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F1ELD MEASUREMENT AND PARAMETRIZATION OF THE

TASSO SOLENOLD MAGNET

by

II. M. Fischer and N. Wermes

Physikalisches Institut der Universitdt Bonn

ABSTRACT

Measurements of the main field component taken at regularly
spaced points on concentric cylinders were used to parametrize
the field inside the TASSO solenoid magnet. The three components
are given in terms of legendre polynomials. In the subvolume
which is filled with tracking chambers an accuracy of 0.4 ¢ was
achiceved by an 8 parameter fit. The entire field volume is re-

produced by a 25 paramcter flt,
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1. INTRODUCTION

Experiments at storage rings frequently involve large sole-
foid magnets for momentum analysis of the charged particles
emerging from colliding beam interactions. Usually the sole-
noid axis is aligned along the beam line in a straight section
in order to minimize the influence on the circulating beams.
The trajectories of the outyolng particles are measured using
wire chamber systems inside the field region. The momenta of
the individual particles are determined from the curvature of
the appropriate tracks. Therefore besides a high spatial accu-
racy of the wire chambers accurate knowledge of the magnetic
field strength along the track is needed.

For the analysis of large numbers of measured events it is
of vital interest that the field information is stored in an
easily accessible way which does not consume much computer ca-
pacity. These requirements are best met by a parametrization
of the field map using only a small number of parameters.

This problem has been solved earlier for large bubble chamber
magnets. For the 82-inch HBC at SLAC/1/ Lwo components of the
magnetic field were measured on a three dimensional rectangular
grid. A least square fit to the data was made using a set of
polynomials which satisfy Maxwell's equations. There were three
motivations for doing such a fit. It served as a check of the
consistency of the measured fleld data and allowed to obtain
the third component although only two were measured. The fit
finally furnished a reliable description of the field over the
entire space of the chamber which could be used in track re-
cognition programs. A similar procedure was reported for the
12-foot bubble chamber at Argonne/2/ and the 2-meter liquid
hydrogen bubble chamber/3/ at ITEF-Moscow.

The question which fleld component to measure and which het-
work of space points to choose was extensively discussed by
H. Wind/4/. Using Maxwell's equations he came to the conclusion
that all three field components should be measured but only on
the boundarles of the region within which the knowledge of the
field is required. The fleld parametrization can then be ob-

tained by fitting these data with harmonic polynomials,

This method was successfully applied for the ficld pa-
rametrization of several H-magnets at CERN where the Fleld had
to be known in a region which was essentially a rectangular
box.

A quite opposite approach was made recently at KEK/5/ for
the field reconstruction of a large aperture spectrometer magnet.
After a careful calibration of a three dimensional Hall probe
all three output voltages were measured simultaneously at va-
rious points Inside the volume of interest. The magnetic field
components were then determined point by point by an iterative
method without the use of magnetic field equations.

The simultaneous measurement of three field components is

a difficult task. Small angular misalianments of the probe can
cause large errors in the measurements of the minor components.
Such contributions induced from the main component can easily
be as large as the small component itself. Corrections of this
effect are difficult and not very reliable especially for large
systems, where the misalignment may change with the position of
the probe within the field volume.

Measurements of the main field component are less sensitive
to misalignments of the probe. It is however not necessary Lo
measure the two small components if one makes usec of the power-
ful constraints of Maxwell's equations. All field cowmponents
can then be derived from one scalar potential which satisfies
Laplace's equation. As a consequence the knowledge of one com-
ponent determines the potential and also the other two compo-
nents.

Using this procedure a Daresbury group/6/ paramctrized the
Cartesian field components of a large spectrometer magnet in
terms of trigonometric and hyperbolic functions. The [it para-
meters for the field components were determined by fitting the

expression for the main field to the measurcments.

llere we present a similar work which was done for the sole-
+ -
noid magnet of the TASSO Detector at the DESY e e -staorage ring
PETRA.
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I'he paper is organized as follows. Section 2 contains a
short description of the solenoid magnet. In section 3 we re-
port on the field mapping equipment and on the measurements.

A discussion of the parametrization is given in section 4.

Some useful relations for Legendre polynomials are listed
In Appendix A. In Appendix B symmetry properties of the mag-

netic field in a coil are derived.

- - - - - - - - - - - - - - - - W

2. THE SOLENOID MAGNET

The gross features of the magnet are shown in Fig.1. The
field is excited by a normal-conducting water cooled coil of
440 cm length and an inner diameter of 273 cm. The conductor
consists of an rectangular aluminium bar 2.94 » 3.64 cm2 with
a central bore of 1.17 cm diameter for cooling. The coil is
wound in four layers with a total of 336 windings. The inner
surface and some parts of the outer one are covered wilh a
heat shield.

The coil is a self supporting structure. It is suspended
to the side yokes Ly two rods connected with the end flanges
on either side. Magnetic flux return is provided by the top

and bottom yokes. The maximum excitation current is 5200 A

resulting in a maximum field at the center of 0.494 Tesla. The

power consumption amounts to 2.8 MW. A summary of the technical

data are given in Table 1.

Number of windings 336
Number of layers 4
Number of cooling circuits 56
Conductor width 3.64 cm
Conductor height 2.94 cm
Conductor central bore 1.17 cm
Water pressure 12 bar
Length of coil 440 cm
Inner radius of coil 136.5 cm
Outer radius of coil 146 cm
Maximum current 5200 A
Maximum voltage “ 550 v
Power consumption vo2.85 MW
Maximum field strength 0.494 71

Table 1.




The coil was manufactured by BROWN, BOVERIE & CIE (BBC)
according to specifications/7/ set by the TASSO groups from
the T. Physikalisches Institut der RWTH Aachen, the Physika-
lisches Institut der Universitit Bonn, and the DESY service
group B1.

3. FIELD MEASUREMENTS

3.1 Coordinate system

As a reference frame for the measurements we have adopted
the coordinate system which is generally used for the 'TASSO
detector (Fig.1). This is defined as follows. The positive
z-direction is chosen along the nominal et direction of the
storage ring. The y-axis points vertically upwards perpendicu-
lar to the beam line. The x-axis is horizontal and points to
the center of the storage ring. The origin is chosen 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 symmetric with respect to
the origin. The coil suspensions are adjusted such that the
center line of the coil coincides with the z-axis.

During the field measurements the magnet was positioned
outside the beam area at a distance Ax = 6m . The measuring
equipment was aligned to a magnet based system whose axes were
parallel to the beam based 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 BZ components, small
radial components and only a minor azimuthal dependence of the
field. Hence it is adequate to the problem to measure and pa-
rametrize the components of the magnetic field in a cylindrical

system as is shown in Fig.2.

3.2 The field mapping system

The basic requirements which should be met by the Fleld mea-

suring device are the following:

1. It should allow to measure the three components Bz ,B“ 'Bm

simultaneously at accurately defined locations everywhere

inside the coil volume.
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2. After preselection of the step sizes &z, &p, §¢ (Fig.3)
the device should automatically take readings on a three

dimensional cylindrical grid and store the data on tape.

The system we used was designed, built and tested by DESY
service group Bl. 1t consisted of the positioning device Messma
111, interface electronics and a PDP 8 computer. Programming

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

The field sensing probe consisted of a set of three mutually
perpendicular llall plates embedded in a 10%<10%8 mn2 cube as
shown in Fig.4. The 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 111 which is shown in Fig.5.

The basis of Messma Il1 is a lathe-type support (:) which
was set up outside the magnet near the beam holes of the side
yokes. On thils support a carriage (:) could precisely be moved
along the z-direction over a total range of Az = 260 cm. A
thick walled aluminium pipe () is mounted 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 (E) under the main support. A radial arm (:) was connected
to the front end of the pipe, whose azimuthal position could

be changed from outside by rotation of the pipe.

The Hall probe was mounted on a little carriage which could
be pulled forth and back along the radial arm. The movement of
tLhe probe carriage, the rotation of the radial arm and the dis-
placement along the z-direction were accomplished remotely by
step motors.

The ranges along the three coordinates inside the coil volume

were
Az = 225 cm
Ap = 130 cm
Ay = 360° 2

The positioning could be done to an accuracy of 0.1 mm in z,
0.2 mm in p and 2.5 mrad in ¢.

The precise alignment of the device was carried oul by the sur-
vey group of the DESY lallendienst.

The voltages and the current of the Hall probes, the probe
position coordinates and the magnet currents were neasured and
sequentially displayed by the DVM of the on-line electronics.
The readings were immediately written into the memory of the
PDP B8 on-line computer and afterwards transferred to DEC tapes.
For an easy monitoring of the mapping procedure the last 160
measurements were displayed on the CRT terminal. By means
of a multiplexer interface the DEC tape contents counld be trans-—
ferred to the disk of the IBM 370/168 system in the compuler
center of the Laboratory 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 excitation curves at the center of the coil and at some
other locations where saturation effects should show up most
strongly. The magnetic field as a function of the magnet cur-
rent turned out to be linear up to the maximum excitation of
5200 A (Fig.7). This result implies that only a field map at
maximum excitation is needed for the knowledge of the field
at all possible conditions. Nevertheless we made an additional
measurement at a medium excitation however with less dense
spacings of the measurements. Step sizes and the number of

measurements for the two sets are given in Table 3.1.

Magnet current &z (cm) 6p (cm) Sp (©) No of polints
5200 A 10 10 15 18 000
2000 A 15 10 30 5 800

Table 3.1



The determination of a complete field map was complicated by
the fact that the z-displacement of the mapping device inside
the magnet was limited to a range of 225 cm whereas measure-

ments in the range -220 cm € z £ 220 cm were needed.

In order to cover the total coil volume the MESSMA had to
be set up on both sides of the magnet to measure the two halves
of the field volume seperately. An overlap of the two sets of
about 20 cm in the center region gave sufficient information

for consistency checks and alignment corrections.

The measuring device could not be aligned such that the
grids of the two measurements coincide. Before parametrization
of the field within the total coil volume a normalization of
the Lwo sets to a common grid was needed. This was accomplished

by a spline interpolation.

For an absolute reference during the course of the measure-
ient a NMR probe was positioned on the center line of the magnet
at 'z = 195 cm. This turned out to be very helpful for the

amalgamation of the two data sets.

3.4 Data inspection and corrections

The data on the disk had to be processed before using them
as input for the paramctrization. The procedure in detail was

as follows:

1. Formal encoding (PDP 8 to 1BM).

2. Conversion of the Hall voltages to magnetic field values.
3. Correction of the field deviations caused by fluctuations
of the currents through the hall probe and the magnet.

4. Check of the Hall probe calibration against the readings

of the NMR probe taken during the measurements.

(5,

Three dimensional spline interpolation of the data in order
to obtain field values on a grid with equidistant spacings

in z, p and ¢ .

It turned out that Lhe main corrections were due to the

fluctuations of the magnet current; during the measuring period

the power supply was still in a test state in which short time
fluctuations as well as long time drifts occured.

3.5 Field results

The general behaviour of the main field component u, inslde
the coil volume is illustrated by the three dimensional histo-
gram in Fig. 8. The radial dependence of B, at various z values
is plotted in Fig. 9. Measurements along the x-direction (solid
line) and the y-direction (dashed line) are compared to demon-
strate the minimal azimuthal dependence which shows up only at
large radii. The curves are drawn by eye. Fig. 10 and Fig. 11
show the main fleld along the center line of the maynet at
5200 A and 2000 A excitation current. The extension of the drift
chamber volume is indicated as well.

Further examples of the z-dependence of B, at larger radii
and different ¢ values are given in Fig. 12 and Fig. 13 . The
radial component Bn in the x-z-plane is shown as a function of
z in Fig. 14 at p =30 cm and in Fig. 15 at p =100 cm and as a
function of p at z =200 cm in Fig. 16 .

Frequency distributions of all measured valucs of Lhe Lhree
different field components are plotted in Fig. 17 . A summary
of the main features of the field and some special values for
5200 A are given in Table 3.2.

Bz at the center 0.493 T

B_ on the axis at z =170 cm 0.465 T
(position of the DC end flange)

B_on the axis at z = 220 cm 0.290 17
(near side yoke)

Radial variation of BZ at z = 0 0.8 %

Radial variation of B, at z = 170 cm 4.0 9

Max. variation of B, within DC volume 6.0 %

Azimuthal variation of B, 0.2 %

Maximum u“ . [0} 50 L

Max iwum Ei - - f“lf”f'r-ﬂ
- - Table 3.2
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4. PARAMETRIZATION

4.1 Method

In a static magnetic field outside the windings of the coil

Maxwell's equations are reduced to

o
<
joe]
I
=]

]
0
-
o
I
o

Under these conditions the magnetic field B can be derived from

a scalar potential V
B = -grad V
which satisfies Laplace's equation
AV = 0

In spherical coordinates (r,t,(|) a solution which is regular

at the origin is given by/9/

w 1
. . . : 1.m
Vir,0,4) = 12 Z (a, cosmd + by, Sinmb)r Pl(cos g) (4.1)
=0 m=0
The associated Legendre polynomials/10/ PT(cosB) - PT(x)
form an orthonormal system satisfying the orthogonality rela-
tions
+1
m Jm N 2 (1+m) !
J hj(x“l'(x)dx = 3147 (1=m) 1 611, . (4.2)
-1
From
) __[av 1av 1, v
B(r,0,¢) = -grad V = Ar*rad ’>rsin® 3¢

we obtain easily the spherical components of the magnetic field

@ 1
Br = - X E (almcos my + b]mslnnmm lr1 ]PT(CUSO)
1=1 m=0
® 1 1-1 d m
By = +1£] mzo(almcosnw + bysinmg) r sin 0 g —q P (cos0)
e 3 mrl™! w
B¢ = +1=1 m£1(alm51nlmb - by cos mp) S P (cosh) (4.3)

The components of the field in a cylindrical system (z,t,{)

can be calculated from (4.3) by appropriate veclor addition

through
Bz = Brcos 0 = Businﬁ
Bp = Brsine + BocosO

or directly from

Blz,p,¢4) = - %’ . 5—% ‘
o 1

Bz ) -121 m=0

Bp ) +1£l m=0
o 1

By = -lzl A(alm

1
Z (almc05|mbi-blmsinuw)

1
mr
sin m¢ bmcos mi) Sin

z

19V

1=

0

1
= Pl(cosn)

I (almcos m¢ + blmsin md ) rl-1(l+m)PT_](cosU)

;—im[ (lﬂn)cns(ll’l__l (cosh) —lPll"(oos{u) ]

(4.4)

The potential and the three field components are determined

by the same expansion parameters an ! blm'

Thus a fit to one

field component e.q. Bz provides a parametrization of all
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three components and the potential as well.

The above relations simplify considerably if the shape of

the ficld meets certain symmetry conditions.

4.1.1 Rotational Symmetry

1f the magnetic field shows rotational symmetry (as we ex-
pect for an ideal coil) all coefficients an blm vanish ex-

cept the a = @

10 1 This leads to a potential

w

vir,8) = ] alrl[’](cosw . (4.5)
1=0

For m = O the associated Legendre polynomials are reduced to
the "standard" Legendre poynomials (A.4). For the spherical

field components we obtain in this case

B, = - ) 1alrl-]P1(cosu)
“1=1
B 1-1 d N
[]6 - +l£] alr m Pl(LOBe) (4.6)
= 0

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

v 1
= f (lfl)al*1r Pl(cosn)

=0

=]
1l

Pl(cosﬂ) (4.7)

1 d
tsint gosss

4.1.2 Rotational and Midplane symmetry

If the origin of the coordinate system is located in the
center of an jideal coil we have symmetry with respect to re-

flections at the midplane in addition to rotational symmetry.

"

s B

In this case only odd coefficlents a141 Contribute to the field

components (Appendix B)

pt 21 .
By = < ) (2141)a,, 4 X P2l11(cosﬂ)
1=0
(4.8)
i 2 e r (cosb)
Bg = +12 Ao T dcos 6 21+1
=0

While the spherical components contain only terms with odd po-

lynomials the cylindrical components are made up of even ones,

w

= 21, .
B, = 12 (21+l)a21+]r P,, (cosu)
=0
- (4.9)
_ 21 I - [T )
Bp = + lZoau”r sing dcos i IZJ(LOS“)

4.2 Fitting procedure

Fitting the field map by a series expansion was motivated
by the need of a parametrization which allows Lo calculate Lhe
field fast and accurately enough to be used In track finding
programs. This 1mplies that the fileld components Bz ,Bp ,Bw
must be described by a small number of terms. In addition the
x2 per degree of freedom must be small to ensure a negligible
fit error in comparison to measurement uncertainty of 0.0015
Tesla.

To find an optimal solution the fitting of B, was done suc-—

cessively with the three different assumptions

a) rotational and midplane symmetry
b) rotational symmetry only

c) no symmetry.

For track finding, only the field inside the drift chamber
volume must be known. Thercfore two different (its were carried
out. One covered the field in Lhe range of Lhe drift chamber
=170 em £ z = 170 cm and the other was extended over Lhe com-

plete set of measuremcnts within =220 cm < 2z < =220 cm .




4.3 Fit results

The above described procedure showed the following results:

a) If we assume both rotational and midplane symmetry (4.5)
we cannot obtain a satisfactory parametrization of the mea-
sured data. This is caused by the fact that the field is
not symmetric with respect to the origin of the chosen co-

ordinate system.

b) Under the assumption of just rotational symmetry (4.4) the
field is already described with high precision. Inside
the drift chamber volume a BZ 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 coefficients is
caused by the stronger inhomogeneities which appear near the
side yokes.

c) Using the complete field expressions (4.3) without symmetry
restrictions no improvement of the fit was observed. This
can be explained by the fact that the azimuthal variation
of the field is of the same order (0.2%) as the uncertain-

ties of the measurements.

The deviations of the B parameter fit from the measured va-
lues of the main field component Bzéwc plotted in Fig. 18. Using
the parameters from this fit to the main field the corresponding
n“ components were calculated. The deviations of these predic-
tions from the measured B[ values are shown in Fig. 19. There
is good agreement in the general behaviour of B . The overall
shift of about 0.002 Tesla indicates slight mlsalignments of
the Hall probe which lead to mismeasurements of the small com-
ponent as already pointed out in chapter 1.

In Fig. 20 and Fig. 21 measurements of B, are plotted as a
function of z and compared with the 8 parameter fit. The radial
dependence of uz at the center and also near the end flange of
the drift chamber is shown in Fig. 22 and Fig. 23 together
with the fit curves. The prediction of the fit for the radial

field B7 are compared wilth a measured radial dependence in
[

Fig. 24 and with measurements of B“ as 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 fiqures of
the different fits are listed in Table 4.3, The reader should
keep in mind that
- input for the 8 parameter fits are only the data points having
Izl < 170 em. It is therefore not surprising that deviatlons
for Izl > 170 cm occure.

- the figures display only the field Bz in small parts of the
total fitted volume. Local disagreements do not prove an

overall systematic deviation between fit and neasurements.

= in all plots which show the radial component Bn the measure-
ments are compared with predictions for B obtained from the
fits to B The existing systematic deviations are due to the
lnaccuracy of the measurements of the small component B which

has been already discussed in chapter 1.

In the presented procedure only the measured B values de-
termine the parametrization of the field. The meahurnmeuts of

the small components were only used for gualitative consistency

checks.
magnet fitted no.of deq.| no.of fit /NF
current volume of freedom| parameter X
drift
chamber 11000 8 0.16
lzI<170 em |.
High
Field 5200 A o SR, | S——
121220 cm 15000 25 0.9
drift
chamber 11000 8 0.1
121170 cm
Low S ssa — ] V—|
Field 2000:A
121220 cm 15000 J 25 0.7
assumed data error = 0.0015 Jesla

Table 4.3



4.3.1 Numerical values of the fit parameters

The coefficients for the fits to the drift chamber subvolume
(8 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 functions

o
]

—1£0(1+1)a1+’

7 1 a
+1£0a1+l r sind dcos0 Pl (cosh)

rlpl(cose)

were already discussed in chapter 4.1.1. For practical reasons

the radius r has to be inserted in units of 200 cm.
lization of the Legendre polynomials

The norma-

is given in (4.2).

L Ow FITELD H1GH F1ELD
H PARAMETER 25 PAKRAME TER 8 PARAMETER 25 PARAMETER
F FIT FIT FIT

AU -0+ 1EB50E400 -0.18B50E+00 -0.49307E+00 ~0.,49307E+00
Al 0.21211E-03 0.20186E-03 0.1787¢E-03 0.95201E-04
A2 ~0.79118E-03 -0.88224E-03 -0.21762E-02 ~0.24993E-02
A3 0.50125E-02 0.60854E-02 0.12520E-01 0.16286E-01
A4 0.22444E-03 0.409B4E=-03 0.4B626E-03 0.10482E-02
AH 0.17796E-02 0.25914E-02 0.49970E-02 0.68600E-02
AG -~0.21214E-03 -0.B19¢3E-03 -0.46109E-03 ~0.19673E-02
A7 -0.50254E-03 -0.22846E-02 -0.14837E-02 ~0.51462E-02
AR 0.13349E-03 0.15660E-02 0.26326E-03 0.36104E-02
A9 0.75850E~-02 0.20158E=01
AlLOD -0.3053BE-02 -0.66131E-02
All ~0.22699E=-01 -0.65135E=01
Al2 0.53341E-02 0.77519E-02
ALS 0.49632E-01 0.14396E+00
Al4 -0.74492E-02 -0.86107E-02
AlS ~0.74926E=01 ~0.21889E+00
Alo 0.7777BE=-02 0.73684E-02
ALT 0.87543E~01 0.25334L 400
ALY ~0.60291E-02 -~0.47732E-02
ALQ -0.72903E-01 -0.20880L+00
A20 0.33%37€-02 0.23913E-02
ACl 0.43773E-01 0.12376E400
A22 “0.12704E-02 -0.8B5B8B4E-03
A23 ~0.16752E=-01 ~0.46001E-01
A24 0.26397E~-01] 0.17076E~-0)
Ao%, 0. 37204F-02 0.10210E-01

Table 4.3.1
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4.3.2 User routines

Two user routines FLDPAR and FLDMAP 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 is about 300ps for points inside
the drift chamber volume and 800 us for points beyond. A three
dimensional interpolation of a stored field map would consume
the same amount of CPU-time. So, by the use of FLDPAR the occu-
pation of large arrays for storing a field map can be avoided
without any loss of speed.

In addition the routine FLDMAP 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 Errors

The measurement 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 ABZ/Bz = 0.3%.

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 limit of 0.3% since the direct comparlson of the
NMR 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

p
modified by slight misalignments of the probe as

mentioned in chapter 1. For this reason BD

already
was calculated
from the parametrization of the main field. Therefore we can



assume for B” the same relative uncertainty as for Bz'

The best fit results for the parametrization were obtained
under the assumption of rotational symmetry of the field. This
implies that B¢ = 0 throughout the entire magnet volume. An
indication of the uncertainty of B¢ can be obtained from the
measured frequency distribution of B¢ in Fig. 17. The width of
the distribution is mainly caused by the alignment uncertain-
ties. The displacement of the mean value indicates that B¢ de-
viates at maximum 0.002 T from zero.

In summary we can conclude the following total uncertain-

ties

l\Bz/lJz <0.3%

A
o
w
o

ABP /B“ <

AB, = 0%0.002 Tesla
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Appendix A

For the sake of the readers convenience we recall some pro-
perties of the Legendre polynomials/10/.

n
1 d
- < (x%-)
2 n! dx

Legendre Polynomials P o(x) =

The polynomials of lowest degree are

Po(x) =1
Pl(x) = X

P,(x) = %(sz—l)

2
Pylx) = 2(5x7-3x)

Py(x) = g(35x*-30x%43)
P (x) = J(63x°-70%>+15x)

Pe(x) = 7c(231x8-315x " 105x2-5)

(x) = 7-(429x"-693x°4315x - 35x)

-

(x) = ﬁa(6435x8—|2012x°+6930x"-1260x2+35)

The Pn(x) obey the relations
P=x) = (-1'p (%) (A1)
1 1 .

==

Pl (=x) 0" Ter o (A.2)

(-x*) ey (x) = L(xP) 4 (x) =P (x)) (A.3)

Associated legendre Polynomials

m
P = suls 4o p (k)
dx

= 99 =

In particular we have for x = cos

i

Plx) = (1-x)2 = sing
P;(x) = 3sin b ; Pg(x) = 351n20
P;(x) = % sin 9(5x2—1) ; Pg = ISslnzn ; Pi(x) - lSsin’O

For m =0 the PT(x) are reduced to the "standard" Legendre

polynomials

P?(x) = Py(x) . (A.4)
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Appendix B

The following derivations are carried out for the cylindri-
cal components. Similar considerations hold for the spherical
case.

1f rotational symmetry relativ to the z-axis exists the

field components are given by Eq. (4.4).

v 1
B,(r,6) = ~1E (1ol)aIH r’ P, (cosd)
=0
- = 1 d
B (r,0) = 41£0a1*‘ r sinb o oo P (cose) .

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

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

then only terms with even 1 appear in the field parametrization.

z
:

coiL ——

AN \A'AN YW |

A Y ST AR AT Y Y Y
m)
~N

|ANE AV AN AN AN

Symmetry relative Lo the origin requires for the
a) z-component
Bz(d’”) = l!z(d,u-ﬂ)

which inplies

Py(x) = P (=x)
1
since (-1) Pl(x) =i Pil=R)
only terms with even 1 can contribute.

b) p-component
B“(d.ﬂ) = —Bp(d,"-n)
sinUPi(x) = —sin(n-h)Pi(—x)
since
sinfh = sin(n-0)
and

1_
(=1) Il'i(x) = Pi(—x)

again follows that only terms with cven 1 survive.

Thus
= -m -21 ~ o3
B, 12 (2141)a,, . " Py, (cos0)
=0
s @1 21 d__
Bp ‘l£032]*| E sin0 d cos () pZI(COSU) :
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