38" EPS Conference on Plasma Physics (2011) P1.056

| mpurity density deter mination using char ge exchange and
beam emission spectroscopy at ASDEX Upgrade

R. Dux B. Geiger, R. M. McDermott, T. Putterich, E. Viezzer and ASDUpgrade team
Max-Planck-Institut fur Plasmaphysik, EURATOM AssooiatiGarching, Germany

Charge exchange recombination spectroscopy (CXRS) oretieah heating beam is a well
established method to measure impurity density profilesSi2BX Upgrade. Thactiveimpu-
rity emission is induced by charge exchange reactions legtlveam neutrals and impurity ions.
The impurity density can be determined from the measureidmad provided the densities of
the three neutral beam species (full, half and third eneaggponents) along the line-of-sight
are known. These neutral densities are not measured, lutlai@d with a beam attenuation
code for a given species mix. Lately, the beam observatitioopf one toroidal CXRS system
has been refurbished and equipped with 3 rows of 30 fibredhédvbserved 60 keV beam, the
images of the 3 rows are vertically separated by adkfy~1.6 cm, which is small compared
to the beam height of about 30 cm. This offers the possihitityneasure CXRS and the,D
emission of the beam on virtually the same lines-of-sigltt 'ncross-check the neutral beam
density evaluation.

Experimental Setup

For the beam emission spectroscopy a conventional Czarnyei-spectrometer with a 1200
L/mm grating, 1 m focal length and f-number of 10 was upgrad&tt a telescope of two
cylindrical quartz lenses behind the camera mirror. Thelérsse has f=-200 mm and is situated
about 200 mm in front of the detector, while the second lerese k150 mm and is located
about 50 mm behind the first lense. By adjusting the distahtieedenses, the astigmatism of
the Czerny-Turner setup can be compensated and allows #ueiof 15 fibres with a diameter
of 400um to fit onto a 6.6<6.6 mm CCD detector while maintaining good spectral resmhut
The lines-of-sight that belong to these fibres cover thenpgaBom the centre to the pedestal
top. The complete system has been calibrated using an atitegisphere inside the torus as a
standard for spectral radiance.

At A=656.1 nm, the spectral resolutiom&rwHnm=0.039 nm and 0.071 nm for a width of the
entrance slit of 5qum (as used for the upper spectrum in Fig.1) and @@®0(Fig.3). In both
wings of the instrumental line profile, there are severalanpeaks. The largest of these peaks
is at+1 nm and reaches1.2x 10~3 of the maximum signal. Reflections at the uncoated lense
surfaces (R=3.510"2) are held responsible for these peaks and might be cured laytan
reflection coating. At present, the spectra for plasmas laitie passive p radiation have an
additional peak in the spectral region of the beam emisgientsum and reliable measurements
can only be done for beam-blips, where the difference ofpleetsa after and before the switch-
on of the beam is taken for further analysis. The measurectrspare fitted by a function that
contains a model for the beam emission spectrum of eachyeoengponent and the beam halo.

Beam Emission Spectrum

The model for the beam emission spectrum calculates lingisgland line strength due
to the motional Stark effect (the Paschen-Back effect idauted), the Doppler-shift and the
Doppler-broadening due to the velocity distribution of tfeam. The velocity distribution of
the beam is calculated according to the following model. béam atoms start from two ver-
tically stacked rectangular grids with heidht=0.25 m and widtlw =0.22 m. Each point on a
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grid emits the same number of atoms per second. The meangtatocity is directed to a hor-
izontal and vertical focus which is at a distanfge6.5 m andf,=8.5m from the grid. The two
grids are vertically inclined against each other by an angl@.97, such that the focus of both
the upper and lower plate is at about the same vertical pasifihe velocity direction has an an-
gular spread which is described by a Gaussian distributidnlfe-widthy. This width is equal
for both directions but varies slightly for the three enecgynponents of the beam, iye=0.8%,
0.87 and 1.8 for the full, half and third energy component. The valuesfigra andy have
been determined during beam injections into the gas filled

torus without magnetic field, such that the pure Dopplerspc—:-g3 lcerad .7 or ¢=111.6° B=7.4° |
tra could be measured on many toroidal and poloidal lines-of
sight. The toroidal lines-of-sight have an an@le7.3® with =,/
respect to the horizontal beam direction and give inforamati §
about the horizontal velocity distribution, while the piolal ﬁz 1
CXRS system wittB~97° is mostly sensitive to the vertical
distribution. A comparison of the measured spectra (Ca)sse 70 65— 6s7a Al
and the beam model (lines) is shown in Fig.1 for one toroid:al“ﬂ’?'z'l pol: $=99.57 p=96.8°
and one poloidal sightline. For the toroidal observatitwe, t .3
angle between the direction of the beam centre and the sig@-

line ¢ is larger ¢=111.6 compared to 999, such that the =
line shiftAAgop= Aovcosg /cis increased, hence, leading td'gl* i
a better separation of the spectra of the three energy comfpes’-" AN .

. A . ) i 656.4 656.8 A[nm] 657.2
ponents. For the poloidal sightline, the fitted lines ararasy _ o ,
metric due to an assumed imbalance of 10% for the emis&ﬁ\l: Beam_em_’ss’on spectra W’th'
from the two grids. The total line strength of each componé)r‘i'lt magne,t’c field for a poloidal
is a free fit parameter since it is not based on an excitat a toroidal chord: Th.e Crosses
model of the beam atoms in the gas target. The measuredéf_fﬁéhe data, the dashied lines an e_ the
strengths are constant throughout the whole observed pa Sofor each energy component with
the beam path. Thus, the beam emission was used to penIgF lack line as the total of all com-
a relative calibration of the CXRS and beam emission sp@@':'ents'
trometers.

For the line splitting with magnetic field, we consider thegomotional Stark effect (MSE). It
produces a symmetric multiplet of 15 lines, where the vergkn@outermost lines are neglected.
The line shift isAAmsdnm]= 2.76x10~8KE[V/m] with k=-4,-3,...,4
andE = |V x B|. The line strength of each component is calculate
assuming statistical equilibrium. The MSE spectrum is ioleich by
calculating the velocity distribution of the beam atomsdach point
on the sightline, projecting the distribution onto the esponding
wavelength shift due to Doppler effect and MSE and by integre
ing the result along the sightline. For each energy compiooietine
beam, this creates an asymmetric MSE feature as can be dégrdn
The asymmetry can be explained with the sketch shown in Flgn@ Fig.2: The large beam di-
black arrows denote the average velocity direction of trebatoms, ameter causes an asym-
while the roughly Gaussian curve at the bottom gives the bdmm metry in the MSE spec-
sity. The blue arrow indicates the line-of-sight to the alsee Fur- trum (see text).
thermore, the B-field vectors in magenta are shown togethbriwo flux surfaces. On the left
side of the beam, the B-field is stronger and more perperatitoithe beam velocity compared

by

657.8 A [nm] 658.2
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to the right side. ThéA arrows indicate the relative wavelength shift with resgedhe line
shift at the center of the beam. The Doppler effect causdativeeblue/red shift at the left/right
side. For the blue shifted lines of the MSE multiplet, thetiek shifts have the same direction,
while for the red shifted part of the multiplet, the relatiskifts are reversed. Thus, the line
broadening due to Doppler effect and MSE add up for the blifeeghines and partly cancel
each other for the red shifted lines. The effect is stronfpggthe central lines-of-sight and for
the outermostr-lines, where the ratio of the line maxima reaches 1.65.

The line strength varies with the angie betweenE and the directiork of the emitted
radiation: for the 3 innermostr-lines Ly, 0 1+ cos’ ¢ and for the remainingt-lines Ly, O
1— cog . Before reaching the objective the light is reflected by adRinm mirror with a
nominal index of refractiom = 2.21+15.79 at 656 nm. For the used sightlines, the angle of
incidence is in the range of 58-467.1° and there is a considerably lower reflection coeffi-
cient for p- than for s-polarised light, i.R,/Rs=0.64-0.76. The direction of the s-polarisation
& is perpendicular to the mirror normaland tok. With the anglep betweengs and thek-

E plane, the measured line strengths drg:0 Ry 4+ Rscos  + (Rs — Rp) sir? ¢sir ¢ and
L O Rssir? cog ¢+ Ry sir? gsir? ¢.

The shape of the MSE spectrum is thus fixed and only the lirength due to the three
energy components of the beam are free parameters in thenétidn. An integral part of
the beam emission spectrum is the broad line due to the belmwizose radiance is a few
times stronger than the MSE features. The halo emissionpslansed and well described by
a shifted Gaussian. At present, we either sendv,q; from the CXRS diagnostic to define the
line shape or leave it together with the radiance of the halloege parameters in the fit. Finally,
the spectrum is folded with the instrumental line shape arohatant background is the last fit
parameter. At present, we neglect the FIDA emission in théehiunction.

Fig.3 shows two measured spectra for the innermost
line-of-sight and the according fit to the data. The data
were obtained from beam blips into a hot, low densitj 2r
(#26426) and a high density discharge(#27066). The d#
ference of the spectral radiances can not be evaluafed
around the passivedine, where the camera s stronegE 1+
saturated especially for the high density case, and tﬁe

—

data in a 0.6 nm wide window around the,Dine are =
disregarded. For the upper spectrum, the halo is ve?yo
wide due to the higf; and the beam attenuation is Iovv,ﬂ;3
such that the MSE spectrum can be studied best. The
red line is the fit to the data, and the contributions 6f L
full, half, and third energy component and the halo aFg
also shown. For this line-of-sight, the angles gre84° &
and p~3°. For an ideal mirror we would expect equal;
areas under the centratpeak and the sum of the two }0 L/ |
r-peaks. However, the-line is suppressed by about a 656 657  A[nm] 659

factor of 2 since its polarisation direction nearly agreegy.3: Mesured Beam emission spec-
with the p-polarisation direction of the deflecting mimtra and fit for #26426 withl,=9.6 keV
ror. The suppression is stronger than expected from #ne ne=2x10*° m3 and #27066 with
literature data for the index of refractianfor Rh. A T=1.6 keV anche=1x 16*° m™3.

variation of the complex part af was performed until the minimum of? of the fit was found

T T
#26426 t=1.039-1.105s
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and yieldedJ(n) = 4. The fit with the nominal values farhas 5 time higheg? and is shown
as a dashed black line. Also for the lower spectrum of Figliiclwis measured in a plasma
with a 5 times higher density afe=1x10°°m~3, the same suppression of tbeline leads to
the best fit. A measurement of the polarisation dependembmflectivity is planned for after
the experimental campaign. The MSE spectrum at high deissibughly a factor of 10 weaker
and especially for the component with 1/3 energy, a good areagent of the beam halo contri-
bution is important to obtain reliable information on thabeemission. Further improvements
of the spectroscopic setup to minimise the influence of ttengtpassive B light on this part
of the spectrum are required.

Evaluation of Impurity Densities
The Dy beam emission is proportional to the population of beam atexcited to then=3-
level, which can be calculated with collisional-radiatimedels as provided by ADAS [1]. The

radiance for the energy compongtis: Ly, j = NeGa,j(Eb,j, Ne, Ti, Te, Zef ) fiosMb,jdI, Whereqq

is an effective photon emission coefficient depending onbiks@m energy and a number of
plasma parameters. The plasma parameters shall be meas Yafuhe line-of-sight volume
inside the beam. For the active CX-emission of an impuritshwgioncentratiortimp, we get

a similar expressiolicx = NeCimp Y j Gex.j Ji0sNb,jdl, Where the effective CX photon emission
coefficient gcxj for energy componentj includes the

charge exchange from ground state and excited state beamf, ;518 ,-25-11,
atoms and also depends on the above plasma paramel{ !

ters. Thus the impurity concentration is given Iy, = o
Lex/ 3 j[La,iGex/Ga,j]- The factordej/da,j denotes the
number of CX-photons per pPphoton for an impurity con- _ of

o[k(‘eV]'\" B

centration of 1. Fig.4 shows an example for this evaluagElf N g
tion for the boron concentration in the high density H-mod&;,oj Ti
plasma #27066. Radial profiles for one beam blip are shown [ ¢ Q.. /9

versus the normalised poloidal flux lalgg,. In the 1st box, 10§E/2M'J:
the radiance of the p beam emission of all three energy o8

components of the beam is depicted for the Iines-of-sightg"l? CW ]
of the CXRS diagnostic. The CXRS measurements used theO: 427066 t=3.21-3.285]
n=7-6 transition of Bt at A=494.5nm, whose radiance is ° 02 04 Ppo 08 1
shown in the 2nd box. The electron density in the 3rd boxFig.4: Impurity concentrations from
taken from unfolded interferometric measurements, WhileCXRS and beam emission spec-
is from CXRS. The dependence of the atomic datd©is troscopy for #27066.

very weak and we useti = T;. The atomic factorsicy j/da,j in the 4th box were evaluated as-
sumingZe s+ = 1.6. Most of the boron emission is due to the full energy compboéthe beam.
The calculated boron concentration in the lowest box is Watyaround 0.4%. This result still
needs to be compared with beam attenuation calculatiomsitsgy tests to the used plasma
parameters have to be done and the latest ADAS data revigjaregds to be included. The
beam excitation model can also be checked separately siacelation betweelfj,sn, jdl and
the total power in the beam is known from the beam model. Athigh density, the excitation
model must be about right since the calculated beam powéeatutermost point is 2.4 MW
which nicely compares with the nominal injected power ol6aVB\.
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