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Ab initio calculations of dielectronic recombination rate coefficients of Rh-like gadolinium and tungsten have
been performed. Energy levels, radiative transition probabilities, and autoionization rates of Pd-like gadolinium
and tungsten for [Zn]4p®4dd4ful, [Zn]4p®4d®5'nl, [Zn]4p4dB6l'nl and [Zn]4p>4d'°nl, [Zn]4p>4d°4fnl,
[Zn]4p34d°®50'nl, [Zn]4p34d°6l'nl (n < 18) complexes were calculated using the flexible atomic code. The
contributions from resonant and nonresonant radiative stabilizing transitions to the total rate coefficients are
discussed. Results show that the contributions from nonresonant radiative stabilizing transitions are significantly
enchanced for W when compared with Gd as a result of lowering of energy levels relative to the ionization
limit. In addition, the widely used Burgess-Merts semiempirical formula may underestimate the dielectronic
recombination rate coefficients in the temperature regions of interest. The present calculated rate coefficients are
fitted to a semiemperical formula. The data obtained are expected to be useful for modelling plasmas both for

extreme ultraviolet lithography source development and for fusion applications.
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I. INTRODUCTION

The dielectronic recombination (DR) process plays an im-
portant role in high-temperature plasmas, where it affects both
the ionization balance and radiative energy losses. Plasmas
containing gadolinium have been proposed as sources for
next-generation extreme ultraviolet lithography (EUVL) near
6.7 nm. Reliable atomic data including energy levels, transition
probabilites, and rate coefficients for various dynamic pro-
cesses are urgently needed. In the past, the DR rate of Ni-like
gadolinium, where the DR process can provide a potential
source for soft x-ray laser operation, has been studied [1-3].
Tungsten is being considered as a plasma-facing material in
magnetically confined fusion devices, such as ITER, because
of its low sputtering rate, high-temperature characteristics,
and low tritium absorption. Considerable effort has been
made to obtain reliable atomic data to enable identification of
reference lines for plasma diagnostics and to reliably estimate
radiative cooling rates (see most recently review papers [4—8]).
In contrast to the situation for Gd, a significant number
of publications on DR processes have been published for
tungsten [9-24]. In all reported studies of gadolinium and
tungsten plasmas, their emission is dominated by Ag- and
Pd-like lines, that is, the spectra resulting from ions with either
a closed outermost subshell (Pd-like) or a configuration with
a single electron outside a closed subshell (Ag-like), where
the emission is not spread among many transitions [23-28].
Recently, Safronova and co-workers studied the DR rate
coefficients for Pd-like W [20]. Li and co-workers studied
the DR rate coefficients for Pd-like Gd and found that DR is
a very important recombination mechanism for Pd-like Gd in
EUVL source plasmas and one that can enhance the population
of Ag-like ions [29]. However, due to the complexity of the
calculations as open 4d and 4f shells are involved, very
few ab initio level-by-level DR calculations are available for
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Rh-like Gd and W and the rates for these are important as they
contribute to the population of Pd-like ions.

In this paper, we report on the detailed calculation of
DR rate coefficients for Rh-like gadolinium and tungsten.
The relativistic flexible atomic code (FAC) [30] was used to
calculate the atomic structure, radiative transition probablities,
and autoionization probablities. In Sec. II, we briefly outline
the theoretical methods used for the calculation of DR rate
coefficients. The DR rate coefficients obtained are presented
and discussed in Sec. I1I.

II. THEORETICAL METHOD

The DR process can be described as the resonant capture
of an incident electron by an ion, followed by radiative decay
which competes with autoionization (Al). The first step is the
resonant capture process in which a free electron is captured by
anion while abound electron is excited. The capture-excitation
process can be schematically written as follows:

[Zn]4p%4d° + e — [Zn]4p%4d®n'l'nl, n'l’
=4f, 51, 61, + 4p°4d"'nl + 4p>4d°n'U'ni, n'l’
=4f, 51, 6l. (1)
It is the inverse process of Al, sometimes called dielectronic
capture (DC).

The second step in the DR process is autoionizing state
decay by emission of either an Auger electron or a photon into
a lower state. It can be schematically written as follows:

[Zn] 4p®4d®n'l'nl + 4p34d'°nl + 4p°4d°n'U'nl,
— [Zn] 4p%4d°® nl + 4p%4d® W'I'n"l" + hv,  (2)
\
[Zn] 4p®4d° + ¢ (3)
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The first term in Eq. (2) represents the decay from Al states to
singly excited states, known as resonant stabilizing transitions
(RS). The second term represents the decays to doubly
excited states which are below the ionization limit, known as
nonresonant stabilizing (NRS) transitions. Another possible
decay is to lower states that still lie above the ionization limit
and then further decay by either Al or radiative decay cascade
(DAC) transitions. However, as research results show, the DR
rates are less affected by DAC for the heavy elements and
thus can be neglected for most applications [31]. Disregarding
DAC then leads to the following approximation for the DR
branching ratio [31]:

B — LAyt Ay
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Here A and A" are the Auger and radiative rates, respectively.
f denotes singly excited final states, f’ denotes doubly excited
final states that lie below the ionization limit, d denotes doubly
excited final states lying above the ionization threshold, and i’
is the final state of the Auger decay.

In the isolated resonance approximation, assuming that the
electron velocity distribution in the plasma is Maxwellian, the
DR rate coefficients can be expressed as

“4)

h3 Q; E:
.DR Te = —j — Y s 5
(T = G = ; e e 5)
where Q) is the so-called intensity factor, defined as

0, = g;jA};Bj, (6)

gj and g; are the statistical weights of the doubly excited Al
state j and initial state i, respectively, and E;; is resonant
energy.

The contributions from higher-n states may be extrapolated
up to n = 1000 using empirical scaling formulae (see Ref. [19]
for details).

III. RESULTS AND DISCUSSION

In the present work, we report the results of detailed level-
by-level calculations of the rate coefficients for DR through
the following Rh-like Gd and W autoionizing inner-shell
excited configuration complexes: 4d®4fnl, 4d351'nl, 4d361'nl
and 4p54d10nl, 4p54d94fnl, 4p54d95l/nl, 4p54d951’nl, (n <
18, I < 5). These resonant configurations are associated with
An =0, An =1, and An = 2 core excitations of the 4d and
4p subshells, respectively. As previous research has shown
that complexes resulting from 4 p core excitation significantly
influence the total DR rate coefficient [29], we explicitly
include here the contributions from these complexes also.
Energy levels, radiative transition probabilities, and Al rates
are calculated using FAC.

A. Energy levels

The energy levels near the ionization limits for 4d and 4p
subshell excitation are presented in Figs. 1 and 2, respectively.
It should be noted that not all the above-listed doubly excited
states can autoionize. Therefore, autoionizing intermediate
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FIG. 1. Energy levels of doubly excited configurations within the
4d complexes relative to the first ionization limit E; (565 eV for Gd
and 1128 eV for W), which is indicated by the dashed line. Ej is the
gound-state energy of Pd-like Gd and W. The energies are indicated
by a finite vertical range representing the full level spread within each
configuration.

states can be stabilized to these levels through NRS transitions.
For Gd, as one can see from Fig. 2, the doubly excited 4434 f2,
4dB4 £51 (1< 4), 4dB4f6l (1< 1), 4d¥5s51 (1 < 3), 4d®5s61
(I < 1), 4d®5p5l (1 <2) resulting from 4d subshell excita-
tion and 4p°4d'4 £, 4p34d'°51 (1< 4), 4p34d'°6l (1<2),
4p34d°4f?, 4p>4d°4 f5s, 4p°4d°5s* which arise from 4p
subshell excitation are below the ionization limit. For W, as
Z increases, due to the lowering of these configurations as a
result of increased binding, more levels lie below the ionization
limit which results in closure of DR channels. Apart from
the configurations just mentioned for Gd, 4d%4 f61 (I <5),
4d84f7l (1<2), 4d85s5g, 4d3556d, 4d85p5f, 4d85p6s,
4d%5d% due to 4d core excitation and 4p>4d'°61 (I1<5),
4p°4d"071 (1<2), 4p°4d°4f51 (1<3), 4p°4d°5s5p from
4p core excitation lie below the ionization limit for W. As
a result, the contribution of NRS will significantly increase
for high-temperature plasmas of W when compared to Gd,
as we show later. It should be mentioned that the present
calculated ionization potential usd here for Pd-like W is
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FIG. 2. Energy levels of doubly excited configurations within the
4 p complexes relative to the first ionization limit E£; (565 eV for Gd
and 1128 eV for W), which is indicated by the dashed line. Ej is the
gound-state energy of Pd-like Gd and W. The energies are indicated
by a finite vertical range representing the full level spread within each
configuration.
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FIG. 3. (Color online) Partial DR rate coefficients for 4d and 4 p
core excited complexes of Gd.

1128 eV, which compares well with the value of 1132 eV
calculated by Kramida and Reader [32].

B. The partial DR rate coefficients

The partial DR rate coefficients of different complexes for
Gd and W are presented in Figs. 3 and 4, respectively. Take Gd
as an example. For 4d subshell excitations, the contribution
from 4d34fnl complexes to the total DR rate is more than
70% at temperatures below 1 keV. The relative contribution
from 4d%51'nl complexes is about 23% near 110 eV. The
influence of 4d®6/'nl complexes is less than 6%. This means
that for 4d subshell excitation, An = 0 core excitation makes
the dominant contribution should always be included in
calculations for other 4d open shell ions. For 4p subshell
excitation, the contribution from the resulting complexes
to the total DR rate coefficients is less than 25% when
compared with 4d subshell excitation. The contribution from
4p>4d°4fnl complexes is, however, greater than 50% in the
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FIG. 4. (Color online) Partial DR rate coefficients for 4d and 4 p
core excited complexes of W.
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FIG. 5. (Color online) The DR rate coefficients where an incident
electron is captured to the different orbitals of Gd.

20- to 150-eV region. The 4p>4d°5'nl contribution over-
takes that from 4 p34d°4fnl complexes when the temperature
exceeds 440 eV. The contribution from An =2 4p core
excitations is everywhere less than 10%.

In addition, our previous studies on Pd-like Gd showed
that the contributions from 4s subshell excitations to the
overall DR coefficient is almost two orders of magnitude
lower than the total DR rate coefficients throughout the whole
temperature region covered in the above figures. Moreover,
from other studies it can be inferred that the influence of
3d-core excitation is much smaller than for the 4s shell [33].
Therefore, the contributions from 4s and 3d complexes can be
essentially ignored in the present calculations.

C. The total DR rate coefficients

Figures 5 and 6 show the contributions of DR rate
coefficients where a free electron is captured to different
n shells for Gd and W. For Gd, n = 6 provides the most
important capture channel at temperatures below 100 eV. The
DR rate coefficients change regularly when n > 7. However,
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FIG. 6. (Color online) The DR rate coefficients where an incident
electron is captured to the different orbitals of W.
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FIG. 7. (Color online) Contributions from the RS and NRS
transition as well as different core excitations to total DR rate
coefficients as a function of 7, in Rh-like Gd.

the n dependence for W is much more complicated for states
with n < 9 at lower temperatures. This behavior arises mainly
because of the influence of near-threshold states, especially for
those configurations that are partially autoionizing, since their
resonant energies are quite small but the DR rate coefficients
have an exp(—E;;/kT,) dependance. Small changes in the
relative position of the ionization limit may result in closure of
some channels thus impacting on the DR rates. The 4d35p5 f
(n = 5) and 44%4 f6d (n = 6) configurations for Gd, and
the 4d%5p5g and 4d35d5f (n = 5), 4d%5s6f (n = 6),
AdB4f7f and 4dB4f7g (n = 7), 4d%4f8s (n = 8) for W
give the biggest contribution at temperatures lower than 15 eV.
However, as the temperature increases, their influence is less
important.

The resulting total DR rate coefficients are plotted together
with the partial rates for RS and NRS transitions in Figs. 7 and
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FIG. 8. (Color online) Contributions from the RS and NRS
transition as well as different core excitations to total DR rate
coefficients as a function of 7, in Rh-like W.

8 for Gd and W. The 4d subshell makes the biggest contribution
for both ions. An interesting change that should be noted arises
from the influence of NRS transitions. The RS rate coefficient
exceeds that for NRS at both lower and higher temperatures
and is nearly the same around 15-40 eV for Gd. However, this
is different for W, where the NRS decay rate is comparable
with that for RS when the temperature is higher than 25 eV.
As before, the presence of more doubly excited states below
the ionization limit as Z increases results in more NRS decay
channels.

A widely used semiempirical formula was given by
Burgess [34] and modified by Merts et al. [35], which is
known as the Burgess-Merts (BM) approximation. The BM
approximation is, in principle, suitable for ionization stages
<20 (although this approximation is still used for other ionic
stages since no universal formula exists). We compare the

TABLE I. Fitting coefficients using Eq. (7) for Rh-like Gd. A[B] denote A x 105.

n Ci E1 C E2 C3 E3 Cy E4 Cs E5
n=5-1000  6.580[-9]  7.856[0] 8.007[-8]  3.174[1] 1.437[-6] 3.324[2] 5.286[-7] 6.411[1] 3.519[-6] 1.564[2]
n=5-18 6.462[-8]  3.028[1]  6.488[-9]  7.824[0] 4.827[-7]  6.072[1] 1.893[-6] 1.423[2] 1.177[-6]  3.211[2]
n=19-1000 1.702[-6]  1.720[2] 2.433[-7]  3.765[2]

n=>5 2.775[-7] 1.795[2]  2.204[-7] 1.018[2] 9.760[-8]  4.825[1] 1.198[-9] 7.163[0] 1.972[-9] 1.635[1]
n==~6 2.286[-8]  2.631[1] 1.703[-7]  5.088[1] 2.506[-7]  2.710[2] 2.125[-7] 1.350[2] 4.838[-9]  7.838[0]
n=7 2.611[-8]  4.161[1] 1.122[-7] 1.841[2] 1.523[-7]  3.462[2] 1.670[-7] 8.064[1] 4.088[-10] 1.830[1]
n=3§ 8.023[-8] 1.168[2] 2.262[-8] 7.778[1] 9.335[-8] 2.467[2] 7.284[-8] 1.007[2] 8.000[-8] 4.062[2]
n=9 5.084[-8]  4.385[2]  4.736[-8] 1.335[2] 5.913[-8] 1.093[2] 7.357[-8] 2.784[2] 4.712[-8] 1.337[2]
n=10 5.966[-8] 1.258[2]  2.604[-8] 1.638[2] 5.776[-8] 3.032[2] 5.315[-8] 1.399[2] 3.439[-8] 4.617[2]
n=11 4.409[-8] 1.383[2]  4.500[-8]  3.146[2] 3.877[-8] 1.664[2] 4.189[-8] 1.395[2] 2.585[-8]  4.734[2]
n=12 2.058[-8]  4.797(2]  3.572[-8]  3.215[2] 4.289[-8] 1.464[2] 3.326[-8] 1.728[2] 3.740[-8] 1.464[2]
n=13 3.102[-8]  3.138[2] -3.523[-9] 2.871[2] 1.844[-8]  4.762[2] 5.906[-8] 1.504[2] 4.436[-8]  1.695[2]
n=14 3.719[-8] 1.591[2]  2.134[-8] 1.869[2] 2.374[-8] 3.376[2] 3.873[-8] 1.559[2] 1.229[-8]  4.953[2]
n=15 5.907[-10] 3.336[2] 1.681[-10] 3.307[2] 1.628[-10] 3.337[2]

n=16 1.567[-8]  3.254[2] 1.048[-8]  4.851[2] 2.362[-8] 1.739[2] 3.591[-8] 1.595[2] 2.328[-8] 1.769[2]
n=17 2.532[-8] 1.738[2] 8.900[-9] 4.863[2] 2.434[-8] 1.786[2] 1.323[-8] 3.267[2] 2.766[-8] 1.608[2]
n=18 2.7771-8]  1.676[2]  1.774[-8]  1.920[2] 2.781[-8]  1.676[2] 1.185[-8] 3.479[2] 6.028[-9]  5.044[2]
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FIG. 9. (Color online) Comparison of present calculated DR rate
coefficients with semiempirical BM approximation.

present calculated DR rate coefficients with the predictions of
the BM approximation in Fig. 9. Here we limited use to 4 p-4d
and 4d-4 f transitions as suggested by Breton et al. [36]. The
necessary atomic data were calculated using FAC. It is clearly
seen from this figure that the BM approximation is totally
incorrect at very low temperatures and, while it reproduces the
overall trend very well, may underestimate the DR coefficients
by up to a factor 2.2 for higher temperatures. The BM formula
provides DR rate coefficients with an accuracy of about 60%
for Gd and 40% for W when the temperature exceeds 40 eV.
This result suggests that the BM formula provides a good
estimate of the total DR rate coefficient for high-Z ions at
temperatures higher than this value if scaled up by a factor
close to two.

The calculated DR rate coefficients are fitted using follow-
ing the semiempirical formula (in cm3s™!):

a(kT,) = kT2 Y el =), ()

1

where ¢; and E; are the fitting coefficients. The fitting
coefficients are given in Tables I and II. The differences
between the fitted and the calculated data are less than 1%
for temperatures above 15 eV. However, one should be careful
to use the fitted data at temperature below 15 eV since the
DR rates are very sensitive to resonance energies in that
region.

The three-body (TR) and radiative recombination (RR) rate
coefficients were calculated using empirical formulae [37] and
are presented in Fig. 10 to show the influence of different
recombination mechnisms for plasma balance modeling. For
Gd, recent calculations predict that the optimum plasma tem-
perature for EUVL source operation is close to 110 eV which
gives maximum brightness at 6.76 nm. The DR rate coefficient
reaches a maximum between 30 and 130 eV for Gd. For W, a
collisional-radiative model calculation [37] predicts that the 4d
open shell ions (W28+—W37%) are the dominant ionic species
produced in the 200-800 eV region. The ionic population
of Rh-like W (W?°%) reaches a maximum near 300 eV. It is
clearly seen from Fig. 9 that the DR rate coefficient is about two
orders of magnitude greater than the RR rate coefficient. There
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FIG. 10. (Color online) Comparison of the DR, TR, and RR
rate coefficients for Rh-like Gd (circles) and W (squares). The TR
rate coefficients calculated for electron density n, = 10% cm™3 are
presented.

is thus no doubt that the DR process can have an important
influence on plasma ionic population calculations. However,
the DR process is ignored in many collision-radiative models
due to lack of DR rate coefficient data. Further studies on
how inclusion of the DR process changes the ion populations
will be interesting and is urgently needed. For W, the DR
process is the main power loss mechanism in fusion edge
plasmas. A systemic study on other ions of W which can supply
reliable data for the study of impurity transport processes and
collisional-radiative modelling is required, especially in light
of the importance of W containing plasmas for ITER and
beyond.

IV. CONCLUSION

In this paper, level-by-level DR rate coefficients for Rh-like
Gd and W based on FAC calculations have been presented.
Since the energy levels become more tightly bound as Z
increases, there are more doubly excited states below the ion-
ization limit for W than Gd. The resulting closure of more Al
channels means that the contribution of NRS becomes signifi-
cantly greater and is already compareable with that from RS at
temperatures higher than 25 eV for W. Comparison shows that
the BM semiempirical formula significantly underestimates
the DR rate coefficients at very low energies but if increased
by a factor close to two provides a very good estimate at tem-
peratures >40 eV. Because of their technological importance,
ab initio calculations on other open 4d stages of both Gd and
W are required. The rate coefficients calculated in the present
work will be useful for modeling spectral emission both in hot
plasmas for EUV lithography source development and fusion
applications.
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