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THE N,I.N,A. POLE PACE WINDINGS.

1. Introduction.

It is necessary to make small modifications to the magnetic field
of the synchrotron magnets. These are achieved by the use of pole~face windings
which are current-carrying wires situated on the pole faces'bffthe magnets and

directed along the length of the magnets.

The modifications to the field are only needed during and for a
short time afterinjection of the electron beam, when the main field is low
( ~ 64 gauss).

At moderate field strengths (3 - 5 kilo-gauss), the variation of

the field index n = - %% g% with radial position on the median plane can be

predicted theoretically (1). The pole faces have been designed to keep n within
+ 1% of the ideal value no for both F and D magnets at these field strengths.
It can be seen from Fig, 1 that the field index is well within the 1% limits

except at points at the extreme ends of the working region.

Measurements of the field index for the DESY magnets @) give good

agreement with the calculated values.

1.1, Correction of the Field at Low Field Stremgths,
At low field strengths the field index is considerably altered,

mainly because of the effects of remanence in the magnet core.

The field at a point in the median plane is

B, =B + B
t r

where B = main field
and Br = remanent field
hence

ing th ion n da
using the expression n = By dy O

Bo B
M= Ny == + M,y =%° (1)
t Bio Ero

where BEo = B+ B, = field on the eguilibrium orbit,

At moderate values of Bo’ Bro--”‘d-'!( B0 S0 B - B but with Bo
(2)(3)(1) AN _ ne=To

60-80 gauss, this is not so, It is found that o7, o
is positive and of the order of a few pereent for both F and D magnets.
Some laboratories find also an n' = - %% at low fields.

This effect is small @'/n ~ - 0.3% per cm), and depends very much on the
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details of the magnet design.

A difference in Bro is expected between F and D magnets @)(5),
while a small random fluctuation in the mean value of Bto for each magret is
reported by DESY (5)5 This fluctuation is due to variations in both Bro ang
the vertical component of the stray field between magnets,

Pole face windings are provided to correct all these errors in the

magnetic field of the NINA magnets.

l.2. Other Field Modifications.

In a synchrotron in which n is constant across the median plane,
the number of betatron oscillations per revolution (Q) varies with particle
momentum., This leads to a coupling of the betatron.and syunchrotron oscillations ()
which is undesirable, The variation in @ can be eliminated at injection by
application of an n' to the fields of the F and D magnets by means of pole face
windings. It should be noted however that under these conditions, @ is a function

of betatron amplitude.

The windings producting n! alter Bto’ the effect being different in the

F and D magnets., This difference must be compensated.

le3, Provision of Pole Face Windings,

Sets of windings producing separately the following magnetic fields
are to be provided.

(a) A dipole field (ie AB =ceustant across the magnet gap),variable independently
in each magnet.

(b) A dipole field the same in all F magnets and in all D magnets.

(e) A quadrupole field, (ie An = constant, AB=0 at the equilibrium orbit),
the field being the same in 211 F magnets and in all D magnets.

(d) A sextupole field (ie n' = constant,an = O at the equilibrium orbit), again
the field being the same in all F magnets and in all D magnets.

1.4, Outline of Design Method,

Following the method used in the design of the DESY pole face windings (5
the positions of the conductors are calculated first for hyperbolic pole faces. The
corrssponding conductor positions on the actual (non-hyperbolic) pole ifaces are
determined from these,

It is not difficult to calculate the form of a continucus current
distribution flowing oﬁ a pair of hyperbolic pole faces + x y = const., and extending
from (x =0, y=+ 80 ) to (x= e , y=0), that will produce a quadrupole or
a sextupole field, This current distribution is then replaced by a set of conductors
all carrying the same current and spaced in such a way to approximate to the continuous
current distribution. This approximation leads to fluctuations of the magnetic field
about the required value, the closar the spacing of the wires, the smaller the

fluctuations.
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A further deviation from the ideal field distribution is caused by
the termination of the sets of conductors approximately 6 cms on either side of the
centre of the pole face profile. This deviation czn be compensated by moving the

outermost wires inwards.

The return conductors for the windings are located sufficiently far
away from the pole faces to give negligible contribution to the magnetic field in
the working region c¢f the median plane. These conductors are so positioned that

the E.M,F. induced in the windings by the main magnetic field is zero (sectiom 7).

This cannot be done in the case of the dipole windings as these
consist of conductors which link the whole of the main flux apart from a portion
of the fringing flux. In this case a different method must be used to cancel the
induced E.M.F, '

1.5, Maximum Permissible Fluctuations.

These depend on‘the magnitude of the pole face winding field in use,
that is, on &%/v, (Quadrupole) and n' (Sextupole).

The windings have been designed to allow a maximum total fluctuaticn
in their field index of + 1/% % of"nO over the whole working region of the wedian
plane, when the sextupole windings are providing the correct mean n' and the
quadrupole windings are providing a mean éﬁhﬁ1g = 2% in the F magnets and

1% in the D magnets.

2 The Continucus Current Distributions.

2.1ls General Expression.

A pair of hyperbolic pole faces x y = + const = + X 1Y, is
considered. The magnet poles are assumed to have infinite permeability. The

equilibrium orbit is at the point (xb,O).

A current AJ flows along the pole faces at right angles to the plane
of the diagram (Fig.2) and in the same direction on both faces,
From Maxwell's Fourth Equation, '
éﬁfi_s = AT
,fﬁr 2 line integral around a closed path in the x-y plane which encloses the nurrent.
The path chosen is indicated in Fig.2. The contribution from that section of the
path that is inside the magnet is zero as the iron is of infinite permeability.

As At tends to zero the sbove expression becomes
{ Hetsdds = AT
A%
where }{t(s} = tangential component of H
thus Hel s} = d3{$3/d3

The caleulation of By () = dfloHt (s) is performed in the complex z ~ plane,

The unit vector along the contour is

T /JEE
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5 e (B2}
S R LY +
Multiplying both sides by

fos =Ra{B 2} = reln %)

In the present case it is necessary to find the forms of ddJ/dx

(2)

that will provide a quadrupole and a sextupole field.

2.2, GQuadrupole Field,
The quadrupole field B, is added to the main field B. By analogy
with equation (1), replacing d'efd:'r'ﬂj d.%/dx and bearing in mind that B, =0,

= L. d8, _
i.e. &AN= N~ he = :éi %-Bx‘"’ = constant for a quadrupole field.

Mg = °/xo y Se
An :'..:“J‘O/B’ d-gk/dx

Now for a quadrupole field,

B, = Kyx + K,

sz K:y + KZ,

But on the median plane, Ex=0 3

and BS=O aL. X = X¥g ,

i.eo BX- = Kl 8
83 = K| (x' - x‘O)
Comparison with the expression for An shows that
_ K, = B, A'Y'}/xq‘ne .
50 B'r = Bx-]-.«LB:’ = 4-60/710
Substitution into equation (2) gives

d¥y. = 67/_\0 A ne %

A“r(i"xb}/xa

f » AN
or dJ/g_{a = B°/}.L° 7 Mo = constant (3)
2,35s  Sextupole Field.
In this case dn/dx = constant = n!
while An=0 at L= A,
i.e. Antd = M (x-x)
The sextupole field is
. 4 1
8& = L Bﬂ.n/no‘(z—xa)/lxo
Substitution into equation (2) gives
T - e - (2E-x%)
d”’-’dx" B“’g“/fﬂa Yn, Py (%)
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B Calculation of the Conductor Positions.

Z

2ale Quadrupole Windings.

Each wire of the set is to carry the same current A dJd,

where AJ x,

91.. 4
§, Fay ’%jd%a'iﬁ'

The wires will be situated at points somewhere between X and X.,

T g
<

or AdJd (5)

x5 and x3, etc., but there is no unique point at which each wire can be Placed
in order to give exactly the correct magnetic field at all points in the median

plane. A satisfactory field distribution is obtained if the wires are located at

Yy = 91.;9’- N 3’-.;-35 ) etc,

where X9 =X ¥, = “""""""xw&(w'

For the quadrupole windings, equations (3) and (5) give

AT, = oo 84 ®)

i.e. the wires, each carrying current AJ, are equally spaced in the y - direction .

322, Sextupole Windings.,

Equation (4) indicates that the direction of the current in the sextupole
windings changes sign at a point near the equilibrium orbit position. At this point,
ad/dx is zero,

ie. (ZE-%)/X* = o,

or ('x."‘-!- 31*’753')/1(" =0 )

and aé 'X.'.lﬂ = X, Yo for points on the pole face,
Xrt-2 xP+x24* = 0.

The relevant solution is i
X, = Ee )+ N4y ]

(Since Yo~ Xoste 3 X ™ X ) -

Bguation (5) now becomes

x, xt I
Aj‘ - J‘xc 3 jx' = P N
X Ly
-—ar= §° = =TT >
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where X and X q are the points adjacent to X,

Substitution for dJ/dx from equation (4) and integrating gives
TNo, x,, *o Xe, X5 _XIya
n Jé.: ]AT{, L1+1x, é,xﬂ"J [ 1 Tx, {,xc]= c—-D

[ B PR AR T

(8)

. X .
and in general j—%“"‘*l“z‘-'-"-’ —%efe  _ me— (mmn) D
1]

These equations can be solved for the % 1 while from equation (7)
_ it can be seen that the magnitude of QJ is determined by the value of X

Two methods of location were tried for the conductors. These were :

— xs'\‘x| X i+ .er(
Ly F T R ' — (9)

and xw-waf x dx, -k
i.es %, 'wf(ié:u) {[3—%”! ﬁ*.x fax M-H) ['X- {Ed'n‘]} —_ (10)

Equation (10) was found to give the better results.
It is now necessary to dewlop a method by which the magnetic field produced by the

set of wires at points (xw,yw) can be calculated .

L, Calculation of the Conductor Field Distribution.

4,1, Introduction.
The magnetic field distribution due to current carrying conductors on

all four hyperbolic pole faces xy = + Yo Yo is calculated., This distribution can

be used in the present case as the effect of the currents situated at points with

negative x will have negligible effect in the positive x region under consideration.
In section 6 the treatment is extended to non~hyperbolic pole faces

in order to provide a check on the present calculation.

4.2, Method of Calculation.
Maxwell's second and fourth equations can be expressed in the present

case as

PBrdy =B, dx} = 0 (11)

and

(22)

§°(8xdx+ Qsd‘ff): 0 cr/uom‘
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The zero of equation (12) occurs if the path of integration in the
plane z = x+iy does not enclose the current & J,

The magnetic field B, + E,B’ must satisfy equaticns (11) and (12),

Since it also satisfies Laplace's equation, it can be obtained from the analytic

function.
F (x3y) = U (x,y) +1V (x,p)
where V (x;5y) = const. is a magnetic equi~potential,
and U (x,¥) = const. is a line of force.

Both U and V are real and U is a measure cf the magnetic flux per unit length.

The two functions are conjugate functions obeying the Cauchy - Riemann equations,
A/ dx = MYy , dusdy =~ Vx|

The magnetic field is given by

B+ ¢ B,

- M- 5‘%5 ] (13)
= + avallj—i-bt‘vdx. [

Using equation (13), equations (11) and (12) can be combined in the form

dF | _ 4 .
ad* dz "*i_F(z)dt = Q or -L}J.,AZT (14)

Thus the function must have a singularity at the current point

X o BT
ZE2owT X, t L Y v with residue 24T,

Because the pole faces are assumed to have infinite permeability, the lines
13 =T "9‘5 nust be equipotentials. The lines x = O aud y = 0 are equi-
- potentials for reasons of symmetry.

Thus V (x,y) = Im. (F) = const. on x =0, y =0, and xy = + X: ¥

b (15)
(7>

Three conformal transformations are now applied to the region x, y % 0,

(i) The z - plqﬁé, Fig. 3 (i) is transformed to the w -~ plane using the

transformation.

we BV 9%, (162)
The pole face now becomes the straight line v = ¥, (Fig, 3) (ii), while

X =0, and ¥ = 0 become Vv = Oa
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(i) The w - plane is transformed to the & - plane using the Schwarz -

Cristoffel transformation

C&_V = Y. L (16b)
dg % 5

v = 0 becoming \1 = o, 'é = 0, while W = y, transforms to % = ?“e id

(Fig. 3) (iii)

(iii) Finally the § - plane is transformed to the upper A  plane:

s
A =5 % (16¢)

the pole face becoming ¥ = o, o= 0.

Corresponding to ¥ (z) in the z plane there is an analytic function
G (A) in the )\ - plane.
Equation (15) is now replaced by

Imn (G) = const (=o0) on the real X- axis, (17)
while
Sedr=d B F ar=§r@de
=0 or ~(ho AT (18a)

The function G (A ) will be a function of the co-ordinates of the
current point A w=Cw G < O, vhile the path of the integral in the A - plane
must remain in the region F > o, Because of this restriction, }\w is replaced by
“two points )\w“-‘ o+ L& w Y (which is within the region of integration), and O*W-I.STW
(which is not), and 5'.5',., can be made to approach zero.

Equation (18a) can now be expressed as follows:-

at (A) has a singularity at point Aw with residue

JRpEIAS (28b)
Now "’1_3‘]‘_;-'-':"13-y - au~/¢35( + L E}Wbtj
. ks,
= o dSyy dA ‘ (19)

and we require that for both quadrupcle and sextupole fields,

B= B =+ iB =poatx =x,
X ¥ o
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It can be seen that equations (.L9) are satisfied by the function

60V = ASET] (AN AN <l AT 22, 3 23]

e Ay ke Ao o\
for which '..5(:\)“"’ I’_)‘ Mo k“'\:.; )\{}‘a")\w.t-}’ﬁ’\tv)j (20)

“% Aw becomes real, so condition (17) is

satisfied,

}

while GYNY=0 for )\=z\g so from equation (19) it can be seen that
Q"x: B, =0 at K= Xg unless Qc%aa o0 at A=Xg. This is not so,
W Ci)}’d%:d}a d;’dwdw =T;...§‘ 3 from equations (16)
g
Thus B,~iB, = A5 (H -2 e, JZE, fron (19) and (20) —(21)

Y
-

We can express A  in terms of =z by means of equations (16)

) .
Thus W = = =< 2_9, T Lj_g Lo
i B -PO ‘é’-'l o == I\
. wy D e 7.L‘x”g
lq€ % E /ZQ%Q‘} UP T L 1%80 3
For points hw 3 xij:‘xgtja .} and
Ao P 3 [Ia‘jo @ jeplim)
. - LN "I_
i.e. Aw- exp 3 z [t:ija-' ::,Lw“} (22a)
For points on the median plane, ¥ =0y 50
= Q_,q, L8 L%% (22b)
while for (X, 4) = ('xo}o) 3
T
)‘D = _Q.xl-_., 5 [ XD/gO] (22¢)
Using equations (22, the field at a point (x,0) on the median plane is,
from (21)
Bx =0 AT :
' )
o= M8 [y - ) - (23)
v IQ R (£ t+ Eg
i M Yolfo . X*
where E = QXFE[ '?:;a _-Z-éb f:jg}
and E = TrFxW - o~ Xo
° '(X%: 2 *olo ?C.;? Jo

The contribution An to the field index is

(24)

, Arm
AnGx) = 3 dEﬁ = /L%;g; °. A,

with. A = "L [H' f@o H—E.] -:TE'
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Equations (23) and (24) refer to a single conductor at point (xw, yw)
carrying current Je For a set of conductors, the expressions must be summed
over the co-ordinates X, of all the wires,

22 Comparison of Ideal a=nd Real Fields,
5:.1. The Quadrupole Fields,

In section 3.1 it was shown that the gquadrupole wire positions are

Vg =t o2 m Ay)

X
w

xoybyw

where Yo is arbitrary and m is an integer.

The contribution An (x) from wires in these positions is, from
equation (24)

o feSre T

while the ideal contribution is, from equation (6) section 3.1,

Arne, - /u_.?_éj—.....?}’-‘

B, Ay
since (dj:/dj)4-2 Arfﬂj
[

Thus A'nfx-)‘/ﬂ“‘_ = _bi 2 A, : (25)

It is necessary to choose Ay sufficiently small to keep fluctuations
in this quantity within tolerance cver the werking region of the median plane.

When necessary, the outermost wires are moved inwards (section 1.4)

5:2., The Sextupole Fields.,

In this case the conductor positions are given by equations (9) and (10}

of section 3.2, and
- ATn Z +
An(x)= 22200 p E A,
: Bo Yo w
_the positive sign being teken if x > X, (section 3.2).
The ideal contribution to the field index is, from section 2.3,
Antx)= wix-%.),

while from equation (7) section 3.2,

/ - /‘oM"‘o, L
» . FQAIT‘O . ?C"'xo -
143 'T'IL-(_‘JL) = Boljo cC-0D

To compare the real and idezal contributions at point x, we calculate

{ anpo - an 0] _
- /IE'Y'IL&' = Xt Cm) ““(C'—D)z*’nw _'('X’I‘J L (26)

The outermost wires are once more moved inwards.
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6o Non-Hyperbolic Pole Fezces.
6.1l. Introduction.

Hyperbolic pole faces, which supply-a quadrupole field, extend from
X=20, =+ oD tox=00, y=o0. The NINA pole faces 1) illustrated in
Fig. &4, are not hyperbolic, being so shaped that with a total width of 23 cns.
(F) and 21,5 cms (D), the field index n is within + 1% of the correct value over
13 cms (F) and 9 cms (D) of the median plane.

6.2, Position of the Pole Face Windings.,

The conformal transformations of section 4.2 can be modified for use
with the non-hyperbolic pole faces. It is possible by using these to find the 7
co-ordinates of the currsnt points on the non-hyperbolic countour corresponding to
those on the hyperbolic contour and giving the same field distribution in the median
plane.

For the non-hyperbolic pole faces, equation (16b) becomes

o . !
dvf/d& = g/% 43 R(3) (27)
with  B(3)= (D v 30 ' (28)
where of Y and are constants.

1

Equations (19) and (20} of section 4,2 remain unaltered, while

A =ege” A2 PG
Equation (21) becomes
' - Mo [ A - ,-\_o
BX—LEJ = L 5y AT BEYE L ARG AL — (29)
It should be noted that B, z and A refer to the point at which the field
“is being calculated,
In the present case, we are considering the magnetic field distribution
‘at points in the median plane not far removed from the egailibrium orbit., At the
values of x and %, corresponding to these points, P.= 1l to a good approximation,
Thus all factors outside the square bracket of equation (29) are the same as those
of equation (21). Inside the bracket, A‘o and A are the same in both cases if
Fb = 1, as transformations (16b) and (27) are then identical., If the fields are
to be the same, corresponding values of ’\w must be the same, Since }\} }\o
and )\w. are equal for the current points on the hyperbolic and non-hyperbolic

contours, then
00 = M2BT [ la(A-A) - 22, &n)]
G{A) = /'l—_r-‘: Le"’\U\ Aw) %o -Aw
must be also, asmust Re G (A) ‘
Now Re G (A) is the magnetic flux per unit length, so the field

distributions will be identical for the hyperbolic and non-hyperbolic pole faces,

(subject to the approximation that fi = 1), if the conductors are situated at peints
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on the contours having equal values of flux per unit length.
By reason for the conformal properties of the transformations, this must

alsc be true in the z - plane. For a2 quadrupole field and a hyperbolic pole face,

2 *
2%~ q%) ‘
LL ‘=-( w Sw/'lio (30)
while the value of U, for a quadrupole, at any point on the non-hyperbolic pole face
can be caleulated (1). Since the two U values differ by a constant, it is

necessary to equate differences in U between the current point and an arbitrary

polnt‘(xo, yo) for example. These differences represent the total flux enclosed.
Since x, is known for each current point on the hyperbolic pole face, the

above method can be used to calculate the corresponding points on the non-hyperbolic

pole face.,

6.3. Calculation of the P.F.W. Field Distribution.

The values of 3% corresponding to points (x : ¥, ) (x, o) and X 0) for
the non-hyperbolic pole faces are known (l). From these, A. k and )\ are
obtained from the transformation equation (16¢), and the magnetlc field at (x,0) due
to a current flowing at (xw, yw) can be calculated using eguations (28) and (29).
Since this procedure does not involve the approximation P = 1, 1t can be used to
estimate the errors incurred by this approximation in the method used to locate the
conductors on the non-hyperbolic pole face.

On the median plane, eguation (29) takes the form

-
By = Iojeﬁr & X [ g-hu}h !-g\w/,\_,]

ma §H= L5, 453 %F""{'T% =Xw; ]}
From the transformation equations (16a) (16¢) and (27),
;bs/Erx = %E;j % :!3* x

A p=

—_— (31}

zbfh
From equation (28),

At b L
Of/a3 = PL Tes S vy T v
Using these together with equation (31),
B o re
a %ﬁix ﬁh:go ?; B w y W

Aw 1
B, = {{F—L’_@M ey PR ¢ SF”‘(F"-:;“ i ‘f*?)] fa‘;g A ('-"“"ﬁ‘}

v 98
Also An (x) =&nd=§?y) and n_ =

any _ Mo AT 2
50 W, = B f Sw
This can be compared with equation (24), section 4.2. containing the

values x' for the current points on the hyperbolic profile :

Ahd"ﬂn-'% é,'jg; [_PBW—P'W]

(32)
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7 e Induced E.M.F. and Forces.
7ela Induced E.M.F,

The pole face windings and their wires form closed loops linkinglthe
flux of the main magnetic field. Since this flux is changing with time, an E.M.F,
is induced.

In Fig. 5(a) the magnetic field is normal to the plane of the paper.
If the field strength B is assumed independent of 2z, while aB is independent of

dt
both x and 2,

B (x,z,t) = B (x) £(t),
ERPR N

and E = -—ag/az;- = ~2 L__ Jx Blyz2 b)) dx dz
de (Mg
= {z~2.) It J:r B{x)dx

i
but JQC::) dx = {]_(127 — i {x) From section 4.2, so
Xy

E = (_2,—21) %{ [Uh-_ﬂ—*uu-\] .

Since the pole faces of the magnets are not in the (x,z) plane, the
magnetic field at the contour is no longer perpendicular to this plane and the

eXpression for E becomes

(33)

E= (-Z‘”}'?-)gf- [U{m.jg.) -—U(zx)g':.)]

Fig. 5(b) shows a simple two wire quadrupole winding. The dotted line
indicates the position of the equilibrium orbit while the arrows show the direction
of flow of the exciting current. Wires 3 and 4 are the return conductors, These
are placed on the pole face at positions sufficiently remote from the equilibrium
orbit that they give negligible contribution to the field index in the working region
of the median plane. The relative positions of these conductors are determined such
that the total induced E.M.F, is zero. If (zl.-zz) is assumed to be the same for

all the conductors, equation (33) shows that for E = O,

(U 0) - (0-0) =0
fee. Up+U, = U 47, ' (34)

A two wire sextupole winding is illustrated in Fig. S(c). Return wires
are not necessary in this case, the two outer conductors constituting a dipole winding
in series with the sextupole. This is necessary in order to reduce the induced

E.M.F. to zero. For these wires E is zero if

Uy =0, = U3-T, (35)
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This method of determination of the outer wire positions involves the
following approximations.

(a2) Because of the small angle between the blocks of which the magnets
are constructed, (zl - zz) is not constant, varying by about 0.2 cms, across the
magnet profile. Since the wires have a length 330 cms, this effect is expected
to be very smalil. ‘

(b) The magnetic field distribution is modified by the presence of tke

gaps between blocks.

(¢) The ends of the magnets are terminafed by end blocks which are so
designed that the 'B ~ length' of the magnet is independent of x. The conductors do
not follow the profile of the end blocks bubt for several centimetres they continue in
their original straight line into the region between the poles of the end block where
they are connected by cross wires z = constant, These cross wires are situated in
a region where the magnetic field is reduced below its full value. The fractional
reduction both at the end blocks and in the gaps between blocks is a function of x.

72l Forces on the Condnotors.

The pole face windings are currsnt carrying conductors situated in the
main magnetic field B. The force on each conductor of length £ metres and

carrying current i amps will be

This force will be in the x ~ y plane and tangential to the pole face.
As B varies with position on the pole face, the forces on the wires will not in
general be equal in magnitude. They are largest at peak field.

Forces also arise from the influence of currents il and i in neighbouring

2
conductors, In this case

F o= Matutr L7 (37)
- T

where r is the vector joining the two wires,

8. The Sextupole Field,
B8els Calculation of n' .

As explained in Section 1.2, it is desirable to reduce the variation

in the number of betatron oscillations per revolution (Q) with variations in particle
momentum., It is possible to do this simultaneously for vertical and horizontal

oscillations by addition to the main magnetic field a constant n'! = the

dx

magnitude of n'! differing in the F and D magnets. The method used is described in

a CEA paper (6 s S0 it is proposed to give only a short summary of the method.
Neglecting second order terms, the equations of motion for the horizontal

and vertical betatron oscillations sbout the equilibrium orbit are, respectively,
% f_1.
C}‘-'lfdz" + {E‘ag_'re %%t) x = o

diy /e + (%t%%\?%)‘jl = 0
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where Be and r, are the magnetic field in the median plane and the magnetic radius
corresponding to a particle of memntum Pg1 and 4 is a distance measured along the

equilibrium orbit.
g% is evaluated at the point in the median plane where' rer

The equilibrium parameters are related by

where e = electric charge of the particle.

Thus %‘/d £+ + (%Q%%:) X =0

ma dysger +(R R )y

dx
the restoring force is inversely proportional to the particle mementum ,

If, however, da/dx™  is not ZETO,
51 98) = 7 198 4= - 4 82] Spe -

The change in Q at a given azimuthal position with change Spe in the

(8)

momentum can be shown to be proportional to

g dx _ 1. d®
t%t:‘%‘la'ﬁ #-dx]

It can be seen fPom these expressions, that if &8 is independent of Toe

and to the magnitude of the amplitude function Fx or FY .

Putting L(£) = -ro P gz'
équ-\ec fsz{m (st (£) %ﬁ %9;

wi SQu) e py(® [mea( $2 - 4]

Thus zero variation of @ with momentum is achieved if

{8, de
1 6Q,00)de

where the integral is taken over one ‘period FODﬁ of -the magnet structure. The only
contribution to the integral in the straight sections O and D is that of the
fringing fields and stray fields, This co_ntri_.buti_on has not been :’Lﬁcluded in

the integral., Substituting for @, and putting B' = %, B'* = %,
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;: Yo 1 {at{}aff}d{+ B" TJ pxti)o{re}de = B,JF @Jﬂdﬁ*—& i o o€ &) of
and B o, B, O} + & %l B, (DAL = B, f, p (DAL + B[ p, (&) e
(38)

Since '“.2‘) ’3(1—) ¥, B’ are all known(g) these equations can be
solved for B"F and B"D after performlng the necessary numerical integrations.

Finally the values of n'F and n'D are obtained from

r

al =% B .
BO
G Numerical Results.
9.1, Magnet parameters.
‘DY Magnet: X = 44,033 cms.
Yo = 3.810 cas.
no = 47.169
F' Magnet:
X = 4,986 cms.
3, = 3,048 cms.
o = 46,169

Gl Hyperbolic Pole Faces.

In the following table the figures in brackets are the modified
co-ordinates after the outermose wires have been shifted inwards. The field
distributions provided by these windings both before and after this correction are
illustrated in Figs. 6 ~ 11, The U -~ values correspond to the modified positions.
Expressions (25), (26) and (24) have been used in the calculations. Suitable values

of Ay (Quadrupole) and X (Sextupole) were determined by trial-and-error.

(]

Mt .
D! Magnet: ,. 0.2875 cus.

X, = 48,000 cms.
Winding Type  Wire Number X cms. - U

Quadrupole L 37.096 (37.75) + 15.958

- Q2 39.614 + 17.616
WG 42,499 + 20,332Total U=+105.583

Qb 45,838 + 23.707

LB 49,745 + 27.970

Sextupole S1 37.102 (38.50) + 16.616

52 38,044 (36.75) + 16.838

S3 39.282 + 17.315
sk 41,305 + 19.186Total U=~10. 214

S5 46.592 - 24,503

S6 48.938 27,061

57 50,524 (50.30) --28,603
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'F' Magnet

Ay = 0,1650 cms.
X, = 4LE.000 cms.

Winding Type Wire Number X cms, i)
Quadrupole Q1 36.093 (37.05) +15.105
Q2 37.732 (37.75)  +15.692
B 39.527 +17,231
Qh 41,501 +19,022 Total U
Q5 43,682 +21.098 = +167.875
Q6 46,106 +23.528
Q7 48,814 +26.396
Q8 - 51.850 +29.803
Sextupole 81 35.627 (36.30)  +1h.,488
82 26.505 (36.80) +14,.898
83 37.384 +15,385
Sk 38,428 +16,272 Total U
= +13,88¢
85 39.815 +17,488
s6 42,054 +19.539
87 7,924 ~25,435
S8 50.850 -28.657
59 52.383 (52.10) -30.093

9,3 Return Conductors & Dipoles.

These are positioned so as to satisfy equations (34) and (35).

'DY Magnet:
Winding Type Wire Number U
Quadrupole Q6. -12,800 )
Q7 ~13.050 )
Q8 -13.300 )} Total U -105,583
QW -33,016 )
Q10 S =33,47 )
Sextupole 88 412,300 )
59 +12.550 ) Total U = -10.214
810 -35,064 )
Dipole D1 +34,850 )
" m 13,550 ) Total U = +21.500
Dipole D2 +34,050 )
-13.800 ) Total U = +20.250.




'F' Magnet.

Winding Type

Quadrupole

Sextupole

Dipocle

Dipole

Wire Number
Q9
Q10
Q11
Q12
&l3
1k
Q15
Q16

S10
S11
812
813
S1h

D1
bl

D2

[¥]

~11.,400
-11.550
~11.700
-11,900
~12,100
~36.150
-%6.400
~-36.675

~12,600 .
. "'12 . 850

+35.191

+3"|'0L|'OO
-13.100

+34,750
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Total U = -167,875,

Total U = ~13.889.
Total U = +21.300,
Total U = +23,590
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9.4 Non-Hyperbolic Pole Faces.

The method described in section 6.2 was used to determine the
positions of the wires on the non-hyperbolic pole faces. In the following
tables the sense of the current in each conductor is given as well as the

co~ordindtes of the points on the pole faces at which the conductors are to

be located, The wire positions are illustrated in figs. 12 and 13.
'"D'MAGNET .

Winding Type Wire Number Current X cms. ¥ cmsy

Quadrupole iy} Y 37.579 L.330
Q2 (+) 39.604 b.267
Q3 (+) 42,479 34950
Q4 - (+) 45.837 3,660
Q5 (+) ho.769 3,363
Qb (=) 35.433 5.105
Q7 (=) 35.570 4,890
Q8 (=) 35.692 Lk.700
Q9 (-) 53,271 3.528
Q10 (-) 53.467 3.713

Sextupole S1 (+) 38.463 L.39h.
s2 (+) 38.687 4,382,
83 (+) 39.263 b.315
sS4 (+) 43,308 4,074
85 (=) 46.596 3.602
86 (=) 48,938 3,434
57 (=) 50.325 3.297
S8 (=) 35.174 5.649
S9 (=) 25.306 50364
510 (+) 54,209 5.189

Dipole D1 (=) 35.819 hosh2
D1 (+) 54,112 L, 900

Dipole D2 (-) 35,956 4415

D2 (+) 53,762 4,125
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Winding Type Wire Number Current X cms. ¥y cms.
Quadrupole Ql (+) 36,896 3.708
Q2 (+) 37.724 3.680
Q3 (+) 39.527 3.472
QW (+) 41,498 3.302
RS (+) 43,680 . 3.139
Q6 (+) L, 104 2,974
Q7 (+) 48,814 2.809
Q8 (+) 51,854 2,647
Q9 (=) 34,618 5.659
Q10 (=) 34,681 5.375
Q11 (- Zh, 745 5.116
Q12 (<) 34,828 4,811
Q13 (=) 34,912 4,531
Qik (-) 55.900 3.838
Q15 (=) 55,984 4,158
Q16 (- 56,068 4,587
Baxtupole S1 (+) 364172 3.508
82 (+) 36.609 3,653
53 (+) 37.305 3.724
Sk (+) 38.433% 3.584
S5 (+) 39.820 3.4k
s6 (+) 42,050 3.261
S7 (-) 47,927 2.860
s8 (=) 50,851 2,697
89 () 52.083 2.63h
810 (-) 34,572 5.906
s11 (=) 35.019 4,239
812 (=) 35.126 3,988
513 (=) 35.235 3.790
s1k (+) 55.540 3,000
Dipole D1 (+) 35.344 3.632
D1 (=) 55,164 2.634
D2 (+) 3k, 524 6,144

D2 () 553k 2.771
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9.5 Direct Calculation of Field Index.

The method of section 6.3 has been used to salculate directly the
field index provided by the conductors of the last section. The results

are illustrated by the dotted curves in figures 6 to 11.

9.6 Forces On the Conductors.

The forces between two conductors have been czleulated by means of

equation 37, section 7.2, Taking il =1 Amp, r = 2 mmS,f?: 3.26 metres,

F = 0.03% gms. wt.

Forces on the conductors due to the main magnetic field have been
obtained using equation 36 with i = 1 Amp,‘f?= 3.26 metres and magnetic fields
that correspond to one of 6.43 kilo-Gauss at the equilibrium orbit. The
corresponding magnetic field strengths at the conductor positions on the pole

faces are known from the pole face contour calculations (1),

In the table that follows, the forces, which can be taken to be in

a

directioqtangential to the magnet pole face profile and in the x - y plane, have been

listed. The signs of the forces have been made to follow the current direction

convention of section 9.4.

Winding Type Wire No. 'D' Magnet force Gamwt, I'F! Magneﬁhjorge
. .wt.

Fuadrupole Q1 +186 +148

Q2 +3;88 +365

Q3 +208 +188

Qb +223 +199

Q5 +240 +208

Q6 ~197 +220

Q7 -220 +233

Q8 24l +24h

Q9 -327 -107

Q10 -297 ~118

Q11 - ~126

Q2 - -141

Q13 - -161

QLh - -176

Q15 - ~150

Q16 - -131




Winding Type Wire Number 'D! Magnet Force Gm.Wt.
Sextupole S1 +165
82 +169
83 +192
sk +201
85 =227
56 -235
s7 -248
88 -161
89 -178
510 +154
511 -
312 -
813 -
814 -
Dipole D1 -27h
D1 +169
Dipole D2 =302
D2 +240
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'F'Magnet Force
Gm. Wt.

*227
+163
+148
+182
+191
+201
-229
=242
-244
~101
-189
-212
-255
+189
-300
+338
-96

+343

Examination of Figs., 12 and 13 shows  that the conductors can be

divided into three groups such that the forces on all conductors of each group

are approximately coslinear. These groups are as followsi-
58 - D2, Q1 - S7 and Q9 - S10, DY Magnet.

- - - Ll Ll
D2 Dl’ S1 S9 and D1 Ql5, ' Magnet,

The forces in these groups have been added algebraically with the force

directions of the table sbove,

The results are given in Fig. 14.

The second

diagram ip each case shows the resultant forces when the currents in the Sextupole

and Dipole windings are reversed.




9.7 Magnitide of the Sextupole Fields.

Equations 28, section 8,1 have been used to caleculate

'F' and 'D' magnets. The results are as follows:-
Magnet n'(per cm). ﬂ'/ho (% per cm).
D +0.40978 +0.86875
F ~0,22975 +0.49763

9.8 Magnitude of Exciting currents.

Page 24

n' for the

These are evaluated by means of equations 6, end 7 of section 3

for quadrupole and sextupole windings. The main excitation current of the

magnets in amps is I = B'0/13.19, Bo being in Gguss, and for the dipole

windings, Bo = 0,330 A J, (D), 0.%12 AJ, (F),

Thus Jl%g = ﬁb% = 330AJ for 'D' Magnets and
Bo
&B = Ag =
—'ﬁ 3-2—-1 -Ll‘liAJ for ¢ magnets .

Taking Bo = 64.3 Gauss leads to the following results, which may be taken to be

typical operating parameters:

Magnet Winding fjf (%) A2 ) 2 (% per cm)
_ Bo no no
D Dipole 1.0 . .
Quadrupole - 1.0 -
‘Sextupole - - 0.869
F Dipole 1.0 - -
Quadrupole - 2.0 -

Sextupole - - 0,498

| AJ (amps)

0,147
0,300
1.560

0,169
0,166
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10. Excitalion of the Windings.

The windings will be excited by D.C. currents of up to 2 amperes,
The quadrurole conductors of each magnet type (F or D) will all be connected in
series as will the gextupole conductors. The dipole windings of section 1.3 (b)
have been arranged t enclosethe same total flux in the F and D magnets (see section
9.3). The induced woltages in these windings will be balanced out if all conductors
both F and D, are commected in series in the correct manner. The other type of

dipcle windings, section 1.3 (a), constitute a separate circuit on each magnet.

The conductor cross sections will be chosen to allow operation with a

100-200 wvolt power supply.
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