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Abstract

Nuclear clustering inN = Z nuclei has been studied since many decades. States close to the decay thresholds, as
by the Ikeda diagram, are of particular interest. Recent studies in loosely bound systems, as observed with neutron-r
has revived the interest in cluster structures in nuclei, with additional valence neutrons, which give rise to pronounced
molecular structures. The Beryllium isotopes represent the first example of such unique states in nuclear physics wit
deformations. In the deformed shell model these are referred to as super- and hyper-deformation. These states can b
explicitly by molecular concepts, with neutrons in covalent binding orbits. Examples of recent experiments performe
HMI-Berlin demonstrating the molecular structure of the rotational bands in Beryllium isotopes are presented. Furth
on chain states (nuclear polymers) in the carbon isotopes is in progress, these are the first examples of deformed st
nuclei with an axis ratio of 3: 1. A threshold diagram with clusters bound via neutrons in covalent molecular configur
can be established, which can serve as a guideline for future work.To cite this article: W. von Oertzen, H.-G. Bohlen, C. R.
Physique 4 (2003).
 2003 Académie des sciences. Published by Éditions scientifiques et médicales Elsevier SAS. All rights reserved.

Résumé

Liaison covalente des états moléculaires dans les isotopes de Béryllium et de Carbone. L’apparission d’agrégats dan
les noyauxN = Z est discutée depuis longtemps. Les états dont l’énergie est proche de l’ouverture d’un canal de décr
en fragments, comme le décrit le diagramme d’Ikeda sont particulièrement interessants. Les études récentes sur
faiblement liés, riches en neutrons par exemple, a remis au goût du jour les agrégats dans les noyaux avec un p
nouveau : l’apparition de structures moléculaires covalentes stabilisées par la présence de neutrons de valence. L
de Béryllium représentent le premier exemple de tel états avec une déformation extrême en physique nucléaire. Dan
du modèle en couche déformé ces états correspondent aux états super- ou même hyper-deformés. Des exemples d
récentes faites au HMI de Berlin montrent la structure moléculaire des bandes rotationnelles des isotopes de Béryllium
travaux cherchant à mêttre en évidence des polymères nucléaires dans les isotopes de Carbone (des chaînes d’α) sont en cours
ce serait la première observation de noyaux hyper déformés, i.e. des élipsoides allongé possédant un rapport d’ax: 1.
Un diagramme présentant les seuils de fragmentation des agrégats liés par des neutrons de valence est proposé po
travaux futurs.Pour citer cet article : W. von Oertzen, H.-G. Bohlen, C. R. Physique 4 (2003).
 2003 Académie des sciences. Published by Éditions scientifiques et médicales Elsevier SAS. All rights reserved.

Keywords: Neutron rich nuclei; Nuclear clusters and molecules

Mots-clés : Noyaux riches en neutrons ; Agrégats des neutrons et molécules

E-mail addresses: oertzen@hmi.de (W. von Oertzen), bohlen@hmi.de (H.-G. Bohlen).
1631-0705/03/$ – see front matter 2003 Académie des sciences. Published by Éditions scientifiques et médicales Elsevier SAS. All rights
reserved.
doi:10.1016/S1631-0705(03)00052-5



466 W. von Oertzen, H.-G. Bohlen / C. R. Physique 4 (2003) 465–474

nucleus
r heavier
k
cluster
troscopy
9].
tic

d nuclear
ntion the
pes is a
valence
ive rise to

tentials
uld have

st be also
netrating
chemical

as in the
ription

ial by Ali
sed by
repulsion

l distances
the

ulations
neutron

tions can
to

al quantal
her to the

ection of
apes are
icates
formation

ratio
e
ccupation

physics
applied
or cases
1. Clusters, molecular potentials and nuclear molecules

The concept of clustering in nuclei has a 40 year old background, or an even older one if early models of the
are considered, before the discovery of the neutron [1]. Clustering phenomena in nuclei, related to alpha-particle o
closed shell clusters, have been predicted from different models, such as the crankedα-cluster models [2,3], from Hartree–Foc
calculations [4], from Nilsson–Strutinsky calculations [5] and others [6]. The experimental tools for the observation of
structures inN = Z nuclei has been the domain of charged particle spectroscopy. Various decay studies for the spec
of strongly deformed shapes inN = Z nuclei with the emission ofα-particles, of8Be and heavier fragments are known [7–
Recently new studies with detector set-ups combining particle andγ detection are expected to give new insight into exo
shapes in nuclei related to clustering.

The advances in the study of neutron-rich light nuclei has attracted worldwide attention, because the weakly boun
systems exhibit unique features related to the quantal properties of the many body systems; in particular let us me
clustering and halos (see contributions to this volume). It turned out that the structure of states of the beryllium isoto
very special starting point for the discussion of clustering phenomena in neutron-rich light nuclei, where the additional
neutrons are in configurations, which are rather independent from the mean field concepts of nuclear structure and g
covalently bound structures in nuclear physics [10].

1.1. The local α–α potential, threshold diagrams

The formation of molecular structures, in particular in beryllium isotopes, relies on special properties of the po
between the cluster cores, namely the occurrence of a ‘molecular’ potential. For the real part of the potential we sho
attraction at large distances and repulsion at small distances. This property of the cluster–cluster interactions mu
considered as the origin of the Ikeda diagram [11,12]. In addition the absorption (or spreading width) of the cluster pe
the nuclear medium (the other nucleus) determines the amplitude to observe the cluster in the nuclear medium. A high
potential (separation energy) for nucleons in the cluster will give the cluster a long life time, that is a small absorption
case ofα-particles, or in16O + 16O scattering, where pronounced rainbow maxima are observed [13,14]. For the desc
of molecular states the local potentials, which are usually shallow, have to be considered. An example is the potent
and Bodmer for theα–α-potential [15]. Such potentials are obtained by ‘supersymmetric’ transformations as discus
Baye [16]. We have two quite conspicuous cases, where the local potentials have a small attractive part and a strong
at small distances, and the absorption is generally rather weak; these cases areα-particles interacting withα-particles and with
16O, see also [17,18]. The repulsion at small distances originates from the Pauli blocking, in the case of theα+ α potential the
nucleons of the second cluster have to move up into the next major shell. These potentials, which are repulsive at smal
are needed in order to buildcovalently bound nuclear cluster structures for nuclei with additional neutrons as discussed in
next section.

Neutron-rich and weakly bound nuclei show a strong tendency to clustering [9,10,19–21]. Model independent calc
based on the method of antisymmetrised molecular dynamics indicate [20–23], that clustering in weakly bound and in
rich nuclei is also favoured by a mean field effect, where due to certain properties of the nuclear forces the interac
saturate better in a larger volume by forming several clusters withN = Z. In this way for the surplus valence neutrons due
the larger deformation and surface a maximum number of protons can be shared by the neutrons. However, addition
effects related to concepts of molecular physics, and due to the strong clusterization these states in nuclei lead furt
formation of shape isomers in the form of covalent molecular structures.

1.2. Nuclear deformation and the correlation diagram

We can discuss the occurrence of particular shapes in light nuclei and deformations related to clusters by insp
the deformed harmonic oscillator diagram shown in Fig. 1 (adopted from [24] and [25]). Stable oblate and prolate sh
expected for particular (magic) numbers (N ) of nucleons, which are referred to as deformed shells. This level diagram ind
that deformed shapes with stable configurations (for large energy gaps) are expected for positive values of the de
parameter,β2> 0, and special ratios of the two main axes, namely 2: 1 (the dimers in berylium isotopes) and 3: 1 (chain states
in carbon isotopes) and even longer chains. Forβ < 0 andN = 6 (carbon), we have an oblate deformed shell with the axes
1 : 2. This can give rise to triangular shapes [25]. Thus for12C, as well as for13C and14C and in28Si, the coexistence of oblat
and prolate deformed states is predicted. The degeneracy in the orbits shown in the diagram of Fig. 1 is given by the o
with nucleons (black dots in the diagram), it is 2 for the lowest projection (nz) and rises to 4 and 6 for the higher orbits.

Having well defined clusters, we will apply the molecular orbital model for nucleons in the same way as in atomic
via the linear combination of nuclear orbitals (LCNO [26,27]). The molecular orbital model for neutrons has been
extensively to nuclear collisions involving single neutron transfer [26–31]. This can be done for low energies, and f
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Fig. 1. Diagram of shells in a deformed harmonic oscillator potential for axially symmetric shapes; some ‘magic’ numbers of nucl
prolate configurations related to dimers and to chain states are emphasized. The orbits are split due to the values of the releva
numbers,K – projection of angular momentum, andnz – number of nodes on thez-axis. TheK = 1/2 orbits give rise to deformed shells wit
particular degeneracies (Pz), with the formation of chain states. The energy is counted from the lowest level (3/2h̄) plus additional units of
harmonic oscillator quanta. Oblate (δ < 0) and prolate (δ > 0) quadrupole deformations occur. The parameterδoscin the figure is given in terms
of the deformed oscillator frequenciesωi : δosc is defined as:δosc= 3(ωp − ω3)/(2ωp + ω3) (adopted from [24]).

where strongly bound cores (typically alpha-cluster nuclei) and valence nucleons are defined in a clear way [30]. In a
process this approach corresponds to a choice of two-centre basis states and the couplings appear as radial a
couplings [27,29]. This approach must be considered as an equivalent approach to the coupled reaction channel c
based on the asymptotic basis states of the separated nuclei [32]. A comparison of the two approaches can be fou
The original studies based on the LCNO model [26–28,33] were limited to scattering states for two heavier nuclei, w
core-core optical potential usually becomes strongly attractive and absorptive, once the Coulomb barrier is reached.
new insights into the properties of cluster-cluster interaction may necessitate a reappraisal of these studies.

In the two-centre shell model not only valence nucleons, but all nucleons are considered, and a correlation diag
Fig. 2, has to be calculated [26,34]. Such correlation diagrams of molecular configurations are well known in atomic phy
also [35], p. 328). The molecular orbits merge at small distances with the Nilsson-orbits of the deformed compound
The molecular orbitals are classified according to the well known quantum numbers of molecular valence states: theK-quantum
number for the projection of the spin, and theσ andπ orbitals stand for theM = 0, andM = 1 projections of the orbital angula
momental. In addition to the parity, thegerade (g) andungerade (u) symmetry appears for the case of the identity of the
molecular cores.

With this correlation diagram we are able to discuss the structure of the isotopes9Be, 10Be and11Be, if we consider [10]
the population of the molecular orbitals for a distance corresponding to the minimum in theα–α potential, or in the Nilsson
model, to a deformation ofβ2 = 0.6–0.7, see Fig. 2.

In the Ikeda diagram [11,12] forN = Z nuclei clustering in nuclei becomes relevant for states close to their thres
for the decomposition into clusters. We extend this diagram by adding neutrons and considering loosely bound s
expect to observe molecular structures based on clusters, which are bound by covalent neutrons at energies in t
of (or also well below) the corresponding thresholds. Using a cluster plus valence neutrons model the extensio
concept was formulated in [10]. The covalent binding of neutrons produces a new diagram as shown in Fig. 9, the ‘
Molecular Binding Diagram’:covalently bound molecular structures will appear in neutron rich nuclei close to the thresholds
for decomposition into neutrons, α-clusters, and other clusters. For reasons of simplicity, in Fig. 9 only the combinatio
of alpha-clusters and spherical clusters (16O) are considered, because with deformed clusters more complicated spect
appear. For the asymmetric molecules rotational bands as parity doublets are observed [18,52].
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Fig. 2. Correlation diagram of molecular orbitals in a two-centre shell model picture; the molecular orbitals are labelled by their
numbers (see text). The distance between the two centres is denoted byr . The minimum of theα−α potential occurs for the ground state
9Be at a distance of about 3.3 fm, and the structure of excited states in9−11Be is determined byα−α distances ofr = 2.7–5 fm. The largest
distances are reached for molecular rotational bands, e.g., theK = 3/2− band in11Be, which is populated by adding two neutrons to9Be in
the(σ )2-configuration, theα−α distance increases in that case as indicated.

As the basic building block of such covalently bound nuclear molecules we will discuss in the following the c
the Beryllium isotopes. The case of more extended molecules based on the combinations ofα-particles and16O-clusters is
discussed in [18].

2. Dimers, the beryllium isotopes

The first deformed structure in nuclear physics with an axis ratio of 2: 1 is the unbound (by 92 keV)8Be-nucleus, consisting
of two α-particles in anL= 0 resonant state. It can thus be regarded as a superdeformed nucleus. Further it has been k
more than two decades, that the ground state of the9Be nucleus can be explained by a covalent molecular binding, where
α-particles are bound by the p3/2 valence neutron. The projection of the nucleon spin on the symmetry axis (as in the N
model) can have two valuesK = 3/2, andK = 1/2. In the framework of molecular orbitals the first corresponds toπ , the latter
to aσ molecular orbital which merge into the Nilsson orbitals at smaller distances.

The level structure of9−12Be has been established with a variety of light ion induced single and multi-nucleon tr
reactions. These results have been compiled under the aspect of covalent molecular binding and the corresponding
bands where identified in 1996/97 by von Oertzen [10]. This was met with great scepticism, although ‘unnoticed’ in the l
the method of molecular orbitals has been applied quite successfully and also to10Be (see references cited in [10]).

Inspecting the correlation diagram and starting from large distances with the splitting of the molecular orbitals, we n
Fig. 2), that close to the minimum of theα–α potential theK = 3/2−–π -orbit crosses theK = 1/2+–σ -orbit and becomes th
lowest state at smaller distances. The sequence of excited levels of9Be, and also in10Be for two valence particles, can thu
completely be explained as rotational excitations of the basis states obtained by this scheme. Two points are very re
in this observation, see Figs. 3 and 6: (i) large moments of inertia of the excited bands in10Be (K = 0+

2 and 1−) and11Be
(K = 3/2−), both are related to the occupation of theσ -orbit with neutrons; (ii) the very pronounced Coriolis decoupling patt
for theK = 1/2+ band in9Be (also observed with the same strength for theK = 1/2 band in11Be, see [10]), characteristic fo
a strongly deformed molecular structure with two centers. Microscopic cluster calculations of Descouvemont for9Be using the
Generator Coordinate method reproduce perfectly this decoupling effect [40].

In our systematic study of the structure of beryllium isotopes [10,39] rotational bands of9Be, 10Be, 11Be and12Be
could be identified, which show a very large distance between the twoα-clusters and can therefore be characterized
molecular structures. For10Be, 11Be and 12Be an α–α distance of about 5 fm is deduced from the moment-of-ine
Θ obtained from a fit of excitation energies versusJ (J + 1), whereJ is the spin in the corresponding state:Ex(J ) =
Ex,K + h̄2/(2Θ) [J (J + 1) − K(K + 1)]. According to the correlation diagram of Fig. 2, the structure of these stat
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Fig. 3. Rotational bands of8Be, 9Be (left panel) and10Be (right panel) plotted as function of angular momentumJ(J + 1). The Coriolis
decoupling parameter,a, for theK = 1/2 band is indicated. The experimental values of excitation energies are from [36–39].

Fig. 4. Excitation of states in11Be in theone-neutron transfer on 10Be, note the absence of the states of theK = 3/2− band, observed ver
prominently in Figs. 5 and 6.

determined by the evolution of theπ andσ orbitals as functions of the distance. The ground state of10Be can be interprete
as a(π)2 configuration, whereas the excited 0+

2 at 6.179 MeV in10Be is interpreted as the(σ )2 configuration, which attain
its energy minimum at larger core-core distances. With two neutrons in aπ -orbit the slope of these orbits favours a sma
distance between the two cores. The ground states of10Be and12Be have therefore a much more compact shape. For12Be
larger moments of inertia are again expected for excited bands, when(σ )2 configurations are involved (see also the contribut
by Freer to this volume [41]).

3. Experimental results on the structure of 10–12Be

Because of the distinct differences in the structure of states in the beryllium isotopes, the population of states via on
or two-neutron transfer based on different target wave functions can give very complementary results. Very remarka
K = 3/2− band [10] in11Be, which starts at 3.96 MeV, with states established to high excitation energies [43–45]. In c
to this the one neutron transfer on a10Be-target populates only very few states (Fig. 4), all of single-particle character, d
the compact(π)2 configuration of the10Be ground state. The isomeric molecular states of theK = 3/2− band in11Be are only
populated in 2n-transfer reactions on9Be, as shown in Figs. 5 and 6. In fact, these narrow high-lying states (the 1n-threshold
is at 0.5 MeV) where already observed in the (t, p) reaction by Ajzenberg-Selove [42] up to 10.7 MeV, which corresp
a state withJπ = 11/2− in our tentative assignment. The band head is neutron-unstable by 3.46 MeV but has a width
15(5) keV [42]. These states are interpreted as based on the(π)1 × (σ )2 configuration. Very remarkable is the extension
the rotational band to the potentially highest values of angular momentum. With two valence particles in the 1d5/2 shell and
one particle in the 1p3/2 shell, the maximum single particle angular momentum is 11/2. Adding the angular momentum of th
core-core relative motion of the twoα-particles (with the possible values of 2 and 4), we can indeed reach 19/2 as a maximum
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Fig. 5. Population of states in11Be in two-neutron transfer reactions on9Be: upper panel9Be(t,p) [42], lower panel:9Be(14N,12N) [39] (see
also Fig. 6). Note the rather small widths of states of theK = 3/2− band starting at 3.95 MeV (these states are marked in red), well abov
neutron threshold of 0.5 MeV.

Fig. 6. Left panel: Spectrum of the9Be(13C,11C) reaction measured at high incident energy. Members of theK = 3/2− band are marked in
red. Right panel: Excitation energies of states of theK = 3/2− band plotted as function ofJ(J + 1) (the higher lying states are tentative
assigned).

spin value. With the slope parameter of 0.23 MeV (see Fig. 6) the moment-of-inertia of theK = 3/2− band is very similar to
that of the excitedK = 1− band in10Be (Fig. 4). Note that the deformed shell model has difficulties to explain the hig
spins.

The proposed molecular properties of the states in Be-isotopes have found striking confirmation from ‘model indep
calculations by Kanada-En’yo and Horiuchi [20,21,23] using the method of Antisymmetrised Molecular Dynamics (AMD
partially also from cluster model calculations by Descouvemont and Baye [40,46,47]. Particularly impressive are the
distributions in the AMD calculations with their characteristic differences, obtained for the ground state 0+

1 and second 0+2 state

of 10Be, as well as the recently published nucleon densities for theK = 3/2− band in11Be [23]. The formation of covalen
bonds with the(σ )2 for the second 0+2 and for the(π)2-configurations is very conspicuous in the density distributions obta
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Fig. 7. Proposed chain states of carbon isotopes [10] with up to four extra covalent valence neutrons. The thresholds for the decay intoα-particles
and neutrons are aligned to the same level, and other thresholds are shown. The boxes indicate the energies, where covalently bou
are expected to appear.

from these calculations [21], in complete agreement with expectations from the correlation diagram in Fig. 2. The mo
result of the AMD method [23] for the states in11Be again give a striking confirmation of the dimer structure for both,
K = 1/2 and in particular for theK = 3/2− band, where the density distributions show two well separated alpha-particle
K = 3/2− band is obtained in the AMD calculations with seven band members [23].

The molecular structure is still visible in heavier isotopes of Be, such as12Be, where the persistence of the strong cluste
of the α-particles prevents the formation of a closed shell withN = 8, for which a spherical nucleus would be expected
1999 two molecular rotational bands have been identified in12Be using different experimental techniques: (i) the fragmenta
of 12Be into two 6He particles, which were detected using an angular correlation setup [48]; and (ii) the transfer o
neutrons to9Be in the reaction9Be(15N,12N)12Be, where also states up to 22 MeV excitation energy were observed
AMD calculations for12Be have been successfully performed by Kanada-En’yo [49]. We turn now to recent results ob
concerning the chain states in the carbon isotopes.

4. Polymers, chain states in carbon isotopes

Similar to the covalently bound structures of twoα-particles and neutrons discussed above, linear chain states withthree
α-particles can be constructed, which have extreme deformations with an axes ratio of 3: 1. Thesetrimers are built by covalent
binding extrapolating from the well established knowledge of the covalent bonds in9,10Be. We may expect that covalent
bound linear chain isomers in13−16C are formed close to or rather well below the relevant three-α + neutrons thresholds. Th
two bonds in the covalent configuration between the threeα-particles will influence each other so as to increase the total bin
energy of the chain. This can be formulated by starting with a9Be+ α basis, or with a three center molecular orbital approa
see [52]. Explicit molecular orbit calculations for14C and16C are discussed by Itagaki in [50,51].

We now have a short look into the properties of13C, for which the experimental evidence has recently been compiled
The structure of the linear chain configurations for13C (and 14C), when based on theα + 9Be (or α + 10Be) structure
corresponds to an intrinsic reflection asymmetric configuration, similar to the well known cases in20,21Ne nuclei [13]. This
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Fig. 8. Proposed rotationalα-cluster bands in13C [52]. These are states which cannot be attributed to single particle states based12C
(g.s., 2+1 and 1+1 ), their energies plotted as function of their spins,J(J + 1), form two rotational bands, a parity split inversion doublet w
K-quantum number 3/2. Various thresholds are indicated by dotted lines.

Table 1
Moments of inertia of molecular rotational bands corresponding to strongly deformed configurations in nuclei with
A= 10–16

Nucleus Band head:Kπ , Ex [MeV] h̄2/2Θ (keV) References
10Be 0+2 , 6.179; 1−1 , 5.960 250 [10,39]
11Be 3/2−, 3.96 230 [43,45]
12Be 0+ (6.4); 0+ (10.8) 210; 150 [44]; [48]
13C 3/2−

2 , 9.90; 3/2+
3 , 11.08 190 [52]

16C 0+ (>22) 150 predicted in [51]

has the consequence that inversion parity doublets must be observed with theK-quantum numberK = 3/2−,+ for the9Be–α
structure.

In order to establish such structure an attempt has been made recently for a complete spectroscopy in13C [52]; all the states
related to single particle structure are first removed, than the remaining states were carefully scrutinized for their spec
properties such as their population in different multi-nucleon transfer reactions, in particularα-capture reactions. The resu
shows two rotational bands as partners of a parity doublet; these are shown in Fig. 8. Considerations using the Hueck
for three-center (linear) molecules [52] give also a good description of the observed structures, in particular the positi
band heads relative to theα + 9Be threshold. These two bands are thus the first examples of really hyperdeformed (ax
3 : 1) nuclear structures in nuclei.

A publication with the systematic study of known levels in14C and with results from new recent experiments is
preparation [53].

5. Conclusions

To conclude the results of these considerations, we can state that there is strong evidence for states in light nuclei w
clustering based on alpha-particles and covalently bound neutrons, which are observed as dimers in Beryllium isot
trimers in13−16C.

We summarize in Table 1 the moments of inertia of the rotational bands determined in recent work for these
molecular states in light nuclei. We note that the large moments of inertia observed in the Be-isotopes are surpass
value found for the13C bands. The latter states can be considered as even more deformed (hyperdeformed) config
which are due to clustering and binding due to covalent molecular orbits of the valence neutrons.
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Fig. 9. The extended threshold diagram of clusters and covalently bound nuclear molecules with valence neutrons. The threshold e
indicated.

There are also systems with larger clusters forming asymmetric molecules based onα-particles and heavier clusters. T
first steps to establish the structure of covalently bound states in nuclear system have now been made [18].

In accordance with these findings it is possible to make a new threshold-diagram for covalently bound nuclear m
states, as shown in Fig. 9, where the existence of even more extended molecules can be predicted. The configuration
schematically shown in this figure go beyond the deformed shell model approach, they are true shape isomers, with co
deformations, which cannot be easily described by a few terms in the Legendre-function expansions for nuclear shape
statement holds already for the observed rotational bands of the molecular structures in the beryllium and carbon isot
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