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We know very little about the structure of neutron-rich, weakly bound
nuclei. We know even less about the way they rotate. In this work, the
high-spin behavior of deformed neutron-rich nuclei is studied. In particular,
quasi-particle Routhian spectra of heavy Er isotopes are discussed within
the deformed shell model, and rotational properties and isovector shape de-
formations of heavy Ne and Mg isotopes are studied with the self-consistent
cranked Skyrme—Hartree—Fock theory.

PACS numbers: 21.60.Jz, 21.10.Re, 23.20.-g

1. Introduction

The range of unstable nuclei accessible with Radioactive Nuclear Beam
(RNB) facilities opens up enormous opportunities for the study of nuclear
structure and exotic new phenomena. Intriguing possibilities occur both at
the drip-lines and in the long iso-chains of nuclei, especially between the
valley of stability and the neutron-rich extreme of nuclear existence.

Exotica in the latter region are almost sure to appear since the mean
field in weakly bound neutron-rich nuclei is likely to be modified relative
to nuclei near stability, and since reduced nuclear densities and the large
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reservoir of continuum scattering states should modify residual interactions
among the outermost nucleons [1]. Together, these effects may modify the
microscopic foundations of nuclei to the extent that the concept of single-
particle motion itself loses validity. Between the regions of known and near-
drip-line nuclei lies an extensive zone (typically, 20-40 neutrons wide in
medium mass and heavy nuclei), where studies will reveal much about the
microscopy of structural evolution and will undoubtedly disclose new types
of correlations and collectivity.

RNB experimentation is expected to expand the range of known nuclei.
By going to nuclei with extreme N/Z ratios, one can magnify the isospin-
dependent terms of the effective interaction (which are small in “normal”
nuclei). On the other hand, by going to very high spins, one can probe those
components of the effective interaction which depend on the spin degrees of
freedom. Clearly, by studying the response of neutron-rich nuclei to rotation,
one can obtain very unique information about basic properties of the nuclear
many-body system.

This paper contains discussion of high-spin phenomena that are expected
to occur in neutron-rich nuclei. Most of the examples shown are very “theo-
retical”. The authors are well aware that many nuclei discussed in this study
cannot be accessed experimentally. Nevertheless, the “impossible-to-reach”
nuclei, such as ?°®Er, represent extreme cases, where certain structural ef-
fects manifest themselves in a clear and transparent way. Fingerprints of
these effects will be looked for experimentally by systematically extending
our knowledge of the neutron-rich terra incognita.

2. Spectroscopy of neutron-rich nuclei: the current status

High spin spectroscopy in neutron-rich nuclei represents a formidable ex-
perimental challenge. The fusion-evaporation reactions which are commonly
used to populate high-spin states give rise to evaporation residua which are
proton-rich. Therefore, even stable nuclei are not accessible using the stan-
dard in-beam techniques. Consequently, a number of methods have been
applied to obtain spectroscopic information on neutron-rich systems |2, 3].

One way of carrying out spectroscopic studies in the neutron-rich sys-
tems is to analyze the prompt gamma rays from nascent fission fragments
(produced either in spontaneous fission or in heavy-ion-induced fission). In
such measurements it is possible to approach spectroscopically relatively
neutron-rich nuclei [4-10]. Rotational structures in neutron-rich nuclei have
also been studied using transfer reactions [11,12], incomplete fusion [13],
neutron-induced fission [14,15], and deep inelastic reactions [16,17]. The
technique of Coulomb excitation at intermediate energies (employing in-
flight isotopic separation of projectile fission fragments) has been used to
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study the lowest excited states in very neutron-rich light and medium-mass
nuclei [3,18-20]. Very recently, it was possible, for the first time, to per-
form spectroscopic measurements with accelerated radioactive neutron-rich
beams using COULEX and fusion-evaporation reactions [21]. This new de-
velopment offers a number of exciting opportunities for nuclear structure
studies on the neutron-rich side.

However, in spite of many experimental efforts, detailed information on
high-spin properties of neutron-rich nuclei still remains scarce. This is most
unfortunate, since — in many cases — even by adding as few as 2-3 neutrons
to the last known isotope, one enters a region, where new phenomena oc-
cur. A classic example is the region of the neutron-rich Ba—Ce nuclei which
exhibit strong octupole correlations, and even octupole deformations, man-
ifesting themselves in the presence of alternating-parity bands [22]. These
nuclei are spontaneous fission products; hence some spectroscopic informa-
tion, mainly at medium spins, already exists. One of the most interesting
regions on the neutron-rich side of the stability valley are the nuclei around
1027y also produced in spontaneous fission, where a variety of deformation
effects and shape changes due to quasi-particle alignment are expected as a
function of angular momentum [23].

From the theoretical point of view, probably the most attractive nuclei in
this mass region are the systems near 1Mo and ¥ Ru, which are predicted
to have stable collective triaxial shapes (y ~ —30°). Although the question
of whether they are y-soft or y-deformed at low spins has not yet been set-
tled, these nuclei seem to be ideal for testing theoretical models of nuclear
triaxiality. In particular, at higher spins, where the triaxial minima are pre-
dicted to be deeper, the shape with v &~ —30° can give rise to interesting
selection rules associated with the effective C4 symmetry of the Hamilto-
nian [24]. The presence of static triaxial deformations is prerequisite for
the existence of chiral bands [25] and wobbling bands [26] — new collective
modes of the rotating nucleus. Figure 1 shows the total Routhian surfaces
for ' Ru calculated within the cranked shell correction approach with the
Woods—Saxon average potential and monopole pairing. This heavy ruthe-
nium isotope is triaxial in its ground state, and the corresponding collective
triaxial minimum with Sy = 0.28 and v &~ —30° is yrast in a wide range of
rotational frequencies. The alignment of hy; /o neutrons, gg/o protons, fol-
lowed by the second hyy /o neutron alignment, produces triaxial shapes with
Ba = 0.2, v ~ —45°. (For recent experimental data on high-spin behavior
of 1%Ru, see Ref. [8].) At high spins, transition to superdeformed shapes is
predicted. According to calculations [23], the most favorable candidates for
superdeformation in this mass region are '°Mo and '08~112Ru.
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Fig.1. Total Routhian surfaces in the (B2,7)-plane for the (# = +, r = 1)
quasi-particle vacuum configuration of '°®Ru at four values of rotational frequency:
hw =0.3,0.6,0.9, and 1.2MeV. At each (82, v) point the total Routhian has been
minimized with respect to hexadecapole deformation 4. The distance between
thick contour lines is 1 MeV, while between the thin contour line it is 250 keV. The

angular momentum values at local minima are indicated. (From Ref. [23].)

It is only in light nuclei that it has been possible to approach the neu-
tron drip-line experimentally and to obtain some spectroscopic information
on nuclei with an extreme neutron excess. The neutron-rich nuclei with
N = 20 are spectacular examples of coexistence between spherical and de-
formed configurations in the sd shell (8 < Z, N < 20). A classic example
is the “semi-magic” nucleus $3Mgsg, which has a very low-lying 27 state at
886 keV [27] and an anomalously high value of the two-neutron separation
energy So,. Deformed shapes in this mass region have been inferred from the



Rotational Properties of Neutron Drip-Line Nuclei 2353

intermediate-energy Coulomb excitation studies [19,20, 28] which provided
information on position and collectivity of the lowest 27 and 4% states in
32,34\[g. Many calculations based on the mean-field theory have predicted
deformed ground states in nuclei from the 32Mg region (sometimes dubbed
as an “island of inversion”). The origin of the shape coexistence effects
around 3?Mg can be traced back to the crossing between the prolate-driving
[330]1/2 intruder level, originating from the 1f;/, orbital, and the oblate-
driving [201]3/2 eztruder level, see Fig. 2 and Ref. [30] for more discussion.
Another, recently discovered, island of inversion are the neutron-rich nu-
clei from the pf shell centered around {¢Ssg [18,31,32]. According to the
mean-field calculations [30,33,34], deformation effects around **S can be at-
tributed to the appreciable breaking of the N = 28 core. In the shell-model
language, islands of inversion have their roots in the monopole effect caused
by the proton—neutron residual interaction [35,36].
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Fig. 2. Single-neutron levels in **Mg as a function of the proton charge quadrupole
moment Q20 (@22 = 0) calculated in the HF+SLy4 model. The crossing between
the [330]1/2 intruder level and the [201]3/2 extruder level is indicated. (From
Ref. [29].)
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3. Special features of neutron-rich nuclei

There are many theoretical arguments suggesting that the nuclei near
the neutron drip-line represent another form of nuclear life. For instance,
some calculations predict [1,37-39] that the shell structure of neutron drip-
line nuclei is different from what is known around the beta-stability valley.
According to other calculations [40], a reduction of the spin—orbit splitting in
neutron-rich nuclei is expected. An interesting question to ask in the context
of “islands of inversion” discussed in Sec. 2 is to what extent the “traditional”
explanation in terms of intruder states, proton-neutron-correlations, pairing,
etc., needs to be modified in the neutron-rich nuclei, where the quenching of
the known magic gaps is expected. Clearly, the reduction of the N = 20 and
28 gaps far from stability can lower the excitation energy of the deformed
intruder configuration; hence it can enhance the shape transition. However,
before one addresses this question in a systematic way by properly taking
into account competition between mean field and pairing, one should avoid
calling the shape transition around 32Mg and %4S as evidence for the shell
gap quenching.

Halo nuclei are the best known examples of possible exotica. They are
examples of physics on the threshold of nuclear binding. The predicted
phenomena of low-density neutron skins is another, which is topologically
similar to a halo, but quite different in microscopic origin [41]. Correlations
due to pairing, core polarization, and clustering are crucial in weakly bound
nuclei. In a drip-line system, the pairing interaction and the presence of skin
excitations (soft modes) could invalidate the picture of a nucleon moving in a
single-particle orbit [39,42-45]. According to theory, the low-£ spectroscopic
strength is dramatically broadened when approaching the neutron drip-line.
Also, in the presence of large neutron excess, strong isovector effects are
expected. For instance, some calculations predict nuclear configurations
having different proton and neutron deformations [33,34,46|. However, in
order to address this particular question properly, pairing correlations need
to be properly taken into account. In the following, we carry out simplified
calculations which focus on some of the physics aspects mentioned above.

4. Quasi-particle excitations in rotating neutron-rich nuclei

Nuclear high-spin behavior is always strongly impacted by the single-
particle shell structure. The order of single-particle states around the Fermi
level determines the deformability of the nucleus, its moment of inertia, and
the Coriolis coupling. Consequently, any changes to the shell structure are
going to show up at high spins. In this section, we discuss several signatures
of shell quenching as seen through the quasi-particle spectra of rotating
nuclei.
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The major consequence of the modified shell structure in neutron-rich
nuclei is the change in the placement of unique-parity orbitals which revert
to their original shells. Since high-j states are the building blocks of nuclear
rotation (they are influenced most by the Coriolis coupling), this shift is
expected to impact a number of observables. In order to illustrate the effect
of shell quenching on nuclear rotation, we performed the deformed shell-
model analysis of quasi-neutron spectra in extremely neutron-rich deformed
nuclei. According to recent Skyrme-HFB calculations [47], the largest de-
formations in heavy neutron drip-line nuclei are expected in three regions:
around '9°Zn, 6Pd, and in the Rare Earths (Gd, Dy, Er, and Yb). It is to
be noted that the microscopic-macroscopic finite range droplet model [48]
also predicts deformations in these regions. Figure 3 displays the energy dif-

S 6F =
v E =
e E E
= 4 :
S B S
o = _3
% 2;— Agq ’/’,——’ —g
EA - 3
Of_ //’/ an-drip _f
_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIIIE
0.7 0.9 1.1 3
a (fm)

Fig. 3. Energy difference between the spherical j;5,; level and the centers of gravity
of the A/ = 6 and N = 7 shells as a function of the neutron diffuseness parameter
a in the spherical WS potential. Calculations were performed for 2°8Er.

ference between the spherical ji5/2 level and the centers of gravity, eg, (N),
of the normal-parity N' = 6 and N/ = 7 shells as a function of the neutron
diffuseness of parameter a. At the standard value of a = 0.7fm, the j5/,
level lies close to the center of the NV = 6 shell, and almost 1HAwg below
the N' = 7 shell. With increasing a, the intruder orbital gradually moves
towards the A/ = 7 shell. We checked that the inclusion of deformation does
not change this pattern.

The calculations were performed with the cranked Woods-Saxon (WS)
model with the constant pairing gap approximation [49,50]. In order to
mock up the self-consistent spectra, the WS neutron diffuseness parameter
a has been varied in order to reproduce the behavior of spherical single-
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neutron levels obtained in HFB. For the details of the calculations, we refer
the reader to Ref. [51]. The effect of the large diffuseness on the rotational
properties of high-j states is rather weak. Figure 4 (top) displays the decou-
pling parameters of the [770]1/2 and [660]1/2 Nilsson levels as a functions
of a. Although the decoupling parameters do decrease with the diffuseness,
for the realistic values of a, they are still fairly close to the pure single-j
limits of j+1/2 indicated by arrows in Fig. 4. As is seen in Fig. 4 (bottom),
the effect on the quasi-particle alignment is even weaker. It is the pattern of
quasi-particle excitations, where more deviations from the standard situa-
tion are expected. Consider, e.g., two N = 140 isotones: 230Th and the very
neutron-rich nucleus 2°®Er. In the case of ?*°Th, the neutron Fermi level
lies between the £2=5/2 and 2=7/2 members of the j5/5 orbital. In 208y,
due to increased diffuseness, the intruder orbital moves up (¢f. Fig. 3) and
the neutron Fermi level lies at the bottom of the shell, 7.e., in the vicinity
of the [770]1/2 Nilsson level. As seen in Fig. 5, this changes the signature
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Fig.4. Decoupling parameters of the ji5/, [770]1/2 and i3/, [660]1/2 levels (top)
and the quasi-particle alignments of the lowest N’ = 6 and N/ = 7 quasi-particle
Routhians (at hw = 0.1 MeV, bottom) as functions of the neutron diffuseness of
parameter. Calculations were performed at 52 = 0.25 and A = 1 MeV.
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Fig.5. Quasi-particle neutron diagram calculated in the WS model for two N =
140 isotones: 2?°Th and 2°%Er. Calculations were performed at 8y = 0.25 and
A =1MeV.

splitting of the lowest negative parity states and also the position of the
higher-frequency neutron crossings. A similar situation is expected around
146pd, where the 7,5 /2 intruder is shifted up in energy.

5. Rotation of neutron-rich + Ne and Mg isotopes

To obtain a quantitative understanding of measured quadrupole mo-
ments, we performed systematic cranking calculations without pairing us-
ing the self-consistent cranked Skyrme Hartree-Fock (HF) method (code
HFODD [52,53]) with the Skyrme parametrization SLy4 [54, 55]. This
method has shown to provide an accurate description of various properties
of rotational bands in different mass regions (see, e.g., Refs. [56-58]). For
the details pertaining to theoretical calculations, see forthcoming Ref. [29].
Here we only mention that the intrinsic configurations are labeled by means
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of total occupation numbers in each parity-signature sector Ny ,: [Ny _;,
Ny i, N_ i, Ny 4]. For instance, the ground-state configuration of *Ne
(two protons in the dy /2 orbital; the neutron sd shell completely filled) can
be written as [2233],[7733],,. As seen in Fig. 2, the deformed intruder con-
figurations in **Ne and 3?Mg can be associated with 2-particle, 2-hole neu-
tron excitation to the f7/5 orbital; hence it can be written as [6644],,. The
corresponding neutron single-particle Routhian diagram for 3°Ne is shown
in Fig. 6.
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Fig. 6. Neutron single-particle Routhians in 3**Ne calculated in the HF+SLy4 model
for the [2233], [6644], intruder configuration.

Calculations of rotational bands were carried out for the deformed con-
figurations in 3032343638 Ne and 32:3436:38.40\[g  Since pairing correlations
were ignored, we consider these calculations as exploratory. Here, our main
objective is to investigate the effect of fast rotation on properties of weakly
bound systems with a very large neutron excess. For the deformed bands
considered, the proton configurations for Ne and Mg are always [2233], and
[3333],,, respectively. (There are no crossings between positive and negative-
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parity Routhians for Z = 10 and 12 in the range of angular momentum
discussed.) As far as the neutrons configurations are concerned, we assumed
[6644], for N = 20, [6655],, and [7744], for N = 22, [7755],, for N = 24,
[7766], for N = 26, and [7777], for N = 28. These configurations corre-
spond to the lowest deformed bands in the neutron-rich Ne and Mg nuclei
investigated.

From the calculated components of the quadrupole moment, Qo9 and
(Q22, one can extract the Bohr quadrupole deformation parameters (o

and ~y [53]:
Q22 \/7\/ Q3 + ng (1)

tany = —

Q20

where 7 = 1(—1) for neutrons (protons), and Ny = N and N_; = Z.
Figure 7 shows the calculated proton and neutron deformation trajectories
in the (f52,7) plane as functions of rotational frequency. In general, the
differences between proton and neutron deformations are rather small. They
are most pronounced at low spins; the proton and neutron shapes become
similar at angular momenta close to the termination limit. The strongest
isovector effects are predicted in the N = 26 isotones, where AfBy = 5 — Y
reaches 0.05 at low spins. It is interesting to see that for *6Ne ABy changes
sign from positive (85 > A7) at low spins to negative (85 < B%) at very
high angular momenta. The pattern represented in Fig. 7 is characteristic
of rotational structures built upon relatively few valence nucleons. The loss
of collectivity is rather fast due to the alignment of f;/, neutrons, which

[6644] [7744] ] [7755] ] \)36 [7766] ] [7777]
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Fig.7. Neutron (gray arrows) and proton (black arrows) quadrupole deforma-

tions Py and « as functions of rotational frequency for the deformed bands in
30,32,34,36,38 Ng ap( 32:34:36.38,40)\[o
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leads to the band termination at relatively low spins (e.g., I = 12 for 3°Ne).

An interesting question which is often asked in the context of rotational
motion of weakly bound neutron-rich nuclei is whether the weakly bound
neutrons could be kicked off the nucleus due to the large centrifugal force.
To shed some light on this problem, Fig. 8 displays the predicted rms proton
and neutron radii as functions of w. Generally, rms radii very weakly depend
on rotation. The small reduction calculated in some cases comes primarily
from the decrease in s along the band termination path. However, the
deformation effect is weaker compared to the bulk dependence of radii on Z
and N.

Considering the results presented in Figs. 7 and 8, one can conclude that
the isovector effects are not very pronounced at high angular momenta in
the neutron-rich Ne and Mg isotopes. This is not entirely unexpected. In
these nuclei, the valence neutrons occupy f7/2 high-j intruder states which,
due to their large orbital angular momentum (i.e., large centrifugal barrier),
are fairly well localized within the nuclear volume in spite of their weak
binding. One can say that in most cases, as a result of the Coriolis force,
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the low-£ states (which are natural candidates for halo effects) are going
to be crossed at high rotational frequencies by the high-£ intruder orbitals.
Consequently, the tendency to develop a halo should be reduced at high
spins. The full analysis of our calculations of the Ne and Mg isotopes,
containing the discussion of the moments of inertia, will be presented in
a forthcoming paper [29]. The general conclusion is that the response of
very neutron-rich nuclei to rotation is fairly “normal”; no decoupling of the
valence (skin) neutrons at high spins is predicted.

6. Conclusions

The main objective of this brief review was to discuss various facets
of high-spin physics on the neutron-rich side of the stability valley. The
vast unexplored territory of very neutron-rich nuclei offers prospects for new
physics. The combination of the large neutron excess and weak binding are
believed to create particle-hole and pairing fields which are rather different
from those in nearly stable nuclei. In spite of many experimental difficul-
ties, spectroscopic information, mainly on light nuclei and low-spin states,
is arriving steadily.

What is the response of the neutron drip-line nuclei, the large, diffused,
and possibly superfluid many-body systems to rotation? Both the schematic
and self-consistent calculations contained in this paper give interesting in-
sights to this question. On the one hand, the variation of the neutron
shell structure with neutron number, mainly influencing the position of the
high-j unique-parity orbital, is expected to modify the pattern of quasi-
particle excitations in the rotating nucleus. On the other hand, since the
Coriolis force mainly acts on the high-j orbitals which are strongly localized
within the nuclear volume because of the large centrifugal barrier, no strong
isovector effects (due to neutron halo or skin) are expected at high spins.
For instance, our unpaired calculations indicate that proton and neutron de-
formations are very similar at high rotational frequencies. The fascinating
question, which still remains to be answered, is what is the interplay between
rotation, pairing, and extreme isospin. The recent impressive progress in
theoretical modeling of high-spin nuclear states, as presented and discussed
during this conference, makes us optimistic that this question will soon be
answered.

An experimental excursion into uncharted territories of the chart of the
nuclides, promised by the new-generation RNB facilities, gamma-ray track-
ing arrays, and mass/charge separators, will offer many excellent opportuni-
ties for nuclear structure research. What is most exciting, however, is that
there are many unique features of neutron-rich nuclei that give prospects
for entirely new phenomena likely to be different from anything we have
observed to date.
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