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Abstract 

The endfield is often one of the most critical regions in con- 
ventional accelerator magnets. While the magnetic field 
structure of dipole ends can be complicated, it can be well 
described by a few parameters which include the effective 
magnetic length, L,E, and the integrated harmonics. Both 
of these parameters can be measured using a rigid coil 
which measures 1 Bdl in the endfield region as a function 
of insertion depth z and transverse displacement Z. We 
employ a data analysis technique which uses these mea- 
surements to remove body field contributions to the end 
field integral, resulting in the effective integrated endfield 
shape. A least squares polynomial fit is then used to es- 
timate the harmonic coefficients up to decapole. We also 
present the technique for measuring L,E as a function of 
magnet current. These measurement techniques were suc- 
cessfully used in a study to finalize the design of the end- 
packs for the Fermilab Main Injector Dipole. The tech- 
niques are sufficiently general to be useful for other appli- 
cations, such as the testing of the SSC Medium Energy 
Booster endpacks. 

By aligning the long axis of the probe with the longitudi- 
nal (2) axis of the magnet, we easily recover the integrated 
field over the length of the probe: 

where N is the number of turns and w is the probe width; 
z1 ansd zz are the endpoint coordinates of the probe. We 
used a coordinate system where z is zero at the first lami- 
nation of the endpack, and is positive going into the mag- 
net. This relation between field integral and flux does not 
include a correction for the remnant field. 

We positioned the probe so that zr is far outside the 
magnet, in a region where the field is negligible. One may 
therefore approximate z1 as being equal to --00. The inte- 
gral then becomes a function solely of the endpoint of the 
probe that is inside the magnet. 

I. INTRODUCTION 

We describe endfield measurement techniques that were 
developed for studying various endpack designs for magnet 
IDMOOS, the 2nd prototype dipole for the Main Injector[l]. 
The endpacks were measured using a 2.032 m long rigid 
probe called a Flatcoil. The probe has 24 turns of 0.254 
mm diameter wire wound around an aluminum bar of 
width 0.635 cm. The turns were spaced in a geometry 
which minimizes the sextupole contribution of the flux, as 
expanded about the probe center. The total flux, summed 
over all turns, is very nearly proportional to the field in- 
tegral along a path running down the geometrical center 
of the probe. The probe was mounted on a movable stand 
which allowed us to insert the probe to various depths in- 
side the magnet. In the baseline mode of operation, the 

For the endfield shape measurements, data were ac- 
quired using Flatcoil probe in the scan mode, in which the 
magnet current is kept constant and the probe scans hor- 
izontally across the magnet aperture. By positioning one 
end of the probe a depth zo inside the magnet (the other 
end being outside the magnet), we measured the field in- 
tegral as a function of depth and transverse position. 

A. Measurement Procedure 

‘Operated by Universities Research Association under contract 
with the United States Department of Energy 

We measured the field integral at up to 10 different cur- 
rents and over a range of probe depths, 0 < z < 50.8 cm, 
stepping every 5.08 cm in z. At each position the data ac- 
quisition program (running on a VAX) recorded the mea- 
surements of the current, the z position, and the flux to 
a data file. The z position was the only quantity of the 
measurement process under manual control, both in terms 
of positioning (via alignment with a steel ruler mounted 
on the test stand), and recording. 
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probe records the difference in flux between zero current 
and current i. 
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B(z)dZ = 2, 

II. EFFECTIVE LENGTH 
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B. Efective Length Calculation 

The total effective length for a magnet excited to a speci- 
fied current i is 

c,,(i) = s-“, B(C z)d* 
Be(i) 

where Bo is the mean body field. The total integral may 
be measured using a probe which extends the entire length 
of the magnet, and Bo may be measured by a probe which 
samples only the body field. In a high quality dipole, 
the body field is very uniform, only falling off as one ap- 
proaches close to the ends. With this observation in mind, 
we can re-express Eq. 1 in terms of the steel length, L,, 
and a quantity Lend which we call the end effective length: 

‘k(i) = Ls + 2&d(i) (2) 

The factor of 2 is present because of our definition that 
L end is the effective length of each end of the magnet. 

We used a measurement procedure which measures Lend 
using the 2.03 m probe. If the probe is inserted a distance 
z into the magnet, then the quantity 

f!(Z) = 2 - z 

should become constant and approach Lend as z becomes 
larger. The body field, Bo, is determined by performing a 
linear fit to .7(z). The slope is identified as the mean body 
field in the region z,in < z < z,,, over which the fit is 
made. 

The relative effective length describes the change in Lend 
with current and can be determined by choosing a reference 
current, io, and using Eq. 3 to obtain 

A!(i, z) = L(i, z) - e(io, z) = $$ - $$$ (4) 

The average of Ae(i, z) for z > L;,, is used as the value 
of &&d(i). 0 ne may see from Eq. 4 that this quantity is 
insensitive to positioning errors in z, a dominant source of 
systematic errors. 

Using the procedure described above we calculated 
&d(i) and ALend for each endpack. The results are 
presented in [2]. 

C. Error estimates 

A set of measurements was taken in order to understand 
the contribution of z positioning errors to the total error 
in the flux. First, we took four runs at 1500 A with the 
probe fixed at z = 50.8 cm. These runs produced a stan- 
dard deviation of the flux equal to o*/@ = 1.6 x 10m5. This 
error was identified as being due to a combination of elec- 
tronic readout noise and accuracy in magnet current read- 
out. Another four runs were then taken, in which the probe 
was removed and then repositioned at z = 50.8 cm prior 
to each run. In this case we obtained cr*/@ = 3.6 x 10m4, 

which we attribute to the combined influence of noise plus 
z positioning errors. The error due to z positioning alone 
is then estimated from these data to be 0.18 mm. Aver- 
aging the results of this procedure at selected z positions 
gave O.l3mm, which led to a systematic error in Lend of 
0.37 mm. 

Some endpacks were measured more than once, usually 
to determine measurement repeatability or to understand 
the effect of varying some of the measurement conditions. 
A test of the long-term repeatability of these measurements 
was done by comparing measurements of Endpack 1 taken 
one year apart. During this interval, not only had the 
endpack been removed and subsequently remounted, but 
the magnet itself had been removed from the test stand 
for a period of time. The agreement between the two data 
sets is very good, beng typically 0.2 mm at most currents. 

III. FIELD SHAPE MEASUREMENTS 

This section describes how the endfield harmonics were 
estimated from measurements of .7(z, zo). At each selected 
current we measured J(z, z) over the longitudinal range 
0 < z < 50.8 cm in 5.08 cm steps. At each z position we 
scanned transversely from -6.35cm < z < +6.35 cm in 
0.254 cm steps. Four scans were made at each z, and for 
each x position we recorded the average of the four scans 
and the standard deviation in the data file. We inserted 
the probe at an angle of 0.6“ with respect to the lamination 
face, which coincides with the beam direction. 

A. Body field / End field separation 

The first step in the data analysis was to separate the com- 
ponent of the flux that is attributable to the end field from 
the body field, For probe positions z > Z,inr where Z,in 
is the location inside the magnet beyond which end effects 
are unimportant, we can make a linear approximation to 
the field integral as a function of z: 

J(x, z) = a(x) + P(x)z (5) 

The function J?(z) can be identified as the body field shape, 
B(z). We can identify Q(Z) as the effective end field inte- 
gral: 

a(x) = 
J 

end 
B(z, z)dz (6) 

-co 
That is, it is the field integral over some region containing 
the end of the magnet, with the body contribution sub- 
tracted. Note that we do not specify precisely what the 
upper limit on this integral is, nor do we need to, as long as 
the probe integrates over a region at least as large as any re- 
gion in which end effects are important. This is equivalent 
to choosing hi,, large enough so that B(z,i,) contains 
only body field. For this analysis we chose zmi, = 25.4 
cm. The error estimated for each J(x, z) was determined 
from the measured standard deviation in the flux and an 
estimate of the z positioning error. 
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B. Endfield shapes 

Figure 1 shows a superimposed view of all Endpack field 
shapes at 1500 A. The field shapes are the endfield integrals 
of Eq. 6 normalized by the quantity BoL and multiplied by 
104. The endfield shapes are observed to be approximately 
independent of current. The distinct two-hump shape seen 
in many of the endfields can be parameterized by a large 
positive sextupole combined with a weaker negative de- 
capole. The magnitude of the sextupole is correlated with 
the size of the noses on the endpacks. Endpack 10 is seen 
to have the most desirable shape, in that its deviation from 
zero is smaller than any of the others. 
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Figure 1: Integrated field shapes for all endpacks. 

C. Estimation of normal harmonics 

We obtain the normal harmonics by fitting the function 
a(z), obtained from Eq. 5 to a polynomial: 

a(x) = 2 Jnxn 
n=O 

Prior to performing the fit, the dipole term, a(O) is sub- 
tracted from (Y(Z); this defines an endfield shape function, 
s(x) = a(z)-a(0). I n subtracting this constant from a(z), 
we also remove the systematic error due to the probe z po- 
sitioning error, since this source of error is the same for 
all values of Z. We note that there is a simple relation 
between the effective length due to the endfield and this 
dipole term[2]: 

40) L - 
cff = j?(O) (8) 

The fit parameters J,, in Eq. 7 are identified as the in- 
tegrated normal harmonics over the end region. We chose 
to report results in terms of normalized harmonics, where 
the normalization is relative to the body dipole integrated 
over the length of the magnet: 

(9) 

The value to choose for p and the region in z over which 
to perform the fit were chosen experimentally. Strictly 
speaking, one may not perform a harmonic fit over a re- 
gion larger than a circle that just fits within the magnet 
aperture. Inside the body of the Main Injector magnet, 
the vertical aperture is 5.08 cm and the horizontal aper- 
ture is wide open. Body field shapes are theoretically con- 
strained to be fitted over regions t,in < x < x,,, such 
that x,,, - x,,,i,, < 5.08 cm. Note that we are only con- 
sidering regions that are centered vertically (y = 0), and 
therefore skew harmonics can be neglected. At the ends, 
however, the vertical aperture opens up as a function of 
z, and the formal constraints on the fit region become less 
severe. We chose to fit over the region 1x1 < 5.08 cm. With 
regard to the proper choice of p, we note that for dipoles 
one may expect important decapole contributions, which 
suggests choosing p at least as large as 4; the next “al- 
lowed” harmonic after decapole is 14-pole, corresponding 
to p = 6. We tried both 4 and 6; the fit to Endpack 10 
indicates a need to use p = 6 to achieve a good fit at the 
higher currents. The results are reported in [3]. 
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