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Abstract.

Injection of high energy atoms into a confined plasma volume is an established diagnostic
technique in fusion research. This method strongly depends on the quality of atomic data for charge-
exchange recombination spectroscopy (CXRS), motional Stark effect (MSE) and beam-emission
spectroscopy (BES). We present some examples of atomic data for CXRS and review the current
status of collisional data for parabolic states of hydrogen atoms that are used for accurate MSE
modeling. It is shown that the collisional data require knowledge of the excitation density matrix
including the off-diagonal matrix elements. The new datasets for transitions between parabolic states
are used in an extended collisional-radiative model. The ratios between the 6- and m-components
and the beam-emission rate coefficients are calculated in a quasi-steady state approximation. Good
agreement with the experimental data from JET is found which points out to strong deviations from
the statistical distribution for magnetic sublevels.

Keywords: atomic data, charge-exchange, atom-ion collisions, Stark effect, density matrix
PACS: 52.25.Xz, 52.20.Hv, 32.60.+1, 32.70.Fw, 32.30.Jc

INTRODUCTION

Plasma heating by injection of highly-energetic hydrogen or deuterium atoms with the
energy of E=(20 to 500) keV/u has become one of the most promising tools to approach
ignition conditions in magnetic fusion [1]. Fast ionized atoms provide particle, momen-
tum and heat transfer through binary collisions with other plasma particles, primarily
ions. Hence, a deep understanding of beam propagation in a plasma is important for
successful operation of the new generation of fusion devices. On the other hand, rich
spectroscopic signatures of beam interaction with plasma constituents brought about a
rapid development of new diagnostic methods for fusion. Local measurements of con-
centrations of impurities, magnetic fields, and radial distributions of fast ions are only a
few examples of beam diagnostic applications [2].

Most of spectroscopic information in beam diagnostics is derived from the following
atomic processes:

X Hy — X7 +HT — hv, (1)
Hy+(H", X" e) » H* + (H" . X*"! e) = hv, 2)
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FIGURE 1. Top view of the injection scheme in tokamak plasmas. Zones of beam emission and charge
exchange emission observed by a spectrometer are shown as grey spots at the intersection of the lines of
sight and beam direction. The spectral line emission can be separated from the passive edge emission due
to the Doppler shift.

where emitted photons in (1) originate from the impurity ions X due to radiative
stabilization of the excited state X**, and in (2) the observed photons are emitted by
the fast hydrogen atoms H*. These measurements are usually performed in the visible
spectral range, taking advantage of high spectral resolution required for Doppler shift
and ion temperature measurements, relatively simple absolute calibration technique, and
high throughput of the optical system. Figure 1 shows a typical observation scheme in
fusion devices. The fast atoms are injected from the outer wall of the plasma vessel and
different lines of sight provide the required spatial resolution of measurements.

Emission of spectral lines is often distorted by the presence of the so-called passive,
or cold, component emitted at the plasma edge. Only the charge-exchange (CX) lines
from high Rydberg states of intermediate and high z impurity ions are free from such
blending. The active signal is Doppler shifted relative to the passive one. In case of
reaction (1) the Doppler shift is sustained due to plasma rotation, and in (2) it exists due
to high beam velocity and energy £ > T where 7T is the plasma temperature.
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ATOMIC DATA FOR CHARGE EXCHANGE DIAGNOSTICS

For the majority of spectroscopic observations, the atomic data required to derive con-
centration of impurity ions can be represented as the effective emission rate coefficients

- - In this case, the intensity of a spectral line between the principal quantum numbers
ny and np can be written as:

Lex(my = n2) o< NpNz11 QG 7, 3)

where N, is the beam density in the ground state and N, is the concentration of the
impurity ions X**!. The Doppler broadening of these lines exceeds the fine structure
splitting by orders of magnitude so that only the rate coefficients between the principal
quantum numbers are required.

Calculation of the rate coefficients involves two steps. First, the CX cross sections o,;
resolved over the principal » and orbital / quantum numbers are to be determined. Then,
the relative excited level populations p,; = N,;/Ny (here N,; and N are the densities of
the excited and ground states, respectively) are calculated within a collisional-radiative
(CR) model [3]. The rate coefficients are then obtained according to the following
formula:

n—1lnp—1

Qé’ff np—n) Z z Pty Any =y 4)
=0 L=

where 4,1, 1, 1s the radiative transition probability between configurations »1/; and
nyl, and p,, ;, is the population of the upper level of the corresponding transitions.

Significant progress was achieved in the calculation of effective CX rate coefficients
and CR modeling for impurities with low z numbers, such as helium, beryllium or carbon
[4, 5]. The first CR models were based on # states only, assuming statistical distribution
for the orbital quantum numbers /. Today most CR models are resolved over both
quantum numbers, and the statistical assumption is not longer needed [6]. For impurities
with intermediate z values, such as argon, the situation is still unsettled. The partial CX
cross sections 0,; significantly vary for different calculations, and experimental cross
sections for such H-like impurities are still very rare. Indeed, the n/-resolved cross
sections differ by an order of magnitude and the total CX cross section deviates by a
factor of two among different calculations [7, 8, 9]. In addition to this, CR models are
to be extended to high » without assumption of statistical redistribution for An = 0. Our
collisional-radiative model was extended up to »=30 with the goal to produce effective
rate coefficients and to analyze the impact of cascades on the CX lines of argon. The
details of calculations could be found in [10, 13]. The n/-resolved CX cross-sections
were taken from [7, 8].

Figure 2 shows the calculated effective rate coefficients for H-like argon [10, 11, 12,
13]. These calculations show a significant effect of radiative cascades on the resulting
effective rate coefficient for the visible »=16 — »=15 CX line to be used in ITER
diagnostics. Account of the n < 30 states is seen to result in a 30-40% increase in the rate
coefficients as compared to the » < 16 calculations. The results converge starting from
n~25. The ADAS calculations are also shown for comparison. Good agreement between
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FIGURE 2. Effective CX rate coefficients for the transition n=16—n=15 in H-like argon. The beam
energy is 70 keV/u, the plasma temperature is 2 keV. The collisional radiative model was limited by
Nmax=16, 17, 20, 25 and 30. The effective rate coefficients from the ADAS database are also presented for
comparison[12].

our calculations and ADAS results is established only at low plasma density where our
model was limited to » <16. Inclusion of higher principal quantum numbers leads to
stronger deviations as the effective rate coefficients become larger in our calculations.
Verification of cross sections and effective rate coefficients remains a challenging task
in plasma research. New insights on the quality of the partial and total CX cross sections
can be obtained for these H-like impurities using combination of X-ray and visible
spectroscopy which are foreseen in the near future.

ATOMIC DATA FOR MSE AND BES DIAGNOSTICS

Similar to the CX spectroscopy, extensive atomic data are required to perform diagnostic
analysis for the beam-emission spectroscopy. Here the major parameters include popula-
tions of excited states, line intensities, and beam attenuation characteristics. Unlike other
laboratory plasmas, calculation of atomic data relevant to the excited states of hydrogen
atoms in the beam is not straightforward. The atoms penetrating the confining magnetic
field are subject to the linear Stark effect with the induced electric field F = v x B where
v is the beam velocity and B is the magnetic field strength. Consequently, the eigenstates
of the beam atoms are in fact the parabolic states that are characterized, in addition
to n, by the electric £ and magnetic m numbers [14]. This feature greatly complicates
calculation of collisional data needed for beam diagnostics.
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FIGURE 3. Example of the beam emission spectra measured from the tokamak TEXTOR. Figure a)
shows the complex structure of the Stark effect spectra from the major, second and the third energy
components of the hydrogen beam. Figure b) shows a relatively simple spectrum of the injection of the
beam atoms into the torus filled with gas. The acceleration energy was in both cases equals to 55 keV. In
a) the magnetic field was 2.55 T and in b) no magnetic field is applied and the gas pressure was 3mbar.
The theoretical spectrum is shown in b) with red dashed line.

The MSE spectra are exemplified here by the recent beam-emission measurements
from the TEXTOR tokamak. Figure 3(a) shows the spectra near the Hy line during
steady-state plasma operation, and Fig. 3(b) presents similar spectra in the torus filled
with a gas without a magnetic field. In the former case, a strong unshifted Dy, line is
accompanied by Stark multiplet emission for the major, second and third beam energy
components. The C II edge lines are also present in the measured spectra. The ¢ and
7 components could only be resolved for the major energy component. The beam-gas
spectrum of Fig. 3(b) does not exhibit any Stark splitting. The Doppler shifted spectral
lines in this spectrum provide valuable information on the energy distribution between
beam components and thus the energy transfer to plasma particles.

Any realistic approach to calculation of the MSE component spectra has to take into
account the already mentioned fact that the eigenstates of hydrogen (or deuterium)
under MSE conditions are the parabolic states. This affects both the atomic structure
and the collisional calculations. Calculation of the energy levels, radiative transitions
probabilities, and ionization rates can be easily performed within the perturbation theory.
The collisional data such as the electron- and ion-impact cross sections for transitions
between parabolic states are not available in the literature.
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FIGURE 4. Collisional atomic data in parabolic representation. a) Transformation between the spheri-
cal and parabolic wavefunctions. b) Cross section of excitation from the ground state to the state (3,1,1)
[18]. The polar angle is the angle o between the electric field and the beam velocity. The radial axis is the
collision energy in keV/u. The cross section is in units of na% where ag is the Bohr radius.

The first models for the Stark effect in fusion plasmas used collisional data calcu-
lated in the Born approximation [15, 16]. However, for the beam energies below 200
keV/u, this high-energy method has inferior accuracy as compared to more sophisti-
cated methods. Even the most advanced non-perturbative techniques are to be modified
to account for the parabolic nature of atomic eigenstates under MSE conditions. A new
general method was developed in Refs. [17, 18] and is briefly described here. The major
difficulty in calculation of collisional characteristics is due to presence of two indepen-
dent quantization axis. The direction of the electric field defines quantization axis z for
the parabolic states of the beam atom (Fig. 4(a)). In a general collisional problem the
quantization axis is normally chosen along the projectile velocity z’. For MSE, the angle
between axis z and 7' is o0 = /2 as F = v x B. We note that the collisional frame could
always be chosen so that the axis y and y’ coincide. The parabolic wavefunctions defined
along the axis z can be represented as a linear combination of the spherical wavefunc-
tions defined along the axis z’ using the following expansion:

n—1 /
Yokm = Z C;l:]? Z ln:n(a)(Pnlm’a (5)
I=|m| m'=—1

where C is the matrix of Clebsch-Gordan coefficients [19] and d is the quantum mechan-
ical matrix of rotation [20]. This simple unitary transformation between wavefunctions
allows one to calculate cross sections between the parabolic states using any standard
method of collisional theory:

k
Oup = ?f/| Fab(q) |2 dq7 (6)
i

158

Zr:0L:LL €202 AInF GO



where £, is the scattering amplitude between the parabolic states a = nyk,m, and
b = npkpmyp, q = Kk; — kg 1s the vector of momentum transfer and k; and kg are the
momenta of the projectile before and after collision. It follows from Eq. (6) that the
cross sections between parabolic states could be represented as the linear combinations
of the cross sections between spherical wavefunctions and the off-diagonal elements of
the collisional density matrix.

In a general case of an arbitrary angle o between the electric field and projectile
velocity (e.g., collisions between hydrogen in an electric field and incoming particles)
the cross sections exhibit strong dependence on «. Figure 4(b) presents an example of
an excitation cross section from the H ground state to one of the parabolic state of n=3
levels, where the AOCC calculations [21] for the density matrix elements were used
[18]. The strong a-dependence appears due to the presence of the coherent term s-d in
the expansion of the cross section. This term, as in case of the s-p coherence [22] for n=2
excitation, dissapears when o increases from 0 to 7/2. Note also that the dependence of
the cross section on orientation between the direction of the projectile and electric field
was initially shown for transitions between high Rydberg states of atoms placed in an
electric field [23, 24].

LINE INTENSITIES OF MSE DIAGNOSTIC

The calculated atomic structure and collisional data were incorporated in the CR model
NOMAD [25] that was extended to #» <10 and used to determine the excited populations
of the beam atoms, line intensities of the fine structure components, beam stopping
power, and emission rate coefficients [18, 26]. One of the most important questions
related to calculation of line intensities and other derived parameters is whether the
statistical (Boltzmann) distribution can be used to calculate sublevel populations within
a specific n. Unlike the statistical atomic models for beams in plasma [5, 27, 28],
this new model provides populations of magnetic sublevels without any assumption
on Boltzmann distribution. Figure 5 presents the reduced populations of the excited
states n; = N;/g; (here g; is the statistical weight of a magnetic sublevel nkm) for a
typical fusion plasma with density 3 x10'3 cm ™3, temperature 5 keV, magnetic field 5 T
and beam energy 80 keV/u. The top panel (a) shows the results of calculation without
electric-field-induced ionization. For the exact statistical distribution within a specific
n, the populations »; should have the same values. Obviously, this is not the case for
n < 6 with deviations of about 30-50%. Only the n=7 sublevels approach the statistical
equilibrium. The field ionization effect (bottom panel of Fig. 5) that must be included
for strong magnetic fields destroys quasi-statistical disitribution of populations even for
the highest »=7. The populations of the »=5 and #»=6 sublevels are also partially reduced
and the deviation to the statistical picture also increases.

The non-statistical distribution of state populations has a considerable effect on the
line ratios observed in experiments. Figure 6 presents comparison of the recent exper-
imental data from JET as well as the results of NOMAD simulations [17, 29]. First,
significant differences between the measurements and the statistical predications (hor-
izontal lines) are obvious. The non-statistical calculations were performed using either
a complete set of data calculated within the Glauber approximation (dashed lines) [30]
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FIGURE 5. Reduced populations »; of parabolic eigenstates of the beam. The beam energy is 80 keV/u,
the plasma temperature is 5 keV, the magnetic field is 3 T and the plasma density is 3- 103 cm™3. a) Field
ionization is excluded; b) field ionization is included. Populations of the states belonging to the same
principal quantum number » are shown as solid circles connected by thin dashed line. The index of the
states starts from the ground state (index is 0 and so on).

or Glauber + atomic-orbital-close-coupling (AOCC) combination of data (solid lines)
[18]. A very good agreement between the Glauber approximation and the experimental
data is clear. The model based on the AOCC excitation data to the »=2 and n=3 states
shows some deviation from the experimental data, especially for the ms-to-73 intensi-
ties. This emphasizes the necessity of further theoretical and experimental analysis of
the proton-impact excitation cross sections [31].

CONCLUSIONS

Extensive atomic data are required to support diagnostic measurements based on injec-
tion of a neutral beam into plasma. Here we addressed in detail two types of data, namely,
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FIGURE 6. Measured and calculated ratio of the lines m4/m3 and o7 /0p [29]. Experimental data are
shown as grey points, the results of calculation using only Glauber approximation [30] are blue dashed
line, and the results of calculation using AOCC and Glauber approximations [18] are shown as red lines.

the effective charge-exchange rate coefficients and the collisional excitation data related
to the motional Stark effect. The former are strongly affected by the uncertainties in the
nl charge-exchange cross sections from ground or excited states of the beam. Extensive
collisional-radiative models are required to handle the data up to » ~30 in order to in-
clude radiative cascades from high Rydberg states. Simulations for H-like argon show
that an increase of about 40% in the effective rates can be expected for more extensive
models. The combined measurements of line emission using visible, XUV and x-ray
spectroscopy seems to be the most promising tool to address this problem. The effect
of the Zeeman-Stark splitting on the CX rate coefficients for low-z impurities [3] also
remains an unexplored domain. This problem will likely be addressed in the near future
with introduction of new fusion devices operating with high magnetic fields.

The collisional excitation data, primarily due to heavy particle interactions, represent
another important set of data for beam diagnostics. The Stark effect diagnostics or
deposition of fast ions in a plasma crucially depend on populations of the excited
states. Significant progress in understanding of beam emission was achieved in the last
few years. The standard, or statistical, description of magnetic sublevel populations is
being replaced by a detailed kinetic treatment of all physical processes affecting every
parabolic eigenstate of the beam. The alignment between directions of the induced
electric field and the beam velocity plays crucial role in calculation of the collisional
cross sections that include coherent terms of the density matrix. The new time-dependent
collisional-radiative model developed in [6, 29, 18, 26] incorporates all necessary atomic
data to calculate populations of magnetic sublevels and provides Stark line intensities as
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well as the beam emission and attenuation characteristics in a plasma. It is shown that
the assumption on the statistical distribution within An = 0 is not valid in the plasma,
as confirmed by the numerous experiments at JET, ALCATOR C-Mod, TEXTOR, etc.
A good agreement between the theoretical data using Glauber approximation and the
experimental data from JET is obtained. The AOCC calculations are also very close
to the experimental data, though a slight difference in m4-to-73 lines ratio still exists.
This emphasizes importance of further development of accurate methods for particle
collisions under fusion plasma conditions.
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