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Abstract

®

CrossMark

The experimental thermonuclear reactor, ITER, is currently being constructed in Cadarache,
France. The reactor vessel will be constructed with a beryllium coated wall, and a tungsten

coated divertor. As a plasma-facing component, the divertor will be under conditions of extreme
temperature, resulting in the sputtering of tungsten impurities into the main body plasma.
Modelling and understanding the potential cooling effects of these impurities requires detailed
collisional-radiative modelling. These models require a wealth of atomic data for the various

atomic species in the plasma. In particular, partial, final-state resolved dielectronic/radiative
recombination (DR/RR) rate coefficients for tungsten are required. In this manuscript, we
present our calculations of detailed DR/RR rate coefficients for the lanthanide-like, and low
jonization stages of tungsten, spanning charge states W'>™—W'™. The calculations presented
here constitutes the first detailed exploration of such low ionization state tungsten ions. We are
able to reproduce the general trend of calculations performed by other authors, but find
significant differences between ours and their DR rate coefficients, especially at the lowest

temperatures considered.

Keywords: dielectronic recombination, finite density plasma modelling, ion-electron collisions,

thermonuclear fusion

(Some figures may appear in colour only in the online journal)

1. Introduction

Magnetically confined nuclear fusion is currently seen as
humanity’s best hope for realising the prospect of near-lim-
itless, clean energy. As population growth around the world
booms and energy needs grow inexorably larger, nuclear
technologies are the only energy generating mechanisms that
can realistically meet these demands. One step in realising
nuclear fusion as an energy source is the upcoming thermo-
nuclear experimental reactor, ITER, currently being built in
Cadarache, France. First plasma for ITER is currently
scheduled for December 2025, with the first tritium—deuter-
ium campaign scheduled for 2035°. ITER will be the first

3 https:/ /iter.org/proj/inafewlines.
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thermonuclear reactor to produce more energy than it con-
sumes, with a projected output of Q= 10. The divertor,
positioned at the separatarix of the reactor, is tasked with the
removal of waste products and impurities, and will be com-
posed of several tungsten tiles. This particular metal has been
chosen due to its low affinity for tritium absorption, ability to
withstand large power loads, and high melting point. High-Z
atoms and ions are very efficient radiators due to synchrotron
radiation (scales as the residual charge z?). As tungsten is
sputtered into the main body plasma from the divertor, the
power loss from this radiation can cause cooling and poten-
tially quenching of the reaction. Understanding how tokamak
plasmas behave during normal operation, and when seeded
with impurities requires the use of collisional-radiative
modelling codes. A necessary ingredient for these models is a
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complete set of dielectronic and radiative recombination
(DR/RR) rate coefficients for all elements in the plasma. In
addition, this data needs to be partial rather than total to
understand the level populations in the plasma, and also have
to be final-state resolved. While this is relatively simple for
ions with few electrons, it is no mean feat in the case of
tungsten with 74 electrons.

The calculation of tungsten DR rate coefficient data is
now well established as a subject of high priority, and many
researchers have risen to the challenge. The first isonuclear
sequence calculation for tungsten was performed by Post et al
[1, 2], who used an average atom method as implemented by
the ADPAK codes to calculate recombination rate coefficients
(DR+4RR). This data was used by Piitterich et al [3] to model
observed spectral emission from the tokamak plasma at the
ASDEX upgrade. To improve agreement with observation,
Piitterich ez al empirically scaled the recombination rate
coefficients of W2°"—W>T_ Foster [4] also calculated iso-
nuclear DR rate coefficients using the Burgess General
Formula [5], and the Burgess—Bethe General Programme [6].
The RR rate coefficients were approximated by scaling
hydrogenic values. In addition, recombination rate coeffi-
cients have also been calculated using the FLYCHK code [7].
Like ADPAK, FLYCHK also uses an average atom method.
The rate coefficients are currently hosted on the International
Atomic Energy Agency’s (IAEA) website’. Despite the
number of datasets available, poor agreement exists between
all three of them. Further clarification is needed. In an attempt
to resolve the disagreement, The Tungsten Project was cre-
ated to calculate a set of final-state resolution DR and RR rate
coefficients for tungsten using the distorted wave code
AUTOSTRUCTURE [8-10]. To date, the project has produced
DR and RR rate coefficients for W4 —W23* [11-13]. All
data from The Tungsten Project is currently hosted on the
Atomic Data Analysis Structure (ADAS) website” in the
standard adf09 (DR) and adf48 (RR) formats, the specifica-
tions for which can also be found on the ADAS website.

As well as large scale isonuclear sequence work, there are
multiple detailed calculations available that consider individual
ions, or subsets of the isonuclear sequence. Such calculations
are typically focused around ionization states that have closed
or near-closed outer electron shells, and are performed using a
multitude of codes. Using the Cowan [14] and HULLAC [15]
codes, Safronova et al has calculated level resolved DR rate
coefficients for W, WO, W2 W3+ WAt wior wot,
and W®*" [16-23]. The Cowan code and HULLAC have also
been used by Behar et al calculate data for W45+, W46+, W56+,
and W% [24-26], and Peleg et al for W [27]. The Flexible
Atomic Code (FAC) [28] has also been used to calculate DR
rate coefficients for tungsten. Li et al used FAC to calculate
data for W>*, W+, W?7*, W2t and WO [29-31], while
Meng et al and Wu et al used the same code to calculate data
for W [32] and W37 T—W ™ [33] respectively. In addition,
Kwon et al has also used FAC to calculate data for
WHT_W** Most recently, Kwon [34] used FAC to calculate

4 https: //amdis.iaea.org/FLYCHK/.
5 http://open.adas.ac.uk.

DR rate coefficients for the lanthanide isoelectronic ions of
tungsten, spanning W>—W'%T,

One of the biggest difficulties in calculating DR rate
coefficients for tungsten is for ions with a half open 4f-shell
due to their complicated level structures. Multiple storage ring
experiments have been done to measure the DR rate coeffi-
cients of such ions. In particular, storage ring experiments
such as those described in [35-37] concerned the
W!T_W2%T jonization states. In an attempt to model the
experimental data, Badnell ef al used an upgraded version of
AUTOSTRUCTURE, and several physical approximations
which are detailed in [38]. Reasonable agreement was seen
for W8+, but the inferred plasma rate coefficients for W2
were larger than the AUTOSTRUCTURE values by a factor 3. It
was concluded that the discrepancy was due to an insufficient
amount of mixing being included in the calculation for this
ion. Until computing facilities are able to handle the immense
calculations involved, the onus appears to be on statistical
methods to generate the necessary rate coefficients. Extensive
work on these methods has been done by Dzuba et al
[39, 40], Berengut et al [41], Harabati et al [42], and
Demura et al [43]. A review on statistical methods for half
open 4f-shells is given in Krantz ez al [44].

In 2015 the TAEA convened a specialist meeting to assess
the quality of the data described above. This was done in
terms of the codes used to calculate the data, the methods, and
the agreement with other available literature. The results and
recommendations of the meeting were published in a detailed
report by Kwon et al [45].

As introduced by Preval et al [11] ionization states of
tungsten considered in this paper will not be referred to
by their isoelectronic sequence name. Instead, we opt to refer
to the various ionization states by the number of valence
electrons a particular state has. For example, H-like (one
electron) is referred to as O1-like, Pd-like (46 electrons) is 46-
like, and Ta-like (73 electrons) is 73-like.

The lanthanide sequence, plus the transition metals leading
up to tantalum-like, consitutes the end of the isonuclear
sequence of tungsten. The structure of these ions are relatively
simple compared to sequences such as the open 4f-shell ions.
However, the difficulty in modelling these low charge ions lies
in the positioning of resonances, as well as calculating a reli-
able atomic structure. Low charge ions will likely be observed
at the divertor and scrape-off layer within ITER. The plasmas
created at ITER will span a wide range of temperatures, ran-
ging from 1 eV at the divertor and scrape-off layer, to 40 keV
in the core. This paper concerns the calculation of partial, final-
state resolved DR and RR rate coefficients for the lanthanide,
and low charge sector of the tungsten isonuclear sequence,
spanning 61-like to 73-like (W'**—W'™). The paper is laid out
as follows: in section 2 we present the theory underpinning our
calculations. We then discuss our method, including the con-
figurations included. Next, we show our results, and compare
our rate coefficients to currently available literature. We then
calculate an updated steady state ionization fraction including
the data calculated in this work, and the data calculated in
[11-13]. Finally, we conclude the paper, and discuss future
work on the open 4f-shell of tungsten.
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2. Theory

The theoretical framework has been described in previous works
from The Tungsten Project, and at length by Badnell er al [6],
however, we provide a brief summary here. All data described in
this paper was calculated using the distorted wave, atomic col-
lision package AUTOSTRUCTURE. The code can calculate mul-
tiple atomic quantities including, but not limited to; energy levels,
radiative rates, photoionization cross sections, and collision
strengths. AUTOSTRUCTURE solves the one particle kappa-aver-
aged Dirac equation with a Thomas-Fermi potential. Energies
from the code can be calculated in multiple resolutions, namely
level resolution (intermediate coupling, IC), term resolution, or
configuration resolution (configuration average, CA). The code is
well established, and has been benchmarked in several exper-
imental settings. Most recently, it was used to compare storage
ring measurements of 04-like Ar (Ar'*h) [46).

Consider a target ion X;**! with a residual charge z in
some initial state v, recombining with an electron into an ion
X, with final state f. The partial DR rate coefficient PRa;!
for electron temperature 7, can be written as

3
4 2[ 2 .
DROzé;rl(Te): may Iy Z wj exp| - E
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where the A" and A“ are the radiative and autoionization
(Auger) rates respectively, w, and w; are the statistical weights
for the N- and (N + 1)-electron-ions respectively, and E is the
continuum electrons energy minus its rest energy. The sum
over [ covers the DR rate coefficient for each orbital angular
momentum quantum number. The total radiative and Auger
widths are calculated via the sums over i and m. Iy is the
ionization energy of the hydrogen atom, kg is the Boltzmann
constant, and (47ag)*? = 6.601 1 x 1072* cm?.

Using detailed balance, RR can be written in terms of its
time-reverse process, photoionization. Therefore, the partial
RR rate coefficient for a given 7., RRa7; I(T,), can be cal-
culated as
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where E,; is the photon energy, and ca® A/ = 6 572.67 cm s~
In the case of very high temperatures, relativistic cor-
rections to the Maxwell-Boltzmann distribution need to be
made. Known as the Maxwell-Jiittner [47] distribution these

corrections manifest as a simple multiplicative factor, which
can be expressed as

0 1
"0~ {3 ma v

where K, is the modified Bessel function of the second kind,
0 = a?kgT /21y, « is the fine structure constant, and kg is the
Boltzmann constant. For the ions considered in this work, the

correction factor is very close to unity due to the low peak
abundance temperatures, however, we continue to apply the
factor to the rate coefficients presented in this paper to
maintain consistency with our previous work.

3. Calculations

3.1. DR

In previous publications concerning The Tungsten Project the
concept of a core excitation was used to simplify and reduce
the computational task. In the case of the ions considered in
this paper, while it is possible to extract the contributions of
individual core excitations after calculation, it no longer
makes sense to split the initial calculation in this way. This is
because orbitals of higher eccentricity encroach on lower
eccentricity orbitals. This results in orbitals such as
5s, 5p, 65, and others having lower energies than less
eccentric orbitals such as 4f, 5g etc. Therefore, as an electron
radiates /autoionizes into the core, it will do so in a ‘non-
standard’ order.

In [11-13] the configuration sets used to calculate DR
included so called ‘one-up, one-down’ configurations for
mixing purposes. For the lanthanide series it is no longer
necessary to include these configurations. This is because the
mixing effects of single excitations are stronger than those
from one-up, one-down configurations (see [14]). We found
that including these configurations simply shifts the positions
of the resonances at low temperature. Therefore, the benefit of
keeping these configurations in the calculation was far out-
weighed by the benefit of computational effort saved. That
said, three additional configurations are included both for
mixing purposes, and to account for the 6s orbital being lower
in energy than 5d, 5f, and 5g. These configurations took the
form 4f*5sY5p*~26s2, 4f*55¥5p*6s6p, and 4f*55¥5p6p>.

In table 1 we list the N-electron configurations used in
our DR rate coefficient calculations for each ion, and the
maximum principal quantum number n and orbital angular
momentum quantum number ¢ considered. We also indicate
which core excitations we consider in this work. The (N + 1)-
electron configuration set is formed by simply adding an
additional electron to the entire N-electron configuration set.
For each charge state, DR from capture to Rydberg nf states
were calculated sequentially up to n = 25, and then quasi-
logarithmically up to n = 999. The DR contributions from
intermediate n-values were obtained using interpolation. For
these calculations, we calculated DR for all ¢ values from
¢ =0 to £ = 18. This is sufficient to numerically converge
the total DR rate coefficient to <1% over the entire ADAS
temperature range, defined as z2(10 — 107) K, where z is the
charge residual of the ionization state being considered.

32. RR

RR provides the largest contribution to the total recombina-
tion rate coefficient for highly ionized species. As the residual
charge of the ion decreases, RR gives way to DR.
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Table 1. List of core N-electron configurations included in our
calculations for each charge state. The (N + 1)-electron
configurations were obtained by adding an additional electron to all
of the N-electron configurations. We also indicate the core
excitations extracted from these calculations.

Core
Ion-like  excitations N-electron configurations
61-like  4-4, 4-5, 4d04fB5snl, n =4 — 6,{ =0 -5
4-6, 5-4,

5-5,5-6 4d04f1255%nl, n =5 - 6,{ =0 -5
4d°4f35s2nl, n =4 — 6, =0 — 5
4d1()4f136S2
4d'04f36s56p
4d1()4f136p2

62-like  4-5, 4-6, 4d04f¥%5snl, n =5 — 6,£{ =0 — 5
5-5, 5-6
4d04f35%nl, n =5 -6, =0 -5
4d°4f"“5s°nl,n =5 - 6, =0 — 5
4d104f146S2
4d'04f14 6s56p
4d104f146p2
63-like  4-4, 4-5, 4d04f135525pnl, n =4 —7,{=0— 6
4-6, 4-7,
5-4, 5-5, 4d"04f3555p’nl,n =4 -7, =0 -6
5-6, 5-7
4d'%4f125525p’nl,n =4 — 7, =0 — 6
4d°4f355%5p%nl,n =4 — 7, =0 — 6
64-like 4-4, 4-5, 4f145525pnl,n =5 - 6,{=0—5
4-6, 5-5,

5-6 4f'45s5p?nl,n =5 -6, =0—-5
4f135825p’nl,n =4 — 6,{ =0 — 5
4f14 552652
4f14552656p
4f145326p2

65-like 44, 4-5, 4f145525p°nl,n =5 -6, =0 -5
4-6, 5-5,

5-6 4f'45s5p°nl,n =5 —-6,{=0-5
4f135525p3nl,n =4 —6,{=0—5
4f145525p6s>
4f145525p6s6p
4f145525p6p?

66-like 44, 4-5, 4f145525p3nl,n =5 - 6,{=0—5
4-6, 5-5,

5-6 4f14555p*nl,n=5—-6,{=0—5
4f135825p*nl,n =4 — 6,{ =0 — 5
4f145525p2652
4f145525p26s56p
4f145525P26P2

67-like 4-4, 4-5, 4f13525pnl,n =4 —6,{=0—5
4-6, 5-4,
5-5,5-6 4f125525p5nl, n =5 — 6, =0 — 5

4f135525p% 652
4f135525p* 656p
4f135525p* 6p?

Table 1. (Continued.)

Core
Ion-like  excitations N-electron configurations
68-like  4-5, 4-6, 4f145:25p5nl, n =5 - 6,{=0—5
5-5, 5-6
4f135525pnl,n =4 — 6,{=0—5
4f145525p* 652
4f145525p*6s6p
4f145S25[746p2
69-like 44, 4-5, 4f145525pnl, n =5 - 6, =0 -5
4-6,
5-4,
5-5, 5-6 4f145525p35dnl,n =5 - 6,{ =0 — 5
4f135525p55dnl, n =4 — 6,{=0—5
4f145525p3 652
4f145525p36s6p
4;}"]45_?25]756])2
70-like  5-5, 5-6 5p%5dnl,n=5—6,{=0—5
5p°5d°nl,n=5—-6,{=0-5
5p06s?
5p°6s6p
5p66p2
71-like  4-5, 4-6, 4f145525p55d%nl, n = 4 — 6, =0, 5
5-5, 5-6
4f145525p35d°nl, n =4 — 6, =0, 5
4f14555p%5d3nl, n =4 — 6, =10, 5
4f135525p55d%nl, n =4 — 6, £ =10, 5
72-like  5-5, 5-6 5d%l,n=5-6,{=0-5
5d?%6s>
5d2%6s6p
5d*6p?
73-like  5-5, 5-6 5d*nl,n=5-6,{=0-5

5d%snl,n=5—-6,{=0-15

Interestingly, RR makes a comeback in the low ionization
states at lower plasma temperatures. This is because in the
case of low charged ions the high temperature DR peaks are
less separated in energy, meaning the smaller energy jumps
are more important. For RR, the rate coefficient scales more
regularly with changes in residual charge.

The N-electron configuration set consisted of the ground
state configuration of the ionization state being considered. The
(N + 1)-electron configuration set was formed by simply adding
an additional electron to the N-electron configuration. Like DR,
the contribution to RR from Rydberg nf electrons was calculated
sequentially for n values up to n = 25, and then quasi-loga-
rithmically up to n = 999. The contribution for intermediate n
was obtained using interpolation. We calculate contributions to
RR explicitly for £ values from £ = 0 to £ = 10, and also include
a non-relativistic top up to the RR-rate coefficient from ¢ = 11
to £ = 150 to numerically converge the RR rate coefficient to
<1% over the entire ADAS temperature range.



J. Phys. B: At. Mol. Opt. Phys. 52 (2019) 025201

S P Preval et al

Table 2. List of scaling parameters \,; employed for each ionization
state.

Ion-like  Symbol ),
61-like whBt 099
62-like W' 098
63-like W' 1.00
64-like  W'°F  0.99
65-like WOt 0.99
66-like Wit 0.99
67-like w098
68-like Wt 0.98
69-like w3t 0.97
70-like wH 096
71-like w3t 0.96
72-like w2t 0.96
73-like w096

3.3. Optimisation

Unlike multi-configuration Hartree—Fock codes, AUTO-
STRUCTURE optimises energy levels through the variation of
scaling parameters \,, as implemented in a Thomas Fermi
potential V7r. The parameters can be optimised so as to
improve the agreement between theoretical and laboratory
energy levels, or to minimise the energy functional. There
exist multiple algorithms with which to achieve these opti-
misations. However, these methods are far beyond the scope
of this work, and will not be discussed further.

In some cases, the ground state configurations of the
ionization stage we considered did not agree with the
accepted values listed on the NIST website. For our DR
calculations, when the ground state was correct, we left all \,,,
set to 1.0. In the converse case, we varied a single A\, as
applied to all orbitals by hand until the ground state was in the
correct position. This was done so as to maintain as close a
consistency with methods used in our previous works as
possible. We summarise the )\, values used in table 2. For
RR, we set A\, to 1.0 for all ionization states considered. A
quick check showed that setting )\, to the values listed in
table 2 did not affect the RR rate coefficients over the ADAS
temperature range. In addition, as we only include one
N-electron configuration in the calculation, the correct ground
state as listed by NIST is found for all ionization states.

4. Results

In this section we discuss the results of the calculations. In
figures 1 and 2 we have plotted the total DR rate coefficients
for 61- to 73-like in level resolution (except for 63- and 71-
like, plotted in configuration resolution), and the total RR rate
coefficients calculated in level resolution respectively. We
consider each ionization state in turn, and compare the
contribution of each core excitation to the total recombination
rate coefficient. When comparing the core excitations, we also
indicate the peak fraction for that particular ion, calculated
using the recombination rate coefficients of Piitterich et al [3],

10_75 T T , -
= 61-lke ——— |3

[ =Tme 62—like e ]

A T 63-like — — — — |
o 0E == = 64—like — —-—-— i
5 E 65—like —---—--- 3
o : 66—like —— |1
5 L 67—like ---cceeee- 4
; I 68—-like — — — — |
g 107E 69—like —-—-—-— i
2 F ~us| 70-like —-o-—--- 3
¢ i T 71 like 3
2 L TooeE 72-like ]
& =, -7 _—{73-like 3
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Figure 1. Total DR rate coefficients calculated in level resolution
(except for 63- and 71-like, calculated in configuration resolution)
for 61- to 73-like.

T T ;
- 61-like — |

ol 62like oo
o 63—like — — - - [4
.I."’ 3 64—like B 9
5 : 65—like ]
o r 66-like ]

5 .' B7—like --coeeeeen
g [T 68—like — — — — |

$ STl 69—like —-—-—-—
8 el 70—like —---—--- 4
38 E S 71 ke E
3 F ~. | 72-like ]
4 B -
F i -
$ 3
3 -
5 1072 o
[ = : 3

3 F N

g X -
e L LN o -]
- NLoNOT s o ]
I N, »\\ -3
L R
107" | | o~

10* 10° 108
Temperature (K)

Figure 2. Total RR rate coefficients calculated in level resolution
(except for 63- and 71-like, calculated in configuration resolution)
for 61- to 73-like.

and the ionization rate coefficients of Loch er al [48]. For
each ionization state, we also indicate what value of \,, was
used to produce the correct ground state as listed on the NIST
website [49-51]. Note that odd parity states are indicated with
an > superscript in front of the level symbol.

4.1. 61-like: W'3*

The ground state listed by NIST for this ion is 4f135s% 2F,.
We set \,, = 0.99 to reproduce this ground state in AUTO-
STRUCTURE. In figure 3 we have plotted the individual
contributions to the total recombination rate coefficients for
61-like, calculated in IC. The top plot shows the individual
recombination rate coefficients as compared to the total, along
with the peak abundance fraction (solid parabola) for 61-like.
The bottom plot shows the cumulative contribution for each
core excitation. This is calculated by summing the individual
contributions, from largest to smallest, up to the core exci-
tation being considered. This sum is then divided by the total
recombination rate coefficient. The largest contribution
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Figure 3. Contributions to the total recombination rate coefficient for
61-like (top plot), and their cumulative fractions (bottom plot),
calculated in IC. The method for calculating the cumulative fractions
is given in text.

to the recombination rate total comes from the 5-5 core
excitation, contributing 62% at peak abundance temperature
(1.16 x 10° K). This is followed by the 4-5 core excitation,
which contributes 30%. The remaining 10% is comprised of
4-4, 4-6, RR, 5-6, and 5-4. The 5-5 core excitation is
strongest around the peak abundance. 5-5 decreases to 10%
of the recombination rate total towards the lowest temperature
considered (1690K). Towards higher temperatures, 5-5
decreases steadily, constituting 35% of the total by
~3 x 103 K. The 4-5 core excitation is strongest at low
temperatures, consituting 84% of the recombination rate total
at the lowest temperature considered. Towards higher tem-
peratures, 4-5 decreases to 23% of the total. RR only
becomes significant towards higher temperatures, constituting
25% of the recombination rate total at ~3 x 10°K.

4.2, 62-like: W12+

The ground state given by NIST for this ion is 4f14 552 1S,. To
reproduce the correct ground state in AUTOSTRUCTURE we
set \,; = 0.98. This ion was calculated in both IC and CA. In
figure 4 we have plotted the individual core excitations and
their contributions to the recombination rate totals, along with
their cumulative fractions. The largest contributions to the
total comes from the 4-5 and 5-5 core excitations, con-
tributing 41 and 55% to the recombination rate total at peak
abundance temperature (9.4 x 10° K) respectively. This is
followed by the 4-6 core excitation, which only contributes
3% to the total. The remainder of the total is composed of the
5-6 core excitation, and RR. Towards lower temperatures, the
contribution of the 5-5 core excitation peaks at ~4 X 10°K,
consituting 60% of the recombination rate total. The
contribution from 5-5 then steadily decreases to 11% at
~20 000 K, followed by a slight increase to 23% at ~1000 K.
The contribution from 5-5 decreases steadily with increasing
temperature, constituting ~30% of the total by ~1 x 10 K.
The contribution from the 4-5 core excitation peaks at
~17 000 K, consituting 84% of the recombination rate total.
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Figure 4. Contributions to the total recombination rate coefficient for
62-like (top plot), and their cumulative fractions (bottom plot),
calculated in IC.

Towards lower temperatures, the contribution from 4-5
decreases steadily from its peak value, constituting 73% of the
total by ~1000K. Towards higher temperatures, the
contribution from 4-5 again decreases steadily from it’s peak
value, constituting ~40% of the total by ~1 x 10®K. The
contribution from RR is very small below peak abundance
temperatures, constituting only 3% of the total at ~1000 K.
However, there is a larger contribution from RR at the highest
temperatures considered, constituting ~20% of the total at
~1 x 10°K.

4.3. 63-like: W+

This ionization state was calculated in CA only, as a repre-
sentative calculation done in IC is too computationally
expensive at present. By setting )\, = 1.00, AUTO-
STRUCTURE predicts the ground state configuration to be
4f135525p% 4F,. As this is in agreement with the value given
by NIST, we do not alter \,;. The individual contributions to
the total recombination rate coefficient for this ionization state
are plotted in figure 5, along with their cumulative fractions.
The largest contributions to the total comes from the 4-5 and
5-5 core-excitations, contributing ~11% and ~84% to the
total at peak abundance temperature (8.1 x 10° K) Towards
lower temperatures, the 5—5 core excitation gives way to 4-5,
with the latter constituting ~92% of the recombination rate
total. 4—4 is the next largest contribution after 4-5 and 5-5,
constituting ~13% of the total at ~3 x 10’ K. The 4-6 core-
excitation contributes very little for all temperatures, con-
situting a maximum of ~3% of the total at ~7 x 10* K. The
5-4 core-excitation contributes <1% for all temperatures, and
5-6 only constitutes ~3% at maximum for temperatures
>1 x 10°K. RR contributes little to the recombination rate
total over all but the highest temperatures. At peak abundance
temperature, RR contributes <1%, whereas at the highest
temperature considered (2.4 X 10® K), RR contributes ~17%.
At low temperatures of ~1000 K, RR constitutes ~7% of the
total.
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calculated in CA.

107° 31.00
Total ]
- RR = IC «-evvveeenes ]
n 44 - 1C - — - - I
oo 56 — IC 1 3
S 1077F 46 - IC B 5
= F 55 - IC 2
45 - IC 3
:3 o —:o.1og
® S~ g °
S 1ok T 1 2
o E S 1 3
B Froe 1 °
['3 [ Tl - [
10712 R 0.01
§ 1.0 o imimrmr iy e e i moem it ks et b b R P
8 0.8F E
s k
o 0.6 3
2 E E
B 04F =
] F ]
E 0.2 =
=3 E 4
© 0.0t 3
10° 10° 107

Temperature (K)
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calculated in IC.

4.4. 64-like: W0+

The DR/RR rate coefficients for this ion were calculated in
IC and CA. To reproduce the ground state as given on the
NIST website (4f'*5525p2 3P*), we set \,, = 0.99. We plot
the individual contributions to the recombination rate total for
64-like in figure 6, along with their cumulative fractions. At
peak abundance temperature (7.14 x 10°K) the total is
dominated by the contributions of the 4-5 and 5-5 core
excitations, constituting 68% and 26% to the total respec-
tively. This is followed by the 4-6 core excitation, con-
tributing 5% to the total. 44, 5-6, and RR contribute very
little to the total at peak abundance temperature. Combined,
4-4, 5-6, and RR constitute <1% of the recombination rate
total. The contribution of the 4-5 core excitation decreases
steadily with increasing temperature, constituting ~50% of
the total by ~1 x 10® K. The converse is true for decreasing
temperature, with the contribution from 4-5 constituting 90%
at the lowest ADAS temperature considered for this ion
(1000 K). The contribution from 5-5 peaks at ~4 X 10°K,
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Figure 7. Contributions to the total recombination rate coefficient for
65-like (top plot), and their cumulative fractions (bottom plot),
calculated in IC.

constituting ~30% of the total. For higher temperatures than
this peak, the contribution from 5-5 decreases steadily, con-
stituting 24% of the total by ~1 x 10®K. For lower tem-
peratures than the peak, the contribution from 5-5 again
decreases steadily, constituting just ~2% at 1000 K. The
contribution from 4-6 over the entire temperature range is
small, but non-negligible, constituting 4%—7% over the entire
ADAS temperature range. The contribution from 4-4 and 5-6
is negligible at all temperatures. RR only becomes significant
at the highest temperatures, constituting 20% of the total at
~1 x 10°K.

4.5, 65-like: Wo+

For this ionization state, NIST lists the ground state config-
uration as being 4f145525p® 2P},. To reproduce this ground
state, we set A, = 0.99. In figure 7 we have plotted the
individual contributions to the recombination rate total for 65-
like, along with their cumulative fractions. The recombination
rate total is dominated by the 4-5 and 5-5 core excitations at
peak abundance temperature (6.18 x 10° K), constituting
70% and 23% of the total respectively. The contribution from
4-6 is smaller than in the case of 64-like, constituting ~4 % of
the total. The 4-5 contribution decreases steadily with
increasing temperature, constituting 50% of the total at
~1 x 108 K. As with 64-like, the 4-5 contribution increases
with decreasing temperature, constituting 96% of the total for
the lowest ADAS temperature considered for this ion (810 K).
The contribution from 5-5 peaks at ~5 x 10° K, constituting
28% of the total. For increasing temperatures above this peak,
5-5 decreases steadily, constituting 22% at ~1 x 10°K.
Below this peak temperature, 5-5 decreases steadily with
decreasing temperature, constituting just 3% at the lowest
ADAS temperature considered. The 4-6 contribution to the
total peaks at ~5 x 10° K, constituting 4% of the total. With
increasing temperature from this peak, the contribution from
4-6 decreases to 3% by ~1 x 108 K. The contribution from
4-6 becomes negligible with decreasing temperature below
the peak. At maximum, the 5-6 core excitation contributes
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2% to the total. The 4—4 core excitation is completely neg-
ligible, and contributes <1% to the total for the entire ADAS
temperature range. RR again is only significant at high tem-
peratures, constituting 22% of the total at ~1 x 10* K.

4.6. 66-like: W8+

The ground state for this ion is 4f'45s25p* 3P, In order to
reproduce this in AUTOSTRUCTURE, we set A\, = 0.99. In
figure 8 we plot the individual contributions to the recombi-
nation rate total, and their cumulative fractions. At peak
abundance temperature (5.14 x 10° K) the largest contribu-
tions to the total come from the 4-5 and 5-5 core excitations,
constituting 46% and 45% of the total respectively. These are
followed by the 4-6 and 5-6 core excitations, contributing
5% and 4% to the total respectively. The 4-5 contribution
decreases with increasing temperature, constituting 30% of
the total at ~1 x 108 K. With decreasing temperature, the
contribution of 4-5 increases steadily, peaking at ~5000 K,
and constituting 71% of the total. The contribution from 4-5
then decreases slightly to 69% of the total at the lowest
ADAS temperature considered (640 K). The 5-5 contribution
peaks at ~4 x 10°K, constituting ~50% of the total. The
contribution from 5-5 then decreases steadily with increasing
temperature above the peak, constituting ~42% of the total.
With decreasing temperature below the peak, the contribution
from 5-5 again decreases, constituting 25% of the total at
~1000 K. The contribution from 4-6 peaks at ~2 x 10°K,
constituting 6% of the total. The contribution from 4-6
decreases with increasing temperature above the peak, con-
stituting 4% at ~1 x 103 K. With decreasing temperature
below the peak, the contribution from 4-6 decreases steadily
to 5% at ~1000 K. The 4—4 core excitation, as in the case of
65-like, is negligible, contributing <1% for the entire ADAS
temperature range. RR, again, is only significant at high
temperatures, constituting 20% of the total at ~1 x 10° K.
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Figure 9. Contributions to the total recombination rate coefficient for
67-like (top plot), and their cumulative fractions (bottom plot),
calculated in IC.

4.7. 67-like: W'~

For this ion, we set A, = 0.98 to reproduce the correct
ground state as listed on the NIST website (4f'35525p° 2F5,).
We have plotted the individual contributions to the total
recombination rate coefficients for 67-like, as well as their
respective cumulative fractions, in figure 9. The 5-5 core
excitation is the largest contributor, constituting 78% of the
total at peak abundance temperature (4.2 x 10° K). This is
followed by 4-5, contributing 19% to the total, and 5-6,
contributing 2%. The contributions from 5-5 and 4-5 do not
vary much with respect to temperature, with the contribution
from 5-5 ranging from ~60% to 80% of the total, and the
contribution from 4-5 ranging from 15% to 30% of the total.
The 5-6 contribution is small over the entire ADAS temp-
erature range. At maximum, 5—6 contributes 3% to the total at
~10000K. The 4-4, 54, and 4-6 core excitations are
completely negligible. Combined, these core excitations
constitute <1% of the recombination rate total for the entire
ADAS temperature range. RR again is significant at higher
temperatures albeit much less so than in the case of pre-
ceeding ions, constituting just 6% of the total at ~5 x 10’ K.

4.8. 68-like: W8

We set \,; = 0.98 for this ion to reproduce the correct ground
state as listed on the NIST website (4f'*5s25p° 1Sp). In
figure 10 we have plotted the individual contributions to
the recombination rate total for 68-like, and their respective
cumulative fractions. At peak abundance temperature
(2.74 x 10°K) the majority of the total recombination rate
coefficient is composed of the 5-5 and 4-5 core excitations,
constituting 76% and 19% of the total respectively. This is
followed by 5-6 and 46, constituting 4% and 2% of the total
respectively. The 5-5 core excitation contribution to the total
has two maxima. The first is at ~1 x 10* K, constituting 62%
of the total, and the second is at ~3 x 100K, constituting
88% of the total. Towards the lowest temperatures con-
sidered, the contribution from 5-5 deminishes, contributing
~50% to the total by ~1000 K. With increasing temperature,
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Figure 10. Contributions to the total recombination rate coefficient
for 68-like (top plot), and their cumulative fractions (bottom plot),
calculated in IC.

the contribution from 5-5 remains large, constituting 82% of
the total at ~5 x 10’ K. The 4-5 contribution peaks at
~5 x 10°K, contributing 56% to the total. With increasing
temperature above this peak, the contribution from 4-5
decreases quite rapidly, constituting only 5% of the total by
~5 x 107 K. With decreasing temperature below the peak,
the contribution from 4-5 again decreases rapidly, con-
tributing 6% at ~1000 K. The 5-6 core excitation does not
contribute much over the ADAS temperature range, providing
a peak contribution of 5% at ~5 x 10°K. The contribution
from 4-6 is the smallest for the entire ADAS temperature
range, contributing a maximum of ~3% to the total at
~4 x 10*K. As with the preceeding ions, the contribution
from RR is negligible at peak abundance temperature. How-
ever, RR becomes far more significant towards lower tem-
peratures, contributing 45% to the total recombination rate
coefficient at ~1000 K.

4.9. 69-like: W5

For this ion, we set A\, = 0.97 to reproduce the correct
ground state as listed on the NIST website (5p%5d D3 3). In
figure 11 we have plotted the individual contributions to the
total recombination rate coefficient for 69-like calculated in
IC, as well as their respective cumulative fractions. The 5-5
core excitation is dominant at peak abundance temperature
(1.63 x 10° K), contributing 69% to the recombination rate
total. The next largest contribution comes from the 5-6 core
excitation, contributing 15% to the total. This is followed by
4-5, constituting 13% of the total. The remainder of the total
is comprised of RR, 4-6, and 4—4, contributing a combined
~3%. The contribution from 5-5 peaks at ~3 X 10°K,
contributing 85% to the total. For increasing temperature
above this peak, the contribution decreases slightly, con-
stituting 77% of the total at ~5 x 10’ K. For decreasing
temperature below the peak, the contribution from 5-5
decreases gradually, constituting 25% of the total by
~1000 K. For temperatures <1 X 10°K the contribution
from the 5-6 core excitation is relatively steady, constituting

31.00

Total
44 — |C s
46 - IC - - - -
RR - IC
45 - IC
56 - IC
55 - IC

T

107"

Rate Coefficient (cm’s™)
LSRR e A
I
o
o
Fractional abundance —

UmERLL

Cumulative Fraction

10* 10° 10° 107
Temperature (K)

Figure 11. Contributions to the total recombination rate coefficient
for 69-like (top plot), and their cumulative fractions (bottom plot),
calculated in IC.

10%—-20% of the total. Above this temperature, the contrib-
ution from 5-6 decreases slowly, constituting 5% of the total
at ~5 x 107 K. The contribution from the 4-5 core excitation
peaks at ~3000K, contributing 24% to the total. For
increasing temperature above this peak, the contribution from
4-5 decreases slowly, constituting 6% at ~5 x 10’ K. For
decreasing temperature below the peak, the contribution from
4-5 decreases rapidly, contributing < 1% at the lowest ADAS
temperature considered (250K). The 4-6 core excitation
contributes very little over the entire ADAS temperature
range. At maximum, 4—6 contributes 2% to the total, but only
for temperatures >1 x 10° K. The 4—4 core excitation is only
significant for low temperatures. At ~1000 K 4—4 contributes
21% to the total. The contribution from RR is more significant
towards lower temperatures, contributing 24% to the total at
~1000 K. However, at higher temperatures, RR is non-neg-
ligible, contributing 11% to the total at ~5 x 10 K.

4.10. 70-like: W**

To date, no detailed calculations of DR rate coefficients have
been performed for this ion up to 73-like. Thus, the present
work constitutes the first such calculations. In figure 12 we
have plotted the recombination rate coefficients for 5-5, 5-6,
and RR for 70-like, calculated in IC. Setting \,; = 0.96 gives
the correct ground state of 5p®5d? 3F, as listed on NIST. The
contributions from 5-5 and 5-6are comparable at peak
abundance temperature (7.0 x 10*K), constituting 41 and
51% of the recombination rate coefficient total respectively.
Interestingly, the peak abundance temperature marks the lar-
gest contribution to the recombination rate total for 5-6. For
temperatures greater than the peak abundance temperature,
the contribution from 5-6 decreases steadily. By ~3 X
10’ K, 5-6 contributes only 8% to the recombination rate
total. Likewise, for temperatures less than the peak abundance
temperature, the contribution from 5-6 steadily decreases to
2% at ~200 K. The largest contribution from 5-5 occurs at
~10°K, constituting ~90% of the recombination rate total.
For temperatures >10° K the contribution from 5-5 decreases
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Figure 12. Contributions to the total recombination rate coefficient
for 70-like (top plot), and their cumulative fractions (bottom plot),
calculated in IC.
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Figure 13. Contributions to the total recombination rate coefficient
for 71-like (top plot), and their cumulative fractions (bottom plot),
calculated in CA.

steadily from its maximum to ~76% at ~3 x 10’ K. For
temperatures <10°K the 5-5 contribution decreases to 41%
at the peak abundance temperature, after which the contrib-
ution begins increasing again, constituting 63% of the total at
~200 K. RR contributes little at peak abundance temperature,
constituting 7% of the recombination rate total. For tem-
peratures greater than the peak abundance temperature, the
contribution from RR decreases slightly, and then gradually
increases with increasing temperature, constituting 16% of the
recombination rate total at ~3 x 10’ K. For temperatures less
than the peak abundance temperature, the contribution from
RR increases gradually, constituting 34% of the total at the
lowest temperature considered for this ion (~200 K).

4.11. 71-like: W3+

The recombination rate coefficients for this ionization state
were calculated in CA only, and are plotted in Flgure 13. We
set \,; = 0.96 to reproduce the correct ground state as listed
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Figure 14. Contributions to the total recombination rate coefficient
for 72-like (top plot), and their cumulative fractions (bottom plot),
calculated in IC.

on NIST (5p°5d® “F;/;). The largest contributions to the
recombination rate total come from the 5-5 and 5-6 core
excitations, contributing ~28% and 70% to the total at peak
temperature respectively. The 4-5 and 4-6 core excitations
contribute very little to the total over the entire ADAS
temperature range. The 4-5 core excitation contributes
~3 — 4% to the total for temperatures >7 x 10° K, while the
4-6 core excitation contributes <1% for all temperatures. At
temperatures >1.8 x 10’ K, 5-5, 5-6, and RR contribute to
the total equally, composing ~33% of the recombination rate
total. Towards the lowest temperature considered for this ion
(90K), the recombination rate total is dominated by RR,
constituting 100% of the total.

4.12. 72-like: W2+

In figure 14 we have plotted the individual contributions to
the total recombination rate coefficients for 72-like, along
with their cumulative fractions. To reproduce the ground state
listed on NIST (5p°5d* °Dy), we set \,; = 0.96. This value
also improves the general agreement between the AUTO-
STRUCTURE energies, and the values listed on NIST. At peak
abundance temperature (2.9 x 10*K), the contributions from
5-5 and 5-6 are nearly equal, constituting 47 and 52% of the
recombination rate total respectively. The 5-5 core excitation
provides the largest contribution at ~200 K, constituting 61%
of the recombination rate total. For temperatures <200 K, 5-5
decreases slightly, constituting 48% of the recombination rate
total at ~40 K. Caution should be taken in interpreting this
result, as low temperature DR is very sensitive to the posi-
tioning of resonances at threshold. The 5-5 contribution
steadily decreases for increasing temperature, and constitutes
only ~10% of the recombination rate total at ~8 x 10°K.
For 5-6, the largest contribution occurs at ~5 x 10°K,
constituting 77% of the recombination rate total. This
decreases to 38% at ~200 K, and then increases slightly to
51% at ~40 K. It is interesting to note that the contribution
from 5-6 is larger than that of 5-5 at low temperatures. As the
6s orbital encroaches upon the 5d orbital, it is energetically
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Figure 15. Contributions to the total recombination rate coefficient
for 73-like (top plot), and their cumulative fractions (bottom plot),
calculated in IC.

more favourable for transitions to 6s to occur at low tem-
peratures. The contribution from RR is small for temperatures
<1.8 x 10° K, constituting <10% of the recombination rate
total. For higher temperatures, the contribution from RR
increases gradually to 47%, becoming comparable to the 5-6
contribution.

4.13. 73-like: W'+

We have plotted the individual contributions to the recom-
bination rate total for 73-like in figure 15, calculated in IC.
We set A,; = 0.96, to reproduce the correct ground state as
listed by NIST (5d*6s ®D /). This also improves the general
agreement between the AUTOSTRUCTURE energies, and those
listed on the NIST website. At peak abundance temperature
(1.6 x 10%K) there is an interesting competition between the
5-5, 5-6, and 6-6 core excitations. The 5-5 core excitation
experiences a sharp drop in its contribution to the recombi-
nation total, constituting ~60% of the total at ~10000 K,
followed by a rapid drop to just ~10% at 37 000 K. This is a
result of the 5-6 and 6-6 DR rate coefficients peaking at
40000 and 60000 K respectively, corresponding to the
5d — 6s and 6s — 6p promotions respectively. The sharp
drop in the contribution is compensated for by 6-6, con-
tributing ~20% at ~10 000 K, followed by a sharp rise to
~65% by ~37000K. The contribution from 5-6 is fairly
constant, constituting 15% of the total at peak abundance
temperature. The contribution from 5-5 decreases steadily
with increasing temperature, constituting just 3% at
~1 x 10°K. Below peak abundance temperature, the
contribution remains constant with decreasing temperature,
constituting ~50% of the total. The 6-5 core excitation is
negligible, and contributes <2% over the entire ADAS
temperature range. The contribution from RR is small for all
temperatures. At maximum, RR contributes 6% to the total
at ~100 K.
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Figure 16. Comparison between the total DR rate coefficients for 64-
like W, calculated in this work (solid black), and Kwon [34] (red-
dotted).

5. Comparison with other works

As discussed in the introduction, the lanthanide series and
beyond are relatively unexplored areas in terms of DR rate
coefficient calculations. The only available detailed calcula-
tions are from Safronova ez al covering W>—W°" [16, 17],
and Kwon covering W w0t [34]. The DR rate coeffi-
cients from Kwon were calculated using FAC [28], while the
DR rate coefficients from Safronova et al were calculated
using a combination of HULLAC [15], and the Cowan atomic
structure code. In the absence of experimental data (such as
those from storage ring experiments), comparisons between
DR rate coefficients calculated using different codes offer an
alternative method with which to benchmark these data. In
general, the DR rate coefficients for a particular ion at low
temperatures can be highly uncertain due to the positioning of
resonances. This is especially so in the case of low-ionization
state tungsten, as calculating an accurate structure for such
ions can be prohibitively difficult.

5.1. 64-like: W0+

In figure 16 we have plotted the total DR rate coefficient for
64-like as calculated in the present work, and by Kwon [34].
At peak abundance temperature (~7 X 10° K) we find our
rates differ from Kwon’s by 14%. This difference decreases
with increasing temperature, with our results differing by 10%
at2 x 108 K. For lower temperatures, our results and Kwon’s
diverge significantly, with the largest difference occuring at
1 x 10*K of 68%.

5.2. 65-like: W9

We have plotted the total DR rate coefficients for 65-like as
calculated in the present work in figure 17, along with the
result calculated by Kwon [34]. Reasonable agreement is seen
at peak abundance temperature (6.2 x 10° K), with Kwon’s
result being 32% larger than the present work. This difference
increases slightly with increasing temperature, reaching 38%
at 1.6 x 103 K. Agreement also deteriorates towards lower
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Figure 17. Comparison between the total DR rate coefficients for 65-
like W calculated in this work (solid black), and Kwon [34] (red-
dotted).
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Figure 18. Comparison between the total DR rate coefficients for 66-
like W calculated in this work (solid black), and Kwon [34] (red-
dotted).

temperatures, with Kwon’s DR rate coefficient being ~70%
smaller than the present work for temperatures <1000 K.

5.3. 66-like: W8~

In figure 18 we have plotted the total DR rate coeffcients as
calculated in the present work, and by Kwon [34]. Good
agreement is seen at peak abundance temperature
(5.1 x 10° K), with Kwon’s DR rate coefficients being larger
than the present work by 11%. Agreement improves to better
than 10% for temperatures >6 x 10° K. The largest differ-
ences are seen at lower temperatures, being >80% for tem-
peratures <1000 K.

5.4. 67-like: W'

In figure 19 we have plotted the total DR rate coefficients for
67-like as calculated in the present work, and by Kwon [34].
Significant differences are seen between both sets of DR rate
coefficients across a wide range of temperatures. At peak
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Figure 19. Comparison between the total DR rate coefficients for 67-
like W calculated in this work (solid black), and Kwon [34] (red-
dotted).
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Figure 20. Comparison between the total DR rate coefficients for 68-
like W calculated in this work (solid black), Kwon [34] (red-dotted),
and Safronova et al [17] (blue-dash).

abundance temperature (4.2 X 10° K), Kwon’s DR rate
coefficients are ~60% smaller than ours. With increasing
temperature, the difference between our and Kwon’s DR rate
coefficients becomes constant, reaching ~83% at
~1 x 10®K. Towards lower temperatures, the largest dif-
ference between our data and Kwon’s is seen at ~1000 K,
where Kwon’s DR rate coefficients are larger by a factor ~3.

5.5, 68-like: W8+

DR rate coefficients for this ion have been calculated by
Kwon [34] and Safronova et al [16, 17]. In figure 20 we have
plotted their results, along with those calculated in this
current work. Poor agreement is evident over a wide range of
temperatures. However, at peak abundance temperature
(2.7 x 10°K), Kwon’s DR rate coefficients are larger by
~2%, while Safronova et al’s are larger by a factor ~2.
Given the variation of the DR rate coefficient either side of
the peak abundance temperature, this agreement appears to be
coincidental. Towards higher temperatures (>3 x 10°K) the
difference between our data and Kwon’s remains constant,
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Figure 21. Comparison between the total DR rate coefficients for 69-
like W calculated in this work (solid black), Kwon [34] (red-dotted),
and Safronova et al [16] (blue-dash).

with Kwon’s DR rate coefficients being ~20% smaller than
the present calculation. In the case of Safronova’s data for
these temperatures, the difference varies from ~40% to 90%
larger than the present values. Towards lower temperatures,
the difference between all datasets diverge strongly, with the
largest differences exceeding ~9 dex at the lowest
temperatures.

5.6. 69-like: W+

As with 68-like, DR rate coefficients have been calculated by
Kwon [34] and Safronova er al [16, 17]. In figure 21 we have
plotted our results, along with those of Kwon and Safronova
et al. The general trend of all three calculations appear to be
in agreement. At peak abundance temperature (1.7 x 10° K)
the DR rate coefficients calculated by Kwon and Safronova
are larger than the present data by ~80% and a factor ~2
respectively. Towards higher temperatures the agreement
between the present data and Kwon’s results improves, with
Kwon’s DR rate coefficients being larger by ~13%. This is
not the case for Safronova er al’s data, where the difference
varies between a factor 1.7-2.0 with increasing temperature.
Agreement does not improve with decreasing temperature,
with differences of a factor ~9 and ~4 for Kwon and
Safronova et al respectively.

6. lonization state evolution

In this section we consider the impact of our calculations in
the context of ionization fractions. We first consider the
steady state ionisation fraction incorporating our data, and
lastly, we consider a time-dependent case.

6.1. Steady state ionization

We now compare two sets of ionization fractions, calculated
using recombination rate coefficient data from this work (61-
to 73-like) and The Tungsten Project (00- to 46-like,
[11-13]), and using the scaled data from Piitterich er al [3].

13

For the ionization fraction calculated using the present data,
we use the data from Piitterich et al for 47- to 60-like, as we
have not calculated data for these charge states yet. In both
cases, we use the ionization rate coefficients as calculated by
Loch et al [48]. The two ionization fractions are plotted in
figure 22, along with the arithmetical difference between the
two fractions. We have also indicated the position of closed-
shell charge states as a guide. In this plot, there is a large gap
indicating zero difference between the two fractions. This is
because the data for 47- to 60-like are the same in both
fractions. Immediately obvious is the significant differences
in the peak abundance temperature, and the peak abundance
fractions. In table 3 we have listed these peak fractions and
temperatures for our ionization fraction, and that of Piitterich
et al. We have also calculated the % difference between the
peak temperatures and fractions calculated in this work, and
those from Piitterich et al.

Looking at the plot overall, it is clear that the largest
differences between our ionization fraction and Piitterich
et al’s occurs for 61- to 73-like. This is indicative of the
difference in atomic structures used in both approaches, and
also highlights the difficulty in calculating a reliable atomic
structure. As mentioned in section 5, relatively good agree-
ment between our calculations and Kwon’s [34] is seen for
the higher ionization states. For the lower ionization states,
this agreement deteriorates. Further calculations by other
groups using different codes could help to improve our
understanding of the atomic structure for these ions.

6.2. Time-dependent ionization

To further illustrate the impact of our data, we considered the
time evolution of the ionization fractions for a 20 eV, fixed
density plasma where a tungsten impurity was introduced.
This was done using the ADAS406 routine, the description
for which can be found on the ADAS website’. In figure 23
we have plotted the evolution of five charge states spanning
70- to 74-like over a period of 100ms using the present data,
and the recombination rate coefficients of Piitterich et al.
While ionization is the dominant process, it can be clearly
seen that the recombination rate coefficients determine the
final equilibrium state. The differences seen can easily be
attributed to the methods used in calculating the recombina-
tion rate coefficients.

7. Conclusions

We have presented a series of partial, final-state resolved DR
and RR rate coefficients for low-charge tungsten ions span-
ning W'?"-W'". The present work constitutes the first such
DR/RR calculations performed for low ionization state
tungsten. These data will be paramount in modelling the
collisional-radiative properties of the edge plasma in mag-
netically confined, finite density plasmas such as those
observed in JET and ITER.

6 http://adas.ac.uk/.
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Figure 22. Plot of the coronal, steady-state ionization fraction for tungsten. The red fraction was calculated using the recombination rate
coefficients of Piitterich ez al [3], and the ionization rate coefficients of Loch et al [48]. The blue-dashed fraction was calculated using the

recombination rate coefficients calculated in this work (61- to 73-lik

e), and the data from previous work by Preval ef al [11-13] (00- to 46-

like). We used Piitterich et al’s data for 47- to 60-like. From right to left, we have indicated the positions of the closed-shell states 10-, 18-,
28-, 36-, and 46-like with black parabolas. The bottom plot is the arithmetic difference between the Piitterich er al fractions, and the present

fraction.

Table 3. Comparison of peak abundance temperatures and fractions

as calculated using Piitterich et al’s data [3], and Piitterich et al’s data

with 01- to 46-like, and 61- to 74-like replaced with our data. The ionization rate coefficients originate from Loch er al [48]. Note [x] = 10™.

Ion-like ~ Charge Putt Ty Putt fieax  This work Tpeax  This work fpesx  AT% Af%
61-like W™ 1.10[+6] 0.210 1.16[+6] 0.199 526  —5.13
62-like W2t 945[+5]  0.236 1.01[+6] 0.261 6.68 10.6
63-like  W!'T  8.08[+5]  0.261 8.96[+5] 0.239 10.9 —8.29
64-like W' 7.14[+5]  0.293 7.72[+5] 0.364 8.10 24.1
65-like W2t 6.18[+5] 0.322 6.44[+5] 0.413 4.14 28.3
66-like w8 5.14[+5]  0.345 5.06[+5] 0.387 —1.46 12.2
67-like Wt 420[+5] 0430 4.08[+5] 0.360 —274 -163
68-like WOt 2.74[+5]  0.701 2.54[45] 0.751 —7.09 7.15
69-like w3t 1.63[+5] 0492 1.19[+5] 0.683 —273 38.9
70-like W4 1.06[+5]  0.634 6.95[+4] 0.758 —34.6 19.7
71-like w3 6.74[+4]  0.583 4.55[+4] 0.722 —325 23.9
72-like W2 4.02[+4]  0.725 2.92[+4] 0.762 —27.4 5.22
73-like W't 1.60[+4] 0925 1.62[+4] 0.964 1.13 421
74-like WOt 1.16[+3] 1.000 4.71[+3] 1.000 306 0.00

We calculated an updated coronal, steady-state ionization
balance for tungsten using all of the recombination rate
coefficient data calculated in The Tungsten Project, and the
ionization rate coefficients from Loch et al [48]. We com-
pared this with an ionization balance calculated using the
recombination rate coefficients of Piitterich et al [3], and
found significant differences between the two fractions. In
particular, there were large shifts in the peak fractions and
temperatures. The majority of these large changes were for

the lowest ionization states
culty in calculating an
these ions.

We find our DR rate coefficients are in relatively good
agreement with the few currently published, and we are able
to reproduce the general trend of these data. This is in contrast
to the case of more highly-charged ions where substantial
differences were found. However, large differences are seen
towards lower temperatures. While this is not a problem in the

considered, illustrating the diffi-
accurate atomic structure for
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Figure 23. Time evolution of the charge state distribution of 74- to 70-like tungsten for a 20 eV plasma over 100 ms. The red solid line is the
case where the recombination rate coefficients of Piitterich et al [3] were used, whereas the blue dashed line is the case where the present

recombination rate coefficients were used.

case of highly charged states, in the case of singly, doubly, or
triply ionized ions the peak abundance temperature and peak
fraction will be sensitive to threshold effects. This was also
evidenced by considering a time-dependent ionization frac-
tion using the ADAS routine ADAS406. It was shown that for
a fixed density, 20 eV plasma with a tungsten impurity, the
recombination rate coefficients used for 70- to 73-like had a
significant impact on the final equilibrium state. Therefore,
more work is required to constrain the DR rate coefficients
further for these ionization states.

The main challenge in improving the DR rate coefficients
for low ionization state tungsten lies in constraining the
positioning of near-threshold resonances. As well as extensive
theoretical work, experiment must also be used. Cryogenic
storage ring experiments such as those described in Spruck
et al [52] and Von-Hahn et al [53] can potentially be used in
the case of low charge-state tungsten ions. As seen in
figure 23, significant differences were seen in the final equi-
librium state of a 20 eV plasma with a tungsten impurity when
using the present data, or that of Piitterich et al [3]. The lar-
gest differences between the two cases was seen for neutral-
state tungsten. However, this difference decreased with
increasing residual charge, indicating a larger uncertainty in
the DR rate coefficients for the lowest charge states. There-
fore, future experiments should focus on the near-neutral
charge states of tungsten.

The data presented in this paper, combined with our work
on the 4d-shell tungsten ions, gives an indication of how the
missing 4f-shell DR rate coefficients will behave when they
are added. Currently, the open 4f-shell problem in calculating
DR rate coefficients is still untenable by even the best

15

computational systems without implementing some form of
statistical approximation. It is possible in the near future that a
fully parallelised version of AUTOSTRUCTURE could tackle
this problem. The final paper in The Tungsten Project will
consider the 4f shell as far as is possible with AUTO-
STRUCTURE. We will then use a partitioning method as
described in Badnell et al [38] to cover any ions we cannot
compute directly.
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