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I. Introduction 

The magnets of alternating-gradient synchro- 
trons at present obtain the strong gradient by 
shaping tile magnet poles. This paper proposes 
another way of obtaining the requirrd spatial 
variation of the magnetic field, which may offc,r 
the possibility of going to higher magnetic iiclcls. 
The design of this magnet is indicated in Fig. la. 

The magnet shown in Fig. la has two poles 
instead of one, and there are two coils whick allow 
one to vary the relative excitation of the two 
poles. The coils are excited so that underneath 
the center of the poles, the field is just that 
given by the linear variation of a conventional 
AGS magnet. 

The magnet shown in Fig. 1 will be called a 
Discrete Excited Pole (DEP) magnet, The field 
variation as a function of r along the azimuthal 
magnet center, instead of being the usual linear 
variation, is as shown in Fig. lb. 

The magnetic field in a DEP magnet oscillates 
about the linear field of the usual AGS magnet. 
The question immediately arises as to whether such 
an oscillation in the field would not cause the 
v-values to vary more than can be allowed. This 
question will be treated in the next section. 

Assuming for the time being that the DEP 
magnet will have acceptable orbits, one can SCF 
the following advantages: 

1) The exact shape of the pole is no Longer 
critical. 1~ is sufficient to adjust the two coils 
so that the fields under the center of the poles 
have the desired values. 

2) It should be possibl<, to 8:" to Ilii:llL,r 
magnetic fields. The relatively higlhcr saturation 
of the high field pole can be compensated for by 
extra excitation of one coil. A rough estimate 
indicates that one can achieve fields which are 
about 305: higher than that in conventional AGS 
magnets. 

II. Orbit Results 

The magnetic field in a DEP magnet is not a 
linear field, and the variation in the b-value 
with energy will not be acceptable unless some- 
thing is done to keep the variation in the v-value 
down. 

If one regards the departure from a linear 
field in a DEP magnet as a perturbation on the 
linear field, then one way of reducing the effect 
of this perturbation on the u-values is to give 

*Work done under the auspices of the U.S. AFC. 

the perturbation a rapid variation around the 
accelerator. This may be accomplished, for exam- 
ple, by moving the DEP magnets in and out around 
the magnet ring by an amount Ar, such that 

Ar = a cos M 8 , (2.1) 

wl1t,rc, ?n/M is considc~rably smaller than the funda- 
mental period of the accelerator, 2n/N, which is 
tile period of tllca alternating gradient. In some 
scnsc then, the particles will see on the average 
jrlst the lintsar TicId of the usual AGS. This dis- 
placement of the magnrts is illclstrated by Fig. 2a. 

Another arrangcmcnt which may have some advan- 
tages is to displace' t-lilz ma$:nets so that the pole 
faces lit on the logarithmic spirals 

$ In (1 + x/R) - M 6 = constanl (2.2) 

This arrangement is shown in Fig. 2b. Note that 
the edges of the pole facti's have also been made 
parallel to the logarithmic spiral. The radial 
separation of the poles is, rougllly, 2b. 

Logarithmic Displacement of Magnets 

For the case whcrc the magnets are displaced 
so as to lie on a logarithmic spiral, the median 
plane magnetic field may he approximated by 

H 
% 

= Ii0 (1 + K x cos N 0) 

)i (l+ 6 sin [(n R/b) In (1+x/R)-M 01) (2.3) 

In Ilq. (2.3), K is the radius of the central orbit, 
and the separation of the poles of the DEP magnet 
is roughly 2b. 

Computer runs were done with parameters 
similar to those of the Brookhaven AGS: K = .l, 
b = 3 inches, R = 5057.4 inches, N = 60, and 
M = 270. It is desirable to choose M so that it 
is not a multiple of N. 

In Fig. 3, the changes in u-values are shown 
across the vacuum tank for various values of B. 

One may note that the variation of v, has not 
been affected. The variation in vZ, on the other 
hand, becomes larger with increasing E. In Fig. 3b 
av, which is the total change in v, as x varies 
from -3 inches to +3 inches, is plotted against O. 

Fig. 3a shows a region near x = 5 inches 
where the vz variation is decreased. However, this 
gain is partially offset by an increased circum- 
ference factor. 
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It is difficult to determine the correct 
value of s without detailed magnet calculations. 
An estimate of E indicates that E - .l. 

Radial Displacement of Magnets 

For the case where the magnets are displaced 
radially according to Eq. (2.1), the median plane 
magnetic field may be approximated by 

HZ = B. (l+K x cos N 0) 

x (l+ c sin [(n/b)(x-a cos M 8)]) (2.4) 

In Eq. (2.4), a is the amount of the radial dis- 
placement and the separation of the poles of the 
DEP magnet is 2b. 

The magnet displacement parameter, a, can be 
chosen so as to minimize the effect of the DEP 
magnets on the v-values. One can Fourier analyze 
the field Eq. (2.5) and demand that the field har- 
monics for n = 0, N be linear with r, exactly as 
though the field were linear. 

If one writes 

Hz = B. i Co(x) 

+ C,(x) cos N e 

+ higher harmonics . . . 

then one finds for co(x), c,(x), 

3 (2.5) 

Co(x) = l+ e Jo (n a/b) sin (n x/b) , (2.6a) 

C,(x) = K x+ s Jo (n a/b) sin (TT x/b) , (2.6b) 

where Jo is the zero order Bessel function. We 
have used the expression 

cos (a cos n 9) = Jo(a) 

-2 1 (-Urn J2m(4 cos 2 m M 8 (2.7) 
a+1 

and we have assumed that N and M are incommensu- 
rate. 

One sees that to make C,(X) = Kx, one must 
choose a by the rule 

n a/b = p , (2.8) 

where p is a zero of Jo(x) 

PO = 2.4048 , p1 = 5.5201 , p2 = 8.6537 , . . . . 

A computer study was carried out using the 
magnetic field of Eq. (2.4) and choosing a ac- 
cording to the rule Eq. CZlS), with p = 2.4048, 
the lowest zero of the Bessel function. 

The parameters of the field were chosen so as 
to simulate the Brookhaven AGS. The parameters 
used were N = 60, M = 270, and K = .l. The two 

:poles were separated by 6 inches, which means 
b = 3 inches, and the optimum choice of a ac- 
cording to Eq. (2.8) is then a = 2.2964 inches. 

In Fig. 4a, the changes in u-values are 
shown across the vacuum tank for E = .l. In 
Fig. 4b, Av, which is the total change in v as x 
varies from -3 to +3 inches, is plotted against 8. 

III. Magnet Design 

To illustrate what the DEP magnet might look 
like, we will design a DEP magnet that might have 
been used for the Brookhaven AG!i. 

For simplicity an accelerator will be con- 
sidered which has no long straight sections. The 
gradient will alternate with a period of 21~160. 

The logarithmically displaced magnet shown 
in Fig. 2b will be used. In Fig. 2b, the magnet 
shown can be considered as the positive gradient 
magnet. This magnet can be broken up into three 
magnets, each about 60 inches long and 23 inches 
apart. 

The negative gradient magnet can be obtained 
by rotating the positive gradient rnagnet by 
180 degrees. The positive gradient magnet is 
shown in Fig. 5, roughly to scale. 
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FIG lo FIG lb 

Fig. 1. Cross section and magnetic field of a 
Discrete Excited Pole (D'EP) magnet. 
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Fig. 2. DEP magnets corr-:sponding to radial and 
logarithmic dlaplacement of tlw poles. 
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Fig. h. Compu+&r results for the varlation of the 
Q-values for an accelerator with radially dis- 
placed DEP magnets. x 1s ths average orbit radius 
relatfve to the center of the vacuum tznk. The 
result8 for E - 0 are those for a conventional 
AGS and are given by the dashed llnea. 
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Fig. 3. Computer results for the variation of 
thev-values for an accelerator with logarith- 
mically displaced IIEP magnets. x la the average 
orbit radi.us relative to the center of the vacuum 
tank. The results for S= 0 are those for a con- 
ventional ACS. 
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Fig. 5. A positive gradient 
magnet made up of logarith- 
mfcally displaced DEP magnets 
and drawn roughly to scale. 


