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A high-resolution x-ray polarimeter has been installed at the torus experiment for technology
oriented researcfTEXTOR-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-calleertical spectrometer lies perpendicular to the midplane of the
tokamak. Both spectrometers operate with cylindrically bent quartz crystals of dimensions
153 mmx 38 mmx 0.7 mm with a 21 spacing of 4.9130 A. 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 18rthmm, with a high

count rate capability of up to 2:610° 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 abundancé®fAr®". The

first measurements of toroidal rotation speed, ion and electron temperatures show a very good
agreement with charge exchange recombination spectros@éBy) and electron cyclotron
emission (ECE) diagnostics available at TEXTOR-94. The measured values of the ratio
ArtSt/Arl®* 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 Physic§DOI: 10.1063/1.1370558

I. INTRODUCTION den and intercombination lines as well as lithium-like satel-
) ) ) lites (Fig. 1). The spectra provide measurements of the cen-

A high-resolution x-ray polarimeter has recently beenyrg jon temperaturé;® central electron temperatuteentral
installed at the torus experiment for technqlog_y oriented regrpidal rotation, and distribution of the highly ionized
search(TEXTOR-94 to measure the polarization of x-ray charge states of argon, which in combination with other di-
lines! The polarization of x-ray lines provides information agnostics can be used to study impurity transport.
on deviations of the electron energy distribution from a Spectra of helium-like argon have previously been ob-
Maxwellian? which can, for instance, be produced in plas-served at the Tokamak Fontenay aux RoS&ER)®° and at
mas with auxiliary heating by electron cyclotron waves. Theyhe alto Campo TorugALCATOR) tokamaks, where they
polarimeter was built in collaboration with the Princeton . being used for the routine diagnostic purpd&eBhe
Plasma Physics Laboratory and consists of two highy,heriments at TFR were performed with a helium-filled Jo-
resolution x-ray crystal spectrometers with mutually perpeny, 4, crystal spectrometer, while the measurements at
dicular dispersion planes. Both instruments record spectra | cATOR were performed with von Hansctype spectrom-
helium-like argon(ArXVIl ) in the narrow wavelength region giqq
°f231'9_4'0 A. 1Th|s wavelength range encompasses the hg johann geometry, which is the most commonly used
15°("So) ~1s2p(*P,) resonance line, the associated forbid- 5¢ {okamaks has also been adopted for the spectrometers at
TEXTOR-94. The Johann configuration has the advantage
dElectronic mail: g.bertschinger@fz-juelich.de that the whole spectral range is recorded simultaneously and
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FIG. 2. Coronal equilibrium of charge states for argon. ArXVIl is present

Key Transition Wavelength ( A)* over the whole range of electron temperatures accessible to TEXTOR-94.
w 1s’'S, — 1s2p'P, 3.9494 . .
X 15°'S, ~ 152p°P 3.9661 x-ray lines will advance the state of the art of x-ray spectros-
Y 15°'S, - 152p°P, 3.9696 copy at tokamaks.
TEXTOR-94 is a medium-size tokamak experiment,

q 1s2s°S,, — 1s2s2p (‘P)*P,,  3.9815 which operates with magnetic fields of up to 2.8 T and cur-
T 1s2s°S,, — 1282p ('P)*P,,  3.9836 rents of up to 700 kA. The major and minor radii of the
a 1s2p°P,, — 1s2p’ °P,, 3.9860 plasma torus are of 1.75 and 0.46 m, respectively. In addition
k 152p°P,, — 182p°°D,, 3.9901 to the ohmic heating of about 0.5 MW, which is obtained
j 1s2p°P,, — 1s2p" "Dy, 3.9941 from the plasma current, auxiliary heating is provided by the

. . injection of neutral hydrogen beams with power up to 4 MW
Z 15°'S, — 1s2s°S, 3.9944

and by ion cyclotron waves resonance heating with a power
* Theory by Vainshtein and Safranova of up to 4.5 MW. Further auxiliary heating system by elec-
. . | " i ltes o tron cyclotron waves has recently been installed with power
e o e e o s s UP 10/500 KW The electron temperatures and eleciron den-
present. The shaded regions illustrate the contributions from the dielectronieities in TEXTOR-94 are in the range from 0.5 to 2.5 keV
satellites to the spectrum. and from 0.1 to X 10**cm™3, respectively.
The experiments at TEXTOR-94 are dedicated to the
study of plasma—wall interactions, impurity transport, and
that all the photons, which contribute to a spectral line argnagnetohydrodynamic instabilities, which affect the con-
reflected from the entire crystal. Therefore, one obtains higfinement in the core plasma. To address these topics
throughput as well as reliable line intensity ratios, sincel EXTOR-94 is equipped with a large number of diagnostics,
variations of the reflectivity along the crystal affect each@ detailed description can be found in Ref. 1.
spectrum line in the same way. The high-resolution x-ray crystal spectrometers supple-
The spectrometers at TEXTOR-94 have been designef’€nt the core diagnostics at TEXTOR-94 in an important
as vacuum instruments, to eliminate the attenuation of x ray&@y by extending the diagnostic of the central ion tempera-

in air and to enhance the sensitivity to spurious amounts opre and central plasma rotation to plasmas with pure ohmic

argon in the plasma. This assures a consistent performan%eatlng and rf heating. They are also routinely used for the

. . ilagnostics of plasmas with neutral-beam injection. Since
since changes of the spectrometer throughput, which other- : ;

: . o . : - “ArXVIl is the dominant charge state for electron tempera-
wise might result from variations in the purity of a helium

t h h b ided. A uni dat isiti tures in the range from 0.5 to 3.5 keV—which corresponds
almosphere, have been avoided. A unique data acquisition , range of central electron temperatures in TEXTOR-

system makes it possible to record up to 8192 spectra PY4—the crystal spectrometers can provide data for the entire
discharge and to study fast events. Both spectrometers 0pglqe of operating conditior(ig. 2). Another experimental
ate presently with cylindrically bent crystals. However, the ;qyantage results from the fact that the concentration of ar-
so-calleq horizontal spectrometer will soon_be qulpped Withyon in the plasma can easily be controlled by gas puffing.
a spherically bent crystal and a two-dimension@)  The knowledge gained by studying argon in TEXTOR-94
position-sensitive detector. The spherically bent crystal willmay be valuable for larger tokamaks as well, since argon
provide spatial resolution in a direction perpendicular to thepuffing is being applied to larger tokamakgo cool the
horizontal midplane of TEXTOR-94, so that it will be pos- plasma edge by radiation in order to obtain a homogeneous
sible to obtain radial profiles and gradients of plasma paramrelease of energy to the plasma-facing components.

eters with only one crystal These new features and the The crystal spectrometers at TEXTOR-94 are also well
possibility to perform measurements of the polarization ofsuited for the study of fast events like sawtooth oscillatibns,
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since they provide simultaneous data on a number of crucia
plasma parameters such as ion temperature, plasma rotatio
electron temperature, and charge state distribution. In addi
tion to these diagnostic applications, the spectrometers an
used to address atomic physics questions and to investigal
atomic processes like charge exchange, which affect the ion
ization equilibriumt®

To date, in addition to the standard measurements of ior
temperature, electron temperature, and toroidal rotation, the
system has been used to study polarization in ohmic dis- //
charges, the time behavior of plasma parameters during saw o
tooth oscillations, the effects of charge exchange recombina
tion of ArXVIl with neutral hydrogen, and impurity
transport>3For the future, it is planned to develop one of
the instruments into an imaging x-ray crystal spectrometer
and to address a number of research topics, which include
the search for polarization during sawtooth oscillations, a
comparison of theoretical excitation rates with experimental
data from tokamak plasmas, a study of the plasma rotation a,..&
a function of plasma parameters, and an investigation of PO-fes =
larization effects in plasmas with electron cyclotron heating e
which has recently been installed at TEXTOR-94. Housing

Il. CHARACTERISTICS OF THE INSTRUMENT FIG. 3. (a) The x-ray polarimeter at TEXTOR-94 consists of two conven-
' tional x-ray spectrometers in the Johann configuration with Bragg angles of

The requirements for the x-ray crystal spectrometers a§4° viewing the plasma from the same line of sighd. The first spectrom-
eter (horizonta) has the dispersion plane coincident to the midplane of the

T.EXT.OR'QA' are.: high speptral res_o.lqtion' _high thrm"ghput'tokamak andc) the second spectrometefertical) has the dispersion plane
high time resolution, and high sensitivity. High spectral reso-perpendicular to the midplane of the tokamak. The polarimeter measures
lution is needed for Doppler measurements of the ion temx-ray radiation in two states of linear polarization with high spectral reso-
perature and plasma rotation, and high throughput is require§i°™

for the study of fast events. Finally, high sensitivity is de-
sired to perform measurements with small nonperturbingS
amounts of argon in the plasma. pe

The crystals of thehorizontal and the vertical x-ray
ctrometers are located at distances of 4300 and 5035 mm
from the center of the vacuum vessel of TEXTOR-94, re-
A. Experimental arrangement and instrumental layout spectively. The spectrum of interest, which extends from the

The x-ray polarimeter at TEXTOR-94 consists of two fésonance linev: 15%('Sy) — 1s2p(*Py) at 3.9494 A to the

H H . 2¢1 _ 3
Johann crystal spectrometers, which operate at Bragg angl&Pidden linez: 1s%(“Sp) — 152s(°Sp) at 3.9944 A, can be
of 54°. This angle is close to the Brewster angle, for whichobserved with an unrestricted view into the plasma. The dis-
only one state of polarization is reflected by the crystal. Thd@nces between the positions of the lingsand z on the
dispersion plane of the first so-calladrizontalspectrometer  detector are 47 and 58 mm, for therizontal and vertical
coincides with the horizontal midplane of TEXTOR-94, spectrometers, respectively. The central line of sight of the

while the dispersion plane of the oth@rertical) spectrom-  SPEctrometers are at an anglg=10° with respect to the
eter is perpendicular to the horizontal midplane. Both instruMmaor radius of the plasma torus, so that it is possible to
ments are presently equipped with cylindrically bent crystalPServe a component of about 17% of the toroidal plasma
and 1D position-sensitive detectors placed on the Rowlani{€!ocity from the Doppler shift of the spectral lingBig.
circle perpendicular to the incident x rays. The experimentaf()- In the case of théorizontalspectrometer, the angte
arrangement is shown in Fig. 3. between a Img of sight and a major radius vectqr varies from
The crystals used in the spectrometers are 110 quart]zl'zo for the linew to 9.0° for the linez, whereas |n_the case
crystals with a 2 spacing of 4.9130 A and they are of di- ©f the vertical spectrometerr= «, for all spectral lines.
mensions 153 mix 38 mmx 0.7 mm. The radii of curvature The choice of the crystals and their radii of curvature
of the crystals are 3820 and 4630 mm and the distance¥er® determined by the aforementioned requirements and the

between the crystals and detectors are 3050 and 3736 mifonstraints with res_pect to the available diagnostic space at
for the horizontal and vertical spectrometer, respectively. TEXTOR-94. The distances from the crystals to the detectors
The detectors are multiwire proportional counters from the/Vere chosen such that tizeline would be in focus on the
former x-ray crystal spectrometers at the Tokamak FusiofiRowland circle.

Test Reactor in Princeto!:!® These detectors have a large
entrance window of 180 mm90 mm, a high count rate ca-
pability of up to 2.5< 10° photons/s, and a spatial resolution The polarimeter has been designed as a vacuum instru-
of 0.4-0.65 mm, depending on the count rate. ment to eliminate attenuation of the 3 keV x rays by air

B. Throughput and sensitivity of the polarimeter
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along the long x-ray path in the spectrometers. The spec- B
trometer vacuum is separated from the main vacuum of the

machine by a 2%m thick, 1200 mm wide, and 160 mm long

beryllium window. The other boundaries of the polarimeter HeNe
vacuum vessel are two 2am thick polyester foils, one Laser
placed in front of each detector. The total transmission of the

system is about 15%. This results from the 2B thick

beryllium foil (91% transmissionand its metal grid support

structure(66% transmission which separate the spectrom- Focussing Lens
eter from the tokamak, a 10@m thick beryllium entrance

window to the detectof70% transmission a 25um polyes-

ter foil at the detector arm exit windoy85% transmission Pirhiole L
and a 35 mm air gag54% transmissionin front of the
detector. The absolute throughput of the system is also de-
termined by the apertures of the crystals, which are described
in Sec. Il F.

With the present configuration of the spectrometers, it is
possible to obtain count rates of X&0° photons/s, corre-
sponding to the maximum count rate for the detectors, with
small nonperturbing argon gas puffs of 1.3 mbar I/s. If re-
quired, the sensitivity of the spectrometers can be enhanced
by a factor of two by filling the 35 mm wide air gap between
the polyester foil and the entrance window of the detector Temporary
with helium. This will increase the total transmission to 27%. mirror

B | o
Oscilloscope

T Photodiode
array

C. Apertures

The exposed areas of the crystals and the entrance win-
dows of the detectors were reduced in order to avoid vignett-
ing of the field of view by the diagnostic port and other
components in the system and to ensure that the throughput
of the two spectrometers were about equal for this choice of
apertures. This was important in order to obtain the maxi-
mum count rates in both spectrometers without exceeding
the count rate limits of the detectors. The optimization of the
polarimeter resulted in an exposed area of 7085 mm
and 30< 16 mm for the horizontal and vertical crystals, re-
spectively, and apertures of 18 nxii80 mm on the entrance
windows of the detectors. The reduction in height of the
entrance window of a detector also minimizes the l0ss ofiG. 4. Procedure for bending the spectrometer crystals and determining the

spectral resolution, which results from the curvature of theassociated bending errors. A He—Ne laser was focused on a pinhole to
spectral lines. produce a point-like source. The source was then used to illuminate the
crystal placed at a distance corresponding to the radius of curvature of the
crystal. The reflected light was refocused at the laser, where a photodiode
D. Crystal bending measured the intensity distribution to determine the quality of the bending.
A mirror was placed temporarily between the laser and crystal to reflect the
The two 153 mnx 38 mmx 0.7 mm large quartz crystals light back to a white card placed next to the crystal holder to make the initial

used for thehorizontalandvertical spectrometers have been bending easier.

cylindrically bent to a radius of curvature of 3820 and 4630

mm, respectively, with the help of a four-bar bending jig.

The crystal curvature was tested optically by means of théaser and crystal in the reflected beam, and a screen was
setup shown in Fig. 4. For this purpose, a 1000 A thickplaced next to the crystal for a close observation of the focus
reflecting layer of aluminum was deposited on the front surwhile the screws in the bending jig were turned. The crystal
face of each crystal. The whole front surface of the crystaas bent until a narrow homogenous line focus appeared on
was illuminated in near-normal incidence by a point sourcethe screen. The mirror was then removed and a photodiode
which was obtained by focusing a laser beam onto a pinholerray was placed next to the pinhole. Fine adjustments of the
The distance between the pinhole and the crystal corresrystal curvature were then made to get the best focus for the
sponded to the desired radius of curvature. The crystal wagrystal on the array. The resulting shape of the images mea-
bent until a rough focus was formed by the reflected light onsured by the photodiode array were found to be Gaussian
a screen positioned near the pinhole. To facilitate the bendwith a full width at half maximumFWHM) of 0.1 and 0.28

ing, a mirror was then placed nearly equidistant from themm for the horizontal and vertical system, respectively.

White Card

Crystal Bending Jig
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FIG. 5. The resolution and linearity of the detectors were measured using an g I

array of 50um collimators and a Fe 55 source. The resulting lines were fit 6 0.4 *®

using Gaussian profiles to determine the resolution and central position of ~ L. . . . . . . -

each line. The spacing between the lines was compared with the well estab- 20 40 60 8O 100 120 140 160 180

lished positions of the slits to determine the nonlinearity of the detectors. Detector Position(mm)

FIG. 6. The measured nonlinearity of the multiwire proportional counter.
The maximum deviation from a linear fit for 50—150 mm on the detector is

The detectors used in the spectrometers are 1D multiwir@-4 channels, corresponding to a spectral position deviation<afar * A.
proportional countefé*® having a large entrance window,
which is covered by a 180 mx90 mmx 0.1 mm beryllium 8192 spectra per discharge and to cover the full discharge
foil. The sensitive volume of each detector is 180 mmwith a time resolution of 0.5 ms per spectrum.
X 90 mmx 12 mm. The detectors have been partially covered
to reduce high x-ray flux and to avoid vignetting of the ob-G. Spectral resolution
served spectrunisee Sec. IIF The exposed area of the
entrance window is only 18 mm180 mm. The detectors op-
erate with a mixture of 90% Kr and 10% GQwhich is used NMAN=tanf/Af=tand*RsinO/AX, (N)

as a quenching gas. The detection efficiency for the Arxv“wheree is the Bragg angleR is the radius of curvature of

. - o . . . .
lines near 4 A is 99%. The spatial resolution and linearity ofwe crystal, and\ X is the instrumental width. The instrumen-

the detectors were.determ_med. by using a Fe 55 source W'ttal width results from the detector resoluti&p , the crystal
an array of 5Qum W'd? °°”'mf"‘“”9 S“tS(F'g.' 9. The result- bending erroiX¢, the Johann erraX;, the rocking curve of
'ng I_mes were then fitted using a Gaussian line shape. Thﬁ1e crystalXgc, and from the defocusing resulting from the
spatial resolution was found to be 0.65 mm, when the detecdetector not being on the Rowland circle
tors were optimized for a high count rate of 250000 The detector resolutiok- was 0.65 or 0 4 mm, depend-
photons/s. Beyond this count rate, the response of the detec- b : : '

tors became nonlinear due to multiphoton events and spac'erlg on the high voltage, which was applied to the anode

. . ; ires, as already mentioned in Sec. Il D. The crystal bending
charge effects in the detector. A better spatial resolution O\évrrorsxc were 0.1 and 0.28 mm for the crystals in the hori-

0.4 mm was obtained by increasing the high voltage on the : : .
) . L2 ; . _zontal and vertical spectrometers, respectively, as described
detectors, since the spatial resolution is a function of the high .
. . . .¥in Sec. Il B. The rocking curve of the crystal was calculated
voltage applied to the anode wires, but this resulted in a

; . . . Hsing the dynamical theory with equal contributions from
lowering of the maximum attainable count rate. The spatial ach state of polarization by means of the rav tracing oro-
linearity of the detectors was measured by moving the Fe 55 P y Y gp

source over the accurately spaced collimating slits. A Iineagram XRT developed by Borchelt.Special attention has

fit was made to the data for the central region of the detectogﬁfvr; %?Ig (t:(r) g?;f%?ngetzﬁggcgg]?niﬁgvﬁéigﬁe thricrggl:gge
from 50 to 150 mm. Figure 6 shows the deviation of the Y y g gp

. S‘;o elastic deformations of the crystal lattice. The changes to
for the horizontal detector. The maximum deviation from the he rocking curve depend on the radius of curvature of the
crystal and on the x-ray energy. Low-energy x rays do not

linear fit over the central region from 50—150 mm is 0.1 mm. . . . .
For the argon spectrum, which has a dispersion of apprc)Xipenetrate deep into the crystal lattice and the distortions of

mately 1x 10 2A/mm, this corresponds to a wavelength the rocking curve seen with low-energy X rays are smaller
¢ 4 . . than those seen with high-energy x rays. The critical radius
precision X 10~ *A. If more accuracy in the wavelengths is

: . : : .~ _of curvature, at which distortions of the rocking curve ap-
required, details of the detector linearity must be taken intg . )
pear, is therefore smaller for low-energy x rays than for high-
account. e
energy x rays. On the other hand, one has to keep in mind
that low-energy x rays are much more sensitive to distortions
of the crystal surface. A systematic study of these effects has
The data acquisition system employs two time-to-digitalbeen published by Uschmaet all’ Once the rocking curve
converters(Le Croy 4604 with symmetric start and stop was obtained, the contributions of the Johann error and de-
inputs, which require no external delay line minimizing the focusing errors were determined by ray tracing using all rel-
conversion time. Large 16 megabyte histogramming memoevant geometrical, experimental, and crystal parameters as
ries (Struck STR521 HMUY make it possible to record up to well as the detector resolution. A Monte Carlo method was

E. Detector calibration

The overall resolution of the spectrometers is given by

F. Data acquisition system
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1000 TABLE I. Beam power, line integrated electron density, and central electron
temperature for the discharges used in the comparison of plasma rotation
— ﬁ ﬁ and ion temperature measurements made by x-ray spectroscopy and charge
=100 exchange spectroscopy.
-
5 \ Shot Beam Beam Ne Te
&) 10 number  1(MW) 2(MW) HCN(cm™3) ECHkeV)
Z \
g 79594 1.32 0.21 25108 1.6
8 /" \ 79 601 1.33 0.98 4R10" 1.2
o1 4 o N 79 762 0.85 0.0 19108 2.0
79763 0.53 0.23 29108 1.9
‘ ‘ 79764 0.24 0.96 2910 1.8
0.1 - . 79 767 1.34 0.0 1R10% 2.2
! LSine P06sition ;t the 1§4WP(91 / mn'llo i ot 0.84 0.0 3810 L5
79772 0.16 1.22 1910 1.4

FIG. 7. The instrumental profile for the horizontal spectrometer. The detec
tor was placed on the Rowland circle in such a way that midway between

andy lines is located on the Rowland circle. Solid lines indicate Voigt . L L .
profile approximated to the data. The rocking curve of the crystal was callLorentzian contribution from the lifetime of the lines and a

culated using dynamical theory taking into account the deformation of theGaussian contribution from Doppler broadening are added to
crystal due to bending. Detector resolution and bending errors were omitteqha instrumental profile.

used to avoid multidimensional integration. The complete
instrumental profile was obtained by convoluting the resultg||. EXPERIMENTAL RESULTS
of the ray tracing with the bending error. The resulting in—A Plasma rotation and ion temperature
strumental functions were found to be well approximated by ~ P
Voigt functions. Figure 7 shows the resulting instrumental ~ As an example of plasma rotation and ion temperature
function for the horizontal detector, located on the Rowlandmeasurements from the x-ray spectra we present data from a
circle in such a way that midway betwegrandy lines lies  series of discharges with neutral beam injection both in the
on the Rowland circle. The figure also shows a fit of theco- and counterdirection of the normal ohmic current. The
profile with Voigt profiles. Here, the detector resolution wasdata were obtained with the horizontal spectrometer. The
taken to be 0 mm. Figure 8 shows FWHM of the Lorentzianpowers of the two neutral beams were varied to produce a
and Gaussian contributions to the complete instrumental prowvide range of rotations and ion temperatures. The neutral
file as a function of position on the horizontal detector. beam powers, along with the line averaged neutral density
The spectral resolution was calculated for both specand electron temperature, as measured from the electron cy-
trometers for the line on the Rowland circle. The resultingclotron emission, are presented in Table | for these dis-
spectral resolution for the horizontal system MAN charges. The plasma rotation and the ion temperature were
=6000 when the detector is optimized for count rate andbtained by fitting the spectral lines and z to a Voigt
M AXN=9000 when the detector is optimized for resolution.function, which consisted of a Gaussian thermal component,
The spectral resolution for the vertical system NSAX a Lorentzian contribution determined from the natural line
=6800 when the detector is optimized for count rate andvidth and the above-mentioned instrumental functisee
M AXN=9500 when the detector is optimized for resolution.Sec. 11 G. The Doppler shift of the spectral lines was mea-
For a least squares fit of the experimental spectral lines, aured with respect to the mean zero position obtained from
ohmic discharges. For this purpose, the line positions were

determined from ohmic discharges for the cases when
0.9 9
2 e plasma current and magnetic field were in the normal direc-
= 08 G i G ” o . . .
B 7| - *TSmMWECRe 065 m e . tions and when the direction of both plasma current and
'>°0'6 — —* // magnetic field had been reversed. The zero velocity position
| wl Gausbianc praly ya was then taken to be the mean position between these two
e, AR R -4 . . o . . .
05 i G N r 4 measurements. The toroidal rotation velocities in ohmic dis-
0.4 x /’ charges, as measured from the line shifts with respect to the
0.3 N Gausgian Comp A mean zero position, are relatively small and are about 20
g “NKMWPC Red. 0 mr ’ ) = )
702 N A km/s in the electron drift direction.
§ 0.1 Lgsentiap e A comparison of the measurements by x-ray spectros-
o o LT t tw copy and charge exchange recombination spectroscopy of
10 20 30 40 50 60 70 80 90 100 110 120 the central toroidal plasma rotation velocities during the
Line Position at the MWPC / mm

beam heated phase in these discharges is shown in Fig. 9.
FIG. 8. The contribution of the Guassian and Lorentzian components to thd he measurements are in agreement within the error bars.
instrumental width as a function of the horizontal detector position. TheThe uncertainties of the x-ray measurements result from the
instrumental profile was determined by ray tracing discrete wavelength ot ; ; : ; i

using the XRT program developed by Borchettal. A Voigt function was %ta.tlstlf:al error in the determination of the line position,
then fit to the resulting profiles to provide an easily representable instrumen\M’1ICh is about 5-7 km/s fpr these C_iata_! and from a SyStem'
tal function. atic error of about 5 km/s in determination of the zero posi-
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250~ 1 discharges. The accuracy of the x-ray measurements is af-
2 200 ] fected by the statistical error of the fits, which is between 30
E 150 i and 100 eV for these discharges, and by a systematic error
> — due to ion temperature profile effects. lon temperature pro-
o L] files were not measured for these discharges. The deviation

507 of the line-averaged measurements from the central ion tem-

perature will depend upon the relative width of the ion and
T electron temperature profiles. When the ion and electron
E* temperature profiles are equal, as in the case of high density

(=1
iy
i o

—
=)
S

discharges, the central value will be underestimated by ap-
I I B R A proximately 150 eV. The uncertainties, which are based on
2150 -100 50 0 50 100 150 200 250 profile effects, will be resolved in the future with the imaging

Toroidal Rotation CXRS (km/s) x-ray crystal spectrometers that are currently under develop-
FIG. 9. Central rotation velocity on TEXTOR-94 for a series of dischargesme.nt' The error of the charge exchange measurements was
where two counterpropagating hydrogen beams were used to vary the to?—Stm_]atecj to be. 200 eVv. It reSUItS. from the same problems
oidal rotation. The plot is a comparison of the measurements made by thBreviously mentioned for the rotation measurements.

x-ray spectrometer to the measurements made by charge exchange recom-
bination spectroscopy.

Toroidal Rotation X-
=

1
—_
wn
(=)

B. Electron temperature

tion. Another systematic error is due to the fact that the x-ray  The electron temperature can be obtained from the inten-
measurements represent a weighted average over the radidy ratio of the dielectronic satellitk to the resonance line
profile of the rotation velocity. This error depends on thew. However, since the spectrometer integrates over a line of
radial x-ray emissivity profile, which is a function of the sight through the plasma, care must be taken to correctly
electron temperature. An estimate for this error can be obinfer the value of the central electron temperature from these
tained for each type of discharge by plasma modeling calcux-ray measurements. In order to obtain a reliable value for
lations. the central electron temperature, the observed spectra have
The primary errors for the charge-exchange spectrosheen compared with simulated line-averaged spectra from
copy measurements are probably due to inaccuracies in thReoretical data. The synthetic spectra included direct elec-
charge exchange cross sectiohisn addition, a number of tron impact excitation from the ground state rie=2 with
processes like level mixing from ion—ion collisions, from cascades, radiative recombination, dielectronic recombina-
motional Stark and from Zeeman mixing, fine structuretion, inner-shell excitation, and inner-shell ionization. The
broadening, and the population of excited states in neutrghtensities of the spectral lines were calculated for each ra-
atoms, are hard to treat theoretically and affect the accuragyial positionr from
of corrections to both the line position and width. It has been
estimated that the total uncertainties for the charge exchange
measurement will be 10 km/8.A more thorough investiga- whereng(r) is the electron density),(r) is the density of
tion of the errors associated with the charge exchange me#e charge state from which the line originates, and
surements at TEXTOR-94 is planned for the future. (ov(Te(r))Yine is the excitation rate for of the spectral line
Figure 10 presents a comparison of measurements of tHfer a particular process. The spectra were then integrated
central ion temperature by x-ray spectroscopy and chargever the line of sight using electron temperature profiles
exchange spectroscopy for the same series of discharges. Theasured by ECE, density profiles from the scaling with the
measurements are in agreement within the error bars, witbafety factorg according to Schuelleet al.?° and assuming
the exception of the data points that refer to low-densitycoronal equilibrium for the charge state distribution. The ex-
citation rates which were used to fit the X, y, andz lines
were obtained by an extrapolation of the data for calcium

1(r)=ne(r)* Nign(Te(r))*(ov(Te(r)))line, process,

2.6

24 T calculated by Bely-Dubatet al?! to argon according to

' o gl Mewe et al?*?3 The wavelengths and satellite intensities

22 ol - were calculated by Vainstheit al?42°
& 20 === —— Figure 11 shows a comparison of the central electron
i 1.8 : I temperature measured by x rays to that measured by ECE for
E 1.6 } * i a series of discharges in hydrogen, deuterium, and helium
e L= AT with electron densities ranging from X@A0%-4.0

12 x 10" cm™2 and central electron temperatures ranging from

1o ! 1.0 to 2.4 keV. The agreement between the two diagnostics

is remarkably good for a wide range of plasma conditions in
1012 1;;‘ c;g{s L.SV 20 22 24 TEXTOR-94. The error bar shown in Fig. 11 represents only

i (keV) the error from the least squares fit of the synthetic spectra.

FIG. 10. A comparison between the central ion temperature measured by th-Ehe errors which can re_SUIt from unc_erta|nt_|es of the atom_lc
x-ray spectrometer to the ion temperature measured by CXRS. data will be addressed in a forthcoming article. The error in
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FIG. 11. Comparison of the electron temperature measured by the x-ray Energy/AE

spectrometer and the ECE diagnostic for a series of discharges with hydro-

gen (solid), deuterium(open, and helium(open with crossas working FIG. 13. CalculatedRef. 27 polarization of thew, x, andy lines of the
gases. In this series of discharges, the electron densities ranged from 145XVII spectrum predicted for a monoenergetic electron beam.

X 10" to 4.0x10*cm3. The circles are ohmic discharges, the squares

with beam 1 hydrogen injection, the triangles with beam 2 hydrogen injec- A -
tion, and the diamonds with both beam 1 and beam 2 hydrogen injection.that coronal eqU|I|br|um 1S mdependent of the electron den-

sity and only a function of the electron temperature. The
the ECE measurements is estimated to be less tharf®2006"°"9 dependence of ArXVI/Ar.XV.II on e.Iectron densit_y
based on a recent calibration of the instrument. suggests that the charge state distribution is also determined

by diffusion and charge exchange. A detailed analysis of the

data with respect to these processes has been presented in
C. Measurements of ArxXVI /ArxXVII Ref. 13.

The relative abundance of ArXVI/ArXVIl can be deter-
mined from the ratio of the satellitess32s—1s2p2s, which
are produced from the lithium-like ground state by colli-
sional inner-shell excitation, to the helium-like resonance  Polarization of line radiation can be produced by an an-
line, 1s2—1s2p. For this purpose, the experimental Spectraisotropy of the electron energy distribution. A beam compo-
have been fitted by simulated line-averaged spectra in thBent in the electron energy distribution along the toroidal
manner described above. Figure 12 shows the value dlirection can be expected in tokamak plasmas under some
ArXVI/ArXVII, which was obtained from the fit, for ohmic OPerating conditions. This can lead to polarization, if the
deuterium discharges, both with and without the injection offonthermal electrons fall into the right energy rargé Fig-

a neutral hydrogen beam as a function of density. The obU'® 13 shows polarization effects for the prominent lines of
served values of ArXVI/ArXVIl have been normalized to the ArXVIl spectrum. The results were obtained from mod-
those predicted by coronal equilibrium. The observed value§ling calculations, which assume a beam of monoenergetic
of ArXVI/ArXVII are always larger than the predictions e€lectrons in the energy range from 3.2 to 136 KeVf.there
from coronal equilibrium. These deviations from coronaliS @ beam component along the toroidal direction, then the
equilibrium are too large to be ascribed to theoretical uncertelative intensity between two of the polarized lings x,
tainties in the coronal equilibrium data. We also point outandy) in the spectrum will be different for the two states of
polarization. A comparison of the line ratios in the two spec-
trometers is therefore a measure of the degree of polarization

D. Polarization during ohmic discharges

. 5" * of the radiation, and a measure of the nonthermal component
5 F . in the electron distribution function. The observed polariza-
;i T - tion will strongly depend on the amount of beam electrons
H 5 .. . relative to thermal electrons.

i . 3 | | | One might expect that the polarization of the spectrum is
EA“ 5 s most pronounced in normal discharges with low tempera-
< 5 DA, S T tures where the ratio of nonthermal to thermal electrons with
:E energies higher than the threshold for collisional excitation
! would be largest. To look for polarization under these con-

0

10 P 20 25 30 2 ditions, ohmically heated discharges with low electron tem-

Line averaged n, HCN (10 cm®) peratures were investigated during two phases with different

plasma current. During the first phase, the current, line-
FIG. 12. Comparison of the central ArXVI/ArxVII ratio obtained from a fit averaged electron density and electron temperature were 210
of the experimental spectra to the value predicted by coronal equilibrium agA, 2.0x 1083 cm™3, and 1.0 keV, respectively. During the

a function of the ||n_e_ave_3raged densny. The circles are ohmic, squares h_avgecond phase, the current was 350 KA, the Iine-averaged
beam 1 hydrogen injection, and up triangles have beam 2 hydrogen injec- . o3 em—2

tion. The data come from a series of deuterium discharges from TEXTOREl€Ctron density was 2:610°cm™°, and the electron tem.'
shot 81150-81161. perature was 1.1 keV. Due to the geometry of the vertical
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TABLE Il. Line intensity ratios for two ohmic conditions in both the hori- 1, Bertschinger, W. Biel, TEXTOR-94 team, O. Herzog, J. Weinheimer,
zontal and vertical spectrometer. Since the line ratios in both systems are theyy _j. Kunze, and M. Bitter, Phys. Scr.,88, 132 (1999.

same within the accuracy of the measurement, no polarization was observed.1 Fujimoto and S. Kazantsev, Plasma Phys. Controlled FL&ToA135
(1995.

Line intensity ratio Horizontal spectrometer Vertical spectrometer SM. Bitter, S. von Goeler, R. Horton, M. Goldman, K. W. Hill, N. R.
Plasma currert210 kA Ng=2.0x 102 cm™3 Sauthoff, and W. Stodiek, Phys. Rev. Lei2, 304 (1979.
xIw 0.16 0.16 4M. Bitter et al, Phys. Rev. Lett43, 129(1979.
ylw 0.24 0.23 5J. Dubau and M. Loulergue, J. Phys.1B, 1007(1982.
z/w 0.54 0.55 6K.-D. Zastrow, E. K#ne, and H. P. Summers, Phys. Rev.44, 1427
_ (1990.
Plasma current350 kA Ne=25x10"cm "W. Biel, G. Bertschinger, R. Dux, R. Jaspers, H. R. Koslowski, A.
XIw 0.15 0.16 Kramer-Flecken, M. Lehnen, J. Rapp, B. Unterberg, J. Weinheimer, and
ylw 0.23 0.24 " e T . ’

2w 0.52 0.56 TEXTOR team, 26th Eur. Phys. Soc. Conf. Controlled Fusion Plasma
Physics, Maastricht, poster 2P.017, June 1999.
8TFR Group, F. Bombarda, F. Bely-Dubau, P. Faucher, M. Cornille, J.

. .. . Dubau, and M. Loulergue, Phys. Rev.3®, 2374(1985.
spectrometer, each spectral line originates from a slightlys;, 5., M. cornilie. and J. Dubau. J Phys. B: At. Mol. Opt. PIgs

different radial position in the plasma. To guarantee that the 37g7(1996.

spectral lines seen by both spectrometers came from they. g, Rice, E. S. Marmar, E. Kee, and J. Kiine, Phys. Rev. 35, 3033
same plasma volume, a series of discharges were required t@1987.

measure the emission profiles of the lines, by rotating théM. Bitter, G. Bertschinger, W. Biel, G. Fuchs, S. von Goeler, H.-J. Kunze,
crystal in the vertical spectrometer. It was found that small D- Rusbidt, and J. Weinheimer, 26th Eur. Phys. Soc. Conf. Controlled
variations in the position and width of the emission profiles ,"usion Plasma Physics, Maastricht, poster 4P.084, June 1999.

can change the line ratios drastically in the vertical system. ;?,jitr,agaestts:{fg;js:12%;5835},532;; ontrolled Fusion Plasma
The line ratios for the two phases, corrected for profile ef'”J. Weinl‘1eimer, W. éiel, G. Bertschi’nger, M. Bitter, and H.-J. Kunze, 26th
fects as described in Ref. 28, are given in Table Il for both gy phys. Soc. Conf. Controlled Fusion Plasma Physics, Maastricht,
spectrometers. Since the ratios are equal to within the errorsposter 2P.014, June 1999.

of the measurements, it can be concluded that, within th&R. A. Boie, J. Fischer, and V. Radeka, Nucl. Instrum. Methods Phys. Res.
sensitivity of the instrument, no polarization of the radiation 201 93(1982. _

was found. Other promising operating conditions for the po—mg- VI\B’- H'r']' ett ?'-'IRT\‘I’- SIC'I- '”ts”umifvtill?(ass- Res. Sect(® b
larization measurements are under investigation. At lower qulasoﬁzaere al, Nucl. Instrum. Methods Phys. Res. Sect.(® be
Qensmes, in the slide-away regime of the tokamak, pollarlzanl' Uschmann, E. Fister, K. Gel, G. Hazer, and M. Ensslen, J. Appl.
tion by a direct beam component might be more easily 0b- ¢yystaiiogr.26, 405 (1993.

served due to the larger beam component along the toroidar. B. Howell, R. J. Fonck, R. J. Knize, and K. P. Jaehnig, Rev. Sci.
direction. Also, during the fast crash of the sawtooth oscilla- Instrum.59, 1521(1988.

tions, the electron distribution function can be expected td°R. Jaspers, personal communication.

. . . . . . . 20 i i
change significantly, possibly leading to polarized line radia- F- Schueller, D. Schram, J. Konings, A. van Lammeren, J. Timmermans,
tion M. Vereck, and TRP-team, 18th European Conference on Controlled Fu-

sion and Plasma Physics, Berlin, IV-185-188, 3—7 June 1991.
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