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Purpose of the visit of Dr. Redaelli Renato 

The purpose of my visit at the Institute of Physics of the Chinese Academy of Sciences, Beijing , China was to perform experiment using the new laser facility Xtreme Light XL-III and to prepare datas analysis for a joint publication of interest for the European program of 'Super-intense laser-matter interactions'. Moreover  my mission was to strenght the collaborations between our european groups and the Chinese community that is working very actively in the field of Fast Ignition and laser fusion. In particular i was interacting with J.Zhang the rector of the Jao Tong University in Shanghai were is taking off (already supported 100%) a PetaWatt laser facility that will be open to european community also for fundamental research.

- Description of the work carried out during the visit
In the framework of our collaborations i visited, for a few days, in the first leg of my trip the Raman Institute of Jadavpur University in Kolkata India. With the group of Jadavpur University we have an ongoing collaboration on the physics of superintense laser plasma interactions. At Raman Institute they are developping numerical codes that we are going to use in the near future to fit the experimental datas and get new insight in the knowledge of the physics related to fast ignition. In Beijing laser labs i performed several measurements and the results are described below. 


- Description of the main results obtained
Introduction

The knowledge of the physics of fast electrons transport processes is crucial for fast ignition scheme
 (FI) of the Inertial Confinement Fusion
. The success of FI, in fact, depends on the generation of hot electrons, their collimation, transport, and eventual stopping in the overdense region of the plasma. The estimation of hot electron stopping length and factors affecting it, are therefore, extremely important. In ICF a number of ns laser distributed on a spherical symmetry are focused on a small spherical target containing the nuclear fuel; the ablation of the outer material induces a shockwave propagating toward the centre of the target, compressing it to very high density and heating it to the high temperature that fulfil the nuclear fusion requirements. Another way to obtain nuclear fusion is to compress the target and to heat only a small portion of it. This is possible, for example, by focusing a ps o fs laser in the region of plasma corona after compression: such a short-pulse laser accelerates fast electrons which propagates to the core of the target, where they deposit their energy. In this scheme, lower energy and also less restrictive conditions for the symmetry of compression are required.  Several experiment have been performed both on solid and laser compressed targets in order to study electron transport processes; as large intensities (of the order of 1017 W/cm²) are required in order to accelerate fast electrons, short-pulse (of the order of ps) laser have been used. In the meantime, faster and faster laser system have been developed, reaching pulse durations of the order of tens of femtoseconds. In this experiment we investigate the production and propagation of fast electrons accelerated by a 50 fs laser pulse focused on a solid target, with an intensity of 1019 W/cm². Different materials (plastic, aluminium, copper) and different thicknesses (from 10 to 70(m) have been used for the targets in order to investigate the penetration ranges and the role of density and electric conductivity. All targets have at least 10(m of copper on the rear side: the propagation of fast electrons through this layer causes the emission of Cu: K( line. With a spherically bent Bragg crystal, it is possible to obtain on a CCDX a spectrally and spatially resolved image of the Cu:K( spot on the target. From quantitative analysis and with the comparison with other experiments, we found that the collected signal were due to the laser pre-pulse, which has the same characteristics of the main pulse but with about 10% of the energy and of the intensity. The penetration ranges found for plastic, aluminium and copper are compatible with the fast electron temperature of 150 keV, obtained from resonant absorption scaling law using the intensity of the pre-pulse. From experimental values of penetration depths, it is possible to find the conductivity of the material using a relation by Bell. The obtained conductivity values for plastic and aluminium are compatible with a temperature of the target of 5eV, using tabulated data and existing models. The efficiency of conversion from laser energy to fast electron energy has been evaluated to be of the order of 1% with respect of the pre-pulse energy. Considering the intensity obtained by the pre-pulse, this result is in agreement with experiments performed with other laser system. In the present experiment we measured the spot size and the integrated signal as a function of  the thickness (or  aerial density) of the targets for copper, plastic and aluminium using 2D Cu:K( as main diagnostic. The detection of emitted ions and the measurements of their energy were used as crossed reference for fast electron average energy, which can be also estimated from laser intensity. Our aim was the determination of the penetration ranges of  fast electrons in different materials and to compare  them with only collisional  values, in order to understand the relevance of collective (electric) effects. From the range of penetration it is possible to estimate the electrical conductivity, whose value can give information about the target temperature during the interaction. Finally, analyzing quantitatively the various processes involved in Cu:K( detection, it is possible to go back to the total energy of the fast electron beam and so to the laser-fast electrons efficiency of  conversion.
Targets
We used three types of targets: one is a single-layer of copper, two are multi-layers with copper and plastic or aluminium :
· copper, 10, 25 and 35 (m

· aluminium 10, 40 and 70 (m + copper 10 (m

· gold 0.1 (m + plastic 10, 40 and 70 (m + copper 10 (m
The gold layer is used to generate the hot electrons by laser interaction on the surface then propagation is studied in plastic. Plastic and aluminium are used to verify the differences for the propagation of a fast electron beam in materials with different densities and electric conductivities. Copper is used in multi-layer targets as a tracer for fast electrons. Their interaction with copper produces the emission of Cu:K( radiation, which is detected with the 2D Cu:K( diagnostic. Copper targets are used to analyze its properties with respect to fast electrons, so that the effects of its presence can be considered while analyzing multi-layer targets.
XPHC
An X-ray pin hole camera is pointed at the front face of the target, that is where the laser-matter interaction takes place, with an angle of 45° both in the vertical and horizontal plane. On the CCD the magnification of the x-ray spot is 13X.

CR39
CR39 stacks are put behind the target, with respect to the laser incidence, with the purpose to detect the ions emitted from the rear face of the target.

Shadowgraphy
The probe beam for shadowgraphy is extracted from the main laser beam and doubled in frequency (400nm); it is parallel to the target rear surface and has the purpose to verify the formation of plasma on the rear side as a consequence of the interaction with the pre-pulse. A delay line allows to select between 1ns before the main pulse and 250ps after.

2D Cu: K(
As a consequence of the passage of fast electron beam into the tracer, Cu: K( photons are emitted. A spherically bent Bragg crystal
 and a CCDX are the constituent of the optical system used to detect such photons. The crystal joins the reflecting properties, typical of a Bragg crystal, and the focusing properties of a spherical mirror. In details, the crystal has d=1.541A and can be used for Cu:K( photons (8048 eV) with an angle of reflection (at the second order) of 90°-1.37°. The radius of curvature is 380mm, so the focal distance is 190mm and, putting the target at a distance of 231mm and the CCDX at 1070mm, it is possible to obtain an image with a magnification of 4.6X. In this way it is possible to obtain on the CCDX a both spectrally and spatially resolved x-ray image of fast electron spot on the rear side of the target. From this image we can obtain two types of quantitative information: the spot size and the integrated signal (counts on CCDX). The spot size, measured as a function of target thickness, can be used to evaluate the angle of divergence of fast electron beam. From the integrated signal as a function of target areal density, it is possible to calculate the penetration depth of fast electrons for considered materials; it also possible, with some reasonable assumptions, to estimate the total energy brought by fast electron beam and so it is possible to existimate the efficiency of conversion from laser energy to fast electron energy.

Prepulse problem
In laser experiments it is common that a pre-pulse, usually a pedestal, hit the target before the main pulse. In this experiment 7ns before the main pulse there is a pre-pulse, analogous (for shape and duration) to the main pulse but with energy and intensity level about 5-10% of the main pulse. This means that the pre-pulse interacts with the target with an intensity of about 5 1017 W/cm²: it is then possible that fast electrons are produced before the main pulse. A low rate of success in collecting data, the low contrast level in 2D Cu: K( images are indications for that. In order to test this hypothesis, shadowgraphy is performed; a quantitative analysis of all data is anyway necessary to understand which signals are produced by the main pulse and which are produced by the pre-pulse.

Cu:k( data
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Cu: K( data are not available for all targets: in general signal has been collected only for thinner targets, that is to say: copper 10, 25 and 35 , aluminium 10 (m and plastic 10 and 40(m. In 
Figure 1
 we can see a typical image collected for 2D Cu: K(. It can be thought as a bi-normal, due to monochromatic radiation, into a high background of noise. The main features of this image are the spot size and the integrated signal. Because of the noise, there is an uncertainty of the height at which we are measuring the spot size. This can be considered the main source of error when measuring the spot size; the average error on the area, obtained with this consideration, is about 25%.

If we plot the spot size as a function of the aerial density for each series of data, it is possible to measure the divergence angle of the beam. In fact, a divergence angle is expected, because even for thinner targets the Cu: K( spot on the rear side is bigger than the x-spot on the front size. In fact, from the graph (
Figure 2
) it is clear that the spot size decreases with increasing aerial density. Some explanations must be given for this:
· it is possible that the energy of fast electrons (and so also the penetration range) has an angular dependence: the bigger the angle from the normal, the smaller the energy of fast electrons. With this hypothesis, fast electrons propagating far from the normal are stopped before ones close to the normal.
· the experimentally obtained penetration ranges (see after) have about the same magnitude of the thickness of bigger targets. The crossed path difference between fast electrons close to normal and fast electrons in the outer part of the spot is large enough to be confronted with the penetration range
· the spot can be considered as a  2D non-normalized gaussian. For thinner targets, it has a large integrated signal, a high peak level and a small FWHM. For thicker targets, it is expected to have a smaller integrated signal, a low peak level a large FWHM. But the presence of a high noise level does not allow to see the tail of the gaussian, so that the spot appears to be smaller than it really is. Actually, the very same argument can be used to justify the absence of Cu: K( signal for thinner targets.
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Figure 2: K( spot vs aerial density
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Figure 4: K( signal vs aerial density
Considering the integrated signal as a function of aerial density (Figure 4), it is possible to obtain for each type of target the penetration range, that is the distance for which the signal is reduced by a factor 0.5. With reference to the graph we obtain the following penetration ranges:
· copper 16 (m or 0,014 g/cm²

· plastic 50 (m or 0,005 g/cm²

· aluminium 28 (m or 0,0075 g/cm²
These results are to be discussed in a dedicated section.

Efficiency of conversion
The efficiency of conversion from laser light to fast electron can be estimated with some reasonable assumptions on the processes involved in the measurement of fast electrons. Moving backwards, we must consider the quantum efficiency of the CCD and the conversion factor from energy of photons to photoelectrons and counts, the transmission of photons through 10 (m of copper filter, the reflectivity of the crystal, the solid angle subtended by the crystal with respect to the target, the transmission of Cu: K( photons through the tracing layer of the target combined with the transmission function of fast electrons, the cross-section for the ionization of the inner shell of copper by fast electrons and the probability for a Cu: K( photon to be emitted, the transmission function of fast electrons through the propagating layer. For some of these processes it is possible to know with a certain precision their efficiency (for example, it is possible to determine the number of Cu: K( photons on the CCD considering the number of counts in the image of the Cu: K( spot), for others some reasonable assumptions must be done (in order to calculate the percentage of photons which hit the crystal, we assume an isotropous emission from the tracing layer). For other calculation experimental data must be used (i.e: cross section for the inner shell of Cu depends on fast electron temperature) and they may known with little precision. At the end of calculation it is possible to determine the number of fast electrons produced on the surface of the target and, considering their temperature, also the total energy that they carry. If we make the calculations assuming that fast electrons are produced in the interaction of the main pulse with the target, the obtained efficiency of conversion is definitely too low. If we make the same calculations but assuming fast electrons to be produced by the pre-pulse, an efficiency of the order 1% is obtained. If we refer to data from previous experiments (Figure 5), this result is quite compatible. It should also be noted that all reported data are obtained with ps laser: even if the efficiency seems to depend only upon the intensity, we must consider that such a shorter pulse needs much less energy to provide the same intensity on target.
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Figure 5: Experimentally measured conversion efficiency η of laser energy into fast electrons as a function of laser intensity. Open circles LLNL
 (1ω), filled circles LULI
 (2ω).

Protons and ions
Protons have not been detected in all shots and, when available, their energy was lower than 1MeV (they could just impress one layer of CR39). Two are the main features for these signals:
· in general a ring structure is visible on CR39 stacks

· the presence of this signal has to be correlated with the presence of Cu: K( spot.
The second sentence needs some precise definitions. In facts, Cu: K( signal is compatible only with some type of targets, and so is the signal of ions, as it is clear from table. The presence or less of a type of signal for a given kind of targets may have different explanations. However, for targets compatible with both signals, the presence of ions most times implies the presence of Cu: K( signal. This suggests that the probability of success (in collecting signals) in a shot is given by the quality of the single target and by laser shot parameters. 
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Figure 6: CR39 for 15, 40 and 70 (m Al (+10(m Cu). Note the more or less evident annular structures.
Discussion

Results from similar experiments
We can refer to the experiment of M. Key
 (Key et al. [Phys. Plasmas, 5, 1966 (1998)] )

 to check the validity of our results. They used a laser intensity larger than 1019 W/cm² and for fast electrons they measured an energy of 640keV. Their experimental penetration ranges are:
· plastic 320 (m or 0.032 g/cm²

· copper 220 (m or 0.195 g/cm²

· aluminium 370 (m or 0.1 g/cm²
For both stopping power and electric effects  the penetration range is proportional with the square of the energy, so it is possible to scale the energy from the ratio of penetration ranges. Our results could be compatible with Key’s results for a temperature of 170keV for aluminium and copper. With this scaling we should obtain 24(m for plastic instead of 50(m, but error bars are large. A crossed reference is needed for energy: it can be given by the scaling law 

[image: image11.wmf]
for fast electron energy as a function of laser intensity. A temperature of 150keV is perfectly compatible with the average intensity of the pre-pulse.

Stopping power vs collective effects: confronting with tabulated collisional penetration ranges.
We can also confront our results with the penetration ranges due only to collisional effects
. It must be noted that this values are valid for a (low-intensity) beam of particles incident on a target, while in our experiment a beam of particles, which belong to the target, is accelerated on the surface of the target itself and produces high-intensity currents. For a temperature of 150keV the collisional penetration ranges are:
· plastic 280(m or 0.026 g/cm² – 0.029 g/cm²

· aluminium 135(m or 0.037 g/cm²

· copper 48(m or 0.043 g/cm²
These values are much larger than our experimental results (about 5X for plastic and aluminium, 3X for copper), but the same happens also in Key’s experiment. This should demonstrate that collective (i.e. electric inhibition) effects are present, even for lower laser intensities such as the one provided by the pre-pulse.

If we consider Bell’s law 

[image: image12.wmf]
 it is possible to estimate the electric conductivity starting from the experimental values of penetration ranges. We obtain the following values:
· aluminium ( = 106 / (m

· plastic ( = 105 / (m
Of course these values are not valid for cold matter: the conductivity of aluminium at room temperature is ( = 38.7 106 / (m, while plastic is an insulator. Referring to electric conductivity of aluminium as a function of temperature, obtained experimentally on aluminium
 and from a semi-classical model for plastic, it is possible to determine the temperature of the target during the interaction and the propagation of fast electrons. As it is possible to see from the table (Figure 7), the obtained values of electric conductivity are compatible with a temperature of 5eV.

[image: image13]
Figure 7: electric conductivity for aluminium and plastic over a broad range of temperatures. 
Summary
Even if shadowgraphy shows that targets are not destroyed by the pre-pulse, we have concluded that its interaction with the target produces the fast electrons. The evidences for this are given by the efficiency of conversion (of laser light into energy of fast electrons) and the average energy of fast electrons, which are both compatible with pre-pulse energy and intensity. Results can be considered in agreement with other previous experiments; the presence of collective effects in the propagation of fast electrons, even for lower laser intensities, is demonstrated by the difference between only collisional penetration ranges and experimental values. From the analysis of electric conductivity it is also possible to determine the temperature of the target during the propagation of fast electron beam.
· with a laser intensity of about 1017 W/cm², the electron temperature is estimated to be about 150keV; this is given not only by scaling laws but also by the confront with other experiments.
· the differences between only-collisional penetration ranges and our results shows that collective effects are relevant even for intensities of the order of 1017 W/cm²
· the spot size decreases with thicker targets and this is an anomaly; for Cu 35(m an annular structure is visible in the Cu: K( image; such structure was detected also in other experiments
 
 
 .
· the efficiency of conversion is compatible with others obtained in other experiments with picosecond laser systems. Anyway the difference in the efficiency of conversion for a ps laser and a fs laser with the same intensities is still to be verified.
· the evaluation of  electric conductivity shows that the heating due to fast electrons produces Warm Dense Matter; in detail, plastic needs a phase change in order to have a compatible electric conductivity.
  Appendix A
Penetration range weighted  over a Maxwell distribution
In Sesame tables, penetration ranges are reported as a function of electron energies. Such energies are referred to a mono-energetic beam of electrons. In our case instead we are considering the temperature of fast electrons, that is their energy distribution function. In order to confront such data, we use the penetration ranges referred to mono-energetic beams in order to calculate the penetration ranges averaged over a distribution function. We assume a Maxwell distribution f(E) with a given temperature T, then we calculate the function f(T,E) r(E); from the ratio of their integrals we obtain r(T). For lower values of T (T<0.4 MeV) the difference between r(E) and r(T), for T=E is not very large. Also the inverse is true: the same penetration range is obtained with values of energy and temperature which are not so different. An example: in order to obtain the penetration range measured for an energy of 150keV, the required electron temperature is about 178keV.
Appendix B

Shadowgraphy results
During the experiment, there was an uncertainty on the origin of signals: are they really due to the main laser pulse, or they are instead due to the pre-pulse? Shadowgraphy was performed in order to discover whether the target is or not already destroyed during the interaction with the main pulse. The following images shows that the target is not destroyed by the pre-pulse. However, from our analysis, we concluded that the pre-pulse is responsible of detected signal: in fact, its intensity and energy are compatible with fast electron temperature and total energy. We must add that, even if it does not destroy the target, the pre-pulse prevents the main pulse from a correct laser-matter interaction.
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Figure 8: shadowgraphy for Cu 25(m. From top left, -250, 0, +60, +100, +250 ps. The target is not destroyed before the interaction with the main pulse.
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- Future collaboration with host institution (if applicable)
We are planning for 2010 a new experiment in collaboration with the Chinese group. The experiment will be very closely related to the ‘Super-intense laser-matter interactions' European program, and results will be very useful for understanding crucial physics that will find application in the field of Fast Ignition. 

- Projected publications/articles resulting or to result from your grant
The following is the abstract of the article in preparation based on the material shown above in the description of my work. The article will be subbmitted to Physics of Plasmas

I wish to tanks for support received from the European Science Foundation (ESF) for the activity entitled 'Super-intense laser-matter interactions'.Withouth this support my work could not have been performed .
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Abstract 

We studied the production and propagation of intense fast electron beam produced by ultrahigh intensity laser pulses through metals and insulators. Targets were irradiated at the new 350 TW and 50 fs laser facility ‘Xtreme Light XL-III’ of the Institute of Physics of the Chinese Academy of Sciences in Beijing. XL-III is a Ti:Sa laser source emitting a wavelength of 800 nm, focused to intensities on targets larger than  1018 W/cm² .  The main diagnostic consisted in K( imaging: a spherically bent crystal imaged the K( emission from a Cu tracer layer onto a X-ray CCD. Complementary diagnostics included transversal shadowgraphy and proton emission using imaging plates. We irradiated pure copper targets, and double layer targets made of a first propagation layer of different thickness with a final 10 (m Cu tracer layer. The propagation layer was either aluminium or plastic. Images of K( spots have been collected and studied as a function of target thickness, target material and shot energy.  Even if, after our analysis, we concluded that collected signal were due to pre-pulse (intensity 1017 W/cm²), interesting results were obtained: a) the penetration ranges, fast electron temperature and efficiency of conversion are compatible with other experiments, considering our laser parameters; b) the temperature of the target during the interaction is evaluated in 5eV.



Figure � SEQ Figure \* ARABIC �1�: 2D Cu:K( spot on CCD-X. From the left, Cu 10 (m (2.9J laser energy), 


Cu 25(m  (7.0 J) and Cu 35(m (4.7J). Note the annular structure in the last one






























































 























_1319965590.unknown

_1319965110.unknown

