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PET/MRI Imaging

‣ Positron Emission Tomography (PET) 
- Positrons from a radionuclide introduced in a body annihilate with 
the nearby tissue, emitting two back-to-back photons 

- The photons are detected in coincidence, tracking a line of response  

‣ Hybrid PET-MRI Imaging 
- Combining functional Image by PET and morphological image by MRI 
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Abstract

The Thin-TOF PET (TT-PET) project aims at the construction of a small-animal PET scanner based on silicon mono-
lithic pixel sensors with 30 ps time resolution for 511 keV photons, equivalent to 100 ps time resolution for minimum
ionizing particles. The high time resolution of the pixel sensor allows for precise time of flight measurement of the
two photons and a significant improvement in the signal-to-noise ratio of images. The TT-PET scanner also has sensi-
tivity for photon depth of interaction, thus improving the spatial resolution across the whole view of the scanner. The
performance of the scanner estimated by a GEANT4 Monte Carlo simulation is presented.

In order to achieve the high time resolution, the SiGe heterojunction bipolar transistor technology (SG13S from
IHP) was chosen for fast integration, low equivalent noise charge and low power consumption. TCAD simulations
were used to design a guard ring for the pixel sensor. Laboratory measurements of the first test chip show functionality
of the guard ring up to a bias potential of 200 V applied to the pixels and a good signal-to-noise ratio for the detection
of electrons from a 90Sr source. A test beam measurement with an un-thinned sensor shows more than 99 % e�ciency
and approximately 200 ps time resolution for minimum ionizing particles despite the absence of wafer thinning and
backside processing.

Keywords:

1. Introduction

Positron emission tomography (PET) is a nuclear
medicine method used to study metabolic processes in
the body, by detecting pairs of photons produced by
the annihilation in tissues of positrons emitted by a �+
tracer.

1.1. TOF-PET imaging
PET images are reconstructed by superimposing the

paths of the two gamma-rays, which is called line-of-
response (LOR). The time-of-flight (TOF) information
of the photon gives position sensitivity along the LOR.
As Figure 1 shows, TOF information reduces the un-
certainty of the annihilation point along the LOR. The
Signal-to-Noise Ratio (SNR) of the reconstructed im-
ages improves according to the equation:

SNRTOF

SNRCONVENTIONAL
=

r
D
�x
, (1)

⇤Corresponding author
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where D is the diameter of the scanner and �x is full
width at half maximum (FWHM) of the the position res-
olution along the LOR [1].
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Figure 1: LOR without TOFinformation (left) and with TOF informa-
tion (right). The uncertainty on the location of each annihilation event
along the LOR is reduced based by the TOF information.

1.2. Depth of interaction
A multi layer structure combined to the use of sili-

con pixel detectors allows for a more precise measure-
ment of the photon interaction point both along the ra-
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‣ TOF information improves the signal-to-noise ratio (SNR) of 
reconstructed images



Depth-of-Interaction (DOI)

‣ Sensitivity for photon depth of interaction improves the 
spatial resolution across the whole view of the scanner 

‣ It also reduces the error of TOF measurements
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The TT-PET Scanner  6

‣ We are developing silicon monolithic pixel sensors  
with 30 ps time resolution for electrons 
- corresponding to 100 ps time resolution for MIPs

‣ A wedge is composed of 60 layers 
‣ Total thickness of the wedge is  
1.2 cm

‣ 16 wedges in a ring structure 
with cooling blocks 

‣ The scanner is meant to be 
inserted in an existing MRI in  
Geneva Hospital (HUG)

SNSF grant CRSII2-160808 

100 μm silicon
50 μm dielectric decoupling
50 μm high-Z converterγ-ray

e-
Pixel

�t ⇠
rise time

S/N



Expected Performance of the TT-PET Scanner  7
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The TT-PET scanner
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TT-PET simulation

Scanner space resolution in the whole field of view: < 0.8 𝑚𝑚 𝐹𝑊𝐻𝑀
Derenzo phantom Geant4 simulation

TT-PET

New image reconstruction algorithms are under development to fully exploit the time resolution and DOI
measurement capability of the TT-PET scanner.

Typical performance of a TOF PET 
scanner for small animals

(MEDISIP)

0.5 mm

0.7 mm

1.0 mm

1.2 mm
1.5 mm

2.0 mm

Reconstruction with TOF

‣ Detector simulation performed with Geant4 shows excellent 
performance of the TT-PET scanner 

‣ The spatial resolution (average: 650 μm) does not degrade 
on the border of the scanner thanks to the depth sensitivity

arXiv: 1811.12381

https://arxiv.org/abs/1811.12381
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‣ The SNR of the reconstructed image is improved thanks to 
the TOF measurement

Reconstruction without TOF Reconstruction with TOF
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Figure 7. (Left) Coincidence rates and NECR as a function of the phantom source activity for a cylindrical
source. (Right) Coincidence rates and NECR as a function of the phantom source activity for a spherical
source.

1 MBq and it has been placed in 49 positions along the z-axis, with steps of 1 mm, in order to
cover the entire axial FOV. With this source intensity the random coincidences and the count loss
are below the 0.1%. Fig. 8 shows the expected sensitivity as a function of the z axis and presents a
maximum value at 4 %.
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Figure 8. Expected sensitivity as a function of the position along the axial FOV

4 Reconstruction

4.1 Normalisation

Since the scanner does not have full angular acceptance and the detection e�ciency is less than 1,
the detection probability of a gamma pair depends on the position in the FOV where it was emitted.
The reconstructed images need to be corrected by using a normalisation technique.

A rod 18F source with a diameter of 36 mm and length of 40 mm was performed in the
simulation and the normalisation factors were calculated as follows;

Normi = Ii (4.1)

– 7 –

NECR =
T 2

T + S + kR

‣ Requirements 
- Coincidence window: 500 ps 

- The LOR intercepts the phantom 

- The energy deposits in the both pixels are larger than 20 keV 

‣ Less than 0.1% count loss at 50 MBq

cylindrical source (radius: 1.6 mm, length: 50 mm)

Target for 
the TT-PET

T: True 
S: Compton Scattering 
kR: Random

 

 

https://arxiv.org/abs/1811.12381
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ASIC Prototype  10
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Figure 3. Layout of the TT-PET demonstrator chip, with a 3⇥10 pixel matrix. On the left, five guard-ring
test-structures are visible, that were submitted to independently test the high-voltage insulation of the pixels.

CAL DAC

HIT LATCH

threshold

PMOS-based 
resistors

Pixel

MOS Discriminator

To Logic

Figure 4. Block diagram of the pixel electronics. The pixel is shown as a diode, connected to the BJT-based
preamplifier. Its output is discriminated by an open-loop MOS amplifier, controlled by a local DAC to adjust
its threshold. The digitized output is sampled by a latch and sent to the periphery to the TDC.

3.1 Specifications

The main specifications for the front-end are shown in table 1.

Power supply 1.8 V
Gain 90 mV fC�1

Equivalent Noise Charge (for a 1 pF input capacitance) 600 e�

Power consumption 135 µW
Peaking time 1.3 ns

Simulated ToA jitter (for a 1 fC signal) 82 ps

Table 1. Main specifications of the simulated analog front-end

The pixel size is a compromise between input capacitance and power consumption. Having smaller
pixels would lead to better spatial resolution of the scanner, but since a PET image has an intrinsic
resolution of about 500 µm[3], the image quality would not improve. A smaller pixel would result in
a smaller input capacitance for the amplifier, and thus lower noise, leading to more accurate timing.

– 3 –
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‣ ASIC Prototype in 130 nm IHP  
SiGe-HBT technology (β= 900, fT = 250 GHz) 
- 30 pixels, size: 450 × 450 μm2 

- Amplifier, discriminator, 50 ps binning TDC, logic and serializers 
✦ The output of the discriminator is sent to a fast-OR chain, which 
preserves TOT and TOA 

- Thinned to 100 μm with backplane metallization 

- 1500 Ω*cm resistivity (full depletion voltage: ~ 45 V) 

✦ Confirmed by laser TCT measurement (see backups)

https://arxiv.org/abs/1811.10246


I-V Measurement

‣ Ground reference: backplane 
‣ Small leakage current from pixels due to the backside 
implantation process 
- Negligible impact on the chip performance
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On the other hand, more channels would be required to cover the same area, so power consumption
would increase.
Noise is the main contributor to the timing resolution. Given an accurate enough TDC (TDCs with
precision of a few ps can be found in literature[4]), the uncertainty is dominated by the e�ect of
the analog front-end. This includes di�erent factors, such as the pixel-to-pixel threshold variation,
the intrinsic electronic noise of the preamplifier and the distribution of charge collection time in the
substrate.

3.2 Front-end design
The front-end features a preamplifier using a Silicon-Germanium Heterojunction Bipolar Transistor
(specifically, IHP 130 nm SiGe-HBT technology), which was chosen to minimize the series noise
which represents the main contribution to the noise performance.[5]. This front-end was already
tested and found to perform well, with the capability of achieving a 100 ps jitter for up to 1 pF input
capacitance[6].1
The amplifier is connected to the input diode, which is integrated in the electronics substrate, being
the chip monolithic. The chip has a 1 k⌦ substrate and is thinned to 100 µm in order to optimize
the charge collection time and increase the electric field uniformity. Ground reference is provided
to the cathode through a back-plane metalization, while the anode is capacitively coupled to the
front-end input. Figure 5 shows the I-V characteristic of the pixel matrix up to a voltage of 200 V.
The leakage current is less than 0.6 nA per channel, and it is mostly due to the implantation process
performed on the backplane. Since the front-end is capacitively coupled to the sensor, the dark
current is filtered out and it has a negligible impact on the chip performance.

Figure 5. I-V curve of the 3⇥10 pixel matrix, connecting the backplane to ground and HV through a resistive
distribution network. The current going through the diode is in blue (measured when both increasing and
decreasing the voltage to show the hysteresis), while the current flowing through the guard ring is in orange.

The preamplifier schematic is shown in figure 6. The BJT is used in a simple common-emitter
configuration, with an active PMOS load and a MOSFET feedback, which can be tuned to adjust
the equivalent feedback impedance.
The choice of a common-emitter configuration comes from the need to minimize the input and

1This value is compatible with the target of 30 ps for 511 keV photons. Detailed GEANT4 simulations showed that the
average charge deposited by a PET photon would be more than three times larger than the one deposited by a minimum
ionizing particle.

– 4 –
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Testbeam Measurement

‣ Testbeam facility at CERN SPS (MIPs) 
- 6 tracking telescopes 

- Readout system developed at the DPNC with custom FPGA 
firmware 

✦ ASIC operation 

✦ External trigger from telescopes 

- Applied 180 V to the pixels
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The time of arrival and the time over threshold of the fast-OR output signal are digitized using
a CMOS-based hybrid TDC made of a free-running ring oscillator with a binning of 50 ps and a
700 ps counter, developed on purpose for this project [8]. Both the counter and the 14 states of the
ring oscillator are read for the measurement of the time of arrival and the time over threshold of the
signal.

A 10 MHz clock is distributed to the di�erent chips to o�er a common time reference for the
TDCs and run the chip logic.

2 Experimental setup and methods

2.1 The experimental setup at the SPS beam test facility at CERN

In order to study the e�ciency, timing performance, front-end noise and uniformity of response, the
demonstrator chip was tested at the SPS beam test facility at CERN with MIPs. The experimental
setup (Figure 2) consisted of a tracking telescope [9] that provided the trigger and the particle track
parameters to three demonstrator chips. The three chips were read out using a readout system
developed at the DPNC, with a custom firmware designed to operate the demonstrator with an
external trigger.

Chip 2 Chip 1 Chip 0

Figure 2. The experimental setup at the SPS beam test facility. The red line represents the particle beam.
Four of the tracking telescope planes are visible on the left. The three boards with the demonstrator were
downstream with respect to the telescope. The board containing chip 0 was rotated by 180 degrees along the
vertical axis with respect to the other two boards.

The chips were operated at two working points: a low-power working point, with a preamplifier
power consumption of 160 µW/channel, compliant with the TT-PET power requirements, and, for
comparison, a working point with power consumption of 375 µW/channel, as was used for the

– 3 –
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Efficiency Map

‣ Greater than 99% efficiency was observed for 26 pixels 
- 4 pixels were masked on hardware due to noise induced from 
signal-ended clock line 

- The region defined by the continuous lines shows the area used 
for efficiency calculation
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Figure 5 shows the pixel e�ciency for the chip in the center (chip 1), measured at the nominal

threshold value for the low-power working point. The line in the figure indicates the borders of the
area used to calculate the e�ciency.
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Figure 5. Pixel e�ciency map of chip 1. The colored area is the chip active area. The dashed lines represent
the separation between pixels. The continuous line represents the border of the area used for the e�ciency
calculation. The four pixels in white were masked in hardware as discussed in the text.

Figure 6 shows the e�ciency of chip 1 measured at di�erent thresholds at the low-power
operating point. The data show the noise margin for sensor operation, with the e�ciency plateau
extending over a factor two above the nominal discriminator threshold. These data, obtained with
minimum ionizing particles crossing perpendicularly the sensor, are compatible with an amplifier
gain of (50 ± 5) mV/fC.

Figure 6. E�ciency as a function of the voltage threshold for chip 1. The voltage threshold value shown
in the horizontal axis represents the di�erence between the global threshold setting and the typical voltage
o�set at the output of the preamplifier. The mismatch between di�erent channels is corrected with the pixel
DAC. For the nominal working point the threshold was set to 15 mV above the amplifier baseline.

The equivalent noise charge (ENC) of the front-end was estimated from the gain and noise
rate measured at the nominal threshold1. The lowest threshold corresponds to at least 5 standard

1This estimation of the ENC using the discrimination threshold is a�ected by the discriminator response, that shows a
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Time resolution

‣ 110 ps RMS was measured at high-power consumption 
working point 
- 130 ps RMS at low-power consumption working point  
(compatible with the power-budget of the TT-PET scanner) 

‣ Details of the analysis will be discussed in Pixel 2018! 
- 10.12 (Mon.) 11:35 ~ , L. Paolozzi, ID: 82
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Table 2. (Left) Resolution of the time of flight between the three combinations of the chips under test.
The � is the standard deviation of the gaussian fit to the ±2 standard deviations core of the time-of-flight
distribution. (Right) Time resolution of the three chips under test, obtained from the measurement of the
time-of-flight resolution.

TOF resolution [ps]
low-power high-power

�TOF,0�1 184.6 ± 0.2 161.3 ± 0.1
�TOF,0�2 180.0 ± 0.2 157.3 ± 0.1
�TOF,1�2 184.9 ± 0.2 161.2 ± 0.1

Time resolution [ps]
low-power high-power

�t, chip 0 127.3 ± 0.2 111.3 ± 0.1
�t, chip 1 134.2 ± 0.2 116.7 ± 0.1
�t, chip 2 127.2 ± 0.2 111.2 ± 0.1
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Figure 9. Time resolution of the pixels of chip 1. The dashed lines represent the separation between
di�erent pixels. The map shows the pixel matrix oriented as in Figure 1. The error is statistical only.

4 Conclusions

The demonstrator of the fast, monolithic ASIC of the TT-PET project was produced and tested
with minimum ionizing particles. The biasing structures, the pixel matrix, the fast-OR line and the
TDC were qualified and the minor modifications required for the final chip design were identified.
The measurements, done at a low-power (160 µW/channel) and a high-power (375 µW/channel)
working point, show an e�ciency above 99.9 % when the chip was operated at the nominal
threshold of 15 mV, with a noise hit rate per chip of 0.004 Hz. The front-end noise, estimated from
the e�ciency measurement, is 350 e� RMS. At the low-power working point, compatible with
the power-budget of the TT-PET scanner, the time resolution was measured to be 130 ps RMS. A
time resolution as low as 110 ps RMS was measured at the high-power working point, showing an
improvement of a factor 2 with respect to the results of the first prototype of the TT-PET chip.
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Thermal Measurement

‣ Need to dissipate 36W within a very compact detector (~ 10 cm3) 

‣ Two different types of cooling blocks were produced 

- Aluminum oxide ceramic (AlO3) and Aluminum 

‣ Thermal mockup (power: 36 W total) 

- 18 W to the two heater pads of the cooling blocks 

- 6 W to the top/middle/bottom super-module groups 

‣ Target: maximum temperature of 40 ℃
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capacity of 320 W including 10% coming from the service power losses.
The thermal mock-up was equipped with heater pads and temperature sensors. The tower consisted
of 12 super-modules each composed of 5 parts with a maximum area of 51⇥15 mm2. Each super-
module includes:

• 1 laser cut bare 300 µm thick silicon die

• 1 stainless steel water jet cut with a thickness of 1 mm

• 1 thermo-foil heater pad capable to deliver up to 20 W with an intrinsic resistance of ~40⌦
and with a maximum thickness of 250 µm

• 1 thin film NTC thermistor with a maximum thickness of 500 µm

• 3 layers of ultra-thin double side adhesive tape of 5 µm thickness

The overall thermal super-module thickness is nominally 1.565 mm, not far from the target value
for the real super-module, and it is made of materials with very similar thermal conductivities. An
FEA model was built with this thermal mock-up to make comparisons with the measurements. In
order to service the super-module tower the orientation of the odd and even super-module services
was alternated given the inflation of thicknesses at the location of the soldering pads transition
between the kapton and the wires as illustrated in figure 10.

Figure 10. On the left is a CAD view of the thermal super-module with the cooling block attached and
the pipe interconnection represented in translucent color. On the right is a picture of the thermal mock-up
showing services of the odd and even super-module exiting on the two sides.

The cooling blocks were thermally bonded at the side of the stack-up with a thermal paste interface
and held with two nylon screws on each side (see figure 11). The system was serviced with relatively
flexible silicon pipes while minimizing the stress at the stereo-lithographic fittings of the cooling
blocks. The cooling was set-up with a manifolding system to have parallel flow in the two blocks. In
addition, each cooling block is equipped with a heater pad allowing injecting the equivalent power
coming from the neighboring tower and with an NTC temperature sensor. The readout system of
the NTC temperature sensors uses custom CAN controller readout boards. Each of the boards can
handle up to 12 ADC channels, so two readout boards were daisy chained via the CAN interface
links. Data were transferred to the PC via a CAN to USB interface. The system was designed to
have a resolution of 0.1°C. In order to avoid systematic errors and reach the desired accuracy, it was
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FEA model was built with this thermal mock-up to make comparisons with the measurements. In
order to service the super-module tower the orientation of the odd and even super-module services
was alternated given the inflation of thicknesses at the location of the soldering pads transition
between the kapton and the wires as illustrated in figure 10.

Figure 10. On the left is a CAD view of the thermal super-module with the cooling block attached and
the pipe interconnection represented in translucent color. On the right is a picture of the thermal mock-up
showing services of the odd and even super-module exiting on the two sides.

The cooling blocks were thermally bonded at the side of the stack-up with a thermal paste interface
and held with two nylon screws on each side (see figure 11). The system was serviced with relatively
flexible silicon pipes while minimizing the stress at the stereo-lithographic fittings of the cooling
blocks. The cooling was set-up with a manifolding system to have parallel flow in the two blocks. In
addition, each cooling block is equipped with a heater pad allowing injecting the equivalent power
coming from the neighboring tower and with an NTC temperature sensor. The readout system of
the NTC temperature sensors uses custom CAN controller readout boards. Each of the boards can
handle up to 12 ADC channels, so two readout boards were daisy chained via the CAN interface
links. Data were transferred to the PC via a CAN to USB interface. The system was designed to
have a resolution of 0.1°C. In order to avoid systematic errors and reach the desired accuracy, it was
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Thermal Measurement

‣ Cooling and power configuration
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the thermal exchange. Since it was not possible to measure the coolant temperature independently
at the outlet of two the cooling blocks, the HTC was obtained averaging the heat exchange for the
two types of blocks in such condition and found to be ~8000 W m�2 K�1. This value together with
the environmental temperature is then used in a thermal FEA simulations to validate the thermal
model. The temperature distribution of the super-modules ranges from 18 to 26 �C at the full power

Figure 12. Temperature distribution of the set-up at various steps of the cooling and power configuration
(top) as compared to the temperature distribution of the 12 super-modules (bottom).

of the heaters (as shown in figure 12). The first dummy super-module has the lowest measured
temperature because of the e�ect of the base plate. All the measurements show that the target of
a maximum temperature of 40 �C is achievable for a detector consisting of 16 towers and a power
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‣ Temperature of 12 super-modules was measured in the range 
between 18℃ and 26℃ at full power of the heaters 

‣ Compatible with FEA result

FEA simulation



Conclusions

‣ The TT-PET scanner, which aims at the construction of a 
small TOF-PET scanner, was designed to obtain the ability of 
Time-of-Flight (TOF) and Depth-of-Interaction (DOI) 
measurement and to be insertable existing MRI 

‣ Excellent performance of the TT-PET scanner was expected 
by Geant4 simulation and image reconstruction 

‣ ASIC Prototype with silicon monolithic pixels was fabricated in 
IHP SiGe-HBT technology 

‣ More than 99% efficiency and 110 ps (high power 
consumption)/130 ps (low power) time resolution were 
observed at CERN SPS testbed facility 

‣ Thermal setup was found to be capable dissipating the power 
produced by the scanner

 18
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Design of the DAQ System

‣ TC Main boards (x16) 
- Custom FPGA boards 

- HV/LV operation, temporary data storage/suppression,  
8b10b encoding, data aggregation  

‣ Versatile Link Demo Board (VLDB) 
- A multiplexer board: multiplex electrical signals from TC boards 
to a single bitstream 

‣ Central Trigger Processor (CTP) 
- A large powerful commercial FPGA board (Xilinx VC709) 

‣ Designed to work with radioisotope activity up to 50 MBq

 21

overview of results of performance tests and of observations from data taking.
In Section 5 conclusions and an outlook are presented.

2 Readout System

2.1 System Overview

The Data Acquisition (daq) system has been designed to be scalable and
therefore has a modular structure. The full daq chain is split into 3 stages,
and is shown in Figure 2. Additionally, Figure 3 shows a detailed block dia-
gram of the full daq chain with more detailed information.

Figure 2: Overview of full daq chain showing from left to right; Central
Trigger Processor (CTP), Versatile Link Demo Board (VLDB), and TC Main
board

Stage 1: Each tower module is connected to a Tower Control (TC) board,
which is a custom FPGA board designed to be as small and cost e↵ective as
possible. Its core function is to provide temporary data storage / suppression,
8b10b encoding, high (HV) / low (LV) operating voltages for the monolithic
pixel sensors, and data aggregation before being sent to the second stage of
the daq chain. Based on the current scanner geometry 16 TC boards are re-
quired, where each board is connected to a tower using multiple thin shielded
kapton cables.

Stage 2: All TC boards are connected to a multiplexer board, named, Versa-
tile Link Demo Board (VLDB) which accepts electrical signals from multiple
TC boards and multiplexes their output to a single bitstream before being

6

 

https://arxiv.org/abs/1811.12381


Electrical Interfaces  22

1.3 The super-module

The super-module unit consists of an assembly of 10 individual silicon detectors staggered in five
modules as illustrated in figure 3 and displayed at the front and rear sides. Each module is electrically
connected via wire bonds to the super-module flex PCB. The front side is the only open access for
the services of the scanner and the pigtail of every super-module connects radially to a patch panel
which distributes the power, clock and data lines. Each service flex bends radially when connecting
to the patch panel, for which reason the tower includes a stress release mechanism in order not to
transmit any force to the module stack-up and to the wire bonds located at the front side.
Wire bond connections are made on both sides of the stack: on the top for the ASICs power and
data signals and on the bottom to reference the sensor backplane to ground. The stacked die wire
bond concept and tests are discussed in section 2.1. In the assembly sequence, the back side wire
bonds are made first, then a 300 µm thick spacer for wire bond protection is glued. The function of
the latter is to protect the wire bond inside a mechanical envelope as well as to protect the top side
wire bonds when assembling the super-modules together.

Figure 3. Super-module stack-up serviced with a flex circuit at the bottom and wire bond interconnections.
In the construction five modules are glued and staggered at the rear and front sides. A spacer with a centered
slot is glued at the bottom to protect the wire bond envelops.

One of the challenges in the conceptual design of this detector is to keep the tower thicknesses
below 22 mm1. With the nominal thickness of the components, the stack-up should reach 20.4 mm
thickness. The only way to assemble such complex multilayer structure is to use a 5 µm thick double
coated adhesive which should allow matching the above requirement.

1The size of the scanner was calculated to allow its insertion in a small animal MRI machine, with the target of
performing combined PET/MRI scans on mice.

– 3 –
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Figure 5. Pictures of the stacked wire bond test. The left picture shows the staggered assembly using the
ultra-thin double coated tape. The central picture is illustrating the wire bond made over the six pad layers.
The right picture was taken with a microscope and stitched at di�erent focus points showing the bond foot of
three layers.

3 Thermal management

3.1 Requirements and cooling strategy

Each TT-PET monolithic chip features many detecting channels, which require to be powered at
all times. While the front-end uses a relatively low power compared to similar detectors (less than
80 mW cm�2, see [1] and [3]), this number is still much higher than the power consumption of any
other block inside the ASIC (TDC, readout logic...) due to the high granularity of the sensor. We
can thus assume that all the power is drawn by the pixel front-ends, placed in two rows at the long
edges of the chips.
In terms of thermal management of the detector the key items in the design are the cooling blocks
which are interposed between the towers. The total power to be dissipated is not very high (~300 W)
but in such a small and confined volume particular attention has to be taken to ensure su�cient
flow for the cooling fluid. The cooling block has to extract the heat through the fluid circulating
across the cavities or channels. The challenge is to identify a non-metallic material which can be
built with micro-channeling circuitry which could be interfaced to the outside world through pipes
and manifold systems. The target minimum Heat Transfer Coe�cient (HTC) for the cooling blocks
estimated from FEA simulations is 4000 W m�2 K�1.
In order to qualify possible materials and designs, prototypes of the cooling blocks were built and
later used in a thermal mock-up of the scanner tower.

Figure 6. Two types of cooling blocks were produced based upon the same design. One made of aluminum
(on the left) and the second made of aluminum oxide ceramic (on the right).

The wedge structure of the tower was simplified for the cooling block prototypes using a uniform

– 6 –



Thermal mock-up  24
decided to perform a temperature calibration for each of the sensors connected to the board from a
range of 5 to 40 �C with a step of 2 �C. The linearity error in this range was found to be less than 2%.

Figure 11. Thermal mock-up with cooling blocks. The red wires are servicing the heater pads which are
segmented into four power supply channels. The inlet and exhaust tubes are split in order to circulate the
cooling fluid in parallel into the two blocks.

3.3 Test results and comparison with FEA simulations

The flow speed of the coolant has a direct impact on the Heat Transfer Coe�cient and an asymmetry
between the two blocks can lead to an undesired temperature distribution. Therefore, due to the
yield issues described in section 3.1, for the measurement campaign the mock-up was coupled with
the two cooling blocks with the best coolant flow, one aluminum block on one side and a AlO3
ceramic one on the other side. The total power of up to 36 W was injected in 4 di�erent points:

• 18 W distributed uniformly to the two heater pads of the cooling blocks

• 6 W distributed uniformly to the 4 super-modules of the lower group

• 6 W distributed uniformly to the 4 super-modules of the middle group

• 6 W distributed uniformly to the 4 super-modules of the upper group

In this set-up, thanks to parts made in stereo lithography, it was possible to precisely monitor the
temperature of the coolant at the inlet and outlet of the manifold by inserting and gluing an NTC film
sensor inside a little slit, directly in contact with the cooling fluid. This feature allows measuring
the power exchanged between the set-up and the environment through the aluminum jig and base
plate. This power was measured to be a sixth of the total injected power, ~6 W. Moreover, even
if the coolant temperature was set at 10 �C there is an increase in temperature of 1.8 �C due to
the relatively long flexible pipe (~4 m back and forth). The HTC is estimated by measuring the
temperature di�erence when no power is injected into the setup and when the full power is set,
normalizing the result by the total surface between the cooling fluid and the block participating in

– 10 –
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MOD # Meas. Temp (°C) FEA results (°C) Var. %

MOD1 18.0 19.6 8

MOD2 20.5 20.6 1

MOD3 19.3 22.5 14

MOD4 21.8 22.9 5

MOD5 21.0 24.0 12

MOD6 23.6 24.3 3

MOD7 23.1 24.8 7

MOD8 24.8 24.8 0

MOD9 24.6 25.0 2

MOD10 25.6 24.8 -3

MOD11 24.0 25.0 4

MOD12 26.0 24.6 -6



Design/Simulations of the Pixel Sensor

‣ Technology CAD (TCAD) 
simulation was performed 
to design guard rings to 
avoid high critical electric 
field (2×105 V/cm) 

‣ C-V simulations were 
performed to estimate 
total capacitance of the 
pixel sensors
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First Prototype

‣ Two pixels, amplifier, 
discriminator in 130 nm IHP 
process 

‣ Pixel size: 900 × 900 μm2 
and 900 × 450 μm2  

‣ High wafer resistivity 
‣ Un-thinned (700 μm)

 27
Layout of the first prototype I-V Measurement  

at DPNC probe station

‣ Shows the correct 
functionality of the guard 
ring up to a bias potential of 
160 V applied to the pixels 



Laser Edge-TCT Measurement

‣ Laser edge-TCT measurement 
at DPNC 
- Depletion lengths 
correspond to  
1500 Ω*cm resistivity
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Beam

Our sensors 
(un-thinned)

Telescopes

Reference:  
LGAD

Testbeam Measurements at CERN SPS
Publication: JINST 13 (2018) P04015 

http://iopscience.iop.org/article/10.1088/1748-0221/13/04/P04015/meta


Testbeam Measurements at CERN SPS

‣ The detector shows an 
efficiency greater than 99.8 % 

 30

2018 JINST 13 P04015
and calculating the fraction of events detected by the sensor. The three pixels show a high and
uniform e�ciency. The areas contoured in black in figure 6 correspond to the region of the pixels
selected to study the e�ciency. The dashed rectangle is the projection of the LGAD active area on
the sensors. The region of interest on which the time resolution has been studied is represented by
the red rectangles.
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Figure 6. E�ciency map of the upstream chip (left) and the downstream small pixel (right). The areas
contoured in black represent the regions of the monolithic pixels selected to measure the e�ciency; the dashed
rectangles represent the projection of the LGAD active area on the monolithic chips. The red rectangles are
the regions of interest used for the time resolution measurement. In the downstream sensor, only the small
pixel was read out.

The measured e�ciency for MIP detection is (99.79 ± 0.01)% for the upstream sensor and
(99.09 ± 0.04)% for the small pixel of the downstream sensor. The smaller value obtained for the
downstream pixel is probably due to the multiple scattering produced by the upstream board, which
is reducing the tracking precision of the telescope. In order to reduce this e�ect, the e�ciency
of the downstream pixel has been measured in the same region selecting only the events from the
telescope that were detected also by the LGAD. The downstream small pixel e�ciency with this
selection was measured to be (99.88 ± 0.04)%.

4800 4900 5000 5100 5200 5300 5400 5500 5600
m]µX [

100

150

200

250

300

350

400

450

500m
]

µ
Y 

[

12.5

13

13.5

14

14.5

15

15.5

16

16.5

17
ToT [ns]

Figure 7. Map of the most probable time-over-threshold values for the upstream small pixel. For small signals,
the time-over-threshold at the output of the amplifier is proportional to the charge deposited in the pixel.

The uniformity of response over the pixel area was also studied. The most probable time-over-
threshold (ToT) of the signal was used to estimate the charge deposited in the di�erent regions of
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‣ The time resolution for MIPs: 
~200 ps for pixels with 0.8 
pF capacitance despite the 
absence of wafer thinning 
and backplane metallization 
(target: 100 ps for MIPs, 
corresponds to 30 ps for 
PET)

Test beam results: time resolution

21/03/2018 L. Paolozzi - DPNC seminar 47

Time resolution ~𝟐𝟐𝟎 𝒑𝒔 𝑹𝑴𝑺
Record for a monolithic pixel detector!

TT-PET

Submitted for publication.
Avaiable on: http://arxiv.org/abs/1802.01319

Publication: JINST 13 (2018) P04015 

http://iopscience.iop.org/article/10.1088/1748-0221/13/04/P04015/meta
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source 
(22Na)

lead

Sensor

board
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Test setup at DPNCTT-PET

22Na source setup.

• ~1 ton of lead.

• Crabbing system for source pick up.

• Sensitivity for 511 keV photons 
measurement.

• Time of flight to 511 keV photons 
measurement.


