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ABSTRACT

The excited states of Gd 154 obtained from
the decay of Eu 154 have been investigated. Precise
measurements of the energies and intensities of the gamma
transitions have been made, using Lithium~-drifted Ger-
manium detectors. A revised decay scheme is presented
in which all the gamma transitional energies agree with
the corresponding energy differences between levels to
within 1 Kev, A 1263.3 Kev level is established by the
presence of a gamma transition of 892.7 Kev. Two other
gamma transitions of energies, 903.6 Kev and 582.,1 Kev
from the negative-parity levels to the 2+beta excited
level have also been discovered, The proper locations
of the 995.9 Kev and 1004.5 Kev in the decay scheme are
confirmed by a gamma-gamma coincidence method using a
Germanium detector and a NaI(Tl) scintillator. The
energies and intensities of the internal conversion
electrons and the beta transitions have been measured
by an intermediate image spectrometer. Their values

are quite-consistent with the established decay scheme.

Theoretical values of the energy levels and
the branching ratios for gamma transitions have been
calculated, using the Asymmetric Rotator Model (J.P. !

Davidson's treatment). The 'stiffness' parameter of



the nucleus M and its asymmetry parameter " obtained
are 0,402 and 11.52 degrees respectively, Comparison
of the experimental and theoretical energies of seven
positive-parity levels gives a root-mean-square devia=-
tion of 1.5 %. Three out of the four experimental
brénéhing raﬁios are in gbod agreement with the theo-
retical values, 'The monopole transition probability
for the transition from the O+ beta excited state to
the O+ ground state measured also agrees with the

present theoretical calculation,
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ABSTRACT

The excited states of'Gd_154 obtained from the decay
vof EQ.164 have béen‘investigatéd. Precise measufemémts of fhe
eﬁergies and intensities of the gamma transitions ha?e‘been‘
made,‘using Lithi?ﬁ—drifted Germaniunm deféctérs. A revised
decay scheme is'pfesented in which all the gamma transitional
enefgies‘agree With the édrresponding'energy differences
" between levels to within 1 Kev. A 1263.3 Kev.levei is
establisﬁed by.the presence of a gamma tfénsition of 892.7
Kev. Two other gamma transitions of energies, 903.6 Kev and
582.1 Kev from the ﬁegative—parity 1eveié to'tﬁe ot peta
excited level have also been discovered. The proper locationé
of the 995.9 Kev and 1004.5 Kev in the decay scheme are
confirmed by a gamma-gamma coincidence method using a
Germanium detector and a NaI(Tl) scintillator. The energies
and intensities of the internal conversidn électrons and -
the beta transitioné have been measured by an intermediate
imége épectrometer, Their values are quite cOnsistent with

. the established decay scheme.

Theoretical values of the energy levels and the_
'branching ratios for gamma transitions have been calculated,
using the Asymmetric Rotator Model (J.P. Davidson's

treatment). The 'stiffness' parameter of the nucleus U and its
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asymmetry parameter Y obtained aré-0;402 ahd‘11.52 degrees
reSpectively. Cemparison of the experimental and theoretical
energies of seven positiVe—parity 1eve1§ givésva root-mean-

© square deviation of 1.5 %. Three out of the four experimental
.branching fatios are in good agreemenf with the theoretical
valués.vThe monopole transition probability for the transit-
ion from the OV béta excited state to the 07 ground-state

measured also agrees with.the present theoretical calculation. ’
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CHAPTER I
- INTRODUCTION

:"The descriptidn of a nucleus is éssentially'a'
complicated-mahy—body problem Which has not reached anyi
precise.solution.zTo simplify this pfoblem, several phenomeno- .
logical models have beeh proposed. The commonly known one is
the 'single-particle shell model‘l), whiéh views each‘nucleon
(protén or neutron) in a nucleus to be moving under the
action of an average poftential contributed by the other
nucleons., As a quantumnmechahicalxconsequence, the nucleons
 shou1d be moving in definite 'shells similér to the electrons
vin an atom. The number of protons Z or neutrons N which
completes a given number of shells is called a magic number.

This model predicts successfully the spinsband
parities of most nuclei at the ground state. Fof nuciei»whose
»Z:and N Va1Ues arz close to the magic hﬁmberé, good quanti-~
tative agreement in low-1lying energy levels with experiments
can be obtailined. However, this agféement déteribrateé aé Z
or I funs away from the magic'ndmberé. It 1is e§eh_worse
when one considers heavy‘even-even'nuélei whbée maés numbers

A are within the range 150-190 or greater than 228. In this
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 *éasé, thé individual nﬁclebnic motion givéS»way té the-more
predominent motiqns of the nﬁcleus as é whole, i.e.'the
'colléotive rotation and vibration. A colleéti&e model based
- on the=1iduid-drop model was proposed by Bohrg). Thus the
rsdrface osciliafion or vibration of the nucléus is accounted
,for.by the hydrodynamic behaviour of a liquid drép; Also
vbecause of the interaction of single particle and closed shells,
déforﬁation in the eqﬁilibrium shape of~thé ﬁucleus from
spherioél symmetry bedomes pdssib1e3). This defqrmation'gives-
.rise to the collective rotation of thebnucleus. Consequently,
the energy level scheme of the nucleus consists of vibrational
levels which are further split into rotational bands.

On the other hand, the nucleus caﬁ be considered as a
rigid rotator, which gives rise fo pure rotational levels.
The rotator is then softened fo yield surface vibrationé,_énd
therefore, vibrational levels. The shape of thé rigid rotafor
_  is thé equilibrium shape; that<ié the Shape at zero vibratién.

“The collective model described above has been under ;L

great theoretical development in the past_few years; notaﬁiy}
by A. Faesslef, W. Greiner,vR.K. Sheline; A.S. Davydov énd ;

' 4)-.16) : ’ S -
J.P. Davidson . The current interest lies in the
Getermination of the form andAmégnifudé of the-fotationf
| Vibratioﬁ interéction which éccoﬁnts for ﬁhé'discrepaﬁQy

' between energy level calculations and experimental mneasure-
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- ments. This discrepancy is expected to be more pronounced
for nuclei having nuclear mésses 1ying near the ends of the
- A ranges mentioned above, and Gadoijnium 154 is one of the

typical examples.

The excqted states of Gd 154 are often obtained from
the beta decay of Europium 154, the latter isotope being
flrst produced by Schelchenberger using neutron—capture
:process. Intense invéétigation on the deoay scheme was started

~in 1957. The first detailed deoay scheme was established

- independently by J.M. Cork et 3117) and F.S. Stephens.et a1]8),

uszng beta spectral analyuls and gamma-gamma coincidence work.
19)

Similar investigations nave been done by B.S. Dzelepov R

20) and 0. Nathan et a121). Thé transitional

B.V. Bobiijn
energies determined by the above authors vary appreciably, and
their intensities have wide ranges of unoertaﬁnty The reason
for these can be eagsily appreciated when considering the
,»complexity‘of-the decay scheme, and the presencé of Eu 152
impurity which has a decay_scheme}not 1ess-complicated than
thét of Eu 154; Ii should also be noted that the electron
conversion peaks of Eu 152 are»similarvin energy and intensity
to fhose of Bu 154, awvd that the héutron—capturé process
favours the production.of Fu 152 over Eu 154. Cther methods of

source production have so far been unable to eliminate all

impurities.
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: ﬁeta—gamma‘andbgamma-gamma bprrelabibﬁ'@etbodsfhavé
'éince then been employed in the invesbigétion by se?eral
- 22)-30) - -
authors , aiming at 1) to confirm or improve the
_ established_decay scheme, 2) to determine more precisély the
reduced gammairénsition probabilities, and 3) to.find the
forbiddenness bf each beta transition in tbé decay energy
continuum; These are essential for verifying any proposed
nuclear model and for)finding‘the matrii elé@ents of the beba
transitions. Othér methods sﬁoh as life-time measurements
for specific gamma)transitions3l), 4 -counting for K-Y
T30 _

coincidence work , investigation of the decay of short-

33) -
lived Tb 154 to Gd 154 , and Coulomb excitation for producing

34),35)
higher excited levels of Gd 154 have been exploited.
Howevef, all experiments rerformed to date suffer from.poqr
resolution of the gamma detectors (Nal scintillators), whidh
severely hindérs the analysis of'a complicatéd gamma spéctfum..
Althoﬁgh the usé of coincidence metbods may hélp in such aﬁ
analysis, it is only practicable when dealing-with relativeiy6
strong-gamma peaks. Finally, extérnai beta conversion methd@3 )
(the photoelectron process) has been used. It improves the
reéolution, but again suffers from lack of ihtensity._b .
| ‘With the newly developed Libhiaderifted'Germanium'
, debéétors in the laboratory of bhé Physics ']')epar’t:mén’t:,‘_U_”.B.C.).vJ

- are-investigation of the decay of Eu 154 becomes more’
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' promising, since the resolution of ﬁhesé detéctors is tén_

timeé better than that of the usual Nal scintillators. In

the present work, the author appliedbthis new téol together

~with an intermediéte-image beta spectromefér to.obtaih more

accﬁrate energyAand intensity data for thé gamma trénsitions

in’the'decay of»Eu'154. These data were then qsed to check

.the validity of tﬁe collective modei proposed and developed
_ i 10) -16) o

by Davydov, Filippov, and Davidson . The results, as

will be shown later, provedfruitful.
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CHAPTER II

THEORY
- §1. The Collective Models.

. - 2) V
Bohr's hydrodynamical model , which borrowed its concept

. ffom the 1iquid—drop model, forms the basis of the present
theory. B& conSidering a nucleus to be a drop of charged 1iquid,
the followiné éséumpﬁions immediately appl&:

1) the nuclear fluid is incompresSible and has constant
mass density. Conséquently, the nuclear volume‘is an invariant;

2) the'nucleué is capable of sufface osCillatiéns which
can be described as small simple harmonic motiors; and

3) the restoring forces contributing to the oscillation
" are the surface tehsion and the Coulomb repulsion.

The surface of the nucleus can be'&ritten as an expansion
in spherical harmonics as shown,

R(B.4.0) = R, (1 +A2#a(t)wm,ﬂ(e,¢)) - (1)
where RO is the nuclear radius when in spherical configuration
and a(t)xﬁ$i aré the distortions from sphericél Symﬁetry.

It can be easily seen tbat ﬂ(t)AJrepresént thevdimension—
less distance variables; and from‘expressions of Simple harmonic

motion, the potential and kinetlc energies become,

fl

' .é.}\z,,rél\la(‘t))\’FIZ | B .- - (ga)

o I
1



*reépectivély; whére’Bh»is fhe méss'coefficieﬁﬁﬂand CA, thé
constant for restoring forces.: _ | | |
It was shown by Rainwaters) that\a’singlé particle.

mo&ing in a pétehtial well had:a lower energy 1if the well

wés defbrmed thén if it wasvsphericél. This“single—pérticle-
éhell éffectvmakésit pbssible fdg the 'liquid drop' to be
nbn~sphefical’at ecuilibrium. Hénce.we can assume that a
permanently deformed;(ellipsoidal) shape exists in the nuéleus.
Subsequently,Awe can attach a new setvof_coordinate axes along
the three principle axes of the deformed body.'This new
coordinate system S' can be related td the laboratory cbordinate
system S by Eulerién angles, 0,9 ,,63, such that z'-axis 1n 3!

= z'(8,,6,) in S and z-axis in S = z(8,,m8,) in S'. The

5

variables in system S' can then be related to the corresponding
37)
variables in system S by a unitary rotatlon matrix as shown

38)

2(1

H,,,,(e), (8)) = (81:8,.83) (3

It should be noted that the assignment of syétem S' is
- not unique..Resﬁricting to righﬁ—handed systemé, there are-24
ways'of.choosing system S' with its axes.alongfthe priﬁciplev
. a#es_of the nucleus. This will_beAdiscﬁssed.latér'(é?)
Considering only the quédrupole‘case (i.e.A% 2), for
- the time being, and dropping the sﬁbscfiptk?_eqﬁafion (1)

- becomes,



~or in Cartesilan coordinates,

R=R (l+axx;—l+ayy 1;+sz = +2Qxy +20yz X—;+2“zx E%;)
(4b)
with the relations,
axx + Qyy + Qzz =0
Q+2 =|%% (0xx - Qyy + 2iaxy)
LS N (%)
afl = _81_T£ (O'ZX + iayz) .
a = [t .ZGZz ~ Oxx ~a
% Tms ( yy)
For the system S
4 1 t
G,xy = ayz = O.ZX = O
Therefore, we can write
' \ B sinvy ! \
a = Q = ——— Q = = a = )
2 2 B > % 1 =05 BcosY (6)

whereﬁ ,Y are newly defined variables indicating the tdtal
‘deformation of the nucleus and the deviation from axial
Aéymmetry resbectively.

~and making uée of

,8)

1

From the equations (2a),(2b) and (3),
the orthonormal and time derivative properties of DF
37,p73) the

see ref. potential and kinetic energies become

ic 7

[ W
Q
=
N
]

1,2 o |2 = e f7
g |3 e g e

1 S a2 . 2
2322‘;@ sin (‘Y—k )ijj

;.

[

1 3Trot' S (8.
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-Whéfe‘j,k =1, 2 53 ére fhe>éubs§ribts fof éoéfdinaﬁé axes, and
Qi quJ i is the angular velocity compoﬁent along the pr1n01p1e
axis k (see ref. 2,p.12) Also note that the first term of T
is the vibrational part and the’ second term, the rotational part.
The next step 1s to find the Hamlltonian operator, for
which Pauli's method39) is used as follows:
Lef (IHJv==(§,Y,Gl,92,93) be the B—Qimensional
curvilinear space; ané
1, = ILLB23281n2(Y—-2Trk'/3) , - '_ ! (9) .

which from (8) is just the k-component of moment of inertia.

Then the square of the differential interval of action is

- - 2
% G, df,d(l, = 21dt
and from (8)
= B2dﬁ2 + B252d'}’2 + zk, Ik?’qﬁjdEi% ' : (10)
‘Therefore, r B , o ‘
2 Bzﬁz , O
Ilzqd“ ' . : N
G = ) L5 2 (1Y
. } J 2 . :
o - 13295,
N /
The determinant,
'lGll = 55 sin (Y 27/3) sin (Y tr/3) sin ('Y 21r)0(8 ) v
= uBSBSSmZW Q(8,) o ' (1) |

" where

ep- P

/
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' The Hamiltonian can then be found,
H=T+V-= %Zl}ﬂa9 + v | 13)
| | » Jal QD-GFVQQ. _
The potehtial energy operator, -
: A

=g aw

The Qibrational énergy operator,

[E T & W I

vib w—j‘m Gue oKL, | .
- Loghy L1 1 3 o>
2B {B“ P 0B BY sin3v 27 sin3y v} (15)

The rotational energy operator can be 51mp1y expressed as

follows without using equation (13),

X 2,,\2 A2 A2 2 3 A . ’ .
AR R | +£.3_} - B Z L (16)
ot 2 (1; I, I3 8B2F32kzlsin2-(’)’—21rk/3) ,

“where the component angular momentum operator,

A

R N v
e = L& (17)
{.e. moment of inertia X angular velocity, c.f. (8) and (9).

Hence the Schrodinger equation becomes,

vib rot

(T .. +T _+9 ){p(ﬁ,v,ei) = Y (B,7,8)) | (18)
ts solution is deferred to 82, |

So far, we have only considered A =2 case. A-—lqglveb no
contribution, while A= 3.has beeh,treéted‘by Davidson1 ), which
wiil be outlined in §3. No evidence-exisﬁs for any levél
corresponding toA> 3.

»Further development in the colléctive modele?n ?e

' -9

- separated into twc branches. Faessler and coworkers consider-

ed the deformed nucleus to be an axially symmetric ellipsoid, .



‘~11f.‘
_ - - 10) -16) » .
"'while Davydov and coworkers ~ treated it as axially

asymmetric. Only the latter will be discussed, as 1t is a

general case and reyresents the latest deveiopment.
&2. The Asymmetric Rotator Model.

v:The asymmetrié rotator model wés proposedvby Davydov

and Filippole), and developed by Davydov; Davidson and many

_ 11)-16) ' ; .

_others . It is a continuation of Bohr's model. The
.differéhcebin concept'lies oh the recognition of a fixed axiailyv
asymmetric nuclear‘shape. This implies that the shape parameter
¥ is no longer a variable. Hence, in finding the Hamiltonian
operator as shown previously (for A= 2), we need oply a 4-
dimensional cutvilinear space, i.e. (!%) (p,e ,@2,6 ). From

equation (13), it follows that the vibrational energy operator

is simply,

A W21 2 3 Co
o Tip T, B3 0s Pap a9
Note that .
B
2 2
¢ = |0 TiZ29; - o | o
/ 2 - (20
: IZZJq2j
) , < 2 S
o, 13% q33
g .

ﬂ 

he rotational energy operator is still the same as in
equation (16); but the potential ehergy operatbf is slightly
aitered to take into account of the deformation from spherical

-equilibrium shape, i.e.
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A | 5 L DR - S
V=3, B-B)T @
where the constant ﬁois the total defbrmation parameter when
the nucleus is not vibrating (i.e. in pure rotational states).

Consequently, the Schrodinger equation becomes

3 ~ |
[Ff1 a2 ik }+lc B_B 'Z]ﬁe\
[ {ﬁ3 9p( 9;3) Z{ uﬁzsin2(7-42wk/3) : : 2! » °)_ qy( e

= £ 5.8, @

A : A
Since only the operators Lk are functions of the Eulerian

angles 91,3 —1 2, 3, the above equation is separable. Let

| ?L(ﬁ_,ei) =d g ®» @
‘then, A - ‘
[E%SinZ(v_znk/a i E(L)]'@L(ei) -0 @Gy
and ‘ - : o R
¥ 1 832\ + 1o (B.p 32 MZ : 8y =
[ 5, B 95( Z) + 30,58 *ppr €0 EL]cgu 0 e

where €(I.) gives rotational energies-of the asymmetric rotator
in units of MQ/(MBgéz). o

| To solve equation (24), one needs.to7choose é set bf 
bbaSLs vectors, the simplest of whlon is that of D (g) ,ifﬁé

rotation matrices, because

£% o8 =L@+ o) s
~ L U A | - o |
Lz DMK(Bi) =M DMK(B:'L) | , - S (26b) -

A
L

3 Dy (8)) =K MK(B) _. (260)

0

-where the Subscript “eiers to S systom and 3— z! refefs to

'S sysbem (see pef. 38 D. 64;
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:Since thé basis.vectors‘LMK)¥=Dhﬁ(ei) ,éfevexpliCitly
knéwn and so are thevoperators:ig,‘the mafrix elements,
<LMKI ﬁ%lLMK') , f§r a given value of L aﬁd of M can be
“calculated..Consequently;-for a given valﬁé'of the shape

parameter v, ;
: N 12 LMK | LEILMK! >
3’:1 s_in? (Y—ij/?:)

. " A ,
(LMK | Hp, o | LMK? (27)
can be caléulated.
However, since the nucleus is not axially symmetric,
K is not a good guantum number. Hence, the state vectors of
the nucleus have to be mixftures of the basis vectors, i.e.
. _
1M > =2, A TMK ) | - (28)
oK=L R , :
What is now left is to determine the coefficients AK
and the elgenvalues Q‘Uﬂ in (24). The eigenvalues can be found

. . A . )
by diagonalizing the matrix Hro But before dcing that, the

-
matrix dimension can be reduoed appfeciably by considering the
symmeﬁry property of the coefficients AK. As was pointed out
inrél that there are 24 ways of assighing the system S' to the
nucleus so that the coordinate axes_of S' coincide with the
priﬁciple axes of the nuCleus.IThe wave-function of the nucleus
’A sﬁould be independent of the assignmeﬁt. Therefore,lwe expect
some symmetry relations among the AK'S; Which can be found

cas followsy
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The 24 ways of assigning S! can be intérrelated'by three

. : A A A ' A
rotation operators, Pl,Eé,Pg, such that P

1 produces a rotation

4

of = about y'-axis; Pé,a'rotation of /2 about z'-axis; and
%3, a rotation of 2x/3 about the axis equidistant éngularly

. - . - C N . i_ A A .
from the three axes (ref. 40", p.110). Apply Pl,Pg on

A\

T _ . L ~
Dy (0) = JIMKD> © , we have
' PllLM}Q = exp iw(L+K) | LM-KY ' ~ (29a)
. ) - _ , |
PoILMK > = exp (imK) | LMKy . (29Db)

As L and K are integers, applyling on|LM) giVes rise to four

cases:

A A~
1) PllLM> = +{IM> , P2\LM> = +|LM?
5 P l'LM>Y -y, Py = + LMY
1 - R : (30)
3) 'ﬁilLM) = +lLM> 'ﬁg\mfo = LM >
- 1) p JLMY = J\LM) 1'52|LM> = _|LM>

These four cases belong to éhe our irreducible representations
of a D2 group, eagh to each, and therefore cannqt be mixed
together.' |

| For case 1), from (29b), K must bé even énd from (28);

(29a),

A= P A =g (31)

It follows,

- for 1=0: K=0, A = +A,=C,, dimension of H

o 0=Co> rot N1, [ LM > = CJLMOY
for r=1: K=0, A = -A_=0, N=0, \'LM‘>=0
for 1=2: K=0,2, A = +A,=Cg, Ay= +hp=Cp, N=2,

\LM> = CILMOY + Co(1LM2Y +1TM-25) /2

ete. : : '  - S ,  :  S :  (31a)


http://must.be

SR

' Similarij, it follows for éases é);3) aﬁd'4)? However, from
the level structure of even-even nﬁéléi,nonly cases'l) and
'2) apply; i.e. 1) for the quadrupoie case ( A =2 ), and 2)
for fhe octupole case ( A =3 ). |

| Now the éigenvaluessN(L) can be caléulated. Then by
,éubétituting'iN(L) backrinto the matrix eqﬁation, the
coefficiehts C can be determined. The solution of equation
.(24)‘is thus completed. |

(The computétibns above and what follows were done by
the IBM 7040 computer.)

To solve equaﬁion (25) for tﬁe vibration energy levels,
the sole technique is to transform the equatlon to a simpler
standard differentiai equation by changing thé different
variables and constahts in the equation. This was done in.ref.

12 and 15. It proceeds as follows:
Let 6 [3";-_ o : - ' - A )
QLB =B u B | | (33)
Then (25) is reduced to

Jadi + - = 2
5B Jp2 WLN(ﬁ) ELN] ULN(B) , _ _~ﬁ§§)_
with boundary condition ULN(O) =0 ; and the potential energy
operator,

| o1 (B8 2y N2 0y 4+ 3P o
wLN(B) 3 c2(B B+ ¢ (L) + e . ‘(34)
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Let ﬁé be the value of B when wLN(ﬁ) is a minimum, 1i.e.

oW 81 _ o . 3
- = C,(By-Bo) - “ , (Ey(D + 3/2) = 0
or Fo ' _ .
By = By + — A (e (1) +3/2) (35
- 2B,C,B; > '

Then ﬁ; is a new tofal deformation parameter at equilibrium.
- s o : 2 a /o t ' s s

It d1ffer§ from B, by H (£N(L)+J/2)/(2Bzc2603) which is
obviously due to the rotation-vibration interaction.

Further, define

pt = %2 /(ByCoPe ) L - (36)
and ) 7 = ﬁo [ (Bot) B | ‘ ' (37)
(35).b¢cdmes 74 _ % 73 - (g,(L) +3/2)/2 =0 (38)

The parameter p measures the stiffness of the nucleus against
vibration, and is characteristic of a nucleus. After choosing
a sultable value fof r s (38) can be solved numerlcally for 2.

Also, introducing'

2 =2*+ 3w v3/ RN
y =2y(P - Po) /B o » (40)
D,(Zv) = Uy (B R (50

the equation (33) is reduced to a standard form,

2 S o
d°n, (12 y) L
S s (@2V L A (J2y) =0 (42)
where vn=%izl) is a quantum humber detepmined by the.

—

5T_bgundary'cpndition ULN(O) =0 . ot Dy(_J2 zi)ﬁ= Q.;' ; ) ,(u3):5



17-
The eigenvalues for (42) are

| Eran = Moo {(”n+ 2) (Zl/Z)2 En(D43/2 [1 4 Ey(D)+3/2 ]} EENCE
_ , : L}ZZ : 972

‘where wOV=JTZ;§é

The valueé vrlféran = 1 and for n ; é were computed ahd.

tabulated_és fuhcéions of Zi in refs. 14 and 41. Here n = 1

feféfs to. all the levels belonging to the gfound state beta

‘vbénd, and‘n =2, tovtﬁe levels in the first excited beta band.

it is aiéo ciear thaﬁ N is the level order for a given L.

The levels corresponding toN22and n= 1 are.often called

the gamma vibrational 1evelé:in another,modelg). The eigenvalues

Ernn  calculated are in arbitrary energy scale. Therefore, in

the present caléulation, the following ratio was chosen for

each level LNn

ELNn E'Ol]_

E211 E0].1

§3. The Octupole Caée in_the Asymmetric Rotator Model.

The treatment of the octupole case (A =3 ) in the
asymmétric rotator model is compléfely inlparallel with the
’ quadfupole case { A =2 ). There are only two points which
give rise to different mathematicai expréssions:

a) Instead of the expressions for a;'Qhaz,;l,o,l,a

’~ _Vgiyen in equation (6) of €1, we have

n " " " : B ' . _
= %37 0, ao=:ﬁ cosV"-_Qig=(§"I§)sinvv o (H9)
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.Therefore; the three moments of inertia become_

1 V 7" ' 1 A'n '
I, = uB,B 2(sin27 +JI-é sinY cos’)’“+ —E—;cosz.'}’")
1 3. .2 27
T 1" 1" k31 1" 7" ‘
I, = uB P 2 (siny -IE% sinY cosY + %coszv ) (u6)
" . , ,
13 = UB. ﬁ SlI‘l'Y . »
and the rotatlonal energy operator,
A ]7{2 3' flz : : o _
rot . £ " ' ' ' :
2;:) I o : ,

© b) As mentioned in §2, the symmetry eeﬁdition of the
coefficients AK's in octupole case is derived from the case
2) of equation (30). Hence, from eguations (28),‘(29a), {(29Dp)
again, K must be even and
- (Lt A B Cwe
The forms of the.potentiallahd vibrationél energy opefators

are the same as in equations (19) and (21), i.e.

<>

=1c, B - B)° S ‘,'(99')

1 T [3 T 0
vib T 2By 33 g (- ) B (§ ?

a8}

 The Methods of calculation following this are exactly the
same as in £2.

Finally, it should be noted that the shape- parametew yi

. . ra ’vv_ " -1
and the stiffness pa_ametec Az [b (BBCBY] are in |
general dlfferent in values from 0% and p in the quadrupole case

' as these two cases are qulte unrelated Also the parltles of
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- the gquadrupole and octupole cases‘are_neCeSsarily positive and

‘negative respectively.
v§4. Calculations of Reduced E2 Transition Probabilities.

~ Since we;are considering deformed eﬁen;even nuclei,
iarge quadrupole moments are to be expected This should lead
to very favourable electric quadrupole (E2) tran81tions
between the various energy 1evels. The results of these-
caleulations when compéred with experimental data should
-provide a sensitive test of‘the validity'of thie'model.
The general expression for the gamma transition

probability perAunitetimevis A
8 (L+1) (Q 24+1

E) B4 L

:ng ) 1{(2“1),'!]217(-

where the emitted photon has energy We and angular moment um

AR

j; the angular momentum of the initial and final levels ere
~given by L. and L respectively; and B(/’Ii'>iE) which is.'.'
energy indepeﬁdentiis cailed the reduced transition prebability.
For.EQ transitions due to the quadrupole moment”QZF from'ev'
state |IMNn) to a state ILMN'n S :
B(E2;LMNn —> L'M'N'n") —|<L'M'\1'n'| Q2}A]LMNn>]2

'Summiwg over all final states with respect to M' and avereging
the initial states with respect to M, in order to omit-; |

' polarisation

BFZT 'N'n _—;‘l. !/rttt 2 ‘
( Nn —» ['N ST Z L*M'N'n |Q lLMNn)[ . (52)A



~20-

‘The eleétric quédrupole moment sz shpuld be in the 1aboratory
system (S-system), but it takes a'simpler form in the body-
fixed systen (S'»system),. the transformation from S' to S being
as usual o _ | |
Qgp= 2504 D5, (8) (53)
(c.f. eguation (3)). DNow assuming that the nuclear charge

| density is a constant in the nucleus, i.e. = ze/(4ng/3),

then the quadrupole moment in the S'-system is Just

Qév = QZE.@v[r 'Zy(e',;f') sin ©' 46! a¢!' ar

LRy
RS .
= constant -3-Y2V(6',ﬁ') sin 6' det ag'"
where R'(8',4',¢) = RO[}+ Z;gzy(t) sz(e',g') - (54)

(c.f. equation (1)). Therefore, neglecting higher order terms

of azu(t) than the first, we obbtain
Qdy = %fh 5 R agv(t)
and from (6) Jze (0”1‘ C
) = LT R ’9 forpys= kgl (55)
_ sin ¥ *2

From (53) therefore,

sz = %m_, RopP [D;focos)" + (Dﬁ +Dﬁ< _p) sin /2]
3&0

= 4 B ﬁ'qL({ (56)
Subtlbutlng into (52), we have |

B(E2: LMn-—>T'N'n' ) =

2

2 2 |
%Eei’(z]m)Rg h>, K' e (R (Pm(}? >< Lt | B, ()| L) |
(57)

where the last two factors represent-the vibrational and the
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rotetional parts respectively.

From equations (31la), we have

I
_ ~LN LN L L* © 4y b R L¥* 28
]11m> col oy + K§:2‘, o5 (D + (-1) DM~K)//2 (58)

Hence the rotstional part can be calculated., The expression
in terms of Clebtsch--Gordan coefficients C(jlj2j3 ; mlm2m3)

when properly normalized is as follows

I Y ~ T — - .- l ] 2L - 1 .
<L‘VIfI'N'|FP~(‘o N> = c(L2Lty M) S

. ;L -.'
{[cfg'f‘“cgN ¢(L2L';000) + 1?‘;’ oy ol o(rzn;xox)]cos ¥+

-32{(1 w (Y bR o(rantiz~2,0) ¢ (L4 (-1)P)egNel M (Tan; 02

+J’é§ op, b CMC(L?L K, 2,K42) 4 LZ cJ'l\’ CLNC(LQL’, (-2,K-2)] sind

(59)
) For the vibrational part, we must evaluate(ﬁZMIFIQQN> =
Sf@,in the notation of Davidson (15). Recalling equations (32),

(37), (40) and (41), we can write
C.PJJN(F) :ﬁnB/ZD‘U (\[é-.Y) and (;leNl (F) = ﬁ /ZD))/ ( ‘/—Y'\
where y = zl(/34ipoz - 1) and y' = Zl'(fZRQZ - 1)

Thus, Ppy :ﬁﬁj/ZDi/Q?—‘(ﬁ"[% - 2y)] =(5"3/2D»[F —LZIX . ] (60)

7
and  ©p.y, :,'3/21) [ (x - /,i)] 6
with X = /’[ﬁ/up (62)
Therefore, the matrix eLement‘<<P ,H.(@)“ﬂ N(ﬁ >
0
N ys Jn E/“\ X - Al_]JB D [[2(7Z ~ 711_)]/33“(5
NN (Hz.z'/a') L, | (_63)

where ﬂ,d@ is the volume element, and the function.
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I, —_—/ D, JE(x - 21)] x D [f‘(zﬂ - z)] ax o (68)

The normallzang constants N,, and Nv are defined from

N%szv @ylep = QLPOZ/Zl)jDE(@y)dy =1

Thus, N3, = (Zy/u21,) - (65)
with I, = /D%,((Ey)dy | ' (66)
- Hence T _ A , |
. ’ 2,5)
[<Qp o @p| Penp D2 = (212,/22) (g Vﬁ)‘*%‘;p
- 7Y (7 113 I ' 6
(ﬂPO)(Zl/ ) ( /é ) lp»Iu (67)

The explicit expressions for I, yrp @nd 1, were worked

out by Davidson as shown below and programmed (41).

@
L ) :
1, = [220+))e expf -+ (x%+ By Gee2) 5142 Gorzy )X, (x)
L X, (R, (x+29)-2]) dx | ' (68)

where R, = 2,2'/22{ , )

“ = k k
and X,(x). L > ()7 3 (e-v) (2x)

F(-—-‘D)r (1 l) k=0 k

I,(27) =1, + %ﬁ-]?w-l) +ﬁ§[H(l§i’) - H(1+ "/2)] / ul{-0) (69)
where H(x) = d/dx(In{{x)) '

Thus, returning to equation (57), the raﬁio of two
transition probabilities can be computed. Of course, this
is only applicable to Z2 transitions, corresponding to the
A= 2 case. For the'ﬂ = 3-case, 0iscussion is -omitted on the
ground that no transition between A= 3 states is observed in

the present experiment.
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§5. Other Forms of Electromagnetic Transitions.

Two possible forms of electromaghetic transitions that
' caﬁ compete with E2 transition ate.the M1 and EO, It-was shown
by Davydov et allO)_that M1l transition was forbidden in a
symmeﬁric rotator (i;e. when y = g ), but not in an asymmetric
‘ : ' L2)-4u)
rotator. The 1atter_was then pointed out by Tamura et al
ﬁo be incorrect, that is bofh CasesAare Fforbidden. Theréfore,
cnly EO Transition needs to be considered.

An EO transition is only possible between two states of
the same spin L. Since no.photon carries an angglar momentum
zero; the EO transition only works through the internal eiectron
converslon process, The absolute trénsition‘probability,per

45) -

unit time Was given by Church et al as ,
T(ED) = _(L(O'“ o , | e
where f1 is the eléctronic factbr involved in the transition
vamﬂ fzthe nucléar,fapfor. Only tbe K-conyersipn is impoftant
in this case, and hence Q. was-plotted agginst:ﬁhe transition
enepgy'by the above authors. f is just the matrix element
corresponding to the vibrational part of the E2 transition*
.(no rotation). For EO transition from a beta band (i.e. the
Vfirst excited state, n= 2) to a ground rotational stéts

(n= 1), (see ref. 16)A

i *Frant ) BT n () >_ TG?? | (71)

* Only consider transitions from beta vibrational band.
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where z = atomic number.
(32/40) @LIIHAF% @Lmﬁﬁwgdﬁ
3z/umak N\[ Q“L;hé_ - z'i]?D HE - zlj]dﬁ

and with tne same substltutlonq which led to equatlon (67)

Thus 6

i

but with Z2 = 2', and % = Zi, we obtain

S

2 = (3/810)2 (npz/zq )% L8d0) ' L
or §F = (s Qpl/B)T (o) , (72)

(3z/4m)quz/zl)3myy%{5y@§(x-zlﬂ x2 DNz (x-41)] ax

The overlap 1nteéra1 I, (O)
»/G) H\(X~Z )] x< D gh(x Z])]oy
~E226}+”)] J&Y4Z 2%2(x)dx (cof.equation (68).

Functions 1y;0) and I,(0) are given in (69).

The monopole btransition probability T(E0) is usuzlly
compared with the E2 transition provability from the same state,

T(E2;0+ —2+). From (51)

T(E2) = g e 3 )2/ ﬁ;{] B(E2; 0+ —>2+)
Iy T 5 oo o

= E2 B(BE2; 012 011)

75465 v B 111 117

Lln LNfr

where E, is the energy of the emitted photon. With E,in Msv
¥ g : v

and with eguations (57), (67), and (72), we can write

T(EO) _ (p)? 02 7/7-15 7033 IW(Z) 15, V(O)
T w5 e o

(78)
where P, ¢ is the rotational part of the transition probability

computed by (59).
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Since B0 transitions may also occur between ahy-two
states of the same spin and parity, equation (78) may easily
.be altered to aﬁply to these. For example, for tranéitions
between states of the first beta band and similar spin states
of the ground state band, we can write for the ratio of the

transition probabilities between the same states
b)

L(BO) (1t g (kp)? 02 12,,(0)

BTy ip > Y1 ¢ ) == (Z/Z )2 LY o

T(E2) F’ gnd 2.53X1,O9A4/3E% 1 121}'”(2) Prot |
(see reference (16)), _ . (78&)

Although several transitions from the negative parity
levels (A= 3) to positive parity levels (A = 2) have been
- observed, no theoretical transition probabilities have so far

been worked out to avcount for these.
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CHAPTER ITI
THE DESIGN OF EXPERIMENTS

In nuclear spectroscopy, the types of problems that

~are commonly involved are: to construct the nuclear decay.

séheme of a radiocactive isotope, to determine mechanisms
of transifions from one nuclear state to another, and
consequently to underétand the nucleus by mbdel fitting.
The energy levels in the decay scheme of a nucleus cannot
be measured directly. They can_only be determined by making
‘use of the energy’transfer in transitiohs between states.
The physical observables involved in a transitioﬁ, which
are usually measured, are the kinetic energies of the
'emitted particles during-the transitions, the intensities of'
_emission of the particles either in polarised or unpolarised
conditions, and the time correlatior or directional correlation
betweén'a pair of emitted particles. The_pérticlés referred
to here are alpha-particles, beta-particles (electrons and
ﬁOsitrons),‘neutrinos and photons, . |

In the'pfesent experiment,-we are édncerned with the

- deca

.-\/:

of Eu 154 from its ground state to the excited states
of the:daughter nucleus, Gd 154. During each transition in
f,the decay, an electron and a neubtrino are émitted. The dé—

~excitation of each excited state so formed -may result in the =



emission of a photoh, br an eleptroh_tﬁrough'an_internél
cbnveféion process (see §2; Chapter 6), or a positron-electron:
pair if tﬁe energy transfer is:greater‘thén,l.b22 Mev. Since
'fhe 3eqtrino créss-seétionof nﬁcleqnsjs neXt to zero Giddﬂgm;),
ﬁhe on1& measurable particles'qsing convéntibnal techniquesi
are the betas ang the gammas (photons).

The.methods fqr investigating ﬁhe beté and gémma
fransitions vary from one experiment.fo another. The determin-
-ing faétors fof‘usiﬁg the different methéds lie primarily in
the nature of the transitions of the chosen isotope (e.g. the
energies of the emitﬁed particles), the specific need for
further examination of the isotope, and the technical limit -~
- ations sﬁch as exist on the efficiencies and resqlutions-of
the detectors available and on the speéd of the electronic
. system. Strong emphasis has to be placed‘at the last point,
because spectroscopic work relies essentially on the precision
of measurement.

As stated in ﬁhe Introduction, the'decay of Eu 154
' haé been ihvestigated by several workers, and.éOnseqﬁently é
rough skeleton of the decay scheme has. been established for
some time. The problems 1eft over now are:

1) to determine the energies‘énd inténsities of 311
» 1£he:transitions accurately enough so aé to,makeLa meaningful

" identification with an appropriate theoretical model.
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t‘é) to séafch for new weak'transifiéné that'have not
- been found before, and, if any, to éssigh them.to their
propér pbsitions in the decay scheme; and

| 3) to cheék those parts of the decay in which there.
afe-disagreémentsori@éertaintiés in eafliér investigations,

"With the above considerations in mihd, fhree methods‘

of investigation were employed fof the present work, the
gammatsihgies sbectroécopy; gamma -gamma cdinéidence work,
.and beta spectroscopy. They ére separate1y discussed in the

following three chapters.
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CHAPTER IV
THE GAMMA SPECTROSCOPY

: §1. General Considerations.

It was menﬁioned in thé’previous chapter that the de-
1excitation of an excited state bf'Gd 154 to a lower state may‘
be carried-but by the direct emission of a photon, or by an
‘ihternal Conversioﬁ process, or by interﬁal pair‘pPOduction.

- In this chapter, only the direét gamma eﬁiééion’will be treatéd.
The other th ﬁrocesses will be considered along With‘beta
transitions in Chapter ©.

The éhaﬁge of states in a nucleus in the process of
de-excitation corresponds to the sudden alﬁeratidn of the
charge-cﬁrrent distfibution Qf the nucleus in drder to.

' facquire a lower potential energy. In éeneral, this alterétiﬁn _
 1is‘equiva1ent to sudden switchihg on and‘off-of a combinaéioh
of électromagnetic.oséiiiators, and thustending out a égb?es
of'electromagnetic waves with various;multipolé orders. Théée
waves or radlatlons can be separated into two groups, the’“.a
»electrlc multlpoles (EL) and the magnetic multlpoles (ML)

The multipole order L is Just the angular momnntum in unl;s A
carried away by each quantum of radiatlon (a photon);”The.'-

‘-fpafity of an electric multipole radiatioﬁ;_isjdefihedyés
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,vv_vE;(ﬂf*! From Makwell's equation:
V) B - - HH(E) ,
and 6(—?)?@(—?‘): _% };{(_?)’ . - - 799
~£) =-¥

and since V(~B) (r) . , it implies that for the same

\

v
\

. L; the_electric field and the magneﬁic field are of dpbosite
- ?érity.JHence, the parity of a_méghetic ﬁultipole»radiation
| is M - *(~1)L . .7 |
Nof dll‘fhé components of the'multiﬁole radiations are
equally'preferred‘ih each transition. Their presence is
restricted by a few selection rules as shown bélow:
1. In order to conser?e‘angular.momentum; the following

triangular rule must hold,

i)

- Ip< 1 E [Ii'-f- If] | (80)
“where I;,Ipare the.total angular momenta.in units ¥ of the
» initial and final levels in the transitibﬁ fespectively.
2,.Conservation of parity during the trahsition must.
be obéerved.
3. From the expression for transition probabilitieé
~ with multipéle'érder L (c.f. equétions (51)‘ahd (56) in
 Chapter 2), the following factor.can be éxtracﬁed,

RO R

_where'ﬁ.is the wave length of the emitted radiation. Since

. the ratio R,/A is very small.even'for'several:Mev transfef .
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of éhergy, only tﬁe term with 10Wést'order Qf L is sighificant
in each transition, |

4.-Again from equatién (51), when L = 0, the transition
probabiiity, Tiugld becomes infinite,'which is impés#ible.
Hehce;jno:elethqmagnetic fadiation.can be expected ﬁith‘zero
muifipole order; \' | |
5.;Fofbthe same L, it cén be shown that the.magnetic
" padiation is weaker than»the electric radiétion by a factor of.
@/cf(seé ref 47 p.592); where v i$ the épéed of motion of the
charges in the nucleus.

In collective models, another seiection'rule duevto
rotational quantum number K 1s added, i,e.

L2|Ky - Kl - (82)
However, in asymmefric rotator model, since K 1s not a good
~quantum number, this K-forbiddenness only hinders the transition
but doesnot forbid it.The hindrance is expressed as,
Vv = lKi-— Kfl‘-—L - - (83)

According to the asymmetric rotator model described in
Chapter 2, ﬁhe bredominént multipoile radiatioﬁé in the gémma
transitions of Gd 154 are agaih 1imited tb E2,:consistent'with
the above seiection rules. Experihental.détefmination of fheA
tybesléf multipole radiation Péquires.ﬁheiknowledgé of internal-

conversion data, and hence will be treated in Chapter 6} 
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Meanwhille, we will proceed td deél ~ with the means of meésur;;

ing the energies and intensities of these gamma rays.
§2. Interaction between Gamma Rays and the Detectdrs,

When é phbton enters a detector, several thihgs can
habpen. The bhoton energy may be coﬁpleteiy absorbed by an
| electron in:the déteCtor. This electron then moves about in thé
vdeteoﬁor broducing ioﬁ pairs or luminescence until it cbmes to
rest with its energy spent.AThe ion pairs if collected by a
pair of electrodes will give a charge pdlSe whese magnitude 1s
linéarly proportional to the electron energy. Similarly, the
lﬁminescence if collected by a photomultiplier will give a
pulse proportionai to the 1uminiscent energy; Thisvproceéé“of
complete energy-transfér from a photon to a détector is called
photo-absdrptibn. The peaks in an energy spectfum obtainéd
from this process arethus named ﬁhoto—absorption peaks. If the
gamma-rays are mono-energetic, a.single peak should be
observed which is ideally Gaussian invéhape,

On the othervhand, if a photon interacts with an electron
énd‘is itself écattéred out of thé deteofor, fhen the energy
of‘the photon abéorbed by the electrbﬁ is bértial.’The amount
of-this.parﬁial energy (i.e.'the élecﬁfon récoil enéfgy; Ee)-

varies with the scattering angle 9 as given in the equation s



=

>Ee(e) = Ey[lxm 1/(1 + ;g%_(l—cbsé))] i (Bﬁ)

where Ey 1is the initial photon energy and 8 is defined as

shown below,. ‘ ' _ Ee

A

The recoll electron then meets the same fate as that described

<+

scattered photon)

in the'previous paragraph. This process of partial transfer of
eﬁérgy is called.Compton scattering. Since 6 can be any value
between 0° and 180°, the energy spectrum thus obtaineé for
'mon0~energetic incident gamma rays is known as the Compton
continuum. This continuum extends from “Ee(90)==0 to E, (180°).
Hence, the Compton edge (upper edge of the continuum) corresponds
to fhe case in which the photons are back-scatteréd.

Another process which'has been mentioned-before-is
pair production. When a photon with eﬁergy greater than twé
electron mass enters fhe EM-field of a nucleus in the defector,
the energy may be converted intq matter by lifting an electron
from aAnegétive enefgy state to a positive energy state aﬁa
1eaving a 'hole' or positron behind. Thus an electron-pOsifébn
pair is created. The positron is often stoppéd_and’annihilated,
with an electron in the cefector ylelding a pair of phdﬁoﬁs
of enefgy 0.511 Mev each. Therefore,'a double—éscape pégk éf

*;'énergy,_
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fcah be obtained, if both photons escape from the detector.
HoWever, if one of them 1is re-absorbed in the detector, a
_Single—esdape ﬁeak of energy,

Tse T {

E = (E, - 0.511)'_Me"v - - (86)
\ ' - o :

is formed. A

§3. Gamma—ray Detection Assemblies.

The first gaﬁma-fay defeétion assembly.éonStructed and
intended for the present work is Shown in figufé 1. It ﬁakes
use of the princible of Compton back-séatteriﬁg. Gamma rays
from the sodrce S were collimated by'the cylindrical lead
blocks A and B, and travelled through the_aluminium tubing to
 a Lithium-drifted Silicon detector which has a depletion depth
of 3 mmfvand an active volume of 0.15 c.c. Some of the photons
were stopped by the detector and back—scattered to the block
of pléstic scintillator molded in the.shépe of a cylinder.

The Silicon deﬁector was cooled‘by a copper brush dipped in 13

: DeWar'of 1iquid‘nitrogen SO as ﬁo_achieve thiﬁum resolution. -
Thé.plastic scintillatof‘Wasviewéd by fodr photb@ultipiiers
-whiéh were adjusted to yieidrﬁhe same,Charge'multiplioatién
faétor.bThe outputs of the photomultipliePS‘were tied té one

~cathode follower stage as shown in figure_z.lEach event. was

'fff_defined by the coincidence between a pulééifrdh the detectOP  .
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» Fig.2 . Electronic circuit for the gamma spectrometer.
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7 and a pulse from the photomultipiiéfs; Thé oufpgfvfrom'thé'

: detectér corresponds to thé recoii eheréies of the electrons
-'infthevdepletion region.'This output was stored in a 128--
“channeivkiCR sorter after being gated by the coincidence

- pulses. Therefofe, each count recorded by‘the kick éortef
'éofreépénds to'a back-scattering event, thejﬁack-scattering
-angle_beingjlimitéd to a range 1572180° by the cone in the lead
'blodk C. A spectrum of Cs 134 was then taken as shown‘in |

figure 3.-From §2, the peak positions of the'spectrﬁm are élmoét

éﬁ the positions of the original Comptoﬁ édges. It can be seen

from the spectrum that the rest of the Compton continuum is

highly suppressed by the coincidenqe system,‘which is the

beauty of this assembly. The fesolution as quoted on the figure

is fairly gbod. It is achieved bécause in the range of back-

séattering anglés aécepted, the enefgy of scattered electron

is almost independent of scattering aﬁgle. The only drawback

in this assembly is low efficiency.

'By the time the above assemblyAwas tested, Lithium-
drifted Germanium detectors were available in this laﬁoratory.
Sinée_the latter faf exceed the fbrmer iﬁ resblution and
effidienqy, the gamma experimentsbweré theﬁ'perfOPmed by using
" the Germanium detectors instéad.’Hoﬁevér; it:is intéresting to

'npte that the above'assémbly prOvides'ahmethod of gamma
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detection based‘oh a quite different principle.

The Germanium detector assembly is shown in figure 4.
ATwo rlanar-type detectors prepared and mounted by D.A. Dalby
have been used one after the other. The first»detector has a
depletion depth of 5 mm. and active volume, 1.5 c.c., while.
the second one 1s much bigger, having a depletion depthﬁofj
7.5 . mm., and aetive volume, 5 c.c. As usual, each detector was
mounted in a vacuum chamber and‘cooled.by a cold finger. In
this case, because of the special preampifier circuilt used, the
detector bias had to be negative. Thﬁs the P surface of the
detector‘resting on the cold finger was eieotrically insulated
from the latter by a thin sheet-of nylon. The N surface (i.e.
the Li surface) was in spot contact with the gate terminal of
a field'effect.transistor (2N3823) and a feedback lead through
a 500 Mflresistor as shown in figure 5. Tbis figure presents
the first stage of the low-noise preamplifier used. The super-
high input impedence provided by‘the field effect transistor
significantly increased the peak-to-noise ratio when compared
with other low-noise preamplifiers using cathode follower input
stages(e.g. Ortec 101XL and Simtec P-10). The preamplifier
output was conneoted_to a Time Constant Box with 1 psec.'rise
time and 10 psec. decay time, and then to a low-noise amplifier

~and a 1024 -channel kick sorter. Using a detector bias of -600 v.
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'fof thé first detector, we obtained a reéoiutioh»éf U Kev at
abéuﬁ i.3 Mev of energy or belqw; while wiﬁh.a bias of -1000 v.
for the second detecﬁor, ﬁhe resolution was 3.5‘Kev inbthe

same energy rénéef Theée afe {1lustrated iﬁ_figuveé 6 and 7. 

'It is élso cleaf‘that the seéond detéctor.having a iarger active
Qoiume_gave a much better ratio of photo-absorption peak to

- Compton continuum,

%M. Sourbe Preparationiand Mounting.

The Eu 154 source was prepared from 2 milligrams of
Europium in oxide form, which was enriched to 98.76% of Eu 153.
The oxide was sealed in a quartz capsule and irradiated for 7
days in the Oak Ridge NationalILabOfatory reactor to yieid
about 5 millicuries of Eu 154 by neutron-capture process. A
small quantity of the irradiatéd‘sogrce was introduced into
a miniature beaker and a few drops of pure chcentrafed
hydroéhloric acid were added to obfain’a chloride solation.‘_
Thé solution was evapofated tQ dryness under a tungsten lamp
- to remove the ekcess acid, and when_cobl the chloride was
diséblved in disﬁilled water. It wés re—evapofated and then

diésolved in distilled water again. | |
| The purpose of changihg the insélﬁblé'oxide ihtq the

"soluble choride is mainly for preparing.the'beta sources.,
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But it is'also cohvenient ﬁdfpféparé gémﬁa Séurces ffomvliquid
fdrm,'becauSe.the radioactive gtreﬁgth éan.ﬁe éasily"cohtrolled
in this way. | B
o A drop of the iiquid waé'dried on an IBM cafd cut ihto,
aicifcﬁiar disc Qf 1 inch diameter with the drop at fhé cehtre.

S SN - -
The source was then sealed with scotch tape and mounted on a

. ' - ' ' card source
lucite ring as shown. Several sources ‘t:\\\\ S'

were prepared with varidus strengths.

The other sources used for Lucite ring

energy calibration were also prepared in the similar,way.
§5. Experimental Procedures.

The experiments were carried out_at three separate times
using the Germanium detectors described in §3, and the gamma
sources prepared as described injéu. At eéch time, a 40-minute
run was téken to obtain the gamma spectrum of Eu 154 in a
'1024—¢hanne1 kick sorter..This‘w&s*followed by 10-minute runs
.fér various célibration souréés inclﬁding Co 57, Co 60, Cs 137,
Na 22, Mn 54, Ba 133, 0s.134, v 88, RATh, Hg 203, and Am 241.
Thérposition of the source holder relative to the detéctor
~was fixed on an aluminium frame, SQ that évery Sburce couid
be1p1aoed'at exactly the same position; Hence, no cbrfeétion

f  for the detector geometry was necessary.‘(Actually,Athere is
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'»no Way'ﬁo.dn this, as every Germéniun detéctorvhas its ownb
peculiar effective geometry;) Then,‘in.ofder to obtéin better
information on the weak peaks, an ovér-night run of the Eu 154
.spéctrum was repeated, and so also a longer-period run fof |
each of the weaker calibration sources. From the beginning to
ﬁhe end, the conditions of the'electrdnic System suph as the
amplificaﬁion, threshold and bias voltage were kept constant.
The 1oss percentage indicated on the kick éofter was not allnwed
to exceed 5 in all the runs. If it did, a new source position
had to be located. Special care was taken to ensure no time |
shift in the electfonic system when the short-period runs
were taking place. This was done_by using a suitable célibration
source as a probe. (Na 22 was chosen for this purpose.) Spectra
of this 'probe' were taken at the beginning and the end of the
short-period runs and also before tne 4O-minute run of.Eu.154.
Any shift in the two Na 22 peaks (i,e.'the 511.0 Kev and
'1274.6 Key)-would indicate instability in.the system and tne'
spectra then had to be re-taken. The output data from tné kick
sorter were photographed in polaroidlfilms for immediate N
inspection, and punched cut in paper tapés for further procnssing.
. The first experiment was done in Octobér, 1966,_in.nhich
the-Eu 154 spectrum was taken in tWo portions by means‘nf a

‘bias amplifier. Each channel of the kick sorter then corresponds
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f  to}siightly less ﬁhan 1 KéQ;HThese épectré‘géve.a finebpictUre'
'Qf the numbef and locations of ﬁhe peaké to be ekpéctéd. Also
' Similar spectra of Eu 15? were paken to check fbf.the impurify
of thislisotopé in.Eu 154, The peaks belonging to Eu 152 were "
xspég'$thédvout;\Uhfortunately, thevsmaller détector»(i.5 c.c.
»éffective volume)\waé uéed in this case, so that the inﬂensity-
meaSuremeﬁt Was not very reliable.

In ﬁhe séCond énd third experiments Which were done in
Decembef, 1966 and April,vi967 respeotivéiy, the bigger deﬁector
(5 c.c. effective volume) was employed, and much better results.
were obtained. Figure 8 shows a.typical‘Eq 154 spectrum on
'1ogarithmic plot..In this case, each channel of the kick sorter
corresponds to about 1.7 Kev of energy. It can be seen from
the figure that thé threshold of the kick sorter was set at a
- fairly high level. This was done so as to be able to elimimate
the very high counting rate of‘thellow energy pulses.

In order to be free from any possibie distortion in energy and
ihtensity at the 16W-energy}peaks due to thevthreshoid setting,
thé 1Qwer p§Ptioﬁ of the spectrumAwaé recalibfafed in a 400-.
channel kick sorter as shown in figurei9, and the inténsities
were-nqrmalised to the main spectrum. - | |

- The standard sources fof intensity'calibtatibn were:

- obtained from the International Atomic EnergyjAgency, Vienna.
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'They'include am 241, Hg 203, Co 57, Na 22,»Cs-i37,.Mn 54, Co 60,
aﬁd Y>88, covering an energy Pahge from 59.57 Kev to 1841'Kev.
o They'were-all spot sources, and; when the célibration Was-
_being performed, these sources'Were again placed at exactlyA
' tﬁe'samé positién as the Eu 154 source .. i
| Oné_imporgént reason for perfor@ing the experiments
ét:threé éeparate times has not yet been mentioned. By
examining the Eu 154 speCtra takén at the three different
periods; Welfound that some of the peaks were shrinkihg
with respect to the others, indicating-the pfeéence of some
short-iived impurities. fhese peaks, of course, had to be.
excluded.

The analysilis of the spectra taken will be discussed

in the next section.

'§é: Results and:Aﬁalysis.
After the vast amount of spectral data were plotted
out by thé IBM ccmputer, the peak poéiﬁions and the peak‘
oéqnts were-estiméted by graphical methods. It éhould be noted
that the peak shaﬁes were not-Gauééiah, so that the standard
Gauésiah,fitting could not be applied in the hObe_of obtaining
| more acCufate results. In spite»of'thé_oﬁly 3.5 Kev. full width

at half wmaximum, a long tall existed at the lower energy side -

7gf; of each peak as shown in_figure;? in’éS.{This Was”probab1y due -



to disloéations of impurities in thé Géfmaniﬁm crystal;'which
' océaéionally trapped some.eléctrQns:causing,iﬁcomplete
cblleétion of charges in each event. These tails gave some
difficulty iﬁ the ihtensityAestimation. Hoﬁéver; the counts
in a tail are ohly about 5 per cent of thé counts undef
ﬁhé rélevant peak; Assuming the taii counts are proportional
to tﬁe peak'counts, the error should not be too serious even
if part of thé taill ié neglected.

Another point to be mentioned is that, since there ére
S0 many peaks over the entire Eu 154 spebtrum,-it is quite
~possible that séme of these peaks might sit on some Comptdn'
edges, or single or double escape peaks. For this, all the
positions of the Compton edges; single and double escape
peaks related to those prominant'peaks were computed by using -
‘the simple equations (84),(85), and (86) given. in é2f Care
was taken in analyzing those few peaks iﬁ tHe vicinity of the
mentioned positions. |

For the energy Calibration, the'known—energy peaks used
.are listéd in table I. From figure 10, which shows one
calibration curve for the Eu 154 spéétrum; we sée that the = =n 3
‘ eléctronic system is fai%iy linéar. However, we_did not asSume
any simplé functional dependence oflthé énergy on the channel

‘number. Since the calibration curve is fairly linear, the
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2 Radi6nﬁc1ide Energy(Kev)f_ Radionuclidé. Enérgy(Kéﬁ)'
Am 241 59.57 s 134 . 569.0
Hg 203 130 | Rmamn | s82.0
Ba 133 81.0 Cs 134 |  604.65
Co 57 122.0 | ©s 137 . 661.59
Co 57 | 136.4 RATh 727.0
Hg 203 2791 ¢s 134 | 796.0
RATh 238.6 ¥n 54 835.0
Ba 133 276.0 = RaTh 860.0
Ba 133 302.0 Y 88 897.5
Be 133 355.0 Co 60 1173.3
Ba 133 383.0 | Na 22 1274.6
RATh 511.0 o 60 ©1333.0
Na 22 511.0 RATh 1592.4
Cs 134 5673.0 oy 88 1841.0

Table I Peaks used for energy calibration

f(obtalned from ref. 49 and other sources)
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t;;}ﬂfolioWing method bf linéér'iﬁterpoléfionvwéé éﬁhsideréd‘to
 be thé best way: o v  |
| | Let A,B,C,D be the known energy
vpoinps and X, the point to be

calibrated. Linear interpolations

were_Computed using‘the péirs_of.

known energy points, (B,C),E(A,C)
and (B,D), and these gave the results fof X as X(1), X(2) and
X(3) respectively. If these three values for X agreéito |
within 1 Kev, then X = X(1). If otherwisé, that secti_{m of
the curve was expahded.in a graph paper‘and X wés deﬁermined
by curve fitting.

| The above method, of course, depends considefably bn
_the accuracy of the»individual calibration peaks. However,
because so many known energy peakélwere being uéed, it wasl o
not difficult to‘check whether gny individual peak valué .

- -was up to the standard or not. No pulservwas used 1in theff 
present case, as bettér accuracy was not:expected from ité_ﬁ
Pro?idedvthat.the eﬁergiés‘listed in table i»afe corfecf ﬁqﬁ°
withih C.5 Kev, the veaks calibfated,in this way should-be“'
_witﬁin»l Kev. | |

The energies of fhoSe well—defined.peaksvin eacH _’»

4LO-minute spectrum of Eu 154 were thus calibrated. As“for-the
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_*Wéék peéks, caiibratioﬁ'had_to be éonéloh thé'ovef—night-ruh
spectra. In this case, the strong ﬁeaks of the same spectrum
acted‘as substandards. Conéequently, any time shift would |
- not affeét the ca1ibration, since the wholevspectrum would
ha&é shifted alfogether. o

The charabteristics of the standard sourcés'for
intensity callbratlonbare given in table 11, Wthh were
callbrated.at Zero hoﬁr GMT, January 1, 1967. The relatlve
stnength of each source at the time when its spectrum was
half taken was calqulated, and so wére the relative intenéities
corresponding td its gamma energies. The observed intensities |
of the gamma peaks were difectly measured from each spebtrum..
The ratios of relative integsity to observed intensity wefe
then plot@ed as a function of gamma ehergy as shown in
figure 11%. The curve is fairly smooth and is.just the in?éfée
of ﬁhé efficiencybcurve. The window effect sets in at aﬁout ._
>8O Ke&. It.is_due to the.obstructioﬁ Qf the N layer of phe ;ﬁ,
‘detector (about 0.5 mm. thick) énd the aiuhinium windbw‘ofvﬁy

the vacuum chamber (0.25 mm. thick). Using the graph_plottéd;

o« The intensity ratio at 81 O Kev was obtained by taklng.é‘.
Ba 133 spectrum The relative 1nten51ty of 355 Kev of Ba 133
was . found from the graph. Then we mulblplled it by 0 52 (see
  ;refv4o ) to obtain the relatlve 1nten51ty of the 81 Kev peak ’

'3and hence i1ts intensity ratio. -
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Isotope | Strength Half-1life Y—energy >Y—ray per.
' - ' disintegrat-
(HC) - (Kev) ion (%)
| Am 241 | 10.66 1485.1%0.5 59.57£0.02 | 35.9%0.6
| | years
Co 57 | 10.78 271.6%0.5 122.0 85.3%1.5
- days
Hg 203 | 21.77 46.57£0.03 279.1%0.05 | 81.5520.15
days
Na 22 11.46 2.60%£0.005 | 511.0 179.7£0.8
" years 1274.6£0.3 | 99.94
Cs 137 | 10.68 29.82t0.11 661.59 §4.610.6
| +0.076
vears
Mn 54 10.70 313 *1 835.0t0.3 | 100
days
Co 60 | 10.87 15.26%£0.00% | 1175.3£0.% | 1000.012
years 1333,020.3 100%0. 00
Y 88 10.64 106.6%C.1 897.5£0.5 | 92 |
days 11836.2 0.3 | 100
Table II 5 used for inténsity calibration.
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',£hé reiative intensities fer the eefrespoﬁding EuilSMlspeetruh.
wefe found by multiplying,the-observed‘iﬁtensities to the
correéponding ratios in the graph.

The celibrated energies end the relative intehsitiee
with efror 1imi£s were then presented in tabie III.‘The
»energies given are accurate to'within i Keﬁ. This accuracy
is-revealed in Chapter 7 when constructiﬁg the decay scheme.

The relatiﬁe intensities determined are faf»@ore complete than
£hose of'previous workers. The accuraeies of the energy
measurement s compare very favourably with those from cenversion
lines measured with high resolution spectromefers;

Scanning through table III, in addition to the well-
established strong peaks, we find that there are a few partially
familiar peaks, i.e. 86.86 Kev, 105.32 Kev, LAL,02 Kev, 557.96
- Kev, 692.02 Kev, 815.02 Kev, and 892.74 Kev. Among them, the
557.96 Kev and 892.74 Kev peaks have been observed by Harmatv
et 3133) in the decay of Tb 154 to Gd 154, but have never‘been
observed Ln the decay of Eu 154 The gamma 1ntens%ty of the x
'»692.02 Kev was barely measured by Hamllton et.al3 )u81ng the
external conversion method. The rest of the gram51tlone were
'known from the internal conversion data 2003 ).

In addition to the above, thefe are combletelv

-unfamiliar peaks, i.e. )82 11 Kev, Q03. 60 Kev, 1246, 16 hev,

"711460488'Kev‘andv1 93. 08 Kev. It 13»qu;teflnterestlng_to_flno
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Y energy Relative Intensity ' Remark.

(hev§ - ,

86.86 15.42 +1,%1

105.%2 | '9.70 *0.84 , - o
122.93 |  100.00 +2.44 Zul52 Int, subtracted
247.63 15.86 *0.72 Eul52 Int. subtracted
343,63 3,76 *0.29 . Eul52

444.02 ©1.56 +0.1¢

557.96 |  0.867%0.163

582.11 1.73 +0.16

591.61 10.51° 20.54

692,02 3,80 *0.29

722.90 ©47.%0 +2.05

756.71 10.36 +0.60

215.02 1.31 £0.22

872.62 | 29.%38 +1.3%6

892.74 1.23 t0.20

907,60 2,04 *0.23 ,

964.09 . 1.82 *0.25 | Euls?

995.94 24.69 *1.12
1004.50 ©43%.85 *1,92 _
1085.47 0 1.67 t0.22 © Euls?
1111.98 2,40 +0.24 Euls2
1246.16 2.27 *0.21 * %
1274.43 92.00 4.13 |
1408.16 3,29 *0.20 2ul52
1460.88 0.386%0.052 o oxx

11493.68 1.71 +0.11 B

1536.64 0.125%0.022 *%
1595.87 4,67 to.zz | |

o Transitions known to be belonging to the decav of Buls4

20), but cannot be fitted into the decay scheme.
C*¥ yeak peaks with unknown origin.
 , Table III Energies and Inten51t1es of Fu154 Spectrum.

(The second flgure after each d901ma1 1n

column one is pny51ca¢ly 1n31gn1f10ant )
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 f£hat:the‘firét twé'peaké fifvpéffé&tiy in£0'fhé debay>S§heme
':iﬁ:Chapter 7. The others still éanhot bé fitted to the known
levels. . .. | |

Among the very weak peaks, 444.02 Kev is shown distinctly
“in figﬁre 8, §5.¥The othérs were pldtted_again in an:ehlafged
éCale»as shéwn iSXfigﬁreglzf They‘aré all weli above the |
Statistidél'fluétuation.

It was noted in table IIT that a few Eu 152 peaks were
present due to a small percentage of this’impurity, Comparisgn
of their inténsities with those given in Nuclear Data Sheets )
i1s shown in tabléﬂIV. They agrée fairlybwell. We also expected
a small impurify mixing in the peaks 122.93 Kev and 247.63 Kev
due to the 121.8 Kev and 244.7 Kev peaks of Eu 152. The
contribution to the intensity by this impurity in each peak
has already been Subbracted. This was done by using internal
| conversion data calculated in Chépter 6 (sinée.the‘l21.8 K=
'peak of Eu 152 was separable from the’122.93-K2 peak in the

~ beta spectrum).
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Gamma -energy Rel. Intensity - Rel;.Intensity '
(Kev) | obtained from ref.l9
'343.63 3.76£0.29 (29%) LY
964.09 . .1.82:0.25 (14%) | 14%
1085.47 | 1.67:0.22 (13%) 11%
1111.98 | 2.4o0ro.24  (18%) j 15%
1408.16 3.29:0.20 (26%) 25%

Table IV. Gamma peaks belonging to Eu 152 impurity.
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A>CHAPTER. v
GAMMA—GAMMA COINCIDENcE SPECTROSCOPY
”§i. Genera1‘Con$iderations.

The ?ésults from the last Qhapter prqvide many interest-
Aingvaspecﬁs>which'require further ihvéstigation. They can
bé stated as'follows,‘

1) The 995.94 Kev and 1004;50 Kev peaks which have
néver been separated by previous workersvafe well resolved.
Therefore, 1f gamma-gamma coincildence should-be‘pefformed
- again, we expect to get conclusive results régarding’the
proper locations of these two fransitions in the decay scheme,

2) New peaks such as 903.60 Kev and 582.11.Kev were
foﬁnd,_wﬁich, as will be shown later, have suitable placés
in the decay scheme. But they need to be confirmed.

‘v3) Néw peaks such as 1246.16 Kev, 1460.88 KeV‘énd
1493.68 Kev were found, but théir origins are unknown.

L) Weak peaks such as 872.62 Kev, 815.02 Kev and
M44;02 Kev which have been reportéd fromtbeta'spectroS¢opio
‘measurements (e.g. refs. 20 and»36);have élso:beenseen in-this
- gamma specﬁrum. Their positibns in'the‘décay séheme'need to
13bev§dnfirm¢d. |
’ - A11 ﬁhe above boihts can belekamiﬁeé:beééhméQQQmmé

coincidence at least in principle. HoWever;»in'ﬁpécﬁioe,
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_ One'réquites much'sophistibation'in_the detection and electronic

‘systems such as an increase 1in the active volume of the

Germanium detectors, the use of multiparaméter kick sorters

_ etc. In view of the‘time cohsumption‘in doing gamma—gamma

coincidence wdf& and the present equipment availlable, we have.
for the time being limited our ébindidénce.expéfiments to
the first‘of the above four points, Results obtained are
guite conclusive, Theuexperiméntswﬂllf desofibed in-ﬁhe'next
sectioné.

The 1idea ofvgamma-gamma céincidence is simple and
straight-forward, Suppose there are two gamma transitions in

cascade as shown 1n figufe 13a, and the directions of

A
xl
8
(a) cb)
YZ
c N
Figure 13.

emission of these gammas are related by the angle © as in
figure 13b. Now if we placé two couhters or detectors atvtbé“
pdsitions_R and S respectively, the two gammas will be

recorded either simultaneously or in a small fixed iInterval,

. of time. However, the most probable angle of © varies

with different pairs Y\, and ¥, , so that the position ofFS"

relative to R has to be determined in order to gather &
~ maximum number of pairs in a given period of time. If the two

. gammas were uncorrelated, then any position of the .counter S
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relative to R will give equal probability in counting the

vpairs. In the correlated case, the probability is given by (50)
: N | |
w(e) = %;_0 AZhPZn(COS ) | ..(87)

where A, are oonstént coefficients, and‘PZn(cos 8) are the

Legendre polynomials, given explicitly by

Py(cos &) =1

v Pz(cos 8) = %(3cos26'-,1)

It

Py(cos 6) (3500s§6 ~ 30c0s26 + 3)/8 © etc.

Theoreﬁical evaluation of ﬁhe true counting rates is
not a problem in this investigation, because no variation of
the correlation angle € is in&olved in the experiment, and
in any.case, the results that will be presented later are‘so
unambiguous that reliance upon a theoretical analysis is

entirely unnecessary.

2, The Coincidence System.

The experimental arfangements are shown in figure 14,
The source was placed between a Germanium-Lithium detector
and a 1¥1% in. diameter NaI(T1) scintillator. The 1.5 cc. Ge
detector was used in this casé. ( It would have been preferable

to use the 5 cc detector, except that it was being used in other
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Fig. 14. The gamma-gamma coincidence system.
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';experiﬁents,) As usual ., theiSCihfilletor wes ih phote'cohtact_
wifh.a‘bhotomultiplier (RCA 5819) whicﬁ.wae blased at a
_ voltage‘of -lloo’voits. Outpuﬁs from the photomuitiplier were
‘»obtainea from the anode end the eighth:dyﬁede as showh in figure
15, The reasone-forrusiﬁg the eighth-dynode instead‘of the
:iaet dynode éfe to»Have'the output pulse height comparable to
.'the' cprresbonding one from the anode'output.and to achieve.
better 1inearty. The ﬁegative output ffom the, anode was used
for the purpose of fast eoincidehce. It was connected to a
cescade emitter follower in order to acquire enough power to
drive the fast discriminator in the following.stege. This
emitter follower does not need goed linearty, all that was
demanded of it was a fast rise‘time.(AZSO nsec.) and a low
impedance out@ut.
The positive-output from the eighth dynode was fed to

‘a white cathode follower, which has aAlinearity better than’
1%;‘With the given input RC—coupling,.the rise time and decéy
tiﬁe were found to be Q.2,¢see. and_BO'Fsec. respectively. |
This circuit aceepts botb positive and negative pulses equally
weli, and hence any overshoot wili not.cause eut off or other
’ distortion at the output. The outpat'pulses were'then amblified
by é_fast linear amplifier with doﬁbieedelayeline clipping. |
{AThese pulses wefe clipped to l'Hsec._in.with and were then

V*';fedeﬁp an antiwalk single ehannei'aneiyeef,(S.CQA;);'which-
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_ﬂeelects.the pulses correepohding tovthe'deeiredhehergy.in thef:
‘spectrum taken hy the scintillétor;.

| The fast discriminatorsconnected'to'the cascade:emitter_
| follower output is shown in figure 16. The negatiue input
pulse was amplified by the first two tranSistor stages ..bTheA
disorimination is controlled by the 2. 5 K!Lpotentiometer The
rresultant current triggered the tunhel_diode (1N37l6)_and
brought about a square pulse of rise time.lese than 10 nseo.
The low 1mpedanoe output was then obtained from the two emitter
followers in series. The Zenor diode lN752A was used to limit
the pulse height in order to match'the 1nput requirement of
the fast coincidence unit.

The low-noise preamplifier attached to the Germanium _
detector assembly is the same as- that described 1In Chapter 4,
The pulses for fast coinoidence on the detector side were
obtained directly from the preamplifier output before beiné
»shaped by the time cohstant box. These pulses belng poeitiue;“
an inverter stage was installed et the input of the‘follouihé
fast diecriminator..The‘shaped pulses_frombthe time constehtu
box were fed to & 128-channel kiok sorter via a low-noise u;
"'amplifier. . |
| ‘The rest of the units in_figure 1L constitute avfest_,
elow coihcidenoé system, whichboh0oses‘the éateipuleeeafor the

’:Lkiok-sorter,
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Fig. 16 The tunnel diode discriminator.
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§3. Experimental procedures.

A sourcé of Eu 154 with suitabiestréngth was selected
from ambng th@se pfepared earlief, and’mouﬁted on a 1ucite
suppért. The diéténges Qf‘the source from the Germanium

deﬁeéfor énd'the écintillator were chosen by taking the sihgle

| ‘coﬁnt rates'from the aetector and the scintillator respectively.
With the sourcé close to the aluminium window of the detéctor
assembly and ét a distance of 5 cm., from thé scintillétbr, the:
single count rates from the detector and‘the scintillator were

'0.7'x 100

cpm and 1L1 X 106 cpm respeCtively; These count rates
were about the maximum the system can ﬁolerate. Higher than
these would result in poor resblutibn on both sides.

The potentiometer of each fast discriminator was adjusted
to eliminéte most of the_baselline-fluctuations with the»help.
of an oscilloscope. The coincidence‘pulse.width of the fast
coincidence unit was set at 50 nsec. With channel 2 input
of the slow_cOinoidence unit switch‘off, the déléys in the
: fasﬁvCOincidenCe unit were variled until a maximum éounting
raté was obtained in the sdaler. Then thé chahnel 2 input was
swiﬁéﬁed on again, while the chahnel A inpﬁf of the faét
_ céincidence unit was switched dff.vAlsb’the'QuﬁputvOf the fast

,111hear amplifier was_conneoted‘to.the kick4SOrter.inputuin'
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-fﬁlaéé;of the low-noise.ampiifier.vWith thie'arrangehent,vthe
‘required energy peak from the scintillator to be used as the
kick.sorter gate control (hereafter referred as the gate peak)
'cohld‘be located. This was done by varying the base line(froé.
zero up) of the S.C.A, and at the same time watchlng the dlsplay
in the kick sorter, until the de51red peak p081tlon is reached
Then the Wlndow of S.C.A. was narrowed down to about 20 Kev in
"Width and the base lihe'was aéain adjusted to'aoquire theApeak
poeitioh and to obtain maximgm scaler counts. Finally, the
connections were restored to that‘showh in figure 14 and the
experiment was set going.

The system was allowed to run for 24 hours a day; and
all together:four runs were done oorresponding to different
gate settings. The total time taken was approximately 300 hours.

It was cheoked once iIn a while for any time shift by
counting the fast coincidence output and the S.C.A. output,ahd.
.h by prihting out the kick sorter data; If time ehift took plaoe,
the variable delays in the fast colncidence unlt or the base'
1ine of S.C.A. would have to be adJusted However, the | -
amplifications, bias voltages and the kick sorter threshoio_

never were altered throughout the four runs.
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éh. ReSults.

Results of the four funs are shown in the figures

173 b,c,d. Flgure 17a used 722 90 Kev peak as the gate peak

- and the spectrum shows clearly that 872 62 Kev and 995 9l Kev

\

iwere 1n 001ncwdence w1th 722 30 Kev The time for thls run was

77 hrs. 26 mins.

Whén the gate setting was brought down to the base of
the 722 90 Kev peak on the lower energy 81de, we got the
spectrum shown in flgure 170 in 61 hrs. 33 mins. This background

spectrum was composed of the accidental counts'plus the counts

" in coincidence with the Compton events.

_Similarly,'the spectrum in figure 17c¢ corresponds to

the gate peak of 591.61 Kev run for 85 hrs. 2 mins., and that

in figure 17d corresponds to its background spectrum run for

- 67 hrs. 37 mins. It leaves no doubt that the 1004 .50 Kev peak

in the spectrum is in coincidence with the 591.61 Kev peak.
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CHAPTER VI
THE BETA SPECTROSCOPY

1. General Considerations

ATV

. :\\

Thétfhéérgépreseﬁted in Chabter.E did not include beta
fransitions;nThe reasoné for this are two-fbld; Firstly, the.
measurements made with_ﬁhevbeta spectrometér give information .
onebothhthevprimary beta radiations bétwéen parent and daughter
nuclei and the internal conversion eléctrons. We are mainly
concerned wifh thé iﬁternal conversion.electron peaks.
Evaluation of the energies and intensities from the beta
continuum are only for the purposé of‘establishing the decay
scheme and as a check upon the transition intensities. Nd
' attempt has been made to determine the transition matrix
‘elements in the-beta decay, since this requireé directionalv
CQPPeiation work ésvwell.'Secondly, thé beta-tranéitions in
‘this case are from an odd-odd nucleus (Eu'154) to an even-
even‘nucleué, while the gamma tfansitions diSéﬁssed in Chapter
>2 using the Asymumetric Rotator Mbdel are ddnceynedeith an
even-even nucleus only (Gd 154). The ﬁwo cases are not thé
same.

In this section, we will outline somejdf the_features

B J:Qfof the beta transitions of an odd-odd pgfent ch1eus and then
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pass to the discussion of the internal conversion process.

Since Eu 154 is also a deformed body, the selection

' ,rules glven in Chapter 4,91 also apply In addltlon, we - have to

take into account an odd proton and an odd neutron Because
“of thls, the Nilsson Model for 1nd1v1dua1 nucleons in strongly
\. - 51) .

deformed nuclei is required . In this model, Nilsson considers

the Hamiltonian for a single nucleon in a deformed nucleus to

be . H=Hg +Cl.5 + DI ' (88)
where | MZ ,
: ! M, 2 12 2 ,'2 2 12
HO = - —Z-M- A + -z—(wx‘ X ~+ O)y'Y + wzyz ) . ’ (89)

is the oscillator Hamiltonian, and the other two terms are
the spin-orbit and orbit-orbit coupling terms. As a crude

appreximation, consider the deformation to be axially symmetric,
»i.e. v = w0gp = w (1 +c%2)
(90)

w, , = wo(l- 2€/3)

where ¢ is a deformation parameter. The_variables are then

changed to ’ .Mw Mw_, Mw‘,

. '(X",Y",Z”) - (X’IJ y A l7{2 )

It follows that  H = H, +H , +H, o SRS
- where H ., = lwwx,(—jx"z + x4, ete. ©  (9la)

 Hence H 18 diagonal in the representatlon, |1>Péﬂn3>

‘f~SUCh that ”, i> = (nl+2)ﬁw ,l l> ,etc. '_ ‘; . _ ' p"(92)



.'.v.c’onS.eqUehtly ' | Ho Inl)lnz)lln3>b=. : inl>v|n2>ln3>" : ’_ - (93):

with E, = (ng + Do, MCRE Do, (942)

‘Def.:'Ln‘é N =np + ﬁz + ng, ri_,_= np +ny , nz,,=n3‘and ffqm (90)-

| B, = Ho ((N3/2) +€(ns - 20,0 /3] ' (3ub)
.This_solution is known as thelasymptotic golution in the limit
of strgng deformation; and 1t is qbvious that the energy lévels
rely on tﬁe quantum numbers N,n,;, and n,n for a given deform-
'atibn‘barameter £ . Now let A be the'z"-oompénént‘bf the~orbitél
qﬁahtum’numbef, then |

A =n,,n-2, ... ,-n, +2,-n, - (95)

Thus for an odd-A nucleus, we expect that some selection rules
_Qn the gquantum numbers N,A and n, would appear. This is
indeed the case, and the seiection rules were tabulated by
Alaga for the matrix elements often used 1in calculating the
B-transition probabilitiés as shown in reference 52.

For an odd~odd nucleus, the selection rules mentionéd:'
apply'to bOth'the odd proton and odd neutron. In addition,;:’
the. coupling relations between these two odd nucleons ih'fﬁét'

‘ initial and final states wouid also give rise to new selebtiéh
rules. The details Werebgiven by Gallaghéf53). |

However, if one éoﬁpéres the reduced ﬁrénSitioh‘ 
.probabilities of two:tfansitions frbm thé same 1initial S%afe'
ﬁb‘different'members of a rotational faﬁiiy;jthen the,;ﬁtfihsic
"7gﬁaVé.fﬁnctions‘Qf the odd-ﬁu§1euﬂs are”ééh¢¢¥iédv§uf 1ﬁ'£hé |

‘ratio shown below, and hence the selection rules involving .
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"N, A and n, do not enter. Thus (ref. 54), . -

B(L,I3>Tp) _ [C(I4L TpsKy KeoKy,Ke) ]2 (96)
B(L,I;->Ip) CTL TposKysKp KoKt ) J

‘This equation is for axiallybsymmetricvnuclei. Fbr the

n>asymmetric case, mixtures of K terms should be included,i.e.
B(L,T;->1,) - [’% A C(I LT, 5K, K K ,K ) 1 | (57)
- B(L,Ii->Ipr) L%, AgnC(TilIrn:Ki,Kn Ki,Kp ) | .

;_It‘is‘well\known that the energy E, of each beta

transitiqh is shared between the emitted electron and neutrino
in ali poséible ways.:As a resulf, the beté spectrum for a
single Beta'transition is a éontinuum'with a definite shape

and an energy range, O-—Eo. For more than one ﬁransition,-the

| spectrum is a supérpoéition of all ﬁhe éontinua. Experimental
determination of E, is usually done by the method of Kurie plot
(c.f. ref. 55). From the Kurie plot, the component continua can

also be resolved. Hence the transition intensities can be found.
"§2. The Internal Conversion and Pair Production.

| In Chapter 3, we have discussedlthe procésses‘of de-

' .excitation{ which include internal conversion and internal
pair'producfion.AThe internal conversion procéés involves the
transfer.of energy from the nucleus toAanbextranuclear electron
-'by'dire;t interaction between the.pucléar‘charge and the

~electromagnetic field of the electron (CoUlomb interaction).
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AT | o s6)
. This was shown by Taylor and Mott by‘calculation,that the

probability for internal converéioﬁ byaphotoélectric éffect
',‘(i,é. bybemission and absofpfioh of a photoﬁi is Very-smaill
_¢ompared to thé probability fof‘intefnal Qonveréidn by direqt
énéfngfransfér;\it cén also bé visﬁalized from the brésencé ’
'éf e EQ traﬁsifﬁons in the cbnversion speétrum, as 1in this.
>caSe_thefé is no gamma couhterpart.‘Cdnséquently, we may
cbnclude tﬁat direct éamma emission and internal con&ersion
‘are ﬁﬁo.independent‘processes of dé-eXcitation.
The energy carried by thé emitted electfon in-internal
canerSion is related to the de-excitation energy, W by
E,= W - By | - (98)
wheré’BX is the electron binding energy for orbit X from which
thevelectron was ejected. Since By 1s different for different
X, there is more than one value of E, for a.given W. Therefore,
_ the conversion peéks in an ehergy spectrﬁm;correspondiﬁg to
one W are classified into X = K,L,M,N, -etc. Also since'eacﬂ of
'the'L,M,N, etc has more than one eléctron orbit, X méy be
redefined as X = K,I1,12,L3,M1, eto. The ra%ié'of the emission
rate‘of the conversion electrons to that of.thé gamma photons in
a given energy transition is calléd thé intérnal convéréion3

coefficient o , which may be expanded in tetms of X's as below
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' AlSo, since the.traﬁsitibns depena bn thé éngular
momentum L carried away and the chahge_bf parity T, « can'be
'exprééséd as a linear combination of the terms arising‘from
different electric multipoles EL and magnetic»multipoles ML"
as-shown, o | |
X = 22w Y@ ) py(n) (100)
. L X L X
where dX(L)énd ,PXKIJ are the conversion coefficients referred
to EL énd ML'respectiVely, and the 32'3 arévthe reiatiVe '.
contributions correspdnding fo the respective EL's and ML's.,

The coefficientsMX(L) ande(L) , which are functions

57)
of energy, were calculated and tabulated by Rose , and Sliv

et a158) for the first few values of X and L. Rose's calculation
was based on the aséumption of a pointvnucleus taking into
account the effect of screening by the atomic electron
clouﬁ, while In the case of S1iv et al, a finite-sized nuéleus
‘with modifications on the initial and final electron wave
functions were adopted. Thus the second célculafion includéé
the penetration effect( that is the interactién when thé;éléctron
is inside the charge distribution of the nucleus), and was‘“ |
considered to be more aécurate. In genefél, it agrees with“l
experimental data to wiﬁhin‘a few per cent. | |
Experimental evaluation of ihgérnél conversion coeffi=_ = -
-qights can be déne in several ways5? . In.the p:esentiwbrk{
V'i-We]QSéd:the so-called nér&élizéd'peé&vté éamdafmethéa.fFroﬁ"



T_ the‘gaﬁﬁé single épectrum’énd thépéﬁecﬁfﬁﬁ; aﬂsﬁitablé gémma
peék (e.g. 122.93 Kev) and a'cofrespohdihg bété convefsion peak
- Were chosen as standafdsi Let (i;)st_-énd (iex)ét be theif |
_“réspective relativéﬂintensitieé'and (dX)st be the conversion
.coéfficient. Uéiég the tables éf théoreticél values Qf ' -
'de ', (dX)st .égn be obtainedvby,interpolation. Then‘the
éxperiméhéal internél cohversion céefficient for any.other
}~tfénsitioﬂ.may be caléuléted from |
I

o<' _ lext (Ty) st
X Iy (Iex) st

(L

X)st (101)

where IeX' and iY ére the relative ihtensifies of the pair;
After a K-orbit electron 1is internally converted, the
unoccupied brbit must be filled up evéntually. This is déne by
dropping another eiectron from a free or bound state down to
,.the K-orbit. The radiation thus feleased'is called:the K x-ray.
Therefore, a-knowledge of the K x-ray intensity together with
the gamma intensity offers a method of absolute determination
. of the internal conversion coefficients32>. waever,'not all
K-Shell vacénciés are fillea bj‘emission of K.ifrays, A small
fréction of the events goes through a different chanﬁei. The
-~ energy released , instead of in_the_formiof a K XQphoton;‘may

beAused to eject another electron from'a‘higher orbit, thus

- emitting a so-called Auger eléctron,'The fradfion vathe'evehts_
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'7,goiﬁg thr9ugh the %—ray chénnel (kﬁown és-tﬁé-fiu@fescént yieia)
is a constaht for a given atom and §aané e?aluated;
There are, of course, other’x-rays,'L,M,N,‘etc.} but
_théy are much lower in energy and ihtensity. | |
'In‘Chaptér L, we have describedmpair production in a
detec@or; The process of internal pair proaﬁctioh follows the
same prinéiple'aé fhe process -of internal conversion. The
basic differenoe is‘tﬁat in the second caéé, tﬁé nuéiear énérgy
1s.tfanSferred diréctly to a'béund atomic electron, whiie in
the firstvprocess; the energy is transferbedvto an electron

in a 'negative energy' state. However, similar to the internal.

° conversion coefficients, the emission rate of the internal pair

production is also expressed in ratio with that of the gamma
bphotons, and 1s Known as the pair ﬁroduction coefficients, .
(L) . For transition energies exceeding several Mev, this:‘
process should be taken into acccunt. Howevéﬁ, the tfénéitioh
energies in the présent investigétibh are all below 2_Mev;léhd

60) .
the corresponding T (L) are less than 5 x 104 . Hence, they
are within the experimental error'and can be neglected. be*;
an energy less than 1.022 Mev, such processes cannot even .

occur.
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"‘§3. ‘The Beta Spectrometer.

An iptermediaﬁe'image beta spectrométer'(also khowh
aéAé doub1e-1ehs Spectrometer)gwas‘used in the present work.
.Aé shown in figﬁre 18, it consiéts pf tonWater—coqléd' | |
magpefip 1epses;\é cylindricalpvépqum chamber, baffles A,B,C,
énd extephally adjusﬁable holders for the source and the
' detector.-TheAmagnetic lenses, as the namevimplies, focus.
the beta particles with an appropriate momentum from the'source
onto the detector. The appropriate momentum réferred,to is
directly proportibnal to the magnetic field strength in the
vacuum chamber, which is in turn proportional to the current
‘in the lenses, The current was supplied by a 150 volt d.c.
generéﬁor and contfolled by a current regulator} The latter
consists of two trays of 6AS7 triodes, a standard resistor
of low temperature coefficient and a:feedback-bias control
.systeﬁ (figure 19) with a high precisiqn potantiometer for
‘ ‘varying the d.c. purrent; Thus the momenta of'the beta particles

_can be expréssed.in termé of thebpotentipmetef éetting. |
| To avoid the effect of the earth magnetic field, the

..épeétrometer.was-placed with its a#ié_élong the:magnetic

}mefidian and between tWO compensating éoiis to fedupe tpe
'ppvertipal component of the field. | | |
:bfheASOurce posiﬁion ppgefhef"wiphjfpép?pffbéfflevA‘pap .

'bevvariéd in the plane perpendicular to thépéhémber axis by



Fig.18

Beta spectrometef assembly.
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”ﬁéahs othhevtwo centéfing.dials; While thé detector ié movable
along the chamber axis by the positioﬁiné rod. The annular
s1it in baffle A defines the initial angle of the beta tracks
and limits the beta intensity to the’detecfor, The central
baff}e B controis the-momentum spread of'the-ﬁassing beta
partic;es. The detector baffle C proteéts the detector'from
those betés not following the prbper paths. The resolution

bf this spectrometer éepends on the curvatufé of the beta
tracks and on the d.c. current stability. The former is
determined by magnetic field.strength, and the latter, by the
sénsitivity of the cufrent regulator,

The detector mentioned above i1s a thin surface barrier °
ﬁype with surface diameter of lcm. The use of this type of
detector in the present case is particularly advantageous.if
one compares 1t with the conventional scintillators or gas;filled
counters, Firstly, because of the thin depletion layer 5f |
.the détector,vit-is prabtically insensitive to gamma radiatibn
originating eilther in the source or in the baékground; fhér;—
fore, no lead shielding in the chamber is necessary . SeQOnd;y,
the surface barrier detector is unafféctea by the magnetic_ 
‘field in the chamber,'whereas in the case of.a.photomultiplier’
v which must accompany a scintillétor;'thevpresence of thié

_Strong field would be intolerable. The‘signal output of the



86.

':,'déﬁeéﬁor is;,howeﬁer,_felafiﬁely sméll.'Thefefdre{ a_ldw;ﬁoiSé

.pféamplifieb with a time éonsta@t box wéévreqﬁifed'to_increasé
- the peak-to-noise ratio,

- Thé intfdduétion ofvan énﬁifcbincidence uniﬁ'and a
feedback devicéx§hOWn in'figuré 18 was oniy»for‘the éake of
ﬁinimi?ing thé»égfect of-néisy sﬁrrpundings. Sudden bursté of
bulses oééésibnaliy were observed in the monitor oscillbscope,
.Each.df théée bufsté.Bf pulses; after entefing the anti-coin-
cidehqe‘uniﬁ, were reduced to just one 1eading'pulse. |
Consequently,.the effeét became insignificaht when considerihg
- the higher beta counting rate. The deléy and shaper unit
prqduced the required blocking'pulse for the anti-coincidence_

o unit.
§M. Preparation of Beta Sources.

The preparation of a spo% source for beta spectroscopy .
bwith minimum possible source scatfering but with maximum
possible radioactive strength is a chalienging'task. Several
methods have been tried by previous workers; such as -vacuum -
evapofation, molecular deposition, electrostatic_spraying,
e | | i | 61) -64)

- electroplating, liquid drop deposition ete = . Each
method has its own advantages and disadvantages. But by far,

-4 the 1iquid drop deposition method is_the Simplest ahd mQStb

"
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frequently used among them all It has the dlsadvantages of
llmlted strengoh and comparatlvely poor surface unlformlty._
‘_;Buté in addition to.being easy:to prepare, 1t.accepts almos¢t
ény kind of thin backing. Theféfdre, having tfied somé'other
' meﬁhOGS‘without“éatisfactory résﬁlté, this method was finally'
éhosen;v k

Before start;ng the source prepératlon, a thin backing
héd ‘to be preoared flrst Vinyl films were selected for thls
purpose. About 10 gms. ofRakelite vinyl résin powder (called
| VYNS) were mixed with 100 ml. of‘cyclohexanone'solution in a
‘bottle and stirred until most of the powder had dissblved. It
waslleft for a few days with occasional stirring. When all the
powder‘had disappeared, a émall quantitj df the solution was
diluted by an equaiiamount of cyclohexanone on a watch glass.
By using a glass rod, a drop of fhe solution was introduced
to the surface of a tray of clean water. The solutioh guickly
spréad into a tough thin film. The uniform péft('judging from
:'the reflecting coloqrs) was picked up by a copper wife ioop‘
. éhdvplaced én an aluminium ring. The film thus prepared_WaS
véstimated to be less than 10 Fg/crh2 thick; Wheh»the film was
dry, a trace cf aluminium was evapqratéd-in vacuum ohto:the
fiim'tovserve as a charge condﬁcting‘léyer.:Gfeat Cére wés

'théken‘not to overheat the film during evaporation. Severél
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jbackingé were'preparedsin ﬁhis way; 
| 3 To prepare the source, a smali.giaés jet:with.a clean
and ﬁlané—cut nozzle was'connecﬁed to a sysfemAsuch fhat the

_ internal pressure c¢f the jet could be varied conveﬁiehtly;
,A'£iny quantity.of the chloride solution of Eu 154 with
suitable concentration was sucked intoathevjet. A source
backing was then placed under the nozzlé on an adjustable base.
B& carefully controlling the bressure, a sméil well-defined
spbt soﬁrce could be déposited onto ﬁhe centre bfbthe vinyl
film. This was done with repéated-triais, and é fairly intense
and uniform source was finally obtained. The source waé then
dried in a desiceator (since Europium Chloride is a hygroscopic
compound) . Then a very diluﬁe‘solution of collodion in dry
ether was prepared, and a drop of it was introduced onto the

surface of the dried source to protect the source from flaking

- off, The source was‘againvreplaced in the desiccator, reédy"

- to be mounted in the vacuum chamber. -

§5. Experimental Procedures.

- . Preliminary adjustments'togthé.sbectrometer consisted
- of changing baffles, and repeated varlation of the source and

- detector positions as well as the orientation of the chamber,

- ountil optimum intensity with best pcssible fesolutioanés

"fEVthéihed. A beta source of Csi137'wéé4ﬁéédffdrfthis‘purpose;'
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f.Detaiié‘of the adjﬁstments and”caliﬁfation bethe_spebtro@eter
.-'are given in ref. 65. The bést reséldfioh achieved was 0.7 %
in tefms-of potehtiometer setting'of momentaAwitth.96% |
-trénsmiésion._ | |
 The Cs.137 source was then replaced by‘a beta source
of Eﬁ 154 chosen frém among.those prepared, ahd the chambér
'ﬁas cdntinuously pumpéd down to‘keep éway,the water Qapour.
(Unfortunateij,.in tﬁe 1ater.runs, Eecauée.of repeated*rémoval
and replacement 6f the sourcé,‘é small quantity of watér vapour
was absorbed by the souréé and trapped in ﬁhe collodion film.
This caused-déteribrétion of resolution in thé low enefgy
portion'of the spectrum, but did not affeét the higher:énergy
part.)
In each run of the experimeht, the pressure of the 

6

chambérAwas kept atvaboﬁt 107" mm. of Hg . The potentiometer 
referénce voitage‘was calibrated against a standard éell»ii
 every'five or ten minutes. The éhape of the output pulsésiffom
the time constant‘box Was'obsefved constantly with an | o
oscilldscope; The counting tiﬁé for each potentiqmeter sétfihg
varied‘frbm half a minute to eight minutéé‘depending on

the counting rate. Omaseétion of the spectruh was taken_each
‘_.timé‘withlrepeated runs, until'enoﬁgh'counfs_were accumulé£ed

‘such that the statistics_for'eaéh data point was Within the
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'T- required iimits (i.e; 1‘%1fof therehergy bonfinﬁuﬁ‘andAless

~ for the peaks). | N

Three experiments have béén performéd at'differént.ﬁefiodé

_of fime;AThe first‘two experiménts were mainly‘concérned with
"'thé_ihtérnal coh%efsion peaks. A typical spectrum was plottéd
outrin.two poftiS%é as shown in_figureé 20a,b. The third
éxperimen£ Was designed to investigate the beta continuum
- near the high ehergy énd;-In this experiment, a stronger beta
source waé used to obtain a greater counting rate and better
‘1statistics. The Spéctrometer was set up to use a larger source-
detector disténce and‘smaller initial tfajectory angles. This
was necessary in order to reach energies near the end point
of the Eu 154 spectrum with the maximum avallable magnetic
current. The spectfum for the beta continuum was shown in

figure 20c.(Note that the counts are divided by the momentum., )
%6. Results and Analysis.

The beta sﬁectrum shown plotted in figures 20a,b in
vthe’previoué secfionvwas obtainea_after all éhoft-lived peaks
had décayed to negligiblé size. Tﬁej werevplottéd'in-16garith—
b,mic values 1n order to show as much as possiblé of the
feétures of all the conversion'peaks;

- Since the beta spectrometer Qas firsﬁ ¢a11bfa£ed»Using‘

~~a Cs 137 source, the energy correspondence ‘of ‘each potentiometer-
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7fSettiﬁg WésVrough1y,knéwn.'Henée; fH§‘cthpiouéus c6nvérsion
“peaks in the Eu 154 spectrum were Séon ﬁebognized. Thev722.90K
convérsibﬁ peak waé‘then selected as a standard to'calibraté
the electron energies of all the other conversion peaks. Thé )
intensity heasufement was done by estimating'the'area under
each.peak in an enlarged linear»plot after:the continuum wés.
'fsubbraéted and then d1v1d1ng the area by the momentum or
potentlometer settlng at that peak. The full width at half
maximum was also determlned graphlcally 1n_each case. The ‘
parulculars for the conversion peaks are p esented inltable Vf
Flgure 20a shows that the lower portion of the beta
spectrum i1s dominated by the 122.9 Kev conversion peaks. The
. the asymmetry of tﬁe peak shape indicates slight éourcé
scattering in this energy range. The tails at the-iower’energy
- 8ide of these strong peaks did interfere with the intenéify:
‘lmeasurement of the weaker péaks between them as well as'thé beta

‘continuum beneath them. However, source scattering begins to.

- * Column 1 of the table gives the energies.of the-tranSiﬁisns
as détefmined'by the gamma-ray meééurements ﬁogether with.gﬁé
atoﬁic shells. Column 5_giveé the transition.energieS-ca1CU1ated
by addlng Column 2 to the approorlate shell blndlng energlés

By (f.e. By = 50.22 Kev etc for Eu 15Lr and Bh—- he€.85 etc for

v;Eu 152). Column 6 compares.the»tran81tlon_energ1es from;gamma

7“.fapd conver51on electron data
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- Peak

Blectron|{ Relative ,FWHM' Trans;f,Yéenergy
<[ Name Energy Intensity - " | Energy .- {Deviation
“|(from Y)|  (Kev) @) | (kev) | (B
C86:9K | 37.28 - 1.4 87.5 0.69.
105.3K | 54.54 |10.5 0.4 1.21|  104.8 0.48
122.9% | 72.49 |260.0%2.6 | 1.0 122.7 0.16
121.8K 74.6 10,7 2.1 1.0 121.5 0.25
86.9L | 77.85 [1.90 *0.22 | 1.0 85.7 1.4
86.9M | 83.05 |0.37 20.08 | 1.0 | 84.6 | 2.6
105.3L 96.18 1.21'to.25 1.45 104.0 1.2
122,95 | 115.20 |170.3%3.5 | 1.0 123.0 ¢.081 |
122.9M | 121.30 |48.8 1.8 | 1.0 122.8 0.681
247.6K | 196.56 |5.71 *0.12 | 0.7 246.8 | 0.32
247.6L | 239.33 [1.46 +0.15 | 0.77| 247.2 0.16
247.6M | 245.78 {0.30 t0.03 | 0.74| 247.3 0.12
343.6¢ | 293.94 | 0.58 10.02 | 0.67| 240.8 0.82
501.7K | 540.57 | 0.26 %0.03 | 0.78 590.8 0.15
679.4K | 629.2 |0.135%0.014| 0.73| 679.4 -
692.0k | 642.1 |0.839%0.017| 0.67| 692.3 0.04
722.9K | 672.68 | 0.477%0.019 0.66| 722.9 0.
692.0L | 684.5 [0.127+0.025]| 0.80 692.3 0.04
| e92.0m| 690.9 |0.09720.019| 0.80| 692.4 0.058 |
756.7¢ | 706.57 | 0.2380.020| 0.67| 756.8 | 0.013
722.91| 718.0 |0.048+0.010| 0.67 725.8 .40
872.6K | 824.0 |0.403t0.018| 0.70| 874.2 | ~ ©.18
872.6n | 868.0 |0.084%0.017] c.67| 875.8 5.37’
995.9K | 945.0 | 0.23430.047| 0.71  995.2 G.07
11@04,5K ©953.2 | 0.%393£0.080| G.66| 1003.4. 0.11
12748k | 1227.9 |0.2500.070[1.64 | 1278.1 | 0.29

. mable V. Data of B Conversion Peaks in figures 20a,b,

. A(Explanation given.in_the‘féot'ngﬁévf,;p. 94). .
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‘diSappeaf when the energy is above i21;30Keﬁ_(i.e. abovethe

- 122.9M peak) and all the eonversion peaks having energiles

| greater than this are falrly symmetrlcal This can also be ‘seen
'}from the values of the FWHM presented in table V. The intensity
Qf the 86.9K peak could not be eetimated,vbecause it is barelyv
abeﬁe‘ﬁhe noiee leﬁelkand the tail due te‘scattering certainly
 extends belew the'diserimintor 1eve1 of the amplifier. The

two humps'between the-86.9K and 105.3K peaks are suspected to
be Auger electron lines Eut ﬁave ﬁet been positively identifiee.
It 1is interesting.to note that the 121.8K peak belonging to
Eu-152 impurity is sebarated from the 122,9X peak of Eu 154,
and that the former is only 4.12 % of the latter. Since'these“
- peaks are respectively the strongest'peaks in Eu 152 and Eu 154,
the percentage ratlo was made use‘of in calculating all the
 other Eu152 peak intensities present in the speCtrum.fFof
example, theaintensity of the 244 ,7K of Eul52 expected to be

) preseﬁt in the 247 .6K peak of Eu 154 Was calculated. Tbie
inﬁenSity was'subbracted‘from that of’the 1a£ter‘peak in'order
to find the experimental value for the internal'cenversion
eoeffieient. The procedure was aiso‘applied.te‘the gamma
»‘peaks 122.93 Kev and 2U47.63 Kev as mehtioned preViously.

From figure 20b, the main interest lies in the group

f'of peaks from 679. MK to 722.9L shown in. an expanded scale
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'”in'figure 20d.'According to Hamilton et'al S two»conVersion
‘peaks namely 678K and 682K were found 1y1ng ¢lose to each

other In this spectrum, we only found a 31ng1e peak 1abe11ed

679 4K and FWHM of 0.73 %. If there are in fact two peaks as

.reported the peak w1dth would have been much larger than those

of the neighbouring peaks. This is not the case. Further

discussion will be gilven in the next chapter. Thevnext-point
that needs to be mentioned is that we have not found any gamma

or- beta convers1on peak correspondlng to the 620 Kev transition

given in the same reference. Finally, it shou]d be noted that

the 1274.4K peak given 1n table V was not included in the
figures'QOa,b,d, because this peak was obtained in thevthird
run of the beta experiments, while the aboVe figures were from
the second run, -

From the 1ast column of table V, the agreement fov the

K peaks of Eu 154 is good. The relatvve 1ntens1t¢es in the

"same table have not been corrected for the Eu 152 impurity._:

The correction‘was done later only for the K peaks in ordef#:

to find'the K—conversion coefficients.

To find the K-conversion coefflcle ts, the 122 9? Kev'

: _transition,_which was considered to be purely E2, was chosen

.as thevstandard From the 1nten31ty uata leen in tables IIT

58)

and V, and the table of SllV et al -, we have from equation‘



LUUNITS/ MIN.

| 536,363

318.181

172,727

\DD.0DOD

o

.

o

m

CO.- A

or el 4 5= — =
<t O o o @)
- - [ ] [ ] .
a N a Al oV
t~ o)} N o o

2] O b t~ Vo) Vo)

Q

o

=

) ..

m

=

el

pom o

o

=F

N

756.7K

722.9L

e 42 652 563 573
"POTENTIGMETER SETTING :

Fig.20d Expanded portion of Eu 154 beta spectrum.

- T T
800 . .BlD o .B2L o




-99 -

X =K

(Ir)st = 100,00 (from Tabvle III)

(IGK)st = 260.0 - (from Table V)
.(()(K)St = 0,652 v(E2 conversion-122.9 Kev) )

With these values and equation (101), the experimental K-
conversion coefficients were calculated, and are listed in
Table VI together with the theoretical values for El, M1, and
E2 transitions. |

The data in Table VI confirms the expected EZ nature
of all but one of the transitions between positive parity states.
The one exception is the transition of energy 692 Kev, which
has a conversion coefficient ten times the theoretical E2 value.
This suggests an B0 component. The magnitude of this
component ( calculated on the assumption that the 22 conversion
ccefficient is indeed 0.0052 ) is approximately 6‘percent
of the total B0 + E2 transition probability. The 591.7 Kev
‘gamma~ray nas an DCK whose limits of uncertainty do not quité
encompass ﬁhe theoretical E2 value, althoggh Ml and El can be
ruled out. This conversion peak received a lot of attentibn
experimentally, and many ccunts were accumulated in an effort
‘to attain good statistics. It is possible of course, that
the error limits were somewhat ﬁndefestimated.'

The 722.9 Kev and the 1274.4 Kev transitions both
involve negabtive parity levels, and are most probably El,
assignments that are consistent with the decay scheme.shown in
Figure 22, The 105.3 Kev transition has not been fitted into

the decay scheme, but it appears also to be Ll
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Peal K~ Internal Conversion Coeffiéients
Name
Experimental (E2) (M1) (E1)
105.3K [ 0.272 £ 0.033 1.002 1.469v 0.216
122.9K | 0.652 + 0,022 |0.652 0,941 0,142
2L7,6K | 0.085 * 0,006 [0,0815 0.135 10,0218
591.7K | 0.0065% 0.0011 {0.00803 0.0146 - 0.00282.
| 692,0K | 0.056 * 6.0055 10.00519 0,00954 0.,00201
722.9K | 0.00254%0.00021{0.00471 1 0.,00857 0.00183
?56.7K 0.0058 £0.0010 [0.00426 0.00766 0.00167
872,6K 050034710.00031 0.00314 6.00542 0.00127
‘995.9K 0,00238%0.00058(0.00238 0.00395 0.000988
1004.5K 0.,00225%0.,00056|0.00234 0.00388 0.000971
1274.4K_'0.00671i0.00023 0,001L5 0.00219 V'O.000631
Table VI Comparisbn of K-Internal Conversion

Coefficients with the Theoretical
Values for El, M1, and E2 transitions

taken from reference (58).
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" The analysis on the beta Eontinuum.Was done,by using
Kurie-plot method (see Tigure 21),.and the results are
’ presented in table VII. (For details of the analysis, see

_ reference 65.)

BN

AY

T o
Béta‘Ehergy (Mev) ' Transition Intensity (%)
1.866 % .012 | 10.8%0.12
1.198%.060 1 0.67:0.49
0.976 +.030  4.623.8
0.843 +.015 17.0£3.9
0.579 £ .005 | | 37.8 £3.5
0.274 £ ,010 29.122.5
Table VII.. Energies and relative iﬁtensities of fhe

beta transitions.
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Pig,., 102
The Kurie plots,

N=counts/min.
=momentun{unc)
=reduced PFerni
function
S=correction
e factor (see
o ref. 59)
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CHAPTER VIT
THE DECAY SCHEME AND MODEL FITTING

1. The Decay Scheme.

“in

Summing all fhé results obtained so far from the beta-
and'gaﬁmaéspectPOSCopic work as well as the_gémma;gamma
chncidenoé inﬁéstigéfion described in the previous three
chapters, the decay scheme of Eu 154 tQ Gd‘154 was coﬁstructed;
and the excited states of Gd 154 résulting from this decay‘
areshoﬁn in figure.22. The relatilve input - and oﬁtput ﬁransitional
intensities with réspect to each ievel are provided in table VII.

The 1e§e1 sﬁrucﬁure ﬁreSented in the figure is as a

whole in agLeement with those constructed by the previous -

36)

. workers, in particular by Hamilton et'al , although there

are 1lmportant differences. In general, there is a marked_
improVement in the accuracy of the level energies, which can .

be eas11v perceived from the fact that all the. cxper'lmentally

- detewmlned values for the gamma tfanbltlonal energles fit Lnto

Vhe decay scheme W1th energy deviations less than 1 Kev
"The two new weak transitions discpvered, i.e. 903 .60 Kev -
and 582.11 Kev, were assigned to the ffahsitibhs fréﬁ the
 1eve1s 1718.80 Kev and -1397. 36 Kev to the level 814 77 Kev -

u“f}respeﬁtlvelv (These levels were. all 3531gned from other more i ”



(221]

Gd 154 | .
1718.8 (2-) -
591i61 o
[21]] 1397.4 (2-)
' , 72290 M 903.60 . ‘
1263.3 (u44) (a2 |
| | 58211~
1127.4 (34 : (311 159587 N
| , SR S -~ ~ 1049.0 (4+)
995.8 (24) f221] —T , .
- 678 40 L
I )
: | 892 {74 (217 . S
R . . . . +
‘Fllg.22 | The excited states | 75671 l glu.8 (2 ‘) g
. of Gdl54 obtained from 1004 {50 . ! . _ b
.; ,ftheldeeay of Eulst. : | 872.p2 | (o12 : ;680-1>(0+)'_J
-~ _(The level and tramsitions | 995{9u 1274443 it 02 l o
o o . f |
given in dotted lines 6&6%0 6921.02 |
are obtained from ref. ' !
| 815.02
1 557196 :
! . ‘
| 679 Ju ! , .
J11] L 37006 (49
| 247 163 B
(211 . 122.93(24)
12293
[0L1] , .

0.0 (04)
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Transitional Intensities (Relative)

Input

Level Output |Difference Beta from
Name ¥ + C.E. Y+ CE., | ( in %) Continuum
(Kev) o (%)
[19) " — 64.7243.06 |64.7213. 06 , B
1718.8 (26.33%) 29.1%2.5
211] ~ — 93.8014.30]93.8074.30 | |
1397.4 (38.10%) 37.8%3.5
Tt -
[a21] _— 1.23 £0.20| 1.23%0.20
11263.3 (0.50%) -
[311]+ 10.58+0.55 |54.3142.04 [43.73+2.59 :
1127.4 : ‘ (17.80%) 17.0%3.9
Rl T | 47.43+2.06 [54.2542.50| 6.82%4.56 |
995.8 ' (2.77%) 4,613,8
[411)+ 13.75+0.95 |17.7340.80| 3.9841.75
370.6 ~ (1.65%) -—
[217] "1 192.85+8.93 |220.044.44|27.15413, 37
122.93 (11.07%) 10.8%0.12
212) *| 3.7740.39 |6.9840.88 | 3.21%1.27 -
814.8 : (1.31%) 0.6710.49
127! 0.0 0.90£0.17 | 0.90%0.17
680.10 (0.37%) -—

Table VIL Transitional intensities for gammas, conversion electrons -

x
" and betas. Level name notation, [INn] .
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'_.1ntensevgémma—rays.) The energy'dé&iatiénsfaré-iesé than % Ke?._
'This energy agreement 1s excelleﬁt. in éddiﬁidn, thesevtransit-
vvions-aré-predicted‘tb have no.change of angu1ar‘momentum but
only a change'of éarity (El?); For'theéé; thé‘betavconverSiQﬁ‘
"peaks»shduld beumuch weaker in.iﬁtensity than the gémma‘peaks.
_ Thié is the case iﬁ thé present investigatidn. Although the
gamma traﬁsitioné haVé been detected, none of the conversion
peaks have been found. From the 1ow'outpﬁt.ihtensity of the
_lével 814.77 Kev givén iﬁ table VII, it is obvious that these
two trahsitions are necessarily weak, which is the réason that
they have,not.been observed vefore. ConseQuently, these two-
transitions contribute the major portion of the population of
the level 81L.77 Kev.
36)
Hamilton et al = suggested a level of 1049 Kev on

_the bhasis only'of the existence of the 678K beta conversion
péak.‘In the present work,_no sgch peak.was found either'in
the béta conversion spectrum or in'the gamma spectrum. Also:.
Wevoan find no other transition ffom tnis 1eve1 fo any other
’ lé?el or vice versa. Although the 1049 Kev level was well-
eStéblished in>the decay of Th 154 to Gd'15433),vwe have
' reésons to doubt its presence in the decay'bf Eu'lSM. Oon-

~ the other hand, another U4+ 1evel of eﬁeféy 1263}3 Kév was

“found due to the presence of 892.74AKev.gamﬁa tbansitioh.



-107; '  
Aé_w111 bevSeen ih fhe nexﬁ éection; tﬁisulevél Wag prédicted
‘-1 by'the'Asymmétric Rotator Model;»The lasf point of'difference
v ,from the séheme of Hahilton et ?136) ié-the abséhce ofvthe
6?6 Kev transition. | |

‘;‘Ih table VIIL, the sum of transitional intensities
of gammas plus conversion electrons to and from each level

;were giveﬁ. Afﬁer ailowing'for the expefimental errof, the

| difference éhou1d_be-éonfributed by a beta fransition from
the ground state Qf’Eu-154 to That 1eve1.:These differences
are also expressed 1n percentage so és to compéfe them with
thé experimenﬁai Qalues for the beté trénsitions given in
the last Colﬁmn. The result of this comparison shows clearly

that all the data are quite consistent.



' §2. Model Fitting.

The theory for calculating the gamma transitional

energles and the reduced tran81t10n probabllltles base on

‘~__the Asymmetrlc Rotator Model was given in Chapter 2 To

'proceed to the actual calculatlon, we made use of five basic
v : : 41) ,
'programs ertten by Davidson

The Ilrst program calculates the matrix elements of

the angUlar momentum components given explicitly as follows,

2 La+) - K/2, Cfor K' = K
<LMK[L1[.LMK'> { ,

- + T(L3K-1) (LFK) (L+K+]_) (L+K+2)] for K'=Kt2

| <LMKIL [LMK™> = i(L(LH) - k3 /2, | for K* = K

[(L+K 1) (LK) (L+K+1) (L+K+2)] for K®=K¥2

<LMKIﬁ2lLMK'> = K%Sys
‘and thus calculates the matrlx elements of the_rotational
‘Hamiltonian (see equation’(27))fof a giten&Y. Then, the latter
matrii is diagonalized‘bytueing the Jacobian.method. The
'elgenvalues SN(L{ as well as the coefficiente.CK are found
-in‘this way; | |
The seconc program solvesheqnation (38).for a given

R by 1teratlon process and calculates Zl from equazlon (39).
.The quantcm number VY, is available in»tabular form Y by
1.‘lineaﬂ interpolation Hence,'the theoretical“ratios.of each
m:et telln *he ground state rotatlonalAband to-the llrst 2+

- _level_energy (E2ll) are calculated by means of equatlon (44)
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~ and (44a). "
| The third program is.the same_aslthe secoﬁd ekcept that
'the quantum number is replaced by V., which ls.cbtained from .
.another tableul). Thls gives the energies of the first excited
l”beta band. | |
The fourth program Just calculates thevrotational
.part of.the E2 transition probabllltles. This is done byv
uslng equation (59) with the coefficients C;N and ;y knowri
ahd With a Clebsch—Gordan Coefficients aubroutine. o
| Therlast program then calculates the vibrational’part
of the probabillty; This program contains all the subroutines
_necessary for solvirg equations (68) and (69). Notetthat the
1ntegration ia (68) is done by diViding'the‘integral:range
intov20 increments. |
All the above programs apply to the quadrupole.caee;l
( A=2 ) and the octueole case ( A =3 ). . “
"~ In the present calculation, the flrst three programe}3'
l were combined tcgether to jield'all the level'energies for f
a given pair of yAand B The experimental‘values of allfthey
levelvenergies are also read in. The root-mean-square-'
o devlation of the calculated level‘energies frcm the eiperigent- '
'“'al enes is found in‘percentage forﬁ. In}this calculation; those

_levels having no experimental correspdndenCe are omitted . Then

a*f}{the two parameters Y and B are varled W1th1n sultable ranges '

;whlch enclose a mlnlmum root -mean- square deV1at10n of the



Cal-
Vi“levéllenergies. Finally; thié miniiﬁm i§ aéiéfﬁiﬁedv6y 
viteration, and so also the COrresponding-le§éi énefgies, By
épplying the last two programs, the fétiqsbdf thé’reduced
transition probabilities are also found. The résults of the _“ﬁ
energy‘fittings'in the quadrupale caée are presented‘in table
: IX.AThe root—mean—square deviation in_fhié‘cése is defined

.as follows;

[Z’ ETNn PEXP )2] s

D “LNn
TRMS wIh

(102)

‘where the summations are carried out over the last six energy .

levels in table IX EFXP are uhe experlmental lev energleo

LiNn
(in Kev) determlned, and
E - E :
Fg%h ?]Eéii = Egii Epyh - E%ig) + Eou, (108)
the fitted theoretical level energieso'NQte:that the ELNn_aré
in an érbitrary energy scaié, and that the equation (IQS) is.
obtained under the restriction of Egh = EEXp and ETh = IEEXP

11 7011 211 211 -
The purpose'of this restridiion~is to obtain the same eﬁeféy“
: ocaWe for both E?% and Eﬁp Tt should also be mentibnedvfﬁaf
this method of flttlng is dlflerenf erm:the staﬁdardvleastg?
square fit. We believe‘that fhe application of the latterfﬁgthddi
will meet with great'computationél}difficultiésf | L

The RMS deviation Dpy. resulting from the values in

s table IX is 1.503 per cent, and the corresponding'values for

‘the asymmetry parameter ¥ and the étifL H are respecti vely
"11 52 degree; and 0.402. |

“Similar \aqpubllshed) calcuLatlonD nave benn done by

67)

'”__Dav1dson ‘ u81ng another set o;’experlmentaLgdaban ‘The reoults



' _ _ To follow pave llO EEEE
v:‘obtalned for ¥ dnd p are 11.62 de"reeo and O 401 reop 'ely,

';1n good aareem°d+ with ours. A very repen+ publlcatlon by

68) 12)

Aisenberg et al using the method of Davydov and Chaban

.giveS' ¥ ' =11.5 and p =0.8. The expériméntéi data 'in this
34)

publlcatlon have been determined by Yoshizawa et al by meana
of Coulomb excitation. |
rExpérimeﬁtal : Theoretical Deviatioﬁ L Nn
Energy EE§§ : ' Energy Eggn | (?9

(Kev) _ (Kev)

10.00 o 0.00 R _0_1 1.
122.93 - 122.93 . _—- 21 ;1
995.75  1052.73 5.41 221 :

1127.35 2 1121.31 | - 0.54 13 1 1   ;
370.56 | 365.50 | .> | 1.3?, '  u 1_1V
1263.30 | 1211.96‘;"’ | Cu.u .' ou 2'1 “T:
QBD.iO | 676.@91_. | | ° 0.53'.: - 0,1?2 '-3
' 81u.77 | 831.85 |l 2.05 ,»3 EEERYE

'Table IX  Comparison of the experimental and theoretical
energies in the quadrupole case (A=2, pOsitivéfﬁ

parity) . E
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| To_find,the fatibs of the reduéedvtranéition probabilities
-from the experimental data, we made ﬁse‘of equation (51). Only
four ratios were calculated, each of which‘cohsists of two
-.transitiqns from the same initiél»state to different levels
df the ground state beté band. Assuming all these transitions

are E2, then from equation (51),,/==2;_and hence

B(E2,L; > Le))  _ (Ey2) g Ty (E2)
where Ey = Ko -, the gamma energy. Substitdting the experiment-

al relative intensities for Tl and T2 and the corresponding

B(E2,L; = Lgy) -
B(E2,L; —> L£2)
below in table X together with the theoretical values.

gamma energies, the ratios

were found as

Energy Ratio Name - Expt. Value Theo. Value

995.94 | R2y - 1l N -
872.62 [—J—m —5T 0.434%0.040 _
4y, 02 o R - [l | . | ,
592.02 [2'12‘}__, pry | 3-790%0.629 4.352

815.02 13 — 11 | + 3
692.02 212 -~ 213 0'152_-0'014 o037
1004.5 B1y - 1Y) + Lo
T756.71 310 — 1L 1.02670.10% T

. Table X The branching ratios of gamma transitions between

'7f" §oéitive-parity levels.
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~ Three of the four calculated ratios in Table X agree

with the measured values within the experimental uncertainties,
‘bThe third ratio 815/692 is less than half the value predicted.
This suggests that if the 815 Kev transition is pure E2 which
seems likely from the spin assignment of the levels involved,
then the 692 Kev transition has a strong EO component., The
conversion coefficient data indicated this, but predicted that
it was only 6 percent. To account for the low 815/692 ratio
in Table X on this basis alone, the EO component would have to
equal about 60 percent of the total 692 Kev transition intensity.

» The 692 Kev transition is involved in one other ratio,
LLL/692. While theory and experiment agree here within the
error limits, the theoretical value is on the high side. If
again this is caused by the €692 Kev EOQ comporent, in this case
it only requires it to be about 12 percent for the mean |
experimental value to match the theoretical prediction. So it
is not likely that the low 815/692 ratio can be explained in
this way. » |

For the octupole case, since We have only two negative
parity levels (1718.8 and 1397.4 Kev) both with spin 2, we
assigned them to be [élé]“ and Xéli]" respectively. With %these
quantum numbers, the asymmetry parameter\f" and the stiffness
fk" were found to be 4.606 degrees and 0,49725. No gamma
transition was found bebtween them,; although there are six
transitions linking them to positive parity levels.
Thé nonopole tranéition provability T(E0) for the

transition (qg~%>0§na) was calculated from equation (78). The
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fungtions IUQKO), IprZ), I,(0) and IyXZ) were evaluated with

Davidson's subroutines. The numerical values of the necessary

parameters follow;-
E = 0.55796 Mev.
A = 0,335 x 10 secl (rer. ()

b = 0.402158

Py = 0.964775

Z = 2.53275 A
From these data, T (E0)

T(E2) (O —>0%na)

Al

21

2. 6hbily
2.75555

It

1 I,(0) = 1.7260

1,(2) = 1.768k
Iﬂb(o) = 643418
T,(2) = 1533k

0.085 from (78)
0.039 0,012

(experimental)

It thus appearé that the predictions of the Asymmetric Rotator

model, while successful for the E2 ratios, are not reliable for

‘monopole transitions.

We next programmed equation (78a) for the transition

692 Kev. The values of the parameters used were

E = 0.69202 Mev
n

‘J..

Ppot = 042714

Bo = 0.303
Thence T(E2)

0.35 x 1011 gec-1

]

1l

0.402158

T(E0) (Lzz,——>2+'d) = 0.158

7 - 2.6ulLy
Z, :2.7555
1,.(0) = 6.855

I,02) = 1.236

from which the predicted EO component is approximately 13 per

cent of the total 692 transition. Assuming it is about twice

too large (as above), it is consistent with the conversion data

results,
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CHAPTER VIII

CONCLUSIONS |

jfhe,infofmatioo:deduced froi the preeent experimental
data as.Weil as from that of the.other workers leads to a
fairly complete level structure of Gd 154 from the decay of
Eu 154. The gamma tranSitione from cone- level to another have
been exhaustiyely sorted out. Should there be any new gamma
transitions, they must be extremely weak in intensity. it is
not expeoted that_there will be further modification_to the
~energies ofzthe levels to aoy appreciable extent. Because of
the preeence of some of the weaker‘transifiode shown in table
117, which apparently_have no place in fhe deoay.soheme, it is
hoped that new levels will be found in the future tc include -
~these transitions.

Comparison of the energies of.the levelevand the
'gamma‘transition probabilities with the theoreﬁical values .
based on the Asymmetric Ro%ator Modei'demonstrates as a
whole the validity of this model in the present nhosen even-
'even nucleus (G4 154). The close f1+s in. moet oaoee are‘
remarkable. The error limit’oi the o —+o monopoie tran-

sition is relatively large. Experimentally, ré-investigation
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of the monopole transitions in this nucleus might be best
carried out by means of Coulomb excitation, because phe beta
excited states in the present investigation are weakly pop-
ulated. Thus the transition intensities were estimated with
great difficulty.

As has been shown in the section on model'fitting,
( Chapter 7 ), the determination of the asymmetry pafameter
Y and the stiffness parameter W involves the assignment
of the theoretical energiés of the two lowest energy levels
to be equal to the corresponding experimentally detefmined
energies. In this method, we have only two parameters (i.e.
Y and fL) to vary in order to achieve a minimum RMS deviation.
An alternative method would be to relax the condition of such
an assignment. In consequence, two additionél adjustible
parameters would have to be varied in order to minimize the
RMS deviation. Computation By this method would certainly
be more complex. One could, of course, include the RIS values
of the reduced transition probabilities in drder to evaluate
Y ang M However, the uncertainty limits on these raﬁios
arevin general nuch larger than those of the level energies
so that the accuracy of the method could be reduced over the
present approach.

Finally, it is urgently to be hoped that the further
development of this model of the nucleus will include the
prediction of the transition probabilities between negalive

parity and positive parity levels. Thefe are a sufficient
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number of such transitions in even-even nuclei to make such

calculations both interesting and useful.
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