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A level scheme for Ra is presented, established using the 'Pb(' C,2n) reaction studied near the
Coulomb barrier (60&E &68 MeV). Measurements included y-ray excitation functions, y-y coin-
cidences, and y-ray angular distributions. The dominant features in the spectrum are states of alter-
nating parity connected by fast E1 transitions. Values of B(E1)/B(E2) are obtained for states
with J=6—178. Examination of the systematic behavior of even-even Ra isotopes reveals a sharp
change in structure as one proceeds from '"Ra to Ra. Results are discussed in terms of alpha-
particle clustering {in particular as described by the vibron model) and of a stable octupole deforma-
tion; calculations of the energy spectrum based on the vibron model are presented.

I. INTRODUCTION

The existence of low-lying 1 states in Ra and Th iso-
topes has long been known from alpha-particle decay
studies. ' However, only recently has the combination of
heavy-ion-induced reactions and gamma-ray spectroscopic
techniques been applied to extend our knowledge of nuclei
in this region. These studies have stimulated renewed in-
terest in the structure of these nuclei and have raised new
questions about our understanding of the negative parity
states.

As level schemes have been extended to states of higher
spin, new features have emerged. Both ' Ra (Refs. 2—5)
and 2~2Th (Refs. 6 and 7) show states of alternating parity
at high spins. In addition, the El matrix elements linking
these states are strongly enhanced. Recent theoretical in-
terpretations of these phenomena have primarily followed
two paths. One is the alpha-clustering model of Iachello
and Jackson; here the presence of the cluster separates
the center-of-charge from the center-of-mass, leading to
enhanced E1 matrix elements. This model also predicts
low-lying negative-parity states and small alpha-particle
decay hindrance factors, both of which are experimentally
observed in this region. Calculations performed within
this framework ' show generally good agreement with
both measured energy levels and B(E 1)/B (E2) ratios for .

Ra arid Th isotopes.
The other current theoretical approach to explaining

the structure of these nuclei interprets them in terms of a
stable octupole deformation. " ' In this model the
enhancement of El transitions arises from the fact that
the octupole shape causes polarization of the nucleus' '
and thus displaces the center of charge from the center of
mass, again giving a dipole moment. In addition, E2 and
E3 matrix elements are enhanced. Since the alpha-cluster
model also predicts enhancement of E2 and E3 matrix

elements, ' the two models appear to be related. However,
it is not yet c1ear exactly what the relationship is or where
salient differences occur, if anywhere.

In this paper we present data for Ra and thus extend
the knowledge of high spin states in even-even Ra isotopes
another step away from the N=126. shell closure. We
will examine the systematic behavior of these isotopes in
terms of both excitation energies and 8(E1)/B(E2) ra-
tios, where such data are available. Finally, calculations,
based on the vibron model, of energy levels for Ra
will be presented, and we will show that the yrast levels of
these four nuclei can be well reproduced by varying only
one parameter in our fit. Two other studies' ' of Ra
have been reported with partial overlap to the present
work; a preliminary version of the present work has been
published.

II. EXPERIMENTAL PROCEDURE

We studied Ra via the 2 Pb(' C,2n) Ra reaction,
using the ' C beam from the Brookhaven National Labo-
ratory MP-7 tandem Van de Graaff accelerator. Experi-
mental measurements included y-ray excitation functions,
y-y coincidences, and y-ray angular distributions. Both
thick (50 mg/cm ) and thin (300 pg/cm on 225 pg/cm
Au) targets of enriched Pb were employed for the exci-
tation function measurements. Beam energies ranged
from 60 to 78 MeV; over this energy range the primary
evaporation residues are Ra, ' Ra, and ' Ra, corre-
sponding to the 2n, 3n, and 4n channels, respectively. The
excitation functions are shown in Fig. 1.

The thin target excitation functions showed clear evi-
dence for the production of ' Ra and ' Ra. However,
the y rays expected from Ra according to a previous
alpha-decay study were partially obscured by y rays
from reactions with the gold target backing and from
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FIG. 1. Excitation functions for selected y rays from, the
' C+ Pb reaction.

' Ra. Measurements of excitation functions with the
thick self-supporting o Pb target did, however, clearly
show the production of Ra (see the inset of Fig. 1).

For the y-y coincidence measurements the thick target
was used; this enabled us to observe reactions at energies
ranging from the beam energy of 68 MeV down to the
Coulomb barrier (=60 MeV). This range of energies al-
lowed the population of high-spin as well as a moderate
population of lower-spin states in Ra. One HPGe
detector of 20% efficiency and two Ge(Li) detectors of
22% and 19% efficiency were employed; the resolutions
were 2.0—2.1 keV F%'HM at 1.33 MeV. Coincidences be-
tween each pair of detectors were recorded on event tapes
for off-line analysis; a total of 1.7)& 10 events was collect-
ed.

The y-ray angular distribution measurements were per-
formed with the thick target at two different beam ener-
gies. The first measurement was made at 63 MeV with a
Compton-suppressed spectrometer consisting of a Ge
detector inside a 25.4 cm)&20.3 cm Nal(T1) crystal. Our
first results were based on these data; corresponding
spectra are shown in Fig. 2. Since that time we have
remeasured the angular. distributions at a beam energy of
67 MeV using both the Compton-suppressed system and a
low energy photon spectrometer (LEPS). Data were taken
at six angles between 0' and 90. Typical beam currents
were 4 particle nA, and we acquired data for approxi-
mately 8 h at each angle. A spectrum from the LEPS is
given in Fig. 3. Because of its superior resolution (0.7 keV
FWHM at 122 keV), we were able to resolve several y
rays that had not been resolved in the previous measure-
ment; thus several intensities have been revised from those
reported in our earlier work. For y rays with higher ener-

gy and thus low efficiency in the LEPS, spectra from the
Compton-suppressed detector were employed as well.

III. EXPERIMENTAL RESULTS

Prior to recent experiments, ' the only known levels
of Ra were from alpha-decay studies by Ruiz. ' Three
excited states had been identified at excitation energies of
177, 410, and 475 keV with spin and parity assignments
of 2+, 1, and 4+, respectively. The expected production
of Ra near 60 MeV in the '"C+ Pb reaction was con-
firmed by observation of a 178.1 keV y ray, correspond-
ing to the 2+~0+ transition. Although there is also a
178 keV y ray in ' Fr, which corresponds to p2n eva-
poration, we did not observe the stronger 192 keV y ray
which should also be present in the deexcitation of ' Fr.
Further confirmation of our identification of Ra comes
from the reaction Pb(' O,a2n) studied by Burrows
et al. '

Coincidence spectra were generated for all detected y
rays; the 178 keV ground-state transition gate is shown in
Fig. 4. The angular distribution of each y ray was fitted
to
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W(8) =Ao[1+A2Pp(0)+A4P4(8)] .

With information from the coincidence spectra and from
the angular distributions, the level scheme shown in Fig. 5
was constructed. Spin assignments were made by assum-
ing that the transitions were stretched, a common assump-
tion in (HI, xn) reactions supported by the large angular
momentum involved. Under these assumptions dipole
transitions have negative A2 values and quadrupole tran-
sitions positive A2 values. The experimental values of A2
and A4 are listed in Table I for each y ray in Ra, along
with the relative intensity and location in the level
scheme.

For states with J&7, an independent confirmation of
the multipolarities was available since each state deexcites
by both a quadrupole and a dipole transition. 1hus the
energy of a quadrupole transition must be the sum of the
energies of a pair of dipole transitions; further, the L=2
transition cannot be in coincidence with either of the

L= 1 transitions. This information was particularly valu-
able because many of the y rays were obscured by strong
lines from ' Ra, and thus good angular distributions were
unavailable. Because the internal conversion coefficients
for electric and magnetic transitions differ so much in this
mass region, we are able to differentiate between electric
and magnetic transitions on the basis of intensity argu-
ments. From the assignment of the 178 keV transition as
electric quadrupole, ' it follows that all other transitions
are also electric.

As a specific example we consider the feeding and deex-
citation of the 6+ state at 687 keV. The 277.8 keV transi-
tion deexciting this level has been established as E2 by
considering the intensity balance for the 4+ state. Feed-
ing the 6+ state are y rays of 184.5 (L= 1) and 312.9
(L=2) keV with y-ray intensities of 55+1 and 50+2,
respectively, relative to the value of I& ——100 assigned to
the 231.2 keV y ray. If the 312.9 keV transition is mag-
netic, its total conversion coefficient is =2.25, and its to-

TABLE I. Properties of y rays observed in 2 Ra.

E„( eV)'

128.2
151.8
153.2
156.5
162.1
166.6'
178.1
179 0
184.5
215.4
224.2
231.2
234 4'
238.2'
241.6
261.2'
271.9
277.8'
290 3'
295 7'
312.9
332.4
341.2
367.2
368.7
393.4'
398.2
418.O'

428.1'
439.1
455.4'
479 7'

—0.23{3)
—0.16(2)
—0.22(2)
—0.47(5)
—0.22(1)

—O.21(1)
—0.24(4)

o.25(2o)
0.29(1)

—O. 11(3)

—0.49(49)

—o.o6(4)
0.42(2)
0.39(10)
0.29(9)
0.20(12)

0.36(3)

—o.o7(2)

o.o2(s)
—0.30(25)

0.10(13)
—0.30('12)

0.19(18)

—0.29(4)

b

29{1)
22(1)
30(1)
10(1)
43(1)
5(1)

73(4)
34(4)
ss(1)
23(1)
15(2)

100
1.0(3)
3(1)

23{1)
5(1)

16(3)
89(6)
17(3)
2(1)

so(2)
25(2)
12(1)
15(1)
11(1)
12(2)
18(1)
4(1)
8(2)

(1
13(4)

27(1)
19(1)
25(1)

8(1)
35(1)
4(1)

los(s)
26(4)
42(1)
17(1)
11(2)

100
0.7(2)
3{1)

17(1)
4(1)

11(2)
75(6)
14(3)
2(1)

40(2)
20(2)
9(1)

11(1)
8(1)
9(2)

13(1)
3(1)
6(2)

(1
9(3)

8+—+7
13 ~12+
11 —+10+
15 ~14+
9 ~8+

17 ~16+
2+ 0+

10+~9
6+

12+~ 11
5-~4+
4+ 2+
1-~2+
7 —+5

14+—+13
16+~15-
18+—+17
6+~4+
9 —+7

(3 )~2+
8+ 6+

11 —+9
1O+ 8+
13 ~11
12+—+10+
14+—+12+
15 —+13
16+~14+
17 —+15
18+—+16+

(19 )—+17
(21 )—+(19 )

'Energies are accurate to +0.2 keV.
Bare y-ray intensity relative to 231.2 keV y ray.

'Intensity (including internal conversion) relative to 231.2 keV transition.
Doublet in R.a.

'Doublet in ' Ra. '

Doublet in ' Ra.
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FIG. 5. The level scheme of Ra. Numbers in parentheses
represent relative intensities, corrected for internal conversion.

tal intensity (relative to a value I« ——100 for the 4+~2+
transition) is 111+5. Since this is greater than the value
I„=75+6 for the 277.8 keV transition, the M2 assump-
tion must be wrong; otherwise the intensity populating the
6+ state would exceed the intensity depopulating it. If the
dipole transition is magnetic, its conversion coefficient is
=2.9, and I„=147+3; again the feeding would be too
large. Thus both transitions observed feeding the 6+ state
must be electric, and the conversion coefficients are 0.12
and 0.17 for the dipole and quadrupole transitions, respec-
tively. Intensities are I„=42+1 for the 184.5 keV transi-
tion and I„=40+2 for the 312.9 keV transition. The
sum is 82+4 and agrees well with the deexciting intensity
of 75+6.

Also shown in Fig. 4 is the sum of six of the coin-
cidence gates. This summing allowed the assignment of
several additional y rays to Ra, although their exact
placement in the level scheme was not possible without
further coincidence information. However, based on the
systematics of the negative-parity states, we are able to
make tentative assignments and show them by dashed
lines in Fig. 5.

Finally, some comments on the low-spin states are in
order. The largest peak in the 178 keV coincidence spec-
trum corresponds to the 231.2 keV quadrupole transition,

and we accordingly assign this as 4+~2+. This place-
ment of the 4+ at 409.3 keV contradicts Ruiz's assign-
ment. However, a weakly populated level at 473.8 keV is
probably the state assigned 4+ in the alpha-decay work;
based on a similarly located state in ' Ra, we tentatively
classify this level as J =3 . There is also some evidence
(see the inset of Fig. 4) for a weak y ray of 234.4 keV in
coincidence with the 2+~0+ transition; we believe that
this is the 1 —+2+ transition observed by Ruiz and there-
fore place a 1 state at 412.5 keV.

Our results are in good agreement with those obtained
from other studies of Ra. ' ' We observed all states
which were identified in those studies. In addition, we in-
clude the two low-lying levels at 412 and 474 keV and the
two tentatively identified states at 3143 and 3623 keV.

IV. DISCUSSION

The level schemes of ' Ra (Ref. 23), ' Ra (Refs. 24
and 25), ' Ra (Refs. 2—4), Ra, and Ra (Ref. 22) are
shown in Fig. 6; the changes are dramatic as X increases
from 126 to 134. The excitation energy of the 2&+ state
decreases by roughly a factor of 2 each time two addition-
al neutrons are added, indicating the well-known impor-
tance of the neutron-proton interaction for the onset of
collectivity in transition nuclei. Despite this decrease in
energy, deformation does not yet play a major role; in

Ra the value of E(4&+ }/E(2~+) is 2.3, still close to the
value of 2.0 characteristic of vibrational nuclei. However,
a more important feature of these level schemes is the lo-
cation of the negative-parity states. In '"Ra and ' Ra
the lowest observed negative-parity states have J =11
and have been interpreted as two-quasiparticle proton
states. On the other hand, the three heavier isotopes
show negative-parity states which are substantially lower
in both spin and excitation energy, ' 1 states below 1 MeV
have been identified (tentatively in ' Ra) in each of these
nuclei. The change in structure is even more apparent
from the sequences of states of alternating parity in ' Ra
and '"R.a.

In Fig. 7 we plot J„,the component of angular momen-
tum along the rotation axis, ' as a function of the rota-
tional frequency for ' Ra and Ra. Again there is clear
evidence for a change in the structure as the neutron num-
ber increases. For the negative-parity states in ' Ra,
there is a sharp increase in J above J"=11 . This ap-
pears to be the result of' a band crossing since the curve
has a smooth continuation (indicated by the dashed line in
Fig. 7) if we include some tentatively assigned nonyrast
levels. The fact that this sharp discontinuity in the curve
occurs at the 11 state leads us to suggest that the two-
quasiparticle state present in both ' Ra and ' Ra also
plays a role in the structure of ' Ra. In Ra J~ in-
creases smoothly for both positive-parity and negative-
parity states, and there is no sign of any effect of a two-
quasiparticle state.

Still further evidence for the transition taking place in
this region is shown in Fig. 8, where we plot
B(E1)/B(E2}for ' Ra, Ra, and Ra (Ref. 26) as a
function of J. Several effects appear to be present. For
states with J& ll, the ratios appear to be roughly con-
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states based on a two-quasiparticle configuration would be
less collective than the lower spin states, this decrease in
B(E 1)/B (E2) offers further evidence that the dipole
transitions are collective in nature.

It was recognized very early that low-lying negative-
parity states could be described by an octupole degree of
freedom, and many studies have explored this possibility
(see Ref. 11 for an extensive list). Early calculations, e.g.,
Ref. 28, found no evidence for a stable octupole deforma-
tion, and thus many calculations based on a vibrational
mode were performed. However, the lack of experimental
evidence for 0+ states corresponding to the two-phonon
vibration ' has called this interpretation into question
near 3=220. Moreover, Moiler and Nix ' recently
found, for the first time, theoretical evidence for a stable
octupole deformation near Ra, and subsequent calcula-
tions"' have shown minima in potential energies for
P3&0 in the Ra isotopes with A =220—228. Some of the
consequences for high-spin states of octupole deformation
have been discussed by Nazarewicz et al. ' '

Another theoretical approach to this mass region, the
vibron model, has been formulated in terms of alpha
clustering and the group structure U(6)SU(4). Here the
emphasis is on a dipole rather than an octupole mode. In

addition to the s,d bosons of the standard interacting bo-
son model, this model employs s* and p bosons to
describe the dipole degree of freedom. States from a con-
figuration with no alpha particle (only s, d bosons) are
mixed with states from a configuration with one alpha
particle (two s,p* bosons) in order to obtain eigenvectors
which describe the interplay of the quadrupole and dipole
degrees of freedom. Observables can then be calculated
and compared to experimental data; several calcula-
tions ' have been performed for Ra and Th isotopes
within the framework of this model.

In Fig. 9 we present the results of vibron model calcula-
tions for the nuclei Ra, Ra, Ra, and Ra. The
Hamiltonian used is that described in Ref. 9, and our pa-
rameters are listed in Table II. Unlike the previous calcu-
lations, which have varied several parameters in moving
from isotope to isotope, we vary only the parameter ez
(the energy of a single p* boson) to obtain these fits. The
total number of bosons for each nucleus is the number of
pairs of nucleons outside the Z=82 and N= 126 shell clo-
sures; this method of counting means that the higher-spin
states are outside the scope of this model. Furthermore,
the lack of knowledge about levels in Ra and Ra lim-
its a stringent test of the model for these nuclei. Howev-

)200 — EXPT9-1162

looo- 8'1000

7 872

800-
6+ 687

5 633
p 600—

THEORY
9 1130

8+ I012

6+ 68l

EXPT.

(+ 1025

(0 ) 914

THEORY

2 1037

0+ 912

400-
3 473

4+ 409 I 412
3 474

I 378

5 474

4+ 3013 317

I 242

5 464

4+ 3033 325
245

200 2+ 178 2+ 181
2+ III

2+ 138

0—
1200—

IQOO—

800—

0 0 220 R~

EXPT.

(2') 993
0+ 916

0+ 0

THEORY
2+ 1064

0+ 891
0+ 923

9- 858 2+ 873
0+ 824 9 821

2 756
3 74?

I 666
7 606

8 669
7 627

0+ 0 222
0+ 0

Ra
THEORY

(3 ) (1104) 11-Ip84
2+

I 103

IO+ 960 ~1049 10+ 1017

400-

200—

5 433

4+ 251
I 2I6

5 411

4+ 2543 286
2I5

4175 446

322
I 2544+ 212

6+ 4125 43

3 323
I 258

4+ 204

2+ 84

0 —0
224 Rp

2+ 94
0+ 0

2+ 68
0+ 0 226 Rg

2+ 66
0+ 0
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TABLE II. Parameters used in the vibron model fits shown
in Fig. 9.

Kd
K'( Ra)
K'( "Rn+ n)

220R
P

222Ra
224Ra
226R

uP
K

y
x

0.180 MeV
—0.085 MeV

0.006 Me V
0.0036 MeV
0.02 Me V

—0.12 MeV
—0.14 MeV

0.10 MeV
1.000 MeV

—0.030 MeV
—0.25 MeV
—0 080 MeV
—2.25

er, the calculations, in general, reproduce the excitation
energies quite well, including those of the low-lying
negative-parity states, and seem to provide a reasonable
description of these nuclei (although the quality is not as
good as the fits of Daley et al. ' ). It is interesting to
note that we cannot reproduce the excitation energies of
' Ra with the same parameters; this suggests again a

transition in structure taking place in this region, al-
though it may simply reflect the effects of the small num-
ber of bosons in ' Ra.

In addition to reproducing the energy levels, the cluster
model offers a simple understanding of the large reduced
alpha widths observed in this mass region. One mn also
examine the role of clustering in terms of a molecular sum
rule. ' In Ra the estimated B(E1) exhausts =2% of
this sum rule.

The same features of the Ra isotopes can also be under-
stood in terms of the octupole model. Nazarewicz et al. '

have examined the question of octupole deformation in
several mass regions; they conclude that octupole defor-
mation may be particularly important for nuclei near

Th and that the energy of the lowest negative-parity
state is correlated with the degree of deformation. They
also suggest that at high spins nuclei may become more
stable with respect to octupole deformation, and therefore
a nucleus such as Ra which appears to be spherical in
its ground state' may move toward both quadrupole and
octupole deformation with increasing rotational frequen-
cy. Another prediction of the octupole theory' is that the
data should show an upbend but no backbend. Figure 7
clearly shows such behavior in Ra.

Since many of the predictions of the two models are
similar, it is important to understand the relation between
them. In the octupole model the introduction of the octu-
pole degree of freedom leads to a dipole moment. In the
vibron model it is the dipole degree of freedom which is

explicitly introduced via the cluster configuration, and
this in turn leads' to a quadrupole moment, octupole mo-
ment, etc. The available experimental data do not permit
at present a clear distinction between the two interpreta-
tions. Engel and Iachello have recently proposed a
scheme based on the group U(16) to describe even-even
nuclei with octupole shapes in the hope that this may al-
low a more quantitative comparison of the two ideas. In
this model any number off bosons are allowed, subject to
the constraint on the total number of bosons. One of their
findings is that smooth rotational bands cannot be gen-
erated by inclusion of f bosons alone but require p bosons
as well. Thus this approach suggests from a group
theoretical standpoint the need for both dipole and octu-
pole degrees of freedom. They suggest that data on bands
built on excited states may prove useful in resolving this
question; however, such measurements are difficult near
3=220 because of the strong selectivity of (Ql, xn) reac-
tions for yrast levels.

Catara et al. have recently considered surface cluster-
ing in heavy deformed nuclei in terms of particles in
Nilsson orbitals and of 'pairing interactions. They con-
clude that pairing enhances the clustering, although mlcu-
lated spectroscopic factors are still too small. Nonethe-
less, the emphasis on single-particle levels suggests a con-
nection with the octupole model, where the theoretical
understanding of octupole deformation relies upon the
available single-particle levels and their interaction via a
Y3p term. ' If we- consider odd-mass nuclei, interpreta-
tions have focused upon the octupole description; ' the
model provides a simple understanding of the parity dou-
blets observed in several of the actinide nuclei and has
also been applied to properties such as ground state spins
and parities, magnetic moments, and decoupling parame-
ters. The vibron model has not been extended to odd-
mass nuclei, and thus such comparisons cannot be made
with it.

In conclusion, more data seem necessary to firmly es-
tablish one or the other of the models near 2=220. Sys-
tematics over a wide range of nuclei should provide more
stringent tests than currently available. Greater theoreti-
cal understanding of the relationship between the vibron
model and the octupole model would prove most useful in
devising experimental tests.
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