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beta and gamma decays from some odd-odd,
SELF-CONJUGATE NUCLEI AND THEIR ISOBARIC NEIGHBORS

James E. Cline

The present experiment was undertaken to study the properties 

of the N = Z,A = 4n + 2 (n = integer) nuclei and their adjacent isobaric 

neighbors by time and energy analyses of the positrons and gamma-rays 

emitted from the unstable nuclei in these groups . The specific groups 

studied were those with A = 38, A = 30 and A = 26. The objectives of 

this research were: (1) To obtain information about the level schemes 

and spacings of the N = Z nuclei, especially with regard to the relative 

spacings of the two lowest-lying levels in these nuclei; (2) to obtain 

more accurate ft values than presently exist for the positron decays 

from the (N = Z) nuclei; and (3) to obtain the lifetime of the hereto­

fore-never-observed (N = Z - 2) member of these triads,
The studied nuclei were produced by (7,n) and (y,n^p) photo- 

nuclear reactions using the 20 cps, pulsed, 85 mev bremsstrahlung beam 

of the University of Michigan electron synchrotron. Development of 
adequate shielding allowed the technique of scanning the targets (by 

scintillation detectors) in the position in which they were activated 

by the x-ray beam. A system was developed which would control the bom­

bardment time and the time between bombardment periods, allowing the 

compilation of decay curves which extended for several half-lives of 

the decay. Positron decay half-lives were measured by a coincidence 

technique which involved counting the annihilation radiation by two 

counters placed on opposite sides of a thick target.



LoSljft values for the positron decays of P^y and
26Al were obtained; the values were (3.48 + ü.Où),(4.89 + 1.07),(4.81 + 0.07) 

(3.38 + 0.07) respectively. A series of three energy determinations, 

consisting of energy measurements of the positron and gamma transitions 
in the decays of and K^, yielded the result that the (T = 0,J = 3+) 

is the ground state of K38 and that the (T = 1,J = o+) level lies 

(210 + 190) kev above.

Branching in the positron decay of Cu3® to a level at (3.3 + 0.14) 

ticv in K has led to a half-live determination for the decay of Ca38 of 

(O.ob + 0.0?) seconds, and a tentative identification of the level in 

K as a (T = 0,J = 1 ) level. A search for t. similar branching of the 
30 -S decay, specifically to a 690 kev level in P-*^ (previously identified 

in two separate experiments as having J = 0 (implying T = 1) and T = 0 
(implying J = 1 ) ), with a negative result nas led to the belief that 

the state has both T = 0 and J = 0 (in violation of tne usual coupling 

rules in the N = Z,A = 4n + 2 nuclei); branching would not be expected 

to occur in any appreciable amount to su h a lavel. '

The positron decays from the mirror nuclei Ca3^, S3^" and Si^ 

were also studied and these decays yielded log1 ft values of (3.6? + 0.06) 
(3.79 + 0.0()(3•41 + 0.07) respectively. Such values are consistent with 

the fact that the decays should be superallowed transitions.

Of interest also were the relative yields from the (y,n^-p) 
and (/,n) reactions. These were measured to be 0.40 + 0.0?, 0.43 + 0.0? 

and 0.16 + 0.04 for the bombardment of Ca^, S32 and Si28 respectively 

by 8? mev bremsstrahlung. The ratio was 0.13 + 0.03 and 0.11 + 0.03 for 
bombardment of Si2® by 60 mev and 4o mev bremsstrahlung respectively.



Interpretations are made of these ratios with respect to themselves and 

to data of ov.her investigators,
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CHAPTER I

INTRODUCTION

A. Historical Background.

Although a great quantity of information has been compiled con­

cerning the properties of many nuclei, there remain a vast number of 

nuclei about which relatively little is known. A few of these nuclei 

fall into a group called the odd - odd, self - conjugate nuclei, imply­

ing that they contain an even number of nucleons, an odd number of both 

neutrons and protons and that the numbers of neutrons and of protons are 

equal. These nuclei are often called the odd - odd, (A = 4n + 2) nuclei, 

n being an integer. The members of this group are for the most part beta 

unstable, decaying with rather short half-lives to even-even isobars (even 

numbers of neutrons and protons). Due primarily to the fact that the 

decay half lives are so short, direct information about spin, magnetic 

moments, quadrupole moments, etc. Is relatively rare for these nuclei. 

Some of the desired information, however, may be obtained from the study 

of beta and gamma decays in the (4n + 2) nuclei, if techniques are develop­

ed which enable one to study the short-lived decays. The majority of the in-; 

formation that has been obtained concerning beta decay was compiled with the 

use of long-lived sources. These sources either contained long-lived beta 

emitters, or contained nuclei in long-lived isomeric states, the decay 

from which precipitated a short-lived beta-decay. In the analysis of such 

decays, it was possible to remove the sources from the activating area and 

analyze them in a background-free station. If beta transitions with short 

half-lives, which do not follow such isomeric transitions, are to be 
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studied, the experimental techniques must be such as to create and analyze 

the nuclei in essentially the same position, with any background radition 

shielded out.

Investigations which are described in this thesis were direct­

ed with the sole purpose of obtaining more information about the 
(A = 4n + 2), N = Z nuclei. However, not only the self-conjugate 

nuclei were studied. Due primarily to the Interest in the (N = Z) 

nuclei, much has been predicted from a theoretical standpoint concern­

ing the properties of their (N = Z - 2) and (N = Z + 2) Isobaric neigh­

bors . The odd-odd nucleus and its adjacent isobars form an isobaric 

triad. The (N = Z + 2) member of the group is generally stable (i.e. 

for Z > 7), while the other two members of the group are positron un­

stable . In some cases, the proton-rich member of the different 
groups (i.e. the isobar with N =-Z - 2) has never been observed, 

although the half-live and endpoint energy of the positron decay 

from these nuclei have been predicted. Consequently any observa­

tion of the decays from the (N = Z - 2, A = 4n + 2) nuclei would con- 

stituve the discovery of a new nuclide. A Segre chart, showing the 

nuclei of Interest, is presented in figure 1.

Energy endpoint measurements of the positron transitions among 

the members of a (un + 2) triad can yield valuable information concern­

ing the position of some of the states (with respect to one anothei^. 
This was particularly true in the nucleus K^, where the relative posi­

tion of the two lowest states has long been in doubt.

A half-life measurement, in conjunction with a positron energy 

endpoint determination, can yield an ft value for a given beta-decay
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which establishes the degree of allowedness for that transition. Once 

the allowedness is established, if the T and J values of one of the two 

states involved in the transition are also known, T and J values may 

usually be uniquely assigned to the other state as well. In addition, 

if in a given beta-decay a branching occurs to an excited level of the 

daughter nucleus, an observation and energy measurement of the resuit- 

ing gamma transition from the excited level may lead to a positive 

assignment of energy and total angular momentum and isobaric-spin quantum 

numbers for the excited level. A half-life measurement of this gamma­

ray should yield the half-life of the positron decay proceeding the 

gamma-ray.

Thus it is seen that a great deal of information may be obtained 

from a detailed study of the beta and gamma transitions among the nuclei 

in the (4n + 2) isobaric triads.

B. The Experiment.

The nuclei studied in this experiment have short half-lives and 

were produced artificially by photonuclear reactions, using the brems­

strahlung beam of the University of Michigan electron synchrotron. The 

photonuclear reactions used to produce the nuclei were the (7,n),(/,2n) 
and (y,ndp) reactions which require an initial photon energy of about 

25 mev. The x-ray beam consists of bursts of photons, each burst being 

about 30 microseconds duration and the time between bursts being 50 milli­

seconds . It was therefore possible to bombard and observe in continuous 

operation, leaving the targets and the counters in a fixed position, and 

ing the counting system on during the period between beam bursts.

For the compilation of decay curves (from which half-life determinations 
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were made), it became necessary to extend this time between photon bursts. 

A system was therefore developed which controlled the injection of the 

electrons into the synchrotron, thus controlling both the bombarding 

time and the time between bombardment periods. The ratio of these two 

times could be set to any prescribed value, and the total duration of 

the control period was 50 seconds. This time could be extended to 

5000 seconds by the use of an auxiliary instrument but in so doing, 

the extension would increase proportionately the duration of the con­

trolling steps.

A principal difficulty involved in the use of such a tech­

nique is that of a high background flux, tending to mask out the actual 

signal from the target. The major contributor to the background count­

ing rate were neutrons, electro-and photoproduced both internal and 

external to the synchrotron proper, although scattered bremsstrahlung 

also presented significant effects. To reduce the unwanted background 

the experimental area was enclosed by concrete shielding walls one 

meter thick. Collimation of the x-ray beam before it was directed into 

the room through a port in the forward wall, also served toward the end 

of reducing the background. Targets were then placed in the beam just 

inside the entrance port.

The irradiated target was a thick sample in which the positrons 

would stop and annihilate. Two scintillation detectors, placed on opp­

osite sides of the target and discriminated so as to allow only the 511 

kev two-quantum annihilation gamma-rays to be accepted by the detection 

system, were operated in coincidence. The method had two distinct ad­

vantages over the standard methods used in beta spectroscopy. The first 
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of these was that it allowed the use of thick targets (<xlO gms/cm^) with 

the attendant relatively high counting rates. This allowed the compila- 

of decay-curves composed of sufficient counts to allow half-life 

determinations with standard deviations of about 2%. The second advant­

age lay in the fact that it reduced the background counting rate relative 

to the signal counting rate. Any particles other than positrons annihi­

lating in the target would be rejected by the counting system and the 

• only background would be that of accidental coincidences and that of 

cosmic-rays which created pairs, the positron annihilating in either 

one of the crystals or in the target. The number of accidental coincid­

ences could be calculated from a knowledge of the resolving time of the 

coincidence system.

Other measurements made in this experiment consisted of posi­

tron endpoint energy determinations and gamma-ray energy determinations. 

These measurements involved the use of single scintillation detectors, 

and hence, no coincidence technique could be used to reduce the back­

ground. However, it was still possible, at least in the gamma-ray 

energy determinations to employ thick targets, similar to those used 

in obtaining the decay-curves. For the positron endpoint determinations, 

the signal to background ratio was quite bad due to the low counting 

rates connected with the use of the necessarily thin targets. The pro­

portionately large background, although measured and subtracted from 

the data, introduced errors into the results which are difficult to 

estimate. . Nevertheless, it is felt that most of the energy determina­

tions were accurate to about 5%.
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Using the described, techniques, the following (A=4n+2) nuclei 
were studied: Ca^, K38, A3®, S3°, P30, Si30, Si3®, Al26 and Mg26. Since 

the synchrotron had to be run at 85 mev, for intensity reasons, many 

additional nuclei were produced by photonuclear reactions on the target 

isotopes, other than those which produced the nuclei of primary Interest. 
Some of the more abundant byproduct nuclei were the mirror nuclei Ca3^, 
^1 <27S- and Si . Since these nuclei are positron emitters, were produced 

in relatively high abundance and are of some theoretical interest, they 

were studied as well.

Furthermore, the data allowed an estimate of the relative yields 

for some of the photonuclear reactions used in this experiment. In partic­
ular, the ratio of the yields from the (y,n%) reaction and the (y,n) 

reaction has been measured (for a peak bombarding energy of 85 mev) on 
the following nuclides: Ca^^, S3^ and Sl^8. The ratio was also measured 

28in Si for peak x-ray energies of 60 mev and 40 mev.

C. Results.

The results of this research fall into several catagorles since 

many types of measurements were made. Half-life measurements of the posi­

tron decay from the unstable odd-odd, self-conjugate nuclei, coupled with 

endpoint measurements have yielded ft values for the decays which are con­

sistent with the type of transitions which should occur. In particular, 
the values of log^ ft for the positron-decay from K38, K38^, p30 and Al^ 

were measured respectively to be 4.89, 3-^8, *.81 and 3-36. T.'.e reported 

values 4.ave errors of about 2%. The log^ ft values for the positron-decay 
from the mirror nuclei Ca3^, and 31^7 were found to be 3.65, 3.79 and 

3.41 respectively. These values also have standard deviations of about*2%, 



and are consistent with the assumption that the positron-decays are 

superallowed transitions.
The two lowest states in K^, namely the (T = 1,J = 0 *) and 

the (T = 0,J = 3 +) states were measured to have an energy separation 

of about 200 kev (with an error of about with the (T = 0,J = 3 +)

state being the lower state. This separation was determined from measure­

ments of the endpoint energy of the positron-decays from the two levels, 

and from an energy measurement of the gamma transition from t?^» first 

excited level in to which the (T = 0,J = 3 +) state in decays.

A search for gamma transitions which follow a branching in 

the positron-decay from the (Z = N + 2) nuclei led to two results. The 

first of these was the identification of a 3.5 mev gamma-ray, observed 

only with the bombardment (by the x-ray beam) of a calcium target, as 

being from the decay of an excited level in following a branching 

in the positron-decay of Ca to that level. A half-life measurement 

was made of this gamma-ray and the resulting value is 0.66 seconds, 
which is in accordance with the predicted value of the half-life of Ca$$. 

The 3.5 mev excited state in was identified from experimental and 

theoretical arguments as being either a (T = 1,J = 0 +) or a (T = 0,J = 1 +) 

level, with the latter assignment being the preferred assignment. Since 
38Ca had heretofore never, been observed, this result is also construed as 

the identification of the new isotope with a half-life of 0.66 seconds.

A similar searching for a gamma transition following a branch­
ing in the decay of S$° to an excited level in P^°, with a negative result, 

the second result. A level in had been found l?y several in­

vestigators and had been seemingly conflicting identified as having (J = O), 
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implying (T = 1), and independently, as having (T = O), Implying (J -1). 

Either of these assignments would have led to a state to which a branching 

in the decay of S would occur. The fact that a gamma transition from 

the state was not observed in this experiment indicates t? .at both previous 

identifications were correct, and that the state has (T = o,J = 0) 

which is in violation of the seml-emperical rules governing the creation 

of low-lying states in odd-odd, (M = Z) nuclei. Such a state could arise 

from a mixed nucleon configuration in p30 and branching in the positron­

decay from the (T = 1," +) ground state of S^0 would be forbidden.

The ratios for the relative production of nuclei by the 
(y,n p) and (y,n) photonuclear reactions on the target nuclei Ca^ g32 

28 *
si were measured to be 0.40, 0.43 and 0.16 respectively for a peak 

bombarding energy of 85 mev. This ratio was also measured for Sl^ at 

bombarding energies of 60 mev and 40 mev with results 0.13 and 0.11 re­

spectively. These results carry errors of about 15% and confirm the re­

sults of other investigators who found that the yield from the (y,n%) 

process is too high to be consistent with the Weisskopf-Ewing theory of 

the compound nucleus. The fact tLat the ratio for the bombardment of 
28Si is so much lower than the corresponding ratio in the other isotopes 

indicates that another state is created in Al26 by the <7,n%) process 

which has a very long half-life and would not have been observed in 

these measurements.

The following report, which describes the theory behind these 

measurements and the experimental details themselves as well as the re­

sults, is broken up in the fol> wing manner. Chapter 11 introduces 

briefly the theories of beta-decay, isobaric spin and the nuclear shell
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model. These are presented for the sake of reference and include those 

points which are pertinent to the (A = 4n + 2) and mirror nuclei. The 

next chapter applies these theories in more detail to specific nuclei 

and their associated decay schemes. The remaining chapters describe 

the experimental approach, the results and the analysis of these results



CHAPTER H

INTRODUCTION OF THEORETICAL BACKGROUND

A. Fermi Theory of Beta - Decay.

The first theory of beta decay which successfully accounted

for the continuous beta spectrum and for the shape of the spectrum was
offered by Permit m 1934. It is based on tie hypothesis that a neutrino

is emitted from the nucleus along with the electron. This neutrino may be 

emitted with any energy up to the maximum energy Involved In the decay of 

the nucleus. The total energy is then shared by the neutrino, the beta

particle, and the product nucleus, and the division of energy is a function
of the angles between the three particles. in this paper were introduced
the Fermi selection rules for beta decay. The theory was soon extended to 

take into consideration the remaining types of interactions between heavy 
and light particles2.

In the formulation cf the general 

expressed the probability per unit time for 

tion of time dependent perturbation theory

theory of beta decay, Fermi

a beta transition by the equa- »

? - r
if1

II-1

the interaction matrix element and p(E)
of final states.

is the energy density

Since the emitted particles have half-integer spin and move with 

velocities equal to (neutrino) or approaching (beta particles) the velocity 

of light, they must be described by Dirac's relativistic wave equation. A 

-11-
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restriction that the interaction Hamiltonian must be relativistically in­

variant allows only five forms for the matrix element. An example of one 

of these forms is the vector interaction matrix element which can be ex­
pressed as$

( ^if* )v = H-2

I represents the unit operator and the notation |/ 1| is defined by
W °I c 0 Tn + where 0 represents some operator, <pf and

n=l
represent the nuclear wave functions for the final and initial nucleus 

respectively, and Tn + represents an operator which, when operating on 

any proton wave function, converts it into a neutron wave function. Gv is 

the coupling constant for the vector interaction. Pv(u*,u£) is a function 

of ue and u^ (the complex conjugates of the electron and neutrino wave 

functions respectively) and, in the case of the vector interaction, the 

unit operator.

In the limit of non-relativistic nucleons in the nucleus, the 

scalar nuclear matrix element reduces to the expression which represents 

the vector matrix element. Similarly, the pseudo-vector Interaction 

nuclear matrix element reduces to the expression for the tensor matrix 

element. The pseudo-scalar interaction, in this limit, vanishes. Any 

beta decay may then be described by a linear combination of the two re­

maining forms of the nuclear matrix element.

In order to evaluate the function p(u*, u*) in equation 

II-2, an expansion of the electron and neutrino wave functions is made 

in terms of spherical harmonics. The major contribution comes from the 

first non-vanishing term in the expansion. If the first term in the 
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exponsion does not vanish, then the decay is termed an allowed decay. 

If the second term is the first non-vanishing term, then the decay is 

said to be first - forbidden. Each degree of forbiddenness implies a 

smaller transition probability and hence a longer half-life for the decay.

There are two classes of allowed transitions, namely allowed 

and favored (generally called superallowed), and allowed but unfavored 

(generally called allowed) . The distinction between the two has to do 

with the overlap of the nuclear wave functions. For superallowed transi­

tions the overlap is complete (i.e. the nuclear wave functions are ident­

ical in the parent and daughter nuclei), while in allowed transitions, 

the overlap is not perfect.

The shape of the continuous allowed beta spectrum may be ex­

pressed as the probability per unit time that the beta-particle is ob­

served with total energy between E and E + dB by

p(E)dB . Kg F(B,Z)g(B, Bo) | / 1|2 + 0^? |/ a I2 1 II-3

where is a known constant, g a known function of E, the energy of

the emitted beta particle, and EQ is t£.e maximum beta energy. F(E,Z) is

a known function of B and Z, the charge of the daughter nucleus. | / o | 

symbolizes the nuclear matrix element for the tensor and pseudo-scalar 

interaction where a represents the Pauli spin matrices. G_, and G_ m are 
G-T

the Fermi and Gamow - Teller interaction coupling constants respectively 

where Gy - (G^ Gv) and GQ T - (G^+ 0T)

Equation II-3 has been integrated to yield

B - h^G2 |/ 1|2 + Gg , |/e|2
II-4

t is the half-life of the decay, f an integral which corrects the half-life 
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for the effects of the nuclear Coulomb field and for the energy distribu­

tion of the beta particles and B is a universal constant for allowed beta 

decays.

The ft value for a given beta-decay is proportional to the in­

verse square of the total nuclear matrix element. The constant of pro­

portionability, B, may be calculated. Empirically, the ft values of 

various beta-transitions have been grouped into different classes, each 

class corresponding to a different degree of allowedness. If the nuclear 

matrix elements can be evaluated, the theoretical value of ft may be com­

pared to the measured experimental value and conclusions may be drawn 

concerning the changes in spin, parity, and orbital angular momentum 

associated with the transitions.

B. Isobaric Spin.
' : The evaluation of the nuclear matrix elements |/1|2 and |/a|2 

is greatly facilitated by the use of the concept of isobaric spin. 

Isobaric spin was first introduced under the name of isotopic spin by 
Cassen and Condon^" in 1936, and by Wigner5 in 1937. The name isobaric 

spin, which seems to be more appropriate, is becoming in recent years 

the more common name.

In the concept of isobaric spin, the nucleon is treated as a 

single entity having two charge states, the neutron and the proton. A 

single wave function is then formed for the nucleus which contains both 

the proton wave functions and the neutron wave functions. The basic re- 

q^irement for such a description is that nuclear forces are charge inde­

pendent . The formalism may be written in such a form that the functions 



which describe the nucleons as being either protons or neutrons take the

exact form of the Pauli spin functions of atomic spectroscopy. The n«"p 

is then derived from the fact that the isobaric-spin plays essentially 

the same role as the electron spin does in Russel-Saunders (spin-orbit) 

coupling. In neither case do the spins enter directly into the Hamilton­

ian, but enter, rather, through the Pauli exclusion principle. They both 

govern the symmetry of the spatial wave functions which, in turn, determine 

the energy of a given configuration level.

The generalized Pauli principle then states that the total nuclear 

wave function must be anti-symmetric with respect to the exchange of any 

two nucleons. The quantum number, T, introduced by the symmetry properties 

involving isobar! spin functions is called the isobaric spin quantum number. 

It is a "good" quantum number so long as the assumption of charge independ­

ence of nuclear forces is valid. The isobaric-spin vector T of a nuclear 
system is defined by T* ~ where t^ = ^(j) ,tg( j) ,t3(j) is the

isobaric-spin operator of th<^ jth nucleon. In the stationary state of a 

nucleus the third component of the vector has as its characteristic 

value .3 2
Two of the isobaric-spin operators were used by Fermi in his 

original theory of beta decay even before the introduction of the concept 

of isobaric spin by Cassen and Condon. Since its introduction, isobaric- 

spin has become increasingly more important in nuclear physics. The con­

cept has been applied to the theories of beta decay, multipole radiation 
’t’ and nuclear reactions®'^'^. Such applications have, in general, . 

been successful in predicting different degrees of forbiddenness for some 
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transitions than would be predicted by the selection rules involving 

angular momentum and parity alone.

C. The Shell Model of the Nucleus.

Some of the nuclear matrix elements involved in the theory of 

beta decay may be evaluated only on the basis of some definite model of 

nuclear structure. Throughout the relatively short history of nuclear 

physics tnere have been many such models proposed. The model which has 

been the most successful in explaining some of the aspects of nuclear 

spectroscopy is based on the independent particle model, developed primarily 

to explain the existence of certain "basic" numbers connected with nuclear 

structure.

The existence of such numbers was first noted in 1917 when 
Harkins11 pointed out that nuclei with even numbers of protons or neutrons 

are more stable than those with odd numbers. Elasser1^^ found that spec­

ial numbers of protons or neutrons form particularly stable configurations. 

This was the first note of the "magic numbers" associated with nuclear 

structure. The existence of such numbers was further substantiated by 

the high abundance of natural isotopes with 2,8,14,20,28,50,82,126 neutrons 

or protons in the nucleus. High abundance of a nuclear species usually 

goes with high binding energies. Overwhelming evidence for the existence 

of these "magic numbers" now exists in several forms. It exists in the 

fact that beta-ray emission energies are abnormally high whenever the 

eutron or proton number of the daughter nucleus assumes a "magic" value. 

Further evidence for their existence is found in the/fact that, the radia-, 

tive-capture cross-sections for nuclie with 3-50,82,126 are much Immr t&m 

those of their neighbors. The existence of such numbers has bee* i^ex^ed 
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as indicating that neutrons and protons within the nucleus are arranged 

into shells, like electrons in atoms.

To describe such a shell-like structure, the independent part­

icle model of the nucleus assumes that the nucleons in the nucleus move 

under the influence of a common potential V(r) and that the interaction 

between the nucleons may be treated as a small perturbation. The most 

successful theory, based on such a description, has been that offered 
independently by Haxel, Suess, and Jensen"^, and by Mayer"^in 1949. 

In this theory, the common potential is assumed to be an oscillator 

potential for radii less than the nuclear radius, and zero for radii 

greater than the nuclear radius. A further assumption is that there 

exists a spin-orbit coupling which splits the terms where j 6 4 + 2/2 

and j = 2 - 1/2 by reducing the energy of those terms (J - 1 + 1/2) in 

which the intrinsic spin is parallel to the orbital angular momentum and 

conversely. This effect is assumed to increase with increasing values of 

£. The parameters are then adjusted to give rise to closed nucleon levels 

occuring at the experimentally observed "magic numbers".

The internal motion of the nucleus can be described by the super 

position of all semi-independent motions of the individual nucleons. Each 

nucleon in an orbit can be characterized by individual quantum numbers, 

which determine an individual nucleon energy level. According to Pauli’s 

exclusion principle, these levels are filled successively with neutrons 

and protons independently. Whenever two successive levels are widely 

separated, the complete filling of the lower one, either with protons 

or with neutrons, corresponds to a shell closure, just as in the case of 

the electronic shells of the rare gas elements.
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A number of semi-empirical rules have evolved from the use of 

such a nuclear shell model which explain qualitatively and, in many cases, 

quantitatively, numerous properties of nuclei. One of these rules states 

that an even number of nucleons of the same type in a state of a given J 

will nearly always arrange themselves to give a total angular momentum 

0 in the ground state. Hence the angular momentum of any shell with an 

even population is zero, and the ground state angular momentum of any 

shell with odd population must equal the angular momentum of the odd 
(unpaired) particle. This particular rule allows unique predictions of 

the nuclear spins of the ground states for a great number of the nuclei 
(e,g, all even - even nuclei must have ground state spin zero). The 

shell - model is particularly useful in evaluating beta decay nuclear 

matrix elements since the model may be used to estimate nuclear wave 

functions.



CHAPTER III

GENERAL DESCRIPTION OF THE N = Z,A = 4N +2 NUCLEI AND THEIR 
ISOBARIC NEIGHBORS

There are, at present, fifteen known members of the odd-odd, 

self-conjugate group of nuclei, starting with the deuteron and ending 
with Cu^. Of this group, only H2, Li6, B10, and N14 are stable; their 

properties have been thoroughly investigated16. The other nuclei of this 

group decay by positron emission, going to their even-even isobars with 

(N = Z + 2) . In turn, the self-conjugate nucleus is formed from the decay 

of its isobar with (Z = N + 2). Isobaric-spin triplet nuclear wave functions 

are common to each of the three nuclei in these triads. Eigenstates corre­

sponding to these wave functions are thus found in each of the nuclei and 
are (T = 1) states. Corresponding eigenstates among the three nuclei are 

displaced from one another by the Coulomb energy and by the neutron-proton 

mass difference. The center nuclei in these triads, the self-conjugate 

nuclei, also have isobaric-spin singlet states which correspond to the 

isobaric singlet eigenfunctions of the nuclear Hamiltonian. Since the 
(N = Z) nuclei have odd numbers of nucleons of both types, the J value 

for the lowest isobaric singlet state in each of these nuclei may be pre­

dicted fairly unambiguously with the aid of Nordheim’s coupling rules17. 

A" Application of Beta-Decay Theory to (A = 4n + 2) Nuclei.

In each of the (A = 4n + 2) triads, there is only one stable 

nucleus. The triplet groups with A < 14 have as the stable member the 

self conjugate nucleus, while the N = Z + 2 nucleus is a negatron emitter. 

In the triads with A > 14, the N = Z + 2 nucleus is the stable member, the 

other two nuclei being positron unstable. The following discussion will 
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prlmarily concern the nuclei with (A = 4n + 2) and. with A > 14.

The positron decays between the lowest-lying isobaric-spin 

triplet levels in these nuclei are all superallowed transitions (with 

|A J| = 0, J = 0+), while the decays to or from the singlet levels are 

generally allowed transitions (|A j| = 1). In some cases, in particular 
Al^, the lowest singlet state has a high J value and decays by a higher 

order transition. The selection rules for the superallowed and the allow­

ed transitions may be summarized by

superallowed.
III-1

allowed.

In actuality, there exist two distinct classes of superallowed transitions;
those that occur between the (T = 1, J = 0+ ) states of the (A = 4N + 2) 

nuclei, and those that occur between the ground (T = 1/2) states of mirror 

nuclei (i.e. a pair of isobars in which one nucleus has one more proton 

than neutron and the other nucleus has one less proton than neutron) .

The nuclear matrix elements for the Fermi interactions and for

the Gamow-Teller interactions are 18given respectively by

and

2

III-2

HI-3



^1 total nuclear eigenfunctions which depend upon all the

nucleons. t+ is the isobaric-spin operator which transforms a proton wave 

function into a neutron wave function and its properties are defined in 

complete analogy to those of the Pauli spin operator by

t+% = + i ty)n, III-4

where it is the function upon which it operates. tx and t are the x and y 

components of single nucleon isobaric spin. The third component t% repre­

sents the charge of a nucleon, being 1/2 for protons and -1/2 for neutrons, 

« The sums are to be taken over all components of the Pauli 

spin operator a, and over all M values of the final level.

The Fermi interaction matrix element is seen from equation III-2 

to be zero unless the levels of the parent and daughter nucleus belong to 

the same isobaric spin multiplet and have the same isobaric-spin quantum 

number T. In this case, if the nuclear eigenfunctions are pure functions 
(i.e. arise from a single shell model nucleon configuration), t and # are 

identical except for Coulomb terms, and equation III-2 may be solved exactl 

yielding
2| A | = T(T + 1) - T T . in-5

~L 2
This evaluation depends in no way upon any nuclear model but only upon 

assumption of charge independence of nuclear forces.

The matrix elements for the Gamow-Teller interactions are not so 

ily evaluated. If a single nucleon is involved, transitions are allowed 

only between states of the same 4, since the operator a can at most flip 

the spin. The matrix elements can then be calculated with the aid of any 

independent particule model of nuclear structure. Mayer and Jensen^
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evaluate the matrix elements for such a case and the results are listed, 

as follows:

a) | /er | = / + 1/2
V

b) lfa\2 « ; d± » df = / - 1/2 UI-6

c) |/a|2 = di = 4 + 1/2, df = 2 - 1/2
/+!/2 J

d± = / - 1/2, df = / + 1/2 .

For the superallowed transitions in which (|A J| = |A T | « 0, 
J = 0+ ), the Fermi interaction provided the only contribution to the total 

nuclear matrix element, since the Gamow-Teller selection rules distinctly 

forbid J = 0 -» 0 transitions. The states involved in these transitions

are members of an isobaric triplet with (T = 1) and with one of the nuclei 
having (Tg = 0), by equation III-5, | J 112 = 2 for these transitions.

Nuclear matrix elements may be calculated as well for the other 

class of superallowed transitions, the positron decay of mirror nuclei. 

In this case T = 1/2, and = + 1/2 for the parent and daughter nucleus 

respectively. The Fermi interaction matrix element does not vanish for 

the mirror transitions since the nuclear ground states of the two nuclei 
o involved form an isobaric spin doublet. | / 11 assumes the value one for

these transitions. Since these decays are not expressly classed as for­

bidden by the Gamow-Teller selection rules, the total nuclear matrix element 

also has a non-vanishing contribution from the Gamow-Teller matrix element 
W2.

In a typical mirror transition, Ca^(p+) K^, the ground states 

of both Ca^^ and have (J = 3/2*, T = 1/2). These values arise from a 
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single (id 5/2) hole in the proton level in K^. The Gamow-Teller nuclear 

matrix element may be calculated from equation III-6-b, the result being 
|/o|2 = 0.6.

For positron transitions between nuclei of the isobaric triad 
for which ( |A j| = |AT| = l)(i.e. transitions from isobaric triplet levels 

to isobaric singlet levels, or conversely) the Gamow-Teller interaction 

nuclear matrix element is the only non-zero component of the total nuclear 

matrix elements. The states with (T = o) in the (A = 4n + 2) nuclei arise 

from two-particle configurations, and the matrix elements may not be calcu­

lated from equations III-6. The matrix elements for some of these allowed 
transitions have been calculated assuming L-S coupling20*21. Mayer and 

Jensen^ list the results for these calculations and also for their cal­

culations which assume j-j coupling. The agreement between the calcula­

tions for the two coupling schemes is very poor, and both disagree with 

the experimental values. ■

Equation 11-4 may be written in the form

C = ft^(l-x)|/I|2 * x|/a|2^ , III-7

where

°G.-T.
x = -------------- , and C = const.

%. » V)

If the nuclear matrix elements can be calculated, and the ft value measured 

experimentally, each beta-decay should yield a plot of C vs. x which is a 

straight line. Since the matrix elements are easily evaluated for the beta 

decay of mirror nuclei, such a plot may be made for each mirror transition 
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lor which the ft value has bean measured. A common intersection for «11 

such plots should yield «he values of C and x, universal constants for «11 

allowed and superallowed beta transitions. Winther22 has made such an 

analysis and the results, determined by a least squares fit of the inter­

sections of these plots, when inserted into equation III-7 yield the ex­

pression

1OS10 ft = 3.7 - 1ob10|M|S ,
where

|M|2 - 1/ 1|2 + 1/ =|2 ,

and is the total nuclear matrix element.'

B. Energy Level Schemes for the (A = 4n + 2) Nuclei.

The (4n + 2), self-conjugate nuclei are the only nuclei with more 

than one value of isobaric-spin among their low-lying states. In many such 

nuclei, the lowest (T = 1) level is actually the ground state, which is con­

trary to the usual rule that the ground state has the minimum possible value
of T(i.e. T = |TZ| = . In particular, the ground state of Cl34 has

been identified as having (T = 1), and (j = 0*) 23. The (T - 0, J = 3+)
3^"

level in Cl lies about 100 kev above the ground state. More recently, 
the ground state assignment in Sc^ has been given to a (T = 1, J = 0+) 
- 24
evel . This was the only assignment which was consistent with the measured 

half-life of 0.62 seconds and with j-j coupling, which is the more probable 

coupling scheme in this heavy an element.

Moszkowski and Peaslee2^ point out that it is an interesting question 

to investigate the relation between the lowest lying (T = 1) and (T = 0) levels 

and to search for some systematic behavior. In the elements with low Z, the
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(T = O) state Is certainly the ground state. As progression is made toward 

higher Z elements, the lowest (T = 0) state becomes energetically higher 

with respect to the lowest (T = 1) state. The lowest (T = 1) state in the 

self-conjugate nucleus should be energetically higher than its correspond­

ing level in the (N - Z + 2) Isobar, the ground state, by the Coulomb energy 

and the neutron-proton mass difference. If this separation in energy be­

tween the corresponding (T = 1) states is calculated, using the equation 

for neutral atoms,

E(T=1) = 0.60(A-2)A~l/3 - 0.78 , HI-9

remarkable agreement is made with the experimentally measured energy 

differences. A comparison is made between the theoretical and the experi­

mental energy separations in figure 2. The solid line represents the ener­

gies which were calculated from equation III-9• in making the calculations, 

the nucleus was assumed to be a uniformly charged sphere at radius R = 1.4 
x 10~13 cms# it is noticed from figure 1 that the experimental curve 

seems to increase with A faster than equation III-9 would indicate. This 
26 27 28 has been attributed to the neglect of the Coulomb exchange term * 1 * in 

the calculation. The exchange term is significant for small values of Z 

and has been used to resolve the discrepancy between nuclear radii computed 

from electron scattering measurements and from measurements of the energies 

involved in the decay of mirror nuclei. Also shown in figure 2 is the 

dashed line which shows the experimental values of the energy difference 

between the lowest (T = 0) state in the self-conjugate nuclei and the ground 

(T = 1) state of the N = Z + 2 isobar. It is noticed that the two experi­
mental curves cross in the neighborhood of Cl^ and indicating a shift
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in,the ground state of the (N = Z) nucleus from a (T = 0) state to a 
(T = 1) state.

Tie even even nuclei of the isobaric triads necessarily have 
only (T - 1) levels as their low-lying states. These nuclei have an even 

number of nucleons of each type outside of the shell-model core of closed 

orbits. Since the outer nucleons are all in the same levels, the states 

arising from such a configuration must have even parity.. The nuclear 

wave functions, being isobaric triplet functions, must be antisymmetric 

in their spin and space functions with respect to the interchange- of any 

two nucleons. Thus, under rotations of 18o% the wave functions must be / 

invariant, restricting the resulting J values to the even values. The 

low-lying states of the even-even nuclei, with (A = 4n + 2) have even 

parity, even values of J, and (T = 1) . The ground state should be a 
(l = 1, J = 0+) state.

To these (T - 1) states correspond states in the (N = Z) nuclei. 

However, in addition to the (T = 1) states, the odd-odd nuclei also have 

states which arise from nuclear eigenfunctions which are antisymmetric in 

the isobaric spin function. The lowest (T =O) states also have even parity 

since they are formed from a configuration of two nucleons, a proton and 

a neutron, in the same level. One of Nordeim’s rules1? states that for 

those nuclei in which the odd neutron and the odd proton have parallel 

intrinsic spins and orbital momenta, or have anti-parallel spins and 

angular momenta, the angular momenta tend to add, although not necessarily 

to the highest possible value . This rule may be used to predict the J 

values of the lowest (T = O) states since all self-conjugate, odd-odd nuclei 

fall into this group. The low-lying levels arising from these configurations 
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must have wave functions which are symmetric in the spin and space functions. 

The nuclear wave functions satisfying such a symmetry property are those 

associated with odd values of J.

A rule may then be formulated concerning the assignment of unique 
T and J values to the low-lying states of the odd-odd nuclei25. This rule 

states that for odd-odd, N = Z nuclei with neutrons and protons in equivalent 

orbits the low-lying (T = 0) levels have odd J, while the low-lying (T = 1) 

levels have even values of J. As has been demonstrated, this rule strictly 

holds for states arising from j-j coupling. T?^ rule has been found to 

hold quite well even for L - S coupling. If the states evolve from a mix­

ture of configurations, this rule could, of course, be violated. An ex­

ample of such a violacion appears to occur in a low-lying excited state of 

S . This will be discussed in the section devoted to sulfur in chapter V.

A typical energy level diagram for the (A = 4n + 2) triads is 

shown in figure 3. The energy separation between the (T = I/O*) state 

of the (Z = N + 2) nucleus and the corresponding state in the (N = Z) 

nucleus may be estimated by the use of equation III-9. The ground state 
of the (Z = N + 2) nucleus is connected through positron decay to the 

similar state in the self-conjugate nucleus. If (T = 0,J = 1+) state 

also exists energetically lower than the ground state of the (Z = N + 2) 

nucleus, a branching in the positron decay will occur to this state. The 

nucleus will then decay by ML radiation from the (T = 0,1*) level to the 
(T = l,0+) level and/or by E2 radiation to the (T = 0,3+) state if this 

is the lowest (T = O) level. The odd-odd, N = Z nuclei with A > 14 are 

also positron unstable. If the lowest isobaric-spin singlet state in the 

odd-odd nucleus has (j =1), regardless of its position with respect to
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the (T - l,0+) level, positron decay will occur from the state to the 

(J - ^+) excited level in the stable (N = Z + 2) nucleus. The (j = g+) 

level is then connected by E2 radiation to the (T = 1,0+) ground state. 

Independent positron decay will also occur in this case from the (T - 1,0+ 

level in the (N = Z) nucleus to the (T = i,o+) ground state of the 

(N = Z + 2) isobars. If, however, the lowest (T - 0) level in the self­

conjugate nucleus has (J 1+), then either this state or the (T = l,0+) 

state, depending upon which of the two is the ground state, will be con­

nected by a single positron decay to the ground state of the (N = Z + 2) 

nucleus. The two states in the (N = Z) nucleus will be connected by M1 

radiation with a half-life much shorter than the half-life of any posi­

tron decay from the energetically higher state, even though such positron 

decay might be superallowed. If the singlet level is the lower, then the 

decay will be an allowed decay; if the triplet level is the ground state, 

then the decay will be superallowed. The ft value for the transition 

would indicate which of the two levels is the lower.

C• Energy Level Schemes for the Mirror Nuclei.

The energy level picture for the mirror nuclei is much simpler 

than that for the (^n + 2) triads. The ground states of the two nuclei 

xorm the states of an isobaric doublet with (T = 1/2) . For the nuclei 

studied in this research, J - l/2+, 3/2*, or 5/2+. The ground state of 

the nucleus with (Z - N + 1) decays to the ground state of the (N = Z + 1) 

nucleus by a superallowed positron transition. There should be no branch­

ing to an excited state in the daughter nucleus. Such a branching would 

involve a forbidden transition since the low-lying excited states in such
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nuclel would either have T - 1/2 and presumably not J . 1/2+, or 
have (T = 3/2, J = 1/2+).

would



CHAPTER TV

EXPERIMENTAL EQUIPMENT AND TECHNIQUES

The experimental apparatus that is required to produce artificial 

isotopes by photonuclear processes, and to analyze the decay from these 

isotopes, consists of a source of high energy gamma-radiation, a target, 

and a detection system. The University of Michigan electron synchroton 

provides such a source of high energy photons if a target is put into 

the path of the electron beam.

The experimental measurements involved in this research were 

of three basic types. The first of these was that of accurately measur­

ing half-lives which were of the order of seconds, and of extending the 

techniques to measure those longer half-lives which were also of interest 

in the experiment. This meant that the half-life measurements had to be 

carried out for several half-lives of the decays. The other two types 

were both energy measurements; that of measuring the energy end-points 

of the positron decay spectra from the activated target samples^ ^nd 

that of detecting and performing energy analysis of the gamma transitions 

following the positron decays.

The dominant experimental problems which were common to al l three 

groups of measurements were those of high background flux and of low signal 

intensity. The solution of these problems involved the use of extensive 

shielding to reduce the background to tolerable limits. It was also deemed 

necessary to develop multichannel data recording equipment in order to 
obtain the number of counts necessary for reliable counting statistics in 

a period of time short enough that any systematic errors would not seriously 

-32-
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affect -she data. These systematic errors could be caused by drifts in 

the electronic equipment and also in the synchrotron beam itself. 

A. Synchrotron.

The electron orbit in the synchrotron consists of four quadrants 

of radius 40 inches and four straight sections of length 30 inches. A 

straight section lies between adjacent quadrant sections. The electrons 

are injected into one of the straight sections at an energy of about 

500,000 electron volts and are accelerated during the initial portion of 

the 20 cycle per second magnetic cycle by a frequency modulated oscillator. 

When the electrons approach the velocity of light, the frequency modulated 

accelerator is turned off, and a constant frequency oscillator is turned 

on to accelerate the electrons for the remainder of the acceleration 

period. The maximum electron energy that can be obtained with the present 

magnet excitation system is 85 mev. To force the electron beam to hit a 

prescribed target, it is necessary to turn off the fixed frequency oscillator 

before the peak magnetic field is reached. As the magnetic field continues 

to increase, the orbit of the electron beam shrinks until the beam hits the 

the target which is located in the straight section diametrically opposite 

the injection straight section. 

B . The X-Ray Beam.

When a relativistic electron passes through a target, most of the 

energy lost is radiated in the form of a continuous energy distribution of 

photons. Since the initial electrons are essentially uni-directional, the 

photons emitted are contained in a cone containing al 1 energies less than 

or equal to the final energy of the electron beam. The solid angle of 
c2 this cone may be approximately expressed by ft = —?C- , where ft is the solid 

Erv
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angle subtended by the cone and EQ is the energy of the incident electron.
The x-ray energy speetnrn2^ created by an electron passing 

through an infinitely thin lead target is shown in figure 4 for several 

electron energies. Actually, the electron target was a sheet of tungsten 
6 mils thick. The curves for a lead target may be used because the spect­

rum shape is insensitive to small changes in the atomic number of the target. 

The finite thickness of the target also has a negligible effect on the spec­

trum shape, but does affect the solid angle of the bremsstrahlung cone, 

since the electrons undergo multiple scattering as they pass through the 
target.

The x-ray beam comes off tangent to the electron orbit at the 

target position, and passes through an opening in the synchrotron guide 

magnet provided by the extended return legs of two magnet sections. Since 

the beam has passed out of the synchrotron race track, it is diffused 

slightly in passing through approximately 3/4 inch of porcelain in the 

donut section. This diffusion, in conjunction with uhe effect of the 

finite thickness of the electron target, necessitates further defining of 

the bremsstrahlung beam in order to have a "clean", well localized beam in 

which to place experimental targets.

purpose of defining the beam, two lead collimators were 
incorporated. That closest to the machine was a block of lead 5 Inches 

by 5 inches in cross-section and 12 inches in length. Through this block 

there was a hole 1/2 inch in diameter on the side toward the machine, 

tapering out to 5/8 inch diameter at the opposite end. This collimator 

was located as close to the bremsstrahlung source as was physically poss­

ible, about 4 feet away. The second collimator was a block of lead 8 inches
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tnick through which there was a 1 inch hole. Between the two collimators 

was placed an ionization chamber which was used to monitor the beam and to 

normalize the experimental runs to one another. Three feet beyond the 

second collimator lay the experimental area, which was 11 feet in length. 

The alignment of these collimators was accomplished with photographic 

techniques, using a 5 inch by 7 inch film holder loaded with standard 

no-screen x-ray film behind a 1/8 inch lead sheet. In the lead sheet 

was cut a one inch hole; lead cross-hairs were placed intersecting at 

right angles in the center of the hole. In this manner, the beam could 

be located within 1/32 of an inch.

As a result of the alignment and collimation of the beam, there 

«as a well defined bremsstrahlung beam. At the entrance to the experiment­

al area the beam was 1 1/2 inches in diameter. This dimension had increas­
ed to 4 inches at the point where the beam left the experimental area. 

Figures 5 and 6 are photographs of the beam taken at the entrance and 

exit points of the experimental area.

C. Shield! ng.

When this experiment was first initiated, the photomultiplier 

and the crystal were located in the same room as the accelerator. The 

background was so intense as to overshadow completely decay radiation 

from any activated target. Various shielding techniques were employed, 

none of which proved successful in that even with large amounts of both 

neutron shielding (i.e. paraffin and borax) and lead, no distinction 

could be found between the data taken with a target in place, and that 

taken with no target.
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Figure 5. Phot,ograph of X-Ray Beam Token at Entrance Port to 
Experimental Area.

Figure 6. Photograph of X-Ray Beam Taken at Exit Port From 
Experimental Area.
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The results of these attempts at shielding did indicate, 

however, too nature of the background radiation. Two equally annoying 

components were to be found in this background; scattered bremsstrahlung 

and neutrons electroproduced and photo-produced in the internal target, 

the walls of the vacuum chamber, and so on. Moreover, the background, 

flux was determined to be nearly independent of the position of the 

scintillation detector in the synchrotron room itself, so long as the 

counter was in the plane of the electron orbit.

It was decided to construct an experimental room which would 

serve the dual purpose of reducing the background to a reasonable level, 

and of allowing personnel to enter the room without completely turning 

off the machine. The most efficient (i.e. cheap and effective) material 

from which to construct a wall for such a purpose is concrete. The mean 

free path of fast neutrons in most common materials is of the order of 

25 cms. In addition, a flux of 85 mev gamma-rays is reduced to 1/e of 

its initial value in 18 cms of concrete. Taking both of these values 

into account, the walls were made of concrete one meter thick.

The room was constructed of concrete blocks, each block weighing 

about 3,000 lbs. Each wall consists of two rows of these blocks, stag­

gered so as to allow no straight path into the room. The ceiling, also 

one meter thick, was constructed of two overlapping layers of blocks. 

The room’s internal dimensions are ll ft. long by 8 ft. wide by 7 ft. 

tu.,.1. The portion of the wall immediately adjacent to the synchrotron 

was made of a heavy concrete. This concrete has a density of 250 lbs. /ft ? 
instead of the normal 130 lbs./ft?, the increase in density being obtained 

by the use of barium sulfate as an aggregate. This type of concrete was 
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used in the construction of the Ford nuclear reactor located on the north 

campus of the University of Michigan.

After passing through the second collimator, the bremsstrahlung 

beam enters the experimental room through a 7 inch di amt er hole in the 

concrete wall. The beam, after passing through the experimental area, is 

stopped in a concrete cave before it should pass into the synchrotron 

control room. To attenuate any back scattering of radiation into the 

experimental room, the beam stopping wall of this cave was constructed 

of a water tank 28 inches thick backed by one foot of lead and one foot 

of concrete located in the control room. In front of this water tank 

was placed an ionization chamber which was used as a monitor by the 

synchrotron operator. The effectiveness of such an arrangement is shown 

in the fact that the countable background in the experimental room between 

beam pulses has been reduced to the order of the expected cosmic ray in­

tensity. In addition, there is no health problem due to excessive radiation 

from the bremsstrahlung beam in the synchrotron control room. A diagram 

showing the synchrotron, collimators, and shielding is given in figure 7. 

D. Apparatus and Techniques for Measuring Half-Lives .

1. Coincidence Technique

In making the measurements of the half-lives of the beta decays 
from (A = 4n + 2) and mirror nuclei, advantage was taken of the fact 

that the emitted particles were positrons. If the positrons were 

stopped in the target material, annihilation of the positrons'occurred 

with the subsequent release, in the main, of two quanta with energy 
2 • These quanta were emitted 18o° apart and it was possible to
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operate two scintillation counters, placed on opposite sides of the 

target, in coincidence to detect these photons. Only pulses in the 

511 kev annihilation peak were accepted from either counter. The 

counting oi the annihilation radiation permitted the use of much 

thicker targets than are normally used in beta spectroscopy. The 

use of both energy discrimination and coincidence analysis reduced 

the background to the order of cosmic ray intensity.

The observed counting rate was corrected for the accidental 

coincidences by the equation

\cc'= ^NgT , IV-1

where Nacc is the accidental counting rate, and are the count­

ing rates in each counter respectively, and t is the resolving time 
of the coincidence circuit. t was experimentally determined by 
placing a source of 0^37, of a strength comparable to the strengths 

of the radiation from the targets bombarded by the bremsstrahlung 

beam, in the target position between the two counters and observing 

the coincidence counting rate. Os^ should be expected to give * 

rise to no coincidences in counters placed 100° apart and any observed 

coincidences could be attributed to accidental coincidences. The value 

of T obtained from such measurements was 6 microseconds. This value 

was corroborated by similar measurements using source of Zn^.

Using a relation for the range of positrons in materials given 
by 30

Rp = 0.526 - 0.094 5ms/cm2 , IV-2
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a calculation may be performed which maximizes the observed count­
Ing rate (a function of target thickness, positron energy, and gamma­

ray absorption coefficient of the target material) with respect to 

target thickness. In the calculation, only those positrons which 

annihilate in the target are treated as being available to produce 

coincidences. Furthermore, the target is assumed to be placed in 

an x-ray beam of constant intensity over the entirety of the target.

Consider a target of thickness t and an element of this target 

dx, at a distance x from the left.

The positrons emitted in this region travel 

by equation IV-2, before annihilating. The
a distance.Rp, given 

total number of positrons
emitted to the left with an energy E, which annihilate in the target,
is given by

N1 (E) n(E)dx = n(E)(t-Rp) TV-3

where n(E) Is the energy distribution of the emitted particles. 

Clearly, this situation is symmetric with respect to particles 
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emitted to the right and left, so the total number of positrons 

which annihilate in the target is 2N'(E) . In order to obtain the 

number of annihilations from positrons of all energies, equation 

IV-3 must be integrated over all energies. Approximating n(E) by 
p pCE (Eo-E) , where C contains all factors which do not contain the 

energy, such an integration yields as the total number of annihila­

tions in the target,

o
N = 2C e2(eo-e)2 (t-aE+b)dE

IV-4

2C (t+0.094)

Some of the annihilation radiation is absorbed in traversing 

the target. The sum of the paths that the two quanta must follow 

in leaving the target is equal to the thickness of the target it­

self . Hence the final expression for the number of pairs of quanta

emitted from the target may be written as

N = 2C 0.526 e

where p is the absorption coefficient for 0.^11 mev gamma-radiation 

in the target material. Maximizing this expression with respect to

t, the target thickness, yields the final equation which expresses 

the optimum target thickness as a function of the gamma-ray absorp­

tion coefficient and the positron endpoint energy,

t = i - 0.094 + 0.263 Eq IV-6

Eq is the positron endpoint in mev. p. is the absorption coefficient
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in cm2/gm for O.^H mev gamma-rays for the material of which the 

target is composed, and t is the target thickness in gm/cm2. A 

graph of this function is shown in figure 8.

The results of such a calculation indicate that the maximum 

counting rate, for the target materials of interest in this experi­

ment, (i.e. calcium, potassium, sulfur, phosphorus, and silicon), 

occurs for targets nearly two inches thick. Since the bremsstrah­

lung beam at the experimental station was essentially a cylinder 

1 1/2 inches in diameter, targets could be used which filled up the 

entire cross-section of _the beam cylinder. The targets themselves 

were composed of the powdered sample of the element, with the ex 

ceptions of calcium, where CaHg was used, and potassium, where a 

solid piece of potassium was used.

The target holder consisted of a cylindrical iron can 1 1/2 

inches in diameter, supported by an aluminum rod screwed into a 

fitting soldered to one side of the can. The arrangement was such 

that no part of the aluminum supporting rod was exposed to the 

photon beam. The target cans were made air tight so that they could 

be used to contain such reactive substances as CaH^ and K metal. 

Iron was chosen as the material of the target chambers due to its 

structural strength, and also due to the fact that natural iron is 
composed primarily of Fe^ (91.6%) which should contribute little 

or no background radiation when bombarded by the x-ray beam. This 

was confirmed by bombarding a target of iron filings and observing 

the activity produced in such a target by photonuclear reactions. 

A drawing showing the target and detectors in relation to the
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b renie s trahlu.-!^ beam is shown in figure 9.

2. Beam "Knock-Ou’M System

The values of the half-lives measured in this experiment fell 

into two distinct groups. those that were between 0.5 seconds and 

7 seconds fell into the first group, and those longer than 1 minute 

fell into the second group. Measurements of half-lives longer than 

1 minute involved, for the most part, simply turning the synchrotron 

off after a suitable bombardment time, and measuring the amount of 

decay radiation, as a timet ion of time, in 50 second intervals. To 

measure shorter half lives, however, required much different tech­

niques .

Since the background in the room had been so effectively reduced, 

it was possible to scan the targets in the position in which they 

had been bombarded by the bremsstrahlung beam. Under normal syn­

chrotron operation (i-e, 20 beam pulses/sec), the x-ray beam pulse 

is 30 microseconds in length, and there is a dead time between the 

pulses of nearly 50 milliseconds. This dead time was not of suffi­

cient duration to permit accurate measurements of decay half-lives ' 

which were the order of seconds in length.

A system was therefore developed which allowed blocking out of 

the synchrotron beam for longer periods of time. The system consist­

ed mainly of one control circuit which was named the master timer 

control. The master timer cyclically performed three functions: 

'knocking out" beam, providing a gating signal for the counting 

portion of the operation cycle, and reseting itself to start the 

cycle over again.
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FIGURE 9. DIAGRAM OF TARGET - COUNTER ARRANGEMENT USED 
IN COINCIDENCE DETECTION OF THE ANNIHILATION RADIATION.
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Injection of the electrons into the synchrotron is timed by 

Lite use of a peaking strip which is attached across one leg of the 

synchrotron guide field magnet. This peaking strip is a strip of 
high mu material (e.g. mu metal) which is placed shunting one of the 

magnet legs and has two coils of wire wrapped around it. One of the 

coils carries a biasing current which magnetically saturates the mu 

metal strip in a direction opposing the usable portion of the sinu­

soidal magnetic guide field. When the magnetic guide field reaches 

a value such as to unsuturute the strip, a change of flux through 

the mu metal occurs which produces an emf pulse in the second coil. 

This pulse is shaped and used to trigger electron injection into 

the synchrotron. If the biasing current were sharply reduced, the 

electrons would be injected into the synchrotron before the magnetic 

guide field was of sufficient value to guide them in the donut orbit 

of une meter radius. Consequently, the injected electrons would not 

be accelerated.

This is the method which was used to "knock out" the beam. A 

vacuum tube was installed in parallel with the output of the regu­

lated power supply which supplies the biasing current to the peaking 

strip. Normally this tube was biased off so that it provided an in­

finite resistance shunt across the output. When the beam was to be 

knocked out ", the master timer put out a signal which was used to 

bias this shunting tube on. This, in turn, shunted some of the out­

put current through the vacuum tube, reducing the current through 

the peaking strip winding. In this manner injection occurred 10 to 20 

microseconds early, and the beam was so effectively "knocked out" 

that there was no measurable background from the synchrotron at 



any Lime during the "knock out" period.

The master timer control was able to perform the two functions 

of "knocking out" the beam and of providing a variable length gate 

signal for the counting period, at any time, in 50 millisecond steps, 

up to the time of reset'. The reset time could be set to any time, 

also in 50 millisecond steps, up to a maximum of 50 seconds. An 

auxiliary circuit which consisted of a scale of 1,000 could be 

used to extend this time up to nearly 14 hours, but would, of course, 

proportionally increase the duration of the controlling steps. The 

reset pulse was used to reset the timing system and to bias off the 

shunting tube, allowing electron injection to occur again at the 

proper time. The master timer consisted of a scale of 1,000, using 

three GS10C dekatron tubes in a decade arrangement. The cathodes 

of each tube were connected to the terminals of four ten-position 

rotary switches connected in parallel. Twelve rotary switches 

were arranged in four parallel groups of three switches. The three 

output terminals of each group were connected through a coincidence 

circuit to the triggering grid of a 2021 thyratron tube, each of 

the four groups having its separate coincidence and thyratron circuit. 

One of the thyratrons was connected so as to remain fired when trigger­

ed. The plate signal on this tube, after undergoing phase inversion, 

was used to provide the bias for the tube shunting the peaking strip 

current supply. All remaining thyratrons were connected so as to 

self-extinguishing. Two of them were used to provide the "on" and 

off triggers for the flip-flop circuit, used to generate the count- 

ing period gate. The third was used to provide a trigger for the reset
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system which would extinguish the first thyratron and reset the deka 

tron tubes to the zero cathodes. Those pulses scaled off by this 

timer control circuit were the same peaking strip pulses used to 

trigger electron injection into the synchrotron. A circuit diagram 

for the master timer control is shown in figure 10.

The use of this control system permitted an accurate time analy­

sis of nuclear decays. The operation cycle consisted of bombarding 

the target material with the bremsstrahlung beam for a given number 

of peaking strip pulses, and "knocking out" the beam for a number of 

pulses, during which time a time analysis of the decay radiation was 

made. At the end of this counting period, the timer was reset and 

the cycle was started over. This operation cycle was repeated many 

times in order to obtain good statistics in the number of counts 

observed in the time channels.

To make these runs in a minimum length of time, the problem 

arose as to vint to make the value of k (the length of the bombard­
ment time) for a given length of observation time, p. After one burst 

of beam there are. n' active nuclei in the target. There is then a 

dead time of to seconds before the next pulse "of beam. During this 

time, some of the n' nuclei have decayed so that there are only

nu.lei in the target. X is the decay constant for the reyllo- 
ctive nuclei of Interest. If this process is repeated k times, the 

number of artificially created nuclei in the target before the (k + l)st



-51-

M
A

ST
ER

 TIME
R

 CON
TR

O
L CI

R
C

U
IT

?

<D s3 
S

S 
N

s

T
;

s

t 
t

3 
$

tn

3

=3 zm rm

3

y

— 
<VVV.-----4—--- *VX\----
f w« 1^ Mf NOZB

FI
G

U
R

E 10



-52-

pulcc is

~ - -1 (4^%^ ) ■
1'1=1

There are then p pulses of "silence” during which the target nuclei 

decay and the target is scanned by the counters. After this time

there are

kp n, e-pXto IV-9

radioactive nuclei remaining in the target. This process builds 

up as the synchrotron goes through more cycles of operation. After 

m cycles of such operation, there are left in the target
“kPm - ( X „.lo

a=o

active nuclei. This process rapidly reaches an equilibrium for 

short-lived decays . Assuming such an equilibrium state, there are 

in the target sample,

nkp» nkp (l^-x(k+p)to) IV-11

nuclei of interest.

Before an observation of the decay radiation from the target is 

made, there is a bombardment period of k pulses duration. There are 

finally "

N “ nkp<x> e ° + nk XV-12

radioactive nuclei in the target at the beginning of an observation 

period. The total number of decays during this period is then express 

ed by '
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Pto 
p - kt / .

N - J XNe dt - N Ql - e'PXto ' IV-13

The average n^ber of counts per second is expressed by

» (k+p)to * IV-14

where e converts total number of decays into the number of counts 

seen by a counter of finite size. If an experimental run is char­

acterized by a total number of counts the time to complete such 

run is given by

= "t 
K/sec

n^€(l-e P^to^ - e“^o _q—kxto _ XV-15

This function is then minimized with respect to k

^ttp(l-e-^o) 
n^e(l-e“Pkto)

(e-^o -e“4Xto^

- (k+p) Xt
-e ______
-Xto_e-kxt

“kXtp
IV-16

or

Xto(k+p) =
L IV-17

By assuming a value of Xto consistent with the half-lives studied, 

a graphical solution of equation IV-17 may be made. The optimum values 

°f m° fOr values Qf ^o are shown in figure 11 in units of the
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half-life of the decay studied.

3. Detection Equipment.
The basic unit of the detection system used in this portion of 

the experiment consisted of two scintillation counters. Each counter 

was composed of a 1 1/2 inch by 1 1/2 inch Nal(Tl) scintillation 

crystal mounted, in one counter, on a Dumont 6292 photomultiplier 

tube, and in the other counter, on an R.C.A. 6342 photomultiplier 

tube. A magnetic shield, consisting of alternate cylindrical layers 

of 10 mil hypersil foil and 5 mil aluminum foil, 9 layers in all, was 

placed around the photomultiplier tube, separated from the glass 

envelope by 1/4 inch.
The crystal, photomultiplier, magnetic shielding, socket, and 

internal wiring were then enclosed in"a three inch diameter light - 

tight brass pipe. The crystal end of each counter was covered with 

a piece of 20 mil copper foil, soldered to the brass casing. The 

photomultipliers were operated with a positive high voltage so that, 

in operation, the photocathodes were at ground potential.

Although the scintillation crystals were not placed in the actual 

beam, the large burst of radiation which scattered from the beam into 

the counter occurred over such a short period of time that the Nai 

crystal was unable to resolve the individual events. These combined 

to form a very large light scintillation. Since this large light out­

put would cause a huge pulse to pass through the phototube, the photo­

tube was switched off during the yield pulse in order to prevent over­

loading of the electronic equipment. This switching was accomplished 

by pulsing the photocathode up to or above the potential of the first 



dynode during the time that the counter was to be off. The height 

of the pulse used was 200 volts. When the photomultiplier was 

turned off there were absolutely no counts observed from the photo­

multiplier even though the counters might be placed in the beam. A 

circuit diagram for the photocathode pulser is shown in figure 12.

This circuit would take the counting cycle gate pulse from the 

master timing circuit, amplify it, and drive the photocathodes of 

both detectors through a cathode follower output. An additional 

feature of the circuit was that it contained a univibrator circuit 

which could be used to generate a shorter "on-pulse" than could be 

generated by the master timer. This section of the pulser was used 

in the experimental measurements which utilized merely the dead time 

between successive beam pulses for the observation time, and will be 

discussed in the section on gamma-ray and positron energy measurements.

A difficulty which arose in the use of the phototube gating was 

that of capacitive feed-through between the photocathode and the anode 

of the photomultiplier. If the gating pulse had a fast; rise time and/or 

a fast decay time, a large pulse would occur at the anode of the photo­

multiplier . The use of coaxial cable for the cathode and anode lead­

in wires Inside the counter itself reduced the size of this output 

pulse, but the ultimate limit was determined by the interelectrode 

capacitance between the cathode and the anode of the photomultiplier. 

If the rise time of the photocathode pulse were less than 10 micro­

seconds, the size of this differentiated pulse output on the anode 

was such as to introduce pulses which were comparable in height to 

the "real" output pulses of the scintillation detector. Whenever
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possible, therefore, the rise time of this pulse was made longer than 

the 10 microsecond limit. If the photomultiplier were to be gated on 

for periods of longer than two seconds, the rise time of the photo­

cathode pulse was set at 100 n sec. This would introduce an error 

in the effective length of the first time channel of less than 0.1%, 

well below statistical counting errors. The rise time was controlled 

by placing resistances in scries with the output, which, in conjunc­

tion with the 100 feet of RG/62/U coaxial cable which carried the 

pulse to the counter, served to integrate the pulse shape slightly.

The remainder of the detection system consisted of parallel 

systems which contained Atomic Instrument Company model 205b linear 

preamplifiers, an Atomic Instrument Company model 218 linear amplifier 

in one system, and a model 20 4b linear amplifier in the other, Atomic 

Instrument Company model 510 single channel pulse height analyzers, 

and Atomic Instrument Company scalers. The high voltage supply for 

the photomultipliers was an Atomic Instrument Company model 312 supply.

The outputs of the single channel analyzers were fed into a coin­

cidence circuit constructed to operate with the model 510 analyzers. 

The model 205b preamplifiers were modified slightly to add a pulse 

shaping network consisting of a delay line. The amplifying systems 

produced pulses which rose in 0.25 p sec, were essentially flat for 

1 p sec, and decayed slowly, reaching 1/e of their peak value in about 

2 p sec from the beginning of the pulse.

A block diagram of the electronics is shown in figure 13, indica­

that part of the equipment which was in the experimental room,
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and that part which was located in the synchrotron control room.

The parallel systems had resolutions (i.e. ratio of the width 

(of any energy peak) at half-maximum to the positron of the maximum) 

for the detection of gamma-rays of energy 0.511 mev of 14.3# and 

14.5#.

4. Time Analyzer .

To facilitate a time analysis of the data, a multichannel time 

analyzer was constructed. This analyzer would automatically sort 

the counts into twenty separate channels according to when they 

occurred in the counting period. The length of each channel could 

be varied in 50 milliseconds steps from 50 milliseconds to 5 seconds.

A block diagram of the time analyzer is shown in figure 14. 

Each scaler was construced of a 6802 dekatron tube and a Sodeco 

TCeZ4E - four digit register. The dekatron driver tube was biased 

so as to require a coincidence between a pulse from the register 

pulse generator and a pulse from a circuit called the distributor. 

The register pulse generator provided a pulse whenever it received 

a count, provided the count cycle gate from the master timer control 

had provided the proper bias for the triggering tube. The distributor 

was a ring scale of twenty which was driven by regularly timed pulses 

from the clock pulse reducer. Each input pulse to the distributor 

advanced the count one position in the ring, which determined sequent­

ially the scaler that was open to receive register pulses. The clock 

pulse reducer took the same peaking strip pulses as the master timer and 

scaled them up to two GS10C dekatron tubes, connected in a decade 

arrangement. The cathodes of these tubes were fed to a pair of 10
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position rotary switches, the outputs of which were fed through a 

coincidence circuit to trigger the reset mechanism. The reset 

mechanism reset the dekatron tubes to the zero cathodes and also 

fed a pulse to the distributor. The clock pulse reducer could 

scale peaking strip pulses only when the master timer control pro­

vided the counting gate signal. The reset pulse from the master 

control unit also reset the distributor and the clock pulse reducer 

dekatrons to the zero positions.

The spacing of the peaking strip pulses determined the accuracy 

of the lengths of the time channels. This accuracy in the timing of 

the firing of the peaking strip was directly coupled to the twenty 

cycle operation of the machine, which was in turn, phased to the 

sixty cps of the A.C. power into the building, thus the accuracy 

in this timing was roughly the accuracy in the frequency of the 

sixty cycle A.C. power. This was better than 0.1% over the course 
of 1 hour, (as quoted by the Detroit Edison Company).

An accurate half-life determination required, in most cases, an 

experimental decay-curve constructed of more than the twenty points 

given in a single run of the time analyzer. It was therefore necessary 

to include 3, and sometimes 4-, runs in the compilation of the data for 

a single decay-curve. With such an experimental procedure it became 

necessary to normalize the runs accurately to one another. Normaliza­

tion was accomplished by two methods which provided independent checks 

on the each other. The first of these was that of using the current 

integrator, this was driven by an ionization chamber located directly 
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In the bremsstrahlung beam and placed between the two lead collimators 

in the synchrotron room itself. Due to the duration of the bombardment 

process, normally equal to about two half-lives of the decay radiation, 

the activity produced by the first pulses of beam would be reduced by 

a factor of four by the beginning of the observation time while the 

activity produced by the last pulses would be there in its entirety. 

Accurate normalization by the use of the Ionization chamber would 

require a constant intensity of beam during the bombardment period. 

Thus, although the ionization chamber provided a direct measurement 

of the bremsstrahlung flux which passed through the target, it was 

thought that normalizing by this instrument might introduce errors 

into the data.

The other normalization procedure that was used was that of 

overlapping the last five channels of one run with the first five 

channels of the next run. Since a channel was never shorter than 
20^ of the shortest half-life, the number of counts in these last 

five channels of the initial run were significantly fewer than those 

in the first channel. Consequently, the slope at the overlap section 

of the decay-curve was usually very small in absolute value. The 

method that was used was that of normalizing the arithmetic average of 

the last five channels of one run with the arithmetic average of the counts 

in the first five channels of the succeeding run, and of adjusting the 

counts in the remaining channels accordingly. The two normalization pro­

cedures were in agreement with each other, in nearly all cases, within the 

statistical errors of the counts involved. It was always necessary to 

have nearly equal intensity beams for successive runs in order to keep 

constant the ratio of signal to background.
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5• Data Analysis and Errors.

The data from the lifetime measurements were fitted by the method 

of least squares to the form

y = A + B e~^ TV-18

if a single decay was involved, or .

-at (-pt)
y = A + B e + C e IV-19

in the cases where the de cay-curve was complex, containing two 

components. When the half-lives of the two components were very 

different, the latter expression was approximated by

-aty = A - Dt + Ee IV-20

where only the shorter lifetime was to be evaluated.

In order to perform a fit of the parameters of equation IV-20 

to the data, it was necessary to take the total differential of the 

equation, as given by

{o-Cj- = (△ A) - (△ D)t - (△ E)e - Et (A a)e & 
IV-21

and to perform a least squares fit on the differentials. It was 

necessary, in performing such a fit, to assume definite values for 

the constants. The results of the calculation would then be correc­

tions to be applied to these assumed constants. {o-C} represents the 

subtracted difference between the observed value of y at a given 

value of t, and the computed value, using the assumed values for
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A, D, E, and a. This method may also be used to compute standard 

deviations to be attached to the values of the corrected constants. 

If the values of the calculated corrections, A A, AD, A E, and 

A a turned out to be greater than twice the computed standard devia­

tions in the constants, it was necessary to perform a second itera­

tion, using the corrected values of the constants for the new values.

Since the calculations involved were extremely time consuming, 

it was preferable to choose a good set of initial constants. These 

were chosen by first performing as accurate a fit of the data by 

graphical means as was possible.

The errors in the measurements of the half-lives should have 

been small. The experimental decay-curves were taken for at least 

seven half-lives of the decay and, in many cases, for ten half-lives 

in order to accurately determine the background. If the background 

observed in the measurements of the short-lived decays was higher 

than that expected from measurements of the static background, a 

decay-curve was taken with 50 second channel lengths to determine 

whether longer-lived activities were present. In all cases where 

the background failed to reach the expected value, a longer-lived 

activity, usually with a half-life greater than 2 minutes, was found, 

and the decay-curve measured out to seven half-lives or more of the 

long-lived decay. To obtain a sufficient number of counts in the 50 

second channels for good counting statistics, several runs had to be 

made with 10-15 minute bombardment periods. The background for these 

measurements was always that of the static background.
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It was thus felt that background to which the short-lived activity 

decayed was very well known and understood, and that any errors in the 

measured half-lives due to inaccuracies in knowing this background were 

small.

The errors in the lengths of the time channels have been discussed 

in the previous section of this chapter. It was thought that these 

errors were negligible in comparison with those introduced by the 

counting statistics. It was difficult to estimate the error introduced 

into the measurement of half-lives by the normalization procedure used 

when more than one run of the multichannel time analyzer was made to 

obtain more points on the decay-curve. Since the two normalization 

methods usually agreed with each other within 3%, it was felt that 

these errors were also small.

The errors quoted in the results are therefore the standard 

deviations computed by the least squares fit to the data. They are 

essentially those involved in the standard number statistics of the 

counts.

E. Apparatus and Techniques for Making Energy Measurements.

1. Positron Endpoint Determination Equipment and Techniques 
Targets • ■

Thin targets, 20 mg/cm2, were exposed to the x-ray beam for the 

purpose of obtaining energy spectra of the various positron decays 

from the end-products of the photonuclear reactions in the target : 

nuclei. The targets were necessarily made this thin in order to = 

reduce degadation of the emitted positrons in traversing the target, 

and a consequent altering of the spectrum shape. The targets were 

made by depositing 20 mg/cm^ of the target substance on a backing of 



0.25 mil Mylar. The procedure used in the construction of these 

targets was to suspend a measured amount of the powdered form of 

the target material in three cc of amyl acetate to which three drops 

of collodion had been added. After shaking the mixture well, it was 

poured out on the Surface to be covered. The amyl acetate would then 

evaporate, leaving the powder deposited in a uniform thin layer over 

the surface of the Mylar. The collodion acted as a binder to hold 

the target material together. In this manner were made targets of 

pure S, Si, CaFg, KI, and P. The aluminum target consisted of a 

sheet of 2 mil aluminum foil. The collodion, fluorine, and the 

iodine seemed to have no contaminating influence on the positron 

spectra at the energies studied.

Detectors

The detector used to detect positrons was a scintillation count­

er, employing a Pilot Chemical Company 1 1/2" x 1 1/2" plastic scin­

tillator mounted on a Dumont 6292 photomultiplier. The plastic scin­

tillator was coated on the side, and also in a very thin layer on the 

top, with MgO. The photomultiplier was magnetically shielded with 

hypersil foil used in conjunction with aluminum foil, as was described 

in section D-3 of this chapter.

The experimental arrangement of the targets and the counter is 

shown in figure 15. Two targets, of the same material were mounted 

at 45° with respect to each other. The counter was placed directly 

below the vertex of the two targets, in a vertical position.
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FIGURE 15. DIAGRAM OF TARGET — COUNTER ARRANGEMENT 

USED IN THE DETECTION OF POSITRONS FROM AN

ACTIVATED TARGET

TARGETS
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Analyzing Equipment
To aid in the energy (.analysis, an auxiliary circuit was con­

structed which converted the time analyzer into a pulse-height 

analyzer of the type originated by Wilkinson31 and further develop- 
32 ed by Gatti and others. This involved converting pulse height in­

to time delay while an oscillator fed pulses into the distributor 

circuit at 50 keps. In this manner 1000 counts/sec could be resolved 

into a pulse-height distribution. The widths of the individual channels 

could be either 2 volts or 4 volts. Thus, the twenty channel analyzer 

could be used to scan the entire operating range of the linear ampli- 

iler in either one run with low attendant resolution, or in two runs 

with rather good resolution. The remainder of the analyzing system 

was similar to that described in section IV-D-3.

The counter was gated in a manner described in section IV-D-3 

with the photocathode gate generator supplying a pulse 30 milliseconds 

in length. The pulser was triggered by the output of a delay pulser 

which, in turn, was triggered by the peaking strip pulse. The delay 

pulser could render an output pulse at any given delay (from 0 to 100 

milliseconds) from the input peaking strip pulse. The delay used was 

such as to gate on the counter 2 milliseconds after the accelerated 

beam had passed. This delay of 2 milliseconds was incorporated to 

allow the neutrons created by the photonuclear reactions in the 

targets to be eliminated from the background in the room. Experlment- 

ally it was noted that about this length of time was required.

The photomultiplier was gated off just before the injection pulse 

of the succeeding beam acceleration period. If this were not done 
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stray electrons would create unwanted "background when hitting the 

internal target of the synchrotron during the acceleration process.

The synchrotron was operated continuously in making the energy 

measurements, the 30 milliseconds between electron-activity periods 

in the synchrotron being used as the observation time.

Calibration Procedure and Corrections to Data

A difficult problem was that of the energy calibration of the 

multichannel analyzer. An Atomic Instrument Company model 510 single 

channel pulse-height analyzer was first calibrated over the entire 

range of the linear amplifier by using various radioactive sources 
such as Na , Cs , Na^, and Zn^, j^n conjunction with a Nal(Tl) 

scintillation counter. The pulses were shaped as described in section 

IV-D-3. The result of this calibration was an establishment of a 

linear calibration curve for this instrument which intersected the 

origin. This curve was then used as the basis of a calibration of 

the multichannel analyzer.

In order to scan the entire voltage output range of the linear 

amplifier, it was necessary to make at least two runs with the multi­

channel analyzer, using different base-line voltage settings. It was 

therefore necessary to know the actual widths of the "2-volt" channels, 

and to adjust the base-line calibration to correspond to these widths, 

in order to correlate the runs to one-another. A measurement of the 

channel widths would also establish (or dis-establish) the linearity 

of the multichannel analyzer. Such a measurement was made with the 

aid of a Hamner model N101 mercury switch pulser. This pulser was 

installed in the electronic system in the place of the scintillation
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counterand its output pulses were shaped to closely resemble those 

from the scintillation detector. The output pulses of the linear 

amplifier were fed simultaneously into the single-channel analyzer 
(whose linearity had been pre-established) and into the multichannel

analyzer. In this manner, the widths of the individual channelsi

could be measured in terms of the voltage readings in the single

channel analyzer. The width of the twenty individual channels were

determined uo be equal within 2%. The base-line voltage control 

was then calibrated to correspond to these widths.

A precision attenuator was constructed which reduced the size

of the output pulses from the preamplifier to exactly half of their 

unattenuated value. This attenuator preserved the 2000 SI impedance, 

as seen by pulses from the pre-amplifier. The linearity of the multi­

channel analyzer having been established, energy calibration would 

consist of two energy endpoint determinations of the negatron decay 
_ 90
irom an Y calibration source; one taken without the attenuator, 

and one taken with the attenuator in place. The spectrum taken with­

out the attenuator in the circuit would correspond to that with an 

endpoint energy double the 2.24 mev endpoint reported for the 

decay.The spectrum taken with the attenuator would correspond to 

a spectrum having the actual 2.24 mev endpoint. All additional 

positron endpoint measurements would be made with the precision 

attenuator in the circuit.

Such a calibration proceedure assumes that the response of the 

scintillator itself is linear. A measurement of the response of 

phosphor scintillators was made (for electrons) as a function of the 



energy of the electron by Hopkins-^ and others. The results of 

these measurements indicate that the response is very linear for 

electron energies above 200 key.

■ The positron spectra were corrected for the effects of finite 

resolution of the scintillation counter by a method reported by
35Freedman, et al. . In this method, the function which relates 

the true spectrum to the experimental spectrum is that given by 
36Owen and Primakoff and is given by 

^mux _
M(E) = J Na(E) L(E,E*)dB* * \ H(E^) L(E,EÎ) Z^E ' IV-19

o 17 .

M(E) is the observed counting rate at the spectrometer energy setting 

E, N(E') is the true energy spectrum (counting rate per unit energy), 

and L(E,E‘) is the fraction of the number of electrons of energy E' 

which hit the scintillator and are observed in the same range of 

pulse analyzer setting △ E at E as is used in observing M(E).

L(SX) - E TV-20
00 
/ S(E,E*)dE 
o 

where S(E,E') is the experimental line shape observed with window

width △ E (on a monochromatic electron source).

An iteration process.'used to determine N(E') is based on match­

ing the experimental spectrum M(E) with that calculated from equation 

TV 19, using a suitable trial function for N(E'). Numerical inte­

gration, using a suitably normalized gaussian distribution for 

L(E,E’) which has as the ratio of the width at half maximum to the
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position of the maximum, 15%, is performed which obtains a new

M1(E). The first approximation to the true spectrum is given by

NX(E) A E = M(E) ^Ml(E) - M(E)V - 2M(E) - M1(E) IV-21

Covergence of this iteration process is rapid and for the energy 

specta measured in this experiment, a first approximation was 

sufficient to correct the data so chat a Kurle plot of the data 

would yield a straight line.

Many of the spectra studied were complex decay spectra 
(i.e. more than one positron decay present) and corrections 

to these data were not made directly but rather inferred from 

the corrections made to the spectra containing a single component.

The background radiation was measured as a function of energy 

by placing an aluminum cap over the end of the counter of sufficient 

thickness to prevent positrons from entering the crystal. So long 

as the measurements involved energies above 700 kev, the measurements 

provided a good analysis of the background. Annihilation radiation 

created in the aluminum cap prevented going to lower energies with 

this technique. The background was measured for several targets and 

was found to be independent of the target material. This measured 

background was subtracted from the raw data for the runs to obtain 

the true positron spectrum. Successive runs were normalized to one 

another and to the background runs by the use of the ionization 

chamber and the current integrator. The objections to the use of 

this instrument for normalization, discussed in the section on half­

life measurements, are invalid for continuous bombardment with a 

reasonably steady x-ray beam.
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2. Gamma Ruy Energy Mcasui'ements

Targets
The targets used in the search for gamma transitions consisted 

of the powdered form of the element to be studied, with the excep­

tion of potassium which was a solid piece of the metal. The powder 

was enclosed in iron target holders similar to those discussed in 

section IV-D-1. The target materials consisted of CaH2, K metal, 

Si, and S. These targets were used in conjunction wish a single 

scintillation counter located directly above the target.

Detection Apparatus

The counter used in searching for high energy gamma rays 

consisted of a 2 inch by 2 inch Nal(Tl) scintillation crystal .

attached to an R.C.A. 6342 photomultiplier tube magnetically 

shielded with hypersil foil. Both the crystal and the tube were 

mounted in a 3 inch diameter brass cylinder. Over the crystal end 

of the scintillation counter was placed an aluminum cap 1/16 inch 

thick. The photomultiplier was operated with a positive high volt­

age and the photocathode was gated by the photomultiplier gate 

generator. Targets were bombarded by the bremsstrahlung beam in 

continuous pulsed operation. The remainder of the analyzing system 

was identical to that used in the measurements of the positron soectra. 

Calibration and Experimental Procedure

The procedure used for gamma-ray searching was to calibrate 
roughly the multichannel analyzer with a Na2^ source which has 

gamma-ray peaks at .51 mev, 1.38 mev, 1.74 mev, 2.25 mev, and 2.76 

mev, and to scan the thick targets for gamma-rays in the energy
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region from 200 kev to 4.0 mev. The dominant gamma-ray which was 

always found was the .511 mev annihilation quantum. This peak was 

of such magnitude as to mask completely any gamma-rays in its vicin­

ity (i.e. 400 kev to 600 kev). The background at 1 mev, if no 

gamma-rays were present at or above this energy, was down by a 

factor of 200 from the peak at .511 mev. At 3 mev the background 

was down by a factor of 2000.
If a gamma-ray were found, the energy region in which it was 

located was scanned with the single channel analyzer, calibrated 

with Na . If the quanta were of such an energy that pair produc­

tion in the scintillation crystal was the dominant interaction 

process, the two quanta escape peak was normally the peak whose 

energy was measured by the single channel analyzer since this 

peak was energetically the closest to the calibration peaks from 
Na*^. To ensure that a peak was actually the two quanta escape 

peak, a 1 1/2 inch by 1 1/2 inch Nal(Tl) crystal was used to scan 

the target, in which case the relative intensities of the total 

capture peak, the one quantum escape peak, and the two quanta 

escape peak would change, the two quanta escape peak becoming 

larger and the total absorption peak becoming much smaller. The 

runs were normalized by the use of the current integrator.

Having located the gamma-ray peaks' with the single channel 

analyzer, half-life determinations for these gamma-rays were made 

by discriminating over the region of the peak with the pulse height 

analyzer and feeding the output into the time analyzer, used in con­

junction with the master timer control. The experimental procedure
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was similar to that described in section D of this chapter.

Errors

The errors in the energy determination of the gamma-rays were 

small if the gamma peak could be calibrated by known gamma-rays on 

each side of the unknown peak. The detection system itself, with 

the 2 inch by 2 inch Nal(Tl) scintillation crystal, had a resolution 

of 12.3%. The errors assigned to the individual gamma-ray energy 

determinations are the standard deviations of the finite width peaks.



CHAPTER V

DESCRIPTION OF ENERGY LEVEL AND DECAY SCHEMES IN SPECIFIC 
NUCLEI; RESULTS OF THE MEASUREMENTS

A. Ca3Q - K38 - A38.

1. Energy Level and Decay Schemes. 
38KJ has a ground state nucleon configuration, a (ld3/2) hole 

in both the proton and neutron levels. Jn and j thus being known, 
Nordheim’s rule^ may be used to predict a value of J for the lowest 

(T = 0) state. The predicted values of J are 3 end 1, with (J = 3) 

being the more probable value. Such a level should have even parity 

since the two nucleons are in equivalent levels. The next (T = o) 
state to be expected should have (j = 1+) and should be an excited 

level.
Ca^ and A38 are even-even nuclei with a ground state nucleon 

configuration consisting of two (ld3/2) holes in the neutron orbits 
in Ca$$, and in the proton orbits in A38. Such nuclei should have 

ground states with (T = 1,J = 0+) and first excited states with 
(T = 1,J = 2+). The ground states of Ca38 and A38 correspond to an 

isobaric-spin triplet nuclear eigenfunction that is common not only 
38 38 38to Ca and A , but also to K . There should be, therefore, among 

Q O 
the low-lying levels of , a state with (T - 1,J = 0+). The state 

38 in K should be displaced in energy from the similar state in A38 by 

the Coulomb energy. Referring to the calculations of Mosakowski and 
Peaslee2^ (figure 2), it is found that the (T = l,0+) level in K38 

_ onshould lie 0.5 mev above the ground state of AJ . Similarly, the 
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ground state of Ca38 has been predicted19 to lie 6.3 mev above the 

(T = 1,0"") state in K38. There should be, in K^, competition between 

the (T = 0,3+) level and the (T = i,o+) level for the position of 

ground state.
An energy level diagram for the Ca38 - K38 - A38 triad is shown 

in figure 16. The Ca3® nuclide had not been observed prior to this 

research. The location of the (T = 0,1») state in K3® was also com­

pletely unknown. For a long time it has been known that a low-lying 
38state in K undergoes positron decay with a half-life of about 7.5 

minutes]? to the (T = 1,2*) state in . That the transition goes 

to the first excited state of was verified by a half-life measure­

ment of the 2.18 mev gamma transition which follows the positron decay 
38- . Since the gamma transition would be an E-2 transition with a very 

small lifetime , a half-life measurement would yield the half life 

of the preceding beta-decay. The positron endpoint energy of this 

transition has been given as 2.6 mev39 which, in conjunction with the 

half-life, gives log1Q ft = 5.0 for the transition. The transition 

is therefore classed as allowed (i.e. [△ j| = (△ T| = 1). From this 
knowledge, the state in K3® was deduced as having (T = 0) and either 

( 1 ) or (J - 3 )• In addition, a .95 second positron activity

was observed from the bombardment of potassium with 7-rayswhich 
had an endpoint energy of 5.0 mev41 and a subsequent log1Q ft value 

of about 3.4. This transition was classed as a (o+ -+ 0+) superallowed 

positron transition between the isobaric^spin triplet states in K3® 
and A3®.
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The existence of independent positron decay from these two 
”*8states in K3 would be impossible if the lowest (T = 0) state had 

(d l ) • This state and the (T = l,0+) level would be, in such. 

a case. connected by ML radiation with a much shorter half-life 

than that for either positron decay The conclusion was therefore 
drawn that the spin of the (T = o) state was (J = 3+).^°

It is not altogether clear which of these two low-lying states 
38

in K is the ground state, although present indications seem to 
indicate that the (J = 3+) level is probably the lower level. Green 

42and Richardson attempted to find an internal conversion line caused 
by an (M3) transition between the (j = 3+) level and the (j = ;+) 

level with negative results. The line should have been oh served if 
the (J ■ 0+) level were the ground state. It was therefore concluded 

from intensity considerations that the (j 0+) level must either lie 
above the (J = 3+) level er not more than 80 kev below it.

38 - ,Ca may he produced in the (T = 1, ) ground state ly a (/,2n)
U- ’

reaction on Ca and should undergo positron decay to the correspond- 
OQing state in K3 . Since the transition would be a (j+ -♦Q+) transi­

tion, the log1Q ft value is given by equations III-5 and III-3 as 

3.^. The half-life f r such a decay has een predicted from the ft 
value to be .7 seconds1^. If a (T = 0,l+) excited state in K3® lies

srgeticalj.y 1 elow the ground state of Ca3®, then a branching in the 

positron decay should occur to this state with subsequent (E2) and 
(M1) gamma transitions t: the l.wer lying (T = 0,3+) and (T = l,0+) 
states respectively in K3®. The fractional intensity x for such a 

branching has been calculated by Mosakowski and Peaslee for the
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A = 38 nuclei^ as a iXmction of t? e energy separation of the (1 ) 

state and the (o+) state. The results of their calculation are 

shown in figure if.

2. Experimental Results and Analysis.

The experimental results for the measurements of the decay 

radiations from nuclei in the A = 30 triad are summarized in Table 

1.

Potassium

Typical decay curves for the f.cf minute and the 0-9? second 
^8positron decays from Kare shown respectively in figures 18 and

19. Both of these decay curves were experimentally determined 

three separate times, and an analysis was performed on each distinct 

curve to obtain the half-life of the decay. The result of each analysis 

is listed in Table I as well as the average of each gr.up of three meas­

urements . The individual runs took about two Lours to complete and 

were made at widely separated intervals over the course of a mo^tL .
39 41

Potassium has two stable isotopes, K and K . Since the pot­

assium used as the target material was not an isotopically enriched 

material, the relative abundance may be taken as those occuring in 
^8nature, namely 93.4# and 6.6# respectively. Kr would be, in the main, 

produced by the reaction K^^(/,n) K^. The primary competing photo- 

nuclear reactions in would be the (/,n p), the (7,2n), the (/,2p), 

and the (/,p) reactions. The neutron and proton yields from the 
fl 43(7,np) reaction are®estimated from the data of Smith ai.d others

to be about c.% of the neutron yield from the (y,n) reactions, while 

the yield from either the (y,2n) or the (7,2p) reaction is estimated
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to be about of the neutron yield from t\e (/,n) reaction. Tl.e 

yield from the (7,p) reaction should be about the same as that from 
the (y,n) reaction10. A (7,ndp) reaction in creates A^, a 

nucleus which undergoes K and L capture with a half-life of 35 days. 
There are no positron or gamma transitions associated with A^ which 

could contaminate the data from the decay of K^. The (z,p) the 

(7,2p) reactions n pr. duce A^ and Cl^^ respectively, both of 

which are stable isotopes. The (7,2n) reaction on produces K^, 
37

about -hich very little is known. K ' should be a positron emitter, 

and should have a half-life of about 1 second. Any other photonuclear 

reaction on is estimated to have a yield, relative to that from 
the (7,n) reacti n, of less than 1. %, and should contribute no 

observable distortion in the decay curve of the radiation from 

and .

None of the above mentioned pl<»otonuclear reactions will produce 
any positron unstable nuclei from the 6.6% abundant K^1 isotope in 

the target. The only gamma activity produced by such reactions 
on K would be the 1.5 mev gamma-ray from the 10& year isotope.

Activity in the potassium target, other than that from and 
3&n

K , should, therefore, be present 1^,. insignificant amounts, with the 

exception of the activity from . Since the half-life of is 

unknown, it is difficult to estimate how much of an error a 3% con- 
37tamination of K would make in the measured half-life of the decay 

3&nfrom K . Nevertheless, such an error is believed to be less than 
0.8%.
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A Kurie plot of the positron spectrum from the decay of K3® 

is shown in figure 20. It is noticed from the shape of the spectrum 

that it represents a complex decay containing at least two components. 

The components of this curve have been taken to be the decays which 

occur from K and K . The Kurie plot was resolved i:.to its two

components by making a Kurie plot of the data beyond 3
mev, and

extrapolating the straight line back to the origin.
The difference

between the extrapolated curve and the true 

well as the value on the extrapolated curve,
curve at any point, as

then used to cal-
ornate the portion of the total counts in any energy channel that

belong to each decay curve. A new Kurie plot was then made for the
component with the lower endpoint energy. This was done for the three 
independent measurements of the positron decay spectra from K38.

In the positron spectra from the decay of K38, there should be

little effect from the 6% contamination
action K^(y,n) K^,

:f K^

since the half-life of
produced by the re­
is about 10® years.

In addition, the energy endpoint of the p" decay from is 1.35

mev which is below the energy region of Interest (>1.5

The only other contamination would be that from
mev for K^) .

should consist of at most 3% of 

which is within the statistical

the decay of K37, and

R8 trum from k

the counts in any one energy channel, 

counting errors. The positron spec-
should, therefore, not be affected in any measureable

quantity (in the energy region of Interest) by the decay 

products of the competing photonuclear reactions.
of the end

The gamma-ray spectrum obtained from the bombardment of potassium
by high-energy gamma-rays is shown in figure 21.

This spectrum is
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contlnuous from 300 kev up to 3.5 mev. Super-Imposed upon the spec­
pLDrum is the calibration spectrum from a Na calibration source.

The spectra show the 2.2 mev transition in which follows the 
7.67 minute positron from K38 to the (T = 1,2+) state in A38. A 

half-life measurement of this gamma transition, obtained by discrim­

inating over the total absorption peak with the single channel analyzer, 

is shown in figure 22. There should be no gamma-ray present from the 

contaminating influence of competing photonuclear processes beyond the 
1.35 mev gamma-ray from the decay of K^. Since the decay of has 

such a long half life, it is felt that this transition should not be 

seen in the data. This is accentuated by the fact that such a peak 

in the spectrum could easily be masked by the one quantum escape peak 

from the 2.2 mev transition in'argon., -

Calcium
The gamma-ray spectrum from the bombardment of a calcium target 

is shown in figure 23. This spectrum shows the 2.2 mev gamma-ray 

present from the bombardment of a potassium target and, in addition, 

shows a 3.5 mev transition which is present only with a calcium 

target. Discrimination over the peaks was made with a single channel 

analyzer, and a half-life measurement was made. The decay-curve is 

shown in figure 24. ,

Calcium occurs naturally in six stable isotopes; Ca^, Ca^^, 
Ca , Ga , Ca and Ca^8, with respective relative abundances of 

96.9*, .6.1#, 2.1%, .003*, and ,2*. The (,,n) or (7,p) reaction 

on any of these isotopes produces no nuclei to which a 3.3 mev gamma
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transition could be assigned. Any of the multiple nucleon emission 

processes would produce too few nuclei for any measurable activity 
to occur, in all the isotopes except Ca^0 and Ca4\ A (^n^p) re­

action _n Ca produces K , which has a half-life of 12.5 hours 

and a gamma-ray of 1.5 mev. That this gamma-ray was not seen in 

the spectrum is attributed to the fact that the half-life is so 

long, and also to the fact that such a peak would most likely be 

masked by the one-quantum escape peak from the 2.2 mev gamma tran- 
38sit ion in A . The (y,n) and (/,2n) reactions on Oa^ produce stable 

isotopes of calcium. The (x,2p) reaction on Ca^ produces A^ which 

has a half-life of 3.5 years and would not be observed in the two hour 

bombardment periods used in performing the experiment. Any other re­

action in Ca would have a cross-section so small that any subsequent 

activity could not be observed in these measurements. Thus, it is 

argued that the activity is an activity specifically obtained from 
the bombardment of Ca^.

An attempt was made to establish the fact that the gamma-ray 

was in coincidence with a positron decay. This attempt failed due 

to the low intensity of the gamma-ray. The three peaks in the spectra 

were determined to be the two quantum escape peak, the one quantum 

escape peak, and the total absorption peak by two separate experiments, 
The first of these was that of scanning the spectrum with a smaller 

crystal of Nal(Tl), which should make the total absorption peak nearly 

disappear, and should increase the height of the two quantum escape 

peak relative to the others. Such an effect was observed when a * 
1 1/2 inch by 1 1/2 inch crystal was substituted for the 2 inch by
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2 inch crystal. The second experiment consisted in discriminating 

over the total absorption peak with the single channel analyzer, de­

termining if this peak had a half-life less than 1 second. Such a 

measurement was made, and the results indicated that this peak had a 

half-life of about 0.5 seconds. Both of the experiments indicated 

that the three new peaks in Ca were from a 3»5 mev gamma-ray with a 

half-life of 0.66 seconds.

When calcium was bombarded with the bremsstrahlung beam, time 

analysis of the long-lived positron activity present yielded the 7.67 
38minute half-life of K . The quantity of this radiation that was pre- 

OQ
sent indicated an amount of K produced which was inconsistent with 
the amount produced by the decay of Ca-3 . Hence, the majority of 
the K38 that was present was felt to be produced by the reaction Ca^ 

(7,n^) K38. The amount of present was consistent with the measured 

(7,n%) cross-section in other elements. No other activity in calcium 

with a half-life greater than 1 second was found. A distortion in the 

7.67 minute decay curve in the first few channels was investigated and 

found to be a small amount of contaminating 2.1 minute positron acti­
vity from 0 \ The 4.5 minute activity from calcium reported in 1937^8 

« ^7
and 1940 , was not found.

3. Summary and Conclusions

The results of the preceding set of measurements may be summarized 
by stating that the transitions in the isobaric triad Ca38-K38-A^ are 

consistent with those indicated in figure 15. Log ft = 4.87 for the 
38 lower energy transition from K , which shows that the transition is 

allowed, but unfavored. The 2.2 mev gamma transition exhibits the
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nalf-life of the low energy positron transition from which

indicates that the positron transition proceeds to the (T = 1,2+) 
38 .level in A and that the gamma-ray is the subsequent transition

to the ground state. That no other gamma-rays were observed from

potassium also indicates that the parent level of this decay is a
(3+) level. The high 38 energy positron decay from KJ with log1Qft
3.48 is in agreement with the predicted value of 3.4 for the (0+ ->0+)

transitions, which Indicates that this is the transition from the 
(T = 1,0 ) level in K to the ground state (T = l,0+) level in A^.

The value of 2.59 mev for the positron endpoint of the lower

energy decay, and the value of 4.99 mev for the high energy component 
38of the decay from K , coupled with the measurement of 2.2 mev for

the gamma transition in indicates that the (T = 0,3+) state is 
the ground state in K3®, while the (T = l,0+) level lies above 

this state by (210 + 190) kev.

The 3.5 mev gamma-ray , observed only in the bombardment of

calcium, has been interpreted as the transition from an excited level 
in K3$ following a branching in the positron decay from Ca^ to this 

excited state. An alternative assignment might be the decay from an 
isomeric state in K3^ following the creation of this state by the re- 

u^uion Ca ( 7, p) K . States with approximately the correct energy 

have been found in However, for such an assignment to be

consistent with the observed half-life of the gamma-ray, 0.66 seconds, 

the transition would need to be a transition withi |A J|> 5. Since the 
(z>p) reaction is essentially a dipole absorption phenomenon^, it 
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thought to be highly improbable that such a state could be created 

in large quantity.

The assignment of the gamma-ray to a transition from an excited 

state following a branching in the positron decay from Ea^ ls con. 

sistent with predicted half-life of Oa^ of 0.7 seconds19. The 

fractional intensity for this branching is then given from the graph 

in figure 16 to be 1*. This value is also consistent with the assign­

ment since the intensity of the radiation observed compares favorably 

with the expected ratio of yields for the (7,n) and (,.2n) reactions 

of 0# and with the fractional intensity of 1%.

The 3.5 mev excited level in K38, to which this branching may 

be supposed to occur, could either be a (T = o,l+) level or a (T - l,0+) 

level. A level with either assignment could be found with the proper 

excitation energy from an (S configuration30 , although lower 

lying (J = 1+) states are possible with other configurations. If the 

level is a (T - 0,1 ) level, then the positron decay to the state, 
from the ground state of Ca38, would be on allowed, but unfavored^ 

decay. The gamma-decay from such a state would present a competition 

between an E2 transition to the ground (j = 3+) state of K88, and an 

Ml transition to the (j - 0*) loterie state. A rough calculation of 

the transition probabilities for the two decays indicates that the 

«.«transition would be slightly favored over the JS2 transition. In 

such a case, the observed gamma peak would actually be a doublet, with 

a separation of the two components equal to the separation of the ground 
and the first excited states in K38. It was not experimentally possible 

to determine whether the observed gamma peak was, or was not a doublet.
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If on the other hand, the newly observed state had (T = l,o+), 

the positron decay to this state would be an allowed and favored 

decay. fac sudsequent gamma-decay could then be an M3 transition 
to the (J = 3+) ground state. In this case, it would also be ex­

pected tnat there would exist an alternate mode of decay, consisting 

of a cascade through an intermediate (T = 0,l+) state, theoretically 
predicted to lie below 3.5 mev^. Since this alternate decay mode 

would consist either of a pair of M1 transitions to the lowest (j = 0+) 

scute or an M1 followed by an E2 transition to the (j = 3+) ground 

state, the transition probability would be so high, compared to the 

transition probability for the direct 3-5 mev M3 transition to the 

ground state, that no 3.5 mev gamma-ray should have been seen.

In view of the above argument, it is deemed more probable that 
the state at 3.5 mev has (T = 0,J = 1+) . Such a statement is based 

wholly on the assumption, however, that a (T = 0,J = 1+) state also 

lies energetically lower than 3.5 mev. A branching in the decay 
38 

from Ca should also occur to this state. Due to the presence of 
the 2.2 mev gamma-ray (from the transition in A#), with the assoc- 

iarea single and double quantum escape peaks, and the .511 mev 

annihilation quantum in the experimental spectrum, it was not 

possible to determine whether a gamma-ray, indicating a transition 
from such a state to the lower states of K^, existed.

B. S.30  p30  S130

The ground state nucleon configuration in p30 consists of a (S —)
neucron and proton beyond the closed nucleon orbits. Nordheim's rule1?

1. Energy Level and Decay Schemes.
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tl-s (J " I*) for the lowest (T 0) state. In addition,

lying states in P S and 81 #. The other two

nuclei in «he (A ... 30) triad, 8^ and Si^ have ground states with

(x = 1,J = 0 ) and probably have first excited states with (T - 1,J = 2+ 

2 Predicts an energy separation of the (T = l,0+) state in p30 
anc, the ground state of Si^° ot' h .62 mev. Similarly, the ground 

ctate of nus been predicted to lie 3.2 mev above the (T .= 1,0^) 
state it .

I'oc positron decay from has an energy endpoint of about 3.3 

and a half-life of 2.3 minutes (log ft = 4.8). This decay 

is, therefore, allowed but unfavored, and the ground state assignment 

is oiven uo the (T - O.J = 1 ) level. The ground state of should 

decay by an allowed transition to the ground state of P30. In addition, 

a branching in the decay should occur to the (T - l,o+) excited level 
, 30 '
a.a P vi^a a subsequent Ml transition to the ground state. The ure- 
dieted half-life for tue decay from S3° is 1.8 seconds^. This value 

would be reduced by the branching in the decay.

An energy level diagran for the (A = 30) nuclei is shown in 
figure 25. States in P3 have been reported at .7 mev, 1.4 mev, and 

>4,31 33 35^'° :æv- ’ 3 * • The state at 700 kev was identified as having 
(j - 0 ) on the basis of excitation energy and gumma-ray angular 
distribution following, tiie 81^ (p,z) p30 reaction Moreover,

this same level was identified as having (T = 0), due to its produc- 
tlon by the S3'"(d,ct) P# reactlod% If the isobaric-spin selection 

rvtLes for nuclear reactions of Adair^ and others are valid, then the 

(d,d) reaction on S should produce no (T 1) states. Thus, the
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availuible infoimutlon on the 700 kev state in would seem to in­

dicate that the state is a (T = 0,J = 0) level. Such a state could 

theoretically occur from a mixed nucleon configuration.? Positron 

branching to this state would then not l e allowed since it would 

violate the isobaric-spin selection, rules in beta-decay. If the 

other levels at 1.4 mev and at 2.: mev have (T = 0), as was also 
reported by Lee and Mooring^, then no appreciable branching should 

occur to these states either, since they presumably have J > l, and 

the transitions would be forbidden. •

Tne positron decay from should not consist of two independent 
decays (as in the case of and K^) . The (T » 1,Q+) state may 

decay to the (T - 0,l+) ground state by MI radiation with a transi­

tion probability much higher than that for the positron decay from 

the excited level.

4. Experimental Results and Analysis

The results of the experimental measurements of the decay pro­

cesses in this chain of nuclei are given in Table II.

Phosphorus
A typical decay-curve for the positron decay from P$° as a 

function of time is shown in figure 26. P^ was produced by the 

reaction 2 (/,n%) P^°. The four stable isotopes of sulfur are 

S , 2^, 2^, and S^o with relative abundances of ^.1%} 0.7%, 

4.2^, and 0.016% respectively. Inly reactions on and
34 '

2 could produce any measurable quantity of activity in this ex- 

périment. In addition, any measurable positron activity could have 
been produced only by photonuclear reaction on S^2. The (y,n)
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TABLE II

Results of the Measurements of the Decays From 
the Nuclei in the Nuclear Triad with ( A = 30)

TARGET
IS TOPE

GAMMA­
RAY

ENERGY
MEASURED 
HALF-LIO 

IF
GAMMA-RAY

PSITRON 
ekdpoint 
ENERGY

L°gi0ft assignment 
CF 

transition

S3£ m^c^ 2.62 + 0.03 min. 3.24+ O.lÿmev allowed posi-
P31 2.22 + 0.03 min. 3.22 + 0.19mev tron transi-«- • « 0 _+ 0.04 min. 3-21 + o .19mev tion from p30k-Vg.

2.u2 + 0.02 min.
avg. -
3.22 + O.llmev 4.81+0.0?

(T = 0,1+) to 
ground state of 8130

—------ — —---- ---
(T = l,0+).

reaction on S3 produces S3\ a positron emitter with a half-life of 

about 3 seconds. The (z,2n) reaction would produce S30, a positron 
emitter whose half-life has been estimated^ to be 1.8 seconds. The 

(Z,p) and (z,2p) reactions would produce p31 and Si30 respectively, 

both are stable nuclei. Thus, the only photonuclear reaction which 

would produce any positron activity with a half-life of the order of 
minutes would be the reaction 8^(y,n^p) P30. There should, therefore, 

be no contamination present in the decay-curve, and a half-life analysis 

using such a decay curve, should yield an accurate measurement of the 
positron decay from P30.

A measurement of the positron energy spectrum from the decay of 
30P was made ual„s a target of amorphous phosphorus, which is 100# 

P - The spectrum, unlike the complex decay spectrum from the decay 

of K , is that of a single decay. A Kurle plow of the data (figure 

27) yielded a straight line. The (z,2n) reaction on p31 produces 

a positron emitter with a half-life of 4.6 seconds and anenergy end­

point of 3. > ». The (y,W reaction create A1^, a negatron emitter
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wiLh a of 6.6 minutes and endpoint energies oi" 2. j .

r^nd 1.4 nicv. Beta the 3.6 mev actlviiy in ai:d thv 2.? n« v 

activity in Al should have contributed e contaminatin,; im'luencv 

on tae SjWctrum shape. However, sinze neither activity should h-\c 

ocen present in amounts greater than cd the pri:.;ury a; ti vi ty 

iniluencc is felt t . be negligaolc in comparison co the lurines 

ol the statistical errors in the individual points of the positron 

spe ctruin.

Sulfur

A; energy spectrum of the gac.rui-rays prsauced when a sulfur 

burgee is exposed to the x-ray be a.: is shown in figure 18. The te r^e 

material was natural sulfur, whi h, as was previously menti .med. c.n- 

tains the l..ur stable isotopes of sulfur. The only gamma-ra) ex pe u be 

to be present in the spectrum, with the exception of the ever present 

annihilation quantum, would be that representing the transition, in 
30P , from one excited (T = 1,0*) store to the ground sente. Such a 

transition should follow a branching in the pooitrou decay from . 

created by the 8 (?,dn) reaction. The experimc..tul sttctrimi, how­

ever, shows no such gamma-rays present in sufficient quantity to oe 

resolved from the background. f parti volar interest was the rc.eior. 

around 70'.) kev. If the state provlou .ly reported at this energy did 

non have (T « 0,J - 0), but instead, hud either (T = 0,1*) or (T = 1, 

then & gamma-ray of fOO kev should have been observed.

3. Summary and Conclusions 
^.n ■ I I IM.M.

The results of the measurement:; unde of the decay raclc^tlua from 

the nuclei in the isobaric triad S^_?30_si36 io accordance with 

the level s.heme presented in fl:^u?'e n?. The value of lc,.:_.ft t.8
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for the positron decay from ensures that the decay is allowed, 

but unfavored. That there is no gamma transition accompaning the 
decay shows that it goes to the (T = l,0+) ground state of Si^. 

Both the logoff value and the absence of a subsequent gamma transi­
tion indicate that the parent state in P^ is a (T = 0,1+) state.

The fact that no gamma-ray at JOO kev was found, even though 

a photopeak of three times less than the expected intensity could 

have been resolved from the background, would indicate an assign­

ment of (T = 0,J = 0) for the level at .7 mev. Such an assignment 

is the only assignment consistent with al 1 the previous information 

known about the state and with the additional information that the 
state was not fed by a branching in the decay from S^. The missing 

(T = 1,0 ) state still has not been located. From Coulomb energy 

considerations (figure 2), the state should lie about 300 kev above 

the ground state. Mosakowski and Peaslee state that the level pro­

bably occurs about 0.5 mev above the ground state. Branching in the 

positron decay from should go to this state with the subsequent 

gamma-decay to the ground state. If the state were lower than 600 

kev, the gamma-ray peak in the spectrum could not have been resolved 

from the background in this experiment, since the annihilation peak 

at .511 mev would completely mask it out.
C. Si26 - Al26 - Mg26

1. Energy Level and Decay Schemes. .

The lowest (T = 0) state of the self-conjugate nucleus in the 
26 nuclear triad with A = 26, Al , has a nucleon configuration which 

consists of a (d 5/2) particle in both the neutron and proton orbits. 
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The coupling rules of King and Peaslee^6 and Nordheim1^ predict a 

J value for this state of 5+. A (T = 1,J.= o+) level should also 

occur among the low-lying states of Al26, as in all the self-conjugate 

nuclei of the (4n + 2) triads. This level should be displaced in en­

ergy from the ground state of Mg ° by about 4.4 mev (figure 2). Simi­
larly, the ground state of Sl^ has been predicted1^ to lie 4.7 mev 

above the (T = l,0+) state in Al26. The first excited state of Mg26 

has been found at 1.83 mev and has been identified as a (T = 1,J = 2+) 
level5^.

The two lowest lying states in Al26 (i.e. the J = 5 and the J = 0 

levels) should be expected to present close competition for the posi­

tion of the ground state. Positron decay from the (j = state 
would most probably go to the (J = 2+) level in Mg26. Such a decay 

would be a second-forbidden transition, with log^ft % 13. Consequent­
ly, the half-life of the decay would be about 10^ years. Positron de- 

c^y from the (T — 1,0 ) state in Al would be a superallowed decay 
to the ground state of Mg26 with a half-life of about 7 seconds. If 

the (J = 5+) state were the first excited state, then such a state 

would decay by M5 radiation to the ground state, with an estimated 
half-life of about 10 years, rather than directly to Mg2^ (through 

4the 10 year positron emission). If, however, the (j = 5+) level 
were the ground state, then the two states in Al26 would undergo 

independent positron decay to Mg2^. An energy level diagram for the 

nuclei Si , A1 and Mg2^ is shown in figure 29.

From the findings of Haslam, et al.58, that the neutron yield 

from the reaction Al2^(y,n) Al28 was three times the positron yield,
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and also from the noted discrepancy between the Q value for reactions
involving Al26, and the positron decay energy, E it
has been shown that 
Al2^ have (j = 5+)

not

but
only does the lowest-lying (T = 0) state in

that it
in Al26

60,62
have been found at .219

first

later

1.750

stated

60,62 mev ' and

to be the (T = 1,J
refuted by Browne^2

is the ground state. Excited states
-416 mev60'61'62, 1.052 mev

= 0+) state
The 
61

state at .416 mev was

when it was produced
This assignment was 
by the reaction Si2®

(d,a) AI26, which feeds only (T = 0) states. A later assignment of

the level at .219 mev as the (T = 1,0») level was consistent with the 
Q values for the creation of Al26 and with the positron decay energy 
from the state60. The remainder of the excited states in A126 were 

tentatively Identified^0 as shown in figure 29. The assignments were 

consistent with the data on the gamma-rays from the decay of these 

states, and with the coupling rules for the creation of low-lying 

states in the self-conJugate, odd-odd nuclei2^'2^'^^

aA lowlived Positron activity in Al26 has been recently observed 

with a positron energy endpoint of 1.30 mev. These positrons 

were in coincidence with a 1.83 mev gamma transition. The positron 

transition was identified as the transition from the (T = Qf^) ground 
state of Al26 to the (T = 1,2+) excited state of Mg# The g=na-ray 

was the decay of the excited state.
The ground state of 81# is predicted to decay to the correspond 

ms state in Al26 with a half-life of 3.4 seconds and a positron end­

point energy of 3.6 mev29. If the assignment of the excited states 
nf 60 . x *13 correct, then a branching in the decay should also 
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occur to the (T -= O.,l+) state in Al2'1. This excited state should 

decay "by an M1 transition to the (T = l,0+) state. An alternative 

mode of decay would be a decay to the (T = 0,>+) ground state by a 

cascade of E2 transitions via the (T = 0,3+) state. The actual decay 

would be a competition between the two modes. Three gamma-rays should 
then be observed following the decay of Bi2^ .416 mev, .638 mev, and 

.833 mev. The direct M1 transition to the (1,0*) state should domin­
ate over the E2 cascade by a factor of io\ hence, for the intensity 

of the bombarding beam used in this experiment, only the 0.833 mev 

transition should be observed.

2. Experimental Results and Analysis

The results of the measurements of the decay radiation from the 
nuclei in the triad Si2^- Al2^- Mg2^ are listed in Table III.

Aluminum

A decay curve for the positron decay from a target of silicon 

powder, bombarded by the x-ray beam, is shown in figure 30. The 

decay curve is seen to be that of a complex decay, containing two 

components with half-lives of 6.7 and 4.3 seconds. The 6.7 second 

component is that from the decay of Al , while the other represents 
the decay of Si2\ These two active nuclei were created by (y,n%) 

and (y,n) reactions respectively on che target of silicon powder.
. 28Silicon, in its natural form, has three stable isotopes, Si

Si^, and Si^, with relative abundances of 92.3^, 4.7%, and 3-0% 

28 respectively. Only photonuclear reactions on Si could produce 

positron activity in any measurable quantity. The (y,n) reaction 

produces Si , a positron-unstable mirror nucleus with a decay half­
life of about 4.5 seconds. A (y,2n) reaction would produce Si2^, a
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TABLE III

Results of the Measurements of the Decays From 
the Nuclei in the Nuclear Triad with ( A = 26 )

TARGET 
is :tope GAMMA­

RAY
ENERGY

MEASURED 
HALF-LIFE

OF
GAMMA-RAY

POSITRON 
ENDPOINT 
ENERGY

LAoft ASSIGNMENT 
OF 

TRANSITION

2^28.29.30 mQc^ 6.70 + 0.20 sec.
6.60+ 0.19 sec.
6.75 + 0.22 sec. 
avg.
6.68 + 0.12 sec.

3.08 + .19 mev
3.15 + .19 mev
3.10 + .19 mev 
avg.
3.11 + .11 mev 3.38+.07

(0+ -»o+) 
super-allow­
ed transition from Al2^to 
groun^state

2^28.29,30 1.2Qmev 6.6 minutes — — decay of Al29

Si28.29.30 1.ySmev 2.3 minutes — ——- 28decay of Al

proton-rich (A = Un + 2) nuclei whose decay half-life has been pre­

dicted to be 3.4 seconds. The (y,p) and (y,2p) reactions produce
Al^and Mg^ respectively, both stable nuclei, and the (?,n%) re- 

26action produces Al . Thus, it is seen that the measured decay curve

of the radiations from the silicon target should represent only the
decays from Si^o, Si2^, and Al2°. Si2° should be present in approx!-

27mately 3% abundance relative to the amount of Si present, and hence,
26the decay from Si should not have been able to be resolved from the

27decay from Si . Such was the case, and the measured half-life of

S1 is felt to be slightly in error (about 1%) due to this presence 
of Si26.

A measurement of the positron energy spectrum was made using a 

target of three mil aluminum foil. A Kurie plot of the spectrum, 

figure 31, shows a straight line intersecting the energy axis at 

3.11 mev. The spectrum was expected to contain little contamination
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from other decays. The target '«as 100% Al ? and the only other beta 
26emitters, beyond Al ", produced, by photonuclear reactions on such a 

target (in any measurable quantity) would be Al^ and Na25, both ex­
pected to be present in 3% abundance relative to Al^.

Silicon
The gamma-ray spectrum, taken after the bombardment of a target 

of silicon powder, showed gamma-rays of three energies, .511, 1.28, 

1.78 mev. Half-life measurements were made on the photo peaks 

1-28 and I.78 mev and yielded the results of 6.6 minutes and 2.3 

minutes respectively. The gamma rays were thus identified as being 
29 28from Al and Al . The relative heights of the three peaks was 

consistent with the relative abundance of the three stable isotopes 

silicon. The active aluminum isotopes were thus created by a 
(Z^p) reaction on Si29, and Si^O, and by the (y,n%) reaction on Si$° 

28 - •and Si . The contaminating gamma-rays were present in quantities 

about 7 times greater than the expected intensity of the 0.833 mev 

transition in Al .. In addition, the peak for an 833 kev gamma-ray 

would occur just short of the Compton edge of the 1.28 mev peak. 

Hence, it was felt that the presence of any radiation with an energy 

of 833 kev and with an intensity expected in this experiment would 

not have been resolved from the background. No attempt was made to 
observe the 1.83 mev transition in Mg26 following the decay from the 

(J = 5 ) ground state in Al2^.

3. Summary and Conclusions.

The results of the measurements made on the nuclei in the isobaric 
chain Si - Al2^ - Mg2^ are consistent with the level scheme shown in 
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figure 29. The value for log^Qft of 3.4 for the 6.7 second, transi­
tion shows that the positron decay is, indeed, a (o+ -♦ 0+) super­

allowed transition. The attempt to completely identify the level 
at 1.0>2 as a (T = 0,l+) level, by observing the decay from this 

level following a branching in the decay from Si26 to the level, 

failed due to the contaminating presence of Al2® and Al^.

D. Decay From the Mirror Nuclei, g31, gj27.
When Ca^O, S32, and Si28 are bombarded with the 85 mev brem­

sstrahlung beam in an attempt to produce the positron unstable isotopes 

Ca , S , and Si by the (/,2n) reaction, the mirror nuclei, Ca3^, S3\ 

and Si are produced in great quantity by the dominant (7,n) reaction. 

This reaction has a total integrated cross-section roughly 20 times the 

cross-section for the (y,2n) reaction and about twice that for the 
(7^%) reaction. Although the primary aim of this research was to 

study the (4n + 2) nuclei, the mirror nuclei were studied as well. This 

was done due to the fact that the mirrors were produced as an abundant 

by-product, and the fact that the positron transition from these nuclei, 

although not (o+ -> 0+) transitions as in the (4n + 2) nuclei, are, never- 

^keless, superallowed transitions and, as such, are of considerable inter­

est .

1. Energy Level and Decay Schematics 

- low-lying energy levels in the mirror nuclei are formed from

one particle configurations, this particle being either a hole or an 

extra particle in the outer nucleon orbit. For the beta-unstable 

member of the pairs, there is an excess of protons. This excess occurs 

either as a single proton in a nucleon orbit in conjunction vith a
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closed neutron orbit, or as a single hole in the outer neutron orbit 

in conjunction ^i h a closed proton orbit. In either case, the ex­

cess proton is transformed into a neutron with the emission of a 

po^iuron. The nuclear configuration for the transformed nucleus is 

then identical to that for the original nucleus except that the 

extra proton is now a neutron. There should be complete overlap of 

the nuclear wave functions even considering the effect of spin­

dependent nuclear forces. The level schemes in the mirror pairs 

should be identical except for the Coulomb differences which would 

raise the levels in the proton-rich member several mev above the 

corresponding levels in the neutron-rich member.

The ground states of the mirror pair Ca^ and k39 arise from 
a nucleon configuration of a single hole in the (id 3/2) shell and 

would, consequently, be (T = 1/2,J = 3/2+) states. The ground state 
of both S31 and p31 is formed from a single particle in the (2sl/2) 

shell and would have (T - 1/2, J = l/2+) . Similarly, Si2? and Al2? 

ground states are formed from a (11 5/2) hole and are (T = 1/2, 
J = 5/2 ) states.

Since the ground states in the mirror pairs are the states 

corresponding to an isobaric-spin doublet nuclear eigenfunction, 

the Fermi nuclear matrix element for the beta transition between 

the states does not vanish, but assumes the value of 1 for all cases 

(from equation III-5). The evaluation of the Gemow-Teller nuclear 

matrix element depends upon the ground state configuration and, hence 

is different in all cases. These matrix elements have been evaluated 

using Wigner coupling which assumes spin-Independent nuclear forces
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Si27
14 13

Al^
13 14

(Id 5/2) hole 1.0 1.4 1.4 3.55

s31
16 15

p3i
15 16

(2 s 1/2) hole 1.0 3.0 3.0 3.22

Ca39
20 19

K39 
19 20

(Id 3/2) hole 1.0 0.6 0.6 3.95

2. Experimental Results and Analysis

The results of the measurements of the decay from the mirror 

nuclei are shown in Table V.

Half-Life Measurements
Calcium39 was formed by a (z,n) reaction on calcium40. A typical 

decay-curve from which a determination of the half-life of the decay 

is made io shown in figure 32. Included in this decay curve, however, 
was the decay from K3&" which had a half-life of 0.95 seconds. K38™ 

was created along with K38, by the reaction Oa4°(z,n^ K38®. The
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amount of that was present, in relation to the amount of Ca^^, 

could be calculated from a measurement of the amount of the 7.6? 
minute background in the decay-curve of the radiation from Ca^. 

It was impossible to know exactly the relative amounts of and 

background that was created by the process. Such a ratio

could be calculated, however, for the relative creation of these states 

by the (y,n) reaction m This has been done, and the value for
z 3& 3&n .the ratio of (K : K c.l: 1.0) has been used to estimate the re­

lative creation of the two states by the (/,n^p) reaction o^ Ca^. 

The value of the measured half life for Ca^9 has been adjusted, us­

ing the above ratio to compute the amount of a contamination in 

the curve. The adjusted value is also shown in table V. There is • 

no a priori reason why the rel tive abundances of and should 

be the same when produced by the two reactions. It was, nevertheless, 

felt that the ratio for the production of the two states of should 

be of the same order for both reactions.
The .66 second positron activity from Ca^ would also contribute 

some short lived contamination in the decay-curve. However, since 
Ca^$ is thought to be produced in a quantity about 3% of the amount 

39 '
of Ca produced, and is accompanied in the main by the .95 second 
decay of the effect the presence of Ca"^ on the half-life deter­

mination is thought to be negligible. Since Ca^, Ca^#, and are 

the only positron emitters produced in any measurable quantity from 

the bombardment of calcium, the adjusted half-life is thought to be 
39 the true half-life of Ca .
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The mirror nucleus was formed by the reaction (/,n) S^. 
A half-life curve for the decay from 2^ is shown in figure 33. The 

half-life of 2.72 seconds, as determined from an analysis of the data, 

would be contaminated only by the estimated half life of 1.8 seconds 
from the decay of S^°. The amount of S$0 created in the target should 

represent a contamination of about 3#, which would make an upward ad­
justment in the half-life of S^1 of 2.9%. This would make the adjust­

ed value, 2.80 seconds.
The mirror isotope of silicon, 81^ was produced by the reaction 

81^8 (y,n) Si^T. The competing (y,ndp) photonuclear reaction produced 

26A1 which has a half-life of 6.7 seconds. This value of 6.7 seconds 
was sufficiently different from the 4.3 second half-life of SI2? to 

be resolved, but the two values were too close to be resolved well 

enough to attain the accuracy reached in the other half-life measure­

ments in this research. The errors attached to the results are there­

fore significantly higher than in the other measurements. The decay 

curve was shown in figure 32. The value of 4.3 seconds should also 
be adjusted for contamination due to the predicted presence of Si2^ 

which should be present in 3% abundance, and is assumed to have the 

predicted half-life of 3-5 seconds. However, since this would amount 
to only a 0.6% correction to data which has a quoted error of 3%, an 

adjustment was not made on the measured half-life.

Endpoint Measurements
Kurie plots for the positron spectra from Ca^, S^, and Si^ are 

shown in figure 34 along with the Kurie plot of the Y^O spectrum, taken 

with and without an attenuator. It is noticed that all of these spectra
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exhibit the shape of a complex spectrim. The two components of these 

spectra are the decays from the product nuclei of the (y,n) and 
(y»n p) reactions, in all cases, the decay from the mirror nuclei 

had the higher endpoint energy. Since only the mirror decays were 

to be analyzed from these spectra, only the high energy component 

was of interest and the spectra were not accurately resolved into 

their components any more than was necessary to establish the origin 

of the curvature in the Kurie plot.

3. Summary and Conclusions.

The results hown in table V show values of logoff which

indicate that the transitions are allowed and favored. That the re

suits do not agree exactly with the theoretical predictions is not

considered to be a difficulty, as the agreement is not bad. The

values are consistent with the work done at Iowa State College by 
Zaffarano et 01.^,66,41



CHAPTER VI

RELATIVE YIELDS FROM THE (y,n) ARE THE REACTIONS ON
Ca\ 8^ and SI28

The first experimental evidence that high-energy photons could 
produce nuclear disintegrations was presented by Chadwick and Goldhaber^7 

in 1934. It was shown that the deuteron could be split into its neutron 

and proton components with gamma-rays. Since this initial experiment, 

there have been numerous additional measurements of the cross-sections for 

photonucleur reactions. The experimental results have indicated that the 

photon absorption cross-section for all elements, as a function of energy, 

except hydrogen, consists of a pronounced peak in the neighborhood of 20 

mev, and a flat tail at higher energlea. To describe these pro­

cesses of photonuclear disintegrations, several theories were proposed. 

)f these theories, the compound nucleus theory of Bohr71 has been the most 

successful. In this theory the disintegration process and the absorption 

process are assumed to be completely independent processes. The absorption 

process has been found to be basically a dipole absorption process^. 

Probably the most satisfactory model for the decay of the compound nucleus 

is the statistical model of Weisskopf and Ewing72. In this theory, the 

excited nucleus is presented as a high temperature nucleon gas, with al1 

the nucleons sharing the energy. In such a nucleus, there would be a 

constant interchange of energy, and eventually a particular nucleon would 

be Foiled-off and escape from the nucleus. For high excitation energies 

additional particles may be emitted until the final nucleus has disposed 

of all the excess energy.
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Although much information has been obtained concerning single 

nucleon emission processes, relatively little experimental information 

is available concerning the processes of multiple nucleon emission. 

This lack of information is due chiefly to the difficulty of separating 

the reaction products from those of the single neutron or proton reactions. 
Cross-sections for the (y,2n) reactions have been studied in copper^4, 

nitrogen*^, and tantalum^* . It was found that the (7,2n) cross-section 

as a function of energy exhibits a resonance peak which occurs in the high 

energy tall of the (y,n) cross-section resonance. The height of the (y,2n) 

resonance peak was abouc 20% of that for the (z,n) reaction. Several other 

multiple nucleon photonuclear disintegrations have been studied; among them 

being the (z,a) reaction and the (z,3n) reaction in various nuclei. 

A. Deuteron Emission Photonuclear Reactions.

The multiple nucleon emission process with the highest reaction 

cross-section is that for the ejection of a deuteron (or a neutron and a 

proton) from a nucleus. Three experiments have been carried out which in­

dicate that more deuterons are emitted in photonuclear reactions than would 

be expected from considerations of the statistical theory of nuclear re- 
actlons^. The reactions (z,n^p) may readily be detected at energies 

down to the photodeuteron threshold; onj_y one mev above this threshold 
the (z,d) to (z,p) cross-section ratio reaches the value 0.001^. Byerly 

>78 and Stephens' found that the ratio of deuterons to protons produced in 

copper irradiated with 24 mev bremsstrahlung is 0.31. For 65 mev x-rays, 
48 this ratio rises to 0.5 . These ratios are several orders of magnitude

larger than the statistical theory would predict^.
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The observed cross-sections, when plotted as a function of energy 

have a shape characteristic of a double peak. For this reason the curve is 

assumed to be a superpositron of the curves for the (y,d) and (y,np) reac- 
70

tions . The threshold for the (y,np) reaction in Cu is higher than that 

for the (y,d) reaction by 2.18 mev^. This is simply the binding energy 

of the deuteron.

B. Results and Analysis.

In this experiment, the decay-curves obtained after the bombard - 
40 32 28

ment of Ca , 2 , and Si could be used to calculate the relative yields 
for the (y^p) and (y,n) reactions on these isotopes. The calculations 

are based, not upon a direct measurement of the neutrons and deuterons 

created by the reactions, but upon a measurement of the relative amounts 

oi tae reaction product nuclei present in the target sample. The measure­

ments, therefore, represent the ratio of the yield from the (y,np) and 
(y,d) reactions to that from the (y,n) reaction rather than the ratios 

irom the (y,d) reaction alone. The results of the calculations are given 

in Table VI.

For two of the isotopes bombarded, the reaction products of the 
(y,n) and (y,n p) reactions have half-lives which are significantly differ­

ent, and had to be measured on different time scales. The background after 

the decay of the shorter half-life had to be broken up into its components, 

namely those of the true background (infinite half-life) and of the longer- 

lived decay. By a careful analysis of this background after the long-lived, 

nuclei were gone, such a division could be made. The relative abundance 

of the short-lived nuclei and the long lived nuclei could then be calculated 

by correcting the observed ratio for the effects of half-life differences
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TABLE VI

TARCæT 
ISOTOPE

PEAK 
bremsstrahlung 

ENERGY
YIELD-RATIO
X

Y N

ADJUSTED
YIELD-RATIO

Ca40 85 mev 0.16 + 0.03 
0.17 + 0.03 
0.1? + 0.03 
avg.
0.17 + 0.02 O.4o + 0.05

s32 85 mev 0.41 + 0.09
0.43 + 0.09
0.45 + 0.09 
avg.
0.43+0.05 —

S!28 8> mev 0.16 + 0.06
0.1 '( + 0.06
0.15 + 0.06 
avg.
0.16 + 0.04

60 mev 0.16 + 0.05
0.10 + 0.05
0.13 + 0.05 
avg. .
0.13 + 0.03

4o mev 0.11 + 0.05
0.09 + 0.04 
0.12 + 0.05 
avg.
0.11 + 0.03 —— ———
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for the effect of using the in,errupted beam cycle procedure (Section 

IV-D-2) to obtain the decay curve.

Such a correction factor may be calculated from equation IV-12. 

This gives as the total number of active nuclei (with a particular half­

life) in the target after an infinite number of operation cycles (consis­

ting of k peaking strip pulses bombarding time and £ peaking strip pulses 

observation time),

- ■ -,

VI-1
is tile number of nuclei created per 30 p-sec beam pulse, ky is the 

decay-constant of nuclei in question, and to is the time between pulses.

Therefore, the number of counts from type y nuclei in the first 

channel is given by

N = 15251 \ N t ' e VT-2
? (k+p) ?

t

where t = length of run im seccr.ds, t is the length of the time channel 

in seconds and e is the proportionality factor, a y , is the number of 

nuclei of type y created in each beam pulse, is now given by

Ny(k+p) 
t'(20t)kyG

_______ __ ____________1  
g-PX/to^-kytp ^-kkytp^ (g-X/tp ^-kk/tpy
(l-e~^7^o) (i_e-Xy(k+p)to) (1 _ e-^o)

—is then the ratio of the number of nuclei created with decay-constant 
“72 
ky, per beam pulse, to the number of nuclei created with decay-constant ky^
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If the nuclei with decay-constant \ were created by the (y,n%) reaction,

and the nuclei with decay-constant x were created by the (y,n), the ratio
®^1 2

°f 0^ represents the actual yield ratio for the two photonuclear reac­
tions .

The reaction products of the (y,n^p) and (y,n) reaction in 81^ 

had half-lives of 6.7 and 4.3 seconds respectively. Therefore, the decay­

curve for each product isotope could be obtained from the same measurement. 

The background from this complex decay-curve served as a check on the cal­

culated static background for the decay-curves from calcium and sulfur. 

The yield ratio from the bombardment of silicon was obtained for bombard­

ing energies of 85 mev, 60 mev, and 40 mev. The accuracy in the quoted 

bombarding energy is felt to be about 5%.

The observed ratio from the bombardment of calcium was further 

corrected to take into account the fact that the long-lived activity re­
presented only that portion of the (y,n%) reaction products created in 

the K ground state. The portion created as would be observed in 
the decay-curve of Ca39, the reaction product of the (y,n) process. 

Assuming the computed ratio of 2.0/2.1 for the creation of K3^ 
K38 from the (7,n) reaction on K39, to hold also in the creation of these 

states by the reaction Ca^ (7^%) K3^, the observed yield ratio from 

a 4oCa was corrected. The adjusted value is also shown in Table VI.

C. Summary and Conclusion.

The observed ratios of the yields from the (y,n%) reaction and 
the (7,n) reaction on Ca^ and S32 are consistent with the previous measure­

ments in sulfuré73 and in copper76'77. The yield ratio from the bombard- 
28ment of 81 was better than a factor of 2 smaller than the corresponding



40 32ratios from Ca and S at 85 mev bombarding energy. This is consistent 
with the findings that the neutron yield of the reaction Al^(y,n) Al^^ 
is three times the positron yield^^.



CHAPTER VII

SUMMARY AND CONCLUSIONS

A state has been found in which lies at 3.5 mev above the 

ground state. This state has been identified as having either (T = l,0+), 
or (T = 0,1+). The latter assignment of the 3.5 mev state is the preferred 

assignment. Both assignments are possible from an (s ÿ"2 configuration50. 

From measurements of the positron endpoints of the decays from and 

K , and from an energy measurement of the gamma-ray which follows the 
decay from K38, the energy separation of K3® and K38m has been measured 

to be (210 + 190) kev. The (T = 0,3+) state is probably the ground state.

The half-life of the positron decay from Ca^8 has been measured 

to be 0.66 + 0.05 seconds. Since the decay is assumed to be, in the main, 

a (0+ -* 0) transition between the corresponding states Ca^ and the 

decay should be a superallowed transition with log^ft = 3.5. This value, 

together with the measured half-life, predicts an endpoint energy of 6.3 

mev for the positron decay. Such an endpoint may account for the wide 
discrepancies in the measured values of the decay from Ca3^. The Ca3^ 

was produced in many such measurements by a Ca^0 (y,n) reaction. Since 

the bombarding energies were usually above 30 mev, Ca3® was also produced 

in about 3# relative, abundance. This presence of Ga3®, with the predicted 

endpoinc of. 6.3 mev could cuase a distortion in the positron spectrum of 
39 ■CaJ , particularly at the higher energies.

The ratio of the activities produced by the (y,n%) reaction and 

the (7,n) reaction on Ca agrees with previous measurements, showing that 
the (/,n%) cross-section is much higher than that predicted by Weisskopf 
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and Ewing This is in accordance with similar yield measurements on 
S32 ana on Cu63

When sulfur was bombarded by the bremsstrahlung beam, no gamma- 

rays were found with an energy of 700 kev. The absence of such a gamma­

ray is interpreted as indicating that the reported state at 700 kev in 
p3° 21,53,55 is a (T = 0,0) state. The existence of such a state vio- 

laLes the rule that in the odd-odd, self-conjugate nuclei the (T = 0) 

states may have only odd values of . Such a state could, however, be 

formed from a mixed nucleon configuration. The (T - l,0+) state probably 

between this state at 700 kev and the ground state. Transitions from 

..his state would not have been seen due to the proximity of the energy of ■ 

the ^amma-ray to the very intense annihilation radiation. In the bombard­

ment of sulfur, as in the bombardment of calcium, the ratio of (y,n%) 

reaction induced activity to (7,n) reaction induced activity is too high 

to ce consistent with the Weisskopf-Ewing theory.

The data irom the bombardment of silicon indicated that the 

deuteron emission induced activity is much lower than that from the bombard­

ment of either calcium or sulfur. This has been interpreted as a substant­

iation of previous experiments which indicate the productionaof two states 
in " • One of these states has a very long half-life and decay

from this state was not observed as deuteron emission induced activity.

It is to be hoped that further experiments could be designed and 

carried out which would further verify the findings of this research, would 
indicate the location of the (T = l,0+) level in P#, and would verify the 
existence of the same state in Al2^ at 1083 kev.
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