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A high-resolution x-ray polarimeter has been installed at the torus experiment for technology
oriented research~TEXTOR-94!. The instrument consists of two spectrometers in Johann geometry,
utilizing the dependence of Bragg reflection on the polarization. The dispersion plane of the
so-called horizontal spectrometer coincides with the midplane of the tokamak, whereas the
dispersion plane of the so-calledvertical spectrometer lies perpendicular to the midplane of the
tokamak. Both spectrometers operate with cylindrically bent quartz crystals of dimensions
153 mm338 mm30.7 mm with a 2d spacing of 4.9130 Å. The radii of curvature of the horizontal
and vertical spectrometer crystals are 3820 mm and 4630 mm, respectively. The detectors are
multiwire proportional counters having a large entrance window of 180 mm390 mm, with a high
count rate capability of up to 2.53105 photons/s, and a spatial resolution of 0.4–0.65 mm,
depending on the count rate. The unique data acquisition system makes it possible to record up to
8192 spectra per TEXTOR-94 discharge to study fast events and impurity transport. The
instruments are sensitive to spurious amounts of argon in hydrogen or deuterium discharges and aim
for x-ray polarization measurements and other core plasma diagnostics like electron temperature,
ion temperature, plasma rotation, impurity transport, and relative abundance of Ar151/Ar161. The
first measurements of toroidal rotation speed, ion and electron temperatures show a very good
agreement with charge exchange recombination spectroscopy~XRS! and electron cyclotron
emission ~ECE! diagnostics available at TEXTOR-94. The measured values of the ratio
Ar151/Ar161 are higher than that predicted from coronal equilibrium. The ratio depends strongly
upon the electron density both for ohmic and neutral beam injection cases. This suggests that the
charge state distribution is also dependent on diffusion and charge exchange processes in the
plasmas. ©2001 American Institute of Physics.@DOI: 10.1063/1.1370558#
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I. INTRODUCTION

A high-resolution x-ray polarimeter has recently be
installed at the torus experiment for technology oriented
search~TEXTOR-94! to measure the polarization of x-ra
lines.1 The polarization of x-ray lines provides informatio
on deviations of the electron energy distribution from
Maxwellian,2 which can, for instance, be produced in pla
mas with auxiliary heating by electron cyclotron waves. T
polarimeter was built in collaboration with the Princeto
Plasma Physics Laboratory and consists of two hi
resolution x-ray crystal spectrometers with mutually perp
dicular dispersion planes. Both instruments record spectr
helium-like argon~ArXVII ! in the narrow wavelength regio
of 3.9–4.0 Å. This wavelength range encompasses
1s2(1S0) – 1s2p(1P1) resonance line, the associated forb

a!Electronic mail: g.bertschinger@fz-juelich.de
2560034-6748/2001/72(6)/2566/9/$18.00
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den and intercombination lines as well as lithium-like sat
lites ~Fig. 1!. The spectra provide measurements of the c
tral ion temperature,3–5 central electron temperature,6 central
toroidal rotation, and distribution of the highly ionize
charge states of argon, which in combination with other
agnostics can be used to study impurity transport.7

Spectra of helium-like argon have previously been o
served at the Tokamak Fontenay aux Roses~TFR!8,9 and at
the Alto Campo Torus~ALCATOR! tokamaks, where they
are being used for the routine diagnostic purposes.10 The
experiments at TFR were performed with a helium-filled J
hann crystal spectrometer, while the measurements
ALCATOR were performed with von Hamo´s type spectrom-
eters.

The Johann geometry, which is the most commonly u
at tokamaks has also been adopted for the spectromete
TEXTOR-94. The Johann configuration has the advant
that the whole spectral range is recorded simultaneously
6 © 2001 American Institute of Physics

P license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



ar
ig
c
ch

ne
a

n
he
m
iti
p
p

he
it

i
th
s-
am
e
o

os-

nt,
ur-
e

tion
ed
he
W
wer
c-
er
en-
V

the
nd
n-

pics
cs,

le-
nt
ra-
mic
the
ce

ra-
ds
R-
tire

ar-
ng.
94
on

ous

ell
s,

b-
o
ron

nt
94.

2567Rev. Sci. Instrum., Vol. 72, No. 6, June 2001 X-ray spectrometer/polarimeter TEXTOR-94
that all the photons, which contribute to a spectral line
reflected from the entire crystal. Therefore, one obtains h
throughput as well as reliable line intensity ratios, sin
variations of the reflectivity along the crystal affect ea
spectrum line in the same way.

The spectrometers at TEXTOR-94 have been desig
as vacuum instruments, to eliminate the attenuation of x r
in air and to enhance the sensitivity to spurious amounts
argon in the plasma. This assures a consistent performa
since changes of the spectrometer throughput, which ot
wise might result from variations in the purity of a heliu
atmosphere, have been avoided. A unique data acquis
system makes it possible to record up to 8192 spectra
discharge and to study fast events. Both spectrometers o
ate presently with cylindrically bent crystals. However, t
so-called horizontal spectrometer will soon be equipped w
a spherically bent crystal and a two-dimensional~2D!
position-sensitive detector. The spherically bent crystal w
provide spatial resolution in a direction perpendicular to
horizontal midplane of TEXTOR-94, so that it will be po
sible to obtain radial profiles and gradients of plasma par
eters with only one crystal.11 These new features and th
possibility to perform measurements of the polarization

FIG. 1. Experimental ArXVII spectrum with corresponding satellites o
tained on TEXTOR-94. Lines originating from ArXVI and ArXVIII are als
present. The shaded regions illustrate the contributions from the dielect
satellites to the spectrum.
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x-ray lines will advance the state of the art of x-ray spectr
copy at tokamaks.

TEXTOR-94 is a medium-size tokamak experime
which operates with magnetic fields of up to 2.8 T and c
rents of up to 700 kA. The major and minor radii of th
plasma torus are of 1.75 and 0.46 m, respectively. In addi
to the ohmic heating of about 0.5 MW, which is obtain
from the plasma current, auxiliary heating is provided by t
injection of neutral hydrogen beams with power up to 4 M
and by ion cyclotron waves resonance heating with a po
of up to 4.5 MW. Further auxiliary heating system by ele
tron cyclotron waves has recently been installed with pow
up to 500 kW. The electron temperatures and electron d
sities in TEXTOR-94 are in the range from 0.5 to 2.5 ke
and from 0.1 to 131014cm23, respectively.

The experiments at TEXTOR-94 are dedicated to
study of plasma–wall interactions, impurity transport, a
magnetohydrodynamic instabilities, which affect the co
finement in the core plasma. To address these to
TEXTOR-94 is equipped with a large number of diagnosti
a detailed description can be found in Ref. 1.

The high-resolution x-ray crystal spectrometers supp
ment the core diagnostics at TEXTOR-94 in an importa
way by extending the diagnostic of the central ion tempe
ture and central plasma rotation to plasmas with pure oh
heating and rf heating. They are also routinely used for
diagnostics of plasmas with neutral-beam injection. Sin
ArXVII is the dominant charge state for electron tempe
tures in the range from 0.5 to 3.5 keV—which correspon
to the range of central electron temperatures in TEXTO
94—the crystal spectrometers can provide data for the en
range of operating conditions~Fig. 2!. Another experimental
advantage results from the fact that the concentration of
gon in the plasma can easily be controlled by gas puffi
The knowledge gained by studying argon in TEXTOR-
may be valuable for larger tokamaks as well, since arg
puffing is being applied to larger tokamaks12 to cool the
plasma edge by radiation in order to obtain a homogene
release of energy to the plasma-facing components.

The crystal spectrometers at TEXTOR-94 are also w
suited for the study of fast events like sawtooth oscillation1

ic

FIG. 2. Coronal equilibrium of charge states for argon. ArXVII is prese
over the whole range of electron temperatures accessible to TEXTOR-
P license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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2568 Rev. Sci. Instrum., Vol. 72, No. 6, June 2001 Weinheimer et al.
since they provide simultaneous data on a number of cru
plasma parameters such as ion temperature, plasma rota
electron temperature, and charge state distribution. In a
tion to these diagnostic applications, the spectrometers
used to address atomic physics questions and to invest
atomic processes like charge exchange, which affect the
ization equilibrium.13

To date, in addition to the standard measurements of
temperature, electron temperature, and toroidal rotation,
system has been used to study polarization in ohmic
charges, the time behavior of plasma parameters during s
tooth oscillations, the effects of charge exchange recomb
tion of ArXVII with neutral hydrogen, and impurity
transport.1,2,13 For the future, it is planned to develop one
the instruments into an imaging x-ray crystal spectrome
and to address a number of research topics, which inc
the search for polarization during sawtooth oscillations
comparison of theoretical excitation rates with experimen
data from tokamak plasmas, a study of the plasma rotatio
a function of plasma parameters, and an investigation of
larization effects in plasmas with electron cyclotron heat
which has recently been installed at TEXTOR-94.

II. CHARACTERISTICS OF THE INSTRUMENT

The requirements for the x-ray crystal spectrometers
TEXTOR-94 are: high spectral resolution, high throughp
high time resolution, and high sensitivity. High spectral re
lution is needed for Doppler measurements of the ion te
perature and plasma rotation, and high throughput is requ
for the study of fast events. Finally, high sensitivity is d
sired to perform measurements with small nonperturb
amounts of argon in the plasma.

A. Experimental arrangement and instrumental layout

The x-ray polarimeter at TEXTOR-94 consists of tw
Johann crystal spectrometers, which operate at Bragg an
of 54°. This angle is close to the Brewster angle, for wh
only one state of polarization is reflected by the crystal. T
dispersion plane of the first so-calledhorizontalspectrometer
coincides with the horizontal midplane of TEXTOR-9
while the dispersion plane of the other~vertical! spectrom-
eter is perpendicular to the horizontal midplane. Both inst
ments are presently equipped with cylindrically bent cryst
and 1D position-sensitive detectors placed on the Rowl
circle perpendicular to the incident x rays. The experimen
arrangement is shown in Fig. 3.

The crystals used in the spectrometers are 110 qu
crystals with a 2d spacing of 4.9130 Å and they are of d
mensions 153 mm338 mm30.7 mm. The radii of curvature
of the crystals are 3820 and 4630 mm and the distan
between the crystals and detectors are 3050 and 3736
for the horizontal and vertical spectrometer, respectively
The detectors are multiwire proportional counters from
former x-ray crystal spectrometers at the Tokamak Fus
Test Reactor in Princeton.14,15 These detectors have a larg
entrance window of 180 mm390 mm, a high count rate ca
pability of up to 2.53105 photons/s, and a spatial resolutio
of 0.4–0.65 mm, depending on the count rate.
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The crystals of thehorizontal and the vertical x-ray
spectrometers are located at distances of 4300 and 5035
from the center of the vacuum vessel of TEXTOR-94,
spectively. The spectrum of interest, which extends from
resonance linew: 1s2(1S0)21s2p(1P1) at 3.9494 Å to the
forbidden linez: 1s2(1S0)21s2s(3S0) at 3.9944 Å, can be
observed with an unrestricted view into the plasma. The d
tances between the positions of the linesw and z on the
detector are 47 and 58 mm, for thehorizontal and vertical
spectrometers, respectively. The central line of sight of
spectrometers are at an anglea0510° with respect to the
major radius of the plasma torus, so that it is possible
observe a component of about 17% of the toroidal plas
velocity from the Doppler shift of the spectral lines@Fig.
3~b!#. In the case of thehorizontalspectrometer, the anglea
between a line of sight and a major radius vector varies fr
11.2° for the linew to 9.0° for the linez, whereas in the case
of the vertical spectrometera5a0 for all spectral lines.

The choice of the crystals and their radii of curvatu
were determined by the aforementioned requirements and
constraints with respect to the available diagnostic spac
TEXTOR-94. The distances from the crystals to the detec
were chosen such that thez line would be in focus on the
Rowland circle.

B. Throughput and sensitivity of the polarimeter

The polarimeter has been designed as a vacuum ins
ment to eliminate attenuation of the 3 keV x rays by

FIG. 3. ~a! The x-ray polarimeter at TEXTOR-94 consists of two conve
tional x-ray spectrometers in the Johann configuration with Bragg angle
54° viewing the plasma from the same line of sight.~b! The first spectrom-
eter ~horizontal! has the dispersion plane coincident to the midplane of
tokamak and~c! the second spectrometer~vertical! has the dispersion plane
perpendicular to the midplane of the tokamak. The polarimeter meas
x-ray radiation in two states of linear polarization with high spectral re
lution.
P license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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2569Rev. Sci. Instrum., Vol. 72, No. 6, June 2001 X-ray spectrometer/polarimeter TEXTOR-94
along the long x-ray path in the spectrometers. The sp
trometer vacuum is separated from the main vacuum of
machine by a 25mm thick, 100 mm wide, and 160 mm lon
beryllium window. The other boundaries of the polarime
vacuum vessel are two 25mm thick polyester foils, one
placed in front of each detector. The total transmission of
system is about 15%. This results from the 25mm thick
beryllium foil ~91% transmission! and its metal grid suppor
structure~66% transmission!, which separate the spectrom
eter from the tokamak, a 100mm thick beryllium entrance
window to the detector~70% transmission!, a 25mm polyes-
ter foil at the detector arm exit window~65% transmission!,
and a 35 mm air gap~54% transmission! in front of the
detector. The absolute throughput of the system is also
termined by the apertures of the crystals, which are descr
in Sec. II F.

With the present configuration of the spectrometers, i
possible to obtain count rates of 2.53105 photons/s, corre-
sponding to the maximum count rate for the detectors, w
small nonperturbing argon gas puffs of 1.3 mbar l/s. If
quired, the sensitivity of the spectrometers can be enhan
by a factor of two by filling the 35 mm wide air gap betwee
the polyester foil and the entrance window of the detec
with helium. This will increase the total transmission to 27

C. Apertures

The exposed areas of the crystals and the entrance
dows of the detectors were reduced in order to avoid vign
ing of the field of view by the diagnostic port and oth
components in the system and to ensure that the throug
of the two spectrometers were about equal for this choice
apertures. This was important in order to obtain the ma
mum count rates in both spectrometers without exceed
the count rate limits of the detectors. The optimization of
polarimeter resulted in an exposed area of 70 mm38.5 mm
and 30316 mm for the horizontal and vertical crystals, r
spectively, and apertures of 18 mm3180 mm on the entranc
windows of the detectors. The reduction in height of t
entrance window of a detector also minimizes the loss
spectral resolution, which results from the curvature of
spectral lines.

D. Crystal bending

The two 153 mm338 mm30.7 mm large quartz crystal
used for thehorizontalandvertical spectrometers have bee
cylindrically bent to a radius of curvature of 3820 and 46
mm, respectively, with the help of a four-bar bending j
The crystal curvature was tested optically by means of
setup shown in Fig. 4. For this purpose, a 1000 Å th
reflecting layer of aluminum was deposited on the front s
face of each crystal. The whole front surface of the crys
was illuminated in near-normal incidence by a point sour
which was obtained by focusing a laser beam onto a pinh
The distance between the pinhole and the crystal co
sponded to the desired radius of curvature. The crystal
bent until a rough focus was formed by the reflected light
a screen positioned near the pinhole. To facilitate the be
ing, a mirror was then placed nearly equidistant from
Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AI
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laser and crystal in the reflected beam, and a screen
placed next to the crystal for a close observation of the fo
while the screws in the bending jig were turned. The crys
was bent until a narrow homogenous line focus appeared
the screen. The mirror was then removed and a photod
array was placed next to the pinhole. Fine adjustments of
crystal curvature were then made to get the best focus for
crystal on the array. The resulting shape of the images m
sured by the photodiode array were found to be Gaus
with a full width at half maximum~FWHM! of 0.1 and 0.28
mm for the horizontal and vertical system, respectively.

FIG. 4. Procedure for bending the spectrometer crystals and determinin
associated bending errors. A He–Ne laser was focused on a pinho
produce a point-like source. The source was then used to illuminate
crystal placed at a distance corresponding to the radius of curvature o
crystal. The reflected light was refocused at the laser, where a photod
measured the intensity distribution to determine the quality of the bend
A mirror was placed temporarily between the laser and crystal to reflect
light back to a white card placed next to the crystal holder to make the in
bending easier.
P license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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E. Detector calibration

The detectors used in the spectrometers are 1D multiw
proportional counters14,15 having a large entrance window
which is covered by a 180 mm390 mm30.1 mm beryllium
foil. The sensitive volume of each detector is 180 m
390 mm312 mm. The detectors have been partially cove
to reduce high x-ray flux and to avoid vignetting of the o
served spectrum~see Sec. II F!. The exposed area of th
entrance window is only 18 mm3180 mm. The detectors op
erate with a mixture of 90% Kr and 10% CO2, which is used
as a quenching gas. The detection efficiency for the ArX
lines near 4 Å is 99%. The spatial resolution and linearity
the detectors were determined by using a Fe 55 source
an array of 50mm wide collimating slits~Fig. 5!. The result-
ing lines were then fitted using a Gaussian line shape.
spatial resolution was found to be 0.65 mm, when the de
tors were optimized for a high count rate of 250 0
photons/s. Beyond this count rate, the response of the de
tors became nonlinear due to multiphoton events and sp
charge effects in the detector. A better spatial resolution
0.4 mm was obtained by increasing the high voltage on
detectors, since the spatial resolution is a function of the h
voltage applied to the anode wires, but this resulted i
lowering of the maximum attainable count rate. The spa
linearity of the detectors was measured by moving the Fe
source over the accurately spaced collimating slits. A lin
fit was made to the data for the central region of the dete
from 50 to 150 mm. Figure 6 shows the deviation of t
measurements from the linear fit in terms of channel wid
for the horizontal detector. The maximum deviation from t
linear fit over the central region from 50–150 mm is 0.1 m
For the argon spectrum, which has a dispersion of appr
mately 131023 Å/mm, this corresponds to a waveleng
precision 131024 Å. If more accuracy in the wavelengths
required, details of the detector linearity must be taken i
account.

F. Data acquisition system

The data acquisition system employs two time-to-dig
converters~Le Croy 4604! with symmetric start and stop
inputs, which require no external delay line minimizing t
conversion time. Large 16 megabyte histogramming mem
ries ~Struck STR521 HMU! make it possible to record up t

FIG. 5. The resolution and linearity of the detectors were measured usin
array of 50mm collimators and a Fe 55 source. The resulting lines were
using Gaussian profiles to determine the resolution and central positio
each line. The spacing between the lines was compared with the well e
lished positions of the slits to determine the nonlinearity of the detecto
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8192 spectra per discharge and to cover the full discha
with a time resolution of 0.5 ms per spectrum.

G. Spectral resolution

The overall resolution of the spectrometers is given b

l/Dl5tanu/Du5tanu* R sinu/DX, ~1!

whereu is the Bragg angle,R is the radius of curvature o
the crystal, andDX is the instrumental width. The instrumen
tal width results from the detector resolutionXD , the crystal
bending errorXC , the Johann errorXJ , the rocking curve of
the crystalXRC, and from the defocusing resulting from th
detector not being on the Rowland circle.

The detector resolutionXD was 0.65 or 0.4 mm, depend
ing on the high voltage, which was applied to the ano
wires, as already mentioned in Sec. II D. The crystal bend
errorsXC were 0.1 and 0.28 mm for the crystals in the ho
zontal and vertical spectrometers, respectively, as descr
in Sec. II B. The rocking curve of the crystal was calculat
using the dynamical theory with equal contributions fro
each state of polarization by means of the ray tracing p
gram XRT developed by Borchert.16 Special attention has
been paid to calculating the rocking curve, since the rock
curve of a crystal may be changed in the bending process
to elastic deformations of the crystal lattice. The changes
the rocking curve depend on the radius of curvature of
crystal and on the x-ray energy. Low-energy x rays do
penetrate deep into the crystal lattice and the distortions
the rocking curve seen with low-energy x rays are sma
than those seen with high-energy x rays. The critical rad
of curvature, at which distortions of the rocking curve a
pear, is therefore smaller for low-energy x rays than for hig
energy x rays. On the other hand, one has to keep in m
that low-energy x rays are much more sensitive to distorti
of the crystal surface. A systematic study of these effects
been published by Uschmannet al.17 Once the rocking curve
was obtained, the contributions of the Johann error and
focusing errors were determined by ray tracing using all r
evant geometrical, experimental, and crystal parameter
well as the detector resolution. A Monte Carlo method w

an
t
of
b-

FIG. 6. The measured nonlinearity of the multiwire proportional coun
The maximum deviation from a linear fit for 50–150 mm on the detecto
0.4 channels, corresponding to a spectral position deviation of 131024 Å.
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used to avoid multidimensional integration. The compl
instrumental profile was obtained by convoluting the resu
of the ray tracing with the bending error. The resulting
strumental functions were found to be well approximated
Voigt functions. Figure 7 shows the resulting instrumen
function for the horizontal detector, located on the Rowla
circle in such a way that midway betweenx andy lines lies
on the Rowland circle. The figure also shows a fit of t
profile with Voigt profiles. Here, the detector resolution w
taken to be 0 mm. Figure 8 shows FWHM of the Lorentzi
and Gaussian contributions to the complete instrumental
file as a function of position on the horizontal detector.

The spectral resolution was calculated for both sp
trometers for the line on the Rowland circle. The resulti
spectral resolution for the horizontal system isl/Dl
56000 when the detector is optimized for count rate a
l/Dl59000 when the detector is optimized for resolutio
The spectral resolution for the vertical system isl/Dl
56800 when the detector is optimized for count rate a
l/Dl59500 when the detector is optimized for resolutio
For a least squares fit of the experimental spectral line

FIG. 7. The instrumental profile for the horizontal spectrometer. The de
tor was placed on the Rowland circle in such a way that midway betwex
and y lines is located on the Rowland circle. Solid lines indicate Vo
profile approximated to the data. The rocking curve of the crystal was
culated using dynamical theory taking into account the deformation of
crystal due to bending. Detector resolution and bending errors were om

FIG. 8. The contribution of the Guassian and Lorentzian components to
instrumental width as a function of the horizontal detector position. T
instrumental profile was determined by ray tracing discrete wavelen
using the XRT program developed by Borchertet al. A Voigt function was
then fit to the resulting profiles to provide an easily representable instrum
tal function.
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Lorentzian contribution from the lifetime of the lines and
Gaussian contribution from Doppler broadening are adde
the instrumental profile.

III. EXPERIMENTAL RESULTS

A. Plasma rotation and ion temperature

As an example of plasma rotation and ion temperat
measurements from the x-ray spectra we present data fro
series of discharges with neutral beam injection both in
co- and counterdirection of the normal ohmic current. T
data were obtained with the horizontal spectrometer. T
powers of the two neutral beams were varied to produc
wide range of rotations and ion temperatures. The neu
beam powers, along with the line averaged neutral den
and electron temperature, as measured from the electron
clotron emission, are presented in Table I for these d
charges. The plasma rotation and the ion temperature w
obtained by fitting the spectral linesw and z to a Voigt
function, which consisted of a Gaussian thermal compon
a Lorentzian contribution determined from the natural li
width and the above-mentioned instrumental function~see
Sec. II G!. The Doppler shift of the spectral lines was me
sured with respect to the mean zero position obtained fr
ohmic discharges. For this purpose, the line positions w
determined from ohmic discharges for the cases w
plasma current and magnetic field were in the normal dir
tions and when the direction of both plasma current a
magnetic field had been reversed. The zero velocity posi
was then taken to be the mean position between these
measurements. The toroidal rotation velocities in ohmic d
charges, as measured from the line shifts with respect to
mean zero position, are relatively small and are about
km/s in the electron drift direction.

A comparison of the measurements by x-ray spectr
copy and charge exchange recombination spectroscop
the central toroidal plasma rotation velocities during t
beam heated phase in these discharges is shown in Fi
The measurements are in agreement within the error b
The uncertainties of the x-ray measurements result from
statistical error in the determination of the line positio
which is about 5–7 km/s for these data, and from a syste
atic error of about 5 km/s in determination of the zero po

c-
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e
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he
e
s

n-

TABLE I. Beam power, line integrated electron density, and central elec
temperature for the discharges used in the comparison of plasma rot
and ion temperature measurements made by x-ray spectroscopy and c
exchange spectroscopy.

Shot
number

Beam
1~MW!

Beam
2~MW!

Ne

HCN~cm23!
Te

ECE~keV!

79 594 1.32 0.21 2.731013 1.6
79 601 1.33 0.98 4.031013 1.2
79 762 0.85 0.0 1.931013 2.0
79 763 0.53 0.23 2.031013 1.9
79 764 0.24 0.96 2.031013 1.8
79 767 1.34 0.0 1.031013 2.2
79 771 0.84 0.0 3.631013 1.5
79 772 0.16 1.22 1.931013 1.4
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tion. Another systematic error is due to the fact that the x-
measurements represent a weighted average over the r
profile of the rotation velocity. This error depends on t
radial x-ray emissivity profile, which is a function of th
electron temperature. An estimate for this error can be
tained for each type of discharge by plasma modeling ca
lations.

The primary errors for the charge-exchange spect
copy measurements are probably due to inaccuracies in
charge exchange cross sections.18 In addition, a number of
processes like level mixing from ion–ion collisions, fro
motional Stark and from Zeeman mixing, fine structu
broadening, and the population of excited states in neu
atoms, are hard to treat theoretically and affect the accu
of corrections to both the line position and width. It has be
estimated that the total uncertainties for the charge excha
measurement will be 10 km/s.19 A more thorough investiga
tion of the errors associated with the charge exchange m
surements at TEXTOR-94 is planned for the future.

Figure 10 presents a comparison of measurements o
central ion temperature by x-ray spectroscopy and cha
exchange spectroscopy for the same series of discharges
measurements are in agreement within the error bars,
the exception of the data points that refer to low-dens

FIG. 9. Central rotation velocity on TEXTOR-94 for a series of dischar
where two counterpropagating hydrogen beams were used to vary the
oidal rotation. The plot is a comparison of the measurements made b
x-ray spectrometer to the measurements made by charge exchange r
bination spectroscopy.

FIG. 10. A comparison between the central ion temperature measured b
x-ray spectrometer to the ion temperature measured by CXRS.
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discharges. The accuracy of the x-ray measurements is
fected by the statistical error of the fits, which is between
and 100 eV for these discharges, and by a systematic e
due to ion temperature profile effects. Ion temperature p
files were not measured for these discharges. The devia
of the line-averaged measurements from the central ion t
perature will depend upon the relative width of the ion a
electron temperature profiles. When the ion and elect
temperature profiles are equal, as in the case of high den
discharges, the central value will be underestimated by
proximately 150 eV. The uncertainties, which are based
profile effects, will be resolved in the future with the imagin
x-ray crystal spectrometers that are currently under deve
ment. The error of the charge exchange measurements
estimated to be 200 eV. It results from the same proble
previously mentioned for the rotation measurements.

B. Electron temperature

The electron temperature can be obtained from the in
sity ratio of the dielectronic satellitek to the resonance line
w. However, since the spectrometer integrates over a lin
sight through the plasma, care must be taken to corre
infer the value of the central electron temperature from th
x-ray measurements. In order to obtain a reliable value
the central electron temperature, the observed spectra
been compared with simulated line-averaged spectra f
theoretical data. The synthetic spectra included direct e
tron impact excitation from the ground state ton>2 with
cascades, radiative recombination, dielectronic recomb
tion, inner-shell excitation, and inner-shell ionization. T
intensities of the spectral lines were calculated for each
dial positionr from

I ~r !5ne~r !* nion~Te~r !!* ^sv~Te~r !!& line, process,

wherene(r ) is the electron density,nion(r ) is the density of
the charge state from which the line originates, a
^sv(Te(r ))& line is the excitation rate for of the spectral lin
for a particular process. The spectra were then integra
over the line of sight using electron temperature profi
measured by ECE, density profiles from the scaling with
safety factorq according to Schuelleret al.,20 and assuming
coronal equilibrium for the charge state distribution. The e
citation rates which were used to fit thew, x, y, andz lines
were obtained by an extrapolation of the data for calci
calculated by Bely-Dubauet al.21 to argon according to
Mewe et al.22,23 The wavelengths and satellite intensiti
were calculated by Vainstheinet al.24,25

Figure 11 shows a comparison of the central elect
temperature measured by x rays to that measured by ECE
a series of discharges in hydrogen, deuterium, and hel
with electron densities ranging from 1.031013– 4.0
31013cm23 and central electron temperatures ranging fro
1.0 to 2.4 keV. The agreement between the two diagnos
is remarkably good for a wide range of plasma conditions
TEXTOR-94. The error bar shown in Fig. 11 represents o
the error from the least squares fit of the synthetic spec
The errors which can result from uncertainties of the atom
data will be addressed in a forthcoming article. The error
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the ECE measurements is estimated to be less than 226

based on a recent calibration of the instrument.

C. Measurements of ArXVI ÕArXVII

The relative abundance of ArXVI/ArXVII can be dete
mined from the ratio of the satellites, 1s22s– 1s2p2s, which
are produced from the lithium-like ground state by co
sional inner-shell excitation, to the helium-like resonan
line, 1s2– 1s2p. For this purpose, the experimental spec
have been fitted by simulated line-averaged spectra in
manner described above. Figure 12 shows the value
ArXVI/ArXVII, which was obtained from the fit, for ohmic
deuterium discharges, both with and without the injection
a neutral hydrogen beam as a function of density. The
served values of ArXVI/ArXVII have been normalized t
those predicted by coronal equilibrium. The observed val
of ArXVI/ArXVII are always larger than the prediction
from coronal equilibrium. These deviations from coron
equilibrium are too large to be ascribed to theoretical unc
tainties in the coronal equilibrium data. We also point o

FIG. 11. Comparison of the electron temperature measured by the x
spectrometer and the ECE diagnostic for a series of discharges with h
gen ~solid!, deuterium~open!, and helium~open with cross! as working
gases. In this series of discharges, the electron densities ranged from
31013 to 4.031013 cm23. The circles are ohmic discharges, the squa
with beam 1 hydrogen injection, the triangles with beam 2 hydrogen in
tion, and the diamonds with both beam 1 and beam 2 hydrogen injecti

FIG. 12. Comparison of the central ArXVI/ArXVII ratio obtained from a fi
of the experimental spectra to the value predicted by coronal equilibrium
a function of the line averaged density. The circles are ohmic, squares
beam 1 hydrogen injection, and up triangles have beam 2 hydrogen i
tion. The data come from a series of deuterium discharges from TEXT
shot 81150–81161.
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that coronal equilibrium is independent of the electron d
sity and only a function of the electron temperature. T
strong dependence of ArXVI/ArXVII on electron densit
suggests that the charge state distribution is also determ
by diffusion and charge exchange. A detailed analysis of
data with respect to these processes has been present
Ref. 13.

D. Polarization during ohmic discharges

Polarization of line radiation can be produced by an a
isotropy of the electron energy distribution. A beam comp
nent in the electron energy distribution along the toroid
direction can be expected in tokamak plasmas under s
operating conditions. This can lead to polarization, if t
nonthermal electrons fall into the right energy range.27,28Fig-
ure 13 shows polarization effects for the prominent lines
the ArXVII spectrum. The results were obtained from mo
eling calculations, which assume a beam of monoenerg
electrons in the energy range from 3.2 to 136 keV.27 If there
is a beam component along the toroidal direction, then
relative intensity between two of the polarized lines~w, x,
andy! in the spectrum will be different for the two states
polarization. A comparison of the line ratios in the two spe
trometers is therefore a measure of the degree of polariza
of the radiation, and a measure of the nonthermal compon
in the electron distribution function. The observed polariz
tion will strongly depend on the amount of beam electro
relative to thermal electrons.

One might expect that the polarization of the spectrum
most pronounced in normal discharges with low tempe
tures where the ratio of nonthermal to thermal electrons w
energies higher than the threshold for collisional excitat
would be largest. To look for polarization under these co
ditions, ohmically heated discharges with low electron te
peratures were investigated during two phases with differ
plasma current. During the first phase, the current, li
averaged electron density and electron temperature were
kA, 2.031013cm23, and 1.0 keV, respectively. During th
second phase, the current was 350 kA, the line-avera
electron density was 2.531013cm23, and the electron tem
perature was 1.1 keV. Due to the geometry of the verti

ay
ro-

1.0
s
-
.

as
ve
c-
R

FIG. 13. Calculated~Ref. 27! polarization of thew, x, and y lines of the
ArXVII spectrum predicted for a monoenergetic electron beam.
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spectrometer, each spectral line originates from a slig
different radial position in the plasma. To guarantee that
spectral lines seen by both spectrometers came from
same plasma volume, a series of discharges were requir
measure the emission profiles of the lines, by rotating
crystal in the vertical spectrometer. It was found that sm
variations in the position and width of the emission profi
can change the line ratios drastically in the vertical system29

The line ratios for the two phases, corrected for profile
fects as described in Ref. 28, are given in Table II for b
spectrometers. Since the ratios are equal to within the er
of the measurements, it can be concluded that, within
sensitivity of the instrument, no polarization of the radiati
was found. Other promising operating conditions for the p
larization measurements are under investigation. At low
densities, in the slide-away regime of the tokamak, polar
tion by a direct beam component might be more easily
served due to the larger beam component along the toro
direction. Also, during the fast crash of the sawtooth osci
tions, the electron distribution function can be expected
change significantly, possibly leading to polarized line rad
tion.
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TABLE II. Line intensity ratios for two ohmic conditions in both the hor
zontal and vertical spectrometer. Since the line ratios in both systems ar
same within the accuracy of the measurement, no polarization was obse

Line intensity ratio Horizontal spectrometer Vertical spectrome

Plasma current5210 kA Ne52.031013 cm23

x/w 0.16 0.16
y/w 0.24 0.23
z/w 0.54 0.55

Plasma current5350 kA Ne52.531013 cm23

x/w 0.15 0.16
y/w 0.23 0.24
z/w 0.52 0.56
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