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Abstract: The event-driven hybrid-pixel detector readout chip, Timepix3, has the ability to simultane-

ously measure the time of an event on the nanosecond timescale and the energy deposited in the sensor.

However, the behaviour of the system when two events are recorded in quick succession of each other

on the same pixel was not studied in detail previously. We present experimental measurements, circuit

simulations, and an empirical model for the impact of a preceding event on this energy measurements,

which can result in a loss as high as 70%. Accounting for this effect enables more precise compensation,

particularly for phenomena like timewalk. This results in significant improvements in time resolution

— in the best case, multiple tens of nanoseconds — when two events happen in rapid succession.
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1 Introduction

In the rapidly evolving field of scientific and industrial imaging, there is an ever-increasing need for

detectors capable of sensing individual events with high temporal and spatial resolution, while being

able to cope with high event rates [1–4]. Such detectors have a broad range of applications, including

nuclear medicine, high-speed industrial inspection, particle and atomic, molecular, and optical

(AMO)-physics experiments [5–11]. In addition to single-event time and location determination, its

energy deposited in the sensor is also an important aspect. Particularly, in AMO physics, the precise

measurement of the charged-particle time-of-flight is imperative for ionic fragments identification

and the 3D momentum vector determination — both relevant for chemical dynamics studies [12, 13].

Furthermore, in the context of Bragg peak recognition for proton therapy, energy measurement makes it

possible to identify the energy deposition profile of protons, a key factor in dose delivery [8, 9, 14]. In

the realm of high-energy physics, energy data can indicate the number of particles striking the detector

simultaneously, contributing to particle identification and event reconstruction [4, 15–17]. Additionally,

for astrophysics applications, the brightness of events such as gamma bursts or while monitoring space

weather, is invaluable to determine the nature of the phenomena under investigation [18].

However, the question remains whether one can still accurately determine events when two or more

occur within a short period of time. This is particularly pertinent for AMO, high-energy physics and

radiation therapy applications, where high-intensity, high-frequency events are commonplace [4, 14, 19].

Here, the detector’s ability to accurately measure and differentiate between rapid, successive events

becomes crucial.

The Medipix collaboration has developed the Timepix line of hybrid-pixel detectors [20–22].

These detectors, such as the current Timepix3 and Timepix4 models, offer high spatial and temporal

resolution, a low mass, low-power usage, high radiation tolerance as well as the possibility to be used

with visible photons [1, 22–24]. In this regard, the versions for visible light have the great advantage

that large-area detectors can be imaged onto the camera chip using optical methods. Additionally,
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�Krum = 10 steps; 1 step for the digital-to-analogue converter corresponds to 0.24 nA. The data was

recorded for 15 s, corresponding to 1500 event pairs, at each delay point. Additionally, all pixels but

one were electronically masked on the Timepix3 hardware. We carefully tested that the masking

does not influence the dynamics described below and is not influenced by effects that might be

related to synchronous illumination of a large fraction of the pixels in the matrix. The hardware

was controlled using PymePix [28, 29] with Tango [30].

To eliminate the possibility of the LEDs themselves being the source of the demonstrated

behaviour, we also performed independent measurements of the brightness of the two LEDs with

a photodiode (Thorlabs, DET10). Here, the light of the LEDs was focused with a 25 mm focal

length lens onto the photodiode, the signal was amplified with a transimpedance amplifier (Femto,

HVA-500M-20-B) and recorded by a digitizer (SPDevices ADQ14). The amplitude of the second

LED was constant within the error of the measurement and did not depend on delay, see figure S1.

2.2 Circuit model

To conceptionally understand the dynamics of a single Timepix3 pixel, it is required to look into its

electronics. A Timepix3 pixel contains only a charge-sensitive preamplifier (CSA) followed by a

discriminator, without a shaping amplifier. This enables ToT measurements relying on a pulse duration

that linearly increases with energy. The pulse is shaped by the transfer function of the charge sensitive

amplifier [7]. A schematic of the CSA circuit is provided in the right part in figure 2. It illustrates

(1) the equivalent small signal circuit model of a sensor (green), (2) a simplified amplifier circuit based

on a cascoded common source transistor (MIn) (orange), and (3) the feedback reset path (blue). The

feedback reset path is based on the Krummenacher architecture [31], and it implements two functions.

The first function is to discharge the feedback capacitor (�FBK) with a constant current after the charge

delivered by the sensor has been integrated. Since the discharge rate is constant, it results in a ToT that

is almost linearly proportional to the deposited charge. This function is performed by the transistors

MFBK1 and MFBK2 that, together with the tail-current source �Krum, form a differential-pair structure.

The second function is to compensate for the leakage current produced by the sensor, which can

vary over time. The circuit can react to changes in leakage current at frequencies up to ∼100 kHz,

though usually the natural drifts occur more slowly than this. The leakage-current-compensation

network is, therefore, a low-pass frequency circuit in a feedback path whose purpose is to filter the

very low frequency components of the signal delivered by the sensor, i.e., the leakage current. The

single pixel circuit diagram includes �FBK and �Leak as real capacitance components. �Leak is usually

chosen on the order of hundreds of femto farads. The remaining capacitors model equivalent or

parasitic capacitances intrinsic to the electronics.

2.3 Detector simulation

A simulation of the pixel response was made using Cadence Virtuoso [32] based on the circuit shown

in figure 2. Figure 3 shows the output voltage +Out of the amplifier following an input pulse of

5000 electrons delivered within a time period much shorter than any timescale relevant for the chip

dynamics [7]. The sensor exhibits a positive polarity and a positive flow of charge into the CSA,

which results in a negative-going output pulse at +Out. Changes in +Out will be accompanied by a

corresponding change in +In, with the latter having opposite polarity and much smaller magnitude.

When the current pulse arrives, there is a rapid initial voltage decrease (increase) within the first
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Therefore, in region 2, a greater loss of the second pulse’s ToT is observed than expected from the

exponential decay alone, due to the sinusoidal undershoot suppressing the signal level. Finally, at

very short times below ΔC = 1.1µs, when decreasing the delay time further, the second pulse piles

up on the first pulse, extending the pulse duration and increasing the ToT. Decreasing the delay time

even further leads to a scenario when the two pulses cannot be distinguished as separate events at

the input of the discriminator, as explained in figure 1 a–b.

The observed effect is intrinsic to this kind of amplifier design, but delicately depends on the

exact values of the used components and details of the circuit design used for the amplifier. We

also confirmed the behaviour with a different chip and multiple pixels, showing the overall same

characteristic with slightly different fitting constants. For example, as shown in figure S2, for another

camera with an �Krum = 10, the recovery time was g ∼ 4.5µs with a width of 0.4µs. We attribute

these seemingly different results to the fact that the �Krum value is not an absolute calibrated value

across multiple sensors, but varies from chip to chip.

3.3 Loss model

To predict the expected reduction in ToT2 following an earlier illumination event with ToT1 within

delays observed in region 3, we developed an empirical mathematical model. Creating a model that

encompasses the more complex dynamics of regions 1 and 2 is outside the scope of this work; see

elsewhere for detailed numerical detector simulations [33]. We assume that the decrease of ToT2 was

primarily influenced by two effects: (1) due to increased leakage compensation a faster discharge

of �FBK is obtained and (2) due to the too high discharge of �FBK the voltage level at which the

second pulse starts off is lower than in the equilibrium level as illustrated in figure 3. With this, the

relative loss A (ΔC) can be modelled in first order as:

A (ΔC) = 1 −
ToT2(ΔC)

ToTtrue
2

≈ ToTtrue
1 e−ΔC/gm

(

3

ToTtrue
2 − Cret

+ 6

)

. (3.3)

Here, ToT2(ΔC) is the measured amplitude of the second event at the time ΔC, which is the time between

the first and second hit in microseconds. The first and second pulse energies, proportional to ToTtrue
1

and ToTtrue
2 , are denoted in microseconds. The fitting parameter gm represents the recovery time in

microseconds, 3 is used to describe an offset between the equilibrium leakage compensation and the

one due to a higher discharge, Cret is an empirical parameter to improve the fit and 6 represents the

factor responsible for the increased slope from a faster discharge due to higher leakage compensation.

The good agreement between model and experimental data can also be observed in figure 4 a indicated

by the red line. See the corresponding section S4 in the Supplementary data for more details.

Applying the model to the data presented, we list the parameters as follows: gm = 8.03µs,

3 = 0.019, Cret = 0.136µs, 6 = 0.112µs−1. The model’s recovery time closely aligns with the

experimental recovery time of g = 8.01µs, as seen in figure 4 b. Due to Cret in the denominator,

the model only works for values greater than Cret. Moreover, we note that due to variations in

fabrication, the value of these parameters will vary somewhat between different Timepix3 chips, cf.

our corresponding experimental findings above.

To further illustrate the strong agreement between our model and experimental data, figure 5 c

depicts the difference between the model’s results outlined in figure 5 b from (3.3) and the actual
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experimental measurements in figure 5 a at ΔC = 3µs. Notably, the maximum relative difference

between the model and the experimental data is merely ±3.5%, and this variation is most pronounced

for the lowest ToT2. The deviation is attributed to the simplicity of the model. Comparing figure 5 a

and figure 5 b, this model provides a precise correction of the measured ToT, consequently improving

the time resolution and the energy RMS [19, 26].

To obtain this calibration for a given Timepix3 assembly, it is beneficial to record more points

for smaller ToT2s, whereas for ToT2 & 0.7µs this is not as critical any more. For our data, we found

it sufficient to measure ToT2 in the range 0.1 . . . 0.5µs in increments of 0.1µs and at 1, 1.5, 2µs

to obtain a very good fit.

The real ToTtrue
2 can be obtained from the measured ToT2 and ToT1 by solving (3.3) for ToT2.

However, an easier way is to use the relative loss directly:

ToTtrue
2 =

ToT2(ΔC)

1 − A (ΔC)
. (3.4)

4 Conclusions

Timepix3 based detectors not only enable precise nanosecond-level event timing, but also offer

valuable deposited-energy information, crucial for a wide range of applications and essential for

mitigating timewalk inaccuracies in time measurements. We found a systematic underestimation of

event energy for events registered within ∼10µs after previous events in the same pixel. For delays

exceeding 2µs, this effect diminished exponentially, with the time constant inversely proportional

to �Krum. Our comprehensive analysis, utilizing integrating circuit design and simulations, is in very

good agreement with the experimental observations.

Additionally, we introduce an empirical model to quantitatively assess the relative loss in the

second event when the time interval between the first and second event exceeds approximately 3µs.

This model demonstrates exceptional alignment with experimental data and offers the potential for

real-time post-processing correction of ToT losses. The implementation of such correction measures

holds the promise of improving experimental data, thereby enhancing our proficiency in sub-pixel

positioning, timewalk correction, and related applications.

Overall, our findings not only advance our understanding of Timepix3’s capabilities, but also

provide clear practical means to optimize the detector’s performance for a wide range of applications

that benefit from improved time resolution and precise event-energy measurements. In similar

detectors like Medipix3 and Timepix4, the described effect is either not present or reduced due to

a different functionality or amplifier design, respectively. In future developments, it is envisioned

to eliminate this loss fully.

Code and data availability. The dataset and the analysis code are available in a Jupyter notebook

and are provided by the authors upon reasonable request.
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