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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 ∼100 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 license
(http://creativecommons.org/licenses/by/4.0/).
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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.

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
first Medipix chip [5] uses a 1 μm minimum feature size. Today we are
designing with a minimum feature size of 65 nm.

2.1. Medipix

The first Medipix chip consisted of a matrix of 64 × 64 square cells
on a pitch of 170 μm. An externally applied shutter places the chip in
either acquisition mode or readout mode. Details of the chip can be
found in [6]. A schematic diagram of the Medipix pixel cell is shown in
Fig. 1. A front-end preamplifier integrates an incoming charge pulse to
a ∼3.5 fF feedback capacitor providing a gain of ∼30 mV/ke−. Detector
leakage current is compensated for by subtracting the current measured
in a dummy cell at the bottom of each column from each preamp input.

This means that the sensor matrix has 64 × 65 cells but that only 64 ×

64 cells are read out. This is a significant limitation when sensors with
non-uniform leakage current are connected to the chip. A discriminator
is connected to the output of each preamplifier. A global threshold
is applied using and external current source but the local threshold
can be tuned using a programmable 3-bit register in each pixel. The
range of the 3-bit adjustment is also controlled by an off-chip current
source. The threshold variation is ∼350 e− rms before tuning and after
tuning this falls to ∼80 e− rms. The minimum applicable threshold is
∼2000 e−. A 15-bit pseudo-random counter or Linear Feedback Shift
Register LFSR [7] is used in a similar manner to the MPEC chip [8]. This
counter is incremented each time the discriminator exceeds threshold
and provided the shutter is open. When the shutter is closed the recorded
15 bits are shifted serially to the end of the column for readout. A photo
of the die (Fig. 2) shows that, due to a large guard ring around the chip is
was not possible to tile an area larger than one chip without significant
loss of sensitive surface between chips. In spite of its limitations this
chip was the first large scale photon counting chip and, as such, was
used in multiple applications. One of the most iconic images is of a
tungsten wire twisted to form the first letter of the word Medipix and
which was placed on the surface of a Si detector and exposed to beta
particles from a 90Sr source (Fig. 3). Many more serious images were
taken and the chip permitted studies of the X-ray imaging properties of
materials such as GaAs [9–12]. The same device also started to yield
hints of potential for dose reduction in mammography when combined
with a GaAs sensor [13]. It also enables the direct comparison of the
imaging performance of different sensor materials [14].

2.2. Medipix2

The Medipix2 Collaboration was formed in 1999 with the aim of
developing a larger chip with significantly smaller pixel pitch (∼50 μm)
using 250 nm CMOS and to explore spectroscopic X-ray imaging for
the first time. Due to a compromise between circuity complexity and
the required area the Medipix2 chip had a pixel pitch of 55 μm and
is composed of 256 × 256 pixels [15]. The schematic diagram of the
pixel is shown in Fig. 4. In contrast to its earlier sibling, Medipix2
has 2 thresholds permitting window discrimination. Many details of
the design can be found in [16]. The pixel front-end architecture
chosen is based on the Krummenacher scheme [17]. This scheme has
many benefits and has proven to be extremely flexible and robust. In
particular, the circuit can compensate for detector leakage currents of
either polarity of sensor diode. An externally-defined voltage (provided
by an on-chip DAC) fixes the dc potential of the preamp output node
and thus permits the appropriate choice of operating point dependent
on the charge collection species. (The output is fixed at a high value
for hole collection and a low value for electron collection providing
the maximum dynamic range possible.) The main drawback of the
Krummenacher scheme is that the noise generated by the bias current
of the leakage current compensation network is essentially added in
parallel to any shot noise coming from the sensor. The measured gain
is ∼10.5 mV/ke−. The output of the preamp is then fed to the input
stages of 2 separate discriminators. The discriminator scheme chosen
was based on a differential pair producing a current proportional to
the difference between the preamp output voltage and the threshold
voltage, VTH, which is produced by a 10-bit on-chip DAC. On-pixel
threshold tuning is achieved by adding (using a 3-bit DAC) more or less
current to the OTA output prior to a zero-crossing discriminator circuit
which switches output polarity as a function of the direction of the
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Fig. 1. Block diagram schematic of the Medipix pixel cell.

Fig. 2. Die photo of the Medipix chip.

incoming current. The output pulse of the high and low discriminators

are then fed to a double discriminator logic. Provided the measured

charge falls between the high and low discriminator values the circuit

generates a pulse used to increment a 13-bit LFSR. A number of versions

of the chip were fabricated each time improving on some specific

feature. The final version of the chip is called MPIX2MXR2.0 and

includes an on-chip bandgap reference circuit in the periphery, DACs

with very low temperature dependence and a 14-bit on-pixel LFSR

which stops on overflow at a counter value of 11 810. This chip was

used extensively in many applications, mainly bump-bonded to a silicon

pixel detector [18]. Flip-chip bump bonding of the Medipix2 chip with

high density compound semiconductor detectors paved the way for

hard X-ray and gamma-ray imaging [19]. One of the primary aims for

Medipix2 was to investigate the potential and limits of spectroscopic

X-ray imaging at small detector pitches. Earlier simulations had indi-

cated that charge sharing, as a consequence of charge diffusion during

collection and/or fluorescence during charge deposition, would impose

severe constraints [20] and indeed these limitations were confirmed by

measurements using Medipix2 [21,22].
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Fig. 3. Image of a tungsten wire shaped like an M (for Medipix) taken using the Medipix
chip bump bonded to a 300 μm thick silicon sensor and exposed to a 90Sr source.

2.3. Medipix3

The Medipix3 Collaboration was formed in 2005. At that point we
started to work on the implementation of ideas which would permit
spectroscopic X-ray imaging even at relatively small pixel pitches [23].
In the case where soft X-rays (∼10 keV) are to be detected and a silicon
detector is used charge sharing between neighbouring pixels due to
charge diffusion is the primary mechanism leading to the misallocation
of hits to lower energy bins. For a uniform exposure to a monochromatic
source this results in a ‘tail’ in the single pixel spectrum towards lower
energies. In the case of higher energy X-rays (25–100 keV) a higher-Z
material than Si must be used to allow improved detection efficiency.
In this case, the generation of fluorescence photons within the sensor
material –with themselves a mean free path similar to a pixel pitch – is
common and also leads to augmented charge sharing. The architecture
we chose had to take both effects – charge sharing due to diffusion and
charge sharing due to fluorescence in the charge deposition process –
into consideration.

A first small prototype chip was designed [24] and implemented in a
130 nm CMOS process. The chip had a matrix of 8 × 8 pixels on a pitch of
55 μm. Many details of that circuit can be found in [25]. The schematic
diagram is shown in Fig. 5. Each pixel contains a charge sensitive
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Fig. 4. Block diagram schematic of the Medipix2 pixel cell.

Fig. 5. Block diagram schematic of the Medipix3 prototype pixel cell.

amplifier using a front-end of the Krummenacher type, permitting both
electron and hole collection. The output of the preamp is connected to
an AC-coupled Gm-C shaping circuit whose time constant is ∼100 ns.
Pole-zero cancellation is also implemented. The output of the shaping
stage is a current proportional to the amplitude of the charge collected
in a single pixel. Most importantly, this current is then copied multiple
times and fed to different charge summing circuits. The summing nodes
on a given pixel are connected to the shaping circuits of the pixel itself as
well as to copies of the currents of its E, SE and S neighbours in the pixel
matrix corresponding to the sum of the pixel’s SE corner. The output of
each summing circuit is fed to a discriminator, one for the high threshold
and one for the low threshold. The discriminator outputs are then fed to
the Cluster Common Control Logic and Arbitration Circuit. This circuit
compares the discriminator outputs from those of the summing circuits
in pixels A, B and D (corresponding to the decisions related to the
sums of pixels at the NE, NW and SW corners) identifying the corner
with the greatest hit. Provided the local arbitrators have allocated the
hit to pixel E the charge sum associated with the corner (NW, NW
SW or SE) with the highest total charge is then used to increment
the low counter if the sum is greater than the low threshold, and the
high counter if it also exceeds the high threshold. As there are 2 15-
bit LFSRs per pixel it is possible to programme the pixel to read out
only one discriminator using only one counter at a time (the other
discriminator being ignored). In that case ‘continuous read/write’ is

available meaning that one counter is being read out while the other
is being incremented. Another important feature of the prototype chip
is that it can be programmed in spectroscopic mode. In this case only
one front-end in 4 is connected to a sensor pixel with a pitch of 110 μm.
Each super-pixel has 8 counters and 8 thresholds. Charge summing can
be activated over 4 super-pixels (thus collecting charge over a total area
of 220 μm × 220 μm) and the number of thresholds can be reduced from
8 to 4 permitting continuous read/write.

The success of the prototype chip led to the development of the first
full Medipix3 readout chip [26] and this was the first large scale chip
in 130 nm CMOS in the High Energy Physics community. This chip
has a matrix of 256 × 256 pixels on a pitch of 55 μm and, like the
prototype chip, it can also be configured to a matrix of 128 × 128 pixels
on a pitch of 110 μm. The pixel front-end is almost identical to that of
the prototype chip. On the other hand, the counters were redesigned to
allow more flexibility depending on the application. Each 55 μm pixel
can be programmed to have 2 × 1-bit counters, 2 × 4-bit counters, 2 ×

12-bit counters or a single 24-bit counter all of binary ripple type [27].
The results of measurements were all consistent with expectations with
the notable exception of the pixel-to-pixel threshold variation. Even
after tuning this was around a factor 3 higher than expected. This led
to some pixel corners ‘grabbing’ hits which belonged to neighbouring
corners [28]. Another undesired feature of this chip was the tendency
of single pixels to spontaneously change threshold for some time (with
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Fig. 6. Block diagram schematic of the Medipix3RX pixel cell.

a time constant varying from μsecs to hours) in a manner consistent
with Random Telegraph Noise. A further observation was that the 8
threshold voltage DAC’s (which were schematically identical) tended to
have different gain slopes within a chip and from chip to chip. After
much investigation, the origin of all of these problems was found to
be related to degradation of the integrity of the thin gate oxide during
fabrication resulting from an absence of tie-down diodes at Metal-1 on
the analog matched pairs. In fact, the layout was fully consistent with
the antenna design rules provided by the foundry but did not follow
a recommendation related to tie downs for matched pairs. This effect
became visible due to the downscaling of the gate oxide thickness from
∼5 nm (for Medipix2 and Timepix) to ∼2 nm and also the large number
of pixels in the chip.

The Medipix3RX chip [29] was a major redesign of the first version.
As well as resolving the mismatch problem it also incorporated a
number of architectural enhancements. Among those was the decision
to allocate a hit no longer to the pixel corner with the highest charge
sum, but rather to the individual pixel in the neighbourhood with the
largest local charge deposit [30]. For completeness, the schematic of
the improved pixel cell is shown in Fig. 6. This has the advantage that
the decision is less prone to the impact of noise (the charge sum adds
the noise of 4 pixels in quadrature) and also more precise allocation
in the case of hits involving only one pixel. The disadvantage is that
there may be hits missed in the case where charge is shared among
many pixels and none is hit above threshold. In practice, however, the
reduction in noise permitted operation at a lower minimum threshold
and, in general, much improved results. It should be noted that a further
limitation was that there are only 4 charge summed thresholds available
in spectroscopic mode in both sequential read/write and continuous
read/write modes. Fig. 7 demonstrates a measurement using a line pair
mask and the Medipix3RX chip operating in both single pixel mode (left)
and charge summingmode (right). There is no distinguishable difference
in the line pair mask images indicating that charge summing has no
impact to the spatial resolution. Fig. 8 shows the results of a threshold
scan of the Medipix3RX connected to a CdTe sensor with a pitch of
110 μm and 2 mm thickness when exposed to an 241Am source [31].
Comparing the blue line (taken using Single Pixel mode) with the red
line (taken using charge summing mode) one can perceive the power of
the charge summing architecture in overcoming the dispersive impact of
the charge deposition and collection mechanisms. Moreover, we believe
that the small pixel effect [32] permits us to be sensitive only to one type
of the drifting carriers (in this case electrons) and therefore diminishes
the impact of charge trapping of the other species (the holes in this
case) thereby improving energy resolution. An important innovation
in the design approach for Medipix3RX was the use of a standard cell
library within the pixel cell for the first time. This has the benefit of

permitting precise simulations of the full readout architecture with a
corresponding reduction of risk of introducing errors during the chip
assembly process. Because of the circuit complexity permitted by the
130 nm CMOS process the standard cell design approach is now used
systematically in new pixel design projects.

3. Timepix chips

In 2005, the Medipix design team was approached by members of
the EUDet Collaboration who were interested in adapting the Medipix2
chip for gas detector readout. This followed on from earlier experiments
showing that, when combined with a gas gain grid, the Medipix2 chip
was able to record the position of individual electrons produced by
an ionising particle in a gas volume [33]. This request led to the
development of the Timepix chip and ultimately to a new branch in the
efforts of our Collaborations. These chips aim to extract the maximum
amount of information possible concerning charged particle interactions
in the associated sensor.

3.1. Timepix

The above-mentioned measurements with Medipix2 produced a 2-
D projection of a 3-D event in the gas volume. As an ionising particle
traverses a gas volume individual photo-electrons are created and these
drift under the influence of an electric field towards a gas gain grid. At
the grid, the charge, if transmitted, is subjected to such a high electric
field that charge multiplications takes place. The charge cloud at the
output is then drifted by an electric field onto the pads of the readout
chip where it is detected in a way similar to a charge cloud drifting in
a semiconductor sensor. The Medipix2 chip simply counts hits above
threshold while the shutter is open. In the example shown in [33] the
image is composed of amatrix on ‘1’s and ‘0’s representing the projection
of the 3-D track information onto the 2-D pixel matrix. The request from
the EUDet consortium was to modify the Medipix2 pixel cell such that,
instead of counting particles, the cell should count clock ticks from the
moment the particle is detected until the moment the shutter is closed
thus providing the 3-D track information. During discussions with the
design team we realised that, if a clock is distributed to each pixel, then
we could offer the option of measuring Time-over-Threshold instead
allowing to measure the total collected charge. The schematic of the
Timepix pixel is shown in Fig. 9 [34]. The pixel front-end is identical to
the Medipix2MXR chip but there is only a single threshold. The on-pixel
threshold adjustment DAC has 4 bits providing a minimum operating
threshold of ∼600 e−. The pixels can be programmed individually to
either (a) count hits (b) count clock ticks from when the discriminator
is fired until the shutter closes providing Time of Arrival information
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Fig. 7. Images of a line pair mask taken using an X-ray tube and the Medipix3RX chip in single pixel mode (left) and in charge summing mode (right).
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Fig. 8. Spectra reconstructed from a threshold scan based on raw data from all pixels using
the Medipix3RX chip in single pixel mode (blue) and in charge summing mode (red) [31].
In CSM the photo-peak has ∼4 keV FWHM. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

or (c) count clock ticks while the threshold is exceeded providing
Time-over-Threshold information. A single 14-bit LSFR which stops on
overflow at 11 810 is provided and the frame-based readout protocol is
identical to Medipix2. Thus, Timepix could be read out with only slight
modifications to the Medipix2 readout systems. The versatile nature of
the chip has led to its application in many applications as outlined later.

3.2. Timepix3

Although the Timepix chip is very widely used it has a number
of important limitations. When measuring Time of Arrival (ToA) the
counter starts when the discriminator passes threshold and stops when
the shutter closes. This limits the shutter opening time to the period
of the clock multiplied by the counter depth (11 810). In Time-over-
Threshold (ToT) mode a second particle strike on the same pixel while
the shutter is open will result in the ToT values of both hits being
added and hence an error in the measurement. Moreover, each pixel can
record either ToT, ToA or the number of hits. Also, during the frame-
based readout the pixel matrix is insensitive. These limitations led to
the specifications for the Timepix3 chip.

Unlike all of the other chips in the Medipix/Timepix family,
Timepix3 has a data-driven architecture [35]. When a pixel is hit it
immediately initiates the sending of its data off-chip. A schematic of the
Timepix3 pixel is shown in Fig. 10 [36]. The front-end amplifier follows

the usual Krummenacher scheme and there is a single discriminator with
4-bits of threshold adjustment [37]. The tuned threshold variation is
∼30 e− rms providing a minimum threshold of ∼500 e−. The output
pulse of the discriminator is used to start the 4-bit fine time stamp
counter and to latch the 14-bit time stamp provided by an on-chip
40MHz Gray-encoded ramp counter. There is also a 10-bit pseudoran-
dom counter running at 40 MHz which records the ToT. The back end of
the digital part of the pixel groups 2 × 4 pixels into super-pixels. Each
of these super-pixels has a single Voltage Controlled Oscillator (VCO)
which is shared between the 8 pixels [38]. The VCO is started by the
OR of the rising edge of the discriminator outputs and oscillates at a
frequency of 640MHz until the next rising edge of the 40MHz clock. The
fine timestamp on a given pixel is generated by counting the number of
VCO clock ticks from themoment that the discriminator passes threshold
until the VCO stops. Data from a given pixel is passed to the super-pixel
using round robin arbitration. The deadtime associated with clearing the
digital information from the pixel is 475 ns. Hit information is passed
from the super-pixel to the bottom of the column by a token ring scheme
providing access to one super-pixel at a time to a 10-bit parallel readout
bus. The information sent comprises the super-pixel address (6 bits) the
hit pixel address within the super-pixel (3 bits), course ToA (14-bits),
Fine ToA (4 bits) and ToT (10 bits). In total, each hit generates a data
word of 44 bits plus a 4-bit header which are sent off chip.

4. Other ASIC developments related to the Medipix efforts

4.1. Dosepix

The background to the Dosepix development lies with ideas gen-
erated within the context of the Medipix2 Collaboration by people
interested in making a chip suitable for X-ray dosimetry [39]. The
basic concept was to design a chip composed of a matrix of pixels each
containing a multi-channel analyser circuit. The Dosepix chip contains a
matrix of 16 × 16 pixels at a pitch of 220 μm [40,41]. Many details of the
circuit can be found in [42]. The pixel has three main operating modes:
particle counting, energy integrating and dosimetry mode. In particle
counting mode (intended mostly for calibration purposes) the pixel
simply counts the number of hits above a predefined analog threshold
using an 8-bit counter (something akin to the operation of Medipix).
In energy integration mode a 24-bit counter records the total ToT for
a given pixel. The most useful mode however is the dosimetry mode.
In this case, a 12-bit ToT counter records hits one-by-one. When the
discriminator goes low after a given hit the contents of the counter are
latched and then compared with 16 programmable on-pixel thresholds.
When the comparison shows that a hit lies within a given threshold
window a 16-bit energy window counter is incremented. In this way,
the spectrum of hits on a given pixel is recorded with 16 energy bins.
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Fig. 9. Block diagram schematic of the Timepix pixel cell.

Fig. 10. Block diagram schematic of the Timepix3 pixel cell.

Note also that the energy thresholds can be programmed differently
from pixel to pixel which means that the chip can have a total of 16
× 16 energy thresholds. Readout is performed on a column by column
basis. While one column is being read out all 15 others are continuously
sensitive.

4.2. VELOpix

The Timepix ASIC was incorporated into a 6-plane charged particle
beam telescope [43] and became a workhorse for testing various new
detector structures for charged particle tracking. With 55 μm square
pixels and then tilting the assemblies with an angle of ∼ 9◦ it was
possible to obtain a pointing resolution of down to 2.4 μm by making
full use of the ToT information in charge shared events. As well as being
the ASIC used for the telescope, the Timepix chip was also used as the
readout for various new kinds of detector structure (3-D detectors, ultra-
thin detectors, edgeless detectors). As indicated above, however, one
of the primary limitations of Timepix is its frame-based readout. In the
telescope the shutter opening time had to be tuned such that no pixel was
hit twice during a data taking run which in practice limited the number
of hits in one frame to about 100 tracks. After that time, the telescope
is essentially dead while the entire contents of the matrix are read out.

Timepix3 resolved many of these issues and it has also been successfully

incorporated into a charged particle beam telescope running with a rate

capable of reading out every particle track provided by the CERN SPS

H-6 beamline (LHCb publication in preparation) at full beam intensity.

Timepix3 demonstrated that noise-free trigger-less readout could

be achieved with pixels on a 55 μm pitch and with a threshold of

∼500 e−. The Timepix3 chip provides a 48-bit word for each pixel

hit and this, combined with the output chip bandwidth of 5.2 Gb/s

ultimately limits the flux of particles which can be processed correctly.

Timepix3 can deal with ∼80 Mhits/s. The VELO upgrade for the LHCb

experiment [44] requires the chips nearest to the particle beam to

detect up to 15 hits in every LHC bunch crossing. This fixes the

upper limit for the bandwidth of the VELOpix chip and imposes some

restrictions on the chip architecture. Also, the chip should work in a

radiation environment and techniques such as Triple Redundancy are

used to mitigate the effects of Single Event Upset. Such techniques also

reduce the complexity which can be incorporated within a pixel. The

VELOpix architecture is described in [45]. Each pixel has a preamplifier

(optimised for electron collection) and discriminator with an associated

2-bit ToT counter. The pixel can be programmed such that hits below

a given ToT value are ignored to help eliminate low energy hits near
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to threshold and therefore subject to timewalk. Validated hits are time-
tagged to the 40 MHz LHC clock by latching the contents of 9-bit Gray-
encoded Bunch Crossing Counter. The pixels are organised into super-
pixels of 2 × 4 pixels. If at least one pixel is hit the binary map of
the super-pixel along with the timestamp is latched and prepared for
readout. The initial electrical results from the chip indicate that full
functionality has been achieved. However, measurements with bump-
bonded sensors and radiation tolerance are still under-way.

4.3. CLICpix

Looking towards accelerators beyond the LHC one option being
studied is the CLIC linear electron–positron collider [46]. At CLIC, bunch
trains of electrons and positrons will collide at 20 ms intervals. Each
bunch train will comprise around 300 bunches spaced by 0.5 ns. At
most one hard interaction is expected per bunch train. However, at the
highest CLIC energy of 3 TeV many beam-induced background particles
are expected. To maintain low occupancies, even in the hottest region
of the vertex detector, pixels of 25 × 25 μm2 are foreseen. Background
suppression furthermore calls for 10 ns time stamping capabilities. The
physics requirements aim for 3 μm spatial resolution and a very low
material budget of 0.2% of a radiation length per layer including services
and supports. The CLICpix chip has been designed in this context, using
65 nm CMOS and a pixel pitch of 25 μm [47]. This was the first pixel
chip to be designed in 65 nm CMOS and paves the way for future
developments both for CLIC and for the Medipix4 collaboration.

5. Applications

One of the outstanding features of the Medipix and Timepix family of
ASICs are the multiple applications to which they have been dedicated
by the (more than 30) different teams participating in the Medipix
collaborations. Some of these are commercial but many are of a scientific
nature. For applications concerning Medipix2 prior to 2009 the reader
is invited to consult this reference [18]. It would be unreasonable to
try to provide a comprehensive list here but we will highlight some of
major applications in what follows.

5.1. Educational purposes

The availability of a compact readout systems [48–50] and user
friendly software [51] for the Medipix and Timepix chips greatly
facilitates access to these devices. Following a visit by a group of high
school students from the Simon Langton School in Canterbury, England
to the Medipix design team at CERN in 2007 there was great enthusiasm
for the potential to apply such devices both in the classroom and for
other school-based projects. The students started to use the Medipix2
and then the Timepix devices in the classroom. They also proposed
the construction of a satellite system based on Timepix and this was
ultimately flown by Surrey Satellite Technology on their TechDemoSat-
1 mission [52]. In the meantime, many experiments have been carried
out by high school students using these devices and anecdotal data
suggests that such activities strongly influence the subsequent choice
of students towards the STEM subjects at university. In March 2016, the
Institute for Research in Schools (IRIS) was officially launched at the
Science Museum in London. Many of the initial projects proposed by
IRIS are based on the use of the Timepix chip. At the time of writing
over 300 schools have subscribed to the IRIS programme whose aim is
to stimulate the interest of high school students in studying science and
engineering by introducing them early to the real research environment.
The Medipix2 and Medipix3 Collaboration will continue to support this
important initiative and any other similar activities related to science
education.

5.2. Space dosimetry and space weather

In parallel with the school-initiated satellite project a number of ac-
tivities have gone on in the US and in Europe on space-based dosimetry
and space weather.

The US-based activity has been spear-headed by the University of
Houston group with strong technical support from the Institute of
Experimental and Applied Physics of the Czech Technical University and
more recently from ADAVACAM sro (a spin-off company from CTU).
They have been responsible for the installation and maintenance of 7
Timepix-based detectors on the International Space Station (ISS). An
example of a map of radiation dose measured by the Timepix devices
on the ISS is shown in Fig. 11. The successful (and reliable) operation
of these devices [53,54] persuaded NASA to incorporate 2 Timepixes
on the Orion test vehicle launch in December 2014. Those devices also
worked well and NASA has base-lined the approach for future missions
of the Orion manned spacecraft.

The ESA-sponsored project SATRAM (Space Application of TIMEPIX-
based Radiation Monitor) uses the Timepix detector to continuously
monitor space weather [55,56]. It is incorporated in the ProbaV earth
monitoring satellite in a sun-synchronous orbit at an altitude of 820 km
and monitors the direction and stopping power of incoming charged
particles.

5.3. Synchrotron imaging

Photon counting systems have been widely adopted at synchrotron
light sources over the last 15 years. Among the first systems to be used
regularly at a beamline is the PRIAM readout system which uses the
Medipix2 chip for photon counting [57] and which acted as a precursor
to the MAXIPIX system [58] which is capable of reading out up to 5
Medipix2 or Timepix chips. In both cases the Medipix2 (or Timepix)
chip is read out using the 32-bit parallel bus at a clock frequency of
100 MHz. This reduced the readout (or dead) time to less than 300us
and therefore provided kHz framerates. The MAXIPIX system has most
recently been incorporated in a novel facility at ESRF providing X-ray
Raman scattering spectrometry [59].

At DESY recent work has focussed on the development of the large
area LAMBDA system which is based on Medipix3RX [60]. That system
is composed of tile-able Si detector modules with 1536 × 512 pixels and
runs at 2000 frames per second. Each detector module is connected to
6 × 2 Medipix3RX chips. The LAMBDA system makes full use of the
deadtime free operation of the Medipix3RX chip. Individual tiles using
GaAs or CdTe as a sensor material can also be provided where the photon
energy to be used requires a more efficient detector material.

At the Diamond Light Source two systems have been developed.
The Merlin system [61] is a compact, LabView based readout which
is aimed at small detector areas (up to 4 chips). It was first designed for
Medipix3 and has since been adapted to Timepix3 [62]. The other major
activity at Diamond is the development of the EXCALIBUR readout [63].
This Medipix3RX-based system is made up of 3 individual modules each
comprising a silicon ladder connected to 16 readout chips. The entire
system of 3M pixels can be readout out at 100 frames per second in
continuous mode or 1000 frames per second in burst mode.

5.4. Studies of sensor materials

Silicon is the sensor material of choice for most High Energy Physics
experiments. Historically sensor thicknesses of 300 μm using wide guard
rings were used. However, recent developments in Silicon processing
have permitted either very thin (50 μm) or very thick (>500 μm) sensors
to be used. Moreover, sensors with little or no insensitive edges are
of particular interest in tracking detectors or where large areas have
to be tiled seamlessly. The availability and flexibility of Medipix2 and
Timepix has permitted a large number of studies of the behaviour of
thin and thick sensors both with and without active edges [64].
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Fig. 11. Image reconstructed from data from one of the Timepix assemblies on board of the International Space Station (courtesy L. Pinsky, University of Houston).

High-Z material are of particular interest in X-ray imaging appli-
cations where the mean photon energy exceeds ∼15 keV. In this case
GaAs, CdTe and CdZnTe become very interesting candidate materials.
In a similar way to the Si sensor studies, the Timepix chip has acted as
the host to many different candidate sensor materials providing invalu-
able insight into the distribution of defects and the charge collection
mechanisms [65–67]. The Medipix3RX chip has also been used for the
study of GaAs material [68] and for time dependent variations in CdTe
material [69].

5.5. Spectroscopic X-ray, gamma-ray and particle imaging

As mentioned earlier the detection of X-ray photons one-by-one
permits the development of systems capable of high resolution spec-
troscopic X-ray imaging. With the Timepix chip it is possible to measure
the total charge deposited in a cluster of pixels and therefore correctly
bin the detected photon according to the total charge deposited [70]. A
specific application was counting or spectroscopic imaging of radiation
quanta (electrons, positrons, gamma-rays, neutrons) with the Timepix
chip [71–75]. More recently a large area Timepix-based detector (con-
sisting of 100 chips) has been used for high contrast X-ray micro-
radiography of histology samples [76]. When the Timepix chip is used
in ToT or ToA mode the primary limitation comes from the need to
avoid overlapping clusters and in practice this reduces the number of
cluster per frame and hence the frame length. Moreover, as the Timepix
chip is insensitive during readout this imposes strong restrictions on the
applications. As already mentioned, the Timepix3 chip overcomes many
of these limitations by using a data-driven architecture. Timepix3 is
capable of treating up to 80 Mhits per second and therefore an incoming
flux corresponding to 80 MHz divided by the number of hits generated
by each photon in the sensor.

However, in even higher rate applications the inter-pixel charge
summing and allocation scheme first implemented in the Medipix3
chip must be used. The benefits of the charge summing and allocation
scheme have been studied and proven experimentally [77]. There are
many examples of its use in materials analysis [78] and medical imag-
ing [79,80]. One particularly exciting medical application is spectral
CT imaging using metal nanoparticles which are attached to biological
tracers [81]. It may be that this could lead to functional imaging in
radiology encroaching on a domain which has so far depended on
nuclear medicine. Fig. 12 shows a CT scan of a mouse taken by theMARS
team in New Zealand showing a good separation of Gold, Gadolinium
and Iodine in clinically-acceptable concentrations.

5.6. Electron microscopy

Direct detectors, such as those available in the Medipix and Timepix
families offer substantial benefits in terms of efficiency and point
spread function when compared with conventional indirect detectors in

Fig. 12. Image of a mouse injected with biomarkers with doped with Gadolinium,
Gold and Iodine metal nano-particles (courtesy of A. Butler, University of Canterbury,
Christchurch, New Zealand).

electron microscopes. CCDs offer high pixel counts but typically suffer
from relatively slow frame-based readout. Back illuminated and fully
depleted Monolithic Active Pixel sensors provide more sensitivity but
also tend to have limited frame rate and can be damaged by electrons
with enough energy to reach the electronics unless special radiation tol-
erant design techniques are adopted. Hybrid pixel detectors tend to have
larger pixels but with sharp point spread functions and faster readout
speed. This was demonstrated already in 2003 with Medipix [82] and
then later with Medipix2 [83]. Rather spectacular results were obtained
using Medipix2 in Low energy Electron Microscopy in 2009 also [84]
as illustrated by Fig. 13. However, with increased electron energy
(>200 keV) the scattering of the electrons within the relatively thick
sensor limits the point spread function [85]. Recent work at Glasgow
using Medipix3RX has indicated that the charge summing and alloca-
tion scheme can provide a substantial improvement in point spread
function [86]. It has also been postulated that using Timepix3 and
reconstructing the track in 3-D it should be possible to identify in most
cases the impact point of each electron on the sensor thus providing an
almost perfect detector for electron microscopy. Preliminary laboratory
studies by the authors using a 90Sr source appear to confirm this.

5.7. Axion search and other gas based detector systems

The Timepix and Timepix3 chips are being used to record the
charge arising from an avalanche in a high electric field. Following
the Micromegas principle, an amplification grid is mounted 50 μm
above the Timepix chip. The grid is perfectly aligned with the pixels
by and supported by insulating pillars by means of wafer-based pho-
tolithography (InGrid, GridPix). The charge-sensitive amplifiers on the
Timepix are efficiently protected from discharges by a thin (2–8 μm)
protection layer. GridPix detectors can be exploited for charged particle
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Fig. 13. Low Energy electron microscope images comparing the growth of graphene
flakes. Upper images taken form the standard MCP + CCD imager, the lower images are
taken with a Timepix assembly with silicon detector [84].

Fig. 14. Image in the InGrid integrated on top of the Timepix3 chip (courtesy of Y.
Bilevych, Physikalisches Institut, University of Bonn, Germany).

tracking, e.g. in a large volume TPC planned for the ILD detector at the
ILC. A large prototype, employing 160 Timepix-based InGrids has been
constructed [87]. Although the resolution of the readout pixels is far
in excess of that needed for the drifted (and thereby diffused) electrons
in the gas volume the pixelated TPC detector provides clean readout
at unprecedented spatial resolution for such a large gaseous detector.
Moreover, the specific energy loss (dE∕dx) can be measured precisely
from counting the number of individual electron clusters along the track.
GridPix detectors have also recently been employed in the construction
of a prototype for proton beam radiography [88].

A second application of Timepix-based InGrids is the detection of
low energy X-rays and measurement of their energy by counting the
number of electrons deposited. Very efficient background discrimination
from topological analysis of the recorded events and very low energy
threshold (∼200 eV) make the detector suited for rare event searches.
This has led to the implementation of such a detector at the CERN Axion
Solar Telescope where it has been running reliably for many 100’s of
days. First InGrids based on Timepix3 have been produced (see Fig. 14)
and will further extend the application of gaseous detectors.

5.8. Micro Channel Plate imaging

In a manner, much akin to the readout of gas gain grids it is possible
to combine a naked readout chip with a Micro Channel Plate. An
electron impinging on the front face of a MCP is multiplied as it traverses
the pore of the device creating a charge cloud at the rear side. Provided
an adequate electric field is applied between the rear of the MPC and
the readout chip the charge cloud can be detected by the chip in much
the same way as a charge cloud drifting in a semiconductor sensor. The
MCP can be doped with a neutron absorber such as Boron for direct
neutron imaging [89], providing unique contrast in neutron imaging
experiments where other conventional methods fail due to sample
opacity e.g. High-Z materials such as nuclear fuels, [90], inclusions
of Pd within natural gold single crystals, [91] or have low contrast
(e.g. hydrogenous substance such as oil imaged within shale samples).
Alternatively, the MCP can be integrated into a tube with a photo-
cathode for visible light imaging [89,92]. To make images of a medical
or biological biopsy under laser ablation of molecules, the AMOLF
team made use of Timepix devices in vacuum for Time-of-Flight mass
spectrometry [93].

5.9. Anti-matter research

At the CERN Antiproton Decelerator at CERN the AEgIS experiment
seeks to measure the gravitational pull on anti-hydrogen by studying
the exact position at which it decays with a position sensitive detector.
The Timepix3 detector has been evaluated for such a task as it is
possible to use this combined with a thick silicon sensor as an active
target in such a setup [94]. Anti-hydrogen atoms annihilate when they
reach the detector surface and the resulting star-shaped events can
be reconstructed off-line. Not only can the projections of the charged
particles in x and y be recorded but a 3-D reconstruction can be carried
out using the ToA information.

5.10. Other applications

The possibility to combine the readout chips described above with
various sensor materials, gas detectors and microchannel plates has
led to an explosion of uses not mentioned above. Among those are
particle beam monitoring both at the CERN UA9 experiment and more
recently for a Beam Gas Ionisation monitor [95] at the CERN PS.
There is also an extensive network of Medipix2- and now Timepix-
based radiation monitors active in the CERN ATLAS cavern [96,97]. The
Timepix chip is used at the ISOLDE facility to study isotope deposition is
crystalline structures using electron emission channelling. In the CERN
Radioprotection group the effort has focussed on the development and
use of the Timepix-based GEMPIX detectors to study hadron therapy
beams and 55Fe residues in radioactive waste. Other uses in medical
applications include Timepix as a tracking detector for Hadron Therapy
dose deposition monitoring [98,99] and as an imaging system during
LDR Brachytherapy seed implantation [100]. Timepix can also be used
for nuclear physics experiments [101] and more recently to study the
interaction of neutrons with a silicon sensor using Timepix3 [102].
Using 10B as a conversion layer and analysing the shape of incoming
tracks it is possible to detect slow neutrons even in the presence of a high
 and e− background [103]. A similar approach was used to construct a
large scale neutron imaging system using 6LiF as a convertor layer [104].

The probability to create an additional second vacancy in the K-shell
of the manganese atom after electron capture decay of 55Fe could be
measured with unprecedented accuracy [105]. In this experiment, two
Timepix detectors faced each other with the radioactive source in be-
tween them. The signal for double vacancy creation was the coincident
detection of two x-ray fluorescences emitted during relaxation of the
atomic shell, thus the triggering of two clusters of pixels with the same
time-of-arrival. In addition to themeasurement of the overall probability
for this process, the pixelation of the sensor matrix was exploited to
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Table 1
A summary of the main features of the chips in the Medipix and Timepix family.

Medipix Medipix2 Timepix Medipix3 Timepix3

Pixel side (μm) 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 μm) 164

(CSM 55 μm) 376
(SPM 110 μm) 28
(CSM 110 μm)

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.

Fig. 15. Tiled X-ray image of a wild flower taken using the Medipix3RX chip connected
to a 300 μm thick silicon sensor (courtesy of S. Procz, University of Freiburg, Germany).

measure the angular correlation function between the two emitted x-
rays for the very first time [106]. Such experiments can be used to test
atomic physics models.

Finally, it is also possible to use X-ray imaging detectors for non-
scientific purposes. Fig. 15 is an X-ray image of a wild flower taken
using an X-ray machine, and tiling Medipix3RX data. Science meets art.

6. Summary, conclusions and future directions

Three generations of ASICs using smaller and smaller feature sizes
have been described and Table 1 summarises their main characteristics.
Initially the higher component density was used to reduce the pixel
size but more recently the aim has been to improve the functionality
of a pixel. Two distinctive lines of development have been established.
With the Medipix chips the aim has evolved from simple single photon
counting towards spectroscopic X-ray imaging at relatively high rates.

Reasonable spectroscopic fidelity can only be preserved at high rates by
using inter-pixel processing to mitigate the dispersive effects of charge
sharing resulting from the charge deposition and collection mechanisms.
The Timepix family of chips on the other hand seeks to transmit as much
information as possible off-chip providing scope for many experiments
where single charged particles have to be detected. A common feature
has been the organic growth in the applications to which the chips
have been applied thanks to a growing and active community using the
chips and their suggestions for improvements. A particularly important
contribution to this process came from the development of USB-based
readout systems and software making the devices easily accessible and
transportable.

Looking ahead we aim to further develop both families. For Medipix4
we aim to improve energy resolution at the same time as increasing
the high flux capability. For Timepix4 improved time resolution and
possibly decreased pixel size are targeted. In both cases larger die sizes
may be useful and we also aim to make use of Through Silicon Vias,
whose feasibility has already been proven with Medipix3/Timepix3
processing [107], to provide chips which can be abutted on 4-sides.

In High Energy Physics, there is currently a strong interest in
Monolithic Active Pixel sensors where sensor and readout electronics
are integrated on the same substrate. These have the advantages that
bump bonding is no longer required and that operation at even lower
threshold levels (∼100 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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