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TRIPLE ANGULAR CORRELATIONS OF GAMMA RAYS IN 110Cd

CHAPTER I

INTRODUCTION

The decay of an unstable nucleus can involve alpha-, beta- and

gamma-radiation. In many cases two or three radiations are emitted

in succession. Coincidences between these radiations within one

isotope carry a considerable amount of information about the nucleus

itself. For about three decades gamma-ray angular correlation has

been a very successful tool in nuclear spectroscopy. Techniques

primarily used today are nuclear orientation measurements,

beta-gamma and gamma-gamma correlation methods. They provide in

most cases sufficient information to establish nuclear level schemes

as well as some information about the radiation properties of the

measured transitions.

Angular correlation measurements do not enable absolute values

for matrix elements to be determined, but only relative values,

i.e. ratios between two multipoles in the same transitions can be

found as well as the relative signs of these matrix elements (ref.

1). However, exact knowledge of the relative contributions of

occurring multipoles in nuclear transitions is essential to be able

to explain the existence of certain transitions and more important

it enables the determination of the nuclear wavefunctions necessary

to fit a certain nucleus to a nuclear model (ref. 2).
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In this work an attempt is made to develop a simple

experimental model which allows the determination of multipole

mixing ratios in cases, where double angular correlation and other

methods give inconclusive results. The attempt is based on a triple

angular correlation method, using three consecutive

gamma-transitions. Extensive calculations have been done on this

method by Krane, Steffen and Wheeler (ref. 3). Furthermore, K. S.

Krane showed that gamma-gamma-gamma correlation in certain

situations and under certain detection geometries can be more

sensitive than gamma-gamma correlations (ref. 4). The primary goal

here is to apply this method and demonstrate its performance on a

simple experiment. The transition scheme of 110Cd is used as a test

sample in order to decide on the mixing ratio of the 1505 keV

transition, which is still inconclusive. As yet there haven't been

any systematically successful theoretical calculations on nuclear

level schemes in the mass range 100 < A < 140 (ref. 5) and

an important representative of this group.

110Cd is
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CHAPTER II

RESULTS FROM DOUBLE DIRECTIONAL CORRELATION WITH lioAg

2.1 The ilomAg lioCd Decay Scheme

The liomAg_lio
Cd decay had been subject to various experi-

ments in recent years. Their analysis resulted in a well-estab-

lished level scheme. Figure 1 shows this decay scheme and its fif-

teen most intense transitions. The numbers on the left indicate

total angular momentum and parity of the various levels, while

energy values are listed in keV on the right. ilomAg has a

lifetime of 249d (ref. 6) and decays mainly via negative beta-decay

with a decay energy of 2.99 MeV. There is some percentage (2%) of a

decay via an isomeric transition from the upper (6+ level) to lower

(2- level) isomeric state at a decay energy of .116 MeV (ref. 7).

68% of the 6+ level in 11°mAg decays to the 2926.6 keV (5+)

level, 31% to the 2479.9 keV (64") level, .2% decays to the 1542.4

(4+) level in 110Cd.

Eight of the indicated transitions are assumed to have mixed

dipole-quadrupole multipolarity. The corresponding E2/M1-mixing

ratios have already been measured either by i-y-directional correla-

tion or by nuclear orientation measurements or both. Figure 1 indi-

cates the Ml-admixture to the total E2+M1 intensity in percent (num-

bers in brackets following the transition energies). Those results

were done by K. S. Krane (ref. 5). For the ongoing investigation,

the 763.9 keV (5+ - 3+) - 1505.4 keV (3+ - - 657.7 keV (2+ - 0+)
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Figure 1. Decay scheme of
110m

Ag. The numbers in brackets indicate
the M1 admixture of the total Ml+E2 intensity in %. The
transitions of interest are marked with thick arrows.
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cascade was chosen. Only the 1505 keV transition is assumed to

carry some multipolarity.

2.2 The 1505 keV Transition and Sensitivity

The complexity of its spectrum makes 110Cd a significant test

sample for coincidence methods. A comparison of E2/M1-mixing ratios

obtained from double directional correlation and nuclear orientation

measurements show fair agreement with each other (ref. 8). In Table

I results achieved by four independent experiments are listed. The

two left columns represent results obtained from double directional

correlation, the two columns on the right are due to nuclear

orientation measurements. The table offers two different values for

the mixing ratio of the 1505 keV (3+ - 21-transition, one at about

-0.5 and the other at about -1.2.

Unfortunately, none of these two values can be conclusively

confirmed with the information available through double correlation

or nuclear orientation methods. The analysis of the distribution

coefficients with respect to the corresponding i-y-correlation

function for each cascade involving the 1505 keV transition is not

unique (those distribution coefficients will be defined in section

3.1 of the following chapter).

Figures 2 and 3 show the dependence of the mixing ratio on the

directional distribution coefficients A22 and A44 for the cascade



Figure 2. Gamma-gamma correlation coefficients A
22

and A
44

of the 1505 658 keV cascade in
110

Cd.

The measurements were done by Krane & Steffen (x), Ruhter (e) and Gardulski & Wieden-

beck (o) (ref. 5 and 16). rn



Figure 3. Gamma-gamma correlation coefficients A22 and A44 of the 764 1505 keV cascade in
110

Cd.

The measurements were done by Krane & Steffen (N), Ruhter () and Gardulski & Wieden-

beck (0)(ref. 5 and 16).
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Table I. The E2/M1-mixing ratios of the 11°Cd gamma transitions (ref. 8). Co
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764-1505 keV and 1505-658 keV. If one defines the sensitivity of

the coefficients A
XX

on the mixing ratio as 3A
XX
/36, the

reason for the ambiguity is obvious. Since the sensitivity reaches

a minimum in the region the mixing ratio is to be found, two values

in the range offered in Table I are suggested. Although the shapes

for A44 show a rather monotonic behavior in this region, these coef-

ficients cannot be measured with sufficient precision to distinguish

these two cases.

Double directional correlation and nuclear orientation fail to

determine a unique dipole-quadrupole mixing ratio for the 1505 keV

transition in litd because of lack of sensitivity.

A recent analysis of triple directional correlation and its

sensitivity by K. S. Krane (ref. 4) concluded that in most cases

reported up to now there is no gain in sensitivity compared with the

double correlation method. But it also indicates that, in some

cases, if the right detection symmetry is chosen, the sensitivity of

a triple correlation experiment can be superior to double correla-

tion and nuclear orientation methods.

For example, a model calculation for a 0+ - 2+ - 2+ - 0+ cas-

cade, calculated for a particular geometry, shows with the exception

of a small range (6 = 0.8 to 0.9) a sensitivity which is at least

three times higher for triple correlation than for the corresponding

double correlation analysis.



CHAPTER III

TRIPLE ANGULAR CORRELATION THEORY

3.1 Introduction

The photon field caused by an electromagnetic transition

between two states with total angular momenta Ii and If and

parities 7i and 7
f
can be expanded in a complete set of vec-

tor harmonics (multipoles) characterized by angular momentum J2 and

parity n (ref. 1). Thus one has for magnetic transitions

(t,-;) = i2' , j,(kr) Y m(7-)
2, ni

[ ( + 1)] 4'

and for electric transitions

tt ik X r
os,r)

k: r z(kr) yzni(-it)

L ( + 1)14

(1)

(2)

10

If one further has no external perturbation of the radiating system,

those transitions follow certain angular momentum and parity selec-

tion rules. Hence the coupling of all involved angular momenta

leads to the following triangle relations

f
R, 4 I

i
+ If and M . + m = m

f (3)
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Figure 5.

Angular momentum
triangle triplet

fixed detector

n
sample

T

13 )F3

Figure 4.

Typical 2-level cascade

orientation

axis

movable
detector

Figure 6.

Angular correlation experiment
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Parity also restricts the radiating system to certain transition

multipoles. For electric multipoles one has 7(E) = (-W and

for magnetic multipoles 7(M) = (-1)
X+1

. Thus there are two

groups of multipoles (7,1) (ref. 2):

even parity: Ml, E2, M3, ....

odd parity: El, M2, E3,

Assume a cascade of two photons (7
n n

) and (7
m

t
m
),

the first emitted from a randomly oriented state II, the second by

the following state 12, as shown in figure 4.

Generally the angular momenta of the photons, 2.1.1 and

tin, are restricted by the triangle-triplet indicated in figure

5. and involve certain mixtures of multipoles.

The corresponding mixing ratios of electric and magnetic multi-

pole-transition matrix elements can be measured in principle with

the experiment indicated in figure 6. Here the angular distribution

of y
m

with respect to a fixed direction of y
n

is measured.

The directional correlation function then takes the form:

W(e). E
A

BA( in) AA( ym) PA(cos e)
=E AAA( 5n' 5m) PA(cos e) (4)

A

The index A indicates the summing over involved multipolarities

(i.e. dipole, quadrupole, octupole, ....). Thus for transitions

involving dipole-quadrupole multipolarity only, one can reduce equa-

tion 4 to



',1(e) = 1 + A29 P2(cos e) +
A44

P4(cos 0;

The coefficients A
XX

carry all the information due to the

mixing ratios 6n and 6m.

For local nuclear forces the nuclear current operator jn is

proportional to the nuclear momentum and spin operator [I and

hence the reduced y-emission matrix element is defined as (ref. 5):

13

(5)

M
fi

< I II S ; >If n lm Ii

And one has for the mixing ratio:.

6n =
< In+1 II Sn -1(7) I I

In

< II / 7')
n+1 ' n 11

( 11
I
n

(6)

(7)

3.2 The Triple Directional Correlation Function

Assume the case of a triple cascade I0 - II - 12 - 13 and

restrict the formulation to an initially random state. The DCO

(directional correlation from oriented state) function then can be

written in symmetric form (ref. 3):



3/2
W(i'S142) = (47 ) E B

Ao xi
(Xo) A X2X0 (X

1
) A

x2
(X

2
)(-1)x0x

X0X1X2

1/2
x[(2x0+1)(2X2+1)]

goclicl2

A0 X1 X2'

(10 q1 q2J

(8)

14

y

X0

q0;I) y
Xi

q1(t
li

) y

X2

q2(1t2)

If the I-axis is chosen to be the orientation axis. the DCO function

then reduces to a form, which applies to the situation shown in

figure 7. In this picture el is the angle between the direction of

radiation X1 and the z -axis, 62 the angle between X2 and the z -axis

and (I) is the angle between the (k'1,I)- and the (k'2,I)-planes. The

DCO function then looks like

W(01,02,4) ) = E Bx(X0) ex2IX°(X1) Ax(X2) Hxoxix2(0102,(1) )

X0X1X2

where the angular function H
x0 xlx2

(e1,62) is defined by

(9)

H, 1(01,02,c0 ) = < x0OxichJx2(13.>
A0-1-2

g1 =-X' 2 x2+1 (9a)

X1 X
1(01,0)Yq(02,c0

This DCO function is basically an expansion of the angular

dependence in spherical harmonics. As it will be shown in this

chapter, all information due to the mixing ratio 61 is carried by

the expansion coefficients. The purpose of a correlation experiment

is to measure We1,e2,40 and fit the measured dependence to this

triple DCO function in order to obtain the contributing expansion



Figure 7. The angles in a directional correlation of three successive radiations, X0

Xl and X
2.

Observation of the direction of the first radiation X. results in
an axial oriented source S.



16

coefficients. These coefficients are the product of three

contributions, each corresponding to one of the three transitions in

the cascade.

The coefficient B
xo

(X0) is called the orientation

parameter, Ax
2
(X2) is an ordinary distribution coefficient and

AXx2X0 (X1) is the generalized directional distribution coefficient

due to radiation X1 (ref. 3). Only Ax 2x0 (X1) will carry informa-
1

tion of a dipole-quadrupole multipolarity, since transition X0 and

X2 are not assumed to have mixed multipolarity.

For triple directional correlation the general case of

We1,e2,(0) has to be considered. Consequently, neither of the

indices X. can be set equal to zero (this would reduce the DCO

function to a double correlation situation).

If one rewrites the angular function (equation 9a) in terms of

associated Legendre Polynomials Pxq (cose), the angular

function divides into two cases. For xo + xi + x2 equal to an odd

number, H
xox1x2

(81,82,0 gives a nonvanishing term only, if the

generalized coefficient Ax2x0 (X1) has an imaginary term. Effects
xi

which lead to such an imaginary term don't apply to the considered

situation and this odd term will be neglected in the further

discussion. For the sum equal to an even number, equation 9a takes

the form:

Heven (01,02,4)) = L (2 (sq0)),00A1 q1 x2qi>
2x1 +1

,xoxix2 q> 0 2x2 +1

1/2
' (10)

,

(x1 -q1)1(x2 -q2)!

(x1 +q1)1(x2 +q2)!
P
Xi ^
ql(cosol) P,

2

g2(cose2) cos(qicO)
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3.3 Detection Geometry

The geometry of the detection of the three radiations has an

enormous effect on the shape of the DCO function and its

determination. It is the geometrical plot, which makes it possible

to rOuce the DCO function offered in section 3.2 in terms of

ordinary Legendre Polynomials, without losing the information gained

by triple correlation compared to double correlation. It also

affects the sensitivity of the distribution coefficients due to the

E2/M1-mixing ratio (ref. 4). This section will discuss the effect

of the chosen symmetry on the DCO function and the final triple

angular distribution coefficient.

The geometries chosen in this experiment are normal geometries

(ref. 3); that is, at least one of the angles el and e2 is equal to

± 7/2. (1) can be chosen arbitrarily; for convenience here it will be

set equal to 7. Hence the associated Legendre Polynomials can be

reduced to ordinary ones. In addition, if only parity conserving

radiation is considered, all A must be even. Thus

(x +q) (x+q)!
P
A
q() = (-1)

P
A

q(2)
2

) = 0

cos (q i) =0

(x+q)!!(x-q)!!
+ q even

x + q odd

q odd



(a) (b)

Figure 8. (a) Observation of W(01,±ff/24) (N2 geometry).

(b) Observation of W(± /2,02,4) (Ni geometry).
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This leaves only contributions for even q and X. Now the associated

Legendre Polynomials can be expanded:

A

P q(cos 0) = L a
A

( ,q) PA(cos 0)
A=0

(12)

Equation 9a then takes the following form for pure normal geome-

tries:

xpxix,n, ke1,02, = y -P
A

COS 0)
AA0A1A2

A (9b)

The g
A

0
X

1
X
2's are normal geometrical coefficients and can be deter-

mined for each possible normal choice of the setup (Table II). Fig-

ure 8 illustrates the two normal geometries used in the experiment.

In the N1 geometry W(e2; el = t 1T/2, cp = Tr) is observed, the N2

geometry differs from N1 only due to an exchange of el and e2 in W.

Combining equations 9 and 9b and renormalizing the distribution

coefficients the OCO function takes the form:

u(8,11,c0) = z i PA(cos C))

A (13)

where



nA0X1X2 (01=+n/2,4)
= 0)1. uA

(Geometry N1)
4

xo: A2 | g
A0A1A2 41A1A2 A0A1A2-

:0
10
:0
12
:2

:2
12
12
14
1 4
14
1 4
14 1

14 1

4

gAoXiX2
(02.=.1.7r/2,(0 = 0)

A
(Geometry N2)

I glIOA1A2 (40A1A2 giA.01A2
4

0 0 1.00{() 0.0000 0.0000 1.0000
u.57(00 -1.0000 0.0000 0.5000 1

4 4 : 0.2083 -0.877.3 1.0000 0.2{83 1

0 : 0.0000 0.4472 0.0000 -0.2236
2 1 0. 5000 0.0000 0.0000 0.0000

2 1 0.2673 0.0000 0.0000 0.2673 I

2 4 1 0.0445 0.'"27 -0.1114 1

4 : 1.1494 0.4187. 0.0000 0.0598
4 4 1 0.2251 -0.2124 0.2251 :

0 4 : 0.0000 0.0000 0.37.33 0.1250 1

2 2 : 0.0445 0.0000 0.0445 1.

2 4 1 0.0570 0.2849 -0.1519 -0.1425
4 0 1 0.7.750 0.0000 0.0000 0.0000
4 : 2 1 -0.1911 0.0000 0.0000 0.0764
4 1 4 1 0.1117 0.0"/? 0.0670. f.).1117

4

0.0000 0.0000
1.0000 0.0000
0.337.3. 1.0000
0.0000 0.0000
1.0000 0.0000
0.0000 0.0000
0.3110 0.0000
0.2980 O. 71 7 1
-0.2124 -0.2039
0.0000 0,0000
0.3118 0. ()Cm )()
0.0i)0() 0.0000
i').000() m)00 1

0.3822 -0.2039 :

0. 02 7() 0.0670 1

+

Table II. Table of geometrical coefficients eAli'lA2 for the Ni- and N2- geometry.



E B
xo

(Xo) AX2x°(X
1
) A

X2
(X

2 A
) gx°X1x2

xi
X0X1X2.rA

E B
xo

(X0) Ax2x°(X
1
) A

x2
(X

2
a
-°

) x°x1x2
xi

xoxix,

21

(13a)

Equation 13a already indicates one effect of the chosen geometry on

the triple angular distribution coefficient. For some combinations

the g-coefficients are zero, for some not. Thus they can be inter-

preted as a tuning factor on the sensitivity of the information car-

ried by the r's.

3.4 Directional Distribution Coefficients and the E2/M1-mixing Ratio

Equation 13a shows that three different parameters contribute

to the coefficient rA, each referring to one of the three

observed transitions. The first transition is emitted from an

initially random oriented state. Since state I1 is oriented by

directional observation of the preceding transition.X0 along the

orientationaxisLthenuclearorientationparameterB,(X0)
Ao

takes the form:

EF
x
(LLI0141+(-1)

L+L'
260F

X0
(LL0W+60Fx(L, L0I1)]

B (X ) = 2 2
X0 °

1 60

(14)



For a pure transition, that is (7' 1') isn't defined, B (X0)
Xo

reduces to

Bx(Xo) = Fx0(LLI0Ii)
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(14a)

The same applies to the ordinary directional distribution coeffi-

cient A
x2

(X2):

2[F,(LLI3I2) + 2d2Fx(L11-1312) + (5A2F,(LI3I2)]
AxiX2) A2

z

1 + St

In the investigated cascade X2 is also a pure transition, thus

A,(X0L. ) = F,
2

(LLI3I2)
A2 A

(15)

(15a)

The F
A
's are ordinary F-coefficients which carry all the angular

momentum coupling information and are well tabulated (ref. 3).

The only transition which carries mixed dipole-quadrupole mul-

tipolarity is the intermediate transition, which is described by the

generalized distribution coefficient

[F)Q'D(LLI2Li)+261FVEJ(LeI2I1)+6.21 Fl°1(LI2I1)]

02"(X ) xi xi xi

xi 1

where

1 + (SI

(16)



61(X1)

< 12 H H
TT

< 12 11 In XE) II
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(17)

is the E2/M1-mixing ratio to be obtained.

The F
X

x2

X
° are now generalized F-coefficients which differ from

the ordinary ones in additional symmetry properties (ref. 3). Hence

they also contribute to the possibility of an increased sensitivity

of triple angular correlation methods.

3.5 The DCO Function for the (5+ - 3+ - 2+ - 0+)-Cascade in ilocd

and the Sensitivity of the Resulting Coefficients

The transition characteristics have already been mentioned

earlier. The transitions involve no change in parity. The 764 keV

transition has pure quadrupole multipolarity (1=2), the 1505 keV

transition has mixed dipole-quadrupole character (1=1, l'=2) while

the 658 keV transition again has pure quadrupole multipolarity.

Since no further orders of multipolarities are involved, the x's are

restricted to 0,2 and 4 only. Thus the DCO function can be written

in the following form:

tge,i2,(1)) = 1 +r2P2(cos 8) +r4P4(cos s)

where

(18)



Figure 9. Dependence of r2 and 1.4 on the E2/M1-mixing ratio 8 for the N1- geometry.



Figure 10. Dependence of r2 and r4 on the E2/M1-mixing ratio 45 for the N2- geometry.



1
P2(cos e) = 2 (3 cos

2
e - 1)

P4(cos 0) = (35 cos4e - 30 cos
2
0 + 3)
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(19)

(20)

The triple angular correlation coefficients are obtained from

equation 13a, 14a, 15a and 16, summing over permutations of the

index triplets (X0,X1,A2) = (0,2,4). Those triplets are restricted

by the triangle rule for the x's:

12 < X0 X1
(21)

The sum in equation 13a then has 15 normalized constituents each

involving geometrical and generalized F-coefficients. Those calcu-

lations have been done and r2 and 1'4 are plotted in figures 9 and 10

for the N1 and N2 geometry. As it can be seen in both diagrams,

r2(6) is rather monotonic in the range -.1 < s < -1.0. Since the

sensitivity for r2 seems to be in both cases high enough compared

with expected errors in a triple correlation measurement, a rather

crude experiment of r2 should be able to distinguish between the two

value5 given by the double correlation method. The following table

is a summary of the expectation for each (5 and each geometry

(although the given numbers will be somewhat reduced due to finite

resolution effects in an actual experiment):
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r2 range 6 - - .5 range 6 < - 1.0

N1 < .75 > .80

N2 < .50 > .55

Again r4(6) is too insensitive due to errors in measuring r4.



CHAPTER IV

DESCRIPTION OF THE EXPERIMENT

4.1 General Setup

28

The experimental setup for the simultaneous detection of three

y-rays is shown in figure 11. The structure is quite similar to

that of a typical double correlation experiment (ref. 9). The whole

110Cd transition spectrum is detected by detector 1, 2, and 3

respectively. From each detector two outputs are analyzed, the

timing (fast channel) and the energy output (slow channel) as

indicated in the diagram. The timing signals are fed through

preamplifying and time controlling units into a fast coincidence

circuit. In order to synchronize the three fast channels, signals

in channels 1 and 3 are delayed by two nanosecond- cableboxes. Each

slow channel uses linear amplifiers to determine the energies and

preserve pulse heights. Four single channel analyzers (SCA) in each

channel allow the setup to be divided into four independent

experiments in order to measure different normal geometries. The

SCA's select the appropriate transition energies and allow the

window width of the selection to be varied. The outputs of the

SCA's and the fast coincidence circuits are fed into four quadrupole

coincidence circuits, one for each experiment. These coincidence

circuits give an output signal only, if the selected transitions
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Figure 11. The experimental setup consists of four blocks, the

angular correlation apparatus (right middle), the slow

channels (upper quarter), the fast channel (lower third)

and the coincidence unit (left middle).
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possess proper energies and the pulses are simultaneous within the

resolving time of the fast coincidence circuit. The number of these

coincidence counts N(e) measured as a function of the angle between

detector 1 and 2 yields the angular correlation function W(e).

4.2 Detectors and Preamplifiers

The
ilocd-spectrum is detected by three NaI-scintillators. The

incident photon interacts with the iodine atoms, the interaction

energy is transferred in the form of scintillation flashes via light

tube to a photomultiplier to form an output-pulse, which is measure-

able. The actual energy transfer is accomplished by a small amount

of added Thallium, which increases the scintillation effect due to

losses at room temperature (ref. 10). Although the energy resolu-

tion of NaI (T1)-scintillators is about 10 to 15 times worse than

Ge(Li) detectors, they provide the highest possible efficiency

(ref. 11), about 10 times higher than Ge(Li) for strong sources.

High efficiency is very important, since triple correlation events

are expected to have extremely poor statistics.

Each photomultiplier is fed by high voltage supplies in the

range 1000 to 1400 V according to the optimal acceptance for differ-

ent photomultipliers. The generated timing output pulse is instant-

ly preamplified to be picked up by the timing circuit.
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4.3 Pulse Height Analysis

Pulse height analysis involves amplification and pulse shaping

as well as proper amplitude selection corresponding to a given ener-

gy loss in the detector. The output signals of the linear amplifi-

ers should be proportional to the energy dissipated by the radiation

in the detector. In order to obtain the radiation spectrum one has

to measure the pulse heights of the outputs of the amplifiers.

Since to employed photomultipliers were not identical, appropriate

amplifiers had to be chosen for each of the three channels to accom-

plish proper amplification and pulse shaping. The pulse shaping was

achieved by adapting the actual pulse shape to a gaussian shape.

The whole radiation spectrum then is picked up by single channel

analyzers (SCA's). The SCA's set windows in the transition spectrum

at certain pulse heights in order to filter out proper transition

energies. The upper limits of these windows were kept variable.

The process is illustrated in figure 12. If one feeds the output of

the linear amplifiers into a multichannel analyzer, the whole meas-

ured 110Cd-spectrum can be displayed (figure 13).

4.4 Timing and Coincidence Circuit

The three fast channels, containing the timing information,

have to be fed simultaneously into the fast coincidence circuit.

The purpose of the time pickup control is to release an exactly

timed output sequence due to the time of the arriving signal from
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Figure 12. The display shows the spectral selection process of cer-

tain transition energies. The received transition spec-

trum (A) is picked up by linear amplifiers, and conver-

ted into pulseheights (B). (C) is then the final SCA-input.

Transition energies and SCA-windows a-aoare displayed in

table III.



Figure 13. The
110

Cd transition spectrum as it was displayed on the MCA. The major transitions are

identified in keV, as well as the large transition background (B) at lower energies.
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the detector. In addition the signals in the first and third timing

channel had to be delayed in the range of nanoseconds to ensure that

the three channels reach the fast coincidence circuit within a fixed

resolving time set in the circuit. Under this condition, the fast

coincidence circuit produces an output signal (figure 14). The

advantage of such a fast "start-stop"-circuit is the simultaneous

determination of true and accidental counts. The latter ones are

coincidences caused by different nuclei. The combined fast channel

is correlated with the three slow channels in a quadrupole coinci-

dence unit. This unit produces an inverted pulse for each of the

incoming pulse heights. An internal delay and variable gate syn-

chronizes the four incoming pulses. Thus there is only an output,

if the three energy and the timing signals overlap within resolving

time. The pulse length for the overlap was fixed to about 1 micro-

second, large compared with the resolving time.



Figure 14. The fast coincidence circuit has an output only if the three input sig-
nals arrive within the resolving time TD. The plot shows the output of the
FCC vs. the delay time of one of the input This circuit allows
the simultaneous determination of true (N) and accidental (N r) count rates.

(,)

The flat top of the peak vanishes at sufficient small T
R

. Tru count rates C.71

then will decrease faster than accidental rates.
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CHAPTER V

DIRECTIONAL CORRELATION PROCEDURE

5.1 The Angular Correlation Apparatus

The setup of the detectors had to be chosen according to a cer-

tain detection geometry. In order to detect a triple transition

cascade in a N1- and N2-geometry, two of the detectors had to be

fixed at an angle of 7/2 between each other, while the third one had

to be movable. The final selection of a normal geometry then can be

done with the SCA's. The detectors were mounted on a circular alum-

inum plate. The angular positions on the table were marked every

five degrees, with zero degree defined as the location of detector

1. Detector 2 was mounted on a movable arm on the plate. A vernier

scale on this arm allowed exact placement of the position switch at

any position. Detector three was placed at the 270 degree posi-

tion. The setup allowed an angular elongation of detector 2 between

55 and 225 degrees. Figure 15 displays the whole table setup. In

addition, as a matter of convenience, the angle ep in the DCO-func-

tion was chosen to be 7; that is, the centers of all three detectors

had to be in one plane. The distance of the detector crystal was

fixed to 11.40 cm from the normal distance to the center of the

plate, which could be adjusted in the plane of correlation along the

90 and 180 degree axis.
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Figure 15. Display of angular correlation table (a) and source configuration (b)
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The counting was performed by scalars. Each scalar consisted

of an input card which accepted and shaped the pulses to be counted,

and a number of countcards, each corresponding to a decade, with the

number of counts recorded at a binary-coded decimal scheme. In or-

der to prevent overflow of the countfiles, pre-scalars were applied

in some cards. Each countfile consisted of up to five cards. Six-

teen files were employed, four for each experiment. An experiment

needed three files for the singles rates and one for the coincidence

rates.

The counting process was controlled by a master control unit;

the controlling involved setting the counting time, resetting of

the files as well as producing the pulsemode for the printout to

the teletype. The actual experiment was supervised manually by

the experimenter.

5.2 Source Preparation

The source itself was a commercially available sample of AgNO3

dissolved in one molar HNO3. The activity at the time of measure-

ment was about 55 pCi or a countrate of about 2 x 106 counts per

second. Since the halflife of 11°mAg is very long (249 days),

an effect on the measurement was not to be expected.

The centering of the source appeared to be a sensitive part in

obtaining the full amount of expected count rates. The applied cri-

terion was to achieve maximal efficiency while the singles count



Figure 16. Calibration measurement with a 22Na testsource. The two peaks are expected to be at 90°
and 180°. The plot shows a deviation of -3° at 90° and +7° at 180°.
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rates of the movable detector are equal within 2% at each position.

Because of the complexity and the relatively high strength,

11°mAg could not be used for proper centering. Instead a 22Na

positron source was applied. The two 511 keV photons produced when

a positron annihilates are emitted in opposite directions. Using

the background contribution of the 1276 keV transition following the

s-decay in 22Na, the count rates in the second detector could be

equalized within the 2% limit. In order to check proper calibration

of the coincidence apparatus, a triple coincidence spectrum, using

the 22Na source, was measured. If the apparatus is properly cali-

brated for point detectors, two 6-shaped peaks are expected at the

90 and 180 degree position. The result of one of these measurements

is shown in figure 16. The figure shows a deviation from exact

positioning of under 5%, which is within the expected limit of the

experiment. Furthermore, the finite solid angle subtended by the

size of the scintillation crystal causes the two peaks to spread.

5.3 Experimental Procedure

Four independent angular distributions were measured simulta-

neously, involving two N1-geometries and two N2-geometries. The

setting of the SCA-windows was done with to help of a multichannel-

analyzer (MCA). The MCA allowed to display the whole measured spec-

trum as well as only the portions accepted by the SCA's. Both

inputs synchronized in an anticoincidence mode result in a blank
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region at the line position in the whole spectrum (figure 17).

Table III shows the SCA-settings for each experiment as well as the

accepted line-width for each energy. The latter ones have some

uncertainty, since recalibration after several runs was necessary

due to observed gainshifts in the amplifiers. Seven data points

were taken in the range 70 to 220 degrees (150 to 310 for the orien-

tation axis along the axis of the third detector). In order to

ensure similar conditions for each data point, the single count

rates were observed simultaneously with the triple rates and recor-

ded every twenty minutes. Thus only data points with small devia-

tions in the singles rates were admitted. The total counting time

was between 1000 and 1200 minutes, depending on the quality of the

received individual count rates.

Table III: SCA energy-settings and line widths

Exp. 1 Exp. 2 Exp. 3 Exp. 4

SCA # E ± AE/keV E ± AE/keV E ± AE/keV E ± LE/keV

1 658 ± 10 1505 ± 13 764 ± 8 764 ± 8

2 1505 ± 12 658 ± 11 1505 ± 12 658 ± 10

3 764 ± 6 764 ± 6 658 ± 10 1505 ± 10
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CHAPTER VI

DATA ANALYSIS

The analysis of the coincidence data accumulated at each angle

involved several steps in order to eliminate geometrical effects of

the experiment itself as well as background effects within the meas-

ured count rates. Preliminary steps had to be taken to sort out

count rates, which seemed to be affected by some malfunction of the

equipment.

6.1 Solid Angle Correction Factors for 3"x3" NaI-Scintillators

The measured angular distribution will differ somewhat from the

ideal distribution expected due to the finite size of detector and

source. The size of the source is small compared with the distance

to the scintillator and thus will have no observable effect on reso-

lution and efficiency of the experiment. However, the size and

efficiency of the detector cause a considerable effect on the meas-

ured distribution. The quantity determined from a x -ray spectrum is

the number of counts in the total absorption peak (photopeak). Thus

due to the subtended finite solid angle by the scintillation crys-

tal, the efficiency of the crystal is not only a function of the

distance (between the source and the crystal) and radiation energy,

but also a function of the solid angle seen by the whole crystal
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front. The y-rays interacting at the edge of the crystal are less

likely to contribute to the photopeak, than those interacting at the

center (ref. 12). Thus the triple angular coefficients will be al-

ways somewhat less than the theoretically computed coefficients.

The correction factors had to be computed from tables giving

standard values for 3"x3" scintillation crystals (ref. 12). The

computation method and the corresponding tables are displayed in

appendix A.

Thus equation 9a has to be extended as follows:

r
A

2 Q
B Ax2x0A gx°X1x2

1

xoxixzxoxix2 xo xi X2 A

X0X1X2QA°X1X2

X2X0A nA0A1X2
o Al A2'A

(13b)

that is, each of the fifteen contributions to the coefficient has to

be corrected independently. The measured distribution then finally

can be written as:

W( o) = 1 + r2'P2(cos e) + r4IP4(cos e)
(22)

6.2 Background Analysis

6.2.1 Accidental count rates

In obtaining the true distribution, one is interested in meas-

uring transition cascades due to a single nucleus only. In practice
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the measured distribution also includes a certain number of chance

coincidences created by a cascade involving more than one nucleus,

which are referred to as accidental counts.

The true to chance ratio is in general inversely proportional

to the source strength as well as to the resolving time of the fast

coincidence circuit (ref. 8). Thus with the same source strength

and proper resolving time employed, this ratio was expected to be

less than 8:1. In order to measure chance coincidences, one of the

fast channels was delayed by an amount of time large compared with

the resolving time itself (refer to figure 14).

For correlation of two transitions, the angular distribution of

the chance coincidences is expected to be entirely flat due to a

sample of unoriented nuclei. The distriibution of triple chance

coincidences will be somewhat different because of contributions of

true gamma-gamma coincidences, which are generated, if the triple

event results from coincidences involving exactly two nuclei. For

each measurement two different gamma-gamma-correlations correspond-

ing to the two fixed detectors with the movable detector will con-

tribute. The amount of these perturbations will depend on the geom-

etry applied in the experiment. Thus the response of a N1- experi-

ment towards chance coincidences will be somewhat different than a

N2-experiment because of different gamma-gamma contributions. Table

V (appendix B) gives a rough estimation of the expected perturbation

due to contributing double correlation amplitudes. The table indi-
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cates a large amount of gamma-gamma interference for the NI-geom-

etry, while the N2-geometry is less affected by smaller contributing

double correlations.

For these reasons every measurement has to be accompanied by a

chance coincidence measurement at each angle. The chance coincident

measurement is divided in three parts (ref. 13):

1) Measurement of gamma-gamma-correlations of first and second

detector in coincidence with any transition in the third detector.

2) Measurement of gamma-gamma-correlation of first and third

detector in coincidence with any transition received in the second

detector. This distribution is expected to be entirely flat, since

both detectors are fixed.

3) Measurement of gamma-gamma correlation of the second and

third detector in correlation with any transition in detector one.

4) Measurement of triple correlations resulting from three dif-

ferent nuclei. This requires different delays in at least two fast

channels in order to dis-synchronize all channels.

The magnitude of chance coincidence counts to be subtracted

from the actual measurement then is given by the sum of measurement

1 to 3 minus twice of 4.

Furthermore, in order to minimize interference effects of the

chance coincidence distribution, the resolving time has to be low

enough to generate an output of the fast coincidence circuit carry-

ing the full amount due to true coincidences on a minimal chance
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background. Therefore the fast coincidence peak was measured at

variable reolving time (figure 18). This measurement indicates an

optimal setting for the resolving time between 25 and 40 nanosec-

onds. Above 40 nsec the number of chance coincidences increases

faster than the total number of coincidences. Below this 25 nsec,

less than the full amount of true coincidences will be accepted.

6.2.2 Background noise

It also might be reasonable to subtract any other possible con-

tribution towards triple rates due to other transitions of ilocd.

That is, triple counts caused by contribution of anything, what

might be picked up by the SCA windows from the received radiation

"underground" (refer to figure 13). This may include contributions

from very close neighboring lines as well as some Compton background

created by higher energy transitions. In order to subtract these

effects, a window has to be placed on either side of the line of

interest and has to be measured in coincidence with the other tran-

sitions. The result has to be subtracted from the total spectrum.

A look at the received 110Cd spectrum (figure 13) shows two

regions of interest, where this method might be helpful. The first

one accounts for the large overlap of the 658 keV and 764 keV tran-

sitions. The closeness of these lines is not to be expected to

affect the true count rates, but the influence of the neighboring

885 keV transition near the 764 keV transition and the impressive

lower energy background close to the 658 keV transition. The same
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accounts for the overlap of the 1384 keV transition with the 1505

keV line. Measurements have been done in order to investigate the

effects of those regions on the triple distribution, although their

effect might be smaller than the resolution of the entire experi-

ment.

6.3 Data Processing

Before the raw data could be processed, they had to be checked

for any influence of malfunction of the equipment. Particularly

some observed shifts and fluctuations in the window settings gave

some reason of concern. Therefore it was agreed (ref. 14) to apply

the following procedure in order to sort out data points, which

exceeded the expected resolution of the experiment itself:

- If variation of the singles count rates from the average

exceeded the statistical error by ten percent, the run was

rejected at once.

- If the variation of the singles count rates from the average

remained within ten percent above the statistical limit, the

corresponding triple rates were checked. Triple rates above

ten percent variation towards the root mean square average

were rejected.

In order to prevent the introduction of some kind of systematic

error by rejecting large quantities of data, a maximum of one fourth

of the measured runs could be rejected.
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The raw data now could be condensed to real count rates. That

involved subtraction of all gamma-gamma perturbations as well as any

observed background noise.

Once the count rates and probable errors had been determined at

each angle, the final results were fitted by a weighted least-square

procedure (ref. 8 and 15) to an expression of the form

W( 0) = b0+ b2P2(cos 8) + b4P4(COS 0) =, E bkPk(cos 8) (23)

k even

where W(s) is the corrected number of coincidence counts accumulated

at the angle 0. The method is based on minimizing the expression

N

X2 = L [ - Wei) ]]2

i=1 j

(24)

where N is the number of data points, a the variance of the ith

data point. A computer program (ref. 15) using the necessary

mathematics was used on an Apple personal computer to fit all

experimental angular correlation data. The program extracted the

coefficients b
k

and calculated the x2 averaged over every run in

order to check the quality of the fit. Only x2 smaller than 1 were

accepted. The fitted distribution then has the form

W( e) = 1 + r2IP2(cos e) + r4IP4(cos e) (25)

where rk = bk /bo. The prime at the coefficients indicates that

these coefficients are reduced due to the finite solid angle

resolution of the detectors.
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In order to include the effect of finite angle resolution,

equation 13b was plotted and used to extract the multipole mixing

ratio of the cascade. These plots are shown in figures 19 to 22 for

each observed geometry.



Figure 19. Dependence of r2' and r4' on the E2/111-mixing ratio 6, when W+n/2,02,4) is observed.



Figure 20. Dependence of F2' and r4' on the E2/M1-mixing ratio, when 14(-ff/2,02,.) is observed.



Figure 21. Dependence of r2' and r41 on the E2/M1-mixing ratio, when W(01,+TT/2,4) is observed.



Figure 22. Dependence of r2' and rt,' on the E2/M1-mixing ratio 15, when W(01,-ff/2,.) is observed.
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CHAPTER VII

RESULTS AND DISCUSSION

From observations of the N1 and N2 geometries covering the

range from 60 to 310 degrees, the distribution characteristics and

mixing ratios could be deduced. Two different sets of data were

analyzed, one at 40 nanoseconds, the other one at 25 nanoseconds.

The results of both sets are presented in the tables below and in

figures 23 to 30. The tables include the fitted coefficients, the

x2 of the fit, the maximum/minimum ratio R of the distribution and

the observed true to chance ratio T/C (averaged values).

A) Observation of W(e, + 11, 7):

2

This distribution represents the N2-geometry in the range

e = 150 to 290 degrees (figures 23 and 24). The measurement showed

the following characteristics:

TR r2' 1'4'

W(180)
R = T/C

W(90)

40 nsec

25 nsec

.20 ± .05

.24 ± .05

.00 ± .07

.03 ± .07

.087

.475

1.34

1.50

6 :

12 :

1

1

The deduced multipole mixing ratio is

6 =-.37 ± .06 for 40 nsec.

and 8 =-.45 ± .07 for 25 nsec.
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B) Observation of W(+ e, 70:

2

This distribution represents the N1-geometry in the range

= 150 to 290 degrees (figures 25 and 26). The measurement showed

the following characteristics:

TR
r2' r4' x2 R =

W(180)
T/C

W(90)

40 nsec .13 ± .04 -.04 ± .06 .336 1.18 8 : 1

25 nsec .22 ± .05 -.06 ± .06 .084 1.37 10 : 1

The deduced multipole mixing ratio is

=±.00 ± .06 (estimated)

and d = -.09 ± .06

for 40 nsec.

for 25 nsec.

C) Observation of W(6, - 10:

2

This distribution represents the N2-geometry in the range

e = 60 to 200 degrees (figures 27 and 28). The measurement showed

the following characteristics:

TR
r2' r4'

.2
4 =

W(180)
T/C

W(90)

40 nsec

25 nsec

.17 ± .05

.25 ± .05

.01 ± .07

-.02 ± .06

.136

.374

1.27

1.50

6 : 1

12 : 1

The deduced multipole mixing ratio is

= -.32 .05 for 40 nsec.

and d = -.46 ± .07 for 25 nsec.
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D) Observation of W(- e, r)

2

This distribution represents the N1-geometry in the range

e = 60 to 200 degrees (fig. 29 and 30). The measurement showed

the following characteristics:

TR
r2' ri,' R =

W(180)
T/C

W(90)

40 nsec

25 nsec

.28 ± .06

.31 ± .05

.01 ± .07

-.02 ± .06

.229

.030

1.50

1.56

7 :

9 :

1

1

The deduced multipole mixing ratio is

6 = -.17 ± .06 for 40 nsec.

and 6 = -.20 ± .07 for 25 nsec.

The interpretation of the results stated above has to be

divided into three parts:

- Performance of the experimental setup.

- Observed true to chance ratio.

- Behavior of the two applied geometries and their sensitivity

towards the E2/M1 mixing ratio.

The measurements resulted in angular distributions of the

expected shape. The positions of the minima and maxima occur to be

surprisingly exact, that is, the positioning of detector and source

was accurate and did not cause any geometrical distortions. Despite
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the relatively poor resolution of NaI-scintillators and extremely

poor count statistics (3.2 counts/min. maximum) about all accepted

data could be fitted within the statistical error of the measured

data points. The obtained x2 values indicate this good performance,

although some caution has to be taken because of the amount of

rejected runs (about one fourth of all runs) due to some instability

of the amplifier gains and fluctuations of SCA-window settings. The

applied criterion of data selection was judgement of the experi-

menter. The estimated error limits for each data point

(> 100% above the statistical error) include this effect as well as

an assumed accuracy of the angular correlation table setup.

The chance rate at 40 nsec turned out to be higher than esti-

mated (<8:1) for both geometries, the chance rate at 25 nsec

remained within the expected limit (12:1) but exceeded this limit

for the N1-geometry. The N2-experiment shows a drop between 40 and

25 nsec of 100%, while the drop in the N1-experiment remains within

the expected 30%. This indicates, that the 6:1 rate obtained in the

N2-geometry at 40 nsec is probably wrong. Also, some of the back-

ground noise mentioned in the previous chapter has been measured.

The rate remained far below the statistical error of each data

point. Thus this contribution was neglected.

From all the experiments done at 40 and 25 nsec only the N2-

measurement at 25 nsec indicates an agreement with one of the two

possibilities for the 1505 keV mixing ratio stated in chapter 2.
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Both obtained values 6 = -.45 ± .07 and 6 = -.46 ± .07 are in very

good agreement with the lower value given by double correlation ex-

periments 6 = -.52 ± .10. This result is backed up by the good per-

formance of this particular experiment. That accounts for the

accurate true-to-chance coincidence ratio as well as for the meas-

ured y -- perturbations, which had only a minor effect on the maxi-

mum/minimum ratio. Although the N2-results at 40 nsec are also

somewhat close to the .5 value, they have to be rejected because of

increased chance coincidences, which obviously affected the ratio R

in some way.

The N1-experiment, however, did not give consistent results for

the chosen cascade. At both resolving times the resulting maximum/

minimum ratio is far below the expected value of 2.01 (corresponding

to 6 = -0.5), which leads to a mixing ratio far below this value.

The reason for this seems to be strong interferences of y-y coinci-

dences in the extrema of N1-distributions of this particular cas-

cade. The table of contributing double angular distribution coeffi-

cients (table IV) indicates the strength and the corresponding

extrema of the three main gamma-gamma perturbations. In both

choices of the N1-geometry the maxima of the 658-764 keV and the

strong 658-1505 keV distribution match the maximum of the triple

correlation function, while the minimum is affected only by the min-

imum of these perturbations. This does seem to lower the maximum/

minimum ratio R considerably. The 764-1505 keV contribution only
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creates a constant accidental offset and does not affect the maxi-

mum/minimum ratio R. Gamma-gamma perturbations in the N2-geometry,

however, show quite different behavior. Here the weak 658-764 keV

correlation creates the constant accidental offset due to the two

fixed detectors, the 764-1505 keV peaks in the minimum and the 658 -

1505 keV in the maximum of the triple correlation function. The

latter ones are rather strong, but their amplitudes differ only by

a factor of 2 and thus do not change the ratio R drastically.
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Figure 23. Correlation data for W(e,+7/2,7) (N2- geometry) at

40 nsec resolving time.
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Figure 24. Correlation data for W(G,+q2,7) (N2-geometry) at

25 nsec resolving time.
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Figure 25. Correlation data for W(+7112,e0r) (N1- geometry at

40 nsec resolving time.
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Figure 26. Correlation data for W(+7112,e,7) (N1- geometry) at

25 nsec resolving time.
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Figure 27. Correlation data for W(0,-7/2,7) (N2-geometry) at

40 nsec resolving time.
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Figure 28. Correlation data for W(0,-7/2,7) (N2- geometry) at

25 nsec resolving time.
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Figure 29. Correlation data for W(-n/2,0,7) (N1- geometry) at

40 nsec resolving time.
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Figure 30. Correlation data for W(-7/2,8,7) (N1- geometry) at

25 nsec resolving time.
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CHAPTER VIII

CONCLUSION

This work demonstrated the application of a triple angular

correlation method using the normal geometries N1 and N2. Two goals

could be achieved:

1) The performance of a simple triple correlation experiment was

demonstrated and triple angular distributions involving the

764-1505-658 keV cascade in 110Cd were measured.

2) The method furthermore enabled the confirmation of the E2/M1

multipole mixing ratio of the 1505 keV transition to 6 = -.52 ±

.10.

In addition it was indicated that double coincidence perturbations

affect triple correlation data considerably, if the chosen symmetry

does not suppress strong interferences. However, the experiment

does not yet possess the ability to produce conclusive results. In

order to achieve thi.s, further investigation is to be done. This

should include the following:

- Improvement ofthe energy resolution of the angular

correlation apparatus; that is, replacing one NaI-detector

with a high resolution Ge(Li) detector.

- Some amount of uncertainty is introduced due to unstable

amplifier gains. This can be avoided in applying stabilized

HV-power supplies.
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- The effect of y-y interferences has to be studied further-

more in order to be able to resolve the impact of such a

perturbation on the measured distributions. Amplitudes of

corresponding gamma-gamma correlations should be considered

in order to minimize the effect on the maximum/minimum ratio

of the measured triple correlation function.
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APPENDIX A

Normalized finite solid angle correction factors Q
xoxix2

The corrections for single radiation energies had to be extrapola-

ted from given tables (ref. 12). In order to obtain the Qk's for

a certain source detector distance h and the used transition ener-

gies, the distance inverse square law for radiation intensities was

applied:

Qk(E,h) = a - (A1)

h2

Table IVa. List of extrapolated single radiation correction factors
for a source detector distance of 11.40 cm. They are
normalized: Q. = 1.

Transition
energy E/keV

tt2

764 .9304 .8633

658 .9294 .7783

1505 .9335 .8721



Table IVb. Finite solid angle cotrection factors for three consecutive transitions, The QA0,02's

are displayed for each observed geometry and they are normalized Q... =1.

1 I

I 1
I
1

1 4
I Kr

6
1 7

9
10

111
112
113
114
115

x0

1 0
1 O
1 o
1 2
1 2

2
1 2
1 2
1 2

4
1 4

4
1 4

4
1 4

1

1

1

1

1

1

1

1

1

1

1

1

Al

C)

2
4
0
2
2
2
4
4
0
2

4
4
4

1

1

1

1

1

1

1

1

1

1

A2

o
2
4
2
0
2
4
2
4
4
2
4
0

4

1

1

1

1

1

1

1

1

1

1

W(e.--12r-N

1. 0000
. 8685
. 7529
.8647
.8676
. 8072
.7490
.7541
.6997
. 6719
.6760
.6272
. 6789
.6315
.5060

0

1
111

-
'

1. 0000
. 0647
.6719
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. 0676
. 8072
. 7490
. 6760
6272
7529
7541
6997,

. 6789
6315
5860

)

111

IT
(0 , ,44)14( , 0,+ ) W

1. 0000 00(0
. 8676 . 06 lb
6700 6:108

. 8605 . 064 7

. 8647 . 8685

. 8072 . C30 72

.7541 . 6760

. 6760 . 7541
6:15 . 6315
1529 . 6719

. 7490 . 7490
8. 6997 . 6272

. 6719 . 7529

. 6272 . )997

. 5860 . 5860

)

1111



75

APPENDIX B

Analysis of double correlation coefficients A22 of the investi-

gated cascade and their effect on the observed DCO function.

Table Va. List of contributing iy-correlation coefficients A22 and
the maximum position of the corresponding distribution.
Also an indication of the perturbation strength is given
(ref. 8).

Cascade/keV A
22

Correlation
Maximum

Strength

658 764 .043 ± .008 180° weak

658 1505 -.557 ± .015 90° very strong

764 1505 -.209 ± .018 90° strong

658 818* .376 ± .016 180° strong

G58(-885)-1384* -.331 ± .009 90° strong

*
Interference indirectly possible because of observed gainshifts,
poor energy resolution of NaI- scintillators contributions through
the radiation background.



Table Vb. Gamma-gamma-perturbations and N1- geometry.

W(02,-u/20) (1) (3) fixed : 764 1505 keV cascade

- yy-correlation has maximum at 270° position

same effect at each angle no change in Ru 0.
1

1

74064

(2) (1) not fixed : 764 658 keV cascade

has 180° (yyy-maximum)

90' 1505 (3)
J--...

270 (2) (3)

yl-correlation maximum at position

A22 = .043 indicates small perturbation

not fixed : 658 -1505 keV cascade
I

658
I

yy-correlation has maximum at 180° position (yyy-maximum)

(2) I A22 = -.557 indicates very strong perturbation
I

180'

14(02,+7/20) (1) (3) fixed : 764 1505 keV cascade -÷ same as W(0,-71/20)

(I) e (2) (1) not fixed : 658 1505 keV cascade 4-,-(2) (3) in W(02,-11/2,0

1 (2) (3) not fixed : 764 1505 keV cascade -4,- (2) (1) in W(02,-N/20)
1505

764 (3)
9 O._ _ _ _ _....

I
-27 8

658 I

I

(2) I

I

1 8 0'



Table Vb cont.. Gamma-gamma perturbations and N2- geometry.

W(01,-11/20) (1)

(1)

(3)

(2)

fixed : 658 764 keV cascade

//-correlation has minimum at 270° position

same effect at each angle --)- no change in R

not fixed : 764 1505 cascade

01 1le
1

7 6 4
//-correlation has maximum at 90° position

9
658

e____ _.

(A
A22 = -.209 indicates strong perturbation at ///-minimum

2 7 0.
i (2) (3) not fixed : 658 1505 keV cascade

1 5 0 5 I

I
//-correlation has maximum at 180° position

I lee
(2)

- A22=-.557 indicates very strong perturb. at /Ty-maximum

W(01,+11/20) (1) (3) fixed : 658 764 keV cascade + same as W(01,--IT/201)

(4
(1) (2) not fixed : 658 1505 keV cascade 4--+ (2) (3) in W(01,-11/200

10
I (2) (3) cot fixed : 764 1505 keV cascade -,- (1) (2) in W(01,-w/2,n)
I

6 5 8

7 6 4 l3)

1 2 7 0°

I
1 5 0 5

18e
(2i

1


