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Introduction

Motivation: TrackingDevicesCloseto InteractionRegionof Experiments

Useat the LHC/SLHC(or similar environmentse.g. BaBar, Belle):
! Inner tracking layersmust providehigh precisiontracking (to tag b, t, Higgs,. . . )

! Inner tracking layersmust survive! ! what doesonedo?

! Annual replacementof inner layersperhaps?

Look for a Materialwith CertainProperties:
² Radiationhardness(no frequentreplacements)

² Low dielectricconstant ! low capacitance

² Low leakagecurrent ! low readoutnoise

² Room temperatureoperation, Fast signalcollectiontime ! no cooling

MaterialPresentedHere:
² PolycrystallineChemicalVapor Deposition (pCVD) Diamond

² SingleCrystalChemicalVapor Deposition (scCVD) Diamond

On Behalfof RD42:
² Reference! http://rd42.w eb.cern.ch/RD42
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Introduction
Comparisonof VariousMaterials

Property Diamond 4H-SiC Si
Band Gap[eV] 5.5 3.3 1.12
Breakdown ¯eld [V/cm] 107 4£ 106 3£ 105

Resistivity [­ -cm] > 1011 1011 2.3£ 105

Intrinsic Carrier Density [cm¡ 3] < 103 1.5£ 1010

ElectronMobility [cm2V¡ 1s¡ 1] 1800 800 1350
Hole Mobility [cm2V¡ 1s¡ 1] 1200 115 480
SaturationVelocity [km/s] 220 200 82
MassDensity [g cm¡ 3] 3.52 3.21 2.33
Atomic Charge 6 14/6 14
DielectricConstant 5.7 9.7 11.9
DisplacementEnergy[eV/atom] 43 25 13-20
Energyto createe-h pair [eV] 13 8.4 3.6
RadiationLength [cm] 12.2 8.7 9.4
Spec. IonizationLoss[MeV/cm] 4.69 4.28 3.21
Ave. SignalCreated/100¹ m [e] 3600 5100 8900
Ave. SignalCreated/0.1%X0 [e] 4400 4400 8400

! Low dielectricconstant - low capacitance
! Large bandgap- low leakagecurrent
! Large energyto createan eh pair - small signal
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Diamond

DiamondGrowth:

Micro-WaveReactor Schematic EdgeView of pCVD diamond

(Courtesyof ElementSix)

² Diamondsare \synthesized"from a plasma
² The diamond\copies" the substrate
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Diamond

Characterizationof Diamond:

Signalformation

e-h Creation

Charged Particle

Electrodes

Diamond

Vbias

Amplifier

² Q= d
t Q0 whered = collectiondistance= distancee-h pair moveapart

² d= (¹ e¿e + ¹ h ¿h )E

² d= ¹ E¿
with ¹ = ¹ e + ¹ h

and ¿ = ¹ e ¿e + ¹ h ¿h
¹ e + ¹ h
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Diamond

DiamondProperties:

Signalformation
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² Contactson both sides- structuresfrom ¹ m to cm
² Contactstypically:Cr/Au or Ti/Au or Ti/W ! non-carbideformers
² PolycrystallineCVD diamondtypically\pumps" by a factor of 1.5-1.8
² Usuallyoperateat 1V/ ¹ m ! drift velocity saturated
² Test Procedure:dot ! strip ! pixelon samediamond!
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Diamond

RecentpolycrystallineCVD (pCVD) diamond.

(Courtesyof ElementSix)

Left: Enhancedsurfaceof pCVDdiamond
Right: RecentpCVDwafer readyfor test - Dots are 1 cm apart

Waferscanbe grown > 12 cm diameter,> 2 mm thickness.
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Diamond

In 2000RD42enteredinto a Research Programwith ElementSix to increase
the chargecollectedfrom pCVDdiamond.

Research ProgramDiamondMeasuredwith a 90Sr Source:

² SystemGain= 124 e/mV
² QM P = 7600e (62mV)
² Mean Charge = 9800e (79mV)

² Sourcedata well separated from 0
² CollectionDistancenow 275¹ m
² Most ProbableCharge now ¼ 8000e
² 99% of PH distribution now above

3000e
² FWHM/MP ¼ 0.95 | Si has¼ 0.5
² This diamondavailablein large sizes

The Research programworked!
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Diamond

History of DiamondProgress

*

*Charge Collection in DeBeers CVD Diamond
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Diamond- TrackingStudies

DiamondTrackingPlanes:

Photo of Two DiamondTrackingPlanes PH Distribution on eachStrip
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Diamond Tracker CDS-90, Signal Charge on Strips

² UsesameelectronicsasSilicon
² Uniform signalson all strips! newmetalisation
² Pedestalseparated from \0" on all strips
² 99%of entriesabove2000e
² Meansignalcharge» 8640e ! newmetalisation
² MP signalcharge» 6500e
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DiamondRadiationHardnessStudieswith Trackers

Proton IrradiationStudieswith Trackers:

Signalto Noise

2 strip transparent signal to single strip noise [ ]
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Signal from Irradiated Diamond Tracker

² Dark current decreaseswith °uence
² S/N decreasesat 2 £ 1015/cm 2

² Resolutionimprovesat 2 £ 1015/cm 2
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Irradiationto 1:6 £ 1016 protons/cm2 presentlyunderway!
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Diamond- TrackingStudies

RadiationHard DiamondTrackingModules:
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² Large (2cm £ 4cm) Module constructedwith new metalisation

² Fully radiation hard SCTA128 electronics! 25nspeakingtime

² Testedin a 90Sr ! readyfor beamtest and irradiation

² Charge distribution cleanlyseparated from the noisetail ! S/N > 8/1
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Diamond- TrackingStudies

Double-sidedDiamondTrackingPlanes:

Photo of DoublesidedDiamondTracker
Photo of Mounted DoublesidedDiamond

Tracker

² AC-coupled- usesameelectronicsasSilicon
² Testedthis pastAugust
² Onlineresultsshow excellentx-y correlation
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NewType of CVD Diamond:SingleCrystalCVD Diamond

Couldwe make a CVD diamondwith improvedcharacteristics?

² Removethe grain boundaries,defects,charge trapping etc.
² Lower operating voltage.
² Eliminatepumping.

This is singlecrystalCVD (scCVD)diamond:[Isberg et al., Science297 (2002) 1670].

CD135 - Both Sides - Pumped (Sr-90 source)
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SingleCrystalCVD Diamond

HV andPumpingCharacteristics
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² High quality scCVDdiamondcollectsall the chargeat E=0.2V/ ¹ !
² High quality scCVDdiamonddoesnot pump!

But...
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SingleCrystalCVD Diamond

For Other Diamonds

HV (Volts)
0 100 200 300 400 500

HV (Volts)
0 100 200 300 400 500

C
ol

le
ct

io
n 

D
is

ta
nc

e 
(m

m
)

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

CD134 OSU HV Curve

HV (Volts)
0 100 200 300 400 500

HV (Volts)
0 100 200 300 400 500

C
ol

le
ct

io
n 

D
is

ta
nc

e 
(m

m
)

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

CD135 OSU HV Curve

HV (Volts)
0 100 200 300 400 500 600 700 800 900

HV (Volts)
0 100 200 300 400 500 600 700 800 900

C
ol

le
ct

io
n 

D
is

ta
nc

e 
(m

m
)

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

CD136 OSU HV Curve

HV (Volts)
0 100 200 300 400 500

C
ol

le
ct

io
n 

D
is

ta
nc

e 
(m

m
)

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

CD137 OSU HV Curve

Not that easyto make!
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SingleCrystalCVD Diamond

LargestscCVDDiamondwe havetested:

² Beganwith 3mm £ 4mm
² Today 7mm £ 7mm
² Well on our way to 8mm £ 8mm sizes!

Impurities,DefectsandDislocations:Photo-LuminescenceMeasurements

Left Image: High purity, no nitrogen,no dislocations.
Middle Image: Containsnitrogen - NV centre,575 nm PL.
Right Image: Containsdislocations,broad bandblue PL.

May be ableto unravelthe compexity of the CVD process!
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SingleCrystalCVD Diamond

ChargeCollectionProperties: TransientCurrentMeasurements(TCT)

² Measurecharge carrier propertiesseparately for electronand holes
² Use®-source(Am241) to inject charge

- penetration¼ 14 ¹ m (thicknessof diamonds¼ 470 ¹ m)
- usepositiveand negativeappliedvoltage

² Amplify ionizationcurrent

Extractedparameters:Transit time, velocity, lifetime, spacecharge, pulseshape, charge.
Preliminary Results:saturatedvelocity ve = 96 km/s, vh = 141 km/s

lifetimes¼ 34 ns >> transit time (charge trapping not the issue)

RESMDD 2004

October 10-13, 2004 - Florence, Italy
Status of Experiments on CVD Diamond Detecto rs (page 18) Harris Kagan

Ohio State Universit y



Applications

CVD DiamondUsedor Plannedfor Usein SeveralFields

² High EnergyPhysics! Talks by A. Edwards, L. Fernandez

² HeavyIon BeamDiagnostics

² SychrotronRadiationMonitoring

² Neutron and ® Detection

² Dosimetry! Talk by M. Bucciolini

² Spaceapplications! Talk by E. Pace

ApplicationsDiscussedHere

² Pixel Detectors
ATLAS, CMS

² BeamMonitoring
BaBar ! Adam Edwards
Belle
ATLAS
CMS ! Luis Fernandez
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DiamondPixelDetectors

ATLAS FE/I Pixels(Al)

² Atlas pixel pitch 50¹ m £ 400¹ m
² Over Metalisation: Al
² Lead-tinsolderbumpingat IZM in Berlin

CMSPixels(Ti-W)

² CMS pixel pitch 125¹ m £ 125¹ m
² Metalization: Ti/W
² Indium bumpingat UC Davis

! Bump bondingyield ¼ 100 % for both ATLAS and CMS devices

Newradiationhard chipsproducedthis year.
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DiamondPixelDetectors

Resultsfrom an ATLAS pixeldetector

1 Chip Assembly

1 Chip IV Curve
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DiamondPixelDetectors
Resultsfrom an ATLAS pixeldetector

1 Chip SourceTest (Am241) 1 Chip SourceTest (Cd109)

Americium241 deposits ¼ 4600e
Cadmium109 deposits ¼ 1600e
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DiamondPixelDetectors

Resultsfrom an ATLAS pixeldetector

1 Chip BeamTest (x-Resolution)
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DiamondPixelDetectors

The full ATLAS pixelmodule- 16 chip

The Module 2cm x 6cm Close-upView
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DiamondPixelDetectors

Resultsfrom a CMSpixeldetector

E±ciency Resolution

² Resultswith 200¹ m collectiondistancediamond
Excellentcorrelation betweenbeamtelescope and pixel tracker data!
E±ciency » 94%
Spatial resolution» 31¹ m for 125¹ m pitch

² Ine±cient pixelsdue to bump bondingand/or electronics- shown in pulsertests
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RadiationMonitoring - NewApplication- BaBar, Belle,CDF, ATLAS, CMS

Motivation:

! Radiationmonitoring crucial for Si operation/abort systemof BaBar, Belle, LHC

! Abort beamson large current spikes

! Measurecalibrated daily and integrateddose

Style:

² DC current or Slow Readout
² Requireslow leakagecurrent
² Requiressmall erratic dark currents
² Allows simplemeasuringscheme

² Examples:BaBar, Belle, CDF, CMS

² SingleParticle Counting
² Requiresfast readout(GHz range)
² Requireslow noise
² Allows timing correlations

² Example:ATLAS
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RadiationMonitoring

The BaBar/Belle/CDF DiamondRadiationMonitors:

² Packagemust be smallto ¯t in allocatedspace
² Packagemust be robust
² BaBar/Belle presentlyusesiliconPIN diodes,leakagecurrent increases

2nA/krad - After 100fb¡ 1 signal¼10nA,noise¼ 1-2¹ A
² In all cases,largee®ort to keepworking, PIN diodesdo not last

SchematicView

Diamond

Au Contact

In Solder
HV Insulation

Ground Braid
Kapton Insulation

Copper Shield
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RadiationMonitoring

Photo of BaBar Device

Photo of BellePrototype Device

Photo of CDF Prototype Device
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RadiationMonitoring

Photo of InstalledBaBar Device

² BaBar deviceinsidethe silicondetector.
² Belle,CDFdevicesoutsidethe siliconde-

tector.

Photo of InstalledBelleDevice

Photo of InstalledCDF Device
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RadiationMonitoring

LeakageCurrentin BaBar

² Diamondshavereceived250kRad60Co plus750kRadwhile installed
² No observedchangein leakagecurrent(< 0.1nA) or °uctuations(30pA)
² Data directly from BaBar SVTRADsystem
² Electronicnoise(¼ 0.5nA) substractedo®
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RadiationMonitoring

Discoveryof Erratic Dark Currents! AdamEdwards talk

It is observed(BaBar) the diamondcurrent increasesasthe magnetic¯eld
goeso®.

This happenseverytime the ¯eld goeso®in BaBar

TheseEratic Dark Currentshavebeenreproducedin the laboratory!
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RadiationMonitoring

Very Fast Time Scale(ns) (Data from BaBar)

² Usea fast ampli¯er to look at PIN-diode anddiamondsignals
² Triggeron the PIN-diode signal
² Look at fast spikes: red = diamond, black= PIN-diode

Diamondis fast enough(< 20 ns) ! to be usedin anyabort system
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RadiationMonitoring - Future

The CMSDiamondRadiationMonitor Program:

² Diamondactivity hasbegun!

² Test beamemulatingbeamaccident- unsynchronisedbeamabort - 1012 protons lost
in 260 ns in CMS

² Worst case100xunsynchronisedbeamabort overseveralturns - protection requires
early detection

² Possiblelocation in the CMS detector:

Monitors

Simulationof a BeamAccidentin CMS
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RadiationMonitoring - Future

The ATLAS DiamondRadiationMonitor Program:

² Diamondactivity hasbegun!

² Time of °ight measurementto distinguishcollisionsfrom background

² Locatedbehindpixel detector forward disksin pixel support tube

² PossibleATLAS scenario:

BeamConditionMonitor in ATLAS
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Summary

CVD Diamond as Radiation Tolerant Detecto rs
² High Quality pCVD diamond(ccd up to 300 ¹ m) are readilyavailablein large sizes

MP signal¼ 8000e
99% of charge distribution above3000e
Attained S/N=60/1 with 2¹ s shapingtime; 8/1 at 25ns

² RadiationTestsshow toleranceup to 6 £ 1015/cm 2

Usingtrackersallows a correlation betweenS/N and Resolution
± Dark current decreaseswith °uence
± Somelossof S/N with °uence
± Resolutionimproveswith °uence

² PresentpCVD diamondsshouldsurpassperformanceof siliconat around 1015p/cm2

scCVD Diamonds May Overcome the Limitation of pCVD Material

² Full signalcollectionat E<< 1V/ ¹ m
² Long charge lifetime
² Very little trapping- uniform detector

Many Applications Bene¯t from use of Diamond

² BeamMonitoring Now - BaBar, Belle, CDF
² Strip or Pixel detectors for the future
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Future Plansfor RD42

² Charge Collection
Continueresearch programto improvepCVD material:

collectiondistance! 350¹ m ( ¹Q = 12; 600e)
! improveduniformity
! identi¯cation of trapping centers

Increaseresearch programon scCVDdiamond

² Radiation Hardness of Diamond Trackers and Pixel Detecto rs
Continuetracker irradiationsthis year, add pixel irradiations
With Protons:

! 6 £ 1015/cm 2 ! done
! 16£ 1015/cm 2 ! now

With Pions:
! 6 £ 1015/cm 2

² Beam Tests with Diamond Trackers and Pixel Detecto rs
! trackerswith intermediatestrips, SCTA128 electronics
! pixel detectors with ATLAS and CMS radhard electronicsnow available!
! construct the ¯rst full ATLAS diamondpixel module ! now

² Material Research
! Florence,OSU, Paris, Rome
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