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Abstract

:

Forbidden transitions in the near-UV and visible wavelength of highly charged tungsten (W) ions are potentially useful as novel tungsten diagnostics means of fusion plasmas. Emission lines in 290–360 nm from W    q +    ions interacting with an electron beam of 540–1370 eV are measured, using a compact electron-beam-ion-trap. The charge states of 64 lines are identified as W    20 +   –W    29 +   . A magnetic-dipole (M1) line of W    29 +    between the excited states    ( 4  d 8  4 f )     [   ( 4  d  5 / 2   − 2   )  4   4  f  7 / 2   ]   13 / 2   →   [   ( 4  d  5 / 2   − 2   )  4   4  f  5 / 2   ]   13 / 2     is newly identified; the wavelength is determined as 351.03(10) nm in air. The theoretical wavelength calculated using the multiconfiguration Dirac–Hartree–Fock method is in a good agreement with the measurement.
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1. Introduction


Emission lines of tungsten (W) ions are highly relevant to nuclear fusion energy development because tungsten will be used as plasma-facing in-vessel component materials of ITER (International Thermonuclear Experimental Reactor), being, therefore, the primary heavy impurity in the ITER plasma. X-ray [1,2], extreme-ultra-violet (EUV) [1,3,4,5,6], and vacuum-ultra-violet (VUV) [7,8] emission lines of highly charged W ions were studied with large plasma devices. On the other hand, W measurements in the plasma devices using visible lines were limited to neutral and singly charged ions until visible and near-UV lines emitted by highly charged W ions were observed at the large helical device (LHD), using tungsten pellet injection [9,10,11].



Forbidden transitions of highly charged ions in the near-UV and visible wavelength region [12] are particularly useful because their intrinsically narrow natural widths can be used for Doppler measurements of ion temperatures, plasma flows, and core rotations. Moreover, mirrors and optical fibers are available to avoid fusion neutron irradiation to detectors. Recently, a local tungsten density in core plasmas of the LHD was successfully assessed with near-UV magnetic-dipole (M1) lines emitted by W    26 +    and W    27 +    ions [13]. Such visible and near-UV emission lines of highly charged W ions were intensively measured by different research groups, using electron-beam-ion-traps (EBITs): W    7 +   –W    9 +    [14,15], W    8 +   –W    28 +    [16], W    11 +    [17], W    12 +   –W    14 +    [18], W    13 +    [19], W    24 +   –W    25 +    [20], W    25 +    [21], W    26 +    [22,23], W    26 +   –W    33 +    [24], W    27 +    [25], W    28 +    [26,27], and W    52 +    [28,29,30]. However, charge state identification still remain uncertain for many lines observed at LHD. In this contribution, therefore, we present new identification for emission lines in 290–360 nm from W    20 +   –W    29 +   , using a compact EBIT at National Institute for Fusion Science (CoBIT-II).



In Section 2, experimental methods with CoBIT-II are explained in detail; the results are presented in Section 3. In Section 4, theoretical calculations of emission lines are presented, focusing on an M1 line of W    29 +    which is hitherto unidentified. Discussion about the present results is given in Section 5 before the summary and conclusion.




2. Experiment


The present experiment was performed using a compact electron-beam-ion-trap at National Institute for Fusion Science (CoBIT-II) [31,32]. CoBIT-II consists of an electron gun, an ion trap (drift tubes), an electron collector, a high-temperature superconducting coil, and a liquid nitrogen tank inside a vacuum chamber. An electron beam from the electron gun is radially compressed and axially guided through the drift tube by a strong magnetic field from the superconducting Helmholtz-type coil. After passing through the drift tube, the electron beam is collected by the electron collector. The ion trap is made by a radial space charge potential of the electron beam and an axial potential well of an externally applied electric field in the drift tube. Highly charged ions are produced by successive electron-impact ionization in the trap. The trap region is maintained in an ultra-high vacuum condition (  10  − 8    Pa) so that the charge exchange with the residual neutral gas is negligible. Emission lines from the highly charged ions can be observed at the right angle direction to the electron beam axis through a view port of the vessel. In the present studies, tungsten was introduced as a vapor of tungsten hexacarbonyl W(CO)   6   from a gas injector.



Figure 1 shows a schematic of a UV-visible spectrometer and the gas injector at CoBIT-II looking down from above. The spectrometer consists of an entrance slit (100  μ m width), a grating of 1200 grooves/mm blazed at 300 nm, and a nitrogen cooled back-illuminated charge coupled device (CCD) detector (PyLoN eXcelon, imaging array:   2048 × 512  , pixel:   13.5 × 13.5     μ   m  2   ). A condensing lens is used to focus the emission from CoBIT-II on to the entrance slit. Wavelength calibration was performed after the observation using standard lamps of He, Ne, Ar, and Hg placed in front of the entrance slit. The wavelength of each line position on the detector was carefully determined by consulting wavelength data of the Atomic Spectra Database at NIST [33]. The correlation between the wavelengths and corresponding line positions is well approximated by a linear function. We evaluated the accuracy of this calibration function, using the M1 line of W    27 +    at 337.743(26) nm [25,34] in air (the line c in Figure 2). The calibration function gives a central wavelength that matches the reference wavelength within the uncertainty.



W ions in the trap have charge states distributed in a consecutive range. Steady-state abundance of the charge state in EBITs is determined predominantly by electron-impact ionization and axial ion escape [35]. Although for highly charged ions, recombination with free electrons also plays an important role in determining the charge state distribution, the effects of electron transfer from ambient neutral species can be neglected under the ultra-high vacuum condition. As a result, emission lines of each charge state have intensities in proportion to the steady-state abundance. Since the electron beam of EBITs has mono-energies, the highest charge state in the trap,   q max   can be associated with the electron beam energies naively as   I  (  q max  − 1 )  ≤  E e  < I  (  q max  )   , where   I ( q )   is the ionization threshold of W    q +   . In the present work, therefore, the charge state q is assigned to emission lines which appear in the spectra at   I  ( q − 1 )  ≤  E e  < I  ( q )    and absent at    E e  < I  ( q − 1 )   . This method is simple and, in principle, applicable, provided that the accurate ionization thresholds are available. However, it is noted that identification by such assignment has uncertainty, due to the possibility of existence of long-lived meta-stable excited states, e.g., Ref. [26].




3. Emission Lines in 290–360 nm of W    20 +   –W    29 +    Ions


Emission line spectra for 290–360 nm measured at 14 electron beam energies for 540–1370 eV are shown in Figure 2. The present measurements are performed at electron beam energies such that each ionization threshold of consecutive charge states for   q =   20–33 falls in between the successive energies. In the present wavelength range, 64 lines in total are identified as emission lines of W    20 +   –W    29 +    ions. Quite a few emission lines are observed in the spectra especially for lower charge states (  q ≤ 25  ) reflecting complicated atomic structures of the ground state configurations with many   4 f   electrons. The lines a and b are due to the M1 transitions of W    26 +    in the ground state:    ( 4  f 2  )      3   F 4   →    3   F 3     and      3   F 4   →    1   G 4    , respectively [23]. The line c is the M1 transition of W    27 +    in the ground state:    ( 4 f )      2   F  7 / 2    →    2   F  5 / 2      [25]. The line d is the M1 transition of W    28 +    in the excited state:    ( 4  d 9  4 f )     [ 4  d  5 / 2   − 1    4  f  7 / 2   ]  4  →   [ 4  d  5 / 2   − 1    4  f  5 / 2   ]  3    [27].



The lines indicated by red arrows in Figure 2 can be identified in the spectra previously observed at LHD using tungsten pellet injection [10,11]. The other lines, including the line e of W    29 +   , are found by the present work. The wavelengths of each charge state are listed in Table 1. Uncertainty in the wavelengths is evaluated as a square root of the sum of variance in the central wavelength determined by the Gaussian fitting that is associated with the linear calibration function.



Figure 3 shows spectra magnified for the line e of W    29 +    at 351.03(10) nm along with the line d of W    28 +   . The line e is absent in the spectrum of 1000 eV below the ionization threshold of W    28 +    (1132 eV [36]). Line e appears from the spectrum of 1170 eV and increases the intensity at higher energies, while the intensity of the line d decreases monotonically with the energy.




4. Theoretical Calculation for Emission Lines of W    29 +   


Emission lines of W    29 +    ions in CoBIT-II were calculated, using a collisional-radiative (CR) model. In the CR model, the rate equation of electron-impact (de)excitation and ionization and subsequent radiative cascade decays are solved assuming quasi-stationary state approximation for population densities of excited states. The equilibrium equation for the population density of each excited-state energy level   n i   is as follows:


    n e   ∑  j ≠ i    C  j i   +  n e   S i  +  ∑  j < i    A  j i     n i  =  n e   ∑  j ≠ i    C  i j    n j  +  ∑  j > i    A  i j    n j   



(1)




where   C  j i    are rate coefficients of electron collision (de)excitation from a level i to j,   S i   collisional ionization from i,   A  j i    radiative transition rates from i to   j  (  E j  <  E i  )  , and   n e   electron densities. The left-hand side of the equation represents out-flow rates of population densities from the level i, and the right-hand side in-flow rates to this level. The electron collision rate coefficients for the mono-energetic electron beam are expressed as a product of an electron velocity of the beam and a collision cross section given at the velocity, i.e.,    C  j i   =  v e  ×  σ  j i    (  v e  )   . The typical value of electron density for the electron beam, i.e.,    n e  =  10 16    m    − 3   , is adopted for the calculations. In the present model, we included the configurations of   4  d 9   ,   4  d 8  4 f  ,   4  d 8  5  ( s − g )   ,   4  d 7  4  f 2   ,   4  p 5  4  d 10   , and   4  p 5  4  d 9  4 f  . These excited state configurations are chosen because they have lower excitation energies. Energy levels of the configurations, radiative transition rates (electric-dipole, quadruple and octupole and magnetic-dipole and quadruple), and distorted-wave electron collision cross sections are calculated with fully relativistic wave functions obtained by the parametric potential method using the HULLAC code (v9.610j) [37].



Figure 4 shows the CR model spectrum for    E e  = 1170   eV. Three candidate lines are obtained in 290–360 nm due to M1 transitions in the excited state   4  d 8  4 f   at about 200 eV above the ground state   4  d 9   , i.e., line 1:     [   ( 4  d  5 / 2   − 2   )  4   4  f  7 / 2   ]   13 / 2   →   [   ( 4  d  5 / 2   − 2   )  4   4  f  5 / 2   ]   13 / 2    , line 2:     [   ( 4  d  5 / 2   − 2   )  2   4  f  5 / 2   ]   9 / 2   →   [   ( 4  d  5 / 2   − 2   )  2   4  f  5 / 2   ]   7 / 2    , and line 3:     [   ( 4  d  5 / 2   − 2   )  2   4  f  7 / 2   ]   9 / 2   →   [   ( 4  d  5 / 2   − 2   )  2   4  f  5 / 2   ]   9 / 2    . It is noted that the M1 transition of the ground state fine structure,    ( 4  d 9  )      2   D  3 / 2    →    2   D  5 / 2     , falls into the VUV range. The strongest one, that is, line 1, is considered as the observed line e; the other lines are too weak to be observed for the present measurements. The transition rate of the line 1 is 91.6 s    − 1   .



However, discrepancy of the calculated wavelength from the measurement is significant (about 2%). Subtle electron–electron correlation effects should be taken into account to predict the wavelength with a higher accuracy. Thus, the multi-configuration Dirac–Hartree–Fock (MCDHF) [38] calculations are performed using GRASP2018 code [39].



The MCDHF method is based on the Dirac–Coulomb Hamiltonian, which consists of the single-electron Dirac Hamiltonian and Coulomb interaction energies with nucleus and ambient electrons. Solutions (atomic state functions) are represented as linear combinations of configuration state functions (CSFs), as follows:


  Ψ  ( Γ P J M )  =  ∑  j = 1   N  C S F     c j  Φ  (  γ j  P J M )  .  



(2)







Here, J and M are the angular momentum quantum numbers and P is parity.   γ j   denotes other appropriate labeling of the configuration state function j, for example, the orbital occupancy and coupling scheme. Normally, the label  Γ  of the atomic state function is the same as the label of the dominating CSF in the linear combination. The CSFs are built from products of single-electron Dirac orbitals. Both the radial parts of the Dirac orbitals and the linear combination coefficients are optimized self-consistently so as to minimize level energies, which is the so-called extended optimal level (EOL) scheme [40]. Subsequently, we performed relativistic configuration interaction (RCI) calculations with the Dirac orbitals optimized by the MCDHF procedure. In the RCI calculations, the Breit interaction of the low frequency limit and the leading QED corrections (i.e., self-interaction and vacuum polarization) are also included.



As a starting point, we performed the DHF calculation with the single reference configuration   4  d 8  4 f   (  N  C S F   = 5 )   . It is noted that the EOL procedure was performed for the upper and lower levels separately. As shown in Table 2, the DHF calculation underestimates the observed wavelength by about 4%. We investigated variation of the wavelength values by expanding CSFs in the atomic state functions. The CSF expansion (active space) is obtained by single and double (SD) substitution from the reference configuration up to active orbital sets. In the present work, SD substitutions are allowed only from   { 4 p , 4 d , 4 f }   orbitals, and inner orbitals are treated as an inactive core. In Table 2, transition wavelengths obtained with the active space within the first layer orbital set   { 4 p , 4 d , 4 f }   (SD1,    N  C S F   = 3468  ) and with a larger active space including the second layer orbital set   { 5 s , 5 p , 5 d , 5 f , 5 g }   (SD2,    N  C S F   =   175,140) are also shown. The transition wavelength of SD2 is in a good agreement with the observed wavelength (discrepancy is only 0.3%).




5. Discussion


The lower state of the line e,    ( 4  d 8  4 f )     [   ( 4  d  5 / 2   − 2   )  4   4  f  5 / 2   ]   13 / 2     is the meta-stable state, which can decay only via electric-quadruple (E2) or higher order multi-pole transitions. Such a long-lived state can have a relatively large population at low electron densities. The present CR model predicts the fractional population of the meta-stable state to be about 6%: 60% of the total population for all excited states in the model. This result supports the present identification of the line e. The MCDHF calculation of the transition wavelength also agrees with the present measurement. The largest CSF expansion (SD2) provides the closest result to the experimental value. However, the result is apparently overshooting the experimental value, as the configuration expansion is enlarged further. This can partly be ascribed to the omission of correlation effects from deeper core orbitals, such as   4 s   and   3 d   in the present calculations. The wavelength of the line e: 351.03(10) nm is close to that of an emission line previously reported by Watanabe et al. [24]: 350.74(3) nm, using the Tokyo-EBIT. However, it is not correct to assume that both lines are identical because the wavelengths differ by   3 σ  . On the other hand, another line of 344.40(4) nm, reported by Watanabe et al. [24], can be considered identical with the line d of W    28 +    at 344.57(10) nm by the present measurement.



It is noteworthy that the profile of line c shows clearly a shoulder in the long wavelength side, due to blending with another line at 338.15(9) nm. Since both intensities show a similar energy dependence, the charge state of the blending line is also considered as W    27 +   . In this case, the line must be associated with meta-stable excited states of W    27 +   . Further investigation is necessary for definite identification because such a line was never reported in previous studies.



Besides the lines a–d, the lines of W    26 +    at 320.97(9) nm, W    25 +    at 334.20(9) nm, W    24 +    at 323.22(8) nm, and W    23 +    at 322.58(8) nm and 332.02(9) nm are also identified at LHD [10,11,13]. These lines are, therefore, potentially useful for the tungsten diagnostics of fusion plasmas. However, the number of such lines is much smaller than that observed in the same wavelength range, using CoBIT-II (see Figure 2). This may suggest that the emission lines of CoBIT-II include many forbidden lines associated with long-lived meta-stable excited states. Populations of such meta-stable excited states can survive at low electron densities but it becomes smaller at higher electron densities of LHD (   n e  =  10 19    m    − 3   ) because collisional de-population will take place over a shorter time than radiative lifetimes of the meta-stable excited states. The M1 lines identified at LHD should, therefore, mostly be associated with M1 transitions in the ground state fine-structures, as the line a–c are. In this regard, the line d is an intriguing exception.




6. Summary and Conclusions


Emission lines in 290–360 nm from W    q +    ions interacting with an electron beam of 540–1370 eV were measured, using a compact electron-beam-ion-trap at the National Institute for Fusion Science (CoBIT-II) [32]. We assigned the charge state q to each emission line, which appears in the spectra at   I  ( q − 1 )  ≤  E e  < I  ( q )    and absent at    E e  < I  ( q − 1 )   , where   I ( q )   stands for the ionization threshold for the charge state q and   E e   the electron beam energy. In the present work, 64 lines of W    20 +   –W    29 +    were identified. Such lines observed at the large helical device (LHD) [10,11], whose charge states are identified by the present work, will serve the tungsten diagnostics of fusion plasmas.



The emission line spectrum of W    29 +    in the wavelength range was calculated using the collisional-radiative (CR) model. The present CR model predicts three candidates for the observed line at 351.03(10) nm. We identified the strongest line as follows:    ( 4  d 8  4 f )     [   ( 4  d  5 / 2   − 2   )  4   4  f  7 / 2   ]   13 / 2   →   [   ( 4  d  5 / 2   − 2   )  4   4  f  5 / 2   ]   13 / 2    , as the observed line. The wavelength was calculated with a high accuracy using GRASP2018 code [39]; the result is in a very good agreement with the measured value (0.3% discrepancy).
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Figure 1. Schematic of the UV-visible spectrometer and the gas injector at the compact electron-beam-ion-trap in the National Institute for Fusion Science (CoBIT-II). 
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Figure 2. Emission line spectra for 290–360 nm of W    q +    ions in CoBIT-II. The electron beam energy and the highest charge state produced at the energy,   q max  , are written at the right of each spectrum. Arrows in each spectrum indicate the emission lines of the ions in the charge state. Each spectrum was measured for 20 min exposure time. 
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Figure 3. Emission lines of W    28 +    and W    29 +    ions in CoBIT-II. This is a magnification of the wavelength range and the vertical scale of Figure 2 for 1000–1270 eV. 
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Figure 4. Emission line spectrum of the CR model for W    29 +   . The transition of the line 1 is     [   ( 4  d  5 / 2   − 2   )  4   4  f  7 / 2   ]   13 / 2   →   [   ( 4  d  5 / 2   − 2   )  4   4  f  5 / 2   ]   13 / 2    , the line 2     [   ( 4  d  5 / 2   − 2   )  2   4  f  5 / 2   ]   9 / 2   →   [   ( 4  d  5 / 2   − 2   )  2   4  f  5 / 2   ]   7 / 2    , and the line 3     [   ( 4  d  5 / 2   − 2   )  2   4  f  7 / 2   ]   9 / 2   →   [   ( 4  d  5 / 2   − 2   )  2   4  f  5 / 2   ]   9 / 2    . 
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Table 1. Wavelengths (in air) of emission lines in 290–360 nm from W    q +   . Numbers in parenthesis are uncertainty. The superscript placed to the right of the wavelength indicates each emission line of a–e in Figure 2.
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	q
	Wavelength (nm)





	29
	351.03(10) e



	28
	344.57(10)    d  



	27
	337.76(9)    c  , 338.15(9)



	26
	320.97(9), 333.74(9)    a  , 335.76(9)    b  



	25
	297.15(6), 304.60(7), 306.74(7), 310.59(7), 313.63(7),



	
	328.68(9), 334.20(9), 359.93(11)



	24
	287.95(7), 288.55(7), 294.79(7), 298.31(7), 300.35(7),



	
	306.38(7), 323.22(8), 330.14(9), 335.75(9), 341.58(10),



	
	344.05(10), 349.92(10), 353.71(11)



	23
	287.48(7), 289.49(7), 294.00(7), 296.32(7), 298.84(7),



	
	322.58(8), 326.60(9), 332.02(9), 333.35(9), 339.78(10),



	
	340.27(9), 341.13(10), 347.60(10), 348.68(10)



	22
	297.56(7), 307.98(7), 308.57(7), 328.43(8), 339.03(10),



	
	342.22(10), 345.30(11), 346.89(10)



	21
	289.89(7), 291.30(7), 291.94(7), 292.91(7), 297.91(7),



	
	300.51(9), 304.71(7), 309.85(7), 311.06(7), 315.14(8),



	
	357.82(11)



	20
	331.63(9), 341.38(10), 352.59(10)
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Table 2. Calculated wavelengths ( λ ) for the transition     [   ( 4  d  5 / 2   − 2   )  4   4  f  7 / 2   ]   13 / 2   →   [   ( 4  d  5 / 2   − 2   )  4   4  f  5 / 2   ]   13 / 2     of W    29 +   . DHF stands for the wavelength obtained with the reference CSF   4  d 8  4 f   (  N  C S F   = 5 )   , SD1 the result with the CSF expansion in the first layer    { 4 p , 4 d , 4 f }    (  N  C S F   = 3468 )   , and SD2 the result with the expansion including the second layer    { 5 s , 5 p , 5 d , 5 f , 5 g }   (  N  C S F   =   175,140). HULLAC stands for the wavelength value in the CR model (Figure 4) calculated by HULLAC code.
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	HULLAC
	DHF
	SD1
	SD2
	Experiment





	 λ  (nm)
	343.24
	337.86
	346.83
	352.13
	351.03(10)
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