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The effects of octupole correlations on the nuclear structure of

the heavy elements are discussed. The cluster model description

of the heavy elements Is analyzed. The relevance of 2 -pole

deformation and fast El transitions to an octupole model Is

considered.

1. INTRODUCTION

In the past few years, the nuclear structure community has devoted

considerable theoretical and experimental effort to the study of

nuclldes in the mass region 218 < A < 230. The experimental studies

have been carried out in spite of the fact that half-lives are short and

radioactivity levels are high. The primary motivation for the study of

these nuclides is the presences of strong octupole correlation effects,

that are manifest only in this region of the periodic table. These

octupole correlation effects will be the primary focus of my talk. I

shall also discuss an alternate explanation that has been advanced for

many of these same nuclear structure effects: the cluster model. In

addition, I shall discuss 26-pole (hexinda tessera-pole) deformation in

this mass region and the relevance of this feature to octupole defor-

mations. Finally, I plan to discuss the fast El transitions in the

nuclldes ot this mass region.

The nuclear structure features associated with octupole deformation

(or any odd parity deformation mode) are strikingly different from those

associated with the conventional quadrupole deformation (or any even

parity mode). In a conventionally deformed even-even nucleus, we expect

to see a ground state rotational hand with an I « 0 , 2 , 4 ...
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sequence of states. In addition, we might see an I = I , 3 s 5

sequence of states at 2-quaslpart lcle state extc i t.it Ion energies (~1 MeV

In the heavy elements). Octupole deformation leads to a single rota-

tional band ' consisting of both the positive and negative parity

states. In odd mass nuclldes, an equally striking phenomenon is

associated with octupole deformation: the parity doublet. This doublet

consists of a pair of states almost degenerate In energy, having the

same spins and opposite parities, and connected to each other with

strong E3 transitions. In Fig. I, we sketch these spectra.

Are these simple signatures of octupole deformation to be found in
2)

nuclldes? There are no known cases in even-even nuclides for which

the 1~ state occurs below the 2 state. However, there are several

nuclldes In the mass region 220 < A < 230 In which the 1~ is found at
— 224

very low energy. In fact, the 1 state at 216 kev in Ra is the

lowest non-rotational state in even-even nuclides. In Fig. 2, we plot

the excitation energies of the 1 , 2 and 4 states In the even isotopes

of Th. The excitation energy of the 1 state indicates that Th is

vibratlonal with respect to the octupole mode and that octupole cor-

relations become increasingly important for the lighter isotopes.

Although the energy of the 1 states in the lighter isotopes clearly

shows that none of them is deformed; It is equally clear that the

correlations are much stronger than vibratlonal. We refer to this in

between situation as Incipient octupole deformation. The situation in

odd mass nuclldes will be discussed below.

This difference between Incipient octupole deformation and quad-

rupole deformation can also be seen in a different way — making use of

the Strutlnsky ' procedure, discussed in Sec. 3. In Fig. 3, we compare

the Increase in binding energy, relative to a spherical state, for a

deformed actlnlde as a function of quadrupole deformation. We also show

the energy gain for octupole deformation, relative to the energy minimum

obtained for the even deformation modes. Again we see that the octupole

correlations are substantially weaker than the conventional quadrupole

correlations.



2. A MANY-BODY TREATMENT OF OCTUPOLE CORRELATIONS

The Important Interactions for describing the low-lying states In

the nuclldes 220 < A < 230 are the pairing force, the quadrupole-

quadrupole Interaction that gives rise to deformation and the octupole

octupole Interaction that gives rise to octupole correlations. The

Hamlltonian we use ' to describe these nuclides is

11 " ̂  \\ \ ~ G I \a.y I K\ai (pairing)
k k 1

> j

In the limit of strong residual interactions, the two-body pairing term

can be replaced by a one-body term and a gap parameter (BCS approx-

imation); the quadrupole interaction can be replaced by a quadrupole

deformation parameter times a one-body term (Nilsson model); and the

octupo?.e Interaction by an octupole deformation paramter and a one-body

term. In deformed nuclides, the pairing interactions are not partic-

ularly strong; and the BCS approximation Is not particularly good. This

failure is due to the fact that the correlations between pairs are not

properly taken Into account in the number non-conserving BCS theory. We

get a much more accurate treatment of the pairing interaction by

conserving particle number. Similarly, the introduction of an octupole

deformation parameter leads to states of mixed parity. By projecting

states of good parity, we obtain a superior description of octupole

correlation effects. Our approach to this problem is similar to number

projection from a BCS wave function. We determine the wave function

amplitudes by minimizing the energy of wave functions that have good

particle number and good parity.

The essential feature of the Hamiltonlan of Eq- (I) In our approach

is that all of the factored residual interaction terras conserve the

projection of the angular momentum, £1, on the nuclear symmetry axis;



I.e. the Interactions are of the form (r Y ) . (r Y ) where X = 0 for
A A

the pairing Interaction. This means that we can Include the major

effects of the correlations induced by all of the two-body Interactions

in a product type wave function. The pairing and the particle-hole

Interactions are placed on an equal footing. For the purposes of

illustrating the structure of these wave functions, we consider a model

system that consists of only onle kind of nucleon and four doubly

degenerate Nllsson levels. The levels have 2 values of 3/2 , 3/2 ,

5/2 , and 5/2 . Our product wave function Is shown In Fig. 4. We

project states of good parity and particle number from this wave

function and then determine the amplitudes A. and B,. In this case,

with two levels there are six configurations In each of the Jl subgroups.

In the actual calculations that we carry out, we can handle 5 doubly

degenerate levels In each subgroup. This means that there are 252

different configurations In each subgroup rather that six. We project

states of good proton number, neutron number, and do a separate

calculation for the positive and negative parity states. Actually, we

do many such calculations for each positive and negative parity state.

We vary the octupole interaction strength, the pairing Interaction

strength and the quadrupole Interaction strength to generate wave

functions that have rather different correlations In them. We then do a

final diagonalizatlon, taking the non-orthogonality of these wave

functions fully into account. In Fig. 5, we consider the results of
Iifs

such a calculation for the nuclide Ra. We plot here the calculated

octupole correlation energy, and the calculated pairing correlation

energy as a function of the octupole Interaction strength. In the lower

part of the figure, we plot the calculated excitation energy of the l"

state as a function of the Interaction strength with an arrow at the

experimentally know excitation energy. At the largest interaction

strengths, the correlation energies of the positive and negative parity

states are essentially equal, and this Is the octupole deformation

limit. At the Interaction strength where the calculated 1~ excitation

energy has the experimental value, there are large differences in the



correlation energies and we cannot characterize the nuclide as being

octupole deformed. It is worth noting that the negative parity states

seems to be fairly close to the octupole deformation liiul:. O r the

physically realistic value of the Interaction strength. A major reason

for the difference in the two states Is that at least one pair Is always

broken in the 1 state.

In odd mass nuclides, the situation Is rather different. Both the

positive and negative parity states of a parity doublet have one blocked

level; I.e. the pairing correlations are not necessarily different and

they are weaker than Is the case In an even nuclide. This means that

octupole deformation might be found in odd mass systems, even when It is

not a proper description of the neighboring even-even nuclides. The

octupole correlations may vary from level to level in a single nucleus

depending on the value of (2. The chances of finding octupole defor-

mation are maximized when two orbltals of the same ft and opposite parity

have a large (r Y3) matrix element and are on the sam side of the fermi

level. The later feature is Important as the matrix elements have a

(uu'-w 1) factor. With these thoughts In mind, we have carried out a

series of calculations on odd proton and odd neutron nuclides and find

several instances of parity doublets, with the positive and negative

parity members being rather similar in structure. In Figs. 6 and 7 we

show these calculations for odd-proton and odd-neutron nuclides. An

important feature of these calculations Is the large changes in split-

tings of parity doublets and in octupole transition rates as a function

of ft In each nucleus. Octupole deformed and undeformed states occur in

the same nucleus. This Is a signal of Incipient octupole deformation.

The most interesting result of these calculations Is a prediction of

ground states octupole deformation in Pa. With very little

prompting, ray colleagues at Argonne particularly I. Ahmad and A.

229
Friedman, undertook a study of Pa. In Fig. 8, we show the level

scheme ' that they established. This experimental finding of the 5/2

parity doublet indicates that the calculation cqntains most of the

essential ingredients.



3. THE DEFORMED SINGLE-PARTICLE PICTURE OF OCTUPOLE DEFORMATION

About one year after we published the results obtained from our

many-body treatment of octupole correlations, Moller and Nix published a

calculation of nuclear masses based on the Strutlnsky method. In

the Strutinsky method, one determines the nuclear binding energy as a

sum of two terms. The first term is the energy of a charged liquid drop

and the second is a shell correction. The shell correction gives in-

creased binding when the nuclear single particle level spacings are

large near the fermi levels for the protons and neutrons in the nuclide

of interest. The shell corrections are sensitive to the choice of the

single-particle potential that one uses to generate the single-particle

potential and the the choices of potential parameters. Both the liquid

drop and shell correction energies are calculated as a function of the

nuclear deformation parameters, ej* The calculated nuclear equilibrium

deformation is that deformation which gives the maximum In binding

energy.

In their calculations, Moller and Nix considered only the z^

(quadrupole) and e^ (hexadecapole) deformation modes explicitly, and

fixed the value of eg (2 -pole deformation parameter) so as to minimize

the liquid drop energy of this mode, ignoring shell correction energies

that might be associated with eg. Their calculations gave a region of

substantial underbinding for nuclides betwen mass 220 < A < 230. In

Fig. 9, we display the differences between their calculations and the

experimentally observed binding energies. When they included octupole

deformation ' in their potential, they found that octupole deformation

gives a substantial increase in binding energy.

These calculations were later extended ' by Leander et al., who

found that a maximum increase in nuclear binding energies of -1.5 MeV in
222 222

Ra and Th with a fairly rapid decrease with increasing neutron

number. In Fig. 10, we show these binding energy Increases. These

increases are relative to the values calculated earlier by Moller and

Nix. There is a substantial improvement in agreement between calculated



and observed nuclear binding energies, however there remain several

nuclides for which the discrepancies are still Larger than 0-5 MeV.

Some aspects of this calculation are problematic vis-a-vls the

experimental data. The first problem Is that the 1 energy Is lowest '

for nuclldes with 134, 136, and 138 nuclldes; while the calculation

222 222
suggests that these effects are most Important for Ra and Th,

which have 134 and 132 neutrons respectively. Secondly, structure

studies of the odd-mass nuclldes in this mass region do not indicate any

great Increase in octupole correlation effects as we go to the nuclides

where the Strutinsky method gives the larger Increases In binding

energy.

A detailed analysis of the odd mass nuclldes in terms of a single-

particle potential that Includes octupole deformation was made by

Leander and Shellne. ' They showed that one obtains the experimentally

observed level ordering of these nuclides only with non-zero values of

the e-j deformtion parameter. Where these calculations overlap with

those shown in Figs. 6 and 7, there Is moderately good agreement between

them. A difference between the two sets of calculations is that the

splittings between memebers of a parity doublet seem to be better

described by the many-body theory. There are relations between matrix

elements that follow directly from a description of nuclides with

permanent octupole deformation, that are not a necessary consequence of

the calculations that treat positive and negative parity states

separately.

In the single particle model, the fact that both positive and

negative parity states are generated from the same intrinsic states

implies definite relations between matrix elements. In Fig. 11, we

illustrate some of these relations for 3/2± parity doublet and l/2±

parity doublet band heads. Note that the Ml transitions and the

coriolis interaction matrix elements between the two bands should be the

same for either parity and the decoupling parameters for the positive

and negative parity members of the l/2± band should be equal In



magnitude but opposite In sign. The E3 transition should bo collective,

and possibly the El.

The experimentally observed shifts in matrix elements from the

values that one calculates with a conventional deformed (even multipole)

potential are In the direction that are predicted by the octupole

deformed single particle calculations. In some cases, these shifts are

extremely large. A major triumph of this single particle approach can

225 +

be seen In the Ml-matrix elements of A c One calculates <j > matrix

elements of ~4 for the relevant single particle states when octupole

deformation is not included in the potential. The inclusion of octupole

deformation lowers the expected value of <j > to 1.05 In fairly good

agreement with the experimental values of 0.9 for the positive-parity

bands and 0.6 for the negative-parity bands. However, we note that the

<j > matrix elements differ by 50% experimentally. Also the calculated

intraband Ml transition probability in the 3/2+ band is brought into

considerably improved agreement with experiment by introducing octupole

deformation into the potential.

One sees a similar trend with decoupling parameters. The values of

|a| as seen experimentally are considerably closer to the values that

calculated with octupole deformation than the values calculated without

octupole deformation. However, there are differences of ~100% in the

positive and negative parity states. We show several cases in Table I.
223

It is noteworthy that Ra shows little change in this regard vis-avis
225 2?2

Ra; n.b. " Ra is expected to show the maximal octupole binding
223

energy effects. Our values for Ra come from a reanalysis of data in

Ref. 13.

With the many-body method, there is not a necessary connection

between positive and negative parity decoupling parameters. In Fig. 12,

we display a calculation of the absolute values of the decoupling
227

parameters for Ac as a function of the interaction strength. At the

interaction strength that gives the correct 1~ excitation energy in the

neighboring even-even nuclides, we get decoupling parameters that are



quite different for rhe positive and negative parity states and In good

agreement with experiment. It is only for a somewhat larger Interaction

strength that we get to the octupole deformation limit, i.e. two

decoupling parameters equal In magnitude.

4. 26-POLE (HEXINDA TESSERA POLE) DEFORMATION

The fact that we do not see any particularly large Increases in
223 229

octupole correlation effects in Ra vis-a-vis Pa might mean that

the Strutlnsky approach is not particularly reliable when we are dealing

with rather small changes in binding energy on the order of 1 MeV; there

are uncertainties in the relative shell corrections of a hundred kev and

similar uncertainties In the relative liquid drop energies. Alterna-

tively, there may be other deformation modes that should be considered.

Typically, the calculations of shell corrections are done on a grid In

deformation space in order to handle several nuclides at once. If we

were to consider only 5 points in a three dimensional deformation space,

such as (E2» £3. £4) space there are already 125 points at which one

must calculate shell corrections for both protons and neutrons. Because

the liquid drop energy increases sharply for the higher deformation

modes, when the deformation departs from the liquid drop minimum, it is

reasonable to fix the values of the higher deformation mode parameters

such as £c and e^ in such a way as to minimize the liquid drop energy.

The prescription7'8^ is

E5 = "°'9e2e3 ' E6 = " W 0 ' 1 ) (2)

In the light actinides, where e = - 0.15 and e, - - .05, we get

estimates of e^ of + .012 using this liquid drop smoothing relation.

However, it turns out that the shell corrections are strongly affected

by small changes in the Eg deformation parameter. In Fig. 13 we display

a set of neutron single particle energies as a function of the z,

deformation parameter. The large decrease In the single particle level

density near N = 136, with decreasing e^ is quite striking. Varying the
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£c deformation parameter, and using a sharp surface liquid drop model,

we find that the binding energies are increased substantially relative

to the values that we calculate with £, fixed by Eq. (2) and only z^ and

e^ allowed to vary. We find ~1 MeV increases ' in binding energy by

including efi variation as compared to fixing Eg. In Fig. 14 we show the

increases in binding energy for the nuclides 220 < A < 230 obtained by

including the e^ variation. This effect is centered at N = 136. There

is, of course, additional binding energy from the e^ variation. These

additional increases relative to the binding energy we calculate for

reflection symmetric shapes, are given in Fig. 16. Comparing Figs. 10

and 15 we see a considerable decrease In the binding energy attributable
222

to £o as we approach the nuclides near Ra. This is qualitatively in

agreement with the experimental observation that there Is no marked

222
increase in octupole deformation effects near Ra. The fact that the

increases in binding energy associated with octupole deformation are now

smaller suggests a reason for the considerable deviations seen from the

simple octupole deformation picture.

5. IBA TREATMENTS: CLUSTER MODEL AND F-BOSONS

5.1 Cluster Model

A very different model for the description of negative parity

states in the heavy elements is the o-cluster model. This model was

proposed by Iachello and Jackson ' and first applied in detail by Daley

and Iachello. ' A recent extension of the model discusses multiple <v-

type clusters by Daley and Iachello, ' but no detailed calculations

have yet been done that include these clusters.

The cluster model description given by Daley and Iachello is one of

nuclear clusters, a core cluster and an o-cluster, each one described by

s (1=0) and d (£=2) bosons. The s and d bosons describe the

Interactions that are known to play a major role in low energy nuclear

structure, I.e. pairing (s bosons) and quadrupole (d bosons) inter-

actions. As there are (2G.+1) substates for each value of the angular
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momentum, the most general group containing the s + d bosons is U(6),

I.e. one s boson and five d bosons. The relative motion of the two

clusters is allowed to be either I = 0 or £ = 1, denoted by a or TT

bosons, and accordingly described by the group U(4). The number of

bosons in all cases is conserved in this model and we denote It as N.

If the number of valence nucleons is n, then we have N = n/2. Two

configurations are used in all detailed calculations done with this

model, a 0-a configuration and a 1-a configuration. In the 0-a

configuration all N bosons are the s and d bosons of the core. In the

1-a configuration, (N-2) bosons are s and d core bosons and the

remaining 2 bosons are the (a,ir) bosons associated with the a-partlcle

cluster. We sketch the 0-a and 1-a configurations in Fig. 17.

Actually, there is some ambiguity in the nature of the a and n

bosons. If the U(4) bosons describe the relative motion of the core and

a-particle, rather than the internal structure of the a-particle, it is

hard to see why there should be exactly two-bosons involved in this non-

particle degree of freedom. It is equally difficult to understand why

relative motion bosons should be involved in a boson number conservation

law.

A more basic problem with the cluster model is the relation between

the TT bosons and the effective nuclear interactions. The d-bosons are

an expression of the strongly attractive quadrupole-quadrupole nuclear

interaction. However, there is no such attractive dipole-dipole

interaction. The dipole interaction is repulsive, and the collective

dipole state is a high energy state.

There is an experimentally based argument for enhanced a-cluster

218
probabilities near Ra. This argument is the unusually short a-decay

half-life (14 u sec) reported by Valli et al.18^ When this half-life is

converted to an a-decay radius parameter, via the Freston formula, it

gives a very large value of Ro. However, this lifetime has been

recently reraeasured ' by Rao et al. and found to be .25 g sec. This
218

new measurment removes the lifetime anomaly in Ra, bringing it into
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line with the o-decay lifetimes of the neighboring nuclldes.

The beauty of all IBA treatments Is that the Haralltonlan Is written

In terms of the Casirair Invariants (constants of motion). By writing a

Haralltonlan In terms of the constants of motion, we generate a spectrum

of eigenvalues instantaneously. A very useful introduction to these

methods is given in the lectures by Iachello.

The cluster model Hamiltonian is

H = HOJ + H + H Interaction (3)

with

Hsd = =d Nd + Sd Qd<Qd + (= + 3 / 8 KdLd'Ld ( 4 )

H a n = | w N^ + a^ (N^ + 2) + K'L^.L (5)

where Hait is the U(3) version of the theory. We expand on this point

below

1 + + + +
H. . = KQ..Q + 2 K L, . L + Y (s s aa + a a ss) (6)

i n t = M i r d i r -

in Eqs. (7), (8) and (9) the first mention of parameters of the theory

are underlined. There is an additional parameter in the model

A = E, - En (7)
=a la Oa K J

used to adjust the energy differences of the Oa and la configurations.

Additional parann

matrix elements,

Additional pararaetes are found in Q, as well as the E2 and El transition
a

U + +2 + 2
Qd = (d s + s d ) u + K (d d)v ; (8)

Tk (E2) = Id ̂  + i +
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(El) = e^l) (TT+O + a*"*)* (9b)

Now there are two ways of construction a chain of Casimir invariants

from the group U(4). We follow these two sequences

(Tt vy 3 (V^i l

(Tt o+o n),. 3 (w TT)^ 5

We have not written down the 16 elements of U(4). They consist of

all products of the four boson creation operators with the 4 boson

annihilation operators of U(4). We have written down the number of

operators to the right of each combination for the other groups in the

chains. The point we wish to emphasize here is that it is the 0(4)

group that contains the El transition matrix element of the model which

is (w a + a TT). However, in the cluster models that have been

developed, the Casimir invariants associated with the group chains

U(4) U(3) 0(3) 0(2) (10)

are used. If one wants to describe the fast El transitions in the light

actinides, the Casimir invariants of 0(4) should be used . Recently
21)

arguments have been advanced ' by Daley and Barrett in favor of the

U(3) chain of invariants. However, their picture is meant to apply to

the heavier actinides, where the El transition rates are slow. It is in

the lighter actinides that the 1 bands occur at low energy and that the

fast El transions occur. Here the 0(4) chain of invariants is appro^

prlace.

Because there are so many parameters in the cluster Hamiltontan,
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one can choose pararaaters to fit many features In any one nucleus.

Inadequacies of the approach show up as large variations In these

paramaeters or as unphyslcal values of the parameters. Several
16 21 22 21 ̂

attempts * ' * ' have been made to parameterize the light actinidep.

note the studies of Daley and Iachello, Daley and Gai, Shiener et al.,

and Daley and Barrett.

A strong argument for octupole interactions as the explanation of

negative parity states in the actinides and against the cluster model is

the observed excitation energies of KJ = 2 states. The negative parity

building block of the cluster model is the 1 tr boson. This means that

the only simple negative parity states are K = 0 or 1 . In order to

get a K = 2 band, one needs a two boson excitation of the ground
2 + 1 +

states, e.g. (d_) (IT-) and «••_ would expect such states to be higher in

energy than the K11 » 1~ bands, i.e. roughly at an energy that is the sum

of the 2 and 0 band head energies. If the octupole interaction is the

building block for negative parity states, we expect to see K = 0 , 1 ,

2 , and 3 states; with no systematic difference In excitation energy

for the 2~ state relative to the K* » 1~ state. In 2 3 0Th, the K n = 2~

band is just 120 kev above the K n = 1~ band. In 2 3 2U, It is2^ 130 kev

below the K" - 1~ band. In both 2A6Cm and 2 5 0Cf, the K n = 2" band is

the lowest excited state band. This is not consistent with a cluster

model picture. In Fig. 17, we show the level scheme of Cm

determined ' by Ahmad et al.

We feel thct a cluster model is not the correct way to describe the

negative parity excitations in the even-even actinides. Octupole models

provide a more natural, physically based, description cf the negative

parity bands in the light actinides.

4.2 F-Bosons

Recently, Engel and Iachello ^' have introducted an extended IBA

model to describe the negative parity states in the actinides by

including p and f bosons In addition to the usual s and d bosons. One

off the more interesting predicitions of that approach are low-lying
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degenerate K " = 1 bands. Such bands have not be i seen In the light

actlnldes. Further experimental searches for these states would test

the validity of this picture.

6. HIGH SPIN STATES IN THE LIGHT ACTINIDES

A triumph of the single particle octupole deformation picture Is

the treatment ' of high spin states by Nazarewicz et al. Cranked HFB
222

calculations dealing with the nucl• is In the vicinity of Th, using a

single particle potential with onxy even parity deformation modes, lead

to predictions of considerable backbendlng in the vicinity of 1=12.

Experimentally, there is no sign of this backbaading. When octupole

deformation of the potential Is admitted, tn? calculations no longer

show backbending, In agreement with experiment. As pointed out by

Nazarewicz, et al. the reasons for this are straight forward. In Fig.

18, we sketch the spherical single particle level scheme for heavy

element neutrons. The N=7 j^5/2 neutron orbital Is pushed down into the

N=6 orbitals by the spin orbit interaction, and it Is the only negative

parity state around. Quadrupole deformation does not mix this state

with the N=6 states nor does the (jx) cranking term of the CHFB.

Increasing the cranking frequency, gives a large spin alignment In the

lowest J15/2 orbital. Therefore, putting a nucleon into this orbital,

gives a large Increase In spin at no little cost In energy, I.e.

backbending. When octupole deformation is introduced, the J15/2 level

Is no longer pure, it mixes strongly with the positive parity orbitals

of lower angular momentum and the aligned angular momentum is

substantially reduced. The calculation now gives no backbending, In

agreement with the experimental data. In Fig. 19, we show the results

o o o

of Nazarawicz et al. compared to the experimental data for Th. The

introduction of octupole deformation improves the agreement with ex-

periment for the negative parity states and for the positive parity

states above 1=10. Note that the lowest positive parity states are best

described by a value of 8- = 0. This is in accord with the differences

In the positive and negative parity wave functions shown In Fig. 5; the
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octupole correlations are substantlaly larger In the negative parity

state than in the positive parity state.

7. FAST El TRANSITIONS

Apart from the low-lying Kn=0~ states, another extraordinary

feature of the mass region 220 < A < 230 is the extremely fast El

transitions. These transitions of -10 Weis Kopf units, are some two

orders of magnitude faster than the El transitions in the mid-actinides.

In Fig. 20, we display the El transition rates in several odd and even

mass nuclides. There are extremely large fluctuations in El transition

rates from one isotope to the next. These fluctuation are quite marked
n A i A A p nn/

as we follow the sequence of Ra - Ra and Ra or the sequence

225Ac - 227Ac.

We have been unable ' to successfully calculate these El rates

with many-body wave functions, our calculations give some insight into

the process. It is the collective E3 that is the signature of octupole

correlation effects and we note

B(E3) a < •- | I (r3Y3°)aB *\ + I (r
3^) >\ | f" >2 (11)

protons , neutrons

where f and T are the relevant many-body functions of opposite parity,

i.e. the members of a parity doublet In odd-mass nuclides or the 0 and

1 states in an even-even nuclide. '•oth sums are large and in phase

with each other when octupole correlations are significant. Our

observation is that when <a|r Y I f$> is large the dipole matrix
0i • 3 '

element <a|rY f}> is also usually large, aud very importantly, it is

usually in phase with <o|r Y |s>. This means that the sum

'• « + I I <«?>:•:•,• i <«,°>X".i'->
protons neutrons

will also be large when octupole correlations are large; both summations

are individually large and in phase. However,
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B(E1) « < y+| I (rYl°)aB â aB - (Z/N) £ ( r Y ^ a + a ^ V (12)
protons neutrons

This means that Is Is possible to get large enhancements In the (El)

transition rates only when the octupole correlations are substantial,

because neither sum Is coherent when there are no octupole

correlations. However, because the protons and neutron contributions to

the B(E1) are out of phase, we can get large fluctuations of B(E1) from

nucleus to nucleus and in some cases almost complete cancellation

between the two suras. Large octupole correlations are necessary, but

not sufficient, to ensure fast El transitions. These arguments are

qualitative and we have been unsuccessful in explaining the El rates

quantitatively.

Leander has shown ^ that one gets large coherent sums of diagonal

El-matrix elements in octupole deformed single particle potential

calculations. These sums peak at closed shells and remain large

through the mass region that we are considering. These sums are shown

for both protons and neutvons in Fig. 21. This indicates the possibil-

ity of obtaining large El transition rates from a single particle

octupole deformation model. In order to make quantitative estimates in

this approach, one must also include a liquid drop model contribution to

the El moment, which is roughly comparable to the renorraalized single

particle contributions. There was some argument as to the sign of this

liquid drop contribution, which has been resolved in favor of the early
29}arguments put forward by Strutinsky ' The argument of Strutinsky is

that the protons preferentially collect in the sharply curved tip of an

octupole deformed nucleus (lightening rod effect). Very recently, C. 0.
30")

Dorso et al. have looked into the question of liquid drop contrib-

utions to nuclear dipole moments, utilizing the droplet model. Their

finding is that there is an additional contribution to the dipole moment

from the presence of a neutron skin. This contribution is of the same

magnitude as the charge redistribution effect calculated by Strutinsky,

but opposite in sign. Effectively, they get an order of magnitude

reduction of the liquid drop contribution to the El moments. This
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leaves the El calculations in even-even nuclides up in the air at this

time. The large fluctuations seen in the odd mass nuclides are not

explained in any calculations.

The F-boson model does not distinguish between protons and

neutrons. Accordingly, it should not be used to discuss El transition

rates. The cluster model calculations ' fit the variations in B(E1)

only by varying the El effective charge.

A quantitative explanation of the enhanced El transitions remains

one of the open and exciting problems in nuclear structure calculations.

8. SUMMARY

We find that strong octupole correlations provide a natural

description of many features of the low energy structure of nuclides in

the mass region 220 < A < 230. Many of these features can also be

described in terms of an octupole deformation of a central potential.

The breakdowns of the simple octupole deformation picture are probably

due to the rather shallow minimum associated with octupole deformation,

in the nuclear potential energy surface. We feel that the cluster model

does not provide so natural a description of these phenomena.

A detailed explanation of the El transition rates in the odd and

even mass nuclides of this region remains an open and challenging

problem.

This work supported by the U.S. Department of Energy, Nuclear

Physics Division, uader contract W-31-109-EKG-38.
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Table I

Nucllde

227 U>

2 2 5Ra1 2 )

223Ra

Decoupling

a l / 2 +

-2.0

-2.2

-2.1

Parameters

a " l /2

4.5

1.3

1.2
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Figure Captions

Fig. 1 Spectra of even and odd mass nuclides
(a) Quadrupole deformation
(b) Quadrupole plus Octupole deformation

Fig. 2 Low lying states in the Th isotopes

Fig. 3 Strutinsky method calculation of bi<viing energy. The
deformation axis denotes e~ for quadrupole case and E, for
octupole case.

Fig. 4 Represent^.t • o.i of product wave function
-r- ~r +

x ";*, x x- = a, a ,
k K -k

Fig. 5 Correlation energies calculated in for K = 0 and K = 0
states in Ra. The octupole correlation energy is the
expectation value of the two-body octupole interaction in Eq.
(1).

.Fig. 6 Calculated Spectra of odd proton nuclides using Hamiltoniau of
Eq. (1). The numbers„beside the arrows are preportlonal to the
value of <iIr Y If> v denote levels know at the time of the
calculation.

Fig. 7 Calculated Spectra of odd neutron nuclides. See caption for
Fig. 6.

Fig. 8 Level scheme of "*Pa.

Fig. 9 Difference in calculated and measured binding energies. The
calculations are those of Ref. 6 and consider only e- and e,
deformation explicity.

Fig. 10 Additional binding energy obtained with inclusion of e?
deformation. The calculations are those of Ref. 8.

Fig. 11 Schematic l/2+, 1/2", 3/2+, 3/2" bandheads and soraa of the
matrix elements connecting them.

Fig. 12 Calculations of absolute value of decoupling parameters for
1/2 and l/2~ bands in Ac, using many-body wavefunctions:
calculated values given as a function of octupole interaction
strength. The experimental values are denoted by x at the
appropriate interaction strength.

Fig. 13 Neutron single particle energy levels as a function of e, .

Fig. 14 Binding energy increase obtained from allowing e-- variation.
Calculations are from Ref. 14.
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Fig. 15 Additional binding energy Increase from e, variation.
Calculations are from Ref. 14.

Fig. 16 0-a and l-« configurations in the cluster model.

Fig. 17 Bandhead energies In 246Cra. Levels are labelled by K.I*.
Data taken from Ref. 24.

Fig. 18 Neutron Single Particle Levels in the Heavy Elements.

222
Fig. 19 Angular momentum, Ix, vs. rotational frequency a) In Th.

This figure is taken from Ref. 26.

Fig. 20 El transition rates In Weiskopf units. Data taken from Refs.
5, 10, 22, and 27.

Fig. 21 Calculated values of £<Z > for protons and neutrons in octupole
i i

deformed potential. Results taken from Ref. 28.
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