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The skin effect in the bulk of an electrical conductor, i.e., the displacement of the current density
from the inner part to the edges of a conductor, was investigated with spatial resolution using
spin-polarized neutron imaging. Different current frequencies from 10 to 1000 Hz were applied to
a sample. At each frequency the current distribution was analyzed and the influence of the electrical
contacts was investigated. The experimental findings are in qualitative agreement with theoretical
predictions and prove the suitability of spin-polarized neutron imaging as a unique tool for
investigations of current density distributions in bulk materials in general. © 2008 American
Institute of Physics. �DOI: 10.1063/1.2992516�

Knowledge of the electrical current distributions in con-
ductors is important in many fields of research involving the
development of electrical devices �e.g., transformers, induc-
tors, electric motors, electric shielding materials�, high cur-
rent applications, loss-free interconnections, superconductive
materials, batteries, fuel cells, or applications in plasma
physics, to name a few.1–12 In general the current distribution
in a conductor depends strongly on the current frequency, the
shape and size of the current function, and the shape and
material of the conductor itself.1,13 Electrical alternating cur-
rents in massive conductors have a tendency to be displaced
from the core to the surface �skin� due to the interaction
between eddy currents in different regions of the material.
This phenomenon is known as the skin effect.1,2,6,13 The skin
effect results in a decrease in conductivity because it reduces
the effective cross section for current transport.

For a cylindrical rod-shaped conductor the skin depth
marks the depth below the surface of the conductor at which
the current density has fallen to 1 /e of the value at the sur-
face. The skin depth � can be calculated by

� =� 2�

��
, �1�

where � is the frequency of the applied alternating current, �
is the resistivity of the conductor, and � is the absolute mag-
netic permeability of the conductor.1

Exact quantitative descriptions of current distributions
are difficult to achieve and in practice very often impossible
to calculate.1,14–16 In particular, manufacturing tolerances,
material inhomogeneities, or varying electrical contact quali-
ties can introduce unpredictable effects.

Thus a method that provides spatially resolved experi-
mental data, i.e., a complete image of the current distribution
inside the bulk of the current conducting device is highly
desirable. Here we demonstrate that imaging with spin-
polarized neutrons enables the detection of the magnetic field

distribution around and—even more importantly—inside
massive electrical conductors.17 This method was applied to
measure the skin effect in a reference sample at different
frequencies.

Measurements were performed at the neutron imaging
facility CONRAD at the Hahn-Meitner-Institut Berlin. A
schematic drawing of the experimental setup is shown in Fig.
1. The monochromatic neutron beam was polarized by a
solid state spin-polarizing bender,17 and passed through the
sample. The beam polarization was then analyzed by a sec-
ond polarizing bender, the so-called spin analyzer, and trans-
mitted neutrons were collected in a spatially resolving
detector.17

In such a polarized neutron imaging setup the magnetic
field of a sample provides image contrast due to changes in
the previously defined neutron spin state that occurs in a
magnetic field.17–19 In the ideal case, the magnetic field to be
visualized in and around a conductor is aligned perpendicu-
lar to the �initial� neutron spin polarization direction and the
overall rotation of the neutron spin is not more than �. The
transmission signal behind the spin analyzer at a location
�x ,y� in the detector plane is given by
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FIG. 1. �Color online� Schematic drawing of the experimental setup. An
aluminum rod of 4 cm thickness with applied asymmetrical electric contact
�top: 1 cm offset, bottom: contact at the side�.
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where ��x ,y� is the angle between the analyzer orientation
�which is parallel to the initial polarization direction� and the
magnetic moment of the neutron, I0�x ,y� is the initial beam
intensity, and ��s� is the linear attenuation coefficient of the
sample along the path s. Ia�x ,y� represents the conventional
attenuation contrast and Im�x ,y� is the contrast variations due
to spin rotation.

The current distribution in a conducting cylindrical alu-
minum rod with 4 cm diameter was investigated. Two elec-
trical contacts were fixed to the rod at the top and bottom
surfaces such that the magnetic field of the sample was per-
pendicular to the vertically oriented magnetic moment of the
neutrons. For the first measurements the contacts were
placed at different positions off the center of the circular
cross section in order to simulate a realistic nontrivial case
�Fig. 1�. Images were taken with different applied currents.
The exposure time for a single image was up to 120 s. The
field of view was 8�3 cm2 and the spatial resolution was
approximately 300 �m in the vertical and 500 �m in the
horizontal direction, mainly limited by the beam
divergence.17

Figure 2�a� shows a radiogram of the aluminum rod
without an applied current. The image contrast was due to
the attenuation of the neutron beam by the aluminum only.
No spin rotation occurred and the transmission of the polar-
ization analyzer was at its maximum. When a current of 25 A
was applied to the rod, a dark area that can be identified at
the left hand side in Fig. 2�b� could be observed. This addi-
tional contrast was caused by the magnetic field induced by
the current and the corresponding precession of the neutron
spins around the field direction in this area. This result im-
plies that the current flow was concentrated at the left side of
the aluminum rod, which would be expected corresponding
to the asymmetry of the electrical contact; the current indeed

preferred the path with the least electrical resistance. How-
ever, as described above, in the case of alternating current
the skin effect also has to be taken into account. In theory the
actual current density distribution observed in the measure-
ment can be derived by considering the current distribution
for direct current, the effect of the skin depth, and the influ-
ence of the shape of the conductor and the contact areas. Due
to the asymmetric electrical contact and the skin effect the
current was shifted to the left side. An increase in the effect
with increasing frequencies can be predicted and results in a
corresponding shift of the magnetic field.

This can be seen in Fig. 3 where line profiles along the
marked lines in Figs. 2�a�–2�d� are plotted. The line graphs
are colored corresponding to the lines in Fig. 2. The gray
shaded area marks the extension of the aluminum rod. In
order to separate attenuation contrast and contrast caused by
the spin analyses, the graphs were normalized by dividing
them by an image of the sample with zero applied current. In
this way the shift of the current toward the surface area as
well as the narrowing of the magnetic field distribution at
higher frequencies could be clearly visualized.

Although a straight-forward calculation of the current
density distributions is impossible due to inherently un-
known parameters, e.g., the exact contact area, it is interest-
ing to compare at least the measured curves with the corre-
sponding calculated skin depths at different frequencies,
which are shown as lines of different lengths at the bottom in
Fig. 3�b�. Although this comparison is only qualitative, good
agreement could be found between experiment and theory.
At 10 Hz the calculated skin depth is 21 mm. A slight dis-
crepancy in this case is due to the given geometry like con-
tacting and the limited width of the sample itself.

In order to demonstrate the strong influence of the con-
tact area of the rod another similar experiment was per-
formed. The contact points were moved to the center of both
faces of the rod, i.e., the electrical contact was symmetrical
in this experiment. Figure 4�a� shows normalized radiograms

FIG. 2. �Color online� �a� Spin-polarized neutron radiograms �non-
normalized raw data� of a 4 cm thick aluminum rod without applied current
and with 25 A alternating current at �b� 10 Hz, �c� 100 Hz, and �d� 1000 Hz.
Due to the asymmetric electric contact and the skin effect the current is
shifted to the left side at increased frequencies resulting in a corresponding
shift of the magnetic field.

FIG. 3. �Color online� �a� Non-normalized cross sections along the marked
lines in Figs. 2�a�–2�d�. Without applied current only the attenuation by the
aluminum rod is visible. With applied current the transmission signal is
further decreased due to the neutron spin rotation. The gray shaded area
marks the extensions of the aluminum rod. �b� The graphs in �a� were
normalized and reveal the beam polarization. The values for the skin depth
are shown for the three frequencies applied.
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from this series of measured images. However, in this case a
slightly different normalization procedure was applied. Here
the images have been normalized to an image taken at an
alternating current with a very low frequency, 10 Hz. This
way not only is the attenuation contrast eliminated, the dif-
ferences in the magnetic field distributions to the case of the
alternating current at 10 Hz remain.

When the magnetic field inside the aluminum rod is dis-
placed toward the surface of the rod the rotation of the neu-
tron polarization direction at the center of the image de-
creases because the integral magnetic field passed by the
neutrons along the way through the sample is decreasing.
Hence the �analyzer� transmission increases. In contrast, at
the edges of the sample in the projection image neutrons
have transmitted the increased �displaced� magnetic field and
thus transmission decreases in these areas �see Eq. �2��. Cor-
respondingly, the images reveal that the current flow is
squeezed almost equally outward, with the effect being
stronger at higher frequencies, as may be expected. However,
an asymmetry is found that is best visible in Fig. 4�b� where
line profiles along the marked lines in Fig. 4�a� are shown;
clearly the contact points are not perfectly symmetrical. The
electrical contact across what is a large area �approximately
1 cm2� is not homogeneous. This asymmetry demonstrates
that calculations alone would not have been sufficient to de-
scribe the current density flows in this simple conductor and

hence the results imply the need for measurements to inves-
tigate such effects in engineering devices.

Spin-polarized neutron imaging is a nondestructive and
noninvasive method suitable to investigate magnetic field
distributions in the bulk of conducting materials in order to
determine the current density distribution. We have investi-
gated the skin effect in an aluminum sample with a thickness
of 4 cm at different alternating current frequencies. Results
have been found to be in qualitative accordance with calcu-
lations of the skin depth but they clearly imply the superior-
ity of and need for measurements in order to obtain reliable
information. As an example the dependence on small varia-
tions in contacting has been demonstrated.

The achieved results suggest that the applied method of
polarized neutron imaging is appropriate not only for inves-
tigating the skin effect even in complex conductors �e.g.,
Millikan conductors� but can be applied to visualize and in-
vestigate electrical currents in general, e.g., in fuel cells, in
batteries, or in superconducting devices. Additionally it
should be mentioned that the skin effect itself, which is in-
fluenced by cracks and other material inhomogeneities in
conductors, can be exploited for imaging hidden cracks or
other flaws.20–22 Hence, applications in nondestructive test-
ing of material properties, in device testing or even crack
analysis in engineering components might also be promising.
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FIG. 4. �Color online� Normalized radiograms of a 4 cm aluminum rod as
shown in Fig. 2, but with a symmetrical electrical contact at the top and
bottom side.
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