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Abstract

:

We report triple differential cross-sections (TDCSs) for the electron impact single ionization of tungsten atoms for the ionization taking place from the outer sub shells of tungsten atoms, viz. W (6s), W (5d), W (5p) and W (4f). The study of the electron-induced processes such as ionization, excitation, autoionization from tungsten and its charged states is strongly required to diagnose and model the fusion plasma in magnetic devices such as Tokamaks. Particularly, the cross-section data are important to understand the electron spectroscopy involved in the fusion plasma. In the present study, we report TDCS results for the ionization of W atoms at 200, 500 and 1000 eV projectile energy at different values of scattered electron angles. It was observed that the trends of TDCSs for W (5d) are significantly different from the trends of TDCSs for W (6s), W (5p) and W (4f). It was further observed that the TDCS for W atoms has sensitive dependence on value of momentum transfer and projectile energy.
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1. Introduction


The study of the charged particle impact ionization of atomic, ionic and molecular targets has been of importance for a long time, having several potential applications, a few of which are semiconductor physics, the diagnostics and modeling of fusion plasmas, physics and chemistry of atmosphere, effect of ionizing radiation on biological tissues, etc. In the pioneering work, Ehrhardt et al. [1] obtained triple differential cross-sections (TDCS) by studying the electron impact collision process through the coincidence technique. The TDCS obtained by this kind of study provides complete information about the collision dynamics involved. Following this, significant progress has been made in the study of the electron impact single ionization of various atomic, ionic and molecular targets and reasonable agreement has been obtained between the experimental and theoretical results [2,3,4,5,6,7,8,9,10,11,12,13]. As already mentioned, the electron-induced ionization of atomic as well as ionic targets is of prime importance for the diagnostics and modeling of fusion plasma. In particular, the electron-induced ionization of tungsten atoms (W) and its charged states are of recent interest as tungsten has very good refractory properties which makes it a good candidate to be used inside the fusion devices such as ITER (international thermonuclear experimental reactor), DEMO (Demonstration power plant), JET (Joint European Torus) and ASDEX Upgrade (axially symmetric divertor experiment) [14,15,16]. W is proposed to be used as plasma facing tungsten-coated divertors and the material of the wall due to its low rate of sputtering and good resistivity to chemical erosion. As tungsten is released by sputtering from walls and plasma-facing divertors, a lot of spectroscopy is involved [17]. Knowledge of atomic processes such as electron impact excitation and ionization and electron ion recombination is essential to understand the possible impact of tungsten on fusion plasma in the form of an impurity [18,19] and the cross-section data of these processes are required for modeling and diagnostics of the plasma.



To date, it has not been possible to perform measurements on tungsten atoms, so the theoretical efforts to study the electron-induced processes on W atoms are of vital importance and various theoretical approaches have a crucial role in providing information required for plasma modeling. At the same time, it is worth mentioning that the theoretical treatment is complex and challenging for the electron- and photon-induced processes on high Z atoms such as W due to many electron effects in such targets [19], and there exist certain phenomena in these high Z systems, which are very different from lighter targets. Few attempts have been made to study electron impact total ionization cross-sections for the direct ionization of tungsten atoms and its various charged states (W ions). A semi-relativistic distorted wave approach has been used to calculate direct ionization cross-sections of the outer sub-shells of W atoms [20]; however, Deutsch Märk (DM) formalism has been used by Deutsch and coworkers for obtaining ionization cross-sections of tungsten atoms [21]. In further efforts, binary encounter Bethe (BEB) and plane wave Born (PWB) approaches have been used to obtain ionization cross-section of W atoms [22]. Electron impact ionization cross-sections of W were calculated using a Coulomb Born approach [23] and semi-empirical complex scattering potential [24].



Recently, electron-induced cross-sections of tungsten atoms have been reported for ionization [25] and ionization as well as excitation [26]. Very recently, electron-induced direct ionization cross-sections have been calculated for W atoms in variants of distorted wave [27,28] and modified BEB approaches [28] and differential cross-sections have been reported for the electron impact ionization of W atoms at 100 eV projectile energy [29]. The differential cross-section obtained for the energy and angle resolved conditions may be of further importance to understand the electron spectroscopy involved in fusion plasma [29,30]. The kinetic modeling of discharges which have non-Maxwellian velocity distributions for electrons may be executed efficiently using differential cross-section data [31].



Earlier studies to calculate TDCS of W atoms [27,29] have been carried out at projectile energy 100 eV for various scattering angles and ejected electron energies. In this communication, we report the TDCS results obtained for the electron impact single ionization of W atoms at various projectile energies, i.e., 200, 500 and 1000 eV for ejected electron energy 2 eV and 10 eV for different scattering angles. The present investigation is helpful to understand the effect of projectile energy on the collision dynamics of the W atoms. The TDCSs have been calculated in distorted wave Born approximation (DWBA) formalism for various momentum transfer conditions and ionization taking place from W(6s), W(5d), W(5p) and W(4f) sub-shells. Atomic units (  ℏ = e =  m e  = 1  ) have been used for the calculations in the present paper. The theoretical approach used for the calculation of TDCS is described in the next section.




2. Theory


The electron impact ionization process on tungsten W (5p64f145d46s2) atoms is given by the reaction:


   e −  + W →  W +  +  e −  +  e −   



(1)







The incident electron is specified by energy and momentum E0 and k1, respectively. The two outgoing electrons (scattered and ejected) are described by the energy ad momentum (k1, E1) and (k2, E2), respectively. The scattered electron is specified by subscript ‘1’ and the ejected (ionized) electron is specified by subscript ‘2’. The ionization reaction (Equation (1)) is governed by the energy conservation principle:


   E 0  =  E 1  +  E 2  + B E  



(2)




where BE is the ionization potential or binding energy of the bound electron.



Triple differential cross-sections (TDCSs) for the ionization taking place from nl orbital are given as:


     d 3  σ   d  Ω 1    d  Ω 2    d  E 1    =    (  2 π  )   4       k 1   k 2     k 0      ∑  m = − l  l    (     |   f  n l m    |   2  +    |   g  n l m    |   2  − Re  (   f  n l m  *     g  n l m    )   )     



(3)




here


   f  n l m   =  〈   X 1   ( − )    (  k 1  ,  r 1  )      X 2   ( − )    (  k 2  ,  r 2  )    |   v 3   |     X 0   ( + )    (  k 0  ,  r 1  )    ψ  n   l      (   r 2   )   〉   



(4)






   g  n l m   =  〈   X 1   ( − )    (  k 1  ,  r 2  )      X 2   ( − )    (  k 2  ,  r 1  )    |   v 3   |     X 0   ( + )    (  k 0  ,  r 1  )    ψ  n   l      (   r 2   )   〉   



(5)




are the direct and exchange amplitudes respectively for ionization taking place from the (n,l) shell of the target atom and    ψ  n l     is the corresponding target orbital from which the ionization is taking place. The interaction potential between the incident and target electrons, which is responsible for the ionization, is    v 3  =  1   |   r 1  −  r 2   |     .   X 0   ( + )     (   k 0  ,  r 1   )    is the distorted wavefunction for the projectile electron and    X 1   ( − )     (   k 1  ,    r 1   )    and    X 2   ( − )     (   k 2  ,    r 2   )    are the distorted wavefunctions for the scattered and ejected electrons, respectively; each is orthogonalized with respect to    ψ  n l    .We have used Hartree–Fock orbitals of McLEAN and McLEAN [32] for obtaining the target orbitals    ψ  n l    .The spin-averaged static-exchange potential of Furness and McCarthy [33] as modified by Riley and Truhlar [34] has been used to calculate the distorted wavefunction, which is given as:


   V E  ( r ) = 0.5 [  E 0  −  V D  ( r ) −   {   [  E 0  −  V D  ( r ) ]  2  + 4   π   ρ ( r ) }   1 / 2   ]  



(6)




where   ρ  ( r )    is the electron density.



The direct distorting potential    V D   ( r )    for the incident electron is obtained from the target radial orbital    u  n l    ( r )    [35] as:


   V D  ( r ) = −  Z r  +   ∑  n l     N  n l       ∫  d  r ′    [  u  n l      (  r ′  )  ] 2  /  r >   



(7)




where    r >    is greater of  r  and r′. The equivalent local ground state potential U, which is the sum of exchange and direct potentials, is given as:


  U =  V D   ( r )  +  V E   ( r )   



(8)







For the work reported here, we have made a careful check to ensure that the cross-sections converge satisfactorily. The TDCS results for the electron impact single ionization of W (6s), W (5d), W (5p) and W (4f) at incident electron energies 200, 500 and 1000 eV are presented in the next section.




3. Results and Discussion


We report electron impact single ionization TDCS results for the ionization taking place from a few outer sub-shells of tungsten (W) atoms, i.e., W (6s), W (5d), W (5p) and W (4f), as shown in Figure 1, Figure 2, Figure 3 and Figure 4. The electron-induced single ionization TDCSs of W atoms have been calculated for 200, 500 and 1000 eV incident energies at ejected electron energy 2 eV and scattering angles 2°, 5° and 10°.



The TDCSs obtained for the ionization taking place from the W (6s) sub-shell are displayed in Figure 1. A two-peak structure, which is a signature of the coplanar symmetric emission of electrons, is observed in the TDCS at 200 and 500 eV incident energy for the scattering angle 2° (Figure 1a,b). As the value of momentum transfer increases (i.e., increase of scattering angle), apart from the two peaks, a small peak appears around the ejected electron angle    θ 2  =  180 °   (dashed and dotted curves in Figure 1).The two peaks observed in the TDCS for the coplanar asymmetric emission of electrons are termed as binary and recoil peaks. The binary peak expected to be present in the direction of momentum transfer from incident electron to target is obtained due to direct binary collision and the recoil peak is observed in the opposite direction of momentum transfer due to recoil of remainder ion core. The momentum transfer (q) from the projectile to the target is given by the relation   q =  k 0  −  k 1   .The directions of momentum transfer are shown by arrows in the figures, and we have also listed the expected values of momentum transfer and the directions in Table 1 for all the kinematical conditions used in the present work. It is interesting to observe that for projectile energy 1000 eV at scattering angle 10°, the third peak observed around    θ 2  =  180 °    becomes very significant and it becomes larger than the recoil peak (dotted curve in Figure 1c).



We observe that the magnitude of the TDCS decreases as the value of scattering angle increases (i.e., momentum transfer values increase). For the smaller values of scattering angle, 2° (solid curves in Figure 1), the binary and recoil peaks are observed nearly in the expected direction of momentum transfer; however, both the peaks are shifted towards higher values of ejected electron angles for the higher values of scattering angles. As the value of momentum transfer increases, the recoil to the binary peak ratio decreases and a slight shoulder is developed in the TDCS around    θ 2  =  180 °   , which becomes a significant peak at 1000 eV projectile energy for the scattering angle 10° (Figure 1c).The possible reason for the three-peak structure obtained at the higher momentum transfer condition is still unknown; however, it may be due to possible relativistic effects in the high Z many-electron target W. We would also like to mention that in the present investigation, we have considered ionization from the outer sub-shells of tungsten at intermediate projectile energy, so the relativistic effects may not be so significant.



The TDCS results for the ionization from W (5d) are displayed in Figure 2. At smaller values of scattering angles, the two peaks are shifted by large values towards higher ejected electron directions. For the higher momentum transfer conditions (scattering angle 10°), three or more peaks were observed (see dotted curves in Figure 2) and the binary and recoil peaks were observed nearly in the expected direction of momentum transfer for the projectile energy 1000 eV (dotted curve in Figure 2c). Thus, the trends of TDCS observed for W (5d) are significantly different from the trends of TDCS observed for ionization from W (6s) for the coplanar symmetric emission of electrons. Another point to be noted is that the magnitude of TDCS decreases greatly with an increase in scattering angle. The open d shell present in W (5d) may be responsible for these significantly different features of TDCS.



A two-peak structure was obtained in the TDCS for the ionization from the W (5p) sub-shell and the binary and recoil peaks were in the expected direction of momentum transfer (Figure 3) at smaller values of scattering angles 2° and 5°.Some signature of binary as well as recoil peak splitting was observed at higher scattering angle 10° (dotted curve in Figure 3c) and the splitting of peaks became significant as the projectile energy increased (dotted curves in Figure 3b,c).There was a asymmetric splitting of binary and recoil peaks and the minima were observed in the expected direction of momentum transfer and its opposite direction (dotted curve in Figure 3c).Finally, the TDCS results obtained for the ionization from the W (4f) sub-shell are presented in Figure 4.The binary and recoil peaks were observed at scattering angles 2° and 5° and the peak directions were shifted towards higher values of ejected electron angles (solid and dashed curves in Figure 4a,b).For the larger values of momentum transfer (i.e., scattering angle 10°), the trend of TDCS had some signature of splitting of peaks (dotted curves in Figure 4).



It has been observed that the trends of TDCS for the ionization of W (5d) are significantly different from the trends of TDCS observed for the ionization taking place from other sub-shells. To further investigate the collision dynamics of W (5d), we present TDCS of W (5d) for ejected electron energy 10 eV in Figure 5. A two peak structure was observed at scattering angle 2° at all the projectile energies (see solid line in Figure 5). The directions of binary and recoil peaks were nearly in the expected direction of momentum transfer at 200 and 500 eV (solid line in Figure 5a,b); however, the direction of binary and recoil peaks were shifted toward a lower value of ejected electron angle at 1000 eV projectile energy. As the scattering angle increased to 5°, the binary and recoil peaks shifted towards a higher ejected electron angle at 200 and 500 eV projectile energies (see dashed curves in Figure 5a,b). For the further higher value of momentum transfer (i.e., scattering angle 10°), splitting of binary and recoil peaks was observed. Comparing with the trends of TDCS for the W (5d) at ejected electron energy 10 eV, we observed that at scattering angles 2° and 5°, the trends of TDCS were nearly the same as observed for ionization from other sub-shells; however, the trends of TDCS at ejected electron energy 2 eV are significantly different.



In the present study, we calculated TDCS at small values of ejected electron energy and scattering angles since the ionized electron moving with small energies (near or below threshold energy) with small momentum transfer provides a stringent test of the theoretical models. Effects such as electron correlation, exchange and distortion play an important role and we receive better insight into the collision dynamics. We used the standard DWBA approach for the calculation of TDCS in the present investigation, which is suitable for the kinematics used in the present work as ionization was taking place in the intermediate energy range up to 1 keV. We recently reported that distorted wave approximation (DWA) is able to give reasonable agreement with the other theoretical results available for the W atoms [28] in case of total ionization cross-sections. As mentioned in the theory section, we have ensured that convergence is obtained in the calculated cross-sections. There are no experimental data available for the W atoms to compare with, but we compare the DWBA TDCS results obtained by us for the ionization of Xe (5p) at 1032 eV with the measurements [36] (Figure 6), which justifies the use of the DWBA approach for the present calculations. A good agreement was obtained with the measurements in case of Xe (5p) in present study (Figure 6), which was also the case for our earlier reported DWBA results for Xe (5p) [37], Ar (3s) [38], He (2s) [11], etc.



It is also worth mentioning that the energy range considered in the present investigation is suitable for plasma applications as the electron temperatures vary from a few hundred eV at the outside of the separatrix (scrape-off layer) down to a few eV in the vicinity of the divertor surfaces [19,29]. The separatrix is a boundary between confined plasma and external plasma. Apart from the total ionization cross-sections [28], the present energy and angle resolved cross-section data will be of further importance for the plasma modelers and discharge-related studies as it gives kinematically complete cross-section data.




4. Conclusions


We have reported the results of TDCS for the electron-induced single ionization of W (6s), W (5d), W (5p) and W (4f) at projectile energies 200, 500 and 1000 eV for different momentum transfer conditions. We observed that the trends of TDCS obtained for the W (6s) ionization are similar to the trends of TDCS obtained for the ionization of lighter targets for coplanar asymmetric emission of electrons. However, the TDCS trends have sensitive dependence on the scattering angle and projectile energy and a three-peak TDCS structure was obtained for higher values of scattering angle and projectile energy for the ionization of W (6s). The binary and recoil peaks were observed in the expected direction of momentum transfer for W (6s), W (4f) and W (5p) at smaller values of scattering angle and projectile energy. The trends of TDCS observed for ionization taking place from W (5d) are significantly different from the other orbital investigated with large shift in the peak positions and complex structure of TDCS at large values on momentum transfer. The open d shell present in W (5d) along with possible many electron effects due to high Z target may be responsible for the observed differences. Our present effort is vital to understand the collision dynamics of W atoms, which is very important from the application point, as very few theoretical studies are available for the differential cross-sections of W and no experimental studies are available for the electron-induced ionization processes on W atoms, even for total ionization.
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Figure 1. Electron-induced TDCSs plotted against the angle of the ejected electron for the single ionization of W (6s) at projectile energy (a) 200 eV (b) 500 eV and (c) 1000 eV at ejected electron energy E2 = 2 eV for scattering angles; θ1 = 2°: solid curve, θ1 = 5°: dashed curve and θ1 = 10°: dotted curve. q and −q represent the direction of momentum transfer and its opposite. 
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Figure 2. Same as Figure 1 but for ionization of W (5d). 
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Figure 3. Same as Figure 1 but for ionization of W (5p). 
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Figure 4. Same as Figure 1 but for ionization of W (4f). 






Figure 4. Same as Figure 1 but for ionization of W (4f).
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Figure 5. Electron-induced TDCSs plotted against the angle of the ejected electron for the single ionization of W (5d) at projectile energy (a) 200 eV (b) 500 eV and (c) 1000 eV at ejected electron energy E2 = 10 eV for scattering angles; θ1 = 2°: solid curve, θ1 = 5°: dashed curve and θ1 = 10°: dotted curve. q and −q represent the direction of momentum transfer and its opposite. 
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Figure 6. Electron-induced TDCS plotted against the angle of the ejected electron for the single ionization of Xe (5p) at projectile energy 1032 eV, ejected electron energy 20 eV and scattering angle 2.5°. Solid curve: present DWBA results; solid circles: measurements [36]. The experiment is relative, and it has been normalized to the present DWBA results to give the best visual fit. 






Figure 6. Electron-induced TDCS plotted against the angle of the ejected electron for the single ionization of Xe (5p) at projectile energy 1032 eV, ejected electron energy 20 eV and scattering angle 2.5°. Solid curve: present DWBA results; solid circles: measurements [36]. The experiment is relative, and it has been normalized to the present DWBA results to give the best visual fit.
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Table 1. Momentum transfer values and directions for the ionization taking place from various sub-shells of W atoms.






Table 1. Momentum transfer values and directions for the ionization taking place from various sub-shells of W atoms.





	
Sub-Shell

	
Incident Electron Energy (eV), Ejected Electron Energy (eV)

	
Scattered Electron Angle (Degree)

	
Momentum Transfer Value (a.u.)

	
Momentum Transfer Direction (Degree)






	
W(6s)

	
200, 2

	
2°

	
0.15

	
59




	
5°

	
0.34

	
74




	
10°

	
0.67

	
78




	
500, 2

	
2°

	
0.22

	
76




	
5°

	
0.53

	
82




	
10°

	
1.1

	
82




	
1000, 2

	
2°

	
0.3

	
82




	
5°

	
0.75

	
85




	
10°

	
1.5

	
84




	
W(5d)

	
200, 2

	
2°

	
0.19

	
44




	
5°

	
0.35

	
65




	
10°

	
0.67

	
74




	
500, 2

	
2°

	
0.23

	
67




	
5°

	
0.53

	
79




	
10°

	
1.1

	
81




	
1000, 2

	
2°

	
0.30

	
78




	
5°

	
0.75

	
83




	
10°

	
1.5

	
83




	
W(5p)

	
200, 2

	
2°

	
0.54

	
12




	
5°

	
0.61

	
28




	
10°

	
0.81

	
45




	
500, 2

	
2°

	
0.38

	
32




	
5°

	
0.60

	
56




	
10°

	
1.07

	
68




	
1000, 2

	
2°

	
0.37

	
52




	
5°

	
0.77

	
71




	
10°

	
1.5

	
77




	
W(4f)

	
200, 2

	
2°

	
0.62

	
11




	
5°

	
0.68

	
25




	
10°

	
0.86

	
41




	
500, 2

	
2°

	
0.42

	
29




	
5°

	
0.63

	
52




	
10°

	
1.1

	
66




	
1000, 2

	
2°

	
0.39

	
48




	
5°

	
0.78

	
69




	
10°

	
1.5

	
73




	
W(5d)

	
200, 10

	
2°

	
0.25

	
30




	
5°

	
0.39

	
54




	
10°

	
0.68

	
67




	
500, 10

	
2°

	
0.25

	
57




	
5°

	
0.54

	
73




	
10°

	
1.05

	
77




	
1000, 10

	
2°

	
0.31

	
72




	
5°

	
0.75

	
80




	
10°

	
1.5

	
81
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