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FPIFLD ERRORS IN THE BOOSTER BENDING MAGNETS

AND QUADRUPQLES AND POSSIBLE COMPENSATION METHODS

M. Giesch

Summary

Besides gtatistical errors given by the variation of
magnetic éharaeteristica of the steel supply and mechanical
tolenaﬁéés.of the iron cores and coils, systematic errors are
caused ﬁithin individual units by the special gecmetry of the
Booster'bénding magnets and guadrupoles. An estimate of these
errors for'differenf types of steel has already been given
previously (1). I'm the meantime a choice 5f the steel for
the protoiype bending magnet and guadrupole was made and
a'mofe détailed study of different errors and compensation

methods has been done, which are summarized in this report,
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L. INTRODUCTION

Tight tolerances are imposed on the field variation of
the Booster bending magnets and guadrupoles, The relative field
error over the useful aperture in all bending magnets and quadrupoles

is given to

-4

<AB/Bs rms g 5 10 for the bending magnets

<bAg/g > rms ¢ 2 1072 for the gquadrupoles,

=

A careful selection of commercially avallable steel, with
Tow COGTOlVlty, hlgh permeablllty for the induction range, small
variation of these parametero and adequate Specxflcatlons of
mechanical tolerances for the core fabrlcatlon are neces&ary, in
order to obtain the requlred field precision. When this cannot
be met by these requirements nlone, simple coﬁpensation methods

have to be employed.

‘Aiignmenf'errors'for magnets and quadrupoles} ﬁhiéh can
normaliy'be treatedléeparately, have also to be taken into accouny
for the core éesign and'may cause additional errors. This is due
to the special Booster gecmetry, which does noi allow an individual
alignment of the four vertically combined bending maghet and

guadrupole units.

A cross sectional view of the bending magnets and quadrupoles
is shown in fig. 1 and fig. 2. The iron cores are laminated and
nade from 1 mm thick electro-graded silicon steel sheet with magnetic
characteristics as given in fig. 3. Since gilicen steel hasg always

some orientation the values refer toe measurements on CERN standard
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ring samples, in which the individual rings are piled such that their
relative orientation in respect to the rolling direction is maintained.
The magnets and quadrupcles are series connected. A pulsed excitation

current is used, having a rise time of C.6 s and a flat ftop of 0.08 sec,

In the following, it is distinguished between statistical
errors which are related fc the entire magnet system and systematic
errors related to individuasl units. Only the specified steel

characterisiics are used for the calculations.

2. STATISTICAL, ERZORS

Statistical errors affect the integral field from block to
block, giving a variation of bending power for the 33 bending magnetl
unites and of gradient power for the 17/33 guadrupole units. They
are caused by the mechanical tolerances of the core dimensicns and

by the spread of the magnetic characteristics of the steel supply.

2.1 Mechanicel tolerances of the iron cores and coils

The tolerances of core length and aperture épecified for the
prototype bending mognet and guadrupole are listed in Tablesl and 2,
together with the resulting integrali field errors. Frrors, due to a
variation of the coil length, are small for the specified tolerances
and can be neglected. The positioning of the coil within the

aperture is however rather critical (see para. 3).

Tolerances related to the relative position of the four
apertures within one unit are only critical for the guadrupcles.
The tolierance for spacing of quadrupole centres was specified to
: 0.04 mm, The resulting error on the closed orbii is given

in ref, 2.
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2.2 Variation of magnetic characteristics of the steei suppuiy

Por the production of large quantitieé of steel sheets
& certain allowesnce has to be made regarding the‘spread of
permeability and coercivity of the total steel supply. In
general, a variation cf 1o O/o for the permeability and coercivity

can be expected.

2.2,1 Variation of permeability

Mo NI

cﬂi/u + £a

Prom B =

one gets for the relative error in bending power

Ap cdi -
AB/B = 5 : (1)
2 La

with“cﬁi/ﬁase 10, we have for bending'magnets

aB/B (“fo0) = 1 A (/o) x S2- (2)

mo

and with cfi/fax 5.5 {40 mm from the centre of the gquadrupoles),

the errcr in gradient power is

sele (Ofoo) = E AL (Ofoy x 22 (3)

B3
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2.2,2 Variation of coercive force

The variation of renanent field between blocks due to the
variation of the coercive force throughout the steel supply is

given by
AB = M, pHe cli/Ra (4)
with B, . = 0,126 mard B, = 0,59 17 ,

inj b

the relative error for the bending magnets is

1+

il

AB/Binj (°/o0) 10 aHe (A/cm)

(5)

@B/Btr (O/oo) = "o 1 aHe (A/cm)

For the quadrupoles we have with LB/B a ag/g
(B = 320/1500 & for 7 = O, ¥ = 40 mm),

it
[

te/e;,, (°/o0) = = 21 ore (a/cm)

(6)

i+

4,% AHe (& em)

i

se/g,. (°/o0)

The statistical errors calculated with the formulae given
above are listed in Table 1 for the bending magnets and in Table 2
for the quadrupcles. The calculations are based on the specified

steel characteristics,
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The permeability is defined by the magnetization curve
B = f(H)} of the steel (rormal magnctization curve)., By using
these ‘values in formulae {2) and (%) a correct result, within the

precisiod of this calculation, is only obtained for transfer fields.

For injection fields the werking point(s) in the iron
is found in the sccond guadrant cof the hysteresis loop, as
schematicaily indicated in fig. 4. ¥o proper p-values can be
defined in this region. Because of the smaller slope of the
upgoing branch of the hysteresis curve, too optimistic results
would be obtained by using the permeability values given by the
magnetization curve, To account for this, the p-values given
in flg, 3 were reduced by 20 O/d for the calculation of the

error alb injection.

3, SYSTEMATIC ERRORS O BENDING MAGNETS AND QUADRUPOLES

3.1 Bending magnets

Systematic deviations from the ideal field distribution
within the aperture of bending magnets are given mainly by the
geometry of the ilron core and the excitation coils, In addition
one has for the Booster magnets systematic field differences
between the four gape of one magnet unit. We gee from fig. 1
that the reluctance is differcent for the two outer magneis
(gaps 1 and 4). This gives a corregponding field difference,

since all gaps have the seme excitation current.
The field in the air gap of the outer magnets is

By = p, WI/fa - p_ 5 Hifi/ta (7)
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Tor the fielid of the inner magnets, we have correspondingly

By = b NI/kn - b ilﬁgﬁg/ﬁa (&)

The second term in these equations represents the slope

of the air gap lines schematically indicated in fig. 4.

The field error between inner and outer magnets is thus

LB = By = By = u (s L, - S HiZi)/ka (9)
Because £1 > 32

g 5 0 for transfer field

H < O for injection field

the field in the outer magnets will be smaller at transfer and higher

at injecticon field level compared to the field in the inner gaps.

A computer programme has recently been developed by

(%)

calculations couid thus be done for the Booster bending magnets for

C. Iselin s belng able to cope with mulii-gap magnets, Computer
transfer field level (4); The results are given in fig, %, where
the field distribution within the aperiure of inner and outer magnets
is shown, The curves summarize all systematic errors for transfer
field level, for an ideal polie profile and a symmetrical positioning
of the excitation coils, The integral field will depend on the

fringe field distribution and is not known precisely at this stage.
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The calculations were done witl: permeability values corresponding
t0 the specified steel, assuming an isotropic distridbution of
magnetic characteristics in the lamination. The relative field
difference between inner and outer magnets around the centre of the
gap isL;B/Bﬁr = 0,8 O/oo. The difference of the gradient is very
small, it is almost zero for the inner gaps and about 0.06 G/om

foer the outer gaps, referred to parallel poles.

Due to manufacturing tolerances a precise positioning of
the coil within the aperture will not be possible. Fig. 6 shows
the field distribution of the inner gaps given by a displacement of
the coil by AZ = + 0.3 mnm. While the field around the centre of
the aperture is practically unchanged, considerable differvences are

givenr near the coils, compared +0 a symmetrical coil.

Since the crientation of the steel could not he taken
into account by the computer programme, the resulis given above
are scmewhat optimistic, The flux lines in the cuter maghets are
partly running at a righit angle to the rolling direction of the
laminations and bigger field differences between inner and outer
magnets can be expected, An estimate of the error, taking the
orientation of the steel into account has been obtained in the

following way :

The direction of the flux lines in the iron is known
from flux plots for transfer and injection field level, obtained
from computer calculations, They are valid for a wide range of
magnetization curves and may safely be used, With the magnetization
curves measured for different angles against the rolling direction

of the steel sheet (fig. 7) we obtain from equation (9) for trensfer :

90°
8B/By =y (Byy Ay - 3 E9 £,0)/B, fa =~ 1.0 °/oo  (10)
P=0 ‘
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Por calculating the error at injection field level,; the
hysteresis loop of the iron has to be considered, Computer
calculations can therefore not be done with existing programmes,

One can see from fig, 4 that

- H, = - H o He

Following the same principle as for transfer field,
we obtain for the relative error at injection field level near

the centre of the aperture

. 0
68/8, . = u, (He, 2y, + Ho, £, , - He, £, )/B, . fa=0.9 "foo (11)

24 inj

The field is higher in the outer gaps. The gradient having a
negative slope for transfer field has a positive slope for
injection field. Because the flux lines in the { shaped regions
of the magnet are more concentrated for low fields, the absolute
value of the gradient is expected to be somewhat smaller than given

for transfer field.
®ddy currents induced in the 2% mm thick end plates
of the iron core give rise to additional field Errors, i,o. o

varintion of integral Fficld between injection and transfer.

Detailed calcoculations have been made in ref. (5).

P3/7118



- 30 -

Little is known about the effect of the fringe field on
the ihtegral field distribntion feor bending magnets and guadrupoles.
Measurements on a O shaped magnet were done (ref. 6) indicating
the range of errors. Becauss of the different geometry and different
steel characteristics of this magnet, a predicition of the errors in
the Booster bending magnet cannct be done from these measurements.
Provision is made for the prototypes in order to find experimentally

the optimal =nd profile,

3.2 Quadrupoles

The variation of the gradient along the maln axes of the
quadrupole caused by the truncaticn of the pole profile and the coil
geometry 1sg given in fig., 8. The curves have been obtained from
computer oalculationsg agsuming infinite permeability in the iron
(ref. 4), An estimate of the amplitude of higher harmonics in the
guadrupcle, for the given mechanical ftelerances of aperture and pole

position, was also given in ref. 4.

As For the bending magnets, systemaiic errors exist within

the apertures of the four guadrupcles of one unit.

For the inner gquadrupoles the gradient is different élong the
x and y axes, Tor the upper and lower guadrupoles a difference
exiats on the negative 2 axis and the posgitive =z axis respectively.
Compﬁtéf calculations; a8 for the bending magnet, cannot be made for
the gquadrupole with existing programmes, In order to get a rough
estimate of the systematic error, measurements have been made on
analog models (s%ainless steel plates aséuming infinite permeabiliiy.
The anigctropic distribution of the magnetic characteristics in the
iron has been simulated by increasing the norizontal dimensions of
the model by the factor Vfu#/ué for the cage that the rolling directions

of the steel cecincideg with the vertical axis of the quadrupcle.

PS/7118



- 1L -

Por the second case, i.e. rolling direction coinciding with the
horizontal quadrupole axes, the vertical dimensions of the model

were increased by the same factor as above,

By tramsforming the fliux lines; cobtained from the

model in this way, to natural scale, the real Clux distribution

in the lamination is found. The result is gilven in fig. 9,
where only one flux line is shown for cach case. Tven though

the method is rather inaccurate; it can be clearly seen that the
systemétio @rfor is considerably reduced by stamping the laminations
such that the rolling direction of the steel sheet coincides with
the horizonital qﬁadfupole BXeHB. This solution has been adopted

for the pro%otype qﬁadrupole.
It is difficult to predict an absolute ﬁalue of

the systematic errcr, buit one may conclude that the gradient

. (&)
error at transfer is smaller than 1 /oo.
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4., COMPENSATION OF ERRORS

The fieid errors in bending magnets and quadrupoles given
in the preceding parasgraphs are partly excesding the tolerable limit,
Some compensation, at least of the systematic errors, will be

necesgary.

4.1 Bteel mixing

Statistical errors caused by the variation of magnetic
characteristicas of the steel supply can be reduced by steel mixing,
a technigue generally employed for accelerator maghnets. The
remaining error is given in Table 1 for the bending magnets and
in Table 2 for the gquadrupoles. A reduction of the statistical
magnetic error by a factor of 5 was agsumed, due to a shuffling
of the steel sheets,

Because of the dominating effect of the mechanical tolerances,

practically ncthing can be gained for the gquadrupoles.

Por the bending magnets, a small improvement is obtained
for injection field level, but no change is found for the field

at transfer.

No steel mixing has therefore been foreseen for the
construction of the gquadrupoles. Tor the bending magnets it
will net be justifiedy, if a considerable amount of extra costs

is involved.

4.2 Conpensation of systematic errors at injection

The systematic field difference within the apertures of

bending magnets and guadrupoles caused by the remanent field, can

(7).

of running the Booster cycle between injection and transfer field

be reduced by a simple method proposed by &G, Brianti Instead

level as originally foreseen, the minimum current of the Booster
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cycle may be reduced Lo a valus inferior fo the injecticon current.
In this case, the upgoing brancnh of the hysieresis lcop (figb 4)
intersects with the alr gap lines, corresponding tc injection
gXcitaticn, at lower H values (H}E in fig. 4), which should be

used instead of He in equations (11) and (13).

A complete compensation of errors can, however, not be
expecied since different points in the iron will follow different
hysteresis loops, because of the spread of induction values and the
orientation of the steel. A reduction by a factor 3 has been

assumed for the values given in Table 3.

The remaining error of ithe bending magnets can, when
necessary, be further reduced by a compensation current fed directly
via the main excitation windings., The bending magnet units will
be connected such that first all outer gaps are series connected,
fellowed by a series connection of all inner gaps. A single
correction powexr supply may be placed directly across the excita-
tion windings of the cuter or inner magnets (a)ﬂ For the
quadrupoles, copper bars are fToreseen for this purpose in each

coil window, which can be series connected for all quadrupcles.

The optimization of the Booster cycle will be done
experimentally on the prototypes. Different results may be
obtained for bending magnet and guadrupole, Because an additional
correction is easier to obtain for the bending maegnets; the
cptimization shall he done for the guadrupole. The gradient in the

bending magnets will by this method alsc be reduced to some extent.

4.% Qorrectiong of errors at transfer field level

4.3,1 Pulsed correcting current

Por the bending magnets a pulsed current corresponding to
the Booster cycle may be used for cerrecting the systematic field

difference between gaps. 4 single power supply as meniioned in
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para. 4.2 would be needed. If the current pulsc has an adjustable
negative flat top, a correction at injection field level will bé -
possible at the same time, A correcition of the systematlic efror
to about 0.1 “/oo may be possible {Table %).

FPor the quadrupoles no correction for transfer field secems
to be necessary,; but correciting bars, as provided for the proteiype,
wiil also be foreseen for the series quadrupoles, If necessary,

a further reduction of errors would be possible,

The effect of the syshtematic error on higher harmonics

of the quadrupcle has still to be studied,

4.%.2. Shimming of bending magnets

The integral field arcund the centre of all magnet gaps
can be made egqual within the accuracy'of measuremnents by shimming of
the magnet ends, Shims of 0.1 mm thickness screwed on %o the
end-plates will allow a correction in steps of 0.06 0/00. The
statistical and the systematic error at transfer will thus be

reduced to about 0.1 O/oo'

The statistical error at injection is also reduced. Since
the mechanical tolerances have been correcited for the transfer field,
'only éhe difference of the magnetic errors between injection and
transfer of Table 1 remains at injection field level.  The remaining
Systematic érrorg after optimization of the cycie, can be corrected

via the main excitation windings of the inner gaps.
The errors after shimming cf =1l magnet gaps for transfer

and correction at injection are given in Table 3. The statistical

errorsg refer tc the values "without steel mixing" of Table 1.
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Shimming of the magnets has several advantages

- The magnet gaps can be individually adjusted, the errors

can therefore be reduced to a minimum.

- The correction is permanent and continuous observation
during operation as in case of a correcting current ie

not necessary.

- The extremely tight tolerance for the gap height of the
finished core can bhe relaxed. Manufacturing difficulties

are reduced and cost can be saved.

- Steel mixing will not be necessary when the tolerances
for the magnetic characteristics of the steel supply are
kept by the steel manufacturer. A further decrease of

cost can be expected.

A small disadvantage may be seen by the fact that the

total measuring time will be increased slightly.

4.4 QCorrection of radial field distribution for bending magnets

The radial field variation due to the coil geometry and the
effect of end field can partly be compensated by radially shaped shims.
For the protctype an opening has been foreseen in the endplates into
which shime of dimensions 30 x 15 mm can be placed, mainly for
investigating the optimal end profile off the magnets. For the

series production of magnets a similar arrengement will be used,

4.5 Correction of guadrupole end field

Nothing is known about the quadrupcle end field and its
harmonic content, As for the bending magnets the optimal end
profile has to be found experimentally on the prototype. Shims
which can be mounted on %o the endplates have been foreseen for this
purpose,
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Errors of Benching Meagnets
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Coercive Force
specified Steel Hc=03520.03A/cm
prototype Steel  Hc=0342004 Alcm

Permeability
m=T(B) for specified steel

A T = 210%

u=f(B) prototype steel
(measured on oriented ring samples)

(KG)

FI1G.3 Magnetic Characteristics of Steel Supply
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BOOSTER QUADRUPOLE (SYMMETRICAL)

Gradient error
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FIG. 8




FIG.9 Flux distribution in the quadrupole for anisotropic
distribution of magn. characteristics in the lamination

{from stainles steel piate modet)
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