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I. Introduction 

In order to avoid a possible misunderstanding, it must be em- 
phasized at the outset that this note is never meant to be a docu- 
ment to criticize the field quality of doubler dipoles that have 
been built so far. Anyone with a fair mind will agree that the 
doubler group has made a remarkable progress in the art of mass pro- 
duction of long superconducting magnets. The heroic effort of the 
magnet measurement group must also be mentioned. They can now mea- 
sure all multipoles up to the 30-pole component, body as well as 
both ends, as a part of the standard measurement procedures. This 
should be compared with the fact that, of more than one thousand 
magnets in the main ring, there is only one (four-foot quadrupole) 
for which we know anything about the multipole fields. 

The purpose of this note is simply to tell the fact about the 
field quality of doubler dipoles that have been built and measured. 
More specifically, it is a summary of the nine most recent dipoles. 
Aside from a legitimate question of whether nine is a large enough 
number to draw any statistical conclusion, one must realize that modi- 
fications are still going on (and will go on for sometime to come) in 
order to improve the field quality. One should therefore never 
imagine that the ultimate quality of the doubler would be represented 

* "Double, double, toil and trouble;" - three witches - 
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by these nine dipoles. It is hoped that this note would be especial- 
ly useful to those who have been wondering about the field quality 
of doubler dipoles and who have from time to time expressed their 
concerns. I am gratieful to D. Grossl A. Tanner, A. Tollestrup and 
M?.~,WZ&~~for providing me with their measurement data and for clarify- 

ing many imjportant points. 

II. Definition of Multipoles 

The right-handed coordinate system (x, y, z) is chosen such that 

positive x : directed toward the wall in the tunnel, 
positive y : directed upward, 
positive z : direction of the beam (normal operation). 

The angle 8 of the cylindrical coordinate (r, 8, z) is measured anti- 
clockwise from the positive x-axis. The potential for the static 
magnetic field is 

co 

4 = - c 
1 

+ knrn sin(n0 + an>, 

and 

Br = -a$/ar = C knr n-l sin(n8 + an), 

Be=-r la$/ae = C knrn-' cos(n8 + an). 

For normal fields, an = 0 or TT while for skew fields, 
In terms of x and y, 

normal field Bx = (k2cosa2)y + 2(k3cosQxy 

+(k4COScx$) (3X2Y - y3) 

+ 4 (k5cosa5) (x3Y - xy3) + . . . 

(1) 

(2) 

(3) 

a n = +lT/2. 

(4) 
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B Y = (klcosal) + (k2cosu2)x + (k3cosa3) (x2 - y2) 

+ (k4cosa4)(x3 - 3x$) 

+ (k5cos"5)(x4 - 6x2y2 + y4) + . . . . (5) 

skew field 
BX 

= (klsinal) + (k2sinc12)x + (k3sina2) (x2 - Y2) 

+ . . . . . (6) 

B Y 
= -(k2sina2)y - 2(k3sina3)xy 

-(k4sina4) (3x2y - y3) - . . . . . (7) 

From Eq. (5), which is fha insst familiar, one can identify that 

nl = klcosal = B, normal dipole 
n=2 k2cosu2 = B; quadrupole 
n = 3 k3cosu3 = B;;/2 sextupole 

. 

. 
kncosun = B. b--l-l) / (n-rj ! 2n-pole 

Similarly, from Eq. (6), one can identify various skew multipoles. 
The direction of dipole component can be measured and this enables 
us to redefine the positive direct&on of y-axis such that 

a1 = 0. 

By definition, there is no skew dipole field in the magnet. 
The harmonic coefficients bn and an used by the magnet measure- 
ment group are defined as 

normal: bn = ( Jkncosan dR)/( /kl dR) (8) 
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skew: a n = ( lknsincln dfi)/( IkI dR) (9) 

Integrals are over the length of the measuring coil and the stan- 
dara one is eight feet. The dimension of both bn and an is 

l/(length)n-l . 

Measurement data on bn and an (after dipole #lOl) are stored 
on PDP-10 as the file DIPOLE.DAT[103,122] with cm used as the unit 
of length. More information on this file is available from Alvin 
Tanner who is in charge of updating the file as the new data become 
available. For each magnet, measurements are made at three positions 
of the coil, one at the center and two at ends. For end measure- 
ments, the coil usually extends approximately one foot beyond the 
end of the magnet lamination. Since the lamination length is 247'", 
three measurements cover the entire length of magnet. In order to 
find the combined body-end effects, one must take a proper average 
of three values. For this, it is necessary to know the relative 
value of Jkl dR for each measurement. This information is also 
given in the file together with the length between the lamination 
end and the coil end for two end measurements. There is another 
file, HA.DAT[103,122], which gives bn and an for magnets #52 to #99. 
However, this is only for the center field. Except for a few, there 
were no end field measurements. 

III. Summary of Data 

Nine dipoles used are 
RDAlOl, RDA102, RDAlO3, REA104, REA105, RFA107, RHAlll, RDC113, 
RDD114. (#ill to #114 are slightly different from the rest.) 

A. Transfer Function (NMR measurement) 

The standatid current is 2,OOOA. The unit used is G/A. 
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#lOl 9.984 #102 9.989 #103 9.987 
#104 9.986 #105 9.976 #107 9.981 
#ill 9.979 #113 9.989 #114 9.987 

For twenty-three samples between #52 and #99, the transfer function 
is 9.969 with 0.014 (rms). 

B. The Vertical Plane Angle 

A positive value means the field is pointing toward the wall 
in the tunnel. The resolution of the stepping motor used for the 
measurement corresponds to 

#lOl 500A 1,OOOA 
0.254O 0.257O 

#102 500A 1,OOOA 
0.209 0.218 

#103 500A 1,OOOA 
-.164 -.177 

#104 500A 1,OOOA 
0.25 0.25 

#105 500A 1,OOOA 
0.054 0.056 

#107 500A 1,OOOA 
0.123 0.121 

#ill 500A 1,OOOA 
-.125 -.109 

#113 500A 1,OOOA 
0.325 0.334 

0.018O. 

3,000A 
0.283O 

2,OOOA 4,OOOA 
0.219 0.208 

3,OOOA 
-.179 

3,000A 
0.25 

3,500A 
0.044 

3,OOOA 
0.123 

2,OOOA 4,000A 
-.082 -.108 

2,OOOA 3,500A 
0.331 0.326 
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#114 500A 1,OOOA 4,OOOA 
0.333 0.322 0.322 

C. Relative Values of JB dR (stretched wire measurement) 

These values are percentage dkfferences relative to the 2,OOOA 
excitation in each magnet. Unlike main ring dipoles, there is no 
standard magnet relative to which all magnets are compared. 

#lOl 500A 1,OOOA 1,500A 2,500A 3,000A 3,500A 
% -.55 -.26 .05 .06 . 08 . 10 

#102 data not yet available 

#103 500A 1,OOOA 1,500A 2,500A 3,000A 3,500A 
% -.12 -.ll -.04 -.02 .Ol -.14 

+.22 +.03 +.05 -.07 -.13 -.13 

It is not clear if these two sets of measurement; were made 
under the identical condition. 

#104 500A 
% -.07 

#105 500A 
% .39 

#107 500A 
% .36 

#ill 500A 
% -.71 

#113 500A 
% .34 

. 43 

1,OOOA 
. 01 

1,500A 
. 05 

2,500A 
-.Ol 

3,OOOA 
-.Ol 

3,500A 
-.07 

4,OOOA 
-. 09 

1,500A 
. 14 

2,500A 
. 05 

3,000A 
-.15 

3,500A 
0. 

4,OOOA 
-.07 

1,OOOA 
. 23 

3,OOOA 
-.07 

3,500A 
-.05 

4,000A 
-.14 

1,OOOA 
. 09 

1,500A 
. 09 

2,500A 
0. 

3,000A 
. 05 

4,000A 
0. 

1,OOOA 
-.14 

1,500A 
-.02 

2,500A 
. 03 

3,500A 
. 05 

1,OOOA 
0. 
. 08 

1,500A 
. 05 
. 11 

2,500A 3,OOOA 
-.06 -.06 
+.02 -.02 

3,500A 4,OOOA 
-.09 -.14 
-.Ol -.07 
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500A 1,OOOA 1,500A 2,500A 3,OOOA 3,500A 4,000A 
-.28 -.07 -.07 .03 0. 0. -.05 

Multipole Components (rotating coil measurement) 

a magnet has the perfect ".d&po&e" ,mekry, i. e., 

44 T + 8 1 = - w), 

all k n's with an even value of n should be zero ( no quadrupole, 
octupole, etc.). It is of course quite possible that, because of 
the inevitable Imperfection of the coil arrangement, one finds such 
prohibited multipoles in a dipole. Alvin Tollestrup suggested that, 
although one must expect a few low-order multipoles of this nature, 
it would be very unlikely that high-order multipoles exit as well. 
Rather, it is more natural to assume that these multipoles are 
detected because of the shifted center of the measuring coil. The 
field that will be seen by the beam is then different from the one 
measured. Without additional information, one must take, more or 
less arbitrarily, a certain natural multipole and claim that the 
symmetry-breaking multipoles next to that are entirely due to the 
shifted center. Two procedures have been used in accordance with 
Tollestrup's suggestion: 

1. Use the normal 18-pole component to explain the normal 
and skew 16-pole components. Ignore all higher multipoles (normal 
and skew) and recalculate lower multipole components. 

2. Use the normal 22-pole component, the normal and skew 
20-pole components instead of 18-pole and 16-pole components. 

If the assumption is reasonable, these two procedures should give 
similar results, at least for low-order multipoles. Another in- 
direct check of the consistency is to compare the calculated center 
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coordinates at different excitations. If the coordinates of one 
magnet depend strongly on the excitation current, something is 
obviously wrong in the assumption. 

The multipole components in the central region of dipoles are 
given in Tables I-l to I-6 and the overall (center and two ends 
combined) components are given in Tables II-1 to 11-S. The second 
procedure explained in the previous page has been tried for I = 1,OOOA 
to 4,000A so that one can compare with the results obtained by the 
first procedure. For each excitation, quantities listed are 

First group 1st column: number of poles 
(4=quadrupole, 6=sextupole, etc.) 

Pad column: ABy(nonlinear normal field) on the 
median plane at x = 1" in Gauss, 
average over nine magnets. 

3rd column: rms value of AB Y' 
4th and 5th 
column: two extreme values of AB Y' 

Second group same as the first group; the quantities are 
Bx (skew field) on the median plane at x = 1". 

The normal dipole field for each excitation current is taken to be 

10 (G/A) times the nominal current. 

In addition, in Tables I-l to I-6, calculated coordinates of the 
center are given for each magnet. Finally, Table III lists parameters 
useful for estimating various effects of nonlinear field. These are 
based on the lattice reported by T. Collins. 
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Tables I-l & I-2 Center Field 
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Table I-4 
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Table 11-l Center and Two Ends Combined 

Table II-2 
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Table II-4 
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T&le III Quantities useful for various estimates 
of the effect of nonlinear field 

Lattice by Tom Collins, TM-797 (June 7, 1978) 

R mn J 8, BV rl ds over QF, QD, Bl and B2 

The unit is (meters). 

R m n QF QD Bl B2 

1 0 
0 1 

2 0 
0 2 

1 0 
0 1 

1 0 
0 1 

1 0 
01 
.5 .5 

2 0 
0 2 
1 1 

3 0 

1 
1 

2 
2 

2 
2 

3 
3 

0 
0 
0 

0 
0 
0 

0 

.7104(E5) .1394(E5) .5838(E6) .2608(E6) 

.2258 .4157 .3159 .4656 

.3037(E8) .1168(E7) .1707(E9) .3229(E8) 

.2913(E7) .9928 .4827(E8) .9846 

.3035(E6) .3253(E5) .'2227(E7) .7603(E6) 

.9186(E5) AOOO(E6) .1181 .1329(E7) 

.1460(E7) .8366(E5) .9507(E7) .2459(E7) 

.4305(E6) .2655(E6) .4941 .4215 

.1963(E5) .6711(E4) .1909(E6) .1095(E6) 

.671l(E4) .1964(E5) .1055 -2004 

.1130(E5) .1130(E5) .I404 .1465 

.1963(E7) .2589(E6) .1444(E8) .4571(E7) 

.2589(E6) .1964(E7) .4435(E7) .1525(E8) 

.6604(E6) .6605(E6) .7674(E7) .7992(E7) 

.1972(E9) .1175(E8) .1114(ElO) .1954(E9) 

.249l(E8) .6566 .3167(E9) .5959 12 0 


