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CVD diamond detector with interdigitated electrode pattern for time-of-flight energy-loss measurements of low-energy ion bunches

Ion stopping experiments in plasma for beam energies of few hundred keV per nucleon are of great interest to benchmark the stopping-power models in the context of inertial confinement fusion and high-energy-density physics research. For this purpose, a specific ion detector on chemical-vapor-deposition diamond basis has been developed for precise time-of-flight measurements of the ion energy loss. The electrode structure is interdigitated for maximizing its sensitivity to low-energy ions and it has a finger width of 100 µm and a spacing of 500 µm. A short single α-particle response is obtained, with signals as narrow as 700 ps at FWHM. The detector has been tested with α-particle bunches at a 500 keV per nucleon energy, showing an excellent time-of-flight resolution down to 20 ps. In this way, beam energy resolutions from 0.4 keV to a few keV have been obtained in an experimental configuration using a 100 µg/cm 2 thick carbon foil as energy-loss target and a 2 m time-of-flight distance. This allows a highly precise beam energy measurement of δE/E ≈ 0.04-0.2 % and a resolution on the energy loss of 0.6-2.5 % for a fine testing of stopping-power models.

The stopping power (dE/dx) of ions in ionized matter 1,2 is a central issue in high-energy density physics (HEDP) 3 and, foremost, in inertial confinement fusion (ICF) [4][5][6][7][8] . However, a systematic experimental database is still missing and precise measurements of the energy loss of ions in plasma are required in order to benchmark the theoretical stopping-power models. The largest differences between the stopping predictions of various models are reported near the stopping-power peak, for projectile velocities comparable to the velocity of the thermal electrons in plasma 1 . This maximum is of special importance as it gives rise to the Bragg peak of energy deposition in a given target, yet measurements in this parameter range are very scarce 9,10 .

Experiments aimed at measuring the ion energy loss close to the stopping-power peak in plasma are considered at CEA-DIF on the 4MV Van-De-Graaff accelerator facility in combination with the GCLT (Générateur de Chocs Laser Transportable) laser system. In these experiments, a 100 µg/cm 2 thick carbon foil is heated by two laser beams to a hot and highly ionized plasma state. For the achievable plasma temperatures of few tens to few hundred eV relevant for ICF and HEDP, the stopping power for interacting projectile ions peaks at beam energies of few hundred keV per nucleon. Hence, the plasma is probed by a bunched beam of α-particles in this low energy range. The ion energy loss in plasma is measured using the time-of-flight (TOF) method. This requires a detector with excellent timing properties for precise TOF measurements, a sufficient radiation hardness to withstand an important ion flux, a sufficiently large detection area, and an optimized sensitivity to low-energy ions. Here, these conditions are fulfilled by a detector on chemical-vapor-deposition (CVD)-diamond basis.

CVD-produced diamond features remarkable properties in terms of radiation hardness, sensitivity, high time resolution and fast time response. These characteristics, associated with suited low-noise broadband electronics, make CVD-diamond an ideal material for both high-rate single particle counting and ion TOF applications 11,12 . This is why, during the past 20 years, CVD-diamond has been increasingly used for ion detection in particle accelerator facilities, in atomic, nuclear and HEDP experiments [13][14][15][16][17] as well as for beam monitoring and heavy ion dosimetry 18,19 . TOF resolutions in the order of 20-40 ps have been reported 13,14,16,17 .

CVD-diamond detectors used in previous experiments on the energy loss of ions in plasma 10,20,21 are described or are similar to the ones presented in Ref. 22 . As in these latter works, the diamond film is here chosen to be polycrystalline. In contrast to single-crystal CVD diamond, polycrystalline CVD diamond is indeed available in larger areas and is more cost-effective. Nevertheless, it features a lower charge-collection efficiency (CCE) notably due to charge trapping at the grain boundaries 23,24 .

The detectors used in previous experiments are based on a plane capacitor electrode (or "sandwich") geometry, with metalization on both sides of the diamond film. This configuration results in a uniform electric field accross the sample and in a charge transport normal to the electrodes. It is therefore most suited to the detection of ions that have a range in diamond larger or similar to the film thickness. In this way, the ion energy deposition as well as the ionization density are uniform in the diamond volume, which leads to an optimized charge collection and time resolution. For example, in the energy-loss experiments of Ref. 20,21 , the projectile ions have an energy of 4 MeV per nucleon and a range in diamond around 22 µm, and the diamond films are 20 µm thick 22 . In contrast, in Ref. 10 , where the energy loss at the stoppingpower peak is measured, the detected ions have a lower energy of 500-600 keV per nucleon. Then, the ion range in diamond is only about 3 µm, while the diamond thickness is 13 µm. In this case, polarization effects due to a non-uniform energy deposition in the sample are likely to generate a significant space charge that degrades the charge collection and, thus, the signal amplitude [25][26][27][28] . Therefore, even if the recorded bunch signals did permit a sufficiently precise energy-loss analysis, the time resolution of the measurements was not optimal for these low-energy ions using this detector geometry.

In order to ensure highly precise TOF measurements at projectile energies of a few hundred keV per nucleon for the energy-loss experiments at CEA-DIF, we have developed a different CVD-diamond detector based on a coplanar electrode geometry. In this alternative configuration, the electrodes are interdigitated and are both patterned on the same surface of the diamond film, while the other surface is not metallized. Then, the electric field remains close and nearly parallel to the diamond surface, which causes a charge transport parallel to the surface. Hence, the detection efficiency is optimized near the detector surface, which is well-suited to low-energy ions whose range is comparable to the field depth. A coplanar electrode geometry is all the more relevant for polycrystalline diamond when patterned on the growth surface as it restricts charge transport to the diamond region where the grains are largest in size.

The interdigitated electrode geometry has shown promising timing performances in the detection of αparticles [29][30][31][32][33] and it has also been successfully applied in the detection of UV and X-ray radiation as well as in charged-particle TOF spectroscopy [34][35][36][37] . In contrast to the sandwich configuration, the CCE and, thus, the pulse height response, is non-uniform accross the active diamond surface due to the non-uniform electric field profile. To a lesser extent, pulse amplitudes are also influenced by charge-trapping effects due to the polycrystalline nature of the diamond. However, in our experiments we consider bunch signals averaged over at least several hundred single-ion pulses.

The detector has been assembled and characterized at CEA-LIST. Its layout and electrical circuit are presented in Fig. 1. The diamond is a free-standing optical-grade polycrystalline film supplied by Diamond Materials 38 . It has a total area of 23×23 mm 2 and a thickness of 300 µm. The electrode fingers are made of a 200 nm thick aluminium layer. They were patterned using a standard photolithography technique on the diamond growth surface, where the grain size is estimated to be around 60 µm. The electrodes have a finger width of 100 µm and a spacing of 500 µm. The active detector area is 20×20 mm 2 , which was chosen according to beam transport simulations using the Monte-Carlo toolkit GEANT4 39,40 . Such area indeed guarantees the detection of at least few hundred ions per bunch for the experimental beam and target parameters described below (see Fig. 5). In order to minimize the capacitance value and thus the signal width, the electrode pattern is split in four equal segments of 10×10 mm 2 . According to the model by Olthuis et al. 41 , each segment features a capacitance value of 6.2 pF. Combined with the 50 Ω impedance of the signal transmission line, this leads to a detector decay time of 315 ps. This short time response, combined with the expected experimental bunch width of 1-2 ns at full width at half maximum (FWHM), provides access to narrow signals and therefore a high TOF resolution. The metallized diamond substrate was fixed on its printed circuit board (PCB) using araldite glue. The contacts of the electrode segments and of the ground were bonded to the PCB tracks with silver loaded resin. Finally, the device was mounted within an aluminium housing.

The current-voltage curve of the detector, measured under vacuum, is displayed in Fig. 2 for the four segments and for voltage values between -400 V and +400 V. As is shown, the leakage current has negligible values smaller than 150 pA. The detector was characterized in terms of transient current signals and of CCE distribution using α-particles at 5.486 MeV energy from an uncollimated 4 kBq 241 Am radioactive source, located at a distance of 10 mm from the detector surface. The measurements were carried out in air, as tests in air and in vacuum turned out to deliver very similar results. The data were FIG. 4: a): charge collection efficiency (CCE) spectrum for one detector segment (S1) and bias voltages of -300 V and +300 V, normalized to a reference spectrum obtained with a 100 % CCE single crystal CVD diamond detector. b): normalized charge collection spectrum measured after 50000, 100000 and 150000 events, corresponding to roughly 5, 10 and 15 hours of irradiation with the α-particle source.

the charge collection process over time is illustrated in Fig. 4b, showing the measured charge collection spectrum after irradiation times of approximately 5, 10 and 15 hours which correspond to 50000, 100000 and 150000 detected events respectively. These data demonstrate that there is no degradation of the charge collection over time due to polarization in diamond. Due to the slightly higher efficiency using the positive bias configuration, the detector is always operated with a bias voltage of +300 V in the following.

It can be noted that due to the broad CCE spectrum and the relatively low average CCE value, measurements with the detector require sufficient ion statistics for obtaining exploitable signals as well as for reaching the reported timing properties. This is why the detector is only suited for measurements implying a sufficient statistical sample of events, e.g. using ion bunches with hundreds or thousands of particles. But it is not necessarily appropriate for measurements with single ionizing particles, that may induce strongly varying signal amplitudes and timing characteristics depending on the position where they impinge on the detector. It should also be noted that the 5.486 MeV energy α-particles used for the detector characterization have a range in diamond of around 13 µm, as can be estimated using the SRIM stopping database [START_REF] Ziegler | The Stopping and Range of Ions in Matter[END_REF] . As α-particles for the energies of interest of few hundred keV per nucleon have a range of only a few micrometers in diamond, transient signals as well as CCE spectra are likely to differ for these projectiles.

The detector has been tested at the 4MV accelerator facility of CEA-DIF, where proton and α-particle beams in the 0.5-4 MeV energy range can be generated. We used α-particles at 500 keV per nucleon energy (total energy E = 2 MeV) as projectiles. The beam was bunched with a 5 µs period using a newly implemented field-programmable gate array. The beam current was of few hundred nA, which resulted in an ion fluence on the detector of around 5×10 6 cm -2 s -1 . In a laser-induced plasma, the target conditions vary significantly over a nanosecond time scale. Therefore the bunches, of originally 10-15 ns width, are shortened to 1-2 ns at FWHM with a Mobley compression system [START_REF] Mobley | [END_REF] . The beam energy resolution from the accelerator source is of the order of δE/E ≈ 10 -3 . In the beam-plasma experiments, the ion energy loss in the target is determined by comparing the TOF of the bunches that interact with the solid target or with the plasma and those that propagate in vacuum.

Here, we evaluate the detector TOF resolution by measuring the bunch signals after propagation in vacuum. Then, we present an example of TOF measurement after an approximately 2 m distance following the ion interaction with a carbon foil of 100 ± 1µg/cm 2 thickness and 1.3 g/cm 3 density. According to the GEANT4 simulations, the ion energy loss in this target is ∆E = 143.9 keV, with a straggling in energy at 1σ of 7.0 keV. It can be noted that the energy loss of 2 MeV energy α-particles in the aluminium electrode of 200 nm is estimated to be 54 keV, i.e. 2.7 % of the beam energy, which has a negli- shown in Fig. 3 is also plotted for comparison, its amplitude being normalized to the one of the shown bunch signal in vacuum. The signal amplitude with the target tends to be lower due to the angular straggling but no strict comparison can be done due both to possible fluctuations of the source and to the spatially non-uniform detector pulse height response. The analysis of the bunch signals in vacuum gives an estimation of the optimum detector resolution. On the other hand, bunch signals after the target are convoluted with the straggling functions specific to the considered target, which leads to a degraded measurement resolution. For the considered TOF measurement using ion bunches, the TOF resolution is defined as the fluctuation of the measured bunch period. As the TOF of one bunch is given by its signal center of mass, the TOF resolution δt is evaluated using the 1σ fluctuation of the centers of mass of two consecutive bunch signals t i and t i+1 . The distributions of the measured t i+1 -t i are displayed in Fig. 7 for 200 bunch signals coming from 5 distinct measurement series of 40 bunches each. All the data discussed in the following are averaged over these measured 200 bunches. Fitting the distributions of t i+1 -t i with Gaussian functions, the TOF resolution is determined as

δt = σ(t i+1 -t i )/ √ 2.
The energy resolution δE is deduced knowing the projectile energy E, its velocity v and the TOF distance d, using the relation δE/E = 2 δt v/d. For the bunches propagating in vacuum (Fig. 7a), we obtain a TOF resolution δt vac = 20 ps, which gives an estimate of the intrinsic time resolution of the detector. This value corresponds to an excellent energy resolution δE vac = 0.4 keV of the ions at the target position, which represents 0.02 % of the projectile energy E. This value is better than the energy resolution from the accelerator because only a limited interval of ion energies is detected due to the enhanced beam divergence with the Mobley compression, together with the small detector solid angle. On the other hand, the TOF resolution obtained with the carbon target (Fig. 7b) is approximately δt tar = 40 ps, which corresponds to δE tar = 0.7 keV. Hence, the degradation of the resolution due to the straggling is moderate and we still resolve about 0.04 % of the ion energy. Consequently, we obtain an excellent resolution on the ion energy loss ∆E in the solid target of δ ∆E = δE 2 vac + δE 2 tar ≈ 0.8 keV, or 0.6 % of ∆E. The data are summarized in Table I. In the energy-loss experiments with the plasma, the beam collimation is necessary due to the small diameter of the laser focal spot on the target of 0.5 mm compared to the diameter of the incoming ion beam of around 5 mm at FWHM. Therefore, one pinhole is required before the target position in order to guarantee quasi-monodimensional plasma conditions seen by interacting ions, and another pinhole is required after the target position for restricting the detector solid angle to the ions that have interacted with those uniform conditions. GEANT4 beam transport simulations accounting for the beam emittance allowed to find an optimum configuration with a 0.5 mm diameter pinhole located 30 mm in front of the target and another 0.3 mm diameter pinhole positioned 30 mm behind the target (see Fig. 5).

A similar analysis of the detector signals is performed for the collimated beam and the results are also shown in Table I. The signal amplitude and width at FWHM are reduced due to collimation. The TOF and the energy resolutions obtained in vacuum are comparable to the ones found without collimation due to sufficient ion statistics. However, with the target the signal-to-noise ratio is significantly decreased owing to a 80 % smaller ion collection on the detector due to angular straggling as indicated by the GEANT4 results. Consequently, the TOF resolution is degraded to δt tar = 150 ps, which leads to a resolution of δE tar = 3.5 keV on the ion energy. This still corresponds to a highly precise measurement of 0.17 % of the ion energy and it leads to a resolution of δ ∆E = 3.6 keV or 2.5 % on the ion energy loss ∆E.

In conclusion, our detector permits an excellent TOF resolution down to 20 ps for α-particle bunches at 500 keV per nucleon energy. This is comparable to the resolutions reached with high-energy ions and a plane capacitor electrode geometry. The discrepancies of up to 30 % in the stopping-power predictions around the stoppingpower peak in a laser-induced plasma 1 lead to energy-loss differences of at least several tens of keV for the considered carbon target. The energy-loss resolution of a few keV or less obtained from TOF measurements using our detector clearly enables to distinguish these differences experimentally and, thus, to benchmark the stoppingpower models. Therefore the detector satisfies the requirements for the energy-loss experiments at CEA-DIF.

It can be noted that a few studies report a worse radiation hardness of diamond compared to silicon for low-energy ions 26,45 . However, in our case possible polarization effects due to radiation damage are mitigated by the interdigitated structure. The absence of polarization effects can be noticed from the stability of the charge collection over time shown in Fig. 4b. This is also corroborated and reinforced by the fact that no signal degradation was observed in our experiments with ion bunches after a flux of 10 10 -10 11 ions cm -2 on the detector. In view of the non-uniform electric field profile due to the interdigitated structure and in particular in order to understand the relatively small measured CCE values, a more detailed characterization of the detector response will be performed. For this purpose, measurements using the Ion Beam Induced Charge (IBIC) method 46,47 as well as the Transient Current Technique (TCT) 48 for beam energies around 500 keV per nucleon are planned. In this way, the CCE and the temporal pulse response will be mapped accross the detector active surface for the exact projectile conditions of the experiment. This will enable us, with the help of simulations of the electric field, to optimize the electrode geometry and, thus, the measured bunch signals.
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 1 FIG. 1: a) Picture of the diamond film with its electrode pattern. b) Picture of the assembled detector. c) Scheme of the electrode pattern, made of four distinct segments, and of the circuit for signal transmission.
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 23 FIG. 2: I-V curve for the four detector segments measured under vacuum.
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 56 FIG. 5: Setup for the test of the detector on the 4 MV accelerator facility.
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 7 FIG.7: Distribution of time differences t i+1 -t i between two consecutive ion bunches for a series of 200 bunches from 5 distinct measurement series. The data are shown for a propagation in vacuum (a)) and for a 2 m propagation after beam slowing down in the carbon target (b)). Each distribution is fitted with a Gaussian function for estimating the corresponding bunch TOF resolution.

TABLE I :

 I Mean signal amplitude, width at FWHM as well as TOF (δt) and energy (δE) resolutions obtained for bunch measurements in vacuum and with a 100 µg/cm 2 thick carbon target and a 2 m TOF distance, as well as resolution on the measured energy loss in the target δ ∆E . The data are presented without and with beam collimation respectively.

	No collimation Amplitude Width δt	δE	δE/E δ∆E δ∆E/∆E
	Vacuum	2.4 V	1.4 ns 20 ps 0.4 keV 0.02 %	-	-
	Target	1.9 V	1.9 ns 40 ps 0.7 keV 0.04 % 0.8 keV 0.6 %
	Collimation Amplitude Width δt	δE	δE/E δ∆E δ∆E/∆E
	Vacuum	0.3 V	0.9 ns 40 ps 0.8 keV 0.04 %	-	-
	Target	0.09 V	1.8 ns 150 ps 3.5 keV 0.17 % 3.6 keV 2.5 %
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