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Abstract 

The Main Ring Quadrupoles have been used in the Fermi- 
lab Main Ring and will be utilieed in the proposed Fermilab 
Main Injector. Utilising a rotating coil harmonic measure- 
ment system, a sample of more than 35 Fermilab Main 
Ring Quadrupoles have been measured. The asymmetric 
design of these magnets provides many easily measured 
harmonic coefficients. Results for harmonic coefficients at 
various excitation levels are presented. 

35 of these magnets at excitations in the range from 0.5-9.0 
T/m. 

The magnetic field measurements have been taken with 
a probe which integrates through the full length of the 
magnet. The measurements will be analyzed in terms of B 
two-dimensional harmonic representation for which 

By +iB. = .j-I”=l(CN &‘-I) (+r-l)c, ei((‘-~)@+XJ) 

c, ,i(XJ) = (b + ior) 

1 Introduction 

The new 150 Gev Main Injector[l] to be built at Fermilab 
will reuse many of the main quadrupoler currently in use 
by the Main Ring. The original production of about 250 
these magnets occurred in 1970-71[2]; the magnets have 
a beam pipe aperture of 4.9”~ 3.1” (HxV) and lengths of 
52” and 64”. They were designed to operate at a maximum 
gradient of 30 T/m at 8.0 kA; routine 400 Gev operation 
in the Main Ring required a peak gradient of 24.1 T/m 
while 160 GeV operation required 1575 A to produce 9.05 
T/IL At the latter excitation the gradient error is less 
than 0.5% in (UL aperture 3.5” x 2”. The Main Injector 
dnign[3] calls for 19.6 T/m at 150 Gev. Given the plan to 
use this quadrupolc design in the new Main Injector, it is 
of some interest to summarise the measured field shape of 
these magnets. 

in which Bs, B. are components of the magnetic field, 
CN is the harmonic field of the dominant field component 
(N=Z for Quadrupoles), c,, x, are the normalised har- 
monic coefficient and its phase (b,, a~ are the correspond- 
ing normal and skew normalized harmonic coefficients), 
while r,B are the cylindrical position coordinates, and a 
is the reference radius at which the harmonic coefficients 
are normalized. In this notation we norma.liie the mea- 
surements to the quadrupole field at the reference radius 
a which we will take as 25.4 mm. The quadrupole field is 
the angular reference and we assume no skew quadrupole 
(2s = 0). We will express b,, or in ‘units’ by multiplying 
the above values by 10’. 

2 Measurements systems 

Originally, production magnetic measurements were made 
on each magnet[Z] using a full-length stretched wire gradi- 
ent coil that was moved zxross the horizontal midplane in 
one-inch steps. These measurements were able to establish 
the uniformity in integral strength and and gradient error 
at high field but were incapable of giving the distribution 
of higher multipoles. In 1966 the creation of the Main Ring 
overpars at the CDF interaction region afforded an oppor- 
tunity to measure at MTF[4] the multipole composition of 
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The measurements were taken using B Morgan Coil[5] 
with the following coils available for measurements: 2P, 
ZP-skew, 4P, 4P-skew, 8P, BP, lOP, 12P, 20P. These were 
arranged on a glass-epoxy (GlO) cylinder with the wires 
at (L radius of 34.5 mm snd a length of 2.34 m. The flux 
induced when rotating this coil was measured using an 
operational amplifier integrator followed by e.n amplifier 
and a 12 bit ADC. Data were recorded at 512 points around 
the circle (some data used 256 and some used 1024 points) 
using B VAX11/730 computer. The resulting data were 
corrected for integrator drift and adjusted for integrator 
and amplifier gains. An FFT converted the resulting fluxes 
to harmonic flux coefficients. Harmonic fields (Cs) and/or 
normalized harmonic coefficients (CJ) were then obtained 
using known probe geometry. The probe was placed near 
the center of the qusdrupolc beam pipe. Although the 
dipole field was measured and could be used to establish 
the magnetic center, these results are reported with the 
coordinate center on the probe rotation axis. 
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Figure 1: The current dependence of B-pole, lo-pole, and 
1%pole harmonies for an 84’ quadrupole (BQB234). 

3 Current Dependence of Nor- 
malized Harmonic Components 

Following special studies of the current dependence of the 
field shape below 2 T/m for a limited number of magnets, 
routine measurements at 6 or 10 currents from 0 - 1575 A 
were selected for production measurements. If we define 
hysteretic effects as those for which the harmonic fields are 
different for increasing currents than decreming currents, 
we find small hysteretic effects in the several moments in- 
cluding B-pole, R-pole, and 1Gpole normal moments. Non- 
hysteretic current dependence of the normalized harmon- 
ics are seen at low currents in most multipoles but only es 
we approach saturation do any harmonics change by more 
than a few units (above strengths of 0.5 T/m). 

One magnet (BQB234) has been studied at fields up to 
the fields of interest for the Main Injector. In Figure 1 
we show current dependence of those harmonics for which 
the saturation-induced changes are most pronounced. The 
current dependence of the skew sextupole indicates a large 
symmetry-violating saturation effect which we do not un- 
derstand. 

4 Harmonic Distributions 

Production measurements of these magnets employed a 
pre-mmp to 1575 A (Main Ring 150 GeV excitation) to 
establish the hysteresis. The quadrupole strength and har- 
monics were then measured at an established set of cur- 
rents on the up ramp and down ramp. All harmonic co- 
efficients for which our probes are sensitive were stored in 
a database. A few of the 84” quadrupoles are still of the 
unmodified style described by Hinterberger[Z]. Included 
in our sample of magnets were 4 Unmodified 84” quads, 
18 Modified (Standard) 84” quads, and 15 Standard 52” 
quad% 

Table 1: Measured Harmonic Coefficient Distributions at 
1575 A 

Harm Std. 84” Quads Unm.84” Quads Std 52” Quads 
Coef Average Sigma Average Sigma Average Sigma 

b3 0.176 2.803 5.470 5.596 0.084 2.206 
a3 0.117 1.849 0.528 0.935 0.621 1.235 
b4 5.037 1.059 -2.662 0.266 5.149 1.373 
a4 -1.164 2.380 0.299 1.184 -0.681 2.226 
b5 -0.009 1.176 -2.134 2.035 -0.142 0.891 
a5 0.422 0.470 -0.054 0.502 0.340 0.558 
b6 -1.680 0.562 -2.255 1.655 -2.521 0.218 
a6 0.402 0.701 0.020 0.413 0.214 0.660 
b7 0.272 0.566 0.584 0.328 0.123 0.465 
a7 -0.545 0.443 0.387 1.182 -0.154 0.530 
b9 -0.013 0.289 -0.131 0.152 0.034 0.193 
a9 0.142 0.164 -0.011 0.268 0.020 0.264 
b10 -0.806 0.080 -0.761 0.070 -0.807 0.078 
a10 0.024 0.068 0.023 0.070 0.028 0.051 
b12 0.354 0.041 0.348 0.032 0.358 0.033 
a12 -0.004 0.033 -0.019 0.026 -0.012 0.031 

Harm Std. 84” 
Coef Calculated 

Unm. 84” 
Calculated 

b4 9.23 1.83 
b6 -1.30 -1.79 
b8 1.40 1.46 
b10 -0.84 -0.81 
b12 0.35 0.32 
b14 -0.073 -0.091 

At Main Ring Injection current of 90 A (.54 T/m), mag- 
netization effects can be important. Measurements on 16 
84” Standard quads e.re available which compare the fields 
on up ramps and down ramps. We find that the hysteretic 
width of the normal R-pole has a mean of 1.38 units with 
a sigma of 0.24 units. This compares with (L mean of 8.37 
(9.76) with a sigma of 1.23 (1.20) on the up (down) ramp. 
The hysteretic la-pole changes are typically much smaller 
in this set of quadrupoles than for ones of a symmetric 
design. 

The mean and standard deviation et 9 T/m for available 
harmonics through 24-p& are shown in Table 1. Of the 
many details available in Table 1, let us note especially that 
b* is linearly related to the back-leg change described[2]. 
The operation of machining the core to reduce the gap 
changed the average as described. The accuracy limita- 
tions of that are apparent in the difference in sigma be- 
tween the two cases. We show also in Table 1 a calculation 
of allowed harmonics. The column labeled “Unm. 84” ” 
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Figure 2: Correlstions between Normal B-pole and Normal 
XI-pole Harmonic Coefficients at 1576 A. 

represents e magnet constrocted from the designed lam- 
ins&n. The column labeled “Standard 84” n uses that 
lamination with 0.010” of material removed from the beck 
leg. The change in R-Pole (b4) between these cases is 
7.7 units (7.4 units) for measured (calculated) harmonics. 
This and the measured octepole for the two cases sup 
porta the claim[2] that the laminations as produced have 
too large e backleg gap and thst the everage amount of 
steel removed wan nearly 0.010”. 

5 Harmonic Correlations 

Other interesting manufacturing errors are apparent in 
these harmonics. Figures 2 and 3 reveal correlations due 
to manufacturing errors. We note that the 20-Pole end 24 
Pole errors ere small when measured at a reference radius 
of 25.4 mm but if measured et the pole tip (e size charac- 
teristic of the quadrnpole fabrication) they are comparable 
to the low-order harmonic errors. 

6 Summary 

The availability of e harmonic measurement system has 
allowed un to study the quadrnpoles from the Fermilab 
Main Ring. Since these magnets were designed with an cl- 
lipticd aperture, the only symmetries which are preserved 
by design are the top/bottom and left/right symmetries. 
Thin permita e much richer spectrum of harmonic com- 
ponents than e symmetric qnadrnpole allows. Additional 
effects due to msgnetisation and saturation provide fur- 
ther changes in the field shapes. Overall this harmonic 
measurement system allows UII to characterire the gradient 
errors for Mein Bing qua&up&a throughout the range of 
interest for current operations or Main Injector use. Probe 
rotation times are such thst rotating coil harmonics can- 
not be measured with this auparatus at hiah currents ldue 
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Figure 3: Correlations between Normal 20-p& and Nor- 
mal 24-pole Harmonic Coefficients et 1575 A. 

to overheating) so we cannot compare directly with the 
previously published results. 
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