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Chapter 2

The VELO upgrade

The LHCb detector will be upgraded in the second long LHC shutdown to
profit from the high luminosity delivered by the LHC. To cope with the ex-
pected beam conditions and comply with the new data acquisition scheme the
VELO detector needs to be replaced. Two options were considered, a silicon
strip detector analogous to the current VELO and a silicon pixel detector.
After reviewing both options [20] the LHCb collaboration selected the pixel
design.

In this chapter several general aspects and challenges of the upgrade detector
are listed, while in the subsequent chapters specific performance studies are
presented in detail.

2.1 Resolution requirements

A number of requirements are given for the design of the VELO upgrade. The
new detector must cover the pseudorapidity region of 2 < ⌘ < 5. To recon-
struct a charged particle, each track should have a minimum of three spatial
measurements in the VELO. The hit resolution and the ability to separate
tracks are important performance parameters. For a good hit resolution, the
channel pitch needs to be in the same order of magnitude as in the current
VELO.

In the analysis, tracks are extrapolated to the z-axis. The IP resolution of
the VELO upgrade needs to be better than or equal to the performance of the
current VELO. To achieve this, the distance from the first sensor element to
the beam will be reduced from 8 to 5 mm. In addition, the material between
the interaction point and the first hit needs to be minimised. The effect of
extrapolating the distance from the first hit to the beam and of the material
budget on the IP resolution of the VELO upgrade is studied in detail in Chap-
ter 3. The resulting performance of these studies were used for the technology
choice, eventually resulting in a validation of the pixel detector.
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CHAPTER 2 THE VELO UPGRADE

2.2 Constraints

Operating the VELO upgrade in a higher luminosity environment will lead to
an increased particle flux. This high rate combined with the smaller distance
from the detector to the beam increases the amount of radiation that the
detector will be exposed to.

2.2.1 Data rates

During Run 1 the average number of hits per inelastic pp-collision was around
5,000. In the upgrade conditions of Run 3 at the instantaneous luminosity
of 2 ⇥ 10

33 cm�2 s�1, the number of hits per bunch crossing will be about
5.2 cm�2 ⇥R

�2 where R is defined as the radial distance from the beam to the
outermost module edge in cm. Assuming an average of 32 tracks per module
in an event [21] and an average of 2.2 pixels per cluster, the total number of
hits per event is 7,300. The data acquisition and front end electronics of the
VELO upgrade must be able to cope with these data rates.

2.2.2 Radiation damage

By moving the modules closer to the beam, the estimated integrated radiation
dose per fb�1 increases by a factor of 2.5. Moreover, since the particle fluence
is proportional to R

�2 the resulting radiation profile along the module is not
homogeneous.
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Figure 9: (a) Fluence as a function of radius R per delivered fb

�1
for the most highly irradiated

sensor (above interaction region) and the sensor receiving the smallest dose (downstream). The

shape for each sensor is fitted with the expression A ⇥ R

�k

, where R is the radius in cm and the

A and k are fitted constants. (b) shows the dose measured at the position of the closest pixel as

a function of z position, and (c) shows the value of the exponent k, showing how the radiation

map flattens further away from the interaction region.

with the relation �3D =
p

�

2 �IP, where �IP is the RMS of either the x or y impact parameter
component.

Under the assumption that the amount of material at the first measured point is
reasonably compact, the impact parameter resolution is well described to first order by
the following expression:
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Figure 2.1: Fluence as a function of the radius R per delivered fb�1 for two sensors
at different z positions. Plot taken from [21].
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2.3 LAYOUT IN THE UPGRADE

A simulation of the expected fluence1 [1 MeV n
eq

/cm2] as a function of the
distance from the beamline R for modules at different z positions is shown
in Figure 2.1. For both modules the fluence is maximum at the edge and
decreases / R

�2. Close to the center of the interaction region (z = 0) the
fluence at the edge of a module is a factor of 1.5 higher than the fluence at the
edge of a downstream module at z = 700 mm.

The integrated luminosity at the end of Run 3 is expected to be 50 fb�1

with a corresponding fluence of 8 ⇥ 10

15
1 MeV n

eq

/cm2. The exposure of
silicon sensors to these high fluences reduces the amount of charge collected as
will be explained in Section 4.5.1.

2.3 Layout in the upgrade

The design of the VELO upgrade is based on the requirements and constraints
imposed in Section 2.2. The layout of the VELO upgrade detector is similar
to the current VELO covering the same acceptance. The modules will be
mounted on two halves that can move away from the beam line whilst the
LHC beam is injected. This retraction mechanism ensures a reduced exposure
of the modules during these conditions. When stable beams are declared the
detector will be closed. The layout of the detector within the LHCb coordinate
system is shown in Figure 2.2.
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z = 0 cm

Saturday, 26 March, 16

Figure 2.2: Schematic layout of the VELO upgrade [21].

2.3.1 Module description

The upgraded VELO is a silicon pixel detector. The silicon sensors have pixels
of 55 µm⇥55 µm and cover an area of 15 mm ⇥ 43 mm. The detector consists
of 26 stations where one station refers to a pair of modules, one on each half.
1This is the neutron equivalent flux that will be explained in detail in Section 4.5.1.
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CHAPTER 2 THE VELO UPGRADE

Each module will host 4 sensor tiles, 2 at each side of the module as depicted
in Figure 2.3(a). The modules are separated from the primary beam vacuum
by a thin aluminium foil known as RF foil. Next to the tiles lie the so called
hybrids, which are printed circuit boards. The dimensions of one sensor tile
match the surface of the 3 adjacent ASICs2 as shown in a prototype assembly
in Figure 2.4.

Layout

Module
Basic building blocks are 14� 14 mm2 pixel chips.
Three chips in a row are flip-chipped to a common silicon sensor.
Each module contains four sensor “tiles” arranged in an L shape.
Two tiles glued to back, two tiles to front of microchannel cooling substrate (400µm Si).

x 

y 

28 August 2014 Eddy Jans                          2 VELO Upgrade meeting 

What needs to be defined ? 
• The naming of the tiles, since there LVQ·W a real long and short side  
     anymore. 
 
• What defines the z-position of a module ? 
     The center of the substrate ? 
 
• What defines the position of a pixel ? 
     The center of the pixel, as this is  
     unambiguous ? 
 
• Dimensions of the substrate ?  
     When will the decision about the  
     size of the wafer be taken ? 
 
• Dimensions of the hybrid ? 
     Especially in the y-direction. 
 
• Overlap between tiles on either side of the module.  

Conceptual module design.
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(a) Front side of a closed station.
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(b) Cross section of a module.

Figure 2.3: Schematic of the upgrade module: (a) front side of a closed station and
(b) cross section of a module.

Between the two hybrids is an innovative type of cooling that will be dis-
cussed in Section 2.4.2. This microchannel cooling substrate is visible in the
cross section view of Figure 2.3(b). The cooling substrate is made of silicon
to minimise any mismatch in the thermal expansion coefficient that could lead
to deformation of the module. No cooling substrate is placed under the first

2The acronym ASIC stands for Application Specific Integrated Circuit.
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hybrid readout 

43 mm

15 m
m

sensor 
tile

Saturday, 20 February, 16

Figure 2.4: Three ASICs (dotted squares) share a common 3 ⇥ 1 sensor tile on a
hybrid board.

5 mm of the sensor at the edge of the module in order to reduce the amount
of material close to the beam. The amount of material is related to multiple
scattering that is one of the quantities contributing to the IP resolution as will
be discussed in Chapter 3.

2.4 Technical challenges

The construction of the VELO upgrade brings a number of technical challenges
that need to be dealt with.

2.4.1 RF-foil

The RF-foil, separating the secondary vacuum from the beam vacuum, shields
the modules from beam induced electromagnetic interference and guides the
mirror currents of the beam. Although the foil is required to have a maximum
thickness of about 250 µm, it is still the main contributor to the material budget
as can be seen in the material description of the current VELO (Figure 2.5).

The foil contributes significantly to the material budget since due to its cor-
rugated shape particles can traverse it multiple times. As shown in the proto-
type RF foil extending to 10 stations in Figure 2.6, a track with high ⌘ (track B)
will traverse the foil at more points than a track with low ⌘ (track A).

17



CHAPTER 2 THE VELO UPGRADE

RF foil
sensors

hybrids

RF box
other

LHCb simulation

0Xtotal material: 20.0%

Figure 2.5: Radiation length of the current VELO. The main contribution comes
from the RF foil [21].

The LHCb VELO Upgrade Daniel HYNDS

the ASICs and other sources of heat dissipation. There are several advantages of this technology
over conventional pipe cooling: aside from the fact that the cooling "pipes" are integrated into the
substrate, large surfaces for heat transfer are available by using many parallel channels; the use of
silicon matches the sensor and ASIC thermal expansion perfectly; the system is low mass, con-
taining no metallic components; there are only small thermal gradients across the module. Despite
the many advantageous properties, microchannel cooling has not yet been employed on a large
scale experiment, and thorough validation will be required, in particular for use in LHCb where
the detector sits within secondary LHC vacuum. Pressure tolerance of > 100 bars must be shown,
reliably, in order to validate this and ensure the safety of both the detector and the LHC.

A secondary option for cooling, using more conventional methods, is also under study. Such
a detector would consist of a highly conductive substrate, with cooling pipes mounted around the
periphery of the module. Several substrate possibilities are available, the most promising of which
is high thermal grade diamond. This has been reliably manufactured with thermal conductivities in
excess of 1500 WK�1m�1, and a substrate thickness of 200µm would be sufficient for mechanical
stability and cooling performance.

Both cooling options are, to a great extent, independent of the detector technology. Optimi-
sations for both strips and pixels are under way, with the main consideration being the extent to
which the substrate must extend under the module. As the IP resolution is strongly dependent on
the material traversed by particles between the first and second measured point [16], retracting the
module substrate even just several mm before the second measured point would have an impact
on the final detector performance. Thermal simulations to model the temperature gradient and
lowest achievable temperature are also under way, to gauge the safety margin below the expected
temperature for thermal runaway.

7. RF Foil

One of the most delicate parts of the existing and upgraded detectors is the thin layer of foil
which separates the secondary vacuum of the modules from the primary LHC vacuum. This ad-
ditionally prevents beam-induced effects in the modules, such as pickup of radio frequency (RF)

Figure 5: Prototype RF foil, showing both halves (covering 10 stations)
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Sunday, 14 February, 16

Figure 2.6: Prototype RF box with both half boxes extending to 10 stations. The
modules are also illustrated (dotted rectangles). A track can cross the edge of the
box at a few (track A) or multiple (track B) points [22].
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2.4 TECHNICAL CHALLENGES

Figure 2.7: Photograph of the “snake” design on a prototype sample with dimensions
4 cm ⇥ 6 cm.

2.4.2 Microchannel cooling

The cooling substrate of each module needs to remove 43 W. The main power
dissipation comes from the ASICs and the sensors that are thermally coupled.
The heat dissipation is expected to be 3 W per ASIC. Since the ASICs are
between the cooling substrate and the sensors, the sensors can only be cooled
via the ASICs. If not sufficiently cooled, the expected dissipated power may
lead to thermal runaway. To prevent thermal runaway, the sensors need to be
kept below -20�C [23].

Two-phase CO2 cooling using microchannels in a 400 µm thick silicon sub-
strate has been developed at Nikhef and at CERN. These channels of dimen-
sions 200 µm ⇥ 120 µm will be etched in a silicon wafer which is subsequently
sealed with another wafer. The expected CO2 pressure at room temperature is
about 65 bar but the system will be qualified up to 170 bar for safety reasons.

Measurements on a prototype Si-pyrex plate with a size of a quarter of one
upgrade module demonstrated that 12.9 W of power could be removed [24]. A
photograph from the pyrex side of a prototype sample is shown in Figure 2.7.
The microchannels follow a “snake” design that serpentines along the sample.
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CHAPTER 2 THE VELO UPGRADE

Figure 2.8: Average number of tracks per ASIC per bunch crossing in a VELO
upgrade module.

2.4.3 The VeloPix ASIC

A new front end chip derived from the Medipix [25] family has been designed,
VeloPix [26]. The VeloPix is built in a 130 nm CMOS technology and consists
of a pixel matrix of 256 ⇥ 256 square pixels with a 55 µm pitch. The ASIC
will provide a zero suppressed data driven readout. When charge generated by
a traversing particle surpasses a certain threshold, the Time of Arrival (ToA)
is measured and stored with the pixel location. The ToA has a timing reso-
lution of 25 ns. Subsequently this information, together with the state of its
neighbours in a 2 ⇥ 4 group of pixels, known as “superpixel”, is immediately
sent off the chip.

In one bunch crossing the average number of tracks crossing the ASIC re-
ceiving the maximum number of hits is 8.5 per bunch crossing and <1 for the
outermost ASIC (Figure 2.8). The peak hit rate is expected to be 900 MHits/s
per ASIC. Because of the high particle flux, the VeloPix ASIC has to be radi-
ation hard up to 400 MRad. To reduce the amount of material in a module,
the new chip will be thinned down to 200 µm.

2.4.4 Sensors

The baseline option for the VELO upgrade sensors are 200 µm thick, n-on-
p type diodes with a conservative guard ring design with a total width of
450 µm. However, other design variants in terms of thickness, sensor type and
implant width are also considered. Prototype sensors based on these design
variants were produced by two vendors, Hamamatsu and Micron. Although
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Table 2.1: Properties of the prototype sensors for the VELO upgrade.

type n-on-p, n-on-n
thickness [µm] 150, 200
size [mm⇥mm] 15⇥15, 15⇥43

vendor Hamamatsu, Micron
implant width [µm] 35 – 39

guard ring [µm] 450

the dimensions of one sensor tile are 15 mm ⇥ 43 mm and cover the surface
of the 3 adjacent VeloPix ASICs, smaller sensors that cover one ASIC were
also produced. The properties of the prototype sensors are summarised in
Table 2.1.

The temperature of the silicon sensors must be kept < -20�C in order to
avoid thermal runaway [21]. At -20�C the expected leakage currents are in
the order of 200 mA/cm2 at the benchmark voltage of 1000 V. The estimated
noise threshold of the VeloPix ASIC is 1000 e�. In order to collect sufficient
signal in a pixel after charge sharing, a minimum signal yield of 6000 e� is
required.

2.5 Testbeam programme and Timepix3

Since the LHCb detector will be operated at a 5 times higher luminosity during
Run 3, the silicon sensors must be radiation hard up to 8 ⇥ 10

15
1 MeV n

eq

/cm2.
The performance of the sensor tiles needs to be evaluated before proceeding
to mass production.

A number of prototype silicon sensors with the sensor characteristics de-
scribed in Table 2.1 have been developed by Hamamatsu and Micron. Ideally,
the sensors would have been tested in combination with the VeloPix readout.
However, VeloPix was not available at the time the prototype sensors were
tested. Another member of the Medipix family, the Timepix3 ASIC, was used
to test the prototype sensors. Timepix3 will be discussed in more detail in
Section 4.3.

Contrary to VeloPix, Timepix3 provides also information on the amount of
charge collected. When compared to VeloPix the main limitations of Timepix3
is that its data rate is lower by an order of magnitude and that it is not
protected against radiation induced single event upsets.

The testbeam programme involved beam tests at SPS at CERN. In the
testbeams, a telescope based on multiple Timepix3 ASICs was used. First,
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CHAPTER 2 THE VELO UPGRADE

the principles of operation of a silicon sensor are discussed in Chapter 4. The
telescope is described in Chapter 5. The results of the testbeam programme
are given in Chapters 6 and 7.

22


