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@ Introduction
Motivation: TrackingDevicesCloseto InteractionRegionof Experiments

Useat the LHC/SLHC (or simila environment®.g. BaBa, Belle):
I Innertracking layersmust provide high precisiontracking (to tag b, t, Higgs,...)
I Innertracking layers must survive!! what doesone do?
I Annual replacementf inner layers perhaps?

Look for a Material with CertainProperties:
2 Radiationhardness(no frequentreplacements)
2 Low dielectricconstant! low capacitance
2 Low leakagecurrent! low readoutnoise
2 Room temperature operation, Fast signalcollectiontime ! no cooling

Material PresentedHere:
2 PolycrystallineChemicalvVapor Deposition (pCVD) Diamond
2 SingleCrystal ChemicalVapor Deposition (scCVD) Diamond

On Behalfof RD42:
2 Referencd http://rd42.w eb.cern.ch/RD42
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@ Introduction
Compaisonof Various Materials

Property Diamond 4H-SiC Si
Band Gap[eV] 5.5 3.3 1.12
Breakdavn “eld [V/cm] 10/ 4£10° 3E10°
Resistiviy [- -cm] > 10 10t 2.3FE 10
Intrinsic Carrier Density [cmi 3] < 10° 1.5€ 10%°
Electron Mobility [cm?Vi 1s 1] 1800 800 1350
Hole Mobility [cm?Vi s 1] 1200 115 480
Saturation Velocity [km/s] 220 200 82
MassDensity [g cmi °] 3.52 3.21 2.33
Atomic Chage 6 14/6 14
Dielectric Constant 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. lonizationLoss[MeV/cm] 4.69 4.28 3.21
Ave. SignalCreated/100! m [e] 3600 5100 8900
Ave. SignalCreated/0.1% X, [€] 4400 4400 8400

I Low dielectricconstant- low capacitance
I Large bandgap- low leakage current
I Large energyto createan eh pair - smallsignal
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@ Diamond
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DiamondGraowth:

Micro-Wave Reacta Schematic EdgeView of pCVD diamond

Wave quide

4

Magnetron

Flasma

Vacuum

= pump

(Courtesyof ElementSix)

2 Diamondsare \synthesized"from a plasma
2 The diamond\copies" the substrate
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@ Diamond
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Chaacterizationof Diamond;:

Signalformation
Amplifier

Charged Particle

\

e-h Creation

Diamond \‘1
T\ ? Vbias
Electrodes \ — —
2 Q:?—QO whered = collectiondistance= distancee-h pair moveapat
2 d=(ece *t *heén)E
2 d=1E¢

with @ =1,+1,

1 . +1 -
. ece h ¢h
and ¢ T
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DiamondProperties:

Signalformation

Normalized Gain

10 10 10 10 1 10

2 TestProcedure:dot !
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2 Contactson both sides- structuresfrom® m to cm
2 Contactstypically: Cr/Au or Ti/Au or Ti/W !
2 PolycrystallineCVD diamondtypically\pumps" by a factar of 1.5-1.8

drift velccity saturated
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Diamond

3
/_

RecentpolycrystallineCVD (pCVD) diamond.

(Courtesyof ElementSix)

Left: Enhancedsurfaceof pCVD diamond
Right: RecentpCVD waferreadyfor test - Dots are 1 cm apat

Waferscanbe grovn > 12 cm diameter,> 2 mm thickness.
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In 2000RD42enteredinto a Reseech Programwith ElementSix to increase
the chage collectedfrom pCVD diamond.

Reseech ProgramDiamondMeasuredvith a ®°Sr Source:

SystemGain= 124 e/mV
Qmup = 760 (62mV)

2 Mean Chage = 980G (79mV)

Sourcedata well sepaated from 0
CollectionDistancenow 275 m

Most ProbableChage now % 800G
99% of PH distribution now above
300Ce

FWHM/MP ¥, 0.95| Sihas¥ 0.5
This diamondavailablein large sizes

The Reserch programworked!
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Diamond
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Istay of DiamondProgress

Charge Collection in DeBeers CVD Diamond *
*
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@ Diamond- TrackingStudies

DiamondTrackingPlanes:

Photo of Two Diamond Tracking Planes PH Distribution on eachStrip

signal charge, two strips [e]

0 20 40 60 80 100 120
channel number [ ]

N

Usesameelectronicsas Silicon

Unifam signalson all strips! newmetalisation
Pedestalsepaated from \0" on all strips

99% of entriesabove2000e

Meansignalchage» 8640e! newmetalisation
MP signalchage» 6500e

N

N

N

N
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@ DiamondRadiationHardnessStudieswith Trackers

Proton Irradiation Studieswith Traclkers:
Signalto Noise

Signal from Irradiated Diamond Tracker |
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g Diamond CDS-69 at 0.9 V/ m
= 800
= before irradiation
5 700 mean 57, most prob. 41
3 F FWHM 54
£ 6001 )
s after 1 E15 protons/cm
500 mean 49, most prob. 35
400 FWHM 41 )
= } after 2.2 E 15 protons/cm
300 L _and re-metalization .
200[- ‘ mean 47, most prob. 35
- FWHM 36
100
O: - P I ‘ V:J\ktzwir"—*'\’f-' e el Lo !
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2 strip transparent signal to single strip noise [ ]

2 Dark currentdecreasesvith °uence
2 S/N decreasesit 2 £ 10%®/cm?
2 Resolutionimprovesat 2 £ 10%°/cm?

Irradiationto 10'° protons/cny¥ presentlyundervay!

entries/2 mm [ ]

800

700

600

500

400

300

200

100

8 o

100

20

S

1200

1000

800

600

400

200

o1

Resolution

]Residual Distributions, Proton Irradiated Diamond

Diamond CDS-69

before irradiation
s=11.5mMm

2-strip center of
gravity method

0 I ! o i ! I
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CDS-69
after 1E15 p/cm 2

s=9.1mMm

CDS-69

after 2.2 E 15 p/cm ?
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s=7.4mMm

residual, u ,-u,, [mm]
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@ DiamondRadiationHardnessStudieswith Trackers
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Pion Irradiation Studieswith Traclkers:
Signalto Noise

Signal Distributions from Diamond Tracker

@800
5 CDS-38 at 0.6 V/nm
o700 . ..
. before irradiation
600 mean 66
- most prob. 44
500~ FWHM 58
400/ after29E 15 p ncm?
- and re-metalization
300F mean 28
C most prob. 21
2001 FWHM 27
100
O: 1 ‘ \HLL"”"W»—,‘. Lood.. 1 ‘ | yon—
0 50 100 150 200 250

2-strip transparent signal to single strip noise [ ]

2 Dark currentdecreasesvith °uence
2 50%lossof S/N at 2:9£ 10'°/cm?
2 Resolutionimproves25% at 2:9 £ 10*°/cm?
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Diamond- TrackingStudies
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RadiationHard DiamondTrackingModules:

max {abs(tim-346)<2 && sig<170} | htemp

N

N

N

N
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Nent = 37904

Mean = 50.2
RMS = 16.38

1 I - 1 I 1 1 1 I

20 40 60 80 100 120 140 160 180

Large (2cm £ 4cm) Module constructedwith new metalisation
Fully radiation hard SCTA128 electronics! 25nspeakingtime
Testedin a *°Sr !
Chage distribution cleanlysepaated from the noisetail ! S/N > 8/1

readyfor beamtest and irradiation
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@ New Type of CVD Diamond: SingleCrystalCVD Diamond Y

Couldwe malke a CVD diamondwith improvedchaacteristics?

2 Removethe grain boundaies, defects,chage trapping etc.
2 Lower operating voltage.
2 Eliminate pumping.

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

CD135 - Both Sides - Pumped (Sr-90 source)
500 ‘ I ‘ I ‘ I ‘ I ‘

400 — —
300 —
200 —

100 —

Number per 400 Electrons
I

0 10000 20000 30000 40000 50000

Signal Size (Electrons)

o
~
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@ SingleCrystalCVD Diamond

HV and PumpingChaacteristics

071415b OSU HV Curve |

071415 Pump-up Curve (HV=500V) |
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E 100}
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] U SR S 0 - 5
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2 High quality scCVDdiamondcollectsall the chage at E=0.2V/1 !
2 High quality scCVDdiamonddoesnot pump!
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@ SingleCrystalCVD Diamond

But for Other Diamonds

[ CD134 OSU HV Curve | [ CD136 OSU HV Curve |
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Not that easyto male!

IWORID 2004 Diamond (Radiation) Detectors Are Forever! (page 16) Harris Kagan
July 26-29, 2004 - Glasgav, UK Ohio State University



o1

SingleCrystalCVD Diamond
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LargestscCVDDiamond:

2 Beganwith 4Amm&£ 4mm
2 Today 7mm£ 7mm
2 \Well on ourway to 8Smm£ 8mm sizes!

Impurities,Defectsand Dislocations: Photo-Luminescendgleasurements

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

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

Chage CollectionProperties: TransientCurrentMeasurement§TCT)

2 Measurechage carier propertiessepaately for electronand holes

2 Use®-source(Am241) to inject chage
- penetration¥s 14 1 m (thicknessof diamonds¥ 4701 m)
- usepositive and negativeappliedvoltage

2 Amplify ionization current

Extracted parameters: Transit time, velccity, lifetime, spacechage, pulseshape, chage.

Preliminay Results: saturatedvelccity ve = 96 km/s, vy, = 141 km/s
lifetimes¥s 34 ns >> transit time (charge trapping not the issue)
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@ Applications

CVD DiamondUsedor Plannedfor Usein SeveraFields

2 High EnergyPhysics

2 Heavylon Beam Diagnostics

2 SychrotronRadiationMonitoring
2 Neutron and ® Detection

ApplicationsDiscussedHere

2 Pixel Detectas
ATLAS, CMS

2 BeamMonitoring
BaBa
Belle
ATLAS
CMS
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@ DiamondPixel Detectaos
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ATLAS FE/I Pixels(Al) CMS Pixels(Ti-W)
2 Atlas pixel pitch 5t m £ 400t m 2 CMS pixel pitch 125 m £ 125 m
2 Over Metalisation: Al 2 Metalization: Ti/W

2 Lead-tinsolderbumpingat IZM in Berlin 2 Indium bumpingat UC Davis

I Bump bondingyield ¥4 100 % for both ATLAS and CMS devices

New radiationhard chipsproducedthis yea.
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DiamondPixel Detectaos
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Resultsfrom an ATLAS pixeldetecto

1 Chip Assembly 1 Chip IV Curve

2x8 Chip Assembly(Module)
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@ DiamondPixel Detectas
Resultsfrom an ATLAS pixeldetecta

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

Americium 241 deposits ¥4 4600
Cadmium109 deposits ¥2 1600
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Resultsfrom an ATLAS pixeldetecto

1 Chip BeamTest (x-Resolution)

1000
800
600
400

200

-0.2 -0.1 0 0.1 0.2

Resy/mm

Pitch is50t m £ 400" m B
Spatial Resolutionv4 pitch/™ 12

1 Chip BeamTest (y-Resolution)

400
350 S S

250 [
200 I T | R .
150 [T E S S S

100 oo o

0.4
Resy/mm
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DiamondPixel Detectaos
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Resultsfrom a CMS pixel detecta

Exciency

Resolution
» 100 450

< B Mean 0.9351 b2 - Mean 0.7010
X 90 |- RMS 0.5329E-01 %400 - RMS 31.77
Q. . % r Constant 258.4
% 80 [ 350 F Mean -0.1685
; - C Sigma 30.55

O 70 r

c - 300 [

60 |- -

B 250 F

50 | -

B 200 |

40 | .

- 150 [~

30 I I

B 100 |

20 — I

E 50 I

10 B

OE ‘m“"_’_‘“ “‘ “‘ ‘—‘|‘ 07 \\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\
08 0 0a 09 1 ~100-80 —60 —40 —20 O 20 40 60 80 100

efficiency pm

2 Resultswith 200t m collectiondistancediamond
E+ciency » 94%
Spatialresolution» 31! m for 125 m pitch
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DiamondPixel Detectaos
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Resultsfrom a CMS pixel detecta

Exciency vs Pixel

row no
— —_ N N
(@) o o) @) (o)
\,‘|‘|‘ | | B
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© H [] O
o [] O] n
G: O O
SN []
S G []
S <
S o [] N
° 3 [

2 |nezxcient pixelsdueto bump bondingand/or electronics- shavn in pulsertests

2 Excellentcarelation betweenbeamtelescoe and pixel tracker datal!
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@ RadiationMonitoring - New Application- BaBa, Belle, ATLAS, CMS _.

Motivation:

I Radiationmonitoring crucial for Si operation/abort systemof BaBar, Belle, LHC
I Abort beamson large current spikes
I Measurecalibrated daily and integrateddose

Style:

2 DC currentor Slov Readout
Requiredow leakage current

2 Requiressmall erratic dark currents
Allows simplemeasuringscheme

SingleParticle Counting
Requiredfast readout (GHz range)
Requiredow noise

Allows timing carrelations

N N
N N N DN

N
N

Examples:BaBa, Belle, CMS

Example: ATLAS
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@ RadiationMonitoring

The BaBa/Belle DiamondRadiationMonitor Prototypes:

2 Packagemustbe smallto t in allocatedspace
2 Packagemust be robust

Schematicview

Kapton Insulation

Ground Braid Copper Shield

—~—0-
Diamond

HV Insulation Au Contact

In Solder

IWORID 2004
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@ RadiationMonitoring - BaBa

The BaBa/Belle DiamondRadiationMonitor Prototypes:

| BaBa/Belle presentlyusesiliconPIN diodes,leakagecurrentincreasenAl/krad
| After 100f ! signats10nA, noisé/ 1-22 A
I Large e®at to keepworking, BaBa PIN diodeswill not last past 2005

Photo of BaBa Prototype Devices Photo of InstalledBaBa Device

BaBa deviceinsidethe siliconvertexdetecta.
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@ RadiationMonitoring - Belle o
The BaBa/Belle DiamondRadiationMonitor Prototypes:
Photo of Belle Prototype Device Photo of InstalledBelle Device

Belledevicejust outsidethe siliconvertexdetecta.
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RadiationMonitoring

3
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Resultson Calilration in BaBa:

2 |n BaBa duringinjectionrelativeto silicondiodes:5.9mrad/nC(Feb)
2 In BaBa duringinjectionrelativeto silicondiodes:5.8mrad/nC(Apr)
2 Carelationcoexcient unchangedverseveraimonths

|BE:MID rate vs BE diamond current I D0 =-4.897 02552 |BE:MID rate vs BE diamond current p0  =-7.085 +0.2533
n pl =5.916 £ 0.01263 0 pl =5.801 +0.01236
3300~ 3 '
= February I S a0 April
x r % i {
€
52501 | T 250 Hi | | iw
T T
o o |
0200~ [}
© o
= S
|
D150—
100~
50
O IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50

Diamond Current/nA Diamond Current/nA

Calilration repeatableovermanymonths

IWORID 2004 Diamond (Radiation) Detectors Are Forever! (page 30) Harris Kagan
July 26-29, 2004 - Glasgav, UK Ohio State University



o1

@ RadiationMonitoring

Data Takingin BaBa:

0 2500 5000 7500 10000 12500 15000 17500 20000 22500

< 25 T T T T T T T T 2000
£ - . 1 E
< Il BE diamond current 1 =
§ [0 BE:MID diode signal current (Sig 11) ] 18(%)
(4] = 4
] I LER current @
o L
5 20 - 16l
R | |
g N | *
8 | | | 1400
a ‘\ ‘\
15 0 \ 1200
| Fast Abort———> 1000
\
-| 800
1 600
1 400
+ 200
‘ L1 ‘ L1 ‘ 1L ‘ ‘ ‘ ‘ L1 ‘ L1 ‘

| L1 L1 L1l | L1 L L1 L1 L1 0
0 2500 5000 7500 10000 12500 15000 17500 20000 22500
Time/seconds

Systemoperatingfor 18 monthsin BaBa andworks well!
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@ RadiationMonitoring
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LealageCurrentin BaBa

2 Diamondshavereceived?50kRad’®Co plus 750kRadwhile installed

2 No observeahangein leakagecurrent(< 0.1nA) or °uctuations (30pA)
2 Data directlyfrom BaBa SVTRAD system
2 Electronicnoise(¥s 0.5nA) substractecb®
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RadiationMonitoring

3
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Iscoveryof Erratic Dark Currents

It is observedhe diamondcurrentincreasessthe magnetic eld goeso®.
This happenseverytime the eld goeso®in BaBa
The Eratic Dark Currentshavebeenrepoducedin the laboratory!
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RadiationMonitoring

3
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Iscoveryof Erratic Dark Currents

Eratic Dark Currentsgo away everytime the magnetic eld is turnedon!
Originis still a mystery
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RadiationMonitoring
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Very Fast Time Scale(ns) in BaBa

2 Usea fast ampli erto look at PIN-diade and diamondsignals
2 Triggeron the PIN-diade signall
2 Look at fast spikes: red = diamond black= PIN-diade

Diamondis fast enough(< 20ns)! now usedin BaBa abort system
Installationof full diamondsystempossiblein summer2005
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@ RadiationMonitoring

The CMS DiamondRadiationMonitor Program:

2 Diamondactivity hasbegun!

2 Test beamemulatingbeam accident- unsynchronisedbeamabort - 102 protons lost
in 260 nsin CMS

2 Worst casel00xunsynchronisedeamabort overseveralkurns - protection requires
ealy detection

2 Possiblelocation in the CMS detecta:

Simulationof a BeamAccidentin CMS

Monitors
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@ RadiationMonitoring

The ATLAS DiamondRadiationMonitor Program:

2 Diamondactivity hasbegun!

2 Time of °ight measuremento distinguishcollisionsfrom background
2 Locatedbehind pixel detecta forward disksin pixel support tube

2 PossibleATLAS scenaio:

BeamConditionMonitor in ATLAS
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@ Summay

CVD Diamond as Radiation Tolerant Detectors

2 High Quality pCVD diamond(ccd up to 2751 m) are readilyavailablein large sizes
MP signal¥ 8000e
99% of charge distribution above 3000 e
Attained S/N=60/1 with 2! s shapingtime; 8/1 at 25ns

2 Radiation Testsshav toleranceup to 2 £ 10%°/cm?
Usingtrackersallows a carelation betweenS/N and Resolution
+ Dark current decreasesvith “uence
+ Somelossof S/N with °uence
+ Resolutionimproveswith °uence

2 PresentpCVD diamondsshouldsurpassperfamanceof siliconat around 10°p/cm?

scCVD Diamonds May Overcome the Limitation of pCVD Material
2 Full signalcollectionat E<< 1V/1m
2 Longchage lifetime
2 Very little trapping- uniform detecta

Many Applications Bene t from use of Diamond
2 BeamMonitoring Now - BaBar, Belle
2 Strip or Pixel detectas for the future
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@ Future Plansfor RD42

2 Charge Collection
Continuereseach programto improve pCVD material:
collectiondistance! 300t m (© = 10; 800k)
I improveduniformity
| identi cation of trapping centers
Beginreseach programon scCVDdiamond

2 Radiation Hardness of Diamond Trackers and Pixel Detectors
Continuetracker irradiationsthis yea, add pixel irradiations
With Protons:
I 5£ 10%/cm? ! Now
With Pions:
I 5£ 10%/cm?
2 Beam Tests with Diamond Trackers and Pixel Detectors
I trackerswith intermediatestrips, SCTA128 electronics
I pixel detectas with ATLAS and CMS radhad electronicsnow available!
I constructthe rst full ATLAS diamondpixel module

2 Material Reseach
l  Florence,OSU, Paris, Rome
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