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In this Communication, we describe a stochastic method of
MRI magnet design that produces viable designs for actively
shielded, whole-body MRI magnets of tota coil length less
than 1.3 m. The advantages of making the magnet as short
as possible include the potential to reduce the perception of
claustrophobia for the patient, better access by attending
physicians, and reduced costs of siting a small system. Con-
ventional medical MRI systems are typicaly around 1.8—
2.0 m in length with free bore diameters in the range of
0.8-1.0 (1-7).

A magjor challenge in designing a short magnet is the
retention of high homogeneity conditions over the diameter
sensitive volume (dsv), as magnet homogeneity is strongly
dependent on the overall length of the coil structure. A bare
magnet homogeneity requirement of 20 ppm or less over the
dsv is common for MRI systems. It is also important that
the spatia distribution of the inhomogeneity in the field be
characterized by low order terms after construction, so that
they may be removed by passive or active (superconducting)
shimming. The theoretica design process, therefore, must
place specia emphasis on reducing the higher order terms.
Due to the necessary symmetry in the magnets, only even
order zonal harmonics of the field expansion need be consid-
ered (1, 2).

Many of the early magnet designs, in terms of coil struc-
ture, were based on the semina work of Garrett (1, 2). In
this work, simple recurrence relationships were presented
for the direct calculation of field spherical harmonics from
coil bundles of arbitrary (rectilinear) cross-sections and cur-
rent densities. Furthermore, the design of arange of magnets
was detailed so that zonal harmonic impurities up to a desig-
nated order were nulled. To null all harmonic impurities out
to 12th order, for example, a six-coil magnet was needed
(2). In order to reduce stray fields from a magnet and thus
provide siting and safety benefits, active and passive
shielding have been used in magnet structures over the last
decade or so (3-6).
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Our goal in this work was to design an actively shielded
magnet, while restricting the overall length of the coail in a
magnet to less than 1.25 m with afree bore of 0.9 m, subject
to the constraints of the homogeneity being <20 ppm peak-
to-peak over a 45-cm dsv and the fringe field being mini-
mized, that is, the 0.5 mT (5 G) contour being as close to
the magnet as is practicable.

We (8—10) and others (11) have shown that the simulated
annealing method (SA) (12) is effective for compact gradi-
ent design and so now apply this method to magnet design.
SA has been successfully applied to other electromagnetic
design problems (e.g., 13-15). By imposing length con-
straints, the SA routine effectively attempts to find the best
solution possible within these limits. Here ‘‘best’’ refers to
the minimization of an error function which, in this case,
contains terms representing the homogeneity of the dsv and
the quality of shielding. It is possible to include other terms
in the function as the designer requires. The error function
for the designs presented here was

E=ki > kiPon+ Ko( Y Brooa(Zn) + Y Broa(¥m)), [1]

= m=1

where k, and k, are the weighting factors for the homoge-
neity and shielding terms, respectively, k, are the
weighting factors for the zonal harmonics, and A,, are
the amplitudes of the even order zonal harmonics of B,.
The two summations of the shielding term are respec-
tively longitudinal and vertical field additions at the cho-
sen shielding distances, and for each iteration 10 points
per direction were summed (i.e., | = 10).

The homogeneity term is the most difficult to minimize
and so was weighted 5:1 when compared to the shielding
term. Even order zonal harmonics were weighted
1:10:100:1000:5000:5000:5000:5000:5000 up to 18th or-
der. A disadvantage of the SA procedure is that it takes
many iterations to achieve its ‘‘frozen’’ state (12) and it
is therefore important that the time for each iteration be
as short as possible. Fortunately, the method for direct
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field harmonic calculation presented by Garrett (1) is
rapid, calculating harmonics up to 18th order from a 14-
coil magnet in under 100 ms on a SUN SPARCstation 10.
A calculation of the field in the dsv by elliptical integral
calculations (16) for all turns in a typical magnet takes
more than 2 min on the same computer. To calculate the
field for shielding and for checking the peak-to-peak and
rms field variations over the dsv, we have developed a
rapid field calculation routine based on the coil cross-
section (that is, the computation time is independent of
the number of turns) (17) which isin essence a modified
version of the methods presented by Urankur (18) and
Babic et al. (19). The total time per iteration to evaluate
the error function in [1] for each magnet configuration
was less than 300 ms for all designs presented here, thus
permitting the thousands of iterations necessary for sto-
chastic optimization to be performed in reasonabl e times.

The parameters for perturbation in the design process for
each coil were the axial and radial dimensions of the cail,
the number of turns per coil and the radial and axial position
of each coil. In order to introduce sufficient degrees of free-
dom in these constrained problems, we begin with relatively
large numbers of coils (16 primary coils, 4 shielding coils)
and alow the SA process to redistribute them. Adaptive
step sizing (20) was implemented and initial step sizes and
temperatures selected by testing each coil for parametric
sensitivity prior to the SA run. Each magnet design took 4—
6 h to compete and consisted of 2 SA runs, the first having
coarse steps and was limited to one hour, after which over-
lapping coils were coalesced and the algorithm restarted.
Figure 1 shows the error path of these two runs; note the
positive error excursionstypical of SA and the slow progres-
sion to the better minima.

Figure 2 shows the schematic of the resultant compact
design in cross-section and its relation to the dsv. Figure 3
shows an expanded view of one quadrant of this design,
coils marked with a negative sign are counter wound to the
others. Figure 4 shows an aternative design using coils with
smaller turns density (larger cross-section wire). These de-
signs differ markedly from conventional six-coil magnets
(21), in six-coil designs al primary coils are typicaly
wound in the same direction (let us say has al positive
windings). As the length constraints were introduced, the
SA agorithm repeatedly alocated some coils in the primary
magnet with negative turnsto achieve the desired homogene-
ity. This appears to be a mechanism for shortening magnet
design when al primary coils are on essentially the same
diameter. The disadvantage, of course, is that more turns are
required to achieve a designated field strength (1 T in these
cases) than are required without negative turns in the pri-
mary coils.

The performance results of these two designs are given
in Table 1 and indicate high homogeneity and shielding
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FIG. 1. The error paths of atypical optimization run in two parts: (A)

coarse first run of limited iterations and (B) final run after overlapping coil
coal escence.

quality. The harmonics of the field were calculated to 18th
order and the peak-to-peak and rms field deviations were
calculated over 360 points on the surface of the dsv in 12
planes, the distribution of these planes being chosen to be
the zeros of the 12th order Legendre polynomia so that
Gaussian integration may be readily implemented (22). We
have verified the accuracy of our field and harmonic calcula-
tions by comparison with commercial electromagnetics soft-
ware (Vector Fields, Oxford) ; the results were within 3 ppm
of each other. Note that the homogeneity figures are bare
homogeneity values (i.e., no shimming). Shielding calcula-
tions for the final designs were made at 100 points aong
longitudinal and vertical axes at the desired radial and axial
positions to verify that all fields were <0.5 mT. The posi-
tions of these radial and axial locations in Table 1 indicate
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FIG. 2. Cross-section of the compact magnet pattern (design #1) relative to the dsv (circle).

small fringe fields. Table 2 gives the coil dimensions for
design 1. Prior to construction, the number of turns in each
coil is rounded and the SA routine re-run with axial position
adjustment only. Inevitably, manufacturing tolerances lead
to the presence of low order error terms when the magnet

is constructed. These are usually easily nulled by passive or
superconducting shim sets.

An important consideration in superconducting mag-
netsisto ensure that the conductors are operating within
acceptable limits of current density and submerged field
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FIG. 3. An expanded view of the upper right-hand quadrant of Fig. 2; minus signs indicate coils wound counter to all others.
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FIG. 4. An alternate design cross-section which used a smaller turns density (i.e., thicker wire). The dsv is again delimited by the central circle.

strengths (23-25). A disadvantage of using negative
turns in the primary is that larger peak fields are gener-
ated in the coils than in all positive turn coil systems.
Both of the designs considered here have peak fields of
approximately 8 T with a transport current of about 250
A. Design 1 has aturns density in most coils of 100 cm™?
giving a current density of 2.5 x 10® A/m, while for

Design 2 the current density was 1.0 x 10® A/m. For
NbTi superconductor operating at 4.2 K these current
densities are about 50% and 20% of the critical current
density and the peak field is about 80% of the critical
peak field. For Nb;Sn conductor the margins are much
improved (approximately twice as liberal).

In summary, we have shown that stochastic optimization
produces novel, compact MRI magnet designs having excel-
lent homogeneity and shielding. We have restricted our-
selves to cylindrical, medical MRI systems in this work,

TABLE 1 . .
but the method could be easily applied to magnets of other
configurations.
Design 1 Design 2

Current for 1 T (A) 257 244.6

Length of conductor (km) 90.72 94.0 TABLE 2

Homogeneity (45(40) cm dsv) (ppm)

Peak-to-peak 164 (11.2) 9.1 (6.9)
Rms 42 (3.6) 2.1(2.0) _ .

Field harmonics (ppm) _ Zed Width Inner radius ty L
72 0.14 (0.1) ~08(-0.6) Cail (mm) (mm) # Turns (mm) (mm)
z4 ~12 (708 -06(-04 1 21.49 42.98 4180 484.57 1.0
Z6 -0.99 (-0.05) -0.3(-0.2) : : : : :
78 006(0.02)  —02(-0.09) g 72-22 1;%2 ‘945'27 2’;2'42 1'8
10 08 (0.249 —S0(19 4 326.25 :315.96 19‘711'2; 482?? ilo
212 14 (039 L (-08 5 446,97 97.18 1740.71 484.04 10
z14 ~56 (7LD - ~07(-01) 6 572.62 o752 453484 48321 05
216 —32 (-049 13002 7 11999 11281 347,53 727.18 10
18 ~0.33(-0.09 3004 8 46142 3093 2780.80 726.86 10

Shielding 5 G contours (m) ) : — ) ) :
Axia 40 3.7 o o . . .
Radial 33 33 Note. Zed indicates the longitudinal position of the middle of each cail;

width indicates the axial extent of each coil and ty is the turns density.
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