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j_̂ _ INTRODUCTION

Experiments aL storaye rings frequently involve .large sole-

noid mayiH.'ts foi- momentum analysis of the charged particles

einerging froni colliding beam interactions. Usually the sole-

noid axis is aligned along the beam line in a straight section

in order to nilnimiz« the influence on the circulating beams.

The trajectories of tlie outyoing particles are measured using

wire chamber Systems inside the field region. The momenta of

the individual particles are determined from the curvature of

t ho dppropriate tracks. Titer efore besä de s a liigh spatial accu-

racy of the wlre chambers accurate knowledge of the magnetJc

fleld strength alony the track is needed.

Für the analysts of large numbers of measnred events it is

of vital interest that the field Information is stored in an

easily accessible way which dues not consume much Computer ca-

pacity. These requireraents are best inet by a parametrization

of the field map using only a small number of paramcters.

This problem has been soJved earlier for large bubble chamber

magnets. For the 82-inch HBC at SLAC/1/ two components of the

magnetic field were measured on a three dimensional rectangular

yrid. A least square fit to the data was made using a set of

polynonüals whiuli aatisfy Maxwell' s equations. There were three

rootivations for doiny such a fit. It served äs a check of the

consistency of the measured field data and allowed to obtain

the third component although only two were measured. The fit

finally furnished a rcliable description of the field over the

entire space of the chamber which could be used in track re-

coynitiun protjrams. A similar procedure was reported for the

12-foot bubble chamber at Argonne/2/ and the 2-meter liquid

hydrogen bubbl e chamber/.3 / a t ITEF'-Moscow.

The questton which field cnmponent to measure and which het-

work of space points to clioose was extensively discussed by

H. Wind/4/. Usiny Maxwell's equations he came to the conclusion

that all three field components should be measured but only on

the boundaries of the region within which the knowledge of the

fiold 1s required. The fleid parametrization can then be ob-

tained by fitt.iny these data w.t t h harmonic polynomials.

This method was successfully applied (or t.ho fiold (>a-

rametrization of several ll-inagnets at CERN where the field had

to be known in a region which was essentially a rectangular

box.

A quite opposite approach was made recently at KtlK/5/ for

the field reconstruction of a large aperture spectrometor mayi

After a careful calibration of a three dimensional Hall probe

all three output voltages were measured sinmltaneously at va-

rious points inside the volume of interest. The maynetic fiold

components were then determined point by point by an iterative

method without the use of magnetic field t_>quat ions.

The simultaneous measureinent of three field componenLs is

a difficult task. Small anyular misalignments of the probe can

cause larye errors in the measurements of the minor components.

Such contributions induced from the main componcnt can easily

be äs large äs the small component itself. Corrections of this

effect are difficult and not very reliable especially for laryo

Systems, where the misalignment ntay change with the position of

the probe within the field volume.

Measurements of the main field component are Icss sensitive

to misalignments of the probe. It is however not necessary to

measure the two small components if one makes usu of the power-

ful constraints of Maxwell 's equations. All field components

can then be derived from one scalar potential which satisfios

Laplace1 s equation. As a consequence the knowledge t>f one com-

ponent determines the potential and also tlie other two compo-

nents -

Using this procedure a Daresbury group/6/ parametrlzed the

Cartesian field components of a large spectromeier magnet in

terms of trigonometric and hyperbolic functions- Tlie fit para-

meters for the field components were determined by fitt.ing tlie

expression for the main field to the measurements.

Here we present a similar work which was dom-> for the sole-

noid magnet of the TASSO Detector at the DESY e e -storage ring

PETRA.
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TUe paper is organized äs follows. Section 2 contalns a

short description of the solenoid magnet. In section 3 we re-

pnrt 011 <-tie fielil niapping equipment and on the measurements.

A discussion of the parametrization is given In section 4.

Soiuu useful relattons for Leqendre polynomials are listed

in Appendix A. In Appendix B symmetry proporties of the mag-

netic fjeld in a coil are derived.

2. THE SOLENOID HAGNET

The gross features of thu magnet are shown in Fig.1. The

field is excited by a normal-conduct ing water cooled coil of

440 cm length and an inner diarneter of 271 cm. The conductor

consists of an rectangular aluminium bar 2.94 y 3.64 cnt with

a central bore of 1.17 cm diameter for cooling. Thu coil is

wound in four layers with a total of 336 windi IKJS. The inner

surface and some parts of the outer one are covered witli a

heat shield.

The coil is a seif supporting structure. It. is suspended

to the side yokes Ly two rods connected with the end flanges

on either side. MayneLic flux return is provided by the top

and bottom yokes. The maxiinum excitation current is 52OO A

resulting in a maxiinum field at the cont.er of 0.494 Tesla. Tlie

power consumption amounts to 2.8 MW. A suinmary of tlie technical

data are given in Table 1.

Number of windings

Number of layers

Nuniber of cooling circuits

Conductor width

Conductor height

Conductor central bore

Water pressure

Length of coil

Inner radius of coil

Outer radius of coil

Maxiinum current

Haxlmum voltage

Power consumption

Haximum field strength

336

4

S6

3.64 cm

2.94 cm

1.17 cm

12 bar

44O cm

136.5 cm

146 cm

520O A

t- 55O V

"- 2.85 MW

O.4!>4 T

Table 1.
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The coil was nianufactured by BROWN, BOVER1E fi CIE (BBC)

according to specifications/7/ set by the TASSO groups from

the l. Physikalisches Institut der RWT11 Aachen, the Physika-

lisches Institut der Universität Bonn, and the DESY service

group Bl.

- 6 -

3. FIELD MEASURÜMENTS

3. ] Cgordinate system

As a reference fraine for the measurements we have adopted

the coordinate System wliich is qenerally used Tor the TASSO

detector (Fig.1). This is defined äs follows. The positive:

z-direction is chosen along the nominal o dircction of the

storage ring, The y-axis points vertically upwards porpiMidicu-

lar to the beam line. The x-axis is horizontal and points to

the center of the storage ring. The origin is (.-hosen to be In

the center of the straight section of the PETRA ring.

In the final position the magnet is aligned so that the

beam line runs through the center of the circular holes of the

side yokes and the side yokes are Symmetrie with respect to

the origin. The coil suspensions are adjusted such that the

center line of the coil coincides with the z-axis,

Uuring the field measurements the magnet was positioned

outside the beam area at a distance Ax = 6m . The ineasuring

equipment was aligned to a magnet based system whose axes were

parallel to the beam bnsed system with the origin however in

the center of the magnet yoke.

The magnet has been designed to provide the main field in

the z-direction. Therefore we have large B_ compcments, small

radial components and only a minor azimuthal dependence of the

field. Elence it is adequate to the problem to measure and pa-

rametrize the components of the magnetic field in a cylindrlcal

system äs 1s shown In Fig.2.

3.2 The field mapplng System

The basic requirements which should be nie t by the field niea

suring device are the foJlowing:

1. It should allow to measure the three components B , B , B

simultaneously at accurately defined locations everywhere

inside the coil volume.
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2. After preselection of the step sizes 6z, f>f>, &$ (Fig. 3)

the device should automatically take readings on a three

dimensional cylindrical grid and störe the data on tape.

The System we used was designed, built and tested by DESY

service group Bl . 1t consisted of the positioning device Messraa

III, Interface eiectronics and a FDP 8 Computer. Programming

and maintenance of the FDP 8 was provided by the DESY group F 58.

Tho field sensing probe consisted of a set of three irmtually
2

perpendicular ilal l plates embedded In a 1O*10*8 mm cube äs

shown in Fig.4. Tlie calibration to an accuracy of better than

0.1 % was carried out in a constant homogeneous field using a

NMR magnetometer/8/. The positioning of the probe was accom-

plished by Messma III which is shown in Fig.5.

The basis of Messma Hl is a lathe-type support M) which

was set up outside the magnet near the beam holes of the side

ynkes. On this support a carriage (j) could precisely bo nioved

along the z-direction over a total ränge of Az = 26O cm. A

thick walled aluminium pipe (5) is inounted with one end onto

the carriage such that the other end could extend into the field

voLume. The pipe could be centered along the z-axis by set

screws (T) ander the maln support. A radial arm (?) was connected

to the front end of the pipo, whose azimuthal position could

be chanqed from outside by rotation of the pipe.

. The Hall probe was inounted on a little carriage which could

bo pulled forth and back along the radial arm. The movement of

the probe carriage, Lhe rotation of the radial arm and the dis-

placement along the z-direction were accomplished remotely by

step motors.

The rankes along the three coordinates inside the coil volunie

were

A z = 225 cm

Ap = 13O cm

A4> 3fiO°

The positioning could be done to an accuracy of ,0.1 mm in z,

0.2 nun in p and 2,5 mrad in $ .

The precise alignnient of the device was carried out by the sur-

vey group of the DESY Ilallendienst.

The voltages and the current of the Hai l probes, the probe

position coordinates and the magnet euerents were measured and

sequentially displayed by the DVM of the on-line eiectronics.

The readings were immediately written into the mcinory of the

PDP 8 on-line Computer and afterwards transferred to DEC tapes.

For an easy monitoring of the mapping procedure the last 16O

measurements were displayed on the TRT t.erminal. By means

of a multiplexer Interface the DEC tape Contents could be trans-

ferred to the disk of the IBM 37O/168 system in Lhe Computer

center of the I.aboratory and therefrom dumped to magnetic tape.

A block diagram of the data flow is shown in Fig.6.

3.3 Measurement program

In order to study the behaviour of Lhe magnet we first mea-

sured excitatlon curves at the center of the coil and at some

other locations where Saturation effects should show up inost

strongly. The magnetic field äs a funcLion of the magnet cur-

rent turned out to be linear up to the maximum cxcitation of

5200 A (Fig.7). This result implies that only a field map at

maximum excitation is needed for the knowledge of thn field

at all possibla conditions. Nevertheless we made an additional

measurement at a medium excitation however with less dense

spacings of the measurements. Step sizes and the nuinber of

measurements for the two sets are ijiven in Table 3.1.

Magnet currenl

52OO A

2OOO A

6z (cm)

10

15

fip (cm)

10

10

ö't> (°) Ho of points

15 18 UOO

30 5 800

Table 3. 1
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The determination of a coniplete field map was complicated by

the facL that t he z-displacement of t he mapping device inside

the magnet was limlted to a ränge of 225 cm whereas measure-

rnerits in the ränge -220 cm < z < 22O cm were needed.

In order ho cover tlie total coi l volunie the MESSMA had to

be get up on botli sides of the magnet to measure the two halves

of tiio field volunie seperately. An overlap of the two sets of

about 20 cm in the center region gave sufficient Information

For consistency ehecks and alignment corrections.

The measuring device could not be aligned such that the

grids of the two measurenterits coincide. Before parametrization

of the field wit.hin the total coil volume a norraalization of

the l.wu sets to a common grid was needed. Ttiis was accomplished

by a spline Interpolation.

For an absolute reference during the course of the measure-

ment a NHR probe was positioned on the center line of the magnet

at z =• J95 cm. Thi s turned out to be very helpful for the

anal ijaniatJon of the two data sets.

3. 'l Data inspectlon and corrections

The data on the disk had to be processed before using them

äs input for the parametr Lzation. The procedure in detail was

äs follows:

1. Format encoding (PDPÖ to IBM).

2. Conversion of the Hall voltages to magnetic field values.

3. Correction of the field deviations caused by fluctuations

of the currents Uirough the hall probe and the magnet.

A. Check of the Hall probe calibration against the readings

of the NMR probe taken during the ineasurements.

5. Three diniunsiona l spline i nterpolat ion of the data in order

to obliiln field values on a grid with equidistant spacings

in z , ii and <|. .

it turned out that the inain corrections were due to the

f luntnations uf t ho mag m; L current; during the ineasuring period

- 1O -

the power supply was still in a test statt; in which short time

fluctuations äs well äs long time drifts occured.

3.5 Field results

The general behaviour of thti majn field coinponunt. U. insidu

the coil volume is illustrated by the three diinonsional histo-

gram in Fig. 6. The radial dopündence of B at varions •£ values

is plotted in Fig. 9 . Measutfements aloug tlie x-direction (solid

line) and the y-direction (dashed line) are coinpared to demon-

strate the minimal azimuthal dependence which shows tip only at

large radii. The curves are drawn by eye. Flg. 1O arid Fig. 11

show the maln field along the center iine of tlm magnet at

52OO A and 2OOO A excitation current. Tlie extension of the drift

chainber volunie is indicated äs well.

Further examples of the z-dependerice of B at. laryur radii

and different 1(1 values are given in Fig. 12 and Fig. 13 . Tlie

radial component B in the x- z -plane i s sliown äs a f itncL ion of

z in Fig. 14 at p = 3O cm and In Fig. 15 aL p <=- 1OO cm and äs a

function of p at z =2OO cm In Fig. 16 .

Frequency distrlbutions of all ineasureJ values oi: tlie threo

different field components are plotted in Fig. 17. A summary

of the mal n features of the field and sonte special values t or

52OO A are given in Table 3.2.

B at the center

B on the axis at z = I V o cm
(posltion of the PC end flange)

B on Ihe axis at z = 22O cm
(near side yoke)

Radial Variation of B_, at z - O

Radial Variation of B at z ~- 17O cm

Max. Variation of B. with i n ÜC vuiumts

Azimuthai Variation of B

Maximuni B •

Haximum B

T.ible 3.2

ü.493 T

Ü.465 T

O. 2'JO 'l1

O. H V.

•l . O Y,

6 .(> t

0- 2 t

0.1 T

O.OUfi T



4 . PARAMETRIZATIOH

4 .

In a st.atic magnetic field outside t he windings of the coil

Haxwall 's equations are reduced to

,Hv ß = 0

r o t 6 = 0 .

Under thuse condit.ions the magnetic field B can be derived from

a scalar potenlial V

n - -g r ad V

which satisfies Laplace's equation

AV - 0 .

In sphertcal coordinates (r, t),,).) a solution which is regulär

at the oriijin is given by/V

V ( r , 0 , < H = 1 1 < a i c o s mi|> + b ]m sin m<j i ) r P ™ ( c o s 9 ) (4 .1)
l=o m=o

The associated I.egendre polynomials/1Q/ P, (cos6) = P, (x)

f o r m an orthonormal system sat is fying the orthogonality rela-

t ions

* / yy \> / ^ l ^ V — _. ._ S "*- '"f __

1 ( X ) P1- U)dX ~ 21+1 ( 1 - m ) i
,

14

-1

Fr oni

- -grad V
3V 13V 1 . 3 V

we obtain eas i ly the spherical components of the magnet ic field

- 12 -

= ~ J! I (a, cos mij) + b, s i n n u j ) ) Ir P , ( c o s f 5 )

l — l l m
+ T y (a. cos ni(|t -t- b, s i n m J . ) r sin U T -n- P, (cosB)i ii t Im Im d cos u l

1-1

,1=1 m= 1
- b^cos (cos« t . ( 4 . 3 )

The coiuponents of the f ield in a cy l indr ica l sys tom ( 2 , 1 1 , 1 ( 1 )

can be calculated from ( 4 . 3 ) by appropriato vcctor addi t ion

through

B = B cos 0 - B,.sin 6
z r 0

B = B Sin 6 + B.cos 0
P r

or directly from

B ( z , p , * ) - -1^ , ^ , »^

1=1 m=o
b j S i n n u J i ) r (l-t-m)I'!!1 1 (cosB)

l l ( a c o s m,(> +
1-1

1=1 m=o

1=1 m

lm

1-1
m < t > ) ( 4 . 4 )

The potential and the three f i e l d coiuponents are dotermined

by the same expansion paranieters a, , b, . Thua a Cit to one

field component e.g. B provides a parametr izat ion of all



- 13 -

three componu 111s and tha potential äs well.

The above relalions simplify considerably tf the shape of

the fleld moets certain symmetry conditions.

:JI . 1 Rot a t ional

If the magnetic field shows rotational syminetry (äs we ex-

pect for an ideal coil) all coef f icients a, , b, vanish ex-
Im Im

cept the alQ = a ̂  . This leads to a potential

V(r,8) a1 r P (cos*) (4.5)

For m - O the associated Legendre polynomials are reduced to

the "Standard" Leqendre poynomlals (A. 4) . For tlie spherical

field components we obtain in this case

l - ' r ,l a, r P, (cost!)

1-1
(4.6)

and for the cylindrical components by using (A.3) we get

Bz = - l (l+1)al+1rlp (cosO)
l=o

% - + £ VHrlsin°dcfsl) P1(COS9> (4'7)

4.1.2 Rotat ional^ a n d H i dp l a n e sy mme t ry

If tlie origin of the coordinate systera is located in the

center of an ideal coil WG have symmotry witli respect to re-

flections at L he mitplane in addition to rotational symmetry.

In this case only odd coefficients a contributo Ln the

coinpone n t s (Appe nd i x B)

1=0

- 1
1=0

21
21 . __

(4

__ - . --- , ,
d cos 0 2 Hl

Mhlle the spherical components contain only turtns wj t h odd po

lynomials the cylindrical components are innde up of even onea.

1=0

(4.9)

1. 2 Flttincj procedure

Fittiny the field map by a series expansdun was notivaLed

by the need of a parametrization whiuli allows to calcnlatu Lhu

fleld fast and accurately enougli to be used in track finding

programs. This implies that tlie fleld components B , n , n

must be described by a small number öl terms. In addition thu

X per degree of freedom must be small to ensurc a nfjliqible

fit error in comparison to measureniGnt nncerta i nly of O.OO1Ü

Tesla.

To find an optimal solution the fjttiny of BZ was done suc-

cessively with the three different assumptions

a) rotational and nudplane syimuelry

b) rotational synunetry only

c) no symmetry.

For t rack f i nd iny , onl y t l i<; f io Id J i i i f i t l n l.In- t i r i L" l c lu iml ier

volume must be known. Thera fore t. wo ü i f ! :uronl. f i i s wero car t i t i

o u t . One covered the f i e l d in t he rancjc of t ho d r i J ' t ch.imher

-170 cm ?„ z < 17O cm and the other waa exl uiulcHl ovr:r the com-

plete sei. of measur«inf- 'nt .s w i L h i n -220 cm < z i -^20 cm .
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•l .3 Fit

The above described procedure sliüwed t he following results:

a) If we assume botli rotational and midplaue synunetry (4.5)

we cannot obtain a satisfactory parametrization of t he mea-

sured data. This is caused by tlie fact that the field is

not Symmetrie with respect to the origin of the chosen co-

ordinale System.

h) Under the assumption of just rotational synunetry (4.4) the

field is already described with high precision. Inside

the drifL chambor volume a B fit with 8 parameters met

the requirements almost perfectly. When asking for a des-

cription of the total data set however 25 parameters were

needed . This increase in the number of coef f ici ents i s

caused by the strenger inhomogenelties which appear near the

side yokes.

c) Using the complete field expressiona (4.3) without symmetry

restrictions no improvernent of the fit was observed . This

can be explalned by the fant that the azimuthal Variation

of the field is of the same order (O- 2%) äs the uncertain-

ttes of the measurements.

The deviations of the 8 parameter fit from the nieasured va-

lues of t hü niain field component B are plotted in Fig. 18. Using

t-he parameters from this fit to the niain field the corresponding

11 component s were calculated. The deviations of these predic-

tions from the measured B values are shown in Fig. 19. There

is yood agreement in tlie general behaviour of B . The overall

shift of abont 0.002 Tesla indicates slight raisalignments of

Lhe Hall probe which leaJ to mismeasurements of the small com-

punent äs already pointed out in chapter 1.

In Fig. 2O and Fig. 21 measurements of B arc plotted äs a

function of z and compared with the 8 paramuter fit. The radial

dependence of H at the center and also near the end f lange of

the drift Chamber is shown in Fig. 22 and Fig. 23 toyether

with the fit curves. 'i'iie prediction of the fit for the radial

field B are couinarcd wif.h a nieasured radial, dependence in
P

- 16 -

Fig. 24 and with measuremenLs of B äs a function of z in Fig. 25.

Similar comparisons between the 25 parameter fit and the

data are shown in Fig. 26 to Fig. 29 . Statistical figures of

the different fits are listed in Table 4.3. The reader should

keep in raind that

- input for the 8 parameter fits are only the data points havinq

|zl < 170 cm. It is therefore not surprising that deviations

for |z| > 17O cm occure,

- the figures display only the field B. in small parLs of the

total fitted volume. I.ocal disagreements do not prove an

overall systematic deviation between fit and measurements.

- in all plots which show the radial component B the ineasure-

ments are compared with predictions for B obtained from the

fits to B . The existing systematic deviations are dun to the

inaccuracy of the measurements of the small componont B which

has been already discussed in chapter 1.

In the presented procedure only the inoasurnd B. values de-

termine the parametrization of the field. Tlie nieasLiruincnts of

the small components were only used for qualitative consistency

checks.

High
Field

Low
Field

magnet
current

5200 A

20OO A

fitted
volume

drift
chamber

1 zl äl 7O cm

Iz I<22O cm

drift
chamber

tzl <17O cm

lz|<220 cm

no.of dcg.
of freedom

1 10OO
.

1 5OOO

Hooo

—

150OO

no.of fit
parameter

8

25

8

25

assüined data error = O.OO15 'i'esla

0. 16

0.9

0.7

4.3
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. _3. 1 Numerical values of __f it_ parameters

The coefficients for the fits to the drift chamber subvolume

(B Parameters) and to the entire measured volume (25 parameters)

are listed In Table 4.3.1. The values are given for the high

field and the low field measurements respectively.

The corresponding fit functlons

B = - l (1 + Da, r1 P (cos6)
z l=o l+1 l

r sine P^cosB)

were already discussed in chapter 4.1.1. For practical reasons

the radius r has to be inserted in units of 200 cm. The norma-

:>n of the Legendre polynomials is given In (4.2).

AU
A I
A 2
AI
A4
Ab
Aü
A 7
A4
A ^
A I O
A I 1
A 12
A l l
AU
A 1 5
A 1 u
A i /
A | t)
Ar»
A 2 0
A2 |
122
A 2 3
A 2 4
A J<,

L O W

H P A W A M E T E R
F 1 T

-0 l t Ö & l ) f * 0 0
0 212 1 IE -03

-0 791 I8E -03
0 5Ü125E-02
0 2 2 4 4 4 E - 0 3
0 1 7 7 9 6 E - 0 2

-0 2 12 14E -03
-0 50254E -03

0 1 3 3 4 ^ t - 0 3

F ! t l D
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4.3.2 User routlnes

Two user routines FLDPAR and FLDHAP have been provided for

use In track finding programs.

FLDPAR returns the three field components at a given input

space point and magnet current. The CPU-time needed by FLDPAR

on the IBM 370/168 Computer ia about 3OOys for points inslde

the drift chamber volume and 8OO ys for points beyond. A three

dimenaional Interpolation of a stored field map would consume

the same amount of CPU-time. So, by the use of FLDPAR the oucu-

pation of large arraya for storing a field map can be avolded

without any loss of speed.

In addition the routine FLÜMAP has been prepared for setting

up a map of the solenoid field. The extent and also the Step

sizes in z,p and * of the grid on which the components of the

field are calculated can be individually specified by the user.

4.4 Errora

The measuremerit error is given by the resolution of the

Hall probe system and the alignment uncertainties of the mea-

suring device. Since the second source dominates we determined

the total measurement error from the deviation of the Hall probe

reading from the reference NMR at the same position. This re-

sults in an uncertainty of AB /B = O.3%.

The obtained X2 per degree of freedom (Tab. 4.3) and the

comparison of fit and data in Fig.20-29 show that no additional

uncertainty contribution from the parametrization procedure has

to be taken Into account. Exactly speaking, the quoted error

of the measurements may even be overestimated. We nevertheless

quote an upper limlt of O.3% since the direct comparison of the

NHR reading to the measurement at the same point does account

for systematic uncertainties whereas the fit does not.

The measurements of the minor components B can be strongly

modified by slight misalignments of the probe äs already

mentioned In chapter 1. For this reason B was calculated

from the parametrization of the main field. Therefore we can
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aqsume foc B the samo relative uncertainty äs for B .
(l Z

The best fit results for the pararaetrization were obtained

inider the assumption of rotational symmetry of the field. Thls

inijjlies that B = O throuyhout the entire magnet volume. An

indlcation of the uncertainty of B can be obtained from the

measurcd Erequency üistribution of B in Fig. 17. The width of

the distribution is mainly caused by the alignment uncertain-

ties. The displacement oE the mean value indicates that B de-

viates at maximuni O.OO2 T from zero.

In summary we can conclude the following total uncertain-

ties

AB / D < 0. J %

Aü / ß < 0. 3 %

AH, -= O±O.O02 Tesla
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Für tlie sake of the readers convenience we recall some pro-

perties of the Legendre polynomial s/10/ .

Ley e ndre_Po ly nomi aJ_s 1

2" n l dx'

The poJynoniials of lowest deyree are

P 0 (x ) = l

P, ( x ) = x

P . ( x ) ^ s (35x 4 -30x 2 +3)
1 a

i
5

P r ( x ) = g { f > 3 x 5 - 7 0 x J l l 5 x )

6 ' " ' 16

7 16

T28P Q ( x ) - T-~{6435x8-12012x6+6930x4-1260x2

The p (x) obey the relations

1„ , .
(A .1 )

( A . 2 )

(x) - ( A . 3 )

AssociaJLüd I.ecjcnJre Polynonüa ls

d
nmO ---= P, U)

dxm '

22 -

In particular we liave for x = cos 9

p j (x ) = (1-x2)2 = s inH

= 3sin 6 ; P ( x ) = 3sin20

= s i n f l ( 5 x - 1 ) ; = 1 5 a i n f l ;

For m = O the P , ( x ) are reduced to tho "sLnndard" Leycndre

polynoniials

" (x ) = P 1 (x ) . ( A . 4 )
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(U x_B

The following derivations are carried out for the cylindri-

cal compunents. S i in i l a L- con s iderat ions hold for the spherical

ease.

If rotationa] symmctry relativ to the z-axis exists the

field compononts are cjJven by Eq. (4.4).

B., ( r , 0 ) - - r1 P (cosQ)

B p f r , 0 )

L=o

1=0
sinö ^ P,tcosfl) .d cos 6 l

If the origin of the coordinate system is located in the center

of an ideal coil and the coil axls coincides with the z-axis

then only ternis with ev«n l appear in the field parametrization.

COIL

Symrnutry re la t ive t.o the origin ret juJres for the

a) ^-c

D ( d , 0 ) = R ( d , 7 r - f l )
z ^

w l i l t - h i iuplies

- 24 -

P L U )

1) P1(x) = p ( -x )since

only ternis wi t.h even l can con l r ibu te .

b) p-comp^onent

B ( d , ß ) = -B ( d , n - t n
P t>

sinOP' (x) = -sin(n-(j) P| (-x)

sincc

and

= P] ( - x )

again follows that only ternis w i t h even l s i i rv lve .

Tlius

Bz = -l ( 2 l f 1 ) a r21 P (cosO)
i=o

1=0
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Fiij. 21 z-dependence of t ho moasuremcnts of B. at p = 5O cm
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f i e l d H (solid l inc) coinpar(=d w i t l i the measuied radial
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F i < j . 2 8 Measurerl rad ia l dependence of B at z = 150 cm and

$ = 18O° compared w i t h the 25 parameter fit (solid l ine)
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