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Abstract
Resultsare reportedfrom beamtestsof prototypesilicon

pixel sensorsand front-end electronicswith analog readout
developed for use in the ATLAS experiment at the Large
Hadron Collider (LHC). Both irradiated and unirradiated
assemblieswere testedfor charge collection, efficiency and
position resolutionmeasurements.Theseindicatethat n+ in
n silicon pixel detectorswith p-spray isolation can operate
after irradiation to fluencesof up to 1015 neq/cm2 without
significantdegradationin performance. The depletiondepth
of irradiatedsensorswas measuredand their behaviour in a
magneticfield was studied. The Lorentzanglewas found to
decreasesignificantly after irradiation. Comparisonbetween
performanceon spatialresolutionobtainedwith digital or with
analogicalreadoutis alsopresented.

I . INTRODUCTION

The Atlas Collaborationat the LHC will constructa Pixel
Detectorin order to enhanceits capability to performpattern
recognitionin a high multiplicity environmentandto provide
high precision transverse impact parameterresolution for
secondaryvertex reconstructionand b-tagging. The Pixel
Detectorwill consistof threebarrellayersat radii 4.3,10.1and
13.2cm and5× 2 discstructureswhich extendto± 78 cm in
the forwardregions. Thebuilding block unit will bea module
consistingof a silicon sensortile with 16 front-end readout
chipsbump-bondedto it. The Pixel Detectorwill incorporate
2228 such moduleswith a total active areaof 2.3 m2. A
challengingpartof this projectwill be to constructa radiation
harddetectorableto survive in theharshradiationenvironment
of the LHC (designluminosityL = 1034cm−2s−1 leadingto
a fluence 2 of 1015 neq/cm2 correspondingapproximatively
to 5 yearsof operationat the innermostbarrel layer and to
the experiment’s expectedlifetime of 10 yearsfor the second
barrel layer). A developmentprogramis being performed.
Here we report test beamresultson various sensordesigns
which supportour baselinechoice. A completedescriptionof
theprojectcanbefoundin [1].

A. DetectorConcept
Pixel Sensors. The Atlas pixel sensorsconsist of n+

implantson a high resistivity n-bulk substrate[4]. This choice
wasmadebecauseit allows for operationin partially depleted
mode after bulk inversion induced by radiation damage.

1RepresentingtheATLAS Pixel Collaboration[1]
2In what follows the dosesareconvertedin neq/cm2 whereneq is

thenumberof particleswith thenon-ionizingenergy lossof a 1 MeV
neutron[2, 3].
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Figure 1: Schematicview of the implants in the p-stop insulation
method. The chargesinside the squareboxes are fixed, the charges
insidecirclesarefree.

Since the inevitably existing positive charges presentin the
SiO2 passivation layer and at the Si-SiO2 interface induce
a e− accumulationlayer that representsa conductive path
shorting adjacentpixels, this choice requiredproper design
of the isolationbetweenn+ pixels. Two isolation techniques
wereusedin the prototypeproduction: the p-stop[5], where
a high dosep-implant surroundsthe n-cell (Fig. 1) and the
newly developed p-spray [6] technique, where a uniform
medium dose p-implant covers the whole n-side and is
over-compensatedby the high dose of the pixel implants
themselves(Fig. 2).
The p-spray technique allowed the introduction of a
punch-throughbias grid, neededfor sensortesting prior to
connectionto front-end electronicsthrough bump-bonding.
It consistsof an implantedline running along every second
columnof pixels. Thebacksideof thesensorhasa multi guard
ring structureto gradethe potential,so that at the edgeboth
sidesareataboutthesamegroundpotential,in orderto prevent
sparkingbetweendetectorandelectronics.Thedimensionsof
pixel cell are50µm × 400µm .

Waferscontainingtwo sensortiles of thesizeto beusedfor
ATLAS modules(16.4× 60.8mm2) andseveralsmallersized
sensorsfeaturingthe sameactive area(7.4× 8.2 mm2) as is
coveredby onefront-endchip werefabricatedin 200,280and
300 µm thicknessesby C.I.S. (Germany) and Seiko (Japan).
Oneof thefull-size tile designshadp-stopisolationstructures,
while the other usedthe p-spray technique. The smallertest
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Figure 2: Schematicview of the implantsin the p-sprayinsulation
method.Thechargesinsidethesquareboxesarefixed.
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structureshadvarioussensordesigns,developedto studyand
optimisesensorperformancein termsof inter-pixelcapacitance,
crosstalk, noise,efficiency and intrinsic resolution. Someof
thesematchedthe tile designsandareknown asST1 (Single
Tile 1) andST2(SingleTile 2) respectively. Fig. 3 andFig. 4
show thelayoutof thesedesignsin detail.

Figure3: Detailsof theST1sensordesign(p-stopisolation).

Figure4: Detailsof the ST2 sensordesign(p-spray isolation)in the
regionof thebiasgrid.

Figure5: Detailsof theSSGsensordesign(p-spray isolation)in the
regionof thebiasgrid.

In the ST1 designthe p+-type isolationrings surroundthe
n+-pixel implants. In the ST2 designtherearealso ring-like
structuresaroundeachpixel but theseare now n+-type and
wereintroducedto reducethe inter-pixel capacitance.A third
designnamedSSG(SingleSmall Gap) is shown in Fig. 5. It
usesp-spray isolationbut doesnot includeany intermediaten+

structure. Neighbouringpixels have just small gapsbetween
them. As will be shown in sectionII the ST2 designhad a
chargecollectionproblemrelatedto thepresenceof thefloating

atoll surroundingthe pixel; for this reasonSSG designwas
adoptedas a baseline,after somemodificationsin the region
of biasgrid (SSGbdesign).

Front-endElectronics. In orderto achieve the40 MHz data
acquisitionrateneededat thehigh luminosityLHC, anendof
columnlogic wasadoptedin the front endchip. It gathersthe
dataout of thepixel columnpairs(18 columnof 160rows per
chip) andstoresthe valid informationof a pixel hit (address,
pulseamplitude,bunchcrossingnumber)up to the time of the
Level 1 trigger. If theevent is subsequentlyselectedby higher
level triggers,the hit is readout from the front-endchip local
buffers using the storedbunch crossingnumber. The pulse
height measurementis performedby measuringthe time the
pulse from the amplifier remainsabove the threshold(Time
Over Threshold). During the operationin the test beamthe
thresholdsof the individual channelswereadjusted,achieving
a thresholddispersionof 170electronsrms. Typical thresholds
were around3000 electrons,going down to 2000 electrons
for charge collection studies. The noise was typically 150
electronsrms. The TOT wascalibratedby injecting a known
chargeto everychannel,with anaccuracy of theorderof 5 %.

Hybridization. In hybrid pixel technology, sensorand
electronics chip are connectedusing bump and flip chip
technology. Bump bondingat 50 µm pitch wasconsidereda
seriousissueuntil recently. However several firms wereable
to provide high densitybump bondingin both the Indium and
PbSnsoldertechnologieswith a connectionfailure rate lower
than 10−4. For the Indium process,bumps are grown both
on sensorand on electronicschip, while solder bumps are
grown only on electronicssurface,andflip chippingneedsto
bedoneat 250oC to re-flow thesolder. Assembliesusingboth
techniquesweretestedin thebeam.No differenceattributable
to thebumpbondingtechniquewasfoundin theirperformance.
For module hybridization two technologiesare pursued: a
flex-hybrid approachfor discs and external barrel layers,
while for the innermostbarrel layer the MCMD (Multi Chip
Module Deposited) technology will be adopted, providing
bussingintegratedon the detectorsurface(seededicatedtalk
by I.M.Gregor[7] at thisconference).

B. Irr adiatedSensors
To verify the radiation resistanceof the sensor, some

detectorswereexposedto a flux comparableto thoseexpected
for LHC. Irradiationswere performedusing the 300 MeV/c
pion beamat PSI and the 55 MeV/c proton beamat LBNL.
Five sensorsirradiatedwith fluencesof 0.5×1015 and1×1015

neq/cm2 weretestedin the beam.They werecooledat−90 C
duringdatataking.

Thetwo sensorswith p-stopisolation(ST1)presentedhigh
noiseeven at low biasingvoltages. This is understoodto be
due to high E-field at the boundariesof p-stop implantsafter
bulk typeinversion.On thecontrary, irradiatedsensorswith p-
spray separationwereoperatedwithout excesscurrentor noise
at variousvoltagesup to -600V. Thecurrentwasabout65µA
for a singlechipsensorirradiatedat1×1015 neq/cm2 andabout
30µA for oneat0.5×1015 neq/cm2.



C. TestBeamSet-up
About 30 singlechip assembliesand a few moduleswere

characterizedextensively in testbeamexperimentswhich were
performedat the CERN SPSacceleratorwith a pion beam
of 180 GeV/c momentum. A beamtelescopeconsistingof 4
pairs of silicon microstrip detectors(eachpair consistingof
two planesof detectorswith orthogonalstrips) was usedto
measurethe transversepositionof the incidentbeamparticles.
Thepositionresolutionof tracksprojectedontothetestdevices
variedfrom 4.5µm to 6.0µm dependingon thepositionof the
detectorundertestwith respectto thetelescope.Fromthelarge
variety of measurementsmade[8], only a few sensor-related
resultsarediscussedhere.

I I . SENSOR-RELATED TEST BEAM RESULTS

A. ChargeCollection
Thedatawereusedto studythechargecollectionefficiency

and uniformity for the various designs before and after
irradiation. The capabilityof the readoutchip to measurethe
chargecollectedby everypixel cell wasessentialfor this study
andthesettingsof the front-endelectronicswereoptimisedto
allow anextendeddynamicrangefor thechargemeasurement.
For every particlecrossingthedetector, theclusterchargewas
calculatedto take into accountthe charge sharing between
adjacentpixel cells. The averageclustercharge asa function
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Figure6: Averagechargecollectedasa functionof thepositioninside
apairof pixel cellsfor a280µm thick ST2sensor.

of positionsx and y inside a pair of pixel cells is shown in
the upperplot of Fig. 6 for a 280µm thick ST2 sensor. The
coordinateaxesareparallelto the short(50 µm) andthe long
(400 µm) edgesof the pixels, respectively, and are centered
(in x) at the centerof a single pixel and (in y) betweentwo
adjacentpixels belongingto a columnpair. The plots in the

middle and at the bottom of the figure show the profile of
the averageclustercharge along the y axis (long pixel edge)
and along the x axis (short edge)respectively. The average
chargecollectedat thecenterof thepixel was28·103 electrons;
regions with reducedcharge collection were observed for
ST2 type sensors;theseregions were locatedat the center
of the plots in y or at the edgesof the pixels in both x and
y. A possibleexplanation[4] for this is that the n+ implant
ring that surroundsthe main pixel implant (and which was
introducedto minimizeinter-pixel capacitance)did not float as
it should,dueto the presenceof a currentpathnot evident in
the two-dimensionalsimulationsusedto optimize the design.
It consequentlycollected signal charge, of which part was
then lost due to capacitive coupling to parasiticnodes(e.g.
the bias grid). (A study using three-dimensionalsimulation
is in progressto understandthis better.) At the end of each
pixel directly adjacentto thebiasgrid, two charge losseffects
combined: the capacitive effect describedabove and a direct
lossto the implantedbiasgrid. In this region a relatively large
amountof charge loss is visible, extendingapproximately±
50µm into thepixel region in thex direction;this lossprofile
correspondsroughlyto thegeometryof thebiasstructure.The
first chargelosseffect wasabsentfrom theSSGdesign,which
had no n+ implant ring. This designwas then adoptedas a
baselineandwasfurthermodifiedin theregionof thebiasgrid
in orderto reducethesecondchargelosseffect [9]. Resultsfor
this modifieddesignknown asSSGbshow only a smallcharge
collection inefficiency at alternategaps,correspondingto the
presenceof the biasgrid (Fig. 7 for a 200µm thick modified
SSGsensor. The lower level of signalwasdueto the smaller
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Figure7: Averagechargecollectedasa functionof thepositioninside
apairof pixel cellsfor a200µm thick SSGbsensor.

sensorthickness). Sensorsof ST1 type showed only a small
chargecollectioninefficiency on all sidesof eachpixel dueto



thepresenceof p-stopimplants.

B. Charge Collection and Depleted Depth for
Irr adiatedSensors

As expected, after irradiation, the bulk material of our
sensorsunderwenttype inversion, becomingp type. As a
consequenceboth of this and of the high concentrationof
radiation inducedtrappingcenters,the full depletionvoltage
increasedconsiderablyand the sensorswere only partially
depleted, even when operatedat biasing voltages of -600
V. In Fig. 8 the averagecluster charge as a function of the
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Figure8: Averageclusterchargeasa functionof thepositioninsidea
pairof pixel cellsfor aST2sensorafterirradiationat afluenceof 1015

neq/cm2.

beamparticle position is shown for a ST2 sensorirradiated
with a fluence of 1015 neq/cm2. The charge lossesat the
edgeof the pixel cells weresimilar to the not irradiatedST2
sensor, but the averagecharge collectedat centerof the pixel
was 15·103 electrons. It was then interestingto measurethe
depletiondepthsof thetwo irradiatedsensors.To performthis
measurement,datawere taken with the sensorat an angle≥
300 with respectto the directionof the beamalong the short
directionof the pixel cells (Fig. 9). In this conditiona beam

Figure9: Illustrationof themeasurementof thedepletiondepth.

particlecrossingthe detectorproduceda clusterconsistingof
the pixel cells that hadcollectedthe charge of the subtended
segmentof the track. Thedepthof thecenterof eachsegment
was calculated. The distribution of the depthsis shown in
Fig. 10 for three280µm thick sensorsat differentirradiations.
Fromthedistributionsit waspossibleto measurethemaximum
depthat which thechargewasstill collected:a valueof 187±
14 µm for the sensorirradiatedat a fluenceof 1015 neq/cm2

wasobtained.Sincethe thicknessof thesensorwas280µm ,
68±5 % of thechargeshouldhavebeencollected.Comparing
this value with the 53% value actually measured,an upper
limit of 20% charge trappingdueto radiationdamagecanbe
assessed.A depletiondepthof 265± 11 µm was measured
for the sensorirradiatedwith 0.5×1015 neq/cm2 when biased
at−600V. This measurementis consistentwithin the limits of

errorwith a fully depleteddetector.
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Figure10: Distribution of the depthof the charge segmentsfor a) a
not irradiatedfully depletedsensor;b) a sensorirradiatedto a fluence
of 1015 neq/cm2 operatedat -600 V reversebiasvoltage;c) a sensor
irradiatedto a fluenceof 0.5 × 1015neq/cm2, operatedat -600 V
reversebiasvoltage.

C. Efficiency
With a 40 MHz bunchcrossingrateexpectedat LHC, the

chargecollectedby pixelsmustbe detectedin a time window
of 25 ns. Thein-time efficiency wasdeterminedby measuring
thehit efficiency asafunctionof thearrival timeof theparticle.
Sincethe extractedbeamsusedat CERN did not have an RF
structureand the readoutelectronicswas operatedwith an
asynchronousclock (with respectto the particles),the phase
betweenthe arrival time of every particle and the clock was
measured[8]. Figure 11 shows the result obtainedfor the
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Figure11: Efficiency versustimefor aSSGbsensor.

modifiedp-spraysensorswith a biasgrid. A flat top of around



Table1
Efficiency measurementsummary.

Design ST2 ST1 SSG SSGb ST2 ST2 ST2*

Isolation p-spray p-stop p-spray p-spray p-spray p-spray

Fluence[n/cm2] 0 5× 1014 1015

Bias[|V|] 150 600 600
Depletiondepth[µm ] full; 280 full; 200 265 187
Thickness[µm ] 280 200 280 280

Threshold[Ke−] 3.0 2.5 3.2
Efficiency [%] 98.8 99.6 99.3 99.1 97.5 95.3 98.4
Losses[%]
Total 1.2 0.4 0.7 0.9 2.5 4.7 1.6
No hits 0.4 0.1 0.2 0.4 1.3 2.2 0.4
Tracking 0.2 0.2 0.2 0.1 0.4 0.1 0.0
Timing 0.6 0.1 0.3 0.4 0.8 2.4 1.2
Clustermultiplicity [%]
1 hit 82.0 72.0 71.7 81.8 71.0 86.3 94.2
2 hits 14.6 25.2 25.6 15.6 20.6 7.6 3.1
≥ 3 hits 2.2 2.4 2.0 1.7 5.9 1.4 1.1
* with positioncut,seetext

16nsis observedandanefficiency of 99.1%is measured.

In table1 theoverall efficienciesfor variousdesignsensors
are summarisedfor thresholdsof approximately2Ke− and
3Ke−. The efficiency lossesreportedin the table were due
to three causes: missing hits, tracking errors in the silicon
telescopeor to the hits being out of time becauseof large
time walk, which leadsto assigningthe hit to a successive
bunch crossingw.r.t. the expectedone (timing losses). For
not irradiatedsensorsthe valueswere at leastequal to 99%
in almostcases,exceptfor ST2 at 3Ke− thresholdwhich was
98.8%. This wasdueto theworsecharge-collectionefficiency
mentionedabove. For irradiatedsensorsit was found that a
certain amount of losseswere present,but confined to the
regions with poor charge collection. Since there were no
irradiated sensorsof new design (without the charge loss)
available at the time of the test beam, an estimateof their
efficiency after full LHC irradiation was obtainedusing the
data from the irradiated sensorsof the first prototype, and
requiring that the beam particle crossedthe pixel inside a
fiducial region in order to excludethe regionsof poor charge
collection. An efficiency of 98.4% wasobtained,with 1.2 %
of hitsoutof time.

D. SpatialResolution
Pixel spatialresolutionis mainly determinedby pixel cell

size, by the choicebetweenanalogor digital readoutand by
the amount of charge sharing betweenadjacentpixels, the
last one being determinedboth by sensorrelatedparameters
obtainedby construction(inter pixel capacity, pixel capacityto
the backplane)and operation(reversebias operatingvoltage
and irradiation, both influencing charge carriers diffusion)
and by parametersrelated to electronic readout (threshold,
noise,numberof adc bits). A substantialrole is also played
by the incidentparticle track angleandby the ~E × ~B effect.

If there is no charge sharingall the charge carriers locally
generatedaroundthe incidentparticle trajectoryarecollected
on a singlepixel (singlehit clusters)andspatialresolutionis
relatedto pixel sizeL by σ = L/

√
12. If the chargereleased

by thepassingparticleis collectedonneighbouringpixels(two
or more pixel clusters),interpolation is possible,leading to
improvedresolution.

The charge sharingbetweenadjacentpixels was studied
using beamparticlesat normal incidence: for the 280 µm
thick sensors,with a thresholdof 3000 electrons,the region
of charge sharingwas extendingfor approximately± 6 µm
aroundthecenterof the two pixels; this region wasreducedto
approximately± 4 µm for the200µm thick sensors.

In whatfollows,x is intendedastheshort(50µm) andy as
thelong (400µm) dimensionof thepixel.

X-Spatial Resolutionat Normal Incidence. The spatial
resolutionat normal incidencewas measuredby computing
the residualsbetweenthe coordinatemeasuredby the pixel
detector and the one predicted by the silicon microstrip
telescope.In fig. 12-14 the resultingdistributions areshown
for a SSGb200 µm thick sensor. Single pixel and double
pixel clusterswerestudiedseparately. For singlepixel clusters
the distribution was parametrizedwith a uniform distribution
of width L, as discussedabove, convoluted with a Gaussian
distribution that took into accountthe resolutionof the silicon
strip telescope.Theresultof thefit gaveL = 43.2± 0.2µm for
theextensionof theregion at thecentreof thepixel wherethe
chargewascollectedby asinglepixel; thefittedwidth L wasin
agreementwith the measuredwidth of ± 4 µm of the region
in which charge sharingoccurs. Double pixel clusterswere
studiedusingtwo differentalgorithms:a binary algorithmthat
takestheaverageof the centerpositionsof the two pixels, i.e.
the centerof the two hit pixels and an analog algorithmthat
correctsthe binary position just describedusing the charge
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Figure12: Distributionof theresidualsfor 1 pixel clusters.

collectedby the two hit pixels.For themodifiedSSGb200µm
thick sensorshown in Fig. 13 and Fig. 14 the width of the
residualscalculatedfitting the distributions with a Gaussian
function gave 4.4 µm and 4.8 µm for the analogand digital
algorithmrespectively. For thesemeasurements,the error on
the predictedhit position was 4.2 µm, calculatedtaking into
accountthe resolutionof the silicon microstripplanesandthe
multiple scatteringdue to the material of the experimental
set-up. The single pixel and double pixel cluster residuals
wereput together(Fig. 15). Thermsof theoverall distribution
was 13.4 µm, determinedby the relative fraction of single
andmulti-hit clustersand dominatedby the singlehit cluster
resolution;subtractingthe resolutionof the silicon telescope,
a valueof 12.7µm wasobtained. The relative weight of the
singlepixel anddoublepixelsclusterscanbefoundin table1.

0

50

100

150

200

250

300

350

400

-0.1 -0.05 0 0.05 0.1
residual (mm)

σ = 4.4 µm

Figure13: Distribution of theresidualsfor 2 pixelsclustersusingthe
analogalgorithm(200µm thick SSGbsensor).

X-Spatial Resolutionas a function of Incidence Angle.
Finally, the dependenceof the resolutionon the angleφ of
the incidentparticlewith respectto the normal to sensorwas
studied. For inclined tracks, the charge is collectedover a
region approximatelygiven by D × tan(φ), whereD is the
sensordepletiondepth. Chargedparticleswith large incident
angleproducesignalson many pixels andthe averagecharge
perpixel decreases,despitethe longertrajectoryin thesilicon.
Since only the signal amplitudeson the edge pixels in the
clusters carry information on the position of the passing
particle,thebinaryandtheanalogalgorithmsdescribedabove
wereusedto reconstructthecoordinatebut takinginto account
only the first andthe last pixel in the clusters[10]. For each
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Figure14: Distribution of theresidualsfor 2 pixelsclustersusingthe
binaryalgorithm(200µm thick SSGbsensor).

angle of incidenceof the track with respectto the normal
to sensor, the rms of the overall residualsdistribution was
measured. The resultsare shown in Fig. 16 for a 280 µm
thick SSG unirradiatedsensorand for a sensorirradiatedat
a fluenceof 1015 neq/cm2. The datawere not correctedfor
silicon strip telescopeextrapolationerror (≈ 5µm, in these
measurements).It can be noticedthat as the angleincreases
the resolutionfirst improvesbecauseof increasedfraction of
multi-hit clusters,taking advantageof charge sharing: at an
angleof 100 the analogalgorithm allows a resolutionbetter
than6 µm to be obtained. The analogresolutiondegradesas
the incident angle increasesfurther, due to inefficienciesin
the first andlastpixel in thecluster, given thesmalleramount
of charge collectedby eachpixel. At most angles,analog
algorithmprovidesa betterspatialresolution. The minimum
of the digital resolutionat 5o can be understoodas follows;
the bestresolutionis obtainedwhenthe fraction of singlehit
anddoublehit clustersareequal. This conditionoccurswhen
the projectionon the pixel surfaceof the tracksegmentinside
the sensormatchesthe lengthof half pixel cell (25 µm ). For
a 280 µm thick sensorthis condition is obtainedat an angle
of 5o. More complicatedfiguresoccurat larger angles,when
tracks leave signalson different numbersof pixels. Similar
results were obtained for all the designs; given a design,
no differencewas found for different implant widths. The
irradiateddetectorresolutionnever reachesvaluesbelow 10
µm becauseof the small fraction of doublepixel cluster(7.6
%). However this was a ST2 sensor, presentingthe charge
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Figure 15: Distribution of the residualsfor 1 pixel clustersand 2
pixelsclustersusingthebinaryalgorithm.
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collection problemsdiscussedabove and an improvementis
expectedwith new designsensors. It shouldalso be noticed
that the spatial resolutionis not significantly degradedafter
irradiation: differencein spatial resolutionbefore and after
irradiation is fully explained in terms of reducedcollected
charge.

Y-SpatialResolution. Charge sharinghasno effect on the
spatialresolutionin the400µm longdirectionof thepixelgiven
the limited region which it is restrictedto. Thecorresponding
y residualspresenta flat distribution extendingfrom−200µm
to +200µm with an rms of 115µm. In order to get a better
y-resolutiona brickedstructurewasdesignedandtested.This
sensorhad400µm long pixels in adjacentcolumnsdisplaced
by 200µm in thelongdirectionof thecell. With brickeddesign
the samey-resolutionjust describedis expectedfor singlehit
clusterswhile for multi-hit clustersthe residualshouldhave a
flat distribution extendingfor half of this lengthwith an rms
of 58µm. The overall resolutionwill then dependupon the
fraction of clusterswith 2 or more hits. The resolutionwas
measuredfor anglesranging from 0o to 30o (Fig. 17). The
fractionof clusterswith≥ 2 hitswentfrom 46%at0o to 98%at
30o, giving valuesof 65- 67µm for resolutionbetween10o and
20o. No variationof thex resolutionwasobservedwith respect
to thenon-brickeddesign.
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Figure17: Resolutionin the(400µm) long directionof thepixel for
a bricked designsensorasa function of the track angleof incidence
with respectto thenormalto sensor.

E. LorentzAngle
As seenabove, in the ATLAS experimentit is desirable

to optimize the amountof charge sharingbetweenpixels to
optimizespaceresolutionandefficiency. This will bedoneby
tilting the sensorswith respectto the beamline, but it should
be taken into account that the ATLAS Pixel Detector will
operatein a magneticfield of 2 tesla: in the barrelpart of the
detector, the magneticfield ~B and the electric drift field ~E
insidethesiliconpixel detectorwill beorthogonalandthedrift
velocity will have a componentalongthedirectionof ~E × ~B.
The chargecarrierswill thendrift at an angleθL with respect
to the direction of the electric field, θL being the Lorentz
angle[11], such that tanθL = µHB, whereµH is the Hall
mobility andB the magneticfield in tesla. Dependingon the
angleof the incidentparticle,the chargecollectedwill spread
over severalpixels, thespreadbeingminimumfor anangleof
theincidentparticleequalto θL. It is thenimportantto measure
theLorentzangleof thesensorsbeforeandafter irradiation,in
orderto definethe bestangleat which the barrelcomponents
of the Pixel Detectorshouldbe tilted. The methodusedto
measuretheLorentzangleis well known [12]: themeancluster
size was measuredas a function of the angleof the incident
beamparticlesw.r.t. the normal to the detector. The Lorentz
anglewasgiven by the minimum of this distribution andwas
extractedfrom a fit to the data,wherethe fitting function was
constructedusinga model that hadasinput the resultsof our
test beam measurementsfor charge sharing and depletion
depth[8]. Themeanclustersizesasa functionof theanglefor
a not irradiatedsensorandoneafter 1015 neq/cm2 irradiation
areshown in Fig. 18; fits to dataarealsoshown. Theresults
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Figure18: Meanclustersizeasfunctionof thetrackangleof incidence
in amagneticfield of 1.4T for adetector(top)not irradiated,(bottom)
irradiatedat 1015 neq/cm2.



Table2
LorentzangleθL measurements

Fluence[n/cm2] 0 5 x 1014 5 x 1014 1015

BiasVoltage[|V|] 150 150 600 600
Depletiondepth[µm ] 280 125 265 190
θL[0] 9.1± 0.1± 0.6 5.9± 1.0± 0.3 3.0± 0.5± 0.2 3.2± 1.2± 0.5

obtainedaresummarizedin table2 andpresenteda substantial
decreaseof θL after irradiation,whensensorswereoperatedat
−600 V. The Lorentzanglein a field of 1.4 teslavariedfrom
θL = 9.10 ± 0.10 ± 0.60 for a not irradiatedsensoroperated
at−150V to θL = 3.00 ± 0.50 ± 0.20 for a sensorirradiated
with 0.5×1015 neq/cm2 and operatedat −600 V and θL =
3.20 ± 1.20 ± 0.50 for a sensorirradiatedwith 1015 neq/cm2

andoperatedat−600 V, wherethe first error is statisticaland
the secondonesystematic.This behaviour canbe understood
(Fig. 19) asthe resultof a decreaseof µH dueto thevariation
of theelectricfield insidethesensorat theappliedvoltageand
givenby themodificationsin depletiondepthandspacecharge
after irradiation. At high E the linearity betweenvdrift andE
is no longervalid andsaturationoccurs.

Figure19: MeasuredLorentzangleasa functionof theelectricfield
insidethesensor. Thesolid line representstheexpectationsgiven by
themodel.

I I I . CONCLUSIONS

About 30 single chip assembliesand a few module
prototypesof theATLAS Pixel Detectorweretestedin a beam
with 40 MHz front-endelectronicswith analogreadout.These
measurementsmadeit possibleto checktheoverall feasibility
of the project,to evaluatea seriesof prototypesensordesigns
and their radiationresistance,and to optimisethe designand
technologicalchoices.It wasshown that an efficiency greater
than99%andhomogeneouschargecollectioncanbeachieved
with the n+ in n technology, both with p-spray and p-stop
isolation,if a suitabledesignis used.The sameperformances
wereobtainedwith 200 µm thick sensors.Spatialresolution
betterthat 6 µm was measuredat 10o incident angle,taking
advantageof charge sharing betweenpixels and of analog
readout. It was alsoshown that p-spray sensorsirradiatedat

the designfluenceof 1 × 1015 1 MeV neqcm
−2 were still

operational,were depletedfor 187± 14 µm at -600 V and
provided a good in-time efficiency, without degradationin
intrinsic resolution. An upper limit of 20% charge trapping
due to radiation damagewas measured. When operatedin
a magneticfield of 1.4 T at −600 V, the Lorentz anglewas
reducedby a factor 3 with respectto the value obtainedat
−150V andbeforeirradiation.
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