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Abstrakt: C��lem t�eto diplomov�e pr�acebylo prov�ad�en�� a v�yvoj test�u detek�cn��ch modul�u
vnit �rn��ho detektoru ATLAS. V pr�aci jsem se zam�e�ril na testy pomoc�� radioaktivn��ho
� � z�a�ri�ce. V Praze byla vyvinuta aparatura a naps�an software pro m�e�ren�� a anal�yzu
dat. Smyslemt�echto test�u bylo dopln�en�� m�e�ren�� prov�ad�en�ych na svazku z SPSv CERNu,
tedy prov�e�ren�� skute�cn�ych detekt�cn��ch vlastnost�� modul�u. V�ysledky test�u se z�a�ri�cem
a na svazku byly porovn�any a byl nalezenvztah mezi m�e�ren�ymi sign�aly. M�e�ren�� uk�azala,
�ze pom�er st�redn�� energie,kterou z�a�ri�cem emitovan�y elektron ztrat�� p�ri pr�uchodu mod-
ulem, ku sign�alu zji�st�en�emu z dat test�u na svazku je 1.109� 0.070. Pro �upln�e pochopen��
tohoto rozd��lu byla provedena simulace obou typ�u test�u. Simulaci m�e�ren�� na svazku
jsempou�zil k ov�e�ren�� simula�cn��ho softwaru. V�ysledkem je dobr�a shoda trend�u �uhlov�ych a
jin �ych z�avislost�� sdaty, ov�semv absolutn��ch hodnot�ach doch�az�� k podhodnocen�� m�e�ren�eho
sign�alu. Proto jsemprovedl pouzerelativn�� srovn�an�� simulovan�ych odezevmodul�u z obou
typ�u test�u. Simulacep�redpov��d�a pom�er st�redn��ch sign�al�u z test�u na svazku v�u�ci test�um
se z�a�ri�cem: 1.117� 0.020. Tyto testy se tedy, vzhledem k dob�re de�novan�emu vztahu
jejich v�ysledk�u v�uci v�ysledk�um m�e�ren�� na svazku, staly vhodn�ym n�astrojem pro ov�e�ren��
detek�cn��ch vlastnost�� modul�u.
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Abstract: The setup of system for testing silicon microstrip detectors with 90Sr source
of electronswasdeveloped. The aim of the measurements wasto determinethe mediansig-
nal of particle passingthrough prototype modulesfor the ATLAS semiconductortracker.
Comparisonto beam tests results was performed to check the consistenceof the source
tests results. The ratio of signalsmeasuredin beam tests to the sourcetests signal is
about 1.109� 0.070. To fully understand the results computer simulation of the setups
was performed. The beam tests simulation, used to validate the simulation software,
resulted in good description of trends of observed characteristicsbut in underestimation
of the signal. The sourcetest simulation con�rmed the relation of the beamtests results
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the radioactive sourcetests usablefor the signal determination.
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1 In tro duction

The semiconductordetectorsin high energyphysicsare mostly usedfor precisemea-
surement of particles' tracks. If placed in a magnetic �eld the detectors provide high
accuracymomentum measurement. According to relatively high energy loss (hundreds
of eV/ � m) of charged particle passingthrough the semiconductor, low energy needed
to releasefreechargecarriers(several eV for creationof electron-holepair) and possibility
of creation of �ne structures (in the order of � m) of various properties, the semiconduc-
tor detectorscan measurethe position with an accuracyof several � m. This makes the
detectorsbeable to detect secondaryvertexesof decays of very short time living particles.

In the Center of European Nuclear Research (CERN) new hadron collider (LHC)
is being built. One of 4 detector systemsat the LHC will be the ATLAS, described
in section 2. One part of it will be a semiconductortracker consisting of silicon strips
detector modules.

This diploma thesis dealswith tests and simulations of the SCT modules. The �rst
parts of this thesis describe generalproperties and usability of semiconductorsas detec-
tors, while the rest concernsSCT modules only. The standard quality assurance(QA)
proceduredescribed in section 4.3 consistsof detector tests and tests of readout electron-
ics. One of the main characteristics of SCT modules is the signal to noiseratio (S=N ).
While the QA tests are able to �nd the noise, signal can be determined by using real
particles only. For this purposeSCT moduleswere tested in beamon SPSat CERN (see
section 4.4). Becauseof the high cost and unavailabilit y of beam tests, method using
the � � radioactive sourcefor signal measurement hasbeendeveloped and results of sev-
eral modulesshown in section 6.4 werecomparedto the resultsof ATLAS simulation and
digitization software described in sections 5.1 and 5.2. The simulation and digitization
software has been validated on the beam-testsdata in section 5.3, that were analyzed
by other SCT groups [10]. Becauseof very high luminosity of the LHC, SCT modules
will operate in high radiation environment. So the tests were focusedon measurement
of properties of modules irradiated to doseequivalent to the doseafter 10 yearsof oper-
ation of the ATLAS detector system. Most of the tests were doneon irradiated forward
modules,however several wereperformedon unirradiated as well.
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2 ATLAS detector system

The ATLAS (A Toroidal LHC ApparatuS) detector system[1] is general-purposede-
tector which is designedto exploit the full discovery potential of Large Hadron Col-
lider (LHC). The LHC properties (energy of interacting protons 7 TeV, expected lumi-
nosity 1034 cm� 2s� 1) o�er a large range of physics opportunities. The major ATLAS
interest is the origin of massat the electroweak scalebasedon spontaneoussymmetry-
breaking. One of the possiblemanifestation of spontaneoussymmetry-breakingmecha-
nism is the existenceof standard model Higgs boson or of a family of Higgs particles.
Alternativ e manifestation could involve a strongly interacting Higgs system. Other goal
are the searchesfor heavy W- and Z-like objects. Consideringtheir leptonic decays, high
resolution lepton measurements and charge identi�cation are neededeven in the range
of few TeV. For supersymmetric particles searcheshermecity and missing transverseen-
ergy ET capability of the detector is necessary. Another classof signatures of a new
physics like the composition of the fundamental fermions can be provided by very high
transversemomentum pT jet measurements. An important chapter of the LHC will be
a high rate b- and t-quark factory. The main emphasisin B-physics will be on precise
measurement of CP violation, determination of the anglesin CKM unitary matrix and
generalspectroscopy of stateswith b-quarks.

The setof ATLAS physicsgoalsdemonstratesthat sensitivity to a variety of �nal states
signaturesis required. The basicdesignconsiderationslead to the following ATLAS de-
tector systems: electromagneticcalorimetry for electron and photon identi�cation and
measurement, hermetic jet and missing ET calorimetry, tracking for lepton momentum
measurement, for b-quark tagging, for electronand photon identi�cation and for tau and
heavy-
a vour vertexing. The other featuresare stand-alone,precisionmuon momentum
measurements, large acceptancein � -coverageand triggering and measurements of parti-
clesat low-pT thresholds. The ATLAS detector systemis shown in �gure 1 and described
below.

The ATLAS magnet system consistsof a solenoid and air-core toroids. The 2 T
solenoidis positioned in front of the barrel electromagnetic(e.m.) calorimeter. In order
to avoid degradingthe e.m. calorimeter performancethe thicknessof the solenoidhad to
beminimized. The superconductingcoil is integratedinto vacuumvesselof the calorimeter
barrel cryostat to eliminate the material and spaceof independent vesselwalls. The di-
mensionsof the solenoidare 1.22m in radius and 5.3 m in length. The superconducting
toroid magnet systemconsistsof 26 m long barrel part with outer diameter 19.5 m and
inner bore of 9.4 m, and of 2 end-capswith length 5.6 m and boresof 1.26m. Magnetic
induction varies from 3 Tm � 1 to 8 Tm � 1. The curved tra jectories of charged particles
in the magnetic �eld allow momentum measurement using the inner detector and muon
chambers tracking data.

The calorimetry of ATLAS consistsof an inner barrel cylinder and end-capsusing
liquid argon (LAr) technology, that is intrinsically radiation resistant, and hadronic scin-
tillator tile calorimetersurroundingthe LAr onein full length. The barrel part of the liquid
calorimetry includesa presamplerdetector for correction to the in
uence of solenoidcoil
of the thicknessof 0.83�X 0 at normal incidence.The minimal thicknessof the e.m. barrel
calorimeteris 26�X 0, while in caseof end-capscalorimetersthe minimal thicknessis 27�X 0.
The hadronic scintillator tile calorimeter is basedon a sampling technique with plastic
scintillator plates (tiles) placed in plane perpendicular to the beam axis and embedded
in iron absorber and readout by wavelengthshifting �b ers. The outer radius of the whole
calorimetry system is 4.23 m and total length is 6.7 m. This high performancesystem
must be capableof reconstructing the energy of electrons, protons and jets as well as
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measuringmissingET .
The muon detector systeminvolves 3 layers of chambers in the barrel part and 3 or

4 layers in the end-cappart. In the barrel region 2 muon chamber planesare attached
to the magnetic toroids and the third one is in the mid-plane to measurethe sagitta.
In the forward region the chambers are placed at the front and back facesof the toroid
cryostats,with a third layer againstthe cavern wall to maximizethe lever arm of the point-
angle measurement. Every chamber consistsof detectorsfor the precisionmeasurement
and for the triggering. In the barrel part, 2 multila yers of drift tubes are usedfor pre-
cision measurement while in the end-cappart cathode strip chambers are used in addi-
tion. For triggering resistive plates are usedin the barrel region and thin gap chambers
in the end-capregion. The basicmeasurement in each muon chamber is a tracks segment,
providing a vector for robust pattern recognition and momentum determination.

Figure 1: The ATLAS detector system.

The inner detector system [2] shown �gure 2 and covering range of pseudorapidity
j� j < 2:5 is composedof 3 di�erent detectors:semiconductorpixel detector,semiconductor
strip detector and transition radiation tracker. The nearest one to the beam pipe is
the pixel detector. It is designedto provide a very high-granularit y and high-precision
set of measurements as closeto the interaction point as possible. The system consists
of 3 layers in the barrel part and 4 disks in the end-cap part, and o�ers 140 million
detector elements, each 50 � m in the R� direction and 300 � m in the z. The maximal
radius of barrel layer is 14 cm and of forward disk is 20 cm. The total length is 2.2 m.
The furthest part of the inner detector system is the transition radiation tracker based
on straw tubes. Electron identi�cation capability is added by employing xenon gas to
detect transition radiation photons created in radiator betweenthe straws and by using
2 independent thresholds for tracking hits and transition radiation hits. The technique
allows typically 36 measurements to be madeon every track. The diameterof every straw
is 4 mm and drift-time measurements give a spatial resolution of 170� m. The maximum
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straw length is 150cm. In the barrel regionstraws are parallel to the beamdirection and
perpendicular in the end-capregion. The middle part of the inner detector is the silicon
strip detector - semiconductortracker (SCT) - consistingof 4 barrel layersand 9 forward
wheels. The SCT system is designedto provide 4 precision measurements per track
in the intermediate radial range and contributing to the momentum, impact parameter
and vertex position measurement. The maximum radius of the barrel layer is 52 cm
and 56 cm of the forward wheel. The system requires very high dimensional stabilit y,
cold operation of the detectorsand evacuation of heat generatedby the electronicsand
detector leakagecurrent.

Forward SCT

Barrel SCT

TRT

Pixel Detectors

Figure 2: The inner detector.

The group of VdG acceleratorat Institute of Particle and Nuclear Physics (IPNP)
of Faculty of mathematicsand physicsat CharlesUniversity in Praguehasbeeninvolved
in working placeswhereQA testsof 200SCT forward detectormoduleswill beperformed.
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3 Semiconductor detectors

3.1 Comparison to other detectors

Semiconductordetectorsare in high energyphysicsmostly usedfor precisiontracking
that allowsdetectionof secondaryvertexesof very fast decaying particles. The advantages
of semiconductordetectorscomparedto the others being usedfor tracking are following:

� The gap energybetweenvalenceand conduction band is 1.11 eV in silicon and so
the averageenergyfor creation of electron-holepair (e-h) is 3.6 eV. That is approx-
imately 10 times lower comparedto the ionization energyof gasesusedin propor-
tional chambers,drift chambers, time projection chambers etc.

� Due to high density of semiconductors,the averageenergy lossper unit of length
is alsohigher accordingto the energylossin gases.In caseof silicon and minimum
ionizing particle (MIP) the valueis 390eV/ � m while for the gasesthe lossis 3 orders
of magnitude lower. Consequently the thicknessof semiconductordetectorscan be
very small which minimizes the multiple Coulomb scattering. Usual thicknessis
around 300 � m.

� Another advantage connectedto the high density is the reduction of rangeof ener-
getic secondaryelectronsthat leadsto good spatial resolution.

� The present advanced technology of silicon detector production allows creation
of very �ne structures on them (in the dimensionsof micrometers). The dimensions
of the structures (usually strips or pixels) then mainly contribute to the resolution
of the semiconductordetectors.

� Sincethe readout electronicsis usually basedon semiconductortechnology, the de-
tectors and electronicscan be integrated together. Noiseof such a module is than
reduced.

� Thesedetectorsaremechanically rigid and sonot complicatedsupporting structures
are needed.

� High mobilit y of the charge carriers results in high rate of reading and lower dead
time. Typical width at half maximum (FWHM) of the read out pulse is 20 ns.

But the semiconductordetectors have besidetheir high cost also one disadvantage
comparedto the gaseousdetectors. It is the absenceof multiplication of the amount
of primary generatedcharge carriers and so the signal is only a function of the detector
thickness.

3.2 Silicon prop erties

Silicon is an element of IV groupof the groupof elements and has4 electronson the va-
lenceshell. All the conductivity is realized by electronsexcited from the valenceband
into the conducting one. Such an excitation leadsto a generationof hole - empty state
that left after the electron excitation and that behaves as a positively charged particle.
In the silicon without impurities the densitiesof electronsand holesare the same.By re-
placing someof the silicon atoms by atoms from the I I I or V groups the p- or n-type
materials are obtained. Elements from the I I I group (acceptors)have 3 valenceelectrons
and easily attach an electron from silicon atoms. Elements from the V group (donors)
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have onevery weakly bound electron that can be easily excited to the conduction band.
The "binding" energyof electronsin n-type and of holesin p-type silicon semiconductor
is approximately 45 meV. Very heavily doped semiconductorsare marked n+ or p+ re-
spectively. In both n- and p-type semiconductorsthere are the other type carriersaswell,
due to thermal excitations, called minority carriers.

The density of intrinsic chargecarriers is [4]:

n(T) =
Z 1

Eg

De(E; T)f e(E; T)dE (1)

whereDe(E) is the state density [3]:

De(E) =
1

2� 2

� 2me

�h2

� 3=2

(E � Eg)1=2 (2)

and f e(E) the Fermi-Dirac function for systemof fermions:

f e(E) =
1

e
E � E F

k T + 1
(3)

The usedsymbols are the energyof electronsE, the Fermi level EF , the gap energyEg,
the temperature T, the Boltzmann constant k, the Planck constant �h and the e�ective
electronmassme connectedto the secondderivativeof energyasa function of momentum.
Application of equations (2) and (3) in (1) and use of similar relations for the density
of holesp(T) results in:

n(T) = 2
� mekT

2� �h2

� 3=2

e
E F � E g

k T (4)

and

p(T) = 2
� mhkT

2� �h2

� 3=2

e
� E F

k T (5)

In Si without any impurit y both densitiesare equal (ni ) and do not depend on the Fermi
level:

n(T)p(T) = n2
i = 4

� kT
2� �h2

� 3

(memh)3=2e
� E g
k T (6)

In doped silicon of densitiesof NA acceptorsand ND donors the relation (6) still holds
since comparedto intrinsic semiconductorit is the Fermi level EF e that changesonly.
The extrinsic carrier densitiesfollow equationscoming from zeronet chargedensity [5]:

n = ni e
E F e� E F

k T =
1
2

h
ND � NA +

q
(ND � NA )2 + 4n2

i

i
� ND (7)

and
p = ni e

E F � E F e
k T =

1
2

h
NA � ND +

q
(ND � NA )2 + 4n2

i

i
� NA (8)

where the approximations are valid when ND � NA ; ni , (n � p) and NA � ND ; ni ,
(p � n) respectively.

Properties of silicon material are written in table 1. Particle passingthrough the de-
tector ionizesthe Si atoms and so e�ectively createsthe e-h pairs. For typical thickness
of silicon detector 300� m the number of generatede-h pairs by MIP passingperpendicu-
lar through the detector (seesection 3.6) is 3.2�104 which is 4 ordersmagnitudelower than
the total number of freecarriers in intrinsic silicon of a surfaceof 1 cm2 and the thickness
mentioned above. In doped material the S=N ratio would be even smaller. One way to
increasethe ratio, is to cool the semiconductor. Another way is to deplete the detector
of free carriers through a reversebiasesP-N junction. The secondway is the principle
of operation of a silicon radiation detectors.
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Atomic number 14
Atomic weight 28.08
Atomic density 4.99�1022 cm� 3

Density 2.33g/cm3

Dielectric constant 11.6
Gap energy 1.11eV

E�ectiv e statesdensity in conduction band 2.80�1019 cm� 3

E�ectiv e statesdensity in valenceband 1.04�1019 cm� 3

Electron mobilit y 1350cm2V � 1s� 1

Hole mobilit y 480cm2V � 1s� 1

Electron Hall mobilit y 1670cm2V � 1s� 1

Hole Hall mobilit y 370cm2V � 1s� 1

Electron di�usion constant 34.6cm2s� 1

Hole di�usion constant 12.3cm2s� 1

Intrinsic carrier density 1.45�1010 cm� 3

Breakdown �eld 30 V/ � m
Diamond type lattice spacing 0.5431nm

Mean energyfor e-h pair creation 3.63eV
Fano factor 0.115

Table 1: The physical properties of silicon at room temperature.

3.3 Drift and di�usion

Drift of chargecarriers is their movement under external �eld ~E. The speed~v of such
a movement is proportional to the external �eld:

~v = � � ~E (9)

wherethe coe�cien t � of the proportionalit y is mobilit y of electronsandholesrespectively.
Movement of chargecarriersunder magnetic�eld ~B resultsin changeof the movement

direction by Lorentz angle#L :
tan #L = � H B (10)

The coe�cien t � H is Hall mobilit y.
For silicon with inhomogeneouscarriers density the mean movement of the carriers

of charge q is, due to thermal 
uctuations, nonzeroand follows the opposite direction
of the density n gradient:

~F = � D ~r n (11)

This equation expressesthe proportionalit y of 
o w ~F to the density gradient ~r n using
the di�usion coe�cien t D. This coe�cien t is related to the mobilit y by Einstein equation:

D =
kT
q

� (12)

coming from the zerovalue of sum of drift and di�usion 
o ws.

3.4 The P-N junction

As mentioned above, reversebiasedP-N junction reducesthe number of free carriers.
Due to gradient of electrons' and holes' densitiesin the junction of n- and p-type semi-
conductors,the free chargecarriers di�use and recombine. The result is net positive and

11



negative charge in the n- and p-type materials respectively. This region of net charge
calleddepletion region causesbuilt-in potential barrier that, assumingNA ; ND � ni , can
be calculated from [5]:

VD =
EF A � EF N

q
=

kT
q

ln
� NA ND

n2
i

�

(13)

with EF A and EF N being the Fermi levels in n- and p-type crystals respectively.
The depletion region can be widenedby applying reversedpotential Vbias on the P-N

junction. The barrier height would than beVB = Vbias + VD . The electric �eld distribution
can be obtained by solving a one-dimensionalPoissonequation:

d2V
dx2

= �
qN
�

(14)

Let WA andWD bethe width of depletionlayerswhereuniform net chargedensitiesareNA

and ND in the p and n regions respectively. Considering the neutrality of the crystal
(NA WA = ND WD ) the solution of the Poissonequation is [5] (see�gure 3):

WA =

s
2�VB

qNA (1 + NA =ND )
�

s
2�VB

qND
�

ND

NA
(15)

and

WD =

s
2�VB

qND (1 + ND =NA )
�

s
2�VB

qND
(16)

where � is the permitivit y of silicon. Choosing the material so that NA � ND (see
the approximation), the depletion region is wide on the n-sideand shallow on the p-side.

Sincethere is a voltage dependent chargeincrement dQ = qN dW that appearson ei-
ther sideof the junction asa result of the wideningof the depletionregionon that sidedW,
causedby an increaseof the barrier voltage dVB , then it is possibleto de�ne junction
capacitance[5]:

Cj =
dQ
dVB

=
dQ
dW

�
dW
dVB

=

s
q�N A ND

2(NA + ND )VB
�

s
q�N D

2VB
(17)

The capacitancedecreaseswith rising bias voltage until depletion layer reachesthe back
of the crystal. Such a VB is called depletion voltage Vdep.

3.5 Reverse curren t

The depletion region is freeof majorit y carriers,but under equilibrium conditions e-h
pairs are generatedcontinuously anywherewithin the volume of the crystal. In opposite
to non-biaseddetector, the created carriers have little chance to recombine. The pairs
are separatedand electronsand holesdrift under the in
uence of the electric �eld. This
current is called leakageor reversecurrent. Dependingon wherethe e-h pair is generated
there are 2 components: a generationcurrent of density j gen causedby chargegenerated
within the depletion region and a di�usion current j di � coming from charge generated
in the neutral silicon and di�using to the depletion region.

Assuming very low charge densitiesn; p � ni in the depletion zoneof width W and
e�ective life time � 0 of minority carriers [5]:

j gen =
1
2

q
ni (T)

� 0
W(Vbias) (18)
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The temperature dependenceis only through ni (T). Considering equation (6) ni (T)
increasesby factor of 2 with a temperature increaseof 8 K . The current is proportional
to

p
Vbias, when Vbias is lower than depletion voltage, and constant above it.

Pairs e-h generated in the neutral region in the proximit y of depletion one have
a chance to di�use into it before recombination. Denoting by � e and � h the lifetimes
of electronsand holes in the n- and p-type region respectively, the width of the layer
from which carriers would di�use is [5]:

L =
p

D� (19)

where D is the di�usion coe�cien t for proper free carriers of density n. The di�usion
current can be than calculatedfrom:

j di � = q
n
�

L (20)

3.6 In teractions of particles in silicon

There are two mechanismsof energylossof chargedparticles in solids: the ionization
and the bremsstrahlung. Important part of the ionization processis the releaseof high
energy electrons (� -electrons) that increasethe mean energy loss. Another important
e�ect is the Coulomb scattering resulting in beam divergenceafter passingthrough the
detector.

The meanenergylossdue to ionization of particle of charge z, massM and velocity
(in units of speedof light c) � =

p
1 � 
 � 2, is described by Bethe-Bloch formula:

�
� dE

dx

�

ion
=

Z Tmax

Tmin

Tne
d� Ruth

dT
dT = 2 �

2� � 2�h2z2

me� 2

Z
A

�N A � ln
� Tmax

Tmin

�

(21)

whereT is the energyloss,ne is the density of electronsof massme in material of atomic
number Z , atomic weight A and density � , � Ruth is the Rutherford scatteringcross-section,
� is the �ne structure constant and NA is the Avogadroconstant. The minimum energy
lossTmin is equal to the ionization potential I 0 � 16� Z 0:9 [6], while the maximum energy
lossis:

Tmax =
2mec2� 2
 2

1 + 2
 me
M + ( me

M )2 (22)

The factor of 2 in relation (21) accounts for such e�ects asatomic excitation. Modi�cation
of the formula (21) for fast electronswas found to be [9]:

�
� dE

dx

�

ion;e �
=

2� � 2�h2z2

me� 2

Z
A

�N A

�

ln
� m2

ec4� 2

2I 2(1 � � 2)

�

� ln 2
� 2



�

1

 2

�

+
1

 2

+
1
8

�

1 �
1



� 2�

(23)
The statistical 
uctuations around the meanenergylossin a layer of thickness� x are

described by Landau, Vavilov or Gaussiantheory, depending on ratio � , that is propor-
tional to the ratio of meanenergylossto the Tmax :

� =
�

Tmax
=

2� � 2�h2NA z2Z �
me� 2A

�
� x

Tmax
(24)

The assumptionson Landautheory arethat the ratio � =I0 � 1 and that the typical energy
lossis small comparedto Tmax and is large comparedto the binding energyof the most
tightly bound electrons.The Landau distribution function is shown in �gure 4. The �rst
restriction is removed in the Vavilov theory. According to the assumptions,Landau

14



Energy loss [keV]
50 100 150 200 250 300

N
um

be
r 

of
 e

ve
nt

s

0

50

100

150

200

250

300

350

400

Figure 4: Simulated energylossof 180GeV negative pionsusingGeant4 and distribution
function of Landau theory (solid curve).

theory can be usedwhen � < 0:01, while the Vavilov theory is usedwhen 0:01 < � < 10.
In the region of � > 10 which describes non-relativistic particle energy loss, Gaussian
distribution canbeapplied,assuminga largenumber of collisionsinvolving the lossof most
of the incident particle energy,

The tail in the region of high energy loss in Landau distribution is causedby high
energeticelectrons(� -electrons) releasedby the incoming particle and resulting in sig-
ni�can tly higher average energy loss than the most probable value. Since the range
of the � -electronsis in the order of 10 � m (40 � m for 100 keV electron), they can cause
displacement of the measuredtrack position. The number of � -electronsof energyhigher
than T� is [8]:

dN �

dx
=

2� � 2�h2z2

me� 2

Z
A

�N A �
� x
T�

(25)

A � -electronof kinetic energyT� is producedat an angle � � determinedby relation [8]:

cos� � =
Te

pe
�

pmax

Tmax
(26)

wherepmax and pe are momenta corresponding to the kinetic energies.
Another mechanism of energy loss important for e� is the electromagneticradiation

(bremsstrahlung)described by formula [9]:

�
� dE

dx

�

brem;e�
=

� 2�h2
 Z (Z + 1)NA �
137meA

�

4ln(2
 ) �
4
3

�

(27)

The relative in
uence of ionization and bremsstrahlungin solids is described by critical
energy[8]:

Ec =
610

Z + 1:24
� M eV (28)

Assuming thicknessof the layer being passedthrough � x � X 0, with X 0 = 9.36 cm
being the radiation length in silicon, the meannumber of radiated photonswith energies
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betweenE 
 min and E 
 max is [8]:

N 
 =
� x
X 0

� 4
3

ln
� E 
 max

E 
 min

�

�
4(E 
 max � E 
 min )

3mec2

+

(E 
 max � E 
 min )2

2(mec2
 )2

�

(29)

The coulomb scatteringat small angles[8] of particle of momentum p passingthrough
a thin layer is described by RMS of Gaussiandistribution of de
ection angles:

P(�) =
1

q
2� � 2

RM S

� exp
� � 2

� 2
RM S

�

d� (30)

� RM S =
z � 21MeV

� cp

s
� x
X 0

(31)

3.7 Microstrip detectors

Schematic diagram of n-type microstrip detector is shown in �gure 5. The main
part of the depletion region is in the weakly doped n-type material (seeformula (16)).
Particle traversing through the detector createse-h pairs along its path. The number
of the pairs is proportional to the energylossdescribed in section 3.6. Sincethe detector
of thicknessd is reversebiasedthe generatedcarriersdrift along the electric �eld E(x) [7]
towards the strips and backplane:

E(z) = �
Vbias + Vdep

d
+

2Vdep

d
z
d

(32)

The carriersdi�use in the direction ~x perpendicular to the electric �eld. The distribution
of number of holesand electronsafter drift to the strips and backplanerespectively follows
the Gaussianlaw:

dN =
1

q
2� [2Dt(z) + � 2]

� exp
�

�
x2

4Dt(z) + 2� 2

�

N (z)dzdx (33)

where dN is the charge in the element dx, at distance x from the track, and com-
ing from the charge N (z)dz generated in the element dz of the track at distance z
from the strips. N (z) is the linear density of the generatedcharge. The other used
symbols are di�usion coe�cien t D, width of the track � and the time of charge carriers
drift t(z) from the placeof generationto the strips and backplane. The drift time can be
calculatedcombining de�nition (9) and relation (32):

th(z) =
d2

2Vdep� h
ln

� (Vbias + Vdep)d
(Vbias + Vdep)d � 2Vdepz

�

(34)

for holesand:

te(z) =
d2

2Vdep� e
ln

� (Vbias + Vdep)d � 2Vdepz
(Vbias � Vdep)d

�

(35)

for electronsrespectively. The product of D � t(z) is independent of � and so is the width
of the distribution.

When measuringthe amplitude of the signal on each strip (analog readout), partial
reconstruction of the distribution is possible,which results in much better localization
precisioncomparedto strip pitch p:

� x �
p

S=N
(36)
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When binary readout is used,signal on the strips is comparedto a given threshold and
the RMS of the measuredand real track position � x2 can be calculated, assumingno
chargeloss,from formula:

� x2 =
1
p

Z + p=2

� p=2
x2dx =

p2

12
(37)

The charge division between the strips can be realized in resistive or capacitive way.
The resistive one leads to noise generation. The capacitive one is naturally realized
by interstrip capacitance,but there is a non-linearity and chargelossdue to strip-by-strip
and strip-ground capacitance.

As mentioned in section 3.1 oneof the advantagesof semiconductordetectorsis the in-
tegration of the sensitive material and the readout electronics.There are 2 possibleways
of such integration: direct connection(seeleft part of �gure 5) wherereversecurrent 
o ws
through the electronicsor capacitive connection(seeright part of �gure 5) whereonly cur-
rent changesare detectedby the electronics.The capacitor C can be easily implemented
on the detector using a layer of SiO2 as well as the bias resistor R using polysilicon.
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p+p+

Al Al

n

SiO2

+   -

+   -

+   -

+   -

+   -

+   -

+   -

z

d

dx  x

Front-end
electronics

particle

Front-end
electronics

RC

Figure 5: The sliceof n-type microstrip detector with DC-readout (left) and AC-readout
(right).

3.8 Noise

Referring to section 3.1 there is no multiplication of the amount of generatedcharge
carriers. In events with tracks crossingthe detector between2 strips or at large angles,
due to charge sharing, only a fraction of total charge is collected on each strip. To
distinguish the real signal, low noise is essential. The electronics and detector itself
contribute to the noisein di�erent ways:
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� The main contribution comesfrom the capacitanceof the strip being readout to its
neighbours and to the backplane. It causesa signal lossand acts as a load capac-
itance C of the preampli�er. For conventional charge sensitive ampli�er the elec-
tronics noiseis calculatedas equivalent noisecharge(ENC) from the formula:

EN Cload = A + B � C (38)

whereA and B are constants depending on the preampli�er.

� Another contribution is the equivalent noisereferred to the input of the ampli�er
from the leakagecurrent I and is given by:

EN Cleak =
e
q

s
qI Tp

4
(39)

where e is natural logarithm base,q is the electron charge. and Tp is the peaking
time equal to the integration time of a CR-RC shaper. The peaking time di�ers
from the integration time for other typesof shapers.

� Bias resistor R contribute to the noiseas well by following formula:

EN Cbias =
e
q

s
TpkT
2R

(40)

with k being the Boltzmann constant and T temperature.

The error in measurement of the signal causedby all thesecontributions can be ob-
tained as their sum in squares:

EN C =
q

EN C2
load + EN C2

leak + EN C2
bias (41)

3.9 Radiation damage

As ATLAS will operatein high radiation environment, changesto the propertiesparti-
cleswith the nuclei in the lattice may leadto permanent material changesdueto following
processes:

� Displacement of lattice atoms leading to interstitials and vacancies

� Nuclear interactions

� Secondaryprocessesfrom energeticdisplacement lattice atoms leading to possible
defectclusters

Most of the primary defects are mobile at room temperature and will therefore par-
tially anneal. However, there are also stable defects: combination of vacancyand oxy-
gen (A-center), a vacancyphosphoruscomplex (E-center) and 2 vacanciesnext to each
other (divacancy). Although the primary interaction of radiation with silicon is strongly
particle-type and -energydependent, due to smoothing out by secondaryinteractionsand
consideringnon-defect-producing interactions with electrons,it is possibleto usescaling
by the non-ionizing energyloss(NIEL) of 1MeV neutrons.

The defectscan act as trapping centers reducing signal and as recombination centers
leadingto an increaseof the leakagecurrent. They canchangethe resistivity of undepleted
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regionsand chargedensity in the depletedregion, thus requiring an increaseof depletion
voltage. In caseof n-type detector, long term radiation leadsto e�ective type inversion.

Damagein electronicshasdi�erent e�ect asinducedchangein doping concentration is
not important dueto much higherdopingdensitiesthan in detectors. The most important
e�ects are the damageon silicon oxide layers in metal-oxide-semiconductor�eld e�ect
transistors (MOSFET) and the decreaseof minority carriers lifetime in caseof bipolar
and junction �eld e�ect transistors (JFET). The e�ects lead to decreaseof ampli�cation
characteristicsof transistors and increaseof noise.
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4 Detector modules

4.1 Construction

Every SCT module consistsof 2 or 4 silicon strips detectorwafersconnectedby fan-ins
to a hybrid with 12 readout chips. The detectorsare glued on a mechanical basement.
The typical surfaceof the sensitive wafers is 6� 6 cm2. There are 4 types of the SCT
modules (see�gure 6): a barrel module and 3 forward modules di�ering in the number
of detectorsand their geometry. In moduleswith 4 silicon wafers,the detector wafersare
bondedto 2 pairs and so providing e�ectively 2 sensitive wafersof length approximately
12 cm.

Figure 6: The barrel module (top left), forward outer module (bottom left), forward
middle module (bottom right), forward inner module (top right).

All the siliconwafersaresinglesidedp-in -n detectors,285� m thick and containing 768
Al strips 23 � m wide. Every module has2 parallel detector planesand thus 1536readout
channels. The 2 planesare rotated by an angleof 40 mrad to provide 2D track position
measurement by combining the hit strips numbers. The strip pitch of barrel detectors
is constant: 80 � m. Thus taking into account the cylindrical coordinate system(R,�, z)
with z direction parallel to the beampipe, the point resolutionis 23� m (seeformula (37)).
Combining the 2 points from both detector planesgives precision of 16 � m in the R�-
direction and 580� m in the z-direction. The forward detectorsdi�er from the barrel ones
by non-parallel strips converging to one point closeto the beam line for easyextraction
of the (R,�, z) coordinates of the measuredtracks. The strip pitch varies from 54 � m
up to 95 � m and consequently the point resolution is position dependent. While the plane
of the barrel detectors is parallel to the beam direction, the forward modules' detector
planesare perpendicular to it and sothe last mentioned precisionis not in the z-direction
but in the R-direction for forward modules.
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The ATLAS SCT readout electronicsis responsiblefor supplying the hits information
to the ATLAS 2nd level trigger and data acquisition system. To ensurelow noiseopera-
tion, front-end (FE) electronicsis mounted immediately at the strips' electrodes. There
are 12 readout chips on hybrid of every module and every chip readsout 128 channels
(strips). The chips on the �rst and secondmodule side are marked M0 S1 S2 S3 S4 E5
and M8 S9 S10S11S12E13 respectively (see�gure 8). The ATLAS SCT usesbinary
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Figure 8: Module description.

readout (signal on strips is comparedto a given threshold) to reducethe amount of data
to be transmitted and stored. The schematicsdiagram [11] of FE architecture is shown
in �gure 7. The data from the strips are every 25 ns (LHC bunch crossingrate) stored
into chips' pipelines and are held there for the duration of the level 1 trigger (L1) la-
tency waiting for the decision to transmit the data or discard it. The averagetrigger
rate of the FE electronicsoperation is 100 kHz. If the data are to be read out, they
are compressedand transmitted out using optical �b ers. To suppressnoisy hits (clusters
of channelswhereread signal is greater than set threshold), certain type of data readout
and compressionbasedon special timing pattern recognition can be applied. Important
feature of the electronicsis the calibration circuit allowing to associate threshold on dis-
criminator to an appropriate chargeat the input of the preampli�er. To obtain the best
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possibleuniformit y of the calibration process,thresholds can be adjusted individually
for every channel. This processis called trimming. The chips and hybrid construction
allows to bypassnon-functional chips and there is a redundant optical connectionto �x
possiblefailure of the standard one.

4.2 Read out system

The schematic diagram of the readout systemfor QA proceduresfor a singlemodule
is shown in �gure 9. The hardware is basedon VersaModule Eurocard (VME) modules
of the following functionality:
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Figure 9: The readout systemfor a singlemodule.

� SCTLV3 module [12] provideslow voltages(digital 4.0V, analog3.5V) to the read-
out electronicsand assuresmonitoring of the temperature and power consumption.

� SCTHV module [13] providesbiasvoltagefor the detectorsand monitors the leakage
current.

� MuSTARD module [14] readsout and storesthe data from the hybrid

� CLOAC module [15] and SLOG module [16] generatecommandsequenceslike trig-
ger, calibration and resetsignals. The latest onesresendcon�guration to the chips
to correct possiblelossof threshold and other settings. The CLOAC module allows
useof external triggers (for examplefrom a scintillator in beamtests) and can fan-
out the command sequencesthat were sent to the readout electronics. The later
mentioned feature can be usedto trigger a laser.

� VME controller assurescommunication of the moduleswith personalcomputer.

� The PPR together with the support card are passive components connectingdata
links from the hybrid and the VME modules.

The data acquisition (DAQ) software [18] is basedon ROOT [17] - a C++ interpreter
with additional classesfor easydata manipulation and visualization. The software con-
tains a buttons control panel, ROOT interactive window and a basic information panels
showing data control system (DCS) monitoring and the occupancy of the strips after
applied a burst of triggers, results of performedscansetc.
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As the silicon moduleshave to be tested in a cleanenvironment, cleanroom wasbuilt
for this purposeat IPNP [28]. Typical readout system for QA allows to test up to 6
modules in parallel. Sincethe moduleshave to be cooled during the tests and humidity
reduction by 
o wing a dry air on the modulesis neededto prevent shortsat the detector,
the tested devicesare placed into special boxes. The monitoring of the environment
conditions, data backup and solving of accidents like power failure, is assuredby slow-
control system[26].

4.3 Standard QA tests

The standard QA procedure includes tests of the detectors and functionality tests
of the readout electronics. The quality of the detector wafers is checked by measure-
ment of the leakage current as a function of bias voltage. Example of this IV-curve is
in �gure 10. Accounting the dependenceof depletion layer width on the bias voltage,
the relation (18) for generationcurrent is valid up to 300V, wherethe avalanche e�ects
start to modify the shape of the IV-curve, and the depletion voltage is around 60 V. Ap-
plying in the relation (18) � 0 = 1 ms [4] givesthe generationcurrent of 2 � A. This value
is consistent in the order with the measuredone. Precisecomparisonis complicateddue
to � 0 dependenceon the temperature and number of impurities in the silicon. The used
value of 1 ms is a very rough approximation for weakly doped n-type silicon. In addition
the di�usion current j di � was neglected.
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Figure 10: The IV-curve of unirradiated (left) and irradiated (right) module. Monitored
temperatureson the hybrids were around 25 Celsiusdegreeson the unirradiated module
and 0 Celsiusdegreeson the irradiated one.

The testsof the readoutelectronicsinvolve bypassand redundancytests,but the most
important part is the calibration processincluding trimming and noiseoccupancymea-
surement. Another issueis the long-term stabilit y test lasting 24 hours. Sincethe SCT
readout is binary, it is not possibleto �nd the amplitude of the signal directly by one
measurement, but integral of the spectrum of the signal can be obtained by scanning
the threshold to which the signal is being compared.If the signal is generatedby charged
particle passingthrough the detector, one obtains integral of the Landau curve, while
for signal coming from the calibration circuit, the result is an error function, because
the charge provided by calibration circuit has a narrow Gaussiandistribution. The real
measuredsigma of the Gaussianfunction is higher and is equal to the noise (seesec-
tion 3.8) assumingGaussiandistribution of the noisewith givensigmaequalto EN C and
zeromean. Example of such an error function is shown in �gure 11. The noiseoccupancy
measurement (see�gure 12) is a simple high statistics threshold scan with no calibra-
tion chargeapplied. The trimming (see�gure 13) is done for selectedcalibration charge
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Figure 11: The threshold scan(right) of single channel with 0.2 fC step and with zero-
width calibration chargeof 3 fC - seedashedcurve in �gure (left). For every set thresh-
old, the calibration pulse was applied and signal was read out 1000 times. The his-
togram (right) shows the number of events when the read out signal was greater than
the threshold. The dashedcurve correspondsto ideal readout with no noise,while the full
one is the smearedby Gaussiandistribution of the noise(left).

by scanningthe threshold and tuning the readout chips' settings so that the threshold
of 50%e�ciency (median) is uniform over all channelsasmuch as possible.The calibra-
tion processconsistsof scanningthe calibration charge and calculating the appropriate
median of threshold scanfor every setting of the charge. Example of such a dependence
called responsecurve is shown in �gure 14. The derivative of the responsecurve deter-
minesgain of the FE preampli�ers. The aim of thesetests is to check whether the module
matches the speci�cations (seesection 4.4) on the rate of noisy hits and the purpose
of the calibration is to �nd the threshold of around 1 fC, where the e�ciency should be
high enough.
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Figure 12: The noiseoccupancyscanof KB-105 module. The left �gure shows the oc-
cupancy separately for every channel, while the on the right averagenoise occupancy
of the 6 chips (1 sideof the module) is shown. The marked point is the noiseoccupancy
at 1 fC threshold.

The radiation damagein
uences properties of both the sensitive wafersand the read-
out electronics. The latter mentioned can be seenin an increaseof the leakagecurrent
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and consequently the noiseoccupancy, depletionvoltageincreasesaswell. From the beam
tests (seesection 4.4) decreaseof the amount of collectedcharge is obvious. In the elec-
tronics the radiation a�ects noiseand gain. The irradiation of the modules is performed
at CERN PS by 24 GeV protons to the doseof 3�1014 protons/cm2 during approximately
2 weeks. The typical characteristics for both the irradiated and unirradiated modules
of 4 detector wafers are summedin table 2. Note the higher noise occupancy, leakage
current and bias voltage neededfor operation of irradiated modulescomparedto unirra-
diated ones. In spite of the fact that the median collectedcharge in irradiated detectors
is lower and so is the e�ciency , the averagesize of strips clusters (see section 4.4) is
the sameas for the unirradiated ones. This is due to stronger charge sharing in the ir-
radiated detectors. The lower gain of the FE electronicscon�rms the e�ects of radiation
on the electronicsdescribed above.
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Figure 13: The points of 50 % e�ciency from threshold scanof all channelsof KB-105
module before(left) and after trimming (right) showing better uniformit y of the measured
signal amplitudes after trimming.
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Figure 14: The results of M0 chip calibration of module KB-105: responsecurve (left),
FE electronicsgain (center) and ENC (right).

4.4 Beam tests

To verify the e�ciency of the modulesin detectingparticles,prototypesof the modules
were tested in beamof SPSat CERN. The schematic diagram of the beamtests setup is
shown in �gure 15. The moduleswereplacedin a light-tigh t box with integrated cooling
system. To �nd the e�ciency of the testeddevices,positionsof the particles' tracks must
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Quan tit y Unirradiated modules Irradiated modules
E�ciency [%] 99.5 99.0

Noiseoccupancy 10� 6 .. 10� 5 10� 4 .. 10� 3

Cluster size 1.27 1.26
Median [fC] 3.4 2.7

Leakagecurrent [� A] 1 2000
FE gain [mV/fC] 50 35

Usedbias voltage [V] 150 350

Table 2: The characteristicsof SCT modules: unirradiated modules, irradiated modules.
The presented valuesare given at 1 fC threshold and cluster sizeat incidenceangle16 de-
grees.The valuesare typical as they vary from module to module. The leakagecurrents
correspond to measurements with monitored temperatureson the hybrids around 0 Cel-
siusdegrees.

be known. This information is provided by 4 silicon strip detectorsof strips pitch 50 � m
and analogreadout. The precisionof this telescopesis up to 5 � m (seeformula 36). There
are 3 important characteristicsof the measurements:

� E�ciency - the number of events when there is a cluster of neighbouring strips
with read signal greater than the threshold and the track given by the telescopesis
not too distant (< 150� m) from the position of the center of such a cluster of strips.

� Median - the threshold wherethe e�ciency reaches50%(seesection 4.3).

� Noise occupancy - probability that there will be a signal on a strip greater than
the threshold and the position of the strip is far from the track in the detector
determinedby the telescopes.

� Cluster size- an averagewidth of the hit strips clustersthat areassumedto becaused
by the particle passingthrough the detector (seethe de�nition of the e�ciency).

Light-tight box

B

Tested modulesAnalogue
telescopes

Beam

Scintillators
in coincidence Analogue

telescopes

&

trigger signal

Figure 15: The beamtests setup.

There are 3 possiblee�ects that lead to the existenceof 2- and more-stripsclusters:

� � -electronswith rangesu�cien t to reach alsothe strips neighbouring to the nearest
one.
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� Chargesharingbetweenstrips dueto possiblenon-perpendicularincidenceangleand
due to di�usion of the generatedchargecarriers as they always drift to the nearest
strip (see�gure 17).

� Cross-talk betweenstrips due to their capacitive coupling.

The region of interest is at around 1 fC threshold wheree�ciency has to be su�cien tly
high (> 99%) and noiseoccupancylow (< 5�10� 4) as de�ned in the Technical DesignRe-
port (TDR) [2] to provide the expected reconstruction capability. Another important
characteristics are the dependenceof the median (and consequently the e�ciency) and
cluster sizeon the incidenceangleand changeof the responsein magnetic�eld of 1.56T.
The preciseinformation about the track positions allowed to study the characteristics
at the edgesof the detectors and to measurethe median and cluster size dependence
on the relative position (� ) of the track position with respect to the position of the strips.
Resultsof the beamtests can be found in [10].
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5 Simulations

To understandthe resultsof beamtestsand their di�erence to the sourcetests,simula-
tion of SCT modulesfunctionality wasperformed. The wholesimulation is divided into 2
parts: Geant4 [22] simulation and digitization under standard ATLAS SCT software [23].

5.1 Geant4 simulation

Geant4 is used to calculate the energy loss of particle passingthrough the module.
The output is a particle track divided into several segments with depositedenergyin them.
This information is than usedby the digitization software described in section 5.2.

The Geant4 simulation accounts following processesof particle's interactionsin matter.
For electrons ionization including � -electronsproduction, bremsstrahlungand multiple
scattering is applied. For positrons annihilation is usedin addition and for muons, pair
production is consideredaswell. Photonsinteract through photo-electrice�ect, Compton
scattering and conversion to electron-positron pair. For hadronsionization and multiple
scattering is usedonly.

The ionization is divided into 2 parts: ionization processwith local energydeposition
and creation of � -electrons. There is an energy cut Tcut in Geant4 given by minimal
distance,that particle of energyE and massm hasto passin material in order its energy
lossnot to be involved into local energydeposition. Sothe local energydeposition is given
by [22]:

�
� dE(Z; E; Tcut )

dx

�

ion
= ne

Z Tcut

0

d� ion (Z; E; T)
dT

dT (42)

where� ion (E; T) is the cross-sectionof particle's interaction with electronsin the material.
The cross-sectionof releaseof � -electronswith kinetic energyT greater than Tcut comes
from the cross-section� ion (Z; E; T):

� � (Z; E; Tcut ) =
Z Tmax

Tcut

d� ion (Z; E; T)
dT

dT (43)

Comparedto equations(21) (23) Geant4 ionization involvesdensity e�ect correction that
takes into account material polarization, when high energetic particle passesthrough
it. The secondcorrection is the shell one that involves lower probability of particle's
interaction with electronson inner atomic shells(K,L,. . . ).

Analogically the bremsstrahlungis divided into 2 parts: local energydeposition and
photon radiation if the photon has su�cien t energy E 
 (greater than E 
 cut ) to pass
in the material the prede�ned minimal distance. The local energy deposition is given
by equation:

�
� dE(Z; E; E 
 cut )

dx

�

brem
= ne

Z E 
 cut

0

d� brem(Z; E; E 
 )
dE 


dE 
 (44)

And the cross-sectionfor radiation of photons with energy greater than E 
 cut can be
calculatedfrom:

� 
 (Z; E; E 
 cut ) =
Z E � mc2

E 
 cut

d� brem(Z; E; E 
 )
dE 


dE 
 (45)

To calculate energy lossat distance � x in the material, Geant4 slicesthe track into N
segments � x i :

� E =
NX

i =1

� dE
dx

�

i
� x i (46)
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The directions of track segments include multiple scattering given by equation (30) and
also the lengths � x i are correctedto the multiple scattering.

The geometry used for the simulation is written directly in Geant4 and is shown
in �gure 16. While the detector wafers were implemented in the geometry, the hybrid
with readout electronicswas not becauseboth in the beam and sourcetests, that were
simulated, the particles weren't crossingthe areaof the hybrid.

Figure 16: Geometryof the Geant4 simulation of the beamtests. The geometryfor source
tests di�ers only in di�erent source(point) and in one casein aluminum plate between
the module and scintillator.

5.2 SCT digitization

The digitization software simulates the drift and di�usion of the generatedcharge
carriersinsidesiliconand the function of the readoutelectronics.The software is described
in [24]and the usedphysicalprocessesin [25]. The purposeof the digitization is to provide
relatively fast and acceptableresponseof the SCT modulesaccordingto the geometrical
and electrical settings usedin the beamtests.

The software reads the output of the Geant4 simulation described in section 5.1.
The segments of the track can be linearly divided to get vernier segmentation. For every
such segment its position, direction and energylossin it is known. As the averageenergy
neededto createe-h pair is well known, it is possibleto associate an appropriategenerated
chargeto every segment. The holesdrift to the strips for time givenby (34). The electrons
drift to the backplane of the detector and so their contribution to the signal on the strips
is not taken into account. Current induction on the strips coming from the movement
of the holesis neglectedand so the signal is assumedto appear preciselywhen the holes
reach the sideof the detector with the strips. This approximation canbe usedasthe �eld
is the strongestnear the strips and so the high drift velocity of the holescausesthe most
signi�cant induction on the strips. The �eld approximation by formula (32) in the detec-
tor volume is not valid near the strips. Using simple numeric method to solve the Poison
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Figure 17: The principal schemeof the digitization.

equationresultsin �eld shown in �gure 18. The arrival position of the holeson the surface
of the detector is shifted from the segment position due to di�usion by random distance
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Figure 18: Electric �eld in microstrip detector. The coordinatesx and z match the selec-
tion in �gure 5. The �eld coordinate in the direction along strips is zero. The strips are
located at x = 0 mm and x = 0.08mm in the plane z = 0 mm.

with Gaussiandistribution given by (33). Accounting the electric �eld in the detector
shown in �gure 18, such a surfacecharge is than supposedto be collectedon the near-
est strip. The processis symbolically shown in �gure 17. The digitization than simulates
the readout electronics:the noise,shapingof the signalon the strips, comparingthe pulse
height at given time (see�gure 19) to a set of thresholdsand �nally producing the digits
- the map of strips with the signal greater than the threshold. The software contains
several free parametersmostly concerningthe electronicslike gain and o�set correlation
of the ampli�ers or peakingtime of the shaper, but there arealsophysical parameterslike
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Figure 19: The pulse shape (top) and output of the comparator (bottom) (see�gure 7)
when the threshold was set to 2 fC (dashedline).

temperature,EN C or magnetic�eld. To simulate the responseof the modulesin magnetic
�eld, the �eld is not applied in Geant4 becauseits in
uence on the momentum direction
of the primary particle is not measurable(for 180GeV pions in magnetic �eld of 1.56T
the Lorentz angle- the particle movement direction deviation due to magnetic �eld dur-
ing going through the detector - is approximately 0.7 � rad). Becausethe magnetic �eld
considerablyin
uences the movement of the generatedfree chargecarriers inside the de-
tector, the magnetic �eld is applied in the digitization software. The parameter that
de�nes the magnetic �eld in the software is the Lorentz angle.

The standardoutputs of the digitization for every scan-point (determinedby threshold
and time of readout) are the sameas in beamtests:

� E�ciency - the maximum distanceof the nearestcluster of strips is 50 � m. The 3
times wider limit in the beam tests analysis is used becauseof the inaccuracy
of the telescopesdetermining the track position, while in the digitization the track
is known absolutelyfrom the Geant4 simulation. Using the dependenceof e�ciency
on threshold, median can be calculated.

� Noise occupancy - the only discrepancyfrom the beam tests analysis is analogi-
cally to the e�ciency de�nition the limit on the minimum distanceof the noisy hit
from the track in the detector.

� Cluster size- seede�nition in section 4.4. Statistical error of clustersizeis calculated
aswell.

It was checked that the used limits (that are set in the software as default) provide,
accounting the statistical errors of the e�ciency and the noise occupancy calculation,
the sameresults as with the limits usedin beamtests.
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The existing versionof the digitization of beamtestswritten by SzymonGadomski[25]
doesnot write out the binary information (digits) from the strips, but calculatestraight-
way the e�ciency etc. described above, so I made a slight modi�cation to the software
to assurethis feature. The map of digits is useful as it is possibleto useit as real mea-
sureddata in analyzing software of beam and sourcetests. Therefore this allows to test
the analyzing software and to perform comparisonto the real data at the basic level.

5.3 Beam tests simulation and digitization

To validate the simulations software, beam tests con�guration was set in Geant4 ge-
ometry. The validation was performed on simulation of a single barrel module, because
due to constant strip pitch the responsesimulation is simpler comparedto forward mod-
ules. The important characteristics that the simulation should be able to reproduce are
the noiseoccupancy(simply determined by the free parameter EN C), the dependence
of the cluster sizeand the e�ciency (respectively the median) on bias voltage, incidence

Geant4
Particle � �

Particle's kinetic energy 180GeV
Minimal step length 10 � m

Minimal energyof secondaryparticles (� -e� ) in silicon 31.5keV
Minimal energydeposited in scintillator 0 keV

Total number of simulated events 1000
Length of the track segments 80 � m

Digitization
Module type Barrel

Depletion voltage 70 V
Temperature 0 oC

Length of the track segments 80 � m (10 � m)
Number of simulated charges'drifts per segment 10 (1)

ENC 1500e�

Number of bad channels 0
Surfacedrift time on the whole strip pitch 10 ns

Maximal distancefrom e�cien t hit to the track position 50 � m
Minimal distanceof noisehit from the track position 150 � m

Peaking time 21 ns
Crossfactor to neighbouring strips 0.10

Crossfactor to backplane 0.07
FE electronicsgain spread(RMS) 0.061

FE electronicso�set spread 680e�

O�set and gain correlations -0.60

Table 3: The con�guration of Geant4 and the digitization software used for the beam
tests simulation. The values in brackets were used for 16 degreesincidence angle to
obtain vernier division of charges'positions with respect to the strips.

angleand magnetic�eld. Very detailedvalidation canbeperformedby the � -dependences
(seesection 4.4) of the e�ciency and cluster size. The parameter � scalesthe track posi-
tion betweenstrips to the strip pitch and so it hasvaluesbetween0 and 1 and is chosen
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sothat the chips are locatedat � =0 and � =1. The simulation wascomparedto the results
of beamtests in 2001.
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Figure 20: The angular dependenceof the median (top) and cluster size(bottom). Sim-
ulation is shown in the left �gures and the beam tests results in the right. Open circles
correspond to results with magnetic �eld of 1.56T and full circleswereobtained without
magnetic �eld. The geometricalmodel is drawn by dashedcurves.

In table 3 there is the con�guration of Geant4 and the digitization usedfor the simula-
tion of the beamtests. The angular and magnetic�eld dependenceof medianand cluster
sizeat 1 fC threshold is shown in �gure 20. The simulation apparently underestimates
the medianby approximately 0.4 fC and overestimatesthe cluster sizes.The shifts of ex-
tremesof the curvesdueto magnetic�eld arein good agreement with the beamtestsdata,
becausethe shift is equal to the Lorentz angle- the parameterby which is the magnetic
�eld de�ned in the digitization software. The chargegeneratedby particle passingthrough
the detector at an incidenceangle � is proportional to the path length in the sensitive
material and so it is inverselyproportional to cos� . The median decreaseswith the in-
cidenceangle due to increasingcharge sharing between strips. Assuming the charge to
be collectedat the neareststrip, a simplegeometricalmodel for medianQmed and cluster
size �ncs dependenceon the incidenceangle can be used. The results are superimposed
to the �gures 20:

Qmed =
Q?

cos�

�

1 �
d tan �

4p

�

(47)

�ncs = 1 +
dtan �

p

�

1 � 2cos� �
Qthr

Q?

�

(48)

where d is the detector thickness,p is the strip pitch, Qthr is the threshold at which
cluster sizeis calculatedand Q? is the medianat perpendicular incidence(3.9 fC). These
calculatedangulardependencesareascanbeseenat the �gures moresensitive to incidence
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anglecomparedto the beamtests data. Better agreement of the calculatedmedianssizes
can be reached by lowering the detector thicknessfrom 285� m to approximately 250� m.

Bias [V]
100 120 140 160 180 200 220 240 260

M
ed

ia
n 

[fC
]

2.7

2.75

2.8

2.85

2.9

2.95

3

3.05

3.1

Bias [V]
100 120 140 160 180 200 220 240 260

M
ed

ia
n 

[fC
]

2.9

3

3.1

3.2

3.3

3.4

3.5

3.6

Figure 21: The bias voltage dependenceof the median. Simulation is shown in the left
�gure and beamtests results in the right.

The bias dependenceis drawn in �gure 21. The comparisonof beamtests and simula-
tion shows di�erences in the absolutevalues(the median is underestimatedasmentioned
above), but the trends of the curvesare in good agreement. The drop of the medianwith
low bias voltage is causedby 3 e�ects:

� If the bias is lower than the depletion voltage (approximately 70 V for unirradiated
modules - seetable 3), then the sensitive area (depletion region) is narrower than
the detector thicknessand sothe total collectedchargeis lower, becauseonly the free
chargegeneratedby passingparticle in the depletedregion can be collected.

� The drift time of holestowards the strips can causedrop of median measurement
if the drift time is large comparedto the width of shaper pulse (see�gures 7,19).
In that casesignalsfrom holesgeneratednear the strips and near the backplane are
too distant in the time to be composedin the optimal way - the pulse is wider but
with lower amplitude (the total chargeis constant). The overall signalat the output
of the shaper is given by convolution of the raw signal on the strips and the shaper
pulse. The biasdependenceof drift time through the wholethicknessof the detector
is shown in �gure 22.

� At low bias voltagesdue to long drift time the chargedi�uses into larger area(refer
formula (33)) and sois sharedbetweenstrips. The dependenceof the di�usion sigma
of the distribution (33) for holesdrifting from the backplane towards the strips is
shown in �gure 22.

The 2 latter e�ects are involved in the digitization, while the �rst one is not, because
it doesnot match real working conditionsof the modulesand becausebeamtestswith bias
voltage lower than the depletion onehave beennever done.

The � -plots of e�ciency and cluster sizeat incidenceangle16o are shown in �gure 23.
The comparisonof the simulation with the beamtests follows the conclusionsof angular
and bias dependencesimulation above - the absolute values di�er, but the trends are
in good agreement. But the � -plots for perpendicular (see �gure 24) incidence di�er
in the trend aswell. The region of e�ciency drop and high cluster sizeis much narrower
comparedto beamtests results. There are 3 causesof this discrepancy:

� The points in graph of beamtests results are averagedover a 6 � m wide interval.
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Figure 22: The drift time of holesthrough the whole thicknessof the detector (left) and
the di�usion sigmaof Gaussiandistribution of holesdrifting from the backplane towards
the strips.
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Figure 23: The interstrip position dependenceof the e�ciency (top) at thresholds1.5 fC,
2.0 fC, 2.5 fC and 3.0 fC and cluster size(bottom) at 1 fC threshold. Simulation is shown
in the left �gures and beamtests results in the right. The incidenceangleis 16 degrees.
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Figure 24: The interstrip position dependenceof the e�ciency (left) at thresholds1.5 fC,
2.0 fC, 2.5 fC and 3.0 fC and cluster size(right) at 1 fC threshold. Beamtests resultsare
locatedat the bottom, simulation with correction to track position uncertainties is shown
in the middle and pure simulation on the top. The particles incident perpendicularly.

36



� The precision of track position measurement is determined by the telescopes (see
section 4.4) and is up to 5 � m. This adds uncertainty in the interstrip position
determination.

� Due to multiple scatteringof beamparticles in the modulesand additional material
(PVC covers of the modules in their boxes) the real track of the beam particle
in a tested module di�ers from the track given by the telescopes. The distribution
of the deviations is approximately Gaussianwith sigmaaround 6 � m.

Application of theseuncertainties of the interstrip position in the � -plots for perpendicular
incidenceis shown in �gure 24. The shapeof the modi�ed curveis then in better agreement
with the beam tests data. The above described uncertainties in the track determination
in beam tests can be also responsible for the higher pedestalof the cluster size � -plots
measuredin beamtests.
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6 Source tests

6.1 Radioactiv e � � source

� � radioactivity consistsof neutron decay: n ! p �� e e� inside a nucleus. Assuming
zeromassof the antineutrino, the spectrum of electronenergiescanbederivedusingFermi
theory [20] (in the equation (49) the speedof light and Planck constant are assumedto
be unity):

dw =
1

2mn
jM f i j2 �

d3~pp

(2� )32Ep
�

d3~pe

(2� )32Ee
�

d3~p�� e

(2� )32E �� e

� (2� )4� (4) (pn � pp � pe � p�� e) (49)

dw
dTe

= C � (Te + mec2)(Tmax � Te)2
q

T2
e + 2Temec2 (50)

where C is a normalization factor, p is the momentum of the electron of massme, T is
its kinetic energy and E = T + mec2. The half-width � of the decay is proportional
to the Fermi constant GF and maximal possiblekinetic energy� of the emitted electron:

� � � 5G2
F (51)

The real spectrum di�ers from the formula (50) due to in
uence of the electromagnetic
�eld of the decaying nucleusand electronsin the atomic shell on the emitted electron.
The correction is applied through Fermi functions F (Z; T) for 90Sr and 90Y that can be
reasonablyapproximated by formula [21]:

F (Z; T) =
2� � Z � � 1

1 � e� 2� �Z � � 1 (52)

with Z being the atomic number and � c the velocity of electron:

� (T) =

s

1 �
� mec2

mec2 + T

� 2

(53)

Kinetic energy [MeV]
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

N
um

be
r 

of
 e

ve
nt

s

0

200

400

600

800

1000

Figure 25: The spectrum of the radioactive source.

38



For the measurement of detector'schargecollectioncapability the testsusing radioac-
tive � � source90Sr was developed. The decay chain is following: 90Sr ! 90Y �� e e�

and 90Y ! 90Zr �� e e� . The half-life of 90Sr is T1=2S r = 28.5 years, while the half-life
of 90Y is T1=2Y = 68 hours. BecauseT1=2S r � T1=2Y the numbersof decays of 90Sr and 90Y
are equal. The normalization factors for the elements are: CSr = 258 and CY = 1.
The maximum energyof emitted e� coming from the decay of 90Sr is 0.546MeV [8] and
so accounting the spectrum of the e� energies,most of the electrons will hardly pass
through both detector wafers285 � m thick, as the mean energyof electronswith range
equal to 2� the detector thicknessis around 500 keV, which can be found using the re-
lation (23). Since the maximum energy of the e� from 90Y decay is 2.283 MeV, only
a minority of theseelectronswill stop in the silicon. The combined spectrum of the ra-
dioactive sourceis shown in �gure 25.

6.2 Measuremen t setup

The measurement setup for � � sourcetests is shown in �gure 26. The readout is
triggeredby signal from photomultiplier to which a scintillator is connected.As the read-
out data have to go through the pipelines[11] (132� 25 ns) of the chips, it is important
to set proper delay between the trigger signal and readout of the data from the ends
of the pipelines. The photons created in the scintillator are transported by an optical
�b er to a photomultiplier. The amplitude of pulse from the photomultiplier is compared
to a threshold on discriminator and the output logical pulseis sent to an external-trigger
input of the CLOAC VME module of the DAQ system(seesection 4.2). The module and
scintillator are placedin a light-tigh t volume to prevent triggers causedby light photons.
The threshold on the discriminator is set so that there are reasonablehigh rate of real
triggers and low rate of fake ones.

C
LO

A
C

VME crate

External trigger input

Aluminum plate

Hybrid

1. detector plane

2. detector plane

90 90Sr ( Y) source

Scintillator
Photomultiplier Discriminator

Figure 26: The setup of the sourcetests.

For sourcetestsspecialsoftwarefor DAQ and analysiswaswritten by myself. The soft-
ware is basedon the DAQ systemfor standard QA tests. The main featuresof the DAQ
part are assuredby macrosfor:
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� adjusting the optional timing (delay betweenthe external trigger pulseand readout
of the data),

� sendingburst of external triggers that is doneat each scan-point,

� performing a scan(for examplescanof threshold),

� data storageand reading of already stored data to be analyzed.

The rest of the software assuresthe analysisand visualization:

� The analysis macro made for the timing scan �nds and sets the optional timing
determinedby maximum e�ciency .

� Analysisis alsomadefor every scan-point (usually determinedby the valueof thresh-
old) wherethe most important characteristicsand someplots are shown:

{ E�ciency

{ Noiseoccupancy

{ Cluster size

{ Histogram of multiplicit y (total number of channelswith read signal greater
than the threshold) that is closelyrelated to the noiseoccupancy

{ Histogram of cluster widths (mean value is the cluster size)

{ Monitored valuesof bias voltage, leakagecurrent, set threshold, number of an-
alyzedevents and someother parameters

{ Reconstructedpro�le of the beamof electronsthat passedthrough both the de-
tector planes

{ Impact point position dependenceof the e�ciency and the cluster sizes,which
can be usedfor adjusting the requestedgeometry of the sourcetest, because
both the characteristics strongly depend on the impact direction of the elec-
trons

{ Check of correct connectionbetweenstrips and channelsof the readout elec-
tronics, using the rate of special typesof hit-patterns (seesection 6.3)

� Finally analysis of the whole scan is performed and the dependenceof e�ciency ,
noiseoccupancyand cluster sizeon the scannedvariable (usually threshold) is plot-
ted. The results are:

{ Median

{ Cluster sizeat 1 fC threshold

{ Noiseoccupancyat 1 fC threshold

{ Visualization of the monitored valuesof bias voltage, leakagecurrent, temper-
ature and power consumptionof the readout electronics

{ A simple di�erentiation of the multiplicit y by threshold to get the spectrum
and Gaussiannoiseis performedand shown

{ Rate of hits of cluster sizes1,2,.. . is drawn to comparethe median of single
width clusterswith 2- or more-wideclusters

The software becamea part of the standard DAQ and analysis software for the SCT
module tests [27] and was usedfor all the measurements in Pragueand CERN.
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6.3 Analysis metho ds

The most important results from sourcetests are the e�ciency (or median), cluster
size,noiseoccupancyand checking of the connection(bonding) betweenstrips and chips'
channels. This characteristics can be calculated separately for both detector planesor
for somegroup of strips (for examplethe onesconnectedto the samechip). The methods
of analysisare described below:

� E�ciency - becausethere are no devicesexcept the tested oneable of precisionpo-
sition measurement of particle passingthrough the detector the e�ciency cannot be
calculated in the sameway as in beamtests analysis. The simplest way is to mark
the event to be e�cien t if there is at least one hit on the detector plane. But this
absolute method is sensitive to fake triggers from the scintillator (or photomulti-
plier) that lead to e�ciency drop. This problem can be partially solved by selecting
a part of the beamareaand only events with hit insidethis regionareassumedto be
e�cien t. This is valid until higher noiseoccupancyof testedmodule (at low thresh-
olds) or high rate of fake triggers is reached. To avoid this, another method based
on comparisonof both detector planesof the module is used. Let n2 be the number
of events with a hit inside the selectedpart of the beamareaat the seconddetector
plane. Becausethe angleof rotation of the planesis very small (40 mrad), if particle
passesthrough the module, the hit strips numbers on both planesshould be close
(accounting the geometryof the module, the di�erence in the strips' numbers is not
more than 60). Let's get the n2 mentioned events and selectfrom them the n1both

oneswhere the hit strip numbers on both planesare closeenough. Typical used
maximal di�erence that corresponded to the beam pro�le coming from the setup
of the sourceand the scintillator, was 15. Than the e�ciency of the �rst detec-
tor plane can be de�ned as the ratio n1both=n2. The error on this e�ciency comes
from binomial distribution:

Probp(n; k) =

 
n2

k

!

� pk � (1 � p)n2 � k (54)

Selecting a con�dence level CL (95%), the high and low errors are determined
by probabilities phig h and plow so that:

Probphig h (n2; k � n1both) = 1 � CL =2 (55)

respectively
Probplow (n2; k � n1both) = 1 � CL =2 (56)

To speedup the error calculation (�nding the valuesphig h and plow) Gaussianap-
proximation of binomial distribution is used:

Probp(n; k) �
1

q
2� np(1 � p)

� exp
�

�
(k � np � 0:5)2

2np(1 � p)

�

(57)

The e�ciency of the secondplane is obtained analogically with the �rst plane as
reference.

There are 2 consequencesof this method that have to be taken into account: higher
statistical errors compared to the absolute method due to lower statistics espe-
cially at higher thresholds and somearti�cial e�ects at low thresholds connected
to high noiseoccupancy. This e�ects are shown in �gure 27. At very low thresholds
(< 0.7 fC) the noiseoccupancyis sohigh that no matter if there wasa fake trigger
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Figure 27: The e�ciency dependenceon the threshold.

there will nearly always be hits inside the selectedpart of the beam area on both
sidesof the module with closestrips numbers. With rising threshold the probability
to �nd the closenoisy hits decreaseswhile the probability to �nd noisy hit at least
at one side of the module inside the selectedpart of the beam area is still high.
The result is e�ciency drop in the surrounding of 0.8 fC. At higher thresholdsalso
the latter mentioned probability decreasesand so the fake triggers from scintillator
result in events with empty occupancyin the selectedparts of beamareaon both de-
tector planesand theseevents are, asdescribed above, excludedfrom the e�ciency
calculation.
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Figure 28: The cluster sizedependenceon threshold. Dotted curve shows the valuesnot
correctedto noiseoccupancy.

� Cluster size - to calculate the averagesize of the clusters it is especially at low
thresholds neededto distinguish noisy hits from the real onescausedby electron
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passingthrough the detector. A simple calculation that averagesover all clusters
inside a selectedpart of the beamarealeadsto underestimationof the cluster sizes
at low thresholdsas the noisy clustershave usually the width of 1 (the probability
to �nd 2 neighbouring noisy hits is proportional to the noiseoccupancysquared).
Soto avoid this underestimationthe largest e�cien t cluster inside the beamregion
is consideredto be causedby passingelectron. Becausethis method would lead
to overestimation of the cluster size, corrections to noise occupancy are applied.
Let ni be the number of clustersof width i than this number is e�ectively decreased
by probability that there were 1 to i -1 noisy hits in the cluster. Consequently
ni must be alsoe�ectively increasedby the probability that there werek noisy hits
in clusters of width i+ k. Example of the graph of cluster sizeversusthreshold is
shown in �gure 28.

� Noiseoccupancy- the noiseoccupancyis de�ned as the number of channels,where
read noisy signal was greater than the threshold, divided by the total number
of channels.To avoid counting in the hits comingfrom the electronpassingthrough
the detector, the channelclustersthat are assumedto be causedby the electronare
not counted in the occupancy. The total number of channelsis lowered appropri-
ately as well. Example of the graph of noiseoccupancyversusthreshold is shown
in �gure 29. The errorsfollow a binomial distribution approximated by the Gaussian
oneof the summednoiseoccupancyover all events.
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Figure 29: The threshold scanof noiseoccupancy.

� Bonding checking - the connectionbetweenstrips and chips' channelscanbechecked
usingthe clustersizes.If the connectionis wrongthan for exampleinsteadof clusters
of width 2 ("001100") onewould observehit patterns of 2 hits surrounding2 channels
("010010") with no hit. Example and principles are shown in �gure 30. As it
is important to have as many clusters of width greater than 1 as possible, it is
feasibleby proper geometry, when electronspassthrough the detector at an angle
accordingto the z-axis (see�gure 5) in the x-direction (acrossthe strips). To check
the bonding,histogramof readoutdigit-map patterns of types(see�gure 30): "101",
"1001", "10001",. . . is drawn.
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Figure 30: The principle of checking for correct bonding. Correct bonding schemeand
appropriatepattern is shown in the left part, while the center �gure showsreadoutpattern
whenthe connectionsbetweenstrips and readoutchannelsis shifted by onepad at the top
row. The right �gure shows photography of the connectionbetweendetector and fan-in
pads.

For the signaldetermination alternativemethod canbeused. It is basedon the deriva-
tive of multiplicit y by threshold. The result is the spectrum of deposited energy and
the Gaussianspectrum of the noise. The result of this method is the most probable de-
posited energyinstead of the median onecalculatedby the analysisabove and measured
in beamtests. The most probableand mediandepositedenergyaredi�erent dueto asym-
metry of the spectrum of energyloss(for exampleseethe Landau distribution in �gure 4).
Becausethe derivative is approximated by di�erence of 2 closevaluesof the neighbouring
scan-points, high statistics and �ne step of the threshold in the scanis needed.The re-
sults of this method developed by CERN SCT group are consistent with the onescoming
from the analysisdescribed above. Due to not well de�ned relation betweenthe median
and most probableenergylossand accounting the fact that the results of beamtests are
the medians,this method is not very suitable for the beamand sourcetests comparison.

6.4 Measuremen t results

The measurements were done in Pragueand in CERN. In Prague2 unirradiated for-
ward modulesweretested,but the testswerefocusedon the development of the DAQ and
analysissoftware, and soonly singleresult of 1 unirradiated module is presented. Because
of preparation of Endcap Module Final DesignReview the emphasiswas on tests of ir-
radiated modules. Due to formal di�culties in transporting such modules from CERN,
the measurements could not be done in Prague. In CERN foremost irradiated forward
modules were tested. Several of them were tested in CERN SPS beam as well and so
comparisonof sourceand beamtests waspossible.The overall results are summedin ta-
ble 4, irradiated modulesare marked by asterisk. For all the measurements my software
described in section 6.2 was used. The tests took place in August and in November and
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December 2002. In both periods members of the Prague SCT group attended the mea-
surements in CERN. I have taken part in the tests of K5-503� module and the �rst 7 test
scansof K5-504� module described in the table. All the used beam tests results come
from preliminary analysisof May and August beam tests that can be found in the SCT
beamtests WWW page[19].

Becauseof multiple scattering of electronsinside the detectors,all the presented re-
sults, that were also used for comparisonwith the beam tests data, are the medians
from the detector plane closer to the radioactive source,where the incidencedirections
of electrons'momenta werewell de�ned. Sothe compareddata werenot sostrongly in
u-
encedby the multiple scatteringaswerethe resultsfrom the further detectorplane,where
the impact directions were hardly de�ned due to multiple scattering in the plane nearer
to the source.The detectorplanefurther from the sourcehase�ectively the samefunction
as the aluminum plate or scintillator threshold: a minimum energycut on the electrons
that passedthrough the whole module and additional material if present. The di�cul-
ties in results from the further planecanbe well understood from the angular dependence
of mediansand cluster sizes,whenthe multiple scatteringleadsto longerpaths of the elec-
trons in the detectorandsohighermedians,but the multiple scatteringsuppressesthe me-
dians due to charge sharing. This fact is re
ected in the data by systematically higher
measuredcluster sizesin the detector plane further from the source,while the medians
from thesedetector planeswere in part of the measurements higher and in the rest lower
than the onesmeasuredin the nearer to sourcedetector planes. The relation probably
depended on the used geometry, becausethe samerelation of the 2 medians was ob-
served for every group of consequent measurements. The di�erences betweenthe results
from both detector planes can be also seenon the position dependenceof the cluster
size(see�gure 31), wherea U-shape structure corresponding to the angular distribution
of incident electronsis observable in the nearerplane and quite homogenousdependence
on the further one.

Important aim of the signal measurement is its dependenceon the bias voltage1.
Graphs of this measurements with irradiated K5-504� , and unirradiated K5-303 module
are shown in �gure 32. It can be seenthat even at the bias of 500 V, which is the limit
that ATLAS SCT power supplies can provide, further rise of the bias would probably
lead to higher measuredsignal on the irradiated module, while on the unirradiated one
the almost plateau of this dependenceis reached at 150V. Thesefacts are in agreement
with the beam tests 2001results of the module prototypes. The measurement at 100 V
on the K5-503� module resulted in signi�cantly higher cluster size at 1 fC threshold
comparedto the con�gurations with higherbiasvoltage. This fact con�rms chargesharing
increasedue to di�usion with decreasingelectric �eld in the detector (see�gure 22).

The results of K5-503� , K5-304� irradiated modulesshowed low sensitivity of the me-
dians measuredin the source tests setups on minor geometrical changeslike the dis-
tance of the source from the module, positioning of the source so that the electrons
passedthrough the mechanical basement, or placement of 1 mm thick aluminum plate
between the module and the scintillator. The later change had the samee�ect as in-
creasingthe threshold on the pulse from scintillator: e�ective set of minimum energy
cut on the electronsthat passedthrough the whole module. While the median hasn't
signi�cantly changed,the cluster sizeespecially on the further detector plane decreased
with the minimum energy cut application. The cluster sizeson that plane of K5-503�

module are in between1.58and 1.61in the basiccon�guration and 1.35when aluminum
plate was used. This shows that the large cluster sizesare as expected causedby low

1The bias voltage presented in the tables was corrected to voltage drop causedby leakage current
on serial resistor of 11 k
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Mo dule Bias Chips Median Noise Cluster Commen t
[V] [fC] occupancy size

Prague August:
K4-203 100 S0,S1,S2 3.3� 0.3 (2.3� 0.1)�10� 3 1.27� 0.04

CERN August:
K5-303 100 S2,S3 2.56� 0.07 (3.8� 0.5)�10� 4 1.53� 0.05
K5-303 150 S2,S3 3.51� 0.06 (5.7� 0.3)�10� 4 1.38� 0.02
K5-303 200 S2,S3 3.56� 0.13 (3.7� 0.4)�10� 4 1.39� 0.04
K5-303 249 S2,S3 3.60� 0.08 (4.8� 0.5)�10� 4 1.39� 0.04
K5-303 300 S2,S3 3.54� 0.14 (3.4� 0.4)�10� 4 1.38� 0.04
K5-303 350 S2,S3 3.60� 0.07 (3.4� 0.5)�10� 4 1.39� 0.04

K5-310� 488 S2,S3 2.31� 0.07 (3.2� 0.4)�10� 4 1.22� 0.04

K5-308� 312 S2,S3 2.28� 0.08 (1.8� 0.5)�10� 2 1.27� 0.04
K5-308� 304 S2,S3 2.35� 0.07 (1.1� 0.5)�10� 2 1.27� 0.04
K5-308� 409 S2,S3 2.59� 0.07 (1.4� 0.5)�10� 2 1.30� 0.04
K5-308� 489 S2,S3 2.59� 0.07 (9.6� 0.4)�10� 3 1.28� 0.04
K5-308� 600 S2,S3 2.70� 0.08 (1.6� 0.5)�10� 2 1.37� 0.04
K5-308� 471 S2,S3 2.32� 0.10 (2.0� 0.4)�10� 3 1.25� 0.04
K5-308� 478 S10,S11 2.55� 0.14 (2.6� 0.4)�10� 3 1.20� 0.04

K5-312� 341 S4,E5 2.62� 0.10 (9.4� 0.3)�10� 4 1.37� 0.04
K5-312� 415 S4,E5 2.79� 0.18 (9.6� 0.3)�10� 4 1.37� 0.04
K5-312� 490 S4,E5 2.85� 0.09 - -
K5-312� 489 M0,S1 2.60� 0.27 (8.3� 0.3)�10� 4 1.39� 0.04
K5-312� 550 S4,E5 2.83� 0.07 (8.3� 0.4)�10� 3 1.37� 0.04
K5-312� 489 S4,E5 2.84� 0.07 (7.4� 0.3)�10� 4 1.38� 0.04
CERN November,December:
K5-503� 473 S3,S4 2.62� 0.06 (4.3� 0.1)�10� 3 1.25� 0.04 beam thr ough

mechanical basement
K5-503� 471 E5 2.81� 0.06 (3.7� 0.1)�10� 3 1.41� 0.04
K5-503� 470 S4,E5 2.77� 0.06 (3.2� 0.1)�10� 3 1.37� 0.04 sour ce shif ted 3 cm

f ur ther f r om modul e

K5-503� 471 E5 2.73� 0.05 (2.7� 0.1)�10� 3 1.33� 0.04 chip anal og voltage
incr eased to 3:8 V

K5-503� 473 E5 2.95� 0.11 (3.0� 0.1)�10� 3 1.44� 0.04 edge detect ty pe
r eadout mode

K5-503� 473 E5 2.85� 0.08 (2.6� 0.1)�10� 3 1.27� 0.05 1 mm Al plate between
modul e and scintil lator

K5-504� 481 S1 2.90� 0.05 (7.1� 0.1)�10� 3 1.29� 0.04
K5-504� 432 S1 2.84� 0.05 (7.8� 0.1)�10� 3 1.31� 0.04
K5-504� 383 S1 2.75� 0.05 (8.0� 0.1)�10� 3 1.29� 0.04
K5-504� 334 S1 2.52� 0.07 (8.5� 0.1)�10� 3 1.32� 0.04
K5-504� 334 S1 2.59� 0.06 (8.0� 0.1)�10� 3 1.28� 0.04
K5-504� 284 S1 2.30� 0.08 (5.4� 0.1)�10� 3 1.26� 0.04
K5-504� 480 S1 2.85� 0.04 (5.3� 0.1)�10� 3 1.24� 0.04 hig her thr eshold

on the scintil lator

K5-504� 480 S1 2.84� 0.11 (2.9� 0.1)�10� 3 1.21� 0.04 edge detect ty pe
compr ession mode

K5-504� 480 S1 2.85� 0.06 (2.9� 0.1)�10� 3 1.26� 0.04 edge detect ty pe
r eadout mode

K5-504� 478 M0,S1,S2 2.98� 0.08 (5.0� 0.1)�10� 3 1.25� 0.04 sour ce shif ted 3 cm
f ur ther f r om modul e

KB-100� 468 S3 2.71� 0.04 (3.8� 0.1)�10� 3 1.24� 0.04
KB-100� 420 S3 2.54� 0.02 (3.9� 0.1)�10� 3 1.23� 0.04
KB-100� 372 S3 2.47� 0.04 (3.3� 0.1)�10� 3 1.21� 0.04
KB-100� 468 S3 2.73� 0.03 (3.2� 0.1)�10� 3 1.28� 0.04 lower thr eshold

on the scintil lator

Table 4: The sourcetests results. The hit chips match the description in section 4.1.
The noiseoccupancyand cluster sizeare taken at 1 fC threshold.
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Figure 31: The position dependenceof the clustersizemeasuredwith unirradiated module
K5-303. The left �gures correspond to the detector plane nearer to the source,the right
to the further plane. The top graphs show the cluster size dependenceon the channel
number (impact position). The bottom histograms show the number of hits over all
the channels. The blue histogramsaccount clustersof non-singlewidths only.
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Figure 32: The biasdependenceof the medianmeasuredwith unirradiated K5-303module
(open circles) and irradiated K5-504� module (full circles).
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Mo dule Test t yp e Tested Bias [V] Median [fC] Noise occupancy
chips at 1 fC threshold

K5-310� Source S2,S3 488 2.31� 0.07 3.2�10� 4

August Beam S3 490 3.1 6.0�10� 4

K5-308� Source S3,S4 480 2.59� 0.12 9.6�10� 3

Source S2,S3 471 2.32� 0.10 2.0�10� 3

May Beam S2,S3 478 2.7 2.7�10� 3

August Beam S3 478 2.4 2.3�10� 3

K5-308� Source S10,S11 478 2.55� 0.14 2.6�10� 3

May Beam S10,S11 478 3.1 5.8�10� 3

August Beam S10 478 3.0 4.0�10� 3

K5-312� Source M0,S1 489 2.6� 0.3 8.3�10� 4

Source S4,E5 490 2.85� 0.11 -
Source S4,E5 489 2.84� 0.07 7.4�10� 4

August Beam S2 490 3.2 4.0�10� 4

K5-303 Source S2,S3 150 3.51� 0.06 5.7�10� 4

May Beam S2,S3 150 3.8 5.0�10� 5

August Beam S3 150 3.9 1.4�10� 4

Table 5: The comparisonof sourceand beamtests medians.The hit chips match the de-
scription in section 4.1 and are chosen from the detector plane nearer to the source.
The beamtests results were measuredin 2002and all the sourcetests in August 2002.

energeticelectrons,because,taking into account the shape of Bethe-Bloch curve, their
meanenergylossis higher and soare the anglesof multiple scatteringascanbeconcluded
from formula (31).

The comparisonto beamtests is shown in �gure 33 and written in table 5. To check
the stabilit y and errors of beam tests results, there were used more beam tests data
for every module if available. Except measurements of K5-310� and beam tests results
of K5-308� from August 2001,the ratios of mediansfrom sourceand beamtestsaresimilar
over the modules. Excluding the 2 mentioned results, the ratio of mediansfrom the beam
tests to the sourceis about 1.109� 0.070. The presented value was obtained as an av-
erageweighted by inverseof the errors squaredand the error is the standard deviation
of the ratios from the averagevalue. Due to multiple scattering, the cluster sizesmea-
sured in sourcetests (between1.2 and 1.6 at 1 fC threshold) are higher than the values
measuredin beamtests (around 1.06at 1 fC threshold for both the irradiated and unir-
radiated modules [10]). The comparisonof measurednoiseoccupanciesof the modules
results in good agreement in the orders. The valuescould hardly be in morepreciseagree-
ment, becausethe noiseoccupancyis very sensitive to the usedcon�guration especially
correct grounding, cableshielding, temperature, calibration,. . . This fact canbe alsoseen
on the di�erences betweenthe pairs of beamtests results.

6.5 Source tests simulation

To fully understandthe di�erences betweenthe resultsof sourceand beamtests, sim-
ulation of the sourcetests setup was performed. Becausethe multiple scattering is more
important for electronsthan for 180 GeV pions passingthrough the detector, the step
in Geant4 simulation was lowereddown to 20 � m, but the settings in the digitization was
usedthe sameasfor the simulation of the � -plots at incidenceangle16o: step 10 � m and
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Figure 33: The comparisonof the beamand sourcetests medians.

singledrifting chargecarrier per track segment. 3 setupsweresimulated: with and with-
out the 1 mm thick aluminum plate and with sourceshifted 3 cm further from the mod-
ule. The position of the scintillator, module and sourcein the basic geometry followed
the real geometryof the measurements: both the distancesof the scintillator and source
from the module wereapproximately 2 cm. In spite of the fact that forward moduleswere
tested,the simulation wasperformedusingbarrel module description. The only di�erence
in the digitization software is the strip pitch. Becauseboth the beam and sourcetests
resultsshowed low sensitivity of the medianson the strip pitch and simulation itself is able
to describe trends of measureddependenciesonly, there should be no critical in
uence
on the results of using the barrel module layout instead of the forward one.

The resultsaresummedin table 6. The simulation con�rmed the di�erence of medians
betweenbeamand sourcetests,whenthe simulation gave the ratio of beamteststo source
testsmedians1.117� 0.020.The valueis within the errorsin agreement with the measured
ratio: 1.109� 0.070. The shapesof the e�ciency and cluster sizeversusthreshold curves
(see�gures 34,35) are in good agreement as well. The simulation also con�rmed higher
cluster sizes,measuredduring sourcetests, comparedto the beamtests resultsand higher
cluster sizesat the plane further from the radioactive sourcecomparedto the nearerone.
The absolutevaluesof cluster sizesand medianswerenot confronted with the simulation
becausethe simulation was not able to reproduceabsolutevaluesof beamtests.

Becausethe simulation software provides the simulated data in the sameformat as
the real data arestored, it waspossibleto validate the e�ciency , cluster sizeand noiseoc-
cupancycalculation methods described in section 6.3. All di�erences werewithin the cal-
culated errors, but systematical: the cluster sizesfrom the digitization are approximately
3 % lower comparedto the calculation of the analysis software using the map of hits,
while the e�ciency is higher about the samesystematicaldi�erence.

The trends of the characteristicsacrossthe 3 simulated geometriesare in agreement
with the measurements:

� Minor changeof the medianon the nearerdetectorplane,while the medianon plane
further from the sourceis more sensitive.

� Lower clustersize,especially on the further plane, in the setupwith aluminum plate.
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Bias [V] Plane Median [fC] Noise Cluster Commen t
occupancy size

Sourcetests:
200 nearer 2.79� 0.08 (1.39� 0.18)�10� 4 1.38� 0.03

further 2.89� 0.08 (2.56� 0.24)�10� 4 1.52� 0.03
200 nearer 2.77� 0.06 (1.61� 0.17)�10� 4 1.39� 0.02 sourceshifted

further 2.82� 0.07 (2.84� 0.23)�10� 4 1.66� 0.03 3 cm away
200 nearer 2.68� 0.07 (8.70� 0.13)�10� 4 1.30� 0.02 aluminum plate

further 2.62� 0.07 (1.13� 0.15)�10� 4 1.36� 0.03
Beam test:

200 nearer 3.07� 0.02 (1.07� 0.06)�10� 4 1.056� 0.003
further 3.05� 0.02 (1.36� 0.06)�10� 4 1.074� 0.004

Table 6: The sourceand beamtests simulation results. The noiseoccupancyand cluster
sizeare takenat 1 fC threshold. The presented errorsof beamtestssimulation correspond
to di�erence betweenthe �rst and seconddetector plane.
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Figure 34: The e�ciency dependenceon the threshold for both the source(circles) and
beamtests (triangles). Simulation in the basicgeometryis shown in the left �gure, source
measurement of K5-503� module and test beamof K5-312� module in the right.
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Figure 35: The cluster size dependenceon the threshold for both the source(circles)
and beam tests (circles) and for both the nearer (open marks) and further (full marks)
detector plane. Simulation in the basic geometry is shown in the left �gure and source
measurement of K5-503� module in the right.
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7 Conclusion

A method using radioactive � � sourcefor detection capability check of ATLAS silicon
microstrip detectorshas beendeveloped. This method provides relatively fast measure-
ment of the electronsmedian energydeposit in 285 � m thick silicon wafers. Compared
to the beamtests, the advantageof sourcetests is the possibility to build the setupat any
working placeequippedwith standardtoolsneededfor QA testsof the SCT modules. Due
to the simplicity of the sourcetests setup, module responsein variousgeometricalcon�g-
urations, like set of incidenceangles,can be studied. Great advantage of the sourcetests
is their availabilit y during the whole year without complicatedpreparation comparedto
the beamtests, that take placefew times a year. The easyreproduction of electrical and
geometricalsetting makesthe sourcetests applicablefor repeatedtestsof modulesfor ex-
ample beforeand after irradiation or any other intervention to the module functionality.
But the simplicity of the setup also leadsto the main disadvantagesof the sourcetests.
Firstly comparedto the beamtests, the track positionsof the passingelectronsareknown
only with the precisionand limitations (dependingon the set threshold etc.) of the tested
module. Secondly, as was described in chapter 6.3, the e�ciency calculation method
doesn't provide correct valuesat low thresholds, where the requirements on module ef-
�ciency and noiseoccupancyare de�ned. And so it is neededto judge on the e�ciency
from the measuredmedian signal as there must be �xed relation between these2 char-
acteristics. The next disadvantages are connectedwith the used source: the particles
passingthrough the detector are not monoenergetic,their initial tracks are not parallel
and due to low energyand massof the electrons,multiple scattering hasmore signi�cant
in
uence comparedto the beam tests, which was observed in the sourcetests data, and
con�rmed by simulation, as wider signal clusters.

Analysis and data acquisition software for the source tests was written by myself.
Basedon the DAQ software used for standard module tests, it assuresnecessarymea-
surement featuresand calculation and visualization of basictestedmodule characteristics
as the e�ciency , noise occupancy, width of hit clusters, etc. Development of the soft-
ware provided me great experiencein using ROOT [17] tools for the analysisand DAQ
purposes.

Simulation of the module responsein both the beamand sourcetests was performed.
The main aim was to describe the di�erent results from the 2 setups. In spite of the fact
that the simulation involvesboth the detectorand readoutelectronicsfunctionality, it was
not possibleto reach agreement with the beamtests data on the level of absolutevalues
of measuredsignal's height and width. But trends of angular, bias, etc. dependencies
of the resulting signal from the simulated readout electronicsfollow the data trends. I
tried to �nd mechanismcausingthe discrepancies�rstly by simplifying the model to pure
geometry and than in the opposite by involving in the current induction on the strips
from the drifting free carriers. But the results stayed closeto what the original model
predicted.

To verify the usability of sourcetests, it wasneededto �nd the relation of their results
to the beamtests ones.Having taken into account the di�culties of the simulation soft-
ware, I comparedthe ratio of the simulated median signalsfrom the 2 tests to the ratio
obtained from the real data analysis. Both the measurements and simulations resulted
in higher signal in the beam tests comparedto the sourceones,and the measuredand
simulated averageratios 1.109� 0.070and 1.117� 0.020are in agreement within the writ-
ten standard deviations. The simulation also con�rmed lower sensitivity to geometrical
settingsof the signalmeasuredat detectorplanenearerto the sourcecomparedto the fur-
ther one,and soto get stableresults, it is suggestedto test every detectorplaneseparately
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by proper placement of the source.The desiredresult is to have de�ned relation between
the sourceand beam measurements, but the presented values show quite large spread
of the beam-to-sourcetests ratios of signals. There are several e�ects that causedevia-
tions of the measurement results. Firstly, the calibration process,that is madeseparately
for every chip, has�nite precision,that wasobserved on the beamtestsresultsasdi�erent
measuredsignalsdepending on from which chip were the data analyzed. Thesestandard
deviationsarearound 0.2 fC [19] and are re
ected in the errorsof ratios by approximately
0.026. Secondly, the sensitivity of the median signal, measuredis sourcetests on the de-
tector planenearerto the source,is lower than in the further-from-sourceplane,but some
dependencewithin 0.1 fC is still there and is re
ected in the error of beamto sourcetests
signalsratio by around 0.013.And at last contribution of e�ciency calculation statistical
errors has to be considered.

The discussionabove shows that sourcetests are able to provide median signal mea-
surement in ATLAS SCT detectorsalmostaspreciselyasthe beamtests. Someof the pre-
sented source tests results were involved in the Endcap Module Final Design Review
(CERN August 2002). The software usedfor the sourcetests becamea part of the stan-
dard DAQ packageusedfor QA module tests.

52



References

[1] ATLAS Collaboration (1994): ATLAS Technical Proposal for a General-Purposepp
Experiment at the Large Hadron Collider at CERN, CERN, Geneva

[2] ATLAS Inner Detector Community (1997): ATLAS Inner Detector Technical Design
Report, Volume I, CERN, Geneva

[3] Kittel C. (1996): Introduction to Solid State Physics, John Wiley and Sons,New
York

[4] Lutz G. (1999): SemiconductorRadiation Detectors, Springer,Berlin

[5] Sauli F. (1993): Instrumentation In High EnergyPhysics, World Scienti�c Publishing
Co. Pte .Ltd., Singapore

[6] CERN Program Library documentation of Geant (detector description and simula-
tion tool)
http://wwwinfo.cern.ch/a sdoc/geantol d/H2GEANTPHYS430.h tml
cited 15.04.2003

[7] Wagner W. et. al. (1998): Characterization of Silicon Microstrip Detectors Using
an Infrared LaserSystem, Werner-Heisenberg-Institut, MPI-PhE/98-13

[8] Hagiwara K. el. al. (2002): Particle PhysicsBooklet, CERN, Geneva

[9] Knoll G. F. (1979): Radiation detection and measurement, John Wiley and sons,
New York

[10] Barr A. J. et. al. (2001): Beamtests of ATLAS SCT Modulesin August and October
2001, ATL-INDET-2002-024, CERN, Geneva

[11] Documentation of ATLAS SCT readout electronics:ABCD3T chip speci�cation ver-
sion V1.2, 24/7/2000
http://scipp.ucsc.edu/gr oups/atl as/e lec t-do c/ab cd3t _spec.p df
cited 15.04.2003

[12] Documentation of ATLAS SCT Low Voltage VME module providing power supply
to the readout electronics
http://www-hep2.fzu.cz/A tlas /Working Groups/ Proj ects /MSGC.html
cited 15.04.2003

[13] Documentation of ATLAS SCT High Voltage VME module providing bias voltage
on detectors
http://chall.ifj.edu.pl/ ~atl as/SCTHV/SCTHV_PAJ.html
cited 15.04.2003

[14] Documentation of Multic hannel Semiconductor Tracker ABC(D) Readout VME
module usedin ATLAS SCT module tests
http://hepwww.rl.ac.uk/a tlas -sct -mm/Mustard /
cited 15.04.2003

[15] Documentation of Clock and Control VME module used in ATLAS SCT module
tests
http://www.hep.ucl.ac.uk /atl as/s ct/# CLOAC
cited 15.04.2003

53



[16] Documentation of Slow Command Generator VME module used in ATLAS SCT
module tests
http://hepwww.rl.ac.uk/a tlas -sct -mm/Slog/
cited 15.04.2003

[17] Homepageof an object-oriented data analysisframework ROOT
http://root.cern.ch
cited 15.04.2003

[18] Description of the ATLAS SCT module tests data acquisition system
http://atlas.web.cern.ch /Atl as/GROUPS/I NNER_DETECTOR/SCT/t estd aq/
cited 15.04.2003

[19] Homepageof the ATLAS SCT beamtests
http://atlas.web.cern.ch /Atl as/GROUPS/I NNER_DETECTOR/SCT/t estb eam/
cited 15.04.2003

[20] Ho�rej�s�i J. (2003): Fundamentals of Electroweak Theory, Karolinum, Praha

[21] Description of � � spectroscopy experiment
http://www.ph.unimelb.ed u.au/stu dentres ources/u ndergraduate/
part2labs/pracs/beta_v2. doc
cited 15.04.2003

[22] Homepageof a detector description and simulation tool Geant4
http://geant4.web.cern.c h/geant4
cited 15.04.2003

[23] Homepageof the ATLAS SCT simulation
http://atlas.web.cern.ch /Atl as/GROUPS/I NNER_DETECTOR/SCT/simul atio n/
cited 15.04.2003

[24] Documentation of the ATLAS SCT beam test digitization software written by Szy-
mon Gadomski
http://gadomski.home.cer n.ch /gadomski/S CT_Digit izat ion .ps
cited 15.04.2003

[25] Gadomski S. (2001): Model of the SCT detectors and electronics for the ATLAS
simulation using Geant4, ATL-SOFT-2001-005,CERN, Geneva

[26] Broklov�a Z. (2003): Vyhodnocen�� �u�cinnosti a kvality polovodi�cov�ych stripov�ych de-
tektor�u pro detektor ATLAS (LHC CERN), Diploma thesisat Faculty of Mathemat-
ics and Physicsat CharlesUniversity, Prague

[27] Eklund L. et. al. (2003): Electrical Testsof SCT Hybrids and Modules,
ATL-COM-INDET-2003-004, CERN, Geneva

[28] Home page of Prague SCT group at Institute of Particle and Nuclear Physics
at CharlesUniversity in Prague
http://www-ucjf.troja.mf .cun i.cz /~sc t
cited 15.04.2003

54


