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Abstract: Radioactive targets of ?°Ra were Coulomb excited by *He projectiles (particle spectroscopy),
and ¥0, *2S and **®Pb projectiles (particle-y coincidences). The K =0 rotational bands could
be followed up to spin 18" and 177, respectively. All experiments were simultaneously analyzed
in terms of E1, E2, E3 and E4 matrix elements coupling the positive- and negative-parity rotational
states. The systematics of level energies, as well as dipole, quadrupole and octupole matrix elements
are discussed in the framework of models assuming stable octupole deformation.

NUCLEAR REACTIONS **Ra(*He, *He'), E = 15-17 MeV; ***Ra('%0, '°0"), E =63 MeV, (
22Ra(*?8, 328'), E =135 MeV; **Ra(***Pb, ?®*Pb’), E = 978 MeV; measured o(E,, 9., 0,),

E ppy(®)-coin. ***Ra deduced levels, I, B(E1), B(E2), B(E3), B(E4), quadrupole moment.
Enriched targets.

1. Introduction

Evidence has increased during the last few years that certain nuclei can be
described in terms of intrinsic shapes with parity-breaking static moments. In
particular, the discovery ') of very low-lying 17 states in the light actinides has led
to the suggestion of stable octupole deformations. It has been recognized °) that the
microscopic origin for the occurrence of this structure lies in the coupling between
single-particle states which differ by Al =3 and 4j = 3. These states lie close to each
other and to the Fermi surface at proton and neutron numbers near 34, 56, 88 and
134 where octupole correlations are expected to be strongest. Fig. 1 (top) shows
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Fig. 1. Reduced transition rate B{(E3; 0" 37} in W.u {top) and of the octupole deformation parameter
B, (bottom} as a function of neutron number,

the systematics of experimental B(E3; 0" —>37) values for even-A nuclei *y as a
function of neutron number. It shows enhanced octupole collectivity at the expected
particle numbers. These B(E3) values, given in Weisskopf units (W.u,), can be
related to a deformation parameter B (see fig. 1 bottom) using the expression.

B(E3; 0% >37)=0.40902283 (W.u.) m

if one assumes a stable octupole deformation in the intrinsic frame. This procedure
is model dependent and assumes a uniform charge distribution with a sharp cui-
off radius. For nuclei with collective B{E3} values the extracted 8, deformation
parameters are of similar value as the quadrupole deformation. In addition to
this systematics observed at low spins, further evidence for the presence of strong
octupole correlations can be found from the high-spin properties of nuclei. The
energy spectra of octupole-deformed nuclei resemble those of asymmetric diatomic
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molecules. The observed positive- and negative-parity states for even-A nuclei are
regarded as a single rotational band of an octupole-deformed core. They are
connected by enhanced E1 transitions which are interpreted as manifestation of an
intrinsic dipole moment. This moment is expected to arise from the polarization of
the nucleus, induced by a separation of the centre-of-charge from the centre-of-mass
in the intrinsic frame due to octupole correlations.

Experimentally, the limited number of suitable beam-target combinations makes
it difficult to investigate octupole correlation effects in light actinide nuclei systemati-
cally. Data from (HI, xn) reactions are presently restricted to Ra and Th isotopes
with A=220 and A =224, respectively. An extension to the heavier isotopes is
difficult with present techniques due to the overwhelming competition of fission
following the formation of the compound nucleus to be studied. The availability of
targets of the quasi-stable nucleus “**Ra (T,,»=1600y) has, however, opened the
possibility to investigate by Coulomb excitation this nucleus which is not accessible
by (HI, xn) reactions.

The details of the experiment are described in sect. 2. In sect. 3, the level scheme
of ***Ra is presented. From the experimental cross sections, the collective properties
of these levels have been deduced. The analysis of the electromagnetic matrix
elements is also described in this section. A discussion of the experimental findings
and the summary are presented in sects. 4 and 35, respectively.

2. Experimental procedures

The present Coulomb-excitation experiments on “°Ra were performed using the
*He, '°O and 3?S beam from the Munich tandem accelerator and the *"*Pb beam
from the UNILAC at GSI laboratory in Darmstadt. The data were taken at beam
energies low enough to ensure negligible interference from nuclear forces.

2.1. INELASTIC SCATTERING OF *He

The *He experiment was performed at energies between 15 and 17 MeV and at
scattering angles of 120° and 145°. The elastically and inelastically scattered ‘He
particles were detected in the focal plane of a Q3D spectrograph by a 100-cm-long
position-sensitive proportional counter. Isotopically pure targets were prepared by
evaporating 12 pg/cm’ and 60 pg/cm® ***RaBr, on 50 pg/cm” C-backings. A spec-
trum of 16 MeV “He particles, scattered from **°Ra is shown in fig. 2. The peaks
corresponding to scattering from 0%, 2*, 4" and 3~ states can clearly be distinguished.
The measured excitation probabilities of the 2” and 3~ states provide information
on the E2 and E3 matrix elements connecting them to the ground state. A comparison
of the 47 excitation by *He with that by '®O ions allows the contribution from the
E2-E2 cascade to be separated from the E4 contribution.
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Fig. 2. Energy spectrum of 16 MeV a-particles scattered from *?°Ra at a laboratory angle of 145°

2.2. GAMMA-PARTICLE COINCIDENCES WITH 0 AND 32§ PROJECTILES

The Munich tandem accelerator was used to produce projectiles of 63 MeV '°O
and of 135 MeV **S. The target consisted of 3 mm diameter spots of ***RaBr, with
a thickness of 170 pg/cm” evaporated onto 50 pg/cm?® carbon and covered by a
layer of 40 wg/cm” beryllium. The particle detector was a position-sensitive annular
parallel-plate avalanche-counter subtending a range from 9, = 112° to 9, = 168°
with a resolution better than 9° in the scattering angle 9 and a resolution of 18° in
the azimuthal angle ¢. The energy loss of the backscattered *’S projectiles is
sufficiently larger than that of the «-articles from the radioactive target to separate
the two groups. The coincidence spectrum was contaminated by background from
the source activity, which could not be fully separated from the '°O signals. The
y-detectors were four lithium-drifted germanium diodes placed in a plane at 0°,
+70° and 180° (annular Ge(Li) counter) with respect to the beam direction, at a
distance of 11 to 12 cm. The y-spectra were corrected for Doppler shift before
analyzing the line intensities.

2.3. GAMMA-PARTICLE COINCIDENCES WITH ?°®Pb PROJECTILES

The UNILAC at GSI laboratory provided 4.7 MeV/u ***Pb projectiles impinging
on a 400 pg/cm?® ***Ra target sandwiched between 40 ug/cm?® Be and 50 pg/cm’ C.

The experimental setup used for the measurement of particle-y coincidence spectra
is shown in fig. 3. Both the recoiling target nuclei and the scattered projectiles were
detected in an arrangement of five positon-sensitive parallel-plate avalanche gas-
counters: an annular detector (15°< 9,,, <45°, 0°< ¢,,, = 360°) and four rectangular
particle detectors symmetrically placed around the beam axis, each covering an
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Fig. 3. Experimental set-up used in Coulomb excitation experiments with 2**Pb beams. Ge and BGO
denote the Ge detectors and the Compton suppression shields, respectively. For the detection of projectiles
and target nuclei, parallel-plate avalanche gas counters (PPAC) were used.

angular range of 53°< ,, < 90° and 0° < ¢,,, < 84°. The particle detectors were made
position sensitive in the scattering-angle direction (#,,) by means of a special
delay-line readout incorporated into the multi-strip detector-anode. The information
about the azimuth angle (¢,,,) was obtained by dividing the thin metalized cathode
foil of the annular detector into 20 radial segments of 18° each. By measuring the
kinematical correlation between the scattering angles of both reaction partners, the
recoiling ***Ra nucleus could be identified uniquely. The coincident emission of
y-rays was observed in seven Ge detectors (three of them Compton suppressed)
positioned at angles of 30° and 150° with respect to the beam direction. In addition
a multiplicity filter of six Nal detectors was installed at 90° to enable selection of
events of high y-multiplicity. The information about the scattering angle of the
excited Ra nucleus allowed corrections to be made for the large Doppler shifts of
the emitted y-rays due to the high recoil velocities (up to ~10% ¢). Moreover, the
measurement of the scattering angles provided the impact-parameter dependence
of the Coulomb excitation process, allowing to determine individual El, E2 and
E3 matrix elements.

The summed y-ray spectrum of all Ge detectors, after Doppler-shift correction
and suppression of the Compton background, obtained for the ***Ra +*"*Pb system
at abombarding energy of 4.7 MeV/u is displayed in fig. 4. To generate this spectrum
it was required that one of the collision partners was detected in the angular range
of 15°< B, <45° and at least one y-ray was detected by the Nal array. Transitions
up to 18" > 16" and 177 - 15 can be assigned in the ground-state (K =0") and in
the low-lying negative-parity band (K =07), respectively. The energy resolution was
about 3 keV for the high-spin transitions in the Pb experiment.
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Fig. 4. Doppler-shift corrected spectrum of y-rays following the Coulomb excitation of ***Ra by a
4.7 MeV/u 2°Pb beam.
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Fig. 5. Partial level scheme of ***Ra and the transitions observed in the present experiment.
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3. Experimental results

3.1. PARTIAL LEVEL SCHEME OF ??*Ra

A partial level scheme of ***Ra showing the y-transitions observed in our experi-
ments is presented in fig. 5 and confirms the low-spin data of an earlier work *¥).
The spin assignments were obtained from the systematic impact-parameter depen-
dence of the y-ray yields, from the particle-y directional correlation, and from
y-multiplicity measurements. For the lower spin states the yy-coincidence matrix
accumulated from the data of '°O and **S experiments verifies the cascade relation-
ship up to the 10" > 8" and 9~ > 8" transitions, respectively. The K = 0~ bands could
be followed up to spin I”=18" and 1" =177, respectively. Down to spin I ~7h,
the level structure of **Ra shows the interleaving even-odd spin sequence charac-
teristic for nuclei with stable octupole deformation. At low excitation energy the
even-odd spin sequence is not developed and the level scheme exhibits the signature
of an octupole-vibrational nucleus.

The observation of the even-odd spin sequence at moderately high spins has been
interpreted as evidence that the octupole deformation stabilizes with increasing
rotational frequency. Nazarewicz and Olanders *) have introduced the energy dis-
placement 8E of the negative-parity states with respect to the position expected
from the energies of the neighbouring positive-parity states assuming that both,
negative and positive-parity states, form a regular rotational band:

IE(I+1)"+(I+1)E(I-1)"
2I+1 )

SE=E(I) - (2)
Fig. 6 shows 8E versus spin I for *'*>**Ra. The energy displacement varies from
large positive values at lower spins to relatively small negative values at high spin
(8E =0 would correspond to the ideal octupole - deformation case). The pattern
of the **°Ra levels is seen to follow the stable octupole limit rather closely above
I=11#4.

Another nuclear property sensitive to strong octupole correlations is the moment
of inertia of a deformed nucleus. The high-j intruder states, such as the proton i3,
and the neutron j,5,, states in the actinide region, are strongly aligned by the rotation
and therefore they are the main contributors to the high angular-momentum in
rotating nuclei. As a result of the quasi-particle alignment the moment of inertia
exhibits a backbending behaviour as a function of the rotational frequency w.
Cranked Hartree-Fock-Bogolyubov ) as well as cranked shell-model calcula-
tions °), using single-particle potentials with only even-parity deformation modes,
were performed for nuclei in the vicinity of “**Ra. They predict backbending at
spins around I = 18#% and at iw =< 0.20 MeV in **°Ra whereas calculations admitting
an octupole deformation of the potential do not predict backbending *). This is
because the octupole interaction mixes the high-spin intruder states with the close-
lying low angular-momentum orbitals of the opposite parity. The aligned angular
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Fig. 6. Displacement energy 8E of the positive- and negative-parity bands in the Ra isotopes.

moment is therefore reduced substantially and a smooth upbending is predicted
rather than a backbending.

This is exactly what has been observed for **°Ra: In fig. 7 the aligned angular
momentum i in the ground-sate band and in the negative-parity band of ***Ra is
plotted as a function of the rotational frequency #w. The quantity i is calculated
from the experimental spins and level energies following the prescription of ref.’).
The alignment in the ground-state band sets in at hw ~0.15 MeV and shows a
gradual increase up to the highest frequencies observed. In the negative-parity band
the alignment seems to saturate slightly below 2A. Experimentally, there is no sign

2k octupole -
— 1F -
L
o+ ground |
0 010 020
hw (MeV)

Fig. 7. Aligned angular momentum i in the ground-state band and in the negative-parity (octupole)
band of **Ra. The spin i is obtained by subtracting the collective spin

I =433w (h*/MeV) +1006w> (7*/MeV?)

from the classical estimate 7+ (with » being the rotational frequency).
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of backbending in “*Ra. This gives further support of the octupole deformation
picture.

3.2. ANALYSIS OF COULOMB-EXCITATION CROSS SECTIONS

The population of a nuclear state by multiple Coulomb excitation and its sub-
sequent decay depends on various electromagnetic matrix elements. At low transition
energies, the process of internal conversion plays an important role. The matrix
elements determine the excitation paths as well as the feeding from higher levels.
The excitation process is mainly determined by E2 and E3 matrix elements, whereas
the decay may contain M1 and E1 transitions. A unique determination of the matrix
elements can only be achieved if the impact-parameter dependence of the y-ray
yields is measured over a wide range of scattering angles for heavy projectiles. In
the present study the inelastic cross sections were therefore measured for *He, '°O,
328 and *®*Pb projectiles at bombarding energies well below the Coulomb barrier.

3.2.1. Matrix elements from inelastic-scattering cross sections. In the *He-scattering
experiment, the excitation cross sections for the 2, 4" and 37 state were determined
relative to the elastic (0") intensity. The reduced transition probabilities between
the ground state and the various excited states were obtained by comparing the
measured excitation cross sections with those calculated by a semiclassical coupled-
channel code *%). All quadrupole (E2), octupole (E3) and hexadecapole (E4) matrix
elements connecting the 0°, 2*, 3™ and 4" states were included in these calculations.
The matrix elements connnecting the states can be converted to reduced transition
probabilities, B(EA; 0 A). The values obtained from the present study are listed
in table 1.

For a rigid rotor the measured transition probabilities are related to the intrinsic
multipole moments by

@a+1)
167

For a homogeneous charge distribution of shape R = Ry(1+ B2 Yoo+ 83 Yao+ B4 Yao),
the deformation parameters B,, B; and B, can be calculated from the intrinsic

B(EA,0->X)= Q. (3)

TABLE 1
Reduced transition probabilities and charge deformation parameters
in ?**Ra
A B(EA; 0-2)eb*] By {exp) By [ref. ™)
2 5.15(14) +0.165(2) +0.164
3 1.10(11) 0.104(5) —-0.112
4 1.08(15) 0.123(8) +0.096

) Sign of deformation parameter was determined from the static
E2 moment.
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multipole moments using the following implicit expressions:

3ZR}

Q.= : (B>+0.36085+0.33683+0.32883+0.967B,8,+- - *), (4a)
ko
3ZR}
Qs ="7= (Bs+0.8418:8;+0.7698:.+ - ). (4b)
ZR?) 2 2 2
Q.= e (B4s+0.72585+0.462B85+0.41185+0.9838,8,+ - -). (4c)

For a charge radius parameter R, =1.2A"? fm, we have evaluated the above relation-
ships numerically to extract the values for B,, B; and B, given in table 1.
The resulting quadrupole (8.), octupole (8;) and hexadecapole (8,) deformation
parameters are in excellent agreement with theoretical values'®) for a stable
octupole deformation of ***Ra.

3.2.2. Matrix elements from gamma-ray yields after Coulomb excitation. For the
heavier projectiles the Coulomb-excitation cross sections are obtained from the
observed de-excitation y-ray yields. E1, E2 and E3 reduced matrix elements were
extracted from experimental gamma yields using the semiclassical Coulomb-
excitation least-squares search code GOSIA '). A total of 475 efficiency-corrected
experimental gamma intensities from 20 data sets corresponding to different projec-
tiles and different scattering angles were all fitted in one single analysis. Calculated
gamma intensities were corrected for internal conversion, as well as the attenuation
of the particle-y angular correlation due to deorientation of the nuclei recoiling
into vacuum and for the finite size of the Ge detectors. Relativistic distortion of the
angular distributions due to the motion of the decaying recoil nuclei was also taken
into account. Details of the analysis can be found in ref. '?).

When analysing the **Ra Coulomb excitation data one has to consider the relative
sign of the E1, E2 and E3 matrix elements. If the signs of all E1 and E3 intrinsic
moments are changed with respect to the E2 moments, the excitation amplitudes
of the octupole band will have a different sign, but the excitation probabilities
remain the same. This is because only the odd-order products of E1 and E3 matrix
elements are involved in the excitation of this band while only even-order products
of these matrix elements are responsible for the excitation of the positive-parity
states. The choice of the opposite sign of the El intrinsic moment with respect to
the E3 intrinsic moment will, however, change the interference term and hence the
excitation probabilities. The overall effect is found to be rather small, since El
excitation is almost negligible as compared to the E2 and E3 excitations. Neverthe-
less, both sign combinations were independently evaluated. The resulting x* values
are nearly the same (0.83 for negative E1 * E3 product, 0.84 for positive E1 = E3
product), indicating that the data used in this analysis are not sufficiently accurate
to determine the relative sign of the E1 and E3 matrix elements. The difference
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between the magnitude of the matrix elements corresponding to both minima is for
all of them much smaller than the error bars ascribed to both solutions; therefore
we took the average of the two magnitudes and assigned errors covering both
combinations of signs as a final experimental result (tables 2-4).

In our analysis 131 E1, E2, E3 and E4 matrix elements were used to describe the
coupling scheme. Out of this number about 60 were significant, i.e. their influence
on the observed y-intensities was sufficient to determine them with reasonable
accuracy. The uniqueness of the solution was tested using different sets of starting
values for minimization to check whether it converges to the same final set of matrix
elements.

The matrix elements - parameters of the minimization - are strongly correlated.
This correlation has to be taken into account when the errors of the fitted matrix
elements are evaluated. The error estimation procedure of GOSIA, described in
detail in ref. '"), first establishes a “‘maximum correlation direction” in the space of
matrix elements for each matrix element individually. This direction is defined as
a vector along which the increase of y~ is the least when moving away from the
minimum. Then, for each matrix element, the standard confidence limits are found
along the axis, Using this approach one does not need to assume locally quadratic
behaviour of y” around the minimum. The procedure outlined above is especially
suited to the situation in which the true minimum is not perfectly reached.

One of the possible sources of systematic errors is neglecting the matrix elements
of higher multipolarities. In the present study El, E2, E3 and E4 matrix elements
were included. In contrast to results for light ions, heavy-ion data are almost

TABLE 2
Experimental E1 matrix elements for transitions
in ***Ra
Es I, T MEDELY (e~ fm)
0" >1" 0.050 £ 0.009
172" 0.068 +£0.010
23T 0.061 £0.007
37 s 4" 0.057 £0.005
4t 5" 0.093 £0.007
56" —
6 >7" 0.157 £ 0.010
77 ->8% 0.21+0.08
8§ >9” 0.24£0.02
97> 10" 0.27£0.05
107117 0.33+£0.04
117 >12% 0.35+0.08
127 =137 0.63 +0.08
137> 14" 0.6575:48
14" >15" —

15" = 16" 0.559%%
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TABLE 3
Experimental E2 matrix elements for transitions
in ?**Ra

I- I (L] IM(E2)||L) (e~ fm?)
0t 2% +226+1
2t 54t +370%3
4t 56" +483*8
6" >8" +5417%,2
8> 10" +591+2¢

10t >12* +9007*2!
12% > 14* +73223}
14* > 16" +82171%9
167 >18" +559773
2" 2% -147133
4* s 4¢ —338%3]
6*>6" —577%31
8" >8" —565*13¢
10" > 10* —487114%
12+ > 12* —5152139
173" +3667,5
375 +4097 3
57" +40743
779" +545% 3
97> 11" +677233
117>137 +10007153
137>15" +97073%
17>1" —415232
3737 —452+110
5757 —48275%
T =7 595,74
9 9" —-67711%;

insensitive to E4 couplings, as predicted by GOSIA simulations. Nevertheless, a
test to estimate the influence of E4 matrix elements on the fitted E1, E2 and E3
values was conducted. The magnitude of E4 matrix elements included in the coupling
scheme were increased by 50% and the fitting redone, keeping the E4 matrix elements
fixed. Comparison of the best solution and the resulting minimum showed no
discrepancies exceeding the quoted errors. For example, the values of (1||M(E1){|0),
(2||M(E2)||0) and (3||M(E3)||0) matrix elements changed by 2%, 0.5% and 2.5%,
respectively. A similar test was done to check the influence of virtual excitation of
giant dipole resonance (GDR). This effect is taken into account following the
prescription of ref. ®). The fit with GDR correction switched off yielded 10%, 0.5%
and 1% change for the matrix elements listed above. Finally, the effect of unobserved
side bands has been simulated by including a 2* state at 1.1 MeV (energy region
where some levels are known to exist) coupled to the observed levels with the matrix
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TABLE 4

Experimental E3 matrix elements for transitions

in ??°Ra. The phase of the negative-parity wave

functions was chosen by assuming (3|| M (E3)||0)
to be positive

L~ I (I IM(E3)||I) (e fm?)
0"->3" +1080+30
251" +1190733
2% 3" ~1150£160
275" +2000+70
4t 1 —-1470*153
4% >3" +1450339
4t 5" > —1700
457" +2450*,79
6" >3" —2600 + 500
6" >5 +2000+300
6" >7" —24007"450
6" >9" +29007 399
8" 5" > —2400
8* 11" +2200% 599

elements chosen in such a way that resulting vy-yields are above the limit of
observability. The fitting procedure yielded the changes in the lowest E1, E2 and
E3 matrix elements of 6%, 1.5% and 6%, respectively. All these estimates are to be
considered as upper limits. In addition the effect of E5 matrix elements (assuming
Bs=0.5x B; and rigid-rotor spin dependence) was found to be insignificant. The
E4 matrix elements were included in the fit as well as GDR correction.

4. Discussion of the electromagnetic moments

4.1. COLLECTIVE QUADRUPOLE AND OCTUPOLE MOMENTS

The predominantly collective character of the Coulomb excited states of **°Ra is
reflected by the large E2 and E3 matrix elements obtained in the present experiment.
The corresponding reduced transition probabilities B(EA) have values up to 126
and 52 single-particle units, respectively. Consequently, the following discussion of
the observed electromagnetic moments will be concentrated on collective parameters,
especially the quadrupole and octupole deformation.

The quadrupole shape of a nucleus is usually described by the B8, and y deforma-
tion parameters. The parameter 8, can be determined from the reduced transition
probability B(E2;0-2). It is interesting to note that this value is only slightly
changed when axial symmetry of the nucleus is violated (maximum deviation 7%
for y=20°). The most direct data on the y degree of freedom can be obtained by
measuring the spectroscopic quadrupole moments Q,(I) in the excited states. The
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ensemble of our experimental results yields a nearly complete set of matrix elements
of the quadrupole operator for collective states of the yrast band. For reasons
becoming obvious below, we transform the measured diagonal matrix elements
(I]|M{E2)||I) in the ground-state band according to the expression

XON \/ 121-1) {||M(E2)| )

Q. VUI+DRI+DRI+3) 2||M(E2)]0)’

where Q- is the intrinsic quadrupole moment of an axially symmetric nucieus. The
values of the spectroscopic quadrupole moment (in units of Q,) in the ground band
of *Ra are shown in the upper part of fig. 8 and are compared with predictions
of the rigid asymmetric rotor model '*). As seen in fig. 8 there is a straightforward
procedure to deduce the quadrupole shape parameter y from the spectroscopic
quadrupole moments Q,(I) in the ground-state band. The data favour a y-value
around 0°. However, the observed deviations may indicate a softness of the nuclear
shape as discussed in the extended asymmetric rotor model *%).

Since the vy-deformation seems to be small, the reduced matrix elements are
expressed in terms of intrinsic moments Q,, using the axially symmetric rigid-rotor
expressions:

(5)

(I=1MED| D=/ = VTe0, (62)

_Jas fia-n
(T=2f|MED|D =55\ 57T €@ (6b)

35 [u-2U-nI
27 V(QI-3)2I-1)

(I-3||M(E3)||)= eQ; . (6¢c)

The measured (|| M(EAX)||I) matrix elements (tables 2-4) are related to the reduced
transition probabilities B(EA) by

BEEA, I 1) =3 (HIMEN 1. )
From our measurements we are able to determine most of the electric dipole Q,,
quadrupole Q, and, for the first time, octupole @, transition moments up to spin
18 for the yrast states. The experimental data on the intrinsic electric multipole
moments are summarized in figs. 8 and 9. The quadrupole moments of both, positive-
and negative-parity states, are very similar (Q,=750 fm°) as expected for levels
forming a single rotational band. A significant spin dependence of the transition
quadrupole moments is not observed (see fig. 8).
The octupole deformation is determined by the E3 transition moments which are
less sensitive to single-particle effects than the intrinsic dipole moments. The average
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Fig. 8. Ratio of the quadrupole moments Q,/ Q, (top), electric transition quadrupole moments Q, (center)

and octupole moments @, {bottom) for the yrast band in ***Ra.

Q: values at high spins are well described by a rigid rotor with an intrinsic moment
Q;=3100 fm". The collectivity of these B(E3) values in 2*Ra is about three times
larger than the one encountered in heavier actinide nuclei of octupole-vibration type.

4.2. COLLECTIVE DIPOLE MOMENTS

The electric dipole moments Q, are determined from the measured E1 matrix
elements (table 2) and are shown in fig. 9 as a function of the angular momentum.

One observes a marked increase with increasing angular momentum.
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Fig. 9. Electric transition dipole moments, Q,, for the yrast band in “**Ra.

The large dipole moments may arise in the intrinsic frame due to a shift between
the centre-of-charge and the centre-of-mass. As pointed out by Strutinsky '*) and
Bohr and Mottelson '°) the dipole moment results from an interplay between the
strongly attractive proton-neutron force represented by the symmetry-energy term
and the Coulomb force. Using the two-fluid liquid-drop model it is estimated to be:

%D: CLDAZ(32ﬁ3+1~453ﬁ3ﬁ34) > (8)

where A and Z are the mass and charge number of the nucleus. For the Ra and
light Th nuclei the 88, term is about as large as the 8,8, term and thus should
not be neglected in eq. (8). For 226Ra we assumed the deformation parameter 38, to
be constant and have the value determined from the hexadecapole moment measured
at low spin. The quadrupole (B-), octupole {3,) and hexadecapole (B,) deformation
parameters for **°Ra listed in table 1 were used to calculate the electric dipole
moment Q, - using the liquid-drop formula (eq. (8)) with the constant Cyp=
5.2 % 107* fm. The experimental data shown in fig. 9 seem to approach this theoretical
value at high angular momenta, just as the energy levels in ***Ra approach the
stable-octupole limit above spin I ~114 (see fig. 6). The deviations of the experi-
mental dipole moments Q, from the liquid-drop E1 moment of the observed shape
(B, B3, B4) at low spins can only be explained by the influence of shell structure 19,
which almost cancels the liquid-drop contribution. Since the nuclear shape and
especially the B8; deformation remains constant (see fig. 8), the shell correction has
to decrease with increasing angular momentum in order to explain the behaviour
of the intrinsic dipole moments.
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The influence of shell structure is also seen in neighbouring nuclei. Fig. 10 shows
the B(E1) values in Weisskopf units (W.u.) for the Ra isotopes, extracted for low
spin states (I ~5) from the measured branching ratios '”"*°). In the framework of
the liquid-drop model (eq. (8)) one expects that the absolute value of the E1 moment
will grow with octupole deformation B8;. However, one observes the smallest E1
moment for ***Ra for which the 1~ state is the lowest non-rotational state in all
even-A nuclei. The intrinsic dipole moments in the Ra-Th region were recently
calculated by Egido and Robledo ') using the HF+ BCS model with the Gogny
interaction. They obtained excellent agreement with experimental B(E1) transition
rates and, in particular were able to reproduce the very low values of Q, in ***Ra.
These calculations predict a decrease of the positive dipole moments to negative
values in going from light Ra isotopes to the heavier ones, with a zero-crossing
close to A =224. This dependence has probably to do with gradual filling of the
Jjis,~ neutron shell. As a consequence, the measurement of E1l transition moments
alone does not allow a unique determination of the octupole mass deformation.

Fig. 11 shows the systematics of the intrinsic electric dipole moments for Ra and
Th isotopes at higher spin states (I ~10). The experimental data'’>*"*"*%) are
compared to predictions of the liquid-drop model (eq. (8)) using the same constant
C\.p as the one given above. The deformation parameters 8-, Bs, B4 were taken
from a calculation of Leander et al '°). One finds good agreement between the
experimental dipole moments and the liquid-drop values, indicating that shell
corrections are less important at higher spins. This result is consistent with the
observed spin dependence of the measured dipole moments Q, in **°Ra (see fig. 9).

The field of octupole deformed nuclei has dramatically expanded during the last
years. In addition to the relatively well-explored Ra-Th region, there are further
promising candidates for such collective modes: For the Ba-Sm (Z ~ 56, N ~ 88)
nuclei 2*~") low-lying negative-parity states, parity doublets, alternating-parity bands
with enhanced E1 transitions have been established experimentally. In many cases
the data are consistent with the assumption of a static nuclear octupole deformation.
This deformation seems to stabilize with increasing rotational frequency, a feature
which is not yet explained in a satisfactory way within the octupole model.

5. Summary

The spin-dependence of the collective properties of **°Ra - transition energies
and electric multipole moments - determined by Coulomb excitation is the main
contribution of the present paper. The technique allows the measurement of E3
transition moments providing us with rich structural information about the physics
of octupole instability. The E3 matrix elements can be related to the octupole
deformation parameter B85, and they are less sensitive to single-particle corrections
than the E1 matrix elements. In the case of ***Ra, the influence of the shell corrections
on the E1 matrix elements seems to vanish at medium high spins so that the deduced
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intrinsic electric dipole moments must be explained in a collective model. There
are many experimental and theoretical indications that the octupole degree of
freedom plays a key role in the structure of light actinide nuclei.
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