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ABSTRACT

Charge exchange recombination spectroscopy (CXRS) has been
used on JET to study fully stripped low-Z species. The ion
temperature in the plasma centre was measured from visible
lines of helium, carbon and oxygen excited by charge exchange
with heating neutral beam particles. A4 cold component produced
at the plasma edge was apparent on helium and carbon spectra.
The charge exchange feature was unambiguously isclated for the
various composite lines and all three impurities agreed on the
same temperature within the experimental error. Toroidal
rotation velocity measurements near r/a ~0.65 on the high field
side are also presented. Observed column emissivities were
converted into absolute impurity densities using a neutral beam
attenuation c¢ode and charge exchange effective rate

coefficients. Comprehensive new calculations were performed to

obtain the effective rate coefficients. The models took
detailed account of cascading and the influence of the plasma
environment in causing &-mixing, and allowed the n-dependence
of the rate coefficlents to be addressed experimentally using
some carbon transitions, The effective ion charge
reconstructed from simultaneous measurements of the densities

of dominant impurities shows good agreement with the value

inferred from visible bremsstrahlung. Helium (helium discharge
or minority RF heating), carbon and oxygen concentrations were
monitored during characteristic operating regimes. Significant

differences in the ratio of these impurities were observed.



1. INTRODUCTION

In modern fusion experiments such as JET, the fully
stripped species H*, D*, He*2?, C*® and 0**® represent the bulk
of the hot plasma core. The controlled fusion goal requires
comprehensive understanding of the dynamies and kinematics of
these particles. The bremsstrahlung radiation emitted by
stripped ions in ohmically heated plasmas only allows

spectroscopic¢ measurement of Z averaged over a line of

ef f
sight, It does not provide resolvable features for individual
species. Emission spectroscopy usually concentrates on low
level transitions of ions excited by electron impact. In JET,
the associated emission shells for light impurities occur in
the plasma periphery. Central abundances must then be inferred
via an impurity transporf model based on the peripheral
measurements. This situation has been revolutionised by the
introduction of neutral beém heating.

Useful diagnostic spectroscopic line measurements are
possible on impurity elements which are fully ionised in the
central region of plasmas penetrated by neutral hydrogen beams.
This is because of the efficient charge exchange reaction

2% vy - pt2d (n2j) + H* (1)
where Z is Lhe nuclear charge, H denotes any isotope of
hydrogen and n&j are the recombined hydrogen-like ion quantum
numbers. It follows from the fact that prinecipal quantum
shells n populated by this reaction tend to be highly excited
that the cascade raﬁiation emitted after capture can be
observed in the visible. Wavelength calibrated measurements of

spectral profiles can be interpreted in terms of impurity ion

temperature and plasma rotation velocity, and intensity




calibrated measurements of photon fluxes in terms of local
impurity densities.

Progress in 'charge exchange recombination spectroscopy’
(CXRS) has been rapid. Measurements of local ion temperature
have been performed using CXRS on many tokamak experiments1"6e
This diagnostic has also been used to investigate toroidal
plasma rotation 2’7-9, Radial profiles of these spatially
resolved measurements have been obtained either on a
shot-to-shot basis9 or by using a multichord systemTO’ii. Less
common are calculations of absolute ion densities using

measured CXRS line intensities 12—18. Recent work at PBX'Y

has
used relative impurity density profiles for comparison with
convective transport models. These results have demonstrated
clearly the diagnostic potential of CXRS and have pointed to
the need for detailed analysis and quantitative interpretation
of absolutely calibrated photon fluxes. The justification for
the present paper is in the steps taken towards this
quantitative assessment and in the description of the
exploitation of the diagnostic on JET.

The CXRS diagnostic makes use of the heating beams as a
source of high energy neutrals. An essential feature is the
concentration on the visible part of the spectrum. Fibre
optics transfer the radiation to remote instruments separated
by biological shields from the experiment. The immediate aim
has been the investigation of specific spectral features of
visible charge exchénge lines of low Z impurities. When
measurements are restricted to visible wavelengths, the

interpretation, especially in terms of impurity densities,

depends quite sensitively on beam particle energies and states




and on the plasma envirconment of the radiating lons. The
description of these effects relies heavily on theoretical
atomic data and the emission models become gquite complex. It
will be shown that these models are justified in that the
trends of variation of observed results with plasma conditions
are more closely reproduced. On the other hand, at a refined
guantitative level, it is evident that the analysis provides a
comment on the theoretical data as well as an interpretation of
the plasma. The breadth of experimental data available to us
from JET has encouraged us to suggest preliminary corrections
to some of the thecoretical data.

While the initial impact of this work at JET is in the
study of the light species, helium (added during minority RF
heating or wall conditioning discharges), carbon and oxygen,
charge exchange recombination may provide fruitful diagnostics
near ignition for fusion product alpha particles., The density
of other impurities such as beryllium, é future limiter
material, may also become sufficiently large to allow
measurements of charge exchange recombination lines. Finally,
VUV and X-ray spectral line measurements associated with charge
exchange recombination, just becoming possible on JET, will
supplement the vislble measurements and allow more
comprehensive comment on theoretical modelsf For these
reasons, we provide in thelpaper a model for charge exchange
line emission analysis of greéter generality than the immediate
need in JET,

Turning to the order of the paper, Section 2 begins with
an overview of the JET environment as it pertains to charge

exchange recombinaticon and its interpretation. Then the actual




experimental set-up for CXRS, its geometry and capability on
JET are described. Also the important related details of
neutral heating beam shape, particle distribution and
attenuation are given.

Section 3 1s concerned with line shapes. Since the paper
ié devoted mostly to spectral lines emitted in transitions
between whole principal quantum levels of hydrogenic ions, the
observed lines are expected to be overlayed composites of fine
structure components, Doppler broadened by ion thermal motion
and Doppler shifted by toroidal rotational motion of the bulk
plasma. The column emissivity associated with CXRS along an
observational line of sight would take the form

41 (nen') |y
da Ly, 213

A{nRj+nte'ij")

(2)

+z=1
J N(Anlj ) ¢A(m,v,TZ)dx

where N denotes the impurity number density, A(i+j) is the
Einstein coefficient and ¢ represents the component spectral
wrofile, with Tz the impurity ion temperature, m the ion mass
and v the bulk plasma rotational speed projected on the line of
sight. 1In fact the main broad CXRS feature from the beam
interaction in the hot plasma core is usually distorted by
overlapping narrower features formed at the edge of the plasma.
It will be shown that the charge exchange feature can be
isolated from the composite line profile, allowing values of ¥

and T, to be deduceq.

Z

The column emissivity of the broad CX feature in a line

n*n' (integrated over wavelength) resulting from charge



exchange in the presence of a neutral beam can alternatively be

written as
I(nsn') = qth¥n') £ NCH)N(A*Z)dx (3)

where q?%ﬁn') is an 'effective charge exchange recombination
coefficlent' leading to emission of the line n»n', and

J N(H)N(A'?)de is the 'charge exchange emission measure'. For
a localised intersection of neutral beams, plasma and
spectroscopic line of sight, this is a useful separation. In
Sectién 4, the theory is developed for calculating q?%gn') for
arbitrary lons and transitions and for refinement of q?%yn')
based on observations. This theory will alsc provide details
on N(A;EST) required in equation (2). The emission measure-is
i1tself a useful quantity for interpretation of relative
impurity concentrations. However, knowledge of beam geometry,
viewing geometry and attenuation allows separation from the
emission measure of the component density NC(ATZ). The
additional theoretical analysis of beam attenuation required is
developed in Section 4.5. 1In Section 4.6, the emission measure
theory is extended in two ways. Firstly, alternate primary
excitation processes besides charge exchange from hydrogen
beams are allowed. The new processes include electron impact
excitation from the ground state and charge exchange
recombination from thermal hydrogen in an excited level.
Secondly, lithium and sodium-like recombined systems are
considered. This extended theory is sufficient to allow
quantitative investigation of the features formed at the cold

plasma edge and superimposed ontc the CX signal for some of the




transitions observed. It is also used to provide some broad
predictions of series variation of effective coefficients for
quantitative XUV and UV observations of charge exchange.

In Section 5, some analysis is given of central impurity
densities in JET. This establishes characteristic behaviour of
light impurities in JET in the presence of neutral hydrogen
beam heating under various modes of operation. In Section 5.2,
possible adjustments of the theory are investigated in the
light of the JET analysis. Section 5.3 provides a preliminary
examination of the cold feéture observed on carbon spectra.

The coneclusions are in Section 6.



2. THE JET CHARGE EXCHANGE RECOMBINATION DIAGNOSTIC

2.1 Species and the plasma environment

The dominant light impurities in JET are carbon and
oxygenzo. These are both suitable for diagnostic charge
exchange measurements as is helium, introduced as a minority
constituent during RF heating. Beryllium and the medium Z
elements neon and argon added for specific diagnostic and
calibration studies may also be suitable. The hydrogen-like
stages of these elements emit convenient visible line radiation
in the central regions of the plasma following charge exchange
recombination with neutral hydrogen heating beams. Visible
An=1 and An=2 spectrum lines of these species are listed in
Table I. The wavelength is the intensity weighted average of
the various angular components in air. The width of the whole
collection of supermultiplets in the n»n' transitions is also
given. It is to be noted that a number of blending
coincidences occur both between impurity lines and with
hydrogen. Table I also gives the emission measure for oapture
from H(1s) for each line axis, based on a standard set of JET
plasma conditions, required to produce a column emissivity of
1x10'? ph/cm?*/sec for a beam energy of 50 keV/amu. This is an
approximate indication of detectability.

A similar class of features can be emitted by lithium=like
and sodium~like ions following charge exchange capture by the
corresponding heliuﬁ—like or neon-like icons from neutral
hydrogen beams. In smaller tokamaks, medium Z species such as
Ar in its heliuh*like stage, and heavier species such as K in
i1ts neon-like stage have been used in charge exchange

studies18. (For JET light and medium Z species are fully




stripped in central plasma.} For completeness therefore some
data on lithium-=like and sodium~like ions is given in tables II

and 'III respectively. 1In these cases, the spread in wavelength

of the components of the complete n+n' shell lines is very

large. Practical spectroscopic measurements are likely to

encompass an incomplete set of components. The values given in

tables II and III give only a broad indication of expected

emission.

Lithium-like line emission from high levels of light
species does occur in JET, but is an edge plasma feature and
its origin is not charge exchange from beam hydrogen. This
point is considered later in the discussion of cool
components.

The influence of the plasma environment in JET and the |
charge exchange reaction on thé principal emitting ions is ‘
summarised approximately in Table IV, For typical plasma
central temperature and various densities, a series of special
n values indicate the influential atomic processes in charge

exchange recombination line formation. n is the principal

crit
quantum number at which the charge exchange capture

cross-section maximises. Evidently most of the visible lines

are emitted in transitions from levels above et where the
cross~sections for charge exchange are decaying with n. N on
is the principal guantum number marking the thermal collision

limit defined here as the level n at which

N qtfY
€ -1 (1)

Aln,nn1»n-1,n=2
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Npix 15 the level at which & mixing by particle collisions

becomes significant defined here as the level n for which

N.q.(n,n=1+n,n=2)
11 - 1 (5)

A(n,n~1+n=1,n=2)

We have assumed for this purpose that Ze is the

rf I
1

number density of Z ions so that N, = — N . q%g? is the
eff I PUL
electron impact ionisation rate coefficient from principal

= 2. N

quantum level n, A(n&+n'2') the n? shell resolved coefficient
and qI(ni+n1') the ion impact induced transition rate
coefficient. The electron temperature given in the table is
used in these estimates. In Section 4, the influence of these
parameters on the structure of our atomic models for line

emission will be examined.in detail.

2.2 Experimental configuration

2.2.1 The JET heating neufral _beams

- The CXRS diagnostic uses the heating neutral beams on JET
as probe beams. These are shown in Fig.1, together with the
CXRS lines of sight. The neutral beam sources were operated at
acceleration voltages up to 80 keV, with a maximum injected
power of 10 MW. The total neutral power injected into the
plasma is split into full, half and third energy components,
Wwith a species mixture of T6:17:7 for deuterium injectionZT.

In order to compute local impurity ion densities from

measured CX column emissivities the fast neutral particle

density along the observation line of sight has to be
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calculated. Detalled calorimetric investigations in the JET
neutral beam test bed facilities have shown that the neutral
beam profile inside the plasma - that is, far from the ion
source % can be approximated by a Gaussian beam profile,
diverging from a single point sourceaz. A detailed description

of the local neutral particle density calculation is given in

Section 4.5,

2.2.2 Layout_of the CXRS_diagnostic_viewing lines

T VR e G e v e e ey e R R e W e e e e v e e T e m v e e

The layout of the two active CXRS lines of sight
intersecting the neutral beams and the single passive line of
sight used for the measurement of background spectra is shown
in Fig.1. The vertical active CXRS line of sight intersects
all eight beams, with a contribution to the neutrals density
from the normal beams larger than from the tangential beams
(Fig.2). The intersection volume is located at a major radius
R=(3.03:0.05)m and allows a central measurement of low-Z
impurity lon temperature and density. The vertical extent of
the active*volume depends on the number of beam sources fired
during a JET pulse and has a maximum of approximately * 30 cm
if all eight sources are contributing to the CXRS signal. It
remains in any case much smaller than the gradient scale length
of the density and temperature profiles in the central region
20 that the measure@ents are representative of plasma
parameters on axis.

The horizontal line of sight intersects the two lower
neutral beams at a major radius of 2.3 m (r/a=0.65). Light

collected along this line of sight is analysed to give another
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localised point in the impurity ion temperature profile as well
as the bulk plasma toroidal rotation at that major radius.

The passive line of sight is identical to the active
vertical viewing line in the adjacent octant but does not
intersect any of the neutral beams. It is used for
simultanecus measurement of background spectra. This is

discussed further in Section 3.

2.2.3 QQElQél_li§E§_§QQ-%E@QEEQEQQE19_§EQ§E§§9§

The optical heads of the viewing lines consist of short
focal length quartz lenses (f=32 mm, F/1.6) which image the
active volume onto 1 mm quartz fibre. The radiation resistant_
fibres of 120 m length transfer the collected light to a remote
diagnostic hall separated by a bioclogical shield from the torus
.ha1123. The fibre link and the absencé of instrumentation
near the torus is an essential feature for continued operation
of this diagnostic in the active phase of JET. The transmitted
light which covers the visible spectrum between 4000 A and
7000 A& is analysed by two spectrometers. The optical
arrangement is shown in Fig;3.

Carbon is the dominant low=Z impurity in JET plasmas with
typical densities of a few percent of the electron density.
For this reason its strongest transition in the visible (8 to 7
at 5290.54) was useq as a routine CXR diagnostic line. As
shown in Fig.3, one spectrometer 15 dedicated solely to
analysis of this transition, while the second can monitor any
of the other CX lines. This is achieved by passing the light
through a 45° tilted band pass filter, transmitting the 5290.54

spectrum and reflecting the remaining visible light into the
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second spectrometer. This sétﬁp thus allowed transitions from
two impurities emitting from the same active volume to be
monitored simultaneously.

Using the aFrangement snown in Fig.3 and the dual entrance
feature of SPEX 1269 Czerny Turner spectrometers, it was also
possible to record the light emitted at two different radii
(R~3.03 m and R-2.3 m) or to monitor the signal collected with
the active and passive vertical lines of sight.

The spectra were recorded by linear intensified detector
arrays (EG&G 1420). The controlling system includes a 16 bif
digitizer and reads a prespecified detector pixel range to the
host computer. Spectral profiles covering normally 300 to 600
pixels were recorded for 20 to 80 time slices during a JET
pulse, the exposure time varying according to the strength of
the CX transition being monitored. For the 5290.54 cafbon
transition, exposure times as low as 10 msec with a repetition
rate of 50 Hz are possible allowing resolution of sawteeth
oscillations on the central impurity ion temperature.

The complete system including optical head, fibre, imaging
opties, spectrometer andodetector was absolutely calibrated by
a procedure routinely used on JET for the visible
bremsstrahlung measurementsz3. Since in=~torus calibration is
not possible on JET during operational periods, window
transmission losses were calculated from manufacturer's
specifications rather than directly measured. Representative
calibration factors given by the ratio of Incident photon
fluxes and recorded count rates are in the order of 1,0xlbs

photons/cm*¥2/sr/count at a wavelength of 5290.5 & using a

.--1}_!_~_




200 p Siit and the SPEX 1702 spectrometer. Routine checks have
shown that absolute calibrations are reproducible within 10%.
The spectrometers were used normally at a fixed entrance
slit of 200 u corresponding to a wavelength width of 1.08 at
5290.5A. The instrument function at this slit width can be
approximated by a sum of several Gaussians (two are usually
sufficient).‘ This approximation considerably simplifies the
deconvolution of instrument profiles and spectral Doppler-
broédened profiles (cf. Section 3.1). For JET plasmas with
central impurity ion temperatures ranging between 3 keV for
purely ohmic heated plasmas and 12 keV for low density, high
temperature, neutral beam heated plasmas, Doppler widths for

the different lines obserﬁed range from 34 to 164.
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3. ION TEMPERATURE AND TOROIDAL PLASMA ROTATION VELOCITY
Charge exchange recombination spectroscopy meésurements of
visible spectrum lines of the intrinsic primary impurities have
been made on JET. These have provided the impurity ion ‘
temperature and toroidal plasma rotation velocity for neutral
beam heated plasmas. Also, they have provided data on the
possible variation of ion temperature with ion mass. The
measured impurity lines are He II 4685.2 A&; C VI 5290.5 &,
4498.8 & and O VIII 4340.5 &, 6083.3 A. 1In addition, the
charge exhange feature of H I 6562.8 & has been measured. It
has been a matter of concern to extract from each measurement,
an unambiguous signal indicative of only the impurity ion
Doppler motion in the active region. For this reason, we
discuss the individual line measurements and analysis in detail
in Section 3.1. It will be seen that the dual specirometer
arrangement described in Section 2°2;3 has been of significance
in ‘establishing confidence in the analysis. 1In Section 372
deductions from the measurements about the JET plésma behaviour

are reviewed.

3.1 Experimental analysis of Doppler broadened spectra on JET

Typical measured spectrum line profiles are shown in the
following figures
0 VIII n= 9-8 4340.5 R Fig.4
0 VIII n=10-9 6068.3 & Fig.b
¢CVI  n=8-7 5290.5 4 Fig.6
C VI n=10-8 4498.8 & Fig.7
He II n= 4-3 4685.2 A Fig.8

HI n= 3-2 6562.8 & Fig.9
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It is evident that in general the profiles are composite.
The dominant broad feature arises from charge exchange in the
active volume. The narrow lines originate from the plasma edge
and are not directly excited by the neutrél beams., It is our
contention that the Gaussian profile of the broad feature can
be extracted uniquely from the measured composite profile and
that it correctly describes the ion temperature in the active
volume. The procedure is as follows:

The measured spectra are first converted to absolute
fluxes. This is performed using a fit to the detector
calibration as a function of pixel number. Not only does the
detector response vary across the T00 intensified pixels but
the beam splitter also introduces wavelength dependencies
which can be significant for certain transitions. This
pre-regression calibration is pafticularly important for
hydrogen and helium temperature determinations where the
spectra cover most of the detector. A standard nonlinear
fitting code is then used to represent the profile with a
multiple Gaussian and to provide an estimate of the statistical
errors (normally <10%). A background level, due to
bremsstrahlung, is also extracted. 1In certain cases the
fitting is constrained by specifying a known transition
wavelength.

The O VIII 4340.5 & line (Fig.d4) appears on the long
wavelength wing of the DY 1inef An estimate of the O VIII line
wavelength as a theﬁretical column emissivity weighted average
of the f{-resolved contfibuting multiplets is within Of05 A of
the measured value. In the light of this agreement, and for

weak charge exchange signal analysis, the wavelength of this
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line is usually fixed with respect to the neighbouring DY line.
The spectrum can then be truncated to exclude interferiﬁg‘o II
lines arising from inflowing oxygen ions from the walls.

The 0 VIII 6068.3 A& line (Fig.5) appears essentially as a
single Gaussian at the expected wavelength. It should however
we pointed out that due to the low effective excitation rate

(a“"M(1049) - 0.4 ¢°

EM(9+8)) and due to low oxygen levels (S
1%), the poor signal strength does not allow a eclear separation
of additional narrow features which are sometimes observed.
For this reason, the 109 line does not seem to be a suitable
candidate for measuring the impurity ion temperaturef The
total charge exchange column emissivity is however little
affected by those additional lines and the spectrum can be used
to deduce the oxygen concentration.

The C VI 5290.5 & line (Fig.6) is well represented by two
Gaussians at the expected wavelength and a further Gaussian
representing an 0 IV peripheral ion line near 5305f5 Af The
cold component appearing at the same wavelength as the charge
exchange signal is discussed in Section 5f4. We note that the
feature is present before and during neutral beam injection°
Simultaneous observation of the cold component by the passive
line of sight (see Section 2.3), which does not intersect the
neutral beams and so has no hot charge exchange signal, shows
the same temperature behaviour as the cold feature in the
active viewing line (Fig.10). The C VI 4498.8 & line (Figf7)
1s weaker but in other respects is similar to thé other carbon
transition. The temperature of the cold carbon component
ranges typically from 200 eV to 600 eV but can rise to 1.0-1.5

keV in low density, high temperature discharges. Simultaneous
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measurements of the C VI 5290.5 & and C VI HM98f8 A transitions
along the same line of sight made using the dual spectrometer
arrangement are described in Section 5.3. |

For He II 4685.2 & (Fig.8), a three Gaussian fit must be
used, one for the hot charge exchange component and the other
two representing cold components. In fhe ohmi¢ regime on JET,
two Gaussians are clearly necessary to fit the narrow helium
4685,2 & 1ine2u. Their temperatures range from 50 eV to
100 ev, and from 300 eV to 700 eV.

The deuterium Balmer Alpha speetrum (Fig.9) has a very
complex structure consisting of an extremely broad charge
exchange feature and several additional narrow components. The
complexity of the spectrum makes direct access to central
deuterium temperature and density difficult. The broad charge
exchange component is, in general, a composite hydrogen/
deuterium profile. This will lead to two broad features of
different width and amplitude., For some JET operéting
conditibns the hydrogen concentration is low enocugh so that the
hydrogen CX feature can be neglected.

A more serious constraint is Balmer Alpha radiation
emitted by beam particles, which have been excited by
collisions with plasma electrons. This light is Doppler
shifted by the beam velocity and its spectral width is
determined by the beam divergence (assuming as monochromatic
beam acceleration voltage). For our vertical line of sight
which intersects foﬁr pairs of neutral beams at slightly
different angles the result is a group of up to 12 overlapping
lines which cannot be clearly separated from the charge

exchange signal.
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"It should however be emphasized that the Balmer Alpha
spectrum has special diagnostic potential for non-perpendicular
lines of sight where beam particle emission features are
Doppler shifted into the far wings of the CX profile. It will
not only provide direct access to central bulk plasma ion
temperatures but will also enable the investigation of energy
deposition and central dilution factors during injection. In
principle the beam components measured at several radii will
give direct information on beam attenuation.

To summarise, it has been shown that the hot charge
exchange feature originating from the active volume can be
isolated for the various impurity lines. Our preferred line
for systematic temperature analysis on JET is C VI 5290.5 &.

Only the most intense lines, namely C VI 5290.5 A& and O
VIII 4340.5 A can be used for rotation velocity measurements
near R~2,3 m (see Fig.1), since the neutral beams are strongly
attenuated at that radius. Fig.11a shows a profile for the C
VI 5290.5 & transition with a displaced hot componeht. The
reference position for veloecity calculation is determined from
the cold component position before injection, assuming that the
rotation velocity of C VI ions near the edge is negligible
'during the Ohmic phase. For the 0 VIII 4340.5 & line
(Fig.11b), the narrower DY line is used as a reference.
Toroldal veloéity measurements using this transition can only
be made because the parasitic O II emission lines observed with
the vertical line of sight looking at the top of the vessel are
clearly negligible for measurements with the horizontal line of

sight looking at the bottom of a limiter during
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X-point operation. The spectrdl interval can therefore be

expanded towards the longer wavelengths to which the CX signal

3.2 Characteristic Results on JET

is shifted. -

3.2.1 Rotation velocity

N e e M i e e omy

Plasma rotation veloeity near R-~2.3 m was measured with a
time resolution of 100-250 msec¢ limited by weak charge exchange
signal strengths due to attenuated neutral beams. Sample
results for the C VI 5290.5 R and O VIII 4340.5 & transitions
are given in Fig.12. These show that the rotation veloecity
maximises after a few hundred msec at fixed beam power and
increases with neutral beam power. Scaling of rotation

velocity at R~2.3 m (r/a~0.65) with PNB/<Ne>2 using the few

available experimental points corresponding to quasi
equilibrium conditions remains inconclusive. It is clear
however that smaller values of rotation velocity are associated
Wwith lower ion temperatures (at R~2.3 m) as shown in Fig.13.
This figure includes transient values. It is unlikely that
this result is an artifact of the diagnostic since a similar
result is obtained if the electron temperature from the same
magnetic surface is used instead of the charge exchange
impurity ion temperature. Also, measurements made with the two
charge exchange lines used for toroidal rotation veloecity
calculation appear to follow the same trend.

3.2.2 Low Z impurity.ion_temperatures

It is firstly evident that there is close agreement

between helium, carbon and OXygen temperatures in JET as
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inferred from charge.exohange lines (Fig.14). O©On the basis of
these results, any méss dependence on the light impurity
temperatures must be less than 5-10% {(the experimental error
bars on the temperatures).

Depending upon the operating conditions of JET during
additional heating, the impurity ion temperature can be much
larger (Fig.15a) or just comparable (Fig.15b) to the electron
temperature. In both cases the charge exchange impurity ion
temperature follows the sawtooth relaxations. The scaling of
the impurity temperature in the plasma centre with neutral beam
- power (normalised to the electron density on axis) is shown in
Fig.16. The data were averaged over sawteeth periods to reduce

the data scatter [(AT < 3 keV}. It illustrates the merit

Z)saw
of the H-mode regime during X-point operation where a Slightly
higher ion temperature is achieved with only half the

additional heating perﬂparticle required in the L-mode regime.
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y, THEORY OF IMPURITY DENSITY DETERMINATION
FROM OBSERVED LINES

Reduction of observed column emissivities to local
impurity number densities is usefully viewed as two ateps.
Firstly, the data is reduced to an 'emission measure', a step
depending on a theoretical model of atomic reactions involving
the emitting species. Then local densities are inferred from
the emission measure; this step depending on a detailed model
for neutral hydrogen beam attenuation. An advantage of this
approach is that knowledge of emission measures allows
comparison of densities of different species and comment on the
theoretical models without full information on beam
attenuation. In the following, reference is made to ni levels
without loss of generality in application to an nfj-resolved

picture.

4,1 Emission measure

The reaction

+Z +z2-1

A + H(1s) =+ A (n&) + H+ (6)

is the primary direct reaction populating excited levels ni of
HWydrogen-like ions of nuclear éharge z in the centre of JET, in
the presence of neutral H(1s) beams. If this is the sole
recombination mechanism active; then (¢.f. Section 1) for an
observed column emissivity I(n+n'), it prompts é separation

into a 'charge exchange emission measure' (CEM) given by
rN(H(1s)) N(A"%)ay (7)

and an effective rate coefficient for the specific line
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emission q§?¥s)(n+n'). The distinction is stressed between

effective rates which are the composite result of capture onto
various levels, level population mixing and cascade, and the
individual primary capture rates onto specific levels. For
nearly homogeneous plasma conditions in the interaction region,
the separation is meaningful and qﬁ??s)(n+n') has negligible
dependence on N(H(1s)) and N(A'%). q is determined
theoretically from a population balance model. If this model
were perfect, one observed line would be sufficient to obtain
the exact emission measure. BRoutine analysis on JET is based
on this assumption. One spectrum line is observed for each
species and this 1s reduced to a local density using stored
tabulations of qCEM(n+n') and a simultaneous attenuation
calculation. 1In directed investigations however, several
spectrum lines may be observable from the same ion either
simultaneously or under the same emission conditions. This
allows determination of a best estimate of the emission measure
and a differential comparison of experimental and theoretiecal
reaction rates. The direct capture rate coefficients are in
general the most difficult to calculate theoretically and so
subject to the greatest uncertainty. The approach here is to
seek comparison between experimental and theoretical eétimates
of the primary direct rates. The broad principle is as
follows: suppose m spectrum lines are observed simultaneously
from the same ion with different upper levels of the emitting

transition

then the measurement reduction is organised to give the
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exp exp

- q q
n n
emission measure and the ratios ! g ecoees __E___ subject to

theor - - theor

9 qn
1 m
qﬁxp oL qsxp - qEheor P qgheor (8)

1 ' m 1 m

The matrix manipulations are quite elaborate and details
are given in appendix A. The theoretical calculations used for
direct charge exchange capture coefficients will be discussed

in Section 4.3.

4.2 Population and level mixing models

The calculation of excited level populations of impurity.
ions in plasma has been discussed in some detail by Spence &
Summers25. The present paper follows the same approach
although a rather more restricted view is adopted orientated to
observed line interpretation. Subsequent to the primary direct
capture process, it is supposed ﬁhat four further reaction
processes redistribute the excited level populations. These

are

spontaneous emission

atzl +z~1

(ntj) ~» A (n*2'j')} + hv, (9)
collisiconal ionisation by electrons

+Z

2% M) v e > a e+ e, (10)

collisional transitions between nearly degenerate

levels by electron and positive ion impact
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AN meg) < {5 e 2 ey v () (11)

and transitions between nearly degenerate levels
due to ion motion and magnetic fields

2% V) o+ 2t nargn) (12)
B mag

A statistical view of excited ion level populations is
appropriate, the number densities of ions in various excited
levels being determined by the balance of populating and
depopulating reaction rates. Levels of principal quantum
number substantially larger than the upper levels of the
observed emitted transitions must be included to allow for
cascade contributions. The upper limit is determined properly
by collisional ionisation but in practise is mostly influenced
by the decay with n of the primary capture processes. The main
effect of the particle collisions and magnetic fields is to
cause transitions between levels of the same principal quantum
number and so these alone are included in the calculations.

For ions in high orbital angular momentum states &, induced
transitions between whole % state populations are of most
importance, whereas, at low %, the transitions between separate
J sublevels are important. For these reasons two population

models are used, namely

(a) the nf picture in which the populations of n% levels

are calculated and the populations of j sublevels are

assumed to be in proportion to their statistical weights,
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(b) the n&j picture in which the populations of i

sublevels are calculated in full. Magnetic field effects

are included only in the n%j picture.

Turning to the required rates, spontaneous emission rates
are calculated using hydrogen-like wave functions.

Electron impact ionisation is calculated in the ECIP
approximation26’27. fonisation from highly excited states only
is required for this work. There is little guide to this from
the many detailed studies of ground state ionisation, however
ECIP has the merit of including distant encounters in an impact
parameter approximation in the rate coefficient which is
relevant to lonisation from highly excited states., It is
evident that the treatment adopted in the paper is incomplete
in the viecinity of the thermal collision limit since n changing
collisional transitions should also be included. The limit is
i2nerally substantially above the highest principal quantum
shell from which transitions are observed. Consequently most
of our results are very insensitive to these details. It is
appropriate to view transitions from levels appreoaching the
collision limit as unsuitable for reliable interpretation of
charge exchange.

Collisional transitions between nearly degenerate levels
play a significant role for the densities, ions and principal
quantum shells of concern in JET studies of charge exchange by
visible spectroscopy. The transitions are of the form ni+ni+]l
in the nf& picture and nj+ng=1,

APNES
induced by both electron and positive ion impact. As the

in the n%j picture and are

transition energies approach zero, ions become relatively more

efficient than electrons in causing transitions. Detailed
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expressions for collision rate coefficients are given in Ref.25
and are adopted here. For greatest precision, rate
coefficients for the different positive ions present in the
plasma should be combined, weighted by their fractional number
densities. Since the cross-section is essentially proportional
to Zzu where Zu is the impacting ion charge number, an error
less than the intrinsic¢ uncertainty in the cross-sections is
introduced by considering only a single ion species to be
present of charge zefff (zeff is the usually defined plasma
effective lon charge). The rate expressions depend sensitively
on the transition energies and so the latter must be evaluated
quite precisely. Rates are calculated in the ntj picture
initially. Since at high %, where the ni picture is often most
useful, the transitiong n12+%+n2+11+% have line strengths which
tend to zero, it is suitable to sum and average over final and
.initial j states to obtain rate coefficients in the ng

picture,

It is usual to estimate approximately the levels at which
mixing by magnetic fields matter by a simple consideration of
static energy level shiftsza. This is not appropriate for a
population treatment in which a detailed balance of rates is
followed to obtain actual ion populations in cases where any
process may not be fully dominant. A simple theory for
transition probabilities for field induced n&jsni’' ;!
transitions has been developed and is given in appendix B. The
magnetic field is effective in causing transitions through the
magnetic moment of the ion (u.B in the potential) and through
the electrodynamic Stark force (EAAQ) resulting from the

cross-field component of the ion velocity Va- these rates are
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to some extent complementary to-the—collisionally induced
rates. It is evident that the field processes matter most at
low & in VUV and XUV measurements and that it is the nfj

picture which is appropriate.

4.3 Charge exchange cross-section models

Theoretical primary charge exchange cross-sections play a
principal role in this study, since the final derived impurity
ion densities depend absolutely on their reliability. It is
unfortunately the case that theoretical charge exchange
calculations especially for capture to the highly excited

levels of interest here (usually with n>n0 and Lo separate &

rit
states) show variation from one to another. The following
general comments may Be made. Firstly, the total charge
exchange capture cross-section, that is summed over all levels,
i1s the most reliable quantity. This is inferred from the good
agreement between different theories and comparisons with
experimental beam measurements. Secondly, theories tend to
agree on the capture to separate n levels in the vicinity of
ncrit and indeed on ncrit itself, but differ more widely on the

behaviour with n significantly above Nopit® This is

particularly so at low beam energies (E m<20 keV/amu) where

bea
the cross-sections fall rapidly with n. Finally, %
distributions of capture show large variations. For these
reasons, in Section 4.1 and Appendix A, the solution was
organised to base the absolute emission measure on a (limited)
sum over n of capture rate coefficients.

We have been concerned to incorporate theoretical data in

a number of distinet approximations in our models, both to
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provide covérage of all relevani beam energies and to allow
sensitivity studies of charge exchange approximation
dependence. The experimental data from JET allows comment on
relative values of cross-sections to different n levels, but
not directly on absolute values (Section 5.3). For capture
from H(1s) the theoretical charge exchange models used as
sources of data are shown in Table V, together with the ions
and the nominal beam energy ranges to which they applyT The
summed cross-sections to whole n levels are in fact used in our

data sets. Table V shows the highest n value, for which

Mdat
explicit data is available. We assume that the cross-section

data may be extrapolated above n by an expression of the

dat
form 0n~n-a where a is deduced from the explicit data at Nyat
and ndat—1' The long extrapolation in n necessary for some
data sources is a matter of concern especlally at beam energy
Ebeam<u0 keV/amu when the exponent o becomes quite large (>>3).
Not all data sources give explicit n% resolved capture
cross-sections and the variation between these sources may be
quite large. We have chosen therefore to implement algebraic
forms for the & distribution of the direct capture
cross-sections. These forms have been selected to allow
representation of explicit data to a reasonable approximation.
The forms are shown in Table VI and depend on a parameter

%

The forms and values for & adopted for each model and

cut’ cut

energy were chosen by fitting near n levels which are the upper
levels of main obsébved transitions. The use of algebraic
forms allows sensitivity tests on the effects of &

distributions.
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.For both capture from H(1s) and H(n=2), in the n%j picture
we have assumed that rate ccefficients are in proportion to
their statistical weights to j state of:the same %&. Finally,
it should be remarked that the very comprehensive data
available for the UDWA approximation has made it the main basis
for our systematic experimental studies.

4.4 - Parametric studies of effective rate coefficients

Rate coefficients for charge exchange with ground state
neutral particles have been calculated for helium, carbon and
oxygen visible transitions likely to be observed on JET. The
rate coefficients have been evaluated in the nf picture and so
include cascading and f-mixing. The dependence on energy

obtained for typical JET parameters is shown in Fig.17 (Zef =2

£
=1,5x10'% m™?; Tiw6 keV).

Nerr=Ne/Zers
The choice of plasma parameters defines the degree of
f-mixing. When calculating impurity densities from observed
¢golumn emissivities, these rates must be evaluated for the
actual plasma conditions. As mentioned before, the charge
exchange process tends to leave the electron in a high %-state

3,
(8 ~n ~ Z7), Wwhere the branching ratios for Aan=1

cerit
transitions are most favourable. Increasing the mixing among
the &-levels therefore decreases the rate ccefficients for An=1

transitions from n>n Treating the carbon n=8 to n=7

crit®
transition as an example, Fig.18 shows as expected that raising
the effective ion density increases the degree of fL-mixing and

decreases the effective rate coefficient. Redistribution among

the L-levels is also affected by the effective ion charge

(Fig.19) and the ion temperature {(Fig.20). For JET parameter
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range, the degree of fL-mixing thus strongly affects the
effective rate coefficient and a step transition from no
g-mixing to full f-mixing would be inadequate. The main JET
analysis has been carried out using this nt-resoclved picture.
The numerical values are listed in Appendix C.

4,5 Fast neutral density calculations

In order to extract impurity densities from absoclute flux
measurements the fast neutral density must be separated from
the impurity density in the charge exchange emission measure.

This is shown in Appendix D. The result in the simplest case

LI

gij iji a;

(13)

I = qCEM(G)N(A+ZIG) y
i]
vlJ

eEijJF W(soi) cos €,

This result is derived in Appendix D. It allows a local
impurity density N'Z to be derived from.a measured column
emissivity I. The sum extends over all neutral beams (with
power P and width w) and energy components E (with beam
fraction f). £ is the attenuation factor for neutral particles
of velocity v. o is the average of the neutral beam shape over
sthe viewing line cross-section area and cos € is a geometrical
factor close to unity (see Appendix D).

Impurity calculations on JET have only been attempted with
the vertical line of sight. For this line of sight, « need
only be calculated once for each of the neutral beam banks.
-The ratio of the two coefficients for neutral and tangential
beams depends stronély on the exact viewing line position.

Shifts as small as 0.5 cm towards one bank or the other can

influence significantly the calculation. The most sensitive
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way of determining this position is by charge exchange flux
measurements. Consecutive pulses with identical_target plasmas
are routinely used to check alignment of the neutral beam
sources. By selecting pulses with only normal or tangential
bank sources fired, the true position can be estimated from ﬁhe
CX flux ratio., In practice, the viewing line position between
the banks can be fixed by this technique to ~1 cn.
Measurements inside the vacuum vessel verify this estimatef

The calculation of hydrogen beam attenuation is done
numerically. Beam absorption is, in general, due to
collisional ionisation by all species and to charge exchange
with all plasma ions. Eleectron impact ionisation
cross-sectioné are taken from Bell et a139 . They contribute
less than 10% of the attenuation. For the ions, in practice,
ohly species contributing significantly to Zeff are lmportant.

For JET these are H, He, C and O under normal operating

conditions. Also the species are fully ionised except in the
edge regions where the attenuation is in any case low. Thus
only the ions H*, He*?, C*® and 0*® need to be considered. The
cross-sections used are shown in Fig.21. For hydrogen, the two
curves are its Lo the most recently available experimental
datauo_uu. It is worth noting that the fits are significantly
different from commonly used cross—sectionsuS, especially at
the beam energies relevant to JET.

The data for He is also primarily experimental”3’n6'48,
with the low energy_range of the ionisation cross-section
(below 30 KeV/amu) extended by following the form of the
theoretical curve of Janev and Presnyakovug. This latter

region 1Is not important for net attenuation.
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Impurity stopping is found to have a significant role in
typical JET plasmas {(up to 20% in the beam transmission |
coefficients). This will be an even larger effect at the
higher beam energies pianned for future operation:
Unfortunately, experimental data for beam stopping on fully
stripped carbon and oxygen is sparse. For our analysis we have
adopted the theoretical UDWA calculations of Ryufuku29’3o.
These calculations are extended to low energy by the work of

G1:-eer11.§mc.’(l“'l for charge exchange cross-sections and by the

49

theory of Janev and Presnyakov for ionisation cross sections.

The high energy fall off of the charge exchange cross sections
is given the form predicted by EiohlerSo.

The one experimental point for ionisation by C*"651 and the
single sudden approximation point of Salop & Eichler52 suggest
our adopted values may be up to ~ 15% low at the cross-section

35 and Salop & Olsen53 are

peak. The results of Olson & Salop
~ 40% greater than ours at peak.
The required ion densities are calculated by reading the
electron density and Zeff from the JET data base and by
assuming the carbon to oxygen ratio isrthree. Sensitivity
studies show that significant_variation in the C/0 ratio does
not affect the attenuation calculation. In fact, the presence
of a He minority in the discharges, used for minority heating,
also does not significantly alter the beam attenuation.
Discharges in He with D heating can have more than 25% He
concentrations. Thé beam_attenﬁation predicted for such a JET

plasma changes only 5% when performed with 25% He contributing

to the Zeff as compared to the reference assumption that the
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only impurities are C and 0. This is because, at the beam
energies in these experiments (~ 40 keV/amu), the impurity
stopping 1s dominated by charge exchange which scales
approximately as the Z of the ion thus cancelling the effect of

density dilution.

4.6 Generalised emission measures and non-hydrogenic ions

There are three alternative primary direct reactions which
may be present in the absence of neutral beams or near the edge

of JET. These are radiative recombination

A% v e o 2t a4 onv (1)

with an associated 'recombination emission measure' (REM)
SN N(AYZ )dg (15)

and effective rate coefficient qREM(n+n'); collisional

excltation from the ground state of the hydrogen-like ion
A+z-1

A%27 sy v e s AT T(na) 4 e (16)

with an 'excitation emission measure' (EEM)

! NeN[A+Z"1(1s)sz (17

EEM

and effective rate coefficient g {n»n'); charge exchange from

an exclted state of hydrogen present in beams or as thermal

hydrogen

A}z +z-1

+ H(n=2) » A (n2) + H' (18)

with an associated 'charge exchange emission measure' (CEM)
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J N{H(n=2)) N(&*Z )d2 (19)

and effective rate coefficient qg?§=2)(n+n').

Under complex conditions, all these emission measures may
simultaneously contribute to the observed column emissivity of
a spectrum line. The computer codes have been extended to
include these alternative emission measures. A second
extension 1s to allow helium-like and necn-like capturing ions.
This has also been implemented. The sources of theoretical
data are as follows,

Direct radiative recombination coefficients are calculated
using the procedures described by Burgess & Summerssu. 1t is
evident that the recombination emission measure can only be
relevant in a strongly recombining environment Iin which the
ions are present at temperatures lower than expected in
ionisation balance. There is no dielectronic recombination for
bare nuclei. Theoretical electron impact excitation rate
coefficients from the ground state of hydrogen-like ions have
been described by Spence and Summerszs. These are used as the
basis for excitation emission measure studies here. For
lithium=-like and sodium~like ions, data from the compilation of

Gordon & Summer555

is available for low n but extrapolation to

high n must be considered guite uncertain. Excitation to j sub

levels is assumed to be in proportion to statistical weights.
Charge exchange capture from the excited levels 2s and 2p

of thermal hydrogen atoms i1s a process believed to contribute

to observed line emission at the edge of tokamaks under certain
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circumstances. It is speculated that the capture
cross-sections are substantially larger (2 8x) than these from
H(1s) and that the appropriate Nopit is about twice that for
H({1s} capture. Theoretical data upon which quantitative
calculaticons can be based and experimental measurements
interpreted are extremely limited. We have implemented the
'Eikonal! modelBO, which is probably valid for Ebeam 2 10
keV/amu for capture from H(2s) and H(2p) but there is no model
for Ebeam <. U0 keV/amu. Low energy charge exchange capture
cross-sections from H(n=2) have therefore been inferred by the
following procedure.

56

The classical overbarrier model has been used to obtain

nérit (a non-integer value) and the principal crossing radius
R, for H(1s), H{n=2) and Li(2s) at 1 KeV/amu. The H(1s) and
Li{2s) cross-sections were compared with the data of
Fritsch & Lin62, the ratio being close to 0.85 in both cases.
The overbarrier model data was scaled by°this factor and
divided between the ;nteger n values enclosing ngrit in
proportion to the separations. The cross-section shape with
hydrqgen energy was assumed to be the same as for capture from
Li(2s) but with a displacement in the energy scale. This was
inferred from the cross-section maxima with energy for H(is)
and Li(2s) capture. It is clear that only a low level of
confidence can be placed on this tentative procedure.

Turning to the population calculation, energy levels in
the n% and n%j picture are calculated for lithium-like ions

following the same approximations as Spence & SummersZS. The

57

Ritz series and pelarizabilities of Edlén used there for
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lithium-1like ions extend to the sodium=like case, the relevant
parametrizations being given by Edlén58.

Spontaneous emission rates are calculated in the
one~electron approximation using hydrogen~like wave functions
in an effective Coulomb field corresponding to the screened
nuclear charge of the recombining ion. This is satisfactory

for all specific cases studied here with the effective charge

equal to the recombining ion charge. More accurate A=values,

8till in the one-electron approximation are available using the

54

bound-=bound Gaunt factor methods™ , but are only expected to be

required for transitions from fairly low levels of sodium-like

ions at moderate z . We have no practical application for such

refinement in charge exchange studies at this stage. ntj
resolution of the A=values is based on strict LS coupling.
Hydrogenic results are used for all other rate coefficients but
based on actual energy separations.

In Figs. 22 to 25, some illustrations are given of the
generallised operation of the analysis and predictive codes.
The calculations are performed in the full j-resolved picture
and show the trends of the effective rate coefficients for
emission of An=1 and Lyman series. The plasma parameters used
to specify the mixing/cascade conditions are given on the
figures. They are for a near edge position in the specified
JET Pulse. Of note are the curvatures of the effective
coefficient variations along the series. These are dependent
on the &j dependence of the primary capture as modified by
mixing. Becausé.of the accidental degeneracy of hydrogen-like

ions direct measurement of n%j resoclved primary capture in
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experiments is impossible. It is only by the unfolding of '
observations of multiple series variation of the n shell

transition spectrum lines that the direct rates can be

obtained. The effective rate coefficlents for excitation and
(especially) for radiative recombination are much smaller than

the charge exchange effective coefficients, Radiative

recombination is clearly unimportant in JET. For excitation,

the small rate coefficients are compensated by the relatively ‘
high emission measures. We return to this point in Section 5.4 i
in the examination of c¢old spectrum line featurest Charge

exchange capture from H(n=2) is strongly resonant (at n-9 for
C*® recombination). The source direct capture data as

described earlier is of low reliability and so the effective

rate coefficients especially for the level above the maximum

are quite uncertain.
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5. IMPURITY ION DENSITIES IN -JET

5.1 Central impurity content

As emphasized in earlier sections, the deduction of
absolute impurity densities from observed column emissivities
relies on the evaluation of several independent quantities.
The reliability of the diagnostic can, however, be tested
during transients, when one aspect of the calculation is
expected to dominate. For example, the results depend
sensitively on the geometry of the observation volume (see
Section 2). The fact that no step is apparent on the carbon
concentration when the ratio of normal to tangential beam power
changes Indicates that the position of the line of sight
between the two injection lines is properly defined (Fig.26).

In order to obtain absolute impurity densities, mﬁch
attention was focussed on charge exchange rate coefficients
corrected for cascading and 2-mixing. Simultaﬁeous observation
of two carbon transitions indicates that the experimentally
inferred n-dependence of qCEM compares well with the
theoretical prediction (see Section 5.2). Similarly, the
oXygen concentration was calculated using two different
transitions for consecutive pulses corresponding to similar
operating cbnditions of the machine. Those measurements also
confirm the consistency of the chargé exchange rate
coefficients, which differ by approximately a factor 2.5 for
these transitions.

The CXRS diagnbstic provides information about the
impurity content in the plasma centre, which is not directly
accessible otherwise. Consequently, there are few other

measurements with which to compare. One candidate, however, is
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the effective ion charge derived from visible bremsstrahlung.
Though not a localized measurement, it is heavily weighted to
the plasma centref zeff is thus computed from CXRS
measurements using the two dominant impurities: ecarbon and
oxygen (Fig.27), or carbon and helium (helium discharge,
Fig.28); as the case may be:

N
z

Zopp =1 +§zi (zi- 1)r—q_ (20)
e

Under most operating conditions, carbon and oxygen are the
dominant impurities in JET, and need only to be considered when
computing the effective ion charge. High-Z impurities which
are usually less than 0.01% may contribute significantly to
Zeff only during ICRF heatingsg, Fof helium discharges similar
to the one shown in Fig.28, the oxygen concentration in the
plasma centre was found to be very small (nO/ne<Of5%) and
contributes 1little to Zefff
For the measurements shown in Fig.27, JET was operated in

a single-null X-point configuration, which gives access to the
H-mode regime. 1In this particular case, the electron density
changed by more than a factor of two during the neutral beam

injection pulse. The agreement between the Ze measurements

ff
over such a large density range strengthens our confidence in
the neutral beams attenuation routine, which depends
exponentially on the electron density.

The Zeff comparison was extended to several JET pulses
covering a wide range of plasma parameters and auxiliary

heating power. The values plotted in Fig.29 were selected one

second after the beginning of neutral beam injection. The Zeff
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values calculated from C¥XRS meésurements, using the two
dominant impurities, are close or dnly slightly smaller than
the value inferred from visible bremsstrahlung.

The same effective ion charge can be obtained from widely
different impurity concentrations, depending on the operating
conditions of the machine, the ratio of carbon to oXygen
concentrations ranging from C/0 ~ 1.5-2.5 for 2 MA X-point
discharges to C/0 ~ 7-10 for 5 MA inner wall discharges (Z
2.8 in both cases). Carbon and OXygen concentrations can also
be used to determine the evolution of the deuterium
concentration during neutral beam injection (Fig.30), Uhtil
the H-mode begins, Zggf decreases because of the diluting
effect of heating neutral beams fuelling. The sharper rise of
the electron density on axis at the onset of the H-mode beams
seems mainly due to an increase of the central impurity
content. It is often observed that the rate of increase of the
deuterium density calculated from OoxXygen and carbon
measurements 1s little affected by the H-mode regime. The
carbon and oxygen concentration therefore increase steadily
during H-mode, at the expense of the deuterium concentration.

The behaviour of carbon and OXygen densities depends
markedly on the operating conditions of the machine, as
revealed by the analysis of two consecutive pulses shown on
Fig.31 (2 MA, limited on inner wall of the vessel) and Fig.32
(2 MA, single null X-point configuration). It is usually
observed on JET that the ratio of carbon to oxygen densities
decreases slightly during neutral beam injection for discharges

limited on the inner wall of the vessel, but increases during

- b2 -
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X-point operatioﬁf In the L-mode regime, the oxygen densify is
comparable for both operating conditions, but the carbon |
density is significantly higher when the plasma is limited on
the inner wall (coated with carbon tiles). The H-mode regime

clearly appears as a sharp increase of the impurity content.

5.2 The experimental assessment of charge exchange

effective rate coefficients

Instead of monitoring charge exchange lines from different
impurities as in the previous section, two transitions of the
same element can be observed simultaneously ﬁsing the dual
spectrometer arrangement. The viewing geomeLry and the
emission measure being the same, the ratio of the column
emissivities should reflect the ratio of the effective charge
exchange rate coefficients. The following combinations of
carbon transitions were selected:

( 1) n=8 to n=7 (5290.5 A); n=10 to n=8 (4498.8 A)
(11) n=8 to n=7 (5290.5 A}; n=11 to n=9 (6200.7 &)
n=13 to n=10 (6198.1 &)

In all cases, the charge exchange signature could be
ldentified by comparing spectra collected during and after
neutral beam injection. On the assumption that similar
temperatures for both hot components is an indication of a

reliable fit, then

qCEM(1O+8)

qCEM(8+7)

= 0.15 + 0.02

The error corresponds to the scatter of the experimental

points and does not take into account the uncertainty attached
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with the calibration of both detection systems. In case (iiy,
the two transitions were barely separable because of poor
signal strength and high impurity ion temperature. Only an

upper limit on the ratio of rate coefficients can be given:

+

qCEM(11—9)

CEM
q

a”7(13-10) ¢ 44,
(8-7) |

The comparison in Table VII with predictions from
different theoretical models indicate that the experimental
ratios are only slightly higher than the predicted valuesT
Following the procedure outlined in section k.1, the measured
column emissivities for carbon 8+7 and 10+8 transitions are
used to compare the experimental and theoretical estimates of
the primary charge exchange rates. As seen in Table VIII, the
dependence on the quantum shell number n inferred from the
experiment (-~ n”2f5) is very close to the theoretical

—370). Measurements of other %fransitions would

predicetion (-~ n
be necessary for a more definite analysisf

The oxygen 10+9 and 9+8 transitions have also been
monitored using consecutive discharges corresponding to similar
operating conditions of the machine. The ratio of the rate
coefficients is listed in Table VI, together with the

theoretical prediction. The measurement is in good agreement

with the model adopted in this paper (UDWA).

5.3 Interpretation of the cold feature of C VI lines

Throughout the paper, the hot central charge exchange
feature has been separated from interfering cold features in an

empirical experimental manner. A mechanism for the production
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of these features would add confidence to the procedure, allow
refinement of the separation process and possibly lead to new
edge plasma diagnostic information. For these reasons, some
effort has been devoted to understanding the cold features.
This is still at a preliminary stage and will be published
fully in a separate paper. 1In the present work, we wish to
summarise the phenomena briefly as they appear on JET and to
show by the analysis of one case what the probable mechanisms
are. It is hoped that this will be of assistance in studies in
other fusion plasmas.

The following observations are suggestive. A single cold
feature 1s observed with the hot feature in carbon charge
exchange lines. The coid feature alone is observed with the
passive viewing line and before and after neutral beam
injection. No cold feature could be identified on the oXygen
spectra. Furthermore, only a cold feature is observed at
4658 A, which is the position of the Be*® {(6+5) transition.
Noting that JET has no beryllium or neon impurity content at
this time, these facts indicate that coincidence of emission
from lithium-like systems, plays a role. On the other hand the
helilum hot charge exchange features appear to have two cold
components., Since there is no beryllium, this indicates that
some true He'' transitions play a role. Noting the cold
feature temperatures and the high transitions observed, we have
postulated impact excitation of hydrogen-like and lithium-1like
ions and charge exchange recombination of base nuclei and
helium-like ions from thermal hydrogen in the n=2 level as

likely mechanisms,.

_)45_




We have investigated C*S (8+7) in a limiter discharge.
There was no neutral beam injection so only the cold feature is
present. Absolute concentrations of carbon and oxygen were
assumed in the ratio 3:1 as is typical of limiter discharges.
The radial distribution of the absolute densities of the
ionisation stages of carbon and oxygen were inferred from an
impurity transport codezo, using the observed electron
temperature and density radial profiles and matehing to
boundary probe data. Neutral hydrogen density radial variation
was inferred from neutral particle analyser data via a
diffusion modelGO. The excited n=2 level population was
deduced assuming fully mixed 2s and 2p populations and using
recent excitation data61. Effective rate coefficients for the
species and mechanisms were calculated using the generalised
codes described in Section 4.6. The results are summarised in
Table IX. The theoretical calculation yields 60% of the

observed line emission, with the following individual

contributions from the different mechanisms considered

C*® charge exchange recombination 6.0%
0*® charge exchange recombination 0.7%
C*® impact excitation _ 9.5%
0**® impact excitation B2.3%

Total 58.5%
Some caution is required in assessing this result.
Firstly the substantial uncertainties in distributions and rate
coefficients used sﬁggest that probably the relevant mechanisms
have been identified but the balance between mechanisms will
alter markedly depending on viewing lines and machine operating

conditions. Evidently a more systematic set of observations
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and analysis of the cold features on JET are required before

final conclusions can be reached. However, the separated hot

feature analysis seems justified.
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6., CONCLUSIONS

The results of visible charge exchange recombination
spectroscopy on JET have been used to deduce temperature,
fotation velocity and density of the dominant low-Z impurities
in the plasma centre from absolutely calibrated measurements of
Doppler widths, Doppler shifts and intensities of recombination
line.radiation emitted in the visible spectrum. It has been
shown that the restriction to the visible part of the spectrum
introduced by the use of fibre links, and the consequent
necessity to.use intensities from highly excited quantum shells
has not constrained the analysis. By contrast, absolute
calibration procedures are facilitated considerably and can be
carried out routinely. The use of fibre links to remote
spectral instruments is an essential feature of the future
active phase of JET where enhanced neutron bombardment inhibits
the operation of spectrometers and detectors in the immediate
vicinity of the torus.

The spectra are observed to be composite profiles
donsisting of a broad charge exchange feature representing the
plasma core and additional narrow components excited in the
plasma boundary. Our results have demonstrated that the
various features can be unambiguously separated by applying
multi-Gaussian fit routines. It is suggested that the
identification of the narrow edge components is quite complex.
In the case of the dominant carbon and helium transitions our
results indicated that more than one sub feature involving
different excitation mechanisms such as electron impact and
charge exchange with a cold dense neutral hydrogen shell at the

plasma boundary may constitute the cold component.
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Ion temperatures derived from the Doppler widths of five
different CX transitions from helium, carbon and oxygen have
been analysed and agreed within 10%. No systematic mass
deﬁendence within the investigated range of M=4 amu and
m=16 amu was found.

Central impurity density calculation from absolute ¢harge
exchange column emissivities has been implemented as a routine
diagnostic on JET during neutral beam heating. It involves the
calculation of loecal fast neutral particle density and relies
on atomic physics models for the effective rate coefficients.
The uncertainties attached to those quantities are difficult to
assess. Our results have shown that modelling of the cascading
and redistribution processes following charge capture to actual
plasma parameters leads to consistent results in low-2 impurity
ion densities. Comparison of effective ion charge values based
on dominant low-Z impurities such as carbon and oxygen to
‘independent measurements of the effective ion charge by visible
bremsstrahlung indicated that the concentrations of oxygen and
carbon in the plasma centre determined by charge exchange
spectroscopy are in a reasonable range. The two values of
effective ion charge were shown to agree within estimated error
bars of both diagnostics and to follow the same temporal
development during distinctive changes of heating power, ion
density and temperature,

The present results of the charge exchange spectroscopy
diagnostic have opeﬁed a range of future applications and
further investigations. A multi chord viewing line system
intersecting the neutral heating beams at various radii is

presently being commissioned. This system will enable
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measurement of radial profiles of ion temperature, ion density
and bulk plasma rotation. It is intended to exploit the
diagnostic potential of the Balmer Alpha spectrum using lines
of sight not perpendicular to the beams and thus measure
directly the deuterium temperature and density during beam
injection. Following the detail of the narrow excited beam
components along the,pathrthrough the plasma will give
information on beam attenuation.

A comparison of different ion temperature diagnostics on
JET has shown the need for spatially resolved measurements
including an investigation of temperature anisotropy and
velocity shear effects. Possible effects of impurity masses on
derived temperatures could be studied by extending our present
range of low-Z impurities to neon and argon.f

A further aim is to investigate the helium charge exchange
recombination spectrum as a possible candidate for future alpha
particle diagnosis. 4 first step for this programme will be to
extend the presently observed thermal spectra far into high
energy wings during RF minority heating.

The models for effective rate coefficient caleculation,
theoretical and experimental direct capture coefficient
comparison and spectral emission prediction developed and
exploited in the paper of of some generality. They take the
form of interactive FORTRAN computer codes which are available

for a wide range of applications.
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APPENDIX A

Emission measure model procedures

The Appendix addresses the matrix manipulation required to
deduce the emission measure, compare experimental and

theoretical primary rate coefficients, and predict lihe

intensities, based on a limited set of observed column

emissivitiesir

Suppose that experimental column emissivity data is

available for spectrum lines with upper prineipal quantum

levels n with n {n<n « For simplicity assume 2ll levels

min-"—"max’
between nmin and nmax are represented. Let the total number of
prineipal gquantum levels in the model be Ny o * Let the
population density of ions in the level n%j be Nnﬂj in the

nij-picture and in the level ng bhe Nnk in the ni-picture. The
vector of populations for the n shell is H(n).

Consider firstly populations of levels n with nmaxgngntot.

Let the primary direct rate coefficient veotof to level n be

SL(n)

. We assume that theory may be used without serious error

to give
n n n
g™ - () p(n)
(n ) (n) THEOR
and g(n) - q ™M (—%H—w-)) (a-1)
q' max
Thus q(n> is the total primary rate coefficient to the

(n)

level n and f is the vector of fractions to the separate &

or &j levels depending upon the resolution choice. All the

£(n)

' . :
s for nmininﬁntot are obtained from theoryf Without loss

of generality consider charge exchange recombination from H{1s)
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as the primary process. Then the population of level ntot is
given by
(NeorMeor?  (Mpgy) (Npax)  qn(tot) THEOR (n, )
M N = ngN, g () £
- q(nmax) (4-2)
Likewise for level n
(n) THEOR .{(n)
) qa‘Pnax’ (A-3)
n
tot ' '
n'=n+l =

where g 1s the direct cascade matrix between n' and n. The g's
are tridiagonal matrices with off-diagonal elements composed of
collisional and field induced redistribution rates of the form
nf-nt+l or nij»nix1j' (negatively signed) and on-diagonal
elements composed of sums of the inverse reaction rates,
inverse radiative lifetimes and ionisation rates of the levels.
The latter may be introduced to allow useful reduction near the

ionisation 1imit. These matrix equations may be inverted

(n,n__ )
recursively downwards to obtain the vectors W MaxX" such
that .

(n) (n ) (n’n )
N - q max W max (A-Y)
NN,

In effect this expresses all the populations of levels 2

(nmax)

nay In terms of the two unknown quantities g and NHN+T

' y . <
QonSLder now populations of levels nmin‘n<nmaxf The

populations of level nmax—T is given by
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=4 = q
= HN+
(A~5)
tot (n)
n (n vn‘)
¢ max N
[n'=£ = N..N )
max H +

N max
Inverting, the solution for = may be written
NN
H +
-1,n__.~1) {n ) (n___-1,n )
(n___-1) - (npay™1s max - max max ’ max
y max =q(nmax IO q W
NI-IN+ (A-6)
(nmax_1) (nmax)
with unknowns NHN+,q and g .

This process is repeated so that for arbitrary n

n

m
- 1
NHN+ n'=n

ﬁ(n) ax

q(n') E(n,n') (A-T)

If we denote the observed column emissivity of the line

{n)
based on upper level n by I (nmininﬁnmax)’ then

max
LD R B

G, de q™0] plmnt) (A-8)

where the B's are derived from the W's. Inversion using the
(n) |

observed 1 's yields the quantities

(n)
(J NN, dR) q for m . <nin_ ..

The assumption

nmax nmax
7 (q(n))THEOR ) q(n) (A-9)
n=n_. n=mn_.
min min
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gives finally the emission measure f n,N. d% and the

H +
experlmental rate coefficients q(n)

The column emissivities of arbitrary lines n with

mln

(n)

emission measure g

<n<nt Lmay be reconstructed theoretically from the deduced
's and the various matrices.
|
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APPENDIX B

Rate coefficients for level mixing by magnetiec fields

For magnetic induction B and in ion velocity Vi

transforming to the ion frame of reference gives a perturbatibn

to the field free Hamiltonian

e
Anag. * Hayn, = B-B# S i B.r (B-1)

where r is the electron co-ordinate vector relative fo the ion
e

frame and p = - (L+28) is the magnetic moment. L and S
2m_c
e

are the usual orbital angular momentum and spin operators for
the electron.
For one electron states ¢(niim) and ¢'(n&'3i'm'), with

z-axis orientated along the direction B

eBh
il — f 51 t -
<n£3ml R"n Jrmi> = 5 {maﬁjm,gfjlmv
m,C
{(B-2)
jr-gty . Y R -
%m,z'mn(‘”J ,/-2—» (237+1)% 3y 9 wkII 10|
and
ev.B .
<nf jm £ liAE'E n'ji'm'> 1 Sinei i_(_1)£+J V{207 +13(2] +1)
c o @
. , (B-3)
2718 it e 195 4113 "y g
Cooo  WRR'IIT;1%) <n2[r’n£'>{e Coiqn + e C }

m'=-1m
where ei and ¢i are the polar angles of the ion velocity
relative to the direction B. Assume that m states are equally

populated in the plasma. Then summing and averaging over final

and initial m states gives for
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ntj+ntj!'

2

1 < > - (S8R )% 3.1 (257+1) W (MKii 1)
(2j+1) m,m’ nag 2m_c 23" '

J ’ e (B-1)
and for
ngis>nd'j’

1 . (%ViB , , .
—_— |<H >12 = ( 8ind, )2 (22'+1)(23"+1)

; ' dyn i
(2j+1) m,m e (B-5)

T
[ch'1L W(RL' 33318 <ne |p[npr>]e
where <n£|r'n2'> -3 nlnz-2>2 a, with l>=max(1,m') and z,
2z

the effective ion charge

If the perturbation acts for time t between interruptions,

the interruption frequency is l and the transition probability
T

becomes
[AEnRj,n'k'j'T]
4 jz Sin’ . E Io|<m g0 o]
2 . yn
A AEngj’nl,j, T (23+1) m,m’ {mag}

(B-6)

in first order time dependent perturbation theory.

AET
- _
1p AET << s8in” B [EE]ZT
Hho T
AE1T
., _

and ir 2ET_ 5 50 Bint o, oz 1

av
f T 21

Thus the transition probability in general is

approximately
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A T
y ; ol 1
~ )2 min{ b — L ‘H{dyn} ’
h AEnlj,nz'j' 1 (2j+1 m,m nag
21 (B~7)
The expression for ___l__ 2 IHd '2 may be averaged
. yn
(2j+1) m,m'

over uniformly distributed pitch angles by replacing sin2®i by

E and averaged over a Maxwellian ion distribution by replacing
3
3kTi

2
vi by

m.,
1

It remains to consider the choice of coherence time rt.
Possible choices are

{a) Radiative lifetime

(b) Magnetic fluctuation time

(¢) Toroidal rotation time

(d) Ion-ion collision pitch angle re-orientation time.

The effective 7 is the smallest of these. Under most
¢ircumstances, this is the radiative lifetime for spontaneous
emission (a).

Field mixing transition rates are derived here in outline
for completeness. Detailed application is reserved for later:
studies of VUV emission involving low angular momentum states.
'It is anticipated that some adjustment particularly of the

strongly coupled regime will be required.
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APPENDIX C

Tabulations of effective charge exchange rate coefficients

Charge exchange effective rate coefficients are listed for some
carbon, oxygen and helium transitions used on JET. Table ¥
gives the dependence on injected neutral particle energy for
typical JET parameters (Ze

~ 2, n n_/Z =~ 1.5x10°*m™2,

£f eff - e’ “eff

T, = 6 keV). The effective rate coefficients are also
influenced by the actual plasma conditions via 2-mixing.

Tables XI, XII and XIII show the effect of redistribution among
the &-levels as a function of the effective ion density, the

ion temperature and the effective ion charge.
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APPENDIX D

Detailed fast neutral density calculations

In the following calculation, the fast neutral density is
evaluated for an arbitrary complex geometry. With some
simplifications valid for our particular experimental
configuration, Eq.(13) in Section 4.5 is deduced.

Consider a single moncenergetic neutral beam and a viewing
line with geometry as given in Fig.33. The charge exchange

column emissivity is

roace oBMeay neu|a) NeaTE|L)
1-1 (p-1)
J d&, d&
p 2 3

where V and A are the volume and cross sectional area of the
viewing line as defined by the collecting opties. The
effective rate coefficient is separated from the integral by
picking a reference location (@ in Fig.33) and defining a

neormalised shape function

. qCEM CEM,

b, ()

qlL (&) /7 g

@) (D-2)

Thus

1

A v
and if wq(&) = 1 throughout the viewing volume then the
separation from the emission measure is complete. Similarly

separating N(H|&) and N(A+Zi£):

Z

1= o o) neu|ey naTPo) L (D-14)

where

fv d?s ¢q<&) Uy (8) vy (2) - (D=5)

-
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is an effective length which is determined primarily by the
viewing area and the profile of the neutral beams. Note that
the fast hydrogen density has been normalised to a different
point which will be unique to each neutral beam.

Calorimeter measurements have shown22 that the beam
profile can be well approximated by a gaussian with constant

divergence from a point source. Thus, in beam co-ordinates,

N(H) = e g r*/u?(s) e-fi nodx (D-6)
w2 (s)
where
no= —
° veE

w(s) = 8 tan Y
and Y is the beam divergence as deduced from the calorimeter

measurements. Separating Eq.(D-6) into reference density and

shape function gives

. &
n o
NCH zo) . __9o e-sz/wz(so) emfA nedx (D=7)
Tw2(s )
o
S
2 -/ Nodx 2 /..
by(w) - 20 2k S LGS
H = 2
w2{s) Lo
e*fA Nodx

We now assume that the viewing volume as defined by the
colliecting opties and the beam width is small so that the beam
width and attenuation are approximately constant in this

volume, wH then simplifies to

-(rz-ﬁz)/wz(so)
wH(&) = e (D-9)

Again, assuming a narrow viewing line, the other profile

functions are assumed to depend only on 21. In fact, we will
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assume that the rate coefficient profile is flat (ie wq(21)=1).

Thus,
1 ® -(rz-éz)/wz(so)
L = n IAd22d£3 J'_md2.1 xpz(9.1) e (D~10)
Now applying the co-ordinate transformation
2 - 2 - 3 2
r (8 23) + (%1 20) cos?e
gives
62/w2(so) 0 —(21~20) cosze/wz(so)
L == J d£1 ¢z(“1) e a {(D=-11)
where
1 -(6—23)2/w2(so)
a = — [ dﬂ.zdR.B e (p-12)
: A A :

If the divergence of the viewing line is small over the
beam width then a is not a function of 21 and can be integrated
once numerically and treated as a coefficient in the analysis.
Also, if wz is constant over the beam width then the remaining
integral can be performed analytically:

/T w(so) éz/wz(so)
L=ay, (8 ) ——— e (D-13)
o}
cos ¢

This method can be easily generalised into several neutral

beams, i, each with three energy components, j, by using the

following transformations

§ » 615 E¥ELS £O+£o.: S +s .1 A-A

i o "ol i
P+ijij; E+Eij = Ei/J; v+vij; o+oij
giving
_ .CEM +Z -
I=q _({a) N, (A7%0) iij Nj(Hlﬁ,oi) Ly | (D-11)
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£E.. . P, -8, */w¥(s )
Ny(H|2g) = iJ J 1 e ol™  (p-15)
2
Vije Eij T W (soi)
YT owls ) §,2/w?*(s _,)
L., = o, v, (8) — 01 o 1 ol (D~16)
1J 1 72 cos €,
i
£ .
oi
- Ng, .d
IA. 013 X
£, . =e ' (D-17)

In the simplest case where there is only one beam or where
the beams are closely spaced so that wz is constant for all
beams, the reference point can be chosen to be in that interval
(£o~ﬁ) and

f.P

E. . o,
1 = ¢ N(ATE|9) ] 1 J113 (D-18)
ij v

ijeEijJ“ w(soi) cose,
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TABLE II

an =1 an = 2
Trans Yelghted mean Component Spread Emission | Trans Welighted mean Camponent Spread Emission Te
Isn wavelength measuce wavelength measure
A [} 10t fem™® | A A 19t%en™? eV
o** T~6 3431.14 3066.%34%3622.53 3.29 B-b 2079%.64 1932,.87-2110.73 1.3
8-7 5287.88 B739:96-5603.08 T.05 9-7 31%35.91 2928.31+3191:94 22.0 200
10-8 495,65 4213.13-4536,81 jo.2
11-9 6196.94 5823.831-6334.90 [1-H:]
Ne*' 8~7 2975. 47 2735.58-3107.00 1. 49 10-8 2530.06 2U04,26-2567.10 9.93
9-8 5340.23 kO02.27-4542.63 2.88 11-9 3487.25 3327.37-3543.97 i7.1 400
10-9 6067.92 5608.48-6362.77 5.43 12-14 u657.92 Gy, 43u4739.99 28.6
: 13~-11 fog3: o 579U, 15-6177.19 6.4
Aptir}o12-11 -2696. 2581.74-2769.90 15=13 ~2416., 2357.14=-2442.5%
13-12 -J464, 31329.61-3561.54 16=14 -2976 2904 ,60~3009.53
14-13 ~4166. 5186,82240491,07 17-15 ~3616 3535.45-3657.82
15-18 -5412 5192.61-55569.56 18-t =43 K240, 34=4392.86
1615 -6512 6347.65~6808:07 1937 -5157 5039.1245220.06
: : 20-18 -5069 5932.1T7=6141,88
Table II Intensity welghted average wavelengths and some

charge exchange emission measures for visible
transitions of lithium-like fons. These are
obtained for a column emissivity of 170x10"
pnotoné-cm“‘-sec”‘. with Ti-Te, Ne-5°0x10" cm™?*,

i
Nim E Ne. B«0 T, EH-SO keV¥/amu.

The effective rate coefficient {em?.3"!') is obtained
immediately as 10*?*/{emission measure}. Note that
the component spread ls very large in low-2
lithium=like ions. Spectroscopic observations in
the wavelength region of peak emission exclude some
low & components. The weighted mean wavelength and
unresolved emission measure are not directly
applicable. The table is relevant to fusion devices
of lower central temperature than JET in which the

ionisation stage is not edge localised.
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TABLE VI

No. Form : Parameters
=L/
cut -
1 N(21+1)e . Lin-1 E.cut
2 N(22+1) 28R4
{ gcut
0 lcut<25nﬁ1
3 N(28+1)2 288,
{ zcut
6 1cut<1$n*1
4 §(8, 0, %SN%1 Lout
Hmax(o,zﬁzcut)/Z
5 N(2%+1)e Lsn~1 Leut
=2xmax (o, 458 )
’ cut .
6 N(2%+1)e Rsnsl Lout
Table VI Algebraic forms used for & distributions of primary

charge'exchange capture with form factor Ecut' The

parameter N normalises the sum over & to unity.
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TABLE VIII

primary CX rates (cm®/sec)
7experimental theory
n=8 -1.79x10“° 2.02x10°°
n=9 1.09x10°° 1.01x10°8
n=10 6.88x107° 5.41x107°
n dependence ~n"2,°® n"?

Table VIII Comparison of experimental and theoretical primary
charge exchange rate coefficlents into quantum

shells 8 and 10.
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TABLE X
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Table X

Charge exchange rate coefficlents as a function of

neutral particle energy assuming an effective ion

density of 1.5x10'%em™%, an ion temperature of 6 keV

and an effective lon charge of 2.



TABLE XI

Ion Density C-V1 8.7 0-VIII 9-+8 0-VIII 10+9 He-1 4.3
10* =3 10°® em3.3™? 10-° em?+5-? | 10~? cm®+s™? 107 em?.g~!
0-02 703 108 8!5 uau
0.1 T.2 1.8 8.4 4.0
0.5 6.8 1:6 7:6 3.5
1.0 6.3 1.5. 7.0 3.4
2.0 5.8 1.4 6.1 3.3
3.0 5.4 1.3 5.6 3.2
5.0 4.9 1.1 5.0 3.2
7.0 4.7 1.0 4,6 3.2
Table XI Charge exchange rate coefficients as a function of
the effective ion density at fixed energy
{37 keV/amu), assuming Zeff-Z,'Ti-é keV and
ni-1f5x101’ cm”?.
TABLE XII
Ti C-VI 8-+7 O-VIII 9+8 0-VIII 10+9 He-I 443
keV 107° em?-57" 10°® emd.s™? 107° cm®e3™? 107° em?es™t
1.0 5.8 1.4 5.7 3.2
4.0 6.2 1.5 6:3 3.3
- 8.0 6.4 1.5 6.6 3.3
14.0 6.5 1.6 6.9 3.4
24.0 6.7 1.6 7.1 3.4
Table XII Charge exchange rate ccefficients as a function of
the ion temperature, assuming EO-BT keV/amu, zeff'2
and n1-1.5x10" em™* (except for C VI 8-T where
n1a1.0310" em~ ).
TABLE XIII
zeff C-VI 8.7 0-VIII 9-+8 0~-VIII 10-+9 He-1 H4-3
10'* m™? 107° em®.s57? 10" emdes”? 107° cm?es™? 107° ecm?»s™t
1.0 6.9 17 7.7 3.6
2.0 6.0 14 6.5 3.3
3.0 5.3 13 5.6 3.2
4.0 .9 11 k.o 3.2
5.0 4.6 10 b L 3.2
6.0 §.3 8.2 4.1 3.2

Table XIIIl Charge exchange rate coefficients as a function of

the effective lon charge, assuming Eo=37 keV/amu,

T1=6 keV and n1-1.5x1013 em™?*.
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Fig.1 Schematic views of JET showing the lines of sight of
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normai bank l tangential bank

——~ torus midplane

1/e —radius contours

3.5

3.0

(a.u.)
N
N

" CXRS line of sight
|
|
|
|
\

neutral density

3.7 3.9 4.1 4.3
distance from optical head (m)
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particie density reflects the slightly tilted viewing

line.
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Spectral line profile of the oxygen n=9 to n=8
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narrow line corresponds to the DY transitions.

pulse 10645; dispersion

: 0.0840 A/pixel).
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Spectral line profile of the oxygen n=10 to n=9

transition near 6068.3 A (Tcx-S.T keV = 0.2 keV).

{JET pulse 1064Y4; dispersion

: 0.0717 A/pixel).
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Spectral line profile of the helium n=4 to n=3
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Fig.17 Varlation of effective charge exchange rate

coefficients with hydrogen neutral beam energy

{n&-picture).




i i i 1 q{ i 1 1 i | I 1 ] 1 i 1 13 1 "
8 r ]
-
lo © T
¢
@
™
E K
oo
lC)
~— 4 r
T G
I | full 1—mixing
L
-
2 - -
0 | i i ! I
17 18 19 20 21
10 10 10 10" 10
"elzeﬁ

Fig.18 Influence of i-mixing on € VI 8+7 effective charge
exchange rate coefficients (ni-piecture). The values
for no t-mixing and full &-mixing are taken from

Ref.25.
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Fig.21 Cross-sections for neutral hydrogen beam attenuation by

hydrogen and impurities.
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Series variation of effective charge exchange emission

coefficients (CEM) following capture by C*° from

hydrogen beams in the 1s ground state (ntj-picture).

Te=3.23keV, Ne=178x101’ em™?, Ti=2.16keV, Ni-1.3x10la

em~*, 2

eff”

2.

monoenergetic of energy 5.0x10"eV/amu.

It is assumed that the hydrogen beam is
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Series variation of effective charge exchange emission
coefficients (CEM) following capturé by C*® from
thermal hydrogen in the n=2 level (ntj-picture).
T;-5579V. 1\1@;-3.3:{10‘z em®?, T1-143ev, Ni=2.3x1012 cm™?,
Zeffaz' It is assumed that the hydrogen atoms all have

the energy 143ev.
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Fig.25 Serles variation of effective radiative recombination
rate cocefficients (REM) {nij=picture) following capture
by C**%. Te-3.23keV, Ne=1.8x101’ em™?, Ti=2.16keV,

= 13 -3 =
Ni If3x10 em™?, Zeff 2.
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(JET pulse 10762)
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Comparison of Ze from visible bremsstrahlung and from

f
CXRS for several JET pulses 1 sec after the beginning

of neutral beam Injection.
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Fig.31 Carbon and oxygen densities for an inner wall

discharge (JET pulse 10711).
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discharge (JET pulse 10713). t



view
centre line

beam
centre
line

measurement _
reference S« .
point ~

CRa87.110/6

Fig.33 Coordinate system for neutral beam attenuation

ealculaticn.





