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with Samsung (which manages
SKKU), has now adapted 
that Cu-based chemical-vapor-
deposition growth to a scal-
able, industrial manufacturing
process, as outlined in figure 1.
The researchers also chemically
doped their graphene film,
which increased its conductiv-
ity by a factor of four.4 As proof
of principle, they produced 
a 76-cm-diameter electrode
whose conductivity and trans-
parency surpass those of the
commercial standard, indium
tin oxide, a material that’s ex-
pensive and brittle but common
in touch screens and computer
monitors.

The flexibility of the Cu foil
and graphene make both poten-
tially amenable to an auto-
mated roll-to-roll production
strategy. And when Cu is heated, its
grain size increases from microns 
to millimeters, a step that lowers
graphene’s resistivity, Hong argues, 
by reducing the number of electron-
scattering grain boundaries that 
form in it. 

According to Ruoff, during growth
at 1000 °C, close to Cu’s melting point,
carbon atoms nucleate at various sites
across the surface and grow into 2D 
islands whose honeycomb lattice 
structures eventually merge, most likely
in random orientations. As both materi-
als cool, their mismatch in thermal-
expansion coefficient causes the
graphene sheet to severely wrinkle, as
pictured in figure 2, to relieve the stress
caused by Cu’s greater contraction. The
sheet can also develop nanoscopic
cracks when it’s transferred to a flexible
target substrate in the last step of the
team’s fabrication process.

Unless engineered otherwise—cut
into ribbons, for instance, or deliber-

ately strained to alter its band struc-
ture—graphene is a zero-bandgap
semiconductor. Exposure to a strong Cu
etchant such as iron chloride naturally
dopes the graphene with holes. But to
further increase the charge-carrier den-
sity, and thus the conductivity of its
films, the SKKU group stacked together
four separately grown graphene mono-
layers, each hole-doped again using 
nitric acid in the same production
process. Unlike in graphite, the hexag-
onal lattices of adjacent stacked
graphene layers are randomly oriented,
and the overall conductivity in the
graphene film appears to be propor-
tional to the number of stacked layers.
Those layers, moreover, may also pro-
vide additional conductive channels
that bridge the gap between any cracks. 

The carrier mobility of the SKKU
single-layer films measured about 
5000 cm2/V·s at room temperature—
close to that of mechanically cleaved
graphene. That and the group’s obser-

vation of a half-integer quantum Hall
effect in graphene, Hong says, are 
signatures of the films’ high quality.
Even so, several research groups are
working to resolve ambiguities in the
2D growth process and to understand
the influence of graphene’s defects on
its electron-transport properties.

Geim remains enthusiastic. “Don’t
be surprised,” he says, “if your next mo-
bile phone has a touch screen and an
LED light, both containing graphene
electrodes.”

Mark Wilson
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Figure 2. Force microscopy
reveals the polycrystalline surface
of graphene with its network of
wrinkles (white lines) and minor
cracks that develop during the
mild trauma of cooling and being
transferred to a substrate. (White
dots are most likely polymer
residue.) The height profile (solid
red line) of graphene and its wrin-
kles is measured relative to the
substrate along the dashed yellow
line. Although a single layer of
graphene generally predominates
when grown on copper, a
graphene bilayer is also evident in
the scan. (Adapted from ref. 4.)
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Testing the doubly magic character of tin-132
Adding an extra neutron to a nucleus with magic numbers of both neutrons and protons, and 
watching how it settles in, tests the shell model and can help elucidate the creation of heavy 
elements in supernovae.

The shell model of nuclear structure
predicts that nuclei with certain magic
numbers of protons or neutrons will be
more rigidly spherical and stable than
their neighbors. The magic numbers—
2, 8, 20, 28, 50, 82, and 126—are some-
what reminiscent of the atomic num-
bers of the noble gases, as well they
should be. Just as completed shells of
single-electron states convey extraordi-
nary chemical stability, completed

shells of single-neutron or single-
proton states in the mean-field poten-
tial of all the other nucleons do much
the same for nuclei.

With magic numbers of both protons
(Z) and neutrons (N), the four stable
“doubly magic” nuclei, helium-4, oxy-
gen-16, calcium-40, and lead-208, are
among the most abundant in nature. All
four have had their expected doubly
magic properties confirmed in the lab-

oratory, as have two doubly magic un-
stable species with long half-lives: cal-
cium-48 and nickel-56. Just having
nominally magic values of Z and N is
not sufficient proof of shell closure. As
neutron or proton excesses take nu-
clides further from the valley of nuclear
stability (see figure 1), the validity of the
shell model becomes an open question
that requires testing.

Of the few other known nuclides
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with doubly magic numbers, tin-132
has in recent years been of particular in-
terest to experimenters. Short-lived
132Sn, with its excess of 8 neutrons over
the nearest stable Sn isotope, would test
the limits of the shell model. And be-
yond the specific concerns of nuclear-
structure theory, 132Sn draws the atten-
tion of astrophysicists because, as
shown in figure 1, it sits adjacent to the
so-called r-process region.

The r process (“r” for rapid neutron
capture) in extreme astrophysical envi-
ronments such as supernovae is pre-
sumed to be the principal means by
which elements heavier than iron are
created. In the presence of sufficiently
high neutron fluxes, nuclei can accumu-
late extra neutrons faster than they can
beta decay. (See the article by John
Cowan and Friedrich-Karl Thielemann
in PHYSICS TODAY, October 2004, page
47.) Because the extremely neutron-rich 
r-process nuclei are not accessible in the
laboratory, many issues remain unre-
solved. But a well-characterized doubly
magic nucleus nearby would let theo-
rists calculate important properties of
those presumed intermediate states in
heavy-element nucleosynthesis. 

For all its promise, 132Sn presents ex-
perimenters with daunting problems.
Its half-life is only 40 seconds. So one
can’t perform the conventional test of
bombarding a solid target of the mate-
rial with neutrons to see if they fall into
the valence orbits one would expect to
form around a rigidly spherical core.
The much more demanding alternative
of capturing neutrons by running a
beam of freshly made 132Sn nuclei into a
deuterium target requires, among other
highly specialized facilities, the means

to deal with the hazardous profusion of
long-lived actinides that would accom-
pany the creation of a sufficiently in-
tense beam.

”At present, there’s only one lab in
the world that can do that kind of 132Sn
experiment,” says Paul Cottle of Florida
State University. “That’s the Holifield
Radioactive Ion Beam Facility at Oak
Ridge.” And indeed Kate Jones (Univer-
sity of Tennessee, Knoxville) and
coworkers at Oak Ridge National Lab-
oratory have now reported1 the results
of just such an experiment that confirms
and details the doubly magic character
of 132Sn. 

Why bother? 
Figure 2 shows two properties of dou-
bly magic nuclei that are much easier to
measure than the valence states of extra
neutrons. From archival data for vari-
ous isotopes of Sn and Pb, figure 2a
shows how strikingly the energy thresh-
old for the first collective nuclear excita-
tion peaks at the magic N. And figure 2b
shows the precipitate drop thereafter—
analogous to the drop in ionization 
potential after a noble gas—in the 
energy cost of liberating neutrons.

So why go to all the trouble of exam-
ining the states into which a neutron
added to 132Sn falls? “Because, as has be-
come clear in recent years, some doubly
magic nuclei are more magic than oth-
ers,” explains theorist Witold Nazar -
ewicz, scientific director of the Holifeld
facility. “The departure of the extra neu-
tron’s spectrum from what’s expected
for a rigid spherical core of closed shells
is an important measure of polarizing
shape vibrations that mix core and va-
lence states. And the observations let us

calibrate our nuclear-structure models
in r-process regions where direct data
will perhaps never be taken.”

In the Oak Ridge experiment, the
132Sn beam began with intense proton
bombardment of a uranium target.
From the great variety of fission prod-
ucts thus produced, electromagnetic
mass separation culled the desired 132Sn
ions for acceleration to 630 MeV in the
Holifield lab’s tandem Van de Graaff ac-
celerator (see the cover of this issue).

The resulting beam was focused
onto a deuterium-rich target, which
served as the neutron donor. A sur-
rounding detector array recorded the
energies and directions of protons
emerging from the desired neutron-
transfer reaction

d + 132Sn → p + 133Sn.

The proton measurements suffice to 
determine the reaction’s center-of-mass
scattering angle θ as well as Q, the in-
crease of total kinetic energy from the
initial to the final state. The “heat of 
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Figure 1. All known nuclides are shown black (if stable) or yellow
(unstable). Dashed lines indicate magic numbers of protons and
neutrons. Where they intersect, the nuclides are called doubly
magic. Two of those, tin-132 and nickel-78, are adjacent 
to the r-process region (blue) of as-yet-unseen
nuclides that are thought to be involved 
in the creation of the heaviest 
elements in supernovae. 
(Adapted from ref. 2.)

Figure 2. Doubly magic nuclides tin-
132 and lead-208 clearly manifest spe-
cial properties when compared, from
archival data, with lighter isotopes that
also have even neutron numbers N. 
(a) The energy of the first electric-
quadrupole excitation peaks dramati-
cally at Nmagic (82 for Sn, 126 for Pb). 
(b) The energy cost of removing a 
neutron pair falls abruptly after Nmagic.
(Adapted from ref. 1.)
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reaction” Q reflects the binding energy
of the 133Sn valence state in which the
transferred neutron has landed.

The four peaks in the Q distribution
shown in figure 3, measured at one par-
ticular θ, indicate the ground state of
the extra neutron and three excited
states. The figure lists the best-fit exci-
tation energies above the ground state.
The fact that the ground state, unlike
the excited states, peaks at Q > 0 means
that the transferred neutron is more
deeply bound in the 133Sn ground state
than it was in the loosely bound
deuteron. 

Valence-state purity
The absolute and relative peak heights
in figure 3 depend on the θ at which the
Q distribution was measured. In fact,
for a given Q peak, the θ distribution re-
flects the angular momentum of the cor-
responding valence-neutron state. So
Jones and company measured Q distri-
butions at various fixed values of θ.
From those Q spectra, they were able 
to calculate the differential scattering
cross sections, as functions of θ, for neu-
tron transfer to each of the four ob-
served valence-neutron states.

The team then compared those dif-
ferential cross sections with what one
would see if the valence state were
some particular pure quantum state nlj.
(As in atomic-spectroscopy notation, n

is the principal quantum number that
specifies the radial dependence of the
state’s wavefunction; l is the orbital an-
gular momentum, alphabetically de-
noted; and the subscript j is the valence
neutron’s total angular momentum.)
From those comparisons, the team de-
termined the best-fit quantum numbers
for the four observed valence states.
Shown in figure 4, they are indeed just
what the shell model predicts for a sin-
gle extra neutron orbiting the closed
shells of a perfectly spherical 132Sn core.

But testing the doubly magic charac-
ter of that core requires more than just
determining the quantum numbers that
fit the valence states best. One must also
assess the spectral purity of those states.
If the valence states are not well isolated
from the spherical core, they will mix
with core states and become frag-
mented superpositions of several pure
nlj states.

A widely used measure of spectral
purity is the so-called spectroscopic fac-
tor S. If the valence state contains only a
single nlj state then S = 1. Decreasing S
means increasing fragmentation. Next
to each valence state in figure 4 is its
spectroscopic factor calculated by the
experimenters from the fits between the
measured cross sections and what’s ex-
pected for the pure states. All four turn
out to be consistent with S = 1. (S greater
than 1 has no physical meaning.)

”That’s even better than one gets for
208Pb, the much studied paradigm 
of doubly magic nuclei,” says
Nazarewicz. “So 132Sn may be the most
magic of them all.” For the third and
fourth valence-neutron states of 208Pb,
by comparison, Pb-target experiments
find that S is no bigger than 0.6.

What about doubly magic light nu-
clei like 4He and 16O? The shell model,
which approximates the effects of all
the other nucleons on any one nucleon
by a mean-field potential, gets better
with increasing mass number. The
structure of the very lightest nuclei is
more appropriately a few-body prob-
lem that can be addressed by ab initio
calculations.

With regard to the r process, atten-
tion is now turning to 78Ni. As shown in
figure 1, it sits at the only other magic-
number intersection adjacent to the 
r-process region. With an excess of 16
neutrons, 78Ni has a half-life of 0.1 s, 
400 times shorter than that of 132Sn. “But
that shouldn’t stop the experimenters,“
says Nazarewicz. “In fact, they’ve al-
ready started.”

Bertram Schwarzschild
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Figure 3. Distribution of Q, the reaction heat of the neutron-transfer reaction
described in the text, measured at a fixed center-of-mass scattering angle θ in an
experiment at Oak Ridge National Laboratory. The four peaks indicate the
valence ground state and three excited states in which transferred neutrons land
to form 133Sn nuclei. Fitted curves assume Gaussian error distributions, and yield
the excitation energies (relative to the ground state) listed in the color key.
(Adapted from ref. 1.)

Figure 4. Valence states of the extra
tin-133 neutron. For each of the
valence levels observed in the Oak
Ridge experiment, schematically
shown above the doubly magic 132Sn
core, the best-fit quantum state is
given (left) together with its spectro-
scopic factor S (right), a measure of
spectral purity. In the spectroscopic
notation, p and f denote, respectively,
orbital angular momenta 1 and 3. If
the best-fit state is pure, with no
admixture of other quantum states
due to core excitations, S = 1. 
(Adapted from ref. 1.)


