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CHAPTER I

BASIC CONCEPTS OF NUCLEAR PHYSICS

Angular Momentum, Spin

Just as the electron possesses an intrinsic angular momentum
1/2 J&, it has been found that both the neutron and proton possess an
intrinsic angular momentum 1/2 ﬁ If the selection rules which are
imposed by quantum mechanics are considered, the results show only two
orientations in space which an angular momentum ‘of 1/23& can assume,
It must either ‘be parallel or anti-parallel to any given direction.
Thus, the component of angular momentum along a given direction is
either + 1/2;ﬂ.

There have been many proofs showing that the nucleus is made
up of neutrons and protons, and does npt include electrons as had been
previously postulated. The nucleus then possesses an a.néular momentum

:_:E _—:[_I (I+l)_]’/a/t, which is the combined effect of the intrinsic
angular momentum of the nucleus and the orbital motion within the
nucleus. The orbital motion within the nucleus must be an integral
multiple of.j\:. The intrinsic angular momentum of the nucleus can add
or subtract j;/Q depending on its orientation relative to the reference
axis. Thus, it 1s obvious that the total angular momentum of & nucleus
is an even multiple of 1/2 j; for nuclei with even number of nucleons
(A) and is an odd multiple of 1/2 ;ﬁ.for nuclei with odd A.

In nuclear physics the terminology "spin" is usually re-
served for the total angular momentum of the nucleus. This includes
the intrinsic angular momentum of the nucleus and the anguler momentum
of the individual nucleons. This terminology will be used throughout

this paper.
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Nuclei, like atoms, can exist in excited quantum states. The
angular momentum, as well as other properties for nuclei in these ex-
cited states)may differ from their ground state values. The contri-
bution of the orbital angular momenta and the relative orientation of
the intrinsic spins of the nucleons differ, in general, from state to
state in one nucleus. Either effect changes the total angular momentum
by an integral multiple of,i”. Thus, the spins of the excited states
may differ from the spin of the ground state by integral multiples of;ﬁ.

Nuclear angular momentum vectors, like atomic angular momentum
vectors, exhibit "space quantization." Any angular momentum I can be
orientated in space with respect to a given axis in only (21+l) di-
rections. The component of the angular momentum along the axis of
reference in any of these states has the magnitude/nmi, where the
integer or half-integer/ﬂbcalled the magnetic quantum number, is any
member of the sequence -I, -I+l,..., I. These 2I+1 orientations are

degenerate in the absence of a magnetic field.

Parity
Another quantum number which is needed in any discussion of
nuclear physics is parity. Parity is a property possessed by wave
functions; it has no classical analog. This discussion will be re-
stricted to problems in which the potential energy function V(x,y,z)
remains unchanged if the signs of all the space coordinates are changed.
For such problems it can be shown that the wave functions have the

property that such a transformation can either (1) leave]%’unchanged,

or (2) change'UJ to its negative. 1In case (l), where

Wix y, z) =+ Y-%2-4,-2) 1.1



’y/is said to have "even" parity. In case (2), where
’gb(x,g,z) = - Y-z —3:-2) 1.2

3L’is said to have "odd" parity.
For example, in the case of the photon, the parity of the
L L I+l
radiation field is (-1) for 2~ electric multipoles, and (-1) for

*

magnetic 2L multipoles.

Beta Decaz

In beta decay, the excited nucleus ejects either a negative
particle (electron), a positron, or captures an orbital electron
(electron capture). However, it was stated previously that the nucleus
is composed of only neutrons and protons. How then does one reconcile
beta decay? A solution to this apparent conflict is to imagine that
the electrons are created at the time of emission, just as photons
from excited atoms. Beta decay corresponds to the following processes

within the nucleus.

N —s P + e 4y (a)
P —> M+ +Y (b) 1.3
P+ —> M+ Y (c)

V= neutrino.

The neutrino, which must be added to Equationms (1.3), was initi-
ally hypothesized in order that beta decay conform to several conser-
vation laws. Very recently the definite existence of the neutrino has
been verified(l). Upon the emission of a negative particle from an

excited nucleus, the element is changed to the next higher element in

the periodic table, Equation (l.3a). However, in the case of the other



b

two processes, there is the decay of a proton changing the element to
the next lower one in the periodic table. These can be represented

schematically by the following.

A
z_ x ZX
2 wmc*
_ ELEC TRON
ﬂ CAPTURE
+
&
2+ YA z;|YA
Figure 1. Schematic Diagram Figure 2. Schematic Diagram
Representing Beta Decay. Representing Electron
Capture and Position

Emission.

Photon, Gamma Emission

In many cases after one of the beta decay processes has taken
place, the resulting nucleus is left in an excited state. The nucleus
can then emit photons (gamma rays), or the excited nucleus may interact
directly with an orbital electron, transferring its excitation energy
to it (internal conversion). In gamma emission, the initial and final
states differ in energy by Ef—Ei, and therefore conservation of energy
restricts the emission of photons to ones whose energyfﬁﬂﬂ is given by
this difference. ©Since the spin of the photon is 1, in units of Jt,
the multipolarity of the emitted radiation has to be integral values of
H. Conservation of charge requires that the final state must have the
same charge as the initial state, since none is carried away by the
photons. These rules could also be called selection rules. Selection

rules are restrictions placed on the matrix elements relating the



states involved such that they are non-zero. The matrix elements are
made up of the quantum numbers of the initial and final states, and the
interaction energy causing the transition. Besides the energy and
charge conservation, there are other selection rules relating other
properties of the nucleus.

The parity selection rules governing electric and magnetic
radiation have already been given. The selection rules on rotational
quantum numbers are most easily stated as a conservation law for angular
momentum in terms of the vector model for the addition of angular mo-
menta. If the total angular momentum and Z-component for the initial
state, emitted radiation, and final state, are represented byfI,ﬂn}b,Ml;

and Icznt')the conservation laws take the form

Z+L =1 (=)
m M o= m (b) (1.%)
This is shown in Figure 3.
I,m
LM,
I,m’

Figure 3. Energy lLevel Diagram Showing the Quantum Numbers
Associated with the Initial State, Emitted Radiation, and Final State.

The permissible types of radiation are given by the selection rule

z-1'|eLe |T+T]] (1.5)

When these selection rules are met, the matrix element connecting the

initial and final states will be non-zero. When the matrix elements
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are evaluated in terms of these rules the following table for determin-

ing the type of radiation emitted can be given.

TABLE I

LOWEST MULTIPOLE ORDER FOR GIVEN SPIN AND PARITY CHANGE

Parity

Change AI-_-OIl AI:'Z AI=3
ML E2 M3 Preferred*
No
E2 M3 EL
Bl M2 E3 Preferred*
Yes
M2 E3 M4

* Preferred means that the transition probability is greater.

Internal Conversion

As was stated previously, a nucleus in an excited state can
perform a transition to a lower state not only by emitting a quantum
but also by internal conversion. In this case, the energy of the
ejected electron is equal to the energy lost by the nucleus less the

binding energy of the electron in the atom. This can be expressed

simply as
= 1.6
En = Ee +Eg (1.6)
where
Ee = energy of the ejected electron
E, = binding energy of the electron



The total transition probability from a nuclear state a to a

nuclear state b is the sum of two terms T(a.)b)_and T("’)(a., b)

Tla,b)=Tlab) + T*(a,b) (1.7)

where

T(&L) b)_—_ transition probability due to photon emission
T(L)(a,b)___,transition probability of internal conversion

The internal conversion coefficient O is defined by

T a,b)= xT(a,b) (1.8)

Equation (1.7) becomes

T(ab)= (]+x) T(ab) (1.9)

A is equal to the ratio of number of electrons that come from an atom
to the number of accompanying nuclear photons. If a particular shell

X of the atom is considered, O(xis defined as

Nx (1.10)

In some cases, especially for higher multipole radiation,
the conversion coefficients may be so large that it is difficult to
observe any KL radiation. In such cases, the relative conversion co-
efficlents for different shells or subshells furnish information on the

multipolarities of the transitions. Thus, one refers to the K/L ratio

which is defined as

% - Ne(k) (1.11)

T Ne(L)



where
Ne(L) = Ne(Lz) + Ne(L:a) + Ne(L._m) (1.12)

riadenotes the number of electrons from a particular shell.
Designating the conversion coefficients by'CX(#O, etc., this

is obtalned from theory as

_ X (k)

£k — .
L K (Lg) + X (Lig )+ K (Ligg) (-13)

In actual experiments, one attempts to make a comparison
between theoretical and experimental FVZ ) bz/in: , etc., ratios in
order to determine the type of radiation involved. The particular
ratio of greatest interest to the investigator depends on the resolu-
tion of the measurement and therefore, to some extent on Z. These
conversion ratios also depend on the value of L and the parity of the
transition.

Angular correlation is another important tool of nuclear
spectroscopy. It is this topic which will be the subject of the re-

mainder of this dissertation.



CHAPTER II

THEORY OF ANGULAR CORRELATION

Angular correlation is a comparitively young field. The
first theoretical work was carried out by Hamilton in 1940(2). In
the next few years that followed there were no successful attempts at
the verification of this theory. Brady and Deutsch(3) performed the
first successful experiments using Geiger counters in 1947. In 1948,
a great advancement was made when Brady, Deutsch and MEtzger(h—7) in-
troduced scintillation counter techniques into the field of angular
correlation. A great number of correlations which have been carried
out would have been virtually impossible using Geiger counters.

As will be seen later, the correlation function \/\/( 9)
dgpends on the angular momentum quantum numbers of the nuclear states,

Figure 4, and the angular moments, Ll and L, of the successive radiations.

p 1
L

B ' I
L,

¢ A

Figure 4. Energy Level Diagram of Two Gamma Transitions in Cascade.

It is therefore, Jjust these quantities which angular corre-
lation measurements help to determine. In K3—Xb directional correla-
tion measurements, which are the only type considered in this paper,
the parity of the radiation and that of the nuclear states is inde-

terminable. Other measurements such as conversion coefficients,

-9-
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lifetimes of excited states, shapes of beta spectra, etc., must be
relied upon to help make unique assignments. In cases where the gamma
transitions are not of pure multipole character, angular correlation
measurements can be used to determine mixing ratios.

The probability of emission of a particle or quantum by a
radiocactive nucleus depends, in general, on the angle between the nu-
clear spin axis and the direction of emission. Under ordinary circum-
stances, however, the total radiation from a radicactive sample is
isotropic because the nuclei are randomly oriented in space. An an-
isotropic radiation pattern can be observed only from an ensemble of
nuclei which are not randomly oriented. If the case of a cascade of
gamma rays, see Figure 4, is considered, and only one transition is
observed, either the first or the second, then the angular distribu-
tion of the emitted radiation is isotropic. No direction in space has
been singled out and there is no reason to expect an anisotropic dis-
tribution. If, however, a system can be devised whereby a certain
direction in space can be singled out, then one might expect to abserve
an angular distribution, characteristic of the type of radiation
emitted.

The general problem which is to be investigated is the
following: & nucleus with spin Ig emits a X -ray with multipolarity
Ly and magnetic quantum number M; and decays to a state with spin I,
wheredpon a X\‘ray of multipolarity L, and magnetic quantum number Mé
is emitted with the nucleus going to a state I,, see Figure 5.

From the conservation of angular momentum we have Equa-

tions(l.h). The splitting of each level into the magnetic substates

cun be represented in Figure 5.
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A m,
L,,M,

B ™y
L, M,

C e

Figure 5. BEnergy Level Diagram Showing Splitting of the
Ievels Into Magnetic Substates.

Each component My,-»/, between specified magnetic sub-levels
possesses a characteristic distribution FLM(G) which is independent
of IB and In. e represents the angle between the ¥ -ray and the
Z-axis. For gamma rays, the function /:,f’(B) is Jjust the energy flow
(Poynting vector) as a function of @ for multipole radiation with
quantum numbers L and M.

The following will be given as an example of angular corre-
lation. The initial state will be given the spin value of O, the in-
termediate state 1, and the final state O, see Figure 6. States A
and C have even parity, while state B is considered to have odd parity.
From the selection rules, Chapter 1, Table 1, one would expect electric

dipole radiation for both &) and &7

g — — —
ol —— —— —— ——
o — — —

C

Figure 6. Energy Level Diagram Showing Splitting of the
Levels Into Magnetic Substates. The Initial
and Final States Have Spin O, Intermediate
State Spin 1.
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As is seen from the above figure there are three transitions
equally possible, AM= +/, O, -/ in the transition A —>B.
The figure shows the transition AM=0 must be followed by the transi-
tion AM=0 1in B—»C; AM=%| is followed by AM= F |,
The directional distribution in each of these transitions is
M :
given by Fu (9) . For electric dipole transitions (L=1, change of

parity)(8’9).

Flre)d 2 = C(1-coa?0)d
Fro)de = & (1+coa’0) 42 (2.1)

where
C = constant independent of the angles.
The sum over the above equations gives a constant, and therefore, the
first quantum of energy is isotropically distributed.
The choice of the Z-direction is quite arbitrary. It de-

termines a polar coordinate system, and it also defines the substates

me=1 ,0;" of state B. Without any loss of generality the Z-direc-
tion may be chosen parallel to the direction of the first quantum.
Then the first transition cannot lead to state B with magnetic quantum
number m=0 since a dipole emission with AM=0 does not
glve rise to any radlation in the Z-direction. The first transition
A—B is therefore of the type AMs= | . The second transition
B—C must then be of the type AM= F /| respectively. Either of
these gives rise to the second directional distribution in Equations (2.1).

Hence, the direction of the second quantum is not arbitrary, but is
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distributed according to

\/w/(gi,a.)ce-Q =/-§—77-’- (/ +Cod QLa)Og—Q (2.2)

Here W( 9;@) aQ_Q is the probability that the direction of the second
gquantum lies within the solid angle element JQ at an angle @,‘9\
with respect to the first quantum (z-axis). It is seen, therefore, that
the probability is twice as great that the two photons be emitted in
the same (or opposite) direction than that they be emitted at right
angles to each other. A directional correlation measurement performed
upon this cascade would yield a correlation curve that would increase
by a factor of 2 from 90° to 180°.

The splitting of excited states in a magnetic field can be
observed in atomic spectroscopy (Zeeman effect). The directional dis-
tribution associated with the various m substates of various states can
be observed as the longitudinal and transverse effects. In nuclear
spectroscopy the Zeeman effect is unobservable, because the splitting
of the nuclear energy levels even in very strong magnetic fields is of
the order of /O-a;-"/ . In nuclear physics, it is thus impossible
to separate the components, and the unresolved transition is always
observed.

To calculate [, (6) (10) | tne airectionsl aistribution,
the function F[‘/,(Q) , the relative population ‘P(/mb) for each

sublevel "M, , and the relative transition probability G(/ml,/h}_)for

each component /W], — /1, must be known.
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Then

FL(6) — 2_Plm,)G(m,mm,) FM(6)

My, M.,

(2.3)

The case of radiation from a dipole oriented along the Z-axis will be

considered. The matrix element for this case is
>
= W7 Y AT

Let the wave functions 'lp be assumed

7‘//:' p(/l) YJ:M(Q) (P)
Ye'(9,9)

denotes a normalized spherical harmonic.

Since Z = flCea b ,

where

Ze <[ [ Rt)A° R, (1) Ln ] Y:m K?bcoa 2 sz]

If the substitution

*
/ZCO-&Q: /1(4—37-‘7-)!/& Yo is made,

eh then becomes

Fome, *O b
Zcb= (const. x radial integral)/ >/I }éb IQ

(2.5)

(2.6)

(2.7)
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0 "y Me.
Since X 5 \(Ib >a.~o/ YIC are eigenfunctions of the operators

Iz. and IZ’ and Ib = IC. + L (where L=1), the product
*Mb/
e o
Y \Z can be expanded in terms of \é / using the
Te | b
theorems of vector addition.
Thus,
* * MY
e 0 / :
Y Y e 2 Y <ICL’MCM Ib’/yﬂb/> (2.8)
28 ! Iy

Ty
where <Ic L. M }_‘Ly my/ > is the Clebsch-Gordan coefficient.
When Equation (2.8) is inserted into Equation (2.7), the following

expression is obtained

o
Ze=A 2 Vo Y K Tlme Ty myddT o

Beca_use of the orthogonality of spherical harmonics, all integrals
vanish except that with Ib = Ib’ and My = /My’
For the special case which has been chosen, =/ M =0 , Equa-

tion (2.9) reduces to

Ly T L I,1m, olT, mp > (2.10)

The relative transition probability is proportional to the
square of Zcb’ and therefore proportional to the square of the Clebsch-

Gordan coefficient.
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The above calculations were based on the assumption of single
particle wave functions and for electric dipole radiation only. It can
be shown that the results are independent of the first assumption, and
can be generalized for higher multipole radiation.

The relative transition probability can therefore be defined

as

G(myme) = T, Lme M| Tyomy > @)

Equations (2.10) and (2.3) are the expressions by which FL (9) can
be calculated, once the relative population of state /mB is known

P(Mg) . If the Z-axis is made identical to the direction of XL,)

F, (9) becomes identical with W(Q), the directional correlation of

2
X\'I with respect to 5/:1.
’P(MB> is the sum of all the allowed transition probabili-

ties originating from state /maand ending in state m b - Assuming all

/majstates equally populated, M/‘: Mg —/Myp

P(/mb) NZ G(Ma./mb) FL/:4I/9:0) (2.12)

Ma

When the Z-direction is chosen as the direction of the first
gamma ray, definite restrictions are seen to exist. The result is that
+]
M, can only be + 1. With this simplification, only F, (®) ana
FL’I (Q) appear in Equation (2.12). When Equation (2.3) is written
/

for the second transition B —C, the result is

Fia(6) o 5 P(me) G (mume) F.2(9) (2.1

My, M,
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Equations (2.12) and (2.11) yield the following expressions for the

first transition.

P(M) > 5 G(Mamy) FL) (B=0) (2.14)

G(mam,)= < Tu L, myt | Tamy > (2.15)

Equation (2.13) then becomes

(2.16)

Fl.(6)=w( NZ<Ib LMt i|Ta ”'?aiﬁf '( 0) (T Loy, My }:l:,,/m,fz FLZ*(@)

Each substate (magnetic sublevel of an isolated nucleus)
emits anisotropically but on summing over these substates with equal
populations and random (relative) phases, so that the sum is incoherent,
the total intensity 1s independent of angle. However, in the case of
the angular correlation process, the angular distribution of one of
radiation is observed when it is known that the other has a fixed
direction. This prescription of a fixed direction singles out a direc-
tion in space. The observation of the gamms ray in this case acts as
a kind of a projection operator in giving different weights to the
varlous substates(ll). In other words, it gives information about the
substates of the nuclear level formed after the emission of the radia-

tion. In particular, it asserts that these sublevels are not uniformly
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populated. Consequently, the radiation subsequently emitted will not

be isotropic. This is, therefore, the principle of angular correlation.
Hamilton, as the pioneer in the field of angular correlation,
was the first to derive Equation (2.3). For many years investigators
used his results which are fairly simple for pure dipole and quadru-
pole radiation. However, for cases of higher pole and/or mixed radia-
tion, Hamilton's method becomes extremely cumbersome.
In the further developments of angular correlation theory,

(15-26)

not only was this difficulty overcome s but the theory was gen-

(11-14)

eralized and extended to radiation other than gamma rays and to

cases where the nucleus is disturbed in the intermediate state(lo’15’27-3l)A
The progress in the theory of angular correlation after Hamilton's work
was due to the use of three tools: group theory, Racah algebra, and

density matrices. This is not an elementary formalism and will not be

presented here.

Results from General Theory Applied to¥ - Y
Directional Correlation(lo)

Pure Multipole Radiation

The cascade given in Figure 4 will be considered to repre-
sent a cascade A —B —C in which both ZN:rays of multipole order Ll
and L2, respectively, are pure. Such a cascade will be denoted by
I,{Ll ) T (LJ) IQ. . This notation will be used throughout the

remainder of this paper.
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The directional correlation function between b/v, and XS__

can be expressed as

W(8) = |+ AR (cr®)t v v v Ay, Bpplca®) @17

The highest term in the expansion is determined by

*‘gmx= M/’M/QIj,zL“;ng) (2.18)

A can be broken up into two factors, each factor depending on only one

transition of the cascade

Ao = Fa (L,T,T) R (L2 TaT) (2:19)

The F_k)‘s can then be expressed in terms of Racah coefficients
and radiation parameters. When use is made of the fact that the de-
tectors to be used are polarization independent, and also that the
only allowed values of M are + 1, the coefficlent F:ge is then, apart

from a normalization factor, given by

Fo(LTT) col-1) (aLr)bLi-11k oYW (T'ThL;LT') (220

where W(I/I’@b ; L I/) are the Racah coefficients.

The Clebsch-Gordan(32) and Racah W coefficients(33) are
tabulated for many cases, and hence the coefficients E& can be ob-
tained. The Eﬁ coefficients have been tabulated by Biedenharn and

Rose(%) for many cases. To form the directional correlation for a
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X“.X\‘ cascade the appropriate F JQ/S are located from the table and
A‘& computed. \/\/(9) is then found from Equation (2.17).

Rather recently, tables on the F coefficients have been pub-
lished by Ferentz and Rosenzweig(35). These tables are particularly
useful when mixtures are of concern. Experimentally, the coefficients

;L& are determined by assuming an appropriate value for kpygx (usually
not greater than 4) and then making a least squares fit of Equation
(2.17) to the values of exp (@) measured at several angles. All the
experimental points in this investigation were taken from 90°—180%»270°
in intervals of 15°. The anisotropy is, therefore, also determined.

This quantity is defined as

A = W(/j/o%—o \:)W) (2.21)

The evaluation of Equation (2.21) for a maximum coefficient of Au in

the expansion of W( 9) yields

- |+ Aa + Ay __/
|- (1) Ay +(%6) Ay

(2.22)

A very useful fact when making calculations is that the correlation
function for the two cascades II(L'>I(L'.’2)I,‘1 and I;\(/_,;\)I (L,)Z, are
identical.

The directional correlation function W(Q) being independent
of the parities of the transition is not surprising when it is noted
that classically electric and magnetic radiation of order L are related
by the transformations E—>H, and H—>-E. Since these transformations

leave the Poynting vector unaltered, the angular distribution of the

radiation is unchanged.
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X-bﬂ Directional Correlation for Mixed Multipole Radiation

In many instances, one finds that the radiation emitted is
not of pure multipole order L, but rather must be described by more
than one value L of angular momentum. Ling and Falkoff (a7) were the
first to treat mixtures theoretically, but since then the theory has
been extended by others. For mixture in any one transition, a mixing

ratio can be defined as

gzz () (2.23)
I(L)

/

L and ;zl'

where I(L’) and I(L) refer to the intensities of the g
/
radiations respectively (ususlly L =,4+/).

Denote I, , T ) j_';\ as the initial, intermediate, and final
momenta of a cascade in the gamma decay of a nucleus. ILet the transition
between II’ and I be a mixture of & 'and & poles. Similarly de-

4
scribe the second transition as a mixture of & A and &Lv'l'” poles.

The theoretical directional correlation function has been expressed by

Coester(36) in the form

b
w(g) = S A% AD Py (o) (2.2
&:O

even

(1)
A \ b is dependent only on the spins and multipolarities involved in
(X
the first transition. AJQ) is dependent only on the spins and multi-

()
polarities involved in the second transition. Aj,\ can be written as

AL - Rl LT )+ 26 Rl T T+ 82 Al LATT) (o.os)
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The summation over,% in Equation (2.24) runs from zero to the least of
T, Q(Z/-y‘/) or ,2([,1»'-/) The Ek(LL/I/I) are the F-coefficients
as defined and tabulated by Ferentz and Rosenzweig(35).
However, instead of plotting g. » the mixing parameter, as
a function of the coefficients, a much more convenient form is obtained
if the substitution N
Sy

Q\) = /T.(S;l (2.26)

is made. In this form, Q}, represents the amount of quadrupole radia-
tion present. ’ - Qg then represents the amount of dipole radiation.
When Equation (2.25) is substituted in Equation (2.24),

can be written in the following form.

A.ﬂ = Afz Ar)z [FJQ (LIJLl,II;IX/’@I)-J-Q F‘& (L/IL/""ﬁI,,I)J@l ("O/ +
Fa Lot L+l T, I)Q L Fa(LaLa T2 T N | -Qa) +
Q?Fl(LR;I"a’*IaIz»I)JOa(/'QJ) + Fi(La”)Lz"',)ImI)Q&] (2,27)

1--3 DPirectiomal Correlstion
In many deeay schemes 1t is possible to measure a correlation
funetion of two gamma transitions which are only in coineidence through

a third (uncbserved) transition, This is shown in Figure 7.
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I
Y| L
1 I,
5,1 L,
I
5| 2
/ I3

Figure 7. Energy lLevel Diagram Showing Three Gamma
Transitions in Cascade.

Such a measurement is called a 1-3 correlation. The theory of angular

correlation has been extended to the 1-3 correlation \/\/ ( &ng )
by Biedenharn, Arfken and Rose(37’38), and later generalized by

Satchler(39) to be valid for arbitrary particles from an arbitrary

cascade.
For the case in which all transitions are "pure," the 1-3

gamma-gamma directional correlation function is given by

w(9) = (—I)LI—I,-—:La[{QI,*/X&IJ-F/)J&;E&(l—oLoIaI.)x

Fa(LalaTaTo)s W(T, T T Ta5 AL X B (¢08)  (2.28)

where 'Qmmx is 2 min (L'o, L’.‘L:IhI.z)



2h_

For the case of a mixture in the first transition 53)

the correlation function can be written

W(B) = W(L)+ &7 W(Ls) + a8, W(LoLs) (2.29)

Expanding this equation
W(0)= (_’)L/‘I,'I.z L(‘QI,M){&IJM)] é ZA:IL(L“/-;)A»Z (L2>)\

W(I,I,T,ZL,; 4L, ) Bu(cn®) (2.30)
where

2% (Lot)= Fa(Lol TLI)+ 2 S Fa (LL/T,T,) +
do F& (L LT, T,) (2.31)

A% (La)= Fi(TpIslala) (2.32)

These expressions are applicable to the case where the
mixture 1s in the third transition instead of the first transition, if
the roles of L., Lo/ and L, L_; are interchanged.

When a mixture occurs in the unobserved transition

the correlation function is given by

w(e)= wikt)+ §W(L)) (2.33)
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Expanding this equation

w6 e [Tz ]™ 2 Ak (LLL) A% (L)

/

Cw(T,T1, Iajz)'fZLA)(") - _I—IJ-;- C(IQ (-1) X

W(I,I, I;:I.v' 'z L//)]?,k (mé)
(2.34)

Assumptions
It was assumed that the substates belonging to a particular

level were equally populated for any choice of the Z-axis. This is a
valid assumption unless the radioactive nuclei are in a strong field

at low temperatures. This is just the case of "oriented nuclei” and
will not be discussed here. In this case, the population of the various
states and substates follow a Maxwell-Boltzmann distribution.

The‘second assumption which was made was that the nuclei were
free. This is just the statement that the nuclei are not disturbed by
extranuclear fields. This assumption is Justified if the mean life of
the intermediate nuclear state is much shorter than the interaction
time. It is generally assumed that if the lifetime of the intermediate
state is less than 10'9 seconds this condition is fulfilled. For states
with longer lifetimes, perturbations are possible. To minimize the
chance of perturbations an environment where the extranuclear fields
are very small must be utilized. This is realized in cubic crystals
where the time average effect of the fields vanishes. The extranuclear
fields are also small in certalin liquids. All the correlations carried

out in this research were performed in acidic solutions.



CHAPTER III

TECHNIQUES - EQUIPMENT
In Chapter II the directional correlation function

was written as

Boar
W(0) =S, Ak Pe(n8) 3.1)

=0 even
The experimental problem is that of determining the coincidence

counting rate ﬁ%g between two gamma rays in cascade ( X74JVJ XZ )
as a function of the angle E?. E; is the angle between the direction
of emission of the first gamma ray 53 and the direction of emission
of the second gamma ray 53“

A schematic diegram of the experimental arrangement of the

detector assembly 1s shown in Figure 8.

/

180°

Figure 8. Deteetor Arrangement.

-26-
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A1l the desired information could be obtained by observing
the coincidence counting rate A&;(@Q) from 90° to 180°. However,
in practice /\/Q(Q) is observed from 90° to 180° and 180° to 270°,
in most cases at intervals of 15°, The data at 90° and 270° are added
together, the data at 105° and 255° are added together, etc. In general,
the data at (90°+6 ) is added to the data obtained at (270°-4). This
corrects for any false asymmetries which might be produced due to
scattering from surrounding obJjects, and to source misalignment.

After Aé(@» is recorded, a least squares fit(ho) of the

data is made to the function

F(O)= A, R + ARB(al+AyFcr8) G-2)

The experimental values of Ao 5 A 2 and /49( are determined by
this procedure. It is a standard procedure to normalize the value of
the coefficients which have been determined so that Ao::’. Carrying
this normalization out results in the following values for the

coefficients

L4l ATl A ! Ay &
A Té = 7&72&‘ 5 Autéy = S5 = (3.3)
o— So °

The experimental directional correlation function is then written as

Worp(68) = | + (A3 2l )R (cad) + (Au 2 €6)FylenB)  B-Y)

The experimental points can be placed on the least squares curve by

dividing the observed counting rates, or "corrected counting rates,”
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by \/\/em(90°). The meaning of the expression "corrected counting

rates" will now be examined.

Corrected Counting Rates

The observed coincidence rate /\/CGAZQ) is proportional to
the efficiencies (8“ 6:1) for the detection of the gamma rays of
each counter, the solid angles (_Q/ )_52&) which the source subtends
at each counter, and the directional correlation function W(@)
When energy discrimination is employed, the proportionality constant

is /\/ , whereb/is the source strength.

NA8) = NE & 2,3, wib) (3.5)

The individual singles counting rates for each counter are given by

/\// = /‘/é/.pl

.6
No=NE2, (3.6)

If Equation (3.5) is divided by Equations(3.6), the following expression

is obtailned

ob.
Ne () _ / _ w (6
A Ne(8) = _é_)_ (3.7)

The corrected counting rates will now be independent of variations in
the solid angle of the counters, and fluctuations in the efficiencies
of the counters. /Va/( 9/ depends only on W( 9) and the source strength
/\/. Since the isotopes used in this study had long halflives, there

was no need for correcting for decay of the source.



Accidental Coincidences

ob.

In the expressions previously given, AQ (év has been
used to stand for the real coincidence rate as a function of e
These coincidences arise from the simultaneous detection of two quanta
originating from the same nucleus. In addition to these, accidental

Ace

coincidence counts, AQ (ev, which are due to simultaneous detection
of two quanta from different nuclei, will be registered. Simultaneous
used in this sense means within the resolving time T of the coincidence
circuit. If two counts arrive at the coincidence circuit less than T
seconds apart, they will be recorded as being in coincidence. The
accidentals must be subtracted from the total coinéidence rate to find

the real coincidence rate

WR(O) = NEHB) - WELe) (3.8)
(41)

The number of accidentals can be determined from the expression

Aéfx‘ = 527;/% AQL (3.9)

if the counting rates AA ,/Mz and the resolving time TC of the circuit

are known. In practice éﬁzi) AA and /{;_are measured to determine

the resolving time of the circuit. When Equations (3.6) are substituted

into Equation (3.9), the expression

L Ace.

Mo = QTNE E2 02, (3.10)
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is obtained. When Equation (3.5) is now divided by Equation (3.10),

the following expression is obtained expressing the real to accidental

ratio.
A _ ,
N QTN

The accidental coincidence counting rate was determined by using two

(3.11)

independent sources. Each counter was isolated from the other by lead
shielding. The observed coincidence rates were then normalized by

the singles rates

Aee,
NA'ZC(Q)__ /V//Vz Ne (e)ausexveo
¢ - _/\// A// (3.12)
(AR

AL and A%;refer to the single counting rates observed in counters 1
and 2 when the counter assemblies are set up to observe ‘:6(@9 as

/
shown in Figure 1. AA and Aé;'refer to the singles counting rates

observed in counters 1 and 2 when the counter assemblies were set up

e,
to observe Aéf (ﬁv as described above.

Correction for Finite Resolution

It has been stated that in angular correlation measurements
the coincidence rate between two gamms transitions in cascade is re-
corded as a function of the angle Ea between the two counters. However,
since the detector assemblies have finite resolution, this angle 69
is not a unique angle but rather a range of angles 69, to 6%;.
This spread in the angle 69 is shown in Figure 9. This A 69 has the
effect -of smearing out, or attenuating the correlation(hz). The measured

correlation function can be expressed as the true correlation function



with attenuation coefficients B&(AO,ME-M).

/ l&"ﬁ .
W (8) = z, Br Ak B (cx8) (3.13)

Ocven

lgjhare the coefficients which depend only on the cascade parameters.
There are three general methods by which the attenuation coefficients

are determined.

[ S s
\\ | // //
l 4 // //
\ ez //i;// //////
%) ‘o pd
\1/ -~

Figure 9. Finite Solid Angle Subtended by Detectors.



Annihilation Radiation Method

If the energies of the gamma rays are of the order of 0.51 Mev,
the annihilation radiation method may be used to determine the resolu-
tion of the c0unters(h3). The attenuation coefficients are found by a

numerical integration over the resolution curve.

Absorption Coefficient Method

The attenuation coefficients Eak can be calculated if the
shape of the scintillation crystals and distances between the source
and crystals are known. The absorption coefficient /;A of the crystal
i1s a function of the energy of the radiation. Rose has tabulated the
attenuation coefficients B, and E% for’/t ranging from (0.12 - 40)em™t
and for source to crystal distances of 7T and 10 cm(ho). The absorption
coefficients may be found in articles by Howland and Kreger(h5) and
Davisson and Evans(u6). All the attenuation coefficients used in the
Eulsh directional correlation measurements were obtained by the absorp-

tion coefficient method.

Collimated Beam Method

In this method, a collimated beam of mono-energetic gamma
rays 1is used to measure the resolution of the counters(uu). A resolu-
tion curve is obtained and the attenuation coefficients are found by
numerical integration. This is essentially the Church-Kraushaar
method(u3) where the experimental resolution curve is measured for each
energy separately. The EZQ% used in the directional correlation
measurements in Tal82 were based on the collimated beam experiments

of Arns(47).



Resolving Time and Source Strength

Since the real to accidental ratio is inversely proportional
to both the resolving time of the circuit and the source strength,
Equation (3ell), it is desirable to use as large a source strength as
possible. If a good real to accidental ratio is to be maintained, a
resolving time as short as possible must be employed. The method
which was used to obtain a short resolving time is essentially using the
first few photoelectrons from the cathode of the photomultiplier tube,
caused by the detection of a gamma ray, to trigger a coincidence or
"summing" network. Mortoé%S)has shown that much more precise timing is
possible using the first few electrons than using the mean time of the
photomultiplier pulse as would be done if the whole pulse were used.

The resolving time that was obtalned was approximately 3.5 x 10‘8
seconds for energies down to approximately 50 kev. It should be pointed
out that this method destroys the identification of the pulse as far

as energy is concerned.

A block diagram of the experimental arrangement is shown in

Figure 10.

"Fast - Slow" Coincidence Circuit

It was noted in the previous section that the method of ob-
taining a fast resolving time destroys the information about the energy
of the gamma rays. However, when complicated decay schemes are to be
investigated, energy selection of the gamma rays must be employed. At
first glance this seems to be a contradictory situation. This seemingly

hopeless situation is overcome by the application of a "fast - slow"
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coincidence circuit. As is shown in Figure 10, parallel channels are
constructed, one a fast channel for the production of a fast resolving
time, and a slow channel where energy selection is obtained.

The fast coincidence circuit records a count each time two
detected gamma rays are in colncidence. The resolving time of this
circult is approximately 3.5 x 10’8 seconds. The output of this co-
incidence circuit and the output from the slow coincidence circuit are
brought together into a triple coincidence circuit whose resolving time
is approximately 2 x 10-7 seconds. This triple coincidence, or gate
circuit, then records a count only when the detected gamma rays from
each detector are in fast coincidence and have energies within certain

preselected limits.

Detector Assembly

Thallium activated sodium iodine [No. I(Tf)] scintillation
crystals, were coupled to Dumont 6292 photomultiplier tubes by means of
Dow-Corning (200) silicone oil. The crystals were of two types. Crystals
1-1/2 inches in diameter and 1-inch thick were used in the Gdl%
measurements. In the Wl82 measurements,2-in. X 2-in. crystals were
used. Lead shielding l/2—inch thick surrounded the sides of the crystals
to reduce crystal to crystal scattering. One-eighth inch aluminum was
placed in the front of the crystals as a beta shield. The electric
field in the photocathode to first dynode space is weak necessitating
the use of mu-metal shields to reduce the effect of the earths magnetic

field. A 2—1/2-inch soft iron pipe was mounted surrounding the photo-

tube and shield.
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The sources used in this investigation were in HCL solution
and placed in lucite holders 1/2 inches in length and l/8—inch in
diameter. These holders were mounted centrally between the two photo-
multiplier - crystal assemblies at distances of either 7 or 10 centimeters.

The output of the photomultiplier tubes is sent to the grids
of two cathode followers. The pulses coming out of this arrangement
had a rise time of 2.0 x lO_7 seconds with amplitudes up to 0.5 volts

for a 1 Mev gamma ray.

Fast Channels

The output of the fast cathode follower is sent to the limit-
ing amplifier. The limiting amplifier - blocking oscillator combina-
tion is designed to produce fast rising uniform pulses from slow rising
varying amplitude pulses. These uniform pulses which reach the coinci-

dence circuit have the effect of producing good stability.

Limiting Amplifier

In this amplifier the pulses are amplified to a large value
and then the tops of the pulses are clipped off. This produces a fast
rising pulse from a slow rising pulse. The rise time which is obtainable
is determined by the band width of the amplifier. The result is that
all the limited pulses have approximately the same rise time. The
circuit, which was devised by KElly(h9), had a band width of 2 mega-
cycles. The output is a positive 20-volt flat-topped pulse with a rise
time of approximately 0.04 microseconds for all energies down to ap-
proximately 50 kev. The duration of this pulse is approximately two

microseconds. Figure 11 A is a picture of the limited pulses of EulSu
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The high voltage which is applied to the photomultiplier tubes can be
adjusted to change the amplitude of the output pulses from the photo-
multiplier tubes. In this way the lowest energy gamma rays, X-rays,
or noise can be adjusted to be either limited or discarded.

The principle difficulty in this method of using amplifiers
of such small band widths is that there is an apparent delay intro-
duced by each stage(So). This delay time is, to a small extent, de-
pendent upon the pulse amplitude. This introduces a so~-called jitter,
i.e., pulses of different amplitude arrive at different times. Ideally,
this can be compensated for by adding delay to the appropriate channel.
However, it is difficult to add the proper amount of delay because of

the low coincidence rates and so this is done approximately.

Blocking Oscillators and Coincidence Circuits

The output from the limiting amplifier is fed into the block-
ing oscillator circuit. The blocking oscillators produce uniform posi-
tive output pulses. The rise time of these pulses is about 0.05 micro-
seconds and a duration of approximately 0.2 microseconds. A picture of
these pulses is given in Figure 11 B. The pulse is then shortened to
0.05 microseconds., Figure 11 C, by the use of delay line clipping.

The resultant negative triangular-shaped pulses are then applied to the
grids of a Garwin type coincidence circuit(Sl)Sz)a These circuits
have been described by Stewart(ss), Scharenberg(5h), and KElly(ug),

and will not be given here.

Slow Channels

The output from the slow cathode followers is sent into a

linear amplifier. The maximum pulse height that can be obtained from
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Output Pulse From the Limiting Output Pulses From the Pulse Height
Amplifier. Analyzer After Going Through Delay
Line.

Output Pulse From the Fast Block- Output Pulse From the Slow Blocking
ing Oscillator. Oscillator.

N —
Fast Blocking Oscillator Pulse After Slow Blocking Oscillator Pulse After
It Is Inverted and Shortened By the Being Inverted.

Use of Delay Line Clipping.

Output Pulses From the Linear Output Pulses From Triple Coinci-
Amplifier. dence Circuit.

Output Pulses From the Pulse Height Input Pulse to Scaling Circuit.
Analyzer.

Figure 11. Pulse Shapes at Various Locations In the Fast-Slow Coincidence System.



these amplifiers is approximately 150 volts. Figure 11 D shows the
154

positive output pulses from the linear amplifier from an Eu source.

The output from the linear amplifier is fed into a pulse
height analyzer. The output of the pulse height analyzer is a negative
flat-topped pulse of approximately 20 volts and a duration of approxi-
mately 1.5 microseconds. Figure 11 E shows the output from the pulse
height analyzer. The small blips appearing at the beginning and end
of the pulse are the firing and blocking pulses of the two circuits
which form the differential discriminator action. If the discriminator
"is set integrally instead of differentially, these blips do not occur.
Figure 11 F shows the same pulse as is shown in Figure 11 E after going
through a variable delay line. The pulse has been attenuated to ap-
proximately 8 volts.

At the cathode of the blocking oscillator, the pulses are
positive and uniform. These pulses are approximately 30 volts. This is
shown in Figure 11 G. A potential divider attenuates this pulse to
5 volts. This smaller pulse is sent to a scaler via a cathode follower
to monitor the singles counting rate. The plate of the inverter tube
shows a negative pulse of 40 volts in size and a duration of approxi-
mately 0.25 microseconds. This is shown in Figure 11 H. This is the
place in the circuit where the pulses are lined up for maximum coinci-
dence by the use of delay line.

The output of the slow coincidence circuit is put into co-
incidence with the output from the fast coincidence circuit. The action
of this circuit is that of producing a large pulse when a triple coinci-

dence pulse is formed and a much smaller pulse when a double coincidence
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pulse is formed. This action is shown in Figure 11 I. (The triple
coincidence pulses in this picture are approximately 30 volts, while

the double coincidence pulses are approximately 10 volts). A discrimi-
nator is then adjusted to cut out the lower amplitude pulses and, there-
fore, only the triple coincidence pulses are passed on to the scaling
circuits.

The pulses which are sent into the scalers are approximately
1.5 volts in amplitude. A typical pulse is shown in Figure 11 J.

The scalers that record the counts are shown on the block
diagrem. Only those recorded in the triple colncidence scaler, and those
monitoring the slow channels are used in the calculations. The fast
channel single counting rates and the fast coincidence counting rates
are used only to monitor the equipment for stability.

The instrument as a whole was fairly stable. The fast singles
counting rates were stable to within + O.l%, the energy selected singles

counting rates to within + 0.2%.



CHAPTER IV

SPHEROIDAL NUCLEI

There have been fairly recent studies on the level structure
of a number of even-even nuclei which have a spheriodal equilibrium
shape. These have given increasing experimental support for the exist-
ance of rotational and collective vibrational states in such nuclei
as predicted by the unified model. The evidence consists mainly in
the systematic occurence and decay properties , which in most cases
agree with the predictions of the theory.

The present study of the level structure of Eu154 and Tal82
has been undertaken to extend the systematic picture of rotational and
vibrational states further in the region of the rare earths where the
experimental material in support of such states is still meager. It
should be noted that tantalum is not a rare earth, but does border the
rare earth region.

Nuclei whose equilibrium shape deviates strongly from spherical
symmetry can be distinguished by two types of excitation(55'59). The
first is associated with a collective motion of the nucleons. This
affects only the orientation of the nucleus in space while preserving the
internal structure of the nucleus. The second mode of excitation can
be associated with the excitation of individual particles or with col-
lective excitations. This latter type corresponds to vibrations about
the equilibrium shape.

The rotational spectrum depends on the nuclear equilibrium
shape, and is especially simple for axially symmetric nuclei. The ro-

tational motion can then be characterized by the quantum numbers I,K,M,

“b1-
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representing the total angulaer momentum, ite projection on the nuclear
symmetry axis, and its projection on the space fixed axis, respectively.

This is shown schematically in Figure 12.

Figure 12. Schematic Diagram of a Spheroidal Nuclear Equilibrium Shape
Showing the Quantum Numbers Involved when the Nuclear Motion
Can Be Separated Into Rotational and Intrinsic.
The separation of the nuclear motion into rotational and in-

trinsic modes corresponds to the existence of approximate solutions

of the nuclear wave equation of the type

Vo 88 0, 9u(6) (4.1)

where ‘10 represents the intrinsic structure characterized by K, and
the additional set of intrinsic quantum numbers, | . Since the in-

tensity rules which are discussed below are independent of the intrinsic

quantum numbers, they will be omitted.
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The rotational wave functions fﬁ(fz;) depending on the
Eulerian angles CZ of the nuclear coordinate system are the proper
functions for the symmetric top.

The states in a rotational band are characterized by the same
intrinsic wave functions SQFK and are labeled by different values of I.
In an odd-A nucleus, where K is a positive half integer number, I may
take on the values

To by kel ked, oo G s gy e e
In an even-even nucleus, the ground state has K=0O and the symmetri-

zation of the wave function limits the rotational band to

I=0 2,40, --- even parity (4.3)
In an odd-odd nucleus or in excited states of even-even nuclei with
K# O, the rotational sequence is again given in expression (4.2).

The energies in a rotational band are given by

£ _A T(I+]) + R T
oo | ol F @105, | (1.1
T = moment of inertia, which depends on the deformation. This parameter
varies fairly smoothly with the atomic number, increasing with the number
of nucleons outside of closed shells.

The rotational model which has been described here has proven
extremely successful in accounting for many features of the spectra of
nuclei in the range of 155 LA §:185, and A 22 225. Nuclei with A = 25

also appear to have rotational spectra.
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The two nuclei which will be treated in greater detail in this
paper are Eul5J+ and Tal82, therefore, falling into region one. The
tantalum isotope falls in the upper part of region one, but within the
region. The ;uropium isotope is on the lower edge of the range of A,
but out of the region, which had formerly been given for A. It now
appears that this range should be lowered to include A of 154.

Using Equation (4.4), the following theoretical energy ratios

for the spacing of the energy levels have been calculated

Ey 10 E, Es
% = 10 Lo _ . L2 a

where the number EE,M,6,8"' is interpreted to mean the energy of the
state above ground state with spin 2, etc.

Whatever small deviation there are from these ratios, well
away from closed shells can be attributed to "rotation-vibration" in-
teraction. This will be discussed in greater detail later in the

chapter.

Transition Probabilities

Gamma-ray emission i1s a simple kind of electromagnetic process

with a transition probability given by

_ &1 (L+1) AE)QLg(b) (3.5)

L [(ae+1)l/ ] A

where [, denotes the multipole orderj AE the energy difference between

|

initial and final states, and KB(L) the "reduced-transition" prob-
P

ability. OnlyZBCL)depends upon the details of the nuclear structure.
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The "reduced-transition" probability can be written as a
product of a geometrical factor, depending only on the angular momenta
I,K, and L, and a factor involving integrations over the intrinsic
wave function of the initial and final states, and thus, depending only
on L , K, and L. For transitions within a rotational band the initial
and final states have the same intrinsic wave function, and therefore,
the absolute transition probabilities can be expressed directly in
terms of the intrinsic nuclear moments.

In transitions involving a change of the intrinsic nuclear
state, the absolute value of the matrix elements depends on more specific
features of the intrinsic nuclear structure. However, when a comparison
of the reduced transition probability for the emission of a given
multipole radiation from a state, i, to different members f, f'... of
a rotational family is made, the factor involving the intrinsic wave
functions is the same. The result is a ratio which depends only on

the geometrical factors. This can be written

B(L,T.»1,) — L Ki Ke=ks |T.LT: kpi (4.6)
B (L T>1y) CTL K KK [ Tib Ty Ke

The factor <I/,‘ L K'L\) /I’:L I-F KF > is the (ebsch-Gordan coefficient
for the addition of angular momenta Ii and L to form the resultant I..
This relation also holds where the states i, f, and f' belong to the
same rotational family.

If the nuclear wave function can be expressed as a simple
product of an intrinsic and a rotational function as in Equation (4+.1)

i.e., if the simple rotational coupling scheme is applicable, then the

quantity K is a constant of the motion.
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For the transition probability to be non-vanishing, it is

necessary that not only the angular momentum selection rule

‘ I,
IIL-IF|< L <|IL+fI;| 7)

and the parity rule

T = TT. TT¢e (4.8)

be satisfied, but‘also
ki—ke| = AR L (4-9)

This selection rule on K would hold rigorously if Equation
(4.1) were an exact representation of the problem. This is only realized
in the limit of large deformations where the rotational motion is so slow
that it does not disturb the nuclear shape. With decreasing deforma-
tion, and increasing rotational frequency, the intrinsic nuclear struc-
ture is excited by the rotational motion, and the quantum numbers K and T
are no longer constants of the motion. When this is the case, a strict
adherance to the rotational spectrum is not expected. A modification
in the spectrum proportional to :I*('j:-f/);L is expected. This
is due to "rotation-vibration" interaction. The magnitude of this term
provides a measure of the adequacy of the rotational description.

In the regions which are being considered, the magnitude of
this correction term in the energy amounts to one percent or less for
the lowest rotational excitation.

All known electromagnetic transitions within a rotational
band are of multipolarity ML and E2 or a mixture of these two. Because

of the angular momentum selection rules, such transitions can occur
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only between states with |AT|= & . If | AT|= 2_the radia-
tion is pure E2. For ]l!I[ = | , both Ml and E2 can contribute. On

the basis of a single particle model, the radiation of lower multipole
order is expected, i.e., ML to predominate. However, the strong E2
transitions within a rotational band must involve the collective effects
of many nucleons, combining their individual matrix elements coherently.
This effect is also responsible for the sizable nuclear deformation
necessary for the existence of rotational spectra. Although M1 transi-
tions can also involve a large number of nucleons, their individual
magnetic moments do not add coherently, and no significant increase of

the Ml transition strengths over the single particle values occur.

Vibration

While the lowest collective excitations of the strongly de-
formed nuclei correspond to rotations with preservation of shape, one
may also expect these nuclei to exhibit collective excitations which
correspond to vibrations about the equilibrium shape.

For a non-spherical nucleus, the angular momentum of a vi-
brational quantum is not a constant of the motion due to the coupling
of the nuclear rotation. Still, the symmetry of the vibrations may be
characterized by a quantum number A. This quantum number represents
the number of nodal surfaces and in the limit of small nuclear eccen-
tricities, corresponds to the multipole order. The parity of the
vibrations is (—lik . For axially symmetric nuclei, the vibrations may
in addition be characterized by the quantum number J , representing

the component of vibrational angular momentum about the symmetry axis.
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For given A\ , the component - may take on the values O, _'tl) vee TA
In the special case of \>= O, the vibrations preserve the axial symmetry
of the nuclear shape.

The quadrupole vibrations( A= 9\) of the nucleus about a
spheroidal equilibrium shape separate into two modes of which one
has \)=O ( @vibrations) and the other ]\),—_-_ oA ( Kl‘vibrations).

The shape of an ellipsoid which deviates from a spherical
shape can be characterized by two shape parameters. The quantity ﬁ
measures the deviation from sphericity and the value of the parameter

X" determines the specific shape of the nucleus. Thus, b/f-‘—O describes
a prolate (football shape) spheroid whose symmetry axis coincides with
the Ziaxis, while X’:'ﬂ- corresponds to an oblate (disk shaped) spheroid,
again with a symmetry axis along the Z'-direction. An axially symmet-
ric (say prolate) nucleus may perform two kinds of quadrupole vibrations.
There may be oscillations of the eccentricity about its equilibrium
value, but with preservation of axial symmetry; vibrations of ﬂ about
ﬁ‘ (X"fixed at 0). These vibrations carry no angular momentum

about the symmetry axis. The other kind of vibration involves oscilla-
tions of the nuclear shape about axial symmetry; ﬂ is fixed at Po .
while bm oscillates about 0. The " X" -vibrations" carry two units of
angular momentum parallel to the symmetry axis.

Superimposed upon each vibrational state one expects to find
a rotational band. Thus, in even-even nuclei the rotational band
associated with the lowest mode of (3 vibration (/)4#'5 [,y =O) is
expected to have the same form as the ground state band K=0, I=0,2,4...

The band corresponding to the first excited state of Y* -vibration
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(/)’Lﬁ =0, /n(__: ;) should have K=2, I=2,3... Since any ellipsoidal
shape is in variant under reflection through the origin, and the in-
trinsie structure in even-even nuclei has even parity, it can be shown

that all quadrupole vibrations as well as rotational excitations in

even-even nuclel have even parity.

The following figure illustrates the ground state rotational
band as well as the rotational bands associated with the first quad-
rupole vibrational excitation of the two modes (Mﬁzl ond 01{:/)5

respectively.

4+
4+
3+ 8+ 2+
2+ o+
K=2; ny03n,= K=0; Ng=1 5 2p=0
o+
4+
2+
O+

K:O; 7)ﬂ=/7b1=0

Figure 13. Energy Level Diagram Showing the Ground State Rotational
Band and the Rotational Bands Associated with the First
Quadrupole Vibrational Excitation of the Two Modes
(nB =1 and ny = 1), Respectively.
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It is expected that coulomb excitation will strongly excite
the two states //Zﬁ-:_l) T=2+ and /VIXL:')I':Q.“'
These states decay by means of E2 radiation to the I=0,2,% members of
the ground state band with relative reduced transition probabilities

1:10/7:18/7 for the (3 -vibrations, and 1:10/7:1/14 for the X*“-vibrations.

Octupole Vibrations

The lowest odd parity modes (A =3) should resemble octupole
vibrations, and have ‘\):-O, + ), % , + 2 . For the cases
where low-lying states ( 0, 1 - ) have been observed, they are in-
terpreted as follows: the lower energy of the V=0 mode as compared
with the vibrations having |v| = 1, 2, 3 may be characterized with
a prolate nuclear shape. The state with I=1, can have a k.value of
either O or 1. Equation (4.6) must be evaluated in order to establish
the correct assignment.

In the two problems which are to be discussed in Chapters
V and VI, it will be seen that octupole vibrations with K=0 and 1 do not
appear. However, octupole vibrations with K=2 or 3 may possibly be
present. The reason why these states rather than the ones with K=0 or 1
occur will be given in Chapter VI.

160

Figure 14 A is the decay scheme of The values of

(p<;I)TT)have been assigned by Nathan(6o). This isotope is in the
15k 182

same rotational region as Eu which are discussed in

and Ta
greater detail in Chapter V and VI respectively. Figure 14 B is the
main portion of the decay scheme of Np238. The values of (k;;[;ﬂv

have been assigned by Rasmussen, et al(6l). This element is in the

rotational region A 2 225. In both Figures 14 A and 14 B, the log ft
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values and percentages of the beta transitions are given. In Dyléo
there is evidence for both the even parity "gamma-vibrational" band,
and the odd parity "octupole-vibrational" band. Only the "gamma-
vibrational" band is seen in Pu238. In both cases, the ground state
rotational band is also observed. The assignment of the quantum num-

vers (I<,I,T7)in both Dy-0 ana pu238

has been made on the basis of
conversion coefficients and reduced transition probabilities. These
are the only isotopes which will be mentioned, although similar ro-
tational and vibrational bands have been seen in other isotopes.

If the intrinsic motion of the system can be separated into
a purely "single-particle" motion and a collective‘vibrational motion,
another quantum number _(2 is considered. €2 is the component of total
individuval particle angular momentum along the nuclear symmetry axis.
If the excited states of the spheroidal nuclei are examined and found
to be of vibrational character, this means that the individual nucleons
remain in paired configurations, and {2 is a good quantum number. If,
however, the separation of the deformed nucleus into vibrational and
individual particle motion is Just partially valid, this could lead to
a state with partial vibrational character giving enhanced E2 transition
rates, but With.j;l not a very good quantum number.

Figure 12 can now be expanded to include this quantum num-

ber. This is shown in Figure 15.



Figure 15. Schematic Diagram of a Spheroidal Nuclear Equilibrium Shape
Showing the Quantum Numbers Involved when the Intrinsic
Motion of the Nucleus Can Be Separated Into a Purely Single-
Particle Motion and a Rotational-Vibrational Motion.

The angular momentum :5§ of the particle precesses around the
nuclear axis with a constant projection {0 . The total angular momentum
EE is the sum of -3a and the angular momentum 73 of the surface. The
angular system of particles and surface rotates like a symmetric top with
gquantum number I, K (projection of T on the nuclear axis), and M (pro-

jection of I on space fixed axis).

For even-even nuclei all the nucleons are in a paired con-
figuration and K= jR.: O for the ground state rotational band. For
excited states, the existence of axial symmetry implies that the nuclear
wave function must be invariant with respect to arbitrary rotation of
the body-fixed reference frame about the symmetry axis. Such an in-
variance condition force the requirement

K = S (k.10)
If the deviation from axial symmetry is small so that there is still an

approximate symmetry axis, the condition on K and {1is K - {1= even.
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Interactions

It was mentioned earlier that in the limit of large defor-
mations where the rotational motion is so slow compared with the more
rapid internal motion that it does not disturb the nuclear shape,
Equation (4.4) is expected to be in good agreement with most rotational
spectra. As the rotational frequency increases, both distortion of the
nuclear shape due to centrifugal forces (rotation-vibration interaction)
and non-adiabatic perturbations of the particle-structure due to Cori-
olis forces (rotation-particle coupling) can become important. Either
of these interactions can cause a modification in the spectrum which

is proportional to I’*(I-H)&

"Rotation-Vibration" Interaction

The nuclear rotation-vibration interaction is analogous to
the effect of the same name occuring in molecular spectra, and is
associated in both cases with an increase of the moment of inertia
with angular momentum. It can be shown that if a nucleus vibrates
about equilibrium value of fg , the rotational energy spectrum deviates

from the I(I+1) law, Equation (4.4). The result is

ot
Edr = (22) T(T+1) + EQTHT 4P (k.11)
where
W _ 12 A (k.12)
Er = B "‘To)

When the rotational motion is perturbed by §* -vibrations,

the result is

GU _ 3
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The perturbation of the rotational spectrum is small if the
rotational energies are small compared to the vibrational energies.
Substituting Equations (4.12) and (4.13) into Equation (h.ll)(62), the

following expression is obtained.
AE _ _ L[ 12 _4_]%_ Iy
Eegr = Z(Tt0 LB TG  Ber 5 AE = Eger— Egr (4y.11)

If (A)@ is assumed to be equal to («/X P 'ﬁw can then be
found. In most cases,'kéd turns out to be approximately 1 Mev, which
agrees quite well with the empirical average vibrational energy of
1 Mev. The corrections to the energies due to "rotation-vibration"

interaction are always negative.

Rotation - Particle Coupling

In the previous discussion of the rotational spectrum, the
separation of the wave equation into a rotational motion and an intrinsic
motion of the nucleus was assumed. The coupling term between j? and,%?
was neglected.

If the rotation now becomes sufficiently rapid, EE and'E;
become coupled and K is no longer a good quantum number. Thus, there
will be at least a partial breakdown of the K selection rules and in-
tensity rules, and deviations from the simple I(I+l) law will occur.

This interaction term is also proportional to 12(I+1)2, but in general
is larger than that for the "rotation-vibration" interaction case. The
sign of the term can be either positive or negative in the "rotation-

particle coupling," whereas, it is only negative for the latter case.
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Often it is difficult to tell to what extent the deviations
from the I(I+1l) law are due to "rotation-particle coupling" or to the
"rotation-vibration" interaction. However, the latter effect is be-
lieved to predominate in even-even nuclei; excited intrinsic states

usually occur here at higher energy than vibrational states.



CHAPTER V

DIRECTIONAL CORRELATION OF THE GAMMA RAYS IN Galbh

Introduction

Until rather recently, the exact nature of the decay of Eul5h
has been obscured by the activity of Eu152. Since the half-life of
Bl (16 + 4 years) is of the same magnitude as that of Eul”2 (13
years), separation of the two isotopes on the basis of their half-lives
is virtually impossible. An investigation of the mode of decay of
both of these isotopes has been carried out by Cork, et al(63), using
sources obtained by neutron bombardment of the enriched isotopes of
europium. Juliano and Stephens(6u) have also studied the decay of

Eulsu

using a very pure source of Eu.l5h which was obtained from fission
products. The proposed level scheme of Juliano and Stephens for Eu15h
is shown in Figure 16. Except for a few minor discrepancies, the decay
schemes which have been proposed by Cork, et al, and Juliano and
Stephens for the decay of Eu154 are 1n excellent agreement. A starting
point is, therefore, established for the measurement of other proper-
ties of this interesting nucleus by angular correlation techniques.

The directional correlation of the 0.123 Mev gamma ray with

the 0.248 Mev gamma ray kas been reported by Grodzins(65) and supports

a spin sequence of 4 (Q)2(Q)0 for the low-lying levels.

Procedure

The sources were prepared by dissolving Eu203 in a dilute

solution of HCl. Although the europium was enriched in EulSl‘L

Eul52

s some
was present and prevented several of the possible correlations

from being carried out. The gamma spectrum is shown in Figure 17.

-58-
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In all cases, a least squares fit of the correlation data

was made to the function

F(O) = AL + AL R(cx®) + AL Pucws)

The error flags on the experimental points represent the root mean
square statistical errors. The effect of finlite angular resolution
was computed by the Rose(uo) method.

Data were obtained on five cascades and the results have
been interpreted, with the aid of conversion data, in terms of the

model for spheroidal nuclei which was proposed by Alaga, et al.

Results

Directional Correlation of 0.123 Mev-0.248 Mev Gamma Rays

Discriminator (1) was set with a narrow window on the 0.123
Mev peak, while discriminator (2) was set with a narrow window on the
0.248 Mev peak. A least squares fit of the date to the function F(Q)

corrected for solid angle gives

W(B)= | + (0.059 £0.007)R + (0,001 £0.011)F

This is shown by the dashed curve in Figure 18. Nearly all the other
gamma rays are in coincidence with the 0.123 Mev gamma ray, and, there-
fore, the Compton radiation which is produced from these gamma rays
will also be counted as real coincidences, and must be subtracted in
order to give the true correlation function for this cascade.

This was carried out in the following manner. Discriminator

(1) was kept on the 0.123 Mev peak while discriminator (2) was moved
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to the high side of the 0.344 Mev peak, which belongs exclusively to
Gdl>2, The correlation was obtained for this arrangement. The coinci-
dences were due entirely to the Comptons from the high energy gammas
in coincidence with the 0.123 Mev gamma. This correlation function

was nearly isotropic.
W(B) = |+ (0.0/10+0.0) + (0.02320.014)F

The result of this subtraction yields the corrected correlation function

wi(®) = | +(0.098 20.018)B.—(0.02020.024)Py

shown as the solid curve in Figure 18, along with the corrected ex-
perimental points. The theoretical values for a 4(Q)2(Q)0 cascade are
Ay = + 0.102 and Ay = + 0.009. Within the experimental accuracy, the
data are in good agreement with 4(Q)2(Q)0 assignment for the second
and first excited states respectively. (A1l even-even nuclei have a

(64) alsc support the

ground state spin of 0). The conversion data
E2 character for both of these transitions. There is little doubt that
this cascade is truly a 4(Q)2(Q)0 cascade, all with even parity.

It should be noted that nearly all the gamma radiation goes
through the 0.123 Mev gamma transition, while the 0.371 Mev level is
fed very weakly by the other gamma rays. Therefore, no correction was

made for Compton gamme rays from higher energy radiations being in

coincidence with the 0.248 Mev gamma ray.

Directional Correlation of 0.725 Mev-0.998 Mev Gamma Rays

One discriminator was set on the peak of the 0.725 Mev gamma

with a narrow window, while the second discriminator was set with an
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equally narrow window to include only the 1 Mev peak. There are two
gammas at this energy, but only one is in coincidence with the 0.725

Mev gamma. The result of the 0.725 Mev-0.998 Mev correlation is

W)= | + (0.21310.025)R - (0.01310,037)R

The experimental points and least squares curve are shown
in Figure 19. Theoretical 6-2-0 and 5-2-0 curves are also shown in
this figure. The coefficients for these two sequences are listed in
Table II, along with those for 2(D)2(Q)0 sequence which is also in

agreement with the experimental results.

TABLE II

"PURE" CORRELATION FUNCTIONS

Sequence Ay Ay
5-2-0 +0.179 -.00k
6-2-0 +0.221 -.018
2(D)2(q)o +0.250 0

—_——— e e

The values of A2 and Ah obtained in this experiment are
plotted on a mixture curve for a 2(D,Q)2(Q)0 cascade in Figure 20.
The required mixture, which is in agreement with both the A2 and AM
data, is found to be Q = 0.3 + 0.3%. The 0.725 Mev gamma ray would
be a mixture of 0.3% quadrupole and 99.7% dipole radiation.

The experimental data also support a 3(D,Q)2(Q)0 sequence as
shown in Figure 21, with a mixture of 21.5 + 6% Q. (It can also be fit

with approximately 60% Q, but it is felt that with better statistics
on the A) this would not be the case).
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Figuré 19. 0.725 Mev - 0.998 Mev Correlation in caldh,



!
[N

A, AND A, VS Q

FOR A
0 5. 2(D,Q)2(Q)0 SEQUENGE
| il
50 /
04 //

/

Ap:xp
0.2

0.1

A4(Exw_

o.

<

6¢0

~_

T~

T~

0.

' Q

0.

2

03
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If a spin of 4 is considered for the 1.723 Mev level, the
0.723 Mev gamma ray is required to have an octupole content of 6 + 3%

or 52 + 6%. These results are summarized in Table III.

TABLE III

MIXTURE CONTENT OF HIGHER ORDER POLE RADIATION FOR THE
0.725 MEV GAMMA RAY FOR VARIOUS SPIN SEQUENCES

Higher Percentage of

Sespince Order Higher Order
quen Caontent Content
2(p,Q)2(Q)o Q 3+ .3%
’ .~ .5+ 6
3(0,02(@)0 @ 20 =
1(Q,0)2()0 0 52 - 2:

w

If a spin of 2 is assumed for the 0.998 Mev level, from the
correlation data alone, spins of 2, 3, 4, 5, and 6 can be assigned to
the 1.723 Mev level. Spins of 5 and 6 are precluded on the basis of
the conversion data, and will not be given further consideration. The
only other assignment of spin for the 0.998 Mev level which was given
consideration was a spin of 1. If this level is assumed to have a
spin of 1, then the correlation data can be fit by spins of 1 or 2 for
the 1.723 Mev level with mixture in the .725 Mev gamms transition. A
spin of 3 to the 0.998 Mev level was not given consideration as this
requires the 0.998 Mev radiation to be pure octupole. This is in dis-
agreement with the conversion data. In addition, if a spin 3 is

assigned to the 0.998 Mev level, the transition to the 0.371 Mev (h+)
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level would be expected to compete with the 0.998 Mev radiation to the
ground state (O+). The transition from the 0.998 Mev level to the

0.371 Mev level 1s not observed.

Directional Correlation of 0.725 Mev-0.875 Mev Camma Rays

One discriminator was set on the 0.725 Mev peak, while the
second discriminator was set on the 0.875 Mev peak. As in the other
correlations, narrow windows were used in order to keep interferring

radiations to a minimum. This correlation yields

W(8) = | - (0.029%20.0/6)P-(0.03]20.024) Py

These data must be corrected for Compton radiation from the 0.998 Mev
gamma being counted with the 0.875 Mev peak. This radiation is in
coincidence with the 0.725 Mev radiation and yields the 0.725 Mev-
0.998 Mev correlation. It is estimated that this interference is 30 +
10%. When a value of 30% interference is considered, the resulting

correlation function for the 0.725 Mev-0.875 Mev correlation is

w(B) = |- (0.133+0024)% - (0.03920.037)Py

These correlation results along with 20% and 4L0% subtractions
are shown in Figure 22. It is seen that the interference which is
caused by the 0.725 Mev-0.998 Mev coincidences changes the correlation
function which is calculated for the 0.725 Mev-0.875 Mev correlation
quite drastically. Although this is the case, it has been determined
that the 0.875 Mev gamma ray requires an appreciable amount of gquadru-
pole mixture, and possibly could be nearly 100% quadrupole which would

be expected if a K value of 2 is assigned to the 0.998 Mev level.
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Figure 22. 0.725 Mev - 0.875 Mev Correlation in Gdl5hA
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Directional Correlation of 1.277 Mev-0.123 Mev Gamma Rays

One discriminator was set to detect the 0.123 Mev radiation
with a narrow window, while the other discriminator was set on the
1.277 Mev peak, also with a narrow window. Thls was done in order to
minimize the amount of 1.415 Mev radiation, arising from the contami-

nation of Eu152.

This interference was estimated to be small and,
therefore, no correction was made. In addition, this correlation gave
approximately the same correlation function as has been reported for

the 1.415 Mev-0.123 Mev correlation(66’67) in Sm;52

, and, therefore,
a small contamination could not change the results to an appreciable

extent. The correlation function was found to be

w(®= |+ (0.19120.010)% — (0.0072 0.015)Py

The experimental points along with the least squarescurve
are shown in Figure 23. The theoretical 6-2-0 and 5-2-0 curves are
shown on the same figure. Reference should be made at this time to
Table TI. As with the correlation between the 0.998 Mev-0.725 Mev
gammas, the data can also be fit by 2(D,Q)2(Q)0, 3(D,Q)2(Q)0 and
4(q,0)2(Q)0 sequences. These are shown in Figures 24, 25 and 26 re-
spectively. The results are summarized in Table IV. According to the
directional correlation measurements, therefore, the various spin
assigrments to the 1.400 Mev level can be given as 2, 3, 4, 5 and
possibly 6. These are based on a spin of 2 for the 0.123 Mev level.
Spins of 5 and 6 are precluded on the basis of the conversion data,

and will not be given further consideration.
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A, AND A, VS. Q
FOR A

0.5- 2(D,Q)2(Q)0 SEQUENCE
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Figure 24. A, and Ay Vs. Q for a 2(0,Q)2(Q)0 Sequence.




-Th-

A, A, AND A, VS. Q
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Figure 25. Ap and A) Vs. Q for a 3(D,Q)2(Q)0 Sequence.



-75-

A, AND A, VS. Q
FOR A

4(Q,012(Q)0 SEQUENCE As
010
0.05

- 0
-005
) -010

T T T T7 |
| 0.2 0.4 0.6 0.8 1.O
Q
Figure 26. Ap and Ay Vs. Q for a 4(Q,0)2(Q)0 Sequence.
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TABLE IV

MIXTURE CONTENT OF HIGHER ORDER POLE RADIATION FOR THE
1.477 MEV GAMMA RAY FOR VARIOUS SPIN SEQUENCES

w
Higher Percentage of

Spin Order Higher Order
Sequence Content Content
2(0,Q)2(Q)0 Q 0.5 + 0.25%
3(D,Q)2(Q)0 Q 15 + 2%
4(q,0)2(Q)o 0 2.5 + 1.5%

Directional Correlation of 0.593 Mev-1.007 Mev Gamma Rays

One discriminator was set on the 1 Mev peak, while the

other was set on the 0.593 Mev peak. The correlation function is

W(8)= |+ (0.04720.0/6)R + (0.005 % 0,023)F

The experimental points along with the least squares curve are shown
in Figure 27.

This correlation had to be corrected for Compton radiation
produced from the 0.725 Mev gamma which is in coincidence with the
0.998 Mev gemma. This was found to contribute about 25% of the total
number of true coincidences. When the subtraction was carried out, the
resultant correlation function was isotropic within the errors of the

coefficients.
W(Q= ] — (0.0082£0.023)R + (0.01120 032)Fy

No effort was taken to fit these resulte to a particular sequence.
Even a 10% error assigned to the subtraction process changes the corre-

lation function to the extent that the sign of the asymmetry becomes

uncertain.
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Discussion
Gdl54 may be characterized as a spheroidal nucleus, although
admittedly it is on the very edge of the strongly deformed nuclei with
its 64 protons and 90 neutrons. Nuclei whose equilibrium shape deviates
strongly from spherical symmetry can be distinguished by two types of
excitation(55'59). These types of excitation have been described in
Chapter IV. GdlSu is on the edge of the lower side of the rotational
region. The rotational, or strong-coupling region is the region where
the neutrons and protons are far away from closed shells. The shell
which is of interest in this rotational region, is closed with 82
nucleons. If Equation (4.4) is assumed to hold in this case, it is
found that the level at 0.371 Mev is 10% below the expected energy for
the 4+ level belonging to the ground state rotational band. The U+
character of the 0.371 Mev level is fairly certain as was seen from
the correlation and conversion data.

Some of the 10% energy discrepancy between a U+ level pre-
dicted by Equation (4.4) and that observed for the 0.371L Mev level may
be due to "vibration-rotation" interaction. This "vibration-rotation"
interaction is evidenced by a vibrational energy of approximately 1 Mev.
This is the magnitude of energy that is observed for the third excited
state in Gdl5u. From conversion data, quantum numbers (2,2,+) and
(2,3,+) were assigned to the 0.998 Mev and 1.130 Mev levels respectively.
The quantum numbers refer respectively to K, I, and TT. Using the ex-
perimental relative intensities, it is possible to compare the experi-
mental reduced transition ratio (using the expressions of Chapter IV)

with the theoretical values.
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The relative intensities which are used to compute the experi-

mental reduced transition ratios which appear in Tables V, VII and VIII,
(64)

are those reported by Juliano and Stephens The errors on the ex-

perimental reduced transition ratios were obtained assuming the intensi-

ties of the gamma transitions correct to within lO%(6u).

TABLE V

COMPARISON OF THE INTENSITIES OF THE TRANSITIONS
FROM THE THIRD EXCITED STATE TO THE SECOND AND
FIRST EXCITED STATES, ,B(2 —>Ip), WITH THE IN-

TENSITY OF THE TRANSITION FROM THE THIRD EXCITED
STATE TO THE GROUND STATE, B(2 = 0), FOR VARIOUS
VALUES OF K;

Experimental  Theoretical B(2-Iy)/B(2—>0)

Final .
siZie ESE::EEZ ;=0 K;=1 Ky=2
S B(2-0)
2+
(123 xev)  1.9% + 0.27 1.43 0.357  1.43
bt
(371 kev) not observed 2.57 1.1h .071

It is seen that a spin of 2 and K value of 2 will fit the
0.998 Mev level very well. The theoretical reduced transition prob-
ability divided by the experimental value is equal to T4 + 12%. This
may be considered as a rather good agreement with experimental data.
" The conversion data(6u> for a few of the gamma rays in Gdlsh

is given in Table VI. These conversion coefficients are reported to

be good to within 20-30 percent.
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A comparison between theoretical and experimental reduced

transition ratios has been carried out for the gamma rays originating

from the level at 1.130 Mev. The results are shown in Table VII.

TABLE VII

COMPARISON OF THE INTENSITY OF THE TRANSITION
FROM THE FOURTH EXCITED STATE TO THE SECOND
EXCITED STATE, B(3 —>4), WITH THE INTENSITY OF
THE TRANSITION FROM THE FOURTH EXCITED STATE
TO THE FIRST EXCITED STATE, B(3—2), FOR

VARIOUS VALUES OF K;

Final Experimental  qpegretical — B(3-Iy/B(3—2)
State B(3-Ip) K =0 K=l  K=2
Ir B(3-2)
b+ B(3—k4) =0
(371 kev)  0.85 + 0.12 B(3—2) =0 2.50 Ao

Here again it appears that a value of K = 2 1s most ¢onsistent
with the experimental data. The rather high experimental valug compared
to the theoretical value is not surprising considering the lack of in-b
formation on the 759 kev gamma ray.

In all the above calculations it was assumed that all transi-
tions occurring were L = 2 type radiation.

Of the four gamma rays which have been under consideration,
the 0.998 Mev gamma ray certainly appears to be of E2 character which
would demand an assignment of 2+ to the 0.998 Mev level. The conversion
data also support an E2 character to the 0.759 Mev gamma ray, and al-
though both the 0.875 Mev and 1.007 Mev gamma rays appear, from con-
version data, to be closer to ML type radiation, the experimental con-

version coefficients would have to be changed by less than a factor of 2



in both cases to make them compatible with E2 radiation. If K is con-
sidered a good quantum number, L = 1 radiation is forbidden with a re-
sultant increase of E2 radiation. It thus appears that the 0.998 Mev
and 1.130 Mev levels may be considered to be members of a second rota-
tional band which is due to a vibration-rotation interaction of approxi-
mately 1 Mev. This band would be a ¥“-vibrational band with K = 2,

I =2, 3, and even parity. The energy difference of 0.132 Mev between
these two levels is very close to the 0.123 Mev separation of the first
excited state from the ground state. This would imply a value for the
moment of inertia for this second band close to the ground state moment
of inertia. The transition from the 1.130 Mev level to the 0.998 Mev
level is calculated to be tooc weak to be observed. This transition

has not been found. The state at 0.998 Mev could possibly be assigned
a spin of 1, although the conversion data does not seem to fit either
an Ml or E1 as well as it does an E2. Based on the observed intensi-
ties of the gamma rays originating from the level at 1.130 Mev, the
spin assignment of 3 to the 1.130 Mev level seems to be favored. The
conversion data is in best agreement with a positive parity assignment.
The assigmment of 2+ to the 0.998 Mev level and 3+ to the 1.130 Mev
level might be expected from the systematics in this rotational region.
A few other deformed nucleil in this region have been found to exhibit
two states lying approximately 1 Mev above the ground state and having
the same energy separation as exlsts between the first excited state
and the ground state. The classification of these two states has been
made as 2+, 3+, respectively in the order of increasing energy. The

possibility of spins of 2 or 4 to the 1.130 Mev level cannot be
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ul52 which was

completely eliminated. Due to the contamination of E
present in the source used in the correlation study, the directional
correlation of the 1.007 Mev-0.123 Mev gamma rays was not attempted.
154

If this correlation were done with a "pure" source of Eu~’", a more
unique assignment of quantum numbers to the 1.007 Mev level might
be made.

The correlation data is consistent with spins of 2, 3, and
L, for the 1.400 Mev state. The results are given in Table IV. A 4-
interpretation is not in agreement with the conversion data. A W+
interpretation would require an E2-M3 mixture. This would require
an M3 transition probability greatly enhanced over the single particle
estimate. Such a mixture, while not common, cannot be eliminated
completely.

It appears that the level at 1.400 Mev is in best agreement
with the directional correlation data, the observed intensities, and
the conversion data, if spins of 2 or 3 are considered for this level.
The directional correlation results, Table IV, show that with either
the assignment of I =2 or 3 to the 1.400 Mev level, the 1.277 Mev
gamma ray is mainly dipole radiation (1less than 17% quadrupole). If
the most probable assignment of K and I to this state is given as
(2, 2) or (3, 3), it is seen that in either case dipole radiation
should be K forbidden for the 1.277 Mev gamma ray. It appears that
there is at least a partial breakdown of K as being a good quantum
number,

From the correlation data, it has been shown that spins of

2, 3, and 4 should be considered as possibilities for the 1.723 Mev
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level, Tables II and III. Spins and K values of (2, 2) and (3, 3) and

(4, %) are in agreement with the experimental data. This is shown in

the following table.

TABLE VIII

COMPARISON OF THE INTENSITY OF THE RADIATION FROM
THE 1.723 MEV LEVEL TO THE 0.998 MEV LEVEL WITH THAT
TO THE 1.130 MEV LEVEL, ASSUMING VARIOUS VALUES OF K
AND I FOR THE 1.723 MEV LEVEL. THE TRANSITIONS WERE

ASSUMED TO BE EITHER BOTH DIPOLE OR
BOTH QUADRUPOLE RADIATION

Theoretical  Experimental

K;, I3 Iy, L, B(I3—2) B(I;— 2)
B(I; —3) B(I1=3)
ook o2 2 1.79 1.91 + 0.27
33 1 1 2.86 2.86 + 0.40
3 3 2 2 .86 1.91 + 0.27
3 0 2 2 7.1k 1.91 + 0.27
2 4 2 2 45 1.91 + 0.27
2 3 2 2 o0 1.91 + 0.27
2 3 1 1 .71 2.86 + 0.ko
2 2 1 1 2.00 2.86 + 0.40
2 2 2 2 .57 1.91 + 0.27

The correlation data show that in order for spin 4 to be
assigned to the level at 1.723 Mev, an appreciable octupole content
would have to be included in the 0.725 Mev radiation. This is not in
agreement with the conversion data which shows the 0.725 Mev radiation

to be either El or E2. With a spin 2 or 3 for this level, K can be no
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larger than 2 or 3 respectively. Dipole radiation to the levels at
0.998 Mev and 1.130 Mev is not K forbidden. Dipole radiation is ex~
pected to predominate. This is confirmed from the correlation results,
Table IITI. Since the conversion data on the 0.725 Mev radiation favors
either E1 or E2 over that of ML or M2, the negative parity seems to be
favored for the 1.723 Mev level. This requires the "unfavored" mixture
between E1 and M2. TFor a 2- assignment to this level, the mixture will
be (99.7% E1-0.3%M2) for the 0.725 Mev gamma ray. The 3- assignment
requires a mixture of (78.5%El- 21.5%2) for the 0.725 Mev gamms ray.
From the high log ft values, it appears that K forbiddenness

is of great importance. It has been predicted that Eu.lslL

for the quantum numbers describing the ground state(63’6h)ReCently, the

has (3, 3, -)

ground state has been measured to be 3(69). This could account for
the lack of a beta transition to the (O, 0, +) member and low percentages
to the other two members of the K = O band. The log ft values get
smaller and the percentages of the beta transitions get larger for the
higher excited states. A value of K = 2 for the 1.130 Mev and 0.998 Mev
levels‘is in good agreement with this. The beta data gives a percentage
of 42% to the 1.400 Mev level, and 28% to the 1.723 Mev level. This
suggests a K value of 2 or larger for these states, and, therefore,
agrees with the possible assignments that have been listed for these
two levels. If the negative parity is maintained for either of these
states, the flevel might be interpreted as lying in an octupole vibra-
tion band.

It has been pointed out by Juliano and Stevens(6u) that K
forbiddenness could explain the high log ft values to the"ground state

rotational band members as A K would be equal to 3. Hence, so far as K
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is a good quantum number, these transitions would be second or higher
forbidden. However, such is not the case for the beta transitions
leading to the higher excited states. The values of A I and A K for
these transitions indicate that the beta transitions should be either
allowed or first forbidden. Although the log ft values do get smaller
for these higher excited states, the smallest log ft value observed

is around 9, instead of 7 or less. The quantum number K appears to
be a good quantum number for some of the data obtained on this radio-
active nucleus, for some of the data there seems to be at least a

partial breakdown of the K selection rules.



CHAPTER VI

DIRECTIONAL CORRELATION OF THE GAMMA RAYS IN wi&2

Introduction

The decay of Tal82 has been the subject of a number of investi-
gationé?gqﬁge mode of decay of this isotope has been extensively investi-
gated by Murray, Boehm, Marmier, and Dumond?ﬁ)It is the work of this group
which is the basis of the present study. The decay scheme proposed by
Murray et al. is shown in Figure 28. Murray et al. were able to measure
internal conversion coefficients for a number of the gamma transitions
occuring in Wl82. These conversion coefficients along with the gamma in-
tensities and predicted multipolarities of the gamma rays are presented
in Table IX. Theoretical conversion curves for M1, M2, M3, El, E2, and
E3, based on the tables of Rose, are given in Figures 29 and 30. The
experimental values of Qi for the various gamma rays obtained by Murray
et al., are plotted on these curves.

Alaga, Alder, Bohr, and Mottelsoézgésumed the decay scheme of
w182 proposed by Murray et al. With the aid of this decay scheme and
the information on the multipolarities of the gamma rays which was ob-
tained by Murray et al., Alaga et al., were able to classify the gamma
transitions and the excited states of wi82 by the theory for deformed
nuclei (Chapter IV). They were able to place the energy levels into
three rotational bands, with the possibility of the start of a fourth
band. The quantum numbers (K, I, H) listed in Figure 28 are those given

by Alaga et al. In general the spin values (I) are in agreement with

those values given by Murray et al. In a few cases the intensities of
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the gamma rays originating from a member of one rotational band to
members of another rotational band are in agreement with those pre-
dicted by the reduced transition probabilities given by Alaga et al.
(Chapter IV.) These will be discussed later in greater detail.

An 1nvestigation of this complicated decay scheme of W182 was
- undertaken using angular correlation techniques. vFrom these measure-
ments, along with the work of the previous investigators, it was hoped
that more definite assignments of spins to the excited states of W182
could be made. In the cases where the gamma réys do not appear to be
pure transitions, an analysis of the mixture content of the gamma rays

was attempted.

Results
The scintillation gamma spectrum of W182 1s given in Figure
31. The angular correlation results are given in Table X. These re~
sults have been interpreted, with the aid of conversion data and in~
tensities of the gamma rays, in terms of the Collective Model for

deformed muclei.

Directional Correlation of 1.222 Mev-0.068 Mev Gamma Rays

One discriminator was set integrally on the 1.222 Mev peak,
while the other discriminator was set with a narrow window on the 0.068
Mev peak. The base line of the discriminator which accepted the 1.222
Mev gamma ray was sét high on the 1.222 Mev peak to keep the interference
from the 1.122 Mev radiation to a minimum. The result of this measure-

ment ylelds \/(Q)= |+ (0.16420.013)F - (0.026%0.020) R

The correlation curve and the experimental points are shown in Figure 32.
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Figure 31. Scintillation Spectrum of Gamma Rays in w182.
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TABLE X

DIRECTIONAL CORRELATION RESULTS

(Gamma Transitions Involved) Ay + & Ay + €,
1.222 Mev - 0.068 Mev +0.164 + 0.013 -0.026 + 0.020
1.222 Mev - 0.264 Mev +0.076 + 0.035 +0,016 + 0.055
1.231 Mev - 0.222 Mev -0.012 + 0.01k -0.001 + 0.020
1.122 Mev - 0.152 Mev -0.010 + 0.01k +0.013 + 0.019
1.222 Mev - 0.152 Mev -0.037 + 0.012 +0.003 + 0.018

(1.222 + 1.122)Mev - 0.152 Mev -0.02k + 0.012 -0.004 + 0.0L7
1.231 Mev - 0.100 Mev +0.037 + 0.012 -0.002 + 0.018

Before Background Subtraction
(0.222 + 0.229)Mev - 0.100 Mev +0.027 + 0.011 +0.027 + 0.016

After Background Subtraction
(0.222 + 0.229)Mev - 0.100 Mev +0.034 +

O

. 024 +0.013 + 0.035

0.222 Mev - 0.100 Mev -0.005 + 0.038 +0.015 + 0.055

If a spin of 2 is considered for level D as has been proposed
by Murray et al., and Alaga et al., the correlation results show that
level F can only be assigned spin 3. When the experimental values of A2
and A) are plotted on the mixture curve (Figure 33) for the sequence
3(D,Q)2(Q)0 the mixture in the 0.068 Mev gamma ray is (89 + 1% D, 11 + 1% Q).
This is in fair agreement with the El assignment for the 0.068 Mev gamma

ray which was made on the basis of the conversion data. When level D is
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assigned spin 2, the correlation data is not in agreement for level F to
be assigned either spins 1 or 2. However, if the error on the experi-
mental value of A) were twice as large as was found, a spin of 2 would

be in agreement with the correlation data. In this case the 0.068 Mev
gamma ray would consist of a quadrupolemixture of approximately l%. Since
there is a quadrupale transition observed from state F to the ground state
(spin 0), neither spin O nor spin 4 is considered as a possibility for
state F.

The consideration of level D as a spin 2 state is in agreement
with the conversion data which shows the 1.222 Mev radiation to be more
like E2 than either Ml or El. A spin of 3 for level D would be in com-
plete disagreement with the observed intensities for the gamma rays
originating from this level. If level D is assigned spin 3, the 1.222
Mev gamma transition would be octupole in character. A strong transition
from state D to state C would be expected. Such a transition has not
been observed. The following "pure" cascades connecting states F, D,
and A are listed in Table XI for the case in which state D is considered
as spin 1.

TABLE XI

"PURE" CASCADES CONNECTING STATES F, D, AND A -
D IS CONSIDERED AS SPIN 1

e ————————_ ——

Sequence Aa
1(p)1(D)o -0.250
2(D)1(D)o +0.050

3(q)1(D)o ~0.071
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None of these spin sequences is consistent with the correlation data.
If spin 1 is assigned to state D and mixtures are considered for the
0.068 Mev gamma ray, a spin of 1 to state F‘results in the following
quadrupdle content for the 0.068 Mev radiation. 8-9°%Q or 91-92%Q.

An assignment of spin 2 to level F under the same circumstances results

in the following quadrupole content for the 0.068 Mev radiation.

3%Q or 99%Q.

Interference

The channel which accepted the 0.068 Mev gamma ray undoubtedly
accepted some X-rays which are produced by the low energy gamma rays that
are strongly converted. The colncidences between these X-rays and the
1.222 Mev gamma rays add a symmetric component to the correlation function.
The observed value of A, would be less than the "true" value, therefore
making the anisotropy of the correlation function less than the "true"

value.

Directional Correlation of 0.152 Mev - 1.222 Mev Gamma Rays

One discriminator was set integrally on the 1.222 Mev gamma ray,
while the second discriminator was set with a narrow window on the 0.152
Mev gamma ray. Again the base line of the discriminator selecting the
1.222 Mev gamma ray was set high on the 1.222 Mev peak to prevent other high
energy radiations from interfering. The result of this correlation cor-
rected for solid angle is

W(0)= 1= (0.03720.012)R + (0.003%0.018) Py

The least squares curve and the experimental points are shown in Figure 3k4.
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When level D is assigned a spin of 2, the datum from the
0.152 Mev - 1.222 Mev correlation measurement shows that only an assign-
ment of spin 3 can be made to level H. The experimental values of Ap
and A) plotted on a mixture curve for a 3(D,Q)2(Q)0. (Figure 35) se-
quence shows the quadrupdle content of the 0,152 Mev gamma ray to be less
than 0.5%. This is in agreement with the work of Murray et al., which
showed the 0.152 Mev radiation to be El. The sequences 1(D,Q)2(Q)0,
2(D,Q)2(Q)0, are inconsistent with the correlation data. If a spin of
4 is considered for level H, the correlation results for a 4(Q)2(Q)0
sequence should be observed. [A; = +0.102 and A) = +0.009.] This is
in disagreement with the observed values of Ap and A). If however
level D is assigned spin 1 instead of spin 2, then level H is consis-
tent with the correlation data with an assignment of either spin 1 or 2.
In either case the 0.152 Mev radiation could be nearly all dipole or

nearly all quadrupole.

Directional Correlation of 0.152 Mev - 1.122 Mev Gamma Rays

One discriminator was set differentially with a narrow window
on the 1.122 Mev peak, while the other discriminator was set differen-
tially with a narrow window on the 0.152 Mev peak. ‘The result of this
correlation corrected for solid angle is

W(B)= | - (0.010%06.014)F + (0.0132 0.019) P
There is a possibility of interference from the strong peak at 1.222
Mev gamma ray. This effect is thought to be small. The results of the
combined correlation of the (1.222 Mev, 1.122 Mev - 0.152 Mev) gamma

rays also support this assumption.
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Level D has been assigned spin 2 and level H assigned spin 3
as the best possible choices. The spin of state B is undoubtedly 2.
This assignment to state B is in agreement with the systematics in this
region of the periodic table, and with the E2 character of the 0.100
Mev radiation. The spin sequence involving the 0.152 Mev - 1.122 Mev
gamma rays may be written as 3(D,Q)2(D,Q)2. Such double mixture problems
can lead to very ambiguous results, especially when the experimental
coefficients Ay and A) are small. The complexity of the problem is re-
duced if the mixture in one of the transitions is known. In this case,
the mixture in the 0.152 Mev gamma ray has been determined to be <0.5%
quadrupole. The first transition is, therefore, essentially pure dipole
and the sequence can be written as 3(D)2(D,Q)2. This sequence is cal-
culated and the experimental values of Ay and A) plotted on the curve.
This is shown in Figure 36. The guadrupole content of _3-11% or 9&-99%‘

is determined for the 1.122 Mev gamms ray.

Directional Correlation of 0.152 Mev - (1.122 - 1.222) Mev Gamma Rays

One discriminator was set on the 0.152 Mev in an identical
manner as used in the two previous correlations involving the 0.152 Mev
gamma ray. The window of the discriminator which was used to select the
high energy radiation was placed symmetrically across the two high energy
peaks. The correlation function for this arrangement corrected for solid

angle is
W(O)= |- (0.024 = 0.0 B~ (0.004 % 0.017) Py
Because of the symmetrical setting of the discriminator se-

lecting the high energy radiation, and because the intensities of the
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1.122 Mev and 1.222 Mev gamma rays are approximately the same (Table IX),
the above cofrelation function is considered to be made up of 50% (0.152
Mev - 1.222 Mev) correlation and 50% (0.152 Mev - 1.122 Mev) correlation.
If 50% of each of the separate correlations is considered, the combined
correlation result is

W(B)= | = (0.023+0.009)R + (0.008 * 0.0I3)P;
This is in good agreement with the above correlation function which was
measured as the sum of these two separate correlation function.

On the basis of these results it appears that the interference

from the 1.222 Mev in the (1.122 Mev - 0.152) correlation is not im-
portant. The results of the (1.122 Mev - 0.152 Mev) correlation are

therefore assumed to be fairly reliable.

Directional Correlation of 0.264 Mev - 1.222 Mev Gamma Rays

One discriminator was set high on the 0.264 Mev peak with a
wide window. The other discriminator was set integrally on the high
side of the 1.222 Mev peak. The result of this 1-3 correlation, correc-
ted for solid angle is

W(B) = | + (0.0762 0,035 +(0.0l4t 0.055)R,
The least squares curve and the experimental points are given in Figure
37.

A. The following discussiqn concerning the possible spin

assignments for state K is based on the assignment of spin 2 for states

F and D. The 0.068 Mev gamma ray is nearly pure dipole (1) % quadrupole.
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Assignment of Spin 5 to Level K: The following sequence for

the 1-3 correlation involving levels K, F, D, and A can be formed
5(0)2(D)2(Q)0. The resultant coefficients Ay and A) are A, = +0.893; A) =
+ 0.003. The Ay coefficient is ten times larger than the experimental
A2 and therefore spin 5 is not in agreement with the experimental data.
The octupole character for the 0.264 Mev gamma ray would also be in dis-

agreement with the conversion data.

Assignment of Spin 4 to Level K: The sequence 4(Q)2(D)2(Q)0

is in agreement with the correlation data. In this case the theoretical
values of A, and A) are A, = +0.051; A = +0.006. The coefficients for
the sequence 4(Q)2(Q)2(Q)0 are Ay = -0.022; A) = -0.002 which are not in
agreement with experimental results. This sequence calls for quadrupole
radiation for the 0.068 Mev gamma ray. This woﬁld be in disagreement
with the conversion data, and therefore the sequence 4(Q)2(Q)2(Q)0 would
not be expected to be consistent with the correlation data,

Assignment of Spin 3 to Level K: The sequence 3(D,Q)2(D,Q)2(Q)0

is analyzed for a quadrupole content of 1% in the unobserved 0.068 Mev
transition. The sequence then takes the following form 3(D,Q)2(.99D,
.01Q)2(Q)0. This sequence is shown in Figure 38.

A spin of 3 to this level is in agreement with the correlation
data. However, since the quadrupole content for the 0.264 Mev radiation
is determined to be 10+19% or 77flg%, the results of the spin assignment
of 3 to the level K are inconclusive.

Assignment of Spin 2 to Level K: The sequence 2(D,Q)2(D,Q)2(Q)O

is analyzed for a quadrupole content of 1% in the uncbserved 0.068 Mev

radiation. The sequence then takes the form 2(D,Q)2(.99D, .01Q)2(Q)0.
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When the experimental values of Ap and A) are plotted on the
mixture curve representing the above sequence, no value of quadrupole
mixture can be found which is consistent with the correlation data.
Therefore a spin of 2 to the K level is not given further consideration.

Due to the transition, (although weak), from level K to level
B, and the absence of a transition to level A, spins lower than 2 were

not considered.

B. Level F is assigned spin 3 with a 10% quadrupole content
for the 0,068 Mev radiation. Table XII gives the values of Ay and A,
or the quadrupole content of the 0.204 Mev gamma ray, which are obtained
when the experimental values of A2 and A) are plotted on the mixture

curves for various assignments of spin to state K.

TABLE XII

VALUES OF Ap AND A), OR THE QUADRUPOLE
CONTENT OF THE 0.264 MEV GAMMA RAY, OBTAINED
FOR VARIOUS SPIN ASSIGNMENTS TO STATE K

Sequence Percent of A Ah

Quadrupole Content 2
5(Q)3(.9p, .1Q)2(Q)0 +0.092  +0.007
4(p,Q)3(.9D, .1Q)2(Q)0 5.5 13:0
3(0,Q)3(.90, .1Q)2(Q)0 7.5 122
2(p,Q)3(.9p, .1Q)2(Q)0 7.0 %22
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The assignment of spin 5 to state K is in agreement with the correlation
results. With the assigmment of spin 4,3, or 2 to state K, the .0.264
Mev gamma ray is found to be mainly dipole radiation. This is not in
agreement with the quadrupole assignment for the (.264 Mev gamma ray

made on the basis of the conversion data.

Directional Correlation of 1.231 Mev - 0.222 Mev Gamma Rays

The discriminators were adjusted so that one accepted the 1.231
Mev gamma ray, while the second discriminator accepted only the 0.222 Mev
gamma ray. The result of this correlation corrected for solid angle
showed an isotropic function

W(B) = [-(0.01at0.014)f - (0.001t 0.030)R,

Murray et. al. found the 1.231 Mev gamma ray to be E2 and the
0.222 Mev gamma ray to be El. If these assignments are assumed to be
correct, and in addition if spins of 4, 3, and 2 are assumed for states
K, G, and B respectively, the values of Ao and Aj can be calculated for
a 4(D)3(Q)2 cascade. The results are A, = -0.018: Aj = O.

These coefficients are in good agreement with the coefficients
obtained in this correlation. The results of this experiment are also
in agreement with the conversion data. However, the experimental co-
efficients are small and since mixture in both transitions is possible,
nearly any spin sequence with appropriate mixture in the transitions will

give results which are in agreement with experimental results.

Directional Correlation of 1.231 Mev - 0,100 Mev Gamma Rays

One discriminator was adjusted integrally to accept the 1.231

Mev gamma ray. The other discriminator was set with & narrow window on
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the 0.100 Mev peak. The result of this correlation corrected for solid
angle is

W(B)= 1+ (0.037% 0.01 )R - (0, 0022 0.0I8)R
The least squares curve and the experimental points are shown in Figure
39.

The experimental coefficients A, and Aj are plotted on the
mixture curve 3(D,Q)2(Q)0. Figure 40 gives a quadrupole content of
2icx5% for the 1.231 Mev radiation. This mixture is in disagreement
with the conversion data which gives the multipolarity of the 1.231 Mev
gamma ray as E2. With an error on the A) term approximately three times
as large as was found, it would be possible to obtain an appreciable
quadrupole content (approximately 90% quadrupole ).

A spin of 4 for level G might be considered, but the coeffi-
cients for a "basic" 4-2-0 sequence are not in agreement with the ob-
served results.

Spins of 1 and 2 for level G are not in agreement with the
correlation results. With errors twice as large on the A) either se-
quence 1(D,Q)2(Q)0, 2(D,9)2(Q)0, would be in agreement with the correla-
tion data. In either sequence the amount of quadrupole mixture in the
1.231 Mev would be between 5-8%. With these sequences errors 2 or 3
times as large on the A) term would not lead to a large quadrupole con~
tent. It therefore appears that level G should be assigned spin 3.

There is the possibility the (1.231 Mev - 0.100 Mev) correla-
tion has been contaminated by the strongly positive correlation which

was obtained for the (1.222 - 0.068 Mev) cascade.
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Directional Correlation of 0.222 Mev - 0.100 Gamma Rays

One discriminator was set with a narrow window on the 0.222
Mev peak. The second discriminator was set with a narrow window on the
0.100 Mev peak. The result of this correlation corrected for solid
angle is

W(B) = | =+ (0.027£0.011)R. + (0.027 % 0.016 )Py
Correction was made for the Compton background by first keeping one
discriminator on the 0.100 Mev peak and moving the second discriminator
out to approximately 0.300 Mev. The counts that were collected in the
channel that was setting on the 0.100 Mev peak were normalized to the
number of counts collected in this channel in the original set up. The
colncidence count was then adjusted by the same factor, and these normal-
ized coincidences were subtracted from the total number of coincidences
in the original set up. This was all done at 90°.

One discriminator was moved back to the 0.222 Mev peak, while
the other discriminator was set at approximately 0.300 Mev. The same
normalizing procedure as given above was carried out, and the coinci-
dence counts subtracted from the total coincidencés which were obtained
in the original set up at 90°.

The result of these subtractions yields

W (B)= | + (0.034* 0,024)F + (0.013 *0,035)P

This (0.222 Mev - 0.100 Mev) correlation also contains coinci-
dences from the (0.229 Mev - 0.100 Mev) cascade. The 0.222 Mev and 0.229
Mev gamma rays are of equal intensity so it was assumed the correlation

function which was measured contained 50% of the (0.229 Mev - 0.100 Mev)
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correlation. After subtracting out this amount from the above correla-
tion function, the resulting correlation function corrected for back-
ground and solid angle is
W(Bl= 1 — (0.00520.038)% + (0.015% 0.055)W
Since the coefficients of Ay and A) are small and since the
gquadrupole content of the unobserved (1.231 Mev) radiation is not known

with certainty, no interpretation of this 1-3 correlation was attempted.

Discussion

Interesting observations may be made with regard to the beta
transitions from Tal82 to the excited states of w182, There are no beta
transitions observed from Ta182 to states A, B, and C in W18%. However,
there are strong beta transitions to states F and K, although these beta
transitions are much lower in energy than the transitions to states A,

B, and C would be. For a given spin value the transitions to the higher
excited states would be expected to proceed with probabilities much less
than for the higher energy transitions.

Other interesting observations concern the gamma transitions
occurring from states D, F, and G. These transitions are either pure
quadrupole, or have a large quadrupole content, although dipole radiation
is allowed (equation 1.5). The absence of an E2 transition of 893 kev
from level D to the U+ state at 329 kev seems unusual. It is concerning
such observations (relative transition rates to various members of a
nuclear rotational band) that the model for deformed nuclei makes precise

predictions.
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Wl82 with its 74 protons and 108 neutrons is expected to ex-
hibit properties of deformed nuclei. Both the neutrons and protons are
far away from the shell which closes with 82 particles.
The transition probability formulas of Chapter IV might be
expected to be appropriate. The experiment transition probability ratios
which appear in the next section (Tables XIII, XIV, and XV) are based on

the relative intensities of the gamma rays obtained by Murray et al.

Considerations of Reduced Transition Probabilities

TABLE XIII

COMPARISON OF THE INTENSITIES OF TRANSITIONS FROM THE
THIRD EXCITED STATE TO THE SECOND AND FIRST EXCITED
STATES, [B(2-I¢)], WITH THE INTENSITY OF THE TRANSI-
TION FROM THE THIRD EXCITED STATE TO THE GROUND STATE,
[B(2->0)], FOR VARIOUS VALUES OF K;-E2 RADIATIONS HAVE
BEEN ASSUMED FOR ALL THE TRANSITIONS.

s —

Final Experimental Theoretical B(2-Ir) / B(2-

0)
State Ir B(2-1Ip) K, =0 Ky =1 K =2
B(2-0)
2+
100 kev 1.61 + 0.3k 1.43 0.36 1.43
Lt not

330 kev  observed 2.57 1.14 0.07
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TABLE XIV

COMPARISON OF THE INTENSITY OF THE TRANSITION FROM LEVEL
G TO LEVEL C, [B(3—L4)], WITH THE INTENSITY OF THE TRAN-
SITION FROM LEVEL G TO LEVEL B, [B(3—2)], FOR VARIOUS
VALUES OF K;. FE2 RADIATIONS HAVE BEEN ASSUMED FOR ALL
THE TRANSITIONS,

J

Final Experimental Theoretical B(3—>Ir) / B(3=2)
State Ip g(g::;§) Ky =0 K =1 K =2
Ly B(3 4) =0
330 kev  0.48 B(3 2) =0 2.50 0.4%0

If the quantum numbers for state D are now considered as I = K = 1, the

reduced transition probability ratio becomes

= 0.50 (L = 1 Transitions)

This is to be compared with the experimental ratio of 1.36

If I =1, K =0 for this state, the theoretical ratio would
be equal to 2.00.

If level G is assumed to be spin 2 the reduced transition
probability ratio B(2-L4) / B(2=2) for given values of K is given in

Table XV. E2 transitions have been assumed for all the transitions.



-117-

TABLE XV

COMPARISON OF THE INTENSITY OF THE TRANSITION FROM LEVEL G
TO LEVEL C, [B(2—%4)], WITH THE INTENSITY OF THE TRANSITION
FROM LEVEL G TO LEVEL B, [B(2-2)], FOR VARIOUS VALUES OF

Ki. E2 RADIATIONS HAVE BEEN ASSUMED FOR ALL THE TRANSITIONS.

— —
— —

Final Experimental Theoretical B(2-L4) / B(2-2)
State Ip B(2-Iyp) K;, =0 XK =1 K =2
B(2—92)
Lt
330 kev ~ 0 1.80 3.20 0.05

The conversion data of Murray et al., show the 100 kev tran-
sition from states B to A to be E2, resulting in a 2+ assignment to state
B (all even-even nuclei have ground state spin 0). Level C being as-
signed 4+ is in agreement with the E2 assignment which was made on the
basis of the conversion data. If the energy separation between the
ground state and first excited state is used to compute the next excited
state (4+) according to Equation (4.4), the 4+ level is found to occur
at 333.3 kev. This is in good agreement with the observed value of
329.4 kev. Therefore, it appears that the ground state and first two
excited states make up the "ground state rotational band."

On the basis of the conversion data, the level at 1.222 Mev
(state D) is assigned spin 2.

When spin 2 is assigned to level D, the value of K = 2 is in
best agreement with the transition probability ratios.

Level G, was found from correlation results to have most prob-

able spin of 3. The energy separation of 110 kev between levels G and D
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is approximately the same separation as is found between the first ex-
cited state and the ground state. Also since levels G and D appear to
be characterized best by spins of 3 and 2 respectively, it appears that
these two levels belong to a second rotational band with K = 2. Since
the 1.222 Mev gamma ray appears to be E2 radiation, the positive parity
assignment is made to level D. (In a rotational band the parity of all
levels is the same, therefore, the parity of level G is also positive.)
This band may represent a "y vibrational band" which was mentioned in
Chapter IV.

Spins of 2 or 3 have been found, from the correlation results,
as the most probable assignments for level F., The spin of 3 is in best
agreement with the correlation results. However, as was mentioned ear-
ller, the experimental value of A) would not have to be changed a great
deal in order for spin 2 to be in agreement with the correlation results.
In this latter case the 0.068 Mev transition between levels F and D would
be nearly pure dipole (m;l% quadrupole). The assignment of spin 2 to
level F is in best agreement with the converslon coefficient measurements.
The correlation results give the spin assignment of 3 to level H. The
0.152 Mev gamma ray between levels H and D was found to be mainly dipole
radiation (< 0.5% quadrupole). The energy separation of 85 kev between
levels H and F is only about 15% different than the 100 kev separation
between levels A and B. Therefore, it appears that levels F and H may
belong to a third rotational band. Since both the 0.152 Mev and 0.068
Mev gamma rays have been assigned as El transitions on the basis of the

conversion coefficients, negative parity is assigned to both levels F
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and H. Alaga et al., assigned a K value of 2 to these states. Using
the observed separation of 85 Kev between states H and F, the next
excited state in this band is found at 141.7 kev above state F (equam
tion 4.k4),

State J is 114 kev above level F and was therefore assigned
by the previous investigators as the 4-member of the same band F and G
belong to. Since the parity of this band is negative, the possibility
exists that this band is an octupole vibrational band (chapter Iv).

There were no directional correlation measurements carried
out which involved level J. This was due to the fact that there would
have been too great an influence from other correlations to arrive at
any reliable results.

Murray et al. assigned the spin and parity as 4 - to state K,
with an E2 assignment for the 0.264 Mev gamma ray. Alaga et al. assigned
a K value of 4 to this state. The correlation datum is in agreement
with the assignment of spin 4 to state K. The 0.264 Mev gamma. would be

1" n

pure” quadrupole radiation. The correlation data also shows that spins

of 3 and 5 could be assigned to state K.

Conclusions
The results of directional correlation measurements are in
agreement with the mutlipolarities of the gamma rays which were deter-
mined by Murray et al. on the basis of conversion coefficient measure-
ments. There is only one case where there is disagreement. Murray et
al. listed the 1.231 Mev gamma ray as an E2 transition. From the corre-

lation data the 1.231 Mev gamma ray appears to be mainly dipole radiation
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(2 + 005% Q). However, it has been mentioned that the error of Ah would
only have to be made larger by a factor of 2 or 3 in order to have the
mixture curve show an appreciable quadrupole content (a 90% Q). The
correlation data is also in agreement with the spins given to the ex-
cited states by Alaga et al., on the basis of the collective model for
spheroidal nuclei. The only exception to this is the spin assignment
found from correlation results for level F. This has been discussed
above. In Wl82 there exists a ground state rotational band (K = 0) with
three members. Two "rotational - vibrational" bands also appear. There
are two members of the K = 2 even parity band, and three members of the
K = 2 odd parity band. The even parity band might be classified as a

7 vibrational band (qpadrupole - vibration). The odd parity band might
be classified as an "octupole" vibrational band.

The highest excited state had been given the gquantum numbers
(4, &, -). The correlation data is in agreement with this, but also is
in agreement with the assignment of spin of 3 or 5 to this state.

These higher excited states which have been classified as vibra.-
tional states can equally well be purely "particle excitation" levels.

The most definite evidence for the vibrational character of the
bands would be life-time measurements of the levels. If the lifetimes were
found to be substantially shorter than predicted by the individual parti-
cle lifetime formulas, this would constitute strong evidence for some
vibrational character for the levels. Such measurements by ordinary
electronic techniques seems impossible, as the expected lifetimes are so

short. The theoretical calculated mean lifetimes for an E2 transition
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from the (2, 3 +) state at 1.331 Mev; single proton transition to the
(O, 2 +) state at 0.100 Mev would be approximately 10712 seconds. The
same transition if considered as a single phonon (vibrational transi-
tion) would have a mean lifetime of 101 seconds.

Alaga et al., in their discussion of the decay scheme of
TalB2 cite as possible evidence for the 7 - vibrational character of
the band at 1.222 Mev the fact that the rotational moment of inertia
for the band is slightly (~ 10%) smaller than that for the ground state
rotational band, where as a particle - excitation level generally has
a greater rotational moment of inertia.

Speculation might arise as to why no K = 0 bands associated
with quadrupole and octupole Vibrations are observed in the decay of
Tal82, while there are observed bands with K = 2. Murray et al. labeled
level E as having spin and parity value of 1-. This state may be a K = 0
state. Such a state has been found in Sml”2. From the proposed decay
scheme it seems reasonable to assign I = K =2 or 3 to the ground state

182. [The ground state of Eul54 was found to be a (3, 3, -) state.](69)

of Ta
The beta transitions leading to the ground state rotational band members
would thén be expected to be weak and the log ft values high. Higher
lying states with low spin and K = 0 would also be populated very weakly
by beta transitions, so that radiations from such states probably would
have been too weak to be observed. Similar arguments apply when the
possible population of high - lying K = 0 states by gamma radiation from

the K = 2 bands is considered. TFor instance, a hypothetical (O, 1, -)

state around 1 Mev excitation energy might be fed by dipole or quadrupole
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radiation from the higher excited states. The dipole radiation would
be very weak due to K - forbiddenness and the quadrupole radiations to
this state would be reduced owing to the competition for the quadru-

pole radiations by the ground state rotational band. The same type of
arguments apply when other members of the high - lying K = O bands are

considered.
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