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ABsTrRACT: The detection of radiation emission in laser induced plasma experiments is an helpful
method for gaining information on the physics of laser-matter interaction. Time-of-Flight (TOF)
approach is a powerful and effective method to obtain timely spectra of particles accelerated from
laser-generated plasma. To this respect, diamond-based detectors are very attractive due to their
interesting features such as fast signal collection time, signal proportional to the energy deposited
by the incident radiation, blindness to visible radiation, high radiation hardness and low leakage
current at room temperature operation. Unfortunately, they cannot supply discrimination on the
species of the incoming ions, but only their energies. This may be overcome using specific filtering
foils to exploit the different stopping powers of ions of different species and energies. In this work
we describe the method to distinguish particles using an array of TOF diamond detectors. A first
prototype array, consisting of 2x2 diamond detectors, nominally identical and featuring by aluminum
filters of different thicknesses, was developed and preliminary tested at PALS facility in Prague.

Keyworbps: Diamond Detectors; Instrumentation and methods for time-of-flight (TOF) spectroscopy;
Radiation-hard detectors
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1 Introduction

Thanks to the development of new and powerful lasers, in recent decades the technology of particle
acceleration using plasma generated by powerful lasers has made great progress [1, 2]. The interest
in this field comes from the possibility of generating, with a compact system, intense high-energy
bunches of particles that can be used for several applications such as diagnostics for cultural
heritage [3], radiobiology [4] and inertial confinement fusion [5]. The nuclear reaction between
protons and boron ions is one of the most promising in nuclear fusion research. This reaction has
been deeply studied [6-8] during the past decades. It uses the ''B isotope and a proton as the
catalyst for the fusion reaction, resulting in the production of three a-particles with a highly peaked
energy spectrum at ~4 MeV, spanning a wide energy range (up to 7 MeV in the laboratory reference
system) [9, 10]. The high interest in this type of nuclear fusion reaction (from now on p-!'B) lies
on its property of being essentially aneutronic and on the use of non-radioactive reagents, which
are also abundant in nature. Moreover, the p-'!B reaction has also useful implications in multiple
applications. In the medical field for example, with the so-called Proton-Boron Capture Therapy
(PBCT), approach where this reaction could improve the radiobiology effectiveness of a standard
protontherapy treatment [11-13]. Studies have shown potential application of the @ generated by the
reaction as medical radioisotopes for therapy, imaging and diagnostic purposes [14, 15]. Still, the
gamma rays emitted in the reaction can be exploited for online imaging and dose monitoring during
cancer treatment [16, 17]. In the last 15 years, p-!'B fusion has been effectively induced by means
of high-power lasers, reporting an impressive progression in the reaction yield [10, 18-20]. Several
experiments were carried out using the kJ-class, sub-ns PALS [18, 20] laser with hydrogenated boron
targets obtaining highest e-particle flux to date, i.e. above 10'%/sr/pulse. In the experimental study
of the p-'!'B fusion reaction, one of the critical experimental issue is the definition of a trustable
detector allowing to discriminate alpha particles from the other charged particles produced from
the laser plasma interaction [21]. Single-crystal diamond detectors are widely employed for the ion
diagnostic in laser-generated plasma experiments. In particular, diamonds are used as Time-of-Flight



(TOF) detectors characterized by good sensitivity, high radiation hardness and fast time response,
being blindness to visible radiation and having low leakage current at room temperature [22, 23].
The TOF technique makes it possible to derive the kinetic energies of accelerated particles by
measuring the time the particles take to cover the distance between the point of generation and the
detector. Nevertheless, the TOF technique, without any arrangements, is not capable to discriminate
alpha particles generated from p-'!'B fusion reaction from the laser-driven protons and ions. To
this respect, recent studies [24] have shown that solid- state nuclear track detectors, CR-39 type,
coupled with Thomson Parabola spectrometer prove possible to discriminate « particles from protons
and ions generated in the p-!'B fusion reaction. However, this is an off-line and time-consuming
method. In this work we present the design and implementation of a first prototype of an array
diamond detector. A relatively new and simple method for discriminating particle species consisting
of the combined use of obscured diamond detectors with material layers and TOF technique is
described. Such device was preliminary tested at PALS facility in Prague, using hydrogenated
silicon targets.

2 Materials and methods

2.1 Diamond detector array prototype

The prototype consists of an array of 2X2 diamond-based detectors named Diy, Dy, D7) and
Dy, (figure 1c), all operating in planar configuration [25]. Each detector was fabricated at
Industrial Engineering Department laboratories of “Tor Vergata” University as described below.
About 30 pm thick high-quality diamond layer was deposited by Microwave Plasma Enhanced
Chemical Vapor Deposition (MWPECVD) on a commercial low-cost synthetic diamond substrate,
3x3x0.3 mm? in size. The thickness of diamond detectors allows normally-incident protons up
to 2.2MeV and He ions up to 9 MeV to fully stop within its sensitive volume. The diamond
film was cleaned and thermal annealed at 500°C in air to remove hydrogen bond on the surface.
Interdigitated chromium electrodes were then realized by photolithography techniques and thermal
evaporation of chromium on diamond surface. The width and distance between the electrodes
are 20 pm as shown in figure 1a. The active area of detectors is about 1 mm?. The diamond
detectors were wire bonded on a dedicated PCB for electrical connections equipped with four
integrated bias tees (R = 1 MQ and C = 1 pF) for biasing each detector (figure 1b). They were
then arranged in a 2X2 array at 3 cm apart. The PCB was mounted inside an aluminum holder
featured by SMA connectors: 4 for output signals and 1 for the bias (figure 1c). An external
voltage of 60V was applied for all detectors. The detector outputs were connected to a fast
oscilloscope (4 channels) by low noise coaxial cables. The time resolution of each diamond
detector is less of 1ns, as obtained from detection of single 5.5 MeV « particle emitted by 2*! Am
source [26]. Aluminum layers of different thicknesses were placed in front of three diamond
detectors to provide different energy cut-off for different particles, thus to allow particle species
identification.
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Figure 1. Depiction of the interdigitated geometry of the detection unit (a). Schematic circuit diagram of the
prototype array (b). Picture of the prototype array with the housing (c).

2.2 Experimental set-up

The experiment was carried out at the PALS (Prague Asterix Laser System) facility of the Institute
of Plasma Physics of the Czech Academy of Science (IPP- CAS) in Prague (CZ) using the Asterix
Laser System operating at the fundamental wavelength of 1315 nm and delivering an average energy
of 6007 in a pulse duration of 300 ps (FWHM) on target [27]. The laser beam was focused onto
the target with a spot diameter of 80 pm and the laser intensity on target was ~10'® W/cm?. To
maximize the laser-plasma absorption, the laser incidence angle was 30°. The target used for the
experiment consists of hydrogenated silicon wafer, 10 pm in thickness, that will be called “SiH”
target. In more detail, the silicon wafer was firstly hydrogenated by means of an annealing thermal
treatment for 3 hours in an H-environment and cut in small pieces. After the laser-target interaction,
protons, silicon and carbon ions (originating from surface contaminations) would be generated and
detected by diamond detectors. The diamond prototype was placed at 30° respect to the target
normal direction and at a distance of 170.5 cm from the target.

2.3 Discrimination technique

The TOF signal generated in diamond detector results from the overlapping of the different ion
contribution reaching the detector at certain time, depending on their kinetic energy. In the particular
case of the p-'!B fusion reaction, the protons accelerated in the laser-target interaction and the
produced alpha particles in the nuclear reaction, can reach the detector simultaneously if their
energies follow the E,/E, = mq/m ratio. Alpha particles produced in p-'!B fusion reaction,
have a peaked energy ~4 MeV and reach the detector placed at a certain distance at the same TOF
values of protons having energies of 1 MeV. The use of layers placed in front of the detectors
might help in the discrimination, but only if the cut-off is independently measured. Therefore, the
use of different diamond detectors with different adsorbers in front of them is necessary. Indeed,
the concept of the discrimination technique is to use TOF measurements from diamond detectors
nominally identical but with specific material filters of different thicknesses. These filters are used
by exploiting the different stopping powers and ranges of ions of different species and energies
in order to have online discrimination of accelerated particles from the plasma. Here, aluminum
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Figure 2. Penetration capacity in aluminum of ion species for a range of energy per nucleon from 100 keV to
10 MeV. Data obtained using SRIM software.

has been investigated through the Stopping and Range of Ions in Matter (SRIM) software [28], as
shown in figure 2, where is reported the penetration depth of impinging ion species in aluminum
as a function of energy per nucleon from 100 keV to 10 MeV. However, discrimination is not always
possible. In fact, as can be seen from figure 2, it is clear that for low energy range it is difficult to
distinguish between alpha, boron and carbon ions, while it is possible to discriminate protons and
silicon ions. On the other hand, if we look at the energy range above ~2 MeV per nucleon, we see
that it is not possible to discriminate protons from alpha ions but it is possible to discriminate other
ions instead.

By the use of the Transport of Ions in Matter (TRIM) Monte Carlo computer program [28],
a more rigorous approach was used to investigate four different energy values for protons and
alpha to better understand their penetration depth spectra at fixed energy. The chosen energy
values are related by the factor m,/m;, ~4 and chosen in the region around 1 MeV for protons,
this being the value from where a possible discrimination between protons and alpha starts to be
challenging. Figure 3 shows the results of these simulations. In each simulation, 10* particles
(per type) were generated and impinged on an aluminum layer with a orthogonal path to the
surface and built histograms of the occurrences of the penetration depth at fixed particle energy.
As it can be seen, spectra of 500keV (figure 3a) and 750keV (figure 3b) protons appear well
separated from spectra of respectively 2 MeV and 3 MeV alpha particles. So using an appropriate
thickness of aluminum would allow a clear discrimination between the two species during detection.
For 1 MeV protons (figure 3c) there is starting to be a more pronounced overlap of the spectra.
Assuming a 15.5 pm aluminum filter is used, the contribution on total hits due to protons is
about 5%. For 2MeV protons (figure 3d), on the other hand, it is clear that the two spectra are
increasingly overlapping. Thus, an efficient discrimination between the two species of particles is
more problematic.
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Figure 3. Histograms representing the penetration depth spectra of protons and alpha particles for several
fixed energies on aluminum. Data obtained using TRIM program.

3 Results and discussions

To verify the uniform behavior of the four detectors, some shots were obtained in the naked
configuration, i.e. without any kind of aluminum layer. The results of one of these shots have
been shown in figure 4 (left). As it can be seen, the four diamond detectors, nominally identical,
return very similar and overlapping TOF signals. The TOF signal shows the time evolution of
particles reaching the detector after being emitted from the irradiated target. When the laser hits
the surface of the target, UV and X-rays are also generated. They cause the initial photo-peak clearly
visible at few ns, used as “starting time” of TOF technique. This is immediately followed by a tail
typically generated by low energy electrons. In contrast, the second part of the TOF signal is due
to a combination of fast protons, (peak around 100 ns), and heavier and slower ions (tail from 150
to 400 ns). The maximum proton energy was estimated to be around 2 MeV. The signal-to-noise
ratio was not optimized for the developed prototype. A dedicated device housing could certainly
improve the signal-to-noise ratio, giving better shielding the intense Electromagnetic Pulse (EMP)
noise presents in the experiment [29]. After verifying the uniformity of detection responsivity of
the four detectors in the array, three aluminum layers of different thicknesses, i.e. 10 pm, 15 pm
and 20 pm, were placed respectively in front of Dy, D3y, Dy and data taking was started with this
setup. An output of the four signals is shown in figure 4 (right). As expected, the signals from the
three filtered detectors show significant attenuation, especially for photopeak and the tail due to the
slow ions.
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Figure 4. TOF signals output from the prototype array in the configuration without filters (left). TOF signals
output from the prototype array in the configuration with aluminum filters (right).

From the data set obtained with the filtered configuration, the corresponding energy spectrum
was derived by converting times values to energies, i.e. %mi (ﬁ)z, where L is target-detector
distance. Energy values are normalized by the m; in order to have energy per nucleon values. From
the energy spectrum measured by Dy (unfiltered detector) three discrepancy curves were derived by
subtracting the spectra measured by Dj;, Dy; and Dy, as showed in figure 5 (left). Such spectra
represent the energies lost in the three aluminum filters by the impinging ions from which is possible
to estimate the cut-off energies. Plotting them against the nominally thickness of aluminum used,
is reasonable to compare these points with the plots obtained with SRIM software of the energy
of the ions against their penetration depth in the same material used for the layers. The maximum
and minimum energy errors for each experimental point are evaluated from the corresponding 20%
and 80% of signal in the cut-off range (see figure 5 (left)). This demonstrates how a fast detector
benefits in terms of energy resolution. As it can be seen from figure 5 (right), the three points
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Figure 5. Discrepancy curves between the unfiltered detector and the three filtered detectors signals (left).
Points representing the energy values corresponding to cut-off of the discrepancy curves plotted on the SRIM
software-generated curves (right).



appear to superimpose quite well on the curve expected for protons. This indicates that the ions
generated by the plasma and accelerated toward the detector are mainly protons and not Si or C ions,
which are both present in the target used in the experiment. This is surely true from energy above
0.75 MeV/amu. Indeed, at low energy range, a beveled peak due to contribution of heavy ions is
clearly visible around 0.15 MeV/amu.

This preliminarily analysis is meant to serve as preparation for a more complete future experiment
with rigorous and more satisfying data analysis. Indeed, the methodology reported in this work will
be used for the discrimination of alpha particles from other ions in the framework of laser-driven
p-''B nuclear fusion experiments.

4 Conclusions

An array detector prototype composed of four single-crystal CVD diamond detectors with an
interdigitated metal electrode, fabricated at the University of Rome “Tor Vergata”, was used to
carry on the study of the TOF technique for the diagnostics of laser-matter interaction products
obtained at the PALS facility in Prague with a laser pulse of an intensity of about 10'® W/cm?. In
this work aluminum was used as element to discriminate accelerated particles by their energy lost in
it. However, it is planned to study the same technique using other materials, not necessarily metals,
to increase the discretizing capacity of this system. In addition, increasing the number of detectors
in the array will increase the detector density and thus its efficiency and accuracy. Improving the
housing of the prototype detector array with better materials and design will enhance shielding from
the EMP, well present in plasma experiments. The preliminary results obtained in this work from a
first use of the prototype array detector appear useful for future works in further development of
this TOF technique for the purpose of discriminating different species of accelerated ions and the
products diagnostics of the promising p-''B reaction.
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