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Abstract

Quench development is studied for the first few milliseconds after the start of a quench with the help of
voltage taps and pickup coils in the LHC accelerator dipole models. The reliability of the pickup coil
method (the so called quench antenna) is discussed. By studying the flux through the pick-up coils as a
function of time, information about the current redistribution after the quench in the magnet cable is
obtained. Several possible current redistribution models are studied: current transfer between the two
layers of the cable, adjacent strand current transfer and redistribution governed by magnetoresistance,
strand and interstrand resistance. Comparison of the simulations with the measurements in the magnets
shows that the magnetoresistance of the copper in the cable matrix is the main mechanism responsible
for current redistribution just after a quench.
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Abstract - Quench development is studied for 0 x
the first few milliseconds after the start of a 0 ia -i(a-2p)
quench with the help of voltage taps and pickup (D:ﬂh:N Re%—i m € —iR? me )
coils in the LHC acceleratodipole models. The 'oem 0 27 % R
reliability of the pickup coil method (the so called E Z_z !

quench antenna) is discussed. By studying th&ux
through the pick-up coils as a function oftime,
information about the current redistribution after
the quench in the magnet cable is obtained.
Several possible current redistribution models are
studied: current transfer between the two layers of
the cable, adjacent strand current transfer and
redistribution governed by magnetoresistance,
strand and interstrand resistance. Comparison of
the simulations with the measurements in the

The left side of the coil is at radial positignthe right side
at z,.. The relation not only holds for an infinitely long
moment, but also for a short moment, with total strength
instead ofm; per meter, as long as the moment is short
compared tahe pick-up coilsl £1 in this case). Theadial
positions are given in complex notation. Teecondterm in
(1) represents the image currents, describing the contribution of

magnets shows thatthe magnetoresistance of the the iron yoke. Assuming that the origin of the moment is a
copper in the cable matrix is the main mechanism displacement of currert from a quenching strand aadial

responsible for current redistribution just after a  POSIion Z;; 10 @ neighboringstrand at radiaposition rey,
quench. quench location in the cross-section of a magnet can be done by

taking the fluxesg from a set of four linearlyindependent
|.INTRODUCTION coils in the magnet borendsolving the set of equations for
the unknownsr, the angle between the moment vector axis
and the x-axisB, the azimuthal position of the magnetic

future LHC machine [1], suffer from premature quenches. If"OMeNt Z, the radial position of the momenand m the
the past a program has been started to locate the starfliggnetic moment strength. Positiggis the average of the
position longitudinally as well as in the cross section of th&0SItioNsZ,; andze,.

magnets with the help of sets of pick-up caildled “quench
antenna” [2,3]. This system is ustmiay incombination with
voltage taps on the magnet windings.

By studying the shape of the flux-signals in tbeils,
induced by the changing current pattern in the quenching cable,
the current redistribution during the first millisecoatter the
quench start can be reconstructed.

Models and prototype superconducting magnets for th

II.FINDING QUENCH START LOCATIONS

When aquenchstarts somewhere in the magnet cable, the
currentdistribution will change inthe region of this spot. In
first approximation this redistribution can be simulated by = *
superposing a magnetic moment on the origicaftrent
distribution. The magnetic moment, which changegirime,
induces aflux in a pickup coil in the magnet bore. As an Fig. 1. Schematic view of quadrant othe magnetross-section

: . _ : . with a quench taking place a4 . Current is displaced ta:o,
illustration a cross-section of ompiadrant of anagnet with a giving a change in currert and-1 atz.; andz., respectively and

long moment perpendicular to the x,y plane is given (Fig. 1). 3 resulting magnetic momem. Themoment generates a flux in
It can beshown that the magnetic flug generated by a the pick-up coil reaching fromg to z . All radial positions z are
magnetic momenn at radial positiore, with strengthm; per  given in complex notation.

meter length in a rectangular coil, madeéNdfrns with length ) ) _
| is: Presently also sets of three pick-up coils usedfor this

purpose, giving a trace of possilfj@enchstart positions. The

c



typical layout for a quench antenna, constructed withzives
of three parallel and coplanar coils is shown in Fig. 2.
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1L fropy
—% %m——“ Fig. 4. Side view of a Rutherfortype cable.The cable transport

current flows from left to right. Current redistribution takglaces

at point Q from a quenched strand through a contact resistance to a
crossing strand in the other layer of the cabléae change in
current is I-q for the quenching andld—for the crossing strand.

Fig. 2. Layout of the maincomponents ofone of the quench

antennasusedfor testing one meter dipole models @ERN. Five

sections (H12-H67) of three coplanar parallel coils cover the Because othe symmetry of the distribution, no resulting

length of the magnet. The real system has four extra sets of coils@ment perpendicular tthe broad side othe cable will be

enhance the resolution in the magnet ends. observed ifthe pick-up coils are very longpmpared to the

zone in which the redistribution has taken place. dffextive

With this type of quench antenna, good agreement ismoment is parallel to the flat side of the cable. In pick-up coils

obtained between voltage tapand pickup-coil method, of finite length, theperpendicularomponent plays a role as

certainly for inner layer quenchedsing thequench antenna ell. A simulation of the fluxes induced in tigeiench antenna

most of the times gives the possibility determinethe block s shown in Fig. 5. For the simulations a slighthodified

in which thequench occurred. As axample theguenchstart  version of (1) for calculation of the fluxes is used, so that

positions, shown in Fig. 3, are found by using the fluge®  the contribution of theend otthe pick-up coils is takeimto

three pickup-coilsand solving numerically for thefour  account [4].

variables. For outer layer quenches problems can arise, because,

depending on the position of the quench, part of the signal can (simulation of qLenen fonts falloaing erossing strands)

be screened by the inner layer windings.

0.0001%5

0.0001

0.00005

—0 . 000053

HE

=0 . 000 1

=0, 00015

Fig. 3. Cross section of a one meter dipole magnet model, showilf'DEID time (s)

a solution for a typical quench using three pick-up cdilse black

squares indicate the possible quench start positions, whildntbe
gives the direction of the moment vectdrhe arrowives the
direction of the main dipole field.

Fig. 5. Simulated fluxes isectionsH3-H5 as &unction oftime.
The current is transferred from tlyuenchedstrand to acrossing
strand in the other layer of the cable.

I1l. CURRENTREDISTRIBUTIONMODELS FOR The two components of the growing momeath be seen
RUTHERFORDCABLES in the signals: the divergence of the flux through Ear@ | in

section H4 is generated by the perpendicular component, while
One can imaginseveraltypes of current redistribution to the component parallel to the broad side of the cable has almost

take place ajuenchstart, givingdifferentsignals in thepick- the same influence on all three fluxes and gives the variation of

up coils. Three possible types are discussed here. the average.
A. Transfer to Crossing Strand B. Transfer to Pal’a||e| Stl’and

At quench start, curreity is transferred fronthe quenching ~If the current ofthe quenching strand is taken over by
strand, through a contact, to a crossing strand in the latjesr nelghbormg Strghds It_he same layer, the. signdepend on
of the cable (see Fig. 4). the relative position with respect to the twist lengthof the

cable, see Fig. 6. A simulation of the situation in which the
quench starts at 143, is shown in Fig. 7.



Fluxes in 3coil sections and position of quench fronts

d e (simulation, linear growing quench)
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Fig. 6. The current inthe quenching strand is taken over by \‘—ﬁ-—l._.\‘_‘_—

neighboring strand in the same layer. The magnetic moment vect

is directed perpendicular to the broad side of the cable. 0.0002 E
) Hd _,.-""""_'—
If the quench starts at 0 or ]Mg as long as the moment is e
short compared to the pick-up coilsgcause ofymmetry, no o T R R PR R T R T
. ) : . : :
signal isobserved inthe coil section erethe quenchstarts. | —

The magnetic moment vector directedperpendicular to the _s sl
broad side of the cable.
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Fluxes in 3coil sections and position of quench fronts R -
(simulation, quench following two strands)
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E Fig. 8. Simulated fluxes versus time for quench frgmtspagating

ety along a straight path through the cable.

'ﬂ“,- et . .. IV. COMPARISON TOEXPERIMENTAL RESULTSFROM

MODEL MAGNETS

= s )

L
*“‘"M Many of the inner layequenchesclose to short sample
i limit observed inthe dipole model magnets at CERMwve a
similar flux signature. As an example the flux signals from
. model MFISC quench 11 argiven in Fig. 9. The striking
time (s) qualitative similarity of this type of signature to thamerical

Fig. 7. Simulated fluxes versus time sectionsH3-H5 for quench simulations for “runningfronts”(Fig. 8) indicate a resistive

fronts following the path of the strand$he dotted lineindicates . h . . .
the moment in time at which the quench fronts into sections 3 bu”d_l.Jp over the full cable width in the first milliseconds
following the quench start.

0 LS

and 5.

At the edges ofthe cable, thehange in moment strength yind -
changes sign, giving the periodicity in the fluxes as a functiot Hg
of time. ATRE 3 e
C. Running Fronts E smon :

O

If more than onestrand quenchand the current is o

redistributed ovethe wholeablewidth, two quench fonts i e

start running along the cable length in opposite directions. Th T 4. L

signals in the pick-up coils for this situation show no L E
dependence othe twist of theable (sed-ig. 8). With a, in ez |

time, linear growing normal zone, the direction of the magnetic

moment vector gives an indication of th&ection of the P

current displacement. The origin of the linear running fronts is fime (s
a combination of the magnetoresistance in the copper matri ( ). L :
.. . . t—% . 9. Measured fluxes as a function of time in the tlseetions
and the variation of the contact resistance over the width of t . .
cable. of the quench antenna located in the straight part of the magnet for

The magnetoresistance makes the curreove radially MFISC training quench 11. See Fig. 8 for numerical simulation.
outwardsinto the low field region of the magnet, while the The direction of the magnetic moment indima whether

lower value of the contact resistance at the smddle of the : P )

. . . the magnetoresistance or the variation in the corgaidtance

cable tends to make the current move inwards. The direction.o . o )
. is the main factor for the redistributigfrig. 10). Ifthe main

the magnetic moment vectobserved bythe quench antenna

. . . ffE\ctor werethe variation in contact resistance overcéine
shows which of the mechanisms plays the most important.
role. width, the moment vector would have been rotated by



180 degrees. For @mansfer to a parallel strafmbth directions The shape of the flux curvesn be explained assuming
perpendicular to the cable are possible while fomasfer to a that the current redistributiastartedwith a resistivebuild-up
crossing strand, the moment vector would hdge main in the cable, agairdriven by the magnetoresistance of the
component parallel to the cable. copper matrix. After 2 (ms) however, a part of the current starts
to flow in the coppestrip, thusgenerating a moment parallel
to the broad side othe cable. The component of the moment
parallel to the cablgives approximately the same signal in
each of the parallel pick-up coidshifts all three fluxes of
each section up.

The direction of the moment vector as seen by the pick-up
coils supports the explanation. In the first millisecond it is
perpendicular to the broad side of ttable beforgurning to a
direction more parallel to the cable.

V. CONCLUSION

The pick-up coil method has proved to be a reliable way of
_ _ _ _ localizing quenches in the LHC model magnets. It proves to be
Fig. 10. Cross section of a dipole magnet with thensport g very valuable tool tolocate prematurequenches in
currentgoing into the plane on the righihd coming out of the superconducting magnets.
plane on the leftDue tdhe magnetoresistance dhe copper By studying experimentalata fom the pick-up coils it is
matrix the current wants to move into the low fietigions of the — \ ojhe 15 get information about the current redistribution
cable (movement indicated by arrowqc). The resulting moment after quench irthe testedmaanet. Comparison taumerical
direction, indicated by the arrowm, is given four all four . q, gnet. p.
quadrants. simulations shows that the magnetoresistance ofctipper

matrix plays an important role in this redistribution for

training quenches in the analyzed model magnets, at least in the
time scale of milliseconds.

Since all analyzed quencheshow a magnetic moment
vector pointing in adirection corresponding tthe directions
indicated in Fig. 10, the main mechanisrbehind current
redistribution during the firdiew milliseconds for this type of
guenchmust be the magnetoresistance of ¢bppermatrix. )
This same observation was made for RHIC quadrupoles in [5f}] The LHC study group, “LHC, the  large hadreollider”

A secondexample showing the power of the pick-up coil CERN/AC/%'OS(L,HC?' 20 Oct. 199?’ .
method for analyzing current redistribution is specific to thE?] D-Leroy, J.Krzywinski, V. Remondino, L. Walckierand R.
MTA3CERN model. The magnet hascapperstabilizer strip Wolf “Quenchobservathn inLHC Supgrconductlng one meter
soldered tothe innermost turn of the inner layer, creating a '0"g Dipole models by field perturbation measuremeniSEE
possibility for currentsharing if thejuench starts irthe turn Trans. Appl. Sup., Vol.3, pp. 781-784, 1993 _
soldered tathe strip. The flux signals for this type of quench3! A- Siemko, J. Billan, G. Gerin, D. Leroy, L. Walckieand R.

are shown in Fig. 11. Thguench happened 86% of short Wolf, “Quench localization in the superconducting model
sample limit. magnets for the. HC by means of pick-up coils”JEEE Trans.

Appl Sup., Vol.5, pp. 1028-1031, June 1995
[4] S. Jongeleen, “Principles afjuenchlocalization and current
i redistribution in the first millisecondsafter quenchstart”,
______-t: Internal Note CERN-AT-MA 95-135, December 1995
£ [5] T. Ogitsu, A. Terashima, K. Tsuchiya, G. Ganetis, J. Muratore
and P. Wanderer, “Quendbservationusing quenchantennas
on RHIC IR quadrupolenagnet$, BNL-61960
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Fig. 11. Measured fluxes in the pick-up coils as a functiotinoé
for a quench starting next to the copper strip in MTASCERN.





