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Abstract

The Super Proton Synchrotron SPS will be used as injector for the Large Hadron Col-
lider LHC and needs adaption to meet LHC requirements. The SPS injection kicker magnets
MKP will undergo important modifications to comply with the requirements on magnetic
field rise-time and ripple. The injection kicker presently installed has a return conductor of
beryllium to minimise the risk of metal evaporation from its surface due to heating caused
by beam impact. In the context of refurbishing the MKP to satisfy LHC requirements these
conductors need replacement, preferably with a less delicate material.

This article presents the transient thermal analysis of energy deposition caused by beam
loss on the conductor plate. The expected time structure of the beam is taken into account.
Simulations comparing different conductor materials have been performed, leading to the
result that a significantly cheaper and fully inoffensive titanium alloy can satisfy the needs.
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TRANSIENT THERMAL ANALYSISOF INTENSE PROTON BEAM LOSS
ON A KICKER MAGNET CONDUCTOR PLATE

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

Abstract

The SuperProtonSynchrotrorSPSwill beusedasinjector
for the Large HadronCollider LHC andneedsadaptionto
meetLHC requirementsTheSPSinjectionkickermagnets
MKP will undegoimportantmodificationsto complywith
the requirementson magneticfield rise-time and ripple.
The injection kicker presentlyinstalledhasa return con-
ductorof beryllium to minimisetherisk of metalevapora-
tion from its surfacedueto heatingcausedy beamimpact.
In the context of refurbishingthe MKP to satisfy LHC re-
guirementgheseconductorsmeedreplacementpreferably
with alessdelicatematerial.

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

1 INTRODUCTION

A studyis presenteaf the damage=xpectedto be caused
by beamlossin the MKP hadronkicker magnetduringin-
jection into the SPS.The enepgy depositionon the return
currentconductoiplateactuallymadeof beryllium (Be) is
comparedo a lessdelicatetitaniumalloy, Ti6AI4V. Rele-
vantmaterialpropertiesarelistedin Tablel. Thepossible
failure modes,resultingin differentbeamimpactangles,
weredeterminedandthe mostcritical scenaricanalysedn
detail. The Monte-Carlocode FLUKA [1] was usedfor
the simulation of the instantaneougnepgy depositionby
thebeamandits secondaryarticles.Thetransienthermal
analysisis thenperformedby numericalintegrationof the
diffusionequation.

2 SPSINJECTION KICKER SYSTEM

The SPSinjectionkicker magnetsvIKP [2] areof thetrav-
elling wave type with the ferrite yoke, matchingcapaci-
tive plates,HV andreturnconductorasa part of the vac-
uum system(Figure1). For theinjection of the LHC type
lead ion beamin the SPSa field rise-time of lessthan
115nsis required. To obtainthis shortrise-timethe mag-
netspresentlyinstalledwill be increasedn characteristic
impedancdrom 12.50to 16.67¢2 andthe numberof cells
will bedecreasefrom 22to 17. This reductionrequiresa
shorteningof theactualBe returnconductor As Be dustis

Table 1: Material propertiesof Be and Ti6Al4V at 20°C.
In the simulationthe temperaturelependencef thesepa-
rameterss takeninto account.

Parameter Be | Ti6Al4V
Densityp [g/cm’] 1.85 4.43
Specificheatc, [J/(kgK)] 1840 561
Therm.conductvity A [W/(m K)] | 147 6.6
Diffusivity a [cm?/s] 0.42 | 0.029

highly toxic, analternatve conductommaterialhasbeenin-

vestigated The modifiedinjectionkicker systemwill con-
sistof 16 travelling wave magnetslocatedin four different
vacuumtanks(Figure 2). The returnconductordimits the
horizontalphysicalaperturetowardsthe inside of the SPS
(negative horizontalpositionin Figure2). Dueto badsteer

ing in thetransferline it cannot be excludedthatinjected
beamhits the return conductor Optics calculationswere
madeto determinethe anglesunderwhich the beamcan
impingeon the conductor The possibleanglesrangefrom

lessthan1mradto a few mrad. As the pathlengthof the
beamthroughthe conductordeterminegshe amountof en-
ergy depositedtheworstcasea0° anglebetweerincident
beamandconductoiplate,is takenfor thethermalanalysis
calculations.

Figure1l: MKP magnetgaplimited by returncurrentcon-
ductor(1), high voltageconductor(2) andferrites(3).

3 SPSBEAM TYPES

During the LHC erathreebeamtypeswill be injectedin

the SPS:a 26GeV p beamfor LHC, a 14GeV p beamfor

CNGS(CERN Neutrinobeamto GranSassopr fixedtar

getphysics,aswell asa5.11GeV/uPB*>* beamfor LHC

or fixedtargedphysics.Fromthepoint of view of expected
damagein caseof beamlossthe p beamfor LHC repre-
sentsthe most critical case,becauseof its high intensity
andbrightnessThepresenstudyfocusesonthis beam.
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Figure2: Layout of the SPSinjection region with the MKP kicker magnets.The numbersin the drawing correspond
to thefollowing elementsy(1) injection septummagnet,(2) high—enegy beamdump,(3) quadrupolemagnet(4) kicker
magnetvacuumtanks,(5) dumpmagnetfor injectedbeam,(6) beamdumpfor theinjectedbeam.

3.1 SPSProton Cycle For LHC

The LHC protoncycle in the SPS[3] will consistof ei-
ther threeor four PSinjectionsat 3.6s intervals: the in-
jection plateauwill lastup to 10.8s. To bring the beam
from 26GeV/cto 450GeV/c a 8.3s acceleratiorphaseis
required.A 1sflat topis presentlyassumedo preparethe
extractionequipmentandaboutl.5s areresened to reset
the RF systemand preparethe next injection. This results
in atotal SPSprotoncycle of 18.0s or 21.6s, for threeor
four PSbatchegespectiely.

Each PS batch contains72 bunches,spacedby 25ns.
For theultimateLHC beamthe singlebunchintensitywill
be 1.7010''p. A three-batchSPScycle will thusaccel-
erate3.6710'p while the four-batchintensitywill rise to
4.9010'3p. ThedescribedSPScycle is repeatedl 2 times
for eachLHC ring. Thethree—andfour—batchcycleswill
be interleaved in the form 334334334333 in orderto fill
eachring with atotal of 2808bunches.

4 ENERGY DEPOSITION
CALCULATIONS

4.1 Energy to Temperature Conversion

A smallamountof enegy dE depositedn a volumedV
of a materialwith densityp causes temperatureise AT
determinedby dE = ¢, pdV AT. The proportionality
constante, is the specificheatof the considerednaterial.
Thelargerthevalueof ¢,, the smallerthe temperatureise
causedy anenegy depositdE. For importantenegy de-
positionsthe specificheatcanno longerbe considerecas
constantbutits temperaturelependencmustbetakeninto
account. The specificheatc, (T') for the two materialsof
interestperylliumandTi6Al4V, is shovnin Figure3. Now
AT mustbeextractedfrom

To+AT
Sl amar ®

by solving numericallyfor the upperlimit of the integral.

Theconductortemperaturdeforethe beamimpactis 7.
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Figure3: Specificheatc, (T") of Be andTi6Al4V [4].

4.2

Beamimpacton the MKP kicker producesa hadronicand
electromagneticascadeesultingin enegy depositionall
alongtheconductomlate. For thelongestpossibleparticle
trajectoryin matter i.e. for a zeroanglebeamimpacton
theconductorthelongitudinaltotal enegy depositiorpro-
file wassimulatedby FLUKA. Theequialenttemperature
increaseAT in aslabof 52binsof size1.0- 1.0 - 10.0mm
each,all alonga conductorthat was hit centrallyby a PS
batchis displayedin Figure4. The curvesshavn corre-
spondto al.0anda2.5mmthick conductomlateof either
Be or TiBAI4V. As long asthe beamsizeis largerthanthe
conductorary furtherincreasan conductorthicknesawill
resultin a highertemperaturelongthe bins on the beam
axis. Thereasonis thatsecondaryparticlesproducedout-
sidethe centralbins are scatteredsuchthatthey endup in
the centralbin slaband contribute to the enegy deposited
there. For this to happentheimpactof the primary proton
mustbe lessthana Moli ereradiusaway from the central
bin.

Similar temperatureprofiles are obtainedfor both ma-
terials. Due to the lower densityof beryllium the Bethe-
Bloch formulapredictsalower dE/dz andthe high values
of ¢,(T) causethe correspondingemperaturéncreaseto

I nstantaneous Energy Deposition



bemodestthetemperatur@rofilesreachmaximaof 5.6°C
for almmand6.4°C for a 2.5mm Be conductorascom-
paredto the22 and26°C for Ti6AI4V.
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Figure4: Instantaneoutngitudinaltemperaturéncrease
causedy asinglePSprotonbatchimpingingona1.0and
2.5mmthick Be andTi6Al4V conductor

4.3 Transient Thermal Analysis

In caseof repeatecbeamloss the temperaturebuilds up
with time andleadsto a hot spoton the conductor:mate-
rial could sublimatefrom its surfaceand be depositedon
sensiblepartsof thekicker which could provoquesparking
or evenashortcircuit.

To determinethe peaktemperatureghat may occur the
beamtime structuremust be taken into account: every
injected batchmeasured .80us only (72 bunches,25ns
spacing)and thusits enepgy depositionis consideredn-
stantaneousThen 3.6 resp.10.8s areleft to the induced
temperaturalistribution to diffuse(Figure5). Thetemper
aturedistributionT'(z, t) beforeinjectionof thesubsequent
batchis determinedoy numericalsolutionof the diffusion
equation

T (x,t) = a- 0T (x,1) 2

with the initial conditionT'(x,0) = Ty(z) andboundary
conditionsT,, (£b,t) = Fh - T(%b, t) quantifyingthe heat
flux throughthe top andbottomboundaryof theconductor
(cf. (1) in Figurel). Diffusivity a andBiot’s numberh are
temperaturelependent.

Biot's numberis definedastheratio of corvectionk and
thermalconductvity \(T'). It is alsoweightedwith thera-
tio betweenthe contactsurfacesof the conductorandthe
stainlesssteelsupportwhich is 2.5:1. A particularprob-
lem residesin finding a significantnumericalvaluefor A
becausehe cornvection coeficient k& dependsstrongly on
characteristicof the contactsurfaceslike surfacerough-
ness.contactpressurepresencef anoxide layeror even-
tually presencef acontactiquid in theinterspacdetween
the two materials. An approximatenumerical value of
3000 W/m?2K for astainlessteelto stainlessteelcontact
[5] wasassumedTheinfluenceof under andoverestimat-
ing this value by a factor 100 was examinedandis found
to causeonly a minor changeof +10% in the equilibrium
temperatureeachedafterabout100injections(Figure6).

The temperaturéncreaseAT’ with every new injection
addsto the remainingsof the previousinjection. Though,
AT will decreasavith increasingiemperaturébecausef
the temperaturelependencef the specificheatc, (17). At

45
140|
40 Shotl 120 Shot39 t=216.0s
= 100 -
o S \ (226,85
30 F 60
25 40
20 ~ 20
-4 -2 0 2 4 -4 -2 0 2 4
ylem ylen
Figure 5: Instantaneoudrans\erse temperatureprofile

(continuoudine) in a2.5mmthick Ti6Al4V conductoand
3.6resp.10.8slater(dashedine).

somepointanequilibrium betweeradditionaltemperature
riseby new injectionsanddiffusionis reachedthis equilib-
rium temperaturés 30°C for Beand190°C for thetitanium
alloy (Figure6). Coolingby thermalradiationis negligible
atthesetemperatures.
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Figure 6: Temperaturdouilt-up of the hottestspoton the
Ti6AI4V conductordueto continuedbeamloss. A non-
critical equilibriumtemperaturés found.

5 CONCLUSIONS

The maximumtemperaturattainedby repeated. HC type
proton beamimpact in a Ti6Al4V conductoris 190°C
andis aboutsix timeshigherthanthe maximumof 30°C
reachedn pureberyllium. Neverthelesshis valueis fully
acceptableno materialsublimationis expected.

Due to the toxicity of beryllium dustspecialcaremust
be taken when machiningthe material. By avoiding this
machiningconsiderabldinancialsavingswererealized.
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