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A bstract

P ixel detectors are used In the innerm ost part of m ulti purpose experin ents at the Large H adron C ollider (LHC )
and are therefore exposed to the highest uences of Jonising radiation, which in this part of the detectors consists
m ainly of charged pions. T he radiation hardness of the detectors has thoroughly been tested up to the uences
expected at the LHC . In case of an LHC upgrade the uence will be m uch higher and it is not yet clear up to
which radii the present pixel technology can be used. In order to establish such a lin it, pixel sensors of the size
of one CM S pixel readout chip (PSI46V 2.1) have been bum p bonded and irradiated with positive pions up to
6 10** Neg=Cm 2 atPSIand with protonsup to 5 10*° Neg=Cm % . The sensors w ere taken from production wafers
of the CM S barrel pixel detector. They use n—type DO FZ m aterial w ith a resistance of about 3:7kQam and an
n-side read out. A s the perform ance of silicon sensors is lin ited by trapping, the response to a Sr90 source was
Investigated . T he highly energetic beta-particles represent a good approxin ation to m inin um Ilonising particles.
T he bias dependence of the signal for a w ide range of uences w ill be presented.
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1. Introduction
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rel layers and two end disks at each side. T he bar-
rels are 53an long and placed at radiiof44am ,

arXiv

T he tracker of the CM S experin ent consists of
only silicon detectors [1]. The region with a dis—
tance to the beam pipe between 22 and 115amn is
equipped w ith 10 lJayersof single sided silicon strip
detectors covering an area of aln ost 200m ? w ith
about 107 readout channels. T he sm aller radiiare
equipped w ith a pixeldetector which was inserted
Into CM S In August 2008. It consists of three bar-
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73an ,and 102an . They cover an area of about
0:8m? with roughly 800 m odules. The end disks
are located at a m ean distance from the interac—
tion point 0of34.5am and 46.5an . T he area of the
96 turbine blade shaped m odules in thediskssum s
up to about 028m 2. T he pixel detector contains
about6 107 readoutchannelsproviding three pre-
cision space points up to a pseudo rapidity of 2.1.
T hese unam biguous space pointsallow an e ective
pattem recognition In the dens track environm ent
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close to the LHC interaction point. T he precision
of the m easurem ent is used to dentify displaced
vertices for the tagging ofb—ptsand -leptons.

The two m ain challenges for the design of the
pixeldetector are the high track rate and the high
Jevel of radiation. T he form er concems the archi-
tecture of the readout electronics while the high
radiation levelm ainly a ects the charge collection
properties of the sensor, w hich degrades steadily.

A possible um inosity upgrade of LHC is cur-
rently being discussed .W ith am inor hardw areup-
grade a lum inosity above 10°* an ? s ' m ight be
reached. Later m a pr investm ents will ain for a
um inosity of 10 an ?s?!' [2].The inner regions
of the tracker w ill have to face an unprecedented
track rateand radiation level. T hedetectorsplaced
ataradiusofd an have to w ithstand the presently
unreached particle uence of 106 Neg=an 2or
m ust be replaced frequently. H ow ever, the opera—
tion 1 it of the present type hybrid pixel system
using \standard" n-in-n pixel sensors is not yet
seriously tested. The ain of the study presented
is to test the charge collection of the CM S bar-
relpixel system at uencesexceeding the speci ed
6 10" negg=cm? [3].

2. Sensor sam ples

T he sensors for the CM S pixelbarrel follow the
5o called \n—=inn" approach.T he collection of elec—
trons is of advantage in a highly radiative envi-
ronm ent as they have a higherm obility than holes
and therefore su er less from trapping. Further—
m ore, the highest electric eld after rradiation in—
duced space charge sign Inversion is located close
to the collecting n-electrodes. T he need of a dou—
ble sided processing leading to a signi cant price
increase com pared to truly single sided p-in-n sen-—
sors isused asa chance to In plem ent a quard ring
schem e kesping all sensor edges on ground poten—
tial. T his feature sin pli esthe design of the detec—
tor m odules considerably. For n-side isolation the
50 called m oderated p—spray technigue [4 JThasbeen
chosen and a punch through biasing grid hasbeen
In plem ented.

The sensor sam ples were taken from wafers of

the m ain production run for the CM S pixel bar-
relw hich were processed on n-doped DO FZ silicon
according to the recom m endation of the RO SE—
collaboration [5]. T he resistance of m aterial prior
to irradiation was 3:7kQan . The approxin ately
285pum thick sensorshad the size of a single read-
out chip and contain 52 80 pixels w ith a size of
150 100pm ? each.In contrast to previous studies
[6 ]the standard bum p bond and  ip chip procedure
described In [7]wasapplied to the sam ples.A sthis
includes processing steps at elevated tem perature,
this was done before irradiation which sin pli ed
the whole procedure considerably and resulted in
a very good bum p yield. In retum it m eans that
the readout chips were also irradiated. A Ithough
the operation of irradiated readout circuits poses
a m ajpr challenge and source of m easurem ent er—
rors, it gives a realistic picture of the situation in
CM S after a few yearsof running.

T he sandw iches of sensorand readout chip were
Irradiated at the PST-P iE 1-beam linew ith positive
pions of m om entum 280M &V /c to uences up to
6 10*¢ neq=cm2 and with 26G €V /c protons at
CERN-PSupto5 10 neg=am?.

A Nirradiated sam pleswerekept in a com m ercial
freezer at 18 C after irradiation. However the
plon rradiated oneswere accidentally warm ed up
to room tem perature for a period of a few weeks
(due to an undetected pow er failure).

3. M easurem ent P rocedure

The ain of the study was to determ ine the
am ount of a signal caused by m inInum Ionising
particle (m ip.)asa function of sensorbiasand ir-
radiation uence.Forthisthe response of the sam -
ples to a Sr90 source was investigated. T he end—
point energy of the beta particles isabout 2.3M &V
w hich approxin atesam ip.well. H ow ever there is
also a largenum berof \low energy" particlesw hich
are stopped in the sensor and cause much larger
signals. Those have to be ltered during the data
analysis.

The sam ples were m ounted on a water cooled
Peltierelem entand keptat 10 C.Thesourcewas
placed Inside the box about 10mm above the sen—



sor. A s the com pact setup did not allow the in ple-

m entation of a scintillator trigger a so called ran—

dom trigger was used. In thism ethod the FPGA

generating all control signals for the readout chip
stretches an arbitrary cycle of the clock sent to the
readout chip by a large factor, and, after the la—
tency, sendsa trigger to read out thedata from this
stretched clock cycle. T he stretching factorwasad-

Justed In a way that about 80% of the triggers

show ed hit pixels.

A m easurem ent sequence consists of the follow —
ing steps:

{ Cooldown the sam ple while ushing the box
w ith dry nitrogen.

{ The \pretest" adijusts basic param eters of the
readout chip.

{ The \full test" checks the functionality of each
pixel.

{ Fine tune the threshold in each pixelto a value
of 4000 electrons as uniform as possible (\trin "
the chip).

{ The pulse height calbration relates for each
pixelthe pulse height to the DAC valuesused to
infct test pulses. T he analogue response is
ted to an hyperbolic arc-tangent function [8 Jand
the four t param eters are calculated for each
pixel.W ith procedure an absolute calibbration of
each pixel is possble.

T hisprocedurew as identicalto w hat isused to test

and calibrate them odules Installed in theCM S ex—

perin ent. It w as perfectly adequate for allsam ples
uptoa uenceofl 10*°ne=am?.

For the sam ples irradiated to 2:8  10%° Neg=Cm 2
the feedback resistorofthe pream pli erand shaper
had to be adjusted m anually to com pensate for
the radiation induced change of the transistor’s
transconductance. The DAC which controls this
setting isnot In plem ented in the testing software.
T hen the standard calibration procedure w asused
w ith the exception that the pixel threshod was
Jow ered to about 2000 electrons (instead of 4000).
An additionalfeature of the readout chip, the leak—
age current com pensation, which m ight be usefil
for such highly irradiated sam ples, was not used.

T he readout chips of the sam ples irradiated to
5 10%° Neg=Cm 2 chowed som e functionality, how —
ever a calbration and quantitative analysis of the
data was not yet possible and w ill be the sub fct

of further nvestigations.

A fter these steps data is taken using the Sr90
source. The sensor bias was varied over a wide
range. The m axinum voltage applied was 250V
for the unirradiated sam ples, 600V for the sam -
plesimadiated upto 1 10%° neg=cm ?,and 1100V
for the sam ples which received a uence of 2:8
10%° Neg=am 2. The change of the sensor bias has
no e ecton the calibbration perform ed before. T he
tem peratuire can be kept stable during the bias
scanw ithin 02 C .Thee ectofsuch sm alltem per-
ature variations has been tested to be negligible.

Thedatawasanalysed o line.F irstallanalogue
pulseheight inform ation w ere converted into an ab—
solute charge value, using the param etrisation de—
scribed above. A fter this a pixelm ask is generated
which excludes faulty pixels. A pixelwasm asked
if it show s much less (\dead") or m ore (\noisy")
hitsthan itsneighbours,and ifthepulssheightcal-
bration failed. In addition a m anually generated
list of pixels can be excluded . In a second step all
clusters of hit pixels are reconstructed . If a cluster
touches a m asked pixelor the sensor edge, it is ex—
cluded from further analysis. C lusters of di erent
size (one pixel, two pixels, etc.) are processed sep—
arately. Tom easure the pulse height, the charge of
a cluster is summ ed and histogramm ed. To those
histogram s a Landau function convoluted w ith a
G aussian is tted. T he quoted charge value is the
m ost probable value M PV ) of the Landau.

D ue to the low threshold of only 2000 electrons
thehighly irradiated sam ples (2:8  10%° neg=cm ?)
show ed a higher num ber of noisy pixels, especially
atthe sensoredgew here the pixelsare larger.H ow —
ever, also som e \good " pixels showed a certain
num ber of noise hits which lead to a second peak
in the pulse height spectra. It was well separated
from the signal for voltages above 200V . T he ori-
gin of the 2 peaks could easily be distinguished:

{ Thesignalpeak m ovesw ith higherbiasto higher
valiesw hile the noise peak staysat the sam e po-
sition but becom esm ore prom inent (m ore noise
hits at higher bias).

{ The spatialdistribution of the signal show s the
Intensity pro le of the source, while the noise
hits are random Iy distributed.

{ The signal peak has a typical Landau shape,
w hile the noise peak ism ore G aussian.
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Fig. 1. D istribution of cluster size for four irradiation u-—
ences.
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Fig. 2.Pulse height distribution of an unirradiated sensor
in arbitrary units (1 unit is about 65 electrons).

T hequoted signalisagain theM PV ofa convoluted
Landau-G auss t.

4. R esults

Because the radiation of the Sr90 source con-
tains a large graction of low energy betas which
causem uch higher signalthan am inin um Jonising
particle and as the setup wasnot equipped w ith a
scintillator which triggered only if a particle pen-
etrated the sam ple, the contam ination of the low
energy particles had to be reduced using the of-

neanalysis.A particle stopped in the sensorusu—
ally causes part of the ionised electrons to travel
In the plane of the sensor jonising further electrons
in the ightpath.This results in Jarge clusters of

hit pixels. Figure 1 show s the distrbution of the
cluster size for four rradiation uences. Naively
onew ould expecta spectrum dom inated by one-hit
clustersw ith a an allfraction of clusters of size tw o
to four caused by particles passing just ln-betw een
tw o pixels or close to a pixel comer. H ow ever, as
visble in Fig. 1, there is a tail of events w ith ex—
trem ely Jarge clusters, which does not dependent
on Irradiation or bias voltage. T his supports the
hypothesis of secondary particles. T herefore it is
not surprising that the signal is a function of the
cluster sizes.F igure 2 show sthe pulse height distri-
bution ofan unirradiated sensor for di erent clis-
ter sizes. In particular clusters w ith m ore than 4
hit pixels tend to have very large signals and their
distrdbution can no longer be described by a Lan-—
dau function.M ore surprising is the fact that al-
ready in an all clusters w ith less than four pixels
the m ost probable value of the pulse height distri-
bution clearly depends on the cluster size. In order
to reduce a contam ination ofthedata from low en—
ergy particles, the pulse height is only extracted
from clusters of size one.

F igure 3 show s the bias dependence of the sig—
nalforallm easured sam ples. For the unirradiated
sam ples the sudden rise of the signalat the fullde-
pletion voltageofVyep1 55V dsnicely visible.T he
signal then saturates very fast. T he sam ples irra—
diated to uences in the 10%* Neg=Cm 2 range also
show a nice saturation of the signalabove roughly
300V . The onset of the signal in the \low " volt—
age range clearly displays the increase of the space
chargedue to radiation.T here is a strong variation
of the saturated signal for sam ples w ith the sam e
irradiation uencew hich cannotbe explained w ith
di erences In the sensor thickness. T he reason for
thisisprobably the in perfection ofthepulseheight
calibration, which relies on the assum ption that
the in pction m echanism for test pulses isequal for
allreadout chips,which isnot the case.Variations
ofthe infction capacitorare larger than 15% ,and
also the resistor network in the DAC show s vari-
ations, which are, how ever,m uch an aller. For the
sam ples rradiated to uencesabove 101° Neg=Cm 2,
no saturation of the signal w ith increasing bias
is visibble. Tt is rem arkable that even after a u-
ence of 2:8  10'° ney=am ? a charge of m ore than
10000 electrons can be achieved if it is possible
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uence. Each point represents one sam ple (apart from the
highest uence where each of the two sam ples is shown at
three bias voltages).

to apply a bias voltage above 800V . T his nicely
com plem ents the results for n-in-p strip detectors
shown in this conference [9,10].

In order to display the developm ent of the signal
height as a function of the uence, the charge at
600V wasextracted foreach sam ple (250V for the
unirradiated ones) and plotted In Fig. 4. In addi-
tion the valles for 800V and 1000V areplotted for
the highest uence.Apart from the large uctua-—
tions, w hich are due to the calibration of the read—
out electronics, the reduction of the charge w ith

uence is nicely visible. Further it becom es obvi-
ous that it pays to go to very high bias voltages if
the uences exceeds 10*° ngg=cm ?.

5. C onclusion

In order to estin ate the survivability of the
present CM S barrel pixeldetector in a harsh radi-
ation environm ent, single chip detectors (sensors
bum p bonded to a readout chip) have been irradi-



ated to uencesup to 5 10%° Neg=an 2 and tested
with a Sr90 source. The sam ples that received

uences up to about 10%° Neg=am 2 coud be used
w ithout any m odi cation of the chip calibration
procedure and obtained a signal charge of above
10000 electrons at a bias voltage of 600V . From
this point of view their perform ance is perfectly
adequate fortheCM S experin ent,even at uences
twice ashigh asthe 6 10'* noy=cm ? speci ed in
the Technicaldesign report [3]. T he sam ples irrad -
ated to 288 10'° ney=cm ? could be operated w ith
slightly adjasted chip settings and also showed a
signalofabout 10 000 electrons, how ever at a bias
voltage of 1000V . T his indicates the suitability of
such devices for a use at an upgraded LHC . The
sam pleswhich received 5 10'° neg=cm ? could not
yet be operated. T heir exam ination is sub Fct of
further studies.
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