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Test of the SIRIUS tracker using a 252 Cf source

A test on the ion tracking device of the SIRIUS integrated with the NUMEXO2 electronics was performed. The times-of-flight of the fission fragments from a 252 Cf source were measured using digital constant-fraction discriminators. The parameters of the constant-fraction discriminators were optimized considering the known velocity distribution of the fission fragments from a 252 Cf source. The test gave comparable results that were obtained in some earlier studies on this device.

Introduction

The ion tracking device (Tracker) of the SIRIUS focal-plane detection system works by detecting secondary electrons (SEs) released from a thin emissive foil during the passage of ions through it [1,2]. The SEs are detected in a gaseous detector (SED for Secondary Electron Detector) placed out of the beam but in parallel to an emissive foil that is inclined 45 • relative to the beam direction. The gas (isobutane) used in the SED is trapped inside with a 0.9 µm thick aluminized Mylar foil, through which SEs enter the detector (front window). The gas is maintained at a pressure of ≈ 5-7 mbar. Most of the SEs released from the emissive foil typically have a few eVs of energy. However, each electron requires about 7 keV to penetrate the front window of the SED and some remaining energy to create electron-ion pairs in the gaseous medium to produce a signal. Hence, the emissive foil is polarized at -10kV relative to a grounded electrostatic grid of gold-coated tungsten wires. These wires have a diameter of 20 µm and 1 mm spacing in between. The grid is placed at 1 cm from the emissive foil. The electric field between the foil and the grid provides ample energy (≈10 keV) to the SEs to cross the Mylar foil and create electron-ion pairs in the gaseous medium. The SED has an active area of 20×10 cm 2 with two cathodes and an anode. The anode is a wire plane and lies in the middle of the two cathodes that are 3.2 mm apart from each other. The cathode next to the front window is a wire plane and gives the Y-position, whereas the other cathode is printed on PCB as strips and provides the X-position. The anode is polarized with a positive potential to 550 V, whereas the cathodes are connected to the ground. To improve the spatial resolution of the SED, generally, a magnetic field (≈ 100 G) parallel to the velocity of SEs is used. Fig. 1 illustrates the working principle of the SED. For the SIRIUS setup and the final SED, instead of a stripped PCB on the backside, a 2D PCB pad plane will be used for position information, allowing the removal of the Y-wire plane. Both time and position sensitivity measurements were performed in several earlier studies. In the tests performed with a 252 CF source, a time resolution of ∼300 ps and a position resolution of 1.5 mm were reported [2]. This study focuses on the time response of this detection system coupled to NUMEXO2 electronics. The report is organized as follows. The first section gives a brief overview of the experimental details. The second section describes the methodology followed to analyse the data. The third section presents the results obtained in this study, and some conclusions are drawn in the final section.

Experimental details

To measure the time response of the tracker system, a 252 Cf collimated source was used. The length and the diameter of the collimator hole are 1 cm and 5 mm respectively. The fission fragments (FFs) with kinetic energies about ≈ 0.5 -1 MeV/u from the 252 Cf source simulate the heavy ions that would traverse through the emissive foil during the experiment and get implanted in the silicon (Si) detector of SIRIUS. The inclination angle between emissive foil relative to the Signals from the Si detector were injected into a charge-sensitive preamplifier and from the SED into a fast-timing amplifier (AR8). The outputs were then directly sent to a NUMEXO2 module that digitizes the signals at 200 MHz. A Global Trigger Stamp (GTS) with a 100 MHz clock was used to align and synchronize all the channels of the NUMEXO2 digitizer and provide a timestamp in multiples of 10 ns. A timestamp from the GTS is requested whenever a signal reaches the threshold level set beforehand for each detector. A digital signal (trace) from the NUMEXO2 constitutes 512 samples before (≡ pre-trig-buffer size) and 476 samples after (≡ posttrig-buffer size) the trigger. Depending on the frame type1 , an entry in the data contains different information (a SIRIUS frame has 2048 octets). The data are stored in binary format and can be read and analysed using GRU. In this study, GRU was used to read and create ROOT TTrees to be analysed using a C++ program. Given the distance between the foil and the Si detector and the 10 ns timestamp, the FFs of 252 Cf having a velocity distribution (see fig. 3b) cannot be resolved when a simple timestamp difference between the Si and the SED signals is taken as shown in fig. 3a. Moreover, the timestamp of a signal is based on the trigger and the time of trigger crossing is dependent on the signal's amplitude resulting in an effect known as time walk. Generally, a constant fraction discriminator (CFD) is employed to avoid this time-walk effect. In a CFD, an incoming signal V in (t) is split into two signals: a) a delayed signal V in (t -t d ), delayed by a time t d and b) a fractional signal f × V in (t), V in (t) multiplied by a fraction (f < 1). The fractional component is then inverted and added to the delayed component. The output V out (t) of a CFD is then simply:

V out (t) = V in (t -t d ) -f × V in (t)
The delay (d) and the fraction (f ) of a CFD are adjusted to operate on the leading edge of a pulse. Depending on these two parameters, the bipolar output signal has a zero-crossing time t 0 , a time independent of the signal's amplitude. In an analogue CFD, these two parameters are set before taking data. Hence, the optimal parameters need to be known in advance. On the contrary, these parameters can be readily obtained in digital signal processing as it is much easier to tune the parameters in a program.

In this study, the CFD time (t cf d ) has been measured from the beginning of a trace. Fig. 4 shows the traces recorded from the SED and the Si detector. A trace from a channel of the NUMEXO2 contains the values of the pre-trig-buffer and the post-trig-buffer. Since the pre-trigbuffer value is dependent on the trigger, t cf d is also susceptible to the pulse height. Despite this drawback, the advantage of implementing the CFD procedure is to zoom into the pico-second scale through interpolation of zero-crossing between two neighbouring samples. Considering the CFD time, the timestamp of a signal can be corrected by:

t corrected = timestamp × 10 -pre-trig-buffer × sampling period + t cf d [ns]
The main objective of this study is to measure the resolution of the Si-SED coupled system. To do so, the ToF distribution of the 252 Cf FFs needs to be obtained to retrieve the time resolution. Since SEs due to different passing ions take approximately the same time to reach the SED (t Se- f oil→SED ), the time of flight (ToF) of a particle from the foil to the Si detector corresponds to the time difference between the signal registered in the Si detector and the signal in the SED by the same particle minus the constant value t Se- f oil→SED . 3 Results

Optimization of the CFD parameters

The CFD parameters of the SED and the Si detector were varied, keeping in mind the rise time of the signals. At the output of NUMEXO2, the average rise time of the Si signals was between 100-300 ns, and that of SED signals was between 5-15 ns. Table 1 lists the variational parameters considered for the CFDs of the two detectors. Typically, depending on the parameters chosen for the CFDs of these two detectors, the expected ToF distributions of the heavy and light FFs from the 252 Cf source should reflect their velocity distributions as reported in ref [3]. The ToF distributions of the chosen for both the detectors. So are their corresponding dispersions σ T oF , integrals (I) (related to their number of counts), and the difference in their mean values ∆T oF (heavy-light). The ToF distribution of the FFs is shown in fig. 5a) for some arbitrary CFD parameters. Since the heavy FFs are slower than the light FFs, T oF (heavy) > T oF (light). For the parameters given table 1, 5760 combinations of (d, f ) pairs for the CFDs of the two detectors can be formed. For each of the combinations, the ToF spectrum was fitted with a two Gaussian function. For all the 5760 combinations, the σ T oF , I = σ T oF √ 2π of the heavy and light FFs are in fig. 5b and fig. 5c respectively. The ∆T oF (heavy-light) values found in each case by subtracting the mean ToF of light FFs from that of heavy counterparts are shown in fig. 5d. It can be a daunting business to look for the best parameters from these many combinations. So, it was necessary to constrain the search from the known physical characteristics of the 252 Cf FFs.

Physical Constraints

The mean velocities < v > and their corresponding σ v of the light and heavy FFs from 252 Cf are reported in ref. [3]. Given the distance between the emissive foil and the Si detector, their ToFs corresponding to < v > and < v > +v σ are given in the second and third columns of the table 2 which give a measure of their intrinsic ToF distributions as follows:

σ intrinsic = distance < v > - distance < v > +σ v
For the light and heavy FFs, σ intrinsic was found to be 0.464 ns and 1.031 ns respectively putting a constrain on the measured value as σ measured > σ intrinsic . The energy loss in the 0.9 µm thick Mylar foil at the exit window of the source and in the 45 • inclined emissive foil, however, cannot be ignored. Much broader intrinsic ToF dispersion values are expected if one includes the energy losses in the Mylar foils. To this end, SRIM [4] was used to estimate the energy loss by the FFs in the two Mylar foils (with an effective thickness of 0.9 + 0.9/sin(45 • ) = 2.17 µm). Using the < v >,< σ v > and mean masses < M > given in ref. [3], the projectile energies were calculated. In the SRIM calculation, Ag and Nd were used as the light and the heavy FF after correcting their masses per ref. [3] (M light = 108.39 amu and M heavy = 143.61 amu). Finally, from the energy of the transmitted ions, their velocities and ToFs were calculated (see table 2). The intrinsic ToF distributions of the 252 Cf FFs in our setup with and without energy loss correction are compared in fig 6. The σ intrinsic for the light and heavy FFs are now 0.61(2) ns and 1.30(3) ns, respectively. These values were set as the lower limits for the measured standard deviations of the light and heavy FFs with an additional condition that σ heavy > σ light . Also, note that ∆ToF(heavy -light) = 4.26(8) ns. The second constrain thus was set on the ∆T oF ( heavy-light) as 4.17 ≤ ∆T oF (heavy -light) ≤ 4.34. The third selection was on the integrals of light and heavy FFs. Since we expect to detect 50 % of the light FFs and 50 % of the heavy FFs, the integral ratio

I light
I heavy was constrained from 0.9 to 1.1. Using these three constraints, the first five sets of CFD parameters that minimize the σ measured of light and heavy FFs respectively are shown in fig. 7. In each case, the parameters are listed in the ascending order of σ measured . From this figure, one can immediately conclude that in the case of the signals from the Si detector, only short delays (d << rise time) are optimal for a CFD. Fig. 8 shows the time of flights of the FFs from the 252 Cf source measured using the first set of optimized CFD parameters given in fig. 7 as a function of their energies recorded in the Si detector and SED. In fig 8a, the two FF bumps of the 252 Cf are well resolved both in energy and time. On the contrary, in Fig. 8b, both light and heavy FFs record similar signal amplitude in the SED as the secondary electron emission yield is almost independent of the traversing ions kinetic energy. were calculated using the initial velocities (v i ) given ref. [3]. The superscript + represents the FFs with 1-Sigma velocity < v > + σ v . The energy losses (E loss ) in 2.17 µm Mylar were calculated using SRIM. Here, σ straggling refers to the devations caused by energy-loss straggaling. From the remaining energies of the transmitted ions, the final velocities (v f ) and the ToFs of the FFs were calculated. 

FF

Deconvoluting different components from the σ measured

The measured standard deviation is a convolution of the coupled resolution of the Si-SED system (σ Si-SED ), dispersion related to the instruments (σ electronic ), the σ intrinsic and the dispersion as a result of the slanted emissive foil (σ geometry ) :

σ Si-SED = σ 2 measured -σ 2 electronic -σ 2 intrinsic -σ 2 geometry (1)

Estimation of the contribution from the electronic chain

A pulser was used to measure this peak-broadening contribution from the associated electronics. The output of the pulser was split into two and then sent to the preamplifier of the Si detector and the AR8. Since the same pulser signal was fed into the two inputs of the electronic chain, the time displacements of the output signal can be related to our instruments. The average rise times observed in the SED and Si detector signals were 40 and 100 respectively. Similar to the ToF measurements as described in the previous section, for each combination of CFD parameters, the time difference of the Si and SED, ∆T(Si-SED) was taken and the resultant peak was fitted with a Gaussian function. The measured σ electronic for the 10 optimized sets of CFD parameters are shown in fig. 9. Note that for CFD parameters (20,5) SED , (20,10) Si , the Gaussian fit gave a significantly large σ electronic as the ∆T(Si-SED) distribution was not entirely Gaussian.

Geometrical contribution

The 45 • inclined emissive foil induced some differences in the trajectories of the FFs. The distance between the foil to the Si detector gradually either increases or decreases as we move away from the centre of the foil. The maximum change in the distance is related to the angle subtended on the circular Si detector. If we ignore the changes in the trajectories of the FFs due to energy straggling in the Mylar foils and assume that they follow a straight line from the source to the Si detector, the angle simply is θ = tan -1 (radius of the Si detector/distance between the source and the Si detector).

One can then perform a simple Monte Carlo calculation to estimate the dispersion in the ToF distribution of the FFs that is coming solely from the geometry. We have assumed a uniform angular emission of the FFs and the variation was limited to the range (-θ, θ). Since the Si detector is circular, we can simply vary the angle along a given axis and the effect on the ToF distribution will remain the same. We have attempted to add the effect of energy straggling of FFs in the Mylar foils on their ToFs after calculating the distance between the foil and the Si detector. In the SRIM calculations, the energy losses were found to be Gaussian with some dispersion σ straggling whose values are given in table 2. From the normal distribution of the remaining mean energy (E projectile -E loss ) with σ straggling , the velocities and hence the ToFs were calculated. We obtained an RMS of 0.255 ns and 0.346 ns for the light and heavy FFs respectively. After removing the contributions discussed above, the final coupled resolutions of the Si-SED system σ Si-SED at the light and heavy FFs for the optimized sets of CFD parameters are shown in fig. 10. Large error bars are mainly due to the uncertainty in the velocity of the FFs arising from neutron emission (see table 3). Considering these large error bars, σ Si-SED is identical for both light and heavy FFs as one would expect. In this study, the minimum σ Si-SED of 324 ± 148 ps obtained in this study is coherent with the values reported in the previous studies. However, this minimum value is still an upper limit as our list of sources affecting the ToF distribution is not exhaustive. For instance, we have not included the effect of the Aluminium backing of the Mylar foils, effect of the finite size of the collimator of the source (we assumed it to be point like to estimate the geometrical effects) and so on. So, to measure the σ Si-SED properly and more Table 3: Average uncertainties in the standard deviations of the measured ToFs of heavy and light FFs and due to our instruments were obtained from the fit. The uncertainties in the standard deviations due to energy losses in the Mylar foils were estimated assuming 10 % inaccuracy in the SRIM calculations.

The uncertainties due to neutron emissions were computed using the uncertainties in the velocities given in ref. [3] .

straightforwardly, it is necessary to test the system in beam.

Conclusion

A commissioning test of the SIRIUS tracker system coupled to a NUMEXO2 digitizer has been performed using a standard 252 Cf source. The timestamp of the SIRIUS data frame is insufficient for resolving the ions passing through the tracker system temporally. For this reason, digital CFDs were applied to the digitized signals from the NUMEXO2 to obtain a better time resolution. The CFD parameters were optimized by looking at the time-of-flight distribution of fission fragments.

The time resolution of the tracker+Si system is consistent with the requirement put forward by the SIRIUS physics program. The setup can resolve the fission fragments properly both in energy and time with proper CFD parameters. The time resolution of the Si-SED system obtained in this study agrees with the results from previous studies. This study demonstrated that without the timing signal from the Si detector it was still possible to obtain a decant resolution by applying digital CFDs to the NUMEXO2 traces.
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 1 Figure 1: A schematic of the working principle of the SED [2].
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 2 Figure 2: a) A schematic diagram of the setup. b) A picture of the setup where different elements are identified with corresponding labels.
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 3 Figure 3: In the plot of timestamp difference between the Si and the SED signals (a), the FFs of 252 Cf having the velocity distribution (b) [3] are not distinguishable.
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 4 Figure 4: Traces recorded from a) SED and b) Si detector.
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 5 Figure 5: a) ToF distrinutions of heavy and light fission fragments for (10,20) SED and (20,20) Si parameters, and the 2D plots of their corresponding b) σs, c) integrals and d) differences in their mean values (∆T oF ) for 5760 combinations of parameters.
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 6 Figure 6: Comparison of ToFs of before (blue) and after (red) energy loss correction in the Mylar foils. The errors were calculated assuming 10% uncertainity in the energy loss calculation in SRIM.
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 78 Figure 7: The first five sets of CFD paramaters of SED and Si detector that minimizes σ measured of a) light and b) heavy FFs.
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 910 Figure 9: σ electronic measured for the 5 sets of CFD parameters optimized for a) the light FFs and b) heavy FFs of 252 Cf.

Table 1 :

 1 CFD parameters

	Detector	d [ns] start stop step start stop step f [%]
	SED	5	20	5	5	80	5
	Si	10	50	5	5	50	5

heavy and light fission fragments are very much dependent on the CFD parameters (d, f ) detector

Table 2 :

 2 ToF i , projectile energies (E projectile ) of the light (108.39 amu) and heavy (143.61 amu) FFs

		v i	E projectile	E loss	σ straggling	v f	ToF
		(cm/ns)	(MeV)	(MeV)	(MeV)	(cm/ns)	(ns)
	light	1.375	106.05	20.48	0.23	1.2351	12.145
	light + 1.436	115.69	20.90	0.22	1.2999	11.539
	heavy 1.0360	79.77	17.60	0.28	0.9146	16.402
	heavy + 1.1154	92.46	19.15	0.28	0.9932	15.103

In the GANIL acquisition system, different frames are used depending on the instrumentation used in an experiment.
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