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Abstract
For certain combinations of protons and neutrons it is expected that the shape of atomic nuclei can
undergo octupole deformation, whichwould give rise to reflection asymmetry or a ‘pear shape’. Here
it is described how recent experiments carried out at CERNusing theHIE-ISOLDE facility to
accelerate radioactive beams and detect the subsequent γ-emission using theMiniball spectrometer
have provided evidence that several radium and radon isotopes have either stable pear shapes or are
octupole vibrational in nature. Their behaviour is comparedwith that of nuclei withA≈ 150
exhibiting strong octupole correlations. It will be shown that the data on transitionmoments present
some challenges for theory. The relevance of thesemeasurements for atomic EDMsearches will also
be discussed.

1. Introduction

It is well established by the observation of rotational bands that atomic nuclei can assume quadrupole
deformationwith axial and reflection symmetry, usually with the shape of a rugby ball. The distortion arises
from long-range correlations between valence nucleonswhich becomes favourable when the proton and/or
neutron shells are partially filled. For certain values of proton and neutron number it is expected that additional
correlationswill cause the nucleus to also assume an octupole shape (pear-shape)where it loses reflection
symmetry in the intrinsic frame [1]. The observation of low-lying rotational bandswithK π= 0− in even–even
nuclei is indicative of their having strong octupole correlations. Further evidence is provided by the sizeable
value of theE3moment for the transition to the ground state, indicating collective behaviour of the nucleons.
However, the number of observed cases where the correlations are strong enough to induce a static pear-shape is
much smaller. Strong evidence for this type of deformation comes from the observation of a particular
behaviour of the energy levels for the rotating quantum system and from an enhancement in the E3moment [2].
Prior to the present work experimental signatures in heavy nuclei have been observed for only two cases, 224Ra
[3] and 226Ra [4]. This paper summarises new information on energy levels and electricmatrix elements for the
radioactive isotopes 222,224,226Rn (Z= 86) and 222,228Ra (Z= 88) obtained from recent experiments using the
HIE-ISOLDE facility at CERN (for a brief review, see [5]). The behaviour of nuclei withA≈ 220 is compared
herewith that of isotopeswithZ≈ 58,A≈ 150. Section 2.1 discusses how the experiments were performed,
section 2.2 presents the new level-schemes for 224,226Rn and compares the different rotational behaviour of
nuclei withA≈ 150,A≈ 220, and sections 2.3 and 2.4 show the systematics of the electric transitionmatrix
elements in bothmass regions and a comparison of the experimental data with theory respectively. Section 3
discusses hownuclei with strong octupole correlationsmay be important for future searches that constrain the
value of an electric dipolemoment in atoms.

2. Experimentalmethod and results

2.1. Coulomb excitation of radon and radium isotopes
The radioactive isotopes 224Rn (Z= 86,N= 138) and 226Rn (Z= 86,N= 140) ionswere produced by spallation
in a thick thorium carbide target bombarded by≈1013 protons s−1 at 1.4 GeV from theCERNPSBooster [6, 7].
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The reaction products diffused and effused from the heated target via a cooled transfer line towards an enhanced
plasma ion source, whichwas used to singly ionize (q= 1+) the Rn isotopes. The ionswere accumulated and
cooled in a Penning trap, REX-TRAP and delivered as a bunch to an electron-beam ion source, REX-EBIS at
500ms intervals. Here, the charge-state of the ionswas increased by charge breeding up to 51+. The ionswere
accelerated inHIE-ISOLDE to an energy of 5.08MeV/u and bombarded secondary targets of 2.1 mg cm−2 120Sn.
The post-accelerated beam intensities were 1.1× 105 ions/s for 224Rn and 2× 103 ions/s for 226Rn. The γ-rays
emitted following the excitation of the target and projectile nuclei were detected inMiniball [8], an array of 24
high-purity germaniumdetectors, eachwith six-fold segmentation and arranged in eight triple-clusters. For the
γ-γmeasurements described in section 2.2 the recorded energies were taken from the core of each crystal and
events were rejectedwhen hits were recorded in the adjacent crystals within the triple-cluster, in order to reduce
the background fromCompton scattering. For all the experiments described here the scattered projectiles and
target recoils were detected in a highly segmented silicon detector [9].

In addition, 222Ra (Z= 88,N= 134) and 228Ra (Z=88,N= 140)were produced by spallation in a thick
uranium carbide primary target again bombarded by≈1013 protons s−1 at 1.4 GeV [10]. The ions, extracted
froma tungsten surface ion sourcewere stripped to charge states of 51+ and 53+, respectively, for 222Ra and 228Ra
and accelerated inHIE-ISOLDE to an energy of 4.31MeV/u. The radioactive beams, with intensities between
5× 104 and 2× 105 ions/s bombarded secondary targets of 60Ni and 120Sn of thickness 2.1 mg cm−2. Gamma
rays and scattered ions emitted following the excitation of the target and projectile nuclei were detected as
before. Also, 222Rn (Z= 86,N= 136) ionswere produced in the samemanner as for 224,226Rn and accelerated in
HIE-ISOLDE to 4.23 MeV/u [11]. The accelerated ions then bombarded, with an intensity of 6× 105 ions/s, the
60Ni and 120Sn targets as before. The aimof these experiments was tomeasure electromagneticmatrix elements
in 222Rn, 222Ra and 228Ra, see section 2.3. The distance of closest approach�R1+ R2+ 5 fm,whereR1,R2 are the
beam, target nuclear radii, ensuring that the contribution fromnuclear interactions is negligible [12]. The
recorded γ-ray energies were taken from either the core of eachMiniball crystal (for the 222Rnmeasurements) or
from each of the six individual segments of the crystal (for 222Rn, 222,228Ra). In the lattermode theCompton
backgroundwas reduced by rejecting events if a second hit was recorded in another segment in the same crystal.
Use of this detector configuration improved the quality of the spectra in the cases where the instantaneous count
ratewas high.

Representative γ-ray spectra obtained for 222Rn and 222Ra fromboth the 120Sn and 60Ni targets are presented
infigure 1. As the cross section for theCoulomb excitation of the projectile is strongly dependent on the atomic
number of the target, the use of two targets with significantly different values ofZ produce a different population
of states in the heavy radon and radiumnuclei. In particular, the higher-Z target 120Sn allows access to higher-
spin states throughmultistepCoulomb excitation comparedwith 60Ni. The spectra reveal a strong population of
the positive-parity states of the ground-state band, which are populated viamultipleE2 excitation. In nuclei that
are unstable to pear-shaped distortion, the other favoured excitation paths are tomembers of the octupole band,
inwhich the negative-parity states are coupled to the ground-state band by strong E3 transitions. These states
will decay to states in the ground-state band by fast E1 transitions.What is evident in the figure is the significantly
stronger population of both positive- and negative-parity states in 222Ra compared to those in 222Rn, arising
from the larger intrinsic quadrupole and octupolemoments in the radium isotopes compared to radon, see

Figure 1. Spectra of γ rays emitted following theCoulomb excitation of 222Rn and 222Ra using a 120Sn target (blue, upper), and 60Ni
(red, lower). The γ rays were corrected forDoppler shift assuming that they are emitted from the scattered projectile. Time-random
coincidences betweenMiniball and the silicon detector have been subtracted. The transitions that give rise to the observed full-energy
peaks are labelled by the spin and parity of the initial and final states. The spectrawere obtained by sorting the data in the segment
mode. Taken from [10, 11].
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sub-section 2.3. Also of interest is the presence of low-lying collective bands labelledβ (built on an excited
Kπ= 0+ band-head) and γ (built on an excitedKπ= 2+ band-head) observed for the first time in 222Rn. Their
placement in the level schemewas determined through analysis of a γ− γ coincidencematrix collectedwith data
fromboth targets. The feeding from the so-calledβ-band to the negative-parity states is appreciable (see figure 8
in [11]) and has to be taken into account in the determination ofE3matrix elements (section 2.3). Low-lying
collective bands are also observed in theCoulomb excitation of 220Rn [3], 224Ra [3] and 228Ra [10] but are
populated veryweakly in the case of 222Ra, see figure 1. Strong excitation of theβ-bandwith enhancement of the
E3 coupling to the negative-parity band is also observed in 148Nd, for which it is suggested that there is a
significant component of the two-phonon octupole vibration in thewavefunction of theβ-band [13].More
recently low-lying +02 levels have been described as 2p-2h exctations (see [14] and references therein)which can
easily couple strongly to both the ground-state and octupole band.

2.2. Characterisation of octupole instability from rotational behaviour
Prior to the experiments discussed here, nothingwas known about the energies and spins of excited states in
224,226Rn, while de-exciting γ-rays from states in 222Rn had been observed [15] up to I π= 13−. In order to
determine the decay scheme of 224,226Rn, pairs of coincident γ-rays were examined. In this analysis, the energy
spectrumof γ-rays coincident with one particular transition is generated by requiring that the energy of this
gating transition lies in a specific range. In this way the level schemes for 224,226Rn could be constructed from the
coincidence spectra [6, 7]. These schemes, togetherwith the known [15] scheme for 222Rn, are shown infigure 2.

The character of the octupole bands can be explored [15] by examining the difference in aligned angular
momentum,D = -- +i i ix x x , at the same rotational frequencyω as a function ofω, as shown infigures 3 and 4.
Here ix is approximately I forK= 0 bands and ÿω is approximately (EI− E(I−2))/2. For octupole vibrational
nuclei inwhich the negative-parity states arise from coupling an octupole phonon to the positive-parity states, it
is expected thatΔix≈ 3ÿ as the phonon prefers to alignwith the rotational axis [16]. This appears to be the case
for nuclei withZ≈ 56,N≈ 88 at values of ÿω< 0.2 MeVwhere particle-hole excitations do not play a role, see
figure 3. Above this rotational frequency there is some evidence that reflection-asymmetric and reflection-
symmetric shapes can co-exist in nuclei. Urban et al have observed a crossing of the positive-parity sequence of
the octupole band in 150Smwith a band corresponding to a reflection symmetric shape, possibly related to a
rotational alignment in the ground-state band atÿω≈ 0.3MeV [17]. After the crossing reflection symmetric and
asymmetric nuclear shapes are considered to coexist. In another example, the ground-state octupole band in
222Th is not seen beyond spin 25ÿ (ÿω≈ 0.25MeV) in contrast to 220Rawhere the highest spin seen is 31 ÿ [18].
These observations are consistent withWoods-Saxon-Bogolyubov cranking calculations which predict that the
ground-state band in 222Thwill cross a reflection-symmetric four-quasiparticle band at I= 24ÿ, whereas the

Figure 2.Rn level schemes. These partial level-schemes for 222,224,226Rn show the excited states of interest. Arrows indicate γ-ray
transitions. All energies are in keV. Firmplacements of transitions in the scheme are fromprevious work [15] or have beenmade using
γ − γ-ray coincidence relations [6, 7]. The spin and parity assignments for the positive-parity band that is strongly populated by
Coulomb excitation can be regarded as firm,whereas the negative-parity state assignments aremade in accordwith the systematic
behaviour of nuclei in thismass region.
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yrast band in 220Ra is predicted tomaintain its reflection asymmetry to higher spins [19]. In contrast, 238−240Pu,
which have octupole-vibrational behaviour at low spin, are found to exhibit properties associatedwith stable
octupole deformation at the highest spins, suggesting that a transition from a vibration to stable deformation
may have occurred [20].

Figure 3. Systematic rotational behaviour of Xe, Ba, Ce,Nd, and Sm isotopes, showing the difference in aligned spin for negative- and
positive-parity states as a function of rotational frequency. The dashed line atΔix = 0 is the expected value for static octupole
deformation, the line atΔix = 3ÿ corresponds to octupole vibration. Taken from [21].

Figure 4. Systematic rotational behaviour of Rn, Ra, Th, andU isotopes, showing the difference in aligned spin for negative- and
positive-parity states as a function of rotational frequency. The dashed line atΔix = 0 is the expected value for static octupole
deformation, the line atΔix = 3ÿ corresponds to octupole vibration. Taken from [21].
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Octupole-vibrational behaviour is also observed for all the radon isotopes andRa, Th andU isotopes with
N= 140, seefigure 4. For nuclei with permanent octupole deformationΔix is expected to approach zero, as
observed for several isotopes of Ra, Th, andU [21], see figure 4.Here, deviations are seen at low rotational
frequencies because the negative-parity band is displaced relative to the positive-parity band near the ground
state. This displacement is associatedwith the lowering of the barrier atβ3= 0 between the reflection-
asymmetric shapes, which is a consequence of pairing at low spin for even–even nuclei [22, 23]. It should be
noted that this rotational behaviour can also be interpreted as the condensation of rotational-aligned octupole
phonons inwhich the nucleus assumes a heart shape forN≈ 136 [24].

2.3.Measurement of Eλmatrix elements in radon and radium isotopes
Values ofE1,E2 and E3matrix elements in 222Rn [11], 222Ra [10] and 228Ra [10]were obtained by using the
Coulomb-excitation least-squaresfitting codeGOSIA [25]. GOSIAwas employed to calculate excitation
probabilities and subsequent γ-ray decay intensities of excited states for a given set of electromagneticmatrix
elements. The calculated γ-ray intensities can be comparedwith the experimental yields and additional
spectroscopic information that is available. In this work, known γ-ray branching ratios of low lying negative-
parity states together with themeasured γ-ray intensities were included in the calculations. A standardχ2

function for both yields and branching ratios was constructedwhichwasminimized by varying the values of the
electromagneticmatrix elements between all relevant states, treated as free parameters. For all three nuclei the
excitation and decay of low-lyingβ and γ collective bandswere also taken into account in theGOSIAfit; as
remarked in section 2.1 the decay of theβ-band to the negative-parity states in particular influences thefitted
values of theE3matrix elements connecting the octupole and ground-state bands. In order to determine the
systematic sources of errors, a number of independent fits was obtainedwith different initial conditions. These
included varying the target thickness, the beam energy, the distance between the target and the particle detector,
the efficiency of theMiniball detectors, the E4matrix elements, and the signs of the E2 couplings to the higher-
lying collective bands.

Themeasured values of normalised quadrupolemomentQ2/Z. A
2/3 for nuclei withZ� 50,N� 82 and

Z� 82,N� 126 are shown infigure 5. This quantity, proportional to the quadrupole deformation parameter
β2, shows a steady increase withN as it approaches themid-shell value. In contrast the normalised octupole
momentQ3/Z. A, proportional to the octupole deformation parameterβ3, stays approximately constant withN,
see figure 6. In these figures the intrinsicmomentsQλ are derived from the transitionmatrix elements

lá ñ∣∣ ( )∣∣I E Ii f assuming the validity of the rotationalmodel. The value ofQ2 was derived from

á ñ+ +∣∣ ( )∣∣E0 2 2 or á ñ+ +∣∣ ( )∣∣E2 2 4 ;Q3 was derived from thematrix element corresponding to the 0+→ 3−

transition except for Rn, RawhereQ3 is averaged over several transitions. For 82�N� 88, there is no observed
enhancement forQ3 within experimental uncertainties, while forN> 88 theE3 strength is no longer
concentrated in the lowest octupole band but is shared among this band and bandswith othermodes of octupole
shape oscillations that occur in deformed nuclei. These othermodeswill come down in energy as the number of
protons and neutronsmove away from the closed shell atZ= 50,N= 82 (or atZ= 82,N= 126). In contrast,
the larger values ofQ3 for

222Ra, 224Ra and 226Ra indicate an enhancement in octupole collectivity that is
consistent with an onset of octupole deformation in thismass region.

Figure 5.The systematics ofmeasuredE2 intrinsicmomentsQ2 for 0
+ → 2+ transitions formedium-mass nuclei withZ � 50,

N � 82 and heavy nuclei withZ � 82,N � 126. For the source of the data shownhere, see [48], figure 4 in [21], and [11].
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2.4. Comparison of experimental Eλmatrix elementswith theory
The values of lá ñ∣∣ ( )∣∣I E Ii f for E2 transitions and for E3 transitions in 222,226,228Ra are shown infigures 7 and 8
respectively as a function of spin. In each of the figures, a smooth line that isfitted to thematrix elements
assuming a constantQλ is also shown. It is observed that the values ofQ2 for the transitions in

222,226,228Ra and
Q3 for the transitions in

222,226Ra are approximately constant, consistent with the picture of a rotating pear shape
for the lighter radium isotopes. In contrast, the values of á ñ+ -∣∣ ( )∣∣E2 3 3 and á ñ- +∣∣ ( )∣∣E1 3 4 in 228Ra do not
show the same behaviour. Staggering in the values ofQλwith spin have been predicted using theGognyHartree–
Fock-Bogoliubov+ interacting bosonmodel [26] but these do not reproduce the observations for either theQ2

orQ3moments. The values of á ñ+ -∣∣ ( )∣∣E2 3 3 and á ñ- +∣∣ ( )∣∣E1 3 4 are also observed to be anomalously low in
148Nd and 150Nd, see figure 12 in [2]. Their behaviour in 148Nd can be reproduced approximately using a
quadrupole-octupole couplingmodel [13].

The experimental values of intrinsic dipole and octupolemomentsQ1 andQ3 for radium isotopes,
corresponding to the 0+→ 1− (E1) and 0+→ 3− (E3) transitions, are comparedwith various theoretical
calculations infigure 9. The calculations are frommacroscopic-microscope (MaMi) [27, 28], relativisticmean
field (NLSH) [29], cranked Skyrme-Hartree–Fock (SkIII) [30], Skyrme-Hartree–Fock (SkO′) [31], clustermodel
(Clus) [32], GognyHartree–Fock-Bogoliubov (D1M2d) [33], quadrupole-octupole collectiveHamiltonian
based on the PC-PK1 relativistic density functional (QOCH,QOCH′) [34, 35], SkyrmeHartree–Fock-
Bogoliubov (UNEDF0) [36] andGognyHartree–Fock-Bogoliubov+ interacting bosonmodel (D1MIBM) [26]

Figure 6.The systematics ofmeasuredE3 intrinsicmomentsQ3 formedium-mass nuclei withZ � 50,N � 82 and heavy nuclei with
Z � 82,N � 126. The values ofQλ are calculated for the 0

+ → 2+ or 0+ → 3− transitions except for the values ofQ3 for the isotopes
of Rn, Ra. For these isotopes the uncertainty inQ3 is reduced by evaluating aweighted average ofQ3 for several I → I + 3 transitions
where it has beenmeasured. For the source of the data shownhere, seefigures 4, 5 in [21], and [11].

Figure 7.Values of theE2matrix elements for various transitions in 222,226,228Ra isotopes. The line through the data is the fitted value
assuming a constant value ofQ2 and the validity of the rotationalmodel. The data are taken from [4, 10].
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calculations. For the behaviour ofQ1 with neutron number, only themicroscopic theories are able to exhibit a
minimumaroundN= 134− 138; not all of these are able to reproduce the observedminimum for 224Ra. In
contrast, there is good agreement between the various calculations and the experimental values ofQ2 (see figure
17 in [2]). On the other hand awide variation in the predicted values ofQ3 from the different theories is evident,
although no particularmodel description can be favoured or discarded on the basis of the experimental data.
The systematic behaviour of energy levels in certain isotopes of thorium and uraniumnuclei suggests that these
may also be pear shaped, seefigure 4. Several calculations usingGognyHartree–Fock-Bogoliubov (D1M) [37],
quadrupole-octupole collectiveHamiltonian based on the PC-PK1 relativistic density functional (QOCH′) [38]
andGognyHartree–Fock-Bogoliubov+ interacting bosonmodel (D1MIBM′) [39] predict very large values of
E3moments in thorium and uranium isotopes withN≈ 136− 138 (see figure 10). Experiments tomeasure E3
transition probabilities in these heavier nuclei await advances in radioactive beam technology that should be
realized in the next few years.

3. Reflection-asymmetric shapes and atomic electric-dipolemoments

The fact that some nuclei can have a reflection-asymmetric shape has influenced the choice of atoms having odd-
A nuclei employed to search for permanent electric-dipolemoments (EDMs). Anymeasurablemoment will be
amplified if the nucleus has octupole collectivity and further enhanced by static-octupole deformation. At
present, experimental limits on EDMs, thatwould indicate charge-parity (CP) violation in fundamental

Figure 8.Values of theE3matrix elements for various transitions in 222,226,228Ra isotopes. The line through the data is the fitted value
assuming a constant value ofQ3 and the validity of the rotationalmodel. The data are taken from [4, 10].

Figure 9.Measured values (Expt) of intrinsic octupolemoments,Q1 for 0
+ → 1− (left), andQ3 for 0

+ → 3− (right) transitions as a
function ofN for radium isotopes, comparedwith values calculated using various theoreticalmodels. For details of the calculations see
the text.
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processes whereflavour is unchanged, have placed severe constraints onmany extensions of the Standard
Model. For certain isotopes octupole effects are expected to enhance, by a factor 100–1000, the nuclear Schiff
moment (the electric-dipole distributionweighted by radius squared) that induces the atomic EDM [40–43],
thus improving the sensitivity of themeasurement. There are two factors that contribute to the greater electrical
polarizability that causes the enhancement: (i) the odd-A nucleus assumes an octupole shape; (ii) an excited state
lies close in energy to the ground state with the same angularmomentum and intrinsic structure but opposite
parity. Such parity doublets arise naturally if the deformation is static (permanent octupole deformation).
Candidate atomic species with nuclei having strong octupole correlations, such as 221Rn, 225Ra, 229Pa, have been
proposed for EDM searches [44, 45]. Themeasurements described here lead to the conclusion that the even–
even nuclei 222−226Ra have octupole-deformed character, and their odd-mass neighbours 223,225Ra, having
parity doublets separated by≈50 keV, should have large enhancement of their Schiffmoments.Measurements
of the E3 strength in odd-Anuclei have yet to be carried out, however. For the octupole-vibrational radon
isotopes, it appears unlikely that odd-Anuclei such as 221,223,225Rnwill have low-lying parity doublets. Bands of
opposite parity with differing single-particle configurations can lie close to each other fortuitously but in general
those arising from coupling the odd nucleon to the ground state and octupole phononwill bewell separated. The
separationwill be determined by the spacing of the bands in the even–even core,≈500 keV in the case of
222−226Rn, and any enhancement of the Schiffmomentwill be smaller in radon atoms than for radium atoms. In
the case of 229Pa evidencewas presentedmany years ago [46] for the occurrence of a 5/2 parity doublet with
splitting of≈200 eV. If this were the case then therewould be considerable enhancement of the nuclear Schiff
moment,making 229Pa the best candidate for atomic EDMsearches. However, the same authors havemore
recently cast doubt on the existence of this doublet [47], and have proposed newmeasurements that could
resolve this issue.

4. Summary

There is now a substantial body of evidence, from the behaviour of the energies of quantum states and the
interconnecting electromagneticmatrix elements, particularly electric octupolematrix elements, that a few
isotopes of radiumhave permanent octupole deformation, i.e. are pear shaped. This is important not just for
testing nuclear theories but also for improving the sensitivity of atomic EDMsearches that could reveal the
violation of fundamental symmetries not accounted for by the standardmodel.
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