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Ferro-refraction is the field magnification that is obtained when
a current segment is near a high magnetic permeable boundary. It
is shown that ferro-refraction may be used in the design of magnets
for NMR or MRI to increase the efficiency of these magnets. The
field may be modeled analytically with the Biot—-Savart law and the
inclusion of mirror image currents. Ferro-refraction is particularly
useful in the design of monohedral magnets, magnets producing
a remote homogeneous region which have the magnetic sources
arranged to one side. These magnets have also been called pla-
nar magnets. Two designs for a monohedral magnet which pro-
duce good agreement between experimental and analytic results
are presented. © 2002 Elsevier Science (USA)
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INTRODUCTION

The open MRI (magnetic resonance imaging) magnet has
been established for several recent years as a powerful imag-
ing tool for imaging guided medical procedures (1, 2). To date,
most practical designs consist of standard magnet designs that
are engineered to provide more access to the central magnetic
region. Thus, split solenoids or C-magnets have often been em-
ployed. A recent classification scheme hastermed these magnets
as bihedral since the magnetic sources are arranged around two
sidesof the sampleor patient (3). On the other hand, monohedral
designs, which have magnetic sources arranged to one side, are
truly “open” in that the structure of the magnet does not impede
access to the sample or patient. This “openness’ may revolu-
tionize surgery by providing all MR techniquesto the operating
room. The first of this type of magnet was used in an indus-
trial application and provided an external radial field (4). Other
monohedral designs have been proposed (5-11). Clearly the pri-
mary advantage of monohedral magnetsover bihedral magnetsis
their openness. However, bihedral magnets benefit from awell-
developed analytic design theory which hasled to high field and
high homogeneous designs that are in current use. This devel-
opment isin itsinfancy for monohedral magnets. Consequently,
current monohedral magnets do not generate high fields or high
homogeneity. With further development it is expected that ho-
mogeneity should be comparable to current bihedral magnets.
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Theability to generate high fieldsisrelated to magnet efficiency.
At first it may seem that monohedral magnets are less efficient
then their open bihedral counterparts; however, we have demon-
strated, in principle, that monohedral magnetsare comparablein
efficiency (3). The efficiency may be further improved through
the use of ferro-refraction.

Ferro-refraction refers to the field magnification that may be
obtained when acurrent segment is near ahigh magnetic perme-
ability (1) boundary. Refraction occurs at any boundary surface
between two materials of different permeability. At the surface,
the normal components of the magneticinduction (B) are equal,
while the tangential components of the magnetic field (H) are
equa (12). This isillustrated in Fig. 1 where it is seen that
the field is refracted according to the refraction equation given

by
p1Ctg 61 = o ctg O (1]

If o> uq then 6, ~ 0°, 0, ~ 90°. Thus refraction at a ferro-
magnetic boundary (ferro-refraction) leadsto orthogonal bound-
ary conditions. The consequence of this is best illustrated by
some simple geometric examples. In Fig. 2, three geometries
are shown with a single current wire placed in the vicinity of a
ferro-magnetic boundary (u = 0o). The method of images (12),
which utilizes the above orthogonality relationship at the in-
terface, allows for a smple interpretation. In all three cases of
Fig. 2, the resulting field may be calculated as if there are vir-
tual mirror image currents placed symmetrically with respect
to the boundaries. This distribution reproduces the orthogonal
boundary condition. Unlike eddy currents, the mirror image cur-
rents are parallel with the actual current and thus substantially
increase the field strength. In particular, Fig. 2C illustrates that
orthogonal ferro-magnetic boundaries producethreevirtual cur-
rents, and hence provides a maximum fourfold magnification
factor.

RESULTS

We have investigated the possible use of the ferro-refraction
concept for magnet designs with an experimental configuration
shown in Fig. 3. Thisdesign generates aremote saddle point for
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B,

FIG. 1. Refraction of the magnetic induction field at an interface. By, =
Bon, But/m1 = Bat/ .

the B, component of thefield and is an example of an open MRI
magnet (13). Without aferromagnetic core material, the current
loops do not generate any significant magnetic field, since the
field generated by the far side of the loop will cancel the field
from the near side. However, if even afew high u transformer
laminations are inserted inside of the two current loops, then
there will be an appreciable externa field. B, along x is shown
in Fig. 3 with the field maximum along x indicated by By,.
Measurements of B,, at a fixed distance corresponding to the
location of By, as afunction of the number of laminations, n,
areshowninFig. 4. Clearly, the laminations shield the magnetic
field contribution from the far side of the current loops. The
functional dependence of B, upon n may be quantified using
an equivalent magnetic circuit model. Referring to Fig. 5, the
electromotive force is provided by the two current loops. The
magnetic field flux in air on each side of the magnet is given by
@ 5 with the reluctance represented by Ra and the flux in the
magnetic core is given by &¢ with the reluctance represented
by Rc. This gives the circuit equation

2IN = dc R + P aRa, (2]

wherelNistheampereturnsof each currentloop. Thereluctance
of the core is given approximately by Rc = I¢c/puoptclmtin =
a/n, where the thickness of the lamination is given by t; and
the relative permeability of the core is given by wc. Assuming
that @ » isproportional to B, (® o =kB,), and noting that ¢ =
204, gives

2IN n
=— 3
7 kRan+ 20/Ra 3]
The form of Eq. [3] agrees well with the data in Fig. 4, with
2IN/kRp=61.7 G and 20/ Ra = 1.03.
B, may be aso be expressed utilizing the Biot—Savart law.
Themagneticfieldaong x at y = z= 0for two current segments
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(current =1IN) of length I, in free space is given by

Xlm/2
7 (24 x2) R+ 52+ (Im/2)2

[4]

The field strength increases with increasing |, and thus for a

FIG.2. Fieldmagnification provided by ferro-refraction. Themagneticfield
lines generated by asingle current wire (solid circle) in the presence of ahigh
boundary isequivalent to the magnetic field generated with additional mirrorim-
age currents(dashed circle). (A) Planar ferro-refraction. (B) Tri-ferro-refraction.
(C) Quadru-ferro-refraction.
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FIG. 3. Two current loops wrapped around a ferromagnetic core. The core
consistsof M6 transformer steel laminations of thickness 0.3 mm and the number
of laminations was varied from O to 15. Additiona parametersarel. = 12 cm;
In=12cm;h =225cm;t =2cm; N = 100turns; | =5A.

given spacing, h, it isdesirableto havel,, > 2h. The maximum
in this function is found by setting the derivative of B, with
8h2

respect to x to zero, to give
X2 = }[hz + 0w/ 1+ 55— — 1 [5]
T4 " h2+(m/22 )

By V- B =0, Xmax Must aso be a saddle point. An important
feature of the above equation isthat the saddle point positionis
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FIG.4. B;(x=2cm) asafunction of the number of laminations. Measure-
ments were made with a Hall probe and a Bell 9000 Gaussmeter. The solid line
isacalculated fit to the data.
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FIG. 5. Equivalent magnetic circuit for Fig. 3.

dependent upon the spacing of the current wires, h. Therefore,
the remoteness of the field may be controlled by the spacing.
The dependence of Eqg. [5] upon I, is less significant, since
Xmax IS bounded between h/+/2 and h as |, — 0 to co. Uti-
lizing the parameters above, By, = B,(Xmax) is calculated to be
39.4 G. This value may be doubled to reflect the contribution
of image currents. A more accurate calculation taking into ac-
count the distance of the center of the wire from the lamina-
tions (0.5 cm) along with inclusion of the mirror image currents
givesavaue of 76 G. This compares favorably with the exper-
imental value of 61.7 G measured. The maximum in B,(x) oc-
curred at 2cmwhichisin agreement with the cal cul ated val ue of
2.05cm.

This example concisely demonstrates two main advantages
provided by high i materials. One advantage derives from the
magnetic shielding of the return currents, which significantly
improvesefficiency. Normally, themain method for reducing the
magnetic field contribution isto lengthen the return path with a
concomitant increaseinresistance and inductance. I nterestingly,
magnetic shielding permits the field to be modeled in terms of
current segments (as in Eqg. [4]) as opposed to current loops.
The second advantage provided by high . materialsisthe effect
of field magnification. This effect may be modeled as arising
from mirror image currents. Thus, the contribution of the ferro-
magnetic core may be accounted for by the simpler introduction
of mirror image currents.

Further magnification by ferro-refraction is suggested by the
example in Fig. 2C. Two orthogonal ferromagnetic boundaries
with high permeability will produce three mirror image currents
for each current wire. This effect we have termed quadru-ferro-
refraction (QFR). To confirm the QFR effect, we have built a
laboratory prototype which has a central planar core plate and
two main additional orthogonal plates on top and bottom made
from the same transformer laminations described earlier. The
magnet with dimensions is shown in Fig. 6. The field was
mapped by a 3D coordinate table to which was attached a Hall
probe. Figure 7 shows By, as a function of the top and bottom
plate lenghts, Iy, illustrating that finite lengths for these plates
is practical. Note the increase in field strength, which is sug-
gestive of contribution from additional mirror image currents
as predicted for a QFR effect. The field profile for the QFR
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FIG. 6. QFR magnet. Two main coil pairs, N1 and N, are used to pro-
ducethe background field, By, with the following parameters: Corethickness=
8 mm; Ni, N2 =100, 547 turns of 18 AWG solid copper wire; current = 3A
with air cooling; warm-up time, 30 min.

magnet was measured along x as shown in Fig. 8. Notice that
a maximum is exhibited at about x =7.5 cm. Coarse adjust-
ment of the location of the maximum and homogeneity is af-
fected by the vertical positions of the coils as well as relative
current strengths. In principle further refinement of the homo-
geneity could be provided by additional horizontal current seg-
ments whose current and position are varied (shim segments).
The N; coil is an example of such a segment. The solid line
in Fig. 8 is a computation of the field profile based on Eq. [4]

I, (cm)

FIG.7. Experimental field strength dependence of the QFR magnet on the
length of the horizonta plate, Ip.
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FIG. 8. Measured field profile () along x of the QFR magnet, I, =9 cm.
The solid lineis computed based upon Eq. [4] and the inclusion of three mirror
image currents.

taking into account all three image currents for each coil. The
agreement is good. Without the inclusion of mirror image cur-
rents, the calculated maximum is 54 G. This should be com-
pared with the experimental maximum value of 146 G, which
is an increase of 170%. From theoretical calculations, the N;
coil benefits by an increase of 91% from ferro-refraction while
the Ny coil increases by 172% and contributes 80% of the to-
tal field. Thus the Ny coil has significant contributions from
only one mirror image current while the N, coil has significant
contributions from effectively two mirror image currents. This
is less than the expected value of three since the thickness of
the coils moves the centers of the mirror image currents further

away.

CONCLUSION

It has been demonstrated that a magnet utilizing ferro-
refraction can generate aremote saddle point. Thisisaminimal
requirement for any “open” MRI magnet, if such a magnet is
to be homogeneous. The remoteness of the field is controlled
by the spacing between the current elements. This flexibility is
important for the design of ahomogenousregionwhichisnot ad-
jacent to the magnetic sources. Even though ferro-refraction has
been applied in this paper for amonohedral magnet, it should be
evident that two monohedral magnets may always be combined
to create a more traditional bihedral design. Thus the princi-
ples elucidated here are applicable to designs of many types of
magnets. The primary benefit of ferro-refraction is to improve
the efficiency of electromagnet systems. A secondary feature of
ferro-refraction is that the effect of the ferromagnetic boundary
may be analytically simulated through the inclusion of image
currents. This analytic simplification may prove useful in the
design of magnets.
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