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Abstract

The fast timing �(t) method has been used to measure level lifetimes in the

parity doublet bands in 227Ra populated in the �� decay of 227Fr. In particular,

T1=2 = 254(9) ps, 236(30) ps, � 41 ps, and 16(13) ps have been measured for

the 3/2� and 5/2� members of the K� = 3/2� band and for the 1/2� and 3/2�

members of the K� = 1/2� band, respectively. These results indicate surprisingly

fast B(E1) rates in this octupole transitional nucleus with the average jD0j value

of � 0.11 e�fm for the K� = 1/2� band and jD0j=0.10 e�fm for K� = 3/2� band.

The general enhancement (and occasional quenching) of E1 intra-doublet and some

enhanced extra-doublet transitions in 227Ra are interpreted within the quasiparticle-

plus-phonon model with the inclusion of Coriolis coupling. Similar calculations,

performed for 223Ra, are found to be in good agreement with the experimental

data.
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1 Introduction

The structure of Ra and Th nuclei evolves from spherical at N = 126 to quadrupole

deformed near N � 142 as they span the central part of the octupole collective region

at N � 136. This strategic location makes them an ideal testing ground for the strong

interplay of quadrupole and octupole collectivities which uniquely characterize the heavy

actinides. In contrast to the energy systematics of the low-lying positive and negative

parity bands, which in Ra and Th show a close similarity [1], the systematics of their

dipole moments D0 (derived from B(E1) rates) is quite di�erent. In heavy Th nuclei,

there is a smooth decrease of the D0 values from a maximum near N � 134 to a small

value near N � 140, while the Ra systematics show strong uctuations with the unique

phenomenon of D0 quenching at N � 136 [1, 2].

The recent calculations [1, 2] correctly reproduce the general features of the energy

and D0 systematics. However, the microscopic calculations of Egido and Robledo [1] pre-

dict fast B(E1) rates for 228;230Ra (N=140, 142), while the schematic model calculations

of Butler and Nazarewicz [2] seem to imply lowering of the dipole moment for heavy Ra

isotopes and a possible strong con�guration-dependence of D0 for selected odd nuclei.

These predictions remain to be veri�ed.

The B(E1) systematics for the low-lying states, which are the crucial testing ground

for the theoretical predictions, remain fairly incomplete in this region [2], particularly for
the heavier transitional nuclei. Despite a few direct measurements (e.g. from Coulomb exci-

tation or lifetime measurements), most B(E1) rates have been estimated from
B(E1)=B(E2) branching ratios by assuming that these nuclei are good rotors, having
a constant quadrupole moment through the rotational band, equal to that of the ground-

state band. However, the B(E1)=B(E2) ratios are di�cult to extract for the low-lying
levels where the low energy E2 transitions are highly converted. On the other hand, low

transition energies imply relatively long level lifetimes that can be directly measured with
the fast timing �(t) method [3, 4, 5].

A recent introduction of the fast timing �(t) method [6] at the PSB ISOLDE

mass separator at CERN has opened the actinide region to lifetime measurements in the
low picosecond range. Our speci�c interest is to examine three di�erent aspects of the

B(E1) systematics in the heavy Ra, Ac and Th nuclei related to the lowest-lying states
that are the most representative of the ground-state collectivity: a) to map the nuclei
which exhibit the e�ect of `B(E1) quenching' | a sudden lowering of the B(E1) strength

exhibited by speci�c nuclei in this region, b) to verify the B(E1) systematics at low
excitations and to compare it with the better established B(E1) strength at higher spin

and excitation energies | the latter seems to be higher because of the stabilizing e�ect

of rotation, and c) to verify the predicted dependence of the B(E1) strength on speci�c

intrinsic con�gurations of the parity-doublet (PD) bands in the odd nuclei. Furthermore,

since our preliminary results indicate serious discrepancies with some of the previously

quoted D0 values (e.g. for
222Ra and 228Ra [2]), there is a need not only to expand the

systematics but also to verify (via our direct method of measurement) the results which

were deduced by indirect methods.

In the present work we report the lifetimemeasurements for the octupole transitional
227Ra nucleus [7]. The measurements were performed at the PSB ISOLDE at CERN and

combined with precise time calibrations of the fast timing detectors at the OSIRIS �ssion-

product mass separator in Studsvik. Levels in 227Ra were populated in the �� decay of
227Fr. We note that the present results are independent of those obtained in our earlier
run and reported in Ref. [6].
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From the theoretical point of view, the octupole correlations in the actinide region

[8] can be treated by strong coupling theories based on the assumption of a stable octupole

deformation (see for example [9, 10]). In these theories the octupole correlations are so

strong as to lead to the formation of non-zero octupole (and induced dipole) moment

in the mean �eld ground state. However, self-consistent Hartree-Fock or Hartree-Fock-

Bogoliubov calculations using the Skyrme [11] or Gogny [1, 12] e�ective nucleon{nucleon

force, as well as Strutinsky method calculations [2], show only a few nuclei with stable

octupole deformation of the ground state. The rest of the nuclei in the octupole collective

actinide region are in fact only `soft' with respect to octupole vibrations.

The second group of theoretical descriptions of octupole correlations (which seem

well suited to the case of 227Ra) are the weak coupling theories, which involve all octupole

correlations as residual interactions. In this case the average �eld of a nucleus remains

reection symmetric. However, relatively strong octupole correlations lead to highly col-

lective octupole vibrational components in the low-lying states [13, 14, 15, 16]. In this

paper we demonstrate, in the examples of 223Ra and 227Ra, that these octupole compo-

nents cause intense dipole transitions between low-lying states and that the structure of

these octupole components allows identi�cation of the doublet character of the low-lying

spectrum in a similar way to the strong coupling scheme with a stable octupole deforma-

tion. Furthermore, this work represents the �rst application of the weak coupling theory
described in Section 5 to the calculation of transition rates in the actinide region, and

thus provides a sensitive test of this approach.
Details of the measurements and data analysis for 227Ra are discussed in

Sections 2 and 3, and a comparison of the experimental data for the octupole transitional
227Ra and the octupole deformed 223Ra [7, 17] is presented in Section 4. A description
of the theoretical model is given in Section 5, while the theoretical interpretation of the

results for 227Ra and 223Ra is provided in Sections 6 and 7, respectively.

2 Experimental details

The measurements on 227Ra were performed at the PSB ISOLDE mass separator
facility at CERN. A highly pure beam of 227Rn was produced from a ThC2 target (coupled

to a plasma ion-source via a cold transfer line) bombarded with a 1 GeV proton beam
from the PS Booster. The beam was deposited on a movable magnetic tape and data
were collected in two modes: a) when the tape was stationary, giving equal weights to

the transitions from the decay of 227Rn to 227Fr (T1=2 = 2.5 m) and from 227Fr to 227Ra
(T1=2 = 42 m), and b) when the tape was moving in a short cycle designed to suppress
the observed intensity of transitions from the decay of 227Fr to 227Ra. Here the results on

the decay of 227Fr to 227Ra are reported, while the results on the decay of 227Rn to 227Fr

are published separately [18].

The experimental set-up shown in Figure 1 consisted of four detectors positioned

around the beam deposition point outside the experimental chamber (details of the cham-
ber are not shown in the �gure). The fast timing �-detector was a 3-mm-thick NE111A

plastic scintillator positioned behind the tape and separated from it by a thin Al window

in the wall of the experimental chamber. There were also three -ray detectors: a small
BaF2 crystal for fast timing and two Ge detectors with e�ciencies of 40% and 70%. A

simple three-parameter time-delayed coincidence system was set between the �-detector
and each of the -detectors. The data acquisition was performed in such a way that a

valid event required a coincidence between the �-detector and any number of -detectors.

Up to seven parameters were collected per coincident event: the energy of the �-particle,
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and two parameters (the energy of a -ray and the time-delay between the �-ray and this

-ray) for each coincident -detector.

In the o�-line analysis these coincident events were presorted into separate blocks

of data corresponding to four independent measurements: two �(t) recordings involving

�{Ge or �{BaF2 detectors, and two �(t) measurements involving �{Ge{Ge or �{BaF2{

Ge detectors. From the �rst data set we obtained �-gated singles for each of the Ge

detectors, and also found, from the time delay between events in the �-detector and a

Ge detector, that none of the strongly populated states in 227Ra has a lifetime in the

range from 0.1 to 8 �s. From the time-delayed �(t) events between fast timing detectors

(the second data set) the lifetime of the 676-keV level has been estimated. A partial level

scheme of 227Ra is given in Fig. 2.

2.1 �(t) Method

Level lifetimes were measured with the �(t) method (detailed in Refs. [3, 4, 5]),

which involves triple coincidence �{BaF2{Ge events. The crucial timing information was

obtained from the coincidences between the fast timing �- and -detectors, while the

coincidence with one of the Ge detectors served to select the desired decay branch.

Lifetimes with T1=2 � 100 ps were deconvoluted from the slope on the `delayed'
side of the time distribution, while shorter lifetimes were obtained from centroid shift

measurements in the following way: When the level of interest is directly fed by �-decay,
the mean life � (� = T1=2= ln 2) is simply given by the di�erence between the centroid of
the delayed time spectrum and the prompt centroid of the same E . For indirect -ray

feeding, the mean lifetime of interest is the di�erence between the centroid shift of the
spectrum gated by the de-exciting -ray and the centroid shift of the spectrum gated by

the feeding -transition. The time calibration of the BaF2 detector was obtained o�-line
at ISOLDE using a precalibrated source of 140Ba!140La!140Ce that was prepared at
the OSIRIS separator at Studsvik[20, 21]. Further cross-check and time-calibration was

obtained on-site and in-beam from transitions in 227Rn!227Fr and 227Fr!227Ra, which
were analysed simultaneously by both the slope and centroid shift methods. More detailed

time calibration of the full energy peak and Compton curves was done at OSIRIS using
a variety of beams while maintaining the experimental geometry as close as possible to
that at ISOLDE.

3 Experimental results

3.1 -coincidences

Using the -coincidences from the �{Ge{Ge measurement we have veri�ed the
decay scheme of 227Fr!227Ra previously proposed [22, 23] and identi�ed the contami-

nating transitions, including the overlapping -transitions from the 227Rn!227Fr decay.

We have also extracted the previously unknown intensities of two low-energy transitions.
These intensities, and upper limits for the intensities of a number of other transitions

also needed for the evaluation of transition rates in Section 4, are listed in Table 1. Note
that Table 1 also includes the results obtained with the Tardis multi-detector array in the

measurements discussed in Ref. [18].

Furthermore, these data provided interpretation of the fast timing BaF2 spectra. By
gating on a given -transition in one of the Ge detectors, the composition of the coincident

BaF2 spectrum of poor energy resolution (from the �{BaF2{Ge experiment) is given by

the equivalent high-resolution coincident Ge spectrum from the �{Ge{Ge experiment.
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Figure 1: Schematic view of the experimental set-up with four detectors in a close geom-

etry: the fast timing �- and -detectors (a thin NE111A scintillator and a small BaF2

crystal) and two Ge detectors.

Figure 2: Partial decay scheme of 227Fr!227Ra (from Ref. [19]) which includes transitions

discussed in the text. Members of the K� = 1/2� and 3/2� parity doublet bands are
marked by thick lines, while the low-lying E1 transitions are also indicated. The level

half-lives are from this work.
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Table 1

Measured and estimated branching ratios for the unobserved transitions in 227Ra.

E Elevel Multipolarity Branching Ratioa)

Measuredb) Estimatedc)

(keV) (keV) This work Tardisd) Adopted

11.9 101.9 E2 (+M1) 0.15(4) 0.22(5) 0.18(3) �0.20

12.3 296.6 E2 (+M1) �0.20 �0.045
15.9 177.0 M1+E2 �0.45 �0.30 �0.02

40.3 161.1 E2 (+M1) �0.17 0.21(7) 0.16(6) �0.074
56.3 177.0 E2 �0.25 �0.30 �0.11

88.3 90.0 E1 �0.06 �0.02 �0.02

675.9 675.9 E1 �0.008e) �0.008
a) Ratio of the total transition intensity for the -ray listed in column 1 to the sum of the

total intensities for all transitions de-exciting the same level (listed in column 2).
b) From ; measured from the intensity of the -transitions cascading via the unobserved

(highly converted) transition listed in column 1, except for the 88.3- and 675.9-keV transi-

tions.
c) Using the lifetimes given in Table 2 and assuming Q0 � 740(30).
d) Measured in a Compton-suppressed array, see Ref. [18].
e) From I676keV /I585keV ; measured as � 0.014 in the �-gated -singles spectrum.

3.2 Fast timing �(t)

The lifetimes for the 90- and 102-keV levels have been measured by the decon-
volution method [3]. The 90-keV level is intensely populated by the 586-keV transition

de-exciting the 676-keV level (see the partial decay scheme in Fig. 3b). In the triple coin-
cidences between the �, BaF2 and Ge detectors, the 90-keV transition selected in the Ge

detector gives a coincident BaF2 spectrum, shown in Fig. 3a. With an additional gate on
the full energy peak at 586 keV in the BaF2 spectrum, the semi-prompt fast timing spec-
trum (Fig. 3b) between the �-rays and the 586-keV transition is obtained. This spectrum

indicates that the lifetime of the 676-keV level is short (the slope on the time-delayed side
gives a limit of T1=2 � 30 ps for the 676-keV level: a result improved to T1=2 � 10 ps by a

centroid shift measurement, see Table 2). By reversing the gates and selecting the 586-keV
transition in Ge and the 64/90 keV gate in BaF2 (see Fig. 3c), the time-delayed spectrum
with a well-de�ned slope due to the lifetime of the 90-keV level (Fig. 3d) is found. The

slope �tting gives T1=2 = 254(9) ps which con�rms the independent measurement of this
level lifetime in our previous short run as T1=2 = 262(50) ps [6].
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Table 2

Half-lives of the excited states in 227Ra.

Level T1=2 T1=2
(keV) previous worka) present work

(ps) (ps)

90.0 262(50) ps 254(9)

101.9 236(30)

120.7 �47

161.1 �39

177.0 �58

284.3 16(13) b)

296.6 �41

384.4 �21

471.6 �6

523.9 �20

675.9 �10 c)

a) From Ref. [6].
b) Adopted value T1=2 � 29 ps.
c) Estimated from the relative centroid shift of

the 586-keV peak in the fast timing �{BaF2

coincidences.

Figure 3: (a),(c): BaF2 spectra in coincidence with the 90- and 586-keV transitions selected

in Ge, respectively. (b),(d): Fast timing (�{BaF2) spectra gated on the full energy peak

at 586 keV in spectrum (a), and on the 64/90-keV peak in spectrum (c), respectively. The

gated regions are marked by black rectangles in spectra (a) and (c).
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The timing analysis for the 102-keV level is a�ected by the highly converted and

fairly intense (15%) 12-keV transition between the 102- and 90-keV levels (see Fig. 4 and

Table 1). This introduces an extra time-delayed component into the time spectrum of

Fig. 4 because of the 90-keV transition de-exciting the 90-keV level that got mixed into

the BaF2 gate as an impurity. We estimate its contribution to be below 8%. The time

distribution analysis does not indicate any signi�cant presence of a second time compo-

nent, implying perhaps a smaller impurity contribution than estimated. Nevertheless, the

uncertainty in the lifetime of the 102-keV level has been judiciously increased.

Figure 4: Left: Time-delayed (�{BaF2) spectrum gated by the -energy window from 85
to 115 keV in the BaF2 spectrum and by the 574-keV transition in the Ge detector. The

slope is due to the lifetime of the 102-keV level. The uncertainty in T1=2 was increased to
account for the 15% branching to the 90-keV level and additional time delay caused by a
partial presence of the 90-keV transition in the BaF2 gate. Right: A partial decay scheme

of 227Fr!227Ra.

Shorter lifetimes were measured by the centroid shift technique (for details including
corrections applied see Refs. [3, 5]). Since the prompt and delayed time spectra must be

measured concurrently in order to maintain identical experimental conditions, the time
calibration involves either the `prompt points' or the `reference points', which are internal

to the decay and serve to renormalize the relative prompt curve for the BaF2 detector

that was measured o�-line. Unlike the prompt points, for which by de�nition � = 0,

the reference points may be shifted by a non-zero time delay (due to the lifetime of the

level they de-excite), which exactly cancels out in the timing analysis and thus becomes

irrelevant (see also Ref. [24]).

The 204-, 292-, 392- and 586-keV transitions de-exciting the 676-keV state were

selected as the reference points. [Conveniently, this level is strongly �-fed (52%) and

deexcites by a few relatively-strong two -ray cascades, as seen in the partial decay scheme
in Fig. 5.] The centroids of the time spectra gated by the feeding �-ray and the full energy

peaks of these transitions selected in BaF2 were obtained, using two -ray cascades, by

selecting in the Ge detector the bottom member of the cascade. As an example, consider

the 586{90-keV cascade in Fig. 3: the centroid of the time spectrum shown in Fig. 3b

provides the reference point at 586 keV.

7



Figure 5: Top: A partial decay scheme of 227Fr!227Ra showing a few double -ray cascades

deexciting the 676-keV level. Middle: Centroid positions of the fast timing (�{BaF2)
spectra for a few -transitions measured o�-line and in-beam: the prompt curve (solid

lines) connects prompt points that were measured o�-line using the A=140 source. The
solid squares indicate time centroids for the transitions deexciting directly the 676-keV

level, which de�ne the internal reference points. Bottom: The centroid positions of the
227Ra points after shifting down by a constant (see text for details). The calibration of
the vertical scale is 13.1 ps per channel.
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Figure 5a illustrates some of the in-beam data for 227Ra (solid symbols) and the

relative prompt curve measured o�-line with the A=140 source (crosses connected by

lines). The reference points (solid squares marked by the transition energy in keV: 204,

292, 392, and 586) are shifted from the true prompt positions by the mean life of the

676-keV state, �676, the exact value of which remains unknown. The solid dot `374' marks

the centroid of the time spectrum gated by the 204-keV transition in Ge and a common

gate at 374 keV in BaF2 (on the unresolved full energy peaks at 370 and 382 keV), that

is shifted from the true prompt by the sum of the mean lives for the 676- and 472-keV

levels: �676 + �472. Similarly, the solid dot `170' marks the centroid of the time spectrum

gated by the 392-keV transition in Ge and a common gate at 170 keV in BaF2 (on the

unresolved full energy peaks at 164 and 182 keV). Its shift from the true prompt is the

sum of the mean lives: �676 + �284. It can be easily seen that the relative shifts of the

`170' and `374' centroids from the reference points directly give the mean lives for the

284- and 472-keV levels, respectively, provided the exact shape of the curve connecting

the reference points and its shape below the energy of 204 keV are known.

This shape is provided by the relative prompt curve. In Fig. 5b, the in-beam points

were moved down by a constant selected in such a way as to make the reference points

at 292, 392, and 586 keV overlap with the relative prompt curve. (The point at 204 keV

was used after the renormalization to rede�ne the shape of the relative prompt curve at
204 keV.) One can now provide the numerical estimates for the centroid shifts. In partic-

ular, the shift of the `374' point relative to the reference points is negligible indicating a
short lifetime for the 472-keV level (the measured value is T1=2 � 6 ps), while the `170'
point is signi�cantly shifted, and the related uncertainties are quite large as well. The

measured shift of 1.2 � 1.0 channels (see Fig. 5b) yields T1=2 = 16 � 13 ps. In general,
a few independent measurements were made for each level and the �nal half-life results,

listed in Table 2, represent the weighted average.

4 Systematics of the B(E1) rates in 223Ra and 227Ra

The occurence of stable octupole deformation is manifested in the odd-A nuclei
by a few characteristic �ngerprints such as degenerate parity doublet (PD) bands, equal
magnetic moments for the parity doublets, enhanced E1 transitions between members of

the PD band, and decoupling parameters for the K = 1=2 bands with equal values but
opposite signs [25]. In order to compare these predictions with experimental values, Fig. 6

shows the energy systematics of the K� = 1=2� and K� = 3=2� PD bands, while Table 3
shows the systematics of the decoupling parameters measured for the K� = 1=2� bands in
223;225;227Ra. Clearly these predictions are only partially ful�lled in 223;225;227Ra. Although

the smooth energy systematics and moderate variations in the decoupling parameters do

not suggest strong di�erences in the structure of these nuclei (indeed it has been shown
that octupole collectivities must be involved in all three nuclei), it is the degree and kind of

octupole collectivity that set these nuclei apart with particularly di�erent interpretation

of 223Ra and 227Ra. Consequently, the intercomparison of the latter two nuclei will be

the focal point of the remainder of this paper, since the degree and the kind of octupole

collectivity for the heavier Ra nuclei remain an open question.
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Table 3

The experimental decoupling parameters for the K� = 1=2� parity-doublet bands in
223;225;227Ra, and the calculated results (this work) for 223;227Ra.

Decoupling parameters
223Raa) 225Rab) 227Raa)

Exp. Theor. Exp. Exp. Theor.

K� = 1=2+ 1.35 1.21 1.53 0.62 1.17
K� = 1=2� �2.0 �2.48 �2.59 �1.68 �2.37
a) Taken from [19].
b) Taken from [26].

Figure 6: Systematics of the K = 1/2� and K = 3/2� parity doublet bands in 223;225;227Ra
(from Refs. [19, 25]). Note that these bands remain at the low excitation energy with a
small and almost constant energy separation between the K� = 3=2� and 3=2+ partner

bands. Small separation energy also characterizes the K� = 1=2� partners in 223;225Ra
with a signi�cantly wider gap in 227Ra.

Prior to this work the nuclear structures of 223Ra and 227Ra were analysed with the

models of strong and of intermediate coupling between the particle and the reection-

asymmetric intrinsic �eld [8], the non-adiabatic rigid reection-asymmetric rotor model
[9, 17], the Strutinski shell-correction method with a single-particle level scheme obtained

with a Woods{Saxon mean �eld [27], or more generally, using the reection-asymmetric

mean �eld approach with an average Woods{Saxon potential and a monopole-pairing
residual interaction [7]. Although the height of the octupole barrier in 223Ra remains

sensitive to the details of the models [7, 8, 27], there is a consensus in these stud-
ies that 223Ra is a nucleus with stable octupole deformation (�3 = 0.10). There is also

a consensus that 227Ra lies on the border of the octupole-instability region. It is thus

an octupole transitional nucleus with a possible small and stable octupole deformation
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(�3 � 0.07) and with some evidence for shape coexistence of pure quadrupole and

quadrupole{octupole deformations [19]; or alternatively, 227Ra with a shallow potential

well for �3 may be considered as an octupole vibrational nucleus. It should be noted,

however, that the amount of octupole correlations is state-dependent with particularly

large uctuations predicted at the border region [7].

4.1 Fast intra-parity-doublet E1 transitions

The new experimental data allow another important characteristic of the octupole

collectivity, namely fast E1 intra-PD transitions, to be examined for the �rst time in
227Ra. Tables 4 and 5 provide a summary of the measured transition rates for 227Ra and
223Ra, respectively, including the measured B(E1) rates, while Table 6 lists the measured

and calculated D0 values for the PD bands in 223Ra and 227Ra. The dipole moment D0 is

de�ned via the rotational formula

B(E1; Ii ! If ) =
3

4�
D2

0 hIiKi10jIfKfi
2
; (1)

which is not strictly applicable to the transitional nuclei. Nevertheless, D0, treated here

as a parameter, provides a consistent means for intercomparison of the B(E1) strength

between even{even and odd{A nuclei as well as for the E1 transitions de-exciting various

band members.
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Table 4

Experimental and theoretical transition probabilities, -branching ratios, and decay

half-lives in 227Ra. Experimental data from this work and Ref. [19].

Initial Final bibf
a) -ray B(XL; i! f)b;c) -branching T

(i)

1=2

state state E ratiod) (ps)
(keV) (keV) (keV) XL Exp.e) Theor. Exp. Theor. Exp. Theor.c)

64.1 25.8 bb 38.3 M1 1.1�10�1 855 67
E2 1.8�104

1.7 bc 62.4 M1 2.8�10�2 926
0.0 bb 64.1 E2 9.8�103 100 100

90.0 25.8 Bb 64.3 E1 1.44(16)�10�3 1.2�10�3 38(4) 20 254(9) 184
1.7 Bc 88.3 E1 �4.8�10�5 1.1�10�4 �3.3 4.7
0.0 Bb 90.0 E1 1.41(8)�10�3 2.2�10�3 100(10) 100

101.9 90.0 BB 11.9 M1 �4.9�10�2f) 1.4�10�1 �0.12 0.22 236(30) 143

E2 �2.5�104 g) 2.7�104

64.1 Bb 37.9 E1 2.1(5)�10�3 7.0�10�4 18(4) 3.3
25.8 Bb 76.1 E1 5.9(13)�10�5 6.0�10�5 4.2(7) 2.3
1.7 Bc 100.1 E1 4.7(10)�10�4 9.1�10�5 76(16) 7.8
0.0 Bb 101.9 E1 5.8(10)�10�4 1.1�10�3 100(16) 100

120.7 90.0 aB 30.7 E1 3.2�10�3 0.53 �47 2.4
25.8 ab 95.0 E2 1.6�102 0.006
1.7 ac 118.8 E2 5.0�10�2 �0
0.0 ab 120.7 M1 �4.5�10�2h) 8.9�10�1 100 100

161.1 120.7 aa 40.3 M1 1.1�10�1 �5 1.9 �39 �5.2
E2 4.1�103

101.9 aB 59.2 E1 2.0�10�3 10.1
90.0 aB 71.1 E1 3.1�10�3 27

25.8 ab 135.3 M1 �2.2�10�2h) 1.5�10�1 100(29) 100
1.7 ac 159.4 M1 �3.9�10�3h) 6.6�10�2 31(3) 72

0.0 ab 161.1 M1 �7.4�10�3h) 1.1�10�1 60(6) 124

177.0 161.1 aa 15.9 M1 2.0�10�1 �1.8i) 1.0 �58 �19
E2 4.8�104

120.7 aa 56.3 E2 5.6�103 �1.8i) 0.27
(115) aB (62) E1 2.0�10�4 5.3
101.9 aB 75.0 E1 1.1�10�3 52
90.0 aB 86.9 E1 3.1�10�4 23
83.4 ac 93.6 E2 3.1�100 �0
64.1 ab 113.0 M1 �4.0�10�3 h) 1.8�10�2 18(7) 32
(35) ac (142) M1 1.5�10�2 53
25.8 ab 151.2 M1 �5.2�10�3 h) 2.5�10�2 63(43) 107

1.7 ac 175.2 M1 �5.8�10�3h) 1.5�10�2 100(67) 100
0.0 ab 177.0 M1 1.4�10�2 96

284.3 177.0 Aa 107.3 E1 �2.9�10�3 j) 4.9�10�3 38(4) 42 16(13) �12
161.1 Aa 123.2 E1 �4.4�10�4 j) 3.5�10�4 9(1) 4.5

153.3 A? 131.0 E1 �3.0�10�4 j) 7(1)
120.7 Aa 163.6 E1 �2.2�10�3 j) 3.3�10�3 100(10) 100
(115) AB (169) E2 2.7�103 2.0

101.9 AB 182.4 M1 �1.6�10�2 j;k) 1.5�10�2 17(2) 9.3
E2 �3.5�103 j;k) 2.1�103

90.0 AB 194.3 M1 7.3�10�3 10(1) 6.9
E2 1.9�103

25.8 Ab 258.3 E1 9.3�10�7 0.11
1.7 Ac 282.4 E1 2.6�10�5 4.1
0.0 Ab 284.3 E1 �4.0�10�5 j) 5.6�10�5 10(2) 8.9
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296.6 284.3 AA 12.3 M1 1.8�10�1 �0.19i) 0.02 �41 �9.5
E2 3.2�104

161.1 Aa 135.5 E1 �7.6�10�4 5.7�10�3 100(38) 79
120.7 Aa 175.9 E1 �3.8�10�4 3.3�10�3 100(23) 100
101.9 AB 194.7 E2 1.2�103 1.4

90.0 AB 206.6 M1 �1.4�10�2f) 1.6�10�2 52(5) 11.3
E2 �4.8�103g) 1.6�103

0.0 Ab 296.6 E1 �1.5�10�6 1.3�10�5 3.1(15) 1.9
675.9 475.0 D? 200.9 E1 �5.5�10�5 2.0(2) �10 �0.84

471.6 D? 204.3 M1 �1.5�10�2m) 9.9(8)
438.8 D? 237.2 E1 �2.5�10�6 0.19(5)
384.4 D? 291.6 E1 �2.3�10�5 2.5(2)
296.6 DA 379.2 M1 �1.1�10�4 2.5�10�3 0.32(5) 0.62

284.3 DA 391.6 M1 �3.0�10�3h) 8.0�10�2 8.8(6) 22
161.1 Da 514.8 E1 �9.7�10�6 3.0�10�4 6(1) 17
120.7 Da 555.2 E1 �1.4�10�5 6.5�10�4 10.1(7) 45
101.9 DB 573.8 E2 �7.4 2.8�101 1.6(1) 0.54
90.0 DB 585.8 M1 �1.1�10�2h) 1.1�10�1 100(5) 100
0.0 Db 675.9 E1 4.5�10�5 � 1.4 5.7

a) Band assignment for the initial and final states: a, b, c, A, and B stand for the

K� = 1=2+, 3=2+, 5=2+, 1=2�, and 3=2� PD bands, respectively. D and `?' stand for

the K� = 1=2� band at 675.9 keV and for an unclassi�ed level, respectively.
b) In units of e2�fm2 for E1, e2�fm4 for E2, and �2N for M1 transitions; see the XL multi-

polarity in column 5.
c) Total conversion coe�cients were taken from Refs. [19, 28].
d) Relative to the strongest -transition intensity for a given level; -intensity combines the

M1 and E2 components for the mixed M1=E2 transitions.
e) Includes, as corrections for the 12.3-, 15.9- and 56.3-keV transitions, the estimates from

column 7 in Table 1.
f) �(E2=M1) unknown, assuming j�(E2=M1)j � 0.
g) �(E2=M1) unknown, assuming j�(E2=M1)j � 1 .
h) �(E2=M1) unknown, assuming j�(E2=M1)j � 0.
i) Using the measured branching ratios of � 0.20, � 0.30, and � 25 for the 12.3-, 15.9-, and

56.3-keV transitions, respectively, from Table 1.
j) Transition rates at T1=2 = 16 ps.
k) Using �(E2=M1) = 0.7, Ref. [19].
l) �(E2=M1) unknown, assuming j�(E2=M1)j � 1.
m) Using �(E2=M1) � 0.8, Ref. [19].
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Table 5

Experimental and theoretical transition probabilities, -branching ratios, and decay

half-lives in 223Ra. Experimental data from Refs. [19, 27, 29].

Initial Final bibf
a) -ray B(XL; i! f)b;c) -branching T

(i)

1=2

state state E ratiod) (ps)

(keV) (keV) (keV) XL Exp.e;f) Theor. Exp.g) Theor. Exp.h) Theor.c)

50.1 29.9 Bb 20.3 E1 1.16(19)�10�3 4.7�10�4 3.2(3) 2.6 730(100) 1481

0.0 Bb 50.1 E1 2.4(3)�10�3 1.21�10�3 100(2) 100

61.4 29.9 bb 31.6 M1 4.1(11)�10�3 g) 6.9�10�3 77(10) 135 700(180) 630

E2 4:7(12)�103g) 4.6�103

0.0 bb 61.4 E2 3.0(8)�103 2.8�103 100(10) 100

79.7 61.4 Bb 18.3 E1 1.5�10�4 0.9 240(80) 352

50.1 BB 29.6 M1 1.32�10�2 3.9

E2 1.03�104

29.9 Bb 49.9 E1 1.0(4)�10�3 1.1�10�4 26(2) 13.4

0.0 Bb 79.7 E1 9.9(33)�10�4 2.0�10�4 100(3) 100

123.8 79.7 BB 44.1 M1 2.1(6)�10�3g) 1.4�10�3 0.5(2) 0.31 390(50) 364

E2 4.1(11)�103 g) 4.0�103

61.4 Bb 62.5 E1 2.4(5)�10�4 3.9�10�5 12.6(18) 1.6

50.1 BB 73.6 E2 2.7(6)�103 2.7�103 1.0(2) 0.75

29.9 Bb 93.9 E1 5.5(9)�10�4 7.2�10�4 100(4) 100

130.2 123.8 bB 6.4 E1 1.6�10�3 1.28 220(50) 479

61.4 bb 68.7 M1 1.4(3)�10�2 g) 8.8�10�3 76(7) 108

E2 8.7(21)�103 g) 3.1�103

29.9 bb 100.3 E2 1.02(26)�104 4.2�103 100(16) 100

174.58 130.2 Bb 44.4 E1 �8�10�5 2.4�10�6 0.5(5) 0.01 200(60) 90

123.8 BB 50.8 M1 7.4(32)�10�3 g) 3.3�10�2 1.7(8) 2.1

E2 6.6(29)�103 g) 2.6�103

79.7 BB 94.9 E2 4.0�103 �2.6 1.0

61.4 Bb 113.2 E1 5.2(17)�10�4 1.6�10�3 100(5) 100

174.62 174.58 bB 0.04 E1 2.0�10�3 �0 130(30) 226

130.2 bb 44.4 M1 2.9(21)�10�2 h) 3.2�10�2 8(6) 34

E2 2.3�103

61.4 bb 113.2 E2 2.4(9)�104 6.4�103 100(70) 100

247.4 174.62 Bb 72.8 E1 1.8�10�4 4.2 150(50) 117

174.58 BB 72.8 M1 2.0�10�2 5.3

E2 1.8�103

130.2 Bb 117.2 E1 4.8(19)�10�4 1.03�10�3 100(5) 100

123.8 BB 123.5 (E2) 2.6(11)�103 4.7�103 7.2(14) 6.3

286.1 234.8 ab 51.3 E2 6.6�10�2
�0 610(50) 350

50.1 aB 236.0 E1 2.76(24)�10�5 6.0�10�5 100(6) 100

29.9 ab 256.3 E2 2.41(21)�102 1.6�102 56.2(9) 17

0.0 ab 286.1 M1 �2.2�10�4 i) 4.9�10�4 14.1(7) 16

E2 �3.8�101 j) 2.5�10�1

329.9 286.1 Aa 43.8 E1 4.5(5)�10�4 6.0�10�5 8.0(1) 2.8 360(40) 803

234.8 Ac 95.1 E1 1.1�10�7 �0.5 0.05

123.8 AB 206.1 E2 1.51(17)�102 2.1�101 8.5(9) 3.3

79.7 AB 250.4 M1 6.5(11)�10�5 g) 1.4�10�4 12.8(18) 19

E2 7.0(10)�101 g) 1.4�101

50.1 AB 279.7 M1 �3.7�10�5i) 9.1�10�5 1.6(2) 25

E2 �7.1j) 1.8�101

29.9 Ab 300.0 E1 1.43(16)�10�5 7.0�10�6 81.3(18) 103

0.0 Ab 329.9 E1 1.32(15)�10�5 5.1�10�6 100(2) 100
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334.4 329.9 aA 4.5 E1 1.6�10�5 �0 240(20) 216

286.1 aa 48.3 E2 9.2(10)�103 2.8�103 0.88(9) 0.09

280.2 ac 54.2 M1 2.0�10�4 0.06

E2 7.2�10�3

234.8 ac 99.6 M1 1.11�10�3 2.0

E2 3.3�10�5

130.2 ab 204.3 E2 1.37(21)�102 1.7�102 18(2) 7.6

123.8 aB 210.7 E1 2.25(21)�10�5 6.5�10�5 100(2) 100

79.7 aB 254.7 (E1) 7.7(8)�10�6 1.14�10�5 60(3) 31

61.4 ab 272.9 M1 1.55(16)�10�5 g) 6.9�10�5 41(2) 5.0

E2 7.2(7)�101 g) 1.24�101

29.9 ab 304.5 M1 5.7(6)�10�4 g) 7.3�10�4 90(4) 55

E2 6.0(6) g) 5.3�101

0.0 ab 334.4 M1 3.3(3)�10�4 g) 1.11�10�4 88(2) 22

E2 1.45(14)�101 g) 2.7�101

369.4 350.5 CA 18.9 E2 1.34�101 �0 200(50) 161

342.6 Ca 26.8 E1 5.0�10�7
�0

334.4 Ca 35.0 E1 4.0�10�7
�0

329.9 CA 39.5 M1 5.3�10�3 0.74

E2 1.92

280.2 Cc 89.1 E1 9.1(24)�10�5 2.2�10�4 11.9(8) 32

234.8 Cc 134.5 E1 2.1(6)�10�4 1.9�10�4 96(15) 95

174.58 CB 194.9 E2 2.3 0.1

123.8 CB 245.5 M1 9.2�10�4 5(2) 33

E2 1.19�101

79.7 CB 289.5 M1 5.3�10�4 34

E2 1.6�101

61.4 Cb 307.9 E1 8.6(24)�10�6 2.7�10�6 47(7) 16

50.1 CB 319.3 M1 1.5(4)�10�3 g) 1.29�10�3 100(3) 100

E2 6.7(17) g) 9.2

29.9 Cb 339.5 E1 1.8(5)�10�6 1.3�10�6 13.1(12) 10.4

0.0 Cb 369.4 (E1) 2.0(5)�10�6 3.8�10�6 18.8(12) 39
a) Band assignment for the initial and final states: a, b, c, A, B and C stand for the K� = 1=2+, 3=2+, 5=2+,

1=2�, 3=2� and 5=2� PD bands, respectively.

b) In units of e2�fm2 for E1, e2�fm4 for E2, and �2
N

for M1 transitions; see the XL multipolarity in column 5.

c) Total conversion coe�cients were taken from Refs. [19, 28].

d) -intensity includes the M1 and E2 components for the mixed M1=E2 transitions.

e) -branchings are an average of data from [29] and the �-decay data in Ref. [19].

f) T1=2 values are the average of half-lives listed in Refs. [19, 27].

g) M1 and E2 components obtained using the measured �(E2=M1) from Ref. [19].

h) �(E2=M1) unknown, assuming j�(E2=M1)j � 0.

i) �(E2=M1) unknown, assuming j�(E2=M1)j � 0.

j) �(E2=M1) unknown, assuming j�(E2=M1)j � 1.
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Table 6

jD0j values for the parity-doublet bands in
223;227Ra calculated from Eq. (1).

K� I�i !I�f jD0j (e�fm)
223Ra a) 227Ra b)

Exp. Theor. c) Exp. Theor. c)

1/2� 1/2� !1/2+ � 0.062 0.20
1/2� !3/2+ � 0.059 0.19
3/2� !1/2+ 0.076(4) 0.027 � 0.12 0.20
3/2� !3/2+ 0.038 � 0.12 0.15
3/2� !5/2+ 0.013 � 0.10 0.19

Representatived)= 0.08 �0.11
Schematic Model= 0.04 �0.07

3/2� 3/2� !3/2+ 0.129(9) 0.092 0.099(3) 0.12
3/2� !5/2+ 0.111(9) 0.070 0.123(7) 0.11
5/2� !3/2+ 0.124(21) 0.056 0.096(8) 0.13
5/2� !5/2+ 0.130(22) 0.042 0.031(3) 0.03
5/2� !7/2+ 0.036 0.135(17) 0.08
7/2� !5/2+ 0.080(7) 0.092
7/2� !7/2+ 0.083(9) 0.034
7/2� !9/2+ 0.128
9/2� !7/2+ 0.074(12) 0.130
9/2� !9/2+ �0.065 0.011
9/2� !11/2+ 0.141
11/2� !9/2+ 0.069(13) 0.101
13/2� !11/2+ 0.126
13/2� !13/2+ 0.115

Representatived)= 0.12 0.10
Schematic Model= 0.03 Not provided

5/2� 5/2� !5/2+ 0.035(5) 0.033
5/2� !7/2+ 0.037(5) 0.057

Representatived)= 0.04
Schematic Model= 0.04 Not provided

a) Using B(E1) from Table 5.
b) Using B(E1) from Table 4.
c) Present work. Here jD0j is not directly calculated, but extracted from Eq. (1)

as a parameter.
d) The representative values are the average of the four largest experimental

values, as discussed in the text.

The new experimental data on 227Ra show fast intra-PD band E1 transitions, which
provide an important con�rmation of the PD character for theK� = 1=2� and 3=2� bands

in 227Ra. Previously, the PD character of these bands was recognized [19] largely on the

basis of the regional systematics and from the model-dependent arguments.

A high degree of the measured E1 collectivity represents a second important �nding.
For the K� = 1=2� band in 227Ra (see Table 6) we obtain an average value of D0 � 0.11
e�fm. This value is based on the 3=2� state for which the lifetime limit is more restrictive

than for the 1=2� level. (If we take T1=2 � 16 ps as the half-life for the 3=2� state, we
obtain D0 � 0.16 e�fm for the K� = 1=2� band.) In any case, the D0 value for the

K� = 1=2� band is found to be signi�cantly higher in 227Ra than in 223Ra.

The D0 values for the K
� = 3=2� bands in 223Ra and 227Ra show strong variation,

and thus a single D0 value is hardly representative of a band. Nevertheless, in order to

have some means of intercomparison, we have arbitrarily selected the weighted average of

the four largest values for the lowest members of the band to be the representative value.
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In 227Ra this procedure gives jD0j � 0.10 e�fm, marginally lower than the equivalent value

in 223Ra (� 0.12 e�fm). Note, however, that the average D0 value for the higher-lying

7=2�, 9=2�, and 11=2� states in 223Ra is only � 0.08 e�fm.

It can be concluded that, on average, the D0 values for the (K
� = 1=2� and 3=2�)

PD bands in 227Ra and 223Ra are found to be quite similar. They oscillate at D0 �

0.10 e�fm { a value quite moderate in comparison with those measured for a narrow

sequence of the neighbouring Ra nuclei, from 217Ra to 226Ra, where the values of D0

range from as low as � 0.03 e�fm up to � 0.35 e�fm [2].

4.2 Con�guration dependence of D0

The results listed in Table 6 verify the existence of a con�guration dependence of

D0 in both 223Ra and 227Ra. Further study could establish precisely the magnitude of

this e�ect. Of particular importance are precise lifetime measurements for the K� = 1=2�

band in 227Ra and veri�cation of the D0 uctuations observed for the K� = 3=2� band

in 223Ra.

The schematic model calculations [2] predict a pronounced con�guration dependence

of D0 for some odd{A nuclei, such as 227Th, but not for 223Ra nor 227Ra. However, the

purpose of these calculations [2] was to provide a general picture of a region rather than

a detailed insight into a given nucleus. Indeed, the model predictions for 223;225;227Ra are
well o� the mark, being below the measured values by a factor of 2{3 on average (the

calculated results are listed as `Schematic Model' in Table 6). In particular, the predicted
values for the K� = 1=2� (223Ra), K� = 3=2� (223Ra), K� = 5=2� (225Ra) | the result
for 225Ra listed here is not shown in Table 6 | and K� = 1=2� (227Ra) bands are [2] D0

= 0.04, 0.03, �0.04, and �0.07 e�fm, which must be compared to the measured values of
jD0j = 0.08, 0.12, 0.16, and � 0.11{0.16 e�fm, respectively. Agreement is found only for

the K� = 5=2 band in 223Ra. Quite clearly, more sophisticated calculations are needed to
study this e�ect.

4.3 Quenched E1 transitions; E1 transitions outside parity-doublet bands

In 223Ra (see Table 5), there are two mutually exclusive classes of E1 transitions

[17]: a) the fast transitions in the range from 3 � 10�3 to 9 � 10�5 e2 � fm2, and b) the
slow transitions in the range from 3 � 10�5 to 2 � 10�6 e2 � fm2. It is remarkable that all
the E1 transitions between members of the same PD band (intra-PD transitions) belong

exclusively to class `a', while all the transitions between di�erent PD bands (inter-PD)
belong exclusively to class `b'. Although most of the E1 transitions in 227Ra seem to follow
this double classi�cation pattern, the situation seems to be somewhat di�erent from that

in 223Ra. Our study has �rmly established a few exceptions to this pattern in 227Ra. These

exceptions are discussed next.

The �rst case involves the `exceptionally' fast 131.0-keV transition from the 3=2�

state at 284.3 keV (a member of the K� = 1=2� band) to a level outside the PD structure
(see Table 4). Note that the parity-changing 131.0-keV transition de-excites the 3=2� state

and feeds the 153.3-keV state with the proposed spin and parity of 3=2+, 5=2+, or 7=2+.
The level-lifetime limit implies this transition to be E1 (with a weak M2 component if

any), thus excluding the spin 7=2+ for the 153.3-keV state.

The second case involves two E1 transitions (of energy 76.1 and 100.1 keV, re-
spectively) de-exciting the same level: the 5=2� state at 102 keV (see Table 4). The �rst

transition, classi�ed as an intra-PD, is quenched with the B(E1) rate almost two orders

of magnitude lower than for the other transitions in this PD. The second one, classi�ed as
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an inter-PD transition, is unexpectedly enhanced by almost the same order of magnitude.

Since both transitions feed states with spin and parity 5=2+, this double e�ect seems to

point towards some mixing of the states involved. However, this mixing does not seem to

a�ect the equivalent E1 transitions (of energy 64.3 and 88.3 keV) from the lower state

of the same (K� = 3=2�) PD band which populate these two 5=2+ states with the fast

and slow rates as `expected' for the intra- and inter-PD transitions, respectively. As part

of the explanation, note that the K� = 3=2� PD band classi�ed as 3/2[761] was found

[19, 23] to be strongly mixed with other bands by the Coriolis interaction. In order to

discuss the aforementioned issues in the framework of our theoretical calculations, a brief

description of the model is given below.

5 Description of the model

5.1 Outline of the Hamiltonian

For the theoretical description of the low-lying states in 227Ra and 223Ra we take the

standard axially symmetric rotor model [30] including Coriolis coupling, Hrot, with the

intrinsic degrees of freedom of the nucleus, Hintr, described by the quasiparticle{phonon

model (QPM) [31]. Thus, the total Hamiltonian H is

H = Hintr +Hrot ; (2)

where Hrot is given by

Hrot =
�h2

2=
[Î2 + |̂2 � Î3

2
� |̂3

2]�
�h2

2=
(Ĵ+|̂� + Ĵ�|̂+) : (3)

Here, = is the moment of inertia with respect to the axis perpendicular to the symmetry
axis; Î3 and |̂3 are the projection operators of the total and intrinsic angular momenta
~I and ~| onto the symmetry axis; Î� = Î1 � iÎ2 and |̂� = |̂1 � i|̂2. The inclusion of the

Coriolis coupling term requires the matrix of the total Hamiltonian (2) to be constructed
and diagonalized within the space of symmetrized functions [32]:

jIMK�i =

�
2I + 1

16�

�1=2
fDI

MKjK; �i+ (�1)IDI
M�KR1(�)jK; �ig : (4)

In this equationDI
MK are the Wigner functions of the Euler angles, jK; �i is the eigenvector

of the intrinsic Hamiltonian satisfying HintrjK; �i = E(intr)
� jK; �i, and � are the quantum

numbers of a given intrinsic state with the projectionK of the intrinsic angular momentum
onto the symmetry axis. R1(�) is a rotation by angle � around the �rst intrinsic axis.

After diagonalizing the total Hamiltonian matrix we obtain the energy levels Eq(I) and

the corresponding wave functions:

jIMqi =
X
K�

b
Iq
K�jIMK�i ; (5)

where the index q characterizes a given rotational band.
We approximate the intrinsic Hamiltonian by the QPM Hamiltonian [31, 33]:

Hintr � HQPM ; jK; �i � j	K(�)i ; (6)

where j	K(�)i are the eigenvectors of the QPM Hamiltonian,HQPMj	K(�)i = ��j	K(�)i .

HQPM involves the average �eld, the pairing residual interaction and the long-range resid-
ual interactions in quadrupole{quadrupole and octupole{octupole form [31, 33], which also
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include the coupling between octupole and quasiparticle degrees of freedom. The intrinsic

wave function j	K(�)i of an odd{A nucleus has one-quasiparticle and one-quasiparticle-

plus-phonon components [31] given by

j	K(�)i =

2
4X

�

C�
��

y

~� +
X
~g~�

D
�
~�~g�~�+ ~K� ; ~K�

�
y

~�Q
y

~g

3
5 j i ; (7)

where �
y

~� = �y��� represents the quasiparticle-creation operator (�� = �1 is the sign of

the projection of the intrinsic angular momentum onto the symmetry axis). The �rst

term in Eq. (7) represents the sum over the one-quasiparticle components of valence

quasiparticles which can be occupied by an odd nucleon, and C�
� is the amplitude of

each one-quasiparticle component. The second term in Eq. (7) involves the sum over all

quasiparticle-plus-phonon components. Qy

~g = Q
y

�;��;i stands for the phonon-creation oper-

ator of the vibrating nuclear core with the multipolarity � and multipolarity projection

~� = �� (� � 0, � = �1). The index i enumerates the phonons with the same ��. D�
~�~g rep-

resents the amplitude of the quasiparticle-plus-phonon component �g in the wave function

(7). In each one-quasiparticle-plus-phonon component, the angular momentum projection

~� of the core phonon couples with the quasiparticle angular momentum projection ~K� to

the intrinsic angular momentum projection ~K� ( ~K� = ~�+ ~K�). The symbol j i stands for

the product of the phonon vacuum and the vacuum for valence quasiparticles which can
be occupied by an odd nucleon (we assume that valence quasiparticles do not enter the

structure of the core phonons). The structure of the phonon-creation operator Qy

~g is given
by a superposition of two-quasiparticle states [31, 34]:

Q
y

~g = Q
y

�;��;i =
1

2

X
qq0

(	��i
qq0 A

y(qq0;��)� �
��i
qq0 A

y(qq0;��)) ; (8)

where Ay(qq0;��) are two-quasiparticle-creation operators

Ay(qq0;��) =
X

�0=�1

��0(Kq�Kq0);��
�
y

q0�0�
y

q�0 : (9)

In Eq. (8) 	��i
qq0 and �

��i
qq0 represent the amplitudes of given two-quasiparticle state

qq0 in the phonon Qy

~g. Expressions for these amplitudes, for the amplitudes C
�
� and D

�
~�~g in

the wave function (7), and for the corresponding energy �� can be found in Refs. [31, 34].

5.2 Transition probabilities

The reduced probability B(XL; i ! f) is given by the reduced matrix element

hIfqf jjM(XL)jjIiqii of the multipole operator M(XL�) of multipolarity L and type X,

between the �nal and initial states jIfqf i and jIiqii, respectively (see for example [32]):

B(XL; i! f) =
1

2Ii + 1
jhIfqf jjM(XL)jjIiqiij

2 : (10)

If Coriolis coupling is taken into account and initial and �nal states are described by the

wave function (5), the reduced matrix elements hIfqf jjM(XL)jjIiqii can be written in the
form

hIfqf jjM(XL)jjIiqii =
X

Ki�i;Kf�f

b
Iiqi
Ki�i

b
If qf
Kf�f

hIfKf�f jjM(XL)jjIiKi�ii : (11)
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In the case of axial symmetry without an odd-multipolarity deformation in the average

�eld we obtain [31] (using the Condon{Shortley phase convention)

hIfKf�f jjM(XL)jjIiKi�ii =q
2Ii + 1

n
(IiKiLKf �KijIfKf )h	Kf

(�f)jM(XLKf �Ki)j	Ki
(�i)i +

(�1)Ii+Kipi(Ii �KiLKi +Kf jIfKf)h	Kf
(�f )jM(XLKi +Kf)j	Ki

(�i)i
o
;(12)

where (IiKiL�jIfKf) are Clebsch{Gordan coe�cients, j	Ki
(�i)i is the time reversal of

j	Ki
(�i)i, and pi = �1 is the parity of the initial state. Since only E1, E2, and M1

transitions dominate the low-lying states, the corresponding multipole operators are [32]

M̂(E;L�) =
AX
i=1

e(i)(L)r(i)
L

YL�(�i; �i) ; e(i)(L) = ee
(i)
e� (L)

M̂(M; 1�) =

s
3

4�

AX
i=1

�n
h
g
(i)
l l̂(i)� + g(i)s ŝ(i)�

i
+

s
3

4�
�NgRR̂� ; (13)

where e
(i)
e�(L) is the e�ective charge of the i-th nucleon for multipolarity L, g

(i)
l and g(i)s

are the orbital and spin gyromagnetic ratios, �N is the nuclear magneton, gR is the

gyromagnetic ratio for the rotational contribution (R̂� = Î� � ĵ� are the components of

the rotational angular momentum), and l̂ and ŝ are orbital and spin angular-momentum

operators.
The intrinsic matrix elements h	Kf

(�f)jM(X;L�)j	Ki
(�i)i in Eq. (12) can be ob-

tained by substituting the wave functions (7) for the initial and �nal states. In the case

of the EL transitions,

h	Kf
(�f )jM(E;L�)j	Ki

(�i)i =

��i�f �KiKf
h jM(E;L�)j i

+
P

qiqf
C
��
f

qf C
�i
qi
h j�~qfM(E;L�)�y~qi j i

+
P

~qi

P
~gf ;~qf

D
��
f

~qf ~gf
C�i
qi
�~�f+ ~Kqf

; ~K�f
h jQ~gf�~qfM(E;L�)�y~qi j i

+
P

~qf

P
~gi~qi C

��
f

qf D
�i
~qi~gi

�~�i+ ~Kqi
; ~K�i

hj�~qfM(E;L�)�y~qiQ
y

~gi
j i

+
P

~qi~gi

P
~qf ~gf

D
��
f

~qf ~gf
D�i

qigi
�~�i+ ~Kqi

; ~Ki
�~�f+ ~Kqf

; ~Kf
h jQ~gf�~qfM(E;L�)�y~qiQ

y

~gi
j i :

(14)

If for valence quasiparticle-creation operators �
y

~qf
or �

y

~qi
we suppose [�~qi; Q~g] =h

�~qf ; Q~g

i
= 0, then
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h j�~qfM(E;L�)�y~qi j i = e(�)(L)V (�)
qiqf

h~qf jM(E;L�)j~qii

h jQ~gf�~qfM(E;L�)�
y

~qi
Q
y

~gi
j i � e(�)(L)V (�)

qiqf
h~qf jM(E;L�)j~qii�~gi;~gf

h jQ~gf�~qfM(E;L�)�y~qi j i �
1
2

P
�
proton
neutron

e(�)(L)
P

q1q2�� h~q1jM(E;L�)j~q2iU
(+)
q1q2

�
	
�f�f if
q1q2 + �

�f�f if
q1q2

�
�~qi~qf

h j�~qfM(E;L�)�y~qiQ
y

~gi
j i �

1
2

P
�
proton
neutron

e(�)(L)
P

q1q2�� h~q1jM(E;L�)j~q2iU
(+)
q1q2

�
	�i�iii
q1q2

+ �
�f�f if
q1q2

�
�~qi~qf ;

(15)

where

V (�)
q1q2

= Uq1Uq2 � Vq1Vq2 ; U (+)
q1q2

= Uq1Vq2 + Uq2Vq1 ; (16)

and Vq, Uq are the pairing occupation amplitudes. In Eq. (15), h~q1jM(E;L�)j~q2i are the

single-particle matrix elements of the operator M̂(E;L�). Similar expressions can be

obtained for the intrinsic matrix element of the operator M̂(M; 1�). For the intra-band
E2 transitions we used the following expression for h jM(E; 20j i in Eq. (14):

h jM(E2; 20j i =

s
5

16�
Q0 ; (17)

where Q0 is the intrinsic quadrupole moment of
227Ra (or 223Ra).

5.3 Parameters of the calculations

The theoretical calculations involved the following four steps:

1. The eigenvalue problem HQPMj	K(�)i = ��j	K(�)i was solved, and the QPM intrin-
sic energies �� and corresponding amplitudes C�

� and D�
�g were obtained. The Nilsson

single-particle average �eld was used with its standard parametrization [35]. Deformation

parameters were �2 = 0.15, �4 = 0.08 for 227Ra and �2 = 0.15, �4 = 0.06 for 223Ra [35].
All Nilsson shells with N = 2{8 were included in the QPM calculations. The pairing gap
parameters taken from Ref. [31] were �p = 0.8 MeV for protons and �n = 1.0 MeV for

neutrons. Fermi energies for proton and neutron systems were chosen in order to give the
correct number of particles in each of these systems and were �p = 42.760 MeV, �n =

49.750 MeV for 227Ra and �p = 43.220 MeV, �n = 48.985 MeV for 223Ra. All param-
eters involved in the long-range residual interactions of HQPM were determined by the
energies of quadrupole and octupole core vibrational energies, which in the case of 227Ra

were taken from 226Ra [36, 37]: E0+ = 650 keV, E2+ = 846 keV (E2+ is not available in
226Ra, thus it was taken from 228Ra), E0� = 254 keV, and E1� = 1049 keV. In the case of
223Ra they were taken as an average of the available data for 222Ra and 224Ra [37]: E0+ =

914 keV, E2+ = 966 keV, E0� = 234 keV, and E1� = 1054 keV. The results of the QPM

calculations are presented in Tables 7 and 8 for 227Ra and 223Ra, respectively. The �rst

two columns contain the description and percentage of the dominant one-quasiparticle
(jC�

� j
2) and quasiparticle-plus-phonon (jD�

gj
2) components. The third column presents the

experimental bandhead energy of the rotational band built on the corresponding intrinsic

state. The fourth column shows the calculated intrinsic energies �� relative to the intrinsic
ground-state energy ��0 .
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Table 7

Structure of the low-lying intrinsic states in 227Ra.

Structure of the Bandhead energy Intrinsic energy E
(intr)
� �E

(intr)
�0

intrinsic state (experimental) (theoretical) (theoretical)
j	K(�)i % (keV) � � �0 (keV) (keV)

3/2[642] 36.9
3/2[631] 34.4
3/2[761]+Q+

30 14.7
3/2[512]+Q+

30 3.9
3/2[532]+Q+

30 1.1 0.0 0.0 0.0
3/2[761] 80.2
3/2[642]+Q+

30 14.1
3/2[651]+Q+

30 1.9
7/2[743]�Q+

22 0.8 90.0 84.5 �15.0
5/2[633] 72.1
5/2[752]+Q+

30 14.9
1/2[631]+Q+

22 1.8
11/2[725]�Q+

33 1.1
5/2[503]+Q+

30 1.1 1.7 32.7 �112.0
5/2[752] 65.9
5/2[503] 1.8
5/2[633]+Q+

30 27.5
5/2[743]+Q+

20 0.9 304.0
1/2[651] 52.9
1/2[631] 10.7
1/2[640] 4.0
1/2[770]+Q+

30 11.8
1/2[541]+Q+

30 3.6
1/2[521]+Q+

30 3.1
1/2[631]+Q+

20 1.9 120.7 121.0 184.7
1/2[770] 75.0
1/2[501] 1.0
1/2[651]+Q+

30 10.1
1/2[640]+Q+

30 5.7
1/2[660]+Q+

30 4.3
1/2[631]+Q+

30 0.6 284.3 (3/2�) 176.3 274.1
3/2[631] 53.9
3/2[642] 20.7
3/2[761]+Q+

30 16.1
3/2[501]+Q+

30 1.4
3/2[642]+Q+

20 1.0
3/2[631]+Q+

20 0.9 �300
3/2[501] 56.6
3/2[631]+Q+

30 29.2
1/2[501]�Q+

22 11.1
3/2[512]+Q+

20 1.0 �530
1/2[640] 67.4
1/2[651] 1.3
1/2[631] 1.1
1/2[770]+Q+

30 16.5
1/2[510]+Q+

30 4.8
1/2[530]+Q+

30 2.6
3/2[642]�Q+

22 0.8 731.7 (3/2+) 277.0 740.0
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Table 7 cont.

1/2[501] 75.9
1/2[770] 1.0
5/2[503]�Q+

22 10.5
3/2[501]�Q+

22 7.2
1/2[640]+Q+

30 1.2
1/2[631]+Q+

30 1.0 675.9 277.8 369.2
7/2[624] 66.7
7/2[743]+Q+

30 21.8
13/2[716]�Q+

33 3.5
11/2[725]�Q+

32 1.3
3/2[621]+Q+

22 1.3
7/2[734]+Q+

30 1.2 �400.0
7/2[743] 62.9
7/2[624]+Q+

30 27.8
3/2[761]+Q+

22 3.5
5/2[633]+Q+

31 2.2 �580.0
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Table 8

Structure of the low-lying intrinsic states in 223Ra.

Structure of the Bandhead energy Intrinsic energy E
(intr)
� �E

(intr)
�0

intrinsic state (experimental) (theoretical) (theoretical)
j	K(�)i % (keV) � � �0 (keV) (keV)

3/2[642] 69.2
3/2[631] 0.8
3/2[761]+Q+

30 20.8
3/2[512]+Q+

30 3.2
3/2[751]+Q+

30 1.1 0.0 0.0 0.0
3/2[761] 62.3
3/2[642]+Q+

30 33.7
1/2[770]�Q+

22 1.5
7/2[743]�Q+

22 0.5 50.1 290.2 264.2
5/2[633] 67.1
5/2[752]+Q+

30 25.1
1/2[631]+Q+

22 1.0
11/2[725]�Q+

33 0.9
9/2[734]�Q+

32 0.9 234.8 401.6 357.1
5/2[752] 47.4
5/2[503] 2.5
5/2[633]+Q+

30 44.6
1/2[770]+Q+

22 1.9
3/2[642]+Q+

31 1.3 369.4 661.8 706.6
1/2[640] 48.0
1/2[651] 33.9
1/2[770]+Q+

30 5.1
1/2[510]+Q+

30 3.1
1/2[750]+Q+

30 2.3
1/2[521]+Q+

30 2.2 286.1 285.3 292.1
1/2[770] 66.4
1/2[501] 6.3
1/2[640]+Q+

30 16.7
3/2[761]�Q+

22 2.9
1/2[651]+Q+

30 1.4
5/2[752]�Q+

22 0.9 329.9 616.8 494.3
1/2[501] 78.8
1/2[770] 5.1
5/2[503]�Q+

22 4.4
3/2[501]�Q+

22 3.7
1/2[640]+Q+

30 2.7
1/2[610]+Q+

30 1.0 �834
1/2[631] 55.1
1/2[651] 7.9
1/2[640] 6.7
1/2[500]+Q+

30 7.2
1/2[761]+Q+

30 5.8
1/2[770]+Q+

30 4.4
5/2[633]�Q+

22 2.5 �930
5/2[503] 87.2
5/2[752] 1.7
1/2[500]+Q+

22 2.1
5/2[632]+Q+

30 0.9 �960
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2. The matrix elements of the operators |̂+; |̂
2, and M(E; 1�), M(E; 2�), M(M; 1�) were

calculated, which were needed to construct the matrix of the total Hamiltonian and to

calculate the transition probabilities.

3. The construction and diagonalization of the matrix of the total Hamiltonian H was

performed using the basis function (4). In the Coriolis mixing calculations we have in-

cluded all functions jIMK�i with intrinsic states originating from the i11=2, g9=2 and d5=2
shells (for positive parity) and from the f9=2, f5=2 and j15=2 shells (for negative parity). The

energies and wave functions of the levels of all rotational bands based on these intrinsic

states were then obtained by diagonalization of the total Hamiltonian matrix for each

value of the total angular momentum and parity. Since the QPM is microscopic without

any free adjustable parameter for odd{A nuclei (all parameters are given by the even{

even core), the intrinsic energies obtained from this model are not expected to match

exactly the experimental values. The QPM is `microscopic' in the sense that it provides

the two-quasiparticle structure of the core phonon, in contrast to phenomenological mod-

els in which the question of phonon structure is a priori excluded. Some discrepancies are

also expected because the QPM is limited to `one phonon' excitations and neglects mul-

tiphonon components in the wave function, which may be important in some cases (as in

the transitional region) [38]. For this reason, the accuracy of the predictions of the QPM

for the intrinsic energies of odd{A nuclei cannot be better than �50 keV [31]. However,
the Coriolis mixing amplitudes, bIqK�, in the rotational wave function (5), which are im-

portant for the calculation of transitional probabilities [Eq. (10)], are very sensitive to the
position of the rotational bands in the spectrum. In order to make these Coriolis ampli-
tudes more realistic, we tuned the QPM intrinsic energies with the requirement to obtain

the rotational energies Eq(I) [see Eq.(5)] as close to the experimental values as possible.
The adopted (tuned) values of the intrinsic energies E(intr)

� , which are presented in the

�fth column of Tables 7 and 8 relative to the ground-state value E(intr)
�0

, can be compared
with the corresponding QPM results listed in column four. For the bands unobserved

experimentally we used our calculated QPM values for the intrinsic energies without any
tuning. Two more adjustable parameters were the inertia parameters �h2 and 2=: one com-

mon value of �h2=2= = 7.04 keV was taken for all positive-parity bands and one common
value of �h2=2= = 7.11 for all negative-parity bands in 227Ra. For 223Ra, these parameters
were 7.52 and 7.41 keV for the positive- and negative-parity bands, respectively.

4. The wave functions (5) of rotational states and the intrinsic elements (11) determined
by the QPM and Coriolis calculations were used to obtain B(XL) transition rates. In the
numerical calculation we took Q0 = 740 fm2 for 227Ra and 550 fm2 for 223Ra, and gs = 5.59

(for protons), gl = 1.0 (for protons), gs = �3.82 (for neutrons), gl = 0.0 (for neutrons),

gR = Z=A = 0.39. The e�ective charges e
(i)
e�(E1) and e

(i)
e�(E2) were [31]: ee�(E1) = �0.40

for neutrons and 0.61 for protons; ee�(E2) = 0.003 for neutrons and 0.99 for protons.

6 Theoretical interpretation of 227Ra

Figure 7 shows a comparison of the experimental spectrum with the energies ob-

tained from the Coriolis coupling calculations, Eq. Since there were nine adjustable pa-

rameters in the calculations (seven parameters for the intrinsic energies of the observed
bands and two inertia parameters), the good agreement between the experimental and

calculated energies must be viewed with caution.
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Figure 7: The energy spectra of the Coriolis coupling calculations and those found exper-

imentally [19] for 227Ra.

Although the structure of the intrinsic state is given by two components | the
dominant one-quasiparticle and the quasiparticle-plus-phonon components | it is the

�rst of these that provides a direct matching between the QPM intrinsic states and the
experimental bands. This is a particularly simple process since the bands have already
been assigned the dominant Nilsson con�gurations on the basis of experimental properties,

the systematics of the region, and comparison with the calculations [19]. Our calculations
agree well with the previous assignments, except that the structure of the K� = 3=2+

ground-state band, previously assigned as 3/2[631], appears more like a mixture of 3/2[642]
and 3/2[631] in the present calculations. Similarly, the structure of the K� = 1=2+ band
at 120.7 keV, previously assigned 1/2[631], is seen here as a mixture of a few components

dominated by 1/2[651] and 1/2[631]. The importance of the quasiparticle-plus-phonon

components is discussed next.

6.1 Parity-doublet bands

The theoretical spectrum provides not only the theoretical basis to classify but also
the means to identify the PD bands of spin K� = 1=2�, 3=2�, 5=2�, and 7=2�. The iden-

ti�cation is provided by the strong octupole correlations present in the intrinsic structure

of the two partner bands in each PD (see Table 7), supported further by proximity in the
level energies. More speci�cally, one observes a symmetry in the intrinsic structure of the

partner bands: the dominant one-quasiparticle component of the �rst partner coupled to

the octupole phonon of the core forms the largest collective component in the structure

of the second partner, and vice-versa. For example, the three main components of the

K� = 3=2+ ground-state band are 3/2[642] (37%), 3/2[631] (34%), and 3/2[761] + Q+
30
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(15%), while the intrinsic state of its PD partner is composed of mainly 3/2[761] (80%)

and 3/2[642] + Q+
30 (14%). In this way QPM reects strong octupole correlations which

are typical for this region of nuclei and which are responsible for the stable octupole

deformation in 222Ra and 222;224Th [2, 12].

Since matching of the calculated and experimental bands was based on the dom-

inant one-quasiparticle components, the comparison of the predicted and observed PD

partners (based on the collective components) becomes an independent process of model

veri�cation. The present calculations predict the 3/2[761] band to be the PD partner of

the 3/2[642] + 3/2[631] ground-state band, and the 1/2[770] band to be the PD part-

ner of the 1/2[651] + 1/2[631] band. These predictions are in full agreement with the

adopted classi�cation of the bands [19] and further con�rmed by the new experimental

data presented in Section 4.

Some of the predicted states have not been observed experimentally. There is no

experimental evidence for the negative-parity partner to the K� = 5=2+ PD band iden-

ti�ed at 1.7 keV. A possible candidate for the K� = 5=2� bandhead, predicted in

our calculations at about � 500 keV, is the uninterpreted level at 598.5 keV. There

is also no experimental evidence for the K� = 7=2� PD band theoretically predicted at

� 500 keV, but this could be attributed to the di�culty in accessing this band experi-

mentally. A K� = 7=2� PD band at the energy of � 100 keV was also predicted in the
reection-asymmetric rotor calculations [9].

There are seven levels observed experimentally below 600 keV [19] which are not
involved in the theoretical doublet scheme presented in Fig. 7. Among these uninterpreted
levels there are a few candidates for the bandheads of the second K� = 3=2+ and K� =

3=2� bands predicted in the calculations. However, the present calculations do not yield
intrinsic states below 1 MeV other than those listed in Table 7. In order to account for

the other levels one needs to extend the QPM model to include other residual interaction
(for example of the spin-multipole spin-multipole type). The model-calculated decoupling
parameters are listed in Table 3, while the calculated magnetic moments for the ground-

state K� = 3=2� band are �3=2+ = �0.15 nm, and �3=2� = �0.13 nm. The measured
value for the magnetic moment is �3=2+ = �0.4038(24) nm [39].

6.2 Enhancement of the B(E1) rates

Table 4 provides a comparison of the experimental and calculated transition proba-

bilities, -branching ratios and level half-lives. The �rst four columns list the energies of
the initial and �nal levels, band assignment of the levels, and the connecting -transition

for the experimentally observed levels which were interpreted in the present theoretical

calculations (Fig. 7). The reduced transition probabilites, B(XL; i ! f), are given in

columns six and seven for the multipolarity listed in column �ve. For the transitions

where the E1 +M2 mixing is allowed by the spin/parity selection rules, the experimen-

tal B(E1) rates are given by assuming pure E1 transitions since no signi�cant E1=M2

mixing can be realistically expected. For the mixed M1 + E2 transitions where the E2

component is expected (or measured) to be signi�cant, the B(M1) and B(E2) rates are

given separately. In the case of the 182.4- and 204.3-keV transitions, the B(M1) and
B(E2) rates include the experimentally measured �(M1=E2) mixing ratio [19]. In other

cases, the B(M1) (and similarly B(E2)) rate is given by assuming that the contribution

of theM1 component is � 100% (or equivalently, the E2 component is � 100%). Columns

eight and nine present the experimental and theoretical -branching ratios for transitions

from a given initial state. These ratios are normalized to 100 for the strongest transition
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de-exciting a level. Finally, the last two columns yield the experimental and theoretical

half-lives of a given initial level. The theoretical calculations yield only an upper limit of

the half-life for those levels which are observed experimentally to de-excite to the uninter-

preted levels. The detailed comparison of the theoretical and experimental results listed in

Table 4 shows a good agreement between these results. Some aspects of this comparison

are discussed below in more detail. The most important outcome of the calculations is

the correct prediction of fast B(E1) rates.

The high octupole components in the intrinsic states lead in some cases to an en-

hancement of the B(E1) rates, particularly if the transition connects partner bands in a

PD. This can be demonstrated more explicitly in the example of the

90-keV transition connecting the bandheads of the K� = 3=2� and 3=2+ PD bands

with the main transition component of 3
2
3
2
[761] ! 3

2
3
2
[642]. Without any octupole col-

lectivity, the standard Nilsson single-particle matrix element h3
2
[642]jM(E; 10)j3

2
[761]i

is � �0.0063 e�fm. With the octupole collectivity present, the intrinsic matrix element

h	3=2(
3
2
[642])jM(E; 10)j	3=2(

3
2
[761])i calculated with the wave functions (7) (which have

the structure given in Table 7) and Eq. (14) gives � 0.023 e�fm. The main contribution to

this matrix element is given by the third and fourth terms in Eq. (14). Thus, the enhance-

ment of the B(E1) value for this transition relative to the Nilsson single-particle value is

given by the factor of (0.023/�0.0063)2 � 13. In this way the octupole phonon components
provide a signi�cant enhancement of the B(E1) values for the intra-PD band transitions,

just as fast E1 transitions are seen in nuclei with stable octupole deformations.
As seen in Table 4, the model calculations reproduce quite well the E1, M1, and

E2 transition rates for the K� = 1=2� and 3=2� bands in 227Ra, including the individual

characteristics of these PD bands. A good example of the close agreement between exper-
iment and theory that was achieved for various types of -transitions is provided by the

B(EL) and -branchings for -rays de-exciting the 284.3-keV level.
The comparison of the measured and calculated E1 intra-PD band transitions is

well illustrated in Table 6 using the jD0j parameters calculated from Eq. (1). The model

predicts signi�cantly higher B(E1) rates for the inter-PD transitions in the K� = 1=2�

band than in the 3=2� band, which is consistent with the experimental data. For the

K� = 3=2� PD band, it predicts a strong quenching of the B(E1; 5=2� ! 5=2+) tran-
sition, and this e�ect is observed experimentally with precisely the same magnitude as
calculated. On the other hand, no such e�ect was calculated for the K� = 1=2� band, in

agreement with our experimental results.
In 227Ra, the intra- and inter-PD band transitions can no longer be classi�ed as `fast'

and `slow', respectively, since they are found to have strongly overlapping ranges. This is

in agreement with the model calculations, which predict a wide range of the B(E1) values

from 3 � 10�3 down to 9 � 10�7 e2�fm2 for the inter-PD band transitions in 227Ra (see

Table 4). The fastest rates (1{3 � 10�3 e2�fm2) are predicted for the E1 transitions from
the K� = 1=2+ to the K� = 3=2� bands. Unfortunately, these transitions have not been

observed experimentally. Transitions from the K� = 3=2� to the K� = 5=2+ bands are

predicted with the rate of about 1 � 10�4 e2�fm2, which is in qualitative agreement with

the observed rates. The E1 transitions from the K� = 1=2� to the K� = 3=2+ bands are
predicted to be slow in the range from 10�5 to 10�7 e2�fm2, and this is also in agreement

with the observed transition rates and the -branching ratios.
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7 Theoretical interpretation of 223Ra

The same model calculations but with slightly modi�ed parameters were performed

for 223Ra. The selection of 223Ra was motivated by the large body of experimental data

describing this nucleus and by its structure. This nucleus is positioned in the centre

of the octupole deformed region, and thus its structure could be contrasted with that

of the octupole transitional 227Ra. Figure 8 illustrates the experimental and calculated

results for the low-lying bands in 223Ra, which include the well known K� = 1=2�, 3=2�,

and 5=2� PD bands. The band energies for 223Ra seem to be in better agreement with

experimental values than those for 227Ra (Fig. 7). However, the focus of this study is on

the E1 transition rates illustrated in Tables 4 and 5.

Figure 8: The energy spectra of the Coriolis-coupling calculations and those found exper-
imentally [19] for 223Ra.

For the group of 19 E1 transition rates found experimentally, which consists of the

intra- and inter-PD band transitions, about 15 are within a factor of � 2 of the calculated
values. This represents a close agreement considering that the predicted B(E1) rates span
slightly over four orders of magnitude, from 1.1�10�7 to 2.0�10�3 e2�fm2. There are four

cases of strong disagreement, which are con�ned to the intra-PD band transitions for the

K� = 1=2� and 3=2� bands. In each case the model calculations signi�cantly underpredict

the observed B(E1) strength (by a factor of 3 to 7).
The results, best illustrated in Table 6, indicate that the calculated intra-band

transition rates for the K� = 1=2� band are consistently low which is in disagreement

with the only known experimental value. More experimental results could clarify the issue
and reveal whether the disagreement is con�ned to a single transition or to the whole PD

band. The same table illustrates that, on average, the measured and calculated rates for

the intra-PD band transitions for the K� = 3=2� band are almost equal. However, they
followed opposite patterns: the calculated results show an increase in the transition rates

when going from lower to higher spins of the parent state, while for the experimental
results these rates decrease over the same range. Somewhat lower rates predicted for the
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5=2� ! 3=2+, 5=2� ! 5=2+, and 7=2� ! 7=2+ transitions are not in agreement with

the experimental data. The calculations predict a strong quenching of the strength for

the 9=2� ! 9=2+ transition { an interesting issue, as yet unresolved, and left for future

measurements. Finally, the calculated results for the K� = 5=2� band are found to be

in a close agreement with the experimental results. Considering the overall situation in
223Ra, the model calculations provide, on average, a good agreement with the experimental

results. Note, for example, that the number of cases when the calculations overpredict and

underpredict the experiment are almost equal. (Model calculations on some of the known

levels in 223Ra not discussed here are available from one of the authors: J. Kvasil.)

8 Summary and conclusions

The present study represents the �rst full application of the fast timing �(t)

method at PSB ISOLDE, combined with time calibrations at OSIRIS. Several level life-

times were measured for the �rst time in 227Ra revealing strong E1 transitions connecting

PD bands. The average strength of the intra-PD band transitions in the octupole transi-

tional 227Ra was found to be quite similar to that of the octupole deformed 223Ra. Unlike
223Ra, where the B(E1) rates for the intra- and inter-PD band transitions occupy two

separate ranges, in 227Ra they strongly overlap. This is due to a strong quenching of the
B(E1) rates observed for some intra-PD transitions, and an enhancement of strength for

a few inter-PD transitions. The experimental data provide evidence for the con�guration
dependence of the jD0j values in

223Ra and 227Ra. Furthermore, the experimental D0 val-
ues are found to be 2{3 times higher than predicted by the shell-correction method [2],

both in the octupole deformed region and in the octupole transitional region.
In the theoretical part of this study we investigated the ability of the quasiparticle-

plus-phonon model with the inclusion of Coriolis coupling to interpret the results, and

particularly the transition rates, for the octupole transitional 227Ra. This study was ex-
tended to also include, for the purpose of comparison, the octupole deformed 223Ra. It was

the �rst time that this model had been used for the interpretation of the transition rates
in the actinide region. The model, which is based on the weak-coupling scheme, provides a
theoretical description of the octupole correlations via residual interactions and was used

here to reveal highly collective octupole vibrational components of the low-lying states in
these nuclei. We demonstrated, in the example of 223Ra and 227Ra, that these octupole vi-
brational components cause intense dipole transitions between low-lying states, and their

structure allows identi�cation of the doublet character of the low-lying bands in a sim-

ilar way to the strong-coupling scheme with a stable octupole deformation. The model

calculations reproduce remarkably well the general enhancement (and occasional quench-
ing) of the E1 intra-doublet and some enhanced extra-doublet transitions in 227Ra. The

results of similar calculations on 223Ra were found to be in good overall agreement with

the experimental data, although some systematic di�erences were observed. Some speci�c
model predictions for 223Ra and 227Ra, related to the strongly enhanced inter-doublet and

strongly quenched intra-doublet E1 transitions, remain to be veri�ed experimentally.
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