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NOTICE ~ 
ITiii report was prepared as an account of work 
sponsored by the United States Government. Neither the 
United States nor the United State* Department of 
Energy, nor any of their employed, nor any of their 
contractors, subcontractor*, or their employees, makes 
•ny warranty, express or implied, or assumes any legal 
liability or responsibility for (he accuracy, completeness 
or usefulness of ai.y information, apparatus, producl or 
process disclosed, or represents that its use would not 
infringe privately owned rights. 

MEASUREMENTS AND CORRECTION OF THE PEP INTERACTION REGION QUADRUPOLE MAGNETS 
R.M. Main, J.T. Tanabe, and K. Halbach 

Abstract 
Lawrence Berkeley Laboratory* 

Lenses f o r the i n t e r s e c t i o n reg ions of PEP 
must be pure quadrupole over the e n t i r e magnet aper­
t u r e t o w i t h i n 1:10,4. C o r r e c t i o n o f the magnet 
and i t s end f r i nge regions to t h i s accuracy requires 
measurement o f the f i e l d q u a l i t y ( r e l a t i v e f i e l d 
harmonic component amplitudes at the pole radius) t o 
1:1U 5 through the 30^" harmonic. Equipment devel ­
oped f o r these measurements and the techniques used 
f o r f i e l d cor rec t ion are descr ibed. 

In t roduc t ion 

The PEP inse r t i on quadrupoles* consist of two 
iden t i ca l halves, which are mated using prec is ion 
ground dowels that f i t in to "V" grooves punched in to 
the core laminat ions. Although prt-cise by normal 
standards, ne i ther the pole geometry nor the assem­
b l y are adequate t o produce the r e q u i r e d f i e l d 
homogenei ty , J / » B <A • / • f B ' i> O 1* < | 0 * + a t the s t e e l 
rad ius . * 

The pole contour in the magnet i n t e r i o r (de­
signed by the computer program MIRT) i s adequate to 
reduce the "al lowed" ( f o u r - f o l d symmetrical) harmon­
i c amp l i tudes to about 2 x l O " 4 x B { 2 ) . E r r o r s i n 
stacking the laminations modify these somewhat bu t , 
more impor tant ly , such er ro rs can resu l t i n a mis­
placement of the top hal f of the magnet w i t h respect 
t o the bottom. 

The dowels, which pos i t ion the upper ha l f w i th 
respect t o the lower hal f of the magnet, res t on the 
"h igh " laminations and, as a r e s u l t , the top hal f 
can be r o t a t e d , or t rans la ted e i t h e r v e r t i c a l l y or 
h o r i z o n t a l l y , w i th respect to the bottom. The former 
resu l t s in odd harmonics, predominantly the sextu-
p o l e , and the l a t t e r i n even, p redominan t l y t he 
octupole. To achieve the required f i e l d qua l i t y the 
magnet helves must be l oca ted t o w i t h i n 0.01mm. 
wheras the stacking and assembly i s not be t te r than 
0.05mm. 

Inherent to the sharp c u t - o f f of the poles at 
the magnet ends are large "al lowed" harmonics which, 
when averaged over the e n t i r e magnet, c o n t r i b u t e 
f i e l d er rors on the order of .0U2xB(2) at the pole 

I rad ius . Furthermore, pos i t ion ing o f the c o i l s , c o i l 
leads, hose f i t t i n g s , e t c . , at the lead end of the 
magnet cannot be maintained to assure reproducible 
f i e l d d i s t r i b u t i o n to the requi rsd accuracy. These 
lead-end errors require that each magnet be co r rec t ­
ed i n d i v i d u a l l y . 

Studies of the beam t r a j e c t o r i e s i n these long 
f oca l - l eng th magnets ind ica te tha t the loca l f i e l d 
e r ro rs ex is tan t in the as-made magnet are t o l e r a b l e , 
as long as t h e i r in tegra l through the magnet sums to 
zero. Thus, errors due to improper top-bottom pos i ­
t i o n i n g , although not uni formly d i s t r i b u t e d through 
the magnet, can be corrected by gross adjustment of 
the magnet halves, and "al lowed" harmonic components 
i n the magnet i n t e r i o r can be c a n c e l l e d a t the 
ends. 

+This work was supported by the Of f ice o f High Energy 
and Nuclear Physics D iv is ion of the U.S. Department 
o f Energy under Contract No. W-7405-ENG-48. 

"Lawrence Berkeley Laboratory, Berkeley, CA 94720. 

Magnetic F ie ld Measurements 

We used the c o i l system shown i n F igu re 1 . 
In o rde r to be ab le t o measure b o t h f r i n g e f i e l d 
regions as wel l as the center part of the quadru­
po le , the system is moved a x i a l l y t o the appropr iate 
l o c a t i o n . (See F i g . 2 ) . 
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Figure 1 : Measuring Coi l 
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Figure 2: Search Coi l Posi t ioned in Magnet 

The signals induced in c o i l s 2 and 3 are e lec ­
t r i c a l l y subtracted from the s ignal induced in c o i l 1 
w i t h we igh ing f a c t o r s t h a t are a d j u s t a b l e over a 
narrow range. The resu l t i ng s ignal i s fed i n t o a 
voltage t o frequency converter t h a t , together w i th a 
fo l low ing counter, acts as an i n t e g r a t o r . The coun­
t e r i s read at 128 equal increment azumithal steps 
as the c o i l i s r o t a t e d t h rough 360° . From the 
Four ier analysis of t h i s i n fo rmat ion , the strengths 
of the hariiiunics are then computed. 



RADIAL TOM The suppor t o f the c o i l s has been made 
mechanically symmetrical so that g r a v i t a ­
t i ona l say i s constant dur ing r o t a t i o n of 
the system. 

A l l of the er ro rs associated w i t h t h i s type of 
measurement (power supply d r i f t and r i p p l e , st ray 
AC f i e l d s , c o i l v i b r a t i o n , azimuthal indexing er ­
r o r s , and assyiiinietrical sag, e t c . ) resu l t i n mod­
u l a t i o n o f the c o i l ou tput , which, when analyzed, 
y i e l d harmonic components not present in the 
f i e l d . Measurement t o I x l 0 " 5 x 6 ( 2 ) o f t h e 
quadrupole requi re tha t the amplitude of such 
modulation be less than t h i s va lue. To put the 
e f f ec t and importance of i n s e n s i t i v i t y to d ipo le 
and quadrupole f i e l d s i n t o perspec t i ve , i n such a 
system in an ideal quadrupole, the output s ignal 
i s always z e r o , no ma t te r how the system i s 
ro ta ted or d isp laced, i . e . , one performs a nu l l 
measu reme t i t . 

Figure 3: C i r c u i t Diagram 

T he major considerat ions that went i n to the design of 
t h i s system are the f o l l ow ing : 

A) The c o i l r o ta t i on speed i s slow (1.5 RPH) to r e ­
duce v ib ra t i on and the i n e r t i a ! forces that occur 
at high ro ta t i on speeds w i th even s l i g h t l y me­
chan ica l l y unbalanced systems. 

B) In teg ra t ion of the c o i l output makes the system 
independent of var ia t ions of ro ta t i ona l speed. 

C) C o i l 1 i s used t u measure the abso lu te quad 
s t reng th . The m u l t i c o i l a r ray , used f o r measure­
ments of the higher components, i s designed to 
have a v a n i s h i n g l y smal l s e n s i t i v i t y t o bo th 
quadrupole and d ipo le f i e l d s . 

(1) The cance l la t ion of the quadrupole signal 
, i s necessary t o become independent of small 

power supply va r ia t ions and angle encoder 
e r ro rs .2 

(2) The i n s e n s i t i v i t y t o the d ipo le component 
i s very impor tan t because smal l l a t e r a l 
displacement of the c o i l assembly dur ing 
o p e r a t i o n leads to induced s i g n a l s t h a t 
w i l l be in terpreted as harmonics that a re , 
i n f a c t , not present i n the f i e l d . There 
can be many causes f o r such displacements, 
f o r instance: bearing to lerances, torques 
t ransmit ted through the d r i ve sha f t , grav­
i t y forces act ing on a mechanically asym­
m e t r i c c o i l support s t r u c t u r e . An aria-
l y s i s ^ shows t h a t w i t h o u t compensation 
f o r the d ipu le component, displacements o f 
the order I> h.m are s u f f i c i e n t to destroy 
the v a l i d i t y of our measurements. 

(3) The simplest c o i l system tha t i s insen­
s i t i v e to d ipo le and quadrupole f i e l d s con­
s i s t s o f two f l a t cop lanar c o i l s whose 
cen te rs c o i n c i d e . The system shown i n 
F igure 1 evo lved f rom such a system by 
s p l i t t i n g the smal ler c o i l in two. This 
avoids some wire crossover problems at the 
ends, and gives two parameters instead of 
on ly one t o e l e c t r i c a l l y f i n e tune the 
n u l l i n g o f the s e n s i t i v i t y t o d ipo le and 
quadrupole f i e l d s . The r e l a t i v e size of 
the co i l s and t h e i r pos i t i on r e l a t i v e to 
the axis o f r o t a t i o n have been optimized to 
maximize the a r ray s e n s i t i v i t y t o the 
sextupole, octupolc and higher components. 

F ie ld Correct ions 

A l t hough inadequate t o produce the r e q u i r e d 
f i e l d homogeneity, the p r e c i s e f a b r i c a t i o n o f t he 
magnet l i m i t s t he e r r o r f i e l d s t o t he " a l l o w e d " 
harmonic components that are cor rec tab le by ad jus t ­
ment of the p o l e - t i p contour, and to scxtupolv and 
octupole components due to misplacement of the two 
magnet halves w i t h respect t o each other . The e f ­
fec ts of these l a t t e r gross movements of the s t r u c ­
t u r e have been s t u d i e d 4 and d e s c r i b e d q u a n t i t a ­
t i v e l y . Knowledge of the amplitude (JB(H)dz 
through the magnet) and phase of these components 
is adequate t o prescr ibe the motion of the magnet 
halves required f o r t h e i r e l i m i n a t i o n . 

The "al lowed" components are corrected by ad­
j u s t i n g the contour of a 28mm long p o l e - t i p inser t 
in the magnet end-p la te .^ A plane chamfer at the 
i nse r t end removes the gross f r i n g e region e r r o r s , 7 

and res idual e r ro rs ( inc lud ing compensation f o r those 
ex i s t i ng in the magnet i n t e r i o r ) are corrected by 
ad jus t ing the i nse r t t i p contour. To produce the 
r e q u i r e d f i e l d homogenei ty , " a l l o w e d " components 
through N=26 (6,10,14,13,22,26) must be cor rec ted , 
requ i r i ng s ix adjustable points on the contour. To 
provide an extended choice of component "mix" , e ight 
po ints were provided. 

Since per tu rbat ion o f any po in t on the contour 
w i l l a f f ec t a l l components, a systematic method is 
required to adjust the components simultaneously. 
The i nse r t contour consists o f 14 chords, symmetric 
about the po le apex, w i t h i n t e r s e c t i o n s at x j . y , -
and - X i , y - j ( s e e F i g . 4 ) . The x , were chosen to 
provide maximum decoupling of the various components, 
and the contour mod i f i ca t ion i s made by ad just ing the 
various y- j . 
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Figure 4: Pole Insert 



The coefficients of the chanye in the component 
amplitudes AB(N) = ̂£/6£»J><*»/S-'ji "> (integral over the 
fringe region) were measured for the "allowed" com­
ponents through N=3U, by successively reducing each 
y,- starting at the apex. These coefficients, and 
measurement of the components through half of the 
magnet, provide eight linear equations of the form: 

gA&Cti*- A^i * ~{z(.^)At 

( i n t e g r a l extends f rom the magnet cen te r th rough 
the f r i n g e reg ion) . These equations can be solved 
to provide y ; required to reduce the in tegra l of 
the "a l lowed" components to zero. 

Successive a p p l i c a t i o n o f these c o r r e c t i o n s 
were used to develop "standard" sets of inser ts f o r 
both ends of the f i r s t magnet. The standards were 
then used as i n i t i a l cases f o r subsequent magnets, 
w i t h only minor contour adjustment required to com­
pensate f o r d i f ferences between magnets. 

The computer was programmed t o ha rmon ica l l y 
analyze the data from each of the four searcl . -coi l 
pos i t i ons , sum each allowed component over half of 
the magnet, set up and solve the p o l e - t i p cor rec t ion 
equations f o r each end, and p r i n t out the contour 
data necessary f o r a tape-cont ro l led m i l l i n g machine 
to produce the two sets of corrected pole t i p s . The 
program also summed the sextupole and octupole com­
ponents over the e n t i r e magnet, and c a l c u l a t e d 
changes in the mating dowel-key size necessary to 
r e p o s i t i o n the top and bottom magnet halves and 
reduce these components to acceptable amplitudes. 

Conclusion: 
Fourteen of the twenty- four PEP inse r t i on quad-

rupoles have been measured and trimmed. F ig.6 i s 
a t y p i c a l r e s u l t , showing the amp l i tudes of the 
various harmonic components,fc(IJ)dz/ )B(2)dz, i n t e ­
grated over the en t i r e magnet at the pole red ius . 
F i g . 7 shows i s o - e r r o r con tours B / B { 2 ) = c o n s t . , 
generated from these components. The homogeneity of 
the f i e l d i s probably at a p rac t i ca l l i m i t f o r the 
equipment and methods of co r rec t ion used, and fo r 
the s t a b i l i t y of the magnet s t r uc tu re . 
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