modate no more than 15% iron. But
researchers have recently identified a
post-perovskite phase® that can ac-
commodate as much as 80% iron in
the silicate lattice deep in the mantle
where pressures exceed 125 GPa and
temperatures reach 2500 K. Silicate
structures bloated with so much iron
could never rise, no matter how high
the temperature.

Seismic tomography indicates that
the 200-km-thick region above the
core—mantle boundary—the so-called
D" layer—is extremely heterogeneous
and the most likely location for a deep,
dense reservoir. The velocities of seis-
mic waves in that layer differ
markedly from those in the region
above it, a difference greater than can
be attributable to temperature alone.
A slight difference in density, though,
would inhibit mixing or overturning
of the layer with mantle above it (see
PHYSICS TODAY, August 1999, page
21). None of the magma that has
erupted at Earth’s surface originated
in a reservoir low in 2Nd.

A hidden reservoir also helps ex-
plain a decades-old discrepancy be-
tween the amount of heat geologists
can account for by counting radioac-
tive elements within the rocks they
can get their hands on and the
amount suggested by Earth’s steady
cooling, argues Caltech’s David
Stevenson. Earth’s heat output from
radiogenic elements is estimated at
about 20 terawatts, roughly half of the
heat currently leaving Earth’s inte-
rior. An emerging technique that
measures geoneutrinos recorded in

large particle-physics detectors found
a value consistent with that number
and promises to put fundamental con-
straints on Earth’s radioactive
budget.® (See page 9.)Boyet and Carl-
son estimate that the hidden layer, re-
gardless of its size, would contain
about 43% of Earth’s uranium, tho-
rium, and potassium. Such a layer
would generate about 9 terawatts of
heat.

Moreover, the hot radioactive layer
acts like a warm blanket around the
core, the pair speculate. It could ex-
plain why the outer core has remained
partly molten this late in Earth’s evo-
lution and continues to generate the
geomagnetic field. The deep layer
could also be generating the hot spots
that feed mantle plumes and create
volcanic chains like Hawaii. With
such varied implications, it’s no sur-
prise that Woods Hole’s Hart expects
“wall-to-wall neodymium-142 work”
to emerge in the next couple of years.

Mark Wilson
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Novel Medical Imaging Method

Shows Promise

cientists from Philips Research in

Hamburg, Germany, are develop-
ing a new method for peering inside
patients. Magnetic particle imaging,
as the method is called, resembles
magnetic resonance imaging in its use
of magnetic fields to manipulate
spins. But whereas MRI flips hydro-
gen nuclei, MPI flips the electronic
spins of ferromagnetic particles.

The naturally occurring ferromag-
netic particles in the human body, such
as the iron atoms in hemoglobin, are
too small to produce a detectable mag-
netization. Using an MPI-based med-
ical scanner, if one were ever built,
would entail introducing nanoscale
tracers into the body through a sy-
ringe, catheter, or other device.

But the absence of a natural back-
ground means the injected tracers
would provide the sole signal. Poten-

http://www.physicstoday.org

When subjected to a varying mag-
netic field, ferromagnetic nano-
particles produce harmonics that
can reveal their location.

tially, MPI offers exquisite sensitivity.

Whether MPI will lead to a practi-
cal scanner is unclear. So far, the
method’s developers, Bernhard Gleich
and Jiirgen Weizenecker, have looked
at modestly sized test objects. Even
so, MPI has already matched MRI in
spatial resolution and, Gleich and
Weizenecker hope, should soon exceed
it in sensitivity.!

Harmonic magnetization

What makes MPI possible is the char-
acteristic S-shaped magnetization
curve of a ferromagnet. As the accom-
panying box explains, applying a
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periodically varying mag-
netic field to ferromagnetic
particles can induce har-
monics in their magnetiza-
tion. Those harmonics pro-
vide a way to detect and
locate the particles.
Ordinarily, an induction

Saturation

Strong
harmonics

MAGNETIZATION

has to stop for each microliter-
sized volume element.

A faster method is to sweep
the point back and forth at high
frequency. In effect, the motion
smears the signal over neigh-
boring volume elements. That’s
not necessarily a problem. The

coil placed around the mag-
netized tracers would record

the fluctuating signal from Strong

both the weak magnetization harmonics

and the much stronger field.

But if a frequency filter ex-

cludes the fundamental,only |~ [ _____________
the harmonics from the mag- Saturation

MAGNETIC FIELD

signal can be reconstructed
through standard signal inver-
sion. However, to avoid stifling
the reconstruction with large
errors, the point’s trajectory
must be highly stable.
Sweeping has another bene-
fit. If done fast enough, the mo-

netized tracers contribute to
the detected signal.

By themselves, the har-
monics reveal the general
presence of magnetized trac-
ers. To locate the tracers,
Gleich and Weizenecker ex-
ploit another part of the
magnetization curve. Adding
a constant field to the peri-
odically varying field can
shift the tracers’ magnetiza-
tion into the saturation re-
gion and, as a result, quench
both the fundamental and
the harmonics.

The trick of quenching the
harmonics helps to locate the
tracers because it’s possible to
engineer a field-free point
within the constant field.
Only tracers in the volume
around the point remain un-
saturated and free to emit
harmonics. By steering the point
through the sample like a probe, one
can map the tracer distribution.

The spatial resolution of MPI de-
pends on how steeply the magnetic field
rises from zero at the field-free point to
the value H, required to produce de-
tectable harmonics. If the field gradient
is G, the expected resolution is roughly
2H,/G.

The value of H, depends on the vol-
ume of a tracer particle: The bigger
the particles, the lower the field re-
quired to overcome thermal fluctua-
tions and align the magnetization.
Paradoxically, big tracers give high
resolution.

In their proof-of-principle experi-
ment, Gleich and Weizenecker used an
FDA-approved ferromagnetic tracer
called Resovist. According to the bot-
tle’s label, Resovist’s characteristic
particle size is 4 nm, which, at the gra-
dients routinely available in human-
sized scanners, would yield a useless
resolution of 10 cm. Fortunately, as
Gleich and Weizenecker discovered, a
few percent of Resovist particles are
more than 30 nm in diameter. At
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Magnetization of Ferromagnetic
Nanoparticles

agnetic particle imaging depends on the particles’

S-shaped magnetization curve, like the one
shown here. At low values of applied magnetic field
H, the magnetization M is linear. At high values of H,
M saturates. In the intermediate regime (indicated in
gray), M rolls over and can be expressed as an expan-
sion in odd powers of H:

MH) =a,H+ a,H* + a,H> + . ..

where a,, a,, and so on are constants. Now, if the ap-
plied field varies periodically, say, if H= H,sinwt,
then, thanks to trigonometric identities such as 4sin’ 6
=3sinf —

sin 36,

M(t) = f,(H,)sin wt + f,(H,)sin 3wt +
fi(Hysin 5wt + . . ..

Here, f,, f,, and so on are polynomial functions of H,,.
The harmonics at 3w and 5w can be detected by fil-
tering out the fundamental at w.

0.3 mm, the resolution produced by the
larger particles compares favorably
with commercial MRI.

Another key consideration in MPI’s
performance is how one steers the field-
free point. Stepping the point through
the sample—or, equivalently, stepping
the sample through the point—is the
most straightforward and robust
method, but it’s slow because the scan

Thirteen holes, each 0.5 mm in diam-
eter, form the letter P, which can be
seen in this test image. The field of
view is about 1 cm square. (Adapted
from ref. 1.)

tion can induce harmonics by
itself without the need for a pe-
riodically varying field. The fre-
quency required is of order
10 kHz, which would be chal-
lenging and potentially haz-
ardous to effect mechanically.
Instead, Gleich and Weize-
necker use three electromag-
nets whose fields can rapidly
displace the field-free point in
the x, ¥, and z directions.

The figure below shows the
result of imaging a test object,
a plastic tray drilled with holes
1 mm deep and 0.5 mm wide
that contain Resovist. Gleich
and Weizenecker used a hybrid
scanning method to make the
image. A robot moved the field-
free point in the xy plane, while
in the z direction the point was
moved electromagnetically.

MPT’s eventual commercial-
ization will depend on several improve-
ments. Optimizing the tracer size is
one. Based on a straightforward com-
parison with MRI, Gleich and Weize-
necker anticipate that MPI, thanks to
its almost-zero background, should be
100 times more sensitive than MRI.

Scanning is a bigger obstacle. The
electromagnets Gleich and Weize-
necker currently use can shift the field-
free point by no more than 6 mm on
each sweep. Short sweeps mean long
scanning times. The 9.4 X 9.4 mm?
test object took 1 minute to scan.
Using stronger electromagnets and
higher sweep frequencies will shorten
the overall time needed to map a
body-part-sized object.

What might MPI be used for? Fol-
lowing the flow of blood and nutrients
through capillaries requires a combi-
nation of sensitivity and resolution
that MRI lacks and that x rays pro-
vide only with long and possibly
harmful exposure times.

Charles Day
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