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Abstract The multiobjective optimization of an eight-coil actively-shielde
solenoidis performed,suggestingthe problem as a benchmarkand focusing the
attentionon the optimizationstrategy.A goal-attainmenmulticriteria optimizatior
basedon a first-order evolution strategyalgorithm has beencarried out; a set of
Pareto-optimakolutionshas been calculated,showing that the final solutionsare
spread in a region both in the design and in the variable space.

1. Introduction

In previousworks [1-4], the optimizationproblemof Loney'ssolenoidhasbeenwidely
studied[7], suggestingt asaninversemagnetostatidbenchmarkproblemandfocusingon dif-
ferent possiblemulticriteria optimization methodologiesMany other multiple-coil configura-
tions [6] are possibleand are widely usedin designinghighly homogeneou$iMR solenoids.
Moreover,whenit is importantto havea very low strayfield outsidethe magnetthe mosteffi-
cientsolutionis to useactively-shieldednagnetsn which the externalcoils carry oppositecur-
rents.

2. Geometry of the Device and Optimization Strategy

The devicewe dealwith is inspiredby someNMR solenoidsand consistsof eightcylin-
drical coils, four of which are biggerand carry a positive current,while the otherfour carry an
opposite curent and are smaller. In Fig. 1, the design variables are shown.
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Fig.1 - Geometry of the eight-coil device.

For the analysis,a discretizationof the coils in termsof currentsheetshasbeenperformed,in
orderto computemagneticfield via Biot-Savart'daw andelliptic integrals.On the otherhand,
the following two objective functions have been considered for the synthesis:
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whereBmaxand B, arethe maximumandthe minimum valuesof the magnetianductionin the
interval (-zo , Zp ) ontheaxisandBy=1[T] is the prescribedvalueat thecenterof the solenoid.
The value of currentdensityis modified at eachiterationto ensurethe prescribedvalue of By.
BstraylS the maximum value of the field evaluated in two different sampling points, located at
(r,z)=(24,0)and(r,z)=(0, 10.8) respectively (values in cm).

A goal-attainmenmulticriteria strategy{5], [8] hasbeenimplementedat eachiteration,
the normalizeddiscrepancybetweenthe objectivefunction value andthe associatedjoal stated
by the designer is evaluated for each objective function; then, the bighertwo discrepancies
is minimized. In an equivalent way the goal-attainment multicriteria strategy can be stated as

F(X)-G,

I:l FZ = Bstray ( 1 )

(2)

whereX is thevector ofdesignvariables,shownin in Fig. 1, G;=0.1 ppmis the desiredgoal for
relative field inhomogeneityand G,=1.E-3[T] is the desiredgoal for absolutestray field. A
minimizer basedon an evolutionstrategyof lowestorderhasbeenusedas optimizationengine
[3]. After performingseveraloptimizationruns with different starting points randomly gene-
ated,in orderto selectthe bestoptimal solutions,a sortingalgorithmbasedon the definition of
Pareto-optimality has been ingpiented.

min max
X i=1,2 i

3. Study of 2D Objective Functionsfor Simplified Configurations

In orderto study2D objectivefunctions,simplified configurationshave beermonsidered,
for which 6 of 8 variablesarefixed to a prescribedvalue. Thefirst casewe dealwith is defined
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In this first casethe inhomogeneityobjectivefunction F; hasa non-analyticandill-conditioned
behaviourshownin Fig.2. A deep“valley” can be noted along which severalmuch deeper



minimaaredisseminatedOn the otherhand,the stray-field objectivefunction hasa quite regu-
lar behaviour and exhibits a deep unique minimum, as can be seen in Fig.3.

As shown in Fig.4, a similar behaviour of the inhomogeneity can be obtained considering
the followving case b) %0 X4;=0 X;=0 Xg=0 Xs=6 cm X;=3 cm.
The behaviourof the two functionsshownbelow is typical of the family of problemswe are
dealing with and characiees even the full eight-variable problem.

Beforetackling the final and mostcomplexeight-variableproblem,a more simplefour-
variable optimization has been performed on a device defined by the following
case c) %= 0, X4;= 0 X+=0, Xg=0.
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Fig. 4 - Case b) log of,F Fig. 5 - Case c): Pareto optimal sets.

The study of the four-coil four-variableconfigurationis interestingin orderto seehow the Pa-
reto-optimal sethangesvhenthe numberof optimizationrunsis increasedFrom Fig.5it can
be seenthatthe Paretosetmovestowardsthe goal point whenthe total numberof solutionsin-
creases.

4. Final Global Optimization

In order totacklethe problemof the sensitivitybetweennitial configurationandfinal re-
sults we haverepeatedhe optimizationruns, generatinga grid of startingpointsin a random
way. After 10 hoursof cpu-timeon a 32 bit Digital Workstation,40 optimizationshavebeen
performed.Applying the selectioncriterion mentionedin section2 we obtain the Paretoset
plottedin Fig. 6, wherethe correspondingnitial valuesare also shown.Remarkablamprove-
ments in both the objective functions are evident.

In Fig.7 all the 7 final Paretooptimal configurationscanbe seeniit is evidentthata big
shapevariability is possible.As a consequencethe uniquenessof the solution cannot be
claimed.
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Fig. 6 - Pareto optimal set in the objective function space. Fig. 7 — Pareto-ophal shapes.

5. Conclusion

1) The optimizationof multiple-coil shieldedsolenoidsseemdo be a very suitableproblemfor

testingthe multicriteria non-deterministicptimization strategiessinceit is necessaryo cope
with objectivesin conflict, ill conditioningof the objectivefunctions,anda high numberof de-

sign varables and constraints.

2) Optimizationhasbeenperformedfor variousconfigurationsup to a eight-coil eight-variable
solenoid geometry which presents a quite high complexity; ses@talonshave beembtained,
charaterized by 1-10 ppm of field inhomogeneity and 1.E-2 [T] of stray field.

3) Numericalexperimentshowthat, thoughusinga non-deterministianinimizer, a high sens-

tivity existsbetweenra startinganda final point of anoptimizationtrajectory.Consequentlyit is

of fundamentalmportanceto performmanyoptimizationrunswith differentstartingpointsand
to extract a Pareto optimal set in order to have few, yet not unique, final optima.
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