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Abstract

Measurementsf magneticfields in the prototype of the OPERA spectrometeare re-
ported.Boththemagnetidlux B in theiron andthefringefield in air have beenmeasured
by meansof pick up coils andHall probes.Thesemeasurementareaimedto the deter
mination of the valueof B in the bulk of the spectrometefor differentcurrentsandtest
the magnetigoropertiesof the materialin afull-scaleprototype.Moreover, comparisons
with simuationsbasedn finite-elementanalysishave beencarriedout.

PACS:14.60Pq,07.55Db



1 Intr oduction

A prototypeof spectrometenasbeenbuilt in Frascatto testthemechanicandmagnetic
propertieof thewarmiron dipolarmagneforeseerior the OPERAexperimen{1]. A full
descriptiorof the prototypecanbefoundelsavhere[2]; thisnotedescribeshetechniques
employedto measurghe magneticfield in iron anddemonstratethatthe nominalfields
consideredn the proposalcanbe achieved, as expected,with a currentof about55000
Ampereturns Furthermorefield uniformity hasbeentestedn thesensitve region of the
magnetandcomparedvith simulaton.

2 The prototype

Theprototypeof the OPERAdipolarmagne{Fig.1) consistf two verticalwalls of rect-
angularcrosssectionandof top andbottomflux returnpath. The walls are built lining

four iron layers(5 cm think) interleaved with 2 cm of air allocatedfor the housingof

RPC.Eachiron layeris madeup of two plates50 x 1250 x 8200 mm?. Thefinal OPERA
spectrometeis supposdto have the samestructurebut will be madeup of seven plates
insteadof two (overalllength8750mm) and 12 layersinsteadof 4 [1]. Thefinal dipole
will be magnetizedy meansof two coils, 23 turnseach,instaled in thetop andbottan

flux returnpath. The nominal currentflowing in the coilsis 1200A, correspondingo

an overall magnetomtive force of 55200Ampereturns. However, at presentonly one
coppercoil (23 turns)hasbeeninstalledin the bottan planeof the prototyge. Theupper
planeis equippedwith a secondcoil madeof flexible 26 mm diametercopperwire. The
maximum currentthatcanflow in this conductoris about600A. Thereforejn the proto-
typethe maximum magnetorotive forceis just 27600A-turns (600A - 23turns- 2 coils)

if thetwo coils areconnectedn serieswith a singlepower supply Thenomiral field has
beenreachednstalling a further coupleof coils in the centralpartof thedipole. Clearly;

this configurationcanbe usedonly to testthe maximum field achiezable sinceit spoils
the field uniformity alongthe dipole height. Field uniformity measurementsave been
donewith alower valueof currentusingthetop andbottomcoils with a currentof about
600A.

3 The experimental apparatus

Most of the measurementsave beendoneinstaling pick up coils alongthe dipole. A
fixedcoil consisthg of a conductionwire woundin oneof theverticalwall at a heightof
2.34m from thefloor hasbeenusedto testthe maximumavailablefield andthe magnetic
propertiesof the material. A removable 25-turn coil built from a flat cable hasbeen



Figurel: The OPERAdipolar magnetprototype.
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Figure2: Sketchof the experimenal apparatus

usedfor the measuremenif field uniformity. The end-pointof the coils are connected
to a coaxial cable. The signalis, then,filtered and sentto a digital oscilloscope.The
oscilloscope hence actsasa voltmeter recordingthe inducedvoltageat the two endof
the coil asa function of time. The integrationis performedoff-line. The power supply
is a Danfysik System8000 (maximum power: 132 kW). The currentramp speeddi/dt
is approximatelyconstantand dependson the load impedance.It canbe varied up to
afactortwo by meansof a potentioneter It hasbeenpreciselymonitaed recordingthe
shuntvoltagefrom thepower supplyin aseparatehannebf theoscilloxope.Thetrigger
for thescopes providedmanually The apparatuss shovn schematicallyn Fig.2.

The measureof the magneticflux B is basedon the voltageinducedin the pickup
coil duringtheramp-up(ramp-davn) of the power supply(“ballistic measurement”)The
variationof the currentflowing in the drive coils inducesa changein the magneticflux
cut by the pickup coil; theinducedvoltageis

Vi:—dq;—it):—% SE(t)-ﬁdsz—SN%(B)(t) (1)
andintegrating:
—1 rt , N 1 o
S—N/O dVi(t') = 55 (2(t) = 2(0) = AB)(?) (@)

where S is the crosssectionalareaof oneturn of the pickup coil, N is the numberof
turnsand A(B) is theincreaseof magneticfield goingfrom ¢’ = 0 to ¢’ = t averagedn
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eachpoint of the surfaceof theturn S. In particularif B(¢' = 0) = 0 (no residualfield)
eq.2givesjust the averagemagneticfield in the bulk of iron. In our casetheturnscuta
region in spacecontainingboththeiron slabsandthe air. Since B;,,, > Bq;- andthe
crosssectionabkreaof theturnin iron is of thesameorderof theonein air (S;;on >~ Sair),
in mostof our measurement$e latter canbe safelyneglectedandeq.2providesdirectly
theaverageincreaseof field in ironif S = S, i.e.

@:N/é-ﬁds:N( ém-ﬁdw/ | Eai,-ﬁds):
S Sal"‘

Siron

N Bion - ds = (B)- NS"™"

Siron
Theshapeof thefunctionV;(¢) is drivenby thestrongnonlineabehaior of ferromagnetic
materials. Evenin the ideal case(“toroidal approximation”),a constantdi /dt doesnot
imply aconstaninducedvoltage:

= SN (u(H)- >——SN§(( i) i) =

—szvn[ ) + i) ]

beingH themagnetidntensiy, u(H) themagnetigpermeabiliy of iron andn thenumber
of driving turns per unit length(B = yH = puni). Hence,alsoin the occurrenceof
di/dt = const, anon-constanV;(t) is obsenedunless

Wie) + u(i0)] = cons )

which, in generaldoesnothold for eachi in ferromagnetianaterials.

4 Magnetic properties of iron

Threesmalltoroids(11.4 cm outerdiameter)have beenbuilt with iron belongingto the
sameheatasthe oneof the prototype.A setof hysteresicurvesfor thesesampleshave
beenmeasuredor variousmagneto-mave forces.Figure3 shavsthecurvesfor H,,,, =
209, 403, 806, 1612 and2418 A/m . Figure4 representshe hysteresisn the saturation
regime. It is worth noticing that the actual spectrometeis supposedo work with a

1Thesemeasurenmas have beenperormedat CERN by G.Peirofrom the LHC/MMS division. The
currentswerechoserto easethe compaisonwith Table1 andcorrespad appoximatelyto the A-turns of
thattableasfar astheappraimation H = ni holds for the prototype (n = 4.7619 m—1).
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Figure 3: Hysteresiscurve for the sampletoroid at H,,,, = 209,403, 806,1612 and
2418 A/m.

magneto-mtive force Ni = 55200 A-turns, correspondindgo H,,,, ~ 2852 A/m. In
thisregime (H,,q.; ~ 2000 — 3000 A/m) thevalueof B,,,, is not fully saturatedut the
residualfield at H = 0 is very stable,dueto the full orientationof the Weissdomains.
In thetoroidalsampleit is aboutB, = 0.9 T. The maximum increaseof field thatcanbe
achievedby magneto-motie forcesis B,,.. — B, ~ 0.85 T (seeFig.4),thecoercveforce
H_ is aboutl80A/m. Finally, thefirst magnetizatiorcurve is depictedn Fig.5.

5 Non-static measuremerts of magneticfield

5.1 Estimate of B

Measurementsf the hysteresicurvesare usedto be performedin “quasi-static”con-
ditionsi.e. with very low valuesof di/dt¢ or evenincreasingthe currentin shortbursts
andkeeping: constantetweenthe burststo allow for relaxationof the Weissdomains.
Thepower supplyin our disposalwasnotwell-suitedfor this kind of measuremertieing
di/dt quite large andpoorly adjustable We will discussn the next sessiorhow to over-

comethis limitation andobtaina hyskeresiscurve alsofor the full-size prototyge. Onthe
otherhand,non-staticneasurementsanbe safelyusedto measurehe increaseof field

betweentwo points, asfar asthe integrationof the inducedvoltageextendsbeyondthe
time whenthe power supplyreacheshemaximumcurrentvalueto accountor relaxation.
In thiscase
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Figure4: Hysteresicurve for the sampletoroidin saturatiorregime.
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Figure5: Magneticpermeabilityof iron versusB (top plot) andB-H curve (bottomplot)
duringthefirst magnetizatiorafterfull degaussang.
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Figure 6: Inducedvoltage (upperplot) and shuntvoltage (lower plot) going from 0 to
368A for two differentpathsalongthe hyseresiscurve

T dvi(t) = ~(®n — @0) = —((B)gin — (BY0) @
wherethe subscriptfin” indicatesthe valuereachedor ¢ — +oo, i.e. whenthe power
supplyprovidesa currenti = i,,,, andthetransientdueto relaxationis fadedout. As
a purposeof illustrationFig.6 shavs the inducedvoltagein the pick-up coil whenthe
currentin the four 23-turndrive coils goesfrom zeroto 368A and B, = B, > 0 (path
a — b of Fig.7-left)or B, = B, < 0 (pathc — b of Fig.7-left)?.

During thesemeasurementse tried to performa completedegawssingof the pro-
totype. In particularwe performechysteresisyclesdecreasingmootty H,,,, andcom-
puting the maximumfield obtainedfor eachH,,., in theregion coveredby the pick-up
coil. Theresultsareplottedin Figg.8and9. All points wereobtainedwith 4 drive coils,
eachconsistng of 23 turns. The plot of Fig.8 shows the valuesobtainedcycling around
severalhysteresicurve (eachcharacterizedy its own H,,,,,. or, asin ourplot, N - 7,,,42);
theFig.9 representshe bestestimateof the magnetidield B at the pick-up coil andit is
comparedwith the resultsof the simulation basedon the TOSCA code(seeAppendix).
Theratio data/simiation is plottedin Fig.10. In eachcycle we performedfour measure-
ments:we computedA B goingfrom ¢ to b (path1 of Fig.7 right), from b to a (path2),

2The basicunit of the power suppy is 92 A, soin this casewe seta current increaseof four units. It
correspondgo a AV of 800mV acrosgheshuntresistor(200mV= 92 A).
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Figure7: Pathsfor Figg.6(left) and8 (right)

from a to d (path3) andfrom d to ¢ (path4). Eachcycle providestwo estimaesof B:
(AB; + ABy)/2 and(ABy + AB3)/(—2). All theestimatesanbefoundin Tablel (in
Fig.8the averageof thetwo is plotted).

A few remarksarein order:

e Asexpectedtheresidualfield staysconstantn awiderangeof N -i,,,, aboveacer
tainthreshold.Beyondthis threshold all the Weissdomainschoosetheir direction
of easy-magnetizatiofEMD) closesto thedirectionof H. In thiscaseanincrease
of H,,., doesnotinducesachangeof EMD (and,henceanincreaseof B,) butjust
rotatethe EMD closerto H, increasingB,,... - This effect vanishesvhenH = 0
andall the Weissdomainggetbacktheir EMD.

¢ A consiseng/ checkis theclosureof thepathalongthe hysteresisurvesy(H ,qz):
74( )dé:AB1+AB2+AB3+AB4:O (5)
Y Hpax

Eq.5canbe comparedwith the measuredialuesdirectly from Fig.8. It is worth
noticing thatfor 4,,,, < 184 A, B, changedrasticallygoing from one~(H,..)
to anotherand,in orderto stabilze the path,it is alwaysadvisableo cycle several
timesalongthe samey beforeperformingthe measurement-ere,the dipole was
cycledonly oncebeforethe measuremertiecauseéhe proceduras extremelytime-
consunng with the presentapparatus. This is probably enoughfor the current
sensitvity of the apparatussincethe obsened mismatchin the measuredalue of
eq.5is compatilbe with the experimentauncertainty
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Figure8: Measuredraluesof A B for differenthysteresisycles.
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Figure10: Ratiomeasured/predictdield at the pick-up coil versuscurrent.

5.2 Experimental errors

The main sourcesof error arerelatedwith the integrationof V;. In particular baseline
fluctuationsandernvironmentalbackgroundepresenta nonnegligible contribution since
the integrationis performedfor time intervals of the orderof several tenthsof seconds.
Duringthestudiesof field uniformity (seesect.7)theapparatusvassetin suchaway that
it hasbeenpossibleto acquiresimultaneoushthevoltageat thefixed pick-upcoil andthe
inducedvoltageat the mobile one.Hencesereralmeasurementsf the samequantityhas
beencollectedandexperimentakrrorshave beenestimatedseeFig.11).

Systematichave beeninvestgatedperformingmeasurementsith differentdi/dt
andwith di/dt = 0 (“empty measurementgor signalto noiseevaluaton). No significant
biasesverefoundapartfrom anincreaseof ervironmenal e.m. noisecorrelatedwith the
start-upof DAFNE afterthe sumner shutdaevn 3.

3The praotype is currently locatedin the former KLOE mounting hall, very closeto the DAFNE
accelerato
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Current | Bfromd — c— b | Bfromb — a — d | Average
(A-turns) (Tesla) (Tesla) (Tesla)
4232 0.45 0.45 0.45
8464 0.89 0.86 0.875
16928 1.29 1.22 1.255
33856 1.37 1.41 1.39
50784 1.51 1.47 1.49

Tablel: Estimateof B atthepick-upcoil from pathb — d andd — b.
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6 Magnetic properties of the material

Theknowledgeof themagnetigpropertieof thesteel,in particularthesetof B-H curwves,
is animportantinput for the simulaton of the dipole. The curves have beenprecisely
measuredisingatoroidalsampleof the samesteel,asdescribedn sec.4.It is advisable
to cross-checkhatthe stressesnddeformationf the steelin the full-size prototypedo

not modify substantlly theseproperties.In general differencesbetweenthe prototype
andthe smalltoroids are expected,especiallyin the residualfield andin B,,,,, dueto

the presenceof sharpanglesand air gaps. From the experimentalpoint of view, the
measuremerstrictly requiresa quasi-statiacegime. To extract the hysteresicurve for

eachvalueof H, eq.2is usednotonly for ¢ — +oc. Eachpoint of the experimental
BH-curwe is definedby the pair:

{H(t): n - i(t)
B(t) = g5 Jsdt'Vi(t) + B(t=0)

wheren is thetotal numberof turnsdividedby theoveralllengthof themagneticircuit *.
If 4 changegoo rapidly, the Weissdomainscannotrelaxand B(t) is underestimatedntil
t — +o0. Thelower the speeddi/dt, the higherthe measuredialue of B. As noted
before,the presentsetupis ill-suited for this kind of measuremenbecausehe ramp of
the power supply cannotbe decreasedbelon 6.5 A/s. In orderto evadethis limitation,
a multisep ramp hasbeenimplemented. During thesemeasurementthe currentwas
increasedor decreasedighttimesof avaluei,,., /8. The stepswereseparatedby time
intenalsof 5 sto allow (atleastpartially) for relaxation.Afterwards,the hysteresisurve
was interpolatedusingjust the 8 H-B pairsobtainedafter eachrelaxation(seeFig.12).
The resultsobtainedfor i,,,, = 368 A (H,.: = 1752 A/m in the approximaton H =
ni) areplottedin Fig.13. This curve is in reasonablagreementwith Fig.3at H,,,, =
1612 A/m especiallyfor what concernsB,,,, (apartfrom the abore-mentoneddeficit)
andthe coercvity H,. Thevalueof B, is about0.1 T smallerthanthe one measured
with the toroidal sample. The useof the multiramptechniquesolved the problemof an
apparentvideningof thecurve obsenedwith a constantli/dt of 6.5A (seeFig.14)even
if, ascanbeinferredfrom Fig.12,a5 sinter-burstis still slightly too short?.

4Strictly speakig, thelinearrelationbetweerthemagnéic intensityandthemagreto-mdive force H =
n - ¢ holds only for simplegeanetries Jike thetoroid. Hereit shouldbe consideed asanappoximatian.

5|t wasnot possibleto furtherincreasehe integrationtime, dueto the limited size of the buffer of the
oscilloscop.
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Figure12: Shuntandinducedvoltageduringa multisteprampof the power supply The
verticallines shav the pointsusedfor the interpolationof the BH-curve. The datarefer
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Hysteresis curve
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Figure13: Hysteresiurve for the prototypeat,,,, = 368 A.

7 Field uniformity

Thetestsof field uniformity werecarriedout connectingonly theupperandlower coilsto
thepower supply asforeseerfor thefinal OPERAdipole. However, thepresentaipparatus
doesnot allow atestof field uniformity with nominal currents sinceit is not possble to
run with morethan~600 A flowing in the coils. Hencethe currentwassetto 598 A,
correspondingo an overall magneto-mave force of 27508 A-turns. Two setof mea-
surementhiave beenrecorded.Thefirst setis donewinding the mobile coil aroundone
of the columnof the prototype at differentheights,henceaveragingover the four slabs.
Hereafter the coil hasbeenpositionedat fixed height(2.34 m) andwoundaroundone
single slabin orderto testnon-uniformtiesamongthe four slabsmakingup the column.
Eachmeasuremertonsistof afull hysteresisycleat: = 598 A. During the datataking
alsothe fixed coil posiionedat 2.34 m hasbeenacquiredin a differentchannelof the
oscilloscope. The purposeis twofold: whenthe mobile coil is positiored at the same
height,it canbe checled thatno systematiaelatedwith the useof differentcoils biases
themeasurementnorewer, duringthewholetestmary measurementsf the samefield
weredone,allowing an estimateof the (statistcal) erroron B andcheckingstability in

16
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Figurel14: Hysteresisurve for the prototye at,,., = 368 A but with constantvelocity
di/dt=6.5A.
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Figurel5: B versusheight.

time asdiscussedin sec.5.2.

Fig.15shavsthe B field atdifferentheightsn onecolumnof themagnein absolute
(upper)andrelative (lower) scale.Comparisorwith TOSCAIs alsoshavn. The B field
alongthe slabat fixed heightis shavn in Fig.16.

Non-uniformtiesin heightdo not exceed5%, in agreementvith the specifications
doneatthelevel of proposalandwith simulaton. Onthe otherhand,asalreadypointed
outin sec.5.a systematideficit of field of about4% is obsenedwith respecto TOSCA
results.In particular Fig.16 pointstoward a deficit mainly dueto the externalslabs.Pos-
sible explanatiors are eithermagneticshort-circuitsbelown the floor or poor mechanical
contactof someof the slabswith thetop iron block. This effect will bediscussedurther
in sec.9.

8 Fringing field

A mapof fringing field in air is a usefulpieceof informationandcomplementshe abso-
lute calibrationperformedby the pick-upcoils. Measurementsf field in the surrounding
air or in small gapscould be usedto monitor the relative variationin time during the
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Figurel6: B atdifferentslabsat 2.34m height.

OPERAdatatakingand,combinedwith finite-elementalculation,canprovide informa-
tion on possibé lossesof magneticflux. Measurementhave beenperformedby means
of Hall probesduringthe testof field uniformity (two-coil configurationat: = 598 A).
In particulay thefield in air in the gapsbetweerthe slabshasbeenrecordedat different
heights Fig.18shaws the valueof | B| andof its componenglongthe vertical direction
(B,) versusheight. Thefirst two plotsreferto the rightmostgapwith respecto the driv-
ing coil (gap“a” of Fig.17),the secondpair to the middle gap(gap“b”) andthethird to
thegapclosesto thecoil (gap“c”). Themeasuremendf thefield in air in theregion sur
roundingthe column(zone“d” of Fig.17) hasbeenfound particularlyinteresting since
the systenatic excessof horizontalfield (labeledB,) is anindicationof unexpectedly
high dispersedlux andis probablyconnectedvith the systenatic deficit of the bulk field
in iron comparedvith TOSCA (seeFig.19).

9 Deficit of magneticflux

The measurementsecordedirom the pick-up coils provide indicationof a small deficit
(of the orderof 4% - seeFig.10)with respecto TOSCA. This effectis not relevantfor
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Figurel7: Air gapswhereB hasbeenmeasured.

Fringe field between slabs

~30 ~30
9, F Gap (a) E—?, 3 Gap (a)
m |- N L
L m L
20 20
LaagQ Lo,
i e -
10 10 ~
O: o Data 0: °©
F 4 Simulation H
OHH\H‘\‘HMH\ OHH\‘H\‘HMH\
0 2 4 6 8 0 2 4 6 8
h(m) h(m)
830’ 630’
et Fa t Gap (b) | =, r Gap (b)
L m L
20? o Q 20 jo
[ a L8
S Pt s
IOj IOj o
OHH\H‘\‘HMH\ OHH\‘H\‘HMH\
0 2 4 6 8 0 2 4 6 8
h(m) h(m)
~50 — r
9 Ee Gap (c) Qa0 [ Gap (c)
m40 ;o p mN r p
L o [
30: 20j
C L&
r . L, s
20 [ R 10 ¢ -
10 N B O:H‘m”m”m”\
0 2 4 6 8 0 2 4 6 8
h(m) h(m)

Figure18: Magneticfield (in Gauss)n thegapsversusheight.

20



Fringe field near the external slab
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Figurel19: Magneticfield (in Gauss)}L0 cm far from therightmostslabversusheight.

the physicsperformancef the spectrometemorecorer, if neededin thefinal dipole part
of thefield canberecoveredincreasinghecurrentthroughthedriving coils. Ontheother
hand theeffecthasnota straighforwardexplanatio. Air gapsbetweertheverticalslabs
andthetop returnpathdueto poor mechanicatontactare unlikely to explain the whole
deficit. To show this, it is enoughto employ the linear relationshp betweenmagneto-
motive force andflux (Hopkinon'’s law):

Ni=R®

which, asfar as’R doesnot dependon & (small perturbationof the nominalfield), is
formally equivadentto the Ohm’s law. Hencethe prototypecanbetreatedasanordinary
linear circuit with two ideal power supples asthe onein Fig.20-a. Here R, is the
reluctanceof theslab,R;,, = R.1om arethereluctancesf thereturnpathandAV = Ni.
The measuredolerancebetweenthe slabandthe ceiling of the dipole doesnot exceed
0.2 mm. Evenin the worsecasethis correspond$o a reluctancen serieswith at most
threeslabsasshawvn in Fig.20-b Solving the circuit, a deficit of no morethat1.4%is
foundat598 A. However, theeffect couldbeamplifiedby thefactthatthetop andbottan
return pathsare madeup of four horizontalslabs,one uponthe othersoldedjust at the
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externalborder giving rise to additionalair gaps. It is interestingto notethatthe return
pathof thefinal spectrometeis homogeneouandthis effectwill notcontributeanymore
atGranSasso.

Finally, the prototypeis fixed to groundby meansof steelnails ()=3 cm). They
are partially in contactwith the groundmeshof the hall which is madeup of 2.6 cm
diameteiiron wiresformingaframeof 20 x 20 cm? buried3 cmbelaw thefloor. Nailsand
theiron framesurroundinghe concretefeet of the dipole canshort-circuitthe magnetic
path as shown in Fig.20-c. Clearly, a detailedsimulation of this effect is impractical,
however an estimateof the correspondingeluctanceand of the expectedflux at each
“foot” (seeFig.17)canbedrann solvingsimutaneouslthecircuitsof Figg.20-aand20-c
andimposingtheratio of thefluxesin theverticalwall to differ of about4%. Theexpected
flux is about0.50 Vs. A measurementf the flux in the “foot” hasbeenperformed,
resultingin ® < 0.05 Vs. Hence,strongshort-circuitsthroughthe nails andthe iron
frameare excluded. Again, it is worth noticing thatany contribution comingfrom this
effectwill disappeain the GranSassdall, whereno iron grid hasbeeninstalledbelon
thefloor ata depthlowerthan50 cm.

10 Conclusions

A systemat studyof the magneticpropertiesof the OPERAdipole prototypehasbeen
carriedout. Measure®f thefield in thebulk of thespectrometehave beendoneemploy-
ing the“ballistic method”andinstalling pick-upcoils alongthe spectrometerAdditional
information have beenextractedby Hall probesrecordingthefringing field in air. It turns
out thatthe choiceof theiron is appropriateao reachthe nominal field andits magnetic
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propertiesarenot modifiedby mechanicastressesThenon-uniformty of thefield along
theheightdoesnotexceeds%in agreemenivith specificationsAn averagel+1 % deficit
of magnetidlux is obseredwith respecto simulationsmadeassummgidealmechanical
contactandcompletesolationof the dipolefrom the hall.
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Appendix: Simulation of the spectromete

A detailedsimulaton of the dipole magnetizations of utmostimportanceto modelnon-
uniformities of the field in the sensitve region of the spectrometeandfine-tunethe al-
gorithmrs for the reconstructiorof particle trajectoriesand momenta. By far the most
commontechniqueusedto solve Maxwell equationsn the steadycurrentregimein pres-
enceof non-linearmaterialsis the Finite Elementmethod. In particular the 3-D solver
TOSCA[3] hasbeenemployedfor thisanalysis A comprehensie descriptiorof thesim-
ulationof the OPERAspectrometecanbe found elsavhere[2]. Herethe mainfeatures
andresultsfor the prototypearerecalled.

In TOSCA, the magnetis modeledby definingits geometryin a baseplaneand
thenextruding thatgeometryinto the third dimenson. The materialsconsideredor the
spectrometesireanon-linearsteelmakingupthebulk of themagnetjdealconductorgthe
drive coils) andair. TOSCAIs not ableto dealwith hyseresisphenomenandrequiresa
uniquelydefinedBH-curve. Moreover, soluions of the Maxwell equationsare provides
only for the staticregimeand TOSCAIis by no meansntendedor simulationof thetime-
evolution of ballistic measurementisut computegreciselythefieldsatt — +o00. The
BH-curve hasbeendravn from the measurementsf the sampletoroids(seee.g.Fig.5).

The modelusedin the prototypeis shovn in Fig.21. Fig.22 shavs the magnetic
field at the centerof the pick-up coil in the four vertical slabs(the currentis i = 552 A
with 4 drive coils). Thefield in iron variesby lessthan0.5%.
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Figure21: TOSCAmodelfor the prototypewith four coils.
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Figure22: Fieldin iron atthe pick-upcoil.
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