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CMS HadronicEndcapCalorimeterUpgrade
Studiesfor SLHC
“P-Terphenl DepositedQuartzPlate Calorimeter
Prototype”
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Abstract—The Large Hadron Collider (LHC) is going to
start taking data with 10*3 cm 2s ! luminosity, and reachthe
designedvalue of 10°** cm 2s ! in 2013.The LHC luminosity
will continue to impr ove eachyear, reachingto 10** cm 2s !in
2023. We call this high luminosity era the SuperLHC (SLHC).
Hadronic Endcap (HE) calorimeters of the CMS experiment
cover the pseudorapidity range of 1:4 < < 3 on both sides
of the CMS detector, contributing to superior jet and missing
transverseenemy resolutions.As the integrated luminosity of the
LHC increasesthe scintillator tiles usedin the CMS Hadronic
Endcap calorimeter will losetheir ef ciency.

The CMS collaboration plans to substitute quartz plates for
the scintillator tiles of the original design. Various tests have
proved quartz to be radiation hard, but the light produced by
quartz comesfrom Cerenkov process,which yields drastically
fewer photons than scintillation. To increasethe light collection
ef ciency, we proposeto treat the quartz plates with radiation
hard wavelength shifters, p-terphenyl or 4% gallium doped
zinc oxide. The test beam studies revealed a substantial light
collection increaseon pTp or ZnO:Ga deposited quartz plates.
We constructed a 20 layer calorimeter prototype with pTp
coated plates, and tested the hadronic and the electromagnetic
capabilities at the CERN H2 area. Here we report the results of
thesetest beamsas well as radiation damage studies performed
on p-Terphenyl.

Index Terms—P-terphenyl, quartz, calorimeter, zinc oxide,
radiation damage

I. INTRODUCTION

he Large HadronCollider (LHC) is designedo provide

a 14 TeV center of massenegy with p-p collisions
every 25 ns. The startingpeakluminosity of the acceleratois
goingto be 10°® cm 2s 1. This valueis plannedto increase
eachyear reaching10®* cm 2s ! in 2013.In the current
design,the luminosity is limited by beamdumping, machine
collimation and protectionsystemsaswell as electroncloud
effects. There are two possible luminosity upgrade paths;
early separatiorandLarge Piwinski anglescenariosThe early
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separationscenarioproposesinstallation of early separation
dipolesat about3 m from theinteractionpointsof the ATLAS
and CMS detectorsin the Large Piwinski anglescenariothe
bunch spacingis doubled and bunchesare proposedto be
longer more atter and moreintense[1], [2].

Currentluminosity upgradeplansare divided into two
5-yearphasesPhasel coversthe period from 2013to 2018
when the peakluminosity will increasefrom 10°** cm 2s ?!
to4 10* cm ?s '.Phase coversfrom 2018to 2023when
the peakluminosity reaches1 03® cm 2s 1.

If, aswidely predictedthe LHC discoversthe Higgs boson,
theaccumulateduminositywill only be enoughto studymass
andfew branchingratios,but not to measuranorechallenging
topicslike Higgs self couplings.The SLHC will provide high
statisticsto study rare events: massie MSSM Higgs, Higgs
couplingsto itself, to bosonsand fermions,and new physics
signaturessuchas supersymmetnand massve neutrinos.

The acceleratoduminosity upgradewill require detectors
to be modi ed for higher radiation conditionsas well. The
Hadronic Endcap (HE) calorimeterof the Compact Muon
Solenoid (CMS) experimentis one of these detectors.In
the current design, the CMS HE calorimeter consists of
19 layers of scintillator tiles sandwichedbetween70 mm
brassabsorbersLight generatedn thesescintillators(Kuraray
SCSNB81)is carriedto hybrid photodiodesby Kuraray Y-11
double clad wavelength shifting (WLS) bers. Both scintil-
lators and WLS bers have beenshavn to be moderately
radiationhard up to 25 kGy [3]. The simulationstudiesshov
that the expectedradiation levels have strong dependeng
[4], [5]. Fluka and Geantsimulations,which are performed
assumingl0 yearsof LHC runsat 10°** ¢cm 2s ! luminosity,
predictradiationlevels up to 100 kGy in high towers.This
value reachesup to 300 kGy for the front towers of the
2.9 < < 3.0 region, where the Endcap Electromagnetic
(EE) calorimeterdoesnot shieldthe HE calorimeter

With theincreasinguminosity planfor LHC, we expectthe
scintillatortiles andplasticWLS bers to facehigherradiation
levels than thesereports. Hence, the resolution of the HE
calorimetemwill deterioratdaster startingfrom high towers.
As a solution to this radiationdamageproblem, we propose
to substitutequartzplatesfor the scintillatortiles. In previous
papers,we reportedresultsfrom radiation hardnesgestson
various types of quartz materialin the form of ber under



electron, proton, neutron, and gamma irradiations. Results
shav that quartz can withstandthe radiation dosesof up to
12.5MG@Gy [6], [7], [8].

However, with the quartzplates,the detectedohotonscome
from Cerenlov radiation, which yields 100 times less light
than the scintillation processin visible region [9], [10]. On
the other hand, the number of created Cerenlov photons
increaseswith 1= 2 ( being the wavelength).This gives us
the opportunityto collect more photonsby using wavelength
shifters with absorptionspectra(see Figure 1) positionedin
UV range.Then again, the interactionof particleswith the
scintillating layer also increaseghe total numberof counts.
For this purpose,we tested different wavelength shifters
including p-terphenyl (pTp) [11], 4% gallium doppedzinc
oxide (ZnO:Ga), o-terphen! (oTp), m-terphey! (mTp) and
p-quarterpheyl (pQp).

The wavelengthshifter depositedon the quartzhasto be
radiationhard as well. We testedthe mostfeasiblecandidate,
pTp, for proton irradiation up to 400 kGy. in the Indiana
University Cyclotron Facility (IUCF) and CERN beamlines.

Eventually we constructech 20 layer samplingcalorimeter
prototypewith pTp depositedjuartzplatesasactive medium.
We tested this calorimeters hadronic and electromagnetic
capabilitiesat the CERN H2 area.This note summarizeghe
resultsfrom the testsdescribedaborve.
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Fig. 1. Absorption (solid line) and emission(dashedline) spectraof p-
Terpheml.

Il. SELECTION OF WAVELENGTH SHIFTER

To improve the light productioninside the quartz plates,
we consideredvarious wavelengthshifters as coatings:pTp,
Zn0:Ga,0Tp, mTp, andpQp. OtherthanZnO:Ga,all of them
can be evaporatedin a vacuum chamberto be applied on
quartz. The molecular propertiesof ZnO:Ga do not allow
evaporation,so RF sputteringwas used for this case.We
have preparedquartz plateswith various wavelengthshifters

depositedat different thicknessesat the University of lowa
CMS laboratoriesand Fermilab Thin Film Laboratory The
light readoutwas performedfrom the edgeof eachplate with
HamamatsuR7525-HA photomultiplier tubes (PMTs) [12],
[13], [14].

Standaloneinits, with singlequartzplateanda single PMT,
werepreparedo testvariouswavelengthshifting materialsand
thicknessesThe beamtestsat the FermilabMesonTestBeam
Facility andat the CERN H2 area,shaved that the one sided
coatingswith 2 m thicknessof pTp and0.2 m of ZnO:Ga
yield the bestresultswith pion, proton, and electronbeams
of variousenegies. Figure 2 shavs the comparisorof single
photoelectronievel signal distributions from 2 m thickness
of pTp and0.2 m of ZnO:Gadepositedplatesto that of a
plain quartzplate.All threeplateswereplacedto sameshaver
depthduring the samerun of 50,000triggers,and eachPMT
gainweresetto 10°. UsingpTp or ZnO:Ga,we have increased
the probability of seeinga photonby at leasta factor of four
comparedo plain quartzplates.SinceZnO:Garequiresamore
expensve anddelicatedepositionprocessye decidedo focus
on pTp for the restof our studies.
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Fig. 2. The comparisonof single photoelectronlevel signal distributions

from 2 m thicknessof pTp (thick solid line), and0.2 m of ZnO:Ga(thin
solid line) depositedplatesto that of a plain quartzplate (thick dashedine).

The radiation hardnessof pTp was tested, with proton
beams,at the Indiana University Cyclotron Facility (IUCF)
and CERN beamlines. The °°Sr activated scintillation light
outputsof pTp sampleshoth beforeand after irradiationwere
comparedn the University of MississippiCMS Laboratories.
We also employed the liquid scintillation techniquein which
the pTp sampleswere mixed in a saturatedtoluenesolution
with a standardtritium beta source and scintillation light
was analyzedfor dosedand standardsamples.The toluene
yields nagligible scintillation light in the tests. The dosed
pTp sampleswere also sent for chemical analysisshaving
slight breakdevn of the tri-ring pTp moleculeinto simpler



benzeneaing forms. The resultsof differentirradiation levels
arereportedin Figure 3. After 200 kGy of protonirradiation,
the light output dropsto 84% of the initial level. But the
initial radiationdamageateslowly attens, andafter400kGy
of radiationwe still obsened lessthan a 20% loss of light
production.
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Fig. 3. Light outputfrom pTp sampleafter protonirradiation versusproton
irradiation level with simple tted line.

I11. PTP DEPOSITED QUARTZ PLATE CALORIMETER

PROTOTYPE

A. The Designand Test Setup

In light of the studiesdescribedn the previous section,we
have built a quartz plate calorimeterprototypewith 0.2 m
pTp depositedon one side of the quartztiles. The prototype
consistof 20 layersof quartzplates(15cmx 15 cmx 5 mm)
with 7 cm iron absorberdetweeneachlayer Sincethe CMS
HE calorimeterhas 19 layers of 7 cm brassabsorberspur
prototype model is a very good representatiorof the small
solid angle of the upgradedHE calorimeter GE-124 quartz
from GE Quartz Compaly was usedas the materialfor the
plates.After 2 m pTp was depositedon every quartz plate
via evaporationat Fermilab Thin Film Laboratory one inch
sectionon the sideof eachplatewaspolishedat the University
of lowa CMS Laboratoriedor betterPMT coupling.Thelight
generatedin the quartz plate was read out by Hamamatsu
R7525-HAPMTSs from the polishedregion.

The quartzplateswere wrappedwith aluminizedmylar for
good re ectivity, especiallyin the UV range,and then with
Dupont Tyvek for a robust light tight structure.Every quartz
plate and PMT systemwas preparedo be a standalonaunit.
Having our prototypeconstructedisa collectionof standalone
units allowed us to changethe absorberthicknessbetween
layersfor a possibleelectromagneticon guration.

The prototypewas testedat the CERN H2 test areawith
two differentcon gurations:a hadroniccon guration with
7 cm iron absorberdetweeneachlayer, andan
electromagneti¢EM) con guration with 2 cmiron absorbers.
In the hadroniccon guration,  beamswith 30, 50, 80, 130,
200, 250, 300, and 350 GeV enegieswere used.In the EM
con gurationelectronbeamsawith enegiesof 50, 80,100,120,
150 and 175 GeV were utilized.

The readout was performed by chage integration and
encodingunits [15], [16] and the datawas storedin CMS
SoftWare HCAL TestBeamraw dataformat[17]. EachQIE
channelwas readoutin 20 time slicesof 25 ns length each.
The trigger was given by the coincidenceof four scintillation
countersof sizes14 cm x 14 cm and4 cm x 4 cm and
2 cm x 2 cm. Therefore,a beamspotof size2 cmx 2 cmiis
anticipated A downstreammuonveto counterin the beamline
wasusedto excludethe muoncontaminatiorin the beamfrom
analysis.

B. The Hadronic and Electomagnetic Capabilities of the
Prototype

The responseaeadout from eachPMT was normalizedto
the gain of the PMT readingout the rst plate. The total
calorimeterresponsewas then reconstructedby adding the
individual response$rom all chambers.

The calorimeterprototype was simulatedusing GEANT4
[18], [19], LHEP physics package.The pTp scintillation
propertieswere sampledfrom Fig. 1. The model consisted
of anidentical setupin termsof geometryand the materials
involved other than the PMTs for which the responsewas
simulatedasthe total numberof photonsthat reachthe PMT
window location with a wavelength within the acceptance
rangeof thePMT. 80GeV  beamdatawasusedto calibrate
the simulation results. So, the simulation of 80 GeV
beamwas excludedfrom the analysisnot to bias the overall
results). Figure 4 shavs the longitudinal shaver pro le for
differentenegies. Solid lines representhe simulationresults
for correspondingenegies and are simple curves connecting
the simulation output points. Data and simulationresultsare
consistentwithin statistical uctuations. Figure 5 shavs the
chagedistribution of the calorimetemprototypewith 300 GeV

beamat hadroniccon guration.

Figure 6 shavs the detectorlinearity for the test of the
prototypein hadroniccalorimetersetupwith various  beam
enegies. Data (simulation) points are indicatedwith hollow
circles (squares).Solid lines are the ts to the data and
simulation points which yield around 1% hadronicresponse
linearity. Both dataand the simulation exhibit similar linear
beahaior. The larger deviationsof the datapointsfrom the t
is dueto limited statisticscomparedo the simulationresults.

Figure 7 shavs the enegy resolution of the hadronic
calorimetertogetherwith the prediction of the simulations.
Both dataand simulationresultsare tted to the
non-compensateenegy resolutionparametrizeds;
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Fig. 4. Longitudinal shaver pro le for various beamenepgies. Along  Fig. 6. Detectorlinearity graph,data(circle-solidline) and Geant4simula-
with datapoints, simulationresultsare also shavn with solid lines. tions (square-dasheline), for the hadroniccalorimeterprototype.Lines are
ts to a rst orderlinear dependence.
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Fig. 5. _300 GeV pion responseof the calorimeterprototypeon hadronic
con guration. Fig. 7. Hadronic enegy resolution, data (circle-solid line) and Geant4

simulations(square-dasheline), for the calorimeterprototype.

whereA is the stochastiderm, B is the noisetermandC is

the constantterm (they areindicatedas p0, pl andp2 asthe  qq this opportunityto testthe similar radiationhardcon gu-
t parametersn the gure). Dataandsimulationresultsha/e  ati0n on anelectromagneticalorimeter The total calorimeter
similar behaior with a negligible n0|_seterm anda C(_)nstant responsewas reconstructecby adding the individual layer
term under10%. Overall, the hadronicenegy resolutioncan  agnonseafter gain normalizationsand pedestalubtractions

be expressedas; sameas for the hadroniccalorimetercase.The readoutwas
(E)  2103% identicalwith thehadronicsetup A seperatealibrationfor the
= _BE— 8:8% (2)  simulationsat 80 GeV electronincidencewasperformedsince

the calorimeterhasa compensatioriactor differentthan unity
Althoughthe purposeof thesestudiess to nd asolutionfor  (the E—e ratio was measuredas 0.88 at 80 GeV). Therefore,
radiationhardnesgroblemsof the CMS HE calorimetey we thesimulationswith 80 GeV electronbeamareexcludedfrom



the analysis.Figure 8 shaws the longitudinal shower pro le
for different electronbeamenegies. Shaver developmentis
well predictedby the simulations.Figure 9 shows the chage
distribution of the calorimeterwith 100 GeV electronbeam.

Fig. 8. Longitudinalshaver pro le for variouselectronbeamenepies.Along
with datapoints, simulationresultsare also shavn with solid lines.

Fig. 9. 100 GeV electronresponseof calorimeterprototypewith electro-
magneticcon guration.

Figure 10 shows the detectorlinearity for the prototype
in electromagneticcalorimetersetupto be within 3%. The
linearity factor is well predictedby the simulationswithin
a few standarddeviations. The enegy dependenceof the
electromagneticesponsdinearity is much strongerthan that
of thehadroniccalorimeter Thelinearbehaior of the detector
is satishctoryfor calibrationand operationpurposes.

Fig. 10. Detectorlinearity, data(circle-solid line) and Geant4simulations
(square-dashdihe), for the electromagneticalorimetemprototype Solid lines
are ts to a rst orderlinear dependence.

Figure11 shaws the electromagnetienengy resolution.The
solid lines are the ts to the enegy resolutionparametrized
in the hadroniccalorimetersection. The simulation predicts
betterresolutionfor lower valuesof beamenepy. For enegies
greaterthan 120 GeV, both resolutioncurves corverge to a
constantvalue of around5.6%. The overall enegy resolution
of the electromaneticalorimeteris calculatedas;
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Fig. 11. Electromagneticenegy resolution, data (circle-solid line) and
Geant4simulations(square-dasheline), for the calorimeterprototype.



IV. CONCLUSION

As the peak luminosity of the LHC increases,detector
upgradesarerequiredfor LHC experiments.The CMS
experimentHE calorimeterconsistsof moderatelyradiation
hard scintillator tiles, and they are not going to survive the
high radiation ervironmentof the SLHC. This report shavs
that pTp depositedquartz plates are a perfect candidateto
replacethe scintillator tiles of the CMS HE calorimeter Both
quartzand pTp areradiationhard and cost effective options.

We have demonstratedhat with 2 m pTp coatingson
onesideand0.2 m Zn0O:Ga(4% gallium dopedzinc oxide),
the light production can be enhancedby at least a factor
of 4. We also report that pTp losesonly 16% of the light
productionafter400kGy protonirradiation.This is well above
thepredictedSLHC radiationlevelsfor mostof the HE towers.

To test the calorimeter capabilities of this replacement
option, we constructeda 20 layer pTp depositedquartz plate
calorimeter prototype. The test beam results shawv that the
prototypewith a15cm x 15 cm active areayieldsaround15%
hadronicenegy resolutionfor 350 GeV beam.Even with
the considerablenegy leakagefrom the undersizeprototype,
thisis avery promisingresult.On alargerscale pTp deposited
guartzplate calorimeteris promisingin termsof achieving the
currentHE calorimeterperformancewhich is around8% in
hadronicenepgy resolutionat a 300 GeV pion beamenegy.

Althoughit is out of the scopeof this study we recon gured
the prototypeas an electromagneticalorimeterand testedit
at variouselectronbeamenegies. We got very
encouragingresults, suggestingthat pTp depositedquartz
platessandwichedetweerthinnerabsorberganbe usedasa
highly radiationhardEM calorimeteroptionfor futurecollider
experiments.Consideringthe radiation damageissuesof the
CMS EndcapElectromagneticcalorimeter we proposethat
pTp depositedquartzplatesshouldbe usedin all CMS endcap
regions. This includesthe EM sectionwhere2 cm absorbers
should be used,and the hadronicsectionwhere 7 cm brass
absorbersalreadyarein use.
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