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A coincidence spectrometer sultable for directional correlation

1 . A

measurements has been used to investigate

o

adioisobopes. High energy selectivity was secured through the use of

m

two differential discriminators and convenbional scintillation counterse.

The resolving btime of the coincidence stage was about 1.l x lO”? seconds,.

Heports of additional positron and gamma ray components
e . » .65 e Tnaer 4 abed b o e
accompanying the decay of Zn~- have been discounted by coincidence
experiments carried out with the above spectrometer. Instrumental effects

have been shown to give rise to asymmebrical time resclution curves,

The directional correlation between the two strong lines in
the gamma ray spectrum of 8675 has been studied. The observed correla-
tion is consistent with the spin assignment 5/2 (99.12% Ml; .88% E2) 7/2
(E2) 3/2 for the levels concerned, if it is assumed that an interfering
cascade is weak. Possible re-interpretations of the present data will
have to await more accurabte intensity measurements for the transitions

involved.

The gamme ray spectrum of ShA2 yas investigated,using a
single channel spectrometer. Two new gamma rays with energies of 965
and 1365 kev were found during the course of the investigation. It
was confirmed that the 1690 and 2090 kev gamma radiations were in
coincidence with the 600 kev transition. The directional correlation of
the 1690 = 600 kev cascade was studied and found to be consistent with
2 spin sequence 3 (D) 2 (B2) O for the levels concerned. The El assign-
ment for the first transition, which has appeared in the literature,

was discussed.




The directional correlation of the combined 67 - 1122 kev
and 67 = 1222 kev cascades in W182 has beén investigated. The fesults
were discussed in the light of two independent spin assigmments which
have appeared in the literature. The results obtained favor one of

these assignments slightly, but they are not conclusive.

Spins have been assigned to five states of the Pt192 1evel
scheme on the basis of directional correlation studies undertaken with
the 468 - 316 kev and 308 ~ 296 - 316 kev cascades. The net’spin
assigmment 4 - L4 = 2 - 2 - O seems to be consistent with 211 the known
details of the decay scheme of Irl92, The expected correlation function
for the triple gamma ray cascade was calculated and found to agree with

experiment if the 2-—>2 (296 kev) transition is a 2.5% ML - 97.5% E2

multipole mixture.



CHAPTER I,

THEORETTCAL CONSIDERATIONS

a) Introduction

One of the principal aims of modern experimental nuclear
physics is to supply a foundation of measurement upon which a theory
of nuclear forces may be erected. To this end, a variety of techniques
have been developed to determine the properties of nuclear energy
levels. One of the most recent of these is the study of the angular
correlation between particles or gamma rays emitted in cascade by an
excited nucleus. Theoretical considerations show that when two radia-
tions are emitted in this way, the directions of emission are not oriented
randomly but are spatially correlated. Furthermore, the character of this
correlation\is determined solely by the spins or the spin-parity assign-
ments of the nuclear states involved in the emission process, It is
apparent, then, that by a careful study of the spatial correlation
between nuclear radiations, one can learn something about the spins and
parities of nuclear energy levels. Of cowrse, this is not the only
technique by which they may be determined. The shape of a g ~ray
spectrum, or the conversion coefficient of & gamma ray may yield the same
information. It has been found, however, that angular correlation studies
lead to less ambiguous results than either of the above techniques, This
is particularly evident for gamma ray transitions involving mixed multi-
polarities, In this case the observed conversion coefficient will have a
value lying somewhere between the theoretical values corresponding to
pure multipole transitions. The relative intensities of the two types of
radiation present in the tranéition cannot be unambiguously determined
from these data. However, the angular correlation between this mixed

radiation and some other radiation associated with it, might well be




expected to yield the mixing ratios with a fair degree of accuracy. This

will be demonstrated in later sections of this thesis.

As mentioned above, the angular correlation between nuclear
radiations is determined by the spins and parities of the nuclear states
concerned., It is important to distinguish between two kinds of angular
correlation experiment, however, Suppose,for example, we consider a
simple two-component gamma ray casgadeo If the spatial correlation
between the two radiations is measured, a "directional! correlation
experiment has been perfortm.éd° On the other hand, if the polarization
of one of the radiations is measured also, then a "polarization-direction"
experiment has been performed. The former is dependent only on the spins
of the nuclear levels, while the latter determines the relative parities
of nuclear states. Hence it has become customary to refer to an
experiment as a directional correlation investigation if the detectors
are polarization insensitive, and as a polarization-direction experiment
if the detectors are polarization sensitive., The term 'angular correlation!?

embraces both cases. This terminology will be used throughout the

remainder of this treaﬁisee

The purpose of the present work is to present gamma-gamma,
directional correlation and coincidence data for several selected radio-
isotopes. Since the experiments have been restricted to the study of
radiative transitions, theoretical discussions will not be presented in
their most general form, but rather in that form which pertains to
radiative processes only. Before proceeding with this discussion, however,
a brief outline of the histéry of the phenomenon will be given. This will

beffollowed by the theoretical aspects of the subject mentioned above,



and an outline of the coincidence technique, errors, angular corrections,
ebtc. A discussion of the apparatus, and the experimental results will
be reserved for Chapters II and III respectively. A brief summary in

Chapter IV will complete the work.

b) Historical Note

The theory of the angular correlation of nuclear radiations
is one of the better developed physical theories. However, until
recently, the experimental technidques had lagged behind their theoretical
counterpart to a considerable extent. This was due to 1) a lack of
sensitive detection equipment and 2) an unawareness of the care with
which correlation measurements should be made. The first defect has
been overcome by the wide use of scintillation spectrometers; the second
deficiency still persists to some extent, although in recent months it
has become evident from the literature on the subject that more attention
is now being paid to the collection and correction of experimental data.
However, much of the early work must now be regarded as ambiguous due
fo fanlty technigue. Some examples of this will be discussed in the
later sections of this thesis. They will indicate clearly how much

progress has been made in the last year or two.

Prior to 1940 there existed neither experimental evidence of,
nor theoretical reason to expect, a spatial correlation between nuclear
radiations emitted in cascade. In the subsequent thirteen years, however,
the theoretical aspects of the subject have been developed to a high
degree of perfection. The first substantial contribution in this regard

came in 1940 when Hamilton (1) presented a theoretical paper on the



gamma~gamma directional correlation. In the same year, Dunworth (2)
mentioned the possibility of directional experiments in his classic paper
on coincidence techniques. After a lapse of some six years, a generaliza-
tion of Hamilton's results was given by Goertzel (3) who, in discussing
the effect of a magnetic field on a directional correlation, laid the
foundation for the group-theoretic methods currently in vogue. The next
important steps on the experimental scene were taken in 1942-43 by
Kikuchi et al., and Beringer (4). Of the isotopes studied by these
authors, only one - C138 - gave a result which indicated the existence
of a directional correlation. For the others, any existing correlation
was smaller in magnitude than the experimental errors. In 1947-48,
however, Brady and Deutsch (5), using Geiger counters, finally confirmed

the theoretical predictions for Co®0, Se#®, v86, cal34 ya?h ang pnl06,

In 1950, these authors(ii'epeated their experiments using the newly-
developed scintillation counters., Once again, the results were in good
agreement with theory and the way was at last opened to the securing of
reliable data. By this time, largely through the efforts of Racah, Lloyd,
Falkoff and others, the theoretical aspects of the subject were ﬁ.nally
consolidated using the techniques of group theory. In 1953, Biedenharn
and Rose (7) published a long review article on the mathematical formula-
tion, which was intended to be a source book for the experimentalist. On
the experimental side, however, the picture was less promising. In the
same year, the interpretation of the gamma-gamma directional correlation

60

in Ni~" was again in doubt, and had to be settled once for all by an

excellent experiment performed by Klema and McCowan (8) at Oak Ridge.
Since the Niéo cascade was the best known and most extensively studied

gamma-ray cascade as far as correlation measurements were concerned, it



was apparent, prior to Klema's paper, that the experimentalists had a
long way to go to equal the éccomplishments of the theorists. At the
present time the experimental picture is considerably brighter, however.
~ The quality of the work done in the last year indicates that substantial
progress has been made toward attaining the precision necessary for the

elucidation of complex decay schemes.

Although brief, the above outline of the historical development
of the subject should give the reader some perspective on the subject as

a whole; that, at least, was its intention. Several of the remarks made

regarding the inaccuracy of early experiments will come up for further

elaboration in later sections. We shall now consider the theory proper.

¢) The Hethod of D. R. Hamilton (1)

Before proceeding with the formulation due to Hamilton,vit will
be profitable to consider in qualitative terms why there should be a direc—
tional correlation between nuclear radiations. In addition, a tabulation

of the characteristics of nuclear radiative transitions will be givene.

Consider a large number of nuclei, all of which are in the
same state. This state is characterized by a total angular momentum 3s
whose component along a reference axis is me 411 the nuclei are
eventually to undergo radiative transitions to a final state with arbi-
trary spin. Due to the (2j + 1)-fold degeneracy of the initial state,
there will be a set of substates characterized by values of m. Since
each substate is assoclated with the same energy, and if there are no
external magnetic or electric fields present, then the substates will be
equally populated. If transitions occur from the state j, the radistion

from the ensemble will be isotropic,



since, although the radiation from a single transition is emitted
anisotropically, the equal population of the substates leads to a net )
intensity independent of angle. If there is a magnetic field present,
however, the degeneracy is removed (Zeeman effect) and the m substates

in the ensemble become populated according to the Boltzmann distribution
law. When transitions occur, the net effect is an anisotropy with respect

to the magnetic field axis, since the substates are now unequally

populateds

In the case of a coincidence measurement involving two correlated
gamma rays, the selection of a definite direction in space by means of
one detector means that only a particular set of transitions from the
substates can be studied, viz. those whose emission directions pass
through the detector. The situation is similar to that with the
magnetic field mentioned above. In the coincidence experiment, the
selection of a particular direction inbroduces an anisotropy inteo space,
which prevents the substates from contributing equally to the radiation
field detected experimentally, even though the substates are equally
populated. Thus the Zeeman effect is strongly analogous to the directional

correlation phenomenon.

The presentation of the above analogy is intended to give the
reader an intuitive feeling for the phenomenon. This is most desirable.
A purely mathematical argument is often less satisfying to the experimenta-
list, who invariably thinks in terms of a model. We pass now to a brief

review of the selection rules for radiative processes in general.

When a nuclear state undergoes a radiative transition, the total




angular momentum (referred to as ‘'spin'! hereinafter; denoted.by-i) and

the parity ( 7T ) of the resultant state are in general different from those
of the former. Mathematical analysis of the expression for the transition
probability indicates that both magnetic and electric multipoie radiations
may occur; the order of the multipole being determined by the spin change,
and the character of the radiation by the parity change. The multipole
order and parity of the radiations are not completely independent, as

will be seen later.

If J; end Jo

states respectively, and if the gamma ray carries away L units of angular

are the spin vectors of the initial and final

momentum, the following selection rules can be shown to hold (9):

N AN A
Ty, =T, for even parity radiation
-

for odd parity radiation.

e

TTi =
where ‘j,\ﬂ=ityji(ji 4+ 1) etec. and the transition j; = 0 - jf =0 is
——l w-—
absolutely forbidden. The lowest order of multipole radiation consistent
with these selection rules has been assumed for the transiftion. The

following table summarizes the results in a convenient form.



Lowest Order of liultipole Radistion in a Transition Jis i 4o ir, Tr,

a) A

Electric (E) radiation Magnetic (1) radiation
Parity favored, . L= [ 3 - jf‘ L= [J, =3.] ¢+1
.M. = (1)1 9 axceptlj- =fjg = 0
it i f
Parity unfavored, L=j;=-dpl # 1 L= ‘ji..j?\

T, W = (—l)ai”3f+l except j; or jp = 0 -

Wi:_nf L = 1 I, = 2
except j, = jp = 1/2
Since frequent use will be made of this table in discussing experimental
results, it was felt necessary to reproduce it here. A full discussion
of radiative processes cannot be given, however. For further details, the
reader is referred to reference (9). Ve now proceed with the discussion

of the main topic of this section.

Hamilton's approach to the correlstion problem involves the
standard techniqueé of time~-dependent perturbation theory. The clarity
of his calculations permits the experimentalist to follow the arguments
without the necessity of first reading extensively of the literature on
group theory. For this reason alone, it will be profitable to present
Hamilton's arguments here. Following that, a summary of the results

obtainable using group-theoretic methods will be given.

Throughout this thesis, the following notation will be used:



Jis Js and Jo are the angular momentum quantum numbers corresponding to
nuclear states 4, B»and C respectively; Iy, m and mo are the quantum
numbers for the z-components of.gl, J and jo. The states A, B and C will
describe not only the nucleus but the radiétion field as well, Whén the
nucleus is coupled to the field, a radiative transition is assumed to
occur yielding a photon of a given type. The further coupling of the
resultant nuclear state to the radiation field then results in another
transition and the appearance of a photon of a second given type. In
the final state C, the nucleus and the radiation field are assumed to be

decoupled,

In carrying out his calculations, Hamilton assumes that
a) the intermediate state is unperturbed by external influences,
b) the substates of A and C are uniformly populated,
c) the emitted gamma radiations have pure multipolarities, and that
d) the detection equipment is to be polarization insensitive.
With the exception of the !postulate of purity?, these conditions are
usually fulfilled in a normal case, However, for a triple gamma ray
cascade, (b) does not hold since the sublevels of the second state apre
populated;according to the transitibn probabilities for the different

components of the first gamma ray.

Hamilton starts his solution by writing down the differential
equations for the probability amplitudes of the three states A, B and C.
He assumes a series solution for each amplitude and by direct substitu-
tion finds those series parameters which are consistent with the initial
equations. The matrix elements for the entire process are then written
down formally, and expressed in terms of the above parameters. The

probability of the de-excitation of the nucleus through radiative transi-

tions yielding two photons is written as



@ 10 =

- 2
WQ% el Eg et ) = mzé'e" < lcmgl > av (l)
where sz is the probability amplitude corresponding to state C, gg gg

are propagation vectors for the first and second photons respectivély, and
e', e" are their corresponding polarization vectors., The summation
éﬁteﬁ&s over all the final magnetic substates and polarization directions.
By using the definition of sz as given by Hamilton, equation (1) can be

rewritten in the form: ‘

"= sty |E O |7 01 8% G nGg ) 0] F
where H is the interaction term in the Hamiltonian operator, and the
brackets ( | | ) are matrix elements describing transitions between adjacent
states, It is apparent from equation (2) that the summation over m
prbduces a number of interference terms, i.e. terms which contain a
product of two matrix elements,each of which refers to a different transi-
tion., These interference.terms can be removed by taking the direction
of emiséion of the first gamma ray along the z-axis., Hamilton proves
this as a theorem, the sbatement of which is: If the Z—axis of guantizg-
tion is along the emission direction of the first gamma ray, the probability
of the double transition is given by the product of the probabilities of
'the separate single transitions. The reader is referred to Hamilton's
paper (1) for the mathematical proof. Lippman (10) has given the foilowing
qualitative proof: The interference terms arisingﬁin a transition involv-
ing an intermediate state are due to a lack of information concerning
that state. If, however, the first gamma ray moves along the z-axis, then
its Zucomponeht of angular momentum can be measured without disturbing
the system. Since the initial state is known in detail, it is possible
to determine the pertinent characteristics of the intermediate state,

and hence, for this case, no interference can occur.



Making use of this theorem, W can be written as:

W= 2 s(Amj_IH(O)\ Bm)l2 (8, 1) | ) . (3)

I m
Tren”

where _l_cg has been taken along the z-axis and © is the angle between this

axis and k". Thus any angular dependence in W comes from the matrix

element fof the second transition. It is convenient to define

Pan (@ = & | (g | 5O By 2
md B, (0) =§ (8, | 5O 1 G, )|

then W becomes

W= 2, By (0) Byp,(0) (%)

mm m,
The P's are the probabilities for the transitions concerned. It can be
shown (1) that

‘ - . . M
P, mz(@) = C(J Loios m m, - m) FL2 , efe.

whexre _L_l, _I:.’2 are the angular momenta for the first and second photons
respectively, M = m, - m, and the C's are the vector addition coefficients.
Fl\Lﬁz is a function of (©) only. The notation for the Cis given above is
related to that of Condon and Shoi'tley (11) by: C(a v c, de) =

(abpdelabecd+e)s The F-function in P

mim (0) is unity because we

have chosen the z-axis as the direction of emission of the first photon.

Hamilton was able to carry out the summations indicated in

equation (4), and tabulate the following results:

2 e (5)

second transition dipole: we) = 1+ %3' cos
7

i

second transition quadrupole: W(®) 1+ g. cos® @ 4+ 8 cost 6 (6)
; Q

(Since only the dependence of W on © is important for a directional

correlation measurement, several common factors have been dropped from

(5) and (6) in order to reduce them to simple forms.) In subsequent



sections the coefficients R/Q and S/Q will be denoted by ay and a
respectively. They were tabulated by Hamilton in his original paper

(1) as functions of j .

It turns out that the summations carried out by Hamilton cannot
be extended to multipoles of order higher than quadrupole if the form of
equation (6) is taken as the correlation function. The summations involve
products of vector addition coefficients, however, which play an important
role in group theory as applied to physical problems. Thus it is natural
to eﬁpect that a group-theoretic formalism will yield equivalent results,
and this has indeed been found to be the case.

d) The Results of Group-Theoretic Analysis of the Directional CorreTatlon
of Associated Gamma Rays.

i) Double Correlation Formulae

It can be shown (7) that if the expansion of W(8) is carried
out in terms of Legendre polynomials of even order, the generalization to
higher multipolarities follows immediately, The meximum order,'%m, of the
polynomials involved is determined by the inequality 4, § lowest
multipole order of the radiations concerned., Furtherﬁ;re, the case of
mixed radiative transitions can be handled with the same formalism,

These statements are given without proof. The reader is once again

referred to the review article by Biedenharn and Rose (7) for the details,

Using the same notation as before, W(©), as determined by the

more general technigue mentioned above, can be written (7) as:
- [ s N2 . R . (s .
we) = (il )™ Wy + (3p ) | 5)° wpp + 2030 1 g1 Gy 1141 3) Wppp (7)

This equation is the most general form of the directional correlation

function for an unpolarized two-component gamma ray cascade and involves



-13 =

what we shall refer to as 'quadratic!" multipole mixing. It has been

assumed that the first radiation is a mixture of 2Ll and ZLJi -pole
radiations, and that the second radiation is pure 2L2—pole° Obviously

there is no loss in generality involved in this assumption. For completeness,
the Wy, Wrp and Wyyy are tabulated below.

k§0 C(Ig_llk; 1-1)¢C (L2L2k; 1-1)

x W(Jilqlos kip) W(3iLoly 5 iz ) P (cos 6) (8)

Wy = (2Lq +1)(20, +1)

iy = (210 +1)(2L,+) | 3 C(LLic 5 1 1) € (Ll 5 1 -1)

X W(JJLl le W(35L L, 3 ki, ) Py (cos 6) (9)

7™ V(2L1+l)(2L{ +l)(2L2+l) k52 C(L,Lik; 1 =1) C (LLok 5 1 1)
x VW(ijli.i 5 k3y) W(3SLoLy 5 kip ) Py (cos @) (10)
k is an even integer in all the summations. The C's are the vector addition
coefficients, the W(a b ¢ d ; e £) the Racah coefficientse (The latter
have been tabulated by Biedenharn et al (12).) The (j; }E1| j) etc. are

the matrix elements of the transitions concerned, and the Pk are the

Legendre polynomials.

From a consideration of the transition probsbilities for electric
and magnetic radiations (9), it can be shown that any multipole-mixing
Will involve .?.Ll- and 2bL ¥ l—pole radiations, i.e. Ml and E2, M2 and E3,
etc. Assuming this to be the case, and normalizing the coefficient of

W1 in equation (7) to unity we get

We) = Wwp + Swg + 28w (11)
where 82 = (jllll+lij)2
htll (12)
(3,1 141 )

is the 2L1 - to 2Ll—-pole intensity ratio for the mixed transitions
By convention, it is assumed that if § is positive the phase angle

between the radiations is gzero; if § is negative, the phase angle is 180°,



-1 -

If the first transition involves only pure radiation, the
correlation function W(8) is just Wy. Thus

W(e) = wy = 2 & B (cos 6) (13)
The coefficients A are evaluated by means of tables in a practical case.
There are at present three independent sets of these, which can be used
by research workers. They are eguivalent to some extent but important
differences exist between them. We shall tabulate the principal results
for each set below and illustrate their range of applicability. This

will be done under author headings.

a) Biedenharn and Rose (7)

For a pure-multipole cascade, we had
Wy (6) = 2. 4 P, (cos @) (13)
k>0 '

where

b = Fy (T313) - Fye (Tpdad)

Fplabe) = (-1)b”°'1 Voe+1 (2a+1) Cla a k; L = 1) W (c ¢ a aj k b), (14)

and K, = 0. The coefficients F) have been tabulated for a = 1,2,3,4
and all necessary values of k; and for b =0, 1, 2, 3, bandec < 5 in

integral steps. Values for all half-integer values of b in the range

1/2 to 13/2, and ¢ € 13/2 are also available.

For mixed radiations, Wy and Wy are defined as in equation (13)
but Wry is given by
, - J=ip-1 -
Wrrz(8) = (1) 1 V(23+1)(2L1+1>(2Li +1) E: Gy F Prlcos 8) (15)
where Glabcd) = Clabk; 1-1)Wddab; ke) (16)

The Gy have also been tabulated for the same range of values mentioned

for Fko
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b) Sharp, Kennedy, Sears and Hoyle (13)
Assuming that the first component of the cascade is mixed,

Sharp et al write the correlation function W(e) as:

we) = & (07 g @an3tag0 + P @lanls 1500 + 282 (15173350 ]

x Z) (Lpilyds dok) Py (cos 6) )

If the correlation involves pure multipoles only, this equation becomes
(o) = %(-1)51’3 2 (I Iy Jsdik) 2y (Lpflods 5pk) Py (cos )  (18)
The primed L and j in equation (17) take account of the different multi-—
polarity of the second component of the mixed transition. W(e) is not
normalized in either of these equations. To carry this out (i.e. to get
Ay = 1) one must divide the terms for k 2> 2 by the term for k = 0, The
Zl coefficients are defined in reference (13) and tabulated values of Zi
given, These'tables are quite extensive and will be mentioned again in

connection with triple correlation functions.

c¢) Lloyd (14)

Iloyd has introduced the idea of the basic correlation. If
(@) is written in the normalized form

we) = 1+ 2{: (b) P (cos 6) | (19)
then this is a basic correlatlon function if either of the following
spin assignments yields equation (19):
| P-I) 3R 3 ¢ Ty er 3t 1) 3 () 3 -1
The Aﬁb)are given by :

(b) = (2k + 1) by (Ll) by (Io)

where by, (L) = {1 - k(k-&l)}(.ZL—a»l) Pxb (1)
2L(L+1)J (2Lak+1) ! [(;zg_)xr (L -k )

Yor non-basic correlations, the éoefficients 4, are obtained from the

()

equation Ay "1V where the Uy, are the 'attenuation! factors. Of

course, the correlation for jo(L,) j (Ll) 3 is the same as for
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b
31(Iq) J (Lp) jpe In the tabulating of the Ay and Al(c ), Lloyd has assumed
that the ‘nmltipolarities of the emitted radiations are the minima permitted
by the selection rules given on Page 8, The reader is referred to Lloyd's

paper (14) for the form of the Ve

In the case of multipole mixing, this author has given the form
of W(®) when "linear" multipole mixing is present, i.e. when J is small
enough so that ) 2 can be neglected. We get then

we) =1 + f? Ay Pk(cos ) +xd % yk(Ll) Ay Py (cos 6) (21)
As usual the mixing has been assumed to occur in the first transition.
8 is defined as the ratio of the electric 2" "1 intensity to the magnetic
2L intensity in a given parity forbidden transition. The factors x and

yk(Ll) have been given in closed form (114).

Lloydts numerical tables are more convenient than those due
to Sharp and Biédenharn, because no computation has to be done to arrive at
the correlation coefficients. This is particularly useful when the
correlation coefficients have been determined experimentally and a spin
assignment has to be found. On the other hand, Lloyd's tables cannot bhe
used directly for quadratic mixing of radiations, which occurs when &%

is comparable in magnitude to 3 °

Mention should be made concerning the interrelations among the
2
three formulations mentioned above. The (Zl) coefficients have been
tabulated extensively by Sharp et al., It is not difficult to show that
the Ak of Lloyd's paper are simply of the form
Z2 T gap. s 2 ST E38. 3
T (Lp3Lf3%s 3qk) 27 (L,dLa3ts 3.k)
78 (L 3Li3ts 3,0) 25 (L3183t 3,0)

1/2

for pure transitions, The coefficients Fk and Gy (7) are related to
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the Zy coefficients by

. -3 =X 1/2

R (L3y3) = (017772 (2540) / 2, (LiL3; 3,%) (22)
L+Lt+X |

G (i) = (1) 2 @geneen™? zam; a0 (2;‘74»1)“1{23)

Iﬁ spite of these interrelations, the author has féund.that no
single set of tables of correlation coefficients is completely satisfactorys;
each set has its limitations. Lloydt!s tables are suitable for quick
. identification of spin assignments iﬁ double correlations, but they are
limited to linear mixing, and have no value in triple correlation calcula-
tions. Biedenharn's tables can be used for all double correlations and
both types of mixjhg, but some numerical work must be done before the
coefficients are obtained. The coefficients for triple correlations are
limited to the case where the intermediate transition is not observed.

The tabulation by Sharp et al is excellent from the point of view of

scope. Coefficients for all double and triple correlations can be calculated
using these tables, but a fair smount of numerical work must be done. In

the case of triple correlations, the computation becomes exceedingly

arduous. The author has found it necessary to use all the tabulations

mentioned here in the analysis of experimental data. For that reason,

the formalism for each has been set down in some detail, as an aid to

those who are faced with similar tasks.

Before passing to a discussion of triple correlations, we
shall record without derivation the transformations which enable one to
express the coefficients 2y, of the Hamilton formalism in terms of the
Ak of the group-theoretic formalism, and vice versa. The correlation

function can be expressed in either of the equivalent forms
2

w(e) Q + R cos® 0 + S cost e

(24)

Al + AS P, (cos 8) + A;p Ph (cos ©)



The coefficients are then related by the equations:

] H ?

Ay = Q#LR+1S 5 A = 2ReLS ;3 A = 8 S (25)
‘ 3 5 _ 3 7 ‘ 35
1 7 1 2 4 1
Q = A,=1A 434 3 R = 34 ~-304; S= 354 (26)
5 2 3k 2 5 " 5 b
and, of course, ap, = R/Q ; a, = S/Q
-Ag s A o= 3
and Azw_%;AL: Al+ °
Ag T
©

Both sets of coefficients are used in analysing the results of an
experiment —- the afs for graphical analysis, and the A's for numerical

analysis.

ii) Triple Correlation Formulae

Biedenharn et al. (7) have outlined a few special cases of the
triple correlation problem but their work is rather limited, as was
mentioned above. On the other hand, Sharp et al (13) have presented the
complebe formalism, Their results will be tabulated here - again without

proof.

A triple gamma ray cascade can be displayed in schematic form

as below
- L
jgil.jl _fip T12 jzi,js

where the j's are the spins of the nuclear states, the L's are angular
momenta of the radiations, and 7T12 is the parity of the intermediate
state ( M4, =0 for electric radiation, = 1 for megnetic radiation).
If 61 P 5 810 P10, and 6, @, are the angles between the reference axes
and the three emission directions, then the directional correlation

function 'W(@l 815 @2) is given by:
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Ja+iatLl, +L Laon+Lio+L,+L, + 3.+ ]
ZZ()0311121222 172

W(e.e,.8,) =
=1
Tleret gk,
s (27)
T g Jitq0do 1.9
T 1712 AT
x 7y ‘LlJlLl 13 Jokl) Gl k%k%zk% X Zq (L232L2.32 3 331{2) Aklk.?.klZ
J1l1232
where
311‘1?32 PRI PR PR PRSI
k%k = Real part of { (1)
1272
Jly 53 2
1/2 1/2 1/2
x (2L, + 1) (211?+ 1772 +1)7 (2K, 1)
] . - lelez
x (Lyyy =15 1] kyp ) X klkjrzkz 1 (28)
Iyl 232
3 1/2
ma Ay, =2 (g lsz‘f’?[ — )
LS PRV (2k1+1)(2k2*1) (2, +1))

51 £2 £+ %
X Ykl (91 ¢l) ° Ykz (gz ¢2) @ Yklz (912 ?512) (29)

The Y}L are the usual normelized spherical harmonics:

< % (1it] )
T (ed) = (-1) 'V(L - )y g \f2re1 Ph:-d(cos 6).

(L+ [m])s hTw
e have used Sharp's notation for the vector addition coefficients because
they are tabulated in his report using this form. It is apparent, however,
that (kykot/% |kyy My +pg) B Clgkokys 5 #ofy)e If the radiations
are pure, the primed indices can be replaced by unprimed ones as in the
case of equation (17). From the form of equation (27) it is obvious that
the first and third components of the cascade are described by the Z1
coefficients, while the intermediate transition is characterized by the

Gl coefficient (i.e. by the X coefficient).

The above equations are simplified to a considerable extent if
two of the radiations are parallel and their emission direction is taken

to be the z axis. For definiteness, we shall assume the first two rcamma
3




rays are parallel; then

6 =0 =0 %! _ 2/ - -
1 - 12 - Ykl (gl¢l) - YklZ (912¢12) =1 and @2 - Q, ¢2 = Qo

Fauation (29) becomes, with these substitutions

7\ Kk, = (k0 © lk12 0) sz (cos ©) (30)

The limitations on k, are 1) that it be en even integer ana 2) that its
maximum value km be determined by the equality

k =2 min. {mln [@si) +,), iy s LZ} (31)
It can be shown that the values of kz'must be consistent with the definition
of the X coefficients. The latter satisfy the following conditions:
1) the perameters of each row (each colum) must sum to an integer,
2) the sum of any two parameters of a row (column) must be greater than or

equal to the third parameter,

3) if two rows (columns) are equal, the third must have an even integral

SUlie

A special case of the triple correlation arises when the
intermediate transition (no matter what its nature) is unobserved.
This case will be of particular interest in later sections of this
thesise If the intermediate transition only involves mixed multipoles,

then the form of the first-third correlation function is given by

WS WL, o+ 82 W(L; ) (31a)

where Liz and Li2 are the multipole orders of the radiations

_ 2
concerned, and 3% is the ratio of the intensity of Liz radiation to

L12 radiation, and
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L *L
WL ,) = Z:(_l) JB Togtom J2 oty

X ?k (cos ©) (31b)

It is interesting to note that interfering multipoles of the intermediate
transition make no contribution to the correlation since they are not

observed (13).

« » 1 2 2 2
The coefficients (Lyplis -1 1k, 0%, X, 22 ena W
have been tabulated in the report by Sharp. These tables greatly

facilitate the evaluation of both first-third and triple correlations.

In the preceding section (d) those mathematical results
have been tabulated which are necessary for the snalysis of both double
‘and triple correlation data. The three tabulations which are availsble
have been discussed briefly; results have been quoted only in so far as
they are necessary for the use of the tabulations of coefficients. The

interrelations between the different sets of tables have been indicated, as
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have the limitations of each. The author has found that the equations
given above are sufficient for the needs of the experimentalist; no
apology is made for the pragmatic nature of this review nor for the
lack of mathematical justification for the formulae quoted. This task
lies in the province of the theorist, The reader is referred to the
admirable review article of Biedenharn and Rose (7) for further details

on the theoretical aspects of the subject.

e) The Coincidence Technique; Frrors

Dunworth (2) pointed out in 1940, in a valuable review
article, how coincidence measurements could be used to elucidate nuclear
level schemes. The scintillation counter has been largely responsible
for the precision of the technique at the present time. Only through
this precision has it been possible to perform directional correlation
experiments which yield unambiguous results. Since correlation investi-
gations involve basic coincidence techniques, a brief review of the

|
essential features of the latter will be given here.

Consider a radioactive source which is decaying by particle
emission followed by a simple two component gamma ray cascade., The
decay scheme is being studied by means of two séintillation counters
which feed a coincidence mixer. One counter detects the first gamma ray
only, and the other the second gamma ray. If the single counting rates
of the first and second counters are Nl and N, respectively, then the
taccidental' coincidence rate N, is given by

N = 27T Ny Np ' (32)
where 7T is the resolving time of the coincidence mixer. (The above

result is readily obtained from a simple statistical study of the single
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counting rates of the two counters.) The genuine coincidence rate N?
is given by the formula

Nt = Negw,y €y € (33)
where N is the number of disintegrations per unit time leading to the
gamma ray cascade, 4)1,502 are the solid angles subbended at the source
by the first and second counters respectively and él_e o are the

corresponding detection efficlencies.

The solid angles and debection efficiencies can be determined
either by measurement or calculation, whereas 7 is determined entirely
by measurement as will be discussed later. With a complex decay scheme,
the value of N must be determined with some care, for it will vary for a
given source depending on what part of the decay scheme is under observa-
tion. For this reason, it is customary to refer to N as the effective

source strength for an experiment.
Equations (32) and (33) are the basic results quoted by Dunworth.

As with any counting rate determination, a coincidence measure-
ment possesses an intrinsic statistical error. However, the statistics
of counting experiments cannot be discussed at length here. For an elemen-~
tary discussion of the subject the reader is referred to standard textbocks
(15); a more advanced exposition has been published by the Atomic Energy
Commission (16). The problems encountered in this regard have also been
reviewed by Chatterjee and Saha (17), whose paper contains, in addition, a
discussion of angular resolution corrections, which forms the subject of

the following section,
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f£) Angular Resolution Corrections

Consider a point source mounted eguidistant from, and along the
axes of two scintillation counters, one of which is free to rotate in the
plane of the source and the two counters. The source~to-crystal distance
is a few centimebtres and the crystals are right circular cylinders. The
source is assumed to emit two gamma rays which are correlated spatially.
It is desired to study this directional correlation. If each counter
deteéts a gamma ray of one energy only, the coincidence rate as a function
of the angle between the counter axes will give the desired correlation
function., Since the counters are not point-detecters but subtend a finite
solid angle at the source, the variation in the coincidence rate with
angle will be masked to some extent. The resulting correlation function
will exhibit a smaller asymmetry than would be realized with point-
detectors, In order to obtain the true correlation function from the
observed one, a correction factor must be applied to the experimental

data to compensate for the effect of the finite solid angles.

Several authors have discussed the problem outlined above but
in the experimental work to be described later only the results of
Church and Kraushaar (18) and Lawson and Frauenfelder (19) have been used;
they will be outlined in some detail. Calculations have also been carried
out by Rose (20), Chatterjee and Saha (17) and Breitenberger (21), but
their results were either not applicable to the present apparatus, or

not in a convenient mathematical form.

Consider the directional correlation function W(8) to be

expanded in a series of Legendre polynomials:

w(e) = Ek: Ay Py (cos @) (34)

where k = 0, 1, 2, ebtc, Church et al (18) define the resolution curve f(5<)



as the spectrum of coincidences between annihilation-radiation quanta
expressed as a function of the angle x between the counters, If #( x)

be written in the form

f(x) = ;L‘;'\ (&i‘i—‘l‘) Qops Pokt (cos ) (35)
then it can be shown (18) that the ‘observed correlation function is given by
We) = & Py (cos 0) (36)
where AL, = Qo Aék
and Qék = g f(cos & ) Poy (cos ) d(cos x) (37)

For £(X) a Gaussian distribution, the correction factors Qg can be
expressed as series in ascending powers of X, - the half-width at half
height of the resolution curve f£(x ). (0<o is expressed in degrees.)
The numerical results are given below:

1 = 7,325 x 10~° rxoz + i,

&£
it

1 - 7.325 x 107 %2 42,930 x 1077 °<ol*’ Foeeeee  (38)

lg}v
[}

- : : -9
Q, = 1-2270x107 x 2 42,659 x 1070 x b 22,133 x 10 w64,
It should be noted that if A2k is normalized to unity, the corrections are V

applied to Ay for k > O only; they are then of the form QQk/Qo’

Although it might appear obvious to the reader at this stage,
the dependence of the angular resolution curve on energy was not fully
appreciated by experimentalists until recently. ILawson and Frauenfelder (19)
in 1953 observed that some of the discrepancies in the early experimental
work might be due to the use of correction terms (equation (38) ) which
were suiteble only for gamma rays of 510 kev energy. Consequently, they

re—examined the entire problem as given below,

If ©f is the angle between the counter axes, then once again
the observed cérrelation function can be written as

1
we) = Z Qoi Aok Poi (cos 81) = 2 Ay Por (cos ©1)
k0 k30

7
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ir Ao is normalized to unity then Aoy = %ﬁ_ Aék o

however, the correction factors must be o%%ained from a different type

In this formulation,

of angular resolution curve., These curves are determined by sweeping
each counter separately across a highly collimated beam of the gamma~
radiation to be studied. (If this is not appropriate, gamma radiation
having an energy close to the radiation in the experiment may be used.)
The practical details of the technidue need not concern us at this point;

they will be outlined in detail later.

Using superscipts I and II to denote the first and second
counters respectively, the Qo are defined by
= I IT I IT
Yk = 2 [JZK( 710 95k Vo) @+ 35 () a(7y) ] (39)

provided that the gamma rays have éss.er-ltial_'l.yv differen’t energies and each
counter detects both. If the experiment is so arranged that each counter
detects a gamma ray of one energy only, equation (39) simplifies to

Qe = J%k( 1) J%ﬁ (¥5) k = 0,1,2.... (10)

In the last two equations the J's are given by:

Jope = fé () PZk(cos‘N) | sinec| dwx k=0,1,2¢00. (41)
where éy( «) is the angular resolution curve for the counter concerned |
and & is the angle between the counter axis and the gamma ray beam. The
above integrals must be evaluated numerically from the resolution curves

obtained in the laboratory, and the appropriate Q!'s calculated.

In practice it turns out that the angular resolution corrections
are the most important corrections to be applied to the experimental data.
It is particularly important to recognize the dependence of € () on
energy and the need to use the correction factors appropriate to the

radiations being studied.
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g) Least Squares Analysis of the Data

The 'raw' experimental data from correlation measurements are
usually analysed by the method of least squares, in order to determine
the correlation coefficients Apy and the shape of the correlation function.
The use of least squares fitting is standard practice in the physical
sciences and will not be discussed here. Of the many treatises on the
subject, the author found the treatment given by Sokolnikoff (22) to be

both lucid and to the point.

One cannot stress too strongly the necessity for careful
numerical analysis of correlation data when determining the correlation
coefficients. Only in this way can correlation functions be expected

to yield results of physical significance.

h) Time Resolution Measurements

In the study of one of the isotopes investigated in the
present work, it was necessary to perform several time resolution
(delayed coincidence) experiments, Consequently it was felt that a brief
explanation of the technique in general terms was desirable at this stage

of the thesis,

Suppose we have a two=counter coincidence system with the
facility thét pulses from one counter may be delayed by an arbitrary
time interval before entering the mixing stage of the coineidence unit,
This time intsrval is referred to as the delay; it is usually limited to
the range 0 — a few microseconds. If a single nuclear radiation
(either a particle or a gamma ray) traverses both counters, the resulting

time resolution curve (coincidence rate vso, artificial delay) can be
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shown to be Gaussian in shape (23, 24). Now suppose it is necessary to
find the time resolution curve for two distinct coincident radiations
which are emitted in cascade by a given nucleus. This problem has been
investigated mathematically by Bay (25) and Newton (26), who conclude

that the 'long-delay® tail of the resolution curve will no longer have

a Gaussian shape but vrather that of a pure exponential. If the coincidence
rate vs. delay curve is plotted on semi-logarithmic paper, this poriion will
appear as a straight line whose slope gives a measure of the half-life of
the intermediate state between the two emissions. In practice s however,
this asynm:;etry is present only if the lifetime of the state is greater
than & (see equation (32) ). If this condition is not met » the mean
life of the state may be determined from the shift in the centroid of the
resolution curve — now symmetric -- when compared to a prompt resolution
curve (25,26). (A prompt curve is one obtained from a cascade whose

intermediate state has a lifetime very much shorter than ¢ .)

The above techniques have been used with success by many
workers in the study of isomeric states., In this regard the reader is

referred to an excellent experimental paper by Graham and Bell (27).



CHAPTER TI
THE APPARATUS

a) General Description

The coincidence scintillation spectrometer is rapidly becoming
standard equipment in the nuclear physics laboratory. In spite of its
rather poor energy resolution, its high degree of versatility makes it
an important tool in the study of nuclear level schemes. In this
chapter the coincidence spectrometer used in the present investigations
will be described. Circuit diagrams of the component parts of the
device will be omitted since they have been presented elsewhere (28),
However, brief mention will be made of the mode of functioning of the

differential discriminators,

In Plate I, the complete spectrometer is illustrated, while
a close-up of the detectors and their associated amplifiers is given in
Plate IT. The units in the former illustration are the following.
To the left are the scintillation counters; they are mounted on\aluminum
brackets which are fastened to the bench of an ordinaryoptical spectro-
séopee The graduated circle on the bench permits the determination of
the position of the movable counter to the nearest 0.5 degree, (See
Plate II). To the right of the counters are the pulse amplifiers and
their power supplies. The latter supply plate and filament voltage to
the amplifiers and to the cathode followers, which are mounted at the
bases of the photomultiplier tubes. The table rack contains two single-
channel differential discriminators and a single power supply. The floor
rack supports the following units: at the béttom,‘the stabiligzed high
voltage power supply for the photomultiplier tubes; second from the
bottom, the Harwell-type 1036A coincidence unit; at the center, two

Atomic Instrument scalers; at the top, a series of precision potentiometer



PLATE I.

The Coincidence Spectrometer. See P. 28 for identification of the

units shown.
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PLATE II.

Close-up of the scintillation counters, the spectrometer bench and the

pulse amplifiers.

PLATE IITI.

The detectors: The photomultiplier tube on the left is the
Dumont 6292 mentioned in the text. Below it is one of the conical
lead shields. At the bottom, a 1" cylindrical packaged crystal is
shown on the left, and an aluminum cap on the right. The Dumont
K 1185 photomultiplier is exhibited also, together with its
supporting bracket and cathode follower. The iead shield in this

case has been removed from the aluminum cap.
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boxes, one of which was used to distribute high voltage to the photomulti-
plier tubes. The Atomic Instrument scaler on the table on the right

completes the apparatus.

The functioning of the spectrometer can best be understood
from a consideration of the block diagram of Fig. 1. For definiteness
let us consider a source which emits two gamma rays in a simple cascade.
The quanta coming from the source excite the sodium iodide phosphors
which are mounted on the windows of the photomultiplier tubes. The
light emitted by the phosphors upon de-excitation is converted into
voltage pulses by the photomultipliers. The pulses are then transmitted
to the pulse amplifiers by cathode followers (C.F.). These amplified
signals are fed into differential discriminators, each of which can be
set to accept only those pulses which lie in ﬁhe voltage range V to
V 4 dV, where dV is the gate width. (If the pulse height corresponding
to a given gamma ray energy is known, it is obvious that the diserimina-
tors can be set to accept pulses due to gamma rays of a predetermined
energye) The fixed amplitude output pulses of the discriminators are
fed into a coincidence mixer. If the pulses coming from the two
counters are associated in time, the coincidence mixer delivers a
fixed amplitude pulse for each coineidence detected. These are recorded
by a scaler as shown. The numbers of pplses having the predetermined
sizes coming from the two counters are recorded by means of two additional
scalers which are fed by the discriminators. The spectrometer thus
permits the simultaneous determination of the coincidence counting rate
and the single counting rate from each discriminator. If ¢ is known,
equation (32) permits an estimate of the accidental rate to be made;
subtraction of the accidental rate from the measured coincidence rate

gives the number of genuine coincidences per unit time.
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The various parts of the spectrometer will now be considered

individually.

b) The Detectors

The components of the two scintillation counters used are

shovn in Plate IIL. The caption identifies each part. The photomultipliers

used were a Dumont 6292 (2" photocathode) and a Dumont K>1185 (13" photo-
cathode). The glass portions of the tubes, with the exception of the
end 'windows', were covered in black electrical tape in order to
eliminate thé necessity for having light-tight containers for the tubes.
The aluminum spinnings shown in Plate M fitted snugly over both the
crystals and end windows of the tubes. When taped in position, they
provided excellent light-tight covering for the light sensitive portions

of the photomultipliers.

The crystals, obtained from the Harshaw Chemical Co. and
mounted by them, were 1" x 1" right circular cylinders of thallium-
éctivated sodium iodide‘(NaI—Tl)° The crystal containers were made of
thin aluminum. The gaps betwéen the crystals and the containers were
filled with magnesium oxide which acted as a diffuse reflector. Glass
end windows completed the mounts. Small springs were inserted in the
. closed ends of the spinnings, against which the metal ends of the crystal
mountings bm’;fed° These springs kept the crystals firmly in place
against the photomultiplier windows. Heavy Dow Corning silicone grease
( 60,000 c. s. ) was used as an optical bond Between the erystals and
the windows. With the arrangement described above, it was found that
both counters maintained a constant performance over a period of

approximately eight months.
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The photomultipliers were mounted on aluminum brackets (see
Plate II) which were free to move along the aluminum arms attached to the
spectrometer bench. The 6AGY pentodes which served as cathode followers
were also mounted on these brackets. The cathode follower and photo-
multiplier circuitry was identical with that due to Roulston (28) except
for a change in the size of dynode resistors from 10 megohms to 680 K.
An additional support was fastened to each bracket to bear the lead
shields which were placed around‘the crystal for the correlation
experiments. These supports were made removable in order that the counters
might also be used for ordinary coincidence studies. The shielding for
each crystal consisted of a lead block which had been recessed to fit
snugly over the aluminum spinning. The thickness of lead protecting the
Isides?! of the crystal was O.44 in., the front face was covered by a
O°62 iﬁ, thickness of lead through which a tapered hole was cut. The
inner end of this hole had a diameter of 0.90 in., the outer end 0.70 in.
For correlation studies, 2 mm thick circular lead plates were inserted
in the tapered holes to reduce the effects of backscattering from the

surrounding equipment.

From the center of the graduated disk of the spectrometer
bench there extended vertically a " diam, brass rod which supported the
sources., Ibs length was such that"when the source was in position, it
was just on the horizontal axes of the counters. FEach source was mounted
in a plastic holder and sealed in with paraffin (see Fig. 7(a) ). This
arrangement was found to be ideally suited to a speedy interchange of

S0UIrCes .

The negative stabilized high voltage supply used for the



=35 -

photomultiplier tubes was the A.E.R.E. Model 1007, supplying =2000 volts
with a possible variation of i 0.1% for a 10% fluctuation in line voltage.
Of course, only a portion of the full voltage was applied to the tubes; a

precision potentiometer was used for this, as mentioned previously.

Before proceeding with the description of the other parts of
the coincidence spectrometer, a few words should be said regarding the
detection and effective photo-peak efficiencies of the counters used,

If a scintilletion spectrometer is to be used to determine gamma ray
intensities, the detection and photo-peak efficienéies for the crystal
concerned must be known as functions of the gamma ray energy. These are
determined solely by the dimensions and linear absorption coefficient
of the crystal. The detection efficiency T for a cylindrical erystal,

as given by McGowan (29), can be expressed as:

2 . -t x(«) E
T = 50 sin « [l - g ]doé" (42)

x2 '

‘( sin x - d«

o

. S
where x(x ) = t sec « osocsfxl(—tan )
Iy

r cosec x ~-hsecx ,xy & X &X, (=tan  F)

t is the length of the crystal, r its radius, and h the source~to-crystal
distance - all in cm. (The source is assumed to be located on the axis
of the crystal.) Zv is the total linear absorption coefficient for
the crystal material. This definition of T assumes that the portion of
an incident beam which is absorbed by the crystal is proportional to

1 = ¢ ¥ * uhere x is the distance in cm. travelled in the crystal by
the radiation. The correctness of equation (1;2) has been verified
experimentally by Klema and McGowan (30). Unfortunately, lengthy

numerical calculations must be carried out before T can be determined
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for even one energy. Such calculations constitute, quite properly, the
work of a computational laboratory. For this reason an approximation

to equation (42) was used here.

The result is due to Maeder et al (31) and is shown in Fig. 2(a)
for a 1" x 1" cylindrical NaI-Tl crystal. In this case one considers a
beam of gammé rays normally incident on an infinite slab of crystal of
constant and finite thickness (this is equivalent to allowing h to
approach o0 ), The calculations are then carried out without considering
the effects of solid angle. In order to test the validity of the
approximation, a comparison between the Oak Ridge data (32) and Maeder's
result was made for cylindrical 13" diam. x 1" NaI-Tl crystals. Assuming
h = 10 cm., say, the value of T gi&en by equation (42) was found to be
15% lower than that given by Fig. 2(a) for E y = 300 kev. FErrors of the
same order of magnitude were exhibited right out to 1500 kev., However,
when the ratio TEyﬁE s where E? and E are two different energies, was
determined firsi from equation'(hz) and then from Fig. 2(a), the two
values were found to agree to within 1% over the range 300 - 1500 kev.
Since it was necessary in the present experiments to know relative
values of T only, it was concluded that Maeder's approximate result
could be used for the present investigation. For absclute intensity
measurements, however, equation (42) is the more appropriate theoretical

forme

Fig. 2(b) shows the effective photo-peak efficiency for a
1" x 1" cylinder of sodium iodide. (The effective photo-peak efficiency
for a scintillation counter is defined as the ratio of the number of
quanta giving pulses whose amplitudes are proportional to the full gamma

ray energy, to the total number of quanta detected by the crystal.)
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The solid portion of the curve is an experimental resuit due to Kreger
(33); the points in this region have an estimated accuracy of £ 3%, The
dashed portions of the curve represent an abbempt by the author to
extrapolate into the low and high energy regions. Theorebical curves given
by Maeder (31) were used far this, The results are believed to be as

accurate as the experimental portion of the curve,

As mentioned above, Figs. 2(a) and (b) permit relative
intensity measurements to be made with the scintillation spectrometer.
For such measurements, of course, it is necessary to have the spectrum of
the gamma radiation concerned. This is most accurately determined by the
use of a differential discriminator. Several examples of such measurements

will be given in later sections of this thesis.

¢) Pulse Amplifiers

The amplifiers used in the coincidence spectrometer were
patterned after the Atomic Amplifier Model 204~C. Two extra stages of
gain contained in the 204~C were omitted, resulting in an overall gain
of about 80 times. The circult diagram of the amplifiers has been given
by Roulston (28) and will not be repeated here. The amplifiers were
designed to accept either positive or negative pulses, and could deliver

an output pulse of up to 4O volts without distortion or overleading.,

The power for the amplifiers was supplied by a positive voltage
power supply which gave +« 250 volts as a plate supply and 6.3 volts A.C.
for filaments. The same'power supplies were used for the cathode followers

and discriminators (28).
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d) The Differential Discriminators

The differential discriminators were designed and built in this
laboratory (34). Each level of the !gate! consists of a modified Schmitt
trigger circuit followed by pulse shaping circuitry. The pulse from the
upper level is inverted by means of a triode and fed onto one end of 2
precision resistance chain; the uninverted pulse from the lower level is
fed onto the other end of the chain., A suitable point near the center of
the chain is connected to the grid of a cathode follower. If both levels
are triggered by a pulse, cancellation occurs in the chain and no pulse
appears at the grid of the cathode follower. On the other hand, if the

" lower level only is triggered, a positive pulse appears on this grid and
is transmitted to the next unit of the spectrometer. Due to imperfect
cancellation when both levels are triggered, a residuel5 volt positive

pulse is usually present at the output. However, when the lower level

only is triggered, the output pulse has an amplitude of about 15 wlits,

so that discrimination against the 'cancelled'! pulses is relatively

simple,

In practice, it was found that due %o overloading in the photo-
multipliers, the pulsgs from the amplifiers had to be kept less than 40
volts in height. The discriminators were thus used over the range 5 = 40O
volts only. The width of the gate was found to vary by about 10% over
this range. For coincidence measuremenfs this was not important., When
intensity measurements were being made, however, the necessary corrections

were determined to compensate for this variation.

For details of the circuitry, references (28) and (34) are cited.



e) Coincidence Mixer

lodern coinecidence techniques demand coincidence mixers possessing

both short resolving times and wversatilibty., Both features are present in

the Harwell Type 1036A unit used here. It consists of three identical
input trays, each of Which contains a discriminator, a paralysis circuit,
a variable delay line and a pulse limiter. The fourth tray is a mixing
stage which permits the use of the unit eithér as a double or a triple

coincidence mixer; a double coincidence - anticoincidence arrangement is

also possible,

The input trays will accept positive pulses from 2 to 50 volts

in magnitude., The position of the discrimination level on a tray affects
the delay between the time of triggering and the arrival of the pulse at
the mixing stage. Thus once the discriminators are set for an experiment,

they cannot be altered without affecting the coincidence rate.

The paralysis time of each tray (i.e. the time interval during

which the tray is inoperative after passing a pulse) is variable in coarse
steps from 5 to 500 microseconds. The smallest value was used in all the
experiments to be described. The delay line in each tray gave a variable
delay from O to 1 micresecond in ,05 microsecond steps. This permits one

-

-7
to carry out time resolution experiments in the 107 - 10™' sec. region.

Nominal resolving times (7°) of ol, o2, o3, ohs o5, 1, 2 and 4
microseconds were available., In practice only the Oollﬁts setting was
used. It was found to vary by as much as 25% from day to day but by less
than 10% durlnb the course of any single day. The technique used for

measuring ¢ with some precision will be discussed later.,



When a pulse from a single tray arrives at the mixing stage, no
output pulse is delivered by the unit. When a coincidence occurs between
two (or three) trays, the mixer delivers a 15 volt positive pulse which

can be used to activate either a scaler or another unit,

f} Scalers

For the determination of the single counting rates of each counter,
Atomic Model 1005 scalers were used. They are reasonably fast (dead time
~ 10 ¢ s), and were found to be quite adequate fox; all the counting rates
encountered. The coincidence rate, being considerably smaller than either
single rate, was recorded by the slower Atomic Glow Transfer scaler. Since

both types of scalers are quite standard, we shall omit any discussion of

their performances and operation here,

Before terminating this discussion of the spectrometer, the
overall stability of the apparatus should be mentioned. Day~to-day drifts

were detected throughout the course of the investigationsj photoelectron

lines were found to change position by as much as 5% during a 2A4-hour
period. It was not possible to isolate the cause of this drifting to any
one unit, however. It seemed to be a characteristic of the spectrometer
as a whole, due, probably, to the superposition of minor drifts in several
units. The installation of a single, central stabilizer for the line
voltages employed might well eliminate much of this observed instabilit&,
and is recommended by the author for future experiments, Some attention

should also be paid to the stabilization of the filament voltages

various units.,
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CHAPTER IIT

EXPERTMENTAL RESULTS -

a) Calibration of the Spectromeber

(i) Resolution

When a gamma ray of less than one Mev energy interacts with the
atoms of the NaI-T1l crystal in a scintillation counter, it does so by one
of two processes:= 1) the photoelectric effect, or 2) the Compbton effect.
If the phosphor has dimensions several times larger than the range of a
one Mev photoslectron in the phosphor, a photoelectric interaction results
in a voltage pulse from the counter, with an amplitude proportional to the
full energy of the incident gamma ray. A pulse of the same size can result
from a Compton interaction also, if both the Compton electron and the
scattered duantum are absorbed by the phosphor. If the scattered quantum
escapes from the crystal, however, a voltage pulse with amplitude propor-
tional te the energy of the Compton electron results. (At energies greater

than one lev the pair-production process becomes important; this will not

be discussed here, however, since the effect was not encountered in the
experimental work carried out.) The proportionality between pulse height
and gamma ray energy mentioned above is responsible for much of the
success of the scintillation counter as a tool in nuclear physics. Without

it, the device would lose much of its present convenience.

If a differential discriminator is used to scan the pulses coming
from a counter which is excited by monoenergetic gamma rays, the pulse
height spectrum (counting rate vs; pulse height) will be found to consist
of a sharp photoelectron line located at a certain pulse height, and a

broad Compton distribution on the low energy side. The photoelectron line
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results from a superposition of pulses arising from primary photoelectric
and Compton interactions which result in the liberation of the full energy
of the gamma ray in the crystel. The line is Gaussian in shape. This
leads to the definition of the energy resolution of the spectrometer at
this energy as:

Energy Resclution = full width at half-height on photoelectron line (volts)
pulse height corresponding to center of line (volts)

Hereinafter, we shall refer to this ratio as simply the Yresclution". The
dependence of the resolution (R) on gamma ray energy is a result of
statistical fluctuations in the number of photoelectrons emitted by the
cathode and first few dynodes of the photomultipliers. In practice, one

can express R asg a function of energy E (in kev) in the form

B = A (%) (43)
VE

where A 1s a constant. For the statistical arguments leading to

equation (43), the reader is referred to textbooks on seintillation

counters (35).

A knowledge of R is required if intensity measurements are to be
macee. The finite width of the discriminator gate results in photoelectron
lines which are unduly broad. Since an intensity measurement involves
determining the areas of photoelectron lines, corrections must be applied
to the lines to compensate for the effect of gate width. If R! is the
observed resolution on a line, then R is the limit of R' as thé gate

width approaches zero.

Pringle, Taylor and Roulston (36) in 1952 gave the resolution
vse. energy curve for a scintillation spectrometer employing an EMI 5311

photomultiplier and a sodium iodide crystal. Since that time the resolution
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of the spectrometer has been greatly improved through the use of Dumont
photomultiplier tubes and commercially-packaged crystals. In view of
this, neW'data were collected using a Dumont 6292 tube and a 1! x 1M
NaI-T1 crystal. The garmma rays used for this investigation extended over
the range 45 - 2090 keve In order to correct for the effect of gate
width, the following technique was used. A photoelectron line was‘scanned
using %, %, 1 and 2 volt gates on the discriminator. The resolution was
calculéted from the pulse height curves and plotted agsinst the appropriate
nominal gate width. The resolution R was then determined by a linear
extrapolation of the resulting curves to zero gate width. Figs. 3(a) and
(b) illustrate the technique for the 662 kev gamma ray of CslB7° In this
case, the line was placed at both 17 and 35 volts. The extrapolated

value of R was found to be essentially the same for both runs, as one
would expect. The shift in the position of a line as the gate was widened

was noted and taken into consideration when estimating RY.

The final results of these measurements are shown in Fig. 3(c)e
The 'best! straight line through the experimental points has a slope of
-+ aé expécted and can be represented by the equation: R = 2114fﬁ—(%),
The gamma rays used are tabulated in the figure. Most of them are mono-
energetic; the exceptions usually contain extra radiations which are
weaker than the main component and so do not affect the measurements to
an appreclable extent. The spectrometer used for these measurements (#2)
was found to be superior to the other one with regard to resolution.
Consequently it alone was used in all the single counting experiments.

It is of interest to note that the resolution at 662 kev (Cs137) - 8.2%
is somewhat inferior to a value of about 7.5% which has been obtained in

this laboratory with another photomultiplier-crystal combination.
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(ii1) FEnergy Measurements

As mentioned earlier, the NaI-T1 scintillation spectromeber
displays a strict proportionality between pulse height and gamma ray energy.
Thus if it be desired to determine the energy of a gamma ray, it is only
necessary to compare the pulse height corresponding to its photoelecﬁron
line with that of a gamma ray of known energy. The method is not too
precisé, of course; abt 662 kev the error might well be as high as £ 5 kev,
This is due in part to the error involved in the locétion of the center of

a photoelectron line.

Tt is desirable, though not necessary, to use monoenergetic gamma
rays for the calibration of the pulse height axis in energy units. Two
radiations commonly used for this purpose are the 662 kev gamma ray of
03137, and the 1114 kev gamms ray of Zn65a The spectrum of the former is
illustrated in Fig. 4. It was taken with a %wvolt gate. The source was

~ 5 cn. from the crystal and located on thé crystal axis. The principal
features are the prominent line at 662 kev, the maximum (c) of the
Compton distribution and a weak line at 190 kev. This last feature is
due to backscattering of the gamma rays of the primary beam., Some of
these pass through the crystal and undergo Compton interactions in the
tube and tube base. Those interactions which result in a recoil quantum
at 180° to the direction of the incident beam, give rise to the photoelectron

line at 190 kev, Needless to say, the presence of a backscattered line

has led to many misinterpretations of gamma ray spectra.

65

The 1114 kev line due to the strong gamma ray from Zn ~ is shown

in Fig. 6. However, a discussion of the details of the spectrum will be
postponed until the next section, vwhich is concerned with the decay scheme

Of Znés 2
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In addition to the sources mentioned above, several others with

prominent photoelectron lines have been used, e.g. CoéO, 56759 The details

will be given at more appropriate places in subsequent sechions,

b) The Decay Scheme of Zinc - 65

In spite of its apparent simplicity, the decay of Znés has been
the subject of numerous investigations in recent years. This present
contribution to the literature on the subject is concerned with the gamma

radiation associated with this isotope.

65

250-day Zn~- decays by both positron emission (end point energy
325 % 3 kev) and K-capture to Cu65°v The former mode of decay is a ground
staté transition which occurs in only 197%_of the disintegrations. About
4L% of the transitions give rise to a single gamma ray at 1114 kev.

However, a low energy gamma ray has been reported (37, 38, 39) at 200 kev,
as wéll as a second positron component, with an end point energy of about

65 at

150 kev (40). These results imply the existence of a level in Cu
about 200 kev. On the other hand Sakai (41) and Perrin (42) have reported
that any low energy gamms ray has an intensity < 10_4 per 1114 kev gamma
ray. Perkins and Haynes (43) have re-examined the positron spectrum using
very thin sources. They report that it consists of only one component
with the end point energy duoted above. The Fermi plot was found to be
linear gown to 50 kev., The conversion coefficient of the 1114 kev gamma
ray was measured and found to be consistent with an E2 multipolarity

assignment. Fig. 5 shows the decay scheme due to Perkins et al.; it

contains only the well-established details.

In an effort to resolve the conflicting reports concerning the
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200 kev gamma radiation, this isotope was studied using the coincidence
spectrometer described earlier. The gamma ray spectrum was obtained with
a single channel spectrometer (counter #2), using a 3-volt gate. The pulse
height distribution is shown in Fig. 6. The energy axis was calibrated
using photoelectron lines from 05137(662 kev) and 0060(1172, 1332 kev).
The line at lllh‘kev was found to be very prominent, as were lines at

511 and 210 keve. The line at 511 kev was due to the annihilation of
positrons, either in the source or the source holder. The Compton maxima
(€) for the two higher energy lines were in evidence also. A comparison
of this spectrum with that obtained by Bouchez (38) explained immediately
the false conclusions at which he had arrived. Bouchez interpreted the
line at 210 kev as being due to another nuclear gamma fay which was in
coincidence with the 1114 kev radiation. However, it is cuite clear
from the discussion of the preceding section that much of the observed
radiation at this energy will be due to backscattering of the 111/ kev
gamma ray. Of course, this in itself does not preclude the existence of

a nuclear radiation of approximately the same energy.

The coincidence experiment was set up in rather naive fashion as
shown in Fig. 7(a). The two counters were placed at 180° with respect to

one another and brought up close to the source as indicated in the figure,

(Some of the constructional details mentioned earlier should be noted!)
A 2 mm thick lead absorber was placed over the second crystal in order to
prevent backscattering from one detector to the other. A coineidence could

result from this as follows. Consider a 1114 kev gamma ray to have entered
one crystal and undergone a 180° Compton scattering, The recoil photon

could then be absorbed by the second crystal. The first detector ‘'sees?
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2 900 kev electron, while the second detects a 200 kev gamma ray in coinci-
dence with it and a spurious coincidence count is recorded. Spectrometer
#L (on the left of Fig. 7(a) ) was set to accept pulses lying in the 200 kev
line, while the gate of spectrometer #2 was swept across the gamma ray
spectrum (a l-volt gate was used for this). Coincidences between annihila-
tion quanta were detected, but in addition, a sharp line was found at

910 kev as shown in Fig. 7(b). The converse experiment was performed also;
spectrometer #1 was set at the 900 kev region, and the gate of #2 swept

over the low energy region. A sharp line was found in this case at about
200 kev as shown in Fig. 7(c). Two interpretations of these data are
possible: 1) the 200 kev gamma exists; it is in cascade with another
radiation at 910 kev and the 1114 kev gamma ray is a crossover transition,
or 2) the absorber intended to eliminate backscattering was not adequate.
It was felt that merely increasing the thickness of the absorber would notb
resolve the ambiguity. If the 910 kev radiation was very weak, the further
reduction in intensity by lead absorbers might well lead to an indeterminate

result,

A second series of experiments was carried out using the delayed
coincidence technique (see P. 26); the radiations concerned were the
200 kev gamma ray and the proposéd 150 kev positron component., One
spectrometer was set on the 200 kev line in the gamma ray spectrum and the
other on the 511 kev line due to annihilation quanta. The delay in the
coincidence tray corresponding to the latter was varied in 0.05 microsecond
steps from O to 1 microsecond. The coincidence rate for each delay was
megsured and plotted against the delay time in microsecqnds on semi=
logarithmic paper. The resulting time resolution curve is shovn in

Fig. 8(a) I. The linear ‘'tail' of the curve appeared promising but the
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possibility of its being insbtrumental was not overlooked., The gate widths

of both spectrometers had been the same for the experiment although the

ratio of the pulse heights at the centers of the gates had been about

2.5 ¢ 1. The experiment was repeated using gate widths which were proportional
to the pulse heights at the gate centers. Curve II of Fig. 8(a) resulted.

The lateral shift was thought to be due merely to the introduction of an
additional delay between the two sides of the spectrometer when the relative
positions of the lower levels of the gates were changed. The slope of the
linear 'tail'! was found to be approximately constant, however, although the
errors on the experimental points were too large to establish this with
certainty. The slope of the tail, if due to an isomeric level at 200 kev

65

in Cu 7, corresponded to a stabe lifebtime of 1.4 x 10_7 secdnds, The

results appeared Lo corroborate the work of Cohn and Kurbatov.

In order to check the results, however, an identical experiment

137

was performed using Cs~ ', which is known to emit only one gamma ray.
Coincidences due to backscattering were detected; they were used in the
performance of the delayed coincidence experiment. The rather unusual
result is shown in Fig. 8(b). The slope of the linear portion of the
curve was found to be only 0.65 times that of Fig. 8(a) I, but indicated
that the Zn65 results may have been instrumental. The C5137 result was
obtained using equal gate widths and a ratio of pulse heights of about

3 ¢ l. A further check was carried out using anmnihilation radiation
directly. Fig. 9 shows two time resolution curves obitained with Zn65e
The inner one was taken with the ratio of the pulse heights due to 511 kev
gamma rays at 1 : 1, The outer curve was obtained with a ratio of 4 : 1,

65

The interpretation of the previous results with Zn”” is now apparent.

The time resolution curves of Fig. 8(a) and (b) were asymmetrical because
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the difference in the location of the gates introduced a delay between
the.two sides of the spectrometer. This delay simulated an isomeric state
and resulted in asymmetrical resolution curves. Any difference in the
slopes of the curves could not be regarded as significant in view of the
experimental errors on the points. These conclusions were substantiated
using two different pulse height ratios in a further study of Cs137 and

Zn65e The results as a whole might well explain a slightly asymmetrical

1
curve found by Roulston (28) in the study of Ce hl°

A final experiment was undertaken which was designed to
eliminate direct coincidences due to amnihilation radiation. The arrange-
ment is shown in Fig. 10, which gives the plan view of the detectors.

By plecing the detectors at right angles to one another, annihilation
radiagtion coincidences were eliminated except for those which occurred
through scabtering in the source of source holder. 4 4" thick lead plate

was placed diagonally between the counters to prevent backscattering

coincidences; the atbenuation of the primary beam by this absorber, however,

was negligible. The discriminators were set so that only coincidences
between gamma rays at 200 and 900 kev were debected. However, after
several hours of counting, no genuine coincidences could be detected

above the background of accidentals. An identical result was found for

200 = 511 kev coincidences, in direct contradiction of the work of Cohn (37)

The present status of the Zn65 decay scheme may be summarized in
the following manner. The linearity of the Fermi plot given by Perkins
and Haynes seems to rule out the possibility of a second positron Compo=
nent., It is likely that thick sources were responsible for the earlier
claims in favor of it. The results of the present investigation are

consistent with this conclusion. In addition, the experiments indicate

)
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that no genuine ﬁil-200 kev gamma rey coincidences are found if those

due to amnihilation radiation are avoided. M. Sakai (L4) reported to

the author during the final stages of this work that many of Cohn's early
coincidence results were due to instrumental effects. This was gratifying
in view of the present results. The decay scheme of Fig. 5 now seems to be

firmly established,

In addition to the data on Zn65, the experiment threw further
light on the experimental techniques in current use. Two conclusions of
a practical nature were drawn from the observationss
1) backscattering can give not only coincidences but also photoelectron
lines in a coincidence spectrum;
2) asymmetrical time resolution curves can be caused by the positioning
of triggering levels in both differential and integral discrimina-

tion equipment.

¢) Angular Resolution Measurements

In Section f) of Chapter I, a discussion of angular resolution
corrections was presented. In the present section, the experimental
techniques used to obtain the correction factors will be described.,

Nunmerical values will be given for a number of gamma ray energies.

Brady and Deutsch (5) were the first workers to use the angular
resolution curve obtained from coincidences bebween annihilation quanta.
The technique was pubt on a sound theoretical basis by Church and Kraushaar
(18) somewhat later (see equations (34) to (38). The corrections for
511 kev radiation were obtained here by using Brady's technique. The

65

counters were arranged as shown in Fig. 11. A Zn ‘pellet, mounted in

a plastic cup, was used as a source of annihilation radiation. The gate
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Fig. 11. Plan view of experimental arrangement used to

measure angular resolution function for
annihilation radiation.
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of each spectrometer was set on the photoelectron line at 511 kev in the
Zn65 spectrum (Fig. 6). With this arrangement, the genuine-to-accidental
coincidence ratio was found to be better than 100 : 1. Counter #1 was
moved from 145° to 215° in 2.5%teps. The coincidence rate at each angular
position was recorded, then plotted against angle to yield the resclution
curve of Fige. 12, The source~to~-counter distance was, of course, the same
as that used in an actual correlation experiment. The half-width at half-

height on the resolution curve was found to be 11.5%,

Since most radiative transitions involve either dipole or quadru~—
pole radiations, only the correction factors QZ/QO and,Q%/Qo are needed
in general. These are found from Fig. 13 which shows QQ/QO and QA/QO
plotted as functions of X e For x, = 11950, the corrections were
estimated to be 917 and 749 respectively. Of course, these values can
be used to correct data obtained with radiations-whose energies are very
close to 510 kev, but they are not appropriate for radiations with energies

which differ appreciably from this value,

As mentioned previously, the correction factors are energy
dependent . To evaluate them for energies duite different from 510 kev,
the method of Lawson and Frauenfelder (19) was used, Unfortunately, very
strong sources were nol available so that a rather short collimating
system had to be used to define the gamma ray beam. A plan view of the
arrangement is shown in Fig. 14. The collimator was a 3" x 4" x 4" lead
block with a 1/16" diam. hole drilled through it as shown. Tt was set
up so that the beam was parallel to the axis of the.fixed counter and
incident on the crystal of the movable counter at its center (i.e. when
viewed horizontally). The distance between the movable ‘detector and the

center of the brass rod was the same as for the arrangement using
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annihilation radiation. The counter was shielded from degenerate radiation
with the lead covers used during a correlation experiment, The measure-
ments were carried out as follows. The spectrum of the gamma rays emitted
by the source to be used in the measurement was scanned using spectrometer
#1 (movable); the gate of the discriminator was then widened and set over
the photoelectron line of the appropriate gamma ray. With the collimator
replaced by a block of identical dimensions, the background counting rate
was observed as a function of the angular position of the movable counter.
With the collimator in position, the counter was swept across the radiation
beam and the counting rate recorded for each position. The counting rates,
corrected for background, were plotted against the appropriate angles,

Of course, it was assumed that both crystals of the coincidence spectro-
mever were equally efficient for the detection of gamma radiation., If

this were not so, separate measurements would have to be made for each

crystal.

The resolution curves, € (&), for several gamma ray energies
are shown in Figs. 15 a) b) ¢) d) and e). The J,, of equations (1) were
evaluated numerically with the aid of a planimeter. The numerical results
together’with the details of the gamma rays used are listed in Table I.
The values of QZ/Qo and %/Q tabulated are to be used only if both
counters detect radiations of the same energy. If this is not the case,
equations (40) must be used to evaluate the correCLlons. The entries
J2/Jo and A/JO for 511 kev radiation were calculated from the results
obtained using Church's formulae (equations (38) ), by taking the square

root of Q2/‘5*20 and L/Qo respectively,

The degree of collimation used wundoubtedly leaves much to
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7 Rey J2 R/ % %,
Energy ource g Iy Qo -Q-(;
al 312 kev |T? 2942 .833 887 .695
137
b 662 kev i Cs 943 «820 0890 672
65
e | 1114 kev | Zn 2950 0825 +902 0680
60
dl 1332 kev |Co 0942 o852 »887 »726
e | 1690 kev |Sprok +930 822 | 865 675
+ _ 65
£ 511 kev —-7n (957) (865) 0917 STHT

Table I. -~ Angular resolution correction terms for

several monoenergetic gamma rays.,
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be desired. Since only weak sources were available, however, a compromise
had td be accepted between beam definition and the statistical accuracy
of the points on the resolution curves. This was particularly important
in the case of the lower energy gemma rays (312 kev and 662 kev). Here
the background in the laboratory was exceedingly troublesome, being
comparable in magnitude to the beam intensity. A thicker collimator would
undoubtedly have resulted in better beam definition but it would have been
excessively difficult to obtain the results. Due to a lack of very small
crystals suitable for studying the beam shape, it was not possible to

correct for the finite width of the gamma ray beam. (See reference 19),

As far as was possible; monoenergetic sources were used for the
resolution curves. In the case of (e) and (a), however, the photoelectron
lines contained more than one component. For the former, an interfering
transition in Sb124 at 2090 kev contributed to the counting rate. It was
estimated, however, that < 10% of the counts were due to this transition.
The situation was more favorable in the case of (a). The Compton maximum
of a strong 468 kev gamma ray interferes with the line at 312 kev which
was used in the measurement. But only ~ A% of the counts were due to

the interfering transition; the shape of the curve was due primarily to

the line at 312 kev,

In spite of the two minor flaws mentioned above, the technique
was felt to be satisfactory on the whole., The appropriateness of the

correction terms obtained will be illustrated in succeeding sections.

The shapes of the resolution curves show, qualitatively, how the
product of the detection and photo-peak efficiencies for a scintillation
counter varies with energy. The narrowness of the high energy curves

indicates that the portions of the crystal which are near the cylindrical
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surface are relatively inefficient when it comes to giving pulses CoOrres-—
ponding to the full gamma ray energy. On the other hand, the breadth of
the low energy curves suggests that the converse is true for softer radia-
tions. In addition, it demonstrates that the detection efficiency across
the crystal is approximately constant for low energy gamme rays. The
curves obtained by Lawson and Frauenfelder (19) for the Co60 gamma, rays
(1172 and 1332 kev) showed a remarkable lack of symmetry. This presumably
was due in part to a lack of homogeneity in the crystals used. No

evidence of this effect was found in the present investigation.

d) Directional Correlation in Nickel - 60

It is customary to test directional correlation apparatus by
means of so-called "well-establishedt gamma ray cascades. Of these, the
two component cascade of Niéo is perhaps the simplest and best-known to
nuclear physicists, However, as Frauenfelder (45) has pointed out s it
is sometimes unwise to check apparaius by studying well-known isotopes,
for often they turn out to be not so well-known as we think. TIn correlation
neasurements, this was demonstrated recently by a Swiss group (46). Their
experimental result for the cascade in Niéo was 11% lower than the
theoretical value and could not be accounted for in terms of experimental
errors. Although this cast some doubt on the accepted results for Niéo,
subsequent work by Klema and McGowan (8) mentioned on P. L seems to have
confirmed that theory and experiment are consistent for this case,

Having thoroughly investigated the literature on Niéoa the author felt
that the directional correlation was sufficiently well-established to
permit the use of the isotope for the testing of the present coincidence
spectrometer. The results of directional measurements with Niéo will

consequently form the subject matter of this sechion.
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The properties of those levels in Niéo which are excited by
negatron emission in Co60 have been given in detail by Keister and
Schmidt (47). They are shown in Fig. 16, The géma ray energies have
been accurately measured by Lind et al. (48) with a curved crystal
spectrometer; the values are 1171.5 £ 1,0 and 1331.6 * 1.0 kev, (The
values 1172 and 1332 kev are used in»this thesis.) Iﬁ addition, the
conversion coefficients of ‘the gamma rays have been determined (49); they
indicate that both transitions are electric quadrupole (E2). Several
directional correlation studies have been carried out for Niéoo (For
details as to what has been accomplished to date, reference 5 is cited,)
With the exception of that of the Swiss paper (46), all the evidence
points to the E2 assignment for both transitions. Since Niéo is an
even—even nucleus, it is usual to assign a spin of O and even parity to
its ground state (50). Since both radiations are quadrupole, the assign-
ment of a spin of 2 to the first excited state and of 4 to the second
 excited state is indicated. The electric character of the radiations
implies that there is no parity change in either transition. (Refer to
the table on P, 8). These assignments are shown in Fig. 16.

The study of the directional correlation between the two gamma,
rays of Niéo was undertaken in order to 1) test: the coincidence
spectrometer and 2) enable the author to gain experience with the
technique. A small metallic pellet of Co60 with a strength of about
O.l mc was used in the experiment, The source was supplied by Atomic
Energy of Canada Ltd. It was formed by pile irradiation of cobalt metals
the reaction is 8059(n, Y) Coéo, The gamma ray spectrum of Coéo was
obtained with spectrometer #2, using a 0.5 volt gabte; it is shown in
Fig. 17. The two photoelectron lines, the associated Compton maxima (C),

and the backscattered line are all prominently dispiayedo With the gate

of each discriminator set on a different photoelectron line, the arrange-
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ment of Fig. 11 gave a net coincidence rate of about 15 counts per min.,

of which ~ 6 were accidental. (4 bebter genuine-to-accidental coincidence
ratio could have been obtained with a weaker source, bub nonewas available.)
Of course, the outer circular surfaces of both crystals were protected by

the usual 2 mm thick lead plates.

The following technique was used to collect the coincidence
data in this and subsedquent directional investigations. At the commencement
of a run, the gamma ray spectrum was scanned with both differential discri-
minators. The gate of each was then widened and placed on the appropriate
energy region or feature. The resolving time of the coincidence unit was
measured next, as follows. The pulses from one counter were delayed by
1 microsecond so that no genuine coinecidences would occur. (The
assumption has been made that no metastable states exist in the cascades
concerned.) The single and coincidence counting rates were recorded
until several hundred coincidences had been counted. Equation (32) was
then used to calculate . The coincidence unit was reset to its normal
operating condition and the movable counter rotated until the angle
between the counter axes was 90°. The single and coincidence counting
rates were then measured at that poéition; usually 30 or 4O-minute counting
intervals were used. Next, the movable counter was moved to the position
0, 90° £ 6 £ 180° and a similar count taken. It was then returned to
the 90° position and the entire procedure repeated. A run usually toock
from 4 to 6 hours. The resolving time T was measured several times
during this period, the average value being used to calculate the
accidental rate at 90° and 6°, The difference between the netb and acciden-
tal coincidence rates gave the genuine coincidence rate. The average

coincidence rate for the entire run was determined at 90°, and divided
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by the product of the average single counting rates of each detector.

This compensated for any small asymmetry in the positioning of the source.
The data at © were handled in the same fashion. If Ny and N9Oo denote the
average normalized genuine coincidence rates at 6 and 90° respectively,
then from the data collected the ratio N@/NgoO could be calculated. This
gave one estimate of the asymmetry in the coincidence rate at 8, and one
estimate of the corresponding point on the correlation curve. Usually
four such determinations were made and the average velue plotted at the
position 8. The root-mean-sGuare error on each point on the curve was
estimated pribr to mathematical analysis. Data were obtained at 1209,
140°, 160° and 180°, giving five points on the correlation function. A
function W of the form W = % Aoy Py (cos ©) = %: any cos2k & was
fitted to the points using the method of least squares (refer to
sections d) and g) of Chapter I). The coefficients A and ay, so
determined were corrected for the finite angular resolution of the detec-
tors, and the corrected form of W compared to theoretical shapes for

various spin assignments to the levels concerned.

The curve which resulted from carrying out the above procedure
with Niéo is shown in Fig. 18. (In the figure the function W - 1 has
been plotted.) The full curve was obtgined by fitting W - 1 =
Aé P, (cos 9) + AA P, (cos 8) to the experimental points by least squares

analysis. To correct the coefficients Al the correction factors for

2k
1114 and 1332 kev radiations were used (See Table I). (The former energy

60 gamma ray at 1172 kev) Since

is very close to the energy of the Co
each counter deteéted 6ne gamma ray only, the net correction factors

were QZ/QO = o895, and Qﬁ/Qb = 703, The corrected and uncorrected
values of the Ay, and aj,. are compared with theoretical predictions in

Table II.
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1
a, 2, A, Ah 180° Asymmetry
uncorrected | o100 | L0410 | .0288 | .0090 oLy
corrected »1055 -0586 «0992 00128 164 ¥ .012
*.0L50 | *.0117
theory 1250 | L0416 | L1020 | .0091 1667
Table IT.

The points = ® - in Fig. 18 lie on the theoretical correlation curve
for a 4 (E2) 2 (E2) O spin assignment for the levels of Niéo shown in
Fig. 16 It can be seen that the corrected experimental curve is in
excellent agreement with the theoretical curve corresponding to the

above assigment.

Of course, in this analysis the assumption has been made that
fhe transitions involve only pure multipoles; this appears to be
completely justified by the experimental facts.

There seems to be little likelihood of a perturbation of the
correlation function by the electronic shells of the nickel atom. The
criterion for the existence of such a perturbation is that the lifetime
of the intermediate state (at 1332 kev in this case) be > 10—11 sec,
(45)s Aeppli et al. (46) have estimated the upper limit t6 the lifetime
of the intermediate state in Niéo as ( lO—ll sec. This suggests that
the directional correlation is independent of electronic interactions.
The use of a metallic source also eliminates any possible perturbation
of the nuclear state by inhomogeneous electric fields such as exist in

crystals and molecules. For these to occur, the lifetime of the inter—
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mediate state would have to be ”“10nh seconds (45). This is at variance
.60

with the estimated lifetime of the state in NiPU. Seome evidence has been
presented (8) to show that perturbations do occur when cobalt salts are

used as sources,

The total asymmetry (at 180°) of 184 % .012 agrees very well
with the theoretical value of .1667. This is dué largely to the use of
appropriate corrections. If the data are corrected using Church's
formulae for annihilation radiation, the resulting asymmetry (.157)
disagrees with the predicted value. Many discrepancies between theory
and experiment which have been reported have been due to the lack of
proper corrections to the data. When suitable angular resolution curves
are obtained, however, the agreement with theory is usually found to be

most satisfactory, at least for the pure radiation cases.,

0
The results obtained with Ni ~ were so encouraging that the
spectrometer was immediately put to use studying more complex problems.
No further technical changes were made in its design. The following

four sections will present the results of these investigations.

e) Directional Correlation in Arsenic - 75

The low=-lying levels of As75

75

emission in Ge75 or K=capture in Se'”. In this section, the levels

can be excited either by negatron

excited by the latter mode of decay only will be discussed. K-capture

in 128—day'Se75 is follqwed by the emission of some ten gamma rays.

Since 1945, several attempts have been made to place these radiations

in a level scheme, bubt only two recent contributions to the literature

will be discussed in detail here. The reader is referred to one of these -

a paper by Jensen et al. (51) - for a complete review of the literature.
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In addition to Jensen's paper, some coincidence work by Schardt (52)

will be considered.

The decay scheme of Fig. 19 is due to Schardt (52). (4 discussion
of the spin assignments will be given later.) It agrees closely with that
given by Jensen except for the order of the gamma rays in the 203 - 65 kev

cascade and several discrepancies concerning intensities. Additional

75

evidence from the decay of Ge'” indicates that the ordering of the levels

75

in As'” should be as given in Fig. 19. The following table shows the

relative intensities of the gamma rays according to each author.

& = Ray Energy Relative Intensity
(kev) Schardt* Jensen
67 ~ 012 -
76 < 002 0,20
98 ~ ,036 ~ 0,01
124 ~ 0,03
’ N8
138 0.3
203 ~ o021 -
269 1,00

1.00
281 ~ 0,07
405 0.17 0.2

The most serious discrepancy is in the intensity of the 138 kev gamma
ray; this forms part of the principal cascade of Fig., 19 (marked with
an asterisk)., Even though Schardt estimated the intensity of the

124 - 138 kev transitions combined, his result differs from Jensen's by

a factor of 2.8, Therefore, before undertaking directional studies,

* measured with a scintiilation srectrometer
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1t was decided to check this measurement of Schardtis and either confimm

or reject it,

The 5675 source was a small metallic pellet with a strength of
about .05 mc, Pure metallic selenium was irradiated in the Oak Ridge
pile to form Se75; the reaction is Se7h(n, ¥) Se75e The gamma ray
spectrum was scanned using spectrometer #2, employing a 0.5 volt gate.
The result is shown in Fig. 20. The photoelectron lines at 138 and
269 kev are slightly asymmetrical; the former contains the 124 kev
radiation and the latter the line at 28l kev. The small degree of
asymmetry suggests that both these transitions are weak however. (This
will be discussed later.) This tends to support Jensen's conclusions
based on P ~ray work, After correcting for the asymmetry using
Fig. 3 c), the intensities of the 138 and 269 kev gamma rays were found
to be 0.8 and 1.0 respectively, in good agreement with Schardt's result.
This implies that most of the transitions from the ground state of Se75
go to the 405 kev level.in As75° This conclusion was reached indepen-
dently by Schardt. Before discussing this matter of intensities further,

however, it might be well to present the results of the correlation

studies,

The direetional correlation between the photoelectron lines at
138 and 269 kev was studied assuming that the contribution to the
coincidence rate from the 124 - 281 kev cascade was smalle (e shall
return to this point later.) _To reduce the effects of backscattering of
the 405 kev gamma ray, a 1 mm thick lead absorber was placed on counter
#l, and a 2 mm. lead absorber on counter #2. (The latter detected the
269 kev radiation only.) The half value thickness in lead for the

backscattered quanta from a 405 kev gamma ray is about 1 mm; this, coupled



COUNTING RATE

4-4-54

135

405

269

i | |

Fig. 20,

100 200 300 400
ENERGY - KEV

75

Spectrum of gamma radiation following K-capture in Se 7.




with the low inbtensity of the crossover transition (405 kev), suggests

that backscatbering was almost completely eliminated by the absorbers

used. With this arrangement, the net coincidence rate was found to be

about 22 counts per minute, of which 10 were accidental. The experimental

points with their root-mean-square errors are shown in Fig. 21. The

correction factors for 312 kev gamma radiation were used in lieu of those

for 138 and 269 kev which were unobtainable due to the high background,

Their values were 887 and +695. The equation W - 1 = ZE:AZK Poy (cos ©)

was least sduares fitted to the experimental points for two different

cases: 1) 45, =0, k22 and 2) Ay =0,k 23 (k=1, 2, 3 etco)o

These will be discussed separately. Four addibional pieces of information

must be considered at the same time, however; they are listed below,

a) The spin of the ground state of As75 is knovn to be 3/2 (53).

b) The spin of the ground state of 8675 has been measured by Townes at
Columbia University; the value is 5/2 (54).

¢) The crossover transition (405 kev) is observed and has a reasonable
intensity.

d) The conversion coefficients for the 405 and 269 kev gamma rays have
been measured (54). They indicate that the multipole characters of

the transitions are Ml and E2 respectively.

Case (1) W(e) =1 = Ay Py (cos 6)

Fig, 21 shows the curves corresponding to this case., The full
line is the uncorrected least squares fit to the experimental points;
the dashed curve is the corrected form. If pure radiations are assumed,
it is found that the observed correlation is almost identical with the
theoretical prediction for a basic dipole—-quadrupole correlation. The
points @ indicate the shape of this theoretical curve., The observed

coefficient Ap==,070 ¥ ,005 agrees closely with the value of =071k
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taken from Lloyd's tables (14). The only possible spin assignmént for
this case is 9/2 (D) 7/2 (Q) 3/2. This is at variance with remarks (b)
and (c) quoted above, however5 and is highly unlikely. On the other
hand, Schardt's work points quite definitely to spins of 5/2 and 3/2 for
the levels at 405 and O kev respectively. Thus, the only other assignment
possible is 5/2 (D) 7/2 Q) 3/2 (W(®) =1 ==,153 Py (cos ©) ).
Unfortunately, the correlation function in this case does not agree Wifh

experiment if the radiations have pure multipolarities.

If the inﬁensity measurements due to Jensen are assumed to be
valid (that is, if the ratio of the intensities of the 138 and 124 kev
transitions is 10 : 1), an interference by the 124 - 281 kev cascade
might alter the correlation for the 5/2—7/2 —3/2 spin assignment. To
check this, the total asymmetry at 180° was calculated for the case of a
mixture of the two cascades concerned. Intensity ratios of 10 : 1 and
5 ¢ 1 were used for the 138 and 124 kev transitions. The results are
tabulated below for 4 possible spin assignments for the 124 -~ 281 kev

cascade. All the radiations are assumed to be pure multipoles,

Spin Sequence for » Asymmetry ac 1807 Observed
124281 kev Cascade Int. Ratio 10:1 | Int. Ratio 5:1| Asymmetry
at 180°
a | 5/2—1/2—3/2 —0192 ~.170 |
b 5/2 —»3/2 —3/2 =,198 -o182
c 5/2 —5/2 —3/2 o221l T =21 -.1015
d 5/2—>9/2 —3/2 -.135 =o056




i

For j =1/2 (case (a) ), the weak cascade would contribubte nothing to the
observed correlation because the radiations concerned would be emnitted

v. 1n the case of b) and ¢} no reasonzble intensity ratio

Ay
o

:.J'

sotropicall
will yield the observed correlation. Case d) is more promising, however;
the correlation function for the weaker cascade is W(6) - 1 = 3274 P,(cos ©)
~ 0344 ) (cos ©), which iz positive from 90° to 180°. If 14% of the

o the 124 — 281 kev cascade, the observed

cr

coincidences at 90° were due
correlation could be justified. In spite of the good agreement with the
observed intensities, there are two serious objections to this assignment:
(1) It is difficult to reconcile a spin change of 3 units with the intensity
suggested here for the 281 kev gamma ray; (2) The second transition could
have the following multipolarities:~ parity favored - E3 or ML, parity
unfavored = EL4 or 3. For a 280 kev transition involving any one (or a
mixture) of these multipoles, the lifetime of the 281 kev level would be

of the order of 2 to 3 seconds (55). This would completely destroy any

o~ Loty ot 4

correlation, or for that matter, any contribution to the coincidence rate,

j-

Before drawing any conclusions from these arguments, further

consideration of the gamma ray spectrum of Fig., 20 will prove profitable.
laking no allowance for the asymmetry of the lines, the energy resolution

e

was calculated for the two prominent features of the specirum. The results

were 19% and 14.73 for the 138 and 269 kev transitions respectively, after

correcting for the gate width. These compare favorably with the values 199
and 13% obtained from the resclution = energy curve of Fig. 3 ¢). The

,«

implication is that the 124 -~ 281 kev cascade is considerably weaker than

this were not the case, cne would expect 2

broadening of the lines, particularly in the case of the low energy line,
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After careful consideration of the work of Schardt, Jensen and
the author, the conclusion was reached that the 124 - 281 kev cascade can
be disregarded as far as directional measurements are concerned, Until
more accurate intensity measurements are available, the author feels
unjustified in reaching any other .conclusion. With this assumption, the
observed correlation was assumed to be due primarily to the 138 - 269 kev

cascade and re-examined, as outlined below,

Case (2) W) =1 = 4y Py (cos ©) =+ A), P), (cos 0).

of thertwo components of the principal cascade, only the 138 kev
component is entirely unidentified with regard to multipolarity, From the
preceding discussion, it is apparent that the 138 kev transition must
involve a multipole mixture. Since jy - j =1, an ML + E2 multipole

mixture was assumed to be the case.

Taking the form of W given above and the 5/2—7/2—3/2 spin
sequences, the least squares fitting to the experimental data gave the
coefficients Ap = -.0617 and 4, = =,0108, For the mathematical analysis,
the general form of W (equation (11) ) was used. The functions Wy, Wyg
and Wypp were evaluated using both Sharp's tables (13) and those of o

Biedenharn and Rose (7). They were found to be:

dipole - quadrupole: Wy =8 = 1,224 Pp
quadrupole=quadrupole: Wty =8 + 2915 Py = 1.825 P,
mixeds WIII = 3.535 Po
Substitution of these eguations into equation (ll) and normalization of
A, to unity yields:

we) =1+ {0.292 8% +7,o708 = LeRh (o o - 1,825 §* P
\ 882 « 8 2 8524 8 4

9 N
where §< = intensity of E2 radiation
intensity of M1 radiation
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The functions VIy, Wiy and Wyry are shown in Fig. 22, An examina-
tion of the form of the curves suggests that some mixture of the three
could modify curve a) to agree with the observed correlation. The
theoretical coefficients Ay and Aj were plotted as funections of § as
shown in Fig. 23. The line marked 1 indicates where the experimental
value of Ao lies on the curve AZ(J)e The line marked 2 indicates the
equivalent position for Ay o For the quadratic mixing assumed here, it
waé found that no value of & between the limits set by points 1 and 2
gave coefficients Ap and 4 in complete agreement with experiment. However,
since & is obviously small, the linear approximation due to Lloyd.(lh)

(see equation (21) ) was tried. For this case the expansion

W(e) = 1 = Ay Pp (cos ©) was again used. The dashed line of Fig. 23 shows

a plot of A2(<5) in this approximation. The value of & consistent with

the observed correlation was found to be + 30940 Thus, of the transitions
from the 405 to the 269 kev level, only .88% are electric quadrupole; the
remainder are magnetic dipole. Following convention, the phase angle

between the radiations is taken as 0°. The complete spin assignment for

the principal cascade can now be written as 5/2 (99.12% M1, .88% E2)7/2(82)3/2.

This multipole mixture has the directional correlation found experimentally.

It is not necessary to reiterate in complete detail the conditions
under which the above analysis was carried out. If the interfering céscade
is weak and the spins of the ground states of Se’? and As75 are truly 5/2
and 3/2 respectively, the above analysis explains the observed correlstion
guite adequately. If this is not the case, further correlation experiments
and analyses will have to await better intensity measurements. Of course,
the possibility that both transitions are mixed cannot be conclusively
ruled out by what has been done here, but this case has such a high degree
of arbitrariness associated with it, that no further consideration will be

given to it at this time.
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£) The Decay Scheme of intimony =124; Directional Correlation in Telluriom = 12)

This decay scheme has received much attention in recent years
because of its importance to the theory of P -decay. A variety of experi-
ments using g %r&y, scintillation and coincidence spectrometers have been
nperfcrmed, However, rather than tabulate all the references to the early
work here, a paper by Langer, Lazar and Moffatt (56) is cited which will
supply the reader with a complete bibliography. In this section, reference

will be made only to the more recent contributions to the literature.

12l

The accepted level scheme for Te is shown in‘Fig° 2L, (Note
that the energy values of the gamma rays agree with those of the levels
to within * 15 kev.) The absence of the ground-to-ground @ ~transition,
results in‘a very high intensity for the 600 kev gamma radiation. The
triple cascade (642, 715 and 600 kev gamms rays) has been discussed by
several workers (56, 57). Langer (58) has given the results of a triple
coincidence experiment which established conclusively the order of the
three radiations concerned. Coincidence studies with the 1690 - 600 kev,
and 2090 - 600 kev gamma ray cascades have also been carried out (56, 59).
These have not been completely satisfactory in the author's estimation,
for the line at 2090 kev in the coincidence spectrum was.ﬁot resolved
distinctly. (This has been accomplished in the present work, however, as
will be shown later.) The transitions between thel3l5 kev level and
those at 2290 and 2690 kev have been detected by Lazar (60) and the author.
In addition, a gamma ray at 120 kev has been reported once (61) but has

not been found in subsequent investigations., The spin assignments of

Fige 24 will be discussed in detail later.

Prior to undertaking directional measurements, it was decided
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to re-investigate the entire gamma ray spectrum in an effort to clear up
some of the minor difficulties e.g. the absence of gamma rays at 965
and 1360 kev, the lack of good resolution in earlier coincidence experiments,

and the doubtful existence of the 120 kev gamma ray.

The S]olzzP source was supplied by Atomic Energy of Canada Ltd.
Pure antimony metal was irradiated with slow neutrons in the pile, forming
Sbl'glL through the reaction Sb123 (n, ¥) Sblzho The source strength was
estimated to be 005 mc. Its physical form was a columm 3 mm in diam.,
X 7 mm in height, of very small irregular pieces sealed into a plastic
cup with paraffin. Since the greater dimension was vertical, the source
possessed adequate symmetry for direcltional measurements in a horigzontal

plane,

The gamma ray spectrum was studied using spectrometer #2 with
a Oe¢5 volt gate. The bulk spectrum above 200 kev is shown in Fig. 25,
The photoelectron line at 600 kev is composite, containing, as it does,
the strong 600 kev gamma ray and the weaker one at 645 kev. On the high
energy side of this line, some evidence for the 715 kev gamma ray can be
seen, The high energy radiations at 1690 % 10 and 2090 ¥ 10 are in
evidence at the end of the spectrum. The énergies of thése several lines
were determined using the well-lmown gamma rays of o7 (662 kev), Zn65

(1114 kev) and o0 (1172, 1332 kev).

In Fig. 26, the results of a more detailed examination of the
spectrum are displayed. (Note: The counting rates in the figures have
not been normalized.) Fig. 26 a) shows the backscatitered line at 190 kev
(due to all the radiations above 600 kev), the Compton edge of the 600 kev
& at

line and a smaller line at 110 kev. The photoelectron lines of Se
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269 and 405 kev were used to calibrate the energy axis. It is concluded

that the peak at 110 kev cannot be due to any of the following:

1) backscattering of a hggher energy gamma ray —— no primary radiation of
the appropriate energy ( ~ 200 kev) exists.

2) Compton scattering of the backscattered gamma ray -- a photo-peak
efficiency of 90% at 200 kev makes this unlikely in view of the intensity
of the 110 kev "line",

3) excitation of X-radiation —- the K X-radiations of Te (27 kev) and of
Pb (72‘kev) are far too soft.

Langer (56) has suggested that his earlier work (61), in which evidence

for the 120 kev gamma ray was presented, must have been in error. He

ascribed the observed line to an impurity. A re-examination of this
region of the spectrum after a lapse of one or two half-lives might lead
to a decision as to whether or not this is alsc the case with the present
source, As it stands, the gamma ray cannot be incorporated into the decay
scheme without postulating the existence of a new and hitherto unreported

beta component.

The main line at 600 kev is shown in Fig. 26 b). The pulse
height axis was calibrated in this case with the Se75(405 kev) and 05137
(662 kev). The decided asymmetry of the main line is due to the gamma
ray at about 645 kev. The photoelectron line of the weak 715 kev radiation
is clearly resolved. A comparison between this part of the spectrum with
that given by Langer (56) demonstrétes very effectively the superiority

of the spectrometer used here,

Evidence for a transition between the levels at 2290 and 1315

is shown in Fig. 26 ¢). A weak line is present abt about 965 kev, the

137 65

energy having been determined in terms of the lines in Cs and Zn




(1114 kev). Since it cannot be a pair line due to one of the high energy
components, it was taken to be the photoelectron line of an unreported

gamna ray.

Fig. 26 d) shows the result of a detailed study of the region
near 1360 kev. The 'step! in the Compton edge, though small, was
reproducible. The péak of lower energy was taken to be the photoelectron
line due to a 1360 kev gamma ray; such a radiation fits the decay scheme
cuite well., The Compton maximum of the 1690 kev gamma ray has an energy
of about 1460 kev, which is in good agreement with the energy of the
tsbept - 1450 keve The energy debterminations in this case were made in

terms of Zn65 and 0060(1332 kev) .

During the course of this investigation, a paper by Lazar (60)
appeared which substantiated the present conclusions, although somewhat

different energies were quoted for several of the transitions.,

The coincidence work mentioned earlier was checked with the
spectrometer, taking full advantage of its superior resolution. The
detectors were placed at 1809 with respect to one another and brought up
close to the source. Both were shielded with 2 mm lead plates. Spectro-
meter #1 was set to detect the photoelectron line at 600 kev; the gate of
the second spectrometer was widened to 1 volt and swept across the high
energy region. [Fig. 27 a) and b) exhibits the results of the experiment.,
a) shows the two high enefgy lines when scanned with spectrometer 7#2 only,
using a one volt gate; b) shows the high energy end of the spectrum as
determined with the coincidence spectrometer. The correspondence between
the two runs is remarkably good. The line at 2090 kev is quite distinct

in b). Using a similar arrangement, Langer (56) reproduced the high energy
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end of the ordinary spectrum in his coincidence spectrum, but was unable to
resclve either line distinctly. The present investigation eliminates the
need for any qualitative discussion of the coincidence spectrum; both lines

are completely resclved,

The decay scheme of Fig, 24 now appears to be well founded on
experiment, the only anomaly being the 110 kev radiation. In view of this,
we shall now direct our attention to the spin assignments for the levels

2),
in Tel Le

Metzger (62) has measured the K-conversion coefficient for the
600 kev gamma transition in Telzho His result agrees closely with the
theoretical value for E2 radiation as given by Rose et al. (63), (This
furnishes another example of the validity of the empirical rules for
even-even nuclei.) Some B - ¥ correlation experiments have been per-
formed which tend to confirm this result, Stevenson and Deutsch (6L)
and Darby (65) have measured the g - ¥ correlation for the 2317 kev
beta component and the 600 kev gamma ray. Their results agree with
either of the spin assignments 11-0 or 3 22=0 (the first

124

number in a sequence in this case denotes the spin of the Sb ground
state.) An examination of the correlation functions suggests that above
1600 kev where the electrons are due to the highest energy beta component
only, the results are in somewhat better agreement with the latter spin
assignment. However, since the asymmetries at 180° differ by only 17%
for the two sequences, and the experimental errors are very large, it is

difficult to reach an unambiguous conclusion. Of course, one is inclined

to accept the 3 = 2 - 0 assignment in view of Metzger's work.

Further evidence for the spin assignment of Fig. 24 has been

obtained from gamma-gamma directional correlation studies. Early experi-
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124

ments (66) with Sb suggested that the radiation was isotropic,but the
lack of energy selectivity invelidates this conclusion. Some asymmetry was
found by Kraushesar and Golchaber (é?),but their work contained two serious
flaws = 1) the angular corrections for 511 kev radiation were used even
though all the gamma rays involved had energies in excess of 600 kev, and
2) integral biasing was used on the counters (one was set to detect radia-
tions above .1 Mev and the other those above .7 Mev). The principal
contribution to the coincidence rate was assumed to be due to the 1690 =
600 kev cascade. It was found that the 180° asymmetry was 25% less than
that predicted by theory for a 3-2-0 spin sequence assuming pure
radiations. An ML - E2 mixture was assumed for the first component of

the cascade (1690 kev) and the mixing ratio estimated.

letzger (68) repeated the experiment shortly,afterwardé and
arrived at a somewhat different conclusion. He used differential discri-
minators for energy selectivity, but he employed the same inappropriate
angular resolution correction in his analysis. For a superposition of
the 1690 = 600 kev and 2090 - 600 kev cascades, he found a, = =.09% ¥ ,010,
after correcting for angular resolution. (The theoretical value is 41032
if the spins of the 2290 and 2690 kev levels are the same.) Using
Lloydfs linear mixing approximation, it is not difficult to show, as
Metzger did, that the first transition in the cascade contains at the
most ,00L parts E2 to one part Ml. On the basis of the magnitude of
the mixing ratios which have been observed to date, Metzger rejects the
possibility of such a mixture in this case. From the measured intensities
of the 600 and 1690 kev gamma rays; and the observed numbers of conversion
electrons due to each (the latter determined by a group at Frinceton
University (68) ), Metzger arrives at a value of 2.6 x 107 for the

conversion coefficient of the 1690 kev radiation. If one uses the Princeton
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data and the intensities given by Lazar (60), however, the coefficient

o3

becomes 3.3 x lO”h, and with the author?s intensity measurements, ~3 x 10

)

Metzger quotes the theoretical value fof an El transition as 2.2 x 10
and for an ML <4 .O0L E2 transition as 5.8 x 10”40 On this basis he assumes
the 1690 kev radiation is El and assigns a negative parity to the 2290 and

2690 kev levels.

It is interesting to note that Hutchinson and Wiédenbeck (69)
in an earlier investigation were unable to detect conversion electrons for
the 1690 kev transition. They set an upper limit of 5 x 10-4 on the
conversion coefficient and ruled out E3 and M4 as possible multipolarities

for the gamma ray.

Although Metzger's results look good, they conflict seriously
with some theoretical work done by Morita and Yamada (70). These authors
can explain the observed beta-gamma correlation assuming that (a) the
spin and parity assignment is (3-) = (24) — (0+) and (b) the 2317 kev
beta component is first forbidden (see reference(69) ). They reject the
(4#) = (2+) —> (0+) sequence, because it is in complete disagreement with
the obser"\}éd beté%gmmaa correlation. If one calculates the log ft
values for the 240 and 610 kev beta transitions, one gets 7.l and 7.8
respectively, in good agreement with the empirical value for the first
forbidden class of transitions., However, if the ground state of SblZZ*,
and the 2290 and 2690 kev levels in Te™ ™ all have spin of 3 and odd
parity, these two beta transitions should be allowed. In order to avoid
this complication, Metzger suggests the assignment 4+ for the ground
state of Sbl24 but, of course, this conflicts with both the beta—gamma

correlation measurements and their theoretical interpretation. .

As far as gamma-gamma directional measurements are concerned,
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lietzger's results are the only reliable ones available in the literature.
However, it was decided to re-examine the 1690 - 600 kev cascade for two
reasons: 1) the factor used by lMetzger to correct his data was inappropriate,

and 2) it was found possible to isolate the cascade in question.

The source described above was used in the experiments. The
counters were protected from scattered radiation by the usual conical
shields and 2mm thick lead plates. ¥With the counters in the usual position
for directional studies, one discriminator set to accept pulses in the
600 kev line and the other, pulses in the 1690 kev line, it was found that
the net coincidence rate was about 5 counts per minute, of which 0.5 were
accidental. Moving the second discriminator to the 2090 kev line resulted
in a negligible genuine coincidence rate. This was due to the small solid
angles subtended by the detectors and the extremely low intensity of this
transition. It was assumed, then, that all the coincidences detected in
the previous run were due to the 1690 - 600 kev cascade. The observed
correlation function is shown in Fig. 28, As usual, the dashed curve is
the corrected .least squares fit to the experimental points. The form of
the function was assumed to be W(6) = 1 = Ay Py (cos 8) = ay cos” @,

(4y = =.0712 = 006, ap = -,1030 * .008). The correction factors, 2/ Jo

for 1690 and 662 kev radiations wefe used (see Table I). The points - ® -
lie on the theoretical curve for a basic dipole = guadrupole correlation.
Since the transition from the 2290 kev level to the ground state of Te124
is not observed, the only possible spin sedquence for the levels concerned
is 3220, Of course, the experiment is parity insensitive and so a
definite parity assignment camnot be made, However, in view of the
discrepancy between the conversion measurements of Hutchinson and the

Princeton group mentioned by Metzger, the author feels that an indEpendent

determination of the relative parity of the 600 and 2290 kev levels is
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necessary. If the log £t value of the 610 kev beta~transition is regarded
as having no significance when it comes to determination of the degree of
forbiddenness, then the assignment (3-) to the ground state of Sb-R4 and
the 2290 kev level of relel 15 valid, end the 610 kev beta transition is
allowed. letzger must feel that it is necessary to retain the first
forbidden character of this beta component, however, for he ascribes the
assignment (L+) to the ground state of Sblzh. This, of course, is at
variance with Morita's conclusions on the beta-gamma correlation. (The

reader is referred to Moritals paper (70) for an excellent discussion of

the (L4+) = (2+) = (O+) assignment for the beta-gamma cascade.)

The present investigation has removed any possibiliby of the
1690 kev transition being mixed. The data indicate a pure dipole transi-
tion, whether magnetic or electric. It appears, then, as though the
problem can be resolved only by 1) a re-evaluation of the conversion
coefficient for the 1690 kev transition, or 2) a gamma-gamms polarization—
direction experiment. TFurther work with the beta-gamma correlation might
be profiteble also. Many improvements in technique have been made since

the early work was done,

To summarize the situation, the following remarks are appended.
The assignment of spin 3 to the level at 2290 kev (and probably to that
at 2690 kev if letzger'!s results are accepted) has been established by a
directional correlation experiment. 0dd parity has been assigned to the
levels by Mebzger on the basis of intensity and conversion measurements.
The net result disagrees with the observed log £t values for the beta-
transitions concerned. On the other hand, if even parity is assigned to
the levels, the result is in agreement with the observed value of log ft

but not with internal conversion measurements (68). Unless theformer is
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to be completely ignored, the parity assignment to the 2290 kev level in
Tel’gl'L must be regarded as still in doubt. It is suggested that a

polarization-direction experiment might resolve the difficulty.

Tn addition to the experiments described above, an attempt to
detect the triple directional correlation due to the 642 - 715 - 600 kev
cascade was made, FRach discriminator was set to detect all three gamms
rays, An asymmetry of about + .1 was obtained at 180° after correction
for the background coincidences due to several overlapping correlations,

In view of the exceedingly large errors involved in the work, however, the
investigation was discontinued after the 180° asymmebry had been measured.
It was felt that the chance of securing unambiguous resulis from so complex
a situation was rather remote. No interpretation of the result quoted is

attempted here.

) Directional Correlation in Tungsten - 182

The gamma ray spectrum associzted with the beta—-activity in

is one of the most complicated knowm, containing as it does some

27 radiations. The gamma rays fall into two mein groups — one with
several components all of whose energies are less than 300 kev, and the
other with three strong components with energies in excess of 1000 kev.
Cork eb al. (71, 72) and Pearce and liann (73) have studied the gamma rays
using beta-ray spectrometers. Muller et al. (74) have carried out very
accurate energy determinations as have Boehm et al, (75). Both groups
used curved crystal spectrometers. Mihelich (76) has reported some
coincidence work which was undertaken to determine the order of the levels
in'%lgza Fowler et al. (77) have recently presented a level scheme which

incorporates all the intense radiations and which agrees very well with
5

that given by Boehm. Both groups have presenbed possible spin assignments
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which differ from one another dquite markedly for the higher levels - that

is, for levels above 1200 kev., They agree that, being an even=-even nucleus,
. . N 182 \ .

the ground and first excited states of U should have spinsO and 2

respectively and even parity. From that point, however, the two assignments

diverge.

The level scheme of Fig. 29 is due to Fowler. The spin assignments
shovm on the left were determined from conversion data. Evidence for a
level at 680 = 5 kev, predicted by the collective model of the nucleus, is
mentioned by Fowler, but no details are given in the paper. (It is
interesting to note that the location of the level at 1222 kev is correctly
predicted by this model.) The expected spin for the 1222 kev level is 8,
which is in complete disagreement with the assignment quoted. On the
other hand, Boehm et al. assign spin 2 and even parity to this state, and
spin 2, odd parity to thé level at 1289 kev, The experiment to be

described here was performed in an effort to resolve this discrepancy.

The reader might well ask why these particular levels were
chosen for investigation by the author.. There are two reasons for ﬁhe
choice:

1) The levels concerned are the only two in the scheme to which spins have
been assigned by two independent groups. The assignments in this case
are ab vériance with one another. It might be possible to prove one
of these incorrect, In addition, since the collective model predicts
a spin of 8 for one of these (1222 kev), thers is the added opportunity
of checking a theoretical prediction.

2) The trensitions from these levels to the ground and first excited
states are inﬁense, as is the transition between the levels. In a

£ yeR

scheme as complex as that of s the only chance of getiing
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unambiguous results is to work with the intense transitions. This point
is, perhaps, more easily appreciated after a consideration of the gamma ray
spectrum which will now be discusseds

182
The Ta source was prepared by irradiation with slow neubrons

of pure btantalum metal. The irradiation was carried out in the Chalk River
pile., The reaction involved is Talgl(n¢ Y) Ta;gzo The source had a
strength of only .0l mc. Its physical form was a 1/8" diam. spherical
pellet, This was regarded as well suibed to directional experiments. OF
course, as in previous work, it was assumed that the use of a metallic

source would eliminate any possibility of perturbations of the nuclear

system by the electronic shells of the atom.

182
The ganma ray spechtrum associated with the decay of Ta 15

shown in Fig. 30. It was obtained with spectrometer #2 using a 0.5 volt
gate. The two main groups of radiations are easily iéentified@ Fach
line of the spectrum is composite to some extent, of course. In the

case of the line at 65 kev, the only interfering radiation is 11 times
weaker then the 67.7 kev transition. The latter occurs between the levels
at 1289 and 1222 kev., The high energy group contains lines at 1121,

1189 and 1222 kev, with relative intensities 120, 56 and 115 respectively.
(The 67.7 kev transition is assumed to have an intensity of 100.) The
pulse height axis for this spectrum was calibrated using the strong lines

75 L 137 L 65

in Se'”, Cs7 ', Zn"” and Coéoe A search was made for the ground state

trensition from the proposed level at 680 kev, but no evidence for its
existence was found. The result suggests that elther this level is not

3
excited by beta~decay in Tal62

s or the transition to the ground state is
highly forbidden. Of course, the 'background! due to the high energy

gamma, rays made the experiment difficult to perform.
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1 pors

should be given to the vossible correlations which might be detected. Ye
f=] N L

s

shall consider Fowlerls assignment first. Throughout the discussicon, it

i

will be assumed thalt only pure multipoles are involved in the transitions,

If the 67 ~ 1222 kev cascade has a spin sequence L —»1—0, the
associated correlation function is W(@) - 1 = -,125 P, (cos 6)., On the
other hand, if the 67 - 1122 kev cascade has a spin sequence L-—»1->2,
its correlation function is 1(6) =1 = -.0125P, (cos @), Since the
1122 and 1222 kev gamma rays are very nearly of the same intensity, a
simple calculation shows that if these two correlations are observed

simultaneously, the asymmetry at 180° will be about =.090, uncorrected

~

. . . . >
for angular resolution. In view of what was accomplished with Se7

and
Sblzh, it was felt that such an asymmetry could ke detected without too
much difficulty. If, however, the spin of the 1222 kev level is 3, then

the expected asymmetry at 180° is =.038,

Should the spin of the level at 1222 kev be an even integer
(0, 2 or L) different conclusions must be drawn. For the case j = O,
the 1222 kev transition becomes absolutely forbidden, which contradicts
the experimental results. If j = 2 or L, the combined Cascades will

exhibit a positive correlation.

If Boehm's spin assignments are correct, the correlation function
for the 67 ~ 1222 kev cascade (2 22 —0) is W(e) - 1 = + 250 P, (cos ©)e
For the other cascade, assuming a) pure radiations and b) minimum multi-
pole orders consistent with the selection rules of P. 8, W(€) - 1
= L175 Py (cos 8). The net correlation for this case would be a positive

one. Ve shall return to this point later.
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To measure the asymmetry dvue tc the combined cascades, the gate
of discriminator #1 was set on the low energy side of the 65 kev line,
while discriminator #2 was set on the broad line at the high energy end
of the spectrum. The high energy lines are in coincidence with the 100
and 152 kev gamma rays, also. Fortunately, at these low energies, the
photo-peak efficiencies are 100% and 98% respectively, so that the flow
energy gate! would not detect pulses due to these radiations. Even for
the 230 kevbline, the interrence would be negligible, since the photo=
peak efficiency for this case is 83% and the remaining 17% of the pulses

are distributed over a fairly wide energy range.

It was found necessary to remove the lead shielding from the
low energy detector to minimize the excibation of the K X-radiation of
lead, This X~radiation would not only mask the line abt 65 kev, but also |
increase the accidental coincidence rate. The frontal lead absorber on
the high energy counter was increased to a thickness of 5 mm, however,
to ‘compensate for the lack of lead on the other detector. It was felt
that this thickness of lead would reduce the occurrence of backscattered
coincidences to negligible proportions. The coincidence rate with the
arrangement described was found to be about 32 counts per minute, of
which 20 were acgidentala The high background made it necessary to
measure the resolving time - T’ - more often than was done in previous
experiments, In view of the large error associated with the determination
of a point, it was decided to measure the asymmetry at 145° and 180° only,

rather than obtain a complete correlation curve.

The observed asymmetries are shovn in the accampanying table.
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1
hngle j@/Ngoo Asymmetry
o° 1,000 0
145° o934 -,066
1800 09 50 "0050

The results seem to suggest that backscattering at the 180° position was

contributing to the genuine coincidence rate,

The observed asymmetries could not be corrected for angular
resolution without a knowledge of the correlation coefficients Aoyee

However, some qualitative remarks can be made about the results,

It is apparent that any correction for angular resolution will
increase the asymmetry. If this is kept in mind, then for Fowler's decay
scheme, the assignment of spin 3 to the 1222 kev level would be inconsis-
tent with the experimental facts. On the other hand, the assignment of
a spin of 1 to the state is not in complete agreement with the observed
asymmetry either. Of course, if the effect of backscattering is large,
which it may well be, good agreement between experiment and theory could

not be expected.

As was mentioned above, the assignments of Boehm, assuming pure
radiations, etc., lead to a net posiﬁiva correlation, However, in his
paper, Boehm claims that the 1122 kev transition is a mixture of ML and
E2 radiations. The 67?7 and 1222 kev transitions are taken to be pure
ELl and E2 respectively. Using these mulbtipolarities and the intensities

quoted by Boehm, an attempt was made to fit the observed asymmetry ab
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180° to the theoretical form for the expected correlation. This was

found to be impossible; the net correlation was essentlally positive for
a2ll possible mixing ratios for the 1122 kev tramsition. If the correlation
data given above are correct, then either the spin or muliipole assignments
of Boehm must be in error. Of course, since the multipolarities were
determined from conversion data, the chance of an incorrect assignment is

relatively large.

To draw an unambiguous result from the above discussion is not
possible. Fowler'is spin assignment is approximately consistent with the
observed correlation, but any mixing of the radiations concerned would
invalidate even this conclusion. The multipole assignments of Boehm
appear to be inconsistent with the observed asymmetries, but due Lo the
rather incomplete knowledge of the conversion coefficients for the gamma
rays involved, further arguments on this point would indeed be superfluous.
The predictions of the collective model for the high énergy states can

definitely be ruled out, however.

h) Directional Correlation in Platinum - 192

Irl92

decays by negatron emission to Pt192 and by K—capture

to 0s17%, The gamma rays following the decay have been investigated

with beba~ray spectrometers by Cork et al. (78), Kyles (79), Sablo and

Johns (80), Wolfson (81), and Bashilov (82). Accurate energy determina-
tions have been carried out by Muller et al. (74) using a curved crystal
spectrometer, A scintillation spectrometer has been used by Pringle

et al. (83) for this work, with particular attention paid to those radiations
whose energies were in excess of 700 kev, In this investigation, we shall
be concerned with the gamma ray transitions in the Pt192 nucleus only.

192

For the ordering of the levels in 0s*7/%, reference (83) is cited.
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192
The beta-ray spectrum of Ir is complex, consisting of some
o o o e oo 2,192
five components (79). The ordering of the levels of the Pt nucleus,

however, seems reasonably well established in spite of this complexity.,
Fig. 31 shows the level scheme as given by Pringle et al. (83). The

high energy crossover transitions were originally found by these authors.
However, Sablo (80) has recently presented confirming evidence for their
existence., In addition to this, he has presented evidence for a new level
at 1160 kev, just 40 kev lower than the fifth excited state shown in

Fig. 31. If this is correct, the photoelectron line at 1210 kev in ﬁhe
gamma ray spectrum found by Pringle should have been considerably broader
than 1t was, and of course the energy would have been somewhat lower,

The resolution was found to be about 5.5%, in good agreement with the
expected value for this energy. The other features of the decay scheme

seem well established, however, and no doubt further work will clarify

the situation with regard to the 1201 kev level.

The gamma ray spectrum mentioned above is shown in Fig. 32.
(Wote the logarithmic ordinate axis.) The most prominent features of
therspectrum are the grouping of three lines at 312 kev and the grouping
of two more at 471 kev., The former is due to gamma rays with energies
296, 308 and 316 kev, the latter to radiations with energies 468 and
L3k kev, It is known (79) that the 468 kev gamma ray is in coincidence
with the 316 kev compcnent of the main line bub with neither of the
other two. The several other lines in the spectrum did not enter into

the coincidence work to be described here, and will not be discussed

by

urther. The reader is referred to the papers by Pringle (83) for

details concerning these features.

In an effort to determine some of the spins of the levels in
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Pt192

s the decay scheme of Fig. 31 was examined for promising cascades.
After several triasl-and=-error experiments with a number of cascades, it
was decided that the coincidence rates were suitable for two cases only:

1) the 316 - 468 kev cascade, and 2) the triple cascade whose components

form the photoelectron line at 312 kev,

An Tri??

source was obtained through the irradiation of iridium
metal in the Chalk River pile. The iSotope Irlgl has an abundance of
38.5% and permits the formation of 1192 through the reaction Irl%l(n, ¥)
Irl92° The primary source had a strength of 1 mc. For the coincidence
work, the source consisted of a few minute filings taken from the original
pellet, These were sealed into a plastic cup with paraffin. The strength
of this secondary source was estimated to be of the order of .0l me. Tt

was found that the arrangement possessed adequate symuetry to permit

directional studies to be undertaken.

The data were collected using the technique dsscribed earlier;
the usual lead shielding was used. For the 316 - 468 kev cascade, the
net coincidence rate was about 16 counts per minute, of which 2 per
minute were accidental. (The rates for the triple cascade will be
discussed later.) The directional correlation function for this cascade
is shown in Fig. 33. Once again, the full line represents the least
squares fit to the experimental points assuming an expansion of the
form W(6) =1 = Ag Py (cos ©) + 4 P (cos 8). The dashed curve is
the experimental result after‘cofrections were applied for angular

J
resolution. The correction factors 2k/J

o for 312 kev gammna radiation
were used for the softer component of the cascade (See Table I), For
the 468 kev transition, the corrections were obtained by taking the

sauare root of the Qek/Qo for apnnihilation radiation. The net result

was the following: 142/‘330 = 906 and QQ/QO = 730, The accompanying
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the spin sequence L4 —>»2—¥0, with both radietions pure eleciric guadrupole,

a, a, A, A 180° Asymmetry
uncorrected .1086 .0398 0912 0087
corrected 21116 0546 »1005 L0119 166 = 010
.038 % .047
theory «1250 0L16 1020 .0091 1667

The excellent agreement between theory and experiment, coupled with a
knowledge of the rules for even-even nuclei, leaves no doubt as to the

correctness of the above assignment in this case. This is borne out by

the shape of the dashed curve of Fig. 33.

To the authoris knowledge, the conversion coefficient for the
316 kev radiation has not been mentioned in the litersture to date. The
result, when obtained, would be expected te confirm the E2 assignment
given above, It is interesting to note, also, that a spin of 4 for the
784 kev level is consistent, qualitatively, with the low intensity of
the ground state transition from this level, as observed by Pringle et al,
(83). Since the above experiment was parity insensitive, definite parity
assignments are not possible. It is likely, however, from a consideration
of the systematics of even~even nuclei, that the levels concerned have

even parity.

. . , . . 192
As mentioned above, the strong triple gamma ray cascade in Ir ?

contains gamma rays with energies 296, 308 and 316 kev. The energies

have been measured accurately by Muller (74), but the relative intensities




are not so well established, as shown in the table below.

Energy Wuller (74) | Sablo (€0) | Wolfson(8L)
295.94 kev 39 35 50
308,45 kev 38 38 50
31646 kev 100 100 100

The measurements

reasonably well.

of the main line, the gate of each spectrometer was sebt to accept the
entire photoelectron line at 312 kev,
described above, the genuine coincidence rate was found to be about 15
counts per minute, the accidental rate about .2 counts per minute.

Fig, 34 a) - full curve — shows the least squares fit to the experimental

points assuming the functional form W(€) - 1 = Ay Py (cos 6) + 4) Py (cos 8).

ce

of Sablo and Muller,

which are the more recent, agree

It is probable that they are close to the true values.

it was not possible to resolve the individual components

¥ith the same arrangement as

The dashed curve is the least scuares fit corrected for the presence of

coincidences from the 316 - 168 kev cascade. This correction was carried

out as follows.

An examination of the decay scheme

that the observed coincidence rate was dne to the triple and 316 -~ 468 kev

cascades only.

510 kev gamma ray, as given by Maeder (31), was used to approximete that due
to the 468 kev radiation.
of the coincidences at 90° was due to the presence in the gates of part of the

Comoton distribution of the 468 kev gamma ray.
14 g 5

The theoretical shape of the pulse height distribution for a

and the spectrum indicated

From this, an estimate was made of what percentage

The coincidence rate atb
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Dashed curve - least scuares fit corrected for
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90° was corrected by this amount; the rates at other angular positions

were corrected using the observed angular correlation for the interfering

cascade (Fig. 33, full line).

of Fig. 34 a)e

The correction factors for 312 kev radiation =

%./q

Fige 34 b) show the changes involved.

0 T 4693 ~ were used to further correct the result.

final result which must be explained theoretically.

The corrected result is the dashed curve

Q
2/@o = .897,

The curves of

The full curve is, of course, the

-The table given below contains the coefficients in the

expansion W(G) - 1 = Ay Py (cos ©) + A Py (cos ©) for the various

curves of Figs. 34 a) and b).

a, ay, A, Ah 180° Asymmetry
uncorrected —2299 f.270 o Q472 f006h7 o029
corrected for ~-s356 +0 297 =-0713 400722 -: 057
316~468 cascade ) '
Further o473 | 4e422 ~.0803 | +.1040 | -.051 % ,014
corrected for T 058 * 065 o
ang. rese

In order to compare the observed correlation with a theoretical

formula, it is necessary to calculate the function corresponding to a

superposition of three double correlations - those due to the 308 - 296,
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296 - Bié and 308 - 316 kev cascades. (The last cascade yields an
example of the first-third correlation mentioned on P. 20.) The
intensity measurements given by Sablo (80) were used in carrying out
these calculations. His data permit one to calculate the appropriate
weights, which determine the contribution of each cascade to the ob-
served correlation function. The following figures are the relative

intensities as quoted by this author for the radiations concerned:

296 kev  -ray 6627
308 u n 722
316 H 190.

613 n " 7.8

The spins of the ground and first excited states were deter-
mined with some certainty by the preceding experiment. Since the
921 kev radiation was found to be exceedingly weak (83), it is reason-
able to assume that the spin of the 921 kev level is either 3 or L.
Using j to denote the spin of the second excited state, we get the two
general spin sequences 3 —»j —~>2 —>0 and 4 —j —2 —0. Using
values of j from 1 to 4 inclusive gives eight posgsible spin assignmentse.
None of these givesicorrelation function:: in good agreement with
experiment when all the radiations are assumed to be pure. Hence,
for the final comparison between theory and experiment, one of the
three transitions was always taken to be a multipole mixture. The

choice of which gamma ray was to be mixed was determined solely by the
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the spin assignment and the empirical results which have appeared in

the literature. For example, in the case 3 >1—>2-—>0, the 1 —>2
transition was assumed to be a dipole~quadrupole mixture, while for
the sequence 4L —=L4—>1-—>0, the 4L —», transition was taken as mixed.
Of course, some of the possibilities could be rejected on the basis of
intensity considerations, but as a final check, formal calculations

were carried out for all sequences.

Of the eight correlation functions obtained, one (that for
the sequence 3 —>2~—22—0) contained terms up to P, only. Of the
remainder, all but one had Ah coefficients that gave imaginary values
for & . fThe only spin sequence which gave a result in reasonable

agreement with experiment was 4(Q) 2 (D, Q) 2 (Q) O. For this case,

the following correlation functions were found:

308 = 296 kev radiations:

W) = 1 s {-,0218 52 4 L2088 I « °o711+} P, +
| 2 '
1+ 4

g.oozé s 2 P,
E i

296 = 316 kev radiationss

we) = 1 + {-90766 5% 4+ .7320 85 .2500} P, +
. 5 ,
' 1 o+ 38

308 = 316 kev radiations:

W(G) = l + -00219 52 + 00510 P2 + {50026 8 2 o= 90060 P}+
<2 ' 2
1+ d 1« )
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The function corresponding to a superposition of these equations,
weighted according to the known intensities of the gamma rays involved,

was found to be:

Wwe) = 1 = {-.ouos §2 . .3180 S « .125&} P, +
s ,
1+ $ '

{,1129 $2 -..oozo} P,
1 + 82

where 522 = intensity of E2 radiation in intermediate transition
intensity of Ml radiation in same transition

The coefficients A2 and Ah of the above equation have been plotted as
functions of & s as shown in Fig. 35. It should be noted that sincg
both 4, (&) and Ah( 8 ) are slowly varying functions of & for

® { -1, the determination of the most satisfactory value of &
can be accomplished only by trial and error. Using this technique, it
was found that the best fit to the experimental data could be obtained
with & = =6.2, For this value, Ay = =,0863 ( ~7.5% lower than the
measured velue), and 4) = +,1100 ( ~ 5.4% higher than the measured
value). Since § is negative, the two radiations have a relative phase
of 180°% The calculated correlation function (dashed curve) for this
value of S s btogether with the experimental one (full curve) are
shown in Fige. 36. The agreement between the two is most satisfactory
in view of the possible error in the estimation of the contribution

of the 468 - 316 kev cascade to the coincidence rate.



0.3

0.2
O.1
0.0}
-0.F
-o0.2}
03l . ; O X . Ly Cig . A ‘ "  e A’;
-9 -8 -7 -6 -5 ’,4 -3 -2 : o §~:  } ,‘2 | ‘a,_ 4 ‘5,}.»6' 7

Fig. 35. ~A2 and Ah as functions'of,ffg’ for the triplé'cérrelation function.

- €21 ~




0.00

- 0.05

-~ 0.15

= 124 -

192

§ -

i 1 1 RN W fo i A i 1 5

80 100 ito"'szo 130 140 150 160 170 180
6 - DEGREES ' '

Fig. 36, Full curve - eXperlmental triple correlatlon

functlon.

Dashed curve - theoretical triple correlatlon '
function for the assignment
4(E2) 2 (23 ML, 97.5% E2) 2 (E2) O. :
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The value of O used above corresponds to an E2 intensity
of 97.5% for the intermediate transition. That this transition is mixed
and not pure quadrupole is obvious from the faet that as S e
(E2 intensity of 100%) A, — -,0405 and AA —» ,1129. The

first coefficient then differs from the experimental value by a factor

of 2 and hence this case is inadmnissiblee.

Several large E2 admixbtures have been observed by other
workers (84, 85). Schiff (85) has pointed this out for the following
isotopes which contain a 2 —» 2 —> 0 spin sequence - Hg198( 60%
E2), PeteR (80% E2), Pt196 (954 B2). To these may now be added
the case oflPtlgz with 97.5% E2. Unfortunately, the number of known
cases for which the B2 admixture is large in a 2 —» 2 transition
is small, so that no conclusions can be drawn regarding possible regu-
larities with Z, A, etc. When this situation has been remedied,

however, nuclear shell structure might be able to supply an explana~

tione.

By way of review, the following remarks are made. The
4 —>2 —>0 spin sequence has been established for the 784, 316 and
0 kev levels. The radiations seem to be pure electric quadrupole
in character. The strong triple cascade has been shown to possess
a directional correlation consistent with the net spin assignment
L(E2) 2 (2.5% ML, 97.5% E2) 2 (B2) O for the levels at 921, 613,
316 and O kev. (The spins are shown in the decay scheme - Fig. 31.)
The spins in this case were established by 1) the results of the

first correlation experiment, and 2) the elimination of all
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alternative assignmentss Of course, it is not unlikely that the
observed correlation could be explained by a different spin assign-
ment for the 921 and 613 kev levels if both the first and second
transitions in the triple cascade were assumed to be mixed. In view
of the excellent agreement obtained here, however, this possibility
was not investigated by the author. The conclusions which have been
reached appear to be consistent with all the experimental facts,

and they contain the minimum number of assumptions. The fact that
Kyles (79) has also suggested this assignment on the basis of inten—
sity and conversion measurements gives additional support to the

conclusions.

In connection with the spin of the fifth excited state,
coincidences between the_588 and 613 kev gamma rays were sought in
the hope that the directional correlation between these two radiations
might be studied. It was found that due to the high accidental
rate, changes in the genuine rate with © (the angle between the
couﬁters) were completely masked. The strong components of the 605
kev line - at 613 and 615 kev - (see Figs. 31 and 32) gave this high
accidental coincidence rate which swamped any genuine coincidences
between the 588 and 613 kev components. Kyles (79) has suggested a
spin of 6 for the 1201 kev level on the basis of intensity measure-
ments. This seems difficult to reconcile with the observed intensity
of the ground state transition from this level (see Fig. 32 and ref.
83)s Confirmation or rejection of this assignment might be poésible

by means of a directional correlation experimeht if the background



- 127 -

could be substantially reduced through the use of a very much shorter
coincidence resolving time. Unfortunately, the use of the commercial
coincidence unit mentioned earlier would not permit this modification

in the present spectrometer.
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CHAPTER IV

SUMMARY AND CONCIUSTIONS.

The coincidence spectrometer described in the early sections
of this thesis has proven to ke satisfactory for directional correlation
studies, although some improvement in stability could be realized.
Drifting in the present spectrometer made it necessary to use a laborious
bub nevertheless reliable technique for ccllecting experimental data.
The. high energy selectivibty obtained through the use of lead absorbers
and differential discriminators permitied the isolation of single cas-

cades in complex decay schemes,

Through the use of time resoluti@n experiments and ordinary
coincldence techniques, the decay scheme of Zn65 has been clarified.
No evidencs for an additional positron component or second gamme ray
cascade was found, Delayed coincidence measurements indicated that

asymmetrical time resolution curves can result from intrinsic time

delays in the eduipment itself.

The angular resolution corrections discussed in Chapter I
were determined for several gamma ray energies. Ib was found that a
pronounced change in the shape of the resoclution curve occurred as the
energy of the radiation was increased. The correction factors for 312,
662, 1114, 1332 and 1690 kev gamma rays were tabulated, The correction
factors found through the use of annihilation radiation wers evaluated
also, and theif use for radiations whose energies are very different

was

from 500 kejAdiscussedo

/
The well-knovmn direchbional correlation in Nibo has been
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investigated with the spectrometer, The observed correlation was found
to be in good agreement with the spin assignment 4(E2) 2 (E2) O. The

6 tent .
0 cascade as a laboratory !standard! for the testing of

use of the Ni
directional correlation apparatus was discussed in the 1light of recent

experiments with the cascade.

75

The directbional correlation of the principal cascade in As
has been investigated on the assumption that an interfering cascade is
weak. It was found that the observed cprrelation could be explained by
the spin assignment 5/2 (99.12% Ml; .88% E2) 7/2 (B2) 3/2. OFf course,
this does not preclude a pure dipole-~quadrupole assignment if the addition-
al cascade mentioned above contributes a significant number of coincidences
to the observed coincidence rate, A discussion of the possible asymmetries
assumning a composite correlation was given, bubt no definite conclusions
could be drawn. Until more accurate intensity measurements are forth-

O

coming, a final decision on the spins is not possible

A thorough study of the gamma ray spectfum of Sbl?4 was carried
out using a single channel spectrometer. Two new gamma rays were found
and the energies of the principal features of the specirum meqsuredo
The ordering of the levels at 600, 2290, and 2690 kev was checked by
means of a coincidence experiment., In this case, the spectrometer
permitted the resolution of the details of the coincidence spectrum.

This was followed by a study of the directional correlation of the 1690 -
400 kev cascade, which was found to be in agreement with the spin sequence
3 (D) 2 (Q) 0. The 32 (1690 kev) transition is certain 1y pure dipole
radiation. A discussion of the parity assignment for the 2290 kev level
was given. The author has suggested that a polarization-direction

experiment would resolve the ambiguiby in the parity of this state.
£ & ' ¢
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blem in Wl‘ was encountered, Since the

difficult oro

conclusions were

ates on the discriminators,

14 would not have been difficult to isolate a single cascade and study
its correlation. It is enticipated that further improvements in stability

will vermit these studies to be undertvaken in the future.

- o o192 . . . '
n the case of 't , it was possible to assign to five out of

six levels, spins which are in agreement with all the known experimenbal
evidence, This was accomplished using 1) the systematics for even-even
nuclei, 2) intensity considerations, and 3) directional correlation

measurements, A large admixture in a 2 —®2 transition similar to
seversl others which have been reported in the literature was found.
The agreement between the experimental results and the calculated form

cates that the

(0]
te
5
Q.
[y

of the correlation for the intense triple cascade

study of triple cascades cen yield important data. The spin assignment
. s o . " o ped92 o . A C s .
for the Ffirst four excited states of & is in fair agreement with the

n

results of conversion measurements reported privately by an Edinburgh group.
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With recard to the corvrelation technidue as a whole, the

1,

following comments are made, A perusal of the literature on correlation

the simple problems have been studied,

experiments indicates that mest of
5 ses, solved. In future, experimentalists using this

technioue will have to focus their attention on the more complex decay
schemes, From the present work, the author has drawn 2 major conclusions
regarding such investigations: 1) It is possible to get valuable informa-
tion from a study of two cascades simultaneously provided that the gemma
ray intensities are known with some certainty; 2) The study of triple-
component éascades can lead to spin and multipolarity assignments provided

thet there is some supplementary evidence to guide the experimentalist

in his choice of spinse.

There is 1ittle doubt that the study of angular correlations
has already become one of the standard techniques of the nuclear physics
laboratory. It is with keen anticipation that we should look forward to
the innovations in this technicue which will probably appear within the

next few years.
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