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Chapter 1

Introduction

The LHCb experiment [1] is designed to
exploit the large bb production cross sec-
tion at the LHC in order to perform a wide
range of precision studies of CP violating phe-
nomena. The copious production of Bd, Bs

and Bc mesons and b-baryons, together with
the unique particle-identification capabilities
of the LHCb detector, will allow the exper-
iment to perform sensitive measurements of
CP violating asymmetries in a variety of chan-
nels that are beyond the reach of the current
generation of CP-violation experiments.

Since bb pairs at the LHC are predominantly
produced at small angles with respect to the
beam axis, the LHCb detector has been de-
signed as a single-arm forward spectrometer.
Its acceptance extends out to 300 mrad in the
horizontal bending plane of the 4 Tm dipole
magnet and to 250 mrad in the vertical plane.
The forward acceptance of the spectrometer is
limited by the LHC beam-pipe which follows a
10 mrad cone.

A side view of the LHCb detector is shown in
Figure 1. The main tracking system consists
of four planar tracking stations: one station
(“TT”) is located in between RICH1 and the
magnet, three stations (“T1-T3”) are located
between the magnet and RICH2. Two detector
technologies are employed in stations T1-T3:
the outer region of these stations, away from
the beam-pipe, is covered by the straw-tube
drift chambers of the Outer Tracker, which has
been described in an earlier TDR [2]. The in-
nermost region around the beam-pipe, where
particle densities are highest, is covered by sil-
icon microstrip detectors — the Inner Tracker

described in this document.
An isometric view of the sensitive elements

of one Inner Tracker station is shown in Fig-
ure 1.1. It covers a cross-shaped area around
the beam pipe, approximately 120 cm wide
and 40 cm high. Each station consists of four
detection layers, with two ±5◦ stereo views
sandwiched in between two layers with verti-
cal strips. The overall sensitive surface of the
three Inner Tracker stations amounts to ap-
proximately 4.2 m2. Large strip pitches of ap-
proximately 200µm and read-out strips of up
to 22 cm length will be employed in order to
minimise the number of read-out channels.

The approximately 140 cm wide and 120 cm
high TT station is entirely covered by sili-
con microstrip detectors. Inner Tracker and
TT station together form the Silicon Tracker
project, and in order to indicate the overall size
of the project, a brief description of the layout
of this station is given in section 1.2. However,
the TT station is outside the scope of this doc-
ument and will be described in a future TDR.

1.1 Detector Requirements

In order to fully exploit its exciting physics po-
tential, the LHCb apparatus must ensure high
trigger and event reconstruction efficiencies for
all interesting decay channels. In the high-rate
environment of the LHC, efficient and precise
reconstruction of the trajectories of charged
particles is a key ingredient towards achieving
this aim.

Many of the interesting B meson decay chan-
nels are characterised by final states that in-

1
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Figure 1.1: Isometric view of the sensitive elements in one station of the Inner Tracker.

volve multiple charged particles. An example
is the decay B0

s→ D−s (K+K−π−)K+, which is
one of the most promising channels for the de-
termination of the angle γ of the unitarity tri-
angle. For a measurement of the CP asym-
metry, the trajectories of five particles, namely
those from the B0

s decay plus a tagging particle
from the “other” b particle, have to be recon-
structed. Reconstruction efficiencies for final-
state particles in excess of 90% are required in
order to obtain high event reconstruction effi-
ciencies. For example, a tracking efficiency per
final state particle of 95% results in an 82% re-
construction efficiency for events that are fully
contained in the LHCb acceptance.

Charged particle fluxes of up to 5 ×
105 cm−2s−1 are expected in the innermost re-
gion of the Inner Tracker. Fluxes decrease
rapidly with increasing distance from the beam
axis. The readout granularity of the detec-
tor has to be matched to the expected particle
fluxes in order to ensure low occupancies which
are required to obtain high pattern recogni-
tion efficiency. The layout and the outer di-
mensions of the Inner Tracker were determined
by the requirement for low occupancies in the

Outer Tracker.

Excellent momentum resolution is required
in order to measure precisely the invariant
mass of B decay candidates and separate the
B meson signal from background. Again using
the decay channel B0

s→ D−s K+ as an example,
with a momentum resolution of δp/p = 0.4%
contributions to the invariant mass resolution
of the B0

s meson due to momentum resolution
and angular resolution at the decay vertex are
roughly equal. An invariant mass resolution
of approximately 10 MeV/c2 is expected. In
LHCb, the momentum resolution is dominated
by multiple scattering over a wide range of mo-
menta and minimisation of material budget is
thus an important criterion for the design of
the detector. For the Inner Tracker, this poses
a special challenge since parts of the front-end
electronics and services that have to be close to
the detector are located inside the acceptance
of the experiment. On the other hand, a mod-
erate spatial hit resolution of around 70µm is
perfectly adequate.

At the expected particle rates, radiation
damage to detector and front-end electronics
has to be a concern as well. The expected
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particle fluences translate into a total ioniz-
ing dose of approximately 1 Mrad and a 1-MeV
neutron equivalent fluence of 9 × 1012 cm−2

in the innermost region of the detector, after
ten years of operation at a nominal luminos-
ity of L = 2× 1032cm−2s−1. These are rela-
tively moderate radiation levels for modern sil-
icon detectors. Front-end electronics, however,
have to be radiation qualified.

At the LHC, bunch crossings occur every
25 ns. This calls for front-end electronics with
fast shaping time in order to avoid the need
to reconstruct overlapping events from con-
secutive bunch crossings. Fast front-end elec-
tronics are, however, susceptible to significant
Johnson noise if connected to large load ca-
pacitances as given by the long read-out strips
employed in the Inner Tracker. Silicon sensors
and front-end electronics have to be carefully
designed and matched to each other in order to
optimise the signal-to-noise performance and
guarantee high single-hit efficiencies.

In summary, the key requirements for the de-
sign of the detector have been the need for high
single layer efficiency, for fast shaping time of
the front-end amplifier, a spatial resolution of
better than approximately 70µm, occupancies
not exceeding a few percent, and low mate-
rial budget for all components that are located
inside the acceptance of the LHCb detector.
Finally, of course, the design of the detector is
constrained by the rather prosaic need to min-
imise the number of readout channels in order
to keep cost as low as possible.

1.2 Evolution Since Technical
Proposal

Since the time of the LHCb Technical Pro-
posal [1], the design of the Inner Tracker has
undergone a number of major revisions. These
revisions were to a large extent driven by mod-
ified detector requirements as part of an overall
optimisation of the LHCb detector.

1.2.1 Detector Technology

The Technical Proposal described an Inner
Tracker based upon MSGC/GEM gaseous de-
tectors, similar to those employed in the
HERA-B experiment [3]. Silicon microstrip
detectors and Micro Cathode Strip Chambers
(MCSC) were mentioned as backup solutions.

The MSGC/GEM option was abandoned in
the light of evident difficulties to reach stable
and reliable operation of large systems of such
detectors. The MCSC option was not pur-
sued further. Three alternative micro-pattern
gas chamber technologies — Micromegas [4],
Microwire Chamber [5] and triple-GEM [6] —
were subsequently suggested. Of these, triple-
GEM detectors showed the most reliable per-
formance and were for some time pursued as
a candidate detector technology for the Inner
Tracker.

In parallel, the option of a silicon microstrip
Inner Tracker was investigated in detail. A
detector concept was developed and it was
demonstrated that an all-silicon detector could
be built within the Inner Tracker budget. In
May 2001, the decision was taken to adopt sil-
icon microstrips as baseline technology for the
full Inner Tracker.

1.2.2 Dimensions

At the time of the Technical Proposal, the In-
ner Tracker covered an area of 60 cm × 40 cm
around the beam-pipe and the initially pro-
posed silicon detector layout [7] was adapted to
these dimensions. In the meantime, however,
refined simulation studies had demonstrated
that occupancies in the innermost regions of
the Outer Tracker had increased to worryingly
high levels. In order to reduce peak occupan-
cies in the Outer Tracker, without increasing
the overall size of the Inner Tracker, a revised
tracking-station layout was adopted [8] that
follows more closely the actual distribution of
particle densities. In this layout, the Inner
Tracker covers a cross-shaped area around the
beam-pipe. In stations T1-T3, this cross cov-
ers an overall width of approximately 120 cm
and an overall height of approximately 40 cm.
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1.2.3 Number of Tracking Stations

In the original design of the LHCb experi-
ment as presented in the Technical Proposal,
the main tracking system consisted of eleven
tracking stations. Station positions were op-
timised for an “upstream tracking” algorithm,
identifying track seeds in the low-field region
downstream of the magnet and using a Kalman
filter algorithm to follow these seeds back-
wards through the magnet to the vertex re-
gion. In addition, both RICH detectors [9]
were sandwiched in between tracking stations
that had to provide track seeds for the photon
ring search. These stations also had dedicated
detection layers to precisely measure vertical
track coordinates.

Later, the RICH group demonstrated [10]
that these dedicated tracking stations and de-
tection planes could be removed without dete-
riorating RICH particle identification perfor-
mance.

More recently, it was decided to remove all
of the tracking stations inside the magnet and
one of the stations in the low-field region down-
stream of the magnet. In the revised detector
layout, as shown in Figure 1, the main tracking
system thus consists of four stations: one sta-
tion in between RICH1 and the magnet (TT)
and three stations between the magnet and
RICH2 (T1-T3).

The reduction of the number of tracking sta-
tions is part of an overall effort to reduce the
amount of material in the LHCb detector1 and
is made possible as a result of a changed track
reconstruction philosophy. Several comple-
mentary tracking algorithms have been devel-
oped that allow to reconstruct charged-particle
trajectories using the reduced setup. A full
and detailed description of the changes to the
LHCb detector, and its expected physics per-
formance, will be presented in a forthcoming
TDR.

1Taking out five tracking stations corresponds to a
material reduction of approximately 15% X0. This is
in addition to a reduction by 6% X0 that had already
been achieved by removing the dedicated RICH track-
ing layers.

1.2.4 TT Station

The TT station fulfils a two-fold purpose:
firstly, it is used to reconstruct the trajectories
of low-momentum particles. These are bent
out of the acceptance of the experiment in the
field of the experiment magnet and thus do
not reach stations T1-T3. Moreover, it is used
in the Level-1 trigger to assign transverse mo-
mentum information to large-impact parame-
ter tracks.

In May 2002, the LHCb collaboration de-
cided that the TT station will be constructed
entirely using silicon micro-strip detectors,
rather than a hybrid layout with silicon strips
and straw drift tubes as in stations T1-T3.
This decision was motivated by the observa-
tion [11] that an all-silicon station layout pro-
vides for a significantly better Level-1 trigger
performance.

Similar to stations T1-T3, the TT station
consists of four detection layers, with two ±5◦

stereo views sandwiched in between two layers
with vertical strips. In contrast with stations
T1-T3, however, the TT station will be “split”,
with a gap of 30 cm in between the second and
third detection layers.

The currently considered layout for the all-
silicon TT station is sketched in Figure 1.2.
All front-end hybrids and associated mechan-
ics are moved to the top and bottom of the sen-
sitive region, outside of the acceptance of the
experiment. Silicon sensors in the inner region
of the station are connected to their front-end
readout electronics via low-mass kapton inter-
connects.

The layout is based upon the same silicon
sensor geometry as used in stations T1-T3, ex-
cept that the sensors are 500µm thick. Sen-
sors are 11 cm long, 7.8 cm wide and have
384 readout strips with a strip pitch of 198µm.
The two areas left and right of the beam pipe
are covered by nine eleven-sensor long ladders
each. Five-sensor long ladders fill the areas
directly above and below the beam pipe. Ver-
tically, each ladder is subdivided into several
readout sectors, as indicated by different shad-
ings in Figure 1.2. The sectors at the top and
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Figure 1.2: Front view of a 0-degree layer in
the TT station. Dimensions are in cm.

bottom ends of the ladder each consist of three
sensors that are bonded together. They are
followed by sectors of two sensors and, for the
ladders to the sides of the beam pipe, a central
sector consisting of a single sensor. The two-
sensor and one-sensor sectors will be read out
via 33 cm respectively 55 cm long low-mass in-
terconnects, as indicated in Figure 1.3. A total
of 832 silicon sensors and 144k readout chan-
nels are used for four detection layers.

33
22

11

12
1

30

Figure 1.3: Side view with a sketch of the read-
out scheme for the TT station. Dimensions are
in cm.

In order to validate this detector concept,
low-mass interconnects have to be designed
and the efficiency and noise performance for
the different readout sectors have to be mea-

sured. The signal-to-noise performance of the
detector will be limited by the large capaci-
tances from long readout strips and kapton in-
terconnects. These will also limit the achiev-
able fall-time of the preamplifier signals. The
“spill-over” of signals to the following bunch
crossings has to be measured and it has to be
shown that it can bekept sufficiently small in
order not to compromise physics performance.

The operating temperature for the silicon
sensors has to be determined, and an appro-
priate cooling concept must be developed. Fi-
nally, ladder supports and station mechanics
have to be designed.

Work on this R&D program has started.
First prototypes of the low-mass interconnects
will be produced by the end of 2002. Inves-
tigations of 33 cm long silicon ladders, and a
single-sensor ladder equiped with a 55 cm long
low-mass interconnect, will be performed in a
cosmics test-stand and in test-beams. A first
complete mechanical design of the station will
be developed by mid-2003. More details on
this conceptual design and on the R&D pro-
gram can be found in [12].

As mentioned previously, the TT station is
not within the scope of this TDR. However, the
size of this sub-project is comparable to that of
the Inner Tracker and therefore has to be taken
into account in the planning of the overall Sil-
icon Tracker project described in chapter 6.

1.3 Structure of this Docu-
ment

This Technical Design Report is intended to be
a concise but self-contained description of the
Inner Tracker. Further details can be found
in the technical notes, which are referenced
throughout.

In Chapter 2, an overview is given of the de-
tector layout, in order to motivate the R&D
program described in Chapter 3. Results from
simulation studies are shown in Chapter 4.
The technical design of the Inner Tracker is
presented in Chapter 5. The TDR concludes
with Chapter 6 on project organisation.
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Chapter 2

Detector Layout

The Inner Tracker is a silicon microstrip de-
tector using 320µm thick single-sided p+-on-
n sensors with a strip pitch of approximately
200µm. Silicon sensors are 11 cm long and
7.8 cm wide and are assembled on 11 cm (one
sensor) and 22 cm (two sensors) long ladders
that are connected to a readout hybrid and
read out at one end.

In each of the tracking stations T1-T3,
the Inner Tracker covers a cross-shaped area
around the beam pipe. Each station consists of
four independent detector boxes, above, below
and to both sides of the beam pipe. A detector
box contains four detection layers with vertical
or near-vertical readout strips and each detec-
tion layer consists of seven staggered silicon
ladders. One-sensor ladders are used in the
top/bottom boxes, two-sensor ladders in the
left/right boxes.

All 28 ladders in a detector box are mounted
onto a common cooling plate that removes
the heat generated by the front-end readout
chips and cools the silicon sensors. This cool-
ing plate also defines the mechanical alignment
and the common electrical ground for the sili-
con ladders. Each detector box is housed in an
enclosure that provides thermal, optical, and
electrical insulation.

The front-end readout chip samples detector
data at the LHC bunch crossing frequency of
40 MHz and stores them in an analog pipeline
for the fixed latency of the L0 trigger. Upon
a L0-accept, the analog data are read out and
transmitted via approximately 5 m long analog
copper cables to service boxes located outside
the acceptance of the experiment. Here, data

are digitised and then transmitted, via 100 m
long optical fibres, to the Level-1 electronics
boards, located in the LHCb electronics bar-
rack. The Level-1 electronics boards provide
interfaces to the data acquisition system and
to the Level-1 trigger.

The remainder of this chapter contains con-
cise descriptions of the tracking station layout
(Section 2.1), of Inner Tracker detector boxes
(Section 2.2) silicon ladders (Section 2.3), and
read-out electronics (Section 2.4).

2.1 Station Layout

The three tracking stations T1-T3 are placed
at equidistant positions along the beam line
in between the downstream face of the LHCb
magnet and the entrance window of RICH2.
Their nominal z positions are listed in Ta-
ble 2.1.

Table 2.1: z positions of tracking stations.

Inner Tracker Outer Tracker
zmin zmax zmin zmax

[cm] [cm] [cm] [cm]

T1 767.3 782.8 783.8 803.8

T2 836.0 851.5 852.5 872.5

T3 905.0 920.5 921.5 941.5

2.1.1 Tracking Station

Each tracking station consists of four detec-
tion layers with a “xuvx” topology. The two x-

7



8 CHAPTER 2. DETECTOR LAYOUT

layers have vertical detection cells, the u- and
v-layers have detection cells rotated clock-wise,
resp. counter clock-wise, by a stereo angle of
5◦. This layout provides a precise measure-
ment of track coordinates for momentum de-
termination in the bending plane of the magnet
and sufficient resolution for pattern recognition
in the vertical coordinate.

A sketch of the front view of a tracking sta-
tion is shown in Figure 2.1, indicating the sen-
sitive detector elements and the overall dimen-
sions of the active area. The four Inner Tracker
boxes are shown, covering a cross-shaped area
around the central hole through which the
LHC beam-pipe passes the detector. The re-
mainder of the acceptance is covered by long
Outer Tracker straw drift-tube modules. The
Inner Tracker covers only 1.3% of the sensitive
surface of the tracking station, but approxi-
mately 20% of all charged particles that are
produced close to the interaction point and go
through the tracking stations pass through its
area.

595

45
0

Figure 2.1: Front view of a tracking station.
Dimensions are given in cm.

The arrangement of detectors along the LHC
beam pipe is indicated in Figure 2.2 which
shows a sketch of a top view of a tracking sta-
tion. The pp-interaction region is to the left.
As shown in the sketch, the detector boxes of
the Inner Tracker are positioned upstream of
the four detection layers of the Outer Tracker,
and the left/right boxes of the Inner Tracker
are positioned upstream of the top/bottom

boxes. Each Inner Tracker box contains four
detection layers. The sensitive elements of the
different Inner Tracker boxes overlap with each
other and with adjacent Outer Tracker mod-
ules in both horizontal and vertical direction
in order to guarantee full acceptance coverage
and allow for relative alignment of the detec-
tors using shared tracks.

xxvvxx uu

15.5 20.0

1.0

xxvvxxuu

xxvvxxuu

xxvvxxuu

INNER
TRACKER

OUTER  TRACKER

Figure 2.2: Top view of a tracking station. Di-
mensions along the beam axis are given in cm.
Lateral dimensions are not to scale.

2.1.2 Inner Tracker

The concept of a cross-shaped Inner Tracker
station, assembled from four detector boxes
was first described in [8].

The layout of an x-detection layer and of a
stereo layer (u- or v-layer) in station T2 are
shown in Figure 2.4. The effective sensitive
area covered by an x-layer is sketched in Fig-
ure 2.3 and its dimensions for each of the three
tracking stations are summarised in Table 2.2.

The inner acceptance of the Inner Tracker is
described by a square around the LHC beam
pipe. Its size is slightly different for each sta-
tion, as it follows the conical shape of the
beam pipe. The dimensions given in Table 2.2
take into account a distance of 1.2 cm between
the outer radius of the beam pipe and the

LHCb Inner Tracker Technical Design Report — CERN/LHCC 2002-029



2.2. DETECTOR BOXES 9

Table 2.2: Dimensions of the Inner Tracker sensitive area in x-layers. Labels are explained in
Figure 2.3.

xmin = ymin xcen ycen xmax ymax
[cm] [cm] [cm] [cm] [cm]

T1 9.2 26.45 10.9 62.1 20.0

T2 9.9 26.45 10.9 62.8 20.7

T3 10.6 26.45 10.9 63.5 21.4

−Xmax −Xmin Xmin Xmax

Ymax
Ymin

−Ymin
−Ymax

Xcen−Xcen

−Ycen

Ycen

Figure 2.3: Shape of Inner Tracker sensitive
area.

inner edge of the Inner Tracker active area.
This distance can be broken down into a clear-
ance of 0.5 cm between beam pipe and Inner
Tracker mechanics, 0.3 cm thickness of the In-
ner Tracker insulation box, 0.2 cm clearance
between Inner Tracker box and silicon ladder
and 0.2 cm dead area on the silicon ladder, the
latter being due to ladder mechanics and high-
voltage protection (guard ring and n-well) on
the silicon sensors.

The shape and the dimensions of the outer
acceptance limit were derived from the follow-
ing requirements:

• average occupancies in the innermost
modules of the Outer Tracker should not
exceed the level of 10% at the LHCb de-
sign luminosity of L = 2× 1032cm−2s−1

(equivalent to 15% at “high” luminosity
of L = 5× 1032cm−2s−1);

• the sensitive areas of Inner and Outer
Tracker overlap by approximately 1 cm;

• the area covered by the expensive sili-
con microstrip detectors should be kept
as small as possible;

21
.8

41
.4

52.9

125.6

36.35 36.35

19.8

21
.0

6

41
.3

3

52.09

125.91

36.91 36.91

19.8

23.6

Figure 2.4: Layout of x-layer (top) and stereo
layer (bottom) in T2. Dimensions are given in
cm and refer to the sensitive surface covered
by the Inner Tracker.

• the modularity of standard detectors used
in Inner and Outer Tracker should be re-
spected.

The outer dimensions differ slightly for the
three tracking stations, due to the increasing
diameter of the beam pipe and the use of stan-
dard silicon sensors for all stations.

2.2 Detector Boxes

An isometric view of a left/right detector box,
assembled from two-sensor ladders, is shown
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Figure 2.5: Isometric view of a detector box.
The box enclosure is shown partially removed
such that silicon ladders and the common sup-
port mechanics are visible.

in Figure 2.5. Top/bottom boxes are similar
except for the fact that one-sensor ladders are
used and the box enclosure is correspondingly
shorter.

Each detector box contains 28 silicon lad-
ders, arranged in four detection layers. Lad-
ders within a detection layer are pairwise stag-
gered. Adjacent ladders overlap by a few
millimetres in order to ensure full acceptance
coverage and facilitate the relative alignment
of the ladders using hits from shared tracks.
They are oriented with silicon sensors alter-
nately facing upstream and downstream, as
this allows for minimal staggering distance be-
tween silicon sensors.

A close-up of the top part of the detector
box is shown in Figure 2.6.

All ladders are individually mounted on a
common “cooling plate”. This plate will be
kept at a temperature of approximately -10◦C

Figure 2.6: Detail of detector box.

in order to remove the heat generated by the
front-end readout chips and to provide cooling
for the silicon sensors. Liquid C6F14, running
through a cooling pipe attached to the plate is
going to be used as cooling agent. The ambi-
ent temperature inside the box volume will be
approximately 5 ◦C and the box will be contin-
uously flushed with dry air or nitrogen in order
to avoid condensation.

Alignment holes in the cooling plate will be
used to precisely position the ladders. These
are fixed to the plate via individual L-shaped
“balconies”. The balconies are an integral part
of the silicon ladders and will be described in
the next section.

The choice of materials for cooling plate and
balconies is the subject of an R&D program
that will be described in Section 3.4. Both
have to be precisely machined pieces that ex-
hibit excellent thermal conductivity and will
need to be made from lightweight materials.

The cooling plate is mounted against a
honeycomb cover plate that gives structural
strength to the box and carries the weight
of the cooling plate and the ladders. All
feedthroughs for electrical connections and
cooling pipes will be integrated into this hon-
eycomb plate. An additional insulation layer is
inserted in between the honeycomb plate and
the cooling plate. This reduces the tempera-
ture gradient across the honeycomb plate to
only a few ◦C and simplifies the design of the
feedthroughs.

The detector box slides into a lightweight
enclosure, that is mounted against the honey-
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comb plate and provides thermal, optical, and
electrical insulation.

The detector boxes underneath the beam
pipe will be mounted upside down such that
readout hybrids, cooling plate and box me-
chanics face away from the beam pipe.

2.3 Silicon Ladders

The basic parameters of the single-sided sili-
con strip sensors are summarised in Table 2.3.
Their overall dimensions were optimised to
fit the acceptance requirements of the Inner
Tracker and fully exploit the usable surface of
the 6” silicon wafers from which they are pro-
duced. The number of read-out strips was cho-
sen to match the granularity of the 128-channel
front-end readout chip. The optimisation of
the strip geometry is the subject of an R&D
program that will be described in Sections 3.1
and 3.3.

Table 2.3: Basic parameters of silicon sensors.

Technology p+-on-n

Thickness 320 µm

Physical dimensions 110 mm × 78 mm

Length readout strips 108 mm

Number readout strips 384

Readout strip pitch 198 µm

Implant width 0.25 < w /p < 0.35

Detector ladders consist of one or two sili-
con sensors that are mounted onto a U-shaped
support shelf. An isometric view and a sketch
of a two-sensor silicon ladder are shown in Fig-
ures 2.8 and 2.7, respectively. One-sensor lad-
ders are similar, except that the support shelf
is shorter and carries only one sensor. As
shown in Figure 2.7, the sensors on a two-
sensor ladder are mounted edge to edge and
do not overlap. The insensitive region in be-
tween the sensors is smaller than 2 mm.

The support shelf is made from a high ther-
mal conductive carbon fibre. It gives mechan-
ical stiffness to the ladder and provides cool-

Figure 2.8: Isometric view of a two-sensor lad-
der. The silicon sensors are not shown in order
to display cutouts in the carbon fibre support
shelf.

ing for the silicon sensors. Embedded precision
holes allow the accurate mounting of the shelf
on the balcony. The balcony is a precisely ma-
chined piece, produced from a highly thermal
conductive material. It provides the mechan-
ical and thermal contact to the cooling plate
described in the previous section. Guide pins
ensure the accurate fixation of the carbon fibre
support on the balcony and of the balcony on
the cooling plate.

The balcony also acts as the heat sink for
the front-end readout chips. Three readout
chips are mounted on a four-layer kapton hy-
brid that is glued onto a thin AlN substrate.
This substrate is mounted directly onto the
balcony. A direct thermal contact between the
substrate and the carbon fibre support shelf
is thus avoided, preventing possible heat flow
from the hybrids to the silicon sensors. The
input pads of the readout chips are directly
bonded to a pitch adaptor that is produced in
thin-film technique on an Al2O3 substrate and
provides the electrical interface to the silicon
sensors.

The R&D program on ladder mechanics and
cooling will be described in Section 3.4.

The kapton hybrid extends into a “tail” (not
shown in Figure 2.7) that connects all signal,
LV, HV and control lines to the cover plate at
the top of the detector box, as sketched in Fig-
ure 2.9. The cooling plate contains thin slits
at the position of each silicon ladder, through
which the kapton tails pass. They are further
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Silicon Sensors

Support shelf

Readout Chip
Pitch Adaptor

Balcony

Readout Hybrid

Balcony

Support shelf

Figure 2.7: Sketch of a two-sensor silicon ladder.

routed around the insulating layer and are in-
serted in zero-insertion-force connectors on the
cover plate.

2.4 Readout Electronics

A sketch of the Inner Tracker readout scheme
is shown in Figure 2.10. The Beetle front-
end chip [13] is an LHCb custom develop-
ment in radiation hard 0.25µm CMOS tech-

Figure 2.9: Sketch of vertical cross section of
detector box, showing routing of kapton hybrid
tails to cover plate.

nology. The chip operates at a sampling rate
of 40 MHz. It incorporates 128 channels of fast
preamplifiers and active shapers, followed by
an analog pipeline in which data are stored
during the fixed latency of the LHCb Level-0
trigger. Upon a Level-0 trigger accept, 32-fold
multiplexed analog signals are transmitted via
four analog output ports.

The front-end of the chip was optimised for
speed and noise performance in order to cope
with the large load capacitances given by the
22 cm long readout strips of the Inner Tracker
ladders. A key parameter for the characterisa-
tion of the signal shape is the signal remain-
der 25 ns after the maximum, i.e. at the time
of the next LHC bunch crossing. This deter-
mines the probability with which a detector
signal generated by a particle in the previous
bunch crossing can pass clustering algorithms
and lead to a “ghost” hit in a triggered event.
On the other hand, faster signal shape implies
higher Johnson noise, especially for high load
capacitances. A careful design of the front-end
amplifier and the optimisation of its operating
parameters is thus required. The acceptable
ghost rate and thus the acceptable signal re-
mainder depend on the particular tracking al-
gorithm. A study of the Level-1 trigger perfor-
mance [15] has shown that a signal remainder
of less than 35% in the VELO [14] is required
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Figure 2.10: Sketch of the readout scheme.

in order to keep the number of ghost hits at
an acceptable level. This value can be taken
as a guideline for the acceptable signal shape
for the Inner Tracker. A detailed simulation
study will be performed soon, using the newly
developed tracking algorithms.

R&D on the Beetle chip, especially on its
front-end, will be described in Section 3.2.

Each detector ladder carries three Beetle
chips on a four-layer kapton hybrid. The hy-
brid incorporates a tail that connects to an in-
terface board on the cover plate of the detec-
tor box. Here, the analog signals are re-routed
and further transmitted via approximately 5 m
long multichannel shielded fine-pitch twisted
pair cables to a service box that is located on
the frames of the tracking station. In this ser-
vice box, the analog signals from each Beetle
will be digitised using four parallel 8 bit FADC
channels and then serialised by a CERN Gi-
gabit Optical Link (GOL) chip [16]. The data
from 12 GOL chips, corresponding to four sil-
icon ladders, will be fed into a parallel VC-
SEL optical transmitter and transmitted via a
100 m long 12-fibre parallel optical cable to the
Level-1 electronics located in the LHCb elec-
tronics hut. Tests of a prototype readout link
will be described in Section 3.5.

Each Level-1 electronics board will receive
the data from two 12-fibres cables, correspond-
ing to the data from eight ladders. The Level-
1 electronics will perform synchronisation
checks, run pedestal- and baseline subtraction

algorithms and perform zero-suppression and
cluster finding. In addition, they provide an
interface to the Level-1 trigger. Upon a Level-
1 trigger accept, data are processed and trans-
mitted to the data acquisition system. Proto-
typing work on the Level-1 electronics board
will be described in Section 3.6.
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Chapter 3

Summary of R&D and Prototyping

Detector R&D for the Inner Tracker has to
a large extent been driven by material budget
optimisation. It has concentrated mainly on
two issues: the optimisation of silicon sensors
and front-end electronics, and the development
of light-weight solutions for detector mechan-
ics.

A careful optimisation of the read-out strip
geometry of the silicon sensors and the front-
end of the read-out amplifier are of crucial im-
portance in order to guarantee good particle
detection efficiency using the thinnest possi-
ble sensors. As was explained in Chapters 1
and 2, the detector layout calls for the em-
ployment of long detector ladders, while the
LHCb bunch-crossing frequency requires the
use of fast readout electronics. These are con-
tradictory requirements concerning noise per-
formance, since long ladders imply large read-
out strip capacitances which give rise to signif-
icant Johnson noise in fast preamplifiers. The
higher the detector noise, the thicker the sil-
icon sensors have to be in order to provide
enough signal to ensure good single-hit effi-
ciency. In this context, it is interesting to
note that the longest silicon ladders employed
elsewhere in LHC experiments are the 16 cm
long ladders in the outermost regions of the
CMS tracker where 500µm thick silicon sen-
sors are used. The aim for the Inner Tracker is
to use 22 cm long readout strips with 320µm
thick sensors. Results from laboratory mea-
surements on prototype silicon sensors are de-
scribed in Sections 3.1, R&D on the Beetle
readout chip and on a front-end hybrid in Sec-
tion 3.2, and results from test-beam measure-

ments in Section 3.3.
Besides material budget optimisation, an

important design criterion for the ladder and
detector-box mechanics is to ensure an ad-
equate operating temperature for the silicon
sensors. Due to the large surface covered by
each readout strip, shot noise from leakage cur-
rents in the silicon sensors can constitute a sig-
nificant noise contribution after several years
of operation if the sensors are not operated
at low temperatures. R&D on mechanics and
thermal studies are summarised in Section 3.4.

The chapter concludes with summaries of
prototyping work for the digital optical read-
out link in Section 3.5 and for the L1 electron-
ics board in Section 3.6.

3.1 Silicon Sensors

The large surface to be covered by the Inner
Tracker, together with moderate requirements
on spatial resolution and radiation hardness,
calls for a simple and robust design of the sili-
con sensors.

Single-sided, AC-coupled p+-on-n strip de-
tectors were selected as sensor technology for
the Inner Tracker. A thickness of 320µm was
chosen because it is the minimum thickness
that can be expected to give an acceptable
signal-to-noise performance for the long silicon
ladders employed in the Inner Tracker.

The expected radiation levels in the Inner
Tracker do not exceed 1 Mrad and a 1-MeV
neutron equivalent fluence of 9× 1012 cm−2 af-
ter ten years of operation at nominal LHCb
luminosity (see Section 4.4). For silicon of in-
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16 CHAPTER 3. SUMMARY OF R&D AND PROTOTYPING

termediate bulk resistivity of (3-8) kΩ·cm, type
inversion will occur only after approximately
2×1013 cm−2. Radiation damage is thus not a
major concern, even if safety factors are taken
into account.

The R&D program has concentrated mainly
on the optimisation of the strip geometry. A
strip pitch of 200-240µm is suggested by the
required spatial resolution, the detector geom-
etry, and the readout chip granularity. An-
other important parameter is the width of the
strip implants. For a given pitch p, the to-
tal strip capacitance increases with increasing
implant width w [17]. Thus, small values of
the width-over-pitch ratio, w/p, are in princi-
ple favoured since reducing strip capacitance
also reduces preamplifier noise. On the other
hand, one of the first results of the R&D pro-
gram presented in the following sections was
that charge collection efficiency in the region
in between readout strips deteriorates signifi-
cantly for small w/p values when fast readout
electronics are used.

A careful optimisation of the strip geom-
etry is thus necessary in order to optimise
the signal-to-noise ratio S/N that determines
the single-hit efficiency of the detector. For
this purpose, different strip geometries, using
pitches between 198µm and 240µm and im-
plant widths corresponding to w/p values be-
tween 0.2 and 0.35 were implemented and in-
vestigated on prototype sensors.

Two generations of prototype sensors were
developed and tested. In this section, technol-
ogy and geometry specifications of the sensors
will be described, as well as their characteri-
sation in the laboratory. Test-beam measure-
ments will be described in Section 3.3.

3.1.1 Technology and Geometry

First prototype sensors were designed and pro-
duced by the company SPA Detector in Kiev,
Ukraine, from 300µm thick 4” silicon wafers.
A second generation of sensors was designed
and produced by HPK in Hamamatsu, Japan.
These sensors were produced on 320µm thick
6” wafers and already have the final overall di-

mensions foreseen for the Inner Tracker.
Technology specifications and strip geome-

tries for both prototypes are summarised in
Tables 3.1, 3.2 and 3.3.

The SPA prototype sensors have a strip
length of 66.7 mm, such that 20 cm long lad-
ders1 could be assembled from three sensors.
Two sensors were produced from each 4” wafer:
on one sensor, AC metal strips were 2µm
narrower than the p+ implants, on the other
sensor they were 8µm wider than the im-
plants. The latter was motivated by the ob-
servation [18] by the CMS tracker group, that
this so-called over-metallisation significantly
improved HV performance after irradiation,
while it had only a small effect on the total
strip capacitance. The HPK prototype sensors
all had over-metallised readout strips.

3.1.2 Characterisation
of SPA Sensors

A drawing of the corner of a prototype sen-
sor from SPA Detector is shown in Figure 3.1.
It shows details such as the fifteen-ring guard
ring structure, the bias ring, polysilicon bias
resistors, and DC- and AC-contact pads.

Figure 3.1: Drawing of a corner of a SPA pro-
totype sensor.

Laboratory measurements on these sensors
are summarised in [19] and [20]. Measure-
ments of total strip capacitances as function

1This was the foreseen ladder length at the time
these sensors were designed.
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3.1. SILICON SENSORS 17

Table 3.1: Technology specifications for SPA and HPK prototype sensors.

Prototype SPA HPK

Wafer size 4” 6”

Wafer thickness 300µm (320±20)µm

Bulk material n type, oxygenated n type

Bulk resistivity (3-8) kΩ·cm

Crystal orientation < 100 >

Implant p+ type

Bias resistors (1.5±0.5) MΩ, polysilicon

Readout coupling AC, SiO2 / Si3N4 multilayer

Coupling capacitance > 100 pF/cm > 125 pF/mm2

Table 3.2: Sensor geometry for SPA prototype sensors.

Overall dimensions 68.7 mm × 17.36 mm

Active area 66.7 mm × 15.36 mm

strip pitch implant width metal width
region strip no.

[µm] [µm] [µm]
w/p

A 1-21 240 48 46 (56) 0.20

B 22-42 240 60 58 (68) 0.25

C 43-64 240 72 70 (80) 0.30

Table 3.3: Sensor geometry for HPK prototype sensors.

Overall dimensions 110 mm × 78 mm

Active area 108 mm × 76 mm

strip pitch implant width metal width
region strip no.

[µm] [µm] [µm]
w/p

A 1- 64 198 50 58 0.252

B 65-128 198 60 68 0.303

C 129-192 198 70 78 0.354

D 193-272 237.5 70 78 0.295

E 273-352 237.5 85 93 0.358
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18 CHAPTER 3. SUMMARY OF R&D AND PROTOTYPING

of bias voltage (CV-curves) demonstrated that
the sensors fully deplete at 50-70 V, as ex-
pected for 300µm thick sensors. However,
all delivered sensors exhibited low breakdown
voltages of 100-120 V. As an example, Fig-
ure 3.2 shows the measured leakage current as
function of bias voltage (IV-curve) for one of
the sensors.
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Figure 3.2: IV-curve for SPA prototype sensor.

w / p

ca
pa

ci
ta

nc
e 

[p
F

/c
m

]

Ctot
�  = 1.15 + 1.51 * w / p

1.2

1.3

1.4

1.5

1.6

1.7

1.8

0.1
�

0.2
�

0.3
�

0.4
�

Figure 3.3: Total specific strip capacitances
vs. w/p, for over-metallised SPA prototype
sensors at 75 V bias voltage. Different symbols
refer to different tested sensors.

Total strip capacitances for fully depleted
sensors were measured separately for each of
the six strip geometries. Measured specific ca-
pacitances (per cm strip length) are shown as
function of w/p in Figure 3.3, for sensors with
over-metallised readout strips. A linear fit to
all data points yields the relation

Ctot = (1.15 + 1.51× w/p) pF / cm

for sensors with over-metallised readout strips,
and similarly

Ctot = (1.01 + 1.55× w/p) pF / cm

for sensors without over-metallisation.
Sensors were also connected to a HELIX [21]

readout chip and tested with a 1083 nm in-
frared laser. The laser beam had a spot size
of 7µm and was scanned in steps of 10µm
across the inter-strip gap in between two read-
out strips. For every point, the charge col-
lected on each of the two strips was recorded.
The fraction of charge collected on the right
readout strip is shown in Figure 3.4 as func-
tion of the laser position. Figure 3.5 shows the
signal on the right strip versus the signal on
the left strip. These measurements were per-
formed at a bias voltage of 80 V and indicate a
sizeable charge loss in the region in between the
strips. If charge collection were perfect every-
where, the measured points should lie on the
indicated line in Figure 3.5. This phenomenon
was further investigated in subsequent beam
tests and will be discussed in detail in Sec-
tion 3.3.
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Figure 3.4: Fraction of charge collected on the
right readout strip as function of laser position,
at 80 V bias voltage.

3.1.3 Characterisation
of HPK Sensors

A photograph of a corner of a prototype sen-
sor produced by HPK Hamamatsu is shown in
Figure 3.6. Details such as the single guard
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Figure 3.5: Signal on the right strip versus sig-
nal on the left strip, at 80 V bias voltage.

Figure 3.6: Photograph of one corner of an
HPK prototype sensor.

ring, bias ring, polysilicon bias resistors, and
DC- and AC-contact pads can be seen.

Results from the characterisation of these
sensors are summarised in [22]. IV- and CV-
curves were measured for all 15 delivered pro-
totype sensors. IV-curves where measured up
to 300 V, except for one sensor that exhibited a
breakdown at 280 V. The measured IV-curves
are shown in Figure 3.7. Leakage currents at
300 V were below 500 nA for many, and below
2µA for all sensors. A sub-sample of the sen-
sors were also tested up to 500 V and none of
these showed signs of breakdown.

CV-curves were measured separately for
each strip-geometry region. A plot of the
measured total specific strip capacitances as
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Figure 3.7: IV-curves for HPK prototype sen-
sors. Different symbols refer to different tested
detectors.
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Figure 3.8: Total specific strip capacitances
vs. w/p at 80 V depletion voltage. Different
symbols refer to different tested detectors.

function of w/p for fully depleted detectors
is shown in Figure 3.8. As was the case for
the first-generation prototype sensors, the to-
tal strip capacitance increases with increasing
w/p for any given sensor but a large spread
of absolute values is observed between differ-
ent sensors. A linear fit to all measurements
yields

Ctot = (1.02 + 1.66× w/p) pF / cm,

which is compatible with previous measure-
ments.

Using an automatic probe station, a strip-
by-strip scan of AC coupling capacitances was
performed on a subset of sensors. An example
of such a scan is shown in Figure 3.9. The four
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Figure 3.10: Metrological measurements on HPK prototype sensor: nominal and measured
position of dicing line as function of position along the edge of the sensor (left) and measured
profile of sensor with parabolic fit (right).
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Figure 3.9: AC coupling capacitance as func-
tion of strip number.

regions of different strip width (note that strip
regions C and D have the same implant width)
are clearly visible, as are two “bad” strips with
anomalous values of the coupling capacitance.
These were found to be due to pinholes in the
oxides.

Metrological measurements were performed
in order to determine the warp of sensors and
the precision of the dicing edge. The latter
is of importance for the proposed ladder as-
sembly procedure (see Section 5.2), that re-
lies on the dicing edge for the positioning of
the sensors on the ladder. The left-hand plot
in Figure 3.10 shows the measured position of
the sensor edge for one of four tested sensors.

The edge was measured to be parallel with re-
spect to the nominal dicing line to better than
±4µm. The average deviation from the dic-
ing line was smaller than ±3.5µm for all four
sensors.

The measured profile of a sensor is shown
in the right-hand plot in Figure 3.10, together
with a parabolic fit of the form

z = A+B · x+ C · y +D · x2 + E · y2.

All four tested sensors show a systematic warp,
the fit giving values of (2.2−2.9)×10−5 mm−1

for the parameters D and E. Given the al-
most perpendicular incidence of particles in
LHCb, the measured overall sensor warps be-
tween ±40µm and ±50µm will not contribute
significantly to the spatial resolution of the de-
tector. They have, however, to be taken into
account in the assembly procedure, in order to
ensure good thermal contact of the sensor to
the ladder support.

3.2 Front-End Chip and Hy-
brid

Since no existing front-end readout chip ful-
filled the special requirements of the LHCb
trigger and readout scheme, a radiation hard
readout chip in 0.25µm CMOS technology,
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3.2. FRONT-END CHIP AND HYBRID 21

called Beetle [13], is being custom developed
for the Inner Tracker and the VELO. It is a
further development of the HELIX chip [21]
that is used extensively in the HERA experi-
ments.

Like its predecessor, it integrates 128 input
channels and is based upon the RD20 front-end
architecture [23]. Each channel contains a low-
noise charge sensitive preamplifier, followed by
an active adjustable CR-RC pulse shaper, a
160 cell deep analog pipeline and a 16-cell deep
derandomizer buffer for triggered events. Out-
put signals are transmitted 32-fold multiplexed
to four output ports. The chip operates at a
sampling rate of 40 MHz. The design of the
Beetle chip will be described in more detail in
Section 5.4.

The development of the Beetle chip started
in late 1998. A first prototype of the complete
readout chip, the Beetle 1.0, was submitted
in April 2000. An error in the layout of the
control circuitry of the chip prevented its pro-
gramming. Using a focused ion beam, a patch
could be applied to a small number of chips
that could then be used for further debugging.

An improved version of the complete chip,
the Beetle 1.1, was submitted in March 2001.
It contained a number of bug fixes and is fully
functional. However, it does not yet contain
SEU resistant digital circuits and its front-end
is not yet fully optimised for the large input
capacitances of the Inner Tracker. The Bee-
tle 1.1 was tested extensively in the laboratory
and submitted to a total ionising dose irra-
diation up to 45 Mrad. These measurements
are described below. Several Beetle 1.1 chips
were also connected to Inner Tracker prototype
sensors and operated successfully during two
test-beams at the CERN–X7 facility in Oc-
tober 2001 and in May 2002. Details about
the test-beam measurements are given in Sec-
tion 3.3.

Several test chips [24] without full func-
tionality were submitted in May 2001. The
BeetleSR 1.0 chip was developed to test SEU
resistant digital circuits. The BeetleFE 1.1 and
BeetleFE 1.2 chips contain a total of twelve
different front-end designs using NMOS and

PMOS input and feedback transistors. Exten-
sive tests on these chips were performed in or-
der to identify an optimal front-end design for
the final chip. These tests are described below.

The latest version of the complete read-
out chip, the Beetle 1.2, was submitted in
April 2002 and received back in August 2002.
It contains SEU-resistant digital circuits, the
improved front-end design, and a fully differ-
ential output driver. The chip is functional
and is currently undergoing an extensive test
program.

3.2.1 Beetle 1.1 Performance

128 channels on one port

Figure 3.11: Screen shot of Beetle output.

A screen shot of the Beetle output for one
readout cycle is shown in Figure 3.11. For
this measurement, all 128 input channels were
multiplexed into a single output port. The
readout sequence starts with an eight-bit en-
coded pipeline column number, followed by the
128 analog data samples. Signal pulses corre-
sponding to a charge of 22500 e− were coupled
into seven single and two groups of two adja-
cent input channels.

In a long-term performance test, Beetle 1.1
chips correctly processed 1012 random triggers,
for effective trigger rates between 100 kHz and
1.2 MHz. No triggers were lost.

One problem found with the Beetle 1.1 chip
was a worse than expected performance of the
front-end amplifier. The measured peaking
time (0-100%), peak amplitude, and remainder
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of the signal amplitude 25 ns after the max-
imum, i.e. at the time of the next following
signal sampling, are shown in Table 3.4, for
identical front-ends implemented on one of the
BeetleFE test chips and on the complete Bee-
tle 1.1 chip. The worse performance on the
Beetle 1.1 chip was found to be due to a weak
bias current source. This feature has been cor-
rected on the Beetle 1.2 chip.

Table 3.4: Measured signal shape parameters
for identical front-ends implemented on the
Beetle 1.1 chip and on a BeetleFE test chip.

Beetle 1.1 BeetleFE 1.1

peaking time 29.2 ns 17.5 ns

remainder 32.6 % 28.7 %

Another limitation of the Beetle 1.1 chip was
a too large feedback resistor that caused the
preamplifier to saturate for high input signal
rates. This has also been fixed on the Bee-
tle 1.2 chip.

The noise performance of the Beetle 1.1 chip
was measured for load capacitances of up to
40 pF. A linear fit to the measurements yielded
for the equivalent noise current (ENC):

ENC = 871 e− + 41.5 e− × C [ pF ]

3.2.2 Radiation Hardness

Four Beetle 1.1 chips were submitted to a total
ionizing dose irradiation at the X-ray facility of
the CERN micro-electronics group in October
2001. A photograph of the setup is shown in
Figure 3.12. The chips were powered, triggered
and read out during the irradiation. After ir-
radiation, two of the chips were kept at room
temperature, the other two were annealed at
100◦C. No difference was observed in the per-
formance of these two samples.

The chips were tested up to a total dose
of 45 Mrad. They still showed full trigger,
readout and slow-control functionality, and
only a small degradation of the analog perfor-
mance was observed. Measured signal shapes,

Figure 3.12: Photograph of the total ionizing
dose irradiation setup.

for a load capacitance of 3 pF and an input
pulse corresponding to 22500 e−, are shown in
Figure 3.13 for different accumulated doses.
In Figure 3.14, the signal amplitude, peak-
ing time, and signal remainder after 25 ns are
shown as function of the accumulated dose and
for different load capacitances. Overall, no sig-
nificant deterioration of the signal shape is ob-
served up to a dose of 30 Mrad.
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Figure 3.13: Measured Beetle 1.1 signal shape
after different irradiation doses, for a load ca-
pacitance of 3 pF.

Simulation studies of radiation levels in the
LHCb experiment are described in Section 4.4.
They have shown that an ionizing dose of up
to 1 MRad can be expected at the position of
the front-end chips after 10 years of LHCb op-
eration at nominal luminosity. Even applying
large safety factors, the Beetle chip will thus
survive the full lifetime of the experiment.
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Figure 3.14: Measured Beetle 1.1 signal amplitude (left), peaking time (middle) and signal
remainder after 25 ns (right), as function of irradiation dose and for different load capacitances.
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Figure 3.15: Measured signal shape, rise time and signal remainder after 25 ns for the selected
front-end for the Beetle 1.2 chip. These measurements were performed on the BeetleFE test
chip, at the operation point described in the text.

3.2.3 BeetleFE Tests

The different front-ends implemented in the
two BeetleFE test chips are described in detail
in [24]. They differ in the technology and size
of the employed input transistor, the technol-
ogy of the feedback transistor and the size of
the shaper feedback capacitor. The test chips
were studied in detail in three independent lab-
oratory setups at NIKHEF, in Heidelberg and
in Zürich. Complementary methods were em-
ployed to determine the signal shape and noise
performance of the front-ends, for input capac-
itances of up to 50 pF.

All three groups found compatible results,
and based upon these measurements a front-
end for the Beetle 1.2 chip was selected. For a
certain setting of operating parameters2, a rise
time (10-90%) of below 13 ns and a signal re-
mainder of less than 35% after 25 ns were mea-
sured for this front-end, for load capacitances
up to 30 pF. The results of these measurements
are shown in Figure 3.15.

2Ipre = 600µA, Isha = 80µA, Ibuf = 80µA, Vfp =
0 V, Vfs = 0 V,

Measurements of the equivalent noise cur-
rent (ENC) for the same operating point are
shown in Figure 3.16. The agreement amongst
the three measurements is excellent. Their re-
sults can be averaged to

ENC = 450 e− + 47 e− × C [ pF ]

Adjusting the operating point, the noise per-
formance can be improved further, albeit at
the cost of a slightly slower signal shape. This
is demonstrated in Figure 3.17, where the mea-
sured noise for a load capacitance of 37 pF is
shown as function of the signal remainder after
25 ns.

The selected front-end has been imple-
mented in the Beetle 1.2 chip. First measure-
ments on the signal shape and noise perfor-
mance of the full Beetle 1.2 chip confirm the
results [25] that have been measured on the
BeetleFE test chip.

3.2.4 Front-End Hybrid

A prototype hybrid carrying three Beetle 1.1
chips has been designed and produced as a so-
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Figure 3.18: Layout of front-end hybrid.
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Figure 3.16: Measured noise performance as
function of load capacitance for the selected
front-end for the Beetle 1.2 chip. These mea-
surements were performed on the BeetleFE
test chip, at the operation point described in
the text.

called flex-circuit Multi-Chip Module (MCM),
using standard PCB manufacturing techniques
on polyimide.

The layout of the hybrid and technical de-
tails are described in [26]. Four copper layers
are used to implement traces for analog and
digital signals (two top-most layers) and sepa-
rate power planes for analog and digital power
(two lower layers). The routing was optimised
to separate analog lines as much as possible
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Figure 3.17: Noise performance as function of
the signal remainder after 25 ns for the selected
front-end for the Beetle 1.2 chip. These mea-
surements were performed on the BeetleFE
test chip and a load capacitance of 37 pF. Error
bars take into account an overall uncertainty
on the noise determination.

from digital control lines. Beetle chips are
glued to the top layer using a conductive epoxy
glue and are connected via 25µm aluminium
wire bonds. Passive components are all SMD
and soldered to the top layer. The hybrid inte-
grates connections for the detector bias voltage
and return current, including a π filter for the
sensor bias voltage. Space for a PT100 thermal
sensor is foreseen in order to allow monitoring
of the temperature on the hybrid.
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The hybrid extends into two separate two-
layer tails, for analog and digital signals, re-
spectively. The ends of these tails are layed
out to fit flexible-printed circuit zero insertion
force (ZIF) connectors. In the final detector,
this tail will connect directly to the patch panel
on the cover plate of the detector box, as de-
scribed in Section 2.3.

The prototype hybrid was employed success-
fully to read out the Inner Tracker prototype
ladders during the May 2002 beam test.

3.3 Test-Beam Results

In this section, the results from two beam tests
are summarised. The first beam test was car-
ried out at the CERN T7 test-beam facility in
May 2001, using a beam of 9 GeV pions. Mea-
surements were performed on silicon ladders
of SPA prototype sensors connected to HELIX
readout chips [21]. The second beam test was
performed on silicon ladders of HPK prototype
sensors, connected to Beetle 1.1 chips. It was
carried out at the CERN X7 test-beam facility
in May 2002, using a beam of 120 GeV pions.

In the following, the two beam tests will be
referred to as “SPA/Helix” and “HPK/Beetle”
test-beams, respectively.

In both beam tests, the setup comprised
a beam telescope consisting of two pairs of
double-sided silicon strip detectors of the
HERA-B vertex detector [27], placed upstream
and downstream of the prototype ladders. The
single-hit resolution of the beam-telescope sen-
sors was measured to be 14µm and allowed a
determination of the particle impact point in
the prototype ladders to a precision of better
than 20µm. Data from the beam telescope
and from the Inner Tracker prototype ladders
were digitised and written to disk using a data
acquisition system provided by the HERA-B
vertex group.

Detailed descriptions of the analyses and re-
sults from these beam tests are given in [28]
and [29].

3.3.1 SPA/Helix Test-Beam

A photograph of the setup in the T7 test-beam
area is shown in Figure 3.19. The beam tele-
scope detectors as well as the two installed
prototype ladders can be seen. One proto-
type ladder consisted of a single SPA silicon
sensor, the second ladder was assembled from
three sensors that were bonded in series to give
an effective readout strip length of 20 cm. In
the following, the two ladders will be referred
to as the “short” and the “long” ladder, re-
spectively. The sensors were glued on G10
frames that had cutouts underneath the sen-
sors in order to minimise multiple scattering.
The ladders were mounted on copper blocks
that were cooled with water to remove the heat
generated by the Helix front-end chips. For
data taking, the complete setup was enclosed
in a common light-tight, electrically insulating
housing.

Figure 3.19: Photograph of test-beam setup at
T7.

Data were taken with two different operat-
ing points of the HELIX front-end amplifiers,
corresponding to signal shaping times of ap-
proximately 150 ns (“slow” shaping) and 70 ns
(“fast” shaping) FWHM, respectively. The
latter was the fastest signal shape obtainable
with the HELIX chip and is approximately a
factor of two slower than operation at LHCb
requires. However, the most relevant parame-
ter for this study is the noise performance of
the chip, and the noise performance of the HE-
LIX is quite similar to that of the Beetle.
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Trigger delay scans were performed in or-
der to determine the optimal HELIX sampling
time for further data taking. The delay be-
tween the sampling time and the trigger sig-
nal was varied, and the most probable cluster
charge signal was determined for each of the
delay settings. The results of the delay scans
for fast shaping are shown in Figure 3.20 and
reflect the signal shape of the HELIX chip.
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Figure 3.20: Most probable cluster charge as
function of trigger delay. These results were
measured for fast shaping in the SPA/Helix
test-beam.

The employed reconstruction algorithms for
pedestal and common-mode subtraction and
clustering are described in [28]. The distribu-
tion of reconstructed cluster sizes is shown in
Figure 3.21. As could be expected from the
strip geometry, most clusters consist of one or
two strips.
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Figure 3.21: Cluster-size distribution for the
short ladder in the SPA/Helix test-beam.

The spatial resolution of the prototype lad-
ders was determined from the distribution of
residuals of reconstructed hit coordinates with

respect to predicted track positions from the
beam telescope. For multiple-strip clusters, hit
coordinates were reconstructed as the charge-
weighted average of strip coordinates, for one-
strip clusters the strip coordinate was used.
The residual distribution is shown in Fig-
ure 3.22. A fit with a single Gaussian gives
a one-sigma resolution of 0.196 strip pitches or
47µm. This is well within the LHCb require-
ment of 70µm single-hit resolution.
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Figure 3.22: Hit residual distribution for the
short ladder in the SPA/Helix test-beam.

In Figure 3.23, signal-to-noise (S/N) distri-
butions for the short ladder and fast shaping
are shown separately for one-strip and two-
strip clusters. For multiple-strip clusters, the
signal was determined adding the charges of
all strips, whereas noise values were added in
quadrature and normalised to the number of
strips, i.e.

S /N =
∑

Si

/√
1/n

∑
N2
i .

Since correlated strip noise is removed in the
common-mode subtraction algorithm, signal-
to-noise distributions should be identical for
all cluster sizes if perfect charge collection is
assumed. However, the measured distributions
show a significant shift towards lower S/N val-
ues for two-strip clusters compared to one-strip
clusters. The two distributions were each fitted
with a Landau function folded with a Gaus-
sian. The fits yielded most probable S/N val-
ues of 17.4 for one-strip clusters and of 15.0 for
two-strip clusters, respectively.

Due to the charge sharing properties, two-
strip clusters occur mainly for particles that
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Figure 3.24: Hit efficiency as function of track position in the inter-strip gap, for the different
w/p regions. These results were measured for the long ladder in the SPA/Helix test-beam. Filled
circles are for fast shaping, open squares for slow shaping.
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Figure 3.25: Hit efficiency as function of track position in the inter-strip gap, for the w/p = 0.2
region and for bias voltages of 80 V, 90 V, and 100 V. These results were measured for slow
shaping on the long ladder in the SPA/Helix test-beam.
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Figure 3.23: S/N distributions for 1-strip clus-
ters and 2-strip clusters for fast shaping and
90 V bias voltage. These results were mea-
sured for the short ladder in the SPA/Helix
test-beam.

pass in the central region in between two strips,
whereas one-strip clusters occur mainly for
particles that pass close to a read-out strip.
The observation of lower signals for two-strip
clusters thus indicates a charge loss in the
inter-strip region, confirming the earlier obser-

vation of such an effect in the laboratory tests
described in Section 3.1.

As expected, significantly worse S/N values
were measured for the long ladder, the larger
load capacitances leading to higher preampli-
fier noise. Here as well, a clear deterioration of
S/N was observed in the inter-strip region: for
fast shaping and 90 V bias voltage, most prob-
able S/N values of 9.0 and 6.9 were found for
tracks close to a strip and in the inter-strip gap,
respectively. For the long ladder, S/N values
in the inter-strip gap became so low that par-
ticle detection efficiency was affected. This is
demonstrated in Figures 3.24 and 3.25, where
reconstructed hit efficiencies for the long lad-
der are plotted versus the extrapolated track
position in the inter-strip gap.

In Figure 3.24, the effect is shown for the dif-
ferent w/p regions on the long ladder, at a bias
voltage of 90 V and for fast and slow shaping.
In Figure 3.25, it is shown for different bias
voltages in the w/p = 0.2 region on the long
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ladder and for slow shaping. Unfortunately,
no data with fast shaping were collected dur-
ing the bias voltage scan.

An efficiency loss of up to 15% in the inter-
strip region was observed for w/p = 0.2 and
fast shaping at 90 V depletion voltage. The ef-
ficiency loss was significantly reduced for slow
shaping, and decreased with increasing bias
voltage and with increasing w/p. Although
preamplifier noise is known to grow with in-
creasing w/p because of higher load capac-
itances, the improved charge collection effi-
ciency in the inter-strip gap leads to an overall
improvement of S/N and efficiency in this re-
gion.

In summary, the tests showed that for wide-
pitch sensors and fast signal shaping, a signifi-
cant charge loss occurs in the inter-strip region.
This effect was observed both for the short and
the long ladder. For the 20 cm long ladder,
S/N values in the inter-strip region became so
low that the hit efficiency was affected.

Unfortunately, the low breakdown voltage of
the employed SPA prototype sensors did not
allow to investigate to which extent the loss
of charge-collection efficiency would be sup-
pressed at more significant over-biasing.

The problem was further investigated in the
second beam test, described below, using HPK
prototype sensors and the Beetle 1.1 readout
chip.

3.3.2 HPK/Beetle Test-Beam

Photographs of the setup in the X7 test-beam
area are shown in Figure 3.26. Prototype lad-
ders and beam telescope detectors were in-
stalled in three separate light-tight, electri-
cally insulating boxes, as shown in the left-
hand photograph. The right-hand photograph
shows the two prototype silicon ladders. One
ladder used a single HPK prototype sensor,
the other was assembled from two sensors3.
The sensors were mounted on G10 frames that
had cutouts underneath the sensors in order to

3One-sensor ladders will be employed in the
top/bottom boxes, two-sensor ladders in the left/right
boxes of the final detector.

minimise multiple scattering. Each ladder was
read out by three Beetle 1.1 front-end chips
that were mounted on the prototype hybrids
described in Section 3.2. A pitch adaptor pro-
duced in a thin-film technique on a ceramic
substrate was used to match the readout strip
pitch of the prototype sensors to the input pad
pitch of the Beetle chips. The ladders were
mounted on to copper blocks that were cooled
with water to remove the heat generated by
the front-end chips.

In the following, results will be discussed
only for the “long” two-sensor ladder, since
the 22 cm long readout strips pose the more
demanding challenge for signal-to-noise and ef-
ficiency performance. A complete description
of the beam test, including results from the
“short” one-sensor ladder, is given in [29].

Results are shown for three different regions
of strip geometry: region C has a strip pitch of
198µm and an implant width of 70µm, regions
D and E both have a strip pitch of 237.5µm
and implant widths of 70µm and 85µm, re-
spectively.

Data were taken with two different operat-
ing points of the Beetle 1.1 front-end ampli-
fiers, corresponding to signal shaping times of
approximately 35 ns (“fast” shaping) and 70 ns
(“slow” shaping) FWHM, respectively. As de-
scribed in Section 3.2, the slower shaping time
gives a better noise performance of the readout
chip.

Trigger delay scans were performed in order
to determine the optimal Beetle sampling time
for further data taking. The delay between the
sampling time and the trigger signal was var-
ied, and the most probable cluster charge sig-
nal was determined for each of the delay set-
tings. The results of the delay scans for fast
shaping are shown in Figure 3.27. They reflect
the signal shape of the Beetle 1.1 front-end.

Charge sharing between neighbouring strips
is illustrated in Figure 3.28 for strip geometry
regions C and E. The fraction of the generated
charge that is collected on the right readout
strip is plotted as function of the track position
in between two neighbouring readout strips.

The residual distribution of reconstructed
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Figure 3.26: Photographs of the test-beam setup at X7.
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Figure 3.27: Most probable cluster charge as
function of trigger delay, measured for fast
shaping in the HPK/Beetle test-beam.

hit coordinates with respect to predicted track
positions from the beam telescope is shown in
Figure 3.29 for strip geometry region C. For
multiple-strip clusters, hit coordinates were
reconstructed as the charge-weighted average
of strip coordinates, for one-strip clusters the
strip coordinate was used. A fit with a single
Gaussian gives a one-sigma resolution of 0.23
strip pitches, corresponding to 46µm.

Measured signal amplitude distributions for
strip geometry region C and a bias voltage of
90 V are shown in Figure 3.30. Distributions
are shown separately for tracks close to the
centre of a readout strip (“tracks on strip”)
and for tracks extrapolating to the region in
between two readout strips (“tracks between
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Figure 3.28: Fraction of charge collected on
the left readout strip as function of track po-
sition between neighbouring strips, measured
for the two-sensor ladder in the HPK/Beetle
test-beam.

strips”). In both cases, the pedestal- and
baseline-subtracted signals from the four clos-
est strips to the track were summed. Doing
this ensures that the full deposited charge is
included in the signal distribution and avoids
possible bias from clustering algorithms.

The measured distributions were each fit-
ted with a Landau function convolved with a
Gaussian. For tracks on strip, the fit gives a
value of 15.7 ADC counts for the most prob-
able signal amplitude. With a measured per-
strip noise of 1.43 ADC counts, this translates
to a S/N -value of approximately eleven. This
result is in good agreement with the expected
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Figure 3.30: Measured signal distributions for tracks passing on top of a readout strip (left)
and in between two readout strips (right). These results were measured for region C on the
two-sensor ladder in the HPK/Beetle test-beam.
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Figure 3.29: Hit residual distribution for strip
geometry region C on the two-sensor ladder in
the HPK/Beetle test-beam.

S/N -value calculated for 120 GeV pions gen-
erating a charge of 25600 e− in 320µm of sili-
con [30, 31], combined with the measured to-
tal strip capacitance of 34.4 pF of the test lad-
der and the measured noise performance of the
Beetle 1.1 readout chip (see section 3.2).

The observed signal amplitude distribution
for tracks between strips is shifted towards
lower values, the most probable signal being
approximately 13.1 ADC counts. This obser-
vation is consistent with earlier results and
confirms that a significant charge loss occurs
in the central region in between two strips.

The Gaussian contribution to the width of
the signal distribution includes effects from
atomic binding effects in silicon, preampli-

fier noise, digitisation noise and channel-to-
channel gain variations. Estimates of these
effects are given in [29]. They result in an
expected one-sigma width for the Gaussian of
3.16 ADC counts, which is in good agreement
with the fitted values of 3.07 and 3.09 ADC
counts for the two data samples.

In order to determine the hit efficiency of
the prototype ladder, a clustering algorithm
was applied on the data. The algorithm is de-
scribed in [29]. Clustering cuts were adjusted
to give a noise hit rate of 0.1% per strip and
event.

Reconstructed hit efficiencies for strip geom-
etry region C and fast shaping are shown in
Figure 3.31, as function of the track position
in between strips and for bias voltages of 90 V
and 200 V. For tracks on strip, efficiencies close
to 99% are reconstructed for both bias volt-
ages, where the largest part of the observed
inefficiency is attributed to ghost tracks from
the beam telescope. In the central region in be-
tween strips, an additional efficiency loss of ap-
proximately 1.5% is observed at a bias voltage
of 90 V. This efficiency loss is reduced, but not
completely absent for a bias voltage of 200 V.

Reconstructed hit efficiencies as function of
the applied bias voltage and for fast shaping
are shown in Figure 3.32. Results are shown
for the three strip geometry regions C, D and
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Figure 3.31: Efficiency as function of track position in between strips, for bias voltages of 90 V
(left) and 200 V (right). These results were measured for fast shaping on the two-sensor ladder
in the HPK/Beetle test-beam.
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Figure 3.32: Efficiency as function of bias voltage, for tracks passing on top of a readout strip
(left) and in between two readout strips (right). These results were measured for fast shaping
on the two-sensor ladder in the HPK/Beetle test-beam.

E, and separately for tracks on strip and for
tracks in between strips.

For tracks on strip, efficiencies close to 99%
are reconstructed for all bias voltages and all
strip geometry regions. Again, the largest part
of the observed inefficiency is due to ghost
tracks from the beam telescope. The efficiency
loss in between strips is, however, much more
pronounced for regions D and E than it is
for region C. The efficiency loss in between
strips clearly increases for bias voltages below
100 V, which is consistent with results from the

SPA/Helix beam test. However, the efficiency
loss does not decrease any further for bias volt-
ages above 120 V.

The same distributions for slow shaping are
shown in Figure 3.33. As expected, the better
noise performance of the readout chip leads to
overall improved hit efficiencies. In between
strips, region C still shows a significantly bet-
ter performance compared to regions D and E.

In summary, hit efficiencies in excess of 99%
are found for particles passing close to a read-
out strip. The test-beam confirms the occur-
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Figure 3.33: Efficiency as function of bias voltage, for tracks passing on top of a readout strip
(left) and in between two readout strips (right). These results were measured for slow shaping
on the two-sensor ladder in the HPK/Beetle test-beam.

rence of a charge loss in the central region in
between strips. This charge loss does not de-
crease for bias voltages above 120 V. For a strip
pitch of 198µm, fast shaping, and bias voltages
above 120 V, an efficiency loss of the order of
1% is observed in the central region in between
readout strips. This efficiency loss is signif-
icantly more pronounced for the wider strip
pitch of 237.5µm.

In view of the significant charge loss that has
been observed in the inter-strip region for the
larger pitch of 237.5µm, it has been decided
to adopt a strip pitch of 198µm for the Inner
Tracker. The improved noise performance of
the front-end of the Beetle 1.2 chip (see Sec-
tion 3.2) is expected to add extra robustness
such that reliable operation of the detector is
ensured.

3.4 Station Mechanics

3.4.1 Detector Box

The layout of the detector box has been de-
scribed in Section 2.2. A prototype detector
box was assembled in order to test production
techniques and study the thermal properties of
the box.

The goals of the thermal measurements
were to determine the necessary wall thick-

ness for the box enclosure, to measure ther-
mal impedances in the cooling path between
cooling pipe and silicon ladder, and to demon-
strate that the desired ambient temperature of
below 5◦C can be reached inside the volume
of the detector box. Temperature probes were
distributed at various points inside and out-
side the prototype detector box and measure-
ments were performed for a variety of setups,
as function of temperature and mass flow of the
coolant and for different heat loads. For each
setting, the measured temperatures were com-
pared to an empirical cooling model and excel-
lent agreement was found, proving the consis-
tency of the measurements and the validity of
the model. These investigations are described
in detail in [32].

Setup The prototype box was constructed
according to a realistic design but did not yet
use the final materials for all components. The
cooling plate was machined from 1.5 mm thick
aluminium, according to the technical draw-
ing shown in Figure 3.34. It incorporated
all cutouts necessary to attach balconies and
route kapton readout tails from the silicon lad-
der to the patch panel at the top of the box.
A copper cooling pipe with an outer diameter
of 5 mm and a wall thickness of 0.3 mm was
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Figure 3.34: Isometric view of the prototype cooling plate. The cooling pipe, alignment fixtures,
and slits for routing of kapton tails are shown. The overall dimensions of the plate are 564 mm
×60 mm.

glued along the upper edge of the cooling plate.
C6F14, the prefered choice for the final system,
was used as a cooling agent. Up to twelve bal-
conies made from aluminium were attached to
the cooling plate. They were equipped with
kapton heater elements to simulate the power
dissipated by the Beetle front-end chips. Sil-
icon ladders were simulated by up to eight
400µm thin copper sheets that had the same
dimensions as the final ladder supports.

The box enclosure was assembled from 6 mm
thick sheets of a special class of polyurethane
(PUR) foams, called PIR, which is the pref-
ered material for the final detector box.
With thermal conductivities of λ = 0.02 −
0.025 W/(m K), PUR foams exhibit the best
thermal insulation of all considered materi-
als. Their structural properties are accept-
able and they have been tested for radiation
doses of up to 100 Mrad. Compared to or-
dinary PUR foams, PIR stands out for its
improved flammability resistance. The PIR
sheets were clad on both sides with a 100µm
thin Kevlar tape in order to improve their me-
chanical rigidity, and a 25µm thin aluminium
foil that provides electrical shielding and acts
as an additional vapour barrier. Along the
edges of the box, the sheets were bonded to-

gether using a special one-component PUR ad-
hesive. Using this technique, strong bonds
were achieved and heat leaks that conventional
epoxy bonding would entail could be avoided.
A photograph of the completed enclosure is
shown in Figure 3.35.

The box cover was constructed from a
carbon-fibre honeycomb sandwich plate. The
cooling plate was mounted onto this honey-
comb plate on seven polystyrene rods and an
additional insulation layer of 7-8 mm Rohacell
was inserted in between the honeycomb plate
and the cooling plate. A photograph of the
complete setup, including a number of bal-
conies and dummy silicon ladders attached to
the cooling plate, is shown in Figure 3.35.

Temperature probes were attached to each
of the installed balconies and dummy ladders,
to the cooling plate, to the inside and outside
walls of the box enclosure, and to the inlet and
outlet of the cooling pipe. Additional probes
were suspended inside and outside of the box
volume in order to measure the respective am-
bient temperatures.

Cooling Model Measurements were com-
pared to an empirical cooling model that as-
sumed free convection along the cooling plate
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Figure 3.35: Photograph of the box enclosure
and the test setup with cover plate, cooling
plate and several balconies and dummy silicon
ladders.

and the ladders, and along the inside and out-
side faces of the box enclosure.

The a priori unknown heat exchange pa-
rameters for free convection along these sur-
faces were adjusted to fit measured temper-
atures from a calibration run. The validity
of the model is demonstrated in Figure 3.36,
where measured and calculated ambient tem-
peratures inside the box are shown as function
of the inlet temperature of the coolant and for
two setups. One set of measurements was per-
formed for a setup in which no ladders were
mounted on the cooling plate, the other with
eight dummy ladders. The lower ambient tem-
perature obtained in the setup with eight lad-
ders clearly demonstrates that the ladders con-
tribute significantly to the cooling of the box.

Wall Thickness The minimum wall thick-
ness of the box enclosure is determined by two
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Figure 3.36: Calculated and measured ambi-
ent temperatures inside the box, as function of
coolant temperature.

conditions: the total heat flow into the volume
of the box must be acceptably small, and the
temperature on the outside of the wall must
be well above the dew point in the experiment
hall, in order to avoid condensation on the sur-
face of the box4.

The cooling model was used to calculate
these parameters as function of the wall thick-
ness, assuming a thermal conductivity of the
foam of 0.028 W/(m K) and an ambient tem-
perature of 0◦C inside the detector box.

The results of this calculation, as function of
the wall thickness, are shown in Figure 3.37.
For a wall thickness of 6 mm, the calcula-
tion gives a heat flow of approximately 30 W
through the complete surface of the enclosure.
This is acceptable compared to the expected
42 W of heat generated by the 84 Beetle front-
end readout chips inside each box. In total,
a heat load of 72 W has to be removed from
the detector box. A surface temperature of
16◦C was calculated for the outside of the wall,
which is above the expected dew point.

The calculation also showed that the wall
thickness can be reduced to 3 mm for the side
walls of the box. For this thickness, the outside

4During Delphi running, relative humidities between
30% and 65% were observed. For a temperature of 21◦C
this corresponds to a dew point between 3◦C and 14◦C.
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Figure 3.37: Calculated temperatures on inner
and outer surfaces of enclosure (top) and heat
flow through enclosure (bottom) as function of
wall thickness.

wall temperature is still above 14.5◦C and, due
to the small contribution of the side walls to
the overall surface of the box enclosure, the
total heat flow into the box is increased only
marginally, by approximately 2 W.

Thermal Impedances The thermal
impedance of the cooling plate was de-
termined from the temperature difference
between the measured cooling plate tempera-
ture and the temperature on the inside wall
of the cooling pipe. The latter was calculated
from the measured coolant temperature using
the equation of Dittus-Boelter [33] for turbu-
lent flow. The result of the measurement is
shown in Figure 3.38, as function of the total
heat load applied to the kapton heaters.

As expected, the temperature drop across
the cooling plate increases linearly with the
heat load, and a thermal impedance of
0.11 K/W is calculated. This translates into a
temperature drop of more than 8◦C for the to-
tal heat load of approximately 72 W expected
for a complete detector box. As this is not
satisfactory, an improved design of the cooling
plate is currently being investigated. An addi-
tional improvement is expected since the final
material for the cooling plate will have a better
thermal conductivity than the aluminium that
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Figure 3.38: Difference between measured
temperature of cooling plate and calculated
temperature of cooling pipe (left) and resulting
thermal impedance of cooling plate (right).

was employed in the prototype setup.

The thermal impedance of an aluminium
balcony was similarly determined from the dif-
ference between temperatures measured on the
balcony and on the cooling plate. A value
of 1.6 K/W was calculated, corresponding to
a temperature drop of approximately 2◦C for
a thermal load of 1.5 W from three Beetle
chips. This temperature drop is expected to
be smaller for the final balcony material, which
will have a better thermal conductivity than
aluminium.

Temperatures measured at three points
along a dummy ladder were compared to cal-
culated temperature profiles from a finite-
element analysis. Results for two different
cooling settings are shown in Figure 3.39.
The finite-element analysis was performed for
different values of the thermal conductivity
of the ladder, and the best agreement with
the measurements was found for a value of
300 W/(m K). This is in reasonable agreement
with the tabulated thermal conductivity of
394 W/(m K) for copper. A similar analysis
was applied to estimate the thermal conduc-
tivity of a prototype ladder support. These
investigations will be described below.
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Figure 3.40: Measured ambient temperature
inside the detector box as function of the inlet
temperature of the coolant.

Ambient Temperature In Figure 3.40, the
measured ambient temperature inside the de-
tector box is shown as a function of the inlet
temperature of the coolant, for a setup with
eight dummy ladders. A heat load of 48 W
was generated on the kapton heaters, which is
approximately 15% higher than the heat load
expected from the 84 Beetle chips in a fully
equipped detector box. As for all performed
measurements, excellent agreement with the
cooling model was found. Unfortunately, the
cooling system employed in this setup did not
allow to operate at coolant temperatures be-
low -10◦C, at which point the desired ambient
temperature of around 5◦C was just reached.
The measurements show an almost linear cor-
relation between coolant temperature and am-

bient temperature inside the box, and a sim-
ple extrapolation shows that in this setup an
ambient temperature of around 1-2◦C will be
reached for the inlet coolant temperature of
-15◦C that is foreseen for the final detector.

The final detector box will contain 28 lad-
ders instead of the 8 ladders employed in this
setup. The corresponding increase of cold sur-
face is expected to further lower the ambient
temperature in the box. The effect of the num-
ber of installed ladders and of the thermal con-
ductivity of the ladder supports on the ambient
temperature in the box was estimated in a cal-
culation that combined the cooling model and
the finite-element analysis of the ladder tem-
perature profile in an iterative procedure to de-
termine temperatures inside the box. Results
from this calculation, as function of the as-
sumed thermal conductivity of the ladders and
of the number of installed ladders, are shown
in Figure 3.41. An inlet coolant temperature
of -10◦C and a total heat load of 72 W were
assumed. The results show a continuous im-
provement with increasing number of ladders
and demonstrate that a thermal conductivity
of approximately 150 W/(m K) or better is de-
sirable for the ladder supports.
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Figure 3.41: Calculated ambient temperature
inside the detector box as function of the ther-
mal conductivity of the ladder supports and as
function of the installed number of ladders.

The measurements have also demonstrated
that the insulation layer that was inserted
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in between the cooling plate and the cover
plate efficiently shielded the upper part of the
box volume from the cold part containing the
cooling plate and ladders. For the volume
above this insulation layer, ambient temper-
atures above 15◦C were measured for all set-
tings. This greatly simplifies the design of ca-
ble feedthroughs through the cover plate.

In summary, the cooling properties of the
detector box have been studied in great de-
tail and are well described by a simple, phe-
nomenological cooling model. Extrapolating
the measured performance to the final setup,
we are confident that the desired ambient tem-
perature of below 5◦C inside the detector box
will be reached with the described design.

3.4.2 Ladder Supports

The layout of the silicon ladders has been de-
scribed in Section 2.3. Either one or two silicon
sensors are mounted onto a support shelf that
fulfils a two-fold function. It gives mechanical
rigidity to the ladder, and it provides the ther-
mal contact between silicon sensors and the
cold balcony.

The basic requirements on the support shelf
are an overall flatness of better than 50µm in
order to allow an accurate positioning of the
silicon sensors, and a thermal conductivity of
150 W/(m K) or better. The thermal studies
described above have shown that the support
shelves then efficiently contribute to the cool-
ing of the detector box volume.

A technical drawing of the end section of
a prototype ladder support is shown in Fig-
ure 3.42. Precisely machined alignment and
fixation holes guarantee the accurate position-
ing of the shelf on the balcony. A rectangular
cutout in the shelf allows to mount the readout
hybrid directly onto the balcony, thus avoiding
heat flow from the front-end hybrids to the sil-
icon sensors. Two 2 mm high wings along the
long sides of the support improve its bending
strength.

Several prototype support shelves have been
produced according to this drawing at the
company Composite Design in Echandens,

Switzerland. The production technique and
measurements of the thermal and mechanical
properties of these prototypes are described
in [34].

A carbon-fibre composite material consist-
ing of uni-directional Amoco K1100 carbon fi-
bres impregnated with a cyanate ester resin
was used as raw material for the production
of the supports. This material is commercially
available in sheets of 80-100µm thickness and
was selected for its excellent mechanical and
thermal properties. Along the direction of the
fibres, a thermal conductivity of 540 W/(m K)
and a Young’s modulus of 560 GPa are quoted
by the manufacturer.

However, a single sheet provides no stiff-
ness in the direction orthogonal to the fibres
and multi-layer structures with fibres running
along different orientations have to be formed
in order to obtain a rigid shelf.

The prototype ladder supports were assem-
bled from four layers, resulting in a total thick-
ness of the shelf of approximately 350µm. Fi-
bres were oriented along the length of the lad-
der in two layers, and orthogonal to that direc-
tion in the other two. Stiffness in the region of
the side wings was further improved by sheets
that had fibres oriented at ±45◦.

At the location of the alignment and fixa-
tion holes, thin plates of aluminium were glued
onto the shelf in order to allow the precision
machining of these features.

Thermal Tests In Figure 3.43, a photo-
graph is shown of the test setup that was used
to measure the thermal properties of the sup-
port shelf. The shelf was mounted onto an
aluminium balcony in the same way as in the
final setup. The balcony was mounted onto
a copper cooling block. Silicon sensors were
simulated by two 300µm thin glass plates of
the correct dimensions. Heat dissipation from
the front-end chips was simulated by kapton
heaters that were glued directly onto the bal-
cony. Temperature sensors were attached at
different positions on the support shelf and on
the balcony. In addition, the temperature of
the cooling block and the ambient tempera-
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Figure 3.42: Technical drawing of the end section of the prototype ladder support.

Figure 3.43: Photograph of test setup for ther-
mal measurements on the prototype ladder
supports.

ture inside the box were monitored. Measure-
ments were compared to a thermal model that
used a finite element method to calculate the
expected temperature profile along the ladder.
The model used an iterative procedure to solve
the heat transport equation for each cell ele-
ment, taking into account conductive and con-
vective heat transport.

Model calculations were performed for dif-
ferent assumed values of the thermal conduc-
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Figure 3.44: Measured (points) and calculated
(curves) temperatures on the ladder support.

tivity of the support shelf, and best agreement
with data was found for a value of approxi-
mately 200 W/(m·K). Measurements and cal-
culated temperature profiles for four different
ambient temperatures and a temperature of
-6◦C on the cooling block are shown in Fig-
ure 3.44.

LHCb Inner Tracker Technical Design Report — CERN/LHCC 2002-029



3.4. STATION MECHANICS 39

3.4.3 Balconies and Cooling Plate

An extensive R&D program has been launched
in order to identify appropriate low-mass mate-
rials for the construction of balconies and cool-
ing plate.

A technical drawing of a prototype balcony,
including the desired tolerances, is shown in
Figure 3.45, a drawing of the cooling plate was
shown in Figure 3.34.

The demands on material properties are very
similar for the two pieces. The material must
allow the precise machining of the alignment
and fixation features that are used to position
the silicon ladders. It has to provide suffi-
cient flexural strength and has to exhibit high
thermal conductivity in order to guarantee effi-
cient heat transfer between silicon ladders and
coolant. In addition, it should have a low elec-
tric resistance because the cooling plate will be
used to define the common ground for all lad-
ders in a detector box. For the cooling plate, a
high specific Young’s modulus E/ρ is desirable
to suppress vibrations that may be induced by
the turbulent flow of the coolant. Ideally, bal-
conies and cooling plate should be produced
from the same material since construction is
simplified if thermal expansion coefficients are
matched.

One of the major motivations for the R&D
program was to identify materials that com-
bine all these properties and have in addition
the longest possible radiation length and nu-
clear interaction length.

The R&D program is described in detail
in [35]. The characterisation of candidate ma-
terials included measurements of mechanical
and thermal properties. Prototype balconies
were machined from several of the tested ma-
terials.

Tested Materials For the prototype detec-
tor box described above, balconies and cooling
plate were machined from aluminium. This
material exhibits good thermal and mechanical
properties but has a relatively short radiation
length. Beryllium and aluminium/beryllium
alloys were considered as alternatives. They

have significantly larger radiation lengths but
are unattractive because beryllium is highly
toxic and so very restrictive safety require-
ments apply for the machining of these mate-
rials and lead to a very high production cost.

The R&D program focused on three classes
of materials: metal matrix composites (MMC),
graphitic foams and carbon-carbon composites
(C-C). A total of 14 different materials were
investigated.

Three different MMC samples were pro-
duced at EMPA Thun, Switzerland. They con-
sist of a magnesium metal matrix that was re-
inforced either with long continuous carbon fi-
bres (Cytec Thermalgraph 6000X), with short
fibres (Cytec DKDX), or with a graphitic foam
produced [36] at the Oak Ridge National Lab-
oratory (ORNL). The magnesium infiltration
was performed in a squeeze casting process,
at a temperature of 700◦C. Photographs of
three prototype balconies produced from the
three different MMC materials are shown in
Figure 3.46.

Several samples of graphitic foams of dif-
ferent densities were produced at ORNL. One
low-density sample was infiltrated with magne-
sium as described above, other samples were
carbon-vapour infiltrated (CVI) at ORNL.
Some samples were encapsulated in epoxy or
in a cyanate ester resin.

C-C composite samples were prepared by the
high-energy physics detector group at the In-
stitute for Nuclear Research in Cracow. The
group has considerable experience in the pro-
duction of C-C composites and has built sev-
eral prototype supports for ATLAS silicon
pixel detectors. For the study described here,
prototype plates were produced from a Toray
M55J carbon-fibre fabrics. This material does
not exhibit very high thermal conductivity but
is well suited for studies of mechanical proper-
ties of the produced C-C composite.

Mechanical Measurements In order to
assess the machinability of the different mate-
rials, prototype balconies were produced and
the quality of the precision holes and threads
was evaluated by optical inspection. MMC
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Figure 3.45: Isometric view and technical drawing of the prototype balcony.

Figure 3.46: Photographs of the three balconies produced from MMC material using graphitic
foam (left), short fibres (middle) and continuous fibres (right).

materials with long and short fibres showed the
best machinability. Low- and medium-density
graphitic foams were machinable only if encap-
sulated, but even then the quality of threads
and precision holes was poor. The very-high
density foams could be machined, but an ac-
ceptable precision was obtained only for the
sample encapsulated in epoxy. The machin-
ability of the C-C samples has not yet been
tested.

In addition to these tests, the Young’s mod-
ulus and tensile strength of standard-sized ma-
terial samples were determined at EMPA in
Dübendorf, Switzerland. The C-C samples
were characterised in Cracow. The best re-

sults were measured for the long-fibre MMC
sample, but the two C-C samples also exhibit
acceptable properties. The very-high den-
sity graphitic foam samples have not yet been
tested.

An overview of the measured mechanical
properties is given in Table 3.5 for those ma-
terial candidates that were machinable with at
least acceptable quality. A complete overview
of all tested material samples is included
in [35]. Aluminium and beryllium are shown
for comparison. Material properties for these
two materials were taken from literature.
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Figure 3.47: Photograph of the setup used to
measure thermal conductivities.

Thermal Measurements A test setup was
prepared to measure thermal conductivities di-
rectly on the produced prototype balconies.
A photograph of the setup is shown in Fig-
ure 3.47. The balcony was mounted onto a
copper cooling block in the same way in which
it will be mounted onto the cooling plate in
the final detector. Kapton heater elements
were glued onto the far end of balcony and
three temperature sensors allowed to measure
the temperature profile along the length of the
balcony. The complete setup was placed in a
thermally insulating box. Large temperature
differences between balcony and ambient were
avoided in order to minimise convective effects.

The principle of the measurement is illus-
trated in Figure 3.48 for the example of the
balcony from short-fibre MMC. Temperature
measurements were performed for up to ten
power settings between 0 W and 5 W, and the
temperature gradient ∆T/∆x was determined
for each setting. With Q/A = λ · ∆T/∆x
and A the known cross section of the balcony,
the thermal conductivity λ of the sample was
then determined from a linear fit to the mea-
sured temperature gradients as function of the
applied heat load Q. The validity of the de-
scribed procedure was tested on an aluminium
balcony. The measured thermal conductivity
of 177 W/(m K) is in excellent agreement with
values quoted in literature and reproduced in
Table 3.5.
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Figure 3.48: Measurement of thermal conduc-
tivity on the short-fibre MMC balcony: tem-
perature as function of position for different
power settings (upper plot) and temperature
gradients as function of power setting (lower
plot).

In addition to this series of measure-
ments, standard-sized material samples were
evaluated at the Fraunhofer Institute für
Keramische Technlogien und Sinterwerkstoffe
(FhGIKTS) in Dresden, Germany, using a cer-
tified comparative method. For all tested sam-
ples, results from the two measurements agree
within 10-15%.

Thermal conductivities of the C-C samples
were determined in Cracow, in a different
setup.

The results of the thermal measurements are
summarised in Table 3.5. It should be noted
that the very high thermal conductivity mea-
sured for the long-fibre MMC sample is valid
only along the direction of the fibres. Orthogo-
nal to the fibres, thermal conductivities as low
as 30 W/(m K) are expected. This is, how-
ever, no problem for the application in bal-
conies where heat flow is predominantly one-
directional. For C-C composites, higher ther-
mal conductivities should be possible if high
thermal conductive fibres are used as base ma-
terial.

Radiation Length The radiation length
and nuclear interaction length for all mate-
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rial candidates were calculated, using tabu-
lated values [37] for graphite, magnesium, air
and epoxy, and estimated weight fractions for
the different material samples. The results of
these calculations are listed in Table 3.5. Due
to the significant fraction of magnesium, MMC
samples have approximately a factor of two
shorter radiation length and interaction length
than graphitic foams and C-C composites.

Summary In an ongoing R&D program,
three low-mass materials have been identified
as possible candidates for the production of
balconies and cooling plate. Long-fibre mag-
nesium MMC (MgLF) gives excellent results
for thermal conductivity and Young’s modulus
along the direction of fibres and is a promising
candidate for the production of balconies and
cooling plate. Its radiation length is approxi-
mately a factor of two longer compared to alu-
minium. The other two promising materials
do not provide the mechanical qualities that
are required to make them candidates for both,
balconies and cooling plate. A mixed solution
may, however, be feasible. Another factor of
two could be gained in radiation length and in
interaction length. Very-high density graphitic
foam embedded in epoxy resin (ORNL 5a) ex-
hibits long radiation and interaction lengths
and a reasonably high thermal conductivity,
but its mechanical properties have to be inves-
tigated further. It may be a good candidate
for balconies but probably not for the cooling
plate. C-C composite materials are also very
interesting from the point of view of radiation
length and interaction length. The machinabil-
ity of these materials has to be tested. They
could be a good candidate for the cooling plate,
but probably not for the balconies that require
the machining of precise threads.

3.5 Readout Link

The layout of the readout link has been de-
scribed in Section 2.4. More details can be
found in [38]. Analog output data from the
Beetle readout chip are transmitted over a dis-

tance of approximately 5 m to a service box
located on the frames of the tracking station.
Here, they are digitised, multiplexed and fur-
ther transmitted via approximately 100 m long
12-fibre parallel optical links to the L1 elec-
tronics in the LHCb electronics hut.

This readout scheme requires that the fully
differential analog Beetle output signals are
transmitted over a distance of approximately
5 m across the sensitive surface of the Outer
Tracker. Detailed tests using realistic cables
will soon be performed on the Beetle 1.2 chip.

The R&D program has so far concentrated
mainly on the optical part of the link. Appro-
priate components have been identified and a
prototype link has been set up. A sketch of the
setup is shown in Figure 3.49.

GOL

4x 8 bits
@40 MHz
per GOL

TLK2501

VCSEL TX

VCSEL RX

16 bits
@80MHz
per TLK2501

FPGA

4x 8 bits
@40 MHz
per FPGA

12 GOLs 1 TX module

1 RX module 12 TLK 2501 12 FPGAs

100 m 12 fiber cable,
2 interfaces

TTCrx+
de-jitter PLL

XTAL
clock

Figure 3.49: Sketch of prototype readout link.

The output signals of a Beetle 1.1 chip were
digitised in an 8-bit Analog Devices AD9288
FADC chip running at 40 MHz. The digital
data were multiplexed by a CERN GOL chip,
and Paracer PR2000 parallel optical converters
were used to transmit the data over a 98 m long
optical cable. The link included two optical-
cable interfaces to simulate a possible instal-
lation in LHCb. The observed eye pattern
at the receiving end is shown in Figure 3.50.
The received data were then de-serialised on a
printed-circuit board that carried a Texas In-
struments TLK2501 demultiplexer, a low-jitter
crystal oscillator and a small FPGA.

For monitoring purposes, the data were fur-
ther fed into an 8-bit DAC running at 40 MHz
to restore the analog data. This allowed an
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Figure 3.50: Eye pattern at receiving end of
optical link.

easy comparison of input and output signals
on an oscilloscope. A screen shot of the Beetle
output for one readout cycle, before and after
transmission is shown in Figure 3.51.

Figure 3.51: Screen shot of Beetle output
signal, before (top curve) and after (bottom
curve) transmission over 98 m optical link.

A TTCvm unit provided the optical clock
source for the 40 MHz master clock. A TTCrm
mezzanine card equipped with a TTCrx 3.1
chip was used to decode the optical signal and
generate the 40 MHz clock. The resulting clock
jitter of 150 ps peak-to-peak was larger than
the input specification of the GOL chip, which
is 100 ps. This is a known incompatibility of
the TTC system and the GOL chip, for which
a radiation-hard solution is being developed
by the CERN microelectronics group. In this
setup, an external low phase noise PLL was
fitted to clean up the clock signal, resulting
in an acceptable clock jitter that was smaller
than 80 ps.

The readout link was operated stably over
a period of 7 days, and no errors were ob-
served. A proper bit-error test will be per-
formed soon.

3.6 Level-1 Electronics Board

The Level-1 electronics board receives digi-
tised data via the optical readout links. It
has to perform event synchronisation tests,
provide data buffering during the latency of
the Level-1 trigger, perform algorithms for
pedestal subtraction, common mode correc-
tion, zero-suppression and cluster finding, and
provide interfaces to the Level-1 trigger and
the data acquisition system.

The Level-1 electronics board is a common
development for the Inner Tracker and the
VELO. The requirements for the two sub-
detectors are very similar, except for the input
stage of the board since the VELO are plan-
ning to use analog data links and digitise data
on the Level-1 electronics board.

Several generations of prototype boards have
been developed and tested. The first proto-
type, called RB1, was a wire-wrap card oper-
ating at 10 MHz. The RB2 and RB3 prototype
boards are described in the following. The de-
sign of a full-size board, the RB4, is currently
under way.

3.6.1 RB2 Prototype Board

The RB2 [39] was the first prototype board op-
erating at 40 MHz. It could be equipped with
up to four input lines and contained many of
the Level-1 electronics features.

It was tested extensively [40] and used to
read out prototype silicon sensors in labora-
tory test setups and in test-beams. Crucial
features such as the interfaces to the TTC and
ECS systems and the data pre-processing for
the Level-1 trigger interface were tested suc-
cessfully.

A photograph of the board is shown in Fig-
ure 3.52. It consists of a 6U VME mother
board plus several interchangeable daughter
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3.6. LEVEL-1 ELECTRONICS BOARD 45

Figure 3.52: Photograph of RB2 prototype
board.

cards. Firstly, a TTCrx daughter board car-
ries a TTCrx chip that was used to decode
the 40 MHz system clock and receive trigger
commands. Secondly, a prototype experiment
control system (ECS) interface card, based
on a 68HC12D60 micro controller, allows re-
mote access to the board via serial interface or
CANbus. The on-board EPROMS storing the
FPGA configuration data can be programmed
via a JTAG interface, while an I2C interface
allows to download operating parameters for
TTCrx and DAC devices.

Finally, a Level-1 pre-processor (L1PP) in-
terface card [41] equipped with an Altera
APEX100K-2E FPGA working at 80 MHz, was
used to test fast zero-suppression algorithms
for the Level-1 trigger interface. The proto-
type card processes 128 channels, which is one
quarter of the final L1PP interface. Its perfor-
mance was tested on Monte-Carlo generated
data and on test-beam data. The measured
output of the FPGA agreed in all cases with
device simulation and the measured contribu-
tion of the algorithm to the Level-1 latency was
below 17µs.

3.6.2 RB3 Prototype Board

The RB3 prototype board can receive data
from up to 16 input channels and contains the
full functionality of the final Level-1 electronics

(1) (2)

(3)

(4) (5)
Data channel

ECS

TFC L1T

DAQ

Figure 3.53: Block diagram of RB3 prototype
board. Labels are explained in the text.

board. Its specifications are layed out in [42].
The board has been produced and testing is
under way.

The RB3 is implemented as a standard-size
9U VME module, although the VME back-
plane is not used. Some functional blocks of
the board, for example the link receivers and
the Level-1 buffer, are implemented on daugh-
ter cards such that different implementations
of these blocks can be easily tested during the
prototyping phase.

A block diagram of the board is shown in
Figure 3.53. The board is composed of four
identical data channels that each process data
from four input links. Each of these data chan-
nel consists of a link receiver (1), a synchroni-
sation logic (2), a preprocessor for the Level-1
trigger (3), a Level-1 buffer (4) and a data pro-
cessor for the DAQ system (5).

The interfaces to the LHC timing and fast-
control system (TFC), the experiment control
system (ECS), the Level-1 Trigger (L1T) and
the data acquisition system (DAQ) are com-
mon for all data channels.

Most of the logic functionality of the board
is implemented in FPGAs. The FPGAs are
interfaced to the ECS controller to allow for
parameter setting, monitoring and testing.

A synchronisation FPGA receives input
from four data links, performs consistency
checks and formats the data for the Level-1
trigger preprocessor and the Level-1 buffer.

The Level-1 pre-processor FPGA receives
data input from two synchronisation FPGAs,
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i.e. from eight data links. It performs algo-
rithms for pedestal subtraction, channel mask-
ing, common-mode subtraction, hit detection
and cluster encoding, and transmits cluster in-
formation to the Level-1 trigger interface. The
trigger interface FPGA receives event frag-
ments from 8 pre-processor FPGAs and for-
mats them for transfer via an S-link transmit-
ter.

The Level-1 buffer, data preprocessor and
DAQ interface are implemented on a daughter
card. Several options for the Level-1 buffer are
under investigation, the choice of final imple-
mentation will be made after further prototype
tests. Data received from four synchronisation
FPGAs are stored during the Level-1 latency.
Upon a Level-1 trigger accept, the data are ex-
tracted from the buffer, zero-suppression and
cluster finding algorithms are performed, and
the data are formatted for transfer to the DAQ
via S-link.

Interfaces to the ECS and TFC systems use
LHCb standard solutions, as described in [43].
The interface to the TFC system is provided
by a TTCrx receiver chip, the ECS interface
by a Credit-Card PC (CC-PC). The ECS in-
terface provides read/write access to the inter-
nal registers of board components, and allows
configuration of the on-board FPGAs.
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Chapter 4

Simulation Studies

The Inner Tracker performance studies pre-
sented in this chapter are based upon simu-
lations using the LHCb simulation and recon-
struction packages, SICBMC and Brunel.

Proton-proton interactions at
√
s = 14 TeV

were generated using the PYTHIA (v6.1) event
generator [44]. A multiple parton-parton inter-
action model with varying impact parameter
and a running PT cutoff was used. Model pa-
rameters were tuned [45] to reproduce existing
low-energy data. Particle decays are simulated
using the QQ package [46] that relies, where
possible, on measured branching fractions.

The generated final-state particles are
followed through the LHCb detector in
the SICBMC program that is based upon
GEANT3 [47] and contains a detailed descrip-
tion of the detector geometry. Particle inter-
actions and energy loss in the material of the
detector are simulated and hit positions in the
sensitive detector elements are recorded.

A detailed simulation of the Inner Tracker
detector response and a hit clustering algo-
rithm are implemented in the LHCb event re-
construction application program (Brunel).

The implementation of the Inner Tracker ge-
ometry and the simulation of the detector re-
sponse are both described in Section 4.1.

Data were generated using the LHCb de-
tector geometry shown in Figure 1. Relevant
changes with respect to the geometry used in
similar studies [48, 49] for the Outer Tracker
TDR are: the reduction of the main track-
ing system to four stations (TT and T1-T3),
a modified VELO geometry, the implementa-
tion of light-weight mirrors in RICH1 and the

removal of the magnet shield, such that the
magnetic field extends into RICH1. A strip
pitch of 240µm was used in the Inner Tracker
digitisation.

Studies of occupancies in the Inner Tracker
and Outer Tracker parts of the tracking sta-
tions and of momentum resolution in the
LHCb spectrometer are described in Sec-
tions 4.2 and 4.3, respectively. These stud-
ies have demonstrated that the chosen Inner
Tracker layout results in acceptably low occu-
pancies everywhere and that the spatial reso-
lution of the Inner Tracker does not limit the
achievable momentum resolution.

Track reconstruction in the LHCb detector
depends on information from all parts of the
tracking system and therefore track and event
reconstruction studies have to be discussed
in the context of the overall detector layout.
They will be presented in a forthcoming TDR.

This chapter concludes in Section 4.4 with
the description of a study of radiation levels
in the region of the Inner Tracker, using the
FLUKA [50] simulation package. Results from
this study were used to estimate expected radi-
ation induced leakage currents and determine
the operating temperature of the silicon sen-
sors.

4.1 Detector Description

In this section, the implementation of the In-
ner Tracker geometry in the LHCb simulation
package SICBMC, and the simulation of the
detector response in the reconstruction pack-
age Brunel, are described.
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48 CHAPTER 4. SIMULATION STUDIES

Figure 4.1: GEANT drawing of sensitive de-
tector elements in station T1.

Figure 4.2: GEANT drawing of insensitive de-
tector elements in station T1.

4.1.1 Geometry Description

The geometry description of the Inner Tracker
includes sensitive detector elements as well as
“dead” material from read-out hybrids and
station mechanics inside the acceptance of the
experiment. GEANT drawings of the front
view of the sensitive and the insensitive ele-
ments of a station are shown in Figures 4.1
and 4.2, respectively. A top view of the sta-
tion, including both sensitive and insensitive
elements, is shown in Figure 4.3.

Sensitive detector elements are described in
full detail, following the layout described in
Section 2.2. Detector overlaps and the stag-
gered z positions of silicon ladders within a
detection layer are implemented, as well as in-
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Figure 4.3: GEANT drawing of top view of
station T1.

dividually rotated ladders in stereo views.
For each simulated track, its entrance and

exit points in each traversed sensitive detector
element is recorded, as well as its time of flight
with respect to the interaction time. This in-
formation is used to simulate the detector re-
sponse.

A simplified description of insensitive de-
tector elements was implemented, in order to
speed up the GEANT simulation. The dead
material of each detector box was described
by a number of rectangular regions that simu-
late the front face of the box enclosure, its side
walls, the front-end hybrids and balconies, and
the cooling plate and patch panel above the
sensitive detector elements. For each of these
regions, the average radiation length of all ma-
terials was estimated and simulated by thin
walls of material upstream and downstream of
the detection layers. Support beams and ca-
bles running from the Inner Tracker detector
boxes to the outer frames of the tracking sta-
tion are simulated in a similar way.

4.1.2 Material Budget

The simulated amount of material for each de-
tector box corresponds to 2% X0 in the sensi-
tive region of the Inner Tracker and to 5% X0

LHCb Inner Tracker Technical Design Report — CERN/LHCC 2002-029



4.1. DETECTOR DESCRIPTION 49

-200

-100

0

100

200

-300 -200 -100 0 100 200 300
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

x [cm]

y 
[c

m
]

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

0 1 2 3 4 5 6
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

phi

et
a

Figure 4.4: “Geantino” scan of material budget (in X0) in station T2, including contributions
from Inner and Outer Tracker. Distributions are shown in the x/y-plane (left) and in η/φ (right).
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Figure 4.5: “Geantino” scan of integrated material budget (in X0) from the pp-interaction region
up to the front face of RICH2. Distributions are shown in the x/y-plane (left) and in η/φ (right).

in an 8 cm high region of front-end hybrids,
cooling plate and patch panel. The material
budget of the LHCb detector was mapped us-
ing “geantino” particles produced in the nom-
inal pp-interaction point. Figure 4.4 shows a
map of the radiation length seen by a parti-
cle while traversing one tracking station. The
shown distribution includes contributions from
Inner Tracker and Outer Tracker. The struc-
ture of the Inner Tracker is clearly visible, and
as expected the material budget is highest in
the region where Inner Tracker mechanics over-
lap the Outer Tracker. A maximum value of
approximately 8% X0 is reached in this area.
Maps of the integrated material budget from
the pp-interaction region up to the front face

of RICH2, just downstream of the last track-
ing station, are shown in Figure 4.5. Averaged
over the acceptance of the experiment, defined
as 10 mrad < θ < 300 mrad corresponding to
5.3 > η > 1.9, the contribution of each Inner
Tracker station is 1.4% X0, namely 0.6% X0

from silicon sensors and 0.8% X0 from “dead”
material.

4.1.3 Detector Response

The simulation of the detector response is de-
scribed in detail in [51]. It includes descrip-
tions of statistical fluctuations of charge gen-
eration in the silicon sensors, of charge shar-
ing between neighbouring strips, of electronics
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noise and of the signal shape of the front-end
amplifier. The description of these effects is
based upon results from laboratory measure-
ments on the SPA prototype sensors (see Sec-
tion 3.1) and on the Beetle 1.1 readout chip
(see Section 3.2).

The particle trajectory in the silicon sensor
is calculated from the GEANT entry and exit
points. Charge is generated along the trajec-
tory assuming a constant charge density corre-
sponding to an integrated signal of 24000 e−

per 320µm of track length. The generated
charge is then smeared according to a Landau
distribution, which is folded with a Gaussian
with a sigma of 1700 e− in order to take into ac-
count effects from the binding energies of elec-
trons [31]. Charge sharing between neighbour-
ing strips is described by an empirical curve
that was adjusted to the laser measurements
shown in Figure 3.4. The measured points are
shown again in Figure 4.6, together with the
parametrisation used in the digitisation. The
full curve indicates the fraction of charge col-
lected on the right strip, the dashed curve the
fraction of charge collected on the left strip.
The sum of charges collected on both strips
is indicated by the dotted curve and corre-
sponds to a charge loss of approximately 25%
in the central region between the two strips.
This may be a somewhat conservative assump-
tion in view of recent test-beam results us-
ing HPK prototype sensors and the Beetle 1.1
readout chip (see section 3.3).

A Gaussian distributed noise with a sigma
of 2000 e− is added to the charge collected on
each strip. Finally, the recorded time of flight
of the particle is used to take into account the
pulse shape of the front-end amplifier. The lat-
ter is simulated by an empirical curve, shown
in Figure 4.6, that describes the measured sig-
nal shape of the Beetle 1.1 chip for an input
capacitance of 30 pF.

Finally, readout strips with a signal of more
than 6000 e− are registered as “hit”.
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Figure 4.6: Left: Parametrisation of charge
sharing between neighbouring strips. Labora-
tory measurements are indicated by squares,
the curves are explained in the text. Right:
Parametrisation of front-end amplifier signal
shape.
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Figure 4.7: Residual distributions of recon-
structed cluster coordinates and generated
GEANT hit coordinates. Left: one-strip clus-
ters, right: two-strip clusters.

4.1.4 Clustering

A simple clustering algorithm is employed,
that looks for groups of consecutive hit strips.
For multi-strip clusters, the cluster coordinate
is calculated as the charge-weighted average of
all strip coordinates. In the case of two-strip
clusters, a further correction is applied to cor-
rect for the non-linear charge sharing between
neighbouring strips. Figure 4.7 shows resid-
ual distributions of reconstructed cluster co-
ordinates for one-strip and two-strip clusters.
The RMS of the distributions is approximately
50µm, in good agreement with test-beam re-
sults presented in Section 3.3.
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4.2 Occupancies

For the occupancy study [52], B→ π+π−

events were generated for the nominal LHCb
luminosity of L = 2× 1032cm−2s−1. The ef-
fects of multiple pp-interactions in the bunch
crossing of interest were taken into account as
well as interactions in the two previous and the
following crossing. The latter is important for
occupancies in the Outer Tracker, since here
two consecutive pipeline cells have to be read
out upon a positive trigger decision. Interac-
tions in earlier bunch crossings can contribute
to the occupancy due to slow low-momentum
particles.

Inner Tracker Occupancies Due to the
fine granularity of the silicon microstrip de-
tectors, occupancies in the Inner Tracker are
generally low, in spite of the elevated charged
particle densities close to the beam pipe. Av-
erage and maximum occupancies in each of the
stations T1-T3 are summarised in Table 4.1.

Table 4.1: Average (ave) and maximum (max)
Inner Tracker occupancies (in %).

top/bottom left/right
station

ave max ave max

T1 0.26 0.41 0.65 1.5

T2 0.23 0.39 0.54 1.3

T3 0.20 0.26 0.51 1.2

Results are given separately for top/bottom
boxes and left/right boxes. Maximum occu-
pancies refer to the highest average of any
group of 64 consecutive strips. Not surpris-
ingly, in the top/bottom boxes these are the
central strips in the middle of the detection
layer, whereas in the left/right boxes they are
the innermost strips close to the beam pipe.

Outer Tracker Occupancies The layout
for the Inner Tracker was conceived in order
to avoid occupancies exceeding 10% in the in-
nermost part of the Outer Tracker. As in pre-
vious studies, three critical regions of high oc-

cupancy in the Outer Tracker were defined (see
also the sketch above Table 4.2):

• “top” sector refers to the 96 straws-wide
regions above and below the top/bottom
boxes of the Inner Tracker;

• “corner” sector refers to the 64 straws-
wide regions adjacent to the top/bottom
boxes of the Inner Tracker;

• “side” sector refers to 64 straws-wide re-
gions adjacent to the left/right boxes of
the Inner Tracker.

Table 4.2 summarises the average occupan-
cies found for each of these three regions, as
well as the average over the full Outer Tracker
station.

Table 4.2: Outer Tracker occupancies (in %).

"top"

"side"
"corner"

"side"

station average top corner side

T1 4.3 5.4 6.6 6.3

T2 4.0 5.2 6.6 6.2

T3 3.9 5.3 6.7 6.3

These results are lower than those quoted
in the Outer Tracker TDR. This is partially
due to improvements in simulation and detec-
tor description. In addition, the reduction of
material in the new LHCb detector layout has
reduced charged particle fluxes in the region of
T1-T3 by 15-20%.

In conclusion, the study has been demon-
strated that the chosen layout and size of the
Inner Tracker is adequate. A maximum occu-
pancy of around 7% is found which is comfort-
ably lower than the 10% requirement.
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4.3 Momentum Resolution

Charged particle momenta are determined by
fitting a five-parameter track model to recon-
structed hit coordinates in the Inner Tracker,
Outer Tracker and VELO. The track fit [49]
employs a Kalman filter technique and takes
into account multiple scattering and energy
loss in the detector material. In order to speed
up the algorithm, a simplified description of
the detector geometry is used to calculate the
amount of material traversed along the particle
trajectory.

The results presented here, were ob-
tained [53] using reconstructed hit coordinates
from the detector simulations as input to the
fit. As in previous studies [49], hits were as-
signed to tracks according to the Monte-Carlo
particle that caused them. A reference sam-
ple of reconstructible tracks was selected based
upon the number and position of hits on the
generated tracks. These selection criteria are
explained in detail in [53]. The most impor-
tant criteria are that e± were excluded from
the sample, and that a minimum momentum
of ptrue > 2 GeV/c was demanded.

Momentum resolution (δp/p) was defined
as the one standard deviation central width
of a double Gaussian fitted to the distribu-
tion (prec − ptrue)/prec, where prec and ptrue
are the reconstructed and generated particle
momenta, respectively. Momentum resolution
as function of particle momentum was deter-
mined by fitting this distribution in bins of the
generated momentum. The contribution of the
second Gaussian to the fit was always smaller
than 20%.

Momentum resolution as function of mo-
mentum is shown in Figure 4.8 for tracks pass-
ing through the Inner Tracker. Also shown
are the corresponding momentum spectra for
all charged particles originating from the pp-
interaction region, and for charged pions from
the decay B→ π+π−, respectively.

The LHCb tracking system is layed out as
a dipole spectrometer and it is expected that
the momentum resolution as function of mo-
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Figure 4.8: Momentum resolution as func-
tion of momentum (top) and momentum spec-
tra (bottom) for particles traversing the Inner
Tracker.

mentum can be parametrised as

(δp/p)2 = A2
ms + (Bres × p )2, (4.1)

where the first term represents a contribution
from multiple scattering and the second term
is due to the finite spatial resolution of the de-
tectors.

The superimposed curve in Figure 4.8 shows
a fit to this equation for momenta p >
20 GeV/c. The result of this fit, and of a sim-
ilar analysis for particles traversing the Outer
Tracker, are summarised in Table 4.3.

Table 4.3: Results from fit to equation 4.1,
for particles passing through the Inner Tracker
and Outer Tracker, respectively.

Ams Bres [GeV−1]

Inner 3.2× 10−3 3.0× 10−5

Outer 3.9× 10−3 3.6× 10−5

From these results, it can be concluded
that momentum resolution is dominated by
multiple scattering for momenta up to above
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100 GeV/c. Furthermore, momentum resolu-
tion is in general slightly better for particles
passing the Inner Tracker region in T1-T3 than
for those passing the Outer Tracker region.

Given these observations, it is not expected
that a further improvement of the spatial reso-
lution should have a sizeable influence on mo-
mentum resolution. Nevertheless, this influ-
ence was investigated explicitly by varying the
strip pitch used in the digitisation over a range
from 120µm to 330µm. Smaller (larger) pitch
implies better (worse) spatial resolution.
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Figure 4.9: Average momentum resolution as
function of Inner Tracker strip pitch.

The result of this study is shown in Fig-
ure 4.9, where the momentum resolution av-
eraged over all momenta is plotted as function
of the strip pitch. Results are shown separately
for particles passing the Inner Tracker region
and the Outer Tracker region in stations T1-
T3.

The results show a small but systematic im-
provement of momentum resolution with de-
creasing Inner Tracker pitch. However, the
same improvement is observed for tracks pass-
ing through the Outer Tracker region in sta-
tions T1-T3. Therefore, we conclude that the
observed effect is due to the change of spatial
resolution in the TT station, where silicon mi-
crostrip detectors cover the full acceptance of
the experiment. In this study, the strip pitch
was always adjusted simultaneously for all four
tracking stations (T1-T3 and TT).

In conclusion, strip pitch and spatial resolu-

tion in stations T1-T3 are appropriate for the
momentum resolution of the LHCb spectrom-
eter.

4.4 Radiation Environment

Expected radiation levels in LHCb have been
determined in a FLUKA [50] simulation, using
a realistic description of the LHC beam pipe,
the LHCb detector and the experiment hall.
As part of this program, the Inner Tracker re-
gion in tracking stations T1-T3 was investi-
gated in detail. This study is described in [54].

The calculated radiation levels were used
to estimate the expected bulk damage and
radiation-induced leakage currents in silicon
sensors and to determine the operating tem-
perature for the detector.

4.4.1 Radiation Levels

Particle fluences for electrons/positrons, neu-
trons and charged hadrons, as well as the
expected ionizing dose, were determined at
the position of each of the Inner Tracker sta-
tions. Momentum spectra were determined
separately for electrons/positrons, neutrons,
pions and other charged hadrons, and the non-
ionising energy loss (NIEL) damage in silicon,
expressed in the usual units of 1 MeV-neutron
equivalent fluence, was estimated by folding
the obtained momentum spectra and fluences
with damage factors from [55].

Electrons and positrons were tracked down
to kinetic energies of 1 MeV, neutrons to
10−11 MeV, anti-neutrons to 50 MeV, and pho-
tons and other particles to 0.1 MeV. The en-
ergy spectra for the different particle species
are shown in Figure 4.10.

In the following, results are quoted per
primary pp-interaction, and for 10 years of
operation at nominal LHCb luminosity of
L = 2× 1032cm−2s−1. With an assumed to-
tal inelastic cross section of 80 mb, the pp-
interaction rate is 1.6 × 107 s−1 at nominal
luminosity.

The quoted results include no safety factors.
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per pp-interaction (right), as function of x and y in one quadrant of T2. Rectangles indicate
the area covered by Inner Tracker sensors and front-end electronics.
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Figure 4.10: Expected particle energy spectra
at the location of T1.

Distributions of the expected ionizing dose
are shown in the left-hand plots in Figures 4.11
and 4.12. The highest dose is observed in the
innermost region of the left/right boxes of sta-
tion T1, at x ≈ 9 cm. Here, an ionizing dose of
6×10−10 rad per p−p interaction is expected,
corresponding to approximately 1 Mrad after
ten years of operation at nominal luminosity.
Similar doses are expected at the location of
the front-end electronics on the innermost lad-
ders. At the location of the outermost ladders
in the left/right boxes, at x = 60 cm, the ac-
cumulated ionizing dose after 10 years of oper-

ation is not expected to exceed 100 kRad.
The calculated 1-MeV neutron equivalent

fluence φeq is shown in the right-hand plots
in Figures 4.11 and 4.12. The maximum 1-
MeV neutron equivalent fluence in the in-
nermost region of the Inner Tracker amounts
to φeq = 5 × 10−3 cm−2 per interaction, or
φeq = 9× 1012 cm−2 for ten years of operation
at nominal luminosity. It is approximately a
factor five lower for the outermost ladder at
x = 60 cm.

4.4.2 Leakage Currents and
Operating Temperature

Radiation levels in the Inner Tracker region are
moderate and modern silicon detectors are ex-
pected to survive ten years of LHCb operation
without any problem. However, due to the
long readout strips and the large strip pitch
employed in the Inner Tracker, each readout
strip collects leakage currents from a relatively
large volume of the silicon bulk. Shot noise
due to leakage currents can therefore become
sizeable after several years of operation, if the
sensors are not adequately cooled.

Significant noise contributions from shot
noise are, however, not acceptable since the
S/N performance of the 22 cm long silicon
ladders is limited to values of approximately
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Figure 4.12: Ionizing dose (left) and 1-MeV neutron equivalent fluence in T1-T3, for ten years
of operation at nominal luminosity, as function of x averaged over 0 < y < 5 cm (right).

twelve by Johnson noise from the large input
capacitances seen by the preamplifier (see sec-
tions 3.1 and 3.2). S/N values in excess of ten
are required in order to guarantee full efficiency
of the detector [29].

In order to ensure an efficient and reliable
operation over the full lifetime of the detector,
the operating temperature of the silicon sen-
sors should thus be chosen such that shot noise
from leakage currents does not deteriorate the
total noise by more than approximately 10%.
This requirement translates to an equivalent
noise charge of less than 900 e−.

The equivalent noise charge due to shot noise
is given by [56]

ENC =
√

12 · Ileak[nA] · τ [ns] ,

where τ is the shaping time of the pre-
amplifier, taken as the FWHM of the signal
shape. For a typical shaping time of 35 ns
foreseen for the Inner Tracker, a shot noise of
900 e− thus corresponds to a leakage current of
less than 2µA.

Radiation induced leakage currents at room
temperature are described by

Ileak = α · V · φeq,

where V is the bulk volume from which each
strip collects leakage current and α = 3 ×

10−17 A/ cm is the radiation damage coeffi-
cient.

The highest leakage currents are expected
for the 22 cm long strips in the innermost re-
gions of the side boxes. With a strip pitch of
approximately 200µm and a bulk thickness of
320µm , V = 0.0141 cm3. Applying a safety
factor of two on the radiation levels calculated
above, φeq = 1.8×1013 cm−2 for the innermost
ladders after 10 years of operation, and a leak-
age current of Ileak = 6.8µA is expected at
room temperature.

However, leakage currents decrease with the
temperature of the silicon bulk as

I2

I1
=
(
T2

T1

)2

· exp
(
Eg(T2 − T1)

2kT2T1

)
where Eg = 1.2 eV is the gap energy for silicon,
and k = 8.6 × 10−5 eV / K is the Boltzmann
constant. With this, one can easily calculate
that leakage currents below the required 2µA
can be obtained if the silicon sensors are oper-
ated at temperatures of 5◦C or lower.

In conclusion, at the radiation levels ex-
pected in the Inner Tracker area, radiation
damage is no major concern and silicon sensors
are expected to survive ten years of LHCb op-
eration. Radiation hard front-end electronics
are, however, required. Silicon sensors should
be operated at a temperature of 5◦C or lower,
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in order to ensure low shot noise after ten years
of operation.
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Chapter 5

Detector Design

The technical design of the Inner Tracker is
based as much as possible upon the experience
gained in the R&D and prototyping described
in Chapter 3.

In the following sections, certain repetitions
in the description of components are thus un-
avoidable, although an effort was made to keep
them to a minimum and to refer to previous
sections wherever possible.

Design parameters of the Inner Tracker sil-
icon sensors are summarised in Section 5.1.
Ladder mechanics and a ladder assembly pro-
cedure are described in Section 5.2, followed by
a description of the detector box and station
mechanics in Section 5.3. Sections 5.4, 5.5
and 5.6 give a technical description of Level-0
electronics, readout link, and Level-1 electron-
ics, respectively. An overview of detector in-
frastructure — cooling system, power distribu-
tion and grounding scheme — is given in Sec-
tion 5.7. Finally, safety aspects are discussed
in Section 5.8.

5.1 Silicon Sensors

A total of 504 identical silicon sensors are used
to construct the Inner Tracker stations T1-T3.
The design of these sensors will be very simi-
lar to that of the HPK prototype sensors de-
scribed in Section 3.1, except that a unique
strip geometry will be used for all strips. The
test-beam program described in Section 3.3 has
demonstrated that in regions of 237.5µm strip
pitch, a significant charge loss occured in the
inter-strip region and that this charge loss was
suppressed in the regions of the smaller pitch

of 198µm. Given the requirements on shaping
time and strip length, the detectors have to
cope with significant preamplifier noise and the
observed charge loss leads to unacceptable effi-
ciency losses. It was therefore decided that the
final detector will use a strip pitch of 198µm
with 384 strips per sensor. Since no clear dif-
ference in the behaviour was observed for the
regions of different w/p, the decision on the im-
plant width will be delayed until after further
beam tests with the Beetle 1.2 readout chip.

Further technology and geometry specifica-
tions of the sensors were given in Tables 3.1
and 3.3.

For bonding and probing, the sensor design
incorporates two AC pads and one DC pad at
each end of each readout strip, as well as two
strip bias pads and two backplane bias pads in
each corner of the sensor. To simplify handling
and ladder assembly, the backplane bias pads
are located on the strip side of the sensor and
connected to the backplane by a via through
the silicon bulk.

The backplane of the sensors will be passi-
vated in order to provide electrical insulation
from the electrically conductive ladder sup-
port.

Furthermore, alignment targets are located
in each corner of the sensor. During ladder as-
sembly, these targets will be used to verify the
correct positioning of the sensors with respect
to alignment features on the ladder support.

Finally, the sensors carry a consecutive strip
numbering at both ends of the strips and a
unique serial number for each sensor. This will
allow each sensor and strip to be identified and
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traced during testing and assembly.
All these features, with the exception of

the backplane passivation, were already imple-
mented in the HPK prototype sensors.

5.2 Silicon Ladders

The layout of the silicon ladders has been de-
scribed in Section 2.3. Two types of ladders
are employed, that are built from one silicon
sensor or two sensors, respectively. Except for
the overall length of the carbon fibre support
shelf, the design of the two ladder types is iden-
tical. In total, 168 one-sensor ladders and 168
two-sensor ladders are used in stations T1-T3.

In this section, the design of the individ-
ual components — supports, balconies, pitch
adaptor and hybrid — will be explained and
the ladder assembly procedure will be de-
scribed.

5.2.1 Ladder Supports

The silicon sensors are mounted onto a U-
shaped carbon fibre support shelf that has a
two-fold functionality: it provides mechanical
rigidity to the ladder and it helps to cool the
silicon sensors and reduce the ambient temper-
ature inside the detector box.

The backplane of the silicon sensors is pas-
sivated in order to electrically insulate it from
the carbon support shelf. If necessary, addi-
tional insulation can be provided by inserting
a thin kapton foil in between the support shelf
and the sensors. Several glues are being con-
sidered for fixing the silicon sensors. The fi-
nal choice will be made after further prototype
tests.

The support shelf will be produced as a
multi-layer structure from thin sheets of a uni-
directional carbon fibre composite, using high-
tensile fibres with high thermal conductivity.
The overall thickness of the structure will be
of the order of 350-400µm. The final ma-
terial choice has not yet been made. The
Amoco K1100 carbon-fibre used for the pro-
totype shelf described in Section 3.4 showed

acceptable thermal properties but is rather ex-
pensive. An alternative could be provided by
the K13D2U carbon fibre by Mitsubishi.

A technical drawing of the end section of a
support shelf, where the balcony and hybrid
are located, was shown in Figure 3.42.

The shelf is 80 mm wide in order to accom-
modate the 78 mm wide silicon sensors. Two
2 mm high wings along the long sides of the
support give mechanical strength to the sup-
port and provide some protection during han-
dling of the assembled ladder. A 46 mm wide
and 30 mm high cutout allows to mount the
readout hybrid directly onto the balcony, thus
avoiding direct thermal between hybrid and
carbon fibre support. Two little aluminium in-
serts to both sides of the hybrid area allow the
precision machining of alignment and fixation
holes that will be used to position the support
shelf on the balcony with a precision of bet-
ter than 5µm. These alignment holes are also
used as a reference during the ladder assem-
bly for the accurate positioning of the silicon
sensors onto the support.

Additional cutouts in the support shelf are
foreseen underneath the silicon sensors. The
sole purpose of these cutouts is to minimise
the material budget of the detector and their
exact size will be fixed based upon studies of
mechanical and thermal properties using the
final support shelf material.

5.2.2 Balconies

The balcony provides the mechanical and ther-
mal interface of the ladder to the cooling plate.
It contains alignment features to precisely po-
sition the ladder and it acts as a heat sink for
the front-end hybrid. Three types of balconies
will be produced for the three different stereo
views. A technical drawing of a balcony for
a ladder in an x-detection layer was shown in
Figure 3.45. Balconies for the u and v stereo
layers are similar, except that alignment and
fixation holes for the carbon fibre shelf and
front-end hybrid will be shifted according to
the different angle of inclination of the lad-
der. Two material candidates for the balconies
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have been identified: a metal-matrix compos-
ite of magnesium-infiltrated carbon fibre and a
high-density graphitic foam encapsulated with
an epoxy resin. The choice of the final material
will be based upon further studies of the me-
chanical and thermal properties of these two
materials. In parallel, design studies are on-
going in order to further reduce the material
budget.

5.2.3 Pitch Adaptor and Hybrid

The pitch adaptor and the readout hybrid will
be produced as two separate pieces. The pitch
adaptor has to provide the interface between
the 198µm strip pitch of the silicon sensors
and the input pitch of the Beetle readout chip,
which is 40.24µm. It will be produced in
single-layer thin film process on a 500µm thick
Al2O3 substrate. It has the same width as the
silicon sensors and is 11 mm long. It will be
glued directly onto the ladder support shelf.

The front-end hybrid will be produced in the
same technique and have a similar layout as the
prototype hybrid described in Section 3.2. The
central part of the kapton hybrid will be glued
onto a 400µm thick support of AlN or a similar
material, that provides mechanical stiffness for
bonding and provides good thermal contact to
the balcony. The dimensions of this support
will be 45 mm × 29 mm such that it fits into
the cutout in the ladder support shelf.

5.2.4 Ladder Assembly

The ladder assembly procedure should be fast,
simple and robust, and must ensure a suffi-
ciently precise positioning of the silicon sen-
sors. A detailed analysis of alignment toler-
ances is described in [57]. It shows that silicon
sensors (i.e. the readout strips) should be posi-
tioned with an accuracy of better than 10µm
RMS with respect to the alignment holes on
the balcony. Overall sensor misalignment will
then not contribute more than 10% to the res-
olution of the detector.

A ladder assembly procedure has been de-
veloped that exploits the measured, excellent

accuracy of the dicing edge of the sensors to ob-
tain this alignment precision. The procedure is
described in detail in [58]. Similar procedures
have been employed successfully by other ex-
periments, for example by GLAST for the large
BTEM prototype detector [59].

A sketch of the tooling is shown in Fig-
ure 5.1. It consists of a positioning jig for
the carbon fibre support shelf, a positioning
jig for the silicon sensors, and a transfer jig.
The positioning jigs are equipped with align-
ment fixtures that allow to accurately position
the support shelf and the sensors, respectively.
In addition, both positioning jigs are equipped
with precision dowel pins that fit into precision
feedthroughs in the transfer jig. This allows to
transfer the silicon sensors from their position-
ing jig to the carbon fibre support shelf in an
accurate and reproducible way.

Silicon sensors are placed on their position-
ing jig and pushed against alignment pins on
the jig. This is where the accuracy of the dicing
edge is exploited in order to accurately position
the sensors. Vacuum suction is then applied to
hold the sensors in position. The transfer jig is
placed on top of the sensors, vacuum suction is
applied in the transfer jig and switched off in
the positioning jig. In the meantime, the bare
carbon fibre support shelf is positioned in its
jig. This jig contains alignment pins that fit
into the same alignment holes on the support
shelf that will later determine its position on
the balcony. Glue is applied using a glue dis-
penser. Next, the transfer jig with the silicon
sensors is placed on top of the prepared carbon
fibre support shelf. The vacuum in the trans-
fer jig is left on until the glue is cured and the
silicon sensors are reliably positioned on the
carbon fibre support shelf.

Since the tooling is simple and cheap to pro-
duce, several jigs can easily be employed in
parallel in order to speed up ladder produc-
tion.

The pitch adaptor is mounted onto the sup-
port shelf using similar tooling and a similar
procedure. Once the glue is cured, the ladder
support is mounted onto the balcony. A thin
layer of a thermally conductive paste will be
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Figure 5.1: Sketch of the ladder assembly tooling.

applied in between balcony and the support
shelf in order to ensure good thermal contact.
Finally, a fully assembled and tested hybrid
will be mounted onto the balcony, and the lad-
der is ready for bonding. Three rows of 388
bonds each are necessary to complete a two-
sensor ladder: one row between the second and
the first sensors, a second row between the first
sensor and the pitch adaptor, and a third row
between pitch adaptor and Beetle readout chip
(respectively hybrid for the bias voltage and
return lines).

5.3 Station Mechanics

The layout of the detector box has been de-
scribed in Section 2.2, a technical drawing of
the box is shown in Figure 5.2. A detector
box consists of 28 silicon ladders, arranged in
four detection layers. The ladders are mounted
onto a common cooling plate that provides
alignment features and acts as heat sink for
front-end chips and silicon sensors. The cool-
ing plate is mounted onto a stiff honeycomb
cover plate that provides mechanical rigidity
to the detector box. This cover plate inte-
grates a patch panel to which the kapton tails
of the front-end hybrids connect, and it con-

tains feedthroughs for all cables and the cool-
ing pipes. The design of the feedthroughs is
greatly simplified by an additional insulation
layer that separates the cover plate from the
cold part of the box volume. The detector box
slides into a light-tight enclosure that also pro-
vides thermal and electrical insulation.

Silicon ladders within a detection layer are
pairwise staggered in z, as shown in Figure 5.3,
such that silicon sensors on adjacent ladders
overlap by 2.5 mm in x. The z distance be-
tween the silicon sensors on staggered ladders
can be kept as small as 1.5 mm by swapping
the orientation of adjacent ladders, i.e. the
strip sides of the silicon sensors alternately
face upstream, respectively downstream. The
dimensions given in the figure refer to the
width of the readout hybrid (45 mm), balcony
(66 mm), silicon sensors (78 mm) and support
shelf (80.8 mm).

The distance between the central planes of
two consecutive detection layers is approxi-
mately 13 mm. The outer dimensions of the
detector box are 578 mm wide × 385 mm high
× 74 mm thick. The distance between detec-
tion layers and the overall thickness of the box
are mainly determined by the design of the
cooling plate. They may need to be adjusted
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45mm
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Figure 5.3: Detail of a detection layer, showing the overlap between adjacent silicon ladders.
Adjacent ladders are staggered such that silicon sensors overlap by 2.5 mm.

slightly if the design of the cooling plate is re-
vised, as discussed below.

The estimated total mass for one detector
box is 1.5 kg, excluding external cables.

The detector boxes are mounted onto a
support structure that connects to the outer
frames of the tracking station. To simplify
installation and maintenance of the detector
boxes, the support structure for each station
consists of two parts that can be retracted hor-
izontally from the beam pipe.

5.3.1 Cooling Plate

In order to ensure the accurate positioning
of the silicon ladders, the cooling plate must
contain precisely machined alignment features,
its surface flatness must be excellent and the
overall bending of the plate under the load of
the attached silicon ladders should not exceed
50µm [57]. The thermal impedance of the
plate has to be small in order to ensure effi-
cient heat transfer from the silicon ladders to
the coolant.

A realistic design of the cooling plate was
shown in Figure 3.34. It includes all necessary
alignment and fixation features for the 28 bal-
conies, as well as the slits that allow routing
the kapton tails from the front-end hybrids to
the patch panel on the cover plate.

The plate is kept cold by an integrated alu-
minium cooling pipe with an outer diameter
of 5 mm, in which liquid C6F14 at -15◦C is cir-
culated in the turbulent regime. The cooling
plate is mounted onto the cover plate on seven

support rods. A finite element analysis has in-
dicated that the overall bending of the plate
can be expected to be smaller than 20µm.

However, the prototype tests described in
Section 3.4 have shown that the current de-
sign results in a rather large temperature drop
across the plate. Modifications to the design
are therefore being investigated with the aim
to reduce thermal impedances. These inves-
tigations concentrate mainly on an improved
routing of the cooling pipe in order to reduce
the distance between cooling pipe and bal-
conies.

Two material candidates for the cooling
plate have been identified: a metal-matrix
composite of magnesium-infiltrated carbon fi-
bre and a Carbon-Carbon composite. The final
choice of the material will be made after fur-
ther studies of their respective mechanical and
thermal properties.

5.3.2 Box Enclosure

The box enclosure has to be light-tight and
must provide thermal and electrical insulation.
The side walls of the box should be as thin
as possible in order to minimise the distance
between beam pipe and sensitive detector ele-
ments. The enclosure should be rigid enough
to provide mechanical protection of the fragile
silicon detectors during handling of the detec-
tor box.

The prototype box enclosure described in
Section 3.4 fulfils all these requirements and
the final box enclosure will be very similar.

LHCb Inner Tracker Technical Design Report — CERN/LHCC 2002-029



5.4. LEVEL-0 ELECTRONICS 63

It will be assembled from thin sheets of PIR
foam that are bonded together using a spe-
cial one-component PUR adhesive. Sheets of
6 mm thickness will be employed for the front
and back faces of the box whereas 3 mm thick
sheets will be used for the side walls facing
the beam pipe. The sheets are clad on both
sides with a 100µm thick Kevlar tape and a
25µm thin aluminium foil that improve me-
chanical stability and provide a vapour barrier
and electrical insulation.

5.3.3 Detector Box Assembly

The modular design of the detector box pro-
vides for a simple and fast assembly proce-
dure. The cooling plate is mounted onto the
cover plate. Fully tested and debugged sili-
con ladders are then mounted onto the cooling
plate and the kapton tails are connected to the
patch panel. After the assembly of each detec-
tion layer, the position of all silicon sensors
will be measured with respect to two “ruby
ball” alignment references on the cooling plate.
When all four detection layers have been as-
sembled, the box enclosure is slid over the de-
tectors and connected to the cover plate. The
detector box is ready for testing.

5.3.4 Support Frame

The overall design of tracking station frames is
currently undergoing a major revision. In the
Outer Tracker TDR [2], a design was presented
in which all tracking stations downstream of
the magnet were mounted onto a common sup-
port structure. Instead, it is now foreseen that
stations are individually suspended from sep-
arate support rails and can be retracted inde-
pendently. This will greatly simplify access to
the Inner Tracker detector boxes for installa-
tion and maintenance work.

The four detector boxes within a station
will be mounted onto a light-weight support
structure that is fixed to rails on the outer
frames of the tracking station. For installation
and maintenance, this support structure con-
sists of two parts that can be retracted hor-
izontally from the beam pipe. Inner Tracker

and Outer Tracker detectors will be suspended
from separate rails. This will permit inde-
pendent movements for maintenance of Inner
and Outer Trackers. A front view of a track-
ing station in closed position (for data taking)
and open position (for installation and main-
tenance) is shown in Figure 5.4.

Frame mechanics will guarantee a repro-
ducibility of positioning of better than 1 mm in
x and y. Stops on the support rails will guar-
antee that the Inner Tracker boxes can never
be moved against the beam pipe. In addition,
access to the region close to the beam pipe will
always be possible whilst the Inner Tracker is
moved into data-taking position. It can there-
fore be ensured that the clearance to the beam
pipe is always maintained.

Cables and support lines for the detector
boxes will be preferably routed along the sup-
port structure to the top or bottom frame
of the station, as this provides the shortest
path across the sensitive region of the Outer
Tracker. A possible location for the service
boxes is indicated by the hatched rectangles
in Figure 5.4. The detailed cable routing will
take into account results from simulation stud-
ies in order to minimise the effect of material
on tracking performance.

5.4 Level-0 Electronics

The term “Level-0 electronics” refers to the
part of the read-out electronics that deals with
the detector data up to the Level-0 trigger de-
cision. In the case of the Inner Tracker, this is
the Beetle front-end chip. Three Beetle chips
are mounted onto a front-end hybrid to read
out each silicon ladder.

5.4.1 Beetle Chip

The Beetle chip is a custom development for
the LHCb Inner Tracker, VELO, pile-up veto
and, possibly, RICH detectors. Its design his-
tory and R&D on the latest versions of the Bee-
tle chip have been described in Section 3.2. Its
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Figure 5.4: Sketch of station in closed (top) and open (bottom) position.
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specifications are described in detail in [13] 1.
The chip is implemented in radiation-hard

0.25µm CMOS technology and uses an SEU
immune design for logic circuits and config-
uration registers. It follows the basic RD20
front-end electronics architecture [23]. A block
diagram of the chip is shown in Figure 5.5, the
layout and floor plan of the latest version of
the chip, the Beetle 1.2, in Figure 5.6. The in-
put pads have a pitch of 40.24µm and the die
size is 6.1 mm × 5.5 mm.

The Beetle integrates 128 read-out chan-
nels with low-noise charge sensitive preampli-
fiers and active CR-RC shapers. The shaping
time of the front-end has been optimised to
avoid large signal spill-over at the LHC bunch
crossing frequency of 25 ns and to deal with
the large input capacitances of the long Inner
Tracker silicon ladders. Each channel incor-
porates a comparator that provides a binary
signal. However, this feature of the chip is not
used in the Inner Tracker. Instead, the output
of the shaper is sampled with the LHC bunch-
crossing frequency of 40 MHz into an analog
pipeline with a programmable latency of up to
160 sampling intervals and a 16-cell deep de-
randomising buffer. The length of the pipeline
is matched to the fixed latency of 4µs of the
LHCb Level-0 trigger.

Event data accepted by the Level-0 trigger
are multiplexed with 40 MHz into four output
ports. This design permits read out of a full
data cycle within 900 ns and to accept trig-
ger rates of up to 1 MHz with a dead time of
less than 1%. The output of a dummy chan-
nel is subtracted from the analog data in order
to compensate common-mode effects. Fully
differential current drivers bring the serialised
data off the chip.

A charge injector with adjustable pulse
height is implemented for testing and calibra-
tion purposes. Bias settings and other opera-
tion parameters are controlled via a standard
I2C interface [60]. All digital control signals,
except those for the I2C ports, are routed via

1The output pad layout described in [13] refers to
the Beetle 1.1. It has been modified for the latest ver-
sion of the chip, the Beetle 1.2.

LVDS ports.
The overall power consumption of the Bee-

tle has been measured to be 4 mW per chan-
nel, corresponding to approximately 0.5 W per
chip.

5.4.2 Front-End Hybrid

The front-end hybrid carries three Beetle chips
to match the 384 read-out strips of the Inner
Tracker silicon ladders. The technology and
design of the hybrid will be very similar to the
prototype hybrid described in Section 3.2.

Some modifications of the layout of traces
are necessary since the output pad assignment
on the Beetle chip has been changed from ver-
sion 1.1 to version 1.2 of the chip. In addition,
some of the discrete passive SMD components
will be replaced by array-like versions in or-
der to reduce the number of components and
material budget.

5.4.3 TFC and ECS Interfaces

The Level-0 electronics interfaces to the trig-
ger and fast control (TFC) system and to the
experiment control system (ECS) are located
in the service box on the outer frames of the
tracking station. The readout related func-
tionality of the service box is described in sec-
tion 5.5 below. The TFC interface is provided
by a TTCrx chip, the interface to the ECS
by a SPECS slave unit. Both are LHCb stan-
dard solutions [43]. Integration into the TFC,
ECS and data acquisition environment will be
done in close collaboration with other LHCb
groups.

5.5 Readout Link

Data from the Inner Tracker have to be trans-
mitted over a distance of approximately 100 m
from the detector boxes to the L1 electronics
in the LHCb electronics hut. Considerations
of system robustness and of data integrity at
the high transmission rates required by LHCb
have led to the decision to use digital optical
links.
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In addition, the development and commer-
cialisation of highly integrated optical compo-
nents over the past years has resulted in sig-
nificant cost reductions and a wide availability
of commercial digital optical components. In
particular, the development of 12-fibre parallel
optical links by several companies has led to
several multi-source agreements and the defi-
nition of common standards. These develop-
ments were exploited to design a simple, mod-
ular and cost efficient digital optical readout
link.

In order to minimise the number of compo-
nents inside the acceptance of the experiment,
digitisation of the data and electrical to optical
conversion will not be performed directly on
the detector box but in a so-called service box
that is located on the outer frames of the track-
ing station. An additional advantage of this
layout are significantly relaxed requirements
on power consumption and radiation tolerance
of the employed components.

Nevertheless, all components located in the
service box have to be radiation qualified. Sim-
ulation studies of radiation levels in LHCb, de-
scribed in Section 4.4, have shown that an ion-
izing dose of the order of 5 kRad and a fluence
of hadrons above 20 MeV of 5× 1011/cm2 can
be expected at the location of the outer station
frames after ten years of operation at nominal
luminosity. These values do not include safety
factors.

5.5.1 Link Design

A block diagram of the readout link was shown
in Figure 2.10.

At a Level-0 trigger accept rate of 1 MHz,
each output port of the Beetle front-end chip
transmits the multiplexed analog data from
32 readout strips at a rate of 40 MHz. The fully
differential Beetle output signals will be di-
rectly transmitted via approximately 5 m long
multichannel shielded fine-pitch twisted pair
cables to the service box, where they will be
digitised in an 8 bit FADC.

The Analog Devices AD9042 chip is a vi-
able candidate for the FADC, since it has been

radiation qualified for ionizing doses of up to
2 Mrad [61]. However, the AD9042 provides
a resolution of 12 bit, out of which only 8 bit
would be used. The power consumption of the
chip is high and it is rather expensive. In view
of the low radiation dose that is expected at the
location of the service box, alternative FADC
solutions are under investigation.

The 8 bit digitised data from four Beetle out-
put ports will then be serialised in one CERN
GOL [16] chip. The outputs from twelve
GOLs, corresponding to the data from four sil-
icon ladders, are fed into one parallel optical
transmitter that contains twelve VCSEL laser
diodes and interfaces directly to a commercial
12-fibre parallel optical cable.

Parallel optical transmitter modules are
commercially available from several producers.
These devices may turn out to be sensitive
to SEU effects, since they contain an inter-
nal factory-programmed flash memory to store
bias settings for the laser drivers. An irradia-
tion test is planned for the spring of 2003. In
the meantime, backup solutions are prepared
using the internal GOL laser driving circuitry
to directly drive either commercially available
12-VCSEL diode arrays or twelve single VC-
SEL diodes with single-fibre interfaces. In the
latter case, a so-called breakout cable would be
used to join twelve single fibres to a 12-fibre
ribbon cable.

The data receiver is located on a mezzanine
card on the Level-1 electronics board. A par-
allel optical receiver, similar to the transmit-
ter, receives input from twelve fibres and per-
forms the conversion from optical to electri-
cal signals. A commercial Texas Instruments
TLK2501 16:1 demultiplexer is used to de-
serialise each data stream to 16 bits at a clock
speed of 80 MHz. The second stage of de-
multiplexing, from 16 bit at 80 MHz to 32 bit
at 40 MHz, can be performed in the synchroni-
sation FPGA on the Level-1 electronics board.

5.5.2 Service Box

Associated to each detector box is a service
box that is located on the outer frames of the
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Figure 5.7: Block diagram of the readout related functionality of the service box.

tracking station, outside of the acceptance of
the experiment.

The service box fulfils a multiple functional-
ity. As described above, digitisation of data
and electrical to optical conversion are per-
formed here. In addition, the box contains the
low-voltage and high-voltage power distribu-
tion for front-end electronics and silicon sen-
sors. This second part of the functionality of
the box will be described in Section 5.7. Fi-
nally, the interfaces to the timing and fast con-
trol system (TFC) and to the experiment con-
trol system (ECS) are located here.

A block diagram of the readout related func-
tionality of the service box is shown in Fig-
ure 5.7. Each service box receives and trans-
mits data from 28 silicon ladders and connects
to seven 12-fibre optical cables. Digitisation,
serialisation and optical transmission are im-
plemented in seven identical optical blocks,
each of which is associated to one 12-fibre opti-
cal cable. It consists of twelve digitising blocks
and a VCSEL transmitter. Each digitising
block consists of four differential receivers, four
FADC chips and one GOL chip and processes
the data from one Beetle chip.

The TFC interface uses a TTCrx chip to re-
ceive timing and control signals via optical fi-
bre, and contains a clock distribution system
for Beetle, FADC and GOL chips.

The ECS interface is provided by a SPECS
slave unit [43]. It is connected via the ECS
bus to the ECS master located in the control
room, and provides standard I2C interfaces to
the GOL chips and Beetle front-end chips as
well as interfaces to temperature monitors in
the detector box.

The total power consumption of the readout
link components is estimated to be 250 W if
the AD9042 FADC chip is used. This value
can be significantly lower for alternative FADC
solutions.

In addition, a power dissipation of approx-
imately 200 W can be expected from the lin-
ear low-voltage power regulators. The overall
power dissipation per service box can thus be
of the order of 450-500 W and water cooling is
mandatory.

5.6 Level-1 Electronics

The functionality of the Level-1 electronics
has been described in Section 3.6 and is sim-
ilar to that of the Level-1 electronics for the
VELO [14]. It will be implemented in a com-
mon digital readout board that is being devel-
oped for the Inner Tracker, the VELO and the
Outer Tracker [62]. A draft layout of the board
is shown in Figure 5.8. It consists of a common
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mother board that contains the standard func-
tional parts of the LHCb Level-1 electronics,
namely

• a sufficient amount of digital logic re-
sources for data synchronisation and data
processing for Level-1 trigger and data ac-
quisition system,

• a Level-1 buffer and links to the trigger
and data acquisition CPU farms and

• standard interfaces to the experiment con-
trol system (ECS) and the timing and
fast-control system (TFC),

and accepts different input receiver cards for
detector-specific data links. The receiver cards
occupy approximately half the surface of the
mother board, leaving sufficient space for the
digital components.

For the Inner Tracker, the board will be
equipped with two input data receiver cards,
each of which receives data from twelve opti-
cal fibres, as described in Section 5.5. Each
readout board, therefore, receives data from

eight silicon ladders, 24 Beetle chips, or 3072
detector channels.

All digital logic will be implemented in FP-
GAs that will be configured according to the
detector-specific application.

Synchronisation of the Level-0 and Level-1
electronics will be implemented in the same
way as described in [63] for the VELO. From
the point of view of data synchronisation, the
optical link of the Inner Tracker and the elec-
trical link foreseen for the VELO are equiva-
lent, since both provide fixed data transmission
latencies.

Algorithms for data preprocessing for the
Level-1 trigger and for zero suppression for
data acquisition will also be similar for Inner
Tracker and VELO. They will be defined after
further beam tests on final silicon sensors and
readout chips.

The interface to the TFC system is provided
by a TTCrx chip, the interface to the ECS by
a Credit-Card PC (CC-PC). Both are LHCb
standard solutions [43]. Integration into the
TFC, ECS and data acquisition environment
will be performed in close collaboration with
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other LHCb groups.

5.7 Infrastructure

5.7.1 Cooling System

An efficient cooling of the detector boxes is
mandatory in order to remove the heat dissi-
pated by the front-end amplifiers and provide
an adequate operating temperature for the sil-
icon sensors. As was shown in Section 4.4, the
ambient temperature inside the detector boxes
should be kept below 5◦C. The R&D program
described in Section 3.4 has shown that at this
temperature the cooling system has to remove
a total heat load of approximately 75 W from
each detector box. This corresponds to a to-
tal heat load of 900 W for the three stations
T1-T3.

Liquid C6F14 has been chosen as coolant for
the Inner Tracker cooling system. The de-
sign considerations that have led to this choice
are described in detail in [64]. C6F14 is not
flammable, non-irritating and practically non-
toxic. Its compatibility with aluminium, plas-
tics and elastomers has been demonstrated.
Irradiation tests have been performed up to
doses of 20 Mrad [65] and to neutron fluences
of 3×1013 cm−2 [66]. C6F14 is also the prefered
choice for the cooling systems of the CMS sili-
con tracker and the Atlas TRT. Extensive ex-
perience with this coolant exists in the CERN
cooling group, and support for the design of
the final system will be available at CERN.

The layout of the cooling system is described
in [64]. A schematics of the system is shown
in Figure 5.9. It employs two cooling circuits,
a primary circuit between the main chiller and
a heat exchanger located in a cooling rack be-
hind the shielding wall, and a secondary circuit
that runs the liquid C6F14 between the cool-
ing rack and the detector boxes. The twelve
detector boxes are operated in parallel mode.
Inside the detector box, an aluminium cool-
ing pipe with an outer diameter of 5 mm and
a wall thickness of 0.25 mm will be employed.
Calculations have shown that a volume flow of
150 l/h per detector box is adequate. At this

Table 5.1: Design specifications for the cooling
system.

total dissipated heat 900 W

total volume of C6F14 350 l

chiller power 5 kW

pump capacity 4 bar at 1800 l/h

temperature range -40◦C – 20◦C

temperature accuracy ±0.1◦C

flow, the temperature drop between detector
box inlet and outlet will be less than 1◦C and
the pressure drop less than 1 bar.

Outside the detector box, insulated plastic
hoses with an inner diameter of 10 mm will be
used to transport the cooling liquid across the
Outer Tracker. The flow in these pipes is also
150 l/h and a pressure drop of 0.5 bar is ex-
pected for 5 m long pipes.

The chiller will be located behind the LHCb
shielding wall. Individual supply and return
lines will be used for each Inner Tracker sta-
tion. For a pipe diameter of 30 mm and a total
mass flow of 600 l/h, a pressure drop of less
than 0.5 bar will occur over the full length of
the supply and return line. The total volume
of the system is 350 l. The main design pa-
rameters and specifications of the system are
summarised in Table 5.1.

A similar circuit will be used to flush detec-
tor boxes with a dry gas (N2) in order to pre-
vent condensation on the cold surfaces inside
the box.

5.7.2 Power Distribution
and Grounding Scheme

A schematics of the high-voltage and low-
voltage distribution for an Inner Tracker detec-
tor box is shown in Figure 5.10. All power sup-
plies will be located in the electronics barrack,
at a distance of approximately 100 m from the
detector boxes.

Low-voltage power supply and distribution
for analog and digital power are kept sepa-
rate throughout the system. One low voltage
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Figure 5.9: Schematic of the C6F14 cooling system.

channel for analog and one low voltage chan-
nel for digital low voltage are foreseen for each
detector box. More fine-grained power distri-
bution takes place in the service box on the
outer frames of the tracking station, where one
programmable linear power regulator each is
foreseen per ladder. This scheme permits to
switch off individual detector ladders in case
of their malfunctioning. Radiation qualified
linear power regulators L4513 from ST Micro-
electronics will be employed.

The high-voltage system should provide bias
voltages of up to 300 V and should be able to
cope with leakage currents of up to approxi-
mately 4 mA per detector ladder. In the elec-
tronics barrack, one 15 mA high-voltage chan-
nel is foreseen per group of four ladders. This
grouping will allow to adjust bias voltages ac-
cording to the radiation received at different
locations inside the detector box. The option

is being studied to provide a ladder-by-ladder
segmentation by solid-state (PhotoMOS) high-
voltage switches in the service box. These
would permit to switch off individual ladders
in case of their malfunctioning. The suscepti-
bility of these devices to Single Event Effects
under irradiation has to be studied.

Investigations on the choice of cables, in par-
ticular for the part between the service box and
the detector box where cables run over the sen-
sitive surface of the Outer Tracker, are under
way.

A sketch of the Inner Tracker grounding
scheme is shown in Figure 5.11. The cooling
plate is used to define the common ground for
all silicon ladders in a detector box. All power
supplies as well as the power distribution in-
side the service box are electrically floating.
As described in section 3.4, the inside and the
outside faces of the detector box enclosure are
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each clad with a thin layer of aluminium. The
inner layer is connected to detector ground,
the outer layer is connected to safety ground.
HV ground is connected to safety ground as
required by safety regulations.

5.7.3 Alignment

A dedicated hardware alignment monitoring
system is not foreseen for the Inner Tracker.

The design of the support frames will guar-
antee a positioning precision and reproducibil-
ity of better than 1 mm for the detector boxes,
and an initial alignment will be provided by
a survey after the installation of the detector
boxes has been completed.

Precision alignment will be based on recon-
structed tracks. The high particle rates in
the region of the Inner Tracker allow to put
stringent cuts on particle momenta in order
to select samples of straight tracks in the low
magnetic field region of stations T1-T3. Low-
occupancy events can be selected in order to
simplify pattern recognition.

The internal positioning precision of silicon
sensors within a detector box is better than the
spatial resolution of the detectors, such that for
a first alignment step each detector box can be
treated as one rigid unit. The task of align-
ing the Inner Tracker then consists in the de-
termination of 72 alignment constants, three
translations and three rotations for each of the
twelve boxes. The relative alignment of detec-
tor boxes within a station can be determined
using cross-over tracks.

In a second alignment step, the precise align-
ment of individual ladders within the detec-
tor box is determined using tracks that pass
through the regions of overlap of neighbouring
ladders within a detection layer. An additional
handle for the relative alignment of individ-
ual ladders is provided by the different stereo
views that lead to large regions of overlap be-
tween one ladder in one detection layer and
two neighbouring ladders in a different detec-
tion layer.

Long-term variations of the alignment of the
detector will also be monitored by the track

reconstruction software.

5.7.4 Radiation Monitoring

The simulation studies described in Section 4.4
have shown that moderate radiation levels are
expected in the area of the Inner Tracker. De-
tectors and front-end electronics will survive
10 years of LHCb operation at nominal lu-
minosity even if reasonable safety factors are
taken into account.

Nevertheless, the LHC presents a harsh ra-
diation environment. An independent online
monitoring of the actually received radiation
dose is highly desirable in order to provide
feedback to the machine, to protect equipment,
and to adjust operating parameters in case
observed radiation doses are higher than ex-
pected.

We plan to install in the region of the In-
ner Tracker stations a simple and robust ra-
diation monitor system based upon metal-foil
detectors. The system is described in detail
in [67]. Similar detectors have been employed
successfully for the steering of the multi-target
wires in HERA-B and as beam profile moni-
tors at a setup for radiation hardness studies
at the Tandem Generator at Max Planck Insti-
tut für Kernphysik, Heidelberg. A prototype
system was also operated successfully in an In-
ner Tracker test-beam at CERN.

The detector principle is simple: charged
particles induce the emission of secondary elec-
trons near the surface of a thin metal foil. Elec-
tron emission is further stimulated by two ac-
celerating foils that are placed close to the de-
tection foil and are kept at a relative voltage of
typically 20-30 V. The resulting net charge loss
is recorded by a charge integrator connected to
the detection foil.

The layout of the detector is illustrated in
Figure 5.12. It consists of five 25µm thin alu-
minium foils that are mounted onto a light-
weight support frame. The charge integrator is
connected to the central foil. A possible imple-
mentation is shown in Figure 5.13. It consists
of four detector ladders, each of which carries
ten detection pads of 5 cm×10 cm surface. A
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Figure 5.12: Sketch of radiation monitor.

more ambitious design that would cover the
full surface of Inner Tracker boxes is described
in [67].

The detector requires a minimum of infras-
tructure and a sensitivity down to particle
rates of 5 × 104 s−1 has been demonstrated
in HERA-B. The overall radiation length of
the detector, including support frames, is es-
timated at less than 0.2% X0.

5.8 Safety Aspects

In accordance with CERN’s safety policy as
described in the document SAPOC042, the
Silicon Tracker project will follow the CERN
safety codes which also allow the use of inter-
national construction codes for structural en-
gineering as described in EUROCODE 3.

In the Initial Safety Discussion (ISD) with
the CERN Technical Inspection and Safety
Commission (TIS) the following risks and ac-
tions have been discussed:

1. The electrical circuits of the Inner Tracker
will be subject to an electrical reception
prior to operation (Code C1).

2. Electrical protection will be assured by

1 10

Metal-Foil-Detectors

5 x 10 cm^2
Al-foil, 25 mum thick 

Sensors 1 -10

Isolator - poly-imide foil
20 mum thick

Ladders of the Si sensors type

50

10
0

80 channels system
( 4 ladders)

Figure 5.13: Sketch of radiation monitor.

the ECS/DSS that will be able to cut the
power source when necessary.

3. Interventions on the circuits will require
the primary power source to be switched
off by means of the DSS.

4. Detector boxes will be cooled with C6F14

and interlocks to the electronic equipment
will be activated by over-temperature.

5. The cooling agent C6F14 is a colourless,
odourless, non-flammable and practically
non-toxic liquid.

No risks other than electricity and material
safety were identified during the Initial Safety
Discussion.
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Chapter 6

Project Organisation

This document describes the technical de-
sign of the Inner Tracker, which together with
the TT stations forms the Silicon Tracker
project. The following sections contain ref-
erences to the TT station where appropriate
and necessary to describe the size of the over-
all project.

6.1 Schedule

The project schedule is summarised in Ta-
ble 6.1.

It is based upon the current LHC schedule
that foresees first beams in April 2007, and
covers the period from the submission of this
document up to that date. It complies to
the LHCb policy that all detector components
should be installed and ready for common sys-
tem commissioning at least 6 months prior to
the first LHC operation.

6.1.1 Completion of
Design and Prototyping

A realistic design of the Inner Tracker was de-
scribed in Chapter 5. Some items, however, re-
quire further evaluation before the production
can start. In particular, the following tasks
will be addressed during the 12 months follow-
ing the submission of this TDR:

• The characterisation of the Beetle 1.2 chip
will be completed by the end of 2002. The
chip will be tested on Inner Tracker silicon
ladders in a cosmics setup starting in De-
cember 2002.

• The 5m analog part of the readout link,
from the Beetle output to the FADC
board will be designed and optimised.
This work will start in December 2002
when Beetle 1.2 hybrids will be available.

• The radiation tolerance and SEU rate for
the optical transmitters and for candidate
FADC chips will be measured in spring
2003.

• The mechanical interface to the outer sta-
tion frames will be designed. This work
will be done in close collaboration with
the Outer Tracker group and in consulta-
tion with the LHC vacuum group, which
is designing the LHC vacuum pipe.

• The design of silicon ladders and detector
box mechanics will continue to be scruti-
nised with a view to further optimisations
of material budget.

An overview of the major R&D work specific
to the TT station has been given in section 1.2.

6.1.2 Production

A detailed estimate of the time needed for pro-
duction of the Inner Tracker has been made. It
is based upon experience from previous large-
scale silicon projects and takes into account ac-
ceptance tests of silicon sensors and assembly,
testing and debugging of individual ladders
and of complete detector boxes. It shows that
the full set of Inner Tracker stations can be
produced in one production site in 11 months.
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The project schedule reserves 18 months for
production.

The production of ladder supports will most
probably be outsourced to industry. Contracts
will be placed such that all components for all
ladders will be available at the startup of lad-
der production.

Production, assembly and testing of front-
end hybrids will run ahead of ladder produc-
tion. Fully assembled and tested hybrids will
be sent to the detector production site.

The construction of box mechanics is a rel-
atively light task. It should follow the ladder
production such that, after testing and debug-
ging, ladders can be directly assembled into
detector boxes.

Detector boxes will be completely assembled
and tested at the production site, before being
transported to CERN for installation.

6.1.3 Installation
and Commissioning

The Inner Tracker stations are mounted onto
a common support structure with the Outer
Tracker and installation in IP8 has to be co-
ordinated with the Outer Tracker group. The
Inner Tracker detector boxes are compact ob-
jects and the actual installation will be very
fast.

Each detector box constitutes a complete,
standalone system. Readout electronics, high
and low voltage systems and cooling will be
available in time such that in-situ commission-
ing of individual detector boxes can start im-
mediately upon their installation

The complete Inner Tracker system will be
available for LHCb global commissioning in
September 2006.

6.2 Milestones

Major milestones are summarised in Table 6.2.
Since the size of the TT sub-project is sim-

ilar to that of the Inner Tracker, these mile-
stones apply for the TT station as well as for
the Inner Tracker.

6.3 Costs

Table 6.3 gives a detailed estimate of the cost-
ing for the Inner Tracker. The total cost
amounts to 3.15 MCHF, including 15% spares
on all components. The pricing of almost all
items is based on preliminary quotes from in-
dustry or comparable recent purchases.

The cost of the TT station, as described
in section 1.2, is estimated to be approxi-
mately 3 MCHF. The overall project cost of
the Silicon Tracker will thus be of the order of
6.15 MCHF.

6.4 Division of Responsibili-
ties

The following institutes are currently working
on the Silicon Tracker project: Max Planck-
Institut für Kernphysik Heidelberg, Institute
for Nuclear Research of the National Academy
of Science of Ukraine Kiev, IPHE Univer-
sité de Lausanne, Budker Institute for Nuclear
Physics Novosibirsk, Universidade de Santiago
de Compostela, and Physik-Institut der Uni-
versität Zürich.

The sharing of responsibilities for the main
project tasks is listed in Table 6.4. Spe-
cific software developments for data acquisi-
tion, controls and monitoring, as well as the
interfaces to the experiment control system
(ECS) are understood to be included under
the respective tasks. The groups als partici-
pate in the development of track reconstruc-
tion software, within the framework of the
LHCb Tracking Task Force.
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Table 6.2: Milestones.

Milestone Date

Project
Final decision on production site(s) 06/2003
Engineering design finished 12/2003
First detector box in IP8, start of system commissioning 11/2005
Full system ready for integration into LHCb 09/2006

Silicon sensors
Final order placed 03/2004
10% sensors delivered 09/2004
50% sensors delivered 01/2005
All sensors delivered 07/2005

L0 electronics
BEETLE engineering run 03/2004
10% of hybrids assembled and tested 08/2004
BEETLE production run 12/2004

Readout link and service box
Full prototype test of readout link 06/2003

L1 electronics
Production of L1E boards started 03/2004
10% of L1E boards produced and tested 08/2004
50% of L1E boards produced and tested 04/2005
All L1E boards produced and tested 02/2006

Mechanics
10% of ladder supports delivered 08/2004
Mechanics for first detector box ready 08/2004

Assembly
Production sites ready 06/2004
Ladder assembly starts 09/2004
10% of ladders and first detector box assembled 01/2005
50% of ladders assembled 07/2005
All ladders and detector boxes assembled and tested 02/2006
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Table 6.3: Inner Tracker costs, including 15% spares.

Item Number of units Cost (kCHF)

Silicon sensors 580 870
L0 electronics 320

Front-end chips 1160
Hybrids 390
Pitch adaptors 390

Readout links 4640 560
L1 electronics 760

L1E boards 48
Readout units 10
Crates 6

Mechanics 290
Ladder supports 390
Balconies 390
Cooling plate 12
Insulation box 12
Outer Tracker interfaces 6

Infrastructure 350
High voltage
Low voltage
Cooling system

Total 3150
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Table 6.4: Sharing of responsibilities

Task Institute(s)

Silicon sensors Zürich
L0 electronics MPI Heidelberg

BEETLE chip, hybrid
Readout link Zürich

digitisation, optical links
L1 electronics Lausanne

DAQ interface, L1 trigger interface
Mechanics

ladder supports Lausanne
station mechanics Zürich

Infrastructure
HV, LV, monitoring Santiago
radiation monitor Kiev

Assembly sites
TT production Kiev, Zürich
T1-T3 production Lausanne, Santiago

Installation and commissioning all
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