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The wish: Kaon, Kaons, Kaons

M2 Beamline

28.11.2023 Improvements for M2 beam under vacuum 2
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M2 Beamline

28.11.2023 Improvements for M2 beam under vacuum 2
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Particle fractions in hadron beams
● Using “Atherton parametrization”, from H.W. Atherton et al., CERN 80-07 (1980)

● Including pion/kaon survival probabilities over 1100 m in M2 beamline 

π
+
 fraction K

+
 fraction p fraction π

-
 fraction K

-
 fraction p fraction

p
beam

= 160 GeV/c 0.3611 0.0175 0.6214 0.9650 0.0237 0.0113

p
beam

= 190 GeV/c 0.2402 0.0142 0.7456 0.9680 0.0241 0.0079

4.8 x 108 h/spill
3.4 x 1014 h/y
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Beam particle identification: CEDARs

➜ Need parallel beam and excellent tracking

Differential Cherenkov counter provides π,K,p separation 
Differences in Cherenkov angle are small 
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Beam line geometry  
and tracker position

Overview

• The goal is to understand if we could replace the existing beam 
telescope with another pixel detector (with potentially worse single-
plane resolution)

2

1 2 n

Z ~ -40m
CEDARs

Z ~ -4.4m  -3.9m   -3.4m
Beam telescope

Z ~ -8.2m
Last beamline 

component

Z ~ -2.3m
Target

COMPASS cold silicon: ~ 6 µm spatial resolution 
Covariance at CEDARS: 

Propagate the existing beam telescope to CEDARs

7

• Initial covariance from page 3 (re-arranged and adjusted for different 
units)

• Final covariance
• 𝜎𝑥~ 0.2 𝑚𝑚
• 𝜎𝑡𝑥~ 8 𝜇𝑟𝑎𝑑
• 𝜎𝑦~ 0.4 𝑚𝑚
• 𝜎𝑡𝑦~ 5 𝜇𝑟𝑎𝑑

x yPx/Pz Py/Pz

x

y
Px/Pz

Py/Pz

from AMBER simulation studies, Kun Liu
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A new dawn

Propagate the new beam telescope to CEDARs

8

• Initial covariance from the second scenario on page 4 (3 planes, 200 
cm separation, 30 μm resolution)

• Final covariance
• 𝜎𝑥~ 0.2 𝑚𝑚
• 𝜎𝑡𝑥~ 9 𝜇𝑟𝑎𝑑
• 𝜎𝑦~ 0.4 𝑚𝑚
• 𝜎𝑡𝑦~ 6 𝜇𝑟𝑎𝑑
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Old New• Many new technologies have 
• 30 µm resolution 
• Much better timing 

• 3 planes, 200 cm apart

➜ New position, similar performance, higher rates

from AMBER simulation studies, Kun Liu
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Requirements  
and candidate technologies

Physics case:  

• 30 µm position resolution 

• < 200 ps time resolution 

• > 10 x 10 cm2 active area 

Beam properties:  
• Stable, Gaussian beam 
• 4.8x108 particles/spill, 107 Kaons 
• ~ 10 x 10 cm2 cross section 
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Nearest Neighbour:  
NA62 Gigatracker Modules
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Figure 17. (a) Station pixel delays as function of pixels coordinates. Delays are o�set such that the average
delay of the station is null. The pixel delay decreases as function of the distance to the EoC. (b) Chip GTK
to KTAG time di�erence distribution as function of GTK hit ToT, overlaid with fitted time-walk delay (black
line).

The time resolution of the detector is measured using samples of K+ ! ⇡+⇡+⇡� collected
during 8 to 10 consecutive hours of data taking. The K+, formed by the three pions, is assigned
two time coordinates: the average time coordinate of the three pion RICH candidates and the time
coordinate of the closest in-time KTAG candidate. Finally, the K+ is associated with a GTK track
based on the track kinematics and direction correspondence and no time criteria is applied.

A standalone derivation of the GTK time resolution is performed comparing the three station
to station time di�erences shown in Figure 18. The time resolution values obtained are 132.0 ps for
GTK1, 127.1 ps for GTK2 and 129.2 ps for GTK3. Assuming that the track time coordinate is the
average of the three hits time coordinates, the time resolution for the track is 74.7 ps.
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GTK2-3 184.7

Resolution [ps]
GTK1 132.0
GTK2 127.1
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(b)

Figure 18. (a) Time di�erence distribution between hits in the first and second GTK station corresponding
to the same K+ track. A Gaussian function is fitted to the distribution (red). (b) Standard deviation from the
fits to the time di�erence distributions between the three GTK stations and the corresponding station time
resolutions.

– 18 –

2 Detector Design

The GTK was designed to fulfil the specifications listed in Table 1. The irradiation level has strong
implications on the overall design of the detector. Indeed, the GTK had to be made such that any
tracking plane could be promptly replaced once the irradiation had induced significant performance
degradation. This consideration imposed a tracking station concept that would be compact, standard
and self-contained. Photographs of the station are shown in Figure 4.

(a) (b)

Figure 4. Photograhs of a GTK station viewed from the sensor side (a) and from the cooling plate side (b).

The 60.8 ⇥ 27 mm2 sensitive region of the detector is made of a 200 µm thick silicon sensor
read out by two rows of five custom made application specific integrated circuit (ASIC) called
TDCPix, thinned to 100 µm. The choice of the chip pixel size results from a compromise between
the number of channels to read out, the particle rate per channel and the angular and momentum
resolution. Using 300 ⇥ 300 µm2 pixels, 18000 channels are needed to cover the sensitive region
and 180 ⇥ 103 particle/s cross the most central pixels. The expected kinematics performance with
such pixels are within the specifications and shown as a function of the pixel size in Figure 5.

The hybrid pixel detector (HPD) made by the sensor bonded to the 10 chips is glued on a silicon
plate serving both as mechanical support and heat exchanger. The plate is etched to form channels
with a cross section of 200 ⇥ 70 µm2 in which a coolant (liquid C6F14) is circulated to convect the
heat produced by the ASICs. In order to minimise the amount of particles inelastically scattered
in the detector, the cooling plate thickness was minimised. A thickness of 210 µm was considered
technologically achievable. As such, the material budget of the assembly made by the HPD and the
cooling plate is about 0.5% X0. Figure 5 shows that such material budget allows the achievement
of the required kinematics performance.

The assembly made of the HPD and cooling plate is inserted in a countersink in a printed
circuit board (Carrier PCB) to which the plate is clamped as shown in Figure 6. The chips are
electrically connected with aluminium wire bonds to the PCB to transfer power, clocks, configuration
instructions and output data. The PCB is glued into a frame and a vacuum flange such that, once
mounted in the beam pipe vessel, the board serves as vacuum feedthrough. In the region outside
the vacuum vessel, the PCB is equipped with optical tranceivers communicating through fibers
with readout boards 250 meters away in surface counting room. These boards provide clocks and
configuration instructions and receive and process the data of all fired pixels. The readout boards

– 5 –

• Similar role to AMBER 
needs 

• Radiation hard 
• Reasonable material 

budget (0.5%X0) 
• Good time resolution 
• ~6x3cm2

from: G. Aglieri Rinella, arXiv 1904.12837v3
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Looking at EIC: Low Q2 Tagger

Figure 18: Low Q
2

Vacuum box and window structure in the EIC CAD

Figure 19: Low Q
2

Tagger trackers in the EIC/ePIC CAD model

7. Conclusion and outlook

A strong physics case has been made for the inclusion of a Low Q2 tagger in the Far Backward
region of the ePIC detector at EIC. Simulation and rate calculations have demonstrated that a
Tagger based on Timepix4 tracking detectors is the best solution based on current technologies,
and this is now included in the baseline design.

A funding application for the construction of Low Q2 tagger has been submitted to UKRI as
part of a bigger EIC infrastructure bid. Further development of the design will continue as this
progresses, and this document will be updated in the future to reflect that.

20

two other technologies which have been proposed for other parts of the ePIC detectors: AC-
LGAD [26] and MAPS [27]. This information is still incomplete, and several parameters are not
comparable. However, it has enabled us to conclude that timepix4 is the only feasible solution
amongst the currently proposed technologies.

Requirement Timepix4 AC-LGAD MAPS
Readout —– SPIDR4 EICROC Direct ?
Pixel Size (µm) 50 ◊ 50 55 ◊ 55 500 ◊ 500 20 ◊ 20
Sensor thickness (µm) —– 100 50 20
Detector size (pixels) —– 512 ◊ 448 64 ◊ 64 Various
Detector area (cm2) —– 6.94 10.24 Various
Layer Area (cm2) 100 83 (3x4 Timepix4) 92 (3x3) Various
Power consumption (W/cm2) As low as possible 1.0 0.4 0.15

Timing resolution (ns) < 12 0.2 0.03 9
Minimum threshold (fC) —– 1.2 2.0 0.48
Individual pixel thresholds —– Yes Yes No
Pixel hits in MIPS cluster —– 3 30 5 ?

Rate (various units)

Hits/pixel/s (max) 120 ◊ 103 > 10.8 ◊ 103 (Note 1) N/A
Hits/detector/s (max) 0.24 ◊ 109 2.5 ◊ 109

Bits/detector/s (max) 30 ◊ 109 160 ◊ 109

Bits/layer/s (integrated) 115 ◊ 109 > 240 ◊ 109

Note 1: The Max Pix Rate value of 10.8 kHz from the table in 2 is an average, based on the
maximum readout rate of ≥ 2.8 MHz for a 256 pixel column. If the rate is distributed non-
uniformly, as in the Low Q2 Tagger, then the rate in high intensity pixels can go well beyond
this - potentially as high as 1 MHz per pixel if the ASIC is configured a faster that standard
charge collection, and some ToT precision is sacrificed.

The requirements outlined in the table are mainly dictated by the location of the Low Q2

Tagger: It is very close to the beam line and relies on measuring electrons with good angular
resolution (Section 4). It has to cope with the very high rates in that zone, particularly from
the large bremsstrahlung background, and it must have the ability to separate out tracks
which are close together within the same event (ie beam pulse). All the options listed can
provide acceptable position resolution, and, although there is not data available to make a
direct comparison in every category, it is clear that only the Timepix4 is able to handle the
rates and sort out the tracks with good e�ciency. MAPS has excellent position resolution
and a very low material budget, optimised for multi-layer trackers, but would be unable to
cope with the very high readout demands in the Far Backward region. AC-LGAD has a high
readout bandwith and exceptional timing resolution, but the design based on large pixels and
use of clusters for position resolution rules it out for this application, since the large number
of overlapping clusters would make it almost impossible to separate the multiple tracks in an
event, and, additionally, the number of pixels firing in a layer for an event would be much
higher due to the intrinsic design of the AC-LGAD, where many pixels are needed to provide
the position resolution.

In summary, we believe Timepix4 is close to being the optimum solution available from the
current detector technologies. Furthermore, Timepix4, together with SPIDR4 are the most

18

From: S. Gardner et al., arXiv:2305.02079v2

Figure 1: Left: Single Timepix3 detector [6]. Right: Example of event type identification [11]

The Glasgow University Nuclear and Hadron Physics group started using Timepix3 detectors
several years ago to develop a pair spectrometer/polarimeter for tagged bremsstrahlung photons
in Mainz [12]. Working in collaboration with the UK’s Nuclear Physics Cross Community
Support Group (CCG) we have designed a modular readout system based on boards with
four Timepix3 hybrids. This is now providing a valuable test and development platform for
further Timepix prototyping and design, particularly within the UK’s EIC consortium project
[4]. Here we will complete the 4◊Timepix3 module with readout, and will test all aspects of
its performance with a view to developing a Low Q2 Tagger design based on Timepix4.

The details of the electronics and ASIC layout of the Timepix4 chip can be found in refs [9, 13],
and the important parameters from the perspective of particle detection are summarised in
Figure 2, which compares the performance of Timepix3 and Timepix4. The ToA binning reso-
lution of the chip (195 ps) has improved significantly compared to its predecessor (1.56 ns), and
with cluster analysis from ToT (time over threshold) measurements, event timing resolutions
significantly lower that this can potentially be achieved, depending on the characteristics of
the attached sensor and the type of particle being detected. Cluster analysis can also provide
position resolution down to 12.5 µm, well below the pixel dimension of 55 µm, over a surface
area of 6.94 cm2 (512 x 448 pixels) - a factor of 3.5 increase over Timepix3. This, together
with the Timepix4’s 4-side buttability, provides the opportunity to make a tiled detector with
a reasonable area (eg 4x3 chips = 83 cm2), while o�ering a combination of position resolution,
timing resolution, and event identification properties that make it a very strong candidate for
the far backward tagger. However, it is the rate capability of Timepix4 which make it ideal for
the high intensity, low Q2 region. As is shown in section 4.2.3 this is more that adequate for
the rates we anticipate, even in the regions closest to the electron beamline.

Figure 2: Comparison of Timepix3 and Timepix4 parameters [9].
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Round The Ring: LHCb at HL

Sensor
- solid state ( Si, CdTe)
- gas-filled (MPGD)
- vacuum (MCP, Tipsy)

4-sides stitching of the Timepix4 ASIC-level modules

Timepix4                           V.Gromov          1312/06/20

 the TSV  technology allows for a 4-sides stitching of the ASIC-level modules to
construct large-area detectors

 the large-area detector is almost-dead-area-free :  > 99.5% active area

Timepix4
ASIC

PCB Interface

TSV

BGA

Flip Chip /
wafer post-processing

substrate
FEOL

BEOL

Timepix4 ASIC-level Hybrid detector module

Large-area detector

Data

Control

From: V. Gromov (NIKHEF), DESY presentation 2020

Timepix4:  Readout ASIC for hybrid pixel detectors

Timepix4                           V.Gromov          312/06/20

technology TSMC 65nm  - 10 metal
pixel size 55 x 55 µm

chip arrangement
4-side buttable

3x “hidden” periphery TSV I/O
pixel matrix: 512 x 448

sensitive area 6.94 cm2

interface 3x 147 I/O TSV / Wirebond

Re
ad

ou
t M

od
es Tracking

(data driven)

mode ToT & ToA
data 64-bit per hit
max

hit rate
3.58x106 hits/mm2/s

(10.8 KHz / pixel)

Imaging
(frame-based)

Mode CRW: Pixel Counter (8 /16-bit)
frame 
rate up to 89kFPS
max 

hit rate ~ 5 x 109 hits/mm2/s
Energy resolution @ Si sensor ~ 1keV FWHM

ENC @ Cin = 75fF 80e- rms
minimum threshold ~ 500 e-

hit arrival timing (ToA) LSB=195ps, range: 1.638ms
charge measurement (ToT) accuracy: 80e- rms, range:200ke-

data readout bandwidth ≤163.84 Gbps 
(16x @ 10.24 Gbps)

Power Supply Voltage 1.2V
Power ~3.5W

Single hit (electrical signal) pixel-level processor                 Features of the Timepix4 chip 

 Timepix4 is a fully digitally-controlled, 4-side tillable large-area, single threshold pixel 
readout chip with improved energy and time resolution and with high-rate imaging capabilities

A 4D real-time tracking in VELO sub-detector for the LHCb Upgrade II 

Tracks reconstruction in High-Luminosity environment

Timepix4                           V.Gromov          3012/06/20

hit (x,y, time)

event A event B

pixel detector:  layer 1

 hit time stamp gives an extra dimension in the track reconstraction
 a < 50ps time resolution is required for efficient 4D tracking in the HL-LHC

environment  
 the Timepix4 ASIC (195ps time of arrival bin size) will be used as a test vehicle

HL-LHC bunch crossing event
~ 50cm

:  layer 2 : layer 3
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Piling up the pile-up

✓ High PileUp induces PV spatial 
separation of the same order as detector 
resolution → PV unresolvable

✓ PV RMS time distribution in the order of 
186 ps (Gaussian)

✓ Using time information, PV 
reconstruction efficiency can be 
recovered 

✓ Track reconstruction highly benefits 
from timing

✓ 20 ps track binning sufficient for 
recovering efficiency

Run 5 PV distane

Run 3 PV distance

VELO spatial Resolution VELO PV Distribution (Run5)

186 ps

PileUp 6

PileUp 42

4E. L. Gkougkousis21 / 2 / 2024

•Introduction
Motivation – Run 4 Conditions I

From E. Gkougkousi, Seminar Glasgow 2024

Need ~20 ps 
timing 
to cope with 
pile up
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Planar Pixels
✓ Uniform weighting field → low sensor induced jitter
✓ Charge generation & collection time propositional to thickness
✓ Low SNR, high power dissipation at Φ > 1016 neq/cm2

3D pixels
✓ Decoupled charge generation and drift volumes
✓ Proven radiation hardness at Φ < 1016 neq/cm2 

✓ Highly non-uniform field (+ gain, - jitter) with dead regions
✓ Higher capacitance and expensive process

CMOS Sensors
✓ Integrated electronics, lower production cost (industrial process)
✓ Low capacitance → resolutions of ~50 ps (noise scales ~ C)
✓ Typically, thin depletion layers → lower signal 
✓ Moderate radiation hardness,  proven up to ~1015neq/cm2

Low Gain Avalanche Diodes (LGAD)
✓ Signal amplification with intrinsic gain (double junction)
✓ High SNR and lower capacitance with 50 μm substrate
✓ Carbon and deep-implanted LGADs radiation hard up to ~ 3 – 4 × 1015 neq/cm2

✓ Segmentation under investigation, Ti-LGADs & iLGADs  
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From the trenches

From E. Gkougkousi, Seminar Glasgow 2024

• Sensor R&D
3D Pixel (Columns - Trenches)

Column design Trench design (TimeSpot)
✓ More uniform field than standard 3D
✓ Lower distortion term in σtot
✓ Intransigently higher capacitance and larger 

inefficient regions due to tranches
✓ New process under development with very 

promising results
✓ Radiation studies to be performed, expecting 

similar results as for standard 3Ds

Presentation:  TimeSpot

7E. L. Gkougkousis21 / 2 / 2024

- Single-Sided
- 150µm active thickness
- 120µm deep n+ columns
- Column diameter: 8µm
- P-stop radius: 12.5µm
- ¼ column simulated → applied mirror symmetry 

(computational time savings)

Faster then reference LGAD, < 40 ps
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Looking at EIC:  
AC-LGAD for ePIC tracker

2019 JINST 14 P09004

Figure 1. (a) Sketch of a section of a single-pad standard LGAD; (b) sketch of a section of a segmented
AC-LGAD (not to scale).

dielectric thickness is 100 nm. This consideration also sets a lower limit on the area of the pixel to
ensure CAC is large enough for a given Rn, and this may limit the size of the pixelation. By reducing
the implantation dose of the n+ layer, i.e., making it as resistive as possible, we can increase Rn.
The lower limit to the dose is set by the sum of the dose of the gain layer and the integral of the
doping concentration of the substrate: this sum can be just shy of 5 · 1012 cm�2. A larger value
of the n+ dose can be foreseen to account for the over-depletion of the substrate, or in case large
voltages are to be applied to achieve the target gain.

In this design a highly-doping n++ implant is still present at the edge of the device, embedded
into the Junction Termination Edge (JTE), and DC-connected to a voltage source for electron current
draining. Electrons are first collected by the n+ layer and from it by an electrode contacting the
n++ implant at the periphery of the device. The back of the device is uniform, and acts as an ohmic
contact. At the edge of the active area of the device, the same termination used in LGADs is used
for AC-LGADs: a JTE consisting of a deep di�used n+ implant prevents the development of high
fringe electric fields in this regions, and thus the onset of early breakdowns [1]. Externally to the
active area, a series of floating Guard Rings (GR) are included in the design.

Since AC-coupled electrodes do not collect charge, the current induced on the AC-LGAD pads
is bipolar with zero net integral, with a first peak accounting for the drift of the multiplication holes
into the substrate and a second peak, of opposite polarity, to account for di�usion of the electrons
within the n+ toward the n++ contact at the edge of the device. The latter charge movement will

– 3 –

Silicon detector R&D for the future Electron-Ion Collider Xuan Li

pixel and strip prototype sensors have been produced at BNL and Hamamatsu Photonics K.K.
(HPK) company. The AC-LGAD strip sensors with di�erent strip lengths have been characterized
with the 120 GeV proton beam at FNAL (see the setup configuration in the right panel of Figure 4).
Around 30 `m spatial resolution and better than 30 ps timing resolution per hit have been achieved
from the FNAL AC-LGAD strip sensor beam tests, which meets the EIC AC-LGAD detector design
requirement.

Figure 4: EIC AC-LGAD prototype sensor production at BNL and beam test setup at FNAL. The left
panel shows the EIC AC-LGAD pixel and strip sensors have been diced on a silicon wafer at BNL. The
configuration of AC-LGAD prototype sensor beam tests at the FNAL test beam facility is shown in the right
panel.

Figure 5: The carrier board of the AC-LGAD prototype pixel sensor and the 3-layer AC-LGAD sensor
telescope 90Sr source test configuration is shown in the left panel. The MALTA prototype sensor carrier
board and the bench test configuration of a single MALTA sensor is shown in the right panel.

Other advanced silicon prototype sensors have been studied in parallel for the EIC detectors.
Through supports by the Los Alamos National Laboratory (LANL) Laboratory Directed Research &

6

• Developed for EIC ePIC tracking system by BNL and HPK 
• 0.5x0.5mm2 pixels and 0.5x1.0mm2 strips tested at FNAL 
• ~ 30 µm position resolution and ~ 30 ps time resolution 
• Development ongoing, but construction expected in 2025
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Summary

Missed out your favourite technology? Get in touch!

• AMBER physics after LS3 needs intense K± beams 
• Many physics cases need high beam momentum 
• Can select momentum but not velocity ➜ mixed beam 
• Need CEDAR to identify beam particle 
• Need beam tracker to link to CEDAR ➜ new tracker 
• High rate technologies require new position for sensor planes 
• Several technology options exist to fulfil AMBER requirements


