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Abstract—One of the main issues for the operation of the LHC TABLE |
accelerator at CERN is the field errors generated by persistentand ~ REFERENCEMAGNET NAMING AND CABLES TYPESUSED FORWINDING
coupling currents in the main dipoles at injection conditions, i.e.,

0.54 T dipole field. For this reason we are conducting systematic Dipole magnet Inner layer cable Outer layer cable
magnetic field measurements to quantify the above effects and }88; gig 8;3
compare them to the expected values from measurement on 1003 01B 02B
strands and cables. We discuss the results in terms of DC effects 1004 01B 02B
from persistent current magnetization, AC effects with short time 1008 01B 02B
constant from strand and cable coupling currents, and long-term 2001 01C 02E
decay during constant current excitation. Average and spread 2003 01B 02K

of the measured field errors over the population of magnets 3001 O1E 02E
tested are as expected or smaller. Field decay at injection, and 3002 01E 02K
subsequent snap-back, show for the moment the largest variation * 02D IN APERTURE 2, LOWER POLE.

from magnet to magnet, with weak correlation to parameters that

can be controlled during production. For this reason these effects . . e .
are likely to result in the largest spread of field errors over the * interaction between current distribution, cable coupling

whole dipole production. currents and filament magnetization, causing additional
field errors with long characteristic times (decay) and an
abrupt “snap-back” at the start of magnet ramp after injec-
tion takes place.
Extensive measurements are performed during cable produc-
. INTRODUCTION tion and on the dipole magnets in order to understand, verify
HE LHC accelerator will produce head on collisions be2nd control the above effects. The magnetization of the strands,
tween beams of 7 TeV protons [1]. The coils of the 15-r@ffecting the persistent current field errors, is checked system-
long twin/aperture LHC dipole magnets are wound in two laye@§ically on samples from each billet produced. At the same time
with superconducting Rutherford cables. The outer layer caift¢ coupling time constant of the strand is measured. The
consists of 36 strands (diameter of 0.825 mm, twist pitch of 18ter-strand resistanc&. is verified statistically on finished
mm), has a 15.1 mm width and a 100 mm transposition pitc¢able samples. Finally, field measurements are performed sys-
The inner layer cable has 28 strands (diameter of 1.065 migmatically on each 15-m long superconducting dipole at super-
twist pitch of 18 mm), a width of 15.1 mm and transpositioffuid helium temperature using two 15-m long rotating coils [4].
pitch of 115 mm. So far, nine pre-series dipoles from three manufacturers have
An issue specific to superconducting accelerator magnet$’®en measured in cold conditions. All dipoles feature the same
the field errors associated with the diamagnetic properties of tffil design and are subject to identical specifications. As sum-
superconducting cables [2]. The errors are especially import&h@rized in Table I, the coils of these magnets have been wound
at the low field level foreseen for the LHC particle injectionfrom inner and outer cables manufactured by six different com-
0.54 T, and can affect the accelerator performance through a lip@nies based on the same technical specification Cable of the
itation of the dynamic aperture [3]. We distinguish three typéime manufacturer was used in the two apertures of a magnet.
of field errors based on their origin within the superconductor®s discussed later, the measured field errors reflect the initial

* persistent currents in the superconducting filaments of gfgattering among Fhe producers and could reducg d.unng ful
te production. With this necessargveaton the preliminary

cable, resulting in field errors of steady nature, with stron(riI I N :
aracter of the results, we will discuss in this paper the main

field dependence and large hysteresis; lusi ¢ the ab ¢ d i "
 coupling currents between the filaments of the strands a gnclusions irom the above measurements and we will repor

between the strands of the cables, producing field errc]{ T dprlsscla;t statistics on thetr:nam ﬁ 'pczl.e f|eI(_jt errors alt |?Ject|on
proportional to the magnet ramp-rate: ield. Field errors are given throughout in units of Qrelative

to the dipole field strength of 0.54 T at the reference radius of
17 mm.

Index Terms—Field quality, magnetization, superconducting ca-
bles, superconducting magnets.
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TABLE I TABLE 1II
SPREAD OF THEHYSTERESISWIDTH MEASURED AT0.5 TAND 1.9 KFOR ALL MEASURED VS EXPECTED PERSISTENTCURRENT FIELD ERRORS
THE CABLES BETWEEN AND FOR ONEMANUFACTURER
Multipole measured measured  expected  expected
Cable  Layer. OaMcable GaMeable fOr one component Ac,’ oc,’ Acy’ oc,’
Type. between manufacturers (%). manufacturer (%) . (units) (units) (units) (units)
o1 inner 10 12 b’ -10.20 1.14 -11.85 1.20
02 outer 35 1.5 a,” 0.17 0.34 0 0.02
by’ -15.17 1.76 -15.67 1.50
bs” 1.81 0.21 1.82 0.18
25 b," -0.78 0.06 -0.8 0.08
20 | e computed
© experimental
151 TABLE IV
R<! 10 | AVERAGE AND SPREAD OFCOUPLING LOSSRELATED PARAMETERS
5
\q_; 5 | average o
g o cable R, () 43 22
2 ob ols E. (1 Als) 6 3
5 5 b.® (units) 13 1
“ 10 { a" (units) -0.06 0.19
by® (units) 0.05 0.15
.15 .
-20 . . .
Magnetic field (T) the 100 magnets are shown, all built with the same combina-
tion of 01B and 02B cables. The effect of geometry variations
5 among magnets was removed by centering the results of each
4l o computed magnet on the average fle_ld me_asured at 5 kA. The measure-
° experimental ments are compared to a simulation based on strand magnetiza-
—~ 3 tion measurements, carried out at CERN for a combination of
‘g > the 01B and 02B cables. The simulation agrees with the mea-
% suredbz to within 10% and better fob;. Larger deviations at
= 17 low field are observed fob; andbs; where proximity coupling
§‘ 0 affects the strand magnetization and is difficult to model pre-
° 0 o8  cisely. The features ol cannot be well reproduced, due to the
mentioned effect of proximity coupling as well as the magnetic
2 hysteresis of the iron yoke surrounding the magnet windings,
-3 which is not taken into account in the simulation.

Magnetic field (T) The average\c? and standard deviationc? of the persis-
tent current effects, evaluated as the amplitude of the hysteresis
Fr:g- 1. Meast:rid alré% Computé.d(t?p) andb gb?]ttom) field_C?_mlgorleﬂtSdinhat the nominal injection field (0.54 T), is shown in Table IlI
the magnets of the series as a function of the magnetic field around t| H f . _
LHC injection conditions. for the nine mag_nets test_ed. _As the hyste_re5|s cycle is approx
imately symmetric, the injection contributior] of persistent

K helium bath. The maximum values specified for the LHC pmc_urrents is approximately half of the amplitude:, reported

duction are 30 mT for inner layer cable and 23 mT for outer Iaygll Table ”:j' T?_e hysteres[[s :mphtucsie anddbspregld ex?ectgd for
cables. For each cable manufacturer control limitstdf5% o' o> Production, computed as in [5] and based on strand mag-

around their average magnetization were imposed at the ngrzatlon nrgeat\s;rjerrndegts\,/id(;s%rlbneid n [r6]aagr$er Vl\ileli Wr']thv\;[h\? ;
ginning of production. These control limits were imposed t erage and standard deviations measured so far. INole howeve

limit the skew fields in the magnets. Table Il reports the typt— atthe agre_ement dn could be acmdentgl, given the fgct dis-
ical spread of the width of the strand magnetization hysteregl ssed _prewously that Fhe overall bghavpr as a function of the
00 A nzeast. fOr €ach type of cable. For each type of cable, th%urreqt is pot wgll .descnbed by the simulation. We are presently
spread measured without distinction of the manufacturers dmﬁestlgatmg this issue.
the average of the spread measured in the cables (each manufac-
turer taken one by one) are presented. Itis evident from this table
that the difference in magnetization between manufacturers i<Coupling currents are induced between the strands of a super-
much larger than for one manufacturer. This is one justificati@monducting cable subjected to a field chartdg/dt. The cur-
why cables of only one manufacturer are used for the windimgnts close at the contact points between the strands and are in-
layers of a dipole. versely proportional to the inter-strand contact resistd?icén

The field errors from persistent currents are measured in theler to limit the field distortion and AC loss associated with
dipole magnets following a normalization current pre-cycle tmter-strand coupling currents, the LHC cables have a tdiget
a flat-top current of 11850 A (8.34 T) and a minimum curkarger than 150 [7]. Statistical measurements &. are per-
rent of 350 A (0.248 T). In Fig. 1 the sextupole and de- formed on cable samples to verify that the target is met. This is
capolebs errors measured during ramp-up and ramp-down the case as shown in Table IV, reporting the average valég of

I1l. COUPLING CURRENTS
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250 TABLE V
[ MEASUREDAVERAGE AND STANDARD DEVIATION OF FIELD DECAY

- i
:‘é’ 2.00 i Multipole Ac,® oc,”
3 I component
c 150 | b,° -0.011 0.108
S i a 0.016 0.258
© i bs? 1.586 0.418
§ 1007 b 0.017 0.052
> ! bs® -0.280 0.117
_g_ 0.50
3 . . L
‘5 0.00 ¥ minimum current of 350 A (0.25 T) and finally to the injection
] A | current of 760 A (0.54 T).

050 L Qualitatively the decay is similar in all magnets, showing an

initial phase with a characteristic time of 20-70 s, followed by a

0 200 400 600 800 1000 1200 1400 - longer decay with a characteristic time of 200700 s. The

time from start of injection (s) snap-back at the end of injection brings the field errors of alll
. _ magnets to the values at the beginning of the injection plateau.
Fig. 2. Decay and snap-back of the sextupole field component for a 100?_|s L . . .
injection plateau measured in all dipoles. owever, despite identical powering history the magnets be-

have quantitatively different. The characteristic times and am-

evaluated from cable measurements in the magnets tested s& %nge of the decay (and hence the snap-back) are different from

In fact in most cases the measured valugpfis much larger magnet to magnet and even between the two apertures of the

than the specified target, as indicated by the large standard game magnet, even though the cables used for the same magnet
viation o are made by the same manufacturer.
Rc-

This resultis confirmed both by the measured AC loss as w IIWe report in Table V the average and standard deviation of

. : . e decay evaluated from the measurements on all magnets for
as ramp-rate dependent field errors in the dipole magnets, a s? o ) . .
a 1000 s long injection plateau. The multipole decay is quanti-

reported in Table IV. Both quantities are deduced from the r od by taking the differencesc? between the value at the be-

X ) ) i
sults obtained in sequences of trapezoidal current ramps. Detaﬁs . L
on the measuremer?t method are given in [8]. The ACI p's 4 dinning (0 s) and at the end (1000 s) of injection. The values are

L . . within the allocated contingency, but exhibit a substantial scat-
combination of the loss caused by the inter-strand coupling C'flrring #cD comparable to the one observed for the persistent

rents, the inter-filament coupling currents, and the eddy currents ;
. . - : current errors. In contrast to persistent current errors, however,
in the metallic parts of the magnet. Similarly the field errors

. O{here is no direct way to control decay and snap-back in mag-
the dipoleb?, skew quadrupolef and normal sextupol&¥,

referred in Table 1V to a ramp-rate of 10 A/s at injection fieldf‘ets.' through groductlon pa“’%”?eters- .
L i . ) . . ' Field decay is thought to originate from the interplay between
originate mainly from inter-strand and inter-filament couplin

: . : %%ble current distribution and the persistent currents in the fil-
currents. The average AC loss and field distortions measured . cort current imbalances amona the strands e
correspond to values @t in excess of 3Qu(2. At this level the ) P 9 9.

contribution of the inter-filamentary coupling currents withincaused by nonuniform joint resistance), and coupling currents

the strands, with a measured time constananging from 30 with long time constants (e.g., caused by vanatlyond )t
. . algng the cable, and often referred to as BICC's [10]) cause
ms to 75 ms, becomes important. At the same time the present. . ) ! N
: . o . Variations in the local field, resulting in an average change of
measurement accuracy is marginal, so that it is not possible o o : )
. . ) the magnetization proportional to the change of the current dis-
establish areliable correlation among the measiitgdhe cou- tribution [11]. In turn, current distribution should be affected b
pling AC lossE. and the field distortions. At any rate the effect ' ' y

inter-strand resistande.. It should therefore be possible to
measured are small enough to be almost neglected for the L . ; .
operation establish a correlation among the amplitude of the decay and

R.. Lacking precise measurementsifin the magnets tested,
we have used the ramp-rate dependent sextupole field error as
an indicator and its correlation with the sextupole decay was ex-
A known effect in accelerator magnets operated at constamined. The results are plotted in Fig. 3.
current, as is the case during particle injection, is that theAlthough the correlation is weak, we still noticedacrease
field drifts with typical time scales in the order of severabf the sextupole decay as the ramp-rate effect increases (i.e.,
minutes to several hours. This “decay” is followed by aecreasingk.). This result is somewhat surprising because the
so-called “snap-back” to the initial field value as soon as theurrentimbalance and its decay in time are expectétttease
current is ramped [9]. Fig. 2 displays the measured sextupalglecreasingr... This contradiction could perhaps be explained
decay during a simulated injection plateau followed by thebserving that the ramp-rate sextupole depends not only on the
“snap-back” corresponding to the field ramp at the end of thelue of R.., but also on its distribution in the coil. The presence
injection. of a weak correlation is in any case interesting as it suggests an
The measured values have been shifted to remove the initiakuspected relation between the two effects.
offset All magnets were quenched and pre-cycled to a flat-topThe dynamics of the current distribution in a cable is known to
current of 11850 A (8.34 T) for 1800 s before ramping to eesemble a diffusion process [12]. Based on the relation between

IV. DECAY AND “SNAP-BACK”
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V. CONCLUSION

Field errors at injection have been measured in detail in nine
pre-series LHC dipole magnets. The measured persistent cur-
rent behavior agrees to about 10% with calculations based on
magnetization measurements on strand samples. In all magnets
ramp-rate dependent field errors are small, as expected because
of the relatively high inter-strand resistance of the cables. At the
present value oRR., and in the nominal operating range for the
dipoles, there is no significant effect on stability and quench per-
formance [13]. The variation of field decay at constant current
is large, up to a factor 5 among different magnets, resulting in a
significant spread for accelerator operation. The spread could
originate from the largevariations of inter-strand contact re-
sistance and nonuniformity of cable joints present in the first

Fig.3. Measured sextupole decay at 0.54 T during 1000 s as a function of Bé&-series LHC dipoles. Both parame_ters are very difficult to
measured effect of a ramp of 10 A/s on the sextupole. The straight line is a guaigsess and therefore no clear correlation could yet be found, al-

for the eyes.
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though we have hints for initial trends that we will follow as
production accumulates.
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