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Abstract

:

The generation of highly charged ions in laser plasmas is usually associated with collisional ionization processes that occur in electron–ion collisions. An alternative ionization channel caused by tunnel ionization in an optical field is also capable of effectively producing highly charged ions with ionization potentials of several kiloelectronvolts when the laser intensity q > 1020 W/cm2. It is challenging to clearly distinguish the impacts of the optical field and collisional ionizations on the evolution of the charge state of a nonequilibrium plasma produced by the interaction of high-intensity, ultrashort PW-class laser pulses with dense matter. In the present work, it is shown that the answer to this question can be obtained in some cases by observing the X-ray spectral lines caused by the transition of an electron into the K-shell of highly charged ions. The time-dependent calculations of plasma kinetics show that this is possible, for example, if sufficiently small clusters targets with low-density background gas are irradiated. In the case of Ar plasma, the limit of the cluster radius was estimated to be R0 = 0.1 μm. The calculation results for argon ions were compared with the results of the experiment at the J-KAREN-P laser facility at QST-KPSI.
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1. Introduction


The generation of highly charged ions in laser plasmas is usually associated with collisional ionization processes that occur in electron–ion collisions. An alternative ionization channel induced by tunnel ionization in an optical field (hereafter referred as OFI) makes it possible [1,2] to obtain ions with L and M main shells with relatively low ionization potentials of hundreds of electronvolts, even at laser radiation intensities of q < 1018 W/cm2 [3]. When the intensity increases to values of q > 1020 W/cm2, OFI is already capable of effectively producing K-shell ions (K-shell is main) of chemical elements with nuclear charges ZN~10–20 and ionization potentials of several kiloelectronvolts.



X-ray emission spectra of highly charged K-shell ions are a unique diagnostic tool that can be used to measure macroscopic plasma parameters such as the temperature, density, velocity, degree of ionization, etc., of the plasma (see, e.g., [4,5,6,7,8,9,10,11,12,13,14]).



From the observed X-ray emission spectrum of a laser plasma, information can be derived both about the intensities of the different spectral lines and about the shape of their contours. For practical application, diagnostic methods based on the analysis of line intensities are the most suitable. This experimental data contains a considerable amount of information about the plasma parameters under investigation, and in many cases do not require ultra-high spectral resolution of the diagnostic equipment. (see, for example, reviews [7,8]).



It should be emphasized that the methods of X-ray spectral diagnostics developed so far generally assumed the presence of stationary distributions of ions, both over the ionization degrees and the excited states. This approach was fully justified in the case of a sufficiently long-lived plasma. In the case of a short-lived nonequilibrium plasma with highly charged ions, a more general approach must be used to calculate the populations of excited ion levels, and, consequently, the intensities of the spectral lines emitted by the plasma. In most cases, such an approach can be based on time-dependent atomic kinetic calculations, which consider that the charge state distribution of ions over the ionization degrees is not stationary but depends on time, even if the plasma parameters do not change. Therefore, it is very important to answer the question whether highly charged ions are produced dominantly by collisional ionization or OFI. However, answering this question requires a proper understanding of the elementary atomic processes that make a predominant contribution to ion kinetics and determine the intensities of certain spectral components. The cluster target, which is isolated and has a finite size, is a suitable system to investigate this problem.



In the present work, using laser–cluster interactions, it is shown that the answer to this question can be obtained by observing the X-ray spectral lines of highly charged ions caused by the transition of an electron into the K shell. The corresponding theoretical calculations were performed for highly charged argon ions, and the calculated X-ray spectra for K-shell ions with different sizes of argon clusters were compared with the experimental results obtained with laser-irradiated micron-scale argon clusters conducted at the J-KAREN-P laser facility at QST-KPSI.




2. Experimental Setup


Experiments were performed on the irradiation of argon clusters with laser pulses of ultrarelativistic intensity generated by J-KAREN-P laser system at QST-KPSI [15,16]. The clusters were formed in a gas cooled down to cryogenic temperatures and injected (injection system is described in [17]) into vacuum through a conical nozzle with an opening angle of 40 degrees. Height, inlet and outlet diameters of the nozzle were 2.2 mm, 0.25 mm and 1.85 mm correspondingly. Total time of the gas injection was 40–45 μs (FWHM). The system allows to produce submicron-sized CO2 and micron-size hydrogen clusters, which was experimentally demonstrated by the Mie scattering method [17,18,19]. Similar measurements were performed for argon as a working gas injected into a vacuum at a pressure of 6 MPa with a nozzle temperature of 140 K. The resulting size distributions of argon clusters are shown in Figure 1a.



With the nozzle temperature of 140 K, in addition to clusters with the size of 0.6–0.9 μm in diameter, micron-scale argon clusters were effectively generated, and the size of the micron-scale clusters was found to be widely distributed up to 2.0 μm in diameter. Moreover, no signal corresponding to clusters smaller than 0.5 μm was registered. No measurement was possible at nozzle temperatures lower than 120 K, probably since this temperature is close to a phase transition point between the gaseous and liquid phases of argon at a pressure of 6 MPa.



The gas cluster flow formed by the nozzle was irradiated by a laser pulse with a duration of τ = 40 fs and a total energy up to E ≈ 10 J on target. The beam diameter in the waist region was d ≈ 2.2 μm at 1/e2. The laser intensity that was calculated, considering losses in the beam delivery line, was Ilas ≈ 5 × 1021 W/cm2. The general experimental scheme is shown in Figure 1b. The laser pulses were focused into the center of the cluster gas flow at a distance of 12 mm from the nozzle outlet. The registration of the emission spectra in the keV X-ray range was performed using a focusing spectrometer with spatial resolution (FSSR) [20] with a spherically (R = 150 mm) bent α-quartz crystal with Miller indices of 11(2)0 (interplanar distance 2d = 4.912 Å) as a dispersion element. The spectrometer, located 600 mm away from the focal spot, was configured to detect radiation in the range 3.7–4.2 Å with resolution λ\δλ ≈ 5000, which contains the wavelengths of lines Lyα and Heα of the resonant spectral series of the H- and He-like argon ions and neutral Kα. The X-ray detector was a vacuum compatible X-ray CCD camera (DX440-BN, ANDOR, pixel size = 13.5 µm). The sensor of the CCD was protected by a layer of polypropylene with a thickness of dPP = 2 µm, both surfaces of which were coated with aluminum sputtering with dAl = 0.2 µm (total width of Al). The registered spectra were corrected (in accordance with the approach described in [21]) considering the response functions of all used equipment, including the reflection efficiency of the crystal. The example of the spectrum after all the corrections is shown in Figure 2a.



On the base of the DS/Lyα ratio, where DS denotes dielectronic satellites caused by transitions nln’l’→1sn’l’ in He-like ion Ar XVII, it is possible to obtain electron temperature value Te of the plasma produced during laser–cluster interaction [22]. As seen from Figure 2b, in the case for the nozzle temperature of 140 K, the experimental value ≈ 0.12 of the DS/Lyα ratio can be observed for the range 1.28–1.43 keV. The width of the lines allows to estimate the upper band of Ar ions’ expansion velocity (see below Section 3).



[image: Photonics 10 01250 g002] 





Figure 2. (a) Spectrum registered during the experiment with Ar cooled down to 140 K. The labeled spectral lines correspond to the following transitions in highly charged ions states: Lyα—2p→1s in H − like ion Ar XVIII, Heα and Heint—1s2p 1P1 → 1s2 1S0 and 1s2p 3P1 → 1s2 1S0 in He − like ion Ar XVII, DS is for Dielectronic Satellites caused by transitions nln’l’ → 1sn’l’ in He − like ion Ar XVII. Kα—2p→1s in neutral Ar. (b) Dependence of DS/Lyα ratio on electron temperature for different ion densities obtained via PRISMSpect software [23] in steady − state approximation for optically thin plasma. 
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3. The Theoretical Model and Calculation Results


The most important question that the theoretical model should answer is whether collisional ionization during the lifetime of the laser plume can produce a sufficiently large number of ions that are created when the K shell, i.e., if the 1s electron is ionized. There are two such ions: a H-like ion and bare nuclei. Their presence in the plasma is accompanied by emission of the resonance line Lyα, induced by excitation of H-like ions by electron impact or during the recombination of nuclei into excited state.



Calculations of argon ion concentrations can be performed within the framework of a time-dependent kinetic model described by a system of equations:


    d   N   i   Z     d t   =   ∑    i   ′   ,     Z   ′        K   i   i   ′     Z   Z   ′       N     i   ′       Z   ′     ,    



(1)




where     N   i   Z     is the population of the i-th level of the ion with spectroscopic symbol Z, and     K   i   i   ′     Z   Z   ′       is the kinetic matrix whose off-diagonal elements represent the probabilities of transitions between the states     i   ′     Z   ′     and iZ due to all elementary acts, and the off-diagonal elements are equal to the sum probability of the transitions from state iZ to all others. This system must be supplemented by plasma quasineutrality equation:


    ∑  i Z      Z − 1     N   i   Z     t     =   N   e     t   ,  



(2)




and heavy particles conservation law:


  V ( t )   ∑  i Z      N   i   Z     t     =   N   0     V   0   ,  



(3)




where N0 is the initial density of atoms in the target, V0 is the initial plasma volume, and Ne(t), and V(t) are the electron density and plasma volume at the moment t.



The elements of the kinetic matrix depend on the plasma parameters, i.e., the temperature and the density of free electrons, which are included in the probabilities of collisional transitions. If the plasma parameters do not change with time, then as t → ∞ the populations of the levels tend to their stationary values (which, however, may be thermodynamically nonequilibrium), which can be determined from a system of stationary kinetic equations.



The kinetic matrix     K   i   i   ′     Z   Z   ′       contains the probabilities of all elementary processes occurring in the plasma. Since highly charged ions of interest probabilities of multielectron ionization are much lower than the probabilities of single-electron ionization, it can be assumed that the elements of the kinetic matrix are non-zero only in those cases where (  Z −   Z   ′    ) = 0, ±1. The element of the kinetic matrix corresponding to (  Z −   Z   ′    ) = 0 can be represented as a sum of a spontaneous radiative transition, forced radiative transitions and collisional transitions probabilities. If (  Z −   Z   ′    ) = 1, then the elements of the kinetic matrix are equal to the sum of the probabilities of autoionization, photoionization and collisional ionization. Finally, in the case (  Z −   Z   ′    ) = −1, the elements of the kinetic matrix are equal to the sum of the probabilities of collisional (triple) recombination, photorecombination and dielectronic capture. All the elementary processes mentioned above were considered in the solution of the kinetic system.



Time dependencies of the electron density Ne(t) and temperature Te(t) are also required to solve a system of nonstationary kinetic equations. In the general case, this can be conducted by solving a system of gas-dynamic equations together with a kinetic system, which is a very complex computational problem in the three-dimensional case.



A very simple model of cluster evolution, in which a spherical target (cluster) of radius R0 was instantly heated to a temperature T0, and then expands at a constant speed     v   0     was used. The similar model has recently been successfully used for diagnostics of solid targets laser plasma (see, for example, [24]). Within this model, the plasma density depends on time, as follows:


    N   i     t   =   N   i     0       1 +   t     τ   0         − 3   ,  



(4)




where τ0 = R0/v0. The time profile of the temperature can be obtained by making some additional assumption, for example, that the expansion is adiabatic TeVγ−1 = const. In this case, the time dependence of the electron temperature is determined by the following expression:


    T   e     t   =   T   e     0       1 +   t     τ   0         3   1 − γ     ,  



(5)




where   γ   is the adiabatic exponent, which, according to [25], can vary in the range from 1.2 to 1.67. In the calculations presented below, the average value γ = 1.4 was used. How the simplified nature of the model used may affect the results of this work is discussed below in Section 4.



The expansion velocity of the cluster v0 arises from various processes associated with the appearance of strong electric fields in the laser plasma. Among possible mechanisms are the Coulomb explosion of molecules and clusters [26] and the “hydrodynamic” acceleration of ions during the expansion of clusters under the influence of the electrons kinetic energy [27]. Also, the ponderomotive acceleration of ions under the influence of high-frequency pressure forces directly caused by intense laser radiation in a plasma near the critical density Nc was discussed in [28,29]. In these works, the case of relatively long (nanosecond scale) laser pulses was considered, in which duration τL significantly exceeds the acceleration time.



Estimates of the maximum ion energy for different acceleration mechanisms can be determined quite easily. For example, in a Coulomb explosion of a cluster, the maximum Coulomb energy of the Z ion in the cluster is determined by the kinetic energy of the electrons Ee that can leave the cluster. Note that this energy coincides with the kinetic energy acquired by the bulk of ions with charge Z during the ambipolar hydrodynamic expansion of the plasma (at the speed of sound) under the influence of the thermal pressure of the electrons (with Te = Ee). Slightly more detailed estimates of the maximum ion energy and its number can be obtained by considering the kinetics of ion expansion for different electron energy distributions [27].



An interesting possibility of ponderomotive acceleration of ions to high energies is opened by the effect of a super-intense field of ultrashort laser pulses on the plasma. Moreover, ion acceleration in femtosecond laser pulses can be significantly nonstationary, so that the maximum energy of the accelerated ions is determined not only by the radiation intensity, but also by the duration of the laser pulse [30].



Since there are different models of cluster explosion, it is not easy to estimate the speed of its expansion under the conditions of a particular experiment. It is much easier to perform this by analyzing the observed X-ray spectra. Indeed, the spherical expansion of a cluster with a velocity     v   0     should lead to a broadening of the observed spectral lines due to the Doppler effect. Since the total line width   Δ   λ   f u l l     consists of its Stark width, the Doppler width related to the thermal motion of the ions, and the expansion Doppler width, the upper estimation for the expansion velocity can be obtained as:


    v   0   ≤   c Δ   λ   f u l l     λ   ,  



(6)




where   c   is speed of light. It follows from this expression that the value of     v   0     was of the order of 108 cm/s under the conditions of this experiment. For the Lyα in Figure 2a, for example,     Δ   λ   f u l l     λ    ~3 × 10−3 corresponds to     v   0     = 0.9 × 108 cm/s. It should be emphasized that the hardware linewidth Δλsp of the line with the central wavelength λ equals to λ*2 × 10−4 for the spectral resolution of 5000, i.e., an order of magnitude smaller than observed. This means that the error in the obtained estimate of the average expansion velocity     v   0     is not worse than 10%.



Notably, the parameter τ0 qualitatively determines plasma lifetime. Initial values of ion density     N   i     0     (Equation (4)) and electron temperatures     T   e     0     follows from the experimental conditions. Femtosecond high-contrast laser pulses irradiated the matter produce plasma with Te(0)~1–5 keV and sub-solid density (solid density value for Ar NSS ≈ 2 × 1022 cm−3).



In a nonstationary system of kinetic Equations (1)–(3), all ionization stages of an argon atom and a significant number of energy levels belonging to each of these stages and having configurations with values of the principle quantum numbers up to 10 were considered.



The total number of levels included in the atomic model used for calculations was 6574. The most important among them are the Ar XV–Ar XIX ion states. For H-like Ar XVIII, 60 nl levels (n ≤ 10) were taken into account. For He-like Ar XVII, 296 levels 1snl (n ≤ 10), 2lnl (n ≤ 4), 3lnl (n ≤ 4) were taken into consideration. For Li-like Ar XVI, 502 levels 1s2nl (n ≤ 10), 1s2lnl (n ≤ 5), 1s3lnl (n ≤ 4) were considered. Finally, 1195 levels of Be-like Ar XV were 1s22lnl (n ≤ 9), 1s23lnl (n ≤ 6), 1s2l2nl (n ≤ 7) and 1s2l3l2. Similar states of the remaining ions Ar I–Ar XIV were also included in the calculation, as well as single state of nuclear Ar XIX.



Also, it was assumed that initial density of free electrons is non-zero and corresponds to the situation when all the ions of a cluster are singly ionized by the laser pulse. Calculations have shown that the choice of such an initial condition has practically no effect on the result, i.e., on the time of formation of H-like Ar XVIII ions, but significantly decrease calculation time. It is explained by very quick collisional ionization of Ar ions with a low ionization degree.



The kinetic system solution integrals were calculated over the time profile of H- and He-like ion concentrations. Dependences of their ratio α (=H-like/He-like) for different values of Te(0) and τ0 are shown in Figure 3.



As shown in Figure 3, a considerable (≥10% of He-like ions) amount of H-like argon ions can be formed by collisional ionization if two conditions are met simultaneously. First, the plasma temperature must be ~1.5 keV or higher. Second, the τ0 parameter must be at least 0.5 ps. The first condition requires the use of sufficiently high laser fluxes and the second requires the use of sufficiently large clusters. For the 108 cm/s velocity value estimated above based on linewidth, the second condition results in a cluster size of R0 ≥ 0.5 μm.



Thus, it can be concluded that the observation of the H-like Ar XVIII resonance line at cluster radii not exceeding 0.1 μm clearly indicates the generation of H-like ions by ionization through a laser field. Notably, in the tunneling ionization model [2], the intensity IADK = 2.5 × 1021 W/cm2 is required to effectively ionize He-like ion Ar XVII.



Figure 4 shows the time dependences of the concentrations of Ar XVIII and Ar XIX ions calculated for values of     τ   0     = 0.8 ps and two values of Te(0)—3 and 5 keV. As shown, the collisional ionization processes leading to the formation of these ions last for a picosecond, i.e., much longer than the duration of the laser pulse used in the experiment. Thus, the maximum luminosity of the Lyα line of the Ar XVIII ion should be reached at t~1 ps, i.e., much later than the laser heating of the target was finished.




4. Discussion and Conclusions


In the experiments performed in this work, the plasma temperature, as measured by the DS/Lyα (Figure 2b), was about 1.3 keV, which is quite sufficient for the generation of H-like ions by electron impact ionization, as shown in the previous section. Since the average size of the cluster is ≥0.5 μm (see Section 2, Figure 1a) in the case for the nozzle temperature of 140 K, the expected value of the parameter τ0 was not less than 0.5 ps. This means that the ionization state of the plasma in these experiments was most likely due to collision processes, and ionization by the optical field was not of great importance, at least for K-shell ions.



The spectra for the wavelength range observed in the experiment using the described above model without OFI were calculated. The best agreement with the registered spectrum was obtained for     τ   0     = 0.8 ps and Te(0) = 5 keV (Figure 5). This value is higher than that obtained by DS/Lyα. It can be explained by the fact that the latter was determined assuming a steady ionization state of the plasma, which, most likely, is not applicable for the case considered here. The spectrum obtained for     τ   0     = 0.1 at the same initial temperature is also shown for comparison. It can be clearly seen that the intensity of Lyα is much lower than observed in the experiments. Also, the intensity of the lines in the wavelengths 3.95–4.10 Å associated with the transition in Li- and Be-like Ar ions should be significantly higher, which was not observed experimentally, either.



It should be noted that OFI and collisional ionization are competing processes in laser–matter interaction. The main difference between them is that ionization by OFI occurs in a time shorter than the duration of the laser pulse, while collisional ionization requires significantly more time. For example, as shown in Figure 4, the ionization of argon to the Ar XVIII state occurs in 1 ps. Therefore, it can be distinguished from OFI if it is possible to register X-ray spectra with a time resolution better than 1 ps (for a completely clear distinguishing it should be on the order of laser pulse duration). In the case of OFI dominance, the spectral lines of H-like argon would appear and reach the maximum intensity even before the laser irradiation of the matter is finished. In the opposite case of collisional ionization dominance, the lines can be registered only after 1 ps. Unfortunately, required temporal resolution is currently unattainable with X-ray spectrometers. In most cases, they are only capable of registering time-integrated spectra, which makes it impossible to distinguish the effects caused by OFI in this way. Notably, shortening the heating pulses to attoseconds does not change the situation, since collisional ionization is determined by the lifetime of the plasma, which in the case of superfast heating does not depend on the duration of the laser pulse. It is determined by the average expansion velocity, which, in turn, depends mainly on geometrical factors (plasma size, N-dimensionality of the expansion) and laser intensity.



The cluster plasma expansion model used was quite crude. The question arises as to how reliable the results can be when obtained with its help. The most problematic assumptions are adiabaticity of the expansion process and constant value of its velocity. Expansion of the real plasma is not adiabatic because the plasma loses energy through the emission of photons and fast particles, both electrons and ions. It is possible to estimate this effect by using a greater value for the adiabatic index. The calculations with   γ   = 1.67,     τ   0     = 0.8 ps, and Te(0) = 5 KeV have been performed, and the concentration ratio of Ar XVIII to Ar XVII of about 1.23, which is about two times smaller than the result for   γ   = 1.4, was obtained. This means that the calculation results are sensitive to the assumption that the plasma expansion is adiabatic on the one hand, but on the other hand, the actual nonadiabaticity only strengthens the main conclusion of the present work. Of course, the assumption of a constant plasma expansion velocity v0 is also a strong simplification of the problem. However, as shown in Figure 4, ionization processes occur at times not exceeding 1 ps. We believe that the expansion of the plasma in this very limited time interval can be described by a certain average velocity, the value of which can be selected from a comparison of the calculated emission spectra with the observed ones.



Thus, it can be concluded that based on an analysis of only the charge state of a laser plasma, it is not possible to experimentally prove that it is predominantly formed by OFI processes when foils or micron-sized clusters are used as targets. Therefore, the role of OFI in the evolution of the charge state in a laser plasma can be unambiguously determined either by using spectral instruments with femtosecond time resolution, which does not yet exist, or by using low-density (gaseous, with only small clusters, or porous) targets. According to the results of the calculations described in this article, a cluster with a radius R0 = 0.1 μm is small enough in the case of an Ar plasma. To obtain the R0 value for clusters with a different chemical composition, calculations like those described in this article must be performed.
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Figure 1. (a) Distribution of argon clusters diameter determined by the Mie scattering method when the injected gas was cooled down to T = 140 K. (b) Experimental scheme. 
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Figure 3. (a) Dependence of the ratio of time-integrated concentrations of H- and He-like argon ions on the initial temperature of the cluster for different values of the parameter τ0. (b)—enlarged part of (a) from 1 to 5 keV. 
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Figure 4. Dependences of the relative concentrations of Ar XVIII (orange lines) and Ar XIX (red lines lines) ions on time, calculated for values τ0 = 0.8 ps and Te(0) equals 3 keV (solid lines) and 5 keV (dashed lines). 
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