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ABSTRACT: The data for the cross-section and kinetic rate of the charge exchange (CX) between beryllium bare
nucleus, Be(+4), and hydrogen isotope neutral atom is of great interest for visible-range high-resolution spectroscopy in
ITER tokamak because of beryllium first wall in the main chamber. Here an analysis of available data and formulation of
data needs are presented. Besides active signal produced by the CX of diagnostic hydrogen neutra beam with impurity
ions in plasma, passive signal produced by the CX of impurity ions with cold edge plasma is aso important, asit follows
from available observation datafrom JET tokamak with ITER-like beryllium wall. The lack of datain the range of few eV/
amu to ~100 eV/amu is shown, especially for data resolved in orbital quantum numbers, which are needed for simulations
of level populations of the emitting beryllium ions Be(+3) with the help of two-dimensional, in principa and orbita
quantum numbers, kinetic codes.

1. INTRODUCTION

Theuse of beryllium asthe material of thefirst wall in the main chamber of the | TER tokamak requires detailed data
for cross sections of elementary atomic processes involving beryllium. Although such processes have been studied in
detail, there are still types of processes for which the databases are not complete enough in parameters ranges of
interest. Such a process is the charge exchange of bare beryllium ions with hydrogen ions and its isotopes, which
plays an important role for optical diagnostics of plasma in the visible spectral range. The charge exchange process
can be written in the following general form:

A*" + BY%ng) —» A@ D*(n, ) + B*. D

It plays an important role for the Charge eX change Recombination Spectroscopy (CXRS) diagnostics that Russia
will supply to the ITER [1], aswdll as for other diagnostics of the Active Beam Spectroscopy type as a process that
strongly affects the background signal (for more information, see e.g. [2]). For such diagnostics, a diagnostic beam
of neutral atomsis injected into the plasma. The plasmaion A% interacts with a neutral atom B in the state with the
main quantum number n, from the diagnostic beam and captures an electron fromit. Usually, an electron is captured
inthe excited state A@9*(n, 1), wheren, | are the principal and orbital quantum numbers, respectively. The excitation
relaxes by emission of radiation, which is collected by the optical system and delivered to the spectrometers.

Radiation collected along the line of sight contains the following components:
active charge exchange lines (charge exchange with a diagnostic beam of hydrogen atoms);
passive charge exchange lines (charge exchange with hydrogen atoms in the edge plasma);
passive radiation lines from edge plasma resulting from the excitation of ions and atoms by eectron impact;

continuumradiation.
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The CXRS diagnostics measures important plasma parameters such as the concentration and distribution of
impurities, ion temperature and plasma rotation rates profiles. A reliable interpretation of the measurements requires
predictive modding of the plasma emission spectra, which, in particular, requires information on the cross sections
for the charge exchange reaction (1).

Besides active signal produced by the CX of diagnostic hydrogen neutral beam with impurity ions in plasma,
passive signal produced by the CX of impurity ions with cold edge plasma is also important, as it follows from
available observation data from JET tokamak with ITER-like beryllium wall (see, e.g., comments and references in

[2]).

This paper presents a brief review of the data availablein the literature and in databases on cross sections of the
charge exchange reaction of bare beryllium nucle with hydrogen isotopes:

Be™* + H%(n,) = Be*(n,l) + H". 2
Here the quantum numbers of the state of an atom or ion are indicated in parentheses.

The following transitions of the hydrogen-like berylliumion Be 1V will be used to implement CXRS diagnostics
on ITER: 4658.42 A (6—5 transition) and 4685.4 A (8—6 transition). Therefore, it is important to have data for
charge exchange cross sections at high levels that contribute to the spectral transitions used for measurements.

2. REVIEW OF THE AVAILABLE DATA

Thefiguresinthis section show the data for cross sections of reaction (2), taken from various sources, as afunctions
depending on the relative velocity v and on the collision energy E, expressed in units of eV/amu. Collision energy E
= 2.5 eV/amu corresponds to the relative velocity of colliding particles v= 0.01 a.u. (= 2.188 10* m/s); collision
energy E = 1 keV/amu corresponds to v= 0.2 a.u.

Figure 1 presents a comparison of the data from the OPEN-ADAS database [3, 4] and from [5] on the charge
exchange cross sections for hydrogen in the ground state.

(a) Be*" +H’ - Be®(n ;) +H"

103 10* 10° 108
E, eV/amu
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Figure 1. The cross sections [3-5] for reaction (2) Be* + H*(n, =1) = Be*(n,) + H*, values of n__are shown in the legend: (a) the
data from the OPEN-ADAS database [3, 4]; (b) the comparison of the datafrom the OPEN-ADAS database [3, 4] and from [5].

The names of the curves (“ory” and “old”) in the legend of Figure 1 refer to the file name from OPEN-ADAS

[3, 4] from which the data was taken. The files in OPEN-ADAS have such names as gcx#h0_*#bed.dat, where

instead of * there are the words specified in the legend. Thus, if the curveis labded “ory” in the legend, this means

that it is plotted from the data from the qcx#h0_ory#c6.dat file. The squares (for populating at the level of n, = 3)

and x markers (for populating at thelevel of n,_ = 4) show thedata from Errea 1998 [5], where information on cross
sections at low energiesis available,

From Figure 1 one can seethat the data availablein OPEN-ADAS cover theregion of medium and high collision
energies, whereas the data for low energies are not available.

Figure 2 presents a comparison of the data from the OPEN-ADAS database for charge exchange cross sections
for hydrogen in the ground and excited states.
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Figure 2. The comparison of cross sections [3, 4] for reaction (2) for n, , = 1 (black curves) and for n, , = 2 (gray curves), i.e. in
the latter case, charge exchange occurs with hydrogen in the excited state. Other notations are the same as in Figure 1.
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Figure 2 shows that the charge exchange cross sections for hydrogen in the excited state are higher than those
for hydrogen in the ground state. In the first case, the largest cross section corresponds to the charge exchange with
populating the level with the principal quantum number n = 6, in the second — thelevel n = 3.

Figures 3 and 4 beow show the data from the gcx#h0_en2_kvi#bed.dat file from OPEN-ADAS for charge
exchange with excited hydrogen Be** + H(n. ) = Be*®(n., I) + H* with populating the levels with different n.,_and
l.
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Figure 3. The charge exchange cross sections for reaction (2), according to the data from the qcx#h0_en2_kvi#bed.dat file [3, 4]
(black curves) and data from [5] (gray curves).
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Figure 4. The charge exchange cross sections for reaction (2), according to the data from qcx#hO_en2_kvi#bed.dat file [3, 4] for
populating the levels with n,,_ =6 and different I.

Comparison of cross sections from Errea 1996 [6] and Janev 1996 [7]

Figures 5—8 bdow show the comparison of charge exchange cross sections for reaction (2), taken from Errea
1996 [6] and Janev 1996 [7]. Figure 9 shows the dependence of charge exchange cross sections for reaction (2) on
orbital quantum number | for different values of principal quantum number n.
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Figure 5. Total charge exchange cross sections for reaction (2) for electron capture to the state with principal quantum number
n (the values of n are shown in thefigure). Solid curves — data from Errea 1996 [6], dotted curves — data from Janev 1996 [7].
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Figure 6. Partial charge exchange cross sections for reaction (2) for electron capture to the state with principal quantum
number n = 3 and orbital quantum number | (the values of | are shown in thefigure). Solid curves — data from Errea 1996 [6],
dotted curves— data from Janev 1996 [7].
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Figure 7. Same as in Figure 6, but for n = 4.
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Figure 8. Same as in Figure 6, but for n = 5.
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Figure 9. The dependence of charge exchange cross sections for reaction (2) on orbital quantum number | for different values
of n (the values of n are shown in thefigure). The data from Errea 1996 [6] are used.
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Figure 10. A survey of data for cross sections for reaction (2). The sources of data are indicated in the legend. The notations of
curves are explained in the text below.
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Figure 11. An enlarged fragment of Figure 10.

From Figures 5-8 one can see that in the range of collision energies below 100 eV/amu there is practically no
data resolved in orbital quantum numbers|.

Figures 10 and 11 shows a comparison of the charge exchange cross sections calculated by various methods for
reaction (2), taken from various sources.

The notations of the curves in Figures 10 and 11 areas follows. The curves 1, 2, and 3 stand for the calculation
[8] of thetotal cross section and partial cross sectionsfor n =3 and n = 4, respectively, using 21-state atomic-orbital
expansion.The curves 4, 5 and 6 stand for the calculation [5] of thetotal cross section and partial cross sections for
n =3 and n = 4, respectively, using molecular expansion with semiclassical and quantal calculations for 96- and 17-
state basis sets. The curves 7 and 8 stand for our calculations of the total cross section and partial cross section for
n = 3, respectively, in the frame of Landau-Zener mode with rotation taken into account [9], while curve 9 is the
same but without rotation taken into account [9]. The curves 10 and 11 stand for the total cross section and partial
cross section for n = 3, respectively, according to the Kronos database [10]; the modd is described in [11]. The
curves 12, 13, and 14 stand for the calculation [ 12] of thetotal cross section and partial cross sections for n= 3 and
n = 4, respectively, using the hyperspherical close-coupling (HSCC) approach. The curve 15 stands for calculation
[13] for hydrogen; the curve 16 stands for calculation [13] for deuterium Be#* + D(1s) — Be**(n) + D* (for more
details on the isotopic effect see, e.g., [14] or review [15]); the curve 17 stands for calculation [13] for tritium: Be*
+ T(1s) — Be¥(n) + T*; calculations were performed in the frame of the adiabatic theory of transitions in slow
collisions using the ARSENY code, based on the hidden crossings method. The curve 18 stands for low velocities
asymptotic (2.18) in[9] with |5, (R)}/b_(R)| = 1.,n = 3, Z = 4, Ry = Ry—3, WhereR isdefined by (2.2) in[9];
the curve 19 stands for low velocities asymptotic (2.19) in[9] with, , , where R isdefined by (2.2) in[9], Vis defined
by (1.1) in[9].

Inthelack of experimental data, special attention must be paid to the accuracy and rdiability of the calculations.
The most reliable are the results obtained using the atomic/molecular orbital method, or their variations. One of the
drawbacks of calculations using the Landau-Zener mode is the impossibility of calculating the charge exchange
cross sections with populating the levels with the principal quantum number n > Z, where Z is theion charge.

It can be seen from this section that in the literature and in existing databases (e.g., OPEN-ADAS [3, 4]), most
of the available information on the charge exchange cross sections covers the range of energies that are of interest
primarily for calculating the active signal, i.e. for diagnostic beams with energies of tens and hundreds of keV. At the
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sametime, for estimations of the passive charge exchange signal (see, e.g., recently suggested algorithm [16]), when
the energy of neutral atoms coming from the wall is in the range from few €V to tens or hundred of eV, the datais
not enough, especialy for |-resolved data. Therefore, additional theoretical calculations of the cross sections may be
necessary for the charge exchange reactions of interest, which are needed for simulations of level populations of the
emitting beryllium ions Be(+3) with the help of two-dimensional, in principal and orbital quantum numbers, kinetic
codes like the nlI-KINRYD code [17].

3. CONCLUSIONS

A brief analysis of the available data on the cross sections of the charge exchange reaction of bare beryllium nuclei
on hydrogen isotopes is carried out. It is shown that thereis alack of data in the region of low (below 100 eV/amu)
collision energies, which is of interest for modeling a passive CXRS diagnostic signal in ITER.
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