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Abstract—The LHCb detector will be upgraded during the
Long Shutdown 2 (LS2) of the LHC in order to cope with
higher instantaneous luminosities and to read out the data at
40 MHz using a triggerless read-out system. The current LHCb
main tracking system will not be able to cope with the increased
particle multiplicities and will be replaced by a highly granular
scintillating fibre detector.
The new Scintillating Fibre (SciFi) tracker covers a total
detector area of 340 m2 and will provide a spatial resolution for
charged particles better than 100 µm in the bending direction of
the LHCb spectrometer. The detector will be built from individual
modules (0.5 m × 4.8 m), each comprising eight fibre mats with a
length of 2.4 m as active detector material. The fibre mats consist
of six layers of blue emitting scintillating fibres with a diameter of
250 µm. The scintillation light is recorded with arrays of state-ofthe-art multi-channel silicon photomultipliers (SiPMs). A custom
ASIC will be used to digitize the SiPM signals. Subsequent digital
electronics performs clustering and data-compression before the
data is sent via optical links to the DAQ system. To reduce the
thermal noise of the SiPMs after being exposed to a neutron
fluence of up to 1012 neq /cm2 , expected for the lifetime of the
detector, the SiPMs arrays are mounted on 3D-printed titanium
alloy cold-bars placed in so called cold-boxes and cooled down
to -40◦ C.
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I. S CINTILLATING F IBRE T RACKER DESCRIPTION
The LHCb detector will be upgraded during the Long
Shutdown 2 (LS2) of the LHC in order to cope with a higher
instantaneous luminosity and to read out the data at 40 MHz
using a triggerless read-out system. The current LHCb main
tracking stations (see figure 1) will be replaced by a single homogeneous detector based on scintillating fibres, covering the
complete 5m×6m large acceptance area of the detector[1] . It
will be built from Kuraray SCSF-78 blue emitting scintillating
plastic fibres with a diameter of 250µm. The scintillating fibres
are arranged in six stacked layers to produce fibre mats. The
generated scintillation light from a passing particle is guided to
the end of the mat and converted into an electrical signal using
arrays of multi-channel SiPMs. Each array consists of 128
channels grouped in two silicon dies and packaged together.
The electrical SiPM signals are then processed by a custom
readout ASIC, the Low Power ASIC for the sCIntillating FIbre
traCker (PACIFIC)[3] . The measured raw digital PACIFIC-data
is processed by an FPGA before being sent by optical links
to the readout farm.
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Fig. 1. SciFi in LHCb detector (source: LHCb collaboration[1] )

The tracking detector will comprise three stations split in
two half which can be opened and closed around the beam
pipe. Each station includes four planes, as seen in figure 2. The
four planes denoted as X,U,V,X layers are either being vertical
(X) or tilted by ±5◦ (U and V) respectively. This arrangement
provides an excellent single hit resolution in the horizontal
direction (< 100 µm) and information on the vertical hit
position.
The detector layers are built from single modules (0.5 m
× 4.8 m) each comprising eight fibre mats (four top and four
bottom). To maximize the light seen by the SiPMs mirrors at
the inner ends of the fire mats reflect the light towards the
outer ends which carry the SiPMs.

Fig. 2. SciFi stations schematic view (source: SciFi collaboration[2] )

A. Fibre mats and modules
Following extensive QA and geometrical refinement of
the fibre diameter[4] , fibre mats are produced with a custom
designed winding machine (see Figure 3). The six fibre layers
are wound on a threaded wheel which defines the positioning
of the fibres of the first layer. Precision holes inside the wheel
are filled with epoxy and lead to precision alignment pins on
one side of the fibre mats. Each fibre layer is finished with a
layer of epoxy.

Fig. 4. SciFi clustering (source: SciFi collaboration[2] )

C. Readout Electronics
The electronics readout is performed by a processing chain
that includes several boards with active devices connected by
high density connectors for the sensors and communication
between boards (standard FMC connectors have been used
for that purpose). The first element of the readout electronics
is the SiPM array mounted on a flex circuit (see figure 5 and
7).

Fig. 3. Fibre mat winding (source: SciFi collaboration[2] )

Using the precision pins as reference the fibre mats are
put into a template which defines the relative alignment of
the eight mats. Two laminated honeycomb half-panels (0.5
m × 4.8 m) are glued on both sides of the fibre mats. The
carbon fibre lamination of the honeycomb half-panels provide
the stiffness of the final module and minimizes the material
budget. The material of the final module corresponds to 1%
of a radiation length.
B. Clustering
To detect the scintillating light of the fibres a custom
designed SiPM array with a small channel size and reduced
channel pitch (250µm) which matches approximately the fibre
spacing in the mats is used. The 128-channel SiPM is based
on two 64-channel dies. The photodetector is mounted on a
flexible printed circuit board.
The SiPM channels are not aligned with the fibres. The light
signal is therefore split among several channels (see figure 4).
A clustering algorithm in the FPGA will be run on the digitized
hit data to determine the cluster position and to reduce fake
clusters produced by dark noise hits.

Fig. 5. SiPM flexible assembly (source: SciFi collaboration[5] )

This flex circuit is connected to the PACIFIC board containing four PACIFIC ASICs. Once the analog signal is digitized
it is sent to the Cluster Boards for performing the cluster
algorithm. In the last step the digital cluster data is sent
through the optical links on the Master Board to the central
DAQ.
1) PACIFIC: Each of the 64 channels of this ASIC comprise analog processing, digitization, slow control and digital
output at a rate of 40 MHz to match the bunch clock of the
LHC.
An approximate representation of the analog processing,
shown in figure 6, consists of a preamplifier, shaper and
integrator. An interleaved, double-gated integrator avoids dead
time as one integrator is in reset while the other collects the
signal. The two integrator outputs are merged by a track and
hold to provide a continuous measurement. The output voltage

is digitized using three comparators acting like a non-linear
flash ADC.
The three bits of output are encoded into a two bit value
and serialized (combining several channels). The design is
complemented by auxiliary blocks such as voltage and current
references, control DACs, power-on-reset (POR) circuitry and
serializers. The slow control digital block consists in a 10 bit
addressing I2C slave and a register bank for holding the
configuration values.

3) Data throughput: An important aspect of the detector
is the dark noise reduction while keeping the relevant data
for transmission. Dark count appears as thermal excitation of
electrons that can cause a pixel avalanche in the SiPM which
mimics a single photon signal. This effect is amplified by pixel
crosstalk in the SiPMs.
The first step in reducing this dark noise is the three different
thresholds available in PACIFIC, used to separate signal from
dark noise. This threshold information permits to remove most
of the noise during the clustering.
The initial data output (see figure 8) of the PACIFIC is
two bits per channel at a 40 MHz rate, leading to 10.24 Gb/s
delivered for each SiPM array. This number is reduced by
nearly a factor of two after clustering, to around 4.48 Gb/s, in
the highest occupancy region (close to the beam pipe) and to
nearly zero at the outside modules of the detector.

Fig. 6. PACIFIC channel blocks (source: SciFi collaboration[3] )

2) Cluster and master board: The PACIFIC output is
processed by the cluster board based on Microsemi R Igloo2 R
radiation tolerant FPGAs. Suppressing noise and reducing the
hit information to an eight-bit cluster-position in the cluster
boards significantly reduces the data-volume. The cluster
boards are connected to the master board which provides
power using CERN custom designed FEASTMP[6] radiation
tolerant DC-DC converters, the slow-control, and the fastcontrol signals using the GBT[7][8] chipset. Moreover, the
master board features eight optical links for data-transmission
of the clusterized data of eight SiPM arrays. Two master
boards are needed on a module to readout the 1024 channels
on each side.

Fig. 8. SciFi electronics data throughput (source: SciFi collaboration)

D. Radiation environment

Fig. 7. SciFi electronics (source: SciFi collaboration)

The expected accumulated ionisation dose from FLUKA
simulations[9] reveals the region around the beam-pipe as the
most problematic area.
The main effect on the scintillating fibres is the increase
of the attenuation length during the detector lifetime[10] . The
electronics will have to cope with reduced photon signals (40%
less) when a particle crosses the fibre mats near the beam pipe.
The inclusion of a mirror improves the collection efficiency
specially if the hit is produced close to the mirror (far from
the SiPM).
Being mounted far from the beam pipe, the electronics
experience a much reduced ionising dose. PACIFIC has been
designed keeping in mind the possibility of single event upsets
(SEUs) and thus all static configuration bits are kept in a
Hamming encoded block that permits error detection and
correction.
Furthermore neutron irradiation has a big impact on the
SiPMs dark noise rate (see figure [9] ).
The dark count rate has a strong dependence on overvoltage, temperature and neutron dose. The nominal overvoltage to maximize photon detection efficiency will be fixed
at 3.5V.

system is formed by a light diffusing element (called light
bar) with a scratched plastic optical fibre connected to a radiation tolerant vertical-cavity surface-emitting laser (VCSEL)[11]
driven by a CERN designed GigaBit Laser Driver (GBLD)[12] .
This driver permits the injection of 5ns synchronous light
bursts into the SiPM arrays.
The VCSEL electronics are placed on the module itself in
small pockets. Flexible printed circuit board brings power and
control signals from the Master Board and the output fibre
optic connects directly to the light bar on top of the transparent
polycarbonate end piece (see figure 11).

Fig. 9. SiPM dark count dependence with temperature after irradiation at
6 × 1011 neq cm−2 (source: SciFi collaboration[5] )

Boron loaded shielding will be positioned strategically to
reduce the neutron fluence by about a factor of two. Additionally, it is expected to cool down the sensors to -40◦ C (in the
worst case) to mitigate the dark count (noise) increase from
irradiation damage.
E. Cold box
To limit the noise increase in the sensors due to the radiation
damage a thermally insulated section must be built to host the
SiPM arrays. For this reason the flex cable with the sensors
have a length of 10cm keeping enough space to build the socalled Cold box around it. Due to the lower temperatures that
should be reached in the cold box it is crucial to keep the dew
point inside as low as possible. For this reason, inlets in the
box permit flushing dry air inside (see figure 10fig:ColdBox).

Fig. 11. Light Injection System (source: SciFi collaboration)

The result of the injection of synchronous light bursts into
the SiPM arrays while sweeping the comparators thresholds
in PACIFIC is a calibration plot where single photon signals
can be measured directly (see figure 12).
This measurement is used as a reference for setting the
thresholds to the corresponding photon value (1.5ph, 2.5ph
and 4.5ph as default values) during detector operation.

Fig. 10. Cold Box design (source: SciFi collaboration)

An additional challenge is to prevent the condensation on
the SiPM connectors and outside surfaces of the cold box.
F. Light Injection
For calibration purposes, a light injection system has been
included at the transparent end piece of the modules. The

Fig. 12. PACIFIC output with synchronous light injected (source: SciFi
collaboration[3] )

G. Test beam
During 2017 two test beam campaigns have been performed
at DESY to test the PACIFIC chip. The test beam setup
used a telescope to provide reference tracks. The telescope
consisted of two halves, each with two X and two Y-layers.
The fibre modules under test (DUT) were placed between the
two telescope halves and were read out by PACIFIC ASICs
(see figure 13).

channels in figure 14 with ≈1% efficiency drop correspond to
two channels interconnected by a short, producing a reduction
of gain of around half in both channels. Small variations of
the gain between channels should not have a big impact in the
overall efficiency.
Based on the same data the hit position residuals can be
determined from the reference tracks (see figure 15). The hit
residuals have a Gaussian sigma of 106 µm. It should however
be noted that for the test-beam energy of 6 GeV multiple
scattering is dominating the measured residuals.

Fig. 13. SciFi test beam setup (source: SciFi collaboration[13] )

A DAQ system collected the data from both the telescope
and the PACIFIC ASICs. Time stamps provided by the trigger
system (two scintillators in the particle beam path) allowed
for the synchronization of the telescope and the DUT data.
Results: With nominal SiPM gains the overall cluster efficiency was measured to be on average 99.3% (see figure 14).

Fig. 14. Test beam efficiency (source: SciFi collaboration[13] )

An important finding is that the cluster efficiency is only
moderately affected if a single channel has problems: The two

Fig. 15.
Test beam single hit position residuals (source: SciFi
collaboration[13] )

II. P RODUCTION STATUS
The fibre procurement started already in the middle of 2016
and is currently close to its end with a total of 11000 km
shipped. The fibre quality has been good with consistent light
yield over different batches. The highest light yield spools
will be used for the production of the beam-pipe mats that
will suffer more radiation damage.
The mat winding has been distributed amongst different production sites and as of mid September 2017, 661 production
quality mats have been produced. The production yield is high,
such that the average fibre consumption is about 8 km per good
mat. The total number of mats produced will be approximately
1320.
The module production also started in October 2016 and is
producing around 5 modules per month limited by the number
of mats available. Around 38 of the 128 modules are finished
with good quality. The goal is to finish the mat and module
production in June 2018.
Other systems such as PACIFIC and electronic boards have
passed or are close to passing production reviews before
launching mass production. Once produced, quality assurance
of the different parts will start.
The electronics will be assembled with the modules before
the start date of the detector installation at the end of 2019.

III. C ONCLUSION
During LS2 the LHCb main tracking system will be replaced by a new scintillating fibre detector. Blue emitting
scintillating fibres are arranged in 6-layer fibre mats from
which fibre modules are built. The detector covers a total active
area of 340 m2 and should provide a spatial hit resolution
better than 100 µm. The scintillation light is recorded by stateof-the-art multi-channel silicon-photomultipliers. A custom
designed readout ASIC provides for every channel two bit
amplitude information at a readout rate of 40 MHz. Beamtests of fibre modules with final SiPMs and prototypes of the
readout ASIC showed hit efficiencies larger than 99% and
indicated a spatial hit resolution better that than 100 µm
The production of the detector elements is well advanced.
The installation and commissioning of the detector should take
place in 2020 to be ready for the LHC restart in 2021.
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