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EDITORIAL NOTE 

The present volume of Atomic and Plasma-Material Interaction Data for Fusion is devoted to atomic collision 
processes of helium atoms and of beryllium and boron atoms and ions in fusion plasmas. Most of the articles included 
in this volume are extended versions of the contributions presented at the IAEA experts' meetings on Atomic Data for 
Helium Beam Fusion Alpha Particle Diagnostics and on the Atomic Database for Beryllium and Boron, held in June 1991 
at the IAEA headquarters in Vienna, or have resulted from the cross-section data analyses and evaluations performed 
by the working groups of these meetings. The critically assessed cross-section data for various classes of collision 
processes and individual reactions are needed primarily for fusion research dealing with modelling the neutral 
helium beam interaction with reactor grade fusion plasmas (including various plasma diagnostic applications), and for 
studies of transport and radiation properties of beryllium and boron impurities in tokamak edge plasmas. However, the 
broad energy range of most of these data makes them useful also for other fusion studies, such as those on helium exhaust 
and impurity recycling problems. 

The analyses of the data status and needs presented in several articles in this volume also identify those collision 
processes of helium, beryllium and boron atoms and ions in fusion plasmas for which the cross-section information is 
either inadequate or missing. Therefore, appropriate suggestions for further experimental and theoretical work on 
completing the required cross-section information are given, with an indication of the desirable accuracies. 

Vienna, November 1992 R.K. Janev 
Scientific Editor 
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REQUIREMENTS FOR COLLISION DATA 
ON THE SPECIES HELIUM, BERYLLIUM AND BORON 
IN MAGNETIC CONFINEMENT FUSION 

H.P. SUMMERS1, M. von HELLERMANN, F.J. de HEER2, R. HOEKSTRA3 

JET Joint Undertaking, 
Abingdon, Oxfordshire, 
United Kingdom 

ABSTRACT. Requirements for collision data on helium, beryllium and boron are reviewed in the light of the 
directions of present and planned tokarhak fusion experiments. The occurrence of the atoms and ions of these species 
and their roles in plasma behaviour and diagnostic measurements are described: Special emphasis is placed on alpha 
particle detection in reacting plasmas and on beryllium and boron in divertor configuration machines. The atomic 
reactions required to exploit the species in models and diagnostic analysis are gathered together and their relative 
importance indicated. The paper is an introduction to the detailed studies of collision cross-sections presented in the 
other contributions to this volume. 

1. INTRODUCTION 

Although the usual primary species in present 
tokamak fusion experiments is deuterium and that in 
future ignited plasma experiments such as ITER will 
be a 50% mixture of deuterium and tritium isotopes, 
it is well known that other elemental species play a 
crucial and sometimes decisive role in plasma behaviour. 
Helium, beryllium and boron are of particular impor­
tance. Beryllium is the element of lowest Z with con­
ductive and thermal properties which make it a possible 
plasma facing surface material for fusion reactors. As 
such, it has been under test in JET as a coating material 
of a few hundred monolayers from evaporators, as a 
solid limiter and as strike zone plates in X-point opera­
tion [1]. It will be used initially for the dump plates in 
the pumped divertor structure under assembly at JET. 
Boron, on the other hand, which is deposited on carbon 
facing surfaces by, for example, glow discharges in 
B2H6 mixtures [2], appears to confer benefits similar to 
those of solid beryllium, that is, in gettering oxygen 
and achieving low Zeff and radiant losses in the plasma. 
'Boronization' is a widely used strategy at this time in 
most fusion experiments based on a carbon first wall 
such as TEXTOR and JT-60. Helium is different. It is 
the product of the tritium/deuterium fusion reaction, 

Permanent affiliations: 
' University of Strathclyde, Glasgow, United Kingdom. 
2 FOM-Institute for Atomic and Molecular Physics, Amsterdam, 

The Netherlands. 
3 Kernfysisch Versneller Instituut, Groningen, The Netherlands. 

that is, the internal kinetic energy source and the spent 
fuel of the self-sustaining reacting plasma. Retention 
and redistribution of the alpha particle birth energy 
amongst the plasma ions, and then transport, recycling 
and exhaust of the thermal alpha particles are evidently 
key issues for a reactor [3, 4]. Previous collections of 
atomic data for helium include those of Janev et al. [5]; 
atomic data for edge studies have been reviewed by 
Janev et al. in Ref. [6]. 

An objective of this volume is to assemble and im­
prove the atomic collision data required for modelling 
helium, beryllium and boron in the reactor regime. It 
is essential, however, that such data are extended to 
and are consistent with those in studies of the present 
generation of subcritical fusion devices. It is in these 
devices that models and behaviours of the species are 
under experimental test. It must also be recognized that 
the species play a dual role in a plasma, namely as 
components in the overall plasma models on the one 
hand and as diagnostic probes of plasma parameters in 
their own right on the other. In seeking to provide a 
commonality of sound atomic collision data for helium, 
beryllium and boron, a working principle is that data 
for modelling should be dressed with a consistent set 
of atomic data which support associated experimental 
diagnosis. 

Section 2 describes the occurrence and behaviour of 
helium, and Section 3 those of beryllium and boron in 
fusion plasmas. Methods for their measurement and 
their exploitation in a diagnostic sense, which use 
atomic collisions, are also examined. In Sections 4 
and 5, detailed ranked lists of atomic reactions are 
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assembled to support these aspects. Also an indication 
of the accuracy with which the associated cross-sections 
need to be known is given. The study is heavily weighted 
towards helium and alpha particle detection using 
helium beams. Deuterium beams, associated beam 
stopping and D/He+2 charge exchange have been 
described in detail before and are excluded. Likewise, 
broad ionization, recombination and radiated power 
under electron collisions of light species are already 
familiar and, therefore, detail in this area is reduced 
and mostly new aspects only are emphasized. 

2. ASPECTS OF HELIUM 
AND ITS MEASUREMENT 

The presence of helium in the plasma arises in four 
ways. (1) It can be introduced in the initial gas fill for 
the discharge, usually as a minor constituent (~ 5 % of 
either 3He or 4He) for coupling ion cyclotron radio-
frequency (RF) power to the plasma. (2) It can be 
introduced by gas puffing at the periphery of the 
plasma during a discharge, principally as an edge 
probe (see, for example, results on TEXTOR [7]). 

(3) Fast (E ^ 30 keV/u) neutral beams of 3He and 
4He are used at JET for heating and deep helium depo­
sition [8], and similar but less powerful beams are also 
used as diagnostic beams (for example, E ~ 15 keV/u 
at TFTR and E S 50keV/u at JT-60 [9]). A diagnostic 
beam at E > 50 keV/u has been suggested for ITER. 
(4) Deuterium/tritium fusion will provide a fast alpha 
particle source (E ~ 880 keV/u) in the core of a reacting 
plasma. These various sources result in a range of 
different distributions in space and velocity space. 

The stationary radial thermal alpha particle distribu­
tion reflects the balance of ionization, recombination 
and transport, and then the sources and recycling para­
meters of helium in a plasma. The ionization state of 
thermal helium is maintained primarily by electron 
collisions, although, at the highest ion temperatures 
achieved (T; S: 30 keV), ionization by ion impact 
becomes important. The first two ionization stages, 
He0 and He+1, are strongly edge localized, while 
He+2 extends over the whole plasma volume. 

The fusion alpha particles, by contrast, are expected 
to display a 'slowing down' distribution function con­
fined primarily to the hot central part of the plasma 
(see, however, Ref. [10] for more detail). This func­
tion is parametrized essentially by the source rate and 
the critical velocity at which slowing down by colli­
sions with electrons gives way to ion scattering, and 
the slowing down distribution merges with the thermal 
alpha particle distribution. 

In ion cyclotron resonance heating (ICRH) of the 
plasma, the minority alpha particles are accelerated to 
high energies (< a few MeV) and diffuse and slow down 
away from the absorbing layer. Thus, they are expected 
to have a slowing down distribution function somewhat 
similar to that of fusion alpha particles, but with dif­
ferent spatial aspects, depending on the location of the 
layer. The details of the ICRH driven alpha particle 
distributions have been described in Ref. [11]. To a 
degree, therefore, ICRH accelerated alpha particle dis­
tributions provide a test area for fusion alpha particle 
detection methods. 

The He0 atoms in a neutral beam show an exponen­
tial attenuation in the plasma owing to ionizing and 
charge exchanging collisions with plasma ions. (The 
beam has in general significantly populated 2 'S and 
2 3S metastable state populations as well as the ground 
state 1 lS. Attenuation of the metastable populations is 
quite different from that of the ground population.) For 
fast penetrating beams with energies >20 keV/u, elec­
tron collisions are less effective than ion collisions in 
this respect. Also the beam atoms are themselves 
excited in such collisions and radiate. This gives the 
'beam emission spectrum' [12]. The beam/plasma 
interaction creates a number of secondary populations, 
namely: 

(a) Halo atoms: These are Dplasma atoms formed by 
the charge exchange (CX) reaction between D + and 
He0 in the beam. They migrate in a random walk by 
further CX reactions until they are ionized. Typically, 
they are localized within ~ 30 cm of the beam itself 
for plasma temperatures of ~ 15 keV. 

(b) Prompt and plume ions: These are x+z°"' ions 
such as He+1 formed by CX reactions between X+z° and 
He0 in the beam. It is helpful to distinguish between the 
initially formed ions in excited states (prompt) which 
radiate rapidly and the ground state ions which travel 
significant distances along field lines (plume). The 
former give the 'CX spectrum'. The latter, re-excited 
by electron collisions, can again radiate before finally 
ionizing in positions away from their point of forma­
tion (in JET, - 4 0 m for C+ 5 and ~ 6 m for He + 1 at 
5 keV and 5 X 1013 cm"3) [13]. 

(c) The slowing down ionized beam population: 
For example, for 3He° beams at 50 keV/u in JET, 
the slowing down time of the fast 3He+2 after double 
ionization is ~0.3-0.6 s. This population behaves in a 
manner similar to that of fusion alpha particles in the 
late phase of their slow down. There is also the singly 
ionized He + 1 population in this group which is essen­
tially a plume and is distinguished from (b) only by its 
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F/G. 1. (a) Spectral observation through the JET 3He beams in 
the vicinity of He I (2'P - 3'D), X = 6678 A. Note the emission 
from the edge at the nominal wavelength and the Doppler shifted 
beam emission. The Doppler shift varies with viewing angle into 
the plasma. 3.39 m is near the outer edge of the plasma and 
2.89 m is halfway to the centre. Note that a JET injector has two 
beamline stacks at different inclinations to the viewing direction. 
The attenuation into the plasma is evident. 

(b) Similar observation of the vicinity of He I (23P-33D), 

X = 5876 A. Note the more rapid attenuation due to the ease of 
ionizing the 2 S metastable. 

(c) Spectral observation through the 3He beams, showing edge 
plasma emission (C HI, He II, Be II, Be IV). Note the broader 
He II (n = 4-3), X = 4685 A, CX spectroscopy component from the 
plasma centre and the very broad pedestal. The latter is a slowing 
down feature associated with the helium beams. It is probably 
partly ionizing He+ beam plume ions and partly the subsequent 
circulating fast He*2 ions recombining through CX. Be IV (n = 6-5) 
has also a broadened CX component. (From Ref. [12].) 

fast velocity distribution [14]. Plasma ion and electron 
collisions are effective in destroying this population by 
reionization and CX. 

(d) Neutralized fast alpha particles created by the 
double charge transfer reaction between He+2 and He0: 
These particles can in principle escape from the plasma, 
but are attenuated by reionizing and charge exchanging 
collisions with plasma ions in a manner similar to that 
of neutral helium beams themselves. Neutralized thermal 
alpha particles will also be formed, but are of less 
interest. 

Turning to measurement of these populations, since 
the alpha particles are non-radiating and confined in the 
plasma, such measurement must be enabled by electron 
capture. Two routes for such measurement are double 

charge transfer (neutralization) followed by external 
neutral particle detection and energy analysis, and single 
charge transfer followed by analysis of the cascade 
radiation of the He+1 particle. Projection of solid pellets 
of lithium into a plasma has been suggested as a means 
of providing a high concentration of suitable donors 
[15]. Penetrating neutral helium beams also provide 
suitable donors in the core of the plasma because of the 
efficiency of the resonant double charge transfer reac­
tion. Neutral beam driven detection only is addressed 
here. It is noted that a 50 keV/u diagnostic neutral 
helium beam has been proposed to enable neutral particle 
detection on ITER and a 100 keV/u deuterium beam as 
a CX diagnostic, although modifications of ITER plans 
continue. Because of the size and densities of the 
expected ITER plasma, a 50 keV/u He0 beam would 
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only penetrate one quarter of the way to the centre of 
the ITER plasma. Helium beams, of course, also allow 
a spectroscopic approach (see Ref. [12]). Detection of 
neutralized alpha particles using neutral helium beams 
depends on (i) penetration of the neutral helium beam to 
the point of collision with an alpha particle, (ii) neutra­
lization of the alpha particle by double charge transfer, 
and (iii) escape of the He0 from the plasma for measure­
ment. Recent results at JT-60 and JET are given in 
Refs [9] and [16]. The CX spectroscopy measurement 
also depends on (i), but (ii) is replaced by single charge 
transfer, and the emitted photons escape without loss. 
Neutral particle detection and CX spectroscopy are 
complementary. Observed CX spectrum lines from 
slowing down alpha particles (for example He II, 
n = 4-3, X = 4685 A) are expected to be highly 
distorted owing to Doppler shifts in the line of sight 
and cross-section effects [17]. The spectrum lines are 
a measure of the alpha particles at energies of 
S200 keV/u. This is because of the unavoidable, 
thermal bremsstrahlung background and the decreasing 
CX cross-section at high energy. There is an important 
issue for both diagnostic approaches. The precise beam 
characteristics and attenuation are essential for quanti­
tative measurements. They are usually evaluated theo­
retically from the stopping cross-sections and the input 
beam geometry. However, the helium beam emission 
spectrum allows a key in situ measurement. For these 
reasons, beam emission spectroscopy, CX spectro­
scopy and neutral particle detection are best viewed 
as mutually supporting diagnostics to be carried out 
simultaneously in alpha particle measurements. 

Charge exchange spectroscopy and beam emission 
spectroscopy with helium beams are quite new and 
have some specific problems and opportunities qualita­
tively different from those of deuterium beams. This is 
in plasma impurity ion measurements and field measure­
ments distinct from the specific use in fast alpha 
particle detection as described above. The CX crossr 
sections in the formation of excited states of hydrogen­
like impurity ions allow CX spectroscopy measurements 
of the impurity ion concentrations. These concentrations 
must be consistent with the beam attenuation, which is 
a sensitive function of the impurity content. At the same 
time the excitation cross-sections of the helium beam 
atoms in collision with the impurity ions give rise to the 
beam emission spectrum. The beam emission spectrum 
of helium includes both singlet and triplet lines and 
characterizes the ground state and the metastable state 
beam content as well as the attenuation into the plasma. 
This is an important issue, since the metastable states 
2 'S and 2 3S are efficient CX donors to quite highly 

excited states of impurity ions. A significant metastable 
content can introduce a large correction to impurity 
concentrations inferred on the assumption of ground 
state helium donors. The metastable content of helium 
beams on entry into the plasma has been the subject of 
some discussion [18-20]. For a beam formed by He+ 

acceleration, neutralized in He0, <,!% seems likely. 
The differential attenuation of the ground state and 
the metastable state populations in the plasma and the 
regeneration of the metastable populations in the plasma 
are important. The beam emission spectrum can clarify 
this. Since ion collisions cannot cause a spin change in 
He0 by electron exchange, excitation of the triplet side 
from the singlet side in the plasma must result from 
electron collisions or from spin system breakdown in 
higher nf shells. For stationary He0, the spin system 
breakdown reaches ~50% for 4f'F and 4f3F (Van den 
Eynde et al. [21]), but it must be noted that the motional 
Stark effect perturbs and mixes t-states significantly. 
This is particularly so for the n = 4 and possibly the 
n = 3 levels at beam energies of ^50 keV/u. Colli-
sional radiative redistribution (and ionization) effects 
are also pronounced for such levels. Sudden shifts of 
spectral emission from visible (for example 4 'D - 2 'P) 
to VUV (for example 4 'P - 1 'S) wavelengths can occur, 
depending on the mixing. Thus, the singlet and triplet 
side emission is diagnostic of magnetic fields, densities 
and beam energies within the plasma. 

3. ASPECTS OF BERYLLIUM AND BORON 
AND THEIR MEASUREMENT 

The sources of beryllium and boron are the surfaces 
with which the plasma interacts. These are the effec­
tive limiters, divertor throats and dump plates, and the 
vessel walls. The energy and particle fluxes to the sur­
faces lead to impurity sputtering and release as neutral 
atoms or molecules which ionize rapidly as they move 
into the plasma. Subsequently, they return to the sur­
faces, generally in highly ionized states. Of special 
interest at this time is the axisymmetric pumped diver-
tor which seeks to entrap and retain impurities and 
minimize their release. High density, low temperature, 
strongly radiating conditions in the divertor are required, 
in the creation of which impurity radiation plays an 
important role. Species such as beryllium and boron 
are fully ionized over the bulk of the plasma, occurring 
as partially ionized atoms only in the edge plasma, i.e. 
in the peripheral confined plasma and in the unconfined 
scrape-off layer plasma (see Stangeby and McCracken 
[22] for a comprehensive review of the edge plasma). 

10 



COLLISION DATA ON He, Be and B IN MCF 

Be IV 

(a) 

Be III 

1s21S0 - 1snpV1 

n=3 

(c) 

100-26 A 

n=2 

^-^-AJL. 

1s21S0 - 1s2p 3PT 

101-69 k u 

(b) 

_ 2 0 

ro 
X 

E 1-"» 

10 

0-5 

00 

-
•< 

6
0

9 

•4-
S3 
CD 

•< 
m 
m . m 

>• 
o 

J I-, J 

•< 
s O 

in 

« 
a 

' 

LA , 

•< 

4
0

7
9 

CO 

I J, 
F/G. 2. (a) XC/K spectrum along a line of sight directed at the 
inner wall of JET in the vicinity of the Be III resonance line when 
the plasma is in contact with the outer belt limiters. 

(b) Similar spectrum with the plasma in contact with the inner wall. 
The difference is attributed to CX with thermal neutral deuterium 
recycling from the inner wall. The transfer from D° (n = 2) 
populates the Be*2 (n — 5) levels. 

(c) Spectrum emission from inflowing Be0 ions at the lower X-point 
beryllium protected strike zones in JET. The 4407 A line has a 4'S 
upper state whose population is strongly affected by redistributing 
and ionizing collisions. Note the conveniently located 2nd order Da. 
line in this 3rd order spectrum. (From Refs [24, 29].) 

The neutral and ion population distributions are 
usually distinguished, since only the latter are tied to 
the magnetic field. Also the neutral distribution can be 
markedly non-thermal, reflecting its sputtering or mole­
cular dissociation origin. We can make a further sub­
division into populations of beryllium and boron ions 
in neutral deuterium rich environments and those with 
low neutral deuterium concentration. The deuterium 
itself has a number of populations of different velocity 
distributions and spatial extent, namely molecules^ 
initially dissociated atoms and then the successive 
CX generations produced in D/D+ collisions. The low 
temperature, high density divertor plasma is a region 
of high neutral deuterium concentration. The relative 
populations and fluxes of deuterium and impurities are 
important, and observations of impurities and deuterium 
are usually linked. 

In addition to the edge related populations, there are 
of course the distinct population distributions of Be+3' 
and B + 4 located in the beam penetrated plasma core. 
Be+4 and B + 5 recombine through CX with D° or He0 

in the beams. They are reionized in the beam free region 
where they form part of the plume populations. Except 
for these populations, the ionization state of the beryllium 

and boron ions depends principally on' electron colli­
sions (typical edge temperatures are S 200 eV and the 
divertor plasma near the target plates may be ~ 10 eV). 
Collisional ionization, radiative and dielectronic recom­
bination are the main processes, although the. low 
ionization stages are generally inflowing in. an ionizing 
environment, so recombination is less important. The 
metastable state populations, such as Be°(2s2p3P), as 
well as the ground state populations of the ionization 
stages must be viewed dynamically. The ionization and 
recombination of the neutral and singly ionized species 
are affected by stepwise collisional radiative processes. 
In the deuterium rich regions the ionization state is modi­
fied by CX collisions with neutral deuterium. Ground 
state deuterium is the principal donor affecting the ioni­
zation balance. The radiated power can be very sensitive 
to this change. For example, at 5 eV s T t S 10 eV, 
Be+2 and B + 3 are dominant in abundance in an equi­
librium plasma, but not radiating. The radiation is by 
the lithium-like ions Be+1 and B+ 2 . Charge exchange 
enhances the lithium-like stage and the radiated power 
without changing the dominant ionization stage [23]. 
Evidently, a generalized collisional-radiative treatment 
is required to include these points properly in models. 

11 



SUMMERS et al. 

This implies a wide need of good fundamental cross-
section data. 

Turning to measurement, spectroscopy is the 
primary tool. Objectives are identification of species, 
observation of geometrical spread of ionization shells, 
deduction of fluxes, assessment of metastables and 
spectrum line based diagnostics of electron and ion 
temperatures and electron density. Primary measure­
ments are of the resonance lines. At ~ 10 eV, the 
lithium-like lines Be II, X = 3131 A, and B III, 
X = 2066 A, dominate the radiated power, with the 
helium-like lines at X ~ 100 A and ~ 60 A important 
at s 4 0 eV. Diagnostic spectroscopy selects additional 
spectrum lines to identify the contribution of metastable 
states and to aid deduction of electron temperature and 
density. There are considerable benefits in visible 
spectroscopy (principally simple absolute calibration) 
for studying emission near localized surfaces and this 
influences the range of atomic data required. Useful 
visible radiation generally occurs from transitions 
amongst the n = 3 and n = 4 shells (visible transitions 
and quartz UV transitions occur to the n = 2 shell in 
the neutrals) for the impurity ions. Also the upper 
emitting level must not have an allowed transition to 
the ground state in order to avoid an unfavourable 
VUV branch. Thus, excitations of dipole, non-dipole 
and spin change type are all required up to the n = 4 
shells. The low charge states and relatively high den­
sity in divertors mean that redistributive collisions also 
matter. Evidently, the spectral emission requirements 
and those for the generalized collisional-radiative 
calculation of ionization and recombination coefficients 
are closely connected [24]. Calculated local emissivities 
in specific lines are often expressed in terms of 'photon 
efficiencies' or 'ionizations per photon', since these 
allow immediate interpretation of observed signals as 
impurity fluxes [25]. It should be noted that collisional-
radiative effects make the photon efficiencies sensitive 
to electron density as well as temperature. Electron 
temperature and density measurements are not readily 
available in divertor plasma regions and so sensitive 
line ratios are helpful. In more detailed studies of 
divertors, calculated local emissivities are incorporated 
in Monte Carlo models of the impurity ion population 
distributions for prediction of the detailed emission 
structure. These models are run in close association 
with neutral deuterium models [26, 22]. There is par­
ticular interest at this time in modification of emission 
by charge transfer in the deuterium rich environment. 
Excited deuterium (in the n = 2 or n = 3 shells) is an 
efficient donor here, especially to the higher n shells of 
the more highly ionized beryllium and boron ions (see 

the edge signal observed in CX spectroscopy studies 
using beams, Refs [27, 28]). Factors which influence 
the D° (n = 2) population are therefore important. In 
this respect, it is to be noted that the optical depth in 
the Lyman lines in cool high hydrogen density divertor 
plasma can become large. The implications are still to 
be appraised. 

4. REQUIRED CROSS-SECTION 
DATA FOR HELIUM 

Only fully ionized low and moderate mass ions in 
collision with He0 need to be considered. Of principal 
importance are the D + , T + fuel and the He+2 ash or 
added minority. Other relevant impurities are due to 
choices of plasma facing first wall materials, and to 
deposition and gettering strategies. This gives, in order 
of importance, C+ 6 (walls, X-point target plates, 
limiters, carbonization), Be+4 (JET X-point target plates, 
limiters and evaporation) and B+ 5 (boronization). The 
gettering procedures have reduced the importance of 
oxygen, but, nonetheless, 0 + 8 must be included. Other 
species are of less concern. Titanium, iron and nickel 
are possible structural materials, neon and argon are 
useful added trace gases for diagnostics, and silicon is 
a possible impurity. A representative set through the 
second and third period which would act as a basis for 
interpolation is Ne+1°, Si+M, Ar+18, Fe+26. 

Concerning the energy ranges of cross-section data, 
since alpha particles are born by deuterium/tritium 
fusion at 880 keV/u, this energy sets the upper limit 
for He0 ion/atom stopping cross-sections. The lower 
limit is set by the beam He0 particles in collision with 
thermal plasma ions. A beam energy of ~30 keV/u 
(JET 4He beams) and plasma ion temperatures up to 
30 keV (15 keV/u for D+) would properly set ~ 1 keV/u 
as the lower limit for ion/atom collision cross-sections. 
For ITER helium beams, which should certainly have 
particle energies of >50 keV/u, a lower energy limit 
for cross-sections of ~ 10-20 keV/u is probably accept­
able. Electron collisions contribute less to beam stop­
ping. Electron temperatures from 1 keV up to 25 keV 
at the plasma core are most relevant. However, noting 
the additional interest of He I plasma edge and divertor 
emission for helium recycling and the helium inventory, 
the low energy range should be reduced to a few eV. 
Given the present state of e/He° data, it is appropriate 
now to recommend cross-sections complete in energy 
from threshold to infinity. 

It is appropriate to make a broad statement of the 
minimum accuracy requirements in cross-section data, 
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although more specific assessments are made in later 
contributions. Typically, detector calibration, window 
transmission variation, plasma and viewing geometries, 
spectral feature isolation and uncertainties in tempera­
ture and density profiles limit the experimental uncer­
tainty to >40%, so this is the acceptable accuracy for 
modelling prediction of the final observed quantities. 
Therefore, in beam driven diagnostics, a 30% error in 
calculation of beam attenuation and a 30% error in 
calculation of local particle production coefficients 
(e.g. He0 by neutralizing) or photon effective emission 
coefficients (e.g. by single charge transfer in CX 
spectroscopy) are acceptable. Beam attenuation up to a 
factor of ten is typically encompassed in an experiment 
and, therefore, net stopping cross-sections at < 10% 
accuracy are required. Individual acceptable cross-
section tolerances are then in inverse proportion to 
their contribution. Impurity cross-sections scale at 
worst as Z2 and so their acceptable tolerances are in 
inverse proportion to Z2 times the fractional impurity 
abundance. Helium fractional abundance at up to 20% 
may be expected in fusion plasmas, but experimental 
test plasmas of pure helium are possible. Carbon and 
light impurities at <5% are anticipated. The contribu­
tion of each impurity to Zeff is a helpful measure of its 
importance. 

In presenting the following information, it has been 
convenient to allow some repetition of cross-sections so 
that the different areas can appear complete. A coding, 
(*1) - (*6), has been used to rank importance, with (*1) 
the most important. Also, a minimum required accuracy 
is suggested as a percentage, with an indication of its 
variation with energy. For beam stopping, the accuracy 
is based on the proportion of each individual cross-
section's contribution and its being the sole source of 
error. This is of course subject to revision in the light 
of improvement of our cross-section knowledge and 
progress in modelling. The least acceptable accuracy 
is set at 100%. Impurity cross-section accuracies are 
assessed as though the impurity alone were contributing. 
A Zeff based adjustment of these, as described above, 
is appropriate. For electron collisions, taking account 
of the many experimental measurements and theoretical 
calculations, a 20% accuracy is suggested as a reasonable 
aspiration at all energies for important transitions. 

4.1. Alpha particle neutralization 

This is the essential reaction between beam He0 and 
the alpha particle produced by deuterium/tritium fusion 
which allows the neutral particle diagnostics to probe 
the alpha particle sources. 

He+2 neutralization 

(*1) He°(l 'S) + He+2 - He+2 + He0: 20% 

4.2. Beam and fusion He0 stopping at low density 

Most helium is in its ground state, so that the 
dominant stopping is by electron loss directly from the 
ground state. If the plasma density is very low so that 
excited helium populations are negligible, this is the 
only pathway. 

Ground state single electron loss 
with primary species and impurities 

(*1) He°(l 'S) + D + - He+ + D+ + e: 
90% at E ~ 20 keV/u, 10% at E > 100 keV/u 

(*1) He°(l >S) + D + - He+ + D°: 
10% at E ~ 20 keV/u, 40% at E > 100 keV/u 

(*1) He°(l 'S) + He+2 - He+ + He+2 + e: 
100% at E ~ 20 keV/u, 20% at E > 100 keV/u 

(*1) He°(l 'S) + He+2 - He + 1 + He+1: 
20% at E ~ 20 keV/u, 20% at E > 100 keV/u 

(*2) He°(l >S) + X+z - He+ + X+z + e: 
100% at E ~ 20 keV/u, 50% at E > 100 keV/u 

(*2) He0(l 'S) + X+z - He+1 + X+2"1: 
10% at E ~ 20 keV/u, 20% at E > 100 keV/u 

Note that X+z denotes the fully ionized impurity. 

With the data at this stage, an approximate stopping 
can be obtained. However, improvement at lower 
beam energies requires the following: 

Ground state double electron loss 
with primary species and impurities 

(*2) He°(l'S) + D + - He+2 + D + + e 4- e: 100% 
(*2) He°(l 'S) + D + - He+2 + D° + e: 100% 
(*2) He°(l 'S) + He+2 - He+2 + He+2 + e + e: 100% 
(*2) He°(l 'S) + He+2 - He+2 + He+1 + e: 100% 
(*2) He°(l ]S) + He+2 - He+2 + He0: 

30% at E ~ 20 keV/u, 100% at E > 100 keV/u 
(*3) He°(l lS) + X+ z - He+2 + X+z + e + e: 

80% at E ~ 20 keV/u, 40% at E > 100 keV/u 
(*3) He°(l ]S) + X+z - He+2 + X+z"' + e: 

80% at E ~ 20 keV/u, 40% at E > 100 keV/u 
(*3) He°(l 'S) + X+ z - He+2 + X+z"2: 100% 

Ground state ionization by electron impact 

(*2) He°(l1S) + e - He+ + e + e: 20% 
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4.3. Beam and fusion He0 stopping 
at moderate and high density 

At plasma densities appropriate to ITER, impact 
excitation of helium from its ground state to excited 
states is sufficiently large for the latter populations to 
be non-negligible. Thus, electron loss from the excited 
states can occur before return to the ground state. This 
enhances the stopping. The metastable state (ls2s 'S 
and ls2s3S) populations are the most important in this 
respect, so cross-sections involved in their formation and 
destruction are of the first priority. Next in importance 
are other excited state populations up to an effective cut­
off principal quantum shell, at which Lorentz electric 
field or collisional merging to the continuum occurs. 

Ground state excitation to the n = 2 shell 
by primary species and impurities 

(*2) He^ l 'S ) + D + - H e ^ ' S , 2'P) + D + : 100% 
(*2)He°(l1S) + He+2 - He°(21S,21P) + He+2: 100% 
(*3) He^ l 'S ) + X+z - He°(21S,2'P) + X+z: 100% 

Ground state excitation to the n = 2 shell 
by electrons 

(*3)He°(l1S) + e - He°(21S, 2'P, 23S, 23P) + e: 
20% 

It is to be noted that ion impact excitations are spin 
system preserving, while electron collisions allow 
exchange. 

n = 2 state single electron loss with primary species, 
impurities and electrons 

(*2) He°(22s+1L) + D + - He+ + D + + e: 100% 
(*2) He°(22s+1L) + D + - He+ + D°: 100% 
(*2) He°(22S+1L) + He+2 - He+ + He+2 + e: 100% 

(includes inner electron ionization) 
(*2) He°(22s+1L) + He+2 - He + 1 + He+1: 100% 
(*3) He°(22s+1L) + X+Z - He+ + X+z + e: 100% 

(includes inner electron ionization) 
(*3) He°(22S+1L) + X+z - He+1 + X+z->: 100% 
(*3) He°(21S, 2'P, 23S, 23P) + e -r He+ + e + e: 

20% 

Redistributive collisions within the n = 2 shell 
by primary species, impurities and electrons 

(*2) He0 (22S+1L) + D + - He0(22^+1L') + D + : 
100% 

(*2) He°(22S+1L) + He+2 - He°(22s+1L') + He+2: 
100% 

(*3) He°(22S+1L) + X+z - He°(22S+1L') + X+z: 
100% 

(*3) He°(22S+1L) + e - He°(22S'+1L') + e: 20% 

With the data at this stage, the 2 'S state populations 
and enhanced stopping via the singlet side can be 
obtained approximately. The 23S state population is 
incorrect and requires the following reactions: 

Ground state excitation to the 2 <n< 4 shells 
by primary species and impurities 

(*3) He^ l 'S ) + D+ - HeVn'L) + D + : 100% 
(*3) He°(l'S) + He+2 -> He°(n'L) + He+2:. 100% 
0*4) He°(l'S) + X+z. - He°(n'L) + X+z: 100% 

It is to be noted that excitation to 4 'F opens access to 
the triplet side through state mixing with 43F. 

Ground state excitation to the 2 < n < 4 shells 
by electrons 

(*3) He^ l 'S ) + e - He°(n'L, n3L) + e: 20% 

2 <n <4 state single electron loss with 
primary species, impurities and electrons 

(*3) He°(n2s+1L) +' D + - He+ + D + + e: 100% 
(*3) He°(n2S+1L) + D+ - He+ + D°: 100% 
(*3) He°(n2S+1L) + He+2 - He+ + He+2 + e: 100% 

(includes inner electron ionization) 
(*3) He°(n2S+1L) + He+2 - He+1 +He+1: 100% 
(*4) He°(n2S+1L) + X+z - He+ + X+z + e: 100% 

(includes inner electron ionization) 
(*4) He°(n2S+1L) + X+z - He + 1 + X+z"': 100% 
(*4) He°(n2S+1L) + e - He+ + e + e: 20% 

Redistributive collisions between 2 <n,n' < 4 shells 
by primary species, impurities and electrons 

(*3) He°(n2S:flL) + D + - He°(n'2S+1L') + D + : 
100% 

(*3) He°(n2s+1L) + He+2 - He°(n'2S+1L') + He+2: 
100% 

(*4) He°(n2s+,L) + X+z - He°(n'2S+1L') + X+z: 
100% 

(*4) He°(n2S+1L) + e - He°(n'2S'+1L') + e: 20% 

Residual cross-sections up to n = 10 
by primary species, impurities and electrons 

(*5) He°(n) + D + - He°(n') + D + : 100% 
(*5) He°(n) + He+2 - He°(n') + He+2: 100% . 
(*6) He°(n) + X+z - He°(n') + X+z:. 100% 
(*5) He°(n) + e - He°(n') + e: 20% 
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Spin system merging and t-subshell mixing is large 
beyond n = 4, and merging with the continuum by 
field ionization occurs by n = 10 typically. 

4.4. Beam emission spectroscopy 

Spectral emission from the beams is an important 
opportunity for experimental verification of beam 
attenuation and of the correctness of the enhancements 
attributed to the finite plasma density. Exploitation of 
the scope of beam emission spectroscopy dictates that 
emission from helium excited states up to the n = 4 
shell should be modelled carefully. For example, the 
transitions 4 ' L - 2 'P are of particular interest since the 
forbidden components and the linear Stark shifts are of 
use for diagnostics. The overall atomic data require­
ments are the same as for beam stopping at moderate 
and high density. However, the priority and accuracy 
for processes populating and depopulating upper states 
of observable spectrum lines are altered. These are 
repeated here. 

Ground state excitation to the 2 < n < 4. shells 
by primary species and impurities 

(*2) He°(l'S) + D + - He°(n'L) + D + : 30% 
(*2) Hep(l >S) + He+2 - He°(n'L) + He+2: 30% 
(*2) He°(l 'S) + X+z - HeVn'L) + X+z: 30% 

Ground, state excitation to the 2 < n < 4 shells 
by electrons 

(*2) He°(l 'S> + e - He^n 'L , n3L) + e: 20% 

Initial estimates suggest that 4 ' L - 2 ' P on the singlet 
side and 4 3L - 2 3S on the triplet side should be studied 
experimentally as well as the transitions from the 
n = 3 shells. 

2 s n < 4 stage single electron loss with 
primary species, impurities and electrons 

(*2) He°(n2S+1L) + D + - H e + + D + + e : 
40% at E ~ 20 keV/u, 40% at E > 100 keV/u 

(*2) He°(n2s+1L) + D + - He+ 4- D°: 100% 
(*2) He°(n2s+1L) + He+2 - He+ + He+2 + e: 

40% at E ~ 20 keV/u, 40% at E > 100 keV/u 
(includes inner electron ionization) 

(*2) He°(n2s+1L) + He+2 - He + 1 + He + : 
50% at E ~ 20 keV/u, 100% at E > 100 keV/u 

(*3) He°(n2S+,L) + Xt z - He+ + X+z + e: 
40% at E ~ 20 keV/u, 30% at E > 100 keV/u 
(includes inner electron ionization) 

(*3) He°(n2S+1L) + X+2 - He+ + X+2"': 100% 
(*3) He°(n2S+1L) + e - He+ + e + e: 20% 

Redistribute collisions between 2 <n,n' < 4 shells 
by primary species, impurities and electrons 

(*2) He°(n2S+1L) + D + - He°(n'2S+1L') + D + : 
30% . . 

(*2) He°(n2S+,L) + He+2 - He°(n'2S+1L') + He+2: 
30% 

(*3) He°(n2S+1L) + X+ z - He°(n'2^+1L') + X+z: 
30% .. 

(*3) He°(n2S;t;1L) + e '-• He°(n'2S'+1L') + e: 20% 

The residual cross-sections of Section 4.3 are again 
required. 

4.5. Charge exchange spectroscopy (CXS) 

State selective single electron charge transfer from 
neutral helium beam atoms in their ground state to 
alpha particles forming excited states of He+1 is the 
initial concern. Subsequent He II emission, such as 
n = 4-3 at 4685 A,' is the CXS signal, to be con­
trasted with the neutral particle analyser signals. There 
is a further aspect, however, in that neutral helium 
beams may be usable in CXS for all light impurity 
densities. Consistency with impurity densities used for 
modelling beam stopping may then be sought. 

State selective charge transfer from ground state 
to primary species 

(*2) He^ l 'S ) + He+2 - He+ + He+(nf2L): 30% 
(*2) He0(l 'S) + D + - He+ + D(n£2L): 30% 

The first is the key reaction for CXS. The second is 
relevant for formation of the D° halo associated with 
the helium beams. For He, 1 < n < 6, and for D, 
1 < n < 4, are relevant ranges. 

State selective transfer ionization from ground state 
to primary species 

(*4) He°(l 'S) + He+2 - He+2 + He+(nf2L) + e: 
100% 

(*4) He^ l 'S ) + D + - He+"2 + D(nl2L) + e: 100% 

These reactions tend to populate low n shells. They 
provide a correction of CXS using short wavelength 
transitions. 
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State selective charge transfer from metastables 
to primary species 

(*3) H e ^ ' S ^ S ) + He+2 - He+ + He+1 (irf2L): 
50% 

(*3) He°(2'S,23S) + D + - He+ + D(n£2L): 50% 

These reactions are most relevant at low beam energies 
and to CXS with visible lines, since the dominant 
receiving n shell is usually close to the line emitting 
n shell. Expectations for beam metastable populations 
suggest that this may be a significant correction. For 
He, 1 < n < 6, and for D, 1 < n < 4, are relevant 
ranges. Redistribution and ionizing collisions with the 
He+ and D excited populations are required to com­
plete the diagnostic modelling. These are not given 
explicitly here, since He0 is the main focus. 

State selective charge transfer from ground state 
and metastables to impurities 

(*3) He°(l'S) + X+z - He+ + X+z-'(n£2L): 30% 
(*3) He°(21S,23S) + X+z - He+ + X+z-'(n£2L): 

50% 

This allows a full CXS diagnostic for impurities using 
helium beams. The relevant range is 1 < n < 2z075. 
Redistribution and ionizing collisions with the X+z~' 
excited populations are required to complete the 
diagnostic modelling. These are again not given 
explicitly here. 

5. REQUIRED CROSS-SECTION DATA 
FOR BERYLLIUM AND BORON 

5.1. Ionization state 

A 20% accuracy is appropriate for all the cross-
section data in this section. In recombination data, 
this accuracy applies to the composite zero density 
coefficient, that is without collisional radiative losses. 

Direct ionization (ground and metastable) 
by electron impact 

(*1) B°(2s22p2P) + e - B+1(2s21S) + e + e 
(*l)Be°,B+1(2s21S) + e 

- Be+1,B+2(2s2S) + e + e 
(*l)Be+1,B+2(2s2S) + e 

- Be+ 2 ,B+ 3(ls2 1S) + e + e 
(*l)Be+ 2 ,B+ 3(ls2 1S) + e 

- Be+ 3 ,B+ 4(ls2S) '+ e + e 
(*1) Be + \B + 4 ( l s 2 S) + e - Be+ 4 ,B+ 5 + e + e 

(*1) B°(2s22p2P) + e - B+1(2s2p3P) + e + e 
(*1) B°(2s2p24P) + e - B + 1(2s21S) + e + e 
(*1) B°(2s2p24P) + e - B+1(2s2p3P) + e + e 
(*l)Be+1,B+2(2s2S) + e 

- Be+2,B+3(ls2s3S) + e + e 
(*1) Be+2,B+3(ls2s3S) + e 

- Be+3 ,B+4(ls2S) + e + e 

Metastable cross-coefficients by electron impact 

(*1) B°(2s22p2P) + e ~ B°(2s2p24P) + e 
(*1) Be°,B+1(2s21S) + e - Be°,B+1(2s2p3P) + e 
(*l)Be+ 2 ,B+ 3(ls2 1S) + e 

- Be+2,B+3(ls2s3S) + e 

Note that the direct coefficients as defined here include 
transfers from the ground state or the metastable state 
to excited states of the other spin system and cascade. 
The required accuracies of separate contributions are in 
proportion to their part of the total. 

Radiative and dielectronic recombination 
at low density 

(*1) X+Z(g,m) + e - X+z-l(g',ra') + hv 

For conciseness, X+z denotes an arbitrary charge state 
of beryllium or boron, g, m and g',m' denote the 
ground state and the metastable state of the recombining 
and recombined systems. The specific reactions are not 
given explicitly, but initial and final states correspond 
to those in the section on direct ionization. Note that 
these represent the total zero density coefficients which 
include the sums over all excited states which cascade 
to the lowest level of the spin system and include alter­
native autoionizations. The individual component reac­
tions to excited states are required explicitly for the 
finite density studies below, and their accuracies should 
be in proportion to their part of the total. The sums 
extend to very high n shells, but, there, asymptotic 
behaviour is well specified. The limits to accuracy are 
in the low level recombination and correct Auger 
channel opening. 

Charge exchange recombination at low density 

(*1) X+Z(g,m) + D(ls) - X+z-l(g',m') + D + 

Note that these are the total zero density coefficients 
which include the sums over all excited states cascading 
to the lowest level of the spin system, but they are 
much more restricted than the dielectronic sums. 
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Collisional-radiative contributions at finite density 

(*2) X+ z- '(g' ,m') + e 
- X+z-1({g,m}n'f 2S'+1L') + e (n ' < 4): 20% 

(*3) X+z-1({g,m}irf2s+1L) + e 
- X+z-'({g,m}nT2S '+1L') + e (n,n' < 4): 40% 

(*3) X+z-' ({g,m}n£2S+1L) + e - X+Z(g,m) 
+ e + e (n < 4): 40% 

(*4) X+z-'({g,m}n^2S+!L) .+ e 
-X+ z - 1 ({g,m}nT 2 S '+ 1L') + e(n < 4 , n ' > 4): 40% 

(*5) X+z-1({g,m}nf2S+1L)+e 
- X+!-1({g,m}nT !S '+1L') 
+ e (12 > n > 4, 12 > n' > 4): 100% 

(*5) X+z"' ({g,m}n£2S+1L) + e - X+Z(g,m) 
+ e + e (12 > n > 4): 100% 

(*5) X+z-1({g,m}n2S+1L) + e 
- X+Z^({g,m}n'2s '+1L') + e (n > 12, n' > 12): 
100% 

(*5) X+z"' ({g,m}n2s+1L) + e - X+Z(g,m) 
+ e + e (n > 12): 100% 

(*5)X^-[({g,m}^2S+iL) + Z0 

- X + - 1 ( { g , m } n , f B ' + 1 L ' ) 
+ Z0 (12 > n > 4, 12 > n' > 4): 100% 

^ ^ ^ - ' ( { g . m J n ^ ' D + Zo 
- X+z-'({g,m}n'2S '+1L') + Z0(n>. 12, n' > 12): 
100% 

Z0 denotes fully ionized species. These data are required 
for the finite density improvement in generalized colli-
sional radiative modelling. They apply also to the 
sections below and are only repeated if higher accuracy 
is required. Note the changing angular resolution level 
on moving to higher n shells. Such n£ and n bundling 
while retaining spin systems is an approach of sufficient 
accuracy. For generalized collisional-radiative recombi­
nation and ionization coefficients, the bundle-n approach 
can be used, for corrections to the direct rates, down 
to the n = 2 shell and, for corrections to low level 
emissivities, down to the n = 4 shell. The extension to 
n ~ 12 is necessary for high n shell visible CXS where 
f-mixing matters. The various possible parent states, 
denoted by g, m, must be treated as well as the different 
spin systems. 

5.2. Measurement of total power 
and low resonance lines 

(*1) X+z- '(g',m') + e 
- X+'- 'dg.mJnT2 S '+ 1L') + e (n' < 4): 20% 

These cross-sections give the dominant spectral line 
power at zero density. Recombination contributions, 
which are much smaller, except for the helium-like 

and hydrogen-like ions at high temperatures, follow from 
the data in Section 5.1. Note that no distinction between 
the actual cascade paths need be made in the case,of 
power. 

5.3. Visible influx spectroscopy 

(*1) X+ z- '(g' ,m') + e 
- X+z- l({g,m}n'f 2S'+1L') + e (n' < 4): 20% 

(*2) X+2-1({g,m}nf2S+1L) + e 
- X+z-'({g,m}n'f 2S'+1L') + e (n ,n ' < 4): 30% 

This is a repetition of the collisional-radiative part of 
Section 5.1, but higher accuracy is necessary. These 
data allow the low level excitation and redistribution 
part of line emissivities to be obtained. For recombina­
tion contributions to emissivities and stepwise collisional 
radiative losses through higher levels the additional 
data of Section 5.1 are required. These are appropriate 
for highly transient and dense plasma conditions. 

5.4. Charge exchange spectroscopy 

State selective CX into excited shells for influx ions 

(*1)X+Z(g,m)• + D(ls) 
- Xz-'({g,m}n£2S+1L) + D + : 30% 

(*1)X+Z(g,m) + D(n = 2,3) 
- XI-1({g,m}iif2S+1L) + D + : 50%. 

The redistributive collisional data required in. 
Sections 5.2, 5.3 and 5.4 are the same. 

Neutral helium beam induced CX 

This is given in Section 4.5. . 

Neutral deuterium beam induced CX 

(*1) D°(ls2S) .+ X+z0 - D + .+ X+a~l (nl2L): 30% 

X +z0 denotes the bare nucleus state of beryllium or 
boron. This allows a full CXS diagnostic for impu­
rities using deuterium beams. The relevant range is 
1 < n < 2z°75. Redistributive collisional data are also 
required (see Section 4.5). 

6. CONCLUSIONS 

We have sought to lay down the set of atomic colli­
sion cross-section data required to model and support 
alpha particle diagnostics for ITER and other fusion 
experiments using neutral helium beams. However, we 
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have gone further, in that we have also addressed the 
data required in practice to support and validate such a 
diagnostic fully by associating it with CXS and with 
beam emission spectroscopy. We have also laid down 
the atomic data needs for beryllium and boron in 
divertor experiments. It is anticipated that the data will 
form the high quality input to comprehensive excited 
population, effective ionization and recombination 
coefficient and effective emissivity coefficient codes in 
the collisional-radiative sense. There remain some 
anxieties. As has been mentioned, fast neutral helium 
atoms in tokamak plasmas will experience a strong 
v X B electric field, establishing a Stark state structure. 
Whether this can alter the balance of atomic reactions 
significantly is largely unexplored. Also, assumptions 
of isotropic averages of collision cross-sections cannot 
really be sustained. We therefore anticipate some 
elaboration or at least clarification of these points. 
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EXCITATION OF NEUTRAL HELIUM BY ELECTRON IMPACT 

F.J. de HEER1, R. HOEKSTRA2, A.E. KINGSTON3, H.P. SUMMERS 
JET Joint Undertaking, 
Abingdon, Oxfordshire, 
United Kingdom 

ABSTRACT. Experimental data for electron impact excitation of neutral helium in its ground state are reviewed 
critically. A preferred dataset is established and combined with theoretical close coupling approximation data below 
the ionization threshold and Born approximation data at high energy. Results are presented in figures and tables. 
Maxwell averaged collision strengths are also tolerated. 

1. INTRODUCTION 

A new assessment of electron impact cross-section 
data for excitation of helium from the 1*S state is 
presented. This study was initiated in view of the 
expected use of 3He° and 4He° neutral heating beams 
on the JET tokamak. It is now motivated and' sustained 
by the actuality of their use in the 1991 experimental 
campaign. The resulting new observations of charge 
exchange spectra, beam emission spectra, and thermal 
and recycling helium emission are of sufficient dia­
gnostic quality to justify detailed atomic modelling of 
the effective emission and beam stopping processes. The 
studies are very relevant to the behaviour of slowing 
down alpha particles and helium ash in planned D/T 
fusion machines such as ITER and to beam based 
diagnostics of such plasmas. 

Practically, the principal new contribution in this 
paper is the linkage of recent 29-state R-matrix calcu­
lations at low energies to reappraised experimental data 
at medium energies, and to the merging with asymptotic 
high energy behaviour. 

The assessment of the data presented here must be 
seen as a continuation and revision of previous compila­
tions of experimental and theoretical data [1-4]. The 
previous work also contains theoretical cross-sections 
for excitation from helium 2 'S and 23S metastable 
states. Compilation and analysis of the JET database 
for the metastables is still in progress and will be 
reported later. 

The data are presented in the form of figures and 
tables of collision strengths fi and Maxwell averaged 
rate parameters y. 

Permanent affiliations: 
1 FOM-Institute for Atomic and Molecular Physics, Amsterdam, 

The Netherlands. 
2 Kernfysisch Versneller Instituut, Groningen, The Netherlands. 
3 Department of Applied Mathematics and Theoretical Physics, 

The Queen's University of Belfast, Belfast, Northern Ireland, 
United Kingdom. 

For a transition from an initial state i to a final 
higher excited state j , we have 

where wt is the statistical weight of the initial state i of 
the atom, o-j_j is the excitation cross-section, and Ei is 
the energy of the free projectile electron with the atom 
in the initial state i. The Maxwell averaged rate para­
meter is 

7ij = fly (Ej) exp (-Ej/kTe) d (Ej/kTJ 

where Ej is the energy of the free electron, with the atom 
in the final state j , and Te is the electron temperature. 
The other notation is conventional. 

2. THEORETICAL DATA 

Over the last ten years, the Queen's University 
group has conducted a series of R-matrix calculations 
of increasing complexity on neutral helium, culminating 
in the present 29-state study [5]. It is a low speed 
coupled calculation including all 29 terms of the n = 1-5 
principal quantum shells. The successive calculations, 
for example for 19 states and 29 states, show excellent 
convergence of the detailed resonance structure asso­
ciated with the various n-shell series. This is illustrated 
in Fig. 1 for.the 1 ' S - 2 !S transition. However, since the 
calculations do not include a complete representation 
of the omitted higher states and continuum states, the 
results are in error near and above the ionization 
threshold. This representation is analogous to that 
examined in detail for the H + e systems. Cross-
sections above the ionization threshold (particularly for 
excitation to higher n-shells, > 3) may be overestimated 
by factors of < 2. The 29-state calculations have been 
executed at energies below the ionization threshold and 
are suitable for providing the low energy extension 
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FIG. 1. Collision strength Q versus electron impact energy from 
R-matrix calculations for the l'S-2'S excitation. 

into the theoretical first Born cross-sections [6], and 
up to less high impact energies for triplet excitation, 
because the cross-section becomes very small and, 
according to the Ochkur approximation [7], decreases 
with the incident electron energy E as E"3. Below 30 eV, 
an extrapolation is made towards the close coupling 
(29-states R-matrix) calculations [8] from the threshold 
up to the ionization energy of helium. Except for the 
metastable 2 'S and 2 3S states, most experimental data 
are from the photon emission cross-section measure­
ments reviewed by Heddle and Gallagher [9]. For 
metastables the (integrated) cross-sections have been 
obtained by several groups, by making use of their 
angular differential scattering cross-sections for inelastic 
(energy loss selected) scattering of electrons (many of 
these data were reviewed by de Heer and Jansen [10]). 
Excitation of and cascade from 13F levels have not 
been considered. 

of the existing substantial body of experimental data 
above the ionization threshold. In the present investiga­
tion, the R-matrix data have to be merged with experi­
mental measurements of energy resolution less than 
those of the resonance structure, and then quadratures 
have to be performed over appropriate Maxwellian (or 
in some cases non-Maxwellian) distribution functions. 
It is therefore appropriate to form interval averages, 
and it is these which are presented in the following 
figures and tabulations of collision strengths. Note also 
that adjustment is required for the differences between 
the theoretical bound state energies as used in the 
R-matrix codes and the exact observed energies. Con­
servatively, we have used R-matrix data up to the 
n = 4 shell only, since the n = 5 shell may be more 
strongly influenced by truncation. 

At high energies, for non-spin changing transitions, 
the exact excitation cross-sections are expected to con­
verge on those calculated in the first Born approxima­
tion. The accurate non-relativistic Born calculations of 
Bell et al. [6] are used to define the high energy limiting 
behaviour. Spin changing transitions are assumed to 
follow the 1/E3 behaviour suggested by Ochkur [7]. 
No precise high energy spin change calculations have 
been used in this work, but simply an extension of 
experimental data with the Ochkur slope. 

3. EXPERIMENTAL DATA 

The excitation cross-sections of the JET database are 
based on experiment in the region of about 30-2000 eV 
electron impact energy for singlet excitation, merging 

The following points are typical for the experimental 
data: 

— Similarity in the a or 0 dependence on E in a term 
series where the values are not too close to the 
threshold. The cross-section ratios at some sufficiently 
large value of E are equal to those in the first order 
(Born) theory. (For high principal quantum number n, 
a(n') ~ n*~3, with n* being the effective principal 
quantum number.) 

— At high energy, fi becomes constant for non-spin 
changing optical forbidden transitions, i.e. 1 ' S - n ' S 
and l ' S - n ' D . 

— At high energies, Q = f S„ lncnE for optically 
allowed transitions, where cn is a constant following 
from the first order Born theory and S„ is the optical 
line strength for the relevant 1 'S - n 'P transition. 

— At high energies, cross-sections for spin forbidden 
transitions, 1 ! S-n 3 L, become very small and, 
according to the Ochkur approximation [7], should 
decrease as E"3. 

— The main maximum in the cross-section is around 
100 eV for n 'P states, between 42 and 46 eV for 
n 'D states, between 32 and 37 eV for n 'S states, 
and between 26 and 30 eV for triplet states (see 
Ref. [11]). 

The errors are generally smallest for singlet states 
(optical measurements) above about 40 eV, i.e. ~ 10%, 
and merge well into the theoretical Born cross-sections 
between 500 and 2000 eV (dependent on the azimuthal 
quantum number I) claimed to be within 5%. Only for 
the n 'D states is it necessary to choose a set of data 
that is different from those given by Heddle and 

20 Text continued on page 26 
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FIG. 2. Collision strengths versus electron impact energy for 
l'S-n'L excitations (a — n'S, o — n!P, 0 — n'D). 
(a) Low energy region up to 30 eV, showing the matching of 
experimental and R-matrix data, (b) Region above 30 eV, marking 
the experimental points (squares for s states, circles for p states), 
the preferred curves (solid lines) and the Born approximation 
(dotted lines). 
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FIG. 3. Collision strengths versus electron impact energy for 
l!S-n3L excitations (a — n3S, o — n3P, o — n3D). 
(a) Low energy region up to 30 eV, showing the matching of 
experimental and R-matrix data, (b) Region above 30 eV, marking 
the experimental points (squares for s states, circles for p states), 
the preferred curves (solid lines) and extrapolations at higher 
energies, decreasing according to the Ochkur [7] approximation 
as E-2. 
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TABLE I. PRIMARY CHOICES OF EXPERIMENTAL DATA AND ASSESSMENTS OF THE ACCURACY OF 
THE CROSS-SECTIONS OVER THE VARIOUS ENERGY INTERVALS 

(a) e + He(l 'S) - e + HeCn'S) 

Excited state Energy range Method Refs Accuracy 

2 ' S < 24.58 eV 

30 s E < 100 eV 

23 eV 

R-matrix, 29-state close coupling 

Differential scattering integrated 

Experiment, retarding potential 
difference 

200 < E < 700 eV Differential scattering integrated 

n 'S (n = 3, 4, 5, 6) <24.58 eV R-matrix, 29-state close coupling 
up to n = 4 

<50 eV Optical experiment 

50-2000 eV 

>1000eV 

Optical experiment benchmark 

Born 

Berrington et al. [8] 

Trajmar [12], Hall [13], 
Crooks [14] 

Brongersma et al. [15] 

Dillon and Lassettre [16] 

Berrington et al. [8] 

Van Raan et al. [17], 
Zapesochnyi and Feltsan [18], 
normalized 

Van Zyl et al. [19] 
(Moussa et al. [20]) 

Bell et al. [6] 

<10% 

- 3 0 % 

- 3 0 % 

30-10% 

<10% 

30-10% 

<10% 

(b) e + He(l 'S) - e + He(n'P) 

Excited state 

n 'P (n < 4) 

4 'P 

n 'P 

Energy range 

< 24.58 eV 

30-2000 eV 

>500eV 

< 24.58 eV 

40-3000 eV 

>500eV 

All energies 

30-2000 eV 

Method 

R-matrix, 29-state close coupling 

Optical experiment 

Born 

R-matrix, 29-state close coupling 

Optical experiment 

Born 

Optical experiment, empirical, 
analytical 

Optical experiment 

Refs 

Berrington et al. [8] 

Westerveld et al. [21] 

Bell et al. [6] 

Berrington et al. [8] 

de Jongh [22], series III 

Bell et al. [6] 

Shemansky et al. [23] 

Donaldson et al. [24] 

Accuracy 

<10% 

<10% 

< 5 % 

<10% 

<10% 

< 5 % 
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TABLE I. (cont.) 

(c) e + He(l >S) - e + HeO^D) 

Excited state 

4 'D 

5'D 

3 'D 

6 'D 

Energy range 

< 24.58 eV 

50-100 eV 

<50eV 

100-2000 eV 

>2000eV 

50-100 eV 

<50eV 

100-2000 eV 

>2000eV 

< 24.58 eV 

80-100 eV 

50-80 eV 

<50eV 

100-2000 eV 

>2000eV 

<2000eV 

>2000eV 

Method 

R-matrix, 29-state close coupling 

Optical experiment 

Optical experiment 

Optical experiment 

Born 

Optical experiment 

Optical experiment 

Optical experiment 

Born 

R-matrix, 29-state close coupling 

Optical experiment 

<J(4 1 D)/1 .9 

Optical experiment 

CT(4'D)/1.82 

Born 

<T(5 'D) /1 .72 

Born 

Refs 

Berrington et al. [8] 

Moussa et al. [20] 

Zapesochnyi and Feltsan [18], 
normalized 

Van Raan et al. [17], normalized 

Bell et al. [6] 

Moussa et al. [20] 

Zapesochnyi and Feltsan [18], 
normalized 

Van Raan et al. [17], normalized 

Bell et al. [6] 

Berrington et al. [8] 

Moussa et al. [20], adjusted by 1/15 

Zapesochnyi and Feltsan [18], 
normalized 

Bell et al. [6] 

Bell et al. [6] 

Accuracy 

<10% 

<20% 

- 3 0 % 

<30% 

<10% 

<20% 

- 3 0 % 

<30% 

<10% 

<10% 

<20% 

. <20% 

- 3 0 % 

- 3 0 % 

<10% 

- 3 0 % 

<10% 

(d)e + He(l 'S) - e + He(n3S) 

Excited state 

43S 

23S 

33S 

Energy range 

<24.50 eV 

25-100 eV 

100-500 eV 

< 24.58 eV 

20-100 eV 

>100eV 

< 24.58 eV 

All energies 

30-100 eV 

>100eV 

Method 

R-matrix, 29-state close coupling 

Optical experiment 

Optical experiment 

R-matrix, 29-state close coupling 

Differential scattering integrated, 
retarding potential difference 

a(43S)/0.14 

R-matrix, 29-state close coupling 

Interpolated between 
a(23S)and<j(43S) 

Refs 

Berrington et al. [8] 

Van Raan'et al. [17] 

Van Raan et al. [25], 
adjusted (xl .15) 

Berrington et al. [8] 

Trajmar [12], Hall et al. 
Crooks [14], Brongersnu 

Berrington et al. [8] 

[13], 
i et al. [15] 

Accuracy 

<10% 

- 3 0 % 

>30% 

<10% 

- 3 0 % 

Uncertain 

<10% 

- 3 0 % 

Uncertain 

Note: Johnston and Burrow [26] in their electron trap experiment find the peak for 2 3S at 20.35 eV to be 6.2 x 10 18 cm2. 
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TABLE I. (cont.) 

(e)e + He(l 'S) - e + He(n3P) 

Excited state Energy range Method Refs Accuracy 

23P 

3 3 p 

< 24.50 eV R-matrix, 29-state close coupling 

30-100 eV Optical experiment, 
differential scattering integrated 

> 100 eV Extrapolation 

(j(23P) = 3.5 X <j(33P) 

< 24.58 eV R-matrix, 29-state close coupling 

<40 eV Optical experiment 

40-100 eV Optical experiment 

100-1500 eV Optical experiment 

Berrington et al. [8] 

Jobe and St. John [27], 
cascade corrected by de Heer and 
Jansen [10], Trajmar [12], 
Hall et al. [13], Crooks [14] 

Berrington et al. [8] 

Zapesochnyi and Feltsan [13], 
normalized 

Van Raan et al. [17] 

Van Raan et al. [25], 
adjusted (xl .58) 

Note: Not analysed data of Bogdanova and Yurgenson [28], and of Chutjian and Thomas [29]. 

<10% 

- 3 0 % 

>30% 

<10% 

-30% 

-30% 

>30% 

(f)e + HeO'S) - e + He(n3D) 

Excited state Energy range Method Refs Accuracy 

43D < 24.50 eV 

25-35 eV 

35-100 eV 

100-1000 eV 

< 24.58 eV 

<100eV 

100-1000 eV 

R-matrix, 29-state close coupling 

Optical experiment 

Optical experiment 

Optical experiment 

R-matrix, 29-state close coupling 

a(33D) = 2<r(43D) 

a(33D) = 2<J(4 3 D) 

Berrington et al. [8] 

Zapesochnyi and Feltsan [18], 
normalized 

McConkey and Woolsey [30] 

Van Raan et al. [25], normalized 

Berrington et al. [8] 

<10% 

- 3 0 % 

- 3 0 % 

>30% 

<10% 

— factor 2 

> factor 2 

Note: For 3 3D see also the theoretical work of Tully [31]. 
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TABLE II. INTERVAL AVERAGED COLLISION 
STRENGTHS FROM THE 29-STATE R-MATRIX 
CALCULATIONS 

(a) 29-state R-matrix, 1 'S - n 'S interval, 
averaged collision strengths 

E(eV) 2'S E(eV) 3'S E(eV) 

2.08' 

2.11' 

2.13' 

2.16' 

2.19' 

2.22' 

2.25' 

2.28' 

2.31' 

2.34' 

2.37' 

2.39' 

2.42' 

2.45' 

2.23"2 

4.22"2 

4.06"2 

4.09"2 

4.24"2 

4.30"2 

4.27"2 

4.53"2 

4.24"2 

4.24"2 

4.32"2 

4.35"2 

4.5 r2 

4.51"2 

2.31' 

2.34' 

2.37' 

2.40' 

2.41' 

2.44' 

9.29" 

8.01" 

8.54": 

8.19" 

7.76": 

7.41" 

2.38' 

2.401 

2.43' 

(b) 29-state R-matrix, 1 'S - n 'P interval, 
averaged collision strengths 

E(eV) 2 'P E(eV) 3 'P E(eV) 

2.13' 

2.17' 

2.19' 

2.22' 

2.25' 

2.28" 

2.31' 

2.34' 

2.37' 

2.40' 

2.42" 

2.45' 

4.64" 

1.10" 

1.54" 

2.03": 

2.63": 

2.35": 

2.56": 

2.50": 

2.91" 

3.05 

3.312 

3.56"2 

2.32' 

2.36' 

2.38' 

2.40' 

2.43' 

1.00"' 

2.42"' 

3.48"' 

4.37"' 

4.87"' 

-2 

4'S 

3.22"' 

2.02"' 

1.76"' 

4 'P 

(d) 29-state R-matrix, 1 !S - n3S interval, 
averaged collision strengths 

E(eV) E(eV) E (eV) 

2.00' 

2.03' 

2.06' 

2.09' 

2.12' 

2.15' 

2.18' 

2.21' 

2.24' 

2.26' 

2.29' 

2.32' 

2.35' 

2.38' 

2.41' 

2.43' 

2.46' 

6.27"' 

9.67": 

7.80": 

7.40": 

7 .2P 

6. I P 

6.02": 

6.06": 

6.04" 

6.68": 

5.88": 

5.87": 

5.76": 

5.84": 

5.75": 

5.98": 

5.78": 

2.30' 

2.32' 

2.36' 

2.38' 

2.41' 

2.43' 

1.72" 

1.67" 

1.53" 

1.43" 

1.47" 

1.34" 

2.371 

2.40' 

2.43' 

E(eV) 23P E(eV) 33P E(eV) 

2.39' 

2.41' 

2.43' 

4.03 -* 

6.71"4 

1.07"3 

2 11* 

2.14" 

2.17' 

2.19' 

2.22' 

2.26' 

2.28' 

2.31' 

2.34' 

2.38' 

2.40' 

2.42' 

2.45' 

9 07"' 

1.87"2 

2.29"2 

2.69"2 

3:18"2 

3:84"2 

3.70"2 

3.93"2 

3.79"2 

4.21 "2 

4.2P2 

4.46"2 

4.66"2 

2 31 ' 

2.35' 

2.37' 

2.40' 

2.43' 

5.73" 

6.59" 

7.58" 

8.12" 

8.48" 

2.38' 

2.40' 

2.43' 

6.23" 

5.06" 

4.00" 

(e) 29-state R-matrix, 1 'S - n3P interval, 
averaged collision strengths 

43P 

2.25" 

2.14" 

2.41" 

(c) 29-state R-matrix, 1 'S - ri 'D interval, 
averaged collision strengths 

(f) 29-state R-matrix, 1 'S - n3D interval, 
averaged collision strengths 

E(eV) 

2.32' 

2.36' 

2.38' 

2.40' 

2.43' 

3'D 

5.12" 

5.77" 

4.31" 

4.14" 

3.69" 

E(eV) 4'D E(eV) 2'D E(eV) 43D 

2.39' 

2.41' 

2.43' 

1.88"' 

1.50"' 

1.33"' 

2.32' 

2.36' 

2.38' 

2.40' 

2.43' 

1.45"' 

4.10"' 

2.12"' 

2.01"' 

1.80"' 

2.39' 

2.41' 

2.43' 

9.85 -* 

6.19-4 

6.33" 
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Gallagher [9] above 1000 eV, in order to have a better 
fit with the Born data, and therefore the error might 
not be 10% but <30% for these states. At low ener­
gies (< 40 eV), the error may increase up to about 
30%. For the 2 'S data (not optical) there is a problem. 
The cross-section ratio, which is usually almost con­
stant in a term series above about 50 eV and equal to 
the Born ratio, increases for <x(2 'S)/cr(3 'S) from 4.44 
(Born at 1000 eV) to 5.98 (experiment at 100 eV). 
Therefore, the 2 'S data towards 100 eV may be con­
sidered as an upper limit, with an increased error of 
up to —30%. This accuracy may also persist to lower 
energies. 

Errors in the triplet state cross-sections are generally 
relatively large, because, in particular at high energies, 
secondary effects, such as collisional transfers, are 

difficult to eliminate in experiment. The effect is largest 
for n3D states. The various theories (distorted waves, 
Born, Oppenheimer, Ochkur, etc.) sometimes give no 
unique results. Some experimental data were missing 
(i.e. for 33S) or showed severe scatter (i.e. for 33D) 
and were estimated via cross-section ratios in the term 
series. Generally, below 100 eV the error is ~30% 
for all triplet levels, although for 33D it may be 
somewhat worse. Above 100 eV, there is an increasing 
uncertainty, and our choice, which often follows experi­
ment (deviating from a ~ E"3), may be considered 
somewhat arbitrary. More experimental and theoretical 
study and analysis is needed in this region. Because these 
cross-sections become very small at higher energies, the 
impact on the beam stopping and the beam diagnostics 
will be small. 

TABLE m. ASSESSED EXPERIMENTAL DATA 

(a) Experimental 1 'S - n 'S collision strengths and collision strength ratios 
of (n)/(n + 1) 

E(eV) 

2.30' 

2.50' 

3.001 

3.50' 

4.00' 

4.50' 

5.00' 

6.00' 

8.00" 

1.002 

1.502 

2.002 

2.502 

3.002 

3.502 

4.002 

5.002 

6.002 

8.002 

1.003 

1.503 

2.003 

2'S 

3.36"2 

6.02"2 

7.05"2 

8.10"2 

8.87"2 

l.oo-' 
1.09"' 

1.29-' 

1.40"' 

1.59'1 

1.64"' 

1.77"' 

1.62"' 

1.79"' 

1.81"' 

(2)/(3) 

6.13 

5.34 

5.75 

5.74 

5.79 

5.98 

5.75 

5.31 

5.34 

5.00 

4.79 

4.68 

4.68 

3'S 

6.06 3 

9.80"3 

1.20"2 

1.32"2 

1.412 

1.74"2 

1.95"2 

2.16-2 

2.44"2 

2.74"2 

,2.98"2 

3.01"2 

3.06"2 

3.53-2 

3.39"2 

3.82"2 

3.87"2 

3.94"2 

4.09"2 

(3)/(4) 

2.67 

2.41 

2.48 

2.50 

2.53 

2.74 

2.57 

2.46 

2.46 

2.51 

2.63 

2.56 

2.53 

2.59 

2.57 

2.53 

2.63 

2.66 

2.70 

4 'S 

2.28'3 

4.06'3 

4.83"3 

5.08'3 

5.38"3 

5.56"3 

5.66'3 

6.36"3 

7.57"3 

8.76-3 

9.89'3 

1.09'2 

1.13 2 

1.18"2 

1.21"2 

1.36'2 

1.32'2 

1.51-2 

1.47"2 

1.48~2 

1.5r2 

(4)/(5) 

2.66 

2.31 

2.18 

2.12 

2.10 

2.07 

2.14 

2.22 

2.46 

2.12 

2.11 

2.09 

1.96 

1.97 

1.97 

2.06 

1.94 

2.15 

2.04 

1.96 

2.02 

5'S 

8.56" 

. 1.76-3 

2.21"3 

2.40"3 

2.56"3 

2.68"3 

2.65"3 

2.86-3 

3.50"3* 

4.14"3 

4.70"3 

5.22"3 

5.79"3 

5.99"3 

6.15"3 

6.60"3 

6.82"3 

7.02"3 

7.20"3 

7.56"3 

7.47"3 

(5)/(6) 

2.16 

1.95 

1.91 

1.89 

1.89 

1.88 

1.88 

1.88 

1.98 

2.01 

1.90 

1.98 

1.95 

1.93 

1.86 

1.82 

1.88 

1.80 

1.82 

1.86 

6'S 

. 3.91-* 

9.02" 

1.16"3 

1.27"3 

1.42"3 

1.42"3 

1.55"3 

1.86"3 

2.08"3 

2.34"3 

2.74"3 

2.93 -3 

3.07"3 

3.18"3 

3.55"3 

3.74"3 

3.74"3 

4.00"3 

4.16 3 

4.03"3 

* Benchmark adjusted. 
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4. RESULTS 

Figure 2 shows the non-spin changing collision 
strengths from the 1 'S state. Figure 2(a) is for the 
low energy region up to 30 eV, giving the matching of 
experimental and R-matrix data. Figure 2(b) is for the 
region above 30 eV, marking the experimental points, 
the preferred curves (solid lines) and the Born approxi­
mation (dotted lines). Figures 3(a) and 3(b) show the 
equivalent results for the spin changing collision 
strengths for 1 'S -n 3 L. 

Table I summarizes the primary choices of experi­
mental data together with assessments of the accuracy 
of the cross-sections over the various energy intervals. 

Table II contains the interval averaged collision strengths 
from the 29-state R-matrix calculations. The averaging 
is over approximately 0.02 Rydbergs. Table in gives 
the assessed experimental data, and Table IV presents 
the familiar Born results at high energy for complete­
ness. Table V gives the Maxwell averaged collision 
strengths over an extended range of temperature. Since 
the detailed behaviour of the collision strength at the 
threshold is not available, it has been assumed to be 
linear in the threshold energy to the first tabulated 
point. The uncertainty associated with this is estimated 
to be <20% at 1 eV and < 1% at 10 eV. A correction 
is introduced for the integral from the last tabulated 
point to infinity according to the transition type. 

TABLE IE. (cont.) 

(b) Experimental 1 'S - n 'P collision strengths and collision strength ratios 
of (n)/(n +1) 

E(eV) 

3.001 

3.20' 

3.501 

4.00' 

4.50' 

5.001 

6.00' 

7.001 

8.001 

9.001 

1.002 

1.202 

1.502 

1.802 

2.002 

2.502 

3.002 

3.502 

4.002 

5.002 

6.002 

8.002 

1.003 

1.503 

2.003 

2 'P 

9.40"2 

1.18-' 

1.59-' 

2.15"' 

2.90"' 

3.43"' 

4.77"' 

5.71' ' 

6.78"' 

7.66"1 

8.44"1 

9.66"' 

1.15° 

1.32° 

1.39° 

1.59° 

1.74° 

1.87° 

1.99° 

2.37° b 

2.32° c 

2.51° c 

2.62° 

2.93° 

3.09° 

(2)/(3) 

5.07 

4.66 

4.89 

4.66 

4.64 

4.46 

4.40 

4.18 

4.18 

4.16 

4.14 

3.99 

4.06 

4,00 

3.99 

4.06 

3.93 

3.93 

3.93 

4.40 

4.17 

4.10 

3.96 

3.98 

3.95 

3'F 

1.85": 

2.54"! 

3.25"3 

4.61"2 

6.24": 

7.69": 

1.08" 

1.37" 

1.62" 

1.84" 

1.04" 

2.42" 

2.83" 

3.31" 

3.48" 

3.931 

4.44" 

4.77" 

5.05" 

5.39" 

5.56" 

6.12" 

6.63" 

7.37L 

7.82" 

(3)/(4) 

2.39 

2.36 

' 
2.21 

2.30 

2.11 

2.28 

2.22 

2.33 

2.45 

2,46 

2.44 

. 2.33 

2.42 

2.48 

2.53 

2.46 

4 'P 

7.77"3 a 

1.96"2 

' 3;48"2 

4.73"2 

7.69"2 

8.94"2 

1.28"' 

1.49:' 

1.81"1 

2.05"' 

2.21"1 

2.39"1 c 

2.53"1 c 

2.67"' 

2.91"' 

3.18"1 

a Donaldson et al. 1972. 
b Too high. 
c de Jongh and Van Eck, v n ICPEAC 1971 Amsterdam. 
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TABLE III. (cont.) 

(c) Experimental 1 'S - n 'D collision strengths and collision strength ratios 
of(n)/(n+l) 

E (eV) . 3 'D (3)/(4) 4 'D (4)/(5) 5 'D (5)/(6) 6 'D 

2.501 

3.001 

3.501 

4.001 

4.501 

5.001 

6.001 

8.001 

1.002 

1.502 

2.002 

2.502 

3.002 

4.002 

5.002 

6.002 

8.002 

1.003 

1.50' 

2.00' 

4.01"' 

5.72"' 

7.25"' 

8.66"' 

9.93"' 

1.09"2 

1.14-2 

1.24"2 

1.20"2 

1.17-2 

1.18"2 

1.21"2 

1.12"2 

1.07"2 

1.01"2 

1.00"2 

1.04"2 

1.04"2 

9.78"3 

9.73"' 

1.83 

1.87 

1.85 

1.86 

1.90 

1.90 

1.90 

1.89 

1.82 

1.82 

1.82 

1.82 

1.82 

1.82 

1.82 

1.82 

1.82 

1.82 

1.82 

1.82 

2.19"' 

3.06"' 

3.92"' 

4.65"' 

5.23"' 

5.77"' 

6.02"3 

6.58"' 

6.61"' 

6.45"3 

6.48"' 

6.64"' 

6.17"3 

5.88"' 

5.56"3 

5.51"' 

5.72"' 

5.73"3 

5.38"' 

5.35"' 

1.71 

1.69 

1.64 

1.68 

1.73 

1.86 

1.86 

1.81 

1.87 

1.87 

1.87 

1.87 

1.82 

1.77 

1.77 

1.74 

1.84 

1.83 

1.83 

1.83 

1.28"' 

1.80"' 

2.39"' 

2.76"' 

3.02"' 

3.10"' 

3.23"' 

3.54"' 

3.53"3 

3.46"' 

3.48"3 

3.38"' 

3.33"3 

3.17"3 

3.10"3 

3.12"' 

2.93-' 

2.91"' 

1.72 

1.72 

1.72 

1.72 

1.72 

1.72 

1.72 

1.72 

1.72 

1.72 

1.72 

1.72 

1.72 

1.72 

1.72 

1.72 

1.72 

1.72 

7.44'" 

1.05"' 

1.39"' 

1.60"' 

.1.76"' 

1.80"' 

1.87"' 

2.06"3 

2.05"' 

2.01"' 

2.02"3 

1.97"' 

1.943 

1.80'3 

1.80"' 

1.81"' 

1.70"' 

1.69"3 

(d) Experimental 1 rS - n 3S collision strengths and collision strength ratios 
of (n)/(n + 1) 

E(eV) 23Sa (2)/(3) 3'S (2)/(4) 43S 

2.001 

2.50' 

3.001 

3.50' 

4.00' 

4.501 

5.001 

6.00' 

7.001 

8.001 

9.001 

1.002 

1.502 

2.002 

2.502 

3.002 

4.002 

5.002 

5.18 2 

4.80"2 

4.76"2 

4.24"2 

3.94"2 

3.50"2 

3.09"2 

2.46"2 

2.05 "2 

1.74"2 

1.35"2 

1.17"2 

5.89"' b 

4.01"' b 

2.92"' b 

2.28"' b 

1.54"' b 

1.04"3 b 

3.29 

. 2.82 

2.41 

2.41 

2.82 

2.82 

3.01 

3.29 

3.29 

3.29 

3.29 

3.29 

3.29 

3.29 

3.29 

3.29 

3.29 

1.46"2 

1.65"2 

1.75"2 

1.64"2 

1.24"2 

1.09"2 

8.02"3 

6.43"' 

5.28"3 

4.14"3 

3.51"3 

1.75"3 

1.20"3 

8.77"" 

6.77"" 

4.68"" 

3.13"" 

7.30 

6.25 

5.88 

5.88 

6.25 

6.25 

6.66 

7.14 

7.14 

7.14 

7.69 

7.14 

7.14 

7.14 

7.14 

7.14 

7.14 

6.60"' 

7.67"' 

7.43"' 

6.65"3 

5.75"' 

4.93"' 

3.72"3 

2.92"' 

2.43"3 

1.88"' 

1.57"' 

8.21"4 

5.65"" 

4.07"" 

3.18"4 

2.17"" 

1.45"4 

a For 2 3S, Johnston and Burrow [26] have a peak in the cross-section at 20.35 eV. 
b 7.14 12 (43S). 
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TABLE in. (cont.) 

(e) Experimental 1 'S - n3P collision strengths 
and collision strength ratios of (n)/(n + 1) 

E(eV) 23P (2)/(3) 33P 

2.501 

3.001 

3.501 

4.001 

5.001 

1.601 

7.001 

8.001 

9.001 

1.002 

1.502 

2.002 

2.502 

3.002 

4.002 

5.002 

6.002 

8.002 

1.003 

6.52"2 

6.35"2 

5.85"2 

5.16"2 

4.09"2 

3.28"2 

2.63"2 

2.34"2 

9.65"3 

6.02"3 

4.18"3 

2.76"3 

1.47'3 

7.94" 

1.25"3 

4.68" 

9.19" 

3.52 

3.58 

3.65 

3.86 

3.62 

3.45 

3.30 

3.46 

3.5 

3.5 

3.5 

3.5 . 

3.5 

3.5 

3.5 

3.5 

3.5 

1.31"2 

1.85"2 

1.84"2 

1.77"2 

1.60"2 

1.34"2 

1.13"2 

9.49"3 

7.97"3 

6.81"3 

2.76"3 

1.70"3 

1.19"3 

8.02" 

4 .18" 

2.21"4 

3 .51" 

1.34" 

2 . 5 1 " 

(f) Experimental 1 'S - n 3D collision strengths 
and collision strength ratios of (n)/(n + 1) 

E(eV) 33D (3)/(4) 43D 

2.80' 

3.001 

3.501 

4.001 

5.001 

6.001 

7.001 

8.001 

9.001 

1.002 

1.502 

2.002 

2.502 

4.002 

6.002 

1.003 

2.76"3 

4.26"3 

3.98"3 

3.28"3 

2.13"3 

1.55"3 

1.29"3 

1.02"3 

9.32" 

8.36" 

4.26" 

2.67" 

1.86" 

1.67" 

2.00" 

2.00" 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

1.38"3 

2.13"3 

1.99 3 

1.64"3 

1.06 3 

7.77" 

6 .43" 

5.08" 

4 .66" 

4 .18" 

2 .13" 

1.30" 

9.19"5 

9.02"5 

9.53"5 

LOO"3 

TABLE IV. BORN APPROXIMATION RESULTS 
AT HIGH ENERGY 

(a) Born approximation 1 'S - n 'S collision strengths 
and collision strength ratios of (n)/(n + 1) 

E (eV) 2 'S (2)/(3) 3 !S (3)/(4) 4 'S 

1.003 

1.503 

2.003 

3.O03 

4.003 

5.003 

1.80"' 

1.80"' 

1.81-' 

1.81"' 

1.81"' 

1.81"' 

4.44 

4.44 

4.44 

4.44 

4.44 

4.44 

4.05"2 

4.06"2 

4.07"2 

4.08"2 

4.08"2 

4.08"2 

2.61 

2.61 

2.61 

2.61 

2.61 

2.61 

1.55"2 

1.56"2 

1.56"2 

1.56"2 

1.56"2 

1.56"2 

(b) Born approximation 1 'S - n 'P collision strengths 
and collision strength ratios of (n)/(n + 1) 

E(eV) 2'P (2)/(3) 3'P (3)/(4) 4'P 

7.002 

1.003 

1.503 

2.003 

3.O03 

5.O03 

2.45° 

2.70° 

2.99° 

3.19° 

3.48° 

3.84° 

4.05 

4.05 

4.05 

4.06 

4.06 

4.06 

6.05"' 

6.67"' 

7.37"' 

7.87"' 

8.57"' 

9.45"' 

2.49 

2.49 

2.49 

2.49 

2.49 

2.50 

2.43"' 

2.67"' 

2.95"' 

3.15"' 

3.43"' 

3.79"' 

(c) Born approximation 1 'S - n 'D collision strengths 
and collision strength ratios of (n)/(n +1) 

E (eV) 3 'D (3)/(4) 4 'D 

1.003 

1.503 

2.003 

3.O03 

4.003 

5.O03 

9.42"3 

9.49"3 

9.53 "3 

9.56"3 

9.58"3 

9.59"3 

.88 

.88 

.88 

.88 

.88 

.88 

5.01"3 

5.05"3 

5.08"3 

5.09"3 

5.11"3 

5.10"3 
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TABLE V. MAXWELL AVERAGED COLLISION STRENGTHS OVER 
AN EXTENDED TEMPERATURE RANGE 

(a) Maxwell averaged 1'S - n 'L collision strengths 

T- (eV) 

1.00° 

2.00° 

3.00° 

4.00° 

5.00° 

7.00° 

1.001 

1.50' 

2.00' 

3.00' 

4.00' 

5.001 

7.00' 

1.002 

1.502 

2.002 

3.002 

4.002 

5.002 

7.002 

1.00' 

2.003 

3.00' 

4.00' 

5.00' 

7.003 

1.004 

2'S 
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4.19"2 
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4.67"2 

5.04"2 

5.05"2 

6.11"2 

6.61 "2 

7.40"2 

8.04"2 

8.59"2 

9.48"2 

1.05"' 

1.17"' 

1.25"', 

1.37"' 

1.44"1 

1.49"' 

1.561' 

1.62"' 

1.71"' 

1.74"' 

1.76"' 

1.77"' 

1.78"' 

1.79"' 
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6.69"' 

7.01"' 

7.13"' 

7.21"' 

7.32"' 

7.64"' 

8.30"' 

9.43"' 

1.04"2 

1.21"2 

1.34"2 

1.45"2 

1.62"2 
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2.08"2 

2.28"2 

2.57"2 

2.77"2 

2.92"2 
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3.33"2 

3.65"2 
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2.02"' 

2.42"' 
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2.99"' 
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3.55"3 

3.92"' 

4.35"' 
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5.60"3 

5.97"' 
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7.35"' 

8.31"3 

9.05"3 
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1.08"2 

1.14-2 

1.22"2 . 

1.29"2 

1.40"2 

1.44"2 

1.47"2 

1.48"2 

1.50;2 

1.52"2 

3'D 

4.11"' 

4.32"' 

4.58"3 

4.86"3 

5.13"3 

5.67"3 

6.38"' 

7.30"' 

7.99"3 

8.91"3 

9.49"3 

9.88"3 

1.04"2 

1.07"2 

1.09"2 

1.10"2 

1.09"2 

1.08"2 

1.07"2 
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1.01"2 
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2.00"' 

2.26"3 

2.48"3 

2.67"3 
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3.41"' 
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4.29"' 

4.80"3 

5.12"' 

5.33"3 

5.61 "3 

5.82"3 

5.95"3 

5.98"3 
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5.93"3 
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5.80"' 

5.71 "3 

5.51"3 

5.41"3 

5.35"3 

5.31"3 

5.25"3 

5.21 "3 

2 'P 

1.64"2 

2.61"2 

3.62"2 

4.68"2 

5.78"2 

8.07"2 

1.16 ' 

1.74"' 

2.30"' 

3.32"' 

4.22"' 

5.03"' 

6.43"' 

8.16"' 

1.04° 

1.22° 

1.48° 

1.67° 

1.81° 

2.04° 

2.28° 

2.75° 

3.03° 

3.22° 

3.36° 

. 3.56° 

3.77° 

3 'P 

3.79"' 

6.47"3 

9.09"3 

1.17"2 

1.44"2 

1.99"2 

2.84"2 

4.24"2 

5.60"2 

8.12"2 

1.04"' 

1.24"' 

1.60"' 

2.03"' 

2.59"' 

3.02"' 

3.65"' 

4.12"1 

4.48"' 

5.05"' 

5.66"' 

6.83"' 

7.50"' 

7.96"' 

8.30"' 

8.80"' 

9.30"' 

4 'P 

1.48"' 

2.70"' 

3.90"' 

5.11"3 

6.33"3 

8.84"3 

1.27"2 

1.91 2 

2.53"2 

3.67"2 

4.66"2 

5.54"2 

7.04"2 

8.83"2 

1.11"' 

1.28"1 

1.53"'. 

1.72"1 

1.86"' 

2.08"' 

2.31"' 

2.77"' 

3.03"' 

3.21"' 

3.34"' 

3.54"' 

3.74"'. 
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ABSTRACT. The recommended cross-sections of de Heer et al. (this issue) for electron impact excitation of the 
n l , 3L (n < 4-6) states of helium from its ground state have been represented by analytic expressions containing only 
four to five fitting parameters. The database for the transitions to triplet states has been extended in the high energy 
region by additional Born-Ochkur calculations. The available data for electron impact ionization of He(l 'S) and 
He (21,3S) have also been assessed and represented by analytic fits. The analytic fits represent the recommended data 
with an rms deviation well within the uncertainty of the data. 

1. INTRODUCTION 2. ANALYTIC EXPRESSIONS 
FOR EXCITATION CROSS-SECTIONS 

An analytic representation of atomic cross-section 
data or reaction rate coefficients is always desirable 
from the point of view of their use in various applica­
tion codes. This is particularly true when the amount 
of data to be introduced into an application (e.g. plasma 
modelling or diagnostics) code is large. Besides its 
practical advantages, analytic formatting of the data, if 
based on solid physical grounds, may also be useful 
for extrapolation purposes. In the ALADDIN database 
of the International Atomic Energy Agency, the atomic 
collision cross-sections are normally stored in form of 
analytic functions supplemented by the values of the 
corresponding fitting coefficients for each cross-section. 

In the present paper we provide relatively simple and 
uniform analytic formulas for the recommended cross-
sections for electron impact excitation of the first several 
singlet and triplet states of the helium atom from its 
ground state. The numerical cross-section database to 
which the proposed analytic expressions have been 
fitted is that of de Heer et al. [1]. For the transitions 
in the triplet term series, the recommended database of 
Ref. [1] has been extended to the high energy region 
(up to 5 keV) by new theoretical calculations in the 
Ochkur approximation provided by Shevelko [2], In 
Section 2, the choice of the analytic expressions for the 
cross-sections and the determination of their fitting 
parameters are briefly discussed. In Section 3, the values 
of the fitting parameters are given and the quality and 
validity range of the fits is discussed. 

We represent the electron impact excitation cross-
section ay for the i — j transition in the usual form: 

where E is the incident electron density in Rydberg 
units, a;, is the statistical weight of the initial state, 
tyj(X) is the collision strength and X = E/AEy is the 
collision energy in threshold units (AEy is the excita­
tion energy). As discussed in Ref. [1], the collision 
strength fljj(X) at high values of X shows certain regu­
lar patterns for a given type of i — j transition: it tends 
to a constant for the spin conserving optically forbidden 
transitions, it is proportional to lnX for the optically 
allowed transitions and it is proportional to X"2 for the 
spin forbidden transitions. In the threshold region 
(X — 1), fiij(X) usually exhibits a sharp decrease for 
most of the transitions. In the intermediate region of 
X, fi(X) can be expanded in inverse powers of X. 
Guided by these properties of Qy(X) and following the 
earlier experience in analytic fitting of electron impact 
excitation cross-sections [3, 4], we have adopted the 
following expressions for fi(X) to fit the recommended 
data of Ref. [1]: 

l 'S - n 'S; n 'D; 1 'S - n3P; n3D 

(2a) 
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TABLE I. VALUES OF THE FITTING PARAMETERS 
THE TRANSITION ENERGIES AE, 

Transition AEij- A] A; 

Is 'S - (eV) 

2s'S 

3s'S 

4s'S 

5s 'S 

6s 'S 

2p'P 

3p'P 

4p'P 

3d'D 

4d 'D 

5d'D 

6d'D 

2s 3S 

3s 3S 

4s 3S 

2p3P 

3p3P 

3d3D 

4d3D 

20.61 

22.92 

23.67 

24.01 

24.19 

21.22 

23.09 

23.74 

23.07 

23.74 

• 24.04 

24.21 

19.82 

22.72 • 

23.59 

20.96 

23.01 

23.07 

23.74 

1.8732(-l)a 

4.0898(-2) 

1.5387(-2) 

7.7808(-3) 

4.2253(-3) 

1.2306(-4) 

2.3265(-2) 

4.5198(-2) 

9.4306(-3) 

5.0543(-3) 

2.8630(-3) 

1.7551(-3) 

1.6077(-3) 

1.4346(-4) 

3.7705(-5) 

6.0203(-6) 

1.1608(-6) 

9.2318(-10) 

1.0935(-7) 

-2.8806(-l) 

-1.3324(-1) 

-4.6305(-2) 

-2.6702(-2) 

-1.5233(-2) 

-4.9534(-l) 

-1.5645(-1) 

-1.1197(-1) 

. 2.6771(-2) 

1.7876(-2) 

6.4713(-3) 

1.9242(-3) 

5.3368(-l) 

1.1585(-1) 

4.6867(-2) 

-2.0588(-3) 

-3.2505(-4) 

-4.2120(-6) 

2.166(-5) 

a a(-b) = a x lO'". 
b Theoretical values. 

l 'S - n 'P 

«(X) = ( A , + ^ + ^ . A 4 l „ x ) ( i ^ i y 
(2b) 

l 'S - n3S 

The number of terms in the. above expansions has 
been chosen to achieve a prescribed accuracy of the 
fits for a given class of transitions (rms deviation of 
10-12% in our case) with a minimum number of fitting 
parameters. The constant At in Eq. (2b) has been fixed 
at its theoretical value, A4 = ^kojfjj/AEjjCRy), where fy 
is the oscillator strength. Since no restriction has been 
imposed on the sign of the parameters A2-A4 in Eqs (2), 
the high energy E~3 behaviour of aSi(E) for the spin 
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A; IN Eqs (2) AND OF 

A3 A4 A5 rms 

(%) 

1.3589(-1) 

2.2846(-l) 

7.4398(-2) 

4.9135(-2) 

2.8548(-2) 

6.1713(-1) 

1.8723(-1) 

8.6180(-2) 

^6.8326(-2) 

-4.3079(-2) 

-1.5538(-2) 

-4.4939(-3) 

-1.0601 

-1.6744(-1) 

-5.9202(-2) 

6.7094(-l) 

1.4814(-1) 

l.*9195(-2) 

1.0716(-2) 

1.7397(-1) 

-1.1951(-1) 

-3.9669(-2) 

-2.7484(-2) 

-1.6014(-2) 

7.085(-l)b 

1.736(-l)b 

6.923(-2)b 

3.6579(-2) 

2.4534(-2) 

7.5518(-3) 

1.4452(-3) 

6.1023(-1) 

6.6875(-2) 

1.7539(-2) 

-5.7470(-l) 

-1.3766(-1) 

-1.2276(-2) 

-3.9355(-3) 

5.4268(-l) 

3.3456(-l) 

1.7198(-1) 

4.1853(-1) 

4.4802(-l) 

6.0006(-l) 

7.9383(-l) 

7.7622(-l) 

3.6564(-2) 

2.1977(-1) 

• 3.4587(-2) 

1.7771(-3) 

4.6491(-1) 

1.3179(-1) 

3.0710(-1) 

5.4484(-l) 

10.9 

6.0 

5.5 

4.0 

5.8 

4.9 

5.6 

2.6 

2.1 

2.5 

2.6 

3.6 

15.1 

12.5 

11.6 

8.5 

9.2 

11.1 

1.0 

forbidden transitions is not violated, at least up to .5 keV 
(the upper limit of the numerical data range). The func­
tion [(X - 1)/X]A5 in Eqs (2a) and (2b) has been intro­
duced to describe the threshold behaviour of Q(X). Note 
that the threshold behaviour of the 1 'S — n 3S cross-
section is different from that for other transitions (i.e. it 
is finite at the threshold), and that A5 may have very 
small values (or zero) for some transitions (see Table I). 

In determining the fitting coefficients in Eqs (2) 
for the transitions to singlet states, we have used the 
recommended collision strength data from Tables II-IV 
of Ref. [1]. For the transitions to triplet states, we have 
used the data of these tables up to 300 eV for n3S, 
500 eV for n3P and 250 eV for n3D. Since in the 
energy range 250-500 eV it cannot be expected that 
the cross-section for these transitions has an asymptotic 
E"3 behaviour, new cross-section calculations have been 
performed [2] within the Ochkur approximation for the 
energy range from 100 eV to 5 keV. The new theoretical 
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data have been normalized to the recommended data of 
Ref. [1] in the energy range of their mutual overlap 
(the correction factors being 1.92 for n3S, 1.57 for 
n3P and 10 for n3D), thus ensuring a correct behaviour 
of the recommended cross-sections at high energies. In 
some cases (43S, 33P, n3D) the normalization had to 
be performed in the energy range 200-300 eV in order 
to match the gradients of the two sets of data. 

3. PARAMETRIZED EXCITATION 
CROSS-SECTIONS 

The fitting of Eqs (2) to the above discussed numerical 
data sets has produced the values of fitting parameters 
A!-A5 shown in Table I. The rms deviation for each fit 
is also shown in.the table. Most of the rms deviation 
comes from the region around and below the cross-
section maximum. The rms values are well below the 
uncertainties of the original data. We mention once 
again that the parameter A4 in Eq. (2b) has been fixed 
at its asymptotic value derived from the oscillator 
strength (see Section 2). 

In order to illustrate the quality of the fits, we give in 
Figs 1-4 four typical examples, where both the original 
points (open circles) and the fitting curves (solid lines) 
are shown. The open triangles at E = 10 and 20 keV 
in Fig. 2 have been generated by using only the A4 lnX 
term of Eq. (2b), which gives accurate values of the 
collision strength at these energies. The open triangles 
in Figs 3 and 4 are normalized theoretical data of 
Shevelko [2]. 

In Figs 5-10 we show all the considered excitation 
cross-sections as generated by Eqs (2) with the coeffi­
cients given in Table I. The accuracy of these cross-
sections in the energy range up to 5 keV is the same 
as that for the original data. For the singlet term series 
the assessed cross-section accuracy is about 20-30% for 
E < 40 eV, 10-15% for 40 eV < E < 500 eV, and 
5-10% for E > 500 eV. (Exceptions are 2 'S and n'D, 
which in the intermediate energy range may have some­
what higher (-20-25%) uncertainty.) For the triplet 
term series, the assessed cross-section accuracy is about 
30% (40% for 33D) for E < 100 eV and possibly 
slightly higher for E > 100 eV. In view of the correct 
representation of the high energy cross-section behaviour 
by Eqs (2), one can use these expressions with the 
coefficients given in Table I to extend the recommended 
excitation cross-sections (within the same accuracy), at 
least up to several hundred keV. Above 1 MeV, the 
relativistic corrections to the cross-sections become 
significant. 
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FIG. 1. Cross-section for l'S — 2'S excitation of He. Circles 
denote the recommended data from Ref. [1]; the solid line is the 
present analytic fit (Eq. (2) and Table I). 
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FIG. 2. Same as Fig. 1, but for the l'S - 2'P transition. The 
triangles denote data generated from the Bom asymptotics. 
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FIG. 3. Cross-section for l'S -~ 2 S excitation of He. Circles 
denote the recommended data from Ref [1]; triangles denote 
normalized data from the Ochkur approximation. The solid line 
is the analytic fit of the data (Eq. (2) and Table I). 

FIG. 5. Cross-sections for 1 'S — n'S excitation of He by electron 
impact generated by Eq. (2) with the values of the parameters At 

from Table I. 
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We have checked the IT3 scaling of the cross-sections 
for all transitions considered. For the 1 'S — n 'S and 
1 'S — n'D transitions, we have found that for n = 5 
and n = 6 this scaling is satisfied to within 10% at low 
energies and to 5% at high energies. For the 1 'S — 3 'P, 
4 !P transitions, we found that the n~3 scaling is satis­
fied to within 15% at lower energies and to 3-5% in 
the energy region around and above the cross-section 
maximum. Therefore, within the accuracy of the data 
for ff(4'P) and o ^ ' S ^ ' D ) , the cross-sections ff(n'P) 
for n > 5 and <x(n 'S; n *D) for n > 7 can be calculated 
from 

ff(n'P) = a(4 'P) n > 5 (3a) 

a t n ' S V D ) = ( —) a ^ ' S ^ ' D ) n > 7 (3b) 

For the 1 'S — n3S and 1 'S — n3P transitions, we 
have found that for n = 3 and n = 4 the n~3 scaling is 
satisfied to within 3-5% in the entire energy range 
considered, while for the 1'S — n3D transitions 
(n = 3,4) the scaling is satisfied only to within a 
20% uncertainty (at lower energies) and a 40% uncer­
tainty (at higher energies). To within these uncertainties, 
the excitation cross-sections for higher triplet states can 
be obtained from 

<r(n3P) ff(33P) n > 4 

(j(n3S;n3D) = ( — j <r(43S;43D) n > 5 

(3c) 

(3d) 

4. IONIZATION CROSS-SECTIONS 

The electron impact ionization cross-section data for 
ground state helium were previously assessed by Bell 

et al. [5], and the recommended cross-section was 
parametrized by the expression 

a [cm2] 21 = 

(4) 

where the collision energy E and ionization potential I 
are expressed in eV units and A, are fitting coefficients. 
After this assessment was made, new experimental data 
were reported by Montague et al. [6] and Shah et al. 
[7]. Within their experimental uncertainty, the new data 
agree well with the recommended cross-section of Bell 
et al. The values of the parameters A( in Eq. (4) are 
given in Table II. It should be .noted that the coeffi­
cient At can be related to the continuum oscillator 
strength df/de by 

' " ' (5) de A, = 8.39 X 10-2I[eV] _ , _ , _ , . 
) 0 (E + e) de 

where e is the energy of ejected electrons. 
The ionization of 2 3S and 2 'S metastable states of 

helium has been studied theoretically by Briggs and 
Kim [8] and Taylor et al. [9, 10] within the Born 
approximation. We note that the theoretical cross-
sections of Ref. [8] are larger than those of Refs [9, 10] 
by 60% for 23S and by 40% for 2 'S. For 23S, there 
also exist experimental cross-section measurements by 
Long and Geballe [11] and Dixon et al. [12], covering 
the energy range from the threshold up to 1 keV, and 
overlapping in the region 6-18 eV. The experimental 
data of Dixon et al. [12] agree well at high energies 
with the theoretical predictions of Briggs and Kim [8]. 
We have fitted these experimental data (the data of 
Long and Geballe [11] were taken only up to 10 eV) 
to the analytic expression (4) in which the coefficient 
A] has been fixed at its theoretical value 0.165 [8, 9]. 
The obtained values of the fitting coefficients A2-A5 

are given in Table II. Figure 11 shows the experimental 

TABLE II. VALUES OF THE FITTING PARAMETERS IN Eq. (4) 

Transitions 

He(rS)-He + 

He(23S) - He + 

He(2'S) - He + 

He( l 'S) -He 2 + 

a Theoretical value. 
b a(-b) = a x 10"b. 

I 
(eV) 

24.58 

4.77 

3.99 

78.98 

A, 

0.572 

0.165a 

0.2145 

1.3233(-6)b 

A2 

-0.344 

-0.29791 

. -0.38728 

+ 8.2077(-3) 

A3 

-0.523 

4.4626 

5.8013 

-6.6759(-2) 

A4 

3.445 

- 9.4135 

-12.238 

+2.9780(-l) 

A5 

-6.821 

6.4685 

8.4090 

-1.9248(-1) 

A6 

5.578 

— 
— 
— , • 

rms 

(%) 

8.5 

10.5 
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CO 

o 

10' 
Energy(eV) 

FIG. 11. Electron impact ionization cross-section for He (2 3S). 
The circles and stars denote the data from Ref. [11] and Ref [12], 
respectively. The solid curve is the analytic fit to the data (Eq. (4)), 
with the parameter values given in Table II. 

while Refs [9, 10] give a 15% higher value for this 
ratio. Judging from the variations of similar ratios for 
the excitation cross-sections (see Ref. [1]), one can 
expect that the extension of the value of 1.3 (which we 
adopt here) to lower energies should not introduce an 
uncertainty greater than 30%. Therefore, the para­
meters Aj for the 2 'S ionization cross-section shown 
in Table II have been obtained by multiplying the cor­
responding fitting coefficients for the 2 3S cross-section 
by 1.3. 

Shah et al. [7] have also measured the electron 
impact double ionization cross-section of He(l 'S) in 
the energy range from the threshold up to 10 keV. We 
have fitted these data (accuracy of about 10%) to the 
expression (4), and the obtained values of the fitting 
coefficients are given in Table II. The data and their 
fit are shown in Fig. 12. 

He + e -» He 

10" 
Energy (eV) 

FIG. 12. Electron impact double ionization cross-section for 
He (1 'S). The circles denote experimental data from Ref. [7]; 
the solid curve is the fit of the data by Eq. (4). 

data (symbols) and the cross-section obtained by the 
above described fitting procedure (full line). 

For the ionization of He (2 !S), no experimental data 
are available. The theoretical calculations in Ref. [8] 
show that the cross-section ratio <r(2lS)/a(2 3S) for 
energies above 100 eV is constant and close to 1.3, 
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ABSTRACT. The database on helium excitation in heavy particle collisions is examined. A critical evaluation of 
existing data together with new calculations for specific transitions leads to recommended cross-section curves for the 
most important of these processes in fusion plasma applications. 

1. INTRODUCTION 2. EXCITATION IN H^HeCS) COLLISIONS 

Helium atom excitation by heavy particle impact is 
one of the basic atomic collision processes. A number 
of experimental groups have investigated the H +-He 
system in the 1960s and the early 1970s, concurrent 
with theoretical studies based on the Born approxima­
tion. Higher charged projectiles have been used in a 
series of experiments in the last five years. Theoretical 
work for strongly perturbed systems, i.e. higher 
charged or slow collision systems, has concentrated on 
hydrogen targets. Such work is still relevant to systems 
with helium targets in so far as it deals with the scaling 
properties of excitation cross-sections. 

In this paper we review the status of present know­
ledge about electron excitation by Aq+-He collisions 
in the energy range of 10-1000 keV/amu — the range 
of primary interest for applications to processes in 
fusion plasmas. We also present results of calculations 
that have been performed within the close coupling 
scheme with atomic basis sets [1], for a few systems 
and transitions where the available information is dis­
crepant or where there is no information at all. One 
particularly striking conflict has hitherto evaded notice 
and has been discovered, for H+-He collisions, in the 
course of this work. It highlights the virtual neglect of 
low energy excitation processes by theory, for a variety 
of reasons [1], until very recently. 

In Section 2, the H+-He system is discussed. In 
Section 3, He excitation by higher charged projectiles, 
Aq+ (q > 1), is considered, as well as the scaling 
properties of cross-sections with projectile charge. 
Details of the experimental results are presented by 
Anton et al. [2] in this issue. Section 4 presents theo­
retical results for excitation of pre-excited helium 
He*(2 *S) by heavy particle impact. A summary of 
the achievements and of missing information on these 
collision systems is given in Section 5. 

The database of excitation cross-sections for 
H+-He(1S) collisions before 1972 has been reviewed 
by Thomas [3]. In the following, we will draw from 
that monograph, but include additional information 
which either has been published more recently or has 
been generated in the course of this work. 

2.1. Excitation of n'S states 

As has been discussed by Thomas [3], the measured 
cross-sections for population of the 4 'S state by Van 
den Bos et al. [4], Dodd and Hughes [5], Thomas and 
Bent [6], and Robinson and Gilbody [7] all agreee on 
the relative energy dependence in the respective over­
lapping energy regions (20-350 keV). On the other 
hand, the absolute magnitudes do not agree within the 
quoted errors. 

At higher energies (200-1000 keV), Hasselkamp 
et al. [8] have addressed the problem of absolute nor­
malization. The claimed absolute accuracy of their 
measured 4'S excitation cross-section is 10%. Within 
this range of uncertainty, the data by Hasselkamp et al. 
agree, at the highest energy point of 1 MeV, with the 
result of the first Born approximation by Bell et al. 
[9]. Thus, it is possible to construct a consistent set 
of 4 'S cross-sections by taking the data of Hasselkamp 
et al. as a standard and renormalizing the other data 
accordingly. In Fig. 1, the resulting cross-sections are 
displayed; the original data from Refs [5], [6] and [7] 
have been multiplied by factors of 0.69, 1.74 and 1.39, 
respectively. The data by Van den Bos et al. [4] are 
consistent with those by Hasselkamp et al. 

For excitation to the 5 'S state, it has been observed 
by Van den Bos et al. [4] that the ratio of cross-sections 
<r(5'S)/CT(4'S) is, within 15%, the same in all experi­
ments [4-7] at high energies and agrees with the Born 
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FIG. 1. Excitation cross-sections to n 'S states in H*-He collisions. 
Experimental data are by Van den Bos et al. [4] (circles for 
3 'S-5 !S), Dodd and Hughes [5] (squares), Thomas and Bent [6] 
(triangles), Robinson and Gilbody [7] (diamonds), Hasselkamp et 
al. [8] (X), Scharmann and Schartner [10] (+), and Kvale et al. 
[11] (circles for 2 !S). All data are renormalized, as explained in 
the text, except for the data from Refs [8] and [11]. The calculated 
curves are from the Born approximation [9] (solid), from two-
electron close coupling calculations with MO [12] (triple-dot-
dashed line) and with AO [13] (dotted line) basis sets, and from 
the one-electron close coupling calculation (dashed lines) of this 
work. The inverted triangles designate an assessment of high 
energy 2'S cross-sections by scaling the 4'S cross-sections from 
Ref. [6], see text. 

prediction. As a standard for 5 'S cross-sections, we 
have therefore taken the data by Thomas and Bent [6], 
multiplied by a factor of 1.6, which derives from the 
postulate that the cross-section ratio at high energies is 
the same as that in the Born approximation. The other 
data from Refs [4], [5] and [7] have then been renor­
malized to this chosen standard by adopting factors of 
0.92, 0.83 and 1.74, respectively. The resulting cross-
sections are displayed in Fig. 1. We note that the low 
energy data from Ref. [7] fall outside the trend of the 
other 5 'S cross-sections. 

For excitation to the 3 'S state, we chose as standard 
the data by Scharmann and Schartner [10] as normal­
ized by Thomas [3]. This again can be justified by the 
requirement that the cross-section ratio a(3 'S)/CT(4 'S) 
at high energy should be correctly predicted by the 
Born calculation. The data of Dodd and Hughes [5] 
agree with this standard at overlapping energies and 
the data of Van den Bos et al. [4] agree witii it after 
renormalization with a factor of 0.74. The resulting 
cross-section curves are displayed in Fig. 1. For the 
3 'S-5 'S states, a set of recommended cross-section 
curves may be deduced by straightforward graphical 
smoothing of the set of curves in Fig. 1. 

Excitation to the 2 'S helium state is less well 
known. Figure 1 shows, besides the result of the Born 
approximation, the data by Kvale et al. [11], and the 
results of the close coupling calculations by Kimura 
and Lin [12] and by Slim et al. [13]. Surprisingly, the 
cross-sections from the two-electron MO calculation 
[12] seem to drop too fast with energy, compared to 
the trend of the 3 'S-5 'S cross-sections. The cross-
sections from the two-electron AO model [13] display 
the expected trend at their low energy end, but there is 
a curious structure around 80 keV. 

As part of this work, we have investigated He exci­
tation in H +-He collisions within the close coupling 
description and a one-electron potential model. Details 
of this work together with results for n 'P states have 
been reported elsewhere [14]. In Fig. 1 we show 
results for 2 'S and 3 'S excitation. The calculated 3 'S 
excitation cross-sections are very close to the renor­
malized data curve in Fig. 1, except beyond 40 keV. 
Hence, one would expect that the calculated 2 *S 
cross-sections are also reasonably reliable; they 
certainly follow the undulatory trend of the other 
cross-section curves. 

Clearly, the 2 'S cross-sections are the most uncer­
tain in the n'S sequence. As recommended cross-
sections, one may take, at high energies, the rescaled 
(by a factor of 11.6, see Fig. 1) 4'S cross-sections 
from Ref. [6], following a suggestion by de Heer et al. 
[15]. At lower energies, the curve from this work is 
expected to be the most reliable one below 25 keV. 
These two curves may then be linked smoothly, 
approximately along the line suggested by the results 
from Ref. [13], but without the structure at 80 keV. 

2.2. Excitation of n 'P states 

For the series of cross-sections to n 'P states, 
Thomas [3] has identified the data by Van den Bos 
et al. [4], Thomas and Bent [6] and Scharmann and 
Schartner [10] as the most reliable. The latter data 
are now superseded by more recent measurements of 
Hasselkamp et al. [8] and Hippler and Schartner [16]. 

At high energies, the cross-sections measured by 
Hippler and Schartner [16] for 2 'P-4 'P states are con­
sidered reliable; above about 500 keV they agree with 
the results of the Born approximation [9]. The data by 
Thomas and Bent [6] for transitions to 3 'P and 4 'P 
states, after being renormalized with factors of 0.94 
and 1.6, respectively, are consistent with those num­
bers. For the transition to the 5 'P state, the data from 
Ref. [6] have been normalized to the Born results [9] 
at high energies by applying a factor of 1.75. The data 
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FIG. 2. Excitation cross-sections to n 'P states in H+-He collisions. 
For an explanation of the symbols, see caption to Fig. 1, 
except for the following: diamonds designate the data by Hippler 
and Schartner [16], inverted triangles the data by Park and 
Schowengerdt [17], and circles for the 2'P state the data by 
Kvale et al. [11]. 

of Van den Bos et al. [4] can be brought to harmony 
with these results by applying factors of 0.75, 1.14 
and 1.47 for the 3 'P, 4 'P and 5 lP states, respectively. 
Figure 2 shows the cross-sections which result from 
this procedure. As it turns out, the low energy 5 'P 
cross-sections by Van den Bos et al. appear to be too 
high. More reliable cross-sections for this state (and 
for higher-n states) are derived by scaling the 4 'P 
cross-sections, with factors which are derived from 
the ratio of Born cross-sections at 1000 keV. 

For excitation to the 2 'P state at high energies, 
the data by Hippler and Schartner [16] are in good 
harmony with the Born results [9]. At lower energies, 
these data are consistent with the data by Park and 
Schowengerdt [17] and those by Kvale et al. [11], 
except at 25 keV where the latter data differ by more 
than a factor of two. The results calculated within the 
MO close coupling scheme by Kimura and Lin [12] 
appear to decrease much too fast with decreasing 
energy. The 2 'P cross-sections from the AO close 
coupling scheme by Slim et al. [13] are closer, at their 
low energy end, to what is expected from the trend of 
cross-sections for the higher-n states. In Fig. 2, these 
results are shown, together with the results from the 
one-electron close coupling scheme of this work (see 
also Ref. [14]). The present results for the 3 'P state 
agree closely with the renormalized data by Van den 
Bos et al. [4], up to an energy of 40 keV. We would 
assume that the calculated 2 'P cross-sections [14] are 
definitely more reliable than the MO results [12] below 

an energy of 30 keV. The two-electron close coupling 
scheme employed in Ref. [13] is expected, in principle, 
to yield better results than the one-electron close 
coupling scheme. Still, in view of the data [17], we 
would recommend a 2 'P cross-section curve which 
interpolates the data of Refs [16, 17] and continues, 
to lower energy, along the calculated results of this 
work and of Ref. [14]. 

2.3. Excitation of n lD states 

As detailed by Thomas [3], the data by Van den Bos 
et al. [4], Thomas and Bent [6] and Scharmann and 
Schartner [10] are the most reliable for the n 'D transi­
tions. These data can be put to an absolute scale by 
adopting the data by Hasselkamp et al. [8] for 4 'D 
excitation as a standard and by postulating that the 
cross-section ratio in the n 'D series at 1 MeV be the 
same as the ratio of model cross-sections from the 
Born approximation [9]. The renormalized cross-
section data are displayed in Fig. 3. They have been 
derived by applying factors of 0.78, 1.7 and 1.92, 
respectively, to the 3 'D, 4 'D and 5 'D data from 
Ref. [10] (as cited in Ref. [3]), a factor of 1.72 to the 
4 'D data from Ref. [6], and factors of 0.82, 0.90 and 
1.12, respectively, to the 3 'D, 4 'D and 5 'D data 
from Ref. [4]. The calculated 3 'D excitation cross-
sections from this work are also displayed in Fig. 3. 
They are seen to agree closely with the low energy 
data from Ref. [4]. At energies beyond 30 keV, these 
calculated results are not reliable, as has been observed 
also for the other transitions. 
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FIG. 3. Excitation cross-sections to n 'D states in H*-He collisions. 

For an explanation of the symbols, see caption to Fig. 1. 
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3. EXCITATION IN Z^-He^S) COLLISIONS 

In the following discussion of He excitation by 
heavy ions (Z > 1) it is always understood that any 
effect of the projectile core can be neglected, except 
for screening of the projectile charge. This is generally 
true in not too slow collisions with a projectile in a 
high charge state. Helium excitation by He+ projectiles 
is an extreme example for a case where core excitation 
and electron exchange cannot be discounted; such 
cases are not considered here. 

Janev and Presnyakov [18] have shown that model 
np excitation cross-sections in Zq+-H collisions lie 
on universal curves. The assumptions adopted in 
the 'dipole approximation close coupling' model of 
Ref. [18] have been shown later [19] to be rather 
severe. Improved calculated 2p excitation cross-
sections scale only (with Z) at energies beyond the 
cross-section maximum. Another observation in 
Ref. [19], that cross-sections for H+ projectiles may 
not lie on the otherwise universal curve, cannot be 
maintained after publication of the further improved, 
near-converged calculations for the He2-H system 
[20]: the cross-sections for He2+ and H + impact 
(on H targets) lie on universal curves at high energies, 
while deviations occur at lower energies [20]. Typical 
deviations are by a factor of two, down to lOkeV/amu, 
but they may become larger at lower energies. It can 
be expected that such conclusions apply also to systems 
with helium targets. 
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In their review of the experimental situation, 
Anton et al. [2] arrive at similar conclusions for exci­
tation to higher n'L states (n > 2), except that there 
is indication that cross-sections from proton impact do 
deviate from the otherwise universal curves in a syste­
matic manner, even at higher energies, and increasingly 
so for higher-L or higher-n final states. Still, within a 
factor of two, there is agreement between the scaled 
cross-section curves for all projectiles. 

For the purpose of this work, we have determined 
excitation cross-sections for He2-He collisions within 
the close coupling scheme and a one-electron potential 
model for the active electron. In the atomic orbital 
basis we have included the n = 1-3 He+ transfer 
states and the n = 2-4 excited states of He. Figure 4 
shows the calculated, scaled excitation cross-sections to 
2s and 2p He states. They seem to tie in smoothly 
with the Born cross-sections for the H+-He system [9] 
at higher energies. At lower energies they show struc­
tures which are specific for this particular system. 
Such structures are known to occur in the H+-H 
system [1], and recently they have also been observed 
in calculations for the He2+-H system [20]. 

Figure 5 shows the calculated, scaled excitation 
cross-sections to the n = 3 He states from this work. 
Again, they seem to tie in smoothly with the (scaled) 
Born results at higher energies. The calculated cross-
sections are also in harmony with the empirical 
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universal curves from the data set of Anton et al. [2] 
and, for the 3'P state, with the available data [2] for 
this system. These data give no indication for the onset 
of structures at low energy, but they do not exclude it 
either. We note that, for higher-Z projectiles, cross-
sections for individual systems may still show struc­
tures at low energy, while an averaged, universal 
curve does not. Low energy excitation certainly needs 
further investigation. 

4. EXCITATION IN Z«+-He(2 'S) COLLISIONS 

There are no data on collisions with excited helium, 
and, until very recently, there was only one theore­
tical assessment [21], within the dipole approximation 
close coupling model [18], of excitation cross-sections 
in H+-He(n) collisions. As part of this work, we 
have determined 3 *L excitation cross-sections in 
H+-He(21S) collisions, within the close coupling 
method, in conjunction with a one-electron model for 
the active electron. The cross-section for 2 'P excitation 
has been determined with a two-electron description. 
Details have been reported elsewhere [22]. 

The calculated excitation cross-sections are shown 
in Fig. 6. The cross-section for the He 3 'D state is 
seen to be the largest one in the 3 'L manifold, in the 

considered energy range, but it is still much weaker 
than that in the DACC assessment [21] of the 3 'P 
cross-section. This indicates that the available DACC 
estimates [21] for the cross-sections in question are 
inadequate. 

In the absence of other, independent information, 
it is still an open question how accurate the cross-
sections from this work really are. The calculated 
2 'P cross-section from a two-electron description is 
within 20% of another result derived with a one-
electron model. It should be considered to be rather 
model insensitive and accurate to within 20%. The 
3 'L cross-sections at low energy are certainly less 
reliable, and further work needs to be done. At higher 
energies, they tie in with other results derived within a 
two-state, two-electron description; in this case, an 
accuracy of about 20% may again be expected. At 
this point, cross-sections to higher-n states have to be 
constructed by applying n~3 scaling to the 3 'L cross-
sections. This is, however, a particularly unsafe 
procedure at low energies. This is also true for 
applying CT/Z versus E/Z scaling for deriving cross-
sections for higher-Z impact excitation. 

No information is available for excitation from the 
He 23S state. Using the cross-sections for the cor­
responding singlet states would give a reasonable 
first guess. 
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FIG. 6. Calculated excitation cross-sections for H*-He (2 'S) 
collisions. The dotted lines show results of two-electron, two-state 
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the dash-dotted line shows the 3 'P excitation cross-section [21] of 
the dipole approximation close coupling model. The other curves 
show cross-sections for the 2 'P and 3 'L excited states from the 
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5. CONCLUSIONS 

The database for excitation in H+-He(l 'S) colli­
sions appears to be well established in the energy 
range 10-1000 keV, with accuracies estimated to be at 
the 10-20% level. Larger discrepancies remain for the 
2 "L final states at low energy, and this work contains 
specific suggestions on recommended cross-section 
curves. These recommendations agree within a few 
per cent with the independent evaluation by de Heer 
et al. [15]. More work is needed to put these recom­
mendations to a stringent test. 

For the higher-Z projectiles, experimental work 
suggests universal cross-section curves, for a few tran­
sitions to 3 'L-5 'L states, for projectiles with Z > 1. 
Theoretical work on hydrogen targets suggests that 
excitation to the 2 'L states may be constructed from 
scaling the proton impact data. Uncertainties in these 
procedures are in the 30-50% range, with larger 
uncertainties applying at low energies or low projectile 
charge. For He2 impact, we have calculated specific 
cross-sections for excitation to 2 'L and 3 'L states. 
Cross-sections for higher-n final states may be con-
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structed from scaling of the 3 'L cross-sections, with 
the scaling factors being taken from the high energy 
behaviour of Born cross-sections. More work needs to 
be done in order to achieve a more accurate database. 

Finally, there is now improved theoretical informa­
tion about excitation in H+-He(21S) collisions. Scaling 
in both Z and the n quantum numbers of the final 
states may readily be applied for broadening of the 
database. More theoretical work is required for further 
improvements in the database. 
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ABSTRACT. The paper presents a new assessment of cross-section data for excitation of He(l 'S) by proton impact 
at energies higher than 10 keV (in a few cases 6 keV). Data for excitation to n 'L states of He (n < 4, L = S, P and 
D) are given in tables. The data at high energy (—1000 keV) are linked to the first Born approximation, and data at 
low energies are linked in some cases to the close coupling atomic orbital results of Fritsch, who also made a critical 
evaluation of the cross-sections for excitation of helium by protons. 

1. INTRODUCTION 

A new assessment of proton impact cross-section 
data for excitation of helium from its 1 'S ground state 
is presented. As in the case of our studies of helium 
excitation by electron impact [1] and electron capture 
from helium by protons [2], this work was initiated in 
connection with the installation and recent use of 3He 
and 4He neutral heating beams on the JET tokamak [3]. 
The impact energy range covered extends to higher 
impact energies than the ones which are of direct 
interest for the present beam based diagnostics on JET 
(energies smaller than 200 keV) in order to be also of 
relevance to possible future helium beam based 
diagnostics. For ITER, neutral heating beams of a few 
hundreds of keV/amu are foreseen to closer match the 
velocity of fusion produced alpha particles [4]. 

Schematically, the processes studied here are given 
by 

H+ + He(l 'S) -* H+ + He'Cn'L) (1) 

Except for the 2 'S state, the excited states decay under 
photon emission and so it is appropriate to study helium 
excitation by means of photon emission spectroscopy 
with measurement of absolute intensity. Therefore, this 
paper brings back into memory the often forgotten 
compilation by Thomas [5] of optical experiments in 
ion-atom collisions. Besides, it includes more recent 
work of this kind by Schartner's group, for example, 

Refs [6, 7]. As mentioned before, the 2 'S state of 
helium cannot be observed optically, and for the exci­
tation of this state we have considered the energy loss 
experiments of Park's group [8, 9], who also measured 
the 2 'P excitation for which optical work has only been 
performed by Hippler and Schartner [7]. The most 
recent compilation of cross-section data has been pro­
vided by Barnett [10]. Our recommended cross-sections 
sometimes deviate from those given in that work. 

Simultaneously with our study, Fritsch [11] has 
made a critical evaluation of existing data for helium 
excitation in heavy particle collisions, including proton 
impact, together with new calculations within the close 
coupling framework, with atomic basis sets applied to 
excitation of helium 2 'L and 3 'L levels. Our analysis 
of proton impact has many overlaps with the work 
of Fritsch and therefore we only give some comple­
mentary and relevant information, i.e. data tables of 
recommended excitation cross-sections. 

2. RESULTS AND DISCUSSION 

Compared with the compilation of Thomas [5], the 
principal new contribution in this paper is the inclusion 
of more recent experimental [6, 7, 9] and theoretical 
[11, 12] work. Generally, we confine ourselves to 
impact energies above 10 keV. In the article of Thomas 
we can see that the cross-sections obtained by the various 
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TABLE I. PRIMARY CHOICES OF EXPERIMENTAL AND THEORETICAL DATA 

H + + He(l 'S) - H+ + Hefn'L) 

Excited state 

2 'S 

3'S 

4 'S 

2 'P 

3 'P 

4 'P 

3 'D 

4 'D 

Energy range 
(keV) 

6-28 
40-250 
150-1000 

>1000 

10-150 
200-1000 
>1000 

10-150 
200-1000 

>1000 

6-28 
30-150 
150-1000 

>500 

10-150 
150-1000 
>500 

10-150 
200-1000 

>1000 

10-150 
200-1000 

>1000 

10-150 
200-1000 
>1000 

Method 

AO 
11.6(j(4'S) 
11.6 CT(4'S) 

Born 

Optical experiment, 
2.61 <r(4'S) 
Born 

Optical experiment 
Optical experiment 
Born 

AO 
4.09 a(3 'P) 
Optical experiment 
Born 

Optical experiment, 
Optical experiment 
Born 

Optical experiment, 
Optical experiment 
Born 

Optical experiment, 
1.88 <7(4'D) 
Born 

Optical experiment, 
Optical experiment 
Born 

x 0.784 

xO.82 

x l . 25 

X0.8 

X0.9 

Refs 

Fritsch [11] 
Van den Bos et al. [14] 
Hasselkamp et al. [6] 
Bell et al. [13] 

Van den Bos et al. [14] 
Hasselkamp et al. [6] 
Bell et al. [13] 

Van den Bos et al. [14] 
Hasselkamp et al. [6] 
Bell et al. [13] 

Fritsch [11] 

Van den Bos et al. [14] 
Hippler and Schartner [7] 
Bell et al. [13] 

Van den Bos et al. [14] 
Hippler and Schartner [7] 
Bell et al. [13] 

Van den Bos et al. [14] 
Hippler and Schartner [7] 
Bell et al. [13] 

Van den Bos et al. [14] 
Hasselkamp et al. [6] 
Bell et al. [13] 

Van den Bos et al. [14] 
Hasselkamp et al. [6] 
Bell et al. [13] 

Accuracy 

- 2 0 % 
20-10% 
<10% 
< 5 % 

30-10% 
<10% 
< 5 % 

30-10% 
<10% 
<5% 

- 2 0 % 
20-10% 
<10% 
<5% 

30-10% 
<10% 
< 5 % 

30-10% 
<10% 
< 5 % 

30-10% 
<10% 
< 5 % 

30-10% 
<10% 
<5% 

Note: Fritsch [11] used the following correction factors in the case of the data of Van den Bos et al. [14]: 0.74 for 3 'S, 0.75 for 3 'P, 
1.14 for4'P, 1.47 for 5'P, 0.82 for 3'D, 0.9 for 4'D and 1.12 for 5'D. 

groups often show approximately the same energy 
dependence, but differ in absolute scale. Therefore, 
Thomas often applied a normalization procedure at one 
impact energy and then plotted the data again in one 
graph. 

In order to establish an absolute scale, we generally 
give preference to the data of Schartner's group [6, 7] 
(for 2'P, 3'P and 4'L levels) between 150 and 
1000 keV, because at high energies they merge very 
well with the data from the Born approximation. The 
corresponding cross-sections have been calculated by 
Bell et al. [13]. At these relatively high energies, we 
assume for the missing levels (2 lS, 3 'S, 3 'D and n 'L 
(n > 4)) that the cross-section ratios in a term series 
are independent of energy and have the same values as 

in the Born approximation. It appears experimentally 
that this ratio is even approximately constant down to 
about 40 keV. Thus, deviations are largest for the lower 
levels in a term series where the difference in excita­
tion energy is relatively the largest. This can be seen 
in the low energy experimental data of Van den Bos 
et al. [14] and the calculations of Fritsch [11] and 
Slimet al. [12]. 

As noted before, data below 150 keV often differ in 
absolute scale and have to be normalized. In this work 
we have often given preference to the optical data of 
Van den Bos et al. [14] between 1 and 150 keV and 
fitted them to the high energy data of Hasselkamp et al. 
[6] and Hippler and Schartner [7], for the following 
two reasons: The energy dependence of the cross-
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TABLE n. RECOMMENDED EXCITATION CROSS-SECTIONS (in units of 1020 cm2) 

H+ + He(l lS) - H+ + H e ^ L ) 

E (keV) 

6 

8 

10 

12.5 

•14 

15 

17.5 

20 

25 

28 

30 

35 

40 

50 

60 

70 

80 

90 

100 

110 

120 

130 

140 

150 

200 

300 

400 

500 

600 

700 

800 

1000 

2'S 

71.1 

241 

460 

598 

536 

567 

547 

520 

523 

483 

451 

407 

372 

343 

317 

287 

256 

219 

145 

110 

87 

69.6 

59.2 

53.4 

41.8 

3'S 

27.4 

36.1 

43.1 

84.6 

112 

116 

128 

131 

112 

94.7 

102.6 

89.3 

90.8 

83.0 

77.8 

67.6' 

69.8 

63.7 

49.3 

32.6 

24.8 

19.6 

15.7 

13.3 

12.0 

9.4 

4'S 

8.82 

10.4 

11.5 

20.6 

33.8 

40.8 

44.8 

48.9 

47.1 

44.8 

45.1 

41.7 

38.9 

35.1 

32.1 

29.6 

27.3 

' 24.7 

22.1 

18.9 

12.5 

9.5 

7.5 

6.0 

5.1 

4.6 

3.6 

2'P 

194.5 

331.3 

311.4 

295.3 

428 

425 

512 

556 

793 

954 

958 

1152 

1183 

1273 

1340 

1306 

1333 

1350 

1287 

1211 

1006 

864 

787 

682 

647 

568 

505 

3'P 

45.5 

89.3 

101 

100 

104 

125 

136 

194 

234 

234 

282 

289 

311 

328 

320 

326 

330 

323 

299 

256 

220 

197 

178 

165 

150 

129 

4'P 

14.8 

32.5 

40.0 

40.0 

45.6 

52.5 

56.3 

75.0 

87.5 

98.7 

117 

114 

119 

144 

131 

135 

129 

130 

117 

101 

93 

77 

72 

63 

58 

51 

3'D 

19.5 

27.0 

29.9 

37.1 

38.7 

29.9 

21.8 

23.4 

26.7 

32.0 

29.3 

29.1 

27.9 

25.8 

23.3 

21.6 

20.0 

18.9 

18.1 

17.1 

16.1 

12.8 

7.1 

6.0 

4.5 

3.9 

3.2 

2.8 

2.1 

4!D 

12.6 

16.7 

16.5 

13.5 

11.6 

10.2 

10.4 

11.9 

13.1 

13.7 

14.2 

13.6 

13.3 

12.8 

11.4 

11.2 

10.3 

9.81 

8.91 

8.19 

6.0 

3.8 

3.2 

2.4 

2.1 

1.7 

1.5 

1.1 

Born cross-section (Bell et al. [13]) 

1000 

1500 

2000 

3000 

4000 

5000 

39.2 

19.78 

13.23 

9.94 

7.96 

8.83 

4.46 

2.98 

2.24 

1.79 

3.38 

1.71 

1.14 

0.857 

0.686 

502.6 

304.2 

223.6 

178.8 

150.0 

124.2 

75.1 

55.1 

44.1 

37.0 

49.9 

30.1 

22.1 

17.7 

14.8 

2.035 

1.374 

1.037 

0.696 

0.524 

0.420 

1.08 

0.732 

0.552 
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sections of Van den Bos et al. [14] is close to the 
average of various data sets, as shown by Thomas [5], 
and in several cases their absolute scale agrees within 
experimental errors with that of Schartner's group 
[6, 7]. The scaling factors for the data of Van den Bos 
used in the fitting procedure are mostly close to those 
of Fritsch [11], but they deviate in a few cases, as 
indicated below. 

The experimental energy loss measurements of 
Kvale et al. [9], giving cross-sections for 2 !S and 2 'P 
at 25, 50, 75 and 100 keV, generally confirm the con­
sistency of our procedure. 

Table I summarizes the primary choices of experi­
mental and theoretical data, together with the assess­
ments of the accuracy of the cross-sections over the 
various energy intervals. Table n summarizes the 
recommended cross-sections for excitation to the 
different He (n *L) levels, where n < 4 and L = S, P 
and D from the He(l 'S) ground state. For n > 4, we 
recommend to extrapolate the cross-sections with the 
same ratios as in the Born approximation at 100 keV 
(see Ref. [13], where these cross-sections are tabulated 
up to 71S, 6 'P and 61D). For higher n values, one may 
extrapolate according to the n*"3 proportionality, where 
n* is the effective principal quantum number. All these 
extrapolated cross-sections have approximately similar 
errors as the corresponding n = 4 levels at comparable 
impact energies. 

Excitation to the n 'F (G,H,...) levels is relatively 
small and negligible. 

3. CONCLUSIONS 

As was also pointed out by Fritsch [11], the excita­
tion cross-sections for H + - He(l 'S) collisions are 
generally well established, particularly in the energy 
range relevant for nuclear fusion applications, i.e. for 
more than 10 keV impact energy. The higher the impact 
energy, the more accurate were the cross-sections 
obtained experimentally and theoretically. Generally, 
near 1000 keV, the theoretical Born values are expected 
to be within 5%. At lower impact energies, optical 
experiments give data accurate to 10% down to about 
150 keV, and, at still lower energies, the scaled 
experimental data are expected to have uncertainties of 

10-30% from 100 keV down to 10 keV. Close coupling 
extended atomic orbital calculations have been used to 
predict missing experimental data for 2 'S and 2 'P at 
low energies [11] which appear to be consistent with 
experiment for 3 'S, 3 'P and 3 ]D below about 30 keV. 
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HEAVY ION IMPACT EXCITATION OF HELIUM: 
EXPERIMENTAL TOTAL CROSS-SECTIONS 

M. ANTON, D. DETLEFFSEN, K.-H. SCHARTNER 
I. Physikalisches Institut, 
Justus-Liebig-Universitat Giessen, 
Giessen, Germany 

ABSTRACT. The paper presents a collection of total cross-sections for the excitation of n 'P , n 'S and n 'D levels 
of helium by projectiles with charges between lq, and 12eo and for specific energies between 35 and 800 keV/u. 
Earlier results are included. The cross-sections are shown to fulfil a scaling relation with respect to projectile charge 
and velocity for q a 2. Mean curves through die experimental data are derived with an averaging procedure. 

1. INTRODUCTION 

The mean free path of fast neutral particles such as 
helium in plasmas can be reduced by the presence of 
highly charged impurity ions [1, 2]. Their influence 
results mainly from multistep processes producing 
excited He atoms in. the first step and ionization out of 
the excited state in the second step. Calculations of the 
mean free path considering such multistep processes 
make use of a scaling relation of the total excitation 
processes which was based in its first derivation on a 
close coupling dipole approximation for hydrogen exci­
tation [3, 4] but which can also be derived classically 
[5]. Recently, detailed theoretical studies of the exci­
tation of He have been presented [6] and only one 
experimental investigation of the subject existed up to 
now [5]. A second set of data is published here, with 
more attention given to the lower specific energies. 

2. EXPERIMENTAL 

The excitation process under consideration reads 
schematically 

Aq+ + He - Aq+ + He* 

where * stands for 3 >P, 4 'P, 3 'S, 4 'S, 5 'S, 3 'D, 
4 'D and 5 'D. Partially stripped projectiles with charge 
q were used. For the determination of me cross-
sections the optical method was applied. The apparatus 
used by us is different from the one used in the first 
investigation [5]; it was originally designed to deter­
mine cross-sections for the five magnetic substates of 
the He-4 'D level [7]. It consists of a differentially 
pumped gas target which ensures single collision con­

ditions. The observed fluorescence light is visible and 
the wavelengths range from =430 nm to 505 nm. 
Interference filters and polarization foils within a 
telescopic lens system were used. For details of the 
experimental set-up and procedure (e.g. cascade 
correction) the reader is referred to Refs [5] and [7], 
respectively. 

The cross-sections published in Ref. [5] were 
measured using 0 6 + , Ne7+, Cr15+, Ni16+, Ge18+, 
Xe24+, U33+, Bi45+ at 1.4 MeV/u, Si6+ between 143 
and 1000 keV/u, Si 3 + ' 4 + 8 + ' 1 0 + at 500 keV/u, Cu5+ 

between 63.5 and 365 keV/u and Cu6+ '8+ '10+-12+ at 
444 keV/u. The experiments for 1.4 MeV/u were carried 
out at the linear heavy ion.accelerator UNILAC at 
the Gesellschaft fur Schwerionenforschung, Darmstadt 
[8]. In our case, we used Si3 + '6 + '8 + between 150 and 
800 keV/u, C u ^ between 63.5 and 254 keV/u, He + + 

between 40 and 160 keV/u and H+ between 35 and 
250 keV/u. The cross-sections for He + + and H + 

impact were measured with a 400 kV accelerator, 
while the Cu and Si ions were produced in a 4 MV 
tandem accelerator. The ion beams from both accelera­
tors could be focused into the same target. All experi­
ments with Si, Cu, He and H ions were carried out at 
the Dynamitron Tandem Laboratorium, Bochum. The 
absolute cross-sections given in Ref. [5] were obtained 
by normalization on reliable published cross-sections 
for electron impact excitation which are cited in 
Ref. [5]. The new data were obtained by normalization 
on cross-sections for proton impact excitation of He. 
1 MeV protons from the tandem accelerator were used 
to normalize the cross-sections for Cu and Si impact. 
The cross-sections for H+ and He+ + impact, measured 
with the 400 keV accelerator, were normalized on the 
proton impact cross-sections at 200 keV. 
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3. CROSS-SECTIONS 

The scaled excitation cross-sections are presented in 
Figs 1-7, where we plot a/q = f(v2/q), with q denoting 
the projectile charge and v the projectile velocity. This 
scaling relation is the one mentioned in the introduc­
tion (Refs [3, 5]). In Figs 2, 3, 4, 6 and 7 the data for 
Siq+ impact from Ref. [5] are included for comparison. 
The cross-sections for excitation of the 3 'S and 3 'D 
level (Figs 1 and 5) have not been published so far [9] 
and, to our knowledge, no other data for these levels 
and for q > 2 are available. The dashed line in the 
figures is a guiding line through the recommended 
cross-sections for proton impact [10]. 

o 5 0 -

FIG. 1. Scaled excitation cross-section a/q for the 3 'S state as a 
Junction of the scaled specific energy E/mq: • — Gels+, Bi45+; 

A - Cuq+ (6 < q s 10); + - Cus+; x - Si6+; • - Siq+ 

(3 < q < 10) from Ref. [9]; full line: average curve through 
data for q > 2 (see text); dashed line: average curve through 
recommended H+ data from Ref. [10]. 

50 100 
E/ (mq) (keV/u) 

FIG. 2. Scaled excitation cross-section a/q for the 4 !S state as a 
function of the scaled specific energy E/mq: x — Si6+; • — Siq+ 

(3 < q < 10) (from Ref. [9]); A - H+; O - He ++; 
a - Si3+; v - Si6+S+; • - Cus+; o - Cuq+ (6<q<,10); 

full line: average curve through data for q £ 2 (see text); dashed 
line: average curve through recommended H+ data from Ref. [10]. 

10 50 100 
E/ (mq) (keV/u) 

500 

FIG. 3. Scaled excitation cross-section a/q for the 5 'S state 
as a function of the scaled specific energy E/mq: X — Si6+; 

• - Siq+ (3 < q < 10) (from Ref. [9]); A - H+; o - He ++; 

D - Si3*; v - Si6+-8+; o - Cuq+ (6 < q < 10); full 
line: average curve through data for q a 2 (see text); dashed 
line: average curve through recommended H+ data from Ref. [10]. 

31P 

' S S „ 1-

10 50 100 500 
E / (mq) (keV/u) 

FIG. 4. As Fig. 3, but excitation of the 3 'P state. Error bars give 
the maximum statistical error. 

10 50 100 500 
E/[m-q) (keV/u) 

FIG. 5. As Fig. 1, but excitation of the 3'D state. 
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FIG. 6. As Fig. 3, but excitation of the 4 *D state. 

: a ^ 

ot .— i ,——_ 
10 50 100 500 

E/lm-q) (keV/u) 

FIG. 7. As Fig. 3, but excitation of the 5'D state. 

There is good agreement between our heavy ion 
data and the Si cross-sections from Ref. [5] within the 
error bars of the absolute cross-sections. These are 
estimated to be 30%, where the contribution of the 
statistical error is 10-15% in the case of He+ + impact 
and 5% in all other cases. In some cases, e.g. for 
the 4 'S and 5 'S levels, the cross-sections for proton 
impact show deviations of about 20% from the recom­
mended energy dependence for energies below 50 keV. 
The cross-section value for 100 keV proton impact is 
certainly systematically too low for all levels and 
should be disregarded. In all cases, only the proton 
impact data seem to differ significantly from the scaled 
data with q > 2. This deviation is systematic in the 
sense that the cross-sections for proton impact excita­
tion exceed the scaled cross-sections for heavy ion 
impact for the n 'S levels, while they are smaller for 
the n'D and n 'P levels. The largest difference is 
observed for the n 'D levels. The experimental condi­
tions did not allow to study finer details, for example 
the convergent behaviour of the scaled cross-sections 
as a function of q, if this exists. 

HEAVY ION IMPACT EXCITATION OF HELIUM 

The experimental cross-sections are consistent with 
the assumption that the shape of the scaling function f 
is the same within each n 'L series, with L = S,P,D. 
Moreover, a aa — n~3 relation is valid. 

For a simpler use of the presented experimental 
results in calculations of the neutral beam stopping we 
derived smooth curves through all data points with 
q > 2. These curves were obtained by calculating first 
a weighted mean, xmean, ymean, of six to nine adjacent 
experimental values, with \{ = (E/mq)j and yi = (a/q)i-
The reciprocal values of the relative statistical errors 
Ay; of the scaled cross-sections were taken as weighting 
factors: 

"-•=( s ifE i) 
y~-(S^T"')/(s^-) 

It has to be stressed that for both x and y the weight 
was 1/Ayi. At the low and high energy end of the data 
sets, additional average values were calculated from 

TABLE I. AVERAGED VALUES FOR THE 
SCALED EXCITATION CROSS-SECTION a/q 
GIVEN BY THE AVERAGING AND INTER­
POLATING PROCEDURE DESCRIBED IN 
THE TEXT 

E/mq 

(keV/u) 

15 

20 

30 

40 

50 

60 

70 

80 

90 

100 

110 

120 

130 

140 

150 

160 

3'S 

65.7 

74.7 

93.6 

103.2 

102.9 

96.6 

88.9 

82.1 

76.3 

71.2 

66.6 

62.4 

58.4 

54.5 

50.7 

46.8 

4'S 

14.2 

24.2 

33.4 

36.1 

34.2 

31.1 

28.1 

25.3 

22.8 

20.6 

18.7 

17.0 

15.7 

14.6 

13.7 

12.8 

a/q (10"2° 

5'S 

6.99 

11.9 

17.9 

19.0 

18.9 

18.2 

17.0 

15.8 

14.6 

13.5 

12.4 

11.4 

10.6 

9.85 

9.25 

8.67 

3'P 

106 

132 

181 

227 

269 

302 

327 

345 

359 

369 

377 

381 

382 

379 

374 

367 

sm2) 

3'D 

25.8 

38.6 

56.4 

62.1 

64.0 

62.8 

59.3 

54.5 

49.1 

44.1 

40.1 

37.0 

34.1 

31.8 

29.2 

26.3 

4'D 

10.9 

16.3 

23.8 

26.2 

27.0 

26.5 

25.0 

23.0 

20.7 

18.6 

16.9 

15.6 

14.4 

13.4 

12.3 

11.1 

5'D 

6.30 

8.89 

12.1 

12.6 

12.4 

11.8 

11.0 

10.3 

9.55 

8.90 

8.30 

7.76 

7.27 

6.84 

6.45 

6.07 
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three points each. Finally, the mean values were con­
nected by a natural cubic spline [11]. The procedure 
was tested using Monte Carlo simulated data. The 
good agreement between the model functions under­
lying the simulated data and the averaged curves 
supported the use of the procedure described above. 
Nevertheless, it was not applied to the 3 'D level 
because of the small number of experimental data 
points. In this case, the full line in Fig. 5 was obtained 
from the result for the 4 'D level in Fig. 6 using the 
an ~ n"3 relation. 

The results are presented in Table I. Without losing 
accuracy, the curves for the 3 'P, the 4 'S and the 4 'D 
levels might be used as basic curves, while the scaled 
cross-sections for all other levels can be calculated 
using the CT„ ~ n 3 relation. 

Summarizing, we have presented total cross-sections 
for the excitation of n 'S, n 'P and n 'D levels of He by 
highly charged ions. The scaling relation a„/q = f„(v2/q) 
has been shown to hold within 30% for 2 < q < 12 
and for scaled specific energies E/mq between 20 and 
150 keV/u. Smooth curves for the functions fn have 
been derived to simplify the use of the cross-sections 
in calculations of the neutral beam stopping in plasmas. 

For scaled specific energies E/mq below 20 keV/u, 
the cross-sections are probably not in accordance with 
the scaling relation. Fritsch et al. [4, 12] showed that 
for the excitation of atomic hydrogen, scaled cross-
sections for ff/q for different charge states q obtained 
with close coupling calculations differ by more than 
a factor of two in this E/mq range. The first Born 

approximation is generally believed to be an adequate 
theory for scaled specific energies E/mq higher than 
200 keV/u, but it is in accordance with the scaling 
relation only for dipole forbidden transitions. 
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REVIEW OF EXPERIMENTAL DATA ON 
ELECTRON CAPTURE AND IONIZATION FOR 
COLLISIONS OF PROTONS AND MULTIPLY CHARGED IONS 
WITH HELIUM ATOMS AND IONS 

H.B. GILBODY 
Department of Pure and Applied Physics, 
The Queen's University of Belfast, 
Belfast, Northern Ireland, United Kingdom 

ABSTRACT. Cross-sections relating to electron capture, transfer ionization and pure ionization in collisions of 
protons and multiply charged ions with helium are considered in terms of both the available experimental data and 
scaling relations. The data on charge transfer in collisions between He+ ions and other simple ions are also discussed. 
The possible influence of fast metastable atoms in collision processes involving helium beams is considered in terms 
of the available experimental data. 

1. INTRODUCTION 

Accurate cross-section data for collision processes 
involving both electron capture and ionization are 
required for a better understanding of helium atom 
beam penetration into fusion plasmas and for schemes 
relevant to alpha particle diagnostics. The energies of 
primary interest are in the range 10-1000 keV/u. 
Recommended data for some of these processes based 
on an evaluation of both experimental results and 
theoretical predictions have been given by Barnett [1] 
for ions of hydrogen, helium and lithium in collisions 
with helium atoms. Electron capture data for other 
multiply charged ions have been compiled by Huber 
and Kahlert [2]. 

In this short review, the experimental data on cross-
sections for electron capture and ionization in colli­
sions of helium atoms with ions are considered. Pro­
tons and fully stripped ions are of primary interest, 
although partially stripped ions may also be important 
in the context of impurities. The available data apply 
mainly to helium atoms in the ground state, although 
mere have been some measurements relating to the 
formation and collisional destruction of fast metastable 
atoms. Some relevant data on collisions of helium ions 
with positive ions are also considered. 

2. COLLISIONS WITH 
GROUND STATE HELIUM ATOMS 

2.1. Identification of the processes 

The following processes involving ground state 
helium atoms are considered: 

One-electron capture 

X«+ + He - X("-1)+ + He+ (1) 

with the cross-section qoO"(q-i)i which includes all final 
ground and excited product states. 

Two-electron capture 

X"+ + He - X("-2)+ + He2+ (2) 

with the cross-section qoO"(q-2)2 f° r capture into bound 
states of X*-i-2)+. 

Transfer ionization 

X"+ + He - X(<>-1)+ + He2+ + e (3) 

with the cross-section qoC(q-i)2 which could include 
contributions from processes involving two-electron 
capture into states which undergo autoionization. 

Pure single ionization 

X"+ + He - Xq+ + He+ + e (4) 

with the cross-section q0ffql. 

Pure double ionization 

Xi+ + He - Xq+ + He2+ + 2e (5) 

with the cross-section q0o"q2. 

2.2. Experimental methods 

For many years, a variety of experimental tech­
niques (see for example Massey and Gilbody [3]) have, 
been used to obtain data on these processes. However, 
few of the methods used can provide data on all the 
individual processes (l)-(5). In the widely used 
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beam/static gas target approach, in which the primary 
Xq+ ion beam is passed through a thin helium target, 
studies of the yields of either the fast X(q"1)+ or the 
X<i-2>+ product ions can provide total cross-sections for 
either one- or two-electron capture with an accuracy 
within 10%. In the condenser plate method, which has 
been used in a number of different variants, measure­
ments of the yields of slow ions and electrons from a 
well defined path length in the target gas provide only 
total cross-sections for slow ion or electron production 
which require careful interpretation. Some of the most 
careful measurements of this type have been carried 
out by Rudd et al. [4], but discrepancies of up to 
about 50% between the results of different investiga­
tors are not unusual. 

In a different experimental approach, first used by 
Afrosimov et al. [5], slow product ions are extracted 
from a well defined target region, charge analysed and 
then counted in delayed coincidence with the charge 
analysed products arising from the same collision 

events. In this way, it is possible in principle to deter­
mine separate cross-sections for all the individual 
processes. More recently, Shah and Gilbody [6, 7] 
have developed a crossed beam method in which slow 
product ions arising from the crossed beam region are 
extracted with high efficiency, analysed by time-of-
flight mass spectrometry and counted in coincidence 
with either the electrons or the charge analysed fast 
ion collision products from the same events. This 
method, originally developed for studies of collisions 
involving hydrogen atoms, has since been applied to 
stable targets including helium [8, 9]. Measurements 
must be normalized to well established cross-sections, 
and in this way cross-sections for the individual 
processes (l)-(6) have been determined with estimated 
accuracies well within 10%. 
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FIG. 1. Cross-sections ^pql for single ionization of helium by H*, 
He2* and Li3* ions together with other relevant data. 
Coincidence measurements of qgaql: • , © , O — Shah and 
Gilbody [8] for H*, He2+ and Li3+ impact; B — Knudsen et al. 
[10] for H+, He2* and Li3+ impact; U - Afrosimov et al. [11] 
for He2+ impact. 

Condenser plate measurements of total cross-sections aefor electron 
production: O — Rudd et al. [4] for H+impact; A — Puckett 
et al. [12] and Puckett and Martin [13] for He2* and H* impact; 
H — Pivovar et al. [14] for Li3* impact. 

Theory for ^pql: , ^pql calculated by Bell and 
Kingston [15] using the Bom approximation. 
Electron impact ionization; cross-sections for single ioniza­
tion by equivelocity electrons measured by Montague et al. [16]. 
(Figure adapted from Ref. [8]). 
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1 ' •"" 
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Energy (keV/ul 

FIG. 2. Cross-sections for ionization and electron capture in 
collisions of protons with helium. 

Coincidence measurements: O — 1(pu and igjl2, Shah and 
Gilbody [8]; X — l0al2, Knudsen et al. [10]; • (1(pm + np^). 
Shah and Gilbody [8]; D — 1(Po2, Shah and Gilbody [8]. . 
Condenser plate and beam-static gas measurements: 
A — U(Poi + i<flo2>> Rudd et al. [4]; B — (I0a0, + igj02), 
Toburen et al. [21]; B — (iaj01 + jgj^), Stier and Barnett [22]. 
(Figure adapted from Ref. [8]). 
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FIG. 3. Cross-sections for ionization and electron capture in 

collisions of He2+ ions with helium. 

Coincidence measurements: O — 2aa21 and 2o"22- Shah and 
Gilbody [8]; x — 20a22, Knudsen et al. [10]; B , © — 2Cp21, 

2<P22> 2cPii and 2<fi2- Afrosimov et al. [11]; » — 20a„, 
Shah and Gilbody [8]; • — (2^u + 20a02), Shah and Gilbody [8]. 
Beam-static gas measurements: A — (20au + 2<Pn)- Hvelplund et 
al. [23]; — 2<Pm> recommended values, Barnett et al. [24]. 
(Figure adapted from Ref [8]). 
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FIG. 4. Cross-sections for ionization and electron capture in 
collisions of Li3+ ions with helium. 

Coincidence measurements: O — 3(p31 and 30a32, Shah and 

Gilbody [8]; x — 30a32, Knudsen et al. [10]; a — 3tia22, Shah 

and Gilbody [8]; U — 3(p12, Shah and Gilbody [8]; t> — 30a21, 

Shah and Gilbody [8]; • — (3Cp21 + 30a22), Shah and Gilbody [8]. 

Beam-static gas measurements: a — (30a2l + 3(p22), • 
Pivovar et al. [14]. 
(Figure adapted from Ref. [8]). 

2.3. Experimental data 

Cross-sections for the individual processes (l)-(5) 
for H + , He2+ and Li3+ impact have been measured 
experimentally, but results are sparse for more highly 
charged primary ion species. The most comprehensive 
and accurate data for H + , He2+ and Li3+ impact have 
been obtained by Shah and Gilbody [8] at energies in 
the range 50-2400 keV/u. Additional measurements by 
Shah et al. [9] for H+ and He2 + extend the data down 
to energies of 9 keV/u and 6 keV/u, respectively. 

Figure 1 shows the cross-sections q0<rql for single 
ionization of helium by H + , He2+ and Li3+ impact 
based on coincidence counting studies together with 
total electron production cross-sections ae based on the 
condenser plate technique. The values of ae include 
contributions from processes (3) and (5) as well as 
from process (4) and are therefore expected to be 
larger than the corresponding values of ^a^. Single 
ionization cross-sections calculated using the Born 

approximation, also included for comparison, indicate 
that the predicted Z2 scaling (where Z is the atomic 
number of the fully stripped primary ion) of cross-
sections only appears reasonable at high velocities 
which increase as Z increases. Cross-sections for single 
ionization by equivelocity electrons can be seen to 
become equal to the corresponding cross-sections for 
proton impact at high velocities, as predicted by the 
Born approximation. At the lower impact velocities 
where the Born approximation is in poor accord with 
experiment, calculations by Fainstein et al. [17], based 
on the continuum-distorted-wave-eikonal-initial-state 
model (not shown) for H + , He2+ and Li3+ impact, are 
found to provide a much better description of the 
experimental data. 

In Figs 2, 3 and 4, cross-sections for the electron 
capture and ionization channels (l)-(5) are shown for 
H+ , He2+ and Li3+ impact. In all cases the main con­
tribution to He+ formation at high energies is provided 
by the single ionization cross-section q0aql, while at 
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10 000 
Energy (keV/u) 

FIG. 5. Ratio R = ^p^^p^ of the double to single ionization 
cross-sections for helium bombarded by H*, He2* and Li3* ions. 

• , m, A - H*. He2+, Li3* impact, Shah and Gilbody [8]; 
O , a , A - H*. He2*, Li3* impact, Knudsen et al. [10]; 

B — He2* impact, Afrosimov et al. [11]. 
(Figure adapted from Ref. [8]). 

low energies the simple one-electron capture cross-
section qoffq-ui is dominant. The total cross-sections 
for one-electron capture which comprise the sum 
(qô q-Di + qo

ff(q-i)2) can be seen to contain contribu­
tions from the transfer-double ionization process (3) 
which increases as q increases. 

The double ionization cross-sections q0CTq2 in Figs 2, 
3 and 4 can be seen to maximize at about the same 
velocity as the corresponding single ionization cross-
sections q0ffqi, but they are at least an order of magni­
tude smaller and decrease more rapidly at higher 
velocities. Figure 5 presents the values of the cross-
section ratio R = qo^/qo^qi for double to single ioni­
zation. At high velocities, the values of R appear to 
decrease towards a common velocity independent limit 
which is consistent with the 'shake off mechanism of 
double ionization described by McGuire [18]. At lower 
velocities, below 100 keV/u, where a molecular 
description of the collision is appropriate, the values of 
R are rising to a second maximum. 

Data for primary ions of higher q are sparse, but 
McGuire et al. [19] have considered experimentally 
measured cross-sections for both single and double 
ionization by ions which include C6+ , Fe15+, Kr18+, 
Fe20+, U36+, Gd37+ and U w + at a fixed energy of 
1.4 MeV/u. For charge states q < 6, the single ioni­
zation cross-sections are consistent with the q2 scaling 
predicted by the first Born approximation. The depar­
ture from q2 scaling for q > 6 is shown to be well 
described by the Glauber approximation. The ratio R 

of the double to single ionization cross-sections 
increases as approximately q2 up to q = 6, but for 
q > 6 the divergence for q2 scaling is believed to 
reflect the failure of the Born approximation rather 
than the direct ionization mechanism corresponding to 
direct Coulomb ionization of both electrons by the 
projectile. 

Olson et al. [20] have compared experimental data 
for both ionization and electron capture at an energy of 
1 MeV/u for q up to 50; their theoretical predictions 
are based on the classical trajectory Monte Carlo 
(CTMC) method. These calculations have been found 
to provide a reasonable description of both single and 
double ionization and of the total cross-section (qo<Jq-i)i 
+ qo<7(q-i)2) for one-electron capture. 

The resonant two-electron capture process for colli­
sions of He2+ with He is of special interest. In Fig. 3, 
only the cross-sections 20*̂02 recommended by Barnett 
et al. [24], based on available data in the range 
30-270 keV/u, are shown. Although there have been 
many experimental measurements at energies ranging 
from 0.001 to 170 keV/u (see compilation by Huber 
and Kahlert [2]), discrepancies by up to 50% between 
some of these results indicate the need for additional, 
more accurate measurements. In Fig. 6 the cross-
sections 20C02 f° r two-electron capture are shown for 
impact energies which extend down to 0.9 keV/u. The 
data can be seen to be satisfactorily described by the 
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FIG. 6. Cross-sections for two-electron capture by He ions in 
collisions with helium. 

Experimental data: O — Afrosimov et al. [11, 25]. 
A — Berkner et al. [26]; V — Bayfield and Khayrallah [27]. 

Theory: • Travelling molecular orbital method, Kimura [28]. 

(Figure adapted from Ref. [28]). 

58 



COLLISIONS OF PROTONS AND MULTIPLY CHARGED IONS WITH He 

calculations of Kimura [28] based on the molecular 
orbital method. Low energy cross-sections are large 
and exceed the corresponding cross-sections 20̂ 11 for 
one-electron capture at energies below 13 keV/u. 

2.4. Cross-section scaling relations 

It is useful to consider the extent to which scaling 
relations can be used to describe the available 
experimental data so that these may then be used to 
predict approximate values of unknown cross-sections. 

Experimental data are most extensive for the total 
cross-sections ac = (qo<J(q-i)i + qo (̂q-i)2) for one-
electron capture, and a number of different scaling 
procedures have been considered. Figure 7 shows the 

Scaled energy E = E (keV/ul/q'' ! 

FIG. 7. Reduced cross-sections a for one-electron capture by 

multiply charged ions (with q > 5) in collisions with helium, 

plotted against reduced energy E. The curve is a fit to the 

experimental data. 

(Figure adapted from Ref. [29]). 

§ i<T 

. 100 . 

Scaled energy E = E (keV/u)/q 

FIG. 8. Reduced cross-sections a for single ionization of helium by 

ion impact, plotted against reduced energy E. The curve is a fit to 

the experimental data. 

(Figure adapted from Ref. [29]). 
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FIG. 9. Scaling relation (see text) for transfer ionization cross-
sections qo"(q-i)2 m collisions with helium. , 
(Figure adapted from Ref. [30]). 

relation used by Janev and Hvelplund [29] in which a 
reduced cross-section a = ajq is plotted against a 
reduced impact energy E = E/q m for experimental 
data with q > 5. The results are described reasonably 
well by a single universal curve giving the reduced 
cross-section as 

a = (T0(v) qa<" 

where the reduced velocity v = v/q1/4, and aQ and a 
are fitting parameters. 

Figure 8 shows a similar scaling relation used by 
Janev and Hvelplund [29] to describe the cross-sections 
ai = qo<Jqi f° r single ionization. In this case, when 
reduced ionization cross-sections ax = ^/q are plotted 
against reduced energy E = E(keV/u)/q, the results 
are also well described by a single universal curve. 

Figure 9 shows a sealing relation applied by Tanis 
et al. [30] to the cross-sections q0ff(q-i)2 for transfer ioni­
zation. In this case the ratio R + 1 = (qoff(q-i)2 + cc)/ac 
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is considered. A plot of q3(R + l)/E(keV/u) against 
the reduced velocity E(keV/u)"2/q can be seen to pro­
vide a reasonable straight line fit to the experimental 
data consistent with 

R + 1 = 40/E03q04 

3. COLLISIONS WITH HELIUM IONS 

A number of experimental studies of collisions 
involving He+ ions with other positive ions have been 
carried out using fast intersecting beam techniques. 
Such experiments are difficult, but they can provide 
absolute cross-sections with an accuracy within 10% 
without the need for normalization to other data. A 
review of some of the experimental data has been 
given by Salzborn [34]. 

Data for the electron capture and ionization process 

H+ + He+ - H + He2+ (6) 

H+ + He+ - H+ + He2+ + e (7) 

are available for centre of mass energies in the range 
4-400 keV and are shown in Figs 10 and 11. In these 
experiments, the cross-sections ff(He2+) for He2+ 

production from the sum of processes (6) and (7) are 
measured. The cross-sections ac for the charge transfer 
process (6) can also be separately determined using 
coincidence counting techniques. Ionization cross-
sections for process (7) are then obtained from the 
difference a; = (<j(He2+) - ac). 

The results of different experiments for <j(He2+) and 
ac can be seen to be in satisfactory general accord. 
The uncertainties in a, are understandably larger than 
for both a(He2+) and oc. It is evident that at energies 
below about 40 keV, ac = a(He2+). At higher centre 
of mass energies, <7j increases in relative importance, 
and above about 180 keV, a, =• <j(He2+). Theoretical 
descriptions of processes (6) and (7) have been dis­
cussed in a recent review by Fritsch and Lin [40]. 

Similar experimental data (see Ref. [34]) are avail­
able for the processes 

He+ + He+ - He + He2+ (8) 

He+ + He+ - He+ + He2+ + e (9) 

within the centre of mass energy range 11-113 keV. 

Cross-sections for the resonant charge transfer 
process 
3 ir a 2 + He2+ + 4He+ - 3He+ + 4He2+ 

measured in the centre of mass energy range 10 eV 
to 20 keV [41] provide only lower limits to the 
true cross-sections, since the angular acceptance of 

(10) 

the product detectors in these experiments was too 
small. However, more recently, Melchert et al. [42] 
have measured cross-sections for process (10) in 
the centre of mass energy range 4-200 keV, with an 
accuracy within 10%. At 4 keV, the cross-section 
is 4.6 x 10"16 cm2 and then decreases with 
increasing energy in the manner predicted by the 
calculations of Dickinson and Hardie [43]. 
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FIG. 10. Charge transfer in H+-He+ collisions. 
Total cross-sections a (He + ) for He + production: 

O — Peart et al. [35] (not all data points are shown); 

D — Rinn et al. [36]; • — Angel et al. [37]. 
Charge transfer cross-sections ac: 

A - Rinn et al. [38]; • - Watts et al. [39]. 
Statistical uncertainties shown are at the 90% confidence level. 

Cenlre of mass energy (keV) 

FIG. 11. Ionization in,H+-He + collisions. 
Total cross-sections a (He2*) for He2* production: 

O — Peart et al. [35] (not all data points are shown); 

D — Rinn et al. [36]; • — Angel et al. [37]. 
Ionization cross-sections a{: 

A - Km et al. [38]; • — Watts et al. [39]. 

Statistical uncertainties shown are at the 90% confidence level. 
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4. PROCESSES INVOLVING THE 
FORMATION AND COLLISIONAL DESTRUCTION 

OF FAST METASTABLE HELIUM ATOMS 

Data on charge changing collision process are 
important for a proper understanding of the production 
and penetration of fast helium beams. The following 
processes are relevant, with cross-sections denoted by 
aif, where i and f are the respective initial and final 
charge states of the fast helium beams. 

Electron capture 

a10: He+ + X - He + X + 

ff20: He2+ 4- X - He + X2+ 

Electron loss 

aI2: He+ + X - He2+ + X(E) + e 

a0i: He + X - He+ + X(E) + e 

om: He + X - He2+ + X(E) + 2e 

(11) 

(12) 

(13) 

(14) 

(15) 

where X(E) denotes all final bound and continuum 
states of the target species X. Recommended cross-
sections for these processes in targets of He and H2 

over a wide energy range have been given in the com­
pilation by Barnett [1]. However, the analysis of such 
processes can be complicated by the presence of long 
lived metastable He(23S) + He(2'S) atoms (denoted 
by He*) in the beams (see Wittkower et al. [44]). The 
most important processes to consider are the following: 

a10.: He+ + X - He* + X + 

CT0.I: He* + X - He+ + X(E) + e 

(16) 

(17) 

A beam attenuation technique first developed by 
Gilbody and collaborators (see review [45]) and sub­
sequently used by others has provided estimates of 
cross-sections for processes (16) and (17) in a variety 
of different target gases. In this method the fraction f 
of He* atoms present in a beam of fast helium atoms 
(formed by charge transfer neutralization) is determined 
from careful studies of the rate of attenuation of the 
helium atom beam as a result of passage through a gas 
as the target thickness is increased. Under the conditions 
of the experiment it was assumed that the attenuation 
of the helium ground state and of the He* metastable 
components of the beam were determined primarily by 
ff0i and ff0«i» respectively. In this way, Gilbody et al. 
[46] estimated that for a helium target the cross-
sections a0H for process (17) in the energy range 
25-350 keV were between six and five times larger 

than the corresponding cross-sections <J01 for ground 
state atoms. 

The fraction f of metastable atoms formed by one-
electron capture by He+ ions in passage through a gas 
target depends strongly on both target species and 
target thickness. Gilbody et al. [47] showed that, for a 
'thin' helium target (corresponding to single collision 
conditions) the measured fractions f increased from 
about 2.5% at 20 keV to about 12.8% at 200 keV. 
However, for a 'thick' helium target (where both 
charge state and excited state equilibrium had been 
attained) the measured fractions f were not more than 
1 % over the same energy range. This fraction was 
lower than any other thick target species investigated. 

It is important to point out that in the simple analysis 
used by Gilbody et al. [46] the possible influence of 
collisions involving excitation or de-excitation of 
helium atoms is assumed to be relatively small. The 
experimental data of Blair et al. [48] indicate that the 
cross-sections ffoo* for excitation of helium by ground 
state atoms are comparatively small. If the cross-
sections CT0.0 for de-excitation are not small enough 
to be neglected, it can be shown that the attenuation 
technique provides an apparent fraction fapp rather than 
a true metastable fraction f, where 

f = 
f(g0.i - gpi) 

(ffD - <7<>l) 

in which aD = (<JOM + a0^). Thus, the measured 
fractions fapp strictly provide a lower limit to the true 
metastable fraction. The neglect of ff0^ also implies 
that, where this process is significant, the measured 
cross-sections ff10. and ff0M for processes (16) and (17) 
without taking this into account require correction. 
The available evidence (see McCullough et al. [49]) 
suggests that corrections to measured values of f 
should be small at energies above about 50 keV. 

Values of a0^ have been deduced by Pedersen et al. 
[50] from curve fitting procedures using beams with 
high metastable fractions, but the accuracy of these 
measurements is very difficult to assess. They have 
also measured a metastable fraction of 14 ± 2% for 
a helium atom beam prepared by electron capture 
neutralization of He+ in a thick helium target. This 
result seems inexplicably at variance with the values 
of less than 1 % obtained by Gilbody et al. [47] for 
energies below 200 keV and with any reasonable 
estimates of both a0.o and ffoo. which should be con­
sidered in a full analysis. 

Studies of He* formation in two-electron capture by 
He2+ ions in collisions with H2 have been carried out 
by Dunn et al. [51] at an energy of 50 keV/u. They 
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obtained the cross-section a20. = (3.6 ±0.5) X 10~18 cm2 

and were able to satisfactorily account for the depen­
dence of the measured metastable fraction on target 
thickness in terms of relevant charge changing collision 
cross-sections. There are no measurements for other 
target gases. 
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ABSTRACT. In the energy range of 3 x 102 to 5 x 103 eV/amu, data for total and state selective electron cap­
ture in collisions of protons with helium have been evaluated critically. From this investigation, a set of recommended 
data has been constructed which are part of the atomic database in JET and which, therefore, are used for modelling 
of helium beam stopping and related diagnostics. Motivation for the assessment of the cross-sections is presented and 
the corresponding uncertainties are inferred. 

1. INTRODUCTION 

Recently, in the Joint European Torus (JET) the 
neutral beam injector assemblies have been upgraded 
such that He beams can be injected, as well as the D 
beams used previously. In the plasma, these neutral 
beams are stopped by ionizing and/or charge changing 
collisions. Photon emission spectroscopy of light in 
the visible spectral range, emitted by plasma particles 
following electron capture from the He beam and by 
collisionally excited He beam atoms, is being assessed 
as a tool to measure plasma quantities such as, for 
example, the ion temperature and the impurity densi­
ties. This type of diagnostic has been used success­
fully in combination with the neutral D heating beams 
(Boileau et al. [1] and von Hellermann et al. [2]). 
To be able to fully develop the potentialities of this 
method, it is necessary to know accurately the absolute 
cross-sections for the basic charge transfer, excitation 
and ionization processes. These cross-sections have 
to be known in the energy range of approximately 
1-100 keV/amu. This range is defined by the energy 
of the He beams, at present up to 53 keV/amu and 
30 keV/amu for 3He and 4He beams, respectively, and 
the energy distribution of the plasma ions. For future 
machines such as ITER, the energy range of interest 
extends towards higher energies, since, to match the 
velocity of the fusion produced a-particles, diagnostic 
beams with energies of a few hundreds of keV/amu are 
foreseen (see, for example, this issue and Ref. [3]). 

In this paper we review and recommend total and 
state selective cross-sections for electron capture by 
protons, the most abundant plasma species. Schemati­
cally, the charge transfer processes are given by 

H + + He - H(nQ + He+ (1) 

Throughout the paper, the emphasis will be on 
experimental data for processes (1); this is possible 
because the processes have been studied extensively 
over the whole energy range of plasma fusion interest, 
~ 103-106 eV/amu (Refs [4-43]). Notwithstanding the 
fact that recently recommended cross-sections have 
been presented by Barnett [44], here referred to as the 
Redbook, we have again investigated the status of the 
available data. The investigation was motivated by the 
large differences between theory and experiment at 
energies below 104 eV/amu, the publication of new 
elaborate experimental and theoretical data in the 
energy range of 104-105 eV/amu and some incon­
sistencies in the ratio of the recommended 31 and 21 
cross-sections given in the Redbook. 

In the following sections we discuss the cross-
sections for total electron capture and those for state 
selective charge transfer into states with n < 3, and 
present the corresponding recommended cross-sections 
in graphical and tabular form. 
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2. ASSESSMENT OF RECOMMENDED 
CROSS-SECTIONS 

2.1. Total cross-sections for electron capture 

The experimental data for total charge transfer in 
collisions of protons with helium are presented in 
Fig. 1. Because of the good agreement between the 
different data sets and the large amount of data, we 
have indicated all results by the same symbol. Unfor­
tunately, many of these data were only presented in 
graphical form by the authors. Whenever possible, we 
have used for these data the numerical values given in 
the data compilation of Wu et al. [45], which includes 
results up to March 1986, and otherwise we have 
extracted them directly from the figures. It is seen that 
at energies above ~ 5 X 103 eV/amu the recommended 
curves closely follow the experiments, whereas at 
lower impact energies they strongly deviate from the 
experimental data. At these lower energies we have 
decided not to follow the trend in the experimental 

TABLE I. RECOMMENDED CROSS-SECTIONS (in units of 1018 cm2) 
FOR ELECTRON CAPTURE IN H+-He COLLISIONS 

E (keV/amu) a(tot) a(2s) a(2p) <r(3s) <r(3p) <j(3d) 

0.3 

0.5 

0.7 

1 

2 

3 

5 

7 

10 

20 

30 

50 . 

70 

100 

200 

300 

500 

0.01 

0.045 

0.11 

0.31 

2.28 

7.6 

35 

70 

114 

178 

170 

107 

62 

27 

3.3 

0.82 

0.087 

0.001 

0.0029 

0.0054 

0.011 

0.044 

0.095 

0.24 

0.49 

0.88 

2.7 

4.6 

6.8 

5.5 

3.0 

0.39 

0.08 

0.01 

0.0056 

0.0155 

0.031 

0.062 

0.24 

0.475 

1.02 

1.6 

2.25 

3.6 

3.45 

2.0 

1.1 

0.55 

0.075 

0.015 

0.0012 

0.00165 

0.0066 

0.015 

0.041 

0.081 

0.16 

0.57 

1.42 

2.1 

1.7 

0.85 

0.11 

0.024 

0.003 

0.0027 

0.011 

0.024 

0.068 

0.132 

0.27 

0.75 

1.1 

0.65 

0.34 

0.16 

0.021 

0.004 

0.0016 

0.0065 

0.015 

0.041 

0.081 

0.16 

0.23 

0.2 

0.11 

0.045 

0.015 

0.0012 

0.0002 

103 104 105 10* 

Energy (eV/amu) > 

FIG. 1. Total one-electron capture cross-sections in H+-He 

collisions. Experiment: Refs [4-19]. Recommended data: 

Redbook [44], this work. 
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data (mainly from Stedeford and Hasted [4] and from 
Hasted as quoted by Allison [5]) but to follow the 
trend in the theoretical results of Kimura [46] and 
Kimura and Lin [47]. There are two arguments to 
justify this choice: 

(i) Although charge transfer mainly populates the 
H(ls) ground state, it is still a highly endothermic 
process. Therefore, it may be expected that the cross-
sections decrease strongly with decreasing impact 
energy, which is not the case for the experimental 
results (see Fig. 1). Furthermore, it is noted that the 
population of excited H states has to proceed via 
couplings with the molecular orbital, corresponding, at 
infinity, to the H(ls) ground state. Since, as can be 
seen in the next section (Fig. 3), the theoretical results 
of Kimura and Lin [47] for capture into such a state, 
H(2p), are in good agreement with the most sophisti­
cated experimental results, it is likely that theory is 
also rather reliable for capture into H(ls). 

(ii) Experimentally, the conditions were such that 
the residual gas pressure was about 1 % of the pressure 
of the He target [4]. Failure to properly account for 
the interaction with the residual gas yields an extra 
apparent cross-section of a few times 10"18 cm2 since 
cross-sections for electron capture from gases such as 
H2, N2, Ar and 0 2 [4-6] are of the order of a few 
times 10"16 cm2. From these numbers it is also clear 
that the purity of the helium gas admitted to the target 
cell is of great importance. Therefore, electron capture 
from small fractions of 'impurity' gases may well 
explain the magnitude of the experimental cross-
sections at the lower impact energies. 

Values of our recommended cross-sections are 
presented in Table I. At energies between 4 x 103 and 
3 X 105 eV/amu, the uncertainties are expected to be 
smaller than 20%. At higher energies, the uncertainty 
increases only slightly, up to ~30% at 8 X 105 eV/amu, 
but at lower impact energies the uncertainty may be 
considerably larger; we estimate a factor of two at 
103 eV/amu and an even larger factor at still lower 
impact energies. 

2.2. Cross-sections for electron capture 
into H(20 states 

The data for electron capture into H(2s) and H(2p) 
are shown in Figs 2 and 3, respectively. Excluding for 
electron capture into H(2p) the results of Hippler et 
al. [29] and Van Zyl et al. [33], we see from Fig. 3 
that at impact energies below 104 eV/amu the other 
data exhibit the same trend as the total charge transfer 

7rJy 
^ . .T» 

s / 
l 10- , f° 
0 / 

10-4 " / 
/ capture into H(2s) 

10' 104 10s io« 
Energy (eV/amu) > 

FIG. 2. Cross-sections for electron capture into H(2s) in H*-He 
collisions. Experiment: v Jaecks et al. [22], A Andreev et al. 
[24], + Ryding et al. [21], O Fitzyvilson and Thomas [23], 
o Hughes et al. [26], a Crandall and Jaecks [20], 
• Rodbro and Andersen [27] and • Hippler et al. [25]. 

Theory: Kimura and Lin [47], Belkic [48]. 

Recommended data: Redbook [44], this work. 

103 104 105 106 

Energy (eV/amu) ——=* 

FIG. 3. Cross-sections for electron capture into H(2p) in H+-He 
collisions. Experiment: v Risley et al: [31], A Andreev et al. 
[24], + Gaily et al. [32], O Pretzer et al. [30], o Hughes et al. 
[26], o Hippler et al. [28], • Van Zyl et al. [33] and • Hippler 

et al. [29]. Theory: Kimura and Lin [47], Belkic [48] 

and Slim et al. [49]. Recommended data: Redbook [44], 
this work. 
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cross-sections (see Fig. 1), i.e. compared to theory, 

a less steep decrease with decreasing energy. Again, 

this may be due to charge changing collisions with the 

background gas. However, in this case there is a 

second process that may significantly contribute to the 

observed H(2p) cross-sections, namely excitation of the 

neutrals in the H beam (a small fraction of the proton 

beam may be neutralized during transport to the colli­

sion centre). The cross-section for H(2p) excitation in 

H-He collisions is relatively large, ~ 5 X 10"17 cm2 

(Birely and McNeal [50]), more than two orders of 

magnitude larger than the one for charge transfer into 

H(2p) in proton-He collisions. Since Hippler et al. [29] 

and Van Zyl et al. [33] corrected for these effects, we 

recommend to follow their results below 104 eV/amu. 

The AO-MO results of Kimura and Lin [47] are in 

good agreement with these experimental data. Our 

recommended cross-sections below 3 X 103 eV/amu are 

an extrapolation of the AO-MO results and are based 

on the E2 dependence derived by Rapp and Francis [51] 

for endothermic electron capture processes. As can be 

seen from Fig. 3, the scaling describes well the results 

between 1 and 3 x 103 eV/amu. At high energies 

(above 2 x 105 eV/amu), the energy dependence of 

our recommended curve is defined by the theoretical 

results of Belkic [48]. 

The procedure for the assessment of the cross-

sections for capture into H(2s) has been the same as 

that for capture into H(2p); below 3 x 103 eV/amu we 

extrapolated the curve by means of the E2 dependence 

and at high energies we used the results of Belkic [48] 

as a guideline. Note from Fig. 2 that, especially around 

the cross-section maximum, the status of the experi­

mental results is not optimal. 

For the recommended H(2s) and H(2p) electron 

capture cross-sections shown in Figs 2 and 3 and pre­

sented in Table I we expect that in the energy range of 

approximately 2 x 103 to 2 X 105 eV/amu the uncer­

tainties are about 30% and 20% for H(2s) and H(2p), 

respectively. At lower and higher energies the data are 

less certain. 

2.3. Cross-sections for electron capture 
into H(3Q states 

The data for electron capture into H(3s), H(3p) and 

H(3d) are shown in Figs 4, 5 and 6, respectively. 

Besides the results dating from the 1970s [14, 31 , 

34-39], there are recent results stemming from experi­

mental work directed towards the determination of 

the full density matrices for charge transfer into 

H(3Q states [40, 41]. These latter measurements define 

103 104 io'5 106 

Energy (eV/amu) > 

FIG. 4. Cross-sections for electron capture into H(3s) in H+-He 
collisions. Experiment: v Dawson and Loyd [37], • Ford 
and Thomas [36], A Hughes et al. [34], + Lenormand [39], 
o Edwards and Thomas [38], o Conrads et al. [35], m Rodbro 
and Andersen [27], • Brower and Pipkin [41] and • Ashbum 

et al. [40]. Theory: Shingal and Lin [52] and Slim 
et al. [49]. Recommended data: Redbook [44], this work. 

H+ + He 

103 104 105 10" 

Energy (eV/amu) > 

FIG. 5. Cross-sections for electron capture into H(3p) in H*-He 

collisions. As in Fig. 4, except for o Risley et al. [31] and 

O de Heer et al. [14]. 
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FIG. 6. Cross-sections for electron capture into H(3d) in H+-He 
collisions. As in Fig. 4. 

mainly the shape and magnitude of our recommended 
cross-sections around the cross-section maxima. In this 
energy range, ~ 104 to 105 eV/amu, the uncertainties 
in the 3s and 3p cross-sections are expected not to 
exceed 30%, but the ones in the 3d cross-sections may 
be as large as 50%. However, in mis respect it has to 
be noted that the cross-section for electron capture into 
H(3d) is approximately one order of magnitude smaller 
man the ones for H(3s) and H(3p). 

At impact energies lower than 104 eV/amu we have 
again used the E2 scaling of Rapp and Francis [51] 
to extrapolate our recommended curve. This curve 
deviates strongly from the one given in the Redbook 
[44] which follows the trend in the experimental data 
of Ford and Thomas [36] and of Conrads et al. [35]. 
Support of our extrapolated curves is presented by 
the Balmer-a measurements of Van Zyl et al. [42]. 
Table II shows a comparison of their Balmer-a cross-
sections and the ones constructed from our 3f cross-
sections. The Balmer-a cross-section is related to the 
31 cross-sections via the respective branching ratios of 
these 3£ states, i.e. the Balmer-a cross-section is equal 
to (j(3s) + 0.12 tr(3p) + a(3d). From Table H it is 
obvious that there is good agreement between the 
experimental data [42] and the ones determined from 
our recommended cross-sections. 

To interpret as accurately as possible the photon 
emission spectra, it is important to know the cascade 
contributions from high-n levels to the line under 
observation. The high-n electron capture cross-sections 

E (keV/amu) Our scaling Van Zyl et al. [42] 

1.25 

2 

5.5 

14.2 

6 ± 3 

16 ± 6 

10' 104 10' 

Energy (eV/amu) — 

FIG. 7. Scaling power y (n'1) determined from the total n = 2 
and n = 3 cross-sections. Redbook [44], Ms work. 

are generally estimated from scalings of the type n"7 

(see, for example, Spence and Summers [53]). In high 
energy approximations based on the available density 
of states in the ion, y becomes equal to 3. However, 
at lower impact energies it has been noted that the 
high-n cross-sections are relatively smaller (see, for 
example, von Hellermann et al. [2] and Hoekstra 
et al. [54] for the case of electron capture in He2+-H 
collisions). To get an impression of the scaling power 
y for H+-He collisions, Fig. 7 shows y determined 
from the n = 2 and n = 3 recommended cross-sections 
of the Redbook [44] and of the present work. It is 
seen that, going up from an energy of 103 eV/amu, 
the present value of y decreases from ~ 6 to 2.6 at 
3.5 x 104 eV/amu and reaches the expected value of 
about 3 at ~ 105 eV/amu. At high energies the differ­
ence between the present work and the Redbook arises 
mainly from the fact that the 3s cross-sections given in 
Ref. [44] are larger (see Fig. 4). 

3. CONCLUSIONS 

The database for electron capture in collisions of 
protons with helium has been investigated. For impact 
energies of 3 X 102 to 5 X 105 eV/amu, we have 
determined a set of recommended cross-sections for 
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total electron capture and state selective electron cap­
ture into H(2Q and H(3Q states. At energies above 
~ 105 eV/amu and especially below 104 eV/amu, the 
present assessment differs from the one given in the 
Redbook compilation [44]. At the low energy side, we 
are fairly confident about our recommendation because 
of the good agreement with the Balmer-a measure­
ments of Van Zyl et al. [42]. At the high energy side, 
the cross-sections are supported by the fact that the 
scaling power y (n~7 scaling) reaches neatly the 
expected high energy value of 3. 
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CROSS-SECTION SCALING FOR 
ONE- AND TWO-ELECTRON LOSS PROCESSES IN COLLISIONS 
OF HELIUM ATOMS WITH MULTIPLY CHARGED IONS 

R.K. JANEV 
International Atomic Energy Agency, 
Vienna 

ABSTRACT. Using well established classical and quantum mechanical models for the mechanisms governing one-
and two-electron processes in low and high energy collisions of helium atoms with multiply charged ions, simple 
scaling relationships are derived for the cross-sections of one-electron loss, double electron capture with transfer 
ionization and two-electron loss processes over a wide energy range. The parameters in these scaling relationships are 
determined from the available experimental data. The cross-section scaling of one- and two-electron loss processes 
from excited helium atoms is also discussed. 

1. INTRODUCTION 

One-electron loss (or electron removal), resulting 
from either single-electron capture or single-electron 
ionization of helium atoms colliding with ions, is the 
major process determining the penetration of an ener­
getic neutral helium beam in a fusion plasma. The 
linear dependence of the electron loss cross-section on 
the ionic charge q at low collision energies (where the 
process is dominated by the electron capture mechan­
ism) and its quadratic q-dependence at high energies 
(where ionization dominates) make this beam attenua­
tion process even more important if the plasma con­
tains multiply charged impurity ions. The overall effect 
is a linear increase of the beam stopping cross-section 
with the effective plasma ion charge Zeff [1]. In the case 
of a low energy neutral helium beam, the two-electron 
transition processes leading to two-electron removal 
(double electron capture, transfer ionization and double 
ionization) can also contribute to the attenuation of the 
beam intensity. As we shall see in Section 4, this con­
tribution may amount to 25-30% in the low energy 
total beam stopping cross-section and, therefore, the 
two-electron loss process should be included in the 

calculations of beam attenuation kinetics. 
The purpose of the present article is to derive scaling 

relationships for the cross-sections of one- and two-
electron loss processes: 

Aq+ + He - A(q-

Aq+ + He - Aq+ 

Aq+ + He - A(q-

Aq+ + He - A(q" 

Aq+ + He - Aq+ 

1)+ + He + 

+ He+ + e 

-2) + + H e 2 + 

•1)+ + He2+ + e 

+ He2+ + 2e 

(c) 

(i) 

(2c) 

(ti) 

(2i) 

(la) 

(lb) 

(2a) 

(2b) 

(2c) 

where Aq+ is an ion in charge state q, generally higher 
than q = 5. We note that the double capture (2c) and 
transfer ionization (ti) channels of the two-electron loss 
process (2) are strongly coupled when q is high; the 
two-electron capture in reaction (2a) may lead to the 
formation of a doubly excited state of the A(q_2>+ ion 
which can autoionize and thus contribute to the transfer 
ionization channel (2b). 

Our derivation of scaling relationships for processes 
(1) and (2) will be based on well established theoretical 
models for the reaction channels at both low and high 
collision energies, and on determining the numerical 
constants in these models from the available experi­
mental data. In the intermediate energy region, where 
for some of the reaction channels in reactions (1) and 
(2) simple theoretical models do not exist, we shall 
apply an appropriate interpolation procedure allowing 
for a few fitting parameters. These parameters are then 
determined from experimental data. 

2. ONE-ELECTRON LOSS 
CROSS-SECTION SCALING 

The one-electron cross-section scaling in collisions 
of helium atoms with multiply charged ions has been 
discussed previously [2], purely on the basis of classi­
cal models for electron capture at low energies (the 
over-barrier electron transition model) and for ioniza­
tion at high energies (the binary encounter approxima­
tion, BEA). The exact results of these models have 
been linked by an interpolation function containing . 
no empirical parameters. The obtained cross-section 
scaling formula has reproduced the results of the cor­
responding fit to the scaled electron loss data from 
extensive classical trajectory Monte Carlo (CTMC) . 
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calculations [3] to within 7% (i.e. well within their 
statistical uncertainty). The agreement of this scaling 
formula with the experimental data was found to be 
within 30% below 300 X q keV/u, and increasingly 
worse at higher values of the product Eq. The latter is 
an obvious consequence of the failure of CTMC (or 
BEA) models to describe the ionization events at larger 
impact parameters (which, as is well known, generate 
the E"1 InE term in the first Born approximation for 
ionization). 

Using the low energy asymptotics (cr<) of the elec­
tron removal cross-section of the classical over-barrier 
model [4] and the high energy asymptotics (a>) of the 
ionization cross-section in the three-state dipole close 
coupling (DCC) model [5], we have 

*£ = < = aq 

°?i = <f> = - ^ - In (cE/q) 

(3) 

where a, b and c are constants. Further, introducing 
the scaled quantities 

a = a/q and E = E/q 

one finds that a depends only on E, i.e. 

a+ = a 

d? = bE"1 ln(cE) 

(4) 

(5) 

We note that the high energy DCC asymptotics (3) of 
the single-ionization cross-section shows a departure 
from the first Born behaviour, consistent with the 
result of the eikonal initial state-continuum distorted 
wave approximation (EIS-CDWA) [6]. 

The classical over-barrier model provides an approxi­
mate expression for the constant a in Eq. (5), expressed 
in terms of the first ionization potential of the atom 
[7, 8]. However, we shall determine a as the mean 
value of the reduced experimental cross-sections a 
given in Ref. [9] (q = 11-31, E = 0.03 keV/u) and 
Ref. [10] (q = 6, E = 0.01-0.325 keV/u). The mean 
value, a = 3.8 x 10~16 cm2, represents the data with 
an rms deviation of about 15%. The constants b and c 
in Eq. (5) can be determined from the high energy 
recommended ionization cross-section data on 
C"+ + He and 0"+ + He (q > 4) given in Ref. [11] 
and compiled from various experimental sources. The 
experimental data used in the fits are shown in Fig. 1 
in the reduced parameter representation. 

The scaled electron loss cross-section in the inter­
mediate reduced energy range can be represented by 
the following interpolation formula: 

. = A B ln(e + CE100) 
+ R 4- r>R<3 J . AT3 . . . 

Einn — 
E[keV/u] 

(6) 

100 lOOq 

where e = 2.71828 ... is the base of the natural loga­
rithm, the constants A, B and C are related to a, b 
and c, respectively, and the constants D and /3 can be 
determined from the experimental electron loss data for 
the Li3+ + He [12] and A«+ + He (q = 4-8) [13, 14] 
systems in the intermediate E region (E = 10-100keV/u). 
The values of A, B, C, D and /3, determined in the 
above described way, are 

A = 3.80, B = 2.28, C = 2.15 x 10" 

D = 3.088, P = 0.2578 (7) 

We note that for E ^ 100 keV/u, the experimental 
electron loss data of Ref. [12] for the H+ + He and 
He2+ + He systems can also be scaled by Eq. (6) (see 
Fig. 1). The scaled cross-section generated by Eq. (6) 
with the coefficients (7) is also shown in Fig. 1. It 
represents the data with an accuracy of 20-30% in the 
energy region E < 1 keV/u, 10-20% in the range 
E = 1-30 keV/u and better than 10% for E ;> 30 keV/u. 
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3. CROSS-SECTION SCALINGS 
FOR TWO-ELECTRON PROCESSES 

The two-electron loss in collisions of helium atoms 
with multicharged ions includes several processes 
(see Eq. (2)), each of which is governed by different 
mechanisms at low, intermediate and high energies. It 
is also clear that the inter-electron correlation should 
play a more pronounced role in these processes than 
in the case of single-electron transition processes. In 
order to construct a scaling relationship for the two-
electron loss cross-section, one should first consider 
the scaling properties of the cross-sections for the 
individual processes (2a)-(2c). 

3.1. Transfer ionization 

We consider here only the proper transfer ionization 
channel (2b), i.e. ignoring the contribution to its cross-
section from the two-electron capture into an auto-
ionizing, doubly excited state. In Section 3.2 we 
combine the transfer ionization and the two-electron 
capture to derive a scaling relation for the sum of their 
cross-sections. 

In order to reveal the energy- and q-dependences 
of the transfer ionization cross-section aa at high and 
low energies, we point out that for high q the single-
electron ionization at high energies is the dominant 
collision process, while single-electron capture is the 
dominant (quasi-resonant) collision process at low 
energies. Therefore, within an independent particle 
model, the probability of the two-electron capture and 
ionization process in a given energy region is essen­
tially determined by the probability of the less probable 
of the two single-electron transitions. Mediating the 
transfer ionization as a two-step process, it follows that 
at high collision energies its probability is determined 
by the capture of the second target electron, after the 
ionization of the first one has already taken place in 
the first step of the process. At low (adiabatic) ener­
gies, the probability of transfer ionization is deter­
mined by the ionization of the second electron, after 
the capture of the first one in an earlier stage of the 
collision has been completed. Within this two-step 
model of the process, the high energy behaviour of ati 

should be ~q3 /E3 5 , according to the Bohr-Lindhard 
classical model [15], or ~q3/E4 , according to the 
binary encounter approximation [16]. At low energies, 
the BEA model for the ionization of the second target 
electron [16] gives ati ~ (q/E)2(l - cq05/E) where 
c = const. Introducing reduced quantities 

and E = ,0.5 
q q" 

the BEA transfer ionization cross-sections at low and 
high energies can be put in the scaled form 

(8) 

ff,? = 
E2 

b 

(1-c /E) = - ^ - e x p ( - c / E ) 
(9) 

Since the experimental data on ati always contain a 
contribution from the autoionization of doubly excited 
states formed by the two-electron capture reaction (2a), 
we determine the constants a, b and c in Eqs (9) from 
the CTMC results for the Aq + He systems [17], 
where Aq+ is a fully stripped ion with q = 6, 8, 
10 and 14. Indeed, all CTMC data, available for 
the above ions in the energy interval from 100 to 
1000 keV/u, when scaled according to Eq. (8), fall 
on one curve, with an asymptotic behaviour in accor­
dance with Eqs (9) (see Fig. 2). We note that in these 
CTMC calculations a 'split-shell' model for the two 
electrons in the helium atom has been used, which 
'individualizes' the electrons by equating their binding 

E(keV/u)/qu 

FIG. 2. Scaled transfer ionization cross-section in collisions of 

He atoms with fully stripped ions of charge q > 6, as a function of 

reduced energy. The solid line is a fit of the results of classical 

trajectory Monte Carlo calculations [17] (symbols) as given by 

Eqs (10) and (11). 
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energies with the first and the second ionization poten 
tials, respectively. Such a 'split-shell' two-electron 
atomic model is consistent with the picture of the 
two-step collision dynamics outlined at the beginning 
of this Section. 

The interpolation expression which connects the 
asymptotics (9) in the intermediate region of E has 
the form 

AB x It)"16 [cm2] 
o„ = BE2oo exp(C/E100) + DE100 + A E ^ 

(10) 

Eino — 
E[keV/u] 

lOOq 0.5 

with the constants A, B and C, related to a, b and c of 
Eq. (9) and determined as described above, having the 
values 

A = 5.8965, B = 0.600, C = 2.241, D = 6.15 (11) 

The cross-section generated by Eq. (10) is given in 
Fig. 2 by the solid line and represents all CTMC data 
of Ref. [17] for q > 6, with an accuracy of about 5%. 
The scaled cross-section has a maximum at E = 
80 keV/u. We note that the scaling relationship (10) 
significantly differs from the semi-empirical one 
proposed by Tanis et al. [18] (see also Ref. [19]). 

3.2. Two-electron capture and transfer ionization 
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FIG. 3. Scaled cross-section for double capture and transfer 
ionization in collisions of He with multiply charged ions, as a 
function of reduced energy. The symbols on the left hand side are 
experimental data from Refs [9, 10] and the symbols on the right 
hand side are the results of classical trajectory Monte Carlo calcu­
lations [17] for q = 6-14. The solid line is the analytic fit of the 
data given by Eqs (14) and (15). 

Two-electron capture and transfer ionization at low 
collision energies and for high projectile charges are 
strongly coupled processes, and it is convenient to con­
sider them together, as a two-electron release from the 
target. The two-electron release at low energies can be 
described as a two-step process (sequential release of 
the first and the second electron), the overall prob­
ability of which is determined by the second step [7]. 
Within an extended classical over-barr ier transition 

model [7, 8], one finds that the characteristic inter-
nuclear distance for the release of the second electron 
is R2c = 2q° 5/I2, where I2 is the second ionization 
potential (in atomic units). Therefore, the cross-section 
for two-electron release at low energies, given by the 
extended classical over-barrier model, is 

*2r aq a = const. (12) 

For sufficiently high values of q, this low energy 
behaviour of a2r has indeed been experimentally 
observed (see, for example, Refs [7, 8]). For a helium 
target, the value of the constant a can be determined 
from the experimental data of Ref. [9] (E = 0.03 
X q keV/u, q = 11-29), and Ref. [10] (q = 6, 
E = 0.07-1.5 keV/u), giving a = 1.37 x 

At high energies (E > 80q05 keV/u), the two-
electron release is determined by the transfer ioniza­
tion, the cross-section of which decreases more slowly 
than that for two-electron capture. Indeed, the CTMC 
two-electron capture cross-sections of Ref. [17] for 
E > 100q05 keV/u (q > 6) can all be put into a 
scaled form (within an accuracy of 5-10%): 

5.8 x 1018 cm2 

* & = 

Eioo — 

«2c 

E[keV/u] 

g4.5 (13) 
100 

lO"16 cm2. 

100q05 

and are at least an order of magnitude smaller than 
the values of 5a for E > 200 keV/u. In the region 
E < 200 q°5 keV/u, the CTMC two-electron capture 
cross-sections continue to preserve the scaling 6f2c = ff2c/q 
and E = E/q05. 

On the basis of the above discussion and the ex­
pressions (12) and (9) (for 5$), we represent the 
scaled cross-section 6f2c+ti = a2c+ti/q for the combined 
process of double electron capture and transfer ioniza­
tion in the form 
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<*2c + ti 

Einn — 

_ A B X 1Q-'6 [cm2] 
= B + DEfoo + AEtoo 

E[keV/u] 

(14) 

100q05 

where the constants A, B, D and /3 have the values 

A = 1.37, B = 0.64, D = 1.77, 0 = 0.75 (15) 

The constants D and /3 have been determined from the 
CTMC a2c + ti data in the region E < 200 keV/u and 
from experimental data of Ref. [10] for E a: 0.3 keV/u, 
while A and B have been determined from the cor­
responding asymptotic regions. The data used in these 
fits are shown in Fig. 3, together with the cross-section 
generated by Eq. (14) with the coefficients (15) (solid 
line). We note that Eq. (14) represents these data with 
an rms of about 10%. 

3.3. Two-electron loss 

The cross-section for two-electron loss is the sum of 
the cross-sections of all channels in reaction (2), i.e. 

C++ = CT2< + CTti + (72i = <T2c + ti + °K (16) 

Since, at low energies, a2c+ti gives the main contri­
bution to a++ and, at high energies, double ionization 
is the dominant two-electron loss channel, we need to 
find an appropriate high energy scaling for a2l which 
should be consistent with the scaling of <r2c+ti at low 
energies. 

The two-electron ionization at high energies is 
governed by three different basic mechanisms, the role 
of which in the ionization process depends on the 
collision energy and the ionic charge q (i.e. the ratio 
of ion-electron and electron-electron interactions) 
(see, for example, Refs [20, 21] and references therein). 
The shake-off mechanism includes only one projectile-
electron interaction, leading to ionization, while the 
ejection of the other electron is the result of the sudden 
change of the atomic self-consistent field. This first-
order process gives a high energy behaviour, afj0 

~ q2E_1 InE. The other mechanisms describe second-
order processes, such as projectile-electron and 
electron-electron interaction, each leading to electron 
ejection (o£4 ~ q2E-1 InE), projectile interaction with 
each of the electrons (ff̂ j2 ~ q4/E2), and a coherent 
interference of these two processes (ajj,3 ~ q3/E3/2). 
The ionization mechanisms (2i,l), (2i,2) and (2i,3) can 
also be related with the role of inter-electronic corre­
lations in the process. In the mechanism (2i,l), the 
projectile-electron interaction is weaker (low q) than 
the electron-electron interaction, and because of the 

strong correlation effects the ionization of one of the 
electrons leads also to ionization of the other. In the 
process (2i,2) the situation is reversed: the projectile-
electron interaction is much stronger (high q) than the 
electron-electron interaction, and the correlation effects 
do not play any role in the ionization of each of the 
electrons (independent particle model). In the process 
(2i,3) the two interactions are of the same order of 
magnitude. The ratio rc of projectile-electron and 
electron-electron interactions (rc = q, in atomic units) 
thus appears as an independent parameter in the colli­
sion dynamics. Having in mind the above expressions 
for af|i_3, an appropriate reduced energy variable for 
fffj would be (within a logarithmic accuracy) E = E/q2. 
Indeed, the experimental data with q a 4 from various 
sources [22-25] do demonstrate such a scaling. This 
variable, however, is not convenient from the view 
point of connecting afj with (j£+ti through an interpola­
tion expression, since ff^+ti explicitly depends on q. 
On the other hand, the expressions for a2*j0 and af-,i 
suggest that the reduced variable E = E/q does allow 
(at least within a logarithmic accuracy) CT£ and o£+li to 
be connected through the intermediate energy region 
by introducing the scaled cross-sections 5^ = fffj/q and 
2̂c+ti = oic+ti/q- By using these variables, the asymp­

totic forms of a++ = <7++/q at low and high reduced 
energies are 

5++ — ff2c+ti — a 

°++ = °x = «q,E) 

E = E/q (17) 

where £(q,E) is a function which for E/q > 1 should 
satisfy the condition £(q,E) = q (i.e. in this limit 
Ox = ffii,2). We may impose another condition on 
£(q,E), such that for E/q « 1, £(q,E) = (qE)1'2, so 
that in this limit CT£ = <r2>3. Thus, the function £(q,E) 
can be regarded as describing the role of inter-electron 
correlations in the collision. The ratio v = E/q = E/rc 

describes the relative role of the reduced kinetic energy 
and the reduced potential interaction in the ionization 
process. The transition from the afj>2 behaviour to 
the fff-,3 behaviour usually takes place for relatively 
small variations of the ratio E/q, which suggests the 
following exponential form for £(q,E) 

«q,E) = q {1 - exp[-7(E/q)1/2]} (18) 

where 7 is a constant. The choice of the a^ asymp-
totics in the form of Eqs (17) and (18) appears to be 
an adequate one, since with two fitting parameters 
(b and y) it successfully describes a large variety of 
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experimental data [22-25] in the region E > 200 keV/u, 
and for q varying between q = 4 and q = 92. The 
interpolation formula linking the asymptotics (17) can 
be chosen in the form 

Einn — 

A B X 1Q-16 [cm2] 

B + D|1/2Efoo + Ar*E2oo 

E[keV/u] 
lOOq 

where the constants have the values 

A = 1.37, B = 0.08, D = 0.035, 

0 = 0.2, 7 = 0.9 

(19) 

(20) 

The constants D and /? have been determined from 
experimental data [23] and recent CTMC data [26] in 
the reduced range E = 2.5-100 keV/u. The experi­
mental and CTMC data used in determining the fitting 
coefficients in Eq. (19) are shown in Fig. 4, together 
with the scaled cross-sections calculated from Eq. (19) 
for q = 6, 36 and 90. The accuracy of the scaling 
formula (19) is within 10-20% and is probably some­
what worse (20-30%) in the range E = 0.3-30 keV/u, 
where only the CTMC data were used as the basis 
for fitting. 
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FIG. 4. Scaled two-electron loss cross-section in collisions of He 
with multiply charged ions of q > 6, as a function of reduced 
energy. The symbols represent experimental data and results of 
classical trajectory Monte Carlo calculations from the references 
indicated. The solid lines denote results obtained from Eq. (19) 
for q = 6, 36 and 90. 

4. ION PRODUCTION CROSS-SECTION 

From the point of view of neutral beam attenuation 
kinetics in a fusion plasma, the relevant total cross-
section for ion production (or atom loss from the 
beam) in collisions of beam atoms with plasma 
impurity ions is 

ffi,p = a+ + CT+ (21) 

Since both a + and a+ + are scaled with the same 
reduced energy (E = E/q), the corresponding scaled 
cross-sections a+ = a+/q and d++ = <r++/q can be 
summed directly. For the low-E and high-E limits of 
<*i,p = ^.p/q. o n e m e n obtains (see Eqs (5) and (17)) 

KP = 5 
(22) 

ln(cE) 

where a is the sum of the a-constants in Eqs (5) and 
(17), and b and c are the same constants as in Eq. (5). 
For 5>p it has been taken into account that cf+ + < d+ . 
Using for the interpolation expression of aip in the 
intermediate region the same form as for <r+ (Eq. (6)), 
we have 

= ABln(e + C i W 
B + DE?oo + AE100 

(23) 

Eioo — 

with 

E[keV/u] 
lOOq 

A = 5.17, B = 2.82, C = 2.15 X 10"2, 

D = 2.426,./? = 0.25 (24) 

Comparing the value of A with that for A in 
Eq. (20), we see that the contribution of <T++ to ofip in 
the low energy limit is 27%. When the reduced energy 
is increased, the contribution of 5++ to <jiiP decreases 
gradually, and at E = 100 keV/u it amounts to about 
10-20%, depending on q. 

5. ELECTRON LOSS 
FROM EXCITED STATES 

In view of the important role of multistep processes 
in the attenuation kinetics of an energetic neutral beam 
in a plasma (the collision times of excited beam atoms 
are comparable with their radiative lifetimes), the elec­
tron loss from excited beam atoms due to collisions 
with plasma impurities is also needed in beam stopping 
calculations. For a helium neutral beam this is a par-
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ticularly important process, since the first excited 

states He*(21 3S) and He*(23P) are metastable. 

Moreover, depending on the method of its preparation, 

the initial He beam may contain fractions of the long 

lived He*(21,3S) metastable atoms. 

If the binding energy of an excited atom 

He*(ls,n2 S + 1L) is Lj = - l /2n£, then, on the basis of 

classical arguments, one has the following scalings for 

low energy electron capture and high energy ionization 

of excited atoms: 

°iM ~ no (25) 

orKn) ~ 
n2o _nL 

no2E 

These relations, together with Eqs (4), suggest the 

following reduced quantities for the single electron 

loss [2]: 

(7+ = 
qno 

and E = 
no2E 

(26) 

While the n^ scaling of the electron capture cross-

section has been widely demonstrated to be valid for 

any value of n [27], it is not expected to be valid for 

the ionization of the lowest excited states (since Eq. (25) 

for of? in its quantum version, besides the binding 

energy contains also a dipole matrix element for 

coupling with the continuum which also depends on n). 

Indeed, when one tries to calculate a^ for the He*(23S) 

atom by scaling the H + + He(l 'S) high energy ioni­

zation cross-section with the use of Eq. (26), one finds 

that the obtained cross-section is about two times 

larger than the cross-section obtained by scaling the 

experimental electron impact ionization cross-section 

for He*(23S) [28]. For this reason, we determine the 

high energy asymptotics for the aif (23S) cross-section 

from the scaled electron impact experimental ionization 

cross-section of He(23S), while the low energy asymp­

totics of ffJj(23S) can be derived from the no scaled 

a 1(1 *S), cross-section 

(7,1(2 3S) = 
no(23S) 

no(2'S) 
ffild *S) 

= 26.584 afc (1 'S) (27) 

Using the asymptotic forms (5) for the reduced elec­
tron loss cross-section a+ (2 3S) = a+ (2 3S)/q, we write 
its interpolation expression as 

M 2 3 s ) =
 A B ^ ; C E 1 0 ) [l0,16cm2] (28) 

EIO -
E[keV/u] 

lOq 

with the constants A, B and C determined as described 

above, having the values 

A = 101, B = 56, C = 1 x 10~2 (29) 

The accuracy of Eq. (28) in the high energy region 

(E 5: 100 keV/u) should be close to that of the origi­

nal data (15-20%), and within 20-30% in the region 

E S 1 keV/u, where the scaling (27) is certain. In the 

intermediate energy range, the uncertainty of Eq. (28) 

is about 30-40%. 

Using the scaling relations (26) and the cross-section 

<j+(23S), one can calculate the reduced electron loss 

cross-sections for any excited state n 2 S + 1L of helium, 

ff+(n2S+1L; E10) = e2a+(2.3S; eE10) 

where 

n«(23S) 

no(n2S+,L) 

I(n2 S + 1L) 

I(2 3S) ' 

(30) 

(31) 

I(n2 S + 1L) being the ionization potential of He*(n2 S + 1L). 
The two-electron loss process in collisions of excited 

helium atoms with ions has a cross-section which is of 
the same order of magnitude as that for ground state 
helium atoms and therefore can be ignored in the beam 
attenuation kinetics. 

6. CONCLUDING REMARKS 

Using the available experimental data and the 
numerical results of classical trajectory Monte Carlo 
calculations, as well as simple and well established 
models for one- and two-electron transition processes 
in ion-atom collisions, we have derived scaled cross-
sections for the one-electron loss, transfer ionization, 
double capture plus transfer ionization and two-electron 
loss processes in collisions of multiply charged ions 
with helium atoms. The presented semi-empirical fits 
are valid in a wide range of variation of the reduced 
energy parameter. Only in the case of two-electron 
loss it was not possible to comprise the energy charge 
and the ionic charge into one scaled variable. The 
reason for this is the variety of second-order physical 
mechanisms contributing to the high energy double 
ionization in different domains of the energy-ionic 
charge parametric space. Apart from the usual reduced 
energy parameter E = E/q (for one-electron ionization), 
in the case of double ionization the ratio r c ( = q ) 
of ion-electron and electron-electron interactions 
appears as another independent parameter. In a reduced 
a = a2i/q cross-section representation, the existence of 
two independent parameters in the problem leads to the 
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appearance of the 'correlation' function £(q,E) in fffl 
(see Eq. (17)). The accuracy of the semi-empirically 
derived scaling formulas is within the uncertainties of 
the experimental data used in the determination of the 
fitting constants. 

The cross-section scaling for one-electron loss from 
excited helium atoms, discussed in Section 5, should 
also be of sufficient accuracy for the calculations of 
helium beam attenuation. 
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SENSITIVITY OF NEUTRAL HELIUM BEAM STOPPING 
IN FUSION PLASMAS TO 
ATOMIC COLLISION CROSS-SECTIONS 

A.A. KOROTKOV 
A.F. Ioffe Physico-Technical Institute, 
Russian Academy of Sciences, 
St. Petersburg, Russia 

ABSTRACT. It is shown that the enhancement of the helium beam stopping cross-section in a fusion plasma due 
to multistep collision processes is determined mostly by the rate of the population of highly excited singlet states 
(n > 4). The major atomic processes are the dipole transitions from the ground state by proton and electron impact, 
including transitions to the levels lying above the Lorentz ionization limit. The contribution of metastable states is 
about 10% in the equilibrium case. The effect of multistep collision processes on the helium beam attenuation is large 
at integrated line plasma densities above 1016 cm"2 as expected for next generation tokamaks. 

1. INTRODUCTION 2. METHOD OF CALCULATION 

The enhancement of neutral beam attenuation in a 
plasma due to multistep atomic processes has a strong 
impact on the design of neutral beam injection systems 
for heating, current drive and diagnostics of fusion 
plasmas [1]. This phenomenon has been thoroughly 
analysed for neutral hydrogen beams [2]. It is also of 
interest to investigate the role of multistep processes in 
the stopping of neutral helium beams. Helium beams 
have already been successfully used for plasma heating 
on JET [3], and they represent a very attractive means 
of active charge exchange diagnostics for fusion alpha 
particles [4]. 

In the study of helium beam stopping in fusion 
plasmas, it is necessary to establish the main depen­
dences of beam stopping cross-sections on the plasma 
parameters and to elucidate the role of particular colli­
sion processes in the enhancement of beam stopping. 
For this purpose, we have performed extensive beam 
stopping cross-section calculations by varying the cross-
ections for the relevant collision processes and the 
effective beam energy (E/Z) between 20 and 1000 keV/u 
(Z is the impurity ion charge). 

We consider a plasma consisting of electrons, 
hydrogen ions (deuterons or tritons) and impurity 
ions (He2+, C6+, 0 8 + , Fe24+) with parameters typical 
for present day and next generation tokamaks: 
lie = 1013-1015 cm3 , T = 1-10 keV, B =_2-5 T, 
Zeff = 1 - 3 . The influence of the magnetic B field and 
the Loreritz (8 = v0 X B) field on the energies of the 
excited states and their radiative life times and spin 
state mixing is also taken into account (v0 is the atom 
velocity). 
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2.1. Beam stopping cross-section and 
description of atomic states 

The total beam stopping cross-section <rs can be 
expressed as CTS = ffs° + aad, where as° and aai designate 
the beam stopping cross-sections for the ground state 
and the excited beam atoms, respectively. (Initially, all 
beam atoms are in the ground state.) The beam stopping 
cross-section due to multistep processes can be calcu­
lated with the formula 

O«A — 

km j / km \ 

£ (I k - Io)N k+ £ Klk / v o ( l + £ Nk) 
k = l k>km J / \ k = l / 

(1) 

where Nk is the population of the state k relative to the 
ground state population, Ik is the rate coefficient for 
electron loss from the state k due to ionization and 
charge exchange (In corresponds to CTS°), K^ is the rate 
coefficient for excitation (de-excitation) from the state i 
to the state k, and km is the maximum state number 
determined by the Lorentz field ionization limit. 

The excited state populations Nk are determined from 
the set of coupled equations of the stationary radiative 
collisional model [5] using the atomic physics database 
presented in Section 3. 

Only singly excited electronic states are considered 
in the beam attenuation kinetics. For the states with 
principal quantum number n < 4, the multiplet structure 
is taken into account. The wave functions 

*ls,nk, = 2j Cn(jm i|s,n(jm 
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and energies of the state Ek are determined by 
diagonalizing the energy matrix with the field-free 
states: 

<nf j ' m ' |W| nljm> = (E - E°rj,m.) 5eym.sjm 

+ <nf j ' m ' |V| nfjm) (2) 

v = v6 + vB 

Vz
£ = v0Bz 

V» = MoB(My + Sy) 

where My and Sy are respectively the components of 
the total angular momentum and the spin operators 
perpendicular to the magnetic field B (taken along the 
Z-axis), /x0 is the Bohr magneton and v0 is assumed to 
be perpendicular to B. 

The approximate field-free wave functions, charac­
terized by quantum numbers n(jm of the outer electron, 
have been taken in the form *?s,nfjm = uls(l)<pnfjm(2), 
where <paljm is the hydrogen wave function. 

For n < 7, I < 4, we use E°, from Ref. [6]. For 
n < 7, I > 4, E°f was calculated by taking into 
account the Rydberg corrections from the first order 
perturbation theory [7]. The field-free fine structure 
was taken into consideration for the triplet states. The 
states with n > 7 are considered to be hydrogen-like 
states. It is assumed that the Estates for n > 5 are 
completely mixed. 

2.2. Singlet-triplet spin state mixing 

The excitation of hfelium triplet states in high tem­
perature plasmas (T > 1 keV) has some important 
features. The rates of the spin changing transitions 
induced by electron impact become much lower than 
those for spin conserving transitions. Under such con­
ditions, the relativistic mixing of singlet-triplet states 
becomes an important mechanism contributing to the 
triplet state population. The basis wave functions 
which take this mixing into account have the form 

$(n£ %) = -b^lA'U) + a^lA^i) 

$(n£ 3Lf) = a ^ . ^ L , ) + b ^ K ^ ' L , ) 
(3) 

where anf and bnt are the mixing coefficients, 
a2

f + bj, = 1. 
The mixing coefficients for a free atom are obtained 

by diagonalizing the energy matrix with the pure LS 
states using a spin orbit operator of the form suggested 
in Ref. [8]. 

The calculations show that singlet and triplet 
states with n > 5, I > 5 are completely mixed 

(&li = bnf = 0.5), but the states with I < 4 are nearly 
pure. 

In the calculations we have also taken into account 
the additional spin state mixing when occasional 
degeneration of the singlet and triplet states occurs 
owing to the motional Stark effect. In this case 

t>2n, = f / ( l + { ) 

where 

(4) 

i = 

AEnf 

4(En
s
f
s)2 

(AH,, + V(AEnf)
2 + 4(En

s
f
s)272 

AEJ, > r 

AESf < T 

En
s? [a.u.] = 2.7 X lO"5 [n3(2£+ 1) 4W+Y)YX 

Here, E% is the matrix element for mixing of the pure 
singlet lLt and triplet 3Lf states, AEjJf is the energy gap 
between these states taking into account the Stark and 
Zeeman effects in the plasma, and T is the sum of 
collisional and radiative widths of the states. 

Figure 1 shows the total population of the singlet 
and triplet helium states for three plasma densities as a 
function of beam energy (or, equivalently, the Lorentz 
field strength S[V/cm] = 1.09 X 104VE(keV)). It can 
be seen that the spin state mixing results in a several-
fold increase of triplet state populations. The maxima 
and minima in the triplet state populations in Fig. 1 
correspond to the energy level crossings of the states 
in 3 'D and 3 3D multiplets due to the Stark effect. The 
increase in the collision width T with increasing plasma 
density results in additional degeneration of the states 
and, thus, promotes the spin state mixing. 

: . " :":.-" - -
jlnglot .. . ^ — ^ T ~ T 7 . 

r .. -. - . . . -

: [ / v A J 

"triplet / " ^ -A / i \ ^~ \n^ - - ^ jZ I j 
rr. ^^/^-Z^" ^—'JZ- — ~ 
~S^^=y—=7- • — - -___i—^^ 

t ^ T ~ - ^ 

3 

2 

l 

v -
^ 

Energy (keV) 

FIG. 1. Total population of singlet and triplet excited states 
versus helium beam energy for three values of plasma density: 
1 -nt = 10" cm'3, 2-ne = 10'4 cm'3, 3 - ne = lO15 cm'3 

(Zeff = 1, T = 10 keV, B = 5 T). Thin curves are for the case 
without spin state mixing. 
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3. ATOMIC PHYSICS DATABASE 3.2. Electron impact processes 

Here we give a brief description of the atomic physics 
database used for calculation of the coefficients in the 
equations of the radiative collisional model and in 
Eq. (1). The method of calculating the rate coefficients 
for collisional and radiative transitions between the 
multiplet states, allowing for spin state mixing, is 
described in the Appendix. 

3.1. Proton impact processes 

H + + He(ls21S) - H + + He(ls,n£ 'L) 

n > 2 (5a) 

H + + He(ls,n£ ''3L) - H+ + He(ls,mf 1-3L) 

m > n > 2 (5b) 

H + + He(ls,nf ''3L) - H(Em) + He+(Ek) 

n > 2, m,k > 1 (5c) 

H + + He(ls,nf u3h) - H + + He+(Sm) + e 

n > 2, m > 1 (5d) 

For the process (5a) the experimental cross-sections 
recommended by de Heer et al. [9] are used for 
n = 2, 3, 4 and I = 0, 1, 2. The cross-sections for 
n > 4 are calculated from the relation 

a(ls2 1S - ls.nf'L) = (4/n)3a(ls2 lS - ls,4f'L) 

For the process (5b) the analytic expression from 
the two-state dipole-approximation close-coupling 
(DACC) theory [10] is used. 

In calculating the electron loss induced by the 
Lorentz field, ( E K^), we have summed over all 
levels above the ionization limit using the n"3 scaling 
for the oscillator strengths of the levels with n > 12. 

The cross-section of the process [5c], and the 
similar process for an impurity ion with charge Z, is 
estimated from the relation (see Ref. [5]) 

<7<?(E/m) = (\l2\yz101 oa
cx{£lm) (6) 

where E = E/(2 Z0464I„), a£x is the function fitted to the 
experimental data for hydrogen presented in Ref. [11], 
In is the electron binding energy in the state n, and 
m is the mass of the ion per nucleon. 

The cross-section of reaction (5d) is described by 
the approximation of Rudd et al. [12] which gives 
results close to the Lotz formula [13] generalized for 
proton impact. 

e + He(ls21S) - e + He(ls,nf1L) 

n > 2 (7a) 

e + He(ls21S) - e + He(ls,n£3L) 

n > 2 (7b) 

e + He(ls,nf >'3L) - e + He(ls,mf 1,3L) 

m > n > 2 (7c) 

e + He(ls,nf]-3L) - e + He(ls ,mf 34L) 

m > n > 2 (7d) 

e + He(ls,nf '3L) - e + He+(Em) + e 

n > 2 (7e) 

For the cross-sections of dipole transitions (reactions 
(7a), (7c)) the semi-empirical formula of Seaton, with 
the Gaunt factor given in Ref. [14], has been used in 
the calculations. The cross-section for the process (7a) 
is fitted to the experimental data [15] for n = 2,3. The 
rate coefficients for non-dipole and spin-changing transi­
tions are described by the approximations of Ref. [16], 
based on the normalized Born cross-sections. The 
cross-section of reaction (7e) is estimated by the Lotz 
formula [13]. 

3.3. Collisions of helium with impurities 

For the estimation of the impurity impact excitation 
(de-excitation) and ionization cross-sections of helium 
(reactions similar to (5a), (5b), (5d)), we have used the 
scaling relation (see Refs [17, 18]) 

ffz(E/m) = Zap(E/Z/m) (8) 

where ap is the cross-section for the corresponding 
proton impact process. The cross-section for charge 
exchange from the excited state is described by 
relation (6). 

All inverse, de-excitation processes have been calcu­
lated from the direct ones by using the detailed balance 
principle. The rate coefficients (I, K = <<rv>) in Eq. (1) 
have been calculated on the assumption of a Maxwellian 
velocity distribution of plasma particles and taking into 
account the beam velocity in the case of ion collisions. 

The electron loss cross-section for the helium ground 
state in a pure hydrogen plasma is obtained from the 
experimental data presented in Ref. [12] and by using 
the Lotz formula, fitted to the experimental data [19]. 
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The ionization cross-section for the helium ground state 
by impurity ion impact is estimated from the scaling 
relation (8), but the charge exchange cross-section is 
estimated from the scaling suggested in Ref. [17]. 

4. RESULTS AND DISCUSSION 

4.1. Major atomic processes 

The enhancement of the helium stopping cross-
section due to multistep collisions, Ss = ffa<i^s. ' s 

presented in Fig. 2. 
Despite the large number of atomic processes included 

in the calculations, only a limited number of them deter­
mine the value of the effect considered. According to 
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FIG. 2. Energy dependence of the factor &s for three values 
of plasma density: 1 — ne = 1013 cm'3, 2 — 
3 -ne = 10'5 cm'3 (T = 10 keV, B = 5 T, 
He:C:O.Fe = 5.0:1.5:0.5:0.05). 
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FIG. 3. Additional helium beam stopping cross-section 8^ due to 
electron loss from excited beam atoms versus the principal quantum 
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TABLE I. SENSITIVITY OF 5S TO 
COLLISION PROCESSES* 

Process 

Excitation by protons 

(1) ls 2 1S <* l s n p ' P 

n = 2 
n = 3 
n = 4 

(2) ls 2 1S - l s 2 s ' S 

(3) n •» m, n,m > 2 

All transitions 

2 ^ 3 
3 * 4 

Excitation by electrons 

(4) ls 2 1S ^ l s n p ' P 

n = 2 
n = 3 

Excitation by protons and electrons 

(5) n — m, m > nL 

(a) All transitions for n = 1 

(b) All transitions for n > 4 

Excitation by impurity .ions 

(6) l s 2 1 S * l snf 'L 

Ionization by protons and electrons 

(7) All excited states 

Ionization by impurity ions 

(8) All excited states 

ki 

0.06 
0.15 
0.1 

0.05 

0.08 
0.02 
0.03 

0.02 
0.06 

0.3 

0.04 

0.05 

0.1 

0.05 

Aj 

) 
> 20% 

) 

30% 

/ factor 
\ of two 

10% 

30% 

factor 
of two 

40% 

30% 

40% 

2-n„ = 10'" cm'3, 3 -
T = 10 keV, B = 5 T). 

ne = 7 0 " cm'3 (E = 200 keV, Z^ = 1 

* Data valid at E > 50 Z, keV/u, r^ = 1014 cm"3, Zeff = 2; 
Aj is the existing uncertainty of the experimental data on the 
cross-sections or the accuracy of the approximations used; 
kj is the relative change of Ss resulting from-doubling the rate 
coefficients of the corresponding processes. 

Fig. 1, at a plasma temperature of T = 10 keV the 
singlet states determine nearly 90% of 6S. This allows 
us to restrict our analysis of the contributions of 
individual processes to <5S only to collisions within 
the singlet spin system. This analysis shows that the 
major contribution to 5S is due to the electron loss from 
highly excited states with n > 4. According to Fig. 3, 
this contribution amounts to 60-80%, depending on the 
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plasma density. Since the probability for an electron to 
be lost from the highly excited state is close to unity, 
Ss is weakly sensitive to the corresponding electron 
loss mechanism, namely to particle impact ionization, 
charge exchange and particle impact excitation from 
these states to the levels which are subject to Lorentz 
field ionization. On the other hand, 5S turns out to be 
most sensitive to the collisions determining the popula­
tion of highly excited states and, in the first place, to 
the excitation from the ground state to the low lying 
excited states (n < 4) through which the highly excited 
states are populated. 

The sensitivity of 5S to the relevant atomic processes 
has been determined quantitatively by varying the rate 
coefficients in the equations of the radiative collisional 
model and in Eq. (1). The relative changes (kj) of Ss 

resulting from doubling the rate coefficients of various 
processes are given in Table I. This table shows that 
5S is more sensitive to the dipole allowed transitions 
from the ground state than to the forbidden transi­
tion Is2 — ls2s 'S which determines the metastable 
state population. Further, 5S is more sensitive to the 
Is2 — ls3p lP, ls4p 'P transitions than to Is2 — ls2p 'P 
because of the short radiative lifetime of this state. The 
factor 6S is also very sensitive to the excitation from the 
ground state to the levels with n > 5, which may be 
directly ionized by the Lorentz field. 

It should be emphasized that because of the impor­
tance of highly excited states in the enhanced beam 
stopping it is necessary to include a large number of 
states in the calculations. Our calculations have shown 
that convergence of the results can be reached only 
when all the states with n < 12 are included. 
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FIG. 4. Contribution of the 2 'S state to a^ as a function of beam 
energy for three values of plasma density: 1 — ne = 1013 cm'3, 
2-ne = IO'4 cm'3, 3 - nt = 1015 cm'3 (Zeff = 1,T= 10 keV, 
B = 51). 

100 

0.01 

s's 

^ ^ - — " ' " " " " ' ^ 2'P 

2>P 

a»s 

1X1014 

Plasma density {cm'3) 
1 X10'' 

FIG. 5. Relative population of the excited helium states with n = 2 
versus plasma density (E = 200 keV, Z^= 1,T= lOkeV, B = 5 T). 

4.2. Contribution of metastable states 

The 2 'S state has an extremely high population in 
the plasma (about 40% of the total excited state popu­
lation at n,. « 1014 cm"3). However, its contribution to 
(7^ is not so high (=10%) (Fig. 4). The reason for this 
is a very strong dependence of the electron loss cross-
section on the principal quantum number of the excited 
state (for direct ionization, of ~ n2, but for highly 
excited states, <7s

n ~ n3, due to the Lorentz field 
ionization). On the other hand, the role of the 2'S 
state as a 'donor' of electrons for highly excited states 
is nearly the same as that of the 2 'P state because of 
the closeness of their populations at i^ » 1014 cm"3 

(Fig. 5). 

Figure 5 shows that the population of the 23S 
metastable state is much smaller than that of 2 lS and 
decreases when the plasma density increases. Such 
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FIG. 6. Energy dependence of 8S for various values of the principal 
quantum number (nL) determining the Lorentz field ionization limit: 
1 — for nL calculated by Eq. (9), 2 — for nL increased by one, 
3 — without Lorentz ionization (T = 10 keV, B = 5 T). 
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behaviour can be explained if one takes into account 
that the 23S state is populated mostly by radiative 
transitions from higher excited states whose population 
is nearly independent of the plasma density, but the 
decay rate of the 23S state is proportional to n,. (at 
ne < 1014 cm"3). 

4.3. Sensitivity of 5S to 
Lorentz field ionization 

The sensitivity of 6S to Lorentz field ionization has 
been tested by variation of the principal quantum number 
(nL) determining the field ionization limit [5]: 

nL = 17.2/(E0125B025) (9) 

where E is in units of keV/u and B is in tesla. 
According to Fig. 6, Ss is weakly sensitive to this 

process. The reason for this is that even without Lorentz 
ionization, the probability for an electron to be lost from 
the highly excited state is close to unity. 

5. CONCLUDING REMARKS 

The above analysis shows that the enhancement of 
the neutral helium beam in a plasma is mainly due to 
the excitation of helium atoms to highly excited states 
(n > 4) by multistep collisions through the low lying 
singlet states followed by the inevitable electron loss. 
The contribution of triplet states to 5S is small, despite 
the additional spin state mixing caused by the energy 
degeneration of multiplet states due to the motional Stark 
effect. The contribution of metastable states (mainly 
the 2'S state) to 6S is about 10%. Therefore, the major 
atomic processes involved in helium beam stopping in 
a plasma are: dipole allowed transitions from the ground 
state to 2!P, 3'P, 4'P states, and transitions from these 
states to the highly excited states. Direct excitation from 
the ground state to the levels lying above the Lorentz 
ionization limit is also important. 

According to the present calculations, the enhance­
ment of the helium beam stopping cross-section due to 
multistep collision processes is about four times smaller 
than that for a hydrogen beam at the same velocity [2]. 
The reasons for this are the smaller values of the cross-
sections for excitation from the helium ground state and 
the larger radiative decay probabilities. Nevertheless, 
the multistep collision processes become important for 
helium beam stopping in plasmas with an integrated line 
density n,.a > 1016cm-2 as expected for the next genera­
tion tokamaks (ITER, BPX) and for reactor level 
devices. The most serious requirement on the accuracy 

of 5S («20%) arises in the analysis of neutralized alpha 
particle fluxes [4]. The atomic physics database used in 
the present calculations cannot fulfil this requirement. 
The conclusions from the data presented in Table I are 
as follows: 

(1) More accurate cross-sections for helium excitation 
from the ground state to states with n > 5 by 
proton impact are required, particularly for 
E < 100 keV/u, where the n"3 scaling is not 
justified; 

(2) The accuracy of the DACC theory for proton 
impact induced transitions between excited singlet 
states has to be critically assessed, since it is the 
only available theory which allows these processes 
to be included in the multilevel numerical 
calculations; 

(3) A higher (20%) accuracy is required for the 
cross-sections for ionization by proton impact 
from the states with n = 2, 3, because this is the 
dominant electron loss process for these states; 

(4) The relevance of two-electron transition processes, 
including inner-shell processes of excited helium 
atoms, should be more closely investigated and 
included in the computational scheme, if necessary. 

The conclusion drawn in the present study regarding 
the role of metastable states is related to the equilibrium 
population of the excited states. The real situation may 
differ from this case if the initial helium beam in the 
injector has a considerable fraction of metastable states 
(especially 23S). In this case, a non-stationary radiative 
collisional model must be used in the beam attenuation 
calculations. 

Direct measurement of the effect of helium beam 
stopping enhancement in experiments on beam attenua­
tion in a plasma is very complicated because of the in­
sufficient line plasma density of present day tokamaks 
[20]. It is, therefore, more reasonable to test the calcu­
lated excited state populations by spectroscopic methods. 
Improvement of the computer code using spectroscopic 
data on helium beam emission in a plasma seems to be 
a proper way to attain the required accuracy of the 
beam stopping cross-section. 

Appendix 

In order to derive the cross-section for a collision 
induced transition or the probability of a radiative 
transition between the multiplet states on the basis of 
available experimental data or theoretical calculations 
for the n( —• n't' transition, we sum the corresponding 
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quantities over the expansion coefficients of the final 
state and average them over the expansion coefficients 
of the initial state. For example, for the process (5a) 
we have 

^ , g ( l s " S - ls,nl 'L) D ^ 
aik ~ L> 2^TT) Bat L 'itfjml 

M.S. Samsonov for assistance with mathematical 
programs. The author also wishes to thank 
Dr. H.P. Summers for useful remarks. Special 
thanks are due to Dr. R.K. Janev for detailed critical 
analysis of the work. 

where Bnf = 1 — j3nt for transitions within the singlet 
system and Bnf = /3nf for transitions to states of the 
triplet system, with /3nf = b„{ = b„, (see Eq. (4)). 

The oscillator strength for a dipole allowed transi­
tion is expressed in terms of the radiative transition 
probability A ^ (k > m): 

fk.k = 3.11 X 10-11Akk-/(AEk.k)
2 

(AE in atomic units) 

A*. = (AE,,,)3 £ 
i,r 

21+1 

*max 
<r £ (D**')^'1 

( T » k k s i n ' f J ' m ' — l u )nljm — l^nfim ^ n f j m l VAjr -ntjm i j m ')2 

where x]m
m is the angular part of the hydrogenic dipole 

matrix element [21], and nfjm correspond to the upper 
state. For transitions within one spin system, 

B%1' = (1 - a,ft,) (1 - euft,.,) A, + a 2 /3„AT A2 

while for transitions between states of different spin 
systems, 

B£'f = (1 -«,/?„,) cuft,., A, + a2lSnf (1 - a2/5n.f) A2 

A,,2 = A1>2(ls,nf; ls,n'f)/(AE?,2)3 

where At (ls,n£; Is, n'f) and AE° are respectively the 
probability and the energy of the dipole radiative transi­
tion (n£ —• n'f) between the states of the spin system 
considered for field-free atoms without spin state 
mixing; A2 (ls,n£; Is, n'f) and AE2 have the same 
meaning, but for other spin systems; a{ = 1 if Ai 
corresponds to the singlet system and Oj = 1/3 if Aj 
corresponds to the triplet system (i = 1,2). For n = n' 
(n < 5, n' < 3) and n = n' (n < 3) we have used 
the tabulated values for A (Is, n(; Is, n 'f) of Ref. [21]. 
For the other transitions we have used the hydro­
genic values, taking into account the change of the 
energies AE°. 
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ABSTRACT. A report on electron impact excitation data for ionized beryllium and boron is given. Collision 
strengths from new R-matrix and distorted wave calculations for these ions are presented as graphs, showing the effect 
of resonances at low energies. At higher energies, the collision strengths from the distorted wave calculation are fitted 
to simple functions of energy for each transition, and these fits are tabulated for excitation from the ground state to the 
n = 2 and n = 3 excited states in each ion. 

1. INTRODUCTION 

Collisional data for beryllium and boron atoms and 
ions have recently attracted attention because of the use 
of these elements as plasma facing materials in fusion 
plasma experiments. These data were the subject of a 
recent Consultants' Meeting of the International Atomic 
Energy Agency, summarized by Janev (1991) [1]. 

This paper concentrates on electron impact excitation 
of Be and B atoms and ions. There are few experimental 
data on these processes, and even the theoretically calcu­
lated data are somewhat limited; in some cases, data 
are only available as isoelectronic interpolations or as 
Born approximations. In the course of the present review 
it was realized that new calculations were needed in 
order to make sound recommendations. Two sets of 
calculations were made: an R-matrix calculation giving 
a detailed description of the low energy behaviour of 
the cross-section, including resonances structures, and 
a distorted wave calculation extending the energy range 
to the higher temperatures found in plasmas. Details of 
these calculations can be obtained from Berrington (1991) 
[2] and Clark (1991) [3]. 

Section 2 summarizes the excitation data for each 
ionization stage of B and Be, arranged in isoelectronic 
sequences, for transitions from the ground state to 

* The work at Los Alamos was performed under the auspices 
of the United States Department of Energy. 

excited states with principal quantum numbers n = 2 
and 3. The new R-matrix and distorted wave calcula­
tions are presented in figures and tables in Section 2 
and discussed further in Section 3. 

2. ELECTRON EXCITATION DATA FOR 
EACH IONIZATION STAGE OF B AND Be 

Each isoelectronic sequence is treated separately in 
the following subsections. A summary of the existing 
data is given, followed by a presentation of the new 
R-matrix and distorted wave calculations. 

In the R-matrix calculations, target states with n < 4 
were included in the scattering wave function for the H, 
He and Li isoelectronic ions and for Be I; n < 3 for B I 
and B n. Channel coupling, resonances and electron 
exchange are explicitly included. These calculations should 
be highly accurate at low energies. However, since the 
cross-section typically varies rapidly with energy owing 
to the presence of resonances in this energy region, it is 
not practical to tabulate the cross-section as a function 
of energy in this paper; the R-matrix results are there­
fore presented only graphically. 

The distorted wave method is less elaborate than the 
R-matrix calculation and is computationally easier to 
extend to higher energies. Here, the cross-section 
varies smoothly with energy, and it is convenient to fit 
the dimensionless collision strength for each transition 
as a function of electron impact energy in threshold units 
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( a ) Collision strengths from B V ground state (Is) 
0.1 
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0.05 

l s -3s 

l s -3p 

ls-3d 

0.01 

0 m liliimiiiiliiii linitiiiiliiiHiiiilniiHiiil iHIh.IIIIIHIIIIIIiirr 
18 19 20 21 22 23 24 25 26 27 
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( b ) Collision strengths from B IV ground state (Is) 
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FIG. 1. Collision strength at low electron impact energies for H-like B V (a) and Be W (b) from the ls2S ground state to n = 2 and n = 3 

states. — R-matrix calculation of Berrington (1991) [2J; — distorted wave calculation of Clark (1991) [3]; interpolation formula of 
Callaway (1983) [4]. The vertical dotted line indicates the threshold energy. 

TABLE I. ELECTRON IMPACT EXCITATION OF H-LIKE B V AND Be IV, INITIALLY IN THE 
ls2S GROUND STATE* 

Final state 

B V 

2s 

2p 
3s 

3p 
3d 

BelV 

2s 

2p 
3s 
3p 
3d 

AE 
(Ryd) 

1-8.75 
18.75 
22.22 
22.22 
22.22 

12.00 
12.00 
14.22 

14.22 
14.22 

Eq. 

(2) 

(1) 
(2) 

(1) 
(2) 

(2) 

(1) 
(2) 

(1) 
(2) 

<M 

3.5472 x 
1.8701 X 
7.0341 x 
2.9989 x 
5.4840 X 

5.5410 x 

2.9169 X 
1.1002 x 
4.6823 X 
8.5752 x 

io-2 

io-' 
io-3 

io-2 

io-3 

io-2 

IO-1 

io-2 

io-2 

io-3 

c2 

-1.3462 x 
-1.1167 x 
-2.2149 x 
7.7586 x 

-7.3865 X 

-1.9679 x 
-1.5513 x 
-3.8931 x 

1.2072 x 
-1.1344 X 

io-2 

io-2 

io-3 

io-3 

io-3 

io-2 

io-2 

io-3 

io-2 

io-2 

c3 

1.7578 x 
8.8277 x 

-6.9848 x 
9.1920 x 

-8.8475 x 

2.7694 x 

1.2366 X 
7.2631 X 
1.4784 X 

-2.3511 X 

io-2 

io-2 

io-3 

io-3 

IO-4 

io-2 

10"' 
io-3 

io-2 

io-3 

C4 

-1.1211 x 
-1.1496 X 

3.3224 X 
-1.0019 x 

1.1088 x 

-1.7670 x 
-1.7218 X 
-3.7649 x 
-1.6191 x 

1.8862 x 

lO"2 

lO"2 

io-2 

io-3 

lO" 2 

io-2 

io-2 

io-3 

io-3 

io-2 

d 

0.4 
-0.5 

2.2 
-0.7 
0.2 

0.3 
-0.6 
0.2 

-0.7 
0.2 

Fit parameters in Eqs (1-3) for collision strengths based on distorted wave calculations, for impact energies to 100 x threshold (AE Ryd). 
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(x = kf/AE, where kf is the incident electron energy 
and AE is the threshold energy; Rydberg units for 
energy are used in this paper). Three different forms 
of fit are used, depending on the high energy behaviour 
of the collision strength: 

0if = c, ln(x) + c2 + c3/(x + d) + c4/(x + d)2 (1) 

Qif = c, + c2/(x + d) + c3/(x + d)2 + c4/(x + d)3 (2) 

Qif = c,/(x + d)2 + c2/(x + d)3 + c3/(x + d)4 

+ c4/(x + d)5 (3) 

where Qif is the collision strength for a transition from 
the initial state i to the final state f; C!...c4 are obtained 
from a least squares fit procedure, and d is varied in steps 
of 0.1 from -0.9 to 3 to find the best fit. The distorted 
wave collision strength is fitted for x = 1.01-100, with 
an error generally less than 20% above x = 2. 

If the cross-section is required, it may be determined 
from 

a ( i ~ f ) = O i f ^ | (4) 
Wjk; 

where W; is the statistical weight of the initial state and 
a0 is the Bohr radius. 

2.1. H-like ions: Be IV and B V 

For Is - 2s and Is - 2p the Callaway (1983) [4] 
formulas for the collision strength are recommended; these 
are fits to accurate close-coupling pseudo-state calculations 
for the isoelectronic sequence, though no explicit calcu­
lations were made for Be IV and B V. Resonances are 
not included in Callaway's formulas, but they may have 
only a small effect on the collision rate. The accuracy 
is judged to be 5 %. 

For more general n — n' transitions, the Sampson 
and Zhang (1988) [5] formulas obtained from Coulomb-
Born calculations were found by Clark (1990) [6] to 
agree with distorted wave results to 10% except at low 
energies where the uncertainty is up to 25 %. 

Figure 1 shows the behaviour of the low energy colli­
sion strength for B V and Be IV from the new R-matrix 
and distorted wave calculations (Berrington, 1991 [2], 
Clark, 1991 [3]), and from the interpolation formulas 
of Callaway (1983) [4]. The disagreements are of the 
order of 10% (greater for Is — 2s), and represent the 
accuracy of the new calculations. Table I presents fits 
to the distorted wave collision strengths at higher 
energies, using Eqs (1-3). 

2.2. He-like ions: Be HI and B IV 

For Be III, Pradhan et al. (1981) [7, 8] provide 
good low energy data by explicitly including resonances 
in a distorted wave calculation, and these data are 
recommended. There is some uncertainty regarding the 
high energy tail which they used to calculate their tabu­
lated collision rates; distorted wave calculations of either 
Badnell (1985) [9] or Clark (1991) [3] can be used above 
four times the threshold energy. 

There are no previous elaborate calculations for B IV 
at low energies (i.e. with resonances and channel coupling 
which can have significant effects on the collision rate). 
The new R-matrix calculation for B IV (Berrington, 
1991 [2]) is therefore recommended, together with the 
new distorted wave cross-sections (Clark, 1991 [3]) 
at higher energies. 

Figure 2 shows the behaviour of the low energy 
collision strength for B IV and Be EQ from the new 
calculations. Table II presents fits to the distorted wave 
collision strengths at higher energies, using Eqs (1-3). 

2.3. Li-like ions: Be H and B III 

For Be II, close coupling calculations by Mitroy and 
Norcross (1988) [10] and Parpia et al. (1986, 1987) 
[11, 12] represent attempts to calculate the 2s - 2p 
cross-section with high precision, and their data are 
recommended as the best ones available from theory. 
However, there is a persistent disagreement with the 
experiment of Taylor et al. (1980) [13]. 

There have been no elaborate calculations specifically 
for B m. Cochrane and McWhirter (1983) [14] presented 
easy to use g fits for the isoelectronic sequence based 
on close coupling calculations of the collision rates. 
These calculations generally ignored resonances, which 

can make significant contributions to the excitation 
cross-section of n > 3 states at low energies. The 
new R-matrix calculation is therefore recommended 
(Berrington, 1991 [2]), together with the new distorted 
wave calculation at high energies (Clark, 1991 [3]). 

Figure 3 shows the behaviour of the low energy 
collision strength for B IE and Be II from the new 
calculations, together with some sample points from 
the experimental measurement for Be II, showing 
the puzzling -5-10% discrepancy. Table III presents 
fits to the distorted wave collision strengths at higher 
energies, using Eqs (1-3). 
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( a ) Collision strengths from B IV ground state (Is2 *S) ( b ) Collision strengths from B IV ground state (Is2 *S) 
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Electron energy Ryd. 

( c ) Collision strengths from Be III ground state (Is2 'S) 
0.04 
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0.05 
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( d ) Collision strengths from Be III ground state (Is2 *S) 

0.1 

0 h 1111111 i 1111111111111 n l 1111111111111 R 0 R 11 111 n 111111 i 111111 M I M 11 111 H 

8 9 10 11 12 13 8 9 10 11 12 13 
Electron energy Ryd. Electron energy Ryd. 

FIG. 2. Collision strength at low electron impact energies for He-like B TV (a, b) and he III (c, d) from the Is2 'S ground state to n = 2 and 

n = 3 states. — R-matrix calculation ofBerrington (1991) [2]; — distorted wave calculation of Clark (1991) [3]. The vertical dotted line 

indicates the threshold energy. 
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TABLE n. ELECTRON IMPACT EXCITATION OF He-LIKE B IV AND Be in, INITIALLY IN THE 
Is2 'S GROUND STATE* 

Final state 

BIV 

ls2s'S 
ls2s 'S 
ls2p'P 
ls2p'P 
ls3s'S 
ls3p'P 
ls3s 'S 
ls3d'D 
ls3d'D 
ls3p'P 

B e m 

ls2s'S 

ls2s "S 
ls2p'P 
H2p 'P 
ls3s'S 
ls3p'P 
ls3s'S 
ls3d'D 
ls3d 'D 
ls3p'P 

AE 
(Ryd) 

14.563 
14.882 
14.886 
15.075 
17.150 
17.237 
17.239 
17.275 
17.276 
17.292 

8.6862 
8.9214 
8.9321 
9.0587 

10.208 
10.274 
10.275 
10.300 
10.301 
10.312 

Eq. 

(3) 
(2) 
(3) 

(1) 
(3) 
(3) 
(2) 
(2) 
(2) 

(1) 

(3) 
(2) 
(3) 

(1) 
(3) 
(3) 
(2) 
(2) 
(2) 

(1) 

Cl 

5.8727 X 
4.6147 x 
5.3483 x 
2.0123 x 
9.8930 x 
1.1209 x 
1.2252 x 
3.3524 X 
4.8902 x 
4.4981 x 

1.0256 x 
7.7062 x 
9.6372 X 
3.2037 X 
1.6762 x 
1.9913 x 
2.2344 x 
1.4736 X 
7.3003 x 
7.9051 x 

10-2 

10-2 

10-2 

io-' 
io-3 

IO-2 

lO-2 

IO-6 

io-' 
10-2 

io-' 
io-2 

lO-2 

IO-1 

lO-2 

lO-2 

lO-2 

10"6 

IO-' 
10-2 

C2 

-4.9199 X 
-2.0415 x 

6.3383 x 
-1.8726 x 
-8.4724 x 

1.0960 x 
-1.1294 x 
-3.4958 x 
-4.7826 x 
-5.5536 x 

-6.2494 x 
-3.7116 X 
3.8681 X 

-4.1553 x 
-8.6117 X 
7.2259 x 

-2.6918 X 
1.6500 x 

-5.8825 X 
-2.4375 X 

lO-2 

lO-2 

io-' 
io-2 

io-' 
10"' 
lO-2 

10"6 

10"' 

io-' 

lO-2 

lO-2 

io-' 
lO-2 

io-' 
lO-2 

lO-2 

10"* 

io-' 
lO-2 

c3 

4.2780 x 
-2.7955 x 
-1.3753 
4.9070 x 
5.6143 x 

-2.0520 x 
7.7677 x 
7.6724 x 

-9.3858 x 
3.8828 x 

2.9814 x 
-4.6958 X 
8.6681 X 
7.5127 x 
4.2874 x 
1.0569 x 
2.9254 X 
1.0110 x 

-1.8145 x 
1.1117 X 

lO-2 

lO-2 

lO-2 

io-' 
io-' 
io-' 
lO"4 

io-' 
lO-2 

lO-2 

lO-2 

io-' 
lO-2 

io-' 
io-' 
lO-2 

io-' 
lO-2 

io-' 

<=4 

-7.5930 X 
-4.1693 X 
9.8438 
1.7764 X 

-6.6947 x 
1.3002 

-8.6367 x 
3.2158 x 
1.0481 x 
L6431 x 

-1.8705 x 
4.6782 x 

-3.1354 X 
-1.7864 x 
-2.4125 x 
-2.2079 x 
-3.1527 X 
5.1732 x 
1.8798 x 
4.9127 X 

lO-2 

10^ 

io-' 
io-' 

io-' 
io-' 
lO-2 

lO-2 

10"' 
lO"4 

IO-' 
io-' 
lO-2 

lO-2 

lO-2 

io-' 
lO-2 

lO-2 

d 

0.8 
0.9 
1.8 

-0.2 
0.5 
1.5 
0.8 
0.0 
0.4 
1.6 

0.9 
1.0 
1.0 

-0.3 
0.7 
0.8 
1.1 
0.0 
0.4 
2.0 

Fit parameters in Eqs (1-3) for collision strengths based on distorted wave calculations, for impact energies to 100 x threshold (AE Ryd). 

2.4. Be-like ions: Be I and B II 2.5. B-like ions: B I 

For neutral beryllium the R-matrix calculation of 
Fon et al. (1922) [15] is recommended, together with 
the new distorted wave calculation (Clark, 1991 [3]) 
at high energies. Similarly, for B n the new R-matrix 
calculation (Berrington, 1991 [2]) is recommended, 
together with the new distorted wave calculation (Clark, 
1991 [3]) at higher energies. It should be noted that 
this distorted wave calculation is probably less accurate 
for neutrals than for ions. 

Figure 4 shows the behaviour of the low energy 
collision strength for B II and Be I for these calcula­
tions. Table IV presents fits to the distorted wave colli­
sion strengths at higher energies, using Eqs (1-3). 

The R-matrix calculation of Nakazaki and Berrington 
(1991) [16] is the only elaborate calculation at low 
energies, and the new distorted wave calculation (Clark, 
1991 [3]) can be used at higher energies. The calcula­
tions differ by small or large (factors of two) amounts, 
depending on the transition. Given the disagreement with 
experiment (Kuchenev and Smirnov, 1981 [17]) by factors 
of three to five, the accuracy of the recommended data 
for neutral boron may be low. 

Figure 5 shows the behaviour of the low energy colli­
sion strength of B I for these calculations. Table V 
presents fits to the distorted wave collision strengths 
at higher energies, using Eqs (1-3). 
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( a ) Collision strengths from B III ground state (Is 2s) 
40 

( b ) Collision strengths from Be II ground state (ls22s) 
40 
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Electron energy Ryd. Electron energy Ryd. 

FIG. 3. Collision strength at low electron impact energies for Li-like B III (a) and Be II (b) from the ls22s 2S ground state to n = 2 and 

n = 3 states. — R-matrix calculation of Berrington (1991) [2]; — distorted wave calculation of Clark (1991) [3]; I, three sample points 

(with error bars) from the experiment of Taylor et al. (1980) [13]. The vertical dotted line indicates the threshold energy. 

TABLE HI. ELECTRON IMPACT EXCITATION OF Li-LIKE B m AND Be H, INITIALLY IN THE 
ls22s2S GROUND STATE 

Final state AE 
(Ryd) 

Eq. c4 

Bi l l 

2p 
3s 
3p 
3d 

BeD 

2p 
3s 

3p 
3d 

0.4394 

1.6607 

1.7773 

1.8058 

0.2908 

0.8179 

0.8934 

0.9090 

(1) 
(2) 
(1) 
(2) 

(1) 
(2) 
(1) 
(2) 

8.1593 

7.8867 x 10-' 

7.0194 x 10-' 

1.9674 

1.6021 x 10 

1.5483 

7.3977 X 10"' 

3.4170 

4.6488 

1.4986 x 10"' 

-7.9128 x 10-' 

-2.0828 

1.0650 x 10 

2.0293 x 10"' 

-8.5105 x 10"' 

-3.2721 

1.3259 X 

-6.4630 X 

1.3732 

-4.9508 

-9.4842 

-3.8016 x 

1.4918 

-1.3238 X 

10 
io-' 

io-' 

10 

-4.9607 x 10-' 

-1.7578 x 10"' 

4.1912 x 10-2 

9.2604 

4.8231 x 10 

3.1506 x 10"2 

1.0411 x 10"' 

2.2063 x 10 

0.6 
1.6 
0.5 
1.3 

1.2 
0.3 
0.4 
1.5 

* Fit parameters in Eqs (1-3) for collision strengths based on distorted wave calculations, for impact energies to 100 x threshold (AE Ryd). 
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Collision strengths from B II ground state (2s2 'S) 

Electron energy Ryd. 

( b ) 
10 

Collision strengths from Be I ground state (2s2 'S) 
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0.2 
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M, ' ' ' 2S2P
3P° ; 

Zs2p^3. 

2s3s'S 

1 2 3 
Electron energy Ryd. 

FIG. 4. Collision strength at low electron impact energies for Be-like B II (a) and Be I (b) from the ls22s2 'S ground state to the five 
lowest excited states. — R-matrix calculations of Berrington (1991) [2] and ofFon et al. (1992) [15]; — distorted wave calculation of 
Clark (1991) [3]. The vertical dotted line indicates the threshold energy. 

3. DISCUSSION 

The figures show that the new R-matrix and distorted 
wave calculations can differ significandy at low impact 
energies, with a tendency for better agreement at higher 
energies. This is because autoionizing resonances and 
channel coupling, important at low energies, are 
included in the R-matrix calculation but not in the 
distorted wave calculation; additionally, the target 
wave functions are different in the two calculations. 
In general, the R-matrix calculation should provide the 
most accurate data available, though in practice the 
energy range is limited by computer resources. At 
higher energies, the less computationally demanding 
distorted wave calculation should yield accurate cross-

sections, which may be obtained from the fits presented 
here in the tables. At intermediate energies, near and 
above the ionization threshold, both calculations may 
have a systematic error due to the omission of coupling 
to the continuum. This error is difficult to quantify, 
given the lack of experiments and suitable theory, but 
is likely to be greater for neutral Be and B than for 
their ions. ' 

1 Computer files of cross-sections from the new calculations 
described here can be obtained from the authors, including details 
of the low energy resonance structure, data for more highly excited 
final states, and data for excitation from metastable and excited 
initial states. 
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TABLE IV. ELECTRON IMPACT EXCITATION OF Be-LIKE B II AND Be I, INITIALLY IN THE 
ls22s21S GROUND STATE* 

Final state AE Eq. c, c2 c3 c4 d 
(Ryd) 

BH 

2s2p3P 0.3349 (3) 7.7421 X 10 -3.5890 X 10 -1.6191 x 103 4.0815 X 103 3.0 
2s2p'P 0.6760 (1) 6.8643 3.0258 -6.7660 1.5490 x 10 1.1 
2p23P 0.9007 (3) 2.0646 X 10"3 2.2601 -4.7606 2.4002 0.7 
2p21D 0.9724 (2) 4.2518 X 10"' -3.1026 X 10"' -4.3714 2.9311 2.7 
2p21S 1.1827 (2) 3.1998X10"' -9.0022 x 10"2 2.8988 X 10"2 -1.8010x10"' 0.8 
2s3s3S 1.1884 (3) 3.2277 X 10"' -4.9663 x 10"' 2.7498 x 10"' -5.2171 x 10"2 -0.3 
2s3s'S 1.2631 (2) 7.6921x10"' -1.5518x10"' 5.1145 x 10"2 -8.2870 x 10"3 -0.5 
2s3p3P 1.3210 (3) 3.0684 X 10"' 3.7237 -1.0202 X 10 8.9270 x 10 3.0 
2s3p'P 1.3259 (1) 4.2424 x 10"' -4.9301 x 10"' 7.1616 x 10"' 3.1699 x 10"2 0.4 
2s3d3D 1.3811 (3) 1.2574 x 10"' 1.4351 x 10 -1.2839 x 102 6.8394 x 102 3.0 
2s3d'D 1.4247 (2) 1.3230 -1.7864 -6.5375 X 10"' 1.2882 0.4 

Bel 

2s2p3P 
2s2p 'P 
2s3s3S 
2s3s'S 
2p23P 
2s3p3P 
2p2'D 
2s3p'P 
2s3d3D 
2s3d 'D 

0.1930 
0.3890 
0.4784 
0.5035 
0.5393 
0.5423 
0.5479 
0.5585 
0.5714 
0.6175 

(3) 
(1) 
(3) 
(2) 
(3) 
(3) 
(2) 
(2) 
(3) 
(2) 

1.1065 X 102 

1.9222 X 10 
8.9572 x 10"' 
2.5406 
1.4125 X 10"3 

7.6196 X 10"' 
2.1956 
2.2153 
8.0307 X 10"2 

2.3242 X 10"' 

-3.5585 X 102 

-9.0615 
-1.9274 
-1.6804 
1.6215 
5.6079 x 10"' 

-3.2808 
-6.2005 
1.2390 x 10 

-3.7998 X 10"' 

4.7227 X 102 

5.3705 
1.6108 
2.3451 
6.1904 

-4.1751 
-7.5291 X 10"2 

-3.8947 
-1.1406 x 102 

-2.1050 x 10"' 

-2.2698 X 102 

-6.9732 x 10"' 
-4.3148 x 10"' 
-1.2149 
-1.4025 x 10 
3.4902 
1.1805 

-7.2683 X 10"' 
7.2571 x 102 

9.0500 x 10"' 

0.0 
-0.8 
-0.5 
-0.4 
0.9 
0.1 
0.1 
3.0 
3.0 
0.2 

Fit parameters in Eqs (1-3) for collision strengths based on distorted wave calculations, for impact energies to 100 x threshold (AE Ryd). 

TABLE V. ELECTRON IMPACT EXCITATION OF B-LIKE B I, INITIALLY IN THE 
ls22s22p2P GROUND STATE* 

Final state 

BI 

2s2p24P 
2s23s2S 
2s23p2P 
2s2p22D 
2s23d2D 
2s2p22S 
2s2p22P 

AE 
(Ryd) 

0.2542 
0.3610 
0.4396 
0.4546 
0.4964 
0.5587 
0.6548 

Eq. 

(3) 
(1) 
(2) 
(1) 
(1) 
(1) 
(1) 

Cl 

2.6569 X 102 

5.0914 
3.8322 
7.3214 
1.4097 X 10 
5.5264 
2.6986 X .10 

c2 

1.7484 x 103 

-2.1377 
1.1374 
1.0544 X 10 

-2.8940 
4.5967 
3.0837 

c3 

-1.8657 x 10" 
2.9169 

-1.5199 
-2.1932 x 10 
2.6487 

-1.0361 x 10 
-2.3908 X 10 

c4 

3.8502 x 
-4.8593 x 
9.2315 X 
2.2758 X 

-1.4584 X 
7.1815 
2.1048 x 

104 

10"' 
10"' 
10 
10"' 

10 

d 

3.0 
-0.8 
-0.6 
0.0 

-0.9 
-0.3 
-0.2 

Fit parameters in Eqs (1-3) for collision strengths based on distorted wave calculations, for impact energies to 100 x threshold (AE Ryd). 

94 



RECOMMENDED DATA FOR ELECTRON IMPACT EXCITATION OF Be ,+ AND Bq+ IONS 

Collision strengths from B I ground state (2s22p2P°) 
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FIG. 5. Collision strength at low electron impact energies for 
B-like B I from the ls22s22p2P° ground state to the five lowest 
excited states. — R-matrix calculation of Nakazaki and Berrington 
(1991) [16]; — distorted wave calculation of Clark (1991) [3]. 
The vertical dotted line indicates the threshold energy. 
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ELECTRON IMPACT IONIZATION OF 
Be AND B ATOMS AND IONS 

D.L. MOORES 
Department of Physics and Astronomy, 
University College London, 
London, 
United Kingdom 

ABSTRACT. The best available data on electron impact ionization cross-sections of B and Be ions have been 
selected and are presented in simple parametric form. Tables of the fitting parameters are included. 

1. INTRODUCTION 

Data on cross-sections for ionization of atomic 
systems by electron impact can be derived from three 
principal sources: semi-empirical methods and for­
mulas, ab initio theory and experimental measurements. 
In the first category we have the Seaton formula [1] 
(which is only valid near threshold), the exchange 
classical impact parameter method [2], the infinite-z 
scaling method of Golden and Sampson (applicable to 
highly charged ions) [3], the formula of Percival [4] 
(for hydrogenic ions), and the formulas of Lotz [5] 
(probably the most widely used) and of Burgess and 
Chidichimo [6] (including an estimate of the excitation-
autoionization contribution). 

Ab initio theoretical methods include the Coulomb-
Born and the distorted wave methods with exchange, 
which are me most elaborate and become increasingly 
accurate with increasing charge on the ion, as well as 
the Born and Bethe-Born approximations (which 
should be valid at very high impact energies, provided 
accurate target wave functions have been used), and a 
range of classical [7] and semi-classical methods. 

For complex ions it may be necessary to include not 
just inner-shell processes but also contributions from 
indirect processes such as excitation-autoionization and 
resonant excitation-double autoionization. 

It should be pointed out that no reliable theoretical 
method capable of yielding accurate data for ions of 
low charge at low energies has been developed. 

On the experimental side, the crossed beam 
technique is capable of producing accurate results. 
Methods based on plasma spectroscopy measure rate 
coefficients rather than cross-sections, but in many 
cases they yield data of uncertain precision. For 

very highly charged systems, electron beam ion trap 
methods are beginning to be used. 

Estimates of unknown cross-sections can be obtained 
by making use of the fact that for a given isoelectronic 
sequence the reduced cross-section 

QR(X) ^ I2Q(X) (1) 

(where I is the ionization energy, Q(X) is the«.ioniza-
tion cross-section in cm2, and X is the incident energy 
divided by I) varies slowly as a function of Z. This 
technique is referred to as scaling. 

The high energy behaviour of the cross-section can 
be fixed by making use of the fact that, for large X, 

XQ(X) = A lnX + B (2) 

where 

= 4 f " * * 
Ji de « 

(3) 

with df/de being the differential dipole continuum 
oscillator strength of die ion, and B is independent of X. 

In mis report, the cross-sections have been para­
metrized ekher in the form 

XQ(X) = A lnX + 

or in the form 

XQ(X) = A lnX + 

_9L 
X 

lnX + 
i = 1 

1 - — 

X1 

(4) 

(5) 

where Q and a{ are constants with no special physical 
interpretation, merely having the role of fitting para­
meters. We now discuss the recommended data for 
each isoelectronic sequence in turn. 
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TABLE I. PARAMETERS OF Eq. (4) FOR ELECTRON IMPACT IONIZATION OF Be"+ AND B"+ IONS 

Species 

Be V 
Be IV 

BIV 
Be m 

B III 

BeH 

B H 

B e l 

I(eV) 

340.22 
217.71 

259.37 
153.89 

37.93 
18.21 

25.15 
20.53 
26.52 

9.32 
6.60 

13.28 

A 

1.5275-19 
3.7027-19 

6.8418-19 
1.9435-18 

8.4971-18 
3.3039-17 

3.9682-17 
4.2350-17 
1.9621-17 

2.8896-16 
4.0978-16 
7.8250-17 

Co 

-

— 
-

— 
-

-3.0639-16 
-2.7128-16 
-1.2940-16 

-2.2311-15 
-2.6249-15 
-5.1599-16 

c, 

2.1678-19 
4.9003-19 

-9.7357-20 
-2.7656-19 

9.6681-18 
9.0589-17 

3.6726-16 
3.5826-16 
1.5677-16 

2.6743-15 
3.4665-15 
6.2520-16 

C2 

-4.9163-19 
-1.0595-18 

4.0760-20 
1.1579-19 

1.5560-17 
-8.8416-17 

-1.1683-16 
-1.1887-17 
-5.1186-17 

-8.5077-16 
-1.1501-15 
-2.0413-16 

c3 

2.2145-18 
4.8960-18 

5.7328-18 
1.6285-17 

-1.0150-17 
3.4311-16 

c4 

-2.8808-18 
-6.2381-18 

-8.4384-18 
-2.3971-17 

-2.1487-17 
-4.1859-16 

c5 

1.6432-18 
3.6395-18 

4.9724-18 
1.4125-17 

5.3676-17 
2.6885-16 

Remarks* 

(a) 
(b) 
(c) 

(a) 
(b) 
(c) 

Accuracy 

12% 
12% 

12% 
12% 

30% 
30% 

30% 
40% 
40% 

30% 
40% 
40% 

* (a)2s2,S - 2s 2S; (b) 2s2p3P - 2s 2S; (c) 2s2p3P - 2p2P, 

2. RECOMMENDED IONIZATION 
CROSS-SECTIONS 

H-like ions B V and Be IV 

Bell et al. [8] recommended results based on a 
scaling of Younger's [9] distorted wave exchange cal­
culations for C VI. The scaled curve agreed well with 
Younger's calculation for Ne X. The formulas of Lotz 
[5], Golden and Sampson [3] and Percival [4] gave 
results roughly 10% higher. New calculations [10] 
using a relativistic distorted wave method (relativistic 
effects were in fact negligible) were carried out speci­
fically for B V and Be IV. Similar calculations for 
Ne X were in close agreement with those by Younger. 

These calculations for X < 5 were merged with the 
Born calculation of Peach [11] above X = 150 and 
fitted to Eq. (4), and these results provide the recom­
mended data. The parameters are given in Table I. The 
accuracy of these cross-sections should be better than 
12%. 

For ionization from states other than the ground 
state the formulas of Golden and Sampson [3] should 
be used. 

He-like ions Be III, BIV 

For ground state ionization of B IV, Bell et al. [8] 
point out the good agreement between a crossed beam 
experiment, distorted wave exchange calculations and a 
semi-empirical formula. We recommend a cross-section 

based on these data for X < 5, merged with Peach's 
calculation [11] above X = 150. Be HI data are to be 
obtained by scaling the B TV data using Eq. (1). 
Parameters obtained from fitting to Eq. (4) are given 
in Table I; the estimated accuracy is 12%. 

For the ionization out of metastable states ls2s1,3S, 
Coulomb-Born exchange calculations have been per­
formed by Attaourti et al. [12] for the isoelectronic C, 
N, O ions. Their results for O differ by 25% from the 
results of a calculation by Moores and Tully [13] using 
the code COBION [14]. 

The results shown in Table II have been obtained by 
scaling the C.V results of Attaourti et al. [12] and 
merging with the Burgess and Chidichimo [6] formula 
above X = 150. The estimated accuracy is 30%. 

Li-like ions Be II and Be III 

Falk and Dunn [15] have carried out a crossed beam 
measurement for Be II. Their fit, which includes Is 
ejection and a small excitation-autoionization contribu­
tion, fails to match the Born approximation, however 
at very high energy. 

Instead, we recommend the calculations of Younger 
[16] at low energies merged with those of Peach [11] 
above X = 150. The combined inner-shell and 
excitation-autoionization contributions are less than 
the estimated 30% accuracy. A similar procedure was 
employed for B HI. The parameters of the fits are 
given in Table I. 
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TABLE n. PARAMETERS OF Eq. (4) FOR ELECTRON IMPACT IONIZATION FROM METASTABLE STATES 
2'S, 23SOFHe-LIKEIONS 

Species 

B IV 
Be ffl 

BIV 
B e m 

State 

2 'S 
2 'S 

23S 
23S 

I(eV) 

56.4 
32.0 

60.8 
35.3 

A 

1.4870-17 
4.6194-17 

9.7412-18 
2.8908-17 

C0 

3.0520-17 
9.4808-17 

-1.6292-17 
-4.8347-17 

c, 

-3.1517-17 
9.7908-17 

1.4620-17 
4.3384-17 

C2 

1.4244-17 
4.4244-17 

-1.2500-17 
-3.7093-17 

Accuracy 

30% 
30% 

30% 
30% 

TABLE ffl. PARAMETERS OF Eq. (5) FOR ELECTRON IMPACT IONIZATION OF B I 

Species 

B I 

KeV) 

8.30 
12.93 
17.40 

A 

4.2820-16 
3.4867-16 
6.4165-17 

<*o 

1.1049-15 
1.3375-16 
2.4614-17 

«i . . 

-2.6816-15 
6.7887-16 
1.0032-16 

a2 

8.3591-16 
-8.4807-16 
-1.5607-16 

a3 

3.4155-15 
-9.3416-16 
-1.7191-16 

<*4 

4.1763-15 
2.5971-15 
4.7795-16 

<*5 

1.5015-16 
-1.3600-15 
-2.5028-16 

Remarks* 

(a) 
(b) 
(c) 

Accuracy 

Factor of two 
Factor of two 
Factor of two 

* (a) 2s22p2P - 2s2 'S; (b) 2 8 ^ 2P - 2s2p3P; (c) 2s22p2P - 2s2p'P. 

/ " ~ N 

1 2 
logioX 

FIG. 2. Electron impact ionization cross-sections for Be II versus 
log X. The long-dashed curve represents the data ofFalk and 
Dunn [15]. 

Neutral B 

This cross-section is the least well known. For lack 
of anything better, we recommend a result obtained by 
scaling the C II calculation of Moores [18]. Parameters 
obtained from a fit to Eq. (5) are given in Table HI for 
ejection of 2s and 2p electrons. The cross-sections may 
be regarded as being only accurate to within about a 
factor of two. 

I i 

1 2 
logio X 

FIG. 1. Electron impact ionization cross-sections for B V versus 
log X. The full line is the recommended cross-section of the present 
evaluation (Eq. (4) and Table I); the dashed line represents the 
cross-section earlier recommended by Bell et al. [8], and the 
crosses are the cross-section values used in the fitting. 

Be-like ions Be I and B II 

The formulas given by Younger [17] for more 
highly charged Be-like ions cannot be extrapolated 
below Z = 6. However, reasonable results can be 
obtained by scaling Younger's C III results. This 
applies equally to ionization from the 2s2 and 2s2p3P 
states. Parameters obtained by fitting to Eq. (4) are 
shown in Table I. The accuracy is 30-40%. 
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Figures 1 and 2 show the recommended cross-
sections for B V and Be II, respectively, resulting from 
the present data assessment study. They are compared 
with the earlier recommendations of Bell et al. [8]. 
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ABSTRACT. Dielectronic recombination rate coefficients for all ions of the Be and B isonuclear sequences are 
calculated in the zero density limit using a multiconfiguration, intermediate coupling approximation for atomic structures. 

The appearance of low-Z metals in current tokamak 
fusion experiments has prompted the IAEA to extend 
its atomic database to cover these materials. In this 
paper we calculate dielectronic recombination (DR) 
rate coefficients for all atomic ions of the beryllium 
and boron isonuclear sequences. The zero density rates 
generated here need to be incorporated into the solution 
of the collisional-dielectronic population rate equations 
[1] from which level populations, ionization balance 
and power loss can be determined for a finite density 
plasma. 

The energy averaged dielectronic recombination cross-
section for a given initial state i through an intermediate 
state j is given by 

(2a-a0I)
2 , «G) 

ffd(i^j) = 
E„AEr 2w(i) 

T o E A r ( j - k ) £ A . G - i , ^ f ) 

£ A r ( j - h ) + £ A a ( j - h , E c O 
(1) 

where Ec is the energy of the continuum, which is fixed 
by the position of the resonances, I is the ionization 
potential of hydrogen and AEC is the bin width. o>(j) is 
the statistical weight of the (N + 1) electron doubly ex­
cited state, w(i) is the statistical weight of the N-electron 
target ion, and (2ira0)

2T0 = 2.6741 X 10~32 cm2-s. 
The dielectronic recombination rate coefficient can be 
written in terms of the energy averaged cross-section as 

ad(i) = 
4xa§I 

k„T 
1 

(27ra0I)
27o 

X £ E cAE cad(i-j) exp(-Ec/kBT) 

where (47rag)3/2 = 6.6011 x 10"24 cm3. Many-body 
perturbation theory is used to evaluate both the radiative 
(Ar) and the autoionization (Aa) rates for the many inter­
mediate levels j in the energy range of interest. The 
atomic structure computer code SUPERSTRUCTURE 
[2], based on Thomas-Fermi-Dirac-Amaldi (TFDA) 
wave functions, was extensively modified to calculate 
multiconfiguration, intermediate coupling autoionization 
rates. The resulting computer code AUTOSTRUCTURE 
[3, 4] calculates multiconfiguration, intermediate coupled 
DR cross-sections, Eq. (1), and rate coefficients, Eq. (2), 
for low n explicitly and for high n by extrapolating radial 
wave functions using quantum defect theory. 

For dielectronic recombination in B+ , we consider the 
following reaction pathways (Is2 core): 

(2s2 + 2p2) 'S0 + Wc - 2s2p(3P2,1,0, %)n( (3) 

2s2p(3P2il>0) 'P,)nf - (2s2 + 2p2)'SonT + too 

x (2s2 + 2p2) 'S0 + k£c 

^ 2s2p(3P2il,0,'P1) + k'« (4) 

where we sum the above processes up to n = 1000 and 
( = 12. The DR rate coefficients for B+ from 10" K to 
108 K are given in Table II. 

For dielectronic recombination in Be+ and B2 + , we 
consider the following reaction pathways (Is2 core): 

2s2S1/2 + k(Q - 2p(2P3/2,1/2)n£ 

2p(2P3/2,./2)n£ - 2s2S1/2n£ + tko 

^ 2s2S,/2 + k4 
X 2p(2P3/2,1/2) + k% 

(5) 

(6) 

(2) 
where we sum the above processes up to n = 1000 and 
i = 12. The DR rate coefficients for Be+ and B2 + 
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TABLE I. Be DIELECTRONIC RECOMBINATION 
RATE COEFFICIENTS 

log10 Be+ Be2+ Be3+ 

[T(K)] a (10"11 cm'/s) a (10"" cm3/s) a (10"" cm3/s) 

4.0 
4.1 
4.2 
4.3 
4.4 
4.5 
4.6 
4.7 
4.8 
4.9 

5.0 
5.1 
5.2 
5.3 
5.4 
5.5 
5.6 
5.7 
5.8 
5.9 

6.0 
6.1 
6.2 
6.3 
6.4 
6.5 . 

6.6 
6.7 
6.8 
6.9 

7.0 
7.1 
7.2 
7.3 
7.4 
7.5 
7.6 
7.7 
7.8 
7.9 

8.0 

0.62872 

1.15464 

1.74627 

2.26130 

2.58738 

2.68276 

2.57202 

2.31695 

1.98634 

1.63721 

1.30790 

1.01920 

0.77871 

0.58570 

0.43508 

0.32002 

0.23354 

0.16937 

0.12222 

0.08785 

0.06295 

0.04500 

0.03210 

0.02286 

0.01626 

0.01156 

0.00821 

0.00582 

0.00413 

0.00293 

0.00208 

0.00147 

0.00104 

0.00184 

0.00531 

0.01151 

0.01987 

0.02858 

0.03556 

0.03942 

0.03986 

0.03746 

0.03321 . 

0.02812 

0.02295 

0.01819 

0.01408 

0.01071 

0.00802 

0.00594 

0.00436 

0.00317 

0.00230 

0.00166 

0.00119 

0.00125 

0.00574 

0.01811 

0.04222 

0.07727 

0.11649 

0.15046 

0.17182 

0.17789 

0.17035 

0.15332 

0.13136 

0.10821 

0.08641 

0.06732 

0.05142 

0.03867 

0.02872 

0.02112 

0.01541 

0.01118 

0.00807 

0.00580 

0.00415 

0.00297 

0.00212 

0.00151 

0.00107 

from 104 K to 108 K are given in Tables I and II, 
respectively. 

For dielectronic recombination in Be2+ and B3 + , we 
consider the following reaction pathways: 

Is2'So + k(c r ls2£(3S1; 'So, 3P2,!,0, 'P,)nf (7) 

ls2F(3S„ 'S0,3P2,,,0, %)nl - ls2 'S027+ tlw 
X ls2 'S0nf + tlw 
x Is2 'S0 + k(c 

^ ls2l(3S1>
,S0,3P2.1,o,,P,) 

+ k'K 

(8) 

where we sum the above processes up to n = 100 
and I = 5. The DR rate coefficients for Be2+ and B3+ 

from 104 K to 108 K are given in Tables I and II, 
respectively. For B3 + , the peak DR rate coefficient 
(at 1.6 X 106 K) calculated by Chen [5] is about 8% 
lower than the value given in Table II. 

For dielectronic recombination in Be3+ and B4 + , we 
consider the following reaction pathways: 

ls2S1/2 + k(c - 2£(2S1/2,
2P3/2,i/2)n£ (?) 

2<r(2S1/2,
2P3/2il/2)n£ - ls2S1/22£ + lto> 

^ ls2S1/2nf + tiw 

^ ls2S1/2 + k(c 

X 2Ps 1 / 2 , 2 P 3 / 2 , 1 / 2 +k'n (10) 

where we sum the above processes up to n = 100 and 
t = 5. The DR rate coefficients for Be3+ and B4+ from 
104 K to 108 K are given in Tables I and II, respectively. 

In conclusion, we have generated zero density DR 
rate coefficients for all atomic ions of the Be and B 
isonuclear sequences. The rates generated here are the 
first step in the solution of the collisional-dielectronic 
population rate equations for a finite density plasma. 
The overall accuracy of the DR rates is judged to be 
about 20%, because of approximations in the atomic 
structure and the neglect of contributions from higher 
excitations. 
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TABLE II. B DIELECTRONIC RECOMBINATION RATE COEFFICIENTS 

logl0 B+ B 2 + B 3 + B 4 + 

[T(K)] a (10"" cm3/s) a (10"" cm3/s) a (10"" cm3/s) a (10"" cm3/s) 

4.0 
4.1 
4.2 
4.3 
4.4 
4.5 
4.6 
4.7 
4.8 
4.9 

5.0 
5.1 
5.2 
5.3 
5.4 
5.5 
5.6 
5.7 
5.8 
5.9 

6.0 
6.1 
6.2 
6.3 
6.4 
6.5 
6.6 
6.7 
6.8 
6.9 

7.0 
7.1 
7.2 
7.3 
7.4 
7.5 
7.6 
7.7 
7.8 
7.9 

8.0 

0.00171 

0.01272 

0.05879 

0.18535 

0.43052 

0.78384 

1.17568 

1.51149 

1.71906 

1.77367 

1.69369 

1.52082 

1.30046 

1.06968 

0.85312 

0.66394 

0.50674 

0.38083 

0.28271 

0.20783 

0.15160 

0.10991 

0.07929 

0.05699 

0.04083 

0.02918 

0.02081 

0.01482 

0.01054 

0.00749 

0.00532 

0.00378 

0.00268 

0.00190 

0.00135 

0.22968 

0.56034 

1.16283 

1.98648 

2.85670 

3.56351 

3.96259 

4.01867 

3.78663 

3.36497 

2.85402 

2.33252 

1.85090 

1.43469 

1.09155 

0.81827 

0.60624 

0.44497 

0.32418 

0.23479 

0.16926 

0.12156 

0.08705 

0.06219 

0.04434 

0.03157 

0.02245 

0.01595 

0.01133 

0.00804 

0.00570 

0.00404 

0.00286 

0.00203 

0.00144 

0.00102 

0.00353 

0.01061 

0.02387 

0.04247 

0.06266 

0.07959 

0.08972 

0.09195 

0.08735 

0.07813 

0.06661 

0.05466 

0.04351 

0.03381 

0.02578 

0.01936 

0.01436 

0.01055 

0.00769 

0.00558 

0.00402 

0.00289 

0.00207 

0.00148 

0.00105 

0.00152 

0.00652 

0.01959 

0.04411 

0.07863 

0.11620 

0.14781 

0.16680 

0.17110 

0.16267 

0.14558 

0.12416 

0.10192 

0.08116 

0.06309 

0.04811 

0.03613 

0.02680 

0.01969 

0.01436 

0.01041 

0.00751 

0.00539 

0.00386 

0.00276 

0.00197 
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ABSTRACT. The available cross-section database for charge exchange, excitation and ionization in collisions of 
Beq+ and B q + ions with H, H2 and He is critically reviewed. Reference.to data sources containing cross-sections of 
high accuracy is given. The gaps in the database for these collisional systems have been identified, as well as the 
reactions for which the existing data information is of inadequate accuracy. 

1. INTRODUCTION 

From the perspective of applications in fusion 
energy research, the relevant heavy particle collision 
processes involving Beq+ and Bq + ions are charge 
exchange, excitation and ionization in collisions with 
H, H2 and He. The collision energy range considered 
is 10 to 106 eV per nucleon. The lower energies are 
relevant to modelling and diagnostics of the edge or 
scrape-off plasma, while the higher energies are im­
portant for diagnostics and energy deposition in the 
plasma using energetic neutral beams of H or He. 
Collisions between Be and B impurity atoms and ions 
themselves are considered to occur too infrequently to 
play a significant role in such plasma devices. Heavy 

particle collisions are most often studied experimentally 
by passing energetic ion beams through gaseous targets. 
Therefore, in the following discussion, Be or B ions 
will be referred to as the projectile and H, H2 or He 
as the target. 

The available data information for charge exchange, 
excitation and ionization in collisions of Beq+ and Bq + 

ions with H* H2 and He are summarized in Table I, 
where E refers to experimental data and T to theoreti­
cal data. For excitation and ionization collisions, the 
subscripts t and p refer to target and projectile, respec­
tively. For electron capture collisions involving He or 
H2, the subscripts 1 and 2 refer to the transfer of one 
or two electrons, respectively. 
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TABLE I. AVAILABILITY OF DATA FOR COLLISIONS OF Beq+ AND B"+ IONS WITH H, H2 AND He 

Target (t) 

Projectile (p) 

Be + 

Be2+ 

Be3+ 

Be4+ 

B + 

B 2 + 

B 3 + 

B 4 + 

B 3 + 

TC 

T 

T 

T 

E 

E 

T 
E 

T 
E 

T 
E 

ssc 

T 

T 

T 

T 

T 

H 

ANG 

T, 

EX 

T, 

T, 

ION 

T, 

T, 

EP 

E P 

T, 

TC 

E, 

T, 

E, 

E, 

E, 

E, 

E, 
E2 

E, 
E2 

T, 
E, 

SSC 

T, 

T, 

T, 

T, 

H2 

ANG EX 

E P 

ION TC 

T, 

E, 

E, 
E2-

T, 
E, 
E2 

E, 

T, 
E, 
E2 

SSC 

T, 

T, 
E, 

He 

ANG 

T, 

E, 

EX 

TD 

EP 

T, 

ION 

T, 

E, 

E, 

T, 
E, 

TC — total electron capture (summed over final states) 

SSC — state selective electron capture 
ANG — data on angular distribution of products of electron capture collisions 
EX — excitation of projectile (p) or target (t) 
ION — ionization of projectile (p) or target (t) 

E — experimental data 
T — theoretical data 
1,2 — single or double electron capture. 

Semi-empirical scaling relationships for heavy 
particle collisions are often applied for higher-Z impu­
rities. For example, a general formula for the charge 
exchange cross-section, derived in Ref. [1], may be 
used quite reliably for impurities such as Fe or Ni in 
ionization stages higher than 5. This general formula 
is, however, not applicable to low-Z impurities such as 
Be and B, for which each collision system must be 
considered individually. One exception is the ionization 
of H, H2 or He by Beq+ or Bq + ions at energies above 
20q keV/amu, where scaling formulas based on the 
Bethe approximation [2, 3] may be used with some 
reliability. 

2. CHARGE EXCHANGE 

Charge exchange (electron capture) collisions 
between impurity ions and neutral H, H2 and He are 
by far the most important heavy particle processes 
occurring in fusion plasmas because of their relatively 
large cross-sections at lower kinetic energies. This 
results from the exothermicity of such reactions 
involving multiply charged ions. At near-thermal 
energies such as those prevailing in the edge plasma, 
cross-sections for charge exchange are very sensitive to 
the degree of exothermicity of a particular channel. 
The channels which have appreciable cross-sections 
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generally leave the ion in an excited state and are 
exothermic by several electron volts, depending 
on the initial charge of the ion. Photon emissions 
from excited impurity ions are important for plasma 
diagnostics involving the use of injected neutral 
beams of H or He. 

The data for total and partial cross-sections for elec­
tron transfer collisions of Beq+ and Bq + ions with H, 
H2 and He have been recently compiled by Tawara [4]. 
Extensive coupled state calculations have been recently 
carried out by Kimura [5] for Beq+ + H, Beq+ + H2 

(q = 2, 3, 4) and for Bq+ + H, Bq + + H2 (q = 3, 5). 
These calculations are based on a molecular orbital 
(MO) expansion (with appropriate electron translation 
factors) at low energies, in conjunction with the 
extended atomic orbital (AO+) method at higher 
energies. New calculations for Be4 + H and B5 + + H 
based on the 'adiabatic hidden crossings' or 'super-
promotion' model have also been performed by Krstic 
et al. [6]. This method gives reliable partial cross-
sections for capture into a particular n shell down to 
0.3 keV/amu. An intercomparisonof the various theo­
retical methods that have been applied to the electron 
capture process shows that the predicted cross-sections 
for capture into specific states are very sensitive to the 
method applied, whereas this sensitivity is much less 
pronounced for the total cross-sections. 

2.1. Atomic hydrogen target 

Be+ + H 

Neither experimental nor theoretical cross-section 
data are available for the charge exchange processes in 
this collision system. Since these processes are endo-
thermic in all channels, the corresponding cross-sections 
are expected to be very small for E < 1 keV/amu. 

Be2+ + H 

No experimental data are available. The theoretical 
perturbed stationary state (PSS) calculations of Wetmore 
et al. [7] agree within 10% with the new coupled state 
(AO-MO) calculations of Kimura [5], which include 
electron translation factors and a larger basis. The 
latter are recommended for the total cross-sections and 
for capture to the 2s and 2p states. Data are needed at 
energies above 10 keV/amu. 

Be3+ + H 

No experimental data are available for the charge 
exchange processes in this system. Molecular coupled 

state calculations employing electron translation factors 
have been performed by Shimakura [8] for capture to 
the 2s, 2p, 3s, 3p and 3d states, and for the total 
capture cross-section. The accuracy of the total cross-
section is estimated to be 30-50% at energies above 
25 keV/amu and 20-30% at lower energies. The n = 2 
partial cross-sections (dominant channels) are estimated 
to be accurate to 20-30% and the n = 3 cross-sections 
to 30-50%. 

Be4+ + H 

No experimental charge exchange data are available 
for this collision system. Total and partial cross-section 
calculations have been performed by Fritsch and 
Lin [9] (AO) and by Kimura [5] (AO-MO). New low 
energy calculations are also available from Krstic 
et al. [6] based on the superpromotion model. In the 
energy range 0.1-5 keV/amu, all three calculations 
agree to within 5% for the total cross-section, as well 
as for state selective capture to the dominant (n = 3) 
channels. For the non-dominant (n = 4) channels, the 
agreement is less satisfactory. Unitarized distorted 
wave (UDWA) calculations of Ryufuku [10] are avail­
able at energies above 10 keV/amu. The accuracy of 
the total and n = 3 partial cross-sections is estimated 
to be 10% at energies in the range of 0.1-5 keV/amu 
and 20% at higher energies. The accuracy of the 
n = 4 and n = 5 cross-sections is estimated to be 
20-50%. New low energy total and partial cross-
section data for capture from H* (n = 2) are available 
from the superpromotion model [6]. The accuracy of 
these data is unknown at the present time. 

B + + H 

Experimental total cross-section measurements 
using the ion beam/gas target method have been made 
by Goffe et al. [11] at energies between 10 and 
150 keV/amu. The estimated accuracy is 10-20%. 
Since all channels are endothermic, the cross-section 
is expected to decrease at lower energies. No state 
selective or theoretical data have been reported. 

B2+ + H 

Total cross-section measurements based on the ion 
beam/gas target method have been reported by Goffe 
et al. [11], McCullough et al. [12], Crandall [13] and 
Gardner et al. [14]. These data are consistent and 
cover the energy range from 2 to 200 keV/amu. The 
estimated accuracy is 10%, except at the lowest and 
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highest energies where it is 20%. No state selective or 
theoretical cross-section data are available for this 
system. 

B3+ + H 

Experimental total cross-section data have been 
obtained over the energy range 1-200 keV/amu using 
the ion beam/gas target method by Goffe et al. [11], 
McCullough et al. [12], Crandall [13] and Gardner 
et al. [14]. The molecular orbital coupled state calcula­
tions by Olson et al. [15] and Wetmore et al. [16] 
agree well with the experimental data and extend 
down in energy to 0.3 keV/amu. The uncertainty of 
the data is estimated to be 20-30% in the energy 
range 0.3-2 keV/amu and 10-15% in the range 
2-200 keV/amu. Partial cross-sections have been cal­
culated by Kimura [5] for capture to the 2s and 2p 
states, with the estimated accuracies comparable to 
those of the total cross-section for the 2p state, and 
somewhat larger for the 2s state. 

B4+ + H 

Experimental data based on the ion beam/gas target 
method are available for the total charge exchange 
cross-section at energies between 2 and 200 keV/amu 
from Goffe et al. [11], Crandall [13] and Gardner et 
al. [14]. The calculations by Olson and Salop [17], 
based on the classical trajectory Monte Carlo (CTMC) 
method in the energy range 10-150 keV/amu, are in 
agreement with the experimental data. The estimated 
accuracy of the total cross-section is 10-20%. No 
state selective or low energy total cross-section data 
are available. 

B5+ + H 

Both total and state selective cross-section data are 
available for the charge exchange reactions in this sys­
tem. Experimental total cross-section data based on 
the ion beam/gas target method have been reported by 
Goffe et al. [11], Crandall [13] and Sherwin [18] in 
the energy range 0.2-200 keV/amu and are in good 
agreement with each other. The theoretical total cross-
section data of Ryufuku [10] based on the UDWA 
approximation, those of Fritsch and Lin [9] based on 
the AO coupled states method and those of Krstic 
et al. [6] using the superpromotion model agree well 
with experiment. The accuracy of the total cross-
section is estimated to be 10% for energies in the 
range 0.2-200 keV/amu. Total cross-section data are 

needed at energies below 200 eV/amu. In the energy 
ranges where they overlap, the partial cross-section 
calculations by Fritsch and Lin [9], Ryufuku [10] and 
Kimura [5] agree within the estimated accuracies of 
10% for n = 4, 20% for n = 3 and 30% for n = 5. 
For the non-dominant channels (n = 2, 6, 7, 8), the 
cross-sections are small, and only the UDWA calcula­
tion of Ryufuku [10] at higher energies and the super-
promotion model calculation of Krstic et al. [6] at 
lower energies are available. Since their energy ranges 
do not overlap, the uncertainty is difficult to assess 
for these channels. New total and partial cross-section 
calculations are also available from Krstic et al. [6] 
for capture from H* (n = 2). The accuracy of these 
data is unknown at the present time. 

2.2. Molecular hydrogen target 

Be+ + H2 

The only reported data are the single-capture 
measurements by Sherwin [18] in the energy range 
1-3 keV/amu. Their accuracy is difficult to assess. 

Be2+ + H2, Be3+ + H2, Be4+ + H2 

Experimental single-capture cross-section measure­
ments of Ostgaard Olsen et al. [19], based on the ion 
beam/gas target method, are available in the energy 
range 0.1-1 keV/amu from Kimura [5], and partial 
cross-section calculations are in progress. The accuracy 
of the total cross-section data is estimated to be 20%. 
Additional data would be useful at energies above 
10 keV/amu. 

B+ + H2 

The only available data are single-capture cross-
section measurements reported by Goffe et al. [11] at 
energies between 10 and 150 keV/amu, for which the 
estimated accuracy is about 10-20%. Additional data 
are needed at lower energies. 

B2+ + H2 

Experimental data based on the ion beam/gas target 
method are available for the total single-capture cross-
sections at energies between 0.3 and 200 keV/amu 
from Goffe et al. [11], Crandall [13], McCullough 
et al. [12] and Gardner et al. [14]. The data of 
Gardner et al. appear to be too low by 50%. An esti­
mated accuracy of 20-25% is assigned to the data for 
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this reaction. Since the cross-section is unusually large 
for a doubly charged ion and increases with decreasing 
energy, additional experimental and/or theoretical data 
are needed at lower energies. 

B3+ + H2 

Total single-capture cross-section measurements have 
been reported by Goffe et al. [11], Crandall [13] and 
Gardner et al. [14] in the energy range 1-200 keV/amu. 
New theoretical data have been reported recently by 
Kimura [5] in the energy range 0.1-10 keV/amu, 
which agree well with the measurements. The accuracy 
of the data for this reaction is estimated to be 20%. 
Double-capture measurements have also been reported 
by Gardner et al. in the energy range 1-5 keV/amu. 
The double-capture cross-section is unusually large 
relative to the single-capture cross-section in this case. 

B4+ + H2 

Total single-capture cross-section measurements have 
been reported by Goffe et al. [11], Crandall [13] and 
Gardner et al. [14] in the energy range 2-200 keV/amu. 
The accuracy of the data for this reaction is estimated 
to be 20%. Double-capture measurements have also 
been reported by Gardner et al. in the energy range 
2-5 keV/amu. The double-capture cross-section is 
negligibly small relative to the single-capture cross-
section in this case. 

B5+ + H2 

Total single-capture cross-section measurements 
have been reported by Goffe et al. [11] and Crandall 
[13] in the energy range 5-200 keV/amu. New theo­
retical data have been reported recently by Kimura [5] 
in the energy range 0.1-10 keV/amu, which are con­
sistent with these measurements. The accuracy of the 
data for this reaction is estimated to be 15-20%. 

^2.3. Helium target 

,Be+ + He 

The only data for the charge exchange reactions in 
this collision system are the angular differential total 
cross-section measurements by Ostgaard Olsen et al. 
[19] in the energy range 200-500 keV/amu and by 
Gay et al. [20] at 56.25 keV/amu. 

Be2+ + He 

No experimental or theoretical cross-section data 
are available for the charge exchange reactions in this 
collision system. 

Be3+ + He 

Theoretical Landau-Zener calculations have been 
reported by Boyd and Moiseiwitsch [21] for capture 
into the 23S, 23P and 2 'P states in the energy range 
0.1-1000 eV/amu. The accuracy of these data is 
difficult to assess. No experimental data are available. 

Be4+ + He 

Only theoretical data are available for the charge 
exchange reactions in this collision system. Total 
single-capture cross-sections have been calculated by 
Olson [22] using the CTMC method, and by Suzuki 
et al. [23] using the exponential distorted wave 
approximation. These calculations are consistent with 
one another at energies where they overlap and cover 
the range 1-400 keV/amu. The accuracy is estimated 
to be 15-20%. Partial cross-sections for single and 
double capture have also been reported by Martin et 
al. [24] in the energy range 0.25-20 keV/amu. 

B + + He 

The only data available are the total cross-section 
measurements by Nikolaev et al. [25] at energies in 
the range 10-100 keV/amu. Data are needed over a 
wider energy range. 

B2+ + He 

Experimental single-capture data have been reported 
by Sherwin [18], Gardner et al. [14] and Nikolaev et 
al. [25], covering the energy range 0.5-400 keV/amu. 
There is a large (order of magnitude) discrepancy 
between the data of Sherwin and those of Gardner et al. 
at energies below 5 keV/amu. Above 40 keV/amu, 
the uncertainty is estimated to be 20%. There is a gap 
in the data between 4 and 40 keV/amu. Additional data 
are required at energies below 40 keV/amu. 

B3+ + He 

Experimental total single-capture cross-section 
data have been reported in the energy range 
0.04-400 keV/amu by Crandall [13], Gardner et al. 
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[14], Nikolaev et al. [25], Zwally and Cable [26] and 
Iwai et al. [27]. Theoretical coupled-state calculations 
have also been reported by Shipsey et al. [28] in the 
energy range 0.03-6 keV/amu. With the exception of 
the measurements of Gardner et al. [14], these data 
are very consistent with one another, and an accuracy 
of 10-20% is estimated. Shipsey et al. also reported 
partial cross-section calculations for capture into 2s 
and 2p states, whose ratio was confirmed by Matsumoto 
et al. [29]. Also for these partial cross-sections, an 
accuracy of 10-20% is estimated. Double-capture 
cross-section measurements reported by Crandall [13] 
show an unusual energy dependence. The cross-section 
is small relative to that for single capture and is 
probably unimportant for applications. 

B4+ + He 

Experimental data have been reported for the total 
single-capture crossrsection by Gardner et al. [14], 
Nikolaev et al. [25] and Iwai et al. [27]. These data 
span the energy range 0.5-800 keV/amu, but a signifi­
cant gap exists between 8 and 200 keV/amu, where 
further data are needed. No theoretical or partial cross-
section data are available. An accuracy of 20-30% is 
estimated in the energy ranges 0.5-8 keV/amu and 
200-800 keV/amu. 

B5 + + He 

Experimental data have been reported for the 
total single-capture cross-section by Iwai et al. [27], 
Nikolaev et al. [25] and Guffey et al. [30], The theo­
retical data based on the CTMC method by Olson [22] 
tie in well with the measurements. While these data 
span the energy range 0.5-800 keV/amu, a significant 
gap exists between 2 and 100 keV/amu, where further 
experimental and/or theoretical data are needed. The 
accuracy is estimated to be 20% at energies below 
2 keV/amu and above 100 keV/amu. 

3. EXCITATION 

Data on the excitation of H, H2 and He (targets) 
by multicharged (projectile) ion impact are extremely 
limited. A small number of theoretical calculations 
have been reported for excitation of ground state 
hydrogen atoms by bare Be and B ions; these are out­
lined below. No such data exist for partially stripped 
Be or B ions, although a charge and energy scaling 
relation has been developed for multicharged ion 

impact on He (see below). No data exist for excitation 
in collisions of Beq+ or Bq + ions with H2. Dissociative 
excitation of H2 could play an important role in fusion 
plasmas. Excitation of fine-structure (An = 0) transitions 
in H+ + Beq+ and H + + Bq + collisions can have 
relatively large cross-sections and play an important 
role for partially stripped Be and B impurities. 

Be4+ + H(ls) 

The two-state dipole close coupling (DCC) approxi­
mation has been applied by Janev and Presnyakov [31] 
to n = 1 — n = 2,3,4 excitation of H by Be4+ ion 
impact at energies ranging from 2 to 100 keV/amu. 
Fritsch [32] has recently performed extended atomic 
orbital close coupling (AO+) calculations for n = 1 
— n = 2 excitation of H by Be4+ impact at energies 
ranging from 6 to 50 keV/amu. New theoretical data 
in the energy range 1-30 keV/amu based on the super-
promotion model have been recently reported by Krstic 
et al. [6]. The latter results are recommended, with an 
estimated accuracy of a factor of two. These data are 
consistent within a factor of three or better with the 
AO+ calculations, and to within an order of magni­
tude with the DCC calculation. Data are needed for 
n = l — n = 3,4 and n = 2 — n = 3,4 excitation. 

Be5+ + H(ls) 

The UDWA approximation has been applied by 
Ryufuku [33] to the total excitation cross-section 
(summed over excitations to all n). New theoretical 
data in the energy range 1-30 keV/amu based on the 
superpromotion model are also available from Krstic 
et al. [6] for n= 1 — n = 2 excitation. The latter data 
are recommended, with an estimated factor of two 
accuracy. Again, data are needed f o r n = l — n = 3,4 
and n = 2 — n = 3,4 excitation. 

Beq+ + He, Bq+ + He 

A charge scaling relation has been derived from the 
experimental data by Reymann et al. [34] for excitation 
of a He target by a variety of multicharged ion projec­
tiles, with charges ranging from 6 to 44 and energies 
ranging from 120 to 1000 keV/amu. This scaling 
relation is estimated to be reliable in predicting the 
He excitation cross-sections to within a factor of 
two at 100 keV/amu, and better at higher energies. 
Experimental and theoretical cross-section data for 
projectile 2s-2p excitation of Be+ in collisions with He 
have also been reported by Andersen et al. [35] and by 
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Nielsen and Dahler [36], respectively, in the energy 
range 0.05-40 keV/amu. Such data may be applicable 
for diagnostic purposes. 

Cross-sections for these processes are generally an 
order of magnitude smaller than those for single-
electron processes. Relatively little attention has been 
devoted to such processes. 

4. IONIZATION 

The only experimental data for ionization of H, H2 

or He by Beq+ or Bq+ impact are the measurements 
by Haugen et al. [37] for single ionization of He 
by B3 + , B4+ and B5+ at energies ranging from 190 to 
2310 keV/amu. These have an estimated accuracy of 
20%. Andersen [38] has also reported double ionization 
cross-sections for these reactants and this energy range 
and has investigated their scaling with ionic charge. 

The CTMC method has been employed by Olson 
[39] and by Pfeifer and Olson [40] to Be4+ + He ' 
and B5+ + He collisions at energies in the range 
100-500 keV/amu. New theoretical calculations have 
been performed by Krstic et al. [6] on the basis of the 
superpromotion model for ionization of H(n= 1) and 
H*(n = 2) by Be4+ and B5+ impact at energies in the 
range 0.4-30 keV/amu. The accuracy of these data 
is difficult to assess. Nikolaev et al. [41] have also 
reported projectile ionization or stripping cross-section 
measurements for B + and B2+ colliding with H and H2 

at energies in the range 10-200 keV/amu. 
In general, for ionization of H, H2 or He by Beq+ 

or Bq+ ions at energies above 50 keV/amu, where 
ionization dominates electron capture, the scaling 
formulas of Gillespie based on the Bethe approxima­
tion [2, 3] may be used to predict the target single-
ionization cross-section with an estimated accuracy of 
10-30%. At lower energies, where the ionization 
cross-sections become very small and the capture 
process dominates, theoretical methods and scaling 
laws are generally unreliable. Tabata et al. [42] have 
modified the Gillespie scaling relations to better 
represent the low energy data presently available, but 
experimental data are needed for all these collision 
systems at energies E/q < 50 keV/amu to establish the 
low energy behaviour of the ionization cross-sections. 
These and additional data at higher energies are needed 
to provide important tests of such scaling relations. 

5. TWO-ELECTRON PROCESSES 

For collisions involving H2 and He, two-electron 
collision processes must also be considered. Examples 
are double electron capture and transfer ionization at 
lower energies, and double ionization at higher energies. 
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CHARGE EXCHANGE, EXCITATION AND IONIZATION 
IN SLOW Be4+ + H AND B5+ + H COLLISIONS 
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ABSTRACT. Using the adiabatic superpromotion model for the dynamics of low energy atomic processes, the 
cross-sections for electron capture, excitation and ionization in Be4+ + H(n < 2) and B 5 + + H(n < 2) collisions have 
been calculated in the energy range from 0.2 to 100 keV/u. Similar processes for the H + + Be3+(n)and H + + B4+(n) 
collisions have also been considered. 

1. INTRODUCTION 

Collision processes of Be4+ and B5+ plasma impuri­
ties with hydrogen atoms are of considerable interest in 
transport studies of these ions in a fusion plasma as well 
as for plasma spectroscopy [1]. In the plasma edge, 
where these impurities are not completely ionized, their 
collision processes with the plasma protons (deuterons, 
tritons) are also of interest for the studies of edge plasma 
behaviour. 

In the present paper we provide a fairly complete 
cross-section information for the processes involving 
Be4+, B5 + + H and H + + Be3+, B4 + collisions, in 
which the collision partner carrying the electron may 
be in an excited state (n = 2 for H, n < 7 for Be3+ 

and B4+). In the case of H+ + Be3+, B4 + collisions, 
transitions between excited states are also considered. 

2. METHOD OF CALCULATIONS 

The method applied in the present calculations is an 
extension of the adiabatic approach to slow atomic col­
lision, and in its most general form [2] it is based on 
the dynamical molecular states (i.e. it includes the 
momentum transfer effects in all reaction channels). In 
practice, however, the method is used in its adiabatic 
limit, which retains the dynamical effects to 0(v2), 
where v is the relative collision velocity. The solution 

' of the multistate strongly coupled molecular dynamics 
^problem is thus reduced to solving a large set of 
independent two-state strongly coupled problems in 

isolated regions of internuclear distance R since, in 
the adiabatic limit, no transitions between the adiabatic 
states take place outside these strong coupling regions. 

It has been demonstrated by Solov'ev [3] that in the 
case of the one-electron two-Coulomb-centre system 
(Zue,Z2), where Z!,Z2 are the nuclear charges, the 
true strong coupling regions between adiabatic states of 
the system do not lie on the real R axis, but rather in 
the complex R plane, where the adiabatic potential 
energies are analytically continued (and become poten­
tial energy surfaces). The strong coupling regions 
appear as points in the complex R plane at which two 
potential energy surfaces, belonging to adiabatic states 
of the same symmetry, are mutually connected by a 
square root branching point ('hidden crossing' of the 
two surfaces). In fact, such potential energy surfaces 
appear as two branches of the same analytic function. 
Moreover, the potential energies of all adiabatic states 
with the same symmetry are mutually pairwise connected 
with branching points, thus forming a unique multi­
valued analytic function of the system with a given 
projection of its angular momentum on the real R axis 
[3]. The branching points connecting the successive 
adiabatic states (or surfaces) form infinite series, each 
beginning with the lowest state of a given symmetry. 
In the (Z!,e,Z2) system there exist two types of series 
of branching points [3, 4], labelled by S and T.(The 
series connecting the adiabatic states pairwise and 
successively are called supersedes, to distinguish them 
from the series of transitions from a given state to all 
higher states.) If the adiabatic states are characterized 
by the united atomic quantum numbers (N,tf,m), the S 
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and T supersedes consists of branch points connecting 
the states in the following successions: 

SNfm: (Ntm) - (N+ l.An) - (N + 2,to) 

- ... - (oo,(m) (1) 

TNfm: (Nftn) - ( N + U + l , m ) 

A«„ = 

- (N + 2,£+2,m) - (2) 

Since SNfm superseries always begin with N = i + 1, 
the label N can be omitted (i.e. SNfm — Sfm). The 
structure of the branch points RNfm within an Sfm super-
series is such that, generally, ReR^+i lm > ReRJlfli+i tm 

(S) * ' 

> ... ReRoof,,,, i.e. the system follows this series of 
transitions from lower states to upper states when the 
nuclei approach each other in the course of the collision. 
Exceptions to this rule, however, exist. The branch 
points of the Sfm superseries are located at relatively 
small values of |R|, and all lie in a small domain in the 
complex R plane. The system reaching any of these points 
is rapidly promoted towards the higher states and into 
the continuum. The structure of the branch points R ' J ^ 
is such that ReRn+j,f+ijm < ReR™i+u+i+i,m> and the 
system follows these series of transitions on the receding 
stage of the colliding particles. The TN t a superseries 
also end in the continuum at very large internuclear 
distances (practically reaching certain sufficiently high 
Nc values which can be considered as lying in the con­
tinuum). We note that for (I- m - \) > 2 there are 
additional S^ superseries in the complex plane [5], 
all connecting the same succession of states (1), but at 
smaller values of | R N L | , K = 0 ,1 ,2 . . . (i.e. I R ^ I 
< |RN1HII)- The higher numbers (K > 0) of these 
superseries become important when processes involving 
higher excited states are considered. 

Within the adiabatic picture, the collision dynamics is 
thus reduced to evolution of the system along an initial 
adiabatic energy surface of a given symmetry and its 
transitions from one state to another at the branch points 
of the S and T supersedes..Transitions between states of 
different symmetry are also possible at very small inter­
nuclear distances owing to the rotational coupling. The 
construction of the evolution matrix for the system 
reduces to multiplication of elementary transition 
probabilities at the S and T type branch points, and at 
very small R (rotational transitions), along all possible 
reaction paths. 

The transition probability pa/3 between two adiabatic 
states |a> and |/3> at a given branching point R,. is 
(asymptotically exactly) given [2] by 

P«<s = exp ( A„a) (3) 

x(Rc) 

Im 1 . AE„a (R(x))dx 
Rex(Rc) 

Im \ E(R(x))dx (4) 

(atomic units e = me = # = l a re used throughout 
this work unless otherwise explicitly stated), where 
AE^ = E„(R) - Ea(R), x = vt = ( R 2 - b 2 ) " 2 , and 
b is the impact parameter. We use a straight line 
approximation for the classical trajectory. The contour 
C in Eq. (4) starts at the real axis where E(R) = Ea(R), 
encompasses the branching point xc = x(R,.) and returns 
to the real axis where E(R) = E^R). A remarkable 
feature of the adiabatic method using hidden crossings 
in the complex R plane is that the transition probability 
(3) is expressed in terms of a contour integral around 
the branching point R,. (i.e. no state wave functions or 
matrix elements are required in calculating pap). For 
calculation of the energies Ea(R) of the (Z1,e,Z2) 
system in the complex R plane, for determination of 
the positions of the branching points R<. and for calcu­
lation of the contour integral (4), appropriate numerical 
codes have been developed [3]. 

The adiabatic method with hidden crossings in the 
complex R plane (sometimes also called 'super-
promotion' model) has so far been used to study the 
collision dynamics and inelastic processes in the simplest 
(Z,,e,Z2) systems: H+ + H and He2+ + H [6-9]. In 
Refs [6] and [7], only a few S and T superseries (the 
most important ones) have been used. More involved 
calculations for the H+ + H [8] and He2+ + H, 
H e + + H + [9] systems included about 100 and 
200 branching points, respectively, in the collision 
dynamics. In the study of the (HeH)2+ collision system, 
more than 160 coupled molecular states were included. 

In applying the adiabatic method with hidden cross­
ings to the Be4+ + H (and Be3+ + H+) and B5+ + H 
(and B4 + + H+) collision systems, we shall also employ 
a large number of molecular states in order to be able 
to consider processes involving excited atomic states. We 
note that the probabilities of rotational transitions p„^ in 
the small R region were calculated by numerical integra­
tion of the coupled equations for different m states 
within a given (NQ manifold [10]. 

In the calculation of the transition probability Pif 

between two atomic states, |i> and |f> (|f> may also 
designate the continuum), we first calculate the transi­
tion probabilities between all molecular states which 
asymptotically correlate with the atomic |i> and |f> 
manifolds and then perform the necessary projections 
of molecular states to the atomic basis. The cross-
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section o,f is then obtained by integrating Pif over the 
impact parameters. 

3. INELASTIC PROCESSES IN 
Be4+ + H and H + + Be3+ COLLISIONS 

3.1. General considerations 

In the present study of the (BeH)4+ collision system, 
we have included all processes between the n = 1,2 
states in H and the n = 1-7 states in Be3+. In the case 
of processes within the discrete spectrum (excitation and 
charge transfer), the calculation of the corresponding 
molecular channel probabilities along the possible reac­
tion paths requires in certain cases also branching points 
which directly couple the molecular states of the n = 7 
manifold with those correlated with higher-n (up to 
n = 11) manifolds. The highest molecular state of this 
kind was the Ilka state correlating with one of the Stark 
states of the n = 11 manifold of Be3+. The T coupling 
of the states from this discrete molecular basis with 
states above Ilka was interpreted as ionization. In the 
case of the S supersedes, all couplings (branching 
points) up to the continuum edge (N — oo) have been 
effectively accounted for. The number of adiabatic 
molecular states included in the consideration in this 
way was 258. The number of isolated branching points 
(of both S and T type) in this manifold of molecular 
states, which were considered to be important for the 
collision dynamics, was 319. These branching points 
formed 45 S^ supersedes and 32 TN,m supersedes. We 
note that the branching points of the SB, S„,4 and Sby 

(S) (S) 

supersedes are 'inverted' (ReRN+lfm < ReRN+i+1 fm), 
so that the promotion to higher states (and to the con­
tinuum) along these supersedes takes place during the 
receding stage of nuclear motion. A programme was 
developed for construction and calculation of the evo­
lution (or transition) matrix in this system of branching 
points (accounting also for the rotational transitions at 
R = 0) for each collision energy and impact parameter. 
The calculation of positions of individual branching 
points and corresponding contour integrals A,3a(b) was, 
however, performed for each point separately. 

3.2. Cross-sections for Be4+ + H inelastic processes 

3.2.1. Electron capture processes 

We have considered the following shell-selective 
electron capture reactions: 

B e 4 + + H ( n = 2) - Be3+(n) + H + n = 1-6 (6) 

in the energy range from 0.2 to 100 keV/u. The initial 
atomic state in reaction (5) correlates with the molecular 
4fo state, which is strongly coupled with the molecular 
3d<7 state at ReR = 7.5 ao (ao is the Bohr radius). The 
3dff state correlates with one of the Stark states of the 
Be3+ (n = 3) manifold, and this is the dominant electron 
capture channel in the energy range considered. The 
T coupling of the 3d<r and 2pa states at ReR * 2.5 ao 
is relatively weak, and the population of Be3+ (n = 2) 
through the 2pa molecular channel is efficient only at 
higher (> 10 keV/u) energies. The direct T coupling of 
the initial 4fo state with the 5ga state, correlating with 
the Be3+ (n = 4) manifold, is also weak, but the above 
mentioned highly populated 3da state, through 3da-3d7r 
rotational coupling at R * 0, populates the 3dir state 
which, further, through a strong T transition populates 
the 4f7r state which asymptotically goes over to the 
Be3+ (n = 4) manifold. 

In the case of reaction (6), the initial H (n = 2) 
manifold contains three molecular states (8ia, 8J7T and 
9k(j), all of which have strong T couplings (direct or 
stepwise) with the molecular states correlating with the 
n = 5,6,7 manifolds of the Be3+ ion. The population 
of these reaction channels is therefore very high. 

B e ^ + H O s J - B e ^ H + H'' 

O Ref . [ l l ] 
v Ref.[l2] 
a Ref.[l3] 

Present data: 
n; n=all 

J i i i i i i l i i i 

Be 4 + +H( l s ) - Be3+(n) + H + 1-6 (5) 

10° 10' 

Energy (keV/amu) 

FIG. 1. Cross-sections for electron capture in various final n-shells 
(n = 3-6) inBe4+ + H(ls) collisions. The, solid lines are the results 
of the present calculations; the circles and inverted triangles are 
the results of AO based coupled channel calculations (Refs [11, 12]), 
and the squares are the results of MO coupled channel calculations 
of Kef. [13]. The dot-dashed line represents the total capture cross-
section front the present calculations. 
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TABLE I. CROSS-SECTIONS (in cm2) FOR THE ELECTRON CAPTURE REACTIONS 
Be4+ +.H(ls) - Be3+(n) + H + 

E 
(keV/u) 

0.2 
0.4 
0.6 
0.8 
1.0 
1.4 
2.0 
3.0 
4.0 
6.0 
8.0 

10.0 
12.0 
14.0 
16.0 
18.0 
20.0 
25.0 
30.0 
40.0 
50.0 
60.0 
80.0 

100.0 

ffa(l-D 

0.00 
0.00 
0.00 
9.42 (-43)* 
4.17 (-40) 
1.24 (-36) 
1.54 (-33) 
1.25 (-30) 
6.75 (-29) 
7.56 (-27) 
1.24 (-25) 
8.32 (-25) 
3.36 (-24) 
9.88 (-24) 

2.35 (-23) 
4.79 (-23) 
8.73 (-23) 
2.79 (-22) 
6.52 (-22) 
2.11(-21) 
4.62 (-21) 
8.16 (-21) 
1.78 (-20) 
2.98 (-20) 

a c t ( l - 2 ) 

7.28 (-26) 
4.94 (-23) 
9.25 (-22) 
5.40 (-21) 
1.82 (-20) 
9.03 (-20) 
3.83 (-19) 
1.50 (-18) 
3.40 (-18) 
8.89 (-18) 
1.56 (-17) 
2.27 (-17) 
2.97 (-17) 
3.64 (-17) 
4.27 (-17) 
4.85 (-17)' 
5.38 (-17) 
6.51 (-17) 
7.40 (-17) 
8.65 (-17) 
9.41(-17) 
9.88 (-17) 
1.03 (-16) 
1.04 (-16) 

<T c ,( l-3) 

1.20 (-15) 
1.78 (-15) 
2.06 (-15) 
2.21 (-15) 
2.29 (-15) •*-. 
2.37 (-15) 

. 2.38 (-15) 
2.32 (-15) 
2.23 (-15) 
2.06 (-15) 
1.92 (-15) 
1.80 (-15) 
1.70 (-15) 
1.61 (-15) 
1.53 (-15) 
1.46 (-15) 
1.40 (-15) 
1.27 (-15) 
1.17 (-15) 
1.01(-15) 
8.99 (-16) 
8.14 (-16) 
6.93 (-16) 
6.10 (-16) 

ff„(l-4) 

1.54 (-16) 
1.61 (-16) 
1.64 (-16) 
1.63 (-16) 
1.62 (-16) 
1.59 (-16) 
1.56 (-16) 
1.55 (-16) 
1.61 (-16) 
1.88 (-16) 
2.29 (-16) 
2.74 (-16) 
3.21 (-16) 
3.68 (-16) 
4.12 (-16) 
4.55 (-16) 
4.94 (-16) 
5.83 (-16) 
6.56 (-16) 
7.69 (-16) 
8.53 (-16) 
9.13 (-16) 
1.00 (-15) 
1.07 (-15) 

* a ( l - 5 ) 

2.96 (-20) 
3.91 (-19) 
1.18(-18) 
2.23 (-18) 
3.40 (-18) 
5.83 (-18) 
9.39 (-18) 
1.52 (-17) 
2.13 (-17) 

• 3.50 (-17) 
5.07 (-17) 
6.73 (-17) 
8.45 (-17) 
1.02 (-16) 
1.19 (-16) 
1.36 (-16) 
1.52 (-16) 
1.90 (-16) 
2.24 (-16) 
2.83 (-16) 
3.30 (-16) 
3.69 (-16) 
4.26 (-16) 
4.66 (-16) 

aa(l - 6 ) 

2.95 (-22) 
9.82 (-21) 
4.85 (-20) 

1.26 (-19) 
2.42 (-19) 
5.66 (-19) 
1.21 (-18) 
2.56 (-18) 
4.15 (-18) 
7.91 (-18) 
1.21 (-17) 
1,65 (-17) 
2.09 (-17) 
2.52 (-17) 
2.93 (-17) 
3.33 (-17) 
3.70 (-17) 
4.56 (-17) 
5.32 (-17) 
6.60 (-17) 
7.62 (-17) 
8.46(-17) 
9.76 (-17) 
1.07 (-16) 

* a(-x) = a x 10": 

The cross-sections of reactions (5) and (6) are given 
in Table I and Table II, respectively. Figure 1 shows 
the cross-sections of n = 3,4,5,6 charge exchange 
reactions, compared with the extensive atomic orbital 
(AO) [11, 12] and molecular orbital (MO) [13] coupled 
channel calculations. All three sets of data for n = 3 
agree with each other to within 20%. For the n = 5 
and n = 6 channels the agreement of the present results 
with those of the two-centre AO expansion method 
(below 10 keV/u) is even better (wihin 5-10%), but 
for the n = 4 channel the agreement becomes worse 
(30-40%). 

3.2.2. Excitation of the n = 2 level 

In the excitation process 

Be4+ + H(ls) - Be4+ + H(n = 2) (7) 

the initial state 4fo is connected with the molecular 
states 8i(j, 8JTT and 9kff through several reaction paths, 
the most direct ones of which involve the branch points 

of the Tlso, T2p7r and T3pi7 supersedes. The supersedes 
Tls„ is reached by the T4flJ 3d(7 transition, the supersedes 
T2p]r is attained through the transition sequence T4fo>3do, 
T3da,2Pa, P2&,2PT> and the superseries T3po is reached 
from the 2pu state by the S2va^fa transition. At each of 
these transition points the incoming probability flux 
splits along two different paths, which leads to a rapid 
increase of the possible reaction paths. 

The cross-section of reaction (7) is given in Fig. 2 
in the energy interval from 3 keV/u to 60 keV/u. The 
cross-section is compared with the results of two-centre 
AO coupled channel calculations [12], which include 
also a number of pseudo-states in the basis set. 

3.2.3. Ionization of H (Is) and H(n = 2) 

The ionization processes 

Be4+ + H(ls) - Be4+ + H+ + e 

Be4+ + H(n = 2) - Be4+ + H+ + e 

(8) 

(9) 
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TABLE II. CROSS-SECTIONS (in cm2) FOR THE ELECTRON CAPTURE REACTIONS 
Be4+ + H(m = 2) - Be3+(n) + H + 

E 
(keV/u) 

0.6 
0.8 

1.0 
1.4 
2.0 
3.0 
4.0 
6.0 
8.0 

10.0 
12.0 
14.0 
16.0 
18.0 
20.0 
25.0 
30.0 
40.0 
50.0 
60.0 
80.0 

100.0 

ff,,(2-l) 

2.22 (-28)* 
1.43 (-27) 
6.07 (-27) 
1.93 (-26) 

5.01 (-26) 
1.12 (-25) 
5.30 (-25) 
1.65 (-24) 
7.96 (-24) 
2.29 (-23) 
4.93 (-23) 
1.42 (-22) 
2.87 (-22) 

<rCI(2-2) 

3.80 (-33) 
5.77 (-31) 
1.77 (-29) 
1.58 (-27) 
8.63 (-26) 
3.64 (-24) 
3.32 (-23) 
4.46 (-22) 
2.05 (-21) 
5.71 (-21) 
1.20 (-20) 
2.12 (-20) 
3.34 (-20) 
4.82 (-20) 
6.56 (-20) 
1.18 (-19) 
1.79 (-19) 
3.14 (-19) 
4.49 (-19) 
5.76 (-19) 
7.95 (-19) 
9.68 (-19) 

<r c t (2-3) 

1.78 (-27) 
5.39 (-26) 
5.48 (-25) 
1.13 (-23) 
1.64 (-22) 
1.96 (-21) 
8.37 (-21) 
4.50 (-20) 
1.19 (-19) 
2.26 (-19) 
3.58 (-19) 
5.07 (-19) 
6.67 (-19) 
8.32 (-19) 
9.96 (-19) 
1.40 (-18) 
1.78 (-18) 
2.41 (-18) 
2.90 (-18) 
3.28 (-18) 
3.82 (-18) 
4.16 (-18) 

ff«<2-4) 

3.89 (-21) 
2.22 (-20) 

7.25 (-20) 
3.39 (-19) 
1.31 (-18) 
4.53 (-18) 
9.27 (-18) 
2.09 (-17) 
3.27 (-17) 
4.36 (-17) 
5.31 (-17) 
6.11 (-17) 
6.78 (-17) 
7.34 (-17) 
7.81 (-17) 

8.67 .(-17) 
9.22 (-17) 
9.76 (-17) 
9.89 (-17) 
9.81 (-17) 
9.41 (-17) 
8.90 (-17) 

<7c t(2-5) 

1.55 (-17) 
3.27 (-17) 
5.41 (-17) 
1.03 (-16) 
1.78 (-16) 
2.85 (-16) 
3.64 (-16) 
4.64 (-16) 
5.18 (-16) 
5.46 (-16) 
5.60 (-16) 
5.65 (-16) 
5.65 (-16) 
5.61 (-16) 
5.55 (-16) 
5.37 (-16) 
5.17 (-16) 
4.78 (-16) 
4.44 (-16) 
4.15 (-16) 
3.67 (-16) 
3.31 (-16) 

a c t ( 2 - 6 ) 

1.18 (-15) 
1.47 (-15) 
1.74 (-15) 
2.24 (-15) 
2.88 (-15) 
3.72 (-15) 
4.32 (-15) 
5.04 (-15) 
5.38 (-15) 
5.51 (-15) 
5.54 (-15) 
5.50 (-15) 
5.43 (-15) 

5.35 (-15) 
5.25 (-15) 
4.99 (-15) 
4.73 (-15) 
4.28 (-15) 
3.90 (-15) 
3.59 (-15) 
3.10 (-15) 
2.74 (-15) 

a(-x) = a x 10" 

10 

E 1 0 - ' 7 U 

"? 10 

10 

10 

Be +H(1s)-Be +H(n = 2) 
1 1 r n 1—i—i—rnrj 

Energy (keV/amu) 

FIG. 2. Excitation of the n = 2 hydrogen level in Be4+ + H(ls) 

collisions. The solid line is the result of the present calculations; 

inverted triangles are the results of AO coupled channel calculations 

(Ref. [12]). 

proceed in the approaching stage of the collision via all 
the s S superpromotion channels with I < I-, m = nij, 
where <• and nij are the corresponding quantum numbers 
of the initial state, and in the receding stage of the 
collision via all the T̂ fm superpromotion channels, 
'opened' by either direct or indirect (sequential) T, S 
and Prot type transitions from the initial molecular states. 
In the case of H(ls) ionization, the strongest super-
promotion ionization channels are those connected with 
the S™, Sd°\ T lso) T2p7r and T3p<7 superseries. The ioni­
zation of H (n = 2) is extremely fast, since the initial 
molecular states 9ka, 8J7T and 8i<r are promoted to the 
continuum already at large internuclear distances: 9ka is 
directly promoted to the continuum through the super-
series S^' and S^ (with series limits at ReR™ ~ 15.1 ao 
and ReRk(7 = 13.0 ag), 8jir is promoted to the continuum 
through the superseries SJT and S^J (at Re Rj',' « 10.7 ag 
and ReR/^ « 7.9 ag), while 8ia is directly ionized via 
Sj? (at ReRJ? « 8.6 ag) and S^ (at ReR^ - 6.6 ao). 
Already these numbers show that the low energy ioni­
zation cross-section of H (n = 2) should be of the order 
of. xRj^a2, — 200 ira2, ~ 1014 cm2. Further ionization 
of the 9k<7, 8jir and 8i<r states is provided by several 
strong TNfm superseries during the receding of nuclei. 
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FIG. 3. Cross-section for ionization of H (Is) by Be + impact 

(curve n = Is) and cross-section for transitions from H(n = 2) to 

the upper states and to the continuum (curve n = 2). The solid 

lines are the results of the present calculations; the circles are the 

results for H(ls) ionization from the classical trajectory Monte 

Carlo calculations (Ref. [14]). 

TABLE III. IONIZATION CROSS-SECTION (in cm2) 
FOR Be4+ + H(ls) COLLISIONS 

E 

(keV/u) "ion 

0.6 

0.8 
1.0 

1.4 

2.0 

3.0 

4.0 

6.0 

8.0 

10.0 

12.0 

14.0 

16.0 

18.0 

20.0 

25.0 

30.0 

40.0 

50.0 

60.0 

80.0 

100.0 

* a(-x) = a x 10" 

1.39 ( 

6.45 ( 

1.84 ( 

7.33 ( 

2.58 ( 

9.03 ( 
2.03 ( 

5.95 ( 

1.22 ( 

2.09 ( 
3.16( 
4.44 ( 

5.87 ( 
7.44 ( 

9.13( 

1.37 ( 

1.87 ( 

2.89 ( 

3.91 ( 

4.88 ( 

6.64 ( 

8.18( 

-21) 

-21) 

-20) 

-20) 

-19) 

-19) 
-18) 

-18) 

-17) 

-17) 

-17) 

-17) 

-17) 
-17) 

-17) 

-16) 

-16) 

-16) 

-16) 

-16) 

-16) 

-16) 

The calculated ionization cross-sections for H(ls) 
and H (n = 2) by Be4+ impact are shown in Fig. 3 in 
the energy range 0.6-100 keV/u. At its high energy 
part, the ionization cross-section for H (Is) is compared 
with the results of the classical trajectory Monte Carlo 
calculations [14], which in the energy region of the 
cross-section maximum (E * 150 keV/u) should be 
reliable. The cross-section for n = 2 shown in Fig. 3 
is not the true ionization cross-section, since it contains 
also the excitations from n = 2 to all higher (n > 3) 
levels, considered within the present model as being 
embedded in the continuum. Therefore, the n = 2 curve 
in Fig. 3 should be considered as the upper limit of the 
ionization cross-section for H(n = 2). The numerical, 
values of the ionization cross-section for H(ls) are 
given in Table in. 

3.3. Cross-sections for 
H+ + Be3+ collision processes 

The dynamics of inelastic processes in H+ + Be3+ 

(n < 6) collisions is very similar to that for the pro­
cesses in Be4+ + H (n < 2) and, therefore, will not be 
discussed in detail. The n-shell selective electron cap­
ture processes in these two systems are mutually time 
reversed, and their cross-sections are related by the 
detailed balance principle. Therefore, we present here 
only the results for excitation and ionization processes 
in H + + Be3+ collisions. 

The cross-sections for the processes 

H+ + Be3+(m) - H+ + Be3+(n) 

2 < m < n < 6 (10) 

calculated in the energy range 0.6-100 keV/u are 
given in Tables IV and V. As expected, the cross-
sections for a given energy increase with decreasing 
difference n-m, because of the decrease of the number 
of intermediate couplings between the involved initial 
and final molecular states. The cross-sections for 
1 — n transitions are all very small (< 10"20 cm2 for 
E < 50 keV/u) because of the extremely weak 
T coupling of the initial 1S<J state with the first excited 
(2pa) molecular state at ReR,. = 0.4 ao, which is the 
initial step in the collision dynamics for all these 
processes. 

The cross-sections for the ionization processes: 

H+ + Be3+(n) - H+ + Be4+ + e 

2 < n < 7 (11) 

are given in Table VI in the energy range 0.6-100 keV/u. 
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TABLE IV. CROSS-SECTIONS (in cm2) FOR Be3+ (m = 2) - Be3+(n) EXCITATION BY PROTON IMPACT 

E 
(keV/u) 

0.6 
0.8 
1.0 
1.4 

2.0 
3.0 
4.0 
6.0 
8.0 

10.0 
12.0 
14.0 
16.0 
18.0 
20.0 
25.0 
30.0 
40.0 
50.0 
60.0 
80.0 

100.0 

o „ c ( 2 - 3 ) 

4.32 (-22)* 
2.08 (-21) 
6.10 (-21) 

2.50 (-20) 
8.76 (-20) 
2.84 (-19) 
5.72 (-19) 
1.31 (-18) 
2.13 (-18) 
2.98 (-18) 
3.82 (-18) 
4.64 (-18) 
5.43 (-18) 
6.19 (-18) 
6.91 (-18) 
8.58 (-18) 
1.01 (-17) 
1.26 (-17) 
1.47 (-17) 
1.64 (-17) 
1.90(-17) 
2.08 (-17) 

<j e x c(2-4) 

7.95 (-25) 
6.24 (-24) 

2.64 (-23) 
1.89 (-22) 
1.20 (-21) 
7.62 (-21) 
2.43 (-20) 
1.01 (-19) 
2.44 (-19) 
4.46 (-19) 
6:98 (-19) 
9.88 (-19) 
1.30 (-18) 
1.64 (-18) 
1.98 (-18) 
2.86 (-18) 
3.73 (-18) 
5.30 (-18) 
6.64 (-18) 
7.76 (-18) 
9.47 (-18) 
1.07 (-17) 

< W ( 2 - 5 ) 

7.86 (-26) 
6.83 (-25) 
3.06 (-24) 
2.37 (-23) 
1.67 (-22) 
1.22 (-21) 
4.27 (-21) 
2.02 (-20) 
5.23 (-20) 
1.01 (-19) 
1.66 (-19) 

. 2.43 (-19) 
3.31 (-19) 
4.27 (-19) 
5.29 (-19) 
8.01 (-19) 
1.08 (-18) 
1.63 (-18) 
2.13 (-18) 
2.58 (-18) 
3.30 (-18) 
3.86 (-18) 

< W ( 2 - 6 ) 

2.48 (-26) 
2.38 (-25) 
1.11 (-24) 
8.41 (-24) 

5.29 (-23) 
3.21 (-22) 
1.00 (-21) 
4.16 (-21) 
1.01 (-20) 
1.89 (-20) 
3.01 (-20) 
4.34 (-20) 
5.83 (-20) 
7.45 (-20) 
9.16 (-20) 
1.37 (-19) 
1.83 (-19) 
2.74 (-19) 
3.58 (-19) 
4.33 (-19) 
5.58 (-19). 
6.57 (-19) 

< W ( 2 - 7 ) 

1.01 (-26) 
1.13 (-25) 
6.09 (-25) 
6.19 (-24) 
5.69 (-23) 
5.33 (-22) 
2.18 (-21) 
1.24 (-20) 
3.66 (-20) 
7.80 (-20) 
1.38 (-19) 
2.15 (-19) 
3.10 (-19) 
4.19 (-19) 
5.43 (-19) 
9.01 (-19) 
1.31 (-18) 
2.23 (-18) 
3.21 (-18) 
4.20 (-18) 
6.12 (-18) 
7.91 (-18) 

* a(-x) = a x 10"\ 

TABLE V. CROSS-SECTIONS (in cm2) FOR Be3+ (m) 
(3 < m < n < 6) 

- Be3+(n) EXCITATION BY PROTON IMPACT 

E 
(keV/u) 

0.6 
0.8 
1.0 
1.4 
2.0 
3.0 
4.0 
6.0 
8.0 

10.0 
12.0 
14.0 
16.0 
18.0 
20.0 
25.0 
30.0 
40.0 
50.0 
60.0 
80.0 

100.0 

"ex, (3 - 4 ) 

1.47 (-17)* 
1.79 (-17) 
2.06 (-17) 
2.52.(-17). 
3.07 (-17) 
3.82 (-17) 
4.46 (-17) 
5.64 (-17) 
6.67 (-17) 
7.59 (-17) 
8.42 (-17) 
9.15 (-17) 
9.80 (-17) 
1.04 (-16) 
1.09 (-16) 
1.20 (-16) 
1.29 (-16) 
1.42 (-16) 
1.50 (-16) 
1.57 (-16) 
1.65 (-16) 
1.69 (-16) 

" e x c O - 5 ) 

1.11 (-19) 
2.54 (-19) 
4.47 (-19) 
9.34 (-19) 
1.79 (-18) 
3.29 (-18) 
4.73 (-18) 
7.33 (-18) 
9.62 (-18) 
1.17 (-17) 
1.35 (-17) 
1.52 (-17) 
1.67 (-17) 
1.81 (-17) 
1.93 (-17) 
2.21 (-17) 
2.43 (-17) 
2.79 (-17) 
3.04 (-17) 
3.23 (-17) 
3.50 (-17) 
3.66 (-17) 

°Cxc (3 - 6) 

5.25 (-21) 
1.59 (-20) 
3.44 (-20) 
9.56 (-20) 
2.39 (-19) 
5.60 (-19) 
9.22 (-19) 
1.64 (-18) 
2.30 (-18) 
2.90 (-18) 
3.44 (-18) 
3.93 (-18) 
4.39 (-18) 
4.83 (-18) 
5.24 (-18) 
6.17 (-18) 
7.00 (-18) 
8.43 (-18) 
9.60 (-18) 
1.06 (-17) 
1.21 (-17) 
1.32 (-17) 

"exc (4 - 5) 

6.49 (-17) 
7.43 (-17) 
8.42 (-17) 
1.04 (-16) 
1.34 (-16) 
1.81 (-16) 
2.21 (-16) 
2.86 (-16) 
3.35 (-16) 
3.74 (-16) 
4.04 (-16) 
4.29 (-16) 
4.50 (-16) 
4.67 (-16) 
4.81 (-16) 
5.08 (-16) 
5.26 (-16) 
5.48 (-16) 
5.59 (-16) 
5.66 (-16) 
5.73 (-16) 
5.75 (-16) 

"exc(4-6) 

1.60 (-18) 
2.63 (-18) 
3.83 (-18) 
6.56 (-18) 
1.11 (-17) 
1.87 (-17) 
2.59 (-17) 
3.87 (-17) 
4.99 (-17) 
5.96 (-17) 
6.82 (-17) 
7.59 (-17) 
8.28 (-17) 
8.90 (-17) 
9.46 (-17) 
1.06 (-16) 
1.16 (-16) 
1.30 (-16) 
1.40 (-16) 
1.47 (-16) 
1.57 (-16) 
1.63 (-16) 

<W (5 - 6) 

2.22 (-16) 
2.77 (-16) 
3.25 (-16) 
4.06 (-16) 
5.02 (-16) 
6.26 (-16) 
7.21 (-16) 
8.63 (-16) 
9.57 (-16) 
1.02 (-15) 
1.06 (-15) 
1.10 (-15) 
1.12 (-15) 
1.14 (-15) 
1.16 (-15) 
1.18 (-15) 
1.20 (-15) 
1.21 (-15) 
1.22 (-15) 
1.21 (-15) 
1.20 (-15) 
1.17 (-15) 

a(-x) = a X 10~x. 
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TABLE VI. IONIZATION CROSS-SECTIONS (in cm2) FOR H+ + Be3+(n) COLLISIONS 

E 
(keV/u) 

0.6 
0.8 

1.0 
1.4 
2.0 
3.0 
4.0 
6.0 
8.0 

10.0 
12.0 
14.0 
16.0 
18.0 
20.0 
25.0 
30.0 
40.0 
50.0 
60.0 
80.0 

100.0 

ffion (n = 2) 

8.89 (-27)* 
1.04 (-25) 
5.65 (-25) 
5.34 (-24) 
4.26 (-23) 
3.43 (-22) 
1.31 (-21) 
7.31 (-21) 
2.20 (-20) 
4.87 (-20) 
8.95 (-20) 
1.46 (-19) 
2.18 (-19) 
3.06 (-19) 
4.10 (-19) 
7.32 (-19) 
1.13 (-18) 
2.12 (-18) 
3.26 (-18) 
4.48 (-18) 
7.02 (-18) 
9.53 (-18) 

"ion (n = 3) 

4.02 (-22) 
1.48 (-21) 
3.84 (-21) 
1.52 (-20) 
5.71 (-20) 
2.10 (-19) 
4.66 (-19) 
1.23 (-18) 
2.23 (-18) 
3.37 (-18) 
4.60 (-18) 
5.90 (-18) 
7.23 (-18) 
8.59 (-18) 
9.96 (-18) 
1.34 (-17) 
1.68 (-17) 
2.32 (-17) 
2.96 (-17) 
3.57 (-17) 
4.64 (-17) 
5.59 (-17) 

"ion(n = 4) 

3.14 (-20) 
9.03 (-20) 
1.96 (-19) 
5.79 (-19) 
1.62 (-18) 
4.57 (-18) 
8.79 (-18) 
2.00 (-17) 
3.33 (-17) 
4.79 (-17) 
6.29 (-17) 
7.80 (-17) 
9.29 (-17) 
1.07 (-16) 
1.22 (-16) 
1.55 (-16) 
1.85 (-16) 
2.38 (-16) 
2.82 (-16) 
3.20 (-16) 
3.81 (-16) 
4.30 (-16) 

<*ion (n = 5) 

2.18 (-18) 
4.69 (-18) 
8.14 (-18) 
1.74 (-17) 
3.57 (-17) 
7.31 (-17) 
1.14 (-16) 
1.98 (-16) 
2.77 (-16) 
3.49 (-16) 
4.14 (-16) 
4.72 (-16) 
5.25 (-16) 
5.73 (-16) 
6.18 (-16) 
7.14 (-16) 
7.97 (-16) 
9.34 (-16) 
1.04 (-15) 
1.14 (-15) 
1.28 (-15) 
1.38 (-15) 

"ion ( n = 6) 

9.26 (-17) 
1.37 (-16) 
1.85 (-16) 
2.88 (-16) 
4.48 (-16) 
7.04 (-16) 
9.39 (-16) 
1.34 (-15) 
1.66 (-15) 
1.93 (-15) 
2.15 (-15) 
2.34 (-15) 
2.50 (-15) 
2.64 (-15) 
2.76 (-15) 
3.00 (-15) 
3.19 (-15) 
3.45 (-15) 
6.63 (-15) 
3.75 (-15) 
3.91 (-15) 
4.01 (-15) 

ffion (n = 7) 

8.80 (-16) 
1.13 (-15) 
1.33 (-15) 
1.66 (-15) 
2.03 (-15) 
2.46 (-15) 
2.78 (-15) 
3.23 (-15) 
3.54 (-15) 
3.77 (-15) 
3.94 (-15) 
4.08 (-15) 
4.20 (-15) 
4.29 (-15) 
4.36 (-15) 
4.50 (-15) 
4.59 (-15) 
4.69 (-15) 
4.72 (-15) 
4.73 (-15) 
4.70 (-15) 
4.66 (-15) 

* a(-x) = a x 10~! 

The cross-section for ionization of Be3+ (Is) is below 
10"20 cm2 in the entire energy range considered, for 
the same reason as in the case of excitation. 

4. INELASTIC PROCESSES IN 
B5+ + H and H+ + B4+ COLLISIONS 

4.1. General remarks on the collision dynamics 

In considering the collision dynamics of the (BH)5+ 

system, we have included all molecular states which in 
the separated atom limit are correlated with the n = 1 
and n = 2 manifolds of Stark states centred on H+ 

and with the n < 8 atomic manifolds centred on B5 + . 
We have also included those upper molecular states 
( N ^ m J which are directly coupled with the above 
mentioned ones (up to the state llimr). Transitions to 
states above (N^m,.) have also been included, but 
have been interpreted as ionization. The number of 
molecular states of the (BH)5+ system included in this 
way in the consideration amounts to 285. The number 
of S and T branching points in this set of states, which 

was found to be important for the collision dynamics 
and was used in calculations, is 347. These branching 
points are elements of the 45 s/„ and the 34 TNfm 

superseries. The series S™ and SJ$ were found to be 
'reversed' and were used as ionization channels in the 
second half of the collision. The rotational transitions 
between the m states of an (NQ manifold at R ~ 0 
were also included by numerical integration of the 
corresponding coupled equations. 

4.2. Inelastic processes in B5+ + H (n < 2) collisions 

4.2.1. Electron capture processes 

In accordance with the selected molecular basis, 
we were able to calculate the cross-sections for the 
following electron capture processes: 

B5+ + H(ls) - B4+(n) + H+ 

1 < n < 8 (12) 

B5+ + H(m = 2) - B4+(n) + H + 

1 < n < 8 (13) 
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The initial molecular state in reaction (12) is 5ga 
and it has an extremely strong T coupling with the 
next lower 4fo molecular state at Re Re ~ 13 ao. This 
coupling is responsible for the predominantly populated 
n = 4 channel in reaction (12) in the entire energy range 
considered (0.2-30 keV/u). In its turn, the 4fa state is 
strongly coupled with the 3da state at Re R,. = 5 an, and 
the n = 3 channel in reaction (12) is also considerably 

populated. The 5ger initial state interacts relatively 
strongly also with the 6h<r state which populates the 
n = 5 channel of reaction (12). This reaction channel 
is also populated by the 5ga-5gir rotational transitions. 
The cross-sections of the n = 3,4,5 channels in ' 
reaction (12) are shown in Fig. 4, where they are 
compared with the results of AO [11] and MO [13] 
coupled state calculations. 

,4 B + H ( l s ) - B (n)+H 
1 U p—i—i i i i i li 1 1—i i i i i I I 

10 

D R e f . [ 1 3 ] 
O R e f . [ l l ] 

— Present data • 

I m i l _i i I 
11 y "' io° 10-

Energy ( k e V / a m u ) 

FIG. 4. Cross-section for capture into n =3,4,5 final shells in 
B5* + H (Is) collisions. The solid lines are the present results; the 
circles and squares are the results from the AO and MO coupled 
state calculations ofRefs [11] and [13], respectively. 
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FIG. 5. Total electron capture cross-section for B5+ + H(ls) 
collisions. The solid line is the result of the present calculations; 
the open circles and open squares are the results from the extensive 
AO and MO coupled state calculations ofRefs [11] and [13], 
respectively, and the closed circle is the experimental cross-section 
value from Ref. [15]. 

TABLE Vn. CROSS-SECTIONS (in cm2) FOR THE ELECTRON CAPTURE REACTIONS 
B5+ + H(ls) - B4+(n) + H + 

E 
(keV/u) 

0.2 
0.6 
1.0 
2.0 
3.0 
5.0 
7.0 

10.0 
14.0 
20.0 
30.0 

M l - l ) 

2.88 (-39)* 
3.47 (-35) 
4.27 (-31) 
6.37 (-29) 
5.48 (-27) 
1.86 (-25) 
4.26 (-24) 
7.96 (-23) 

< r a ( l - 2 ) 

3.84 (-34) 
9.75 (-27) 
2.01 (-24) 
4.57 (-22) 
5.23 (-21) 
6.16 (-20) 
2.31 (-19) 
7.51 (-19) 
1.90 (-18) 
4.34 (-18) 
9.37 (-18) 

a a ( l - 3 ) 

2.65 (-16) 
1.96 (-16) 
1.99 (-16) 
2.77 (-16) 
3.46 (-16) 
4.58 (-16) 
5.52 (-16) 
6.49 (-16) 
7.31 (-16) 
7.96 (-16) 
8.35 (-16) 

a a ( l - 4 ) 

9.85 (-16) 
1.46 (-15) 
1.65 (-15) 
1.77 (-15) 
1.73 (-15) 
1.68 (-15) 
1.64 (-15) 
1.60 (-15) 
1.57 (-15) 
1.52 (-15) 
1.49 (-15) 

<7 c l( l -5) 

5^00 (-17) 
6.61(-17) 
7.44 (-17) 
9.06 (-17) 
1.01 (-16) 
1.18 (-16) 
1.30 (-16) 
1.44 (-16) 
1.55 (-16) 
1.66 (-16) 
1.75 (-16) 

M l - 6 ) 

3.98 (-20) 
1.09 (-18) 
3.17 (-18) 
1.01 (-17) 
1.75 (-17) 
3.12 (-17) 
4.29 (-17) 
5.69 (-17) 
7.11(-17) ' 
8.62 (-17) 
1.02 (-16) 

M l - 7 ) 

8.46 (-22) 
9.42 (-20) 
4.31 (-19) 
2.10 (-18) 
4.29 (-18) 
8.70 (-18) 
1.26 (-17) 
1.73 (-17) 
2.21 (-17) 
2.75 (-17) 
3.39 (-17) 

M l - 8 ) 

3.01 (-24) 
3.33 (-21) 
3.08 (-20) 
3.10 (-19) 
8.93 (-19) 
2.64 (-18) 
4.73 (-18) 
7.94 (-18) 
1.19 (-17) 
1.69 (-17) 
2.30 (-17) 

a(-x) = a x 10" 
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TABLE Vin. CROSS-SECTIONS (in cm2) FOR THE ELECTRON CAPTURE REACTIONS 
B5+ + H(m = 2) - B4+(n) + H + 

E 
(keV/u) 

0.2 
0.6 

1.0 
2.0 
3.0 
5.0 
7.0 

10.0 
14.0 
20.0 
30.0 

* a(-x) = 

< r a ( 2 - D 

2.64 (-42)* 
3.23 (-37) 
1.58 (-34) 
3.81(-32) 
2.83 (-30) 
1.26 (-28) 
4.20 (-27) 

= a x 10"\ 

< r„ (2 -2 ) 

1.74 (-39) 
8.13 (-35) 
5.70 (-30) 
8.81 (-28) 
1.38 (-25) 
1.98 (-24) 
2.04 (-23) 
1.24 (-22) 
5.84 (-22) 
2.35 (-21) 

oa(2-3) 

8.35 (-39) 
1.08 (-29) 
7.01 (-27) 
4.62 (-24) 
7.96 (-23) 

1.32 (-21) 
5.76(-21) 
2.10 (-20) 
5.79 (-20) 
1.42 (-19) 
3.26 (-19) 

M 2 - 4 ) 

9.71(-32) 
• 2.16 (-25) 

2.22 (-23) 
3.04 (-21) 
3.12 (-20) 
3.59 (-19) 
1.38 (-18) 
4.67 (-18) 
1.24 (-17) 
2.96 (-17) 
6.63 (-17) 

a c , ( 2 - 5 ) 

2.06 (-25) 
4.08 (-21) 
9.38 (-20) 
2.38 (-18) 
1.02 (-17) 
4.55 (-17) 
9.74 (-17) 
1.94 (-16) 
3.29 (-16) 
5.17 (-16) 
7.72 (-16) 

a „ ( 2 - 6 ) 

2.74 (-19) 
2.44(-17) • 
1.04 (-16) 
4.55 (-16) 
8.68 (-16) 
1.63 (-15) 
2.24 (-15) 
2.93 (-15) 
3.57 (-15) 
4.20 (-15) 
4.79 (-15) 

a „ < 2 - 7 ) 

6.83 (-17) 
4.06 (-16) 
6.64 (-16) 
1.03 (-15) 
1.22 (-15) 
1.47 (-15) . 
1.65 (-15) 
1.86 (-15) 
2.07 (-15) 
2.29 (-15) 
2.48 (-15) 

a a ( 2 - 8 ) 

6.03 (-17) 
3.79 (-16) 
8.83 (-16) 
2.45 (-15) 
4.00 (-15) 
6.62 (-15) 
8.62 (-15) 
1.08 (-14) 
1.27 (-14) 
1.45 (-14) 
1.60 (-14) 

The cross-sections for all electron capture reaction 
channels in the energy range 0.2-30 keV/u are given 
in Table VII. The total electron capture cross-section 
(summed over all n channels) is given in Fig. 5, where 
it is compared with the AO and MO coupled state cal­
culations and with the single experimental point at the 
collision energy E = 5.5 keV/u available from 
Ref. [15]. 

In reaction (13) there are three molecular states 
in the initial channel, having united-atom quantum 
numbers (10, 8,0) (10,9,1) and (11,10,0). All of these 
initial states have strong T couplings with the lower 
molecular states, which provides large cross-sections 
for the population of the n = 9,8,7,6 final channels 
of reaction (13). The calculated cross-sections are shown 
in Table VIII for the energy range 0.2-30 keV/u. 

4.2.2. Excitation and ionization processes 

Within the selected molecular basis, the only excita­
tion process which can be considered in B5+ + H colli­
sions is 

B5+ + H(ls) - B5+ + H(n = 2) (14) 

The excitation of the n = 2 molecular manifold 
[(10, 8,0), (10,9,1), (11,10,0)] is provided mainly 
through the Tlso, T2pir and T3po superseries; the first 
of these superseries is reached from the initial 4fa state 
by the direct T4fo3dff transition, the second one is reached 
by the T ^ ^ - P S ' , ^ , . successive transitions and the 
third one is reached by the T4fa)3dff-S4f(,i3d(, transitions. 

There are, of course, many other reaction paths con­
necting the initial and final states in reaction (14), 
which, however, involve a large number of transition 
points. 

The cross-section of excitation process (14) in the 
energy range 0.2-100 keV/u is shown in Fig. 6. It 
is compared with the results of AO coupled channel 
calculations [16], and the agreement is excellent. 

10 
B5++H(ls)»B5+ + H(n=2) 

w 10 

- i i—i i i i | 

Energy (keV/amu) 

FIG. 6. Cross-section for excitation of the n = 2 hydrogen level in 
B3+ + H(ls) collisions. The solid line is the result of the present 
calculations; the circles are the results from the AO coupled channel 
calculations of Ref. [16]. 
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FIG. 7. Cross-sections for ionization ofH(ls) in collisions with 

B5+(curve n = Is) and for transitions from H(n = 2) to all upper 

states and to the continuum (curve n = 2): The squares and circles 

are the results for ionization of H (Is) from the classical trajectory 

Monte Carlo calculations (Ref. [14]), and the inverted triangles are 

the ionization results obtained by the Keldysh quasi-classical method 

(Ref [17])-

The ionization process 

B5+ + H(ls) - B5+ + H+ + e (15) 

proceeds mainly through the S^' (K = 0,1), Sd„, Tls<J, 
T2pT and T3p7r superpromotion channels. Its cross-section 
is shown in Fig. 7, together with the results of the 
classical trajectory Monte Carlo calculations [14] and 
of the Keldysh quasi-classical method [17]. Also shown 
is the cross-section (curve n = 2) for all transitions from-
the H (n = 2) manifold to higher [(Nfrn) > (N^m,)] 
states and to the continuum. 

The accurate calculation of the ionization cross-
section from the H (n = 2) level would require a 
considerable extension of the molecular basis. 

4.3. Inelastic processes in H+ + B4+ (N < 8) 
collisions 

The cross-sections for electron capture to the 
H (n < 2) levels in H+ + B4+ (n < 8) collisions can 
be obtained from those for the inverse reactions (12) 
and (13) (see Tables VII and Vffl) by using the detailed 
balance principle. We therefore consider only the 
excitation and ionization processes 

H + + B4+(m) - H'+ + B4+(n) 

H+ + B4+(n) - H+ + B5+ + e 

1 < n < 8 (17) 

The cross-sections for these processes have been 
calculated in the energy range 0.2-50 keV/u. The 
excitation cross-sections are shown in Figs 8a-e, while 
the ionization cross-sections are given in Table IX. No 
data for these processes are available from other sources 
to compare with. 
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FIG. 8a. Cross-sections for B4+ (Is) -~ B4+ (n = 2-8) excitation by 
proton impact. 
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FIG. 8c. Cross-sections for B4+ (m = 3) - B4+ (n = 4-8) excitation 

by proton impact. 
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FIG. 8e. Cross-sections for B4+ (m = 5,6,7) - B4+(m<n<> 8) 

excitation by proton impact. 
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FIG. 8d. Cross-sections for B4* (m = 4) - B4+ (n = 5-8) excitation 

by proton impact. 

5. CONCLUDING REMARKS 

We have calculated the cross-sections,for charge 
exchange, excitation and ionization processes in slow 
collisions of Be4+ and B5+ ions with hydrogen atoms 
in the ground state and the first excited level. We have 
also considered the analogous processes in collisions of 
protons with incompletely stripped Be3+ and B4+ ions 
in the ground state and in excited states. The collision 

dynamics of these processes is described by the adia-
batic hidden crossing approach and includes a large 
number of coupled molecular states. The validity of 
this theoretical approach is restricted to the energy 
region well below the energy at which the cross-
section maximum for a particular process appears. The 
low energy limit of validity of the method, in the form 
applied in the present study, is defined by the validity 
of the classical description of the motion of colliding 
nuclei (~0.1 keV/u). The accuracy of the results 
obtained is expected to increase with decreasing colli­
sion energy, when the assumptions incorporated in the 
dynamical model become increasingly better satisfied. 
In principle, provided an adequately large molecular 
basis is used in the calculations, the method should pro­
vide exact results in the low energy limit (still consistent 
with the classical description of the nuclear motion). 
Previous experience with the application of this method 
to the H+ + H and He2+ ,+ H systems [6-9], as well 
as the few examples shown in Figs 1-6, where it is 
compared with very elaborate coupled channel calcula­
tions, show that the accuracy of the cross-sections for 
electron capture and ionization processes calculated by 
this method is well within 30-50% in the energy region 
below the cross-section maximum. In some cases, this 
degree of accuracy extends up to the energy of the 
cross-section maximum. For the excitation processes 
with a large energy difference between the states (e.g. 
excitation from the ground state), trie present method 
provides less accurate results (within a factor of two), 
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TABLE IX. IONIZATION CROSS-SECTIONS (in cm2) FOR H+ + B4+(n) COLLISIONS 

E 
(keV/u) 

0.2 
0.6 
1.0 
2.0 
3.0 
5.0 
7.0 

10.0 
14.0 
20.0 
30.0 
50.0 

"ion (n = 1) 

1.70 (-41) 
2.38 (-37) 
2.76 (-33) 
5.56 (-31) 
5.18 (-29) 
1.89 (-27) 
4.66 (-26) 
9.48 (-25) 
1.79 (-23) 

"ion (" = 2) 

6.46 (-38) 
5.72 (-30) 
1.34 (-27) 
3.36 (-25) 
4.33 (-24) 
6.78 (-23) 
4.26 (-22) 
2.25 (-21) 
9.03 (-21) 
3.23 (-20) 
1.09 (-19) 
3.80 (-19) 

"ion (« = 3) 

2.36 (-28) 
1.52 (-24) 
2.94 (-23) 
1.29 (-21) 
8.56 (-21) 
6.20 (-20) 
1.79 (-19) 
4.69 (-19) 
1.01 (-18) 
2.02 (-18) 
3.91 (-18) 
7.72 (-18) 

"ion (n = 4) 

1.09 (-24) 
7.74 (-22) 
7.97 (-21) 
1.06 (-19) 
3.65 (-19) 
1.35 (-18) 

. 2.82 (-18) 
5.59 (-18) 
9.82 (-18) 
1.66 (-17) 
2.78 (-17) 
4.83 (-17) 

"ion (" = 5) 

8.42 (-22) 
5.38 (-20) 
2.83 (-19) 
1.90(-18) 
4.78 (-18) 
1.28 (-17) 
2.20 (-17) 
3.64 (-17) 
5.49 (-17) 
8.03 (-17) 
1.16 (-16) 
1.74 (-16) 

"ion (1 = 6) 

6.01 (-20) 
1.59 (-18) 
5.37 (-18) 
1.94 (-17) 
3.47 (-17) 
6.29 (-17) 
8.74 (-17) 
1.19 (-16) 
1.55 (-16) 
2.01 (-16) 
2.65 (-16) 
3.66 (-16) 

"ion (n = 7) 

1.39 (-18) 
1.63 (-17) 
3.62 (-17) 
8.24 (-17) 
1.23 (-16) 
1.95 (-16) 
2.59 (-16) 
3.46 (-16) 
4.46 (-16) 
5.70 (-16) 
7.33 (-16) 
9.55 (-16) 

"ion (1 = 8) 

3.67 (-15) 
3.82 (-15) 
3.91 (-15) 
4.10 (-15) 
4.28 (-15) 
4.62 (-15) 
4.90 (-15) 
5.25 (-15) 
5.61 (-15) 
6.00 (-15) 
6.43 (-15) 
6.91 (-15) 

possibly owing to the role of interference effects 
between adiabatic phases. However, for transitions 
between the excited states, characterized by strong 
localized couplings, the method should provide cross-
sections accurate to within 20-30%. Because of the 
many transitions involved in the low energy dynamics 
of inelastic processes, no simple scaling relationships 
can be expected for their cross-sections with respect 
to the collision parameters (energy, ionic charge and 
initial (or final) quantum state). 
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