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ABSTRACT

Absolute densities of the dominant light impurities in the plasma centre are
measured during neutral beam heating using charge exchange spectroscopy. The
behaviour of carbon, oxygen and helium (in helium discharges) is investigated
for limiter and X-point discharges. When the plasma is in the X-point
configuration, the central carbon concentration is significantly lower than
in the material limiter configuration. After the transition from L to
H-mode, a strong impurity build up is observed in the plasma centre which
significantly reduces the central dilution factor ny /n from initial values
near 0.8 to about 0.6 at the collapse of the H*mode. Nonetheless during the
H-mode, the product of deuteron density and ion temperature n,T, (both
derived by the charge exchange spectroscopy diagnostic) shows a clear
enhancement with respect to the L-mode at the same input power. Helium
_discharges, as compared to deuterium discharges, have a higher carbon
concentration (consistent with physical sputtering) and a much reduced oxygen
concentration (no/ne < 0.005; consistent with chemical release of oxygen).
The transient behaviour of oxygen and carbon following deuterium pellet
injection is discussed using a comparable non-pellet reference discharge. An
increase of the oxygen content in the plasma centre is observed some 600 msec
after injection of a deuterium pellet, while the central carbon density
appears only transiently diluted by the sudden addition of pure deuterium,
No evidence of a cleaning action through sawtooth relaxations is detected in
the case of low-Z impurities.



1. INTRODUCTION

The study of low-Z impurities is particularly important during neutral beam
(NB) heating on JET since NB injection is routinely used to trigger the .
transition to H-mode and, together with other means of heating and fuelling,
has produced the best performances so far obtained on JET [l]. The presence
of carbon and oxygen, the dominant impurities, greatly affects the dilution
of fusion fuel in the plasma centre and plays a role in the energy balance at

the edge via radiation losses.

During NB injection, low-Z ions are fully stripped over most of the plasma
minor radius because of the high temperatures attained. Line emission from
partly ionised atoms is thus limited to the periphery and may be used only
indirectly, and with low reliability, to deduce the absolute impurity density
in the centre. Over most of the plasma, low-Z impurity-induced radiation. is
essentiaily restricted to bremsstrahlung. The line integrated bremsstrahlung
level is, however, not a measure of the local impurity content and
reconstruction of the Zeff profile using a multichord system remains
difficult [2]. Furthermore, bremsstrahlung measurements do not resolve the

contributions from different impurities.

Fully stripped ions may, however, be studied using charge exchange
"spectroscopy (CXS) [3,4]. The diagnostic is based on the charge transfer

reaction between the impurity nucleus A% and the fast neutral D:
A2+ D~ A% hHx 4 D | (1)

The JET heating beams provide a source of energetic deuterium atoms. The
'recoil' hydrogen-like impurity ion is left in an excited state and radiates
at specific wavelengths as it is de-excited to lower quantum states. Several
of these transitions lie in the visible and their spectral characteristics
have been used to measure the ion temperature [5,6] and toroidal rotation
velocity on JET [5,7]. More recently, the capabilities of the CXS diagnostic
were extended to include local magnetic field and Zeff measurements using-
motional Stark features in the Balmer spectrum of deuterium [8]. The
observed intensity may also be used to derive an absolute impurity density
[5,9-12]. This is a complex process which involves, in particular, the

modelling of NB attenuation to obtain the fast neutral density.



We have sought to identify and quantify the sources of uncertainty inherent
in the célculation of absolute impurity densities using visible transitions.
According to this analysis, the absolute values quoted in this paper are not
known to better than t 40%. The effective ion charge (Zeff) reconstructed
from gimultaneous measurements of carbon and oxygen shows satisfactory
agreement with average values inferred from the bremsstrahlung level, within
the error bars of both diagnostics. On the other hand, since most of the
uncertainty comes from the primary capture rate coefficient, which does not
depend sensitively on plasma parameters, the evolution of the calculated
impurity density is more reliable (< 15%). Charge exchange spectroscopy can
greatly imﬁrove our knowledge of low-Z impurity behaviour in the plasma
centre during NB injection and so is a new and major contributor to this
continuing effort on JET [13-19]. '



2., EXPERIMENTAL SETUP AND METHODOLOGY

The charge exchange diagnostic results reported in this paper are based on a
single vertical line of sight that intercepts all neutral beams in the plasma
centre. (A multichord CXS system has recently been installed on JET.
Impurity radial profile results from this will be reported in a later work.)
This cross beam technique provides good spatial resolution, defining an

observation volume with dimensions typically 5% of the plasma minor radius.

The fast injected deuterium atoms have a full energy of 40 keV/amu. The
available power of 10 MW is distributed into full, half and third energy
components, corresponding to the acceleration of D*, D,* and D,*, in

proportions of 0,76:0.17:0.07 [20].

The light is collected by a lens system and transmitted by optical fibres to
remote spectrometers and detectors (Fig.l). Fibre transmission -
characteristics limit the accessible spectral range to the visible part of
the spectrum. The light is divided at the spectrometer end using a_béam
splitter so as to monitor two transitions of different impurities simultan-
eously. Each spectrometer is equipped with an intensified linear array with
a full spectrum recorded approximately every 20 ms, depending on signal
strength. The whole detection arrangement is absolutely calibrated using a
-tungsten lamp. The composite spectrum is typically made up of 300 to 600
points and is dominated by the charge exchange feature. Additional lines are
observed on some spectra but all components are unambiguously resolved using
a multi-Gaussian fit, A more detailed descfiption of the experimental setup

and observed traﬁsitions can be found in ref.[5].

The measured intensity I(n - n') is related to the impurity density n(a?%)

according to:

In - n') = qgn - n") [ n() n® dv (2)
0.v.

The integral is performed over the observation volume and depends sensitively
on the geometry. The fast neutral density n(D) is obtained from an
attenuation code that uses the experimental electron density and temperature
profiles from the JET database. For plasma conditions studied in this paper,

impurity stopping may account for up to 20% of the attenuation and is taken
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into account using the effective charge given by the bremsstrahlung level,
assuming a carbon to oxygen ratio of 3. Departures from these typical
conditions are found to have little impact on the result. Simulations have
also showyn that the attenuation factor computed near r=0 is insensitive to
the radial electron profile. This is because, in the present central plasma
observations, the attenuation depends on the line integral density (accurate
to within 1% independent of the profile shape), and because the attenuation

cross-sections are only a weak function of the electron temperature.

The calculation of the effective charge exchange rate coefficient q(n - n')
in eq.2 is based on the Unitarized-Distorted-Wave-Approximation (UDWA) model
[21,22]. It is corrected for cascading from upper n" levels (n" < 20) and
collisional redistribution among the % states [23]. The consistency of the
atomic database was checked by observing several transitions of the same
element by splitting the light of one viewing line into two spectrometers,
thus simultaneously recording the CX spectra from the same observation
volume. Deviations from expected values for visible transitions are of order
30%. A better estimate of the uncertainty attached to rate coefficients

would require simultaneous measurement of UV and visible lines.



3-

3.1

EXPERIMENTAL RESULTS

Effective ion charge

From simultaneous measurements of the two dominant impurities in the
plasma, the effective ion charge can be calculated as:

Ry

- 1y 1
zeff =1+ g zi(zi 1) n_ (3)

For standard operating conditions of JET, carbon and oxygen are by two
orders of magnitude the most important impurities and are largely

responsible for the difference of Zef from unity. Heavy impurity

£
concentrations, especially nickel, rarely reach 0.01% and do not make

significant contributions to Z under normal operating conditions. In

eff
cases where helium is used as filling gas, the oxygen concentration is
typically low, < 0.5%, and has little influence on the effective ion
charge or the dilution factor. Helium and carbon are then observed

similtaneously:

The effective ion charge reconstructed from CXS measurements is compared
in Fig.2 to the value deduced from the visible bremsstrahlung level,

The two sets of measurements agree within thelexperimental error bars.
It is to be noted that charge exchange measurements are localised in the
plasma centre while the bremsstrahlung level gives a chord average
estimate of Zeff’ weighted by the electron density squared and a weakish
function of electron temperature, Differences between the two
diagnostics may therefore appear if the ion effective charge profile is
not flat, We find no systematic deviation between the two diagnostics
over the density range investigated he v 1-7x101® m~3, This strongly
supports the analysis procedure since the bremsstrahlung photon flux

increases as neﬁ, while the CXS raw signal decreases exponentially with

'ne because of beam attenuation. The Z measurements also show broad

eff
agreement with the deuterium content inferred from fusion reaction rate

measurements [24].

The comparison shown in figure 2 confirms the reliability of the charge

exchange data. The strength of the diagnostic, however, is that it can
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resolve the contribution of each low-Z impurity. This is critical,
sincg for example, the same effective ion charge has been obtained with
a carbon to oxygen ratio of C/0v1.5-2.0 in 2 MA X-point plasmas and

€/0v10 in 5 MA limiter plasma (Zef = 2.8 in both cases). As mentioned

in ﬁhe introduction, the absoclute irror bar on charge exchange
measurements of impurity densities is substantial and so most of the
results presented in the following sections will emphasize the time
evolution of the impurity concentration or the comparison of different

operating conditions of JET.

Magnetic configuration

JET may be operated with a number of different magnetic configurations
which affect particle confinement, plasma-wall interaction and
recycling. We contrast JET operation with a material limiter (carbon
limiters or carbon protection tiles covering the inner wall; IP < 6 MA)
to operation with a magnetic limiter (X-point with a single-null

magnetic separatrix near the top of the vessel; Ip < 4.5 MA) [25].

Figure 3a shows carbon and oxygen densities- observed with a material
limiter (JET pulse 10711, Ip = 2 MA)., The evolution of the electron
density on axis and the total beam power are displayed in Fig.3b.
Carbon is more abundant than oxygen although the ratio C/0 decreases
during NB injection with this magnetic field configuration. As will be
shown in a later section, the oxygen density tends to follow the
deuterium density, which increases during injection, The subsequent JET
pulse was produced with the same plasma current but with an X-point .
magnetic limiter (Fig.3b). Figure 4b shows the electron density on
axis, Ha and the total beam power. For these consecutive pulseé it is
expected that wall conditions should be almost identical. 1In the
X-point magnetic configuration an H-mode can be achieved whereupon the
particle and energy confinement are significantly better than in the

normal mode (L-mode).

Comparing Figs.3a and 4b, it is seen that during the L-mode phase, the
oxygen density is close to that for the material limiter case, when the
macroscopic plasma parameters such as electron density and plasma

current are similar. The apparent agreement between the two oxygen



density traces thus suggest similar screening and confinement by the two
magnetic field configurations. Also, the geometry of the last closed
flux surface is likely to have little impact on the oxygen content since
most of the oxygen actually originates from the wall rather than from
the surface directly in contact with the plasma [15]. On the: other
hand, the carbon density is reduced by a factor of 2 to 3 in the
magnetic limiter case. This could be explained by a better screening of
incoming carbon ions by particle outflow in the X-point region [16]. We
also note that the carbon to oxygen ratio usually increases during NB
injéction with magnetic limiter, irrespective of the transition from L

to H-mode.

The H-mode phase is characterized by a sudden drop in the recycling and
a steep increase of the electron density as shown respectively by the Ha
and the electron density traces in Fig.4b. It is an attractive regime
since the energy confinement, Tp increases by a factor of 2 to 3.
However, Fig.5 clearly indicates that the low-Z impurity densities in
the plasma centre increase faster than the deuterium density, resulting
in an impurity build up. For all cases where carbon and oxygen were
monitored simultaneously, the impurity concentrations started to
increase at the transition to the H-mode, This severely affects the
deuterium dilution (calculated by subtracting the impurity contribution
from the electron density) (Fig.5). During the L-mode phase, the
deuterium concentration increases slightly because of beam fuelling.
The higher impurity concentrations during the H-mode phase gradually
dilute the fusion fuel. This is a significant concern long before
impurity radiation losses threaten the stability of the discharge.
Based on these results, the steep increase of the electron density in
the plasma centre is inferred to be largely due to the retention of
low-Z impurities., Tests show that the observation of a low-Z impurity
increase is not an artifact of the beam attenuation calculation,
However, the observation cannot be unambiguously attributed to impurity
accumulation since the impurity concentration profile evolution is not

known from the CXS diagnostic.
Machine performance with different magnetic field configurations can be

assessed by combining the ion temperature and the deuterium density,

both deduced from CXS spectroscopy measurements. With a material
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limiter, the product nDTi increases linearly with the total input power
to the plasma (Fig.6a). High power results also correspond to high
plasma currents. For the X-point configuration the L-mode phase follows
the dependence shown in fig.5a for a material limiter. In the H-mode
phase, however, the product nDTi reaches significantly higher values for
the same input power (Fig.6b). The line shown in Fig.5b reproduces the
dependence observed for a material limiter. At the transition to
H-mode, central plasma parameters still correspond essentially to the
L-mode, which explains why several points fall on the line. In some
cases, the impurity buildup is such that the product nDTisaturates
before the end of the H-mode.

Helium plasmas

Helium is often used as minority épecies during radio-frequency heating
experiments. Under these conditions, the helium charge exchange signal
is usually too small to be unambiguously isclated from the composite
spectrum. Helium may however be observed when it is used as prefill

gas.

The impurity content of helium plasmas was investigated by observing
low-Z elements in pairs using the beam splitter arrangement. ¥or the
magnetic limiter case, the carbon concentration is typically 6% and
increases during injection, oxygen is 0.5% or less and helium is close
to 30% of the electron density (Fig.7a). The evolution of the electron
density on axis and the total beam power are shown in Fig.7b. The low
oxygen concentration is associated with a low deuterium content which is
estimated to remain below 20% even during injection. This is inter-
preted as evidence that oxygen release from the wall is by chemical
reactions. The higher carbon concentration, compared with deuterium
plasmas, may be due to the higher sputtering yield of helium compared to
deuterium (physical sputtering). This is based on the interpretation of
impurity influxes indicating that the carbon sputtering yield is about
twice as large in the case of helium as for deuterium for

n, R 2x10%® m=3 [27]. As for deuterium plasmas, the present results
show that the carbon concentration in helium discharges is higher with a
material limiter than with a magnetic limiter (Fig.8a). The correspond-

ing electron density on axis and total beam power traces are displayed
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in Fig.8b. At the beginning of injection the sum of electrons
contributed by carbon and helium adds up to the measured electron

density.

Pellet injection

‘High velocity deuterium pellets are injected in the plasma to increase

the density. To study the effect of pellet injection on low-Z impurity
concentrations, two JET pulses with and without pellets which had

similar electron densities at times just before and long after the

‘pellet are considered (Fig.9). In both cases, NB injection starts at

12s and, for one of these pulses, this coincides with the injection of a
deuterium pellet. In the reference cése, the electron density slowly
increases due to neutral beam fuelling. Pellet injection drastically .
changes the shape of the density profile, which complicates the beam
atténuation calculation. However, the density profile relaxes rapidly
(coﬁpared to our sampling rate) towards a profile peaked on axis. As
noted in section 2, the beam attenuation calculation near r = 0O is more

sensitive to the line integral density than to the prefile shape. The

“effect of the changing plasma environment on collisional redistribution

among the { states is also taken int¢ account when computing the -

effective charge exchange rate coefficient [5].

Figure 10 shows the evolution of the carbon concentration in the piasma
centre for the two pulses. The charge exchange signal is observed only
after the start of NB injection so tha£ the effect of the pellet can
already be seen on the first spectra. The pellet plasma is character-
ized by a strong reduction of the carbon concentration with respect to
the reference case, However, the carbon densities evaluated near 12,.3s
for both are within 10% of each other. It is concluded that the lower
carbon concentration simply results primarily from the diluting effect
of the massive pure deuterium injection in the pellet case. After the
pellet transient, no significant difference is observed in the carbon

concentration (or density).
The situation is markedly different for oxygen. The carbon to oxygen

ratio for the same two pulses is reproduced in Fig.ll. The present

method has an advantage in considering the ratio of impurity concentra-

=10~



3.5

tions measured simultaneously using the same line of sight since the
result no longer depends on uncertainties related to geometry or beam
attenuation calculation. If the behaviour of oxygen were the same as
for carbon, the C/0 ratio would be the same for both pulses. On the
contrary, & strong dip of the carbon to oxygen ratio (possibly delayed
some 0.6s5 after the pellet is injected) is observed. A plausible
explanation is a net release of oxygen following the pellet injection
and probably due to the increased deuterium flux to the wall following
pellet ablation in the plasma periphery. As evidenced by the results in
helium discharges, deuterium releases oxygen by molecule formation which
quickly desorbs from the wall (wall temperature = 300°C). The oxygen
flux from the wall was unfortunately not available for these pulses but
the observation that the higher oxygen content in the piasma centre
appears slightly delayed with respect to the maximum on the electron

density trace is reasonable.

Sawtooth relaxations

Observation of impurity line emission during sawteeth in TFR has led to
the conclusion that these relaxations expel. impurities selectively
compared with electrons [28]. In that work, most of the impurity line
emission modulation was actually attributed to changes in the electron
temperature. After correcting the signal accordingly, the residual part
of the modulation was interpreted as a cleaning action of the sawteeth.
The same approach was used on Alcator, leading however to the opposite
conclusion [29}. In the latter case, all the intensity modulation was

attributed to electron temperature relaxations.

Although the absolute impurity concentration deduced from charge
exchange spectroscopy measurement$ has a large uncertainty, it can still
be used for detecting variations as a function of time correlated with
sawﬁooth relaxations. It is essential to ensure that the NB pbwer does
not change as a function of time, since it is difficult to account
accurately for such variation in the signal intensity. Figure 12 shows
the ion temperature and line intensity from a carbon transition, with
injected NB power strictly constant at 4 MW. Large sawtooth relaxations

of order 25% are apparent on the ion temperature. The light intensity
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remains however approximately constant. The carbon concentration in the
plasma centre estimated from fhis signal leads to the same conclusion as
it also remains approximately unchanged during the sawtooth relaxations.
According to these results, the impurity density in the plasma centre
behaves similarly to the electron density and corroborates the Alcator

results (which were obtained in a very different way).

CONCLUSIONS

Visible spectral emission following charge exchange from neutral deuterium in
the JET heating neutral beams has been used to deduce light impurity
densities, and indirectly deuterium densities, in the plasma core. The time
evolution of these densities has been explored by this method for different
magnetic field configurations (limiter and X-point) and during sawteeth and
pellet injection. The higher carbon concentration in helium than in
deuterium plasmas shows that physical sputtering is largely responsible for
the carﬁon production, helium having a higher sputtering yield than
deuterium. There is also some evidence that the carbon to oxygen ratio
increases with total input power, as expected, if carbon is released by
physical sputtering whereas oxygen is not. The carbon content in the plasma
centre is affected by the geometry of the magnetic flux surfaces near the
plasma edge. The central carbon concentration is lower in the X-point L-mode
_case thanrin the limiter case. The transition to H-mode is, however, chérac4
terised by a strong increase of both carbon and oxXygen concentrations leading

to a decrease in the dilution factor.

Fully stripped oxygen in the plaéma centre is related to the deuterium flux
to the Wéll and carbon protecting tiles, indicating that chemical sputtering
is largeiy responsible for oxygen production, This is supported by the
evidence of a2 significantly reduced oxygen concentration in helium plasmas
and deuterium plasmas following helium cleaning discharges. The link between
oxygen and helium is also apparent during pellet injection, where a higher
deuterium flux to the wall following pellet ablation is invoked to'explain
the transient enhancement of oxygen concentration some 0.6 sec after pellet

injection.

The results show the unique capability of the charge exchange diagnostic to

provide spatially and temporally resolved measurements of the dominant

_12_



impurities. Comparison of Z values derived from oxygen and carbon

concentrations shows reasonagig agreement with averaged values of Zeff
derived from visible bremsstrahlung. However, the fact that distinctly
different shapes of radial profiles of the electron density are observed for
example in pellet fuelled plasmas or H—modé operation indicate the need for a
further refined analysis of impurity accumulation and the measurement of

complete radial profiles,
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Spectrometer 1

Spectrometer 2

Fig.1 Schematic view of the optical system. The beam splitter is used to divide
the light into two spectrometers and observe two impurity lines simultaneously.
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Fig.2 Comparison between Z,; obtained from charge exchange measurements (CX)

and from visible Bremsstrahlung (VIS). Different transitions were used to obtain Z g

carbon n=_8-7 and oxygen n=9-8 (circles), carbon n=8-7 and oxygen n=10-9 (triangles),

carbon n=8-7 and helium n=4-3 for helium discharges (squares). The values of Z s range
between 2.5 and 4.5 in limiter and X-point discharges.
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Fig.3b Evolution of the electron density dn axis and the total beam power during pulse
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arrow indicates the L to H-mode transition as deduced from
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power during pulse 10205.
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Fig.9 Variation of the electron density on axis during NB injection starting at
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Fig. 10 Evolution of the central carbon concentration with (pellet) and without

(reference) pellet injection. At the time indicated by the arrow, the carbon density

is approximately 6.0x10"" m™ for the pellet case and 6.5 %10 m™? for the
reference case.
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Fig. 11 Evolution of the carbon to oxygen ratio on
axis with (pellet) and without (reference) injection of
a deuterium pellet.
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Fig. 12 Evolution of the central ion temperature and line
intensity of the carbon n=8-7 transition during sawtooth
relaxations.
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