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INTRINSIC REFLECTION ASYMMETRY IN NUCLEI
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The evidence for intrinsic re ection asymmetry in atomic nuclei, with
examples from recent experiment work, is reviewed.

PACS numbers: 21.10. Re, 23.20. Lv, 25.70. Gh, 27.90. +b

1. Introduction

The manifestation of re ection asymmetry in quantum systems can be
observed in molecules such as HCI or G4€| where the rotational bands
consist of a sequence of alternating positive and negativeapity bands which
arise from the projection in the laboratory frame of a parity-mixed intrinsic
system. Features analogous to the behaviour of re ection ggnmetric nuclei
can be found in the spectra of the ammonia molecule, in whichhie nitrogen
atom tunnels through the plane containing the hydrogen atons between
the right-handed and left-handed con guration. The tunneling through the
mass-asymmetry barrier gives rise to deviations from that epected for a
rigid system, for example the energies levels of the parity @ublet states for
K 6 0 bands are no longer degenerate.

Examples of re ection asymmetry in nuclear systems can be fmnd in
the quasi-molecules which are formed following nuclear retions. There are
resonances in the intermediate compound system which arigem re ection-
asymmetric con gurations. Such a sequence of states has beebserved [1]
in the 28Si( , 9 reaction which corresponds to the rotation of an asymmet-
ric system. For bound systems the situation is less clear. The increase in
stability of a nuclei with asymmetric deformation in the most favourable
cases is still not su cient for the shape to be considered rigd (at least in
the ground state), so that the energy spectra are intermedig between static
and dynamic asymmetric deformation.
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The occurrence of low lying negative parity states has beenxplained
in the framework of many nuclear models (for review, see [2]¥or example
algebraic models where they arise from couplings qf and f bosons tos
and d bosons (both odd™ bosons appear to be necessary to simultaneously
describe energy levels and transition moments), and clustenodels in which
the nucleus assumes a molecular-like con guration. At the ricroscopic level,
nuclear re ection asymmetry has its origin in the proximity of the high spin
intruder orbital from the (N + 1) shell to the opposite parity orbitals in
the N shell. In mean eld theories, the mass asymmetry naturally aises
from the octupole interaction which allows scattering between these states.
Both macroscopic-microscopic (shell correction using the t8itinsky pre-
scription) and self-consistent microscopic (Hartree-Fok) calculations have
been used very successively to predict regions of octupolestability and
calculate transition moments. Fig. 1 shows an example of thapplication of
the Strutinsky method [3] which uses a deformed Woods-Saxagpotential to
analyse octupole instability in medium and heavy-mass nu€li. It predicts
that Ra, Th and U isotopes with N 134 should exhibit the features of
nuclei having static octupole deformation. It has been the gal of recent
experiments to test these predictions.

2. Experimental evidence for re ection asymmetry

The observation [4], nearly 50 years ago, of a low-lyind state in ??*Ra
populated by -decay led almost immediately to the suggestion (see [5]
for reference) that this state may have the same intrinsic sucture as the
ground state and represents a collective distortion in whik the nucleus is
pear-shaped. The energy of thisl state, while being the lowest observed
of all nuclei, lies higher than that of the 2° member of the ground state
rotational band (see Fig. 2). Experiments to extend both pogtive and neg-
ative parity bands to higher spins using nuclear reactions ere carried out
much later. The pioneering experiments of Boninet al. [6] and Ward et al.
[7] who studied the low-lying collective structure of?22Th, revealed that the
negative parity states became interleaved with the positie parity states, a
necessary requirement for static re ection asymmetry. A giilar structure
was observed ir??Ra by Poynter et al. [8] and Marten-Télle et al. [9] who
employed radioactive??°Ra targets, and more recently by Cockset al. [10]
(see Fig. 2) who exploited multi-nucleon transfer from232Th. The highest
spin sequences, up t®9 , of alternating positive and negative parity have
been observed in??°Ra, while its isotone 2?°Th exhibits a sudden drop in
population intensity at spin 24" [11]. This behaviour has been interpreted
[12] as a reversion to re ection symmetry caused by the aligment of both
i% protons and j% neutrons to the rotation axis. For odd mass nuclei, the
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Fig.1. Octupole deformation energy curves for even-even @gopes of Rn, Ra, Th
and U obtained in the shell-correction + Woods-Saxon model 3]. Insets show
experimental energies of the lowest negative-parity state in these isotopes.
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Fig. 2. Energy level scheme of?*Ra, taken from the work of Cockset al. [10].

model example of re ection asymmetry remains that of?2°Th [13] whose
low-lying rotational structure consists of four rotational bands in which both
parities are observed for each value of angular momentum atp@roximately
the same energy, callegarity doubling.

In the following, we will discuss the status of recent expermental work
on both transition moments and energy levels. We will reviewhow the
behaviour of these observables is reconciled with their ierpretation in terms
of nuclear re ection asymmetry.

2.1. Electric dipole moments

An important experimental observable of re ection asymmetic nuclei is
the intrinsic E1 moment which is induced by the separation of centre-of-
mass and centre-of-charge. Almost as an accident of naturghe resulting
intensity of the electromagnetic transition between oppoie parity states
becomes comparable to that of the in-bandE 2 intensity. Calculations of
this quantity have been made using both microscopic-macra®pic (liquid-
drop with shell correction) and microscopic (Hartree-FocR approaches (see
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[2] for references). An early success of the former method ws/i¢éhe prediction
[14] of a near-zero value of th€&e 1 moment for Ra isotopes withN 136,
which was veri ed experimentally [8] shortly afterwards. The results of the
most re ned calculations using the microscopic-macroscap method [15] for
Ra and Th isotopes are shown in Fig. 3. This gure shows that tkere is a
cancellation of the liquid droplet contribution and the shell correction term
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Fig. 3. Calculated [15] macroscopic contribution (using tre droplet model), D §'@° ,
shell-correction contribution, D§"®", and total value of the intrinsic electric dipole
moment, DP? | for Ra and Th isotopes.

which occurs for??*Ra, while the sign of theE 1 moment in 2?6Ra is opposite
to that for 222Ra. The measured [10] variation of the ratio of the electric
dipole moment (Dg) to electric quadrupole moment Qg) as a function of
angular momentum is shown in Fig. 4 for a series of radium isopes. The
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Fig. 4. Plot of the experimental ratio of the absolute magnitude of the intrinsic elec-
tric dipole and quadrupole moments (D ¢=Qpj) as a function of spin for transitions
de-exciting states of spinl in ??°Ra, ?**Ra and ??°Ra [10].

Dy=Qp values measured for the excited states iR**Ra are much lower than
those in ??’Ra and ??°Ra, and the gure shows that the cancellation e ect
described above persists to high angular momenta if?*Ra. For %?°Ra and
226Ra the D¢=Qp values are constant over the full range of spin measured,
which suggests that the asymmetric charge and mass distritiion in all three
isotopes does not change with increasing spin.

2.2. Electric octupole moments

The E3 moment can be regarded as a more straightforward measure of
odd order mass deformations as it is predominantly isoscalavery collec-
tive and in rst order independent of quadrupole deformation. Although
dynamic charge distortions strictly cannot be distinguished from static de-
formation, the description of the E3 moments connecting the ground state
positive parity and lowest negative parity band in 22°Ra [16] in terms of a
rotating static octupole moment is a very attractive one. In contrast, large
uctuations are observed in 1*8Nd [17-19] which can be approximately ac-
counted [18] by a model of a one-phonon octupole vibration epled to the
guadrupole ground band. A large coupling of the negative paty band to the
K =03 band is also observed [18,19], whose origin is not fully undgood
at this time.

2.3. Magnetic dipole moments

The energy spectra of odd mass pear-shaped nuclei, as dissed ear-
lier, will consist of parity doubled rotational bands. The M1 transitions
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within the positive parity and negative parity bands will have a transition

probability which is proportional to the square of the di er ence of the odd
particle g-factor, gk, and the coreg-factor, gr. The value of gx should be
the same for both the positive and the negative parity bandsfi both arise
from the laboratory projection of the same intrinsic (re ection-asymmetric)

structure. In the mass region aroundZ = 88, N = 134, there are very few
systematic data on the the behaviour of this quantity. Recetly, and

ex:L:.m measurements for?3Ra, populated by the -decay of?2’Th, have

revealed [20] that the values of(gxk  gr)=Qo for several transitions in the
K =5=2" band are similar to those in the neighbouringk =5=2 band

in this nucleus. This is consistent with the interpretation (see next section)
that the radium isotopes with A = 220-226 are re ection asymmetric.

2.4. Energy levels

Perhaps the most important indicator of whether a nucleus isre ection-
asymmetric or not is the behaviour of the energy levels thenwves. Al-
ternating negative and positive parity states can arise in wo ways from
instability in the octupole degree of freedom. One limit is hat the nucleus
has permanent octupole deformation, in which case the compent of angu-
lar momentum aligned to the rotation axis of a state having paitive parity,
ix, or negative parity, i, , is equal to the rotational angular momentum, R.
In this case the di erence in aligned angular momentum, ix = i, iy,
at the same rotational frequency! , is equal to zero. The other limit is
that the negative parity band arises from octupole vibrations of the rotating
(quadrupole) deformed system. Here the negative parity stes are formed
by coupling R to the angular momentum of the octupole phonon 8~). If the
phonon angular momentum isaligned with respect to the rotational angular
momentum then iy = 3~ for a given value of! . If the lowest negative
parity band has K =0 (and this seems to provide the most favourable situ-
ation for alignment of the phonon) then the resulting spectum can give rise
to an alternating sequence of negative and positive parity tates. Values of

ix are plotted against~! in Fig. 5 for nuclei inthe Z 58 N 88, and
Z 88 N 134 mass regions. As can be seen, there are no good exam-
ples of permanent octupole deformation in the lighter massegion. Indeed
most of these nuclei behave as octupole vibrators. In contst, there are
several examples of the heavy nuclei, such #8%224226Ra [10] and??4226Th
where the value of iy tends to zero at high rotational frequencies. The Rn
isotopes, on the other hand, are almost perfect octupole vifators [10].
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Fig.5. Plot of the di erence in angular momentum, ix =i, iy (in units of ~),
at a given rotational frequency ! , for: (a) Ba, Ce and Nd isotopes withN 88,
and (b) Rn, Ra and Th isotopes with N 134 The value of iy was calculated
by subtracting from the value of i, an interpolated value of i} at the same value
of ~! . The dashed lines at iy =0 and 3~ are respectively the octupole deformed
and vibrational limits as described in the text.
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2.5. Study of octupole U nuclei

The nuclei predicted to have the deepest minimum in potentia energy
at a non-zero value of octupole deformation are uranium isaipes with N
134. These ssile nuclei are accessible via compound nucleusaaions but
the survival cross sections are very small [21]. Our prelimiary level scheme
[22] 0f 228U reveals an alternating parity structure whose value of iy tends
to zero for values of~! > 0:15MeV. In addition to the behaviour of the
energy levels, the large average value of the electric dipmoment for several
transitions ( 0:5efm) is consistent with 226U being another example of a
re ection asymmetric nucleus.

3. Summary and outlook

We have established that there are several nuclei in th& =88, N = 134
mass region 220 226Rg, 222 226Th and 226U - whose behaviour is consistent
with re ection asymmetry in their intrinsic frame. This is i n contrast to
Rn isotopes with similar neutron numbers and nuclei with Z 58, N
88 which are octupole vibrational in nature. There is a number & open
guestions, some of which can be addressed with the aid of newperimental
developments. The prediction that the sign of theDy moment changes sign
at N = 136 for the Ra isotopes needs to be tested. Since the Coulomb
excitation process is sensitive to therelative phase ofE1 and E3 matrix
elements this quantity can in principle be measured for thedng-lived isotope
226Ra. Another goal is to study the nucleus??*U, predicted [3] to have the
deepest octupole minimum, and which is now experimentally ecessible using
modern spectrometry. Finally, the most exotic nuclear shaps accessible in
heavy nuclei are the hyper-quadrupole, super-octupole cogurations whose
excitation energy is predicted [23] to lie quite low, 3 MeV, in 20 236y and
is comparable to that of the superdeformed (quadrupole) mimma in these
nuclei. Provided that they remain stable against ssion, the super-octupole
bands should de-excite predominantly byE 1 transitions [24], giving rise to
a high multiplicity cascade of low-energy photons.
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