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I. Introduction 

In order to utilize efficiently the available ap- 
erture in the AGS and thereby achieve a high intensity 
accelerated beam, it is important that deviations in 
the horizontal and vertical equiiibrium orbits be min- 
imized. As has been emphasizedi, this is particularly 
true when multiturn injection is used. The AGS Ccn- 
version program has provided the synchrotron ring struc- 
ture with 96 horizontal and 96 vertical dipole magnets 

located at the 2, 4, 6, 8, 12, 14, 16, 18 straight sec- 
tions of each superperiod." Each of these correction 
dipoless is independently powered and capable of giving 
the beam an angular deflection of 0.15 mrad for the in- 
jecticn momentum (8.46 x 105 gauss in.). The position 
of the beam in the AGS is observed with the aid of 36 
horizontal and 36 vertical electrostatic induction elec- 
trodes located azimuthally at the 3, 7, and 15 straight 
sections of each of the superperiods. 

II. The Equilibrium Orbit 

The equilibrium orbit, that is, the average posi- 
tion cf a bean of particles in the AGS can be expressed 
in terms of normalized variables as8,s 
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the betatron phase at the azimuthal 
position Sk. 

the number of betatron cscillations for 
a full circumference, C = ZnR, of the 
ring, 

the average beta function, B(T), for 
the central superperiod-symmetric ref- 
erence orbit, 

the fractional momentum deviation from 
the momentum of the central orbit, 

f(T)=8 ji2(s)F(s), the normalized perturbing magnetic 
dipole distribution [F(s) = magnetic 
field increment at point s/magnetic 
rigidity cf central particle], and 

r ,.o.(.k)-~4(sk)y(sk), the ncrmalizcd position variable 
corresponding to a transverse displace- 
ment at s k equal to y(sk). 

in the specific case of the correction dipoles, the per- 
turbing field distribution consists of a set of 96 pint 
dipoles and is best written in term of the Dirac delta 
function as 
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and represents the normalized angular deflection at the 
azimuthal location, .jo, af a dipole which deflects the 
particle trajectory through an angle of '2 (,,) radians. 
Inserting Eq. (2) into Eq. (l), and restricting the '.k 
variable to the 36 pick-up electrode observation points, 
we derive the matrix equation 

9 E.O. (,,,) = T,k = lkD + k,Fa, k = 1,36, 2 = 1,516 ,(4) 

where lk, is the vector with all components eqJa1 to -ne 
and mpltiplies the normalized momentum affset, 
D = 81" &/‘Jp. The rectangular matrix, Plh, has the 
elements 

Mk, = E cos (:k-$G2) + + sin (,,--!,), :!k>:, ,(5a) 

Q = E ~0s (I,-:,> - 1 sin (ark-!,), \.;kc.y .(5b) 

In writing this matrix relation we have adopted the no- 
tation that Greek letter subscripts correspond to the 
dipoles and run from 1 to 96, while Latin subscripts cor- 
respond to the pick-up electrode positions and have val- 
ues 1 to 36. In addition we use the convention that re- 
peated indices indicate summation. 

III. Theory of Orbit Correction 

The problem of correcting the deviations in an 
equilibrium orbit observed at discrete points is, in 
this case, that of finding 96 values for the dipole 
fields that can cause 36 deviations, and then intro- 
ducing these dipole field values with a reversal of po- 
larity into the ring. It is clear that the problem has 
many solutions depending on the additional constraints 
that are imposed. One solution suggested by E. Courant' 
is: Minimize the sum of the square of the 96 dipole 
field values subject to the constraint that the resul- 
tant orbit pass through the 36 observed deviations. 
Thus, letting 

A = F F ; ci = 1,96 , 
iycy 

we defined 36 constraints B . k. 
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We now consider the change of the quantities 1 and Bk 
for variations in Fg and D and obtain 

bA= 2Fo 'Fj,= 0 , a nd (8a) 

“Bk = - Q 'F, - lkT D 1 0 . Cab) 

Since these: vnrintions nrf :lot ind,zprndcnt ws <ntr~;?c',~~ce 
the Lagrange multipliers, !k, and find 
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It should be menticned, at this point, that the 

above derivation is specifically concerned with the bar- 
izontal orbit for which a deviation from the center of 
the I::nchine can be due to a r;o?lentuc offset. For the 
vertical orbit, the derivation follows in a similar 
fashion except that the momentcm offset equals zero,and 
only Eq. (lOa) (with D = 0) is applicable. 

these magnets to be moved were those which initially 
exhibited the largest physical displacements as deter- 
mined by an optical survey of the ring. Thus by moving 
153 of the 240 nain ring magnets (the maximum horizontal 
xotion was about O.OSO in.), we have reduced the peak 
to peak horizontal distortion from approximately 2 cm 
to 1 cm. 

IV. &xxlytical ?!odel fcr Betatron Parameters Acknowledgment 

Because of the desire to simplify the analysis of 
the previous sections, we have used normalized variables 
:qherever possible. However in applying the derived re- 
sc1ts, it is necessary to use specific valEes for the 
betatrzn parameters. These are conveniently represented 
by aa analytical model of the AGS7; and, for colrplete- 
ness, we shall essentially list them. Thus for the be- 
tatron pt.ase function at any azincthal pcsition s, we 
have 

We would like to thank our many colleagues in the 
Accelerator 3epartment who contributed in essential wa;~s 
to this pro.ject. Mr. Joseph E. Smith wrote the COGCU- 
ter program-for the PDP-10 and Mr. Calman tisky ailalyzed 
the data for the optical survey of the main rinx. 
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V. Application and Results 

An on-line program for the AGS control ccxxputer 
(Digital Equipment Corp. PDP-10) has been developed 
which, given a measured equilibrium orbit at injection 
energy, calculates the required magnetic field correc- 
tions. As can be seen from the block diagram, Fig. 1, 
the insuts are the measured orbit and the ‘; value. In 
addition to the output correction field values, the 
,3rbit positions at the 240 straight sections of the AGS 
are calcul~~~ed .irld C“<LI be displayed. Fig-tires 2 and 3 
s:isw 3 t:~pical :uncorrected and corrected vertical orbit. 
A; can he %,:en the pei;k to peak distortion was reduced 
fr r>; i?pro:ii-xtzly 2 cm to 2 mm. T:le very lccal devia- 
tion j:lo;in at the I15 pick-up electrode is indicative 
thnt the power supply lixit was raachcd [or those di- 
pole; in that vicinity. Figures 4 and 5 are similar 
pict ircs for tile 1:orizontal orbit. ;;;ye atai* the2 li;:;i- 
tnti<,n in correcting the orbit is due to the power sup- 
ply liuitntion. 

VI. Yid-Field Orbit Correction 

It is ,)f icterest tC ncntion that a rlcthod :;il:iilnr 
:c> tiint ,!a,:;cribtid in tie previous sections for correct- 
i ,3; t:lc : a j dct ion ,: rbit ha ti !,ecn developed ior correct- 
il::: ii:e iii-fill< %-Jrbita. Dccai.;e .;f the hii;hcr znerg::, 
it is rccejsary in this in:;tancc to movil: tt!ca main ring 
:::‘i<;nt!ts. T::c basic salculntion XIS mo,difid :iltch that 
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Fi:;. 1. Block diagram f,:r ,,rbit corrcctio:l ant! display; 
prozxam. 
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?ig. 2. Uncorrected injection field vertical orbit. Fig. 4. Uncorrected injection field horizontal orbit. 
The brighter dots are observed displacements. 
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