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in the LHC SuperconductingDipole Magnets
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Abstract— A simple model was developed to describe the
propagation of a quench, or quench fr ont, and its measurement
by a tool called the Local Quench Antenna (LQA). Speci�cally,
the model addressessteady-statequench propagation that has
reacheda constant velocity. The quenchesof interest occur in
the low-temperature superconducting cables that are used in
the dipole electromagnetsof the Lar ge Hadron Collider (LHC).
The LQA producesa voltage signal called a “quench signal” in
responseto the spread of the normal-conducting region in the
cables,thus the signal carries information about the quenching
process.Using M athematica R
 , a program basedon the model
was written to simulate thesesignals for the purposeof studying
the characteristicsof a quenchand determining the spatial origin
of a quench in the cables. The model successfullymeets these
goals.

I . INTRODUCTION

An issue that should be addressedin the introduction is
whataquenchis in relationto theLHC superconductingdipole
magnets.First, though,thisproblemshouldbeput into context.

A. Background

The scientistsat CERN have decidedto push the limits
of experimentalhigh-energy physicsonce more by creating
the LHC, or Large HadronCollider. They will acceleratetwo
beamsof protonsto energiesof 7-TeV each,allow theprotons
in thebeamsto collideand“explode,” andthereby, with theaid
of particledetectorsandour currentmathematicaldescription
of particle interactions,probe Nature at the smallestscales
achievable today. TheseTeV energy levels are an order of
magnitudegreaterthan energies previously attainedwith the
LEP/LEPII experimentsandarehigh enoughto give theorists
the data they needto either move forward with their latest
models(including the Higgs boson)or changetheir direction.

To saveoncosts,existingacceleratorinfrastructureatCERN
will be re-used,and the new acceleratorwill jointly occupy
the27-km LEP acceleratortunnel.To keepthe 7-TeV protons
circulating in this particular path, there will be a need for
very strongmagneticdipole �elds. Speci�cally, sincetheplan
is to placedipole �elds over 65% of the tunnel,the magnetic
�elds must be 8.34 T in magnitude.To achieve such high
magnitudes,thedecisionwasmadeto utilize low-temperature
superconductingtechnology;thus, the LHC superconducting
dipole magnetsweredesigned.

Within the 15-meter-long dipole electromagnets,large cur-
rentsof approximately12 kA arecarriedby cablesmadewith
Niobium-Titanium(NbTi), a low-temperaturesuperconducting

metal, and copper (Cu). A liquid-helium (He3 and He4)
cryogenicsystemcoolsthe cablesto about2 K, keepingtheir
temperaturebelow TC , the critical temperaturefor supercon-
ductivity with the given currentdensitiesandmagnetic�elds.
However, there can be a problem when, for somereason,a
pieceof a cable receives enoughheat to put its temperature
above TC : A chain reaction is initiated that causesall of
the superconductingcableto becomenormal-conductingand
unableto supportlarge amountsof currentfor very long. The
strong magnetic�elds are then lost, amongother problems.
This processof the cablesbecomingnormal-conductingis
referred to as quenching,or a quenchof the magnet.The
boundarybetweenthesuperconductingandnormal-conducting
zonesis called the quenchfront, and its movementalongthe
cableis referredto asquenchpropagation.

Thepossiblesourcesfor theheatabsorptionthatprecipitates
a quench include particle interactions, which result from
protons�ying off coursein the magnet,and friction between
the cables,which results from mechanicalinstability in the
placementof the cables.We shall focus on the latter source.
As the cablescarry high currentsand are situatedin strong
magnetic�elds, they experiencelarge forces.It is, therefore,
dif�cult to constructthe dipolesin sucha way that the cables
arerigidly held in place.Whenthe newly-constructeddipoles
arebroughtin for testing,they arebroughtascloseto 9 T as
possibleuntil they either reach9 T, reach12 kA, or quench.
Usually a magnetwill quenchbefore reachingthe speci�ed
�eld strengthor currentvalue.However, apositiveresultis that
whena magnetquenches,it usuallycausesthe cablesto shift
into a more stableposition, and the magnetcan henceforth
producestronger�elds beforequenchingagain.The process
of quenchinga magnetuntil it performsat the targetedlevel
is calledquenchtraining, or training the magnet.

It is desirablefor physicists to receive magnetsthat do
not require any training or, at least, that require very little
training (one or two quenches)before reaching the target
performance.This is becausequenchingcanput a lot of stress
and strain on the magnet.Purposefullycausingthe cablesto
shift, even if into a more stableposition, leaves the magnet
less mechanicallyrobust. Therefore, it is also desirableto
give feedbackto the manufacturersof the magnetsso that
they canrework thedesignor productionprocessandproduce
dipolesthatrequirelesstraining.Successfulresponseto proper
feedbackwould resultin fewer magnetsbeingrejected,which
would, of course,leadto money andtime beingsaved.

The feedbackthat would be most valuable to the manu-
facturersis an analysisof the locationswhere the quenches
originate in each magnet.Patterns in the positions of the
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quench origins could point to weak points in the cables'
placementand give the manufacturersa place to begin re-
engineering.Since the quenchprocessis not visible to the
human eye and does not leave visible traces of its place
of origin, some indirect meansmust be used to make this
analysis.That is wherethe LQA, or Local QuenchAntenna,
comesinto play. The LQA is basicallya set of coils of wire
thatprovide a voltagesignalasa measureof thechangein the
magnetic�eld (i.e., the �ux in the coils) dueto the spreading
of the normal-conductingzone.This voltagesignal hasbeen
dubbedthe “quench signal.” Analyzing this signal can help
in understandingthe quench,including its propagationand
location.

To turn the raw dataof the quenchsignalsinto information
aboutquenchpropagationandquenchlocation,a modelmust
be developedto explain, mathematically, the connectionbe-
tweena quenchandits LQA signal.By accuratelysimulating
quenchsignals,onemaybecon�dent in relatingactualsignals
to correspondingmodelized scenarios.A model has been
developed,simulateddatahasbeengathered,andthepursuant
analysisof quenchpropagationand location hasbeenmade.
What follows is a descriptionof the motivation of the model
(�rst in the form of objectives and then in the form of
physicalmotivation),a descriptionof theactualmodelandits
simulateddata,and the resultsand conclusionsdrawn from
the simulations.

B. Objectives

First andforemost,the goal of this exercisein modelingis
to beableto taketheraw dataof thequenchsignalsandextract
informationaboutthe locationof theorigin of thequenchand
characteristicsof its propagation.This goal is directly related
to providing feedbackto the companieswho are producing
thedipoles,aswasstatedin theBackground.Secondarygoals
of this projectincludedevelopingtoolsandtechniquesfor the
disciplineof building, testing,andmaintainingsuperconduct-
ing dipolemagnets.Gaininga betterknowledgeof thequench
phenomenonwill alsobebene�cial to any future technologies
utilizing superconductingcablesin the samefashionas the
LHC dipoles.

I I . PHYSICAL SITUATION

Before describingthe quenchmodel, the physical details
of the LHC dipoles,a quench,and the LQA (Local Quench
Antenna)shouldbe examinedso that the model is justi�ed.

A. LHC Dipoles

The LHC dipoles' magnetic�elds arecreatedusingsuper-
conductingRutherfordcables.The cablesaremadeof strands
of wire that are twisted aroundeachother, eachwire being
an arrangementof NbTi �laments in a coppermatrix (Fig.1).
When the cable is superconducting,it is the NbTi �laments
that carry the current. When normal-conducting,the NbTi

Fig. 1. A. A superconductingRutherfordcable;B. A cross-sectionof the
cable(looking upward from the bottomof pictureA), showing 36 strands;C.
A cross-sectionof an individual strandof the cable,with the arrangedNbTi
�laments in a coppermatrix; D. A close-upof the NbTi �laments

Fig. 2. A. Eachrectangleis a cross-sectionof a cable,like thecross-section
in Figure1, pictureB. The specialarrangementof the current,I , createsthe
downwarddipolemagnetic�eld, B , which forces(FB ) theprotonbeam,p, to
turn alongtheaccelerator's path.B. This cablenumberingsystemis mirrored
for eachof the otherquadrants.

in the cable is more resistive than the copper and so the
copper carries the current insteadof the NbTi. The cables
form two concentriclayersaroundeachbeampipein thedipole
(Fig.2). Sincethe two beampipescarry protonbeamsmoving
in oppositedirections,the dipole �elds in eachpipe must be
pointing in the oppositedirection to keepboth beamsin the
samecircular (27-km)path.Thus,thecurrentdirectionsin the
cablesfor one beampipeare oppositethoseof the cablesfor
theotherpipe(Fig.3). Thetwo layersof cablesaremadeusing
two slightly differenttypesof cable:theinner layerconsistsof
cablescomposedof 28 strandswhile the outer layer consists
of smallercablescomposedof 36 strands.Actually, eachlayer
is madeof only one cable,with the cable loopedaroundits
beampipein the mannerillustrated (Fig.3). (Being madeof
�lamented wires allows the cablesto be bent without being
damaged.)Eachloop of a cableis given a number(Fig.2) to
distinguishthe partsof the cable,and eachloop is speci�ed
as either being above or below the beampipe.For naming
purposes,oncea sideof the beampipeis speci�ed, eachloop
is referredto asa cable,e.g. “cable 1.” Furtherspeci�cations
arewhetherthecableis on the“externalside” or the “internal
side” of theaccelerator'scircularpathor whetherits beampipe
is the“upstream”or “downstream”pipe.(Furthercomplicating
the situation,the beampipesswitch rolesof being“upstream”
or “downstream”alongthe accelerator.)

As designed,thespecialcon�gurationof thecablescreatesa
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Fig. 3. The superconductingcablesloop aroundthe beampipesinside the
dipole in the mannershown. For eachbeampipethe upperhalf of the inner
layersof cablesis drawn blocked together, as is the upperhalf of the outer
layersand the lower halves of the inner andouter layers.The left beampipe
is on the externalsideof the dipole andthe right beampipeis on the internal
side.

dipolemagnetic�eld thatis homogeneouswithin abeampipe1.
Of course,the�eld outsidea beampipeis not homogeneous;it
changesdirectionandbecomesweaker fartheraway from the
beampipe(Fig.3). Thus, magnetoresistive effects within the
cablesarenot homogeneous.This is a concernmainly whena
cableis normal-conductingbecausethe copperin the cableis
moreaffectedby magnetoresistance.The coppermatricesare
in contactwith eachotherandsoform somethinglikea“swiss-
cheesed”cablethatcanbeconsiderednearlycontinuous.Thus
if magnetoresistivity increasestransversally acrossthe cable,
then the current density in the copper decreasesacrossthe
cable.TheNbTi, on theotherhand,is a collectionof separate
�laments that wrap aroundeachother. Over distanceslarger
than the length requiredfor one strandto wrap oncearound
thecable,the�laments have thesameinductivecharacteristics
and are indistinguishablefrom eachother. So, assumingthat
thewhole cableis superconducting,thecurrentdistribution in
that cableshouldbe homogeneouseven if the magnetic�eld
is not.

B. Quench

The quenchesof interestfor this project are the onesthat
are initiated by friction betweenthe cables.The cablesare
carrying currents of about 12 kA, and as the cables are
situatedin thehighmagnetic�elds producedby thesecurrents,
the cables feel large forces. Of course, these forces vary
throughoutspaceasthemagnitudeof themagnetic�eld varies,
so somecablesfeel muchmoreforce thanothers.It turnsout
that the cablesof particular concernare the �rst few cables
at the edgesof eachlayer (cables1-5 and 16-20),wherethe
�eld is strongestand forcesare on the order of 1 kN/cm for
eachcable.

Oncesomepieceof thecablesrubtogether, heatis absorbed.
This may put the temperatureof that pieceabove the critical

1Since the dipole magnetshave two beampipes,each with their own
magnetic dipole �elds, perhapsa better name would be “double-dipole
magnets.”

Fig. 4. The rod-shapedLocal QuenchAntenna(LQA), 36 mm in diameter,
is placedinsidea beampipe,40 mm in diameter. Four LQAs areplacedin the
endsof the two beampipesin a dipole. (Larger antennaerevealedthat most
quenchesoccurnearthe endsof the dipole,wherethe cablesarebent,rather
thanthemiddleof thedipole.)Thecoil-setsarenamedfrom s01 to s11, where
s01 is closestto themouthof thebeampipe.(In the lengthwisecross-section,
coils B an C areoverlapping,asarecoils A andD.) The normalvectorsthat
determinethe sign of the �ux in the coils areshown in the magni�ed cross-
section.Given a particularcoil-set, coils A and C provide a voltagesignal
VAC , andcoils B andD provide a voltagesignalVB D . Soeachof theeleven
coil-setshastwo asssociatedquenchsignals.

temperatureTC , whereTC is a functionof thecurrentdensity
andthe magnetic�eld at that location.Thenthat pieceof the
cable is normal-conductingand resistive; therefore,it begins
to dissipateheatand causethe areaarounditself to become
normal-conducting.This irreversibleprocesscontinueswithin
thecable,spreadingthenormal-conductingzonein bothdirec-
tionsalongthecable.Thetwo boundariesbetweenthenormal-
conductingzone and superconductingzone, or the quench
fronts, quickly reach an essentiallyconstantvelocity vq as
they move along the quenchingcable.This quenchvelocity,
as it is called,canbe anywherefrom 10 m/s to 30 m/s.

Since the cablesare supplied by a current source,there
remainsa 12 kA current throughoutthe cable as more and
more of the cable becomesnormal-conducting.This would
lead to thermal damageof the dipole if measureswere
not taken to halt the process.However, halting the quench
requires shutting down the dipole, which meansthe large
amount of energy in the form of the magnetic �eld must
somehow be allowed to quickly dissipateas the current is
rampeddown. “Quench heaters”help to accomplishthis by
pre-emptingthe quenchingprocessand bringing the whole
cable into the normal-conductingphase,thus dissipatingthe
energy evenly over the whole dipole. The quenchheatersare
activatedassoonasvoltmetersconnectedto thecablessurpass
a critical value that indicatesthe cableshave acquiredtoo
muchresistance.

C. Antenna

TheLQA is essentiallyacollectionof 44smallcoilsof wire.
Eachcoil is in theshapeof a 4-cmby 1-cmrectangleandhas
400 turns, making it 1 mm thick. The coils are arrangedin
setsof four, with the four coils placeat 90 degreeanglesfrom
eachotherand45degreesfrom thehorizontal.Thepositioning
andnamingconventionof the coils is illustrated(Fig.4).

Thecoils arewiredsothatif themagnetic�eld is increasing
in the directionaway from the centerof the LQA, a positive
voltageis induced.In addition, the coils oppositeeachother
are connectedin series,addingtheir voltages,so as to maxi-
mizethesignal-to-noiseratio.Thatis, if theoveralldipole�eld
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Fig. 5. This is the model, with the horizontaldirection, or z-axis, greatly
magni�ed. The normal-conducting(NC) zone is on the left and the super-
conducting(SC) zone is on the right. For this particular cable, the non-
homogeneousmagnetic�eld resultsin a high-�eld (HF) region below a low-
�eld (LF) region. Eachregion takes up half of the cable,and the wires are
centeredin eachof thesehalves.The quenchfront is locatedat the position
z0 alongthe z-axis,which runsparallelwith the cables,andz0(t ) = vq t:

is changinghomogeneously, thenthe two inducedsignalswill
cancelout. Elevenof thesesetsarelined up lengthwiseinside
the LQA, spacedat 4-cm intervals. (The coils are actually
slightly lessthan 4 cm long, short enoughto allow half of a
millimeter of spacebetweenthe sets.)The part of the LQA
encasingthecoils is madeof �berglass(G11),andthemetalic
part that holds the mechanicaland electrical connectionsis
madeof titanium.Titaniumhaslow magneticpermeability, so
it doesnot experiencelarge forceswhile nearthe beampipe.

I I I . MODEL

Now, with a good graspof the physicalset-up,the model
should be easily understood,and the simpli�cations made
thereinto extracttheessentialphysicsshouldseemreasonable.

A. Quenching Cable

Since the quenchesare detectedwith coils that measure
changesin the magnetic�eld, and since the current in the
cables is the sourceof the magneic �eld, the model must
reproducethe changingcurrentdistribution associatedwith a
quench.However, sincethe currentdistribution only changes
locally aroundand within the normal-conductingzone, and
since the normal zone doesnot have much time to expand
beforethe quenchheatersareactivated,only one loop of the
quenchingcablehasto be examined.To simplify theproblem
andto attackit with a divide-and-conquerstrategy, the model
describesthe propagationof only onequenchfront, whereits
velocity has alreadyreacheda constantvalue and the other
front is too far away to be detected.Also, the model quench
front only traversesthe straightsectionof the cable,with the
turnsat the endsof the loop assumedto be far away.

To capturetheessentialphysicsof this problemandto sim-
plify it further, the quenchingRutherfordcableis represented
astwo straightwireswith discreteresistivities. The wiresalso
shareconductiveandinductivepropertieswith eachother. This
model is representedpictorially in Figure5.

The temperatureis assumedto be betweenTC and 20 K
in the normal-conductingzone.Sinceresistivity changesvery
little in this rangeof temperatures,R1 andR2 areassumedto

Fig. 6. A schematicof an in�nitessimal length � z of the two wires.

be constant,given a particularcablewith particularmagnetic
�elds. (The valuesfor R1 andR2 are calulatedaswhat they
would be at 10 K.) In the superconductingzone,R1 and R2

are zero, so there are no longitudinal resistorsdrawn. The
conductivity betweenthe wires is G, their self-inductivity is
L , and their mutual-inductivity is M . After de�ning several
variableswith a schematic(Fig.6), a few relationshipsbecome
aparent:

I 1(z; t) + I 2(z; t) = I tot ; (1)

the currentI 1 in wire 1 and the currentI 2 in wire 2 remains
constantsincetheir is no collection,production,or destruction
of charge alongthe wires;

� node = I 1(z+ � z; t) � I 1(z; t) � G � z V (z+ � z; t)

= 0; (2)

thecurrentdensity�ux � node at a nodesuchasthelower node
in Figure6 is zerobecausethereis no collection,production,
or destructionof charge at a node;and

Vloop = V (z+ � z; t)

+
h
L � z _I 2(z; t) + M � z _I 1(z; t)

i

+ R2 � z I 2(z; t) � V (z; t) � R1 � z I 1(z; t)

�
h
L � z _I 1(z; t) + M � z _I 2(z; t)

i

= 0; (3)

the changein electricpotentialVloop arounda circuit loop is
zerobecauseof the conservation of energy in the circuit.

Taking the limit as � z goesto zero,Equation2 becomes
I 1

0 = G V andEquation3 becomesV 0 = R1 I 1 � R2 I 2+ (L�
M ) _I 1 � (L � M ) _I 2. (The prime in I 1

0 refersto the derivative
with respectto z, and the dot in _I 1 refers to the derivative
with respectto t.) Further, if a differencecurrent,or “current
redistribution,” i (z; t) is de�ned,

i (z; t) �
1
2

I 1(z; t) �
1
2

I 2(z; t); (4)

so that

I 1(z; t) =
1
2

I tot + i (z; t) (5)
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and

I 2(z; t) =
1
2

I tot � i (z; t); (6)

then the two differentialequationsconsolidateto

i 00� 2(L � M ) G _i � (R1+ R2) G i = (R1� R2) G I tot =2; (7)

thuseliminatingV , I 1, and I 2 from the equation.
Since the quenchvelocity is constantand the signals in-

ducedin eachcoil-setlook thesameasthequenchfront moves
pastthe coil-sets,it must be that i (z; t) (and all of the other
functionsof z andt mentionedsofar) is a travelingwaveform;
that is, i (z; t) = i (z� vqt). In that case,it is true that

_i = � vq i 0: (8)

Using this information and simplifying the inductive part of
Equation7 to an equivalent inductivity L eq yields

i 00+ L eq G vq i 0 � (R1 + R2) G i = (R1 � R2) G I tot =2: (9)

Applying the boundaryconditionsthat i shouldremain�nite
andthatits derivativeshouldbecontinuousat thequenchfront,
the solutionendsup being

i (z) =
� I
2

�
U(� z)

�
1 �

� n

� n + � s
ez=� n

�

+ U(z)
� s

� n + � s
e� z=� s

�
; (10)

wherez is replacingthe argumentz � vqt (or t = 0), U is the
Heaviside unit stepfunction,

� I =
(R1 � R2)
(R1+ R2)

I tot ; (11)

1
� s

= L eq G vq; (12)

and

1
� n

=
1
2

0

@

s �
1
� s

� 2

+ 4(R1+ R2)G �
1
� s

1

A : (13)

Given that the values of the parametersR1, R2, and G
dependuponthemagnitudesof themagnetic�eld, B 1 andB2,
at thepositionsof thetwo wires,thecurrentredistribution i (z�
vqt) is differentfor eachcable.Thevalueof L eq, on theother
hand,is a matterof geometryand is calculatedto be on the
orderof 10� 7 H for all cables.For oneof thelikely quenching
cables,cable1, thevaluesof R1 andR2 arerespectively taken
to be 65.2 � 
 /m and 60.5 � 
 /m, and the conductivity G is
taken to be 2:25� 107 S/m.Thus,assumingthat vq = 30 m/s
andI tot = 11.85kA, thecurrentdistributionsin the two wires
take on the curves shown in Figure 7. To illustrate how the
redistribution is affectedby a changein the parameters,some
additionalcurvesareshown in Figures8 and9.

Fig. 7. Currentdistribution in the two wires at t = 0.

Fig. 8. For cable1, keepingG at the samevalue (2:25 � 107 S/m) and
changingvq producesthesecurrentredistributions.

B. Antenna

It is assumedthat the coils in the LQA areessentiallytwo-
dimensional,i.e., that they arel � w rectangularloopswith no
thickness,wherel = 4 cm and w = 1 cm. The coils of wire
areloopedN t times,whereN t = 400. It is alsoassumedthat
their 1-cmwidthsaresmallenoughthat themagnetic�eld can
be taken asconstantalongthat dimension.The valuesfor the
magnetic�eld vector throughouta given coil are thus taken
alonga line down the centerof the coil.

Mathematically, the quenchsignal V (t) for a single coil
due to the changingcurrent distribution in wire 1 alone is
expressedbelow:

V (t) = � _� B (t ); (14)

the negative time derivative of the magnetic�ux � B in the coil

= � @t

�
N t

Z

S
B (z0; t ) �dA

�
; (15)

wherethe magnetic�eld B is a function of z0 taken alongthe

Fig. 9. For cable1, keepingvq at the samevalue(30 m/s) andchangingG
producesthesecurrentredistributions.
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centerof the coil and is integratedover the surfaceS of the coil,

with dA pointing in the assignednormaldirection n̂ of the coil

= � @t

"

N t

Z l= 2

� l= 2
B (z0; t ) � n̂ w dz0

#

; (16)

becausethe surfaceintegral simpli�es to a line integral

= � @t

"

N t

Z l= 2

� l= 2

� Z 1

�1

� 0

4�

I 1(z � vq t ) dz� r

r 3

�
� n̂ w dz0

#

; (17)

wherethe magnetic�eld B is calculatedusingBiot-Savart's Law,

with z taken asa positionalongwire 1 andwith r , a function of

z andz0, taken as the vectorextendingfrom the positionalong the

wire at z to the positionalong the centerof the coil at z0

= �
� 0

4�
@t

"

N t w (ẑ � r ) � n̂
Z l= 2

� l= 2

� Z 1

�1
I 1(z � vq t )

1

r 3
dz

�
dz0

#

;

after pulling out the constantsfrom the integrals (andsincer per se

shouldnot be taken out of the integral, let (ẑ � r ) be replacedby its

equivalent, (ẑ � d ), whered is the distancevector, perpendicularto

the coil's axis andwire 1, that gives the distanced betweenthe coil

andwire 1)

= �
� 0

4�
@t

"

N t w (ẑ � d ) � n̂
Z 1

�1

 Z l= 2

� l= 2
I 1(z � vq t )

1

r 3
dz0

!

dz

#

;

after switchingthe orderof integration

= �
� 0

4�
@t

"

N t w (ẑ � d ) � n̂
Z 1

�1
I 1 (z � vq t )

 Z l= 2

� l= 2

1

r 3
dz0

!

dz

#

;

after pulling out I 1 , which is constantwith respectto z0

= �
� 0

4�
@t

" Z 1

�1
I 1(z � vq t )

 Z l= 2

� l= 2

N t w (ẑ � d ) � n̂

r 3
dz0

!

dz

#

;

whereall the geometry-dependent2 constantsaregroupedwith the

geometry-dependentintegral

= �
� 0

4�
@t

� Z 1

�1
I 1(z � vq t ) h(z) dz

�
; (18)

calling the geometry-dependentintegral h andthe “geometric

coupling function,” or just the “coupling function”

= �
� 0

4�
@t (I 1 � h) (� vq t ); (19)

the convolution of I 1 andh, by de�nition

= �
� 0

4�

�
_I 1 � h

�
(� vq t ); (20)

sinceonly I 1 is a function of time

= �
� 0

4�

� _i � h
�

(� vq t ); (21)

becauseof the relation in Equation5

=
� 0

4�
vq

�
i 0 � h

�
(� vq t ); (22)

becauseof the relation in Equation8.

Sothequenchsignalis simply a convolution of thederivative
of the current redistribution in the quenchingcablewith the
pertinentgeometriccouplingfunction.Thegeometriccoupling
function h is explicitly calculatedbelow (letting N t w (ẑ� d)�
n̂ = g):

h(z) =
Z l= 2

� l= 2

g

r 3
dz0 (23)

=
Z l= 2

� l= 2

g dz0

(d2 + (z � z0)) 3=2
(24)

= g

 
l=2 � z

d2
p

(l=2 � z)2 + d2
+

l=2 + z

d2
p

(l=2 + z)2 + d2

!

: (25)

Since pairs of coils are connectedtogetherin series,the
resultingsignal is a sumof the signalsfrom eachcoil due to

eachwire. For example,coils A and C are in series,so the
resultingsignalVAC is

VAC (t ) = VA 1(t ) + VA 2(t ) + VC 1(t ) + VC 2(t ) (26)

=
� 0

4�
vq

��
i 0 � hA 1

�
(� vq t ) +

�
i 0 � hA 2

�
(� vq t )

+
�
i 0 � hC 1

�
(� vq t ) +

�
i 0 � hC 2

�
(� vq t )

�
(27)

=
� 0

4�
vq

�
i 0 � [hA 1 + hA 2 + hC 1 + hC 2 ]

�
(� vq t ) (28)

=
� 0

4�
vq

�
i 0 � H AC

�
(� vq t ); (29)

whereHAC is the total geometriccouplingfunction for coils
A andC with respectto a particularcable.The quenchsignal
VB D andits couplingfunction H B D comeaboutin the same
manner.

C. SimulatedSignal

Using the equationsderived from the model, a program
written in M athematica has generatedthe quenchsignals
VAC and VB D for all of the 40 cables in one quadrant
of the array of cables around one beampipe.Becauseof
the symmetry of the setup,one quadrantof one beampipe
describesall quadrantsfor both beampipes.For one cable
(cable1) the coupling function, the derivative of the current
redistribution, and the resulting simulatedsignal are shown
(Fig.10, picturesA, B, andC).

Examining the equationsand the graphs, the more the
currentredistribution resemblesthe Dirac delta, the more the
quenchsignal approximatesthe coupling function. And, vice
versa, the more the coupling function resemblesthe Dirac
delta, the more the quenchsignal approximatesthe current
redistribution.Soasharpercouplingfunctionis moredesirable
for capturingthe essenceof the quenchprobagation.Smaller
coils in the LQA will yeild sharpercoupling functions,but
the coils should not be so small that its signalshave small
magnitudeson par with the noise.

IV. RESULTS

The resultsof the modelingandsimulationareconceptual,
procedural,and full�lling of the objectivesset forth earlier.

A. Deconvolution

One useful result of this model and the successof its
simulationsis the realization that a simple convolution can
relate the quenchsignal to the changingcurrent distribution
via a geometicalcoupling function. So long as the patternof
the current distribution (or the “redistribution”) travels as a
waveform with a constantvelocity, andso long asthe quench
front is propagatingalongthestraightsectionof thequenching
cable,a convolutionwill describetheinteractionof thequench
with the LQA. This idea works even for more complicated
modelsof thequenchingcablethathave morethantwo wires.

Once the convolving relationship is discovered, though,
it is not long before the idea of deconvolving a measured
quenchsignalarises.With a goodknowledgeof the coupling



7

Fig. 10. A. This is the geometriccoupling function H AC for cable 1.
The assumptionsfor thesegraphswere that the quenchoccurredin cables
surroundingabeampipesuchastheleft beampipein Figure3, with thequench
on the internalsideof the top loopsandthe quenchfront of interesttraveling
in the samedirectionasthe current.Note thatH AC is unitless.B. This is i 0,
thederivative of thecurrentredistribution for cable1. C. This is the resulting
quenchsignalVAC , theconvolution of thegraphsin theprevioustwo �gures.
D. This is an actualquenchsignalmeasuredby the LQA, or, moreprecisely,
two coils of theLQA. Themagnitudeof thesimulatedsignalis off by a factor
of approximatelythree;this may bedueto a slight mischaracterizationof the
magnetoresistiviy of the cable.

function, a signal can be translatedby deconvolution into
the “actual” current distribution, accordingto the particular
model that is used in deriving the coupling function. Of
course,oncea model is chosen,the couplingfunction is well
known becausetheLQA is well known andcontrollable.Then,
after deconvolution, the “actual” current distribution can be
comparedwith themodelizedcurrentdistribution to determine
the quality of the model.So a result of this model hasbeen
to �nd a secondway of analyzingthe raw dataof the quench
signals.

B. Quench Characterization

Oneway to determinehow well themodelcharacterizesthe
quenchprocessis to comparethe simulatedquenchsignals
with the actual signals. (Another way, as just describedin
the precedingsection,is to comparethe deconvoluted actual
signals with the modelized current redistributions.) So, an
actualsignal is includedin Figure10 (picture D), which can
becomparedto thesimulatedsignalin thesame�gure (picture
C).

The peakof the simulatedsignal is off from this peakby
a factorof three.This is probablydue to a slight mischarac-
terization of the resistive and magnetoresistive propertiesof

the cables.The simulatedsignalalsodoesnot includethe dip
below zerovolts on theright sideof thepeak.This dip is more
prominentin othersignalsandis dueto thermalactivity in the
cable:the less-resistive part of the cable(or “wire”) carrying
more current heatsup more quickly than the more-resistive
part, and becomesmore resistive so that the resistivities
eventually equalizeand the currentredistributesitself evenly
over thecableagain.A morecomplicatedmodelandprogram
(known asSPQR),which includesthermalcharacteristicsand
equations,doesaccountfor this dip. The dip, however, is not
immediatelyof concern;thepresentmodeldescribesthemost
prominentaspectsof the quenchsignal.

C. Quench Locationing

Two questionsthat arise after quenchmeasurementsare
taken are “which cable was the one that quenched?”and
“where in that cable did the quenchoriginate?” As for the
questionof which cable is the quenchingcable, it can be
broken into stages,suchas which loops quenched(the loops
above or below the beampipe?)and on which side did the
quenchoccur(theinternalor externalside?).Sincethequench
heatersareactivatedby a voltagesignalthat is associatedwith
either the top loopsor the bottomloops, it is known whether
the quenchoccurredin the top or bottom half of the cables.
Theresultsof thesimulationsgive ananswerasto which side
the quenchwas on and helps in determiningwhich cables
might have quenched.

The strengthof a quenchsignalis partly determinedby the
position of the quenchingcable,speci�cally, the distanceof
the quenchingcable from the LQA coils of interestand the
anglesit makeswith thecoils.Socomparingthepeakvoltages
of the two signalsfor a particularcoil-set could possiblytell
somethingabout whetherthe quenchoccurson one side or
another. The simulationshave revealed that a ratio of the
peakvoltagesdoesindeedindicatewhich side hasquenched.
Dependingon whether the absolutevalue of VAC =VB D is
greaterthan or less than one, the quenchis on one side or
the other. This rule is true for all cablesexcept one (cable
21), which just happensto have the right positioning to be
different from the rest. Theseratios can be seenin Table I.
The data in the table were calculatedassumingthe quench
occurredin cablessurroundinga beampipesuch as the left
beampipein Figure3, with the quenchon the internalsideof
the top loopsandthe quenchfront of interesttraveling in the
samedirectionas the current.The sign of the ratio is always
negative, but the magnitudeof the ratio givessomeindication
as to which cablewas the quenchingcable,especiallyif the
choiceof cablesis limited to thoseof highestconcern(cables
1-5 and16-20).

Now, asfor the questionof wherethe quenchoriginatesin
the quenchingcoil, an answercan be found if an additional
fact outsideof the model is taken into consideration.When
a quench is causedby friction betweencables due to the
suddenshift of thecables,theshift in thepositionof thecables
themselvesprovidea changein thespacialcurrentdistribution,
therebyinducinga signal in the LQA. This signalappearsas
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Numberof QuenchingCable VAC;peak =VB D ;peak
1 -2.66
2 -3.30
3 -4.41
4 -4.84
5 -5.14
6 -12.62
7 -6.87
8 -5.40
9 -4.46
10 -3.68
11 -3.03
12 -2.36
13 -1.85
14 -1.46
15 -1.15
16 -2.00
17 -2.00
18 -1.97
19 -1.89
20 -1.66
21 -0.72
22 -3.95
23 -2.78
24 -2.52
25 -2.38
26 -2.26
27 -2.17
28 -2.08
29 -1.99
30 -1.91
31 -1.82
32 -1.73
33 -1.63
34 -1.53
35 -1.44
36 -1.35
37 -1.26
38 -1.18
39 -1.11
40 -1.04

TABLE I

VOLTAGE-PEAK RATIOS FOR A GIVEN SIDE

a voltagespike in the LQA that is essentiallysimultaneously
detectedin all coil-sets.Sinceit is simultaneous,it providesthe
time at which thequenchoccurs.Then,oncethequenchfront
propagatesalongthecableandpasttheLQA, the directionof
quenchpropagationcan be detectedand the velocity of the
quench,vq, canbe measured.Thus,the approximatelocation
of the origin of the quenchcanbe tracedbackwardsusingvq

andtheamountof time sincethebeginningof thequench.On
the otherhand,if the quenchhappensto initiate in the region
that the LQA occupies,then its startingpoint canbe directly
deduced(e.g.,betweens05ands06 in Fig.11).

V. CONCLUSION

The proposedgoals of characterizingquenchesand their
signalsand locating the origin of quencheshave successfully
been met with the two-wire model and its simulations.Of
course,improvementson this model, such as increasingthe
numberof discretewiresor includingdynamicthermalactivity
(as has been done with the program SPQR), will improve
the results, but this model capturesthe essentialphysical
phenomenathat producethe quenchsignals.The model also

Fig. 11. The raw datahere is �ltered, so a simultaneousvoltagespike is
not seenin the coils. COMP-AC is anothernamefor VAC , the compensated
signalsfrom coils A and C, as COMP-BD is anothernamefor VB D . The
�rst points to notice aboutthe dataare that the two setsof signalsboth dip
downward and the dips for given coil-set are about 5 ms earlier in VB D
thanin VAC . This canbeexplainedby thepropagationof two quenchfronts,
one of which travels aroundthe bendin the cablesto the other side of the
beampipe.So therearereally two quenchsignalsin VAC andtwo signalsin
VB D , wherethe signal from a given quenchfront is simultaneouslypresent
in both VAC and VB D , but the positive signalsare much smaller than the
negative, dipping ones.

Fig. 12. This is the interpretationof thedatain Figure11, wherethequench
orginatesnears05 and s06 on one side of the loop of cableand one of the
quenchfronts travels to theotherside.Thequenchis known to have occurred
in the bottomcables,so the closestcoils, coils A andD, aredrawn.

provides insight into the analysisof actualsignalsusing the
ideaof convolution anddeconvolution for steady-statequench
propagationthat hasreacheda constantvelocity. It is a step
closer to ef�cient productionof LHC dipoles and mastering
the technologyof superconductingelectromagnets.
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