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Connecting the dots: 
the art, science & technology of 
imaging elementary particles of 

matter and light 

AIDA industry-academia matching 
event 

Bologna, April 23-24, 2018 
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(ceci n’est pas le LHC!) 
hopefully more than a wishful thinking



LEP, the Large Electron-
positron collider (1989-2000)

Our camera: the Vertex Detector, 
notably based on micro-strip

complemented by pixels in the end-caps:



LEP, the Large Electron-
positron collider (1989-2000)

Life was beautiful & easy (and I 
was young): 

 beams were crossing every 22 µs 

events were springing off collisions at 
tens of Hz rate 

jets of particles had typically 10 
trajectories with a low density (say 
one 2 CHF coin at 10 cm from the 
beam crossing point) 

pattern recognition was relatively 
easy 

no radiation damage

imaging in 3D (2 spatial coordinates 
+ energy) was good enough



LHC, the Large Hadron collider



The ATLAS vtx detector

Life became complicated (and I 
grew old): 

 beams cross every 25 ns 

more than one event is springing off 
for every crossing 

charge density is more frightening 
than the bitcoin 

pattern recognition is a nightmare 

radiation damage requires dedicated 
technology and design 

real time data reduction is a must

imaging in 5D (3 spatial coordinates 
time & energy) is barely good 
enough
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The baseline technology: Hybrid pixels, namely a matrix of diodes is 
implanted over a high resistivity substrate and connected to a mating ASIC
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Assembly steps: 
1. Sensor substrates & dies are 

qualified independently 
2. Interconnection by bump 

bonding (SnPb or In) 
3. I/O + power supply via a kapton 

circuit 

❖ typical thickness: 300 + 500 µm (sensor + ASIC) 
❖ typical pixel pitch: from 300 x 300 µm2 to 50 x 400 µm2 
❖ resolution: not in excess of the pitch/√12 
❖ 8-10 kpixel/tile 

The DELPHI VFT: 152 modules for 1.2 MPixel



The identification of the particle impact point can also be performed following the 
principle of the Time projection Chamber, namely measuring the drift time of the 
generated charge carriers  towards the collecting electrode, in a position sensitive 
evolution of the Silicon Drift Detector*:

courtesy of Oxford Instruments

*E. Gatti, P. Rehak, Nuclear Instruments and Methods in Physics Research 225 (1984) 608 
 

B e c a u s e o f t h e l o w a n o d e 
capacitance , excellent energy 
resolution can be achieved at T ~ 
- 2 0 o C , m a k i n g t h i s d e t e c t o r 
technology a STANDARD for X-ray 
Fluorescence (XRF)

a collection of KETEK sensors
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B e c a u s e o f t h e l o w a n o d e 
capacitance , excellent energy 
resolution can be achieved at T ~ 
- 2 0 o C , m a k i n g t h i s d e t e c t o r 
technology a STANDARD for X-ray 
Fluorescence (XRF)

energy resolution of KETEK sensors



A segmentation of the anode can turn the detector into an energy 
resolving, position sensitive device*:

courtesy of Chiara Guazzoni, Politecnico di Milano

*A. Castoldi et al., IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 44, NO. 5, OCTOBER 
1997 

 pitch of the collecting 
anodes ~ 300 µm 

 resolution along the drift field 
~ 30 µm 

 drift velocity ~ 8 µm/ns 

 active area: 7.02 x 7.53 cm2

The ALICE detector sensors:



A snapshot of the ALICE Silicon Drift detector system:

 2 layers @R=15, 22 cm 

 14 ladders on the inner 
layer,  60 cm long (6 
detectors/layer) 

 22 ladders on the 
outer layer, 67 cm long 
(8 detectors/layer)

Sensors manufactured 
by CANBERRA



What else?  
Several concepts are being addressed, and a plurality of technologies and 
architectures. But all of the proposals have a common feature: sensors should 
be MONOLITHIC!

NON STANDARD SENSORS: 

• based on the charge carrier generated in the epitaxial 
layer [2-14 µm thick, depending on the technology => 
SMALL signal (~80 e-h pairs/  µm)] 

• diffusion detector vs  [standard] drift sensors  (the sensitive 
volume is NOT depleted => charge cluster spread over ~ 
50 µm [10 µm ] AND collection over ~ 150 ns [10 ns]) 

NEVERTHELESS OFFERING SEVERAL ADVANTAGES: 

• very simple baseline architecture (3Transistors: reset, 
collecting diode, addressing key) 

• standard, well established industrial fabrication process, 
granting a cost-effective access to state-of-the-art 
technologies 

CMOS sensors for particle 
detection 

❖  Main drive from digital cameras 
❖ Pioneered @ LEPSI Strasbourg in the 
late 90’s: 

• G. Deptuch at al, IEEE-TNS 49 (2002) 601 
• R. Turchetta et al, NIM A458 (2001) 677 



➔ 

1. The Correlated Double Sampling:

➔ 

3. Evaluate the 
candidates 
against the 
noise (r.m.s of 
the pedestal 
distribution)

Signal-to-noise 
ratio evaluated 
for considered 

event

☑  Signal identification (courtesy of W. Dulinski, LEPSI Strasbourg):

2. Subtract pedestals (due to leakage current) & Common mode 



What else?
Having a genuine “time stamping” of the hits with 10 ps resolution is not a 
piece of cake and several effects in the underlying physics & design have to 
be taken into account: 

identification of the correct γγ→H vertex , and c) the association
of displaced tracks to the correct vertex. We can therefore con-
clude that timing information at HL-LHC is equivalent of having
additional luminosity.

2. Time-tagging detectors

In the following we will use a simplified model to explore the
timing capabilities of various detectors (for a review of current
trends in electronics see for example [1]): the sensor, thought as a
capacitor (CDet) with a current source in parallel, is readout by a
pre-amplifier that shapes the signal. The pre-amplifier's output is
then compared to a fixed threshold ( )VTh to determine the time of
arrival. The time resolution st can be expressed as the sum of
several terms: (i) Jitter, (ii) Landau Time Walk (iii) Landau noise
due to shape variation, (iv) signal distortion, and (v) TDC binning:

σ σ σ σ σ σ= + + + + ( ). 1t Jitter Land TW Land noise Distortion TDC
2 2

.
2

.
2 2 2

We will assume in the following two simplifications:

! We consider the effect of time walk (see [2] for details)
compensated by an appropriate electronic circuit (either Con-
stant Fraction Discriminator or Time over Threshold). With this
assumption, the effect of Landau variations in signal amplitude
are compensated, but not that of shape variation. This second
contribution is indicated as Landau noise σ( )Land Noise.

2 in Eq. (1).
! The contribution of TDC binning to be below 10 ps and therefore

negligible.

2.1. Jitter

The jitter term represents the time uncertainty caused by the
early or late firing of the comparator due to the presence of noise.

It is directly proportional to the noise N and it is inversely pro-
portional to the slope of the signal around the value of the com-
parator threshold. Assuming a constant slope we can write

=dV dt S t/ / r and therefore:

σ = =
( )

N
dV dt

t
S N/ /

.
2J

r

2.2. Landau fluctuations: time walk and Landau noise

The ultimate limit to signal uniformity is given by the physics
governing energy deposition: the charge distribution created by an
ionizing particle crossing a sensor varies on an event-by-event
basis. These variations not only produce an overall change in signal
magnitude, which is at the root of the time walk effect (that we
assumed perfectly corrected by electronics), but also produce an
irregular current signal (Landau noise). The left part in Fig. 1 shows
2 examples of the simulated [3] energy deposition of a minimum
ionizing particle, while the right part the associated generated
current signals and their components: the variations are rather
large and they can severely degrade the achievable time
resolution.

2.3. Signal distortion: weighting field and drift velocity

In every particle detector, the shape of the induced current
signal can be calculated using Ramo's [4] theorem that states that
the current induced by a charge carrier is proportional to its
electric charge q, the drift velocity v and the weighting field Ew:
( ) ∝i t qvEw . This equation indicates two key points in the design of
sensors for accurate timing. First, the drift velocity needs to be
constant throughout the volume of the sensor. Non-uniform drift
velocities induce variations in signal shape as a function of the hit
position, Fig. 2a, spoiling the overall time resolution. The easiest

Fig. 1. a) Energy deposits in a silicon detector with gain =1, and (b) the corresponding current signals.
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Energy deposition is a stochastic event

Landau fluctuations induce a 
variation in the signal amplitude 
(the origin of the time walk) and 
distortion in the signal 
development
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a b s t r a c t

In this contribution we will review the progresses toward the construction of a tracking system able to
measure the passage of charged particles with a combined precision of ∼10 ps and ∼10 μm, either using a
single type of sensor, able to concurrently measure position and time, or a combination of position and
time sensors.
& 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. The effect of timing information

The inclusion of timing information in the structure of a re-
corded event has the capability of changing the way we design
experiments, as this added dimension dramatically improves the
reconstruction process. Depending on the type of sensors that will
be used, timing information can be available at different stages in
the reconstruction of an event, for example (i) at tracking re-
construction, if timing is associated to each point or (ii) during the
event reconstruction, if timing information is associated to each
track. In the first case, the 4th dimension brings a simplification
already in the reconstruction algorithm as only time-compatible
hits are used in the pattern recognition phase, however the elec-
tronics is very demanding as it needs to be able to accurately
measure timing in each pixel. The second case is simpler as it

requires the implementation of a dedicated timing layer, either
inside or outside the main silicon tracker volume, to assign the
timing information to each crossing track without changing the
vast majority of the tracker hardware. The timing information can
then be used to improve Level 1 trigger decisions, as it can be
obtained faster than tracking reconstruction, and to separate
events with overlapping vertices.

Considering a specific situation, at HL-LHC the number of
events per bunch crossing will be of the order of 150–200, with an
average distance between vertexes of 500 micron and a timing
rms spread of 150 ps. Considering a vertex separation resolution of
250–300 micron along the beam direction (present resolution for
CMS and ATLAS), there will be 10–15% of vertexes composed by
two overlapping events. This overlap will cause a degradation in
the precision of the reconstructed variables, and lead to loss of
events. Examples where timing information is crucial to avoid loss
of measuring accuracy are a) the correct assignment of each par-
ticle to its event when two interactions overlap, b) the

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/nima
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0168-9002/& 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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What else?
Having a genuine “time stamping” of the hits with 10 ps resolution is not a 
piece of cake and several effects in the underlying physics & design have to 
be taken into account: 

The induced current, as of the Ramo’s 
theorem, is given by:

• move at saturated field 
velocity (high E) 

• have 
way to obtain uniform drift velocity throughout the sensor is to
have an electric field high enough to move the carriers with sa-
turated drift velocity. Second, strips need to have the width very
similar to the pitch, and these two dimensions need to be larger
than the sensor thickness: ∼ ⪢width pitch thickness. These re-
quirements are making the weighting field very uniform along the
strip width, as shown in Fig. 2b.

2.4. Roadmap

The integration of time-tagging capabilities into a position
sensor produces a steep increase in system complexity. Part of this
complexity can be addressed by very smart architectures, new
technological nodes (for example 65 nm) allowing higher circuit
densities and new chip designs. However having sensors and
electronics built on separated substrates will ultimately limit the
level of integration and drive the cost. Most likely the real turning
point of 4D tracking will happen when monolithic technology will
be mature enough to allow integrating the sensor and the elec-
tronics in the same substrate, reducing interconnections and
keeping the capacitance of each sensor low.

3. Possible detectors for a 4D tracker

Assuming that a 4D tracker should maintain the key aspects of
current 3D tracker designs, then the type of possible detectors is
limited by material budget consideration to semiconductor de-
vices, mostly silicon and diamond. Assuming some overall design
aspects equal (saturated drift velocity, weighting field, manu-
facturing capability, cost), the key quantity to be minimized by
every detector is the jitter term expressed by equation Eq. (2). We
will here briefly review 4 possible approaches, concentrating on
Ultra-Fast Silicon Detectors.

3.1. Silicon detectors

Standard silicon detectors can be used in timing applications,
provided the sensor geometry is appropriate. Currently the NA62
experiment [5] is employing a track-timing detector, the so called
GiGatracker, that uses 200-micron thick sensors with 300-micron
pixels. The expected time resolution is around σ ∼ 150 pst . Em-
ploying an extremely low noise new circuit [6], a resolution of
σ ∼ 105 pst has been reached using a 100-micron thick, 2 mm
square pad sensor. Standard silicon sensors have therefore the
capability of reaching good time resolutions, however it is rather

difficult to reach resolutions better than σt∼80–100 ps given their
small signal.

3.2. Diamond detectors

Diamond has a large energy gap therefore it has almost no
leakage current, it is radiation resistant, it has a small dielectric
constant, so the capacitance is low, and carriers have high mobi-
lity. The main drawback is the small signal amplitude (due to the
large energy gap), and the limited commercial offer. There are
currently two techniques to increase the signal amplitude: a)
stacking sensors - overlapping several sensors that are read in
parallel - and b) grazing - placing the sensors with the surface
parallel to the direction of the particle. Diamond detectors have
been therefore used successfully as time tagging sensors since
they have low noise (due to their small capacitance), and a large
dV dt/ . The best result achieved so far has been σ ∼ 100 pst , ob-
tained by the TOTEM collaboration. Given the difficulties of large
scale production, diamond detectors are therefore ideally suited
for small area sensors in high radiation environments.

3.3. APD – Avalanche PhotoDiode

APD can successfully be employed in the detection of charged
particles. APD are normally quite thin, 30–50 micron, so the initial
number of charge carriers generated by a MIP particles is rather
small, 2–3000 e/h pairs, however their signal is very large since
they have a gain of the order of 50–500. Given the short drift
distance, the signal is very short and steep, with a very large dV dt/ :
APD have therefore excellent time resolution, of the order of
σ ∼ 30 pst . The same quality that makes APD very good timing
sensors, high gain, is however also causing drawbacks: (i) when
irradiated, APD have very high Shot noise (due to the multi-
plication of the leakage current, see Section 3.4.2), (ii) they cannot
be easily segmented, and (iii) they suffer from electric breakdown.
APD are therefore a very good choice for single pad systems in low
radiation environments. Their use as segmented sensors in high
radiation experiments still need to be demonstrated.

3.4. LGAD – Low-Gain Avalanche Detectors

LGAD is a new concept in silicon detector design, merging the
best characteristics of standard silicon sensors with the main
feature of APDs. The overarching idea is to design silicon detectors
with signals that are a factor of 10 higher than those of standard
sensors, however without the problems connected with the APD

Fig. 2. a) Effect of velocity variation on the signal shape and b) weighting field for two configurations: (left) wide strips, (right) thin strips.
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way to obtain uniform drift velocity throughout the sensor is to
have an electric field high enough to move the carriers with sa-
turated drift velocity. Second, strips need to have the width very
similar to the pitch, and these two dimensions need to be larger
than the sensor thickness: ∼ ⪢width pitch thickness. These re-
quirements are making the weighting field very uniform along the
strip width, as shown in Fig. 2b.

2.4. Roadmap

The integration of time-tagging capabilities into a position
sensor produces a steep increase in system complexity. Part of this
complexity can be addressed by very smart architectures, new
technological nodes (for example 65 nm) allowing higher circuit
densities and new chip designs. However having sensors and
electronics built on separated substrates will ultimately limit the
level of integration and drive the cost. Most likely the real turning
point of 4D tracking will happen when monolithic technology will
be mature enough to allow integrating the sensor and the elec-
tronics in the same substrate, reducing interconnections and
keeping the capacitance of each sensor low.

3. Possible detectors for a 4D tracker

Assuming that a 4D tracker should maintain the key aspects of
current 3D tracker designs, then the type of possible detectors is
limited by material budget consideration to semiconductor de-
vices, mostly silicon and diamond. Assuming some overall design
aspects equal (saturated drift velocity, weighting field, manu-
facturing capability, cost), the key quantity to be minimized by
every detector is the jitter term expressed by equation Eq. (2). We
will here briefly review 4 possible approaches, concentrating on
Ultra-Fast Silicon Detectors.

3.1. Silicon detectors

Standard silicon detectors can be used in timing applications,
provided the sensor geometry is appropriate. Currently the NA62
experiment [5] is employing a track-timing detector, the so called
GiGatracker, that uses 200-micron thick sensors with 300-micron
pixels. The expected time resolution is around σ ∼ 150 pst . Em-
ploying an extremely low noise new circuit [6], a resolution of
σ ∼ 105 pst has been reached using a 100-micron thick, 2 mm
square pad sensor. Standard silicon sensors have therefore the
capability of reaching good time resolutions, however it is rather

difficult to reach resolutions better than σt∼80–100 ps given their
small signal.

3.2. Diamond detectors

Diamond has a large energy gap therefore it has almost no
leakage current, it is radiation resistant, it has a small dielectric
constant, so the capacitance is low, and carriers have high mobi-
lity. The main drawback is the small signal amplitude (due to the
large energy gap), and the limited commercial offer. There are
currently two techniques to increase the signal amplitude: a)
stacking sensors - overlapping several sensors that are read in
parallel - and b) grazing - placing the sensors with the surface
parallel to the direction of the particle. Diamond detectors have
been therefore used successfully as time tagging sensors since
they have low noise (due to their small capacitance), and a large
dV dt/ . The best result achieved so far has been σ ∼ 100 pst , ob-
tained by the TOTEM collaboration. Given the difficulties of large
scale production, diamond detectors are therefore ideally suited
for small area sensors in high radiation environments.

3.3. APD – Avalanche PhotoDiode

APD can successfully be employed in the detection of charged
particles. APD are normally quite thin, 30–50 micron, so the initial
number of charge carriers generated by a MIP particles is rather
small, 2–3000 e/h pairs, however their signal is very large since
they have a gain of the order of 50–500. Given the short drift
distance, the signal is very short and steep, with a very large dV dt/ :
APD have therefore excellent time resolution, of the order of
σ ∼ 30 pst . The same quality that makes APD very good timing
sensors, high gain, is however also causing drawbacks: (i) when
irradiated, APD have very high Shot noise (due to the multi-
plication of the leakage current, see Section 3.4.2), (ii) they cannot
be easily segmented, and (iii) they suffer from electric breakdown.
APD are therefore a very good choice for single pad systems in low
radiation environments. Their use as segmented sensors in high
radiation experiments still need to be demonstrated.

3.4. LGAD – Low-Gain Avalanche Detectors

LGAD is a new concept in silicon detector design, merging the
best characteristics of standard silicon sensors with the main
feature of APDs. The overarching idea is to design silicon detectors
with signals that are a factor of 10 higher than those of standard
sensors, however without the problems connected with the APD

Fig. 2. a) Effect of velocity variation on the signal shape and b) weighting field for two configurations: (left) wide strips, (right) thin strips.
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identification of the correct γγ→H vertex , and c) the association
of displaced tracks to the correct vertex. We can therefore con-
clude that timing information at HL-LHC is equivalent of having
additional luminosity.

2. Time-tagging detectors

In the following we will use a simplified model to explore the
timing capabilities of various detectors (for a review of current
trends in electronics see for example [1]): the sensor, thought as a
capacitor (CDet) with a current source in parallel, is readout by a
pre-amplifier that shapes the signal. The pre-amplifier's output is
then compared to a fixed threshold ( )VTh to determine the time of
arrival. The time resolution st can be expressed as the sum of
several terms: (i) Jitter, (ii) Landau Time Walk (iii) Landau noise
due to shape variation, (iv) signal distortion, and (v) TDC binning:

σ σ σ σ σ σ= + + + + ( ). 1t Jitter Land TW Land noise Distortion TDC
2 2

.
2

.
2 2 2

We will assume in the following two simplifications:

! We consider the effect of time walk (see [2] for details)
compensated by an appropriate electronic circuit (either Con-
stant Fraction Discriminator or Time over Threshold). With this
assumption, the effect of Landau variations in signal amplitude
are compensated, but not that of shape variation. This second
contribution is indicated as Landau noise σ( )Land Noise.

2 in Eq. (1).
! The contribution of TDC binning to be below 10 ps and therefore

negligible.

2.1. Jitter

The jitter term represents the time uncertainty caused by the
early or late firing of the comparator due to the presence of noise.

It is directly proportional to the noise N and it is inversely pro-
portional to the slope of the signal around the value of the com-
parator threshold. Assuming a constant slope we can write

=dV dt S t/ / r and therefore:

σ = =
( )

N
dV dt

t
S N/ /

.
2J

r

2.2. Landau fluctuations: time walk and Landau noise

The ultimate limit to signal uniformity is given by the physics
governing energy deposition: the charge distribution created by an
ionizing particle crossing a sensor varies on an event-by-event
basis. These variations not only produce an overall change in signal
magnitude, which is at the root of the time walk effect (that we
assumed perfectly corrected by electronics), but also produce an
irregular current signal (Landau noise). The left part in Fig. 1 shows
2 examples of the simulated [3] energy deposition of a minimum
ionizing particle, while the right part the associated generated
current signals and their components: the variations are rather
large and they can severely degrade the achievable time
resolution.

2.3. Signal distortion: weighting field and drift velocity

In every particle detector, the shape of the induced current
signal can be calculated using Ramo's [4] theorem that states that
the current induced by a charge carrier is proportional to its
electric charge q, the drift velocity v and the weighting field Ew:
( ) ∝i t qvEw . This equation indicates two key points in the design of
sensors for accurate timing. First, the drift velocity needs to be
constant throughout the volume of the sensor. Non-uniform drift
velocities induce variations in signal shape as a function of the hit
position, Fig. 2a, spoiling the overall time resolution. The easiest

Fig. 1. a) Energy deposits in a silicon detector with gain =1, and (b) the corresponding current signals.
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where v is the drift velocity and 
Ew the weighting Electric field 

way to obtain uniform drift velocity throughout the sensor is to
have an electric field high enough to move the carriers with sa-
turated drift velocity. Second, strips need to have the width very
similar to the pitch, and these two dimensions need to be larger
than the sensor thickness: ∼ ⪢width pitch thickness. These re-
quirements are making the weighting field very uniform along the
strip width, as shown in Fig. 2b.

2.4. Roadmap

The integration of time-tagging capabilities into a position
sensor produces a steep increase in system complexity. Part of this
complexity can be addressed by very smart architectures, new
technological nodes (for example 65 nm) allowing higher circuit
densities and new chip designs. However having sensors and
electronics built on separated substrates will ultimately limit the
level of integration and drive the cost. Most likely the real turning
point of 4D tracking will happen when monolithic technology will
be mature enough to allow integrating the sensor and the elec-
tronics in the same substrate, reducing interconnections and
keeping the capacitance of each sensor low.

3. Possible detectors for a 4D tracker

Assuming that a 4D tracker should maintain the key aspects of
current 3D tracker designs, then the type of possible detectors is
limited by material budget consideration to semiconductor de-
vices, mostly silicon and diamond. Assuming some overall design
aspects equal (saturated drift velocity, weighting field, manu-
facturing capability, cost), the key quantity to be minimized by
every detector is the jitter term expressed by equation Eq. (2). We
will here briefly review 4 possible approaches, concentrating on
Ultra-Fast Silicon Detectors.

3.1. Silicon detectors

Standard silicon detectors can be used in timing applications,
provided the sensor geometry is appropriate. Currently the NA62
experiment [5] is employing a track-timing detector, the so called
GiGatracker, that uses 200-micron thick sensors with 300-micron
pixels. The expected time resolution is around σ ∼ 150 pst . Em-
ploying an extremely low noise new circuit [6], a resolution of
σ ∼ 105 pst has been reached using a 100-micron thick, 2 mm
square pad sensor. Standard silicon sensors have therefore the
capability of reaching good time resolutions, however it is rather

difficult to reach resolutions better than σt∼80–100 ps given their
small signal.

3.2. Diamond detectors

Diamond has a large energy gap therefore it has almost no
leakage current, it is radiation resistant, it has a small dielectric
constant, so the capacitance is low, and carriers have high mobi-
lity. The main drawback is the small signal amplitude (due to the
large energy gap), and the limited commercial offer. There are
currently two techniques to increase the signal amplitude: a)
stacking sensors - overlapping several sensors that are read in
parallel - and b) grazing - placing the sensors with the surface
parallel to the direction of the particle. Diamond detectors have
been therefore used successfully as time tagging sensors since
they have low noise (due to their small capacitance), and a large
dV dt/ . The best result achieved so far has been σ ∼ 100 pst , ob-
tained by the TOTEM collaboration. Given the difficulties of large
scale production, diamond detectors are therefore ideally suited
for small area sensors in high radiation environments.

3.3. APD – Avalanche PhotoDiode

APD can successfully be employed in the detection of charged
particles. APD are normally quite thin, 30–50 micron, so the initial
number of charge carriers generated by a MIP particles is rather
small, 2–3000 e/h pairs, however their signal is very large since
they have a gain of the order of 50–500. Given the short drift
distance, the signal is very short and steep, with a very large dV dt/ :
APD have therefore excellent time resolution, of the order of
σ ∼ 30 pst . The same quality that makes APD very good timing
sensors, high gain, is however also causing drawbacks: (i) when
irradiated, APD have very high Shot noise (due to the multi-
plication of the leakage current, see Section 3.4.2), (ii) they cannot
be easily segmented, and (iii) they suffer from electric breakdown.
APD are therefore a very good choice for single pad systems in low
radiation environments. Their use as segmented sensors in high
radiation experiments still need to be demonstrated.

3.4. LGAD – Low-Gain Avalanche Detectors

LGAD is a new concept in silicon detector design, merging the
best characteristics of standard silicon sensors with the main
feature of APDs. The overarching idea is to design silicon detectors
with signals that are a factor of 10 higher than those of standard
sensors, however without the problems connected with the APD

Fig. 2. a) Effect of velocity variation on the signal shape and b) weighting field for two configurations: (left) wide strips, (right) thin strips.
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What else?
Having a genuine “time stamping” of the hits with 10 ps resolution is not a 
piece of cake and several effects in the underlying physics & design have to 
be taken into account: 

Keep the slew rate as high as possible 
to overcome jitter coming by the noise

• fast pulsing 
• high signal-over-noise

where N is the Noise and tr the 
rise time

identification of the correct γγ→H vertex , and c) the association
of displaced tracks to the correct vertex. We can therefore con-
clude that timing information at HL-LHC is equivalent of having
additional luminosity.

2. Time-tagging detectors

In the following we will use a simplified model to explore the
timing capabilities of various detectors (for a review of current
trends in electronics see for example [1]): the sensor, thought as a
capacitor (CDet) with a current source in parallel, is readout by a
pre-amplifier that shapes the signal. The pre-amplifier's output is
then compared to a fixed threshold ( )VTh to determine the time of
arrival. The time resolution st can be expressed as the sum of
several terms: (i) Jitter, (ii) Landau Time Walk (iii) Landau noise
due to shape variation, (iv) signal distortion, and (v) TDC binning:

σ σ σ σ σ σ= + + + + ( ). 1t Jitter Land TW Land noise Distortion TDC
2 2

.
2

.
2 2 2

We will assume in the following two simplifications:

! We consider the effect of time walk (see [2] for details)
compensated by an appropriate electronic circuit (either Con-
stant Fraction Discriminator or Time over Threshold). With this
assumption, the effect of Landau variations in signal amplitude
are compensated, but not that of shape variation. This second
contribution is indicated as Landau noise σ( )Land Noise.

2 in Eq. (1).
! The contribution of TDC binning to be below 10 ps and therefore

negligible.

2.1. Jitter

The jitter term represents the time uncertainty caused by the
early or late firing of the comparator due to the presence of noise.

It is directly proportional to the noise N and it is inversely pro-
portional to the slope of the signal around the value of the com-
parator threshold. Assuming a constant slope we can write

=dV dt S t/ / r and therefore:

σ = =
( )

N
dV dt

t
S N/ /

.
2J

r

2.2. Landau fluctuations: time walk and Landau noise

The ultimate limit to signal uniformity is given by the physics
governing energy deposition: the charge distribution created by an
ionizing particle crossing a sensor varies on an event-by-event
basis. These variations not only produce an overall change in signal
magnitude, which is at the root of the time walk effect (that we
assumed perfectly corrected by electronics), but also produce an
irregular current signal (Landau noise). The left part in Fig. 1 shows
2 examples of the simulated [3] energy deposition of a minimum
ionizing particle, while the right part the associated generated
current signals and their components: the variations are rather
large and they can severely degrade the achievable time
resolution.

2.3. Signal distortion: weighting field and drift velocity

In every particle detector, the shape of the induced current
signal can be calculated using Ramo's [4] theorem that states that
the current induced by a charge carrier is proportional to its
electric charge q, the drift velocity v and the weighting field Ew:
( ) ∝i t qvEw . This equation indicates two key points in the design of
sensors for accurate timing. First, the drift velocity needs to be
constant throughout the volume of the sensor. Non-uniform drift
velocities induce variations in signal shape as a function of the hit
position, Fig. 2a, spoiling the overall time resolution. The easiest

Fig. 1. a) Energy deposits in a silicon detector with gain =1, and (b) the corresponding current signals.

N. Cartiglia et al. / Nuclear Instruments and Methods in Physics Research A 845 (2017) 47–5148



What else?
Having a genuine “time stamping” of the hits with 10 ps resolution is not a 
piece of cake and several effects in the underlying physics & design have to 
be taken into account: 

high gain [7–9]. Charge multiplication in silicon sensors happens
when the charge carriers are in electric fields of the order of

∼E 300 kV/cm. Under this condition the electrons (and to less
extent the holes) acquire sufficient kinetic energy that are able to
generate additional e/h pairs. A field value of 300 kV/cm is ob-
tained by implanting an appropriate charge density that locally
generates very high fields ( ∼ )N 10 /cmD

16 3 . The gain has an ex-
ponential dependence on the electric field ( ) = α ( )N l N eo

E l, where
α ( )E is a strong function of the electric field and l is the path length
inside the high field region. The additional doping layer present at
the −n p junction in the LGAD design, Fig. 3, generates the high
field necessary to achieve charge multiplication. We have devel-
oped a full simulation program, WF2 [3], to study the property of
signal formation in silicon detectors and the effect of gain. Ac-
cording to WF2, LGAD have the potentiality of replacing standard
silicon sensors in almost every application, with the added ad-
vantage of having a large dV dt/ and therefore being able to mea-
sure time accurately. In the following, we will use the name of
“Ultra-Fast Silicon detectors” (UFSD) to indicate LGAD sensors op-
timized for timing performances.

3.4.1. UFSD: landau noise
With WF2 we have studied in details the effect of Landau noise

on time resolution, Fig. 4. The picture shows several important
effects: (i) Landau noise sets a physical limit to the precision of a
given sensor which is of the order of 20 ps in thin sensors, and
much larger for thicker sensors, (ii) Landau noise is minimized by
setting the comparator threshold as low as possible, and (iii) thin
detectors are less prone to Landau noise.

3.4.2. UFSD: shot noise and irradiation effects
Shot noise arises when charge carriers cross a potential barrier,

as it happens in silicon sensors. Assuming an electronics integra-
tion time τ, the equivalent noise charge is given by:

τ= ( )ENC I e/ 2Shot Bulk , where IBulk is the leakage current generated
in the bulk collected by the read-out electrode. In sensors such as
UFSD or APD this effect is enhanced by the gain and for this reason

Shot noise can be the dominant source of noise. Moreover, when
carriers undergo multiplication, there is an additional mechanism
that enhances Shot noise: multiplication is a stochastic process,
therefore some carries multiply more than others, causing a noise
increase, the so called excess noise factor (ENF). The expression for
Shot noise in device with gain is therefore:

τ= ( )ENC I M M
e2 3Shot

Bulk
x2

where M is the gain value, and x is the excess noise index. ENF
causes a very peculiar effect: in device with gain, as the gain in-
creases the signal-to-noise ratio (S/N) becomes smaller since Shot
noise increases faster ( ∝ )+M x2 than the signal ( ∝ )M . In order to
obtain a beneficial effect from the gain mechanism is therefore
necessary to have a gain value small enough ( ≤ )gain 20 such that
the signal increases while the noise increment is still in the sha-
dow of the electronic noise floor. Fig. 5 shows the value of Shot
noise for a 4 mm2 50-micron thick silicon sensor as a function of
radiation dose, assuming a 2-ns long integration time. In the plots
the electronic noise is assumed to be 450 ENC. Fig. 5a demon-
strates the dramatic effect of gain on Shot noise, while Fig. 5b the
effect of temperature (leakage current decreases a factor of 2 every
7°). Fig. 5 demonstrates that Shot noise can become the most
important source of noise for irradiated sensors with gain, and
suggests that small volumes and low temperature can keep this
effect under control provided the gain is low enough.

Radiation damage causes three main effects: (i) decrease of
charge collection efficiency [10], (ii) increase of leakage current,
causing Shot noise see 3.4.2, and (iii) changes in doping con-
centration. UFSD sensors have shown a decrease of gain values for
fluences above n10 /cmeq

14 2, with a complete disappearance of the
gain at n10 /cmeq

15 2. This effect has not been understood yet, but
there are two possible explanations: (i) an inactivation of accep-
tors due to radiation defects [11], and/or (ii) a dynamic reduction
of the gain layer doping due to charge trapping.

3.4.3. UFSD: testbeam results and extrapolation
We have performed several beam tests to validate the design of

UFSD sensors. The results, together with simulation predictions,
are shown in Fig. 6. The best resolution for 300-micron thick
sensors is σ ∼ 120 pst , equally due to, according to simulation,
jitter and Landau noise contributions; a dramatic improvement is
predicted for thin sensors, reaching a resolution of σ ∼ 30 pst for
50-micron thick sensors.

4. Conclusions and outlook

Tracking in 4 dimensions requires the development of dedi-
cated sensors and associated electronics. Several approaches are

Fig. 3. Schematic of a traditional silicon diode (left) and of a Low-Gain Avalanche Diode (right).

Fig. 4. Effect of Landau noise on time resolution. Best results are obtained for thin
sensors with a low comparator threshold.
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the LGAD (Low Gain Avalanche Diode) concept

the extra p+ layer 
introduces a region  of 
high E field (300 kV/cm), 
accelerating carriers to 
produce impact 
ionization 
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Why low gain? 

 

Noise increases faster than then signal  

           ! the ratio S/N becomes worse at higher gain 
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What else?
System aspects are definitely not trivial. A single exemplary illustration: silicon 
micro-channel cooling of the sensor carriers (the hybrids) 

VERTEX 2017 Alessandro Mapelli |

Silicon microchannels to cool the hybrid

5

3.2 W/cm2

3.2 W/cm2

0.4 W/cm2

150 microchannels 
liquid C6F14 

T -15ºC 
flow ~3 g/s

sensor 
max ∆T 5ºC

2 independent networks of 75 microchannels

sensor

VERTEX 2017 Alessandro Mapelli |

Why microfluidic on-detector cooling systems ?

No CTE mismatch 
Low material budget 
Active/distributed cooling 
Radiation resistance 
Great integration potential 
Thermal Figure of Merit (TFM)

6

IBM Research - Zurich

Liquid Cooled Integrated Micro-channel Heat SinksLiquid Cooled Integrated Micro channel Heat Sinks
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(∆T fluid-sensor)
(power density)
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approach TFM
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integrated
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microchannels 5-8 
liquid

3 
bi-phase

NA62
C6F14

LHCb
CO2

next talk by Oscar
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Microfabrication of the cooling plates

Collaborative effort between experiments (ALICE, LHCb and NA62), CERN 
support groups (DT and ESE), and external partners (CSEM and EPFL). 
Design by CERN EP-DT 
Prototypes fabricated by EP-DT at EPFL-CMi on 4” wafers 
Pre-production series by IceMOS on 6” wafers 
Two batches fabricated at CEA-Leti on 8” wafers 
Third batch under production, delivery expected at the end of the year.

9

Si wafer

etching of channels & manifolds

Bonding of Si cover

etching of fluidic inlets

Thinning of acceptance

A.Mapelli

A.Mapelli

A.Mapelli

A.Mapelli

A.Mapelli

A.Mapelli

Metallization around Inlets

150 µm

200 x 70 µm
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Relevant publications
The NA62 Collaboration, The beam and detector of the NA62 experiment at CERN, 
2017 JINST 12 P05025, goo.gl/LP4umG 

G. Romagnoli et al., Silicon micro-fluidic cooling for NA62 GTK pixel detectors, 
Microelec. Eng. 145 (2015) 133-137, goo.gl/VwuawR 

P. Petagna et al., Application of micro-channel cooling to the local thermal 
management of detectors electronics for particle physics, Microelec. Journal 44 
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Anything I can do but 
the search for the Higgs 
particle (and beyond) ?



Paul Signac, Portrait de Felix Fènèon, 1890

A pointillistic approach to imaging



Paul Signac, Le Port de St. Tropez, 1899

A pointillistic approach to imaging



M. Caccia, Autoradiography images of a mouse brain, 
2008

A pointillistic approach to imaging

MIMOSA 5 raw image

FILM image

170 h

Medipix MIMOSA 5 

Technology Hybrid Monolithic 

Active Volume 0.3 mm thick, fully depleted 0.015 mm thin, not depleted 

Architecture 
Binary  (double threshold) + 
counting (13 bits) 

Full analog 

500 transistors/cell 3 transistors/cell 

Granularity Moderate (55 !m) High (17 !m) 

Active area ! Cm scale edge ! Cm scale edge 

Main advantage 

•  stability (leakage current 
compensation) 
•  high duty cycle 
•  simple off-line analysis 

•  granularity 
•  full analog info 
•  detectability at ! 1 KeV (3 
x rms) 

Main disadvantage 
•  granularity 
•  No analog info 
•  noise floor at ! 3 keV 

•  large data volume 
(sparsification required!) 
•  low duty cycle 
• Non trivial off-line analysis 



Imaging particle beams is a popular sport:

Monitoring Multileaf Collimator Position 
in Intensity Modulated Radiotherapy 
with a Monolithic Active Pixel Sensor 
(100 µm thick) 

(IEEE TRANSACTIONS ON NUCLEAR SCIENCE, 
VOL. 61, NO. 1, FEBRUARY 2014, R. Page et al.) 

processed imageraw image

resolution: 52 ± 4 µm with a single frame 
image (~10 times better than radio 
chromic films)

Beam Monitoring by direct impact and 
secondary electron imaging at hadron 
therapy machines and tandem 
accelerators and anti-proton beams 

(e.g. R. Boll et al, Radiation Measurements 46 
(2011) 1971-1973; S. Seller et al., Hyperfine 
Interact (2012) 213:159–174; L. Badano et al., 
IEEE TRANSACTIONS ON NUCLEAR SCIENCE, 
VOL. 52, NO. 4, AUGUST 2005 

single cell schematics & layout

I = 7x107 particles/s, C ions 

the HIT beam

the CERN AD  beam



A different way of building up an image (the 
essence of quantum imaging)

Mammography screening

• the standard way:  
   

– open up the shutter and integrate the 
flux 

– the “intensity” in every pixel actually 
corresponds to the deposited energy:  

Where ni is the number of photons of 
energy Ei = wi, the weight in defining he 
signal distribution 

Is it the OPTIMAL WAY to achieve my 
goal, i.e. getting the maximum contrast 
between the calcification and the 
tissue? 



A different way of building up an image:

 since the X-ray tube spectrum is far 
from being monochromatic 

And the cross section features quite a 
strong dependence on the energy 

I can imagine to find a way to 
enhance the information content 
of the transmitted flux Mammography screening



Counting 
[I identify each 
photon and I count 
the number of 
photons in every 
pixel; weight = 1]

Integrating 
[I record the 
transmitted flux; the 
weight of each 
photon ÷ E]

Weighting 
[I identify each 
photon, I 
measure the 
energy and I 
assign a  weight ÷ 
E-3] 

SNR 
enhancement

Water/ 
Breast

Adipose/ 
Breast

Integrating 1.0 1.0

Counting 1.3 1.2

Weighting 2.0 1.8

[Natalie Diekmann – NIKHEF]



Martin Spahn, NIM A 731 (2013) 57–63 

where are we in clinical applications?

 radiography has gone digital 

 buy yet, it mostly works in integration mode, with 
indirect detection 

 direct detection in high z material is actively 
pursued relying on CdTe (Z=48) or CdZnTe (Z=52) 
with 

•  density ~ 5.8 g/cm3,  
• Egap = 1.5 eV 
• ε40KeV ~ 80%, ε80KeV ~ 40%



System based on the direct detection of X-ray quanta in a 
semiconductor active layer with a signal processed by 
intelligent electronics are a fact



The MEDIPIX family of ASIC, possibly the best show-case together 
with DECTRIS: • (http://medipix.web.cern.ch/medipix/) 

• http://www.amolf.nl/medipix/x-ray-imaging/projects/ 
• (https://www.dectris.com/)

R. Ballabriga et al., NIM A633 (2011) s15-s18 

130 nm technology, 8 metal layers, 3 side 
buttable 
 256 x 256 pixels, 55 µm pitch 
 highly configurable: 

In essence: counting (~100kHz) 
chip with 2 thresholds/pixel

http://medipix.web.cern.ch/medipix/
https://www.dectris.com/


A few figures*:
 linearity, noise and threshold dispersion:

* JINST 8 C02016 (2103) [MEDIPIX3], JINST 10 C01039 (2015) [TIMEPIX3]

 energy resolution in counting mode (Pb-L and Cu-K lines) :

 integral counting rate vs threshold  differential counting rate vs threshold



Please cite this article in press as: R. Ballabriga, et al., Asic developments for radiation imaging applications: The medipix and timepix family, Nuclear Inst. and Methods in Physics
Research, A (2017), http://dx.doi.org/10.1016/j.nima.2017.07.029.

R. Ballabriga et al. Nuclear Inst. and Methods in Physics Research, A ( ) –

Table 1
A summary of the main features of the chips in the Medipix and Timepix family.

Medipix Medipix2 Timepix Medipix3 Timepix3

Pixel side (�m) 170 55 55 55/110 55
Technology (nm) 1000 250 250 130 130
# pixels in x and y 64 256 256 256/128 256
Readout architecture Frame based

Sequential RW
Frame based
Sequential RW

Frame based
Sequential RW

Frame based
Continuous RW

Data driven/frame based

Charge summing and allocation
mode (CSM)

No No No Yes No

# thresholds 1 2 (window
discriminator)

1 2/4 Seq RW 1/4 Cont
RW

1

ToT/ToA No No ToT (14 bit) OR ToA
(14 bit, 10 ns
precision)

No ToT (10 bit) AND ToA (18 bit,
1.56 ns precision)

Front end noise (e* rms) 170 110 100 80(SPM) 174(CSM) 62
Peaking time (ns) 100 150 100 120 30
Max count rate (Mc/mm2/s)a – 826 – 826 (SPM 55 �m) 164

(CSM 55 �m) 376
(SPM 110 �m) 28
(CSM 110 �m)

0.43 (data driven)

Number of sides available for
tiling

0 3 3 3 3

a Depends strongly on exact conditions of threshold, sensor material and energy of illumination.

bump bonding is no longer required and that operation at even lower
threshold levels (Ì100 e*) becomes possible because of further reduced
input capacitance and therefore noise. As a consequence, the sensors can
be extremely thin and therefore lower mass. Doubtless these detectors
will start to replace tracking layers in the large experiments initially on
the border between the hybrid pixel layers and the strip detector layers.
However, the advantages of the hybrid approach remain that almost
any CMOS foundry can be used (minimising the risk of dependence
on a single supplier), more components can be crammed into a pixel
permitting operation in the hottest areas of high luminosity experiments,
and the flexibility to combine the CMOS chip with almost any kind of
detection medium.
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a b s t r a c t
Hybrid pixel detectors were developed to meet the requirements for tracking in the inner layers at the LHC
experiments. With low input capacitance per channel (10–100 fF) it is relatively straightforward to design pulse
processing readout electronics with input referred noise of Ì100 e-rms and pulse shaping times consistent with
tagging of events to a single LHC bunch crossing providing clean ‘images’ of the ionising tracks generated. In
the Medipix Collaborations the same concept has been adapted to provide practically noise hit free imaging in
a wide range of applications. This paper reports on the development of three generations of readout ASICs. Two
distinctive streams of development can be identified: the Medipix ASICs which integrate data from multiple
hits on a pixel and provide the images in the form of frames and the Timepix ASICs who aim to send as
much information about individual interactions as possible off-chip for further processing. One outstanding
circumstance in the use of these devices has been their numerous successful applications, thanks to a large
and active community of developers and users. That process has even permitted new developments for detectors
for High Energy Physics. This paper reviews the ASICs themselves and details some of the many applications.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Hybrid pixel detectors with on-pixel pulse processing were devel-
oped first for use at the LHC and a history of the early developments
in what became commonly referred to as, ‘‘pixel detectors’’ can be
found in [1]. These replaced strip detectors in the inner tracking layers
of the vertex detectors where track density was so high that a 2-D
geometry was required to permit correct pattern recognition. Moreover,
because of the close proximity of sensor and readout electronics the
input capacitance of a channel is low (10–100 fF) and input referred
noise levels of around 100 e* rms are relatively easy to achieve even
at shaping times consistent with proper allocation of a hit to one LHC
bunch crossing (25 ns). As the operating threshold is set at around 1000–
2000 e* the ‘‘images’’ of bunch crossing are essentially ‘‘noise hit free’’.
Because of readout bandwidth restrictions only selected or ‘‘triggered’’
events are read out from such detectors. Radiation imaging detectors on
the other hand usually accumulate data on the detector prior to readout.
In the early days of the first Medipix Collaboration we sought simply to
generate ‘‘noise free’’ images on chip by accumulating hit counts on
each pixel. Over the years this concept has extended to extracting as
much information as possible about the incoming ionising particles and
sending it off chip.

* Corresponding author.
E-mail address: michael.campbell@cern.ch (M. Campbell).

This paper reports firstly on our imaging chip devices Medipix,
Medipix2 and Medipix3. In these devices, single hits are processed
either on-pixel or within a neighbourhood of pixels and counts are
accumulated locally on-pixel prior to frame-based readout. In a second
part, we describe the Timepix chips where as much data as possible is
generated locally on-pixel and then sent off-chip for processing. These
chips can record particle arrival time and/or the energy deposited per
pixel. A third section describes chips which have been directly derived
from the Medipix and Timepix family and finally in the 4th section
a number of applications to which these chips have been applied are
described.

2. Photon counting chips: Medipix, Medipix2, Medipix3

The first Medipix chip was submitted to fabrication in 1997. The
pixel front-end of that chip was derived directly from the Omega3/LHC1
chip [2] which was developed in the context of the R and D for the then
future LHC machine. The Omega3 chip, as the name hints, was already
the 3rd generation of pixel detector chips developed for high energy
physics applications; pilot biomedical imaging studies were reported
with this photon counting detector as early as 20 years ago [3,4]. The

http://dx.doi.org/10.1016/j.nima.2017.07.029
Received 1 May 2017; Received in revised form 26 June 2017; Accepted 15 July 2017
Available online xxxx
0168-9002/© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Nuclear Instruments & methods, in press 



and a few applications (not the full story! the technology is mature 
and the end-user community has a lot of imagination…):

 X-ray diffraction (license 
to Panalytical):

http://www.panalytical.com/Empyrean/Features/PIXcel.htm

http://www.xray-imatek.com/technology

 X-ray imaging (license to imatek & 
quantum detectors for the DAQ):

J. Jakubec, JINST 4 P03013 (2009)

http://quantumdetectors.com/medipix3/

http://www.panalytical.com/Empyrean/Features/PIXcel.htm
http://www.xray-imatek.com/technology
http://quantumdetectors.com/medipix3/


 and                                              for Color CT (spectral  
     molecular imaging) 

http://www.marsbioimaging.com/mars/

Anderson & Butler, Contrast Media Mol. Imaging 2014, 9 3–12

http://www.marsbioimaging.com/mars/


Power to the Color!

In spectral molecular imaging, multiple 
narrow sections of the energy spectrum are 
sampled simultaneously, providing a range 
of energy-dependent Hounsfield units across 
the spectrum. As each material has a 
specific measurable X-ray spectrum, 
spectroscopic imaging allows for multiple 
materials to be quantified and 
differentiated.  

Spectral molecular imaging could then 
image and quantify multiple labeled 
markers simultaneously. 



Last But not Least: color X-ray for art 

www.insightart.eu

http://www.insightart.eu


Conclusions

the particle physics community has 
the habit to develop technologies, 
instruments and methods to pursue its 
scientific objectives 
it is unlikely you will find on our shelves 
exactly what you miss to solve your 
problems 
however, come and talk to us: as long 
as the trigger is fired we will be 
intrigued and we will not let you 
down!


