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Abstract 

The dipole magnets for the proposed Main Injector project 

at Fermilab are designed to ramp to maximum field (1.7 T) 

at rates over 2.5 T/s. These ramp rates will produce eddy 

current effects which degrade overall field quality. A har- 

monics probe was constructed for the purpose of measuring 

eddy current field components during the ramp cycle. Three 

separate ramp rates were employed ranging from 1.3 T/s to 
2.7 T/s. Tests were performed using beam pipes with two 

different resistivities. The dominant multipale contribution 
resulting from eddy current effects in each beam pipe was 

sextupole. The sextupole component closely matched the 

calculated prediction. 

1 Introduction 

The Main Injector Project will replace the Fermilab 
Main Ring[l]. This accelerator will be composed of re- 
cycled magnets taken from the Main Ring and a series 
of new magnets. The dipoles will be of a new design. 
Specifications and preliminary measurement results for 
prototype dipoles have been presented elsewhere[2][3]. A 
theoretical study was performed to investigate the sig- 
nificance of eddy currents induced in the beam pipe walls 
and their effect on the field quality of the magnet[4]. The 
dipole, sextupole, decapole, and 14-p& effects were cal- 
culated as a function of beam pipe width. The effect of 
dipole and sextupole contributions were found to be sig- 
nificant. A measurement system was assembled for the 
task of verifying the eddy current field effects. 

2 AC Harmonics Measurement System 

The time-dependent flux through a set of stationary 
coils was monitored while the magnet was ramped, One 
AC harmonics measurement step consisted of: 1) po- 
sition the probe, 2) simultaneously ramp the mag- 
net, sample the current, and sample the probe signal, 
3) record the sampled data and the probe angle, and 
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4) check the probe angle. Steps 1 through 4 were re- 
peated until the probe completed one rotation. Once 
all data for a measurement had been obtained it was 
possible to extract the harmonic coefficients. Data wa8 
acquired in this way for all ramp rates, beam pipes, and 
probe coil selections. 

Figure 1 outlines the primary hardware components 
used in these measurements. Several devices are worth 
noting. A hybrid probe consisting of sextupole and 
decapole Morgan coils[5] and tangential, belly band[6], 
normaland skew dipole coils was constructed. The outer 
diameter was 4.43 cm. Each coil was 44.9 cm long. 
The Morgan coils were wound with seven turns each. 
The tangential and belly band geometries were designed 
to provide equal but opposite dipole sensitivities. This 
probe was sufficiently short so as to be insensitive to the 
curvature of the magnet while still maintaining a high 
degree of signal sensitivity. 
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Figure 1: AC Harmonics hardware components. 

The probe signal and the magnet current were 
measured simultaneously with two digital multimeters 
(DMM’s). A Hewlett Packard’ 3458A read raw probe 
voltage. An HP 1410A VXI DMM recorded the power 
supply transductor signal. Both DMM’s were set to 
1KHz sampling rates. The probe signal was sampled 
at 65 digits of precision with sensitivity set at either 
1. 1Om6 or 1 lo-’ volts. A Pentek’ 4080 Digital Signal 
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Processor generated the ramp functions. Data acquisi- 
tion and ramp generation were started simultaneously 
with an electronic trigger pulse. 

3 Measurement Conditions 

Two 150 KW power supplies operating in series provided 
magnet excitation. Measurements were made with lin- 
ear rampsof 7500, 10000, and 15000 A/s (1.34, 1.79, and 
2.68 T/s) over the range 0.0 to 3000 A (0.0 to 0.54 T) 
for all ramps. Ramp stability was verified after each 
measurement. 

Each beam pipe had dimensions 11.6 cm wide by 
5 cm high by 122 cm long with a corner radius of 1.2 cm. 
The wall thickness was 0.15 cm for each pipe. Beam 
pipes constructed of two materials, type 316 Stainless 
Steel (p = 0.73 @m[7]) and type 330 Stainless Steel 
(p = 1.02 &m[8]), were used. Each beam pipe was 
tested in the lead end of the magnet. The pipe was 
positioned with its outer edge flush to the magnet coil, 
leaving 109 cm of the pipe inside the laminations. 

All measurements were performed on the second pro- 
totype Main Injector dipole (IDMOOZ). The probe was 
inserted in the pipe or between the pole faces with no 
pipe. The coils were placed 30 cm from the lead end, 
putting the probe within the body field of the magnet. 
A bucking box was used to select the coil(s) of interest 
for each measurement. The tangential and belly band 
coils were used in anti-series to suppress the dipole sig- 
nal and allow observation of the sextupole and decapole. 
The dipole signal was recorded with the belly band coil. 
Data was taken at 64 uniformly spaced angles. 

4 Data Analysis 

The power supplies produced a current signal with ob- 
servable ripple. Fast sampling of the transductor signal 
revealed nearly 4 A of 720He noise superimposed upon 
the requested current. This noise was magnified in the 
probe signal and was amplified further when the probe 
was in a beam pipe (see Panel A of Figure 2). Data from 
the s&up& Morgan Coil are shown in Figure 2. Panel 
A shows the probe voltage data, proportional to d+/dt. 
Flux as a function of time was obtained by numerical 
integration (trapezoidal method). An example is shown 
in Panel B. Harmonics information was extracted from 
the integrated probe signals. The integrals were decom- 
posed into time slices, transposing the data from time 
to angular position (see Panel C). Time slicing was done 
from 0.01 seconds to 0.5 seconds at each millisecond in- 
terval for each measurement. The data in Panel C ex- 
hibits the characteristic signature of a sextupole field 

s owx 
2 o.wo 
s 0.M 
.g 0.002 
2 0 

-*.m 
-0.&?4 
-o.m* 
-0MX 

x IO? 
Tim i.7) A 

2 0.08 0.12 

5 0.m 
m 0 
2 2 1;; 
2 412 

5 -010 i2 
2 -0.24 i;-bddA 

iw 2w 300 
.hylr ,lkiir<rr, 
c 

- O.,Z’ 
;” O./i, 
g “,E 

B”.074 1 ? g; 

i g~i;;o:urol,J ;~--i 1 
4 R 12 FFT C~my<,nm~ D 

Figure 2: A: Probe signal for the type 316 Stainless Steel 
beam pipe, angle = 16.875 degrees, sextupole Morgan 
Coil; B: Integrated signal; C: Integrated signal at 0.11 
seconds for all angular positions; D: FFT amplitudes 
for the data shown in Panel C). The arrows in B and C 
point to the same data value. Ramp rate = 15000 A/s. 

and was typical of all measurements taken with the sex- 
tupole Morgan coil. Panel D gives the FFT amplitude 
results for the data in Panel C. The s&up& compo- 
nent dominates. FFT results for all measurements were 
transposed back to the time axis and compared with 
current. Figure 3 shows a plot of flux amplitudes (a~) 
~8 current for sextupole Morgan coil data at a ramp 
rate of 15000 A/s. Data is shown for no beam pipe, the 
type 330 Stainless beam pipe, and the type 316 Stain- 
less beam pipe. Similar analyses were performed on the 
dipole and decapole data. 

5 Results 

The behaviour shown in Figure 3 is typical of all sex- 
tupole data taken during the ramp. It is observed at 
each ramp rate and with both the Morgan and tangen- 
tial coils. With no beam pipe the sextupole strength 
rises linearly with current. With a beam pipe there is 
a constant contribution to the sextupole from the eddy 
currents which is proportional to dB/dt and inversely 
proportional to the resistivity of the beam pipe matc- 
rial. 

Figure 4 shows the normalized sextupole harmonic 
coefficient bl, the fractional deviation of the field from a 
pure dipole at 2.54 cm due to the sextupole component, 
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Figure 3: FFT Amplitudes for type 316 Stainless Steel, 
type 330 Stainless Steel, and no beam pipes. Ramp = 
15000 A/B. 

as a function of magnet current. Measurements and 
calculations are plotted for various probes, beam pipe 
materials, and ramp rates. 

6 Conclusions 

Despite the significant power supply ripple on the data, 
sextupole eddy current signals were clearly observed 
with both Morgan and tangential coils. These effects 
were present at all ramp rates and with both beam 
pipes. The sextupole results compared well with the 
predicted values. No decapole signal that could he di- 
rectly attributable to eddy currents was observed. Since 
the theoretical estimation of the magnitude of decapole 
was barely 1% that of the sextupole (at this beam pipe 
width)141 the measurement system may not have the 
sensitivity required to detect the decapole signal. 
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