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FOREWORD

The present issue of Atomic and Plasma-Material Interaction Data for Fusion is devoted to the atomic and molecular
processes taking place in the edge region of magnetically confined fusion plasmas. The plasma edge region is defined
as the region outside the last closed magnetic flux surface (separatrix), i.e. it includes both the scrape-off plasma and
the divertor plasma. The fact that the magnetic field lines in the plasma edge region are open (i.e. they strike the contain-
ment vessel material structures) leads to a series of important consequences (intense field parallel conductive plasma flow,
rapid decrease of plasma energy in the field perpendicular direction, direct plasma interaction with the material walls,
etc.) which define the behaviour, parameters and composition of the edge plasma. The typical range of edge plasma
temperatures is from 150-300 eV near the separatrix to 10-20 eV near the walls (or even less at the divertor plates).
The typical edge plasma densities may range from 10'2-10'3 cm™ (scrape-off region) to 10'-10'° cm™ (divertor
region). Owing to hydrogen recycling in the near-wall region, the neutral gas density in the plasma edge may become
comparable to the plasma density. Impurities in the plasma edge, generated by plasma-wall interactions, are usually in
a low charge state. The low edge plasma temperatures support the existence of molecular species in the plasma edge,
resulting either from plasma-wall interaction (e.g. hydrocarbons) or from plasma fuelling (hydrogen). Under such
physical conditions, the atomic physics of the plasma edge region becomes extremely complex and includes various types
of atomic (ionic) and molecular radiation processes, energy loss processes (excitation, ionization and dissociation induced
by particle impact), momentum transfer processes, processes that change the particle charge state (recombination, ioniza-
tion, charge transfer), and processes that change the particle number (recombination, dissociation, electron and heavy
particle exchange reactions), etc. Moreover, because of the high plasma and neutral particle densities in the edge region,
the collision times of excited particles are comparable to their radiative lifetimes, resulting in a radiative—collisional
plasma regime. All the above mentioned atomic processes have a significant impact on the plasma impurity and on neutral
gas transport in the edge region, on the local plasma energy cooling rates and even on the edge plasma dynamics. There
is growing evidence that the edge plasma conditions have a decisive influence on the global plasma energy confinement
time, and that they determine the threshold of L-mode to H-mode transition, the features of edge localized plasma
instability modes and the disruption density limit in tokamak devices. The collisional atomic and molecular processes,
playing a vital role in the neutral particle transport, crucially affect the hydrogen and impurity recycling in the plasma
edge, and the helium ash transport and exhaust; furthermore, together with the radiative and plasma-surface interaction
processes, they have a determining impact on the divertor performance. Detailed knowledge of the cross-sections and
rate coefficients of all these processes is instrumental for a better understanding and modelling of the edge plasma
behaviour and for the edge plasma diagnostics.

The articles included in the present volume address the data status for some of the most important classes of plasma
edge atomic collision processes and the spectroscopic database for the edge plasma constituents, and provide information
on the radiative cooling rates of carbon and oxygen impurities. Most of the articles have been prepared within an IAEA
Co-ordinated Research Programme on Atomic and Molecular Data for Fusion Edge Plasmas aimed at enhancing the
compilation, critical evaluation and generation of the atomic data information required in plasma edge modelling and
diagnostic studies.

Vienna, June 1992 R.K. Janev
Scientific Editor
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SPECTROSCOPIC DATA FOR FUSION EDGE PLASMAS

W.L. WIESE

National Institute of Standards and Technology,

Gaithersburg, Maryland,
United States of America

ABSTRACT. The status of spectroscopic data for neutral atoms and moderately charged atomic ions of interest to
fusion edge plasmas is reviewed. A table is presented which lists references to all current critical compilations on
energy levels, wavelengths and transition probabilities. The critical assessment of spectroscopic data is discussed
mainly with respect to atomic transition probabilities, since the typical uncertainties for these are still quite large.
For the specific case of neutral iron and its low ions (Fe I to Fe V) the scope and quality of evaluated spectroscopic

data are discussed in detail.

1. INTRODUCTION

The physical parameters of fusion edge plasmas

as well as the range of impurity ions that will be
encountered in current or planned fusion plasma devices
have been discussed in other papers of this volume and
in the recent review paper by Janev et al. [1]. Thus,
these facts need not be stated here again, but, generally,
related elements and higher ions will be included in the
discussion whenever this is practical and convenient.

NIST spectroscopic data centres and their services

At the National Institute of Standards and Techno-
logy, NIST (formerly the National Bureau of Standards,
NBS), two data centres deal with the subject of
atomic spectroscopy: the Atomic Energy Levels and
Wavelengths Data Center and the Atomic Transition
Probabilities Data Center.

Each of these data centres is engaged in two distinctly
different activities: (a) monitoring of the current litera-
ture and maintenance of a bibliographic database, and
(b) critical compilation of comprehensive numerical
data tables.

A related data centre operated at NIST is the
Molecular Spectra Data Center, which is primarily
engaged in the tabulation of microwave spectral tables.

2. BIBLIOGRAPHICAL DATABASES
AND PUBLICATIONS

The two NIST data centres on atomic spectroscopy
constantly monitor the current international literature in
a search for relevant papers which contain new data.
In this comprehensive, all-inclusive search for new

data, all sources are collected, regardless of quality.
Included are bibliographical searches for papers which
contain significant comments on, or reviews of, existing
data, and papers which describe the experimental and
theoretical methods for obtaining such data. In each
data centre, about 200 journals are scanned for new
papers by utilizing the Current Contents journal [2]
and, independently, Chemical Abstracts [3]. All papers
with pertinent titles are examined for data relevance
and content; if found to be relevant, they are classified
according to species, i.e. according to chemical
element and stage of ionization, and according to the
type of data, the experimental or theoretical method
applied, etc.

The papers are then entered into bibliographical -
databases maintained at these two centres. Both data-
bases are in the process of being built up. In each case,
approximately 2000 references are included for articles
that appeared from the early 1980s onward. References
to earlier articles still have to be added to make the
databases complete. :

" The principal bibliographic publications for these
two subject areas are as follows:

(a) Atomic energy levels: General bibliographies
were published from time to time. The latest one [4]
was published by the National Bureau of Standards in
1985 and a new one [5] is planned for the very near
future. Much of the preparatory work has been com-
pleted. All literature references pertaining specifically
to species of interest to fusion research are collected for
the International Bulletin on Atomic and Molecular Data
for Fusion, which is issued semi-annually by the IAEA.

(b) Atomic transition probabilities: The last general
bibliography on atomic transition probabilities [6] was
published in 1977; a supplement [7], published in 1980,
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covered the period from 1977 to March 1980. No
further general bibliographies have been published
since then; however, like the NIST data centre for
atomic energy levels, the NBS data centre regularly
contributed all literature references of interest to fusion
research to the semi-annual International Bulletin on
Atomic and Molecular Data for Fusion of the JAEA,
and it also contributed to the Transactions of the Inter-
national Astronomical Union (IAU) [8] in three-year
intervals. Thus, all papers with transition probabilities
of interest to magnetic fusion research or astrophysics
can be found in those publications.

3. CRITICAL EVALUATIONS AND
COMPILATIONS OF NUMERICAL DATA

The spectroscopic data centres at NIST have operated
for many years — the Atomic Energy Levels Data
Center since 1946 and the Atomic Transition Proba-
bilities Data Center since 1960. Both centres are parts
of active research groups in which spectroscopic data
are not only compiled but also produced by various
experimental and theoretical techniques. Researchers
devote portions of their time to critical data evaluation
and utilize their extensive first hand knowledge of
various data production approaches in data compilation
work. Detailed criteria for the critical assessment of
literature data have been developed and refined, of
which examples are given below. '

Over the years, numerous critical data tables have
been produced at NIST which have become widely
accepted as standard reference data works. Probably
best known among them are the tables on Atomic
Energy Levels by Moore {9] (which are now partially
superseded by the new compilations listed in Table I).

In Table I, the most recent tabulations of critically
evaluated wavelengths, atomic energy levels and transi-
tion probabilities are compiled, according to chemical
element and in the order of increasing atomic number Z.
Most of these tabulations [9-11,.13, 15-34] have been
prepared at NIST, except for the wavelength tables
done by Kelly [12], Striganov and Sventitskij {14] and
Odintzova and Striganov [17]. .

The completeness and quality of the numerical
material in these tables varies appreciably from. spectrum
to spectrum, especially with regard to transition proba-
bilities. As an example, in Table II some statistics on
the evaluated numerical material for the lower spectra
of iron are given, since these are of strong interest for
fusion edge plasmas. It is seen that the numerical data
on the three major spectroscopic quantities decrease

TABLE I. REFERENCES FOR THE MOST RECENT
CRITICAL DATA TABLES ON WAVELENGTHS,
ENERGY LEVELS AND TRANSITION

PROBABILITIES
Data tabulations on
z Element ..
Wavelengths® Energy TranS{n.o.n
levels probabilities
1 H, D, T 10 10 11
2 ‘He 12, 13, 14 15, 16 11
3 Li 12, 13, 14 9 11
4 Be 12, 13 9 11
5 B 12, 13, 17 17 11
6 C 12-14, 18 18 11
7 N 12-14, 19 19 11
8 0 12-14, 20 20 11
9 F 12, 13, 14 9 11
10 Ne 12, 13, 14 9 11
11 Na 12, 13, 14 21 22
12 Mg 12, 13, 14 23 22
13 Al 12, 13, 14 24 22
14 Si 12, 13, 14 25 22
15 P 12, 13 26 22
16 S 12, 13 27 23
17 Cl 12, 13, 14 9 22
18 Ar 12, 13, 14 9 22
19 K 12, 13, 14 28 22
20 Ca 12, 13, 14 28 22
21 Sc 29 28 30
22 Ti - 12,13, 14 28 30
23 \% 12, 13 28 30
24 Cr 12, 13 28 30
25 Mn 12, 13 28 30
26 Fe 12, 13, 14 28 31
27 Co 12, 13 28 31
28 Ni 12, 13 28 31
29 Cu 12, 13, 14 32 33
30 Zn 12, 13 9 33
31 Ga 12, 13 9 33
32 Ge 12, 13 9 33
33 As 12, 13 9 33
34 Se 12, 13 9 33
35 Br 12, 13 9 33
36 Kr 12, 13, 14 9 33

For elements heavier than Z = 36:
Wavelength data: Ref. [13].
Energy level data: Ref. [9] (Vols 2 and 3);
Ref. [34], molybdenum;
Ref. {35], rare earths,
) La-Lu (Z = 57-71).
Transition probability data: Ref. {33]

* For many heavier elements, two older wavelength tables by
Meggers et al. [36] and by Moore [37] are more extensive than
those in Refs [12, 13 and 14] and should therefore also be used.
However, the data in the new tables always supersedc the older
compilations.
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TABLE II. EXTENT AND QUALITY OF CRITICALLY EVALUATED SPECTROSCOPIC DATA FOR THE

IRON ATOM AND ITS LOWER IONS

Wavelengths

Energy levels

Transition probabilities

Fuhr, Martin and Wiese [31] (1988)

Number of lines listed Sugar and Corliss [28] (1985) Allowed (E1) lines Forbidden‘ (M1, E2)
e ' lines
: Kell Stri i ith i i
Spectrum ey [‘12]’ S‘r'gf’"OY, and Rea(?er and Number of | Highest level listed | Total No. Lines w1t Total No. Lines .wn.h
VUV lines |Sventitskij [14] |Corliss [13] levels " | (quantum numbers) of lines uncertainties ¢ Tines uncertainties
(1987) (1968) (1990) 4 of <25% | 2| of <25%
Fel 54 1165 738 491 5d, 7s 1948 1241 103 0
Fe 11 . 1456 747 405 577 5d, 6s 646 115 356 14
Fe Il - 922 427 180 550 6h, 7s 60 0 31 0
Fe IV 1285 73 156 - 276 4p — — 88 0
Fe V 1085 145 " 148 180 4p — — 53 0

significantly in volume from the neutral spectrum to
the fifth stage of ionization, especially for transition
probabilities. For these, no reliable data exist at all
for Fe IV and Fe V for the normal electric dipole
(‘allowed’) transitions, but some data are available for
magnetic dipole and electric quadrupole (‘forbidden’)
lines. For atomic energy levels, precise experimental
data exist only for the low level configurations.

Some of the tabulations cited in Table I are rather
old and need to be revised and enlarged with the
newly available literature material. Unfortunately, this
large task — involving often many thousands of tran-
sitions per element, sometimes even per spectrum —
will take years to accomplish, considering the small
workforce in the NIST data centres and the increasing
amounts of accurate data.

Some new literature references [38-44] containing
large amounts of good quality data, which are of
strong interest for fusion edge plasmas, are collected
in Table III and the relevant spectra are identified.

At this point, it should be noted that the above
mentioned NIST Molecular Spectra Data Center has
compiled tables on the spectra of molecular oxygen {45],
nitrogen {46] and carbon monoxide {47]. For other -
diatomic molecules, the tables by Huber and Herzberg
[48] should be used.

4. DATA ASSESSMENT

As noted before, the critical assessment of the litera-
ture data is the key step for selecting a ‘best’ set of
evaluated data. With respect to atomic energy levels,
it was realized early on that, except for the simplest
atomic systems (He- and H-like ions), experimental
observations of wavelengths in combination with the
Ritz principle [49] produce the most accurate, inter-
nally fully consistent sets of level data. Therefore,
nearly all data for energy levels are selected from
spectral observations with laboratory or, sometimes,
solar sources.

Atomic transition probabilities are subject to espe-
cially large uncertainties; often, these were found to be
even worse than the authors’ estimates, as seen from -
numerous discrepancies between supposedly high quality
experimental (as well as.theoretical) results in the
literature. Therefore, all transition probability data
need to be critically evaluated according to a- uniforin
set of general criteria.

At the NIST data centre, five main criteria have
be¢n developed [11, 22] and are consistently applied:

(1) A general evaluation of the applied method;"
(2) The authors’ consideration of the ‘critical factors’
in each experimental or theoretical approach;
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TABLE III. RECENT HIGH QUALITY
DETERMINATIONS OF LARGE AMOUNTS OF
ATOMIC SPECTROSCOPY DATA®

Spectrum Authors
(a) Wavelengths and energy levels
A28 Iglesias and Cabeza [38)
Fe 1 Brown et al. [39]
Fe 1I | Johansson and Baschek [40]

(b) Atomic transition probabilities

He through Ne,
all stages of ionization

Results of “Opacity Project”;
latest paper by Luo and
Pradhan [41} (earlier papers
referenced therein)

Ar 1 Wiese et al. [42]
Mol Whaling and Brault [43]
w1 Den Hartog et al. (44]

? This listing is limited to spectra of interest for fusion edge plasmas.

(3) The authors’ uncertainty estimates (these are only
available for experimental data);

(4) The extent of agreement or disagreement with
other reliable data; v

(5) The degree of fit of the data into systematic trends.

Of key importance is the second criterion, i.e. the
‘critical factors’ of each method, which are discussed
below and which need to be adequately taken into
account.in order to be sure that uncertainties are
minimized.

For the three main approaches to determining tran-
sition probabilities or the related atomic lifetimes, the
‘critical factors’ are as follows (see Ref. [22] for more
details and further references):

Emission method

Validity of the plasma model applied for the emission
source. Usually, the local thermodynamic equilibrium
(LTE) model is used and optically thin conditions for
the line emission are assumed. Tests are available to
check the validity of these assumptions. Moderate
deviations from the optically thin condition, i.e. limited
self-absorption, can be accurately corrected.

Accurate plasma diagnostics for the determination of
the particle densities and temperature of the emission
source.

10

A well defined and stable emission source, which is
homogeneous in the line of sight, with temporal and
spatial stability and with small boundary layers.

Accurate absolute line intensity measurements that
include contributions from the extended line wings and
are based on accurate absolute radiometric standards.

Atomic lifetime determinations

Absence of, or corrections for, radiation trapping
and collisional effects. These are usually tested and
treated by variation of the density. Density dependent
results are extrapolated to zero density.

Absence of, or consideration of, cascading effects,
i.e. consideration of possible repopulation of the
measured level from higher levels. Cascading must be
corrected by such approaches as the arbitrarily norma-
lized direct cascades (ANDC) technique, while fittings
to two or three exponential decays are not adequate.

Quantum mechanical calculations

Consideration of configuration interaction due to
correlation between the atomic electrons. Correlation
effects are especially strong for transitions that involve
equivalent electrons in the upper or lower state. In this
case, multiconfigurational treatments, such as the multi-
configurational Hartree-Fock (MCHF) method, are
required to adequately describe the atomic structure.
The quality of the results may be tested by adding
interacting configurations in a stepwise manner and by
checking for gradual convergence of the data. Close
agreement between the results for the length and velocity
forms of the transition integral is also a useful (but not
sufficient) indicator. Single configuration treatments
are adequate only for transitions where the jumping
electron is far removed from the core electrons. In
semi-empirical approaches, the choice of experimental
energy levels accounts partially for multiconfigurational
effects.

Unusually small transition integrals, especially
among comparable transitions, are sometimes an indi-
cation of accidental near-cancellation of positive and
negative contributions to the integral which will make
the results very unreliable. Thus, the ratio of the
positive parts to the negative parts should always be
determined and checked.

Strengths of individual lines are difficult to deter-
mine when intermediate coupling rather than the usual
LS coupling prevails. Comparisons with relative
experimental line strength data, which are normally
quite accurate, are important to assess the coupling
situation.



Relativistic effects become significant for highly
stripped ions as well as for heavy neutral atoms, as
many studies have shown. Therefore, relativistic
treatments, such as the Dirac-Hartree-Fock (DHF)
approach, have to be applied for these species.

Studies of systematic trends of oscillator strengths
for given transitions along isoelectronic sequences
often provide additional insight into regular or irregular
behaviour as well as added possibilities for comparisons.

As an example, we consider the situation with
respect to reliable transition probability data for the
neutral iron atom and the lower ions of iron. Table II
illustrates that the number of known reliable data —
i.e. data estimated to be accurate to 25% or better —
drastically decreases from the neutral atom to Fe IV,
for which no reliable material on ‘allowed’ (electric
dipole) lines exists.

For Fe I, good data are available for about 2000
lines of moderate and high line strengths, mainly in the
near ultraviolet and visible ranges of the spectrum.
Relative transition probability (or oscillator strength) .
data from several emission and absorption experiments,
normalized to the same scale, are usually consistent
within the combined error limits, which are typically
about +25%. Figure | illustrates the satisfactory
agreement between the stabilized arc emission experi-
ment of Bridges and Kornblith [S0] and the electric
furnace absorption work by Blackwell et al. [S1, 52]
(the latter work has provided especially precise data,
with uncertainties within only a few per cent). The
absolute scale for these data — as well as for additional
material from other emission work — has been based
on the mean value of seven atomic lifetime (7) or
oscillator strength determinations [53-59] of the upper
level of the principal resonance line, as shown in
Table IV. The results have yielded an absolute transi-
tion probability with an uncertainty of only +2%
(99% confidence limit), thus producing an excellent
normalization point for the relative data.

For Fe 11, the available experimental transition proba-
bility data are much reduced, because Fe Il ions in
excited states are more difficult to generate than neutral
iron. Most experimental investigations are emission
measurements with a variety of radiation sources
[60-65], including the sun. The principal data source
is the wall stabilized arc experiment by Moity [60],
which has provided about two thirds of the data, but is
estimated to be only moderately accurate, providing
results with uncertainties barely within +50%. For
Fe II, some data in the. NIST tables were also selected
from the large scale semi-empirical calculations by
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FIG. 1. Comparison between the Fe [ emission data of Bridges
and Kornblith [50] (BK) and the absorption data of Blackwell et al.
{51, 52]. Plotted are the differences log gf (BK) — log gf
(Blackwell et al.) versus log gf (Blackwell et al.), where g is the
statistical weight of the lower state of the various Fe I lines which
are compared and f is the oscillator sirength. Open circles are
used for all lines for which the f-values of BK are estimated to be
accurate within +10%, while solid triangles are used for lines with
uncertainties estimated within +25%. Many Blackwell f-value data
are estimated 1o be within +1% on a relative scale.

Kurucz [66]. Kurucz’s method is especially suited to
Fe 11, since he could utilize a new, comprehensive set
of observed energy level data for his semi-empirical
approach. Figure 2 shows the fair agreement between
Kurucz’s results for the stronger lines and the
experimental data that were used in the recent NIST
tabulation [31]. :

For Fe 1II, only two data sources for transition
probabilities are available: the semi-empirical calcu-
lations by Kurucz and Peytremann [67] and similar cal-
culations by Biemont [68]. For the stronger lines, the
two calculations.usually agree within 50%. A limited
assessment of. these data may be undertaken by com-
paring them with some lifetime results of Anderson
et al. [69].-On average, the beam foil lifetimes are
about 14% larger than the relevant inverse transition

11
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TABLE IV. SELECTED LIFETIME OSCILLATOR
STRENGTH DATA FOR THE Fe 1 RESONANCE
LEVEL AND LINE

Lifetime 7 (ns) Oscillator strength
Reference of the of the
z °FY level 3719.93 A line

Wagner and Otten [53] 595 + 1.6 0.0425
Klose [54] 615 + 0.4 0.0413
Hilborn and De Zafra [55] 63.2 + 3.6 0.0400
Brzozowski et al. [56] 60.5 + 1.5 0.0418
Marek et al. [57] 62.4 + 4.2 0.0405
Hannaford and Lowe [58] 61.0 + 1.0 0.0414
Bell and Tubbs [59] 0.041 + 0.003

Average f-value = 0.0412 + 0.000311.

log gf(Kurucz) - log gf(NIST)

5 3 -1 ()} 1
log gf(NIST)

FIG. 2. Plot of log gf (Kurucz) — log gf (NIST) for Fe II lines
versus log gf (NIST), where Kurucz is Ref. [66] and NIST is Ref. [31].

probability sums from the calculations, which must be
considered good agreement; thus, these lines are
included in the critical tables.

For the next two ions, Fe IV and Fe V no reliable
transition probability data are available at all for the .
allowed (electric dipole) lines. Only the data of Kurucz
and Peytremann [67] — which' do.not compare well
with experimental data-for similar spectra — are
available and are estimated to be of moderate to poor
accuracy. (Very recently, new calculated data for
numerous. Fe IV and Fe V lines have been published -
by Fawcett [70]; these data.are based on a-multi-
configuration Hartree-Fock-Slater code. In the absence
of experimental comparison data, it is difficult to
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assess their accuracy, but, in view of a normalization
problem [70], typical accuracies are estimated to be no
better than +50% and worse for weak lines.)

5. SUMMARY AND OUTLOOK

Data evaluation and compilation work at the NIST
data centres is currently concentrated on the following
chemical elements:

Atomic energy levels: Elements of the third period,

nuclear charges Z = 11-18.

Elements of the second and
- third periods.

Wavelengths:

Transition probabilities: Lightest ten elements,
Z = 1-10 (H-Ne).

It is planned to publish the data tables in book form
and on diskettes. Also, a comprehensive numerical
database on spectroscopic data for all elements —
which will include data for the three above listed
quantities plus various ancillary data — will be
constructed and operated. Diskettes containing the
numerical data will be made available with retrieval
software.
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ELECTRON COLLISION PROCESSES
WITH PLASMA EDGE NEUTRALS
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ABSTRACT. Experimental techniques for measuring electron-atom (molecule) collision cross-sections, which are
needed in studies of fusion edge plasmas, are briefly described. A survey of available data is given and gaps in the
required database are pointed out. A few remarks on the present status of the theory for calculating electron collision
cross-sections are made and it is emphasized that a joint experimental and theoretical effort is required for substantial

progress in satisfying the data needs. .

1. INTRODUCTION

In general, the atomic and molecular database needs
for studies of fusion edge plasmas have been discussed
extensively [1-5]. Here we are coricerned with the
status of cross-section data for electron impact excita-
tion of neutral atomic and molecular species. The term
electron impact excitation is used in a broad sense,
including elastic scattering, momentum transfer and
total electron scatte%ing, as well as the large variety of
specific excitation channels. Excitations to the elec-
tronic continua (ionization) are treated by others in this
volume. Inner electron shell and multi-electron excita-
tions do not play an important role in edge plasmas
and are omitted. The species considered here are:
the H, C, O, rare gas (He, Ne, Ar, Kr, Xe) and metal
(Li, Be, Al, Si, Ti, V, Cr, Fe, Ni, Cu, Ga, Zr, Mo,
Ta, W) atoms, and the H,, CO, N,, O,, H,O and
CO, molecules. Electron collision processes involving
hydrocarbon molecules are treated separately by ’
H. Tawara in this volume. '

2. DEFINITION OF CROSS-SECTIONS

The cross-sections of interest to us are the
experimental differential cross-section (DCS,), the
integral cross-section (Q,), the momentum transfer
cross-section (Q™) and the total electron scattering
cross-section (Qrgr) as defined below.

dan(EO’ Q)

DCS,(Ey, 0) = 10

8]

Q.(Ep) = 27 S DCS, (E,,6) sin 6d6 @)
. .

[

QM(Ey) = 27 g DCSy(Eq, 6) (1 ~ cos 6) sin §d8 (3)
0

Qror(Eo) = Qn(Eo) + Y Qu(Eo) @)

where E; is the electron impact energy, & is the
scattering polar angle and { is the solid angle. The
sub-index n specifies the excitation processes and
n = O refers to elastic scattering; ¢ designates the ideal
experimental or theoretical integral cross-section for a
well defined process. The bar above the right hand
side of Eq. (1) indicates integration over the energy
loss profile, averaging over instrumental energy and
angular resolutions and the usual statistical averaging
over experimentally indistinguishable sublevels. The
azimuthal scattering angle dependence disappears
because we are dealing with randomly oriented
target species.

Theoretical calculations yield the complex scattering
amplitude which is related to the differential cross-
sections as

don(EOa Q) — kn

a0 e |fo(Eo, DI o)

where kq and k, are the initial and final momenta of
the free electron. '
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3. METHODS OF MEASUREMENTS

Differential cross-section measurements are carried
out by crossing the target molecular beam (or static
gas cell) with :a :nearly monoenergetic .electron beam,
usually at 90°, and -determiining ithe energy .and angular
distribution of the scattered electrons. These distribu-
tions contain the information on the nature of the
electron collision processes, the energy level scheme of
the target and the corresponding cross-sections. Some-
times, secondary particles generated in the collision are
detected to extract information on a particular process
(or the scattered electrons are detected in coincidence
with secondary particles to obtain more detailed infor-
mation). One customary way to represent the scattering
data is by the energy loss spectra, which is a represen-
tation of the scattering intensity as a function of the
energy lost by the electron. The energy loss values of
features characterize the energy level scheme of the
target, and the scattering intensities are related to the
corresponding DCS,,. An energy loss spectrum is
similar to a photoabsorption spectrum, and, indeed, it
can be shown that at the limit of zero momentum
transfer (high impact energy, small scattering angle)
these two spectra become equivalent. In general,
however, dipole selection rules do not apply to electron
impact excitation. Spin- and symmetry-forbidden tran-
sitions readily occur in electron collision at low impact
energies and high scattering angles. The energy loss
spectra of molecules are complex because of vibrational-
rotational structure and transitions associated with dis-
sociating electronic states. The major difficulties in
extracting DCS, from energy loss spectra are: (1) the
decomposition of the heavily overlapping structure of
molecular energy loss spectra into contributions from
individual processes, and (2) the determination of the
precise scattering geometry and of the target and elec-
tron beam fluxes or, equivalently, the establishment of
a calibration procedure for converting the measured
scattering intensities to absolute DCS,. This is not a
simple task, especially at low impact energies. The
most practical method is to carry out relative scattering
measurements for the test gas and for a standard gas
under identical conditions, and to utilize the known
DCS, for the standard gas to normalize the relative
DCS, of the test gas. The standard gas is usually
helium, for which the elastic cross-sections are well
established. For more details see Refs [6-8].

From the DCS,, one can obtain the integral and, in
the case of elastic scattering, the momentum transfer
cross-sections. Integral cross-sections for excitation
processes can also be obtained from measuring the
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photon emission subsequent to the electron impact
excitation. The line emission (or optical excitation)
cross-sections can be converted, with the appropriate
branching ratios, into apparent excitation cross-sections
which «contain both the direct electron impact excitation
and all cascade contributions. The apparent excitation
cross-sections can be converted to electron impact
excitation cross-sections if cascade can be properly
accounted for. In ionization measurements (including
dissociative ionization and attachment) it is convenient
to monitor the ion yield and to extract cross-sections
from these signals. Although dissociation processes
leading to excited or ionic products have been exten-
sively studied by monitoring photon emission or ion
yields, not much information is availble on dissociation
into neutral ground-state fragments. This is mainly due
to the experimental difficulties of detecting low energy
neutral fragment species. There are very encouraging
developments in this area, however. Dissociations in
fast neutral beams produce fast neutral fragments
which can be conveniently detected by charge particle
detectors [9, 10].

" Total electron collision cross-sections have been
measured with an accuracy of a few per cent by
various types of transmission-attenuation experiments.
They are important for modelling efforts and, in addi-
tion, because of their high accuracy, they can serve as
checks on other cross-sections through Eq. (4).

At very low electron impact energies, beam tech-
niques are difficult. Cross-section information at these
energies has been obtained by swarm techniques,
which can yield total electron scattering and momen-
tum transfer cross-sections with high accuracy (~3%).
Integral inelastic cross-sections can also be deduced
from swarm measurements, but this procedure becomes
ambiguous when more than a very few channels are
open. Unfortunately, this is the case for molecules at a
rather low impact energy. The energy ranges amenable
to beam and swarm techniques overlap, and the two
types of measurement not only yield complementary
information but also serve to cross-check each other.
The relationship between the single collision beam
studies and the multiple collision swarm measurements
is discussed in Ref. [11].

4. REVIEW OF
CROSS-SECTION DATA

A number of comprehensive reviews on electron
collision cross-sections [12-16] and optical excitation
functions (optical excitation cross-sections as a func-
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tion of electron impact energy) [17-19] have been
published in recent years. The International Atomic
Energy Agency and several data centres around the
world are engaged in data compilations and literature
surveys [20]. Here we briefly summarize the status of
electron-atom (molecule) collision cross-section data
relevant to fusion edge plasmas.

4.1. Atomic species

An indication on the status of atomic data is given
in Table I.

For H and the rare gas atoms (He, Ne, Ar, Kr and
Xe), extensive sets of differential and integral cross-
sections are available for elastic scattering and for
excitation of the lower electronic states. Accurate
momentum transfer and total electron scattering cross-
sections are also available, for impact energies from a
few tenths of an electronvolt to a few thousand electron-
volts. Surveys on these subjects appeared in Refs [13,
17, 21-23]. Several recent measurements have been
reported for H [24-27] and for the rare gases: He [31,
33, 38, 39, 42, 46], Ne [30, 31, 32, 34, 35, 36, 38,
421, Ar 28, 31, 32, 33, 37, 38, 39, 42, 44, 45], Kr
{29, 32, 33, 40, 42, 44); Xe [32, 33, 38, 41, 42, 43,
44]. In the case of H, the coverage for elastic scattering
cross-sections can be considered adequate, but inelastic
differential cross-sections are available only for the
1s —2s and 2p excitations, and integral cross-sections
are available only for the excitation of the n = 2 and 3
manifolds. In the case of rare gases, the situation is
quite satisfactory for modelling purposes and is
definitely the best as far as atomic (and molecular)
species are concerned.

Extensive measurements have been reported for
atomic oxygen [47-51], and this subject was recently
reviewed [52]. Measurements have been initiated for
atomic carbon and nitrogen [53].

Experimental data for metal atoms are scarce. Most
of the information is available in the form of optical
excitation functions, and this subject was recently
reviewed [18]. For Li, total electron scattering cross-
sections [54], elastic scattering, momentum transfer
and excitation cross-sections [55-57] have been
reported. For Cu, elastic scattering and excitation
cross-sections have been measured at a few impact
energies [58-60]. For other metals listed in Table I, no
cross-sections other than the optical excitation functions
for Be, Al, Ti, Cr, Fe and Mo have been measured
[18]. The absence of data for metal atoms is partly due
to problems associated with the normalization of the
measurements to.the absolute scale and partly due to

TABLE I. SUMMARY OF EXPERIMENTAL
ATOMIC EXCITATION CROSS-SECTION DATA

Species Elastic Excitation QM Qror | Opt.
H h h h h h
He h h h h h
Ne, Ar, Kr, Xe h m h h m
(0] m m — — ¢
C — _ — - —
Li m m m h m
Cu m ¢ m -

Be, Al, Ti '

Cr, Fe, Mo } - B N N !
Si, V, Ni, Ga,

Zr, Ta, W } o - N N -

h, m and ¢ refer to high, medium and low degree of data availability.
Opt. designates optical excitation functions.

experimental difficulties. For permanent gases, practical -
and reliable procedures have been established for
normalizing the measured relative scattering intensities
to He elastic scattering cross-sections, which are
accurately known and can be used as secondary stan-
dards (see, for example, Ref. [8]). These procedures
have not yet been successfully applied to metal atoms.

Up to heve, we have discussed electron collisions
with ground-state atoms. It may also be necessary,
however, to consider electron collisions with excited
atoms, especially with metastable rare gases. In this
case, stepwise excitation and de-excitation (superelastic
scattering) cross-sections are needed. The information
in this area is quite limited. Optical excitation func-
tions for metastable He [61-63], Ne [61] and Ar [64]
have been reported. Total electron scattering cross-
sections are available for metastable He [65] and for
Ar [66]. Some DCS, measurements have been reported
for excitation of metastable He [67]. Superelastic
(quenching) cross-sections can also be generated from
the available inelastic data using the principle of
detailed balance [68, 69].

4.2. Molecular species

Here, we briefly summarize elastic, momentum
transfer, rotational, vibrational and electronic excitation
(including dissociation and dissociative attachment) and
total electron scattering cross-sections available for H,,
CO, N,, O,, H,0 and CO,. (Electron collision processes
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TABLE II. SUMMARY OF EXPERIMENTAL MOLECULAR EXCITATION

CROSS-SECTION DATA

Excitation

Species Elastic Rot. Vibr.

ELD. | ELC. Q* | Quor | Opt.

h

(m) h
(m) h
- m
(m) m
(m) h

o o o o o -

| o I o~ 3
o o o =T T T
= - = 20— = =
3 8 8 8 B B

h, m and ¢ refer to high, medium and low degree of data availability. El.D. and El.C. refer to electronic
discrete and electronic continuum state excitations, respectively. Opt. refers to optical excitation functions.
Parentheses indicate data obtained by indirect deduction.

involving hydrocarbon molecules are discussed in
another article in this volume.) Table II gives a
summary for these molecules. Comprehensive
reviews can be found in Refs {11, 13-16, 70-76].

Elastic scattering cross-sections have been measured
for all molecular species of interest to us, over a wide
range of impact energies. It should be noted, however,
that the rotational excitation is not separated from
elastic scattering in most of the works and, in this
case, elastic scattering cross-sections represent the
sum from these two processes. Recent results (not
covered by the quoted reviews) have been published
for CO, [77] and for H,O [78]. The integral elastic
cross-sections are typically in the range 107'¢ to
10-"* cm? for impact energies below 50 eV.

Rotational excitation can be resolved with the avail-
able techniques, only for H,. Unresolved rotational
structures were unfolded for N,, CO, H,O and CO,
[79]. At very low impact energies, integral rotational
excitation cross-sections have been obtained from
swarm measurements. For homonuclear diatomic
molecules, direct excitation is due to the polarizability
or the electric quadrupole moment of the molecule,
and the AJ = +2 (+4 ...) selection rule applies.
Typical cross-sections are about 107'® cm?. For mole-
cules with a permanent dipole, the AJ = +1 processes
dominate over most other processes. For highly polar
molecules, cross-sections as large as 10~'* cm? occur.

At low electron energies, resonance processes can
greatly increase the rotational excitation cross-sections
(to an order of magnitude of 107' cm?).
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Vibrational excitation is effectively achieved by
low energy electrons, especially through resonance
processes. Direct excitation cross-sections are typi-
cally 107'® cm?, but resonance may enhance them to
107'® cm?. Cross-sections have been measured for all
the molecules of interest to us, but gaps in the energy
range persist and the coverage for O, is rather limited.
Cross-sections for N, [80] and H,O [81] have been
reported very recently.

Electronic state excitation cross-sections for discrete
states have been reported for the diatomic molecules,
but only for a few states and over limited energy
ranges. In most cases the low energy cross-sections
are scarce. N, has been the most extensively studied.
Measurements on O, have been reported very recently
[82]. Practically no data exist for H,O and CO,.
Efforts are now under way to extend the measurements
to low energies, but progress is slow because of the
difficulties encountered in handling low energy elec-
trons, the breakdown of the Franck-Condon principle,
and resonance processes. Optical measurements yield
the optical excitation functions, but they face similar
experimental problems as electron scattering measure-
ments, and transformation of the data to integral
electron impact excitation cross-sections requires the
knowledge of branching ratios and correction for cas-
cade effects. Excitation to continuum states leads to
dissociation (neutral or charged fragments). When the
dissociation products are charged or excited, they can
be conveniently detected and integral cross-sections can
be directly measured. Most of the experimental data
fall in this category. For a review on optical measure-
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ments see Refs [17] and [19]. An estimation of cross-
sections for the production of excited hydrogen atoms
following dissociative excitation of molecular hydrogen
by electron impact was made very recently by Fujimoto
et al. [83]. Measurements on dissociation to neutral
fragments are difficult. A technique based on the
measurement of pressure changes was applied to N,
[84]. Recent approaches utilizing fast molecular beam
techniques [9, 10] seem very promising and are being
applied to N;, O;, CO and CO,. Only fragmentary
information is available for the kinetic energy distribu-
tion of dissociation fragments despite of its importance
in modelling efforts. Resonances do not play a major
role in electronic state excitations, except at threshold
in certain cases. They act only over a small impact
energy range, and even over these energy ranges their
effect can be neglected for modelling works. The
largest cross-sections for electronic state excitations
are associated with dipole allowed transitions at inter-
mediate impact energies (of the order of 1076 cm?).

Momentum transfer cross-sections are available for
all molecular species, with good accuracy over a very
wide range of impact energies, from combined swarm
and beam data and various consistency checks. A com-
prehensive summary is given in Ref. [13]. The value
of the momentum transfer cross-section ranges from
10-"* cm? (H,0) to 107’ cm? (Ne) at low electron
energies.

Total electron scattering cross-sections are also
available, with high accuracy over a wide energy range
for all molecular species [13]. These are the most
reliable cross-sections and can serve for consistency
checks on integral cross-sections. Very recent results
for H, are reported in Ref. [85].

Dissociative attachment plays an important role
at low electron energies. Since this is a resonance
process, the cross-sections peak sharply at the cor-
responding resonance energies. Dissociative attachment
cross-sections depend very strongly on the vibrational
state of the molecule. For H,, for example, it was
found that the dissociative attachment cross-section
from the v = 4 vibrationally excited state is by a
factor of 10* larger than that from the v = 0 ground
vibrational state {76].

Polar dissociation leads to negative and positive ion
pairs and plays an important role at energies higher
than those associated with dissociative attachment [86].

The importance of electron collisions with excited
molecules may need to be considered under certain

conditions. As mentioned above, vibrational excitation
has a drastic effect on dissociation type processes.
Molecular species in metastable electronic states may
have large cross-sections for excitation, ionization and
quenching. Unfortunately, no information on cross-
sections exists in this area, with the exception of some
differential excitation and dissociative attachment cross-
sections for O, (a'A) [87].

5. SUMMARY AND CONCLUSIONS

The renaissance of low energy electron collision
physics, which commenced in the 1960s, produced
tremendous progress and a large body of information
in this field. This was due partly to advances in tech-
niques and instrumentation and partly to the need for
electron collision data for various applications (lasers,
plasma devices, planetary ionospheres, etc.). Despite
all this progress, only a small fraction of the very
large variety of cross-sections needed in realistic
modelling of a practical system is available today.
Furthermore, one cannot expect, even with the
wildest imagination, that the situation could be sig-
nificantly changed by laboratory activities alone.

The data requirement is simply overwhelming, and
the measurements are difficult, time consuming,
expensive and in some cases simply not feasible.

A great deal of progress has been made in recent
years in the theoretical arena also. Theoretical models
and approximations developed to such a stage that
reliable cross-sections can be calculated for a number of
processes over a significant range of impact energies
and scattering angles. In the case of atomic species,
the situation is actually quite good. Integral elastic and
excitation cross-sections and, to some extent, even
differential cross-sections can be quite reliably calcu-
lated for the purpose of edge plasma modelling. At
intermediate and high impact energies (defined as
impact energies ranging from the ionization potential
to about 20 times the ionization potential and above),
distorted wave (and first-order many-body) approaches
can now be applied to any atom (in any ionization
state) using supercomputers. At low impact energies
(from threshold to the first ionization potential), these
approaches are not reliable, but various close coupling
schemes are practical and can yield reliable cross-
sections. At these low energies, resonance processes
play an important role and can have a significant effect
on the cross-sections. When many inelastic cliannels
are open, problems arise as to how to account for
them in the calculation. Further refinements using
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coupled channe!l approaches augmented by optical
potential are in progress. From the theoretical side, the
situation is not as good in the case of molecules as in
the case of atoms. The complexity of the calculations
“is greatly increased by the nuclear motion and the non-
spherical nature of the interaction potentials. There are
unresolved discrepancies between theory and experi-
ment, even for as simple a molecule as H, [74, 88].
For recent reviews on the status of theory see Refs
[15, 72, 89-93].

A critical evaluation of the available data would
be rather difficult and is far beyond the limits of this
article. A few general remarks are made here, and a
specific example is given in Fig. 1.

Electron impact excitation cross-sections are derived
either from differential scattering measurements ‘(which
yield DCS, and, by integration, integral cross-sections)
or from measurements of integrated photon or fragment
yields (which directly give optical excitation or dis-
sociation cross-sections). DCS, obtained at intermediate
and high impact energies are in general accurate to
about 15-20% for strong processes and to about a
factor of two for weak processes. At low impact ener-
gies (within a few electronvolts of threshold energies),
quantitative measurements are more difficult and the
accuracy of DCS, data is typically in the range of
30% to a factor of two. Extrapolation of DCS, to
experimentally inaccessible angles and integration
usually produce negligible contributions to the integral
cross-section errors. However, if the cross-section
changes rapidly with angle in the near zero region
and/or the 180° region and if theoretical guides are not
available, one may encounter significant extrapolation
errors. Optical excitation cross-section measurements
face, in general, the same type of problems as electron
scattering measurements and are uncertain to similar
degrees. Conversion of these cross-sections to electron
impact excitation cross-sections can be seriously
affected by cascade, branching ratios and radiation
trapping, and by the extension of calibration, achieved
typically at high impact energies, to the low impact
energy region. Measurements of dissociation cross-
sections.leading to charged particle fragments can be
made to somewhat higher accuracy than measurements
of electron impact excitation cross-sections, but
measurements concerning dissociation to neutral frag-
ments are more difficult and have larger errors
associated with them.

Figure 1 shows electron impact excitation cross-
sections for the (X'E;” — B'L,") excitation in H;
obtained by various researchers. Both experimental
and theoretical results are included for the sake of
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FIG. 1. Integral cross-sections for electron impact excitation

of the B'L} state in H,.

Experimental results: & [94], & [95], ® [96], —-~- [97].
Theoretical results: + [98], D [98], & [99], m [99], o [98],
x [100], - a - [100], - - - [101]. (When more than one symbol
is associated with the same reference, they correspond to different
theoretical approximations. For details see Ref. [94].)

completeness. The four sets of experimental data (two
from electron scattering [94, 95] and two from optical
[96, 97] measurements) form the lower aggregation of
points and show a scatter of about +25%. The upper

group of points and curves are from theoretical calculations.

It seems to be a natural conclusion that significant
progress can be expected only from a joint experi-
mental/theoretical effort. Supercomputers can generate
the large amount of data required, but the calculation
schemes have to be checked against experiments. The
key role of the experiments, therefore, should be the
generation of benchmark data.

ACKNOWLEDGEMENTS

The author is grateful to H. Tawara for making
unpublished results available to him.

This work was supported by the National Aero-
nautical and Space Administration, by the United
States Department of Energy and by the National
Science Foundation. :



(]
2]

{3

[4]

[51

(6]

{7]

(8]

(91

(101

(11}

(12]

(131

[14]

[13]

{16}

117

(18]

(19]

ELECTRON COLLISION PROCESSES WITH PLASMA EDGE NEUTRALS

REFERENCES

TAWARA, H., PHANEUF, R.A., Comments At. Mol.
Phys. 21 (1988) 177. '
SUMMERS, H.P., Comments At. Mol. Phys. 21 (1988)
277. o

TAWARA, H. (Ed.}, Atomic and Molecular Processes in
Edge Plasmas including Hydrocarbon Molecules, Rep. IPPI-
AM-59, Institute of Plasma Physics, Nagoya University,
Nagoya (1988). '

DRAWIN, H.W., The Application of Atomic and Molecular
Physics in Fusion Plasma Diagnostics, Rep. IPPJ-AM-61,
Institute of Plasma Physics, Nagoya University, Nagoya
(1988). )

JANEV, R.K., HARRISON, M.F.A., DRAWIN, HW.,
Nucl. Fusion 29 (1989) 109.

TRAJMAR, S., REGISTER, D.F., in Electron Molecule
Collisions (TAKAYANAGI, K., SHIMAMURA, 1., Eds),
Plenum Press, New York (1984) 427.

EHRHARDT, H., JUNG, K., KNOTH, G., RADLE, M.,
in Atomic and Molecular Physics (RAI, K., TRIPATHI,
D.N., Eds), World Scientific, Singapore (1987) 63.
NICKEL, J.C., ZETNER, P.W., SHEN, G., TRAJMAR, §S.,
J. Phys., E. 22 (1189) 730.

COSBY, P.C., HELM, H., in 41st Annual Gaseous
Electronic Conference, Programme and Abstracts, Univ.

of Minnesota, Minneapolis (1988) 158.

COSBY, P.C., in 26th Iat. Conf. on Physics of Electronic
and Atomic Collisions, Abstracts of contributed papers,
DATASSIST, New York (1989) 348.

PICHFORD, L.C., McKOY, B.V., CHUTJIAN, A.,
TRAJMAR, S. (Eds), Swarm Studies and Inelastic
Electron~Molecule Collisions, Springer-Verlag, New York
(1987).

BRANDSEN, B.H., Mc DOWELL, M.R.C., Phys. Rep. 46
(1978) 249.

HAYASHI, M., Recommended Values of Transport Cross
Sections for Elastic Collisions and Total Collision Cross
Section for Electron in Atomic and Molecular Gases,

Rep. IPPJ-AM-19, Institute of Plasma Physics, Nagoya
University, Nagoya (1981).

TRAJMAR, S., REGISTER, D.F., CHUTIJIAN, A., Phys.
Rep. 97 (1983) 219.

CHRISTOPHOROQU, L.G. (Ed.), Electron Molecule
Interactions and their Applications, Vols 1 and 2,
Academic Press, Orlando, FL (1984).

SHIMAMURA, 1., Cross Sections for Collisions of Elec-
trons with Atoms and Molecules, Vol. 82, Scientific Papers
of the Institute of Physical and Chemical Research, Tokyo
(1989) 1.

Mc CONKEY, J.W., in Electronic and Ionic Collision
Cross Sections Needed in Modeling of Radiation Interaction
with Matter (Proc. Workshop Argonne, IL, 1983), Rep.
ANL-84-28, Argonne National Laboratory, Argonne, IL
(1983) 129.

HEDDLE, D.W.O., GALLAGHER, J.W., Rev. Mod.
Phys. 61 (1989) 221.

VAN DER BURGT, P.J.M., WESTERWELD, W .B.,
RISLEY, J.S., J. Phys. Chem. Ref. Data 18 (1989)

1757.

[20]

[21]
(22}
[23]

[24]
PR)

[26]

[27]
(28]

[29]

{30]
$31]
32]

(33]

[34]

£353
[36]
[37]
[38]
391
[40]
{41
[42]
[43]
[44]
(451

[46]

(471

JANEV, R.K., Report on the Activities of the IAEA Atomic
and Molecular Data Unit and the International Atomic Data
Centre Network for the Period Nov, 1988 — Nov. 1989,
Rep. IAEA-NDS-AM18, JAEA, Vienna (1989).
FABRICANT, I.I., SPHENIC, O.B., SNEGURSKY, A.V.,
ZAVILOPULO, A.N., Phys. Rep. 159 (1988) 1.
ANDERSEN, N., GALLAGHER, J.W., HERTEL, L.V.,
Phys. Rep. 165 (1988) 1.

KING, G., TRAJMAR, S., Mc CONKEY, J.W_,
Comments At. Mol. Phys. 23 (1989) 229.

WILLAMS, J.F., J. Phys., B 14 (1981) 1197.

LOWER, J., Mc CARTHY, LE., WEIGOLD, E., I. Phys.,
B 20 (1987) 4571.

DOERING, ].P., VAUGHAN, S.0., J. Geophys. Res. 91
(1986) 3279.

SHYN, T.W., CHO, S.Y., Phys. Rev., A 40 (1989) 1315.
CHUTIJIAN, A., CARTWRIGHT, D.C., Phys. Rev., A 23
(1981) 2178.

TRAJMAR, S., SRIVASTAVA, S.K., TANAKA, H.,
NISHIMURA, H., CARTWRIGHT, D.C., Phys. Rev.,

A 23 (1981) 2167.

BREWER, D.F., NEWELL, W.R., HARPER, S.F.W.,
SMITH, A.C.H., J. Phys., B 14 (1981) L749.
KAUPPILA, W.E., STEIN, T.S., SMART, I.LH, et al.,
Phys. Rev., A 24 (1981) 725.

BUCKMAN, S.J., HAMMOD, P., KINGS, G.C.,

READ, F.H., I. Phys., B 16 (1983) 4219.

WAGENAAR, R., Small Angle Elastic Scattering by Noble
Gas Atoms, PhD Thesis, FOM-Instituut voor Atoom-en
Molecuulfysica, Amsterdam (1984).

CHARLTON, M., LARICCHIA, G., GRIFFITH, T.C.,
WRIGHT, G.L., HEYLAND, G.R., J. Phys., B 17 (1984)
4945.

REGISTER, D.F., TRAIMAR, S., Phys. Rev., A 29
(1984) 1785.

REGISTER, D.F., TRAIMAR, S., STEFFENSEN, G,
CARTWRIGHT, D.C., Phys. Rev., A 29 (1984) 1793.
FRECH, J., GRANITZA, B., MACHE, C., RAITH, N.,
J. Phys., B 18 (1985) 967.

NICKEL, J.C., IMRE, K., REGISTER, D., TRAIMAR, S.,
J. Phys., B 18 (1985) 125.

BUCKMAN, S.J., LOHMANN, B_, I. Phys., B 19 (1986)
2547. .

MITYUREVA, A.A., PENKIN, N.P., SMIRNOV, V.V_,
Opt. Spektrosk. 60 (1986) 144.

REGISTER, D.F., VUSKOVIC, L., TRAJMAR, S.,

J. Phys., B 19 (1986) 1685.

MASON, N.J., NEWELL, W.R_, J. Phys., B 20 (1987)
1357.

FILIPOVIC, D., MARINKOVIC, B., PEICEV, V_,
VUSKOVIC, L., Phys. Rev., A 37 (1988) 356.
WEYHRETER, M.B., BARZIK, M.B., MANN, A.,
LINDER, F., Z. Phys., D 1 (1988) 333.

FURST, J.E., GOLDEN, D.E., MAHGEREFTECH, M.,
ZHOU, J., MUELLER, D., Phys. Rev., A 40 (1989) 5592.
CARTWRIGHT, D.C., CSANAK, G., TRAIMAR, §S.,
REGISTER, D.F., Electron-impact excitation of n'P states
of helium: Theory and experiment, to be published in Phys.
Rev., A.

SHYN, T.W., SHARP, W.E., J. Geophys. Res. 91 (1986) 1691.

21



TRAJMAR

(48]
[49]
[50]
[51]

(52]

[53]
(54]
[55]
(56]
[57]
[58]

(591

[60]

[61]

[62]

163]

[64]

[65]

[66]

[67]

[68]

[69]

22

SHYN, T.W., CHO, S.Y., SHARP, W.E., J. Geophys.
Res. 91 (1986) 13751.

GERMANY, G.A., ANDERSON, R.J., SALAMO, G.I.,
J. Chem. Phys. 89 (1988) 1999.

DOERING, J.P., GULCICEK, E.E.. J. Geophys.. Res. 94
(1989) 1541 and 2733.

WILLIAMS, I.F., ALLEN, L.J., J. Phys.,
3529.

ITIKAWA, Y., ICHIMURA, A., Cross Sections for
Collisions of Electrons and Photons with Atomic Oxygen,
Rep. ISAS RN 406, Institute of Space and Astronautical
Science, Tokyo (1989).

DOERING, J.P., DAGDIGIAN, P.J., Chem. Phys. Lett.
154 (1989) 234.

JADUSZLIWER, B.T.A., BEDERSON, B., MILLER, T.M.,
Phys. Rev., A 24 (1981) 1249. .

WILLIAMS, W., TRAIMAR, S., BOZINIS, D.. J. Phys.,
B 9 (1976) 1529.

SHUTTLEWORTH, T., BURGESS, D.E., HENDER, M. A |
SMITH, A.C.H., I. Phys., B 12 (1979) 3967.

VUSKOVIC, L., TRAIMAR, S., REGISTER, D.F.,

1. Phys., B 15 (1982) 2517.

TRAIJMAR, S., WILLIAMS, W., SRIVASTAVA, S K,

J. Phys., B 10 (1977) 3323.

WINTER, N.W., HAZI, A.V., Review of Electron Impact
Excitation Cross Sections for Copper Atom, Rep. UCID-

B 22 (1989)

19314, Lawrence Livermore Laboratory, Berkeley, CA (1982).

SCHEIBER, K.F., HAZI, A.V., HENRY, R.J.W., Electron
Impact Excitation Cross Sections for Transitions in Atomic
Copper, Rep. UCRL-95991, Lawrence Livermore National
Laboratory, Livermore, CA (1987). :
MITYUREVA, A.A., PENKIN, N.P., Opt. Spectrosc. 38
(1975) 229.

GOSTEV, V.A., ELAKHOVSKI], D.V., ZAITSEV, V.V,
LUIZOVA, L.A., KHAKAEV, A.D., Opt. Spectrosc. 48
(1980) 251.

RALL, D.L.A., SHARPTON, F.A., SCHULMAN, M.B.,
ANDERSON, L.W., LAWLER, J.E., LIN, C.C., Phys.
Rev. Lett. 62 (1989) 2253.

MITYUREVA, A A., PENKIN, N.P., SMIRNOV, V.V,
Opt. Spectrosc. 66 (1989) 140.

WILSON, W.G., WILLIAMS, W.L., J. Phys., B 9 (1976)
423;

NEYNABER, R.H., TRUJILLO, S.M., MARINO, L.L.,
ROTHL, E.W., in Physics of Electronic and Atomic Colli-
sions (Proc. 3rd Int. Conf. London, 1963), University
College London (1963) 1089.

CELOTTA, R., BROWN, H., MOLOF, R.,

BEDERSON, B., Phys. Rev., A 3 (1971) 1622; ZUO, M.,
JIANG, T.Y., VUSKOVIC, L., BEDERSON, B., Phys.
Rev., A 41 (1990) 2489.

MULLER FIEDLER, R., SCHLEMMER, P., JUNG K.,
HOTOP, H., EHRHARDT, H., . Phys., B 17 (1984) 259.
BLAGOEV, A.B., IVANOV, 1., MISHONOV, T,
POPOV, T.K., J. Phys., B 17 (1984) L647.

TRAIMAR, S., **Estimate of quenching cross sections of
metastable Ar and Kr atoms by electron impact’’, in Inertial
Confinement Fusion in Los Alamos, Progress since 1985,
Rep. LA-UR-89-2675, Los Alamos National Laboratory,
Los Alamos, NM (1989).

{701

7

[72]

(73]

{741

[75]

[76]

77

(78]
791

[80]

(81]

[82]

(831

[84]

(85]

[86]

[87)

(88}

(891
[90]

[91]
[92]

[93]

[94]

[95]

(961

[97]

ITIKAWA, Y., Phys. Rep. 46 (1978) 117.

GALLAGHER, J.W., BEATY, E.C., DUTTON, J.,
PITCHFORD, L.C., J. Phys. Chem. Ref. Data 12 (1983)
109.

SHIMAMURA, 1., TAKAYANAG]I, K. (Eds), Electron-
Molecule Collision, Plenum Press, New York (1984).
ITIKAWA, Y., HAYASHI, M., ICHIMURA, A, et al.,

J. Phys. Chem. Ref. Data 15 (1986) 985.

Mc CONKEY, J.W., TRAIMAR, S., KING, G.C.M.,
Comments At. Mol. Phys. 22 (1988) 17.

ITIKAWA, Y., ICHIMURA, A., ONDA,. K., et al.,

J. Phys. Chem. Ref. Data 18 (1989) 23.

TAWARA, H., ITIKAWA, Y., NISHIMURA, H.,
YOSHINO, M., J. Phys. Chem. Ref. Data 19 (1990) 617.
KANIK, I., Mc COLLUM, D.C., NICKEL, 1.C.,

J. Phys., B 22 (1989) 1225.

SHYN, T.W., CHO, S.Y., Phys. Rev., A 36 (1987) 5138.
JUNG, K., ANTONI, T., MULLER, R., KOCHEM, K.H.,
EHRHARDT, H., J. Phys., B 15 (1982) 3535.

BRUNGER, M.I., TEUBNER, P.J.0., WEIGOLD, A.M.,
BUCKMAN, S.I., J. Phys., B 22 (1989) 1443.

SHYN, T.W., CHO, S.Y., CRAVANS, T.E., Phys. Rev.,
A 38 (1988) 678.

TEILLET-BILLY, D., MALEGAT, L., GAUYACQ, ].P.,
ABOUAF, E.R., BENOIT, C., J. Phys., B 22 (1989) 1095.
FUJIIMOTO, T., SAWADA, K., TAKAHOTA, K., Res.
Rep. NIFS-DATA-4, National Institute for Fusion Science,
Nagoya (1990).

WINTERS, H.F., J. Chem. Phys. 44 (1966) 1472.
SUBRAMANIAN, K.P., KUMAR, V., I. Phys., B 22
(1989) 2387. )

SRIVASTAVA, S.K., ORIENT, O.]., in Production and
Neutralization of Negative Ions and Beams (Proc. 3rd Int.
Symp. Brookhaven, NY, 1983), American Institute of
Physics (1983) 56.

HALL, R.I., TRAIMAR, S., J. Phys., B 8 (1975) 1.293;
KHAKOO, M.A., NEWELL, W.R., SMITH, A.C.H.,

J. Phys.. B 16 (1983) L317; BELIC, D.S., HALL, R.1.,

J. Phys., B-14 (1981) 365.

MORRISON, M.A., CROMPTON, R.W., SAHA, B.C.,
PETROVIC, Z.L., Aust. J. Phys. 40 (1987) 239.

LANE, N., Rev. Mod. Phys. 52 (1980) 29.

GIANTURCO, F.A_, JAIN, A., Phys. Rep. 143 (1986)
347.

MORRISON, M.A., Adv. At. Mol. Phys. 24 (1988) 51.
COLLINS, L.A., SCHNEIDER, B.1., in Electronic and
Atomic Collisions (GIBODY, H.B., NEWELL, W.R_,
READ, F.H., SMITH, A.C.H., Eds), North-Holland,
Amsterdam (1988) 57.

JOACHAIN, C.]., in The Physics of Electronic and Atomic
Collisions (Proc. 16th Int. Conf. New York, NY, 1989),
American Institute of Physics (1990) 68.
KHAKOO, M.A., TRAIMAR, S., Phys. Rev
146.

SRIVASTAVA, S.K., JENSEN, S., J. Phys.,
3341.

SHEMANSKY, D.E., AJELLO, J.M., HALL, D.T.,
Astrophys. J. 296 (1985) 765.

MALCOLM, 1.C., DASSEN H.W., Mc CONKEY LW,
J. Phys., B 12 (1979) 1003.

., A 34 (1986)

B 10 (1977)



ELECTRON COLLISION PROCESSES WITH PLASMA EDGE NEUTRALS

(98] CHUNG, S., LIN, C.C., Phys. Rev., A 17 (1978) 1874. (100] FLIFLET, A.W., Mc KOY, V., Phys. Rev., A 21 (1980)
[99] ARRIGHINI, G.P., BIONDI, F., GUIDOTTI, C., 1963.
BIAGI, A., MARINELLIK F., Chem. Phys. 52 (1980) 133. [101] HAZI, A.N., Phys. Rev., A 23 (1981) 2232.

23






ELECTRON-ION COLLISIONS IN THE PLASMA EDGE

G.H. DUNN*

Joint Institute for Laboratory Astrophysics,

University of Colorado,
and

‘National Institute of Standards and Technology,

Boulder, Colorado,
United States of America

ABSTRACT. The electron-ion collisional database required for modelling and diagnostics of the fusion plasma
edge is briefly examined from the points of view of (1) experimental and theoretical means for obtaining the data,
(2) relevant physical processes, (3) limitations on the data, and (4) availability and quality of the data for relevant
species. Both molecular and atomic ions are considered.

1. INTRODUCTION

As discussed in some detail in other papers in this
volume, the edge plasma plays an important role in the
heating and stability of fusion plasmas. The plasma
near the walls of the device is typically characterized
by low temperatures, in the range of T = 2-200 eV,
and particle densities in the range of 1010 cm>.
As is characteristic of the low temperatures and the
proximity to the vessel walls, the particle constituents
are atoms, molecules and ions of hydrogen, helium,
carbon and oxygen, and a host of metal and other con-
stituent impurities of low fractional content coming from
walls, limiters and divertors. Ions are in relatively low
charge states of less than about 10.

Given charge neutrality and comparable electron and
ion temperatures, electron collisions dominate over col-
lisions between heavy particles such as atoms or ions,
since the electron collision frequencies are greater than
those between heavy particles by the ratio of velocities,
~(1836 x A)'2. Only highly resonant particle colli-
sions, such as resonant charge transfer, will have cross-
sections large enough to offset the velocity factor and
to give a rate comparable to that for electron collisions.
The purpose of this paper is to examine the database for
electron impact with the ion species found in the edge
plasma. We describe briefly how the data are obtained,
their accuracies and primary limitations. Actual cross-
sections and rates are not presented in the limited space
available here, but references are given to compendia,
compilations, bibliographies or the original literature,
as appropriate.

* Staff member, Quantum Physics Division, National Institute
of Standards and Technology, Boulder, CO, USA.

2. METHODS
AND THEIR UNCERTAINTIES

It must be borne in mind that because of the vast
quantities of data needed for complete modelling, most
data may eventually come from theory, and that a
primary — though not the sole — function of experi-
ments will be to test the theory. However, experiment
has led the way in directing theory towards recognizing
important processes and, for molecular ions (particularly
polyatomic ions), experiment remains the main source
of data, since the theory cannot yet be relied upon to
give the needed data. Descriptions of the experimental
and theoretical methods, together with broad literature
citations, can be found in Refs [1-3].

2.1. Experimental

Three main approaches have been employed to
obtain experimental data on electron-ion collisions.
One approach uses colliding beams of electrons and
ions and appropriate detection of products; another one
uses plasmas with the necessary detailed diagnostics and
modelling; and the third is a sort of hybrid of these two
approaches. The first is most valuable for testing detailed
atomic theoretical methods used for calculating the data,
and the second is valuable for obtaining data on some
species not typically accessible with beams and under
conditions characteristic of the fusion environment. The
third method employs the electron-beam ion trap (EBIT)
or the electron-beam ion source (EBIS) and has recently
gained prominence.

In colliding beam experiments, where one is studying
the process e + A%* — products, a beam of electrons is
collided with a beam of ions and the resultant products
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are detected. It is necessary to quantitatively measure
the strengths of the two beams and the extent of their
geometric overlap, and to quantitatively measure the
product formation rate. Actually, this class of experi-
ments between charged collision partners often yields
the most quantitatively accurate measurements of cross-
sections, because the necessary measurables are more
accurately obtained than in many other types of cross-
section experiments, for example those involving neutral
targets. The limitations on electron-ion experiments
arise because the target densities are generally low,
leading to very low product or signal rates which must
be measured in the presence of large backgrounds typi-
cally caused by either beam or by both beams. ‘False
signals’ may arise, caused by interactions (e.g. space
charge) of one beam with the other, and these are not
always recognized nor eliminated. Two standard devia-
tion cross-section total accuracies are often quoted at
the 10% level using these methods. In addition to

Refs [1-3] noted above, Ref. [4] is excellent, and new
beam techniques can be found in Refs [5, 6].

Plasma rate measurements are based primarily on
the ability to follow the time evolution of the various
species in a plasma — usually spectroscopically — and
to measure the temperature. Using a coronal model, a
representation of the system involves a set of linear
differential equations containing the rate coefficients
and the densities. Key rate coefficients are entered
from theory or from other measurements, and the
remainder is solved for. A serious problem in the
method derives from the fact that excited states are
often involved, and assumptions must be made about
effective rates and densities. Experimental uncertainties
as low as 20-40% are sometimes quoted. More discus-
sion of the method can be found in Refs [1, 2] and in
references cited therein. \

The beam-trapped-ion method (EBIT and EBIS) is
relatively new, except in the study of ionization. An ion
population is established by electron bombardment and
the ions are trapped by a combination of longitudinal
magnetic field, space charge and applied potentials. In
recent applications, the electron energy is changed from
that creating the equilibrium population, and a change
either in emitted X-rays or in sampled ions is detected.
Target densities and target-beam overlaps are not
measured, nor are various collection and detection effi-
ciencies, so it is typical to relate the observations to
another cross-section which is ‘known’ either from
theory or from another experiment to obtain numerical
cross-section values. Measurements can be made on very
highly charged states. Populations of ions with noble-
gas-like structures dominate; hence such ions are the
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easiest to work with, so that essentially all the measure-
ments so far have been made for them. The electron
energy resolution is about 50 eV. It is difficult to assess
the accuracies of these measurements because of the
normalization to other theoretical and experimental
data. However, it appears that accuracies of 20-40%,
or even better, may not be too optimistic. A good
review of this technique with full references has
recently been written by Stockli [7].

2.2. Theoretical

A number of approaches of varying accuracies have
been used to obtain theoretical data on electron-ion col-
lisions, ranging from semi-empirical estimator formulas
to large high speed computer programs that include many
coupled-channel effects. As with the experimental
methods, we can only discuss these in some generality
and try to indicate roughly what one may expect in
accuracy from the different approaches.

The estimator formulas which seem to be most
familiar and which find the widest usage are the Gaunt
factor formula for excitation [8], the Lotz formula for
ionization [9], and the Burgess formula for dielectronic
recombination [10]. The article by Younger and Mark
in Ref. [2] on semi-empirical and semi-classical formulas
for ionization indicates that there are at least ten such
formulas for ionization, and there are also variations
of the formulas cited above for excitation and recom-
bination. Typically, one has the impression that these
formulas will produce estimates within a factor of two
of the correct value, although in many cases, such as
in ionization when indirect processes dominate, in di-
electronic recombination when there are field or density
effects, or in excitation where resonances are especially
important, these formulas may give estimates that are
incorrect by a much larger factor. By the same token,
however, often the results are within 10-20% of the
correct value. Thus a factor of two is a reasonable
working number for the usual purpose of these estima
tors. These formulas were not ‘invented’ for use with
molecular ions, but the expressions for ionization and
for excitation have been applied to molecules with the
level of accuracy described above.

The radial Schrodinger equation for electron-ion
collisions can be expressed in terms of the scattering
electron moving in the potential of the target ion and
takes the form

d? _ GG+ D 2 .
[ a 2 + k,] F(,r)

=2 Y {Vy £ Wy} (FG,0) )




where F is the radial function in a given channel, Vj
and W are respectively direct and exchange potential
operators, and the summation is over all discrete and
continuum states. Equation (1) represents an infinite set
of coupled integro-differential equations.

If one truncates the right-hand side of Eq. (1) to a
finite number N of final states of the ion and solves the
resultant coupled equations without further approxima-
tion, the result is referred to as the N-state close-coupling
(or NCC) approximation. A number of large computer
programs have been constructed to do this calculation,
and when used properly with correct coupling, accurate
wave functions, etc., the method yields the most accurate
results for electron—-ion collisions. The approach directly
takes into account the effects of dielectronic resonances,
which can substantially affect cross-sections. It some-
times takes a nearly inordinate number of states to get
convergent results, however, and other approximations,
which originated before the NCC approximation and
which are less demanding on computer time, are used.
In fact, ‘hybrid’ calculations are now often made —
combining different approaches over different energy
ranges. It should be understood that exchange of bom-
barding and target electrons can play an important role,
especially near the threshold, and this needs to be
accounted for. All of the approximation methods have
been developed to do so; however, the user should be
warned that many data calculations in the literature do
not take this important effect into account.

An approximation that takes into account only the
initial and final channels, but allows for distortion of
the scattered wave function from the Coulomb wave is
referred to as the distorted wave (DW) approximation.
This method, for high enough Z, can give results of an
accuracy comparable to that of the NCC approximation
and can be far less expensive in computer time. Various
fixes allow for additional polarization and for some
dielectronic resonances, although most of the DW cal-
culations in the literature do not account for resonances.

If one further neglects the distortion of the Coulomb
scattering wave by the ion potential, there results the
approximation known as the Coulomb-Born (CB)
approximation. Although this approximation is not reli-
able for ions of low charge or for low energy (errors of
factors of two or more) or in cases where dielectronic
resonances are important, it can nevertheless yield
relatively accurate results for highly charged ions and
for high energies where, indeed, the distortion will be
negligible. A very large amount of data has been
generated using this method.

Although there are other variations, the final approxi-
mation we mention here is simply the familiar Born
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approximation (BA), in which the Coulomb nature of
the scattered wave is not even accounted for and a
plane wave is used. This is a valid approximation only
at very high energies.

3. DATA: MOLECULAR IONS

Added degrees of freedom of multiple heavy particles,
characteristic of molecules, bring a richness to the pos-
sible physical processes that is not present for atomic
ions. We mention the processes briefly, with a short
description of each. In addition to electronic excitation,
energy is deposited in the form of vibrational and rota-
tional energy, and the associated states have character-
istically long lifetimes. Electronic excitation of mole-
cular ions can lead, as in atoms, to states that can sub-
sequently radiate and to states that may be metastable
and thus can collide and transfer energy. In addition,
excited electronic states may be repulsive, so that
dissociation occurs — usually in times of the order of
10712-10 s, i.e. times short compared to radiative
lifetimes. Dissociation products carry away the excess
energy as both kinetic and internal energy. The disso-
ciating particle velocities may have a characteristic
spatial orientation relative to magnetic fields and the
direction of electron velocities, depending on state
symmetries. Ionization is similarly diverse: it can lead
to bound 'multiply excited states, which are often unstable
against predissociation; or it can lead to dissociative
states which again yield particles with possible internal
energy, kinetic ehergy and perhaps also select spatial
distributions of velocities. Recombination is dominated
by a dielectronic capture process which, for molecules,
is called dissociative recombination. Here, an incoming
electron excites a bound electron of the ion, and, having
lost energy, the electron is captured into a Rydberg state.
When the doubly excited Rydberg state is repulsive,
stabilization via dissociation may occur in the times
noted above, which are very competitive with auto-
ionization times, typically.in the 107!* s range. The
sloped repulsive potential curve and the initial distribu-
tion of internuclear separations make the initial dielec-
tronic capture process resonant over a broad range of
electron energies, Coming back to vibrational excita-
tion, it is found for the species most carefully studied
that the electronic processes discussed can be extremely
sensitive to internuclear separation and thus to the initial
vibrational state populations.

Basic plasma constituents are hydrogen and its iso-
topes, so the dominant ions present are H; and Hy,
and their isotopic. variants. Carbon, as the limiter and
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wall material of choice, contributes CO*, CO; and
C,H; in interactions with the major impurity, oxygen,
and the abundant hydrogen. Water will give rise to
H;0", H,O" and OH*. Some metallic oxides such as
BeO* may be present as well. It is highly likely that
many of the molecules containing carbon, such as CO*,
will react to form the very stable molecular ion, HCO ™,
though the latter has apparently not been normally con-
sidered as a constituent. We do not consider any further
the hydrocarbon molecular ions, as they are treated
elsewhere in this volume.

3.1. Collisions with H,'

Clearly, because of the high relative concentration,
collisions between electrons and H;" are among the most
important electron-ion collisions in the wall plasma.
Data for these processes have been summarized and
treated in compendia [11, 12] of atomic and molecular
data for fusion. The discussion here emphasizes impor-
tant cautions to be exercised in using these data or
other data from the original literature.

One important thing to recognize is that, in the edge
plasma, molecular H, will probably be formed mostly
by recombination of H atoms on the walls of the vessel,
and recent evidence [13] indicates that molecules so
formed may be very highly vibrationally excited —
even more so than is projected from the temperature of
the surfaces of the vessel. The H; subsequently formed
by electron bombardment of the excited H, will likewise
be in a vibrational state distribution different from that
associated with electron impact of ground state H,,
normally referred to as the Franck-Condon (FC)
distribution.

Excitation. Electronic excitation of this simplest of
molecules can be said to always result in dissociation,
since any bound levels of the excited molecule are
only slightly bound at internuclear separations not
‘accessible’ in an FC transition from H; in vibrational
levels up to ten or so. The excitation/dissociation has
been studied thoroughly from both experimental and
theoretical points of view. Theoretical treatments [14]
show a rapid increase with internuclear separation of
the transition matrix element between the 1so, and 2pg,
states (dissociating to H* and H(ls)), and this is the
dominant transition. This leads to a very strong depen-
dence of the excitation cross-section on the vibrational
level of the H;' target ion (growing by about a factor
of 100 between v = 0 and v = 18). Three independent
crossed beam experiments [15] (excitation to the sum
of all excited states — they all result in dissociation)
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yield results in excellent agreement (10-20%) with
each other and in agreement with theoretical predic-
tions (10-20%) when the vibrational levels are assumed
to be populated with an FC distribution, as one would
expect [16] from a single-collision electron impact ion
source. As already noted, this is probably not the case
for Hy in the edge plasma. Provided one knows how
to treat the vibrational population, one would be advised
to ‘construct’ a net excitation (dissociation) cross-section
from the individual cross-sections deduced from theory.
Since such good agreement between experiment and
theory was found for the case where vibrational popula-
tions were known (FC), one may have confidence that
such a constructed cross-section will be accurate to
+30%. The main inaccuracy will be in estimating the
vibrational state distribution. The angular and energy
distributions of protons resulting from dissociative
excitation have been treated theoretically [17} and the
data should be reasonably reliable, though the energy
distributions will again be critically dependent on the
initial vibrational distribution of the target. Data [14]
for excitation to states that dissociate to a proton and
an excited atom are entirely theoretical, but can probably

be trusted to the 30% level.

Ionization. A very good crossed beam experiment
[18] has been performed to measure the cross-section
fore+ H}Y — 2e +H* + H", and one should trust
these results to +12%. There is no indication that the
cross-section will be strongly dependent on vibrational
energy level.

Recombination. By far the dominant recombination
mechanism for this ion (as for essentially all molecular
ions) is dissociative recombination, e + H — Hj"

— H"™ + H. The process is both a sink for ions and a
source of excited hydrogen atoms in the edge plasma.
As with excitation, this process is extremely dependent
upon the vibrational level of the target ion, and this
must be put into the modelling. Colliding beam experi-
ments yielding cross-sections for total neutral products
have been performed both for ions [19] initially in an
FC vibrational state distribution [16] and for ions in an
unknown distribution [20], thought to be primarily
v =0, 1 and 2. Agreement with the difficult theory [21]
is qualitatively good, but much remains to be done in
order to be able to say that one could construct a reliable
cross-section if one only knew the vibrational state
populations. Colliding beam experiments [22] have also
been performed on ions in an FC distribution to measure
the cross-sections for obtaining excited atoms in specific
states, namely n = 2 and n = 4. Each of these gives
cross-sections that are about 10% of the total, and evi-



dence indicates that atoms with n = 3 will dominate the
dissociative recombination process of this ion. Indeed,
rationalizing the experimental partial cross-sections in
Ref. [22], the total cross-sections I of Ref. [19] and
the theoretical partial cross-sections of Zhdanov and
Chibisov [21], Janev et al. [11] quote values of
o(n=2)=0.10%, o(n=3) =0.45%, o(n=4) = 0.22%,
o(n=5) = 0.12%, o(n=6) = 0.069%L and g(n=7)

= (10/n®E. Again, this is all for the FC vibrational
state distribution, and the uncertain nature of this distri-
bution has been discussed above. There seem to be no
data for angular distributions of the dissociation products.

In summary, for H;* the most important need for
fusion edge plasmas is a knowledge of the vibrational
state populations of the ions in the edge plasmas. This is
critical to our ability to construct reliable cross-sections
for the various electron-ion processes from quite accurate
individual cross-sections. The next most important need
is a better knowledge of the partial cross-sections for
dissociative recombination into different H(n). Again,
for dissociative recombination, essentially no work has
been done on the energy and angular distributions of
dissociation products.

3.2. Collisions with H;

The simplest triatomic molecule, Hj", is formed
rapidly by the reaction

H2++H2—’H3++H
and the ion so formed is vibrationally excited.

Recombination. As with H;", the cross-sections for
recombination are extremely sensitive to vibrational exci-
tation. Because of cosmological implications, the cross-
sections for dissociative recombination of Hj; in the
ground vibrational state have received a lot of attention
and have been a source of intense controversy for a
number of years, with reputable experimenters finding
rates differing by some five orders of magnitude.! Ions
created in a plasma ion source and recombined with
electrons in colliding beam experiments exhibit an
about one order of magnitude smaller cross-section for
recombination when the ions have been relaxed — as
best the experimenters can determine — to low vibra-
tional levels (for D;t see Van der Donk et al. [24]) than
when they are taken just as created (and sometimes
further excited in extraction from the ion source). There

' The extensive literature for dissociative recombination of H;
and other ions is summarized and discussed in a recent review by
Mitchell [23].
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is still some inconsistency, however. Experiments by
Peart and Dolder [25] provided fairly convincing evi-
dence via the threshold for dissociation that the ions
were in very low vibrational states, but they were in
agreément with the experiments of Mitchell et al.
[23, 24] only when the latter did not think they had
vibrational relaxation.

For fusion purposes, it seems that the best one can
do at this time is to use data resulting from the vibra-
tionally hot ions, even though one has no real idea
what the vibrational distribution is in either the wall
plasma or the beam experiments. The rates presented
by Janev et al. [11] as an average of data obtained for
vibrationally hot ions seem at this time about as close
as is possible to estimate what the ‘correct’ values
would be for the edge plasma situation. Of course, the
uncertainty is high (perhaps an order of magnitude, but
more realistically about a factor of three) for these
rates because the vibrational levels are unknown and
also because the experiments are not in agreement. It
may be noted that recent evidence [26] suggests that
recombination may even depend on environmental para-
meters such as small ambient electric fields, and there
has been some speculation that these can cause disparate
results in different experimental situations.

Mitchell et al. [27] measured the branching ratio for
dissociative recombination of H;" and found that it pro-
ceeds in a way that yields three H atoms with a proba-
bility about 2.5 times greater than the probability to
produce one H atom and one H, molecule. Peart et al.
[28] measured the cross-section required to produce H-
and H;" in the recombination and found it to be about
2% of the total recombination rate at the cross-section
peak.

Dissociation. The most extensive measurements of
dissociation cross-sections are those of Peart and Dolder
[29], though Mitchell et al. [23, 24] have also made
measurements over a very narrow energy range. It seems
that the data of Peart and Dolder are more applicable to
fusion modelling, and they have been adopted and cited
in the compendium by Janev et al. [11]. There is no
good evidence for a strong vibrational state dependence
(except, of course, near threshold) of the cross-section,
but this point does not seem to have been fully investi-
gated. Allowing for the latter fact, one should probably
cautiously apply a factor of two uncertainty in using
these data.

Ionization. The measurements of Peart et al. [28]
are for proton production by electron impact on Hj";
thus, the measured cross-sections undoubtedly have a
component of ionization in them. This has not been
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TABLE I. ELECTRON-MOLECULAR ION COLLISION PROCESSES IN THE EDGE PLASMA

Ton Process(es) Method®| Uncertainty Ref.® Comments®
H; D, [H + e - H* + products A +10-20% * [11], 15 * Very sensitive to the vibrational state popula-
and — H*"+H+e T +10-20% * 14, 17 tion. Uncertainties are much larger for edge
plasma without vibrational state information
(see text).
Hy /Dy |Hf +e—~H" +H" + 2 A =~+12% [L1], 18 No evidence for strong vibrational state
dependence.
H, /Dy |H} +e - H +H" A, B | +£60% [11], 19, 20 Uncertainties are possibly much larger if
T 21 vibrational states are not known (see text).
DS +e =~ D + D(no) A, T [11], 22, 21 Ref. [11] cites consistent final state distributions
H; H; + e — H* + products A +12% * [11], 28, 23, 24 * Data are for ‘vibrationally de-excited’ ions.
No guidance for ‘hot’ ions, thus the uncertainty
is much higher for edge plasma. :
Hy Hf +e¢ ~H+H+H A +300% * [11],23,24,25,27,2 | * Beam experiments are.much more precise
- H + H,; 8 than the uncertainty cited, but experiments do
- H + H +12% 29 not agree well. Strong vibrational state depen-
dence and possible other dependences [26].
D; 24 H~ channel very small. Other branching
measured [27].
co” X, Yi+e—-2Z, + Wi A, B | Not well [23] The dissociative recombination process is
co; ’ defined tabulated and discussed in Ref. [23] for a variety
HCO™* | Dissociative recombination of molecules. However, in no case is the vibra-
HO' tional state variation fully articulated. Since
H;0" the process is typically very sensitive to
OH* vibrational excitation, uncertainties are probably
very large without this information.
o7 Of +e—-0"+0+e A = +15% 30 Vibrational effects not studied; thus, uncertain-
ties are much larger for edge plasma.
CO* |CO* +e—-C"+0+e A =~ +20% 31 Performed only for a deduced mix of electronic
-~ C+0"+e (X, A, B) and vibrational states. Therefore,
uncertainties are much larger for edge plasma.
H,0* |H,0* + e — O" + products A =~ +20% 32 Performed on an unknown mix of states from
— OH* + products the ion source; therefore, uncertainties are larger
D,0" + e — D,0" + products for edge plasma.
Co; | COf + e — COt + 2 A = +15% 33 Evidence suggests no highly excited electronic
' or vibrational levels in target ions.
OH* |OH" +e —~ O + H* + 3e A ~ +20% 34 Cross-section nearly the same as for

O + e — O™ + 3e, a finding similar to that
for multiple ionization of other molecular ions.

® A indicates colliding beam experiments, B indicates plasma rate experiments and T indicates theoretical calculations.
® [ ] indicates a recommended compendium of results. Other compendia may be referred to in the text.
Other references are primarily to the original literature.
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separated out, so currently there are no data describing
ionization of Hj .

3.3. Collisions with other molecular ions

The status of the database for molecular ions,
including those already discussed above, is summarized
in Table 1. As can be seen, the data for other ions are
very spotty and incomplete. Dissociative recombination,
however, has been studied for a broad range of ions with
various combinations of plasma and beam techniques,
and a recent review and compendium [23] summarizes
the data. The energy range is generally very limited,
and, despite probable strong dependences on vibrational
state, no serious efforts have been made to sort this out
and to obtain data on the dependence, except for the
simple ions already discussed above. Normally, some
effort is made to try to get ions into the ground state
or the low vibrational states, and this may not apply to
the edge plasma conditions. Hence, the available data
must be used with considerable scepticism.

Experiments on the dissociation of molecular ions
have been carried out for a few other ions of interest,
namely O; [30], CO*[31] and H4O* [32]. It is very
difficult to obtain reliable data for processes of the type
XH,; +e — H* + products, when X is a heavy particle
or a composite of particles, because the light H* carries
away most of the excess energy into large angles and
is not collected properly. Thus, few data exist. Ioniza-
tion of molecular ions of interest has also been carried
out only for CO; [33] and H;0* [34]. Again, for the
heavier ions, no serious effort has been made to sort
out the vibrational state dependence for dissociation and
ionization. Optical excitation of a molecular ion by
electron impact has been carried out only for N;, an
ion not particularly of interest for the edge plasma.

4. DATA: ATOMIC IONS

The database for electron collisions with atomic
ions is more broadly based than that for collisions with
molecular ions. The absence of vibration and rotation
makes it easier to define the experimental ‘target’, and
the fewer degrees of freedom make the theory simpler.
Of course, even so, in many experiments there is still
ambiguity brought about by the possible presence of ions
in metastable electronic levels. Similarly, one does not
know the densities of metastable ions in the edge plasma.
Nevertheless, it has become customary for persons in
both theory and experiment to work together to try to
unravel the metastable issue. This is not always possible,
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of course, and then one must simply say ‘‘this is the
best there is, and the plasma may also have metastables
in it”> — which is, of course, not totally satisfying.

The database for ionization of atomic ions has been
given significant attention and scrutiny. A number of
evaluations have been performed, and compendia, com-
pilations and bibliographies are available. This is less
so for recombination and excitation. In the following,
we will discuss the specific collision processes in the
order: ionization, recombination, and excitation.

4.1. Ionization

The first crossed-charged beam experiment ever
performed was a measurement of the ionization cross-
section of He* by electron impact, performed by
Dolder et al. [35] in 1961. Since then, not only have
the laboratories of Dolder and of Harrison been pro-
ductive in this area, but also laboratories at Giessen,
Oak Ridge, JILA, Georgia Institute of Technology and
Louvain-la-Neuve have produced prodigious amounts
of experimental data and information on ionization of
ions by electron impact. The experiments are straight-
forward conceptually, involving the crossing of beams
of the two particles, followed by charge separation either
electrostatically or magnetically to detect product ions.
The experiments are perhaps the easiest of colliding
charged beam experiments, since one can readily collect
100% of the product ions and detect nearly all of them.
Once one understands the systematic problems to be
avoided, and takes relevant steps to do so, very accurate
experiments can be performed — limited primarily by
one’s patience in obtaining the desired signal-to-
background fluctuation ratios. The implementation at
Oak Ridge of the Penning ion gauge (PIG) ion source,
followed by the use of the electron cyclotron resonance
(ECR) ion source there as well as at Giessen and
Louvain-la-Neuve, have made the study of multiply
charged ions readily accessible with impressive accuracy
and, in some cases, astoundingly high precision.

‘There are at least three fundamental processes
occurring in ionizing collisions. The first is direct
ionization, which can be described by just the knock-on
collision between the incident electrons and the target
electrons resulting in enough momentum imparted for
the target electron(s) to depart:

X" + e — X®™F 4 (m+ 1)e Q)
(direct ionization)

Also frequently occurring and often dominating the
direct process is excitation-autoionization (EA)
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represented by

X" +e— X 4 e — XOt 4 (m+1)e  (3)
(excitation-autoionization)

where the incident electron first excites an inner-shell
target electron which in turn shares its excess energy
with m other ionic electrons, giving each electron
enough energy to depart from the ion, thus leaving it
more highly ionized. Finally, the incident electron may
have just e less energy than that needed to excite the
electron in the above mechanism, but as it approaches
the ion in the attractive Coulomb field, it gains kinetic
energy so that close to the core it can indeed excite the
electron. However, as it starts to leave, it finds itself
bound by energy ¢ in a Rydberg state of a once-less-
charged ion with an excited core. The ion so formed
may proceed to ionize as above, and also to throw off
the Rydberg electron:

X 4+ ¢ — XD XOtm+ 4 (m + De “4)
(resonant excitation-multiple autoionization)

When m = 1, the term coined for this process by
LaGattuta and Hahn [36], who hypothesized it, was
REDA for resonant excitation-double autoionization.
Later, Miiller et al. [37], who first observed REDA
and also observed double and triple net ionization in a
resonant process, coined RETA and REQA as obvious
generalizations. Now, however, as much as eightfold
ionization has been observed [38], occurring from iden-
tically the same resonances as those leading to single,
twofold and threefold ionization. When excitation-
autoionization is a major part of the total ionization (as
is frequently so), then the resonant process may have
meaningful. contributions to the total cross-section.

Data on ionization have been compiled and evaluated
by several groups [39-44], and we have cited only those
most recently published, noting that references to the
original literature as well as to earlier compilations and
evaluations may be found in those cited. A recent report
[45] gives detailed comparisons between rate coefficients
given in Refs [40, 44] as well as with those of the Lotz
formula, and also points out a few errors in the earlier
papers. Reference [40] is comprehensive, giving para-
metrized cross-sections and rate coefficients, a discus-
sion of uncertainties, and numerous figures.

Table II illustrates the present status of the database
for single ionization of atomic ions. To a large (though
not exclusive) extent, we have relied on the assessment
in Ref. [40] in arriving at the indicated uncertainties. In
the table, capital letters indicate that the data recom-
mended come primarily from experiment, lower case
letters indicate that the data are from theory, and lower
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case letters with subscript s indicate that the data are
scaled from other isoelectronic species. Since the scaling
in Ref. [40] did not include excitation—autoionization,
large uncertainties may result for isoelectronic structures
where it is important. In Ref. [44], some effort was made
to include EA in scaling. Obviously, EA is included in
the experiments; it is also included in many of the most
recent theoretical calculations. Accuracies are associated
with letters of the alphabet according to the schedule at
the bottom of the table. Data in Refs [46-52] have not
been included in the compendia.?

One can see that for a significant number of species/
charge states, uncertain scaling has been applied to
obtain the data, and that there are no data at all for
molybdenum and tungsten ions, the importance of
which may once again be high, as these materials are
being considered anew for limiters and divertors.
Experimental data for these latter are difficult — but
not impossible — to obtain, and efforts have not been
successful to date. Similarly, the complexities of the
atomic structures of these heavy ions make the theory
very difficult for the low charge states of interest for
the edge plasma, except by simple estimator formulas.
On the other hand, the database may be considered
excellent for light ions through oxygen, and it is in
good shape for iron and nickel for which special efforts
have been made to produce data for fusion purposes.

4.2. Recombination

Recombination of atomic ions with electrons is
dominated by radiative recombination (RR) at low
temperatures for fully stripped ions and by dielectronic
recombination (DR) for ions with electrons at high
temperatures. The former can be represented by

e + X9t — X(‘*“)’r + hv &)
(radiative recombination)

and the latter by

e + X0t = {X@D+H}™ . {X@Dh+1* 4 hy 6)
(dielectronic recombination)

The first of these is the inverse of photoionization, and
the probability clearly involves the ratio of radiative life-
time to the fly-by time of the electron past the ion. The
second is the inverse of autoionization. The electron
imparts its energy to a bound electron of the ion and is

2 In Ref. [41], S. Younger (1982, probably personal communi-
cation) is quoted: Distorted wave exchange method; direct ioniza-
tion only. Since the ion is rubidium-like in structure, it is likely
that EA plays a significant role; therefore, we have assigned an

YRl

accuracy of only ‘‘¢”’.
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TABLE II. ELECTRON IMPACT SINGLE IONIZATION OF IONS MOST LIKELY TO BE
FOUND IN THE PLASMA EDGE

IONIZATION
CHARGE OF TARGET ION
ELEMENT + +3 +4 +5 +6 +7 +8 +9
Helium A
Lithium A A
Beryllium B b,
Boron B A
Carbon A A
Oxygen A A
Magnesium B B
Aluminium B B c
Silicon d d, B | B®
Chlorine BY | B d, d, B e d | d, d,
Titanium A A A d, . d, d, d, d,
Chromium d € € A A A A d,
Iron*? B c c B b b B
Nickel® c B c B B B b
Copper B8 BY B%
Gallium A%
Molybdenum e’!
Tungsten A%?
Accuracy: A < 10%; B 10-25%; C 25-50%; D 50-100%; E > 100%; upper case: from
experiment; lower case: from theory; lower case with subscript s: scaled using various
methods. ) .
Superscript numerals indicate references for original data or compendia; data for iron,
Ref. [42]; data for nickel, Ref. [43]. When no numerals are given, then the data are from the
evaluation, Ref. [40].

captured into a Rydberg state of a once-less-charged ion data. One can find more than a hundred references to
which then radiates in competition with autoionization. each of these processes from the past six years, so the
Both of these processes have lent themselves to detailed science of the processes is active and it is not appropriate
experimental study only in the past few years, providing to try to give a bibliography here. A recent general
some assessment of the accuracy of the theoretical discussion of the two processes has been presented by
methods upon which one relies for the bulk of the Griffin [53]. :
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Radiative recombination. Following the work of
Tarter [54] it is common to split the RR rate into two
terms: a;g, the rate to the ground state, and «f, the rate
to all other states, n # n,, so that " = a; + L ay.
The first term is related via detailed balance to the
photoionization cross-section through the Milne rela-
tion, and it is common practice to use the hydrogenic
approximation for the higher states n, although, as dis-
cussed in Ref. [53], this introduces some uncertainties,
which have been shown to be significant.

Parametrized rate coefficients of elements of
interest to this report have been tabulated by Shull and
Van Steenberg [55] for all ionization stages of C, O,
Mg, Si, Fe and Ni, and by Arnaud and Rothenflug [44]
for the H, He and Li isoelectronic sequences of these
elements. More recent rates are given for C and O
ions in Refs [53] and [56]. Hahn [57]° has tabulated
parameters that provide rates for any ion in a ‘pure
Coulombic’ approximation using an effective charge.
Detailed calculations of the multitude of oscillator
strengths needed for more correctly calculating the
cascade matrix for RR than is provided by the hydro-
genic approximation have been pursued by a variety of
authors (see, for example, Ref. [58]), and the world-
wide effort entitled ‘‘The Opacity Project’” [59] is
leading to detailed oscillator strengths, photoionization
cross-sections, damping cbnstants, etc., for all ions in
the hydrogen through neon isoelectronic sequences going
up through iron. '

Assessment of the accuracy of the parametrized and
tabulated rates is difficult at this time. It has been
customary to think ‘‘the theoretical task of generating
the RR rates is relatively simple’’ [57]. It was only in
1991, however, that RR has lent itself to direct experi-
mental tests, as reviewed recently by Miiller et al. [60],
and early results indicate good agreement between
experimental and theoretical values of rate coefficients.
Andersen and Bolko [61], using a single-pass merged
configuration, obtain agreement generally to within a
few per cent between their experimental values for fully
stripped He, C and F ions and theoretical values.
Andersen and Bolko [62] obtained similar agreement for
H-like C, O and F, but, for Li-like O, only moderate
agreement was obtained. For many-electron Au®* and
U2+, gigantic discrepancies between experiment and
theory have been found at near zero energy by Miiller
[63], and these remain under investigation to determine

* The tables in Ref. [57] give the parameter value of © = kt/Z?
to as small as 107%, but the results are not accurate for © < 1072
(Y. Hahn, personal communication). Thus, the utility of this para-
meter for low temperatures and high charges is limited.
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whether either DR or density effects enter into the dis-
agreements found. On the other hand, with the same
apparatus, reasonable agreement has been found for
Li-like Ar'>*. Some good ‘consistency checks’ exist
for other multiple-electron ions. Thus, the EBIT group
[64] has normalized its DR results to observations of
RR, and obtained good agreement with theory for
Ne-like ions as well as He-like ions, thus giving -indirect
consistency checks on RR and DR calculations.

One is inclined to believe conservatively that the
available rates are accurate to +50%, and many believe
the uncertainty to be as low as +20% or better. How-
ever, more extensive and detailed comparisons with
experiments are called for, including a broad range of
isoelectronic series and charges, before reliable assess-
ments can be made. ’

Dielectronic recombination. Though hypothesized
earlier, DR became a mainstay in ionization balance
considerations after 1964 when Burgess [65] showed
its importance in resolving discrepancies of temperature
measurements of the solar corona. It is the dominant
recombination process for high temperatures. Burgess
and Summers [66] recognized early that DR could be
dramatically affected by the mixing of angular momen-
tum states, and they treated the effect of electron colli-
sions in this context, thus.showing density effects for
the process. Jacobs et al. [67] recognized that electric
fields could mix f-states and strongly influence DR,
and they treated dielectronic recombination in fields
(DRF) from the special perspective of the influence of
plasma microfields. In tokamaks there are, of course,
also Lorentz ¥ x B fields- which can be quite sizeable.
This sensitivity to ‘environmental effects’ makes the
discussion of this process less straightforward than that
of some of the topics touched on earlier in this paper.
Before proceeding, it is worth while to present a brief
elementary discussion of the process.

Borrowing from an earlier discussion [68] of DR,
let o, represent the dielectronic capture cross-section.
The fraction undergoing radiative stabilization of the
compound state is determined approximately by the
branching ratio [A,/(A; + A,)], where A, and A, are
the transition rates for radiation and autoionization,
respectively. The cross-section for DR into a given
state is then

o = 0. [A /(A + A,)] ™)

The capture of a free electron into a doubly excited
state is the inverse of autoionization. From the principle
of detailed balance, it follows that o, = kA,, where k
is a proportionality factor including the ratio of density



of states. The DR cross-section for capture into a state
represented by quantum numbers n,f can then be
written as

Ope = 0'02(2[“' 1) |:

A,(n,0 A, (0,9 ] ®

A,(n,H+A;(n,h

where g, involves various constants, includes a
reciprocal dependence on the threshold energy AE and
the energy width 6E, and also involves the statistical
weights of the initial and core states of the product;
2(20+ 1) is the statistical weight of the final Rydberg
state n,f.

The highly excited Rydberg electron is effectively a
‘spectator’ as far as the radiative stabilization of the
core electron is concerned; thus, A.(n,f) is nearly con-
stant with n and £. One may often make the assumption
A, » A, i.e. for low-Z ions, one normally considers
A, =~ 10" s and A, = 108 57!, In such a case, we
have from Eq. (8), 0, , = ZUOA,(ﬂ;g) (2¢+ 1), and when
this is summed over the n-1 possible values of ¢ for a
given n, we obtain for the DR cross-section to a given
n, 0, = Bn? Here, B is a constant, but the point is that
o, diverges as n2. However, it will be recognized that
A, is a strong function of both n and ¢; the core excited
electron wave function will overlap less with captured
electron wave functions for very high n or high ¢ elec-
trons. Thus, A, o n3 is reasonably well established,
and one may approximate some behaviour with £, say,
A, o exp(-af?). Thus, although the number of reson-
ances that could contribute to DR increases as 2n?, only
values of £ < £ will actually contribute, where 7. is
the value of £ such that A,(n,f) = A,(n,f). In this case,

n-1 &
0= ) o= ), o= 02@+ DA (9
=0 =0

While this limiting of the number of states has little
effect for small n’s where £, = (n-1) < £, already
for moderate n’s all possible contributions from £’s with
f. = { < (n-1) are suppressed because of the strong
decrease of A, with ¢. There is thus a large ‘reservoir’
of states that could contribute to DR if their autoioniza-
tion rates were larger. It is the proclivity of environ-
mental factors to move these states into and out of
importance that leads to part of the sensitivity (mentioned
earlier) to such things as collisions and ambient electric
fields. Thus, an electric field or collisions may mix
states with low autoionization rates with those of high
rates, thereby increasing the net number of states with
A, > A, and increasing the DR cross-section. The value
of £, is increased to £., i.e. moré states effectively
participate in the recombination process, and the cross-
section o, = L, 0" (n,? is increased. The contributions
to DR from high lying Rydberg states is usually less -
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for transitions in which An # 0, thus making cross-
sections involving these transitions less susceptible to
the external factors mentioned. The sensitivity to
environmental factors also depends on the charge of
the ion target, since A, increases with charge, hence
decreasing £.. In the other direction, another sensitivity
involves the ability of both collisions and fields to
destroy the doubly excited states before radiative stabili-
zation can occur, i.e. impact or field ionization of these
states. Thus, careful consideration must be given to
these factors in any given situation and locally evaluated
parameters must be used. '

Over the last decade, cross-sections and rates for DR
and DRF have been measured with both beams and
plasma rate techniques [69-71]. Recent measurements
using electron cooling beams in both heavy ion storage
rings and merged beams have a particular advantage in
separating out individual final states for study. With this
technique, theory and experiment have now been com-
pared for H-like ions [72], He-like ions [73], Li-like.
ions [73, 74], Be-like ions [75] and B-like ions [75]. In
most cases in which environmental conditions are care-
fully controlled and known, good agreement between
theory and experiment has been obtained, thus giving
us confidence that the low density rates in the absence
of fields can be calculated and used with some assurance.
Only-for Mg™* [68] were fields carefully measured and
controlled, and in that case quite good agreement with
Stark mixing calculations was obtained. However, there
are a number of experiments- for which agreement
between theory and experiment has not been achieved,
even when best estimates and fields are taken into
account. It seems that a fair amount of caution needs
to be exercised in assuming good accuracy after using
standard methods for taking field effects into account
until further work is done in this area. Pindzola et al.
176] have summarized the cases for which there is dis-
agreement between theory and experiment and have
projected advances likely to be forthcoming in the
future. Though Bell and Seaton [77] developed a coupled
channel formalism for DR calculations, most calcula-
tions have been performed in the isolated resonance
approximation as a two-step process, as outlined above.
There are numerous such calculations in the literature,
including those performed with general formulas such
as in Ref. [10]. These all give the zero density rate
coefficients. Badnell et al. [78] outline how these zero
density rate coefficients ‘‘can be incorporated [79] into
the solution of the collisional dielectronic population
rate equations [66] for a finite density plasma by para-
metrizing raw data calculated with the Burgess General
Program [79]”". Using the generalized picture [80], the
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data can then be incorporated into the solution of the
generalized collisional dielectronic rate equations.

In summary, the evidence is strong that one can
readily have access to zero density, zero field rate
coefficients for most of the systems of interest in the
edge plasma which are generally accurate to something
in the neighbourhood of 30%. However, applying these
rate coefficients in modelling requires going into detailed
evaluations of density and field effects, and the uncer-
tainties in the evaluated rates are probably substantially
larger. It appears that the experimental thrust to verify
zero density rates has been successful, and now an addi-
tional thrust to verify density and field effects should
prove valuable.

4.3. Excitation

Just as with ionization and with recombination, there
is a direct mechanism and an indirect mechanism for
excitation of ions by electrons. The former may be
represented by

e + X9 - [X7]" + e (10)
while the latter has the form
e + X9 — [X@DH]™ ~ [X9*]" + e (11)

Resonance excitation as represented in expression (11)
thus includes resonance dielectronic capture to a doubly
excited state, followed by Auger relaxation, not to the
gyound state, which would be resonant elastic scattering,
but to an excited state. The resonance mechanism can
often dominate the excitation at specific energies; so it
is important that both processes be considered.

For a number of years the only cross-section measure-
ments were performed using the crossed beam method
and detecting fluorescence from emitting states. As
reviewed by Dunn [81] and Phaneuf [82], absolute
total emission cross-section measurements were per-
formed on the An = O resonance states of Be*, Ca™,
Sr*, Bat*, Ga*, Zn*, Mg*, Hg*, C3*, N** and Al**,
and for a few non-resonance transitions for the singly
charged ions of Ca, Sr, Ba, Zn, Mg and Hg. The only
He-like ion and the only intercombination transition for
which measurements were made was the 1'S — 2°P
state of Li*. After arduous efforts to improve wave
functions and other parts of the theory, it has been
possible to obtain agreement between experiment and
theory to within something like +15% or better for the
simpler structures. The simple Gaunt factor formula
referred to earlier describes the resonance transitions
for the singly charged ions to within the advertised
factor of two, and most often better than that. Addi-
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tional verification of the theory for inner-shell excita-
tion of a variety of ions has come through comparing
measured excitation-autoionization cross-sections with
the theory which involves excitation calculations.

More recently, two new techniques for measurement
of excitation cross-sections have been developed. The
first involves the EBIT and EBIS [7]. Again, good
agreement with theory has been found for radiating
states of highly (more so than of interest to the edge
plasma) charged ions. The measurements, as discussed
earlier, are not absolute, but are referenced to theory
for radiative recombination. The second technique is
an electron energy loss method employing trochoidal
merge and demerge techniques in crossed electric and
magnetic fields. This technique yields absolute cross-
sections, and measurements [6] on the An = 0 resonance
transition of Si*>* with this method again show good
agreement with the theory.

The theoretical database for excitation is enormous.
Clearly, there is an infinite number of possible transi-
tions for every ion — of course not all calculated and
not all important in the edge plasma. There are a
number of useful evaluations and compilations (see
Refs [83-88]), some motivated by the fusion energy
effort. The Opacity Project [59] is working towards
obtaining complete collision strengths for all ions of
hydrogen through iron, and there is an extremely large
database, much of which is not published. Similar
projects at Lawrence Livermore National Laboratory
and Los Alamos National Laboratory maintain large
computer databases, and complete data on titanium
have been recently reported [89] from LANL. Many
of the data are available in the ALADDIN database
system that has been adopted by the IAEA for exchange
of fusion relevant atomic and molecular data [90]. Some
points of view suggest that so many excitations are
needed that it is easier to compute the cross-sections
when required than to try to maintain the database.
Indeed, the computational capability of the large projects
is great enough that this point of view may not be
unreasonable.

Accuracies of the data are generally evaluated from
a theoretical point of view, since, as discussed above,
there have been experimental checks for only a limited
class of excitations. Even from the theorists’ point of
view, some are more optimistic about the data than
others. Estimated accuracies range all the way from A
to E, using the same rating scheme as in Table II.
Generally, close coupling calculations performed with
care in constructing wave functions, in including the
relevant states, etc., obtain ratings of A to B, distorted
wave calculations obtain ratings of B to C, and Coulomb



Born calculations obtain ratings of C to E; this is,
however, a generalized statement which varies for
individual cases.

In summary, the theoretical/computational machinery
is in place to obtain excitation cross-sections and rates
quoted which one will be told are within 10-20%. In
accepting and using such data, however, it must be
remembered that the extent to which the calculation
methods have been experimentally checked is very
limited, as discussed above. It remains one of the
challenges in the electron-ion field to make the
relevant experimental tests of theory.
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CROSS-SECTION DATA FOR COLLISIONS OF
ELECTRONS WITH HYDROCARBON MOLECULES

H. TAWARA, Y. ITIKAWA*, H. NISHIMURA**,

H. TANAKA*, Y. NAKAMURA**
National Institute for Fusion Science,
Nagoya, Japan

ABSTRACT. The present status of experimental cross-section data for collisions of electrons with hydrocarbon
molecules is described, and the data which can be used for diagnosis and modelling of plasmas containing carbons

are evaluated and summarized.

1. INTRODUCTION

Graphites are often used as material for the inner
walls of fusion plasma devices to reduce radiation
losses from high temperature plasmas. However, they
are found to be severely eroded through interactions
with hydrogen plasmas. Two major processes are
responsible for the erosion of graphites: physical
sputtering [1]-and chemical sputtering. At extremely
high temperatures (> 1200 K), a third mechanism —
radiation enhanced sublimation — plays a role. Inter-
actions of graphites with active atomic hydrogens result
in abundant production of hydrocarbon molecules.

Carbons released from graphites, in the form of
atoms or hydrocarbon molecules, come into contact with
plasmas and are excited, dissociated or ionized through
collisions with plasma constituents such as electrons or
hydrogens. These carbons or their collision products
play a key role in determining the behaviour and
characteristics of cold plasma near the edge as well
as those of hot plasma at the centre.

To provide information for modelling and diagnosis
of such plasmas, data on electron collisions with hydro-
carbon molecules’ are needed. Indeed, observation of
photons from these molecules provides important infor-
mation regarding the production mechanisms of these
particles and seems to be one of the most powerful

Permanent addresses:
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** Physics Department, Niigata University, Niigata 950-21,
Japan. )
* Department of General Science, Sophia University,
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** Faculty of Science and Technology, Keio University,
Hiyoshi, Yokohama 223, Japan.

teéhhiques for diagnosing plasmas in which ions, atoms
or molecules in excited states, formed through collisions,
are abundant. So far, only limited data for hydrocarbons
have been compiled for such purposes [2, 3, 3a].

Gianturco and Jain [4] recently reviewed theoretical
aspects of electron and polyatomic molecule collisions
and discussed the validity of various models. They
found that collisions between electron :and hydrocarbon
molecules are quite complicated. Therefore, most theo-
retical investigations deal with methane. The calculated
total scattering cross-sections and the cotational excita-
tion cross-sections seem to be in reasonable agreement
with experimental results if interactions between elec-
trons and molecules (especially target polarization and
electron exchange) are properly taken into account.

We survey here the present situation regarding
cross-section data for collisions of hydrocarbon
molecules with electrons and evaluate some relevant
data. Detailed information on these data can be found
in a previous report [5].

2. COLLISION DATA FOR
HYDROCARBON MOLECULES

2.1. CH,

2.1.1.. Elastic and inelastic electron
scattering cross-sections

One of the most common techniques for determining
total cross-sections is the measurement of the attenua-
tion of the incident electron beam after it passes through
a target of known thickness [6-11]. In some cases, the
total cross-sections were determined by summing up the
measured differential cross-sections obtained with the
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FIG. 1. Cross-sections for scaltéring of electrons by collisions with CH, molecules.

The different curves are explained in the text.

crossed beam method. Some of the old data are in
general agreement with recent data at low to inter-
mediate energies; a Ramsauer minimum is observed
at around 0.4 eV. However, at higher energies, there
are some discrepancies. The total cross-sections
evaluated from large data sets [6-11] are shown

in Fig. 1 (curve 1).

Momentum transfer cross-sections have been deter-
mined with two methods: the swarm method (for low
energies) [12-15] and the crossed beam method (for
high energies) [16-18]. The evaluated data for momen-
tum transfer cross-sections shown in Fig. 1 (curve 2)
are based on an analysis by Nakamura [15], with an
extrapolation to analyses by Sakae et al. [17] and Shyn
and Cravens [18].

Elastic scattering cross-sections obtained in experi-
ments generally include the contribution of rotational
and vibrational excitation because of the limited energy
resolution of the detection system [16-21]. Such total
(or integral) ¢lastic scattering cross-sections obtained
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by summing up differential cross-sections over all
angles are shown in Fig. 1 (curve 3).

Differential rotational excitation cross-sections for
some processes were measured by Miiller et al. [22] at
0.5-10 eV over a limited range of angles, but no total
cross-sections were given.

CH, molecules are known to have nine vibrational
modes in their electronic ground state, among which
only four have separate energies (v, = 363 meV,

v, = 190 meV, v; = 374 meV, v, = 162 meV). The
energy separations between the levels v, and v; and
between the levels v, and v, are too small and cannot
be resolved. Cross-sections for vibrational excitation
have been determined from the threshold energy

(162 meV) to 20 eV, using the crossed beam method
[16, 19, 21, 22], or from the threshold energy to

100 eV, using the swarm technique [12-15]. Data
evaluated by Nakamura [15], based upon swarm data,
are shown in Fig. 1 (curve 4 for v,;, summed over v,
and v;, and curve 5 for v,4, summed over v, and v,).
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FIG. 2. Total cross-sections of CH, for dissociation due to electron impact [24].

The maximum cross-sections at about 7.5 eV are found
to be due to enhancement by a broad T, symmetry
resonance.

Most experiments on electronic excitation concern
spectroscopic investigations. Only a few measurements

[20] have been reported for electronic excitation cross- -

sections over a limited energy range.

Cross-sections for dissociative electron attachment,
resulting in the production of negative ions (mainly H-
and CHj), were measured by Sharp and Dowell [23]
and show a resonance-like behaviour (Fig. 1, curve 6).
A strong isotope effect on dissociative attachment was
observed (there were practically no CDj ions, only D~
ions for CD,), although the total negative ion produc-
tion cross-sections are approximately equal for CH,
and CD,. It is worth mentioning that H- ion produc-
tion from CH, up to 50 eV electron impact was recently
observed by Srivastava and Orient [23a], who suggested
that H™ ions might be due to ion pair production through
polar dissociation and showed that the integrated cross-
sections for H™ ion production above the threshold
energy of about 15 eV are much larger than the total
dissociative electron attachment cross-sections.

2.1.2. Total dissociation cross-sections

Total dissociation cross-sections were determined by
Winters [24] through measurements of the pressure

variation induced when CH, dissociates. These results
(Fig. 2) include not only dissociation products but also
the contribution of all inelastic excitation and ionization
processes, indicating that, at relatively high impact
energies (> 50 eV), the probabilities of dissociation
into ionic and neutral fragments are approximately
equal, whereas, at low impact energies, the fragments
are mostly uncharged, ground state molecules. Data by
Perrin et al. [25], obtained with a different technique,
agree reasonably well with those of Winters.

2.1.3. Total and partial ionization cross-sections

Total ionization cross-sections are determined
through measurements of all secondary ions produced
by electron impact. The agreement among the observed
results through this type of measurement is generally
good, as seen in Fig. 3(a). The absolute measurements
by Rapp and"Englander-Golden [26] and by Schram
et al. [27] are used as standards. Other measurements
are often normalized to one of their absolute values.
Rapp et al. [28] determined the cross-sections for the
production of charged particles with kinetic energy
above 0.25 eV and found that more than 90% of the

-charged products have near-thermal energies, although

the ratios depend on the impact energy.
The cross-sections for CD, are practically the same
as those for CH,, suggesting that the isotope effect is
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TABLE I. CRACKING PATTERNS OF
DISSOCIATIVE IONIZATION OF CH, DUE TO
100 eV ELECTRON IMPACT

CH/ CHY CH; Refs
Gas CH, 100 85 15 [29, 30]
Neutralized CH, 100 400 15 [32]

small in ionization proceéses,. as confirmed experimen-
tally by Schram et al. [27].

Adamczyk et al. [29] determined partial ionization
cross-sections for CHst, CH;f, CH,", CH*, C* and
H* over a wide energy range, as shown in Fig. 3(b).
Similar data were reported by Chatham et al. [30] and
by Orient and Srivastava [31] in a limited energy region.
Their partial cross-sections are in agreement with each
other at high energies, but there is some disagreement
at low energies. The Hy" ions observed by Adamczyk
et al. [29] and Chatham et al. [30] seem to be due to
double collisions (since they increase quadratically with
the pressure).

Note that partial ionization cross-sections of
molecules are strongly dependent upon the internal
energy of these molecules. Table I compares the rela-
tive partial ionization cross-sections (so-called cracking
patterns) of the ground state neutral CH, gas molecules
with those formed through (resonant charge) neutraliza-
tion of CH,' ions; the internal energies of the two
groups are probably different [32]. It should be
noted that part of this difference may be due to
discrimination effects on fragmented ions in particle
detection systems [32a].

2.1.4. Photon emission cross-sections

Systematic measurements of emission cross-sections
for Lyman lines and 2s — 1s transition from hydrogen
atoms were made [33-38]. However, the absolute values
of these cross-sections and sometimes even their energy
dependence curves are scattered because of normaliza-
tion or calibration procedures of the photon detection
systems used. Figure 4 shows the most recent results
for Lyman-o and -8 line emissions obtained by Pang
et al. [38], who normalized their data to the newest
cross-sections for Lyman-o emission from H, molecules,
and those obtained by Vroom and De Heer [33] and by
Mohlmann et al. [36], which we renormalized to those
of Pang et al. [38] at 400 eV. Also shown are the

renormalized cross-sections for 2s — 2p transitions by
Vroom and De Heer [33].

Concerning the isotope effects on Lyman-o emission,
Vroom and De Heer [33] found that those for CH, are
about 20% larger than those for CD,.

Vroom and De Heer [33] also determined the cross-
sections for Balmer-«, -3, -y and -8 lines of atomic
hydrogen. Those for the Balmer-G lines by Aarts et al.

'[39] and those for the Balmer-g, -y and -8 lines by

Koppe et al. [40] are in reasonable agreement, but the
cross-section for the Balmer-8 line emission obtained
by McLaughlin and Zipf [41] at 100 eV is larger by a
factor of four than that obtained by Vroom and De Heer
[33], whose results are shown in Fig. 5. The isotope
effect for Balmer line emissions leads to cross-sections
for CD, which are smaller (about 20%) than those for
CH, [33]. .
Cross-sections for emissions of carbon atoms
(CI: 165.72 nm, 2p3s 3P — 2p? *P?, and 193.09 nm,
2p3s 'D — 2p? 'P% were recently determined by Pang
et al. [38]. In these emission cross-sections, some struc-
tures are seen just above the threshold energy because
of different production channels (see Fig. 6). Previous
measurements by Sroka [34] (C I: 165.72 nm and
156.1 nm, 2s2p °D — 2p? *P) and by Morgan and
Mentall [35] (C I: 156.1, 165.72 and 193.09 nm)
differ (by 20-50%) from the recent results of Pang
et al. [38]. Relative cross-sections for some emissions
of carbon atoms were reported by Donohue et al. [42].
In most of these measurements, the lines from carbon
ions were weak; thus, no cross-sections for emission
of lines from carbon ions C* were reported so far,
apart from the cross-section for the C II, 133.5 nm
(2s2p? D — 2s22p *P% line measured by Morgan
and Mentall [35] (2.3 x 1072° cm? at 100 eV).
Emission cross-sections of the molecular band
(A’A — X21II: 420-440 nm) of CH" were determined
by Aarts et al. [39] (Fig. 6). Koppe et al. [40] also
measured these cross-sections, and their results are in
reasonable agreement ( < 10%) with those of Aarts et al.

2.1.5. Characteristics of neutral and charged products

Information on collision products and their energy
distributions is important for estimates of their penetra-
tion into plasmas. Only very limited investigations on
neutral products from dissociation of CH, have been
made, because they are difficult to detect. Data by
Flesch et al. [43] indicate that the majority of neutral
products consist of CH; molecules (50% at 20eV
impact energy) and their parent molecules (30%)
formed through elastic and inelastic scattering under
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FIG. 6. Emission cross-sections of carbon atom lines and of the CH molecular

band in e + CH, collisions [38, 39].

electron impact, with the rest (20%) being H,. The
observed threshold energy of ionization of the CH,
molecules suggests that they are in vibrationally excited
states. If such products are in excited states, they may
emit photons and can be detected optically. Observa-
tion of the broadening of Balmer or Lyman lines
emitted from atomic hydrogens provides information
on their initial kinetic energy distributions. For example,
the observed Balmer-« lines for H (n = 3) resulting
from dissociation of CH, by electron impact [44] show
a broad peak with no particular structure compared
with that for H,, but the peaks become broader with
increasing impact energy, indicating that a number of
dissociation channels contribute to this emission. These
results show that the average energy of H (n = 3)
dissociated from CH, increases from 2.0 eV to 3.8 eV
when the electron impact energy increases from 25eV to
300 eV. Similar results were obtained for the Balmer-8
line of H (n = 4) dissociated:from CH, [45].

Time of flight (TOF) measurements by Finn et al. .
[46] of energy distributions of atomic hydrogens -in high
Rydberg states (E > 5 eV) from CH, indicate that the
energy ranges from 1.7eV to 3.5eV at 25eV electron
impact; with increasing impact energy, new peaks at
higher energies appear. For 100 eV electron impact
energy, the most intense peak of atomic hydrogens is
observed at an energy of 4 €V, with the peaks extending
up to 14 eV. The TOF results by Schiavone et al. [47]
generally agree with those by Finn, but the detailed
spectra are found-to be largely different, probably
because of the variation of the detection efficiencies.
However, the ground state atomic hydrogens from CH,
have not been investigated and no absolute intensities
(cross-sections) for the production of these energetic
atomic hydrogens have been measured. Measurements
of the energy distributions of neutral carbon products
are very scarce. In Refs [46, 47] it is suggested that
the energy of neutral (possibly metastable) carbon atoms
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in high Rydberg states is in the range of 1-2 eV at
28-48 eV electron impact. Energies for the groﬁnd
state and for low excited states have not been reported
yet. .
The detailed energy distributions of protons formed
through dissociative ionization of CH, were measured
by Locht and Momigny [48], who found peaks at 0.0,
0.5, 0.9, 2.35 and 3.97 eV for 25-50 eV electron impact
energy (previous measurements often failed to observe
the peak at‘0 eV). For all impact energies studied, the
peak at thermal energy (=0 eV), with threshold energies
of 21.3 eV and 22.2 eV, is the most intense, whereas
the peak at 2.35 eV occurs at an electron impact energy
of about 22 eV. With increasing electron impact energy,
other peaks appear and, compared with a number of
peaks, the peak at 0.9 eV becomes larger than that

at 2.35eV.

For heavier product ions from dissociation of CH,,
the initial kinetic energy distributions at 75 eV elec-
tron impact are found to be quasi-thermal, but they
show no structures. The average energy increases as
the product ion becomes lighter (0.05-0.3 eV for
CHy > ... > CH* > C*) [48a].

2.1.6. Recombination and ionization of CH}
by electrons o

Total cross-sections for dissociative recombination
of CH,' ions in collisions with slow electrons were
determined with the merged beam method by Mul et al.
[49], who controlled (but not specified) the internal
excitation energy of the parent CH;" ions by mixing
different gases with CH, in the ion source. Note that
these cross-sections depend strongly upon the excitation
energy of the parent molecular ions. In fact, as shown
in Fig. 7, the observed cross-sections decrease approxi-
mately as E™' up to 0.1 eV; at higher energies, they
drop more rapidly. This rapid drop above Q.1 eV may
be due to the presence of ions in vibrationally excited
states. '

So far, no measurement of ionization of CH, ions
by electrons has been reported, except for preliminary
results which indicate that the ionization and dissocia-
tion cross-sections are strongly dependent upon the
internal excitation energy of the parent CH," ions [50].

2.2. CH3, CHz and CH

These radicals are either collision products of
hydrocarbon molecules or products from graphites
under hydrogen impact. Only limited cross-sections
have been reported for ionization and recombination
processes.
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Cross-sections for pure ionization of CH, (CD; is
used in experiments instead of CH;) were measured
with two different crossed beam methods. In the first
method [32], CD;" ions are produced from CD, mole-
cules by electron impact and then neutralized to obtain
a CD, beam. The neutralized CD; beam crosses an
electron beam with controlled impact energy. The
measured cross-sections (Fig. 8(a)) are relatively flat
over 50 eV and the peak values are 1.6 X 107 cm?,
The second technique is based upon photodissociation
of CH;0H by an ArF excimer laser at 198 nm, and
the cross-sections are determined for impact energies
of 8-14 eV [51]. Generally, the measurements agree
with each other in the energy region studied in Refs [32]
and [51]. The first method is also used to determine the
cross-sections for dissociative ionization of CD; to CD,
(Fig. 8(a)), which are found to be about two thirds of
those for the pure ionization process. The cross-sections
for CD, formed through neutralization of CD," ions to
CD; and CD* (Fig. 8(b)) are found to be of the same
order of magnitude as those for CDs. It should be borne
in mind that these cross-sections are probably strongly
dependent upon the internal energy of the parent free
radicals. However, the dependence of these cross-
sections on their internal energy has not yet been
investigated. '

No cross-sections have been reported for collision
processes involving CH radicals, although this is one
of the simplest hydrocarbon molecules..
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Total cross-sections for dissociative recombination
of CH;" ions with slow electrons were determined by
Mul et al. [49] with the merged beam method. In
contrast to those for the CH," ions, the cross-sections
were found not to be strongly dependent on how the
parent CH;" ions are formed — either in pure CH, or
in mixtures with other gases. The results of Mul et al.
for CH;" (Fig. 9(a)) suggest some contribution of ions
in (vibrationally) excited states, as indicated by the
rapid drop at higher energies. The cross-sections for
CH,' ions are almost of the same size as those for
CH,' ions, except at higher energies.

Similar measurements of CH;" ions show no signifi-
cant dependence on the mixture of the quenching gases
in the ion source (Fig. 9(b)), suggesting that the parent
CH,' ions are mostly in the ground state! In contrast,
measurements of CH* ions (Fig. 9(c)) suggest some
effect of the excitation energy of the parent ions on the
recombination processes.

2.3. CHi
2.3.1. Elastic and inelastic scattering cross-sections

The total cross-sections measured by Floeder et al.
[7] and by Sueoka and Mori [10] are in good agree-

ment with each other, within their uncertainties, and
are found to agree with the data by Briiche [6], except
for those at the lowest energies. The evaluated cross-
sections are shown in Fig. 10.

The momentum transfer cross-sections below 1 eV
based upon swarm data are found not to be in agree-
ment with each other [52-54]; they are also in dis-
agreement with those obtained by Tanaka et al. [55]
with the beam method. At present, it is difficult to
give recommended momentum transfer cross-sections
for C,Hg.

The differential elastic scattering cross-sections
measured by Tanaka et al. [55] are found to be in
general agreement with those by Curry et al. [21],
but they are a factor of two smaller than those by
Fink et al. [56] at an energy of 100 eV. Integrated
elastic scattering cross-sections were given only by
Tanaka et al. [55] (Fig. 10). '

Some differential cross-sections for vibrational exci-
tation were obtained by Curry et al.. [21] with the beam
technique. Total cross-sections, obtained through analy-
sis of the Boltzmann equation, were given by Duncan
and Walker [57], but only over a limited energy range.
Electronic excitation processes have been investigated
spectroscopically [58], but no cross-section is available.
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2.3.2. Dissociation cross-sections

A technique similar to that used for CH, dissocia-
tion was used by Winters [59] to determine total disso-
ciation cross- -sections (Fig. 11). Winters also found that
the cross-sections for C,Hg are larger (on average by
8% for 50-600 eV electron impact) than those for
C,D¢. This isotope effect can be explained by the fact
that the time required for dissociation depends upon the:

velocities of particles involved in rotational/vibrational
oscillations. '
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, (b) CH; and (c) CH™ for dissociative recombination due to impact of slow electrons [49].

2.3.3. Ionization. cross-sections

Total ionization cross-sections were determined by
Schram et al. [27], Chatham et al. [30] and Duric et al.
[70]. Extrapolated measurements by these groups
seem to be in fairly good agreement with each other
(see Fig. 12(a)). Partial ionization cross-sections were
determined only by Chatham et al. (see Fig. 12(b)).
The largest peak is due to C,H;, followed by the peak
of the parent ions C,Hy .
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2.3.4. Photon emission cross-sections

Only a single measurement of the cross-sections for
emission of Lyman-¢, 2s — Is transition and Balmer-a,
-3, -y and -6 lines was reported (Vroom and De Heer
[33], see Fig. 13). These Lyman-« data are renormalized
to the most recent value of the Lyman-a emission
from CH, under electron impact (Pang et al. [38]).

2.3.5. Characteristics of neutral and charged products

A technique similar to that applied for CH, was used
by Flesch et al. [43] to determine the neutral products
from C,Hj at 20 eV electron impact energy (see
Table II). Their ionization energies for these products
suggest that H, and CH; are in vibrationally excited
states, whereas other products are in the ground state.
Also, the observed appearance energies for these neu-
trals show that the neutral products are due to dissocia-
tive ionization processes. Energy distributions of the
charged products were reported by Fuchs and Taubert

TABLE II. NEUTRAL PRODUCTS FROM C,Hs DUE
TO COLLISIONS WITH 20 eV ELECTRONS [43]

Mass 2 15 - 26 27 28 29 30
Fraction (%) 3 1 I 1 48 3 43

[48a], who found quasi-thermal distributions with
average energies of 0.3 eV (lighter ions) to 0.063 eV
(heavier ions). No information is available on the
energy distribution of neutral products.

24. CH,

2.4.1. Elastic and inelastic scattering cross-sections
Total cross-sections were measured by Floeder et al.

[7] and by Sueoka and Mori [10]; the results are in .

agreement with each other in the energy ranges investi-
gated by the two groups. The peaks at about 2 eV and
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8 eV are due to shape resonances. The peak observed
by Sueoka and Mori at lower energy is slightly broader
than peaks observed by Briiche [60], probably-because
of poor energy resolution. The evaluated cross-sections
are shown in Fig. 14.

Cross-sections for momentum transfer, based upon
the swarm technique, were measured only below 1 eV.

No data are given here because the results are scattered, .

. Differential elastic scattering cross-sections were
determined by Fink et al. [56] over a limited range of
angles and energies; no total cross-section was given.

The observed differential cross-sections for vibra-
tional excitation to v, (n = 1, 2, 3, 7) have two strong
peaks at 1.8 eV and 7.5 eV which are due to the shape
resonances of the 2B,, and A, states, as discussed by
Walker et al. [61], who also investigated the isotope
effect for C,H, and C,D,. ’

Most of the measurements for electronic excitation
are concerned only with spectroscopic data and no-
cross-section is available.

2.4.2. lonization cross-sections
Total ionization cross-sections measured by Rapp

and Englander-Golden [26] and by Schram et al. [27]
are shown in Fig. 15. Although the measured energy
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" TABLE III. RELATIVE PARTIAL IONIZATION

CROSS-SECTIONS OF C,H, DUE TO 75 eV AND
3500 ¢V ELECTRON IMPACT [62]

Energy 75 eV 3500 eV
c* 0.94 0.74
CH* - 1.7 1.3
C,H}* ' 0.19 : 0.09
CH ' 3.8 3.6
CH, 0.40 0.36
oy ' 31 1.8
C,H* : 9.6 5.8
C,HS 52 51
CH;y ‘ 62 60

C,H/ 100 100

regions did not coincide, the extrapolated values seem
to be in good agreement with each other. However, no
partial ionization cross-sections -are available, except
for relative measurements at 75 eV and 3500 eV by
Melton [62], as shown in Table III. For these impact
energies, there is practically no difference in the relative
partial ionization -cross-sections.
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2.4.3. Photon emission cross-sections

Emission cross-sections for the Lyman and Balmer
lines from hydrogen atoms were measured by Vroom
and De Heer [33] and by Aarts et al. [39]. The cross-
section measured by Aarts et al. are about 20% larger
than those measured by Vroom and De Heer (see
Fig. 16).

Emission cross-sections for the CH” (A2A — XI)
molecular band were determined by Aarts et al. [39]
(Fig. 16). Relative cross-sections for the CH" and C;
bands as well as for the CH*" (B'A ~ AI) band
at relatively low energies were reported by Donohue
et al. [42].

2.5. C;H,

2.5.1. Elastic and inelastic electron scattering
cross-sections

Only total cross-sections measured by Briiche [60]
are available (see Fig. 17).

The available measured momentum transfer cross-
sections are limited, both in quality and in quantity.
At present, it is difficult to evaluate these data.

Differential elastic scattering cross-sections were
measured by Fink et al. [56] at high energies and by

Kochem et al. [63] af low energies, over a limited
range of scattering angles. No total cross-section was
given.

* Differential cross-sections for vibrational excitation
for v, (n = 1, 2, 3, 5) below 3.5 eV were measured
in detail by Kochem et al. [63]. No total cross-section
for vibrational excitation of C,H, was reported.

For electronic excitation, no data are available,
except for some relative measurements [64].

Limited data for dissociative electron detachment to
C,H, were given by Azria and Fiquet-Fayard [64a],
who observed negative ion peaks of C;H™ and H-, The
corresponding maximum cross-sections are estimated to
be 2.2 X 102 cm? at 2.3 eV, 3.1 X 102 cm? at
7.5 eV and 4.4 x 10?2 cm? at 11.5 eV. A large isotope
effect between H and D was observed for C,H™ ions.

2.5.2. Total and partial ionization

Total jonization cross-sections were determined by
Tate and Smith [65] and by Gaudin and Hagemann [66].
These are shown in Fig. 18, which indicates that the
former data are slightly higher (by 20% at 100 eV)
than the latter but tend to converge at higher energies.
Azria and Fiquet-Fayard [64a] made similar measure-
ments, from the threshold energy to 100 eV, the results
of which seem to be very close to those of Tate and
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Smith. Partial ionization cross-sections for C,H,",
C.H*, C}, CH*, C*, C,H3* and C,H?* were deter-
mined by Gaudin and Hagemann (Fig. 18). Melton [62]
also measured relative partial cross-sections and his
results agree with the data obtained by Gaudin and
Hagemann.

2.5.3. Photon emission cross-sections

Measurements of cross-sections for Lyman-« and -
line emissions from atomic hydrogens were reported by

Pang et al. [38], and measurements of cross-sections
for the Balmer-8 line were reported by Sushanin and
Kishko [67]. These results are shown in Fig. 19.

Cross-sections for the emission of the carbon atom
(C") line at 165.72 nm were studied by Pang et al.
[38] and are shown in Fig. 20. A weak structure near
the threshold energy can be seen, similar to that for
CH,;. Only a single measurement was reported by
Sushanin .and Kishko [67] for emission cross-sections
for the transition A2A — XII at 431.5 nm of CH" and
for the Swan bands (d’Tl, — a’Il, transition) for C; at
v = -1, 0 and 1 (see Fig. 20).
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FIG. 21. Total cross-sections of electrons colliding with (a) C;Hg and (b) C;Hj,

2.6. C}Hs and C3H6

2.6.1. Elastic and inelastic scattering cross-sections

The total cross-sections for C;Hg were redetermined
by Floeder et al. [7] and found to be in agreement with
the data by Briiche {6] in the energy ranges investigated

in the two studies (see Fig. 21(a)). For cyclopropane
and propene (C3Hg), similar measurements were per-
formed’by Floeder et al., who found practicélly no
difference between the two isomers (Fig. 21(b)).'

" A recent study has shown the isomer effect on the total
scattering cross-section at low energies (NISHIMURA, H.,
TAWARA, H., J. Phys., B 24 (1991) L363.
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electron impacr (27, 70].

The measured cross-sections for momentum transfer
based on swarm experiments show a significant varia-
tion; therefore, no data are given here.

The cross-sections for cyclopropane and propene
were determined below 1 eV with the swarm tech-
nique; discrepancies are prominent at lower energies.
At present, it is difficult to evaluate these data. Only
preliminary differential elastic scattering cross-sections
for C;Hg were reported by Matsunaga et al. [68].

No vibrational excitation cross-sections for C;Hg and
C,H, have been reported yet. Relative cross-sections

60

for electronic excitation of C;H; were investigated only
at 50 eV.

Some investigations of electronic excitation for
propene were reported by Johnson et al. [69], but
no cross-section is available.

2.6.2. Ionization cross-sections
The total ionization cross-sections for C;Hy were

measured by Schram et al. [27] and by Duric et al. [70]
(see Fig. 22(a)). Extrapolations of the two groups of
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data seem to be in good agreement with each other. The
data for propene (C;Hg) by Schram et al. (Fig. 22(b))
are about 10% lower than those for cyclopropane. No
partial ionization cross-section for these molecules was
reported. The energies of product ions from dissociative
ionization of C;Hg by 75¢V electrons show a smooth,
quasi-thermal distribution, with average energies of
0.3 eV (lighter ions) to 0.05 eV (heavier ions) [48a].

2.6.3. Photon emission cross-sections

There are very few photon measurements for C;Hg
and C;H¢. Only Balmer-# line emission cross-sections
were reported by Kurepa and Tasic [71] for a relatively
narrow electron energy region (see Fig. 23). They com-
pared their results with experimental data for other hydro-
carbon molecules and found that the Balmer emission
cross-sections slightly decrease as the total number of
atoms in a molecule increases, which suggests a
reduced probability of dissociation of the parent

TABLE IV. NEUTRAL PRODUCTS FROM C;H,
DUE TO COLLISIONS WITH 20V ELECTRONS [43]

Mass 2 15 26 27 28 29 30 41 42 43 44
Fraction (%) 1 4 1 13917 1 1 3 13 20

molecules in the superexcited state to fragments in
the excited state.

2.6.4. Neutral and charged products

A single observation of neutral products from C;Hy
was reported by Flesch et al. [43]; their results are
shown in Table IV. It is interesting to note that the
most abundant product is C,H,, which results from the
splitting off of CH, from the parent C;H;. No informa-
tion on the energy distribution of neutrals is available.
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3. CONCLUDING REMARKS

We have summarized the present situation regarding
cross-section data for hydrocarbon molecules and their
ions in collisions with electrons. A considerable amount
of collision data are available only for CH,. For other
hydrocarbons, only the total cross-sections for energies
above | eV seem to be reasonably reliable. Good total
ionization cross-sections are also available for most of
the hydrocarbons. Cross-sections for other processes
(momentum transfer, excitation, partial ionization,
photon emission, etc.) are still limited in quality and
in quantity. Furthermore, the collision data for radicals
are very scarce.

It should be noted that collision data for molecules
and molecular ions are strongly dependent upon their
internal energy states (see, for example, Table I), and
the cross-section data may differ by orders of magni-
tude, depending on whether the molecule species are in
the ground state or in the excited states. Therefore, it
is important to specify the internal states of target mole-
cules before measuring the collision cross-sections. In
various fields of application of molecule collisions, large
fractions of molecules or molecular ions produced in
collisions with plasma particles are more likely to be
present in excited states than in the ground state.

Thus, a prerequisite for the use of data is a knowledge
of the experimental conditions and of where and how
the data were obtained. This is especially important
when the data are used for plasma modelling. The
collision products from molecules or molecular ions
and possibly the energy distributions of the products
may be different, according to their.internal states, and
thus the resulting densities and density distributions of
species may also be affected.

One of the most important and urgently needed groups
of data for both basic collision studies and applications
is information on neutral products from hydrocarbons,
i.e. their production rates, eneirgy distributions and -
angular distributions and possibly internal (energy)
states.

Another important factor, which is not treated in
the present report, is the effect of solid surfaces on
collisions of molecules. Collisions of molecules with
solid surfaces often lead to inelastic scattering as well.
as to dissociation or to the breaking up of these mole-
cules into fragments. These fragments can be signifi-
cantly different from those produced in electron
collisions and may also have different internal states.
So far, however, products with specified internal
states have not been investigated.
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Appendix

EMPIRICAL ESTIMATION OF THE
IONIZATION CROSS-SECTIONS
OF MOLECULES

In some applications of cross-section data, for
example in plasma modelling, it is useful to give ana-
lytical formulas for the cross-sections. Some empirical
formulas were actually proposed and found to reproduce
reasonably well the observed ionization cross-sections
for atoms and atomic ions as long as direct ionization
processes are dominant [72-74]. It should also be
possible to estimate the ionization cross-sections for
molecules and molecular ions through empirical formu-
las similar to those used for atomic species. Recently,
Margreiter et al. [75] tried to develop an analytical
formula based on the Gryzinski (classical binary
encounter) approximation modified by the Born-Bethe
approximation and an ‘additive rule’ for molecules.
Their results are quite promising for total single ioni-
zation of some molecules, but, generally, the agree-
ment with experimental data is not always satisfactory.
In fact, it seems difficult to justify the use of the so-
called additive rule for molecules because this rule
assumes that the constituent atoms in a molecule are
ionized independently of each other.

Since the origin of partial (dissociative) ionization
cross-sections of molecules is complicated, no simple
empirical or scaling formula was found to be success-
ful so far. Several proposals were made by Tan and
Wu [76] and more recently by Khare et al. [77].
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DISSOCIATIVE AND ENERGY TRANSFER REACTIONS
INVOLVING VIBRATIONALLY EXCITED H,/D, MOLECULES
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Dipartimento di Chimica,
Universita di Bari,
Bari, Italy

ABSTRACT. Atomic and molecular processes involving vibrationally excited H,/D, molecules relevant to edge
plasmas are reviewed. In particular, cross-sections for electron impact dissociation processes of vibrationally excited
H,(v) and D,(v) molecules (including dissociative attachment and dissociative ionization) as well as dissociation of
H, (v) are presented and discussed. Also.discussed are cross-sections for electron impact vibrational excitation of
H,(v) and Dy(v) either by a resonant mechanism or by indirect excitation through electronic excited states radiatively
cascading onto the ground state. For heavy particle molecular processes, the most important vibrational energy
exchange processes due to the gas phase and to gas-surface collisions are discussed, namely the deactivation of
H,(v) and Dy(v) by Hy/D, and by atomic H/D species as well as in collisions with metallic surfaces.

1. INTRODUCTION

It is extremely difficult to understand atomic and
molecular processes occurring in edge plasmas because
in this medium atomic and molecular species in the
ground state and in excited states coexist [1, 2]. This
situation is far from being completely understood, even
though there are many experimental and theoretical
‘papers on the most important processes (electronic,
radiative, charge and excitation exchange processes,
involving the atomic species H, H*, D, D*, H™, D).
On the other hand, atomic processes involving roto-
vibrational H;'/D;" (as well as H,/D,) molecules have
been neglected by the plasma physics community for a
long time because of the small concentrations of these
species in high temperature plasmas. The situation is
different in edge plasmas, where large concentrations
of molecular species are believed to exist. Fortunately,
in the last decade, atomic processes involving rotovibra-
tional excited states have been studied by researchers
who wanted to understand the processes occurring in
low energy plasmas (¢ < 5 eV) [3] as well as in multi-
pole magnetic plasmas which are being utilized for the
formation of intense H,/D, beams [4].

In the present paper we review thé existing database
for different elementary processes involving vibrational
levels of H,/D, molecules. Baswally, we discuss the
following topics:

— Energy exchange processes by which vibrational
energy is formed in H,/D, through electron impact;

— Direct electronic processes leading to dissociation,
dissociative attachment and dissociative ionization
from vibrationally excited molecules;

— Vibrational quenching of H,(v)/D,(v) in the gas
phase;

— Vibrational energy exchange processes between
H,(v)/D,y(v) and metallic surfaces

The results presented have been obtained by using
different theoretical methods, including quantum
mechanical, classical and semi-classical ones. We limit
our presentation to the atomic and molecular physics of
elementary processes. Of course, for a complete under-
standing of edge plasma properties, one should consider
the appropriate Boltzmann equation for the electrons,
coupled to the non-equilibrium vibrational kinetics of
H,(v)/D,(v) interacting in the gas phase and with.the
surrounding metallic surfaces (see, for example,

Refs [3, 4]).

2. ELEMENTARY PROCESSES
INDUCED BY ELECTRON IMPACT

2.1. Vibrational excitation by electron impact
Vibrational excitation of H,/D, by electron impact

occurs through two distinct mechanisms. The first one
(the so-called e-V process) considers excitation as a
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FIG. 1. Cross-sections for vibrational excitation of D, (e-V process) as a function of the
incident energy for different initial and final vibrational levels.

resonant process of electron capture followed by
autodetachment:

e + Hy(v)/Dy(v) — e + Hj/D; — e + Hy(v/Dy(vp)
1)

(v and v; indicate the initial and final vibrational quan-
tum numbers, respectively. The second mechanism
(the so-called E-V process) considers the excitation of
vibrational levels as a result of a two-step process,

i.e. excitation of electronically excited states of H,/D,
followed by radiative cascade onto the vibrational
levels of the ground H,/D, electronic state:

e + Hy(v)/Dyv) — e + Hy/D, (B 'L, C 'L
— ¢ + Hz(Vf)/Dz(Vf) + hv . (2)

The cross-sections of process (1) have been measured
(5] and calculated [6-8] using the resonant scattering
theory with local and non-local potentials. In general,
the agreement between the different calculations and
between calculations and experiments can be consid-
ered satisfactory, with the differences not exceeding a
factor of two for the 0-1 transition. However, larger
differences exist between the calculated values for
(0-vy) transitions (v{ = 2) and for transitions involving
vibrationally excited molecules.

The cross-sections for process (2) have been calcu-
lated for the first time by Hiskes [9], who used a
phenomenological approach. Actually, Hiskes calcu-
lated the cross-sections for process (2) basically by
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modulating the total cross-section for the excitation of
singlet excited states with the Einstein probabilities
linking vibrational states of excited singlet states and
vibrational levels of the singlet ground state.

A similar method was recently used for calculating
the E-V cross-sections for D, [10].! Note that the
threshold energy of the e-V process is much smaller
than the corresponding one for the E-V process.

'Figure 1 presents samples of theoretical e-V cross-
sections for the excitation of D, [11]. Figure 2 shows
the excitation of D, according to the E-V process from
D, (v = 0). We note that the excitation of high lying
vibrational levels from v = 0 by the e~V process strongly
decreases with increasing final quantum vibrational
number v;. For excitation by the E-V process, a much
smoother dependence of the cross-sections on v; is
observed. Note that there is a large increase in the
cross-sections for the e~V process when passing from
v =0tov = 6 (see Fig. 1). A comparison of the
magnitude of the two kinds of cross-sections shows
that the e~V processes dominate the excitation mecha-
nism for v; < 2, while the E-V processes dominate
for v > 2. This statement is true when v = 0 and is
not true when v # 0.

Regarding the accuracy of cross-sections, we note
that the experimental cross-sections for e-V processes
in H, agree very well with quantum mechanical calcu-
lations. Unfortunately, experimental E-V cross-sections
do not exist, so that the numerical results shown in
Fig. 2 can only be validated by comparing them with

! The scale of the cross-sections in Fig. 4 of Ref. [10] is -
107" em?.
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FIG. 2. Cross-sections for vibrational excitation of D, (E-V
process) as a function of the electron energy for different final
vibrational levels.

other theoretical results. This was done in the case of
H,, for which three independent calculations [9, 12, 13]
of E-V cross-sections exist, with the differences not
exceeding a factor of two. These differences are due to
a different choice of the total excitation cross-section
of excited singlet states, as discussed in Ref. [13].

2.2. Dissociative attachment

Dissociative attachment cross-sections for vibration-
ally excited H,/D, have been measured [5] and calcu-
lated [6-8] using the resonant scattering theory with
local and non-local potentials. The different theoretical
results can sensibly differ, especially for low lying
vibrational levels. '

The most important feature of dissociative attachment
cross-sections (common to all calculations as well as to
the experimental values) is their dramatic dependence on
the initial vibrorotational quantum number. This point
can be confirmed in Fig. 3, which shows the cross-
section for dissociative attachment of D, as a function
of energy for different initial vibrational levels. The

cross-sections increase by several orders of magnitude
when passing from v = 0 to higher values of v. It
should be noted that dissociative attachment of H,/D,
is a very inefficient process in connection with vibra-
tionally cold H,/D, molecules; however, when the
H,/D, molecules are in vibrationally excited states,
this process becomes very effective. This point is at
the basis of volume sources for the creation of intense
beams of H/D~ [14].

2.3. Dissociation

Direct electron impact dissociation processes
involving H,(v)/D,(v), i.e.

e + Hy(v)/Dy(v) — e + H3/D; — ¢ + H/D + H'/D"
3

were recently calculated [10, 13, 15] by modulating the
classical Gryzinski cross-section with the Franck-
Condon density to describe the overlap of the vibra-
tional and the continuum wave functions of H,(v) and
H;, respectively. Figure 4 shows the cross-sections
leading to unexcited D + D atoms from D,(°L;") for
different initial vibrational levels. The threshold energy
of process (3) decreases with increasing v. The reverse
is true for the maximum of the cross-section, in which

1077}

om(zz)

-8 -

108

Energy (eV

FIG. 3. Cross-sections for dissociative attachment of vibrationally
excited D,(v) (from Ref. [6]) as a function of energy for different
initial vibrational levels. : ) ’ o
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FIG. 4. Electron impact direct dissociation cross-sections of
vibrationally excited D, over the first repulsive triplet state.

case, however, the cross-section increases only by a
factor of two when going fromv = 0tov = 19,

A more complicated trend is observed for the
v-dependence of the cross-section maximum for
process (3), leading to excited atomic species, when
the interaction takes place on the repulsive part of a
bound state (see Ref. [15]). In this case, the cross-
section maximum first increases, up to a certain value
of v, and then decreases. On the contrary, the behaviour
of the threshold energy follows the usual trend. i.e. it
decreases with increasing v. ' '

Figure 5 shows the rate coefficients (cm3-s™') for
process (3) as a function of v, calculated by integrating
the relevant cross-sections over a Maxwell distribution
function for the electron energy. In general, the beha-
viour of the cross-section at the threshold dominates
the rate coefficient at low electron temperatures T,,
while the behaviour of the cross-section near its maxi-
mum dominates the rate coefficient at high T.. As a
result, there is a strong increase in the dissociation rate
at low T,, leading to unexcited hydrogen atoms from
the completely repulsive *L;f of H,, while a smooth
dependence on v is observed at high T..
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The behaviour of the rate coefficients leading to
excited H + H" fragments (Fig. 5(b)-(e)) does not fol-
low a monotonic trend as a function of v; this is due
to the intricate v-dependence of the cross-sections, as
discussed in Ref. [15].

Regarding the accuracy of the method, we are aware
of the fact that there are a number of questions regarding
the Gryzinski approximation (widely used in plasma
physics for obtaining excitation and ionization cross-
sections of atoms). However, a comparison of the
present results (see Refs [10, 13]) for the process

e+ Hv) —e+HCEH ~-e+H+H 4

involving v = 0 and v # 0 vibrational levels, with
experimental data and with data obtained by more
accurate quantum mechanical scattering methods shows
satisfactory agreement between them (differences are
within a factor of two), indicating that the present
results can be confidently used in modelling H,/D,
discharges.

2.4. Dissociative ionization

Another process which can take place in edge
plasmas is dissociative ionization, i.e. the processes

e + Hz(V)/Dz(V) - Ze + H2+/D2+ (2Eg+)

~2 + H+ H* | )

e + H,(v)/Dy(v) — 2e + H;}/Df (L)
~2 +H+ H* (6)

Process (5) describes the excitation of the repulsive
part of the H;'/D;" (*L;") bound state, while process (6)
describes the excitation of the completely repulsive
state (L") of Hy' /D5. Cross-sections for this process
were calculated by our group [10, 16] by modulating
the Gryzinski ionization cross-section with the Franck-
Condon density linking the vibrational wave functions
of Hy(v)/D,(v) with the continuum wave functions of
H; /D;. Figure 6 shows the behaviour of the cross-
sections of processes (5) and (6) in D, for different
initial vibrational quantum numbers. With increasing v,
there is a monotonic increase in the cross-sections for
dissociative ionization involving the completely repulsive
D, (3L;}) state, while the cross-sections for process (5)
show a non-monotonic behaviour, reflecting the Franck-
Condon matrix linking D,(v) to D;".
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FIG. 6. Cross-sections for dissociative ionization of vibrationally excited D, molecules as a function of energy,
(a) over the repulsive part of the bound 22; state of D; and (b) over the repulsive state ZE: .

We have recently investigated the accuracy of the
present cross-sections for H, by comparing the v = 0
cross-section with the corresponding experimental one
(see Ref. [16]). The results obtained seem to be satis-
factory, under the assumption that the direct processes
dominate the indirect ones. Moreover, when the method
used by us is applied to the process

e + Hy(v)/Dy(v) — e + Hf /DS . ' (7)-

it gives results for v =0 that are within 10-20% of the
corresponding experimental values (see Refs [13, 16]).

2.5. Dissociation of H,” by electron impact

Dissociation of H;" by direct electron impact mainly
takes place through the excitation of repulsive H;* (°L;),
i.e. by the process

e+ Hf (L) —e+ Hf (L) —e+ H+ H* (8)

These cross-sections were calculated by Peek [17] using
the Born approximation. Figure 7 shows the relevant
cross-section for v = 0 as well as a cross-section aver-
aged over the vibrationally excited H; molecules (in
this case a Franck-Condon distribution has been con-
sidered). A strong enhancement due to the vibrational
excitation of H;" can be seen. Also shown in Fig. 7 is
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an experimental determination of the averaged cross-
section [18], which agrees well with the experimental
results. Note that the vibrational excitation of H,"

. strongly reduces the threshold energy of the process.
Regarding the accuracy of the method, it is pointed out
.that the Born approximation is known to work very well

at high electron impact energy, so that the good agree-
ment between theoretical and experimental results may
be surprising. When the cross-section is calculated with
the Gryzinski method [19] it is in excellent agreement
with the v = 0 cross-section calculated by Peek [17].
This agreement, however, disappears for high lying
vibrational H," states. It should also be noted that the

~ experimental cross-sections for D" are very similar to
those reported in Fig. 7.

3. VIBRATIONAL RELAXATION
IN THE GAS PHASE

So far, we have discussed elementary processes
induced by electron impact. The next problem is to

"understand the relaxation of vibrationally excited

molecules colliding with molecules and atoms, i.e. the
processes ’

H,(v)/Dy(v) + Hy/D, — Hy(v-1)/Dy(v-1) + Hy/D, (9)
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Relaxation process (9) was recently investigated by
Cacciatore et al. [20], using a semi-classical model in
which the translational and rotational degrees of freedom
of the molecule are treated classically and the vibra-
tional energy exchange is treated quantum mechanically.
The key issue in these calculations is the description of
the interaction potential between the two molecules,
which in the case of H,/H, and D,/D, interactions must
contain short and long range contributions. The choice
of this potential is discussed in detail in Ref. [20],
where it is shown that the selected potential is able to
reproduce the experimental behaviour of the rate con-
stant for the deactivation of H, (v = 1) in a wide range
of gas temperatures. The same accuracy can be expected
for the rate constants involving high lying vibrational
excited molecules, even though the accuracy can become
worse for vibrational levels close to the continuum.

Figure 8 shows the behaviour- of relaxation rates
(k,...1) of Hy(v) [20] and D,(v) [21] as a function of v
for a gas temperature of 500 K. It can be seen that

k, ,.; dramatically increases with v. Note also that the
gas temperature strongly affects the relaxation rates.
We now discuss the relaxation of H,(v)/D,(v) with
atomic H/D species (i.e. process (10)). A complete set
of rates for both systems were calculated by Gorse
et al. [4] and Lagana [22], using a quasi-classical
method with the best available H/H, potential energy
surface. Figure 9 shows a sample of results for D,.
Figure 9(a) shows the relaxation rates for the process

D,v) + D — Dyv-1) + D (11)

as a function of v. Figure 9(b) shows the relaxation
rates for the process

D,(v=9)+D~—Dyv) + D (12)

as a function of v;. For both cases, the two contribu-
tions (inelastic and reactive) as well as the total relaxa-
tion rate are shown. Moreover, the calculations refer
to a translational temperature of atoms (Ty = 4000 K)
which is much higher than the corresponding one for
molecules (T, = 500 K). It can be seen that the

Kl 3. 5, 7 9 1. 13
VIBRATIONAL QUANTUM NUMBER

FIG. 8. Vibrational relaxation rates of H,(v)/D,(v) with H,/D,,
as a function of vibrational quantum number (T = 500 K).
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relaxation of D,(v) by atoms can occur through multi-
quantum transitions, while the rate constant k, ,_, does
not dramatically depend on v. It should also be noted
that the relaxation of vibrationally excited H, and D,

molecules with the corresponding atomic species is a

very efficient process, since the atomic species are the
natural enemies of the vibrationally excited molecules.

4. VIBRATIONAL RELAXATION
ON METALLIC SURFACES

Vibrational relaxation and dissociation of highly
vibrationally excited Hx(v) and D,(v) on metallic sur-
faces can be very important factors in understanding the
fate of Hy(v)/D,(v) after it collides with the container
walls.

Two independent calculations have been performed
so far — one by Hiskes and Karo [23] for iron sur-
faces and the other one by Cacciatore et al. [24] for
copper surfaces. The last group used a semi-classical
theory for atom/diatom surface scattering; in this theory
the phonon and electron hole pair dynamics in the solid
is coupled with the dynamics of the molecular motions
through the definition of an effective potential. The
Hamiltonian describing the molecule surface dynamics
is then written as

Hye = Li2m)™ (P + P} + P) + Vp(1)

+ Veff(xh Yi, Z;, t, Ts) + 'Eim(taTs)
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where V,(r) is the H-H interaction approximated by a
Morse potential, x; is the x co-ordinate of atom i, P, is
the corresponding momentum in the x component and
T, is the surface temperature. E;, is the energy trans-
ferred to the surface and V4 is an effective potential
expressed as

Veir = VoXi, ¥, 2) + (Yol Vi W) + (Pl Ve/ V)

where Vj is the static interaction between atoms in the
gas phase and surface atoms in their equilibrium posi-
tions. ¥, and ¥, are the phonon and electron wave
functions. The surface-molecule interaction potential
Vi was obtained as an analytical fit to recent ab initio
calculations for the H,/(Cu); system. Hamilton’s
equations of motion are integrated, using the above
Hamiltonian, for a number of initial values of the
kinetic and vibrational energies of H,/D, molecules.
The surface temperature T, is set at 300 K.

The main conclusions of these calculations can be
summarized as follows:

(a) The dissociation probability of H,(v)/D,(v)
strongly increases with the kinetic energy of molecules
and with the initial vibrational quantum number. It is
in any case negligible for kinetic energies less than
0.05 eV. ‘ '

(b) The vibrational deactivation probability is very
small in all cases.

(c) Below the classical energy threshold (~1 eV),
dissociation occurs through the tunnelling effect. In
this case, dissociation probabilities approaching unity
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Flg. 11. Deactivation probability of vibrationally excited deuterium
molecules colliding with copper surfaces, as a function of final
vibrational quantum number.

are possible for the high lying vibrational levels. This
is illustrated in Fig. 10, which shows the tunnelling
probability for H, on Cu as a function of vibrational
quantum number at different translational temperatures.

. These probabilities have been obtained by integrating

the values reported in Ref. [24] over a Maxwell velocity
distribution function.

Figure 11 [25] shows the final vibrational distribu-
tion of D, in the initial rotovibrational state, j = 0 and
v = 5, impinging on the copper surface with an initial
translational energy of .1 eV. In this case (high transla-
tional temperature) D, is deactivated. These results
agree with those obtained by Hiskes and Karo for the
H,/Fe system; they found similar results for very small
translational temperatures of molecules.

5., CONCLUSIONS

We have shown the dependence of several elemen-
tary processes, involving H,/D, vibrational excited
states, on the vibrational quantum number. This is the
first step on the way to an understanding of the role of
vibrationally excited H,/D, molecules in edge plasmas.
For a complete understanding, it is necessary to solve
appropriate equations for the vibrational distribution of
H,/D, as well as for the energy distribution functions
of electrons and heavy particles. This kind of problem
was solved by our group for low energy plasmas sus-
tained by the electric field and by electron beams. In
principle, an extension of these codes to edge plasmas
is possible, even though it is not obvious.
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ASSESSMENT OF ION-ATOM COLLISION DATA
FOR MAGNETIC FUSION PLASMA EDGE MODELLING
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Oak Ridge National Laboratory,
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ABSTRACT. Cross-section data for ion-atom collision processes which play important roles in the edge plasma of
magnetically confined fusion devices are surveyed and reviewed. The species considered include H, He, Li, Be, B, C,
O, Ne, Al, Si, Ar, Ti, Cr, Fe, Ni, Cu, Mo, W and their ions. The most ifnportant ion-atom collision processes occurring
in the edge plasma are charge exchange reactions. Excitation and ionization processes are also considered. The scope
is limited to atomic species and to collision velocities corresponding to plasma ion temperatures in the range 2-200 eV.
Sources of evaluated or recommended data are presented where possible, and deficiencies in the database are indicated.

This paper is dedicated to the memory of Clarence F. Barnett, founder of the Controlled Fusion Atomic Data Center of the Oak Ridge
National Laboratory. ‘Barney’ devoted his professional career to the promotion of effective communication between the atomic and fusion
research communities, and was still actively engaged in this mission at the time of his death in 1989. The data compilation upon which he
was working, entitled Collisions of H, H,, He and Li atoms and ions with atoms and molecules, was published in August 1990 as part of the
Atomic Data for Fusion series, popularly known.as ‘the Redbooks’. This compilation is a source for some of the data assessment presented
in this paper. Barney’s critical insights, guidance and dedication will be sorely missed by the Data Center and by the fusion research

community.

1. INTRODUCTION

The edge region of magnetically confined fusion
plasmas has received considerable attention [1, 2]
because of its pivotal role in insulating the high
temperature core plasma from the vacuum vessel.
This interest has been intensified by mounting evidence
that the quality of confinement of the hot plasma core
depends critically on subtle details of the edge or scrape-
off plasma [2, 3]. Gas puffing, pellet injection and
particle recycling from material surfaces (vessel walls,
limiters and divertor plates) are the primary sources of
neutral particles in the plasma edge [2-4]. Thus, atomic
processes involving neutral hydrogen, helium (in ignited
D-T plasmas), carbon, oxygen and metallic impurities
play an important role in the particle, energy and ioni-
zation balance in the -edge plasma. This region is
characterized in general by relatively low ion and
electron temperatures (2-200 eV) and moderate to
high particle densities (10'2-10" cm™). Molecules
and molecular ions also play a role [1], but collisions
involving them are excluded from the present discussion;

these are addressed specifically in other articles in this
volume.

Initial surveys of the relative importance of the various
atomic reactions occurring in the edge plasma were
performed by Janev et al. [5, 6]. More recent assess-
ments of atomic and molecular.data requirements and
the available database for modelling and diagnostics of
the edge plasma were made by Tawara and Phaneuf [7]
and by Janev et al. [8].

Although electron impact processes are by far the most
frequent and dominant in the edge plasma, heavy particle
collisions (particularly charge exchange reactions) may
also have a significant effect on particle transport and
cooling [1, 8]'. While the atomic database for reactions
occurring in the hotter core plasma or in energetic
neutral beam heating has grown substantially in recent
years [9], relatively less attention was paid to such
processes at the lower collision energies which prevail
in the edge region. This is due to the difficulty in
reliably extending experimental measurements for
heavy particle collisions down to energies in the eV
range and glso‘, from a theoretical standpoint, to the

»
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need for elaborate quantum mechanical approaches to
address the dynamics of such collisions with a high
degree of confidence.

2. SCOPE OF THE SURVEY

In this report, the available cross-section data for
a number of ion-atom collision processes which are
important for both modelling and diagnostics of the
edge plasma are surveyed and reviewed. In the relevant
velocity range, the most important processes involve
charge exchange, association, electron detachment and,
to a lesser degree, impact excitation. The species con-
sidered include H, He, Li, Be, B, C, O, Ne, Al, Si,
Ar, Ti, Cr, Fe, Ni, Cu, Mo, W and their ions [8].
Atoms and ions of hydrogen isotopes are considered to
be the primary plasma constituents, as are those of He,
which will constitute the ash of ignited D-T plasmas
and will be abundant in the edge plasma. All other
species are classified as impurities, for which the
maximum charge state considered is +10. Ne, Ar and
Li are included because they are frequently introduced
for plasma diagnostic purposes.

The reaction rate — the product of the concentrations
of the two reactants and the rate coefficient for the
process of interest — has been chosen to serve as a
rough measure of the relative importance of a given
reaction and pair of reactants. The reaction rate for
a specific reaction represents the total number of such
reactions which take place per unit volume per unit time
in the plasma. Thus, in general, reactions involving two
primary plasma constituents will be more important than
reactions involving one primary species and one impurity
species, which will in turn be more important than those
involving two impurity species. Of course, other factors
may also mitigate the relative importance of one reaction
compared to another, for example its effect on the
ionization balance, cooling and transport of particles or
on specific diagnostic measurements. The concentrations
of different species may also vary significantly in
different plasma devices or in different operating
regimes in-the same device. _

During the past five to ten years, considerable effort
has been devoted on an international scale to the
compilation, assessment and recommendation of atomic
collision data for fusion relevant processes. Of particular
significance to the present survey are reports from the
Princeton group [5, 6], the Nagoya Data Center [10-13],
the JAERI Data Center [13-17], the ORNL Controlled
Fusion Atomic Data Center [18-22], the JILA Infor-
mation Center [23] and the Ruhr University [24]. The
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TAEA Atomic and Molecular Data Unit has co-ordinated
a recent assessment of the carbon and oxygen collision
database for fusion applications [25]. A number of the
reactions covered in the present survey are included in
a recently published volume of recommended data by
C.F. Barnett [19].

3. GENERAL CONSIDERATIONS
FOR HEAVY PARTICLE COLLISIONS

Because electrons have a much higher velocity than
heavy particles at the same temperature, electron colli-
sions with heavy particles occur much more frequently
than collisions between heavy particles. Thus, to be of
comparable importance, a particular collision process
between heavy particles must have a larger cross-section
to compensate for the reduced collision frequency.
Because of the relatively low temperatures in the edge
region, the lower ionization stages are predominant.
Therefore, collisions of atoms and impurity ions in the
lower ionization stages play a significant role in the
dynamics of the edge plasma.

Inelastic processes may be generally classified with
regard to whether they are endothermic, resonant or
exothermic. Endothermic processes have a finite
threshold energy, usually of the order of several eV to
several tens of eV for the species present in the edge.
For such processes, the cross-section decreases with
decreasing energy, becoming exponentially small at the
lowest energies. Resonant or exothermic processes, on
the other hand, are characterized by cross-sections which
often increase with decreasing energy, and these may
play an important role at the lower temperatures
prevailing in the edge plasma.

Figure 1, taken from a report by Tawara et al. [10],
compares cross-sections for the production of various
excited states of H by both charge exchange and proton
impact excitation, as well as the cross-section for proton
impact ionization of H. This figure serves to illustrate
both the typical availability of data for different processes
and the behaviour of the corresponding cross-sections
for the H* + H collision system. While data are not
available for processes other than total electron capture
at collision energies below 1 keV/amu, it is apparent
that all of these reactions will have cross-sections which
are many orders of magnitude smaller than that for total
capture in the low energy region appropriate to the
edge plasma. It should be noted that, at these energies,
electron capture goes almost exclusively into the 1s
ground state (i.e. the total cross-section at low energies
is the same as that for resonant capture into the 1s state).
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FIG. 1. Cross-sections for inelastic processes resulting from H* + H

collisions, taken from the compilation of Tawara et al. [10].

4. CHARGE EXCHANGE COLLISIONS

Because of the relatively large density of neutral
particles, charge exchange (electron capture) reactions
are by far the dominant inelastic collision processes
between heavy particles in the edge plasma. Such reac-
tions generally proceed via avoided crossings of the
curves for the potential energy, and only those which
are either resonant or exothermic have appreciable
cross-sections at energies corresponding to the edge
temperature range (2-200 eV). Such temperatures are
nonetheless still sufficiently high to produce appreciable
impurity ion concentrations in relatively high charge
states. Ionization stages up to He-like ones will be
strongly populated by C and O impurities in the edge,
and heavier impurities such as Fe and Ni will have
appreciable populations in charge states as high as 10.

Of particular importance are symmetric charge
exchange reactions, which are exactly resonant, and
charge exchange reactions involving multiply ionized
plasma impurities. The latter are generally exothermic
by several eV to several tens of eV, populating excited
levels of the once less charged product ion, with rela-
tively large cross-sections (> 10" cm?) at low energies.
These excited products decay radiatively, cooling the
plasma and providing useful diagnostic information.

Table I presents a survey of the available data for
total charge exchange cross-sections (i.e summed
over all fina] states) at three different relative collision
energies characteristic of the edge plasma (2, 20 and
200 eV/amu), together with estimated uncertainties.
Experimental total charge exchange cross-section data
are generally obtained by measuring the fraction of ions
in a beam whose charge has changed as a function of
the gas target thickness (i.e. product of gas density and
target cell length). Theoretical calculations in this energy
region are generally based on a coupled atomic or
molecular state approach. The available evaluated data
are included in Table I, as indicated. References are
given to the latest available source of evaluated or
compiled data, and the reader is referred to those
publications for references to the original research
articles. In a few cases, where newer data have become
available, a reference to the specific source is given.
The lack of an entry for a reaction at a given energy
signifies a lack of data or a serious inconsistency in
the available data. In some cases, the data were extra-
polated over a small fraction of their energy range
where the energy dependence was weak or clearly
suggested, or an interpolation was made between sets
of data in different energy ranges. These values are
given in parentheses. The accuracies listed in Table I
are based on a judgement of the overall quality and
consistency of the available data and of the methods
employed to obtain them. Cross-section data are avail-
able at higher energies for many relevant reactions
which are not included in Table I. For such data, the
reader is referred to the more extensive data compila-
tions [6, 10-26].

The selection of specific reactant combinations for
inclusion in Table I is based on a consideration of the
relative abundances of the elements in a typical plasma,
as discussed in Section 2. Hydrogen (H, D and T)
and helium (in an ignited D-T plasma) atoms and ions
are considered to be primary plasma constituents; ions
and atoms of all other elements are considered to be
secondary constituents (impurities), with correspondingly
lower particle densities in the edge. The most important
reactions included are those involving two primary
constituents (H and He atoms or ions). The next level
of importance includes reactions involving a primary
constituent and an impurity constituent. Reactions
involving two impurity constituents have been excluded
from Table I. For all the ion-atom reactions considered
in this report, collisions involving the isotopes H, D
or T may be assumed to have identical cross-sections
at the same relative velocity (i.e. the same energy in
eV/amu). Isotopic effects are expected to be significant
only at much lower collision energies.
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TABLE I. EDGE PLASMA ION-ATOM TOTAL CHARGE EXCHANGE CROSS-SECTIONS

Reaction Cross Section (cm?)* Status® Accuracy®  Reference
E=2 eV/amu 20 eV/amu 200 eV/amu

H*+H-~H + H* 3.8x10 29x108  22x10" ev AAA 19
H* + He - He + H* X "X 2.5x10% ev XXC 19
H* + He - H + He* X X (6x10%) ev XXE 19
H* + Li~ H + Li* X (3x108)  1.6x10" ev XEC 19,28
H* + Ne - H + Ne* X X 8x10% co XXE 16
H* + Ar~-H + Art X X 4x10" co XXD 16
H+H-H+H 13x10™  9.0x10-15 4.2x10" ev -~ Ccc 19
He* + H - He + H* X X 2.5x10" ev,nd X XD 19,42
He' + He - He + He* 2.1x107%  1.5x10"%  1.1x10" ev BBB 19
He' + Li - He + Li* X X 3.3x101% ev XXC 19
He* + Ne - He + Ne* X (5x107%)  8x10" cond  XDC 15,29
He' + Ar - He + Ar* X 2x1016 2.5x101¢ co XEE 15
He?* + H ~ He* + HY X X 3.1x10™ ev ' XXC 19
He?* + He - He* + He? 22x10%2  22x10”°  3.0x10™ ev BBB 19
He?* + He - He + He** (5x10)  4.1x10"  3.2x101¢ ev CBB 19
He?** + Li -~ He' + Li* X X 7.0x101 ev XXC 19
Be** + H - Be’* + HY X X 2.1x10"® nd XXC 43
Be** + He - Be** + He* X X (2.5x107%) co XXD 24
B** + H - B* + H' X X 1.3x10" nd XXcC 43
Ct+H-C+H* X (5x1077)  1.4x107 ev XCB 1821
C*+H-C'+H 5.1x10"° ° 32x10"7  3.7x107¢ ev CBB . 1821
C* + He - C* + He* 59x107  3.5x10"  6.0x101¢ ev ccc 18,21
C* + H-C* + H 21x10%  1.0x10% 52510 ev ~ BBB 1821
C3* + He - C?* + He' 32x10% 1.1x10"  1.8x10" ev DDD 18,21
cC* +H-C* +Ht 1.1x10"  1.4x10"  3.0x10" ev CBB 1821
C* + He ~ C** + He* X (8x10™®)  4.4x10"7 ev XCC 18,21
C* + He - C* + He™ X (4x10"7)  3.4x10™" ev XCB 18,21

*Cross sections in parentheses represent an extrapolation or interpolation of existing data. _
#"ev" denotes evaluated data, "co" denotes data compilation, "sc” denotes scaling formula, "nd" indicates newer data
available (reference given). ' '

&Accuracy: A+ <3% A <10% B10-25% C25-50% D 50-100% E >100%
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TABLE 1. (cont.)

Reaction : Cross Section (cm?)* Status* Accuracy*  Reference
E=2eV/amu 20 eV/amu 200 eV/amu :

C*+H-C* +H 6.0x10  33x10 2.1x10" ev CCB 18,21
C** + He - C** + He* X X (1x10™%) ev XXC 18,21
c* +H-C* +H* 24x10"®  6.0x107  1.4x10™ ev CCB 18,21
C** + He - C* + He' X X 44x10™ ev XXC 18,21
O*+H-0 +H* 1.5x10%  1.2x10  9.1x10"° ev - BBB: 1821
O* + He - O + He* 2.4x10"7  39x107  8.0x10" ev DDD 18,21
Oo* +H-0O* +H* 8‘.5><10'16 6.4x10°  3.4x107¢ ev DDC 18,21
0O** + He - O* + He* 46x10"  1.1x10"°  1.2x10" ev CCCcC 18,21
0O** + H-0* + H* 63x10%  3.7x10"  2.9x10" ev . CCB - 18,21
O** + He - O** + He* 2.6x10"  1.6x10¢ 1.6x107¢ ev EEE 18,21
o* +H-0* + Ht 1.9x10%  9.6x10" 3.2x10" ev CCB. 18,21
O** + He - O** + He* 1.8x101  1.4x10¢ 3.1x107 ev DDD 18,21
O* +H - 0* + H* 40x10"°  88x10"°  4.5x10 ev,nd DCB 18,21,30
O** + He - O** + He* X X (3x10™%) ev XXC 1821
O% + H- 0% + H* X X 3.6x10" ev XXB 18,21
O%* + He - O** + He* X X (9x101%) ev XXD 18,21
O™ +H-0% + H* X (5x10")  5.0x10" ev XCB - 18,21
O™ + He - O°* + He* X X (9x101) ev ‘XXD 18,21
o +H-0™ + H X X 2.0x105 ev XXB 18,21
O* + He -~ O™ + He* X X (2x10™%) ev " XXD. 1821
Ne* + He - Ne + He* X (5x10"%)  (3x10™") co XEE 24

Ne** + H - Ne* + H* X (2x10'172 5x10™7 co,nd XDD 13,35
Ne?* + He - Ne* + Het 4x10® 1.4x10"  2.5x10" co CBB - 24

X

Ne?* + He - Ne + He?* X 3.5x1018 co XXB 24

"Cross sections in parentheses represent an extrapolation or interpolation of existing data. -

*"ev" denotes evaluated data, "co” denotes data compilation, "sc” denotés scaling formula, "nd" indicates newer data
available (reference given). - -
&Accuracy: A+ <3% A <10% B1025% C25-50% D 50-100% E >100% -
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TABLE 1. (cont.)

Reaction Cross Section (cm?)* Status* Accuracy®*  Reference
E=2eV/amu 20eV/amu 200 eV/amu

Ne** + H - Ne?* + H* 4x10®  (3x10%) 1.8x10" co,nd DDC 1335363740
Ne** + He - Ne?* + Het X (22x10"%) 1.2x107¢ co XCC 24
Ne** + He - Ne* + He?* X X 1.0x10"7 co XXB 24
Ne** + H - Ne** + H* X (1x10"%)  1.8x10" co,nd XDB' - 133537
Ne** + He ~ Ne** + He* X X 1.7x10" co XXB 24
Ne** + He - Ne?* + He? X X 8x10" co XXC 24
Ne** + H -~ Ne** + H* X X 2.5x10% co,nd XXC 13,35
Ne’* + He -~ Ne** + He* X (1x10™)  1.6x10" co XCB 24
Ne® + H - Ne** + HY X X 1.3x10 nd XXC 35
Ne* + He - Ne**. + He* X (9x10%%)  1.2x107 co XCB 24
Ne’* + H - Net* + H* X X (3x10) nd XXC 35
Ne’* + He -~ Ne®* + He* X (2x10™%)  2x10" co XCC 24
Ne!* + H - Ne'* + HY X X (8x10) co X XD 13
Ne** + He ~ Ne’* + Het X (2x10"%)  2x10™ .co XCB 24
Ne'9+ +H=Net + H* X X 73x10%  cond XXB 13,39
Ne'®* + H - Ne** + H* X X (6x10™%) co,nd XXC . 13,38,39
AP* + H - Al* + H* X 5x107 3.5x10:' co XccC 24
A** + He - Al* + Het X X 2x107¢ co XXE: 24
APt + H- AP + HY X (1.5x10"%) X co XDX = = 24
AP* + He - AI** + Het X (1x10")  3x10" co XED 24
APt + He - Al* + He?* X X (3x1077) co XXE 24
Al** + H - AP* + H* X (4x10"%)  (4x10%) co Xcc 24
Al** + He -~ AP** + Het X (4x107%)  (2x107%) co XED. 24 -
Al'* + He - AI** + He** X X (4x107%) co XXE 24
AP* + H - AI'** + H* X (4x10™%)  (4x10) o XccC 24

Cross sections in parentheses represent an extrapolation or mterpolatlon of e)ustmg data.

v" denotes evaluated data, "co” denotes data compilation, "sc" denotes scaling formula, "nd" indicates newer data
available (reference given). :
&Accuracy: A+ <3% A <10% B10-25% C25-50% D 50-100% E >100%
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TABLE I. (cont.)

Reaction Cross Section (cm?)* Status® Accuracy®*  Reference
E=2eV/amu 20eV/amu 200 eV/amu

AP* + He - AI** + He' X X 1.2x101 co XXB 24
AP* + He ~ AP* + He?* X X 3x10 o XXC 24
Al** + H - APt + H* X (4x10%%)  (4x10™) co - Xcc 24
Al'* + H - AI** + H* X (8x10™%)  (8x10") co Xcc 24
APt + H - AI'* + H? X (710" (Ix10°) co ‘XCC 24
AP* + H - A** + H* X (8x10"%)  (8x10™) co XCC 24
Al' + H - AP* + H* X (9x10"%)  (9x10°7%) co Xcc 24
Si** + He - Si** + He* 1.9x10"°  12x10"  1x10" co CCD 24
Ar* + He ~ Ar + He* 6x10"°  (8x1077) (2x107) co CEE 24
Ar** + H -~ Ar* + H* X (7x10%%)  1.3x1016 co -XDB 13
Ar** + He -~ Ar* + He' 5x10"¢  3x101¢ 4x107'¢ co CBB 24
Ar** + He - Ar + He?* X X 6x10" co XXC 24
Art + H - AP + HY X X (2.5x10°%) co XXC - 13
Ar* + He - Ar** + He* 55x10"7  1.0x10"  5x107¢ co BBC 24
Ar* + He - Ar* + He* X X 3x101® co XXC 24
Ar** + H-~ AC* + H* X (3x10%)  4.0x10" co XCB 13
Ar** + He - Ar* + He' (1x10"%)  1.0x10"  8x107¢ co CBB 24
Ar** + He - Ar* + He®* +e X X (1.2x10") co XXD 24
Ar** + He -~ Ar** + He** X X 3x10™"7 co XXB 24
Art + H - Ar** + H* X X (4.4x107) co XXC 13
Ar* + He - Ar** + He* X 20x10"  1.9x10"S co XBB 24
Art + He - Ar** + He** +e¢ X X (3x101) co XXD 24

X 1.4x10"¢  1.8x101¢ co XCC 24

Art + He - APt + He?t

*Cross sections in parentheses represent an extrapolation or interpolation of existing data.
#1ev" denotes evaluated data, "co” denotes data compilation, "sc" denotes scaling formula, "nd" indicates newer data

available (reference given).
&Accuracy: A+ <3% A <10% B 1025% C25-50% D 50-100% E >100%
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TABLE 1. (cont.)

Reaction Cross Section (cm?)* Status* Accuracy® Reference
E=2 eV/amu 20 eV/amu 200 eV/amu

Ar** + H - AP°* + H* X X 4.5x10" co XXB 13
Ar’* + He - At + He* X 2.0x10°%  2.2x101 co XBB 24
A" + He - Ar* + He¥ +e X X (35101 co XXD 24
Ar®* + He - Ar** + He** X 3.5x10%  8x101¢ co XCC . 24
Ar'* + H - Ar’* + H* X X 53x10" co XXB 13 .
Ar'* + He ~ Ar®* + He' X (2x10%)  2x10™% co XCB 24
Ar"* + He - Ar’* + He** +e X - ¢ (4x10™7) co XXD 24
Ar'* + He - Ar'* + He?* X 2x1016 5x1016 co XCC 24
Ar** + He - Ar"* + He* X 1.5x105  1.7x10 co XCB 24
Ar** + He - Arf*-+ He?* X X 4x101¢ co XXC 24
Ar’* + He - Ar** + He* X X 21x10% . co XXB 24
Ar’* + He - Ar't + He** X X 8x10"7 co XXC 24
Ar'™ 4+ He - At + He* X (Bx10%)  (3x10™) co XCC 24
Ti®* + H - Ti* + H* X X 3.5x10"7 co XXB . 13
Fe?* + He - Fe+ + He* X X (5x10%) co XXC 24
Fe** + H - Fe** + H* X 44x10° X co X B X 13
Fe** + He - Fe?* + He* X X 2x10°1¢ co EEE 24
Fe** + H - Fe** + H* X 2.1x10" X co XBX 13
Fe’* + H - Fe** + H* 48x10"  48x10™  50x10™ co,sc BBB 13,20
Fe’* + He - Fe** + He* 2.0x10%  1.7x10%°  1.5x107° sc DDD 20
Fe$* + H - Fe** + H* 73x10%  5.7x10" 5.7'><1,0-15 €0,5C DBC < 13,20
Fe** + He - Fe’* + He* 24x10°  2.1x10°  1.8x10" s . DDD 20
Fe’* + H - Fe** + H* 8.6x10™  7.0x10"  6.6x10™ €0,5¢ DBB 13,20
Fe’* + He - Fet* + He* 2.8x10°  2.5x10°  22x10 sC DDD 20

"Cross sections in parentheses represent an extrapolation or interpolation of existing data.

*"ev" denotes evaluated data, "co” denotes data compilation, "sc” denotes scaling formula, "nd" indicates newer data
available (reference given).

%Accuracy: A+ <3% A <10% B10-25% C25-50% D 50-100% E >100%
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ION-ATOM COLLISION DATA FOR MAGNETIC FUSION PLASMA EDGE MODELLING

TABLE 1. (cont.)

Reaction Cross Section (cm?)* Status* Accuracy®*  Reference
E=2eV/amu 20eV/amu 200 eV/amu

Fe!* + H - Fe’* + HY 98x10"°  8.7x10
Fe¥* + He - Fe’* + He* 3.2x10 28x10
Fe’t + H - Fe?* + H* 1.1x10"%  9.8x107"°
Fe’* + He - Fe®* + He" 3.6x10°  3.2x10
Fe'™* + H - Fe®* + H* 1.2x10"  1.1x10™

Fe' + He - Fe** + He' 40x10  3.5x10

7.6x10°5 CO,5¢ DCB 13,20
2.5x1013 sc DDD 20
8.6x10™" CO,s¢ DCB 13,20
2.8x10 sc DDD 20
9.6x10™ €0,5¢ DCB- 13,20

3.1x103 sc DDD 20

*Cross sections in parentheses represent an extrapolation or interpolation of existing data.
#"ev" denotes evaluated data, "co" denotes data compilation, "sc" denotes scaling formula, "nd" indicates newer data

available (reference given).

&Accuracy: A+ <3% A <10% B1025% C25-50% D 50-100% E >100%

Evaluated total cross-section data are available for
C3* and 0% ions colliding with H and He atoms [18,
21], and for a number of reactions involving H, He
and Li atoms and ions {6, 19]. Total cross-sections for
electron capture by heavier impurities (such as partially
stripped Fe ions) from H and He have been measured
over a wide energy range, and these cross-sections have
been well characterized using analytical scaling formulas
based on theoretical considerations [20]

A q In (BVQ/E)
1 + CE%q + D(E/v/q)**

0(q,E) = M

where o is the cross-section in cm?, q is the initial ionic
charge, E is the collision energy in keV/nucleon, and
A, B, C and D are adjustable parameters, whose values
are given below. Parameters A, B, C and D in Eq. (1):

Target A B C
H 5.967 x 1077 5.870 x 10° 1.913 x 107
H, 5.707 x 1077 5.283 x 10* 7.800 x 107
He 1.818 x 1077 1.856 x 108 2.753 x 107
Target D RMS deviation
H 1.383 x 107 . 13%
H, 2.721 x 107® 15%
He 1.370 x 10°- . - - C10%

These scaling formulas have been shown to be reliable
for Fed* + H collisions to within 20-25% for charge
states with q > 4, and are estimated to be within
50-80% for Fed* + He collisions. These same formulas
(and cross-section values in Table I) can be used for
collisions of other partially stripped heavy ions with H
and He, with an estimated accuracy of 50-80% [20].

Charge exchange collisions of impurities with
metastable H and He are expected from theoretical
considerations to have significantly larger cross-sections
than those for ground state atoms, and to populate more
highly excited states [26, 27]. Although such processes
are important for spectroscopic diagnostics {27], almost
no data are available at the low energies relevant to the
edge plasma. '

Table II contains cross-section data for electron
capture into specific quantum states. The criteria for
selection of reactions are the same as those for Table 1.
The data for collisions involving H*, He* and He?*
are taken primarily from the recent compilation of
Barnett [19]. While such state selective data are
available for a large number of important reactions,
very few cross-section measurements or calculations
extend down to the lower energies relevant to the edge
plasma. In fact, many of the tabulated cross-sections are
based on extrapolations of the available data and have
correspondingly large uncertainties. ,

In contrast, partial cross-sections for populating
specific excited product states are available for many

‘charge exchange reactions involving C9* and O%* ions
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TABLE II. EDGE PLASMA STATE SELECTIVE CHARGE EXCHANGE CROSS-SECTIONS

Reaction Cross Section (cm?)* Status® Accuracy®  Reference
E=2eV/amu 20 eV/amu 200 eV/amu

H* + H- H(2s) + H* X X (8x10) ev XXE 6,19
H* + H - H(2p) + H* X 1x107%° 3x1018 ev XEE 6,19
H* + H(n=2) - H(n=2) + H* 2x10" 1x10™M 8x101° sc EEE 6
H* + H(n=3) - H(n=3) + H* 8x10™  6x10" 4x10™ sc EEE 6
H* + He - H(2p) + He* X X (1x10%) ev XXE 19
H* + He - H(3s) + He* X X (4x10) ev XXE 19
H* + He - H(3p) + He* X X (2x10%) ev XXE 19
H* + Li - H(2s) + Li* X X (2x101%) ev XXE 19
H* + Li - H(2p) + Li* X X (4x107%) ev XXE 19
He' + H - He(1s2s) + HY X X 2.5x10"7 nd XXC 42
He* + He - He(m) + He* X 3x107? 3x10™ ev Xcc 19
He' + He - He(2'P) + He* X X (1x10°%) ev XXE 19
He' + He -~ He(3'P) + He? X X (2x107%) ev XXE 19
He' + He - He(3°P) + He? X X 2x10" ev XXC 19
He' + He -~ He(3°D) + He* X X 1.3x107® ev XXcC 19
He* + He -~ He(4’S) + He* X X (5x107) ev XXE 19
He* + He - He(4°P) + He? X X 3x102 ev XXC 19
He* + He - He(4’D) + He* X X 2.5x10" ev XXC 19
He?* + H -~ He*(2s) + HY X (5x10?%)  52x10™"° ev XEE 19
He?* + H - He*(2p) + H* X X (1.4x10™) ev XXD 19
He?* + He - He*(2s) + HY "X X (2x10®) © ev XXE 19
He?* + Li -~ He*(3p) + He* X X (7x107%) ev XXC 19,24
He?* + Li - He*(4p) + He* X X (1x101%) ev XXE 19
Be'* + H - Be**(n=2) + H* X X 4x10"7 nd XXC 43
Be'* + H - Be**(n=3) + H* X X 2.0x10" nd XXC 43
B** + H - B*(n=3) + H* X X 3.0x107¢ nd XXcC 43
B** + H -~ B**(n=4) + H* X X 9.5x10 nd XXC 43
B** + H -~ B*(n=5) + H* X X 1x101"7 nd XXC 43
C* + H - C*(2s2p’P) + H* 5x107" X X co EXX 11
C* + H - C*(2s2p”D) + H* 3x10?% X X co EXX 11

*Cross sections in parentheses represent an extrapolation or interpolation of existing data.

#ev" denotes evaluated data, "co" denotes data compilation, "sc" denotes scaling formula, "nd" indicates newer data
available (reference given). ,

&Accuracy: A+ <3% A <10% B10-25% C25-50% D 50-100% E >100%
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TABLE II. (cont.)

Reaction Cross Section (cm?)* Status® Accuracy®  Reference
E=2eV/amu 20eV/amu 200 eV/amu

C* + H - C*(2s38°S) + H*  2x10P  8x101¢ 3x10°16 co,nd DCB 11,31,32
C* + H- C*(2p”S) + H*  2x10'¢  3x107¢ 1.8x101 co,nd DCB 11,32
C* + H - C*(2s3p) + H* 5x101  2x10 3x1077 co,nd EDC 11,31,32
C* + H - C**(2s3d) + H* X X 3x10"7 co,nd XXC 1,32
C* + H - C*(3s) + H* X X 4x10°1¢ co,nd XXC 11,33,34
C* +H - C*3p) + H* 2x1077  9x10¢  3x10" co,nd EDC 11,33,34
C* +H -~ C*(3d) + H* X 5x101¢ 3x107¢ co,nd XDC 11,33,34
C* + H -~ C*(4s) + H* X 1x107" 1x107 co,nd XDD 11,33
C* + H -~ C*(4p) + H* X (4x107y  3x107¢ co,nd XED 11,33
C* + H - C*(4d) + H* (1x10"®)  3x107  4x10 co,nd EDC 11,33
C* + H -~ C*(4f) + H* X 3x10"7 9x101¢ co,nd XEC 11,33
C%* + He - C*(3s) + He* X X 1.5x10™ co XXC 11
C%* + He -~ C**(3p) + He* X X 1x10':: co XXC 11
C** + He -~ C**(3d) + He"* X X 3x10° co XXE 11
0?* + H - O*(2s2p*P) + H* 8x10"®  (8x107) X co DD X 11
O?* + He - O*(2p*?D) + He* 2x10"7  2x107 3x107¢ co DDD 11,24
0?* + He - O*(2p*?P) + He* 8x10"®  1.1x10"®  8x107¢ co cccC 11,24
O* + H - O*(2p3p°D) + H* 4x10™®  2.5x10™  1.4x107¢ co DD X 11
O* + H - O*(2p3p'P) + H* 9x10"®  9x10™ 4x10°16 co CCC 11
O* + H - 0**(2p3p®S) + H* 2x10™  2x10™° 2x107¢ co EEE 11
O* + H - O*(2p3s'P) + H* 2x1077  1x107¢ 2x101¢ co DDD 11
O** + H - 0*(2p3s°P) + H*  2x10"7 X X co DDD 11
0% + H - O**(4s) + H* X X 4x10°16 co,nd XXD 11,33
0% + H - O’*(4p) + H* X X 1.7x10°% co,nd XXD 11,33
0% + H -~ O’*(4d) + H* X X 9x10¢ co,nd XXE 11,33
0% + H - O’*(4f) + H* X X 1.2x10" co,nd XXC 11,33
0% + He -~ O°**(3s) + He* X X 8x101¢ co XXD 11
O°* + He - O**(3p) + He* X X 2x1071 co XXE 11
O%* + He - O°*(3d) + He* X X 4x101¢ co XXE 11
O + H - O"*(5s) + HY X X 1.2x101¢ co XXC 11

"Cross sections in parentheses represent an extrapolation or interpolation of existing data.
#n

available (reference given).
#Accuracy: A+ <3% A <10% B1025% €25-50% D 50-100% E >100%

ev" denotes evaluated data, "co” denotes data compilation, "sc” denotes scaling formula, "nd" indicates newer data
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TABLE II. (cont.)

Reaction Cross Section (cm?)* Status* Accuracy®  Reference
E=2eV/amu 20eV/amu 200 eV/amu

0% + H - O™*(5p) + H* X X 4x101¢ o XXC 11
O* + H - O™*(5d) + H* X X 4x107° co XXC 11
0% + H - O™*(5f) + H* X X 4x107' co XXC 11
O* + H - O™ (5g) + H* X X 1x10 co XXD 11
Ne** + H - Ne?*(3s) + H* 1x101 1x10 2.7x101¢ nd DDB 36,37,40
Ne** + H - Ne?*(3p) + H*  3x10®  2x10%  1.5x10" nd DDB 36,37,40
Ne'* + H - Ne**(3p) + H* X X 2x107® nd XXC 37,41
Ne'* + H - Ne**(3d) + H* X X 1.6x10™ nd XXC 37,41
Nes* + H = Ne**(45’P) + HY X X (5x1019) nd XXC 41
Ne’* + H- Ne**(4s'P) + H* X X (2.0x10™) nd "XXC 41
Ne®* + H - Ne’*(4s) + H* X X (1.0x10%)  nd XXC 41
Ne®* + H - Ne**(4pdd) + H* X X (3x1019) nd XXC 41
Ne™ + H - Ne®*(5s,5p) + HY X X 1.6x107" nd XXC 41
Ne’* + H - Ne®*(5d) + H* X X 1.4x10™" ‘nd XXcC 41
Si** + He - SP*(3s) + He*  8x10®  5x1077  6x10 co ccc 2
Ar* + He - Ar*(3p’s) + Het X X 3.5x10°1 co XXC 24
Ar* + He - Ar*(3p") + He* X X 1x1077 co XXC 24
Ar* + He - Ar*(3s3p®) + He* X X 5x10"7 co XXc 24
Ar** + H -~ AP*(4s) + H* X X 3x107¢ nd XXC 37,41
Ar'* + H - AP*(4p) + H* X 2x10%%  3.5x10" nd XDC 37,41
Ar** + H - AP*(3d) + H* X X (1x107%) nd XXC 37,41
A’* + H - Af'*(4p) + H* X X 45x107 nd XXC 3741
Ar* + H - Ar**(4d) + HY X X 1.6x107 nd XXcC 37,41
Art + H -~ Ar**(4f) + H* X . 1.0x10" nd XXC 37,41
Ar* + He - Ar**(3p4s) + He* X X 3x107¢ co XXC 24
Ar** + H - AP*(4f) + H* X X (1.0x1075) nd XXcC 41

*Cross sections in parentheses represent an extrapolation or interpolation of existing data.
*"ev" denotes evaluated data, "co" denotes data compilation, "sc" denotes scaling formula, "nd" indicates newer data
available (reference given).

&Accuracy: A+ <3% A <10%
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TABLE II. (cont.)

Reaction Cross Section (cm?)* Status® Accuracy®  Reference
E=2eV/amu 20 eV/amu 200 eV/amu

Ar** + H - Ar*(5s) + H* X X (1.3x10™%) nd XXC 41
Ar** + H - Ar*(5p) + H* X X (1.9x10°%) nd XXC 41
Ar** + H - Ar*(5d) + H* X X (8x10°76) nd XXc - 41
Ar** + He - Ar*(3d) + He* X X 2.8x10 co XXC 24
Ar** + He - Ar*(4s) + He* X 1x10" 1.1x10™% co XBB 24
Ar®* + He - Ar*(4p) + He* X 12x10%  1.0x10" co XCB 24
Ar’* + H - Ar**(5p) + H* X X (1.0x10™) nd XXC 41
Ar’* + H - Ar®*(5d) + H* X X (3.6x10°%) nd XXC . 41
Ar'* + H - Ar%*(5f) + H* X X (7x10°1%) nd XXC. 41
A" + H - Ar’*(5d,5f) + H* X X (5x101) nd XXC S
Ar** + H - Ar'*(6s,6p) + H* X X (6x10™) nd XXC 41
Ar** + He -~ Ar'*(4d) + He* X 6.4x10"%  5.4x107° co XCcC 24

X 2.3x10% . 1.9x107° co XCC. 24

Ar** + He - Ar'*(4f) + He*

"Cross sections in parentheses represent an extrapolation or interpolation of existing data.

**ev" denotes evaluated data, "co” denotes data compilation,

available (reference given).

&Accuracy: A+ <3% A <10% B 10-25%

[11], although, for most reactions, only theoretical data
are available at energies below 1 keV/amu. Some
significant discrepancies exist between the different
coupled. state calculations, especially for the non-
dominant reaction channels, where the choice of an
atomic or molecular set of basis functions has a
significant effect on the predicted cross-section. The
accuracies listed in Table II reflect such discrepancies
and also the level of consistency with experimental
data, where available (usually at somewhat higher
energies). The latter are based on both optical and
translational energy spectroscopy techniques. Experi-
mental and theoretical data were reviewed in 1985 by
Janev and Winter [26], and data for C%* and Q9+
colliding with H, H, and He were compiled in 1987
by Tawara [11]. More recent resuits are contained in
the topical report on carbon and oxygen collision data
[25]. Extensive compilations of both total and state
selective charge exchange cross-section data for colli-
sions of all atoms and ions with helium were published
recently [24]. The state selective data for Ari* + He
have been taken from this compilation; the data for

C 25-50%

"sc” denotes scaling formula, "nd" indicates newer data

D 50-100% E >100%

Ned* + H and Ar9* + H collisions have been taken
directly from the literature.

5. EXCITATION AND
IONIZATION COLLISIONS

Ton impact excitation and ionization are endothermic
processes, and few data are available for these reactions
at the collision energies relevant to the plasma edge.
However, the corresponding cross-sections also decrease
rapidly with decreasing collision energy below several
keV/amu and become negligibly small at edge relevant
energies. Cross-sections for electron impact excitation,
on the other hand, tend to be largest at electron energies
in the range 10-100 eV. Thus, direct electronic excita-
tion occurs predominantly by electron impact in the
edge plasma [1, §]. "

Evaluated data for a number of impact excitation
reactions involving H, He and Li atoms and ions are
included in the recent compilation of Barnett [19].
However, only a small fraction of the ion-atom
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TABLE III. EDGE PLASMA ION-ATOM EXCITATION CROSS-SECTIONS

Reaction Cross Section (cm?)* Status® Accuracy®*  Reference
E=200 eV/amu

H* + He(1'S) ~ H* + He(2'P) 3x10" sc E 6

H* + Li(2s) - H* + Li(2p) (6x1071%) ev E 19
He* + H(1s) -~ He* + H(2p) 2.2x10"7 ev C 19
He' + He(1!S) ~ He* + He(3’P) (2.2x10"%) ev E 19
He' + He(1!S) - He* + He(3°D) (1.6x10°1%) ev E 19
He* + He(1'S) - He* + He(4!S) - (3x10%) ev E 19
He* + He(1'S) -~ He* + He(4'D) (8x10™) ev E 19
He* + He(1'S) ~ He* + He(4°P) (2x107%) ev E 19
He* + He(1'S) -~ He* + He(4°D) (3x101%) ev E 19
He* + Li(2s) - He* + Li(2p) (2x10°19) ev D 19
He?* + Li(2s) - He?* + Li(2p) 6.4x10" sc E 19

“Cross sections in parentheses represent an extrapolation or interpolation of existing data.
*rev" denotes evaluated data, "co” denotes data compilation, "sc" denotes scaling formula, "'nd" indicates newer data

available (reference given).

&Accuracy: A+ <3% A <10% B10-25% C25-50% D 50-100% E >100%

excitation cross-sections extend to collision energies
below | keV/amu. These are summarized in Table III,
where most of the cross-section values result from some
extrapolation of the existing data and therefore have
large uncertainties. As noted above, these cross-sections
are in general relatively small (< 107'® cm?) at these
low energies. Janev et al. [6] have systematically applied
analytical scaling formulas based on theoretical considera-
tions in order to estimate cross-sections and rate coeffi-
cients at the lowest energies for a large number of
reactions occurring in H-He plasmas. These are included
in Table III when they are consistent with the evaluated
data at higher energies. No reliable data were found for
ionization by heavy particle impact at energies relevant
to the edge plasma, except for detachment from negative
ions, which is considered in Section 6.

6. DETACHMENT AND
ASSOCIATION COLLISIONS:

The presence and role of negative ions in the plasma

edge have yet to be determined. Collisional electron
detachment from negative ions is an endoergic process,
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but the binding energies (electron affinities) are often
sufficiently small that cross-sections are still appreciable
(and measurable) at collision energies relevant to the
edge plasma. Associative detachment collisions of
negative ions with neutral atoms are characterized by
large cross-sections, which may increase with decreasing
collision energy. Data for these two processes are
collected in Table IV,

7. SUMMARY

It is clear from the present survey and analysis that
charge exchange reactions are by far the dominant ion-
atom collision processes in the plasma edge. While
some experimental and/or theoretical data are available
for most important charge exchange reactions between
primary plasma constituents (H and He atoms and ions),
only in a relatively few cases do these data extend to
the lower energies relevant to the plasma edge. There-
fore, much of the needed data must be estimated by
extrapolation or by use of scaling formulas and, thus,
these data have large uncertainties.
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TABLE IV. EDGE PLASMA DETACHMENT AND ASSOCIATION CROSS-SECTIONS

Reaction . Cross Section (cm?)* Status® Accuracy*  Reference
E=2 eV/amu 20 eV/amu 200 eV/amu

H+H-H+H+e 4x10716 1.3x10 1.3x100 ev C 6,19
H+He-H+He+e 1.3x10%  32x10%¢  4.5x10¢ ev B 19
H+H-H,+e 9x101¢  5.6x10"¢  3.8x107¢ ev C 6
He + He - He + He + X X 1.3x10 ev B 19
Li + He-Li+ He + ¢ X X 4.6x101° ev B 19
O+He-O+He+e X X 5.5x1016 co B 44

“Cross sections in parentheses represent an extrapolation or interpolation of existing data.

#n

available (reference given).

&Accuracy: A+ <3% A <10% B 10-25%

The relevant database for charge exchange collisions
involving C and O impurity ions is more complete; this
is due to a strong research emphasis on collisions of
highly charged ions during the past decade. Total cross-
section data are available for almost all reactions, and
state selective data are available for some, at least at
the higher energies prevailing in the edge region. Total
and state selective electron capture cross-section data
are also available for most reactions of Ned* and Ar%*
ions with H and He, although usually not at the lower
energies relevant to the edge region. Estimates of total
electron capture cross-sections for heavier impurity ions
such as iron are available from scaling formulas, but
they are reliable only for charge states with q > 4.
State selective data for such processes are virtually
non-existent at the relevant energies.

Data for direct excitation in ion-atom collisions are
extremely sparse at edge relevant energies, and are vir-
tually non-existent for ionization. These processes are,
however, of lesser importance in the edge, because the
cross-sections become very small (< 107'7.cm?) at such
low energies, at least for the lower ion charge states
colliding with ground state atoms. Some data are avail-
able for electron detachment from negative ions, which
may have an appreciable cross-section at low energies.
The presence and role of negative ions in the plasma
edge have yet to be ascertained.

C 25-50%

ev" denotes evaluated data, "co" denotes data compilation, "sc” denotes scaling formula, "nd" indicates newer data

D 50-100% E >100%
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ABSTRACT. An analytic cross-section formula is given for the impact ionization of H, H, and He by multiply
charged ions. The formula is expressed as a modified Bethe cross-section for ionization by protons, multiplied by the. .
square of the ionic charge and an analytic scaling factor. This scaling factor behaves as E” at low energies, where E
represents the projectile energy and v is approximately equal to 0.9. The values of adjustable parameters in the formula
were determined -by least squares fits to the-experimental data collected from the literature. The lowest projectile energy
of the available data is 6 keV/amu and the root mean square deviation of all data from the analytic formula is 21%.

|. INTRODUCTION

Knowledge of the cross-sections for the impact ioni-
zation of H, H, and He by multiply charged ions is
important in thermonuclear fusion research. Janev et al.
[1] provided recommended values of the cross-sections
for the incident ions of C** and O%*'(1 = q < Z,
where Z is the atomic number) as well as Chebyshev
polynomial fits to these data. The ranges to which
these fits are applicable, defined by the minimum
energy E,;, and the maximum energy E,,, are
as follows: Emin' = 7-70 keV/amu and E_,, =
10-22 MeV/amu. For estimates of unknown cross-
sections for different species of incident ions and
for wider ranges of projectile energy, it is often
more useful to have an analytic scaling formula
with asymptotic behaviour which is based on
physical considerations.

* Present address: Laser Atomic Separation Engineering Research
Association of Japan, Tokai-mura, Ibaraki-ken 319-11, Japan.

Gillespie [2, 3] proposed such an analytic scaling
formula for projectile charge q and collision energy E.
This formula is applicable to various ions with charge q
greater than Z/2 and in the following energy ranges:
E = 30 keV/amu for H targets, E =.40 keV/amu
for H, targets and E = 80 keV/amu for He targets.
In the present work, we have modified Gillespie’s
formula to extend its applicability to a wider range
of q and to lower energy.

"2 2. FORMULATION

Gillespie’s expression g for the ionization cross-
section is given by -
% = q*f(q,8)0s(8) . (1)
where f(q,8) is given by -

fa.8) = exp [-Nq" a/B)?] @)
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A is a constant for a given target species, « is the fine
structure constant, 3 is the ratio of the speed of the
incident ion to the speed of light, and og(f) is the Bethe
cross-section for ionization by protons, written as

op(B) = 4ad (o’/8%) (M*{In[B*/(1-6%] — B
+ C + (&*1B%y) ©)

where a, is the Bohr radius (4mrad = 3.52 X 10~'%cm?),
and the symbols M, C and v denote constants for a
given target species.

Equation (1) is not applicable to the energy range
below the maximum of the Bethe cross-section (around
30, 40 and 80 keV/amu. for H, H, and He targets,
respectively) because of a fall-off at lower energies
which is much more rapid than that shown by the
available data. To extend the region of applicability,
we modify both the Bethe cross-section and the func-
tion f(q,8), expressing the ionization cross-section o by

o = q’F(@q,B)oms(B) @
where

F(q,8) = g (q,8)/[(c*/B%)x + g(q.B)] ©)
with

£(q.8) = A(l/q)* (8% (6)

“omp(B) is a modified Bethe cross-section for ionization
by protons, written as

oms(8) = 4ma} (a?/B?) ‘
X (M*{In[8%(1 — B?) + A] — 8%} + ) RO

The symbol A in Eq. (6) denotes a constant for a
given target species (defined identically equal to unity
for H targets), and A in Eq. (7) denotes a small con-
stant (1.35 X 107%). The symbols «, u and » in Egs (5)
and (6) denote constants which are independent of the
target species.

On the basis of an examination of the available data,
the constant A has been introduced to prevent the right
hand side of Eq. (7) from dropping too rapidly at the
lowest energies considered. For the same reason, the
term (c’/8%)y (y being negative) present in the Bethe
cross-section oy has been omitted-in Eq. (7). The
effects of these modifications are negligible at high
energies.
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We use the following relation, which is applicable
to non-relativistic energies:

B%/a® = E/25 (E in keV/amu) 8)
For the constants M and C, the values used by
Gillespie [3, 4] (see Table I) are retained in the
present work. ‘

The values of «, A, u and » have been determined
by least squares fits of Eq. (4) to available experimen-
tal data [4-16]. For H, targets, we have only con-
sidered the data for non-dissociative ionization. The
number of data points used are given in Table II. The
lowest energy covered by the experimental data was
9.4 keV/amu for H targets, 10 keV/amu for H, targets
and 6 keV/amu for He targets.

In the least squares fit, we have used the two-step
method provided by the code ALESQ [17]. This
method was developed to fit a function to those data
whose dependent variable changes by more than a few
orders of magnitude. In the first step, the logarithm
of the fitting function is fitted to the logarithm of the

TABLE I. VALUES OF M? AND C IN THE
MODIFIED BETHE CROSS-SECTION oy

Target . M’ C
H 0.283 4.04
H, 0.721 9.06
He 0.489 5.52

TABLE II. NUMBER N OF EXPERIMENTAL AND
RECOMMENDED DATA AND ROOT MEAN
SQUARE DEVIATION &, OF THE DATA FROM
THE PRESENT ANALYTIC EXPRESSION .

Experimental data Recommended data

Target N Oims (%) N 8yns (%)
H 254 20 188 20
H, 205 22 181 24
He 115 23 159 18
Overall 574 21 528 21
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TABLE III. VALUES OF THE PARAMETERS
k, A, u AND v DETERMINED IN THE
ANALYTIC EXPRESSION, OPTIMIZED FOR
THE EXPERIMENTAL DATA

Constant Value
K 2.188
A for H 1
for H, 0.514
for He 0.1950
n 1.587

v 0.921

data with a uniform weight. When a number of data at
a given value of the abscissa show a scatter, we expect
that the function obtained gives a value close to the
arithmetic mean of the data. However, the result of the
logarithmic fit tends to be smaller than the arithmetic
mean (see Ref. [17] for a detailed explanation). In the
second step of the two-step method, this effect is
removed by using a non-logarithmic fit, with the
weights inversely proportional to the values of the
fitting function obtained in the first step.

3. RESULTS AND DISCUSSION

The values of the constants determined in Eqs (2)
and (3) are given in Table III. To give a measure of

the goodness of fit, the root mean square deviation &, .

of the data from the expression has been evaluated for
the experimental data used and also for the recom-
mended data for the incident ions of C9* and Q%" [1].
The results are shown in Table II. The value of 6,
of all the data is 21% for both the experimental and
the recommended data.

In Figs 1 and 2, the experimental data [4-15] and
the recommended data [1] for the ionization cross-
section divided by q?oyp are plotted as a function of
(B*a?g(q,B) and are compared with the corresponding
quantity F(q,3) in Eq. (5). It can be seen that the
present scaling of the data is less reliable at low
energies; note that the values of Eq. (4) for H, targets
at the lowest energies deviate to an exceptionally
large degree (about a factor of ten) from some of the
recommended data. However, Eq. (4) is free from the
sudden fall-off that Gillepsie’s formula [2, 3] predicts
for energies below the maximum of the Bethe cross-

section. Figure 1 indicates that even at these energies
(down to 6 keV/amu — the lowest energy of the avail-
able data), Eq.(4) gives approximations to the experi-
mental data which are generally reliable to within a
factor of two. ‘

The function F(q,8) given by Eq. (5) and also the
right hand side of Eq. (4) behave approximately as E*
at low energies. In Gillespie’s cross-section formulas
[2, 3], a similar function is given (Eq. (2)). While a
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FIG. 1. Experimental cross-sections a for impact ionization of H,
H, and He by multiply charged ions, divided by the q°-scaled
modified- Bethe cross-section for ionization by protons, plotted as
a function of (8%/a°)g(q.B). The data are taken from Refs [4-16].
The ion species of the data are: H*, Li'""9*, C?9* N3+
0% and Ar"®* for H targets; H*, He**, Li"V*, C?9*,
NZ3* and 0% for H, targets; and H*, He?*, Li**, C"*9*
and 0%®* for He targets. The curve represents Eq. (5).
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FIG. 2. Recommended cross-sections o for impact ionization of H,
H, and He by C?* and O%" ions, divided by the q*-scaled modified
Bethe cross-section for ionization by protons, plotted as a function
of (Bz/az)g(q,ﬁ). The data are taken from Ref. [1]. The curve
represents Eq. (5).
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low energy behaviour of the cross-section as expressed
by Eq. (2) was suggested by Janev and Presnyakov [18],
a behaviour expressed by E* was assumed by Rudd

et al. [19] in fitting experimental data for ionization
by proton impact. We have compared the use of Eqs (2)
and (5) for scaling and found that the available data
are better described by Eq. (4).

4. SUMMARY

We have given an analytic expression for the impact
ionization of H, H, and He by multiply charged ions.
This expression is a modification of earlier scaling
formulas, intended to better represent the low energy
behaviour of the cross-section, and describes the
available experimental data with a root mean square
deviation of 21%.
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ION-MOLECULE COLLISION PROCESSES
RELEVANT TO FUSION EDGE PLASMAS

P. REINIG, M. ZIMMER, F. LINDER

Department of Physics,
University of Kaiserslautern,
Kaiserslautern, Germany

ABSTRACT. A survey is presented on the existing database for ion-molecule collision processes relevant to fusion
edge plasmas. The scope of the survey is limited to hydrogen and helium species, which form the main plasma consti-
tuents. In accordance with the energy range of interest (about 1-200 eV), the data have been mainly collected from
low energy beam experiments. The experimental methods used are briefly discussed and characterized with respect to
their strengths and weaknesses. The survey of data is divided into the following categories: (1) reactive collisions,
with total cross-sections, state selective measurements and product distributions; (2) energy transfer collisions; and
(3) negative ion collisions. Conclusions are drawn with regard to further work to be done on this subject.

1. INTRODUCTION

Recent experiments on large tokamaks have shown
that the processes taking place at the plasma edge may
have a crucial influence on the central plasma para-
meters, and there is strong evidence that the edge plasma
conditions decisively affect the overall plasma perfor-
mance. These observations have stimulated increased
interest in understanding the physics of ‘the edge plasma
in a more fundamental way. However, the existing
atomic and molecular database was found to be by far
insufficient to meet the needs of edge plasma modelling
and diagnostics [1].

The edge plasma is characterized by temperatures
of about 1-200 eV and particle densities in the range
10'2-10%5 cm™. The dominant constituents will always
be the hydrogen isotopes. In an ignited D-T plasma,
helium must also be considered as an important species.
In addition to these primary constituents, there is a large
number of possible impurities. These include carbon
and oxygen compounds, in particular hydrocarbons and
carbon oxides, various metallic (and related) impurities
originating from structural materials (Ti, V, Cr, Fe, Ni,
Cu, Al, Ta, Mo, W, Be, B, Si) and several diagnostic
species (Li, Ne, Ar). The relative abundance of these
impurities in the edge plasma is typically between 0.1
and 10%. Detailed estimates can be found in Ref. [1].

The range of collision processes relevant to edge
plasma studies is extremely wide. Because of the low
plasma temperaturés, there are neutral particles with
high densities and significant amounts of molecular
species. This, combined with the large variety of con-
stituents, makes the collision physics of the edge plasma
very .complex. This complexity is further increased by

the fact that the plasma conditions are usually such that
a collisional-radiative treatment is required, i.e. multi-
step processes involving collisions of excited species are
important. Quantitative modelling of the edge plasma
is therefore a formidable task and, as a prerequisite,

a sufficiently complete database of the-atomic and
molecular processes is needed.

2. SCOPE OF THE SURVEY

In this paper, we are concerned with heavy particle
collisions relevant to fusion edge plasmas, with special
emphasis on ion-molecule collisions. We consider only
singly charged ions and, with the exception of a few
cases, we discuss only molecular systems, i.e. at least
one of the reactants will usually be a molecule. Other
types of processes (electron collisions, ion-atom colli-
sions, collisions involving multiply charged ions) are
specifically addressed in other papers of this volume.

The energy range of interest is approximately
1-200 eV. In view of the enormous number of possible
combinations of reactants, the scope of the article must
be drastically limited. As regards the selection of sys-
tems, we have chosen to include only the primary con-
stituents, i.e. hydrogen and helium. We are aware that
we miss some of the most interesting parts of the edge
plasma physics by this limited ‘choice, but the available
space forces us to make this selection. It becomes imme-
diately clear that even the inclusion of a few of the’
major impurity species (e.g. carbon and oxygen) would
expand the list of possible processes in-such a way that
they become intractable. : - '
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Regarding the types of processes to be considered,
we treat mainly those processes which are expected to
have sizeable cross-sections at edge relevant energies.
For the present systems, these are primarily charge
transfer and particle interchange reactions. However,
we also consider collisional dissociation of molecular
ions and energy transfer collisions (momentum trans-
fer, rotational and vibrational excitation). On the other
hand, we do not take into account electronic excitation
and ionization-induced by ion impact, since these are
highly endothermic processes which are generally found
to have very small cross-sections in the present range
of collision energies. A special case are negative ion
collisions, which are briefly discussed in this paper. The
binding energy of the extra electron is usually small
(0.75 eV for H") so that collisional electron detachment
is one of the most important processes in negative ion
collisions; this process is therefore included in the
present discussion.

As regards the different classes of data, we want to
stress that present scattering experiments not only
include the range of sub-eV collision energies but also
provide a wealth of detailed information on the colli-
sion process which goes far beyond the determination
of total cross-sections. Such detailed data include the
dependence of cross-sections on specific reactant states,
state resolved differential cross-sections, partial cross-
sections for specific product states as well as the com-
plete energy and angular distributions of the reaction
products. Therefore, a considerable part of this paper
is used to illustrate some of these more recent
developments.

The present compilation is mainly based on experi-
mental data. Theoretical work is considered only in
some special cases; wider inclusion of theoretical results
is beyond the scope of this article. In accordance with
the collision energy range relevant to the edge plasma,
the experimental data are mainly collected from low
energy beam experiments. Different types of such
experiments must be distinguished, and some of the
main characteristics are discussed in Section 3. Swarm-
type experiments are not included, except for a few
special cases. Beam experiments in the keV range are
also outside the scope of this article, except if their
energy range overlaps with the present range of edge
relevant energies. -

It should be pointed out that the present article mainly
gives a survey of the existing data. A full evaluation,
leading to complete sets of recommended data, must be
left for future work. It should also be mentioned that
there is already a considerable number of data compila-
tions in this field [1, 2]. However, most of these com-
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pilations concentrate on higher collision energies and
are restricted to total cross-sections. For this survey, we
have mainly used the original literature, but we also
refer to existing data reports. Of particular relevance are
the reports by Janev et al. [3], Phelps [4], Barnett [5],
Tawara et al. [6, 7] and Nakai et al. (8].

3. EXPERIMENTAL METHODS

In low energy beam experiments, ion-molecule
reactions are usually studied by detecting the slow
product ions; at higher energies, it is also possible to
use fast neutral detection (FND) in studying processes
such as charge transfer or electron detachment. The
traditional method in this field is the ion beam gas cell
(IBGC) method, which largely originated from mass
spectrometry. A mass selected ion beam of variable
energy is injected into a gas filled reaction chamber and
the resulting product ions are measured using a variety
of detection methods. We discuss first the determina-
tion of total cross-sections in these measurements. For
completeness, we mention that a gas beam is some-
times used instead of a reaction chamber; however,
this is of no importance for the following discussion.

For measurements of total cross-sections in IBGC
experiments, two basically different methods must be
distinguished. In the first method, sometimes called the
condenser method and denoted by SID (slow ion detec-
tion) in the following tables, the total of all slow product
ions is collected on some plate, grid or cylinder struc-
ture for which very different geometries are used.
Electric fields, sometimes in conjunction with a magnetic
field, are applied in order to ensure saturation in the
collection efficiency. The fact that no mass analysis is
provided in this method certainly poses a problem. How-
ever, for processes where there is no doubt about the
identity of the product ions, for example in the case of
simple charge transfer reactions, this method can give
absolute total cross-sections which are quite reliable.

In the second method, often called tandem mass
spectrometry (TMS), a second mass spectrometer is
used to analyse the product ions by their masses. Two
different geometries are typically used in TMS instru-
ments: the transverse geometry, in which the product
ions are extracted perpendicularly to the direction of
the primary beam, and the longitudinal geometry, in
which the extraction occurs along the axis of the
primary beam. The first version discriminates against
products with appreciable momentum transfer in the
forward direction, whereas the reverse is the case in
the second configuration. In favourable cases, depend-



ing on the kinematics, the reaction mechanism and. the
type of instrument used, the collection efficiency may
come close to unity. In general, however, the energy
and angular distribution of the  product ions is a priori
unknown so that relatively large uncertainties can arise
from -insufficient and inaccurately known collection
efficiencies. Absolute total cross-sections obtained with
this method should therefore be regarded with caution.

This problem has been overcome to a large extent
with the development of the guided beam (GB) tech-
nique. Not only can this method be used for very low
collision energies, but it also has a high sensitivity
and, most importantly, a guaranteed product collection
efficiency of nearly unity. Absolute total cross-sections
can therefore be measured with high accuracy, and the
overall properties of this technique make it the ideal
method for this type of measurement in the field of
low energy ion-molecule reactions. A full description
of this technique including more recent advances is
given in Ref. [9].

Another powerful method in this field is the merged
beam (MB) technique. By merging two fast beams co-
axially and by varying their relative velocity, a broad
range of centre of mass collision energies down to
extremely low energies becomes accessible and a high
centre of mass energy resolution can be obtained. The
reaction products are contained in a relatively narrow
cone of laboratory angles and can therefore be easily
collected with high efficiency, thus enabling the deter-
mination of total reaction cross-sections. For absolute
measurements, a careful study of the spatial beam
overlap along the reaction path is necessary.

A further important and unique feature of the MB
technique is the fact that the neutral reactants are usually
formed by charge transfer of the corresponding ions.
This allows the production of neutral reactant beams
for a wide range of chemical systems. In many cases it
is equally easy to produce beams of chemically unstable
species (e.g. atomic and molecular radicals) as it is to
produce beams of closed shell stable molecules (e.g. H,).
On the other hand, it is important to realize that reac-
tant molecules prepared in this way are very likely
to be formed in vibrationally excited states. This has to
be kept in mind when cross-section data obtained by
the MB technique are compared with results from
other experiments.

So far, we have concentrated on the determination
of absolute total cross-sections. Now we proceed to the
discussion of other data classes such as product distri-
butions and differential cross-sections. Within certain
' limits, all the above methods can also be used to obtain
information on the energy and angular distributions of

ION-MOLECULE COLLISION PROCESSES IN EDGE PLASMAS

the reaction products. However, the predestinated
method for providing the most detailed information in
this respect is the crossed beam (CB) technique. In
present day CB experiments, a mass and energy selected
ion beam is crossed with a supersonic nozzle beam of
the target gas. Both beams are well collimated and can
be made nearly monoenergetic. Because of the super-
sonic nozzle expansion, the internal state distribution
of the neutral reactant molecules corresponds to a very
low temperature. The kinematically well defined condi-
tions of a CB experiment permit measurements with high
resolution in energy and angle. The product analysis is
performed using a rotatable detector with mass and
energy analysis. The energy resolution is generally
sufficient to perform state resolved measurements. In
favourable cases, individual rotational transitions can
be resolved. ‘

Simultaneously with the improvements in resolution,
the development of the CB technique has reached the
state that it is now possible to carry out measurements
down to collision energies of the order of 0.1 eV, so
that the full energy range relevant to edge plasma studies
can be covered. Both elastic and inelastic as well-as
reactive collisions can be studied. The measurements
provide very detailed and complete data, such as product
and state specific differential cross-sections, angle
integrated partial cross-sections, and finally total cross-
sections summed over all product states. However, it
is important to stress that cross-sections have to be deter-
mined in absolute units in order to be useful in practi-
cal applications. This point has often been neglected in
CB measurements. In the following, we briefly outline
several possibilities for making absolute measurements
in CB experiments. We expect that these methods will
be used more extensively in future work.

Direct determination of absolute differential cross-
sections based on the relation

do
s = 5 -nt’I.o-AQ (D

is generally difficult, since it is not easy to obtain an
accurate measure for the effective value of nf for which
the absolute gas beam density and the overlap integral
of the two beams must be known. Therefore, one has
to rely on other methods. One possible procedure .is'the
following. All product and state specific differential
cross-sections are first measured in relative units, then
the data are integrated over angles, summed over product
states and finally normalized to a total cross-section
which is known in absolute units from other measure-
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ments. In this way, the whole set of detailed cross-
sections can be put on an absolute scale. Concerning
absolute total cross-sections needed for normalization,
it is often possible to combine information from different
sources covering the whole energy range from thermal
energies up to the keV region. An example of a case
in which this method has been applied in full detail
can be found in an earlier paper from our group [10].

Another well known possibility is normalization to
theory. The experimental data, again in the form of state
specific differential cross-sections, are first measured
in relative units. Then a detailed comparison with theory
is performed. If good agreement between all details of
the data is achieved, one can be confident that reliable
absolute cross-sections are obtained by normalizing the
experimental data with regard to theory. This method
has been extensively used in the case of H* + H,
energy. transfer collisions which will be discussed later
in this paper (see Section 4.2). It should be empha-
sized, however, that the application of this method is
more problematic at low energies. At higher energies,
relatively simple scattering approximations (e.g. Born
approximation) can often be used to normalize the
experimental data. For low energy collisions and in
particular for molecular collision systems, a much
more elaborate theoretical treatment is needed. The
applicability of the method is therefore expected to be
limited to relatively simple collision systems.

The third and probably-most attractive method con-
sists of using simple ion-atom scattering systems as
secondary standards for absolute cross-section measure-
ments in CB experiments. Examples of such systems
are H* + He, He* + He and H- + He; these systems
are well known, both experimentally and theoretically,
are easy to handle experimentally and are therefore
convenient to use for this purpose. ‘To avoid a rather
lengthy discussion, which would be necessary to justify
the details of the method, we refer to electron scattering
work [11] in which similar techniques have been used
already for some time. The principle of the method is -
to compare the scattering intensity I of the collision
system under study with that of a suitable reference
system. Under certain conditions, which are discussed
in detail in Ref. [11], the beam overlap integrals of the
two systems- will cancel, to'a good approximation, and
the differential cross-section in question can be obtained
in absolute units through the relation

do ISX IiR dU ‘ . )
=  —_ 2
< dQ >x Ig  nx < dQ >R o @

where the index R indicates the reference system and
the index X the system under study. The relative target
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gas densities ng and nyk are quite accurately known in
the present case, since the technology of supersonic
nozzle beams is highly developed and the properties of
these beams are well understood [12]. This method has
recently been employed by our group in studies of

H- + H,(D,) reactions using H- + He as a reference
system [13]. Some results are reported later in this
paper (see Section 4.3).

Concluding the discussion of CB experiments, we
can say that all types of processes (elastic, inelastic, -
reactive) can be studied with this method in the rele-
vant energy range. We have emphasized the importance
of making absolute measurements. All classes of data
needed for edge plasma modelling can be obtained in
great detail. It must be realized, however, that these
measurements are very time consuming so that, in
practice, the number of such studies will be limited.
The majority of processes will be studied by other
techniques with which total cross-sections and rate
coefficients are more readily obtained than in CB
experiments.

- This overview of experimental methods is far from
being complete. We have pointed out some characteris-
tics of those methods which are of main importance in
the following survey of data. A very important class of
experiments, which we have not discussed here, are
measurements with state selected reactants. Several
methods, such as state selective photoionization (SSPI),
photoelectron product ion coincidence (PEPICO): and
resonance enhanced multiphoton ionization (REMPI),
have been used in the study of systems relevant to the
discussion of the present paper. The results of these
studies are surveyed in Section 4.1.2. The data with
state resolved products have been obtained mainly by
time of flight analysis or using electrostatic energy
selectors. Optical methods, which can be very power-
ful in this respect, are of less importance for the
present systems and processes.

We have intentionally refrained from giving exten-
sive references in this section, since all experimental
methods used are quoted explicitly in the following
compilation of original work.

4. SURVEY OF DATA

The following survey of data is divided into five
categories and is mainly given in the form of tables.
As already stated, a full evaluation of the data is
outside the scope of this article. A few examples
are illustrated by figures. :



TABLE 1. REACTIVE COLLISIONS (TOTAL CROSS-SECTIONS)

ION-MOLECULE COLLISION PROCESSES IN EDGE PLASMAS

Reaction Collision encrgy"’)[eV] Method® Reference Comments®)
H*+H; —» H+ Hy* 2-10 IBGC (TMS) 17 1 (below 40eV)
C 42-1300 CB (FND) 18 2 (above 40eV)
33-600 IBGC (TMS) 19 12in[3 - 8]
33-270 IBGC (SID) 20
45-700 IBGC (SID) 21
130 - 1600 IBGC (SID) 22
H*+D; —H +D,* 2-8 IBGC (TMS) 17 3,4
2-75 IBGC (TMS) 23
Cx 2-12 GB 24,25
2-80 IBGC (TMS) 26
H* + Dy - D + HD* 2-8 IBGC (TMS) 17 3,4
v 2-15 IBGC (TMS) 23 :
2-12 GB 24,25
2-80 IBGC (TMS) 26
H*+ D, —» D*+HD 2-8 IBGC (TMS) 17 3,4
% (D*+H +D) 1.7-75 IBGC (TMS) 23,27
03-12 GB 24,25
03-80. IBGC (TMS) 26
D* +H, —» H + HD* 2-75 IBGC (TMS) 17 3,4
v 2-9 GB 25
D*+H, - H* + HD 1-8 IBGC (TMS) 17 3,4
M*+H+D) 2-9 " GB 25
D* +HD — D + HD* 2-9 IBGC (TMS) 17 1
ox : 2-6 IBGC (TMS) 23,27
D*+HD — H+D,* 2-9 IBGC (TMS) 17 ]
V4 2-6 IBGC (TMS) 23,27
D*+HD - H* +D, 1.5-6 IBGC (TMS) . 17 1
v 08-6 IBGC (TMS) 23,27
D*+D; - D+Dy* 2-10 IBGC (TMS) 17 - 3,4
ox 2-6 IBGC (TMS) 27
2-11 . GB 25
43-270 - IBGC (SID) 28
Hy* +H~>H,+H* ~0.04 ICR 29 -
LY 33 - 4600 CB (SID, TMS)" 30
D;*+D~—D,+D* ~0.04 ICR 29
|94
- H'+D-HD'+H 0.05-5 MB 31 -
Hy* +H, —H, +Hy* 05-22 .- SSMS 32 1 (below 5¢V)
Cy 2-200 . IBGC (SID) 20 5 (below 5¢V)
2.5-50 - IBGC (TMS) 33. 12in (3 - 6]
5-2200 IBGC (SID) 34
25 - 450 IBGC (TMS) 19
25- 1000 IBGC (SID) 35 .~
30 - 2500 IBGC (SID) 36
35- 500 IBGC (SID) 21
35- 500 IBGC (SID) 37
50 - 2200 IBGC (SID) 22
50 - 400 IBGC (SID) 38
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TABLE 1. (cont.)

Reaction Collision energy? [eV] Method? Reference Comments®
Hy* +D, —H, +Dy* 170 - 670 IBGC (SID) 37 2
Dy* +H; —D; +Hy* 85 - 330 IBGC (SID) 37
D;* +D, =D, + Dyt 2-200 IBGC (SID) 28
25-1000 IBGC (SID) 35,39
Hy*+H, -»H3*+H 0.01-7 MB 40 3,67
0.1-5 MB 41 12in[3- 6]
02-3 SCC 42
03-5 IBGC (TMS) 43
0.7-85 IBGC (TMS) 33
07-7.5 SSMS 32
HD?* + Dy — HD2+ +D 0.01-8 MB 44 6
- D3+ +H
D,* +HD - HD;* +D 0.01-8 MB 44 6
- D3+ +H
D,* +Dy; o Dyt +D 03-8 ICR, SCC 5 12in [5]
H,* + H; — H* + products 1-50 IBGC (TMS) 45 2 (except 33)
1.5-5 SSMS 32 12in[4, 5]
5-50 IBGC (TMS) 33
50 - 1000 IBGC (TMS) 46
D2+ +Dy > D* + products 1-50 IBGC (TMS) 47
50 - 1000 IBGC (TMS) 46
H3+ + D2 - HD2+ + H2 0.01-11 MB 48 6
Hy* + Hy — fast H, Hy* 40-200 IBGC (TMS) 49 12in(4- 6]
H3*(D3")+ Hy - slow HY Hy* 40 - 200 IBGC (SID, TMS) 50
(25 -125)
H3*(D3h)+ D, - slow DY, D,* 57-280 IBGC (SID, TMS) 50
(40 - 200)
H,* + He » HeH* +H 0.05 - 12 MB 51 2
0.7-3 IBGC (TMS) 43 12in[5)
07-14 CB (TMS) 52
1-6 GB 53,54
H,* + He = H* + products 05-6 GB 53,54 2 (except 53)
3-65 IBGC (TMS) 45
HD* + He — H* + products 23-28 IBGC (TMS) 55
— D" + products
D,* + He — D + products 5-50 IBGC (TMS) 47
He* +H, — He + Hy* 0.03 - 57 IBGC (TMS) 56 1,8
50 - 300 IBGC (TMS) 19
A O He' + Hy > He +H o 1" 0.1-72 IBGC (TMS) 57 1,58
Alcd 0.1-50 IBGC (TMS) 58 12in(3,5,7]
6.7-16 IBGC (TMS) 59
33-800 - IBGC (SID) 22
50 - 300 IBGC (TMS) 19
330- 1000 IBGC (FND) 60
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TABLE I. (cont.)

ION-MOLECULE COLLISION PROCESSES IN EDGE PLASMAS

Reaction Collision energy? [eV] Method® Reference Comments®
He++D2—)He+D+D+ 0.1-50 IBGC (TMS) 58 9
02-72 IBGC (TMS) .57
Het+HD - He+D +H' 5-20 IBGC (TMS) 59 10
- He+H+D*
He* +H, - HeH' +H 0.1-30 IBGC (TMS) 58 2,11
0.1-50 GB 61
He*+Dy — HeD* +D 0.1-30 IBGC (TMS) - 58
0.1-50 GB 61
He' + HD — HeH" +D 0.1-50 GB 61
— HeD*+H
HeH* + H - Hy* + He ~0.04 ICR 29 2
02-4 CB (TMS) 52
HeH* + Hy —» Hz* + He ~0.04 ICR 62

* All energies are given as centre-of-mass (cm) collision energies.

CB — crossed beams

MB — merged beams

ICR — ion cyclotron resonance

SSMS — single-stage mass spectrometer

SID — slow ion detection (without mass analysis of reaction products)

IBGC — ion beam gas-cell experiment
GB — guided beam technique

SSC — single collision chamber

FND — fast neutral detection

TMS — tandem mass spectrometer (including mass analysis of reaction products)

Comments:

1 — Data have large uncertainties

2 — Fair agreement between different measurements

3 — Large discrepancies between different measurements

4 — GB data are recommended

5 — Controversial recommendations in different data compilations

6 — MB studies imply neutral reactant molecules in vibrationally
excited states (in contrast to IBGC experiments)

4.1. Reactive collisions
4.1.1. Total cross-sections

Table I gives a summary of total cross-section
measurements for reactive collisions. The system
H* + H, (including isotopic variants) has been studied
extensively: The first entries of Table I refer to charge
transfer (CT) and particle interchange (PI) reactions
for this system. In most cases, there are large dis-
crepancies (up to factors of 30) between different
measurements at low eV energies. As already dis-
cussed in Section 3, the IBGC-TMS measurements are
generally not reliable because of problems of collection
efficiency. The GB results are the recommended data.
The uncertainty of these data is estimated to be 10%
or better [25]. In those cases where GB data are not

7 — All data compilations apparently recommend MB data

8 — Very small cross-section at low eV energies (~ 107" cm?)

9 — Experimental data in relative units only

10 — Cross-section of comparable magnitude as for He* - H,
system

11 — Data of Jones et al. {58] in relative units only

12 — Evaluated/recommended data in Ref. [x]

available, the existing data must be regarded as very
uncertain.

Figure 1 illustrates the present situation for the
H* + H, CT reaction. Above 400 eV, there is fair
agreement between different measurements. As repre-
sentative data, the most recent results of Gealy and
Van Zyl [18] are shown. The data below 40 eV have
large uncertainties. The only experimental data avail-
able for this energy range are the IBGC-TMS results
of Holliday et al. [17]. The three sets of recommended
data [3-5] deviate from each other considerably around
10 eV. Also included in Fig. 1 are theoretical values at
20 eV from Niedner et al. {77] and Baer et al. [78].
In particular the value of Baer et al. appears to be
rather high.

Figure 2 shows the corresponding situation for the
CT reaction in D* + D,. In this case, GB resuits are
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FIG. 1. Total cross-section for the charge transfer reaction

H* + H, — H + H. The data are from Gealy and Van Zyl [18],
Holliday et al. [17], Niedner et al. [77], Baer et al. [78], Janev
et al. [3], Phelps [4] and Barnett [5]. '
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available [25] and they clearly represent the recom-
mended data. The discrepancies between different low
eV measurements, which become evident in this figure,
are typical of the situation for other H* + H, reactions
listed in Table I. At higher energies, the only existing
data are those of Cramer and Marcus [28). They have
been obtained with the IBGC-SID method and should
therefore be quite reliable. This is supported by the fact
that the corresponding results for H* + H, obtained by
Cramer [20] are in very good agreement with the other
measurements in this energy range. The cross-sections
for the different isotopic systems do not simply scale
with the velocity of the reactants, which indicates that
charge transfer in ion-molecule systems is a more
complex process (involving internal degrees of freedom)
compared to ion-atom systems.

For the H;” + H, system, the different measure-
ments for the CT reaction are generally in fair agree-
ment with each other (within a factor of two). At
energies below 5 eV, it is not clear whether the sharp
decrease of the CT cross-section observed in some cases
is due to competition with the PI reaction H;* + H.
Experiments and the different data compilations [3-6]
are controversial on this point.

For the PI reaction Hy + H, — H; + H, the results
obtained by different methods show significant differ-
ences. All measurements give essentially the same
energy dependence of the cross-section, but the absolute
values differ by. a factor of three. The MB data are
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systematically lower. Whether this is due to the fact
that in the MB studies, in contrast to the other methods,
the H, reactant molecules are in vibrationally excited
states (which may inhibit the reaction, as observed for
vibrationally excited H;") or whether simply experi-
mental errors are involved is not clear. All data
compilations apparently have adopted the MB data.
For collision induced dissociation (CID) of Hy, the
situation at low energies is also not completely clear.
Recent compilations of recommended data [4, 5] are
mainly based on the results of Tunitskij et al. [45] and
Zhurkin et al. [46, 47]. There are strong indications,
however, that these cross-sections may be too low. The
measurements of Vance and Bailey [33] for Hy + H,
as well as those of Schlier [53] for H;" + He give con-
siderably larger values (about a factor of six in both
cases). Furthermore, the state selective measurements
(see Table II) indicate a strong dependence of the CID
cross-section on the vibrational state of the H; ion.
Taking an appropriate average over the full distribution
of H; vibrational states, Guyon et al. [66] find excellent
agreement with the data of Vance and Bailey in the
case of H + H,. The same tendency is observed in
the case of H; + He [54]. Evidently, the vibrational

-state population of the H;" ion plays an important role

in CID processes, and it seems difficult to compare
different experimental results, if the internal state
population is unknown.
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FIG. 2. Total cross-section for the charge transfer reaction
D* + D, — D + D5. The data are from Schlier et al. {25],
Holliday et al. {I7], Krenos and Wolfgang [27] and Cramer
and Marcus [28].
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FIG. 3. Total cross-section for the dissociative charge transfer
reaction He™ + H, — He + H + H*. The data are from Rozert
and Koski [59], Jones et al. [58], Stedeford and Hasted [22],
Moran and Conrads [60], Janev et al. [3] and Barner [5].

The Hj" ion must be expected to be an abundant
species under edge plasma conditions. Phelps [4] has
recently attempted to give a compilation of cross-section
data for various Hy + H, collision_processes. He finds
that the database for this collision system is extremely
sparse. In particular, the information for the energy
range 1-1000 eV is almost totally based on extrapola-
tions from low or high energies. More work on the
collisional behaviour of H;* for edge relevant energies
is clearly needed. :

A rather confusing situation is found for the CT
réaction in He* + H, collisions at energies below
about 1000 eV (see Fig. 3). There seems to be general
agreement that dissociative CT is the dominant process.
However, the data are in a very unsatisfactory state.
Figure 3 shows four sets of experimental data and two
sets of recommended data. The data of Jones et al. [58]
are in relative units and have been normalized to the
data of Rozett and Koski [59] in the region of overlap.
This leads, however, to a severe disagreement with the
measurements of Stedeford and Hasted [22] in the
30-50 eV region. It is also evident that the two sets of
recommended data are completely different from each
other.

Measurements of optical emissions resulting from
He™* + H, collisions (listed in Table II and shown in
Figs 4 and 5) can help to shed some light on this

ION-MOLECULE COLLISION PROCESSES IN EDGE PLASMAS
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FIG. 4. Total cross-sections for Lyman-a (L) and Lyman-§ (Lg)
emission in He™ + H, collisions. The data are from Dunn et al. [80],
Van Zyl et al. [84], Young et al. [85], Jones et al. [58], Isler and
Nathan [79] and Barnet: [5].

10°16 ————— Ty T

® o Gusevetal. 1969 Het
e +H,—>H, H
" o Kleretal. 1972 277 P T
-A A Jones et al. 1980
—_ — - Barnett 1990
S oV L 4
a.0n :
% Ad& —Q\ED\UD =] .
= &Do ~e o
[ /0 \QU H
O g’ ~ o
= o o~
n 7 —o-
! / i
7 R fa Y S LY
o Wwer s : I/M W 7
&, a nghe ~2 H
O L7S e B
& 4 S~
p Y -
&
10-[9 P Lot L MR T S S
10 © 100 1000

COLLISION ENERGY Ep, [eV]

FIG. 5. Total cross-sections for Balmer-a (H,) and Balmer-8 (Hg)
emission in He* + H, collisions. The data are from Gusev et al.
[81], Isler and Nathan [79], Jones et al. [58] and Barnert [5].
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TABLE II. REACTIVE COLLISIONS (STATE SELECTIVE MEASUREMENTS)

d

Reaction? Collision energyb [eV] Method® Reference Comments
H2+(V, _]) + H2 - H2 + H2+
v=0,j=0,1,2 2-4 SSPI-CB 63 1
Hot(vi)) +Hy - Hp + Hyt(vy)
vi=0,1;v,’=0,1,2 2-16 SSPI-CB 64 2
H2+(V) + H2 - H2 + H2+
v=0-4 2-200 SSPI-CB 63 3,4,5
v=0-5 4 - 500 PEPICO - CB 65
v=0-10 4-16 PEPICO - CB 66
D,*(v)+Hy - Dy +Hy'
v=0 02-3 SSPI-GB 67 3.7
v=0-10 4 PEPICO - CB 66
Hy*(v)+Hp; - H3* +H
v=0-8 ~0.04 PEPICO - SCC 68 3,4,6
v=0-4 ~0.04 - 15 SSPI-GB 69
v=0-3 01-1 PEPICO - SCC 70
v=0-5 ~1 SSPI-SCC 71
H2+(V) + D2 - }'ﬂ)2++ H
v=0-4 02-6 SSPI-GB 67 3,4
D2+(V) + H2 - I{D2++ H .
v=0-4 02-6 SSPI-GB 67 3,4
D,*(v) + D & D3*+ D
v=0-12 ~0.04 PEPICO - SCC 68 3
H,*(v) + H, = H* + products
v=0-10 4-16 PEPICO - CB 66 3,6
D,*(v) + Hy = H + products
— D* + products ,
v=0-10 4 PEPICO - CB 66
D,*(v) + HD — H' + products
— D* + products
v=0-4 1-8 SSPI-GB 67
Hy*(v) + He » HeH* + H
v=0-8 ~.04 PEPICO - SCC 68 3,4,6
v=0-5§ ~0.04 -7 SSPI-SSC 72
v=0-4 04-3 PEPICO - IBGC 73,74
v=0-4 1-8 SSPI-GB 75
v=0-6 3.1 PEPICO - CB 76
HD*(v) + He —» HeH* + D
—HeD*+H
v=0-4 1-8 SSPI-GB .15
Hy*(v) +He - H" +H+He
v=0-5 ~0.04-7 SSP1-SCC 72
v=0-6 31 PEPICO - CB 76
H*+H, »H+ Hy*v)
v=0-3 20 CB - TOF 77,78 8
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TABLE II. (cont.)

ION-MOLECULE COLLISION PROCESSES IN EDGE PLASMAS

Reaction? Collision <:nergyb {eV] Method® Reference Comments9
He* +Hy — He + HY+ H (n 1) 5-50 IBGC - OES 58 6,9
10 - 230 IBGC - OES 79 10in [5)
10- 670 IBGC - OES 80
30 - 10000 IBGC - OES 81,82
He*+Dy;— He+D*+D (n ) 5-80 IBGC - OES 58
He* + Hy — He'(1snl) + products 23-230 IBGC - OES 79
30 - 10000 IBGC - OES 82,83

2 The neutral reactant molecule is always in the ground vibrational state v = 0. The product states are usually unknown unless stated otherwise.

® All energies are given as centre-of-mass (cm) collision energies.

¢ SSPI — state selective photoionization
PEPICO — photoelectron product ion coincidence

TOF — time of flight measurement
OES — optical emission spectroscopy

Other notations as in Table [

Comments:

1 — The measured cross-section shows no dependence on rotational

state of reactant ion

2 — Final state analysis of product ions by chemical detection method
3 — Marked/strong dependence on vibrational state of reactant ion

7 — The measured v = 0 cross-sections differ by a factor
of two

8 — Final state analysis of product ions by time of flight
spectroscopy of neutral H atoms

4 — The observed vibrational state dependence varies with collision energy 9 — Final state analysis by detection of spectral line emission

5 — Considerable discrepancies between different measurements
6 — Fair agreement between different measurements

problem. The different measurements for Lyman and
Balmer emissions are in reasonable agreement with
each other. Furthermore, there is general agreement
that these optical line emissions are to be attributed

to dissociative CT in the He* + H, collision process
leading to electronically excited H*(nl) atoms. The

2p state and the nl states with n = 3 are observed in
optical emission, whereas the contribution of the 2s state
remains unknown. The data shown in Figs 4 and 5
strongly support the measurements of Stedeford and
Hasted [22] and the recommended data of Janev et al. [3]
for the total dissociative CT cross-section in He* + H,
collisions. The data given by Barnett [5] should be
revised. Additional measurements, in particular on
kinetic energy distributions of the H* product ions,
would be helpful to clarify the situation.

4.1.2. State selective measurements

Table II gives a compilation of measurements with
state selected reactants. Also included are some
measurements with state resolved products.

Although pioneering work with state selected reac-
tants began more than 20 years ago, more systematic
studies have only been carried out in recent years. The
experimental methods used are the SSPI and PEPICO

(Lyman series, Balmer series, various Hel lines)
10 — Evaluated/recommended data in Ref. [x]

—

techniques. Within the present selection of collision
systems, the H,” molecular ion is the only species for
which state selective measurements have been per-
formed. Nevertheless, it is one of the most important
species in the edge plasma.

There is one experiment in which rotationally state
selected H;" ions have been used. The measured cross-
section shows no dependence on the rotational state
of the reactant ion. All other experiments are con-
cerned with the vibrational state dependence of the
cross-sections.

The H;" + H, CT reaction shows a quite pronounced
dependence on the H; vibrationai state (up to a factor
of four in the range v = 0-10). In addition, the observed
vibrational state dependence .is found to vary signifi-
cantly with the collision energy. It should be noted that
the results of different groups are not fully consistent
with each other for this reaction.

The vibrational dependence of the PI reaction
H; + H, — H; + H appears to be somewhat weaker,
although it is still significant. Again, the character of
the dependence varies with the collision energy. At
thermal energies, for example, the cross-section
decreases by about 20% in the range v = 0-8, whereas
at a collision energy of 3 eV the cross-section increases
by about 60% in the range v = 0-3.
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TABLE III. REACTIVE COLLISIONS (PRODUCT DISTRIBUTIONS)

Reaction Collision energy? [eV] Method? _ Reference Comments®
H* +H, > H+Hy*v) 20 CB 77,78 1,3,5
H* + D, - D* + HD(Y, j) 04-52 IBGC 86, 87 2,3,5
—D*+HD 40-56 CB - 23 2,5
H*+Dy - D +HD* 2-5 IBGC 25, 87 6
D*+H, > H+HD* 1-5 MB 88 2,7
D*+HD - D +HD* 1.5-55 CB 23 L5
- H+ D2+
- Ht+ D2
D*+D, = D +Dy* 28-46 CB 23 1
Hy*+D 5> HD*+H 1-10 MB 88 2,7
Hy* +Hy - H3* +H 0.002-2 MB 40 2,7
0.5-10 MB 89 2,7
8-10 MB 90 2,7
Hy*v)+Hy o Hy*+H 2 REMPI - SB 91 1,4
H,* +D, 5 HD,* +H 05-10 MB 89 2,7
09-40 CB 92 |
1.0-4.6 CB 93 1
H,* +D; » HyD* +D 1.0-4.0 CB 93 1
HD* + D, » HD,* +D 0.002-3 MB 44 1
-D3*+H
D,* +Hy > HDy* +H - 05-6 MB 89 2,7
C07-34 CB 93 1
07-5 IBGC 94 2
D,* +Hy 5 HD* +D 07-5 IBGC 94 2
D,*(v) + H; » HD,* +H 13 REMPI - SB 91 1,4
D,* + HD - HDy* +D 0.002-3 MB 44 1
- D3+ +H
D;* +Dy; = D3* +D 1-1.5 IBGC 94 2
H,*(v) + Hy = H* + products 6 PEPICO - CB 66, 95 2,4,5
D,y*(v) + Hy = H* + products 4 PEPICO - CB 66, 95 2,4,5
— D* + products
Hs* + D, - HDy* +Hy 0.002-11 MB 48 1
0.1-11 MB 96 2,7
02-8.2 CB 97 1
Dy* +H, 5 H,D* +D, 02-24 CB 97 1
H3+ + H2 — fast H+, H2+ . 40 - 200 IBGC 49 1
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TABLE III. (cont.)

TION-MOLECULE COLLISION PROCESSES IN EDGE PLASMAS

Reaction Collision energy? [eV] Method® Reference Comments®
H,* +He — HeH* +H 0.05-12 MB 51 2,7
05-40 CB 98, 99 L5
1.2-84 IBGC 100 2

Hy*(v) + He = HeH* +H 3.1 PEPICO - CB 76, 101 2,4,5
H,* +He »H*+H+He 3-5 CB 102 1,5
Dyt +He—D*+D+He 3-5 CB 102 L5

Ho*(v) + He - H* + H+ He 3.1 PEPICO - CB 76, 101 2,4,5

\

* All energies are given as centre-of-mass (cm) collision energies.

® REMPI — resonance enhanced multiphoton ionization

¢ Comments:
1 — Energy and angular distributions
2 — Mainly energy distributions
3 — State resolved measurements
4 — State selected reactants

The CID process shows a very strong dependence
on the H; vibrational state. For Hi + H,, the cross-
section increases by a factor of seven in the range
v = 0-6 (at 4 eV collision energy), whereas for
H; + He the increase amounts to a factor of 24 in
the same range of vibrational levels (at 3 eV collision
energy). This strong dependence on the initial vibra-
tional state of the reactant ion may be one reason for
the rather large discrepancies in the measured total
cross-sections, as already mentioned before. It also
makes clear once more that knowledge of the internal
state distribution of the reactants is very important for
edge plasma modelling. '

The reaction H," + He — HeH* + H shows a very
peculiar behaviour. At a collision energy of 1 eV, the
cross-section increases dramatically with the vibrational
energy of the reactant ion (by a factor of 30 in the range
v = 0-4). With increasing .collision energy, the vibra-
tional dependence becomes weaker until, above 5 eV,
the cross-section becomes essentially independent of
the vibrational state. Note that the reaction has a
endothermicity of 0.80 eV. '

4.1.3. Product distributions

Table III gives an overview on measurements of
product distributions for reactive collisions. The results

SB — single-beam' experiment

Other notations as in Tables I and I

5 — Detailed comparison with theory
‘6 — Only very limited data

7 — Data of limited value for the present purpose (measured laboratory
energy distributions have not been fully evaluated)

have been obtained with different techniques (IBGC,
CB, MB).

In nearly all of the cases, the purpose of these mea-
surements has been to study details of the reaction
mechanisms rather than to determine absolute cross-
sections. The measurements are therefore normally in
relative units. It is possible, however, to put the data
on an absolute scale, which can be done in different
ways. If the energy and angular distributions of the
products (often given in the form of contour plots) are
sufficiently complete, they can be integrated over
product energies and angles and then be normalized
to an absolute total cross-section, which'is often known
from other experiments. In this way, all the detailed
information contained in the differential measurements
can be given in absolute units.

Another, very attractive, possibility consists of
developing a quantitative theory directly in parallel
with the differential scattering experiments. The colli-
sion process can thus be studied in great detail by both

‘theory and experiment (this goes far beyond the possi-

bilities in connection with the total cross-section). If
satisfactory agreement is obtained, the absolute scales
can be derived from theory. This method has been
successfully used in a number of cases, in particular for
smaller collision systems such as H* + H, and H," + He.
It is important, however, that additional experimental
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TABLE IV. ENERGY TRANSFER COLLISIONS

Collision system Type of data 2 Collision energy® [eV]| Method © Reference Comments?
H* +H, Om(E) - 0.1 - 6000 DE 4 1
G0i(E) j=0-2 0.1-200 DE 4 2
j=1-53 0.1-160
6,(E) v=0 51 0.7 - 6000 DE 4 3.
v=0-2 1.2 - 6000
. v=0-3 1.6 - 2000
experiment Poj(G) j=0-50-20 37 CB 103 6:in [126, 127]
j=1-o1-17
Pg;(©) j=1-3-7 47-10 CB 104, 105 1 6in(119,121)
P;(©) v=0-1 37 CB 103 -
j=t—o1-5
P;(©) v=0-1 10 CB : 105 6in{119)
j=1-53-7
(do/dQ)(E) v=0-1-4 3- 1000 IBGC 106, 107 4,6in[115]
do/d) (@) v=0-0-2 10 IBGC 108, 109 5,6in [112]
v=0-0-3 10-20 CB 105, 110 5,61in {120]
v=0-0-6 20 -CB 77 _ 5, 6in 78, 128]
P,(®) v=0-0-4 4-16 IBGC 109 6in [112]
v=0-0-3 4.7-20 CB 104, 105,110, 111 | 6in[110, 119 - 121]
theory I (do/dQ),(®) v=0-0-3 6-25 CTC 112 8
v=0-50-2 10 CTC, SCPT 113
6,(E) v=0-0-3 6-25 CTC 112 8
v=0-1-4 10 - 800 SCSA 114 7
‘ v=0-1-3 6 - 1000 CTC 115, 116 8
theory Il (do/dD)(O) v=0-0-4 10- 40 QMIPA 117 8
v=0-0-3 16-25 QMIPA 118 8
v=0—-0-3 47-10 IOSVR 119 8
o,(E) v=0-1-3 10 - 600 QMIPA 117 8
v=0-1-3 10 - 200 QMIPA 118 8
v=0—-0-3 4.7-10 IOSVR 119 8
(do/dQ),;(®)  j=0-0-3 10 IOSVR 119 8
j=1-1-7
0,i(E) v=0-0-3 4.7-10 IOSVR 119 8
j=0-50-10
j=l1->1-1
theory III (do/dQ),(®) v=0-0-3 10 IOSVR 120
6,(E) v=0-0-3 47-10 [OSVR 120-122
(do/dQ);€)  j=0-0-6 47-6 [OSVR 121
j=1-3-7 4.7
Gi(E) j=1-1-11 47 IOSVR 121, 122
0yi(E) v=0-0-2 6 IOSVR 121,122
j=0-0-10
j=1->1-11
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TABLE IV. (cont.)

ION-MOLECULE COLLISION PROCESSES IN EDGE PLASMAS

Collision system Type of data & Collision energy® [eV]| Method © Reference Comments?
H* + HD P,(©) v=0-0-4 9-21 IBGC 109 6in [112)
(do/dQ)(®)° v=0-0-3 CTC 112 8
, 6,(E) v=0-0-3 CTC 112 8
H*+D, P,(©) v=0—-0-5 4-10 IBGC 109 6in [112]
[do/dQ)©)  v=0-0-3 CTC 112 8
oy(E) v=0-0-3 CTC 112 8
D*+H, (do/dQ)(E) v=0—>1-4 20- 1600 IBGC 107 4,6in[115]
64(E) v=0-1-3 35- 1000 CTC 115 8
Hyt +H, 6,(E) v=0-1 1.2 - 6000 DE 4 3
excitation of Hy*
do/dQ(E) v=0-1-3 70 - 400 IBGC - 106 4
excitation of Hy ‘
(do/dQD(E) Av=-1,-2,-3 70 - 400 IBGC 123 4
deexcitation of Hy*
Hy* +H, () 0.1 - 6000 DE 4 1
He*+H, (do/dQ) (©) v=0-0-5 CB 124 ' 5
H +H, Om(E) _ 0.1 - 6000 DE 4 1
(do/d)(E) v=0->1-2 20-120 CB 125 4

* 0, — momentum transfer cross-section; op — integral cross-section for individual rotational transitions in the vibrational ground state v = 0;
o,; — integral cross-section for individual rotational-vibrational transitions; o, — integral cross-section for vibrational transitions (summed and
averaged over final and initial rotational states, respectively); (do/dQ)y, (do/d2),;, (do/dQ), — corresponding differential cross-sections;
Py;, Py;, P, — corresponding transition probabilities (P, = (do/d),/I,(do/d),].

o

All energies are given as centre-of-mass (cm) collision energies.

o

DE — data evaluation combining different sources of information
CB — crossed beam experiment

IBGC — ion beam gas cell experiment

CTC — classical trajectory calculation

SCPT — semi-classical (time dependent) perturbation theory

o

Comments:

1 — Data largely based on extrapolation and/or interpolation
(with relatively large uncertainties)

2 — Data based on very limited experimental data

3 — Data mainly based on theory

4 — Partial cross-sections for forward scattering

checks can be made. As discussed in Section 3, simple
ion-atom scattering systems can be used as secondary
standards for directly measuring absolute differential
cross-sections in CB experiments. This method will
certainly find more extensive application in future

" experiments. If all methods are combined, there will
be plenty of possibilities to cross-check the data so that
a comprehensive and reliable picture can finally be
obtained.

SCSA — semi-classical (rotationally and vibrationally) sudden
approximation
QMIPA — quantum mechanical impact parameter approach
IOSVR — infinite order sudden vib-rotor calculations (I0S for
rotation, ‘exact’ close coupling for vibration)

5 — Experimental data in relative units, normalized to theory

6 — Detailed comparison with theory in Ref. [x]

7 — Calculations based on DIMZO potential surface

8 — Calculations based on Giese-Gentry fit potential surface

9 — Calculations based on complete ab initio CI potential surface

4.2. Energy transfer collisions

Table IV summarizes the available information on
energy transfer collisions. We have included the data
recently evaluated by Phelps [4]. The main part of
Table IV refers to original work.

From among the systems taken into consideration,
there is only one system — H* + H, including isotopic
variants — which has been studied rather extensively.
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TABLE V. NEGATIVE ION COLLISIONS

Reaction Type of data ? Collision energy® [eV] Method © Reference Comments?
H +H — H + products o(E) 32-103 CB (FND) 18 1,2
200- 10* CB (SID, DED) 129 13in {5}
500- 105 IBGC (FND) 130
1,(®) 70 - 670 CB (END, TOF) 131 3
H+H »H+H o(E) 4-200 CB (SID) 132 2,3
20 - 5000 CB (SID) 129 12 in (159, 160}
I,(©) 70-200 CB (FND, TOF) 131 3
H+H >H+H+e o(E) 2-200 CB (DED) 132 2,3,4
S Hy+e 50- 150 CB (FND, TOF) 131 12in [160 - 165)
200- 10* CB (DED) 129
1,(©) 70 - 200 CB (FND, TOF) 131 3
H+Hy; 2H+Hy+e o(E) 1-200 IBGC (DED) 133 3,56
3-260 IBGC (DED) 134, 135 13in [4, 5)
7-1700 IBGC (DED) 136.
42 - 1300 CB (FND) 18
130 - 6700 IBGC (BAM) 137,138
1,(®) 20- 60 CB (FND) 152 3
200 - 400 CB (FND) 139, 140
I(s, © 7-2700 CB (DEES) 141, 142 -
H +D; »HD+D’ o(E) 03-3 CB 143 7
0.5-10 IBGC (TMS) 144
2-9 IBGC (SID) 133
H +D; & HD+D ao(E) . 05-10 IBGC (TMS) 144 8
D'+H, oHD+H
H +Dy 5H+D+D o(E) 9-200 IBGC (SID) 133 9
D'+Dy; -»D+D+D ,
H+He >H+Hete o(E) 2-107  RA 145, 146 3,10, 11
2-200 IBGC (DED) 147, 148 12in [166]
3-280 IBGC (DED) 149 13 in (5]
80 - 1300 IBGC (DED) 150
160 - 8000 IBGC (BAM) 137,138
1,(0) 30- 150 CB (FND) 151,152 2,3
70 - 1200 CB (FND) 153
400 - 1600 IBGC (FND) 154
L(c, ©) 2-200 CB (DEES) 155 2,3
8 - 3200 CB (DEES): 141,142
80 - 400 CB (END, TOF) 153, 156
160 - 8000 IBGC (DEES) 157,158

® o(E) — total cross-section; I,(©) — angular distributions of fast neutrals; I (¢, ) — energy and angular distributions of detached electrons.

® All energies are given as centre-of-mass (cm) collision energies.

¢ FND — fast neutral detection
DED - detached electron detection
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For the other systems listed in Table IV (H; + Hj,
He* + H,, H- + H,), only very limited information is
available. Concerning the work on H* + H,, the com-
pilation in Table IV is organized in the following way.
In the first group, the original experiments are listed.
The following three groups (theory I-II) reflect the
development of the theorétical calculations at various
stages of elaboration. The last groups give complemen-
tary results for other isotopic variants of the H* + H,
system.

The first calculations, listed under theory I, were
based on very approximate or semi-empirical potential
surfaces, and relatively simple (classical or semi-
classical) scattering approximations were used. In the
next step (theory II), the treatment of the collision
‘dynamics was further elaborated on'a quantum mecha-
nical basis, which finally resulted: in the development
of the IOSVR approximation [119]. However, the cal-
culations were still based on the semi-empirical fit
potential originally derived by Giese and Gentry [112],
and the comparison with experiment was still unsatis-
factory. It was only after Schinke and co-workers
[120, 121] calculated a new ab initio potential surface
which extended over a sufficiently large configuration
space of the Hy' system (theory III) that they were able
to show that theory and experiment could be brought
into full quantitative agreement. ' '

The present example of H* + H, energy transfer
collisions clearly shows the importance of combining
theory and experiment in a joint effort. The experimental
measurements are normally restricted t6 a limited range
of energies and angles. Once the theory is developed
and tested against the experimental results, the calcula-
tions can provide the full description of the processes
and the complete set of data needed for modelling can
be obtained. In the present case, such calculations are
still pending.

ION-MOLECULE COLLISION PROCESSES IN EDGE PLASMAS

4.3. Negative ion collisions

Table V presents a collection of data for negative ion
collisions. It has yet to be ascertained if negative ions
play a significant role in the edge plasma. One can
expect, however, that the H™ ion is a relatively abundant
species, at least in the regions of lower temperature.
Therefore, it appears appropriate to consider collision
processes of H™ with the main neutral constituents,
i.e. H, H, and He; it is understood that the discussion
includes all different combinations of hydrogen isotopes.

The most important collision processes in the edge
relevant energy range are resonant charge transfer,
electron detachment and particle interchange reactions.
The two former processes have been widely studied and
are rather well documented. In addition to total cross-
sections, data on product distributions are also included
in Table V. In contrast, only little information is avail-
able on particle interchange reactions.

In our laboratory we have recently performed an
experimental study of low energy H™ + H, (D,) colli-
sions using the CB technique [143]. Various processes,
including elastic, inelastic and reactive scattering, have
been studied. The data obtained by these measurements
are suited to demonstrate the present possibilities of a
high resolution CB experiment. The measurements reach
down to impact energies of 0.3 eV in the laboratory
system. The primary results are rotationally and vibra-
tionally state resolved differential cross-sections which
are directly obtained in absolute units using H- + He
as a reference system. These data can then be integrated
over angles and summed over product states, which
finally yields total cross-sections for specific product
channels. As an example of these measurements, the
total cross-section for the particle interchange reaction
H- + D, — HD + D~ is shown in Fig. 6. Also shown
are the results previously reported by Michels and

DEES — detached electron energy spectra
RA — review article

4 Comments:
1 — These measurements represent essentially the sum of charge
" transfer and electron detachment
2 — Good/fair agreement between different measurements

3-— Measurements have been performed for different isotopic combinations

4 — At energies E < 2 eV, associative detachment becomes the
dominant channel - )

5 — Considerable discrepancies between different measurements at
low energies ' ’

6 — Data of Hugq et al. [133] are recommended for the low energy region

BAM — beam attenuation method
Other notations as in Tables I-1V

7 — Data are presented in Fig. 6 (see text)
8 — These data probably have large uncertainties (see text)

9 — The SID signal is tentatively assigned to dissociative
charge transfer for this energy range

10 — Fair agreement between more recent measurements

11 — Data of Hugq et al. [148] are recommended for the low
energy region

12 — Theoretical results in Ref. [x]

13 — Evaluated/recommended data in Ref. [x]

1
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FIG. 6. Total cross-section for the particle interchange reaction
H™ + D, — HD + D". Full circles and solid line: Zimmer and
Linder [143]; crosses: Michels and Paulson [144]. The curves a,
(HDC) and o; (HDC) represent the total cross-sections. for electron
detachment and for slow ion production, respectively, measured by
Hugq et al. [133].

Paulson [144]. The discrepancy observed at energies
below 3 eV must presumably be attributed to transmis-
sion and collection efficiency problems in their TMS
instrument. This is supported by measurements of Hug
et al. [133], which are also included in Fig. 6 for com-
parison. The curve g, gives the total electron detachment
cross-section, whereas oy represents the total cross-
section for slow ion production. It must be mentioned
that Huq etal. could not distinguish between H™ and D~
products, since no mass analysis was provided in their
experiment. Nevertheless, the main portion of ¢; can
be attributed to D~ products resulting from the reaction
H™ + D, — HD + D". However, at the lowest energies
measured, the SID signal probably contains a certain
fraction of H- ions resulting from large angle elastic
and inelastic scattering, so that ¢; must be regarded as
an upper limit for the particle interchange cross-section.
In any case, the results shown in Fig. 6 nicely demon-
strate the competition between reactive scattering and
electron detachment in negative ion collisions.

Finally, we mention that collision processes involving
H-/D- ions, in particular production and destruction pro-
cesses of these ions in hydrogen discharges, are exten-
sively discussed in connection with the development of
H-/D- volume sources [14-16].
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5. SUMMARY AND CONCLUSIONS

The range of collision processes relevant to fusion
edge plasmas is extremely wide. The present article is
concerned with ion-molecule collisions in the energy
range 1-200 eV. For reasons of available space, the
subject has been limited to collision systems involving
hydrogen and helium — the main plasma constituents.
Both reactive and energy transfer collisions are con-
sidered. Besides total ‘cross-sections, the present survey
also includes more specific classes of data (state selec-
tive cross-sections, product distributions, etc.) which
are needed for edge plasma modelling.

In accordance with the energy range of interest, the
data have been collected mainly from low energy beam
experiments. The different experimental methods used
in this field have been discussed briefly and their
individual strengths and weaknesses characterized.
The importance of making absolute measurements is
emphasized.

Several conclusions can be drawn from the present
survey. Although only systems with hydrogen and
helium — the most elementary constituents of the edge
plasma — are considered, there are still significant gaps
and, in some cases, large uncertainties in the database
for edge relevant energies. Even for very fundamental
processes such as charge transfer in H* + H, and
He™* + H,, the data are in a quite unsatisfactory state.
With the available experimental techniques, it should
be possible to aim at a 10% confidence level of the
cross-section data. ‘

A point of particular importance is the strong depen-
dence on the initial reactant states observed for some
processes. As a consequence, at least an approximate
knowledge of the internal state distribution of the reac-
tants seems necessary for edge plasma modelling. Sys-
tematic studies with state selected reactants have only
begun and, within the range of the present systems,
the only existing measurements are those for the H;
molecular ion. Corresponding measurements for the H,
neutral molecule in well defined excited states are not
available at the present time. ’

In some cases, the combination of theory and experi-
ment has proved very successful. The experimental
measurements are normally restricted to a certain range
of experimental parameters. Once the theory is checked
against the. experimental results, the full picture of the
processes and the complete set of data can be derived
from the theoretical calculations. Another-aspect is the
range of systems and processes. Also in this respect are
the experiments often confronted with serious limita-
tions. The required procedure is to develop and test



theoretical methods against experiment for certain proto-
type cases. Once this is done, the methods can be
extended and applied to systems and processes which
are difficult to access experimentally. The hydrogen and

- helium systems treated in this paper should be particu-
larly suitable for this type of work. One should keep in
mind, however, that molecular collision systems are
far more complex than ion-atom systems.

Further work on the present subject is clearly needed.
We suggest that such work should proceed along the
following lines. The scope has to be widened to include
a broader range of collision systems which are important
in edge plasma studies. Information from swarm type
experiments and low keV beam experiments should be
taken into account; this can serve as an additional con-
sistency check on either end of the present energy range.
The most important point, however, is that more experi-
ments be performed at edge relevant energies. As
demonstrated in this paper, the required experimental
methods are available. The experiments should be con-
nected with theory as closely as possible, as outlined
above. It is evident from the discussion that substantial
effort is still needed to provide a sufficiently complete
and reliable database for edge plasma modelling.
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ABSTRACT. Radiative loss and electron cooling rates are calculated for carbon and oxygen ions under conditions
relevant to fusion plasmas. Both rates are based on the most recent recommended atomic data. A modified coronal model
which includes the effects of metastable states is described and used in the calculations.

1. INTRODUCTION

Radiative losses can represent a significant contribu-
tion to the local power balance and the total energy
losses in present tokamaks [1-8]. They should also play
an important role in physics and design of future
reactors, especially in the plasma edge and divertor
regions. For example, line radiation by light impurities
in the edge region could help distribute the exhausted
power over a large area of the neutralizer plates and,
thus, alleviate the erosion problem in the divertor [9].
The presence of heavy impurities in the core, however,
will always be detrimental. In addition to diluting the
fuel there, strong line radiation by not fully stripped
ions will make the conditions required for ignition
more difficult to achieve [10-13]. With the design
of the next generation machines (ITER) entering its
final phase, it is important that the plasma transport
models used in this design be equipped with the best
available atomic rates. These considerations have recently
stimulated much interest in the construction of models
for the calculation of atomic and molecular processes
and the establishment of atomic databases required in
fusion energy research. Over the years, the models
have ranged in complexity from the simple average
ion approach with semi-empirical rates [14] to detailed
calculations using recommended data [15-21]. Although
the formalism required for an accurate calculation of

the rates is well established, the effort in computing
such rates is still very much in progress. This evolution
is tied to the completeness of the atomic data at any
given time, and to the continuing efforts to add new
and more accurate data to the existing databases.

In this paper we present calculation results for
radiative losses and electron cooling rates of carbon
and oxygen impurity ions under conditions relevant to
tokamak edge plasmas. Our calculations are based on
the most recent available recommended atomic data.
We also use a modified coronal approximation to
account for long lived metastable states.

2. RADIATIVE LOSS AND COOLING RATES
2.1. Generalities

The radiative loss rate is the rate at which energy is
lost by radiation, per unit plasma volume, in an optically
thin plasma. This loss mechanism is directly measurable
experimentally with bolometers. Radiative losses also
enter the balance equation for the total (thermal plus
ionization) plasma energy [22]. The cooling rate, on the
other hand, represents the rate at which electron thermal
energy is lost by inelastic collisions with atoms or ions.
This process is not. measurable directly. It appears as a
Joss term in the balance equation for the electron thermal
energy.
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More precisely, the radiative power loss P, includes
the following contributions:

— line radiation associated with the radiative cascade
which follows collisional excitation, recombination
(dielectronic, radiative and three-body) and charge
transfer,

— continuum radiation associated with radiative
recombination, and

— bremsstrahlung.

We note that for the densities of interest to tokamak
plasmas, three-body recombination is usually negligible.
It is mentioned here for completeness.

The electron cooling rate P, accounts for the following
contributions:

— collisional excitation and de-excitation,

— ionization,

— dielectronic, radiative and three-body recombination,
and

— bremsstrahlung.

A precise definition of these various contributions
follows.

2.2. Definitions

We now give precise definitions for the radiative
loss and cooling rates in terms of elementary. atomic
processes. We start by considering a general defini-
tion, valid over a wide range of plasma densities and
temperatures. A simpler and more tractable definition,
based on a modified coronal approximation, is then
presented.

2.2.1. General case

We assume a single ion species of nuclear charge Z
and ionization stages i ranging from O for neutral to Z
for fully ionized. We also assume that the medium is
optically thin to all photons radiated. The extension
of the definitions to account for multiple ion species
is straightforward. The inclusion of opacity effects,
however, would ‘considerably increase the complexity
of the problem. These effects are not considered here
for simplicity. The radiative loss rate P, and the electron
cooling rate P, are given by

P, = E n,, {Zﬁ: Algeg, + ne‘z‘; S.d3v

ia

X (AMv2 + €57 + €0q) VO (s (WF(V) + neBL} )
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In these equations, f(V) is a Maxwellian electron
distribution function normalized such that its integral
over velocities is equal to unity, n. is the electron
density and n;, is the density of impurity in quantum
state o in stage i. The coefficient Al is the transition
probability for the transition o« — (, a,ir‘aﬁ is the cross-
section for radiative recombination into state 3 of stage
i-1, from stage i in state o, Bl is the rate of brems-
strahlung associated with stage i in state «, X' is the
excitation rate for the transition « — 3, Si is the ioniza-
tion rate from state o, acilr.cxﬁ'y is the cross-section for
dielectronic recombination into the Rydberg state y of
ionization stage i~ 1, associated with a core transition to
state 3, from an ion initially in state « of stage i, and
Ol op 18 the cross-section for three-body recombination
into state 8 of stage i-1 from stage i in state «. The
ionization energy of an ion in stage i, in quantum state o;
is represented by el. The excitation energy for the
transition o — @ in stage i is €.5. In these expressions,
subscript zero refers to the ground state. In Egs (1)
and (2), the densities n,, are assumed to be known.
These densities are obtained in practice by solving a
large set of equations in which the states of the various
possible ionization stages are all coupled by ionization,
excitation, radiative decay, recombination (dielectronic,
radiative and three-body) and charge transfer processes.
Methods for approximately calculating these densities
have been described, for example, in Refs [16, 19-21].

2.2.2. Modified coronal model,
with metastable state effects

We now briefly - describe the model used in the
calculation of the radiative loss and cooling rates. The
method of calculation is similar to the familiar coronal
approximation [15], with the exception that it accounts
for the effect of metastable states when such states exist.
We recall that in the usual coronal approximation the
plasma is assumed to be optically thin and of sufficiently
low density so that all excited states (including the
metastable ones) decay radiatively to the ground state
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on a time-scale which is much shorter than any colli-
sional time-scale. The present calculations, on the other
hand, are based on the following assumptions:

(1) There may be long lived metastable states for
which the largest transition probability is smaller than,
or comparable to, the largest collisional rate to the
ground state or to other metastable states. In practice,
all excited states which cannot decay radiatively to a
lower energy state via an optically allowed transition
will be treated as long lived metastables.

(2) For metastable states, the relative densities n;,
for a given ionization state i are determined by:

— collisional (de)excitation between the ground state

and metastable states,

— possible (slow) radiative decay,

— ionization from the ground state and metastable

states, and

— excitation from the ground state and metastable

states to non-metastable states, followed by
radiative cascade back to the ground state or to
metastable states.

(3) Multistep processes are neglected for excited
non-metastable states.

(4) Recombination, whether radiative or dielectronic,
from metastable states may take place. When the
recombined ion is in an excited state, it decays instan-
taneously to its ground state.

(5) For the relatively low densities of interest to

tokamak plasmas, three-body recombination is neglected.

In this model, the relative populations n,, of the
- background state and the metastable states of a given
ionization stage i are not affected by recombination from
the upper ionization stage, or by the different rates
at which recombination takes place from the different
states o of stage i. This assumption is motivated by
the fact that recombination is generally a slow process.
Our calculations using that model will be valid, provided
that P, is dominated by excitation and that P, is domi-
nated by excitation plus ionization. Our model effec-
tively reduces to the standard coronal approximation
for impurities in a strongly recombining regime. In
practice, the conditions encountered in the edge and .
divertor regions of tokamaks correspond to impurities
in an ionization regime, and recombination. is indeed
slow compared with ionization and excitation. In this
model, the expression for P, is

P=Y {2 A iy
Ba

i

+ ), mgg S d*ves " vayr, ags (M (V)

aBs’

+ Y S dPVIMY? + €py + €0 )0l 0 (M (V)
o8

+ ny E n, Thgets' + E niaBL} 3

aff

where ny is the density of neutral hydrogen and Ti; is
the rate of charge transfer between neutral hydrogen
and an impurity initiallly in state a of stage i, resulting
in stage i-1 in state 3. The expression for P, is the same
as that given in Eq. (2). The density n;, of states a for
a given ionization stage i is obtained by solving the
following set of equations:

dn;

Sl Y (AL + Xipn + (Aps + Xjo)nig)
8

- Sinm + 8oy Y, Shmig = 0 @)
B8
with the normalization

E Nj, = N4 (%)

ground state
and metastables

In Eq. (4), the rates S, and X,; are assumed to vanish
whenever a corresponds to a non-metastable state, in
order to be consistent with our neglect of multistep
effects from non-metastable states. Also, the last summa-
tion on the left hand side-of Eq. (4) has been introduced
to ensure the existence of a non-trivial solution. Physi-
cally, this term means. that particles lost by ionization
are instantaneously fed back into the ground state. This
assumption is somewhat arbitrary. It could have been
replaced, for example, by substituting

Soa Z Sgnig — Ang (6)
- B8 : .

on the right hand side of Eq. (4), which would
correspond to a uniform exponential decay exp(-At)
for all states of ionization stage i. The exact form of
this term should be of little consequence in the final
result, provided the rates of excitation Xi,e are much
larger than the rates of ionization Sl

2.2.3. Standard coronal approximation

It will be instructive to compare our results with
those obtained in the standard coronal approximation
(see Section 4). We recall that in this approximation,
the plasma density is assumed to be low, and even
metastable states are assumed to decay radiatively to
the ground state on a time-scale which is much shorter
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than any collisional time-scale. As a result, all collisional
processes proceed from the ground state, and multistep
processes are negligible. With these assumptions, the
expressions for the rates are

E Do {ne E Xbudﬁ)a
i a

) S d3v(IMV? + e )val 0, (W E(F)

a

P,

+n. Y, S d*veis V04 0as (V) F(V)
aff

+ 0y Y, Toaton + neBB} (7)
Y nong {E Kincha + Sheb

+) S d3v IMv3vol o (M)

a

o
«
Il

) S d*v IMVAVal 0,sMEE) + B{,} ®)
af

We note that, consistent with the low density assumed
in the coronal approximation, three-body recombination
has been neglected in this definition of P,.

2.2.4. Steady ionization balance

In the calculation of radiative losses it is customary
to consider impurities under so-called steady state [14]
or steady ionization [19] balance. This condition will
also be considered in Section 4. A given ion species is
at steady ionization balance when the rate at which any
given ionization stage is lost by ionization and recombina-
tion is exactly balanced by the rate at which it is popu-
lated by recombination and ionization of neighbouring
stages. After some simple algebra, this condition proves
to be equivalent to the requirement that the rate at which
any stage i ionizes be equal to the rate at which stage
i+1 recombines. Considering the model of Section 2.2.2
for the purposes of the discussion, this is translated
mathematically as

Ny i A 0 41
n Y Do =n, Y il
n; n
] a

i+1

X (E Rivas + )5 Ditass + ) Ta ‘> O
8 Bs 8

where R,i:ufﬁ is the rate of radiative recombination into

state 8 of stage i, from state o of stage i +1, and D(',,+ ;55

is the rate of dielectronic recombination into state & of
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stage i, from state « of stage i+ 1, associated with a
core excitation to state 3. The densities n;, are deter-
mined in terms of the total density n; of particles in
ionization stage i by Eqs (4) and (5). This constitutes
a set of recursive equations for n;, which can readily
be solved for a given total impurity density.

It is important to stress that steady ionization balance
is not implied by a steady state solution of the plasma
transport equation. Because of transport and recycling,
the actual distribution of ionization stages may differ
significantly from that of the steady ionization balance
computed with the local plasma density and temperature
[1, 22-24]. This is why atomic loss rates must be known
for individual ionization stages when modelling tokamak
plasmas. Following Ref. [15], we call radiative loss
and electron cooling functions, respectively, the radiative
loss and cooling rates divided by the electron density
and the total ion density. Similarly, the radiative loss
and cooling coefficients are defined as the radiative
loss and cooling functions calculated for ions in a
single ionization stage i.

3. ATOMIC DATABASE

Whenever possible, we use recommeded data
for the atomic processes involved in the power loss
functions. When no recommended data are available,
semi-empirical data are used. In the next sections we
briefly review the sources of the data used for excita-
tion, ionization, radiative and dielectric recombination,
and the transition probabilities. The contribution from
charge transfer recombination has been included in
Egs (7) and (9) for completeness. This process will
now be neglected for simplicity, because of the depen-
dence of the charge transfer rate on the neutral hydrogen
density, in addition to the electron density. We stress,
however, that charge transfer can be important in many
fusion plasma studies [25-27]. The various quantum
states considered in the calculations for carbon and
oxygen ions are listed in the Appendix.

3.1. Excitation

Most of the excitation rates used in this work are
those recommended by Phaneuf et al. [28]. For certain
transitions not considered by these authors, the rates of
Itikawa et al. [29] have been used. For helium-like ions
the rates recently recommended by Kato and Nakazaki
[30], and for O V those recommended by Kato et al.
[31] have been used. For C IV and O VI the excitation
rates from the ground state to the autoionizing states
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are those of Itikawa et al. [32]. We note that the cross-
sections in these references have been fitted over a finite
energy interval, with analytic expressions which did not
ensure correct extrapolation outside the interval. This
circumstance has forced us to construct new fits to the
data for several forbidden transitions, in order to extend
the rates to higher temperatures. For neutral oxygen,
we use the cross-sections recently compiled by Laher
and Gilmore [33] and by Itikawa and Ichimura [34].

For most ionization stages considered in this calcu-
lation, none of the excited states taken into account are
autoionizing. The three exceptions are C IV, O I and
O IV, for which transitions from the ground state to
autoionizing states are considered. In the calculation of
the loss terms, the excitation rates to these states are
multiplied by the branching ratio for radiative decay.
Autoionization from Auger states is already accounted
for in the recommended ionization cross-sections [35].

Use is made of semi-empirical excitation rates [14]
for transitions from the ground state or the metastable
states to hydrogenic energy levels with large principal
quantum numbers. Specifically, this is used for transi-
tions towards levels n = ny + 1, up to n = 10, where
n, is the largest principal quantum number of an excited
state for which recommended data are available.

3.2. Jonization

Ionization rates from the ground state are calculated
from analytic integration of the cross-sections recom-
mended by Lennon et al. [35]. Ionization from metastable
states is calculated with the Lotz semi-empirical formula
[36]. Specifically, the cross-section from an energy level
n containing q, electrons is assumed to be

In(E/T,)
4 gL
where a = 4 X 107 cm? (eV)?, E is energy of the

incident electron and I, is the ionization energy from
energy level n, both expressed in units of eV.

(10)

6, = a

3.3. Radiative recombination

Radiative recombination from the ground state

is calculated so as to reproduce recommended total
recombination rates. The rates of radiative recombina-
tion to specific states are first calculated from approxi-
mate scaled hydrogenic formulas [14]. All rates are then
multiplied by a constant which is chosen such that the
normalized rates correctly reproduce the recommended
rate for total radiative recombination. The total recom-
bination rates used are those calculated by Aldrovandi

and Péquignot [37] for all ionization stages, with the
exception of C III, for which we used the rates calcu-
lated by Datz and Dittner [38]. No recommended data
have been found for radiative recombination from
metastable states. For these,. the rates are calculated
from scaled hydrogenic expressions.

3.4. Dielectronic recombination

As for radiative recombination, the rates of
dielectronic recombination are calculated empirically
and, when possible, normalized so as to reproduce
recommended rates for specific groups of transitions
[38-44]. There are five possibilities for grouping the
transitions, corresponding to five possible levels of
normalization:

(a) total rates, including An =0 (so-called mode B)
transitions and An > 0 (mode A) transitions,

(b) total specific An (typically An = 0 and An = 1)
transitions,

(c) total An > O transitions,

(d) transition to a specific state, and

(e) total transitions to autoionizing states.

Ideally, recommended rates should be used for the
various individual transitions possible (case (d)).
When such detailed data are not available, the
preferred normalization options are (b) and then (c).

2.5x107 11

2.0x107

2

DR rate (cm3/s)

0 50 100 150 200 250 300
T (eV)
FIG. 1. Comparison between the finite density rates of dielectronic
recombination obtained from empirically scaled recommended rates
(dashed lines) and those calculated by Roszman [44] (solid lines)

for O IlL. For the densities, the range considered is from 10> m™
(higher curves) to 1 0% m™ (lower curves), in increments of 1 0.
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When those are not available, scaling is done from
the total recombination rate (case (a)). In one instance
(recombination from the metastable state of C V), no
recommended data have been found and purely semi-
empirical rates are used.

The recommended dielectronic recombination rates
considered here have been calculated in the zero density
limit. At finite densities, the rates are reduced by so-
called collisional interruption or thermal equilibration
of the Rydberg states with the continuum. Unfortunately,
none of the calculations considered offered a simple
method to account for this effect. We have accounted
for the weak density and temperature dependence of the
rates in an ad hoc way, by multiplying the normalized
rates by empirical correction factors for An # 0 and
An = 0 transitions. These factors have the same form
as in Ref. [14], but their numerical coefficients are
obtained by fitting to available density dependent rates
[44]. Figure 1 shows a comparison between the finite
density recombination rates obtained with this method

“and those calculated by Roszman [44] for O MI.

3.5. Transition probabilities

Most transition probabilities used in the calculations
have been provided by Wiese and Fuhr [45] and by
Wiese et al. [46]. For forbidden transitions in hydrogen-
and helium-like ions, we use the transition probabilities
calculated by Drake [47, 48]. For helium- and beryllium-
like ions, these are complemented by the transition
probabilities of Shevelko et al. [49]. For beryllium-like
ions, we also use the transition probabilities of Dufton
et al. [50].

4. RESULTS
4.1. Effect of metastable states

Most previous calculations of the radiative loss and
cooling rates have been made in the coronal approxi-
mation briefly described in Section 2.2.3. The method
of calculation used here is different from the standard
coronal approximation in that it accounts for long lived
metastable states. ‘We therefore start this section with
an assessment of the effect of metastable states. Unless
stated otherwise, the electron density assumed in all the
calculations is 102 m™. »

Figures 2 and 3 show the radiative loss and cooling
coefficients for selected ions of oxygen as a function
of temperature, computed with (solid line) and without
(dashed line) metastable state effects. In those figures,
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we express the loss coefficients in units of attowatts-m>.
This is related to the more familiar units of erg-cm?/s
by 1 aW = 1075 erg-cm?/s. Significant differences are
found in both figures. These results are representative
of the differences between the coefficients computed
for carbon ions with and without metastables. For both
carbon and oxygen, the coronal coefficients computed
for helium- and hydrogen-like ions are close to those

Oxygen

10718 e I —
10_13

10~ 14¢

radiative losses (aW-m?3)

10-15;
10—16;°’// e
100 10l 107 103
T (eV)

FIG. 2. Radiative loss coefficients computed for selected ionization
stages of oxygen as a function of temperature, with (solid lines) and
without (dashed lines) metastable effects. The numbers on the curves
refer to the charges of the ions. Unless stated otherwise, the electron
density assumed in the calculations is 10° m™>. We recall that
laW = 107 w.

helium-like carbon
1013 e R

10'145
10- 15}
10‘16.
10-17}

10~18

radiative losses (aW.-m3)

100 10! 10% 103 10% 10°
T (eV)
FIG., 3. Radiative loss coefficierits computed for helium-like carbon

as a function of temperature, with metastable effects. The various
contributions are.as described in Section 4.2.
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helium—-like carbon

L~
10~ 190 i jhnm....mm NPT
109 10! 10% 103 10% 10°

T (eV)
FIG. 4. Cooling coefficients computed for helium-like carbon as a

function of temperature, with metastable effects. The various contri-
butions are as described in Section 4.2.

computed with metastable states. This is because of the
large radiative transition probability from metastable
states in these ionization stages [47, 48].

4.2. Radiative loss and cooling coefficients

Figures 3 and 4. give the radiative loss and cooling
coefficients calculated for helium-like carbon. For
radiative losses, we distinguish between the following
contributions:

(2) line radiation associated with excitation by direct
collisional impact and dielectronic recombination
(long dashes),

(b) bremsstrahlung (alternating long and short dashes),

(c) continuum radiation associated with radiative
recombination (medium dashes), and

(d) radiative cascade following radiative and dielec-
tronic recombinations (short dashes).

In the calculation of electron cooling rates, the
following contributions are considered: '

(a) excitation by direct collisional impact or associated
with dielectronic recombination, minus collisional
de-excitation from metastable states (long dashes),

(b) bremsstrahlung (alternating long and short dashes),

(¢) loss of electron kinetic energy associated with
radiative and dielectronic recombinations (medium
dashes), and '

(d) ionization (short dashes).

The total power loss coefficients are shown as solid
curves.

The rates shown in Figs 3 and 4 are characterized
by two distinct regimes. At low temperature, P, is
dominated by radiative cascade and continuum radiation,
while P, is dominated by the rate at which recombining
electrons loose their kinetic energy. In this case, P, is
always larger than P, and the difference between P, and
P, increases as the temperature decreases. At higher
temperatures, the various contributions are approxi-
mately of the same proportions as for the lower ioniza-
tion stages. The largest differences between P, and
P. are found for fully ionized ions when recombina-
tion is dominant (when T < 1 keV). As pointed out
in Section 2.3.4, the approximate model used here to
account for metastable states is only valid when recom-
bination does not contribute significantly to the loss rates.
This condition breaks down for the higher ionization
stages, at low temperatures. In this case, our model
effectively reduces to the usual coronal model which
ignores the effect of metastable states.

For ionization stages below helium-like ones, radiative
loss rates are dominated by line radiation. Electron
cooling rates are dominated by excitation and, at higher
temperatures, also by ionization. As a result, P, and P,
generally have comparable numerical values, except at
higher temperatures, where P, > P..

Figures 5 to 8 show the total radiative loss and cooling
coefficients computed for the various ionization stages
of carbon and oxygen. The logarithm of the loss coeffi-
cients for fully stripped ions and ionization stages below

Carbon

radiative losses (aW.m?3)

107 103 104 10°
T (eV)

FIG. 5. Radiative loss coefficients computed for carbon as a
function of temperature, with metastable effects.
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FIG. 6. Radiative loss coefficients computed for oxygen as a
function of temperature, with metastable effects.

Carbon
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FIG. 7. Electron cooling coefficients computed for carbon as a
function of temperature, with metastable effects.
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FIG. 8. Electron cooling coefficients computed for oxygen as a
Sunction of temperature, with metastable effects.

helium-like ones have been fitted with Legendre poly-
nomials as follows:

8
P, =) a,P,(x) an
where- ‘
o In(T/Tw)
RRTY I (12)

with Ty, = 1.eV and T = 40 keV. The values of
fitting parameters are given in Tables I and II. The
loss coefficients for He-like and H-like ions have a
more complex structure and cannot be accurately fitted
by Eq. (11). The computed values of these loss coeffi-
cients are given in Table III in the temperature range
from 1 eV to 40 keV.
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TABLE I. FITTING COEFFICIENTS FOR THE LOGARITHM OF THE RADIATIVE LOSS COEFFICIENTS
OF VARIOUS IONIZATION STAGES OF CARBON AND OXYGEN*

2 G| %) 2 4 as ae 4 2
ClI -29.0857 -0.3167 -0.9483 0.3165 -0.1005 0.0903 -0.0155 -0.0281 -0.0147
clI -30.0174 0.5288 -1.3700 0.4437 -0.1217 0.1495 -0.0380 -0.0545 -0.0187
CcIn -30.3632 0.6041 -1.3089 0.5854 -0.5821 -0.2083 0.2757 0.2232 0.0306
clv -30.4756 -0.1081 -0.9179 0.3028 -0.2015 -0.0210 0.0911 0.0404 -0.0048
C VI -36.4669 -1.7297 1.8894 0.1651 -0.5557 -0.0335 0.1477 0.0521 0.0051
oIl -30.2674 0.2046 -1.2971 0.2587 0.1915 0.5571 -0.2401 -0.3361 -0.0805
on -30.5716 1.0148 -1.4157 1.2187 -1.5248 -1.4183 0.8163 1.0666 0.2165
oI -30.4477 1.8595 -2.1637 0.8668 -0.4176 0.0819 0.0105 0.0520 0.0202
o1V -30.8952 1.5659 -1.7529 1.1959 -1.0351 -1.1830 0.4316 0.8623 0.2108
oV -31.0988 1.2828 -1.5970 1.5099 -1.3846 -2.0325 0.6849 1.3678 0.3256
0o VI -31.0177 0.3422 -1.0452 0.7626 -0.7759 -0.9719 0.4448 0.6638 0.1351
O VIt -35.4920 -2.1429 1.6597 0.5067 -0.4796 -0.1786 0.1115 0.0683 0.0097

* The electron density assumed in the calculations is 102 m.

TABLE II. FITTING COEFFICIENTS FOR THE LOGARITHM OF THE COOLING RATE COEFFICIENTS
OF VARIOUS IONIZATION STAGES OF CARBON AND OXYGEN*

) 4 a4 a ay as % O ]
CI -28.7559 0.0838 -1.0770 0.3315 -0.0979 0.0728 -0.0042 -0.0232 -0.0146
cI -29.7154 0.8818 -1.5441 0.4860 -0.1255 0.1674 -0.0287 -0.0723 -0.0244
Cc 1 -30.1159 0.9469 -1.4850 0.5382 -0.4184 -0.0282 0.1989 0.0780 -0.0058
CILv -30.2594 0.2293 -1.0145 0.2443 -0.0851 -0.0341 0.0531 0.0295 -0.0063
cvi -38.3682 1.5004 0.1820 0.3174 -0.1334 -0.1024 0.0334 0.0305 0.0049
Ol -29.6098 0.9236 -1.5412 0.2911 0.2025 0.5059 -0.2191 . -0.3180 -0.0781
on -30.0679 1.6647 -1.8646 1.0360 -0.9754 -0.7770 0.5210 0.5828 0.1012
om -30.1892 2.2141 -2.3886 0.7652 -0.1512 0.3539 -0.1171 -0.1590 -0.0314
olv -30.5901 1.9964 -1.8877 1.3297 -1.2487 -1.5806 0.6410 1.1010 0.2526
oV -30.8154 1.6358 -1.5374 1.5421 -1.8515 -2.3613 1.0922 1.6194 0.3453
O VI -30.7775 0.7172 -1.3649 0.4202 0.0972 -0.3054 -0.0317 0.1390 0.0222
O VIII ~37.7059 1.5126 0.0067 0.3525 -0.0213 -0.1040 -0.0063 0.0161 0.0035

* The electron density assumed in the calculations is 102° m™,

4.3. Loss functions computed for function of electron temperature, where the effective
steady ionization balance charge is defined as

The radiative and cooling rates computed for carbon Zert = ; i*n; ; 1 13
and oxygen at steady ionization balance are given in The radiative loss functions calculated at steady ioniza-
Figs 9-12. The various contributions considered for the tion balance show a too complex structure to be approxi-
radiative power loss and electron cooling rate functions mated accurately with a simple analytic fit. The values
are as described in the previous section. In Fig. 13 of loss functions at various electron temperatures in the
we show the corresponding effective ion charges as a range |1 eV-40 keV are given in Table IV.
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TABLE III. RADIATIVE LOSS AND COOLING RATE COEFFICIENTS COMPUTED AT VARIOUS ELECTRON
TEMPERATURES FOR HELIUM- AND HYDROGEN-LIKE CARBON AND OXYGEN IONS*

Radiative losses (aW-m3) Cooling rates (aW-m3)
T (V) cv C VI ovl O VIII cv CcVI o VIl O VIl
1.00 {6.985x107"7 9.614x107  4.551x107®  4352x107° | 1.279x 107" 2.799x 107 3.793x 107 6.6266x 107
1.70 | 4.591x1077 6.575x 107 2.993x 107  2.941x107° | 1.435x10"®  3259x 107"  4.268x107"®  7.6510x 107"
2.89 | 3.046x107"7 4503x107%  1.977x107"  1.988x 107 | 1.614x107'® 3.789x107'® 4.802x 107" 8.8212x 107"
490 {2.053x1077 3.091x107 1.315x107®  1.346x 107 | 1.822x 107  4.403x107® 5406 x 107 1.0158 x 1077
833 | 1.420x 107 2.131x 107"  8.857x 107  9.135x 1076 | 2.068x 10"  5.116x10®  6.098x 107®  1.1688 x 107
14.1 | 1.024x10™7 1.479x107"  6.082x107"7 6221107 | 2.364x 1078 5949 10"  6.902x 107  1.3452% 107"
240 |8317x10" 1.038x107¢ 4310x10°7  4263x107'% | 3.256x107®  6.941x107'®  7.850x 107"  1.5499 x 107"
408 | 6207x10"7 7.974x 107 3210x 1077  2.951x 107 | 6.346x 107  1.365x 107  9.054x 10"'*  1.7902 x 10~
69.3 | 8.301x107'0 2.286X107" 4.043x1077  2.118x 107 | 9.863x 107" 1.903x 107"  2.606 x 1077  2.4600 x 107"
117.7 | 3.700x 107 1.318x107%  3.942x 107" 2.749x107'® | 4.983x 107"  1.434x10"® '4.090x107'®  1.4989 x 107"
200.0 | 8.739x 107 4.031x107%  2.329%x 10 9.764x 107" | 1.326x10™ 4.919%x 107 2.606x 1075  9.6129 x 107
339.7 | 1.461 X 107 7.642x10™°  6.563x 107"  2.649x 107 | 2.466x 107"  1.037x 107"  8.157x 107"  3.1239x 107
577.1 | 1.987x 107 1.093x10™ 1.169x 10" 4.830x 107" | 3.663x 107" 1.627x10™™ 1.643x107™  6.5611 x 107"
980.3 | 2.348 x 107 1.325x 107" 1.619x 107" 6.781x107"° | 4.642x10™ 2.118x10"* 2.558x 107  1.0410x 107"
1665 |2.525x10™ 1.436x10™ 1.925x 107  8.157x 107 | 5.254x 107" 2.431x107"* 3.344x10™ 1.3761 x 107"
2828 | 2.539x 107" 1.456x 107"  2.065x 107"  8.895x107'S | 5.476x 10 2.565x 107  3.855x 107"  1.6054x 107"
4804 | 2.429x107 1.407x107* 2.065x107*  9.072x 107" | 5370x 107"  2.547x10"  4.059x10* 17153 x 107"
8161 |2.239x107"* 1.312x10™ 1.968x 107 8.821x107 | 5.037x107™ 2.420x107"* 4.010x10™  1.7208 x 107
13863 | 2.007 x 107" 1.191x 10"  1.818x 10 8277x 107 | 4572x 107" 2225%x10™* 3.788x107*  1.6489x 107"
23548 | 1.763 x 107 1.059x 107  1.643x 107  7.565x 107" | 4.049x 107" 1.996x 10"  3.466x107*  1.5276 x 107"
40000 | 1.523x 107 9.265x 107  1.462x 107"  6.782x107"° | 3.520x10™  1.757x10™  3.099x 107  1.3803 x 107"
* The electron density assumed in the calculations is 10%° m™.
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FIG. 9. Radiative loss functions as a function of temperature,
for carbon at steady ionization balance. The various contributions

shown are as in Fig. 3.
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FIG. 10. Electron cooling functions as a function of temperature,
for carbon at steady ionization balance. The various contributions
shown are as in Fig. 4.
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FIG. 11. Radiative loss functions as a function of temperature,

for oxygen steady ionization balance. The various contributions
shown are as in Fig. 3.
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FIG. 12. Electron cooling functions as a function of temperature,
for oxygen at steady ionization balance. The various contributions
shown are as in Fig. 4.

4.4. Sensitivity of results to the eiectron density

Unless stated otherwise, the results presented here
are for an electron density of 10?° m-3. Because of the
weak density dependence of dielectronic recombination
rates and because of the small but finité transition
probability of metastable states, we expect our results
to show some sensitivity to the electron density. This
point has been examined by varying the electron density

10! 10% 103 10* 10°
T (eV)
FIG. 13. Effective ion charges of carbon and oxygen ions as a

Junction of electron temperature, computed at steady ionization
balance.

Aadddil

O s
100

TABLE IV. VALUES OF THE RADIATIVE
COOLING FUNCTION (in units of aW -m?)
COMPUTED AT VARIOUS ELECTRON
TEMPERATURES FOR CARBON AND OXYGEN
IMPURITIES AT STEADY IONIZATION BALANCE*

T (eV) Carbon Oxygen

1.00 2,720 x 107'6 1.291x 1077
1.70 1.063 x 107 2.847 x 107"
2.89 6.720x 107" 1.173 x 1077
4.90 2.539x 1074 1 6.778 x 107"
8.33 5.073 x 1071 2.173 x 1074
14.1 4.551 x 10718 4.465 x 10~
24.0 4.448 x 1076 3.133x 107"
40.8 1.502 x 1076 2.740 X 107"
69.3 3.812x 10716 4,268 x 1076
117.7 5.615x107'6 4.906 x 1076
200.0 . 2.848x 1076 1.261 x 107'%
339.7 1.454 x 1078 7.504 x 1076
577.1 8.879 x 107" 3.518 x 107"
980.3 6.433 x 107 2.063 x 10716
1665 5.458 x 1077 1.483 x 10716
2828 5.347x 107" 1.265 x 107'6
4804 5.842x 1077 1.242 x 107
8161 6.865 x 107" 1.358 x 1076
13863 8.435 107" 1.596 x 1076
23548 1.063 x 10716 1.959 x 10°'6
40000 1.360 x 107 2.467 x 107"

* The electron density assumed in the calculations is 10° m™,
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in the range 10'° to 10% m™. The computed rates were
found to be nearly independent of the density in that
range. This weak sensitivity has been confirmed
independently by Clark and Abdallah [51]. At higher
densities, however, the rate coefficients become more
sensitive to the electron density. It then becomes
necessary to account for multistep processes, not only
for transitions involving metastable states but also for
transitions between all excited states.

5. CONCLUSION

Radlatlve loss and electron cooling rates have been
calculated for carbon and oxygen impurity ions, for
plasma conditions of relevance to fusion. These rates '
have been calculated with the most recent recommended
atomic data available. The radiative loss function enters
the total energy balance. The electron cooling rate enters
the electron thermal energy balance. The two rates are
equal under steady ionization balance conditions. They
may differ significantly under non-steady conditions.

A simple method has been used to calculate loss
rates while approximately accounting for the effects of
metastable states. The importance of metastable states
has been assessed by making comparisons with results
obtained in the standard coronal approximation. For
both radiative losses and electron cooling rates, signifi-
cant differences have been found. We stress that such
calculations are contingent upon the availability and
accuracy of data for a wealth of atomic processes. We
would like to conclude with a short list of processes
for which more accurate or detailed data would be
desirable. These are:

(a) Excitation. When metastable states are taken into

account, excitations to higher states become significant.
In practice, these would correspond to transitions with

An up to two, from the ground state.

(b) Ionization. Recommended data for the ionization
cross-sections typically account for a number of
processes. For example,

e + OV (I1s*25%) - 'e + e + O VI (1s%2s)
e+ OV (Is?2s?) — e + e + O VI (1s2s?)

[e +e+e+ OVIJUs?)
e+e+ hw+ OVI{s?2s?

e + OV (Is?2s?) — e + OV (1s25*2p)

e + e+ O VI (1s22s)
x !:e +hy + OV (Is22s?)
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Because these processes have different energy thresholds,
they will contribute differently to the radiative losses
and electron cooling rates. Accurate cross-sections and,
when appropriate, Auger rates and branching ratios are
therefore required for each process. ‘

(¢) Dielectronic recombination. Cross-sections for
dielectronic recombination corresponding to specific
transitions are required. The results presented here
have relied largely on scaled hydrogenic rates that
were normalized to reproduce recommended total
recombination rates. Accurate calculations with finite
density effects are also needed.

(d) Radiative recombination. Detailed cross-sections

for radiative recombination to specific states are needed.
This includes recombination into metastable states, from
ions initially in the ground state or the metastable states.

(e) Transition probabilities. Some transition probabi-
lities needed to-calculate the relative populations of the
ground state and the metastable states are missing and
had to be evaluated from scaled hydrogenic values.
Transition probabilities are also required for forbidden
transitions from metastable states.
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Appendix
LIST OF STATES CONSIDERED IN THE CALCULATIONS

In this Appendix, we list the states considered in the calculation, for which recommended data are available. The
ground state and the metastable and autoionizing states are identified at the right of the corresponding rows. For each
state we also give the energy and degeneracy. The energy is defined such that an ion in its ground state has an energy
équal to minus its ionization energy.

Cl
Sta_te index Energy (eV) Degeneracy Configuration
| . -11.264 9 15%25%2p” *P ground
CcIl
State index Energy (eV) Degeneracy Configuration
1 -24.376 ; 6 1522522p p ground
2 -19.046 - 12 252p® ‘P metastable
3 -15.086 10 p
4 -12.416 2 s
5 -10.666 6 . ’p
6 -9.926 2 25%3s ’§
7 -8.046 6 3p P
8 -6.326 10 , 3d D
Ccm
State index Enérgy &V) Degeneracy - . Configuration
! -47.864 1 1s22s? 'S ground
2 -41.364 9 2s2p P metastable
3 -35.174 3 'p
4 -30.824 9 2p? P
5 -29.774 5 'D
6 25234 1 'S
7 -18.334 3 283s S
8 -17.224 1 's
9 -15.764 3 3p'p
10 -15.664 9 p
11 -14.384 15 3d D
12 -13.584 5 'D
Clv
State index Energy (eV) Degeneracy Configuration
1 -64.476 2 1525 %S ground
2 -56.476 6 2p P
3 -26.926 2 3s %8
4 -24.796 6 3p 2P
5 -24.196 10 3d D
6 229.135 2 1s2s? S autoionizing
7 232.400 12 2s2p ‘P
8 237.298 6 2s('S)2p P
9 242.332 6 2s(°S)2p *P
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cvVv
State index Energy (eV) Degeneracy . Configuration
1 -391.986 1 1s* 'S ground
2 -93.036 3 152s *S metastable
3 -87.586 1 'S metastable
4 -87.586 9 1s2p °p
5 -84.086 3. 'p
6 -45.833 3 1s3s S
7 -44.850 1 's
8 -38.466 9 C1s3p P
9 -37.686 15 1s3d D
10 1 -37.679 3 'D
11 -37.486 3 1s3p 'P
C VI
State index Energy (eV) Degeneracy Configuration
1 -489.84 2 ~1s  ground
2 -122.34 2 2s metastable
3 . -122.34 6 . 2p
4 -54.44 2 3s
5 -54.34 6 . 3p
6 -54.24 .10 3d
7 -30.44 2 4 4s
8 -30.44 6 4p
9 -30.44 - 10 4d
10 -30.44 14 . 4f
11 -19.44 6 Sp
01 ,
State index ~ Energy (V) Degeneracy ) Configuration
1 -13.618 9 -~ -1s%2s*2p* °P ground
2 -11.651 . o 'D metastable
3 -9.428 1 . 'S metastable
4 -4.472 5 © . 2p%(*$)3s °S metastable
5 -4.097 3 ‘ s
6 -2.878 15 3p P
7 -2.628 9 p
8 -1.778 5 45 S
9 -1.688 .. .3 A s
10 -1.538 ' 25 : 3d °D
11 -1.528 .15 ‘ D
12 -1.328 15 4p °p
13 -1.258 - 9 p
14 -1.078 15 -~ (*D)3s °D
15 -0.888 5 : 'D
16 -0.868 25 . (*s)4d °D
17 -0.858 15 : D
18 0.502 9 (°P)3s P autoionizing
19 0.742 3 p
20 1.552 - 15 (*D)4d °D
21 1.602 5 'D
2 1.672 9 3d p
23 1.742 3 s
24 1.742 15 D
25 2.042 9 252p® P
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O I (cont.)

26

27 -
28 .
29

30

31

ol

State index

v AW N -

om

State index °

D 00 N L A WIN —

O1v

State index

oV

State index

—— ’
= =2 TS B« NV R S PR I S

—
[

2.492
3.282
3.472
3472
3.472
4.152

Energy (eV)

-35.108
-31.784
-30.092
-20.242
-12.127

Energy (eV)

-54.886
-52.369
-49.556
-47.436
-40.026
-37.256
-31.726
-30.486
-28.826

’ Energy (eV)

-77.394
-68.577
-61.684
-57.044
- ~55.034
-33.054
-25.374

Energy (eV)

-113.873
-103.673
-94.193
-87.373
-85.373
-78.183
-46.053
-44.303
-41.883
-41.603
-39.383
-37.943

Degeneracy
6
12
10
2
6
2
10

Degeneracy

O W = W = h \D WD —

—
W

" 2522p°(*Dy4d °p

. (CP)4s 'p
3d ’p

D

’F

4d ’F

Configuration

15?2522p* *S ground
‘ D metastable
p metastable
2s2p* “P
25%2p?3s ‘P

Configuration

‘ls22sz2p2 p ground

'D metastable
'S metastable

252p® S metastable
D
p
'D
’s
'p

Configuration

1s?2s%2p 2P grbund
2s2p? *P metastable
p
’s
’p
25235 2§
3d D

Configuration
1s*2s* 's ground
252p *P metastable
'p
2p® p
2535 7S
3p 'P

3d °D
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O VI
State index Energy (eV) Degeneracy Configuration
1 ~138.080 2 1s%2s %S ground
2 ~126.100 6 2p P
3 -58.730 2 3s 28
4 -55.480 6 3p P
5 -54.440 10 3d p
6 414.311 2 1s2s? 2S autoionizing
7 418.393 12 2s2p ‘P
8 426.556 6 2s('$)2p P
9 432.816 6 2s(°S)2p P
O VI
State index Energy (eV) Degeneracy Configuration
1 -739.114 1 1s2 'S ground
2 -178.114 3 1s2s 3S metastable
3 -170.514 9 2p °P
4 -170.414 1 2s 'S metastable
5 -165.214 3 2p 'P
6 -77.214 3 3s 3§
7 -75.114 9 3p °P
8 -75.014 1 3s 'S
9 -74.014 15 3d ’D
10 -73.914 5 3d'p
11 -73.514 3 3p 'P
12 -45.484 9 4p ’p
13 -44.804 5 4 'D
14 -43.460 1 4s's
15 -42.763 3 4p 'p
16 -42.756 15 4d °D
17 -30.109 5 5d 'pD
18 -28.222 1 55 'S
19 -27.873 3 s5p'p
20 -27.654 9 p
21 -27.654 15 5d ’D
22 -19.949 1 65 'S
23 -19.775 3 6p 'P
O VIII
State index Energy (eV) Degeneracy Configuration
1 -870.272 2 Is ground
2 -216.772 2 2s metastable
3 -216.672 6 2p
4 -96.672 2 3s
5 -96.672 6 3p
6 - -96.672 10 3d
7 -54.384 2 4s
8 -54.384 6 4p
9 -54.384 10 . 4d
10 -54.384 14 ' 4f
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