited from collecting
information using both hardware and software conditions during the arm's rotation. This
minimized background caused by el ectrical noise produced during the arm’srotation. Once
sensors indicated that the catcher foil was rotated to its proper location, data collection
proceeded for approximately 13 seconds. Seefigures 8, 9, and 10 for typical control room
electrical schematics.

Thefacesof the alpha-array and beta-array were placed on opposite sidesand parallel

to the catcher foil to maximize the counting efficiency of each array, see figure 7. In this
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position the catcher foils appear very thin to the alpha-particles detectable by the alpha-

array that emerged essentially perpendicular to the catcher foil minimizing apha-particle
energy lossinthefoil. Thismust be achieved asthe alpha-particles emitted from the 3 state
have an energy of 710 keV and from the 1- state 850 keV. The experimental challenge was
bal ancing the need for athick catcher foil to maximizethe collection of 2°F with the need for
avery thinfoil to minimize al pha-particle energy loss. Indeed, the 30 ug/cm? carbon catcher
foil tilted at 7° to beam provided a satisfactory solution.

The alpha-array consisted of nine silicon surface barrier detectors each having an
active area of 450 mm? and 50um thick. The electronic threshold for each detector was set
typically at 200 keV. The alpha-array was located approximately 69mm from the catcher
foil to ensure good energy resolution, minimize background, increase the alpha-particle
time-of-flight to the detector, and to minimize dead time caused by the event rate in the
alpha-array. The catcher foil energy resolution was approximately 30 keV. Thetotal array
absolute efficiency was measured to be 2.69(1)% with an energy resolution of 73.5 keV
FWHM.

Two detectors were used to measure the gamma-emission, a high resolution HPGe
detector and Nal(T1) detector. The HPGe and Nal(Tl) detectors were located 37 cm from
the catcher foil at an angle that allowed them to view the catcher foil without being blocked
by the alpha-array. At thisdistance, the HPGe detector had an efficiency of 2.1(3) x 10 for
the 1.63 MeV gamma-ray and 1.6(3) x 10 for the 3.33 MeV gamma-ray emitted from the
2" and 2 statesin ?Ne, respectively, populated by the beta-decay of °F. Thisdetector could
in principle be placed at any angle to the catcher foil since the gamma-rays from the 2* at
1.63 MeV are emitted isotropicly. Also, the beta-array high geometrical efficiency of 40%
and large angular coverage removes any concerns arising from alignment of nuclear states
(beta-gamma angular correlation).

The beta-array consisted of twelve BC418 plastic scintillator detectors inside the
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vacuum chamber that were optically coupled to photomultiplier tubes outside the vacuum
chamber. Electronic threshold of each beta detector was set typically at 80 keV. Thisarray
was located within 3 mm of the catcher foil when it wasin its counting position. Since we
only needed to know when a beta-particle was detected in this array for coincidence
information, no energy information wasrecorded. The plastic scintillator timing signal was
used to stop the coincidence counting so as to minimize dead time. With the catcher foil
located in approximately the center of this array, the beta-efficiency was measured to be
approximately 40% with atime resolution of 4 nanoseconds for alpha-energy of 5.8 MeV.
Timing resolution for a pha-beta coincidence was on the order of 4 nanoseconds due to the
very low threshold and large capacitance of Si-detectors. Long rise times of the HPGe
detector timing pulse yielded time resolution for gamma-beta coincidence on the order of
20 nanoseconds. The obtained timing resolutions were sufficient to remove a significant
amount of background in the a pha-particle and gamma-ray spectrums.

The presence of an event in either the alpha-detector array or HPGe detector was
used to trigger the processing of information from all detectors. A delay between the output
of the beta-array detectors ensured that true signals from this array came after the alpha-
array or HPGe detectors even though beta-particles precede both the alpha- and gamma-
decays. Starting the eventson thelower rate alpha-particle or gamma-ray reducesthe event
rate of the electronic system and minimizes dead time, while at the same time it allows the
collection of real events, seefigures 8, 9, and 10.

We recorded the following parameters for each decay:

1) Energy deposited in SSB detector in the alpha-array.
2) Gammaray energy.
3) Timing between the start of an event by an alpha-particle or

gamma-ray detector and detection of a beta-particle in one of the
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beta-array detectors.

4) The latch identification of each detector in the al pha-array, monitor
detector, the HPGe detector, and Nal(TI) detector that processed a

signal meeting threshold criteria.

This detailed record of each parameter alows the analysis of various data with gating on
specific conditions. The datawere analyzed off line by placing gates and conditions on the
above recorded information.

After acounting time of 13 seconds, the detectorsin the counting areawereinhibited
and the beam chopper opened allowing the beam to hit the °Be target producing F. Two
30ug/cm? catcher foils were used, utilizing both ends of the rotating arm, seefigure 7. We
collected ®F on a catcher foil for 16 seconds, stopped the beam, rotated the arm (3 second
duration), and collected data for 13 seconds repeating the complete cycle. This sequence
gave beam on and beam off times of 16 seconds each. The beam chopper, rotating arm, and
data collection were controlled by the Concurrent Computer system at WNSL allowing for
continuous operation and data collection.

Thetotal beam current was monitored using Rutherford backscattering of °F from a
30ug/cm? gold on 30ug/cm? carbon target. A silicon surface barrier detector placed 7 cm
fromthisfoil at abackward angle of 140° to the beam direction was used to measure the 1°F
beam current. This detector was active while the beam was on and the arm stationary. This
allowed normalization of background runs without the catcher foils to data collection runs,

enabling us to perform an effective background subtraction.

ExPERIMENTAL RESULTS

Figure 11 showsthe energy spectrum of the al pha-decay of ®Nein singleswith atail
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from beta-particles. The two methods used to estimate the first-forbidden rank-one beta-

decay branching ratios predict 150 countsfor a phase space correction to thefirst-forbidden
rank-zero branching ratio and 15 counts with Warburton's proposed nuclear matrix element
reduction in an energy range of 157 keV (32 Channels) for the alpha-decay of the 3 state.
These methods predict 80 counts and 8 counts, respectively, for the alpha-decay of the 1-
state of ?Ne. The regions of interest for the alpha-decay of the 3- state and 1 state in °Ne
have 1071 and 510 background counts, respectively, thus giving an expected signal to
background worsethan 1to 6. Thisrequired areduction in the background to measure the
first-forbidden rank-one beta-decay of *°F, accomplished by gating the al pha-particle spectrum
on the coincidence between the beta-particle and the subsequent alpha-particle decay.

Figure 12 shows the alpha-particle detector energy spectrum in coincidence with
beta-particles. In this spectrum there are a total of seven counts in the region of interest,
0.64 MeV t0 0.79 MeV (channels 120 to 152), for the a pha-decay of the 3 state and atotal
of three countsin the region of interest, 0.77 MeV to 0.93 MeV (channels 148 to 180), for
the alpha-decay of the 1" state of ®?Ne. We determined the background for the alpha-particle
spectrum in coincidence with beta-particles by removing the carbon catcher foilsand gating
on the same conditions used for data analysis. This measures the background due to the
spraying of F reaction products on the catcher foil frames. We al so measured background
by shifting the timing gatesto allow the subtraction of random coincidence events. Figures
13 and 14 shows the a pha-particle background spectrums. These spectrums demonstrate
that the catcher foil frameswere sufficiently shielded to prevent the spraying of asignificant
amount of ?F on them.

Thealpha-detector array was calibrated using several different al pha-particle sources.
Energy calibration in the region of interest was preformed using the reactions °B(n,o) 'L
and °B(n,a)’Li" tofirst exited state [KN89]. Thereactions produced 0.841 MeV and 1.014
MeV “Li particles,and 1.471 MeV and 1.775MeV alpha-particles, seefigure 15. Inaddition,
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standard calibration sources of 1*¥Gd, >*Am, 2®®Po and ?*Po were used for energy calibration

of the a pha-detector array. The absolute efficiency of the a pha-detector array was measured
to be 2.69(1)% using a *Gd calibration source mounted on the catcher foil frame. Alpha-
array energy calibration is E = (0.0049 MeV/Ch)(Ch #) + 0.019 MeV.

The beta-array timing signal thresholds were set using the compton edge of the
0.662 MeV gamma-ray emitted from the decay of *’Cs. The pulse height of the 0.479 MeV
compton edge was measured for each detector and the CFD thresholds were set for a pulse
height that linearly scaled to atypical energy of 80 keV. A standard calibration source of
%Co was used to ensure that the proper delay times were set on each signal from the beta-
detector array photomultiplier tubesto allow measurement of beta-particle and gamma-ray
coincidence. The coincidence system for beta-particles and alpha-particles was checked
using astandard ??’Ac calibration source. Thissource emitsal pha-particlesand beta-particles
in coincidence alowing tests of the TDC’s and to properly select the timing gate to use for
coincidence counting. Prior to data collection the complete timing system was tested with
both 22’Ac and *°Co calibration sources using data collection parameters to ensure all
electronic components were properly set.

Coincidence spectrawerein thetypical decreasing time manner since abeta-particle
isemitted prior to the alpha-particle starting an event. Lower alpha-particle energy startsan
event later in time than a more energetic apha-particle causing a shorter time difference
between the al pha-particle and beta-particle. Thegatesfor timing of al pha-beta coincidence
wastaken to be from achannel just abovethe?’Ac timing signal down 88 channelsfor each
apha-detector and beta-detector combination to ensure a gate width of 20 nanoseconds.
This timing gate ensures detection of the beta-delayed alpha-decay of °F since this
coincidence should be about 10 nanoseconds less in time than the beta-delayed alpha-
decay of ?’Ac and it removes beta-gamma events since they occur at channels higher than

the chosen gate. See figure 16 for the 2’Ac a pha-particle energy spectrum in coincidence
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with beta-particles using timing gates set for data analysis. This spectrum demonstrates

that the timing gates were chosen correctly.

The gamma-decay of the 2* statein ®Ne at 1.63 MeV in coincidence with the beta-
particle emitted in the allowed beta-decay of °F isshowninfigure 17. Thisdecay wasused
to normalize our first-forbidden rank-one beta-decay branching ratio measurements. We
observed 88,887(1600) net counts for the 1.63 MeV peak of *Ne after background
subtraction. Background was measured by counting with an empty catcher foil frames
under the same coincidence parameters used for data collection and normalized to the total
beam during data collection. A normalization factor of 8.14(2) for this background was
determined using Rutherford scattering of °F off a30 ug/cm? gold on 30 ug/cm? carbon foil
aspreviously described. Thisallowed usto take into account *F being deposited anywhere
inside the vacuum chamber. Figure 18 shows the unnormalized gamma-ray background
spectrum measured with the carbon catcher foils removed from the rotating arm. This
method of background measurement was very effective in ensuring that we did not over
subtract background. Only charged-particle and gammarray backgrounds capable of fulfilling
coincidence requirements were subtracted from the coincidence spectrums.

Energy calibration and absolute efficiency of the HPGe detector was determined
using standard %°Co, **¥’Cs, and **?Eu calibration sources. See figure 19 for *?Eu energy
calibration spectra. These sources were placed on the catcher foil frames in place of the
carbon catcher foils. Absolute efficiency measurement was performed using aleast square

fit of the datato a standard efficiency relationship, see equation 9 [SI76].

£= (2.6 x 10%)Emevy 040
€)
The cal culated absol ute HPGe detector efficiency was2.1(3) x 10 for the 1.63 MeV gamma-

ray emitted in the decay of the lowest 2* state in ®?Ne. The ?Eu and *°Co peaks were
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corrected for sum loss fractions and sum gain fractions [GE77]. HPGe detector energy

calibration is E = (0.002 MeV/Ch)(Ch #) - 0.015 MeV.

BRANCHING RATIO M EASUREMENTS

We attempted to measure three 2F first-forbi dden beta-decay branching ratios, one
rank-zero decay and two rank-one decays. All three measurements were normalized to the
allowed beta-decay of 2°F to the 2* state at 1.63 MeV in ®Ne that has a branching ration of
0.9999 [AJB3]. This 2* state in 2?°Ne gamma-decays to the 0* ground state in Ne with an
energy of 1.63 MeV 100% of the time making it very useful for normalization [AJ83]. A
total of 88887(1600) net counts were observed in the HPGe detector with an efficiency of
2.1(3) x 10“ at 1.63 MeV.

Thefirst-forbidden rank-zero beta-decay of 2°F decaysto the 2 state at 4.97 MeV in
Ne[AJ83]. This2 statein?°Ne subsequently gamma-decaysto the 2" stateat 1.63 MeV in
Ne with a branching ratio of 0.994 emitting a gamma-ray with an energy of 3.33 MeV
[AJ78, AL814d]. A total of 8(3) net counts were observed in the HPGe detector with an
efficiency of 1.6(3) x 10* at 3.33 Mev. The first-forbidden rank-zero beta-decay of *F
measured branchingratiois 1.2(6) x 10* anditslog(ft) is7.1(2). Thisconfirmsthebranching
ratio of 9.0(4) x 10°and log(ft) of 7.16(2) measured by Alburger and Warburton [AL814d].

Thefirst-forbidden rank-one beta-decays of °F were not observed in this experiment.
The events observed in the regions of interest are consistent with background; therefore,
only upperlimits for the branching ratios are calculated. A total of 7 counts are observed in
theregion of interest (0.64 MeV to 0.79 MeV) for the al pha-particle decay of the 3 state at
5.62 MeV and 3 counts (0.77 MeV to 0.93 MeV) for the 1 state at 5.79 MeV in ?Ne, both
consistent with background. The branching ratios for a pha-decay are 0.927 and 0.999 for
the3 and 1 states, respectively. The calculated first-forbidden rank-one beta-decay branching
ratio upperlimitsat 2o are 1.5 x 10°and 7 x 107 for the 3 state at 5.62 MeV and 1 state at
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5.79 MeV of ®Ne, respectively.

The upperlimitsfor the branching ratios gives estimatesfor the partial half-lifelower
limitsto be 7.3 x 10° secondsand 1.6 x 10" secondsfor the 3 and 1 states of °Ne, respectively.
Calculated f values of 24.6(2.5) for the 3 state and 14.6(1.5) for the 1- state were obtained
using the method outlined by E. Feenberg and G. Trigg [FE50]. The corresponding
comparative half-lives or log(ft) values are 8.2 and 8.3 for the 3 and 1 states of “Ne,
respectively.

The obtained branching ration upperlimits improve previous upperlimits by factors
of 320 and 1428 for the first-forbidden rank-one beta-decays to the 3 and 1 states,
respectively, of “Ne. These upperlimits are considerably lower than predicted values for
phase space corrections to the first-forbidden rank-zero branching ratio to the 2= state at
4.97 MeV of ®Ne. They are consistent with the predicted values of 1.4 x 10°® and 7 x 10”7
using phase space correction with E. K. Warburton's proposed correction to rank-zero matrix

elements for the decay to the 3 and 1° states, respectively, of Ne.
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CONCLUSION

Previously published upper limits for the first-forbidden rank-one beta-decay

branching ratios of °F were [AJ78]:

< 4.8x10* to the ®Ne 3 state at 5.62 MeV.
< 1x10°tothe®Ne 1 state at 5.79 MeV.

We determined the first-forbidden rank-one beta-decay branching ratio of *F upper limits

to be

< 1.5x10° to the ®Ne 3 state at 5.62 MeV
and

< 7x107tothe®Ne 1 state at 5.79 MeV

at 2c. The obtained upper limits represent an improvement by afactor of 320, 1428 for the
branching ratios to the 3, 1 states in Ne. These branching ratios are also considerably
lower than the prediction based on phase space corrections the known branching ratio for
the first-forbidden rank-zero beta-decay to the 2 state at 4.97 MeV of ®Ne and are at the
predicted values using E. K. Warburton's proposed corrections to the matrix elements.

Our branching ratio upperlimits give log(ft) values of 8.2 and 8.3 for the 3 and 1.,
respectively, and are within the expected rangefor first-forbi dden beta-decay. The measured
branching ratio of 1.2(6) x 10 for the first-forbidden rank-zero beta-decay of %F to the 2
state in ®“Ne at 4.97 MeV resultsin alog(ft) of 7.1(2). This confirms the branching ratio
measurement of 9.0(4) x 10° and log(ft) of 7.16(2) by Alburger and Warburton [AL81a].

The largest uncertainty in our measurement is due to the statistical uncertainty of
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the total alpha-particle counts. As seen in the alpha-particle background spectrum, we
obtained sufficiently low background and sensitivity to measure these first-forbidden rank-

one beta-decay branching ratios.
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