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ABSTRACT

Observations are reported of resolved components of deuterium Balmer
emission in neutral beam heated JET plasmas. The features are
interpreted as Doppler shifted emission from deuterium in the neutral
beams spectrally resolved into components by the v x B motional Stark
electric field. The mechanisms of excitation of the deuterium are
elucidated and the emission modelled. Attention is drawn to the
diagnostic potential of the observations for measurement of local
magnetic fields, deuteron density and effective plasma ion charge.

1. INTRODUCTION

The Joint European Torus (JET) is a fusion research device of
tokamak design. 1In its present configuration, it can sustain a
multi-keV deuterium plasma for up to 20 secs at densities

~ 5x10'?* em™®. The ohmic heating of the plasma by the induced
torcidal current (Ip € 6 MA) is supplemented by ion ecyeclotron
resonance heating (ICRH power £ 24 MW) and neutral deuterium
beam injection (NBI power £ 21 MW). The NBI system consists of
two boxes on either side of the torus which are equipped with
eight sources each. The primary deuterium energy is 40
keV/amu. A spectroscopic diagnostic system has been
implemented to exploit the emission in the visible following



charge transfer reactions between neutral beam particles and
thermal plasma ions (Boileau et al., 1989) for ion temperature,
density and plasma rotation profiles. The spatial arrangement
is shown in figure 1. (B) is a single vertical line-of-sight
intersecting one of the neutral beam lines and (A) represents a
nearly herizontal fan of 15 viewing lines intersecting the beam
line at various radial positions, R {(measured from the central
axis in the horizontal section) and angles, 8 (measured
relative to the -ve beam direction).

The spectrum in the vicinity of deuterium Balmer a (6560 A)
during the NBI phase of JET pulse #14825 is shown in figure 2,
The viewing line used for this spectrum intersects the neutral
beam with 8 = 134° and at a toroidal major radius R = 369 cm
(plasma centre is at ~ 312 em). The complex spectral structure
is associated with a combination of plasma deuterium and neu-
tral beam deuterium emission and separates into three main
parts. (A) is principally a cold edge feature, corresponding
to a deuterium temperature TéA) ~ 40 eV, which is also present
before the neutral beams are switched on. Higher resolution
measurement (see insert from pulse #17719) reveals it to be a
partially filled Zeeman doublet appropriate to the viewing
line/magnetic field inclination at the vessel wall, Prior to
beam switch on, the wings of this feature indicate the presence
D " 800 eV).
This is believed to have its origin in and reflect the

of an underlying broad 'pedestal' (equivalent T

temperature of the plasma layers fairly close to the limiting
surfaces. Neutral deuterium recycling from limiters penetrates
approximately 10 c¢m into the plasma due to resonant charge
transfer with plasma deuterons. Feature (B) is present only
with the beams and is the primary charge exchange feature at
the beam/plasma/viewing line intersection. In this case TéB)
2.7 keV. However the feature is revealed to be asymmetric with
the blue wing enhanced. This and the necessity of subtracting
the 40 eV and 800 eV features limits the precision of the
temperature derivation. The asymmetry is principally due to

the favouring of charge transfer to plasma deuterons comoving



with the beam because of the rapid fall of the charge exchange
o (VO is the Bohr
orbital speed = 25 keV/amu). The features (C) are Doppler
shifted emission from the deuterium in the beam. The three
subfeatures (C,, C,, C,) are associated with the full, half and
third energy components in the beam arising from molecular ions

cross sections for relative velocity v > 1.5 v

in the source. Each subfeature is resolved into Stark compon-
ents of w and o polarisation by the Lorentz field |§| = lz x 51
~ 0.48%x10° V/cm caused by the cross-field motion of the beam
particles (v ~ 2.8x10® cm/sec, B -~ 2.3 Tesla). The full energy
feature (C,) is shown in figure 3 for another pulse at higher
magnetic field (B ~ 3.2 Tesla) and higher spectral resolution
to resemble a "textbook' description (Bethe & Salpeter, 1958).

It is found that the ratio of emissions in features C and B is

almost independent of the toroidal mincor radius but depends
I

upon the purity of the plasma with Tg large for large Z ..

Zeff is defined as (ND + % Z; Ni)/Ne with the sum over impurity
species of number density Ni and nuclear charge Zi' ND is the
deuteron density and Ne the electron density. The absolute
Doppler shifts and the absolute intensities of features C,, C.,
C; vary across the poloidal radius (reflecting the varying
angle 6, and beam attenuation). The subfeature compression and
ratio of ¢ to m components also vary with radius. An equival-
ent structure is observed in Balmer B. There is substantial
diagnostic advantage to be gained for tokamak plasma interpre-
tation from analysis of these spectral features and their
behaviour. Parameters which are accessible include poloidal
magnetic field, plasma paramagnetism, neutral beam attenuation,
zeff' excited deuterium corrections to charge exchange recomb-
ination spectroscopy, plasma deuteron temperature and density.
This is revealed on detailed modelling.

2. MODELLING OF THE EMISSION

The spectrum has been fitted by a multiple Gaussian constrained
to equally spaced Stark features. The component wavelength



separation and the intensity ratio of the ¢ and # components in

principle enable the deduction of the local magnetic field and
its orientation in space.

The magnetic field in a tokamak is dominated by the externally
applied component around the major axis of the torus (the
toroidal direction). The plasma current primarily flows
toroidally and generates a magnetic field in the minor (or
poloidal) direction. The toroidal magnetic field is modified
by paramagnetism and diamagnetism. The former arises because
the plasma current mainly flows along the magnetic field and so
picks up a poloidal component. The diamagnetism is a result of
the slight deviation of the plasma current from the direction
of the magnetic field which is required to balance the plasma
thermal pressure. The paramagnetism increases the toroidal
magnetic field and the diamagnetism decreases it. In a tokamak
like JET, both corrections can be as much as 10%.

For the present observational geometry, the induced Lorentz
field is almost orthogonal to the viewing directions
(85°<y<100°) which implies that the intensity ratio of o and 7
components is insensitive to changes of the total field
orientation. The experimental results of wavelength separation
of Stark components (statistical errors typically less than 1%)
can however be used in conjunction with toroidal field and flux
surface data from equilibrium calculations to derive a poloidal
field profile. Analysis indicates that in this case the
dominant error sources are the data on the toroidal field
{including paramagnetic and diamagnetic contributions) and that
of the flux geometry. It is evident that the present neutral
beam orientation and viewing line directions are not ideal for
pcleoidal field deduction.

Full intensity simulation is required to exploit the w and o
observed ratios and to allow deduction of the other plasma
parameters summarised earlier.



The Stark state energy levels and transition probabilities have
been examined by a number of authors (Isler, 1976; Breton

et al., 1980; Souw & Uhlenbusch, 1983). Diagonalising of the
isolated hydrogen atom Hamiltonian perturbed by magnetic moment
u.B and motional electric field e v « B.r terms yields
essentially a Stark energy level pattern (basie interval

3.03 em™ at v = 1.27 v, B - 1.74 Tesla, and v | B). The
Zeeman contribution is ~ 10% of the Stark and since the
magnetic field is orthogonal to the Stark electric field does
not resolve further the residual Da multiplet degeneracy.
Plasma radial electric fields play a negligible role.

The relative collision speed for deuterium atoms in the beam is
dominated by the beam speed for collisions with plasma ions and
by the Maxwellian electron speeds for collisions with elec~-
trons. Collisions of the former type dominate for Ebeam z

25> keV/amu - the situation here. This is shown in the compara-
tive figure 4 for the total excitation cross-sections from
D(1s)+D(n=3). The cross-sections for excitation and ionisation
by ions of different charge z, but the same collision speed
(2 1 vo) are approximately proportional to z2?. Therefore Ze
provides the appropriate weighting of the deuteron impact
excitation rate to account for impure plasmas.

rf

Since the positive ion collisions are essentially monodirect-
ional and monoenergetic with oriented Stark states, the
fractional m-subshell selective collision cross-sections
between different n-shells have been calculated in a first Born
approximation using the Stark/Zeeman eigenfunctions. For axis
of quantisation nearly orthogonal to the beam direction and
beam energy relevant here, the selective directional effect is
not large but rather the field induced state mixings are most
important.

The complete population structure of the excited deuterium
states has been mddelled with full Stark/Zeeman state resolu-
tion for 1sns4 and bundle-n resolution for 4<ns10. Ion impact
dominates for both excitation and ionisation. The collision



limit approaches n=4 at typical JET densities. Stepwise
ionisation, de-excitation collisions and redistributing colli-
sions amongst nearly degenerate states are all active. Figure
5 illustrates the calculated relative emissivities of the
Balmer o components as a function of density. Notable is the
development of the 0° component which partly arises from the
parabolic upper states (0,0, £ 2). These states are accessible
only by redistributive collisions and cascade rather than by
direct excitation from the ground state. The populations are
strongly density sensitive in the range 10'2 to 10'* cm™® due
to the encroachment of the collision limit on the n=4, 3
levels. The theoretical effective emission coefficients for
the summed Da and DB transition arrays are approximately in the
off for Ne s10'? em™?2.
The coefficients are approximately constant with density for

ratio B:1 and increase linearly with Z

Ne >10'* em™®, The coefficients for different zeff converge at
high density.

In simulating observed ©m and ¢ components the usual sin?y,
Y(1+cos?y) polar dependence on viewing line/electric field
angle, ¥ must be taken into account. The simulated pattern is
also modified by the polarisation selective reflection charac-
teristics of the collection optics. Figure 6 gives a
comparison of the measured and calculated primary Stark
features for a set of radial positions for JET pulse #16018.
The 'experimental' data shown is the full beam energy Stark
components isclated by fitting Gaussian profiles to the
complete set of Balmer o features as described earlier. The
fitting is very precise and reliable for the Stark components
with no asymmetries indicated. The displayed full energy data
is therefore a faithful representation of that part of the raw
data. Relative calibration of viewing lines was initially
sought by measuring the underlying bremsstrahlung background
and assuming constant Zeff radially across the plasma. This
assumption is based on the observed approximate constancy of
the charge exchange to Stark features for the pulse at the
indicated time. The statistical error on the bremsstrahlung
measurement at R=349 cm was very large. A discrepancy



(= factor 2) was also evident on this track on comparing
intensities with beam attenuation calculations radially. The
inferred adjustments for other tracks were much smaller (<30%).
The experimental data displayed include these adjustments. The
instrument width has also been deconvolved. Observed Doppler
shifts indicated viewing line/beam intersection positions in
agreement with those physically measured to <.5%. The deduced
total magnetic field from component separation was combined
with the toroidal field from equilibrium calculation to yield
the poloidal field as shown. The safety factor on axis gq =
(BT/RO)/(BBplar) derived from the slope of Bp(R) is within 6%
of the equilibrium value.

The thecretical figures are based on the calculated beam
attenuation, deduced magnetic induction B, measured viewing
lines, measured reflection characteristic of the metal mirror
in the collection optical chain and measured eleciron tempera-
ture and density profiles. The thecretical components have
been given Gaussian profiles corresponding to a temperature of
12 eV. This temperature is not real but describes the beam
divergence. The relative intensities of theory and experiment
are in agreement to within ~50%. The o/ component ratio com-
pariscn indicates that the reflection effect on the polarisa-
tion for the innermost viewing line is underestimated by ~30%.

3. CONCLUSIONS

The observations shown here, though felassical' in their
structure are believed to be unique. The principal collisional
phenomena inveclved in exciting the observed spectrum have been
identified although the model/experiment matching remains at
this stage semiquantitative.

The diagnostic implications for JET are very large. The
measurements are not only of localised emitting regions in
space {(so requiring no Abel inversion) but also use a restric-
ted, easily observed and calibrated spectiral region. It has
been shown that parameters of the internal tokamak magnetic



fields can be deduced. This is a most important capability for
which there are few alternatives.

Zeff deduction is particularly promising since it is not only
likely to be very sensitive (since the charge exchange feature
decreases with dilution and the Stark feature increases with
Zeff)' but also because it is calibration independent.

The observation will allow greater precision in charge exchange
recombination spectroscopy of impurities in JET since beam
attenuation and excited deuterium content of the beam can be
measured and used self consistently. Deuteron temperature and
density in the plasma will also be obtainable.

A full description of the observations and the model and their
confrontation will be published in due course.
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Comparison of experiment and theory for Full energy Stark features.
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