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ABSTRACT.

Observations of the JET tokamak are used to illustrate contrasting spectral emission from arange
of plasma environments differing in temperature, density, interaction with boundary surfaces,
dynamic state and excitation mechanisms. Some spectral featuresof diagnostic value areidentified.
Models based on collisional radiative theory are used to investigate these features. The generality

of this approach to modelling the radiating properties of atoms in arbitrary dynamic plasmasis
indicated.



I. Introduction

The magnetic confinement fusion research machine, JET (Joint European Torus),
sustains a plasma composed normally of deuterium, minor impurities such as
beryllium, carbon and oxygen and traces of metals such as chromium and nickel
at central electron temperatures <12 keV (typically 8 keV) and central electron
densities $2x101cm- (typically 5x10% cm). On occasions further gaseous species
such as helium are introduced and solid species are (laser) ablated into the plasma.
The plasma is optically thin in all impurity radiation. It has strong similarities to
astrophysical plasmas such as the solar corona together with some special
environments, active control aﬁd diagnostic systems which make it a valid and very
fruitful source for the study and exploitation of atomic spectroscopy in highly
ionised plasmas{1]. This paper rests on a basis of JET spectroscopic observations,
however it is believed that the methods used, reliance on and impact on
fundamental experime'ntai and theoretical studies of atomic cross-sections etc. are

of general relevance.

Figure 1 shows the geometrical layout of JET. The existence of qualitatively
distinct radiating zones in the JET plasma arises because of the magnetic field
structure and because of the plasma limiting surfaces. Thus, although the bulk
plasma, with particle confinement times of order 1 sec radiates in a manner typical
of near equilibrium moderate density plasma (albeit at very high temperature), the
behaviour of atoms and ions near the edge or in the shadow of limiters is much
more dynamic influenced by sources, diffusion and precise plasma positioning.
Then again, neutral deuterium heating beams cause profound modification of the
radiating behaviour of impurities along or in the locality of the beam lines. Ion
cyclotron resonance heating, solid deuterium pellet injection, lower hybrid current

drive etc. all alter the radiation emission.

I1. Plasma and impurity spectral emission in JET

A VUYV survey spectrum is shown in figure 2. It is a radial view across the plasma

in the horizontal mid-plane. In this case molybdenum was introduced into a
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plasma of central electron temperature ~8 keV by laser ablation. Molybdenum is
ionised to approximately the stage Mo+# at this temperature. Lower ionisation
stages occur in shells at progressively larger radii from the plasma axis and
therefore lower temperature where a balance between ionisation and
recombination processes with some influence of diffusion occurs. The deduction
of the species concentration from measurement of the line of sight integrated

emission in such spectrum lines is the standard analysis [2].

Beryllium by contrast is fully ionised throughout virtually the whole plasma. The
Belll emission at 100.26A occurs only at the periphery of the plasma close to the
limiting surfaces which are the source of the beryllium. The electron temperature
quite close to these surfaces is high compared with the ionisation potential of Be'?

and it is probable that Be*? penetrates to such a highly ionising environment

before ionisation. Thus the localisation of such an ion is very different resulting

from a balance of ionisation and transport processes. The flux of impﬁrities into
the plasma and the plasma parameters local to the surfaces which influence
impurity release are important matt;ars [3}. Figures 3a and 3b show a high
resolution XUV spectrum of Belll when the plasma was out of and then in contact
with the inner wall. Note the singlet series and the intercombination line in figure
3a. The Lyman series of BeIV‘extends to shorter waveiength, only tﬁe ﬁf_st member
being present on the spectra. Dynamic state and temperature influence these
spectral intensities. Figure 3b introduces a new phenomemon. Disturbance of the
series decrement probably indicates the presence of charge transfer reactions from
neutral deuterium released from the inner wall by the outward plasma ion flux to
it [4].

Visible spectra taken along a horizontal line of sight intersecting and inclined to the
neutral heating beam path are shown in figures 4a and 4b. The narrow spectral
emission lines in the n=6-5 principal quantum shell transition of BelV and in Bell
in figure 4b are edge localised emissions similar to those of Belll in figure 2. The
pronounced change in figure 4a in the BelV lines arises from emission at the
beam/viewing line intersection and is driven by charge exchange reactions of Be++
in the core plasma and deuterium in the beams. This is diagnostic of conditions

in the plasma centre [5].



Finally figure 5 shows spectra along the same line of sight, but in the wavelength
vicinity of Da« at times spanning beam switch on. The charge exchange driven
feature at 6561 A is similar to that shown in figure 4a above but note the Doppler
shifted beam emission split into Stark components by the vxB electric field. The
principal energy fraction of the beam is at 40 keV/amu, giving electric fields
~100kV/cm. There are also half and third energy components {63. Excitation of
deuterium in the beam is predominantly by plasma ion collisions. The narrow
component at 6561A is plasma edge emission in the line of sight. For completeness
it should be mentioned that observations of other impurity neutral atom emission,
such as Bel and Crl, are also made. Such emission is strongly localised at source

surfaces.

The above observations form a connected set linked by atomic reaction processes
and by diagnostic usage. Consider firstly the neutral deuterium heating beams.
Their penetration into the plasma is a critical parameter. The attenuation is by
ionising and charge exchanging collisions with plasma ions (deuterons and
impurities) and to a lesser extent by electron collisions. Since it is the simultaneous
excitation of the deuterium in the beams which leads to the Stark features,
observations such as ﬁgure 5 chart the attenuation experimentally. With
knowledge of the attenuatibn, the charge exchange features of figures 5 and 4a
allow deduction of absolute radially resolved deuteron and impurity densities.
These of course are responsible for the beam attenuation in the first place - a

cyclical connection.

The charge exchange features must be separated from superposed cold edge
features (figure 4a and 4b). The latter, which are of high principal quantum shell
transitions in the visible, are from a complementary cascade path to the resonance
lines in the XUV such as shown in figure 3. Excitation of the lower levels of the
edge species is principally by electron impact. So the singlet series decrement in
figure 3a gives electron temperature. For neutral species, such as Be, visible
emission is from excited principal quantum shells whose populations are disturbed
by further collisions at JET edge densities. So edge electron density is a
spectroscopically addressable parameter. The enhancement of the high series
members when the plasma is in contact with the inner wall is due to charge

transfer from excited states of thermal deuterium near the walls. The excited



deuterium presence is revealed in the Balmer alpha edge emission (figure 5)
although the excitation is by electrons rather than ions as was the case for the
Stark features. The Stark emission, visible wavelength beam driven charge
exchange emission and neutral edge emission are all influenced by higher order
collisions with excited states. Such processes also modify the effective attenuation
rates for the beams, dielectronic recombination etc. under JET conditions and so
ultimately influence ionisation equilibria of impurity ions and the standard analysis
of eg. Mo+¥ (figure 2) ‘

II1. Interpretative modelling

Formally the line of sight emissivity in the n --> n’ principal quantum shell
transition following charge transfer from neutral deuterium in its ground state in
the beams to a fully ionised plasma impurity of charge z, is

I(zn--> 1) = g zn-->n") NITZINGeamd] 1)

et
where q_ denotes the effective rate coefficient for the particular photon emission
and the integral is called the emission measure. z { =z,-1) simply denotes the final
charge state. q_, is the derived theoretical quantity which allows the physically
useful emission measure to be obtained. That it is not simply the direct charge
transfer rate coefficient to the level n times a branching ratio is due to cascade,
redistributing secondary collisions etc. It therefore depends on local electron and
ion temperature and density as well as beam particle energy. The effective
coefficient can appear outside the integral because of the short line-of-sight/beam
line intersection. If the attenuated neutral deuterium density at the observed
volume is known by calculation or measurement then the emission measure can

be resolved to give the impurity density.

Incidentally, the emission measure in equation (1) is almost the same as that
involved in formation of the beam Stark emission although in the latter case there

is a sum of similar terms for each plasma ion type with appropriate effective




coefficients (driven by ion impact excitation rather than charge exchange) resolved

into Stark components ( see figure 7).

For emission from a complex (more than one electron) species, X+ (such as Be*?),
near the plasma edge, the situation is formally similar to that of equation (1),
except that the fundeame_ntal driving process is electron impact excitation and the
ion species may have significantly populated metastable states, indexed by &, (15
IS and 1s2s 3S for Be*?} . Denoting the transition by i-- > j for a resolved coupling‘

scheme, then
(Z,0,i> ) = fQuz,oi->DN_ (TN 4 2)

with a different differential emission measure N 6(+Z)Nedl where N 0,(.+Z) denotes
the density of ions in the metastable state . The view of metastable populations
as quasi-independent is somewhat different from the usual astrophysical approach
in which an ionisation balance assumption is made and then Na(‘*’z)-/ N¢ot
incorporated with qg_, giving a ‘g(T,)’ function [8]. The present is the more general
case and is certainly appropriate at the periphery of JET where collisional mixing
timescales for ground and metastable populations are comparable with diffusion
and dynamical timescales. This is illustrated in figure 8. The JET data (see figure

3a) matches the transient case.

For inflowing atoms or ions from localised surfaces ionising fully near the surface
without dispersion , the flux can be related to the emission along a line of sight

orthogonal to the surface from any one of its ionisation stages as

F = EO,F(Z,.:;) = Ea E(Z’U:i" >j) I(‘Z!G’i" >]) . (3)

where I'(z,0) is the partial flux in metastable state o of the impurity ion of charge
state z. E is the number of ionisations per photon or the reciprocal of the photon
efficiency and is the relevant derived theoretical quantity needed for interpretation.
An observed spectral intensity is associated with each metastable. In general the
photon efficiency also depends on density as well as temperature particularly for

species in neutral or near neutral stages of tonisation.



IV. The unified picture
The effective coefficients used in the above studies were obtained by collisional
radiative population calculations{9]. In these it was necessary to compute both

large sets of principal quantum shell ("bundle-n"} {10] populations and large sets -

of (‘resolved”) low level populations of ions - the latter with precision. In some
cases, high level bundle-n calculations were coupled to low level resolved
calculations. Complex ions had to be addressed and metastable states
distinquished.

The theoretical picture can be completed by considering ionisation and
recombination. Then the evolution of ionisation stage populations into each other
can be modelled. It is at this point that usages for general plasma simulations and
detailed interpretative spectroscopy tend to be most discordant. Properly, each
stage must be represented by its ground and metastable populations and the
effective (‘generalised collisional dielectrbnic’) _coéfﬁcients established between
them, namely « (z+1,0":2,p), Sod(z,p;z{l,p’) and the cross-coupling coefficients
Q,4(2.p3Z,0). They depend on density as well as temperature. It was these coefficients
which were used for figure 8. Supplemented with power loss coefficients they
provide the effective atomic source terms for arbitrary finite density dynamic

plasma theoretical simulations matching spectroscopy[11].

On a theoretical note, the detailed effective emission coefficients and the
generalised collisional dielectronic coefficients can be computed simultaneously.
The procedures upon which this work draws organise recombining ion metastable
(parent) and recombined ion spin system resolved bundle-n calculations to provide
projection matrices which are expanded over resolved low level manifolds and
combined with high quality low level rates from assessed atomic data bases.

Subsequent matrix manipulations yield all relevant quantities.



V. Conclusion

In this paper spectrocopic observation and detailed interpretative atomic modelling
have been closely linked. It has served to clarify a framework and quality of
derived atomic data structures appropriate both for diagnostic spectroscopy and
general plasma simulation. The starting point is however electron/atom, atom/ion
and atom/atom collision data of good reliability. This paper can be seen as one
view of how to make best use of spectroscopic observations and fundamental data

in a fusion plasma context.
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Fig. 1. A vertical section of JET. Note the graphite tile protected inner wall,
beryllium belt limiters and the neutral beam injector (NBI) assembly.
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Fig. 2. Survey spectrum in the VUV spectral region.
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Fig. 3. XUV spectrum along a line of sight directed at the inner wall: (a) Plasma

in contact with the outer belt limiters.(b) Plasma in contact with the inner wall.
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