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Understanding the fundamental excitations of many-fermion
systems is of signi®cant current interest. In atomic nuclei with
even numbers of neutrons and protons, the low-lying excitation
spectrum is generally formed by nucleon pair breaking and
nuclear vibrations or rotations. However, for certain numbers
of protons and neutrons, a subtle rearrangement of only a few
nucleons among the orbitals at the Fermi surface can result in a
different elementary mode: a macroscopic shape change1±3. The
®rst experimental evidence for this phenomenon came from the
observation of shape coexistence in 16O (ref. 4). Other unexpected
examples came with the discovery of ®ssion isomers5 and super-
deformed nuclei6. Here we ®nd experimentally that the lowest
three states in the energy spectrum of the neutron de®cient
nucleus 186Pb are spherical, oblate and prolate. The states are
populated by the a-decay of a parent nucleus; to identify them, we
combine knowledge of the particular features of this decay7 with
sensitive measurement techniques (a highly ef®cient velocity
®lter8 with strong background reduction, and an extremely
selective recoil-a-electron coincidence tagging method8±10). The
existence of this apparently unique shape triplet is permitted only
by the speci®c conditions that are met around this particular
nucleus.

The study of a system of A nucleons bound together by nucleon±
nucleon interaction in an atomic nucleus poses a complex problem.
The rich spectrum of elementary modes of collective motion, such
as rotations and vibrations, is very dif®cult to derive from the action
of the nucleon±nucleon force. Instead, these phenomena can be
described as emerging from the interplay of the constituent particles
and the use of effective forces. In this context, the atomic nucleus
which, at the lower energy scale is now understood as behaving very
much like a super¯uid system, can be compared to complex
mesoscopic systems of the type that appears in atomic cluster
structures and low-dimensional quantum systems (integer and
fractional quantum Hall effect). This is due to the number of
nucleons (of the order of 100 in an average nucleus), which is too
large for a full microscopic study but also too small for statistical
treatments. The variety of shapes in atomic nuclei and the effect of
individual nucleons continue to be a topic of current research (see
ref. 11 for a review).

The lowest excitation mode encountered in atomic nuclei is, in

general, associated with rotations. In the mass A � 170 region, the
observed moment of inertia (J) of a deformed nucleus lies between
the values corresponding to a rigid object and a ¯uid, and leads to a
rotational energy constant of the order of ~2=2J < 15 keV. But
because some nucleon numbers are found to be `magic' (N or
Z � 8, 20, 28, 50, 82, 126 (or Z < 114)), nuclei with a closed shell
are predominantly spherical and as such do not exhibit rotational
excitations at low energy. Due to the stiffness of the closed con-
®guration, vibrations will also be hindered and the ®rst excitations
will be due to breaking a pair of nucleons from the open shell. The
resulting spectrum is a typical one-broken-pair multiplet and leads
in the even±even Pb (Z � 82) nuclei to a ®rst excited state around
1 MeV with spin and parity 2+, except for doubly magic 208Pb which
has a 3- level at 2.6 MeV as its ®rst excited state.

A new phenomenon occurs in the neutron-de®cient Pb nuclei,
where the number of valence neutrons becomes maximal as the
neutron number lies in the middle of two numbers characteristic of
closed shells (N � 82 and N � 126)1,2. Within a shell-model
approach2, a proton pair excitation across the Z � 82 shell leads
to the creation of two valence proton particles (2p) above, and two
valence proton holes (2h) below, the Z � 82 closed shell, that are
coupled to spin and parity 0+. The energy cost is about twice the
energy of the Z � 82 shell gap ( < 2 3 3:9 MeV � 7:8 MeV) but the
creation of one particle and one hole pair yields a gain in pairing
correlation energy of 2.6 MeV which can be derived from the
experimental one- and two-proton separation energies2. Further-
more, the proton shell is now broken up and the attractive proton±
neutron interaction will lower the energy for these 2p±2h states, so
that from 194Pb onwards this 0+ state lies below the ®rst excited 2+

state3. Within a deformed mean-®eld approach this is equivalent to
a macroscopic phase change from a spherical to an oblate shape12.
The band structure built on top of it has been observed only for a
limited number of neutron-de®cient Pb nuclei, the lightest being
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Figure 1 Calculated potential energy surface of 186Pb. Spherical, oblate and prolate

minima are indicated by thick vertical black lines. Calculations are performed on the

cartesian mesh. The b2 parameter expresses the elongation of the nucleus along the

symmetry axis, while the g parameter relates to the degree of triaxiality in the deformation

(that is, the relative lengths of the three principal axes of the spheroidal nucleus). The g

parameter is de®ned such that g � 0 corresponds to a prolate (cigar-like) shape and

g � 60 to an oblate (disk-like) shape.
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190Pb (ref. 13). This schematic picture can also be extended to multi-
particle and multi-hole excitations, each of them possibly leading to
a different shape.

The energy of the different shape con®gurations can be calculated
using a nucleon potential, such as the Woods±Saxon14 potential, in
which the energy of a single-particle orbital depends on the
deformation. These potential-energy-surface calculations have
become more and more sophisticated with time, resulting in
accurate descriptions of the nuclear shapes and the con®gurations
involved14±16. Figure 1 gives the result of such a calculation for 186Pb
and shows, next to the spherical minimum corresponding to the
ground state, an oblate and a prolate minimum at an excitation
energy of around 1 MeV. In the particle±hole picture, the former
corresponds to a 2p±2h con®guration, while the latter corresponds
to a 4p±4h con®guration as discussed in ref. 15. It is of prime
importance to identify and to characterize the three 0+ states
associated with the three different shapes.

Alpha decay forms an ideal tool to populate the 0+ bandheads and
probe selectively the underlying structure7; this has led to the
identi®cation of the oblate 2p±2h bandheads down to 188

82Pb106,
where a bandhead was observed at E* � 591 keV (ref. 9, 17, 18)
above the spherical ground state and was recently con®rmed by in-
beam electron spectroscopy19. In-beam studies showed rotational
bands in 184,186,188Pb associated only with a prolate-deformed
shape20±22. Con¯icting results on the prolate 4p±4h 0+ bandhead
in 188Pb have been reported, giving two different values of
767(12) keV (ref. 9) (a-decay study) and 725(4) keV (ref. 19)
(conversion-electron spectroscopy). (Here 767(12) keV, for exam-
ple, indicates 767 6 12 keV.) The exotic nucleus 186Pb, far away
from the stability line but with a closed proton shell and with the
neutrons exactly at mid-shell between N � 82 and N � 126,
represents a unique opportunity to study the competition between
shape excitations, collective motion and intrinsic excitations. This
maximum in proton±neutron correlations will enable the study of
shape coexistence at the lowest possible excitation energy. The
relative positions of the three different shapes, the height of the
barrier between them, and consequently the purity of the con-
®gurations, are further aspects that can be addressed in this nucleus.

To study in detail 186Pb through the a-decay of 190Po is a
challenging task. The 190Po nuclei are produced via the 4n-
evaporation channel for the fusion reaction of 200-pnA
(� 1:2 3 1012 particles per s) 255-MeV 52Cr ions with a

290 mg cm-2 142NdF3 target. The cross-section is only about
300 nbarn (� 3 3 10 2 31 cm2) which corresponds to about 300
190Po atoms being produced per hour but with a background of
®ssion and transfer reactions about a million times higher. The
Separator for Heavy Ion Production (SHIP) velocity ®lter8,
developed for the studies of superheavy elements, is able to separate
the nuclei of interest from unwanted background and to implant
them into an ef®cient detection system8,10 (see Fig. 2 and its legend
for further details). The experimental set-up has been optimized to
observe ®ne structure in the a-decay that leads, as studied for the
heavier even±even Pb nuclei7, to the identi®cation of low-lying 0+

bandheads, which will decay predominantly by E0 conversion
electron transitions to the ground state.

The data in Fig. 3 form the main evidence for the observation of
three different shapes in 186Pb. Out of the 27,080 counts recorded in
Fig. 3a, only 274 show (see Fig. 3b) coincidence with electrons, as
observed from the two peak structures at 7,012(20) and
6,896(20) keV. As seen in Fig. 3c, these peaks are almost completely
decayed within 12 ms. The half-life of the 7,012-keV line is
2.6(0.3) ms, while for the 6,896-keV line an upper limit of 5 ms
for the short-lived component is obtained. Only two isotopes
shown in Fig. 3a have such a short half-life: 190Po, 2.45(5) ms (this
work); and 189mBi, 5.0(1) ms (ref. 10). All the other isotopes have
considerably longer half-lives (see Fig. 3a). The behaviour of the
189mBi isotope was studied at different beam energies, and it can be
concluded that a±e coincidences from ®ne structure in the a-decay
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Figure 2 A view of the detector system (not to scale). Owing to the segmentation of the

position sensitive silicon detector (PSSD) and the low implantation rate, it is possible to

correlate the time and position of the implanted recoil products and their subsequent a-

decays (recoil-a correlations). Six Si detectors (the Si box) are mounted in front of the

PSSD (`backward') to detect conversion electrons in prompt coincidence with the a-decay

(recoil-a-e- correlations). A 4-fold segmented Ge Clover detector records prompt a-X

and a-g coincidences. A schematic picture of a recoil (1) -a (2) -e- (3) -X (4) event is

given. The identi®cation of the different a lines is based on the half-life, the count rate as a

function of the bombarding energy (5 different beam energies), coincidences with

electrons, characteristic K-X rays and g lines, correlations with known a-decay of

daughters in the decay chain, and sum-energy relations.

Figure 3 Three a spectra with different gating conditions. a, Part of the a spectrum

recorded in the PSSD within 12 ms after the recoil implantation. Some peaks are labelled

with the a-decay energy and isotope they relate to, with the label g for the ground state

and m for an isomeric state for the same isotope. The strongest a line is the ground-state

to ground-state a transition of 190Po at 7,533(10) keV decaying with a half-life of

2.45(5) ms, an improved value compared to literature18,23. The other a lines are from

isotopes produced in other open evaporation channels (xn, pxn). They have been identi®ed

on the basis of their energy, half-life and yield as a function of the beam energy (excitation

function). The main isotopes are: 191mBi, T 1=2 � 115�10�ms (ref. 24); 192Po,

T 1=2 � 33:4�14�ms (ref. 17); 189mBi, T 1=2 � 5:0�1�ms (ref. 10); 191mPo,

T 1=2 � 98�8�ms (ref. 25); 191gPo, T 1=2 � 22�1�ms (ref. 25). b, The same as a, but in a

prompt coincidence with conversion electrons, registered in the backward detectors. The

random background probability is 7 3 102 5. c, The same prompt electron condition as in

b, but now with a events that are registered between 12 and 24 ms after implantation.
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of 189mBi (ref. 10) do not contribute to the spectrum in Fig. 3b. The
only coincidences that the two lines observed in Fig. 3b show with
Ge detectors are in the region of low-energy X-rays below 100 keV,
and the 7,012-keV a line is clearly coincident with the characteristic
K X-rays of Pb. Furthermore, both lines correlate with the a line of
186Pb, the daughter of 190Po. Therefore the 7,012 and 6,896 keV a
lines are attributed to the decay of 190Po. The counts in the region
between 6,800 and 7,000 keV in Fig. 3c) can be explained by
coincidences with conversion electrons from electromagnetic
transitions, recently reported in the decay of 191m,gPo (refs 24, 25).
Their decay is partly responsible for the left shoulder of the 7,012-
keV peak observed in Fig. 3b, and for the weak long-lived compo-
nent under the 6,896-keV line. The extra counts above the 7,012-
keV peak (Fig. 3b) are due to an electron sharing its energy between
the position-sensitive silicon detector and the Si box, thus partially
adding to the a line. By comparing the coincidences of the 7,012 and
6,896 keV a lines with electrons, X- and g-rays, the only valid
conclusion is to assign the two lines as ®ne structure lines due to a-
decay of 190Po feeding excited levels in 186Pb, subsequently decaying
by E0 conversion electron emission to the ground state (Fig. 4).

From the reduced a-decay widths d2 of Dl � 0 transitions, which
correspond to the transition rate after correcting for the energy
dependence from the tunnelling through the Coulomb barrier, it is
possible to obtain information on the internal structure of the
con®gurations involved in the connected states7,26,27. This method
has been used to show that the ground state of 186Pb is spherical, as
are all heavier even±even Pb nuclei26,28. The ground states of even±
even Po nuclei with A . 196 exhibit a spherical 2p proton con®g-
uration. However, owing to the rapid lowering in energy of
deformed 4p±2h proton con®gurations, the ground states of the
lighter even±even Po nuclei, from 196Po onwards27, develop a mixed
character of 2p and 4p±2h con®guration (with ,70% of the latter
in the ground state of 192Po; refs 9, 17). The reduced widths in the a-
decay of 190Po (see Fig. 4) and 192Po corroborate this superposition,
and unambiguously show that the decay to the 0p±0h spherical
ground state in 186Pb is much slower than the decay to the ®rst
excited 0+ state. This indicates that the ground state of 190Po is
mainly the deformed 4p±2h con®guration, and that the ®rst excited
0+ state in 186Pb has a multiparticle±multihole character. Based on
the energy systematic of the oblate bandheads in the heavier Pb

isotopes, the extrapolation of the 0+ bandhead energy starting from
the higher-spin members of the prolate band in 186Pb (see Fig. 4),
and the reduced a-widths, we identify the 0+ state (with an
excitation energy of 532 keV) as the oblate state, and the 0+ state
(with an excitation energy of 650 keV) as the prolate state. Both of
these levels are below the ®rst excited 2+ state, at 662 keV.

This observation allows to consider the atomic nucleus 186Pb as a
`laboratory' in which to observe the effect of a change of a small
number of particles on the macroscopic shape. The energy gap at the
Z � 82 closed shell (,3.9 MeV) forces the protons to adopt a
spherical shape, while the large space available for the valence
neutrons (with N values between 82 and 126) favours a deformed
con®guration. Combined with the strength of the proton±neutron
quadrupole force and the pairing2, a subtle balance originates where
the promotion of speci®c proton pairs to the next shell leads to
either a prolate or to an oblate state. Proceeding to lighter masses
(towards Sn and Ni), the steady increase in the shell gap energy,
combined with a decreasing open space for the valence particles,
lead to an increase in excitation energy of the deformed states. For
the heavier elements (beyond Pb), the shell gap becomes too small
and the proton±neutron correlation energy causes the ground state
to become deformed. Only in the neutron-de®cient Pb region are
the exact conditions met to study, near the ground state (in a zone of
low-level density), the microscopic origin of the spherical-symme-
try breaking which leads to spheroidal deformation. Other systems
having the character of Fermi liquids, such as atomic and molecular
clusters, also exhibit shell structure and deformation. However, the
large moments of inertia make rotation the easiest way by far to
excite the system (~2=2J < 10 2 4 eV) thereby complicating the
observation of shape changes.

The study presented here has used a-decay as a spectroscopic tool
to elucidate this triple shape coexistence. Nuclear physics has
developed a whole arsenal of spectroscopic methods to identify
and characterize the collective behaviour of quantum liquids. The
observation of band structures build upon different shapes and their
interaction will further probe the purity of the states and their
evolution when excited. M
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Creating a regular surface pattern on the nanometre scale is
important for many technological applications, such as the
periodic arrays constructed by optical microlithography that are
used as separation media in electrophoresis1, and island struc-
tures used for high-density magnetic recording devices2. Block
copolymer patterns can also be used for lithography on length
scales below 30 nanometres (refs 3±5). But for such polymers to
prove useful for thin-®lm technologies, chemically patterned
surfaces need to be made substantially defect-free over large
areas, and with tailored domain orientation and periodicity. So
far, control over domain orientation has been achieved by several
routes6±9, using electric ®elds, temperature gradients, patterned
substrates and neutral con®ning surfaces. Here we describe an
extremely fast process that leads the formation of two-dimen-
sional periodic thin ®lms having large area and uniform thick-
ness, and which possess vertically aligned cylindrical domains
each containing precisely one crystalline lamella. The process
involves rapid solidi®cation of a semicrystalline block copolymer
from a crystallizable solvent between glass substrates using
directional solidi®cation and epitaxy. The ®lm is both chemically
and structurally periodic, thereby providing new opportunities
for more selective and versatile nanopatterned surfaces.

Block copolymers consist of chemically distinct macromolecules
covalently linked to form a single chain; due to their mutual
repulsion, the dissimilar blocks tend to segregate into different
domains whose shape, size and spacing are determined by the

relative amount of the block components and their respective
molecular masses10,11.Control over the microdomain patterns has
been achieved by employing electric ®elds, temperature gradients,
patterned substrates and neutral con®ning surfaces. For example, a
temperature gradient has been used12 to produce a vertically aligned
lamellar structure with excellent long-range order. To obtain a well
ordered structure, slow growth (millimetres per day) in a large
gradient (700 8C per centimetre) is required.

In crystalline materials, control of the solidi®cation process is
central to many technologies that rely on the features of the
resultant microstructure for achieving optimum properties. For
example, the directional solidi®cation of a eutectic metal alloy can
lead to rod or lamellar structures well aligned along the growth
direction13. In crystalline polymeric materials, orientation of crys-
tallizable macromolecules has been achieved by mechanical forces,
as in ®bre spinning and also by epitaxial crystallization onto
substrates14,15. A vertically oriented lamellar structure has been
achieved16 by utilizing crystallization from the microphase-sepa-
rated state of a low-molecular-mass diblock copolymer adjacent to
boundaries formed by dewetting from the substrate. Mixtures of
polyethylene and a crystallizable solvent (tetrachlorobenzene) form
a binary eutectic17, and polyethylene homopolymer has been
shown18 to epitaxially crystallize on benzoic acid. We also note
that benzoic acid and paraf®n have been shown19 to form a eutectic,
and that the paraf®n grows epitaxially onto the crystallized benzoic
acid. We thus considered that a semicrystalline block copolymer
dissolved in a crystallizable and epitaxy-forming solvent might yield
interesting directionally solidi®ed structures.

We used a polystyrene-block-polyethylene (PS-PE) diblock co-
polymer that was prepared by hydrogenation of polystyrene-block-
1,4-butadiene, previously synthesized via sequential anionic poly-
merization. The amorphous PS block and the crystallizable PE block
have molecular masses of 40,000 and 10,000 daltons respectively, the
volume fraction of the PE block is 0.24, and the melting point of the
PE block is 98 8C. Small-angle X-ray scattering measurements of
bulk ®lms of PS-PE shows multiple low-angle re¯ections charac-
teristic of hexagonally packed PE cylinders with the ®rst Bragg peak
at q = 0.15 nm-1, corresponding to a cylinder±cylinder spacing of
42 nm. (Here q � �4p=l�sinv, where l is the X-ray wavelength and v
is 1/2 of the scattering angle.)

When cast from dilute xylene solution onto a carbon support
®lm, the structure consists of in-plane meandering cylinders of PE in
the PS matrix (Fig. 1a). In order to control the PS-PE microdomain
and crystalline PE structures, we ®rst dissolved the diblock in
benzoic acid (BA), then crystallized the solution between glass
slides in two stages using a modest temperature gradient
(10 8C cm-1). In the ®rst directional solidi®cation done at 110 8C,
the BA forms large 200 ´ 500 mm crystals with the (001) planar
surfaces parallel to the substrate and the b axis (the fast growth
direction) well aligned along the temperature gradient. The remain-
ing solution is then directionally solidi®ed at 60 8C. A thin polymer
layer forms adjacent to the glass surfaces, and can be examined by
microscopy. A bright ®eld image of the RuO4-stained ®lm shows
well ordered arrays of light, unstained PE domains in a dark, stained
PS matrix (Fig. 1b). The light domains are packed on a hexagonal
lattice with good long-range order extending over areas of 20 mm
diameter.

Tilting the ®lm in the transmission electron microscope (TEM)
shows that the light domains are cylindrical rather than spherical. A
magni®ed image shows that the shape of the interface between the
PS and PE is non-circular (Fig. 1b inset). The diameter of the PE
domains along the bBA direction is about 50% larger on average than
in the perpendicular direction (30 nm compared to 20 nm). We will
come back to this point later in the context of the dark-®eld images
and the mechanism of structure formation.

An electron diffraction pattern from an unstained ®lm (Fig. 2A)
shows very well oriented, almost single-crystal-like, re¯ections
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