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Abstract

:

Enhanced proton acceleration to high energy by relatively modest ultrashort laser pulses and structured dynamic plasma snow targets was demonstrated experimentally. High proton yield emitted to narrow solid angle with energies of up 25 MeV were detected from interaction of a 5 TW laser with snow targets. The high yield was attributed to a carefully planned prepulse and microstructured snow targets. We studied experimentally the minimal energy requirements for the adequate prepulse and we are using PIC simulations to study the dynamics of acceleration process. Based on our simulations, we predict that using the proposed scheme protons can be accelerated to energies above 150 MeV by 100 TW laser systems.






Keywords:


proton acceleration; laser plasma interaction; ultrashort intense laser; laser acceleration; laser driven radiation therapy








1. Introduction


Proton acceleration by the interaction of an ultra high intensity laser beam with matter is very important for basic science and has several wide prospective applications, including cancer treatment, nuclear physics and astrophysics in lab, (see [1,2,3] for review). In recent years, several promising acceleration schemes were suggested and demonstrated, among them Target Normal Sheath Acceleration (TNSA) [4,5], Radiation Pressure Acceleration (RPA) [6,7] collisionless shock acceleration [8] and Break Out Afterburner (BOA) [9]. A variety of schemes aimed to increase the interaction efficiency were proposed such as mass-limited targets [10] and nano-structure targets [11,12,13]. The above accelerating schemes are optimized for interaction between the high intensity main laser pulse and a cold solid-density target, and are strongly degraded as the main laser pulse interacts with a pre-heated or ionized target caused by a prepulse. Therefore, a huge experimental effort is focused in reducing the energy in the prepulse, i.e., contrast ratio of the order of 10−11 for 100 TW laser system and even higher for more energetic systems.



Recently, we have demonstrated an alternative approach to laser-based proton acceleration by using a moderate power laser system and micro-structured snow targets [14,15,16]. These targets were engineered by depositing snow on sapphire substrates. It was shown that pre-formed plasma formed by a prepulse may be beneficial to the acceleration process [17,18]. Our experimental results [16] show that the energy of the accelerated protons scales with the power of the laser according to     E p  ~  P L  1 / 2     , like other schemes [19] (see Figure 1). Using structured snow targets and relatively low contrast ratio this scaling was demonstrated for significantly lower laser powers than the traditional schemes [14,18]. Moreover, in experiments that were carried out at laser system with high contrast ratio (short pulse prepulse with energy below microjoule), where the main pulse interacted directly with solid snow surface, the protons were accelerated to much lower energy [14,15,16]. The high proton energy can be attributed to combination of several effects: The improved laser absorption [18] and the interaction of the laser with mass limited plasma with density gradient induced by the prepulse lead to significant enhancement of its effective electrical field [16]. In addition, field enhancement at the tip of snow micro-structures and their curved surface may enhance as well the interaction, leading to higher proton energies.
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Figure 1. Energy scaling of the accelerated protons as a function of the laser power on target. The various points describe data obtained by many contributors (reproduced from [19]), the experimental results obtained with snow targets are marked by black circles. Results of PIC simulations are marked by blue diamonds (Reproduced with permission from [16]; published by American Physical Society, 2013). 
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Numerical 2D particle in cell (PIC) code simulations [16], with initial conditions given by the state of the plasma snow at the time of the interaction with the main pulse in the experiments, reproduced the obtained proton energy and explained the crucial role of the dynamic plasma produced by prepulse illumination of the snow target. For laser powers greater than 100 TW, the simulation predicts proton energy near 150 MeV.



In this paper, we further explore the role of the dynamic plasma generated by the prepulse in our approach to laser-induced proton acceleration based on snow structured targets and moderate power (<10 TW) laser systems. These aspects of the work are published for the first time. Section 2 describes the morphology of the snow targets and presents measurements of their optimal damage threshold (ODT) aimed to understanding and controlling the prepulse produced plasma parameters. Section 3 displays results of PIC simulations of the laser interaction with snow micro-structured targets, which support our proton acceleration approach. The paper is concluded in Section 4.




2. Properties of Microstructured Snow Targets


The snow structured targets were generated on liquid nitrogen cooled sapphire substrate on which water vapor was deposited. The snow structure is determined by parameters of growth conditions, such as pressure, flow velocity, and temperature, and by the nucleation centers [20,21].



The snow surface can be described as a highly structured surface with three roughness scales: (1) pillars in the scale of 100 μm; (2) spikes in the length of 10 μm on top of them; and (3) whiskers in the scale of 1 μm on top of the spikes. The distance between the structures is of the order of their roughness scales. A key factor determining the interaction of the main pulse with the snow target is how its highly structured surface is affected by prepulse or lower pedestals intensity levels irradiation, in particular, whether each roughness scale prevails and how steep of the plasma gradient generated by the prepulse is.



One of the parameters determining the state of the target after the interaction with the prepulse and the plasma density gradient at the interaction of the main pulse with the target is the Optical Damage Threshold (ODT). As it will be shown here, the ODT intensity level is lower than the prepulse intensity; however, it represents a lower limit for controlling the level of possible existing pedestal in the laser system. This feature is identified in the experiments reported here by irreversible change of the surface [22]. The ODT is a consequence of multiphoton followed by impact ionization of the snow [23,24,25,26]. The free electrons generated by ionization escape the target and due to charge separation they pull the ions out of the target.



In order to measure the prepulse influence on the microstructure targets with tens of femtoseconds gate resolution and a few microns for space resolution we used an imaging system and gating technique [22].



The measurements of the ODT of snow were performed at the Hebrew University High Intensity Laser Facility with a Ti: Sapphire laser based on Chirped Pulse Amplification (CPA) that can deliver peak power of 1TW in 50 fsec with 10 Hz repetition rate.



In order to determine the snow ODT, the laser energy on target was controlled using filters and reduced to the prepulse intensity level. The diagnostic method was strobe illumination by short pulse white light source and imaged at three times:

	
Before the interaction of the laser with the snow target.



	
7 ns after the interaction (around the delay between the prepulse and the main pulse).



	
At longer times, minutes after the interaction.








The target was imaged at these three times with a telescope system to a CCD camera placed outside the vacuum chamber. The diagnostic beam was part of the main beam that was used for generating super-continuum strobe, enabling gives a controllable delayed probing with fast gating at the time scale of the laser pulse duration. The measurements were conducted for various values of the laser fluence on target, in the range (0.1–3) J/cm2.



Three images were recorded for each laser fluence (Figure 2). The first image of the snow target, long before the interaction, was obtained by blocking the main beam and using the strobe alone. The second image, 7 nanoseconds after the interaction, of the order of the time duration between the prepulse and the main pulse of the laser system, was obtained using both beams of the laser, and the third image, long after the interaction, again by blocking the main beam and using the probe beam only.





[image: Applsci 05 00459 g002 1024] 





Figure 2. Strobe images of the snow microstructures at different laser fluences and at different times according to laser-snow interaction. (a.1–3) laser at 1 J/cm2; (b.1–3) at 0.45 J/cm2 and (c.1–3) at 0.35 J/cm2; (a-c.1) strobe image before the interaction; (a-c.2) an image 7 ns after the interaction and (a-c.3) long after the interaction, few minutes). 
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Damage was identified as irreversible change in the target surface and was identified by measuring the intensity as a function of distance along lines on the image. Using this processing procedure, we have seen that at fluence higher than 1 J/cm2 on target a definite damage has been occurred to the target, as can be seen in Figure 2 (a.1–3). At laser fluence on target less than 0.35 J/cm2 we could not see any damage with our imaging system and processing procedure (Figure 2 (c.1–3)). At fluence of the laser on the target of 0.45 J/cm2 we can hardly see any damage 7 nanosecond after the interaction (Figure 2 (b.2)); though long after the interaction due to thermal conductivity it is obvious that ablation occurred (Figure 2(b.3)). From this result, we concluded that the laser fluence threshold for optical damage ODT is around 0.4 J/cm2. this is in good agreement with a calculation the value calculated following Gamaly et al. [25].



Based on the above measured value of the damage threshold, the laser system that will be used for the future experiments with the micro-structured targets must suppress unwanted prepulse to below this level.




3. Particle in Cell Simulations of High Intensity Laser Pulses with Snow Whiskers


Numerical 2D PIC code simulations of the main laser pulse with the pre-formed plasma generated by the prepulse explain the role of the plasma density gradient and were found in agreement with the experimental scaling law shown in Figure 1. The increased proton energy may result from localized enhancement of the laser field intensity near the tip of the microstructured whisker. In addition, in the mass-limited whisker target mass-limited like phenomenon, i.e., the absence of a high density cold electron cloud in the vicinity of the whisker cannot compensate for the expelled electrons. The heated electrons remain in the vicinity of the positively charged whisker, and strong accelerating electrostatic fields are produced, pulling the protons out. The Coulomb explosion of the positively charged whisker, add longtime acceleration to the protons. A one dimensional fluid model, demonstrating the field enhancement by an order of magnitude by the local plasma density near the whisker tip, was presented in our previous work [15].



Aimed to optimize the laser-snow interaction and enhance proton acceleration, we conducted a multi-variables numerical study of laser-snow structured target interaction, using the 3D particle in cell (PIC) code TURBOWAVE [27,28]. We considered intense laser pulse interaction with snow whiskers with different sizes, aspect ratios from 1 to 100, planar and ellipsoid shapes, density from step-like solid density to under-dense plasma with smooth Gaussian density gradients. Electrons, protons and oxygen ions acceleration was examined for laser intensity in the range 2.5 × 1017 W/cm2 to 2.5 × 1021 W/cm2 for different angles between the laser propagation and the whisker axis of symmetry. Our simulations show that maximum proton acceleration may occur due to combination of optimal conditions of the whisker’s density gradient, surface curvature, aspect ratio and illumination conditions.



The laser spot size in our experiments was about 4–5 μm, therefore the laser spot may have interacted with one or sequentially with few whiskers, based on the SEM characterization of the snow targets [20,21]. Here, for simplicity, we consider interaction with a single snow whisker. Following the prepulse illumination, the whisker is partially vaporized and ionized hence a non-uniform plasma cloud is formed. To study the influence of plasma density gradients on proton acceleration we model the non-uniform plasma cloud composed of protons, triply ionized oxygen ions and electrons, as an ellipsoid. We assumed that the snow whisker consists of a solid core surrounded by gradually decreasing density plasma, such that the critical density region is located at a distance larger by about a factor of 10 than the width of the solid core. An ellipsoid shape density enables as well study of expected laser-snow interaction enhancement with curved surfaces, in particular near the tip of the whisker [15], extending previous studies that considered only spherical and cylindrical targets [29]. Figure 3 shows the electron density distribution and the laser beam before the interaction for one of the cases considered in our simulations. In this example, the high density part of the whisker, of 100·ncr, where ncr = 1.71 × 1021 cm−3 is the critical density at laser wavelength 0.8 μm, is an ellipsoid of the order of 0.1–0.2 µm width (minor axis) and 1–2 µm length (major axis), and the critical density contour is an ellipsoid of the order of 1–2 µm width (minor axis) and 10 µm length (major axis). Our simulations assume that the polarization vector of the laser electric field and the major axis of the whisker are in the same plane.
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Figure 3. Spatial distribution of the electron plasma of the whisker before the start of the interaction with the main pulse. The upper half of the whisker is displayed. The density of the plasma is logarithmic scaled by the critical density. One can see a central dense core, surrounded by gradually lower density region. The laser electric field is schematically shown and not to scale (Adapted with permission from [16], published by American Physical Society, 2013). 
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To explore the influence of the plasma density, density gradients and surface curvature we simulated the laser-whisker interaction for different values of whisker aspect ratios and density gradients. For comparison, we considered planar shape and constant solid density whiskers as well.



To obtain the scaling law of the protons energy with the laser intensity, our multi-parameters simulations considered different laser intensities in the range 2.5 × 1017 W/cm2 to 2.5 × 1021 W/cm2, corresponding to normalized vector potential     a 0  =   e · E   m · c · w      in the range 0.34 to 34. A laser pulse of 88 fs total duration with linear rise time and fall time of 32 fs each, wavelength λ of 0.8 μm and spot size of 4 μm was used in the simulations.



An example of the particles distribution at different times after the laser-whisker interaction is shown in Figure 4. The laser pulse at intensity 2.5 × 1019 W/cm2 (a0 = 3.4) propagates perpendicular to the major axis of an ellipsoid whisker of the type shown in Figure 5a with density gradient described before. The beam has Gaussian spatial distribution and its center is few microns above the middle of the major axis of the whisker (the center of the simulation box). The simulation region is 100 μm × 60 μm. Spatial density distributions of the electrons (left), protons (middle) and oxygen ions (right) are shown in Figure 5 at three different times, 212 fs, 424 fs and 850 fs. The laser pulse enters the simulation box from the left and hits the whisker at time t = 141 fs. As seen in the upper row of Figure 5, the electrons are accelerated by the laser’s pondermotive potential. Part of the electrons escape out of the initial plasma cloud, generating a spherical low density cloud with accumulation near the tip of the whisker, which induces charge separation and generates an electrostatic field. We notice that the density distribution is not fully symmetrical relatively to the minor axis of the whisker, as the laser hits the whisker above its center of symmetry and is reflected from curved surfaces. It is seen from the electrons density distribution that there is not clear distinction between the back and the front surfaces as there are mixed over the whisker's tip, unlike in the TNSA mechanism. The middle row of Figure 5 displays the particles density distribution at time t = 424 fs. It is seen that a significant part of the electrons have left the initial whisker cloud. The charge separation is higher and the protons are accelerated by the electrostatic field. The asymmetry relatively to the whisker’s minor axis is observed in the protons density distribution as well. The charge separation between the hot electron cloud and the positively charged whisker generates also an accelerating field in the lateral direction, and the total amplitude of the field is enhanced. At this time the heavier oxygen ions are starting to react to the electrostatic field and their density distribution is disturbed. The bottom row of Figure 5 displays the density distribution at time t = 850 fs. The electrons and protons distributions have highly expanded. The density distribution of the electrons near the two tips looks similar, their accumulation is reduced and decreases gradually over all directions. A sharp front is observed in the density distribution of the protons and the oxygen ions. Their upper side density distribution is wider. Few “hole”-like spots are seen in the protons density distribution. Charge separation between electrons and ions is maintained, continuing the protons acceleration, while the un-neutralized heavier oxygen ions remain behind and add a pushing field. At further longer times, the charge separation diminishes, the acceleration stops and the protons move at constant velocity.



Figure 4 displays the structure of the electric field at early time, 235 fs after the laser hit the whisker. At the bottom left corner the bright yellow region represents the electric field of the laser surrounded by a cloud of electrons. The field associated with the electrons is seen as an external weak region, due to the first part of electrons expelled out of the whisker and an inner spherical shell. Inside this shell, there is a double ellipsoidal shell associated with the protons front, outer shell and, inner shell with size similar to the whisker before the interaction, associated with the oxygen ions, that almost did not move by that time.



To emphasize the role of the special geometry and density gradient for the enhancement of laser-snow whisker interaction, Figure 6 shows four whisker shapes: Figure 6A is the whisker considered in the figures above; Figure 6B has ellipsoidal shape, to capture the effect of mass limited curved target, and constant solid density; Figure 6C is similar to A, but longer, to mimic interaction of the laser with plasma gradient, but planar surface; and Figure 6D has solid density and planar shape, similar to targets where the protons acceleration is driven by the TNSA mechanism.
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Figure 4. Spatial dependence of the electric field in units of a0 = 3.4, at 235 fs after the start of interaction of a laser pulse at intensity 2.5 × 1019 W/cm2 at 45° irradiation angle. 
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Figure 5. Spatial density distribution of electrons (left); protons (middle); oxygen ions (right) at times a-212 fs, b-424 fs and c-850 fs. The laser hit the whisker at 141 fs. Color map scale for density is logarithmic normalized to critical density. Vertical (x) and horizontal (z) coordinates are given in microns. 
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Figure 6. Various whisker models considered in the simulations, with the following properties: (A) ellipsoidal shape and density gradient; (B) ellipsoidal shape and constant density; (C) density gradient and approximately planar shape; (D) constant density and planar shape. X, Y axes are in μm. Color map scale is logarithmic normalized related to the critical density. 
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Figure 7. Simulated proton energy spectra for the cases defined in Figure 6. 
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The laser-snow whisker enhancement of the interaction, resulting from improved laser absorption, field enhancement near the tip and significantly larger charge separation for the case A, induces proton acceleration to much higher energies. The spectrum of the accelerated protons, calculated for the same laser intensity and irradiation angle, is shown in Figure 7, for the different whisker shapes shown in Figure 6.



The effect of the initial plasma whisker density gradient on the charge separation is further seen in Figure 8, comparing the electrons and protons distributions for cases A and B. At time about 320 fs after the start of the interaction, the electrons spatial distribution (Figure 8, left) is almost similar to the protons spatial distribution (Figure 8, right), resulting in much weaker charge separation.
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Figure 8. Electrons (left) and protons (right) spatial distributions obtained by simulation of the interaction of a laser pulse of intensity 2.5 × 1019 W/cm2, with ellipsoidal shape constant density whisker. X, Y axes are in μm. Color map scale is logarithmic normalized related to the critical density. 






Figure 8. Electrons (left) and protons (right) spatial distributions obtained by simulation of the interaction of a laser pulse of intensity 2.5 × 1019 W/cm2, with ellipsoidal shape constant density whisker. X, Y axes are in μm. Color map scale is logarithmic normalized related to the critical density.
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4. Conclusions


In conclusion, we have shown that our proton acceleration scheme might be a considerable improvement over alternative acceleration schemes, since it provides proton energies higher than anticipated based on TNSA with thin planar targets. Moreover, it requires lower energy laser system and relax the constraint of very high contrast ratio.



The targets were engineered by depositing snow on sapphire substrates, generating a microstructured morphology that can be controlled by two means: selective growth was achieved by deposition of artificial nucleation centers, while the lengths and shapes of the structures were controlled by varying the water vapor deposition rate. As in the acceleration mechanism considered here, the dynamic plasma generated by the pre-pulse is beneficial, aimed to understanding the properties of this plasma, we measured the ODT of the microstructured snow surface.



A multi-variables PIC simulations study was conducted to understand the above acceleration mechanism. Our findings are that the notably increased proton energy may be was attributed to a combination of several mechanisms, such as localized enhancement of the laser field intensity near the tip of the whisker, mass-limited like phenomenon and Coulomb explosion of the positively charged whisker. All these mechanisms are function of the shape, dimensions and local density profile of the snow whisker, the geometry of the irradiation and the laser intensity. Our simulations predict that 150 MeV protons needed for medical applications can be produced using a 100 TW laser system.



Further research will focus on experiments with more controlled and also periodic microstructured targets and explore the properties of their dynamic plasma generated by the prepulse. In addition, we are aimed to investigate whether this proton acceleration scheme could be applicable in proton therapy and other scientific uses.
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