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Executive summary
The coupling of high-intensity laser light to plasmas has been widely investigated in the last decades. Apart from fundamental interest in laser produced plasmas, it has important implications for inertial confinement fusion (ICF), laser plasma accelerators and high-field nonlinear optics. Laser absorption in plasmas includes various phenomena, such as collisional and resonance absorption, density profile and particle distribution modification, filamentation, and growth and saturation of laser plasma interaction (LPI) instabilities. In the context of ICF, the above instabilities are of serious concern, in particular stimulated Raman scattering (SRS) and stimulated Brillouin scattering (SBS), as they scatter away a substantial fraction of the incident laser light, resulting in a reduction in the laser to x-ray efficiency and modification the x-ray drive symmetry and production of fast electrons that can preheat the fuel. In the last decade laser plasma interaction (LPI) and the various related instabilities are receiving renewed interest, related to Shock Ignition (SI). SI is based on a short high intensity laser pulse to drive an additional shock which collides with the rebound of the compression shock and induces the creation of a hotspot and the ignition of the fuel. The intensity  of this short pulse is  , an order of magnitude higher than the laser intensities used in direct or indirect drive ICF and above the threshold for parametric instabilities. is the laser wavelength.
Early theoretical studies (Thomson and Karush, 1974) predicted a decrease in LPI instabilities due to broad laser bandwidth, while recent particle- in- cell (PIC) simulations (Zhao, 2015) of the role of bandwidth in the context of SI reveal a more complex picture. Suppression of instabilities due to driver bandwidth was observed experimentally in micro-wave plasma experiments (Obenschain and Luhmann, 1977). However, experiments on the influence of laser bandwidth on the LPI instabilities have not been reported. 
In this proposal we aim to investigate experimentally the effect of finite laser bandwidth on LPI instabilities in underdense plasmas related to SI. We propose experiments with two laser systems at similar plasma conditions, with different bandwidth specifications: 1) The 30 J, 500psec, narrow bandwidth laser facility at Soreq, Israel, and 2) The 30 J, 400 ps, broad bandwidth laser beam at CLPU, Salamanca, Spain. The program presented here will benefit from the already existing collaboration with other research groups, the Hebrew University group of Prof. A. Zigler, and will open collaboration opportunities with University Bordeaux-CNRS-CEA group of Prof. D. Batani, and the CLPU group of Dr. L. Volpe, at Salamanca, Spain.         

Abstract
Shock ignition is a relatively new scenario in inertial confinement fusion (ICF) and proposes to ignite pre-compressed fuel with a strong shock launched at the end of the implosion phase by a short laser pulse with intensity   , a factor of 10 higher than the laser intensities used in ICF. At these intensities strong laser plasma interaction (LPI) instabilities and hot electrons generation take place. Stimulated Raman scattering (SRS) and Brillouin (SBS) scattering, laser filamentation (FI), two-plasmon instability (TPD) and other parametric processes affect the coupling of the laser to the plasma. As these instabilities were recognized as a threat leading to lower than expected ablation pressures in experiments with planar and in particular spherical targets, it is highly important to explore ways to control or suppress them. In the past decades, several methods have been proposed to suppress LPI instabilities, most of them rely on temporal and spatial beam smoothing. Here we address the effect of large laser bandwidth on mitigation of LPI instabilities in underdense plasmas.  To explore experimentally the effect of finite laser bandwidth on SRS in underdense plasma, we propose to conduct experiments with two lasers with different bandwidth, the narrow bandwidth system at Soreq NRC, Yavne, Israel and the broad bandwidth laser at CLPU, Salamanca, Spain. The experiments will be conducted at the same plasma conditions and laser intensity, but dramatically different bandwidth. We are expecting a substantial suppression of instabilities and decrease in fast electrons flux in the experiments with broad bandwidth laser.
The experimental and theoretical teams will work jointly on the following: 
· Characterization of laser and plasma parameters required to design the experiments. This will involve theoretical modeling and numerical simulations.
· Development and build of diagnostics for measuring the plasma parameters, scattered light and fast electrons.
· Study of the instabilities growth rates and intensity thresholds as a function of laser and plasma parameters using the developed diagnostics and models.
The outcome of this proposal would be:
· Improved understanding of the role of parametric instabilities and collisional processes in coupling of high intensity lasers to plasmas.
· Proof of principle demonstration of the possibility to re-open the way to the use of longer wavelength lasers, at least for the final spike in SI ICF, lowering the laser energy requirements.
· Training of young scientists in the disciplines of experimental and theoretical plasma physics, light-matter interaction, atomic physics, high intensity laser systems and numerical simulations.      



Scientific background
The coupling of high-intensity laser light to plasmas has been widely investigated in the last decades. Apart from fundamental interest in laser produced plasmas, it has important implications for inertial confinement fusion (ICF), laser plasma accelerators and high-field nonlinear optics. Laser absorption in plasmas includes various phenomena, such as collisional and resonance absorption, density profile and particle distribution modification, filamentation, and growth and saturation of parametric instabilities. These instabilities can be described as resonant coupling of the incident laser light into two other waves. These phenomena depend on the properties of the laser, i.e. intensity, wavelength, bandwidth, pulse duration and length coherence, as well as on the composition of the plasma. 
In the context of ICF, the above instabilities are of concern, in particular stimulated Raman scattering (SRS) and stimulated Brillouin scattering (SBS), as they degrade the target compression efficiency.  Electron Landau damping from SRS instability produces fast electrons that can preheat the fuel and reduce the gain of a laser fusion target. The SBS can scatter away a substantial fraction of the incident laser light, resulting in a reduction in the laser to x-ray efficiency and modifying the x-ray drive symmetry. 
 In the last decade laser plasma interaction (LPI) and the various related instabilities are receiving renewed interest, related to Shock Ignition (SI). Shock ignition (Betti, 2007) is an alternative of ICF, which proposes to separate the phases of the fuel assembly and ignition, aiming to improve the robustness and efficiency, and relaxing conditions on the degree of compression and illumination symmetry with respect to standard direct or indirect drive. SI is based on a short high-intensity laser pulse to drive an additional shock which collides with the rebound of the compression shock and induces the creation of a hotspot and the ignition of the fuel. The intensity  of this short pulse is  , an order of magnitude higher than the laser intensities used in direct or indirect drive ICF and above the threshold for parametric instabilities.  is the laser wavelength. Therefore strong parametric instabilities are expected, SRS, SBS, two-plasmon decay (TPD) and filamentation instability (FI).  Like in traditional ICF, the scattered laser due to SBS increases the total reflectivity, the wave generation associated with SRS induces generation of fast electrons, and absorption may take place in the underdense plasma far from the critical density. The pre-heat of a precompressed fuel by fast electrons is a less important issue in the SI context. Nevertheless, it is important to understand the processes and the interplay among them dominating the interaction with the ignition pulse with large scale coronal plasma and temperatures of several keV.  Recently, development of these instabilities in the context of SI were calculated, in particular using particle-in cell methods (Klimo, 2010 , Weber, Riconda, 2015), but experimental studies of LPI instabilities are scarce.   
SBS occurs when the incident laser light scatters decays into an ion acoustic wave and a scattered light wave. The incident reflected field, EL, interacts with initial density fluctuation n and produces a transverse current proportional to n∙EL. This transverse current produces a reflected light wave with a field ER. The ponderomotive force due to the incident and reflected light waves ELER/8, can enhance the density fluctuation n (Lee, 1995). Because of the smallness of the ion acoustic frequency compared to the laser frequency, the SBS is not limited to a narrow density region and it may occur in the whole volume of the underdense plasma, being a very efficient process in plasma with long gradient scale length. SBS can develop in forward and backward directions. The SBS in the backward direction reflects part of the laser light. 
 SRS occurs when the incident laser light interacts with the plasma, stimulating a scattered down shifted light wave and an electron plasma waves. SRS is not restricted to backscattering, and may also scatter the photon into forward and sideward directions. 
Two plasmon decay (TPD) instability occurs when the incident laser light decays into two electron waves. The frequency of the two electron waves is approximately   . The matching conditions for TPD are satisfied in a relatively narrow plasma region.
Parametric decay (PD) is the decay of the incident photon into a phonon, i.e. an ion acoustic wave running inwards, and a plasma wave, running outwards in opposite direction. The phonon has low frequency, and the plasma wave frequency is close to the incident photon frequency and the phonon with low energy mainly serves to conserve the momentum. PD is an absorption process, which may occur close to the critical surface.
Filamentation instability (FI) occurs when a small hot spot in the laser-intensity profile undergoes self-focusing as a result of thermal, ponderomotive, and/or relativistic effects. Upon electrons are expelled from the filament, lowering the plasma density and causing the laser to focus more tightly. This induces an unstable feedback loop where a tighter focus leads to higher intensity and more density depletion. Eventually, the instability saturates through diffraction effects, thermal absorption, or laser light scattering by SBS and SRS instabilities.   
In terms of the plasma density gradient, the absorption processes and instabilities occur in the following regions: Brillouin scattering, filamentation and inverse bremsstrahlung occur at below critical density, while Raman scattering and two-plasmon decay occur at and below quarter critical density. At near quarter critical density, both SRS and TPD can grow, saturate, create ion waves, and density fluctuations. Then the waves cease to satisfy the wave-matching conditions, the profiles relax, allowing the process to re-initiate.
More than one parametric instability may occur at the same location in a plasma, and these can interact with each other. Experiments investigating the interaction of SRS and SBS showed a strong correlation between the quenching of SRS plasma waves and the initiation of SBS ion waves (Walsh, 1984). In addition, experiments showed that the spectrum of backscattered light from SRS depended on the presence of SBS (Baldis, 1989). A time dependent "Raman gap" was observed in the spectrum of SRS, associated with regions of electron density from ~0.18 to 0.25 ncr.
Influence of finite-bandwidth on LPI instabilities
Because of the deleterious effects of above instabilities, ways to control or modify them in order to increase threshold values and decrease growth rates were considered. One possibility to do this is to increase the driving laser frequency bandwidth. Early studies (Thomson, Karush, 1974, Thomson, 1975) described the physical mechanism related to the influence of bandwidth on instabilities.  The instability generally has a finite resonance width.  In the linear stage, the instability width is equal to the linear growth rate . The pump laser has a bandwidth  Laser frequencies outside the instability bandwidth will be unable to drive density perturbations. Therefore, the important parameter related to the instabilities development is the ratio  of the instability growth rate to the pump bandwidth. If this parameter is less than unity, the laser bandwidth can affect the instability. As the laser power is distributed over a region, only a fraction, is available to drive the instability. Therefore the effective laser power is decreased by this factor, thus increasing threshold values and decreasing growth rates. The growth rate of the parametric process for a pump with bandwidth is   , i.e. a reduction by. In the large bandwidth limit   it was shown that the effect on the bandwidth on the threshold and growth of instabilities is not dependent on the specific mechanism responsible for producing the finite bandwidth pump (Thomson, 1975). In the opposite limit,   the growth rate of the instability  is unaffected.
The effect of finite-bandwidth driver on parametric instability was considered by Thomson and Karush (1974) and threshold levels and growth rates for parametric decay and two-stream instabilities were found to increase and decrease respectively, compared to the coherent case. 
Estimates of intensity, wavelength and bandwidth scaling of SBS using kinetic simulations were reported also by Estabrook et al., 1981.  
Effects of finite bandwidth driver pumps on the parametric decay instability and production of fast electrons produced by parametric instability was investigated in a microwave experiment simulating laser plasma interaction (S.P. Obenschain et , 1977, S.P.Obenschain, 1977). The results of these experiments were consistent with predictions that the instability behaved as if only the power contained within the resonance width were applied. 
The effect of bandwidth on convective Raman instability in inhomogeneous plasmas was investigated by Guzdar et. (1991). They showed analytically and numerically that there is no effect of the bandwidth on the convective amplification, as the reduction in the homogeneous growth rate due to bandwidth is compensated by an increase in the interaction region, such that the convective amplification is unaffected. Nevertheless, it was later shown by Wu, 2000, using particle-in-cell simulations, that the convective loss induced by plasma inhomogeneity can be eliminated with an ultrabroad bandwidth frequency modulated (UBFM) pump pulse when the moving velocity of the matching point induced by the frequency modulation equals the group velocity of a daughter wave. This case was predicted earlier by Andreev, 1977. Furthermore, it was shown that a chirped pulse can also reduce the growth rate of the instabilities, and that the temperature of fast electrons can also be controlled by selectively enhancing or reducing the intensity of the parametric instabilities with properly selected UBFM pump parameters. Control of SRS and hot electrons production using chirped laser pulses was suggested also by Dodd and Umstadter, 2001. It was found that a linear frequency chirp with 12% bandwidth can eliminate Raman forward scattering for a plasma density of 1% the critical density.
Effects of large laser bandwidth on SRS instability in underdense plasma was calculated recently using PIC simulations by Zhao et al, 2015. These simulations (Zhao, 2015) confirmed the earlier analytic studies, showing that the linear growth of SRS can be suppressed considerably, if the laser bandwidth is larger than the SRS linear growth rate. Moreover, it was shown that by choosing proper frequency modulation parameters or decreasing the linear growth rate of SRS, the inhibitory effects become more obvious. At electron temperature of 1 keV, the SRS can be suppressed considerably with 10% bandwidth (Zhao, 2015). At plasma electron temperatures over 5 keV the laser bandwidth can increase the time duration for linear growth, but cannot diminish the instability completely.





Objectives and Outcomes
The proposed research is a combined experimental and theoretical campaign with the following objectives:
· Characterization of optimal laser sources and targets for measurements of LPI instabilities.
· Development of diagnostics for temperature, plasma density and plasma scale length characterization.
· Experimental demonstration of the effect of bandwidth on the growth of LPI instabilities. 
· Modeling the laser target interaction using our hydrodynamic code and aiming to account the effects of instabilities.
· Training young scientists. 
The outcome of this proposal would be:
· Improved understanding of LPI instabilities and how they are affected by bandwidth.
· Improved understanding of the role of collisional processes and parametric instabilities in laser plasma coupling and how do they compete.
· Experimental demonstration of the effect of bandwidth on the growth of LPI instabilities. 
· Exploring the possibility to increase the laser intensity in ICF studies by use of broad bandwidth lasers, and re-open the way to use longer wavelength lasers, at least for the final spike in SI approach.
· Training of young scientists in the disciplines of:
· Plasma physics (experimental and theory)
· Laser plasma interaction
· Atomic physics   
· Numerical simulations.
· Strengthen and open new collaboration with leading research groups in Israel and around the world. 



Detailed Program 
The research program proposed here relies in a synergy of theoretical and experimental campaigns at three laboratories, Soreq NRC, Hebrew University High Intensity Laser Lab (HUJI-HIL) and Centro de Laseres Pulsados (CLPU), Salamanca, Spain. The theoretical part will include standard radiation-hydrodynamic simulations and simplified models to describe the LPI instabilities. The experimental campaigns will be aimed to investigate the effect of finite laser bandwidth on SRS instability in underdense plasmas related to ICF and SI. Measurements of laser plasma instabilities relevant to ICF and ignition hohlraums were done in the past and are being conducted in the context of SI (Rousseaux et al., 1992, Fernandez et al., 1997, Hinkel et al., 2011, Batani, 2014a, Batani, 2014b, Anderson, 2013). Most of the laser facilities dedicated to ICF studies, have narrow bandwidth, and the bandwidth effect on the growth of LPI instability hasn't been addressed experimentally. Here we plan to explore this issue with two laser systems with different bandwidth specifications: The first is the 30 J, 500 ps, 1.06 m, narrow bandwidth laser at Soreq, and the second is the 30 J, 400 ps, 0.8 m, broad bandwidth at CLPU. The laser HUJI-HIL will be used for diagnostic development, in particular interferometer for plasma density measurements and x-ray detector for fast electrons detection.  By varying the bandwidth and frequency modulation for different laser intensities and plasma parameters (density, temperature, scale-length), our aim is to search for an efficient inhibition control of SRS growth.  
In order to choose the plasma conditions we made preliminary estimation of the growth rates of the various LPI instabilities. In table 1 the growth rates and threshold intensity values for the various instabilities are given. It is seen that for laser intensities of  , the growth rates are of the order of 1012 s-1, therefore during laser pulses of nanosecond or several hundreds of picosecond duration these instabilities may manifest themselves. Moreover, these qualitative estimates and experiments (Fernandez, 1997, Hinkel, 2011) indicate that the instabilities result in enhanced light scattering and hot electron generation from intensities as low as 1013 W/cm2 and they become the dominant effect in the laser absorption for intensities above 1015 W/cm2. 

	Process
	Driven wave 1
	Driven wave 2
	Electron density
	Growth rate 

	SRS
	Scattered light
	Electron plasma
	
	

	SBS
	Scattered light
	Acoustic
	
	

	TPD
	Electron plasma
	Electron plasma
	
	

	PD
	Electron plasma
	Acoustic
	
	

	FI
	Modulated light
	Zero-frequency acoustic
	
	



Table 1: Laser-driven instabilities (adapted from Drake (2006). 

Estimate of the growth rates in table 1, calculated for laser wavelength , laser intensity , electron temperature 1 keV, and aluminum plasma with Z = 5 are < 1ps. Therefore, the instabilities, if present grow extremely rapidly on the ns time scale of typical laser pulses.
Based on the above theoretical studies on the influence of the laser bandwidth on the LPI instabilities and on the 5-10 % bandwidth of the CLPU, well above the estimated growth rates displayed in Table 1, we expect to observe significant difference in the LPI instabilities development in experiments with the two laser systems. 

Experimental methods
Laser-Plasma Instabilities (LPI) are mainly governed by the following parameters: Intensity on the target, laser pulse duration, Z of the target, laser wavelength, and laser bandwidth.
LPI dependence on laser bandwidth was not extensively studied and our research would be focused on it. This study relies on comparison of the instabilities created by different bandwidth lasers, when all other experimental conditions relevant to LPI are similar.
Plasma characterization include: pinhole camera imaging, wideband spectral measurements (Hurvitz 2012), and spatially resolved crystal spectrometer line measurements to characterize plasma density and temperature (Louzon 2011, 2012). At HU we also have an interferometer for electron density measurements.
We propose the following ways to examine the instabilities:
· Backscatter measurements – power and spectrum
This would allow to differentiate between Raman backscatter at wavelengths much longer than the laser ω0, Brillouin backscatter which is closer to ω0, and 3/2ω0 scattering from the 1/4 nc surface.
· X-rays measurements at 1-30keV
Laser plasma interactions are expected to create deviation from a Planck distribution, with contributions to relatively intense x-rays, up to 30keV.
· Fast electron spectral measurement
Fast electrons are produced by plasma electrons wave associated by Raman scattering.

Experimental Infrastructures
The collaborating PIs offer a sound infrastructure to conduct the proposed research. Experimental frame at Soreq NRC relies on the plasma laboratory nsec Nd laser system at 1064nm. Output energy at the first harmonic is up to 30-100J. At the pulse duration of 0.5nsec pulse energy is limited due to optical focusing and damage considerations and can reach 30-40J. Such pulse can be focused down to a diameter of 50m. The 1064nm pulse can be frequency doubled to give 532 nm radiation at almost the same pulse duration.
Diagnostic package includes both x-ray and visible diagnostics, needed for diagnosing the laser pulse, the created plasma, and the SRS and SBS backscatter. Fast electron spectrometer is developed with the help of the HU group.
Laser diagnostics include energy measurement, temporal profile, and 2D image of near-field and far-field. 
Plasma x-ray diagnostics include pinhole camera, an absolutely calibrated transmission grating spectrometer (TGS, Hurvitz 2012), and a crystal spectrometer (as described at Louzon 2012). All the above x-ray diagnostics are time integrating. Plasma temperature can be measured using the TGS, which has a wide spectral range (80-3500eV) and 1D spatial resolution. 
Raman and Brillouin backscatter measurements include energy measurements of each kind of backscatter separately, and spectral measurements using a 550mm 1200lines/mm spectrometer (Jobin-Ivon TRIAX 550).
Hebrew U. laser system is a Ti-sapphire fsec laser at 800nm. When pulse is uncompressed it can deliver 0.5J at 300psec, which can be focused down to less than 10m diameter. When focused, this laser can produce LPI conditions similar to those at CLPU, but with spherical geometry instead of planar. Diagnostic tools include (apart from the above mentioned Soreq tools) keV x-ray diagnostics (crystal spectrometers and single photon detectors for the 1keV-30keV energy range) and interferometric capability.

International collaboration
Prof. A. Zigler has long term collaboration with Prof. Luca Volpe, from University Bordeaux CNRS-CEA and Salamanca, Spain. Recently Soreq group joined this collaboration in the area of laser plasma instabilities. are willing to offer their expertise in x-ray diagnostics and simulations as well as in planning, preparation and realization of experiments on LPI instabilities.
The experimental frame at CLPU relies on the uncompressed beam of the VEGA 3 laser system. VEGA laser system is a unique fsec Ti-Sapphire PW laser system, built by the pan European ELI project. This laser system consists of 3 beamlines: 20TW, 200TW and 1PW. All beamlines are perfectly synchronized due to the fact that they start at the same femto source. The VEGA 3 beamline should reach 1PW peak power: 30J at 30fsec pulse, but the pulse compressor wasn't built yet; therefore the pulse duration is now 400psec. The advantages of such powerful lasers do not only lie in the possibility of obtaining a tight focus but on the possibility of obtaining large interaction areas, with diameters of 50m to several hundreds of microns. Spectral bandwidth is 40-60nm (5-7% of the center wavelength), enabling the investigation of the effect of a finite laser bandwidth on stimulated Raman scattering. 
Diagnostic package includes both x-ray and visible diagnostics, needed for diagnosing the laser pulse, the created long-scale plasma, and the SRS backscatter. In addition to the diagnostic package at the Soreq facility, the CLPU has various time dependent X-ray diagnostics.

Research Plan
The experiment would be carried out in the three laboratories in order to cover the desired plasma and laser conditions and allow comparison between narrowband (Soreq) and wideband (H.U. and CLPU) lasers.
1. Optimal laser source for induced Raman scattering
a. 	Soreq: Nd:YAG 1064nm narrowband laser, temporal pulse shaping to reach 500ps   	pulse with maximal energy (~30J).
b. 	H.U.: Ti:Sapphire 800nm wideband laser, 300ps uncompressed beam.
c. 	Soreq+H.U.: Characterization of both systems for similar intensities at target (in the 	range 1014W/cm2 - 1015W/cm2).
2. Soreq + H.U.: Plasma generation and general characterization of its dimensions (optical and 	x-ray imaging).
3. Detailed plasma characterization
a. 	Electron density profile
1. 		Soreq: Line ratio of He-like Al targets.
2. 		H.U.: Interferometry.
b. 	Electron temperature profile
1. 		Soreq: Line ratio of dielectronic recombination of He-like Al lines.
2. 		H.U.: X-ray continuum in 1-30 keV range.
c. 	Soreq+H.U.: Spatial resolution of electron density (Ne) and temperature (Te).
4. Measurements of laser back reflection light (Raman, Brillouin, 3/2ω)
a. 	Development of diagnostic tools. 
b. 	Measurements of Raman, Brillouin, and 3/2ω as a function of laser intensity 		(parameter study). 
5. Theoretical and computational effort (Soreq)
a. 	Radiation-hydrodynamic simulations of laser plasma interaction for plasma 			characterization. 
b. 	Simplified models for LPI instabilities growth rates calculation
c. 	Integrate model for LPI instabilities accounting into radiation-hydrodynamic 			calculations. 
6. Comparison of the results with CLPU experiments


Time Plan
 
	
	Task
	Responsible

	1st Year
	Soreq Laser source shaping
	YE

	
	Soreq & HU laser characterization
	YE, AZ

	
	Initial plasma characterization
	YE, AZ

	
	Radiation-hydrodynamic simulations of laser plasma interaction
	ZH

	2nd Year
	Soreq & HU Detailed plasma characterization
	YE, AZ

	
	Development of diagnostic tools
	YE, AZ

	
	Simplified models for calculating LPI instabilities growth rates and thresholds
	ZH

	3rd Year
	Measurements of laser back reflection light
	YE, AZ

	
	Comparison with CLPU experiments
	AZ

	
	Integrate model for LPI instabilities 
	ZH

	
	
	



Table 2: Schedule of the research plan

Budget
The PI are expected to work on the proposal:
AZ : 20% 
YE: 20%, ZH:20% 
Below is a preliminary estimate of the requested budget (in NIS)

	
	1st year
	2nd year
	3ed  year

	Salaries (MSc Student- 50kIS + Project Student-30kIS)
	80000
	80000
	80000

	Dispensable Supplies and experimental parts:
Mechanical workshop, Optics (mirrors, filters, lenses)
	100000
	120000
	120000

	X-ray and optical detectors, Electronics
	90000
	70000
	70000

	Students travel
	16000
	16000
	16000

	Other: Documentation, Books, PC
	12000
	12000
	12000

	Overhead (15%)
	52000
	52000
	52000

	Total (NIS)
	350000
	350000
	350000



Table 3: Budget of the research plan
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Salamanca, March 18th 2016 



Dear Pazy foundation, Tel-Aviv

The Centro de Láseres Pulsados (CLPU) is a Spanish National laser facility centre whose aim is to drive fundamental scientific and technological research in Spain through international collaboration in addition to encouraging the spread of technological development at a national level. Our research is focused mainly on the study of laser-driven plasmas dynamic, laser-driven particle sources, high order Harmonics and X-ray radiation.  

Recently we started a scientific collaboration with SOREQ in activities related to laser-driven plasma dynamic with emphasis on the characterization of the parametric instabilities.  In particular we are comparing large and short bandwidth effect on plasma parametric instabilities. It will make possible experimentally comparing two different narrow bandwidth system (Soreq) and broad bandwidth CLPUs that will be using similar geometrical and temporal (0.5 (Soreq) and 0.3 CLPU nsec) pulses - thus approximately similar intensity but with dramatically different bandwidth.  We are expecting a substantial suppression of instabilities, this will provide a possibility to use much higher laser intensities without generation of very high fluxes of fast electrons. 
Therefore we strongly support your proposal by offering our expertise in X-ray diagnostics , numerical simulation and actively participating to the planning, preparation and realization of the related experiments.  We will also offer experimental time at our facility for joint experiments in this field. 
Best Regards 

Luca Volpe 
Director of the CLPU Chair at the USAL
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 Selected Invited Presentations at International Conferences 
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4. 2008 The XIII International Conference "Laser Optics 2008". St.Petersburg, Russia
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6. 2009 The Sixth International Conference on Inertial Fusion Sciences and Applications 
7. 2010 Advanced Accelerator Concept Workshop Annapolis MD, USA 
8. 2010 3rd International Symposium on Filamentation  Crete, Greece,
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f. Proton acceleration from snow targets  Max Born Institute Berlin 	            				2011-2013 
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Organisation of International workshops and conferences
French Israeli Symposium on Non linear Optics  		2000- 2013
( advisory committee, permanent)
Annual meeting of Israel Physical Society, Jerusalem, Israel – 2001   	(meeting coordinator)
Conference on “Superstrong Fields in Plasma” Varenna, Italy  - 2010  	 (program committee)
   	3rd International Symposium on Filamentation  Crete, Greece, 2010      	(program committee)
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4th International Symposium on Filamentation Tucson, Arizona 2012  	(program committee)
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Major contributions to early careers of excellent researchers 
During my academic career I have mentored and stimulated 20 M.Sc and 15 PhD young researchers. They have integrated into various academic as well as hi tech positions. In particular Dr. G. Marcus, Dr. Y. Erlich, Dr. M.Fraenkel, Dr. M.Inon, Dr.Y.Glick  are holding faculty positions in universities and permanent research positions in research institutions in Israel. Dr. D.Kaganovich holds a permanent position as Senior Researcher at Naval Research Lab at Washington DC, USA. Dr.D.Hashimshony, is the founder and President of Dune Inc. Dune Medical Devices is a privately held company with offices in the US, Israel and Switzerland and employs tens of young researchers in Israel including my former students like Dr.I.Getner.  Dr.S.Eisenman is a founder and CEO of HIL Medical Inc a start up company that employs several young researchers. My current group includes 4 PhD students and 3 M.Sc students. Annually, few undergraduate honor students perform independent research in my laboratory in conjunction with ongoing research projects.

Main Scientific Contributions
 Origin of K-alpha radiation in laser produced plasma. During his Ph.D work he has found that the origin of K-alpha radiation in laser produced plasma is due to the presence of hot electrons deviated from the thermal distribution (ref 4). This method is widely used today by many laser produced plasma labs for measuring fast electrons.
Spectroscopy of heavy highly ionized atoms. In later years his research was focussed on the study of spectra emitted by highly ionized heavy ions. In particular a complex spectra emitted by the heavy, highly ionized atoms were collected and analyzed by calculating the bound-bound emission from a local thermodynamic equilibrium plasma. The total transition array of a specific single-electron transition, including all possible contributing configurations, was described by only a small number of super-transition-arrays (STA’s). The method allows interpolating smoothly between the relatively simple average-atom (AA) results and the detailed configuration accounting that underlies the unresolved transition array method. It was shown that under certain plasma conditions the contributions of low-probability transitions can accumulate into an important component of the emission. In these cases, detailed configuration accounting is impractical. On the other hand, the detailed structure of the spectrum under such conditions is not described by the AA method. The application of the STA method is widely used for interpretation of laser-produced plasma experiments as well as of radiative properties of stellar plasmas.  (see ref 9,12,14,17,23,30,31,37,39,43,57) . Some of the publications were highly cited (above 220).
Guiding of ultra high laser intensities by plasma channels – electron acceleration. 
The next major contribution was development of ablative capillary discharges. This approach was used as X-ray laser medium (ref 46, 52, 54,62, 75 and 148). In parallel in 1996 these slow capillary discharges were used for demonstration of optical guiding of a high intensity, up to 1019W/cm2 laser pulses in a long (up to 25cm) cylindrical plasma capillary channel. Optical guiding in a curved plasma (radius of curvature = 10 cm) was also demonstrated. Results show guiding of many tens of vacuum diffraction lengths in both straight and curved channels, in agreement with theory and simulation. In 2000 these channels were proposed as medium for achieving multi-GeV electron energies in the laser wakefield accelerator (LWFA) since it is necessary to propagate an intense laser pulse long distances in plasma without disruption. It was shown that electron energies of similar to GeV in a plasma-channel LWFA can be achieved by using short pulses where the forward Raman and modulation nonlinearities tend to cancel. Further energy gain can be achieved by tapering the plasma density to reduce electron dephasing. It was also demonstrated that energy depletion can be overcome using multistage capillary discharges.  More than 30 publications in the related subjects were published and widely cited, for example ref 88 was cited more than 200.  In the recent years a modified version of the capillary discharge was used by other group for the experimental demonstration of electron acceleration above GeV. 
Conversion of Electrostatic to Electromagnetic Waves by Super-luminous Ionization Fronts –Generation of THz radiation.
Another area of investigation was a new approach for generation of THz radiation.It was achieved by the conversion of static electric fields to electromagnetic radiation by the incidence of a superluminous ionization front on plasma. For extremely superluminous fronts, the radiation is close to the plasma frequency and is converted with efficiency of order unity. A proof-of-principle experiment was conducted using semiconductor plasma containing an alternately charged capacitor array. The process has important implications in astrophysical plasmas, such as supernova emission, and to laboratory development of compact, coherent, tunable radiation sources in the THz range. Tunable radiation in the range from 0.1 to a few THz by the interaction of a superluminous photoconducting front with an electrostatic 'frozen wave' configuration in a semiconductor is reported. The interaction converts the energy contained in the 'frozen wave' into THz radiation, whose frequency depends on the energy in the laser pulse creating the superluminous front and the wavelength of the static wave. Power scaling as a function of the electrostatic 'frozen wave' energy was obtained. The capability of the concept to act as a narrow or wideband, tunable and powerful THz source was demonstrated. Using THz source we have measured the dielectric properties and thickness of thin semiconductor epitaxy layers by the reflection of THz radiation from the surface of a two-layered semiconductor wafer. The reflection from two interfaces the electromagnetic pulse has a destructive interference at a specific wavelength dependent on the thickness of the outer layer and its dielectric function. Near that frequency the reflection coefficient has a significant drop. By extending the incident pulse spectrum to include this interference frequency, a measurement of the thickness was obtained together with a direct measurement of the carrier number density. By this technique epitaxy layers of thickness down to a few microns were characterized (ref 103,110,111,114,121,122,126).
Propagation of high laser intensities in atmosphere. 
Propagation of high power femto-second laser pulses in the atmosphere has been observed to self-channel in air and to propagate as narrow light filaments over distances from several tens to several hundreds of meters. This propagation is the result of a dynamical equilibrium among many effects, including Kerr self-focusing, diffraction and plasma defocusing.  For laser intensities of 5x1013 W/cm2 a plasma column with electron density of 1016 - 1017 cm-3 is created in the wake of the self-guided pulse.  We have proposed a simple method that allows obtaining a single and highly stable filament, out of a high-power pulse which would otherwise generate a random multiple filamentation patterns. We also have demonstrated that the location of the initial air breakdown can be controlled by forming stable filamentary structures in air due to the replenishment phenomena. The developed control techniques produced very stable single or multiple filaments with an angular stability of 10-5rad. The ultra-short (femtosec) lasers can generate plasmas at desired locations and distances of several km in the atmosphere, the lifetime of the plasma plume is too short to be of interest because of limits in the pulse energy.  The ultra-short (femtosec) lasers are not sufficiently powerful to initiate air breakdown at distances of several kilometers in the atmosphere.  A new approach based on the use of a combination of ultra-short pulse laser and a long pulse laser was developed.   The ultra-short pulse is deployed first to create ionized channel at desired location by multi-photon ionization.   It is then followed by a long pulse that maintains the plasma channel at a controlled temperature level.  This technique can generate plasma channels remotely at realistic timescales for the development of leader stroke with controlled characteristics of ionized filaments generated launched into the atmosphere with many applications, among which the two most spectacular are lightning control and laser-assisted water condensation. Ref. 142,153,162,167,168, 177. The works on laser filamentation are highly cited.


Proton acceleration
Laser powered acceleration of protons is considered to be a key technology in the development of compact source for hadron therapy of cancer.  An advanced concept for proton acceleration based on the field enhancement by micro-structures was proposed ref 165,166  . The target exhibits an enhanced absorption of laser energy by snow deposited on Sapphire targets. Using modest level ultra short laser facility (<1018W/cm2) and snow deposited targets, my group has demonstrated production of 10MeV protons  ref 173 and recently using more powerful system 25MeV ref 182. This points to an order of magnitude increase of the maximal proton energy (namely to 100MeV level) with high intensity lasers of 5∙1019 W/cm2). We also have shown that the scaling laws of the protons energy is similar to the TNSA-scheme, but shifted to lower laser energies. This pioneering work proved that protons can be accelerated by modest energy lasers, with all the important implications to possible future realizations. 
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