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54Mn, 56Ni and 144Pm as Cosmic-Ray Chronometers

1. INTRODUCTION

In the universe, matter is inhomogeneously distributed throughout the mostly

empty space. A number of different physical processes, which lead to the substantial dif-

ferences between clouds of gas and clusters of galaxies, may be involved in determining the

characteristics of this distribution. In earlier days, it wasn't clear at all that the study of

stars had anything in common with physics. But nowadays, astronomy and astrophysics

have come to mean almost the same thing. In fact, physical explanations for the cosmic

processes have been so successful that we are confident all astronomical processes are sub-

ject to physical laws. So, the astrophysicist attempts to explain astronomical phenomena

by means of plausible theories that are consistent with empirical evidence and the laws of

physics.

We try to apply the scientific methodology to astrophysical studies. One of the

strongest objections to the theories of astronomy has been the fact that this discipline

relies heavily on observation rather than experimentation. In recent years, astrophysics has

been able to remedy the situation by verifying some of the hypotheses of the field in the

laboratory. But we should keep in mind that the laws of physics that we apply to cosmic

processes are mainly based on the experiments that we conduct in a very limited scale. We

then extrapolate these laws and relations to processes that take place on a cosmic scale,

sometimes tens of orders of magnitude larger than the laboratory environment; but there

is no guarantee that these extrapolations are warranted.

We should also worry about the constancy of the constants of physics and the

uniqueness of universe. The light that reaches us from a distant galaxy was emitted many

million years ago. By measuring the wavelength, we can make some deductions about the

source of this light only if the charge of the electron and Coulomb's law are unchanged in

time and space. Another limitation is that to answer the usual questions of science, we

conduct an experiment repeatedly while we alter one feature of the experiment each time

we repeat the experiment. Then we measure the effect of these changes until we recognize

a relation between the different quantities measured. Truly cosmic problems. however. do
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not allow this kind of approach. There might not be any apparatus that remains unaffected

by changing one of the features of the universe as a whole.

1.1 Domain of Astrophysics

What differentiates astrophysics from the rest of the physics, is mainly the subject

and the topics of astrophysics. Astrophysicists are primarily engaged in studying observed

and sometimes unobserved astronomical objects (including the universe itself), and in doing

so, sometimes they find themselves confronted with not so well defined questions of formi-

dable difficulties such as the origin of life. Ordinarily, however, formation of stars, stellar

systems and their evolution, galaxies and their structure, the interstellar medium and its

dynamics, mechanisms involved in the distribution of matter in space and the structure of

universe are among the basic concerns of astrophysicists. And sometimes to add a little bit

of flavor to the subject they question the nature of the most fundamental dimensions of the

physical universe- time and space.

1.1.1 The Formation and Evolution of Stars

The observable universe is composed of a large number of galaxies, and each galaxy

contains a large number of stars. These stars are born, live and die. An isolated mass of

gas is condensed onto itself by gravitation, and then partially or completely returned to the

galactic interstellar gas. The cycle repeats itself, and each cycle leaves its mark on some

aspects of the galaxy. The bulk of interstellar matter consists of hydrogen. Sometimes in

a region with a mass density greater than the average, this cloud of matter contracts into

a number of fragments through a process called stellar association. The details of such a

process are complicated and sensitive to the present physical conditions.

A star is said to be born when its core commences hydrogen burning. The star's

lifetime is determined by the amount of hydrogen that is available in its core. Nuclear

evolution in the stellar core consists of successive stages of thermonuclear burning and

gravitational contractions. In low-mass stars, the temperature of the core never becomes

high enough to start nucleosynthesis from the ashes of He burning (12C and 160). In more

massive stars, further gravitational collapse causes the temperature of the core to rise,

where higher orders of nucleosynthesis can produce elements as heavy as "Fe. While star

formation removes matter from interstellar medium, mass loss from individual stars, stellar
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wind, novae and supernovae all return matter to the surrounding environment. In most

cases, the star's evolution is terminated when a part of the remnants of the condensed

matter remains in a more or less stationary form (white dwarf, neutron star or black hole).

1.1.2 Stellar Nuclear Reactions

When a star forms from the contraction of the interstellar medium, it radiates

away gravitational energy which is equal to the change in its gravitational potential energy

calculated by:

V fR (-41 pr3 (47rpr2) dr (1.1)
3

During this period no nuclear reaction takes place. As the contraction proceeds

the temperature of the core of the star rises. As the temperature at the center of the star

reaches about a million degrees nuclear reactions set in. These exothermic processes are

the ultimate source of energy for the star. Considering reactions in which only two kinds

of nuclei participate, the rate of the reaction is proportional to:

1. ni and n2, the number densities of the nuclei,

2. the frequency of collisions, which depends on the relative velocity v with which the

particles approach each other,

3. the velocity-dependent interaction cross section o(v) which normally is proportional
1

4. the probability Pp(v) for a particle to penetrate the Coulomb barrier of the other

particle, which has the form:

Pp(v) cc exp
472 Zi Z2e2)

hv

5. the probability for nuclear interaction PN, after the nuclear barrier is penetrated.

This value is usually found from laboratory data.

6. the distribution of velocities among particles. For non-degenerate cases, this can be

assumed to be Maxwellian
2 1 Trtv2

v) oc exp
kT
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where m is the reduced atomic mass.

The overall nuclear reaction rate is then given by:
00

r = f nin2vaPp(v)PND(T, v)dv (1.2)

The evaluation of the integral is not too difficult because, except for a narrow range of

velocities, the product of PN and D(T, v) is negligible[1]. This integral is of the form
00 ar= v exp [ (7) bv2)] dv (1.3)

47r2Zi Z2 e2where a = and b = 2KT The integrand has a sharp maximum at the minimum

value of the exponent, which happens at

\ 4/7-2 Z2e2kT

vm hm

To estimate the velocity range over which the value of the integrand is significant, we limit

the boundary to an interval within which the integrand has dropped by a factor of e from

its maximum. This happens for values for which

(1.4)

a a
(-1-;

bv2
) (7- bvm2 = 1

Since the deviation of v with respect to vn, is small, we can write

v = vm

Terms linear in S cancel out, and quadratic terms yield:

(a + b) 62 = 3b62 = 1
3V
771

=
1 2 kT

= \I (1.5)

To represent r by a single equation, we collect all proportionality constants into a single

constant B. Therefore,

[r = Bp2 XiX2T- i exp _3 (274 Zi
T

Z2 e4 3

h2 k )

with X defined as concentration given by:

ni = P--1
777,1

n2 = P y
2

m2

(1.6)
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2 1

This means that the reaction rate is proportional to (T) 3 x exp [ (T) 3].
So far we haven't taken into account the required temperatures, densities and the

energy releases in individual reactions involved. The question is how much energy is needed

for two particles to interact. A nuclear interaction can take place only if the particles can

approach to a distance of the order of a nuclear diameter N 10-15 m. The energy required

to overcome the Coulomb repulsion between two positively charged nuclei is

Zi Z2 e2E = Z1 Z2 MeV

Although this suggests that temperatures of the order of 1010 K would be required

to achieve nuclear reactions, we should remember that a fraction of nuclei with thermal

distribution D(T, v) has energies much higher than the mean. Also, due to tunneling phe-

nomenon, there is a probability for particles with smaller energies to start to interact. This

probability is evaluated quantum mechanically and is included in Pp(v). These two factors

are sufficient to allow nuclear reactions to start at mean energies of N 103 times smaller

than those required in the laboratory. In the laboratory, we require high interaction rates

so that results may be obtained within a reasonable time frame, while the star is in no

hurry. It is the prolongation of available time for a star by a factor of ti 1014 which allows

low temperature generation of energy and transmutation of the elements at the center of

stars at cosmically significant rates.

At this point, heavier nuclei start to form the burning of lighter nuclei. The most

basic reaction is the proton-proton chain, which can be initiated by either of the weak

interactions

1H +1H 2D + e+

1H+ e- iH 2 D

The cross section for these interactions is N 10-47cm2. About 2% of the released energy is

emitted in the form of neutrinos[2].

2D+1ri _,3 He +

3He + 3He 4He +1H iH

3He 4He 7Be + 7

7Be + e- 7Li ve
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7Li + p 4He + 4He

7Be 1He 8B +1

8Be + 4He 4He

8B -4 8Be + e+ + ve

A number of different processes are involved in the formation of heavier nuclei,

including beta decay

p-processes

alpha-processes

n > p +Tie

p + n+ve

p 'n +e + +ve

AZ .4A+1 1)

AZ +a>A+4(Z +2)

s-processes, which can be slow neutron capture processes, and r-processeswhich can be

responsible for the rapid addition of neutrons to make elements beyond 210Po.

A z A+1 z +

After the hydrogen burning stage, the core of the star slowly contracts until its

temperature rises to about 108 K, when helium burning starts and 12C is formed from 3

helium nuclei[2]. The helium burning phase has a relatively short duration. At higher

160,temperatures a sequence of (a, -y) reactions may occur to form 16020Ne and 24Mg.

1.1.3 Silicon Burning

Considering nucleosynthesis processes through carbon and oxygen burning, it

might be assumed that at the end of these burning stages, nucleosynthesis would con-

tinue as a result of nuclear interactions between the products of carbon and oxygen burning

such as 28Si, 32S, and 24Mg. However the relatively high Coulomb barriers inhibit these

reactions, and consequently photodisintegration of nuclei will occur after oxygen burning

(that is at temperatures in excess of 3 x 109 K). The principle of detailed balance allows us
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to express AAB, the photodisintegration rate of nucleus A-43, in terms of the corresponding

reaction rate between nuclei A and B. Under conditions of thermodynamic equilibrium, we

have

AABnAB = nAnB (cry)

where the reaction rate (ov) is defined by

(vv) = Vir8rn (kTo LiEcr (E) dE (1.7)

where m = "--1172n and E is the center of mass energy.Tni +m2

The ratio aziLal is determined by means of the Saha equation:
nAB

3

nAnB 9A9B E
e- kT (1.8)

nAB gAB h2

where g's represent the degeneracy of the energy states. A great profusion of reactions will

take place simultaneously when the temperature exceeds 3 x 109 K. 28Si is the last step of

comparable atomic number to undergo photodisintegration because it is the most tightly

bound. At high temperatures a quasi-equilibrium will be set up between a-particle capture

and the corresponding photodisintegration reactions. For temperatures less than 5 x 109 K,

this quasi-equilibrium, which is a consequence of the relative stability of 28Si, is described

approximately by the set of reactions:

28si 4He z_ 32s

32s 4He <.=> 36Ar
-y

36Ar + 4 He > 4 4°Ca + -y

40ca 4He _427> 44Ti

"Ti + 4He +- 48Cr + -y

48Cr 4He 52Fe + -y

52Fe 4He * 4 56Ni
ry

where it has been assumed that the total number of protons is equal to the total number

of neutrons.

The above series of reactions is called silicon burning, because the rate at which

these nuclei are produced depends on the rate of reaction between 28Si and a particles. The
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final result of the quasi-equilibrium state of silicon burning is highly temperature dependent.

Significant release of nuclear energy will result from silicon burning if the temperature is

less than 5 x 109 K. For temperatures between 3 x 109 and 5 x 109 K, silicon burning can

be summarized as :

2 28Si 56Ni (1.9)

which is exothermic by 10.9 MeV. For temperatures > 5 x 109 K, the very intense photon flux

maintains an appreciable number of free nucleons and a particles, and the quasi-equilibrium

will shift to 54Fe, and we have:

2 28Si 54Fe + 2p

which is endothermic by -1.3 MeV. Because the solar abundance ratio of 54Fe/56Fe is low,

the latter mode of silicon burning is probably not common in stars.

The quasi-equilibrium that is set up during silicon burning is of finite duration

because the decay of /3 radioactive nuclei leads to a reduction in the ratio of N which we

have assumed to be initially unity. 13 decay is important if the duration of silicon burning

exceeds 104 s. If silicon burning takes place slowly, (that is, at relatively low temperatures,

T< 3 x 109 K), decays will be significant and 56 Fe can be produced directly[3].

1.2 Tools of Astrophysics

There are four channels through which we can collect astronomical and astrophys-

ical data.

The first and most important is electromagnetic radiation. This includes 1,-rays,

X-rays, ultraviolet, visible, infrared, and radio waves. All the spectroscopic data and infor-

mation are gathered through this channel.

The second mode consists of information gathered through neutrinos and antineu-

trinos. Neutrinos have zero or low rest mass. Their greatest advantage is that they can

traverse great depths of matter without being absorbed. Neutrino astronomy can help us

examine the interior of stars, much as X-rays can be used to detect bone ailments of patients

or internal structural flaws of a solid. Neutrinos can also provide information about the

history of the universe because, except for a systematic energy loss due to the expansion

of the universe, neutrinos are almost unmodified over periods of time comparable to the
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age of the universe. Much of the history of the universe is perhaps recorded in the ambient

neutrino flux, but we still haven't found a way to tap this information[4].

The searches for solar neutrinos have shown that there are far fewer detected

neutrinos than anticipated. This has led to the reexamination of the theories of neutrino

emission and propagation. However, the first direct evidence of copious generation of neu-

trinos in supernova explosions has given neutrino astronomy a promising new start[5].

Gravitational waves constitute the third channel of information. Gravitational

waves, when reliably detected, provide us with information on the motion of massive bodies.

Although gravitational waves have not yet been directly detected, their existence can be

inferred from observations on closely spaced pairs of compact stars and changes in their

orbital motion about their center of mass[6].

The final channel of astrophysical data collection is through the cosmic rays. There

are fundamental differences between cosmic ray particles and the other three carriers of as-

trophysical information. While electromagnetic radiation, gravitational waves and neutrinos

(if they don't possess a rest mass) travel at precisely the speed of light, cosmic-ray particles

move at nearly the speed of light. Also, cosmic-ray particles posses a rest mass, and when

electrically charged they can be deflected by the magnetic field of stars. This means that

the direction from which a cosmic ray particle arrives does not necessarily represent the

actual location of the source.

Cosmic-ray astronomy is far more advanced than neutrino and gravitational as-

trophysics. Through cosmic-ray studies, we hope to learn a great deal about the chemistry

of the universe on a large scale. A deep understanding of the dynamics of the cosmic rays

allows us to locate regions of space which can act as accelerators of cosmic-ray particles.

We still do not know how or where cosmic-ray particles gain their high energies; and the

existing theories on the origin of high-energy cosmic rays are not yet complete[7]. This work

will focus on cosmic rays and related topics.

1.3 Cosmic Rays

Galactic cosmic-ray nuclei constitute the only sample of matter from outside the

solar system available for direct analysis. As such, they contain a record of stellar nude-

°synthesis processes and the resulting isotopic abundance patterns in the galaxy. Since the

galactic chemical evolution might be quite different from the evolution of the solar system



10

material, comparisons between solar and cosmic-ray source matter can shed some light on

the evolution of our galaxy in the past 4.6 Gyr since our solar system was formed. The

fundamental questions of cosmic ray physics are: "where do they come from?" and "how

are they accelerated to such high energies?" According to the "leaky box" model of galac-

tic propagation, the galactic cosmic rays are confined to the galactic propagation volume

with a finite energy-dependent escape probability. In this volume, which contains the disk

of the galaxy, the cosmic rays scatter through the magnetic fields of the stars until they

random-walk out of the galaxy. Because of this random walk, it is not possible to point

back to the source of cosmic rays for abundance measurement. However, it is possible to

extract much fundamental information about the history, origin and propagation modes of

the cosmic rays. This is done through propagation calculations using the observed nuclear

composition of the cosmic rays . These calculations use nuclear physics measurements in

the laboratory, astronomical observations and cosmic ray data, while they take into account

stellar nuclear interactions, scattering and energy loss of the cosmic rays.

1.3.1 Cosmic-Ray Experiments

The main data about the cosmic rays, from which we can learn about their origin, is

gathered through the measurement of the relative abundance of the different nuclei (compo-

nents) present in cosmic rays and their energy distribution. By comparing these abundances

with the chemical composition of various astronomical objects, such as the stars and the

interstellar medium, one can obtain some information about the sites at which cosmic rays

are injected into the acceleration process. The energy distribution might shed some light

on the problem of acceleration mechanisms. Because of the enormous ranges of cosmic-ray

energies and fluxes, several different types of detectors are necessary to study the cosmic

rays over the entire energy range. In the neighborhood of 1 GeV, about 10 particles per

second cross a rectangular volume of 2000 cm3. Therefore,a small detector is sufficient to

study the composition of cosmic rays in this energy range. Much larger detectors and much

longer exposure times are needed, however, if we want to study higher energy cosmic rays.

For example, the flux of 100 GeV cosmic-ray particles is smaller than the flux of 1 GeV

particles by a factor of 2000. Currently the only way to overcome the problem of low flux

at high energies is to build enormous detectors on the surface of the Earth. These detectors

cannot detect the primary cosmic rays directly, but only the remnants of the atmospheric
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cascades (showers) of particles created by the incident primary cosmic-ray particle. Thus,

there is only limited indirect information in the data gathered by these detectors.

1.3.2 Composition and Energy

Several features are immediately recognized when we compare the relative abun-

dances of cosmic rays with those of solar system elements. First, both solar system and

cosmic-ray abundances manifest the odd even effect, with the more tightly bound even nu-

clei being more abundant. Second, all heavier nuclei are much more abundant relative to

protons in cosmic rays than they are in solar system material. This could be the result of

the small likelihood of the ionization of hydrogen or a primary difference in the source com-

position. Third, the two groups of elements Li, Be, B and Sc, Ti, V, Cr, Mn are many orders

of magnitude more abundant in the cosmic rays than in solar system material. Although

these elements are not end products of stellar nucleosynthesis processes, they are created in

huge quantities as the products of spallation of carbon and oxygen for the first group, and

of iron for the second group on interstellar medium. Fig 1.1 shows the relative abundance

of cosmic rays compared with abundances of elements in the solar system. Solid circles,

open circles, and open diamonds show low energy data (70 to 280 MeV per nucleon), high

energy data (1 to 2 GeV per nucleon), and the solar system abundances respectively[8].

The proportion of the major components of the cosmic rays (except for iron) are

relatively constant. The differential flux of these components is given by:

dN
oc E-(7+1)

dE

Up to energies of the order of 106 GeV, -y and above this energy the spectrum steepens

to -y X2.0. All secondary nuclei (those produced as a result of spallation of primary nuclei

on interstellar medium) have steeper spectra than the primary nuclei, which means that the

secondary to primary ratios decrease as energy increases. This could mean that the higher

energy cosmic rays diffuse out of the galaxy faster.

1.3.3 Origin and Acceleration

The origin of cosmic rays is not fully known. It is certain, however, that nearly all

of them come from outside the solar system, but within the galaxy. The very highest energy

cosmic rays possess gyroradii larger than the size of the galaxy.. These cosmic rays might
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Figure 1.1: The cosmic-ray elemental abundances compared to silicon measured at Earth.

have extragalactic origin. Cosmic rays play important parts in the dynamics of interstellar

gas clouds, of the galaxy as a whole and perhaps of the intergalactic medium. Their radio

synchrotron emission reveals numerous concentration of magnetic fields throughout the

galaxy which can be interpreted in terms of a variety of electrodynamic phenomena. The

central problem of cosmic ray physics is how and where the particles acquire their energy.

In the early days of the discovery of cosmic rays, it was suggested that cosmic

rays are due to spontaneous annihilation of nuclei, such as carbon, nitrogen and oxygen[9].

Klein[10] considered this hypothesis seriously and searched for the possibility that mat-

ter and antimatter forming galaxies and antigalaxies could annihilate to release enormous

amount of energy.
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A different possibility was suggested by Hoyle[11], who proposed the ejection of

heavy nuclei by supernova explosions. The astrophysical importance of this suggestion

became clear when the Minnesota[12] and Rochester groups[13] discovered heavy nuclei in

primary cosmic rays. The existence of heavy nuclei in cosmic rays implied the absence of

any violent process in the course of acceleration which would cause the disintegration of

these nuclei; the mass-annihilation process is therefore quite unlikely. The overall feature

of the relative abundances of these nuclei was similar to those of the galactic elements[14].

This was a proof that the source of cosmic rays is perhaps an ordinary part of the processes

in the galaxy. It should be noted that the abundance similarity would result from the

fragmentation of the heaviest nuclei, for example the iron group, which are accelerated at

the supernova source. This fragmentation is the outcome of the collision of the high-energy

heavy nuclei with the interstellar matter. In this case the mean path length traversed by

cosmic rays would have to be comparable to the collision mean free path of protons. This

means that cosmic rays have to traverse a thickness of interstellar matter much greater than

the dimensions of the galaxy.

1.3.4 Magnetic Trapping and Electromagnetic Acceleration

In order for cosmic rays to traverse a great thickness of interstellar matter, the

path of the particle cannot be straight but must be curved in some complicated way. The

curvature of this path can be a result of local magnetic fields in the galaxy which can trap the

cosmic rays. This trapping is also thought to be responsible for the overall isotropy of cosmic

rays. In this picture, the leaky box model, cosmic rays travel a random-walk path, being

deflected by the magnetic field of stars, until they leave the galaxy. Serious concern with

celestial magnetic fields began with investigation of the origin of cosmic rays. According

to Alfven[15] a reasonable estimate of the magnetic field strength suggests the existence of

interstellar magnetic fields as high as 10-5 Gauss. This would be strong enough to trap

extremely high-energy particles in the galaxy. Richtmyer and Teller[16], and Alfven[15],

studied the possibility of a solar origin for the energy of cosmic rays.

An alternative theory was the galactic origin of the cosmic rays proposed by

Fermi[17]. As the source of energy, he suggested a statistical acceleration resulting from

collision with interstellar clouds which can change the local magnetic field. In this simple

picture, a high-energy cosmic-ray particle either gains or loses energy when colliding with
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randomly moving magnetic fields. This change in energy is positive or negative, depend-

ing on whether the collision is head-on or overtaking, respectively. Since the frequency of

head-on collisions is slightly higher, on average the particle gains energy over time.

The theory was a great success in a number of respects. First, the theoretically an-

ticipated galactic magnetic fields were incorporated with the origin of cosmic rays. Second,

cosmic radiation was found to have the potential to serve as a tool to explore galactic mag-

netic fields. Third, the observed isotropy and power energy spectrum were well explained

by the turbulent random motion of interstellar magnetic fields.

With all of its success, Fermi's mechanism was not free of difficulties. The first

problem with this theory was pointed out by Fermi himself. Since the Fermi acceleration

is rather slow, the injection energy of heavy nuclei, particularly, should be high enough

for the rate of energy gain to be greater than the rate of energy loss, which is mainly due

to the ionization process. Another problem arises from the fact that the cross section of

nuclear collisions, which determines the mean life of cosmic-ray heavy nuclei, increases with

mass number. Therefore, one expects the curve of the mean life to have a steeper slope

in the heavy mass region[18]. However, observations favor the same slope regardless of

the mass number[20]. The ratio of the abundance of light nuclei to heavy nuclei is another

problem. According to Bradt and Peters[14], light nuclei are essentially absent from primary

cosmic rays and what is observed in the spectrum is mainly due to their production in the

atmosphere.

Virtually all of these difficulties can be overcome if the thickness of matter traversed

by the cosmic ray is small, so the mean life of cosmic rays is determined by the escape time

from the galaxy rather than nuclear collisions[19]. But the main argument against Fermi's

mechanism, even if the mean life of cosmic rays is sufficiently long, is that the interstellar

clouds which are thought to be the source of cosmic-ray acceleration have an average velocity

of about 10 km/s, which is far smaller than what is required by Fermi's theory[21].

1.3.5 Mean Confinement Time

From the arguments presented in the previous section, it is obvious that the mean

confinement time of the cosmic rays, the average time cosmic rays spend in the propagation

volume, is an essential component of the theories behind cosmic-ray calculations. The mean

confinement time of the cosmic rays within the galaxy can be determined by comparing the
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cosmic-ray abundances of suitably long-lived radioactive isotopes to those of their stable

neighbors. These isotopes can essentially serve as cosmic-ray clocks or chronometers.

To be able to conduct a meaningful comparison between the observed abundances

of these isotopes, one needs to measure the cosmic-ray half-life of these isotopes which

might be quite different from their measured laboratory half-life. Among all the candidate

isotopes, in this work we will focus on finding the cosmic-ray half-lives of 54Mn, 56Ni and

144Pm. Although the nuclear physics of the decay of each isotope as cosmic rays should

be studied separately, they share one common characteristic which we will consider first.

Before this can be done, however, we will have to review the theory of beta decay.
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2. BETA DECAY

Beta decay is a form of nuclear transformation accompanied by the emission of an

electron or a positron. This term is also applied to what is commonly known as electron

capture (EC)- the capture of an orbital electron by the nucleus. What constitutes a beta

decay is the participation of electrons and positrons in a nuclear transformation. Therefore,

emission of conversion electrons, which are not created within the nucleus, is not considered

a beta decay. Nuclei whose ground states are not beta-stable can decay by the emissionof an

electron or a positron, or by the capture of an orbital electron along with the corresponding

antineutrino or neutrino. Compared to strong and electromagnetic transitions, beta decay

is quite slow and does not conserve parity.

2.1 History

The emission of electrons, which was detected in early studies of nuclear trans-

formations caused a great deal of confusion mainly because of the continuous energy spec-

trum. To maintain energy conservation, it is necessary to account for the energy that

doesn't appear as the kinetic energy of the emitted electron. If we consider the following

transformation,

3H 3He E

the mass spectrographic data for the nuclear masses of the two nuclei shows that the reaction

is energetically balanced if the value of E is equal to the upper limit of the energy of the

continuum[22]. However spectroscopic data show that all electrons are emitted with less

than this energy.

The other great difficulty beta decay presented was the apparent non-conservation

of angular momentum and the violation of the rule for the statistics of composite systems.

Again, in the given beta decay example, the angular momentum of the left side of the decay

is a , while the angular momentum of the right side is either one or zero. This means that

the left side of the reaction is a fermion, while the system on the right is a boson. Because

it apparently violated not only the principle of conservation of energy but also the principle

of conservation of angular momentum, as early as 1930 it was postulated that beta decay

must involve another undetected particle, which later was named the neutrino.
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In order to preserve the validity of some of the fundamental conservation laws

of physics, a number of properties were ascribed to the neutrino. It was concluded that

neutrinos had to be fermions of electric charge 0. As such, there is a possibility that they

might be their own anti-particles. The distinction between neutrino and antineutrino is

resolved using the concept of handedness. In this picture, it is suggested that all neutrinos

have a spin antiparallel to the momentum of the particle, and all antineutrinos have a spin

parallel to the momentum of the particle. In general all beta interactions can be summarized

by:

n p

We can add a neutrino to both sides of the decay to get electron capture:

p C n ve

or we can add a positron to both sides of the decay to get:

p n e+ e

2.2 Fermi's Theory of Beta Decay

Analogous to electromagnetic gamma-ray emission, where a photon is emitted as

a result of the deexitation of the nucleus, in beta decay a neutron is transformed into

a proton, an electron and an antineutrino. Although Fermi assumed parity conservation

and used scalar quantities only, the fundamental ideas of his theory are general enough to

be easily adapted to the corrections from parity nonconservation and encompass all forms

of weak interactions. The starting point is the second golden rule, which determines the

transition probability:

11'

27
= Ai I

2
P

where H represents the matrix elements between initial and final states and

dN
P= dW

is the density of final states.

The matrix element, by definition, has the form:

Hif = I /p*ffilpidr (2.1)
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where T represents the space over which the integral is evaluated. Since the initial and

final states don't represent the same particles, operator H has to be able to destroy the

initial particles and create the final ones. The initial wave function represents the nucleus

before the decay, and the final wave function is the product of the wave function of the

nucleus after the decay and the wave function of the electron and the wave function of the

antineutrino.

1)i = ui

Of upPoGri

The individual matrix elements are interaction dependent. An interaction with a

fixed potential field yields matrix elements of the form:

Hif = f '4V(r)Oidr

where the matrix elements for two interacting particles are:

Hif = f Vyra)zgyrb)V (ra rb)714(ra)0i(rb)dradrb (2.2)

If the potential V(ra rb) has a very short range we can replace it by g(5 (r rb). Here

g is the coupling constant with a particular value. The expression for the matrix element

representing the interaction of a neutron in a nucleus with a neutrino producing a proton

and an electron is then written as:

Hif = gI ufuibebvdr (2.3)

To continue the calculations for the electron and the neutrino, we assume wave functions

of the form (neglecting the spin):

where k = and SZ is added for normalization. The plane wave form approximation for

the wave function of the electron and neutrino, in which we have neglected their interaction

with the nucleus, turns out to be a good approximation for the neutrino and a fair one

for the electron. A better treatment of the interaction has to take the electromagnetic

interaction of the particles with the nucleus into consideration.



19

Incorporating the results of experimental measurements of typical momenta in-

volved in beta decays into our calculations, we observe that:

k -1= " 2 X 10-11 cm
p

is very large compared to the nuclear dimensions over which we evaluate integrals. We can

therefore make use of Taylor expansion of exponential functions and write:

(k.r)2
eik.r = 1 + ik.r-

2

= I u*fuidr

There are three particles involved in beta interactions: the nucleus, the electron

and the neutrino. To calculate the density of states, we make use of conservation of energy

and momentum. In general, the three particles possess comparable momenta, which means

that the nucleus because of its large mass will have a negligible recoil energy. Therefore it

is safe to say that the total disintegration energy is given by:

W = Ee Ev = (my c2pe2)1 (2.4)

The number of states in which the electron has a momentum in the interval dpe and the

neutrino has a momentum in the interval dp, is given by:

dNedN, = ( 47C2 2 47f2 2 167r25.12

(27rii)3P;ciPe) ((27r1)3pvdpv) (27n)6 PedPePvdPv

and using the energy relation equation2.4:

dNe
dN,

(2

2

W
(W Ee)2gdpe (2.5)

71-/iS2

The probability of a disintegration per unit momentum yielding an electron of momentum

between pe and pe dpe is then given by:

w(pe)dpe = 27r 2 (47)2 (W 2,2,l'4,
Tcg I

(27rh)6 C2

Ee)

Pe"e

where

(2.6)

Mif = I u4fuicir

By integrating the disintegration probability expression from 0 to a maximum possible

electron momentum:
max

pe c



we obtain the total decay rate irrespective of electron momentum to be

A = 92 IMi 112 l'Prenax [w (c2p! rn2c4) 1] 2 gdpe
2700 h7 Jo
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(2.7)

We can make a few modifications in the given expression by expressing energies in

the units of mc2 and momenta in the units of mc, giving:

Ee = emc2

pe = rprIC

W = E. 711,C2

p'nax = rya me

We can also correct for some of our oversimplifications where we assumed a plane wave

representing the electron and neglecting the interaction between the electron and the nucleus

by introducing the factor F(Z, e). The correction to the plane wave approximation can be

calculated numerically using the eigenfunctions of the continuous spectrum. The interaction

between the nucleus and the electron should depend on the charge of the emitted particle

and the nuclear charge. An approximate form of F(Z, e) is[22]

F(Z, e) = 27rn [1 exp (-2n7r)] -1

where
Zeen
/iv,

and ye represents the velocity of the emitted electron far from the nucleus. For small values

of rt, F(Z, e)is unity. From this we find:

2_1

F e)(E, 027/2 dri (2.8)

This expression can be written in terms of E

2 5 4
w(e)d6 g C 1M 12 )273h7 if F E. (Ea 6)2Ende (2.9)

For allowed transitions, Mif is independent of pe and p,,, and wHdri gives us the

probability that an electron is emitted in a momentum interval dn about i . Similarly,

w(a)de represents the probability that an electron is emitted in an energy interval de.
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The decay constant A is obtained by integrating equation 2.9 from 0 to no. The

result for F(Z, e) = 1 is:

where

g2rnsc4
A = 27r3h7 IMi.f12 f(77°)

/no r 12

f (no) = [(1 +i70)2 (1 +772)1 772 chi

1 1 3 1 1

± 30770 +71(1+ 7g)i log [no + (1 + 7702)i]

which for no >> 5 behaves as
1

i(7/0) = 3074

(2.10)

For quantitative calculations and large Z the Coulomb interaction and correction

to the electron wave function should be taken into account. Therefore, we start with

,25,4
A IM. 12 f(

273 7 °
Z so)

K

It is customary to introduce the dimensionless constant

G me2 (-m13

which yields
G2 m 2

A 7r:c IMif 12 f (Z, so)

where f(Z, eo) includes the Coulomb correction too.

2.3 Matrix Elements

(2.11)

(2.12)

At this point, we can obtain a better understanding of the beta interaction if we

separate the influence of the energy of the transition, the atomic number involved, etc.,

from the relevant nuclear data. The previous equation can be written as

cons tan t
f(Z,Ea)t

IMifi2
(2.13)

where t is the half-life of beta decay. This equation relates a measurable quantity, ft, to

, which depends on the nuclear structure. Basically, we can extract from nuclear data,
I Mi f

which is affected by the energy of transition and Z, the information about IMif12 that is

relevant to the nuclear problem. A study of some typical values of ft indicates that this
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quantity varies over a large range and therefore log f t is often used with t given in seconds.

Small values of ft which correspond to large values of matrix elements occur when the

change in the nuclear spin is

A/ = ±1, 0

without change in parity. This is reminiscent of the selection rules of electromagnetic radia-

tion. A qualitative argument gives some insight into the situation. First of all, the electron

and antineutrino are emitted without orbital angular momentum, since they practically

originate from a point source (-5,--R < 1, with R the nuclear radius and A the de Broglie

wavelength of the lepton). This means the lepton field carries away no angular momentum,

if the electron and antineutrino are emitted with antiparallel spins; or it carries away a total

angular momentum of 1, if the spins are parallel. In the first case, the spin of the nucleus

cannot change in the beta decay. We thus have the selection rule due to Fermi:

DI = 0 (F selection rule)

In the second case, the vector difference between initial and final angular momentum of the

nucleus must be 1, and we have the selection rule due to Gamow and Teller:

A/ = ±1 or 0, but no 0 0 (GT selection rule)

In both cases, the initial and final nuclear states must have the same parity.

The interactions that arise from F and GT selection rules are different. We know

from experiment that there are allowed transitions of the type:

DI = ±1

that obey GT selection rules but are forbidden by F selection rules. For example,

6He 6Li e

There are also allowed transitions of the type 0 -4 0 type that are allowed by F selection

rules but forbidden by GT selection rules. For example,

140 14N. e+

And, of course, there are many transitions that are allowed by both selection rules, since

the rules are not mutually exclusive. For example,

n p + e + 'Pe
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Forbidden transitions occur, because the finite dimensions of the nucleus require

us to consider the wave function of the electron and neutrino throughout the entire volume

of the nucleus. Therefore, higher terms in the expansion of the plane waves are also to be

considered, even though they are of the order of 11 or smaller.

r)2
eik.r 1 + ik.r

2
(2.14)

Selection rules for forbidden transitions depend on the term of the interaction causing the

transition. If a transition is produced by the second term of the expansion, the leptons are

emitted in a wave having orbital angular momentum / = 1 and changing parity. The Fermi

selection rules then require A/ = ±1 or 0, but no 0* 0, with change of parity. The GT

selection rules, on the other hand, give A/ = ±2, ±1, 0, but no 0 --+ 0, .1 ---* 2, 0 p 1, with

change of parity. Transitions forbidden by the allowed selection rules but permitted under

the rules given above are first forbidden. The next term in the expansion of exponential in

2.14 corresponds to a second-forbidden transition. With / = 2 and no change in parity, we

will have A/ = ±2, ±3. Each extra term in the wave function expansion, corresponds to

a higher degree of forbiddenness which, depending somewhat on the nucleus and the beta

particle energy, increases the log ft value by about 4 units[23]. Fig ?? illustrates the relation

between forbiddenness and log ft values of a range of isotopes[24].
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3. COSMIC-RAY 'Mn, 56Ni, 144Pm

The dominant mode of decay in 54Mn, 56Ni and 144Pm in the laboratory envi-

ronment is electron capture. Because of their interaction with the interstellar medium,

however, in the energy range of above several hundred MeV per nucleon, these isotopes are

fully ionized[25] . Under full ionization condition, in the absence of atomic electrons, the

half-lives of these isotopes are determined by the other decay modes available to them. Our

task here is to measure, directly or indirectly, the magnitude of these other decay branches.

Fig 3.1 illustrates the phenomenon of full ionization for beryllium isotopes. The inset illus-

trates the separation of 10Be (HET Voyager 1, 2 data)[25]. 10Be has a half-life of 1.5 Myr

and 9Be is stable. 7Be, however, decays in the laboratory by EC with a half-life of 53 days.

The large relative abundance of 7Be indicates that this isotope cannot decay as cosmic ray

and therefore has to be fully ionized. The difference between the measured abundances is

the result of initial production of the isotopes.

The phenomenon of full ionization is observed in heavier nuclei too. In the iron

group, this phenomenon is observed in 49V, 51Cr, and 55Fe. These isotopes decay by EC

with half-lives of 330 days, 28 days, and 2.7 years respectively. Spallation production

cross section and cosmic-ray abundance measurements of these isotopes are tabulated by

Leske[26]. The fact that these isotopes are observed in cosmic rays is a strong argument in

favor of the full ionization of iron-group nuclei with relativistic energies..

3.1 Motivation

The cosmic-ray confinement time of lighter nuclei 10Be, 26A1 and 36C1 is estimated

to be about 15 Myr[27][28]. Although it is not obvious that all elements share the same

propagation history, and it is of critical importance to measure the confinement time of

heavier cosmic-ray particles, the measured confinement time of these lighter elements can

guide us to which heavier nuclei we should consider for cosmic-ray chronometry. Basically,

we require the cosmic-ray chronometers to have a cosmic-ray half-life of the order of millions

of years.

There is a great deal of interest in the iron-group cosmic rays which includes

elements from scandium to nickel. These cosmic rays contain much information about the
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nuclear statistical equilibrium and the explosive nuclear burning which created them. 54Mn,

which is a secondary cosmic ray, a product of spallation of iron on interstellar matter, can

serve as a representative for this group. The importance of the knowledge of the 54Mn half-

life for understanding cosmic-ray propagation is discussed by Grove et at. [29]. 56Ni, which

is believed to be copiously produced in supernovae, can tell us about the time span between

the production and its acceleration into relativistic energies as a result of the supernova

explosion. In the heavier range, we selected 144Pm. Since isotopic abundance measurement

techniques are not sufficiently sensitive for heavy elements(Z>28), one has to apply the

elemental abundance arguments to reach any meaningful conclusion about the confinement
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Figure 3.2: Ulysses HET galactic cosmic-ray manganese histogram.

time of 144Pm in cosmic rays. The three mentioned isotopes are the focus of this work.

3.1.1 54Mn

In 1973, Casse'[30] suggested that 54Mn, which is the product of spallation of pri-

mary iron on the interstellar hydrogen, might serve as a cosmic-ray clock. The 53'54'55M11

spallation production cross sections from 56Fe at an energy of 600 MeV/nucleon were mea-

sured by Webber et a/. [31] to be 37.5, 42.3, and 40.0 mb (± 6 mb), respectively. Thus, one

might expect their cosmic-ray abundances to be nearly equal. However, recent measure-

ments of cosmic-ray manganese by Leske[26] and DuVernois[33] show that the abundance of

54Mn is much smaller than that of its neighboring isotopes, as shown in Fig 3.2. The relative

low abundance of 54Mn suggests that it may be undergoing radioactive decay through a

mode other than EC.The decay of cosmic-ray 54Mn can possibly account for this discrepancy

and thus provide a crucial data point for the confinement time of iron-group nuclei.

In the laboratory, 54Mn decays via EC with a half life of 312 days. Clearly, cosmic-

ray 54Mn has a significantly longer half-life(but perhaps not infinite). By contrast, 53Mn,

which decays in the laboratory via EC only, is a stable nucleus as a fully stripped cosmic

ray.

Fig 3.3 shows the decay scheme of 54Mn[36]. Level and transition energies are

given in keV, and dashed lines indicate the branches of interest. According to this decay

scheme, it is possible for 54Mn to decay by second-forbidden unique 0- or )3+ transitions

to the ground states of 54Fe or 54Cr, respectively. In the laboratory, these forbidden decays
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have to compete with the allowed EC decay and so have not yet been observed. As a fully

stripped nucleus, however, these /3- and )3+ decays will determine the cosmic-ray half-life

of this isotope. Casse'[30] estimated the 13- and 13+ partial half-lives of 54Mn to be about

2 Myr and 1 Gyr respectively. Later, Wilson[34] suggested that the partial half-lives for

these decays would be in the ranges 0.06-10 Myr 031 and 6-8000 Myr (,3+).

3.1.2 56Ni

The doubly magic nucleus 56Ni is the most abundant isotope produced during

the silicon burning stage in massive stars. After this stage the energy from fusion is not

available. The core of the star undergoes a gravitational collapse resulting in a shock wave

and supernova explosion. The observation of the 77.1-day exponential decay of the light
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curve from supernova 1987A[32] provides strong evidence that the light output from the

supernova remnant is largely due to the energy from the decay of 56Ni and its daughter

56Co[35]. If supernovae are sites for acceleration of relativistic nuclei found in cosmic rays, it

is almost certain that 56Ni is one of the species which is accelerated into relativistic energies

and therefore completely ionized.

In the laboratory, 56Ni decays via EC transition to the 1720-keV level in 56Co

with an almost 100% branch and a half-life of about 6 days[36] [37]. As a cosmic-ray nucleus

however, in the absence of atomic electrons, 56Ni is unable to decay by EC. But as shown

in the decay scheme, Fig 3.4, it is energetically possible for 56Ni to [3+ decay to 0-, 158-,

ad 970-keV levels in 56Co with F=4+, 3+, and 2+ respectively[36]. In Fig 3.4, level and

transition energies are given in keV, and dashed lines indicate the branches of interest.



3
4+

2+

0+

5
2205 0.59%

2093 1.89%

1791 4 2.0%

1511

1315 5 5.3%

6\ 697 R+r

0

144Nct

Figure 3.5: Decay scheme of 144Pm.

14 PM
61

QEc = 2332 keV

363 d

30

Since the decay to the ground state of 56 CO is a fourth-forbidden transition and decay to

the 970-keV level has only 144 keV of available energy, it has been suggested that the second

forbidden unique transition to the 158-keV level is the most likely mode of decay[34]. From

studies of the decays of 10Be, 22Na, and 26A1, the log ft values of such transitions have been

found to be between 13.9 and 15.7. This means that the range of 0+ partial half-life of

56Ni is expected to be approximately 8.5 x 104 < < 5.4 x106 yr. If the 0+ decay partial

half-life of 56Ni is long enough, it would be possible for 56Ni to survive in cosmic rays, and it

would be possible to use future cosmic-ray abundance measurements of nickel to determine

the time interval between production and acceleration of cosmic rays[30].
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3.1.3 144Pm

For heavy elements (Z > 28) the current state of the art in cosmic-ray mass

measurements is not sufficient to allow isotopic abundance measurements. This difficulty

prompted Drach and Salamon[38] to consider the possibility of using elemental abundances

of Tc and Pm, which have no stable isotopes, as cosmic-ray clocks.

In the case of Pm, only three isotopes, 143,144,145pm, have sufficiently long half-lives

and suitable decay schemes to be present in the cosmic rays. 145Pm, which decays in the

laboratory only via EC, is a stable nucleus in cosmic rays. Because of their larger EC decay

energies, it is possible for 143Pm and 144Pm also to decay by /3+ emission. In the laboratory,

the third-forbidden f3+ decay branch of 144Pm has to compete with the allowed EC decay

of this isotope and has not yet been observed. As a fully stripped nucleus, however, the

/3+ decays will determine the cosmic-ray half-lives of 144Pm. The decay scheme of 144Pm is

illustrated in Fig. 3.5[36]. Level and transition energies are given in keV, and the dashed

line indicates the branch of interest.

3.2 Previous Works

3.2.1 54Mn

Several attempts have been made previously to determine the 13- or 0+ half-life

of 54Mn. Kibedi et a/4391 searched for the /3- decays using a magnetic spectrometer to

detect the electrons. They established the lower limit of 2.2x 104 yr for the partial half-life
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of 54Mn due to the 0- decay mode. Assuming that the nuclear matrix elements for the 0+

and 0- transitions are approximately the same, the larger available phase space for the ,6-

transition means that its probability is much larger than that of 0+ decay. However, the

observation and measurement of the 0- decay is much more difficult owing to the electron

background from -y-ray events superimposed on the [3- spectrum.

The detection of the weaker 13+ branch which can be achieved through observation

of positron annihilation -y rays doesn't suffer from this problem, but its intensity is reduced

by an estimated factor of about 500 compared to that of 0- branch. Previous studies to

determine the half-life of 0+ branch include experiments performed at Lawrence Berkeley

National Laboratory by Sur et al. [40] and daCruz et cd.[41]. In these experiments, the 13+

decay mode was to be identified through the observation of coincidences between the two

511-keV annihilation -y-rays. These experiments used two 110-cm3 germanium detectors

surrounded by a 47r sodium iodide annular detector to search for the annihilation events.

While neither experiment succeeded in observing this decay, daCruz et a/4411 established

a lower limit of 1.5 x108 yr for the 0+ decay half -life of 54Mn. In order to maximize their

detection efficiency, these experimenters had to sandwich the source right between the two

Ge detectors. Because of this close geometry, a major limitation in these experiments was

background and pileup produced by -y rays Compton scattering from one Ge detector into

the other. Fig 3.6 shows the detector arrangement in the experiment done by daCruz et

a/4411

3.2.2 56Ni

In a previous experiment performed at Lawrence Berkeley National Laboratory,

Sur et al. [42] placed a nickel source between two 1000-mm thick silicon surface barrier

detectors to detect the emitted positrons. Behind the silicon detectors, they placed two

110-cm3 germanium detectors surrounded by a 47r sodium iodide annular detector. In this

configuration they searched for the back-to-back 511-keV -y rays in the two halves of the

NaI detectors and used the germanium detectors to register the coincident deexitation

rays. While this experiment did not succeed in observing this decay, Sur et a/442] claimed

to establish a lower limit of 2.9 x104 years for the partial half-life of 56Ni due to 0+

decay. Again here, in order to maximize their detection efficiency, these experimenters had

to sandwich the source right in between the two silicon detectors. Because of this close
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geometry, a major limitation in these experiments was background and pileup produced

by Compton scattering and conversion electron contamination of positron spectra in silicon

detectors.

3.2.3 144Pm

In a previous experiment, Hindi et a/143] used two 28% efficient Ge detectors

surrounded by a 47r NaI annular detector to search for the 0+ decay branches of 143,144pm.

For the case of 144Pm, these authors searched for the 13+ decay to the ..Pr = 2+ level at 697

keV through the observation of 511-511-697-keV triple coincident events. While they did

not succeed in observing this decay, they were able to establish a lower limit of 1.2 x 106

years for the 13+ decay half life of 144Pm. This value is close to the lower limit for this decay

mode estimated by Drach and Salamon[38]. Similar to previous searches for /3 branches

in 54Mn and 56Ni, in order to maximize their detection efficiency, Hindi et a/.[43] had to

sandwich their source between the two Ge detectors. Because of the close geometry, a major

limitation in this experiment was background produced by -y rays Compton scattering from

one detector into another detector.
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4. EXPERIMENTAL DETAILS

4.1 Gammasphere

The recent improvements in the manufacture of large volume Ge crystals have

allowed the development of Ge detector arrays with orders of magnitude increases in resolv-

ing power. Gammasphere at Lawrence Berkeley National Laboratory is one of these next

generation arrays. When fully implemented, Gammasphere, will use 110 large volume Ge

detectors. The 110 Ge detectors are situated at 17 different angles, 0, relative to the beam

line, as shown in Table 4.1. A block diagram of the acquisition system is shown in Fig 4.1.

Figure 4.1: A block diagram of Gammasphere data acquisition system.

Around each Ge detector is a Compton shield. Gammasphere uses BGO (Bismuth
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Figure 4.2: Improvement in peak to background ratio after Compton suppression for a 60Co

spectrum taken at the Gammasphere array.

Germanate-Bi4Ge3012) as the scintillator material for the Compton shield. The high atomic

number (Z-=-83) of Bi coupled with BGO's high density gives BOO an extremely good

peak efficiency as compared to other scintillators. BOO has a linear stopping power

2.5 times that of Nal. Consequently, BOO crystals 1/16th the volume of Nal crystals may

be used with no decrease in absorption efficiency. Gammasphere uses a BOO Compton

shield consisting of seven crystals. Six BOO elements are situated longitudinally around

the Ge crystal and one is in back of it. Thus, only the front face of the Ge crystal is

unshielded and only backscattered -y rays escape Compton suppression. Each BGO crystal

has two photomultiplier tubes associated with it. Because of the poor energy resolution

of BGO, the high-resolution energy of -y rays which are Compton scattered into the BOO
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Figure 4.3: A comparison between a spectrum from the TESSA III array at Daresbury and

a Gammasphere spectrum.

crystals cannot be derived by adding the Ge and BGO energies. Hence, Compton scattered

events are generally not incremented into the -y-ray coincidence spectra. Fig 4.2 shows the

improvement in peak to background ratio after Compton suppression for a 60Co spectrum

taken at the Gammasphere array.

There is a tungsten alloy, called a heavy metal shield, that covers the front face of

the BGO crystals to prevent direct observation of -y rays from the target or source in the

BGO crystals. Without the heavy metal shield, simultaneous emission, from the target or

source, of separate -y rays into a Ge crystal and the surrounding BGO crystals could occur.

The event would then be Compton suppressed unnecessarily. The heavy metal shields

prevent this from occurring. The timing signals from both the Ge and BOO detectors are
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Figure 4.4: Curve of efficiency vs. energy in a typical Gammasphere run.

shaped, amplified and sent to constant fraction discriminators (CFD's). The OUT signal

from the Ge discriminator and the OUT signal from the BGO discriminator are then sent

to a logical AND. The output of the AND is true only if the Ge detector registered a ry ray

and the BGO did not. In that case the Ge signal proceeds through the rest of the logic and,

if the master trigger is satisfied, the energy and time for that detector are recorded.

About 70 of Gammasphere's 110 detectors are segmented. These detectors consist

of a single crystal with one electrode in the center, as usual, but with two outer electrodes.

Energy sharing between the two outer electrodes can indicate which side of the detector the

-y ray entered. Consequently, the Ge detector becomes, in effect, two d-shaped detectors,

each with half the solid angle of the original detector (longitudinal segmentation). The

granularity of the Gammasphere array is increased and, consequently, the angle subtended

by a detector element at the target is reduced. This decreases the peak width produced by

the Doppler effect in -y rays emitted from nuclei recoiling at high velocities. Deterioration
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Azimuthal angle (0) Number of detectors
17.3 5

31.7 5

37.4 5

50.1 10

58.3 5

69.8 10

79.2 5

80.7 5

90 10

99.3 5

100.8 5

110.2 10

121.7 5

129.9 10

142.6 5

148.3 5

162.7 5

Table 4.1: Relative angle of the detector planes with respect to the beam direction

of the energy resolution due to Doppler broadening is most severe at 90 degrees. Therefore,

the segmented detectors of Gammasphere are placed close to 90 degrees. The parameters

of Gammasphere are shown in the Table 4.2.

Using these parameters, the resolving power of Gammasphere is N 104, which is

N 200 times higher than that of the previous generation of arrays. The improvement in

spectrum quality can be seen in Fig 4.3, which compares a spectrum from the TESSA III

array at Daresbury to a Gammasphere spectrum of the same super deformed (SD) band.

The TESSA III array had 16 detectors and its spectrum consists of single gated 2-fold events.

Total Number of Detectors 110

Unsegmented Detectors 40

Segmented Detectors 70

Detector Dimensions 7.1 cm (D) x 8.0 cm (L)
Target to Ge Distance 25.3 cm
Total Ge Solid Angle 47% of 4ir

Total Photopeak Efficiency 9.9%

P/T at 1.33 MeV 0.56

Energy Resolution at 1.33 Mev 2.5 keV (FWHM)

Table 4.2: Gammasphere parameters
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For the data in Fig 4.3, the Gammasphere array had only 55 of its 110 detectors installed and

its spectrum consists of double gated 3-fold events. The acquisition times which produced

the spectra from the two arrays were similar. There are 100 times more events in the

Gammasphere spectrum and the peak-to-background ratio of the Gammasphere spectrum

is also superior. The overall curve of efficiency vs. energy in a typical Gammasphere run is

illustrated in Fig 4.4. In this run, the Gammasphere array had only 101 of its 110 detectors

installed.

Gammasphere's mechanical system contains two hemispheres, each of which holds

up to 55 detectors. The hemispheres can move both transversely and rotationally. They

translate 48 cm back from their closed position to allow easy access to the target chamber.

In addition, for ease of detector access the hemispheres rotate 90 degrees along an axis

perpendicular to the beam line. When closed, the Ge detector faces are rs-, 25 cm from the

target. The distance between adjacent BGO shields is about 1 mm

The processing electronics for two Ge detectors and the 14 corresponding BOO

crystals are implemented on VXI (VMEbus Extensions for Instrumentation) modules. Each

processing function, such as amplifying and discriminating, is implemented via a small

daughter board that plugs into the mother VXI board using surface mounts. There are a

total of 55 VXI boards to process the 110 Ge and 770 BGO signals. There are seven VXI

crates, each of which is able to hold ten VXI modules. Six crates hold the 55 VXI modules

and the other one, referred to as the master, holds trigger and read out electronics.

The Ge signal processing electronics for the main high-resolution channel include a

shaper amplifier designed to reduce charge trapping problems. This shaper amplifier has a 4

"Is shaping time and a total pulse width of 10 its. A 14-bit ADC digitizes the high resolution

energy. A parallel faster channel (2 its) is also provided for fast energy decisions, but it has

degraded energy resolution (12 bits). For the segmented Ge detectors, an additional 12-bit

ADC is used to handle the reading of the outer electrodes (side channel energy). Only one

of the side channel signals is used in the VXI board processing. There is also a fast signal

from the Ge preamplifier which passes to a CFD (constant-fraction discriminator). The

shape of this signal can be analyzed to give a 12-bit code that is a measure of the radial

position in the detector of the maximum energy interaction. This signal can then be used

to correct for trapping of charge in the detector. The fast signal is also passed from the

CFD to a TAC, with a maximum range of lits. Since the fast signal is timed with reference

to a master trigger signal derived from the whole system, it gives the Ge time information.
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The BGO signals are passed through seven discriminators to provide fast timing

information. The signals are also added to give a total BGO energy. The unsuppressed Ge

signal and the BGO signal are also fed into logic units to provide multiplicity information

and Compton suppression signals.

In each VXI crate there is a local trigger module that determines the number of Ge

detectors registering a ^y ray . The master trigger module is sent this information from the

other 6 VXI crates, and then determines if the minimum multiplicity requirement has been

fulfilled. The trigger system is initiated by a Ge fast signal from any detector module, and

1 As is allowed for the trigger system to make its multiplicity decision. If the required

multiplicity is not achieved, due to Compton suppression, the system is then reset. If a

master trigger is produced by the master trigger module, the complete processing of signals

and the readout is initiated. The final readout of all data typically requires N 10 As (the

total width of the high resolution Ge channel). If, after the production of the master trigger,

pileup corrections cause the event multiplicity to fall below the minimum requirement, the

event will be cleared. The high resolution energy signal is also digitized during this period.

If after all processing the multiplicity requirement is still met, the event is read out.

Each of the six local VXI crates contains a readout module, and there is one

master readout module in the master VXI crate. The modules contain dual processors that

sequentially pass data as 32-bit packages along fiber optic bundles to the Event Builder in

the VME crate. The data are then formatted by six single board computers in the VME

crate and sent to a 64 MB memory buffer. A CPU then grabs the data and writes it to

one of eight 8-mm tapes. The eight tape drives can be running in parallel at tape speed

(500 kb/s), consequently 4 MB/s of data can be recorded. At the same time, data is sent

to workstations for analysis. For each event, the information written to tape includes: the

event length, total Ge and BGO multiplicities, the identification numbers of the detectors

that fired, the low and high resolution Ge energies, the BGO energies, the timing information

of all participating detectors, the sum energies of the Ge and BGO detectors, and the Ge

charge trapping correction.

4.2 Source Preparation

Previous searches for the p+ decay branch of 54Mn and 144Pm have been hampered

by the presence of minute amounts of positron-emitting contaminants such as 22Na and/or
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Figure 4.5: Ion exchange schematic

65Zn in their source material. In the case of 56Ni, one cannot completely remove all other

0+ emitters from the source. The reason is that in 56Fe(3He,3n) reaction which is used

to produce the 56Ni source, a considerable amount of 57Ni is also produced which is a

/3+ emitter. Also, 56Ni decays into 56Co which is also a i3+ emitter. Therefore, positron

emitters are continuously produced in the source. But in all three cases, one can minimize

the amount of such 13+ emitters by means of chemical purification.

Prior to the /3+ decay search, in all of our experiments, we used a procedure called

ion exchange to reduce the amount of contaminants in the sources. Ion exchange is a

reversible exchange of ions of similar charge, between the ionic solution and the insoluble

solid that is in contact with it. The process of ion exchange is shown schematically in Fig

4.5[44]. Negative circles represent fixed ions; the continuous lines represent the molecular

framework of the exchanger; the dashed lines represent the phase boundary, which might

be sharp or diffuse.

The ion exchange method described here uses conventional high-capacity ion-

exchange resins and eluants that are relatively concentrated, for separating metal ions of
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Figure 4.6: Distribution of ions between an anion-exchange resin and aqueous HC1 solutions.

different types. This method is also known as "stop and go", because by choosing the nature

and concentration of the eluant we can bring out one element at a time and bring it out

completely, leaving the other elements on the column. The separation factors can be very

high, sometimes by several factors of ten. In general, the method relies on the formation

and dissociation of metal complexes that can be anionic or cationic, and their incorporation

in the resin by ion exchange. The details of the process can be found in most analytical

chemistry texts[44]. This method uses small, open glass (or plastic) columns and ordinary

grades of ion-exchange resins, grades that are chemically clean but have relatively large

particles. Anion exchange of chloride complexes in aqueous hydrochloric acid solutions was

studied in detail by Kraus and Nelson[45] at Oak Ridge National Laboratory and the results

are widely quoted. For our experiments we used AG 1-X8 anion exchange resin columns

and relied on the results published by Kraus and Nelson.

4.2.1 54Mn

We chemically purified the commercially available 54Mn in order to remove any

possible positron-emitting contaminants. Based on the results of the previous experiments,

we especially focused on removing 60Co, 22Na and 65Zn. To do so, a solution containing
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the commercially available 54Mn source was passed several times through the ion exchange

column pretreated with two different concentrations of HC1. Fig 4.6 shows the diagrams

based on which acid concentrations were chosen. The horizontal axis shows the HC1 con-

centration of the eluant in the range of 0 to 12M. The vertical axis represents the log of

the distribution ratio of metals between the exchange resin and the aqueous HC1. Higher

y values imply a stronger bond between the metal and the resin. For source purification,

first, the column was treated with 10M HC1. At this acid concentration, the adsorption of

cobalt by the resin is maximum, while manganese, sodium and zinc ions run through the

column with a very negligible adsorption. The solution dripping from the bottom of the

column was collected frequently and stored in separate beakers. The solutions were counted

and no sign of 60Co was observed. The column was then rinsed with water. In this water, a

small amount of 60Co contamination was observed. Another anion exchange column treated

with a 2M HC1 solution was prepared. This acid concentration provides the maximum ad-

sorption for zinc ions and no adsorption for manganese and sodium. The purified solution

showed no sign of 65Zn contamination. Possible 22Na contamination couldn't be removed

by the exchange column method and had to be dealt with in the precipitation process. The

resulting solution of 54Mn was precipitated as Mn(OH)2 by adding a solution of MnC12 and

concentrated NaOH to the source solution while any possible 22Na contamination remained

in the solution. This precipitate was then centrifuged, decanted, redissolved, and reprecip-

itated four times in order to further purify it. The resulting Mn(OH)2 was dried out and

then sealed into the bottom of the plastic centrifuge tube for counting. The manganese

hydroxide and its sealing material was thick enough to ensure that the positrons produced

by the /3+ decay of 54Mn stopped and annihilated within the source. The strength of the

final source was determined to be 34.8 pCi by comparing the 835-keV -y-ray emission rate

from this source to that observed from a calibrated 54Mn standard.

4.2.2 56Ni

The 56Ni source for this experiment was produced by the 56Fe(3He, 3n) reaction

at the Lawrence Berkeley National Laboratory's 88-Inch cyclotron. A single 99.99% pure

natural iron foil of 78 mg/cm2 thick was irradiated with a 2-1./A beam of 40-MeV 3He++

particles for about 21 hours. The irradiated foils were allowed to cool for approximately 4

days allowing the short-lived activities to decay away, as well as reducing the strength of
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the simultaneously produced 57Ni. The beam spot on the target foil was then carefully cut

out and dissolved in concentrated HC1 plus a few drops of HNO3. This solution was then

passed through an ion-exchange column several times to remove iron and cobalt fractions.

The nickel fraction was subsequently precipitated as nickel dimethylglyoxime (Ni-DMG).

The precipitation process was repeated several times by redissolving Ni-DMG in HC1. Fi-

nally, the source in the form of an acidic solution was placed in a plastic scintillator. Two

cylindrical pieces of plastic scintillators 16 nun in diameter were prepared. A housing for

the source was bored in one of the scintillators in such a way that once the source was

placed in the housing and the two pieces of scintillators were attached to each other, the

produced positrons had at least 4 mm of scintillator material to travel through before they

could escape the scintillator. This arrangement was to make sure all positrons produced

due to decay of 56Ni were stopped in the scintillator, and the 158-keV gammas suffered the

least amount of attenuation. The source was measured to contain 2.8 itCi of 56Ni, 2.4

of 57Ni and a minute amount of 52Mn right before being mounted into Gammasphere. The

residual 57Ni proved to be invaluable as an in-situ source for efficiency calibration.

4.2.3 144Pm

The source was produced at the Lawrence Berkeley National Laboratory's 88-inch

cyclotron by bombarding 0.25-mm thick praseodymium metal foils with a beam of 20-MeV

a particles through the reaction 141 Pr(4He,n)144Pm. A beam current of 3µA was used with

a total irradiation time of 20.5 hours. The resulting Pm activity was chemically purified

using the ion-exchange column method. The resulting promethium activity was dried and

then sealed into the bottom of the plastic centrifuge tube for counting. The promethium

source and its sealing material were thick enough to ensure that the positrons produced

by the f3+ decay of 144Pm stopped and annihilated within the source. We performed a 'T-

ray singles measurement with a calibrated germanium detector and determined the 1"Pm

source strength to be 1.4 mCi at the time of the )(3+ decay search. This 7-ray singles counting

also revealed the presence of a 0.22-nCi 22Na contaminant activity in the 144Pm source.

4.3 Setup and Counting

As was mentioned before, in all our experiments we were looking for the signature

of (3+ decays, which is a pair of 511-keV -y rays. In normal Gammasphere experiments, the
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faces of the BGO's are covered with a heavy metal shielding. This shielding protects the

BGO's from a direct hit from the source and the Compton scattering of the -y-rays in other

germanium detectors in the array. Therefore, a BGO hit indicates a Compton scattered "y

ray from the adjacent Ge detectors only. Thus, ordinarily, in data acquisition electronics

of Gammasphere, a Ge detector whose surrounding BGO's have fired is eliminated from

an event, because the energy recorded in that Ge detector is likely to be only a fraction

of the incident 1, ray. The information registered from the other detectors in the array,

however, is recorded on the magnetic tape. So, an event which includes a pair of 511-keV

-y rays and an event which includes such a pair plus a third -y ray which was shielded by

13G0 covers, would both register as two-fold events. In order to distinguish such "false"

two-fold events from "true" two-fold events, and to minimize the contribution of Compton

scatterings of higher energy -y rays which might register as a 511-keV -y ray, in the 54Mn

and 56Ni experiments, the heavy metal shielding of the BGO detectors in Gammasphere

was removed.

The other modification that needed to be done to the normal Gammasphere setup

was the removal of the decay chamber and the beam-line in 54Mn and 56Ni experiments.

A thorough survey of the induced radiation found in the decay chamber during the 144Pm

experiment indicated the existence of minute amounts of several 0+ emitter isotopes. Since

the sought 0+ decay branches in our experiments are very weak, it was of utmost importance

to remove all 0+ emitters from the environment.

The status of the runs in all experiments was monitored continuously for electronics

malfunctions, data transfer problems, and tape replacements. In order to minimize the risk

of undetected problems and consequently losing the data, runs were stopped frequently, and

the proper function of data collection system was checked by sampling and examining the

actual recorded data on tape. This method proved to be invaluable in the 56Ni experiment,

where due to the relative short half-life of 56Ni and 57Ni, there is a considerable difference

between the types of events in different runs. As an independent check for the source

strength, in all cases we used a single high-efficiency Ge detector setup. All the data

obtained during the counts performed in this configuration were collected using MAESTRO

and were analyzed using this software.
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4.3.1 "Mn

The purpose of this experiment was to determine the partial half-life of "Mn due

to 0+ decay through observation of coincident positron-annihilation 7 rays. Therefore the

only events of interest were those events with exactly a pair of 511-keV -y rays. After

installing the source in the normal target position in the center of Gammasphere, a test

count was done to adjust the energy threshold and the trigger condition. By adjusting

the lower bound of the energy threshold in the acquisition software the rate of recorded

events was kept below the 500 kb/s per recording magnetic tape, the maximum capacity

of data transfer in Gammasphere tape system. The energy threshold adjustment was done

in hardware and software so that the minimum energy of 200 keV was required for a y ray

to be accepted as a hit. The trigger condition was set on doubles or higher. Because of

the similarity of the decays of 54Mn and 65Zn, for energy and efficiency calibration in the

first run the 54Mn source and a calibrated 65Zn source were placed in the center of the

detector array. Counting both sources together ensured that the "dead time" effect for the

calibration runs was the same as that of the main runs. For the second rim, the 65Zn source

was replaced with a calibrated 22Na source.

After 4 runs of counting the 54Mn source, the trigger condition was changed to

singles and a background run was started. At this point, the mode of data acquisition was

switched back to doubles and several counts of calibration sources were performed. For the

rest of the experiment time the 54Mn source was counted. Care was taken to ensure that

each time, after opening the two halves of the array and replacing the sources, they were

positioned exactly at the center of Gammasphere. The total count time for the 54Mn source

was 97 hours, while the background was counted for 61 hours. Overall, the calibration runs

took about 23 hours.

4.3.2 56Ni

In this experiment, the objective was to measure the partial half-life of 56Ni due

to its decay to the 158-keV level in 56Co. The relative intensity of this transition can be

determined through a measurement of the energy of the emitted positrons in coincidence

with the positron-annihilation -y rays and the characteristic 158-keV -y -ray line. To measure

the energy spectrum of positrons, the nickel source was placed inside a plastic scintillator

attached to a 4 diameter photo-tube. The scintillator with the 56Ni source sandwiched
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in the middle mounted on the photo-tube was positioned in the normal target position of

Gammasphere. The small size of the photo-tube made this arrangement ideal because of its

negligible "shadow size" on the other Ge detectors in the array. The output of the photo-

tube was read into the standard Gammasphere data acquisition electronics as an external

detector. The photo-tube was connected to a high voltage of rs,1450 V. The energy output

of the scintillator was feed to a Telnec TC248 fast/slow amplifier and an ORTEC454 timing

filter amplifier. The energy output of the amplifier was fed to a QUAD and from there to

the energy input of the first external detector in Gammasphere. The timing information

was directly feed to the time input of the first external detector (the Gammasphere data

acquisition system can accept up to 4 external detectors). After checking the standard data

output of Gammasphere plus the external detector for proper functioning, the first run was

started.

Since the only distinction between the positrons emitted due to the transition

of 56Ni to the 158-keV level in 56Co and the positrons created by the pair production of

the 1562-keV y rays is the end-point energy of these positrons (both produce back-to-back

511-keV -y rays and are in coincidence with the 158-keV -y ray),

1562 1022 = 540 keV pair-production positrons

2136 1022 158 = 956 keV decay to 158-keV level

the first task was to calibrate the scintillator spectrum for energy. To do this, initially, we

started with counting a 207Bi source which produces mono-energetic electrons. This run

plus the subsequent background runs were done with singles trigger condition. Then we

switched the trigger settings to doubles and started to count the 56Ni source. The source

was counted in this mode for several hours. However the event rate was so high that there

was an overflow of data and the rate of registering events was much higher than the rate

at which they could be transferred to the magnetic tapes by the tape drives. Since this

could cause a problem in the efficiency calibrations later, the trigger settings were switched

to triples. This, of course, wouldn't cause a problem since ultimately we were interested

in 511-511-158-keV triple coincidence events. In this experiment also, the runs were ended

frequently, to keep different time intervals of the decay separate from each other. The last

runs of the experiment included the calibration runs using a calibrated 152Eu source. To
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make sure that the calibration environment was closely similar to the nickel source count,

we used a blank scintillator attached to the photo-tube.

Overall the nickel source was counted for 96 hours with 8 hours of calibration

runs. Based on the previous results, it didn't seem necessary to count the background.

The probability of observing a triple coincidence event in Ge detectors plus a hit in the

scintillator is virtually zero.

4.3.3 144pm

The 144Prn source which was wrapped in plastic was mounted on the target ladder

inside the decay chamber. After checking the electronics the first run was started. The

trigger condition was set on doubles or higher. The data acquisition was performed in

"copy" mode in which data is written to two tapes simultaneously. One set of tapes was

to be analyzed separately by another group to study angular correlations in luNd. After

3 runs, the trigger setting was changed to singles for efficiency calibrations. Runs 5-8 were

conducted using doubles as the trigger setting. At this point a series of calibration counts

using soco, 22Na, 137Cs, 152Eu and 54Mn was performed. In order to make sure that all

positrons emitted from 22Na were annihilated at the center of Gammasphere, the source was

sandwiched between 2 layers of aluminium absorbers. Following the calibration runs, the

background was counted in the singles mode. For the rest of the duration of the experiment,

the 144Pm source was counted with the doubles trigger setting. The total count time for the

1"Pm source was about 57 hours, while the background was counted for 15 hours. Overall,

the calibration runs took about 8 hours.
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All the data was recorded on 22 magnetic tapes which were labeled according to

the content and time frame of the recorded runs. These tapes were shipped to Oregon State

University for subsequent sort and analysis. For reading the tapes, we used "TSCAN", a

magnetic tape reading utility developed by Haoqiang Jin. TSCAN can read data tapes

written in several formats and has the capability of incorporating user data sorting rou-

tines. Appendix B contains a sample of the subroutine used to search for back-to-back

511-keV y rays. The output of the data sorting routine, for each run, included 250 matrices

and individual spectra which contained information on the time and energy spectrum of

each detector, the total time and energy spectra, spectra of multiplicity (fold) of events,

and a spectrum of rejected events including the reason they were rejected. This detailed

information would allow us to examine all aspects of each run for gain shifting, problems

and irregularities with individual detectors and overall generating the most suitable sort.

Figures 5.1, and 5.2 show the total Ge spectrum of 54Mn source from 300 to 1800 keV.
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Figure 5.1: Total Ge spectrum of 54Mn source from 300 to 900 keV.

Before sorting the data, the total spectrum was carefully searched for the possi-

bility of any source contamination by other positron emitters. We specifically looked in the
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Figure 5.2: Total Ge spectrum of54Mn source from 900 to 1800 keV.

neighborhood of the 1275-keV mark (the characteristic -y ray in 22Na), the 1115-keV mark

(the characteristic -y ray in 65Zn), and the 1173-keV and 1332-keV marks (the characteristic

-y rays of 60Co). Fig 5.3 illustrates the expanded spectrum of the Ge detectors from 1100

to 1300 keV. Although no signs of any transitions due to the mentioned contaminants were

observed, later we used other analysis methods to make sure such signals are not buried

under the background.

In the data analysis, candidate positron annihilation events were initially identified

by requiring that two back-to-back Ge detectors registered two gamma rays in the range

of 400-600 keV within a time window of 60 ns. The wide energy and time windows were

to ensure that all true 511-keV coincident events are included. Such events were then

sorted into a 3-dimensional (3-D) energy(1), eneru(2), deltatime matrix (where deltatime

represents the time difference between the back-to-back -y rays). This sorting conditions

applied to the calibration runs proved to be invaluable for obtaining the proper coincidence

time window and the peak width of the 511-keV -y rays. From the time spectrum of the 65Zn

calibration runs it was found that all true positron annihilation gammas occur in a time

window of 15 ns of each other and cover an energy range of 505.3 keV to 516.6 keV. Fig 5.4

shows the spectrum of time difference between back-to-back 511-keV -y rays in 65Zn decay.

Although this 3-D matrix was very helpful in obtaining the time and energy information of

true positron annihilation events, it lacked some of the information which could be helpful
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Figure 5.3: Total Ge spectrum of 54Mn source from 1100 and 1300 keV.

in determining whether an event was due to the decay of 54Mn or some other isotope. This

information, for example, could be extracted from the multiplicity of the event. To take

advantage of all the information available to us, we formed an ASCII version of the status

of the array.

Whenever an event containing a back-to-back pair of -y rays in the energy range

of 400-600 keV and within a time window of 60 ns was identified, the status of the entire

Gammasphere array was written to the output ASCII file. The ASCII version of each event

includes the number of Ge and BGO detectors fired, the universal time of the event, and the

energy, time and position of each Ge detector fired. All calibration data were also sorted

in this way. In order to minimize the risk of including positron annihilation events which

might have been due to the decay of another isotope, the final sort was restricted to two

types of events: first, all of the events with exactly two Ge detectors (doubles) and second,

all of the events with exactly 3 Ge detectors whenever the third Ge detector registered the

835-keV -y ray (triples) within the 1 p.s Gammasphere trigger window. The second type of

event was included in the analysis because of the high rate of random coincidences with

the 835-keV -y ray; that is, if we had restricted our sort to doubles only, we would have

missed some back-to-back 511-511-keV events that happened to occur simultaneously with

the detection of an 835-keV from an unrelated decay which caused a threefold event.
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Figure 5.4: Spectrum of time difference between back-to-back 511-keV -y rays in 65Zn decay.

All the events which satisfied our "doubles" and "triples" sorting conditions were

extracted from the ASCII file and were copied to a spreadsheet. Using the 15-ns time gate

obtained from the zinc calibration data, a 2-D energy- energy array was formed. Within

this array, the neighborhood of 511-511 keV was divided up into 11.3-keV x 11.3-keV wide

cells. To correct for random coincidences we formed another 2-D array where the time gate

was set off the time peak.

After subtraction of randoms, in the data acquired with the 54Mn source in place,

we observed a total of 35±8 events in the 511-511-keV cell of interest and an average of

6±2 events in the surrounding cells. In the background data, which was sorted in the same

manner, all events had a multiplicity of 7 or more and therefore didn't contribute to the

total number of events. Finally, we are left with a net 511-511 keV signal of 29±9 events

attributable to the 54Mn source. Five of these events contain an 835-keV -y ray and the rest

are pure doubles. We call all events obtained by this method "double and triple Ge" events.

Fig 5.5 shows the spectrum of back-to-back coincident events for the 65Zn calibration data,

when 511-keV y ray is observed in the opposite detector. This spectrum provides the peak

width information for 511-511-keV coincident events. Fig 5.6 represents the same type of

events for the 54Mn data.
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Figure 5.5: 65Zn spectrum of back-to-back coincident events gated on 511 keV.

To decide if this signal is actually caused by the sought for )3+ decay of 54Mn, we

needed to check for other sources of such events. We have examined our data carefully for

the presence of 22Na contamination by searching for 511-1275 keV and 511-511-1275 keV

coincident events. We observed 2+2 511-1275 events and zero 511-511-1275 events. Based

on these results, considering that the efficiency of the Gammasphere setup for observing

a 1275-keV -y ray is about 9%, we couldn't simply rule out 22Na as a major contributor

to our 511-511 keV signal. The other alternative was to use the difference between the

decay structure of 22Na and 54Mn to distinguish between the 511 keV 7 rays produced

by the positron annihilation events due to the two isotopes. To make this distinction, we

compared the ratio between the threefold events to twofold events in 22Na decay and 65Zn

decay. The argument is that in the decay of 65Zn, since 511-511-keV events are not in

coincidence with any other -y rays (just like the decay of 54Mn), one expects to observe a

smaller ratio of threefold events to twofold events. All of the third 7 rays in these threefold

events in this case, have to be random coincidences, an 835-keV y ray from the decay of

54Mn for example. In the decay of 22Na, however, all 511-511-keV positron annihilation

events are in coincidence with a 1275-keV -y ray. In order to improve our efficiency for

observing this third -y ray, we didn't limit the multiplicity of the events considered to the

number of Ge detectors fired. Therefore, a threefold event could be an event with a pair
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Figure 5.6: 54Mn spectrum of back-to-back coincident events gated on 511 keV.

of back-to-back 511-keV y rays in Ge detectors and a third -y ray which could hit a Ge

detector or a BGO. The observed ratio of threefolds to two folds in 65Zn data was -41A. The

same ratio in the 22Na data was -1-1-37. This ratio in the 54Mn data is 21 If we assume that

the excess ratio of threefolds to twofolds in the 54Mn data is all due to 22Na decay,

fraction (22Na) x 137 -I- fraction (54Mn) x
1 1

1 4.4 2.1

fraction (22Na) -I- fraction (54Mn) = 100%

17% of the observed 511-511-keV signal can be attributed to the decay of 22Na. If we

subtract this contribution from the total signal, we are left with 24±10 54Mn positron

decay events.

The only other possible contaminant that could produce these events would be 65Zn

at an activity level of approximately 10-5% compared to that of the 54Mn. While 65Zn does

have a characteristic -y-ray at 1115 keV (not in coincidence with positrons), the enormous

rate of 835-keV -y rays emitted by the 54Mn makes this small an activity level impossible to

see via -y-ray singles counting. In order to determine if 65Zn is contributing to our signal, we

performed another chemical analysis to our sample after it had been counted. We redissolved

our 54Mn source in a 2M HC1 and ran it through a column of AG1-X8 pretreated with the

same acid concentration. Previously, we had tested this method with a solution of known
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amount of 65Zn and non-radioactive manganese. It was found that 65Zn sticks to the resin

in the column while manganese runs through with negligible adsorption. After this stage,

if the column is rinsed with pure water, more than 90% of the original zinc is recovered in

the water. We therefore rinsed the column used to separate the possible zinc contamination

from the manganese source and counted the "Zn fraction" at the LBNL Low Background

Counting Facility for approximately 17 days. Fig 5.7 shows the spectrum of the activity

in the solution with possible 65Zn contamination counted in Low Background Facility. The

region between 1000 keV and 1200 keV marks in the same spectrum is expanded in Fig 5.8.
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Figure 5.7: LBL Low Background Facility spectrum of possible 65Zn contamination in 54Mn

source.

We searched for the 1115-keV line from 65Zn. While no peak was observed at this

energy, the limit on the ratio of the 65Zn activity to that of the 54Mn in the original sample

was established using the uncertainty on the number of counts for the 1115-keV y rays.

In this 17-day counting period, we get an upper limit of 36 counts on the intensity of the

1115-keV -y ray. The number of counts observed in a time T can be written as:

N(y)=ESBT (5.1)

where N represents the observed counts, E represents the efficiency of the system for ob-

serving a particular -y ray, S is the source strength, and B is the branch or intensity of the

-y ray. With N = 0 ± 36 counts for the 1115-keV -y ray, we obtain for the upper limit on
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Figure 5.8: LBL Low Background Facility spectrum of possible 65Zn contamination in 54Mn

source in the neighborhood of the 1115-keV mark.

the 65Zn activity,

36 counts
S = = 1.6 x 10-3 decays/s = 4.3 x 10-8A Ci

1479100 s x 0.506 x 0.03

511 511 keV events produced by 65Zn =

4.3 x 10-7A Ci x37000 decays/s /1 Ci x349208 s x 0.03 x 0.015 =

0.3 counts

This implies that 65Zn could contribute at most 1% to the 511-511-keV signal we observed.

To calculate the actual positron decay branch of 54Mn, first the efficiency of our

setup for detecting back-to-back 511-keV events was determined using the 65Zn calibration

run. The activity of the 65Zn source was evaluated to be 0.053 it Ci at the time of the

experiment. The count was performed with the calibration source and the 54Mn source

in place so that the dead-time effect for the calibration run was the same as that of the

54Mn run. For 65Zn calibration data, sorted in doubles (511-511-keV events) and triples

(511-511-835-keV events), after random and background subtractions, we find N = 15024

events. So, for the positron decay of 65Zn, the efficiency can be calculated from equation

5.1 as,

15024= = 2.97 x 10-2
0.053 pc Ci x37000 decays/s /pt Ci x17220 s x 0.015



57

From the obtained efficiency, the positron branch of the decay of "Mn to the ground level

in 54Cr is determined by:

24 ± 10B = = (1.8 ± 0.8) x 10-9
34.8p, Ci x37000 decays/s Ci x349208 s x 0.0297

/ 2 (0+ ) =
312 d

1.8 x 10-9
= (4.7 ± 2) x 108 yr

This partial half-life implies that the log ft for this second-forbidden-unique transition is

14.64. This is consistent with other values for second-forbidden decays plotted in Fig ??.The

calculation of log ft value from the positron decay partial half-life was done using a software

written at LBNL, which uses the method presented in [461.

A comparison between the 0+ and 0- decays of those isotopes which undergo

both decays to the neighboring ground states can help us to deduce the partial half-life of

"Mn due to its decay to the ground state in 54Fe. In reviewing the systematics of log ft

values of nuclei that undergo both decays (Apendix A, contains the details of this review),

we observe that for allowed transitions, in decays leading to nonclosed shell nuclei, log ft

values in 0+ transitions are generally 0.5 smaller than those in 0- transitions, while the

two are roughly equal for forbidden transitions. Moreover, the log ft values in decays to

closed-shell nuclei (such as the decay to "Fe) are typically smaller by 0.5. Since these two

trends are essentially opposite to each other for the decay of 54Mn, we assume that the log

ft values for the 0+ and 0- decays are equal. We should note that this assumption adds an

uncertainty of a factor of about 3 to the deduced 0- decay branch and the corresponding

half-life. For a log ft value of 14.64, we calculate the 0- branch of the decay of 54Mn to be

9.3x10 -5 %, which implies that the cosmic-ray half-life of a bare 54Mn is 9.2x105 yr.

5.2 56 Ni

All the data were recorded on 28 magnetic tapes which were labeled according to

the content and time frame of the recorded runs. A number of these tapes, containing the

first few runs, were sorted at LBNL and the rest were shipped to Oregon State University

for subsequent sort and analysis. For reading the tapes, as in the 54Mn experiment, we

used "TSCAN". The output of the data sorting routine, for each run, included 254 matrices

and individual spectra which contained information on the time and energy spectrum of

each detector, the total time and energy spectra, spectra of multiplicity (fold) of events,
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and a spectrum of rejected events including the reason they were rejected. This detailed

information would allow us to examine all aspects of each run for gain shifting, problems

and irregularities with individual detectors and overall the most suitable sort.

Before starting to study the magnitude of the positron decay branches, we gener-

ated several scintillator spectra to check our setup for proper functioning. The total singles

spectrum of the Ge detectors was used to identify the types and strengths of different iso-

topes in the source. Figures 5.9, 5.10, and 5.11 show the spectra of the Ge detectors from

0 to 2600 keV.
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Figure 5.9: Total Ge spectrum of 56Ni from 0 to 780 keV.

The next step was to generate a 2-D matrix of scintillator (energy) vs. Ge (energy).

In every event which included a hit in a Ge detector and a hit in the scintillator, the energy

registered in the scintillator was recorded along the x-axis, while the energies registered by

the Ge detectors were recorded along the y-axis of this matrix. A gate was then set on the

158-keV mark on the y-axis, and a scintillator spectrum was generated. Since the 158-keV

-y rays are in coincidence with the 270-, 480-, and 812-keV -y rays, we expect to see three

distinct peaks associated with the internal conversion electrons (ICE) of these 7 rays in the

scintillator spectrum. This spectrum provided us with a crude method for a scintillator

energy calibration and a quick check for the proper function of the data acquisition setup.

Fig 5.12 shows the scintillator coincident events when 158-keV y ray is detected in a Ge
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Figure 5.10: Total Ge spectrum of 56Ni from 780 to 1600 keV.

detector. ICE peaks are due to 270-, 480-, and 811-keV -y rays.

Further gating on several -y-ray energies plus the known end point energy of the

positrons in coincidence with them was used later to determine the energy calibration of

the scintillator to a reasonable degree of accuracy. Fig 5.13 shows scintillator coincident

events when a pair of back-to-back 511-keV -y rays in coincidence with 1377-keV -y ray is

detected in Ge detectors.

Since we were ultimately interested in 511-511-158-keV events, we initially searched

for events in which exactly 3 Ge detectors fired. This means all events with a BGO hit were

rejected. Among those, we selected the events which included back-to-back -y rays. For

event selection purposes, the width of the 511-keV peaks was found from the total energy

spectrum while the time information of the true coincidences were found from the relative

time spectrum of the back-to-back 511-keV -y rays. Figures 5.14 and 5.15 illustrate the

time distribution of ry rays in a single Ge detector and the time distribution of scintillator

light signals with respect to the Gammasphere trigger, respectively. An offset of 480 ns was

added to the "true" times by Gammasphere data acquisition software. The sharp time peak

in the scintillator spectrum indicates that most of these events are indeed in coincidence

with the Ge detector hits which served as the Gammasphere trigger. We took 40 ns as the

maximum time difference between the "true" coincident events.
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Figure 5.11: Total Ge spectrum of 56Ni from 1600 to 2600 keV.

Using energy and time information obtained from true positron annihilation events

of 57Ni, four 2-dimensional (2-D) energy vs. energy matrices of four different types of events

were formed. In each 2-D matrix, excluding the energy information of the back-to-back -y

rays, the energy information of all other Ge detectors for each event was stored along the

second (y) axis while the energy signal of the scintillator for that event was stored along

the first (x) axis. The first 2-D spectrum consisted of those events where the energy of the

back-to-back -y rays was in the range of 505-517 keV (on-energy peak events), while the

second 2-D matrix, which was used for background subtraction, was obtained by setting

gates with the same energy width on both sides of 511-keV line (off energy peak events).

Similarly, third and fourth matrices were formed for time coincidences where events were at

most 25 ns apart ( on-time peak events), and random events where time gates of the same

width were set off of the coincidence time peak (ofd time peak events).

In each matrix, on the y axis, gates of 4-keV width were set around the 158-keV

mark and the scintillator spectrum was generated. The spectrum generated from off- energy

peak and off -time peak matrices were used for background and random subtractions. Fig

5.16 illustrates the spectrum of coincident events seen in the scintillator when a pair of

back-to-back 511-keV -y rays is observed in Ge detectors. This spectrum is generated by

gating on the158-keV mark. The total number of events in the range of 0 to 956 keV in
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Figure 5.12: 56Ni scintillator coincident events gated on 158-keV -y ray.

this spectrum is 2925+54.

Again, in each matrix, gates of 4 keV were set on both sides of the 158-keV mark,

and the corresponding off -energy peak and off -time peak counts were subtracted. Fig 5.17

illustrates the spectrum of coincident events seen in the scintillator when a pair of back-

to-back 511-keV 7 rays is observed in Ge detectors. This spectrum is generated by gating

off the 158-keV mark to obtain the background in this region. In this spectrum, the total

number of events below 956-keV amounts to 2951+54 counts.

The resulting net signal, which was generated by subtracting the off -158-keV events

from the on-158-keV events, is shown in Fig 5.18. The number of events in this spectrum,

in the range of 0 to 956 keV is -26+77. To be conservative, we take the upper limit to be

equal to the lo- uncertainty on the number of counts which is 77.

To obtain the efficiency of this system for detecting back-to-back 511- 511 -158-

keV -y-ray coincidences we first generated a curve of relative efficiency vs. 7-ray energy by

counting a calibrated 5.35 -MCi source of 152Eu in singles mode. This curve is shown in Fig

5.19. The shape of the efficiency curve in the lower energy range can be obtained using Fig

4.4.

From this curve, we obtained the efficiency of our system for detecting a 158-keV

7 ray to be about 0.185. We also obtained the efficiency for detecting 480- and 811-keV
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Figure 5.13: 56Ni scintillator events in coincidence with a pair of back-to-back 511-keV -y

rays and a 1377-keV -y ray.

energy counts relative efficiency
158 keV 2.6 x106 1.00
480 keV 2.4 x 106 0.92
811 keV 1.8x106 0.62

Table 5.1: Relative efficiency of the system as a function of energy

rays to be 0.17 and 0.13 respectively. To check theses values for the efficiency, we decided

to set a gate on the 270-keV peak (which is in coincidence with all of these y rays) and

compare the ratio of the number of counts. In a new sort, without rejecting any events

(events including BOO hits with any multiplicity were included), a 2-D energy vs. energy

matrix of a partial run was formed. From this matrix, gated on 270-keV peak, we find the

data shown in Table 5.1, which confirms the efficiency curve.

The efficiency of our setup for detecting 511-511-127-keV and 511-511-1377-keV

events due to decay of 57Ni was calculated as follows. By setting a gate on the 127-keV and

the 1377-keV peaks and applying the sorting conditions which we used for identifying the

511-511-158-keV events, a net scintillator signal was generated for the two types of events.

In the 127-keV gated spectrum, the total number of events from 0 to 748 keV (the end point

energy of the positrons due to decay of 57Ni to the 1505-keV level in 57Co) was evaluated

to be 2.6 x106. Likewise, in the 1377-keV gated spectrum, the total number of events from
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Figure 5.14: Time distribution of 'y rays in a single Ge detector with respect to the Gam-

masphere trigger in 56Ni experiment.

0 to 868 keV (the end point energy of the positrons due to decay of 57Ni to the 1377-keV

level in 57Co) was evaluated to be 1.1 x107. To obtain the efficiency curve of our system for

detecting scintillator events in coincidence with a back-to-back 511-keV event and a third

y ray, we first calculated the total number of decays of the 57Ni.

dN
dt N°Ae-At

ln 2
A (57Ni) = = 1.95 x 10-2 h-1

35.6 h

N= 2.4p, Ci (37000 x 3600)
e-0'0195 h-1 x96 h) 1.4 x 101°

1.95 x 10-2 h-1

Using B = 0.39 for the positron decay branch of 57Ni to the 1377-keV level, we find the

efficiency of our system for detecting 511-511-1377-keV events in coincidence with a signal

in the scintillator to be:

1.1 x 107e = = 2.0 x 10-3
1.4 x 101° x 0.39

Using B = 0.05, we find the efficiency of our system for detecting 511-511-127-keV events

in coincidence with a signal in the scintillator to be:

2.6 x 106e = = 3.9 x 10-3
1.4 x 1010 x 0.05
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Figure 5.15: Time distribution of light signals in scintillator with respect to the Gammas-

phere trigger for 56Ni experiment.

If the graph of the efficiency vs. energy obtained from the 152Eu calibration is scaled down

so that it passes the values 3.9x10-3 and 2.0x 10-3 at 127 and 1377 keV respectively, we

find the efficiency of detecting 511-511-158-keV events in coincidence with a light signal in

the scintillator to be 4.2 x10-3. Fig 5.20 shows the curve of the efficiency of Gammasphere

vs. 'y -ray energy when a pair of back-to-back 511-keV -y rays in coincidence with a light

signal in the scintillator is observed.

To obtain the positron decay branch of 56Ni to the 158-keV level, we first calculate

the total number of decays of the 56Ni source in the duration of the run.

A (56Ni)
ln 2=

146.4 h
= 4.73 x 10-3 11-1

2.8/2 Ci X(37000 x 3600) ( -0 00473 h`l x96 h)
1 eN = = 2.9 x 1010

4.73 x 10-2 h-1

Using the efficiency and the total number of decays of 56Ni, we find the upper limit on the

positron decay branch of 56Ni to the 158-keV level to be:

77 counts
B = 6 .3 x 10-5%

2.9 x 101° counts x 4.2 x 10-3

We can thus calculate the lower limit on the partial half-life of 56Ni due to the 13+ decay to
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Figure 5.16: 56Ni scintillator events in coincidence with back-to-back 511-keV -y rays and

gated on 158 keV.

the 158-keV level as,
6.1 d

7112(0+) 6.3 x 10-7
2.7 x 104 y

Using the same method, we were able to set a limit on the decay to the 970

keV level also. The procedure was to set a gate on and off the 811-keV peak in the 2-

D matrices and generated the corresponding scintillator spectra. Figures 5.21, 5.22, and

5.23 illustrate the on-811-keV peak, off -811-keV peak, and the net scintillator spectra,

respectively. The on-peak scintillator spectrum below the 145-keV mark, which is the end

point energy of the positrons in the 0+ decay of 56Ni to the 970-keV level, contains 1400±37

counts. The off-peak spectrum contains 1438±38 counts. The net number of scintillator

counts in coincidence with a 511-511-811-keV event is therefore -38±53. A conservative

estimate of the upper limit on the number of counts would be 53.

From the scaled down graph of the efficiency vs. energy curve, the efficiency of

detecting 511-511-811-keV events in coincidence with a light signal in the scintillator is

determined to be about 3x10-3. At this point, we have to apply a correction to the upper

limit on the number of 511-511-811-keV events. This correction is due to the fact that the

number of events was obtained by searching for threefold events. This was necessary in

looking for decays to the 158-keV level. However, decays to the 970-keV level are all in
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Figure 5.17: 56Ni scintillator events in coincidence with back-to-back 511-keV -y rays and

gated off 158 keV.

coincidence with the 158-keV if ray. Therefore 511-511-811-keV events are undercounted

in a search that considers threefold events only. In order to avoid the process of sorting

all the data again in search of fourfold events, we used the sorted partial run where all

sorts of events were accepted (higher multiplicities and BGO hits). A comparison was

made between the number of 511-511-127-keV events from this unrestricted sort and the

number of such events from the threefold search. 511-511-127-keV events were chosen for

two reasons: first, all such events are in coincidence with the 1377-keV events and therefore

fourfold in nature; second, there is enough statistics from a partial run to yield a reasonable

correction factor. From this comparison, it was determined that in a threefold search, 511-

511- 127 -keV events were undercounted by a factor of 1.3. If we accept that 511-511-811-keV

events are undercounted by the same factor, we obtain the upper limit on the branching

ratio for the positron decay to the 970-keV level to be:

53 x 1.3 sB <
(2.9 x 1(20)(3 x 10-3)

7.9 x 10-%

which corresponds to a partial half-life of

6.1 d
= 2.1 x 104 yr

T1/2 ?" 7.9 x 10-7
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Figure 5.18: 56Ni net scintillator events in coincidence with back-to-back 511-keV 7 rays

and 158-keV -y ray.

5.3 1.44pm

All the data were recorded on 12 magnetic tapes which were labeled according

to the content and time frame of the recorded runs. These tapes were shipped to Oregon

State University for subsequent sort and analysis. For reading the tapes, we used "TSCAN".

The output of the data sorting routine, for each run, included 240 matrices and individual

spectra which contained information on the time and energy spectrum of each detector, the

total time and energy spectra, spectra of multiplicity (fold) of events, and a spectrum of

rejected events including the reason they were rejected. Before sorting the data, the total

energy spectrum was carefully searched for the possibility of any source contamination by

other positron emitters. We specifically looked in the neighborhood of the 1275-keV mark

(the characteristic 1, ray in 22Na), the 1115-keV mark (the characteristic 7 ray in 65Zn),

and the 1173-keV and 1332-keV marks (the characteristic -y rays of 60Co). This search

revealed the presence of a small amount of 22Na contamination in the source. The activity

of this contamination was determined by a separate run using a calibrated 22Na source in

a single detector setup. Figures 5.24, 5.25, and 5.26 show the spectra of Ge detectors from

0 to 2600 keV for the 144Pm count. The 1275-keV peak due to the small amount of 22Na

contamination is identified in Fig 5.25.
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Figure 5.19: Relative efficiency of Gammasphere vs. 7-ray energy.

In the data analysis, candidate /3+ decay events were identified by requiring that

three Ge detectors fired within a time window of 12.5 ns. This time window was obtained

by studying the time distribution of the 511-511-1275-keV events. We also required that

two of the three detectors be at diametrically opposite locations in the Gammasphere array.

Such events were then sorted into a 3-dimensional energy(1) vs. energy(2) vs. energy(3)

array where back-to-back -y energies were stored along the first and second axes. Energy

gates with a width of 8 keV were then placed around the location of 511 keV on these two

axes and a projection was made of the energy of the third 7 ray that was in coincidence

with these back-to-back 511-511 keV -y rays. Since the shape of the 511-keV peak due to

the decay of 22Na contamination was distorted by the signal from the Compton shoulder of

the 697-keV peak, the shape and the width of the 511-keV peak in the total 144Pm source

spectrum couldn't be used to determine the proper width of the energy gate. We initially

started with wider energy and time gates and reduced the size of these gates incrementally.

During this incremental reduction in the size of these gates, the net number of 511 -511-

1275 -keV events remained unchanged until the time and the energy gates reached 12.5 ns

for the time gate and 8 keV for the energy gate. Below these thresholds, the number of

positron decay events fell sharply. Fig 5.27 shows the time difference between coincident

back-to-back 511-keV y rays from the 22Na calibration data.
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Figure 5.20: Efficiency of Gairunasphere vs. energy of 7-rays in coincidence with back-to-

back 511-keV 7 rays and a light signal in the scintillator.

The time spectrum of the individual detectors, requiring the occurrence of a back-

to-back 511-511-keV event confirms this choice of time gate. The region of the spectrum of

-y rays in coincidence with back-to-back 511-keV -y rays near 1275 keV is shown in Fig 5.28.

These events, when combined with the ratio of the Gammasphere's photopeak

efficiency at 697 vs. 1275 keV, which was measured to be 1.8, provided us with an in situ

method to determine the efficiency of this system for detecting back-to-back 511-511 keV

-y rays in coincidence with the 697 keV -y ray to be 0.46%. Fig 5.29 shows the spectrum

of coincident events when a pair of back-to-back 511-keV -y rays are detected. The region

around the 697-keV mark is expanded. The location at which we would expect to find

697-keV y rays is marked.

From the 57 hours of 144Pm source data, using a conservative 697-keV peak width

of 7 keV which we obtain from the width of this peak in the singles spectrum, a total of 4

511-511-697 keV events with an average background of 8 counts in the surrounding regions

was obtained. No such events were observed in the background rim, and there were no

511-511-697 keV random coincidence events either. Considering the small number of events

in the peak and background, we apply the method suggested in [471 to deduce the upper
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Figure 5.21: 56Ni scintillator events in coincidence with back-to-back 511-keV y rays and

gated on 811 keV.

limit on the net number of 511-511-697 keV events.

1 = 1

=
n

eN \-` LLB.
n!

e-G
no

,B+N) E (AB+Nr
n=0
no

eOLB) E
n

n=0

(.+N)"
n=0

n=0

(5.2)

Here, no represents the total number of events observed, AB is the Poisson parameter for

the background, and p,, is the sought upper limit on the number of counts in the peak. N is

the desired upper limit for µs, when it is adjusted so that this relation holds. 1-6 represents

the probability (our confidence level) that N > As. Therefore, with a 90% confidence level,

the upper limit on the number of counts was deduced to be 3.7.

Efficiency calculations were done using the 22Na calibration run in conjunction with

the 60Co, 54Mn and 137Cs data. The strength of the 22Na calibration source was known

to be 0.385 iCi, and it was counted for 1118 seconds. In this run, a total of 4.85x 105

back-to-back 511-keV ^y rays were detected from which we calculated the efficiency of our
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Figure 5.22: 56Ni scintillator events in coincidence with back-to-back 511-keV -y rays and

gated off 811 keV.

setup for detecting 511-511-keV events to be:

= 4.85 x 105
= 0.034

0.385 pCi x 37000 x 0.904 x 1118 s

Here, we have used the branching ratio value B = 0.904[36]. The efficiency of the system for

detecting 1275-keV -y rays in coincidence with the positron annihilation events was obtained

from the same calibration run. The number of such events in this calibration run, applying

the same sorting conditions used for the 144Pm source data, was 3.9x104. Again, using

the branching ratio of B = 0.904, we calculate the efficiency of our system for detecting

511-511-1275-keV events to be:

3.9 x 104
6 = = 2.7 x 10-3

0.385 pCi x 37000 x 0.904 x 1118 s

To determine the efficiency of our setup for observing a 511-511-697-keV event, using the
soco, umn, and 137Cs, we generated a curve of the relative efficiency of Gammasphere for

our experiment. The curve of relative efficiency vs. energy is shown in Fig 5.30

On this curve, the efficiency of detecting a 697-keV -y ray is about 1.35%. There-

fore, the efficiency of detecting a 511-511-697-keV event is calculated to be:

0.0135 x 0.034 4.62 x 10-3
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Figure 5.23: 56Ni net scintillator events in coincidence with back-to-back 511-keV y rays

and 811-keV -y ray.

corresponding to an upper limit for the 0+ branching ratio of

3.7B < = 7.4 x 10-6%
(1.4 p,Ci x 37000)(4.62 x 10-3) x 207805 s

and to a lower limit for the partial half-life equal to

312 days
71/2 _?_ 1.4 x 107 yr

7.4 x 10-8
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Figure 5.24: Total Ge spectrum of 144Pm source from 0 to 760 keV.
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Figure 5.25: Total Ge spectrum of 144Pm source from 760 to 1520 keV.
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Figure 5.26: Total Ge spectrum of 144Pm source from 1520 to 2600 keV.
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Figure 5.27: Relative time distribution of positron annihilation 1, rays.
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6. CONCLUSIONS

As was mentioned before, based on cosmic-ray confinement time of 10Be, 26A1 and

36C1[27] [28], we believe those isotopes are suitable for cosmic-ray chronometry which have

half-lives of the order of millions of years. If the half-life of an isotope is much smaller

than this, the measurements of the components of cosmic ray yield zero abundance for that

particular isotope. Consequently, the only conclusion we can draw from the abundance

measurements is that the flight time of the cosmic rays is long relative to the half-life of

this isotope, and nothing more.

We have determined the cosmic-ray half-life of 54Mn to be 9.2 x105 yr. This result

is in reasonably good agreement with the value of 1 -2x106 yr deduced by DuVernois. In his

calculations, he assumes that 54Mn undergoes a propagation environment similar to that of

loge, 26A1,fki and 36C1. The cosmic-ray half-life he obtains for 54 Mn is the result of combining

his measurements of the isotopic composition of cosmic-ray manganese with the confinement

time of 15x 106 yr derived from the three mentioned isotopes. Also, in a recent experiment

using the APEX spectrometer at the Argonne National Laboratory, Wuosmaa et a/448]

measured the g+ branch and the 13+ partial half-life of 54Mn to be 1.20±0.26 x 10 -sand

7.1±1.5 x108 yr respectively. From these results, they calculated the cosmic-ray half-life of

54Mn to be 6.3±1.3 x105 yr, in good agreement with the present results. Martinez-Pinedo

and Vogel[49] used a shell model calculation, and from the average value of the measured

0+ branches of the present work and that of Wuosmaa et a/.[48] calculated the (3- partial

half-life of 54Mn to be 4.94±0.06 x105 yr. Similarity of the experimental and theoretical

results suggests that the confinement time of the iron-group cosmic ray is probably not too

different from that of the lighter cosmic-ray nuclei.

Direct measurements of the 13- decay branch of 54Mn appear to be extremely

difficult but could resolv the ambiguity introduced by the necessity to 0- log ft from our

measured value for /3+. By counting the number of 54Fe atoms produced as a result of

54Mn 13- decay, one could directly determine the rate of this process. Both accelerator

mass spectrometry and neutron activation analysis appear to have the necessary sensitivity

to determine the cosmic-ray half-life of 54Mn.

We also established a lower limit on the cosmic ray half-life of a bare 56Ni nucleus

due to the /3+ decay to the 158-keV level which is 2.7x 104yr. This limit on the half-life
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is almost the same as that claimed by Sur et cd.[42]. The relatively high limit for the

partial half-life obtained in that experiment (considering the experimental setup used in

that experiment) was due to their low number of 511-511-158-keV events which were in

coincidence with an event in the silicon detector. However, we believe that there was an

error with the energy calibration that Sur et al. applied to their silicon spectra. Because

of the contamination of the silicon spectra (by Compton scattering) in the lower energy

range, they focused on the upper third of the spectrum (635 keV to 956 keV) and from

there they inferred the total number of counts in the silicon spectrum. In Fig. 3 (a) of [42],

which represents the silicon spectrum gated on 511-511-158-keV, the authors have labeled

the three peaks due to internal conversion electrons (ICE) as 158-, 269- and 480-keV lines.

However, 158 -keV -y rays cannot be in coincidence with 158-keV conversion electrons, and

those three peaks should have been labeled as 269-, 480- and 811-keV lines. Thus Sur et

aL, due to an error in energy calibration, searched the positron energy spectrum beyond

the end point energy of the positrons due to decay of 56Ni. The limit claimed by Sur et al.

is therefore meaningless.

At this time, the only definite conclusion we can reach about using 56Ni as a

cosmic-ray clock is that: 56Ni can survive and reach us in the cosmic rays produced in a

nearby supernova. In such a case, then, 56Ni abundance measurements can be used as a

tool to determine the time interval between production and acceleration of 56Ni in cosmic

rays. In general, however, unless the positron decay branch of 56Ni is measured with a much

higher sensitivity (at least 2 orders of magnitude better than the present work), there is

little hope for using 56Ni as a galactic cosmic-ray clock.

The lower limit set on cosmic-ray half-life of 144Pm is a factor of 10 improvement

over the limit obtained by Hindi et aL[43] and it falls within the range estimated by Drach

and Salamon[38]. If the l3+ decay half-life of 144Pm were actually equal to 1.4 x107 years,

the value obtained in the present work, then the abundance of this isotope in cosmic rays

would be significantly decreased by ,(3+ decay in flight. However, the actual 13+ half-life

may be much longer than this. Thus, unless further improvements on the limit for the 0+

decay of 1"Pm can be made, it would be unlikely that 144Pm will be useful as a cosmic-ray

chronometer.
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APPENDIX A

The table below shows the 3+ and 3- decay properties of nuclei which decay

by both modes. The first column represents the forbiddenness of the transition. Allowed

transitions have a forbiddenness of 0.

forbid parent In 13+ to: r E 0/013 (3" to: In E 0/00 log ftp+ log ft1

2 36CI 2' 36S 0+ 0 1.9 36Ar 0+ 0 98 13.58 13.3

3 40K 4" 40Ar 0' 0 0.05 40Ca 0' 0 89 21 19.7

4 50V 6+ "Ti 2' 1554 83 "Cr 2' 783 17 23.5 24.3

0 "Cu 1' "Ni 0' 0 60.5 "Zn 0+ 0 39 4.97 5.3

0 70Ga 1 70Zn 0' 0 0.41 70Ge 0' 0 99 4.7 5.1

1 74As 2- 74Ge 0+ 0 6 74Se 0' 0 19 9.7 9.38

0 "'Br 1' 78Se 0' 0 86.4 78Kr 0' 0 0.9 4.8

0 "Br 1' "Se 0' 0 7.1 "Kr 0' 0 85 4.7 5.5

1 "Rb 2- "Kr 0' 0 26.5 "Sr 0' 0 3.8 9.51 9.4

1 66Rb 2- 86Kr 0' 0 0 "Sr 0' 0 91 9.8 9.4

1 1°2Rh 1- 1°2Ru 0+ 0 29.7 102Pd 0' 0 18 8.9 9.6

0 104Rh 1' 104Ru 0' 0 0.43 104Pd 0' 0 98 4.3 4.5

0 106Ag 1+ 106Pd 0' 0 82.9 106Cd 0+ 0 <1 4.9 >4.2

0 1°6Ag 1' 108Pd 0' 0 2.35 108Cd 0' 0 95 4.7 4.4

0 11°Ag 1+ 110Pd 0' 0 0.3 11°Cd 0' 0 95 4.1 4.7

0 112In 1+ 112Cd 0+ 0 49 112Sn 0' 0 44 4.7 4.1

0 114In 1+ 114Cd 0+ 0 0.46 114Sn 0' 0 99 4.9 4.5

0 116In 1+ 116Cd 0+ 0 <0.06 116Sn 0+ 99 4.7

1 122Sb 2- 122Sn 0+ 0 1.63 122Te 0' 0 26 9 9.6
1 1261 126-re 0' 0 23 126Xe 0' 0 8 9.1 9.8
0 1281 l 126-re 0' 0 6.8 126Xe 0+ 0 80 5 6.1

0 1"Cs 1+ 130Xe 0+ 0 94.5 13°Ba 0+ 0 1.6 5.1 5.1

2 134Cs 4' 134Xe 2' 847 0 134Ba 2+ 605 0 13 14.1

2 138La 5+ 13813a 2' 1436 66.4 138Ce 2+ 789 34 17.3 18

1
142pr 2- l42ce

04. 0 0.01 142Nd 0+ 0 96 9.4 8.9
A

'
'46Pm 3- 1416Nd -2 454 44 1"Sm 2+ 747 32 9.4 10.1

_

1 15°EU 150SM 0+ 0 6.8 160Gd 0+ 0 89 7.5 6.5 _

1 162Eu
- t52Sm 0' 0 0.2 152Gd 0+ 0 68 8.7 7.4
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forbid parent IR 13+ to: IR E %13 0- to: r E %l3 log ft r3+ log ft R"

1 152Eu 3' 152Sm 2+ 122 1.9 152Gd 2+ 344 8.2 11.7 12.1

1 154Eu 3- 154Sm 2+ 82 0.02 154Gd 2+ 123 10 9 12.2
r

1 158Tb 3- 158Gd 2+ 80 2 158Dy 2+ 99 16 >12.6 12.1

0 164H0 1+ 164D_y 0+ 0 41 164Er 0+ 0 27 4.6 5.6

0,1 168Tm 3 168Er 2+ 80 <1 168Yb 2+ 88 0.1 10.4 10.2

1 170Tm I 17°Er 0+ 0 <0.15 170Yb 0+ 0 76 9

1 176Lu 176Yb 0+ 0 0.04 1761-if cr 0 39 7.2 6.8

0 180Ta 1+ 18°Hf 0+ 0 61 180W 0+ 0 10 5.7 6.9

1 186Re I 166W 0+ 0 5.32 1860s 74 7.5 7.7

0 1921r e 4

1920s 4' 580 0.68. 192Pt e 784 48 9.5 8.5

1 166Au 2- 166Pt 0+ 0 <0.9 166Hg _0+ 0 0.6 10.4 >9.7

1 2°4T1 2" 204Hg 0+ 0 2.9 204Pb 0+ 0 97 9.5 10.1.

0,1 226AC 1 226Ra 0+ 0 4.1 226Th 0+ 0 24 7.6 8.1

1 230Pa 2' 230th 2+ 53 23 23°U 2+ 52 8.2 8.8 8.6

1 232Pa 2' 232Th 2+ 49 0 232u z... 48 0.7 >8.5 9.5

0,1 236NP 1 236U 0* 0 44.3 236PU 0+ 0 40 7.1 6.8

1 236Np 6" 236U e 149 4.4 236PU e 147 0.5 >16 >16
1 242Am I 242pu -4.

0 0 6.7 242CM 0 37 7.5 7

1 248Bk 1 248CM 0+ 0 23 248Ct 0 45 7.2 7.6
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APPENDIX B

The following lines of codes show a sample of a part of the sorting routine used in

56Ni analysis.

for (i =0; i<nge; i++) { /* incrementing Ge spectra, nge is the No. of clean Ge */

inc_gectot(ge[i] .energy);

gaml = 0;

gam2 = 0;

gam:3 = 0;

if ( ge[i].energy > (4124) && ge[i].energy < (4138)) /* scint. gated on 1377*/

inc_g;ate_1:377(extDet(0] [0] );}

if ( ge[i].energy > (467) && ge[i].energy < (481)) {/* scint. gated on 158*/

inc_gate_158(extDet[0][0]);

inc_gectime(ge[i].time);

/* Gating on 269, 480, 811, in coincidence with 158 */

for (j=0; j<nge; j++) {

if (ge[j].energy > 800 && ge[j].energy < 814) {

inc_gectime(ge[j].time);

gam]. = 1;1

if (ge[j].energy > 1433 && ge[j].energy < 1447)1

inc_gectime(g;e01.time);

gam2 = 1;1

if (ge[j].energy > 2426 && geW.energy < 2440){

inc_gectime(ge[jj.time);

gam:3 = 1;}

if (ge[j].energy > 4676 && ge[j].energy < 4696)1

for (k=0; k<nge; k++) {

if (k != i Sth k != j)

inc_ib(ge[lc].energy);}

}

if (gaml == 1 && gam2 == 1) {
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inc_gate_811(extDet[0] [0]);}

if (gaml == 1 && gam:3 == 1){

inc_gate_480(extDet[0] [0] );}

if (gam2 == 1 && gam3 == 1){

inc_gate_269(extDet[0] [0] );}

}

}

if (nge == 3) { for (i=0; i<nge-1; i++) {

for (j=i+1; j<nge; j++) {
if( (((ge[i].energy > 1500) && (ge[il.energy < 1560)) && /* energy = 511 */

((genenergy > 1500) && (geLjj.energy < 1560)))&& /* energy = 511 */

(gspair[ge[i].id -1] == ge[j].id)) /* back to back */

inc_pmt_total(extDet[0][0]); /* scint. gated on positron annihilation events*/

inc_rftime(rf_tac); /* scint. time spectrum*/

/* We have back to back 511's */

for (k=0; k<nge; k++){

ge_on = 0;

ge_off = 0;

rf_on = 0;

rf_off = 0;

ditime = ge[k].time ge[j].time + 4096;

if ((ditime > 3896) && (dltime < 4146)) ge_on = 1;

if ((ditime > 4696) && (ditime < 4821)) ge_off = 1;

d2time = rf_tac;

if ((d2time > 900) && (d2time < 1020)) rf_on = 1;

if ((d2time > 720) && (d2time < 840)) rf_off = 1;

if (k != i Raz k!=

if ((ge_on == 1)&8(rf_on == 1)){

inc_pmton_gam(extDet[0][0], ge[k].energy);}

if (((ge_on == 1)&&(rf_off == 1))I((ge_off == 1) & &(rf_on == 1))I

((ge_off == 1)&8(rf_off == 1))){

inc_pmtoff_gam(extDet[0][0], ge[k].energy); } 1111111




