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1. INTRODUCTION

Diagnostics of the ion distribution functions in the present generation of tokamak
devices requires the use of several approaches based on a large variety of experimental
techniques and relies on a number of different physical assumptions. In fact, the simultaneous
use of different methodologies allows a cross-check of various results and extends the
accessible plasma parameter ranges. Also the results of other diagnostics measuring different
plasma parameters and an extensive use of numerical simulations are often needed in the
process of data validation.

Among these techniques, analysis of the Doppler broadenings and shifts of emission lines
are highly valuable {1-2]. The bent crystal spectrometers operating in the soft X-ray region
display very good resolution and luminosity performances in this spectral domain typical of
the line emission from the central hottest regions of these multi-keV plasmas. Furthermore
the simple inverse dependence of the throughput of these instruments on their focal length
allows to devise rather unconventional large scale lay-outs such as to meet the needs of
complicated and often hostile operational conditions [3].

The main objective of the high resolution (A/AA = 20000) X-ray crystal spectrometer
installed at JET in 1986, (a 25 metre curvature radius Johann type instrument) is not atomic
physics investigations or studies of pollution of that plasma by impurities, but diagnostics of
lon populations reliably performed on a routine basis and for different experimental
conditions. This-is required both in the present operational phase and in the planned
deuterium-tritium (D-T) phase.

In this note a short description of the experimental conditions as well as details of the
instrument and its lay-out are given in Section 2. In Section 3 some of the observed spectra,
and the related simulation studies, are shortly discussed. Finally in Section 4 some of the
results from the velocity measurements and the related phenomenology are outlined.

2. EXPERIMENTAL CONDITIONS -

JET (Joint European Torus) is the tokamak producing the largest reported laboratory
plasmas; its parameters are believed to be the closest realized sa far to those of the future
fusion reactor {4]. The main objective of this device is to Further improve its performance .to
reach a regime where it should be possible, in a deuterium-tritium plasma, to study the
confinement of the thermonuclear alpha-particles produced and their contribution to plasma
heating.

JET discharges are characterized by major radii ranging between 2.5 and 3.4 m and
circularor D shaped cross sections of area between ~ 2 and ~ 8 mZ, Electron peak densitiesin the
range 1.5 to 6-1019 m-3, electron and ion peak temperatures in the range 1.8 to 7 keV and 1.5
to 15 keV respectively, plasma currents between 1 and 5 MA and toroidal magnetic fields in
the range 1.7 to 3.5 T are the main parameters of most of the plasmas studied, under different
operating conditions, in the first four years of operation.

Besides the ohmic heating of the plasma, additional heating is supplied by several
megawatts of electromagnetic waves in the ion cyclotron range of frequency {5]. Alternatively
orin addition to the radio-frequency waves, beams of energetic (~ 80 keV) neutral hydrogen or
deuterium atoms are injected into the plasma to increase its energy content [8]. Reference will
be made in the following to the influence of these heating systems upon the rotation of the
plasma about the torus axis of symmetry.

Several measures are taken at JET to minimize plasma impurities of strongly radiating
metal lons. These measures include use of carbon limiters on the plasma outer equatorial
plane, coverage with protection carbon tiles of large areas on the Inconel vacuum vessel
internal wall to avoid contact with the plasma, carbonization treatments [6] of all the surfaces
inside the discharge chamber. As a consequence, the main impurities in the present hydrogen
or deuterium plasmas produced are the light ions of carbon and oxygen (normally about 1% of
the electrons) [8] while the concentration of nickel (the main constituent of the Inconel alloy) is
usually in the range between 10-5 and 5-10-4,

JET is an intense source of neutrons from fusion reactions. Yields up to 3-1015 neutrons
per s [4], corresponding to peak fluxes of the order of 108 neutrons em-2 s-1 in the Torus Hall,
have been reported. These fluxes, already adverse to the functioning of photon detectors and
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requiring heavy shieldings of many equipments located in that hall, are expected to increase
by some four orders of magnitude in the planned D-T operation phase, resulting in the
absolute impossibility to operate most of the diagnostic apparatuses in that environment.
Therefore the analysing and detection sections of any spectrograph suitable for operation in
that phase have to be positioned in an adequately shielded location outside the Torus Hall,

These requirements determined the design of the curved crystal X-ray spectrometer
installed at JET. Its purpose is the ion temperature and plasma rotation diagnostics through
the analysis of line profiles and shifts in narrow spectral intervals about the resonance
transitions of He-like and H-like ions, The lay out of this instrument is schematically shown in
fig. 1. The line of sight, lying in the tokamak equatorial plane, is not directed along a major
radius of the toroidal discharge chamber, but its distance from the torus axisis b = 182 em
resulting in a relative Doppler shift (AMA)p proportional to the angular velocity w¢ of the
emitting ions about the mentioned axis according to the relation

where ¢ is the speed of light,

The bent crystal is mounted on a turntable inside a vacuum box positioned just outside a
penetration in the three metre thick conerete wall that encloses the Torus Hall; it views the
plasma through a beryllium window 0.15 mm thick located at one of the main tokamak ports.
The ray path is within an evacuated 30 cm diameter tube connecting the window to the
vacuum box. After diffraction from the crystal the X-rays reach the detector via ancther tube
pivoted to an axis next to the crystal box to match the diffracted X-rays direction according to
the Bragg angle fixed by the crystal orientation.

Main geometrical constraints imposed by this lay-out are the following:

« source to crystal distance D=20m;
« Bragg angle range . B =48.75°t0 52.75%
+ window extension in the diffraction plane ' s = 20 em;
they imply the following instrument parameters:
« crystal radius of curvature R =2525m;
« fractional linear dispersion . (1/A) (dA/dx) = 4-10-4 em-1;
e spectral range observable at one time (AMA)p = 0.8%.

_ The detector, 8 cm high and 25 em wide, is a multi-wire proportional chamber where each

anode wire is connected to a separate amplification and counting chain, thus providing a high
count rate (up to 250 kHz per wire) position sensitive photon detection. The anode spacing of
0.127 cm is the dominant resolution limiting factor of the whole instrument. The diffracting
area of the crystal is 5 cm high and 12 cm wide. A quartz crystal cut parallel to the planes
2243 has been used during the first year of operation of the spectrometer. This crystal has heen
recently substituted with a 440 germanium one in order to increase, due to the higher
reflectivity of germanium, the overall luminosity of the instrument from ~ 5-10-13m2 str to
~ 2.5:10-12 mZ2 str. Accordingly, the time resolution for the ion temperature measurement
from the Voigt fit of He-like Ni resonance line, ranging so far between about 20 ms and a few
seconds, is expected to improve by a factor of five, if the concentration of that impurity inside
the plasma does not vary.

The large focal length of this instrument easily allows accurate direct measurement of
the Bragg angle within a few hundredths of a degree provided that care is taken to have
precise parallelism between the crystal surface and the atomic planes. This resulted in an
estimated relative error on the absolute measured wavelengths of about 0.06% when also the
other error contributions (such as those due to the uncertainty on the crystal lattice
parameters and the mechanical and encoding inaccuracies) are taken into account.

A more extensive description of this instrument will be published.
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Fig. 1 Schematic lay-out of the X-ray crystal spectrometer instailed at JET. The line of sight
through the plasma is also shown,

3. SPECTRA

Figure 2 shows an observed spectrum including the resonance line of the He-like nickel.
It was recorded by setting the instrument at five different positions in a sequence of repetitive
discharges. The central plasma parameters for these discharges were ny = 2:1019 m-3 and 'I',
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Fig. 2 Experimental resonance spedrum of He-like nickel (boxes) and simulated spectrum
{(continuous line). The integration time was 9 s. The inset shows the Voigt profile
fitting the w line experimental data. (from Ref. [9]) '

= 3.1 & 0.3 keV. The wavelength scale, deduced by the instrument setting, is affected as
mentioned by an offset error of about 1 mA, but the error upon the wavelength separation
between peaks is more than ten times smaller. The data in the different segments have been
normalized with respect to each other by multiplication by factors ranging between 1.03 and
0.79. All the main spectral features have been identified as lines emitted from nickel ions with
two, three, four and five electrons[9]*, The Ni ion temperature as determined from the Voigt
fit of the resonance line is 2.4 keV; the fit is shown in the figure inget.

In fig. 3 the Ni H-like resonance spectrum is shown. It was acquired in two consecutive
discharges with Te = 4.7 keV and ne = 1.5:1019 m-3, The two Ly-a lines clearly emerge from

the continuum background: their intensity ratio is r = 0.6 and the ion temperature from the
. Voigt fit of Ly-a; line is 4.0 keV,

In figs 2 and 3 simulated spectra are overlapped to the ohserved ones. In the simulation

the brightness B, as viewed by the spectrograph, for the i-th line making up the spectrum is
computed as

1 !\"A.I{X)
B.A)= — I dxe(x) W ( ; )
i 4 AV Ax)

I

* Another study of the He-like Ni resonance spectrum, observed on the TFTR tokamak,

including satellites from the three electron system has recently been published [10]
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Fig.3 Experimental resonance spectrum of H-like nickel {boxes) and simulated spectrum
(continuous line). The integration time was 10 s. (from Ref [9]).

where the integral is performed along the line of sight and ¢ is the emissivity depending upon
the local plasma parameters. In doing this, use is made of the results supplied by other
diagnostics independently measuring the electron temperature [11] and density [12] at the
different plasma positions. These quantities allow a calculation of relative abundancies of the
different ionization stages at the various positions’ according to the coronal ionization-
_recombination mechanisms and suitable modelling of the transport of these ions across the
discharge. The width A appearing in the equation for the spectral brightness and the central
apparent wavelength Aj in the spectral shape function W, are also dependent upon the
position through the local ion temperature and bulk velocity respectively. The bulk velocity of
the ions is assumed directed toroidally and can be set to vary with the torus major radius. For
purely ohmically heated discharges like those referred to by figs 2 and 3 the rotation velocily is

very small compared to the error on the absolute wavelengths measure and is therefore set to
zero in the simulations displayed.

A detailed comparison of the experimental spectra with theoretical atomic data has been
performed and published [9]. Here we limit ourselves to a few remarks. In the simulation of
-fig. 2* (taken from Ref. [9])a central electron temperature of 2.8 keV** was assumed to get a

* 148 lines are included in this simulation. The atomic data describing the principal
mechanisms of population of levels in the transitions considered have been expressely
computed by F. Bely-Dubau, M. Cornille, J. Dubauy, P. Faucher and A.H. Gabriel using the
computer packages SUPERSTRUCTURE [13] of the University College of London and
AUTOLSJ [14] of the Meudon Chservatory.

*%

This value is consistent with the quoted electron temperature measurement within its
estimated error.



better reproduction of the inténsity ratios between the k and j dielectronic satellites and the
resonance line w.* The concentrations of the Li-, Be- and B-like ions needed to be increased by
factors of about 2 with respect to the values deduced by coronal equilibriumecalculations [16] in

order to reproduce more accurately the spectral features depending upon the density of these
ions.

Several possible reasons have been considered to explain the discrepancy between the
coronal prediction and the experimentally observed concentrations of the lower ionization
stages. They include possible errors in the temperature measurements, uncertainties in the
ionization, recombination, excitation rates and radiative probabilities, effects due to possible
hollow concentration profiles of the Ni impurity in the plasma column, effects due to charge
exchange with neutral hydrogen and deuterium atoms present mainly in the cooler outer
regions of the plasma column, where the lower ionization stages are more abundant, and
possibly transport of the impurities across the plasma.

The simulation of fig. 3 results from the integration along the instrument line of sight of
the emissivities of 74 transitions of the one and two electron systems of Ni; in particular the
magnetic dipoie transition (2s 282 - 15 28;,9) is blended with the Ly-ag line contributing about
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Fig. 4 Response of the central plasma rotztion velocity vpl0) to co-injection of neutral
beams of power Pyg;. Positive values of v indicate toroidal rotation in the co-
direction. The average electron density behaviour is also displayed.

* The alphabetic notation introduced by Gabriel [15] is used here and in fig. 2.



ten percent to the intensity of the latter, whose value is calculated to be 0.5 times that of the
Ly-aj in the actual plasma’conditions [17-18].

) 4. VELOCITY MEASUREMENTS

Among the diagnostic applications of this instrument, besides the capital information
about the ion temperature at the plasma centre or that about electron temperature, impurity
concentrations and ionization balances, it is important the information deduced from the
measurement of the plasma toroidal angular velocity. During the purely chmic heating phases
of the discharges the plasma is seen to rotate in the direction opposite to that of the toreidal
plasma current (the counter-direction) by an amount (g = 4 to 8-103 g-1) just above our
instrumental detectability. But when the neutral beams are fired they apply a net torque to
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Fig.5 The frequency of MHD n = 1 oscillations vs the Doppler shift of the He-like Ni
resonance line measured in channels at the detector. The line across the
experimental data represents the equation 2 1 fmuD = wg- (fram ref. [20])



the plasma so that the latter is observed to speed up on a time scale of about 1 s reaching
angular velocities up to wg = 8-104 s-lin the co- or counter-direction according to the beams
orientation relative to the plasma current (see for example fig, 4).

It may be interesting to mention the strong correlation found at JET between the fluid
velocity as measured by this instrument and the n = 1 magnetohydrodynamic (MHD)
oscillations. These phenomena are due to deformations of the axisymmetric structure of the
plasma caused by MHD instabilities [19]. The n number is the integer ratio between the torus
large circumference and the spatial period of these perturbations along that circumference.
The frequency of the oscillations, as measured by means of fixed probes, can be interpreted as
due to a rotation of the perturbation pattern. When such perturbations were detected with
amplitude at the plasma edge larger than 10-4 times the stationary field, the apparent rotation
speed of the n = 1 modes both internally (as detected by the electron cyclotron emission
measurements [9]) and externally located (measured with magnetic probes) was seen to be
very close to the central fluid speed (see fig. 5). This coincidence was observed both in ohmie

phases at low rotation speed and at large speed when the neutral beams were injected into the
plasma [20]. '

Further evidence of the close coupling of the MHD modes with the fluid translation
motion is given at the occurrence of the so-called mode lockings [21]. Under certain
circumstances, in fact, the mentioned modes are slowed down until the n = 1 magnetic
perturbation locks to the external structure. These events also happen during the neutral
beams injection. In these cases also, the plasma toroidal velocity has been observed to slow
down from values comparable to the fluid sound speed to zero on a time scale of 0.1 s, not
withstanding the persisting action of the beams [20].

CONCLUSIONS

High resolution X-ray spectroscopy has beer applied to diagnose the plasmas produced
by JET. The spectroscopic equipment functioned routinely during 1986 to monitor the central
ion temperature and the plasma toroidal rotation. Its particular lay-out should allow
operation into the future D-T phase. :

Emission spectra including lines from nickel ions H-like to B-like were resolved for the
first time and compared with theoretical eomputations. Absolute wavelength measurements
with relative uncertainties lower than 1/1500 have been performed.

Investigation of the relationship between data from this diagnostic methodology and
other measurements allowed descriptions of remarkable phenomena as well as to judge the
merits of the different operating scenarios.
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