
The LHCb VELO Upgrade 
- sensor R&D with the 
Timepix3 Telescope
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Precision of many physics measur-e-
ments at LHCb will be statistically limi-
ted at end of Run 2 | Boost statistic with 
increased ℒ(4×1032  →2×1033)𝑐𝑚−2 𝑠−1 

| 25 𝑓𝑏−1 expected in Run 3 | But many 
hadronic channels saturate due to ener-
gy cuts in the trigger | Remove hardware 
trigger | 1𝑀𝐻𝑧 →40 𝑀𝐻𝑧 readout rate 
with software trigger only | Data taking 
in Run 3 starting 2021 [1].

 ▪ Detector surrounding the proton-proton interaction region
 ▪ Integrated in the ℒHC vacuum system
 ▪ Halves retractable during the beam injection and setting
 ▪ Excellent hit and geometry impact parameter resolution

 ▪ The simultaneous ToT and ToA measurements of the Timepix3 offers a fast, simple and robust 
pattern recognition and track reconstruction. 

 ▪ The use of a charge-weighted clustering algorithm and a track-based alignment procedure provide 
residuals of the order of 4 µm for each telescope plane. 

 ▪ The pointing resolution at the DUT position, in the centre of the telescope, is determined to be 
1.69±0.16 µm. 

 ▪ A time resolution of 350 ps is achieved for reconstructed tracks traversing eight telescope planes. 
 ▪ No deterioration of the telescope performance has been observed to a rate of 5 MHz/cm2.
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 ▪ Better/more robust pattern 
recognition and alignment 
performance (compared to strips)

 ▪ Improved spatial and impact 
parameter resolution

 ▪ Closer to beam (8.1 →5.1)mm
 ▪ Approx. 10 times more fluence than 
the current design ~1016 neq/cm2

Upgrade  motivation

VELO functionality

Spatial resolution

HV tollerance Charge collection Efficiency

Resolution
Pointing resolutionHigh rate

Pixel detector [2]

References

Sensor characterizationTimepix3 telescope performance

Upstream Tracker

SciFi Tracker

Magnet

RICH 1

Muon stations

Hadron Calorimeter

Electromagnetic 
Calorimeter

RICH 2

VErtex LOcator

Silicon strip —> Silicon mico-strip

HPDs replacement with MaPMTs 
with external readout electronics

HPDs replacement 
with MaPMTs with 
external readout 
electronics

Readout with SiPMs at the 
outer edges 

Remove M1—> install shield  
in front of M2  

Silicon strip —> pixel-based

lhcb upgrade

• Precision of many physics
measurements at LHCb will
be statistically limited at end
of Run II.

• Strategy:
• Boost statistics with
increased luminosity

• 4x1032cm−2s−1 →
2x1033cm−2s−1

• 50 fb−1 expected in Run III

• But many hadronic channels
saturate due to energy cuts in
the trigger

• Remove hardware trigger.

• 1 MHz→ 40 MHz
readout rate

• Software trigger only

• Data taking in Run III
starting 2021
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Test	  beam	  	  
•  Commissioned	  the	  TimePix3	  telescope	  in	  July/August	  2014	  at	  CERN	  PS	  
•  Successful	  test	  beam	  campaign	  at	  CERN	  SPS	  in	  November/October	  2014	  and	  May	  

2015	  	  
–  CharacterizaIon	  of	  prototype	  assemblies	  
–  High	  rate	  test	  of	  TimePix3	  
–  Irradiated	  sensors	  were	  also	  tested	  
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Figure 5: Unbiased residuals in x and y on one telescope plane, both integrated over the
chip and as a function of position. The error bars show the fitted gaussian width at each
position.

extrapolated to the DUT position. For the Timepix3 telescope this resolution is a function
of the measurement precision of each plane, the spacing between the telescope planes, and
the amount of material traversed by the track. In the case of high energy (> 10 GeV)
hadronic beams the dominant contribution in this case is the measurement error of each
plane.

In order to determine the track-pointing resolution a simulation procedure is used. The
first step is to obtain an initial estimate of the cluster resolution of each individual plane.
Note that this varies plane by plane due to the slightly different thresholds used and the
variations in the angle presented to the beam in both the x and y direction. The initial
estimates are found by taking the unbiased residuals and subtracting in quadrature a
reasonable first guess of the track-pointing resolution at the z position of that plane. The
cluster resolution values so obtained are used as inputs to a fast Monte Carlo simulation
similar to the one described in Ref. [3]. The simulation gives as output the expected
biased residual distributions at each plane, which are the track-cluster residuals measured
at each plane for tracks which use clusters from all 8 planes. The set of biased residuals
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hadronic beams the dominant contribution in this case is the measurement error of each
plane.
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reasonable first guess of the track-pointing resolution at the z position of that plane. The
cluster resolution values so obtained are used as inputs to a fast Monte Carlo simulation
similar to the one described in Ref. [3]. The simulation gives as output the expected
biased residual distributions at each plane, which are the track-cluster residuals measured
at each plane for tracks which use clusters from all 8 planes. The set of biased residuals
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obtained from the simulation are then compared to the data, and the input errors are
scaled by a single number for all planes until the best overall agreement with data is
achieved. The cluster resolutions of the planes are found to be between 3.7 and 4.2 µm in
x and 2.8 and 3.4 µm in y. The output of the simulation is used to derive the z-dependent
track-pointing error. A conservative estimate of the error on this quantity is derived by
varying the intrinsic spatial resolution of each plane by ±0.5 µm.

The result of the study is illustrated in figure 6 for the x and y pointing resolution sep-
arately. There is a good agreement between the biased residuals measured in data and
the ones predicted by the simulation. The predicted pointing resolution and uncertainty
is shown by the blue band. The best pointing resolution is achieved at the DUT posi-
tion in the centre of the telescope. Here the resolutions are σx = 1.69 ± 0.16 µm and
σy = 1.55 ± 0.16 µm. Also at the DUT stage downstream (z ≈ 800 mm) of the
telescope a reasonable pointing precision (< 10 µm) is achieved.

Figure 6: Predicted pointing resolution and uncertainty (solid blue curves) in the x co-
ordinate (left plot) and y coordinate (right plot). The green dots show the Monte Carlo
biased resolution and the applied uncertainty is indicated by green bars. The red points
show the biased resolution measured in the data. The typical installation position for a
DUT is illustrated by the hatched grey region.

6.4 Track purity

The track purity is defined as the fraction of reconstructed tracks that are due to a true
charged particle traversing the telescope with respect to the total number of reconstructed
tracks. The precise time-stamping of each hit in the telescope allows a very clean pattern
recognition. Even at the highest rates of about 6.25 × 106 particles/second, the average
time between tracks is 16 times larger than the tracking time window, and 160 times
larger than the timestamp precision obtained in each of the planes. The use of timing
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Figure 7: Fraction of clusters not associated to a reconstructed track in the internal planes
of the telescope. In the high-rate configuration the telescope was constituted by 6 planes
only. The plane-to-plane variation does not depend on the rate and remains constant.
This is attributed to slight differences among the ASICs.

measurements and the requirement to have exactly one cluster in each of the telescope
planes reduce the rate of fake tracks to a negligible level. The remaining contamination
from fake tracks is estimated by performing a fit to the spatial residuals of the telescope
including a flat background component. This component is taken as the upper bound
of the number of fake tracks and found to be below 2‰. Hence the purity of the tracks
reconstructed by the telescope is above 99.8%.

6.5 High rate performance

The beam intensity at the SPS experimental area can be modified by moving collimators
located upstream in the beam line. The maximum achievable sustained intensity is ≈ 26
million tracks per spill of length 4.5 s. This limitation is imposed by the background
radiation alarms that dump the beam once they are triggered. In order to operate at high
rates, the configuration of the Timepix3 telescope was altered with respect to the one
described in section 3. The high-rate configuration consists of six planes each read out
by a dedicated SPIDR board to ensure enough throughput to run the Timepix3 ASIC at
its maximum rate. During the dedicated high-rate performance runs, the beam average
particle rate was gradually increased from 70k to 26M tracks per 4.5 s spill. Since the beam
and the telescope are not exactly parallel, some particles will not traverse all planes and
hence not result in a reconstructed track. To mitigate the impact of this effect, the high
rate performance is assessed in a fiducial region which contains the highest concentration
of reconstructable tracks.
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Fig. 8. IV curves for sensors nonuniformly proton irradiated at IRRAD.
Copyright CERN.

B. Charge Collection

A crucial quantity to evaluate the performance of the sensors
is the charge collected before and after irradiation. The sensors
must collect more than 6000 electrons after the full dose of
radiation. The measured ToT is converted into charge via
a calibration procedure using test pulses. Before irradiation
the sensor is fully depleted, and hence the charge saturates
between 100-110 V for HPK and less than 40 V for Micron
assemblies. The Most Probable Value (MPV) of the charge
distribution is shown as a function of the bias voltage for
sensors uniformly neutron irradiated to full fluence at JSI, see
Figure 9. The MPV has been obtained from a fit to the cluster
charge distribution with a Landau function convoluted with a
Gaussian. Sensors from all the families of prototypes meet the
specification at a bias between 700 and 800 V.
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Figure 9.3: Most probable number of collected electrons for sensors irradiated at JSI.
The red dotted line shows most probable value of collected charge of 6000 electrons.
The Hamamatsu sensors are displayed in green; the 200 µm thick Micron sensors are
displayed in blue and the 150 µm thick Micron sensors are shown in purple

whilst manintaining a good cluster finding efficiency. The range of voltages in which

the sensors collect 6000 electrons ranges between 600 V and 800 V. The thinner sensors

achieve this before the thicker sensors. This is because for the same voltage, the electric

field in the thinner detector is higher. This leads to higher charge carrier velocities and

thus higher induced signals and less trapping. These e↵ects all lead to larger collected

signals.

9.2.1 Annealing

Three of the JSI irradiated assemblies were annealed in a controlled situation for 80

minutes at 60C. Figure 9.4 shows the collected charge before and after annealing. There

is no noticeable di↵erence between the charge collection before and after the controlled

annealing. This might be because of the lack of cooling during transport. Without

cooling during this period, it is possible that the sensors could have annealed during

transport, i.e. before the set of measurements were taken.

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

m gr, JSI Full Fluenceµm implant, 450µHPK n-on-p, 39
m gr, JSI Full Fluenceµm implant, 450µHPK n-on-p, 39
m gr, JSI Full Fluenceµm implant, 450µHPK n-on-p, 35

m gr, JSI Full Fluenceµm implant, 450µMicron n-on-p, 36
m gr, JSI Full Fluenceµm implant, 450µMicron n-on-n, 36
m gr, JSI Full Fluenceµm implant, 450µMicron n-on-n, 36

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

m gr, JSI Full Fluenceµm implant, 450µHPK n-on-p, 39
m gr, JSI Full Fluenceµm implant, 450µHPK n-on-p, 39
m gr, JSI Full Fluenceµm implant, 450µHPK n-on-p, 35

m gr, JSI Full Fluenceµm implant, 450µMicron n-on-p, 36
m gr, JSI Full Fluenceµm implant, 450µMicron n-on-n, 36
m gr, JSI Full Fluenceµm implant, 450µMicron n-on-n, 36

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

m gr, JSI Full Fluenceµm implant, 450µHPK n-on-p, 39
m gr, JSI Full Fluenceµm implant, 450µHPK n-on-p, 39
m gr, JSI Full Fluenceµm implant, 450µHPK n-on-p, 35

m gr, JSI Full Fluenceµm implant, 450µMicron n-on-p, 36
m gr, JSI Full Fluenceµm implant, 450µMicron n-on-n, 36
m gr, JSI Full Fluenceµm implant, 450µMicron n-on-n, 36

Fig. 9. MPV of the charge distribution as function of bias voltage for sensors
uniformly irradiated at JSI. Copyright CERN.

C. Efficiency

The cluster finding efficiency is required to be higher than
99% everywhere in the sensor. The efficiency is evaluated
as the fraction of tracks with an associated cluster on the
DUT with respect to the total number of tracks measured
by the telescope. Nonirradiated assemblies are fully efficient

over the entire pixel cell. Assemblies irradiated at full fluence
meet the efficiency requirement at 1000 V, but start to show
inefficiencies at the pixel corners at lower applied bias voltages
which lead to a lower average efficiency over the sensor
(Figure 10).
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Irradiated Results - Voltage scan

• Comparison of different 
uniformly irradiated 
assemblies. 

!
• S15, best efÞciency (half 

radiation dose cf others). 
!
• Larger implant (S17, blue) 

helps efÞciency (cf S22, 
black).

Preliminary

Fig: EfÞciency as a function of bias voltage for 
different uniformly irradiated assemblies. !13Elena Dall’Occo
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• VELO Upgrade 

• Prototype Sensors 

• Timepix3 Telescope 

‣ Time Resolution 
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‣ Edge 

‣ Grazing Angles 

• Summary

efficiency must be > 99% everywhere in the sensor

Pixel matrix
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Testbeam Results - EfÞciency 
Require a uniform efÞciency > 99% pre and post irradiation 
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Testbeam Results - EfÞciency 
EfÞciency as a function of in-pixel position for irradiated sensors

EfÞciency improves with bias voltage Larger implant improves efÞciency in corners

Notice half ßuence

Average efÞciency is reduced but still close to 99% at high bias voltage

InefÞciencies are caused by decreased charge collection at the corners.

In-pixel efÞciency for irradiated sensor for two different implant widths, uniform efÞciency is seen 
in the corners when voltage is increased 

EfÞciency as a function of voltage for a range of sensors 

S17, S15 & S22: 200µm HPK, n-on-p, 450 µm inactive edge 
S29: 150µm Micron, n-on-n, 450 µm inactive edge 

Effect	removed	at	large	bias	voltage	

(half	fluence)	
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S17, S15 & S22: 200µm HPK, n-on-p, 450 µm inactive edge 
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• e = nDUT_Associated_Clusters / nTracks 

• non irradiated assemblies are fully efficient over the entire pixel cell 
• irradiated assemblies show inefficiencies at pixel corners at lower applied V, but are fully efficient at 1000 V
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Fig. 10. Average efficiency over the sensor as function of bias voltage for
sensors uniformly neutron irradiated at JSI. Copyright CERN.

D. Resolution

The spatial resolution has been evaluated both before and
after irradiation in two different readout modes, analog and
binary (Figure 11). In the analog mode the charge collected
is used to reconstruct the cluster position with the technique
known as Center of Gravity method. In the binary mode
the charge information is not used, in order to mimic the
conditions of the operations of the detector since the VeloPix
has binary readout. The resolution, defined as the width of
a gaussian fit to the difference between the cluster and track
position, is studied as a function of the angle of the track with
respect to the sensor. Before irradiation, in the analog mode,
the resolution improves the track angle, reaching a minimum
at ∼ 16 degrees for a 200µm thick sensor, as expected from
thickness and pixel pitch. The optimal resolution with analog
readout corresponds to the angle where the fraction of two
pixel cluster is the highest because it maximises the charge
sharing, and corresponds to the worse resolution in the binary
case. After irradiation at full fluence, the resolution is degraded
and there is not a significant difference between the two modes
since one-pixel clusters dominate.

E. Behaviour at the Edge

During operations of the detector in the experiment the
edge is the closest part to the interaction region, as shown in
Figure 2, and hence it is where the occupancy is the highest.
Therefore, it is particularly important to monitor the behaviour
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Fig. 8. IV curves for sensors nonuniformly proton irradiated at IRRAD.
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B. Charge Collection

A crucial quantity to evaluate the performance of the sensors
is the charge collected before and after irradiation. The sensors
must collect more than 6000 electrons after the full dose of
radiation. The measured ToT is converted into charge via
a calibration procedure using test pulses. Before irradiation
the sensor is fully depleted, and hence the charge saturates
between 100-110 V for HPK and less than 40 V for Micron
assemblies. The Most Probable Value (MPV) of the charge
distribution is shown as a function of the bias voltage for
sensors uniformly neutron irradiated to full fluence at JSI, see
Figure 9. The MPV has been obtained from a fit to the cluster
charge distribution with a Landau function convoluted with a
Gaussian. Sensors from all the families of prototypes meet the
specification at a bias between 700 and 800 V.
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Figure 9.3: Most probable number of collected electrons for sensors irradiated at JSI.
The red dotted line shows most probable value of collected charge of 6000 electrons.
The Hamamatsu sensors are displayed in green; the 200 µm thick Micron sensors are
displayed in blue and the 150 µm thick Micron sensors are shown in purple

whilst manintaining a good cluster finding efficiency. The range of voltages in which

the sensors collect 6000 electrons ranges between 600 V and 800 V. The thinner sensors

achieve this before the thicker sensors. This is because for the same voltage, the electric

field in the thinner detector is higher. This leads to higher charge carrier velocities and

thus higher induced signals and less trapping. These e↵ects all lead to larger collected

signals.

9.2.1 Annealing

Three of the JSI irradiated assemblies were annealed in a controlled situation for 80

minutes at 60C. Figure 9.4 shows the collected charge before and after annealing. There

is no noticeable di↵erence between the charge collection before and after the controlled

annealing. This might be because of the lack of cooling during transport. Without

cooling during this period, it is possible that the sensors could have annealed during

transport, i.e. before the set of measurements were taken.
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Fig. 9. MPV of the charge distribution as function of bias voltage for sensors
uniformly irradiated at JSI. Copyright CERN.

C. Efficiency

The cluster finding efficiency is required to be higher than
99% everywhere in the sensor. The efficiency is evaluated
as the fraction of tracks with an associated cluster on the
DUT with respect to the total number of tracks measured
by the telescope. Nonirradiated assemblies are fully efficient

over the entire pixel cell. Assemblies irradiated at full fluence
meet the efficiency requirement at 1000 V, but start to show
inefficiencies at the pixel corners at lower applied bias voltages
which lead to a lower average efficiency over the sensor
(Figure 10).
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Fig. 10. Average efficiency over the sensor as function of bias voltage for
sensors uniformly neutron irradiated at JSI. Copyright CERN.

D. Resolution

The spatial resolution has been evaluated both before and
after irradiation in two different readout modes, analog and
binary (Figure 11). In the analog mode the charge collected
is used to reconstruct the cluster position with the technique
known as Center of Gravity method. In the binary mode
the charge information is not used, in order to mimic the
conditions of the operations of the detector since the VeloPix
has binary readout. The resolution, defined as the width of
a gaussian fit to the difference between the cluster and track
position, is studied as a function of the angle of the track with
respect to the sensor. Before irradiation, in the analog mode,
the resolution improves the track angle, reaching a minimum
at ∼ 16 degrees for a 200µm thick sensor, as expected from
thickness and pixel pitch. The optimal resolution with analog
readout corresponds to the angle where the fraction of two
pixel cluster is the highest because it maximises the charge
sharing, and corresponds to the worse resolution in the binary
case. After irradiation at full fluence, the resolution is degraded
and there is not a significant difference between the two modes
since one-pixel clusters dominate.

E. Behaviour at the Edge

During operations of the detector in the experiment the
edge is the closest part to the interaction region, as shown in
Figure 2, and hence it is where the occupancy is the highest.
Therefore, it is particularly important to monitor the behaviour
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Fig. 8. IV curves for sensors nonuniformly proton irradiated at IRRAD.
Copyright CERN.

B. Charge Collection

A crucial quantity to evaluate the performance of the sensors
is the charge collected before and after irradiation. The sensors
must collect more than 6000 electrons after the full dose of
radiation. The measured ToT is converted into charge via
a calibration procedure using test pulses. Before irradiation
the sensor is fully depleted, and hence the charge saturates
between 100-110 V for HPK and less than 40 V for Micron
assemblies. The Most Probable Value (MPV) of the charge
distribution is shown as a function of the bias voltage for
sensors uniformly neutron irradiated to full fluence at JSI, see
Figure 9. The MPV has been obtained from a fit to the cluster
charge distribution with a Landau function convoluted with a
Gaussian. Sensors from all the families of prototypes meet the
specification at a bias between 700 and 800 V.
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whilst manintaining a good cluster finding efficiency. The range of voltages in which

the sensors collect 6000 electrons ranges between 600 V and 800 V. The thinner sensors

achieve this before the thicker sensors. This is because for the same voltage, the electric

field in the thinner detector is higher. This leads to higher charge carrier velocities and

thus higher induced signals and less trapping. These e↵ects all lead to larger collected

signals.

9.2.1 Annealing

Three of the JSI irradiated assemblies were annealed in a controlled situation for 80

minutes at 60C. Figure 9.4 shows the collected charge before and after annealing. There

is no noticeable di↵erence between the charge collection before and after the controlled

annealing. This might be because of the lack of cooling during transport. Without

cooling during this period, it is possible that the sensors could have annealed during

transport, i.e. before the set of measurements were taken.
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Fig. 9. MPV of the charge distribution as function of bias voltage for sensors
uniformly irradiated at JSI. Copyright CERN.

C. Efficiency

The cluster finding efficiency is required to be higher than
99% everywhere in the sensor. The efficiency is evaluated
as the fraction of tracks with an associated cluster on the
DUT with respect to the total number of tracks measured
by the telescope. Nonirradiated assemblies are fully efficient

over the entire pixel cell. Assemblies irradiated at full fluence
meet the efficiency requirement at 1000 V, but start to show
inefficiencies at the pixel corners at lower applied bias voltages
which lead to a lower average efficiency over the sensor
(Figure 10).
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Fig. 10. Average efficiency over the sensor as function of bias voltage for
sensors uniformly neutron irradiated at JSI. Copyright CERN.

D. Resolution

The spatial resolution has been evaluated both before and
after irradiation in two different readout modes, analog and
binary (Figure 11). In the analog mode the charge collected
is used to reconstruct the cluster position with the technique
known as Center of Gravity method. In the binary mode
the charge information is not used, in order to mimic the
conditions of the operations of the detector since the VeloPix
has binary readout. The resolution, defined as the width of
a gaussian fit to the difference between the cluster and track
position, is studied as a function of the angle of the track with
respect to the sensor. Before irradiation, in the analog mode,
the resolution improves the track angle, reaching a minimum
at ∼ 16 degrees for a 200µm thick sensor, as expected from
thickness and pixel pitch. The optimal resolution with analog
readout corresponds to the angle where the fraction of two
pixel cluster is the highest because it maximises the charge
sharing, and corresponds to the worse resolution in the binary
case. After irradiation at full fluence, the resolution is degraded
and there is not a significant difference between the two modes
since one-pixel clusters dominate.

E. Behaviour at the Edge

During operations of the detector in the experiment the
edge is the closest part to the interaction region, as shown in
Figure 2, and hence it is where the occupancy is the highest.
Therefore, it is particularly important to monitor the behaviour

!24

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -200V
HPK n-on-p, -200V
HPK n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-n, -200V

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -200V
HPK n-on-p, -200V
HPK n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-n, -200V

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -200V
HPK n-on-p, -200V
HPK n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-n, -200V

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -200V
HPK n-on-p, -200V
HPK n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-n, -200V

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -1000V, JSI Full Fluence
-2 cmeq 1 MeV n15HPK n-on-p, -1000V, JSI 4x10

Micron n-on-p, -900V, JSI Full Fluence
Micron n-on-p, -800V, JSI Full Fluence
Micron n-on-n, -1000V, JSI Full Fluence

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -1000V, JSI Full Fluence
-2 cmeq 1 MeV n15HPK n-on-p, -1000V, JSI 4x10

Micron n-on-p, -900V, JSI Full Fluence
Micron n-on-p, -800V, JSI Full Fluence
Micron n-on-n, -1000V, JSI Full Fluence

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -1000V, JSI Full Fluence
-2 cmeq 1 MeV n15HPK n-on-p, -1000V, JSI 4x10

Micron n-on-p, -900V, JSI Full Fluence
Micron n-on-p, -800V, JSI Full Fluence
Micron n-on-n, -1000V, JSI Full Fluence

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -1000V, JSI Full Fluence
-2 cmeq 1 MeV n15HPK n-on-p, -1000V, JSI 4x10

Micron n-on-p, -900V, JSI Full Fluence
Micron n-on-p, -800V, JSI Full Fluence
Micron n-on-n, -1000V, JSI Full Fluence

!24

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -200V
HPK n-on-p, -200V
HPK n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-n, -200V

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -200V
HPK n-on-p, -200V
HPK n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-n, -200V

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -200V
HPK n-on-p, -200V
HPK n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-n, -200V

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -200V
HPK n-on-p, -200V
HPK n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-n, -200V

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -1000V, JSI Full Fluence
-2 cmeq 1 MeV n15HPK n-on-p, -1000V, JSI 4x10

Micron n-on-p, -900V, JSI Full Fluence
Micron n-on-p, -800V, JSI Full Fluence
Micron n-on-n, -1000V, JSI Full Fluence

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -1000V, JSI Full Fluence
-2 cmeq 1 MeV n15HPK n-on-p, -1000V, JSI 4x10

Micron n-on-p, -900V, JSI Full Fluence
Micron n-on-p, -800V, JSI Full Fluence
Micron n-on-n, -1000V, JSI Full Fluence

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -1000V, JSI Full Fluence
-2 cmeq 1 MeV n15HPK n-on-p, -1000V, JSI 4x10

Micron n-on-p, -900V, JSI Full Fluence
Micron n-on-p, -800V, JSI Full Fluence
Micron n-on-n, -1000V, JSI Full Fluence

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -1000V, JSI Full Fluence
-2 cmeq 1 MeV n15HPK n-on-p, -1000V, JSI 4x10

Micron n-on-p, -900V, JSI Full Fluence
Micron n-on-p, -800V, JSI Full Fluence
Micron n-on-n, -1000V, JSI Full Fluence

!24

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -200V
HPK n-on-p, -200V
HPK n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-n, -200V

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -200V
HPK n-on-p, -200V
HPK n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-n, -200V

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -200V
HPK n-on-p, -200V
HPK n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-n, -200V

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -200V
HPK n-on-p, -200V
HPK n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-n, -200V

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -1000V, JSI Full Fluence
-2 cmeq 1 MeV n15HPK n-on-p, -1000V, JSI 4x10

Micron n-on-p, -900V, JSI Full Fluence
Micron n-on-p, -800V, JSI Full Fluence
Micron n-on-n, -1000V, JSI Full Fluence

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -1000V, JSI Full Fluence
-2 cmeq 1 MeV n15HPK n-on-p, -1000V, JSI 4x10

Micron n-on-p, -900V, JSI Full Fluence
Micron n-on-p, -800V, JSI Full Fluence
Micron n-on-n, -1000V, JSI Full Fluence

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -1000V, JSI Full Fluence
-2 cmeq 1 MeV n15HPK n-on-p, -1000V, JSI 4x10

Micron n-on-p, -900V, JSI Full Fluence
Micron n-on-p, -800V, JSI Full Fluence
Micron n-on-n, -1000V, JSI Full Fluence

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -1000V, JSI Full Fluence
-2 cmeq 1 MeV n15HPK n-on-p, -1000V, JSI 4x10

Micron n-on-p, -900V, JSI Full Fluence
Micron n-on-p, -800V, JSI Full Fluence
Micron n-on-n, -1000V, JSI Full Fluence

!24

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -200V
HPK n-on-p, -200V
HPK n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-n, -200V

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -200V
HPK n-on-p, -200V
HPK n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-n, -200V

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -200V
HPK n-on-p, -200V
HPK n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-n, -200V

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -200V
HPK n-on-p, -200V
HPK n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-n, -200V

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -1000V, JSI Full Fluence
-2 cmeq 1 MeV n15HPK n-on-p, -1000V, JSI 4x10

Micron n-on-p, -900V, JSI Full Fluence
Micron n-on-p, -800V, JSI Full Fluence
Micron n-on-n, -1000V, JSI Full Fluence

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -1000V, JSI Full Fluence
-2 cmeq 1 MeV n15HPK n-on-p, -1000V, JSI 4x10

Micron n-on-p, -900V, JSI Full Fluence
Micron n-on-p, -800V, JSI Full Fluence
Micron n-on-n, -1000V, JSI Full Fluence

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -1000V, JSI Full Fluence
-2 cmeq 1 MeV n15HPK n-on-p, -1000V, JSI 4x10

Micron n-on-p, -900V, JSI Full Fluence
Micron n-on-p, -800V, JSI Full Fluence
Micron n-on-n, -1000V, JSI Full Fluence

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -1000V, JSI Full Fluence
-2 cmeq 1 MeV n15HPK n-on-p, -1000V, JSI 4x10

Micron n-on-p, -900V, JSI Full Fluence
Micron n-on-p, -800V, JSI Full Fluence
Micron n-on-n, -1000V, JSI Full Fluence

Fig. 11. Resolution in x direction as function of the track angle for non irradiated sensors (top) and uniformly neutron irradiated sensors at JSI (bottom), in
analog (left) and binary (right) readout mode. Copyright CERN.

at the edge of the sensor. The sensors must be fully efficient
up to the edge and any distortion of the electric field must
be avoided as that would lead to a degradation of spatial
resolution. The prototype sensors have different guard ring
designs, in order to gradually reduce the electric field towards
the edge of the sensors. Using the information provided by
telescope, the charge can be studied as a function of the
track position on the DUT. Figure 12 shows the MPV of the
charge distribution as a function of the distance from the edge
of the pixel matrix for the three families of sensors under
investigation. The solid line represents the edge of the pixel
matrix, while the dashed line the border between pixels. The
expected behaviour is to collect charge from tracks traversing
the pixel matrix, but not from tracks passing through the guard
ring area. Among all the nonirradiated prototypes tested, two
types exhibit an unexpected behaviour at the edge. For the
Micron n-on-p, it is evident that additional charge is collected
in the last pixel column from tracks traversing the guard ring
area. This leads to about 30% more hits in the last pixel
column than the neighbouring pixels when the sensor is fully
depleted and perpendicular to the beam. The Micron n-on-n

with 150µm guard ring does not collect the full charge in the
last pixel. Both effects can be attributed to different guard ring
designs which lead to a tilted boundary between the collection
region of the guard ring and the collection region of the pixel
matrix: for the Micron n-on-p charge is gained from the guard
ring region and for the Micron n-on-n with 150µm guard rings
charge is lost from the last pixel to the guard ring area. After
irradiation this effect is strongly reduced.

V. GRAZING ANGLES

The grazing angle method is one of the few methods to
perform depletion depth measurements and investigate the
evolution of the charge collection profile as a function of
depth. The grazing angle technique consists of rotating the
sensor almost parallel (83-89 degrees) to the beam, such that
the tracks traverse multiple adjacent pixels. The position of
each pixel hit within the cluster can then be associated to
the depth traversed by the track, such that charge collection
and time required to cross the threshold, referred to as time-
to-threshold, can be studied as a function of depth. The
charge collected is measured by performing a fit of the charge

!24

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -200V
HPK n-on-p, -200V
HPK n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-n, -200V

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -200V
HPK n-on-p, -200V
HPK n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-n, -200V

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -200V
HPK n-on-p, -200V
HPK n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-n, -200V

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -200V
HPK n-on-p, -200V
HPK n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-n, -200V

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -1000V, JSI Full Fluence
-2 cmeq 1 MeV n15HPK n-on-p, -1000V, JSI 4x10

Micron n-on-p, -900V, JSI Full Fluence
Micron n-on-p, -800V, JSI Full Fluence
Micron n-on-n, -1000V, JSI Full Fluence

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -1000V, JSI Full Fluence
-2 cmeq 1 MeV n15HPK n-on-p, -1000V, JSI 4x10

Micron n-on-p, -900V, JSI Full Fluence
Micron n-on-p, -800V, JSI Full Fluence
Micron n-on-n, -1000V, JSI Full Fluence

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -1000V, JSI Full Fluence
-2 cmeq 1 MeV n15HPK n-on-p, -1000V, JSI 4x10

Micron n-on-p, -900V, JSI Full Fluence
Micron n-on-p, -800V, JSI Full Fluence
Micron n-on-n, -1000V, JSI Full Fluence

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -1000V, JSI Full Fluence
-2 cmeq 1 MeV n15HPK n-on-p, -1000V, JSI 4x10

Micron n-on-p, -900V, JSI Full Fluence
Micron n-on-p, -800V, JSI Full Fluence
Micron n-on-n, -1000V, JSI Full Fluence

!24

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -200V
HPK n-on-p, -200V
HPK n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-n, -200V

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -200V
HPK n-on-p, -200V
HPK n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-n, -200V

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -200V
HPK n-on-p, -200V
HPK n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-n, -200V

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -200V
HPK n-on-p, -200V
HPK n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-n, -200V

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -1000V, JSI Full Fluence
-2 cmeq 1 MeV n15HPK n-on-p, -1000V, JSI 4x10

Micron n-on-p, -900V, JSI Full Fluence
Micron n-on-p, -800V, JSI Full Fluence
Micron n-on-n, -1000V, JSI Full Fluence

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -1000V, JSI Full Fluence
-2 cmeq 1 MeV n15HPK n-on-p, -1000V, JSI 4x10

Micron n-on-p, -900V, JSI Full Fluence
Micron n-on-p, -800V, JSI Full Fluence
Micron n-on-n, -1000V, JSI Full Fluence

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -1000V, JSI Full Fluence
-2 cmeq 1 MeV n15HPK n-on-p, -1000V, JSI 4x10

Micron n-on-p, -900V, JSI Full Fluence
Micron n-on-p, -800V, JSI Full Fluence
Micron n-on-n, -1000V, JSI Full Fluence

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -1000V, JSI Full Fluence
-2 cmeq 1 MeV n15HPK n-on-p, -1000V, JSI 4x10

Micron n-on-p, -900V, JSI Full Fluence
Micron n-on-p, -800V, JSI Full Fluence
Micron n-on-n, -1000V, JSI Full Fluence

!24

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -200V
HPK n-on-p, -200V
HPK n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-n, -200V

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -200V
HPK n-on-p, -200V
HPK n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-n, -200V

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -200V
HPK n-on-p, -200V
HPK n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-n, -200V

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -200V
HPK n-on-p, -200V
HPK n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-n, -200V

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -1000V, JSI Full Fluence
-2 cmeq 1 MeV n15HPK n-on-p, -1000V, JSI 4x10

Micron n-on-p, -900V, JSI Full Fluence
Micron n-on-p, -800V, JSI Full Fluence
Micron n-on-n, -1000V, JSI Full Fluence

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -1000V, JSI Full Fluence
-2 cmeq 1 MeV n15HPK n-on-p, -1000V, JSI 4x10

Micron n-on-p, -900V, JSI Full Fluence
Micron n-on-p, -800V, JSI Full Fluence
Micron n-on-n, -1000V, JSI Full Fluence

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -1000V, JSI Full Fluence
-2 cmeq 1 MeV n15HPK n-on-p, -1000V, JSI 4x10

Micron n-on-p, -900V, JSI Full Fluence
Micron n-on-p, -800V, JSI Full Fluence
Micron n-on-n, -1000V, JSI Full Fluence

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -1000V, JSI Full Fluence
-2 cmeq 1 MeV n15HPK n-on-p, -1000V, JSI 4x10

Micron n-on-p, -900V, JSI Full Fluence
Micron n-on-p, -800V, JSI Full Fluence
Micron n-on-n, -1000V, JSI Full Fluence

!24

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -200V
HPK n-on-p, -200V
HPK n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-n, -200V

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -200V
HPK n-on-p, -200V
HPK n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-n, -200V

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -200V
HPK n-on-p, -200V
HPK n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-n, -200V

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -200V
HPK n-on-p, -200V
HPK n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-p, -200V
Micron n-on-n, -200V

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -1000V, JSI Full Fluence
-2 cmeq 1 MeV n15HPK n-on-p, -1000V, JSI 4x10

Micron n-on-p, -900V, JSI Full Fluence
Micron n-on-p, -800V, JSI Full Fluence
Micron n-on-n, -1000V, JSI Full Fluence

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -1000V, JSI Full Fluence
-2 cmeq 1 MeV n15HPK n-on-p, -1000V, JSI 4x10

Micron n-on-p, -900V, JSI Full Fluence
Micron n-on-p, -800V, JSI Full Fluence
Micron n-on-n, -1000V, JSI Full Fluence

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -1000V, JSI Full Fluence
-2 cmeq 1 MeV n15HPK n-on-p, -1000V, JSI 4x10

Micron n-on-p, -900V, JSI Full Fluence
Micron n-on-p, -800V, JSI Full Fluence
Micron n-on-n, -1000V, JSI Full Fluence

50− 0 50 100
m]µdistance to edge [

0

10

20

30

40

50

60

70

80

M
PV

 [k
e-

]

HPK n-on-p, -1000V, JSI Full Fluence
-2 cmeq 1 MeV n15HPK n-on-p, -1000V, JSI 4x10

Micron n-on-p, -900V, JSI Full Fluence
Micron n-on-p, -800V, JSI Full Fluence
Micron n-on-n, -1000V, JSI Full Fluence

Fig. 11. Resolution in x direction as function of the track angle for non irradiated sensors (top) and uniformly neutron irradiated sensors at JSI (bottom), in
analog (left) and binary (right) readout mode. Copyright CERN.

at the edge of the sensor. The sensors must be fully efficient
up to the edge and any distortion of the electric field must
be avoided as that would lead to a degradation of spatial
resolution. The prototype sensors have different guard ring
designs, in order to gradually reduce the electric field towards
the edge of the sensors. Using the information provided by
telescope, the charge can be studied as a function of the
track position on the DUT. Figure 12 shows the MPV of the
charge distribution as a function of the distance from the edge
of the pixel matrix for the three families of sensors under
investigation. The solid line represents the edge of the pixel
matrix, while the dashed line the border between pixels. The
expected behaviour is to collect charge from tracks traversing
the pixel matrix, but not from tracks passing through the guard
ring area. Among all the nonirradiated prototypes tested, two
types exhibit an unexpected behaviour at the edge. For the
Micron n-on-p, it is evident that additional charge is collected
in the last pixel column from tracks traversing the guard ring
area. This leads to about 30% more hits in the last pixel
column than the neighbouring pixels when the sensor is fully
depleted and perpendicular to the beam. The Micron n-on-n

with 150µm guard ring does not collect the full charge in the
last pixel. Both effects can be attributed to different guard ring
designs which lead to a tilted boundary between the collection
region of the guard ring and the collection region of the pixel
matrix: for the Micron n-on-p charge is gained from the guard
ring region and for the Micron n-on-n with 150µm guard rings
charge is lost from the last pixel to the guard ring area. After
irradiation this effect is strongly reduced.

V. GRAZING ANGLES

The grazing angle method is one of the few methods to
perform depletion depth measurements and investigate the
evolution of the charge collection profile as a function of
depth. The grazing angle technique consists of rotating the
sensor almost parallel (83-89 degrees) to the beam, such that
the tracks traverse multiple adjacent pixels. The position of
each pixel hit within the cluster can then be associated to
the depth traversed by the track, such that charge collection
and time required to cross the threshold, referred to as time-
to-threshold, can be studied as a function of depth. The
charge collected is measured by performing a fit of the charge
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Sensors & VeloPix

Sensor characteristics

200 µm thick n-on-p

400-450 µm wide guard rings

Radiation hard up to ⇠ 1016 1 MeV neq/cm2

Non-homogeneous irradiation (factor 40
difference from hottest to coolest point)

Number of tracks / chip / bunch crossing.

VeloPix - a pixel ASIC for Velo

based on Timepix3

Peak hit rate 900 MHits/s per ASIC

Zero suppressed data driven readout

Picture of Timepix3 chip, predecessor of
VeloPix.

Panagiotis Tsopelas The Timepix3 beam telescope 3
Fig. 2. Mean number of particles crossing an ASIC per bunch crossing. The
nominal position of the beam is indicated by the red dot. Copyright CERN.

TABLE I
PROTOTYPE ASSEMBLIES. COPYRIGHT CERN.

Vendor Type Thickness GR size Implant width
HPK n-on-p 200 µm 450 µm 39,35 µm
Micron n-on-p 200 µm 450 µm 36 µm
Micron n-on-n 150 µm 450,250 µm 36 µm

lifetime, with uniform and nonuniform profiles and different
type of irradiation (proton and neutron) at several facilities.
The sensors have been tested in combination with the
Timepix3 ASIC [5]. The chip belongs to the Medipix/Timepix
family, with a 256 × 256 matrix of square pixels with pitch
of 55µm. The Timepix3 ASIC is ideal for sensor testing
because it can simultaneously measure the Time-of-Arrival and
Time-over-Threshold (ToT). The timestamp has a resolution
of 1.56 ns (bin size of the Time to Digital Converter), while
the ToT can be converted to charge after calibration with
testpulses.
The sensors have been tested with beam with the aid of
the Timepix3 telescope and the results of the following data
analysis are presented in Section IV.

III. TIMEPIX3 TELESCOPE

The Timepix3 telescope (Figure 3) is a high rate, data-driven
beam telescope originally built to test the prototype sensors for
the LHCb VELO upgrade, but also employed by other users
due to its excellent performance. The telescope comprises two
arms of four planes each, where each plane is rotated by
about 9◦ around the x and y axes to optimise the resolution,
adopting a global right-handed coordinate system where the z
direction is along the beam axis and the y directions points
upwards. Each plane consists of a 300µm thick p-on-n sensor
bump bonded to a Timepix3 ASIC, which is read out by the
Speedy PIxel Detector Readout (SPIDR) [6] board, specifically
designed for the readout of Medipix3 and Timepix3 chips at
the maximum rate. Each SPIDR board reads out two planes
in parallel for a total of four boards. An additional board is
dedicated to the Device Under Test (DUT). The eight telescope
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Fig. 3. Photograph of the Timepix3 telescope with overlaid the labels for the
main components, described in the text. Copyright CERN.

planes are synchronised by a central logic unit (TLU) which
provides a clock, as well as a signal to synchronise the time
counters and a shutter signal to synchronise the start and
stop of the data flow. The DUT is placed in the middle of
telescope, on a remotely controlled motion stage which can
translate in x and y directions and rotates about the y axis.
The central stage is provided with a vacuum box in order
to test irradiated devices at high voltage. The DUT cooling
system consists of a combination of a chiller and a Peltier
element. The Timepix3 telescope is operated in a 180 GeV
mixed hadron beam (protons and pions) at the CERN SPS.
The telescope provides a fast and robust pattern recognition
and track reconstruction.

A. Timing Resolution

After the telescope planes are time aligned to account for
the time of flight of the particles and difference in cabling and
electronics, the measured intrinsic resolution of each plane
is ∼ 1.1 ns in the standard operation condition where the
telescope bias is 150 V. For eight uncorrelated measurements,
the telescope time resolution results ∼ 0.4 ns.

B. Spatial Resolution

The unbiased resolution per plane, obtained by excluding
the plane from the pattern recognition, is about 5µm both in
x and y directions, after a track based alignment procedure is
performed. The quality of the alignment can be observed in
Figure 4, which shows the unbiased residuals as a function
of the y position of track. The residual variation across the
beamspot is less than 0.2µm and the width is very stable.
An important figure of merit for a telescope is the pointing
resolution, which is the precision of the track position extrap-
olated to the DUT position and is evaluated from simulation.
The resolution as function of z is shown in Figure 5: the blue
band represents the predicted pointing resolution, which is less
than 2µm at the DUT position (pink band). The simulation is

The Timepix3 telescope is a high rate, data-driven beam telescope originally built to test the prototype sensors for the LHCb VELO 
upgrade, but also employed by other users due to its excellent performance. It provides a fast and robust pattern recognition 
and track reconstruction.

The sensors have been tested more than 30 different assemblies have been tested with beam with the aid of the Timepix3 
telescope in order to assess the best candidate for the VELO upgrade. Two different manufacturers, Hamamatsu (HPK) and 
Micron, provided sensors of different bulk types (n-on-p and n-on-n), thickness,implant width and guard ring size. The prototypes 
tested can be distinguished in three families, whose characteristics are summarised in table below.

Left: Photograph of the Timepix3 telescope. CERN © 2018. Right: Mechanical design of the Timepix3 telescope, with the 
coordinate system displayed at the top. The telescope stations are mounted on two retractable arms around a central stage. The 
central stage is reserved for studies on DUTs; it provides translations in x and y as well as rotations about the y axis [4].

Spatial resolution 
Unbiased x residuals as a function of 
track position in x and y direction for 
a telescope plane [4]. 
CERN © 2018. The leakage current as a function of 

the bias voltage for sensors irradiated 
at a fluence < 10151MeV neq/cm2 at a 
temperature of -22°C (the two green 
lines that show lower leakage current) 
and at full fluence at the temperature 
of -34°C. 
CERN © 2018.

VeloPix: the pixel ASIC. CERN © 2018.

Resolution in x direction as a function of the track angle for non irradiated sensors (1,2) and uniformly neutron irradiated sensors 
at JSI (3,4), in analog (1,3) readout and binary (2,4) readout mode. CERN © 2018.

Average efficiency over the sensor as 
a function of bias voltage for sensors 
uniformly irradiated at JSI. 
CERN © 2018.

The Most Probable Value (MPV) of 
the charge distribution is shown as  
a function of the bias voltage for 
sensors uniformly neutron irradiated 
to full fluence at JSI. 
CERN © 2018.

High rate 
Fraction of clusters non assiciated to 
tracks as a function of the particle 
rate for the telescope planes [4].
CERN © 2018

Pointing resolution 
Predicted pointing resolution (blue 
band) as a function of the position 
along the beam axis. The pink region 
indicates the DUT position. The 
biased resolution from simulation and 
data are indicated by green and red 
markers, respectively [4].
CERN © 2018.

Figure 1: Mechanical design of the Timepix3 telescope, with the coordinate system dis-
played at the top. The telescope stations are mounted on two retractable arms around a
central stage. The central stage is reserved for studies on DUTs; it provides translations
in x and y as well as rotations about the y axis.

axis are adjustable; the telescope is operated typically with a distance of 31 mm between
the planes within one arm and about 200 mm between the two arms. Cooling of the
telescope planes is achieved with pre-cooled air circulating inside the telescope protective
enclosure, which is also light-tight.

A DUT can be installed on a remote-controlled motion stage between the two telescope
arms. The two telescope arms are mounted on rails such that the distance between the
arms can be adjusted depending on the size of the DUT. The stage allows translations in
x and y and rotations about the y axis. A second stage is available downstream of the
telescope which is used by DUTs larger than the available space or less demanding in terms
of pointing resolution. The telescope also includes two scintillators, one upstream and
one downstream of the telescope arms, which can be used to trigger the data acquisition
systems of external DUTs1.

Finally, the base of the telescope is mounted on a remote controlled motion stage, which
allows the entire telescope to be moved in x and y. This allows the alignment of the
telescope with respect to the beam.

1External devices are detectors that are not based on the Timepix3 ASIC.
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