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Properties of various kinds of plasmas are determined by atomic radiation and collision processes occurring
between plasma particles, therefore, the detailed knowledge of the effective cross sections and rate coefficients for
these processes is highly required. In this work, charge-changing processes, mainly for heavy-particle collisions,
including impurity ions, are considered using available computer codes, and the background physics is discussed.

Besides general features, the role of metastable states of plasma atoms and ions, which are often observed in most

of plasmas and play a key role in plasma formation, is considered. The non-linear effects observed for heavy

particle collisions, such as the density effect and multiple-electron ionization, are also considered. In addition, the

isotope effects are briefly discussed related with electron capture in collisions of alpha particles with hydrogen

and its isotopes (D and T).
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1. Introduction

Charge-changing processes including electron cap-
ture, ionization, three-body recombination, dielectronic re-
combination, arising in collisions between probe-beam and
plasma particles, as well as between plasma particles them-
selves, play a key role in many aspects of plasma physics
(see, e.g., [1-5]). In the present work, the main attention is
paid to electron capture,

X+ A — XD+ 4 AT (1)
target ionization

XM+ A - X"+ At e, (2a)
and projectile ionization

X7+ A XD LAt e, (2b)

processes for collisions of X9* ions with neutral atoms A
where g denotes an ion charge. To calculate effective cross
sections, several atomic codes are used: ARSENY [6],
CDW [7] and CAPTURE [8] for electron capture, and AR-
SENY, DEPOSIT [9], ATOM [1] and LOSS [10] for ion-
ization. A brief description of the codes is given in [11].
The atomic units (a.u.) are used, m. = ¢ = i = 1 where
m. and e denote the electron mass and charge, respectively,
and 7 the Planck constant.

2. General Features
A typical behavior of the charge-changing cross sec-
tions as a function of the ion energy E is shown in Fig. 1

author’s e-mail: shev@sci.lebedev.ru

S52012-1

cross section [cm’]

o
S
L

23

10 n T I. ) '””I.. ! ""'r" T T ”
10° 10 10° 10° 10" 10°
ion energy [keV/u]

Fig. 1 Calculated ionization and capture cross sections in O7* +
He collisions: EC — total electron-capture cross section,
He-ion. - ionization of He by O7*, O’*-ion. - ionization
of O”* by He, and O7*-1s-2p (dashed curve) - excitation
of transition 1s-2p in O”* by He impact.

for O’* + He collisions. Capture and ionization cross sec-
tions are denoted as EC and O’*-ion, respectively. As is
seen from the figure, electron capture is important at E
< 1 MeV/u meanwhile ionization of O’* at E > 1 MeV/u.
At ion energies between 500 keV/u and 3 MeV/u, the cross
sections of both processes are important. For comparison,
cross sections for ionization of He by O’* and excitation
cross section (transition 1s-2p) of O7* ions by He atoms are
also shown. Different behavior of the electron-capture 0.
and ionization oj,, cross sections as a function of the ion
velocity is due to their different dependencies on atomic
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lonization of He™ by He-plasma particles
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Fig.2 Calculated ionization sections of He* ions by He-plasma
particles: electrons (e), He atoms (He) and its ions
(He*, He?*) as a function of He* energy; EC denotes
electron-capture cross section in He* + He(1s?) colli-
sions. Electron-impact ionization cross section (e) is
given in the equivalent energy units showing its thresh-
old behavior.

parameters:
ZS 5
O ~ S, Nr(ow) ~ MZ¢ 00, ©)
2,2
Tin ~ g v Neoio) ~ NoZ2’ (0. (4)

where v denotes the relative velocity, Z the effective charge
of the target, Nt the target density, n the principal quantum
number of the active electron and <vo> the rate coeffi-
cient, i.e., the product vo- averaged over a Maxwellian ve-
locity distribution of plasma particles. Formulae (3) and
(4) are given for relatively high collision velocities.

Interaction cross sections of He* ions with He-plasma
particles are shown in Fig.2. The largest ionization cross
section of He* ions is for collisions with e-particles (He?*)
due to the Z> dependence (Z = 2 in this case). Cross sec-
tions for collisions with He and He™ are nearly of the same
size. For comparison, electron-capture (EC) cross section
in He* + He(ls?) collisions is also shown in the figure;
this symmetric EC is a dominant charge-changing process
atenergy E < 50keV/u.

Usually various methods of cross-section calculations
are applied either at low or high collision energies. In the
intermediate energy range, which is often of a high inter-
est, only a few methods exist which can be used for very
limited atomic systems like quasi-molecular treatment for
one electron in the field of two Coulomb centers (see, e.g.,
[12]). In such cases, one can apply a well-known formula
which uses the known cross-section values at low and high
energies and averages them at intermediate energy range:

1 _ 1 N 1 ’ )
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Fig. 3 One-electron ionization cross sections of Kr atoms in col-
lisions with He* ions: experiment - solid circles [14], the-
ory - ARSENY code (low energy), LOSS code (high en-
ergy), solid curve - recommended cross section, eq. (5).

where ojow and oy denote the cross sections calculated
at low and high energies, respectively. In Fig.3, a typi-
cal example of such procedure is shown for single-electron
ionization of Kr atoms by He* ions. At low and high ener-
gies two computer codes are applied, ARSENY and LOSS,
respectively, which, however, are not valid at intermediate
energies £ = 20keV/u-300keV/u. The solid curve rep-
resents results of application of eq. (5) which gives quite
good agreement with experimental data [13] and can be
recommended for the whole energy range considered.

3. Special Features

In this section, some special features of atomic pro-
cesses involving heavy particles are described such as role
of excited (metastable) states of atoms or ions in a plasma
or in a probe beam, the density effect, i.e., influence of
collision frequency in a high-density plasma, and multi-
electron ionization processes. These features can be impor-
tant for interpretation of experimental results and plasma
modeling.

3.1 Role of excited metastable states

The presence of atoms or ions in the excited and, es-
pecially, in metastable (long-lived) states in a plasma or a
probe beam can change dramatically the interaction cross
sections and corresponding rate coefficients. As an exam-
ple, Figure 4 displays electron-capture cross sections for
collisions of He*(1s) ions with the ground-state He(1s?)
and metastable helium atoms He*(1s2s). In the latter case,
one has to take into account electron capture from two
shells, 1s and 2s, meanwhile in collisions with He(1s?)
only 1s-electron is captured. A small bump for He*(1s2s)
target is due to the capture of 2s electron into 2s excited
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Fig. 4 Calculated electron-capture cross sections in collisions of
He*(1s) ions with He atoms in the ground (1s?) and ex-
cited metastable (1s2s) states. In the case of the ground-
state He target, the calculated data practically coincide
with experimental data [13].

states. In the case of the ground-state He target, the calcu-
lated data practically coincide with experimental data [13];
for He*(1s2s) target, experimental data are absent. At E
< 50keV/u, electron-capture cross section for He*(1s2s)
target is about 4 times larger than that for He(1s?) target
because of a larger contribution from capture into excited
states, (2s-2s) and, therefore, even a small amount of he-
lium atoms in the metastable state can strongly change this
charge-changing channel.

Similar comparison of ionization cross sections for
the ground-state and excited metastable He atoms by He™
ions (Fig.5) also shows an importance of the presence of
metastable atoms in a plasma. It is interesting to note
that the difference (by 30-40 %) between two ground and
metastable state atoms at high energies is due to the con-
tribution of 2s electron which has a low ionization energy
resulting in a high ionization efficiency.

3.2 Density effect

In general, the charge-changing cross sections also de-
pend on the plasma density N: with N increasing, the elec-
tron capture cross sections o, decrease, meanwhile ion-
ization cross sections oo, increase and, as a result, the
mean charge <g> = X;q;F; of an ion beam after passing
through a plasma increases where F; is the beam equilib-
rium charge-state fraction with the charge ¢;. This effect is
called the farget-density or gas-solid effect which depends
on the atomic structure of colliding particles, relative col-
lision velocity and the plasma density (see, e.g., [15]). In
some cases the effect is very large: it decreases o, values
up to more than one order of magnitude and increases ooy
values up to a factor of 2.

For electron-capture (1), the cross section is given by
a sum over all possible n-states

He'(1s) + He(132), He*(1s2s)
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Fig. 5 Calculated ionization cross sections of He(ls?, 1s2s)
atoms in collisions with He" ions as a function of He*
energy. In the case of the ground state He, the calculated
data practically coincide with experimental data given
in [13].

Teu
Oec = Tec(n), (6)
n=ny
where o¢.(n) denotes the partial cross section for the
electron capturing into n quantum state to form excited
X@=D**(n) ion, ng the ground-state number and ncy; the
maximum quantum number for which X“~Y**(n) ions are
not ionized through a series of the successive collisions
with plasma particles. For low-density plasmas, n¢y > 1,
the usual formulae for electron capture and ionization cross
sections can be used. However, for high density plas-
mas, ngy is strongly reduced and can be even closer to the
ground-state value ny.

The excited ion X9~D**(n) can be ionized by the tar-
get particles via two channels: by direct ionization or by
step-by-step excitation to a certain level also followed by
ionization. Correspondingly, two formulae can be applied
for estimation of the maximum principal quantum number

new [15,16]:
18 1/7 2 1/14
ey e i ™
Z2Nt[cm™3]

1042
and
o 51010 P25\
Pe =N\ Z2Nelem1) 7 ®

Certainly, n’ < nd, and both n* and n9 values give the lower
and upper limits of the maximum quantum number con-
tributing to electron capture, respectively.

Similar consideration leads to the formula for ioniza-
tion cross section depending on the plasma density (see
[15] in detail).

A typical example of influence of the density effect
is shown in Fig. 6 where ionization and capture cross sec-
tions are given for 11.5MeV/u U?* ions passing through
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U* ions (E=11.5 MeV/u) + C plasma
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Fig. 6 Ionization and electron-capture cross sections of
11.5MeV/u U?" jons passing through a carbon plasma
with the temperature 7 = 3.5eV and density N =
5% 10" cm™ as a function of uranium ion charge: solid
curves - calculated with the density effect (DE), eq. (7),
and dashed curves - without DE, n, = c0. Crosses show
the positions of the mean charge of uranium ions: <g> =
53 for calculations without DE and <g> = 62 with DE
accounted for. Experimental value is <¢g> = 63 + 1 [17].

a carbon plasma with a temperature of 7 = 3.5eV and
density 5x 10" cm™. Theoretically the mean charge of
an ion bean <¢> is found from equality between electron
capture and loss cross sections at a certain charge g. From
Fig. 6 it is seen that the inclusion of the density effect leads
to increasing of ionization cross sections by a factor of 2,
meanwhile decreasing of capture cross sections by a factor
of 4 and, thus, increasing of the mean charge of uranium
ions from 53 to 62 units which is in good agreement with
experimental value <¢g> = 63+ 1 [17]. Generally, when
the mean (equilibrium) charge is established, the ioniza-
tion and electron capture cross sections are expected to be
nearly equal as is seen in Fig. 6 with arrows and crosses.

3.3 Multi-electron ionization of heavy ions

If heavy, many-electron ions are involved into plasma
atomic collision processes, €.g., as impurity ions or in a
probe beam (including heavy negative ions), multi-electron
ionization (MI) of both the incident and target particles can
be significant even at low-energy regime (see, e.g., exper-
imental works [14], [18]). For example, single-, double-
and triple-electron ionization cross sections of U™ ions col-
liding with Ar atoms at energy E = 1.3keV/u (v = 0.23
a.u.) are 3.2, 1.3 and 0.35 X 10~ cm? [18], respectively,
indicating that more than a half of the total cross section
originates from MI.

Figure 7 represents calculated total ionization cross
sections of W* ion, which at present is one of the most
interesting subjects for plasma impurity, by electrons, pro-
tons, H and He atoms. It is seen that at low energies, ion-
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Fig.7 Calculated total (a sum of single-, double-, triple- etc.
ionization cross sections) ionization cross sections of W+
ions by electrons (e), protons (p), H and He atoms as
a function of W* energy. Experiment: solid circles -
from [19]. Theory: e - electron-impact ionization cross
section, ATOM code; p - proton impact, LOSS code, H
and He - ionization by H and He atoms, respectively,
DEPOSIT and LOSS codes. Electron-impact ionization
cross sections are shown as a function of equivalent elec-
tron energy for comparison.
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Fig. 8 Calculated electron detachment cross section of negative
Ge™ ions by Ar atoms as a function of Ge™ ion energy,
DEPOSIT code; solid circles - experiment [20]. Note that
1 a.u. of velocity corresponds to energy of 25 keV/u.

ization by H and He prevails and the corresponding cross
sections are extremely large. Influence of electron and pro-
ton components is important at rather high energies. At
low energies, the main contribution to ionization is due to
close collisions and the cross-section value is defined by
overlapping volume of electron densities of two colliding
particles. At high velocities, ionization cross section de-
pends mainly on the Coulomb field created by target nu-
cleus and electrons.

Another example for ionization of heavy negative ions
(detachment cross section) by neutral atoms is shown in
Fig.8 for Ge™ + Ar collisions. The data for MI cross
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Electron capture He™, Li** +H, D, T
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Fig. 9 Calculated electron-capture cross sections for collisions
of He?* and Li** with H, D and T. He?* projectile: the
END approach [21]; Li** projectile: preliminary calcula-
tions by ARSENY code, present work (see text).

sections of heavy negative ions, which are also relatively
large, are required for analysis and interpretation of the
beam-attenuation experiments in plasma probing [23].

4. Isotope Effects

For controlling and modeling the D-T plasma, it is
highly desirable to know the cross sections and rates for
collisions of alpha particles with D and T atoms. Calcu-
lations of the quasi-resonant electron-capture cross sec-
tions oo, for He?* ions colliding with H, D and T tar-
gets at ion energies £ = 30-1000eV/u [21] showed that
the use of different hydrogen isotopes leads to the large
difference in the cross-section values, particularly at low
energies. These data were obtained on the basis of the
electron-nuclear-dynamics approach (END) by solving the
time-dependent Schrodinger equation. The largest dif-
ference was found between hydrogen and tritium tar-
gets at around 30-50 eV/u where the cross-section ratio is
Tec(T)/Tec(H) ~ 1000 (Fig.9). The difference found was
explained by isotope effects in the rotational coupling of
the quasi-molecule during collision.

In order to compare this influence of isotopic effects
for heavier projectile, in the present work the electron-
capture cross sections for Li** + H, D and T were calcu-
lated using the ARSENY code (Fig.9). The code is based
on the adiabatic approximation for one-electron transitions
in the two-Coulomb-centre system by determining the hid-
den crossings of the quasi-molecular energy terms. From
Fig. 9 it is clearly seen that the isotope effects for Li** + H,
D, T collisions are also very prominent.

5. Rate Coefficients

Rate coefficients, or simply, rates of various atomic
processes occurring in laboratory and astrophysical plas-

mas are of a great importance for many applications
in plasma physics (e.g., plasma heating and diagnos-
tics using a probe-beam attenuation), industrial plasmas,
astrophysics, astronomy and many others. Usually, a
Maxwellian velocity distribution function is applied al-
though other distributions of particles in a plasma can take
place [22], e.g., a Maxwellian distribution with two tem-
peratures. This can have a very important consequence for
low-temperature plasmas like those in a diverter region.

A special interest is the situation when the ion beam
with an arbitrary velocity vp penetrates a Maxwellian
plasma with an arbitrary temperature 7. In this case, the
rate <vo> of a certain process is defined by the product
vo(v) averaged over a new Maxwellian distribution func-
tion F(v,vp, T) depending on vp and given by

oo

(vo) = fva(v)F(v, vp, T)dv )
0
with
(M M 2
Fow D =(5z) 5 few (370 - w)

- exp(—%(v + VP)Z)] . (10)

Here v denotes the velocity of an incident particle beam rel-
ative to plasma particles, and M the reduced mass of collid-
ing particles. This ‘new’ Maxwellian distribution function
F(v,vp, T) is normalized to unity:

fF(v, vp, T)dv = 1. (11)

0
Formula (10) was obtained in [2] and considered further
in [23].

At low projectile velocity vp — 0, the F(v, vp, T) func-

tion, eq. (10), turns into a usual Maxwellian distribution

function and at low plasma temperature, 27/M — 0, one
has:

Fw,vp,T) =6(v —vp), (12)
and
o)) = va(v). (13)

Equation (13) is commonly used in plasma physics for es-
timating rate coefficients when the projectile velocity is
much higher than the thermal plasma velocity vr, i.e., vp
> vt (see, e.g., [24]) where the thermal velocity vy corre-
sponds to the maximum of a Maxwellian distribution func-
tion:

vr = 1.1342T /M. (14)

In eq. (13), v is the relative velocity given as

vr 22, (15)

If the projectile velocity is smaller than the thermal
velocity, vp < vr, the exact general formulae (9) and (10)
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Fig. 10 Calculated rate coefficients for electron-impact (labeled
by e) and He-impact ionization of He* ions passing
through He plasma with a temperature 7 = 10eV as a
function of He* energy: solid curves - exact formulae for
<vo>, egs. (9)-(10); dashed curve - approximate formula,
vo, eq. (13). The corresponding helium-ion velocity vp is
displayed in the upper scale. In the case of He impact,
the rates obtained with the exact and approximate formu-
lae practically coincide.

should be used.

Figure 10 shows the rates for ionization of He™ ions
by He atoms (labeled by He) and electrons (e) when He™
ions with velocity vp penetrate He plasma with a temper-
ature T = 10eV. In the case of He target, the thermal ve-
locity vr(He) ~ 0.01 a.u., vp > v in the whole range of
vp and ionization rates calculated by eqgs. (9) or (13) give
practically the same results, <vope>~ voge.

In the case of ionization by electron impact, the sit-
uation is different because the electron-impact ionization
cross section o, of He* has a sharp threshold on electron
energy at Ey, = I(He™) =~ 54.4 eV corresponding to thresh-
old velocity vy, ~ 2 a.u. From eq. (13) it follows that at
projectile velocities vp < 2 a.u. one has o = 0 and, there-
fore, the rate given by the product vo. = 0. But due to the
exponential tail of the distribution function (10), the av-
eraged rate <vo.> is not zero even for vp < 2 a.u. This
difference is seen in Fig. 10 by comparing two curves for
ionization rates induced by electron impact: for projectile
velocities vp < 2 a.u. there is a big difference between rates
given by approximate, eq. (13) and by exact, egs. (9) and
(10) formulae. In general, eqgs. (9) and (10) give the exact
expression of the rate coefficients for an arbitrary projectile
velocity and plasma temperatures.

6. Conclusion

Charge-changing atomic processes in plasmas are
considered in terms of effective cross sections and rate
coefficients with a Maxwellian velocity distribution func-
tion. Some general features have been demonstrated for
the cross sections (dependencies on velocity, ion charge
and target charge) as well as specific properties (role of
metastable states, multi-electron ionization, density effect)

which are illustrated by computer calculations performed
using available computer codes. It is also pointed out that
the isotope effects are expected to be large in electron-
capture cross sections among hydrogen isotope targets (H,
D and T) at very low collision energies E < 200eV/u.

Special attention is paid to the case when an ion beam
penetrates a plasma with a certain temperature and it was
shown that one has to use the exact general formula for
the rate <vo> averaged with a ‘new’ Maxwellian function
depending on the beam velocity vp. In calculating the ef-
fective cross sections at low collision energies, one has to
take into account the isotope effects, i.e., dependence on
the reduced mass of colliding particles.
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