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Abstract—CVD diamond is a radiation hard sensormaterial which
may beusedfor chargedparticle tracking near the interaction regionin ex-
perimentsat high luminosity colliders. The goalof the work describedhere
is to investigatethe useof several detector planesmade of CVD diamond
strip sensorsfor charged particle tracking. Towards this end a tracking
telescopecomposedentirely of CVD diamond planeshasbeenconstructed.
The telescopewas tested in muon beamsand its tracking capability has
beeninvestigated.

Keywords—Diamond strip detector, beamtelescope,diamond chem-
ical vapour deposition (CVD), charged particle tracking, radiation hard-
ness

I . INTRODUCTION

N orderto measureverticesfrom particlesdecayingnearthe
interactionregion,trackingin experimentsattheLargeHadron

Collider (LHC) requiresfastandradiationhardpositionsensi-
tive detectors.Closeto the interactionregion devicesmustop-
erateat high particleflux andfluence.Detectorsbasedon CVD
diamondareanoption for theinnermostlayerof trackerssince
diamondis a fastandradiationhardsensormaterial.

CVD diamondstrip- and pixel detectorshave beenex-
tensively testedin the past[1], [2], [3]. The recentprogressin
industrialproductionof CVD diamondallowedus to assemble
several layersof diamondstrip sensorsinto a diamondbeam
telescope.This is the first time particletrackinghasbeenper-
formed usinghits measuredin diamondsonly. The work de-
scribedherewascarriedout by RD42 a researchanddevelop-
mentprojectbasedat CERN.Thegoalof theRD42 collabora-
tion is to investigateanddevelopdiamonddetectorsfor particle
trackingat theLHC [4].

I I . CVD DIAMOND STRIP DETECTORS

Thediamondmaterialusedherewasproducedby chemi-
calvapordeposition(CVD) atDeBeersIndustrialDiamonds[5].
Thematerialwasprocessedto a thicknessof tvuJwqw=x m andcut
from 6” diamonddisksto afinal sizeof ylz:yl{,|~} . Thediamonds
weremetallizedwith a solid electrodeon onesideand256nar-
row stripsandfour y�zi��|~|~} pads(for testsin thelab) on the
otherside.Thestripshadawidth of 25 x m atastripandreadout
pitch of 50 x m. The detectorswerewire bonded(dc-coupled)
to VA2 readoutelectronics[6]. OneVA2 contains128 charge
sensitive pre-amplifiersandshaperswith sample-and-holdand
a multiplexer for sequentialreadout.Fig. 1 showsa photograph�

correspondingauthor:Dirk.Meier@cern.ch

Fig.1. Photographof two hybridscarryingdiamondstripdetectorsandread-
out chips. The diamonddetectorcanbeseencenteredover the circular
holein thealuminiumframe.

of two y�z�ye{,|~} diamonddetectorson hybridsinsidean alu-
miniumframe.

I I I . RESULTS FROM �s� SR � -SOURCE TESTS

Fig. 2 shows thedistribution of chargesignalsmeasured
on the solid testelectrodein oneof the diamondplanesusing
electronsfrom a ��� Sr �C� source. The signal in the diamond
detectoris Landau-like distributedwith a clearseparationfrom
zero, a most probablesignal of 6500 � and a meansignal of
7911 � which correspondsto a charge collection distanceof
220 x m. The scalewas calibratedby measuringthe photo-
absorptionpeakat59.5keV from }s�_� Am in a silicondiode.

Fig. 3 shows themeancollectedsignalchargeasa func-
tion of theappliedvoltagein therangefrom -500V to +500V
(correspondingto anelectricfield of �����O�#x�| to �1���O�#x�| ).
The meansignal is symmetricaroundzeroandfollows an “S-
curve”. The meansignal saturatesnear ��� V/ x m due to ve-
locity saturationof thechargecarriers.We choseto operateall
diamondsdescribedhereat+1 V/ x m. Thefigurealsoshowsthe
leakagecurrentasa function of the voltage. The leakagecur-
rent alsofollows a symmetric“S-curve” with �C�qu pA/mm} at
��� V/ x m - averylow currentdensity. For theVA2 readoutused
hereweestimateanoiseof 30 � ENCperchanneldueto leakage
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Fig. 2. Foreground:distribution of thechargemeasuredonasolid electrode
in one of the diamondplanesusing electronsfrom a
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Sr �)� source.

Background:distribution of the charge signal from a silicon diodeus-
ing 59.5keV photonsfrom
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Am. The sameelectronicamplification
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currentof 35 pA in 20 mm longstrips.
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Table I lists the CVD diamonddetectorsusedhere to-
getherwith theirdimensions,typeof contacts,meanchargecol-
lectedmeasuredwith a ��� Sr �C� source, §¨S©�ª.«,¬­�®s¯ , at t°� V/ x m and
correspondingchargecollectiondistance,± = §¨S©�ª�«,¬­�®s¯³² �µ´$�n�q¶7�_�#x�| .
It canbeseenthat ± rangesfrom 164 x m to 234 x m - thelateris
a typical valuefor todayssensorsfrom productionreactors.We
note that the valuesaregiven after “pumping”, the stableand
reproduciblestateof the diamonddetectorafter a minimum of
10 Gy absorbeddosefrom �s� Sr electrons[7].

IV. TELESCOPE EXPERIMENTAL SETUP IN THE BEAM

The seven y·z¸y¹{n|~} diamondsusedin the telescope
weremountedon hybrids [Fig. 1] andfixed above eachother
in two aluminium frames(4 hybrids in frame 1, 3 hybrids in
frame2). Everysecondplanewasrotatedby 90º whichallowed
oneto measuretwo orthogonalcoordinatesof theparticletrack.
Fig. 4 showsa schematicsideview of thecompletesetupin the
beam:Thetwo frameswerefixed120mmapart(150mmpitch)
and alignedsuchthat beamparticlestraversedall planesper-
pendicularly. The seven y�z�yO{n|~} diamonddetectorsformed
the beamtelescope(“referenceplanes”). The two 1 cm} di-
amonddetectorswere mountedinside this telescope(“planes

TABLE I

List of CVD diamondstrip detectorstested,with thickness,size,typeof

contacts,themeancollectedchargemeasuredwith
�5	

Sr, andthe

correspondingchargecollectiondistance.Thefirst sevendiamondsmadeup

thetelescope.
�n»

Theresultsfor CD83areestimatedfrom theunpumped

values.

name thick size con- §¨S©�ª�«,¬­�®s¯ ±
[ x m] [cm z cm] tacts [ � ] [ x m]

CD83-P1 485 yfziy Al
CD83-P2 490 yfziy Al

7605¼ 211¼
UT24-P1 540 yfziy CrAu 5915 164
UT24-P2 540 yfziy CrAu 6510 181
UT23-P1 540 yfziy CrAu 7096 197
UT23-P2 540 yfziy CrAu 7068 196
CD82-P2 510 yfziy CrAu 8200 228

CD88 470 ��z¹� Al 8370 233
CD90 470 ��z¹� Al 8416 234

under-test”). Several planesof silicon detectors- measuredin
previous tests[8], [9] - weremountedalongthe beamin order
to projecttracksinto them.

4 diamond strips
in frame 1 in frame 2

3 diamond strips

plastic

V V

30 mm

scintillation
trigger

150 mm

V HV H H V H V V H H H VV H
direction of strips

H=horizontal

V=vertical

pion beam
100 GeV/c

  4 x Si4 x Si

CDS-88 CDS-90 UTS-23 CDS-82

P2P1P2

UTS-24CDS-83

P2P1 P2 P1

Fig. 4. Schematicsideview of diamond-andsiliconstrip trackersin thetest
beam.Theorientationof thestripsis horizontal(H) andvertical(V).

A ½VzC½)|~|~} largeplasticscintillatorwith photo-multiplier
readout,mounteddownstream,behind the secondframe was
usedto trigger the readoutof all detectorplanes. The scintil-
lator wassmallerthanthe diamondreferenceplanesandmost
beamtriggerswere relatedto particlestraversingthe detector
planes.

Fig.5 shows,thepedestal,noiseandsignalfrom diamond
detectorCD90.Theanalysisalgorithmperformedpedestalsub-
traction,commonmodecorrectionandmeasuredtheremaining
noiseon channelswherethe later is shown in equivalentnoise
charge, ENC, in units of the ADC andin electrons.The cali-
brationbetweenADC andelectronswasmeasuredusinga sili-
condiodeandphotonsfrom }��'� Am. Thefigureshows that the
noiseon all strips is fairly uniform rangingbetween80 � and
100 � . Thenoisemeasurementis importantin orderto discrim-
inate signalswhich are relatedto chargedparticles. For each
channela discriminationthresholdof 5 timesthermsnoisewas
chosen.In silicondetectorsthechargeis inducedon oneor two
stripsdependingon thepositionof thetrackbetweenthestrips.
Fig. 5 (bottom)shows the distribution of 2-strip signalcharge
on 128 stripswherethe relative numberof entriesis given by
thebox-sizein eachbin of thetwo-dimensionalhistogram.The
meansignalvaluesfor eachstrip areoverlayed- thesignalsob-
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tainedonstripsareuniformly distributedoverall stripsandhave
a meanvalueof 8640 � . Theprojectionof thetwo dimensional
histogramonto its ordinateis shown in Fig. 6 togetherwith the
distribution of signalchargefrom singlestrips. Thesignalsare
Landau-like distributedwith a mostprobablevalueof 6200 � ,
anda meanvalueof 8640 � for 2-stripsignals.Therearea few
entriesnearzerodueto noisehits. Themeanvalueis 8770 � if
oneexcludestheseentriesin calculatingthe meansignal. The
hit position in the detectorperpendicularto the strips can be
measuredusingvariousmethods.For this analysiswe always
usedthe2-stripcenter-of-gravity methodfor calculatingthehit
position.
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V. BEAM TEST RESULTS

A. Alignmentof Planes

For eachbeameventa minimumof 4 hits (2 hits in hori-
zontalstripsand2 hitsin verticalstrips)wasrequiredto perform
a trackfit. In eachplaneonly thehit containingthehighestsig-
nal chargewasused. A maximumof 7 hits (onehit per plane
allowed)wereused.A straightline fit wasperformedandpro-
jectedinto planesundertestin orderto obtainresiduals,thedif-
ferencebetweentheprojectionandthepositionof thehit mea-
suredby theplane.

The referenceplaneswerealignedwith respectto each
othersuchthat the distribution of residualsalongthe direction
of the strips had zero meanand zero angle. In order to test
the alignmenteachof the diamondplaneswas checked with
respectto four silicon planes. Fig. 7 shows the distribution
of residualsobtainedfrom oneof the diamondplaneswith re-
spectto four silicon planes. The distribution along the strips
(Î -coordinate)shows zero offset and zero tilt confirming cor-
rect alignment. The distribution of residualsperpendicularto
the strips (Ï -coordinate)is importantsinceoutlying residuals
revealregionswherestripsor bond-wiresmaybedisconnected
(floating)or shortedto adjacentstripsor bond-wires.Thefigure
shows two regionsof outlying residuals(oneat ÏÐtÑwjx m, and
oneat ÏÒtÓuJwqwCx m).
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B. Residuals

The projectionof the data[Fig. 7] onto the abscissais
the residualdistribution. The residualsarenormaldistributed
aroundzeroanda Gaussianfit to thedistribution givesthespa-
tial resolution,Ø , (convolutedby trackingprecision).Usingfour
planesof silicon we measuredresidualdistributionsfor all dia-
mondsand list Ø in Table II. The Ø rangefrom 14.2 x m to
�#¶LÙ Úfx m. The silicon trackshad a precisionof below yfx m
which is smallcomparedto Ø measuredin thediamonds.

C. Hit FindingEfficiency

Thegoalhereis to quantifytheability of trackingwith di-
amonddetectorsover theentiresensorarea.This characterizes

0-7803-7324-3/02/$17.00 (C) 2002 IEEE



the quality of the chargecollectionpropertiesof the CVD dia-
mondaswell asthequality of thestrips,wire-bonds,andread-
out electronics.We definethe hit finding efficiency of a plane
by thenumberof hitsmeasuredwithin ���#wJw�x m of thetrackdi-
videdby thenumberof tracksprojectedinto theplane.Thehit
finding efficiency, ÛÝÜ ®sÞEß,àâá , wasmeasuredfor eachplaneasthe
numberof entriesinside the displayedregion [Fig. 7] divided
by the total numberof entriesincluding over- andunderflows.
For CD83-P1[Fig. 7] one obtainsa hit finding efficiency of
yJwq�JãqãE�nyq�Ju)�#�eä¸�q¶EÙå½Cæ . A “reasonable”geometricalcutcanbe
appliedin orderto selecta fiducial detectorregionandmeasure
its efficiency, ÛÝç�è ß,­�é ês¯ . TableII lists resultsfrom the diamond
strip detectorsand one silicon strip detector. The hit finding
efficienciesaccordingto our definition weremeasuredwithout
geometricalcuts, ÛÝÜ ®sÞEßnà
á , andin a fiducial region, Û ç�è ß,­�é ê�¯ , by
excluding regionswhich had‘obvious’ defects(recognizedby
their out-lyingor low-lying residuals).Fromthefigureonesees
thatabout3 % of thesilicon tracksprojectoutsidethediamond.
The diamondefficienciesin the table are thereforeunderesti-
matedby about3 %. We find efficienciesrangingfrom ½#�ëæ to
99 % in the diamondplanesand tìãJãfæ in the silicon planes.
In orderto quantifythequality for a trackwe calculatefor each
track fit í�}�ä î é àsï ðEñsònósôöõø÷øùJú } ð � ñ�ò,ó�ûqú!÷øü�ô!ûqý } ð . Fig. 8 shows the
distributionsof í:} obtainedfrom track fits, for hits in 4, 5, 6,
and7 diamondplanescorrespondingto 0,1,2,and3 numbersof
degreeof freedom,NDF. Theentriesof thehistogramsshown,
indicatehow abundanttrackswith variousNDF occured. The
í:} wasusedto select“good” tracks: If í�} is chosentoo low
thengoodtrackscanbeexcluded,if í:} is chosento largethen
‘bad’ trackscontainingoutlying hits canbe included. Effects
from multiple scatteringor effectsfrom several chargedtracks
areconsideredto benegligible here.

2χþTracking with Diamond Beam Telescope: 

 [ ]2χÿtrack fit, 
�0

�
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 d

N
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NDF=3: 5998 entries
=2: 1068 entries
=1: 111 entries
=0: 133 entries

Fig. 8. Distributionsof �
�

obtainedfrom trackfits, for hits in 4, 5, 6, and
7 diamondplanescorrespondingto 0, 1, 2, and3 numbersof degree
of freedom,NDF.

D. Projectioninto a SiliconPlane

The goal here is to study a silicon strip detectorusing
the tracksreconstructedby the diamondbeamtelescope.The
behaviour of the silicon detectorsas part of the silicon beam
telescope[8], [9] is understood:We assumethe most proba-
ble signal

�¨
	 é �� �s� 
 	 « é ä³yJyJuqwJwO� for two stripsin 300 x m thick
silicon sensorsfor minimum ionizing charged particles. We
measurethe meansignal1.18 timeslarger than

�¨
	 é �� �s� 
 	 « é and

TABLE II

Resultsfrom diamondtrackersin thebeam,2-stripmeansignal-to-noise,

rms, � , of residuals,andhit finding efficiency, ������������� , withoutgeometrical

cutsandwith geometricalcuts(����� ���! "$# , in fiducial regions).

name thick §% } &(' Ø Û Ü ®�ÞLßnàâá ÛÝç�è ßn­�é ês¯
[ x m] [ x m] [%] [%]

CD83-P1 485 )Ó�Jw 16.4 86.7 93.3
CD83-P2 490 )ÓyJw 16.2 81.3 87.9
UT24-P1 540 43 15.0 87.3 87.6
UT24-P2 540 ) �#w 16.2 ) ½UwEÙå� ) ½#wEÙå�
UT23-P1 540 ) �#u 14.4 78.4 80.8
UT23-P2 540 ) �#w 14.8 73.6 77.2
CD82-P2 510 45 14.2 76.3 88.8

CD88 470 88 15.4 95.9 96.3
CD90 470 92 15.9 95.6 97.5
silicon 300 194 2.2 98.6 98.6

thereforederive §¨*	 é �� �s� 
 	 « é äìyq¶J¶quJwi� . In silicon the signal is
separatedfrom zeroandthe signaldistribution begins at about
wEÙå½�z �¨*	 é �� ��� 
 	 « é ä �#u)½#uqwS� . Wemeasureamostprobablesignal

to noiseof
�¨*	 é �� �s� 
 	 « é &,+.-0/ ä �#¶Jw & � andderive a noiseof

140 � ENConasinglestrip. Wepreviouslymeasuredthe(intrin-
sic)spatialresolutionof thesilicondetectorsof 1.4 x m usingthe
non-linear1 -method[9]. Fig. 9 shows the“transparent”2-strip
signal from a silicon sensor. The signalwasmeasuredon the
two stripsnearestto the track,wherethe trackwasdetermined
by thediamondbeamtelescope.Thedatais shown in four repre-
sentations:atwo dimensionalplot wherethemeansignalcharge
is grey scalecodedover the areaof the silicon sensor:in this
plot onecan seethe areainto which tracksare projected,the
outer shapeis determinedby the scintillation beamtrigger of
½ëzÐ½S|~|~} . Insidethis areasomeregionshave no or few en-
triesdueto missingstripsor brokenelectronicsin thediamond
planes.Thesamedatais shown asa two dimensionalhistogram
projectedontothe Ï - andontothe Î -coordinate.Thelowerright
histogramshows the2-strip transparentsignaldistribution with
a mostprobablesignalat 22500 � . The distribution is slightly
smearedout at therising edgeof thesignaldistribution. We ob-
serve 5 % of theentriesbetween0 and10000 � indicatingthat
95 % of thetracksfrom thediamondtelescopegive a hit in the
silicon.
E. Tracking Precision

Thetrackingprecisionof thediamondtelescopewasde-
rivedusingthespatialresolutionmeasuredin thediamondplanes
[TableII]. Fig. 9 (left) shows theprecisionasa functionof the
position along the beamin horizontaldirection using vertical
stripsandin verticaldirectionusinghorizontalstrips.Thehigh-
estprecisionis insidethetelescope,abouthalf way, centeredbe-
tweentheplanes.For the4 horizontalstrip planestheprecision
is symmetricreaching½:x m at thecenter, for the3 verticalstrip
planestheprecisionis slightly asymmetric.Outsideof thetele-
scopetheprecisiondecreases.Fig.10(right) showstwo residual
distributionsmeasuredin two siliconstripsensorswith horizon-
tal (H) and vertical (V) strips. The distributionsare centered

0-7803-7324-3/02/$17.00 (C) 2002 IEEE
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Fig. 9. Signaldistribution in a silicon strip detectorplane.Thesignalswere
measuredon the two stripsnearestto the track (“transparent”analysis).
Thetrackswerereconstructedby thediamondbeamtelescope.

aroundzerowith an rms of �#�LÙ y x m for H-stripsand yJwLÙ ½Cx m
for V-strips. The residualsaredominatedby the trackingpre-
cision. Thesetwo planesweremountedabout3 cm outsideof
the diamondbeamtelescopeasshown in Fig. 10. The rms for
H-siliconstripsis smallerthanfor V-siliconstripsdueto two H-
referenceplanesbut only oneV-referenceplanenearthesilicon
planes.
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Fig. 10. Left: Trackingprecisionas a function of the positionalong the
beam.Thepositionsof theplanesaregivenby vertical lines,thelength
givesthe measuredspatialresolution. The pointsshow precisionmea-
surementsusingplanesundertest. Right: Residualdistributionsin two
silicon strip detectorplaneswith horizontal(H) andvertical (V) strips.
Thetrackswerereconstructedby thediamondbeamtelescope.

VI. SUMMARY

SevenCVD diamondstripdetectorshavebeenassembled
into a beamtelescope.Two additionaldiamondsstrip trackers
andseveralsilicon strip detectorswereusedfor tests.Thetele-
scopewastestedin muonbeamsandits trackingcapabilityhas
beeninvestigated.Themeansignalsfrom thediamondswerein
the rangefrom 5915 � to 8416 � , correspondingto chargecol-

lection distancesof 164 x m and234 x m measuredwith ��� Sr.
In the beamwe measuredmeansignal-to-noiserangingfrom
10-to-1 to 92-to-1usingVA2 readoutelectronics.The spatial
resolutionon thesediamondstrip detectorsis neardigital reso-
lution usinga 2-stripcenter-of-gravity positionfinding method.
Hit finding efficienciesfrom 73 % up to 99 % weremeasured
for u3z noisethresholdsandhits on tracksinside ���#wJw�x m. Us-
ing thesevenplaneswe reconstructedstraighttracksprojecting
theminto silicon planes.The CVD diamondstrip detectorsof
thetelescopeallowedus to performparticletrackingandstudy
detectorsundertest. In a “transparent”analysiswe measured
thesignaldistribution in thesilicon detectorsandtheir residual
distributions.
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