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Abstract
We present synthetic spectra for light emission following charge exchange (CX) recombination
for Ne-like W64+ ions colliding with neutral atomic hydrogen at 100 and 500 keV/u, which is of
relevance to the plasma diagnostics of the international experimental fusion device ITER now
under construction. The spectra are calculated using a detailed collisional-radiative model for the
W63+ ion that includes more than 6000 singly- and doubly-excited states and accounts for major
physical processes in hot fusion plasmas. The CX cross sections into excited states are computed
using the classical trajectory Monte Carlo method. A comprehensive analysis of the
modifications to the spectra due to CX is presented.

Keywords: neutral beams, charge exchange, ITER, tungsten, collisional-radiative modeling,
classical trajectory Monte Carlo

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

1. Introduction

Charge exchange recombination spectroscopy (CXRS, or
CHERS) [1–4] is an important diagnostic technique used in
fusion energy research to determine certain plasma properties
such as its rotation velocity. It requires, as its name implies,
knowledge of the charge transfer process involved in the
collision of the highly charged ions that are either intrinsic to
these plasmas (for example, being sputtered from the con-
finement vessel and then stripped to high charge states in the
core plasma) or have been introduced intentionally (such as
species that can act as tracers, radiative coolants, or for other
purposes). The charge exchange occurs between these highly
charged ions and atomic hydrogen introduced through high-
energy neutral beam injection, either for diagnostic purposes
or, most often, to heat the plasma allowing the diagnostic to
proceed parasitically. When the highly charged ion captures

one or more electrons from the atoms of the neutral beam, it
occurs predominantly to large principal quantum number,
resulting in radiative de-excitation yielding photons in various
spectral ranges. Detection and analysis of the resulting
spectrum then allows determination of characteristics of the
plasma.

Since the preeminent fusion experiment of the next
twenty years will be the ITER device presently under
construction by an international collaboration in France [5], it
is important to develop early on the required base of
knowledge for CXRS. Recently we undertook calculation of a
large database of state-selective charge transfer for Arq+

(q=15–18) colliding with atomic hydrogen [6] over a wide
range of energies relevant to ITER neutral beam injection
(and lower energies relevant to ongoing plasma experiments
[7]). Such noble gases are introduced for diagnostics pur-
poses, to enhance radiative cooling of the plasma, or to
mitigate plasma disruptions. Here, we report similar calcula-
tions for W64+ +H(1s) at ITER neutral beam relevant
energies, as well as predictions of the resulting spectra of
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photons emitted through direct and cascade de-excitation
following the charge transfer. This element will be intrinsic to
ITER, for which most of the plasma-facing surface of the
divertor will be made of tungsten, and W64+ is expected to be
the most abundant ion in the core plasma of ITER. The future
ITER neutral beams will make use of hydrogen and deuter-
ium. The present work only addresses the H beam and the D
beam interactions with W will be analyzed elsewhere. This is
the first detailed computation of charge exchange recombi-
nation for such highly-charged ions of tungsten.

2. Collisional calculations

A simple model predicting the principal quantum number for
the predominant charge transfer probability described by
Olson [8] indicates that the electron tends to maintain a bal-
ance of both its initial orbital energy and orbital dimensions in
the transition from the target state to the projectile state. This
model, and results of other theoretical methods (see e.g. [9]),
show that nmax≈q3/4. For a charge state, q, of 64,
nmax≈23. In addition, it is known that above nmax the n-
resolved charge transfer cross section eventually falls off as
1/n3, indicating that the cross section is a significant fraction
of its value at nmax for n’s in the range of 30, 40, or more. Few
theoretical methods are capable of treating charge transfer in
ion-atom collisions to large principal quantum numbers and,
as far we are aware, only one is capable of doing so for the
very large n levels relevant for W64+ +H, namely, the
classical trajectory Monte Carlo (CTMC) method [10, 11].

In brief, the CTMC method simulates the ion-atom col-
lision through consideration of a large ensemble of trajec-
tories that are chosen from an initial ensemble of
configurations of the projectile—target system, chosen in
such a way as to mimic as closely as possible the actual
quantum mechanical distributions of electronic momentum
and position. The classical mechanical equations of motion
are then solved in time for the subsequent motion of, in this
case, the three particles—projectile ion treated as a bare
charge (the most tightly bound electrons being assumed to be
inert since the capture proceeds to much higher n levels), the
target proton of the hydrogen atom, and the target electron. At
an asymptotic, final separation of the projectile and target, the
relative energies of the particles are calculated in order to
determine if a transition has occurred, that is, whether
ionization, charge transfer, or excitation has taken place. If
charge transfer has occurred, then the classical orbital state
can be mapped following rules [12] that make a correspon-
dence with quantum state principal and angular momentum
quantum numbers. Large datasets of state-selective charge
transfer cross sections have been computed for use in CXRS
using CTMC, for example, for C6+ and O8+ [13], He2+

[14, 15], Neq+ (q=7–10) [16], Beq+ (q=2–4) [17, 18], and
as noted above, Arq+ (q=15–18) [6, 7] colliding with
atomic hydrogen, and compared and validated where possible
with theoretical results from quantum mechanical methods in
overlapping regimes of applicability and with the limited
measurements available.

There have been two principal variants of the CTMC
method as applicable to one-electron systems such as present
case in which the electrons on the W64+ projectile are con-
sidered inactive, namely, (i) CTMC utilizing a microcanonical
distribution of orbits [10, 11] and (ii) a variation called
‘rCTMC’ based on using an alternative phase space dis-
tribution of initial orbits [19, 20]. The former is the original
and most frequently employed variant. We denote this model
‘pCTMC’ here to clearly distinguish it, the ‘p’ standing for
‘momentum’ because the choice of the microcanonical dis-
tribution (i.e. d - = E 0,( ) where  is the target atom
Hamiltonian and E the initial binding energy, −0.5 atomic
units (a.u.)) reproduces exactly the quantum mechanical
electronic momentum probability distribution. In contrast,
rCTMC, developed in order to mimic closely the quantum
mechanical electronic radial distribution, uses a non-sharp
distribution of initial orbital energies. For example, Hardie
and Olson [19] adopted a set of several microcanonical dis-
tributions with different initial binding energies to achieve
this while Cohen [20] devised a continuous function of E that
dictated the resulting ensemble of orbitals. Recently, a third
variant, referred to as ‘ZCTMC’, has been introduced [21]
that uses a non-sharp nuclear charge, Z, rather than non-sharp
binding energy, to make the electronic radial distribution
mimic the quantum mechanical results as rCTMC does.

The supposed advantage of the rCTMC approach is the
allowance of orbits with radii larger than the classical cut-off
that result from the microcanonical distribution, without
substantially worsening the momentum distribution. The
‘price to pay’ by adopting the rCTMC approach is a non-
sharp initial energy distribution of orbits, that is, the orbits
will not all have the H(1s) binding energy of −0.5 a.u.
Beyond the theoretical aesthetics of the pCTMC or rCTMC,
the utility of either approach can be judged by comparison
with robust quantum mechanical approaches or with
measurements.

For the presently considered highly-charged ion, we are
unaware of direct experimental measurements for compar-
ison. Two works have sought to compare these models with
results of quantum mechanical treatments for the highly
charged ion Ar17+ colliding with atomic hydrogen, motivated
in large part by the needs of CXRS. One of these used the
conventional approach, pCTMC, to treat 13.333–250 keV/u
Arq+ +H(1s, 2s, 2p) (q=15–18) [6] in order to provide a
comprehensive database of state-selective charge transfer
cross sections required for Ar CXRS, and extended previous
work [22]. That work used a method know as atomic-orbital
close-coupling (AOCC) (see, e.g. the review by Fritsch and
Lin [23]) that is a solution of the time-dependent Schrodinger
equation (TDSE) in which the wavefunction is expanded in
atomic states centered on the target and projectile. It was
found that results of the AOCC method supported the
pCTMC results obtained. In contrast, Errea et al [24] adopted
the rCTMC appoach to treat 20–300 keV/u Arq++H(1s)
(q=16–18) and found agreement with their molecular-
oribital close-coupling (MOCC) results (see, [24, 25]).

Obtaining well converged, numerically accurate and
stable solution of the TDSE in either the AOCC or MOCC
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approach is a significant challenge for highly charged ions
and high principal quantum numbers and therefore the dis-
agreement between these two advanced methods is perhaps
not surprizing. In the present case, instead of nmax of
approxinmately 8 or 9 for the argon ions of interest, we have
nmax≈23 for W64+ +H(1s) exacerbating these difficulties
greatly. In particular, to seek confirmation of one or the other
CTMC approach from a quantum mecahnical method, we
attempted to repeat our AOCC calculations as performed for
Ar18++H(1s) [6] but were unable numerically to obtain the
required basis states for W63+ much less stable and con-
vergent numerical solution of the TDSE. We also tried to no
avail to use another standard approach for state-selective
charge transfer calculations, applicable in the high impact
energy regime, namely, the continuum distorted-wave method
in perturbation theory ([25] and references therein), encoun-
tering numerical difficulties in producing states at high prin-
cipal quantum number.

Therefore, in the present work, we have computed results
using both pCTMC and rCTMC. Fortunately, as described
below, for ITER-relevant impact energies, results of the two
approaches do not differ nearly as much as they do for low-
impact energy.

2.1. State-selective charge transfer cross sections

It is useful to first display the total cross section for charge
transfer, obtained with both pCTMC and rCTMC, in order to
see the general magnitude of the cross section across a broad
range of impact energies, and to note the differences between
results of the two approaches. As shown in figure 1, both
methods give the same general behavior, with a plateau of the
cross section below approximately 200 keV/u and then a
sharp fall off at higher energies. At the beam energies dis-
cussed in the present work (i.e. 100 and 500 keV/u), as well
as at 1 MeV/u that is also discussed as a possible energy for

the ITER heating beam, the difference between integral cross
sections predicted by the two methods is approximately 35%.

The behavior of the n-resolved state-selective charge
transfer cross section for different projectile energies given by
the pCTMC method is presented in figure 2. The width of the
distribution significantly widens with increasing impact
energy, and the n level with the greatest cross section is
roughly approximated by the formula nmax=q3/4 (here equal
to 23) but varies significantly as a function of impact energy,
with nmax=23, 24, 27, 33, 29, and 21 for 10, 50, 100, 200,
500, and 1000 keV/u, respectively.

As might well be expected, the n-resolved state selective
charge transfer cross sections from the rCTMC model differ
from those computed using pCTMC, as illustrated in figure 3.
This is a particularly strong variation for the lowest impact
energies, for example, 10 keV/u, where the n-distribution
from rCTMC is on the order of three times as broad in n as
that from pCTMC. At higher energies, for example those
relevant to ITER neutral beam CXRS (i.e. about 500 keV/u),
rCTMC differs less from pCTMC. This comes about because
the charge transfer process becomes more dependent on
matching the initial orbital velocity with the projectile velo-
city as impact energy increases and the pCTMC and rCTMC
initial electronic momentum distributions differ much less
than the corresponding electronic radial distributions.

Even so, by 100 keV/u, the n-resolved cross sections still
differ significantly, as seen in figure 4 where the results of the
two approaches are compared in an enlarged view. Also
shown there is the well-known 1/n3 scaling of the n-
dependence of the cross section, indicating that this behavior
has an earlier onset in the rCTMC results (at about n=50)
than in the pCTMC results (at about n=100).

The n- and ℓ-resolved cross sections for charge transfer
are shown in figure 5 for 100 keV/u, and display character-
istics common to all impact energies considered, consistent
with those first described by Olson’s pCTMC calculations of
state-selective charge transfer in multiply-charged ion impact

Figure 1. Comparison of the total cross section for charge transfer in
collisions of W64+ with atomic hydrogen across wide impact energy
range calculated via the two applicable variants of the CTMC
method.

Figure 2. The n-resolved state-selective charge transfer cross section
given by the pCTMC approach for several impact energies (at
keV/u).
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Figure 3. Comparison of pCTMC and rCTMC results for the n-resolved state selective charge transfer cross section at several energies.

Figure 4. Comparison of pCTMC and rCTMC n-resolved charge
transfer cross sections for 100 keV/u H+W64+ with the well-
known Wigner 1/n3 scaling with large n.

Figure 5. The n- and l-resolved state selective charge transfer cross
section for 100 keV/u W64+ +H. The l-resolved cross sections for
each n are plotted at abscissas given by n+ l/n for ease of display.
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of H [8]. That is, for n<nmax the cross sections as a function
of the orbital angular momentum quantum number are
more highly peaked than statistical towards large ℓ values,
while for n>nmax they maximize around ℓ=q3/4. This
occurs because the low n-level populations come about pri-
marily from small impact parameter collisions in which an
electron with high orbital angular momentum from the initial
ensemble of orbits is captured from a tight, nearly circular
orbit. For large n-levels, electrons with large classical
eccentricities, and therefore low angular momenta, are cap-
tured preferentially in large impact parameter collisions.
Therefore, processes that preserve the electron’s orbital
angular momentum are more probable.

3. Collisional-radiative simulations for post-CX
spectra

3.1. Model description

In the Te≈ 20 keV plasma of the ITER core the tungsten
ionization distribution is peaked near the closed-shell Ne-
like ion W64+. This follows from, for example, a detailed
comparison of calculations performed with advanced colli-
sional-radiative (CR) codes at the NLTE Code Comparison
Workshops [26]. The fact that the maximum abundance is
reached for the ion with the ionization energy I smaller than
the electron temperature seems contradictory to the well-
known empirical formula I≈(0.1–0.3)Te [27]. This rule,
however, is typical for low- to mid-Z ions while for high-Z
ions a different behavior I  Te is expected [26].

Below we will only consider the charge transfer from Ne-
like W64+ into Na-like W63+. The 20 keV tokamak plasma

contains a number of significantly populated ions of tungsten
and hence any realistic calculation of CX effect on plasma
spectra should be carried out with a multi-ion CR model [28].
Nonetheless, the present simulation allows one to perform the
most comprehensive and detailed analysis of the resulting CX
spectra. An extensive analysis of complete CX spectra with a
realistic ionization distribution including the most populated
ions of W under the ITER core conditions will be published
elsewhere.

For the CR simulations reported below we make use of
the code NOMAD [29] that has been widely utilized for
simulation of emission from laser-produced, astrophysical
and magnetic confinement fusion plasmas. The present CR
model includes (i) the ground state 2s22p6 for the Ne-like ion
and (ii) 2496 2s22p6nlj fine-structure levels with 3�n�50
(l=0..n− 1) as well as 3660 autoionizing states represented
by relativistic configurations (RC) 2p5nln′l′ with 3�n,
n′�8 for the Na-like ion. Figure 6 provides a visual repre-
sentation of the energy density of the included atomic levels
and RCs and their statistical weights, illustrating that the
model is very extensive. The excited states in W64+ can be
safely ignored for the present study since their population is
much smaller than that of the ground state and thus they do
not contribute to the charge exchange population flux into the
Na-like ion. The energies of the states included were calcu-
lated with the relativistic-model-potential flexible atomic code
(FAC) [30], which is known to provide good accuracy for
atomic structure and collision parameters of highly-charged
ions. FAC was also used to calculate the radiative transition
probabilities between all states including forbidden transitions
of higher multipoles, autoionization rates and dielectronic
capture cross sections, the electron-impact ionization cross
sections, and the radiative recombination cross sections. The

Figure 6. Energy structure of the W63+ion as implemented in the collisional-radiative model. The atomic states below the ionization limit are
represented by levels while those above by relativistic configurations.
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electron-impact excitation cross sections were calculated in
two approximations. For transitions between singly-excited
states with n�8 the distorted-wave method of FAC was
used. For all other transitions we made use of the van
Regemorter method using the FAC oscillator strengths. The
latter were also used to account for proton-impact excitation
cross sections with Δn=0 that are particularly important for
collisional redistribution of populations for high-n levels.

The choice to limit the highest level included in the
model to be n=50 for singly-excited 2s22p6nl levels has
been made for several reasons. Figures 2–5 show that the
CTMC calculations were performed up to a much higher
values of n=120. Nevertheless, a detailed CR model
extending up to such high values of the principal quantum
number would be hardly manageable with the available
computational resources. In fact, the limitation to n�50 in
the model provides a reasonable representation of population
kinetics for CX case: for both (100 and 500 keV/u) rCTMC
calculations as well as the pCTMC case at 500 keV/u the
levels with n�50 account for more than 2/3 of the total CX
population flux, and for the 100 keV/u pCTMC case more
than 98% of the CX cross section is accumulated for n�50.

It should also be mentioned that our model only includes
CX originating from the H ground state 1s. Although the
metastable state 2s in the beam may be well populated during
beam production, after entering the strong magnetic field of a
tokamak it will be immediately Stark mixed with the 2p state
due to the induced electric field and decay radiatively over the
first few centimeters [31].

3.2. Ionization balance shift

In a steady-state plasma of tokamaks the ionization balance
for tungsten ions is primarily established through competition
between electron-impact ionization and radiative and dielec-
tronic recombination. Plasma transport may also affect
ionization distributions but for the present paper that
addresses only the most basic atomic processes this plasma
effect is neglected. The three-body recombination is com-
pletely negligible due to a low plasma density, and heavy
particle (proton) collisions for ion-charge-changing processes
have much lower rates than electron interactions. Under these
conditions, the ratio of ion populations between two neigh-
boring states, here for W63+ and W64+, is:

=
+

N

N

R

R R
1I

RR DR

64

63
( )

with RI, RRR and RDR being the total rates of ionization,
radiative recombination, and dielectronic recombination,
respectively. The comparisons of total ionization and
recombination rates at Te=20 keV and ne=1014 cm−3

performed at the NLTE-6 Code Comparison Workshop show
that RI≈1000 s−1 and RRR+RDR≈650 s−1 so that
N64≈1.54×N63.

Injection of a neutral beam introduces an additional and
very strong recombination channel due to charge exchange
which appears as the additional term RCX in the denominator
of the rhs of equation (1). A simple estimate of the total CX

rate can be given as:

s=R n E v, 2CX CX0 ( ) ( )

where n0 is the density of neutrals in the beam, σCX is the total
CX cross section at energy E, and v is the relative velocity
between the beam particles and the W ions. For the 100 keV
diagnostic beam for ITER, the product n0v is about
2×1017 cm−2 s−1. Taking σCX≈3×10−14 cm2 from
figure 1 at 100 keV/u, we obtain RCX≈3000 s−1 which is
much larger than the total recombination rate. However, since
the neutrals do not occupy the whole volume of tokamak
plasma, the CX contribution should be rescaled by the ratio of
the beam volume VB to the whole torus volume VT [4]. This
simplified picture clearly ignores the attenuation of the beam
in plasma but nonetheless, it should provide a reasonable
qualitative estimate. Thus, assuming the cross section of the
neutral beam of 0.5 m2 and the length of the beam propaga-
tion inside the torus of 6 m, the ratio VB/VT becomes about
0.0036 for ITER volume of 840 m3. Therefore, the additional
effective recombination rate for the averaged plasma volume
is only about 10 s−1 which thus is insufficient to noticeably
modify the ionization balance of W. Again, it has to be
emphasized that accurate quantitative considerations as to the
importance and effect of charge exchange on ionization bal-
ance and level populations should be derived from time-
dependent collisional-radiative simulations including the most
abundant ionization stages rather than only two ions.

4. Synthetic spectra

The product n0v varies between about 2.3×1016 to
2×1017 cm−2s−1 for a 0.87MeV H heating beam and
100 keV H diagnostic beam, respectively, assuming the cross
sectional area of the beam to be 5000 cm2. For simplicity, the
CR simulations below are performed at n0v=1017 cm−2 s−1.
In the following discussion, we split a wide spectral range of
0.1–1000 nm into four intervals, namely, 0.1–1, 1–10,
10–100, and 100–1000 nm.

The shortest-wavelength range of 0.1–1 nm contains
spectral lines due to the 3–4, 3–5 and other Δn>0 transi-
tions including the inner-shell 2–3 transitions. The relative
intensities of these spectral lines are only slightly affected by
the charge exchange recombination although there is some
minimal enhancement of 3d-4f and 4f-5g lines due to cascades
from higher states. Next, the 1–10 nm spectral range is
dominated by the D-doublet 3s1/2–3p1/2 and 3s1/2–3p3/2 [32]
transitions that show practically no variation in relative line
intensities with or without charge exchange. This is due to the
fact that on the one hand, the upper levels 3p are very strongly
populated by the direct excitation from the ground state, and
on the other hand, the CX population flux into the high-n
states does not seem to affect the relative population of the
j=1/2 and j=3/2 levels of the 3p configuration.

The CX effect on spectral line intensities becomes very
pronounced for the VUV, UV, and visible part of the spectra.
Figure 7 presents comparison of the VUV spectra between 10
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and 100 nm, without (top) and with (bottom) charge exchange
included via data from the pCTMC model at EB=500 keV/u.
Without CX, the strongest line in this spectral range is the
5s1/2–5p3/2 transition at 11.26 nm, with the nearby relatively
intense 4p3/2–4d5/2 line at 11.55 nm. A series of strong lines
with decreasing intensity correspond to the Δn=1, |Δl|=1
transitions: 10–11 at 12.80 nm, 11–12 at 16.83 nm, 12–13 at
21.64 nm, and so on. The spectrum also contains a large
number of less intense lines, some of which have the same
initial and final n values as above (for instance, 11s–12p at
14.48 nm) and some of which correspond to very different
combinations of n’s. The inset shows the line intensity dis-
tribution between 16.4 and 17.0 nm. Here the spectral lines at
λ<16.6 nm are primarily due to the 15–18 transitions while at
longer wavelengths the 11l–12l′ manifold dominates. Note that
the strongest lines in this manifold are due to E1 transitions
between levels with high values of l and l±1 that are pri-
marily populated by radiative cascades from higher states.

Introduction of charge exchange completely changes the
spectral picture (figure 7, bottom). The Δn=0 transitions
become almost negligible compared to the Δn=1 transi-
tions. Moreover, the intensity distribution within the Δn=0
manifold is strongly modified as well, becoming even more
sharply clustered near the 11l–12l′ transitions with the highest
possible values of l and l′. This seems to contradict the
l-distribution of CX cross sections (figure 5) for relatively low
values of principal quantum numbers that have parabolic
shape without any preference for high-l values. However, the
CX cross sections for n∼11–12 are several orders of mag-
nitude smaller than those into the states with n∼nmax. As
was mentioned above (see figure 5), for those states the CX

distribution is strongly tilted towards the highest-l states that
cannot radiatively decay into lower states with Δn>1.
Therefore, the radiative cascades from the CX-populated nl
states proceed along the states with the highest values of
orbital angular momentum. This also explains the enhance-
ment of the 3d-4f and 4f-5g lines in the 0.1–1 nm spectral
range. Note also that for the longer wavelength range from
100 to 1000 nm (figure 8) the CX effects are similar to the
ones observed for the (10–100) nm range of figure 7.

An important question is whether some features of the
experimental spectra can be used to distinguish between the
different theoretical methods. Figure 9 presents comparisons
of the rCTMC and pCTMC spectra in the 100–1000 nm range
calculated at 100keV/u (top) and 500 keV/u (bottom). The
spectra are normalized to the strongest line and for better
visibility the pCTMC spectra (in red) are shifted to longer
wavelengths by 3 nm. While the 500 keV/u spectra look very
similar for both methods, the 100 keV/u spectra show clear
dissimilarity above 350 nm where the Δn=1 transitions for
high n>30 are located. Therefore, the ratio of the line
intensities above, say, 300–400 nm to the strongest lines
should provide a strong indication as to which method better
explains the experimental data. The explanation certainly is
obvious from the already discussed difference in the rCTMC
and pCTMC cross sections (figures 3 and 4).

5. Summary

Use of energetic neutral beams for heating and diagnostics of
magnetic fusion plasmas inevitably involves simulations of

Figure 7. Comparison of VUV spectra for an ITER-type plasma at the beam energy of 500 keV/u without CX (top) and with pCTMC CX at
n0v=1017 cm−2 s−1 (bottom). Insets show the spectrum features near the 11–12 spectral transitions. Note the significantly different
intensity scales of the two graphs with and without consideration of the CX.
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plasma emission due to their interactions with other particles.
Since tungsten is expected to be one of the major impurities
for ITER, it is paramount to reach an adequate understanding
of its spectra from charge exchange with the neutral particles.
This has to include both accurate calculation of the elemen-
tary interactions between W ions and H/D atoms and correct

modeling of the resulting spectra. The present work addresses
a more readily achieved first approximation including just the
most abundant tungsten ion, W64+, of the ITER plasma. Even
within such a limited approach we have shown that the
account charge exchange leads to noticeable modification of
the spectrum, particularly in the visible range. It is found that

Figure 8. Same as figure 7 for the 100–1000 nm range.

Figure 9. Comparison of normalized spectra using either rCTMC and pCTMC CX calculations for 100 keV/u (top) and 500 keV/u (bottom).
For better visibility the pCTMC spectra (in red) are shifted by +3 nm.
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intensities of Δn=1 lines are strongly altered and thus can
be used to quantify the CX effect on level populations and
resulting spectra. A future publication will report a more
realistic multi-ion calculation of CX spectra for typical ITER
conditions.
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