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Abstract—CVD diamond is a radiation hard sensormaterial which
may be usedfor chargedparticle tracking near the interaction regionin ex-
periments at high luminosity colliders. The goal of the work describedhere
is to investigatethe use of 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 beamtelescopediamond chem-
ical vapour deposition (CVD), charged particle tracking, radiation hard-
ness

|. INTRODUCTION

N orderto measureverticesfrom particlesdecayingnearthe

interactionregion, trackingin experimentsaittheLargeHadron
Collider (LHC) requiresfastandradiationhard position sensi-
tive detectors.Closeto the interactionregion devicesmustop-
erateat high particleflux andfluence.Detectorsbasedon CvVD
diamondarean optionfor theinnermostlayer of trackerssince
diamondis afastandradiationhardsensomaterial.

CVD diamondstrip- and pixel detectorshave beenex-
tensiely testedin the past[1], [2], [3]. Therecentprogressn
industrial productionof CVD diamondallowed usto assemble
several layersof diamondstrip sensordnto a diamondbeam
telescope.This is the first time particletracking hasbeenper
formed using hits measuredn diamondsonly. The work de-
scribedherewascarriedout by RD42 a researctand develop-
mentprojectbasedat CERN. The goal of the RD42 collabora-
tion is to investigateanddevelop diamonddetectorgor particle
trackingatthe LHC [4].

Il. CVD DIAMOND STRIP DETECTORS

Thediamondmaterialusedherewasproduceddy chemi-
calvapordeposition(CVD) atDe BeersindustrialDiamondq5].
Thematerialwasprocessedbo a thicknesf ~ 500 xm andcut
from 6” diamonddisksto afinal sizeof 2x 2 cm?. Thediamonds
weremetallizedwith a solid electrodeon onesideand256 nar
row stripsandfour 2 x 8 mm? pads(for testsin thelab) onthe
otherside. Thestripshadawidth of 25 ym atastripandreadout
pitch of 50 um. The detectorsverewire bonded(dc-coupled)
to VA2 readoutelectronicg6]. OneVA2 contains128 chage
sensitve pre-amplifiersand shaperawith sample-and-holénd
amultiplexer for sequentiateadout.Fig. 1 shavs a photograph
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Fig. 1. Photograplof two hybridscarryingdiamondstrip detectorandread-
out chips. The diamonddetectorcanbe seencenterecbver the circular
holein thealuminiumframe.

of two 2 x 2 cm? diamonddetectorson hybridsinside an alu-
minium frame.

[11. RESULTS FROM 2SR 3-SOURCE TESTS

Fig. 2 shaws the distribution of chage signalsmeasured
on the solid testelectrodein one of the diamondplanesusing
electronsfrom a ?°Sr 3—source. The signalin the diamond
detectoris Landau-like distributedwith a clearseparatiorfrom
zero, a most probablesignal of 6500 ¢ and a meansignal of
7911 e which correspondgo a chauge collection distanceof
220 ym. The scalewas calibratedby measuringthe photo-
absorptiorpeakat59.5keV from 24! Am in asilicon diode.

Fig. 3 shavs the meancollectedsignalchageasa func-
tion of the appliedvoltagein the rangefrom -500V to +500V
(correspondingo anelectricfield of —1 V/um to +1 V/um).
The meansignalis symmetricaroundzeroandfollows an“S-
cune”. The meansignal saturatesnear+1 V/um dueto ve-
locity saturatiorof the chage carriers.We choseto operateall
diamonddescribedhereat+1 V/um. Thefigurealsoshavsthe
leakagecurrentasa function of the voltage. The leakagecur
rentalsofollows a symmetric“S-curve” with +35 pA/mnm? at
+1 V/um - averylow currentdensity For the VA2 readouused
herewe estimateanoiseof 30e¢ ENC perchanneldueto leakage
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Fig. 2. Foreground:distribution of the chage measurean a solid electrode
in one of the diamondplanesusing electronsfrom a 99Sr 3—source.
Background:distribution of the chage signalfrom a silicon diode us-
ing 59.5keV photonsfrom 241 Am. The sameelectronicamplification
channelwasused.

currentof 35 pA in 20 mmlong strips.
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Fig. 3. Meanchage collectedandleakagecurrent,measuredsa function
of thedetectomiasvoltage(atroomtemperature)Themeanchagewas
measuredisinga %9Sr 3—source.

Table | lists the CVD diamonddetectorsusedhereto-
getherwith their dimensionstype of contactsmeanchagecol-
lectedmeasureavith a Sr 3—source Q' S*, at~ 1 V/um and

col !
correspondinghagecollectiondistanced=Q..5* [¢] /36 ¢/pm.
It canbeseerthatd rangesfrom 164 mto 234um - thelateris
atypical valuefor todayssensorgrom productionreactors We
note that the valuesare given after “pumping”, the stableand
reproduciblestateof the diamonddetectorafter a minimum of
10 Gy absorbediosefrom °°Sr electrond7].

IV. TELESCOPE EXPERIMENTAL SETUP IN THE BEAM

The seven 2 x 2 cm? diamondsusedin the telescope
were mountedon hybrids [Fig. 1] andfixed above eachother
in two aluminiumframes(4 hybridsin frame 1, 3 hybridsin
frame?2). Every secondplanewasrotatedby 90° whichallowed
oneto measurawo orthogonakoordinate®f the particletrack.
Fig. 4 shavs a schematicideview of thecompletesetupin the
beam:Thetwo frameswerefixed120mmapart(150mm pitch)
and aligned suchthat beampatrticlestraversedall planesper
pendicularly The seven2 x 2 cm? diamonddetectorsormed
the beamtelescope(“referenceplanes”). The two 1 cm? di-
amonddetectorswere mountedinside this telescope(“planes

TABLE

List of CVD diamondstrip detectorgestedwith thicknesssize,type of
contactsthe meancollectedchage measuredavith °0Sr, andthe
correspondinghage collectiondistance Thefirst seren diamondsmadeup
thetelescope*) Theresultsfor CD83areestimatedrom theunpumped

values.

name | thick size con- | Qust | d
[um] | [cmx cm] | tacts | [e] [m]
CD83-P1| 485 2 %2 Al x
CD83-P2| 490 2% 2 Al 7605 ) 211
UT24-P1| 540 2% 2 CrAu | 5915 | 164
UT24-P2| 540 2% 2 CrAu | 6510 | 181
UT23-P1| 540 2% 2 CrAu | 7096 | 197
UT23-P2| 540 2 X2 CrAu | 7068 | 196
CD82-P2| 510 2% 2 CrAu | 8200 | 228
CD88 470 1x1 Al 8370 | 233
CD90 470 1x1 Al 8416 | 234

undertest”). Several planesof silicon detectors measuredn
previoustests[8], [9] - were mountedalongthe beamin order
to projecttracksinto them.

4 diamond strips
in frame 1

3 diamond strips
in frame 2

CDsS-83 UTS-24
P1P2 P2 Pl 4xSi

CDS-88  CDS-90 UTS-23 CDS-82 plastic
scintillation

P2P1 P2 4xSi -
trigger

LI | IRNININ

" VH HVVH HV v v VH H VH HV
| | | | | | J

E

pion beam
100 GeVic

150 mm

Fig. 4. Schematisideview of diamond-andsilicon strip traclersin thetest
beam.The orientationof the stripsis horizontal(H) andvertical (V).

A 7x7mm? largeplasticscintillatorwith photo-multiplier
readout,mounteddownstream,behind the secondframe was
usedto trigger the readoutof all detectorplanes. The scintil-
lator was smallerthanthe diamondreferenceplanesand most
beamtriggerswere relatedto particlestraversingthe detector
planes.

Fig. 5 shows, the pedestalnoiseandsignalfrom diamond
detectorCD90. Theanalysisalgorithmperformedpedestasub-
traction,commonmodecorrectionandmeasuredhe remaining
noiseon channelsvherethe lateris shovn in equivalentnoise
chage, ENC, in units of the ADC andin electrons. The cali-
brationbetweenADC andelectronsvas measuredisinga sili-
condiodeandphotonsfrom 24! Am. The figure shaws thatthe
noiseon all stripsis fairly uniform rangingbetween80 ¢ and
100e. Thenoisemeasuremeris importantin orderto discrim-
inate signalswhich are relatedto chaiged particles. For each
channeh discriminationthresholdof 5 timesthermsnoisewas
chosenln silicon detectorghe chageis inducedon oneor two
stripsdependingon the positionof the track betweerthe strips.
Fig. 5 (bottom) shawvs the distribution of 2-strip signal chaige
on 128 stripswherethe relative numberof entriesis given by
the box-sizein eachbin of the two-dimensionahistogram.The
meansignalvaluesfor eachstrip areoverlayed- the signalsob-
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tainedon stripsareuniformly distributedoverall stripsandhave
ameanvalueof 8640¢. The projectionof thetwo dimensional
histogramontoits ordinateis shovn in Fig. 6 togetherwith the
distribution of signalchage from singlestrips. The signalsare
Landau-like distributed with a mostprobablevalue of 6200e¢,
anda meanvalueof 8640e¢ for 2-stripsignals. Therearea few
entriesnearzerodueto noisehits. The meanvalueis 8770¢ if
oneexcludestheseentriesin calculatingthe meansignal. The
hit positionin the detectorperpendiculato the strips can be
measuredising variousmethods. For this analysiswe always
usedthe 2-strip centerof-gravity methodfor calculatingthe hit
position.

Diamond Tracker CDS-90, Raw Values and Pedestals |
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Fig. 5. Top: Rav ADC valuesfrom 128 stripsof diamonddetectorCD90.

Middle: Noiseon strips. Bottom: Signaldistribution on stripsandtheir
meansignals(overlayed).
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Fig. 6. Signaldistributions measuredn the beam,for single strips (light)
andtwo strips(dark).

V. BEAM TEST RESULTS
A. Alignmentof Planes

For eachbeameventa minimumof 4 hits (2 hits in hori-
zontalstripsand?2 hitsin verticalstrips)wasrequiredto perform
atrackfit. In eachplaneonly the hit containingthe highestsig-
nal chagewasused. A maximumof 7 hits (one hit per plane
allowed)wereused.A straightline fit wasperformedand pro-
jectedinto planesundertestin orderto obtainresidualsthe dif-
ferencebetweenthe projectionandthe positionof the hit mea-
suredby theplane.

The referenceplaneswere alignedwith respectto each
othersuchthat the distribution of residualsalongthe direction
of the strips had zero meanand zero angle. In orderto test
the alignmenteachof the diamondplaneswas checled with
respectto four silicon planes. Fig. 7 shows the distribution
of residualsobtainedfrom one of the diamondplaneswith re-
spectto four silicon planes. The distribution along the strips
(v-coordinate)shows zero offset and zero tilt confirming cor-
rect alignment. The distribution of residualsperpendiculato
the strips (u-coordinate)is importantsince outlying residuals
revealregionswherestripsor bond-wiresmay be disconnected
(floating) or shortedto adjacenstripsor bond-wires.Thefigure
shaws two regionsof outlying residualgoneat« =~ 0 um, and
oneatu ~ 500 um).

Residuals perpendicular to Strips Residuals along Strips

— 6000— — 6000 357
= r Diamond Detector Plane 40 E = t Diamond Detector Plane E
3 [ CDS-83-P1.: 2 % [ CDS-83-P1' 2
> 4000 3 35X > 4000 30 x
] ]
S S
r 302 r. 258
2000~ g 2000~ 2
A 252 L H
L .. ] L 20 ©
i - 2 o
L CDS—ES:PJ_ 15
[ | Nent = 2351 [
-2000{- Mean X =056 5 -2000H]
[ meany = 182 [l
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1232 20399 143 5 F| 4201 20389 1420 5
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Fig. 7. Residualdistributionsin diamondstrip detectorCD83-P1,perpen-
dicularto thestrips(left) andalongthestrips(right).

B. Residuals

The projectionof the data[Fig. 7] onto the abscissds
the residualdistribution. The residualsare normal distributed
aroundzeroanda Gaussiarit to the distribution givesthe spa-
tial resolution o, (convolutedby trackingprecision).Usingfour
planesof silicon we measuredesidualdistributionsfor all dia-
mondsandlist o in Tablell. The o rangefrom 14.2 ym to
16.4 pym. The silicon trackshad a precisionof belov 2 ym
whichis smallcomparedo ¢ measuredn the diamonds.

C. Hit Finding Efficiency

Thegoalhereis to quantifytheability of trackingwith di-
amonddetectorsover the entiresensorarea. This characterizes
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the quality of the chage collection propertiesof the CVD dia-
mondaswell asthe quality of the strips,wire-bonds,andread-
out electronics.We definethe hit finding efficiency of a plane
by thenumberof hits measuredvithin +£100 ym of thetrackdi-
vided by the numberof tracksprojectedinto the plane. The hit
finding efficiency, enocuts, Wasmeasuredor eachplaneasthe
numberof entriesinside the displayedregion [Fig. 7] divided
by the total numberof entriesincluding over- and underflavs.
For CD83-P1[Fig. 7] one obtainsa hit finding efficiency of
20399/23513 = 86.7 %. A “reasonable’jeometricatutcanbe
appliedin orderto selecta fiducial detectoregion andmeasure
its efficiency, egquciai. Tablell lists resultsfrom the diamond
strip detectorsand one silicon strip detector The hit finding
efficienciesaccordingto our definition were measuredvithout
geometricakcuts, e,ocuts, @andin afiducial region, egqucial, bY
excluding regionswhich had ‘obvious’ defects(recognizedby
their out-lying or low-lying residuals) Fromthefigureonesees
thatabout3 % of thesilicon tracksprojectoutsidethe diamond.
The diamondefficienciesin the table are thereforeunderesti-
matedby about3 %. We find efficienciesrangingfrom 73 % to
99 % in the diamondplanesand=s 99 % in the silicon planes.
In orderto quantifythe quality for atrackwe calculatefor each
trackfit x? = > hit,j residual?/resolution?. Fig. 8 shawvs the
distributions of x? obtainedfrom track fits, for hitsin 4, 5, 6,
and7 diamondplanescorrespondingo 0, 1, 2, and3 numbersf
degreeof freedom,NDF. The entriesof the histogramsshown,
indicatehow alundanttrackswith variousNDF occured. The
x? was usedto select“good” tracks: If x? is chosentoo low
thengoodtrackscanbe excluded,if 2 is chosento largethen
‘bad’ trackscontainingoutlying hits canbe included. Effects
from multiple scatteringor effectsfrom several chagedtracks
areconsideredo benggligible here.

\ Tracking with Diamond Beam Telescope: x> |
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Fig. 8. Distributionsof x? obtainedrom trackfits, for hitsin 4,5, 6, and
7 diamondplanescorrespondingo 0, 1, 2, and 3 nhumbersof degree
of freedom NDF.

D. Projectioninto a SiliconPlane

The goal hereis to study a silicon strip detectorusing
the tracksreconstructedy the diamondbeamtelescope.The
behaviour of the silicon detectorsas part of the silicon beam
telescopd8], [9] is understood:We assumethe most proba-
ble signaIQg%‘é’um o = 22500 e for two stripsin 300 um thick
silicon sensorsfor minimum ionizing chaiged particles. We

measurehe meansignal 1.18 timeslarger than Q%5 <; and

TABLE Il
Resultsfrom diamondtraclersin the beam 2-stripmeansignal-to-noise,
rms o, of residualsandhit finding efficiency, e,ocuts, Withoutgeometrical
cutsandwith geometricatuts(egqucial, in fiducial regions).

name thick | Sy : IV o €noCuts | Efiducial
[1m] [pm] | [%] [%0]

CD83-P1| 485 | > 30 16.4 86.7 93.3
CD83-P2| 490 | > 20 16.2 81.3 87.9
UT24-P1| 540 43 15.0 87.3 87.6

UT24-P2| 540 | > 10 16.2 | >70.1 | >70.1
UT23-P1| 540 | > 15 14.4 78.4 80.8
UT23-P2| 540 | > 10 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 Qgggm si = 26650 e. In silicon the signalis
separatedrom zeroandthe signal distribution begins at about

0.7x QP = 15750 e. We measur@mostprobablesignal

300pm Si
to noiseof Q5 .. ; : ENC = 160 : 1 andderive a noiseof
140¢ ENConasinglestrip. We previously measurethe(intrin-
sic) spatialresolutionof thesilicondetector®f 1.4 ymusingthe
non-linearn-method[9]. Fig. 9 shawvsthe “transparent2-strip
signalfrom a silicon sensor The signalwas measuredn the
two stripsnearesto the track, wherethe track wasdetermined
by thediamondbeamtelescopeThedatais shavnin four repre-
sentationsatwo dimensionaplot wherethemeansignalchaige
is grey scalecodedover the areaof the silicon sensor:in this
plot one can seethe areainto which tracksare projected,the
outer shapeis determinedby the scintillation beamtrigger of
7 x 7mm?. Insidethis areasomeregionshave no or few en-
triesdueto missingstripsor brokenelectronicsn the diamond
planes.The samedatais showvn asatwo dimensionahistogram
projectedontotheu- andontothewv-coordinate.Thelowerright
histogramshaws the 2-striptransparensignaldistribution with
a mostprobablesignalat 22500e. The distribution is slightly
smeareaut attherising edgeof the signaldistribution. We ob-
sene 5 % of the entriesbetween0 and 10000e indicatingthat
95 % of the tracksfrom the diamondtelescopeaive a hit in the
silicon.

E. Tracking Precision

Thetrackingprecisionof the diamondtelescopevasde-
rivedusingthespatialresolutiormeasureth thediamondplanes
[Tablell]. Fig. 9 (left) shaws the precisionasa function of the
position along the beamin horizontaldirection using vertical
stripsandin verticaldirectionusinghorizontalstrips. The high-
estprecisionis insidethetelescopeabouthalf way, centerede-
tweenthe planes.For the 4 horizontalstrip planesthe precision
is symmetricreaching7 um atthe center for the 3 verticalstrip
planesthe precisionis slightly asymmetric.Outsideof thetele-
scopeheprecisiondecreased-ig. 10 (right) shavstwo residual
distributionsmeasuredh two silicon strip sensorsvith horizon-
tal (H) andvertical (V) strips. The distributions are centered
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A Silicon Strip Detector, ‘Seen’ by Diamond Beam Telescope
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Fig.9. Signaldistribution in a silicon strip detectomplane.The signalswere
measuredn the two stripsnearesto the track (“transparentanalysis).
Thetrackswerereconstructedy the diamondbeamtelescope.

aroundzerowith anrmsof 18.2 um for H-stripsand20.7 pxm
for V-strips. The residualsare dominatedby the tracking pre-
cision. Thesetwo planeswere mountedabout3 cm outsideof
the diamondbeamtelescopeasshownn in Fig. 10. The rmsfor
H-silicon stripsis smallerthanfor V-silicon stripsdueto two H-
referenceplanesbut only oneV-referenceplanenearthesilicon
planes.

‘Trackmg Precision of Diamond Beam Telescope (7 p\anes)‘ Silicon, Residual Distribution |
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Fig. 10. Left: Trackingprecisionasa function of the position alongthe
beam.The positionsof the planesaregiven by verticallines, thelength
givesthe measuredspatialresolution. The pointsshav precisionmea-
surementsisingplanesundertest. Right: Residualdistributionsin two
silicon strip detectorplaneswith horizontal(H) andvertical (V) strips.
Thetrackswerereconstructedy the diamondbeamtelescope.

VI. SUMMARY

SevenCVD diamondstrip detectorhave beenassembled
into a beamtelescope.Two additionaldiamondsstrip trackers
andseveralsilicon strip detectorsvereusedfor tests. Thetele-
scopewastestedin muonbeamsandits trackingcapabilityhas
beeninvestigatedThemeansignalsfrom the diamondswerein
therangefrom 5915¢ to 8416¢, correspondindo chage col-

lection distancesof 164 zm and 234 um measuredvith *°Sr.
In the beamwe measuredneansignal-to-noiseranging from
10-to-1to 92-to-1 using VA2 readoutelectronics. The spatial
resolutionon thesediamondstrip detectords neardigital reso-
lution usinga 2-strip centerof-gravity positionfinding method.
Hit finding efficienciesfrom 73 % up to 99 % were measured
for 5x noisethresholdsandhits ontracksinside+100 pum. Us-
ing the seven planeswe reconstructedtraighttracksprojecting
theminto silicon planes. The CVD diamondstrip detectorsof
thetelescopeallowed usto performparticletrackingandstudy
detectorsundertest. In a “transparent”analysiswe measured
the signaldistribution in the silicon detectorsandtheir residual
distributions.
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