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Abstract: Yrast states in ^‘*Ra up to spin and parity / ” =  17" wereidentifiedbymeansofthe^®®Pb('’C, 3n) 
reaction and standard y-ray spectroscopic techniques. The level scheme is characterized by two bands 
o f opposite parity with nearly constant level spacing. A cascade o f strong E l interband transitions 
connects both bands.

The results are discussed within the systematics o f the even Ra isotopes. The negative-parity band 
which is observed from the / ” =  5“ to the / ” =  17" State, is interpreted as an octupole vibrational 
band. The level scheme can be well reproduced in the vibrational limit o f the interacting boson 
approximation (IBAl) which fails, however, to explain the strong E l feeding of the negative-parity 
band from the ground-state band

NUCLEAR REACTIONS ^"«Pbl'^C, Sny), E = 60-83 MeV; measured £ ,, /,(£ ,(), ly{9, 
linear polarization P,, yy-, yX-ray-coin. ^'®Ra deduced level energies J, n, B(El)/B{E2) 
ratios. Planar Ge, Ge(Li), Nal(Tl) detectors, five-detector Compton polarimeter, enriched

targets, pulsed beam.

1. Introduction

The radium  isotopes have been investigated over a large isotopic range, starting from 
spherical shell-model nuclei and extending into the deform ed región near the valley of 
quasi-stability. N eu trón  deficient a t the TV =  126 neutrón shell closure, and
^^®Ra have been studied via (HI, xn) reactions High-spin isomers were found in 
these nuclei, and  their structure is understood on the basis o f the spherical shell model. 
In heavier isotopes (A ^  220), nuclear structure Inform ation relies on a- and ^-decay 
studies'^) with the exception o f  ^^®Ra where high-spin states up to  /"  =  1 2 "̂ were 
populated by C oulom b excitation *). Here collective features prevail.

U ntil now, only scarce Inform ation has been available about the transitional región 
(216 <  X ^  2 2 0 ), limited to a  fewexcited states in ^ ‘^’^^°Ra which were identifiedina- 
decay experim ents ‘̂ ). On the other hand, these nuclei are o f considerable interest since 
here the gradual onset o f  collectivity m ay be studied as m ore and m ore neutrons are 
added outside the iV =  126 shell. O f particular interest are the negative-parity states

’ On leave from Comisión Nacional de Energía Atómica, Buenos Aires, Argentina.
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which in were seen only above the /"  =  1 1 “ proton hg/2 Í , 3 / 2  intruder
State The nature o f  the 1” , 3 ” and 5 “ states, identified in even isotopes with 
A ^  220 [refs. however, is still being discussed, although an octupole
vibrational origin is strongly favored in a recent analysis ®) o f existing data.

It is our aim to fill in the existing gap by studying these nuclei in the transition región. 
The present paper reports the results obtained for ^^®Ra, populated via the ^°*Pb(‘^C, 
3n) reaction. N o excited states were previously known in this nucleus. The 
m easurem ents are described and illustrated in sect. 2. The deduced level scheme and the 
experim ental evidence supporting it are given in sect. 3. In sect. 4, the structure o f  ̂  ‘ ®Ra 
is com pared to  the phenom enological systematics o f even R a isotopes and discussed in 
the fram ework o f  the interacting boson approxim ation
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2. Measurements

Excited states in ^‘®Ra were populated by means o f the ^°®Pb(^^C, 3n) reaction. 
Isotopically enriched (97 %) self-supporting targets of 1 to  1.3 mg/cm^ thickness were 
bom barded with beams, provided by the M unich M P Tándem  Van de G raaff 
accelerator, at energies between 60 MeV and 83 MeV. The beam was stopped about 4 m 
behind the target in a.concrete-shielded F araday cup.

G am m a rays were assigned to  ̂* ®Ra on the basis o f excitation functions and y-X-ray 
coincidences. G am m a-gam m a coincidence data  and the results o f angular distribution 
and linear polarization m easurements served to  build up the level scheme and to 
determ ine spins and parities. In the following, these experiments are described in more 
detail.

2.1. EXCITATION FU NCTIONS

Excitation functions were m easured with pulsed beams (FW H M  a  1.5 ns) in the 
energy range between 60 MeV and 83 MeV. G am m a rays were detected in a Ge(Li) 
detector (1 1 %  efficiency) and a p lanar Ge detector (10 cm^ volume), both placed 20 cm 
from  the target and at +  90° with respect to  the beam  axis. Prom pt and delayed spectra 
were accum ulated both in singles mode and, in order to suppress low multiplicity 
events, gated by coincident y-rays detected in a 12.7 cm x 12.7 cm N a l detector. The 
spectra were norm alized according to  the integrated beam current.

In-beam  y-ray spectra, m easured at bom barding energies o f 65 MeV, 74 MeV and 83 
MeV with the Ge(Li) detector gated by the N a l detector, are shown in fig. 1. The 
observed y-rays fall into three groups (figs. 1, 2). The first group which contains the 
know n transitions in ^^^Ra [refs. ^’^)] appears a t bom barding energies exceeding 74 
MeV (5n channel). The second group, including two transitions between know n levels 
in  ̂‘ ̂ Ra [ref.  ̂̂ )], has its m áxim um  intensity a t a bom barding energy near 77 MeV (4n 
channel). Henee, the th ird  group, peaking a t 67 MeV, was associated with the 3n
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Fig. 1. In-beam y-ray spectra measured with a Ge(Li) detector in coincidence with a 5" x 5" N al detector 
following the reaction xn)) at £  =  65 MeV, 74 MeV and 83 MeV. Gamma-ray Unes from

transitions in ^‘«Ra (65 MeV), ^ '^R a (74 MeV) and ^‘‘Ra (83 MeV) are labeled.

channel leading to   ̂‘ ®Ra. The Z  =  8 8  assignment was confirm ed by the m easurem ent 
o f  T-X-ray coincidences (subsect. 2.2).

F o r y-rays m easured with the p lanar detector the time with respect to  the arrival of 
the beam  burst was recorded with a resolution o f 2.5 ns (FW H M ). However, no 
isomeric transitions in ^‘®Ra with Hfetimes exceeding tha t valué were found.

Fission o f the highly excited R a  nuclei did no t appear as a strongly com peting
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BOMBARDING ENERGY (MeV)

Fig. 2. Excitation functions for the most prominent y-ray lines from excited ^'®Ra (389 keV), ^'^R a (330 
keV) and ^' *’Ra (688 keV) which show the relative strengths o f the 3n, 4n and 5n channels o f the ^“*Pb( ‘ ̂ C,

xn) reaction.

channel even at the highest bom barding energy. This was expected since the fission 
barrier should exceed 8  MeV in the whole spin ratige covered by this reaction

2.2. COIN CIDENCE M EASUREM ENTS

G am m a-gam m a and y-X-ray coincidences were m easured a t a bom barding energy 
o f 69 MeV, i.e. 2 MeV higher than the optim um  energy o f the 3n channel, in order to 
enhance the population o f high-spin states in ^**Ra. A t this energy, ^‘"'Ra is produced 
with an intensity o f  40 % o f tha t o f ^‘®Ra.

A coincidence was required between a true coaxial Ge(Li) detector (eñlciency 24 %), 
positioned at 90° with respect to  the beam axis, and either a second Ge(Li) detector of 
equal size at 145° or a p lanar Ge detector (volume 10 cm^) a t 25°. In  addition, an array 
o f  two 10.2 cm X 10.2 cm and one 12.7 cm x 12.7 cm N al detectors was set up and, for 
each event, the num ber o f detectors which had simultaneously fired was recorded. The 
com parison o f coincidence spectra gated by different num bers o f  N al events, i.e. by 
different m ultiplicity requirements, did not reveal significant differences in the relative 
intensities o f  the observed y-ray lines. This implies tha t contributions from activities, 
which are expected to have low multiplicities, are small.

The analysis o f the X-ray spectrum , m easured with the p lanar detector in 
coincidence with the Ge(Li) detector, proved tha t a t this bom barding energy the 
neutrón evaporation channels dom inate and tha t axn reactions, leading to  Rn 
isotopes, are about two orders o f m agnitude less intense (fig. 3).

2.3. A N G U LA R  DISTRIBUTIONS

A ngular distributions were m easured with beams o f 65 MeV and 69 MeV energy.
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Fig. 3. Gamma-ray spectra measured with the planar Ge detector in coincidence with a Ge(Li) detector. The 
arrows indícate the position o f the gating Unes. Note the Ra X-rays and the 84 keV y-ray which is absent in the

“ gate 381” spectrum.

G am m a-ray spectra were m easured at angles between 30° and 90° with a true-coaxial 
Ge(Li) detector o f  24 % efficiency, placed at a distance o f 20 cm from  the target. The 
norm alization was based on spectra m easured with a second Ge(Li) detector held at a 
fixed position.

The A 2 and coefficients, deduced from  a fit o f the norm ahzed intensities to  a
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T able  1

Spectroscopic data of y-transitions in ^‘®Ra

/ “) A, Type

83.9(3)
135.6(2)
141.0(3)
147.6(3)')
205.8(2)
218.8(1)
267.2(2)
281,5(2)
297.2(2)
299.1(3)
303.0(3)
310.6(3)
332.1(3)
352.2(1)
353.7(2)
380.8(2)
388.9(1)
415.1(2)')
417.0(3)
422.4(2)
424.6(2)
429.5(3)
434.9(3)
439.6(2)
547.3(3)

25(5)
28(3)
17(2)
88(4)
49(2)
75(3)
35(2)
28(3)
29(2)
18(3)
5(1)

13(2)
10(2 )

100(5)
28(4)
71(3)

100(2)

50(2)
37(3)
34(2)
17(2)
8(1)

6 ( 1)

26(2)
15(1)

-0.22(14)
-0.31(12)
-0.33(4)
-0.25(8)
-0.21(5)
-0.32(4)
-0.30(6)
-0.37(3)
-0.17(5)

0.26(7)
-0.67(7)

0.24(2)

0.24(3)
0.23(3)
0.13(7)
0.36(9)
0.26(1)
0.11(6)
0.20(7)
0.22(8)
0.14(4)
0.39(8)

0.14(19) 
0.12(14) 

-0 .06(7) 
0.02(5) 
0.04(4) 

- 0.00(6) 
-0 .05(7) 

0.04(4) I 
0.05(7) í 

-0 .12(9) 
-0 .06(8)

-0.09(3)

-0.08(4) 
-0 .08(4) 
-0 .09(8) I 
-0.20(10) I 
-0 .10(9) I 
-0 .15(9) í 
-0 .05(8) 

0.04(7) 
0.08(11) 
0,05(8)

0.37(12)
0.31(14)
0.27(5)
0.26(4)
0.26(3)
0.28(5)
0.29(5)

0,22(4)

-0,24(12)

0,35(4)

0.39(8)
0.34(8)

0.44(8)

0.40(9)

0.46(21)
0.44(28)
0.38(11)
0,44(8)

El>’)
E l
El
El
El
El
El
El
El
El
E2

M1/E2

E2
E2
E2
E2
E2
E2
E2
E2
E2
E2
E2
E2

“) Corrected for internal conversión,
'’) M I or E2 character would lead to unreasonably high intensities for this line, 
‘) Unresolved doublets.

Legendre polynom ial expansión, are listad in table 1. They indícate either puré dipole 
or puré quadrupole nature for transitions in ^^®Ra. The m easured angular 
distributions com pare well with the predictions  ̂ for stretched cascades starting from 
an initial State with spin /  =  20 and a gaussian substate distribution centered at M  =  O 
with a standard  deviation a  =  2.0. (The large width may be partly  due to  hyperfme 
interactions.) The angular distributions of the m ost prom inent lines are shown in fig. 4.

2,4, LINEAR POLARIZATION

The linear p^iarization was m easured with a C om pton polarim eter built from five 
>’-ray detectors. Its design represents a natural extensión o f commonly used three- 
detector polarim eters with the advantage o f a detection efficiency twice as high. In
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Fig. 4. Measured angular distributions of prominent dipole and quadrupole transitions in ^‘®Ra. The full 
Unes represen! the results o f calculations (see text).

order to  enhance the efficiency a t low y-ray energies, a p lanar Ge detector (36 cm^ 
volume) was used as the central scatterer. I t was surrounded by four nearly identical 
true-coaxial detectors (each o f 24 % efficiency) placed up and down and left and right 
from  the scatterer. The scatterer was positioned at 90° with respect to  the beam axis and 
21 cm from  the target. The absorber detectors were shielded from  the prim ary radiation 
by lead o f 1 0  cm thickness.

The detection efficiencies o f the four scatterer-absorber detector com binations were 
m easured with y-ray sources placed in the target position. The polarization sensitivity 
g(E^) was calibrated in-beam  with the three strongest lines of the ground-state band of 
^'®Ra(£^ =  352, 389 and 381 keV) and extrapolated over thé tange of interest by 
assuming it to  be a constant fraction of the sensitivity predicted by the Klein- 
N ishina form ula for a scattering angle =  90° and point detectors The fairly large 
yaiue of

Q{E^) =  (0.83 ±  0.03 )2kn

is a consequence o f the application o f  appropriate cosi^ gates during playback of the 
data.

W ith this Setup it was possible to  determ ine the linear polarization o f m ost o f  the 
y-raysfrom  ^^®Ra, including the low-lying dipole transitions, w ith energies Ey ^  136 
keV. The results confirm ed the E2 nature o f  the quadrupole transitions and proved all



228 J. Fernández-Niello et al. / High-spin states

dipole transitions to be E 1, except for the =  311 keV line which is m ost probably o f  
mixed M 1/E2 character. A sum m ary o f the spectroscopic inform ation on y-^ays 
assigned to ^*®Ra is given in table 1 .

3. The level scheme of ^**Ra

F or the y-ray ordering, the relative intensities o f transitions in ^‘^Ra and the" m
excitation functions were used. In particular, the excitation functions measured in 1 
MeV steps from  60 MeV near threshold to  higher energies (fig. 5) pro ved to be very ♦

BOMBARDING ENERGY (MeV)

Fig. 5. Excitation functions o f several transitions in ^‘*Ra relative to the 352 keV transition and normalized
to the respective valúes at £  =  60 MeV.

helpful since the m áxim um  spin input increases rapidly over this energy range. [The 
Bass model predicts a fusión threshold o f  Ê  ̂ =  6\  MeV and a máximum spin 
Lax =  16 at £  =  65 MeV.] A hint to  the structure of the level scheme was found in the 
fact tha t the energies o f  several E2 transitions equal the sum o f the energies o f  two E l 
transitions (table 1). O n the other hand, the situation  was com plicated by the occurrence 
o f transitions cióse in energy and o f two unresolved doublets. Argum ents derived from 
the requirem ent o f  a m onotonically increasing intensity flow along the yrast line were 
used in some cases. The deduced level scheme is presented in fig. 6 , the experimental 
evidence supporting it will be discussed in the following.
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Fig. 6. Level scheme of ̂  ‘ ®Ra established in this work. The excitation energies were calculated by a weighted 
addition of the transition energies. The intensities are normaUzed to 7(352 keV) =  100.

The 2^, 4^ and 6"" states. The sequence of the three strongest E2 transitions, leading 
from / ’' =  6 to  the ground State, was determ ined from  the excitation functions (fig. 5). 
The identity o f  the - ^ 4 ”̂ transition is also apparent from  the relative intensities a t 
E  =  69 MeV (fig. 6) whereas the strengths o f the 352 keV and 389 keV lines are nearly 
equal over the whole energy range. The strengths o f  the form er hne were obtained from 
fits to  the unresolved line-shapes o f  the 352 keV and 354 keV transitions, keeping the 
peak energies a t fixed valúes. The double ratio  o f  intensities

389 . . .  //389 ^  1.17 +  0.03-(65 M eV)/
^352 / ^352

led US to  associate the 352 keV line with the 2"̂  ^  0+ transition.
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The 5~ State. This is the lowest observed State o f a negative-parity band. The parity 
assignment is based on the electric character o f the interband dipole transitions and the 
E2 character o f the in traband  transitions. The 84 keV transition, feeding the 5 “ State 
from the 6 "̂ member o f the ground-state band, was identified in coincidence spectra 
measured with the p lanar Ge detector and, by setting appropriate gates, was found to 
bypass the 381 iceV transition (fig. 3).

GATE liSkeV

¿ 0 0 0 -

2000 -

Rq X-rays oí
3 5

U

Fig. 7. Gamma-gamma coincidence spectra measured with a Ge(Li) detector. The arrows mdicate the 
position of the gating lines. The insets show the región near 420 keV on an expanded scale.



The 148 keVdoublet. The two transitions with this energy appear in truecoincidence 
(fig. 7). From  the line widths and peak positions found in various spectra m easured 
with the p lanar detector [resolution o f 690 eV (FW H M ) a t 122 keV] in singles and 
coincidence m ode we estímate tha t the two lines differ by less than  300 eV in energy (3 
standard  deviations). Their location in the level scheme is supported by the observation 
that the intensity o f  the 148 keV line is reduced in the spectra gated by the 354 keV and 
429 keV transitions.

The 415 keV  doublet. This doublet does not appear in true coincidence (fig. 7). 
However, the existence o f the 148 keV doublet at the assigned positions o f the E l 
cascade requires the paralleling E2 transitions to have the same energy. This is 
confirmed by the spectra gated with the 354 keV and 429 keV transitions and by the 
agreem ent of the m easured and expected intensity patterns.

The 267 keV dipole transition  was the only other line which did not appear in 
coincidence with the 415 keV doublet (fig. 7) and was therefore placed parallel to it.

Yrast states at E ^ >  2 MeV. The level sequence o f the positive- and negative-parity 
bands in the región above the doublets is uniquely determ ined by the coincidence data. 
The two bands could be followed up to spins o f 14 and 17, respectively. N o candidates 
for higher-lying transitions appeared in the spectra.

The third band. Three members o f a third band, feeding into the negative-parity band 
a t the 11 “ level, were found. The 547 keV interband transition is m ost probably E2, and 
the 311 keV transition  m ost probably  o f  mixed M 1 /E2 character (table 1).
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4. Discussíon

The level scheme o f  ̂  ̂  ®Ra is characterized by the existence o f two bands of opposite 
parity and nearly equidistant level spacing. They are strongly connected by an E l 
cascade. In particular, the strong feeding o f the negative-parity band from  members of

T able  2

B(E1)/B(E2) branching ratios for the deexcitation of levels in ^‘®Ra

Level energy (keV) r B(EI)/B(E2)(10-<Sfm-")

1122 6+ 3.7+ 0.8
1341 ? - 2.8+0.6
1547 8 + 3.5+ 0.4
1694 9 “ 2.2 ±0.4
1962 10+ 1.1 ±0.2
2109 i r 3.6 ±0.4
2391 12+ 1.8 ±0.3
2527 13“ 2.9 ±0.4
2826 14+ 1.3 ±0.3
2966 15“ 2.9 ±0.4



232 J. Fernández-NieUo el al. / High-spin states

the ground-state band is rather striking. A nother interesting feature, deduced from the 
level scheme, concerns the 5(E l)/fi(E 2) branching ratios. We find tha t their valúes are 
the same within a factor o f  3 to  4, independent o f spin and parity o f the decaying State 
(table 2 ). In the following subsections we com pare the properties of ^‘®Ra to those of 
the neighbouring even Ra isotopes and to  IBA predictions.

4.1. THE POSITIVE-PARITY BAND

The positive-parity band fits well into the systematics o f the even R a isotopes (fig. 8 ). 
The m onotonic decrease in energy o f the 2^ excitation and higher states illustrates the

126
NEUTRON NUMBER 

128 130 132 13/. 136 138 liO

MASS NUMBER

Fig. 8. Positive-parity States in even Ra nuclei. The data are from refs. ' and this work.

gradual increase in collectivity as more neutrons are added to  the TV =  126 closed shell. 
The transitional character o f  *Ra is obvious. It links the lighter isotopes where single- 
particle structure dom inates to  the heavier nuclei with ro tational behavior. The almost 
equidistant level spacing suggests a vibrational structure and a nearly spherical shape 
for ^‘®Ra. Sphericity (\li\ <  0.01) is also expected from  calculations o f ground-state 
properties based on the Strutinsky m ethod

On the o ther hand, the irregularities in the level spacing may only be properly 
accounted for by a shell-model calculation. Level sequencies o f  similar type also exist in 
transitional rare-earth  nuclei, as e.g. in *^®Yb [ref. ^^)], which has 6  protons and 4 
neutrons outside the Z  =  64, =  82 core and, in that respect, might be considered 
analogous to  ^‘*Ra. A lthough absolute strengths of transitions in ^‘®Ra have not 
been determ ined in this work it is possible to  obtain an estimate o f the collectivity o f the 
2"̂  ^  0^ transition by applying the empirical rule o f G rodzins It yields a strength 
o f 5K 30 single-particle units, suggesting tha t m any configurations are admixed into
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these states and that both proton (h^)® and neutrón (g ,)“̂ configurations contribute. 
It should be interesting to see if shell-model calculations basad on effective two-nucleon 
interactions which can account for the structure of ̂ ^®Ra [ref. ^)] can be applied to this 
case.

4.2. THE NEGATIVE-PARITY BAND

The negative-parity states form  a band with similar energy spacings as the ground- 
state band. The lowest observed State has /"  =  5" since band members with smaller 
spins (probably / ’' =  1 ,3  “ ) are not populated in this reaction. An extrapolation from 
the known states o f this band yields valúes between 600 keV and 800 keV for their 
excitation energies and explains why they are bypassed by the intensity flow (cf. fig. 6 ).

NEUTRON NUMBER 
130 132 13/. 136 138

MASS NUMBER

Fig. 9. Low-Iying negative-parity states in even Ra nuclei. The data are from refs. “ and this work. A 
smooth extrapolation from the known 1 ~ states (dashed Hne) coincides with the level o f excitation where the 

low-spin members o f the negative-parity band are expected in ^‘*Ra (cf fig. 6).

A com parison o f  the 5 “ excitation energy with the systematics o f  known negative- 
parity states in heavier R a isotopes (fig. 9) points to  a similar nature o f all these states. 
U p to  now, however, the structure o f  the low-lying negative-parity states in ^  220 
R a nuclei has been a m atter o f discussion. Following argum ents gíven by Peker et al. 
an octupole vibrational origin seems m ost probable although the respective two- 
phonon octupole states with /"  =  O'*' were not observed in a-decay experiments ®’^). 
A n alternative explanation by M óller et al. ’®) assumes that AT" =  0"̂  and A:’' =  0~ 
states belong to  different minim a in the potential energy surface. They suggest a stable 
octupole deform ation for the negative-parity states. In this case, transitions feeding or 
depopulating this band should be strongly hindered since they involve a nuclear shape 
change. However, such hindrance is no t observed in A ^  220 R a nuclei [ref. ®) and 
references therein].

Similarly, we do not observe retardation  o f these transitions in ^^®Ra. The 
5(E  l)/fi(E2) branching ratios (table 2) and the estimate o f fi(E2) w 30 W eisskopf units



(W .u.) for the E2 in traband  transitions (see above) yield a strength o f fi(E l) «
W .u. A n E l hindrance o f this order can certainly be considered typical in this mass 
región and does not imply any additional retardation. M oreover, the rem arkable 
fact tha t nearly íidentical branching ratios were found for the deexcitation o f positive- 
and  negative-parity states suggests tha t the vibrational-type structure o f both bands is 
in fact o f rather similar origin. We therefore conclude tha t the m ost probable 
explanation for the negative-parity band is that o f  an octupole vibrational band. We do 
not ofTer evidence for an 11 “ State having the configuration 7r(h^, i y) which is seen as 
a low-lying isomeric State in  ̂  ̂̂ '’R a and some o f their Rn and Po isotones ‘ As in 
the ro tational case discussed by Vogel  ̂ the negative-parity band may assume a two- 
quasiparticle character a t higher spins.

4.3. IBA PREDICTIONS

G uided by the collective features observed in  ̂‘ ®Ra and by the vibrational pattern  of 
the two bands built on the ground State and the octupole vibrational excitation we have 
attem pted to  interpret our results in term s o f the interacting boson approxim ation 
[IBA, ref. in the following the notation used in this reference will be adopted]. In 
the vibrational limit w ithout cut-off, the energies of the ground-state band are 
given by

£g.s.b.(^ =  2«d) =  ed«d +  2 C 4 " d ( « d - l ) ,

where n¿ represents the num ber of d-bosons (L =  2 ), their excitation energy and ĉ . 
the coupling between them. The excitation of an f-boson (L =  3) and its coupling to  the 
n¿ d-bosons require two additional term s for the description of the octupole vibrational 
band (o.v.b.):

E a . y .b . i ^  —  2«d-t-3) = £g.s.b.(2”d) + % + ”d̂ 5-

Using these expressions we obtain an excellent fit to the experimental leve! scheme 
(fig. 10). The deduced param eters are e¿ =  361.2 keV, C4  =  14.7 ke>V, =  649.7 keV 
and X5 =  -1 5 .1  keV. In com parison with the fits to  the level schemes o f  ‘^®Sm and 
‘ ’ ^Gd which are characterized by similar d-boson excitation energies the small d- 
boson interaction term  C4  should be noted. The much smaller f-boson excitation energy 
is also expected from  the point o f view o f shell-model considerations

In this limit o f the IBA the branching ratios in the deexcitation o f  the negative-parity 
states can be expressed as :

B (E l,J  =  2 n j - f - 3 ^ J ' =  2nj +  2) _ n j + í ^
B{E2,I = 2n¿ + 3 ^ r  = 2n¿+l) ln¿ '
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Fig. 10. Comparison of experimental level energies with IBA predictions (see text).

with C being a constant. In the case o f  ̂‘ ®Ra we observe these branchings in the range 
o f7  ^  /  ^  15,i.e. fo r« j ^  2  where the form ula predicts valúes nearly independent o f /, 
in good agreement with experiment (table 2). However, within this limit o f the IBA, the 
corresponding branching ratios for the members o f the ground-state band should 
vanish since here the E l transitions involve the sim ultaneous annihilation o f two d- 
bosons. This is in striking contrast to  experiment (table 2). Sym m etry-breaking terms, 
treated as perturbation can also not account for the strong observed B{El)/B{E2) 
branching ratios o f the members o f the ground-state band. It therefore seems that in the 
case o f ^^*Ra the interacting boson approxim ation in the SU(5) limit cannot account 
for all experimentally observed data. It remains to  be studied if o ther limits o f the IBA 
[e.g. SU(3), ref. or an extensión o f  the IBA to account for a-clustering which 
involves p-bosons may give a better account o f the nature o f the negative-parity 
band and the observed B{El)/B{E2) branching ratios.



5. Conclusión

The level scheme o f previously unknow n, has been established up to  spin
r  -  17“ . The excited levels group into two main bands of opposite parity and a third 
band o f which only three levels were observed. The members o f  the two main bands are 
nearly evenly spaced in excitation energy, as characteristic o f a vibrational behavior. 
The positive-parity band fits well into the systematics o f even R a isotopes and 
dem ónstrales the transitional character o f ^^*Ra. The negative-parity band is 
interpreted as an octupole vibrational band, as seen in heavier R a nuclei. A strong E l 
cascade connects both  bands. The neraly constant B(E1)/5(E2) branching ratios 
suggest a ra ther similar structure o f bo th  bands. The vibrational limit o f the interacting 
boson approxim ation yields a good description o f the level scheme but fails to  account 
for the E l deexcitation o f the members o f  the ground-state band.
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