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Abstract All of the steel that waseceivedwas within our
specification. There were, however, soaanges in the
The Fermilab Main Injector project is building 344characteristics othe B(H) curves ofthe steelduring the
dipoles, for which over 7000 tons of stemk required. production runs which will be described below.
Budgetary and logistic constraints prevented purchasing all
of the steelrequiredprior to production. Run to run 2 STEEL PRODUCTION

variations in the magnetic properties of the steale The steel, astandardlow-silicon electrical steel, was
produced variations in the excitation curves of the d'p°|e|§roduced byLTV Steel Company at theiCleveland

The variations in theB(H) curves for the steel as aworks. The steel waproduced in atotal of thirteen
function of run numberandthe excitationcharacterisitics «;ns” over the course of three years. Each run involves

of the dipoles, are discussed. the consecutive processing of a number of coils through
their Continuous Anneal Line (CAL). The number of
1 INTRODUCTION coils processed at a time ranged from 8 to 86. These coils
The Main Injectoracceleratof1] will be constructed in turn came from a number of “heats”, with a givesat
using new conventional dipole magnets [2-3]. Arhaving a particular chemistignd producing seven to ten
extensive R&D program wasarriedout [4] to assure the coils. Coils from a given heatere generally, but not
quality of the magnetand to determinethe desired end always,processedluring asingle run. LTV deranstrated
geometry to minimize theffectivelength variation with very good control over the chemistry throughout the
excitation and the sextupole content of the en@laielve  production. Between the melting and casting and the CAL
full-length, pre-production dipoles (six six-metand six runs, the steel is hotand cold-rolled to the final
four-meter dipoles)vere then built and measured. The thickness. Subsequent to the CAL, the master coils are
FMI project was therready tobegin fabrication of the coated, slit into five strips the proper width f&teamping
production magnets,and a contract wasawarded for with minimum waste, and theshipped tothe lamination
approximately fourteemillion pounds ofsteel. This stamper (under separate contract to Fermilab).
contract consisted of a (i) base quantity 3839,000 The CAL consists of seven stage#ect-fired furnace,
pounds to bedelivered at arate of 556,500 pounds per radianttube heaterradiant tube soak, gas jet cooling,
month over six monthduring calendaryear 1993; (ii) an over-aging furnace, final jet coolingndfinal watercool.
option for 7,813,000 pounds for delivery over twelve An eighth stage, the rolguench, was not used for
months spanning most of 1994nd (iii) an option for processing our steel. Prior to processing any steel for the
3,562,000 pounds for delivery over eight monthd ®95. FMI project, the CALprocessedransition coils until the
The delivery schedule inthe procurement contract was desiredtemperaturesvere attained. The temperatures at
necessitatetboth by a lack of fundingnd by alack of the various points in the CAlverealso controlled very
storage space for the steel. well. As the coils were exiting the CAL, samples of steel
The steel specificatiomcludedtwo aspectgegarding were taken from thehead andtail of each coil and
the magnetic properties: the coercive force was specifiedltmgitudinal and transverse specimensvere prepared
be less than 1.0 oersted and to fall withiraage relative according to ASTM A343. These wemgeasured by LTV
to the runningaverage ofall previous batchesand the Steel at their Technical Center independenceDH, and
permeability at 100 Oe waspecified to be between 176then forwarded to Fermilab where the sampleswere
and181. The steel specificationgere written with the remeasured. The Fermilab measurement resuligre
goal of producingmagnets with strength variatiomver forwarded tothe acceleratorphysics group which was
the production which would be a random distribution withesponsible for the assignment of tfrecipes”. The
a root mean square deviation of less than 0.1%. recipe assignment [6] used both the magnetic information
and measurements whictvere made ofthe gap as the
laminations were being stamped. Theecipes were
*Work supported by the U.9epartment of Energy undesontract formulated for half-cores, with the intention to be able to
number DE-AC02-76CH03000. mix any pair of half-cores together duringhe final
assembly. Only in dew cases weréwo specific half-
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cores assigned farssembly within a given dipole, andrelative to the latefproduction average”. As production
this was driven by the desire to investigate s@mperty continued, it became evident that the later steel wens
of the steel rather than from some limitation in the abilitthe normal onesand steel from the firstthree runs
to formulate recipes. produced magnets which were anomalously weak.
Given the productiorscheduleoutlined aboveand the Figure 2 shows the strength at 13.8 kG of tearly
project schedule requirementsvhich required us to magnetsproducedusing LTV Steel;data onall magnets
commence production as early jpsssible, the first 13 produced to date can be found elsewljéfe Up through
magnetsassembled aFermilab used steel exclusively the first fifty or so magnets, the production of the magnet
from Run 1. After that, steel fromdifferent runs was half-cores and the final assembly of the magigtd their
generally mixed togethemwithin half-cores, although subsequent magnetic measuremepitsteededogether as
again, there were instances where dipoles were a well-matched chain of parallel processes. After the first
intentionally fabricated containing steel from only one fifty magnets, with the half-core stacking proceeding more
run. rapidly, the correlation between productidate and the
run number of the steel used in thalf-cores becamkess
3 DIPOLE STRENGTH COMPARISONS distinct ashalf-cores were used randomly rathkan in
order of their production (which would haveequired
additionalhandling.) Records orwhat steel wasised in
Jgach magnet are maintained.
These magnet-strength variatiorlsd to nunerous,
lengthy discussionbetweenFermilaband LTV Steel to
betterunderstandhe production procesandits influence
project) As steel from run 4 began beinged in ©ON the magnetic properties of the steel. A consultant was

magnets, the strength of the dipoles began increasing, §d 0 assist Fermilab and he was present at many of the
the difference instrength was approximately proportionadiscussionsandwitnessed several dhe subsequent runs

to the fraction of run 4 steel in the magnet. The strengtiough the CAL; heprovided reports [7] of his
variation wascurrent-dependenindicating adifference in PServations both to Fermilaind toLTV Steel. Much
magnetic properties of the steel, as opposed to a geomefficthe information ontemperaturecontrol in the CAL

effect which should be current independent. The changedifcussed insection 2 above isderived from our
strength peaked atabout 13.8 kG, with a maximum consultant’s reports. One result of these discussions was

change ofabout 0.5% beingbserved: this is shown in that all subsequent steel productioad a rmimum as

The first twenty-five to thirty magnetdemonstrated a
very narrow spread intheir integratedstrengths at all
excitations. The rms of the distribution was abo
0.03%. These magneigereall composed ofteel from
runs 1-3, although veriittle from run 2. (Run 2steel
was primarily used for the quadrupolesfor the FMI

Figure 1. well as a maximumspeed specifiedduring the CAL
processing. Although an explanation for thifflerence in
0.1 steel properties exists, namely differences in residual strain

< in the steel, there is no clear understanding of where in the
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F|gure 1. Strength variation vs. 9xmtat|on _for two 0 Production Order 100
dipoles, one early and one later in production.

Figure 2. Relative strength at 13.8 kG for the dipoles for
In this figure, the relative strengths of two dipoles arg¢he early dipoles, in order of production. The two dipoles
plotted as a function of currentyhere the strength is  shown in Figure 1 are denoted with different symbols.
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processing of the steel theddferencesarise. Much of came from theedges ofthe master coil. Although the
the discussiofbetweenFermilabandLTV Steelfocussed magnitude of theeffectwas small, allsubsequentecipes
on our desire to havile remaining steel as uniform aswere formulatedwith the goal of maintaining20-60%
possible. To a very large extent, that desire was realizeddge-slittaminations. Packing factor, i.e. thlensity of

During the period these discussions were takilege, the half-corerelative to the maximum obtainable, was
much effort at Fermilab was also beinglevoted to measured for about 10% of the magnets. ddreelation
understandingthe phenomenon through magnefield between strength and packing factor is small: ach#nge
calculations. The measurements of the steel samples frompackingfactor is expected to produceughly a 0.1%
each coil aremaintained in aatabase sthe information change inmagnetic strength. The packifigctor of the
is readily available for analysis. The variations between diblf-cores did increassomewhat as theendor fabricating
the coils within a run exhibit apread onthe order of them gained experiencehut the changewas less than
+200 Gauss at H > 20 Oe, which larger than the 0.5%.
differences fromrun to run, for runs 4 through 1®lots The Main Injector lattice has ghase-advancger cell
of the average B(H) curve for eachtb& thirteen runs are of nearly ninety degrees, which allows using anomalously
shown in Figure 3; an analytic function was fit to the@a strong (orweak)dipoles in pairs, producingnly a local
for run 6, andsubtractedrom each ofthe other runs to closed orbit distortion. By assigning magnets, the
make thedifferencesbetweenruns more visible. The strengthdifferences describedboveare expected to have
differencebetweenthe firstthree runsandthe remaining only minimal impact upon the Main Injectafosedorbit,
runs is significant, particularly in the region H < 40 Oe. as discussed more fully in reference 6.

It should be stressed that all the steel which LTV Steel
producedwas within our specification,and exhibited

05 excellent magneticand mechanical properties.  The
Fermilab Main Injector project management would like to
acknowledgehe dedication ofthe LTV Steel Company,

s 2T = | and of R. Blotzer in particular, to producing a high-quality
= Pt steel for use in our magnetmdthe cooperativespirit of
< A ~ the LTV Steel personnel in our extensive discussions with
o 050 Run 4 ] them. Our consultant, E. W. Collings of Ohio State
= yy fun © University, provided much valuableguidance during our
¥ b Run 8 discussions. The authowsould also like toacknowledge
g 10 ) Run 11 1 the many contributors who were essential to #fi®rt,
[— Run3] including G. Kobliskaand W Pritchard in the Fermilab
Technical Division, J.-F. Ostiguy and B.Brown in the
155 200 200 500 00 1000 Beams Divisiqn,' r?lnd many others too numerous to
H [Oe] acknowledge individually.
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