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TRANSIENT THERMAL ANALYSIS OF INTENSE PROTON BEAM LOSS
ON A KICKER MAGNET CONDUCTOR PLATE

P. Knaus,J.Uythoven,CERN,Geneva,Switzerland

Abstract

TheSuperProtonSynchrotronSPSwill beusedasinjector
for theLargeHadronCollider LHC andneedsadaptionto
meetLHC requirements.TheSPSinjectionkickermagnets
MKP will undergoimportantmodificationsto complywith
the requirementson magneticfield rise-time and ripple.
The injection kicker presentlyinstalledhasa return con-
ductorof beryllium to minimisetherisk of metalevapora-
tion from its surfacedueto heatingcausedby beamimpact.
In thecontext of refurbishingtheMKP to satisfyLHC re-
quirementstheseconductorsneedreplacement,preferably
with a lessdelicatematerial.

This article presentsthe transientthermal analysisof
energy depositioncausedby beamloss on the conductor
plate. The expectedtime structureof the beamis taken
into account. Simulationscomparingdifferentconductor
materialshave beenperformed,leadingto the result that
a significantlycheaperandfully inoffensive titaniumalloy
cansatisfytheneeds.

1 INTRODUCTION

A studyis presentedof thedamageexpectedto becaused
by beamlossin theMKP hadronkicker magnetduringin-
jection into the SPS.The energy depositionon the return
currentconductorplateactuallymadeof beryllium (Be) is
comparedto a lessdelicatetitaniumalloy, Ti6Al4V. Rele-
vantmaterialpropertiesarelisted in Table1. Thepossible
failure modes,resultingin differentbeamimpactangles,
weredeterminedandthemostcritical scenarioanalysedin
detail. The Monte-CarlocodeFLUKA [1] was usedfor
the simulationof the instantaneousenergy depositionby
thebeamandits secondaryparticles.Thetransientthermal
analysisis thenperformedby numericalintegrationof the
diffusionequation.

2 SPS INJECTION KICKER SYSTEM

TheSPSinjectionkickermagnetsMKP [2] areof thetrav-
elling wave type with the ferrite yoke, matchingcapaci-
tive plates,HV andreturnconductorasa part of the vac-
uumsystem(Figure1). For the injectionof theLHC type
lead ion beamin the SPSa field rise-time of less than
115ns is required.To obtainthis shortrise-timethe mag-
netspresentlyinstalledwill be increasedin characteristic
impedancefrom 12.50to 16.67

�
andthenumberof cells

will bedecreasedfrom 22 to 17. This reductionrequiresa
shorteningof theactualBe returnconductor. As Bedustis

Table1: Material propertiesof Be andTi6Al4V at 20� C.
In thesimulationthetemperaturedependenceof thesepa-
rametersis takeninto account.

Parameter Be Ti6Al4V
Density� [g/cm� ] 1.85 4.43
Specificheat ��� [J/(kg K)] 1840 561
Therm.conductivity � [W/(m K)] 147 6.6
Diffusivity � [cm	 /s] 0.42 0.029

highly toxic, analternativeconductormaterialhasbeenin-
vestigated.Themodifiedinjectionkicker systemwill con-
sistof 16 travelling wavemagnets,locatedin four different
vacuumtanks(Figure2). The returnconductorlimits the
horizontalphysicalaperturetowardsthe insideof theSPS
(negativehorizontalpositionin Figure2). Dueto badsteer-
ing in thetransferline it cannot beexcludedthat injected
beamhits the returnconductor. Opticscalculationswere
madeto determinethe anglesunderwhich the beamcan
impingeon theconductor. Thepossibleanglesrangefrom
lessthan1mradto a few mrad. As the pathlengthof the
beamthroughtheconductordeterminestheamountof en-
ergy deposited,theworstcase,a0 � anglebetweenincident
beamandconductorplate,is takenfor thethermalanalysis
calculations.

Figure1: MKP magnetgaplimited by returncurrentcon-
ductor(1), highvoltageconductor(2) andferrites(3).

3 SPS BEAM TYPES

During the LHC era threebeamtypeswill be injectedin
theSPS:a 26GeV p beamfor LHC, a 14GeV p beamfor
CNGS(CERNNeutrinobeamto GranSasso)or fixedtar-
getphysics,aswell asa 5.11GeV/uPb
�	�� beamfor LHC
or fixedtargedphysics.Fromthepointof view of expected
damagein caseof beamloss the p beamfor LHC repre-
sentsthe most critical case,becauseof its high intensity
andbrightness.Thepresentstudyfocuseson this beam.
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Figure2: Layout of the SPSinjection region with the MKP kicker magnets.The numbersin the drawing correspond
to thefollowing elements:(1) injectionseptummagnet,(2) high–energy beamdump,(3) quadrupolemagnet,(4) kicker
magnetvacuumtanks,(5) dumpmagnetfor injectedbeam,(6) beamdumpfor theinjectedbeam.

3.1 SPS Proton Cycle For LHC

The LHC proton cycle in the SPS[3] will consistof ei-
ther threeor four PS injectionsat 3.6s intervals: the in-
jection plateauwill last up to 10.8s. To bring the beam
from 26GeV/c to 450GeV/c a 8.3s accelerationphaseis
required.A 1s flat top is presentlyassumedto preparethe
extractionequipmentandabout1.5s arereserved to reset
theRF systemandpreparethenext injection. This results
in a total SPSprotoncycle of 18.0s or 21.6s, for threeor
four PSbatchesrespectively.

Each PS batchcontains72 bunches,spacedby 25ns.
For theultimateLHC beamthesinglebunchintensitywill
be 1.7010
�
 p. A three-batchSPScycle will thus accel-
erate3.6710
 � p while the four-batchintensitywill rise to
4.9010
 � p. ThedescribedSPScycle is repeated12 times
for eachLHC ring. The three–andfour–batchcycleswill
be interleaved in the form 334334334333 in orderto fill
eachring with a totalof 2808bunches.

4 ENERGY DEPOSITION
CALCULATIONS

4.1 Energy to Temperature Conversion

A small amountof energy ��� depositedin a volume ���
of a materialwith density� causesa temperaturerise ���
determinedby ������� � ��������� . The proportionality
constant� � is the specificheatof the consideredmaterial.
Thelargerthevalueof � � , thesmallerthetemperaturerise
causedby anenergy deposit��� . For importantenergy de-
positionsthe specificheatcanno longerbe consideredas
constant,but its temperaturedependencemustbetakeninto
account.The specificheat ��������� for the two materialsof
interest,berylliumandTi6Al4V, is shown in Figure3. Now��� mustbeextractedfrom

���
��� ���

 "! �$#   ! �������%�&�'� (1)

by solving numericallyfor the upperlimit of the integral.
Theconductortemperaturebeforethebeamimpactis �)( .
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Figure3: Specificheat � � �*��� of BeandTi6Al4V [4].

4.2 Instantaneous Energy Deposition

Beamimpacton theMKP kicker producesa hadronicand
electromagneticcascaderesultingin energy depositionall
alongtheconductorplate.For thelongestpossibleparticle
trajectoryin matter, i.e. for a zeroanglebeamimpacton
theconductor, thelongitudinaltotalenergy depositionpro-
file wassimulatedby FLUKA. Theequivalenttemperature
increase��� in aslabof 52binsof size +-, .0/1+-, .�/�+2.3, . mm
each,all alonga conductorthat washit centrallyby a PS
batchis displayedin Figure 4. The curvesshown corre-
spondto a1.0anda2.5mmthick conductorplateof either
Be or Ti6Al4V. As long asthebeamsizeis largerthanthe
conductor, any furtherincreasein conductorthicknesswill
result in a highertemperaturealongthe bins on the beam
axis. Thereasonis thatsecondaryparticlesproducedout-
sidethecentralbinsarescatteredsuchthat they endup in
thecentralbin slabandcontributeto theenergy deposited
there.For this to happenthe impactof theprimaryproton
mustbe lessthana Moli èreradiusaway from the central
bin.

Similar temperatureprofiles are obtainedfor both ma-
terials. Due to the lower densityof beryllium the Bethe-
Bloch formulapredictsa lower ���54��'6 andthehighvalues
of � � ���%� causethe correspondingtemperatureincreaseto



bemodest:thetemperatureprofilesreachmaximaof 5.6� C
for a 1mm and6.4� C for a 2.5mm Be conductorascom-
paredto the22 and26� C for Ti6Al4V.

te
m

pe
ra

tu
re

 in
cr

ea
se

 [ 
C

]
o

2.5 mm

1.0 mm

2

3

4

5

6

0 100 200 300 400 500
conductor length [mm]

Be

2.5 mm

25

20

15

10

5

0 100 200 300 400 500

Ti6Al4V

conductor length [mm]

1.0 mm

te
m

pe
ra

tu
re

 in
cr

ea
se

 [ 
C

]
o

Figure4: Instantaneouslongitudinaltemperatureincrease
causedby a singlePSprotonbatchimpingingon a 1.0and
2.5mm thick BeandTi6Al4V conductor.

4.3 Transient Thermal Analysis

In caseof repeatedbeamloss the temperaturebuilds up
with time andleadsto a hot spoton the conductor:mate-
rial could sublimatefrom its surfaceandbe depositedon
sensiblepartsof thekickerwhichcouldprovoquesparking
or evenashortcircuit.

To determinethe peaktemperaturethat may occur the
beamtime structuremust be taken into account: every
injectedbatchmeasures1.807 s only (72 bunches,25ns
spacing)and thus its energy depositionis consideredin-
stantaneous.Then3.6 resp.10.8s are left to the induced
temperaturedistribution to diffuse(Figure5). Thetemper-
aturedistribution ����698;:"� beforeinjectionof thesubsequent
batchis determinedby numericalsolutionof thediffusion
equation <>= ����698;:"�?�@�A/ < 	B ����698;:"� (2)

with the initial condition ����698C.D���E�)(&��6F� andboundary
conditions� B �HGJIK8;:"�9�@LJM�/N���CGJI'8;:"� quantifyingtheheat
flux throughthetop andbottomboundaryof theconductor
(cf. (1) in Figure1). Diffusivity � andBiot’snumberM are
temperaturedependent.

Biot’snumberis definedastheratioof convection O and
thermalconductivity �P�*��� . It is alsoweightedwith thera-
tio betweenthe contactsurfacesof the conductorandthe
stainlesssteelsupportwhich is 2.5:1. A particularprob-
lem residesin finding a significantnumericalvaluefor M
becausethe convectioncoefficient O dependsstronglyon
characteristicsof the contactsurfaceslike surfacerough-
ness,contactpressure,presenceof anoxide layeror even-
tually presenceof acontactliquid in theinterspacebetween
the two materials. An approximatenumericalvalue ofQ .1.�.SR�42TU	>V for astainlesssteelto stainlesssteelcontact
[5] wasassumed.Theinfluenceof under– andoverestimat-
ing this valueby a factor100wasexaminedandis found
to causeonly a minor changeof G5+2. % in theequilibrium
temperaturereachedafterabout100injections(Figure6).

The temperatureincrease��� with every new injection
addsto the remainingsof the previous injection. Though,��� will decreasewith increasingtemperaturebecauseof
thetemperaturedependenceof thespecificheat � � ���%� . At
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Figure 5: Instantaneoustransverse temperatureprofile
(continuousline) in a2.5mmthick Ti6Al4V conductorand
3.6resp.10.8s later(dashedline).

somepoint anequilibriumbetweenadditionaltemperature
risebynew injectionsanddiffusionis reached:thisequilib-
rium temperatureis 30� Cfor Beand190� C for thetitanium
alloy (Figure6). Coolingby thermalradiationis negligible
at thesetemperatures.
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Figure6: Temperaturebuilt-up of the hottestspoton the
Ti6Al4V conductordue to continuedbeamloss. A non-
critical equilibriumtemperatureis found.

5 CONCLUSIONS

Themaximumtemperatureattainedby repeatedLHC type
proton beam impact in a Ti6Al4V conductoris 190� C
andis aboutsix timeshigherthanthe maximumof 30� C
reachedin pureberyllium. Neverthelessthis valueis fully
acceptable:nomaterialsublimationis expected.

Due to the toxicity of beryllium dustspecialcaremust
be taken whenmachiningthe material. By avoiding this
machiningconsiderablefinancialsavingswererealized.

6 REFERENCES

[1] A. Fass̀o, A. Ferrari,J.Ranft,P. Sala,“Fluka 99User’sMan-
ual”, 1999.
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