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Detector concept
Micro-pattern gaseous detectors (MPGDs):

• Primary ionisation of gas molecules by particle

(drift region)

• Charge multiplication

(amplification region)

• MPGDs: amplification structure

O(10 µm): GEM or Micromegas

• Charge readout:

O(1 mm) pads/strips or O(10 µm) pixel

Drift region

Amplification region
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Micromegas mesh

Micromegas mesh Timepix chip

+ → 

Moiré pattern

The Detection of single electrons by means of a micromegas-covered MediPix2 pixel CMOS readout circuit

M. Campbell et al., Nucl. Instrum. Methods Phys. Res., Sect A 540 (2005) 295
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Micromegas mounted on a pixel chip ( = „GridPix“)
Via photolithographic post-processing ( = „InGrid“)

Pioneered by U Twente&Nikhef&CEA
J. Schmitz, M. Chefdeville et al.

Pixel chip: Timepix / Timepix3
256x256 pixels (55x55 μm2) ~ 2 cm2

Typical threshold: few 100 e-

Timepix Timepix3



GridPix – InGrid: Features
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• Perfect alignment of grid holes with pixels

• Typical gas amplification ~2000, typical threshold ~few 100 e-
à single electron efficiency ~100%  1 primary electron à 1 pixel

• Ultimate spatial resolution for a gaseous detector (limited by diffusion)

• Measurement of deposited energy by pixel counting (Eγ, dE/dx)

• Fully digital – no analog noise, no gain fluctuations in “counting” mode



GridPix – InGrid: production
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Wafer-based GridPix Production
• Production at University of Twente was based on a single to few chip process

Æ Could not satisfy the increasing demand

• Wafer-based process was established together with the Fraunhofer IZM at Berlin

Æ Batches of up to three 8” Timepix wafers can be produced at a time (107 chips per wafer)

1. Start with bare Timepix wafer

2. Formation of SixNy protection layer (4 or 8 µm)

(protects chip in case of discharges)

3. Deposition of SU-8 (spin coating)

4. Create pillar structures by exposition of SU-8

5. Sputter Al layer (typically 1 µm)

6. Create mask on top of Al layer

7. Open grid holes by wet etching

Dice wafer into individual chips

8. Remove unexposed SU-8

02.11.2016 GridPix Detectors - Developments and Applications 4

Rather complex and time-consuming process:

1. Wafer/Chip cleaning
2. PECVD deposition of SixNy layer (4-8 μm)
3. Spin coating of SU-8 photoresist (50 μm)
4. Photolithographic exposure of SU-8
5. Sputtering of Aluminum layer (1 μm)
6. Photoresist application & exposition
7. Wet etching of Al
8. Develop SU-8 à remove unexposed SU-8

RED: very critical! 



GridPix – InGrid: Wafer-based production
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• transferred original single-chip process to a full
8‘‘ wafer

• produce up to 107 InGrids at once at reasonable
cost in reasonable time

• technologically more difficult (e.g. SiN layer
homogeneity, masking of bonding pads)

[Yevgen Bilevych]



What can go wrong – examples…
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Fred Hartjes  2 
 Nikhef/Bonn LepCol meeting. Nikhef. November 20, 2017 

Electrical QUAD 2 
assembled and installed 

2 Class A chips, wrinkled grid 
HV grid contact to very narrow dyke 
very problematic 

Delaminated at the class A chips 
Contact by Traduct silver glue 
Passivated by Araldite 

Mechanical strength 
Insulation 

Mounting guard 
Positioning with XYZ stage  
2nd screw (M1.2) did not fit 

Error in hole to hole distance? 
At both ends secured with minor 
amount of Araldite 
Problem expected to be solved for 
new generation wirebond boards and 
guards 

Jean Paul is making a new guard 
from coppered glass fibre epoxy 

5.3 Occupancy map

Figure 5.2: Octoboard geometry in GEAR.

Figure 5.3: Occupancy map of the InGrid Octoboard.
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J. Kaminski

MPGD2017
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Protection Layer

n

IZM 6IZM 5

Reason identified: Machine deposit-
ing Si

x
N

y
 caused defects in the 

protective layer during growths.

Process has been switched to a 
different machine. 
 → no defects anymore  

During a 2 week test beam (5 GeV e-)
about  18 out of 160 chips were 
destroyed.  

Detector at 550V shows 
constant discharges: 
>107 discharges in a 
few hours
→ Detector still works 
and shows good s

E
/E

afterward

Single dust grains or stress in SiN layer can cause
cracks in SiN protection layer à
Single discharge can kill a chip

Slightly too long 
development of SU-8 
in chemical bath à
delamination of Al grid

Too high T during 
Al sputtering
àcross linking of 

unexposed SU-8 
à remnants of SU-8 

underneath the grid

[Yevgen Bilevych]

[Jonathan Ottnad]



InGrid production
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now spark proof

J. Kaminski

MPGD2017
7

Protection Layer

n

IZM 6IZM 5

Reason identified: Machine deposit-
ing Si

x
N

y
 caused defects in the 

protective layer during growths.

Process has been switched to a 
different machine. 
 → no defects anymore  

During a 2 week test beam (5 GeV e-)
about  18 out of 160 chips were 
destroyed.  

Detector at 550V shows 
constant discharges: 
>107 discharges in a 
few hours
→ Detector still works 
and shows good s

E
/E

afterward

• careful analysis of chip deaths due to discharges (mostly DAC failures)
• significant improvement in cleaning/inspection and SiN deposition (new PECVD 

machine at IZM)

Typical discharge event

Stress test: 
Operation at 550 V à „constant“ discharges
Ø 107 sparks in few hours
Ø Chips survived
Ø Still good energy resolution
Ø But visible damage due to sparks (of course...)

J. Kaminski

VCI 2016 19

Protective Layer
The reason is likely to be a low quality of the protection layer.

n

Machine depositing Si
x
N

y
 caused defects in the protective layer 

during growths.

Process has been switched to a different machine. 
 → SEM picture show no defects anymore
 → Have to test reliability  

IZM 6IZM 6IZM 5 IZM 5

crack
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Protective Layer
The reason is likely to be a low quality of the protection layer.

n

Machine depositing Si
x
N

y
 caused defects in the protective layer 

during growths.

Process has been switched to a different machine. 
 → SEM picture show no defects anymore
 → Have to test reliability  

IZM 6IZM 6IZM 5 IZM 5

crack

IZM-5 IZM-6 IZM-7

[Lucian Scharenberg et al]



InGrid production

Octoboards

1 fully equipped LCTPC module (96 Timepix-GridPixes)
… obviously we didn´t have enough high quality grids...

Octoboard

Many Octoboards
[Jochen Kaminski, Michael Lupberger, et al]



Wafer-based production: future
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We soon will have cleanroom infrastructure 
for microstructuring capable of producing InGrids
- Sputtering
- PECVD
- RIE
- Mask-less aligner
- Wet chemistry for cleaning/photolithography
- … Research Building for Detector Physics

FTD Bonn

Sputtering  RIE               PECVD            Mask writing        3D mapping                   Profiling
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We soon will have cleanroom infrastructure 
for microstructuring capable of producing InGrids
- Sputtering
- PECVD
- RIE
- Mask-less aligner
- Wet chemistry for cleaning/photolithography
- … Research Building for Detector Physics

FTD Bonn

Sputtering  RIE               PECVD            Mask writing        3D mapping                   profiling



Timepix vs. Timepix3 
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First (low yield) Timepix3 wafer equipped
with InGrids

Timepix Timepix3

Pixels 256 x 256 256 x 256

Pixelsize 55x55 μm2 55x55 μm2

Noise (ENC) ~ 90 e- ~ 60 e-

Timing clock up to 80 MHz 640 MHz

Mode TOA or TOT TOA and TOT

Readout frame-based 
r/o speed: o(100 Hz 
max)

data driven
8 x 640MHz serial links
r/o speed o(MHz) 
(occupancy 
dependent)



Timepix3 Quad Module
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Fred Hartjes  2 
 Nikhef/Bonn LepCol meeting. Nikhef. November 20, 2017 

Electrical QUAD 2 
assembled and installed 

2 Class A chips, wrinkled grid 
HV grid contact to very narrow dyke 
very problematic 

Delaminated at the class A chips 
Contact by Traduct silver glue 
Passivated by Araldite 

Mechanical strength 
Insulation 

Mounting guard 
Positioning with XYZ stage  
2nd screw (M1.2) did not fit 

Error in hole to hole distance? 
At both ends secured with minor 
amount of Araldite 
Problem expected to be solved for 
new generation wirebond boards and 
guards 

Jean Paul is making a new guard 
from coppered glass fibre epoxy 

St
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Guard

Flex

Cold carrier plate

Wirebond
PCB

Nikhef Lepcol group [C. Ligtenberg, K. Heijhoff, H. van der Graaf, F. Hartjes, P.M. Kluit, G. Raven, J. Timmermans]



GridPix – Applications

3 examples:

1. Large TPC - Tracking

2. Single (soft) X-ray detection

3. Neutron detection

14



1. GridPix – Large TPC Tracking
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      Peter Kluit  - Nikhef 11 september 2017 

1 



1 . GridPix – Large TPC Tracking
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30/11/2017 Amir Noori Shirazi 22

Testbeam data 2015

● Run_136
● B = 1T
● 5 GeV

[Amir Noori Shirazi, Siegen]

Data from testbeam at
DESY (2015) in LCTPC
Prototype with B=1T

• Tracking possible even 
in “noisy” environment

• Double track resolution

• δ removal 

IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. XY, NO. X, APRIL 2016 5

Fig. 8. Installation of the GridPix modules at the LP at DESY.

the stray field of the magnet. Besides the low voltage, high
voltage and HDMI cables, there were two flat cables for twelve
PT-100 temperature sensors.

A gas mixture of 95% Ar, 3% CF4 and 2% iC4H10
was used at a flux of 40 l/h. The coincident signal of four
scintillators at the beam entrance to the test beam site served
as trigger.

B. System operation

After installation, commissioning and several system tests,
the whole system was routinely operated for about 10
days, 24 h per day recording more than 1TB of data.
About 1.5 million tracks have been recorded in 190
runs with different conditions: magnetic field 0T / 1T,
drift field 130V cm

�1 / 230V cm
�1, sampling frequency

40MHz / 80MHz, beam energy 1GeV�6GeV. Also long
term runs with a different trigger and cosmic particles were
performed. The position of the endplate with respect to the
beam was varied by shifting and rotating the TPC and magnet
on the stage. In the standard setup, a moderate grid voltage of
330�340V (gas gain of about 3000) was used. At the end of
the test beam, runs with different grid voltages between 280V

and 350V were performed.
In an untriggered mode, the readout system is capable to

read out the 20 Octoboards in parallel at the theoretically
maximum speed of a single Octoboard (5.2Hz). With the
beam trigger, the readout rate was between 3.8Hz and 4.8Hz

depending on the beam intensity.
The high voltage was stable for the complete test beam

campaign except for a short period when there was a water
release within the TPC seen as a rise of the water content
in the online gas quality monitoring system from 50 ppm

to 400 ppm. This high voltage instability was likely caused
by heat conductive paste which has welled up between the
GridPixes on a single Octoboard causing a short circuit. This
behaviour disappeared after a few hours and the water content
in the TPC decreased to the standard value. Already during
production tests, such an effect has been observed for a
different Octoboard, which then was replaced.

The LVPBs and their power supply showed an excellent
performance. No chip was noisy due to power fluctuations.
Some Timepix chips showed an unusual low intrinsic resis-
tance (some below 1⌦) already during production, such that
the corresponding LDOs had to provide high currents and
heated up, which has already been observed in the laboratory
tests but was not an issue. The temperature of those LDOs was
monitored together with the temperature of the Intermediate

Fig. 9. Temperatures measured by the twelve sensors in a period of about
nine hours during data taking.

Boards in the modules and the LVPBs. An excerpt of the
measured temperatures in a period of nine hours is shown in
fig. 9. The highest temperatures are reached by some specific
LDOs, while the lowest and almost constant temperatures are
measured at the cooled Intermediate boards. The characteristic
dips with a distance of a bit less than one hour originate from
the short time between runs. The longer dip in the center of the
period stems from a longer stop of the data taking. In the first
third of the period, a characteristic rise of temperature in all
channels can be seen. It stems from a data taking period, in
which the beam stopped, such that the detector is awaiting
a trigger. In this state, the clock in every pixel is already
operating, which increases the power consumption.

In the course of the test beam, some chips could not be
recovered from a status, in which they do not record data any
more or are completely noisy. Those chips are called ”dead”.
The status of all chips is shown in fig. 10.

The three modules with the 20 Octoboards are displayed
with the chips colour coded referring to their status, where
green means intact, blue means noisy, red means not showing
data and black means not connected. The chips which died
during the test beam are marked with a cross. It is noticeable
that most of the additional dead chips are concentrated on the
top of module 1. Further investigations revealed that almost
all additional dead chips stem from wafer 68, for which the
protection layer has defects.

Tab. I summarises the numbers for the different wafers. It
can be seen that for all wafers from the IZM-6 production,
the fraction of chips which did not work before the test beam
or had to be bridged or replaced is about 25%. Another 25%
of the total number of chips from wafer 68 died during the
test beam. In contrast, only very few chips from the IZM-5
production (wafer 62) did not work before the test beam and
none of them died during the test beam.

C. Data taking

The DAQ software includes an online event display [16] as
is shown in fig. 11, which in the right part gives an overview
of the complete detector and a detailed view of a selected
Octoboard on the left part. The overview does only include a
rough representation of the correct position of the Octoboards



1. GridPix – Tracking detector
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[Michael Lupberger, Bonn]
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Fig. 8. Installation of the GridPix modules at the LP at DESY.

the stray field of the magnet. Besides the low voltage, high
voltage and HDMI cables, there were two flat cables for twelve
PT-100 temperature sensors.

A gas mixture of 95% Ar, 3% CF4 and 2% iC4H10
was used at a flux of 40 l/h. The coincident signal of four
scintillators at the beam entrance to the test beam site served
as trigger.

B. System operation

After installation, commissioning and several system tests,
the whole system was routinely operated for about 10
days, 24 h per day recording more than 1TB of data.
About 1.5 million tracks have been recorded in 190
runs with different conditions: magnetic field 0T / 1T,
drift field 130V cm

�1 / 230V cm
�1, sampling frequency

40MHz / 80MHz, beam energy 1GeV�6GeV. Also long
term runs with a different trigger and cosmic particles were
performed. The position of the endplate with respect to the
beam was varied by shifting and rotating the TPC and magnet
on the stage. In the standard setup, a moderate grid voltage of
330�340V (gas gain of about 3000) was used. At the end of
the test beam, runs with different grid voltages between 280V

and 350V were performed.
In an untriggered mode, the readout system is capable to

read out the 20 Octoboards in parallel at the theoretically
maximum speed of a single Octoboard (5.2Hz). With the
beam trigger, the readout rate was between 3.8Hz and 4.8Hz

depending on the beam intensity.
The high voltage was stable for the complete test beam

campaign except for a short period when there was a water
release within the TPC seen as a rise of the water content
in the online gas quality monitoring system from 50 ppm

to 400 ppm. This high voltage instability was likely caused
by heat conductive paste which has welled up between the
GridPixes on a single Octoboard causing a short circuit. This
behaviour disappeared after a few hours and the water content
in the TPC decreased to the standard value. Already during
production tests, such an effect has been observed for a
different Octoboard, which then was replaced.

The LVPBs and their power supply showed an excellent
performance. No chip was noisy due to power fluctuations.
Some Timepix chips showed an unusual low intrinsic resis-
tance (some below 1⌦) already during production, such that
the corresponding LDOs had to provide high currents and
heated up, which has already been observed in the laboratory
tests but was not an issue. The temperature of those LDOs was
monitored together with the temperature of the Intermediate

Fig. 9. Temperatures measured by the twelve sensors in a period of about
nine hours during data taking.

Boards in the modules and the LVPBs. An excerpt of the
measured temperatures in a period of nine hours is shown in
fig. 9. The highest temperatures are reached by some specific
LDOs, while the lowest and almost constant temperatures are
measured at the cooled Intermediate boards. The characteristic
dips with a distance of a bit less than one hour originate from
the short time between runs. The longer dip in the center of the
period stems from a longer stop of the data taking. In the first
third of the period, a characteristic rise of temperature in all
channels can be seen. It stems from a data taking period, in
which the beam stopped, such that the detector is awaiting
a trigger. In this state, the clock in every pixel is already
operating, which increases the power consumption.

In the course of the test beam, some chips could not be
recovered from a status, in which they do not record data any
more or are completely noisy. Those chips are called ”dead”.
The status of all chips is shown in fig. 10.

The three modules with the 20 Octoboards are displayed
with the chips colour coded referring to their status, where
green means intact, blue means noisy, red means not showing
data and black means not connected. The chips which died
during the test beam are marked with a cross. It is noticeable
that most of the additional dead chips are concentrated on the
top of module 1. Further investigations revealed that almost
all additional dead chips stem from wafer 68, for which the
protection layer has defects.

Tab. I summarises the numbers for the different wafers. It
can be seen that for all wafers from the IZM-6 production,
the fraction of chips which did not work before the test beam
or had to be bridged or replaced is about 25%. Another 25%
of the total number of chips from wafer 68 died during the
test beam. In contrast, only very few chips from the IZM-5
production (wafer 62) did not work before the test beam and
none of them died during the test beam.

C. Data taking

The DAQ software includes an online event display [16] as
is shown in fig. 11, which in the right part gives an overview
of the complete detector and a detailed view of a selected
Octoboard on the left part. The overview does only include a
rough representation of the correct position of the Octoboards

8.2 Preliminary analysis

di↵usion constant is consistent with the value given by simulations for the conditions through the z-scan
DT,sim = (324 ± 12) µm/

p
cm. Since the error on �xy,0 is large, no conclusion can be drawn from the

fitted value. The shape of the fitted curve in comparison to the single electron di↵usion hints on the
resolution of the detector: All points are slightly above the optimum value given by di↵usion. Hence,
the resolution is completely dominated by di↵usion, which is physically possible for a pixelated readout,
as the intrinsic spatial resolution is 55 µm/

p
12 = 15.9 µm.

Drift distance [cm]
0 5 10 15 20 25 30 35 40 45 50

m
]

µ [
ge

o,
xy

σ

0

500

1000

1500

2000

2500

3000

m] µ [xy,0σ    276±     0 
] cmm/µ [TD    1.5± 327.5 

p0          276±     0 
p1          1.5± 327.5 

m] µ [xy,0σ    276±     0 
] cmm/µ [TD    1.5± 327.5 

m] µ [xy,0σ    276±     0 
] cmm/µ [TD    1.5± 327.5 

m] µ [xy,0σ    276±     0 
] cmm/µ [TD    1.5± 327.5 

single electron diffusion
xy residual 3 sigma 
xy residual N*(N-1) 
xy residual 3 sigma N*(N-1) 
xy residual N*(N-1) uncorrected 
xy residual N*(N-1) fit 

Figure 8.32: Transverse spatial resolution obtained by a z-scan with B = 0 T and Edri f t = 230 V/cm. The z-
position for each run was deduced from the reconstructed tracks. For each run at a given z-position, the residuals
were evaluated by di↵erent methods. For the fit of the results from the N*(N-1) method, the first two data points
were not taken into account, as only an upper limit for the z-position can be deduced.

The points shown in blue in Figure 8.32 are obtained from the residuals without a correction for field
distortions and are already close to the limit. For the measurement without magnetic field, the field
distortions e↵ects are smaller than expected when comparing to [144].

The result of the analysis of the longitudinal spatial resolution is shown in Figure 8.33. For each run,
the residuals of the fitted track without the hit under investigation �N�1 have been taken. To minimise
the e↵ect of time walk, only the left side of the residual distribution has been fitted. As expected
for a sampling frequency of 40 MHz, the longitudinal resolution is dominated by the resolution of the
time measurement (about 750 µm, see Section 7.2.3) and possibly field distortions in z-direction and
resembles what has been observed in the 2013 analysis. An interesting feature in both analyses is the
rise towards very low drift distances. It is probably due to the hodoscope e↵ect or the fact that by
longitudinal di↵usion, some electrons arrive before the shutter is open which at a first glance would
narrow the left edge of the residual distribution. However in this case, the hits with large time walk
have a stronger influence on the reconstructed z-position of the track. Thus, the residual distribution is
widened also in the left edge.

The significant influence of the time resolution should be absorbed in �z,0 and hence a correct longitud-
inal di↵usion constant is expected from a fit with the equivalent to Equation 7.5. However from the fit,
the obtained value of (280 ± 4) µm/

p
cm is not in agreement with (224 ± 9) µm/

p
cm form simulation.

Hence there could be an influence of other e↵ects or the assumptions made to derive Equation 7.5 are
not valid for a time resolution in the same order as the di↵usion for large z-positions.
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8 2015 test beam with the Pixel-TPC demonstrator
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Figure 8.33: Longitudinal spatial resolution obtained by a z-scan with B = 0 T and Edri f t = 230 V/cm.The z-
position for each run was deduced from the reconstructed tracks. For each run at a given z-position, the residuals
were evaluated from the track with N-1 hits only. The e↵ect of time walk is minimised as in [144]. For the fit, the
first data points were not taken into account.

Delta removal If the region of high ionisation, caused by a delta electron, is assigned to a track, the
high number of hits from that region have a significant influence on the track fitting. The identification
and removal of delta electrons can improve the correct fitting of a track. The InGrid detector with its
high granularity can resolve such high ionisation regions even when the delta has not completely left
the track vicinity and the di↵usion is not too large.
As a first very generic approach to remove hits that could possibly stem from delta electrons, the track
finding and fitting was studied for di↵erent parameters that control the assignment of hits to the track.
Those parameters define the allowed spread of assigned hits around the fitted track or track candidate in
steps of sigmas expected from the di↵usion.
To measure the e↵ect, the xy-residual distribution was evaluated. As an example, again run 102 was
used. For the z-position of 75 mm a width of one sigma is equivalent to 881 µm. As standard value, both
the assignment and the track finding is done with a width of four sigma.
First, the e↵ect of limiting the assignment of hits after the fitting was studied for widths of one, two,
three, four, five and six sigma. The width for track finding was left at the standard value. As expected,
the tails of the residual distribution are cut o↵ but the fitted width is unchanged. Only in the case of
an assignment of hits with a width of one sigma the fitted residual width decreases. The same results
were obtained when the tracks were refitted after the assignment. Hence, this method is not suitable to
improve the performance
As a second method, the assignment of hits by the track finder was studied for the di↵erent sigma widths.
This has a direct impact on the track fitter, as it only uses the hits assigned by the track finder to fit the
track. Decreasing the width for the assignment of hits also decreases the number of hits of the track.
Possibly, an optimum sigma value can be found, where the hits of the ionisation by the primary particles
are assigned to the track, but the ones from deltas are rejected. The reassignment after fitting was left at
the standard value.
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Transverse resolution:
fully limited by single-electron
diffusion (can´t get any better)

Longitudinal resolution:
limited by slow Timepix clock
and Timewalk

à Huge improvement
with Timepix3 
possible



Timepix-3 Test Beam @ELSA
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Figure 2: Setup with telescope and Gridpix detector. (Image to be
modified)

Table 1: Parameters of the analyzed run.

Length 60 minutes
Triggers 4 733 381
Vgrid 350 V
Edrift 280 V/cm
Rotation 17 degree

0 degree
Threshold 800 e�

mounted on a slider stage with each 1152⇥ 576 pixels sized
18.4µm⇥ 18.4µm. Finally, the beam crosses the gas vol-60

ume of the Gridpix detector. The whole Gridpix detec-
tor was mounted on a remote-controlable rotation stage.
On the last telescope plane a FEI4 chip was present that
caused multiple scattering of the beam corresponding to a
r.m.s. of 0.25mm at the Gridpix detector.65

Both the Mimosa telescope and the Timepix3 chip were
operated in data-driven mode. For synchronization, trig-
gers were numbered by a Trigger Logic Unit (TLU) and
saved in the two data-streams. The Mimosa chips were
continuously read-out with a rolling shutter taking 115.2µs,70

meaning that a single frame can contain multiple triggers.
The Timepix3 hits are attributed to a single trigger by
considering all hits within 400 ns of a trigger.

During data-taking the gas volume of the Gridpix de-
tector was flushed with a premixed gas consisting of 95%75

Ar, 3% CF4, and 2% iC4H10. This gas - called T2K TPC gas

- is suitable for a large TPC because of the low di↵usion
in a magnetic field. The cathode and guard voltage of the
Gridpix were set such that the electric field was 280V/cm,
near the value at which the di↵usion coe�cient is minimal80

for this gas. The grid voltage was set at 350V to achieve a
high e�ciency. The threshold per pixel was put at 800 e�,
high enough to keep noise low. The temperature and pres-
sure at time of data taking were stable at ??K and ??bar.
The parameters of the analyzed run are summarized in85

Table 1.
From the measured time of arrival of the Timepix hits,

the z-position is calculated using the drift velocity. The
drift velocity is assumed to be 75µm/ns, as predicted by
Magboltz [7]. The results are not very sensitive to the drift90

velocity so no attempt was made to determine it.
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Figure 3: An example event with 108 Gridpix detector hits including
the time-walk correction and the extrapolated telescope track.

4. Track reconstruction and event selection

4.1. Track fitting

To reconstruct a track, a straight line is fitted to the
hits. The x-axis is chosen parallel to the beam, and the y, z95

axes are perpendicular to the beam. The drift direction
is parallel to the z-axis. Tracks are fitted using a linear
regression fit in y(x) and z(x). Hits are assigned errors in
the 2 directions perpendicular to the beam �y, �z. This
will be discussed in detail in section 5.3 and 5.4.100

To achieve an accurate reconstruction of the tracks the
telescope and the Gridpix detector have to be aligned. In a
first step, the 6 telescope planes are independently aligned.
The planes are placed perpendicular to the beam, and their
position along the beam is measured. The 5 rotations and105

4⇥ 2 shifts are iteratively determined from data. In the
second step, the Gridpix detector is aligned by rotating
it along 3 axes and measuring the shifts in the directions
perpendicular to the beam.

Since the telescope track is a↵ected by multiple scat-110

tering, the most precise track fit is obtained by fitting the
hits from the Gridpix detector with the combined hits in
the telescope. The hits in the telescope planes are merged
in one super-point with a 10µm error.

4.2. Selections115

The performance of the detector is measured using
events with one clean track in the Gridpix detector and
the telescope. Given the large amount of data-collected,
priority in the selection has been given to clean tracks over
e�ciency.120

In the telescope we require the track to have hits in
at least 4 out of the 6 planes. Moreover the extrapolated
telescope track should go through the TPC. For the Grid-
pix detector we select hits that have at least a time over
threshold of 0.15µs to reject the hits with the worst time125

walk error, see section 5.2. A track is rejected if it has less
than 30 Gridpix hits. The Gridpix track should go through
the whole TPC, that is the first and last pixel row. After
a first fit, the refit accepts only hits that are within 3�drift

2

[Kees Ligtenberg et al]

ANEMONE Mimosa Beam Telescope

Timepix3-based GridPix

Timepix3-based GridPix:

Micro-pattern gaseous detector with
grid aligned to pixels

65K 55 µm⇥ 55 µm sized pixels

Timepix3 compared to its predecessor:

Improved time resolution of 1.56 ns

Simultaneous time and charge
(ToT) measurement

Single chip Timepix3 detector with field
shaping, guard electrode, and
T2K TPC gas (Ar:CF4:iC4H10 95:3:2)

Kees Ligtenberg (Nikhef) Test beam analysis January 15, 2017 3 / 32

Tests from run 351

Run 351
length 6s
triggers 7744
V grid 350 V
E drift 280 V/cm
rotation 17 degree

0 degree
threshold 700e

6358 triggers with tracks in telescope and timepix

5059 matched tracks

For the moment, a drift speed of 75µm/ns was assumed

Kees Ligtenberg (Nikhef) Beamtest reconstruction September 25, 2017 6 / 17

Test beams
can be fast…

2.5 GeV electrons from ELSA (at kHz rate)
Trigger by scintillating plane
6 Mimosa pixel planes as beam telescope
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Figure 2: Setup with telescope and Gridpix detector. (Image to be
modified)

Table 1: Parameters of the analyzed run.

Length 60 minutes
Triggers 4 733 381
Vgrid 350 V
Edrift 280 V/cm
Rotation 17 degree

0 degree
Threshold 800 e�

mounted on a slider stage with each 1152⇥ 576 pixels sized
18.4µm⇥ 18.4µm. Finally, the beam crosses the gas vol-60

ume of the Gridpix detector. The whole Gridpix detec-
tor was mounted on a remote-controlable rotation stage.
On the last telescope plane a FEI4 chip was present that
caused multiple scattering of the beam corresponding to a
r.m.s. of 0.25mm at the Gridpix detector.65

Both the Mimosa telescope and the Timepix3 chip were
operated in data-driven mode. For synchronization, trig-
gers were numbered by a Trigger Logic Unit (TLU) and
saved in the two data-streams. The Mimosa chips were
continuously read-out with a rolling shutter taking 115.2µs,70

meaning that a single frame can contain multiple triggers.
The Timepix3 hits are attributed to a single trigger by
considering all hits within 400 ns of a trigger.

During data-taking the gas volume of the Gridpix de-
tector was flushed with a premixed gas consisting of 95%75

Ar, 3% CF4, and 2% iC4H10. This gas - called T2K TPC gas

- is suitable for a large TPC because of the low di↵usion
in a magnetic field. The cathode and guard voltage of the
Gridpix were set such that the electric field was 280V/cm,
near the value at which the di↵usion coe�cient is minimal80

for this gas. The grid voltage was set at 350V to achieve a
high e�ciency. The threshold per pixel was put at 800 e�,
high enough to keep noise low. The temperature and pres-
sure at time of data taking were stable at ??K and ??bar.
The parameters of the analyzed run are summarized in85

Table 1.
From the measured time of arrival of the Timepix hits,

the z-position is calculated using the drift velocity. The
drift velocity is assumed to be 75µm/ns, as predicted by
Magboltz [7]. The results are not very sensitive to the drift90

velocity so no attempt was made to determine it.
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Figure 3: An example event with 108 Gridpix detector hits including
the time-walk correction and the extrapolated telescope track.

4. Track reconstruction and event selection

4.1. Track fitting

To reconstruct a track, a straight line is fitted to the
hits. The x-axis is chosen parallel to the beam, and the y, z95

axes are perpendicular to the beam. The drift direction
is parallel to the z-axis. Tracks are fitted using a linear
regression fit in y(x) and z(x). Hits are assigned errors in
the 2 directions perpendicular to the beam �y, �z. This
will be discussed in detail in section 5.3 and 5.4.100

To achieve an accurate reconstruction of the tracks the
telescope and the Gridpix detector have to be aligned. In a
first step, the 6 telescope planes are independently aligned.
The planes are placed perpendicular to the beam, and their
position along the beam is measured. The 5 rotations and105

4⇥ 2 shifts are iteratively determined from data. In the
second step, the Gridpix detector is aligned by rotating
it along 3 axes and measuring the shifts in the directions
perpendicular to the beam.

Since the telescope track is a↵ected by multiple scat-110

tering, the most precise track fit is obtained by fitting the
hits from the Gridpix detector with the combined hits in
the telescope. The hits in the telescope planes are merged
in one super-point with a 10µm error.

4.2. Selections115

The performance of the detector is measured using
events with one clean track in the Gridpix detector and
the telescope. Given the large amount of data-collected,
priority in the selection has been given to clean tracks over
e�ciency.120

In the telescope we require the track to have hits in
at least 4 out of the 6 planes. Moreover the extrapolated
telescope track should go through the TPC. For the Grid-
pix detector we select hits that have at least a time over
threshold of 0.15µs to reject the hits with the worst time125

walk error, see section 5.2. A track is rejected if it has less
than 30 Gridpix hits. The Gridpix track should go through
the whole TPC, that is the first and last pixel row. After
a first fit, the refit accepts only hits that are within 3�drift

2

[Kees Lightenberg, Nikhef et al]

3D tracks at 
>kHz readout 
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Figure 6: Distribution of z-residuals before and after time walk cor-
rection

main improvements of the Timepix3 chip over its prede-165

cessor the Timepix1. The Timepix3 allows to correct for
the time walk by using the ToT as a measure of the signal
strength.

First, the ToT was found to vary as a function of the
column and therefore per column a correction factor for
the ToT was introduced. Time walk ztime walk can then
be parametrised as a function of the corrected ToT tToT
using the following formula:

�ztime walk =
c1

tToT + t0
, (1)

where c1 and t0 are constants determined from a fit. The
distribution of z residuals - defined as the di↵erence of the170

track fit prediction and the z position of the hit - before
and after aplying the time walk correction, is shown in
figure 6. Functions with more parameters were also tried,
but did not improve the results.

5.3. Hit resolution in the pixel plane175

The momentum resolution of a TPC depends on the
hit resolution in the pixel plane. There are two important
factors for the hit resolution in the pixel plane: a constant
contribution caused by the pixel size dpixel and a transverse
drift component that scales linearly with drift distance and
the di↵usion coe�cient DT . The resolution �y is given by:

�2
y =

d2pixel
12

+D2
T (z � z0), (2)

where z0 is the position of the grid. The hit resolution as
a function of z is shown in figure 7. The di↵usion gives
the largest contribution to the error in most of the detec-
tor volume. From the fit it was found that the measured
di↵usion coe�cient DT = 308µm/

p
cm is close to the ex-180

pected DT = 310µm/
p
cm. In the lowest bins the points

lie below the fitted resolution curve, because hits at these
drift distances are assigned a too small error that causes
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Figure 7: Hit resolution in pixel plane fitted with equation (2).
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Figure 8: Hit resolution in drift direction fitted with equation (3).

the track fit to be too close. The �2 is too high for the de-
grees of freedom, because no systematic uncertainties were185

taken into account.

5.4. Hit resolution in the drift plane

The hit resolution in the drift plane is related to the
ToA distribution. There are three contributions. A con-
stant contribution from the time resolution ⌧ = 1.56 ns,
other noise sources such as jitter and time walk, and a con-
tribution from longitudinal di↵usion with coe�cient DL.
The resolution is given by

�2
z =

⌧2v2drift
12

+ �2
z0 +D2

L(z � z0) (3)

The hit resolution in the drift plane is shown in figure 8.
The grid position was fixed to z0 = 4.295mm found in
the fit to figure 7. The di↵usion is found to be DL =190

253µm/
p
cm, which is slightly higher than the expected

value of DL = 230µm/
p
cm.

5.5. Deformations

For a large TPC with pixel read-out it is important
that systematic deviations are small and stay well below195
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main improvements of the Timepix3 chip over its prede-165

cessor the Timepix1. The Timepix3 allows to correct for
the time walk by using the ToT as a measure of the signal
strength.

First, the ToT was found to vary as a function of the
column and therefore per column a correction factor for
the ToT was introduced. Time walk ztime walk can then
be parametrised as a function of the corrected ToT tToT
using the following formula:

�ztime walk =
c1

tToT + t0
, (1)

where c1 and t0 are constants determined from a fit. The
distribution of z residuals - defined as the di↵erence of the170

track fit prediction and the z position of the hit - before
and after aplying the time walk correction, is shown in
figure 6. Functions with more parameters were also tried,
but did not improve the results.

5.3. Hit resolution in the pixel plane175

The momentum resolution of a TPC depends on the
hit resolution in the pixel plane. There are two important
factors for the hit resolution in the pixel plane: a constant
contribution caused by the pixel size dpixel and a transverse
drift component that scales linearly with drift distance and
the di↵usion coe�cient DT . The resolution �y is given by:

�2
y =

d2pixel
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+D2
T (z � z0), (2)

where z0 is the position of the grid. The hit resolution as
a function of z is shown in figure 7. The di↵usion gives
the largest contribution to the error in most of the detec-
tor volume. From the fit it was found that the measured
di↵usion coe�cient DT = 308µm/

p
cm is close to the ex-180

pected DT = 310µm/
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cm. In the lowest bins the points

lie below the fitted resolution curve, because hits at these
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the track fit to be too close. The �2 is too high for the de-
grees of freedom, because no systematic uncertainties were185

taken into account.

5.4. Hit resolution in the drift plane

The hit resolution in the drift plane is related to the
ToA distribution. There are three contributions. A con-
stant contribution from the time resolution ⌧ = 1.56 ns,
other noise sources such as jitter and time walk, and a con-
tribution from longitudinal di↵usion with coe�cient DL.
The resolution is given by

�2
z =

⌧2v2drift
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L(z � z0) (3)

The hit resolution in the drift plane is shown in figure 8.
The grid position was fixed to z0 = 4.295mm found in
the fit to figure 7. The di↵usion is found to be DL =190

253µm/
p
cm, which is slightly higher than the expected

value of DL = 230µm/
p
cm.

5.5. Deformations

For a large TPC with pixel read-out it is important
that systematic deviations are small and stay well below195
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main improvements of the Timepix3 chip over its prede-165

cessor the Timepix1. The Timepix3 allows to correct for
the time walk by using the ToT as a measure of the signal
strength.

First, the ToT was found to vary as a function of the
column and therefore per column a correction factor for
the ToT was introduced. Time walk ztime walk can then
be parametrised as a function of the corrected ToT tToT
using the following formula:

�ztime walk =
c1

tToT + t0
, (1)

where c1 and t0 are constants determined from a fit. The
distribution of z residuals - defined as the di↵erence of the170

track fit prediction and the z position of the hit - before
and after aplying the time walk correction, is shown in
figure 6. Functions with more parameters were also tried,
but did not improve the results.

5.3. Hit resolution in the pixel plane175

The momentum resolution of a TPC depends on the
hit resolution in the pixel plane. There are two important
factors for the hit resolution in the pixel plane: a constant
contribution caused by the pixel size dpixel and a transverse
drift component that scales linearly with drift distance and
the di↵usion coe�cient DT . The resolution �y is given by:
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y =

d2pixel
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+D2
T (z � z0), (2)

where z0 is the position of the grid. The hit resolution as
a function of z is shown in figure 7. The di↵usion gives
the largest contribution to the error in most of the detec-
tor volume. From the fit it was found that the measured
di↵usion coe�cient DT = 308µm/

p
cm is close to the ex-180

pected DT = 310µm/
p
cm. In the lowest bins the points

lie below the fitted resolution curve, because hits at these
drift distances are assigned a too small error that causes
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the track fit to be too close. The �2 is too high for the de-
grees of freedom, because no systematic uncertainties were185

taken into account.

5.4. Hit resolution in the drift plane

The hit resolution in the drift plane is related to the
ToA distribution. There are three contributions. A con-
stant contribution from the time resolution ⌧ = 1.56 ns,
other noise sources such as jitter and time walk, and a con-
tribution from longitudinal di↵usion with coe�cient DL.
The resolution is given by

�2
z =

⌧2v2drift
12

+ �2
z0 +D2

L(z � z0) (3)

The hit resolution in the drift plane is shown in figure 8.
The grid position was fixed to z0 = 4.295mm found in
the fit to figure 7. The di↵usion is found to be DL =190

253µm/
p
cm, which is slightly higher than the expected

value of DL = 230µm/
p
cm.

5.5. Deformations

For a large TPC with pixel read-out it is important
that systematic deviations are small and stay well below195

4

Timewalk correction possible
(TOT and Time per pixel in TPX3!)

With TPX3 both transverse and longitudinal 
resolution is dominated by diffusion! [Kees Ligtenberg, Nikhef et al]
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dE/dx resolution

slicing into 1.1mm track pieces
count pixels 
truncated mean

àResolution 4.1% for electrons
4.8% for MIPs

e/MIP separation 5.9σ for
1m track

[Kees Ligtenberg, Peter Kluit]
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2. GridPix – X-Ray detector
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Soft X-Rays (photo effect) produce one electron per 26 eV X-ray energy
à Count the electrons on the GridPix to measure energy

B Pixel spectra and charge distributions

(a) (b)

(c) (d)

(e) (f)

Figure B.1: Examples of pixel spectra with a Gaussian fitted to the photo peak. Data recorded in Ar/iC4H10
(90/10) (a), (95/5) (b), (96/4) (c), (97/3) (d), (98/2) (e) and (99/1) (f).

96

55Fe source
Ar/Iso(2.3%)gas

Applications I –
GridPix at CAST since 2014

02.11.2016 GridPix Detectors - Developments and Applications 6

Requirements for an X-ray detector at CAST:
• High detection efficiency Æ Ar:iC4H10 mixture @ 1 bar
• Background rate as low as possible
Æ Radiopure materials, lead shielding, focusing by X-ray telescope
Æ Event shape based background discrimation

• Entrance window transparent for low energy X-rays (< 1 keV) Æ thin window
• Vacuum tightness  (in the detector: 1 bar; in the beam pipe: 10-6 mbar) Æ tight window
Æ Compromise: 2 µm Mylar with 40 nm Al (300 nm SiN windows under development)

• Sensitivity for X-ray photons < 1 keV shown at an 
variable X-ray generator
Highly ionizing track X-ray photon (5.9 keV)

277 eV
1.5 keV

3 keV
4.5 keV

5.9 keV
8 keV

Topological background discrimation for 
rare event searches

Applications I –
GridPix at CAST since 2014

02.11.2016 GridPix Detectors - Developments and Applications 6

Requirements for an X-ray detector at CAST:
• High detection efficiency Æ Ar:iC4H10 mixture @ 1 bar
• Background rate as low as possible
Æ Radiopure materials, lead shielding, focusing by X-ray telescope
Æ Event shape based background discrimation

• Entrance window transparent for low energy X-rays (< 1 keV) Æ thin window
• Vacuum tightness  (in the detector: 1 bar; in the beam pipe: 10-6 mbar) Æ tight window
Æ Compromise: 2 µm Mylar with 40 nm Al (300 nm SiN windows under development)

• Sensitivity for X-ray photons < 1 keV shown at an 
variable X-ray generator
Highly ionizing track X-ray photon (5.9 keV)

277 eV
1.5 keV

3 keV
4.5 keV

5.9 keV
8 keV

very low
threshold

[Christoph Krieger]
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Applications I –
GridPix at CAST since 2014

02.11.2016 GridPix Detectors - Developments and Applications 5

CERN Axion Solar Telescope

• Axions/chameleons 

produced in the Sun

• Reconversion to X-ray 

photons in strong 

magnetic field 

(Primakoff effect)

At CAST:

• Decommissioned LHC 

prototype dipole magnet

(10 m long, 9 T, 1.8 K)

• Movable structure:

Vertical ~±8°

Horizontal ~±40°

• Sun can be tracked during 

sunrise & sunset

(2 x 1.5h per day)

Chapter 11 Calculating an upper bound for the chameleon photon coupling

mβmatter coupling 
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CAST SDD

Solar limit

 at 95 % CLγβUpper bound on 
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 at 95 % CLγβUpper bound on 
observed
expected
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Figure 11.13: Exclusion plot showing the observed upper bound on the chameleon photon coupling �� obtained
from the measurements in 2014 and 2015. The previous upper bound achieved by CAST using an SDD [42] is
depicted in blue. The observed upper bound from the InGrid based X-ray detector is shown as solid black line, the
expected value as dashed black line with the ±1� and ±2� shown in green and yellow respectively. The upper
limit given by the solar luminosity bound is shown as dashed and dotted line in red.

Tachocline �� at 95 % CL
position [R�] width [R�] expected observed �

sun
�

0.7 0.01
⇣
5.53+0.52

�0.43

⌘
⇥ 1010 5.74 ⇥ 1010 6.46 ⇥ 1010

0.66 0.01
⇣
4.94+0.45

�0.39

⌘
⇥ 1010 4.98 ⇥ 1010 5.89 ⇥ 1010

0.66 0.04
⇣
3.54+0.31

�0.28

⌘
⇥ 1010 3.58 ⇥ 1010 2.95 ⇥ 1010

0.7 0.1 linear
⇣
4.19+0.38

�0.33

⌘
⇥ 1010 4.36 ⇥ 1010 4.47 ⇥ 1010

Table 11.2: Upper bound on �� derived from the measurements with the InGrid based X-ray detector at CAST for
di↵erent solar models, all using the 10 % solar luminosity bound. The values for the solar luminosity bound were
taken from [42].

to allow for comparing with the previous results achieved by CAST. The tachocline magnetic field
is believed to be in the range of 4 T up to 25 T [44, 45, 123], the influence of the assumed tachocline
magnetic field on the observed limit is illustrated in Fig. 11.14. The observed limit may shift up or down
by a factor of

p
2.5, for tachocline magnetic fields up to about 11 T the observed limit is always lower

than the solar luminosity bound.
Additionally, one can change the values of the tachocline position and width, table 11.2 shows the

observed upper bounds on the chameleon photon coupling �� for a tachocline shifted deeper into the
Sun and starting at 0.66 R� and with a width increased from 0.01 R� to 0.04 R�. Also, the case of the
tachocline starting at 0.7 R� with a magnetic field of 10 T which decays linearly to zero over a distance of
0.1 R� was considered and is included in table 11.2. Taking these results into account one can generalize
the observed upper bound on the chameleon photon coupling to be �� < 6.0 ⇥ 1010 independent of the
assumptions made on the tachocline, thus improving the result of [42] by roughly a factor of 1.6.
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[Christoph Krieger]

A physics result!
(from 2015 data)

2017 detector with 7 chips



IAXO
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[A. Lindner, U. Schneekloth, DESY]



IAXO detectors: X-ray windows
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J. Kaminski

7th IAXO Meeting, 2017
11

Si
3
N

4
 Windows

Window at 1.5 bar overpressure

Window at 0 bar overpressure● Material budget of window as low as 
possible to increase to detection efficiency of 
low energetic X-rays
● Withstand 1.05 bar pressure difference
● Low leakage rate to sustain a vacuum of      
   <10-5 mbar on other side

=>  collaboration with NORCADA:
300 nm thin Si

3
N

4
 windows with strongback

300 nm Silicon-Nitride window
at 1.5 bar overpressure

J. Kaminski

7th IAXO Meeting, 2017
11

Si
3
N

4
 Windows

Window at 1.5 bar overpressure

Window at 0 bar overpressure● Material budget of window as low as 
possible to increase to detection efficiency of 
low energetic X-rays
● Withstand 1.05 bar pressure difference
● Low leakage rate to sustain a vacuum of      
   <10-5 mbar on other side

=>  collaboration with NORCADA:
300 nm thin Si

3
N

4
 windows with strongback

[Krieger, Schiffer et al, Bonn &
NORCADA Inc.]



3. GridPix – Neutron detector
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3He crisis, many new neutron facilities (ESS!) 
à need for alternative detector for slow neutrons.

The Neutron TPC Trigger
3

detect!



3. GridPix – Neutron detector
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Idea: use one nucleus for t0 , the other for (x,y,z) (TPC)

The Neutron TPC
4

[Markus Köhli, Jochen Kaminski, Fabian Schmidt et al]



3. GridPix – Neutron detector
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The Neutron TPC
5

The Neutron TPC
5

BODELAIRE (M. Köhli, J. Kaminski)



GridPix – Neutron detector
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Neutron Conversion Tracks
10

4He2+, 7Li3+ Ions seen by GridPix

[Markus Köhli, Jochen Kaminski, Fabian Schmidt et al]



Neutron detector
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Event Example: Lithium
11

Event Example: Helium
11

Use Timepix timing to determine start/end of track
Lithium Helium

[Markus Köhli, Jochen Kaminski, Fabian Schmidt et al]



Neutron detector – position resolution
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Spatial Resolution
8

Boron Sheet

[Markus Köhli, Jochen Kaminski, Fabian Schmidt et al]



Neutron detector – position resolution

32[Markus Köhli, Jochen Kaminski, Fabian Schmidt et al]



Summary & Conclusions
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• GridPix detectors combine advantages of gaseous detectors with
highest possible resolution

• Production technology is becoming (more) mature

• Various applications (TPC tracking, X-rays, neutrons, and more …) 

Applications II –
Transition Radiation Detector

02.11.2016 GridPix Detectors - Developments and Applications 10

B = 0 T

B = 0 T

B = 1.56 T

B = 1.56 T

transition
radiation



Backup
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SRS Readout
Developed Timepix readout system customized for HEP applications
- based on „Scalable readout system“ (SRS) developed in RD51
- zero suppression on FPGA
- maximum readout speed
- up to 32 Timepix / SRS-FEC
- easy to synchronize >1 FECs

intermdiate board to host 12 x 8 Timepix chips

„small“ readout based on FPGA
development board (used e.g. in CAST)
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Neutron detector

36

Energy Loss in Gas
12

Li

He


