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Abslrrrcf-Tlic lociiliziition of possible electrical hilts in 
superconducting nccclcrritur miignets may, iii most CHSCS, be U 

complex, expcnsive and timc-consuming process. In  pnrliciilar, 
intcr-turn short circuits and failurcs of the ground insu1:ilion 
arc wcll detcctsblc whcn the magnet is collared, brit oftcn 
disappear aftcr disitsscmbIy for repair duc to the relense of the 
prc-stress in thc coils. 

The fault locdizaiion mclliod prcscntcd in this pspcr is 
hnsed on the measurement and analysis nf the magnetic field 
gcncrritcd irisidc tlic magnet aperture by a high voltage pulse. 
The presence of the fault modifies tiic distrihtion or tIic 
current in the coils and produccs a distortion of the magnctic 
field. The described method a i m  at locating both the 
longitudinal and aximuthal position of thc fault-nffcctcd arca. 
The lcst method, the transient casc FEM morlcls and thc 
implcrticntcrl cxpcrimental set-up im presenied and discussed 
for thc I,AC dipole models. 

1. INTRODUCTION 

Thc patlcrn 01' thc magnetic field in modern 
supcrconducting accclcrator magnets is mainly determincd 
by thc geometry of the coils. In an idea1 casc a current of the 
type I(q3) = Io cos(cp) distributed around the aperturc 
prndtrccs ;I purc dipolc licld. For praclical rcasons mulli- 
layer coils gradcd with longitudinal wedge-shaped spaccrs 
insertcrl bctwccn the conductor blocks approximalc this 
condilim (Fig. 1 ) .  This papcr is rocusscd on thc study of the 
singlc-apcrturc supcrconduchig short dipolc models for the 
EHC in view of applying the results of the investigation to 
ihc 15-m long doublc-aperture magnets. 

Since 1989 CL test and evaluation program of short 
supcrconducting dipolc magncls for thc LHC is undcr way at 
CERN. It was intcnsificrl i n  1995 whcn a produciion or R 

ncw scrics o f  I -m long dipolc niagncls was launchcd [ I ] .  
Thc dcsign is bascd uii a disinountablc slraclorc allowing 
casy ir~iplcmcnta~ion of variants (Fig. 2). Tbc coils arc 
confinccl in a fixed volume by the collars with a pre- 

Fig. 1. Idcnl currccnt shell vs. aciiial LHC dipolc gcoinctry 
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Pig. 2, Cross seciion of n single-apciturc dipolc tnagnet 

compression sufficient to counkract the electromagnetic 
forccs during magnet excitation. The outcr Iaycr 0 1  the coils 
is scpratcd horn lhc collars by 0.5 inm of  ground insulation 
and by n 0.7-mm thick ~ustciiilic steel protection sheet called 
'collaring shoc'. A ferroiiiagnettc yokc i s  clampcd around 
the collared asscinbly by an cxternal bollcd slainless slccl 
cylintlcr. Thc yokc cnhances the magnirurlc or lhc magnclic 
Liclrl induction inside the aperture and prcvents the collars 
from expanding whcn submitted to thc Lorents: forccs 
excrtcd on lhc coils. 

Tlic superconducting cable is insulated by two layers of 
polyimide film followed by n third adhesive one, which 
bonds adjacent turns of the coil. Thc effective thickness of 
the cable insulation is ahout 125 pm; i.e. two adjacent tiirns 
RCC scparated by ahout 250 Fin of insulation. This diclcctric 
barrier can bc damaged during one of the magiict assembly 
phascs, causing thus an inter-turn short circuit. Thc changc 
in the distribution of' tbc current in the coils or the magnet 
due to such B failurc produccs a distortion of the magnetic 
field. This effect is used here for thc localization of the short 
circuits hy means of transient magnctic field analysis. 

11. INTER-TURN SIIOR'T-CIRCUITS 

Inter-turn short circuits arc wcll dctcctablc whcn thc 
inagnct is collared. The presence of the insulalion failure in 
the magnet can be diagnosed by means of pulsc propagation 
methods at room tempcraturc. A vollagc impulsc i s  prodnccd 
betweeii the terminals of the magnet by a discharge 
generator. The coil response in rorm of voltagc and CUiTciit 
oscillations is then recorded and analyzcd i n  tcrms of 
pscudo-pcriod OF the oscillations, inductance and effective 
resistancc of the coils. Fig. 3 sIiows thc discharge curves 
acquired on the collared assembly during a icsi at I kV. 
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Fig. 3. Dischargc ciirves at 1 kV 

In case of: an intcr-trirn short circuit, thc current is 
redirectcd to tlic neighboring cablc turn through the short- 
circuit path (Fig. 4). As a consequence of this redistribution 
a high currcnt is induced io the passive winding deprived of 
thc initially imposed transport currcnt. This induced current 
gcncrates a transicnt magnetic field opposing the flux 
change in the arm spawn by the fault-affected loop 
(schematically marked with a thin line in  Fig. 4.) Energy is 
dissipated additionally at thc point of fault. The valuc of the 
magnct inductance dccreases, whereas the damping factor 
and thc frequency of the oscillations incrcase. Thc discharge 
curvcs alrcady give a valuablc clue concerning the azimuthal 
position of tho defect, i.e. thc bigger 1hc frequcncy cltangc, 
and lhc greatcr the self-inductance drop, the closer thc 
failure tb the median planc of the magnet (sec Fig. 3 and 4). 
The existence of the electrical failurc can hc thus vcrified, 
however i ts  longitudinal position cannot be cstnblishcd, The 
analysis of thc trmsicnt magnctic field during the discharge 
providcs a solution to this problem, as demonstrated in  the 
following sections. 

Time [rsl 

Fig. 4. Schemiitic rcpwsentnrion of an inlcr-toni shorl-circuit 

111. MAGNET MOUELING 

A. Mulripole Expnnsiotr of the Magnetic Field 

hcld can bc cxpressed 21s: 
The radial and azimuthal components of the magnetic 

I , a 4  

Coefficients b,, and un indicate rcspectively the normal and 
thc skew field multipoles mcasured at a rcfcrcnce radius ro 
and normalized to the main dipolc field B, ,  The main normal 
coefficient of the multipole expansion ( b , )  is thus always 
normalized to 1. Higher harmonic coefficients represent 
magnetic ficld errors relative to the dipole B ,  and are givcn 
in di~nensionlcss units of 

n. Reference Mugnet Models 
Both static and transient models of the 5-block collared 

dipole magnet (2 conductor blocks in the outer, and 3 in the 
inner Iaycr of the coil quadrant) without iron yoke wcre 
developed and analyzcd using two different CAD programs, 
In tho static modcl the conductors are excitcd with a 20 A 
direct currcnt. This modcl was creatcd with The Routine for 
thc Optimization of Magnet X-Sections, Inverse Problem 
Solving and End Region Dcsign (ROXTE) program packngc 
developcd at CERN [ 2 ] ,  and uscd for the integrated design 
of superconducting accelcralor magnets. Thc geometry of 
the coils defined in ROXIE served as a d e r e n c e  for thc 
transient model i~nplcnicnted in OPERA-ZD [3]. Tablc I 
contains a gcomctry transfer cross-chcck between the two 
CAD cnvironmcnts. 

TABLE I 
COMPARISON or STATIC M o n ~ ~ s  AT R~ = 10 MM 

~ Slatic Case B, [. lo4 T] b3 LI~ bl 

ROXIE -122.2 -0.52 0.017 0.013 
OPERA-2D -1  19.3 -0.55 0 . 0 ~ 0  0.013 

The transient model uses a PEM approach to simulate the 
behavior of the magnet during a 1 kV pulsed discharge in 
which the pcak current reaches a valuc of 20 A. In this case 
the voltage-currcnt decay. Ihc skin, eddy currcnts and 
proximity effects in the conductors, copper wctlges, 
collaring shoe, and in the collars are taken into account. The 
effective conductivity of the collars was adjusted in the 
model io order to fine-tunc the computational results to the 
experimcntal data acquired by measuring the pcak field 
induction inside thc aperture and in severnl locations around 
thc collars. For setting the correct value of thc conductivity 
of thc cables an additional test was carried out 10 evaluate 
the inagnitude of lhc cddy currcnt effects. For this purpose 
separate layers of the coils were excitcd one at a time to 
nnnlyzc the screciiing effecls. The paramctcrs of the model 
have becn optimized until thc simulated magnetic field map 
inside and outside thc magnet matched the cxpeiimental 
results. 



1v. TRANSIENT MAGNETIC FIELD IN PRESENCE OF A SHORT- 
ClKCUIT 

TABLE I1 
SHORT-CIRCUIT ANALYSIS AT RO = 10 MXI 

Nonnal ' ReCcrcncc X-section 1 X-section 2 
1 3 1  -82.2~IO~"I' -60.9,lO" T -Gl.4,lO~'T 
b2 0.0 113.2 0.0 
b3 -156.4 -768.4 -697.0 
h 0 31.6 0.0 
b5 9.8 -9,9 2.8 
b, 0.0 5.2 tI.0 

Skcw Rehencc X-section1 X-scction 2 
a ,  0.0 27 1.5 n.0 
a? 0.0 1320.9 145.5.? 
a3 0.0 45.8 0.0 
fl4 0.0 195.0 204.5 

;b 0.0 23.5 22.7 
a5 0.0 1 .o 0.0 

a7 0.0 -0.7 0.0 

In casc of short-circuit tho transport current follows a path 
diffcccnt kom thc nominal ono (Pig. 4). On one side of the 
inter-turn short-circuit the currenl distribution in the coil 
windings is ssymnielric {cross-section l}. On the other side 
i l  becomes symmetric again (cross-section 2). In torms of the 
magnetic field quality (his corresponds to Ihc vanishing of 
evcii-ordcr harmonics or Lhc normal field and of  odd ordcrs 
of the skew multipolcs i n  the area whcrc thc current 
ciisfribution is symmetric. Table II lists the compulcd 
multipoles vaIucs for the short-circuit i n  position denoted IS 

the central coil. Since higher order odd multipoles are 
ncgligible close to the center of the aperture, coil C4 picks 
up mainly the dipole field. Altogether coils C3, C4 and CS 
arc: transparent to the flux resulting from the skew 
harmonics, which is detected by the coils C1 and C2. The 
sum of the voltage itrduction on these two coils will 
correspond to lwicc thc total of the odd-ordcr skew 
multipoles. 

comparistin lo thc pulsed magnaLic field generated in a 
flawless magnct. A. Test Set-up 

v. ~ X P E R I M E N T A I ,  SET-UP 

A.  Uetection Melhod 
"le developrncnt of tltc 

licld harmonics daring n 

d c ~ c ~ I  with n sys:em of 
pick-up c.cds (Fig. 5 )  
aligned o n  the. rmclinn 
plnnc ot' thc n:agiict. 'I'hc 
schcmatic position 01 '  tlic 
inclividunl pick-up coils 
insido thc npcrturc is 
shown in  Fig. 6. In ordcr 
to visuaIi/.c and cxplain 
tlic dctcction mzdiod the 

ptilscd dischi>rgc is 

Fig. S. Mulii-:r?ycr piin:cd ::ircuit p::k- 
C]> < O l l i  

purc normal and skew 
quadrupoles in Fig. 6 were chosen as thc rcprcsentatives of 
thc cvcn-order field harmonics, and the pure normal and 
skew sextupoles as thc rcprcsentatives of thc odd-order 
multipoles. I f  thc cvcn orders of the tiormal field harmonics 
are present in Lhc magnetic fieid a differcncc bctween the 
voltage induced in wits C3 and C5 will be obscrvctl. The 
contribution of Llic wen-order multipoles canccls out in 

One of the short dipole 
magnets was equipped with 
micro-relays soldered on 
thc intcrnal layers in two 
clustcrs; onc centered 
around the cross section i n  
the middlc of thc magnct 
{Pig. 7), and thc othcr close 
to the end region of the coil. 
The rclays, cxcitcd 
externally with DC onc at a 
time, create short circuits 
between adjacent cable 
turns in well-defined 
positions. A pulsed current 
is supplicd from a discharge 
generator by releasing the 
cncrgy accumulated in 
1 pF capacitor, charrgcd at 
1 kV, into ihc magnet. The 
voltage induced in the pick-up coils is' measured during the 
discharge and integrated thcrcaficr lo obtain the time 
evolution of the magnctic field induction. The pick-up coil 
platform slides longitudinally on two vetronitc rods aligned 
inside the aperture of the magnet. 

Fig, 7. Mngnct coils cquipped with 
microdays  
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Thc tcst rcsuIts confirm the computational analysis 
dcmonstralcd in previous sections. The signals registered hy 
thc five pick-up coils of Fig. 5 allowed to identify tlic 
longitudinal position of all lriggcred faulls, and also gave at1 

indication of the aximuthal position of thc short-circuits. AS 
ail cxample, typical results of‘ the nicasureiiieiits arc 
presentcd in Fig. R for R short-circuit in position A. As 
cxpccted, tlic signals of thc absolute pcak field induclion on 
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Pig. 8. Test rcsults for short circuit A, In renlily the signals pickctl up 
by llic coils C1 and C2 are ofoppositc polarity. 

thc coils CI and C2, as wcll as 011 thc coils C3 and C5 
became unbalai~ccd whilc passing thc point of raull from 
cross-section No. 2 towards cross-scclion No. I .  Thc high 
niagniludc of the signal on the coils C l ,  C2 is clue to the 
high current iiiduccd in tlic passive windiilg loop deprived of 
thc imposed transport current. Far the short circuit undcr 
analysis die pcak intensity of this current smounts to 

.................................................................................................................................................................... 
AbsolutbvalueI of tho Inlagralsd PeaR tiold 

. . . .  - ... 

SharlClicldi A Short-circuit 81 6nori.CifuCii 82 Shoi-CIiCult c 

position of short-circuit 
Vi& 10. indicnlions oftlic coil Cl ns n hnciion or lhe aziinulhal 

approximatcly 510 A. In casc ol‘ (hc flawlcss mngncl with 
no short-circuits engaged, vicliially no signal is induccd in 
the coils C1 and C2 (Fig. 9). 

Also, as prcdicted by the model. the amplitude of thc 
signal picked up by the coils C1 and C2 is vc1.y sensitivc IO 
thc azimiithal position of the short-circuit (Fig. 10). Tlic 
dilfcrence in tlic coil indications is visible even For tlic 
defects located closc to cach other as sliowii Cor the shorl- 
circuits B1 and B2  betwccn two pairs of adjacent cablc turns 
in the proximity of the position B in Fig. 4. 

VI. CONCLUSIONS 
‘I’caiisicnt magnetic field distortions created by elcctricd 

insulation failures in superconducting collarcd coils wore 
analyzcd in view of thc localization of possiblc intcr-turn 
short circuits. The dclcction method was based on the study 
of thc magnetic field harinoiiics induced by thc current 
rcdistribution in thc magnct coils. The cxpcrimental 
proccdurc has been simulalcd with OPERA-2D and tcsted 
on a dedicated dipole magnet equippcd with micro-relays 
capablc of activating arlificid short circuits in thc internal 
layer of the coils. Thc longitudinal position of the short- 
circuits was succcssfully cstablisbed for all or the instailccl 
micro-switches with the precision of a fcw millimeters. The 
mothod gave also tho inclication of thc azimuthal position of 
the defects. 
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