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ABSTRACT

Systems for high resolut j-on conversion electron ancl

gamma ray detection are described. Results are given for

8i207 and Bal3l-. Measurements on the K,/L and K/(r, + M)

ratios for the 57O and LO64 keV transitions of ei2O7 uielded
the following values :

tt, /t \(K/L) Szo :3.3 10.3 (K/(L+M))sZO:2.s! 0.3

(K/L) roe¿ : 3.9 t 0.3 (K/(L + M) )l_064 = 3.0 t 0.3

These measurements are in ag-reement with an E2 assignment for

the 570 keV transition and an M4 assiginment for the 1064 keV

transition, which give theoretical K,/L ratios of 3.4 and 3.7

respectively.

Measurements on t]ne K/ (f, + ¡¡i) ratios for the 1046, 922,

620, 496, 373, 216 and 124 keY transitíons of Ba13l ,rielded

the fol-l-owing values :

(K/(L + M) )rc+a: 5.8 + o.7 (K/(L + M))gzZ = s.2 + 0.5

(R/(L + M) )Azo = 5.9 t o.4 (R/(L + M)) +ga = 5.e + 0.3

(R/(L+ M)):z: = 4.I * 0.3 (R/(L+ M))2L6 = 3.2 + 0.4

(K/(L + M))zto = 2.3 + 0.3

An internal conversic,n electron-gafiìma ray angular

correlation spectrometer tl described, in which a solid state

detector is used for el-ectron detecti_on. Advantaqes for
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performing el-ectron -gainma angular correlation experiments

are discussed The swstem has been applied in measuring the

620-J'24-0 cascade angular correlation 1tt g-I3l for both the

electron-gamma and gamma-electron cases. The values obtained

for the coefficients .

Azz = -o-ol + 0-01 i A44 = -0-02 t o.o2 (gamma-erectron)

Azz = -0.10 + 0.03 ; A44 = -o.L2 + 0.04 (electron-gamma)

q+ 1+ q,*
indicate a spin sequence o:l i * * * : for the cascade.222



INTRODUCTION

In the attempt to construct a logical and satisfying

nuclear theory a fairly disperse group of nuclear phenomena

has been studied in the last half century. Nuclear srruccLrre,

and the quantum mechanical properties of tire nuclear gror-rnd

states and excited levels constitute the most important and

by far the largest fiel-d of investigation. In recent years,

many different methods of approach have been developed quite

extenslvely to achieve this

El-ectron-gainma angul;er correlation experj-ments, which are

closely rerated to the conVentionar ganma-gamma directional

correlations, have recently become subject to a great deal of

interest as a technique of nucrear spectroscopy. The inform-

ation provided by electron--gamma experiments, arrows us to

determine the multipolarities and mixing ratios of the nuclear

transitions. From this we are abl-e to decide about the spins

of the excited nuclear ene:rgy l-evers. contrary to gamma-gamma
.correrations, erectron-gamma experiments distinguish between

:

el-ectric and magnetic characters. Hence we are able to obtain
I

not only the spin but arso the parity changie caused by the

nuclear transition. Another desirable feature of electron-

gamma directional- correration measurements is that thev are

sometimes even more sensitive to minute admixturesof multi¡:ole

radiations than are the gafiìma-garrìma correlations. Electron-

garnma correl-ations also yield information about the particl_e
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parameters and conversion coefficients, which is important

in internal conversion theory. The correlation, in sorÌìe cases,

may be perturbed by electric and magnetic fierds acting on

the electric and magnetic nroments of the nuclei. These fietds
ffiäy, at l-east in principle, be calculated, or in the case of
the magnetic field, externalry applied, and hence it is possible

to measure magnetic moments and el-ectric quadrupore coupring

energies of excited states from the el-ectron-gamma angular

correlation experiments.

The electron-gamma angular correlation measurement

described in this thesis utilízes a sol-id state detector for
erectron detection and a Naf scintillation counter for garuna

ray detection. The solid state detector has the folrowinq i

advantages over the usual rrethod employing a beta-ray

spectrometer :

1. A solid state detector enables the simul-taneous measure-

ment of gamma - K conversion electron and gamma L

conversion electron correlations.

2. The síze and geometrical contruction of solid state

detectors allow convenient and weIl definecl solici ancile

corrections

Other experimental advantagies of electron-gamma angr-rlar

ttleclS UI eltten! S Af e :
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1. The detectors (solid state for electron and NaI crystals

for garnma detection) act as particle identifiers. This

reduces interference between counters, such as back

scattering and Compton events, which may distort the

angular correlation.

2. Solid state electron detectors have high detection

efficiencies and are capable of much better energ-y

resolution than obtained in gamma-garnma experiments

using NaI crystals.

Recently, the theoretical values of the particle

parameters for the L conversion electrons have been publíshed.

This enables one to obtain another piece of information

concerning the nuclear cascade.



ANGULAR CORRELATIONS

Sj_nce the introduction, in Lg4O (1) of the study of
angular correlations of gamma rays in cascade, a great deal
of progress has been made in this field especially with the
advent of scintillation counters. Many theoreticar and
experimental papers have since been written on the suiriar.J-
which is now quite wel1 developed.

The reader is referred to the
detailed description of the theory.
for gamma-gamma angular correlation
extended to the electron_gamma case.

TITE THEqRY OF ANGULAR CORRELATIONS

literature (Z) for a

The resul_ts of the theory
will be surnmar ízed and

The probability of
by a radioactive nucl_eus

between the nuclear spin

Specifica1Iy, we pick out

in a preferred direction.

correl_at ion exper iment .

emission of a particle or quanrum

depends, in general, on the angle
axis and the direction of emission.
only those nuclei whose spj_ns lie
Figure I shows a typical angular

The observation of radiation R1 in a fixed direction
Er sel-ects an ensembre of nuclei that has a nonisotropic
distribution of spin orientations. The succeeding radiation
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Fiqure 1 : Angular Correlation Experiment
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A nucleus, (in our case, g-131), decays co an excitecl

state of its daughter nucleus, (here the 620 keV level of

Cs131). The excited nucleus, in the initial state of spin

Ii, decays to an intermediate state, with spin I, fu emission

of a g'amma ray, or a conversion electron. This is followed

by another transition, in cascade, to the final state, of

spin If. The transitions are classified according to the

amount of angular momentum, L, carried away by the emitted

particle or quantum. The radiation is, then, called a 2L- pole

radiation- Agaín, for each value of L there are two different

types of transitions electric or magnetíc depending on the

change of the nuclear paríty. The radiation is electric fr>r

even L with no change of parity, and for odd L with change in

parity. A magnetic transition occurs for even L if there is a

change in the nuclear parity or for odd L if the nuclear perrity

is unchancred. This is summarized as fol-lows :

Angular Momentum (L)
Carried Away (MuItiple
Order of the Radiation

0

I

I

z

z

3

3

Parity Chanqe

No

Yes

No

No

Yes

Yes

No

tft¡na a€ Þ=^iatiOnr y vç v! ¡rss-

EO (electric monopole)

EI (electric dipole)

MI (magnetic dipole)

E2 (electric quadrupole)

M2 (magnetic quadrupole)

E3 (electric octopole)

M3 (magnetic octopole)

and so on
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The total angiular momentum is conserved between the

gamma ray and the emitting (o:c absorbing) system so that if

Ii and I, are the initial and final state spins of the nuclear

levels which give rise to the gamma radiations, the angular

momentum carried by the gamma ray is given by the rules of

addition of angular momentum :

lri rrlrLslri+rrl

It follows from the above that the transition between

two excited nuclear levels may be of a mixed character. That

is, the orbital angular momentum carried away by the emítted

particle may be either L or L' , (usuaIly L' = L + 1) .

The mixing ratio for the transition is defined by,

^¿ô Number of L' - pole gamma rays
=

Number of L pole garnma rays

Referring to Figure L, if we consider the direction of

emission of the first gamma ray as fixed in space, then the

probabitity of emission of the second galnma ray as a functíon

of the angle 0 between the ganìma ray directions can be expanded

in a series of Legendre Polynomials in cos 0 :

I^I( e ) = 1+ AzzP2 (cos e ) + A++P4 (cos 0 ) +....+ AmmPm(cos 0 )

v¡here the value of m which terminates the series is given by

the rule :

state.

m > 2Í, 2Ly, 2LZ where I is the spin of the intermediate
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The coefficients Ay,¡ are the product of two factors.

Each factor corresponds to only one transition of the cascade

and is a function of the multipolarity of the transition and

the spins of the states involved in the transition. Thus if

the two transitions are pure, and are of multipole order L.''

and L2 respectively, then

Auu = Fv (LlLITir) r'u (r,rr,rrtr)

If, Ïrowever, one of the transitions, say the first, is
mixed, then the F coefficient for the transition, F v (LILIIiI)

is replaced by a function containing the mixing ratio of the

transitions given by,

Fv (r,rr,rrrr) + 2 ô1(v1) Fv (LtLirir) + oltvl) Fv (LiLiriï)
,aI ,' ôí (v1)

.^2,where ôi (v1), as previously descríbed, is the mixíng ratio

of the first transition. Tf the second transition is also

mixed, a similar expression ínvol-ving the míxing ratio ô ?

of the second transition can be written.

The F coefficients have been calculated by Biedenharn

and Rose (3) and have been tabulated by Ferentz and Rosensweþ (4).

üIe have thus far discussed gamma-gamma angular correlatío;rs.

In the following paragraphs we shall briefly discuss the theory

underlying conversion electron - ganìma angular correlation

measurements. The relativistic theory of the directional

correlations involving conversion electrons is due to Rose,
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Biedenharn and Arfken (5). Since one of the garnma rays, of

multipole order L, is now replaced by a conversion electron,
(say a K conversion electron), the corresponding F coefficient
for the el-ectron becomes :

Fv (e) = oK bv (Lr,) Fu (LLriT)

where c K is the K conversion coefficient for the transition,
and b.. is the K electron particle parameter.

v

If the converted transition is mixed, the coefficient
F v (e) is written as

bv(LL) Fv(LLrir) + 2p(e) bv(LL) Fv(LL'rir) + p2(e)bv(r.:L)F u(úr.jrir)

1+ p2(e)

?,Here, p'(e) is the mixing ratio defined by

^2t^t - Np- (e/ =
Number of L - pole electrons

and is numerically equal to

P(e) = ô(v) F;ET/ 
" nlÐ

where the oK'= are

multipolarities, L '

Experimentally, \de

the conversion electrons

of the angle between the

particles. The curve,

conversion coefficients of the two

find the number of coincidences between

and the cascade garìma rays as a function

directions of emission of the two

the K

and L.

m
r
L

vì= 1
vü( e ) AvuP, (cos o )
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is fitted to the data. The coefficients Aye thus obtained
are then compared to theoretical coefficients wtrich have been

calculated for various spin assignments of the excited levels
and using previously measured mixing ratios for the transitions.
rn this way, we obtain the spin assignments for the nuclear
IeveIs.
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ErIRANUCLEÃR PERTIIRBAT IONS

It is well known (2) that extranuclear fields can cause

strong perturbations of the angular correlation. The nuclear

magnetic dipole moment couples to external magnetic fíelds
and the nuclear quadrupole mornent will cause a similar coupling

to electric field gradíents. fn both cases, the coupling

results in a precession of the nucleus around the external

field gradient axis. If the coupling is sufficiently strong,

the nuclei change their initial orientations resulting in an

attenuation of the angular correlation. Quantum mechanically,

if the quantizatj-on axis \^¡ere chosen to coincide with the

direction of the first radiation, then the extranuclear inter-
actions cause transitions among the m-states. That is,
projections of the nuclear angular momentum along the axis

of quantization can undergo transítions.

It has also been proposed (2) that a time-dependent

hyperfine structure interaction might appear due to a coupling

between the nucleus and the atomic core, which as a result of
the preceding K conversion will- be in an excited and heavily
ionized state. As a consequence, the nucleus is exposed to a

strong magnetic field and the nuclear spin will precess about

the atomic spin. This difficulty can be overcome by mounting

the source on an electrically conducting backing, for which the

recovery time of the atomic shell is too short to allow for any

attenuation of the angular correlation pattern.
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When these extranuclear effects are taken into account,

the appropriate theoretical expression then becomes :

exp unperturbed
Auu = Gu(e)cv(hfs)auu

where c v (Q) represents the attenuation due to the static
quadrupole interaction and G y (hfs) is the attenuation due

to the hfs interaction mentioned above. For metallic source

environments, C u (hfs) = 1.
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APPARATUS

DETECTORS ]

The electron detector was a gold-silicon surface

barrierp_njunctiontypeobtainedfromoRTEc.Ithasa

circular area of 50 mm2 and the depletion depth at a bias of

475 vclts \Mas l5oo microns which is the range of a 9BO keV

electron in silicon. For s,ingles counts, the pulses from

solid state detector \¡¡ere led through the low noise Nuclear

Bnterprises , 523L preamplifier and were further ampl ified by

a Nuclear Bnterprises' 5230 RC amplif ier. In the coínciden'ce

work, the output pulse from the preamplifier was also fed

simultaneously into an ORTEC 2O3 amplifier whictr produces

double decay line clipped pulses necessary to dríve a crossover

pick-off unit. At room temperature the system is capable of

an energy resolution of tOikev. For the angular correlation

experiment, the detector was cooled to liquid nitrogen temper-

ature, giving a total energy resolution of about 5 keV for the

sy stem.

For the gamma spectra of Sí2O1 and BaI3l, a ee(f i) $ê:Ilìrrìâ

ray detector was used. This was a 2 mm depletion depth by,

2.iB "*2 active area device obtained from R.c.A- These pulses

were amplified by a Nuclear Enterprises' 523L-523O amplifyrng

system. The detector and amplifying system lfere capable of a

total- energy resolution (F vü H M) of 4 '2 keV- at 660 keV'
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In the angular correlation work, a 11" x l" NaT(Tl)

crystal mounted in an integral line assembly with a Dumont 6292

photoumltiplier tube was used for the garnma ray detection.
Purses from this unit were fed, via a cathode forlower, to a

Nuclear Enterprises' 5202 double delay line amplifier.

ELECTRONTCS

The block diagram for the electronics is given in
Figure 3. The function of the apparatus lras to serect those

purses of the correct energ-y from the detector which \,vere in
coincidence wj-th a detected gamma ray, arso of the correct
energy. These electron pulses \¡/ere then analyzed in a Nuclear

Data ro24 channel- analyzer and from this d.ata, the ang:ular

correlation function was obtained.

The pulses obtained from the electron and gamma ray

detectors, (see the block diagram), after being amplifíed by

the double delay line amplifiers, are fed into two single
channel analyzers. The windows of the single channel analyzers

lrere set to accept the appropriate electron and gamma ray

energiies of the particular cascade. The output pulses of the

single channel analyzers, whi<,:h \^/ere initiated at the cross-

over point of the double delay line pulses, are fed into a

time-to-ampritude converter (TAc) type fast coincidence system.

The TAC gives an output pulse whose amptitude is proportionar
to the time difference between the two input pulses. These

output pulses are fed through a singre channel anaLyzer, which



20

FIGURE 3

Schematic Block Diaqram
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accepts only those pulses v¡hich have the correct amplitude,

corresponding to the coincidence events. A typical TAC spectrum,

showing the single channel analyzer settings is illustrated

in Figure 4. The dotted line represents the background due to

chance events, which occur randomly in time. The output pulse

from the TAC is used to gate the LO24 channel analyzer which

analyzes the electron pulses obtained from the good resolution
RC amplifier. The coincidence rate was thus taken at several

angles to obtain the angular distribution curve. Simultaneously,

the single channel analyzer output was used to gate another

multichannel analyzer, which accumulated the gamma ray singles

spectrum that was allowed through the window of the single

channel analyzer. The singles counting rate of the moveable

garnma counter was used to nor:¡alize the coincidence counting

rate at each angle. This is to correct for the finite size of

the source and for the possibility of the source not being in

the exact center of the arc described bv the <lamma counter.

SOIIRCES

Our choice of source was limited by the following

considerations i

1. Vte required a source v¡hich decayed by IOO% electron

capture so that there would be no background beta radiation.

The presence of this radiation would make background subtraction

extremely difficult.
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FÏGURE 4

TAC Output
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The conversion electrons should have energies within

the energy range from 50 to 1000 keV. The lower limit is due

to the rapid build up of pulses due to the backscattering of

the electrons from the detector and thus distorting the

conversion peak. The upper limit is set by the depletion depth

of the detector. Also, in this region, the internal- conversion

coefficients become quite low thereby greatly reducing the

coincidence counting rate.

3. The transition energiies should differ sufficiently in

order that the conversion 1ínes coìlld be separated in interfering

cascades.

Two sources chosen \¡¡ere 8i207 Qg years) and 8a131

(11.5 days), which decay by electron capture to excited states

of Pb207 and Cs13I respectively. Bí2O7 is a welt known source

and was used as a calibration in the singles work. In the past'

several ganma-gainma angiular correlations have been performed on

3"131 5rr¡ the results do not agree well. To our knor¡¡ledge

there has been no measurement on the electron-ganma angular

correlation of 8a131. The present work was carried on wíth much

improved resolution in the electron channel in order to remove

some of ttre ambiguities of the earlier work and also to provide

new information on this cascade.

For the 8i207 work, we used, a 1 microcurie source which

\¡¡as depositied on O.OO1" thick plastic to minimize scattering.
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A preliminary experiment was carried out to measure the

496 gamma - L24 R electron angular correlation 1n 3¿131 and

inthatexperiment,thesourceconsistedofadropofradio-
active source solution dried at the centre of a gold plated

v.Y..N.S. fitm which was supported on an aluminum planchette ring'

However, in the fínal run' in which both

L24 R electron and the 496 R electron - L24

\^Iere measured, the source was sublimed onto a

AI IOAI.

the 496 gamma

gamma correlations

IBO micr ogtam/cm2

EXPERIMENTAL CHAMBER

The experimental chamber is shown in Figure 5' The

chamber is constructed with cylindrical symmetry about the axis

of rotatÍon of the moveable scintillation counter ' This is to

minimize possible anisotropies from being introduced due to

scattering.Thealuminumplanc}retteSourceringswereheld

vertically in the geometrical centre of the vacuum chamber

L.Tcmfromthesolidstateelectrondetector.Figure5also

illustrates the mounting of the electron detector of the cold

finger of the cryostat. This cold finger is readily inter-change-

able for various sizes of detectors' The chamber was evac':ated

byaBalzersrotarypumpa.ndaliquidnitrogencoldtraprvSs

used to prevent oil vapours from entering ttre chamber cont;rrning

1-ho datec-'tor and the source. A constant check was made on the
ç¡¡v

temperature of the detector usíng a thermocouple and of the

vacuum in the chamber durl'-ng the runs'
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FTGURE 5

APPARATUS

a Angular correlation table

b - Vacuum chamber, coldfinger and detector mount
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RESULTS ON Bi2O7

The presently accepted leve1 scheme (6) for BL2O7 is
given in Figure 6. The 57O and LO64 keV transitions r¡/ere

investigated using the solid state devices mertloned earlíer.

The gi2O7 garffna singles spectrum is shown in Figure 7.

The 6 keV resolution obtained at the LO64 keV peak is slightly
greater than that obtained with 8a131 reported later. This

was because the Ge(Li) detector had warmed up due to a failure
in the vacuum system with a resultinq decrease in the resolution.

The electron singles spectrum o¡ 31207 is shown in
Figure 6. The spectrum was taken with an ORTEC Au - Si surface

barrier diode with an applied bias of 475 vo1ts, which corres-

ponds to the range of a 980 keV electron in silicon. It míght

be possible that the K electrons (976 kev) of the 1064 keV

transition were totally absorbed by the detector, while the

L electrons (1049 kev) of the same transition might not all

be absorbed. In ttnt case the efficiencies for the K and L

electrons could be significantly different. In orderto decide

thj-s, another singles spectrum was run with a Si(Li) detector

whose depletion depth corresponds to the rangle of a 2 MeV

electron in silicon. These results were consistent with those

obtained using the ORTEC detector.

The K,/L and K,/(r, + ¡¡t) conversion ratios for the transitions
o¡ 3i207 are siven in Table I. In column 4 of Table 1 are siven
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FTGURE 6

¡ecav scheme (6) of gi2o7 * Pb2o7

Numbers denote enerqies in keV
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FTGiIRE 7

-:207.Dr Gamma Spectrum

Numbers denote peak energies ín keV
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FIGURE B

Conversion Electron Spectrum of 8i207

Nurücers denote transition enerqies in keV
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the theoretícal values for the K/L ratios which were obtain.ed

from graphical interpolation of internal conversion coefficients

calculated by Rose (l), assuming an M4 assignment for the 1064

keV transition, and an E2 assignment for the 570 keV transj-tion.

our values of 3.3 t 0.3 and 3.9 t 0.3 for the K,/L ratios of the

570 keV and 1064 keV transitions respectively are in good

agreement with the measurements of Alburger and Sunyar (6).

Our R/(L + M) ratio measurements do not, hov/ever, agree ivithin

the experimental errors with the values obtained by Kurey and

Roy (B) who encountered the difficulty, mentioned above,

concerning the depletion depth of the detector.

Comparison of the data with the theoretical values of

the internal conversion coefficient ratios indicates good

agreement with the E2 assignment for the 570 keV transition

and the M4 assignment for the 1064 keV transition.

The errors on the values of the ratios of the conversion

coefficients accumulate from the measurement of the relative

areas, of the electron síngles spectrum. The errors in the

areas are limited to 4% ox less by repeated measurements.
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RESULTS oN Bal3l

STNGLES

The presently accepted leveI scheme (9) ¡ot 3-131

decaying to Cs131 is shown in Figure 9. The cascades invest-

i-gated vrere those between the 620 keV level and the ground

state.

The gamma ray singles spectrum of 8a131 t-k"n with the

Ce(Li) detector is given in Figure 10. We were able to identify

27 of the 32 lines reported earlier (9). I,rle have seen two

extra lines, one at 952 keV and the other at 979 keV. They

are not shown in the decay scheme of Figure 9 because \Me have

notconc1usive1yprovedthattheybe1ongtoBa13la1thoughwe

can say that they do not belong to either Ba133m or csl32

which were present as impurities.

The conversion electron singles spectrum of Bal3l t-k"n

with the Au-Si surface barrier diode is shown in Figure 11.

Of the 32 lines reported earlier (9), we tvere able to identify

25. The K,/(i, + ¡t) conversion ratios for the L24, 2L6, 373, 496',

620, 922 and LO46 keV transitions have been measured. The

results are summarized in Table 2. These values are compared

with other published values (9), (10), (11). Our values f.or i

the first four transitions agiree with those of Brundrit and

Sen (11) who also performed their measurements using a solíd

staÈe detector. The L + M 216 line is composite with t]ne R24B



33

F TGTIRE 9

¡ecav scheme (9) of gal31 - csr3l
Numbers denote enerqies in keV
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FTGURE 10

8a131 Gamma Spectrum

Numbers denote peak enerqies in keV
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FIGURE 11

convers.ion Electron Singles Spectrum of Bal3l
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line, and its contribution has not been removed. Hence the

K/(L + M) ratio for the 216 keV transition is l-ow, in accord.-

ance with the result of Kelly and Horen (9). Similarly, the

K/(L + M) ratio for the 373 keV line is al-so low due to the

R 4O4 contribution to the L + M 373 line, v¡hich has not been

removed.

The errors in the ratios

of gal3f *"r" estimated in the

ANGULAR CORRELATION

of the conversion coefficier:i.ts

sarne !,/ay as in the case of Bi2o7

In the first part of the angular correlation experiment,

the windows of the single channel analyzers were set to accept

the 496 keV conversion el-ectrons and the L24 keV gaïnma rays.

The TAC discriminators lrere set to accept the coincidences

between these selected pulses. Coincidences were taken for

2 hours and 40 minutes at 15 degree intervals, from 90 degrees

to 180 deg'rees. The complete angular range (in all seven angles)

from 90 to 180 degrees was scanned three times al-ternately in

opposite directions. A singles gamma ray spectrum for which

the multichannel analyzer was gated with the output of the single

channel analyzer was taken at each angle, both before and after

the experiment. After the experiment, the discriminators of

the TAC were set for a reg:.on a\^/ay from the true coincidence

region. In this wây, the chance coincidences \Mere subtracted

from the true coincidences. In the second part of the experiment,

the same procedure was repeated, this time with the single channel



5iJ

analyzers set to accept the 496 keV gamma ray and the I24 keV

conversion electrons respec:tiveIy. The I24 keV conversion

electrons in coincidence with the 496 keV ganìma ray and the

496 keY conversion efectrons in coíncidence with the 124 keV

ganìma rays are shown in Fiç¡ure L2. The I33 keV K electron is

afso present in the coincidence spectrum since it is in

coincidence with the 486 keV gamma ray, which we were not able

to resolve from the 496 keV line with the scintillation counter.

AIso evident, in Figure 12, is the 486 keV K conversion ele,ctron
i

in coincidence with the 133 keV ganìma ray.

The total number of coincidences were found at each angle

by subtracting the backscattered contribution from the L + M

electrons, and insisting that the peaks be symmetrical. The

coincidence counting rate was then normalized to the corres-

ponding síngles gamma ray counting rate. The data was then

corrected for decay of the source during the experiment. The

quantity W(e )/W(90o) plotted as a function of angle0 for the

three experiments is given in Figure 13. The errors indicated

in the figure are the statistical errors in the counts at each

position.

ANAIYS.TS OF TITE DATA

The data vÞre analyzed by two methods. fn the first method,
i

the least squares fit curve to the seven data points was found.

In the second method, the data at the points 9Oo, I35o and lBOo

\^/ere used to solve for the coeff icients 422 and A44 where the
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Conversion Eleetron

Numbers denote

FÏGURE L2

Coincidence S ctrum of eal3l
transition ener ies in keV
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FTGURE 13

w( o ) /w(go) vs o

The dotted lines are the best fit curves to the data
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first coefficient of the Legendre Polynomial expansion, AOO,

vúas normalized to unity. In lcoth cases, the series of Legendre

Polynomials was carried to the 4th order since both transitions

contain E2 multipole order radiations.

LEAST SQUARES FTT TO THE DATA

The ï. B.M - 1620 computer \^/as programmed to compute the

least squares fit curve of the seven data points to the function

w( o ) = co* czP2 (cose) + cqP+ (coso )

The program, written Fortran Iï is given in Appendix A,

together with a sample output of the program. The method used

in the program gives the least squares fit to the parabola :

w(e ) = a * b "o=2 
(o ) + c "o=4 

(e )

and then u.ses the values of a, b, c, to yíeld the coef f icients
Cs,C2 and C4. The disadvantage in this method of curve fitting
is that the errors obtained in the coefficients are not dependent

on the errors obtained in the counting statistics.

METHOD OF IITHITE (L2)

In this method, V'Ihite (I2) shows that it is sufficient
to take the data at ftm + 1) angles, where m is the highest

order Legendre Polynomial in the expansion of W( 0 ). For m = 4,

as in our case, White shows that to maximize the efficiency
of the statistics, the data snould be taken at the angles 9Oo,

1350 and IBOo. The experimentally obtained quantities, W( e 1),
taken at the above mentioned three angles, was used to solve the

ós uNrvË8sà

LIBRARY
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system of equations,

v,I(ei) =CO* CZPZ (cos01) + CqP+ (cos0i), i = 1, 2,3.

The I.B.M. L62O computer \,vas programmed to compute the

coefficients C2 and C4 (here Cg is normalized to unity) and

the statistical errors in these coefficients. This program,

written in Fortran II is given J-n Appendix B together with a

sample output.

The coefficients obtained from the analysis are given in
Table 3. The coefficients have been corrected for finite solid
angle using the table of Yates (13). The coefficients thus

obtained have been used to calculate the best fit curve at 21o

intervals. These curves are plotted in Figure 13.

Comparing the signs of the theoretically obtained coeffic-

ients given in Table 4 with those of the experimentally achieved

coefficients given in Table 3, lve can eliminate all spin assign-

ments except for the sequences

--L -L I5' 7' 5't *t *t
and

e* a* q,*
!-+::->!
222

On further comparison of the absolute values of Lhe A,

coefficients, wê find that only the spin sequence of

g+ *J+ *Þ+
222

is valid for the cascade. This is substantiated bv the fact
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that while an assiqnment

for the coefficient A44,

vaIue. This also means

MI but has an admixture

expe:rimentally we obtain

that the fírst transition

of E2 transitions.

e.i- e* r*
^E 

J J f,'
v!-- 222 gr-ves a

44

zero value

a non-zeTo

is not pure

The I24 keV state of gal31 has a half-life of+ 4 x 1O-9 sec

and hence an attenuation of the angular correlation might be

expected due to quadrupole interaction as mentioned earlier in

this thesis. lrle performed the experiments with sources in two

different forms so as to introduce quadrupole interaction, if

present, in different strengths. However we found that the

values of the coefficients (A,22, A++) for both cases agreed

within the experimental errors, and we therefore, assumed that

the attenuation effect, if present, is very smaI1.



TNTERPRETATION OF THE RESULTS

From shell model considerations, the spins and parities

of gal3l are limited to the v¿rlues fï for the 620 kev level,
r*

and to S+ for the L24 keV level. The ground state spin of
t--

cs131 is known definitely to o" i'. From the measurements (9)

of K conversion coefficients, th; 496 kel transition has been

found to be predominantly Ml, with a small possible mixture of

82. The K,/L conversion coeffjlcient measurement (9) of the

I24 keV transition supports arr E2 assignment for the transition,

with a possible admixture q' B% of Ml.

The A2 2 coeffícients have been calculated for all possible

sp.in assignments for the cascade, within the limits prescri-bed

by the shetl model. These coefficients are given in Table 4 and

have been calculated using a pure MI multipolarity assì-gnment

for the 496 keV transition, and an B% admixture of Ml radiation

in the predominantly E2 radiation of the I24 keV transition.

The values of the particle parameters necessary to determine

A^^ and Ar¡ lv€rê obtained from graphical extrapolation of the
2¿ TT

values given in Rose's (3) tables. They are :

Þ"'
2

b
2

.ê*2

124 keV transition

o.L7

0. 06

t.9r

above table, the supercript

496 keV lransition
0.49

rì ql

1. 5r

to a magneticIn the m rerers
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transition, e refers to an electric transition, and no supercript
refers to a mixed transition.
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APPEND]X A

The program described i:n this thesis was used in the

analysis of the angular correlation data. ft is designed to
compute the least square fit curve of the seven data points

to the function

I^I( e ) = Co * CZPZ (cos o ) + Cqp+ (cos e )

The coincidence counting rates at the angles 9oo, ro5o,

L2Oo, 1350, 1500, 1650 and IBOo respectively are entered as

input data for the program. The data, which has been normal-

ized to unity at 90o, is written in Format F5.3. The present

program is designed to accept t5 sets of seven data points.

since only even powers of cos ( 0 ) arise in the Legendre

Polynomial expansion of w( o ), the function can be expanded in
the form

V[(O) = a * b "o"2 
(0) + c cos4 (o)

which is the form of a parabola in co=2 ( 0 ).

The program performs a standard least square fit to obtain
the coefficients a, b, and c. These coefficients are then

converted to the quantities cg (which is normalized to unity),
CZ, and C4, which can be compared with theoretical values.

The program uses the coefficients to compute the theoret-
ical values of the function at 21o intervars. The theoretical
curve, together with the experimentar points is ptotted in the

form of an output from the computer.



zzFoRx5 I
IFANDKl6O4

DIMENSION X(71rY(71
X(1,=0o000
x(2f=oo670
X(3t=.25O
X(4)=¡5O0
X(5t= .75O
X(6)=c933
X(7,=1¡0O0
K=O
M=1

3 A=7.
B=0 "
C=Oo

D=0"
E=0"
GO TO ( 30 r 32¡25 ) ¡M

30 PUNCH 3I
?I FORMAT (45I-I 496 K ELECTRON-I?4 GAMMA ANGULAR CORRELATION/

GO TO 40
32 PUNCH 33
33 FORMAT(45H 496 GAMMA-124 K ELECTRON ANGULAR CORRELATION/)

GO TO ¿10

3I+ PUNCH ?5
35 FORMAT(45H 496 GAMMA-124 L ELECTRON ANGULAR CORRELAT¡ON/}

GO TO 40
40 K=K+1

GO TO l,28gl4rI6rl.8¡201 ¡K
28 PUNCH 2
2 FORMAT { I4I.I RUN NO O 1 / I

GO ïO t+2 /
14 PUNCH L5
15 FORMAT (15r-r RUN NOo 2/l

GO TO 42
16 PUNCH 17
t7 FORMAT ( ¡.51-t RUN NOo ?/ |

GO TO 42
18 PUNCH 19
19 FORMAT (I5H RUN NOC 4/T

GO TO 42
20 PUNCr-r 2I
2L FORMAT ( 1.5I.I RUN NOO 5 / N

22 M=M+l
K=0
GO TO 42

42 READ 4r(Y(J) rJ=1.c7)
t+ FORMAT lF5.?l

'DO 5 tr=1o7
B=B+X ( I l
C=C+(X(Il*X(Il)
D=D+(X(Il*XlIl*X(Ill

5 E=E+(X(I l*Xl ll*X( I )*X(l I I
P- ( A*C*E t+( ( B*D*C'tf.zo l- {C*C*C¡-( D*D*Al-( B*B*E ¡

Q=0u
R=0 o

S=0.
DO 6 [=1e7
O=Q+Y { I }

R=R+(X(tl*Y(Ilt
6 S=5+(X( I l*X( I l*Y( I ) I



T=(O*C*Et+(R*D*Ct+(S*D*B)-((C**2.1*S,-( (D*tZ. r*Ql-(EtR*B, 50

u= ( A*R*E )+( B*S*C l+( C'ÉD*O l-(C*R*C )-(D*S*Al -(E*B*Ql
!= ( [*(*$)+ ( B*D*Q t+( CrRrB I -( C*Q*Ct-( R*D*A)-( S*B*Bt
AT=T lP
BU=U/P
CV=V /P
PUNCH TrAT;BUTCV

7 FORMAT (3F10.4}
CALL PLOT llr90¡r180¡r9otlrro5rlo5rl0orlo I
Z=O.
I=0
AA=75.

I I=I+1
AA=AA+15e
CALL PLOT (grAArY(Il)
PUNCH 9r I rY( I,

9 FORMAT ( l6rF1O.4,
Ay=AT+(BU*X( t t )+(CV*X( t t*X( I t I
ER= (AY-Y( I ) l*( AY-Y( I ) t
Z= Z+ER
lF (I-7) 8r1O¡10

10 EZ=SORTF (Z/ ( A-3 t | |
T1=SORTF ( ( (C*E )-(D*Dt t* ( lC*E)-( D*Dt I
T2=SORTF( ( (ArC)-(CrtCt t*( (A*Ct-{C*Cl I
T3=SQRTF( ( (A*C)-(B*Bl t*( (A*Ct-(BrBt I
EAT =EZ*SOR TF lT I /P I
EBU=EZ*SORTF (T2lP,

, ECV=EZ*SQRTF(T3/Pl
PUNCH 7 TEATTEBU¡ECV \

BB=87 " 5tl BB=BB+2.5
BBR = BB*6.2832/360c
BBRC = COSF(BBR)
BBRD = BBRCXBBRC
AYC = AT+( BU*BBRD)+(CV*BBRD*BBRDf
PUNCH 12 TBBTAYC

l2 FORMAT(2Fl0c4)
CALL PLOT f9rBBrAYCl
IF IBB-180¡) l1rl3t7?

I3 CONÏINUE
C4= 18./35.*CV,
C2= l2o/ 3. )xBU+ 15. /2.*C4l
CN= AT + lC2/2.1-(3t/8cxC4l
PUNCH TrCN;C2¡C4
C4E=8 " /75. *ECV
CZE= SORTF ( ( 4o /9o*EBU*EBU ) +(25 o f 4o*C4E*C4E l,
cNE=SQRTF( (EAT*EATt+( 1r /4.*CZExCzEt +(9r t64t*C4E*C4Et t
CNN=1.
C2N=C2 /CN
C4 N =C4 /CN
PUNCH 7¡CNNrC2NrC4N
PUNCH 7 rCNE ¡CZE ¡C4E
N=1
PUNCH 26 rN

26 FORMAT ( I T. }

CALL PLOT (7I
GOTO3

25 CALL EXTT
END .
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Consider the sample output given on the following page.

The output data is given in the following order :

The title of the experiment, which the progranmer

preselects, is typed out. This is followed by the coefficíents
a, b, and c. The experimental data (which has previously been

read in as input data) is typed out to insure that the proper

data has been read in. The integers l, 2 ... 7 refer to the

angles 90o, 1050, 1B0o rr>spectively. Note that the

experimental data has been normalized to unity at 90o

i.e. (I). The computer errorE in a, b, and c folIow. The

coefficients a, b, and c are used to compute the values of the

best fit curve W( 0 ) through the data. The angles and the

corresponding values of W( 0 ) are typed out for the angular range

9Oo to 1800, at 2Ðro intervals. The coefficients Cg, C2 and

C4 are then given. These are followed by the normalized values.

In the final line of the output, the e-rrors in the coefficients
CO, C2, and C4 are given.
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496 K ELECTRON-I24 GAMMA ANGULAR CORRELATION

RUN NO. 2

o9908 -.4356
I 1.0000
2 .9810

. 3 .8600
4 .867 0

. 5 .9450
6 .9080
1 .941 0
n 0306 .2rO9

90.0000 .9908
92 " 5000 .9900
95.0000 .9815
97.5000 "9835100.0000 .9781

102"5000 "91L3105.0000 .9634
107.5000 .9547
110.0000 .9453
112.5000 .9356
I15"0000 .9257
117.5000 .9161
120.0000 " 9068
r22.5000 . BgB3
125 " 0000 .8907
r27.5000 .8841
130.0000 . 8789
I3?_.5000 " B7 51
135.0000 "8721137.5000 .8718
140"0000 .8725
I42.5000 "8146145.0000 " B7B1
147"5000 "BB?.7150"0000 . 8884
152.50 O0 .8949
155.0000 .9020
157.5000 " 9095
160.0000 .g17I
1ó2 " 5000 "9245165.0000 "9315167"5000 .9379
170.0000 "9434
172 " 5000 "9419
175 " 0000 .9512
177.5000 .9533
180.0000 "9540.9254 -"0625

1.0000 -"0675
.0908 e 1687

.3988

. r632

e \-/Y I- I
.Uì/tt?
.0317
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APPENDTX B

The program described in

the analysis of the angular

due to White (12).

this appendix was

correlation data.

also used

The methodl-n

1q

This program uses the data at the three points, 90o,

1350 and 1800, to solve the system of three equations

w(ei) = co * CZPZ (cos ei) + c4P+ (cos ei) r i = I, 2, 3.

This gives the three coefficients C6, CZ, and C4 directly. The

statistical errors in these coefficients are also calculated.

The number of coincidence counts, with background

subtracted, is entered as input data for the program. This

data is entered in Format F5.4.

Consider the sample output given on the page following

the prograJn. The first line gives the input data as in the

previous program. The data is not normalízed as in the prevíous

program. The coefficients Cg, C2, and C4 are typed out, followed

by their normalized values. The statistical errors in these

coefficients are then gíven. As in the previous program, the

coefficients Cg, C2, and C4 are used to compute the best fit

curve. The angles and the corresponding values of w(o ) are

typed out for the angular range, 90o to IBOo at 50 intervals.



*FANDKl6O4
zzFoRx5L

' K=0
þ=176o

' l0 READ 1 rA
READ I rB
READ 1 rC

1 FORMAT IF5.4I
, PUNCH ZrArBrCi 2 FORMAT (3F12.4|
I AA+( oOO9r24)*( (42.*Al+( 5óo*B)+( 7.*Cl I

AB = (oOO9524t*( (-90.*Al+(40.*Bt+(50¡*Cl )
j AC = ( ¡OO95241*( (48.*Al-(9ó"*B)+(48.*Cl I
. PUNCH 2rAA¡AB¡AC: A2=AB/AA
I A4=ACIAA
i CALL PLOT ( 1r90¡ r L8O. r4 .5 c2.5 r.5 ¡1o5 rl0. r ¡ 1l
,A=A+D

B= B+D
C= C+D
A2N1=Ax ( 90.+ ( 42.x A2) ) *( 90.+( 42.* AZI I
A2N2=B*(40o-(56oxAZl )*( 40¡-( 5ó.*AZ ),
A2N3=Cx ( 50.- l7 o*AZl, * ( 50o-( 7.*AZl I
A2NS=SoRTF ( A2N 1+42N2+A2N3 }

A2E=11./ ( 105.*AAt )nA2NS
, A4Nl=Ax{49.-142"xA4 ) )JÊ(49._(42"*A4f I

A4N2=B*(96 e+( 56.*A4 I ) *( 96c+( 56.*A4l )
I A¿+N3=C*(48¡-(7o*44) t*(48 c-17 c*A4l I
. A4NS=SARTF(A4N1+A4N2+A4N3 

'A4E= ( L " / | I05.*AA ) I *A4NS
, PUNCH TtAZtAt+

3 FORMAT (2FTO.4}
: PUNCH 3¡AZErA4E

AT=1.-(I "/2c lxA2+13./8o )ttA4
BU=( 3" /2. )*(42- | l5 o /2.1*( A4t t )
CV= 135" / 8o l *44
PUNCH 2tATrBU¡Cf---
BB=85 o

I I BB=BB+5.
BBR = 88*6.28?2/360.
BBRC = COSF(BBRI
BBRD = BBRC*BBRC
AYC = AT+(BU*BBRD'+(CV*BBRDITBBRD}
PUNCH I rBB¡AYC

8 FORMAT I2FIO.4I
CALL PLOT (9rBBrAYCt
IF (BB-180. I 11r17¡L?

I3 CONTINUE
CALL PLOT(7I
K=K+ 1

GO TO (10r10r10r15rl0r10rl0rt2r14)rK :

l5 D=30c
. GOTO1o

12D=45c'l GO TO 10
14 CALL EXIT

. END
I

5l+



785.000(,)
760.0r52
-.06I U

.0387
I. O32g

90.0000
95.0000

100.000Q
105.0000
110.0000
115.0000
l2ù"c000
125.0000
t30"0000
135.0000
14U.U000
145.0000
150.0000
155.0000
160.0000
165 " 

0000
l7O"OOOO
175.0000
180"0000

148.0Uû0
-51.7L53

-.ûo3u
.0410

-.0907. ,\^^ôLtvSZO
L.v5¿¿
l.û30I
L. v ¿() I

I .0220
r .l I / -l-.vlO¿
1"Uu93
1.0016

Ô^- t.>>)!
.9842
"975,)
.9 66u
.9574
"9494.9424
" 9367
ta514
cYlYö
.9 2Bg

1 ç6. OU OO

-2.2857

^tât-.uJ.rI
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