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ABSTRACT.

Requirements for collision dataon helium, beryllium and boron arereviewed inthe light of the
directions of present and planned tokamak fusion experiments. The occurrence of the atoms
and ions of these species and their roles in plasma behaviour and diagnostic measurements are
described. Special emphasisisplaced on aphaparticle detection in reacting plasmasand beryllium
and boron in divertor configuration machines. The atomic reactionsreguired to exploit the species
in models and diagnostic analysis are gathered together and their rel ative importances indicated.
Thearticleisintended asan introduction to the detailed studies of collision cross-sections presented
in the other works in this volume.



[. INTRODUCTION.

Although the usual primary species in present tokamak fusion experiments is deuterium and in future
ignited plasma experiments such as ITER will be a 50% mixture of deuterium and tritium isotopes,
it 1s well known that other elemental species play a crucial and sometimes decisive role in plasma
behaviour. Helium, beryllium and boron are of particular importance. Beryllium is the element of
lowest Z with conductive and thermal properties which make it a possible plasma facing surface
material for fusion reactors. As such, it has been under test at JET as a ~ few hundred monolayer
coating from evaporators, as a solid limiter and as strike zone plates in X-point operation [1]. [t
will be used initially as the dump plates in the pumped divertor structure under assembly at JET.
Boron on the other hand, deposited on carbon facing surfaces by, for example, glow discharges in
ByH¢ mixtures [2]. appears to confer benefits similar to solid beryllium. That is in gettering oxygen
and achieving low Z,; and radiant losses in the plasma. ‘Boronisation’ is a widely used strategm at
this time in most carbon first wall based fusion experiments such as TEXTOR and JT60. Helium
is different. It is the product of the tritium/deuterium fusion reaction, that is, the internal kinctic
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 the 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 Janev et al. [3], while atomic data for edge studies have
been reviewed by Janev et al. [6].

An objective of this volume is to assemble and improve 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 used in studies of the present generation of sub-critical
fusion devices. It is in these devices that models and behaviours of the species are under experimental
test. It must also be recognised 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 data which supports associated experimental diagnosis.

The following two sections describe the occurrence and behaviour of helium and then beryllium and
boron respectively in fusion plasmas. Methods for their measurement and their exploitation in a
diagnostic sense, which use atomic collisions, are also examined. Then in the fourth and fifth
sections, detailed ranked lists of atomic reactions are 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*? charge exchange have been described in
detail before and are excluded. Likewise, broad ionisation, recombination and radiated power under
electron collisions of light species are already familiar and so detail in this area is reduced and mostly
new aspects only are emphasised.

2. ASPECTS OF HELIUM AND ITS MEASUREMENT.

The presence of helium in the plasma anses four ways. Firstly, it can be introduced in the intial gas
fill for the discharge. Usually this is as a minor constituent ( ~ 5% of either 3He or *He) for coupling



ion cyclotron radio frequency power to the plasma. 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]). Fast (£ 230keV{amu) neutral beams of *fe and *He are used at JET for heating
and deep helium deposition [8] and similar but less powerful beams are also used as diagnostic beams
(for example £ ~ 15keVjamu at TFTR and E <50keVfarmu at JT60 [9] ). A diagnostic beam at
E Z50keV[amiu has been suggested for ITER. Finally, deuterium/tritiumm fusion will provide a fast
alpha particle source (£ ~ 880keV/[amu) 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 distribution reflects the balance of ionisation,
recombination, transport and then the sources and recycling parameters of helium in a plasma. The
tonisation state of thermal helium is maintained primarily by electron collisions although at the
highest 1on temperatures achieved (7,230keV) 10nisation by 1on impact becomes important. The first
two ionisation stages, He® and He*!, are strongly edge localised while fHe+? extends over the whole
plasma volume.

The fusion alpha particles by contrast are expected to display a ‘slowing down’ distribution function
confined primarily to the hot central part of the plasma (see however [10]. for more detail). It is
parametrised essentially by the source rate and the cntical speed at which slowing by collisions with
electrons gives way to ion scattering and the slowing distribution merges with the thermal alpha
particle distribution.

In 10n cyclotron resonance heating of the plasma, the minonty alpha particles are accelerated to high
energies < few MeV and diffuse and slow down away from the absorbing layer. Thus they are
expected to have a slowing distribution function somewhat similar to the fusion alpha particles, but
with different spatial aspects depending on the location of the layer. The details of the ICRF driven
alpha particle distributions have been described in [11]. To a degree therefore, ICRH accelerated
alpha particle distributions provide a test area for fusion alpha particle detection methods.

The He® atoms in a neutral beam show an exponential attenuation into the plasma due to 1onising
and charge exchanging collisions with plasma ions. (The beam has in general significantly populated
21§ and 23S metastable state populations as well as the ground state 1'S. Attenuation of the
metastable populations is quite different from that of the ground population.) For fast penetrating
beams with energies = 20keV/u, electron collisions are less effective than ion collisions in this. Also
the beams 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 D04, atoms formed by the charge exchange reaction between D+
and He® mn the beam. They migrate in a random walk by further CX reactions until ionised.
Typically they are localised within ~ 30cm of the beam itself for plasma temperatures ~
15keV.
(b) Prompt and plume ions - these are X+#-! ions such as He*! formed by charge exchange
reactions between X+ and He® in the beam. It is helpful to distinguish the initially formed
1ons in excited states (prompt) which radiate rapidly and the ground state ions which travel
significant distances along field lines (plume). The former give the ‘charge exchange spectrum’.
The latter, re-excited by electron collisions, can again radiate before finally 1onising in positions
away from their point of formation (in JET, ~ 40m for C*5 and ~ 6m for He*' at SkeV &
5.0'% cm™) [13].
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(c) The slowing down ionised beam population. For example, for 3He® beams at 50 keV/amu
in JET, the slowing down time of the fast 3He*2 after double ionisation is ~ .3 - .6 sec. This
population behaves in a similar manner to the fusion alpha particles in the late phase of their
slow down. There is also the singly ionised He+! population in this group which is essentially
a plume and distinguished from (b) only by its fast speed distribution [14]. Plasma ion and
electron collisions are effective in destroying this population by reionisation and charge
exchange.

(d} Neutralised fast alpha particles created by the double charge transfer reaction between
He*? and He®. These particles can in principle escape from the plasma, but are attenuated by
reionising and charge exchanging collisions with plasma jons in a manner similar to the neutral
helium beams themselves. Neutralised thermal alpha particles will also be formed but are of
less interest.
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Fig. 1. (a) Spectral observation through the JET He3 beams in the vicinity of Hel(2 1P — 3 1D) 16678A. 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. 3.39m is near the outer edge of the plasma and 2.89m halfway to the centre.
Note 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 Hel(2 3P — 3 3D) 25876 A. Note the more rapid
attenuation due to the ease of ionising the 235 metastable. (c) Spectral observation through the He? beams showing
edge plasma emission (CII, Hell, Bell, BelV). Note the broader Hell(n =4 — 3) 24685A charge exchange
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 ionising He* beam plume ions and partly the subsequent

circulating fast He*? ions recombining through charge exchange. BelV(n =6 —5) has also a broadened CX
component.



Tuming to measurement of these populations, since the alpha particles are non-radiating and
confined in the plasma, this must be enabled by an electron capture. Two routes for such
measurement are double charge transfer (neutralisation) followed by external neutral particle
detection and energy analysis, and single charge transfer followed by analysis of the cascade radiation
of the He*! 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 reaction. Neutral beam driven detection only is addressed here. It is noted that a
50keV/u diagnostic neutral helium beam has been proposed to enable neutral particle detection on
ITER and a 100keV/u deuterium beam as a charge exchange diagnostic, although modification of
ITER plans continue. Because of the size and densities of the expected ITER plasma, a 50 keV/ju
He® beam would only penetrate one quarter of the way to the centre of the ITER plasma. Helium
beams, of course, also allow the spectroscopic approach (see [12]). Detection of neutralised 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) neutralising of the alpha particle by double charge
transfer, (ii1) escape of the He® from the plasma for measurement. Recent results at JT60 and JET
are given in [9] and [16]. The charge exchange spectroscopy measurement also depends on (1), but
() 1s replaced by single charge transfer and the emitted photons escape without loss. Neutral particle
detection and charge exchange spectroscopy are complementary. Observed charge exchange
spectrum lines from slowing alpha particles (for example Hell n=4 — 3, 14685A) are expected to
be highly distorted due 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 < 200keV/u. This is because of the
unavoidable thermal bremsstrahlung background and the falling charge exchange cross-section at
high energy. There is an important issue for both diagnostic approaches. The precise beam
characteristics and attenuation are essential for quantitative measurements. They are usually
evaluated theoretically from the stopping cross-sections and input beam geometry. However the
helium beam emission spectrum allows a key in situ measurement. For these reasons, beam emission
spectroscopy, charge exchange spectroscopy 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 qualitatively different from deuterium beams.
This is in plasma impurity ion measurements and field measurements distinct from the specific use
in fast alpha particle detection described above. The charge exchange cross-sections to form excited
states of hydrogen-like impurity ions allow charge exchange spectroscopy measurement 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 impurty ions give rise to the beam emission
spectrtum. The beam emission spectrum of helium includes both singlet and triplet lines and
characterises the ground and the metastable beam content as well as the attenuation into the plasma.
This 1s an important issue since metastable states 2 'S and 23S are efficient charge exchange 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] [19] [20]). For a beam formed by He* acceleration, neutralised in He®, < 7%
seems likely. The differential attenuation of the ground and metastable populations into the plasma
and the regeneration of the metastable populations in the plasma matter. The beam emission



spectrum can clarify this. Since ion collisions cannot cause a spin change in the He® by clectron
exchange, excitation of the triplet side from the singlet side in the plasma must result from electron
collisions or from spin systemn breakdown in higher nl shells. For stationary f{e° the spin system
breakdown reaches ~ 50% for 4f'F and 4f3F (Van den Eynde [21]) but it must be noted that the
motional Stark effect perturbs and mixes /-states significantly. This is particularly so for the n=4
and possible n =3 levels at beam energies 2 50keV/u.. Collisional radiative redistribution ( and
ionisation) effects are also pronounced for such levels. Sudden shifts of spectral emission from visible
(for example 4 'F'— 3 'D) to VUV (for example 4 'F — 3 !D) wavelengths can occur depending on the
mixing. Thus the singlet and triplet side emission is diagnostic of magnetic fields, densitics 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
effective limiters, divertor throats and dump plates and the vessel walls. The energy and particle
fluxes to the surfaces lead to impurity sputtering and release as neutral atoms or molecules which
ionise rapidly as they move into the plasma. Subsequently, they rcturn to the surfaces, generally in
highly ionised states. Of special interest at this time is the axisymmetric pumped divertor which seeks
to entrap and retain impurities and mimimise 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 ionised over the bulk of the plasma
occuring as partially ionised atoms only in the edge plasma. That is in the peripheral confined plasma
and in the unconfined scrape-off layer plasma (see Stangeby & McCracken [22] for a comprehensive
review of the edge plasma).

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 it's
sputtering or molecular dissociation onigin. A further subdivision can be made into the populations
of beryllium and boron ions in neutral deuterium rich environments and those where the neutral
deuterium concentration is low. The deuterium itself has a number of populations of different
velocity distributions and spatial extent, namely molecules, initially dissociated atoms and then the
successive charge exchange 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*? and B** located in the beam penetrated core plasma core. Be** and B+* recombine through
charge exchange with D? or He® in the beams. They are reionised in the beam free region where they
form part of the plume populations. Apart from these populations, the ionisation state of the
beryllium and boron ions depends principally on electron collisions (typical edge temperatures are
<200eV and the divertor plasma near the target plates may be ~ 10eV). Collisional ionisation,
radiative and dielectronic recombination are the main processes although the low ionisation stages
are generally inflowing in an ionising environment, so recombination is less important. The
metastable state populations, such as Be’(2s2p *P) must be viewed dynamically as well as the ground
populations of the ionisation stages. The ionisation and recombination of the neutral and singly



ionised species are affected by stepwise collisional radiative processes. In the deuterium rich regions
the ionisation state is modified by charge exchange collisions with neutral deuterium. Ground state
deuterium is the principal donor affecting the ionisation balance. The radiated power can be very
sensitive to this change. For example, at 5eV<T,<10eV Bet? and B+? are dominant in abundance in
an equilibrium plasma, but not radiating. The radiation is by the lithium-like ions Be*! and B+2
Charge exchange enhances the lithium-like stage and the power radiated without changing the
dominant ionisation stage [23]. Evidently, generalised collisional-radiative treatment is required to

include these points properly in models. This implies extensive need of good fundamental
cross-section data.
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Fig. 2. (a) XUV spectrum along a hne of sight directed at the inner wall of JET in the vicinity of the Belll
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 charge exchange with thermal neutral deuterium
recycling from the inner wall. The transfer from D%n = 2) populates the Bet2(n ~ 5) levels. (c) Spectrum emission
from inflowing Be® ions at the lower X-point beryllium protected strike zones in JET. The 4407 A line has a 41§
upper state whose population is strongly affected by redistributing and ionising collisions. Note the conveniently
located 2nd. order D, line in this 3rd. order spectrum.

Turning to measurement, spectroscopy 1s the primary tool. Objectives are identification of species,
observation of geometrical spread of ionisation shells, deduction of fluxes, assessment of metastables
and spectrum-line based diagnostics of electron and ion temperatures and electron density. Primary
measurements are of the resonance lines. At ~ 10el the lithium-like lines Bell A3131A  and
BIII 22066A dominate the radiated power, with the helium like lines at ~ A100A and ~ i60A
important at 240el. 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 localised 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 impunty ions. Also the upper
emitting level must not have an allowed transition to the ground state 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 density in divertors mean that redistributive
collisions also matter. Evidently the spectral emission requirements and those for the generalised
collisional-radiative calculation of ionisation and recombination coefficients are closely connected
[24]. Calculated local emisstvities in specific lines are often expressed in terms of ‘photon efficiencies’
or ‘ionisations 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 electron
density as well as temperature sensitive. 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 emissivitics are incorporated in Monte Carlo models of the
impurity ion population distributions for prediction of detailed emission structure. These models are
run in close association with neutral deuterium models [26], [22]. There is particular interest at this
time in modification of emission by charge transfer in the deuterium rich environment. Excited
deuterium (in the 7= 2 or n =3 shells) is an efficient donor here especially to the higher n-shells of
the more highly ionised beryllium and boron ions (see the edge signal observed in charge exchange
spectroscopy studies using beams [27] and also [28]). Factors which influence the D°(n=2)
population are therefore important. In this respect, it is to be noted that optical depth in the Lyman
lines 1n cool high hydrogen density divertor plasma can become large. The implications are still to
be appraised.

4. THE REQUIRED CROSS-SECTION DATA FOR HELIUM.

Only fully ionised low and moderate mass ions, in collision with He® 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 then deposition and gettering
strategies.  This gives in order of importance C*¢ (walls, X-point target plates, lLimiters,
carbonisation), Be** (JET X-point target plates, limiters and evaporation) and B** (boronisation).
The gettering procedures have reduced the importance of oxygen, but nontheless O*% must be
included. Other species are of less concern. Titanium, iron and nickel are possible structural
materials, neon and argon useful added trace gases for diagnostics, and silicon a possible impunty.
A representative set through the second and third period which would act as a basis for interpolation
is Ne*10, Si+18 Ar+18 Fet2,

Concerning energy ranges of cross-section data, since alpha particles are born by deuterium/tritium
fusion at 880keV/u, this energy sets the upper limit for He® ion/atom stopping cross-sections. The
lower limit is set by the beam He? particles in collision with thermal plasma ions. A beam energy
~30keV/u ( JET *He beams) and plasma ion temperatures up to 30keV (15keV/u for D*) would
properly set ~lkeV/u as the lower limit for ion/atom collision cross-sections. For ITER helium
beams , which should certainly have particle energies >50keV/u, a lower energy limit for
cross-sections ~10-20 keV/u is probably acceptable. Electron collisions contribute less to beam
stopping. Electron temperatures from lkeV up to 25keV at the plasma core are most relevant.
However noting the additional interest of Hel 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 1s appropriate to make a broad statement of minimum accuracy requirements in cross-section data
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 temperature and density profiles limit experimental accuracy to >40%, so this is the
acceptable accuracy for modelling prediction of the final observed quantities. Therefore in beam
driven diagnostics, 30% error in beam attenuation and 30% error in local particle production
cocfficients (eg. He® by neutralising) or photon effective emission coefficients (eg. by single charge
transfer in CXS) calculation is acceptable. Beam attenuation up to a factor 10 is typically
encompassed in an experiment, 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 Z? 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 contribution of each impurity to Zeff is a
helpful measure of its importance.

In presenting the following, 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.
Also, a minimum 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 impurnity alone
is contributing. Zeff based adjustment of these as described in section 2 is appropriate. For ¢lectron
collisions, taking account of the many experimental measurements and theoretical calculations 20%
accuracy 1is suggested as a reasonable aspiration at all energies for important transitions.

4.1. Alpha particle neutralisation

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

He*? neutralisation

(*1) He%(1'S) + He*? --> He*? + He?, 20%

4.2. Beam and fusion He? 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¥(1'S) + D* --> He* + D* + ¢, 90% @ 20keV/u, 10% @ > 100keV/u
(*1) He’(1'S) + D* --> He* + D? 10% @ 20keV/u, 40% @ > 100keV/ju
(*1) He(1'S) + He*? --> He* + He*? + ¢, 100% @ 20keV/u, 20% @ > 100keV/ju
(*1) He*(1'S) + He*? --> He*! + He*!, 20% @ 20keV/u, 20% @ > 100keV/u
(*2) He®(1'S) + X*z --> He* + X*z + ¢, 100% @ 20keV/u, 50% @ > 100keV/u
(*2) He*(1'S) + X*z -.> He*! + Xt=1, 10% @ 20keV/u, 20% @ > 100keV/ju

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’(1'S) + D* --> He*2 + D* + e + ¢, 100%
(*2) He’(1Y) + D* --> He*2 + D® + e, 100%
(*2) He®(1'S) + He*? --> He*? + He*? + ¢ + ¢, 100%
(*2) He*(1'S) + He*? --> He*! + He'*! + e, 100%
(*2) He(1'S) + He*? --> He*? + He®, 30% @ 20keV/u, 100% @ > 100keV/ju
(*3) He*(I'S) + X*2 --> He*2 + X"t + ¢ + ¢, 80% @ 20keV/u, 40% @ > 100keV/u
(*3) He°(1'S) + Xz --> He*! + X*! + ¢, 80% @ 20keV/u, 40% @ > [00keV/u
(*3) He(1'S) + X*2 --> Het? + X*22 100%

Ground state ionisation by electron impact

(*2) He"(1'S) + e --> He* + e + e, 20%

4.3. Beam and fusion He? 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. Then electron loss from the
excited states can occur before return to the ground. This enhances the stopping. The metastable
state (1s2s 'S and Is2s 3S) populations are the most important in this respect, so cross-sections
involved in their formation and destruction are the first priority. Thereafter 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, matter.

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

(*2) He(1!S) + D* --> HeX(2'S, 2'P) + D, 100%
(*2) Hed(1'S) + He*2 --> He(2'S, 2'P) + He*?, 100%
(*3) Hed(1'S) + X*z --> Hed(2'S, 2IP) + X', 100%

Ground state excitation to the n= 2 shell by electrons

(*3) He(1'S) + e --> He%2'S, 2'P, 23§, 2°P) + e, 20%
It is to be noted that ion impact excitations are spin system preserving, while electron collisions allow
exchange.
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n= 2 state single electron loss with primary species, impurities and electrons

(*2) He'(25*'L) + D* --> He* + D* + e, 100%
(*2) He?(2+'L) + D* --> He* + DO, 100%
(*2) He%(2%+'L) + He*? --> He* + He™? + ¢, 100%

(includes inner electron ionisation)
(*2) He%(25+1S) + He*2? --> He*! + Hetl, 100%
(*3) He’(28+1L) + X*z --> He* + X'z + ¢, 100%

(includes inner electron ionisation)
(*3) He?(23+15) + X*z .-> He*! + X*zl 100%

(*3) He%(2'S, 2!P, 25, 2°P) + e --> He* + ¢ + ¢, 20%

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

(*2) He%(25+1L) + D* --> Hed(25+'L) + D+, 100%
(*2) He'(25+1L) + He*2 --> He%(25+1L7) + He*?,  100%
(*3) He"(25+1L) + X+t --> Hey(25*1LY) + Xz, 100%
(*3) He"(25*1L) + e --> HeY(25+ILY) + 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 23§ state population is incorrect and requires the following:

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

(*3) He'(1'S) + D* --> He¥n'L) + D~ 100%
(*3) He’(1'S) + He*? --> He)n'L) + He*?, 100%
(*4) He°(1'S) + X~-2 --> HeY(n'L) + X, 100%

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

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

(*3) He?(11S) + e --> Hed(n'L, n’L) + e, 20%

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

(*3) He’(n=+'L) + D* --> He* + D* + e, 100%
(*3) He%n»+'L) + D* --> He* + D, 100%
(*3) He’(n»*11) + He*? --> He* + He*? + e, 100%
(includes inner electron ionisation)
(*3) He’(n**'S) + He*? --> He*! + He*!, 100%
(*4) He®(n»*!1L) + X*z --> He* + X*z + e, 100%
(includes inner electron ionisation)
(*4) He®(n®*1L) + X*z --> He*! + X*# 100%
(*4) He%(n®+*'L) + e--> He* + ¢ + ¢, 20%

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

(*3) He(n®+1L) + D* --> Hel(n3*!L) + D+, 100%
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(*3) He"(n=*'L) + He*? --> HeXn'™*'L) + He*?, 100%
(*4) He'(n®*'L) + X** --> HeY(m™*'L) + X*z,  100%
(*4) He’(n=*'L) + e --> He¥(n'=*1L’) + e, 20%

Residual cross-sections up to n= [0 by primary species, impurities and electrons

(*5) He%n) + D* --> He(n") + D*, 100%
(*5) He%(n) + He*? --> He%n") + He*?, 100%
(*6) He(n) + X*z --> Hefn") + X2, 100%
(*5) He'(n) + e --> He%(n") + e, 20%

Spin system merging and l-subshell mixing is large beyond n=4 and merging with the continuum
by field ionisation 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 linear Stark shifts are diagnostic. The
overall atomic data requirements are the same as for beam stopping at moderate and high density.
However the prority 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<d shells by primary species and impurities

(*2) He*(1'S) + D* --> HeY(n'L) + D+, 30%
(*2) He’(1'S) + He*? --> He(n'L) + He*?, 30%
(*2) Her(1'S) + X*z --> Hen'L) + X, 30%

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

(*2) He%(1!'S) + e --> He%n'L, n’l) + e, 20%
Initial estimates suggest that 4'L - 2'P on the singlet side and 4°P - 23§ on the trplet side should be
studied experimentally as well as the transitions from the n= 3 shells

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

(*2) He%n=*'L) + D* --> He* + D* + e, 40% @ 20keV/u, 40% @ > 100keV/u

(*2) He’(n*=+'L) + D* --> He* + D°, 100%

(*2) He%n*+'L) + He*? --> He* + He*? + e, 40% @ 20keV/u, 40% @ > 100keV/u
(includes inner electron ionisation)

(*2) He’(n»+'L) + He*? --> He*! + He", 50% @ 20keV/ju, 100% @ > 100keV/u

(*3) He®(n®+'L) + X*? --> He* + X' + ¢, 40% @ 20keV/ju, 30% @ > 100keV/u
(includes inner electron ionisation)

(*3) He®(n>*1L) + X** --> He* + X*#1, 100%

(*3) He%(n=*'L) + e --> He* + ¢ + ¢, 20%
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Redistributive collisions between 2<n,n’'<4 shells by primary species, impurities and electrons

(*2) He®(n**!'L) + D* --> He(n3*'L) + D+, 30%
(*2) He'(n*+'L) + He*? --> HeYn®*'L") + He*?, 30%
(*3) He®(n®™*!'L) + X*z --> He%(n>*"1L") + X*7, 30%
(*3) He"(n®*1L) + ¢ --> HeX(n'&*'L") + e, 20%
The residual cross-sections of section 4.3 are again required.

4.5. Charge exchange spectroscopy

State selective single electron charge transfer from neutral helium beam atoms in their ground state
to alpha particles forming excited states of He*! is the initial concern. Subsequent Hell emission,
such as n=4-3 at 4685A, is the CXS signal to be contrasted with the neutral particle analyser signals.
There is a futher aspect however , in that, neutral helium beams may be useable 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*(1'S) + He*? --> He* + He*(nl 2L), 30%

(*2) He®(1!'S) + D* --> He* + D(nl 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 ionisation from ground state to primary species

(*4) He*(1'S) + He*? --> He*2 + He"(nl2L) + e, 100%

(*4) He%(1'S) + D* --> He*? + D(nl2L) + e, 100%

These reactions tend to populate low n shells. They provide a correction of CXS using short
wavlength transitions.

State selective charge transfer from metastables to primary species

(*3) He’(2'S, °S) + He*? --> He* + He*!(nl2L), 50%

(*3) He(2'S, 22S) + D* --> He* + D(nt2L), 50%

These reactions are most relevant at low beam encrgies and to CXS with visible lines since the
dominant receiving n-shell is usually close to the line emitting n-shell. Expectations of beam
metastable populations suggest this may be a significant correction. For He, 1<n<é6, and for D,
1<n<4, are relevant ranges. Redistribution and ionising collisions with the He* and D excited
populations are required to complete the diagnostic modelling. These are not given explicitly here
since He? is the main focus.

State selective charge transfer from ground state and metastables to impurities

(*3) He®(1'S) + X*® —-> He* + X*#1(nl 2L), 30%
(*3) He(2'S, 2§) + X*® > He* + X*#i(nl2L). 50%
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This allows a full CXS diagnostic for impurities using helium beams. The relevant range is
1<n<27%" Redistribution and ionising collisions with the X*#! excited populations are required to
complete the diagnostic modelling. These are again not given explicitly here.

5. THE REQUIRED CROSS-SECTION DATA FOR BERYLLIUM AND BORON.

5.1. Ionisation state

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 ionisation (ground and metastable) by electron impact

(*1) B2s22p 2P) + e --> B*1(2521S) + ¢ + ¢
(*1) Be",B*1(2s2!S) + e --> Be*!,B*%(252S) + e + e
(*1) Be*,B*%(252S) + ¢ --> Be*.,B*¥Is?'S) + ¢ + ¢
(*1) Be2B*3(1s2'S) + e --> Be*3B*¥Is2S) + e + ¢
(*1) Be"3,B %15 2S) + e --> Be*4B*S + ¢ + ¢

(*1) B%(2s22p ?P) + ¢ --> B*'(2s2p3P) + e + ¢

(*1) B'(2s2p?*P) + ¢ --> B*1(2s?'S) + e + ¢

(*1) B%(2s2p?*P) + ¢ --> B*!Y(2s2p3P) + e + ¢
(*DHBe ', B"%(2s28) + ¢ --> Be*2,B"3(1s2s38) + ¢ t+ ¢
(*1) Be*2,B*3(1s2s38) + e --> Be™3B*%1s28) + e + ¢

Metastable cross-coefficients by electron impact

(*1) B¥2s?2p ?P) + ¢ <--> BY%2s2p?*P) + e

(*1) Be®\,B*1(2s2'S) + e <--> Be’,B*(2s2p3P) + ¢ + ¢

(*1) Be"2,B+3*1(1s2'S) + ¢ <--> Be*2B-3(Is2s38) + e + ¢

Note that these are not just the direct coefficients but include transfers from the ground or metastable
states to excited states of the other spin system and cascade. Accuracies of contributions are pro rata.

Radiative and dielectronic recombination

(*1) X*¥(gm) + e --> X={(g’,m") + hv

g,m and g’,m” denote the ground and metastable states of the recombining and recombined systems.
The specific reactions are not given explicitly, but the list is the same as in the direct 1onisation section
above. Note that these are 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 alternative autoionisations.
Accuracies of individual components should be pro rata. 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

(*1) X*¥(gm) + D(ls) --> X**!(g’'m") + D*
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Note that these are the total zero density coefficients which include the sums over all excited states
which cascade to the lowest level of the spin system but is much more restricted than the dielectronic
sums.

Collisional-radiative contributions at finite density

(*2) X**(g'm’) + e --> X*#I({gm}nT ®*L) + ¢ (n'<4) 20%
(*3) X*#1({gm}nl Z*'L) + e --> X*#Y{gm}nl Z*'L) + ¢ (nn'<4) 40%
(*4) X #/({gm)nl 3711y + e --> X*2({gm}nl' 1) + ¢ (n<4, n'>4) 40%
(*5) X*#({gm)nl *1) + e --> X*#i({gm}nT 3+ + e (12>n>4, 12>n">4) 100%
(*5) X #({gmn 3*1) + e --> X*#({gm}n’ 3+ + e (n=>12,n'>12) 100%
(*5) X*=i({gm}nl 3*1) + Z --> X*#({gm}nl 3+ + Z (12>n>4, 12>n">4)  100%
(*5) X*#!i({gm}n B*Y) + Z --> X*#({gm}n’ ) + Z (n=12,n">12) 100%

Z, denotes fully ionised species . This data is required for the finite density improvement in
generalised collisional radiative modelling. It applies also to sections below and is only repeated if
higher accuracy is required. Note the changing angular resolution level on moving to higher n-shells.
Such nl- and n- bundling while retaining spin systems is an approach of sufficient accuracy. For
generalised collisional-radiative recombination and ionisation 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
charge exchange spectroscopy where l-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*=(g'm)) + e--> X*ri({gmnl L) + 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 S5.1. Note that no distinction need be made into the
actual cascade paths in the case of power.

5.3. Visible influx spectroscopy

(*D) X*#(g'm") + e --> X*#({gm}nT ®*IL) + ¢ (n'<4) 20%

(*2) X*#({gm}nl *1L) + e --> X*=({gminl Z*'L) + ¢ (nn'<4) 30%

This 1s a repeat of the collisional-radiative part of section 5.1 but higher accuracy is necessary. This
data allows the low level excitation and redistribution part of line emuissivities to be obtained.
Recombination contributions to emissivities and stepwise collisional radiative losses through higher
levels requires the additional data of section 5.1. These are appropriate for highly transient and dense
plasma conditions.

5.4. Charge exchange spectroscopy

State selective CX into excited shells for influx ions
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(*1) X*¥(g,m) + D(ls) --> X*!({g,m}nl #*'L) + D* 30%
(*1) X*¥(g,m) + D(n=23) --> X=Y({g,m}nl *!L) + D* 50%
The redistributive collisional data required in sections 5.2, 5.3 and 5.4 are the same.

Neutral helium beam induced

[ This is given in section 4.5.]

Neutral deuterium beam induced

(*1) D°(1s 2S) + X*% --> D* + X*#i(n] 2L), 30%
This allows a full CXS diagnostic for impurities using deuterium beams. The relevant range is
1<n<2z57%. Redistributive collisional data are also required (see section 4.5).

6. CONCLUSIONS

We have sought to lay out the set of atomic collision cross-section data required to model and
support alpha particle diagnostics for ITER and other fusion experiments using ncutral helium
beams. However, we have gone further in that we have also addressed the data required in practise
to support and validate such a diagnostic fully by associating it with charge exchange and beam
emission spectroscopy. Secondly, we have 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 ionisation coefficient and effective emissivity coefficient
codes in the collisional-radiative sense. There remain some anxieties. As has been mentioned, fast
neutral heltum atoms in tokamak plasmas will experience a strong vxB 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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