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Figure 1: The LHCb spetrometer seen from above (ut in the bending plane), showing the loation of
the VELO.



1 Introdution

Vertex reonstrution is a fundamental re-
quirement for the LHCb experiment. Dis-
plaed seondary verties are a distintive fea-
ture of b-hadron deays. TheVErtex LOator
(VELO) has to provide preise measurements
of trak oordinates lose to the interation re-
gion. These are used to reonstrut produ-
tion and deay verties of beauty- and harm-
hadrons, to provide an aurate measurement
of their deay lifetimes, and to measure the
impat parameter of partiles used to tag their
avor. The VELO measurements are also a vi-
tal input to the seond level trigger (L1), whih
enrihes the b-deay ontent of the data.

The VELO features a series of silion sta-
tions plaed along the beam diretion. They
are plaed at a radial distane from the beam
whih is smaller than the aperture required by
the LHC during injetion and must therefore
be retratable. This is ahieved by mounting
the detetors in a setup similar to Roman pots
(Fig. 1.1). The plaement of the VELO within
the LHCb spetrometer an be seen in Fig. 1,
whih shows the top view of the LHCb spe-
trometer. Details of the rest of the experiment
an be found in [1, 2℄. In this introdution,
the physis requirements are disussed, and an
overview is given of the VELO detetor sys-
tem. A brief disussion of the evolution sine
the Tehnial Proposal is then given, before an
outline of the rest of the doument.

1.1 Physis requirements

The basi tasks of the LHCb VELO system
are the reonstrution of the position of the
primary vertex, the detetion of traks whih
do not originate from the primary vertex and
the reonstrution of b-hadron deay verties.

The VELO has to over ompletely the angular
aeptane of the downstream detetors.

Speial requirements emerge from the use
of the VELO information in the L1 trigger.
The L1 algorithm requires a fast and stand-
alone three-dimensional pattern reognition to
distinguish b-events from those minimum bias
events whih are aepted by the �rst level trig-
ger (L0). B-hadrons that have all their deay
produts within the aeptane of the spe-
trometer are typially produed with a polar
angle below 200mrad. Hene, the projetion
of the impat parameter of the deay produts
to the primary vertex in the rz-plane is large,
while in the plane perpendiular to the beam-
axis (r�) it is similar to that of traks originat-
ing from the primary vertex. The L1 trigger
exploits this by �rst reonstruting all traks
in the rz-projetion, but reonstruting only
traks in three dimensions whih have a sig-
ni�ant rz-impat parameter. Hene, the strip
pattern on the sensors has strips with onstant
radius for the rz-trak reonstrution, om-
bined with radial-strip sensors having a stereo
angle of (10Æ�20Æ) to allow the two projetions
to be ombined.

The r�-geometry has also the advantage
that it allows in a natural way to hoose the
smallest strip pith lose to the beam axis,
hene best hit resolution where it is needed,
and larger strip pithes towards the outside
of the sensors. This minimizes the number of
readout hannels and results in a balaned o-
upany throughout the sensor.

The detetors have to operate in an ex-
treme radiation environment whih is strongly
non-uniform. The damage to silion at the
most irradiated area during one year of op-
eration is equivalent to that of 1MeV neu-

1
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Figure 1.1: The VELO Roman pot on�guration. One detetor half is not installed to show the sensors.

trons with a ux of 1:3 � 1014 partiles/m2

(= 1:3�1014 neq/m
2), whereas the irradiation

in the outer regions does not exeed a ux of
5� 1012 neq/m

2 (see Fig. 1.2 and setion 4.3).
The e�ets of radiation were studied in detail
with prototype detetors and are reported in
setion 2.1.

1.2 VELO system overview

The design of the VELO system is onstrained
by its proximity to the LHC beams and its
integration into the LHCb experiment. This
setion desribes these onstraints and the on-
siderations leading to the overall dimensions of
the detetor. This is followed by an overview
of the sub-omponents of the system. Some
global parameters and dimensions are listed in
Table 1.1.

1.2.1 Constraints

In the design of the VELO, the following
boundary onditions are imposed:

� The need for shielding against RF pikup

from the LHC beams, and the need to
protet the LHC vauum from outgasing
of the detetor modules, requires a pro-
tetion to be plaed around the detetor
modules. This material is a major fra-
tion of the total radiation length of the
VELO.

� A short trak extrapolation distane
leads to a better impat parameter mea-
surement, therefore the innermost radius
should be as small as possible. In pra-
tie, this is limited by the aperture re-
quired by the LHC mahine. During
physis running onditions, the � of the
beams will be less than 100�m, but for
safety reasons, the losest approah al-
lowed to the nominal beam axis is 5mm.
To this must be added the thikness of
the RF-shield, the learane between the
RF shield and the sensors, and the need
for about 1mm of guard-ring strutures
on the silion. Taking everything into a-
ount, the sensitive area an only start at
a radius of 8mm.
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number of stations 25
position of �rst station upstream �17:5 m
position of last station downstream 75 m
total area of silion 0:32m2

total number of hannels 204; 800
radiation level at 8mm (0:5 � 1:3) � 1014 neq/m

2 per year
radiation level at 50mm 240 kRad/year
power dissipation < 1:5 kW
dimensions of the vauum vessel (length � �) 1:8m � 1m

Table 1.1: Global parameters of the VELO system.
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Figure 1.2: a) Total hadron uenes per m2

and year normalized to the damage of neutrons of
1MeV energy, for station 7 and 25 as funtion of
radius. The radial dependene is well desribed by
the funtion N � r��, with N and � hanging as
funtion of z. b) The ux per year at r = 0:8 m as
a funtion of the station number. ) The parameter
� as funtion of the station number.

� During injetion, the aperture required
by the LHC mahine inreases, neessi-
tating the retration of the two detetor
halves by 3 m.

� To allow for a replaement of the sensors
in ase of radiation damage, aess has
to be rather simple.

� The number of analog readout hannels
in the VELO is limited to about 200; 000
hannels. This is due to the limited
spae for the vauum feedthroughs on
the VELO vauum vessel.

1.2.2 Overall dimensions

Apart from overing the full LHCb forward an-
gular aeptane, the VELO also has a partial
overage of the bakward hemisphere to im-
prove the primary vertex measurement. The
angular overage is ahieved with a series of
stations, eah providing an R and a � mea-
surement. The number of individual sensors is
kept to a minimum, whih simpli�es the align-
ment. Eah sensor has an azimuthal overage
of � 182Æ, giving a small overlap between the
right and left halves whih is used for their rel-
ative alignment.

The L0 trigger aims to selet beam ross-
ings with only one pp-interation by reon-
struting the z-position of the interations us-
ing two R-measuring sensors loated upstream
of the VELO stations. Two station loations
are reserved in the VELO vauum vessel for
these pile-up VETO sensors [3℄. The VETO
trigger will be desribed in the Trigger tehni-
al design report.

The detetor setup is de�ned by the follow-
ing onstraints (see Fig. 1.3):

� A polar angle overage down to 15mrad
for all events with a primary vertex
within �2� of the nominal interation
point together with the minimum dis-
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Figure 1.3: Arrangement of detetors along the beam axis. The top �gure shows the VELO setup seen
from above, indiating the overlap between the left and right detetor halves. The bottom �gure is a ross
setion of the setup at x = 0 along the beam axis showing also the nominal position of the interation
area (�2�). The three lines indiate the maximum and minimum angular overage of the VELO and the
average angle of traks in minimum bias events respetively.

tane to the beam axis, 8mm, de�nes the
position of the last downstream stations
and the length of the VELO.

� A trak in the LHCb spetrometer an-
gular aeptane of 250mrad� 300mrad
should ross at least three VELO sta-
tions. The outer radius of the sensors
is limited to 42 � 45mm, whih allows
the use of 100mm wafers for the sensor
prodution. These two onstraints de�ne
the distane between the stations in the
entral region to be about 3 m. In ad-
dition, minimizing the distane from the
�rst measured point of a trak to its ver-
tex demands a dense paking of stations.

� To allow for an overlap between the left
and right halves, in order to over the full
azimuthal aeptane and for alignment

issues, the detetors in the left and right
halves are displaed by 1:5 m along the
beam axis.

� The present setup of 19 stations overing
the entral part, and 6 stations overing
the low angle traks with a larger dis-
tane between stations, is the result of a
detailed optimization study [4℄.

As a result of being able to reonstrut all
traks in the LHCb aeptane (1:6 < � < 4:9)
with the VELO by requiring at least three
measured points, the number of hit measure-
ments of a trak varies substantially as a fun-
tion of � and the position of the primary vertex
(Fig. 1.4).
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R-sensor �-sensor

number of sensors 50 + 4(VETO) 50
readout hannels per sensor 2048 2048
smallest pith 40�m 37�m
largest pith 92�m 98�m
length of shortest strip 6:4mm 9:2mm
length of longest strip 66:6mm 24:4mm
inner radius of ative area 8mm 8mm
outer radius of ative area 42mm 42mm
angular overage 182Æ � 182Æ

stereo angle { 10Æ{20Æ

double metal layer yes yes
average oupany (inner area) 0:5% 0:7%
average oupany (outer area) 0:9% 0:5%

Table 1.2: Parameters of the R-and �-measuring sensors.
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Figure 1.4: The number of hits of a trak in
the VELO stations as funtion of pseudorapid-
ity �. The two distributions are for traks from
events with a primary vertex 10 m(�10 m) from
the nominal interation point. All other traks are
between the two distributions.

1.2.3 Sensors

The silion sensors have a irular shape, pat-
terned with azimuthal (R measuring) or quasi-
radial (� measuring) strips, and span 182Æ.
These views have been hosen in order to opti-
mize the stand-alone traking performane for

the L1 trigger. By using a double metal layer,
it is possible to deouple the routing of the sig-
nals from the strip geometry and to move the
eletronis as far as possible out of the aep-
tane. Given the onstraints outlined in the
previous setion, the innermost radius of the
sensitive area is 8mm and the outermost ra-
dius is � 42mm.

The onept of the strip layout is illus-
trated shematially in Fig. 1.5. The strips
in the �-sensor are split into an inner and an
outer region, hosen to equalize the oupany
in the two regions. The detetors are ipped
from station to station, and the strips are tilted
with a stereo angle, whih is di�erent in sign
and magnitude for the inner and outer region.
This results in a dog-leg shape, whih min-
imizes the depth of the orrugations needed
in the RF shield (Fig. 1.7) to aommodate
the shape. The strips in the R-sensor are seg-
mented into 4 (2) azimuthal setions in the in-
ner (outer) regions. With this design it is pos-
sible to determine the primary vertex position
in the plane perpendiular to the beam using
the R-sensors alone, whih is an important in-
put to the L1 trigger. The pith varies with
radius, striking a balane between making the
oupany as uniform as possible, and ensur-
ing that the �rst two points on the trak are
measured with the �nest pith available.
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Figure 1.5: Shemati view of a R- and �-
measuring sensor. A R-measuring sensor has az-
imuthal strips at onstant radius, whereas a �-
measuring sensor has radial strips with a stereo
angle between 10Æ and 20Æ whih is de�ned at the
innermost point of a strip.

The LHCb VELO sensors will be subjet
to a harsh radiation environment. At the
innermost radius this will be dominated by
harged partiles and will reah levels of about
1014 neq/m

2 per year (Fig. 1.2). Due to the
r�� dependene of the irradiation, there is a
sharp gradient in dose from the inner to the
outer radius. The highest radiation levels o-
ur at the plae where the sensors have the
�nest pith, and the demands on the resolu-
tion are greatest. These onsiderations, om-
bined with extensive prototyping, have led to
the hoie of n-strip detetors on n-bulk ma-
terial (n-on-n), with AC oupling and polysil-
ion biasing. It was veri�ed that an eÆient
operation of up to three years is ensured. It
should be noted that beause of the strong
non-uniform irradiation and the hosen r�-
geometry, only the innermost strips of the most
irradiated sensors will lose eÆieny after this
time. It is expeted that the sensors have to
be replaed every three years.

The basi parameters of the sensors are
listed in Table 1.2.

Figure 1.6: VELO vauum vessel on its onrete
stand.

The option of using Si-pixels was onsid-
ered, but was not found to o�er any advantage.
No gain is expeted in terms of resolution. The
area overed by eah strip is mathed to the
partile ux suh that leakage urrent will not
dominate the noise even after �ve years of op-
eration. In addition, the hannel oupany is
so low that no problems with pattern reog-
nition are antiipated. The drawbaks of us-
ing pixels, suh as material, ooling, number of
hannels and inreased ost, are not justi�ed in
the ase of the VELO.

1.2.4 Readout eletronis

The readout eletronis hain must onform
to the overall LHCb readout spei�ations [5℄.
Data from the VELO system are used in the
L1 trigger.

Analog rather than binary readout has
been hosen sine it provides a better hit reso-
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lution [6℄ and allows for better monitoring and
ontrol of e�ets due to the very non-uniform
radiation damage to the silion detetors. A
total of 128 readout lines will be bonded to
a front end hip (Set. 3.3.2). Two radia-
tion hard designs are under study, one in the
0:25�m CMOS, the other in the DMILL teh-
nology (Set. 2.4.1). Both hips aept input
data at 40MHz whih are kept in an analog
pipeline of 4�s lateny until the L0 deision
is reeived. Then, 32 hannels are read out
in 900 ns in order to ope with the average L0
aept rate of 1MHz. The analog data are
sent via twisted pair ables to the o�-detetor
L1 eletronis situated at 60m distane in a
radiation free environment. The L1 eletron-
is performs synhronization heks, provides
the interfae to the L1 trigger and performs
zero-suppression and luster �nding. Events
aepted by the L1 trigger are proessed and
transferred to the DAQ.

1.2.5 Detetor ooling system

Cooling of the detetor modules is required
sine the sensors are operated in a high ra-
diation environment. This is ahieved by us-
ing a mixed-phase CO2 ooling system. Be-
sides being an adequate oolant for applia-
tions in high radiation environments, CO2 ex-
hibits exellent ooling properties. In the
proposed ooling iruit (see setion 3.6 and
Ref. [7℄), CO2 is supplied as a liquid and ex-
panded into a number of stainless steel apil-
laries (one line per detetor module) via ow
restritions. The apillaries and ow restri-
tions are vauum-brazed to a manifold. The
onnetion to the detetor modules is ahieved
via an aluminium oupler and a soft metal in-
dium joint. A arbon-�bre substrate provides
a mehanial and thermal link to the sensors.
The total amount of CO2 in the system is rel-
atively small, of the order of 5 kg. The amount
in the tubing loated inside the seondary va-
uum is less than 100 g. The temperature of
the oolant in the apillaries is set by on-
trolling the pressure on the return line (typ-
ially 15 bar). In this way, a temperature in

the range of -25 to +10 ÆC an be maintained
with a total ooling apaity of about 2:5 kW
(� 50W per ooling apillary).

1.2.6 Integration with LHC

The required performane of the LHCb VELO
demands positioning of the sensitive area of
the detetors as lose as possible to the beams
and with a minimum amount of material in
the detetor aeptane. This is best aom-
plished by operating the silion sensors in va-
uum. As a onsequene, integration into the
LHC mahine is a entral issue in the design
of the VELO.

A large vauum vessel (Fig. 1.6), supported
by a onrete stand, enloses the omplete
detetor array and support frames. To pro-
tet the primary (LHC) vauum, the dete-
tor modules are plaed in an aluminium, thin-
walled, seondary vauum ontainer. This alu-
minium struture also ats as a wake �eld sup-
pressor and shields the detetor modules from
the high-frequeny �elds of the LHC beams
(Fig. 1.7 and Fig. 3.12). In this ase, the
amount of material in front of the silion de-
tetor is mainly determined by the neessity to
shield against the RF pikup and not by the
requirement to withstand atmospheri pres-
sure. However, the design of the vauum sys-
tem should ensure that the pressure di�erene
between the seondary and primary vauum
is never so large as to ause inelasti defor-
mations of the seondary vauum ontainer.
The detetors and thin-walled enapsulations
are deoupled from the primary vauum vessel
via bellows and attahed to a positioning sys-
tem. In this way, the detetors an be remotely
aligned with respet to the beams, as well as re-
trated (with the enapsulations) during beam
�lling. All motion mehanis are plaed out-
side the vauum. A detailed desription of the
mehanial design an be found in setion 3.4
and Ref. [8℄.

The LHCb vauum system onsists of three
ommuniating setions, namely the VELO
primary vauum vessel, the LHCb beam pipe
and the silion detetor volume. The VELO
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Figure 1.7: Close-up of the seondary vauum
ontainer showing the inside lose to the beam (RF
shield). The orrugations lose to the beam axis are
needed to minimize the material seen by traks be-
fore the �rst measured point. The orrugations at
the side allow an overlap between the left and right
detetor half.

primary vauum vessel and LHCb beam pipe
are integral parts of the LHC primary va-
uum system. The LHCb beam pipe ex-
tends throughout the omplete LHCb dete-
tor (length of � 18m) and its interior will
be oated with low ativation temperature
NEGs1, prinipally to avoid beam instabilities
due to dynami vauum e�ets. The LHCb
beam pipe and the VELO vauum vessel an
be baked out in-situ with the detetors re-
moved to about 200ÆC and 150ÆC, respetively.
On the side of the VELO, the LHCb beam pipe
ends with a �76 m aluminium window whih
seals the VELO primary vauum vessel. The
omplete VELO vauum system is further de-
sribed in setion 3.5 and Ref. [10℄.

Beam bunhes passing through the VELO
strutures will generate wake �elds whih an
a�et both the VELO system (RF pik-up,
losses) and LHC beams (instabilities). These
issues have been addressed in detail [11, 12, 13,
14℄ and are further disussed in setion 2.5.2.

1Non Evaporable Getter pumps [9℄.

In the design of the VELO, wake �eld suppres-
sion is ahieved by enlosing the silion dete-
tor modules in a shielding box made of ondu-
tive material (aluminium) and ensuring that a
ontinuous ondutive surfae guides the mir-
ror harges from one end of the VELO vessel
to the other.

Beause the VELO onstitutes a omplex
devie whih must be integrated into the LHC
mahine vauum, speial attention was paid to
the minimization of risk for LHC. A risk analy-
sis was arried out to identify the ritial parts
of the VELO system [15℄. Possible failure se-
narios and their onsequenes for LHC were
analyzed to evaluate the risk and, where ne-
essary, to require modi�ations or preautions
and to request a number of tests to be per-
formed before installation at IP8. In partiu-
lar, based on this analysis, it was reommended
that emergeny parts are provided to replae,
if required, the seondary vauum ontainers
by a straight ylindrial wake �eld suppressor,
or the omplete LHCb beam pipe with ylin-
drial beam pipes. In this way, one expets
the maximum downtime for LHC to be at most
two weeks even in the unlikely ase of a major
vauum failure.

1.2.7 Alignment

The alignment strategy of the VELO is based
on survey during assembly, with the possibility
to readjust the individual modules, and mea-
surements with traks.

The silion sensors in the individual dete-
tor modules will be positioned with a prei-
sion of better than 5�m. The position inside
the detetor halves will be measured before
installation with a survey mahine and with
testbeam data. The �nal alignment needs to
be done with traks from pp interations un-
der normal operational onditions, i.e. in va-
uum and at �10ÆC. The feasibility of an align-
ment with traks has been demonstrated in
test-beam studies. In addition to the overall
alignment, a relative alignment of the two de-
tetor halves will be done after eah hange of
position, i.e. after eah �ll of the LHC ma-
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hine.

1.2.8 Material budget

The material whih is plaed within the LHCb
aeptane, due to the di�erent omponents of
the VELO system is disussed in setion 3.7.
The main ontributions ome from the RF
shield, silion sensors and the exit window and
amount on average to 9%, 5:3% and 1:9% of a
radiation length respetively. A detailed study
of all the material an be found in Ref.[16℄.
Speial emphasis was put on minimizing the
material before the �rst measured point, whih
resulted in a orrugated shape of the RF shield
(Fig. 1.7).

1.2.9 Detetor resolution

The errors on the trak parameters arise from
the intrinsi resolution of the detetors and
from multiple Coulomb sattering, whih in
turn depends on the thikness of the material
in radiation lengths and the momentum of the
partile. The errors are magni�ed by the ex-
trapolation distane from the �rst measured
point to the vertex region and depend to �rst
order on the transverse momentum of the par-
tile (setion 4.4).

The error on the primary vertex is domi-
nated by the number of traks produed in a
pp-ollision. For an average event, the reso-
lution in the z-diretion is 42�m and 10�m
perpendiular to the beam.

Impat parameter resolutions of 20�m, ne-
gleting the primary vertex ontribution, are
ahieved for traks with the highest transverse
momentum.

The preision on the deay length ranges
from 220�m to 370�m depending on the de-
ay hannel. A lifetime resolution of 40 fs is
ahieved for the B0

s ! D�

s �
+ deay hannel,

whih allows a 5� measurement of �ms up to
54 ps�1 after one year of data-taking.

1.3 Evolution sine the Tehnial

Proposal

Sine the LHCb Tehnial Proposal [1℄ a major
e�ort went into the study of prototype dete-
tors after heavy irradiation and the design of
a realisti vauum system. Changes ompared
to the TP are:

� Sensors: In the TP, we proposed six
sensors of 60Æ overage eah per station.
By reduing the outer radius of a sensor
from 60mm to 42mm, it was possible to
redue the number to two sensors eah
overing 182Æ. As a onsequene, the
number of stations was inreased from
17 to 25. The inner radius was redued
from 10mm to 8mm.

� The L1 eletronis were moved behind
the shielding wall away from the high ra-
diation environment.

� Vauum/Mehanis: A omplete sys-
tem design was arried out. This in-
ludes a design of the vauum vessel,
motion and positioning mehanis, thin-
walled strutures for RF sreening, sys-
tems for ooling, vauum, monitoring
and ontrol. Finite element analysis
(FEA) was performed for the vessel and
other omponents (exit window, ooling
apillaries, thin-walled detetor enapsu-
lation). Extensive prototyping was ar-
ried out on ritial items, suh as the
thin-walled strutures, vauum prote-
tion devies, large retangular bellows
and the ooling system. The new design
allows baking out of the primary vauum
surfaes and provides easy aess to the
silion sensors.

� Detetor optimization: Detailed
studies were arried out of many dif-
ferent detetor designs to optimize the
physis performane. The layout was
�nalized with 25 stations, with the ar-
rangement as shown in Fig. 1.3, and with
the shape of the orrugations in the RF
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shield (Fig. 1.7) optimized for minimiz-
ing multiple sattering.

1.4 Struture of this doument

This Tehnial Design Report is intended to be
a onise but self-ontained desription of the
VELO system. Further details an be found
in the tehnial notes, whih are referened
throughout.

In Chapter 2 an overview is given of the re-
sults obtained in the laboratory and test-beam
using prototypes, whih give on�dene that
the expeted performane will be ahieved.
The tehnial design of the detetors is pre-
sented in Chapter 3. The performane of the
VELO system as obtained from simulation is
disussed in Chapter 4. The issues of projet
organization, inluding the shedule and ost,
are disussed in Chapter 5.



2 Summary of R&D and test of prototypes

2.1 Silion

The omplexities of the LHCb VELO sensor
design arise from the varying strip lengths, the
double metal layer, and the need for regions
of very �ne pith. The �rst aim of the pro-
totyping programme was to ensure that the
sensor gives the expeted performane in the
ontext of the hosen design. The seond aim
was to hek that this is maintained after ir-
radiation. It should be noted that the most
stringent requirements on the sensor perfor-
mane are at low radius, where there is both
the �nest pith and the highest irradiation (see
setion 4.3). The strong non-uniform nature
of the irradiation is another speial onsidera-
tion for the LHCb VELO. The test-beam pro-
gramme has also given the opportunity to test
the performane of the r�-geometry in terms
of the alignment and triggering requirements
for LHCb.

The global performane of a sensor an be
haraterized with the following inter-related
parameters:

� Signal to Noise Ratio: In order to
ensure e�etive trigger performane even
after irradiation, the LHCb VELO aims
for an initial signal to noise ratio, S/N,
of more than 14 [17℄.

� EÆieny: The goal for the eÆieny
is that it should be above 99% for S/N
> 5.

� Resolution: Typial resolutions whih
an be ahieved are about 3:6�m for
100mrad traks and 40�m strip pith.
The resolution should not be degraded

by the irradiation nor by any aspet of
the sensor design.

There are various onstraints oming di-
retly from the strip layout whih an a�et
these parameters. The noise is a�eted by the
length of the strips and routing lines. The size
of the signal an be a�eted by the presene
and geometry of the double metal layer, or
the apaitive oupling between strips. Other
onstraints ome from the detailed tehnial
design, e.g. the strip apaitane will be af-
feted by the thikness of dieletri separat-
ing the two metal layers, the noise is a�eted
by the strip resistane, and so on. After ir-
radiation the signal might be limited by the
breakdown voltage, or the onset of noise at a
partiular bias voltage. The prototyping pro-
gramme should establish that the design per-
forms in the expeted manner, both before and
after irradiation.

In addition there are various silion teh-
nology hoies whih an be made for a given
strip layout.

2.1.1 Design parameters

The most important issues a�eting the hoie
of silion tehnologies were investigated with
dediated LHCb prototyping, as desribed in
the following setions. The results were om-
bined with knowledge available from the silion
literature, in order to make the best hoies for
the LHCb VELO. The prinipal onsiderations
are listed here.

Thikness

The voltage required to deplete the sensor is
proportional to the square of the thikness.

11



12 2. SUMMARY OF R&D AND TEST OF PROTOTYPES

p  implants
+

n bulk

a)
p side signal

electron drift

hole drift

traversing MIP

b)

Active region

p side signal

electron drift

hole drift

Undepleted insulating region

traversing MIP

c)
p side signal

hole drift

electron drift

routing lines
on 2nd metal layer

traversing MIP

d)

Active region

p side signal

electron drift

hole drift

Undepleted insulating region

traversing MIP

n  implants
+

n  implants
+

n  implants
+

p  implants
+

n  implants
+

dielectric

routing lines
on 2nd metal layer

dielectric

Figure 2.1: Cluster shapes for the depleted and
underdepleted ases for a simple segmented p-on-n
sensor, (a) and (b), and for a sensor with a dou-
ble metal layer, () and (d). At full depletion the
harge is foused on the diodes, while at underde-
pletion the lusters spread (b) and lose harge to
the double metal layer (d).

Given the large voltages needed to deplete ir-
radiated sensors, thin silion is an advantage.
In addition, if the irradiated sensor is only par-
tially depleted, then the thinner the sensor, the
greater the reovered harge, due to Ramo's
theorem [18℄. Thin sensors also have less bulk
urrent, in proportion to their thikness, so the
risk of thermal runaway is redued. On the
other hand, for a fully depleted sensor the to-
tal amount of harge produed is proportional
to the thikness, so a thik sensor will start
with a better S/N, and will stay this way as
long as it is fully depleted.

The luster resolution is improved by the shar-
ing of harge between strips due to di�usion.
In this respet thik sensors are an advantage
given the greater di�usion width of the de-
posited harge.

Thin sensors have the overall advantage that
the multiple sattering of traks is redued,
whih is partiularly helpful for the L1 trigger.

Segmentation

There is a hoie to be made between segmen-
tation on the p- (p-on-n) or n- (n-on-n) side.
This has onsequenes for the way the detetor
operates when underdepleted, the operating
onditions where miro-disharge noise may
our, and the fabriation possibilities. These
points are disussed in turn.

Underdepleted operation: If there is a risk that
the sensor will be operated in underdepleted
mode after irradiation, then there an be dis-
advantages for a p-on-n design, due to the fat
that the irradiated sensor depletes from the n-
side. The onsequenes for the luster shapes
produed by a traversing MIP are illustrated
in Fig. 2.1. When the sensor is fully depleted,
as in Fig. 2.1(a), the �eld lines are foused onto
the diodes, and the luster is narrow. When it
is partially depleted, as in Fig. 2.1(b), the un-
depleted region lose to the p-strips ats as an
insulating layer, and a signal is indued over a
number of strips.

This harge spread leads to a loss of
eÆieny and resolution, and is partiularly
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dangerous for �ne pith sensors [19, 20℄. A
double metal layer an ause an additional
harge loss, as illustrated in Fig. 2.1() and
(d). These e�ets are not present for the
n-on-n design, where the depleted layer is on
the same side as the strips.

Miro-disharge noise: Miro-disharge
noise [21℄ is a reversible phenomenon of
random pulse noises around the edge of strips
for bias voltages exeeding a ertain value. It
is visible in the noise and the leakage urrent,
and an plae a limit on the bias voltage
whih an be applied to the sensor. After
irradiation the high �eld regions whih ause
miro-disharge noise are found lose to the
n-strips [22℄ and so for an n-on-n design miro-
disharge noise will our at a lower voltage
than for the orresponding p-on-n design.
The situation an however be improved with
�eld plates and rounded strips [23℄. Before
irradiation the situation is reversed, and the
turn-on for miro-disharge in the p-on-n
design will be at a lower voltage. In the LHCb
VELO ase, there is non-uniform irradiation
aross the sensor, but only one voltage will be
applied. This bias voltage must be tuned to
optimize the harge olletion eÆieny and
noise performane in all regions, whih may
result in areas of underdepletion. From this
point of view, n-on-n is onsidered a safer
design, as it gives a more reliable performane
in situations of underdepletion, due to the
reasons disussed in the previous paragraph.

Fabriation: p-on-n sensors have the advan-
tage that the single-sided proessing is easier,
and it is possible to have a �ner pith due to
the fat that there is not the need to separate
the strips via a mehanism suh as p-stops.
However, it is possible to have a �ne pith for
n-on-n sensors with the use of suh tehniques
as p-spray [24℄.

The segmentation hoie is onsidered ritial
for LHCb, where the design inludes �ne pith
and double metal, and it has been investigated
extensively in the prototyping.

Oxygenation

Reent results from ROSE [25, 26℄ indiate
that there is an advantage to be gained by us-
ing oxygenated silion wafers. It was found
that after irradiation the oxygenated sam-
ples ould be fully depleted with bias voltages
whih were both lower and more preditable
than for the standard samples. The advantages
are assoiated partiularly with irradiation by
harged partiles, whih orresponds to the sit-
uation in the LHCb VELO (see setion 4.3).

Cryogeni operation

From onsiderations of annealing and leakage
urrent after irradiation, the sensors are ex-
peted to operate at a temperature of �5ÆC
(see setion 3.1.1). The option of going to ryo-
geni (liquid nitrogen) temperatures was also
investigated. A possible advantage of ryo-
geni operation is that due to trap �lling the
depletion voltage of an irradiated sensor is low-
ered. If the sensor is operating at underdeple-
tion, the ryogeni temperatures an make it
more eÆient and improve the resolution [19℄.
However this is not a preferred solution for
LHCb due to the fat that the reovery is lost
after a time interval of the order of minutes,
and a very omplex proedure would have to
be imagined to maintain the performane for
long time periods [19, 27℄.

Cryogeni operation also has an advantage
in terms of lower leakage urrent, but at the
VELO operating temperature the urrent is
not expeted to be a dominant soure of noise.
After 3 years of operation the most irradiated
strip, operated at �5ÆC, is expeted to have
a noise ontribution from the urrent of 100
eletrons [28℄, whih is less than 10% of the
baseline noise.

2.1.2 Prototype designs

This setion summarizes the prototype designs
whih have been tested for the LHCb VELO.
There were three di�erent types of geometrial
layouts tested.
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Figure 2.2: Shemati of the DELPHI-ds proto-
type.

The DELPHI-ds prototype, manufa-
tured by Hamamatsu1 is illustrated in Fig. 2.2.
It is a double sided sensor with straight, or-
thogonal strips. The main purpose of this pro-
totype was to use an existing design to test the
performane of p-on-n and n-on-n �ne pith
layouts after non-uniform irradiation, in situa-
tions of full depletion and under-depletion, and
at ryogeni temperatures.

The PR01-R and PR01-� prototypes,
manufatured by Hamamatsu, have a radial
and azimuthal strip geometry whih is lose to
the �nal LHCb-VELO design, the main di�er-
enes being that the sensors over 72Æ only, and
the geometry of the double metal layer is dif-
ferent. These prototypes are of n-on-n design,
with individual p-stops, and with a thikness
of 300�m. The strip layout and the pithes
ahieved are illustrated in Fig. 2.3; further de-
tails may be found in Ref. [29℄. The �rst pur-
pose of these prototypes was to be able to arry
out extensive tests of the non-irradiated de-
sign, to on�rm that the r�-geometry of the
sensors is suitable for the alignment, prei-
sion and vertexing requirements of the LHCb-
VELO. The seond purpose was to undertake
resolution and eÆieny measurements on ir-
radiated n-on-n prototypes.

The PR02-R and PR02-� prototypes,
manufatured by MICRON2 have a radial and
azimuthal geometry and an angular overage of
182Æ. They were manufatured in thiknesses
of 150, 200 and 300 �m and inluded some pro-

1Hamamatsu Photonis K.K., 325-6, Sunayama-
ho, Hamamatsu City, Shizoka Pref., 430-8587, Japan.

2Miron Semiondutors, 1 Royal Buildings, Marl-
borough Road, Laning, Sussex, BN15 8UN, UK.

PR01 R-sensor

PR01 φ-sensor

2∗192+1∗256+1∗366

= 1006 strips

1∗256+1∗768

= 1024 strips 44 − 79 µm

60 µm

40 µm

40 µm
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= 49.88 mm

27.92 mm

10.00 mm

10.00 mm

17.68 mm

27.92 mm

= 49.88 mm

pitch

radius

radius

pitch

Figure 2.3: Shemati of the Hamamatsu PR01-R
and PR01-� prototypes. The routing lines are not
shown.

totypes with oxygenated silion. The design
is p-on-n and the minimum strip pith 24�m.
The purpose of these prototypes was to test the
performane of the irradiated p-on-n design, in
partiular at �ne pith. The strip layout of the
prototypes is illustrated in Fig. 2.4. It is very
lose to the �nal LHCb-VELO design (further
details may be found in Ref. [29℄).

The prinipal harateristis of the di�er-
ent prototypes are summarized in Table 2.1.

2.1.3 Prototype manufature

Of the prototypes desribed above, only the
DELPHI-ds was pre-existing. The PR01 pro-
totypes were developed together with Hama-
matsu and delivered in 1998. The PR02 masks
were designed at Liverpool University, using
the CADENCE3 program, and the sensors

3Cadene Design Systems, Bagshot Road, Brak-
nell, Berkshire, UK.
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DELPHI-ds PR01-R PR01-� PR02-R PR02-�
Manufaturer Hamamatsu Hamamatsu Hamamatsu MICRON MICRON
segmentation double-sided n-on-n n-on-n p-on-n p-on-n
Pith (�m) p 25 42:5! 92 24! 124
Pith (�m) n 42 40,60 45! 126
thikness (�m) 300 300 300 150,200,300 150,200,300
dimensions (m) 3� 6 0:8 < R < 5:0 0:8 < R < 5:0 0:8 < R < 4:0 0:8 < R < 4:0
angular overage { 72Æ 72Æ 182Æ 182Æ

strip length (m) p side: 6 0:63! 6:3 1.8,2.2 0:62! 6:3 1.0, 2.2
n side: 3

double metal p side: no yes yes yes yes
n side: yes

n-separation p-grid p-atolls p-atolls { {
non-oxygenated yes yes yes yes yes
oxygenated no no no yes yes

Table 2.1: Charateristis of the prototype sensors.
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Figure 2.4: Shemati of the MICRON PR02-�
and PR02-R prototypes.

were manufatured at MICRON. The mask de-
sign layout on the 6-inh wafer is illustrated in
Fig. 2.5. The manufaturing proess at MI-
CRON was arried out on a best e�ort R&D
basis, with the proedures being ontinually
revised during the delivery throughout 2000.

Figure 2.5: PR02 wafer layout. Two R-sensors
and one � sensor are �tted onto the wafer, together
with a series of test strutures.

2.1.4 Prototype tests

The sensors underwent various tests, desribed
in the following setions, inluding:

� Laboratory tests of the unbonded silion.

� Large sale evaluation in a test-beam of
120 GeV= muons and pions, to test the
suitability of the r�-geometry for trig-
gering and traking, using slow VA2 [30℄
eletronis.
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Name Type Thikness Oxygenation Maximum Tests

�m �1017 atoms=m3 Irradiation
�1014 p=m2

D-ds112 DELPHI-ds 310 None 3:5 TMX6, LAB

h1-R, h2-R,
h4-R, h6-R, h7-R

PR01-R 300 None None TVA, LAB

h3-�, h5-�, h8-�
h9-�, h11-�, h12-�

PR01-� 300 None None TVA, LAB

h10-R PR01-R 300 None None TSCT, LAB

h-13-R PR01-R 300 None 3:4 TSCT

h-14-� PR01-� 300 None 4:1 TSCT

1976-21-b PR02-R 300 None None LAB

1968-17- PR02-R 300 2.5 4:8 LSCT, LAB

1832-9-a PR02-� 200 None 10:4 TSCT, LAB

Table 2.2: DELPHI-ds, PR01 and PR02 prototypes whose tests are desribed in this setion. The tests
are oded as follows: TVA: Test-beam evaluation with VA2 eletronis, TMX6: Test-beam evaluation
with MX6 eletronis, TSCT: Test-beam evaluation with SCT128A eletronis, LSCT: Laser evaluation
with SCT128A eletronis, LAB: Laboratory test.

� Test-beam evaluation of non-irradiated
silion bonded to fast SCT128A [31℄ ele-
tronis loked at 40 MHz.

� Non-uniform irradiation in a 24 GeV pro-
ton beam followed by bonding to slow
(MX6 [32℄ or VA2) or fast (SCT128A)
eletronis and evaluation both in the
laboratory and in a test-beam.

The list of prototype sensors for whih de-
tailed tests are disussed in this setion is given
in Table 2.2.

2.1.5 Laboratory tests

PR01 Prototype

12 PR01 prototypes (h-1 to h-12) underwent
laboratory tests [33℄ at CERN. The depletion
voltage was measured from the C-V urve, the
resistane of the set of strips to the bak plane
was heked, and the urrent versus voltage
was measured up to 200V. All sensors satis-
�ed the parameters given in Table 2.3. After
bonding to VA2 hybrids the mean number of
dead hannels was 0.8%.

PR02 Prototype

A total of 35 PR02 prototype sensors were de-
livered from MICRON. The sensors overed a
range of thiknesses, with 2, 10 and 23 dete-
tors with thiknesses of 150, 200 and 300 �m
respetively, and had di�erent oxygenation lev-
els, with 11 and 3 detetors oxygenated to
levels of 2:5 and 1:0 � 1017atoms=m3 respe-
tively. The pre-irradiation depletion voltages
were measured using a C-V san. The val-
ues measured for some di�erent sensor types
are illustrated in Fig. 2.6. The pre-irradiation
depletion voltages are higher for the oxy-
genated samples than for the non-oxygenated
ones. The resistane of the routing lines was
measured on two sensors and found to be
� 23
=m.

The breakdown voltages were determined
by slowly inreasing the voltage until the ur-
rent reahed a maximum allowed value of
15�A. A total of 16 sensors were found to
have breakdown voltages above 400V, inlud-
ing both the oxygenated and non-oxygenated
samples, and both of the thinnest (150�m)
sensors. The fration of bad strips was mea-
sured by probing the oupling apaitane of
eah strip. A typial output of suh a san is
shown in Fig. 2.7 for the PR02-R sensor 1976-
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Figure 2.7: Coupling apaitane san on a PR02-
R prototype.

21-b. There is a wide variation in oupling
apaitane seen due to the variations in the
length and width of the strips. The number
of strips whih lie outside the normal distribu-
tion, due to shorts or open lines, was measured
for eah sensor. In general, a better perfor-
mane was found for the 300�m thik samples.
The number of sensors with more than 98%
good strips was 14 and the number of these
whih had a breakdown voltage greater than
400V was 10.

Depletion Voltage < 70 V
Strip-Bakplane resistane > 300M


(at Vdep)
Current � Vbias = 200V < 0:5�A
Routing line resistane � 17
=m

Table 2.3: Laboratory measured parameters sat-
is�ed by all 12 tested PR-01 prototypes.

2.1.6 Test-beam results on non-
irradiated sensors

A set of 12 PR01 sensors were equipped with
VA2 eletronis and used in three di�erent
large-sale on�gurations in 1998, 1999, and
2000, to hek di�erent aspets of the R&� de-
sign. The 1998 on�guration is illustrated in
Fig. 2.8 and a photograph of the set up of the
silion sensors is shown in Fig. 2.9. The sen-
sors were arranged in 3 r� measuring planes
behind a series of thin Cu targets in a beam
of pions of 120GeV momentum. The distane
between the targets was designed to be similar
to the mean B deay length at the LHC. This
system allowed a test of the alignment, trak
reonstrution, primary vertex reonstrution
and trigger algorithm with a similar geometry
to that of the �nal VELO. In 1999 the targets
were removed and the telesope was rotated in
the beam line in order to make a detailed study
of the sensor resolutions as a funtion of trak
angle.

Common mode and noise analysis

Due to the omplex geometry of the LHCb
sensors, it is expeted that any pik-up due
to HV or environmental variations will vary
signi�antly over the surfae of the sen-
sor. In the test-beam environment it was
shown [33℄ that by grouping hannels into re-
gions with smoothly varying strip and rout-
ing line lengths, it is possible to parameter-
ize and suppress the ommon mode noise. A
similar proedure will be applied in the �nal
VELO. With a areful analysis of the noise,
taking into aount the parameters desribed
in setion 2.1.5, the apaitanes of the strips
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Figure 2.9: 1998 PR01 test-beam telesope.

were measured to be 3:9 pF/m for the diodes
and 3:2 pF/m for the routing lines, for a ge-
ometry orresponding to PR01-R or PR01-�.
These values predit a likely range of apai-
tanes for the �nal VELO R sensor design of
13 � 26 pF. The �nal � detetor is expeted
to have lower apaitanes due to the di�erent
arrangement of the routing lines.

Trak �tting and alignment

The trak parameters were determined in an
iterative proedure by approximating loally
the irular strips by a straight line [34℄. The
positions of all sensors were measured using a
mirosope and a POLI mahine (desribed in

Ref. [35℄) before the test-beam. The alignment
was performed using MINUIT [36℄ to minimize
the �2 of the trak residuals. The detetor
halves were aligned relative to eah other us-
ing traks originating from a ommon vertex.
After the alignment the satter of the residuals
in the entral plane of sensors was redued to
less than 1�m [37℄. Several important impli-
ations for the LHCb VELO alignment an be
drawn from this study, inluding:

� Various alignment parameters and om-
binations of parameters are only loosely
onstrained by traks. An analysis of
these provides input into determining the
mehanial preision to whih the VELO
must be onstruted.

� The urrent alignment proedure must
be speeded up for LHCb running, by
more extensive use of analyti methods.

These topis will be addressed in future test-
beam analysis and in simulation. After the MI-
NUIT alignment the two-trak verties mea-
sured with the test-beam data were found
to have a resolution of 230�m, whih when
extrapolated to the onditions at the LHC
would imply a primary vertex resolution of
70�m, mathing the requirement of the L1
trigger [38℄. The distribution of reonstruted
verties is illustrated in Fig. 2.10.

Triggering

The test-beam data were also used to test vari-
ous triggering algorithms in a realisti environ-
ment [39, 3℄. The feasibility of triggering on
low multipliity displaed verties was demon-
strated, and onlusions were drawn on the
alignment toleranes.

Resolution

An important motivation for the test-beam
measurements was that of testing the resolu-
tion of the LHCb prototype design for a range
of pithes and angles. In the LHCb VELO
traks from B-deays will ross the R sensors at
typial angles to the strips of 80 mrad, and the
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Figure 2.10: Reonstrution of primary verties
in the 1998 test-beam setup.

pith trak angle resolution

40�m 80 � 120mrad 3:6� 3:9�m
60�m > 200mrad 4:0� 4:6�m

Table 2.4: Sensor resolution for two di�erent
pithes for the trak angles giving best preision.

resolution is expeted to bene�t from harge
sharing. As the trak angles are roughly par-
allel to the � strips this is not the ase for the
� sensors.

In 1999 a dediated test-beam run was per-
formed with the telesope plaed at varying
angles in the beam. The sensor resolution was
studied as a funtion of inident angle [40℄.
The best resolutions ahieved in the PR01-R
sensor, whih had two di�erent pithes, are
given in Table 2.4. It was shown that the
harge sharing for angled traks leads to a
strong variations in the resolution, as illus-
trated in Fig. 2.11.

The PR01-� sensors, whih have pithes
varying ontinuously from 45�m to 126�m,
were used to study the resolution as a fun-
tion of pith for perpendiular traks [41℄. A
linear dependene was found, with agreement
with the PR01-R sensors at 60�m pith. For
the largest pithes the resolution is lose to bi-
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Figure 2.11: Resolution as a funtion of trak an-
gle, as measured from the test-beam data for PR01-
R sensors, and ompared with the full simulation

nary, i.e. pith=
p
12, whereas for the 45�m

region there is signi�ant harge sharing and
the resolution is improved by a fator 2.

The results from the test-beam provide im-
portant input to the simulation of the harge
olletion proess in the LHCb VELO silion
detetors. The modi�ed simulation whih will
be used takes into aount the harge distribu-
tion with full Landau modelling, lateral dif-
fusion of harge arriers, knok-on eletrons
(Æ rays) and harge sharing between strips due
to apaitive oupling. The simulation was
tuned to the test-beam data using a single free
parameter, the fration of two strip lusters for
perpendiular traks. The agreement between
the improved model and the test-beam data is
illustrated in Figs. 2.11 and 2.12.

SCT128A performane

The PR01 and PR02 prototypes were also used
in the test-beam to evaluate the SCT128A per-
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Figure 2.13: Layout of the 6-hip hybrid.

formane. For this purpose, and for testing the
irradiated detetors, speially designed fan-ins
and hybrids were fabriated. The fan-ins were
manufatured on glass (1999 test-beam) and
on erami (2000 test-beam). Two hybrid de-
signs were used, whih ould aommodate 3
or 6 hips. The layout of the 6-hip hybrid is
illustrated in Fig. 2.13.

The best S/N measured with the SCT128A
and a 300�m thik detetor was 21:5. The re-

sults of the evaluation of the SCT128A pulse-
shape are disussed in setion 2.4.1.

2.1.7 Irradiation proedures

For the LHCb VELO prototyping a non-
uniform irradiation was used. As the radi-
ation damage will be dominated by harged
partiles, an irradiation in the 24 GeV proton
PS beam was appropriate. The sensors were
stationary throughout the irradiation with ei-
ther a perpendiular or horizontal orientation
with respet to the beam. The beam pro�le
was measured to be a gaussian of a width of
6:1�0:3mm, hene a less irradiated region was
always ontained within the sensor. The dose
was monitored during the irradiation using se-
ondary emission ounters, and was measured
after the irradiation was �nished by measuring
the ativity of small piees of pure Al plaed in
front of and behind the sensor. As an example,
Fig. 2.21 shows a shemati of the irradiation
of sensor 1832-9-a. After the irradiation the
sensor was equipped with eletronis allowing
areas from both the irradiated and the non-
irradiated sides to be read out. More details
about the irradiation an be found in Ref. [42℄.
The sensors were fully bene�ially annealed af-
ter the irradiation, with the onsequene that
they were tested in a ondition where a dose
of 2� 1014 p=m2 24 GeV protons orresponds
to approximately one year of running for the
innermost part of the VELO sensors.

2.1.8 Test-beam results on irradiated
sensors

In the year 2000 the test-beam setup was mod-
i�ed to be suitable for testing irradiated sen-
sors equipped with fast eletronis. A old box
ushed with nitrogen was plaed behind the
telesope. Behind this box a seond telesope
was installed, onsisting of 3 sensors, plaed at
angles to optimize the resolution. The trig-
ger was provided by the oinidene of two
sintillators. One of the telesope sensors was
equipped with fast SCT128A eletronis, so in
the ase of multiple trak events the orret in-
time trak ould be identi�ed. A photograph of
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Figure 2.14: 2000 test-beam setup in the X7 beam line. 8 non-irradiated LHCb PR01 prototype sensors
are used for preise beam position measurements, one SCT128A equipped sensor is used to identify the
in-time traks, and preise timing information is given by sintillator ounters.

SCT128A chip

6 chip hybrid
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Figure 2.15: The photograph shows one non-
irradiated detetor equipped with 6 SCT128A-
hips used to identify the in-time traks and har-
aterize the SCTA performane.

the sensor fully equipped with fan-in, hybrid,
and SCT128A hips, an be seen in Fig. 2.15.
The overall test-beam setup is illustrated in
Fig. 2.14.

DELPHI-ds prototype

The purpose of the test on the DELPHI-ds pro-
totype was to investigate the resolution of a
double sided �ne pith sensor after irradiation,
operated at ryogeni temperatures [19℄. It
was demonstrated that after irradiation there
is a dramati di�erene between the p-side and
the n-side. The p-side degrades in resolution

as the harge olletion falls o� due to un-
derdepletion after irradiation. However, un-
der the same onditions the n-side lusters re-
mained well foused. The results are shown in
Fig. 2.16. With an empirial simulation it was
demonstrated that the resolution degradation
is more signi�ant for a �ne pith sensor, suh
as the VELO sensors. The ryogeni operation
was shown to be helpful immediately after bi-
asing the sensor, but degrades after a period
of time of the order of 30 minutes [27℄. The
irradiation of the sensor was non-uniform, and
it was shown that in the regions where there
was a transverse �eld due to rapidly hanging
e�etive doping harateristis the resolution
was not altered.

PR01 prototypes

Two PR01 prototypes, h-13-R and h-14-�,
were irradiated to levels of 3:4�1014 p=m2 and
4:1� 1014 p=m2 respetively and evaluated in
the test-beam. We desribe here the results of
the tests on the h-14-� sensor, for whih the
best statistis were olleted. A photograph
of the sensor equipped with overlapping 3-hip
SCT128A hybrids is shown in Fig. 2.17.

A total of 11; 000 traks were aumulated
traversing this sensor and used to show that
the most irradiated region was fully opera-
tional, with a depletion voltage of 220 V [43℄.
The lusters were fully foused, hene giv-
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DELPHI-ds prototype, as a funtion of harge ol-
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Figure 2.17: Photograph of the PR01 h-14-� pro-
totype equipped with SCT128A hybrids for evalu-
ation in the 2000 test-beam. A temperature probe
an be seen on the tip of the sensor.

ing the optimum resolution, both in the ases
when the sensor was fully depleted and under-
depleted. The eÆieny, de�ned as the proba-
bility to �nd a luster with a S/N greater than
a ertain ut within 200 �m of a traversing
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Figure 2.18: S/N measured in the PR01-� proto-
type, for the least irradiated (upper plot) and most
irradiated (lower plot) regions. The most probable
value is 21:5 .

trak, is illustrated in Fig. 2.19, for three di�er-
ent S/N uts. Even when the detetor is un-
derdepleted, the eÆieny varies only slowly.
The most irradiated area had a full depletion
voltage of about 220 V, however with the bias
voltage at 50V the eÆieny to reonstrut
lusters with a S/N greater than 5 was al-
ready greater than 97%. The S/N distribu-
tion, measured by summing the harge on the
strips around the trak interept, is shown in
Fig. 2.18, for the most irradiated and least ir-
radiated regions, at full depletion. The mea-
sured S/N was 21:5. The results show that the
n-on-n design will survive for at least 2 years
in LHCb onditions with negligible deteriora-
tion. Due to the safety fator given by the
fat that the sensor appears fully eÆient even
when at � 40% underdepletion, 3-4 years op-
eration ould be envisaged.

PR02 prototype

The PR02 sensor 1832-9-a was irradiated
non-uniformly to a maximum level of 10 �
1014 p=m2 and equipped with SCT128A ele-
tronis on both the irradiated and non-
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Figure 2.19: Cluster reonstrution eÆieny of
the PR01 h-14-� sensor as a funtion of bias voltage
for a range of irradiation uenes. In plot (a) the
S/N of the luster was over 3, for (b) greater than
5, and for () greater than 10.

irradiated sides (Fig. 2.20). After installa-
tion in the test-beam telesope, about 44; 000
traks were reonstruted traversing the sensor
and used to analyze its performane.

The eÆieny, de�ned in the same way as for
the PR01 tests, is shown by the area of the grey
boxes in Fig. 2.22. Two features are immedi-
ately apparent - the line of ineÆieny display-
ing the damage aused by the irradiation (f.
Fig. 2.21), and the fat that the outer setion,
where there is a double metal layer of routing

repeater card

3-chip
hybrids

8.4 cm

temperature probes

Figure 2.20: Photograph of the PR02 1832-9-a
sensor equipped with SCT128A hybrids for evalu-
ation in the 2000 test-beam.
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Figure 2.21: Typial irradiation set-up, illustrated
for sensor 1832-9-a. The beam intensity was pro-
portional to the size of the shaded squares.

lines, as illustrated in Fig. 2.4, is less eÆient
than the inner setion. This di�erene in eÆ-
ieny annot ome from apaitive harge loss
to the routing lines, or ross-talk, whih would
a�et equally both the inner and outer region.
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Figure 2.22: EÆieny of the PR02 1832-9-a sen-
sor at Vbias=300V. The size of the boxes is pro-
portional to the eÆieny. The irradiated side of
the sensor shows an ineÆieny along the line of
the irradiation. The additional e�et of harge loss
to the double metal layer, whih is only present in
the outer region, is also learly visible.

It is a signature of an underdepleted layer next
to the p-strips, as illustrated in Fig. 2.1. Due
to the unique geometry of this sensor it is pos-
sible to measure the harge piked up in the
double metal layer, as the lines onerned run
parallel to the strips. The measurement is il-
lustrated in Fig. 2.23. When the sensor is un-
derdepleted the harge piked up in the seond
metal layer rises to 20%. Note that for the R
geometry, where the double metal lines ross
the strips perpendiularly, any lost harge is
unreoverable. It was shown [44℄ that the lus-
ters spread, as illustrated in Fig. 2.1, and the
resolution will degrade as soon as the sensor
beomes underdepleted.

For the same reasons the sensor eÆieny
also shows a very sharp dependene on bias
voltage and irradiation. In Fig. 2.24 the eÆ-
ieny measured at a bias voltage of 300V is
illustrated for di�erent irradiation levels.

In the regions with a dose orresponding
to about one year of LHCb operation, the de-
pletion voltage rose to about 300V, whih is
relatively high for a 200�m thik sensor.
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Figure 2.24: EÆieny of the PR02-� 1832-9-a
outer region at Vbias = 300V vs. irradiation.

2.1.9 Measurements with a laser

In addition to the measurements with a high
energy beam, an infrared laser system was
used for detailed performane studies [45℄. An
oxygenated p-on-n PR02-R sensor, 1968-17-
, non-uniformly irradiated up to a maximum
level of 4:8 � 1014 p=m2 of 24 GeV protons,
was haraterized. The sensor was read out
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Figure 2.25: Comparison of the laser san aross
adjaent strips loated in the non irradiated, irra-
diated with positive gradient of Vfd and irradiated
with negative gradient of Vfd regions respetively.

with a SCT128A hip [31℄ loked at 40 MHz.

The system allows the study of the harge
olletion properties of the sensor as a fun-
tion of the position, and in partiular a pos-
sible distortion of the eletri �eld of the sen-
sor in regions of steep gradient in Vfd, the full
depletion voltage, perpendiular to the strips
due the non-uniform irradiation. To study the
onsequene of suh a �eld on the resolution,
the harge sharing between adjaent strips was
measured by sanning the laser light aross the
strips in 10�m steps. Fig. 2.25 shows the re-
sults of the san in terms of the � funtion,
de�ned as � = HR=(HR +HL), where HR and
HL are the signals observed on the two adja-
ent strips. The sans were performed in re-
gions with opposite sign of the gradient and for
strips loated in the non-irradiated part. The
measurements in the three di�erent regions su-
perimpose well, indiating that the distortion
of the eletri �eld does not notieably inu-
ene the harge sharing and therefore the res-
olution.

The laser set-up was also used to on-
�rm the harge-loss to the seond metal layer
routing lines in ase of under-depletion of the
p-on-n sensor, as desribed in setion 2.1.8.
Fig. 2.26 shows the fration of the harge ob-
served in the routing lines for a range of radi-
ation doses and voltages.

In addition, evidene was found for miro-
disharge in low irradiation areas of PR02-
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R sensor 1968-17-, while operating above
200V. More details an be found in Ref. [45℄.

2.1.10 Summary

The LHCb VELO silion sensor design has
been extensively prototyped.

Both p-on-n and n-on-n implementations
have been prototyped and tested. Test-beam
results with a double sided DELPHI-ds pro-
totype showed that the p-side resolution de-
grades when the sensor is underdepleted but
the n-side resolution remains onstant. It was
on�rmed with test-beam data that the res-
olution of the p-on-n PR02 design degrades
when underdepleted but the n-on-n PR01 de-
sign shows onsistently good resolution. The
degradation in the p-on-n design is aompa-
nied by a fall-o� in eÆieny. It was also
demonstrated, both in the test-beam and us-
ing a laser, that the irradiated p-on-n PR02
sensor loses harge to the double metal layer
when underdepleted.

Various performane numbers of the pro-
totypes are summarized in Table 2.5. The n-
on-n PR01 prototype showed a very good per-
formane with no signi�ant deterioration af-
ter doses orresponding to at least two years
of LHC operation. The prototyping leads nat-
urally to a hoie of n-on-n for the tehnial
design.
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PR01-� PR02-� PR02-�

Name h-14-� 1832-9-a 1968-17-
Thikness (�m) 300 200 300
Oxygenated No No 2:5 � 1017atoms=m3

Eletronis SCT128A SCT128A SCT128A

S/N for a MIP 58:2.7 30:2.0 {
Vdep after 2� 1014 p=m2 50V 300V 150V
eÆieny at Vbias = 200V 99% 75% {
after 2� 1014 p=m2

Table 2.5: Performane numbers for the irradiated PR01 and PR02 prototypes. The S/N is given in
ADC ounts, where one ount is equivalent to 380 eletrons.

2.2 Hybrid

The VELO hybrid is part of the VELO mod-
ule (Fig. 2.27) and provides the eletroni and
mehanial support for the 16 front-end hips
and the sensor. In addition, a high thermal
ondutane is needed to enable the removal
of heat from the front-end hips and sensor.
Furthermore, a low mass design is required, be-
ause most of the hybrids are within the LHCb
aeptane (Fig. 1.3). For these reasons, a pro-
totyping programme was de�ned to study the
ruial items.

The layout of the hybrid is suh that:

� it allows bonding and rebonding of the
sensor and front-end hips;

� the pith adapter between sensor and
front-end hips introdues a minimal
stray apaitane;

� there is good isolation between the ana-
log supply lines and digital traks to min-
imize noise;

� the grounding is onsistent with the over-
all LHCb VELO grounding sheme (se-
tion 3.3.5).

We have onsidered two basi tehnologies
for the implementation of a hybrid (Fig. 2.28):

� Baseline design: A multilayered kap-
ton bonded to a arbon-�bre substrate
(KCF).

� Bakup design: A erami design.

The kapton design has the advantage that
the kapton itself is low mass and thin enabling
it to be bonded to a wide range of substrates
(CF, erami or even metal) without enoun-
tering diÆulties due to di�erent oeÆients
of thermal expansion. We have hosen arbon-
�bre for its thermal and mehanial properties.
The bakup tehnology has the disadvantage
that large eramis (for the VELO we require a
erami of 14 m� 10 m) are not readily avail-
able. Beryllia, for example, is diÆult to ob-
tain in large sizes and has substantial safety
impliations in its handling (making it expen-
sive to produe). A erami substrate of the
orret size and dimensions for the VELO has
been fabriated from aluminium nitride, sine
it is more easily available.

In order to produe a prototype hybrid
we have produed a design (laid out for the
SCT128A hip) fabriated using traditional
tehniques on 300 �m thik FR44 whih may
be bonded to CF and whih is apable of be-
ing manufatured as a kapton. This version
(Fig.2.29) will allow us to hek the layout,
grounding sheme and verify the ability of our
prodution bonders to bond a sensor given the
mehanial layout of the hybrid (e.g. onne-
tor learanes). In addition, this prototype will
be used to hek the quality and suitability of
onnetors. A seond generation of hybrids,
whih builds on the existing work but is fabri-

4glass-epoxy PCB base material.
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Figure 2.27: One VELOModule, showing the sen-
sor and the hybrid with 16 front-end hips.
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Figure 2.28: Shematis of the two hybrid designs.

ated on kapton, is under design. This hybrid
will be able to arry the SCTA VELO hip.

2.3 VELO modules

The thermal properties of the LHCb VELO
module are vital to ontrol the operating tem-
perature of the VELO sensors. The VELO de-
tetors will be exposed to a maximum ux of
partiles equivalent to 0:5�1:3�1014 neq/m

2

per year, whih will lead to inreased deple-
tion voltage and bulk urrent. The total power
dissipation per sensor is expeted to stay be-
low 0:3W when operating the detetor below
0ÆC during their lifetime. However all heat

footprints for 16 chips

area for sensor

area for pitch adapter

connector for

bias voltage for sensor and chips

timing and control signals

connector for

analog signals

Figure 2.29: Photograph of a prototype PCB-
hybrid for SCT128A hip.

will be dissipated lose to the beam-line, and
the silion itself will be used to provide the
thermal link to the edge of the sensor to avoid
extra material. Power dissipation in the sil-
ion bulk heats the detetor ausing a loal
inrease in bulk urrent, whih will then result
in larger urrents. At temperatures below 0ÆC
the urrents will not ontribute signi�antly to
the eletronis noise, however inreased power
dissipation due to higher urrents ould lead
to thermal runaway. On the long term higher
temperatures will lead to larger depletion volt-
ages. The main power dissipation is due to
the readout eletronis of the VELO detetor,
whih is designed to stay below 12W per hy-
brid. Hene the total power dissipation in a
module will be 24W. Applying a safety fator
of 1:5, the ooling system should be able to
ope with 36W per module.

The prototype module design [46℄ inorpo-
rates several key features to be able to guar-
antee the desired operating temperature of the
silion sensor and eletronis.

� A arbon �bre (CF) weave substrate
that arries the front-end eletron-
is and provides the mehanial and
thermal link to the sensors. The
CF is bonded with a thin (300�m)
layer of thermo-pyrolyti graphite
(TPG, 1700Wm�1K�1) and a layer
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Figure 2.30: Photograph of a module prototype
whih is used for alignment studies and thermal
tests. The video probe of the survey mahine is
also seen.

of highly ondutive (600Wm�1K�1)
uni-diretional arbon �bre that arries
the sensors.

� A onnetion to the CO2 ooling system
is made through an aluminium (or tita-
nium) oupler and a soft-metal indium
joint.

� The sensors are bonded to the CF using
a 100�m thik glue layer. The length
of the glue bond is a parameter of the
prototyping, sine it has to strike a bal-
ane between good heat transfer and de-
formation due to di�erent expansion o-
eÆients.

A thermal simulation [47℄ of the module
has been performed to establish that the pro-
totype is apable of keeping the sensors in the
temperature range �10Æ to 0ÆC. The ANSYS 5

5ANSYS 5.6, ANSYS In., http://www.ansys.om

Infrared camera

Infrared transparent window

Vacuum chamber

Figure 2.31: Photograph of the vauum hamber
and the infrared amera used for the thermal mea-
surements.

program was used to model the temperature
pro�le of the sensors under the expeted and
required thermal loads of 24W and 36W from
the front-end hips. A onservative estimate of
0:3W in the silion and a CO2 ooling temper-
ature of �25ÆC was assumed. Table 2.6 shows
the results of the simulation. In the CF hybrid
baseline design using a full glue bond the sili-
on is kept below the required operating tem-
perature. The bakup designs also ful�ll this
requirement.

Measurements of the temperature pro�le of
the silion were made using an infrared (IR)
amera and a prototype module onstruted
with an aluminium nitride substrate. The
module was operated in vauum (Fig. 2.31)
in order to remove onvetive ooling (sim-
ulating the LHCb environment). The FE-
eletronis were replaed with small heating
elements. Figure 2.32 shows an IR photograph
for a power dissipation of 4W in the heating
elements. Preliminary results show agreement
between simulation and the measurements per-
formed with the IR-amera to within 1ÆC.

Two prototype modules with aluminium
nitride substrates have been built. Using a
non-ontat method with a video probe at-
tahed to a oordinate measuring mahine
(Fig. 2.30) it has been shown that the sensors
may be reproduibly positioned relative to the
loation surfaes to a preision of about 5�m



2.4. FRONT-END ELECTRONICS 29

Carbon Fibre Composite Tool Heat(Chips) Heat(Si) Max(Si) Min(Si) Max(Chips)

300 �m TPG(baseline) -25 24W 0.3W -7.3 -9.9 3.3

-25 36W 0.3W -4.2 -7.0 8.9

Aluminium Nitride/TPG -25 36W 0.3W -7.5 -8.2 24.5

Beryllia Hybrid/TPG -25 36W 0.3W -7.5 -9.6 2.7

Table 2.6: The maximum and minimum temperatures on the sensors and hips for a CO2 temperature
of �25ÆC, and 0:3W power dissipation in the sensors.

cooling tube
heating elements

sensor

-5

-10

-15

-20

C0

Figure 2.32: Photograph of a prototype VELO
thermal module (in vauum) showing the temper-
ature distribution on the front surfae.

in x, y and z (Table 2.7). The alignment in-
volved using �duial marks on the sensors and
depth of fous.

The prototypes were also used to hek the
thermal stability of the module. Although the
sensors were aligned relative to the loation
surfaes at a ontrolled temperature of 23ÆC in
operation the ooling system will be at about
�20ÆC and the sensors and eletroni will op-
erate between �10ÆC and +10ÆC. The mate-
rials used do not have idential oeÆients of
thermal expansion leading to shifts in the po-
sition of the sensors relative to the loation
surfaes. To measure this e�et a prototype
thermal module was assembled and aligned at
21ÆC. Initial measurements have studied the
e�et of heating the base relative to the loa-

Range Preision

Translations

x 0:66mm 4�m
y 0:87mm 6�m
z 0:24mm 3�m

Rotations

Pith (x-axis) 0:76Æ 52�rad
Roll (y-axis) 0:52Æ 35�rad
Slew (z-axis) 1:76Æ 35�rad

Table 2.7: Range of adjustments and preisions
ahieved with adjustment srews. See Fig. 2.30 for
the de�nition of the oordinate axis and angles.

tion surfaes to study the performane of the
base struture. With a 10ÆC inrease in tem-
perature of the base with respet to the align-
ment jig (platform) less than 10�m shift was
observed in the sensor �duial relative to the
21ÆC position in the x and z{positions only.
However, shifts of 100�m in the y{diretion
were observed. Both the design and properties
of the materials are being studied to under-
stand the soure of this large movement.

2.4 Front-end eletronis

2.4.1 Front-end hip

Sine a fast readout hip satisfying the LHCb
requirement as disussed in setion 3.3.2 was
not available, it was deided to develop
one within the ollaboration. Possible an-
didates to start from were the SCT128A
hip [31℄ developed for ATLAS and the HE-
LIX hip [48℄ developed for the HERA-B ex-
periment. The former was built in the radia-
tion hard DMILL [49℄ silion-on-insulator pro-
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ess, the latter is realized in a standard 0:8�m
CMOS proess with a radiation tolerant de-
sign. Both hips are based on the RD20 arhi-
teture [50℄ shown in Fig. 2.33, whih ontains
a low-noise harge-sensitive RC-CR preampli-
�er/shaper stage, an analog pipeline, a de-
randomizing bu�er for triggered events and a
multiplexer.

In the meantime aess beame available
to the 0:25�m CMOS tehnology. Due to re-
dued threshold voltage shifts under irradia-
tion this tehnology provides an enhaned in-
trinsi radiation hardness. Using appropriate
design rules, like enlosed gate strutures [51℄,
onsistent use of guard rings [52℄, and fored
bias urrents, it an be made at least as radia-
tion hard as the DMILL tehnology. It thus
appeared to be the tehnology of hoie for
the development of an LHCb front-end hip.
To minimize the risk related to swithing to
a new tehnology, it was deided to pursue a
dual approah:

� modify the existing SCT128A hip suh
that it ful�lls the requirements for the
readout of LHCb. This hip will be re-
ferred to as SCTA VELO,

� develop a new hip, the Beetle, in
0:25�m CMOS tehnology.

R&D work towards the �nal front-end
hip enompasses measurements with the ex-
isting SCT128A hip, the predeessor of the
SCTA VELO, studies of test hips with om-
ponents of the Beetle and results from the �rst
prototype of the omplete hip, the Beetle1.0.
The �nal version of the SCTA VELO and an
improved version of the Beetle have been sub-
mitted at the end of 2000 and in Marh 2001
respetively. Both hips are expeted bak be-
fore the summer of 2001. The �nal deision
whih hip to use for the VELO at the startup
of LHC will be taken mid 2002 at the latest.

The SCT128A and SCTA VELO hips

Measurements were performed with the
SCT128A hip, whih has a similar front-

end ampli�er as the SCTA VELO. A PR01-
R prototype sensor was equipped with several
SCT128A hips (Fig.2.15) and was readout in
a test-beam run. Figure 2.34 shows the mea-
sured pulse shape based on 150; 000 high mo-
mentum partiles rossing the detetor. The
timing information was given by a sintillator
signal. The input apaitane varied between
15 and 22 pF. One observes a rise time from
10% to 90% of 19 ns and a remainder of about
38% of the peak height after 25 ns [53℄. This
remainder is expeted to be suppressed to 20%
in the SCTA VELO (Fig. 2.34, lower plot).

In addition Fig. 2.34 shows a signi�ant
undershoot of up to 18% of the peak height,
whih takes up to 600 ns to settle on the base-
line, but has a negligible impat on the perfor-
mane of the VELO due to the low oupany.

The equivalent noise harge (ENC) of
the SCTA VELO is expeted to be ENC =
600 e�+30 e�=pF. Details about the design of
the hip an be found in Ref. [54℄.

The Beetle hip

The development of the Beetle is desribed in
detail in [55℄. Before assembling the omplete
hip, individual omponents were submitted
and tested on separate hips.

For the bias settings given in [56℄, the
equivalent noise harge (ENC) has been mea-
sured as ENC = 790 e� + 17:5 e�=pF. Fig-
ure 2.35 shows a omparison between a mea-
sured and simulated pulse shape for a given
bias setting. For this measurement a harge
of 15; 600 eletrons was injeted at a apai-
tive load of 3 pF. There is a reasonably good
agreement between the measurements and the
simulation. The rise time is measured to be
15 ns, the remainder 25 ns after the peak is
about 20% of the peak pulse height. Fig-
ure 2.36 shows the expeted behavior of the
Beetle1.1 hip for load apaitanes between
10 and 40 pF. The peaking time is essentially
independent of the load, but the fall time in-
reases while the peak pulse height dereases
with growing apaitane.

To illustrate the working of the entire hip,
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Figure 2.33: Shemati blok diagram of the RD20 hip arhiteture as implemented in the SCTA VELO
front-end hip.

Fig. 2.37 shows the output signal of the om-
plete analog hain for Beetle1.0. All 128 han-
nels are multiplexed on one port. The �gure is
an overlay of di�erent events with input signals
orresponding to 1, 2, 3, 4 and 7 MIPs applied
to 7 single and a group of 4 adjaent hannels
of the hip. On the �gure the di�erent input
levels are most learly visible on the group of 4
hannels. The baseline shift is due to a voltage
drop on the bias line of the pipeline readout
ampli�er, whih has been orreted for in the
urrent submission of the Beetle1.1.

A test-hip ontaining the front-end am-
pli�er was tested in detail before and after ir-
radiation to 10Mrad using an X-ray soure.
After the irradiation the hip was still fun-
tional [56℄.

2.4.2 L1 Eletronis

The use of the VELO information in the L1
trigger requires ustom-made eletronis of
high integration whih are able to reeive ana-
log data at 40MHz, digitize and perform zero-
suppression before sending the digital data to
the L1 proessors. It also needs to test event
synhronization. A prototyping programme

has been exeuted to study some of the rit-
ial tasks:

� the analog transmission and digitization
at 40MHz of event data oming from the
front-end hip at the L0 trigger rate of
1MHz;

� the preproessing of digitized data
(pedestal subtration, ommon mode
orretion) before sending them to the
L1 trigger;

� the interfaes to the TTC, ECS and DAQ
systems of LHCb.

A �rst prototype board, Read-out Board 2
(RB2) [57℄, had been built whih is 1/16 of
the �nal board. The RB2 is made of a VME
6U mother board and several interhangeable
daughter boards (Fig. 2.38).

The daughter boards implement many of
the L1 eletronis features:

� The TTCrx daughter board arries one
TTCrx hip [58℄ whih deodes the
40MHz system lok and the trigger
ommands sent via optial �ber.
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Figure 2.34: Pulse shape of the SCT128A read-
out hip. The upper �gure is a result obtained
with the SCT128A in the readout of a prototype
sensor in a test-beam of MIP partiles [53℄. The
lower �gure shows the expeted pulse shape of the
SCTA VELO readout hip for di�erent apaitive
loads at the input.
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Figure 2.38: RB2 board with its various ompo-
nents.

� The FADC ards, equipped with the
8-bit ADC hips AD9059 [59℄, sample
the analog data from the front-end at
40MHz. An SMD version of this ard
whih arries the line equalizer for long
able transmission operations has been
produed.

� An Experiment Control System (ECS)
interfae prototype based on the
68HC12D60 miro-ontroller allows re-
mote aess to the RB2 board via serial
interfae or CANbus for the following
operations:

{ reprogramming of EPROMs, whih
store the FPGA on�guration data,
using the JTAG interfae [60℄,

{ downloading parameters to the de-
vies on the board (DAC, TTCrx)
using the I2C interfae.

� A Level1Pre-Proessor Interfae ard
equipped with an APEX100K-2E FPGA
working at 80MHz to exeute the zero
suppression algorithm [61℄.

The performanes of the analog to digi-
tal front-end data onversion have been stud-
ied [62℄ with the RB2 board reading data from
a prototype sensor (setion 2.1 and Fig. 2.15)
equipped with SCT128A hips. The measure-
ments have been done in laboratory onditions
with a short able onnetion between the sen-
sor and the FADC ards. The analog data was
read out and sampled at 40MHz. Test-beam

Part Lateny time
(�s)

Pedestal 0:5
Faulty hannels 0:5

Common mode suppression < 10:0
Reordering 0:5

Cluster enoding 1:0
Enapsulation 1:0

Link 3:0

Total < 16:5

Table 2.8: Lateny times in the L1 PreProessor.

data was used to obtain the absolute alibra-
tion (in eletrons) of the FADC ards. A 1280
e� noise level has been measured ompared to
1100 e� using a ommerially available digi-
tizer board [63℄ and a readout and sampling
speed of 5MHz. A possible reason for the in-
reased noise of the RB2 is the insuÆient ele-
tromagneti shielding of the analog part from
the lok and power supply lines. This will be
improved for the next prototype board [64℄.

The RB2 equipped with a passive line
equalizer has been used to perform a study [65℄
of driving analog data over a distane of 60m
(Fig. 2.39). Test pulses orresponding to a 1
MIP partile with a width of 25 ns and a rise
time of 2 ns were generated with a pulse gen-
erator (Fig. 2.40) and with a SCT128A hip.
A 7 ns rise time has been measured at the re-
eiver end. The observed ross talk between
neighbouring samples was 3% and is similar
to using 8m long ables without a line equal-
izer [66℄. However, the measured S/N perfor-
mane turned out to be degraded by about
10% whih was not expeted and is under in-
vestigation.

A prototype of the L1 PreProessor
(L1PP) has been used [61℄ to test fast zero-
suppression algorithms for the L1 interfae.
The L1PP prototype proesses 128 hannels
(1/4 of the �nal L1PP) using an APEX100K-
2E FPGA working at 80MHz. Test-beam data
and partile signals from a Monte Carlo gen-
erator were used as input. The output of the
FPGA agreed with the simulation [61℄. The
measured ontributions to the L1 lateny time
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Figure 2.40: Test pulse of 25 ns width measured
before and after 60m.

are listed in Table 2.8. The total lateny time
is below 17�s, whih is less than 1% of the
total available lateny.

Low level software has been written for the
ECS prototype interfae board. The JTAG
and the I2C interfae have been tested with
the L1PP prototype ard.

2.5 Mehanis, wake �elds, ooling

and vauum

Here, we report on the R&D work related
to operation of the silion detetors and to
VELO-LHC integration issues, whih inlude
mehanis, vauum, and wake �elds. Muh of
this e�ort was foused on the design and opti-
mization of the seondary vauum ontainers,
the protetion shemes of the vauum system,
and the proof-of-priniple of the hosen ooling
sheme.

2.5.1 Mehanial aspets of the se-
ondary vauum ontainer

The seondary vauum ontainer represents
one of the most ritial parts of the VELO
struture. The ontainer must be radiation re-
sistant and at as a wake �eld suppressor (ele-
trial properties). In addition, the ontainer
provides a separation between primary and
seondary vauum (ultra-high vauum om-
patibility). The ontainer walls loated within
the LHCb aeptane must be manufatured
from low-mass material. Further, this thin-
walled struture must allow for a small overlap
between the silion sensors of the two opposite
halves, implying the use of a omplex orru-
gated struture, and it must aommodate the
motion of the detetor halves. In our design,
this is ahieved by interfaing the thin-walled
struture with the vauum vessel via large ret-
angular bellows.

The mehanial properties of the thin-
walled struture, in partiular its behavior un-
der the event of a pressure di�erene between
primary and seondary vaua, were investi-
gated by numerial simulations. Fig. 2.41
shows the results of a �nite-element analysis
(FEA) for the maximum displaement of the
foil surfae (before permanent deformation o-
urs), for aluminium. In normal operation
the pressure di�erene is less than 1 mbar.
The FEA results show that a 0:25mm alu-
minium struture would sustain a pressure dif-
ferene of up to 17mbar without undergoing
plasti deformation. The results of suh al-
ulations must be interpreted with are, as
the atual mehanial properties of the treated
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Figure 2.41: FEA results showing the displae-
ment on the aluminium enapsulation for a pres-
sure di�erene of 15mbar.

material an di�er substantially from the as-
sumed values. A �rst measurement of the rup-
ture pressure was performed on a small proto-
type enapsulation with a 0:1mm orrugated
aluminium wall welded onto 0:3mm thik alu-
minium side walls. The rupture pressure was
found to be about 80mbar, whereas the plas-
ti deformation pressure was measured to be
around 1mbar (in reasonable agreement with
FEA alulations). Further tests will be ar-
ried out on the enapsulations fabriated a-
ording to the �nal design.

The fabriation of suh omplex thin-
walled enapsulations is deliate and time-
onsuming. An extensive prototyping pro-
gramme is ongoing, in whih various teh-
niques are being studied to realize the desired
shape. Fig. 2.42 shows the urrent status of
these developments. The orrugated foil was
manufatured from a 0:25mm aluminium 3004
sheet (99 % purity) using two moulds and re-
peating about 20 yles of pressing and anneal-
ing.

The large retangular bellows (36 m width
� 126 m length) separating the two vaua
must aommodate the 30mm displaement in
the horizontal plane (ompression of the bel-
lows) as well as for a �6mm lateral displae-
ment in the vertial plane. For the latter rea-
son, a pair of bellows separated by a at setion
of 80mm is used (see Fig. 1.6 and Fig. 3.14).

Figure 2.42: Sample 0:25mm thik aluminium en-
apsulation.

These bellows do not need to sustain a dif-
ferential pressure of 1 bar, hene a dediated
prodution method was developed whih starts
from preformed 0:15mm thik stainless steel
sheets (membrane width of 5:5 m): in a �rst
step the sheets are spot-welded around the
edges with a Nikel-alloy (brazing) foil pinhed
between the two surfaes; in a seond step, the
Nikel-alloy foil is molten in a vauum oven.
This results in a smooth solder joint. This
tehnique has been demonstrated on a small
sample, see Fig. 2.43. The prototyping pro-
gramme is now ontinuing with the prodution
of a irular bellow, the mehanial properties
and vauum tightness of whih will be tested
thoroughly.

2.5.2 The seondary vauum ontainer
as a wake �eld suppressor

Beam bunhes passing through the VELO
strutures will generate wake �elds as a on-
sequene of the geometrial hanges and/or
of the �nite resistivity of the wall materials.
The generated wake �elds an a�et both the
VELO system (RF pik-up, heat dissipation)
and LHC beams (instabilities). Hene, the de-
sign must take into aount minimization of
heat dissipation, of the oupling impedane,
and of the eletromagneti �elds inside the de-
tetor housing.

The issue of RF pik-up by the silion de-
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Figure 2.43: Sample 0:15mm thik stainless steel
membrane manufatured aording to the method
desribed in the text.

tetor modules was addressed by estimating
the attenuation of the LHC eletromagneti
�elds through the thin aluminium shield [67℄.
The use of a 0:1mm thik aluminium foil,
as proposed in the TP [1℄, might be insuf-
�ient to protet the detetors against high-
frequeny pik-up noise. Present alulations
yield a minimum thikness of 0:18mm. Pend-
ing a more aurate determination based on
measurements with a fully equipped detetor
module, the thikness has been inreased to
0.25mm.

We addressed the issues related to the lon-
gitudinal loss fator and oupling impedane
by simulations with the odes MAFIA6 and
ABCI [68℄ whih numerially solve Maxwell's
equations to obtain the wake �elds. Calula-
tions in the frequeny and time domain were

6MAFIA Collaboration, CST GmbH, Lautshlager-
str 38, 64289 Darmstadt.

Figure 2.44: Photograph of a prototype wake �eld
suppressor made of opper-beryllium alloy.

performed to study both resonant and tran-
sient e�ets. In the design of the VELO,
wake �eld suppression is ahieved by enlos-
ing the silion detetor modules in a shielding
box made of aluminium and ensuring that a
ontinuous ondutive surfae guides the mir-
ror harges from one end of the VELO ves-
sel to the other. The end onnetions on-
sist of segmented half tapers fabriated from
(19 m long, 70 �m thik) orrugated opper-
beryllium strips (see Fig. 2.44 and Fig. 3.13).
The orrugations are needed to allow for me-
hanial motion of the detetor housings rela-
tive to the vauum vessel and exit window.

In the LOI [69℄ and TP [1℄ designs the sili-
on detetor modules are individually enlosed
in thin aluminium boxes whih form a ontin-
uous wall struture with deep avity-like or-
rugations. A �rst study with MAFIA in the
frequeny domain showed that suh deep or-
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Figure 2.45: Top: Sketh de�ning the orruga-
tion depth d. Bottom: Shunt impedane versus
frequeny alulated with MAFIA showing the res-
onane spetrum for various orrugation depths.

rugations result in a dense spetrum of reso-
nant modes with large shunt impedanes [11℄.
The use of thin onduting ribbons through-
out the vertex detetor primary vauum ves-
sel [12℄ to sreen these omplex strutures from
the beams is tehnially diÆult, given the
onstraints of multiple sattering and resis-
tive wall losses. Instead, we studied the al-
ternative solution of reduing the orrugation
depth to a value whih suÆiently suppresses
wake �elds [13℄. The spetrum of resonant
modes was analyzed for three di�erent orru-
gation depths (160, 20 and 5mm). The re-
sults of these alulations are shown in Fig.
2.45 (shunt impedane versus frequeny). The
urve indiates the shunt impedane for whih
a maximum power of 100W ould be deposited

Figure 2.46: Full sale model of the VELO stru-
ture for RF tests.

by the beams assuming the frequeny mathes
with a multiple of the bunh repetition fre-
queny (40MHz). It is seen that for a orru-
gation depth of less than about 20mm the risk
to deposit suh an amount of power into a sin-
gle mode of the VELO strutures disappears.
Based on these results we deided to pursue
this option and studied similar strutures with
a shape optimized for minimum multiple sat-
tering [13℄.

In a seond step, we study the e�et of the
VELO strutures on the beams. Time domain
alulations with ABCI and MAFIA are under
way. Preliminary results for the detetors in
the losed position [14℄ indiate that the low-
frequeny slope of the imaginary part of the
oupling impedane is of the order of 5m
7.
Calulations for the detetors in the open po-
sition will be arried out as well. In this posi-
tion, the top and bottom gaps an be sreened
if needed by onneting the two halves with
exible metalli strips.

We intend to supplement our simulations
with a series of measurements on a one-to-one
sale model of the VELO. Fig. 2.46 shows a
photograph of the setup. Realisti wake �eld
suppressors and detetor enapsulations are
implemented in this vessel. Several loop an-
tennas are used to monitor the omponents of

7To give a sale for omparison, the LHC shielded
bellows and monitor tanks ontribute about 0:12 
 to
the e�etive impedane budget [70℄.
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to primary vacuum
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to secondary vacuum

Figure 2.47: Sketh illustrating the priniple of
the gravity-ontrolled valve.

the (osillating) magneti �elds tangent to the
wall surfae. Measurements of the resonant
modes and oupling impedane of the mok-up
will be performed by using network analyzers
and the wire-method [71℄. Shielding eÆieny
measurements will be arried out with proto-
type detetor modules.

2.5.3 Protetion of the seondary va-
uum ontainer

The thin-walled seondary vauum ontainer
is a ritial item in the VELO system. As dis-
ussed in setion 2.5.1, the thin separation foil
is expeted to deform irreversibly under the ef-
fet of a pressure di�erene exeeding 17 mbar.
As a onsequene, the design must inlude
a protetion sheme against possible failures
that would lead to an inrease of the di�eren-
tial pressure aross the thin wall. Eletrially
ativated valves ontrolled by di�erential pres-
sure swithes will be applied. In addition, a
protetion valve has been developed that does
not depend on any sensing devie or external
supply (power and ompressed air). The prin-
iple of the valve, illustrated in Fig. 2.47, on-
sists essentially of a light aluminium dis rest-
ing on the end of a tube under the ation of
gravity. In ase of an inrease of pressure in
the primary vauum setion, the dis moves
up diretly under the e�et of the pressure dif-
ferene and equalizes the pressures in the two
volumes. To redue the residual valve ondu-
tane between the two vaua in normal oper-
ation, the valve is di�erentially pumped by an
auxiliary pump.

Figure 2.48: Vauum test setup.

The valves are used in a `tandem' sheme
to protet the foil against a possible inrease
of pressure on either side of the foil. A �rst
prototype valve was designed, onstruted and
tested (Fig. 2.48). The results of the test
showed that a residual ondutane of 10�5 `/s
(10�3 `/s) an be ahieved for air at room
temperature with (without) pumping with the
auxiliary pump. The valve was also suess-
fully tested against a sudden burst of air into
one of the vauum systems. The di�erential
pressure remained under about 6mbar. This
prototyping and test programme will be on-
tinued on a more sophistiated vauum setup
as the VELO design evolves.

2.5.4 Proof-of-priniple of the CO2

ooling system

The hoie of CO2 as a oolant for the VELO
silion detetors was motivated mainly by its
exellent ooling properties and radiation re-
sistane. A two-phase ooling system was ho-
sen in whih the heat from the soure is ab-
sorbed in the evaporation proess of the (liq-
uid) ooling agent. Near the heat soure, the
oolant is kept in mixed-phase equilibrium by
ontrolling the return pressure, whih auto-
matially determines the operating tempera-
ture. Eah module will be ooled down by
a ooling apillary. Liquid CO2 will be dis-
tributed in parallel to eah apillary from a
manifold. To avoid oupling between the vari-
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Figure 2.49: CO2 ooling test setup.

ous apillaries, eah will be preeded by a ow
restrition.

Measurements were arried out with a test
setup whih demonstrated that (a) a ooling
apaity of 30W per apillary an be ahieved,
and (b) that, when ooling down in paral-
lel multiple soures with di�erent heat inputs,
the operating temperatures an be kept stable.
The �rst tests were performed with a stain-
less steel ooling apillary of 1:0=1:3mm in-
ner/outer diameter [72℄. A ooling apaity of
up to 5W/m was obtained. Hene, with a
10 m long apillary one an omfortably a-
ommodate a ooling power of 50W. Opera-
tion in parallel was heked with 5 idential
apillaries loaded with various heat soures.
Fig. 2.49 shows a photograph of the test setup.
In a next step, a full-sale setup with 27 sta-
tions, operated in vauum, will be onstruted
and tested.
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3 Tehnial design

The tehnial design of the VELO is based
as far as possible on the experiene and results
obtained with the prototypes desribed in the
previous hapter. The desription will be or-
ganized as follows: �rst the design of the sen-
sors, whih will be based on the n-on-n imple-
mentation, together with their expeted life-
time will be given. The designs for the hy-
brids and mehanial stands have not been �-
nalized, but will follow losely the prototypes
presented in the previous hapter. Here, the
design desriptions are not repeated, but the
overall onstraints and hosen materials are
presented. The arhiteture of the eletron-
is will be presented next, where it should be
noted that there are two andidate FE-hips,
and that most of the eletronis will be loated
behind the shielding wall to avoid radiation,
and SEU (Single Event Upset) in partiular.
A detailed desription will be given of the me-
hanial struture whih houses the VELO, its
interferene with the LHC beam and primary
vauum, and the ooling system to assure low
Si-bulk urrents and to suppress the inverse
annealing of the sensors after irradiation. The
total material budget whih is the onsequene
of the design, and the strategy to be able to
align the detetor will omplement this hap-
ter.

3.1 Sensors

The design of the sensors ombines the fea-
tures of the prototype detetors as desribed in
setion 2.1. Sine the n-on-n implementation
has been hosen, the strip layout reets the
prototypes PR01-R and PR01-�, while for the
total size and number of hannels prototypes
PR02-R and PR02-� have served as guidane.

A design for whih all the design features have
been ahieved in one of the prototype dete-
tors is alled a 'realisti` sensor. This realis-
ti sensor is what is used for the performane
studies desribed in setion 4. However, it was
found that with some more R&D, improve-
ments ould be ahieved [4℄, both in radiation
hardness and physis performane. These sen-
sors are referred to as 'ultimate` sensors. The
requirements and onstraints for the sensors
an be summarized as follows:

� The size of the sensors must be limited to
�t into a 100mm diameter wafer. This
avoids limiting the number of manufa-
turers, and does not exlude the pur-
hase of the ultimate 200�m thik sen-
sors, rather than the 300�m realisti sen-
sor. The sensor has to over one half sta-
tion, rather than having to ahieve this
overage with several detetors, whih
avoids an inreased omplexity both in
the onstrution and alignment of the
stations. This limits the largest radius
to 42mm.

� The VELO has to provide stand
alone traking for the L1-trigger, hene
the VELO needs three independent
views. To simplify and aelerate
the L1-algorithm, the three views are
one R-measurement and two quasi �-
measurements for whih the strips have
a stereo angle. The L1-algorithm also
requires the R-strips to be segmented in
�, to allow the determination of the pri-
mary vertex position in the plane per-
pendiular to the beam, based on the
R-measurements alone. A segmentation
better than 60Æ has been shown to be

41
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suÆient.

� The implants must be AC oupled to the
ampli�ers to avoid large pedestal varia-
tions due to urrent indued by the non-
uniform irradiation.

� The minimum strip pith ahieved (pro-
totypes PR01-R) is 40�m. This allows
individual p-stops per n-strip to inter-
rupt the eletron aumulation layer on
the ohmi side of the sensors. In the ulti-
mate sensors the pith ould be redued
by using p-spray rather than p-atolls.

� The oupany per hannel should be
kept as low as possible, to allow eÆ-
ient and ghost-poor traking in the L1-
trigger. By deoupling the strip layout
from the readout by using a double metal
layer to route the signals to the edge of
the detetor one ould in priniple adjust
the strip pith and length to ahieve an
equal oupany on all hannels. How-
ever, the measurements losest to the
primary vertex ontribute most to the
impat parameter error, implying that
the smallest pith should be used for at
least the �rst few measurements. Fig-
ure 3.1 shows the radii of the �rst two
measurements of a trak, hene typially
the smallest pith should be kept for radii
below 20mm.

� The number of eletroni hannels per
sensor should be a multiple of 128, and
the number of FE-hips should �t at a
radius reasonable lose to the maximum
sensor radius. This leads to 16 � 128
hannels per sensor, as has been used for
PR02-R and PR02-�.

� The biasing of the sensors is ahieved
using poly-silion resistors rather than
FOXFET-biasing beause of radiation
resistane [73℄.

� After irradiation the neessary large de-
pletion voltages might lead to miro-
disharges, espeially at the end of the
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Figure 3.1: Radii of the two measurements of a
trak losest to the primary vertex.

strip. Hene all strips have to be rounded
to avoid loal high �eld regions.

Figure 3.2 shows a artoon of the layout of
the strips on the realisti R-sensor and the ul-
timate �-sensor. The realisti �-sensor artoon
is shown in Fig. 1.5.

The strips on the R-sensor are subdivided
in to four strips for smaller radii, while for
larger radii the subdivision is only two. The
area of the sensor at small radius has the high-
est partile ux, and the strixel1 length an
be as small as 6mm. The n-implants are AC-
oupled to Al readout strips, whih in turn
are onneted with via's to the routing lines
on a seond metal layer whih bring the signal
to the readout hips. The seond metal layer
is insulated from the readout strips with a 2{
5�m SiO2 or poly-amide dieletri layer. Due
to this seond metal layer no oating strips
an be used in the R-sensor design, sine this
would lead to signi�ant harge loss [74℄.

The �-sensor uses strixels in a region at
small radius, and longer strips for the outer
region of the detetor. In the �-sensor oat-
ing strips ould in priniple be used, sine the
seond metal layer lines whih route the sig-

1A name invented by B. Henrih for the grey area
between pixels and strips.
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 read out
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 read out

Figure 3.2: Shematis of the strip and routing
line layout of the realisti R-sensor and the ultimate
�-sensor.

nal from the strixels to the eletronis ould
be oriented so as to avoid any rossing with
oating implants. However, for the realisti
detetor design no oating strips will be used.
The ultimate sensor with oating strips would
give an improved resolution sine the harge
sharing in the �-strips is pratially only due
to di�usion, while in the R-sensor the harge
sharing is a onvolution of the di�usion and the
spread of the harge due to the polar angle of
the traks. The �-strips have a 20Æ stereo an-
gle in the inner region, and �10Æ in the outer
region. The hoie of the angle in the inner
region is driven by the trak reonstrution ef-
�ieny and ghost rates in the L1-trigger, as is
shown in Fig. 3.3. The size and opposite sign
of the stereo angle in the outer region follows
from the ondition to minimize the depth of
the orrugations in the RF-shield.

Figure 3.4 shows a more detail shemati
of the layout of the implants of the realisti
R and �-sensor. The R-sensor overs a few
degrees more than 180Æ with its sensitive area
to failitate the alignment of the two halves of
the VELO. For the �-sensor it is not neessary
to extend the sensitive area beyond 180Æ sine
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Figure 3.3: Performane of the trak �nding al-
gorithm in the L1-trigger as a funtion of the size
of the stereo angle in the �-sensors. The same 500
events have been used with di�erent stereo angles
imposed, hene the errors are orrelated.
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Figure 3.4: Shemati of the strip layout of the
realisti R and �-sensors, not showing the routing
lines.
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due to the stereo angle odd and even stations
of opposite VELO halves will have a suÆient
overlap for the alignment anyway. The guard
rings whih degrade the high voltage from the
bakside of the detetor to the strips surround
the whole detetor and oupy a 1mm wide
band.

φ-sensor with floating strips = ultimate φ-sensor

φ-sensor

φ-sensor with floating strips

φ-sensor with floating strips

φ-sensor with floating strips
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Figure 3.5: The strip pith, strip length and o-
upany for the realisti R-sensor, and the realisti
and ultimate �-sensor designs.

Figure 3.5 shows the strip pith, length and
expeted oupany for 2�r�1:8 partiles/m2

per event (setion 4.3) for the design shown in
Figure 3.4. The pith of the R-sensor is kept at
40�m below a radius of 18:5mm, hene assur-
ing that all traks will have a �rst hit with the
best resolution (see Fig. 3.1). At larger radii
the pith is gradually inreased to a maximum
pith of 92�m at a radius of 42mm. At a ra-
dius of 24:1mm the strip length is doubled to
redue the numbers of hannels, while keeping
the oupany below the 1% level. The real-
isti �-sensor has strixels of 9mm long in the

inner part, starting at a pith of 37�m. The
boundary between inner and outer part at a
radius of 17:2mm has been driven by the min-
imum pith of around 40�m and the remain-
ing allowed number of hannels. In the ulti-
mate �-sensor design this ondition would not
be present, and in this ase the boundary has
been hosen to obtain a uniform oupany.
The �-implants are tapered (similarly to the
PR02-�) to avoid low �eld, and onsequently
ballisti de�it, areas for the largest strip pith
region.

3.1.1 Operating onditions for the sili-
on sensors

A �nite element analysis program has been
used to simulate the temperature, depletion
voltage and urrent ow for a non-oxygenated
300 �m thik sensor [28℄. The operating tem-
perature was assumed to be the temperature of
the part of the sensor glued to the hybrid. The
operating onditions at the LHC have been
simulated by a onstant uene for 100 days
while keeping the sensor at �5Æ, followed by
a warm up and aess period of 14 days at
+22ÆC, and by a old (zero-ux) period for the
rest of the year. The expeted depletion volt-
age as a funtion of time is shown in Fig. 3.6.

Two uenes per year have been simulated,
orresponding to the expeted doses at 8 mm
radius for the stations 7 (1.3�1014 neq/m2)
and station 25 (0:5 � 1014 neq/m

2). Varying
the initial resistivity of the silion and the as-
sumptions about the parameterization of the
damage e�ets in silion does not hange the
results signi�antly. The model predits de-
pletion voltages almost twie as large as those
measured for the prototype n-on-n sensors (see
setion 2.1.8). The spread in the depletion
voltages of non-oxygenated sensors from dif-
ferent manufatures is known to be large. The
behavior of the PR01 sensors is in better agree-
ment with oxygenated sensors [43℄, for whih a
twie lower depletion voltage is expeted om-
pared to the one predited for non-oxygenated
sensors by the simulation pakage.

The bias voltage a�ets the amount of
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Figure 3.6: Predited depletion voltages for a
300�m thik sensor as a funtion of time with an
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uenes per year. The data points are from sen-
sor PR01, where the uene has been onverted to
months of running by assuming 1:3� 1014 neq/m

2

per year.

power dissipated within the sensor. For dete-
tors operating below 0ÆC a maximum of 0:1W
is generated within the sensor. For operation
in the temperature range �10ÆC to 0ÆC, bias
voltages of up to 600 V may be applied with-
out hanging the maximum temperature of the
sensors by more than 1ÆC.

Under these onditions we predit that the
realisti (even non-oxygenated) sensors may be
operated fully depleted at these temperatures
with a bias voltage of 400V for at least two
years for the most onservative ase. A bias
voltage of just over 600V would be suÆient
to fully deplete all types of sensors even after
three years. The evaluated prototype n-on-n
detetors (see setion 2.1.8) are expeted to
survive up to four years at full depletion, while
a 40% under-depletion is not expeted to a�et
their performane signi�antly ( Fig. 2.19), ex-
tending their lifetime even further.
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Figure 3.7: Shemati view of the module layout.

3.2 Modules

The LHCb VELO module performs three fun-
tions:

� it provides the mehanial infrastruture
to support the sensors rigidly, stably and
in a known position,

� it ats as the base on whih the eletroni
readout for the sensor an be mounted,

� it allows the removal of heat from the
front-end hips and sensor.

The key omponents (see also Fig. 3.7) of the
module are:

� the silion sensor,

� the FE-hips, mounted onto a thin kap-
ton that is glued to a substrate,

� the substrate, whih is attahed to a
ooling braket,
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� the substrate assembly, whih is mounted
onto a low mass arbon �bre paddle that
separates the sensors from the platform,

� the paddle, attahed onto a paddle base
made of aluminium. The base is on-
neted via a at spring to a loation base.

A summary of the material used in the
module is given in Table 3.1.

The module is designed to allow the pre-
ision alignment of the sensors relative to the
platform on whih all modules are mounted.
This is made possible by the inorporation of
preisely mahined loation surfaes into the
module (on the loation base). The sensors an
be moved in 3 diretions (x, y, z) and rotated
about three axes relative to the loation sur-
faes. During the assembly the paddle is �rst
glued to the paddle base and then the height
and tilt of the sensors are adjusted with the mi-
rometer srews relative to the loation base.

3.3 Front-end eletronis

3.3.1 System arhiteture

The key omponents of the front-end eletron-
is arhiteture are shown in Fig. 3.8. One
silion sensor is read out by 16 front-end hips
mounted on one hybrid. Five repeater ards
per hybrid are mounted diretly on the out-
side of the vauum tank. Four ards drive the
analog signals over twisted pair ables to the
digitizer boards in the ounting room at a dis-
tane of 60m. One other repeater ard reeives
the timing and ontrol signals and the low volt-
age for the front-end hips as well as the bias
voltage for the sensor. All analog data of one
sensor are reeived and proessed by one digi-
tizer board. The low voltage and high voltage
power supplies are situated behind the shield-
ing wall in a radiation safe environment. The
eletronis an be divided into L0 eletronis
(front-end hips, hybrids) and L1 eletronis
(analog links, digitizer boards).

3.3.2 L0 Eletronis

The L0 eletronis deal with data before the
L0 deision.

Front-end hip

A front-end hip for LHCb has to sample de-
tetor information with the LHC bunh ross-
ing frequeny of 40MHz. The data have to be
stored in the hip for the 4�s lateny of the L0
trigger deision. In order to ensure safe opera-
tion of the VELO, the deision has been taken
to store analog information, whih allows the
monitoring of pedestals and noise on a han-
nel by hannel basis and to subtrat ommon
mode noise in the digitizer boards as part of
the hit �nding algorithm. The most important
design parameters for the hip are listed in Ta-
ble 3.2 (for more details see Ref. [76℄). The re-
quirement about the tolerable signal left over
after 25 ns (pulse spill-over) is derived from a
study of the L1 trigger eÆieny. If the sig-
nals left over are too high, the L1 trigger starts
to reonstrut traks from the previous bunh
rossing and assign them a large impat pa-
rameter. The output of the L1 trigger will
then be saturated by fake b-events. It had been
shown [17, 77℄, that the trigger eÆieny is not
a�eted by a spill-over of less than 30%. With
30% spill-over, the number of lusters inreases
by (2� 3)%.

Two front-end hip andidates
(SCTA VELO and Beetle) will be desribed
in this setion. The �nal deision whih hip
to adopt for the VELO at the startup of the
LHC will be taken in Marh 2002 at the latest
after testing the funtionality of both hips
before and after irradiation.

SCTA VELO: The SCTA VELO front-end
hip (Fig. 2.33) is derived from the SCT128A
design [31℄ with the following main modi�a-
tions:

� The pipeline is extended to 184 ells in-
luding 16 ells of de-randomizing bu�er,
in order to aommodate a lateny of
4�s.
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Material Radiation Thikness CTE Condutivity
length(m) (�m) (�106) Wm�1K�1

Sensor silion 9:3 300 2:8 130

Hybrid
baseline omposite kapton 32:5 100 4 50

CF(UD) � 24 95 < 1 800
TPG 24:9 300 < 1 1700

CF(weave) � 24 150 < 1 10
bakup omposite beryllia 14:4 300 8:3 280

TPG 24:9 300 < 1 1700

Thermal onnetor
baseline aluminium 8:9 300 23 202
bakup titanium 3:6 300 8:6 157

Paddle CF2 � 24 200 < 1 10
Paddle base aluminium 8:9 O(3m) 23 202

Spring steel 1:8 O(3m) 12 669
Loation base steel 1:8 O(3m) 12 669

Table 3.1: Material of module.
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Figure 3.8: Front-end eletronis arhiteture.
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readout pith 40-60 �m

hannels per hip 128

detetor apaitane 10� 30 pF

required S/N > 14

radiation hard to > 10Mrad

power onsumption < 6mW/hannel

peaking time � 25 ns

pulse spill-over < 30% after 25 ns

dynami range � 110,000 eletrons

required linearity � 5% over full range

sampling frequeny 40MHz

L0 trigger rate 1MHz

onseutive L0 triggers yes

de-randomizing bu�er 16 events

max. lateny 4�s (160 � 25 ns)

readout time � 900 ns/event

ECS interfae write and read of parameters
I2C [75℄ reommended

Table 3.2: Prinipal requirements of the front-end hip.

� In addition to splitting the multiplexer
into four lines, the readout ampli�er is
redesigned to reah the required readout
speed of 900 ns for a single event.

� Two samples with header information
are added for eah multiplexer, whih al-
lows the read out of the pipeline olumn
number (PCN) in addition to the analog
data of a triggered event.

� To program the hip and to read bak
the on�guration parameters, a serial in-
terfae is added, whih runs a redued
JTAG protool [60℄.

� Finally, triggering on onseutive events
is implemented.

The simulated pulse shape of the SCTA VELO
was already disussed in setion 2.4.1. The to-
tal power onsumption of the hip is expeted
to be < 5:7mW/hannel.

Beetle: The blok diagram of the Beetle
hip [78℄ is similar to that of the SCTA VELO.
The hip an be operated as an analog, the

mode whih will be used for the VELO, or al-
ternatively as a binary pipelined readout hip.
Current drivers transmit the serialized data
and the pipeline olumn number o� the hip
within a readout time of 900 ns. The output
of a dummy hannel is subtrated from the
analog data to ompensate for hip indued
ommon mode e�ets. All ampli�er stages are
biased by fored urrents. On-hip digital-to-
analog onverters (DACs) with 10 bit resolu-
tion generate the bias urrents and voltages.
For test and alibration purposes a harge in-
jetor with adjustable pulse height is imple-
mented for eah hannel. The bias settings
and various other parameters suh as trigger
lateny an be ontrolled via a standard I2C-
interfae. Details about the design and the
performane of the hip are given in refer-
enes [78℄ and [55℄, respetively.

The layout of the Beetle with the orre-
sponding oor plan is depited in Fig. 3.9. The
die size is (6:1 � 5:5)mm2. The analog input
pads have a pith of 41:2�m. A value below
2mW/hannel was found for the power on-
sumption of the front-end ampli�er. For the
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Figure 3.9: Layout of the Beetle readout hip with its orresponding oor plan.

omplete hip a value of 4mW/hannel is ex-
peted.

The ECS interfae

An important issue for the operation of the
LHCb VELO is the slow-ontrol interfae or
more generally the integration to the exper-
iment ontrol system ECS. In LHCb, the
SPECS system derived from the SPAC bus [79℄
has been hosen as the preferred solution for
the interfae between front-end eletronis and
ECS. The hosen protool for programming
and reading the registers of the front-end ele-
tronis provides interfaes to both I2C and
JTAG.

SPECS is a one-master n-slaves bus where
the master is implemented in a PCI board sit-
ting in a PC in the ounting room. The bus
requires four unidiretional di�erential pairs.
The SPECS bus is fast (10 Mbit/s) and an
extend up to 100m. Up to 112 SPEC slaves
an be addressed by one master [79℄.

Details about the design of the omplete
system are desribed in [80℄. It is impor-
tant to emphasize that the system is exible
enough to handle both the SCTA VELO and

the Beetle front-end hips. For the abling,
heap AWG26 Cat5 ables have been found
to work for distanes up to 100m [81℄. The
SPECS master is implemented in an Altera
10k50E FPGA, whereas the slave will be im-
plemented in an SEU immune antifuse teh-
nology. The slave ats as a transeiver and
provides the neessary I2C/JTAG buses up to
a length of 12m. This allows the plaement of
the SPECS slaves at a distane where the ra-
diation dose is below 100 Rad/year. On the
front-end board the signals are repeated by
ative, radiation hard eletronis. These re-
peater boards sit at the outside of the VELO
tank and also arry a TTCrx hip [58℄ that
provides trigger and timing information to the
hybrid. The TTCrx hip is programmable via
the I2C protool.

Due to the ompat design of the VELO,
7 SPECS slave boards providing up to 112
I2C/JTAG links an be loated in a single
rate lose to the detetor in order to onnet
100 repeater boards, one per hybrid, to the
SPECS bus. Only one link is needed to on-
net the rate to the SPECS master loated
in the ounting room. The whole sheme is
depited shematially in Fig. 3.10.
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Figure 3.10: SPECS based front-end ontrol.
Dashed boxes show front-end hip spei� parts.

Hybrid

Apart from providing the eletroni support
for the 16 front-end hips and the bias volt-
age for the sensor, the VELO hybrid ats also
as mehanial and ooling support for the sen-
sor. A prototype of an LHCb VELO hybrid
has been built (Fig. 2.29). Its tehnial de-
sign is desribed in setion 2.2. A seond gen-
eration of prototypes is under design, whih
builds on the existing work but is fabriated
on kapton. This hybrid will be able to arry
the SCTA VELO hip. The �nal hybrid will
be based on these prototypes and is expeted
to di�er only in details from the present design.

3.3.3 L1 Eletronis

The L1 eletronis deal with the data after the
L0 deision. Its purpose is to digitize the ana-
log data, preproess data for the L1 trigger,
store data during the L1 lateny, do data re-
dution (zero suppression and ommon mode
orretion) and transmit the data to the LHCb
data aquisition system after L1 aept. The

L1 eletronis performs also data synhroniza-
tion heks. The di�erent omponents of the
L1 eletronis are:

� repeater ards loated on the outside of
the vauum tank (Fig. 3.8),

� 60m analog data transfer,

� digitizer boards in the ounting room.

Repeater ards

The 64 analog outputs of one hybrid are on-
neted to one digitizer board via four data re-
peater ards. One additional power/ontrol
ard per hybrid provides low voltages to the
front-end hips and the high voltage to bias the
silion sensor. In addition, eah power/ontrol
ard has a link to the ECS and to the TTC
system to provide the front-end hips on�g-
uration and ontrol signals. One TTC optial
link onnets the TTC system to a TTCrx hip
on the power/ontrol ard, whih onverts the
optial signal into LVDS Clok, Reset and L0
trigger signals.

Analog data transmission

The analog data are transmitted at 40MHz
rate via twisted pair ables to the digitizer
boards whih are plaed at a distane of about
60m in the ounting room. A rad-tolerant am-
pli�er [82℄ inside the repeater ard is used to
drive the small hannel voltage levels (80 �
100mV) of the front-end hips. A passive line
equalizer in the link reeiver ompensates for
the able losses as desribed in setion 2.4.2.

Digitizer board

The digitizer board (Fig.3.8) has, in addition
to the 64 analog data links, four more input-
output interfaes:

� Timing and Fast Control (TFC).

� Experiment Control System (ECS).

� L1 trigger (L1): An s-link interfae [83℄
onnets the digitizer boards with the L1
trigger farm.
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� Data AQuisition (DAQ): An s-link in-
terfae that onnets the digitizer board
to the LHCb data aquisition system.

The Link Reeivers digitize the analog data
at a frequeny of 40MHz. The Synhroniza-
tion Logi groups the event data oming via
four analog links from eah front-end hip. The
event data are opied to the L1 PreProes-
sor (L1PP) and stored at the same time in
the L1 bu�er until the L1 aept/rejet sig-
nal is issued. The L1PP performs event data
redution and sends lusters to the L1 trig-
ger. The Data Proessor removes the rejeted
events from the L1 bu�ers and proesses the
aepted events in order to reate lusters to
be sent out to the DAQ.

Link Reeiver and Synhronization
Logi: The Link Reeiver onsists of a line
equalizer, an ampli�er and an FADC. Four
analog data streams, orresponding to the
output of one front-end hip, are fed into four
FIFO's ontrolled by one FPGA. To hek
synhronization, the 8-bit Pipeline Control
Number (PCN) oming with the front-end
hip data is ompared with the PCN provided
by an emulator. In ase of on error the event
is agged aordingly.

L1 PreProessor, L1 bu�er and Data
Proessor: Eah of the four L1 PreProes-
sor bloks proesses the data of four front-
end hips (= 512 hannels). The data are
stored in an input FIFO. A loal memory
whih is loaded via ECS ontains the pedestal
and threshold values for every hannel. Faulty
hannels an be masked. Data are orreted
for ommon mode noise and a luster �nding
algorithm is exeuted based on the threshold
information. The lusters are stored into an
output FIFO, whih holds a maximum of 128
lusters. The L1 interfae reeives the lus-
ters from the four output FIFO's, paks them
together aording to the format proposed in
the L1 Trigger requirements doument [84℄, en-
apsulates them aording to the s-link proto-
ol [85℄ and sends the event to the Read-out

Units of the L1 trigger. Events with more than
128 lusters per digitizer board are agged and
the additional lusters are ignored.

The same data that are sent to the L1 Pre-
Proessor are also opied to the L1 bu�er wait-
ing for the L1 deision. The L1 bu�er holds
up to ' 1900 events and is implemented as one
DMA memory of 512 kbyte for 8 input links.

After a positive L1 deision, the data are
transferred from the L1 bu�er to the L1 de-
randomizer bu�er2, where they remain until
the data proessor is ready to aept the next
event. The output of the data proessor is kept
in the Output Bu�er until it is transferred to
the LHCb data aquisition system.

The Data Proessor performs a similar
data redution as the L1PP but with a bet-
ter preision and lower thresholds sine it has
about a fator 10 more time available. The
Data Proessor runs also a L1PP emulator pro-
ess that allows to reord in an LHCb event the
input whih was sent to the L1 trigger. A small
fration of the event data are reorded without
zero-suppression for o�ine monitoring of the
pedestals and noise per strip.

The proessing is done by DSPs3 with a
proessing power of 2000MIPS. Eah DSP pro-
esses data from 8 input links. The L1 deran-
domizer bu�er and the Output Bu�er are im-
plemented using the DSP internal data mem-
ory of 64 kbytes: 8 kbytes are used to imple-
ment a 32-event deep L1 derandomizer bu�er;
the remaining 56 kbytes are used to implement
the Output Bu�er. A luster is oded using 6
to 12 bytes in the output data format: 4 bytes
for the luster address and L1 information and
2 to 8 bytes with the individual strip harge
values. The average event size in the output
bu�er (assuming an average 1% oupany) is
15 bytes per DSP, whih orresponds to a total
size of 12 kbytes per event for the full VELO.
The maximum L1 aepted event size in the
Output Bu�er is 512 bytes: therefore in the
worst possible ase the Output Bu�er is able

2http://lhb-ele.web.ern.h/lhb-ele/html /ar-
hiteture.htm

3TMS320C620X DSP Texas Instruments,
http://dspvillage.ti.om/dos/dspproduthome.jhtml
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Figure 3.11: Data ow diagram of the digitizer board.

to retain more than 100 events. The data from
the 8DSP's on one digitizer board are multi-
plexed and paked aording to the s-link pro-
tool and sent to one read-out unit of the DAQ.
At 100 kHz L1 trigger rate, the average data
rate is 12Mbytes/s, easily supported by exist-
ing s-link ommerial ards4.

TFC and ECS interfaes: The TFC inter-
fae ontains a TTCrx reeiver hip, a front-
end emulator and a timing/ontrol FPGA.
TTCrx is used to deompose the TTC optial
signal into the 40MHz lok and the fast om-
mands (the reset ommands for Event Identi-
�ation, and the L1 aept/rejet ommand).
The front-end emulator holds a real front-end
hip or an FPGA emulating the front-end hips
digital logi. The L0 trigger is fed into the hip,
and for eah trigger the PCN header informa-
tion is deoded and used for synhronization
heks.

The ECS interfae provides read and write
aess to the memories and FPGA registers on
the digitizer board. The ECS ontroller is a
Credit-Card-PC (CC-PC).

3.3.4 Power supplies

The VELO power supplies must provide:

� Low voltage for the L0 eletronis,

� high voltage bias for the silion sensors.

4http://hsi.web.ern.h/HSI/s-link/devies/odin/

The required power supplies are summa-
rized in Table 3.3.

The arhiteture of the power supply sys-
tem follows the detetor partitioning. Eah hy-
brid has its own Low Voltage Module (LVM)
and High Voltage Module (HVM). The LVM's
and HVM's are hosted in a ommon rate lo-
ated behind the shielding wall. The rate also
hosts a Crate Controller Module (CCM) whih
provides the ECS CANBus interfae5 and an
Interlok Module (IM) to disable, aording to
external signals, the modules.

Low voltage modules

The LVM must provide:

� voltage for the analog part of the front-
end hips;

� voltage for the digital part of the front-
end hips;

� positive and negative voltage for the line
drivers;

� voltage for the TTCrx and other ompo-
nents of the repeater boards.

The LVM's are insulated from the rate
power supply and optially oupled to the
CCM. Eah voltage supply is powered by a
separate line with its own return line. Re-
mote sensing lines are present for both analog

5http://www.an.bosh.om/dou/an2spe.pdf
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Nominal Voltage [V℄ Power [W℄

FE analog
SCTA 5 6
Beetle 2:5 4

FE digital
SCTA 5 6
Beetle 2:5 4

Line drivers �5 60

TTCrx, other 5 2:5

Silion 1� 1000 < 5W

Table 3.3: Power supply requirements.

(4 sensing wires) and digital (2 sensing wires)
voltages. The LVM monitors voltages and ur-
rents and a hardware over-voltage and urrent
protetion is implemented. The hybrid tem-
perature is also monitored at the LVM and in
the ase of overheating, voltages will be de-
reased or turned o�.

High voltage modules

The HVM provides the sensor bias voltage up
to 1 kV. The high voltage is supplied by a
oaxial able; the able shielding ats as re-
turn path. The HVM is insulated from the
rate power supply and optially oupled to
the CCM. The output voltage and urrent are
monitored. In addition to hardware protetion
against over-voltage and over-urrents, a pro-
grammable ramping up and down proedure is
implemented.

Crate ontroller module

The main job of the Crate Controller Mod-
ule is to ommuniate with the ECS via CAN-
bus, and with the LVM and HVM. All voltage
settings, ramping parameters, urrent-voltage
limits, temperature limits, on-o� ommands
are set by the ECS and sent to the appropri-
ate module; information about voltages, ur-
rents, temperature, trip onditions and status
of modules are olleted and sent to the ECS.
A loal ommand and monitoring mode used
in maintenane and test phases is available.

Cables

The low voltage, high voltage and sensing a-
bles run from the power supply rate in the
ounting room to the VELO vauum vessel;
eah line has its own return able. The able
length is of the order of 40 { 60m.

Eah high voltage line onsists of one oax-
ial able, with the shield onneted to ground
for safety reasons. Eah low voltage supply line
onsists of 2 onventional ables: the use of
multi-ondutor ables an redue the amount
of low voltage ables in the avern.

3.3.5 Grounding sheme

The partitioning of the VELO eletronis fol-
lows the detetor topology. Eah silion dete-
tor with its hybrid forms a group. There is a
total of 100 VELO hybrids with 16 front-end
hips eah.

As a general rule, the groups are as muh as
possible eletrially isolated from eah other.
In partiular, there is no eletrial onnetion
between an R- and �-hybrid within one mod-
ule. The power distribution and the ground-
ing sheme must follow this partitioning. The
number of groups onneted to the same power
supply is kept as small as a�ordable.

The VELO detetor grounding sheme will
follow the basi rules whih will be de�ned for
the whole LHCb experiment.

The general sheme to prevent the gen-
eration of low impedane ground loops is to
use a tree onnetion terminated at a ommon
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grounding point. The VELO detetor tree
grounding sheme will have the ommon point
loated on the hybrid side and will follow the
partitioning desribed above. When required,
apaitors and/or resistors will be used to de-
ouple on and o� detetor eletronis. We give
a short desription of the implementation for
the relevant subsystems.

� Low voltage power supplies: The low
voltage power supplies (less than 50V)
are grounded at the hybrid side (see
Safety onnetion).

� High voltage power supplies: The
range of voltages required is below 1 kV.
The VELO uses a oaxial able with the
shield onneted to ground at the power
supply side for safety reasons. The HV
power supply is grounded via an appro-
priate resistor at the detetor side.

� Safety onnetion: The safety point
loation for LHCb in the avern will be
de�ned mid-2001. All the VELO me-
hanis parts suh as the vauum system,
ooling system and RF shield, are on-
neted to the beam pipe. The ground
point must never be interrupted. The
following options have been identi�ed:

{ onnetion of the hybrids to ground
via the ooling pipes

{ onnetion via the mehanial hy-
brid support

{ onnetion to a point outside of the
tank, using an extra line.

The �nal hoie will be done after an in
situ optimization, whih will attempt to
redue the eletroni noise that may be
indued by this onnetion.

� Signal links: All the analog data and
the ontrol lines use shielded twisted
pairs. The shield of the able is on-
neted to the repeater ard ground and is
deoupled by a apaitor at the digitizer
board.

3.4 Mehanis

The mehanial struture that houses the sil-
ion detetors (more details an be found in
Ref. [8℄) di�ers onsiderably from the one de-
sribed in the Tehnial Proposal [1℄, in par-
tiular with respet to the vauum envelope,
detetor support frames and xy-table.

Firstly, requirements are listed, imposed by
both the LHC mahine and the LHCb exper-
iment, whih the design of the vauum vessel
and support strutures of the vertex loator
need to meet.

LHC requirements:

� Beam-indued bombardment inside the
vauum vessel must be low enough that
e�ets on the beam lifetime and stability
are kept at an aeptable level [86℄.

� During data taking the silion detetors
are plaed at 8 mm from the irulat-
ing protons. However, during injetion
the required half aperture amounts to
27mm [87℄. The omplete silion dete-
tor array and enapsulations must be re-
tratable suh that no material remains
within this radius during beam injetion
and ramping.

� The VELO should not degrade the LHC
beam onditions by parasiti RF ou-
pling.

� No LHCb-spei� failure senario should
lead to an (expeted) downtime for the
LHC that exeeds two weeks.

LHCb requirements:

� The aeptane of the vertex detetor
will be 300mrad � 250mrad (horizontal
� vertial). Multiple sattering in the
vauum envelope, wake �eld suppressors
and exit window should be kept to a min-
imum. The geometry should be suh as
to be ompatible with subsequent dete-
tors (e.g. T1 and RICH1).
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Figure 3.12: Three dimensional view of one detetor half (rotated by 90Æ) showing the silion detetor
modules �xed on the support frame, the ooling apillaries and the manifold.

� The silion detetor planes must be po-
sitioned with respet to eah other with
an auray of better than 20�m [1℄.

� The detetor halves must be aligned to
eah other with an auray better than
100, 100 and 500�m in the x, y and z
diretions, respetively [1℄.

� It should be possible to remotely move
the detetors in the two transverse di-
retions with respet to the beams by
�5mm from the nominal beam axis.

� When retrating or moving in, it should
be possible to stop the detetors at an
arbitrary intermediate positions and to
operate the VELO for �nding the beam
position by traking.

� The positioning of the VELO detetor
halves must be reproduible with an a-
uray better than 50�m [1℄.

� The VELO mehanial design must a-
ommodate a ooling system suh that
the silion detetors an be maintained
at their operating temperature (whih
will be between �25ÆC and +10ÆC).

� Heat load and RF pikup due to wake
�elds must be minimized by suitable
hoie of the geometry (e.g. vauum en-
velope) and spei� wake �eld suppres-
sors (see setion 2.5.2).

� The VELO mehanial design should
take into aount the high radiation lev-
els in the LHCb environment.

3.4.1 Mehanial design

The VELO ontains silion strip detetors as
ative elements (see setion 3.1). These dete-
tors are organized in two halves (one on eah
side of the beam axis) eah ontaining 27 mod-
ules. A single silion detetor module ontains
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both an R- and a �-silion plane and their hy-
brids with the front-end eletronis. The two
most upstream modules of eah half only on-
tain an R-measuring plane and are used as
a pile-up veto ounter for the L0 trigger (see
Ref. [3℄). The silion detetors, inluding hy-
brids, abling, onnetors and ooling system
will be operated in a so-alled seondary va-
uum system (separate from the mahine va-
uum). The implementation of 22; 000 eletri-
al feedthroughs has been taken into aount.
Fig. 3.12 shows a three dimensional view of one
VELO detetor half. The detetor modules are
mounted on an aluminium support box with
pins and lamping bolts in suh a way that
the modules an be replaed and repositioned
with an auray better than 20�m. Before in-
stallation of both detetor support boxes into
the seondary vauum ontainers, alignment of
the detetor modules will be performed to the
required auray with respet to eah other.

A thin aluminium box is used as a bound-
ary between the primary LHC vauum and the
seondary detetor vauum. Moreover, this
enapsulation ats as a wake �eld suppressor.
The enapsulation omprises an advaned me-
hanial struture. Prototypes are being fab-
riated and their properties (with respet to
vauum, RF shielding, et.) will be tested (see
setion 2.5.1). The aluminium envelope of the
silion stations must be eletrially onneted
to the exit window to guarantee appropriate
wake �eld suppression and to prevent possible
sparking in this transition region. This onsti-
tutes a deliate design issue and a prototype
design based on orrugated strips is shown
in Fig. 3.13. The onnetions onsist of seg-
mented half tapers fabriated from (19 m long
and 70 �m thik) orrugated opper-beryllium
strips. The downstream tapers are onneted
to the interior of the LHCb beam pipe by
a press-�t onnetion. The orrugations are
needed to allow for mehanial motion of the
detetor housings relative to the vauum vessel
and exit window.

A front view of the mehanial design of
the VELO is shown in Fig. 3.14. The vauum
vessel and assoiated vauum pumps rest on
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Figure 3.13: Prototype design of the wake �eld
suppressors onneting the thin-walled aluminium
box to the beam pipe setions.

a onrete stand. Large retangular bellows
allow preise movement (in the transverse di-
retions) of the detetors during data taking as
well as omplete retration of the detetor el-
ements prior to �lling and dumping the beam.
These large retangular bellows deouple the
omplete VELO detetor system from the pri-
mary vauum vessel. The detetor halves are
attahed to a frame whih an be moved in the
two transverse diretions relative to the on-
rete stand. All motors, bearings, gearboxes
and hains of the positioning system are out-
side the vauum. Coupling to the frame is done
via bellows.

Fig. 3.15 shows that installation of the frag-
ile seondary vauum system is performed by
removal of the upstream spherial ange. Af-
ter bake out and venting with ultra-pure neon,
the detetor halves an be installed via the two
large retangular openings in the sides of the
vauum vessel. The design aommodates 440
feedthrough onnetors (50-pin D-type glass-
erami) to transport the detetor signals to
the o�-detetor eletronis. After insertion
into the vessel, the detetor halves are de-
tahed from the large feedthrough anges and
mounted to the inner support frames whih are
oupled to the positioning system. A horizon-
tal ross setion of the VELO assembly is de-
pited in Fig. 3.16, where one an see the two
detetor halves installed in their ontainers, in-
side the primary vauum hamber.

The exit window (see Fig. 3.16) is mounted
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Figure 3.14: Front view of the VELO showing the detetor positioning system.
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on the vertex detetor primary vauum ham-
ber by a irular ange. It is designed with
a diameter of 760mm for a trak learane of
300mrad � 250mrad. Finite element analysis
alulations were performed to determine the
appropriate geometries for both the exit win-
dow6 and the vauum hamber [89℄. In this
way it was ensured that the design omplies
with the D2 safety ode7 regulations.

Figure 3.15: Installation of the thin-walled se-
ondary vauum ontainers into the VELO primary
vauum system.

In ase of a failure whih requires removal
of the seondary vauum ontainers, an emer-
geny wake �eld suppressor an be installed
in the vauum vessel to provide a ondutive
(ylindrial) onnetion between its two ends.
This pipe will have holes for vauum pump-
ing and, if neessary, will be oated with ad-
equate materials. For the more severe se-
nario where one must remove the exit window
and LHCb beam pipe, an emergeny pipe will
be available, whih an be installed through-
out the VELO vauum vessel (leaving the lat-
ter at atmospheri pressure). In this way, re-
positioning of the primary vauum vessel and
detetor support frames an be avoided. The
design of this emergeny pipe will be taken
over from the design of a standard LHC warm
straight setion.

6As the exit window is part of the LHCb beam pipe,
design and fabriation work has been transferred to
CERN/LHC-VAC [88℄.

7CODE DE S�ECURIT�E / SAFETY CODE D2 Rev.
2.

3.5 Vauum system

The silion strip detetors are operated in va-
uum, sine this allows for positioning the sen-
sitive area lose to the beam and reduing the
amount of material traversed by partiles. The
vauum system design desribed here resem-
bles in several aspets the one proposed in
Ref. [90℄. To minimize the ontamination of
the primary (LHC) vauum, the detetor mod-
ules are plaed in a seondary vauum on-
tainer. The seondary vauum is separated
from the primary vauum by a thin-walled
struture. As a onsequene, the design must
inlude a protetion sheme against possible
failures that would lead to an inrease of the
pressure di�erene aross the thin wall. Ele-
trially ativated valves ontrolled by di�eren-
tial pressure swithes will be applied. In ad-
dition, the use of a protetion mehanism will
be inluded that does not depend on any sens-
ing devie or external supply (power and om-
pressed air).

3.5.1 Layout

The VELO vauum system onsists of three
ommuniating setions, namely the VELO
primary vauum vessel, the LHCb beam pipe
and the silion detetor housings, as shemat-
ially shown in Fig. 3.17. These setions are
not independent vauum systems: none of the
setion an be brought to atmospheri pressure
individually. The VELO primary vauum ves-
sel and LHCb beam pipe are part of the LHC
primary vauum system.

The LHCb beam pipe extends through-
out the omplete LHCb detetor (length of
� 18m) and urrently onsists of three ta-
pered, thin-walled pipes onneted to eah
other (for the material, Al, Al-Be alloys and
stainless steel are being onsidered). On the
VELO side, the pipe ends with a urved
�760mm and � 2mm thik Al window (the
VELO exit window). The window is welded
to the LHCb beam pipe. The interior of the
LHCb beam pipe will be oated with low ati-
vation temperature NEGs [9℄. These will be
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Figure 3.16: Horizontal ross setion of the VELO showing the primary and seondary vauum system.
Retangular bellows allow movement of the detetors in the horizontal plane over �30mm.
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Figure 3.17: Layout of the vauum system and ontrols.

ativated in-situ by baking the LHCb beam
pipe to 200ÆC for about 24 hours. The NEGs
an be vented with lean gas and reativated
later (under high vauum) without substan-
tial loss of their pumping speed. However, be-
ause of their limited apaity, it is expeted
that after several suh yles the NEGs pump-
ing speed will drop substantially. In the ase
of the LHCb beam pipe, it is not yet known
whether the full pumping speed of the NEGs
will be needed to ensure aeptable (stati
and dynami) vauum onditions for the LHC.
If not, the maximum number of venting y-
les ould be somewhat larger. Reativation
at higher temperature (about 250ÆC) and/or
for longer times ould be onsidered to in-
rease the lifetime of the NEG oating [91℄.
To avoid bake-out after a venting/pump-down
yle, a well-established proedure using ul-
trapure inert gas (probably neon) will be ap-
plied, as is routinely done in e.g. the CERN
EST/SM laboratories. The serviing pro-
edures (NEG-preserving venting and subse-
quent pump-down, normal venting and sub-

sequent pump-down, bake-out of VELO and
LHCb beam pipe) are desribed in detail in
Ref. [10℄.

The VELO vauum vessel is a 1m diame-
ter stainless steel vessel of about 1:8m length
whih is evauated by two powerful ion pumps
(ombined with Ti-sublimation pumps). The
VELO vauum vessel an be baked out in-situ
to 150 ÆC. During bake-out, the silion dete-
tors are not in the seondary vauum vessel.
The nominal stati pressure of the baked-out
VELO vauum hamber is expeted to be in
the 10�9mbar range, the residual gas being
mostly H2 and CO.

The main funtion of the Si detetor hous-
ings is to protet the primary vauum from ex-
essive outgassing rates and to redue RF ou-
pling between the LHC beams and the VELO.
The detetors an be removed without expos-
ing the primary vauum to ambient air. The
detetor housings protrude inside the primary
vauum vessel. In the urrent design, the sides
of the housing whih fall within the LHCb a-
eptane are made of 0:5 mm Al. The side fa-
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ing the beams is made of 0:25 mm Al. The two
detetor housings are evauated by two turbo-
moleular pump stations.

The LHCb beam pipe, besides being a frag-
ile vauum struture, onstitutes a sensitive
part of the high vauum system beause of the
ative NEG oating. Several options are be-
ing studied to ensure that the interior of the
primary vauum system will be minimally ex-
posed to ambient air during an aess to pri-
mary vauum omponents. One of the options,
for example, is to enlose the LHCb VELO and
RICH1 sub-systems in a lean area with a on-
trolled atmosphere (low humidity, dust-free).
In any ase, the VELO setup will be loated in
a losed and possibly restrited area for redu-
ing risk due to human ation. Furthermore, all
serviing and maintenane operations on the
VELO setup will be performed exlusively by
quali�ed personnel.

The omplete vauum system will be on-
trolled by a PLC unit baked with an unin-
terruptable power supply and interfaed to the
LHC and LHCb SCADA systems (via e.g. eth-
ernet). In addition to this software interfae,
hard-wired interloks between LHC and LHCb
will be implemented, for example for operation
of the setor valves.

3.5.2 Protetion devies of the LHCb
vauum system

Two kinds of safety valves are used to pro-
tet the thin separation foil (detetor housing)
from an irreversible deformation, or rupture,
in ase of a pressure inrease on either side of
the foil. A di�erential pressure swith is used
to open an eletrially ativated valve when-
ever the pressure di�erene between the pri-
mary and seondary vaua rises above a value
' 1mbar. If the pressure di�erene exeeds
the value ' 5mbar, then the gravity-ontrolled
valve (see setion 2.5.3) opens under the di-
ret e�et of the pressure independently of
any eletrial power or pressurized air supply.
The purpose of these safety valves is to main-
tain the pressure di�erene below ' 17mbar,
the value above whih the thin-walled dete-

tor housing is expeted to deform irreversibly.
Note that, at this pressure, the largest (per-
manent) displaement on the enapsulation is
about 0:3mm. The atual rupture pressure
of the enapsulation is expeted to be several
hundred mbar [89℄.

The e�et of a leak in the LHCb vauum
setion on its neighboring setions should be
minimized, and vie versa. The implemen-
tation and impat of fast separation valves
between LHCb and its neighboring LHC se-
tions are under study. Furthermore, to protet
the LHC ring vauum against possible human-
indued mishaps, the setor valves around
LHCb will be automatially losed whenever
aess to the experimental area is granted.

The LHCb equipment will be divided into
subsystems, eah having its own battery bak-
up (Uninterruptable Power Supply, UPS).
These UPS's an take over instantly after a
power failure. However, their autonomy time
is about 10 minutes. To protet against longer
power failures, LHCb will rely on a high-power
diesel generator. Sine the take-over time of
suh a generator is of the order of one minute,
the distributed UPS's are indispensable. In
the ase of the VELO, all PLC units, vauum
valves and monitoring devies (gauges, tem-
perature sensors, et.) will be baked up by
UPS. The vauum pumps are not baked up
by UPS, but an be powered up by the diesel
generator.

3.5.3 LHCb vauum: e�ets on LHC
operation

LHC onstraints on the residual pressure in
the primary vauum vessel are rather loose.
For instane, a modest pressure of the order
of 10�7mbar (H2 at room temperature) would
ontribute negligibly to the integrated density
over the LHC ring. More important are possi-
ble beam-indued e�ets whih result from the
bombardment of the surfaes surrounding the
beams by photons, eletrons or ions. These
phenomena an result in a loal `run-away' of
gas density or eletron loud density. Dynami
pressure e�ets have been simulated by the
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CERN LHC-VAC group [92℄ for a (now ob-
solete) version of the VELO design whih did
not allow for bake-out of the primary vauum
walls. The model inluded ion- and photon-
indued desorption, but no eletron-indued
desorption. The latter ontribution is expeted
to be negligible (unless strong eletron mul-
tipating e�ets take plae). It was assumed
that the NEG oating in the LHCb beam pipe
does not ontribute to the pumping speed and
that its desorption oeÆients are as of an a-
tive NEG-oated surfae. The pressure pro�le
in the presene of the two beams was alu-
lated numerially for inreasing beam urrent.
The urrent at whih the pressure diverges is
alled the ritial urrent and is required to be
larger than 3:4 A (2�2�0:85A, where the �rst
fator of 2 is a safety fator, the seond one is
for the two beams). A number of instrutive
onlusions an be drawn from the results of
these simulations, the main one being that by
optimizing the geometry of the detetor enap-
sulations (thereby inreasing the linear pump-
ing speed along the beam axis) it is possible
to raise the ritial urrent above the required
value.

On the basis of the above onsiderations,
one does not expet ion- and photon-indued
desorption phenomena to be an obstale to
normal LHC operation. Moreover, with the
latest design of the VELO (see setion 3.4),
whih allows for baking out the primary va-
uum surfaes, ion- and photon-indued phe-
nomena are expeted to be negligible.

Preliminary studies have shown that ele-
tron loud build-upmay our when the VELO
is in the open position. The e�ets on the
gas pressure may be tolerated due to the large
pumping speed. However, the emittane in-
rease due to eletron spae harge has yet to
be assessed. A oating with low seondary
eletron yield on the detetor enapsulation
might be neessary.

3.5.4 Risk analysis

A risk analysis was arried out for the VELO
to �rst identify ritial parts of the system

and their possible failure senarios, then to
estimate the assoiated damage (essentially,
the downtime for LHC) and �nally to de�ne
a number of requirements (tests and preau-
tions) to be ful�lled in order to bring the sys-
tem to a level of aeptability ompatible with
LHC standards. The detailed risk analysis is
disussed in Ref. [15℄. The main onlusion
is that, even in the worst senario (rupturing
of the exit window or LHCb beam pipe), the
downtime for LHC is not expeted to exeed
two weeks.

3.6 Cooling

A ooling system must be provided that al-
lows operating the silion detetors at a tem-
perature adjustable between �25Æ and +10ÆC,
while the temperature of the eletroni om-
ponents should be kept below 40ÆC. The to-
tal heat produed in the detetor amounts to
1:2 kW. Inluding blakbody radiation from
neighboring parts and a safety fator of 1:5,
the required ooling apaity is about 2:5 kW.
The ooling system must be radiation resistant
and the amount of material around the dete-
tor should be minimized in order to limit the
undesired prodution of bakground. Further-
more, due to the required high positioning a-
uray of the detetor, temperature gradients
should be kept minimal.

A two-phase ooling system has been se-
leted with CO2 as a ooling agent. Refriger-
ant R744 (CO2) has exellent ooling proper-
ties8. CO2 is widely used as a ooling agent
in radiation environments. No free radials
and toxi ompounds are expeted to be pro-
dued in the high-radiation environment of the
VELO and the formation of arbon is inhibited
by the high reombination rate. The pressure
drop over the ooling apillaries in the mixed
phase, whih depends on the volume ratio be-
tween vapor and liquid, ompares favorably
for CO2. As a result, the dimensions of the

8For a review of di�erent ooling agents, we refer
to the review of the Air-Conditioning and Refrigera-
tion Tehnology Institute in Arlington, VA, USA; see
Ref. [93℄.
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Figure 3.18: Phase diagram of CO2.

ooling tubes an remain small. Tests showed
(see setion 2.5.4) that 5W/m of heat trans-
fer an be aommodated with stainless steel
apillaries that have an inner/outer diameter
of 0:9=1:1mm [72, 7℄. Under normal working
onditions the pressure varies between 15 and
35 bar, while the pressure at room temperature
is about 57 bar (Fig. 3.18). This is well below
the rupture pressure of the stainless steel ap-
illaries onsidered here. Moreover, in the tem-
perature range of operation, the pressure de-
pendene of the vaporization temperature of
CO2 is less than 2K/bar, whereas the pres-
sure drop over the apillary is less than 0:5
bar. As a result the ooling tube is expeted
to be isothermal within one degree.

Figure 3.19 shows an outline of the ool-
ing system, whih onsists of two main ir-
uits. The primary iruit (CO2) transports
the heat from the detetors to the seondary
iruit. The latter iruit ontains R507 as a
oolant (a mixture of CHF2CF3 and CH3CF3)
and transfers the heat to ooling water. If one
uses the returning CO2 refrigerant to pre-ool
the inoming liquid through a heat exhanger,
the ooling apaity for one kilogram of CO2

amounts to 294 kJ/se. Therefore, the 2:5 kW
requires a ow of 8:5 g/s. Refrigeration of the
detetor modules is performed via 54 parallel
ooling hannels (one per module) and the sys-
tem has been designed for a 17 g/s ow of liq-
uid CO2.

From the main supply line the liquid is
expanded into the apillaries via ow restri-

tions (�0:85mm wires of 40mm length in-
serted in eah apillary). The temperature of
the oolant in these apillaries is set by ontrol-
ling the pressure on the return line (typially
15 bar). The apillaries and ow restritions
are vauum-brazed to a manifold. The supply
and return lines are welded to the manifold.
No tube �ttings are used inside the vauum.
The CO2 system is �lled with the oolant at
room temperature up to a pressure of about
40 bar. The omplete ooling iruit is de-
signed (and will be tested) to sustain a pres-
sure of at least 200 bar, well above the equi-
librium pressure of CO2 at 30

ÆC (72 bar). The
total amount of CO2 in the system is relatively
small, of the order of 5 kg, whih orresponds
to approximately 2:5m3 at STP (CO2 is on-
sidered to be toxi in air when its onentration
exeeds 5%). Of this amount, only about 100 g
is present in the tubing inside the seondary
vauum system. Note also that the pump and
ompressor units will be loated in the aes-
sible area (behind the shielding wall). A more
detailed desription of this ooling system an
be found in Ref. [7℄.

3.7 Material budget

The material budget distribution of the VELO
as a funtion of the pseudorapidity � and
the azimuthal angle � was studied using
GEANT3 [94℄. 'Geantino` partiles were
traked through the detetor material. At the
boundary of eah volume, the distane and the
material traversed were reorded and the X0 of
eah step was alulated. The 2{dimensional
distribution of the integrated X0 of a partile
at the exit of the VELO in the � � � plane is
shown in Fig. 3.20. The dark band at � � 4:3 is
due to geantinos that exit the VELO through
the 25mrad onial setion of the beam pipe;
this material is disarded when alulating the
numbers presented here and in Fig. 3.21. The
remaining strutures observed are due to the
omponents of the VELO (Table 3.4). The re-
gion around j�j > 80Æ has an inreased on-
entration of material due to the overlap of the
two detetor halves.
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Figure 3.19: Outline of the mixed-phase CO2 ooling system. (1) Cooling apillary, (2) ow restrition,
(3) heat exhanger (old gas / warm liquid), (4) needle valve to set total ow, (5) liquid CO2 pump (CAT),
(6) heat exhanger (ondensor for CO2, evaporator for R507), (7) thermo-expansion valve (R507), (8)
water-ooled R507 ondensor, (9) R507 ompressor, (10) evaporator pressure regulator, (11) CO2 gas
storage, (12) pressure regulating valve set at 70 bar, (13) gas return line (inner �12mm), (14) liquid
supply line (inner �6mm).

Item x=X0

RF foil 0.090
Wake-�eld guide 0.004
Exit window 0.019
Silion 0.053
Hybrid, support and ooling 0.014
Others 0.010

Total 0.19

Before �rst measured point 0.032

Table 3.4: Contributions (expressed in frations
of a radiation length) to the material whih are in
the pseudorapidity range 2:0 < � < 5:5 .

The average value found of 18:9% is signif-
iantly larger than in the Tehnial Proposal.
The main reasons for this are the inreased
thikness of the RF-shield, the inreased thik-
ness of the sensors and the inreased number
of stations. However, due to the redued dis-
tane to the beam, and the optimized shape of
the RF-shield whih resulted in an average of

3:2% of an X0 before the �rst measured point,
the impat parameter resolution for harged
hadrons has slightly improved ompared to the
TP. More details an be found elsewhere [16℄.

Preliminary investigations show that the
relative inrease in oupany due to parti-
les from seondary interations in the VELO
amounts to 5% in the inner and outer trak-
ers [95℄ and 9% in RICH1 [96℄. The e�et on
eletron and photon reonstrution needs still
to be studied. In parallel, a further optimiza-
tion of the RF-shield is under study showing
that its ontribution inside the aeptane of
the eletromagneti alorimeter (� > 30mrad)
an be redued to below 5% of an X0 in 90%
of the azimuthal aeptane.

3.8 Alignment

The following alignment issues need to be on-
sidered:

� Alignment between an R- and �-
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Figure 3.21: Distribution of the material traversed
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onial setion of the vauum pipe has been re-
moved from the plot.

measuring sensor inside a module is ob-
tained by onstrution with a preision
of better than 5�m.

� Alignment between the sensors and the
module base plate is ahieved with a pre-
ision of better than 10�m by using mi-
rometer adjusters and a survey mahine
(see Table 2.7 and Fig. 3.7).

� The position of eah module in a dete-
tor half will be measured by a survey ma-
hine and adjusted to the required pre-
ision of better than 20�m. However,
the �nal alignment onstants an only
be determined under nominal running
onditions, i.e. vauum and low tem-
perature, and therefore only with traks
from pp-interations in the LHC ma-
hine. Both fully equipped VELO halves
will be tested in a test-beam to ross
hek the survey measurements and to
mimik as muh as possible the LHC
mahine onditions. The feasibility of
aligning the detetor with traks from
pp-interations has been demonstrated
in our test-beam studies [37℄. The ex-
isting algorithm still needs to be opti-
mized for speed in order to deal with 100
sensors. However, omparing to other
experiments [97℄, the VELO alignment,
whih has to deal with a relatively small
number of individual sensors, is not an-
tiipated to pose a partiular problem.

� Alignment between the two detetor
halves: Sine the detetor halves have
to be retrated before eah �lling of the
LHC mahine, the alignment between
the two halves has to be re-alulated af-
ter eah LHC �ll. This requires only the
determination of the relative position be-
tween the two detetor halves, the mod-
ules in eah detetor half are not a�eted
by the movement. Based on the over-
lap between the two VELO halves, a fast
measurement is expeted after the �rst
pp-ollisions.

� In addition, sine the position of the
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beam annot be assured to be the same
for onseutive �lls, its position needs to
be measured before moving the detetors
to their �nal data-taking position. With
about 100 minimum bias events, the dis-
tane to the silion stations an be mea-
sured with 10�m preision when the de-
tetors are retrated by 3 m from the
beam [98℄.

� Alignment between the VELO and the
downstream detetors: The VELO will
be repositioned after eah LHC �lling op-
erations with a preision of 50�m whih
is more preise then what is needed to
link the VELO traks to the downstream
detetors of LHCb.

3.9 Safety aspets

The Vertex Loator will omply with the safety
poliy at CERN (SAPOCO 42), and will follow
the CERN safety rules and odes, the european
and/or international onstrution odes whih
are relevant for the detetor onstrution and
operation. Possible spei� risks, and ations,
as disussed in the Initial Safety Disussion
(ISD) with the Tehnial Inspetion and Safety
(TIS) Commission are summarized in the fol-
lowing.

� The two-phase CO2 ooling system will
run at a maximum pressure of 75 bar.
The omplete ooling iruit is designed
and will be tested to sustain a pressure
of up to 200 bar.

� The temperature of the detetor will be
monitored and in ase of over tempera-
ture, the eletrial power of the detetor
will be swithed o� automatially.

� Two powerful ion getter pumps will eva-
uate the VELO vauum hamber. Only
trained personnel will be allowed to ma-
nipulate this equipment9.

9ELECTRICAL SAFETY CODE C1.

� The VELO vauum vessel will be baked-
out in-situ to 150 ÆC or more. A possible
damage to the detetor is not onsidered
as a safety risk.

� Any aessible metalli piee will be
properly grounded.

� An initial study of indued radioativity
in the VELO vauum vessel showed that
maintenane work during shutdowns is
possible provided that proper preau-
tions are taken [99℄.

The TIS ommission onluded that no
major safety problems were identi�ed and pos-
sible safety hazards will be exluded by proto-
typing and testing the non standard equipment
inluding a high safety fator.



4 Simulation results

4.1 Software and event samples

The performane of the VELO system has
been studied using simulated data produed by
the oÆial LHCb simulation and reonstru-
tion programs, SICBMC (v240) and SICBDST
(v250) with database (v233). Proton-proton
interations at

p
s = 14TeV were simu-

lated using the PYTHIA (v6:1) event gener-
ator [100℄. A multiple-interation model was
used, with varying impat parameter and run-
ning pt ut-o�, tuned [101℄ to reprodue exist-
ing low-energy data. The LHCb apparatus was
simulated using GEANT3-based routines [94℄.
The response of the silion detetors was based
on a separate simulation, the results of whih
were veri�ed with test-beam data [40℄.

The desription of the VELO system in the
simulation followed as losely as possible the
design given in this report, inluding the RF-
shield, the wake �eld guide, the ooling plates,
the support frames and the parts of the va-
uum vessel whih are in the LHCb aeptane.
Further details an be found in [4, 102℄.

The following benhmark hannels were
used to measure the performane of the VELO:
minimum bias events, generi b-events and
events ontaining B0

d ! �+��, B0
s ! D�s �

+

and B0
d ! J= K0

s (��) deays. The events
were generated assuming a luminosity of 2 �
1032 m�2 s�1. Eah sample ontained around
30k events. The B-deays were seleted with
the LHCb software pakage AXSEL [103℄ to re-
strit the sample to events whih an be reon-
struted o�ine and ontribute to the physis
analysis.

4.2 Optimization

4.2.1 Overall detetor optimization

During the proess of optimizing the detetor
layout, many di�erent designs were studied.
The performane of eah individual design was
judged by analyzing the benhmark hannels.
Taking into aount other onstraints, suh as
the neessary thikness of the RF-shield, the
availability of thin silion detetors and the
�nite number of eletronis hannels, we de-
ided on the design desribed in this doument.
Further improvements, for example reduing
the amount of material or using smaller strip
pithes, may beome possible in the future.

4.2.2 Impat on L1 trigger

The L1 trigger is based on traks with a sig-
ni�ant impat parameter. Traks are reon-
struted based on VELO measurements alone
to minimize the amount of data whih needs
to be proessed. As there is no magneti
�eld around the VELO, momentum informa-
tion is in priniple not available. Low momen-
tum traks an fake large impat parameters,
i.e. signatures for traks originating from B-
deays, due to multiple sattering. In the algo-
rithm employed for the L1 trigger as desribed
in the TP this ontribution of fake traks was
redued by requiring trak pairs to form se-
ondary verties. It was found that inreasing
the thikness of the RF-shield, from 100 �m to
250�m, redues the eÆieny of the L1 trigger
in the B0

d ! �+��hannel by 15%. Replaing
the orrugated RF-shield with a design whih
resembles a beam pipe lose to the beam-line
would redue the L1 eÆieny by almost 30%.

To monitor the development of the VELO

67
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Figure 4.1: Average harged partiles and neutron
uxes as funtion of radius, normalized to one pp-
interation.

sine the TP, a simpler algorithm was used to
simulate the L1 trigger, to avoid having to re-
tune the algorithm for every VELO design, as
is desribed in detail in Ref. [4, 102℄. The de-
signs were ompared based on the number of
traks with a large impat parameter (> 50�m
and > 100�m) . It has been shown that the
realisti design with 250�m of RF-shield and
300�m of sensor thikness is expeted to give a
omparable performane as the TP design but
with the 250�m RF-shield. The L1 trigger is
urrently being retuned and will integrate ad-
ditional information from L0 [104℄. It is ex-
peted that its performane will be improved
relative to the TP results.

4.3 Partile uxes

The partile ux on the surfae of the sili-
on is dominated by partiles from the pri-
mary interation [105℄. Fig. 4.1 shows the
average distribution of harged partiles per
m2 as funtion of their radial position (r)
on the silion surfae for minimum bias
and generi b-events oming from one pp-
interation. These distributions are well de-
sribed with the funtion N� r�. Typial val-

ues are 0:6 partiles=m2� (r=m)�1:8 for min-
imum bias and 2:0 partiles=m2 � (r=m)�1:8

for b-events. The distributions vary slightly
from station to station, with the highest den-
sity of partiles at the innermost radius and
the steepest drop as funtion of radius for the
stations around the nominal interation point.

To determine the radiation damage to sili-
on, one also needs to onsider the ux of neu-
trons. It was shown in a detailed study [105℄,
taking into aount the material around the
VELO, that thermal neutrons have no radial
dependene and dominate over the neutrons
from the primary interation beyond a radius
of about 2 m. However, both ontributions
are negligible ompared to the harged parti-
le ux (Fig. 4.1).

Based on a total ross-setion of 102:4mb,
a luminosity of 2 � 1032 m�2 s�1 and 107 s of
operation per year, one expets about 2� 1014

interations per year. The harged partile
ux (pions, protons, kaons) and the neutron
ux was normalized to the equivalent damage
in silion from neutrons of 1MeV kineti en-
ergy (neq) by using the tables of Ref. [106℄.
Laking information about kaons, we used the
damage fators of pions. The values whih
were used are shown in Fig. 4.2 as funtion
of the kineti energy for the di�erent parti-
les. For kineti energies where no damage
fator was available, the value losest to that
energy was used. In the Monte Carlo simu-
lation, the traking of partiles was stopped
at kineti energies below 10MeV. A small test
run was made with the threshold redued to
1MeV whih gave no signi�ant di�erene in
the results.

The yearly dose at r = 0:8 m is found to be
equivalent to (0:5�1:3)�1014 neq/m2 depend-
ing on the position in z (Fig. 1.2). The high
radiation damage in the stations lose to the
nominal interation point is due to the muh
lower average energy of partiles rossing the
stations in this region (Fig.4.2). By swapping
stations aording to their reeived dose, it is
possible to ahieve an average dose of about
0:9 � 1014neq/m

2 at r = 0:8 m for all sta-
tions.
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4.4 Physis performane

4.4.1 Impat parameter resolution

The impat parameter resolution of the VELO
is of great importane for the performane of
the L1 trigger, whih searhes for traks with
large impat parameter with respet to the pri-
mary vertex. It is determined by the intrinsi
resolution of the sensors and by the amount of
Coulomb multiple sattering in the RF foil as
well as in the silion.

A simple model an be used to under-
stand qualitatively the distribution (Fig. 4.3)
obtained from Monte Carlo simulations. Tak-
ing into aount only the measurements of two
R-sensors with resolutions �1 and �2 at dis-
tanes to the interation point of �01 and �02,
the error on the impat parameter for forward
pointing traks an be written to �rst order as:

�2IP =
r21

p2t
p
2

�
13:6MeV= �

q
x=X0

[1 + 0:038 `n(x=X0)℄

�2

+
�2

02�
2
1 +�2

01�
2
2

�2
12

(4.1)

with �12 = �02 � �01 and pt the transverse
momentum. The total amount of material tra-
versed between the interation point and the
seond R-sensor is approximated by a radia-
tion length x=X0 at the position of the �rst
sensor (r1).

There are two onsequenes. The �rst is
a natural hoie for the sensor strip pith as
a funtion of radius for the R-sensors. If we
require an equal ontribution from two mea-
sured R-oordinates to the error on the im-
pat parameter then, to a good approximation,
�01

�02
= r2

r1
. Therefore �2 = �1 � r2r1 , whih sug-

gests a design with the strip pith inreasing
linearly with the radius (see setion 3.1). The
seond is, that for minimizing the error due to
multiple sattering, one should have the �rst
measured point as lose as possible to the pri-
mary vertex.

The average radius, <r1>, of the �rst mea-
sured point on a trak is about 1 m and the
average extrapolation fator, < �02=�12 > is
about 1:8. Fitting the distribution obtained
from the Monte Carlo simulation (Fig. 4.3)
with Eq. 4.1 yields a multiple sattering term
orresponding to about 5% of a radiation
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length and an average measurement error of
8�m. These numbers agree reasonably well
with the expetations (Table 2.4 and Ta-
ble 3.4).

Two regions of pt an be distinguished in
Fig. 4.3:

� Large pt: These traks are typially
traks from b-deays. Here the luster
resolution dominates over multiple sat-
tering. Choosing a small strip pith is
advantageous.

� Small pt: Multiple sattering dominates
the error of the impat parameter. These
are the traks whih limit the perfor-
mane of the L1 trigger, sine momen-
tum information is not available at this
early trigger level.

4.4.2 Primary vertex, deay length and
time resolutions

The error on the primary vertex is dominated
by the number of traks produed in the pp-
ollision. For an average B-event, the resolu-
tion in the z-diretion is 42�m and 10�m per-
pendiular to the beam. The preision on the
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Figure 4.5: Invariant mass of the two pions from
the B0

d ! �+�� deay. The deviation from the
nominal B0-mass is shown. The dotted line shows
the distribution obtained by using the true partile
momentum and the angle between the two pions as
measured in the VELO.

deay length ranges from 220�m to 375�m de-
pending on the deay hannel (Table 4.1 and
Ref. [4, 102℄). The deay length residuals have
tails, due to small momenta and thus large
multiple sattering ontributions, whih an-
not be �tted with a single Gaussian.

The proper time resolution of the B0
s !

D�s �
+ hannel was found to be �� = 40 fs. It

is dominated by the error of the deay length
measurement. The error of the time dilation
due to the momentum unertainty is less than
8 fs.

The proper time resolution an be related
to �, the statistial signi�ane of measuring
�ms [107℄, using the relation:

� �
q
Ntag=2 fB0

s
(1� 2!tag) e

�(�ms�� )2=2 ;

(4.2)
where Ntag is the number of tagged B0

s events,
fB0

s
is the purity of the sample and !tag is

the mis-tag rate of the B0
s prodution avour.

With the proper time resolution of �� = 40 fs
and the values of Ntag, fB0

s
and !tag reported in

[108℄, Eq. 4.2 leads to the expetation that a 5�
measurement of �ms will be possible for val-
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event type �1 [�m ℄ �2 [�m ℄ N2=N1 �av [�m ℄

B0
d ! �+��[102℄ 115� 4 358 � 20 0:40 � 0:06 224� 22

B0
s ! D�s �

+[102℄ 153� 6 477 � 27 0:47 � 0:06 310� 30
B0
d ! J= K0

s (��)[4℄ 159� 9 581 � 55 0:51 � 0:11 373� 66

Table 4.1: Resolutions for deay lengths of di�erent benh mark hannels. �1 and �2 are the widths of a
double Gaussian �t to the deay length distribution and N2=N1 the ratio of the Gaussian �t normalization,
whih takes into aount the tail ontributions. �av is an average resolution.

deay mode � [MeV=2℄ � [MeV=2℄

B0
d ! �+�� 17:8� 0:2 6:1� 0:1

B0
s ! D�s �

+ 12:0� 0:2 9:1� 0:2
D�s ! K+K��� 5:4 � 0:1 4:2� 0:1

Table 4.2: Invariant mass resolutions for di�erent
deay modes. The numbers in the third olumn list
the ontribution of the VELO angle measurements
only.

ues up to 54 ps�1 after one year of data-taking
(Fig. 4.4).

4.4.3 Invariant mass resolutions

Invariant mass resolutions for B- and D-
mesons are listed in Table 4.2. Fig.4.5 shows as
an example the invariant mass distribution of
the two pions from the B0

d ! �+�� deay. For
an estimation of the ontribution of the VELO
angle measurements to the invariant mass res-
olution, the reonstruted momentum of a par-
tile has been replaed by its true momentum.
In the deay B0

d ! �+��, the invariant mass
resolution of 17:8MeV=2 is dominated by the
momentum measurement. The VELO angle
measurement aounts only for 6MeV=2. For
the deays B0

s ! D�s �
+ and D�s ! K+K���,

the VELO angle measurements and the mo-
mentum measurements have equal weight.



5 Projet organization

5.1 Shedule

The overall work programme and shedule is
summarized in Fig. 5.1. It overs the period
up to spring 2006, when the �rst LHC pilot
run is expeted. The shedule is planned to
ensure that the VELO is installed and opera-
tional before the beam starts. The period of
single beam in LHC is used for ommissioning
the VELO in situ.

5.1.1 Completion of design and proto-
typing

A realisti design of the VELO was desribed
in the previous hapter. Several of the tasks
in the shedule require the evaluation of �nal
prototypes before the prodution an start.

1. Silion: Sensors from di�erent vendors
need to be haraterized. Some improve-
ments an be ahieved with additional
R&D, e.g. ultimate �-sensor design with
oating strips and thin n-on-n sensors.
The prototyping of sensors will be om-
pleted by a design review in the summer
of 2002.

2. Front-end hip: The �nal version of the
SCTA VELO hip and a full working
Beetle hip are expeted to arrive before
the summer of 2001. Charaterization of
the two hips before and after irradiation
will be done before the end of 2001. A
review of the two hip options will take
plae in the beginning of 2002 and will
lead to a deision whih hip to use for
the �rst VELO sensors.

3. Readout eletronis: Prototypes of the
16-hip hybrid, repeater eletronis and

the L1 readout board will be produed
and tested during 2001. The analog
link over 60m twisted pair ables will be
tested in a large sale system before the
end of 2001.

4. Mehanis & Vauum: The VELO un-
derwent a oneptual design review [109℄
in April 2001. Further prototyping is
needed to haraterize several ompo-
nents of the design. A prodution readi-
ness review is foreseen for February 2002.

5. Alignment, monitoring and ontrol: dif-
ferent options are proposed to ful�ll the
various tasks in this ategory, and proto-
typing and testing will ontinue during
the next test-beam runs.

5.1.2 Constrution

The major onstrution tasks inlude:

1. Vauum vessel: The whole system will be
manufatured at NIKHEF, inluding the
seondary/primary vauum system, the
detetor mounting system and the ool-
ing system exept of the thin exit window
(LHC-VAC group). The progress will be
reviewed on a yearly basis together with
the LHC mahine groups involved. Com-
pletion is foreseen during 2004.

2. Sensors: From past experiene, about
half a year is needed to produe the sen-
sors. The prodution of the front-end
hips and the hybrids an partially pro-
eed in parallel. The onstrution of one
omplete detetor module is expeted to
take about one week. This inludes the
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Figure 5.1: Shedule of the VELO projet, up to the �rst physis run of LHCb in spring 2006
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preise alignment of the sensors inside a
module. Several modules an be built in
parallel.

3. Readout eletronis: the front-end hip
prodution is sheduled for the summer
of 2002, in order to have the hips ready
and tested for the module onstrution.
Prodution of the readout eletronis
hain (from vauum vessel pin-out to
DAQ) is sheduled to be ompleted by
the end of 2004. These involve ommon
LHC developments (TTC hipset) and
the ECS interfae. The L1 eletronis
make maximum use of FPGAs to imple-
ment spei� funtionality. The modules
are situated in the ounting room and are
not exposed to a high radiation dose.

4. Testing: systemati tests and erti�a-
tion of the silion sensors and readout
eletronis will be a time-onsuming task
and must follow the prodution proess.

It is planned to test the two detetor
halves in a harged partile beam during
the �rst half of 2005.

5.1.3 Installation and ommissioning

Installation of the VELO vessel an start af-
ter the LHC otant test in September 2004.
A lean area at the interation point needs to
be set-up to minimize the pollution of piees
whih will be plaed inside the primary or se-
ondary vauum. The vauum vessel will be
onneted to the LHC vauum ontrol system
by autumn 2005.

The L1 eletronis installation will start at
the begin of 2005. The system will be ready to
start ommissioning of the DAQ with the other
LHCb sub-detetors in Otober 2005. Five
months of operation in this mode are foreseen
to ensure that the VELO is ready to take data
at nominal LHCb luminosity by April 2006.
Valuable initial measurements onerning the
RF shielding an be done during the LHC sin-
gle beam operation before the �rst pilot run
with ollisions.

Cables Number Spae (m2)
6400 analog links:
twisted pair ND36P 400 960
ECS: Cat5 1 0:25
TTC: optial link 4 0:4
HV power ables 100 25
LV power ables 225 225
Pipes
CO2 ooling 2 10

Table 5.1: List of di�erent ables and spae needed
in the shielding wall.

The logistis of the VELO is situated at the
following positions:

� The vauum pumps are diretly mounted
onto the vauum vessel.

� The ECS transeiver boards are loated
lose to the VELO at a distane of about
12m.

� The L1 eletronis and all the power sup-
plies are situated behind the shielding
wall. At the same plae, about 2m2 of
spae are needed for the ompressor and
the pump units of the CO2-ooling sys-
tem. The spae needed for ables in the
shielding wall is summarized in Table 5.1.
If a paking of 60% is assumed, then the
total spae needed amounts to 0:2m2.

5.2 Milestones

Key milestones for the VELO projet are listed
in Table 5.2.

5.3 Costs

The total ost for the VELO is estimated to
be 4850 kCHF. The details are summarized in
Table 5.3. Where appropriate, spares have
been inluded. Most of the estimates are based
on quotes from industry or reent purhases
of similar items (e.g. prototype detetors,
feedthroughs).
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Figure 5.2: Top view of the LHCb avern showing the LHCb experiment and the ounting room. Most
of the VELO logistis is loated behind the shielding wall in the ounting rooms, exept of the ECS slave
boards whih are at about 12m distane from the VELO [E℄.
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Date Milestone

Silion
2002/July Tests of prototypes ompleted

design review and start of tendering
2002/Deember Plae �nal order
2003/June Sensor prodution �nished
2004/September Module prodution �nished
2005/April Test of detetor halves in beam

Front-end hip
2001/Deember Charaterization of hips ompleted
2002/Marh Front-end hip deision
2002/Deember Prodution/testing ompleted

L1 eletronis
2001/September Read-out board 3 prototype
2001/Deember Analog links tested on large sale
2002/Marh Final prototype of digitizer board
2003/Marh L1 eletronis prodution starts
2005/Marh Prodution/testing ompleted

Mehanis/Vauum
2002/February Prodution readiness review with LHC groups
2003/Marh All prodution drawings �nished
2004/June Prodution/testing ompleted

Installation
2004/Deember Start installation in IP 8
2005/Otober Commissioning of DAQ with other sub-detetors
2005/Deember Installation ompleted

Table 5.2: VELO projet milestones.
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Item Number sub-total
of units (kCHF)

Mehanis&Vauum: 1407
Vauum Vessel 1
Vauum equipment
Cooling system
Path panels 4
Feedthrough anges1 28
Seondary vauum ontainer 2
Wake �eld suppressors
Ti evaporators
Positioning mehanism
Cables and onnetors
Monitoring and ontrol

Silion detetors: 635
Sensors 125
Hybrid 125

Eletronis: 2780
Frontend hips 1600
Digitizer boards inluding analog data links 100
TTC & ECS interfae 100
Data links to Readout Unit 100
Readout Units 25
Data links to L1 trigger 100
Readout Units for L1 trigger 20
LV1 interfae 100
DAQ interfae 100
Crates 5
High voltage power supplies 100
Low voltage power supplies 100

TOTAL 4822

Table 5.3: VELO projet osts (kCHF). 1inludes feed-throughs for pile-up VET0.
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5.4 Division of responsibilities

Institutes urrently working on the LHCb
VELO projet are: CERN, NIKHEF and the
Universities of Heidelberg, Lausanne and Liv-
erpool.

The sharing of responsibilities for the main
VELO projet tasks is listed in Table 5.4. It
is not exhaustive, nor exlusive. For exam-
ple, the exat sharing of responsibilities for
the software will be disussed in the summer
of 2001. However, it is understood that the
VELO group will be responsible and will have
the resoures to provide all VELO spei� soft-
ware, for DAQ, monitoring and reonstrution.
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Task Institutes

Mehanis & Vauum:
Vauum vessel NIKHEF
Exit window CERN LHC-VAC
Vauum system NIKHEF
RF foil and wake �eld suppressors NIKHEF
CO2 ooling system NIKHEF
Detetor support frame and positioning system NIKHEF

Detetor modules:
Silion sensors Liverpool
Hybrid Liverpool
Support and ooling Liverpool, NIKHEF

Front-end hip Heidelberg
Read-out Eletronis:

Repeater eletronis and analog links Lausanne
Digitizer boards Lausanne
L1 trigger interfae Lausanne

Monitoring, Control, Alignment:
Vauum, Cooling NIKHEF
ECS interfae of L0 eletronis Heidelberg
ECS interfae of L1 eletronis Lausanne
Alignment issues CERN, Liverpool, NIKHEF

Detetor design and optimization CERN, Liverpool, NIKHEF
Test-beam CERN
Quality ontrol all
Final assembly and system tests all

Table 5.4: VELO projet: Sharing of responsibilities.
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