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To: LOCAL MAGNET WATCHERS

FROM: I. DIMARCO, M. KUCHNW, Y. YU

SUBJECT: SUMMARY OF FIELD ANGLE PROBEMEASUREMENTSON 4-CM-APERTURE,
17 M LONG DIPOLE MAGNETS

This note summarizesthe axial Field Angle ProbeFAP measurementsmade on
4-cm-aperture,17-m-longSSC dipole magnetsDD000I throughDC0306. The FAPdevice
is in useonly at FNAL andconsequentlyFAP datais availableonly for magnetsthat have
beencryostattedor testedat FNAL.

Device

The FAP probeconsistsof a small permanentmagnetmountedto a frame having
an attachedelectrolyticbubble level sensor. The permanentmagnetaligns itself with the
field, and theangle of the frame which rotatesfreely on jeweledgimbalswith respectto
vertical is reportedby the level sensor. A completedescriptionof te probecanbefound
in reference1. A sketchof theprobe is shownin figure 1. The small size of the probe
makesit ideal for spottinglargelocal deviationsin the rotationangle that might not be
noticedif a largeregionwerebeingaveraged.

The datasummarizedhavebeentakenover a periodof -5 years,andduring this
time this measurementsystemhas undergoneseveralimprovementsin hardware,
softwareandmeasurementtechnique. To the extentthat thesedevelopmentsinfluence
the comparisonof data,they will bespecifiedin thediscussionsection.

MeasurementProcedure:

Measurementsare usuallymadebeforeor after the cold massis put into thecryostat
at theIndustrialCenterBuilding ICB or before or after testingat theMagnetTestFacility
MTF. The FAP measurementsaremadewarm the FAP is too largeto fit into thewarm
bore tube - measurementsaremadewith the latter removedat 10 Amps currentin
measurementsearlier than DD0028 and 9 Amps currentin morerecentmeasurements.
The lower currentis a limitation of a recentlyacquiredpowersupply,but it has been
verified using the referencemagnetseebelow that equally sensitiveresultsare obtained
at this current. The probe is positionedusing a setof interconnectingaluminumrods
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which connectto it, anddatapointsare takenevery3" alongthemagnetusing the rule
markson the rods. Thesedatapointsconstituteasweepandarestoredin a file. Two
sweepsaremade,onewith the probepointing toward the leadend,andonewith the
probepointing toward the return. Thesefiles arelater averagedto removethezero
offset from theprobecalibrationandprovide a verificationof thereproducibility of the
datato determinethe orientationof the dipolewith respectto vertical. Note that the
PAP positioncoordinateusesthe locationof the centerpostin the cryostatasits ‘zero’
with the lead endof the magnetbeingpositive this locationmaybe slightly different
than the mole centercoordinatewhich usesthe "magneticcenter" of themagnet. When
viewing themagnetfrom thecryogenicleadend, the rotationangleis definedpositive
for counter-clockwiserotationsfrom thevertical. The probeis typically calibratedbefore
andafter eachsetof sweepsusinga referencemagnetwhosefield angle with respectto
verticalcan bepreciselyadjustedover the entire active rangeof theFAP to determine
the probeoutputat a given angle. The calibrationis thenappliedto thedataof thegiven
measurementto determinefield angle.

Data

There existstwo specificationsfor field angle orientation2:1 that theaverage
dipolefield anglemustbevertical to within 1 mrad,and2 that local dipole angle,CD,

variationmustsatisfyS CD dz integratedbeginningat one endto any positionz along the
magnet’slength less than 10 mrad-m.

Determinationof theaverageanglewith respectto verticalalwaysdependson how
the magnetis mountedfor theFAP measurement.Consequently,if the averagefield
angleis accuratelydeterminedrelative to externalfiducials, specification1 canalwaysbe
achievedwhenthemagnetis mountedin the tunnel. Sincethe measurementswe are
reportinghavenot necessarilybeenmadewith themagnetfiducials surveyedi.e. their
orientationwith respectto vertical is not known for mostof themeasurements,offsets
in the field angle with respectto verticalareintroduceddependingon how themagnetis
mountedfor measurement.The measurementdataof this note includeplots of the two
individual measurementsweepsto provide informationon reproducibility, and a plot
of the dipole anglewith respectto vertical the dataof which may containsuchan offset
from mounting. The dashedline on the dipole angleplot indicatestheaveragedipole
angle,which ideally would bezero if themagnetwas perfectlyaligned. The averageis
calculatedas:

CDave= n

The maximumanglerelative to this averageaswell as the standarddeviationhavebeen
tabulatedto offer comparisonof the scatterin field anglefor agivenmagnetsee
SunirnaryTable.

The value which mustsatisfyspecification2 is determinedby calculating



rz
J cbz - CDaved.z
LE=0

at eachz positionusing the trapezoidrule. Note thatLE=0 indicatesthat theintegration
is startedfrom thelead endof themagnetand that the integral is calculatedrelativeto
the averagefield angle - i.e. it assumesthat the averagefield anglewill be perfectly
aligned to vertical. The integrationresultsarealsoincludedin the SummaryTable and
in theplots.

Note that the field angleandintegralangledataare examinedfrom -8.15 to +8.15
metersin order to avoid indudingthe effectsof the endsthe coil straight sectionlength
unaffectedby theendsis -16.3metersasdeterminedfrom Hall probemeasurements.

Discussion

1 The FAP measurementdatafiles are storedin the FNAL
MDTFOO::USR$ROOT1:[FAP]account.

2 As can be seenfrom the sampleplot of probecalibrationvs. referencemagnet
angle figure 2, the FAPhasa regionof roughly±9 mradin which theprobeis properly
sensitiveafter which it beginsto approacha "saturation"value. In fact, theamplifier
limits theproberangefor measuredangle which may also includean offsetfrom
vertical due to themountingof the magnet to -±10 mrad,andif a positionin the
magnethasameasuredtwist larger thanthis, a saturatedvalue will result. A saturated
value maybea ‘real’ effect if-the dipole angleplusoffset is large,or thesemaybe caused
by errorsin operatione.g.the probebeingupside-downor wayoff theproper
orientation. Theseconditionsmaybe evidentif one of the two individual
measurementsweepsshowsa few pointshavinga saturatedvalue wheretheother
sweepandprevioussweepsdo not The datapresentedhavebeenscreenedso as to
eliminatesuch‘bad’ pointsin obviouscaseswherethey are known to occur , but such
pointshave iiQt beenelintatedfrom thedatawheretheir largenumbercompromise
thevalue of themeasurement.Also, by using datafrom thestraightsectionsas
describedabove,mostsaturateddatacausedby endeffectsareremovedthesemaybe
seenin the individual sweepdata,however. In caseswheretherearereproducible
saturateddatain thestraightsectionneartheend, therefore,thedataareindicatingan
actual largefield anglee.g. in DDOOIO.

Someof thedataincludedin this noteshowlargeregionsof saturation,sometimes
actuale.g.seethemeasurementsfor magnetsDD000Z andDDOO12,sometimesdueto
operatorerrore.g.comparethe measurementsfor magnetDC0306,the last of which has
sucherrors,andshouldberegardedaccordingly. ."

3 Thebubblelevel sensoroutputis broughtoutvia #51 copperwire leadssee
figure 1. Although thejeweledgimbalsallow theframe to rotateandalign theprobe
magnetto thefield, it was found thatif theprobe frame is notaligned to within ±5
degrees,the#51 copperwires transfera torquewhich causeserror in thedata. Thus it is



essentialduring eachdatapoint thatthe probebe alignedto within ±5 degrees.The
operatorsareexpectedto maintain this alignmentwhich canbemadeby eye. In cases
wherethis alignmentis not maintained,incorrect or saturatedvaluesas described
abovemay result.

4 If the positioningof theprobeis not the samefor eachof the two measurement
sweeps,theaverageof the sweepswhich determinesthedipole angleat that point will
havean error. MeasurementsbeforeJanuary1988did not includestartingtheprobeat
the samepositionfor both individual measurementsweepsand suchmeasurements
may haveindividual sweepswhichdiffer in probepositionby asmuchas 1.5". After this
datethe probepositioningis typically betterthan .5" subjectto operatorerror or error in
determinationof the distancefrom the positioning fiducials to themagnetcenter.

Also, amongthemultiple measurementson a givenmagnet,systematicshifts in
coordinatesysteme.g.if a differentoperatoris systematicallyaligning thepositioning
marksdifferently may adda sourceof variationsamongthe measurements.

5 Themagnetinside thePAPtendsto oscillateasit settlesin to its final alignment
with thedipole field. The original systemdesignhelpedeliminatesomelarge
oscillationsby meansof weightsand counterweights.Still, in measurementsbefore
February1990,operatorshadto wait for the oscillationsto die awaybeforetaking adata
point. After February1990, the PAP systemwas upgradedso that theeventualalignment
of thePAP magnetin thedipole field could be determinedfrom theoscillations
themselves,therebymaking themeasurementmuchfaster andreducingconcernsabout
friction. This upgrade,besidesreducingthe waiting time by a factor of -5, includes
promptsto theusersfor positionandautomaticallyrecordsin a database. Operatorerror
during dataacquisitionand duringdatatransferto computerwhich usedto be doneby
hand! is consequentlyminimized. This new systemwas testedextensivelyandwas
shownto be asaccuratewith feweroperatorerrors.

6 It wasobservedthat measurement870912on magnetDD000Zhadlarge
differencesin the individual sweeps.The causeof thiswas determinedto be degradation
in a joint which causedparasiticoscifiationsin the probeelectronics,and this was
repairedbeforethe subsequentmeasurement.

7 if theprobeoffsetchangesduringa measuremente.g. if the probeis dropped,
themeasurementsweepwhich includesthe offset will causethecalculateddipole angle
to be in error. Sincethis was realizedin January,1988,calibrationshavebeenperformed
before after eachpair of measurementsweeps.This assuresthatthecalibrationand
offset havenot beenchangedduring the measurementprocedure. If therei an offset
which doesnot change,therewill be no effect on themeasurementAn exampleof this
is themeasurementson magnetDDOO16 andthe first of DDOO17 in which therewasan
offset in both individual sweepsdueto a problemwith a counterweight. Though the
individual sweepswereaffected,the dipoleangleasdeterminedby the averagewasnot.



8 The reproducibilityof the PAPhasbeentestedat various times e.g.when the
upgradein 5 wasimplementedandhasalwaysbeenfound to bevery goodwhenthe
measurementsareexecutedproperly especiallyaftermagnetDDOO1O when theupgrades
in 4 and5 were implemented. For magnetsin this notehavingmorethanone
measurement,onecan comparethedifferencesbetweenthe variousdipole angleresults
directly. The threemeasurementsfor DD0027area casein point. The magnet‘signature’
is very distinct in eachmeasurement,though therearesomesmall local discrepancies,
perhapsarising from the error sourcesmentionedparticularlyin 3 and4 above,which
will be characterizedby a asdiscussedbelow. Note thatsmall local changesdo seemto
actually occure.g. one can comparethe individual sweepsnear the centeron the
measurementsof magnetDC0202.

Since therearetwo sweepsfor eachmeasurement,one way in which the
reproducibility canbe judgedis by determiningat eachpositionthedifferencebetween
the individual sweepdataandthedipole angleasdeterminedby their average.That is
we calculateat eachposition

/vRva2+vLva2 I v+v I
2 = 2

wherev signifies the datataken during the ‘return’ sweep,v signifies thedatataken
v- v

during the ‘lead’ sweep,andva is theaverageof thesemeasurementsgiven by 2

This is just theoffsetat eachpositionplus arty error that maybe presentin eithersweep
measurement.If we measurethis quantityat eachsweepposition, thenover the length
of themagnet,an average‘offset’ with a standarddeviation,a, results. Sinceany real
offset is expectedto remain constantduring themeasurementasmentionedin 7 above
this will not havean influenceon the averagedipole angle determined. This alsomeans
that the deviationin offset, a, is causedby the variabifity in measurement,andthusit
providesan estimateof uncertaintyfor any given point in themeasurement.This
estimateof uncertaintyin the cbi will bedesignateda6 andhasbeenincludedin the
summarytable for eachmeasurement.For measurementsin which no largee.g.
saturationerrors occura typical values is

a6 = - .4mrad

Furthermore,sinceSAve is definedas

ti
‘ave n



wherecbi = + 4 is theactualdipole angleat eachpointandc is the error in the

dipole angleat a givenpoint, tAve = $Ave + 6Ave Sincewe do not know the true

offsetwe cannotdetermine6Ave But sincewe do knowa6 which, as mentionedabove,

is thestandarddeviationof Ave we knowhow much6Ave might changeand thus

know how much CbAve might change. The uncertaintyin 6Ave is givenby

ye

wheren is approximately200 for eachmeasurement.Thus a typical reproducibility for
theaverageof eachmeasurementbasedon theerrorsat eachsweepposition is

.4
= -.O3mrad.

200

A roughvalue for the reproducibifityin theextremumvalue of the integral field
basedon measurementuncertaintiescanbe estimatedasfollows, If we assumethatfor
multiple measurementsof the samemagnet,thedipole angle of a givenmeasurement
showsno regionsof largevariationwith respectto the others,then thedifferencesin
extremaof the integralsarecausedby thesmall relativevariationsin thatportion of the
magnetwhich is abovebelow average.Since thereareno largelocal variations,this
portion is approximatelyhalf of the lengthof themagnet. If we multiply theaverage
uncertainty-.03 mradby half the magnet’slength-8 metersa roughreproducibility
estimatein theextremumof J b cLz is givenas .25 mrad-meters.This seemsto beabout
right when theaboveassumptionis true. Goingbackto DD0027as an example,the first
two measurementsshowa differencein extremumof the integralof less than .2 mrad-m.
The extremumof the third measurementdiffers by almost3 mrad-mbut hasa region
from +3 to +5 meterswhosemeasuredvalue haschangedperhapsas aresultof thecold
test?. Typically, in the datasummarizedhere,theoverall variation in the measured
extremumof I cb dz, which canincludereal changesin the magnetfield angleas well as
theerrors occurringlocally within a measurement,is seento be 1-2 mrad-metersfor a
given magnet.

9 Note thatmanyof theBNL "DD-series" magnetswhich were all collaredwith 1-
meter lengthpressesexceedthe 10 mrad-meterspecification,whereasnoneof the
"DC300-series"magnetsbuilt at FNAL using a full lengthcollaring pressexcedethis
specification.
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FAPMeasurementsSummaryTable

Magnet .File Date

CD
Extremum

mrad

CD standard
deviation

mrad

Est uncert.
of c,X1‘

mrad

JCbdz
Extremum
mrad - m .Description

DD0001 870120 8.72 2.72 0.44 9.16 Meas.aft cold testat MTF
DD0002 861112 6.36 2.40 0.94 6.71 Meas.at ICB
DD000X
DD000X
DD000X
DD000X

870413
870421
870513
880319

-9.57
-8.97

-10.14
-8.45

3.52
3.78
3.94
3.48

0.51
0.73
0.65
0.59

10.34
11.49
11.61
10.40

Meas.out of cryostatat ICB
Meas.out of cryostatat ICB
Meas.in cryostatat ICB
Meas.aft coldtestat MTF

DD000Z 870912 8.52 4.77 1.66 -26.25 Meas.bfr cold testat MTF
DD000Z 871003 10.26 6.17 0.61 -34.74 Meas. in cryostat
DDOOIO
DDOO1O

871212
880602

11.22
10.40

4.52
3.72

0.85
0.28

21.38
15.10

Meas. incryostatat MTF
Meas.aft cold testat MTF

DDAO1O
DDAO1O

890314
890408

-6.31
-6.69

2.32
2.35

0.34
0.33

-12.19
-12.16

Meas.out of cryostatatICB
Meas. in cryostatatICB

DDOO11
DDOO11

880531
880625

-10.06
9.57

4.12
3.94

0.79
0.35

-25.49
-23.96

Meas.out of cryostatatICB
Meas.bfr cold testat MTF

DDOO12
DDOOI2

880122
880203

-11.61
-10.33

4.13
4.48

0.66
0.41

14.11
14.23

Meas.out of cryostatat lCD
Meas.bfr coldtestatMTF

DDOO12 880211 -10.12 4.43 0.31 12.48 Meas.bfr cold testatMTF
DDOOI3
DDOO13

880703
880909

-8.30
-8.50

2.96
2.85

0.32
0.34

12.01
11.94

Meas.out of cryostatat lCD
Meas.bfr cold testat MTF

DDOO14
DDQO14

880302
880527

-10.21
-7.89

3.06
2.66

0.43
1.00

-10.97
-10.34

Meas.out of cryostatat ICB
Meas.bfr cold testat MTF

DD0O1S
DDOO15

880910
880928

-6.20
-5.84

2.79
2.69

0.27
0.26

-16.97
-16.44

Meas.out of cryostatatICB
Meas.bfr cold testatMTF

DD0016
DDOO16

881230
890119

5.53
-5.28

2.05
2.09

0.28
0.36

-3.84
-4.09

Meas.out of cryostatatlCD
Meas.bfr coldtestat MTF

DDOO17
DDOO17

890117
890203

8.00
7.56

2.05
2.26

0.45
0.46

8.03
9.55

Meas.out of cryostatatLCD
Meas.bfr cold testatM’TF

DDOO17 890927 9.19 2.22 0.56 8.64 Meas.aft cold testat MTF
DDOO18
DDOO18

890302
890721

-8.87
-11.43

2.89
3.24

0.73
0.43

16.44
17.62

Meas.out of cryostatatICB
Measaft testat MTF

DDOO19
DDOO19

890812
890828

-5.22
5.22

2.16
2.01

0.56
0.37

8.63
7.99

Meas.out of cryostatatlCD
Meas.bfr testat MTF

DDOO19 900209 4.88 1.84 0.35 7.06 Meas.bfr removalatMTF
DD0026
DD0026

890911
891010

-7.04
-6.51

2.41
2.43

0.27
0.38

14.26
15.01

Meas.out of cryostatatlCD
Meas.bfr testat MTF

DD0027
DD0027
DD0027

900208
900314
901011

-6.74
-7.10
-6.30

2.43
2.51
2.18

0.72
0.29
0.31

14.69
14.55
11.82

Meas.at lcD
Meas.bfr cold testat MTF
Meas.aft cold testat MTF

continued



FAPMeasurementsSummarycontinued

DD0028 900423 -8.14 3.14 0.34 12.68 Meas.out of ciyostatat lCD
DD0028 900730 -7.71 3.33 0.59 14.09 Meas.at LCD
DD0028 900928 8.74 3.22 0.34 12.14 Meas.bfr coldtestat MTF
DD0028 901205 -6.33 2.87 0.45 11.17 Meas.aft cold testat MTF
DC0202 901102 8.31 2.16 0.34 -8.95 Meas.out of cryostatatlCD
DC0202 901210 7.13 2.26 0.29 -9.88 Meas. in cryostatat LCD
DCO3O1 901004 -4.81 1.21 0.39 -2.24 Meas.at lCD
DC0304 910221 4.32 1.35 0.37 -5.74 Meas.at lCD
DC0304 910311 -3.44 1.11 0.44 -3.68 Meas.bfr cold testatMiT
DC0304 910424 -3.26 1.08 0.29 -4.34 Meas.aft cold testatl.ffF
DC0306 910410 4.34 1.40 0.43 4.79 Meas.at lCD
DC0306 910423 5.78 1.66 0.49 -5.22 Meas.bfr cold testat MTF
DC0306 910627 4.29 1.65 1.33 -6.14 Meas.aft cold testat MTF

Notes:
1 The estimateduncertaintyof 4 is definedin 8 of the Discussionsectionin the text.
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DD000X File 870421
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Dipole Angle vs. Position: +, and ‘-‘ Orientations
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