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CHAPTER I

INTRODUCTION

Angular Correlation

The energy levels of nuclei can be characterized by properties
such as angular momentum (spin), parity, energy, lifetime, electric quad-
rupole moment, and magnetic moment. One of the important recent tasks
of low-energy nuclear physics has been to determine these properties and
to relate them to specific nuclear models. Often the nuclear model will
suggest furthef properties which influence the level structure and the
relative intensity and angular momentum of the emitted radiation. Angu-
lar correlation of successive nuclear radlations has proved a useful tool
in determining the spin and parities of nuclear energy levels as well as
the angular momentum of the radiation. The study of angular correlations
under the influence of controlled extranuclear fields has also revealed
important information about the electric and magnetic properties of the
nucleus. All of this information has been extremely valuable in testing
the predictions of nuclear models and the extent of their validity.

The probability of emission of a particle or quantum from a
radiocactive nucleus depends in general on the angle between the nuclear
spin and the direction of emission. A completely isotropic distribution
of radiation i1s observed, however, as long as the nuclei are randomly
oriented. Under certain conditions external fields can be used to bring
about a preferred orientation of nuclei. Similarly, if a nucleus emits
two radiations in rapid succession (i.e., before collisions or local

fields can change its orientation) observation of the first radiation



in a given direction will choose an ensemble of nuclei with an anisotropic
distribution of spin orientations. Observation of the direction of the
second radiation will then, in general, show an angular correlation with
respect to the direction of the first radiation.

An angular correlation experiment consists in measuring the
coincidence rate between successive radiations as a function of the
angle between their directions of emission. Many types of angular cor-
relation measurements have been carried out. Gamma-gamma, beta-gamms,
alpha-gamma, and conversion electron-gamms angular correlations have be-
come routine tools in nuclear spectroscopy. In the case of the gamma-
gamma, angular correlation it has become customary to use the term
directional correlation to describe an experiment in which the coinci-
dence rate is observed only as a function of the angle between detectors.
An experiment of this type can yield information about the spins of the
nuclear levels and the multipole order of the gamma rays. A polarization-
directional correlation experiment, on the other hand, also observes the
polarization of one or both of the gamma rays and can yileld the parities
of the nuclear levels.

The first theoretical calculations of a gamma-gamms directional
correlation involving a pure-multipole cascade was carried out by
Hamilton(l) in 194%0. Farly attempts to verify his results failed as a
result of inadequate experimental techniques. In 1947, Brady and
Deutsch(e) carried out the first successful gamma-gamma directional cor=-
relation experiments using Geiger counters as detectors. The introduction
of the scintillation counter as an angular correlation detector in
l9h8<5) contributed significantly to the rapid development of the art

since that time.



The present investigation is concerned with the gamma-gamma
directional correlation experiment and its application in studying the
decay of two radioactive nuclei. A method of analyzing the gamma-gamma
directional correlation involving multipole mixtures is presented.
Geometrical corrections are discussed in detail. The gamma rays in
GeT2 and Dyl60 following the beta decay of Ga72 and Tbl6O have been
studied and spins have been assigned to several of the levels. The
multipole order of the gamma transitions was determined whenever possi-
ble. These results and the level structure have been discussed in terms
of the unified model.

Elementary Theory of Gamma-Gamma
Directional Correlation

A number of authors have studied the theory of angular corre-
lation and have used various methods.(l’h'lg) The approach which will
be presented here is a simplified theory of the gamma-gamma directional
correlation which, although it is limited in application, provides some
physical insight into the p:r'oblem.(l5>

Consider a single gamma transition of angular momentum.f'between
two nuclear states. Let L, be the projection oflfron the axis of quanti=
zation (z-axis). AThe gamma ray is then characterized by the multipolarity
L and the magnetic quantum number M where‘-i2 =:ﬁ2 L(L+l) and L, = M.
Assume that the transition is between specific magnetic substates char-
acterized by the spin j' and j and the magnetic quantum numbers m' and m
where j' - J=Land m® - m = M.

Fach component between two specific magnetic substates has a

characteristic directional distribution FLM (G) where © denotes the angle



between the guantization axis and the direction of emission of the

gamma ray. The distribution function FLM (9) is independent of the
nuclear spins and can be found by calculating the Poynting vector as a
function of angle for radiation of multipole order L and magnetic guan=
tum number M. Since the individual components m' —m cannot be observed
separately, the total distribution will be a sum of all the individual
distribution functions in which the relative population, P(m'), for

each substate m' is included along with the relative transition proba-
bility G(m',m) for each component m* —m. The total directional distri-

bution can then be written:

F(0)~ B () Gl m) o) )

The relative transition probability, G(m®,m) depends only on
m' and m and not on specific nuclear properties. It is independent of
the wave functions describing the nuclear states. It can be shown by
group theoretical methods(lh) that G(m®',m) is equal to the square of the

ol aoie
Clebsch-Gordan coefficient for the vector addition J° = J + L, m* =m + M

G(m',m) = (JLmM|J'm?)® (2)

The relative populations P(m*) depend on the energies of the various
substates and on the way in which the decaying level was created.

If two gamma rays are emitted from a nucleus in quick succes-
sion, the directional correlation function W(Q) is the relative proba-
bility that 7, is emitted at an angle © with respect to the direction

of 75. Choose the direction of emission of 7; as the guantization axis.



Then the directional correlation of the gamma cascade is identical with
FLQ(Q)’ the total directional distribution function of 7p. The relative
populations, P(m), of the intermediate state is given by the sum of all

transitions m] —m leading into the state m. If all the m; states are

1
71 Ly
J
7o Ly
S U A S j2

equally populated (i.e., initially the nuclei are randomly oriented),

then:

P(ml) ~ % G(ml,m) FLlMl(0=O) (3)

A photon moving in a definite direction can have only the angular momen-
tum i.é along its propogation direction.(l5> Hence the allowable values
of Mj are restricted to + 1 and only the functions FLll(O:O) and
FLlnl(9=O) will appear in Equation (3).

The resultant directional correlation function is then:

W o= ~J 2
(6) = Fr,(6) ml?-m’mQ<JL1milljlml)

' FLlil (6=0) (JoLempltp | m)° F1p 2(0) (4)

Since the FLM(G) can be expressed in powers of cosEG, W(O)'becomes eX=
pressible as a series of even powers of cos ©. The evaluation of (b)

for various spins and multipolarities is quite tedious for all but the
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simplest cases. This difficulty was overcome in the general development
of angular correlation theory. The theory was also extended to include
gamma, rays of mixed multipolarity, radiations other than gamma rays,

and cases where the intermediate state is perturbed by extranuclear
fields. It has proved more convenient to express the correlation funce-
tion as a series of even-order Legendre polynomials and this convention
will be adopted in what follows.

It has been assumed that the intermediate state is not perturbed
by extranuclear fields, i.e., the substates of the intermediate level of
the cascade are not repopulated during the lifetime of the state. The
detection of the first gamma ray picks out an ensemble of nuclei with a
preferred orientation in space. If strong extranuclear fields are present
the nuclei may change theilr orientation ( 1.e., magnetic sublevel ) be-
fore the second gamma ray is emitted. The information provided by the
detection of the first gamma ray will be partially lost and the correla=-
tion will be attenuated. For states with lifetimes longer than ~10-11
seconds perturbations are possible and in order to avoid an attenuation
a suitable environment must be provided in which extranuclear fields are
small (e.g., at a regular lattice site of a cubic crystal) or where their
time average vanishes (e.g., in a dilute solution).

It is readily seen from Equation (4) that the gamma-gamms direc-
tional correlation function depends on five parameters, namely the spins
of the three levels and the multipole order of the gamma transitions.
Although the directional correlation experiment yields information about
these parameters, additional information is always needed if a unique

assignment is to be made to a sequence.



It should be noted that the directional correlation does not
depend on the parities of the levels involved. Classically electric and
magnetic radiation of the same multipole order are related by the trans-
formation E —aﬁ,*ﬁ —- K., Since the Poynting vector is invariant under
this transformation the directional distribution FLM(O) and hence W(O)
are left unaltered. It is possible to determine the parity of the levels
only if the polarization of one of the gamma rays is detected in addition
to the directional correlation.

Theoretical Results for Gamma-Gamms
Directional Correlations

Pure Gamma-Gamms Cascade

A gamma-gamma cascade 1s said to be pure if each gamms transi-
tion is of pure multipole order. For the pure sequence Ji(Ly)J(Lp)do

the directional correlation function can be written as:

W(0) =1 + AgPp(cos ©) + ... + Akmakamax(cos 9) (5)

The highest term in the expansion is given by:
kpax = Min (23, 2L1, 2Lp) (6)

Yang(l6) has shown that this selection rule follows directly from the
invariance of the correlation process under rotation and inversion. It
is also derivable from the properties of the expansion coefficients.
In practice, terms greater than k = 4 have not been observed.

The expansion coefficients, Ak, can be broken up into a prod-
uct of two factors each of which depends only on the parameters of one

transition of the cascade. These can be written as:

Ag = Ak(l) Ak(g) = Fie(L1d1d) Fr(Lodad) (7)
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where the Fk(LjVj) are the F-coefficients of Biedenharn and Rose.(lT)
In the following discussion the notation of Ferentz and RosenZWeig(lB)
will be adopted in which the F-coefficient is written as Fi(LL3*3).

Ferentz and Rosenzweig have tabulated the F-coefficlents for all rea-

sonable comblnations of spins and multipole order.

Mixed Gamma-Gamma Cascade

The directlonal correlation for a cascade in which one of the
gamma rays 1s mixed, i.e., must be described by more than one value of
L, was first treated by Ling and Falkoff. !)

Assume that the first step of a cascade consists of a mixture
of Ip and 11’ > Ly, with a mixing ratio ©. & is the ratio of the re-

duced matrix elements:

5 = (3|t [131)/ (Gl el ]ay) (8)

The ratio of the total (i.ea, angle-integrated) intensity of the Llr
pole to that of the L pole is then equal to 82,

The directional correlation for the cascade jl(LlLl‘)J(L2>32

can be written as:
W(Q) = Wy + 8% Wyp + 28Ty (9)

Wr and Wry are the correlation functions for the pure cascades

31(11)3(Lp)Jo and 31(L7%)J(Lp)Ip respectively. Wppp is the contribu-

tion due to the interference between L; and L;' and is given by:

III
Wi = k%b A" Pg(cos 0) (10)



in which:

8T = P (1oLt 319) P (Tolpded) - (1)

The coefficients Fk(L L'j'j) and the analysis of experimental data in
the presence of mixtures will be discussed in the following chapter for

cases in which L' =1L + 1.



CHAPTER II
ANALYSIS OF GAMMA-GAMMA DIRECTIONAL CORRELATIONS
INVOLVING MULTIPOLE MIXTURES

With the application of angular correlation technigues to more
complex decay schemes, gamma rays which are not of pure multipole order
have come to be expected. The interpretation of angular correlation data
becomes more complex in these cases. Various methods have been suggested
to facilitate the analysis when one transition is pure and the other
mixed.(l9’20> The present graphical method of analysis has been extended
to include the case in which neither gamma ray is pure.

Mixed Multipolarity in Gamma-Gamma
Directional Correlation

Denote Jjy, J, and Jp as the initial, intermediate, and final
momenta of a cascade in the gamma decay of a nucleus. Let the transi-
. ) Ll Ll+l
tion between j; and j be a mixture of 2 ~ and 2 poles. Similarly
L2+l

L
describe the second transition as a mixture of 22 and 2 poles.

The theoretical angular correlation function will then be of the form:

(
w(e) = X ork‘l) ak(e) P, (cos 6) (1)
k even
J1
71 (Ly, Ly + 1)
‘ h
7o (Lp, Lo + 1)
J2

-10-
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in which the constant ak(v) for the v-th transition is dependent only
upon the spins and multipolarities associated with that transition. The

Ok(v) are of the form:

ock(") = P (Ly,Ly5dy,3) + 20, F (L,,L,41,3,,3)
2 . .
+ 3 Fk<Lv+l;LV+l)JVJJ> <2)

The summation over k in (1) runs from zero to the least of 2j, 2(Ly+1),
or 2(L2+l). The F (L, L', j', j) are the F-coefficients as defined and
tabulated by Ferentz and Rosenzweig.<l8) These are related to the defi-

nition of Biedenharn and Rose(lY) as follows:
Fk(L J' J) = Fk(LJ L, J' J)
Jr-3-1 , oy 11/2 Coer
(-1) [(2r+1) (2L1+1) (23+1) 17/ Gk (1L §13) = Fx(L,L',3',3) (3)

8° is the ratio of the intensity of the Ly+l radiation to the L, radia-
tion in the v-th transition of the cascade.
The least squares fit of experimental data in an angular

correlation experiment(zl) is ordinarily made to the function:

W' (e) = agy + Py (cos ©) + Py (cos 6) (%)
Upon normalization this takes the form:

W(6) = 1 + BoAp Pp(cos ©) + BLALPY (cos ©) (5)

The Bk are attenuation factors depending upon the geometry of the experi-

ment, especially detector solid angle, and:

Ay = (ak(l)/%(l))(ak(E)/ao(2)> (6)
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Due to the properties of the F-coefficient for k = 0, viz.
Fo(L,L,3',3) =1 (7)

Fo(L,I41,3",3) = O (8)

Equation (6) becomes:
A = AW @) 210 (1)) (1452110 (14822)1 (9)

If Qv is defined as the fraction of the Ly+1 multipole in the v-th
(mixed) transition, Qy then bears the following relation to 6v:
Qy = 8,5/ (1+8,°) (10)

Then 1 - Q) is the fraction of the L, multipole in the same transition
and the Ak(v> become :

5V = Waa) s M a2 4 WMo, )
where,

ak<V) B Fk(Lv’ Lv’ jv’ J)

b, (V) = 2R (L, L, + 1, 4y, J)

Fk(LV +1, Ly + 1, Jy, J) (12)

Cascades with Dipole-Quadrupole
Mixtures in One Transition

Equation (6) takes on an especially simple form if one transi-
tion is a mixture of dipole and quadrupole radiation and the other is

of pure multipole order. If, for example, the mixture is in the first

transition:
ap = 22 W@ = 10, W (1gp) + 0 g (1-07) 122
* 02(1>Q1} a2(2> (13)
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A plot of Ag(l) vs. Q1 from Equation (13) is an ellipse. Equation (14)
is a straight line in the variables Au(l) and Q1. ©Single transition
mixture curves of this type have been tabulated for all transitions in-
volving integer spins up to 6 and half-integer spins up to 11/2.(22)

The least squares fit will yield values of AE(eXP) + 0p and Au(exp) + a.
The 0y 's are the mean square errors defined by Rose, Equation (30).(21)
In order to determine the quadrupole content of the mixed transition it
becomes convenient to divide the Ag(eXp) + 0p and Au(eXP> + ay by the

(v) (v)

corresponding as and a) from the unmixed transition. The result-
ant numbers are then to be compared with the single transition mixture
curves described above in order to find the range of Q consistent with

the experiment. A number of examples of this method of analysis are in-

cluded in the experimental section of this thesis.

Cascades with Mixtures in Both Transitions

If both steps of a cascade are mixtures of dipole and quadru-
pole radiation, both A2(1> and A2(2) have the form of Equation(ll). Ay

reduces to:

Ay = Au(l)A4<2) = (cu(l>Ql)(Cu(2>Q2) (15)

The set of values of the Ak(v) satisfying:

Ak(l)Ak(E) -

_ Ak(eXP) (16)

+Uk

can be calculated. These can be plotted as an area between equilateral
hyperbolae. Various single transition mixture curves can be placed with
scales to coincide with the Ak(v) axes of the experimental graph, i.e.,

graph of Equation (16). Then a range of Q) consistent with the first
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transition will correspond to a range of values of Qo for the second
transition required by the experimental graph and vice versa. Additional
information 1s always needed in order to obtain unique assignments from
angular correlations involving double mixtures. Often limits can be
placed on the mixture in one transition from internal conversion data
or from other angular correlation measurements. This information can
then be incorporated into the graphical analysis.

Application of this method to a typical doubly mixed sequence
1s shown in Figure 1. The experimental coefficient, Ap = -0.1614 +
0.0015, was measured by Klems for the 208 kev - 113 kev cascade in
Hfl77.(23) Auwxiliary information is available in the form of K- conversion

(24)

coefficients measured by McGowan et al. , and Marmier and Boehm.(25)

These are shown in Table I. The ground state spin 1s known to be 7/2.(26)
The 113 kev level has been reached by coulomb excitation and a spin of
9/2 was assigned.(27> Thus (as has been assumed in Figure 1) the 113 kev
transition is of the form 9/2 (D,Q) 7/2 with known mixing ratio. If the
experimental K- conversion coefficlents of McGowan are interpreted using
Sliv's(28) calculated K-conversion coefficients, the 208 kev transition
1s found to be an El + M2 mixture with Q < 0.009, and the 113 kev transi-
tion is an ML + E2 mixture with .896 < Q2 < .99%, These are in agreement
with conversion ratio measurements by Wiedling.(29) Figure 1 illustrates
a 9/2 (D,q) 9/2 (D,Q) 7/2 cascade. It is seen that the experimental Ap
coefficient is consistent with a 9/2 (D,Q) 9/2 assignment for the 208 kev
gamma. with any value of Q). However, the absence of an Al coefficient

from the angular correlation requires a small value for Ql. The angular

correlation 1s then clearly consistent with the conversion data. Both
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TABLE T

MEASURED K-CONVERSION COEFFICIENTS FOR THE
208 KEV AND 113 KEV GAMMA RAYS IN mel'/

E7 McGowan et al. Marmier and Boehm
208 kev 0.0k2 + 0.015 0.0k
113 kev 0.81 + 0.08 0.75

the angular correlation and the conversion data will also fit a

7/2 (D,Q) 9/2 (D,Q) T/2 sequence, but this possibility has been
eliminated by Wiedling on the basis of other data.(29) Thus the
angular correlation confirms the spin assignment of 9/2 for the 321
kev level in EFLTT and the predominantly dipole character of the 208

kev transition.

Notation

The following pages contain a number of useful single transi-
tion mixture curves. Wherever possible these have been arranged accord-
ing to whether the spin of the intermediate state i1s larger than, equal
to, or smaller than that of the other state of the transition. This
arrangement shows a systematic trend in the shapes of the curves which
is useful in the qualitative interpretation of experimental data.

Fach curve is identified by the spins of the two states involved
in the transition. They are listed in the form: J (D, Q) J', where in

all cases J is the spin of the intermediate state. J' is the spin of the
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initial or final state of the cascade depending on whether the graph is
used to describe the first or second transition.

(v) . (v) (v)

s b2 » Co and c),

(v)

A 1list of the coefficients an used
in computing the graphs is appended in Table II.

Often it is desirable to know the mixing in terms of &, the
mixing parameter. In each case where bg(v> [as defined in (12) and listed

in Table II] is positive, the upper portion of the ellipse corresponds

to ® positive. If bg(v) is negative, the opposite is true.
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Table TII

COEFFICIENTS ag(v>, bg(v>, cg(v> AND cg(v) USED
IN COMPUTATION OF THE SINGLE
TRANSITION MIXTURE CURVES

(v) bQ(V) (v) (v)

J g ap co ey

1 1 -0.35%6 -2.1213 -0.3536 0

1 2 +0.0707 +0.9487 +0.3536 0

2 1 +0.4183 -1.8708 -0.2988 +0.7127
P 2 -0.4183 -1.2247 +0.1201 -0.3054
2 3 +0.1195 +1.3093 +0.3415 +0.0764
3 2 +0. 3464 -1.8974 -0.1237 +0.6701
3 3 -0.43%0 -0.8660 +0.2268 -0.4467
3 L +0.1443 +1.4h3h +0.3093 +0.1489
L 3 +0.313k4 -1.880k -0.0448 +0.6088
L L -0.4388 -0.6708 +0.26k46 -0.4981
L 5 +0.1595 +1.5136 +0.2849 +0.1937
5 L +0. 294k -1.8619 0.0000 +0. 5666
5 5 -0.4k416 -0.5477 +0.2831 -0.5230
5 6 +0.1698 +1.5566 +0.2669 +0.2241
6 5 +0.2820 -1.8u6h +0.0288 +0.5370
6 6 -0.4k32 -0.4629 +0.2936 -0.5370
3/2 1/2 +0.5000 -1.7321 -0.5000 - 0
3/2 3/2 -0.4000 -1.5492 0.0000 0
3/2 5/2 +0.1000 +1.18%2 +0.3571 0
5/2 3/2 +0.3742 -1.897k4 -0.1909 +0. 7054
5/2 5/2 -0.4276 -1.01k2 +0.1909 -0.39%68
5/2 7/2 +0.1%36 +1.3887 +o.5245 +0.1176
e 5/2 +0.3273 -1.8898 -0.0779 +0.6367
7/2 7/2 -0.4364 -0.7559 +0.249k4 -0.4775
7/2 9/2 +0.1528 +1.48%2 +0.2962 +0.1737
9/2 7/2 +0.3028 -1.8708 -0.0197 +0.5857
9/2 9/2 -0. Lok -0.6030 +0.2752 -0.5125

9/2 11/2 +0.1651 +1.537h +0.2752 +0.2102
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CHAPTER IIT

EXPERIMENTAL CONSIDERATIONS

The Coincidence Method

The directional correlation experiment consists in measuring

the coincidence rate between successive radiations as a function of

the angle between their directions of emission. If the decay of a
nucleus involves many gamma rays 1t is necessary to establish the decay
scheme and the relative intensities of the various cascades before a
directional correlation experiment can be attempted. After the coinci-
dence spectrum has been established, the directional correlation experi-
ment measures the coincidence rate versus angle for a portion of this

spectrum, i.e., one cascade.

Resolving Time

In addition to the real coincidences which are due to simul-
taneous detection of two gamma rays from the same nucleus, there will
always be chance coincidences arising from simultaneous detection of
two gamma rays from different nuclei. The degree of simultaneity re-
quired to record a colncidence is governed by the resolving time, T, of
the coincidence circuit. The real coincidence rate, NR’ is given by

NR = Np - Ny (1)
where Np 1s the toﬁal coincidence rate and Np is the chance or accidental
coincidence rate.

The accidental coincidence rate may be expressed as(Bo)

Ny = 27 NN, (2)
where Nl and N2 are the counting rates of the.individual detectors. The

accidental coincidence rate is determined experimentally by measuring

-27-
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the coincidence rate from two independent sources, each of which can be
"seen" by only one of the detectors. All of the coincidences recorded
are then accidental coincidences and the observed rate can be subtracted
from the total coincidence rate. This method can also be used to deter-
mine the resolving time of a coincidence circuit.
Assuming no correlation, the real coincidence rate may be ex-

pressed as:

Ng = N 01€; opep (3)
where N is the source strength (in disintegrations per unit time), o
and 0p are the solid angles subtended by the two detectors, and €, and
€> are the efficiencies of the detectors. The counting rate of each
detector 1is:

Ny =N o5 (&)
Inserting these in Equation (2), one obtains:

Ny =2t Ne 01€1 Oo€p (5)
Dividing Equation (3) by Equation (5), the real to accidental coinci-
dence ratio is ogtained:

Ng/Ny = 1/ (2N) (6)
This ratio should be kept as large as possible in order to reduce the
correction to the total coincidence rate. Since Ny is proportional to
the source strength, N, a lower limit on N 1s imposed by the minimum
tolerable real coincidence rate. Thus the resolving time must be kept
as small as possible if the real to accidental ratio 1s to be large.
Unfortunately the resolving time cannot be made arbitrarily small due
to the properties of the scintillator and photomultiplier tube. It

can be shown that the resolving time, 7, should not be less than the
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decay time of the light signal from the scintillator if energy selection
is to be maintained and all real coincidence events are to be registered
by the coincidence circuit. The usual scintillator employed in gamma-
gamms colncidence measurements is thallium-activated sodium iodide.

This has the advantage of good energy resolution but its decay constant
is long (about 250 millimicroseconds). This would limit the resolving
time to an abnormally large value if energy selection were maintained
by the coincidence circuit.

Shorter resolving times can be utilized if the time and pulse
height information are separated in parallel channels. This gives rise
to the so-called "fast-slow" coincidence circuit. The "fast'"colncidence
circuit is then triggered by a small portion of the initial rise of each
pulse. This process destroys energy selection in the "fast" circuits.
The pulse height (and hence energy) information is fed through separate
"slow" channels which provide energy selection. The output of each slow
channel and the output of the fast coincidence circuit are then brought
together in a slow coincidence circuit. The output of this circult thus
unites the time and energy information. The shortest resolving time
obtainable in this way is ultimately limited by the statistical nature of
emission of the first few photoelectrons from the cathode of the photo-
multiplier tube.(El’BE)

In practice, a compromise is made between the real to accidental
ratio and the time necessary to collect sufficient data. The resolving
time is fixed and the source strength is adjusted until the best allowa-

ble ratio is obtained.
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Coincidence Apparatus

Qualitative coincidence measurements were necessary in order
to confirm the decay scheme in the case of Dyl6o. The apparatus con-
sisted of a fast-slow coincidence circuit and a multichannel analyzer
of the "gray-wedge" type.(BB’Bh) The detectors were 1-1/2" x 1" NaI(T1)
crystals mounted on RCA 6342 photomultiplier tubes. Figure 10 shows a
block diagram of the apparatus. The fast and slow coincidence circuits
were integral parts of the Beva Laboratories Model 210 Analyzer which
was modified so that the fast-slow arrangement could be used. The
"gray-wedge" display consists of a sweep on a cathode-ray tube for each
pulse analyzed. The (vertical) position of the sweep is a linear func-
tion of pulse height, i.e., energy. A very large number of sweeps are
photographed through a glass plate, known as the gray wedge, the trans-
mission of which decreases from the beginning to the end of the sweep,
i.e., from left to right. If there are many sweeps at a particular energy,
the photograph will show a longer track than for a single sweep. This
then corresponds to counting rate. The photograph thus displays the
spectrum, i.e., rate versus energy, of pulses applied to the input.

Additional quantitative coincidence measurements were made
using the single channel analyzers of the directional correlation appa-

ratus. The details will be described in the following sections.

Directional Correlation Measurements

Collection of Data

The correlation function, W(G), is measured by observing the
coincidence rate as a function of the angle, 9, between the detectors.

One detector is fixed in position while the other is free to rotate about-
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the centrally mounted source. The correlation function involves only
the even-order Legendre polynomials and hence all of the information
about the correlation can be gained by taking data in one quadrant, e.g.,
from @ = 90° to 180°. However, there are a number of important consid-
erations which make it desirable to collect data in a double-quadrant
sequence, i.e., from 90° to 270°. In most of the measurements presented
here, the data were taken every 15° from 90° to 270°. 1In some of the
weaker cascades data were taken only every 30°. The data from corre-
sponding points were then added together.

Errors due to source misalignment or false assymmetries due
to scattering from nearby objects are eliminated to first order by com-
bining the corresponding points from each quadrant. The data are taken
for only a short time, usually five minutes, at each point. Thus an
entire run in two quadrants can be completed in at most l-l/h hours.
This process is repeated many times until the necessary number of coin-
cldences are collected. Errors due to decay of the source and sﬁeady
drift in the apparatus are eliminated by the double-quadrant sequence
provided that the half-life of the decay and the period of the drift are
longer than the length of a run. In addition, any short term instabili-

ties tend to be averaged out if a large number of runs are taken.

Source Preparation

In Chapter I it was pointed out that the correlation function
can be attenuated by extranuclear fields. Often, however, the full
correlation can be realized if the source is in the form of a dilute

solution. Even if the interaction is very large the correlation can be
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partially restored in this manner.(55’56> This is due to the continual
rearrangement of the perturbing fields caused by molecular collisions.
The extranuclear fields may be reoriented many times during the lifetime
of the intermediate state and the net effect on the nucleus will be
small. All of the sources used in the present experiments were in the
form of dilute aqueous solutions.

If the source is large in volume or of high density, scatter-
ing of the gamma rays within the source may attenuate the correlation.
The correction for scattering in the source is complicated and difficult
to apply.(57) Additional assymmetries may arise from the anisotropy of
photoelectric absorption within the source.(38) In the present experi-
ments the sources were small and tenuous and no corrections were neces-
sary. The source holders were machined from lucite with a cylindrical
cavity for the source 0.3 cm in diameter and 1.0 cm high. The wall was
.025 cm thick and the cavity was capped and supported on a thin lucite

rod.

Directional Correlation Apparatus

A fast-slow colncidence spectrometer was employed in all of
the directional correlation measurements. The major features of this
circuit were designed by R. Scharenberg and M. Stewart.(39)uo) A block
diagram of the apparatus is shown in Figure 11. The individual portions
of the spectrometer will be discussed in more detall in the following

sections.
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Detectors

The gamma ray detectors for most of the directional correlation
measurements consisted of 2" x 2" NaI(Tl) crystals mounted on RCA 6342
photomultiplier tubes. The crystals were coupled to the photomultiplier
tubes with Dow-Corning 200 Fluid (viscosity = 106 cs.). The phototubes
were magnetically shielded with mu-metal and mounted within a 3" diame-
ter iron pipe with the crystal projecting through the front cap. The
resultant scintillation counters had an energy resolution of about 10%
for the 0.662 Mev gamma ray of Csi3T.

The detector of one of the gamma rays in a weak cascade
(1.88 Mev - 1.46 Mev) in Ge' consisted of a 5" x 4" NaI(T1) crystal
mounted on a DuMont 6364 photomultiplier tube. The increased efficiency
of thls crystal made a measurement feasible in this very weak cascade.

The scintillation counters were shielded frontally with 3/16"
of aluminum to prevent beta particles from entering the crystals.
Lateral lead shielding was used in many of the measurements to prevent
crystal to crystal scattering. Crystal to crystal scattering may occur
when a gamma ray 1s absorbed in a crystal by the Compton effect. The
scattered photon may then escape the first crystal and enter the second.
If it is absorbed in the second crystal a coincidence is produced. In
some cases energy selection cannot adequately eliminate these coincidences
and false assymmetries can thus be introduced. In these cases it is
necessary to shield the crystals from one another. The shields employed
in the present measurements were hollow lead cylinders, 3/4" thick,
which surrounded the sides of the crystals and extended 1" beyond the
front face. These precautions also serve to eliminate errors due to

scattering from surrounding objects.
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Fast Coincidence Circuit

The primary factor in determining the resolving time of a
coincidence circuit is the duration of the input pulses. Moreover,
proper functioning demands pulses of uniform size and shape. The slow-
rising and non-uniform pulses of the scintillation counter must be con-
verted to short, fast, and uniform pulses. This is accomplished at
the expense of losing all information about the amplitude of the pulse.

The negative pulse from the scintillation counter is fed
from a cathode follower through 200 ohm coaxial cable to a series of
transmission line amplifiers (Hewlett-Packard types 460A and L60B)
each of which has a maximum gain of about eight and a bandwidth of
100 megacycles.

The highly amplified pulses are made uniform in height by a
limiting amplifier. This output pulse is again amplified by a two stage
wideband amplifier and used to trigger a fast blocking oscillator. The
uniform and short pulse from the blocking oscillator is clipped by a
shorted delay line to a width of about 18 millimicroseconds. The pulses
from each detector, shaped in this way, are fed into a Garwin type coin-

(41,42)

cidence circuit. The output pulses from the coincidence circuit
are selected by an integral discriminator. The resolving time for all

of the present measurements was T = 18 millimicroseconds.

Energy Selection

In addition to the fast channels described above, the pulses
from each detector are also fed into a parallel slow channel which has

the function of providing energy selection. Initially the output pulses
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are amplified without distortion bty means of a 204-B linear amplifier.
These pulses are then fed into a differential pulse height analyzer of
the Johnstone(h5> type as modified by Lu.<hh> This circuit gives a
uniform output pulse whenever the input pulse height is between ftwo
predetermined voltage levels. Since the pulse height is a linear func-
tion of energy, this provides a means of picking out particular energies
and rejecting others.

If the nucleus being studied has many gamma ray cascades, the
interpretation of a single directionsal correlation measurement is often
complicated by interference from other cascades. The use of scintilla-
tion counters as detectors helps to overcome this difficulty. However,
the presence of unresolved peaks and pulses accompanying the escape of
Compton=-scattered gamma rays from tke crystal makes 1t impossikle in
many cases to achieve complete energy selection. In these cases it is
often possible to correct the data bty subtracting the interference.(h5>

The methods used depend upon the individual case and will be discussed

separately for each cascade studied.

Slow Coincidence Circuit

Energy selected pulses from each slow channel and the output
pulse of the fast coincidence circuit are brought together in & triple
coincidence circuit. The function of this slow circuit is to unite the
time and energy information and provide an output pulse only when all
of the imposed conditions are met. The input pulses trigger tlocking
oscillators which provide a uniform pulse 200 millimicroseconds in

duration. These are then fed into a Garwin coincidence circuit similar
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to that used in the fast circuit. The resolving time is 200 millimicro-
seconds. The output of the triple coincidence circuit is sent to an
integral discriminator where the smaller single and double pulses are

re jected and the triple coincidence pulses are passed on to a scaler.

Recording

Five scalers were used to record the pulses of the blocking
oscillators in each of the coincldence circuits. A sixth scaler recorded
the final output of the triple coincidence circuit. Conventional binary
scalers were used in all cases. The slow channel rates were often used

in computing corrections to the observed triple coincidence rates.

Treatment of Data

After correcting the data of each run for the accidental coin-
cidence rate, all of the data at a glven angle were added together. A

least squares fit was then made to the function

W‘(O) =Q, + 0 Pp (cos O) +Qy P4 (cos O) (7)

21)

according to a procedure outlined by Rose.( The coefflcients were

then normalized to the form:
W(e) = 1 + BoAoPp (cos ©) + ByALP) (cos 9)

where the By are normalized attenuation coefficients which are introduced
by the finite size of the source and detectors. These will be treated

in detail in the following section. The final experimental coefficients,
AQ(EXP) + 0y and Au(exp) + 0), were then analyzed according to the

method outlined in Chapter II.
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Geometrical Corrections

The expansion functions ordinarily encountered in the angular
correlation of successive nuclear radiations vary slowly and smoothly
as a function of angle. Because of this a successful measurement will
require "good statistics" but can be made in a "poor geometry" detector
system. In the case of a gamma-gamms angular correlation experiment with
NaI(Tl) scintillation detectors, the maximum source strength is dependent
upon the resolving time of the coincidence circuit which is inherently
limited by the response of the scintillator. Often the counting rates
will be further limited by detector efficiency, the branching ratio of
the cascade being studied, and the necessity of using a liquid source
to avoid perturbations. In order to perform the experiment in a reasona-
ble time, it then becomes imperative to increase the solid angle sub-
tended by the detectors and the physical size of the source without
impairing the accuracy of the measurement.

The effect of a constant efficlency detector has been treated

to first approximation by Walter et al.(u'6>

for various source and de-
tector configurations. Rose(zl) and West(h7) have calculated the correc-
tions in the case of a point source of gamma radiation incident on an
unshielded cylindrical scintillation detector. Lawson and Frauenfelder@S)
calculated the same correction from a measured detector-efficiency func-
tion. For gamme ray energies near .5 Mev, Church and Kraushaar(u9) de-
veloped a practical method of making this correction from the measured
correlation for annihilation radiation. Feingold and Frankel(5o) have

treated theoretically the cases of axially extended sources and detectors

of arbitrary shape and efficiency. ©Several of their equations have been
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reproduced in the following application of their results to the gamma-
gamma angular correlation experiment. Slight changes of notation have
been made and several errors which appeared in Reference (50) have been

corrected.

Arbitrary Detectors with a Point Source

The efficiency, E, of a general gamma ray detector is a func-
tion of (Q,¢), the coordinates specifying a point on the detector surface;
and also of the coordinates which give the angle of incidence of the
radiation at that point. If the efficiency of the detector is independ-
ent of incident angle, and a point source of radiation defines the center
of the (Q,¢) coordinate system, the efficiency can be expressed as a
series of the spherical harmonics, Y3(9,¢). If we further assume that
the two detectors, 1 and 2, are sensitive to radiations b and c, respec-

tively, the expansions may be given as:

2g1+1.1/2 m'

By, (61,87) = oL G ) by Y (61,89) (1)
oM+l 1/2 "

EC2 (92,¢2) = ( LH( ) Cﬂ"m” Yz" (92,¢2) (2)

ﬂl!mﬂ

in which the coordinates are defined as shown in Figure 12. The experi-

mental angular correlation,
W (e) = LA'P, (cos 0) (3)
1 bl
can now be related to the point-point correlation,

w(er) = %AﬂP[’ (cos ') (L)
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Figure 12. Geometry of the Angular Correlation Experiment.

by the relation:

w(0) = [ [ Epy(61,8) W(6') Eep(0,8p) at da . (5)

P, (cos ©!) may be expressed in terms of Ql’¢l and Oé,¢é by the addition

1"

theorem. Also Y?u (92,¢2) may be expressed in terms of Oé,¢é by a rota-
tion of the coordinate system through the angle O:
n

2" n' ay As
Ty (0p8) = L oaj, . (0) Yy (05,81 (6)

ngmn

Now define:

+1
gﬁé, = gé§£ {l dﬁm,(g) Py (cos ©) 4 (cos 8) (7)
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By combining the above equations and making use of the orthonormality

relation for the spherical harmonics(5l), one obtains:

2441
av = T ()T Sy

1
hg gt bﬂ’m Cotm gﬁﬁ, (8)

£'mm?

1

Feingold and Frankel(5o) have tabulated the gﬁi' for £ < 6 and m,m' even
and have discussed the effect of various detector symmetries on the ex-
perimental angular correlation. In the special case of the ¢-symmetric

detector, the relation between the coefficients reduces to:

! =
A=A b, e, . (9)

Cylindrical Scintillation Detector With an Axial Source

An axial source is a line source centered at the origin per-
pendicular to the plane of the angular correlation measurement. The
axial source can be looked upon as a sum of point sources displaced from
the origin. Let bzm(e') be the b, for a displacement €' from the origin.
For a source of length €, and density of activity n(er), placed symmetri-

cally about the origin:

€o/2
Ie /2 bym(e’) n(er) de
bﬁm<€o) = 60/2 (lO)
£€Z/2 n(e') ae

where the bﬁm(eo) contains both source and counter corrections. The
bﬂm(e‘) is difficult to determine unless the detector efficiency is in-
dependent of incident angle. This requirement is not satisfied for the

ordinary scintillation counter employed in gamma-gamma angular correlation
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experiments. However, it will be shown below that the errors involved
are not significant as long as the source extension is small compared
to detector size and source-to-detector distance.

Assume that the face of the detector is circular and that

n(e') is constant. We may write

1/2
bpm = <e§f1> / [

Y, (0,) E(o,8) an . (11)

Upon transforming to Cartesian coordinates a the center of the detector

(cf. Figure 13), Equation (11) becomes:

m
1/2 = “ vy (x,y-€) E(x,y)
oml®) = ) ey [ eI (2)
- - [14x°+ (y-€) 12
in which
t t [
X=-}E—, y:y—, € = =——
To To To
Transforming to polar coordinates on the face of the detector:
" 25 Yo (r,w,e) E(r,w
bﬂm(e) =1y s rdar [ dw fm 0 ) (13)
24+l o ° [1+r°+e®-2¢r sin w]5/2

in which r = p/ro and € = €'/r,. Equation (13) is now introduced into

(10, defining 7 = €5/ (2ry):

v4 ® an Yo (r,m,e) E(r,w
1 b de f rdr f am Am D, ) s )

2y V 24+1 -7 © ° [1+r°+e®-2er sin w]B/2 .
(14)

0 5 (7)
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Figure 13. Geometry for a Circular Detector with an Axial Source.

If the efficiency is independent of incidentlangle,
E(r,0) = E(r), only the byo terms will enter the expansion. The
o N
Yz(r,w,e) =N (24+1)/4x P,(r,w,€) can be expanded if we note that

cos © = [1l+rf+e®-2er sin w]l/2 and use the binomial expansion. Upon

changing the order of the r and € integrations, the bﬁo reduce to a

series of r integrals. The coefficients bogs bpgs and byo which occur

in the usual gamma-gamma angular correlation experiment are then:

2
bog = 210, [1 - 2(&2 + Z—) + 2(5% + 40272 ‘2 by

) -2 2 -1 )
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2
bog = 2ma, [1 - 3(0p + 13—) + %(5% + hopy? + % I (16)
2 B}
by = 2n0 [1 - ?—(02 + 15—) + %5—(5064 + l+01272 + % 74) - ] (a7)
in which:
Qg = £ r E(r)dr (18)
f r3 E(r)dr
o = i (19)
f r E(r)dr
0
fw r? E(r)dr
0
o = — (20)
fo r E(r)ar

If E(r) is measured by means of a collimated beam experiment, Oy, O, and
Q) can be obtained by numerical integration. The assumption that the
scintillation counter is independent of incident angle introduces an

4

error of order 7 and this method is therefore not valid if terms of

this order contribute significantly to the b, .

Application to Typical Geometries

The efficiency functions, E(r), were determined for a 2-in.
by 2in. cylindrical NaI(T1) crystal for various energies and at source
to detector distances of T7.00 and 9.90 em. The crystal was mounted on
an RCA 6342 phototube and the counting rate was observed as the scintil-
lation counter was moved through small angles about the center of a
coordinate system defined by a well collimated beam of gamma radiation.

A differential analyzer was set to accept only the photopeak of the
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gamma ray involved. The measurement was repeated for gamma ray energies
of .065 Mev, .129 Mev, .511 Mev, and 1.3%3% Mev with and without lateral
lead shielding on the crystal. The integrands of Oy, O, and Q) were
plotted versus r and integrated by means of a compensating polar planime-
ter. Plots of Qs and Q) versus gamma ray energy for unshielded detectors
are shown in Figures 14 and 15.

The effect of lateral shielding was not found to be significant
except at low energies (< 100 Kev) where x-rays from the shielding
material can enter the crystal. It should be noted, however, that the
shielding can make an important contribution to the correction at higher
enefgies if the differential analyzer is allowed to accept gamma rays
which are compton-scattered from the shield.

The results of the present method for a gamma energy of .511
Mev were compared to results obtained by the annihilation correlation
method of Church and Kraushaar.(h9) The normalized attenuation coeffi-
cients, (bzo/boo)e, for both methods are shown in Table III.

An examination of the results makes 1t clear that the method
is valid for axial extensions of up to 1 to 2 cm (depending on the energy)
for the source-to-detector distances studied. This is sufficient for

most applications.

TABLE IIT

THE NQRMALIZED ATTENUATION COEFFICIENTS,
(bpo/bgy)= AND (byo/b,,)" FOR A GAMMA RAY ENERGY
OF .511 MEV AND ry = 9.90 CM

(bgo/boo)z (blto/boo)2

Present Method .9%31 + .006 .T787 + .016

Method of Church and Kraushaar .930 + .006 782 + .015

|+
|+
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CHAPTER IV

EXCITED STATES OF EVEN-EVEN NUCLEI

Introduction

Recent studies of the level structure of even-even nuclei
with a non-spherical equilibrium shape have given support to the exist-
ence of rotational and collective vibrational states as predicted by
the unified model.<52’55) Two types of excitation have been postulated.
The first involves collective motion in which the internal structure
of the nucleus is preserved. The second mode is associated with the
excitation of individual particles or with collective excitation of a
group of nucleons. This latter type corresponds to vibrations about
the equilibrium shape.

The theory of the rotational structure found in non-spherical
nuclei has been well developed for axially-symmetric nuclei.(52'58)
The motion is characterized by the quantum numbers, J, K, and M, repre-
senting the total angular momentum, its projection on the nuclear
symmetry axis and its projection on the space-fixed axis, respectively.
For the ground state of even-even nuclei, J = 0 +, K = O and the sym-
metrization of the wave function limits the rotational band to J = 0, 2,
h, 6, «v., all with even parity. For even-even nuclei, the energies of
the rotational band are given by

Eror = %i— J(J+1) (1)
where T, the moment of inertia, depends on the deformation and increases

with the number of nucleons outside of closed shells. This model has

-L9-
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been successful in accounting for many features of the spectra of nuclei
in the range of A ~ 24, 152 <AL 185, and A > 225. The model has also
been successful in predicting gamma and beta transition probabilities
between rotational levels.(58’59) With decreasing deformation and in-
creasing rotational frequency, the intrinsic nuclear structure is ex-
cited by the rotational motion and a strict adherance to the rotational
spectrum is not to be expected. Slight changes occur in the positions
of the energy levels and the selection rules governing transition
probabilities become weakened.

Although the lowest collective excitations correspond to
rotations with preservation of shape, nuclei may also exhibit collective
excitations corresponding to vibrations about the equilibrium shape.(59>
In axially symmetric nuclei the symmetry of the vibrations may be charac-
terized according to their multipole order, A, and v, the component of
the vibrational angular momentum along the symmetry axis. The excita-
tion quanta, commonly called phonons, have total angular momentum X,
and parity (-l)k.

The quadrupole vibrations (A=2) of the nucleus about a sphe-
roidal equilibrium shape separate into two modes corresponding to v=0
(R-vibrations) and v=2 (y-vibrations). Superimposed upon each vibra-
tional state one expects to find a rotatlonal band. The rotational
band associated with the lowest mode of B-vibration (nB=l, n7=0) has
the same form as the ground state band, i.e., K=0, J=0, 2, L,

The lowest y-vibration band has the form K=2, J=2, 3, ... . BSince the
ellipsoidal shape is invariant under reflection through the origin, and

the intrinsic structure in even-even nuclei has even parity, all quadrupole
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vibrational levels have even parity. There are many cases of nuclear
levels which can be ascribed to Y-vibrations. In the absence of a
quantitative theory of 7-vibrations, this assignment is usually based
on the spin values of these levels and on the enhancement of E2 transi-
tion probabilities (which confirms the collective nature of the excita-
tion).

The lowest odd-parity modes (A=3) may be characterized as
octupole vibrations. Low-lying odd-parity states of this type have been
observed in a number of even-even nuclei.(6o) For K=0 or 1, these levels
may have spins of 1, 3, 5, ... . For K=2, spins of 2, 3, ... may be
expected.(59)

As has been pointed out above, the unified model has been
successful in predicting decay characteristics in the rotational regions.
For intermediate region nuclei, i.e., nucleil outside the rotational re-
gions and non-magic, systematic properties have likewise been observed.
These nuclei generally have fewer nucleous outside of closed shells
than rotational region nuclei. Goldhaber and Weneser(6l) have proposed
a spherical equilibrium model which assumes that the systematic excited
levels are vibrational in character and arise from coupling of the
spherical core to the outer nucleons. Ordinarily the first and second
excited states of these nuclei have spin and parity of 2+. As the cou-
pling increases, the excitation energy of the first excited state de-
creases and the ratio EQ/El rises from an initial value of 2 to values
greater than 2.2. The second excited state is a 3-fold multiplet with
spins of 0, 2, 4; the third a 5-fold multiplet with spins of 0, 2, 3, k,

and 6. The E2 transition probability from the second 2+ state to the
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first 2+ state is much larger than the single particle estimate. The
crossover transition, i.e., from the second excited state to the ground
state, is forbidden and can occur only as a failure of the oscillator
approximation. Wilets and Jéans(62) have considered the case of anhar-
monic oscillations. They assume that the nucleus has a finite equilib-
rium deformation but i1s shape unstable. The energy associated with any
ellipsoidal deformation depends only on the change in area of the nuclear
surface to which it gives rise. The increase in surface area is related
to a parameter B, while the shape is described by a parameter 7. They
find a low-lying level structure similar to that proposed by Goldhaber
and Weneser. In addition, the degenerate (O+, 2+, b+) second excited
state is now split with the O+ level lying above the other two levels.
Qualitative arguments by Marty(65), who assumed that the nucleus was a
non-degenerate ellipsoid, have led to similar conclusions.

Recently, Davydov and Filippov have investigated the level
structure of nuclei which do not possess axial symmetry.(6u’65) They
have regarded the nucleus as an asymmetric top and have investigated the
rotational energy levels under the assumption that the internal state
of the nucleus does not change during rotation. They have shown that
the violation of axial symmetry only slightly affects the rotational
spectrum of the axial nucleus. New levels with spins of 2, 3, 4, ...,
appear which lie very high and are not excited if the deviation from
axial symmetry is small. As the deviations from axial symmetry are in-
creased these levels become much lower. Thus the ratio of the energy,

Eoo, of the second excited state with spin 2, to EEl’ the energy of the

first excited spin 2 state, varies from infinity to two. Davydov and
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Filippov have calculated the positions of the low-lying states with
spins of 2, 3, 4, 5, and 6 as a function of the deviation of the nucleus
from axial symmetry. They also have calculated the electromagnetic
transition probabilities between some of these states. A few of their
results and experimental evidence supporting their conclusions will be

presented in the following section.

Rotational State of Non-Axial Nuclei

Before discussing the specific case of non-axial nuclei, it is
well to define some of the parameters which are necessary in order to
gain some insight into the unified model. The following arguments are
due to Bohr.(SB)

Assume that the surface of the nucleus, R(9,¢), can be expanded

as follows:

R(0,8) = Rol1 + ﬂZ agm Yg,m (0,9)] (2)

,m
where R, is the spherical nuclear radius. The function Yﬂ,m(9’¢) is the
normalized spherical harmonic of order £Z,m. If the deformation is small,

the potential energy takes the form
2
V=l/2 Z Cﬁlaﬂ’m! (5)
£,m
while the kinetic energy is given by
. 2
T=1/2 2 Byla 4
/ /om El ﬂ,m‘ ( )

The quantities By and Cy depend on more detailed assumptions regarding
the properties of nuclear matter. For the most part, it is only neces-

sary to consider deformations of order 2(i.e. 4=2) which represent an
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ellipsoid oriented in space. Instead of characterizing this deformation

by the five coordinates a,., it may be described by three angular co-

em
ordinates specifying the orientation of the ellipsoid and two internal

parameters. The internal parameters are B, the deformation parameter, and

y, the shape parameter which are related Dby:
a, =B cos 7,8y =a =0,a; =a_p = (BN2) sin ¥ (5)

These are illustrated in Figure 16. The nuclear deformation is charac-
terized by the point A in the two-dimensional polar dlagram. The radius
vector equals the deformation parameter B, and the polar angle is given
by the shape parameter, 7. If A falls on the ¢£-, n-, or {- axis, the
nucleus possesses rotational symmetry with respect to its xi, yi, or z-
axis, respectively. (x’, y', z' are the principal axes of the ellipsoid.)
Hence the coordinate 7 describes the deviation from rotational symmetry.
For 7=0 + p n/5, where p is an integer, two axes of the ellipsoid are

equal. In these coordinates the potential energy becomes
_ 2
V=1/2C8 (6)

and 1t is customary to break the kinetic energy into the sum of a vibra-

tional part and a rotational part:(BB)

£ 01000 ud 1 I 3
T . o - — — —_— — — sin 57 = (7)
3 5 .2
6 J
+ 888 5in”\7 - Py M)

where the Jy are the operators of the projections of the nuclear angular

64
momenta on the axes of body-fixed system. Davydov and Filippov< ) have
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Figure 16.
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Internal Parameters of the De-
formed Nucleus.
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studied the rotational levels of the nucleus represented as an asymmetric
top with rotational energy given by Equation (6). Each value of the
total angular momentum of the asymmetric top corresponds to 2J+1 differ-
ent energy levels. Since no symmetry axis exists, K is no longer a good
quantum number. The asymmetric top has been treated quantum mechani-

cally(66)

and Davydov and Filippov have applied these results to the
nuclear case. In virtue of the symmetry conditions imposed on the wave
functions in even-even nuclei(55) only certain of the 2J+1 levels can
occur. Thus rotational states of the required symmetry will not occur
for J=1. Two such states will occur for J=2, one for J=3, three for

J=b, etc. The relative energies of the low-lying rotational levels are
shown in Figure 17 as a function of 7, the shape parameter. For 7=0,

the energy spectrum is identical to that of an axially-symmetric nucleus.
The energy levels are the same for 7; and n/} - 71. Therefore the values
of all quantities will be presented only in the interval between O and
1/6 (y = 0° to 30°). For a fixed value of B, violation of axial sym-
metry leads to a small increase in the energy of the levels of the axial
nucleus. In addition violation of axial symmetry leads to the appearance
of some new energy levels as shown in Figure 17. Note especially the
second excited state with spin 2, the energy of which varies from infinity
to twice the energy of the first spin 2 state. By using the dependence
of this energy ratio, Egg/Egl, on 7, it is possible to estimate 7 from
the experimental ratio. The theory also predicts that the lowest spin

3 state will have an energy, Ez, which is given by

E5 =3 Eel + Egg (9)

and which always lies above the lowest spin 4 state.
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As was pointed out above, the first two levels with spin 2
observed in many intermediate region nuclei have been attributed in most
cases to one-phonon and two-phonon vibrations of the nuclear surface.
If this is indeed the case, the crossover, 22 —0 (second spin 2 state
to ground state), occurs only as a violation of the oscillator approxi-
mation. Moreover, ML radiation is forbidden in the 22 — 21 transition.
If these states are now to be interpreted as rotational, it is crucial
to examine the electromagnetic transition probabilities between the
rotational levels and to compare these predictions with experimental
evidence. Davydov and Filippov have computed the E2 and ML transition
probabilities between the low-lying states. Their results are summarized
in Table IV for electric quadrupole transitions. b(E2; 22 —21)/b(E2;
22 - 0) denotes the ratio of the reduced electric quadrupole transi-
tion probabilities for the cascade to the crossover in the 2 - 2 - 0
sequence. Note that the theoretical ratio varies from 1.4%3 for axial
nuclei to » for nuclei in which the deviation from axial symmetry is
ma.ximum,

Table V is a comparison of experimental evidence to the theo-
retical predictions for fourteen even-even nuclei. In each case the
shape parameter, 7, has been determined from the ratio, E22/E21. Note
that the first seven nucleil listed are from the intermediate regions
while the last seven fall in the rotational regions. It is clear that
the observed position of the lowest spin 3 level and the variation in
the ratio of reduced cascade to crossover transition probability agree
with the predicted values in both the intermediate regions and in the

rotational regions.,
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TABLE IV

) §g§ b(E2; 22 —21) b(E2; 3 —»21)
Epy b(E2; 22 - 0) b(E2; 3 —22)
0 ® 1.43 0
5 6k.2 1.49
10 15.9 1.70 .0075
15 6.85 2.70 .056
20 3.73 5.35 .072
22.5 2.93 9.01
oL 2.59 15.1
25 2.k 20.6 Ron
26 2.26 31.2
28 2.07 126
29 2.01 363 .039
30 2.00 % 0

There are only two cases in which good experimental data exists

to test the ratio of the reduced E2 transition probabilities between the

spin 3 state and the two spin 2 states.

3 »21)/b(E2: 3 »22) is equal to 0.016 in Kr

p192 (77,68)

indicating 7 ~ 30°.

The experimental ratio b(E2:
and to 0.012 in

In each case the ratio E22//E21 is slightly less than two,

The theoretical ratio b(E2: 3 -21)/b(E2: 3 —22)
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TABLE V

COMPARISON OF EXPERIMENTAL DATA TO THE
THEORETICAL PREDICTIONS FOR NON-AXTAL NUCLEI

Experimental Energies

b(E2; 22 —»21)

e | E22 Nev DP2I 225 O | pererence
By Ep + EQQJ Es | Theor.! Exp.
— | .
pel% 1.97) 30 1.040 g - © > 2500 67
e’ 1.75% 30 2.30 ; - o | 358 |Chap. VI
ptl92 | 1.9&% 30 .929 i .921 © | 172 68
¥e 128 i 2.0 i 30 15| - o ; 197 69
Telee ; 2.25% 26.5 1.76 1.76 66 78.2 70
Hgl98 % 2.66 ; 23.2 1.50 - 13 25 T1
05188 h.lo§ 18.9 788 | (.785) b3 3,0 72
186 g 8.083 13.9 1.00 ¢ 1.00 2.0, - T3
ol i 8.12 % 13.8 1.133 | 140 | 1.9 1.9 T4
st | 8.9 13.5 1.206 226 | 1.9 17| 78
Dy 60 ? 11.0 | 12.2 1.051 0T 1.9 2.2 |Chap. V
w8120 | 11.6 1.322 331 1.6 1.6 75
pu38 ; 23,4 8.1 1.074 .076 | 1.2 1.4 76
py2H0 é 23.7 | 8.0 1.063 .060 1.2 - 73
i |

varies from .036 to O between

values.

diction of the E2 and Ml mixture in the 22 — 21 transition.

7y=29° and 7=30° in-agreement with the observed

The calculations of Davydov and Filippov have also lead to a pre-

E2 intensity to ML intensity, 62, is given by

5% = 2/3 22 A%/3 (5, - Bp)2 x 10

i

The ratio of

(10)
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where the energy is in Mev. Note that 82 1is independent of the shape
parameter, but it must be borne in mind that this equation is only to
be applied to deformed nuclei. The theoretical line and data from eight
measured mixing ratios are shown in Figure 18. All of the mixtures
shown are based on directional correlation measurements in 2 - 2 - 0O
cascades. It is extremely difficult to obtain a precise value for 82
in most cases and the graph shows only that the experimental data do not
disagree with the proposed model.

It is well to remember that the calculations of Davydov and
Filippov were based on the assumption that the internal state of the
nucleus does not change during rotation. This is an approximation, es-
pecially for the intermediate region nuclei where the lowest rotational
levels have an energy comparable to internal excitation levels. This
"strong coupling" or "adiabatic" approximation is probably not well satis-
fied for the first three nuclei listed in Table V or for some of the

higher excited states of the other nuclei listed.
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CHAPTER V

DIRECTIONAL CORRELATION OF GAMMA RAYS IN Dyl6o

Introduction
The level structure of Dyl6o following beta decay of the 72 day
Tbl6o has been the subject of several investigations.<82'92) The more
recent of these studies have been in agreement on many features of the

level structure in Dyl60.

Before the present investigation was under-
taken, conflicts still existed in regard to the relative intensities and
multipolarities of several gamma transitions. The directional correlation
of the 1.076 Mev - .196 Mev cascade reported by Ofer(83) was considerably
different from that observed by Nathan.<82) In addition, Ofer found it
necessary to postulate an attenuation(85’92> in interpreting three of

his directional correlation measurements (those involving the .087 Mev
level). Under the circumstances an attenuation is difficult to understand
and further study of this aspect was thought to be of value. Thus the
present coincidence and directional correlation measurements were under-
taken in the hope of resolving some of the incompatible aspects of pre-
vious research on this decay.

160 is situated in a region of strongly deformed nuclei and

Dy
exhibits a characteristic ground state band with spins of 0+, 2+, and 4+,
The higher excited states of Dyl6o have been interpreted as quadrupole
82)

and octupole vibrational levels.( It would now seem possible to rein-
terpret two of these higher levels as rotational based on the asymmetric
top model discussed in Chapter IV. Hence an accurate knowledge of rela-

tive intensities and multipole mixtures is important in order to compare

the predictions of these two interpretations of the unified model.

63
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High purity TbEOB powder was irradiated for 24 hour periods in
the University of Michigan Ford Nuclear Reactor. The activated powder
was then dissolved in HC1l and the solution was diluted. No impurity

activities were found to be present in the source material.

Results and Interpretation

Coincidence Measurements

The gamma-ray spectrum of Tbl6o

is shown in Figure 19. 1In
order to determine the position of the various gamma rays in the decay
scheme, measurements were made of the gamma rays coincident with the
following energy regions:

0.080 Mev < E < 0.100 Mev, 0.160 Mev < E < 0.2L0 Mev,

0.250 Mev < E < 0.350 Mev, and 0.830 Mev

IA

E < 1.00 Mev.

The qualitative results are summarized in Table VI.

A knowledge of the relative intensities of the 0.877, 0.960 and
0.964 Mev lines is necessary in order to interpret the angular correla-
tion data. Hence a careful measurement was made by means of the 0.298
Mev coincidence spectrum. After correction for detector efficiency and
the slight overlap of the lines, the intensity ratio 0.877: 0.964%: 0.960
was found to be 1 : 0.73 + 0.06: 0.29 + 0.06. This ratio was confirmed
by measurements in the 0.087 Mev coincidence spectrum although the pres-
ence of interfering cascades prevented reliable quantitative results.
The present results are in good agreement with the ratio 1 : 0.68 +
0.10 : 0.3 + 0.10 found by Nathan. A ratio of 1 : 0.90 + 0.18 : 0.05 +

0.01 has been guoted by Ofer.
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The decay scheme shown in Figure 20 is due to Nathan.(82>
The relative intensities of some transitions have been modified to
agree with the present measurements. An additional level at 1.200
Mev and several weak transitions have been added to the scheme on the
basis of internal conversion measurements by Grigor'ev et al.<88)

Table VII shows the principal results of the internal con-
version measurements as measured by Grigor'ev et al,(88) The theoreti-

cal values listed are taken from the tables of Sliv.(es)

TABLE VII

INTERNAL CONVERSION MEASUREMENTS TN Dy-00

Theoretical oK

Ey (Mev) a(e12)
(x 109) E1 E2 ML M2
.087 1300 380 1600 3100 29000
.215 L3 3k 130 2ko 1100
.298 1k 15 49 98 390
.876 2.9 1.k 3L 6.2 16
. 960 2.5 1.1 2.8 5.0 12
. 96k 2.5 1.1 2.8 5.0 12
1.172 .6l .81 1.9 3.1 7.5
1.200 .87 .79 1.8 3.0 7.2

1.272 5k .69 1.6 2.6 6.2
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0.298 Mev - 0.877 Mev and 0.298 Mev - 0.964 Mev
Directional Correlations

Although the 0.877 Mev photopeak and the 0.960 Mev and 0,964
Mev combined photopeak were easily resolved by the scintillation counters,
there remains a small overlap of these lines which must be considered in
analyzing the angular correlation data. Two angular correlation measure-
ments were made. In each measﬁrement one of the differential analyzers
was set to accept the upper half of the photopeak of the 0.298 Mev gamma
ray. In one case the second differential analyzer was set to accept a
narrow range of pulses in the upper half of the 0.964 Mev photopeak. In
the other measurement, the second differential analyzer selected a narrow
range of energies centered on the 0.877 Mev photopeak.

Using the measured relative intensities (without the detector
efficiency correction), the 0.877 Mev and 0.964 Mev photopeaks were con-
structed from known shapes of single gamma rays in this energy region.
The integrated contribution of both gamma rays to each correlation func-
tion was then determined. The two correlation functions were combined
with special attention to the errors in the relative intensities, channel
settings, and the correlation functions themselves. In this manner the
0.298 Mev - 0.964 Mev angular correlation yielded expansion coefficients
Ap =+ 0.259 + 0.042 and Ay = - 0.031 + 0.030. Figure 21 shows the experi-
mental points and least squares curve before correction along with the
correlation curve after correction (dotted curve). The corrected coeffi-
cients are in good agreement with the theoretical coefficients for a
pure 2(D)2(Q)0 cascade, i.e., Ao = + 0.250, A) = 0. If the cascade is of
the form 2(D,Q)2(Q)0, the limits of error will allow a maximum of 0.5%

quadrupole content in the 0.298 Mev transition. This assignment is
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(82,88)

supported by the measured K-conversion coefficients which indicate
an E1l multipolarity for the 0.298 Mev gamma ray and E2 for the 0,964 Mev
transition. It seems safe to assign a spin and parity of 2+ to the 0.96k4
Mev level on the basis of the conversion data. The expansion coefficients
for this sequence are also consistent with a B(D;Q)Q(Q)O cascade with a
quadrupole content Ql for the first transition of 0.21 < Q < 0.65. An
M2 content of this magnitude is inconsistent with experience and with the
measured K-conversion coefficients. Thus a spin assignment of 3 must be
ruled out for the 1.262 Mev level.

In the manner described above the corrected expansion coeffi-
cients for the 0.298 Mev - 0.877 Mev sequence were found to be A, =
- 0.126 + 0.026 and A) = + 0,015 + 0.020. The first excited state (at
0.087 Mev) can almost certainly be characterized as 2+. If the 0.298 Mev
transition is assumed to be pure dipole, the data are then consistent
with a 2(D)2(D,Q)2 sequence with 0.95 < Q5 < 0.99 or 0.25 < Qp < 0.35.
The latter possibility can be ruled out by the angular correlation data
from the 0.877 Mev - 0.087 Mev cascade which is given below. The possi-
bility of a small M2 admixture in the 0.298 Mev transition cannot be
ruled out. The graphical analysis of the data for a doubly mixed cascade
is shown in Figure 22 in which the range of E1l + M2 mixture for the
0.298 Mev transition is assumed from the results of the 0.298 Mev - 0,964
Mev correlation. Again in accord with the results of the 0.877 Mev -
0.087 Mev angular correlation, the data still require a quadrupole con-
tent of 0.925 < Qp < 0.995 for the 0.877 Mev transition.

In summary, it has been shown that the 0.298 Mev gamma ray
proceeds from a 2- level at 1.262 Mev to a 2+ level at 0.964 Mev by

radiation which is predominantly electric dipole (S 0.5% M2). The
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0.964 Mev level decays by pure E2 radiation to the O+ ground state and
by 96 + 3.5% E2 and 4 ¥ 3.5% ML radiation (0.877 Mev gamma ray) to the

2+ first excited state at 0.087 Mev.

0.877 Mev - 0.087 Mev Directional Correlations

The 0.877 Mev gamma ray is a transition from the 2+ level at
0.964 Mev to the first excited state (spin and parity of 2+) at 0.087
Mev. Angular correlation measurements on this cascade can provide infor-
mation on the multipolarity of the 0.877 Mev transition, assuming that
the 0.087 Mev transition is pure E2. An accurate measurement is not
possible, however, due to the presence of the Compton distributions of
interfering cascades. The chief contributions to this background, i.e.,
the 1.272 Mev - 0.087 Mev, 1.175 Mev - 0.087 Mev, 0.960 Mev - 0.087 Mev,
and 0.298 Mev - 0.877 Mev cascades, comprise nearly 50% of the real co-
incidences measured by accepting a small portion of the 0.087 Mev and
0.877 Mev photopeaks in alternate differential analyzers. However, the
range of multipolarities possible for the 0.877 Mev gamma ray is already
known from the 0.298 Mev - 0.877 Mev angular correlation measurement.
Thus, despite the large errors introduced by the interference subtraction,
the 0.877 Mev - 0.087 Mev data can be used to distinguish between the two
allowable ranges. After correction for the interference, the expansion
coefficients were found to be Ap = - 0.10 + 0.08 and A} = + 0.27 + 0.09.
Within the rather large experimental errors, these coefficients require
an E2 content of @ > .975 in the 0.877 Mev gamma ray.

The angular correlation of this cascade was also measured by
Ofer.(B5> In that measurement the experimental data were corrected for

interference from the 1.272 Mev - 0.087 Mev and 1.175 Mev - 0.087 Mev
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cascades and the resultant coefficients were considerably smaller than
would be expected for the large quadrupole admixture present in the
0.877 Mev transition. The present measurements indicate that it is not
necessary to postulate an attenuation if all interference is considered.
However, the presence of some attenuation cannot be ruled out. Ofer and

(92)

Cohen were unable to achieve a completely satisfactory explanation
for the large attenuation proposed. It will be seen below that the re-
sults of the 1.272 Mev - 0.087 Mev and 1.175 Mev - 0.087 Mev angular
correlations can be more readily understood if no attenuation is present.

1.272 Mev - .087 Mev and 1.175 Mev - .087 Mev
Directional Correlations

The 1.175> Mev and 1.272 Mev photopeaks are barely resolved in
the scintillation spectrum, and an analysis similar to that employed for
the 0.298 Mev - 0.877 Mev and 0.298 Mev - 0.964 Mev correlations must be
applied in order to obtain the corrected angular correlation functions.
The errors involved are large due to a poor knowledge of the relative
intensities and are reflected in the increased error limlts of the ex-
pansion coefficients. The corrected expansion coefficients for the 1.175
Mev - 0.087 Mev angular correlation were found to be Ap =+ 0.13%3% + 0.041
and Aj =+ 0.008 + 0.083. Similarly the 1.272 Mev - 0.087 Mev cascade
yielded Ay = + 0.148 + 0.065 and Ay = - 0.09 + 0.1k,

The 1.175 Mev gamma ray proceeds from the 2- level at 1.262 Mev
to the first excited state. The cascade is certainly of the form
2(D,Q)2(Q)O. The expansion coefficients are then consistent with an
El + M2 mixture for the 1.175 Mev gamma ray with 97.5 + 1.5% E1 and

2.5 ¥ 1.5% M2. This is in agreement with the K-conversion coefficient
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measurements of Nathan and of Grigorfev et al. If a perturbation were
present, a larger M2 content could not be ruled out. Assuming an attenua-
tion, Ofer's dafa(83) would require an M2 content of about 65%. This
would contradict the conversion measurements and also constitute a much
larger M2 admixture than is normally encountered. Hence the results tend
to favor the present interpretation.

The 1.272 Mev gamma ray is a transition from a level at 1.359
Mev to the first excited state. Of the spin assignments logically availa-
ble for the 1.359 Mev level, the angular correlation data is consistent
only with 2 or 3. As will be shown below, the 1.076 Mev - 0.196 Mev angu-
lar correlation rules out a spin assignment of 2 for the 1.359 Mev level.
For a 3(D,q)2(Q)0 sequence the data require 0.0k < Qp < 0.18 or 0.66 < Q) <
0.86. The K-conversion coefficient measured by Nathan favors an E1 multi-
polarity for the 1.272 Mev transition. Hence the 1.359 Mev level is most
naturally characterized as 3 - and the 1.272 Mev gamma ray is an El + E2
mixture with 89 + 7% E1 and 11 + 7% M2. Ofer, assuming a perturbation,
found a quadrupole content of between 27% and 50% for the 1.272 Mev tran-

sition.

1.076 Mev - 0.196 Mev Directional Correlation

The 1.076 Mev gamma ray is a transition from the 1.359 Mev level
to the second excited state at 0.28% Mev. The 0,196 Mev gamma ray is a
transition between the second and first excited states. Both gamma rays
involved are very weak. The window of one differential analyzer was set
to accept the 0.205 Mev photopeak and the other was set with a narrow win-

dow in the region where the 1.076 Mev gamma ray should occur. After
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correction for finite resolution the expansion coefficients were found
to be A2 =+ 0.273% + 0.020 and A} =-0.092 + .0%32. It was found that
interference was present due to the high energy tails of the 0.960 Mev
and 0,964 Mev gamma rays as the 0.215 Mev - 0.960 Mev and the 0.298 Mev -
0.964 Mev cascades. No adequate method could be found for subtracting
out this interference.

It seems highly probable that the second excited state can
be characterized as 4+. Of the possible sequences 4(D,Q)4(Q)2, 2(Q)4(Q)2,
and B(D,Q)M(Q)E, the first two require a positive A) coefficient. The
present data, even with the large interference, require an A) which is
negative. Thus a spin of 3 must be assigned to the 1.359 Mev level. If
the form of the interference correlations is taken into consideration,
the expansion coefficients limit the quadrupole content of the 1.076 Mev

gamma ray to Q < .20.

Summary and Discussion

Gemma. rays in Dyl6

O following beta decay of the T2-day Tbl60
have been studied using coincidence and directional correlation methods.

A consistent decay scheme has been proposed, in agreement with the princi-
pal features of the scheme proposed by Nathan.(82) Directional correla-
tion measurements have been made on the 0.298 Mev - 0.964 Mev, 0.298 Mev -
0.877 Mev, 0.877 Mev - 0.087 Mev, 1.272 Mev - 0.087 Mev, 1.175 Mev -

0.087 Mev, and 1.076 Mev - 0.196 Mev cascades. The spin and parity of

the 0.087 Mev, 0.964 Mev, and 1.262 Mev levels were found to be 2+, 2+,
and 2- respectively. The measurements favor spins of 4 for the 0.283 Mev

level and 3 for the 1.359 Mev level. The 0.298 Mev gamma ray was found
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to be pure dipole radiation (@ < .005). The 0.876 Mev gamma ray was
shown to be largely E2 with a small ML admixture. The 1.175 Mev, 1.272
Mev, and 1.076 Mev gamma rays were found to be mostly dipole (probably
El) with a small quadrupole admixture. The data are consistent with an
E2 character for the 0.964% Mev, 0.087 Mev and 0.196 Mev gamma transitions.
Dyl6o is situated in a region of strongly deformed nuclei and
the ground state, 0.087 Mev, and 0.28% Mev levels form the expected
ground state rotational band with spins of 0+, 2+, and 4+, respectively.
If the rotating nucleus is assumed to be axially symmetric, the higher
exclted levels at 0.964 Mev, 1.047 Mev, 1.200 Mev, 1.262 Mev, and 1.3%59
Mev are most easily interpreted as electric gquadrupole and octupole
vibrational states. Associated with these states one expects to find a
rotational sequence of states in which the separation between the first
and second member is of the same order of magnitude as in the ground
state band.(59) Fach rotational band is characterized by the guantum
number K (projection of the total angular momentum on the nuclear symme-
try axis). If one considers the energies, spins, and parities of the
higher excited states, it is possible to interpret all of the higher ex-
cited states as vibrational in charzcter. The two even parity states at
0.964% Mev and 1.047 Mev may be interpreted as the first two members of
a gamma vibrational band with K=2. The weakly fed level at 1.200 Mev
probably has & spin and parity of 1- and may be interpreted as the first
member of a K=0 octupole vibrational band. The 2- and 3- levels at
1.262 Mev and 1.359 Mev appear to be the first two members of a K=2 octu-
pole vibratioral band. The K values assigned have been discussed by
Nathan.(Bg) The relative intensities predicted by the unified model agree

fairly well with the experimental observations.
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If the rotating nucleus is considered as a non-axial ellipsoid,
it is possible to interpret the 2+ and 3+ levels at O.96h Mev and l.OhY
Mev as belonging to the ground state rotational band. It is interesting
to compare these two interpretations of the unified model with the ex-
perimental evidence., Both versions of the model agree on the positions
of these two levels. The ratio Epp/Ep] corresponds to a shape parameter
of 7=12.2°. The ratio of the reduced transition probabilities for transi-

tions from the 2+ levels are compared in Table VIII.

TABLE VIII

COMPARISON OF TRANSITION PROBABILITIES FROM
THE 0.964 MEV LEVEL IN Dyl©0

Symmetric Nucleus Asymmetric Nucleus Exp.

b(E2; 22 —21)
b(E2; 22 - 0) -

The results of the 0.298 Mev - 0.877 Mev and 0.877 Mev - 0.087 Mev
directional correlations indicate that the 0.877 Mev transition is
mostly E2 with a small (.5% - 7.5%) ML admixture. If a symmetric top
were a good description of the nucleus, and if the 0.964 Mev level were
indeed characterized by K=2, the ML transition would be highly forbidden.
A small Ml content is usually observed in transitions of this type in
the rotational nuclei and is an indication that K is not a good quantum
number. The asymmetric top model predicts an ML content of 0.5% in

this transition. Hence there would seem to be some evidence that Dyl6o

can be adequately described as a non-axial nucleus.



CHAPTER VI

DIRECTIONAL CORRELATION OF GAMMA RAYS IN GeT2

Introduction
The levels in Ge72 following beta decay of the 14.2 hour
Ga72 have been studied by a number of investigators.<95'lo§) The
beta- and gamma-ray spectra were investigated in detail by Kraushaar

et g&.(lOl) and independently by Johns et gi.(loo)

Important features

of the level structure were confirmed by studies of the decay of As72.(10h>
The first excited state of Ge72 has spin zero and even

parity.(95'97) This represents a departure from the usual 2+ first ex-

cited state found ir even-even nuclei. The only otker known exceptions

(016, Cauo, Zr9o, and Pb208) apparently result when both neutrons and

protons form closed shells. This anomolous state has an energy of 0.69

Mev above the ground state.(lOl)

It decays to the ground state by inter-
nal conversion with a lifetime of 0.3 microseconds. It was felt that
direct measurement of the spins of some of the higher levels might be of
value in establishing the relation of this unusual state to the level
structure of Ge T2, Moreover, these measurements can be useful in com-
paring the structure of Ge'2 to the systematics of otker nuclei in this
region.

The main features of the decay are shown in Figure 23, Many
weak gamma rays and transitions involving the O+ first excited state have
been omitted for the sake of clarity. The complete level structure (in-
cluding transitions fed from 6al? and A572> is shown in Figure 24,(105)

The numbers in parentheses under the gamma energies in Figure 24 are the

branching percentages from the level, Figure 25 shows the gamma ray spectrum.
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In the present investigation, directional correlation measure-
ments were made on the 0.63 Mev - 0.835 Mev, 2.49 and 2.51 Mev - 0.83%5
Mev, 2.20 Mev - 0.8%5 Mev, and 1.88 Mev - 1.46 Mev gamma ray cascades.
The Gal? source material was obtained from Oak Ridge National Laboratory
as gallium ckloride in a dilute HCl solution. Sources were prepared by
diluting this material and sealing the solution in lucite source holders.
The decay of the gamma spectrum was followed for several half-lives. DNo
interfering activities were found.

The half-life of the 0.835 Mev level has been measured to be
(3.2 + 0.8) x1012 seconds by MEtzger(106) using resonant scattering
techniques. From energy considerations, the half-life of the 1.46 Mev
level is expected to be at least as short. These lifetimes, together

with the fact that the source was in dilute solution, eliminates the

possibility of attenuation of the correlation due to extranuclear fields.

Results and Interpretation

0.63 Mev - 0.835 Mev Directional Correlation

The directional correlation of this cascade was measured by
accepting all coincidences in a narrow portion of the scintillation
photopeak for each of the gamma rays. However, owing to the complexity
of the decay scheme, a fair percentage of these coincidences result from
other interfering cascades. It was found that coincidences between the
0.835 Mev gamme ray and the Compton distribution of higher energy gamma
rays resulted in 20.5 + 2.1% of the total real coincidences. ©Similarly
coincidences between the 0.63 Mev gamma ray and Compton distributions
beneath it with the Compton distribution of higher energy gamma rays were

found to comprise 23.L + 2.5% of the total coincidences. The interfering



correlations were measured and subtracted from the main correlation func-
tion. Initially 3000 real coincidences were collected at seven angles
in each quadrant for the basic correlation. The experiment was repeated
at four angles in each quadrant and 7000 real coincidences were collected
at each angle. The two measurements agreed within experimental error.
The resulting expansion coefficlents, after correction for the interfer-
ing cascades, were found to be Ap = - 0.145 + 0.040 and A) = + 0.314 +
0.065. The directional correlation of this cascade was also measured by
Coleman.(lOB) After corrections similar to those described above, he
found expansion coefficients of Ao = - 0.096 + 0.130 and A) = + 0.49 + 0.21.
The latter work agrees with the present investigation within the large
error limits quoted by Coleman. It should be noted that the corrected
expansion coefficients still contain contributions from coincidences be-
tween the 0.835 Mev gamma ray and the weak 0.60 Mev and 0.74 Mev gamma.
rays. No correction can be made for this interference.

Metzger has shown that the 0.835 Mev level has a spin of 2 by
studying the angular distribution of resonance radiation from this

(106)

level. It was found that the present experimental data could not be

fit by sequences of the form 4(Q)2(Q)0, 3(D,Q)2(Q)0, or 1(D,q)2(Q)0. The
data are in agreement with a 2(D,Q)2(Q)0 sequence in which the 2(D,Q)2
transition (0.63 - Mev gamma ray) is mostly quadrupole with a small di-
pole admixture. The experimental coefficients for the first cascade are
compared to the theoretical 2(D,Q)2 mixture curve in Figure 26. The
0.835 Mev transition has been assumed to be a pure 2(Q)0 transition and
the experimental expansion coefficients have therefore been divided by
the corresponding F-coefficients [Fp(2,0,2,2) = - .5976 and F4(2,0,2,2) =

l.069]. It 1s seen that the experimental coefficients correspond to a
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75

QUADRUPOLE CONTENT

Figure 26, Ag(l) and Au(l) vs. Q for a 2(D,Q)2

Sequence.



-86-

quadrupole intensity for the 0.63 Mev transition of @ > 0.975. If
reasonable values are assumed for the maximum effect on the results
due to our ignorance of the contribution from the interfering 0.60 Mev
0.835 Mev and O.74 Mev - 0.535 Mev cascades, the amended coefficients
still demand a quadrupole intensity of Q > 0.90.

2.49 and 2.51 Mev - 0.835 Mev
Directional Correlation

Although it is not possible to resolve the 2.49 Mev and 2.51
Mev gamma rays by means of a scintillation detector, these transitions
have been separated by photoelectric conversion. In this manner Hedgran
and Lind found a intensity ratio of 2.51 Mev: 2.49 Mev:: 8:5.(107) The
directional correlation of both gamma rays with the 0.835 Mev transition
was measured by accepting the full-energy peak of the combined 2.49 Mev
and 2,51 Mev gamma rays in one differential analyzer and the 0.835 Mev
gamms, ray in the other. The experimental expansion coefficients for
this directional correlation were found to be Ay = + 0.163 + 0.031 and
Ay = - 0.133 + 0.046. There were no interfering cascades. A weak cross-
over transition has been observed and has been assigned to the 3,34 Mev
level although it may originate from the other or both levels. However,
it is very weak (~,001) compared to the cascade intensity and this
would rule out a spin 1 assignment for the levels at 3.32 Mev and 3,34
Mev. Assuming reasonable errors for the relative intensities of these
cascades, all possible combinations of spins 2, 3, or 4 were considered
as assignments for the 3.32 Mev and 3.34 Mev levels. The experimental
data were found to be consistent only with spin 2 for one level and spin

3 for the other ( in either order), with spin 3 for both levels, or with
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spin 3 for one level and spin 4 for the other. Relative intensity con-
siderations favor quadrupole radiation for the ground-state transition
(i.e., the 3.34 Mev gamms, ray). If this is indeed the case, it must origi-
nate from a spin 2 level and the directional correlation data then require

a spin of 3 for other level.

2.20 Mev - 0.835 Mev Directional Correlation

This directional correlation was measured by accepting the
photopeaks of the 2.20 Mev and 0.835 Mev gamma rays in separate energy
channels. A portion of the real coincidences accepted in higher energy
channel were due to the Compton and escape peaks of the 2.49 Mev and 2.51
Mev gamma rays. A fair estimate of the contribution (23.7 + 2.4%) vas
obtained by moving the window of the differential analyzer from the 2.20
Mev photopeak to the valley between it and the 2.50 Mev photopeak and
comparing coincidence rates. This percentage was then used directly in
subtracting the interfering correlation from the observed correlation
for the present cascade. Although the assumptions involved are crude,
the observed correlations are very similar and as a result the corrected
coefficients are not very sensitive to the actual contribution.

After correction for the interfering cascades, the experimental
coefficients were found to be Ap = + 0.250 + 0.024 and 4) = - 0.008 + 0.032.
These are in excellent agreement with the theoretical coefficients for a
pure 2(D)2(Q)0 sequence. The error limits on the expansion coefficients
in this case will allow no more than 0.1% quadrupole admixture., The ex-
perimental coefficients will also fit a 3(D,Q)2(Q)0 sequence with 0.23 <

Q < 0.32 for the mixed transition.
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1.88 Mev - 1.46 Mev Directional Correlation

The directional-correlation of this very weak cascade was meas-
ured by accepting the full-energy peak of each gamma ray in separate dif-
ferential analyzers. There were no interfering cascades. The resultant
coefficients, Ap = + 0.010 + 0.051 and A) = - 0.055 + 0.074 are consistent
with sequences of the form 1(D,Q)2(Q)0, 2(D,Q)2(])0, or 3(D,Q)2(q)0.

(The spin of the 1.46 Mev level has been assumed to be 2 from the results
of the 0.6% Mev - 0.835 Mev correlation.) The absence of a strong cross-

over transition eliminates the first possibility.

Summary and Discussion

Directional correlation measurements have been made on the
0.6% - 0.835 Mev, 2.20 - 0.835 Mev, 2.49 and 2.51 - 0.835 Mev and
1.88 - 1.46 Mev gamma-gamms cascades in GeT2. The level at 0.835 Mev
has a spin and parity of 2+ and proceeds to the O+ ground state by pure
electric quadrupole radiation. The 0.63 Mev transition has been shown
to proceed from a 2+ level at 1.46 Mev to the 0.8%5 Mev level by radia-
tion which is largely electric quadrupole with a small magnetic dipole
admixture. The correlation data favor a spin of 2 for the 3.04 Mev
level, although a spin of 3 cannot be ruled out. The data are consis-
tent with spin assignments of 2 or 3 for the levels at 3.32 Mev and 3,34

Mev.

The ground-state angular momentum of a2 has been shown to be
3.(108) The careful studies of the beta and gamma ray spectra of Gal2
and As'® have lead to the spins and parities shown in Figure 24_(101,10&)

These are in agreement with the present measurements for all levels studied
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in the present work. Van Patter has summarized the systematics of even-
even nuclei in this region.(lo9) The erergy ratio of the second to the
Tirst excited state was shown to be less than 2 over the range 30 < N < Lo.
If the O+ first excited state of Ge'2 is omitted, the energy ratio of the
next two states ~.1.75. Over the range 32 < N < 50, the spin of the second
excited state is 2+ in all known cases, omotting the low-lying O+ states
in GeYO and Ge72. The enhancement of the electric guadrupole transition
probability in the 2 - 2 transition which was found in the present case
is also characteristic of the 2 - 2 - O cascades in other nuclei in this
region.

In terms of the asymmetric top model of Davydov and Filippov
(cr. Chapter IV), the fact that the energy ratios E22/E21 = 1.7> would
imply a large deviation from axial symmetry. Unforturately, the assump-
tion that the rotational level energy is small compared to the intrinsic
excitation energy is not fulfilled in this case. This may explain the
lowering of the second excited state in this region (%30 < N< LO). The
0.8%5 Mev level has been reached by coulomb excitation.<llo) The ob-
served enhancement of the E2 transition probability to this state (F=18)
would indicate that this level is a result of collective excitation. The
large E2 content of the transition between the 1.46 Mev level and the
0.835 Mev level supports the conclusion that these states are of a collec-
tive nature. If a large shape parameter is assumed, say 7 > 28, the other
properties of the excited states can be compared on the basis of the
unified model. Consider first the intensity of the crossover transition
from the 1.46 Mev level to the ground state. The experimental relative

intensities of the 0.63 Mev and 1.46 Mev gamma rays lead to a ratio of
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the reduced E2 transition probabilities of b(E2; 22 —21)/b(E2; 22 —0)
of 358, From Table IV the theoretical ratio is greater than 126 for
7> 28. The theoretical considerations of Chapter IV would require a
quadrupole content of @ = .889 for the 0.63 Mev gamma ray. The experi-
mentally determined content has been shown to be Q > .90. The feeding
of the level at 1.73 Mev has led to a spin and parity assignment of 4+
to this level. It is interesting to note that Figure 17 of Chapter IV
predicts a 4+ level slightly above the second 2+ level for 7 > 22. The
level at 1.73 Mev may then be a 4+ rotational level.

The present work did not include any direct measurements in-
volving the O+ first excited state in Ge72. However, it has been shown
that various features of the Gel? level structure are in good agreement
with the systematics of even-even nuclei in this reglon if the O+ state
is ignored. This state does not appear to be connected with the low-
lying collective states and hence is probably attributable to an intrinsic
excitation. Ge72 has 32 protons and 40 neutrons. One may speculate
that the pp /2 neutron subshell and the p3 /2 proton subshell are filled
in Ge72 and the excitation to the O+ state may result from ralsing a
proton palr or a neutron palr to a higher configuration. The near de-
generacy of the 2p5/2 and lf5/2 nucleon configurations may be asso-

ciated with thls anomolous state.
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CHAPTER VII

FUTURE DEVELOPMENTS

In addition to the two nuclei reported in this dissertation,
a number of other even-even nuclei are being investigated in this
laboratory. The study of even-even nuclei has contributed significantly
to our knowledge of the nucleus in general. However, much more informs-
tion must be gathered before the systematics of this class of nuclel can
be considered as well-established. At present there are a number of
models which seek to explain the systematics of even-even nuclei. Be-
fore a decision can be made regarding the ability of any model to explain
nuclear behavior, additional work by both theorists and experimentalists
will be necessary. The theorists must predict more properties of the
nuclear level structure on the basis of the model, and remove some of
the restrictive assumptions which have hitherto limited the application
of models. In this respect the work of Davydov and Filippov has merit
in that it successfully predicts more properties of nuclear structure
and is applicable to all deformed nuclei, rather than to a specific class
of deformed nuclei. Its weakness is its failure to consider rotational -
vibrational interaction and rotational - particle interaction. The experi-
mentalist must provide a more complete picture of nuclear systematics in
order to provide a means of testing the model. In this respect, a careful
study of the positions, spins and parities of low-lying nuclear levels,
together with the transition probabilities between these levels, would
seem most important. A fruitful approach at present would seem to be

careful medsurements of the E2 content in 22 —21 transitions, together
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with more careful observations of the ratio of reduced transition proba-
bilities, b(E2; 22 —»21)/b(E2; 22 -20). As more detailed predictions
become available, other properties will require examination.

In odd-A nuclei, the doubly-mixed cascade is quite common and
this, together with the variety of ground-state spins, has limited the
application of directional correlation methods. However, many ground-
state spins have now been measured. This, and the application of the
method outlined in Chapter II, thus make 1t possible to obtain unique
assignments from directional correlation experiments. A number of odd-A
nuclei are now being studied with the hope of eventually establishing a
systematic pattern for this class of nuclei.

In addition to the study of low-lying energy levels, it is
important to see that higher excited states exhibit a systematic behavior
which is consistent with the behavior at lower energies. To this end it
may be possible to apply éoincidence and angular correlation techniques
to the prompt gamma rays which accompany thermal neutron capture.

In order to facilitate the study of low-lying nuclear levels,

a number of improvements have been made in the coincidence and directional
correlation apparatus. A 256-channel analyzer has been acquired which
greatly facilitates the study of gamma ray singles and colncidence spectra.
Several new circults have been provided for the directional correlation
apparatus in order to improve the stability and reliability of the appara-
tus. An automatic data recording system is now in use which allows data
to be collected continuously.

It is felt that the continued application and extension of

directional correlation techniques can do much to improve our knowledge
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of nuclear energy levels. It 1s hoped that the representation of the
nucleus by a consistent model, along with the discoveries of high-energy
nuclear physics, will eventually provide the clues necessary to lead to

& rigorous theory of the nucleus.
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