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0Odd-A4 Ra spectroscopy is surveyed from 2'7Ra to 227Ra with a view toward
understanding the effect of octupole deformation on the transition from spheric
to quadrupole deformed Ra nuclei. 22'Ra, 223Ra and 225Ra are found to be the
best examples of normal octupole deformation although definite differences exist
in their low lying parity doublet bands — particularly the Coriolis coupling of
their K = 3/2# and 1/2* bands. The spectroscopy of 2!7Ra and 2!9Ra represents
a transition from shell model spectroscopy with octupole correlations into an octu-
pole deformed system which can describe the apparent weak coupling. The spec-
troscopy of 227Ra on the other side of the octupole deformed nvuclei suggests
,the coexistence of parity doublet bands expected of an octupole deformed system
and octupole vibrational bands of the normal type without octupole deformation.

1. Introduction

This article is written to honor Professor Gaja Alaga. He not only was a bril-
liant theoretical physicist, but also a very warm and caring human being.

In this article we will concern ourselves with a »cut« through the region of
the highest octupole deformation along the Ra isotopes line. We will use only the
odd-A4 Ra isotopes because the last odd neutron in these odd-4 Ra isotopes acts

* Owing to a grave technical error this paper was inadvertently left out of the Gaja Alaga
Memorial Volume (Fizika 22, 1, 1990).
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as a probe to the nuclear structure and thereby gives us information that would
not be available from the even-4 Ra isotopes.

Our purpose in this study is to gain as much insight as possible from the new
physical situations which occur from the addition symmetry breaking resulting
from reflection asymmetry. With this additional insight we hope to better under-
stand the transition from spherical to quadrupole deformation from the neutron
region just beyond the 126 neutron shell closure to the neutron region of mode-
rate quadrupole deformation and minimal octupole deformation.
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Fig. 1. The potential energy curves for the odd-A4 Raisotopes plotted against octupole deformation.
Each curve follows the approximate?’ minimal path in the ¢, £, plane. Among the odd-A4 Ra iso-
topes shown in this figure 22! and 223Ra are the most octupole deformed, whereas 229Ra is the least.

Fig. 1 gives the potential energy for some of the odd-A Ra isotopes as a func-
tion of the octupole deformation, £5'’. This figure is an interpolation between
neighboring even-A potential energy curves obtained using the folded Yukawa
single particle model. It should be noted that these one-dimensional potential
diagrams have mirror minima with in most cases appreciable barriers between
the minima. It is clear that 22'Ra, 223Ra and 225Ra have the highest barriers
between the mirror minima and should be the best examples of octupole defor-
mation among the odd-4 Ra isotopes, 227Ra with a barrier < 0.5 MeV between
the mirror minima (Fig. 1) is the heaviest odd-A4 Ra isotope where much experi-
mental data are available, and is the heaviest Ra isotope considered in these stu-
dies. On the other hand, both 2!7 Ra and 21%Ra with 129 and 131 neutrons res-
pectively, not shown in Fig. 1, are particularly interesting because they should
represent the transition from a shell model spectroscopy into a modest quadrupole
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spectroscopy both modified by ocrupole correlation. Although there is conside-
rable ambiguity 1n the spectra of these nuclei, they will be considered in this paper.

The intrinsic single particle states with static reflection asyminetry are des-
cribed in section 2. Section 3 presents in turn the spectra of each of the odd-A
nuclei from 217Ra through 227Ra with comparisons to the single neutron orbitals
of Section 2. The various spectra of the odd-4 Ra nuclei are compared and con-
trasted in Section 4 with an attempt to obtain a coherent overall picture.

2. The intrinsic single particle neutron states with reflection asymmetry
for A~ 219—229

The calculation?’ of the intrinsic single particle neutron states involves the
coupling of a quasi particle to a rotor core with K = 0, but with an additional
intrinsic reflection asymmetric degree of freedom. The coupling between the par-
ticle and the reflection asymmetric field is strong in this model, and therefore the
basis states themselves are parity mixed. The coupling to octupole deformation is
stronger in a potential with the more realistic flat bottomed radial shape?). There-
fore the folded Yukawa single particle potential®*#’ is used to calculate the intrinsic
single particle states instead of the modified oscillator potential of Nilsson. The
single particle wave functions were calculated with the hexadecapole coordinate
&4 determined as a function of ¢ and ¢; by minimizing the potential energy for the
appropriate Ra and Th isotope. This table is given as Table 1 in Ref. 1.

The single neutron levels for the folded Yukawa potential are plotted in Fig.
2 as a functioa of the quadrupole deformation for ;3 = 0.08. These asymmetric
levels are labeled by 2 wkich is the total angular momentum component along the
symmetry axis and in parentheses by a set of single particle matrix elements: ¢{5.)
(&) and if Q = 1/2 also {z conj | —_?+|R conj). These reflection asymmetric Nils-
son orbits are usually strongly parity mixed. Often they will contain approxima-
tely equal admixrures of two reflection symmetric orbitals with the same 2 but
opposite parities which lie clese together in energy for e; = 0. It should be noted
that each of these levels gives rise to two bands of opposite parity which are known
as parity doublets. Furthermore, the effect of intrinsic reflection asymmetry on
thelevels is great enough that the experimentally observed levels can only be explai-
ned by the Nilsson levels with reflection asymmetry (like Fig. 2) and not by the
reflection symmetric Nilsson levels (See Refs. 5 and 6).

The quadrupole deformations (¢) used with Fig 2 in the interpretations are
a monotonically increasing function of increasing Ra mass number They are
(with ¢ in parentheses) 2!7Ra (0.08); 2'9Ra (0.10); 22'Ra (0.11); 223Ra (0.13);
225Ra (0.15); 227Ra (0.18).

3. The spectroscopy of the odd-A nuclei **’Ra, **°Ra, **'Ra, ***Ra,
225Ra and **'Ra

In this section we will discuss the spectroscopy of the odd-A Ra nuclei from
217Ra through 227Ra in order of increasing mass number. We leave 2!5Ra out
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Fig. 2. The single neutron orbitals calculated with an axially symmetric but reflection asymmetric
folded Yukawa potential (¢3 = 0.08) plotted versus the quadrupole deformation coordinate &').
The labeling of the orbitals is described in the text.
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of our discussion because its spectroscopy is assumed to be explained on the basis
of the coupling of the 127th neutron in shell model orbitals gg,2, #1125 j1s/2 ---
coupled to the proton configuration (kg;;)® = (ho;2)~* and, as we shall see, a
similar explanation is used for 2!?Ra. However, in 2!’Ra the presence of three
neutrons beyond the closed shell enhances octupole correlation effects.

A The spectroscopy of *''Ra

217Ra has been studied by the heavy ion reaction 2°8Pb (!2C, 3n) 2!7’Ra”
and by the alpha decay of 22!Th8'??, Unfortunately, the spectroscopies from these
two different methods of study have not been related. The ground state of 2! ’Ra
is almrost certainly 9/2* '@ because it alpha decays with a hindrance factor of
2.3 to the 9/2+ ground state of the 127 neutron 2!3Ra daughter. Fig. 3 is a specu-
lative attempt to synthesize the rather meager data from the alpha decay of 22!Th
into 2!7Ra with the heavy ion spectroscopy. The very close agreement between
the energies of the first excited state observed in the heavy ion spectroscopy (330.8
keV; J= = 11/2+) and in the alpha decay (331 keV) suggests that these states are
identical. It is, however, somewhat surprising that the 22'Th ground state which
has been tentatively assigned® spin-parity 7/2* would populate the 9/2* ground
state with hindrance factor 49 while populating the first excited state with spin
11/2* with hindrance factor 4.111). The most reasonable explanation is that the
eround state of the 22'Th alpha decaying parent is the 7/2 member of the (1/2
(-—0.1; 0.5; —2) band (see Fig. 2) which decays with low hindrance factors to
other members of this band in 2! 7Ra. Thus, probably the 330.8 and 756 keV sta-
tes can be assigned as the 11/2+ and 7/2* members of the 1/2 (—0.1; 0.5; —2)
band in 2!7Ra. On the other hand, the 9/2* ground state in 2!7Ra probably ari-
ses from the 1/2 (0.2; 0.2; 3) band (see Fig. 2) and therefore is populated with a
much bigher hindrance factor. From the shell model point of view this is equi-
valent to saying that the 7/2* ground state of 22!Th arises from the 7,0 shell
model orbital, as do the 330.8 and 756 keV states in 2! 7Ra, while the 9/2+ ground
state in 2!7Ra arises from the go,, skell model orbital.

We can stretch this hypothesis even further in explaining the level scheme of
Fig. 3. The ground state band with spin 9,2%, having arisen from the orbital 1,2
(0.2; 0.2; 3) with ¢ large decoupling parameter, will have the spins 9;2%, 13/2+,
17/2+, 21;2* low, while the spins with the opposite signature will lie much higher.
On the other hand, the parity doublet band with a large negative decoupling para-
meter will have the 15/2-, 19/2-, 23/2~ ... low. One is forced to ask the question
where are the 11/2-, 7/2~ states. Of course, if the negative decoupling parameter
is large enough, these states would lie higher in the level scheme. In the same
way, the 11/2*, 15/2*, 19/2+ ... band arises from the 1/2 (—0.1; 0.5; —2) orbital
with a large negative decoupling parameter, which explains why this signature
lies low. It would be of great interest to experimentally observe the negative parity
doublet band which goes with the 11/2* band.

An alternative, and probably somewhat better, way to describe the bands
in 217Ra is to use the shell model. In this case the appropriate shell model confi-
gurations are vg32, ¥832%1 172> V8327152 and vif1pges2. Comparison of the ex-
perimental bands with the theoretical bands in terms of these shell model confi-
gurations is shown in Fig. 47, The fit between experiment and theory is only qua-
litative, and suggests that important octupole correlations have not been success-
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Fig. 3. The level structure of 217Ra. To the left, the level structure from heavy ion spsctroscopy
is presented”’; to the right, the level specarum from the alpha decay of 22tTh8-9).
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Fig. 4. A comparison of the experimental level energies of 2!’Ra with those calculated for pure
shell model configurations”.

fully taken into account. The real situation probably lies somewhere in between
the simple shell model and the simple octupole deformed model descriptions. An
additional indication of strong octupole correlations is the occurrence of strong
EI transitions between the bands, much as are observed between parity doublet
bands in the more usual octupole deformed region.
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B The spzctroscopy of 2'°Ra

219Ra has been studied by heavy ion spectroscopy!2:!? and also by the alpha
decay of 223Th!4%, It is of considerable interest that although a large number
of transitions has been observed in each of these two types of studies, there is no
overlap in the wransition energies in these two studies. In part, this is because
the heavy ion spectroscopy emphasizes high spin states, whereas the alpha spec-
troscopy from the 223Th ground state with presumed spin 5/2+ emphasizes rela-
tively low spin states. In Fig. 5 an attempt is made to synthesize the results from
the alpha decay spectroscopy and the heavy ion spectroscopy. This ccmbined le-
vel scheme must, however, be considered quite speculative in view of the fact
that not a single transition in the two types of study overlaps. The ground state
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Fig. 5. A tentative composite of the low lying spectrum of 2!°Ra from the heavy ion
spectroscopy'?:!3 and from alpha decay spectroscopy!4).
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spin of 2!9Ra has been suggested as 7/2* both on the basis of the alpha decay
study'#’ and on a theoretical basis®’. However, the most recent heavy ion study
suggests spin 9/2* based on systematics!?. Since, however, the 2!°Re ground
state alpha decays to a 9;2* ground stace in 2!5Rn with a hindrance factor of 110,
it seems very unlikely that the ground state spin of 2*°Ra is 9j2*. A ground state
spin of 7/2* in 2!'9Ra may be t nderscood as the lowest lying member of a 1/2*
band from the octupole deformed orbital 1/2 (—0.1; 0.5; —2). This o:bital has a
large negative decoupling parameter which will become even more negative as
the quadrupole deformation decreases. This could naturally, then give a 7/2*
ground state with a fairly near lying 3/2+ excited state, as suggested in Fig. 5.
The large negative decoupling parameter would then give rise to excited states
11/2+, 15/2+, 19/2*, as suggested in Fig. 5. Thus we have decreased all spin assign-
ments by 1 A when compared with the spectroscopic assignments from the heavy
ion reactions of Ref. 13. Because of the large negative decoupling parameter, the
other members of the rotational band with opposite signature will lie much higher
in energy and will not be observed. The states of negative parity are naturally
explained, then, as the parity doublet band with large positive decoupling para-
meter, which will give rise to the states 9/2~, 13/2~, 17/2-, 21/2~ ... The states
with spin 11/2~, 15/2~, 19/2_ ... will lie much higher in energy and will not easily
be populated in the heavy ion reactions. It would be of considerable interest to
have very careful alpha spectroscopy of 223Th carried out in order to see the com-
plex alpha spectra and the corresponding gamma transitions whick must be pre-
sent in the low energy spectrum of 2!°Ra.

C. The spectroscopy of 22'Ra

The ground state spin of 22!Ra has been measured by co-linear laser spectro-
scopy!®’ to be 5/2. The presence in the same measurements of large positive qua-
drupole momen:s implies thr¢ we are in the region of strong coupling where 41 =

=] sequences can be expected racher than the AI = 2 sequences observed in
217Ra and 2!°Ra above. Recently, mass separated sources of 225Th have been
used to study the level structure of 22!Ra following alpha decay!® - !®, The final
level scheme which evolved from these studies!® is shown in Fig. 6.

In contrast to the spectra of 2! 7Ra and 2!°Ra, the level structure of 22!Ra
can be understood quite directly from the axially symmetric but reflection asym-
metric orbital scheme shown in Fig. 2. Assuming a quadrupole deformation ¢ =~
= 0.1, the 133rd neutron in 22!Ra is expected to occupy the 5/2 (0.2; 0.2) orbital
in its ground state according to Fig. 2. So we have a natural explanation for the
K = 5/2+ parity doublet band in Fig. 6.

According to Fig. 2, the first excited parity doublet band should result from
the 32 (—0.1; 0.6) orbital. Although, as we shall see, this gives rise to quite nor-
mal K = 3/2% parity doublet bands in 223Ra and 225Th, the band structure in
221Ra is obviously anomalous. Fortunately, there is a natural explanation for these
anomalies in terms of the Coriolis coupling of the K = 3/2%+ bands with K =
== 1/2+ bands expected in the near vicinity according to Fig. 2. One expects to
observe the K = 1 2+ parity doublet band arising from the hole orbital 1/2 (—0.1;
0.5; —2) very near to the K = 3/2+ bands in 22!'Ra. This orbital, which is the
ground state of 2!°Ra, has a negative decoupling parameter and the probable
sequence 7/2%, 3/2+, 11/2+, 1/2* ... Similarly, the negative parity K = 1/2 band
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should have a large positive decoupling parameter with a possible sequence 5/2-,
9/2-, 1/2- ... Furthermore, these K = 1/2+ bands have a large matrix element
for coupling with the K = 3/2%* bands. Assuming that the K = 1/2* band lies
above the K = 3/2 bands, the 7/2* member of the K = 3/2+ band and the 5/2~
member of the K = 3/2- band will be forced down through Coriolis mixing.
One may ask why the K = 3/2% bands are no assigned as K = 1/2% bands. The
hindrance factor of 1.9 for the population of the 3/2* state at 321 keV in 22'Ra

48 (1)
B9 gnr 4304
g 72 ‘_5'2'
S 3425 3+ m;’:.
= -y w ﬁ: Es——m_
Ws . W2 O g L4 B s o502 op
v 0: 412 K=+ 2435 W2t 28} _ap.
m—um ‘1&‘--9&- ”_9-_9..5@&
1303 K= 12+ —
== 7'2:9—»7/2- M7 _ype 203 o, fige
65 BE_sp- P56 9R* 634 7p- _ape
Ay o B8 s D kadpe
L EITR s Tye —
R s % 56 e
H= = 4L =2-26 137}
- Ra wm=un
lﬂ! A
SRR -
S0
Ks 52¢ 32+
293 5,
26 (572-)
~ B
68
2L o+ i34 o
3 g0
O e -
22
Ra  (r=133)

Fig. 6. The experimental level scheme of 22!Ra as observed in the alpha decay of 225Th. Hindrance
factors (HF) are shown to the right of the level scheme.

by the ground state 3/2* alpha decaying 225Th parent clearly implies that since
the parent ground state results from the 3/2 (—0.1; 0.6) orbital, thea the 22'Ra
daughter state must also arise from this orbital. It, of course, would be of great
interest to experimentally observe the K = 1/2% states, not observed in these
experiments, which must be postulated in order to explain the anomalous struc-
ture of the K = 3/2%+ bands.

D. The spectroscopy of >23Ra

The ground state spin of 223Ra has been measured by laser spectroscopy to
be 3/2'%, In the same measurements a large positive quadrupole moment was
determined for the ground state. This suggests that like 22'Ra, 223Ra is in a re-
gion of strong coupling and that the K* = J~ in the ground state of this nucleus.
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The level structure for 223Ra is shown in Fig. 719, One sees quite clearly
K =32+, K =52 and K = 1/2% parity doublet bands which are airectly
interpretable in terms of <he 3/2 (—0.1; 0.6), the 5/2 (0.2; 0.2) and the 12 (0.2;
—0.2; 3) orbitals of Fig. 2. The 135th neutron is expacted to occupy these orbi-
tals, beginning with the ground state, then the hole srate, and finally a particle
state in this order. The rigid reflection asymmetric rotor model with the defor-
mation parameters f§, = 0.129, 8; = 0.10, 8, = 0.075, 85 = 0.01 and B¢ = 0.004
was used to calculate the energy levels for 223Ra. This calculation is compared
with the experimental levels in Fig. 8. The experimental levels are given to the
left, and the theoretical levels to the right. The approximate spacing of the diffe-
rent K values is well reproducea. The splitting between the bands of different
parity is qualitatively reproduced — i. e., the negative parity states are always
higher than the positive parity states, as observed experimentally. However, the
absolute magnitude of the parity splitting is not very well reproduced.

Fortunately, the half lives of a number of the excited states in 223Ra have

been measured. These half lives, together with the branching +atios and conver-
sion coefficients, have allowed us to calculate the partial gamma ray half lives for
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Fig. 9. The electric dipolc transition probabilitics in 22°Ra. Experimental El transition probabi-

littes divided by the corresponding Weisskopf transition probabilities are plotted against the

cnergy of the transition. Solid points correspond to transitions between parity doublet bands;

open points to transitions not between parity doublet bands. The theoretical transition probabilities
are shown as x’s.
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a large number of transitions in 223Ra. The experimental transition piobabilities
aivided by the Weisskopf transition probabilities are plotted against the energies
of all the El transitions in 223Ra in Fig. 9. Solid points correspond to El transi-
tions between parity doublet bands, whereas open points correspond to El transi-
tions which do not involve parity doublets. Two distinct groupings of points are
observed in which the El transitions between parity doublet bands are about
two orders of magnitude moce enhanced than the El transitions which do not
invoive parity doublet bands. This, of course, is exactly what is expected theore-
tically since the El transitions between parity doublet bands represent transitions
within the same configuration, whereas te El transitions not involving parity
doublet bands do not involve transitions within the same configuration.

It is aiso possibie to calculate this enhancement theoretically using the rigid
reflection asymmetric rotor model with the same parameters as those used to cal-
culate the energy levels in Fig. 8. The calculated points are shown in Fig. 9 as
x's. The value of the intrinsic electric dipole moment used for these calculations
was 0.13 efm.

We have gone somewhat further in describing 223Ra than for the other odd-4
Ra nuclei. In part this was done because the calculations were available, and in
part to show that is possible

E The spectroscopy of 225Ra

The ground state spin of 225Ra has been measured by laser spectroscopy to
be 1/2* 29, Recent experimental data and concurrent interpretation?!~24) have
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Fig. 10. The experimental level structure of 22°Ra. The data and interpretation are taken from
Refs. 21—24.
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made possible the level scheme shown in Fig. 10. It is of considerable interest
that the negative parity levels are not strongly populated in the alpha decay spec-
troscopy from the 22°Th parent. Indeed, the K = 5/2~ band is not populated
at all. This can be understood when it is realized that the 22°Th alpha decaying
parent has a reflection svmmetric K = 5[2* ground state. In fact, the only member
of the K = 5/2~ band which is observed is populated in the 226Ra (*He, a) 22°Ra
reaction.

The interpretation in terms of the 1/2 (0.2; —0.1; 3), 3/2 (—0.1; 0.6) and
5/2 (—0.2; 0.7) orbitals of Fig. 2 would appear to be quite natural. However, there
has always been difficulty with the 1/2 (0.2; —0.1; 3) orbital, as noted in Refs.
6 and 19, both in 223Ra and 225Ra. This difficulty demands additional theoretical
studies which are beyond the scope of this paper.

It shouid, however, be noted that experimmz=ntally one sees cl:ar evidence
for K = 1;2+ parity doublet bands for K = 3/2% parity doublet bands, and for
a K == 5/2* band, and probably the 15/2~ member of the K = 5/2~ parity doub-
ler band. If the 15;2~ member of the K = 5/2~ band is correctly assigned at
538 keV, then the 5/2~ band can be expected in the vicinity of, but somewhat
above, the K = 5/2*+ band.

F. The spectroscopy of 22"Ra

The ground state spin of 227Ra has been determined to be 3/2, with a large
positive quadrupole moment!*’. This nucleus has been extensively studied, using
(n, p), (d, p) and (d, £) reactions, and B decay?®. The spectrum experimentally
observed is shown in Fig. 11. One sees clear evidence for K = 3/2* parity doublet
bands at the ground state and 90.04 keV, and a second set of parity doublet bands
with K = 1/2% beginning at 120.71 and 284.28 keV. It is of considerable interest
that a 5/2+ state just 1.74 keV above the ground state with a 9/2+ band member
at 84 keV seems to have no K = 5/2~ parity doublet counterpart. This is very
similar to the isotone 22°Th where K = 3/2+ and K = 1/2% parity doublet bands
are observed, and a 5/2* band beginning less than a keV above the ground state
with no parity doublet counterpart is also observed. In the case of 229Th a 5/2~
octupole vibration is observed at 512 keV. We postulate, thereforz, the coexistence
of parity mixed reflection asymmetric and parity unmixed octupole-octupole vi-
brational spettroscopies in both 22°Th and 227Ra.

If we look at the Nilsson levels with octupole deformation in Fig. 2 immedia-
tely sbove the 138 neutron gap (appropriate for 139 neutron 22°Th and 227Ra)
for quadrupole deformation £ = 0.18, we see that we would expect the orbitals
3/2 (0.3; 0.3), 5/2 (—0.2; 0.7) and 1/2 (—0.1; 0.6; 1) in this order. Therefore we
would have expected 3/2%, 5/2% and 1/2* parity doublet bands. Experimentally,
however, we see that the 5/2~ band lies 512 keV above the 5/2* band in 22°Th,
which stamps it as an octupole vibration. In a similar way no parity doublet band
is found for 227Ra, and therefore it must be presumed that it also involves an
octupole vibrarion. However, if instead of using the strong coupling model in which
a quasi particle is coupled to a rotor core containing an intrinsic K = O reflection
asymmetric degree of freedom, we use the weak coupling model, it is able to account
for the coexistence of these reflection symmetric and reflection asymmetric states
in 22°Th and 227Ra. The wave functions in order of decreasing importance for
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the intermediate coupling calculation are written under the bands in Fig. 11. They
indicate not only the complexity of the states involved but also the rather different
character of the K = 3/2%* and 1/2% parity doublet bands from the K = 5/2*
band.

517 738.12
(2*)
675.86
501 1/2;0 640 1/2;0
640 1721 501 122;1
+

* ?

731.65

1"

227 112,372,512 e o 523,85

@2t 475.03
88 Ra1 390 L w2, T AT157
(372 # ) e 838.79
172,312V e 304,36
(5/2 * o 363
(72" pr 338
383:38
1502 229
{3172 ¢ jrmmmnmmes { 88
1172 ————— 13 ssr2t 153.28
SIZ o rrs?01. 0
317 P 3 80.04 ~py, o
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¥ a
o s 1.74 4 0 3
631 3/2;0 631 3/12;1 633 &/2;0 631 1/2;0 631 1/2;1 =]
761 3/2;1 761 3/2;0 752 5/231 770 1/2;3 770 12,0
631 3r2:2 761 3/2;2 631 1/2;(K+2) 631 1/2;2 770 1/2;2
631 1/2:(K-2) 761 1/2;(K-2) 631 3/2(K-2) 761 3/2;(K-2)

633 5/2)(K-2) 752 5/2;(K-2)

Fig. 11. A partial level scheme for 227Ra showing two sets of parity doublet bands K = 3/2%

(left), and K = 1/2% (right). The bands are labeled with quantum numbers in decreasing order

of their importance in the wave function, where the first four quantum numbers are the usual

Nilsson quantum numbers and the last one is either n3, the counting number for the K — 0 an-

harmonic octupole excitation of the core, or y, the K — 2 or K + 2 p vibration or deformation.

Relative intensities with energy factors removed are presented with shaded arrows for the lowest
lying bands.

4. An overview of the spectroscopy of the odd-A Ra nuclei with
appreciable octupole correlations

Our »cut« through the region of highest octupole deformation along the odd-4
Ra isotopes has indeed shown us an interesting transition from the spherical nuclei
just beyond neutron number 126 to the fully quadrupole deformed nuclei beyond
neutron number 141. In addition, it has given us new insight into the mechanisms
which create this transition.

We saw in 2!7Ra a spectrum which could be most easily interpreted in terms
of neutron shell model states coupled to a six proton plus 82 closed shell proton
core. However, there were already indications from the quality of the shell model
calculations and the importance of the octupole correlations that other factors were
becoming important. It was significant that by stretching the model and the point,
it was also possibie to interpret 2! 7Ra in terms of the octupole deformed Nilsson
model of Fig. 2.

14 FIZIKA 23 (1991) 1, 1—17



SHELINE AND SOOD: THE SPECTROSCOPY OF ...

With the addition of just two neutrons to give us 2!°Ra, we had already moved
to a nucleus with ground state spin 7/2*, which is not easy to explain in the simplest
shell model picture. However, the rather incomplete spectra of 21°Ra can be ex-
plained with the octupole deformed Nilsson model. It is indeed quite interesting
that the weak coupling structures observed in both 2!7Ra and 2!°Ra tend to arise
quite naturally from K = 1/2+ parity doublet bands with large decoupling para-
meters of opposite sign. This gives rise to 41 = 2 sequences with opposite signa-
tures for the opposite parity bands, very much as observed in both 2!7Ra and
21 9Ra_

552

vl B0
201 Yo T 4853 ., s
RG 5/2- 4505 1 22
88" 133 o
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Fig. 12. Comparison of the low lying parity doublet bands in 22!Ra, 223Ra and 22°Ra, Experimental
data are from Refs. 16—24.

By the time we reach 22!Ra, 223Ra and 225Ra, the nuclei have developed
large positive quadrupole moments which implies strong coupling and regular
Nilsson-like rotational bands with, however, the additional proviso that one sees
parity doublet bands with enhanced E1 transitions between the parity doublets.
Fig. 12 compares the parity doublets of 22'Ra, 223Ra and 225Ra. The startling
differences between the K = 3/2%* bands are especially noticeable. Whereas a
completely anomalous spin sequence is present in 22'Ra, there is only a slight
tendency in this direction in the ground state of 223Ra. Here the 3/2+, 7/2* and
11/2+ are slightly lowered with respect to the 5/2* and the 9/2+ and the 5/2~ and
9/2- are slightly lowered with respect to the 3/2~, 7/2~ and 11/2-. In 22!'Ra the
7/2* has not only been lowered below the 5/2* but also below the 3/2*. In a si-~
milar way the 5/2~ has been lowered below the 3/2~. This is clearly the effect of
the 1/2 (—0.1; 0.5; —2) orbital mixing with the 3/2 (—0.1; 0.6) orbital. However,
the mixing is much less than in 22!Ra because the K = 3/2+ and K = 1/2+ pa-
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rity doublet bands are much further apart in energy. By the time we reach 225Ra
with 137 neutrons, the 131st nettron orbital is a fairly deep hole state, and the

signature splitting in the K = 3/2%* band is reversed from that in 2?3Ra fand
221Ra_

By the time we reach 227Ra, octupole correlations have begun to decrease
and the degree of octupole deformation or correlation of the core is very sensitive
to the ability of the last odd neutron to polarize the core toward reflection asymme-
try or toward reflection symmetry. For this reason we see the coexistence of reflec~
tion asymmetric spectroscopies implied by the K = 3/2+ and 1/2+ parity doublets,
and the K = 5/2* reflection symmetric band with superimposed octupole vi-
bration.

As we move on to 22°Ra, even though virtually nothing is known about this
nucleus experimentally, we must presume that the nuclear structure has returned
to the more usual quadrupole deformed reflection symmetric shape.

It should be noted that specific calculations have been carried out® for a
number of the Ra nuclei discussed in this paper.
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SPEKTROSKOPIJA NEPARNIH IZOTOPA RADIJA U OKTUPOLNO
DEFORMIRANOM PODRUC]JU

RAYMOND K. SHELINE i PRAKASH C. SOOD
Florida State University, Tallahassee, Florida, SAD
UDK 539.14

Originalni znanstveni rad

Nadeno je da su 22!'Ra, 223Ra i 225Ra najbolji primjeri normalnih oktupolnih
vibracija. Spektroskopija 2'’Ra i 2!9Ra predstavlja prijelaz od ljuskastog modela
sa oktupolnim korelacijama u oktupolno deformiran sistem sa slabim vezanjem.
Spektroskopija 227Ra ukazuje na koegzistenciju paritetno dvojnih vrpci oktu-
polno deformiranog sistema i oktupolno vibracionih vrpci normalnog tipa bez
oktupolnih vibracija.
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