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Abstract

It is shown that a significant increase in the consistency of charge
exchange spectroscopy and x-ray spectroscopy deduction of central ion
temperature and plasma rotation is obtained when allowance is made
for the following:

i. The charge exchange cross section dependence on the impact energy
of the neutral beam atoms in the frame-of-reference of the C*% nuclei.
In this paper we have experimentally verified the predicted cross section
effects on ion temperature and plasma rotation measurements by com-
paring to passive x-ray spectroscopy. The effect increases with lighter
species.

ii. The precise position of the radiating ion shell in line-of-sight av-
eraged measurements using x-ray spectroscopy. For high temperature
plasmas with broad emission profiles the uncertainty in central ion tem-
perature is reduced from up to 60 % to the order of 20 %.



1.0 Introduction

Spectroscopic deductions of ion temperature have not proved consis-
tent at the accuracy levels required for this stage in the fusion programme
(Morsi et al. 1990). Since spectroscopic methods, in spite of this, are
considered to be the only reliable way of determining this crucial plasma
parameter, improvements of the accuracy are highly desirable. Recently
also the importance of accurate plasma rotation measurements has in-
creased. For example the proposed change of poloidal rotation during
a phase transition of the plasma from L-mode to H- mode is only of
the order 1 krad/s (Groebner et al. 1989, 1990, Shaing et al. 1989,
Biglari et al. 1990). Also of interest is the linear relationship between
ion temperature and rotation frequency (de Esch et al. 1990). From this
relationship it is possible to deduce plasma parameters such as heat and
momentum diffusivity. Finally, the possible correlation between the fre-
quency of MHD activity and plasma rotation, for example during locked
modes, is attracting attention (Snipes et al. 1990, Nave et al. 1991).

Spectroscopic measurements of plasma rotation and ion temperature
at the JET tokamak are based on active charge exchange spectroscopy
(Weisen et al. 1989) and high resolution x-ray spectroscopy (Bombarda
et al. 1989). The advantage with the former system is that its observa-
tion volume is localized at the intersection of the neutral beam and the
line-of-sight, whilst the latter passive system detects whole line-of-sight
integrated emission. In the present study helium-like nickel (Ni+2%) x-
ray spectra are used together with charge exchange recombination spec-
tra from the (C*°) n=8 to n=7 transition.

From the charge exchange cross section dependence on impact energy
a shift and a change in the width of the observed charge exchange spec-
tral lines are predicted. For the JET viewing line geometry (figure 1)
this will lead to a red shift and a decreased width of the observed charge
exchange spectrum, which, if not corrected for, results in an underesti-
mated 1on temperature and rotation frequency of the plasma. In order
to see if this can be verified, experimental data from the charge exchange
multichord system are compared with experimental data from the x-ray
crystal spectrometer. To make this comparison meaningful it has to be
taken into account that the observed x-ray emission spectrum is a com-
posite spectrum which is the result of integrating the emissivity along
the line-of-sight. Radial profiles of the electron temperature and density
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as well as the gradients of the radial profiles of toroidal rotation and ion
temperature determine the actual spectral shape (Zastrow et al. 1991).

The comparison confirms the theoretical prediction of apparent ion
temperatures and plasma rotation deviating from the true values. The
deviations, which depend on the ion temperature, are typically 5 % for
the ion temperature and 10 % for the rotation frequency. For example
for a 5 keV plasma in locked mode the rotation frequency is corrected
from being apparently zero to a real rotation frequency of about 5 krad/s
in the direction of the plasma current.

When trying to measure the change in poloidal rotation connected with
L-mode to H-mode transitions (Groebner et al. 1989, 1990) the cross
section effects must be considered, because the transition also involves a
change in ion temperature. The peak shift due to cross section effects is
here of the same order as the observed peak shift from which a change
in poloidal rotation has been deduced.



2.0 Experiment

The charge exchange multichord system (CXRS)

Neutral beam injection is routinely used at JET to heat the plasma.
Since the neutral beams are arranged according to figure 1 they will also
transfer momentum to the plasma, which causes the plasma rotation.
The active charge exchange spectroscopy diagnostic is based on observing
emission lines produced by charge exchange from the deuterium atoms
in the neutral beam with impurity ions, such as carbon and beryllium,
which are present in the plasma. The data in this work are based on
observations of the charge exchange recombination C*® n=8 to n=7

transition at Ao = 5290.5 A. The halfwidth, 6\ , of the line determines
the ion temperature T; through the relationship:

L nstant T [1]
N C M,

where M, is the mass of the carbon ion.

The rotation velocity v is determined through the Doppler shift A\ of
the observed line:

v=cC-+ — 2]

The shift in wavelength, A\, is measured by a comparison of the po-

sition of a line from cold C*> at the edge of the plasma. After the
introduction of beryllium into the tokamak during 1989 a line emitted

from cold non-rotating beryllium ( Bet!\ = 5271.5 A) with a tempera-
ture of about 10 eV (figure 3) has, if possible, been used as a reference.
This improves the accuracy of the wavelength shift measurement since
the beryllium ions are closer to the plasma boundary than the carbon
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ions. For very hot and fast rotating plasmas the emisssion shell of car-
bon at the plasma edge can rotate and the position of the cold
carbon line will be shifted. In figure 3 it can be seen that this is clearly
the case, and the carbon line cannot be used as a reference.

The light is collected by an array of up to 12 optical quartz fibres,
each collecting the light from a specific point along the neutral beam
according to figure 2. The 90 m long optical fibres end at a Czerny-
Turner spectrometer (SPEX 1269) equipped with a vidicon array of 500
x 512 pixels. Thus, 8 to 12 spectra from different points along the major
radius (figure 2) are simultaneously recorded. The exposure time is 50
ms and the readout time is 50 ms which gives a time resolution of about
100 ms. The spectrometer grating of 600 lines/mm provides a dispersion

at the vidicon of 0.325 A /pixel at a centre wavelength of 5290.5 A. The
resolution A/AAM is therefore about 16000. The central wavelength which

determines the Doppler shift has a typical statistical error of + 0.2 A, due
to the fact that approximately 200 pixels are used for an entire spectral
profile. When the beryllium line is used as a reference the accuracy is
better than 0.1 A. As a comparison line shifts are of the order 5 Aand
half widths (FWHM) of the order 10 A.

The high resolution x-ray crystal spectrometer (XCS)

The high resolution x-ray crystal spectrometer (XCS) records the res-
onance line in helium-like nickel, i.e. the 1s2p! P, — 15> 15, transition.
This line is used since, for electron temperatures at JET, it is the strongest
x-ray line. Resonance lines from hydrogen-like nickel are, for example,
too weak. The width of this line gives the ion temperature T; whilst the
shift in peak position of the line gives the rotation velocity.

The lay-out of the x-ray crystal spectrometer is shown in figure 1.
It i1s of Rowland circle geometry with a radius of about 20 m giving a
resolution as good as 20000. This means, for example, that it is possible
to detect changes in the rotation frequency of only 3 krad/s (Eriksson

et al. 1991) corresponding to 0.03 mA (which is about 0.75 % of the

typical FWHM). The best time resolution of the system is 20 ms, but
depends on the count rate statistics required for the analysis.



3.0 Analysis of data

Cross section effects on charge exchange spectroscopy

The charge exchange spectroscopy is based on charge transfer from the
deuterium atoms in the neutral beam to the impurity ions in the plasma.
The reaction considered here is:

D° 4+ C%t — DT 4+ C°*(n =8) [3]

Ct(n=8)—=C*(n=T)+hv

For the C°% ion the light from the n=8 to n=7 transition is observed.
The effective emission cross section for this reaction depends on the
impact energy of the D° atoms in the frame of reference of the C®*
ions. For a given ion temperature an approximation of the cross section
variation over the range of thermal velocities of ions representing a full
spectrum is described by:

o &%o
0(Vret) = 00 + 5o + Avper + E szez {4]
re rel

_a?;::, affects primarily the rotation measurement, resulting in an ap-

parent rotation, whilst 5‘%2,2 affects the Doppler width and hence the

rel

measurement of the ion temperature. The effective emission cross sec-
tion dependence on the impact energy is plotted in figure 4. The dia-

ram is based on a number of theoretical and experimental cross sections
%Fritsch 1984,1989, Ryufuku 1982, Summers et al. 1990) The impact
energy of the deuterium atoms can be classically written:

MDVIZ_e
Ez'mp = Tl [5]
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where Vyel = Vp — Vg, Mp is the mass of deuterium atom, vp the
velocity of the deuterium atom and v¢ the velocity of the carbon ion.

For beam energies at 40 keV /amu we are at point 1 on the curve in
figure 4 and therefore ions with velocity in the opposite direction to the
neutral beam (higher impact energy) will have an enhanced effective
emission cross section whilst the ions moving in the same direction as
the neutral beam will have a smaller effective emission cross section

von Hellermann et al. 1987, Howell et al. 1988, Core et al. 1989)

his leads effectively to a red shift of the observed spectrum. Obviously,
cross section effects will increase with higher ion temperatures, when
the thermal velocities of the carbon ions are higher. The effect is also
more pronounced for lighter impurities, like helium (von Hellermann et
al. 1990), for which the thermal velocities are higher due to their lower
mass. For a thorough analysis of the phenomena, the integral below,
which predicts the rate of emission, €(v), has to be evaluated:

G(U) = /d3VC/dSVch(Vc)fD(VD)O'(IVD—Vcl)lvl)—Vclé(v—n-\/c)

(6]
The velocity distribution of the carbon ions can be approximated by a
Maxwellian distribution shifted with the rotation velocity, v,.¢, of the
plasma

fo = —p—eap(—(L et y2) (7a
T2V, Uth
fo(v)=6(v—vi)v [7b]

The velocity distribution of the deuterium ions, fp ,can be assumed to
be discrete, i.e. the deuterium atoms have three different velocities vy,
k=1,2,3 (2770 km/s, 1960 km/s and 1600 km/s respectively) due to the
three energy components of the neutral beam. The cross section effects
become important when the thermal velocities, vy, of the carbon ions
become comparable to these velocities.

The apparent rotation frequency induced by this red shift can then be
calculated for different directions n (different angles between the line-
of-sight and the neutral beam) and for different rotation velocities as a
function of the ion temperature T¢c. The cross sections needed for the
calculations are taken from figure 4. The result, if only the first energy
component is taken into account and the plasma is assumed to be at rest
is shown in figure 5.
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The amount of red shift depends mostly on the ion temperature and
viewing geometry, but also slightly on the relative penetration of the
three different neutral beam components contributing to the CX spec-
trum and on the plasma rotation, all according to [6]. In order to obtain
the total red shift, the individual spectral lines for the three energy com-
ponents in the neutral beam have to be calculated and added together.
The positions of the three energy components are indicated with 1,2 and
3 in figure 4. The three Gaussian distributions, which have to be added,
are shown in figure 6, where it can be seen that the second and third

energy component give rise to small intensity but more significant red
shift.

In figure 10 the total expected apparent rotation frequency caused by
the red-shift has been evaluated according to the integral [6] with plasma
parameters from 16 different time slots chosen from 10 pulses at JET (
i.e. one or two times per pulse).

Extraction of central rotation frequency for the XCS

The XCS collects light along a line-of-sight cutting the plasma twice
according to figure 1. The emissivity of the helium-like nickel would
ideally be zero everywhere except for the absolute center of the plasma.
The measured rotation velocity v(AX) as a function of the Doppler shift
AX would then, according to formula [2], be:

w(AN) =¢- — — (8]

R (=3.05 m) is the major radius of the plasma and Ry (=1.82 m) is
the distance of closest approach between the center of the torus and the
line-of-sight (the minor radius of the plasma, a, is about 1.25 m).

The real situation is of course not this simple. The observed spectrum
I(}\) is instead obtained by summing spectra along the line-of-sight (Za-
strow 1990). The line profiles are a convolution of a Gaussian line profile
I_G\/E(r_—% (due to Doppler broadening of the line) and a Lorentzian line pro-
file I1(¢ — A(r,t)) (due to the natural line broadening). The expression
for I(A) then becomes
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The spectrum we observe is thus an average weighted towards the
plasma center, where the emissivity, €(r), is usually strongest. The
weight function with the normalisation constant k in expression [9] is:

T )
k - e\r r dr 10
| Ve =

The rotation frequency and ion temperature which are deduced from
the resonance line without taking the emissivity profile into account will
thus be an average rotation frequency and an average ion temperature. It
is, however, possible to deduce the central values for rotation frequency
and ion temperature measured by XCS from the observed spectrum I(A).

The emissivity €(r) of the resonance line as a function of major radius
(r) is (Zastrow et al. 1991)

€(r) = ne(r) - nyi(r) - €erp(Te(r)) [11]

where n. is the electron density, ny; is the nickel density, Te(r) is the
electron temperature and €. s is the effective rate coefficient for the emis-
sivity of the resonance line, which includes the fractional abundance of
helium-like nickel. Using this in [10] enables the extraction of the rota-
tion frequency in the center of the plasma and the central ion tempera-
ture. In order to do so we need to know the central values and the radial
profile of the electron temperature and the electron density. We also
need to know the gradients of the radial ion temperature profile and the
radial profile of the toroidal rotation frequency. Then, the data from the

charge exchange CXRS system can be compared with these extracted
central XCS data.

When the information above is provided we have all the parameters
we need to determine the integral [9]. Since the spectrum I()) in the
equation is known from a measurement it is possible to evaluate the
central angular frequency and the central ion temperature. The integral
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can be approximated with a sum over 50 different positions in the plasma.
At each position the emissivity according to [11] is calculated. The
central rotation frequency wnmq, and the central ion temperature 7T} mqq
can be extracted by checking which input values of these parameters
actually give the best fit to the measured spectrum I()). This is done
with an iterative procedure. The results for pulse number 19468 at 53.0 s
are shown in figures7 and 8. The correction for the ion temperature (fig 7)
is 1.1 keV upwards compared to the averaged value and the correction for
the rotation (fig 8) is 33 krad /s upwards compared to the averaged value.
For comparison, the rotation frequency profile and the ion temperature
profile measured by charge exchange spectroscopy are also shown.

4.0 Results

In figure 9 the averaged and extracted central values of the ion tem-
perature from XCS compared to the ion temperatures from CXRS are
shown. It can be seen that the difference between these values can be
very significant. Also the correction of charge exchange data for the
cross section effect is indicated, which moves the data further towards
the 45 degree line.

The experimental difference of the extracted central rotation frequency
from XCS and that from CXRS and the theoretically predicted appar-
ent rotation frequency caused by cross section effects shown in figure
10 is clearly of the same order. The discrepancy which can be seen
when comparing to the theoretically predicted apparent rotation is an
experimentally slightly larger difference. Possible explanations for this
discrepancy are dicussed in the next section.

The data needed to get the figures 9 and 10 has been taken from 10
different pulses at JET for different times (one or two time slots per
pulse) when the raw data were of good quality and the information pro-
vided by other diagnostics needed for the analysis of the x-ray data were
available. For the XCS data each spectrum has been checked visually,
and for the CXRS data selection has been based on penetration of the
first energy component of the neutral beam to be in excess of 20% in the
centre of the plasma. Since the nickel signal is usually increasing with
time during a JET pulse whilst the penetration of the neutral beam usu-
ally decreases with time, a trade-off has to be made. The compromise
has often meant to choose data from the middle part of the pulses. To
get data for low ion temperatures some data had to be taken from the
beginning of some pulses for which the nickel signal was not too low.
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The errors due to lower count rate statistics are, however, only slightly
higher for these pulses.

5.0 Discussion of possible error sources

Error sources in charge exchange spectroscopy

The error sources in the charge exchange spectroscopy measurement
are count rate statistics, line-of-sight (plume-) effects and shift of the
reference peak caused by rotation.

The error caused by count rate statistics is of the order of £5 krad/s
for the rotation frequency and about +5 % for the ion temperature.

The prompt CXRS signal of the observed n=8 to n=7 transition in
carbon is emitted at the intersection of the line-of-sight and the neutral
beam (figure 1). This transition is, however, also to a minor extent
emitted from C>7 ions drifting into the line-of-sight before getting re-
ionised. This, so called plume effect, could, in cases where the charge
exchange signal is poor, disturb the measurement of rotation frequency
and ion temperature.

In some cases, for example during hot ion mode plasmas, the cold
C5* line used as a reference line is no longer stationary and can be
g y

subject to a slight shift. For this reason the Bel* line at 5270.5 A is,
if possible, used as a fiducial wavelength (figure 3) and such pulses are
checked individually by inspection.

The order of the error of the rotation frequency measured by charge
exchange spectroscopy is thus 5 krad/s and less than 10 % for the ion
temperature.

Error sources in the x-ray crystal spectroscopy

In order to calibrate the wavelength scale of the x-ray crystal spec-
trometer the position of the w-line during pure Ohmic heating (no radio
frequency or neutral beam heating) has been investigated. This posi-
tion has been assumed to be the position of zero rotation. However,
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the rotation frequency during Ohmic heating has been measured to be
in the negative direction (counter to the plasma current) of the order
5 krad/s %Giannella 1988). This may partly explain the slightly larger
experimental difference in figure 10 compared to the theoretical values.

The error of the central angular frequency measured by the XCS de-
pends on count rate statistics and on errors in the central values and pro-
files of electron temperature, electron density, rotation frequency profile
and ion temperature. All together this results in an uncertainty of the
extracted central rotation frequency wmq, from the x-ray crystal spec-
trometer of 5 krad/s. The uncertainty in the ion temperature is around
20 %. For a detailed error analysis, see Zastrow et al. (1991).

6.0 Conclusions

The investigation of the cross section energy dependence of impact
energy in active charge exchange spectroscopy and the emission profile
of helium-like nickel in high resolution x-ray spectroscopy has lead to
a significantly improved spectral analysis. For the analysis of the x-
ray spectrum the electron temperature profiles from electron cyclotron
emission or from Thomson scattering, and the electron density profiles
from the laser interferometry measurements or Thomson scattering are
reliable enough to make it possible to calculate the emissivity of the
helium-like nickel in the plasma as a function of major radius.

A comparison between the central rotation frequencies from high res-
olution x-ray spectroscopy and rotation frequency from charge exchange
spectroscopy (uncorrected for cross section effects) shows that the central
rotation from x-ray spectroscopy is about 15% higher. The theoretically
predicted deviation caused by the cross section variation is of the same
order and in the same direction. All in all, the progress in understand-
ing of the impact of the emission processes on the measurements leads
to a much better agreement between the two diagnostic systems. For
plasmas with broad electron temperature profiles and peaked ion and
rotation frequency profiles the discrepancy used to be of the order of
60%. With the emission profiles and the cross section effect taken into
account the agreement of inferred central values of the high resolution
x-ray and the active charge exchange spectroscopy diagnostics at JET is
within 5% for rotation frequency and within 20% for the ion temperature
for all plasma scenarios.
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Points of measurement along the major radius for the CXRS
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Simulated spectral lines due to charge exchange with the different en-
ergy components of the neutral beam.
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