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I. Introduction

Damages of the first wall by expanding products of micro-explosion (fast ions, debris) is one of the most significant problems for the design of the reactor chamber, experimental modeling of interaction processes and for choice of materials of the first wall in different IFE scenarios. The investigation of the influence of the plasma on physical and chemical characteristics of materials for the firs wall is of great interest in order to predict the suitability of these materials and alloys to use in thermonuclear power engineering on the base of inertial confinement of plasma. Therefore, the purpose of this work was the following: (i) investigation of the secondary processes at the interaction of laser-produced plasma beams with different materials for the reactor chamber, and (ii) investigation of possibilities to improve the characteristics of laser-source of ions by using lasers in frequency mode and adding light elements into heavy element targets in different concentration. We investigated the charge and energy spectra of ions formed at the interaction of laser-produced plasma with secondary targets (W, Mo) located at 2-10 mm from the surface of first target, and also studied the possibilities to improve the characteristics of ions of laser produced plasma by using lasers working on frequency mode and adding light (Mg) ions in small concentration into the target consisting of heavy ions.

II. Experimental Setup

Experiments were done in a laser mass-spectrometer with mass resolution m/(m (100 and time-of-flight distance L=100 cm. The schematic model of the experimental setup is shown in Fig.1. The Neodymium glass laser, working in the frequency mode was used in experiments and the laser beam was directed perpendicular to the surface of the target. The duration of the laser impulse is 15 ns and the power density of the laser radiation at the target surface is q= 5 1010 W/cm2. The experimental results are averaged over five impulses of the laser radiation. All experiments were carried out at the same inertial conditions (vacuum (10-6 Torr.), focusing condition of the laser radiation, parameters of the electrostatic mass-spectrometer, etc). The construction of the target chamber allows one to put 10 targets with diameter 10 mm and change the place of interaction of laser radiation with target.   The main characteristics of plasma ions were measured in two regimes: free expansion of the plasma into vacuum and in the case of the presence of the secondary target on the way of plasma expansion. The secondary target is a thin plate made of Mo with a slot in the center with size 0.4x20 mm in order to lead-out the plasma to the time-of-flight energy-mass analyzer. The secondary targets are placed parallel to the first target and the distance between targets was varied over the range 2-10 mm.
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III. Interaction of the Laser-Produced Plasma with W and Mo Targets 

The mass-charge spectra of ions were obtained experimentally and the energy distribution of ions was studied depending on target nature and the distance between the first and secondary target.  

Fig. 3.1 shows the energy spectra of W (a) and Mo (b) ions without the presence of the secondary target. In this case the maximal charge (Zmax) of W and Mo ions is 6 and 5, and maximal energy (Emax) of multiply charged ions is 2600 eV and 2000 eV, respectively (the power density q=5(1010 W/cm2).
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 Fig. 3.1. The energy spectra of W (a) and Mo (b) ions without the presence of the secondary target.

Fig. 3.2 shows the experimental results obtained at the presence of secondary target at the distance 5 mm. In this case the maximal charge of W and Mo ions is also Zmax = 6 и 5, respectively, and maximal energy (Emax) of both kinds of elements decreased until 1800 eV. It is seen from these figures that the energy spectra of ions with the secondary target are smaller than the one without the secondary target and energy distribution is shifted to low energy part. Also the intensity of ions is lower in the latter case. These facts indicate to the change of recombination processes occurring when the plasma passes through the secondary target. 
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Fig.3.2.The energy spectra of W(a) and Mo (b) ions at the presence of secondary Mo target at the distance L=5 mm.
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Fig.3.3.The dependence of total amount of Mo and W ions on Z, when the secondary target (Mo) is placed at the distances L=5 mm (a) and L=10 mm (b).

The presence of the secondary target (at the distance 2-10 mm) changes not only the energy distribution of ions but also the intensity of those ions. Figs. 3.3 (a,b) show the dependence of intensity (total amount) of ions on Z, when the secondary target is placed at the distances L=5 mm and L=10 mm from the surface of the first target. The decrease in the intensity of ions from 1012 until 1011 particle in one impulse of the laser is due to the increase of recombination loses of multiply charged ions, mainly in long-distance region.

Concluding this section: 

The experimentally obtained results show that the existence of secondary target on the way of laser-produced plasma expansion changes the kinematics of expansion, which leads to

 the increase of recombination processes and what follows, to the increase of plasma temperature at the beginning of the inertial flight.  These changes influence on the dynamics of the formation of mass-charge and energy spectra of multiply charged ions. 

Thus the investigations show that the interaction of W, Mo plasma with the surface of secondary target changes the parameters of recombination plasma, gives essential contribution in formation of energy distribution of multiply charged ions in all stage of inertial expansion of the plasma.

IV Spectra of two element laser-produced PbMg-plasma ions at different concentration of Mg

Resent investigations on multiple element plasmas have shown the possibility to control the charge and the intensity of ions including light and heavy components into the plasma [12]. 
In this section I will talk about physical properties of multiply charged plasma ions, formed under the action of laser radiation on two element (PbMg) targets at different concentration of Mg. The concentration of Mg is 15, 25 and 35 % of the total target mass.
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We compare the energy spectra of two-element plasma ions with the free energy of plasma ions generated at the interaction of laser radiation with the surface Mg target (Fig.4.1)

Fig.4.1.  Typical  energy spectra of  Mg plasma ions, obtained at power density of laser radiation q = 5×1010 W/cm2
As an example we plotted in Fig. 4.2 the typical energy spectra of mono- (Pb) (a) and two-element (PbMg) (b) plasma ions (the concentration of Mg is 35 %). It is seen from this figure that the ions of mono-element plasma have wide energy range ((E=2000 eV) and the maximum of ions energy distribution shifts to high-energy region as the charge of ions increases. The energy spectra of two-element plasma ions also have such a tendency, but in this case the energy range of Pb ions increases up to 4500 eV. In the case of mono element (Pb) plasma the maximum charge of ions is Zmax=5 and for the case of two element (PbMg) plasma the maximum charge of Mg and Pb ions is Zmax=3 and Zmax=4, respectively. To our knowledge the reason for the increase of energy range for two times compared to the mono element plasma is the change of recombination processes in long-distance region. In this case the energy region of Mg ions is rather narrow (650 eV). The change of the energy range of two-element plasma to high-energy region indicates that the intensity of plasma ions and the duration of ions packet increase comparatively to mono element plasma. It is noticeable that the increase of energy range occurs as the concentration of Mg increases, which is one of main characteristics and can be used to control the charge and intensity of ions. 
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Fig.4.2. Typical  energy spectra of mono- (Pb) (a) and two element (PbMg) (b) plasma ions (the concentration of Mg is 35 % ).

Fig. 4. 3 shows the dependency of total amount of Pb ions on the concentration of Mg in the target. It seen from this figure that, the intensity of ions increases with increasing the concentration of Mg. But it not changed for Pb4+ ions. It was found from the obtained experimental results that: in all concentration, two peaks  of ions are seen in different energy diapasons; by increasing the concentration from 15 % to 35 % the energy spectra of Mg ions decreases essentially and energy  spectra of Pb ions increases to high energy range. As seen from Fig.4.3 that the feature of changing of total amount of Pb ions does not depend on the concentration of Mg ions. The lowest influence of the concentration of Mg ions is for the intensity of Pb+2 ions, and intensity of ions of another charge decreases 3-10 times.
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Fig.4.3.The dependence of total amount of Pb ions on n, obtained at power density of laser radiation q = 5×1010 W/cm2
The widening of energy spectra to the high energy range and the existence of the maxims show that the processes   in the laser plasma can be divided for two stages.  In the first stage (until the maximum of distribution) intense ionization takes place, corresponding to formation of multiply charged Mg and Pb ions. The second stage (after the maximum) is characterized with the increase of recombination, i.e. with the energy exchange between light and heavy ions.  These conclusions indicates that, the formation of charge and energy spectra of multiply charged ions Mg and Pb is defined not only by ionization, recombination processes, but also by the interaction of light and heavy ions of the plasma. In this case it is difficult to define which ions play main role in this process. 

In Ref. Anisimov S.I et.al.(Physics Plasma 8,1992,1004) , they gave the formula, which describes the processes in multicomponent plasma: the energy of Еk  tip ions is defined as ~Zk2/Mk, where Zk and Mk is the charge and mass of the ion.

The experimentally obtained results are in good qualitative agreement with the theory of Ref. Gyrevich at.al(Вопросы теории плазмы.М.,Атомиздат,1980) , in which it was shown that in such cases the limit of the velocity of collusion of all components is equal, the dependency of energy on charge vanishes and it is proportional to the mass Еk~Mk
V. The spectra of two-element plasma, generated on the surface of SiC targets
under the action of laser radiation.

It is known that materials like V, W, SiC have high temperatures resistance and they can withstand high radiation doses and they are also basic less active materials. The new generation of constructional and functional materials, first of all materials for thermonuclear power engineering, is developed on the base of these materials. From this point of view, in order to estimate the usefulness of these materials and alloys for thermonuclear power engineering based on inertial confinement of plasma, the study of the influence of laser radiation and plasmas on their physical and chemical characteristics is of great interest.  
In this section I will present the experimental study of main characteristics of two-element plasma, generated by the laser radiation from the SiC target surface, which is expected to be useful for the formation of the first wall of reactor chambers on the base of inertial confinement fusion. SiC material and a SiC film with thickness 40 μm, evaporated on Si substrate were used in experiments as targets. 
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Fig.5.1 shows the typical energy spectra of SiC ions obtained at power density of laser radiation q = 5×1010 W/cm2 from α-SiC target (a) and from the SiC film of 40 μm on the Si substrate (b).  It seen from this figure that, in the case of α-SiC target the maximal charge of carbon ions is Zmax=2 and Silicon ions Zmax=4. C ions are detected up to the energy E=300 eV, while Si ions can have energies up to E=600 eV. In the case of SiC film, the maximal charge of C ions increased for one unit, while the charge of Si ions decreased. Also the energies of both kinds of ions decreased and now the maximal energy of C ions is E=220 eV and the maximal energy of Si ions is E=450 eV.  The latter indicates the importance of target nature in formation of plasma ions. 

[image: image13.wmf]200

400

600

800

1000

1200

1400

1600

1800

2000

2200

10

7

10

8

10

9

 

Pb

1+

 

Pb

2+

 

Pb

3+

 

Pb

4+

 

Pb

5+

dN/

dE (

rel.unit.)

E  (

eV)

a)


Fig.5.1.Typical energy spectra of SiC ions obtained at power density of laser radiation q = 5×1010 W/cm2 from α-SiC target (a) and from the SiC film of 40 μm on the Si substrate (b).

We also investigated the energy distribution of plasma ions increasing power density of the laser radiation from q=108 W/cm2 to 5 1010 W/cm2, which leads to the change of energy spectra of ions of different charge. The energy of the laser was changed by the light filter and controlled by photoelectric detector. It was found that the increase of power density of the laser radiation changes energy spectra in high-energy region, where ions of high charge and energy are generated. 

VI. Emission of ions from the surface of Al target under the action of the laser radiation working in frequency mode

In order to improve characteristics of plasma ions we investigated the interaction of radiation of the laser worked in the frequency mode. In this case each experimental result is averaged over five experimental measures and in the case of monoimpulse mode each experimental result is averaged over five impulse of the laser radiation. 

Mass-charge and energy spectra of multiply charged Al ions were obtained experimentally at the frequencies (=1, 3, 5, 10, 12 Hz and at the power density of the laser radiation q=(108 –5 1010) W/cm2. 

The typical energy spectra of multiply charged Al ions with Z=1-4 are given in Fig. 6.1 at (=5 and 12 Hz, and q=1010 W/cm2.  It is seen from this figure that the ions of all charge have larger intensity and larger energy at large values of the frequency ((=12 Hz) of the laser radiation. This can be explained as following: with increasing ( of the laser the focusing condition of laser radiation is changed, which influences to the formation of energy spectra of multiply charged Al ions and to the ionization processes occurring on the surface of the target. Notice that independently from the frequency of the laser the maximal charge of Al ions is Z max=4 at   q=5 1010 W/cm2. 
Fig.6.2 shows the dependency of intensity (total amount) of Al ions on Z at different values of the laser frequency: 1 Hz (1), 3 Hz (2),  5 Hz (3) Hz. (=00 and q=5 1010 W/cm2. It is seen that with increasing ( of the laser the intensity of single charged Al1+ ions changes nonlinearly and the intensity of ions with charge Z>1 increases. 

The influence of focusing condition to characteristics of ions emitted from the Al surface was investigated using also the method of crater formation on the Al surface after the 500 “shorts” of laser impulses to the same place and at the same time registering the charge composition of plasma, formed at the power density of laser radiation 5 1010 W/cm2. The increasing of ions intensity with Z>1 and broad energy spectra of ions at (>1 shows the crater formation on the target surface, consequently the changing of focusing condition of radiation, as well as ionization processes on the target surface due to the additional thermal processes occurring on the target surface with increasing of ( of laser. 
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Fig.6.1.The dependency of amount of Al ions on Z at different values of the laser frequency: 1 Hz (1),  3 Hz (2),  5 Hz (3) Hz. (=00 and q=51010 W/cm2.
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Fig.6.2.Typical energy spectra of multiply charged Al ions with the charge Z=1-4 are given for (=5 and 12 Hz, and  q=51010 W/cm2.  Where  1-4(12Hz)  and 1'-4'(5Hz) - the charge  Z.

VII. Summary

· we studied the interaction of laser produced plasma with the surface of Mo and W targets and found that the interaction of W, Mo plasma with the surface of secondary target changes the parameters of the plasma, gives essential contribution in formation of energy distribution of multiply charged ions in all stage of inertial expansion of the plasma. These changes also influence on the dynamics of the formation of mass-charge and energy spectra of multiply charged ions;

· in order to control parameters of plasma ions we investigated physical properties of multiply charged plasma ions, formed under the action of laser radiation on two element (PbMg) targets at different concentration of Mg. The experimental results show that the maximal energy of Pb ions increases more than two times when we included the second Mg element into the target, which is due to the energy exchange between light and heavy ions. We also found that the increase of energy range occurs as the concentration of Mg increases, which is one of main characteristics and can be used to control the charge and intensity of ions.

· We studied interaction of laser radiation with the surface of SiC targets, which are considered as one of main elements for thermonuclear power engineering based on inertial confinement fusion. It is found that parameters (energy, charge, etc) of plasma ions formed from α-SiC target are different compared to the plasma ions generated from the SiC film, which shows the importance of target nature in formation of plasma ions.

·  We also studied the interaction of laser radiation with the surface of Al target, when the laser worked in the frequency mode. We found that the ions of all charge have larger intensity and larger energy at large values of the frequency of the laser radiation, which was explained by the change of focusing condition on the surface of the target.
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