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Abstract

Measurementsof magneticfields in the prototype of the OPERA spectrometerare re-
ported.Boththemagneticflux < in theiron andthefringefield in air havebeenmeasured
by meansof pick up coils andHall probes.Thesemeasurementsareaimedto thedeter-
mination of thevalueof < in thebulk of thespectrometerfor differentcurrentsandtest
themagneticpropertiesof thematerialin a full-scaleprototype.Moreover, comparisons
with simulationsbasedonfinite-elementanalysishavebeencarriedout.

PACS:14.60Pq,07.55Db



1 Intr oduction

A prototypeof spectrometerhasbeenbuilt in Frascatito testthemechanicsandmagnetic

propertiesof thewarmirondipolarmagnetforeseenfor theOPERAexperiment[1]. A full

descriptionof theprototypecanbefoundelsewhere[2]; thisnotedescribesthetechniques

employedto measurethemagneticfield in iron anddemonstratesthat thenominalfields

consideredin the proposalcanbe achieved,asexpected,with a currentof about55000

Ampere= turns. Furthermore,field uniformity hasbeentestedin thesensitiveregionof the

magnetandcomparedwith simulation.

2 The prototype

Theprototypeof theOPERAdipolarmagnet(Fig.1)consistsof two verticalwallsof rect-

angularcrosssectionandof top andbottomflux returnpath. The walls arebuilt lining

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

RPC.Eachiron layeris madeupof two plates>@?BADCFEG>@?BAIHJE@?@? mm7 . Thefinal OPERA

spectrometeris supposedto have thesamestructurebut will bemadeup of sevenplates

insteadof two (overall length8750mm) and12 layersinsteadof 4 [1]. Thefinal dipole

will bemagnetizedby meansof two coils,23 turnseach,installed in thetop andbottom

flux returnpath. The nominal currentflowing in the coils is 1200A, correspondingto

an overall magnetomotive force of 55200Ampere= turns. However, at present,only one

coppercoil (23 turns)hasbeeninstalledin thebottom planeof theprototype. Theupper

planeis equippedwith a secondcoil madeof flexible 26 mm diametercopperwire. The

maximum currentthatcanflow in thisconductoris about600A. Therefore,in theproto-

typethemaximummagnetomotiveforceis just27600A-turns(600A = 23turns = 2 coils)

if thetwo coilsareconnectedin serieswith a singlepowersupply. Thenominal field has

beenreachedinstalling a furthercoupleof coils in thecentralpartof thedipole. Clearly,

this configurationcanbe usedonly to testthe maximum field achievablesinceit spoils

the field uniformity alongthe dipole height. Field uniformity measurementshave been

donewith a lowervalueof currentusingthetopandbottomcoils with a currentof about

600A.

3 The experimental apparatus

Most of the measurementshave beendoneinstalling pick up coils alongthe dipole. A

fixedcoil consistingof aconductionwire woundin oneof theverticalwall at aheightof

2.34m from thefloor hasbeenusedto testthemaximumavailablefield andthemagnetic

propertiesof the material. A removable 25-turn coil built from a flat cablehasbeen
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Figure1: TheOPERAdipolar magnetprototype.
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Figure2: Sketchof theexperimental apparatus

usedfor the measurementof field uniformity. The end-pointof the coils areconnected

to a coaxial cable. The signal is, then,filtered andsentto a digital oscilloscope.The

oscilloscope,hence,actsasa voltmeter, recordingthe inducedvoltageat the two endof

the coil asa functionof time. The integration is performedoff-line. The power supply

is a Danfysik System8000(maximum power: 132 kW). The currentrampspeedVJW6X@VGY
is approximatelyconstantanddependson the load impedance.It canbe variedup to

a factortwo by meansof a potentiometer. It hasbeenpreciselymonitoredrecordingthe

shuntvoltagefrom thepowersupplyin aseparatechannelof theoscilloscope.Thetrigger

for thescopeis providedmanually. Theapparatusis shown schematicallyin Fig.2.

Themeasureof themagneticflux < is basedon thevoltageinducedin thepickup

coil duringtheramp-up(ramp-down) of thepowersupply(“ballistic measurement”).The

variationof the currentflowing in the drive coils inducesa changein the magneticflux

cutby thepickupcoil; theinducedvoltageisZ\[^]`_ VbaBc�YedVGY ]f_ VVGY gFh�i<Ic�Yedj= ik Vml ]f_onqp VVGYmr <tsucvYed (1)

andintegrating: _ Cnwp g�xy VGY6z Z{[ c�Y6z|d ] Cnwp}c~aBcvYed _ aBc:?Jded ]�� r <tsucvYed (2)

where
n

is the crosssectionalareaof oneturn of the pickup coil,
p

is the numberof

turnsand
� r <ts is theincreaseof magneticfield goingfrom Y z ] ? to Y z ] Y averagedin
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eachpoint of thesurfaceof theturn
n

. In particular, if <IcvY z ] ?Gd ] ? (no residualfield)

eq.2givesjust theaveragemagneticfield in thebulk of iron. In our casethe turnscut a

region in spacecontainingboth the iron slabsandthe air. Since < [����~��� <o� [�� andthe

crosssectionalareaof theturn in iron is of thesameorderof theonein air (
n�[��6�~����n � [�� ),

in mostof ourmeasurementsthelattercanbesafelyneglectedandeq.2providesdirectly

theaverageincreaseof field in iron if
n�]�n [��6�:�

, i.e.

a ]�p g h�i<`= ik Vbl ]�p � g h����v����i< [��6�~� = ik Vml�� g hF�6���Ii<2� [�� = ik Vblu� �p g�h ������� i< [��6�:� = ik Vbl ] r <tsj= pDn [����~�
Theshapeof thefunction

Z�[ c�Yed isdrivenby thestrongnonlinearbehavior of ferromagnetic

materials.Even in the ideal case(“toroidal approximation”),a constantVJW6X@VGY doesnot

imply aconstantinducedvoltage:Z{[^]f_�nwp VVGY c��qc: ¡d�=� ¡d ]`_onwp VVGY c��qc k W6d/= k W6d ]_�nwp k�¢ VL�VJW VJWVJY W�c�YedI�£�qc k W¤c�Yeded VJWVGY¦¥
being   themagneticintensity, �qc� ¡d themagneticpermeability of iron and k thenumber

of driving turnsper unit length ( < ] �§  ] � k W ). Hence,also in the occurrenceofVJW6X¨VJY ]�©«ª k l¦Y , anon-constant
Z\[ c�Yed is observedunless¢ VJ�VLW W�c�YedI�¬�wc�W¤cvYed­d ¥ ]�©®ª k l¦Y (3)

which, in general,doesnothold for eachW in ferromagneticmaterials.

4 Magnetic properties of ir on

Threesmall toroids(11.4cm outerdiameter)have beenbuilt with iron belongingto the

sameheatastheoneof theprototype.A setof hysteresiscurvesfor thesesampleshave

beenmeasuredfor variousmagneto-motiveforces.Figure3 showsthecurvesfor  °¯-�²± ]E@?@³µ´�¶J?G·m´¤HG?G¸µ´¦CF¸µC�E and E¨¶{CFH A/m 4 . Figure4 representsthehysteresisin thesaturation

regime. It is worth noticing that the actualspectrometeris supposedto work with a¹
Thesemeasurements have beenperformedat CERN by G.Peirofrom the LHC/MMS division. The

currentswerechosento easethecomparisonwith Table1 andcorrespond approximatelyto theA-turns of
thattableasfarastheapproximation º¼»I½J¾ holds for theprototype( ½¿»ÁÀ¨ÂÄÃÆÅ�Ç­È m É ¹ ).
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Figure 3: Hysteresiscurve for the sampletoroid at  °¯-�;± ] E¨?G³µ´�¶J?@·µ´¤HG?G¸m´uCF¸µC�E andE¨¶µCFH A/m.

magneto-motive force
p W ] >@>GE@?G? A-turns, correspondingto  %¯-�²± � E@HJ>GE A/m. In

this regime(  �¯-�²± � E¨?G?G? _ ·G?G?@? A/m) thevalueof <o¯-�²± is not fully saturatedbut the

residualfield at   ] ? is very stable,dueto the full orientationof the Weissdomains.

In thetoroidalsampleit is about < �Ê] ?mË�³ T. Themaximum increaseof field thatcanbe

achievedby magneto-motiveforcesis <B¯-�²± _ < �3� ?µË�HJ> T (seeFig.4),thecoerciveforce tÌ is about180A/m. Finally, thefirst magnetizationcurve is depictedin Fig.5.

5 Non-staticmeasurements of magneticfield

5.1 Estimateof <
Measurementsof the hysteresiscurvesareusedto be performedin “quasi-static”con-

ditions i.e. with very low valuesof VJW6X¨VJY or even increasingthe currentin shortbursts

andkeepingW constantbetweentheburststo allow for relaxationof theWeissdomains.

Thepowersupplyin ourdisposalwasnotwell-suitedfor thiskind of measurementbeingVJW6X¨VJY quitelargeandpoorly adjustable.We will discussin thenext sessionhow to over-

comethis limitation andobtaina hysteresiscurve alsofor thefull-size prototype. On the

otherhand,non-staticmeasurementscanbesafelyusedto measurethe increaseof field

betweentwo points, asfar asthe integrationof the inducedvoltageextendsbeyond the

timewhenthepowersupplyreachesthemaximumcurrentvalueto accountfor relaxation.

In thiscase
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Figure4: Hysteresiscurve for thesampletoroid in saturationregime.
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duringthefirst magnetizationafterfull degaussing.

7



Path a → b

-0.3

-0.25

-0.2

-0.15

-0.1

-0.05

0
Ñ

0
Ñ

5
Ò

10 15 20
Ó

25
Ó

30
Ô

35
Ô

40
Õ
t(s)

V
i(V

)
Transient

-0.8
-0.7
-0.6
-0.5
-0.4
-0.3
-0.2
-0.1

0
Ñ

0
Ñ

5
Ò

10 15 20 25 30
Ô

35
Ô

40

t(s)

V
sh

un
t(V

)

i=0 i=imax

Path c →Ö  b

-1

-0.8

-0.6

-0.4

-0.2

0
Ñ

0
Ñ

10 20 30
Ô

40

t(s)

V

× i(V
)

Transient

-0.8
-0.7
-0.6
-0.5
-0.4
-0.3
-0.2
-0.1

0
Ñ

0
Ñ

10 20
Ó

30
Ô

40
Õ

t(s)

V
sh

un
t(V

)

i=0 i=imaxØ

Figure6: Inducedvoltage(upperplot) andshuntvoltage(lower plot) going from 0 to
368A for two differentpathsalongthehysteresiscurveg°Ùy VGY Z\[ c�Yed ] _ c~a'Ú [��¿_ a y d ] _ Cnwp�c r <tseÚ [��B_ r <ts y d (4)

wherethesubscript“fin” indicatesthevaluereachedfor YÊÛ �¿Ü , i.e. whenthepower

supplyprovidesa current W ] W~¯/�;± andthe transientdueto relaxationis fadedout. As

a purposeof illustrationFig.6 shows the inducedvoltagein the pick-up coil when the

currentin the four 23-turndrive coils goesfrom zeroto 368A and < �Ý] < y�Þ ? (pathß Û à of Fig.7-left)or < ��] < y2á ? (path
© Û à of Fig.7-left) 7 .

During thesemeasurementswe tried to performa completedegaussingof thepro-

totype. In particularweperformedhysteresiscyclesdecreasingsmoothly  Á¯-�;± andcom-

puting themaximumfield obtainedfor each  %¯-�²± in the region coveredby the pick-up

coil. Theresultsareplottedin Figg.8and9. All points wereobtainedwith 4 drive coils,

eachconsisting of 23 turns. Theplot of Fig.8 shows thevaluesobtainedcycling around

severalhysteresiscurve (eachcharacterizedby its own  t¯/�;± or, asin ourplot,
p =uW~¯/�;± );

theFig.9 representsthebestestimateof themagneticfield < at thepick-upcoil andit is

comparedwith the resultsof thesimulationbasedon theTOSCA code(seeAppendix).

Theratio data/simulation is plottedin Fig.10. In eachcycle we performedfour measure-

ments:we computed
� < goingfrom

©
to à (path1 of Fig.7 right), from à to ß (path2),â

Thebasicunit of thepower supply is 92 A, so in this casewe seta current increaseof four units. It
correspondsto a ã'ä of 800mV acrosstheshuntresistor(200mV å 92A).
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Figure7: Pathsfor Figg.6(left) and8 (right)

from ß to V (path3) andfrom V to
©

(path4). Eachcycle providestwo estimatesof < :c � < 4 � � <çæ®d­XGE and c � < 7 � � < 8 d­X{c _ E@d . All theestimatescanbefoundin Table1 (in

Fig.8theaverageof thetwo is plotted).

A few remarksarein order:è As expected,theresidualfield staysconstantin awiderangeof
p =éW6¯-�²± aboveacer-

tain threshold.Beyondthis threshold,all theWeissdomainschoosetheir direction

of easy-magnetization(EMD) closestto thedirectionof   . In thiscaseanincrease

of  ê¯-�²± doesnot inducesachangeof EMD (and,hence,anincreaseof < � ) but just

rotatetheEMD closerto   , increasing<B¯-�²± . This effect vanisheswhen   ] ?
andall theWeissdomainsgetbacktheirEMD.è A consistency checkis theclosureof thepathalongthehysteresiscurves ë/c: Á¯-�;±�d :ì¦íFî�ï^ð �6ñ 9 V i< ]ò� < 4 � � < 7 � � < 8 � � <2æ ] ? (5)

Eq.5canbe comparedwith the measuredvaluesdirectly from Fig.8. It is worth

noticing that for W�¯-�²± á CFH¨¶ A, < � changesdrasticallygoing from one ë/c: ó¯-�²±¨d
to anotherand,in orderto stabilize thepath,it is alwaysadvisableto cycle several

timesalongthesameë beforeperformingthemeasurement.Here,thedipolewas

cycledonly oncebeforethemeasurementbecausetheprocedureis extremelytime-

consuming with the presentapparatus.This is probablyenoughfor the current

sensitivity of theapparatus,sincetheobservedmismatchin themeasuredvalueof

eq.5is compatible with theexperimentaluncertainty.

9



-1.5

-1

-0.5

0
ô0.5
ô 1

1.5

-60000 -40000 -20000 0
ô

20000
õ

40000
ö

60000
÷

N*i (A-turns)

B
 (

T
)

i=552 A
ø
i=368 A
i=184 A
i= 92 A
i= 46 A
ø

Figure8: Measuredvaluesof
� < for differenthysteresiscycles.

10



0.2
ô0.4
ô0.6
ô0.8
ô 1

1.2

1.4

1.6

0
ô

10000 20000
õ

30000
ù

40000
ö

50000
ú

60000
÷

N*i (A-turns)

B
 (

T
)

Measured field
û
B from simulation
ü

Figure9: Field at thepick-upcoil versuscurrent.

11



0.7

0.75

0.8

0.85

0.9

0.95

1

1.05

1.1

0 10000 20000 30000 40000 50000 60000

N*i (A-turns)
ý

B
m

ea
s/Bþ si

m
u

Figure10: Ratiomeasured/predictedfield at thepick-upcoil versuscurrent.

5.2 Experimental errors

The main sourcesof error arerelatedwith the integrationof
Z�[

. In particular, baseline

fluctuationsandenvironmentalbackgroundrepresenta nonnegligible contribution since

the integration is performedfor time intervalsof the orderof several tenthsof seconds.

Duringthestudiesof field uniformity (seesect.7),theapparatuswassetin suchawaythat

it hasbeenpossibleto acquiresimultaneouslythevoltageat thefixedpick-upcoil andthe

inducedvoltageat themobileone.Henceseveralmeasurementsof thesamequantityhas

beencollectedandexperimentalerrorshavebeenestimated(seeFig.11).

Systematicshave beeninvestigatedperformingmeasurementswith different VJW�X@VGY
andwith VJW6X@VGY ] ? (“emptymeasurements”for signalto noiseevaluation). No significant

biaseswerefoundapartfrom anincreaseof environmental e.m.noisecorrelatedwith the

start-upof DAFNE afterthesummer shutdown 8 .ÿ
The prototype is currently locatedin the former KLOE mounting hall, very close to the DAFNE

accelerator.
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Current < from V�Û © Û à < from à!Û ß Û V 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

Table1: Estimateof < at thepick-upcoil from path à'Û V and V�Û à .
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6 Magnetic properties of the material

Theknowledgeof themagneticpropertiesof thesteel,in particularthesetof B-H curves,

is an importantinput for the simulation of the dipole. The curveshave beenprecisely

measuredusinga toroidalsampleof thesamesteel,asdescribedin sec.4.It is advisable

to cross-checkthatthestressesanddeformationsof thesteelin thefull-sizeprototypedo

not modify substantially theseproperties.In general,differencesbetweentheprototype

andthe small toroidsareexpected,especiallyin the residualfield and in <�¯/�;± , dueto

the presenceof sharpanglesand air gaps. From the experimentalpoint of view, the

measurementstrictly requiresa quasi-staticregime. To extract the hysteresiscurve for

eachvalueof   , eq.2is usednot only for YÁÛ �¿Ü . Eachpoint of the experimental

BH-curve is definedby thepair:�  	c�Yed ] k =FW�c�Yed<Ic�Yed ] � 4h���� xy VGY z Z\[ c�Y z dI� <IcvY ] ?Gd
wherek is thetotalnumberof turnsdividedby theoverall lengthof themagneticcircuit æ .
If W changestoo rapidly, theWeissdomainscannotrelaxand <Ic�Yed is underestimateduntilY°Û �¿Ü . The lower the speedVJW6X@VGY , the higher the measuredvalueof < . As noted

before,the presentsetupis ill-suited for this kind of measurementbecausethe rampof

the power supply cannotbe decreasedbelow 6.5 A/s. In order to evadethis limitation,

a multistep ramp hasbeenimplemented. During thesemeasurementsthe currentwas

increased(or decreased)eighttimesof a value W:¯/�;±¨X@H . Thestepswereseparatedby time

intervalsof 5 s to allow (at leastpartially) for relaxation.Afterwards,thehysteresiscurve

wasinterpolatedusingjust the 8 H-B pairsobtainedafter eachrelaxation(seeFig.12).

The resultsobtainedfor W~¯/�;± ] ·G¸GH A (  ê¯-�;± ] C	�G>GE A/m in the approximation   ]k W ) areplottedin Fig.13. This curve is in reasonableagreementwith Fig.3 at  Á¯-�²± ]CF¸mC�E A/m especiallyfor what concerns<�¯-�²± (apartfrom the above-mentioneddeficit)

and the coercivity   � . The valueof < � is about0.1 T smallerthanthe onemeasured

with the toroidal sample.The useof themultiramptechniquesolved theproblemof an

apparentwideningof thecurveobservedwith aconstantVJW6X@VGY of 6.5A (seeFig.14)even

if, ascanbeinferredfrom Fig.12,a 5 s inter-burstis still slightly tooshort 
 .�
Strictly speaking, thelinearrelationbetweenthemagnetic intensityandthemagneto-motiveforce º »½
�²¾ holds only for simplegeometries,like thetoroid. Hereit shouldbeconsideredasanapproximation.�
It wasnot possibleto further increasethe integrationtime, dueto the limited sizeof thebuffer of the

oscilloscope.
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Hysteresis curve

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

-2000 -1500 -1000 -500 0 500 1000 1500 2000

H(A/m)

B
(T

)

Figure13: Hysteresiscurve for theprototypeat W6¯-�²± ] ·G¸GH A.

7 Field uniformity

Thetestsof field uniformity werecarriedoutconnectingonly theupperandlowercoilsto

thepowersupply, asforeseenfor thefinal OPERAdipole. However, thepresentapparatus

doesnot allow a testof field uniformity with nominal currents,sinceit is not possible to

run with morethan � 600 A flowing in the coils. Hencethe currentwasset to 598 A,

correspondingto an overall magneto-motive force of 27508A-turns. Two setof mea-

surementshave beenrecorded.Thefirst setis donewinding themobile coil aroundone

of thecolumnof theprototypeat differentheights,henceaveragingover the four slabs.

Hereafter, the coil hasbeenpositionedat fixed height(2.34m) andwoundaroundone

single slabin orderto testnon-uniformitiesamongthefour slabsmakingup thecolumn.

Eachmeasurementconsistsof a full hysteresiscycleat W ] >@³GH A. During thedatataking

alsothe fixed coil positionedat 2.34m hasbeenacquiredin a differentchannelof the

oscilloscope. The purposeis twofold: when the mobile coil is positioned at the same

height,it canbecheckedthatno systematicrelatedwith theuseof differentcoils biases

themeasurement;moreover, duringthewholetestmany measurementsof thesamefield

weredone,allowing an estimateof the (statistical) error on < andcheckingstability in
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Hysteresis curve
�

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

-2000 -1500 -1000 -500 0 500 1000 1500 2000

H (A/m)

B
 (

T
)

Figure14: Hysteresiscurve for theprototype at W�¯/�;± ] ·G¸GH A but with constantvelocityVJW6X¨VJY =6.5A.
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Figure15: < versusheight.

timeasdiscussedin sec.5.2.

Fig.15showsthe < field atdifferentheightsin onecolumnof themagnetin absolute

(upper)andrelative (lower) scale.Comparisonwith TOSCAis alsoshown. The < field

alongtheslabat fixedheightis shown in Fig.16.

Non-uniformitiesin heightdo not exceed5%, in agreementwith thespecifications

doneat the level of proposalandwith simulation. On theotherhand,asalreadypointed

out in sec.5,a systematicdeficit of field of about4% is observedwith respectto TOSCA

results.In particular, Fig.16pointstowardadeficitmainlydueto theexternalslabs.Pos-

sibleexplanations areeithermagneticshort-circuitsbelow the floor or poor mechanical

contactof someof theslabswith thetop iron block. This effect will bediscussedfurther

in sec.9.

8 Fringing field

A mapof fringing field in air is a usefulpieceof informationandcomplementstheabso-

lutecalibrationperformedby thepick-upcoils. Measurementsof field in thesurrounding

air or in small gapscould be usedto monitor the relative variation in time during the
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Figure16: < atdifferentslabsat 2.34m height.

OPERAdatatakingand,combinedwith finite-elementcalculation,canprovide informa-

tion on possible lossesof magneticflux. Measurementshave beenperformedby means

of Hall probesduring the testof field uniformity (two-coil configurationat W ] >@³GH A).

In particular, thefield in air in thegapsbetweentheslabshasbeenrecordedat different

heights. Fig.18shows thevalueof � <�� andof its componentalongtheverticaldirection

( <
� ) versusheight.Thefirst two plotsrefer to therightmostgapwith respectto thedriv-

ing coil (gap“a” of Fig.17),thesecondpair to themiddle gap(gap“b”) andthethird to

thegapclosestto thecoil (gap“c”). Themeasurementof thefield in air in theregionsur-

roundingthecolumn(zone“d” of Fig.17)hasbeenfoundparticularlyinteresting, since

the systematic excessof horizontalfield (labeled <B± ) is an indicationof unexpectedly

highdispersedflux andis probablyconnectedwith thesystematicdeficit of thebulk field

in iron comparedwith TOSCA(seeFig.19).

9 Deficit of magneticflux

Themeasurementsrecordedfrom thepick-upcoils provide indicationof a small deficit

(of theorderof 4% - seeFig.10)with respectto TOSCA.This effect is not relevant for
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Fringe field near the external slab
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Figure19: Magneticfield (in Gauss)10cm far from therightmostslabversusheight.

thephysicsperformanceof thespectrometer;moreover, if needed,in thefinal dipolepart

of thefield canberecoveredincreasingthecurrentthroughthedriving coils. Ontheother

hand,theeffecthasnotastraightforwardexplanation. Air gapsbetweentheverticalslabs

andthetop returnpathdueto poormechanicalcontactareunlikely to explain thewhole

deficit. To show this, it is enoughto employ the linear relationship betweenmagneto-

motive forceandflux (Hopkinson’s law):p W ]65 a
which, as far as

5
doesnot dependon a (small perturbationof the nominalfield), is

formally equivalent to theOhm’s law. Hencetheprototypecanbetreatedasanordinary

linear circuit with two ideal power supplies as the one in Fig.20-a. Here 798;:��=< is the

reluctanceof theslab,7 x �?>¿] 7@< � x x � ¯ arethereluctancesof thereturnpathand
�óZf]òp W .

The measuredtolerancebetweenthe slabandthe ceiling of the dipole doesnot exceed

0.2 mm. Even in the worsecasethis correspondsto a reluctancein serieswith at most

threeslabsasshown in Fig.20-b. Solving the circuit, a deficit of no morethat 1.4%is

foundat >¨³GHBA . However, theeffectcouldbeamplifiedby thefactthatthetopandbottom

returnpathsaremadeup of four horizontalslabs,oneuponthe othersoldedjust at the
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Figure20: Resistiveequivalentof thedipole.

externalborder, giving rise to additionalair gaps.It is interestingto notethat thereturn

pathof thefinal spectrometeris homogeneousandthiseffectwill notcontributeanymore

atGranSasso.

Finally, the prototypeis fixed to groundby meansof steelnails ( C =3 cm). They

are partially in contactwith the groundmeshof the hall which is madeup of 2.6 cm

diameteriron wiresformingaframeof E@?qABE@? cm7 buried3 cmbelow thefloor. Nailsand

the iron framesurroundingtheconcretefeetof thedipolecanshort-circuitthemagnetic

pathas shown in Fig.20-c. Clearly, a detailedsimulation of this effect is impractical,

however an estimateof the correspondingreluctanceand of the expectedflux at each

“foot” (seeFig.17)canbedrawn solvingsimultaneouslythecircuitsof Figg.20-aand20-c

andimposingtheratioof thefluxesin theverticalwall todiffer of about4%. Theexpected

flux is about ?µË�>¨? Vs. A measurementof the flux in the “foot” hasbeenperformed,

resultingin aED£?µË�?J> Vs. Hence,strongshort-circuitsthroughthe nails and the iron

frameareexcluded. Again, it is worth noticing that any contribution comingfrom this

effect will disappearin theGranSassohall, whereno iron grid hasbeeninstalledbelow

thefloor at adepthlower than50cm.

10 Conclusions

A systematic studyof themagneticpropertiesof theOPERAdipoleprototypehasbeen

carriedout. Measuresof thefield in thebulk of thespectrometerhavebeendoneemploy-

ing the“ballistic method”andinstalling pick-upcoils alongthespectrometer. Additional

informationhavebeenextractedby Hall probesrecordingthefringing field in air. It turns

out that thechoiceof the iron is appropriateto reachthenominal field andits magnetic
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propertiesarenotmodifiedby mechanicalstresses.Thenon-uniformity of thefield along

theheightdoesnotexceed5%in agreementwith specifications.An average¶GFóC %deficit

of magneticflux is observedwith respectto simulationsmadeassuming idealmechanical

contactandcompleteisolationof thedipolefrom thehall.
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Appendix: Simulation of the spectrometer

A detailedsimulation of thedipolemagnetizationis of utmostimportanceto modelnon-

uniformities of thefield in the sensitive region of the spectrometerandfine-tunethe al-

gorithms for the reconstructionof particle trajectoriesand momenta. By far the most

commontechniqueusedto solveMaxwell equationsin thesteadycurrentregimein pres-

enceof non-linearmaterialsis the Finite Elementmethod. In particular, the 3-D solver

TOSCA[3] hasbeenemployedfor thisanalysis.A comprehensivedescriptionof thesim-

ulationof theOPERAspectrometercanbefoundelsewhere[2]. Herethemainfeatures

andresultsfor theprototypearerecalled.

In TOSCA, the magnetis modeledby defining its geometryin a baseplaneand

thenextruding thatgeometryinto the third dimension. Thematerialsconsideredfor the

spectrometerareanon-linearsteelmakingupthebulk of themagnet,idealconductors(the

drivecoils)andair. TOSCAis notableto dealwith hysteresisphenomenaandrequiresa

uniquelydefinedBH-curve. Moreover, solutionsof theMaxwell equationsareprovides

only for thestaticregimeandTOSCAis by nomeansintendedfor simulationof thetime-

evolution of ballistic measurementsbut computespreciselythefields at Y�Û �¿Ü . The

BH-curvehasbeendrawn from themeasurementsof thesampletoroids(seee.g.Fig.5).

The modelusedin the prototypeis shown in Fig.21. Fig.22 shows the magnetic

field at thecenterof thepick-upcoil in the four verticalslabs(thecurrentis W ] >@>GE A

with 4 drivecoils). Thefield in iron variesby lessthan0.5%.
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Figure21: TOSCAmodelfor theprototypewith four coils.
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UNITS
Length          : mm           
Magn Flux Den   : T             
Magnetic field  : A m-1

     
Magn Scalar Pot : A             
Magn Vector Pot : Wb m-1

    
Elec Flux Den   : C m-2

     
Electric field  : V m-1

     
Conductivity    : S mm-1

    
Current density : A mm-2

    
Power           : W             
Force           : N             
Energy          : J             

PROBLEM DATA
otipo5_4coil_552a.op3
TOSCA                       
Magnetostatic              
Non-linear materials
Simulation No 1 of 1
    54768 elements
    70684 nodes
Nodal fields

LOCAL COORDS.
Xlocal = 0.0
Ylocal = 0.0
Zlocal = 0.0
Theta = 0.0
Phi = 0.0
Psi = 0.0

1.54 1.54376994668396 1.54753989336792
Component: BMOD

Figure22: Field in iron at thepick-upcoil.
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