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Abstract—A simple model was developed to describe the
propagation of a quench, or quench front, and its measuement
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 *, a program basedon the model
was written to simulate thesesignalsfor 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 issuethat should be addressedn the introductionis
whataquenchis in relationto theLHC superconductindipole
magnetsFirst, though,this problemshouldbe putinto context.

A. Badground

The scientistsat CERN have decidedto push the limits
of experimentalhigh-enegy physicsonce more by creating
the LHC, or Large HadronCollider. They will acceleratéwo
beamsof protonsto enegiesof 7-TeV each,allow the protons
in thebeamdo collide and“explode; andtherebywith theaid
of particle detectorsand our currentmathematicatlescription
of particle interactions,probe Nature at the smallestscales
achievable today TheseTeV enegy levels are an order of
magnitudegreaterthan enegies previously attainedwith the
LEP/LEPII experimentsand are high enoughto give theorists
the datathey needto either move forward with their latest
models(including the Higgs boson)or changetheir direction.

To save on costs gxisting acceleratomfrastructureat CERN
will be re-used,and the new acceleratowill jointly occupy
the 27-km LEP acceleratotunnel. To keepthe 7-TeV protons
circulating in this particular path, there will be a needfor
very strongmagneticdipole elds. Speci cally, sincethe plan
is to placedipole elds over 65% of the tunnel,the magnetic
elds must be 8.34 T in magnitude.To achieve such high
magnitudesthe decisionwas madeto utilize low-temperature
superconductindechnology;thus, the LHC superconducting
dipole magnetswere designed.

Within the 15-meteflong dipole electromagnetdarge cur-
rentsof approximatelyl? kA arecarriedby cablesmadewith
Niobium-Titanium(NbTi), a low-temperaturesuperconducting

metal, and copper (Cu). A liquid-helium (Hes and Hey)
cryogenicsystemcoolsthe cablesto about2 K, keepingtheir
temperaturébelov T, the critical temperaturdor supercon-
ductivity with the given currentdensitiesand magnetic elds.
However, there can be a problemwhen, for somereason,a
piece of a cablereceves enoughheatto put its temperature
abore Tc: A chain reactionis initiated that causesall of
the superconductingableto becomenormal-conductingand
unableto supportlarge amountsof currentfor very long. The
strong magnetic elds are then lost, amongother problems.
This processof the cablesbecomingnormal-conductingis
referredto as quenching,or a quenchof the magnet.The
boundarnbetweerthe superconductingndnormal-conducting
zonesis calledthe quenchfront, andits movementalongthe
cableis referredto as quenchpropagation.

Thepossiblesourcedor the heatabsorptiorthatprecipitates
a quenchinclude particle interactions, which result from
protons ying off coursein the magnet,andfriction between
the cables,which resultsfrom 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.lt is, therefore,
dif cult to constructthe dipolesin sucha way thatthe cables
arerigidly heldin place.Whenthe newly-constructeddipoles
arebroughtin for testing,they arebroughtascloseto 9 T as
possibleuntil they eitherreach9 T, reach12 kA, or quench.
Usually a magnetwill quenchbefore reachingthe speci ed
eld strengthor currentvalue.However, a positive resultis that
whena magnetquenchesit usually causeghe cablesto shift
into a more stable position, and the magnetcan henceforth
producestronger elds before quenchingagain. The process
of quenchinga magnetuntil it performsat the targetedlevel
is called quenchtraining, or training the magnet.

It is desirablefor physiciststo receve magnetsthat do
not require ary training or, at least, that require very little
training (one or two quenches)before reachingthe target
performanceThis is because@uenchingcanput a lot of stress
and strain on the magnet.Purposefullycausingthe cablesto
shift, even if into a more stable position, leaves the magnet
less mechanicallyrobust. Therefore,it is also desirableto
give feedbackto the manufcturersof the magnetsso that
they canrework the designor productionprocessand produce
dipolesthatrequirelesstraining. Successfutesponséo proper
feedbackwould resultin fewer magnetseingrejected which
would, of course,leadto mone/ andtime being saved.

The feedbackthat would be most valuableto the manu-
facturersis an analysisof the locationswhere the quenches
originate in each magnet. Patternsin the positions of the



guench origins could point to weak points in the cables'
placementand give the manufcturersa place to begin re-
engineering.Since the quenchprocessis not visible to the
human eye and does not leave visible tracesof its place
of origin, someindirect meansmust be usedto make this
analysis.Thatis wherethe LQA, or Local QuenchAntenna,
comesinto play. The LQA is basicallya setof coils of wire
that provide a voltagesignalasa measureof the changein the
magneticeld (i.e.,the ux in the coils) dueto the spreading
of the normal-conductingzone. This voltage signal hasbeen
dubbedthe “quench signal’ Analyzing this signal can help
in understandinghe quench,including its propagationand
location.

To turn the raw dataof the quenchsignalsinto information
aboutquenchpropagatiorand quenchlocation,a model must
be developedto explain, mathematicallythe connectionbe-
tweena quenchandits LQA signal.By accuratelysimulating
guenchsignals,onemaybe con dentin relatingactualsignals
to correspondingmodelized scenarios.A model has been
developed,simulateddatahasbeengatheredandthe pursuant
analysisof quenchpropagationand location hasbeenmade.
What follows is a descriptionof the motivation of the model
(rst in the form of objectves and then in the form of
physicalmotivation),a descriptionof the actualmodelandits
simulateddata, and the resultsand conclusionsdrawn from
the simulations.

B. Objectives

First and foremost,the goal of this exercisein modelingis
to beableto take theraw dataof the quenchsignalsandextract
informationaboutthe locationof the origin of the quenchand
characteristic®f its propagationThis goal is directly related
to providing feedbackto the companieswho are producing
the dipoles,aswasstatedin the Background Secondarygoals
of this projectincludedevelopingtools andtechniquedor the
discipline of building, testing,and maintainingsuperconduct-
ing dipole magnetsGaininga betterknowledgeof the quench
phenomenonvill alsobebene cial to ary future technologies
utilizing superconductingablesin the samefashionas the
LHC dipoles.

Il. PHYSICAL SITUATION

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

A. LHC Dipoles

The LHC dipoles' magnetic elds are createdusing supef
conductingRutherfordcables.The cablesare madeof strands
of wire that are twisted aroundeachother, eachwire being
anarrangemendf NbTi laments in a coppermatrix (Fig.1).
When the cableis superconductingit is the NbTi laments
that carry the current. When normal-conductingthe NbTi

Fig. 1. A. A superconductindRkutherfordcable; B. A cross-sectiorof the
cable(looking upward from the bottomof pictureA), shaving 36 strandsC.
A cross-sectiorof an individual strandof the cable,with the arranged\bTi
laments in a coppermatrix; D. A close-upof the NbTi laments

Fig. 2. A. Eachrectanglés a cross-sectiorf a cable,like the cross-section
in Figure 1, picture B. The specialarrangemenbf the current,| , createshe
downwarddipolemagneticeld, B, whichforces(Fg ) the protonbeam,p, to
turn alongthe acceleratos path.B. This cablenumberingsystemis mirrored
for eachof the other quadrants.

in the cable is more resistve than the copperand so the

copper carries the current instead of the NbTi. The cables
form two concentridayersaroundeachbeampipén thedipole

(Fig.2). Sincethe two beampipearry protonbeamsmoving

in oppositedirections,the dipole elds in eachpipe mustbe

pointing in the oppositedirectionto keepboth beamsin the

samecircular (27-km) path. Thus,the currentdirectionsin the

cablesfor one beampipeare oppositethoseof the cablesfor

theotherpipe(Fig. 3). Thetwo layersof cablesaremadeusing

two slightly differenttypesof cable:theinnerlayerconsistsof

cablescomposedf 28 strandswhile the outerlayer consists
of smallercablescomposedf 36 strandsActually, eachlayer

is madeof only one cable,with the cable loopedaroundits

beampipein the mannerillustrated (Fig.3). (Being made of

lamented wires allows the cablesto be bent without being

damaged.Eachloop of a cableis given a number(Fig.2) to

distinguishthe parts of the cable,and eachloop is speci ed

as either being above or belon the beampipe.For naming
purposespncea side of the beampipes speci ed, eachloop

is referredto asa cable,e.g.“cable 1" Furtherspeci cations
arewhetherthe cableis on the “externalside” or the “internal

side” of the acceleratos circular pathor whetherits beampipe
is the“upstream”or “downstream’pipe. (Furthercomplicating
the situation,the beampipeswitch roles of being“upstream”
or “downstream”alongthe accelerata)

As designedthespecialcon gurationof thecablescreatesa



Fig. 3. The superconductingablesloop aroundthe beampipesnside the
dipole in the mannershavn. For eachbeampipethe upperhalf of the inner
layersof cablesis dravn blocked together as is the upperhalf of the outer
layersandthe lower halves of the inner and outer layers. The left beampipe
is on the external side of the dipole andthe right beampipeds on the internal
side.

dipolemagneticeld thatis homogeneouwithin abeampipé.
Of coursethe eld outsidea beampipds nothomogeneoust
changedirectionandbecomeswvealer fartheraway from the
beampipe(Fig.3). Thus, magnetoresiste effects within the
cablesarenot homogeneousThis is a concernmainly whena
cableis normal-conductindecausehe copperin the cableis
more affectedby magnetoresistanc&he coppermatricesare
in contactwith eachotherandsoform somethindik e a“swiss-
cheesed'tablethatcanbe consideredearlycontinuousThus
if magnetoresistity increasedrans\ersally acrossthe cable,
then the currentdensity in the copper decreasescrossthe
cable.The NbTi, on the otherhand,is a collectionof separate
laments that wrap aroundeachother Over distancedarger
than the length requiredfor one strandto wrap once around
the cable,the laments have the sameinductive characteristics
and are indistinguishablefrom eachother So, assumingthat
the whole cableis superconductinghe currentdistribution in
that cable shouldbe homogeneousven if the magnetic eld
is not.

B. Quend

The quencheof interestfor this projectare the onesthat
are initiated by friction betweenthe cables.The cablesare
carrying currents of about 12 kA, and as the cables are
situatedn the highmagneticelds producedy thesecurrents,
the cablesfeel large forces. Of course,these forces vary
throughoutspaceasthe magnitudeof themagneticeld varies,
so somecablesfeel much moreforce thanothers.It turnsout
that the cablesof particularconcernare 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 the cablesubtogetherheatis 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.
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Fig. 4. Therod-shaped.ocal QuenchAntenna(LQA), 36 mm in diameter
is placedinsidea beampipe40 mm in diameter Four LQAs areplacedin the
endsof the two beampipesn a dipole. (Larger antennaegevealedthat most
quenche®ccurnearthe endsof the dipole, wherethe cablesare bent, rather
thanthemiddle of thedipole.) Thecoil-setsarenamedrom s01 to s11, where
s01 is closestto the mouthof the beampipe(In the lengthwisecross-section,
coils B an C areoverlapping,asarecoils A andD.) The normalvectorsthat
determinethe sign of the ux in the coils are shavn in the magni ed cross-
section.Given a particular coil-set, coils A and C provide a voltage signal
Vac , andcoils B andD provide a voltagesignalVg p . Soeachof the eleven
coil-setshastwo asssociateduenchsignals.

temperaturélc, whereT¢ is a function of the currentdensity
andthe magnetic eld at thatlocation. Thenthat pieceof the
cableis normal-conductingand resistve; therefore,it begins
to dissipateheatand causethe areaarounditself to become
normal-conductingThis irreversibleprocesscontinueswithin
thecable,spreadinghe normal-conductingonein bothdirec-
tionsalongthe cable. Thetwo boundariebetweerthe normal-
conducting zone and superconductingzone, or the quench
fronts, quickly reachan essentiallyconstantvelocity v4 as
they move along the quenchingcable. This quenchvelocity,
asit is called,canbe anywherefrom 10 m/s to 30 m/s.

Since the cablesare supplied by a current source,there
remainsa 12 kA currentthroughoutthe 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 enegy in the form of the magnetic eld must
somehwv be allowed to quickly dissipateas the currentis
rampeddown. “Quench heaters”help to accomplishthis by
pre-emptingthe quenchingprocessand bringing the whole
cableinto the normal-conductingphase,thus dissipatingthe
enegy evenly over the whole dipole. The quenchheatersare
activatedassoonasvoltmetersconnectedo the cablessurpass
a critical value that indicatesthe cableshave acquiredtoo
muchresistance.

C. Antenna

TheLQA is essentiallya collectionof 44 smallcoils of wire.
Eachcaoil is in the shapeof a 4-cm by 1-cmrectangleandhas
400 turns, making it 1 mm thick. The coils are arrangedin
setsof four, with the four coils placeat 90 degreeanglesfrom
eachotherand45 degreesfrom the horizontal. The positioning
and namingcornventionof the coils is illustrated (Fig. 4).

Thecoils arewired sothatif themagneticeld is increasing
in the direction away from the centerof the LQA, a positive
voltageis induced.In addition, the coils oppositeeachother
are connectedn series,addingtheir voltages,so asto maxi-
mizethesignal-to-noiseatio. Thatis, if theoveralldipole eld
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Fig. 5. This is the model, with the horizontal direction, or z-axis, greatly
magni ed. The normal-conductingNC) zoneis 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 belov a low-
eld (LF) region. Eachregion takes up half of the cable,and the wires are
centeredn eachof thesehalves. The quenchfront is locatedat the position
zp alongthe z-axis, which runs parallelwith the cables,andzo(t) = vqt:

is changinghomogeneous|ythenthe two inducedsignalswill

cancelout. Elevenof thesesetsarelined up lengthwiseinside
the LQA, spacedat 4-cm intervals. (The coils are actually
slightly lessthan4 cm long, shortenoughto allow half of a
millimeter of spacebetweenthe sets.)The part of the LQA
encasinghe coils is madeof berglass(G11),andthe metalic
part that holds the mechanicaland electrical connectionsis
madeof titanium. Titanium haslow magneticpermeability so
it doesnot experiencelarge forceswhile nearthe beampipe.

I1l. MODEL

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

A. Quending Cable

Since the quenchesare detectedwith coils that measure
changesin the magnetic eld, and since the currentin the
cablesis the sourceof the magneic eld, the model must
reproducethe changingcurrentdistribution associatedvith a
guench.However, sincethe currentdistribution only changes
locally around and within the normal-conductingzone, and
since the normal zone does not have much time to expand
beforethe quenchheatersare activated,only oneloop of the
guenchingcablehasto be examined.To simplify the problem
andto attackit with a divide-and-conquestratey, the model
describeghe propagatiorof only one quenchfront, 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
turns at the endsof the loop assumedo be far away.

To capturethe essentiaphysicsof this problemandto sim-
plify it further, the quenchingRutherfordcableis represented
astwo straightwires with discreteresistiities. The wiresalso
shareconductve andinductive propertieswith eachother This
modelis representegbictorially in Figure5.

The temperaturds assumedo be betweenTc and 20 K
in the normal-conductingone.Sinceresistvity changesrery
little in this rangeof temperaturesk; andR, areassumedo
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Fig. 6. A schematioof anin nitessimal length  z of the two wires.

be constantgiven a particularcablewith particularmagnetic
elds. (The valuesfor R; andR; are calulatedas what they

would be at 10 K.) In the superconductingone,R; andR»

are zero, so there are no longitudinal resistorsdravn. The
conductvity betweenthe wiresis G, their self-inductvity is

L, and their mutual-inductvity is M . After de ning several
variableswith a schematidFig.6), afew relationshipdecome
aparent:

11(Z;t) + 12(Z;1) = it ; (1)

the currentl ; in wire 1 andthe currentl, in wire 2 remains
constansincetheir is no collection,production,or destruction
of chage alongthe wires;
z;t)  la(zt)

G zV(z+ z;t)

(2)
thecurrentdensity ux noge atanodesuchasthelowernode

in Figure 6 is zerobecausdhereis no collection, production,
or destructionof chage at a node;and

node = li(z+
= O'

Vieop = V(z+ zi1) i
+ L zla(z;t)+ M zls(z;t)
+ ﬁz zly(z;t) V(z;t) Ry i zl1(z;t)
L zl(z;t)+ M zlu(z;t)
= 0 3)

the changein electric potential Vioop arounda circuit loop is
zerobecausef the conseration of enegy in the circuit.

Taking the limit as z goesto zero, Equation2 becomes
1,°= GV andEquation3 becomes)/O Ril1 Rala+ (L
M)Ls (L M)Ls. (Theprimein I.° refersto the derivative
with respectto z, and the dot in |4 refersto the derivative
with respectio t.) Further if a differencecurrent,or “current
redistribution; i(z;t) is de ned,

i(z;1) (4)

2@ Sl

so that

l1(z;t) = }Itot +i(z;1)

5 ©)



and

l2(z;t) = %ltot i(z;1); (6)

thenthe two differential equationsconsolidateto
i% 2(L M)GL (R1+R2)Gi= (R1 R2)Gly=2; (7)

thuseliminatingV, |1, andl, from the equation.

Since the quenchvelocity is constantand the signalsin-
ducedin eachcoil-setlook the sameasthe quenchfront moves
pastthe coil-sets,it mustbe thati(z;t) (andall of the other
functionsof z andt mentionedsofar) is a traveling waveform;
thatis, i(z;t) = i(z vqgt). In thatcase,it is true that

vqi® (8)

Using this information and simplifying the inductive part of
Equation? to an equivalentinductiity L ¢q yields

i%% LegGvgi® (Ri+R2)Gi=(R1 Rp)Glir=2 (9)

Applying the boundaryconditionsthat i shouldremain nite
andthatits derivative shouldbe continuousat the quenchfront,
the solutionendsup being

i(z) = 7' Ul 2) 1 7”SeZ=n

nt

+ U(z)—>—e == ; (10)
n + S

wherez is replacingthe agumentz  vqt (ort = 0), U is the
Heaviside unit stepfunction,

_ (Rt Ry .
| - (R]_+ Rz)ltot! (11)
1 .
— = LeqGVg; (12)
S
and
Os 1
2
1. %@ = +4(R1+Ry)G LA, (13)
n S S

Given that the valuesof the parameterR;, Rz, and G
dependuponthe magnitudesf themagneticeld, B; andB,
atthepositionsof thetwo wires,the currentredistritutioni(z
vqt) is differentfor eachcable.The valueof L ¢q, on the other
hand,is a matterof geometryandis calculatedto be on the
orderof 10 7 H for all cablesFor oneof thelikely quenching
cablescablel, thevaluesof R; andR, arerespectiely taken
to be 65.2 /mand60.5 /m, andthe conductvity G is
takento be 2:25 10’ S/m. Thus,assuminghatvgq = 30 m/s
andli: = 11.85kA, the currentdistributionsin the two wires
take on the curves shovn in Figure 7. To illustrate how the
redistribution is affectedby a changein the parameterssome
additionalcurvesare shavn in Figures8 and9.
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Fig. 8. For cablel, keepingG at the samevalue (2:25 107 S/m) and

changingvq producesthesecurrentredistritutions.

B. Antenna

It is assumedhatthe coils in the LQA are essentiallytwo-
dimensionalj.e., thatthey arel w rectangulatoopswith no
thicknesswherel = 4 cm andw = 1 cm. The coils of wire
areloopedN; times,whereN; = 400. It is alsoassumedhat
their 1-cmwidths aresmall enoughthatthe magneticeld can
be taken as constantalongthat 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 coll
due to the changingcurrent distribution In wire 1 alone is
expressedbelow:

V()= ()
the negative tzime deriative of the magnetic ux

(14)

g in the coil
= @ N¢ B(zt) dA (15)
S

wherethe magnetic eld B is a function of z° taken alongthe

G=3.1kS/m
G=9.2
- G=28
G=83
G=280
G=750
- G=23 MS/m
G=67
S G=202

Z (em)

Fig. 9. For cablel, keepingvq atthe samevalue (30 m/s) and changingG
producesthesecurrentredistritutions.



centerof the coil andis integratedover the surface S of the caoil,
with dA, pointingin the assignemotimaldirectionh of the coil
I=2

= @ N B(z%t) Awdz® ; (16)
=2
becausghe surfaceintegral simpli es to a line integral
Zr2 21 ol1(z vgt)dz r *
= @ N OIS TS L Awdz® ; (17)

=2 1 4 rs
wherethe magnetic eld B is calculatedusing Biot-Savart's Law,
with z taken asa positionalongwire 1 andwith r, a function of
z andz®, taken asthe vector extendingfrom the positionalongthe

wire at z tq the position along the centerof the coil at z°
Zi2 Z,

1
l1(z vgt) 5dz d2° ;
I=2 1 r

after pulling out the constant€rom the integrals (and sincer per se
shouldnot be taken out of the integral, let (2 r) bereplacedby its
equialent,(2 d), whered is the distancevector perpendiculato
the coil's axis andwire 1, that gives the distanced betweenthe coil
andwire 1),

= 4—0@ New(z r)f

|
z s L
l1(z vgt)5d2® dz ;
2 r

Z,
= %@ Niw( d)n
4 |=
after switching the order of integration
Z,
= 4—0@ New(2 d) h 11(z vqt)

after pulling out I 1, which is constantwith respectto z0

z Z . #
1 E2 Nyw(2 d)n
3

l1(z vqgt) dz® dz ;

1 I=2 r

0
y @
whereall the geometry-dependeéntonstantsre groupedwith the
geometry-deé)enderimtegral
1

= 4—0@ 11(z vqt)h(z)dz ; (18)
calling the geometry-dependeimtegral h andthe “geometric
coupling function; or just the “coupling function”

= @11 h)( vqb): (19)
the convolution of |1 andh, by de nition
= 470 s h ( vgt) (20)
sinceonly |1 is a function of time
= 4£ L h ( vgb); (1)
becausef the relationin Equation5
= 4—"\/q i h ( vqt); (22)

becausef the relationin Equation8.

Sothe quenchsignalis simply a corvolution of the derivative
of the currentredistritution in the quenchingcable with the
pertinentgeometriccouplingfunction. The geometriccoupling
functi())n h is explicitly calculatedbelow (letting Nt w (2 d)
i = Q)

z =2 g
h(z) = = dz° (23)
Z =2 T
=2 0
=2 (d2 + (z 29)°° |
=2 z =2+ z -
= p + —p © (25
S "= @ Tz & (25)

Since pairs of coils are connectedtogetherin series,the
resultingsignalis a sumof the signalsfrom eachcoil dueto

eachwire. For example,coils A and C arein series,so the
resultingsignal Vac Is

Vac (1) = Vai(t) + Vaz(t) + Vea(t) + Vea(t) (26)
= 4—0\/q i har ( vgt)+ i° haz ( vgt)

+ 0% her (vqt)+ 1% hez ( vgt) (27)

= 4_°vq i [ha1+ haz+ hci+ hea] ( vgt)  (28)

= 4—0\/q i° Hac ( vqt); (29)

whereH ac is the total geometriccouplingfunction for coils

A and C with respecto a particularcable.The quenchsignal
Vsp andits couplingfunctionHgp comeaboutin the same
manner

C. SimulatedSignal

Using the equationsderived from the model, a program
written in M athematica has generatedthe quenchsignals
Vac and Vgp for all of the 40 cablesin 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
(cable 1) the coupling function, the derivative of the current
redistribution, and the resulting simulated signal are shavn
(Fig. 10, picturesA, B, andC).

Examining the equationsand the graphs,the more the
currentredistribution resembleghe Dirac delta, the more the
guenchsignal approximateghe coupling function. And, vice
versa, the more the coupling function resemblesthe Dirac
delta, the more the quenchsignal approximatesthe current
redistribution. Soa sharpercouplingfunctionis moredesirable
for capturingthe essencef the quenchprobagationSmaller
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 modelingand simulationare conceptual,
proceduralandfull lling of the objectivessetforth earliet

A. Decorvolution

One useful result of this model and the successof its
simulationsis the realizationthat a simple corvolution can
relatethe quenchsignal to the changingcurrentdistribution
via a geometicalcoupling function. So long asthe patternof
the currentdistribution (or the “redistribution”) travels as a
waveformwith a constantvelocity, andso long asthe quench
front is propagatingalongthe straightsectionof the quenching
cable,a convolutionwill describeheinteractionof thequench
with the LQA. This idea works even for more complicated
modelsof the quenchingcablethat haze morethantwo wires.

Once the corvolving relationshipis discovered, though,
it is not long before the idea of decorwolving a measured
guenchsignalarises.With a good knowledgeof the coupling
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Fig. 10. A. This is the geometriccoupling function Hac for cable 1.

The assumptiondor thesegraphswere that the quenchoccurredin cables
surroundinga beampipesuchastheleft beampipen Figure3, with thequench
on theinternalside of the top loopsandthe quenchfront of interesttraveling

in the samedirectionasthe current.NotethatH ac is unitless.B. Thisis i,

the dervative of the currentredistritution for cablel. C. This s the resulting
quenchsignalVac , the convolution of the graphsin the previoustwo gures.

D. This is an actualguenchsignalmeasuredy the LQA, or, more precisely
two coils of the LQA. The magnitudeof the simulatedsignalis off by a factor
of approximatelythree;this may be dueto a slight mischaracterizatioof the
magnetoresistiy of the cable.

function, a signal can be translatedby decowolution into

the “actual” current distribution, accordingto the particular
model that is used in deriving the coupling function. Of

course,oncea modelis chosenthe couplingfunctionis well

known becaus¢he LQA is well known andcontrollable.Then,
after decowolution, the “actual” currentdistribution can be

comparedvith the modelizedcurrentdistribution to determine
the quality of the model. So a result of this model hasbeen
to nd asecondway of analyzingthe raw dataof the quench
signals.

B. Quend Characterization

Oneway to determinehow well the modelcharacterizethe
guenchprocessis to comparethe simulatedquenchsignals
with the actual signals. (Another way, as just describedin
the precedingsection,is to comparethe decowoluted actual
signals with the modelized current redistritutions.) So, an
actualsignalis includedin Figure 10 (picture D), which can
be comparedo the simulatedsignalin the same gure (picture
Q).

The peakof the simulatedsignalis off from this peakby
a factor of three. This is probablydue to a slight mischarac-
terization of the resistve and magnetoresisie propertiesof

the cables.The simulatedsignalalsodoesnot includethe dip
belon zerovolts on theright sideof the peak.This dip is more
prominentin othersignalsandis dueto thermalactiity in the
cable:the less-resistie part of the cable (or “wire”) carrying
more current heatsup more quickly than the more-resistie
part, and becomesmore resistve so that the resistvities
eventually equalizeand the currentredistritutesitself evenly
over the cableagain.A morecomplicatedmodelandprogram
(known as SPQR),which includesthermalcharacteristicand
equationsdoesaccountfor this dip. The dip, however, is not
immediatelyof concernithe presentmodel describeghe most
prominentaspectof the quenchsignal.

C. Quend Locationing

Two questionsthat arise after quenchmeasurementsre
taken are “which cable was the one that quenched?"and
“where in that cable did the quenchoriginate?” As for the
guestionof which cableis the quenchingcable, it can be
brokeninto stagessuchaswhich loops quenchedthe loops
above or belov the beampipe?)and on which side did the
guenchoccur(theinternalor externalside?).Sincethe quench
heatersareactivatedby a voltagesignalthatis associatedvith
eitherthe top loopsor the bottomloops, it is known whether
the quenchoccurredin the top or bottom half of the cables.
Theresultsof the simulationsgive an answerasto which side
the quenchwas on and helpsin determiningwhich cables
might have quenched.

The strengthof a quenchsignalis partly determinedoy the
position of the quenchingcable, speci cally, the distanceof
the quenchingcable from the LQA coils of interestand the
anglesit makeswith the coils. Socomparingthe peakvoltages
of the two signalsfor a particularcoil-set could possiblytell
somethingabout whetherthe quenchoccurson one side or
another The simulations have revealedthat a ratio of the
peakvoltagesdoesindeedindicate which side hasquenched.
Dependingon whether the absolutevalue of Vac =\gp is
greaterthan or lessthan 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 positioningto be
different from the rest. Theseratios can be seenin Table I.
The datain the table were calculatedassumingthe quench
occurredin cablessurroundinga beampipesuch as the left
beampipan Figure 3, with the quenchon the internalside of
the top loopsandthe quenchfront of interesttraveling in the
samedirection asthe current. The sign of the ratio is always
negative, but the magnitudeof the ratio givessomeindication
asto which cablewas the quenchingcable, especiallyif the
choiceof cablesis limited to thoseof highestconcern(cables
1-5 and 16-20).

Now, asfor the questionof wherethe quenchoriginatesin
the quenchingcoil, an answercan be found if an additional
fact outside of the model is taken into considerationWhen
a quenchis causedby friction betweencablesdue to the
suddershift of the cablesthe shift in the positionof the cables
themselesprovide a changen the spacialcurrentdistribution,
therebyinducinga signalin the LQA. This signalappearsas



Numberof QuenchingCable | Vacpeak =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 |
VOLTAGE-PEAK RATIOS FOR A GIVEN SIDE

a voltagespike in the LQA thatis essentiallysimultaneously
detectedn all coil-sets.Sinceit is simultaneousit providesthe
time at which the quenchoccurs.Then,oncethe quenchfront
propagatesilongthe cableand pastthe LQA, the directionof
guenchpropagationcan be detectedand the velocity of the
guench,vq, canbe measuredThus, the approximateocation
of the origin of the quenchcanbe tracedbackwardsusingvg
andthe amountof time sincethe beginning of the quench.On
the otherhand,if the quenchhappengo initiate in the region
that the LQA occupiesthenits startingpoint can be directly
deducede.g.,betweens05ands06in Fig.11).

V. CONCLUSION

The proposedgoals of characterizingquenchesand their
signalsand locatingthe origin of quenchesave successfully
beenmet 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
phenomenahat producethe quenchsignals.The model also
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Fig. 11. Theraw datahereis ltered, so a simultaneousroltage spike is
not seenin the coils. COMP-AC is anothernamefor Vac , the compensated
signalsfrom coils A and C, as COMP-BD is anothernamefor Vgp . The
rst pointsto notice aboutthe dataare that the two setsof signalsboth dip
downward and the dips for given coil-set are about5 ms earlierin Vgp
thanin Vac . This canbe explainedby the propagatiorof two quenchfronts,
one of which travels aroundthe bendin the cablesto the other side of the
beampipeSotherearereally two quenchsignalsin Vac andtwo signalsin
Vg p , Wwherethe signal from a given quenchfront is simultaneouslypresent
in both Vac and Vg p , but the positive signalsare much smallerthan the
negative, dipping ones.
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Fig. 12. Thisis theinterpretationof the datain Figure11, wherethe quench
orginatesnears05 and s06 on one side of the loop of cableand one of the
quenchfrontstravels to the otherside. The quenchis known to have occurred
in the bottom cables,so the closestcoils, coils A and D, are dravn.

providesinsight into the analysisof actual signalsusing the
ideaof convolution anddecowolution for steady-statguench
propagationthat hasreacheda constantvelocity. It is a step
closerto efcient productionof LHC dipoles and mastering
the technologyof superconductinglectromagnets.

VI. ACKNOWLEDGEMENTS

I, Andrew Forresterwould like to thankthe CERN Student
SummerProgramcoordinatorsand volunteersfor providing
such a valuable experiencefor myself and so mary other
studentsfrom all over the world. Speci cally, | would like
to thank Marco Calvi, my supervisoy for the amount of
time and effort he spenton making sure my projectwas a
successThanksalsogo to the Northeasterruniversity, which
decidedit wasworthwhile to sendme and nine otherstudents
to CERN. | must also thank my advisor at California State
University, Long Beach,Dr. Chi-Yu Hu, who encourageane
to apply to the program.Matthev Allen deseres thanksas
well, for proofreadingthis paper They all have my gratitude.



