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PREFACE

This thesis describes measurements of the K43+ ratios for the
decays of 3OP and 91Mo to the ground states of 3OSi and 91Nb, respectively,
and the ft values of the weak transitions to excited states of these
nuclei. It elso contains a review of all available experimental values of

K48+ and 548+ ratios for allowed transitions.

The work was carried out at the Kelvin Laboratory, University of
Glasgow, between October 1969 and October 1973, excluding the period from

October 1971 to January 1972.

The first chapter contains an introduction to beta decay theory.
Orbital electron capture, particularly K-capture, is considered and a
theoretical expression given for the ratio of K-electron capture to

positron emission for allowed transitions.

The following chapter examines the agreement between experimental
and theoretical values of the K4B+ ratio for nuclei with Z ¢ 15. The
review of K43+ measurements in this region was carried out in collabora-
tion with Dr K. W. D, Ledingham and.Dr J. Y. Gourlay. The measurement
of the K48+ for 30P ratio described in this chapter was performgd by
Dr Gourlay and Dr Ledingheam together with Dr J. G. Iynch. The present
author assisted in the analysis of some of the data. A description of
the 3OP experiment is included since it is typical of the low Z K43+
measurements and demonstrates the experimental techniques applicable in
this region. The experimental K48+ ratios for the low Z region are com-
pared with theoretical K4b+ratios calculated by the author and

Dr Gourlay employing published tables of Fermi functions.



The measurement of the intensity of the weak transition of 30P to
the 2.23 MeV level in SUSi is described in appendix 1. This work was
carried out by Dr Gourlay, Dr Ledingham, Dr Lynch and the autﬁor and
was a development of observations made during the.3OP K45+ measure-
ment. The presence of a 680 keV peak seen in the gamma ray spectra
from S°P was attributed by the suthor to the summing of a 511 keV

positron annihilation gamma ray with its backscattered partner.

A review of all available K43+ and e%?+ measurements for nuclei
with 2 7 15 is contained in chapter 3 and appendix 2. The author was
gsolely responsible for the review of the experimental evidence., Com-
parison of these ratios with theoretical ratios shows a discrepancy bet-

ween experiment and theory which is more pronounced at high values of Z.

The measurement of the total K48+ ratio for 91Mb is described in
chapter 4, This experiment was underteken as a resﬁlt of the apparent
disagreenent between experiment and theory revealed in the previous
chapter. The experimental work was carried out jointly by the author
and Dr Ledingham with assistance from Dr Lynch, Dr Gourlay and
Mr M. Campbell. The author is solely responsible for the analysis of
the data but hust acknowledge the assistance given by Dr Gourlay in

connection with the development of computer programs.

The following chapter examines the weak transitions from 91Mo to
excited states in the daughter nucleus,and log ft values for these
transitions are calculated. The measurements of the efficiency of the
Ge(Li) detector employed in this study of the gamma. ray spectrum of 91Mo
were carried out by Mr Campbell. A wvalue of the K49+ ratio for the.decay

of Vo to the ground state of b is derived from the total K/8' ratio



obtained in the previous chapter using the intensities of the weak

transitions to excited states.

Chapter 6 compares the experimental and theoretical K40+ ratios

for 91Mb. A fairly large discrepancy between these ratios is observed.

This is in sgreement with the general trend observed in all.the measure-

ments considered in chapter 3. However, the existence of some

111

exceptions to this general trend (e.g. 89Zr and Sn) and the

possibility of systematics errors, particularly in the group of results
around Z = 60, indicates the need for at least one accurate measurement

of a Kée+ ratio in the region above Z = 30. The experience gained from

120

the 91Mb experiment has been used in the choice of Sb as a suitable

. . +
isotope for a precision Kée measurement.
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CHAPTER 1

INTRODUCTION

Measurements of the ratio of K;electron capture to positron emis-
gion (K48+) for allowed trancitions have played en important part in
the development of beta decay theory. Comparison of experimental and
theoretical values of K48+ ratios has yielded information about the
relative magnitudes of the five basic interactions, scalar (S), vector
(v), tensor (T), axial vectof (A) and pseudoscalar (P), which can con-
tribute to the beta decay process (Joshi and Lewis, 1961, and Scobie
and Lewis, 1957). Since the theoretical K4é+ ratio depends on.the
K-shell electron wavefunction this comparison of experimental and
theoretical ratios has also been used to t;st the K-shell wavefunctions
or corrections to these wavefunctions arising from imperfect atomic

overlap and electron exchange (Baheall, 1965).

Beta Decay
The firet successful beta decay theory was proposed by Fermi (1934)

and is based on the assumption that beta decay is an exact analogue of
the electromagnetic interaction. In the electromagnetic case a change
of the atomic state leads to the emission of photons while in the beta
interaction a change of the nuclear state leczds to the emission of
leptons (i.e. electrons, neutrinos snd their corresponding antiparticles).
The effect of beta decay in a nucleus can be represented by the following
processes

n—sp+e + 5 electron emission gﬂ-)

p—n+ o + v positron emission gﬁ+)

- + -
wvhere n, py ¢ y € , ¥ and » represent a neutron, proton, electron,



positron, neutrino and antineutrino, respectively. The éxtension of the
theory to include electron capture can be made by taking into account
the Dirac theory where the creation of a particle can be regarded es
equivalent to the smnihilation of the corresponding entiparticle. Thus
positron emission is equivalent to the capture of an elesctron by a
proton

p+te —n+» electron capture.
The theory of beta decey was developed by Yukawa and Sakata (1936),
Bethe end Bacher (1936) and Mgller (1937) to include the electron

capture procesas,

Since the interaction responsible for beta decay is very weak,
first order perturbation theory can be used to calculate the transition

probability, T, from an initial state i1 to a final state f giving

R
of

= aw : | equation (1)

wherej*if is the matrix element of the interaction responsible for the
transition and dN/dW is the energy density of final available states.
¥, ¢ cen be written as

ﬁq= det

where H is the beta decay interaction density.

The electromagnetic interaction can be describesd by the interaction
of a current with a vector potential, the strength of the interaction
being given by the elementary charge e. By analogy, in beta decay the

current associated with the neutron-proton transition is given by

%*

Vo 3 T

where Vb and‘%n are the wavefunctions of the proton and neutron, respec-

where Vb and‘%n are the wavefunctions of the proton and neutron, respec-

2



Operatdr 0 Relativistic transformation
. . x
i properties of P * O, }bb

Scalar (S)

-

Pseudoscalar (P)

b\°<

Vector (V)
Axial Vector (4)

Tensor (T)

NS

TABLE 1.1




tively, and X/u is & four-vector defined by

X/‘ = (ipe, -iBey - ipe B)
where « and S ere the Dirac matriées (Schopper 1966). The symmetry

of p+ e —n+y in the nucleons and leptons suggests the form
*
Yo %V,
for the vector potential of the emitted lepton field. The resultant
Hamiltonian is of the form
¥ ¥ d
H=g \‘_(qp; %mm‘ L) v (Vo %% X%, Y M]

Va
where g, the coupling constant, determines the strength of the inter-

action and the second term, which is the hermitian conjugate of the
first, is added to ensure that the energy eigenvalues are real. The
first term describes proocesses like
n+v sp+e
end n—yp+te +7¥
and the second term describes processes like
p + e —n+v

+
and p »>n+e +vy

* L S
Terms of the form '\Pa }{}1 '\};b can be generalised to ’}ba Oi '\Db,

where the 0:l are various combinations of the ¥ matrices. There are

only five distinct combinations and they can be grouped according to

their properties under a Lorentz transformation (see table 1.1).
Five different interaction densities can, therefore, be formed

L 4
H, = SLL ('V'; 0.V, XV, O Y,) + hermitian conjugate_]

with i = S, P, V, A and T (Konopinski end Langer, 1953). The general

interaction is a linear combination of all five interactions



H = %giﬂ ag%cin

i i

where gy = gCi.

Since the scalar and pseudoscalar terms, and also the vector and
exial vector terms, transform in the seame way apart from a difference

in sign, an equivelent set of interaction densities is given by
H' = 9. [ (‘\,L: 0, ¥, X ¥e 0¥ V,) + hermitian oon,jugatel

Thus H may assume the more general form
H=g %_(ciHi + G, H,) equation (2).

This general beta decey Hamiltonian is not invariant with respect to
space inversion, i.e. it does not conserve parity. C and ¢’ are the
coupling constants of the parity-conserving and parity-nonconserving

interaotions, respectively.

In 1956, Lee and Yang examined all previous experimental results
on week interactions snd concluded that there was no evidence for or
sgainst parity consexvation. They showed that the question of parity
conservation in beta decay could be settled only by forming a pseudo~
scalar from experimentally measured quantities. The reason is that
only pseudoscalars contain terms of the form CC', representing inter-
ference between the parity-conserving and parity-nonconserving
interactions. One of the experiments suggested by Lee and Yang was a
neasurement of the angular distribution of the electrons from the beta
decays of polarized nuclei. The quantity DT, where_g is the
momentum of the electron and o~ is the nucléar spin, is a pseudoscalar
since, under the parity operation, p - -p and 7> » -, Thereforé,

an asymmetry in the angular distribution would prove that parity ie



not conserved in beta decay.

Wu et al. (1957)'measured the angular distribution of the
electrons from the beta decay of poiarized 6005 nuclei and found that
the electrons were emitted preferentially in the direction opposite to
that of the 6000 nuclear spin. This shows that parity is not consexrved

and the most general form of the beta decay Hamiltonian is, therefore,

given by equation (2).

Allowed Betsa Decay

Since the neutrino has practically no interaction with matter
(e.g. Reines and Cowan, 1959) it can be represented by a plane wave
y, ~ exp (ik,.r) )
where k, is the wave vector of the neutrino (k,h = q = neutrino
momentum). The wavefunction of the electron can also be represcnted
by a plane wave if the distortion of the wavefunction by the nuclear
charge is neglected

VY, ~ exp (ike.r).

In the calculation of the transition matrix elements, integration
over only the nuclear volume is required since the nuclear wavefunc-
tions are zero outside the nucleus. The lepton wavefunctions are,

12 0.

therefore, required only for 0 ¢ » ¢ R (R = nuolear radius ~ 10"
For 1 MeV electrons and neutrinos (ke +k )R ~ 0.1. The transition
probability, therefore, contains terms

exp[i(ke + k,).r]
which can be expanded as a series of termé corresponding to different

orbital angular momenta of the leptons, consecutive terms in the

expansion differing by a factor (ke + ky)2R2; The terms, therefore,



AT

Parity change

Type of transition

“ t+ i+ \+ t+
=S I (V9] W

t+

No
Yes
Yes
No
No
Yes
Yes

No

Allowed

"First forhidden

Unique first forbidden
Second forbidden
Unique second forbidden

Third forbidden

Unique third forbidden

Fourth forbidden

TABLE

1.2




decrease rapidly with increasing angular momentum.

Trensitions in which the leptons do not carry away orbital angular
momentum are called allowed. These are described by taking only the
first term in the expansion. The allowed decays are divided into
Fermi decays, in which the leptons are emitted with their spins anti-
parallel, and the Gamow-Teller decays, in which the leptons have
parallel spins. Thus in Fermi decays the total angular momentum
removed by the leptons is zero and in Gamow-Tellef decays the leptons
carry away one unit of angular momentum. There is no change in parity
between the initial and final nuclear states in allowed transitions

since the leptons do not remove any orbital angular momentunm.

Transitions associated with higher terms in the expansion are
called forbidden. The selection rules for allowed and forbidden tians-

itions are shown in table 1.2.

_ For allowed decays, the scalar (S) and vector (V) interactions can
both give rise to Fermi decays while the tensor (T) and axial veotor
(A) interactions can give rise to Gamow-Teller decays. The pseudo-
scalar (P) interaction does not contribute to allowed decays since it
requires a parity change. The possibility of interference between the
S and V interactions and,'separately, betﬁeen the T and A interactions

is described by the Fierz interference term, b (Fierz, 1937).

: 2
(CSCV + Cslcv’)lMp'l + (CTCA * CT'CRI) |M6T|

Y x Y 2 2 2 2
(¢ee, v g *S )lmrl L R L PR g *(‘:)lmsrl

b=

where MT and MCT are the Fermi and Gemow-Teller matrix elements,

respectively (e.g. Lee and Yeng, 1956) and the nuclear matrix element



M is defined by
|uf? - Cp IMFIZ * Cgp IMtle .

A comparison of experimental and theoretical K43+ ratios can be

used to determine the magnitude of b since
R-R
b = >
Ro + R<1/W7
where <1/W> 1is the. average of 1/ (W is the energy of the beta particle).
R and Rb are the experimental and theoretical values of the K43+ ratio,

Ro being calculated assuming b = O. ‘

The evidence from a comparison of experimental and theoreticel K//g+
ratios indicates that b is very small. Sherr and Miller (1954) found b
to have a value of -0.02 % 0.04 for 2zNa.. This is a pure Gamow-Teller
transition and, therefore, the Fierz intexrference term describes here
interference between the T and A interactions only. Drever et al.
(1956) also determined b for a pure Gamow-Teller decay, 18F, by measur-
ing the K/8" ratio and they found b = 0.008 * 0.04. Konijn et al.
(1958/59) neasured the K/,8+ ratios for the decays of 22Na, 43?, 52Mn,
58Co and 57Ni and obtained a mean value of -0.007 % 0.010 for b. From
a measurement of the K//6+ ratio for 110, a predominantly Fermi decay,

Scobie and Lewis (1957) estimated b to be 0.03 * 0.10.

Lee and Yang (1957), Landau (1957), and Salam (1957) introduced a
two-component neutrino theory which required the neutrino rest mass to
be zero snd the spin to be either parallel or anti-parallel to the
direction of motion. 7Y, can be written as

Y= 300 +%)Y% + 300 -7 %
The first term 3(1 + ‘55) is the projection operator for left-handed



particles (i.e. particles with spin opposite to the direétion of motion)
and %(1 - XS) is the projection operator fqr right-handed particles. It
was shown experimenfally by Goldhaber et al. (1958) that the neutrino
is left-handed (i.e. has negative helicity), and, therefore, V, can
be replaced by

(143 % |
Experimental evidence indicates that electrons emitted in beta decay
have negative helicity and positrons have positive helicity (Frauenfelder
et‘ al., 1957, Frauenfelder and Steffen, 1965). Thus Y can be

replaced by
B1+3)Y, =al,
where a = 3(1 +'15) and a* = (1 ~ Ys).
Feynman and Gell-lzann (1958) suggest applying the same rule to the wave-
functions of all the particles in the beta decay giving an interaction

of the form

2 ¢ {(at) 0 o, 3{ (a%)" Oc i

Since (ay)* = <y*a* each term contains a¥0,a. For the S, T end P
interactions this reduces to zero and only the V and A terms can exist.
This is known as the V-A theory of beta decay. In this theory the

Fierz interference term b is identically equal to zero,

Electron-neutrino correlation measurements (e.g. Johnson et al.,
1963 and-Carlson, 1963) have shown that any contribution to beta decay
from the scalar and tensor interactions is very emall. The experimental
results are in very good agreement with & pure V-A interaction and the
coupling constents CF and CGT can, therefore, be identified with Cv

and CA’ respectively.



The form of dN/di, the energy demnsity of available final states,
can be determined from the assumption that the energy of the transition
is shared statistiéally among the decay products, i.e. the probability
of a decay leading fo a given group of final states is proportional to

the number of these states.

The probability of emission of an electron with energy in the

range W to W + dW per unit time is

2 .
N(W)aw = £ 4|2 F(3z P - W)2 aw equation (3)
2N
where P = electron momentum in units of m,c

WV = /pz + 1 = total electron energy in units of moc2
Wo = maximum value of W )
W - ¥ = neutrino energy (or momentum) in units of mocz (or moc)

Z = atomic number of daughter nucleus.
The Fermi function, F(+Z,W) takes into account the distortion of the
wavefunction of the emitted beta particle by the nuclear charge., The
minus and plus signs refer to /3+ and /6- emnigsion, respectively.
Tables of Fermi functions including the effects of finite size of the

nucleus and the screening of the nucleus by the orbital electrons have

been published by Behrens and Janecke (1969).

The probability that a nucleus undergoes an allowed beta decay per

unit time is given by A where

wo
N o= [ N(W)aw
]
2 2
- 8] £(2,v )
2,’\3 ! (o)
wo
with f(Z,Wo) = f pw(wo - w)2 F(F2,W)aw,



This assumes that the nuclear matrix element M does not depend on W,

The half life t of a transition is given by

In2
t = ==
2
Therefore,
2 3 In2
£(2,W )t = 5o
g“lul

This quantity, ft, is called the comparative half life., The ft values
for allowed transitions are found to fall into two groups, one with

log £t wvalues in the region from about 4.0 to 7.0 and the other with
log £t values around 3.5. The transitions in this latter group are
called superallowed. For these transitions the nuclear matrix element
M, which measures the overlap of the initial and final nuclear wave-
functions, is large due to the similarity of these wavefunctions.

The mirror transitions (N - Z = 1 for both initial and final nuclei)
fall into this category. The 0+ - 0+ transitions are also superallowed.
For these transitions only the Fermi matrix element can contributé

according to the selection rules, therefore
2 2 2
LIS = M5
Since the matrix element Mf is equal to J?;(Schopper, 1966)‘the value

of the vector coupling constant can be found from the ft valwe for a

O+ - 0+ transition.

2
From equation (3) it is apparent that a graph of EJ(W)/F(*-Z,W)p‘u’z, 2

against W should be a straight line. This graph is known as a Kurie

plot and extrapolation of the line can be used to determine the /6

particle end point energy, Wo.

10



Orbital Electron Capture

Orbital electron capture was first detected experimentally by
Alvarez (1937, 1938). He observed titanium K x-rays emitted during
the atomic rearrangement following the capture of K-shell electrons

8

in %y,

The main difference between orbital electron capture and A emis-
sion lies in the faet that the electron wavefunction for electron
capture corresponds to a bound atomic state compared with the free
particle wavefunction for /9 enission. Therefore, for capture from a

given shell, the electron energy has a unique value,

The energy (q) available to the neutrino in electron capture from
the nth shell for a nuclear mass difference Wo is
q = Wb + Nﬁ = Wo + 1«3
where B is the atomic binding energy of the ocsptured electron and

th

Wn = 1 - B is the total energy of an electron in the n™™ shell, All

energies are given here in units of mocz.

The probability of K-electron capture in an allowed decay is

C 2
47

where €y is the large domponent of the Dirac K-electron wavefunction
evaluated at the nuclear redius. Graphical representations of X end
L shell electron radial wavefunctions,taking into account screening
and finite nuclear size were published by Brysk and Rose (1955, 1958).
Band et al. (1956, 1958) calculated wavefumctions for K and L capture
by integrating the Dirac equation with a wniform charge distribution
inside the nucleus and a Thomas-Fermi-Dirac potential butside the

nucleus, L1/K electron capture ratios were obtained by Winter (1968)

11



using analytical Hartree-Fock wavefunctions. The results he obtained
are in good agreement with Band et al. but not with Brysk and Rose.
Suslov (1968) and Zyrianova and Suslov (1968) obtained electron radial
wavefunctions by numerical integration of the Dirac equation using a
nonrelativistic Hartree-Fock-Slater potential for 13<€2¢ 73 and a
relativistic potential for 74¥2¢ 98, Finite nuclear size was included
by treating the nucleus as a uniformly charged sphere. Behrens and
Janecke (1969) give tables of electron radial wavefunctions,at the
nuclear radius, of K, L and M electrons for all values of Z. The wave-
functions were calculated by integrating the Dirac equation with a
uniform charge distribution inside the nucleus end with a Hartree-Fock
potential (Z ¢36) or a Thomas-Fermi-Dirac potential (Z >36) outside tﬁe
nucleus. Electron radial wevefunctions héve also been calculated by
Martin and Blichert-Toft (1970) by solving the Dirac equation with a

Hartree self~consistent potential.

K-Electron Capture to Positron Emission Ratios

For an allowed transition in which positron emission is energetically
possible, electron capture is also a possible decay process and the ratio

of K-electron capture to positron emission is given by

. . \2 2
+ ﬂ'(ﬂo * Wk) €x .
K43 = 7 equation (4)
o
2} pW(Wo - w)?2 F(~2,W)aw
d

This ratio is independent of the nuclear matrix element M and depends
on the K-electron wavefunction, Eg* In the calculations of theoretical
K/F+ ratios in this thesis, the electron radial wavefunctions, the
Fermi functions and electron binding energies given by Behrens and

Janecke (1969) have been used.

12



Corrections to the Theoretical K4s+ Ratio

Benoist-Gueutal (1950, 1953) and Odiot and Daudel (1956) showed
that, for an exact treatment of electron capture processes, it is
necessary to include corrections due to an exchange interaction between
the capyured electron and electrons in other shells. This arises
because of the indistinguishability of the atomic electrens, which means
that it is not possible to identify the electron which disappears in
K-capture with an electron initially present in the K-shell of the
parent nucleus. Also, since the nuclear charge changes by one unit as
a result of electron capture, the initial and final atoﬁic states do

not overlap perfectly.

Baheall (1962, 1963 a, b, ¢ and 1965) has calculated the effect of
exchange and imperfect atomic overlap on electron capture probabilities
for a range of values of 2. The calculations of Benoist-Gueutal and
Odiot and Daudel were complicated by the fact that an infinite number
of final states must be taken into account. Bahcall showed (1963 c),
by explicit calculation of one-electron overlap integrels using Hartree-~
Fock wavefunctions,that the inner atomic electrons are almost inert
(i.e. the overlap integrals are approximately unity) if they are not
captured. He also showed that the probability of an outer electron
(i.e. outside the 3s shell) in the initial atom jumping to an inner
level in the final atom is very small. It follows that the atomic
state vectors can be separated into two practically independent parts,
one representing the inner electrons and the other representing the
outer electrons. The outer electron states form an almost complete
set since the only states in the final atom not available to the outer

electrons are the few inner electron states.

13



Bahcall's corrections to K-electron capture arise from the fact
that a vacancy in the K-shell of the final atom can occur in three

experimentally indistinguishable ways.

(1) ennihilation of a 1s electron in the initiel atom with the
2s and 3s electrons appearing in theAZS' and 3s' states in the final
aton

(2) annihilation of a 2s electron with a 1s electron Jumping
into the 2s' state in the final atom |

(3) annihilation of & 3s eiectron with a 18 electron jumping
into the final 3s' state.

Therefore, the amplitude for the prcduction of a hole in the final 1s'
shell is )
f(18') = <2s' |28 ¥ <3s'| 3s> ’\}/18(0)

-<2s8' [1s) <3s'| 357 V¥, (0)

-<{3s' |18>< 28'| 287 '\I/3S(O)
where the atomic matrix elements <ns'| ms> represent the overlap of the
ms wavefunction of an electron in the initial atom with the ns' wave-
function of an electron in the finalatom. The integrals of the type
<{ms'| ms?> are called overlap integrals while those of the type

<ns'] ms? are called exchange integrals. The 1Pms(o) are one-electron

wavefunctions evaluated at the nucleus.

In the theory without exchenge and overlap corrections

£(1s') = Y, (0)

The exchange-overlap correction to K-electron capture is EK’ defined by

£(1s")

% |70
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The integrals {ns'| ms? were evaluated by Bahcall using the
snalytic Hartree-~Fock wavefunctions of Watson and Freemen (1961).
According to Bahcall, his calculations of BK are not valid for values
of 4 <15 and the.fact that BK tends to unity as % increases reflects
the increasing similarity of the initial and final atoms. Bahecall
gives the following formula which can be used to calculate values of

BK with an accuracy of about 2 per cent

B o=1- 0.9292"1 + 20.98272 - 316.52~3

The effect of these exchange~overlap corrections on K43+ ratios is

given by

(K//g+)corrected - <K//8+)o BK

where (K//g+)° is the usual uncorrected theoretical K-electron capture

to positron emission ratio.

Similar exchange-overlap corrections must be made to L1 and M1
capture. For example, in the case of L1 capture, the amplitude for the
production of a hole in the final 2s' shell is

£(2s') = <1s8'| 18 ¥< 3s8'| 3s>-'$1'23(0) |

-<18'| 28 7 < 3s'| 3s7’\#1s(0)
-<3s8'| 2sY < 18'| 187 11:38(0)
and in the theory without corrections
f(2s') = ¥ ,(0)

The exchange-overlap correction to L1-capture is

f$28';
%29 0

The exchange-overlap correction to L1/K capture ratios is

2

B,

1

15
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and the corrected theoretical L1/K capture ratio is

- (1,/x)° xL/E

(L1/K)corrected

where (L1/K)° is the uncorrected theoretical ratio.

It has been pointed out (Zyrianova and Suslov, 1968, and Fink, 1968)
that Bahcall's exchange-overlep corrections to L1/K and M1/L1 capture
ratios result in theoretical values which are a few percent larger than

experiment.,

The VWatson-Freeman wavefunctions used by Bahcall do not take into
account relativistic and nuclear size effects. However, Bahcall estimates
that these effects are relatively unimportant for exchange-overlap

corrections.

Suslov (1970) obtained relativistic estimates of exchange-overlap
effects in electron capture. He used wavefunctions obtained by numerical
integration of the Dirac equation, with a non-relativistic self-consistent
Hartree-Fock-Slater potential for 13 <€ Z £ 73, and an analogous
relativistic potential for 2 > 74. The finite size of the nucleus was

included by considering the nucleus to be a wiformly charged sphere.

The values of BK obtained by Suslov are very similar to those
obtained by Bahcall (Table 1.3). Bahcall has calculated B, only for
14¢ Z ¢ 37. Suslov's calculations extend up to 2 = 98, but arenot shown
for every value of Z above 40 since they change very little with Z in

this region. .

Faessler et al. (1970) recalculated the Bahcall corrections for
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light atons using the Hartree-Fock-Slatef functions of Hefman and
Skillman (1963) and the Hartree-Fock functions of Froese (1965, 1969).
The latter calculation was carried out only for 2 = 4, 13 and 23, The
values of BK obtained with the Herman-Skillman wavefunctions are also

shown in table 1.3 and are seen to be in good agreement with Bahcall.

In Bahcall's calculations the electron wavefunctions of the ground
states of the initial and final atoms were used. However, Vatai (1968)
pointed out that, after electron capture, the final atom is in an

excited state with a vacancy in one of the inner shells,

Vatai (1970) examined the approximations made in Bahcall's calcula-
tions of exchange-overlap corrections to electron capture. He noted that,
in these calculations, the disappearance of a proton charge had been
taken into account but that the disappearance of the captured electron's
charge had been neglected. Due to the screening effect bvefore capture,
the actual change in potential during the capture process is less than
the change which would be caused by the removal of the proton charge
alone., The effect of the exchange-overlap corrections calculated by
Vatai is, therefore, smaller than that due to Bahcall's corrections.

Vatai used the analytic one-electron wavefunctions of Watson and Freeman
(1960, 1961) to describe the initial state and as a basis for the calcula-
tion of the wavefunctions of the final state by first order perturbation

theory.

The values of BK calculated by Vetal are shown in table 1.,3. Vatai
has calculated BK for 13 ¢ 2 & 37 and also gives expressions which can
be used to extrapolate the results into the regions below Z = 13 and

above 2 = 37. It is clear that, for all values of Z, the values of BK

17



given by Vatai are larger than those given by Bahcall, Suslov and

Faegsler et al.

Faessler et al. (1970) have also recalculated exchange-overlap
corrections taking into account the fact that the final atom is left
in an excited state, as suggested by Vatai (1968). They do not give

values of 3K calculated in this way but their values of XL/K

s the
exchange~overlap correction to L1/K ratios, are in fairly good agree-
ment with those of Vatai end are smaller than the corresponding

corrections given by Bahecell,

Exchange-overlap corrections have also been calculated by Martin
and Blichert-Toft (1970) using wavefunctions obtained by solving the
Dirac equation with a Hartree self-consistent potential. The values of

BK which they obtained are shown in table 1.3.

The values of BK calculated by those various authors fall into
two groups, with one group based on Bahcall's theory of exchange and
overlap and the other based on Vatai's. The disagreement between the.
two sets of results is most pronounced at low values of Z. The lowest
value of %4 for which the two theories can be directly compéred is Z = 14.
Vatai gives a formula which may be used to extrapolate his results to

lower values of Z but Bahcell gives no such extrapolation.

A comparison of experimental and theoretical Kép+ ratios for
isotopes with low atomic number is given in chapter 2 where the question

of exchange-overlap corrections to K-electron capture is considered.
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CHAPTER 2

K-ELECTRON CAPTURE TO POSITRCT EMISSION
RATIOS OR LIGHI ISOTOPES

The importance of measurenents of K/p+ ratios for allowed transi-
tions in the low Z region in giving information about the nagnitude of
exchange-overlap corrections has been describved in chapter 1. This
chapter describes the techniques used to neasure Ky?+-ratios in this

region and also reviews all available experimental results,

TECHNIQUES FOR IEASURING /" RATIOS FOR LOV 2 NUCLEI

1 Direct lLleasurements

K-electron capture is observed experimentally by the detection of
the XK x-rays and Auger electrons emitted when the K shell vacancies

produced by orbital electron capture are filled.

Detectors with external sources are not suitable for observing
K-capture events in low Z nuclei because the energy of these events
(k X~-rays and Auger electrons) is so low that absorption in the
detector window is a limiting factor. Intemmal source proportional
counters (Drever et al. 1956) and scintillation counters (llcCenn and

Smith 1969) have been used successfully to detect K-capture events.

For light isotopes the KJF+ ratio is generally very small

It 13W Sy s C s
(eeg. K4B = 0,00168 for "N ) and it is difficult to detect the low
intensity, low energy K-capture events against the high background
caused by the positrons. To overcome this difficulty a proportional
counter, with an internal gaseous source, surrounded by an anti-
coincidence counter has been used for many K/ * measurements., One
such counter, known as the plastic counter (lbljk et al, 1958),

consists of a central proportional counter surrounded by a plastic
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scintillation counter. In this arrangement the gaseous source is
mixed with the normal proportional counter filling gas. Both the
positrons and electron capture events are detected in the central
counter but only the positrons have sufficient energy to be detected
in the outer counter. If events from the proportional counter are
taken in anti-coincidence with those from the surrounding plastic
scintillator the resulting spectrum consists mainly of an electron
capture peak. The Ky?+'ratio can then be.calculated from the total
counting rate of positrons plus K-capture events in the proportional -

counter and the number of K-events in the anti-coincidence spectrum.

A similar type of detector, the multiwire counter (Scobie and
Lewis, 1957), consisting of a central proportional counter surrounded
by a ring of proportional counters, has also been used to measure K/?+

ratios for light isotopes.

Since the half lives of many of the light isotopes of interest
are short, continuous production of the scurce during the measurement
is desirable, For this reason the plastic counter was modified to
allow a continuous flow of the gaseous source through the central

proportional counter (Campbell et al. 1967).

This method cannot, of course, be used for nuclei of which no
suitable gaseous form exists, For these isotopes it may be possible
to grow Nal (T1) crystals with a trace of the radioactive source.

This technique has been applied to 22Na (McCann and Smith 1969).

2 Indirect lleasurements

+
For P decays which are followed by the emission of a gamma ray

20
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with continuous
gas flow

Isotope K40 Technique Reference
e (1.9 * 0.3) x 1073 | (a) iultivire | Scobie & Lewis
counter 1957
(b) Plastic
counter
Plastic counter | Campbell et al.
Mg (2.30 7 914 x 1073 | with continuous | 1967
‘ gas flow
13y (1.68 £ 0.12) x 1073 | Plastic counter | Ledingham et al.
with continuous | 1963
gas flow
159 (1.07 £ 0.06) x 1073 | Plastic counter Leiper & Drever
with continuous | 1972
gas flow
18p (3.00 £ 0.18) x 10™2 Proportional Drever et al.
counter with 1956
gaseous source
19Ne (9.6 £ 0.3) x 10"4 Plastic counter | Leiper & Drever
with continuous | 1972
gas glow
2%a | 0.105 £ 0,009 NaI(T1) crystal| iicCenn & Smith
with intemal 1969
source
30p (1.24 £ 0,04) x 1073| Plastic counter | Ledingham et al.

1971

TABLE 2.1

SUILIARY OF K45+ MEASURELENTS FOR LIGHT

ISOTOPES




the K/F+ ratio can be found indirectly by the measurement of the
ratio of total electron capture to positron emission (€45+). Since
the number of gamma rays emitted is equal to the total number of
decays (i.e. positrons plus electron capture events), the 643+ ratio
can be measured by a coincidence technique. The number of gamma
rays (Nx) and the nunber of coincidences between positrons and gamma
rays (W) in the same time interval give the e/,g* ratio.

€ /5 + _ Ny ; Nc

c

The total electron capture rate can be expressed as the sum of the
separaté shell captures. Thus,

e/ + _ K+L 4+ M+ .00 -

ﬂ"l’
- (K//g+)[1 +%+%"1I"c'+ ]

The K4a+ ratio-can be calculated from the measured ?4@+ ratio if the

L/K, M/L, etc electron capture ratios are knowm. Since there are

few experimental values of L/K,Iyﬁ:etc knowvn, calculated values of
these ratios must be used to obtain the K49+ ratio. Calculatian of
these ratios is described in chapter 3. At this point it is sufficient
to note that in regions where exchange-overlap‘corrections are not
negligible (i.e. the low Z region), the calculated L/K, M/L ratios
must be corrected for these effects, Therefore, it is clear that

K/F+ ratios derived in this way cannot be used to give information

about exchange-overlap effects.

In this chapter only low Z isotopes are considered and, hence,
only direct K4B+ measurements are described. In the following chapter,

however, higher Z isotopes are discussed and, since exchange-overlap

21



2'497MIN

o)
ot 30
2 P
+

2* /g ,

\99'*.0/0
o+

30

S

FIG 2-1




. + .
effects are smaller for such isotopes, accurate Kéﬁ ratios can be

. +
derived from €45 neasurenants,

REVIEY/ OF PREVIOUS IEASURELENTS OF K46+ RATIOS
FOR LOW 2 HUCLEI

Table 2.1 reviews all K4@+ neasurenents for light nuclei
(z ¢ 15). There have been several measurements of the‘e4e+ ratio

22Na but because of the uncertainty in the exchange-overlap

for
corrections for this isotope only the direct‘K46+ measurement of

McCann and Smith (1969) is given in table 2.1,

One of these K43+ neasurements (viz. 3OP) is now described in
some detail as it is typical of the measurements made in the low 2
region. The present author was not involved in the actual experi-

ment but assisted in the analysis of the data.,

MEASUREMENT OF THE K//)+ RATIO FOR S0P

3OP is nown to decay by positron emission with a half life
of 2.497 * 0,005 min. (McDonald et al. 1963). The decay is mainly
a ground state-ground state, allowed Gamow-Teller transition but a
weak positron branch to the first excited state of 3031 has been
reported (Mbrinaga and Bleuler 1956). The decay scheme is shown in

figure 2.7,

Electron capture from the K-shell of phosphorus results in the
emission of X-rays or Auger electrons with total energies equal to
the K-chell binding energy in silicon (1.838 keV). A proportional
counter with a gaseous source of 30P was, therefore, used to detect

these low energy K-capture events. There are few gaseous compounds

22
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of phosphorus but phosphine, PH3, was chosen because it had previously

been used in a proportional counter (Pahor et al. 1968).

The counter used was the plastic comnter described earlier in
this chapter. Since the half life of the source was fairly short the
continuous gas flow system was émployed. A diagram of the cownter is
shown in figure 2.2. A block diagram of the electronic arrangement
is showvn in figure 2.3, and has been described in detail by Campbell

et al. (1967).

Phosphine of minimum purity 99.5 per cent flowed at about 1 ml/min
from a high pressure cylinder through fine bore copper tubing (1 mm in
diameter) a distance of 30 metres to a copper irradiation vessel of
volume 9 ml placed in & 100/ MeV bremsstrahlung beanm from the Kelvin
Laboratory electron linear accelerator. 30P was préduced by the
reaction )

3'e(y, n) %
on the 100 per cent abundant 31P isotope in the phosphine. The
irradiated phosphine then passed through a further 5 metres of copper
tubing before mixing with proportional counter filling gas (argon plus
10 per cent methane) flowing at a rate of about 200 ml/min. The com-
bined gases flowed through 30 metres of tubing to the counter from
which they were released to the atmosphere., The flow rates were
chosen so that the concentration of phosphine was less than 1 per cent
of the argon-methane mixture, since higher concentrations were found

3OP decayed

to degrade the resolution of the counter, and so that the
by several half lives between entering and leaving the counter. The
total number of decays, i.e. positrons plus capture events, was

recorded on scaler 1 and the number of K-capture events was obtained
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from the K-peak in the anti-coincidence spectrum. Hence the K43+

ratio was evaluated.

‘The purity of the source was checked by measuring the half life.
The irradiated gas was sealed in the counter and the activity
measured as a function of time using the multiscéle facility of a
multichannel analyser. The counting time was.25 secs/channel and
the activity was monitored for four hours. A graph of the data
obtained is shown in figure 2.4. The data points were fitted to an

expression of the form

Y = Ae')'t + Be')*t + Ce')-‘t +D

by a least squares computer program, Minuit. This is a minimisation
procedure based on a method developed by Rosenbrock (1960). Tne
parameters A, B, C, D, )1,')2 and'X3 were varied by the program to
give the best fit to the data. The dominant activity was found to
be due to an activity with a half life of 2.48 * 0,03 min. Activities
with half lives of about 7 min and 20 * 4 min attributed to 29Al and
1"

C were present to less than 0.5 per cent of the 3% activity. This

analysis was carried out by Dr J. Y. Gourlay,

The total number of events recorded on scaler 1 amounted to
approximately 1.8 x 107. The number of background events in the same
time interval was approximately 1.2 x 105. These numbers have to be
corrected to take into account events which were not recorded due to
the finite trigsering level (1.5V) on the input to scaler 1. The
correction factor was obtained by measuring the pulse height spectrum
from the central counter. This is shown in figure 2.5. The scaler

threshold on this graph corresponds to a pulse height of 1.5 volts.
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The number of pulses in the region below this threshold level
represents the correction which has to be made to the scaler reading.
It is apparent that the spectrum in the first few channels is not as
smoothly varying as in the remaining channels of the analyser. The
lower level discriminator on the analyser was set to a non-zero
value causing a drop in the number of pulses in the first few
channels., The spectrum was extrapolated into the distorted region
as shown in figure 2.5 and the total number of pulses below the
scaler threshold found. The correction amounted to (10.6 t 0.7) per

cent of the total number of events recorded.

A further correction of 0.4 per cent was applied to the total

number of positrons to account for the imﬁurities in the source.

The estimation of the number of K-capture events was more
difficult since the K-peak was superimposed on a continuous spectrum
of pulses arising principally frcm positrons of energy less than the
threshold of the anti-coincidence gate (50 keV). Figure 2.6 shows a

typical K-peak.

Two independent methods were used to estimate the number of counts
in the K-peak, The first consisted of fitting a smoothly varying
function to the points on either side of the peak. This curve was
interpolated under the peak and used to represené the continuum in
this region. The number of K-capture events was found by subtracting
this background from the data points. Since the shape of the continuum
is not knowm theoretically, several smoothly varying functions were
fitted to the data around the pezk using the Minuit program. The best

fits to the data were obtained using either exponential or hyperbolic
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functions. Shown in figure 2.6 is a fit to the expression

Ae + C E.
The fitted spectra were subtracted from the data points to give the

number of K-capture events.

The second method of estimating the area of the K-capture peak
is based on the assumption that the pulse height distributions pro-
duced in a proportional counter by monoenergetic radiations have a

Poisson shape (Campbell and Ledingham, 1966). Poisson distributions
of variable width, height and mean positicn were fitted to the
K-peaks using the Minuit program. These peaks were then subtracted
from the data and the resulting spectra examined. If smoothly
varying spectra, without peaks or troughs, were produced by this
technique the areas under the Poisson pezks were taken as the number

of K-capture events.

The values of the K/;B+ ratio obtained by the two methods
desoribed were (1,25 £ 0,04) x 1073 and (1.21 £ 0,06) x 1073, The
mean of the two values was found by weighting each result in inverse
proportion to the square of its error. The standard error of the
weighted meen (2.4 per cent) was taken aé a measuré of the systematic

error in the estimation of the number of K-capture events.

The experimental errors are summarised as follows:
(i) 2.4 per cent systematic, 1 per cent statistical in the

determination of the number of K-capture events.

(ii) 0.7 per cent systematic error in the number of positron
events, This error comes from the extrapolation into the

region below the scaler threshold.
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These errors were added in quadrature end a final result of

(1.24 * 0.04) x 1073

was obtained for the K/a" ratio of 30,

Calculation of Theoretical K/rﬁ+ Ratios

The theoretical values of the K43+ ratios were calculated using
the expression given in chapter 1 (equation 4). The values of
positron end point energies used were tgken from tables given by
Wapstra and Gove (1971). The values of electron radial wave functions
(gk) and the K-shell binding energies of Behrens and Janecke (1969)
were used, As already mentioned in chapter 1 these authors also give
tables of Fermi functions calculated for a nucleus of finitelsize with
a wmiform charge distribution inside the nucleus and taking into
account the effect of the screenipg of the nuclear charge by the

orbital electrons.

The values of the Fermi functions are given in these tables for
various values of Pos the electron ﬁbmentum,and were interpolated by
the author and Dr Gourlay using Bessel's formula (Massey and
Kestelman, 1964) to obtain values at momentum intervals of 0,1 mc.
The difference between the interpolated values obtained using the
second order formula and the fourth order formula was, on average,
about 1 part in 70 000. The fourth order formula was, therefore,
considered to be satisfactory and was used throughout to find inter-
polated values of the Fermi functiom over the total positron range

for each nucleus,

These interpolated values of the Fermi function were then used

to calculate the denominator of equation 4 by numerical integration
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using Simpson's rule. The numerical integration was estimated (Massey

and Kestelman, 1964) to be accurate to better than 0.3 per cent.

Comparison of Experimental and Theoretical KA8+ Ratios
7

Table 2.2 shows the positron end point energies taken from
Wapstra and Gove (1971) and the theoretical K43+ ratios calculated as
described above. The errors quoted for the theoretical ratios are

11

due solely to the uncertainties in the end point energies. For 'C

only the more recent result due to Campbell et al. (1967) has been

included.

The last column of table 2.2 shows th‘e values of (BK)ex:pt defined
by
+
(K/8") oot

(K/ I +) theory

In figure 2.7 these values are compared with the theoretical

(BK)e#pt =

values of B calculated by Bahcall (1963a, 1963c, 1965) and Vatai
(1970). One of the main differences between these two theories of
overlap-exchange corrections is thaf the final state wave functions
used by Vatai take into account the disappearance of the charge dis-
tribution of the captured electron as well as the disappearance of
the proton charge while Bahcall's do not. Due to the screening
effect before capture the actual change in the atomic potential
during capture is much less than that caused by the disappearance
of a proton alone. Therefore, the corrections calculated by Vatai
are smaller than those of Bahcall, Vatai gives numerical values of
BK for Z = 13 to 37 and an expression which can be used to extra-

polate the results down to Z = 6, However for 6 € Z € 10 the
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correct value of BK is expected to be higher than the éxtrapolated
value because of the absence of 3s electrons in this region.
Bahcall also gives nunerical values of BK for Z = 14 to 37. In
figure 2.7 Bahcall's results have been extrapolated to lower
values of Z using an expression given by Eahcall (1963c). However,
it must be pointed out that Bahcall does not claim that his theory

is valid for values of Z less then 14.

It cen be seen from figure 2.7 that the experimental results
indicate that exchange-ovérlap corrections to K43+ ratios are small
(i.e. (BK)

Vatai's calculations. However, since Bahcall's results have been

expt:: 1) and are, therefore, in better agreement with
calculated explicitly only for values of Z ¥ 14 the only point at
which the two theories can be directly compared is at Z2 = 15
(i.e. 3OP) vhere, although not conclusive, the result slightly

favours Vatai's corrections.

In conclusion, it appears that exchange-overlap corrections to
K4p+ ratios are small but the present experimental evidence is not
accurate enough to allow precise estimates of the magnitudesof these
corrections. The required experimental accuracy of abouf 1 per cent
or better is outside the range of present technigues for measuring

K//@+ ratios for light isotopes.
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CHAPTER 3

REVIEW OF EXPERLMEITAL K/8" AND /4" RATIOS FOR
ALLOWED TRANSITIONS

Following the work on K4g* ratios for light isotopes, it was decided
to extend the comparison of experimental and theoretical K43+ ratios to
higher values of Z, above the region where exchange-overlep corrections

"to K-capture are important.

The techniques for measuring K48+ ratios for low Z nuclei (2 £ 15)
are described more fully in chapter 2 where it is indicated thaf, for
such nuclel, measurements of €4£+ ratios cannot be used to derive K49+
ratios because of the large uncertainties in the exchange-overlap
corrections. At higher values of Z, however, this restriction does not

epply.

Experimental Technicues for Meassuring KIAS‘+ and €é9+ Ratios
1 Direct measurements

(a) Internal source proportional counter -

This technique is described in detail in chapter 2 in connection
with the measurement ofthe K48+ ratio for 30P. If the half life of the
decay is short, the radioactive source can be flowed through the counter
along with the normal counter filling gas. However, if the half life is
sufficiently long, the gases may be static. The events due to K-electron
capture (i.e. K x-rays and Auger electrons) are detected as a peak
superimposed on the positron continuum. Since the K x-rays must be
absorbed completely within the proportional counter, this technigue is
particularly suitable for low Z isotopes. ' The K48+ ratios for 110, 1}N,

150, 182, e and 3°P have been determined using this technique.
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(b) Internal source scintillation counter

In this technique the radioactive source is incorporated into a
sodium iodide crystal by introducing it into the melt from which the
crystal is grown. As with method (a), the K-capture events produce a
well-defined peak on the continuous spectrum produced by the positrons.
For obvious reasons this technique is not suitable for‘short-lived
isotopes. This method has been used to determine the K43+ ratios of

22ya (McCann and Smith, 1969) and 2°Co (Joshi and Lewis, 1961).

(¢) Magnetic spectrometer

This tecknique differs from (a) and (b) in that, of the K-capture
events, only the Auger electrons are detected. A knowledge of the
fluorescence yield, OJK, is therefore required. In this type of measure-
ment the Auger electrons are observed as a peak in the spectrometer and
this is compared with the continuous spectrum produced by the positrons.
The K48+ ratio for 652n (Perkins and Haynes, 1953) was determined by
this method. Uncertainties in the values of e have, in the past,
limited the accuracy of this technique. However, an eéxtensive review of
fluorescence yields, including values obtained by a least squares fit to
seleéted "reliable" data, has recently been published by Bambynek et al,

(1972) which reduces this disadvantage.

(a) Other methods

The other techniques normally ehtail using sources external to the
detectors, sometimes with the K-capture events and positrons being
registered in different types of detector. Usually only the K x-rays
are detected, the Auger electrons being absorbed before'entering the

detector and so, again, fluorescence yields may limit the accuracy.
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2 Indirect measurements

These methods megsure total capture to positron emission ratios
(§6é+) for decays which lead to an excited state of the daﬁghter nucleus.
They consist. of measurements of the number of positrons leading to a
given level in the daughter nucleus and the number of gamma rays or

conversion electrons leaving that level in a given time interval.

Indirect measurements can be divided into two distinct types.
(a) Positrons and gamma rays (or conversion electrons)
detected in the same apparatus
In this method the positron annihilation quanta and the gamma rays
may both be detected in scintillation counters or semiconductor detectors.
For those cases where the gamma ray is higﬂiy intemally converted, the
conversion electrons and the positrons may be detected using a magnetic

spectrometer.

(b) Positrons and gamma rays detected in different apparatus

A variety of detectors have been used to detect the positrons and
their annihilation radiation including scintillation counters, proportiocnal
counters, semiconductor detectors and magnetic spectrometers,while the
gamma rays have been detected in scintillation counters and semiconductor
detectors. Coincidence techniques using two or three detectors measuring
coincidences of gamma rays and positrons or triple coincidences of gamma

rays and the two positron annihilation quanta have often been employed.

Review of Exnerimental Results

Table 3.1 lists the experimental values of K46+vand 54b+ ratios

for allowed transitions with Z > 15, For those decays for which there
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has been more than one measuverent the result given here is the weighted
mean of all the results. Details of the individual measurements and

their references are given in appendix 2.

Derivation of K/8' Ratios from Measured €/8% Ratios
7 V4
The ratio of total electron capture to positron emission cen be

written as

L M+N+ oco)]

/§;=:§E[1 +7 (1 + T
Thus a K48+ ratio may be derived from a measurement of the §43+ ratio
if the electron capture ratios L/K, M/L, etc are known. Experimental
values of these electron capture ratios haye been obtained for a limited
number of cases and, therefore, only theoretical values have been employed

in this analysis.

(i) Theoretical L/K ratios
L-electron capture can be written as the sum of LI and LII subshell

captures, LIII capture being negligible for allowed decays. Thus

L . LI + LII
K~ K

According to Bahcall (19633), exchange-overlap corrections to LI and K
capture must be taken into account and, therefore, the ratio LI/K is
written as
0
2 /()
X K

where XL/K is an exchange-overlap correction.(LI/K)o, the uncorrected

theoretical ratio is given by
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L/K 0 MiN+ o, s
Isotope (§afag .;%l (é}) % (Q;—;E-~et
1970) | ale, 1959)
48y 1,139 | 0.0044 | 0.0917 | 0.105 0,072
22y 1.127 | 0.0053 | 0.0949 | 0.108 0.086
8o 1.117 | 0.0062 | 0.0978 | 0.110 0.098
yi (1) | 1.112 | 0.0068 | 0.0991 | 0.111 0.103
| (ii) 1.112 | 0,0068 | 0.,0991 { 0,111 0.103
65z, 1,104 | 0.0079 | 0,101 | 0,112 0,113
89zx 1.076* | 0,0149 | 0.111 | 0.121 0.157
89y, 1,076% | 0.0149 | 0.111 | 0.121 0.157
Mg, 1.059% | 0.0247 | 0.121 | 0.131 0.193
118ngy, 1.057* | 0.0258 | 0.124 | 0.134 0.196

*Extrapolated using formula given by Vatai (1970)

TABLE 3.2




0 - & 2
(LI) i} LI LI
% &
where qj, end qy are the neutrino energies for LI and X capture,
I
respectively, and 8, and gg are the values of the electron radial
I

wavefunctions at the nuclear surface.

The ccrrection factor, XL/ K, has been calculated by several authors
(Bahcall, 1963 ¢, Faessler et al., 1970, Martinand Blichert-Toft, 1970,
Suslov, 1970 and Vatai, 1970). The results given by Vatai have been used in

the present calculations,

The ratios (LI/K)O and LII/LI were calculated using the expressions

2 N

0 r'q
(Lx) ] LI/eLx

X

and

where the functions /8K’ /9 L snd /9 Lliare the values of the electron
radisl wavefunctions given by Behrens and Janecke (1969). In the formule
for the LII/LI ratio the difference in the LI and LII binding energies has
been neglected, The values obtained for these ratios are showmn in table

3.2, Also shovn are the values of the L/K ratio obtained using the

expression

i

Ly

) e 2]

In this expression exchange-overlap corrections to the ratio LII/LI have
L_./L
been neglected, Such a correction factor (X 11 I) has been calculated by

Hartin and Blichert-Toft (1970) and it ranges in value from 0,777 at 2 = 14 to
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0,962 at % = 90, However, the uncorrected LII/LI ratios are themeelves
so small (see table 3.2) that omission of the exchange-overlap correge
tions to these ratios has a negligible effect on the theoretical L/K

ratiose.

(ii) Theoretical (M + N + ;.,)/L ratios

The values of these ratios were taken from tables given by Wapstra
et al. (1959) end are shown in table 3.2. Values of these ratios could
also have been calculated using the electron wavefunctions given by
Behrens and Jénecke (1969), as for the LI/K.and LII/LI ratios described

above but the difference which this would produce in the factor

ﬁ'I+N+ ¢oe B
Hallt e

I,
1+-‘IE(1+ I

is negligible.

Comparison of Experimental and Theoretical K/8' Ratios
4

+
The values of the K48+ ratios derived from 645 measurenents using

the method described above are showm in table 3.1.

The theoretical K4€+ ratios also shown in this table were calculated
by the method described in chapter 2 using Behrens and Jinecke's tables
of Fermi functions, electron wavefunctions and K shell binding energies,
The maximun positron kinetic energies were teken from the tables of

Wapstra and Gove (1971).

Figure 3.1 shows the values of (BK)expt’ defined by

K+
(BK) . = ( 48 )expt
exp (K49+)theor

for all the decays listed in tables 3.1 and 2.2. For those isotopes for
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, + . t e

vhich there are two values of (K48 )expt (i.e. one Kée measurement and
another K43+ ratio derived from an 549+ measurement) the two values

of (BK)eth are shown separately on this graph. The results for the

low Z isotopes described in chapter 2 are also included.

A linear least squares fit to the data (solid line on figure 3.1)
is seen to be systematically below the value BK = 1, the discrepancy

increasing from about 0.3 per cent at 2 = O to about 8 per cent at

Z=6O.

Vatai (1971) has considered the effect on K43+ ratios of the induced
tensor interaction, The induced interactions arise from altergtions in
the V = A weak interactions produced by the strong interaction. In the
absence of strong interactions the beta decay interaction density can

be written as

H=g y,; LACERPAN L}l

where L)’*ﬂ 'Y«: \6)1(1 + X5) T‘I’,

Induced effects are included (Huffaker and Greuling, 1963) by writing

H as

Heg v; [7‘}4(1 ) 410 (B 4 By Y ) g‘i,,

+ (Frg + P %) gi/u]'\bh L,
The first term in the square brackets represents the vector and axial
vector interactions, with the renormalization of the A term being given
by M. The other terms are the induced terms and are momentum dependent.
FWM is the weak magmetism term (Gell-Mann, 1958) and bears the same
relation to the vector interaction as magnetism bears to static

electricity. The subscripts IT, IS and IP refer to the induced tensor,
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scalar and pseudoscalar interactions, respectively.

These terms of H can be separated into two classes according to
their properties under the transformation G, the product of charge
symmetry and charge conjugation (Weinberg, 1958). Terms V, A, IP and

WM belonz to one class and terms IS and IT belong to the other.

Strong interactions are invariant under G and if the same invariance
holds for weak interactions only one G class of interactions can exist.

Since V and A do exist G invariance would imply FP., = F., = O,

IS IT

The conserved vector current (CVC) theory implies G invariance for
the V interaction and the induced terms associated with it, i.e. FWM

and FIS' The G class separation then implies F., = 0.

IS

There is no evidence that G invariance holds for the A interactioﬁ
and its associated terms IT and IP. As the IP term belongs to the same
G class as A it might exist without violating G invarience. However,
existence of the induced tensor.interaction, IT, would imply that G

invariance does not hold for the weak interaction.

The effect of a finite value for the induced tensor coupling constant,
Epr OB the £t values of mirror beta decays has been considered by

Wilkinson (1970). He estimated the magnitude of 81 from the expression

ft T3

where W°+ and WO" are the end point energies for /9+ and./e"emission,

&

+ -
grp (W + W) = &

respectively. If both nuclei are positron emitters,(Wo+ + wo') is
replaced by the difference in the end point energies. This expression is

derived from Huffaker and Greuling (1963) and is valid for Gamow-Teller
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transitions in light nuclei end for ¥ 5> 1 (units of mocz). Figure
3.2 shows the experimental values of § as a function of (Wo+ + Wo'),
according to VYilkinson (1970). The line W is a least squares fit to
the data from which Wilkinson estimated Ep 2x 10-3. The numbers

beside the points on figure 3.2 are the atomic mass numbers.

According to Vatai (1971), the results of the /?+ decaying pairs,
i.e. at A = 18 end A = 30, should not be taken into account because the
difference in energies for these pairs is small, If these points are
omitted a better fit to the data is obtained with an energy independent

term (line V, figure 3.2).

Vatai (1971) has also indicated that a finite value for Sy should
affect K49+ ratios, On figure 3.1, the curve IT represents the quantity

(BK)theory defined to be

(Kzé+)theorv IT

(K48+)theory

where (K48+)théory is the usual, uncorrected theoretical ratio and

(K//e+)theory p 19 the theoretical ratio including the effect of the

induced tensor interaction. In calculating (BK) s Vatai used the

theory
value 81y = 2x 10-3. It is clear that most of the experimental points
lie below the curve IT and also the general trend of the data with
increasing 2 is opposite in sign to that expected from an induced tensor
interaction. It should be mentioned that Vatai's calculation of the
effect of the IT interaction on K4€+ ratios is valid only for pure
Gamow~Teller decays or decays in which the Fermi admixture is small,
This is not the case for all the decays shown in figure 3.1 (e.g.

"¢, Scobie and Lewis, 1957 and '°N, Ledingham et al., 1963) but this
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does not affect the conclusion that the induced tensor interaction does
not account for the discrepency between experimental and theoretical

K43+ ratios.

In a recent examination of the beta decay of eLi and 8Be, Wilkinson
and Alburger (1971) found no evidence for an induced tensor interaction,
concluding that |grn| <7 x 1074, This implies that Vatai's correction
to K48+ ratios should be smaller by at least a factor of three, i.e.
the curve IT should lie much closer to BK = 1 on figure 3.1. However,
this would still be considerably different from the linear least squares

fit to the experimental points.

From figure 3.1 it is clear that the negative gradient to the linear
least squares fit depends strongly on the group of four points at around
%2 = 60, The K49+ ratios for these isotopes (134La, 14OPr, 141Nd and
143Sm) were all measured using the same techmique, by a single group
(Bifyukov and Shimanskays, 1970) and, if a systematic error were present
in these measurements, the gradient of the fit to the other points would

be considerably altered.

It is interesting to note that Biryukov end Shimanskaya (1970)
attribute the difference between the experimentel and theoretical k43+
ratios for these four isotopes to a finite value of the Fierz interference
term. They find b = -0.020 * 0,009, However, in the two component
neutrino theory the interference terms between S and V, expressed as
CSC.V + q; C;', and between A and T, expressed as CTCA + Cf'CAI, vanish

because the neutrinos or entineutrinos associated with S and T or V and A

have opposite helicity.

More experimental work on K49+ ratios in the region above Z = 30 is
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clearly reguired to establish whether a departure from theory has been
detected. The most suitable isotopes for study should, preferably,

have reasonable half lives and fairly simple, well-known decay schemes,
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CHAPTER 4
LMEASUREMENT OF THE RATIO OF K-ELECTRON CAPIURE TO
POSITRON EMISSION IN THE DECAY OF 2 Lo

This chapter describes the measurement of the K46+ ratio for the
decay.of the ground state of 91Mo to the ground state of 91Nb.
Molybdenum (2 = 42) lies in a region where the discrepancy between experi-
nental and theoretical K45+ ratios discussed in the previous chapter is
fairly large. 91Mb is a suitable isotope for a K4B+ measurement because
of its 15.49 * 0.01 min half life (Ebrey and Gray, 1965) and because the
decay is predominantly between ground states (Lederer et al., 1967)

(figure 4.1). Also, it can be readily produced by the reaction

924( ¥, n)? 1o

using the stable isotope 92Mb.

The maximum positron kinetic energy is 3.421 t 0,028 lleV (Wapstra
and Gove, 1971) and the theoretical K48+ ratio calculated in the manner
described in chapter 2 is

0.0559 % 0,0022.

The ground state and isomeric state of 91Mo are known to decay by
positron emission with half lives of about 15.5 min and 66 sec, respec-
tively (Smith et al., 1956). These authors also observed x-rays which
they attributed to orbital electron capture and internal conversion in
91Mo. The ratio of K-electron capture to positron emission for the

decay of the ground state of 91Mo has not previously been measured.

Recent measurements of the decay scheme of 91Mo (Hesse and Finckh,

1970, and De Barros et al., 1970) indicate that the ground state of
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o also decays to several excited states in 91Nb. However, the
intensity of these transitions is very low (less than 1 per cent of
all decays) and the decay is assumed in this chapter to be simply a
ground state-ground state transition. Further details about these

weak transitions are presented in chapter 5.

Production of 91Mo

The photoneutron cross-section of 92Mb has been measured as a
function of photon energy by several authors. Both the ground state
and the isomeric state of 91Mb can be produced by the reaction

92Mb(6, n)

and the probabilities of forming these two states are of interest.

Katz et al. (1953) found the energy for the maximum cross-
section to be 18.7 MeV and they also measured the ratio of the cross-
sections for the production 6f the ground state and the isomeric
state. The decay scheme which they assuvmed, however, is now con-
sidered to be wrong. They associated the 15.5 min activity with the
decay of the 4 isomeric state and the 66 sec activity with the 9/2*
ground state and they assumed no isomeric transitions from the

excited state to the ground state.

The (¥, n) threshold energy was measured by Mutsuro et al.
(1959) to be 13.4 * 0.1 MeV. They found the maximum cross-section to

be 190 mb at an energy of 16.5 MeV,

Del Bianco and Stephens (1962) measured the (¥, n) cross-section

at a photon energy of 20,5 lleV and found a value of 35.4 * 2.3 mb for
9

the production of the 1Mb ground state.
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The relative probability of forming the ground state and isomeric
state of o by the (¥, n) reaction has been measured by Costa et.
al. (1965) and Haustein and Voigt (1971) for photon energies from

threshold up to 70 MeV, The isomeric ratio R is defined as

J o-(®) aE
= 5 "’s*(E) dE

where q&-is the cross-section for the production of 91mfo (spin and
parity = 3~ ) and ¢i+is the cross-section for the production of 9o
(spin and parity = 9/2+) and E is the photon energy. Costa et al.
found R to be approximateiy 4.5 while Haustein and Voigt obtained a

value of 1.92 * 0,15.

Although agreement between the measured values of the isomeric
ratio is poor, all results indicate that the low spin isomeric state
is produced more readily than the high spin ground state. This is
consistent with the idea that photon irradiation of even-even nuclei
(e.ge 92Mo, J = 0) is thought to occur by absorption of low multi-
polarity (1 = 1) photons. The spin and parity of the compound
nucleus is, therefore, 1~ (Levinger, 1960) and this compound nucleus
is more likely to decay to the 4 isomeric state than to the 9/2+

ground state.

Choice of Photon Bombardment Fnergy and Irradiation Time

In the present experiment 91Mo was produced by the (¥, n)
reaction on molybdenum foils enriched to 98.32 per cent in 92Mb using
bremsstrahlung radiation produced by the Glasgow electron linear
accelerator., I¥rom the earlier discussion it is appareﬁt that the

greatest amount of 91Mo is produced by photons with energies in the
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range 16-19 IieV, However, it was found impracticable to irradiate
at such low energies because of the low intensity of bremsstrahlung
radiation which could be obtained. All irradiations were, therefore,

carried out at a maXimum bremsstrahlung energy of 50 IleV.

4 disadvantage of irradiating at this higher energy is that

the reaction

9250(¥, 2n)7 %0
which has a Q-value of 22.8 ileV (Wapstra and Gove, 1971),is also
possible. Since 2Cio (half life = 5.7 hr) and 2 Mo both decay by
positron emission and electron capture the observed positron and K-

capture events have to be corrected for the presence of 90Mo.

In order to minimise the amount of 90Mo produced, irradiation
times were kept as short as production of reasonable zmounts of 91Ho
would allow. Initially it was thought that irradiation times of
15-30 mins would be acceptable since they correspond to 1-2 half
lives of 91Ho and are short compared with the 5.7 hr half life of

90.,

Mo. However, it was then realised that irradiation times could be
reduced to 1 or 2 mins taking advantage of the fact that 91mMo (halr
life = 66 secs) is produced more readily than the ground state and
that 57 per cent of 91mﬂo decays lead to the ground state. It is
apparent, therefore, that reducing the irradiation time does not

91

seriously reduce the amount of 7 'llo formed but the amount of 90Mo

is reduced by a factor of about 15.

Foils of 92Mo were, therefore, irradiated for 1 or 2 mins in a
50 iieV bremsstrahlung beam. The bremsstrahlung was produced by a
50 LieV electron beanm striking a water-cooled aluninium target 5 cm

thick. ilolybdenum foils of thickness 5 mg/cm2 (~5 pm) and areas
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from Smn x Smm to 2 mm x 2 mn were used, For the gamma ray measure-
ments thicker semples (52um) were used. The molybdenum samples were
irradiated inside aluminium containers which were transported from the

irradiation position by a fast pneumatic transfer system.

Gamma Ray Measurements - Source Purity

The gemma rays emitted by irradiated foils of 92Mo were exanined
with a 52 cc . Ge(Li) detector. A series of gamma ray spectra were

taken and are shown in figures 4.2 and 4.3.

Spectrum A in figure 4.2 shows the gamma rays detected in a 2 min.
ﬁeriod starting'1 min. after the end of the irradiation. This
spectrum represents the sum of data from four samples. B represents
a 30 min. count taken 10 mins after the end of A, C is another 30 min.
count taken 30 mins after the end of B, After spectrum C was teken
the anplifier gain was increased by a factor of 4 to look at the low

energy spectrum (figure 4.3).

In spectrum A the pesks at 0.65, 1.21, 1.51 and 2.24 ileV have the
same energy as those assigned to the decay of 91me (66 secs) by Hesse
and Finckh (1970). This interpretation is supported by the fact that
these gamma rays are not seen in later spectra end, therefore, must
have a short half life. The peak at 0.51 eV is due to the annihila-
tion of positrons. A background measurement showed the 0.59 MeV pesk
to be of the same intensity as in these spectra and it is, theréfore,
not associated with any activity in the molybdenum sample. All the
other gamma rays seen in these spectra agfee in enexrgy with those
from either “Cilo or “ONb (Lederer et al., 1967) apart from the lead

x-rays seen in figure 4.3 which are produced by fluorescence in the
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lead shielding around the detector. 90Nb could be produced either

directly during the irradiation by the reaction

9115(, )7

which has a Q-value of 17.3 eV or by the decay of 90Mb.

It is clear from these graphs that the only gamma ray emitting
activities produced in measurable amounts are 91mMo,.9OMo and 9QNb.
In fact, 91mﬂo decays partially to 91Mo but the gamma rays emitted

by 91Mo are too weak to be detected here.

In order to estimate the relative amounts of positron-emitting
activities produced, a half life measurement of the 0,511 MeV
positron annihilation gamma rays was made.” For this measurement a
92Mb sample was irradiated as before. The sample was then sandwiched
between two copper discs to stop all the positrons from the sample
and placed in front of the Ge(Li) detector. The thickness of each
copper disc (0,23 cm) was sufficient to stop the highest energy
positrons expected from the sample (i.e. 3.421 MeV from,91hb). The
meximum positron kinetic energies for 90Mo and 9QNb are 1,085 and

0.499 ileV, respectively.

After waiting 10 mins from the end of the irradiation to allow
the 91me 66 sec activity to decay to a negligible amount, a series

of 15 min., gamma ray spectra was taken.

The areas of the gamma ray peaks were estimated using the com-
puter program SAI'PO described below., Figure 4.4 shows the intensity
of the 0,511 lleV positron eanihilation peak as a function of time..

Also shown is a least squares fit to the data of the expression
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where }1, )2 and A, are the decay constants of 91Mb, 5 and 9QNb,

3
respectively. The computer program, VAO4A (Powell, 1964) was used
to vary the parameters A, B, C and D to obtain the best fit to the
data., The errors in these parameters were estimated by the method
described by Bevington (1969). The optimum values of A, B, C and D
are chosen to minimise‘¥2. To find the error in A, the value of A
is increased to A + dA and all the other parameters‘(B, ¢ and D)
are optimised for minimum.¥2. The value of dA which causes'}’.2 to
increase by 1 is taken as the error in A. The errors in the other
parameters are calculated in the same way. The optimum values of

the parameters were

A = 384800 * 1300
B = 196 £ 40
C = 373 £ 28
D = 63 t 5e

From the values of these parameters the numbers of positrans.
from the different activities during any time interval can be

calculated,

The measurement of the K49+ ratio described later in this
chapter was made during a 30 min., period starting 10 mins after the
end of a 1 min, irradiation. The above values of A, B, C and D
imply that, duvring this 30 min period, the ratio of 91Mb positrons
to the total number of positrons detected is (99.3 ¥ 0.5) per cent

and the ratio of 90Mo to 91Mo positrons is 0.0012 % 0,0003.
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Anzlysis of Gamna Ray Spectra using the SAYVPO Prozram

The intensities of photopeaks in the gamma ray spectra were
calculated using a computer program, SAXPO (Routti and Prussin, 1969).
In this program the central part of each peak is fiited with a
Gaussiesn expression and the tails on either side of the peak are
fitted with exponential functions which join the Gaussian so that the
function and its derivative are continuous. Peak shapes are deter-
mined by three parameters, namely, the width of the Gaussian and the
distances from the centroid to the junctions with the exponentials.
These shape perameters are smoothly varying functions of energy. The
SAIPO program calculates shope parameters for intense, well-isolated
calibration ﬁeaks by fitting the Gaussian-plus-two-exponential
expression to the calibration peaks and a straight line to the back-
ground by a least squares method. The values of the shape parsmeters
for any peak are then found by interpolation between the calibration
shape parameters. Once the shape parameters for a pesk have been
found a least squares fit to the data,using these parameters for the
peak and a polynomial expression for the background, gives the area of
the peak. The uncertainties in the parameters are estimated from

the final value of'¥? and the diagonal elements of the error matrix.

The measurenent of the intensity of the 0.511 ileV positron
annihilation gamma ray peak is a special case since the parameters
describing the shape of this peak cannot be found by interpolation
between the shape parameters of neighbouring gamma ray peaks, the positron
annihilation peak being wider than a normal gamma ray peak of the same
energy. JIn the present analysis the shape parameters for the
0.511 ileV peak were found from the peak itself and then used to find

the area of {the peak.
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9

Preliminary leasurenents of the K/ﬁ+ Ratio for 7 1o

using a Si(li) Detector

The first attempts to measure the K/p+ ratio for 91Mo were under-
taken using a cooled Si(Li) detector. This detector, which was
supplied by Nuclear Semiconductor, had a surface area of 30 mm2 and
a thickness of 5 mm, The resolution of the detector was 184 eV
fwhn at 5.9 keV. This was achieved using a pulsed optical feedback
preamplifier, This preamplifier is described later in this chapter
in connection with the dead time of the Si(Li) detector system. The
resolution of the detector was more than adequate to resolve the K
x-rays from adjacent atoms in the region of interest (i.e. around
Z = 41) and it was, therefore, suitable for the measurement of the
intensity of the Nb K, and %, X-rays pr&duced by the K-capture
decay of 91L o The K-Auger electrons produced have insufficient

energy to penetrate the 0,0025 cm thick beryllium window of the

detector and be detected in the K peek.

Figure 4.5 shows details of the detector shape and the arrange-
ment inside the cryostat. Not showm in this diagram is an aluminium
frame which supports the detector and boron nitride mount. Between
the detector and boron nitride mount there is a thin aluminium foil

for electrical contact.

A typical x-ray spectrum obtained from a 5 mg/cm2 thick foil of
92Mb irradiated for 1 min, in a 50 lieV bremsstrahlung beam is shown
in figure 4.6. The energies of the x-rays were found by calibrating
the system with the Np L x-rays from 27 'Am and also with the fluor-

escent x-rays from foils of 2Zr, Nb and Ifo irradiated with 22 keV x-rays

from 1O9Cd.
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Since all positrons entering the detector will deposit some energy
the K43+ measurement consists of measuring the ratio of the number of
counts in the Nb K , and K79 peaks to the number of events in the con-
tinuous positron background. (The presence of the Mo K X-rays seen in
figure 4.6 is discussed later in this chapter.) To find the KéB+ ratio
this measurement must then be corrected using the fluorescence yield,
QJK’ which is the ratio of the number of K shell vacancies which lead

to the emission of K x-rays to the total number of K shell vacancies.

The value of ‘QK for Nb is 0,748 * 0.032. This is taken from a
recent review of fluorescence yields by Bambynek et al. (1972). These
authors examined all published measurements of Wy and calculated

semiempirical velues of @, for 4 € Z € 80, Z = 82 and Z = 93 by fitting

selected 'most reliable' measured values to an analytical expression,

It can be seen from figure 4.7(a) that it is possible for
positrons from the source to be scattered into the detector from, for
example, the walls of the cryostat and the boron nitride support thus
reducing the measured K43+ ratio below the true value by increasing
the number of positrons detected. In an attempt to rectify this situa-
tion a copper disc, of sufficient thickness (0.23 cm) to stop all the
positrons from 911 s With a small central cpening, was placed in front
of the detector window. The dismeter of the opening and the distance
between the source and the copper disc were chosen so that only those
positrons travelling directly from the sample to the detector could be

detected (figure 4.7(b)). However, the situation was still not ideal

as positrons could still be scattered into the detector but in this

-arrangement most of the scattering took place at the edges of the

copper opening.
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Several types of sample holder were employed. In the design of
all of them the main consideration was the reduction of the amount
of material around the sample to keep to a minimum the amount of
scattering of positrons in the sample holder. In one-arrangement
(figure 4.7(0)) the molybdenum foil was sandwiched between two thin
perspex discs each with a central opening only slightly smaller than
the sample itself. In another arrangement (figure 4.7(d)) qnly one
perspex disc was used and the moiybdenum sample was fitted inio a
groove in the perspex. The distance of the sauple from the detector

was 1.6 cm,.

Figure 4.8 shows the electronic arrangement used to observe the
K x-rays and positrons from the decéy of 91Mo. The output from the
preamplifier was split so that amplifiers with different gains could
be used to look at both the x-rays (~17 keV) and the positrons
(0 - 3.5 V). The x-ray spectra were recorded using a Nuclear
Semiconductor 511 amplifier (amplifier 1) and a 1024 channel Hewlett-
Packard pulse height analyser. The total number of events was
recorded on an Ortec scaler connected to the 511 Nuclear Semiconductor
aaplifier. The positron spectra were recorded using an Ortec 440A
amplifier (amplifier 2), a baseline restorer and a 512 channel Northern
Scientific pulse height analyser. The baseline restorer was used with
the Ortec 440A amplifier because of the rapid change in the output
voltage from the preamplifier when the optical feedback was switched
on. The 511 Nuclear Semiconductor amplifier, which was designed to be
used with a pulsed optical feedback preamplifier, was switched off
whenever the optical feedback was switched on. Thiswas the main cause

of dead time in the Si(ILi) system and is discussed later in this
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chapter. In the K48+ measurements all results were taken from the

511 amplifier data (i.e. the x-ray spectra and the scaler readings)

end the data from the 440A amplifier was used only to indicate the shape
of the positron spectrum so that differences in the dead times of the
two amplifiers were unimportant. The scaler threshold was set below

the K x-ray peaks and the threshold voltage was determined by connect-~
ing a pulse generator to the input of the 511 amplifier and reducing

the pulse amplitude until it was just below the scaler threshold. The
position of the pulser peak on the Hewlett-Packard analyser then
indicated the pulse height below which events would not be registered

on the scaler.

Figure 4.6 (a typical x-ray spectrum) shows the position of the
gcaler threshold. The correction which has to be made to the scaler
reading to allow for the events which fall below the threshold is

discussed later.

A typical positron spectrum is shovm in figure 4.9. This spectrun
was taken with the copper collimator in pogsition in front of the
detector. A striking feature of this graph is the sharp discontinuity
in the spectrum around channel 70, In earlier measurements made
without thé copper this discontinuity was not so apparent., Since the
copper is sufficiently thick to stop all the positrons from 91Mb it is,
effectively, a source of 0.511 lleV positron annihilation gamma rays.

It was thought that the discontinuity around channel 70 could be the
Compton edge from these 0,511 ileV gamma rays. Since the photopeak
efficiency of the Si(Li) detectér at 0.511 leV is extremely low it is

very unlikely that a photopeak of this energy would be seen.,
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This interpretation is confirmed by figure 4.10. Sﬁectrum (a)
was obtained by completely blocking the opéning in the copper
collimator with a copper plug. In this arrangement no positrons from
the source could enter the detector. Ior comparison, graph (b) shows
the spectrum from 22Na which was enclosed in lead to stop all the
positrons. The Compton distributions from the 0,511 and 1,27 MeV
gamma rays can be clearly seen. There is very good agreement between
the shape and position of the Qompton edge produced by the zzNa
0.511 lieV gamma rays (figure 4,10(b)) and the discontinuity in the
Mo spectrum (figures 4.9 and 4.10(a)). It is, therefore, clear
that the increase in the number of low energy events associated with
the introduction of the copper collimator is due to the Compton
scattering of electrons in the detector by the 0.511 MeV annihilation
gamna rays produced in the copper. In the measurements made without
the copper éollimator it was, of course, possible for some positrons
to be stopped in the walls of the cryostat and in the material around
the detector but the introduction of the copper greatly increased the

nunber of positron annihilation gamma rays entering the detector.

leasurenent of the Effect of Positron Annihilation

Two measurements were required to estimate the correction to the
total number of observed events caused by the Compton electrons from
the 0.511 MeV ennihilation gamma rays. The first, without the plug
in the collimator, registered the total number of events, i.e. x-rays,
positrbns and Compton electrons. The second, with the plug in the

91

collimator and with a “ Io source prepared under the same conditions
as for the first measurement, registered only the Compton electrons

since neither the x-rays nor the positrons could penetrate the copper.
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After appropriate normaliszation the difference between these two

measuremnents eliminated the effect of the Compton electrons.

In order to ehsure that the measurements made with and without
the plug in the collimator were correctly normalised before subtrac-
tion a silicon surface barrier detector was placed on the opposite
side of the source from the Si(Li) detector (figure 4.11) and was used
to monitor the activity. The pulses from the surface barrier detector
were amplified and counted on scaler (b) (figure 4.12). The
threshold of this scaler was set above the noise level from the
amplifier and counted positrons from the source. The readings from
scaler (b) were used to normalise the measurements made with and without

the plug in the collimator.

Measurenent of the KZ@+ Ratio for 91Mo using the Si(Li) Detector

A piece of molybdenum foil, enriched to 98.32 per cent in 92r y
5 mg/cm2 thick and of area 5 mm x 5 mm was irradiated for 60 secs in a
50 leV bremsstrahlung beam. The sample was then removed from the
irradiation area by a pneumatic transfer system and positioned (see
figure 4.7(c) or (d)) 1.6 cm from the coppef collimator. After a
10 min. wait to allow the 66 sec Ims activity to decay to a negligible
amount a 30 min. count was taken. The Xx-ray spectrum, the total numbexr
of counts on scaler (a) and the positron spectrum in this 30 min.

period were registered. In addition, the number of positrons detected

in the surface barrier detector was indicated on scaler (b).

The molybdenum sample was then removed and the copper plug
inserted in the collimator. Another piece of 92Mo foil was irradiated

and the procedure described above was repeated. Counting was continued
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until the number of events recorded on scaler (b) was the same as

before. The corresponding spectra and scaler readings from the two

sets of data were subtracted thus eliminating the effects of the

0.511 IleV positron annihilation ganma rays.

spectrum is shown in figure 4.13.

Results

The resulting positron

Scaler (a) Scaler (b)
No plug in collimator 76112 7247
Plug in collimator 13444 7247
o+ Number of/5+ + X-rays above scaler threshold = 62668 ¥ 392
Number of counts in Nb K peak = 1402 t 51
Number of counts in Nb K/ peak = 271 £ 29
oe Number of f+ above scaler threshold = 62668 - (1402 + 271)
= 60995 t 472.

The areas of the Nb Kx and %5 peaks were determined

SANPO program and by graphical analysis.

to positrons is, therefore,

0.027 * 0,001,

Adopting a value of

“’K = 0.748 ¥ 0.032

(Bambynek et al., 1972)

us

ing the

The ratio of Nb K x-rays

for the fluorescence yield, the K4p+ ratio for 91Mo was found to be

K46+ = 0.037 * 0.002.

The main corrections which have to be applied to this result are
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now discussed briefly.

Corrections

(1) Events below the scaler threshold

The effect of taking this correction into account is to increase
the number of positrons over those actually obsexrved and, as a
result, the value obtained for the K4B+ ratio is reduced. In the
present case it was estimated that about 1800 events (~ 3 per cent of
the positrons) fell below the scaler threshold. This figure was
obtained by extrapolating the x-ray spectrum below the scaler

threshold as shown in figure 4.6.

(2) Correction for irmpurities

According to the gamma ray data the only impurities present in
measurable quanﬁities are 90Nb and 90} o DBoth of these isotopes
decay by electron capture end positron emission. In the case of
90Nb, positrons and zipconium x~-rays are produced, both being counted
on scaler (a). The effect of o is partiéularly important since it
contributes to the intensity of the observed Nb K x-ray peaks as well
as to that of the positrons. The /8" ratio of 9% has been
measured by Cooper et al, (1965) to be 3.0 * 0.5 suggesting that the
K43+ ratio is approximately 2.7. This must be compared with the much
smaller K4@+ ratio for 7 Mo (theoretical K¢s+ (OMo) = 0.056). It is
clear that even if only é small amount of the total activity is due
to 90Mo, the effect on the Nb K x-rays may be fairly large. Later
in this chaptef results are presented which show that impurities con-
tribute less than 1 per cent to the total activity and zbout 13 per

cent to the Xb K x-ray activity.

56



(3) Corrections for absorption of X-ravs

Absorption of the K x-rays in the molybdenum sample itself, in
the 2ir and in the detector window can be calculated from published
tables of mass absorption coefficients (Dewey et al., 1969). This
correction is described later in this chapter where it is shown that

the effect on the Nb K x-rays is of the order of 4-5 per cent.

(4) Scatterine of positrons into the detector

The amount of material around the sample was kept to a minimum
to reduce scattering of the positrons. The purpose of the copper
collimator was to prevent positrons being scattered into the
detector from the walls of the cryostat and any material inside the
cryostat. The presence of the copper, however, introduces the
possibility of scattering from the edge of the opening in the
collimator into the detector and the magnitude of this effect is

difficult to determine,

Corrections (1) to (3) hgve the effect of reducing the observed
K46+ ratio by about 10 per cent. These effects can be determined
much more accurately than correction (4). The increase in the
observed Kﬁ?+ ratio produced by this correction is considerably more
difficult to estimate. The fact that the observed ratio is very
much lower than the theoretical value (EK‘" 0.6) suggests that the
effect of positron scattering may be rather large. This value of 3K
is considerably smaller than the majority of the results described
in chapter 3., The difficulty of reliably estimating the effect of
scattering led to the rejection of the use of the Si(Li) detector

for measuring the ° o K/s* ratio.
/3
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It was decided to employ a different type of deltector to measure
the K48+ ratio. The anti-coincidence proportional counter tecknique
described in chapter 2 for 3OP was not suitable for 91Mo for several
reasons. The higher energy of the K-capture events from 91Mo means
that the x-rays would not be completely absorbed within the central
counter. Also, there is the difficulty of obtaining a suitable

gaseous compound of 92Mb.

In view of the much larger surface areas available in HaI(T1)
detectors compared with the Si(Li) detector it was felt that the
problem of positron scattering by materisl around the edge of the
NaI(Tl) detector would be less important. It was decided to employ
a 5.1 cm diameter, 0.64 cm thick NaI(T1) detector. This thickness
of sodium iodide is sufficient to stop all the positrons from 91Mo.
The window of the detector was 0.0025 cm thick aluminium. The
material surrounding the detector window was also azluminium which,
having a lower Z value than the material around the Si(Li) detector
window (i.e. the stainless steel cryostat or the copper collimator),
caused considerably less positron scattering. Nuclear Enterprises
Ltd. supplied the HaI(T1l) detector mounted on a 7.6 cm photomultiplier
(9708L) and also a charge sensitive preamplifier (NE 5289). The
7.6 cm photomultiplier was used in conjunction with the 5.1 cm

crystal to improve the resolution of the system.

The resolution of this detector was considerably poorer than
that of the Si(Li) detector. The Nb and Mo XK, and %ﬁ peaks seen using
the Si(Lli) detector were not resolved using the HaI(T1l) detector. It

was, therefore, necessary to use the relative intensities of these

peaks obtained with the Si(Li) detector.
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1
ileasurenent of the K/8" Ratio for Mo using
the NaI(01) Dotector’

The electronic arrangement used to detect the positrons and K

91

x-rays from 7 ko is shown in figure‘4.14. This arrangement is very
similaxr to that used with the Si(Li) detector except that, in the
charge sensitive preamplifier employed (WE 5289), resistive feedback
rather than pulsed optical feedback was used. As before, the
positron spectrum was 6btained with an Ortec 440A amplifier and a
Northern Scientific multichennel analyser. The x-ray spectrum was
obtained using a Nuclear Enterprises amplifier (NE 5259) and a
Hewlett-Packard multichannel analyser. The total number of events
was registered on the scaler, whose threshold was set below the K

-

X=-ray peak.

The spectrum of x-rays from a calibration source of 1O9Cd is
shovn in figure 4.15. This spectrum was accumulated on the 1024
channel Hewlett-Packard analyser and the channels were then added in
groups of five. This was done to allow the use of the SAIPO program
to find the areas of the x-ray peaks. This program can fit peaks
only if they extend over less than 150 channels. Since the resolution
of the NaI(T1l) detector is much poorer then that of the Si(ILi)
detector the x-ray peak is so wide that this grouping of the channels

does not degrade the resolution.

The irradiation procedure was exactly as for the measurements
with the Si(li) detector, i.e. samples of 92Mb were irradiated for
6C sec. in a 50 lleV bremsstrahlung beam. .As before, data was accumu-
lated in a 30 min. period starting 10 mins after the end of the

irradiation.
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The samples of 2o which had been irradiated during the Si(Li)
neasurements were used again in this part of the experiment. The
ninimum time between the earlier irradiations and the beginning of
the NaI(Tl) measurements was three weeks but for most of the samples
the interval was longer. The residuzal activity in the samples
before the NaI(T1l) measurements was found to be extremely small and

has been neglected.

The NaI(T1l) detector was clamped in a vertical position and the
92Mo sample was balanced directly above the centre of the detector
on two hairs stretched between two vertical brass rods (figure 4.16).
This arrangement was designed to have as little material as possible
near the source to minimise scattering ofﬂfhe positrons. The brass
rods were well separated and hair was used to support the foils in
preference to, for example, wire because of its lower Z value.
Measurements were made at source-detector distances of 1.5, 2.5 and
5.0 cm. The measurement at 1.5 cm was repeated with a copper
collimator, 0.23 cm thick and with a 2.5 cm diameter opening placed

9

over the detector window., The size of the 2Mo foils used was

2 mm X 2 mn.

Figure 4.17 shows the x-ray spectrum obtained during a 30 min.
period from an irradiated 92Mo foil positioned 2.5 cm above the
NaI(T1) detector. The scaler threshold was determined as described

for the Si(li) detector measurements and is shown on this graph.

The positron spectrum obtained during the same period is shown
in figure 4.18. The pezk at 0.511 lleV from positrons which annihilate
outside the detector can be clearly seen, (For comparison figure 4.19

2

shows the spectrum from a calibration source of 2Na.) This in
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contrast with the Si(Li) detector results where only the Compton dis-
tribution from these annihilation gamma rays could be seen because of

the lower photopeak efficiency.

Identical measurements of the xX-rays, number of counts on the
scaler and the/6+ spectrun wers made without a molybdenum sample to
determine the background. This background consists of noise from
the detector and electronics end cosmic ray background. It was not
thought advisable to reduce the detection of the background activity
by shielding the detector because of the difficultieé which would
arise from positrons being scattered by the shielding. The background

was subtracted from the x-ray and positron spectra and scaler readings.

These measurements were repeated at source-detector distancesz of
1.5 and 5.0 cm. The measurement at 1.5 cm was repeated with the
copper collinator over the detector. The data obtained at each dis-
tance represents the sum of data from several samples. The measure-
ments were made at these various source-detector distances to
investigate the effect of positron scattering from the edge of the

detector window or the collimator.

Corrections to the NaI(T1l) Detector Measurements

(1) Events below the scaler threshold

In figure 4.17, which shows a typical x-ray spectrum, the data
has been extrapolated linearly (solid line) into the region below the
scaler threshold. The area below this extrapolated line represents
the correction to be made to the number of events registered on the
scaler. This extrapolation of the x-ray spectrum was carried out for

the measurcments at each source-detector distance. The magnitude of

61



LV 31avl

JOJEWTITTOO I8ddcD UTHy

‘ |
¢Ob * (6L0°0 7 062°1) | ;OL X (lSL°O 3 L16°6) 051 % G¥E€8 | (OL x (120°0 3 268°L) %G1 g
Ob X (6£0°0 7 692°2) | LOL X (€82'0 7 8LL°2) | Y8 % 2lof | Ot x (920°0 % 98V°2) ¢ 14
g x (960°0 % 80L°G) oL X Aku.o 3 LL6°G) LoL 3 gehg | (OL X (860°0 7 G0L*G) G2 €
oL * (L50°0 7 P8L°E) yOL X (9tv°0 3 €42°€) gL 3 885Y oL X (6£0°0 3 605°€) Gee 2
Ot X (590°0 = 169°2) yOL X (PSS°0 3 LEE"V) L6 3 6019 ¢Ob X (¥€0°0 = peL-g) 0°S L
sAeI-X y + sfe1 suwes Ao} |G yead pay LG Jurpesx asTeOS (wo) eoUeysSTP Jaqumu
09 snp sSjusAd
suoxqtsod Jo Jsqumy Jo KLatsuaqur 123091109 I040949DP-901N08 wny

Jo Tequmu TEB3O]




the correccticn was found to vary from 0.5 to 0.8 per cent of the total
nunber of events. It was felt, therefore, that this extrapolation
would not introduce any large errors. To allow for a possible
systematic error in the extrapolation a more extreme form for the
extrapolated spectrum was taken (dotted line in figure 4,17). This
extrapolation was considered to represent the maximum possible correc-
tion for events below the threshold. In figure 4.17 this maximum
correction emounts to 0.92 per cent of the total events. An error of
1 per cent has, therefore, been included to allow for a possible
systematic error in the extrapolation. Table 4.1 shows the corrected
number of scaler events obtained at each source-detector distance. The
errors shown represent the statistical errors added in quadrature with

a 1 por cent systematic error.

(2) Annihilation of positrons

Pogitrons which are stopped in the material around the detector
produce 0,511 MeV annihilation gamma rays which may enter the detector
and be recorded either in a 0.511 MeV photopeak or in the accompanying
Compton distribution. Since the aréa of the photopeak can be readily
estimated, the total contribution of the annihilation gamma rays to
the observed number of events can be determined if the ratio of the
intensities of the 0,511 MeV photopeak and its Compton distribution

is knowm.

However, it is probable that this ratio depends on the angle at
which the annihilation gamma rays enter the detector. Since the half
life of 91Ho is fairly short, it was decided to employ a longer lived
positron source to investigate the effect of 0.511 MeV gamma rays

entering the detector at differcnt positions. However, no suitable
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positron sources without gamma reys could be obtained and, instead,
gources emitting single gamma roys with energies on either side of

511 keV were ugsed. The sources employed were 203Hg and 13709. Both
are,ﬁr enitters., 2033@ emits electrons with a maximum energy of |

0.2 MeV &and & gamma ray of energy 279.1 keV while 137Cs enits electrons
with a meximum energy of 1.18 MeV and a gamma ray of energy 661.6 keV.
Therefore, provided there is sufficient material in front of the source
to prevent the/9- particles reaching the detector, the observed spectrar
cen be used to determine the total/photopesk ratios for 279.1 and 661.6
KeV gamma rays. According to Davisson (1965), the retio of the total
cross section fo the photoelectric cross segtion for gomma rays in
sodium iodide is approximately a linear function of energy in the region
250 - 700 keV, Therefore, the total/photopeak ratio foi 511 keV gomma
rays can be found by a linear interpolation of the rcsults obtained for

the 279.1 and 661.6 keV gamma rays.

The total/photopeak ratio for each of the gamma rays was determined
as a function of source position using the configurations shown in
figure 4.20 (a), (b) and (c). These three arrangements correspond
roughly to the probable positions of posit?on enmihilation durihg the
K48+ measurenents. The values of the total/photopeak ratio obtained in
each of these positions are 6.40, 7.85 and 8.48 for the 661.6 keV gomma
ray and 2,57, 3.38 and 3.54 for the 279.1 keV gamma ray. By linear
. interpolation the total/photopeaks ratio for 511 keV gamma rays in
configurations (a), (b) and (c) are 6.14, 7.18 and T.94, respectively.
The mean of these results has been adopted as the true total/photoPeak
ratio for the annihilation gemma rays and the spreed of these three

values is taken to represent & possible systematic error in the ratio.
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The total/photopeak ratio for the 0,511 eV gemms rays is, therefore
7.09 * 0,90,
Another estimate of the total/photopeak ratio for emnihilation gamma

. 22
rays wes made using & source of

Na. This isotope emits positrons
end 1,27 MeV gemma rays. The presence of the Compten distribution
from the 1.27 MeV gemma ray meant that only a rough estimate of the
total/photopeak ratio for the positron ennihilation gamma rays could

be made. The results, however, were in agreement with the interpclated

ratio given above.

Table 4.1 shows the areas of the 0.511 MeV photopeaks in the
spectra obtained during the Kéﬁ* measurexnents, Thege areas were
estimated using the SAMPO program. Also éhown in this table are the
total number of events due to the annihilation gamma rays calculated
using the photopeak areas and the above total/bhotopeak ratio. The
nunber of positrons plus K x-rays was obtained by subtracting the
total number of events due to the 511 keV positron amnihilaticn gemma

rays from the corrected scaler reading.

(3) Correction for the presence of impurities

From the gamma ray evidence the only activities produced other
then 1o and VMo exe %o (%, = 5.7 h) end P%Mb (T, = 14.6 h).
The large value of the KA;+ ratio for 90Mo and the important contribu-
tion made by this isotope to the intensity of the Nb K x-rays has

already been mentioned.

In order to estimate the amount of these contaminant activities a
half life measurement of the activity wes made. The X-ray spectra

from the Si(Li) detector showed both Wb and Mo K x-rays but these
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x~-rays could not be resolved in the NaI(T1) detector because of its
much poorer resolution. The half life measurement was, therefore,
made using the Si(Lli) detector so that the half lives of the Nb and

Mo K x-rays could be measured separately.

For the half life measurement, a thick sample (52 pm) of 92Eo
was irradiated for 60 secs in a 50 MeV bremsstrahlung beam and then
positioned in front of the Si(Li) detector. Starting 10 mins after
the end of the irradiation to allow the 66 sec activity of Ny to
decay to a negligiblé amount, a series of x-ray spectra and corres-
ponding scaler readings, of 3 mins duration, was taken over a period
of about 26 hours. The number of counts in the Kb K, and gp and the
Mo K, peaks were dctermined but before halk life measurements couvld

be made the data had to be corrected for the dead time of the Si(Li)

detector systen.

The causes of the dead time and the measurement of its magnitude

as a function of counting rate are now described.

- Dead Time of a Pulsed Optical Feedback Preamplifier

The high resolution (184 eV fwhm at 5.9 keV) of the Si(Lli)
detector system was achieved using a pulsed optical feedback preamplifier
and main amplifier supplied by Nuclear Semiconductor Inc. It is instruc-
tive at this stage to consider the advantages and disadvantages of this

system compared with a more conventional resistive feedback.preamplifier.

In earlier x-ray detectors the best resolution (~ 700 eV fwhm) was
obtained using a cooled FET stege with a large feedback resistor, Rf’
in the preamplifier (figure 4.21 (a)). However, the presence of this
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registor contributes thermal noise to the system and in-brder to reduce
this noise a very large value of Rf must be used. In practice, the
effective value of Rf cannot be increased indefinitely since the

optinum frequency band for the best signal to noise ratio in the
preamplifier is about 100 kHz and high valued resistors show a decrease
in their resistive component if the frequency exceeds a few kHz . (Goulding
et al., 1969). The presence of Rf also increasés the stray capacity to
ground at the FET input.  Both these effects limit the energy resolu~

tion which can be obtained.

The replacement of Rf by optical @oupling as the d.c. feedback _
between the output and input of the preamplifier (figure 4.21 (b))
allows much better energy resolution to be obtained (Landis et al.,
1972). The intensity of the light given out by the light-emitting
diode (LED) is proportional to the current flowing through it and the
current produced in the photodiode is proportional to the intensity
of the light which illuminates it. Thus

=gl =g= = Ye

Ry R

where ¢ represents the coupling involved in the production and detec-

£
magnitude of ¢ can be varied by changing the relative pcsitions of the

tion of the light, R, is the effective feedback resistance. The

LED and the photodiode or by the use of absorbers. Typical values of

@ range from 1078 4o 10710

8 2

« For R8 = 1000, Rfl ranges typically from

107 to 101 JA.Since the light coupling is almost instantaneous the value
of Rf, is independent of frequency, at least up to several MHz., This
arrangement still has the disadvantage of the stray capacity of the

photcdiode at the FET input but, in practice, the FET has its protective



cover removed and the drain-gate junction may be used as the photodicde.

A further development of this system leads to the pulsed optical
feedback preamplifier employed in the present experiment. It hed
been observed (Landis et al., 1971) that non-linearity in the LED
current-light relationship led to inferior resolution at high counting
rates., However in the pulsed optical feedback preamplifier the LED is
normally switched off. A discriminator compares the preamplifier output
voltage with two reference voltages and the LED is pulsed on to maintain
the output voltage within its normal opsrating range (figure 4.21 (e)).

In the preamplifier employed in the 9

1Mb experiment the charge on CF
builds up until the output voltage V° rises to 0.0 volts. At this
point, the discriminator switches on the LED to restore the output to
a negative level and the LED is then switched off. The cycle is then A
repeated as the detector lesksge current charges up the feedback
capacitance and the output voltage rises. When the LED is pulsed .on,a
reject signal ig fed to the méin amplifier which then rejects all
signals for a fixed period (in this case 700 pse&) until the output
voltage is again within its operating range. This period when the
main amplifier is gated off is the main‘cause of dead time in the system.
The length of the period for vhich the amplifier ié gated off after an
bptical feedback pulse is chosen to allow the output voltage to rise
to its operating level before the amplifier again accepts pulses,
However, at very low counting rates the detector leakage current is so
low that the output voltage may not rise to its operating range within

the T00 psec period. In this case the dead time of the system may be

very much longer than 700 psec per feedback pulse.

The high resolution obtained with this system makes it well suited
for x-ray fluorescence measurements since the X x-rays from neighbour-

ing elements can be resolved for all but the very light elements.
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However measuremsnts of the half lives of x-rays are difficult because
of the large uncertainties in the dead time corrections at low

counting rates.

Moagurement of the Dead Time of Si(Li) Detector System

A block diagram of the electronics used to measure the dead time
is shown in figure 4.22. The arrangement is identical to that used
for the half life measurements described earlier except for the inser-
tion of the output signal from a 50 Hz pulse generator into the test
input of the preamplifier. In order to ensure that the dead time was
being generated in the same way as for the half life measurements,a
pample of 92Mo, irradiated for 1 min. at 50 MeV, was used to produce
dead time in the system. (This is discussed in more detail below in
connection with dead time neasurenents made with a source of 1OéRu,)
The amplitude of the pulse generator output was adjusted to be slightly
greater than the K x-ray pulses and the resulting spectrum of x-ray and
pulse generator peaks taken on the Hewlett-Packard 1024 channel analyser.
The epectrum and the corresponding number of scaler counts in 3 min.

counting periods were taken at different counting rates.

The frequency of the pulse generator was 50 Hz and, therefore, in
3 mins, 90C0 pulses were produced. The actual number of pulses
recorded in the pulse generator peak in the spectrum thus enabled the
open time, and hence the dead time, of the system to be calculated.
The areas of the peaks were estimated using the program SANMPO and the
graph of dezd time as a function of counting rate is showm in figure
4.23. The number of counts/min. on the x-axis is the number of scaler

counts minus the number of counts inthe pulser peak. This assumes that

68



UlWw / S)uno”
L

g

]

1

(-
o~

(e
~t

03

sull}y pbed %



the pulser events do not contribute significantly to the deed time ,
which is a reasonable assumption at high counting rates. The justifi-

cation of this assumption at lower counting rates is discussed below.

In order to obtain more information about the shape of the dead

time correction curve, measurements similar to those described above

92 106

were made with the “"ilo semple replaced by a source of Ru. The

longer half life of this source (367 days) enabled a greater range of

106 106

counting rates to be investigated. Ru deczys to Bh which emits

A~ particles with a maximum energy of ~ 3.5 ¥eV (i.e. sinilar to the

91Mo,6+ end point energy) but there are also other f#  branches with

106

lower end points. The results obtained from 0 Ru are also shown on

figure 4.23. For counting retes gresater than 5000/min. it is clear

that the desd time produced by 1OoRu is much less than that produced

by the 91Mo source. This is consistent with the view that wost of the

dead time arises from the detection of high energy/B parvicles,

9y,

Although the maximum}ﬂ energy is approximately the same for L0 end

106Ru there are relatively fewer high energy/B partiocles associated

with "%y than with 2'Mo. This association of desd time with the
detection of high energy events also justifies the assumption that the

dead time associated with pulse generator events is small,

The dead time measurements with 106

Ru at low counting rates
exhibit a very sudden rise in dead time as the counting rate decreases,
As nentioncd earlier this rise in dead time is due to the very low
detector leakage curreat. It was not possible to make reliable
estimates of the dead time of the system at these very low counting
Mo

rates with the source because of the short half life of this

source., It was merely possible to observe that, at lov counting rates
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with 91Mb, the dead time was high end has been assumed to follow the gen-

106

eral shape shown by Ru below counting rates of 5000/min. (dotted

curve in figure 4.23). It must be emphasised that the dead times
measured with the 106Ru source were not used to correct the half life

data but were used only to indicate the lowest counting rate to which

the 91mo dead time measurements could be applied.

A least squares fit to the dead time data from 91Mb was performed
using the minimization program VAO4A., It was found that an expression
of the form

y = AeBx + Cer

+ B
where y = dead tine

x = counts/min. .
gave a good fit to the data. The parameters A, B, C;, D and E were
varied by the program to obtain the optimum fit which is shown as thke
solid curve on figure 4.23. This expression was used to correct all
half life data for counting rates greater than SOOO/min. For lower
counting rates the dead time correction could not be reliably estimated
and such data had to be neglected. This meant that information sbout

long-lived activities in the half life measurecments was greatly

restricted.

Results from Half Life }Me~nurements

Half life data for the Nb K, activity and the scaler ieadings
were corrected for dead time as described above. The resulting graphs
of activity againsﬁ time are shown in figures 4.24 and 4.25. The Kb
Kﬂ and Mo K, peaks were not sufficiently intense to allow accurate
half life determinations although a rough estimate of the Mo K, half
life is described later in connection with the origin of these molyb-
denum K x-rays.
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(a) XNb Kz ectivity

(1) The experimental points were fitted using the VAO4A program

to the expressicn

My e')‘t + A

y = Ae 2 3

where ) and A, are the decay constants of 91Mb and 90Mb, respectively.
An expression of this form was chosen since it was known that, of all

the activities observed in the gamma ray measuremenis, only 91Mo and

9

OMo could produce Kb x-rays. The constent term A, was included to

3
allow for the very long-lived activity (62 days) due to internally

converted gamma rays from the 0.1045 MeV isomeric state in 91Nb.

Since this activity is extremely long-lived compared with the 91Mo and

90Mo activities, it was thoughtreasonable to represent it by & constant

A and A, are

term. The values obtained for the paramsters A1, > 3

A, = 2838 t 112

1
Ay = 133 * 19
Ay = 22 £ 13

This fit is showm in figure 4.24.

(ii) Since the value of A, obtained above is very small, the

3
experimental points were also fitted to the expression

ynB1e-)‘t+Be b

with A and A, es before., The values obtained for B1 and 32 are

B1 = 2812 £ 110

B2 = 161 S 80

The inability of the minimization progrem to distinguish between

the 5.7 hr 90Mo activity and the same activity plus a constant joccurs
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here because insufficient information about loné-lived aﬁtivities

was availeble. This is a consequence of the uncertainty in the deead
time corrections at low counting rates. Althcugh measurements of the
Nb K. x-ray activity were taken for about 26 hours only the data for

the first 3 hours could be corrected reliably for dead time.

The measurements of the K//6+ ratio were made during the time

from 10 to 40 mins after the end of the irradiation and, using the
known 91Mb and 90Mo half lives and the above ressults, the various con-
tributions to the Nb K, activity in this time interval can be calculated.
The percentage of the total Nb K, activity associated with the 15.49
91Mo activity in this 30 min. period is found to be

(1) (87.6
and (i) (87.1

2.3)%
0.7)%.

It is clear from this that the estimation of the percentage of Nb K

(53

(£ 4

x~-rays due to 91Mb is little affected by the exact nature of the
longer-lived components. However, the value obtained from (i) has been
sdopted since this is derived from the more realistic representation

of the activities contributing to the Nb K x-rays.

(b) Scaler reedines
The scaler readings, after correction for dead time, were fitted

to several expressions using the program VAO4A,

(1) The experimental points were fitted to the expression

Y -t =7t
y = C1e + Cze + C3e )

where A, , ), and )3 are the decay constants of 91Mo, SOMo and 90Nb,

respectively. These are all the activities known to be present from

72



o

~

(Spuodas) awi)

Gl
T

Tl

£l

Oix

0l

0l

jDAJBJUI 3wy Jad sjuno)



gamma rey studies. The values obtained for the parameters C1, 02 end
C3 are

01 = 461410 t 2600

02 « 1133 t 320

03 = 458 t 260.

This fit is shown in figure 4.25.

(ii) Ag with the x~ray half life date, the actual half lives of
the long-lived components did not significantly affect the fit. The

expression

g oy
y= D1e + Dze + D3

also gave a good representation of the data with
.'D1 = 461410 ¥ 2400
D, = 1360 ¢ 190

-+

D, = 239 130,

From these results the contribution of 91Mo to the total activity

is found to be

(1)  (99.16 £ 0.29)%
and (i1) (99.10 £ 0.18)%.

Thus only a very small amount of the totsl activity is associated with
impurities. However, even a very small amount of the 2 Mo conteminant
activity prbduces a large contribution to the Nb K x-ray activity due

to the relatively high K43+ ratio for this isotope.

(4) Correction for the presence of Molvbderum K x-rays

It cen be seen from the x-ray spectra teken with the Si(ILi)
detector (figure 4.6) that Lo K x-rays are present together with the

expected Nb K x-reys from the K-cepture decay of 91Mo. An accurate
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detexmination of the half life of the Mo K, x-rays was not possible
because of the low intensity of these x-rays (~ 10 per cent of the Nb
K, intensity). Figure 4.26 shows all the data which could be
obtained on the decay of this x-ray. The points shown have been
corrected for dead time. From this graph the half life of the lo

K, x-reys is estimated to be approximately 16 mins. If a long-lived
component of Mo K, x-rays is also present this estimate must be

reduced.

Molybdenum K x-rays could arise from K-electron capture in a
technetium isotope or from internal conversion in a molybdenum isotope.

However, no such isotope, with a suitable half life, is known to exist.

Anbther possibilify is the production of molybdenum K x-rays by
fluorescence in the molybdenﬁm foil caused by positrons from the decay
of 91Mo. If this interpretation is corresct it explains the fact that
the half life of the Mo K, x-rays is epproximately the same as that
of 91Mo. There should also be components with half lives of 5.7 hrs
and 14.6 hrs corresponding to excitation of the sarple by positrons
from %o and P%Nb but the intensities of these activities are so
small that their effect on the Mo K_, half life would be almost

negligible.

Figure 4.27 shows the x-ray spectra from molybdenum samples of
different thicknesses. Samples consisting of two, three and four
thicknesses of the 5 pm 2lo foil as well as one thick piece of 22Mo
(52 Pm) were studied. These samples were each irradiated for 60 secs
end, after a period of 10 mins, a 30 min. X-ray spectrum was accumulated.
The areas of the Nb and Mo K _, peeks were determined and, after correc-

tion for absorption of the x-rays in the molybdenun sample, in the sair
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between the semple and the detector and in the beryllium window of
the detector, the ratio of the intensities of these x-rays was cal-
culated. A description of the absorption corrections appears in a
later section of this chepter. Figure 4.28 shows the ratio of the
intensities of the Mo and Nb K , x-rays as a function of sazple
thickness. The point &t § Jua is the weighted mean of four measure=-
ments and the other points are taken from the single measurements
shown in figure 4.27. It appears from this graph that the number
of Mo K, =x-rays per Nb K_, x-ray (and, therefore, per positron) is
directly proportional to the thickness of the molybdenum sample,
This is consistent with the above hypothesis that the Ho K x-rays
are produced by excitation of the molybdenum foil by positrons from

the decay of 91Mo.

(5) Absorption of x-rays

(1) Absorption in air and detector window
For x-rays travelling at an angle © from a point source on the
detector axis, the fraction of the emitted x-rays which is transmitted

through the air and the window to the detector is

1an/cose -pr/cose
e e

where X is the distance between the sample and the window, T is the
thickness of the window (see figure 4,29 (a)) and p_ and p_ are the
linear absorption coefficients of the air and window, respectively,
for the particular x-ray energy being considered. The solid angle
between the cones with semi-angle O and 6 + d9 is

dw = 27sin 0 A6

and the fraction of xz-rays emitted from the sample into this solid
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angle is proportional to
Ie 271 sin © a6

where Ie is the fraction of x-rays emitted from the sample,per unit solid
engle,at angle 6. An expression for I9 is given below.

(i1) Avsorption in the molybdcnum sample
If the ectivity is eosumed to be uniformly distributed throughout
the sanmple and, if No is the total number of x-rays emitted parallel to
the detector exis then, in the voluze Adx (figure 4.29 (b)), the number
of x-rays emitted parallel to the detector axis is
No Adx
AL

vhere A is the cross-sectional area of the sample and L is the sample

thickness. The number which reach the surface of the sample is

T ’}1 X
Eg e ° d&
L

vhere Ps is the linear absorption coefficient of molybdenum. Therefore,

the number of x-rays from the whole sample, which reach the surface, is
[
-, X
%‘3 c/as dx = ._N_S. (,_ e-/sL)
o -

—pyl
Therefore, I_ = /"";L (1-e7") |

Q

For transmission through the sample at angle ©, the maximum distance
travelled by the x-rays is L/cos® and, therefore

1uBL/cose

cogd
Ienp"’_L (1-6

Hence, the fraction of x-rays from the sample which reaches the detector,
~is given by

tan 7

- &X/Coog - T /ees © .
/ T, ¢/ AT/ 2 5 © d O
o
Jan' B
®x
f 2o 64O
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X-ray Frg?ti9n trénsmitted
- Si(Li) detector -

Nb K, 0.944 * 0,007

Mo K, 0.952 * 0,007

Nb Kg 0.960 * 0,006

Mo Kg 0.965 * 0.006

TABLE 4.2




By numerical integration of the numerator of this equation using
Simpson's rule the fractions of Nb and Mo K, and K g X-Tays transmittied
to the detector were calculated for various values of X (source-detector
distaonce) and H (radius of detector window). The values of the linear
absorption coefficients Ry and R, were tsken from tables given by
Deway et al. (1959) who give values of mass absorption coefficients
(p/e) as a function of photon energy for absorption in various materials,
A linear interpolation between fhe tabulated values was used to determine
the absorption ccefficients of niobium and molybdenum K, and K}s X=-rays
in molybdenum, beryllium (Si(Li) detector window) end aluminium (NaI(T1)

detector window). The energies of these X-rays were taken from Bearden

(1967). The mass absorption coefficient of air was calculated from the

(%)

where 8y is the fractional amount by weight of the ith conponent

expression

N .
= 2 (??) e,
ar =1 ¢
(Davisson, 1965). According to Davisson, the constituents of air are
nitrogen (a = 0.755), oxygen (a = 0.232) and argon (a = 0.013). The
values of the mass absorption coefficients for nitrogen, oxygen end

argon were taken, by linear interpolation, from the tables of Deway et
al. (1969).

Since the Nb and Mo K, and Kﬂ x=-rays are not resolved by the
NaI(T1) detector the relative intensities of these x-rays observed in
the Si(Li) detector system must be used to determine the relative mag-
nitudes of the components of the K x-ray peak observed in the NaI(T1)

detector.

Teble 4.2 shows the calculated wvalues of the transmission of the
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Nb and Ho K, and Kﬁ, x-rays through the sample, air and window in the
Si(Li) detector system. The errors shown were obtasined by considera-

tion of the fellowing points.

The effect of the finite area of the sample has not been taken into
account in these absorption calculations. Approximate calculations of the
type described earlier for a point source on the detector axis have
also been carried out for point sources a few millimetres off the axis
to.allow for finite sample size. The maximum effect has been estimated
to be about 0.5 per cent for the transmission of Nb Ky =x-rays ond less

for the higher energy x-rays.

The effects of uncertainties in the source-detector distance, in

the window thickness and in the sample thickness have also been included.

A change of 0.1 cm in the source-detector distance introduces a
0.02 per cent change in the transmission of Nb K x-rays decreasingto a
0.01 per cent change for Mo Kf x-rays. A 10 per cent uncertainty in
the thickness of the detector window also introduces uncertainties of
about 0.02 per cent in the transmission of Nb K, x=-rays and 0.01 per
cent for the tranemission of Io K/ x-ra2ys., The actual uncertainty in
the window thickness is not known but 10 per cent has been chosen as &
reasonable estimate. The molybdenum foil thickness is known with an
accuracy of about 10 per cent and this leads to uncertainties in the
transmission ranging from 0.53 per cent for the Nb K, x-rays to 0.33

per cent for the lio K/ X=-rayse.

The errors chown in table 4.2 have been obtained by adding in

quadrature the uncertainties described sbove.

-

The ratio of llo to Nb K, x-rays observed in the silicon detector

18
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is 0,038 £ 0.007. After correction for absorytion in the Si(Li)
detector system using the results showmn in table 4.2 the ratio becomes

Mo K
b K.,

R

= 00087 pA 000070

The ratio Kf/Kx for the Nb x-reys was observed in the silicon
detector to be 0.193 * 0,009, This is & weighted mean of five measure-
ments. After correction for absorption in the molybdenum, air and

beryllium the ratio becomes

X
(I{-.) = 00190 : 000090
o

b
This is in agreement.with a value of 0,193 * 0,004 obtained by Salem et.
al. (1972) using a proportional counter. The zgreement indicates that
any difference in the detection efficiency of the Si(Li) detector at the

Nb K, and Kf x-ray energies is negligible.

It was not possible to measure the Kﬁ/K¢ ratio for the molybdenunm
x=reys in the Si(Li) detector because of the low intensities of the x-rays
involved. The ratio has, however, been measured by Slivinsky and Ebert

(1969) %o be 0.197 * 0.006 and this value has been adopted here.

The calculated values of the transmission of the Nb and Mo K x-rays
through the sample, air and aluminium window for the NaI(Tl) detector
system are shown in table 4.3 for various source-detector distances.

The errors shown were obtained in a similar manner to that described for
the Si(Li) detector. In this case, however, no account was faken of the
finite area of the source since it is very much smaller than the area of
the detector window. These values of X-ray transmission have been used

to caloulate the ratios Mo K./Ib K,, (X,/K )y and (K,/K_, )y, ¥hich would

be obsexved (if resolved) in the NaI(T1l) detector. These ratios are
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shovm in table 4.4.

(6) Detector efficiency

(1) si(1i) deteotér

The only results from the Si(Li) detector measurements employed in
the calculation of the K48+ ratio are ratios of x-ray intensities (e.g.
Mo Ku/Nb Ke). Therefore, it is sufficient teo know the relative
efficiencies at the various x-ray energies., The variation in photopeak
efficiency in this region (16 - 20 keV) is extremely small and has been
neglected. This is supported by the agreement between the values of the
ratio (Kp/Kd)Nb as observed in the Si(Li) detector, without efficiency

corrections, and by Salem et al. (1972) using a proportional counter.

(ii) NaI(T1) detector

For the x-ray measurements made with this detector, the absolute
photopeak efficiency for each of the x-ray energies must be known. At
these low energies, the photoelectric effect dominates and for a thick~
ness of 0.64 cm of NaI(T1) the photopeak efficiency is 100 per cent for

the Nb and Mo Ky and Kﬁ x-rays (Davisscn, 1965).

(7) Corrections to the number of positrons

(i) Positrons stopped before reaching the detector

The energy loss expected for positrons travelling through the moly-
bdenum sample (thickness 5 mg/cm2) and the detector window (6.9 mg/cm2
aluminium) is approximately 100 keV (Evans,1955£krger and Seltzer, 1964).
The number of positrons from Mo (maximuﬁ positron energy = 3.421 MeV)

with energies less than 100 keV is less than O.1 per cent of the total

positron intensity. This correction, therefore, can be neglected.
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(i1) Positrons scattered out of the detector

Because of the high effective atomic number of NaI(Tl), many
positrons are expected to be scattered out of the detector before losing
all their energy (Neiler and Bell, 1965). Since the actual gshape of the
positron spectrum in the NaI(Tl) detector is of no consequence in the
present experiment, this effect is only important for those positrons
which lose only a small amount of energy before being scattered out of
the detector. From figure 4.17 it can be seen that the scaler threshold
corresponds to an energy of about 6 keV. Therefore, to be detected,
positrons must lose about 6 keV before being scattered out of the detector.
The effect of positrons losing less than 6 keV in the detector can be
represented by an extrapolation of the positron spectrum below the scaler
threshold. Two forms for this extrapolation are showm in figure 4.17.
The dotted curve has been adopted on purely subjective grounds, as the
most extreme form of the extrapolation and the area under this curve
repregsents the maximum value for the number of positrons depositing less
than 6 keV of energy in the detector. It has already been stated that
the difference between the two forms of the extrapolation (solid and dotted
curves on figure 4.17) amounts to less than 1 per cent of the total number
of events and an error of this magnitude has been included along with the

statistical error.

RESULTS
(i) K x~rays

The areas of the K x-ray peaks observed in the NaI(T1) detector were
determined using the SAMPO program. The Gaussian-plus-exponential expres-
sion used in this program was found to be a good representation of the

data despite the fact that the K-peak is actually composed of several

81



§°F F1EVL

£UOT308Ix00 uoTjdiosqe I83Jy

(O ¥ (05L°0 5 662°V) 0L ¥ Amm.o 3 ¥el) cOF X (080°0 7 ¥2L°V) oL X (280°0 7 9L8°¥) G
cOb * (0Ov€*0 3 L€£9°8) oL X (180°0 3 2L5°1) Ot x (102°0 = 162°8) oL X (og2°0 3 28b°6) ¥
yOb X (0l0*0 7 0L0°2) oL X (08L°0 3 199°€) yOb X (L£0*0 7 626°L) O X (Lyo*o 3 2heee) €
yOb X (1k0°0 3 G¥L*L) 0L ¥ (€0L°0 7 680°2) Ot X (220°0 3 860°L) ,OF X (b20°0 3 Ll2*L) 2
yOL ¥ (6b0°0 = LoL*L) cOb X (loL*o = mwoymv yOb ¥ (0€0*0 3 1L90°L) ;0L % (LE€0°0 7 2be*L) L
opr. . UM DRIBIOOSSE sfex-x m.\vﬁz Jo Tequmny sfBx-x ®y qN JO Jaqumy sead-y Ut
.mhm»mx I AN JO JZsqumypy sjUsA® JO Isqumy Tequmu Uy




different K x-rays. Figure 4.30 shows a K-peak together with the SAMPO
fit to the peak and background. All the K-peaks weres examined several
times using the SANPO program, each fit including different numbers of
channels around the peak. The mean of the values obtained for each peak
vas adopted as the area and the range of the values was taken as a
measure of the systematic error involved in determining the background
under the peak. This error was added in quadrature with the statistical
erfor in the pezk area. The areas and corresponding errors are glven in

table 4.5.

The ratios of the relative intensities of the various components in
the K-peak (fable 4.4) were used to calculate the numbers of Nb Ke and
Kp x-rays in the K-peaks observed in the ﬁaI(Tl) detector. The absorp-
tion corrections from table 4.3 were then applied to find the actual

nunbers of Nb K, and K,g x~-rays produced (columns 3 and 4, table 4.5).

The half life data showed that (87.6 = 2.3) per cent of the Nb K.
X~-rays were associated with 91Mb. Applying this result to both the Nb
Ke and Kg x-rays, yielded the values shown in the last colum of table

4,5.for the number of Nb K x~-rays from the decay of 91Mb.

(ii) Positrons
By subtracting the number of events in the K-peak from the number of
positrons plus K-events (table 4.1), the number of positrons in each run

was obtained. The results are shown in table 4.6,

From the half life measurements of the 0,511 ileV positron annihilation

gamna rays observed in the Ge(Li) detector, it was found that (99.3 + 0.5)
91

per cent of the positrons were due to 7 o, This result was obtained from
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a series of 15 min. gamma ray spectra but no allowance was made for the
decay of 91Mo within the 15 min., period. Allowing for this decay has
only a very small effect on the calculation. This result is used in pre-
ference to that obtained from the half life measurements on the scaler
readings from the Si(Li) detector. The reason is that theée scaler
readings include events caused by 0,511 leV annihilation gamma rays and
the intensity of these gamma rays relative to the positrons for each of

91, 90

the activities present (i.e. 7 'lo, 7 ilo and 90Nb) is not knovm.

The values obtained for the ratio (K x-rays)48+ for 2o are shom
in table 4.6. The result obtained from the measurements with the copper
collimator (run number 5) is considerably lowexr than the other results.
This is thought to be due to positrons which were scattered into the
detector from the edge of the opening in the collimator, thus reducing
the observed K48+ ratio. This is consistent with the results obtained
using the Si(Li) detector, although, in that case, the effect was even
greater because the very small opening in the collimator meant that

scattering from the edges was more important.

The results obtained at source aistances of 1.5, 2;5 and 5.0 cm,
with no collimator, are in good agreement. This implies that the scatter-
ing of positrons into the detector from material around the window was not
an important effect since the value obtained for the K46+ ratio did not

apparently depend on solid angle,

The mean of these four results was found by weighting each result in
inverse proportion to the square of its error and the results were tested

for internal and external consistency (Topping, 1962).

Two expressions exist for the stendard error & of a weighted mean.
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The first depends on the internal consistency of the separate observations
(Birge, 1932) and is defined as

2 |

ERNTES

where o is the stendard error of the observation x_. The other expres-
»

sion depends on the external counsistency of the observations and is given
by
| . ¥ (3, 23/,
e " (n-1) Z (j:>

where X is the weighted mean of the observations X The ratio of the
erTors o and o(i is unity with standard error 1/,/ (on - 2), where n is
the number of observations, for samples taeken from an infinite normal
population. If, for a given series of results, the ratio oce/o(i is
found to be unity within the error, the larger c.>f o(e and d'i is taken
as the standard error of the weighted mean., If the ratio differs
significantly from unity, however, it is probable that systematic errors

are present and a different weighting of the observations is necessary.

In fthe present case, the weighted mean of the four wmeasurements is

0,0403 and oy and o, are 0,00116 and 0.00086, respectively. Therefore,

53

e
;,::' = 1'340

i
Since 1/\/(2n - 2) = 0.41, the standard error o(e has been adopted as the

error in the weighted mean. The result is, therefore,

_x-:__x-iay_s_ = 0,0403 * 0,0012.

Using the value of wK’ the fluorescence yield, given by Bambynek
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et all (1972), i.e. @

| K

I

0.748 ¥ 0,032, gives the result

K49+ = 0.0539 t 0,0028.

The error in the final result consists of the 3 per cent error in
+
the measured (K x-ray‘ﬁ ) ratio and the 4.3 per cent error in the

fluorescence yield added in quadrature.

The experimental errors in the individual measurements arise from

the following

(a) statistical errors in the scaler readings and in the number of
events in the K-peak

(b) the systematic error in determining the background under the
K~peak )

(o) the error in determining the contribution to the K-peak from
b Ko and Kf x-rays. This arises from the errors in the
ratios (Mo Ka /ib Ku ), (Kp/Ku )y, and (Ka/Ku )y

(d) errors in absorption corrections

() errors in determining the contribution of “Cio to the Nb K
x-rays. This comes from the x-ray half life measurement in
the Si(Li) detector

“(£) the systematic error in the extrapolation below the scaler

threshold |

(g) the error in determining the photopeak/total ratio for the
0.511 MeV gamma rays

(h) the error from the half life measurement of the 0,511 MeV

peaks in the Ge(Li) detector to determine the contribution

made by impurities to the positron activity.

Of these, (e) and (g) make the largest contribution to the final

85



error. The maznitude of effect (e) could probably have been reduced if
more information about loag-lived components of the Nb K x-rays had been
available., However, the uncertainties in the dead time of the Si(Li)

detector system at low couwnting rates rendered this imnossible.
y 3 I8

The most awkward effect to determine was (g),'i.e. the detection of
0.511 ileV annihilation gamma rays from positrons stopped in the materisal
outside the detector., To investigate this effect, a fairly ldng-lived
source emitting positrons and no gamma rays, would have been ideal.
However, no such source was available and the method employed of using
sources with single gamma ray with energies around 0,511 ileV and inter-

polating the results led to a fairly large, unavoidable uncertainty.

As stated at the beginning of this chapter, 91Mo does not decay
solely to the ground state of 91Nb. Details of transitions to higher
levels in 91Nb and the K4g* ratio for the decay to the ground state are

presented in the next chapter,

86



’+

2
15.5 MIN
41792 'd wMO
s Z
38372 —
+
/A EC
s ~
"
30277 L e
2791.8 /
26313 o® '
25308 e
1790.5 e
1636.9 o
1581.0 e
ot
° % i
9l

Nb
FIG  5-1



CHAPTER 5

WEAK TRANSITIONS IN THE DECAY OF 91Mo AND T1 K48+ RATIO
FOR THE TRANSITION TO THE GROUND STATE OF 7'Hb

It has been mentioned in the previous chapter that the decay of
91Mb is not simply a ground state-ground state trensition as shown in
figure 4.1. Work by Cretzu et al. (1965), using natural molybdenum
irradiated in a 25 KeV bremsstrahlung beam, showed gamma rays with é
15 min. half life at enefgies of 800, 1040 and 1600 keV. They assumed
that these gamma rays were associated with the de-excitatién of leveis

.. 91

in “'Nb fed by transitions from 91Mo. Similar results were obtained

by Das et al. (1969).

Both of these groups irradiated samples of netural molybdenum to

preduce 91Mb by the reactions

9245(% , n) 2o or Po(n, 2n) o
on the stable 92mo isotope, which has & natural abundance of approxi-

mately 16 per cent.

More recent studies (Hesse and Finckh, 1970, and De Barros et al.,

92,

1970) have employed samples enriched to 95 per cent in ““Mo and have
failed to confirm the gamma rays at 800 and 1040 keV, It seems likely
that these gamma‘rays are associated with some other activity produced
by irradiating natural molybdenum. The relative intensities of the 2 Mo

gamma rays from these recent measurements are compared in table 5.1.

The decay scheme according to Hesse and Finckh is shown in figure 5.1.

Neither of these groups measured the intensity of the gamma rays
relative to the positrons from M. However, Cretzu et al. (1965)

measured the relative intensities of the 511 keV positron anmmihilation
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De Barros et al. 1970 Hesse and Finckh 1670
Energy of gamma Relative Inergy of gonma Relative
ray (keV) intensity ray (keV) intensity

- - 1050.7 * 0.4 10.8 £ 2,0

- - 1082,0 = 0.4 5.8 £ 1,5

- - 1195.1 * 0.7 2.8 1,0

- - 1446.9 * 0.5 3.7 £ 1.5

- - 1460.5 * 0.6 2.4 £ 1,0
1580.5 % 0.4 70 £ 5 1 1581.0 = 0.3 69 7
1636.3 * 0.4 100 1636.9 * 0.3 100
- - -1740.4 % 0.4 . 4.9.£1,0
1789.1 £ 0.5 15 £ 3 1790.5 * 0.4 8.6 X 1.5
2119.2 £ 0.6 ~8 - -

- - 2530.8 * 0.4 1.7 t 0.8
2630.8 * 0.5 39 6 2631.3 * 0.4 36.5 £ 4.0

- - 2791.8 * 0.6 3.2 % 1,0
3027.0 £ 0.5 29 £ 4 3027.7 t 0.5 23.0 t 0.3
3147.5 * 0.6 16 £ 2 3145.7 * 0.5 15.0 * 2,0

- - 3187.1 £ 1.0 1ot £ 0,7

- - 3337.2  1,0% -

- - 3886,.,3 * 1,0% -

- - 3916,3 * 1,0* -

- - 4179.2 £ 1,0* -

*Detected by double escape peak only

TABLE 5,1

GAICIA RAYS FROM THE DECAY OF 2 o




quenta and 1600 keV gamma rays. They found

I(511 keV) : I(1600 keV) = 300:1
If this 1600 keV gamma ray is assumed to correspond to the two most
intense gamma rays in table 5.1 (i.e. 1580 and 1636 keV), it can be
shown that the decay of 91Lb is predominantly a ground state-ground
state transition with only about 1 per cent of the decays leading to

excited states in 91Nb.

For the present experiment it is necessary to make an accurate
determination of the intensity of the transitions to the excited
states relative to the ground state transition in order to determine
the K48+ ratio for this latter transition from the measured total

K45+ ratio.

In the gamma ray spectra from irradiated 92Mo foils presented in
the previous chapter (figure 4.2) nonc of the gamma rays from e
could be seen because of their low intensity. The thickness of the
foil used for these measurements was 5 pm. In order to see even the

most intense Mo gamma rays, a thicker foil (52 pm) had to be used.

Measurement of the Intensities of the 1.58 and 1,64 MeV
Gammas relative to tne Positrons from 7 'io

For the measurement of the half life of the 0,511 MeV positron
annihilation gamma rays described in chapter 4, a piece of 92Mo
(52 pm) thick was irradiated for 60 secs in a 50 lleV bremsstrahlung’
beam and, efter a 10 min., wait, a series of gamma ra& gpectra, each
of 15 mins durstion, was accumulated. For these measurements the 92Mb

foil was sandwiched between two copper discs, 0.23 cm thick, to stop

all the positrons close to th2 source. This ensured that the geometry

88



T-§ Sid

Y3SWON THNVHD

1]} 13k} 009

007

IS0

~ - T T Y - J 4 .
- . .. ¢ - e
i - - : bl - e M .= . » b
) ‘ ®e% : Je es o% o« s .
. . St Lt .
: - . e . 10.‘0 .
a . e, .
9v-l * e y .
vo“_ wﬂ_ o €irt Lo
. o g o
N, Noy . |
.s. (..1...,-\:.
-~
’
. -o’.
. . |
RN
. oy ......J...\.s.
.

ol

Ot

1]}

K

TINNYHD  ¥3d SINROD



Counts / channel

L0

20

40

20

0

158 MeV

1700

1.64MeV

1720 740

FIG 5-3

1750
Channel
number



wag, as nearly as possible, the same for the 0.511 MeV positron annihila-

tion quanta and the other gamma rays.

The gammna ray spectrum obtained.during the first 15 min. period
is shown in figure 5.2. In addition to the 90Mo and 90Nb gemma rays,
peaks at energies of 1.58 and 1.64 MeV can be seen. These peaks were
also seen in the second 15 min. spectrum but not in later spectra.
These gamma rays correspond in energy to the most intense gamma rays
from ° o (table 5.1). The data from the first two spectra were added
to improve the statistics and the regions around 1.58 and 1.64 leV are
showm in figure 5.3. The numbers of counts in these peaks were |
estimated to be

129 + 25 for the 1.58 MeV photopeak

and 180 t 26 for the 1.64 MeV photopeszk.

The measurement of the half life of the 0,511 eV peak has been
described in chapter 4. The results obtained are necessary to deter-
mine the contribution of 91Mb to the intensity of the 0.511 LaV peak.
The numbers of 0.511 MeV gamma rays associated with 91Mo were found to
be 168300 % 570 and 85980 * 290 during the first and second cownts,
respectively. The total number of 91Mo ennihiletion gamma rays in
these two counts is, therefore,

254280 t 650.

Relative Efficiencv Calibration of the Ge(li) Detector

Since the photopeak efficiency of a Ge(Li) detector depends on the
gamma ray energy, it was necessary to calibrate the detector using
sources emitting gamme rays of known energy end intensity in the region

from 0.511 to 1.64 leV,
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The measurements of relative efficiency were carried out by

22Na, 88Y, 5600 and 182Ta.

Mr M, Campbell., The sources employed were
These sources were each plaqed in the same position as the 92Mo foil
behind a 0.23 cm thick copper disc., The energies and relative
intensities of the gamma‘rays from 5600 and 182Ta were taken from
Camp and Meredith (1971) and Pagden et al. (1971), respectively.

88

Similar data for 22Na end Y were taken from Lederer et 21, (1967).

The areas of the photopeaks were determined using the SALPO program
and a graph of relative efficiency against photopesk energy was drawn

(figure 5.4).

The expression
“ - »
log e = > ai(log E)*

iny

wvhere e and E are the relative efficiency and gamma ray energy,
respeotifely, wés fitted by a least squsres method to the data from
5600. The above expression with n = 4 was chosen since a log-log plot
of the data indicated that an S-shaped curve was necessary to give a
gobd fit (Robinson et al., 1972). The same expression fitted to the
182Ta data yielded similar values for the parametérs &gy By a3 end a4.
The so0lid curve in figure 5.4 is the fit of the above four-parasmeter

56 182Ta.

expression to the data from ~ Co and

From this fit to the data, the relztive efficiencies at 0,511, 1.58

and 1.64 lleV were found to be 4.01, 1,28 and 1.23, respectively.

From these values and the 1,58 and 1.64 MeV photopeak areas, the
ratio of the intensities of these gamma rays is

13(1.58)

Tm = 0.69 £ 0.18
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This is in egreement with the valucs of 0.69 * 0,07 and 0,70 * 0.05
obtained by Hesse end Finckh (1970) end De Barros et al. (1970),

respectively.

The ratio of the intensities of the 1,64 and 0,511 MeV gamma rays
is, from the present results

I,(1.64) (231 ¢ ) x 1073
T = (2.31 £0.33) x 10
I (0.511)

Therefore, the number of 1,64 MeV gamma rays per positron is

I 1(1'64)

—— = (4.62 £ 0.66) x 103

The value of the total 643+ ratio for 91M6 can be determined from
the measured total Kéﬁ+ obtained in the previous chapter and the ratio
of total electron capture to K electron capture calculated as described
in chapter 3, It can then be shovm that the number of 1.64 MeV gamma

rays per 91Mo decay is
(4.35 * 0.62) x 1073
The intensities of the transitions from 91Mb to the excited states

relative to the total number of decays have been calculated using this

result and the relative gamma ray intensities given by Hesse and Finckh

(1970) (tavle 5.2).

Log £t Values for the Weak Transitions in the Decay of 91Mo

The meximum positron kinetic energies for the transitions to the
excited states are given in table 5.2. The f-values were celculated by
numerical integration using the Fermi functions of Behrens and Janecke

(1969) as described in chapter 2.
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Energy of ex?ited

Type of

stat?kig)9 b *ngr;l:?d Aléhii;ty transition
1581.0 7/2 % 1 (no) Allowed
1636.9 9/2 * 0 (no) Allowed
1790.5 9/2 ~ 0 (yes) Fivst forbidden
2530.8 1/2 ° 1 (¥es) First forbidden
2631.3 9/2% | 0 (no) Allowed
7/2 F Allowed

2791.8

1 (no)

*From Matsuki et al. (1973)

TABLE 5.3




The partial helf lives for the transitions were calculated using
the half life of 91M0 (15.49 + 0,01 min) snd the intensities of the
transitions as determined above. The log ft values thus obtained are

shown in table 5.2.

Spin eand parity assignments for many of the excited states of 91Nb
have been made recently by Matsuki et al. (1973) from the Noe (py n¥)
91Nb reaction and the assignments for the states of interest in this
discussion are shown in table 5.3. These authors do not give spin-parity
assignments for the 91Nb levels at 3027.7, 3148.7 and 3187.1 keV., Since
the spin and parity of the 91Mb ground state is 9/2+ the transitions
from this state to the levels given in table 5.3 should all be eithexr

allowed or first forbidden.

Figure 5.5 shows the distribution of log ft values for allowed and
nonunique first forbidden transitions accordingto Vfu and Moszkowski (1966).
From thig it appears that the log ft values for the transitions to the
1581.0, 1636.9, 2631.3 and 2791.8 keV levels are typical of those for
allowed transitions. Also, the log ft values for the decays to the
1790.5 and 2530.8 keV levels are in'the range expected for nonunique
first forbidden transitions. These results are, therefore, not at

variance with the spin-parity assignments of Matsuki et al.

The log ft values for the decaxs to the 3027.7, 3148.7 and 3187.1
keV levels are all rather low. In particular, the value of 3.91 %
0.29 for the transition to the 3148.7 keV level is near the lower limit
expected for the log ft value of an allowed transition. This slightly
suggests that the intensity of this transition as given by Hesse and

Finckh (1970) may be too high. If this level were also fed by gamma ray
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cascedes from higher levels in 91Nb the partial half life and, hence,

the log ft value for this trensition would be increased.

The X/f* Ratio for the Decay of 95 to the
Grouwnd State of 7 'Hb

The total K4€+ ratio cen be expressed as

KO+K1 +K2+ XX

(K6p+)total 8‘/% oy +/32 F oo | _

where the suffixes 0, 1, 2, etc refer to the decay to the ground state,
first excited state, seccnd excited state, etc in 91Nb. The ratio for
the decay to the ground state, Koédo, can be determined from the measured
(K45+)total if the intensities of the decays to the excited states and

the ratios K1451, Kzéﬂz, etc are known.

Theoretical values of these K48+ raetios are given in table 5.4. The
technique used for calculating these ratios and the ratio of total
electron capture to K-capture are described in chapter 2. The ratios of
total electron capture to positron emission shovn in table 5.4 were
calculated using

K4+ L4+ M+ ..,
K

L L
=1+‘I'<'+LoK+ooo 51.13

Since the intensity of the transition to any level is known it can

be shown that, for example, for the decay to the third excited state

(at 1790.5 keV),

intensity of the decay to the 1790.5 keV level

= .086 x (Intensity of the decay to the 1636.9 keV level)
i.e. €, +/63 = ,086 x (62 +/82)

1.611/33 = ,086 x 1.460 /6’2
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Ene:‘%zt:f(;z%ted Th}e{;;it ical €//3+
1581.0 0.370 t 0.026 | 0.418 t 0,029
163649 0.407 * 0,030 0,460 * 0,034
1790.5 0.545 ¥ 0,043 0.611 £ 0.049
2530.8 4.01 * 0.60 4.53 t 0.68
2631.4 5.93 * 0.96 6,70 * 1,08
2791.8 13.3 * 3.0 15.0 £ 3.4

3027.T - T5.4 * 26.0. 85.2 * 29,4
3148.7 339 t 214 383t 242
3187.1 602 t 369 680 * A7

TABLE 5.4




In this way /31, /33, coe ,/99 can be expressed in terms of/92. It can

be shown that

Py pen o o Gt s e,

Also, from the theoretical K4k+ ratios,
K =0. 1
370541 £y
and it can be shown that

Ky + Ky ¥ ven ¥ K = (1.898 * 0.304)/5‘2

Therefore,

Ko + 1.898 /92

(K//"+)tota1 RIS TEY I

In order to determine Koégo’ an expression for/42 in terms of/e0
must be derived, This can be obtained from the measured ratio of the

intensities of the 1.64 MeV gamma rays and the positrons. Thus

I, (1.64) 1.460 £,

e =/9° + 1.742/32

= (4.62 * 0.66) x 1073

giving -
‘ -3
/2 = (3.18 £ 0.46) x 10 £o
Therefore,

) _ K + 0,00604 8
/ /total 1.0055 8,

The mean value of (K43+) was shovm in chapter 4 to be

total

(K/ )y gpa1 = 0+0539 £ 0.0028

and, therefore, the K48+ ratio for the decay of 91Mo to the ground state

of 91Nb is |
K
-2

Fo

= 000482 b4 0000310
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CHAPTER 6

RESULTS AND CONCLUSIONS

The experinmental value of the K46+ ratio for the decay of 91Mo to
the ground state of 91Nb was found to be 0,04832 * 0,0031. The theoretical
value of this ratio is 0,0559 % 0,0022. This value was obtained using the
Fermi functions, K electron wavefunction and X shell binding energy given
by Behrens and Janecke (1969). The method of calculation of the
theoretical K48+ ratio is described in chapter 2. A value of 3421 t
28 keV was adopted as the maximum positron kinetic energy (VWapstra and

Gove, 1971). From these results the value of (BK) , defined as

expt
(B,) _ £§%B+)ert -
et (K49+)theor

was found to be 0.862 * 0,065,

Figure 6.1 shows all available values of (BK)eth as a function of &,
including the present result, The straight line represents a linear

91

least squares fit to the data, excluding the result for 7 iMo. It is clear
that the value of (BK)eXDt obtained for 91Mo supports the tentative con-
clusion, reached in chapter 3, that the experimental K//B+ ratios are

smaller than the theoretical ratios, the discrepancy increasing as 2

incresses.

It is necessary to cbmpare the experimental value of the Kée+ ratio

%1

obtained for 7 Mo with theoretical ratios calculated by different authors
to ensure that the discrepancy observed is not due merely to the orbital

electron wavefunciiona used in calculaticn of the theoretical ratio.

Theoretical K43+ ratios have been calculated by Zweifel (1957),

Feenberz and Tricg (1950), Zyrianova and Suslov (1968, 1970). The calcula-
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tions of Zweifel, and Feenberg and Trigg do not include the effect of
finite nuclear size and,also, Feenberg and Trigg's results do not include
screening corrections. The more recent calculations (Zyrianova and
Suslov, 1968 and 1970) unfortunately do not extend above W o= 2.6 MeV,
The only other available theoretical K48+ ratios are those which can be
obtained from tables given by Dzhelepov and Zyrianova (1956) and electron
radial wavefunctions of Zyrianova (1963). These results lead to é value
of 0.055 for the theoretical ratio which is in good agreement with the
value derived from the tables of Behrens and Janecke (1969). This, there-
fore, indicates that the difference between the experimental and
theoretical K4k+ ratios for 91Mp is real and not merely dependent on the
theoretical calculations. The problem of theoretical K43+ ratios being,
in general, higher than experimental values is being considered by
Professor H Behrens but at present no theoretical explanation has been

found.

For most of the points shown in figure 6.1, BK is }ess than wnity
but there are a few exceptions. In particular, for 892r, the experimental
evidence for a value of BK greater than unity is very convincing. It has
already been mentioned that the group of measurements around Z = 60 (i.e.
134La, 140Pr, 141Nd and 143Sm) were all carried out by a single group
using the same technique (Biryukov and Shimanskaya, 1970). Since the
gradient of the fit to the data depends strongly on these four points,
the possibility that these results are systematically low must be con-
sidered. If these points are omitted and the present result for 91Mb

included, the linear least squares fit gives values of BK ranging from

It is, thexrefore, desirable to make a precise measurenment of the
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K48+ ratio for at least one isotope in the region above Z = 30. The

91

experience gained from the 7 o measurement may be used to indicate the

most suitable isotope for such a precision measurement. The major
. 91 . .
sources of error in the Mo measurement must be examined to decide how

they could best be overcome or reduced.

In the determination of the K x-ray intensity, the largest error

wasg associated with the determination of the contribution from 90Mo.

90

Since “ilo was produced by the reaction 92Mb ( ¥,2n), irradiation at an

energy below the threshold for this reaction (22.8 MeV) would have
ensured that no 90Mo was produced. BHowever, it is not possible with
the present accelerator to obtain a sufficiently intense beam at such a

low energy. This problem was particularly serious in the experiment

Iy

using because the K-capture events form only a small fraction of the

activity from this isotope while 90Mb decays mainly by electron capture.

Therefore, even if only a small fraction of the total activity is due to

90

Mo, the effect on the K x-rays is considerable,

Consideration of this point and of the desirability of an isotope

with a fairly simple decay scheme and reasonable half life has led to

120

the choice of Sb. The decay scheme according to Lederer et al. (1967)

is shown in figure 6.2. It is proposed to measure the K46+ ratio for the

120 120

decay of the 1t ground state of St to the ground state of the Sn.

The maximum positron kinetic energy is 1658 * 7 keV (Wapstra and Gove,

120

1971) and the theoretical K43+ ratio is 1.26 £ 0,05. Sb can be

produced by the reaction.

2 (¥ ,n)

121,
o

using the stable isotope b which has a natural abundance 57.25 per

cent. The impurity produced in this case by the (¥ ,2n) reaction is

97



119Sb, vhich decays solely by electron capture with a half life of 38

hours., The effect of this impurity is expected to be almost negligible
. 90, . 91, . . +

compared with the effect of “7ilo in the 7 llo experiment since the KéB

ratio for 12OSb is fairly large.

1203b ig the higher XK x-ray energies compared

Another advantage of
with 91Mb which means that absorption of the x-rays in the sample, air
and detector window will be lower. Also, the fluorescence yield is
higher and has a smaller error than for 91Mo. The value of LOK (Bambynek

et al., 1972) for Sn is 0.859 = 0,028 compared with a value of 0.748 *

0.032 for Nb.

Preliminary measurements on 1208b are already in progress using the
same techniques as for the 91Mo experiment, A half life measurement on
the K x-ray activity indicates thaf, as expected, the effect of 119Sb is
very small. Less than 1 per cent of the initial K x-ray activity is
assgciated with 1198b. In tﬁe 91Mo experiment, the amount of fhe cor-
responding impurity, 90Mo, was about 13 per cent of the initial K x-ray

activity.

91,

Anbther important source of error in the 7 o experiment was the
detection of 0.511 MeV gamma rays from positrons which annihilated out-
side the detector. A method of overcoming this difficulty which was

91

considered for the 7 o experiment was a 4w« NaI(T1) detection system
with the source between two detectors. In this arrangement all the
positrons would be stopped within the detectors. The pulses from the
two detectors must be summed otherwise a positron which entered one

detector and was then scattered into the other would be counted more

than once. This method was not, in fact, employed,mainly because of the



lerge absorption in the detector window of the x-rays entering the
detector at large angles to the axis. However, if detectors without
windows were employed, the 4% arrangement would have a considersble
adventzce over the single detector system, Nal(T1) could not be used
gince it is hygroscopic and must be kept in a sealed container.
However, both of the scintillators, CsI(T1) and Ca F2(Eu), are non-
hygroscopic and the work of testing the performance of both these

materials as windowless x-ray detectors has already commenced.

However, the use of scintillators has one important disadvantage
compared with the Si(li) detector system described in chapter 4, i.e.
the much poorer energy resolution which meens that, for isotopes in
the region of interest, the K x-rays from édjacent atqms cannot be
resolved. The good resolution of the Si(Li) detector enables the
intensity of the fluorescent x-rays from the sample to be determined.

91

For.this reasson, the determination of the K43+ ratio for 7 Mo involved
measurements made with both types of detector, At the suggestion of

Dr X. W. D, Ledingham, an improvement in the solid state detector
system ig being considered. It is proposed to replace the copper
collimator by a thin sheet of plastic scintillator with a small hole in
front of the detector window. Pulses from the detector would then be
taken in anti-coincidence with those from the plastic scintillator.

The scintillator could be mede as thin as possible since, unlike the
case with the copper collimator, there is no necessity to stop the
positrons which enter the scintillator. Thus edge effects can probably
be made negligible., A further refinement involves the use of two sheets

of plestic scintillator to determine the direction from which posiﬁrons

enter the scintillator, i.e. to distinguish betveen positrons which

99



enter the scintillator directly from the source and those which are

scattered out of the detector and then enter the scintillator,

CONCLUSIONS
1 Z_¢ 15

In this region it has been shown that the existing experimental data
are not accurate enough to distinguish unambiguously between the theories
of Bshcall and Vatai although the results slightly favour Vatai (i.e.
exchange-overlap corrections are small). Present experimental techniques,
however, are not sufficiently accurate to allow determination of the

magnitudes of these corrections to the theoretical ratios.

2 Z_> 15

The majority of the results indicate that experimental K48+ ratios
are smaller than the theoretical ratios and that the difference increases
as Z increases. However, the existence of some values of BK > 1 and the
possibility of systematic errors in the group of results erouvnd Z = 60
indicates the need for at least one precise K43+ measurement in the region
above Z = 30. Experimental accuracy of the order of 1 - 2 per cent should

be possible if a suitable isotope is chosen for study.

The author also intendsito examine Kég+ ratios for forbidden transi-
tions. There are few experimental results for such transitions. The
intemal source scintillation counter technique (cf. McCann and Smith,
1969, and Joshi and Lewis, 1961) would be suitable for the determination
of K43+ ratios for long-lived, forbidden transitions. The non-unigue
first forbidden transitions are expected to differ very little from

allowed transitions (Wapstra et al., 1959) while the unique first for-
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bidden transitions are expected to differ by a factor which depends on

Wo alone.
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APPENDIX 1

Decay of 3°P to the First Excited State of S0Si

The decay scheme of 30p is showm in figure A.1, 30

P can decay
{0 both the ground state and the first excited state of 3081 and,
from the spins and parities of the states involved, both are
allowed Gamow-Teller decays. The positron end point energy for the
transition to the ground state of SUSi is 3205.4 * 2.6 keV (Wapstra

30

and Gove, 1971) and the half life of “"P is 2.497 * 0,005 nin.

(lcDonald et al., 1963).

If the nuclear matrix elements for the two transitions are
agsumed to be equal, the intensity of the transition to the first
excited state is expected to be about 0.6 per cent of that to the
ground state, This calculation used the positron end point enexgy
and the 3OP half life given above and the Fermi functions calculated
from the tables of Behrens and Jinecke (1969). The correspending

log £t value for each transition is 4.84.

Morinaga and Bleuler (1956) investigated the gamma rays following
the decay of 3OP using a sodium iodide scintillation spectrometer.
They detected a 2,24 MeV gamma ray and measured its intensity
relative to the positron annihilation radiation. They estimated the
branching to the first excited state of 3OSi to be 0.5 per cent.

This intensity is in agreement with that given above,which was
calculated on the assumption that the difference in intensity of the
two transitions depends only on the difference of the end point

energies,

However, during the measurement of the K/P'+ ratio for 30P des-
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cribed in chapter 2, examination of the gamma rays from the irradiated
phosphine to deteruwine what impurities were present showed that the
2.23 lleV gamma ray was much less intense than indicated above.

Further measurements of the intensity of the 2.23 MeV gamua ray were

undertaken using a Ce(Li) detector and are described below.

Experimental Technique

The phosphine was irradiated and mixed with argon-methane exactly
as for the K48+ measurenent described in chapter 2 but, instead of
flewing into the anticoincidence proportional counter, the gas flowed
through about 2 m of polythene tubing (intemal diameter 0,7 cm,
thickness 0,2 cm) wound round the aluminium can of a Ge(Li) detector.
The souxce was thus concentrated in a volume of about 80 ml around
the detector. The Ge(Li) detector had an active volume of about 28 ml
and an energy resolution of zbout 4 keV for 1 lleV gamma rays. A
diagram of the source-detector arrangement is shown in figure 4.2.
Polythene tubing was used in preference to metal tubing to reduce the
bremsstrahlung produced by the positrons travelling through the
tubing. This bremsstrahlung producés a continuous background up to
the end point energy of the positrons (3.2 MeV) and could obscure any
weak 2,23 MeV gamma ray. Thé detector was shielded on all sides by
about 8 cm of lead to reduce background due to the accelerator and
natural activities. A diesgram of the electronic arrangement used is

shown in figure A.3.

The phosphine and argon-methane flow rates were about 2 ml per
min and 170 ml per min, respectively. These rates were chosen to '

ensure that the phosphine was irradiated for two or three half lives
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of 30? end that the decay of 3OP between the irradiation vessel and
the detector was small. Ten runs, each of about one hour's duration,
were made and counting rates of 20 000 to 30 000 per minute were
obtained., The stability of the electronics was checked after each
run by analysing the spectra obtained from calibration sources of
22Na, 6000 and SBY. The gain was found to be constant for each of
the calibration runs and the ten spectra from phosphine were added
giving the spectrum in figure A.4. Also shown in this figure is a
background spectrum of the same duration (10 hours), For this back-

ground measurement the irradiation vessel was removed from the

bremsstrahlung beam and the gas flow was stopped.

The peak at 1.02 eV is due to the simultaneous detection of
two positron ennihilation quanta. The peaks at 1.45 and 2.61 MeV,

also seen in the background with the same intensity, are due to 4OK

208

and Tl. The 4OK activity probably comes from coacrete near the

detector. 208 232

2

T1 is part of the Th series which ends in the stable

isotope %8py,, The other peaks are at 0,511, 0,680 t 0,003 and

2.23 t 0,003 ieV, The small peak at 0,511 leV in the background nay
be due to positrons produced by cosmic rays. The peaks at 0,680 and
2.23 ileV are not seen in the background. The origin of the 680 keV
peak could not initially be identified, Its intensity was too low
to allow an accurate measurement of its half life although it was

estimated roughly to be of the order of a few minutes. The region

around 680 keV is shown in more detail in figure A.5.

It was noticed that 303 decays by positron emission to the first

30

excited state of ““P which then decays with the emission of a

687 keV gamma ray. However, the 1.4 sec. half life of 308 makes it
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impossible for this activity to reach the detector and rules out

this interpretation.

Another possibility which was éonsidered was that the 680 keV
line was due to the de-excitation of the first excited state of
72Ge in the Ge(Li) detector. This isotope has a natural abundance
of 27 per cent and a first excited state at 690 keV. It was thought
that positrons from 3OP were exciting this 690 keV level., Since
both the ground state and 690 keV state of 72Ge have spin and
parity Oﬁ de-excitation of the 690 keV level occurs by emission of
an electron of energy 679 keV (the energy differeance between the
levels minus the K shell binding energy of germanium)., In order to
test this hypothesis th 3% source was reﬁlaced by a/e- source,
s, -The maximum/g— energy from this source is 2.0 l1eV and hence

the 680 keV line should also be present in this case. However, no

such line was found and this hypothesis was rejected.

The present author noticed that a peak at about 680 keV could
be produced by the simultaneous detection of one 511 keV positron
annihilation gamma ray and the backscattered gamma ray from a similar

annihilation gamma ray (E =170 keV). This effect has

backscatter
been observed in NaI(T1l) detectors (Girgis and Van Lieshout, 1959
and Van Lieshout,1965). At large scattering angles (i.e. ~ 1800)
the enérgy of the backscattered gamma has only a weak dependence on
the scattering angle and hence a peak is seen. The width of this
peak in a Ge(Li) detector is greater than that produced by a 680 keV
gamna ray but in the present experiment the intensity of the 680 keV

pezk was too low to permit reliable estimation of its width. This

interpretation also explains the value of a few ninutes for the half
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life of the 680 keV peak since it should decay with the same half life

as the positrons.

The intensity of the 2.23 MeV gamma ray was also too small for
a half life measurement to be feasible but since no other gamma rays
werc present it seems reasonable to assign it to the de-~excitation
of the first excited state of 3OSi. This level could also be
reached by the/g- decay of 3OAl but, if this were the case, another
gamma ray of almost equal intensity and of energy 1.27 lMeV should
also be present and this is clearly not the case. Therefore, the '
2.23 leV gamma ray seen in the phosphine spectrum was assumed to
result from the decay of SCOP to the first excited state of S0Si.

-

Relative Efficiency of the Ge(Li) Detector

Since the efficiency of a Ge(li) detector varies with gamma ray
energy the relative efficiency of the detector at 0,511 and 2,22 ileV
must be measured before the intensity of the transition to the

2,23 eV level can be calculated,

Suitable calibration sources should have gamma rays of known
intensity at these energies (0.511 and 2.23 MeV). -°K is a suitable
source since it has a single gamma ray (2.16 MeV) of almost the same
energy as the gamma ray of interest and positrons of almost the same
end point energy as 30P. This was the source used by Morinaga and
Bleuler (1956) to find the relative efficiency of their sodium iodide
detector. However, in the present measurement, it is desirable to use
a gaseous calibration source which can flow through the system in
place of phesphine and no suitable compound of potassium existse.

Instead 34mCl, in the form of a gas, methyl chloride, was irradiated
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and flowed through the system in place of phosphine. S0Cl emits
several gamma rays of knovn energy and intensity (Endt and Van Der
Leun,1967) which could be used to measure the efficiency of the

detector at several energies and the results interpolated to 2.23 leV.

The decay scheme of S7C1 is shovn in figure A.6. S7C1 exists
aé a mixture of two states. The first excited state decays by
positron emission with a half life of 32 min to several excited
states of 345 which decay by gamma emission. The ground state of
3401 decays entirely to the ground state of 343 with a half life of
1.56 sec. The first excited state of 34Cl also decays to the ground

state of 3401 by the emission of a 145 keV gamma ray.

34.mCl was produced by the reaction

3501(ﬁ,n)
on the stable isotope 351 in methyl chloride (CH3 Cl). This reaction
produces both the ground state and the isomeric state of 34Cl. The
methyl chloride flow rate was chosen so that the short-lived ground
state of 3401 produced directly by the irradiation had decayed to a
negligible amount before reaching the detector. This meent that
knowledge of the relative production rates of the two states of 3401

was not required.

The gamma ray spectrum obtained from the methyl chloride

irradiation is shown in figure A.7.

Since '1C, a positron emitter with a 20 min half life, was also
produced by the irradiation of the methyl chloride,a half life
measurement of the irradiated gas was made in order to find the

11

relative amounts of 34mCl and 'C contributing to the 0.511 lMeV peak.
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This was done by building up a large activity in the target and thean
flowing the irradiated methyl chloride to the detector and closing
valves on either end of the polythene tubing thus containing the gas
in a region around the detector, After 2 min the activity of the
zas was examined using the multiscale facility of a 100 channel
analyser. Only events in the region of 0.511 MeV were analysed.

The analyser counted for 100 secs in each channel with a waiting
time of 300 secs between channels. The data obtained can be seen in
figure A.8. These results were fitted by a least squares method to
the sum of two exponentials using the VAO4A program mentioned in
chapter 4. The ratio of 34mCl to 110 was found to be 0.223 t 0.011.

This analysis was performed by Dr J Y Gourlay.

A graph of the relative efficiency of the Ge(li) detector was
then dram using the areas of the gamma ray peaks in the methyl
chloride spectrum, the known intensities of 34mCi gamma rays and the

1

above ratio of 34mCl to 1 C positrons (figure A.9). Also shown on

this graph are the relative efficiencies obtained for point sources
of 22Na and 5600 on the axis of the detector about 1 cm from the

detector can. The data from the point sources was fitted by the

exXpression

log ¢ = a+ b log E + c(log £)?
vhere € and E are the relative efficiency and gamma ray energy,
respectively. This eXpression is given by Barker and Connor (1967)

56

who also give the relative intensities of the “"Co gamma rays used

in this calibration.

The data points due to 34mCl were nornalised so that both
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methods gave the same relative efficiency at 2,13 MeV. From the
graph the ratio of the relative efficiencies at 0,511 and 2.23 MeV

is 6.74 * 0.47.

This result, however, is based on the measurement of the
relative amounts of positrons from 34mCl and 110 in the methyl
chloride irradiation and assuies that the |'C positron annihilation
gamna rays are detected with the same efficiency as those from

34mCl. This may not be the case since their positron end point

Mg and 4.5 eV for 34mCl).

energies are different (0.96 lleV for
Positrons from the source may penetrate the polythene tubing and
annihilate at some distance from the detector. The 34mCl positrons
would, therefore, tend to annihilate furtﬂér from the detector than
1C positrons and so reduce the number of 34mCl positrons detected.

Hence the measured ratio of 34mCl to 11

C positron annihilation gamma
rays would not be the true ratio of these activities in the source,
This also implies that the geometry for the decay of 30P would be
different from that of either 11C or 34mCl because of the different

end point energy.

It was decided to check the effect of geometry by using solid
phosphorus samples. A number of samples of red phosphorus, purity
99.999 pexr cent, and each weighing about 1 g were irradiated and then
completely enclosed in a 1 cm thick aluminium container to stop all
the positrons (i.e. all the positrons annihilated near the source). The
aluminium container was placed on top of the Ge(Li) detector can.

The resulting spectrum is showvm in figure A.10.

The ratio of the intensities of the 2,23 and 0.511 lieV gamma
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rays from this spectrum was found to be the same, within experimental
errors, as from the phosphine irradiations implying that the effect

of positrons ennihileting far from the detector was negligible.

Results
The ratio of the number of 2.23 MeV gamma rays to positrons

from the phosphine measurement described earlier is

(1.40 £ 0.11) x 1074

and from the red phosphorus measurement

(1.24 * 0.15) x 1074,

A further phosphine measurement gave the result

(1.24 + 0.09) x 1074,

The weighted mean of these results is

(1.29 + 0.06) x 10™4
and,together with the previously quoted relative efficiency at 0.511

and 2,23 IleV, gives the value of

(8.7 £ 0.9) x 1074
for the intensity of the transition to the 2,23 MeV level relative
to the transition to the ground state. This result is a factor of

about six less than that given by llorinaga and Bleuler.

The log ft value for the transition to the 2,23 lleV level in
30?, from the present result, is 5.66 t 0,04, The theoretical value
calculated by Engelbertink and Brussaard (1966),using nuclear wave
functions derived from shell-model calculations of Glaudemans et al.

(1964), is 3.86.

30

The wave functions obtained for “"P and 30Si by Glaudemans et al.
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were calculated assuming an inert core of fourteen protons and fourteen
neutrons with the two remaining particles existing in combinations of

the 251/2 end 1d shells, If this description is valid the present

3/2

result can be used to obtain an estimate of the s and 4 shell amplitudes

in the 30P and 3081 states involved.

The three relevant nuclear states (i.e. the ground state of 30P

and the ground and first excited states of 3081), can be written in

terms of seven parameters representing the combinations of 231/2 and

14 wavefuncvions. For example, the 30P ground state can be represented

3/2
by
2 2
Alsip ] * B [s1/p d3] * C[a3]]
where the two particles are coupled to give J = 1+. A represents the

probability that both nucleous will be found in the 251/ shell.

2
Similarly the 3OSi ground and excited states can be written as

D [31/22] + E [d3/22] for 3

2 304 ot . .
and F [51/2 d3/2] + G [d3/2 ] for ~Si, J = 2 excited state.

OSi, J = O+ ground state

For each of the two/g decay transitions from the 30p (17), & relation-
ship between the coefficients A, B, C, D, E, F and G can be established.

These two relations,along with the normalization conditions

A2+ B2 4 ¢2 = 1
D% + E? =1
eand F2 4+ G2 = 1

give five constraints among the seven parsmeters. A further relationship
was derived by Dr Watt (University of Glasgow) using the known electro-

30

magnetic transition rate from the 2+ to the O+ state in “75i, It has

been shown (Gourlay, 1971) that, although uniaue values for the
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narameters cannot be obtained, the number of solutions is small, All
the solutions point to the amount of d3/2 mixing in each of the states
being lerger than that given by Glaudemans et al. (1964). 1In the case
of the ground state of 30? an increase by a factor of about six is

obtained.
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APPIIDIX 2
REVIEY OF MEASUREVENTS OF €/8" AND K/g" RATIOS
FOR ALLOWED TRANSITIONS

The experimental values of K48+ ratios for light nuclei (2 < 15)
are reviewed in chapter 2. This appendix contains a description of
measurenents of K43+ and €46+ ratios for allowed transitions in nuclei
with 2 > 15. Because of the vast range of errors reported, only those
results with an experimental error of 10 per cent or less have been
included here. These were arbitrarily considered more reliable,although
in some cases the quoted result has been corrected with more recent
values of fluorescenée yield (Bambynek et al., 1972). Many other
measurements of K48+ ratios with errors greater than 10 per cent, with
decay schemes which are known to be faulty, and with unknown fluorescence
yields, have been rejected. llost of these measurements are reviewed
elsewhere by Depomuier et al. (1960), Bouchez and Depommier (1960) and
Berenyi (1963, 1968). The derivation of K49+ ratios from 548+ measure-
ments is described in chapter 3 where the experimental results reviewed
"in this appendix are compared with theory.
22y,

The measurement of the K48+ ratio for this isotope by McCann and
Smith (1969) has already been described in chapter 2. For the reasons
given in that chapter the measurements of the eée+ ratio were not con-
sidered in reaching conclusions about exchange-overlap corrections.
However, for completeness, the experimental G4B+ results for this

isotope are included here.

The decay of 22Na to the 1.274 MeV excited state of'22Ne is a pure
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Gamow-Teller decay with a positron end point energy of 545.7 * 0.5 keV.
There have been many measurements of the €4B+ ratio for 22Na but the
results seem to fall into two distinct groups. According to Leutz and
Wenninger (1967), the weighted mean of all measurements made before 1960
is 0.,1130 £ 0.0035 while the more recent results are in considerable
disagreement with this value. Only these recent measurements are des-

cribed here.

Reference Technique o ep”
Williams 4w A-¥ coincidence method 0.1041 £ 0,0007
1964 using a 41 proportional

comnter for /8+ and NaI(T1)

crystals for gamna rays
Leutz and Wenninger A~ deteoted in NaI(T1) 0.1048 * 0,0007
1967 crystal containing 2Na;

1.27 eV garmas detected in

another NaI(Tl) crystal
Vatai et al. (i) Coincidences between 0.1042 * 0,0010
1968 A% in 4 plastic scintil-

lator and 1.27 eV gammas

in NaI(T1l) detector

(ii) Coincidences between

0.511 and 1.27 lieV gammas in

NaI(T1) detectors
Macliahon and Baerg 4“?/3'3’ coincidence method 0.1076 * 0,0003.

1970

Apart from the last measurement, these results are in good agreement.
The weighted mean of the first three results is 0.1045 * 0.0005. The
most recent measurement, by lacMahon end Baerg, which is also the most
precise, is in significant disagreement with the other results., A
private communication with Dr ilaciiahon indicated that the result is

643* = 0.1077 * 0.0003, the small change (from 0.1076 to 0.1077) being
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22

due to the correction for the weak transition to the “"Ne ground state.

This work by Maciizhon end Baerg has not yet been published and appears

only as an abstract.

445,

This isotope decays to the 1.156 MeV level in 440q, which decays to

the ground state by emission of a gamma ray.

Reference Technique ' €Aﬁ+

Blue and Bleuler (i) Comparison of relative 0,072 * 0,017
1955 intensities of 0.511 miv and

nuclggr gamma ray for 4se

and ““Na using NaI(T1)

detector. (Assumed A/¥

= 0,901 £ 0,005 for °?Na,)

- c s +
(ii) Coincidences between A
in magnetic spectrometer and

1.16 MeV gamma rays in
NaI(T1l) detector

Konijn et al. Coincidences between gamma 0.023 * 0,019.
1958/59 rays in NaI(T1) and g7 in
. proportional counter
In view of the large errors and the considerable difference between
these results they are not considered further and are neglected in the
discussion in chapter 3.

48y

There have been several measurements of the 548+ ratio for the
decay of 48V to the 2.295 eV level in 48Ti. iMost of the experiments
involve measurement of the intensities of the positrons, or their

ennihilation gamma rays, and the 1,31 eV gamma ray which follows the

decay to the 2,295 MeV level. In the early measurenents it was assumed
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that this level wes fed solely by the direct beta decay of 48V. However,
Ristinen et al. (1953) found a 0.94 lieV gamma ray forming a triple
cascade with the previously known 0.98 and 1;31 MeV gamma rays. Konijn
et al. (1967 a) confirmed that electron capture decays to higher levels
in 48Ti contribute to the intensity of the 1.31 MeV gamma rays. Conse=-
quently, some of the earlier results for the €4B+ ratio require
correction. llany of these results have beean reviewed by Konijn et al.
(1967 b),who compared the values of €6+ (percentage of positrons per
disintegration) obtained by the various authors. The following list of
results, with the exception of that of Biryukov et al. (1966) is taken

from Konijn et al. (1967 b).

Reference P
ﬁ+
Good et al. 58 t 4
1946
Sterk et al. 60 t 4
1953
Casson et al. 45 t 4 *
1953
Bock 57 £ 3
1956
Konijn et al. 56.0 * 006
1958/59
Ristinen et al. 61 £ 3
1963
Biryukov et al, 51.1 £ 0,7 *
19656
Konijn et al. : 48,1 £ 1.6 *
1967 b 50,1 £ 1,6 *

The weighted mean of all these results is €;+ = 53.4. There are
two methods of calculating the standard error of a weighted mean

(Topping, 1962), the first ( d%) depending on the external consistency
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of the measurements while the second (di) depends only on the internal

consistency.
In this case

OLe = 1,12 and aﬁi = 0.41.

According to Topping, the measurements may be regarded as consistent if
the ratio aCe/OCi is unity with standard error 1/ ‘/—2:—??, (n = number

of measurements). However, for the present results the ratio oce/ oéi

is 2.73 which is very different from 1 ¥ 0.25 and it is likely, therefore,
that systematic errors are present. This is not unexpected since, as
Konijn et al. (1967 b) indicate, the results occur in two distinct groups,
one around I:a*' = 50 and the other around F:s'+ = 59. Since the recent,
précise results are all in the former category only the results marked *

in the table are retained.

The weighted mean of these four results is 50.4 with

o = 0.8, o =0.6, oce/oci = 1.3

and 1/ J/on - 2 = 0.4.

Therefore the results are congistent and the larger of the values a:e

and a(,i is adopted as the stendard error of the weighted mean. Therefore,
P = 50.4 kA 008.
/3+

This value together with the decay scheme of Konijn et al. (1967 b) gives

€43+ = 0.744 * 0.013.

2.
A1l the measurements of the e//3+ ratio for the decay of 52.?.&1 to the

3.115 ileV level in 52C:r: have been swmarized by Konijn et al. (1967 b).
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As for 48V, the early results for the €4B+ ratio require correction
since it has been shown by Freedman et al. (1966) that the decay scheme
is more complicated than previously assumed. The values of P +
obtained by Freedman et al. end Konijn et al. are shown below together

with the results of earlier mezasurements.

Reference P +

A
Good et al. 352
1946
Sehr 332
1954
Konijn et al. 33.8 £ 0,8
1958/59
Wilson et al. 29.2 £ 2,9 *
1962
Freedman et al. 27T £ 1 %
1966
Konijn et al. 26,2 £ 1,1 *
1967 b 29.2 + 0.8 ¥,

These results fall into two groups, one with values of P + around
34 and the other with values around 28. All the recent measurements
belong to the latter group and only these results (marked *) have been

used to determine the mean value of P +°

The weighted mean of these four results is
f;+ = 27.9 £ 0.8
end, using the decay scheme given by Konijn et al. (1967 b) gives

eé@* = 1,93 * 0.11.

58Co

There have been several measurements of both the K%B+ and the Eéb
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ratios for the decay of this isotope to the 810 keV level in 58Fe.

The measurements of the K48+ ratio are described in the table

below.

Reference
Joshi and Lewis

1961

Kramer et al,

1962

Bambynek et al.
1968

Technique

Internal source scintilla-
tion counter

4 proportional counter

K x~-ray emission rate
determined using & propor-
tional counter. % enission
rate measured by a variety of
techniques including 4K
pressure counter, Ge(Li)
detector and triple coinci-
dence methods

The weighted mean of these results is

K4e+ = 4,94 £ 0.07.

K//3+

4.83 0,10

5.05 * 0.09.

+
The various measurements of the 646 ratio for 5800 are sum-

marized in the following table.

Reference

Good et al.
1946

Cook and Tomovec

1956

Grace et al.

1956

Technique

Coincidences between gamma
rays and 0,511 eV 87
snnihilation radiation

Comparison of intensities of
810 and 511 keV gamma rays
in NaI(T1) detector

-Measurement of Pg,r using

scintillation cowmter

119
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5.90 & 0,20

5.9 £ 0.2



Reference Technique 548+

Konijn et al, A -garna coincidences using 5.67 £ 0.16
1958/59 ' proportional and scintilla-

tion counters
Ramaswamy Coincidences between 810 and 5.49 t 0,18
1961 511 keV gamma rays using

NaI(T1l) detectors
Biryukov et al. Triple coincidences between 5.48 * 0,09
1966 810 keV gamma rays and the

two /6+ annihilation gamma

rays using 3 scintillation

counters
Williams Coincidences between gamma 5.76 * 0.04.
1970 rays in Ge(Li) detector and

AYin 4 Si(Li) arrenge-

ment -

(* This result was obtained from the measured value of‘f;+_using
the decay scheme of Bambynek et al. (1968). Since the error in this
measurement is greater than 10 per cent it is not included in the

calculation of the weighted mean. )

The weighted mean of the results (excluding Grace et al.) is

€/g" = 5.71 £ 0.05.

Ti
This isotope decays by positron emission and electron capture to

5700.

several states in Measurements of the total €Aa+ ratio have
been carried out by Friedlander et al. (1950), Konijn et al. (1956 and

1958) and Bakhru and Preiss (1967).

Konijn et al. (1958) and Bakhru and Preiss have also measured the

ﬁéé+ ratios for each of the branches separately. The values of the

648+ ratios obtained by these authors are shown below
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Enersy of excited

‘ Y Konijn et al. Bakhru and Preiss
state in “/Co 1958 196
(11eV) 95 \ 967
1.37 0.805 t 0,040 1t 0.1
1.46 - 2.5 £ 1
1.49 1.438 + 0,059 1.5 £ 0,08
1089 18 : 6 -

+
In view of the very large error in the ?? ratio for the decay

to the 1.89 lleV level this result is rejected.

The level at 1.46 MeV seen by Bakhru and Preiss (1967) has not
been confirmed (Lingeman et al., 1967). The €4B+ ratio for the decay
to this level reported by Bakhru and Preiss has, therefore, also been

rejected,

The mean values of the 543+ ratios for the decays to the 1.37

and 1.49 ileV levels are shown below.

Energy of excited

state in 2!Co Mean '543+
(MeV)
1.37 0.83 * 0,07
1.49 1.46 * 0.05.
61Cu

This isotope decays to the ground state and several excited states
of 61Ni. The total K46+ ratio has been determined by Huber et al.
(1949) and Bouchez (1950). Bouchez (1952) has summarized the experi-
mental data and calculated the K48+ ratio for the transition to the

ground state using the decay scheme of Owen et al. (1950).
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Reference (K43+) total (K43+) ground state

Huber et al. 0.32 * 0,03 0.18 * 0,03
1949

Bouchez 0.39 * 0.05 0.22 = 0.03
1950 0.44 £ 0.07 0.25 £ 0.03.

All these measurements have errors greater than 10 per cent and

are, therefore, neglected.

64Cu
This isotope decays by electron capture and /3+ emission to the
ground state of 64Ni, by electron capture to the first excited state

of 641 and by /5- emission to the ground state of 64z,

The only measurement of the €4h+ ratio for the transition to the
64Ni ground state comes from results obtained by Reynolds (1950) using
a mass spectrometer. He measured the ratio of 2~2 - 1 to Z—2 + 1
transitions. The efficiency for the detection of electron capture
events using this technique is the same as for positron events since
the mass spectrometer detects the change Z2— 2% - 1 for both. Calcula~-
tion of the total GAA+ ratio requires knowledge of the ratio /6—48+.
Reynolds used the mean of results obtained by Bradt et al, (1946) and

Cook and Langer (1948 a) and found

(e//3+)t0tal = 2032 : 0028.

This result is neglected since the error is greater than 10 per cent.

The various measurements of the total K48+ ratio are described

below.
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Reference Technique (K43+>total

Cook and Langer K Auger electrons and 3.5 £ 1.0

1948 b positrons detected using (Nk not quoted)
magnetic spectrometer

Bouchez and Kayas A" annihilation radiation 2.65 * 0.40

1949 detected in ionization A @{K = 0.37)

chamber and X x-reys in
G~ counters

Huber et al. X-rays and ﬁ* annihilation 1.75 £ 0.2

1949 radiation detected in (@4 not quoted)
G-M counters

Plagsmann and Scott As Cook and Langer 1948 b 2.18 £ 0,20

1951 (@ = 0.45).

Of these results only that of Plassmann and Scott has an error less
than 10 per cent. These authors used a value of 0,45 for the fluorescence
yield. If the value due to Bambynek et al: (1972) is adopted (i.e.

“’K = 0.414 % 0.028) their result becomes
. 1ot
(/B ), 4oy = 2:01 £ 0.22.

The K48+ ratio for the transition to the ground stste derived from this

result using Reynolds' decay scheme is

K43+ = 1,99 * 0.22.

This result is retained although the error is greater than 10 per cent
since the contribution to this error from the experimental result is

less than 10 per cent.

S5

652n decays by electron capture to a 1,115 eV excited state and
by electron capture and positron emission to the ground state of 650u.
The early measurements are summarized by Yuasa (1952). .These results

are not included here since the agreement between the results is
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extremely bad and the experimental accuracies are poor.

Many of the

measurenents described below are of total K46+ ratios, the K46+ ratio

for the transition to the ground state being calculated using the

branching ratio of electron capture to the ground state and 1.14 NeV

excited state.

Reference

Major

1952

Yuasa

1952

Perkins and
Haynes
1953

Avignon
1956

Hammer

1968

Technique

Coincidences between K
x=-rays and positrons in
G-M counters

K Auger electrons and
positrons detected using
magnetic spectrometer

As Yuasa (1952)

Proportional counter
with intemal source

x-rays and annihilation
gamma rays detected in
NaI(T1l) detectors

(K48+)total

39.5 £ 2.6

40,5 t 5.0

50.8 £ 5.8

(€, =0.4420,04)

47 * 5
oy = 0.42)

(Kég+)ground

state
21.3 t 1.4

28.0 £ 3,2

27.7 £ 1.5
(0 = 0.4425)

Major (1952) and Yuasa (1952) do not state the value of fluores-

cence yield, O)K’ used to obtain their quoted results and these

meagurements are, therefore, neglected.

The result quoted by Perkins

and Haynes (1953) has an error greater than 10 per cent, however a

large fraction of this error comes from the error in the value of LDK

they adopted. If the more recent value, Q= 0.44% % 0,009 (Bambynek

et al., 1972) is adopted, their result becomes

+
(KAB )ground state

= 28.0 * 1.8.

Avignon (1956) also quotes an error greater than 10 per cent but since
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this arises solely from his experimental results and does not include

any error in (JK, this result is rejected.

The weighted mean of the results of Hammer (1968) and the revised

Perkins and Haynes (1953) is

+
(K//8 )ground state 21.6 * 1.2.

Gleason (1959) measured the 548+ ratio for theitransition to the
ground state using NaI(T1) detectors and found
¢fp" = 21.6 £ 2.4.
854
The K43+ ratios for the transitions to the ground state and first
excited state (at 1,078 MeV) of 682n have been measured by Ramaswamy

(1959) using NaI(Tl) detectors. The values obtained are

Kée"' = 1.28 £ 0.12 for the transition to the 1.078 MeV state

end K@* = 0,10 £ 0,02 for the transition to the ground state.

This latter result is not considered further since it has an error

greater than 10 per cent.

89Zr
(i) Decay of 89Zr to the 0.91 MeV level in 89Y

The early measurements of the 648+ ratio for this transition are
reviewved by Monaro et al. (1961) but as the results show a wide range

of values and the experimental accuracy is poor, they are not included

here. Only the more recent results are described below.
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Reference

Monaro et al.

1961

Van Patter and
Shafroth

1964

Monaro et al,
1961

(revised)

Hinrichsen

1968

Technique

Comparison of intensities
of 0.91 and O.§11 MeV gamma
rays in NaI(T1) detector

As above including correc-
tions to number of 0.91 MeV
gamna for cascades following
electron capture decays to
higher levels

Corrected by Van Patter and
Shafroth for cascades con-
tributing to the intensity
of the 0.91 MeV gamma rays

Comparison of intensities of
0.91 and 0,511 MeV gamma
rays in Ge(li) detector -
corrected for cascades

The weighted mean of the results marked * is

€A¢+ = 3.45 * 0.08.

(i1i) Decay of ®?™Zr to the 1.51 MeV level in S%y

e43+

3.54

3.43

3.48

3.47

1+

-

it

0.14

0.10 *

0.15 *

0.21 *.

The measurements of the €4e+ ratio for this transition listed by

Shore et al. (1953) have a mean value of 4.7

+ 2.3
- 108.

Because of the

extremely large errors these results are not included here. In a more

recent measurement, Van Patter and Shafroth (1964) observed a peak due

to the swmming of the 1.51 MeV gamma ray and a 0,511 MeV positron

ennihilation gamma ray in a NaI(T1) detector.

They determined the

€4£+ ratio from the relative intensities of this sum peak and the

1.51 MeV photopeak.,

They found

eAA+ = 3,76 P 0.19.
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111(,\n

The decay scheme of this isotope has been studied extensively by

111

Rivier and ioret (1971). Sn decays by electron capture and positron

emission to the ground state and several excited states in 111In which

111C

decays by electron capture to d. The measurements of the total

643+ ratio for the decay of Mg, are listed below.

Reference Technique Total €48+
MeGinnis Positrons from 111Sn and 2.50.2 0.25
1951 conversion electrons from -

the 247 keV transition in
Cd detected using magnetic

spectrometer
Snyder and Pool ' K x-rays and 0,511 ileV 2.7 t 0,2
1965 gamna rays observed in

HaI(T1l) detector
Rivier and lloret Coincidences between 511 keV 2.44 * 0.15.
1971 and ¥ rays in NaI(T1) detectors
The result of MeGinnis is neglected because of its large ervor.
Snyder and Pool measured the number of K x-rays and positrons but quote
their result as a measurement of the €4e+ ratio rather than the K48+

ratio. Because of this uncertainty this result is also rejected.

111

The €/s" ratio for the decay to the ' 'In ground state derived

from the total €/s" ratio given by Rivier and Moret is

e46+ = 2.20 * 0.15.

1153b

115Sb decays mainly to the 499 keV level in 115Sn. {iselev and
Burmistrov (1969) measured the relative intensities of the 499 keV

gamma rey and the 511 keV positron annihilation radiation. This
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neasurenent enables the €4h+ ratio to be determined but Kiselev and
Burmistrov give a value for the K45+ ratio (K43+ = 1,22 £ 0,06) without
stating how this result was obtained from the measurements they made.

This result is, therefore, neglected.

118me

Bolotin et al. (1961) showed that 118me decays entirely to the

2,57 MeV level in ' 10

Sn, which decays with the emission of a 254 keV
gamma ray. They measured the 646+ ratio for this transition by taking
triple coincidences between two 511 keV annihilation gamma rays and the

254 keV gemma rays. They found that (0,16 * 0.01) per cent of the

decays occur by positron emission. This leads to

643* = 620 t 40.

134La, 14oPr, 141Nd ond 143Sm

These isotopes have been studied by Biryukov and Shimanskaya (1970)

who measured the total K43+ ratio for each isotope using a 4M CsI(T1)
crystal. Two measurements were made with each source, one with the
source surrounded with lead to stop all the positrons snd enable the

511 keV /8+ annihilation gamma rays to be counted, and the other witho;t
the lead to count the K x-fays. The K46+ ratios were then derived
probably using as values of the fluorescence yield the results of
VWapstra et al. (1959) although this is not certain. They also studied
the decay schemes of the isotopes to determine the K46+ ratios for the
transition to the ground state of the daughter nucleus. The results

they obtained are given below,
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+

Isotope Kég

13414 0.40 t 0.04
140p,. 0.74 + 0.03
144 28 * 1

143g, 0.92 * 0.09.

The reference (Biryukov and Shimanskaya, 1970) from which the
results shown ebove were taken, is a review paper and does not give
details or references for the individual experiments. Some references
have been obtained by the present author(134La ¢t Biryukov et al., 1965,
140 . s 143 .

Pr : Biryukov and Shimanskaya, 1962, Sm : Belyanin et al., 1966)
but not all the results given in these papers are as quoted in the 1970
review paper. It is possible that some othhe results were revised and,

therefore, the latest results (from Biryukov and Shimanskaya, 1970) have

been adopted here.

The mean values of the KZb+ end 643+ ratios for allowed transitions
described in this appendix are listed in chapter 3., Several measurements
of K4b+ and €4h+ have.not been included in this review., These include
results with errors greater than 10 per cent or with no errors quoted.
Measurements of total K43+ or e49+ ratios for isotopes with complicated

or incompletely known decay schemes have also been omitted, e.g.

79Kr (Langhoff et ‘al., 1966), 108Ag (Frevert et al., 1965),

107cq (Braat et al., 1945), 22Dy (Persson et al., 1963).
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