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Abstract

The Timepix4 sensor module is a high-timing precision detector that is going to be build into the next
update of the Vertex Locator (VELO) in LHCb. Currently, it exhibits a difference in gain of up to 2.5x
across the sensor which is adverse when measuring the energy of charged particle. Up until now, the
calibration process has only been proved for the Timepix3 [3]. Following a similar procedure as for the
Timepix3 calibration, shortscan measurements to better identify the non-linear region of the detector and
Fe55 and Cd109 measurements were conducted in order to verify the correction. The calibration process

for the Timepix4 module (N10 in particular) was conducted successfully.

1. Introduction

VELOs current version was installed in LHCb in
2022 for the third run of LHC. It was developed to
recreate the particles trajectories with a frequency
of 40MHz only 5.1mm away collision point. The
goal for next VELO (upgrade II) is to add timing
to be able to disentangle the primary vertices, since
the will be much more collisions. [7]
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Figure 1: LHCD schematic, Vertex Locator (VELO)
at the very left [1]

Timepix4 is the new generation of high-end
detectors with high timing resolution, sensitivity
and imaging quality. It is a hybrid silicon pixel de-
tector that consists of 448x512 pixels each with a
square pitch of 55um. This results in a 24.7x30.0
mm? area which can be tiled on all four sides.
The planar sensors, which can be between 100 and
300um thick, is solder bump bounded to the read-
out ASIC as can be seen in figure 2. The output
of the data is realized with 2 to 16 serializers that
run at an adjustable bandwidth between 40Mbps
and 10 Gbps.
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Figure 2: Schematic of Sensor

The detector can be operated in two different
modes, data driven or frame based. In the data
driven mode, which was used in the scope of this
work to characterize the individual pixels, each
pixel only reacts to a hit when the energy is above a
certain predefined threshold that can be adjusted
globally and locally. Upon a hit with an energy
over threshold level, the time of arrival (ToA) and
Time over Threshold (ToT) are obtained. For the
ToT value, the duration of the signal pulse is mea-
sured as the longer the pulse duration, the more
energy was absorbed (seen figure 3). In the data
driven mode, the threshold for an individual pixel
is at 0.8 to 1ke [2], the ionization energy of silicon
is at 3.6 2.

Motivation. Due to several reasons (power
distribution across sensor, manufacturing variation,
threshold calibration) the individual gain values
across the chip differ up to 2.5x (see figure 4). This
is undesirable behaviour when wanting to measure
energy with the Timepix4.

In order to overcome the issue of gain differences,
the following procedure was executed. First of all,
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Figure 3: Time-over-Threshold (TOT)
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Figure 4: Gain distribution over entire detector

injection measurements were conducted to char-
acterize each individual pixel. The obtained data
was then fitted with equation 1. Afterwards, ra-
dioactive source measurements with two different
sources were done in order to be able to verify the
correction. The inverse function was applied (eq.
2) to correct the pixels and convert the obtained
source energy from ToT to keV. The results then
were corrected with a shift factor.

Overall it was proven, that the calibration pro-
cess as conducted in this report works well for
Timepix4.

2. Data collection

Test pulse injection measurements. Each pixel
of the
Timepix4 module has an intrinsic injection circuit
which can be used to iteratively inject charge into
a pixel and measure the obtained signal response
in form of ToT value per event. For the measure-
ments, the sensor was mounted on a Spidr4 read-
out board. The setup was measured in a climate
chamber at 20°C and the sensor itself was depleted
with 60V.

For the longscan measurements, the region be-
tween 1 and 4ke was measured with steps of A0.2ke

Energy | Relative Energy
[keV] probability | [ke]
Fe55 [6] ggg ?(1)0 1.63
ggg 20.5 1.81
Cd109 [5] 3;?2 51)3605 6.11
24.94 27.7 6.93

Table 1: Energy of Feb5 and Cd109 radioactive source
in [keV] and [ke] (combined peaks as to be seen in the
gaussian fit)

to better identify the non-linearity (up to 2ke).
The linear region from 4.5 to 16ke was measured
with AO0.5ke. This pattern results in overall 40
injection steps per run, where each injection step
is executed 50 times to ensure sufficient data for
statistics. This process is done simultaneously for
896 pixels with a distance of 16 pixels per row/
column. As a result, there are 256 runs needed to
characterize each pixel on the sensor, this process
takes about 15 hours for the entire ASIC. The same
process was done for the non-linear region close to
the threshold with fine grained measurement steps
of A0.05ke between 1 and 4ke.

Source measurements. The source measure-
ments are conducted in order to verify that the en-
tire fitting and data correction process works cor-
rectly. Two sources were used, Fe55 [6] and Cd109
[5]. The energy of Fe55 is only slightly above the
pixel threshold of 1ke with 1.63 and 1.81ke for
both peaks (see table 1). As already mentioned
before, the non-linear behaviour of a pixel is up
to about 2ke, hence Feb5 is in this non-linear re-
gion. Therefore, Cd109 was selected for a second
measurement, since the two peaks are at 6.11 and
6.93ke (linear region). The two peaks are also fur-
ther apart, which makes it possible to Gaussian fit
both peaks individually and determine their en-
ergy with the calibrated sensor.

The setup itself was not changed, the sensor, ASIC
and readout electronic remained in the climate cham-
ber at 20°C and the same depletion charge was ap-
plied as for the injection measurements. In order
to be able to use the source verification for the
same pixels, the sources were adjusted by hand to
cover the same region on the detector.

For Fe55 about 1.07%107 events were recorded and
2.4%107 for Cd109. In both cases only events with
a cluster size of one were selected for analysis in
order to rule out the cases where the energy of
one particle was detected with two or more pixels
(clustering).



3. Analysis

Test pulse injection measurements. To be
able to use the characterization data from the long-
and shortscan measurements, the data needs to be
fitted. For the fitting, the following equation was

used c
e — 1
Qinj —t ( )

as it was also used for the calibration of Timepix3
[3]. Having measured Q;,; and the according ToT'
values, the four fit parameters were obtained using
pythons curve_fit function [4]

ToT:a*Qinj—l—b—

start = [9,0,3,.6]

bound = ([0,-10,0,0],[40,10,15,1.9]1)

curve_fit(func,steps,Q,pO=start,bounds=
bound,sigma=E, absolute_sigma=True)

where steps is the above specified array of long-
or shortscan charge injection steps. The error E
was calculated with o/./N;,;, where N;,; is equal
to the amount of injections per step and o denotes
the standard derivation of each injection step, since
each step is executed 50 times.

The visual results of the longscan data fit can
be observed in figure 5, where the acquired data
and the according fit function that was obtained
as described above are displayed for two pixels.
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Figure 5: longscan injection measurement results for
two different pixels and the fit

Figure 4 displays how gain parameters of each
individual pixel are distributed along the entire
sensor.

Source measurements. After having obtained
the fit parameters with equation 1, the same pa-
rameters are used to identify the amout of de-
posited charge from the radioactive source in the
according pixel. The algorithm finds all events for
the given pixel (about 400-600 events at the closest
distance from source to sensor). These events are
registered as ToT values. With both the fit pa-
rameters and the T'oT values, one can obtain the
energy distribution for one pixel [3].

at+ToT —b++/(b+at—ToT)2+4ac (2)

N (ToT) ke = 2

To obtain the results in keV, the obtained energy
in ke has to be multiplied by the ionization energy
of silicon is at 3.6 :Yh. Figure 6(a) displays two
uncorrected pixels for Cd109 detection, one can
very clearly see the impact of the gain difference
of two different pixels. The pixel that is displayed
with blue colour has a gain about 1.4x higher than
the other pixel.

Figure 6(b) displays the energy distribution of the
same pixels, but after the inverse function (eq. 2)
and the ionization energy factor were applied.

4. Results

Long measurements. As a result it can be said,
that the longscan measurements and the fitting
quality with equation 1 was really good. Including
the error in the fitting process, the x? value was
between 0.7 and 1.5, which is in a very good range.

Short measurements. The shortscan mea-
surements on the other hand did not yield such
good results. Using the same fit function as before,
the x? ranged anywhere from -200 to -10, depend-
ing on the pixel. After discarding the non-linear
region and only using the data from 1.8-4.0ke, the
x? value was much improved (0.1-0.5) but trying to
apply the obtained fit parameters on the longscan
data, the fit was completely off (x? of anywhere
between -80 and 30). Thus, the shortscan mea-
surements did not yield any further information
about the non-linear behaviour of the pixel and
the longscan fit parameters were used for all eval-
uation presented in the work.

Source measurements. Both source mea-
surements were able to verify the calibration pro-
cess, since they obtained the correct results after
applying a general correction factor. In figure 7(a)
and 7(c) the sum of 100 corrected pixels with Fe55
and Cd109 events (corrected with eq. 2) are dis-
played. As noted in the plots, ppess5 is at 6.35keV
and peqgio9 at 22.94 and 26.16keV. For Feb5 there
are two expected peaks at 5.88 and 6.51keV, the
latter one is much less significant. However, due
to the closeness of the peaks only one is expected
to be seen visually at 5.95keV. The measured and
the expected mean of Febb differ in 6.72%.

A similar behaviour applies to Cd109, the mea-
sured peaks deviate from the expected peaks (22.09
and 25.19keV), which is a 3.76% and 3.7% shift, re-
spectively.

Since both Fe55 and Cd109 have a systematic shift
in the same direction while still having a good o,
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Figure 6: 6(a) and 6(b) show two pixel with uncorrected and corrected gains, respectively

it was assumed that the shift is due to yet un-
calibrated pixel capacitance. Therefore the gain
parameters of each individual pixel could be cor-
rected by the given factor. As a result, the ob-
tained mean values were much better while still
having a really good sigma, see figures 7(b) and
7(d) (o of 1.36 and 0.96, respectively).

5. Conclusion

The shortscan measurements did not yield any im-
porved results about the non-linear region.

The different shift values of Fe55 with 6.72% and
Cd109 with about 3.7% are probably due to the
fact, that the energy of Feb5 is in the non-linear
region with 1.63 and 1.81ke. Therefore, it is well
justified having conducted the additional measure-
ments with Cd109. They were able to verify the
correctness of the calibration process. By adjust-
ing the systematic shift it was possible to obtain
the expected energy values with a good sigma.
It can be said that the calibration process as ex-
plained in this report works correctly for the Time-
pix4.

6. Outlook

Due to the very limited time available for this pro-
ject, there remain many possibilities to further in-
vestigate the specific behaviour and characteriza-
tion of the Timepix4 sensor. The general shift of
the corrected spectra may be due to the fact that
the individual pixel capacitance was not yet de-
termined. Doing so could result in a more exact
energy detection. Moreover, the individual pixel
threshold is not yet calibrated. This can be done
by using the data that was already collected and
observing the region very close to lke (the short-
scan data could be used for this). Another option

to identify the threshold is to iteratively increase
the threshold for between 0.7 and 1.3ke for exam-
ple to keep a record of when the pixel is enabled.
In addition to that, the minimum ionizing particle
data from the test beam could be used to further
verify the correctness of the fit.

As can be seen in figure 4, the gain differences
are not completely arbitrary across the chip. Un-
derstanding why that is could also be subject of
further research.
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