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ABSITRALCI I. Introduclion
[his report describes the measurement and paramctrization of the ARGUS mag- The magnetic lield intensily in Lhe interior of the ARGUS deteclor wos
netic Meld. The field caleculated from the parawelers reproduces Lhe measured measured belween 27 March and 2 April, 1982, The volume in which mosl ol
field Lo wilhin a few parts per thousand. the measuremenls were made was essentially that Lo be occupicd by Lhe didl

chamber (Figure 1). lThe BEBC-field mapping system from CLRN was vsed Lo

muke and record Lhe measurements.

Measarements were made of Lhe lNeld componenls Bz’ B oo Lo oo lusser exlent,
2]

CONILNITS U‘P’ for three differenl configurations of Lhe inner compensal lon cuils.,
Figure 2 shows Lhe coordinale syslem used. lThe compensalion coul conlig-
L. Introduction urations, or connection schemes, are designated 100%, SU%, aod U5 compensal bon
L. Apparalus, Calibration and Measuremenls and are shown in Figure 3. The discovery of a high-resistance short-to-geouid
I, Magnetbizat ion in coil number four on the +z side dictated Lhe use of the coil conbigural oo
. Slray Fields shown because il was not possible Lo repair the coil in less Lhan severil
V. Symmelry months. The measurements made and Lhe spacing between Lhe measured puinls
Vi. langent tal Components B was Lo some extenl dictated by the Lime available.
VIl Axial and Radial Component Bl aind B,O
Vi, Parametrizalion Ihe data were recorded on duplicate Floppy dises from which 1B Lapes were
IX. Uther Reqgions luter prepared at CERN and senl Lo DLSY. lhe I.i‘ and li“ companenbs have been
X. Acknow ledgencnt's paramelerized and an analylic expression found o the: li\ll comporeal .

Prior to Lhe main field measurements a series of measuvements wis aoede Lo
delermineg Lhe ellTecl of the magnel's dmmedisle history on Lhe Cield, The
slray fleld also was measured al a nunber of places oulside Uhe mio magoet
coil. Other runs were made Lo check Lhe reproducibilily ol Lhe probes ool

Lhe reproducibility of the mechanical posilioning mechantsm. ALL measaremnenls,
wilti the exceplion of the mugnelizabion measurements, were made al 25% ol

Lhe maximun raled current ol the power supply (4275% amps). Wilh Lhe coreenl
flowing in the normal dircclion Lhe solenoid corresponds ba o bar magiel

wilth its north pole al Lhe east (+2z) end of Lhe ARGUS detector. (_IS/ 18 D

Live).
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[l. Appuaralus, Calibration and Measurementl

When Lhe magnet s cnerglzed the only access Lo Lhe ield region is Lhrough
Lhe cenbral axis of Lhe mini-beta quadrupoles. (Fig. 1). The mechanical
posilicoing ol the probes, as well as Lhe feed-Chrough for the cables, Ll

Lo be wmade Lhrough Lhese holes. A skeleh ol the mechanical Framework [or
holding and woving the probes is shown in Fig. 4. The supports 1,

LI and LHE on which the hall probes were mounled were Fixed with respect

Lo vne analher and coald be moved along the z axis as a unit by means al

Lhe hollow tube . fhe cables For the 185 hall probes passed through Lhis
Lube. The tube | owas altached te a carriage which could be remolely posil il
wilh o precision of 0.2 e along the z axis. The spacing between Lhe measariig

paints was 0w in e 2z and p direction and 30° in ¢ (Figure 5).

the measaring procedure was Lo starl wilh the apparatus al some (ixed aiugle
and al Lhe vast end of the magnek. All of Lhe probes were Lhen read oul.

Ihe carviage was Lhen advanced 50 mm and the probes read oul again. This

conb tnued aulomal ically until the western limil had been reached. [hen U
apparalus was relurocd Lo the eastern end and rotated to a new angle and

Lhe procedure repealed. As a check one complele Lraverse along Lhe ¢ axis

was repealed. dn addition Lo the hall voltages, the temperature in the magoel

the magnel curvenl and Lhe Lime were recorded on Lhe floppy disks.

Ihe probes in theiv mounts were calibrated ab CCRN against an NMR probe
using o wagnel ol uniforn Field. They were calibrated as a funclbion ol Lenp-
eralure and al wagoelic Field, A separate calibrabtion curve was establislual
for ecach probe. When Lhe differences between Lhe NMR values and Lhose delcr-
mined Prom the colibralion constants is plotted, the width at half-maximam

of the chsbmibalron s approximately 5 Gauss.

Il. HMagnelizalion

A series ol measurements was made to detecl the effect of the magnelic
history of the iron yoke on the magnetic fleld for a given excitation curreol.
Ihis was done by vacying the current while keeping the probes Fixed at one

pusilion. lhe readings ol one probe as a funclion of current are shown in

Iig. 6. To a good approxaimation Lhere was no observed ciicel doc Lo the

hitbory, and Lhe data Fit a straight line with o vowes. devialoon ol 2 G

During these measurcoeols 1L was feund Lhal Lhe power supplioes could ool
conbinuously deliver Lhe maximom roled carvenl o For Lhis reason b s decydied
Lo wmake all readings abl 4275 A, which is 95% ol Lhe maximom caled currenl .

Ihis is the carrvenl used ducing dala Laking.

IV. Stray Fields

lhe sbray ficlds oulside Lhe coil were neasurcd at some ol Lhe phobomad Ul e
Lube housing pusilivns. Afler the matn magnetic Field measurcments were

made, Lhe current wos sel Lo zero and Lhe sbtray Cields mcasoced. e sorn
currcent Fields were nowhere grealer Lhan Pive Gauss, Lypreal volues bong
less Lhan two Gouss. With Lhe magonet and compensation cotls eseiled, bypocal
values lor “z were less than 35 Gauss, Lhose for L}) bess Lhin 1D Gauss,

Wilh the exceplion ol Lhe regions near the current coonecbions tor U wion

coll the Field was nowhere grealer Lhan 70 Gauss.

V.  Symmclry

lwo Lypes of geomelrical symmelrey were checked Tor @ symmebey toog and symnet iy
in z. Only Lhe “z compunent was considered because Lhe I!) dala requinred
I

Luu wany correcliong to be uselully caployed Tor Lhis purpose.

If Lhe lield is symmelric in g a given probe should cead Uhe some ol all
angles. A hislogram ol the difference hetween the average Tor all angles

and Lhe value al one angle rvefllects any deviabion rom symnoeley. 10 Uweree

15 no asymmelry Lhe hisltogram will reflect the reproducibilily of Lhe probes
and precision of mechanical alignment. The firsl two coluens o labile |

show the rom.s. values of Lhis dislribution for each compensalion, 1irs

i percent and then 1n Gauss.

A gimilar test was made ol Lhe synmeley aboul Lhe andplane (2200 by subliel
ing the readings ol each value ol 47 Crom the value al Lhe corcespondong
point al -z, The romes. values ol Lhis disbeibulion are show oo Uhe hood

and fourth columns ol Table 1.
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lo determine the relalive wportance of Lhe asymmelries, Lhey have been
compared  wilh an estimale of the measuremenl uncerlainly. Due Lo Lhe vverlap
region belween the supporls it is possible to read the field al Lhe sume
poinl in space wilh Lwo different probes. lhe r.m.s. average of Lhe diffuer-
ences belween Lwo probes reading the same poinl has been taken as an eslimale
of Lhe measurcment creror. This way of estimating Lhe wmeasurement error will
include the cllicels of probe misalignment. lhese are listed in columns ive
and six ol dable 1. lhe increase in measuremenl error with grealer com-
pensalion reflects the tacl that precision in position is more important

in not-un form Cields. Thal the errors are larger for Lhe radial componenl
Lhan for Lhe axial component is expected from the discussion later in Axial

and Radial Componenls,

A comparison of Lhe volucs in Table 1 lead to the conclusion Lhalb Lhe [icld
is symmelrie wilhin Lhe measurement errors, bolh in ¢ and aboul Lhe planc
z = .

Vi:  Ihe langenlial Component (I](p)

Une does nol expecl a ¢ component for the magnetic field of a perflecl solu-

noid. A nunber ol things can give rise toa such a component for real solenuids;

for instance, Lhe coil may not be perfectly circular, or there are unaccounl-
ed- ror currents. Ihere 1s nob, however, a conlribution inside the coil

due Lo Lhe longiludinagl component of the current in the coil. This gives
rise lo a field oulside the coil which is Lhe same as Lhal due to a straaight
wire on Lhe axis wd carrying Lhe same current as Lhe coil. In order Lo
detecl any ¢ compunenl seven probes were placed so as to measure B( o bhey
were placed ol Uhe eds of the long arms on supports I and 111, (Sce Iig.

4). 1he observed Cield readings were not zero and ranged From -100 Gouss

Lo +200 Gauss.

The observed values ol U.,J seem Lo be salisfuclorily explained by the sum

ol several Lermns;

wire

[§]

When o probe as ool perfectly aligoed 10 wi b detecl Tess
of Lhe component Tor which b is dobended and wi bl delbect
sume parl ol Lhe olher componenls. Since li{ s darge,
Lhe misaligoment of a probe by only S wllhiradians van

change the probe's reading by 3% Gauss. “t 1sou berm due
= ]

to the gross misalignment of a probe wilh respect Lo Lhe

courdinate system ol the weasurlng machine.

If the axis of rolalion ¢0 Lhe measuring machioe s ool
parallel Lo the symmelry axis of Lhe Pield, there will
be a change tn the B projection of Lhe B component o

y
Lhe machine s rolaled aboul ils axis. hio cin ool e by
be shown 1n o slalic drawing, bul can casily be scen by
making a siuple cuardboacd model and rotal oy ol o
Lerm can be approximaled by kl (Q0-p) ot Uhe machine oo
is in the y-z plane but nobt parallel Lo Lhe 2 oasia. e
constant kl. should be Lhe same Tor all probes.,
If there s some rocking of the uxrs as Lhe machione o
rotaled, due, lor inslance, Lo amperlectiong e Lhie b g
rings al Lhe end, anolher variabion is inteodueed.
Lhe molion of Lhis axis ig enlirely 1o Lhe y-¢ plone,
Lhe contribultion bo the probe veading can be approsomaled
by k., [90-p|where 0 < ¢ < 180, The resteiclion an e
angle corresponds Lo Lhe way 1o which metsoremenlbs were
aclually made. [he constant kz should also be The saoe

for ull prubes.

The coily are scpurated by a spacing of b oo Cher Diguee 1,
and are connccled Lo the adjocent coll ol Lhe Same agolion
posiltion by conduclors which ave 165 cm Leowm The s-ase.

1T one assumes Lhal Var From the cononeclar Lhey can be
Lreated as o long slraighl wice, and 11 one Lakes anto
account Lhe orientabion of Lhe hall probes and Lhe direction
ol Lhe magnelic (ield, then an analylic expression Tol

Lhis Leom can be wrilben.
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Lt Lhe above four Lerms are Lhe only ones, Lhen one can
wirtbe

B (ubserved) = Bm o 1B VIL. Axial and Radial Components; Ii‘_( and l!p:

b (90— ) + ki{% (90-y" )|

1

for each of the Lhree compensalion coil configuraliong the compuncols 18

p - 165cos(180~p) (n
0 24(165)2-330cas (180p)

+ Bk — .
F ’ and I'!p were each measured at 7224 poinls (43 points along Lhe z-axis »

14 radial positions x 12 angles, see Fig. 5). lhe space belween Lhe deson g

. . . [N}
o o _ o e S r en s o e aileds i w4 5
where p is the distance from the z axis to the probe points in the z-p plane was 5 oo and rveadings were Lakon every S0

; : . innermosl probe was 20 cm From Lhe ¢ axis and the oulermosl was 4% cw.
in question. The geometry of Lhe placement of the prubuos et | P HLe BN : R ui k.

un Lhe different supports requires thabt for supporl 1L

o . ' The two principle sources ol eeror far most of Lhe measur g vo buine we e
@' = and for suppart 1 ¢' = ¢ - 180", The same consid- | f e :

Citng FeaUTEE e K probe calibration error and prube alignment error. IThe calibralbvon cerars
e 15 I 8] 2 = .

9 for support 111 and k) = -k

: ] z are within allowable limits bul the geomelrical alilgomenl and posilionig
for support 1.

errors were corrected for in some cases.

; - . ; If a probe is intended cal dd B e Lois i -
Uu is differenl tor cach of Lhe seven probes bul may easily be delermined @ probs ¥2 ‘Hhkendedl th road 2 rinle n’ bar whaphy LG dey naniimlly speepen

.. : . dicular, but is in fact misaligned by some small angle o, Lhe read ar L
feom Lhe ¢ = gy reading. The constants kl and k2 should be approximalely ' R R Sl g Elies BRS pigle @, Hhe reading

. . i ; be
Lhe same Tur cach probe 10 Lhe above argument is correct in ils essenbials.
Ihe reading ol cach probe as a function of ¢ wos Fit by a leasl-squares ;
. 5 : 3] = cos Bt s B (2
Lechaique Lo the above equalion. The paramelers were found to be quile closely " obs S P

grouped. When all Lthe probes arve fil at once wilh Lhe above Lwo-pavancler

. PR ; s when B is the icld component perpendicular Lo Lhe dnlended Cield conpo
equabion, U having been determined from the previous fit, Lthe paramclers P
AR

are kl wo=lo b and kz = ().04. The residuals between the prediction ol nen

Lhe equal ton willy Lhe above parameters and the measured values are showi

i . . . ; or Lhe L ) onent B = Lol Gauss 4 5 : ool e
in |igure 7o0he vones. value of the distribulion is 1.4 Gauss. Fior: Lhe Bz eaPponent ln 4, auss and ”1 Kt i compannt ) Gu ol Lin

arder of 400 Gauss ab mosl. lhis weans Lhat an 0,000 Gouss Dicld woulid,
. . . - . [
. il 5 Nl L0179 radians e read as U Louss less U
Ihe closeness of Lhe il slrongly suggests Lhal the only real qu) componenil for @ misalignment of .0175 rudians {17) be reud as b tau : b

e +3
- ) . 0000 Gauss art in 10" small. Since Lhe conslruct e
is that due Lo the conneclors belween the coils. This does not need to be Gatisg,, 9F 1 par 4 top smal s1nce She ednskraetan o hi

! s ; apparalus gives the besl angular positioning bto Lhe probes whieh measore
pucameleized and dn Lhe volume oecupied by the drifl chamber is given by PREEE Y angubar 4 I

o st amale e 1 g 3 readi 5 have g ale
Lhe expression (or the field due to a long wire carrying 4275 A localed “z (estimated to be & 3 m zud) the Hc resdings have Leen Liket Wikl iy

. ) o corrcelions. The differences between Lhe probe rveadings in Lhe overlap vegion
165 em Prom Lhe 2 axis al ¢ = 1807, s i i : )5 | |

is Lypically less Lhan l/lll‘j and no adjustment has been mide. Figures Y

) . ; " : " boand disple Lhe weasure e it ¢ orrec PR : .
Credence is given Lo This view by looking ab a plot of B‘IJ vs. z for scveral I and: 14 display e vigagured ll{ field withoul uny corvectiug Ui 1 Beshl

probes in [ igure 8. Nole Lhal the period of the Eluctuation of Ihe probus is essenlially the same at all angulor slices Lhrough the chambee volume.

; ; . See secbion V, oo symmelbey).
corresponds Lo the coil-lo-coil spacing and Lhal as one goes away From Lhe ¢ ? t Fywn y)

coil conneeclors Lhe carve becomes smoolher.
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When Lhe row liIJ dula were plotted they were found Lo be quile unsymmelric
about the 2 = 0 plane. This would not be expecled Lo be the case becautu

a relabively high degree ol symmetry was observed in the z component. 1

the Field is exaclly symmelric aboul the mid plane and has no ¢ compo- nenl,
Lhen lip = 0 al £ = U. However, bhis lack of obscrved symmebtry is easi- ly
underslood because Lhe roles of the components are interchanged in Foual ion
2. IF o probe is slighlly misaligned by some angle o, each reading will

have an addilional component of sin{lBZ, which will be 40 Gauss lor a 5 wrad
misaligoment in an BODU Gouss L’-2 field. lo curcect for this, an amounl

A]”p was added Lo, or sublracked from Lhe reading aof each i:lp probe on supparl
11 Lo make 1t vead zero ol Lhe z = 0 plane. Using the measured value ol

L‘.z For the sume Tocatiog, an angular misalignment was found for cach probe
: 1p ; : ;
on supporlt 1L (s = i (‘/tj) ). The readings ol each probe on support 1l

were then correelod (orfeoch position of z by adding (or subtracling) Uhe
quanbity sinu 'H((c,p). Ihis process was conlinued at the overlap regions,
Finding an angular misaligoment for the probes on plates 1 and 11 and cor-
recbing (herr readings by sin Uz{z,p}, where again Uz(z,p) is the measurcd
value ol i al Lhat point. Figures 12, 13 and 14 show Lhe shape of Lhe H“
componenl of Lhe fields, corrected as indicated sbove. Note that although
the ficld is relalively uniform over most of ils volume, ib is increasingly
inhiomogenions near Lhe compensation coils as the percentage compensalion

inereases.

VILI. Paramclrizabion

It is uselul Lo cuploy a coocdinate system which displays the same symwelry
as the (icld biing paranetrized. In the case of cylindrical symmelry Lhe
mosl obvious choice 1s Lo make an expansion in terms of Bessel fuuuLiunuE’!’
For calealalional simplicily in our case we have chosen rabher an expansion

in Lerns of |egendre polynomials whichis also o solution to Laplace's
t;':|u;u|_'iu||ﬂ. I Lhe case of rotational symmelry (B(p = 0}, the general exprission
reduces Lo

i

B =¥ (i+v.) a L‘C P (cous0) (%)

and

1] =¥ a rrosind) ,(,,:i‘,, P (cosO) (4)

where ro1s the dislance belween the poinl and Lhe origin and U 1s Lhe angle
belween r and Lhe z-axis. lhe some pacamelers, 4y enber inlo Lhe exprossiong

for liZ and Up because Lhe lormulas are derived From a single scalor polenbal.

The paramelrizalion of the Field will be discussed separalely Tor coch com
pensalion because Lhe procedures werve slighlly dillerenl Tor vach cose.
lhis was because of Lhe increasing inhonogeniety which can be seea oo borgure:s

Lhrough 14.

for Lhe most uniform Cicld (U% compensalion), o sumullancous Dol wis wiade
over Lhe entire measarced volume Lo bolh 13? and liIj vitlues by wnimsany
the expression

LB, (neas) - l!,(l:ulv))Z N Cueas) - I L.‘;.u-)‘)‘“/
z z 0 I

X = 2 = o s 2 2o

o (*]
Z L]

this Lwo-dimensional il Lakes advanlage of all the dala aod gives ooreaall

which is consistenl with Maxwell's equalions.

Y

Several criteria were used Lo determine Lhe most suitable nuuber ol parame b,

As an upper Limit the nuuber of puramctecs should be less han two Ui
the square root of the number of duta points Lo avoid Lhe Bunge plicoomei.
However Lthe r.m.s. difference between Lhe meausred values and Lhe caloulaled
values should be less Lhan Lhe measurcmenl uncertainties. Loslly Lhere io
lillle reasson to ncrease Lhe nuwber ol parameters beyond Lhe poinl Lhat

the ralio of XZ to the number of degrees of Freedom becomes consbant .

Using this procedurc i.'L wus possible Lo oblain o resonable Trl with ten
parameters. A il wilh x2/lJl much smaller than normally required wies aloo
made. This latler (it was used for Lhe second pavamelsizal ton dyseussed
in the next paragraph in order Lo miniize the effecl ol makang o Teasl -

—squares (il Lo a least-squares it The cones. residuals belween the D dd
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culewdated using o Whivly-one parameler it (XZ/UY = 0.098) and Lhe meusurid
Field are given in lable 2. A program which gives bobh field components

as o funclion ol posilion is available. though Lhe result is satisfacluory,

Lhe relalively large ouiber of parameters and the time required for evalualing
the Legendre polynomial series make Lhis procedure unsalisfaclory lor use

in o Lrack reconsbruction program. A technique which is somelimes used tu
overcome Lhis difficully is Lo conslrucl an adequate grid of field valucs

which wre slored us o look-up table.

A differenl approach was used by changing to a one-dimensional fit Lo a
polynomial in ¢ four cach of the thirty-six layers in the ARGUS drifl
chambers. Hhis second parametrization gave a different sel of paramnelers

for cach layer, bul only six or seven paramelers al most for each layer.
fhis reduces Lhe compulalional time to an acceptable level. This sccond

Fit wos wade Lo Lhe Ticld caleulated from Lhe Legendre polynomial serics

for two reasons : Lhe First parametrization Look advanlage of Maxwell's
equat ion and, Lo some extent, corrected the data; furthermore these resull:
can be  eaxlended inlo regions where measuremcnis were not possible, such

as Lhe vertex regilon.

This procedure will obviously give disconlinuilies between layers, bul in
practice Lhis has Lurned oub to be acceptable. The results of this filbiny

procedure and Lhe discontinuily checks are given in fable 2.

For Lhe case ol Tilty percenk compensation the increased inhomagenelly of
the field mode 1t desirable to break the field into several regions for

the (il Lo Lhe Legendre polynomial series. Again the (it was made to the
H[ andl H“ dola simutlancously. A second parametrizalion was made as before,
resulling in aboul five parameters for each drift chanber layer and the
residuals as shown in lable 2. For the fifly percent case in regions ol
high eld gradieot near the compensalion coils, a set of cubic spline

functions have been provided.

For the most inhomogencous case, (100% compensalion) the Legendre LU was
made in one dinension layer by layer, rather than in two dimensions. e
pulyoomial Tl wos then made exactly as in Lhe case of Fifty percenl conpen
sation. Again Uhe nuiber of paramelers was approximalely e for euch
luyer. The resulls aree shown in Table 2. Inoall of the filting procedurcs
for cach compensal ton the ratio of KZ ta the number of degrees ol reedon

has been moch Tess Lhan ani Ly,

I1X. Obher Regions

ln Lhe verbex region no measuremenls were Laken excepl on the 2 s thaedl,
An extrapalation of Lhe Legendre il Lo the z axis yives oot g eemenl

as shown in Table 3. A second pacamclrizabion was done i layers sepovaled
by one cm. he r.n.s. residuals belween the Legendre Dl and Ll polynomial

fit were belween lwo and Five Gauss lor all.

I the shower counter region Lhe ield was determined usiog U NUTUTATET I
field calculation pragram from SLAC. The precision is enbimaled Lo bw appios

imalely 1% in this regioo.

Inside the compensabion cuils the resulls of the NUTERACKLR program e
used Lo establish a grid of Field values which was stared and teepolialed

in two dimensions.

In Lhe case of the shower counler and compensalion coil regrons Lhe aboolute
value of the results of Lhe NUTCRACKLR program were nol ased. Hiee vesalls
of the program were adjusted so as Lo match the pavamclrised Drebd ol Uhe

boundries ol these regilons.
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Ihie: ARLUS Delector
ARGUS Courdinale System
LCompensalion Coil Connections

Mechanical Mounting of Probes
a) Overall view, b) schematic drawing of probe support arws,
¢) end view of one support

Measuring Grid
Magnel izat ton Measurement
Residuals belween uty (measured) and B(p (calculated)

HIJ as o function of z

Measured IiZ field at 0% compensalion

Measured ll[ field at 50% compensalion

Measured Hz field at 100% compensalion

Mensured I8 field at 0% compensalion. Corrected for prabe
misalignment

Measured B field at 50% compensalion. Corrected for probe
misal ignment.
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1. Muon chambers

2. Shower counters

3. Drift chamber

4 Time of flight counters

5. Mini beta quadrupole

6. lIron yoke

7 Solenoid coils

8. Compensation coils (inner )
9 Compensation coils (outer)
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