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Abstract

:

We present the characterization of a highly segmented “large area” hybrid pixel detector (Timepix3, 512 × 512 pixels, pixel pitch 55 µm) for application in space experiments. We demonstrate that the nominal power consumption of 6 W can be reduced by changing the settings of the Timepix3 analog front-end and reducing the matrix clock frequency (from the nominal 40 MHz to 5 MHz) to 2 W (in the best case). We then present a comprehensive study of the impact of these changes on the particle tracking performance, the energy resolution and time stamping precision by utilizing data measured at the Super-Proton-Synchrotron (SPS) at CERN and at the Danish Center for Particle Therapy (DCPT). While the impact of the slower sampling frequency on energy measurement can be mitigated by prolongation of the falling edge of the analog signal, we find a reduction of the time resolution from 1.8 ns (in standard settings) to 5.6 ns (in analog low-power), which is further reduced utilizing a lower sampling clock (e.g., 5 MHz, in digital low-power operation) to 73.5 ns. We have studied the temperature dependence of the energy measurement for ambient temperatures between −20 °C and 50 °C separately for the different settings.
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1. Introduction


The Timepix [1] detector made its debut in space inside the International Space Station (ISS) [2,3], where it was used as a compact radiation monitor [4]. The first Timepix detector exposed directly to the space environment was SATRAM (Space application of Timepix Monitor) [5,6] detector on board European Space Agency (ESA) satellite Proba-V [7]. Subsequently, Timepix detectors were used on various satellites, such as CubeSat VZLUSAT-1 [8] and RISESAT [9]. Based on SATRAMs previous 10 years of successful operation in low earth orbit, advanced and miniaturized space radiation monitors based on Timepix3 [10] and Timepix2 [11] technology have been developed for the European Space Agency. Large area Timepix3 detectors (512 × 512 pixels, 55 µm pitch) were proposed for the demonstrator of the penetrating particle analyzer [12] (mini.PAN), which is a compact magnetic spectrometer (MS) to precisely measure the cosmic ray flux, composition, spectral characteristics and directions. Mini.PAN employs position-sensitive (pixel and strip) detectors and (fast) scintillators to infer the particle type and velocity of GeV particles (and antiparticles) passing through the instrument’s magnetic field by measuring their bending angles, charge deposition and the time of flight. It will measure the properties of cosmic rays in the 100 MeV/n to 20 GeV/n energy range in deep space with unprecedented accuracy, thus providing novel results to explore the mechanisms behind the origin, acceleration, and propagation of galactic cosmic rays and solar energetic particles.



While cutting-edge hybrid pixel detectors of the Timepix family provide high spatial and temporal resolution (currently down to ∼2 ns), their implementation into space applications comes with challenges, such as their relatively large power consumption, creating heat, which has to be removed, or their high data throughput, which requires data compression and on-board processing capability. Moreover, careful electronics and chip carrier board design is required to withstand vibration and shock, and operate reliably in the radiation environments imposed by the missions. Another crucial environmental variable is temperature, which oscillates in a wide range of values (depending on the position of the spacecraft). The device needs to start up, keep working, and measure valid and correct data across a wide temperature range. Specific temperature range affecting the device depends on the mission (orbit, etc.) and the spacecraft design.



The aim of the present work is to develop a “large area” Timepix3 (area: ∼8 cm2 at 55 µm), investigate possibilities for a reduction of the power consumption, and study the impact of environmental parameters on the device performance.




2. Materials and Methods


2.1. Timepix3 Quad


Timepix3 was developed as the successor of Timepix in the Medipix3 collaboration. It features a pixel matrix of 256 × 256 pixels at a pixel pitch of 55 µm. Each of the pixels can measure simultaneously the deposited energy (ToT) and the time of arrival (ToA), the latter with precision of up to 1.6 ns. Additionally, Timepix3 implements the data-driven readout mode, where only the individual pixels triggered by ionizing radiation are read out (ToT and ToA measurements together with pixel position), while all other pixels are capable of measuring if triggered. In this mode, the minimal per-pixel dead time amounts to 19 clock cycles, which corresponds to 475 ns at the nominal 40 MHz matrix clock (see Section 2.2). Timepix3 ASICs are hybridized with the actual radiation-sensitive sensor using flip-chip bump bonding. In flip-chip bonding, the active side of the integrated circuit is directly attached or “flipped” onto a substrate or another die, rather than being mounted upright and wire-bonded.



Ionizing radiation interacting in the sensor creates free charge carriers, which drift through the fully depleted sensor until they are collected at the electrode of the opposite charge. During the drift motion they induce currents at the pixel electrodes. These pulses are shaped and amplified in a charge-sensitive amplifier (CSA) circuit. The voltage pulses at the output of CSA are then compared to a globally adjustable threshold level (THL). Once the voltage pulse crosses THL on its upwards slope, ToA is measured and the ToT measurement is started. The latter is stopped by the pulse crossing THL on its downwards slope. The sampling of ToT and “coarse” ToA is conducted with a matrix clock of 40 MHz distributed across the entire detector matrix. This clock is derived from the external reference clock, which is generated within the readout electronics (see Section 2.2). In order to improve the time stamping, a fast clock, created in local ring oscillators from the matrix clock, samples the time from the actual crossing of THL until the next rising edge of the coarse clock.



The pixel detector module, developed for the present studies, consists of 4 Timepix3 ASICs in 2 × 2 arrangement (quad), flip-chip bump bonded to a monolithic silicon sensor of 300 µm (see Figure 1). The sensitive area covers an area of ∼7.9 cm2 (with 512 × 512 pixels). The chipboard power supply includes a switching pre-regulator with a linear regulator to ensure precise voltage for the chips. The chips are glued to an aluminum heat sink to help manage and dissipate the heat generated during operation. In the current version, we use two data lines per chip (20 MHit/s/chip), so that the maximum data rate for the entire quad is 80 MHit/s.




2.2. Low-Power Modes of Timepix3 Quad


In particular, applications in space or in a vacuum, where power budgets and heat removal options are limited, low-power (LP) operation can be paramount. A previous work [13] outlines possibilities to reduce the power consumption of Timepix3 significantly and demonstrates that, in the best case, the single chip was operated at 250 mW. The power consumption of the Timepix3 detector can be divided into two primary components: the consumption of the analog part and the digital part.



The nominal power consumption of the analog part is 800 mW per chip. This power consumption was reduced to 55 mW per chip by tuning the digital-to-analog converter (DAC) settings. Changes to the main DAC registers responsible for the power consumption are shown in Table 1.



Power consumption on the digital part can be reduced by decreasing the clock frequency. Timepix3 has two main clock domains: system clock and matrix clock. The system clock is generated externally in the Katherine readout [14], while the matrix clock is generated inside the Timepix3 chip. The system clock is used by the Timepix3 peripherals like the Bus Controller and the Command Controller. These peripherals are only a small part of the Timepix3 chip, so the influence of the system clock on the detector’s power consumption is minor. The matrix clock is used for the ToT/ToA measurements and has a major influence on power consumption.



In default mode, the matrix clock is derived from the internal Phase-Locked Loop (PLL) and this PLL needs an external reference clock (ClkInRefPLL) to be 40 MHz to function properly. This external reference clock is also provided by the Katherine readout. However, the PLL can be bypassed and the matrix clock can be fed directly by the reference clock. Bypassing the PLL and generating a matrix clock directly from the reference clock allows us to find a suitable clock frequency to meet our needs for performance and power consumption. The nominal power consumption of the digital part is 600 mW per chip. By lowering the matrix clock frequency (in this case to 5 MHz) we reduced the power consumption to 150 mW per chip. The matrix clock also influences the timing properties of the detector (ToA measurements). The fast clock (640 MHz) used for the fine ToA is generated internally from the matrix clock and is available only if we use the default value of the matrix clock (40 MHz). Without the fine ToA, the timing properties are limited by the sampling frequency of the clock externally fed to the ASIC. Moreover, since the clock frequency also determines the readout time, the per-pixel dead time increases.



For all presented measurements a custom-built improved Katherine readout was used with in-house built control software.



We consider dynamic switching between modes in order to best adapt the device performance to the available platform resources. For example, a user-specified average power budget could be achieved by varying between different modes and taking data at different temporal resolutions and readout speeds. We define the following 4 Timepix3 power modes (1 normal, 3 LP):




	
Normal mode—full performance (standard DACs settings, default 40 MHz matrix clock). The nominal power consumption is ≈6 W;



	
Analog LP mode—the DACs are set to LP mode, while the default 40 MHz matrix clock is used. The power consumption is ≈3 W;



	
LP20—The DACs are set to LP mode (analog LP) and the matrix clock is reduced to 20 MHz. The power consumption is ≈2.2 W;



	
LP5—Same as LP20, but at a matrix clock of 5 MHz. The power consumption is lower than ≈2 W.








To reduce the impact of the lower sampling frequency on the energy measurement performance (sampling error) at lower matrix clock frequencies, the IKrum DAC was set at 10 and 5 for LP20 and LP5, respectively, thus, elongating the analog pulses.



Measurement of the real Timepix3 quad power consumption in digital LP modes has revealed higher values compared to the extrapolation of four single Timepix3 chipboards (see Table 2). This can be explained by an overhead in the losses on the chipboard voltage regulators, which do not work as efficiently in low-power modes. It should be noted that future improved hardware chipboard design might overcome this issue.




2.3. Experimental Setups


The functionality of the detector was tested with laboratory sources and in charged particle beams at CERN’s super-proton-synchrotron (SPS) and the Danish Center for Particle Therapy (DCPT). At SPS, the 120 GeV hadron beam (90% pions), we focused on investigating the difference between normal and analog low-power modes. At DCPT, a more detailed study was conducted using proton beams of 80 MeV and 240 MeV. Here, the detector response was determined at all predefined power settings (normal, analog LP, LP20, and LP5). Since the data rate in the center of the clinical proton beam exceeded the capabilities of the chip in the data-driven mode, the measurements were taken at a lateral displacement of 12 cm. In the particle beams, measurements were taken at different impact angles in the range from 0 (perpendicular) to 90 degrees with respect to the sensor normal. For thermal tests, the detector was calibrated in a laboratory with a chip temperature of +50 °C (±1 °C) (corresponds to an ambient temperature of ∼25 °C). The detector was then placed together with an 241Am  γ -source (peak energy 59.6 keV) of 300 kBq inside a climate chamber (Votsch VCV 7060 - 5, Vötsch Industrietechnik GmbH; Beethovenstrasse 34, Balingen-Frommern 72336, Germany). The detector was connected to the Katherine readout, positioned outside the climate chamber (the readout electronics remained unaffected by temperature changes), enabling us to measure only the detector’s response to temperature variations. Measurements were taken for three power modes (normal, LP20, LP5) in an ambient temperature range of −20 °C–+50 °C. Before each measurement, we waited until thermal equilibrium was achieved. During all performed tests, the following environment variables were monitored: the ambient temperature, the temperature of the used Timepix3 detectors, and the temperature on the heat sink.



All measurements were taken using the data-driven mode of Timepix3. The sensor was fully depleted using a bias voltage of 60 V.




2.4. Data Analysis


The data are sent off the chip as a list of partially temporally unsorted pixel hits. These are then grouped into so-called “clusters” using temporal coincidence and spatial neighborhood conditions. For the present evaluations, a floating coincidence time window of 200 ns was used. Figure 2 shows a set of 1000 clusters measured at DCPT with 80 MeV protons.



For each found cluster the following features are calculated:




	
The deposited energy   E dep   is defined as the sum of the energies measured in the pixels;



	
The cluster size   N cluster   is defined as the number of pixels within a cluster;



	
The cluster drift time difference   d  t drift    is defined as the difference of the minimal and maximal timestamp measured within a cluster.










3. Results


3.1. Impact of Low-Power Settings on the Energy Measurement


The ToT-to-energy calibration was conducted with X-ray fluorescence lines of known energy and the 59.6 keV  γ -line from a 241Am source, as described in [14]. A stable noise-free operation at a threshold (THL) of 2.75 keV was found. For further measurements and anticipating the temperature effects, it has been conservatively set at THL = 4 keV.



The calibrated energy spectra of a 241Am source are shown in Figure 3 and Figure 4 for normal mode and low-power modes, respectively. Different colors give the spectra for different cluster sizes. While the best resolution is achievable utilizing single-pixel clusters, we determine the overall energy resolution by fitting the 59.6 keV peak with a Gaussian curve sitting on an error-function:


  f  ( E )  = A exp  −    ( E −  E mean  )  2   2  σ 2     +  B 2   1 − Erf    E −  E mean     2  σ     ,  



(1)




where the Gaussian amplitude A, the error-function height B, the mean energy   E mean   and the energy resolution  σ  were the fit parameters. Table 3 summarizes the energy resolutions found for the different power modes. Overall, consistent results were found at the different settings.



The energy responses from the proton test are shown in Figure 5. The same behavior was found for the measurement with pions at SPS. In this measurement campaign, different energy deposition in the sensor was achieved by measurement at particle impact angles of 0, 50, and 70 degrees with respect to the sensor normal. For a thin absorber, the physics of the energy deposition are described by a Landau curve, which is, however, convolved with a Gaussian smearing describing the energy resolution of the detector (0 degree impact angle). At both higher impact angles (50 and 70 degrees) the sensor cannot be regarded as a thin layer anymore. Consequently, the tail towards higher energy is suppressed while the overall expected spectrum shape becomes Gaussian-like. From the presented measurements, we can conclude that the investigated LP modes do not have a significant effect on the overall energy measurement.




3.2. Impact of the Low-Power Settings on the Time Resolution


To determine the performance of the time measurement, we use data taken at a proton energy of 240 MeV and a 70-degree impact angle. We then measure the drift time across the entire sensor by calculating the difference of the maximal time differences within a cluster (see, e.g., [15] for a discussion about the drift time studies with Timepix3). The measured time distributions are shown in Figure 6 for the different modes investigated. The peaks were fitted with a Gaussian distribution to determine the widths   σ fit  . Since the time is measured twice (maximum and minimum time), the real time resolution of the detector can be calculated as    σ meas  =   σ fit   2    . The determined time resolution for the different modes is given in Table 4.



While at the standard clock (normal, analog low-power) the time resolution is given by the pulse shaping, in digital low power, the sampling frequency determines the achievable resolution. At 20 and 10 MHz, the measured values, i.e., 18 ns and 28 ns, are consistent with the resolutions calculated from the time binning as    σ pred  =   Δ t   12     with the time stamping granularity   Δ t =  1  f  matrix  clock     , which are 14 ns and 29 ns, respectively. At 5 MHz, the measured resolution is slightly worse than the predicted one (74 ns versus 58 ns). This is caused by the frequency being at the edge of the supported range of the clock generator adding an additional clock instability.




3.3. Impact of the Low-Power Settings on the Cluster Shape


For completeness, we present a qualitative comparison of clusters measured in normal (at different THL) and low-power settings (Figure 7a,b). A quantitative description is shown by the cluster size distributions for the 80 MeV and 240 MeV proton measurements at a 70-degree impact angle in Figure 7c,d, respectively. Overall, the cluster sizes decrease at analog low-power DAC settings. This effect is stronger for clusters with high stopping power (see the 80 MeV data sets) and is not visible at lower stopping power. This difference can be explained by looking at the behavior of the Krummenacher circuit in the pixel electronics. The capacitor in the amplification circuit is discharged at a constant rate    R discharge  =   d  Q loss    d t    . The charge loss until the pulse reaches the peak position   t peak   can thus be estimated as    Q loss  =  R discharge  ×  t peak   . Since the rise time in the low-power modes   t  peak  LP   is slower than at normal settings   t  peak  normal  , charge losses are higher and the pulses in the periphery of the tracks that have energy just above the threshold are lost in LP settings. While this cluster shape difference in the different modes does not impact the overall performance of the detector, it should be carefully considered when using already trained neural networks used for particle identification [16].




3.4. Effect of the Temperature on the Energy Measurement


Figure 8 shows the measured 241Am  γ -peak position at different chip temperatures. For these measurements, the ambient temperature range was −20 °C– 50 °C. In all modes, the peak positions move towards lower energy at increasing temperatures. However, the peak shift at digital low-power settings shows a stronger dependency on chip temperature with a larger variation amongst the chips. Therefore, we recommend a determination of the calibration coefficients at different temperatures. The shift of measured energy based on temperature change was also demonstrated in papers [17,18], where a single Timepix3 chip in normal mode was tested.





4. Conclusions


The manuscript presented the characterization of a large area Timepix3 detector with a 300 µm-thick silicon sensor, particularly for measurement in space. The requirements for cooling and limited energy resources were mitigated by implementing different power consumption modes. Since available resources can change during the lifetime of a mission, it is possible to dynamically change between these modes.



Thermal tests show that the measured energy is dependent on temperature and this dependency varies with different DACs settings and used clock frequency. The behavior between every single chip on the Timepix3 Quad varies by a small margin. This variation is stronger for low-power modes with a reduced matrix clock (very noticeable for LP5). In particular, the temperature dependence in the low-power modes is not negligible. Thus, in applications where the temperature could change more than ±5 °C from the calibration temperature, we recommend prior calibration at different temperatures and selecting the appropriate calibration coefficients.



A custom-built readout was used to test the functionality of the detector and its response to a 120 GeV/c hadron beam at the Super-Proton-Synchrotron (SPS) at CERN and to protons of 80 and 240 MeV at the Danish Center for Proton Therapy (DCPT). The power consumption of 6 W with standard settings was reduced to 3 W by changing the Timepix3 DACs. While these changes did not affect the energy measurement resolution, the time stamping precision was reduced from 1.8 ns to 5.9 ns due to the slower shaping of the rising edge of the analog pulse. Further reduction of the power consumption was achieved by reducing the matrix clock. At a matrix clock of 5 MHz, we achieved a power consumption of 2 W. While the sampling frequency effect on the energy measurement was successfully mitigated by adjustment of the pulse length (through the chips’ IKrum DAC), the time stamping precision is determined by the used matrix clock in the deep digital low-power modes (LP20, LP5).
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Appendix A. The Full Set of the Timepix3 Analog DAC Settings in HP and LP Mode




 





Table A1. Time stamping precision for Timepix3 Quad in normal mode and LP modes.






Table A1. Time stamping precision for Timepix3 Quad in normal mode and LP modes.





	DAC
	Normal
	Low-Power





	PreampOn
	128
	8



	PreampOff
	8
	8



	VPreamp
	128
	128



	Ikrum
	15
	10 (LP20) and 5 (LP5)



	Vfbk
	164
	128



	DiscS1On
	100
	8



	DiscS1Off
	8
	8



	DiscS2On
	128
	8



	DiscS2Off
	8
	8



	Pixel
	128
	20



	TpBufferIn
	128
	128



	TpBufferOut
	128
	128



	VtpCoarse
	128
	128



	VtpFine
	256
	256



	CpPLL
	128
	128



	PLLVcntrl
	128
	128
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Figure 1. Picture of the Timepix3 quad Chipboard. 
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Figure 2. Detector response in the form of a 2D matrix of the energy deposition (keV) (left) and the relative time differences (ns) within a cluster (right). A set of 1000 typical clusters found in the 80 MeV proton beam at DCPT is depicted. 
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Figure 3. 241Am photon spectrum measured at standard chip settings. The spectra of different cluster sizes are shown. The used detector THL was 3 keV (left) and 4 keV (right). The overall achieved energy resolution was determined by fitting a Gaussian sitting on an error-function to the 59.6 keV peak. 
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Figure 4. Same as Figure 3, but at low-power operation (LP20 and LP5). The used detector THL was 4 keV for both LP modes. 
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Figure 5. Energy deposition spectra of 80 MeV protons at the impact angles 0 degrees, 50 degrees and 70 degrees with respect to the sensor normal using different operational settings. 
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Figure 6. Histogram of measured drift time differences across the thickness of the sensor in normal mode (a), analog low-power mode (b), LP20 (c) and LP5 (d); The observed peaks were fitted with a Gaussian distribution to determine the achievable resolution of the time measurement. The time binning was chosen to resemble the sampling frequency of the selected clock frequency. 
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Figure 7. (a,b) Qualitative comparison of the 2D projections of deposited energy after 80 MeV proton impact at 70 degrees in normal mode and LP5, respectively; (c,d) quantitative evaluation using the distributions of the observed cluster sizes for proton impact at 70 degrees at energy 80 and 240 MeV, respectively. 
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Figure 8. 59.6 keV  γ -peak position as a function of the chip temperature at (a) normal mode, (b) LP20 and (c) LP5. The temperature dependence is shown separately for each Timepix3 chip within the quad assembly. 
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Table 1. The main changes in DACs responsible for the power consumption change from normal and analog low-power mode in Timepix3 Quad chips. For reproducibility, we give the entire set of used DACs in Appendix A Table A1.






Table 1. The main changes in DACs responsible for the power consumption change from normal and analog low-power mode in Timepix3 Quad chips. For reproducibility, we give the entire set of used DACs in Appendix A Table A1.





	DAC Register
	Analog Low-Power
	Standard Settings





	Ibias_Preamp_ON
	8 (1.294 V)
	128 (1.157 V)



	Ibias_DiscS1_ON
	8 (1.294 V)
	100 (1.059 V)



	Ibias_DiscS2_ON
	8 (1.294 V)
	128 (0.333 V)



	Ibias_PixelDAC
	20 (1.066 V)
	128 (0.942 V)










 





Table 2. Comparison of the power consumption of the Timepix3 Quad in digital LP modes with the nominal values of four Timepix3 single chips.
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LP Mode

	
Power Consumption (W)




	
Timepix3 Quad

	
4 × Timepix3






	
Normal

	
6

	
6




	
Analog LP

	
2.9

	
2.9




	
LP 20

	
2.2

	
1.7




	
LP 5

	
2

	
1.2











 





Table 3. Summary for energy calibration verification with 241Am.
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	Settings
	   σ Energy    (keV)
	Chip Temperature (°C)
	Ikrum





	Normal (THL 3 keV)
	2.58
	57
	15



	Normal (THL 4 keV)
	2.60
	57
	10



	LP (THL 4 keV, 20 MHz)
	2.37
	50
	10



	LP (THL 4 keV, 5 MHz)
	2.35
	50
	2










 





Table 4. Time stamping precision for Timepix3 Quad in normal mode and LP modes.
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	Settings
	Sampling Frequency (MHz)
	   σ meas    (ns)





	Normal
	640 (1.56 ns)
	1.8



	Analog LP
	640 (1.56 ns)
	5.9



	LP 20
	20 (50 ns)
	17.7



	LP 5
	5 (200 ns)
	73.5
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