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Abstract: Modeling of the spectral line and continuum radiation emitted by hydrogen isotopes in
peripheral regions of magnetic fusion is presented through profiles of the Zeeman-Doppler broadened
Ho/Da line and those of the Stark broadened high-n Balmer lines extending beyond the series limit
for recombining plasmas. The Hot/Da line profiles should be modelled while accounting for several
populations of neutrals to mimic real situations and analyze experimental data for isotopic ratio
determination. On the other side, high-n Balmer lines of hydrogen are used for plasma electron
density and temperature diagnostics. Moreover, modelling whole spectra including the continuum
radiation contributes to the development of synthetic diagnostics for future magnetic fusion devices
for which they can give predictive results through coupling to numerical simulation tools.
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1. Introduction

Decades after the first experiments on controlled thermonuclear fusion in tokamaks, and despite
the large amounts of scientific and technological progress and the high quality of our scientific
knowledge, the path towards a power plant based on this principle has been shortened but there still
remains some major problems to overcome. Indeed, several issues need to be solved like the mitigation
of disruptions and the retention of tritium by the plasma-facing components or materials (PFCs) and
the control of the power and particle loads on these materials as well. For safety reasons, it is crucial
to determine the isotopic ratio for deuterium-tritium (D-T) plasmas. However, except for very few
D-T discharges in the past and some planned in the near future at JET (Joint European Tokamak),
fusion plasma experiments use deuterium gas or sometimes a mixture of hydrogen and deuterium.
Therefore, it is crucial to determine as accurate as possible the isotopic ratio H/(H+D) in D-D and H-D
plasma experiments in order to fulfill the tight constraints required by the D-T experiments in terms of
tritium concentration. Concerning the other major issue of power exhaust, it is mandatory to reduce
the huge heat and particle flux loads to acceptable levels because the most advanced target materials
do not support power loads in excess of 10-20 MW /m?. A solution widely used to mitigate power
and particle loads consists in the creation of a radiative dense, cold mantle in the divertor which leads
to plasma detachment through the volume recombination processes. Detachment has been achieved in
many tokamaks like Alcator C-mod [1], DIII-D [2], JET [3,4] and ASDEX Upgrade [5,6]. It is largely
admitted that this scenario is the most efficient solution and it has even been foreseen for the operation
of ITER (International Thermonuclear Experimental Reactor). Under the conditions of divertor plasma
detachment, high-n lines of the Balmer series of hydrogen isotopes extending to (or beyond) the
series limit can be observed. These spectra are used to infer both the plasma electron density and the
temperature when compared to calculated spectra. Modeling the complete spectra of the radiation

Atoms 2019, 7, 23; d0i:10.3390/atoms7010023 www.mdpi.com/journal/atoms


http://www.mdpi.com/journal/atoms
http://www.mdpi.com
https://orcid.org/0000-0002-2141-6449
http://www.mdpi.com/2218-2004/7/1/23?type=check_update&version=1
http://dx.doi.org/10.3390/atoms7010023
http://www.mdpi.com/journal/atoms

Atoms 2019, 7, 23 20f8

emitted in the visible domain by hydrogen or deuterium neutrals for plasma conditions relevant to
recombining plasmas is therefore of great interest. This paper is organized as follows. Section 2 is
devoted to the modeling of the Hx/D« line emitted by several neutral populations of hydrogen and
deuterium neutrals to mimic the recycling mechanisms taking place in tokamak divertors. Section 3
is focused on the modeling of hydrogen high-n Balmer lines and continuum emission for conditions
relevant to recombining plasmas where the electron density is in the range 10'*-10'> cm 2 and the
electron temperature is around 1-2 eV or less.

2. The Zeeman-Doppler He/D« Line Profile

In peripheral regions of tokamaks, especially in the divertor and the scrape-off layer (SOL),
the Hot/Deo line is one of the most intense lines emitted by plasma in the visible domain. For typical
electron densities of about 10'* cm 3 and temperatures of few eV, the profile of this line is dominated
by Doppler broadening in addition to the Zeeman effect which splits and removes the degeneracy of
the involved energy levels at n = 2 and n = 3, and introduces an anisotropy due to polarization. To a
good approximation, the broadening due to the Stark effect can be neglected and the Ha /Do line
profiles can be modelled by retaining only Zeeman and Doppler effects. The treatment of the Zeeman
effect depends, obviously, on the strength of the magnetic field. In addition, energy perturbation due
to the Zeeman effect has to be compared to that due to the relativistic corrections which are part of
the fine structure. Without any loss of generality, we consider situations with magnetic fields greater
than 2 T and assume that the use of the strong field approximation is valid to account for Zeeman
effect. Under such conditions, the fine structure effect can be neglected and if observed in a direction
perpendicular to the magnetic field direction, one sees the well-known Lorentz triplet of the Balmer-o
line composed of an un-shifted 7t component and two lateral components, known as the o components,
which are equally separated from the unshifted one. The separation between the p and s component
depends linearly on the magnetic field strength. It should be noted that in the case of an observation
parallel to the magnetic field, only the s components are observed. If the instrumental function of
measurement apparatus is weak, each component will show a Gaussian profile due the thermal motion
of the neutral emitters. The full width at half maximum (FWHM) of each component is proportional
to the square root of the neutral temperature (A, « VT) according to Doppler broadening theory.
However, in divertor tokamaks it is known that several processes contribute to the release of hydrogen
or deuterium neutrals. This is known as particle recycling. Indeed, neutrals can be released following
dissociative excitation of desorbed molecules, or through reflection as neutrals of impinging ions,
or through charge exchange processes. These mechanisms are responsible for the coexistence of
several populations of neutrals each with its own velocity distribution function. In addition, in the
case of H-D mixtures, the same populations exist for both hydrogen and deuterium. For illustration
purposes, as shown in Figure 1, the profiles of the Balmer-o line emitted by the population have
a Maxwellian velocity distribution function (VDF) with a temperature of ~3 eV where hydrogen
represents 5% and deuterium represents 95%. The chosen temperature roughly represents neutrals
released through dissociation of H; and D, molecules in a tokamak. Detailed information about
recycling and the different populations of neutrals in magnetic fusion devices can be found for instance
in References [7-9].

A more complex situation is presented in Figure 2 where a second neutral population with a
Maxwellian VDF corresponding to a neutral temperature of ~20 eV is added to the one shown in
Figure 1. This temperature is an approximation of that of the population of neutrals released through
reflection followed by a complete thermalization process due to elastic collisions with plasma ions.
Note that this is different from the population of neutrals resulting from a charge exchange process
whose temperature is in principle much higher depending on the ion temperature at the location where
the charge exchange process takes place. For simplicity, equal contributions to the Balmer-o line from
the two neutral populations for both hydrogen and deuterium has been assumed. However, for real
situations, where experimental spectra of this line measured in tokamaks are analyzed, generally the
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three neutrals populations are necessary. The fitting procedures allow us to obtain their temperatures
and their relative proportions or contributions, and this is a rather delicate task. For this refer to
References [7-9] or to a more recent reference [10], where the fitting is explicitly used to obtain the
isotopic ratio H/(H + D).
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Figure 1. Theoretical profiles of the Balmer-« line emitted by neutrals distributed as 5% of hydrogen
and 95% of deuterium atoms, having the same Maxwellian velocity distribution with a temperature of
~3 eV in a plasma where the magnetic field B = 2 T. The Dot/ Ha line centers are separated by ~1.8 A
and the Doppler broadening of the H«x is higher than that of the Do line because of its lower mass.
(a) Parallel observation: Only the lateral o components are seen; (b) perpendicular observation: Both
the lateral o and central 7t components are shown.
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Figure 2. Total profiles (solid red line) of the Hx/D« line resulting from two neutral populations
with equal concentrations but different temperatures: 2.9 eV (blue dashed line) and 20 eV (black
dotted line) for B = 2T. A fraction of 5% hydrogen is considered here. (a) Parallel observation;
(b) perpendicular observation.

3. The High-n Balmer Lines and Continuum

As mentioned previously, under detachment conditions, i.e., for recombining plasma conditions,
e.g., for ne = 104 cm 3 and Te = 1 €V, high-n lines of the Balmer series as well as the continuum
radiation can be emitted by hydrogen or deuterium neutrals in divertors of tokamaks. This radiation
can therefore be observed and recorded to be used further for divertor diagnostics. The corresponding
spectra can allow the extraction of very useful information. Indeed, high-n lines of the Balmer series
are very sensitive to Stark broadening and allow us to infer the plasma electron density of the emissive
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zone. On the other side, the use of the relative intensities of several lines of this series or the continuum
slope allow for electron temperature determination. Of course, the determination of these parameters
requires the use of theoretical models for line broadening and line shapes retaining all the broadening
mechanisms, or at least the major ones. It is therefore necessary to model spectra of both lines and
continuum radiation. However, as the Stark broadening increases with the upper quantum number
n, beyond a given value nyr called the Inglis-Teller limit [11], adjacent lines overlap and eventually
merge into the continuum part of the spectrum leading to an apparent advance of the continuum.
One should note that even if this transition region between lines and continuum is not usually used
for diagnostics, it should be modelled to obtain a whole or complete spectrum. Therefore, it is clear
that from the diagnostic point of view, this discrete-to-continuum transition region is not important.
However, from the point of view of synthetic diagnostics which are very important for future devices
because of their predictive abilities, the spectrum as a whole plays a very important role and each part
is necessary. This is one of the reasons to model a quasi-complete spectrum of the Balmer series say
from the Hy (n =5) or Hs (n = 6) to the theoretical Balmer series limit (/\IB = 364.6 nm) and beyond.
We present here briefly the background related to the spectra.

3.1. Modeling of the Bound—Bound Transitions

The high-n Balmer lines emitted by hydrogen in a typical recombining plasma are mainly
broadened by the Stark effect. The Zeeman effect may be neglected except for a few lines at relatively
low densities. The theory of Stark broadening is well established and there exists many codes (either
models or numerical simulations) dealing with this. For the calculations shown here, we have used
the PPP line shape code [12,13]. For the Stark broadening calculations, a collisional approach known
as the impact approximation is used for the plasma electrons contribution while a quasi-static one is
used to treat the ion contribution. More precisely, the electronic contribution is calculated using the
Griem-Blaha-Kepple GBK model [14] taking into account the frequency dependence of the electronic
operator. High order broadening contributions to line broadening such as interference terms in the
collision operator and non-binary effects are neglected for the high-n Balmer lines emitted under
detachment plasma conditions. For a given transition between levels i and j (j—i) corresponding to a
frequency v, the intensity is calculated following the expression:

hv
lini = 1 AjiNi$v,

where Aj; is the Einstein coefficient of the corresponding transition, N; the population of the upper
level j of the transition and ¢, the normalized line shape. The profiles of some Balmer lines are shown
in Figure 3a.

3.2. Modeling of the Continuum Radiation

The continuum radiation results from two types of transitions: Bound-free and free-free
contributions. For the typical plasma conditions considered here, the radiation due to free-free
transitions, known as bremsstrahlung, is negligible in comparison with that due to bound-free
transitions. Therefore, for illustration purposes, only the bound-free contribution is retained in
the calculations shown here. However, for the complete calculations all contributions are included.
The free-bound radiative recombination power density can be written as:

pR(v)dv = hvnin, f(€)ve0rec (p, €)de,

where n; is the ion density, & is the Planck constant, v, is the electron velocity, f(e) is the energy
distribution function of free electrons and oy.c(p,¢€) is the cross-section for the recombination
process [15]. Here p designates the bound state (p = 2, 3, ... ). The cross-section, oy (p,¢) is
obtained using Milne’s formula [15], from its relation with the photoionization cross section for
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the level p, iy, (p, V). The expression can be rewritten for the transition to an energy level p, for a
Maxwell-Boltzmann electron energy distribution, as:

2 K 12 hv — In(p)
Ri,\ “ 2 _ HP)\ 3,
PpW)2V7”m;@2p<kn> eXp( kn)mmﬂxwvnme

where k is the Boltzmann constant, 71, the electron mass, ¢ the speed of light and Iy;(p) the ionization
potential for level p. The total free-bound contribution is obtained by additions all the contributions
from free states to bound statesp =2, 3, ..., as follows:

oR(w) = ¥ oR(v)
p=1

Since the continuum is dominated by Balmer radiative recombination (p = 2) and higher
(p > 2) radiative recombination contributions are decreasing with increasing p, higher radiative
recombination can be neglected. Here we have calculated the contributions up to an energy level of
p = 10. The resulting calculation is shown in Figure 3b. Note that the bound-free continuum power
density shown here was calculated without taking into account any plasma density effect but for a
hypothetical isolated atom, hence the sharp transition seen at the series limit which comes from the
recombination threshold.
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Figure 3. (a) Calculated profiles of some Balmer lines are calculated from n =5 up to level n = 15 and
are summed up together for the plasma condition (1, = 8 x 10'* cm~3 and T, = 1.1 eV). (b) Radiative
recombination calculation for the same plasma conditions for an isolated atom.

3.3. The Total Spectrum and the Dissolution Approach

To obtain the total spectrum, one should also deal with the discrete-to-continuum transition to
combine bound-bound and free-bound contributions. Here we use a dissolution factor approach as
discussed in References [16,17] to take into account the merging of lines into the continuum. This
method, which is also known as the occupation probability formalism (OPF) [16], is based on two
simple suggestions: (i) The potential barrier of the atom is altered by the electric field which adds
to the Coulombian field of interaction of the external electron with the core of the atom. For electric
microfields exceeding a certain critical value F. that corresponds to a level above the potential barrier,
the energy of that level vanishes. This means that some bound-bound transitions transform partially
or totally to free-bound transitions by conserving the oscillator strength density. The probability of
energy level j, E; realization is called the ‘dissolution factor” and it is given by:

F.
m:APmﬁ
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where P(F) is the micro field distribution calculated using [18]. Based on the second suggestion,
the radiative recombination continuum should be multiplied with (1 — Wj) to conserve the oscillator
strength density. By using an approach like this one, one can take into account the density effect on the
atom energy levels. Indeed, with increasing electron densities, the model of the isolated atom becomes
less and less valid. The charged particles surrounding the neutral emitter (hydrogen atom) strongly
disturb the structure (energy levels and wave functions) of the latter. The dissolution approach states
simply that for a given electron density, atomic energy levels which are discrete for an isolated atom
cannot be considered as discrete or bound but a combination of free and bound states. A level observed
in a pure discrete or bound state has a realization probability of one. In contrast, a level in a pure free
state has a realization probability of zero. Note that in the previous expression, j stands for both discrete
and continuum states. Numerically speaking, in the emission spectrum calculation, the recombination
contribution is extended into lines and dissolution factors are applied at corresponding positions and
interpolated. Each line is multiplied by its probability of realization at its upper energy level of the
transition and the sum over the line is shown in Figure 4a. Summing up all the contributions together
will result in the complete Balmer spectrum calculation as shown in Figure 4b. One can see on this
figure that the apparent advance of the continuum which starts at about Ay’ ~ 370 nm instead from

the theoretical value of 346.6 nm.
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Figure 4. (a) Density effect (dissolution factor approach) on the Balmer lines as computed for n, =
8 x 10* cm~3 and T, = 1.1 eV. (b) Total spectrum for the same plasma conditions.

4. Discussion and Conclusions

We have shown how the Balmer-« line emission spectra emitted by hydrogen and its isotopes in
the peripheral regions of magnetic fusion devices allow the determination of an important quantity:
The isotopic ratio. This quantity is crucial for the D-T experiments as the tritium concentration is
tightly controlled and should not exceed some value for safety reasons. Of course, the quality of the
results depends strongly on both the measurements and on the accuracy of the modeling. In particular,
modeling should account for all or at least the major broadening mechanisms as well as the inclusion
of all the populations of hydrogen/deuterium neutrals. On the other side, we have seen the spectra of
high-n Balmer lines extending to the series limit or beyond it. This can be seen for conditions relevant
to recombining plasmas characterized by typical electron densities in the range 1014-10'> cm 3 and
electron temperatures of the order of 1-2 eV. We have mentioned that such spectra can serve for plasma
diagnostics. Indeed, comparing such spectra to experimental ones recorded along a given line of
sight (LOS) allows the determination of the average electron density along the LOS from the Stark
broadening of the discrete lines (bound-bound transitions). The average electron density can also
be obtained from the comparison calculated and measured line intensities. However, modeling of
such spectra can become more useful by extending its utility beyond diagnostics and using it also
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for predictive purposes: This is the role of synthetic diagnostics. The modeling presented here is
now ready to be coupled to other simulation tools providing plasma parameter spatial distributions
for calculating total spectra using these spatial distributions. The theoretical spectra calculated in
this way take into account any inhomogeneity of the plasma emission zone along the considered
line of sight. The first results of such synthetic spectra considered as synthetic diagnostics will be
published elsewhere [19] for conditions relevant to WEST tokamak by using distributions provided by
a numerical transport code SolEdge2D-Eirene [20].
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