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 A B S T R A C T

Currently, Tungsten (W) remains one of the most important materials used in plasma facing components (PFCs) 
in tokamaks in regards to the construction of divertors and first wall materials. Plasma modelling, including 
erosion and transport studies, are hindered by the lack of comprehensive atomic data sets available, especially 
for the atomic structure and excitation rate coefficients. This paper presents a Multi-Configurational Dirac–Fock 
(MCDF) approach to the atomic structure of W VII which is the foundation of a subsequent Dirac Atomic R-
Matrix Calculation (DARC) for electron-impact excitation. The collision calculations initially produce collision 
strengths for a wide range of incident electron energies, which are then Maxwellian convolved to produce 
effective collision strengths across a range of relevant temperatures. Derived transition rates from the atomic 
structure and excitation rates from the collisional evaluations form the basis of a collisional-radiative model 
to calculate Photon Emmisivity Coefficients (PECs) under a variety of pertinent electron temperatures and 
densities. The resulting synthetic spectra are compared with measured spectra taken at the Joint European 
Torus (JET) experiment and very good agreement is found for some diagnostically significant transitions.
1. Introduction

Tungsten (W) continues to be the proposed element of choice for 
plasma-facing components of large-scale tokamak nuclear fusion reac-
tors, with the ITER reactor [1] being a prominent example. This is 
largely due to the desirable properties it exhibits as a material with 
high melting point, low levels of sputtering, lack of fuel particle uptake 
and significant thermal conductivity [2–4].

A critical need for accurate fundamental atomic data for the ma-
jority of W ion stages is required in order to accurately model the 
conditions within a tokamak reactor. This ranges from neutral tungsten 
being eroded or sputtered from the reactor walls, to the uptake of 
highly charged ionisation stages further into the fusion plasma. This di-
versity of modelling mandates a comprehensive set of collisional atomic 
data for the majority of ion stages, including excitation, ionisation and 
recombination collision processes.

On the electron-impact excitation front, for near-neutral systems, 
work has been completed to meet this demand, as illustrated in the 
work of Smyth et al. [5], Dunleavy et al. [6], McCann et al. [7] 
and Ballance et al. [8], who have provided comprehensive 𝑅-matrix 
collisional excitation data for the first four ionisation stages of W i, W 
ii, W iii and W iv respectively; meanwhile a plethora of data exists for 
dielectronic and radiative recombination of Tungsten [9–14]
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Theoretical calculations for the low ionisation stages of W are 
challenging both in their description of the target and the significant 
computational investment required by subsequent collisional R-matrix 
calculations. This effort has been complimented by several experiments 
undertaken at the Joint European Torus (JET) facility in the UK [15], 
the Large Helical Device (LHD) in Japan [16] and the Huan-Liuqi-2 A 
(HL-2 A) facility in China [17]. Additional experimental works of note 
are measurements from the Sustained Spheromak Physics Experiment 
(SSPX) in Livermore USA [18,19] and the compact EBIT experiment 
of Mita et al. [20] in the Institute for Laser Science Japan.

Of particular interest are the recent observations of Lawson et al. 
[15] who present an extensive investigation of a low temperature VUV 
spectrum of W recorded in the JET plasma. The analysis of this spec-
trum revealed discrete spectral lines of W vii and W viii, including the 
very first observation in the VUV of a magnetic dipole (M1) transition 
for W viii. To investigate whether these lines could be used for diagnos-
tic purposes in a fusion tokamak reactor, requires the computation of 
high quality and complete atomic data sets for both charge states. The 
data necessary to perform any meaningful modelling includes energy 
levels, transition probabilities and electron impact excitation rates for 
a wide range of electron temperatures.
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Unfortunately, the availability of comprensive data sets for both W 
vii and W viii is limited, especially in terms of electron-impact excitation 
data. The lack of data for W vii is one of the motivations behind the 
current work. Previous published work in the literature concerning 
these elements is limited to the theoretical work of Deprince and Quinet 
[21] who focused on the atomic structure and carried out an analysis 
of transition rates using the  Cowan [22] code which employed an 
HFR approximation. In addition, electron-impact ionisation calcula-
tions have also been reported by Ma et al. [23] and Chen et al. [24] 
for these two ions. However, in particular, this lack of comprehensive 
collisional excitation rates remains an impediment to the calculation 
of 3D magnetohydrodynamical simulations which requires detailed 
ionisation and excitation data. The recent decision to replace beryllium 
as the first wall material with tungsten at ITER has only provided 
further impetus to calculate these rates [25].

The remainder of this paper shall be structured as follows. In 
Section 2 the atomic structure model for W vii is presented and com-
prehensive comparisons are made between the computed energy levels 
and transition probabilities with all data available in the literature. 
This W vii model is subsequently used in a full 𝑅-marix electron-impact 
excitation calculation and the resulting collision strengths and effective 
collision strengths are presented and discussed in detail in Section 3. 
Finally, in Section 4 these new atomic data are incorporated into a 
collisional radiative model to investigate the population dynamics of 
the levels, probe potential temperature and density diagnostic lines as 
well as investigate the photon emmissivity co-efficients (PECs) for a 
wide range of wavelengths. These PECs will subsequently be compared 
with the observations of Lawson et al. [15].

2. Atomic structure

2.1. Methodology

The determination of energy levels and radiative transition rates 
and level populations (if in LTE) requires an accurate description of 
the atomic system under consideration. In this paper, a set of structure 
models for W vii are constructed using the grasp0 computer code, 
which implements multi-configuration Dirac–Fock (MCDF) theory. This 
fully relativistic package, initially published by Dyall et al. [26], is 
based upon the MCDF and the Multi-Configuration Breit–Pauli (MCBP) 
packages developed by Grant et al. [27] and McKenzie et al. [28]. The 
code solves the Time Independent Dirac Equation (TIDE), 
𝐻𝐷𝜙 = 𝐸𝜙 (1)

where 𝜙 is the Dirac wavefunction, and 𝐸 corresponds to the energy 
eigenvalues of the Dirac-Coulomb Hamiltonian. 

𝐻𝐷 =
𝑁
∑

𝑖=1

(

𝑐𝜶 ⋅ 𝒑𝑖 + (𝛽 − 𝐈4)𝑐2 −
𝑍
𝑟𝑖

)

+
𝑁
∑

𝑖>𝑗=1

1
𝑟𝑖𝑗

(2)

In Eq. (2) 𝜶 and 𝛽 are related to the set of Pauli spin matrices, 𝑰4
is the 4 × 4 identity matrix, 𝑍 is the atomic number, 𝑐 is the speed of 
light, 𝒑 is the momentum operator defined as 𝒑 = −𝑖ℏ∇, 𝑟𝑖 denotes 
the position of electron 𝑖 and 𝑟𝑖𝑗 = |𝑟𝑖 − 𝑟𝑗 | is the inter-electronic 
distance, therefore accounting for interaction between electrons. Ul-
timately, grasp0 determines an optimised set of atomic orbitals by 
variationally determining the minimum energy of this Hamiltonian 
making use of the extended average level (EAL) model. EAL produces a 
general set of optimized set of relativistic orbitals based upon the entire 
Hamiltonian rather than a particular subset of levels.

2.2. The W vii model

The W vii target representation is comprised of a relativistic grasp0 
configurations created from twenty orbitals up to and including 𝑛 =
7 (1s, 2s, 2p, 3s, 3p, 3d, 4s, 4p, 4d, 4f, 5s, 5p, 5d, 5f, 6s, 6p, 6d, 7s, 
7p, 7d). A total of 21 configurations, listed in Table  1, were included 
2 
Table 1
The 21 configurations included in the grasp0 model for W vii.
 W vii Configurations
 4f145p6 4f135p66d 4f145p55d 4f135p67s  
 4f145p56s 4f145p65f2 4f145p56p 4f135p67p  
 4f145p56d 4f135p67d 4f145p57s 4f145p57p  
 4f135p65d 4f145p57d 4f135p65f 4f145p45d5f 
 4f135p66s 4f135p57s2 4f135p66p 4f145p47p2  
 4f145p47d2

Fig. 1. Energy level diagram for W vii depicting the 109 identifiable lines 
available in NIST (blue), the corresponding 109 levels computed in the current 
structure calculation (yellow) and the complete 648 levels included in the 
grasp0 model with the additional levels from 110 to 648 depicted in green.

Fig. 2. The lowest 109 energy levels in Ryds computed using the present 21 
configuration model for W vii compared to the values available in the NIST 
database.  Kramida et al. [29], Sugar and Kaufman [30] and Wyart et al. [31].

in the wavefunction expansion, giving rise to 648 individual fine-
structure levels. In Fig.  1 we present an energy level diagram depicting 
the 109 identifiable level energies currently available in the National 
Institute of Standards and Technology (NIST) database (blue) [29], 
the corresponding 109 ab initio energies computed in the present W 
vii structure calculations (yellow) and finally the complete 648 terms 
included in the present model with green representing the additional 
levels from 110 to 648.

The accuracy of these level energies is presented in Table  2 where 
the theoretical target state energies are given in Rydbergs for the first 
54 levels and contrasted with the available values from NIST. The 
original source of these energies can be found in the following refer-
ences: Sugar and Kaufman [30],Kramida and Shirai [32] and Wyart 
et al. [31]. The majority of the W vii energy separations are within 
approximately 0.01–0.03 Ryds or less with the greatest differences 



N.E. McElroy et al. Journal of Quantitative Spectroscopy and Radiative Transfer 347 (2025) 109685 
occurring for the higher lying levels, particularly the 4f145p55d level 
indexed at level 36 where a larger disparity of 0.17 Ryds is recorded. 
The close conformity between predicted and observed energy levels is 
graphically displayed in Fig.  2 where the high lying outliers are noted.

A secondary test to gauge the accuracy of the W vii target state 
wavefunctions is to compare known values of the Einstein A-values 
for transitions among the target levels included in the model. The 
accuracy of these transition rates relies directly on the accuracy of 
the absolute energy separations, 𝛥E. Large disparities in 𝛥E lead to 
inaccuracies in the computed A-values scaled by (𝛥E)3 for the dipole 
E1 and M1 transitions, (𝛥E)5 for the quadrupole and (𝛥E)7 for the 
octupole transitions. For electric dipole-allowed transitions, the A-value 
is determined by 

𝐴𝑗→𝑖 =
4𝜔3𝑗𝑖
3ℏ𝑐3

𝑔𝑖
𝑔𝑗

|

|

|

⟨𝜓𝑗 |𝐃|𝜓𝑖⟩
|

|

|

2
(3)

in the above equation 𝜓𝑖 and 𝜓𝑗 are the associated wavefunctions of 
the initial and final states, 𝜔𝑗𝑖 refers to the angular frequency of the 
emitted photon, D is the electric dipole operator whilst 𝑔𝑖 and 𝑔𝑗 are 
the associated statistical weights of the two levels in the transitions. 
These A-values can be computed using the ab initio energies from Table 
2 directly or alternatively by using the more spectroscopically accurate 
NIST values. In the latter case, as the A-value calculated depends on the 
wavelength of the photon, which can be shown through the association 
of photon wavelength with its angular frequency. 
𝜆𝑗𝑖 = 2𝜋

𝑐
𝜔
, (4)

the shifted A-value can then be determined using 

𝐴𝑖𝑗 =
( 𝜆Calc
𝜆NIST

)3
𝐴𝑖𝑗(ab−initio) (5)

ensuring that the transition rates are computed using energies which 
have been shifted to the spectroscopically accurate NIST values. How-
ever, we acknowledge that this does not correct for the underlying line 
strength.

In Table  3 we present Einstein A-coefficients A𝑖𝑗 in units s−1 for the 
strong E1 transitions among the 4f136s and 4f136p levels of W vii. Com-
parisons are made with the recent theoretical predictions of  Loginov 
and Nikitchenko [33] who adopted the electric dipole approximation 
inherent within the semiempirical intermediate coupling method. In 
both calculations (present grasp0 and LN20) the known experimental 
energy levels were adopted in the final computations. Good agreement 
is evident, particularly for the strongest lines, but larger discrepancies 
are found for some weaker transitions. Table  4 displays the transition 
rates for another set of strong E1 dipole transitions among the 4f137s 
and 4f136p levels of W vii where a similar agreement is evident when 
a comparison is made with the data of  Loginov and Nikitchenko 
[33]. The comformity between the present grasp0 A-values and those 
of  Loginov and Nikitchenko [33] for all these transitions is graphically 
displayed in Fig.  3 where clustering is evident along the line of equality. 
Good agreement is also found with the earlier relativistic many body 
perturbation theory (RMBPT) calculations of Safronova and Safronova 
[34] particularly for the strongest lines. The energies computed in this 
work were calculated in the first-order (denoted RMBPT1) and second-
order (RMBPT) approximations, to demonstrate the effect and size of 
the main correlation contributions (see Table  5).

3. R-matrix electron-impact excitation

3.1. Methodology

The 𝑅-matrix method is accepted as one of the most accurate and 
powerful methods used to compute collision cross sections for electron-
impact excitation. The theory is only summarised here, but the reader 
is directed to the publication of Burke [35] for a full description of the 
method. Central to the 𝑅-matrix framework is the partitioning of the 
3 
Fig. 3. Dipole (E1,M1) transition probabilities A𝑖𝑗 in units s−1 computed in 
the present grasp0 calculations as a function of other values available in the 
literature from  [33,34]. Variance by 1 order of magnitude denoted by dashed 
lines.

configuration space describing the physical system of the 𝑁-electron 
target and scattered electron into two regions, the internal and external 
regions.

In the inner region, the full many-bodied Hamiltonian is addressed 
as opposed to the external region where the scattered electron moves 
in a multipole expansion potential created by the target. A radius 𝑎, 
centred at the nucleus is chosen so as to encapsulate the atomic charge 
distribution of the target states of interest as dictated by the most 
diffuse orbital of the target. This boundary acts as an interface between 
the two regions. The 𝑅-matrix is defined as follows, 

𝑅𝑖𝑗 =
1
2𝑎

𝑁+1
∑

𝑘

𝜔𝑖𝑘(𝑎)𝜔𝑗𝑘(𝑎)

𝐸𝑁+1
𝑘 − 𝐸

, (6)

where 𝐸𝑁+1
𝑘  are the eigenenergies of the (𝑁 +1) Hamiltonian, 𝐸 is the 

energy of the incident electron, 𝜔𝑖𝑘 are the energy independent surface 
amplitudes, and 𝑎 is the aforementioned boundary radius.

In the internal region, where 𝑟 ≤ 𝑎, the scattered electron interacts 
strongly with the target, and the resulting intermediate electron-target 
complex very much resembles a bound state; therefore, exchange and 
correlation effects between the incident electron and the target are 
strong. In the external region, where 𝑟 ≥ 𝑎, the scattered electron is 
considered to be free from the charge distribution of the target and 
moves only in the long-range multipole potential of the target. The 
interaction between the two bodies is, therefore, weak, and hence, 
exchange and correlation effects can be neglected, thereby simplifying 
the calculation considerably.

The scattering observables of interest in this publication are the 
electron-impact excitation collision strengths and Maxwellian averaged 
effective collision strengths. Both can be determined from the total 
scattering cross sections 𝜎𝑖→𝑗 for a transition from an initial atomic or 
ionic target state 𝑖 to a final atomic or ionic target state 𝑗 following the 
collision. The collision strengths are related to the cross section 𝜎𝑖→𝑗 by 
the relation, 

𝛺𝑖→𝑗 =
𝑔𝑖𝑘2𝑖
𝜋𝑎20

𝜎𝑖→𝑗 , (7)

where 𝑔𝑖 is the statistical weight of the initial state, 𝑘2𝑖  is the energy 
of the incident electron in Ryds, and 𝑎0 is the Bohr radius. The colli-
sion strengths 𝛺𝑖→𝑗 are dimensionless symmetric quantities which will 
be finite at threshold for positively charged ions. Complex structure 
manifests as a series of resonances converging onto the target state 
thresholds and is generally confined to the low energy region below 
the ionisation threshold. Beyond this threshold, as 𝐸 becomes infinitely 
large, the collision strength will tend towards a high energy limit 
determined by the type of transition involved.
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Table 2
The 54 lowest energy levels in Rydbergs for W vii compared to the values available in the NIST Database Kramida et al. [29], 
Sugar and Kaufman [30], Wyart et al. [31]. Diff refers to the difference in Ryds between the NIST value and the present energies 
computed using the 21 configuration grasp0 model.
 Index Configuration Term J CSF NIST Present Diff
 (𝑗1 , 𝑗2) Purity Ryd  
 1 4f145p6 1S 0 0.987 0.000000 0.000000 0.000000 
 2 4f135p65d (7/2, 3/2)◦ 2 0.896 2.838059 2.833257 −0.004802 
 3 4f145p55d (3/2, 3/2)◦ 0 0.960 2.872851 2.854432 −0.018419 
 4 4f135p65d (7/2, 3/2)◦ 5 0.987 2.899517 2.911348 0.011831 
 5 4f145p55d (3/2, 3/2)◦ 1 0.723 2.906022 2.889749 −0.016273 
 6 4f135p65d (7/2, 3/2)◦ 3 0.917 2.922367 2.936444 0.014077 
 7 4f135p65d (7/2, 3/2)◦ 4 0.826 2.939082 2.955691 0.016609 
 8 4f135p65d (7/2, 5/2)◦ 6 1.000 2.980244 2.986172 0.005928 
 9 4f135p65d (7/2, 5/2)◦ 2 0.875 2.989136 2.998431 0.009295 
 10 4f135p65d (7/2, 5/2)◦ 4 0.630 3.006722 3.019313 0.012591 
 11 4f135p65d (7/2, 5/2)◦ 1 0.703 3.014698 3.020950 0.006252 
 12 4f135p65d (7/2, 5/2)◦ 3 0.729 3.035389 3.073538 0.038149 
 13 4f145p55d (3/2, 3/2)◦ 2 0.735 3.052899 3.052220 −0.000679 
 14 4f135p65d (7/2, 5/2)◦ 5 0.979 3.052900 3.075405 0.022505 
 15 4f145p55d (3/2, 3/2)◦ 3 0.703 3.054307 3.043407 −0.010900 
 16 4f135p65d (5/2, 3/2)◦ 4 0.905 3.056494 3.083154 0.026660 
 17 4f135p65d (5/2, 3/2)◦ 2 0.846 3.078749 3.104771 0.026022 
 18 4f135p65d (5/2, 5/2)◦ 0 0.963 3.094924 3.106405 0.011481 
 19 4f135p65d (5/2, 3/2)◦ 1 0.829 3.095616 3.120970 0.025354 
 20 4f145p55d (3/2, 5/2)◦ 4 0.703 3.103138 3.116701 0.013563 
 21 4f135p65d (5/2, 3/2)◦ 3 0.986 3.126496 3.169147 0.042651 
 22 4f145p55d (3/2, 5/2)◦ 2 0.589 3.128426 3.134466 0.006040 
 23 4f135p65d (5/2, 5/2)◦ 1 0.939 3.147457 3.167888 0.020431 
 24 4f135p65d (5/2, 5/2)◦ 5 0.985 3.156490 3.180774 0.024284 
 25 4f135p65d (5/2, 5/2)◦ 2 0.944 3.174583 3.202601 0.028018 
 26 4f135p65d (5/2, 5/2)◦ 3 0.946 3.204013 3.243263 0.039250 
 27 4f135p65d (5/2, 5/2)◦ 4 0.980 3.212020 3.251315 0.039295 
 28 4f145p55d (3/2, 5/2)◦ 3 0.954 3.226895 3.222558 −0.004337 
 29 4f145p55d (3/2, 5/2)◦ 1 0.642 3.486300 3.539935 0.053635 
 30 4f145p55d (1/2, 3/2)◦ 2 0.987 – 3.807600 –
 31 4f145p55d (1/2, 5/2)◦ 2 0.975 – 3.895093 –
 32 4f145p55d (1/2, 5/2)◦ 3 0.988 – 3.946022 –
 33 4f135p66s (7/2, 1/2)◦ 4 0.999 3.983951 4.031830 0.047879 
 34 4f135p66s (7/2, 1/2)◦ 3 0.996 3.991587 4.039459 0.047872 
 35 4f145p56s (3/2, 1/2)◦ 2 0.989 4.039075 4.054089 0.015014 
 36 4f145p56s (3/2, 1/2)◦ 1 0.995 4.071076 4.088121 0.017045 
 37 4f135p66s (5/2, 1/2)◦ 2 0.999 4.142313 4.205241 0.062928 
 38 4f135p66s (5/2, 1/2)◦ 3 0.996 4.148275 4.211694 0.063419 
 39 4f145p55d (1/2, 3/2)◦ 1 0.801 4.214576 4.391014 0.176438 
 40 4f135p66p (7/2, 1/2) 3 0.976 4.673723 4.705787 0.032064 
 41 4f135p66p (7/2, 1/2) 4 0.997 4.680636 4.716078 0.035442 
 42 4f145p56p (3/2, 1/2) 1 0.958 4.711923 4.675539 −0.036384 
 43 4f145p56p (3/2, 1/2) 2 0.987 4.731247 4.702256 −0.028991 
 44 4f135p66p (5/2, 1/2) 3 0.949 4.834171 4.885944 0.051773 
 45 4f135p66p (5/2, 1/2) 2 0.722 4.842779 4.889912 0.047133 
 46 4f145p56s (1/2, 1/2)◦ 1 0.996 4.843070 4.873800 0.030730 
 47 4f145p56s (1/2, 1/2)◦ 0 0.997 – 4.855075 –
 48 4f135p66p (7/2, 3/2) 5 1.000 4.863371 4.889622 0.026251 
 49 4f135p66p (7/2, 3/2) 2 0.706 4.870064 4.896852 0.026788 
 50 4f135p66p (7/2, 3/2) 3 0.921 4.873802 4.916044 0.042242 
 51 4f135p66p (7/2, 3/2) 4 0.997 4.888220 4.919316 0.031096 
 52 4f145p56p (3/2, 3/2) 1 0.955 4.910843 4.873875 −0.036968 
 53 4f145p56p (3/2, 3/2) 3 0.888 4.912882 4.861560 −0.051322 
 54 4f145p56p (3/2, 3/2) 2 0.963 4.954022 4.921296 −0.032726 
In many astrophysical and laboratory plasmas the free electron 
distribution approximates a Maxwellian distribution and hence the 
excitation rates of interest can be expressed in terms of a thermally 
averaged effective collision strength. These effective collision strengths, 
(𝛶𝑖𝑗), are obtained by averaging the finely resolved collision strengths 
over a Maxwellian distribution of electron velocities so that, 

𝛶𝑖𝑗 (𝑇𝑒) = ∫

∞

0
𝛺𝑖→𝑗𝑒𝑥𝑝

(−𝜖𝑗
𝑘𝑇𝑒

)

𝑑
( 𝜖𝑗
𝑘𝑇𝑒

)

, (8)

where 𝜖𝑗 defines the remaining kinetic energy of the incident electron 
following excitation, 𝑇𝑒 is the electron temperature (in Kelvin), and 
𝑘 is Boltzmann’s constant. It is these Maxwellian averaged effective 
collision strengths that are commonly used by astrophysical and plasma 
modellers in their diagnostic applications due to their slow variation as 
a function of temperature.
4 
It is important to note that convergence of the summation over 
the partial collision strengths to determine the total collision strength, 
𝛺𝑖→𝑗 , for the optically allowed transitions is significantly slower than 
that for the forbidden lines. Hence, to ensure convergence, a large 
number of partial-wave collision strength contributions are required for 
these transitions, which can be computationally intensive. To rectify 
this a ‘top-up’ procedure is employed to estimate the contributions from 
partial waves with high angular momenta, as described by Burgess and 
Sheorey [36] and Burke and Seaton [37].

Similarly, while collision strengths for forbidden transitions fall 
off as 1∕𝜖2, spin allowed non-dipole transitions tend to a constant 
(given by the infinite energy Born limit) while dipole-allowed diverge 
logarithmically in energy and are given by the Bethe limit of 43𝑆 ln(𝜖)
in terms of the radiative line strength (S) for the transition [38]. These 
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Table 3
Einstein A-coefficients A𝑖𝑗 in units s−1 for E1 transitions among the 4f136p 
and 4f136s levels in W vii compared to the literature values of Loginov 
and Nikitchenko [33]. 𝜆𝑐𝑎𝑙𝑐 are calculated wavelengths using GRASP0 with 
spectroscopic energy levels in each case.
 4𝑓 136𝑝 4𝑓 136𝑠 𝜆𝑜𝑏𝑠, nm GRASP0 LN20  
 [𝜆𝑐𝑎𝑙𝑐 , nm] 𝐴𝑖𝑗 (s−1)

 (5/2, 3/2)1 (5/2, 1/2)2 104.933 3.04 × 109 3.39 × 109 
 (7/2, 3/2)2 (5/2, 1/2)2 125.217 4.62 × 107 3.37 × 107 
 (7/2, 1/2)3 103.732 2.70 × 109 3.32 × 109 
 (5/2, 1/2)3 126.251 1.24 × 108 6.33 × 107 
 (5/2, 1/2)2 (5/2, 1/2)2 130.094 1.73 × 108 2.66 × 108 
 (7/2, 1/2)3 107.058 2.97 × 108 1.42 × 108 
 (5/2, 1/2)3 131.211 1.21 × 109 1.40 × 109 
 (5/2, 3/2)2 (5/2, 1/2)2 101.932 2.76 × 109 3.12 × 109 
 (7/2, 1/2)3 [87.226] 1.37 × 107 1.60 × 107 
 (5/2, 1/2)3 102.617 4.69 × 108 5.94 × 108 
 (7/2, 3/2)3 (5/2, 1/2)2 124.577 2.87 × 107 4.75 × 107 
 (7/2, 1/2)3 103.294 2.18 × 109 2.53 × 109 
 (5/2, 1/2)3 125.601 2.89 × 107 3.31 × 107 
 (7/2, 1/2)4 102.407 5.41 × 108 4.37 × 108 
 (7/2, 1/2)3 (5/2, 1/2)2 [171.480] 1.89 × 105 1.13 × 105 
 (7/2, 1/2)3 133.590 1.95 × 108 2.76 × 108 
 (5/2, 1/2)3 [173.430] 1.63 × 106 1.03 × 106 
 (7/2, 1/2)4 132.111 1.29 × 109 1.42 × 109 
 (5/2, 3/2)3 (5/2, 1/2)2 100.988 1.25 × 109 1.49 × 109 
 (7/2, 1/2)3 [86.534] 3.96 × 106 5.56 × 106 
 (5/2, 1/2)3 101.660 2.03 × 109 2.30 × 109 
 (7/2, 1/2)4 [85.911] 3.48 × 106 3.42 × 106 
 (5/2, 1/2)3 (5/2, 1/2)2 131.712 8.10 × 108 1.02 × 109 
 (7/2, 1/2)3 108.152 3.88 × 107 1.02 × 108 
 (5/2, 1/2)3 132.858 4.45 × 108 6.26 × 108 
 (7/2, 1/2)4 [107.180] 1.12 × 107 1.16 × 107 
 (5/2, 3/2)4 (7/2, 1/2]3 [87.983] 9.43 × 106 7.38 × 106 
 (5/2, 1/2)3 103.666 3.13 × 109 3.55 × 109 
 (7/2, 1/2)4 [87.339] 4.30 × 106 3.07 × 106 
 (7/2, 3/2)4 (7/2, 1/2)3 [101.630] 1.16 × 109 1.39 × 109 
 (5/2, 1/2)3 [123.150] 5.22 × 106 3.34 × 106 
 (7/2, 1/2)4 100.774 2.14 × 109 2.44 × 109 
 (7/2,1/2)4 (7/2, 1/2)3 132.250 9.96 × 108 1.08 × 109 
 (5/2, 1/2)3 [171.170] 9.31 × 104 1.66 × 105 
 (7/2, 1/2)4 130.800 5.46 × 108 6.53 × 108 
 (7/2,3/2)5 (7/2, 1/2)4 103.622 3.16 × 109 3.55 × 109 

limits are used to aid evaluation of the convolution integral (8) given 
that the 𝑅-matrix method is more computationally demanding at high 
energies. This is due to the need for more continuum orbitals to cover 
a larger energy regime, and at very high energies a full relativistic 
treatment of the outer region is required.

3.2. Results - collision strengths and effective collision strengths

The W vii model described in Section 2.1 is incorporated into the 
fully relativistic Parallel Dirac Atomic R-Matrix Codes PDARC [39]. 
This 21 configuration model gave rise to 648 fine structure levels, 
the lowest 250 of which were retained in the close-coupled expan-
sion of the target wavefunction. The included levels were shifted to 
their experimental energies, when available, to ensure that the target 
thresholds were in the correct positions. This helps with the subsequent 
identification of lines during the analysis of observational spectra. In 
the 𝑅-matrix computations a total of 25 continuum orbitals were in-
cluded for each channel angular momentum and the 𝑅-matrix boundary 
radius 𝑎 was set at 13.28 a.u. All partial waves with total angular 
momentum 2𝐽 ≤ 79 were included, which was sufficient to ensure that 
the collision strengths had converged for the forbidden lines. However, 
for the dipole allowed transitions, convergence is much slower and it 
is necessary to include higher partial waves 2𝐽 > 79. To estimate the 
5 
Table 4
Einstein A-coefficients A𝑖𝑗 in units s−1 for E1 transitions among the 4f136p 
and 4f137s levels in W vii compared to the literature values of Loginov 
and Nikitchenko [33]. 𝜆𝑐𝑎𝑙𝑐 are calculated wavelengths using GRASP0 with 
spectroscopic energy levels in each case.
 4𝑓 137𝑠 4𝑓 136𝑝 𝜆𝑜𝑏𝑠, nm GRASP0 LN20  
 [𝜆𝑐𝑎𝑙𝑐 , nm] 𝐴𝑖𝑗 (s−1)

 (5/2, 1/2)2 (5/2, 3/2)1 69.742 2.20 × 109 1.48 × 109 
 (7/2, 3/2)2 [62.963] 8.74 × 107 5.65 × 107 
 (5/2, 1/2)2 [61.798] 3.28 × 108 5.30 × 108 
 (5/2, 3/2)2 71.134 2.90 × 109 1.95 × 109 
 (7/2, 3/2)3 [63.126] 7.82 × 107 1.09 × 108 
 (7/2, 1/2)3 [55.442] 1.82 × 106 1.00 × 106 
 (5/2, 3/2)3 71.601 1.84 × 109 1.25 × 109 
 (5/2, 1/2)3 61.440 2.63 × 109 3.00 × 109 
 (7/2, 1/2)3 (7/2, 3/2)2 70.556 1.22 × 109 1.62 × 109 
 (5/2, 1/2)2 [69.096] 2.51 × 108 6.21 × 107 
 (5/2, 3/2)2 [80.979] 1.38 × 106 4.52 × 106 
 (7/2, 3/2)3 70.761 2.51 × 109 1.69 × 109 
 (7/2, 1/2)3 61.246 4.19 × 108 6.11 × 108 
 (5/2, 3/2)3 [81.585] 2.92 × 106 1.00 × 105 
 (5/2, 1/2)3 [68.648] 1.74 × 106 6.91 × 107 
 (5/2, 3/2)4 [80.338] 2.32 × 106 1.13 × 105 
 (7/2, 3/2)4 71.562 1.58 × 109 1.09 × 109 
 (7/2, 1/2)4 61.532 2.90 × 109 2.94 × 109 
 (5/2, 1/2)3 (7/2, 3/2)2 [62.877] 8.41 × 108 5.59 × 107 
 (5/2, 1/2)2 61.716 1.99 × 109 2.08 × 109 
 (5/2, 3/2)2 71.024 3.89 × 108 2.71 × 108 
 (7/2, 3/2)3 [63.040] 3.78 × 107 3.71 × 107 
 (7/2, 1/2)3 [57.381] 7.93 × 106 3.17 × 106 
 (5/2, 3/2)3 71.490 2.12 × 109 1.41 × 109 
 (5/2, 1/2)3 61.357 1.02 × 109 1.38 × 109 
 (5/2, 3/2)4 70.530 4.58 × 109 3.09 × 109 
 (7/2, 3/2)4 [63.040] 6.33 × 107 2.13 × 106 
 (7/2, 1/2)4 [55.609] 1.01 × 106 4.02 × 105 
 (7/2, 1/2)4 (7/2, 3/2)3 70.909 5.10 × 108 2.19 × 108 
 (7/2, 1/2)3 61.357 2.33 × 109 2.34 × 109 
 (5/2, 3/2)3 [81.782] 6.99 × 105 6.57 × 105 
 (5/2, 1/2)3 [68.788] 3.04 × 107 7.30 × 106 
 (5/2, 3/2)4 [80.529] 2.28 × 105 8.35 × 105 
 (7/2, 3/2)4 71.713 2.13 × 109 1.44 × 109 
 (7/2, 1/2)4 61.644 1.16 × 109 1.33 × 109 
 (7/2, 3/2)5 70.338 4.42 × 109 2.97 × 109 

Table 5
Dipole (E1,M1) transition probabilities 𝐴𝑖𝑗 (s−1), computed by Safronova and 
Safronova [34] (RMBPT and RMBPT1) in comparison to present GRASP0 
values. 
 𝜆𝑛𝑚 RMBPT RMBPT1 GRASP0 Lower Upper 
 𝐴𝑖𝑗 (s−1)  
 13.04 3.42 × 109 7.92 × 109 6.31 × 109 1 147  
 13.50 2.91 × 1010 5.20 × 109 3.46 × 1010 1 144  
 14.70 1.28 × 1010 9.41 × 109 2.29 × 1010 1 118  
 15.02 1.17 × 1010 8.59 × 109 3.40 × 1010 1 109  
 15.03 1.69 × 108 1.83 × 108 1.09 × 109 1 108  
 15.19 3.01 × 1010 1.01 × 1010 2.23 × 1010 1 104  
 15.38 8.71 × 109 1.23 × 1010 4.87 × 108 1 97  
 15.44 1.40 × 108 1.16 × 108 1.04 × 108 1 90  
 15.53 3.83 × 101 3.30 × 101 1.90 × 103 1 79  
 15.56 2.10 × 102 4.77 × 102 6.44 × 101 1 77  
 15.96 2.88 × 101 5.55 × 101 8.85 × 101 1 66  
 18.19 6.68 × 102 7.62 × 102 3.20 × 101 1 55  
 18.56 2.04 × 10−3 1.17 × 101 9.46 × 102 1 52  
 18.82 8.60 × 109 1.15 × 1010 1.08 × 1010 1 46  
 19.34 7.53 × 103 9.39 × 103 8.69 × 103 1 42  
 21.62 3.78 × 1011 2.26 × 1011 3.64 × 1011 1 39  
 22.38 2.00 × 1010 2.31 × 1010 3.04 × 1010 1 36  
 26.14 3.68 × 1010 2.36 × 1010 4.09 × 1010 1 29  
 28.95 9.44 × 106 2.95 × 107 2.00 × 107 1 23  
 29.44 1.88 × 109 7.64 × 108 2.62 × 108 1 19  
 30.23 4.23 × 106 6.90 × 106 8.67 × 107 1 11  
 31.36 7.24 × 107 3.95 × 107 2.05 × 107 1 5  
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Fig. 4. The collision strength as a function of incident electron energy in Ryds (left panel) and the effective collision strength as a function of electron temperature 
in K (right panel), for four E1 dipole transitions in W vii. The transitions are among levels 1–29, 1–39, 1–46 and 13–42 respectively, where the indexes are those 
listed in Table  2.
contribution to the collision strength from these higher partial waves, 
a Bethe sum rule [36] was adopted for the dipole transitions and 
for quadrupole and higher, it was assumed that the partial collision 
strengths form a geometric series as a function of the partial wave. 
Finally, the high-energy Bethe and Born limits were computed to check 
the validity of the collision strengths at higher energies.

For the low partial waves of 2𝐽 ≤ 39, the collision cross sections 
were computed at a total of 65536 individual points with a very 
fine mesh of 1 × 10−5 Ryds to ensure full delineation of the narrow 
resonance structure. For the higher partial waves 2𝐽 ≥ 41, a coarser 
mesh of 8 × 10−5 Ryds was used. Finally, the infinite energy points 
for the dipole lines were computed from the Einstein A coefficients as 
described by Burgess and Tully [38].

In Fig.  4 we present the collision strengths (left panel) defined in 
Eq. (7) and the corresponding Maxwellian averaged effective collision 
6 
strengths (right panel) defined in Eq. (8) for four strong dipole E1 
transitions in W vii. The transitions chosen, using the index labels from 
Table  2, are the 1–29, 1–39, 1–46, and 13–42. These four lines are 
significant in the Lawson et al. [15] publication and are presented in 
this results section due to their temperature and density diagnostic 
importance. This will be further discussed in detail in the collisional 
radiative modelling in Section 4. Clearly evident are the Rydberg 
resonances converging onto the target state thresholds in the low-
energy region from 0 to 5 Ryds, followed by the rise in the background 
cross section at higher energies to the Bethe high-energy limit defined 
by Burgess and Tully [38]. The corresponding Maxwellian averaged 
effective collision strengths are presented in the right panel across 
a wide range of electron temperatures from 5 × 103 to 2 × 106 K, 
temperatures of relevance to fusion applications.
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Fig. 5. Fractional populations as a function of target level index computed at 
a temperature of 8 eV and densities which vary from 1013−1015 cm−3.

4. Collisional-radiative modelling

4.1. Level populations

In this section we present and discuss a non-local thermodynamic 
equilibrium (NLTE) analysis using a generalised collisional radiative 
theory outlined in [40] which was based on the collisional radiative 
theory of Bates (1962). This theoretical modelling approach has been 
coded into a Python program by Johnson et al. [41] and is called 
ColRadPy. This package utilises the energy levels, A values, effective 
collision strengths, and the corresponding excitation/deexcitation rate 
coefficients produced in the W vii calculations outlined in Sections 2
and 3, to model a fusion plasma for a wide range of electron tem-
peratures and densities. In this paper, we limit our modelling to the 
temperature range 5 ≤ T𝑒 ≤ 15 eV and plasma densities between 
1 × 1013 ≤ n𝑒 ≤ 1 × 1015 cm−3, as these represent the range of plasma 
parameters that best reproduce the observations of Lawson et al. [15]. 
The code ColRadPy solves all collisional-radiative equations; 
𝑑𝑁𝑖
𝑑𝑡

=
∑

𝑗
𝐶𝑖𝑗𝑁𝑗 , (9)

where 𝑁𝑖 is the population of level 𝑖, 𝑁𝑗 the population of level 𝑗 and 
𝐶𝑖𝑗 is the collisional-radiative matrix which ideally includes the rates of 
all the important atomic processes connecting levels 𝑖 and 𝑗 (electron-
impact excitation/de-excitation, spontaneous emission, ionisation and 
recombination). There is, however, no data currently available in the 
literature for W vii ionisation or recombination. Hence, the analysis 
presented in this section is confined to electron-impact excitation/de-
excitation and spontaneous emission. As these processes are likely to 
be the most dominant determiners of the atomic-level populations, this 
should be sufficient for current purposes. A discussion on the particular 
import of different processes related to fusion plasmas can be found 
in [42].

In Fig.  5 we plot the fractional populations as a function of level 
index for the lowest 181 excited levels of W vii included in the 𝑅-matrix 
computations. These represent all levels that lie below the ionisation 
potential. The temperature was chosen to be 9 eV and the density 
varied from a low value of 1012 cm−3 to a high value of 1015 cm−3. 
7 
The LTE Boltzmann populations are also included representing the 
conditions for which the plasma will be in LTE. These values are in 
line with the operating parameters of the JET experimental setup used 
by Lawson et al. [15]. It is clear from Fig.  5 that the departure from 
LTE populations occurs at a relatively low index in the case of W vii for 
all densities considered.

4.2. Photon emissivity coefficients

Next we investigate the excitation photon emissivity coefficient 
(PEC), a parameter which is often useful for predicting individual 
spectral line emission in fusion plasmas. A PEC is a derived coefficient 
that is associated with a single spectral line. A PEC arises from the 
population in an upper state that can come from both excitation and 
recombination from the next ionisation stage. In the current modelling 
recombination is omitted due to the lack of accurate recombination 
rates, and hence we calculate the excitation component of the PEC 
which is given by 

PECexcit
𝑗→𝑖 =

𝑁excit
𝑗 𝐴𝑗→𝑖
𝑛𝑒

(10)

where 𝑁excit
𝑗  is the weighted population of the upper level 𝑗 defined so 

that 

𝑁excit
𝑗 =

𝑁𝑗

𝑁1
(11)

where 𝑁𝑗 is the population of the upper level and 𝑁1 is the population 
of the ground state. As defined previously, 𝐴𝑗→𝑖 is the Einstein A 
coefficient for the transition from 𝑗 to 𝑖 and 𝑛𝑒 is the electron density in 
cm−3. It should be noted that the PEC in the present analysis contains 
only the dominant excitation component only. The PECs computed in 
this work were derived for a temperature of 8 eV and density of 1015
cm−3. We note that given the lack of literature recombination rates, this 
can have an effect on the population of states, particularly those that 
have long radiative lifetimes as discussed in [42]. In order to compare 
theory and experiment the PEC coefficients defined in Eq. (10) are 
normalised to the strongest W vii 26.134 nm line, and for consistency 
the intensities of Lawson et al. [15] are normalised in a similar fashion. 
Such a normalisation procedure using the same strong line ensures a 
like-for-like comparison, particularly at the peak heights. In Fig.  6 we 
present the normalised intensity as a function of wavelength (nm) from 
0 to 150 nm spanning the VUV spectrum range observed in the Lawson 
et al. [15] JET experiments. These observations have been possible due 
to a change in the line-of-sight of a VUV survey spectrometer on JET. 
Clearly evident in Fig.  6, panel A, there are a significant number of 
discrete W vii lines across the full wavelength region investigated. This 
forest of lines is difficult to navigate, so in an attempt to compare theory 
with experiment, we present in panels B to I small select wavelength 
regions where the strongest lines occur.

In panel B we concentrate on the region around 15 nm where 
4 strong lines of W vii are found at 15.020, 15.028, 15.189, and 
15.385 nm associated with the transitions between the following ex-
cited states and the ground 4f135p66d(5/2,3/2)1◦ (level index 109), 
4f135p66d(5/2,5/2)1◦ (level index 108), 4f145p56d(3/2,5/2)1◦ (level 
index 104) and 4f135p66d(7/2,5/2))1◦ (level index 97) E1 transitions. 
Acceptable agreement is evident between the JET observations and 
the synthetic spectra in regards to both position and magnitude. The 
lines with the largest PEC values lie in the wavelength region between 
18 and 32 nm and are depicted in panels C and D of Fig.  6. These 
eight strong are located at 18.816, 21.622, 22.384, 26.139, 28.953, 
29.437, 30.228 and 31.358 nm and are also identified in the Lawson 
et al. [15] observations. Excellent agreement is again found between 
theory and experiment for the positioning and the intensities of these 
lines. The transitions forming these emission features are among the 
W vii ground state 4f145p6 1𝑆0 and the following excited states in 
ascending wavelength order, 4f145p56s(1/2,1/2)◦ (level index 46), 
1
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Fig. 6. The normalised intensities as a function of wavelength between 0 and 150 nm for a single element W vii plasma. The calculations were performed at a 
temperature of 9 eV and a density of 1015 cm−3.
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Fig. 7. Four potential W vii temperature sensitive diagnostic line ratios.
Fig. 8. (1–39)/(1–29) line ratio as a function of temperature in eV with 
instrument function (0.5 nm) and line blend accounted for.

4f145p55d(1/2,3/2)◦1 (level index 39), 4f145p55d(3/2,5/2)◦1 (level in-
dex 36), 4f135p65d(5/2,5/2)◦1 (level index 29), 4f135p65d(5/2,3/2)◦1
(level index 23), 4f135p65d(7/2,5/2)◦1 (level index 11),  and 4f145p5
5d(3/2,3/2)◦1 (level index 5) and all represent electric dipole allowed 
transitions.

In panel E a forest of W vii features are found between 32 and 
35 nm. The relative heights of the normalised intensities are somewhat 
different between theory and observations but it should be noted that 
the relative intensities of emission lines within an ionisation stage can 
vary between different plasma pulses in the JET tokamak. In panels F, 
G, H and I we move to the longer wavelength region where the JET ob-
servations have a lower spectral resolution. Even at these wavelengths, 
and particularly above 100 nm where there is less blending of the 
individual lines, the agreement is very satisfactory. The prediction and 
observation of these many discrete lines of W vii in the observed and 
synthetic spectra allows for a quantitative measurement of the amount 
of W in the JET divertor to be made.
9 
4.3. Temperature and density diagnostic lines

The W vii synthetic spectra presented in this paper can also help 
in the determination of the electron temperature and/or density of the 
emitting plasma. The existence or non-existence of useful temperature 
and density diagnostic lines across the full wavelength range 0–150 nm 
is of interest to modellers and observers alike in this regard. In this sec-
tion we probe potential candidates for lines of W vii which exhibit either 
strong temperature or density dependence or both. In Fig.  7 we present 
line intensity ratios as a function of temperature in eV for four temper-
ature sensitive diagnostic candidates for a selection of probing density 
values. We begin with two of the strongest transitions, the 21.622 
and the 26.139 nm lines. These correspond to transitions between the 
ground 4f145p6 1𝑆0 level and the higher lying 4f145p55d(3/2,5/2)◦
and 4f145p55d(1/2,3/2)◦ states (1–29 and 1–39 as indexed in Table 
2). Both of these lines have been identified in [15] as W vii spectral 
lines useful for temperature and concentration analyses due to their 
intensity and high resolution detection. In Fig.  7 panel (a) we present 
the line intensity ratio of these two candidates as a function of varying 
temperature in eV for two seperate densities, 1011 and 1014 cm−3. 
Clearly this line intensity ratio presents as an excellent temperature 
diagnostic for W vii in the plasma but exhibits little density variation 
for all temperatures considered.

In Fig.  7, panels (b), (c) and (d) we present further temperature 
sensitive diagnostic line ratios for the 21.62 nm (1–39)/29.44 nm 
(1–29) (panel (b)), the 21.62 nm (1–39)/30.23 nm (1–11) (panel (c)) 
and finally the 22.38 nm (1–36)/21.62 nm (1–39) (panel (d)) line 
candidates. Although these line strengths form reliable line ratios, it 
should be noted that they all include the 1–39 transition, and therefore 
all depend somewhat on the quality of the atomic data computed for 
that particular line. Based on a comparison with experimental line 
ratios, this indicates that the A-value for this transition may be in error 
by up to an order of magnitude. This is a consequence of the small CI 
basis set that is required in the collisional calculations to ensure they 
are computationally feasible. We find that the line ratio 1-39/1-29 to 
be quite representative once line blending and the spectral resolution 



N.E. McElroy et al. Journal of Quantitative Spectroscopy and Radiative Transfer 347 (2025) 109685 
of the JET detectors are taken into account, as shown in Fig.  8. An 
exhaustive search was also undertaken to determine potential density 
diagnostic lines, but with little success. The majority of the potential 
candidates also showed a clear or more substantial temperature de-
pendence. The only potential line ratio of merit is the 1–46/13–42 
transition, however given the large wavelength separation between 
these two lines, 18.81–54.93 nm, it is highly unlikely for it to be a 
useful density sensitive diagnostic line. These conclusions are in line 
with the findings of Lawson et al. [15] who also found that the atomic 
data utilised in their analysis did not indicate a density sensitivity in 
the divertor plasma.

5. Conclusions

In this work, a self-consistent MCDF atomic structure calculation 
was undertaken for the W vii ion using the fully relativistic GRASP0 
code. The calculated energy levels and A-values were compared with 
all theoretical and experimental values held within the NIST database 
and in the literature. Good agreement was found. The structure model 
was then incorporated into the Dirac R-Matrix methodology to calculate 
the electron-impact excitation cross sections. Collision strengths and 
Maxwellian averaged effective collision strengths were derived from 
these cross sections for a wide range of incident electron energies and 
temperatures. A selection of strong dipole transitions were analysed to 
show the typical and expected behaviour for these allowed lines.

The populations of the excited states were modelled and significant 
deviations from LTE were found for temperatures and densities consis-
tent with the JET experiment, even in a steady state approximation. The 
Photon Emmisivity Coefficients (PECs) were computed and normalised 
to the 26.14 nm line and plotted against the estimated experimental 
intensities from [15] which were normalised to the same 26.14 nm 
line. Excellent agreement was found between theory and experiment 
particularly for the strong unblended lines.

Finally, a search was conducted to find potential temperature and 
density diagnostic lines. Line ratios were computed at the temperature 
and density that W vii is found in a tokomak reactor. This work 
confirmed the viability of the 21.62 nm and 26.14 nm line ratio 
as a significant temperature diagnostic, consistent with the findings 
of Lawson et al. [15]. In addition, this work predicted three additional 
potential temperature diagnostic lines which may be useful tools for 
fusion modellers. The availability of high quality R-matrix collision 
data for the electron-impact excitation of W vii will also be beneficial 
to all high energy plasma modellers.
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