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function of | observed orthe geometridield conponent.
ABSTRACT (For the LHC/Saclay quadrupole magnet, the iron
As part of the magnet R&D program for tharge saturation effects are negligible.)
Hadron Collider (LHC), CEA Saclay haslesigned and In this paper, we complete our review by discussing
built two 3-m-long, 56-mm-twin-aperturearc quadrupole magnetic measurement data taken at a given p&ition
magnet prototypes. Extensifield quality measurements while ramping thecurrent upand down continuously at
were performedduring the cold-test of the second Vvarious ramp rates. Suctataallow one to estimate the
prototype. A review of thdield quality data as dunction contributions fromcable coupling currents.Large field
of ramprate is presentedlhe observed fielddistorsions distorsions as a function of ramate were observed on a
are explained interms of inter-strandcoupling currents number of dipole magnet prototypevelopedfor the
arising from low and non-uniform resistances at theSuperconducting Super Collider (SS‘b).etailed analyses
crossovers betweenthe strands of the two-layer of the SSC magnet ramprate sensitivity led to the
Rutherford-typecable. Last, the distribution afrossover elaboration of a model of cable interstrand coupling

resistances within  the quadrupole magnet coil is  cyrrents®:6 The same model is applied here to interpret

determined. the data from the LHC/Saclay quadrupole ragnet
INTRODUCTION prototype.
The field produced by superconducting particle MULTIPOLE FIELD EXPANSION

acceleratormagnets hashree main components: 1) a | the quadrupole magnet straight section,fitle can
componentBy, resulting from the transport current,2)  pe considered aswo dimensionaland is conveniently
a componentBmy, resulting from persistent magnetizatiorrepresented by a multipole expansion
currents arising in the superconducting filameatsl 3) a ] +00 O +jyOn-1
componentBg, resulting from cable coupling curreng By +iBx = z(Bn + iAh)B—H . (D)
only depends on the coil geometry ancexpected to vary n=1 Re
linearly as a function of. By is dominated by the
superconductor critical curredensity, whichdepends on WhereBy andBy are thex- andy- components of théeld,
temperatureand magnetic fieldandwhich decreases as aBp, and A, are the normal and skew 2n-pole field
function ofl. B¢ only appears when theurrent isramped  coefficients,and Ryef is the referenceradius. (For LHC
and is expected to be independent ahd tovary linearly magnets,Ref = 1 cm). The symmetries of eos(&)
as a function of (ddt). In addition, magnetization of the ¢,nqyctordistribution are such that only thd@ 4y field
surrounding iron yokeenhances each othe field - . i
coefficients, also called allowed multipole field

components. The iron contribution éxpected tofollow L .
the samedependence abie coil contributionsexcept at COEfMicients,are expected to beon zero. Furthermore, it
i can beshown that, in first approximation, the persistent

high transport currentswhere saturation effects may magnetization currents onbffect the allowed multipole

oceur. coefficients
In a previous papérwe reviewed selected field quality '
data from a 3-m-long, 56-mm-twin-aperturguadrupole MEASURING DEVICE AND PROCEDURE

magnet prototypedevelopedfor the LHC arcs. The
magnet, which relied on a two-layer, ca(2oil, wound
from a Rutherford-type cable, reachizl nominalgradient
of 252 T/m at 15060 A with littletraining2:3 The
geometric field errors, estimated from magnetic

measurements at constant curremd various axial voltage-to-frequency convertarhich integrates the signal

positions along the magnet lengtippeared to be quite between trigger pulses given by an angeoder located

small. The contributions from persistent magnetizatio t oneend ofthe coil array. Thefact that the current
currents,determinedrom measurements at a given aXiaEencethe field, is varying -during the measuremen,t is
position during the sucpessive plateaus (_)fstmircase corrected by re;cordinme time ofeachtrigger pulse and
current loop were consistent with predictions. from . oo igering a set of successive rotations. Thefdata
standard theoretical models.Finally, a  slight field- 0" jiterent rotations corresponding to asame angle
dependence ahe magnetic permeability of the Stalnlessfnterval are fitted as a function of time. The fits

steel CO!|aI‘SJSGd toconstrain th? magnet'ccl)ll waeeld determined for the different angle intervals are theed to
responsible forunexpectednon-linear variations as a

The multipolefield coefficientsare measuredising a

700-mm-long rotating coil arralyThe coilsare connected
to a voltage switching unit which allows thead-out of
selectedcoil combinationsand which includes several
stages of amplifiers. The output voltage is sent to a
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interpolate the data at a numberselectedimes (one per convertedinto multipole field coefficients. The rotation
rotation). Last, thenterpolateddata at each selectéiche periodis 5 s.
are processed by mean of a discfaterier transform and
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Figure 1. Rescaled multipole field coefficients as a function of current for a series of sawtooth ramps at increasing ramp
rates (5 A/s (+), 20 A/s (0), 40 A/s (x), and 60 A)): a) skew sextupoléeld coefficient @3), b) normal sextupole
field coefficient B3), ¢) normal dodecapole field coefficielg], and d) normal 20-pole field coefficied(g). Thefield
coefficients are in tesla.

hystereses widthare roughly constant as a function of
current, butincrease quadinearly as a function ofamp
MEASUREMENT RESULTS rate. Similar observationsan be rade for most un-
Figures 1(a) through 1(d) display typical measuremeatiowed multipole field coefficients.
results taken during series of sawtoatrrentramps at
increasing ramp rates. The cailray was located at the Turning now to Fig. 1(c), iappearghat therescaled
axial center of one aperturdzor eachramp rate, the Bg describes hystereses whose widths vary as a function of
multipole field coefficientsAn r andBp, r, reported in the current. Furthermore, & A/s, the lower branch of the
figures are rescaled in order teubstract thegeometric plot corresponds tdhe currentup-ramp, while theupper
terms using branch corresponds to the current down-ramp. As the ramp
rate is increased, the up-ramp branch maymsardwhile
An 1) =An(l) = An,u* An,d)/2 (2a) the down-ramp branchmoves downward. The two
branches crossachother a little belowB kA at20 A/s.
The crossingcurrentdecreases t@.2 kA at40 A/s and
Bn,{I) = Bn(l) = Bn,u+ Bn,d/2 (2b) 2.6 kA at 60 Als, where the hysteresisiescribedalmost
. . _ entirely in a direction opposite to thabserved ab A/s.
where An,y and Bp,y designatethe multipole field 1, aqgition, itcan be verifiedhat, at a given current, the
coefficientvalues atl during the up-ram@nd An g and  hysteresis width varies quasi linearly as a function of ramp
Bn,d designatehe multipolefield coefficientvalues atl  rate. The behavior of the rescaBgp shown inFig. 1(d)

and

during the down-ramp. resembles that of the sextupdield coefficients,but the
In a quadrupolemagnet, the first multipolefield amplitudes of the effects are smaller.
coefficient expected to be affected bypersistent The data presented here exhibit the same features as the

magnetization currents Bg. It appears irFigs. 1(a) and magnetic measuremedatafrom the SSC dipole magnet

1(b) that there-scaledskew and normal sextupolefield  prototypes mentioned in introductiérf The behaviors of
coefficients both exhibit sizable hystereses as a functitime rescaledun-allowed multipole field coefficients are
of current, even ats A/s. It appearsalso that the consistent with whatan beexpectedrom the effects of
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cable coupling currents. Coupling curreatso affect the case of the rescald but arelargely predominant in the
allowed multipole coefficients. Theyppear to compete case of the rescaldi .
with the effects of persistent magnetization currents in the
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Figure 2. Estimated crossover resistance as a function of turn number in the various octantapaftare of a
LHC/Saclayarc quadrupolenagnet prototype. The optimization process wasiedout using magneticneasurement
data as a function of ramp rate taken at the magnet axial center. The crossover resistances are in ohm.

the coil outer-most layer and within every turn of the coll
DATA ANALYSIS inner-most layer, but

As for SSC dipole magnet prototypes, thdynamic
field behavior of the LHC arc quadrupolemagnet that, for the inner layer, it can vary from turn to turn. The
prototype seems to bdominated by cable interstrandcrossover resistance appears to aoyn 1.2 uQ to 3.2
coupling currents. The LHC prototype uses a ftatp- HQ, with anaveragevalue of theorder of 2uQ. The
layer, slightly keystoned Rutherford-type cableith a distribution is more uniform than the ondstermined for
radial width of 13.05 mmand amid-thickness 0f1.93 the SSC dipole magnet prototypes, but #herage value
mm. It is made of 24strands (strand diametet:09 mm) is somewhat smaller. The strands used in SSC cables were
which are coated withtaybrite(a silver-tin coating). The not coated.
cable pitch length is 100 mm.

During cabling, thestrandsare deformedheavily and CONCLUSION
large contact areas are created at the crossovers between th&he observed dynamic field behavior of the
strands ofthe two layers. Furthermoreuring and after LHC/Saclay quadrupole magnet prototype can be
magnet assembly, large pressures are applied explained interms ofcable interstran@doupling currents,
perpendicularly tahe cablewhich put thestrandsfirmly — with a rather uniform distribution of low crossover
in contact. If the contactare good, the crossovers mayresistances.
provide low resistance paths fointerstrand coupling
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