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Abstract where B, (z) is the integral B, is the strength, andl, are the

A large sample of the 6-meter dipoles for the Fermilab Main Irr]1_ormal harmonic goEnp(_)nfznts. We qliOte the components at
= 25.4 mm and in “units” of parts in 0*.

jector have been fabricated and d. Th It pe
Jsctor have been 1aoricated ant measure © restiting prop rom the symmetry of the magnet design we expect the field

ties are reported and compared to the accelerator requirements. . .
P P g to be both left-right and up-down symmetrical. For our track-

. ing studies we have assumed distributions of the forbidden com-
|. Magnet requirements ponents that are consistent with the measured spread in values
The Fermilab Main Injector is a new proton and antiprotoffithout questioning whether these values are real or primarily
accelerator currentlynder construction at Fermi National Ac-measurement error, either random or systematic. The measured
celerator Laboratory [1]. It will replace the existing Main Ringyalues are small. We concentrate here on the allowed compo-
in all functions. While many of the Main Ring quadrupoles wilnents.
be reused in the Main Injector, the dipoles are a new designThe chromaticity sextupole system [4] is designed to com-
The performance requirements of the dipoles have been stp@nsate for the average size of the sextupole component of the
ied extensively [2]. The two significant areas of magnetic pefipoles. The accelerator is not very sensitive to variations in the
formance are the magnet-to-magnet variation in the integraggkxtupole around the ring. Thechpole component is clearly
magnetic field (“strength”) and the variation of the strength agaeasurable, but not large enough to pose a problem for the ac-
function of transverse position (“shape”). We discuss these t@glerator.
ics separately here.

[l. Measurement systems

A. Strength
i oo . . The equipment and software used in measuring the magnets
We define the strength to ', By d=. The integral is taken is Flescribed with more detail in other papers at this conference

at the center of the aperture and follows the path of the centialy ajsewhere [5]. The request from the Main Injector project

orbit, curving with the magnet. We quote relative strengths Was that every magnet be measured and that in production the

“ ] H 4
units” of parts in10°. strength and shape be determined by at least two independent

_Bas_ed on experience, we eXpeCt?‘j to be able_to_llmlt the Vahethods. A third strength measurement is used on a sample of
ation in strength to 10 unitd{ x 10~*). The majority of our nets for further redundancy;

. . ) a
tracking studies have used the more generous assumption 3}1’% . : :

e . . e flatcoil system uses a long, narrow, multi-turn coil that
root mean square deviation of 10 units and have found that wit|

that distribution no selection of magnets for placement in 158 ends through the length of the magnet, performing the in-

L ) . Begral over z. The coil form is rigid and curved to match the
fing is necessary. We have also tried a broader Gaussian Cehtral orbit of a particle through the curved magnet. The mag-
tribution with o=15 units and a bimodal distribution with two P 9 gnet. 9

narrow peaks separated by 30 units [3]. In the former case, \r}veet strength, exclusive of the remanent field, is determined by

T asuring the change in flux through the coil as the magnet is
can expect the planned trim dipoles to correct the closed or@%ted with the probe held in the center of the magnet. The

zvseigq\/\:ghngnggr l’r; scselgnr;rztenlta(:]f i?ﬁedéggfs' In the latter C@RBrizontal variation in the field is determined by measuring the
P gnetp P ' change in flux as the probe is moved laterally with the current
B. Shape held fixed. A polynomial fit to the shape data yields coefficients

. . roportional to the normal coefficients of a harmonic decompo-
We define the shape to be the variation in the strength a% P P
fi

function of transverse position. We characterize the shape
the horizontal variatiory *"_ B, (xz)d= of the field integral and

by the harmonic decomposition of the integral. We can link tt}ﬁ
two by writing

iffon of the magnetic field. The flatcoil measurements are per-
¥med at multiple currents on every magnet.

The rotating coil system uses a tangential coil that extends

rough the length of the magnet. The G-10 coil form has a

small enough diameter that it easily conforms to the curved cen-

By(2) = Bo(1 4 ba(—)" + ba(—)2 + ba(—)> + - ), tral orbit of the magnet and flexes as it is rotated to maintain the

0 0 0 curvature. A coil wound on one diameter of the probe provides

T T T t A coil d d ter of the probe provid

*Work supported by the United States Department of Energy under contrgc'fne_asure_ment of the al_)SOIUte strength of the_ magnet. The tan-
No. DE-AC02-76CH03000 gential coil, bucked against the equal-area diameter coil, pro-



vides flux measurements on a circle, from which the normak are seeing a magnetic property of the steel, as opposed to a
and skew harmonic components are extracted. The rotating ggbmetrical effect.
measurements are performed at multiple currents on every magAnalyzing the composition of the magnets, we determined
net. that the strength deviation of the magnet was closely correlated
The pointscan system uses both a Hall probe and an NM&h the mix of laminations in the magnet stamped from dif-
probe to scan the magnetic field along the magnet's lengthfénent processing runs of steel. A detailed examination of the
25.4 mm steps. Numerically integrating the field measurememtggnetic data on the sample strips from steel coils shows sta-
gives the magnet strength. These time-consuming pointstistically significant differences among the runs of steel. Two-
measurements are performed at two currents on a samplaiofensional modeling of the magnetic field using the different

magnets. B-H curves reproduces the differing magnet excitation curves.
IIl. Measurement Data relative dipole strength, 1500 A
A. Strength 50 ¢ : .
= ® flatcoil (BUCK) O harmonics
For each measurement system we have averaged the strengtte “© A flatcoil (MEAS)
at each current. Figure 1 shows the deviation of the average £ *
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Figure. 2. Relative strength of all dipoles at 1500 A
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To present the magnet-to-magnet variation, we calculate the @ fo?oggg ™ 1229522 | .9- %,

fractional deviation of individual magnets from the average. o [ s X e

Figure 2 shows the strength at 1500 A for all magnets in the sam-

ple, relative to the average of all magnets except the first eight, " ¢ DA } DB
whose measurements are significantly noisier than the later mea- “° ¢ s 3 s

I Lo I I I I

surements. At this current the strength is dominated by the ge- 80 oo e o e e e e e e 3
ometry, with only a small contribution from the permeability of magnet number

the steel. Note that the strengths are tightly clustered, indicat-

ing good control of the geometry. All magnets fall within the Figure. 3. Relative strength of all dipoles at 9500 A
expected range.

Figure 3 shows the strength at 9500 A (a little over full ex-
citation) for all magnets in the sample relative to the average B
all magnets except the first eight. Note that the local average offhe complementary measurement techniques, flatcoil and
the strengths started to increase about half way into this grdwigrmonics, give consistent results. Figure 5 shows the average
of magnets. Although no magnet falls outside Hoeeptable b3 as a function of current. This is consistent with calculations
range, it is important to understand and control the processasa with the performance of the prototype dipoles, upon which
that the variation does not increase further. the chromaticity sextupole design was based.

The nature of the increase can be better appreciated by look¥he sextupole components at 9500 A are histogrammed in
ing at the relative strength as a function of current for a limitdeigure 6. All magnets fall well within the expected range of
number of magnets, as shown in Figure 4. Here we see thatv¥hkies. The distribution of the decapole component at 9500 A is
strength deviation depends on current, a strong indication tkhbwn in Figure 7. All magnets are within the established limits.
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relative strength vs current
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Figure. 4. Relative strength of representative dipoles as a func- Figure. 6. Distribution of sextupole strengths at 9500 A

tion of current
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Figure. 5. Average sextupole component vs current
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Figure. 7. Distribution of decapole strengths at 9500 A

[5] J.W. Sim et al. Software for a Database-Controlled Mea-
surement System at the Fermilab Magnet Test Facility. In
Proceedings this conferenci995.

V. Conclusions

The Fermilab Main Injector project is well into production of
dipoles for the ring. By the end of March 1995 54 6-m dipoles,
out of 216 required for the ring, had been completed and mea-
sured. Magnet performance is within the acceptable range es-
tablished through tracking studies.
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