
Chromaticity Compensation Scheme for the Main Injector 

S .A. Bogacz 
Accelerator Physics Department, Fermi National Accelerator Laboratory 

P.O. Box 500, Batavia, IL 60510 USA 

Abstract 
The current Main Injector lattice is studied in the 

context of full chromaticity compensation in the pres- 
ence of the eddy current, saturation and the end-pack 
sextupole fields generated by the dipole magnets. Two 
families of correcting sextupole magnets are placed to 
compensate these fields and to adjust the chromaticity 
(in both planes) to some desired value. Variation of the 
dipole induced sextupole fields with the B-field 
(changing along a ramp) are modeled according to recent 
experimental measurements of the Main Injector dipole 
magnet. Analysis of the required sextupole strengths is 
carried out along two realistic momentum ramps. The 
results of our calculation give quantitative insight into 
the requisite performance of the sextupole magnets. 

I. CHROMATICITY COMPENSATION 

In addition to the dipoles and quadrupoles the Main 
Injector lattice includes two families of sextupole mag- 
nets (focusing and defocusing) located in the regular 
cells adjacent to the respective quadrupoles. The inte- 
grated strength, S, of an individual sextupole of length 
L (in geometric units of m-‘) is introduced as a thin el- 
ement as follows 

Ax’ = S x2 (1) 

There is also additional sextuple field induced by 
each dipole magnet. This field combines the effect of 
eddy current as well as sextupole saturation and the ge- 
ometric end-field effects. Here, one implements it by 
inserting a zero-length sextupoles at the middle of each 
dipole and at both ends (to mock-up the effects of the 
above fields). The integrated sextupole strengths corrc- 
sponding to the ‘body’ and ‘ends’ effects are delined as 
follows 

S, = edlp (bZedd + b2sat), (2) 

S, = Od,p b2cnd, 

where ediD is the bend angle of the dipole magnet. 
The goal of this two families of .%xtupoles (f and 

d) is to compensate the natural chromaticity, x0, in the 
presence of the dipole sextupoles, S, and S, to some 
desired value, x, (both in the horizontal and vertical 
planes). One can describe the above compensation 
scheme in the following convenient notation (in terms 
of eight sensitivity coefficients) 

x=_x”+M (;;)+s Gr) (3) 

Here, the underlined symbols denote 2-dim column vec- 
tors and the bold face characters represent two-by-two 
matrices. These two dimensional objects correspond to 
the horizontal and vertical degrees of freedom. One can 
easily identify the eight sensitivity coefficients with the 
components of M and S matrices. 

It is useful to express the sextupole strength in 
magnetic units of Tesla/m. Therefore, one introduces a 
column vector strength, g. Its components describe the 
sextupole strength of botii families as follows 

% 
g = (W’) 

0 
(4) 

Sd 

where p is a local curvature radius. Solving Eq.(3) with 
respect to g and applying @s.(2), yields the following 
formula - 

g = @,,p) M-’ [_x - x” - S 
Sb 
0 s 1 (3 - e 

The above expression is used to analyze the required 
sextupole strength as a function of changing B-field 
along two basic Main Injector ramps for different chro- 
maticity compensations. The sensitivity coefficients for 
three families of sextupoles, S and M, are simulated for 
the Main Injector lattice using MAD tracking code’. 
The resulting coefficients along with the natural chro- 
maticity, x”, are listed below - 

( 

8.28 0.901 
M= 

1 
x 102, 

-1.82 -4.43 

( 

1.49 3.50 
s= 

1 
x 103, 6) 

-1.39 -3.00 

-33.6 
-&” = 

( 1 -32.9 

To complete the sexmpole strength analysis, outlined 
by Q.(S), one has to gain some insight into the sex- 
tupole content of a dipole magnet and its variation with 
B-field. 
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II. SEXTUPOLE CONTENT OF A DIPOLE 
MAGNET 

First, we consider the sextupole field induced by 
the eddy current flowing in the dipole magnet lamina- 
tion. Assuming that the field is proportional.to the eddy 
current density, which in turn is linear in B, one gets 
immediately the following relationship 

b2edd = 8.128 x lo-* ‘$ o [mm21 . (7) 

Here, the numerical proportionality coefficient was 
found* through numerical simulations. 

Combined contributions of the saturation and static 
sextupole fields was found experimentally3 via the flat 
and rotating coil measurements of the dipole magnet. 
The resulting sextupole strength variation with B-field 
is illustrated in Figure 1. 

Sextupole body field UN.4002 b,[l/m’] 

l b-2 (flat coil) 

. b-2 (rot. coil)) 

-2 / 4. I I I 

0 03 0.6 09 12 IS 1.8 

8 [Tesla] 

Figure 1 

Finally, the end-field effect was measured for vari- 
ous geometries of the end-pack piece. They are collected 
in Figure 2. The end-pack #9 was selected as the design 
configuration for the dipole magnet end-pack. 

Further analysis of the sextupole strength will be 
carried out for two realistic Main Injector ramp@, 
namely the 150 GeV ‘standard ramp’ and the 120 GeV 
‘slow spill ramp’. To summarize the diple content of 
the sextupole all three contributions are plotted as a 
function of momentum for 150 GeV ‘standard ramp’. 
Figure 3 illustrates the above plots. 
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Figure 2 

As one may have expected, the dipole sextupole at 
low B-fields starts at some static plateau and it is virtu- 
ally dominated by the eddy current sextupole, while at 
higher B-fields the saturation components picks up and 
it eventually shapes up the sextupole field profile at the 
end of a ramp. 
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III. SEXTUPOLE STRENGTH - 
CONCLUSIONS 

Now, one can evaluate the correcting sextupole 
strength, g, given by Eq.(5), for every point along a 
given m&tentum ramp (using values of b,‘s taken 
from Figure 3). This procedure will generate the sex- 
tupole strength ramps for both families of correcting 
sextupoles (f and d). Figures 4 and 5 summarize final 
sextupole requirements for two model ramps. This as- 
sumes chromaticity flip at transition (from -10 units 
before transition to 10 units above transition, linearly, 
over a 20 msec time interval). The last condition is dic- 
tated by the head-tail instability assessment’ carried out 
for the Main Injector. 

Certain care is taken to maintain unipolarity of the 
power supplies for both families of correcting sex- 
tupoles (appropriate choice of the end-pack geometry). 
By convention, the focusing family carries positive and 
the defocusing one negative sign of the integrated sex- 
tupole strengths. 
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Figure 5 

As one can see from Figures 4 and 5, the extreme 
value of the defocusing sextnpole strength is hound by 
45 Tesla/m for both ramps, while the maximum re- 
quired strength of the focusing family in case of the 
regular 150 GeV ramp (55 Tesla/m) is much higher 
than the corresponding strength for the slow spill 120 
GeV ramp (30 Tesla/m). This last feature is a result of 
smaller saturation sextupole component in case of the 
slow spill ramp (see Figure 3). ‘lhe above extreme val- 
ues of the sextupole strength for both families translate 
into the current/voltage requirements for the sextupole 
magnet design, which sets the standard for their power 
supplies performance. 
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