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Charge exchange recombination spectroscopy (CXRS) on the neutral heating beam is a well
established method to measure impurity density profiles at ASDEX Upgrade. Theactiveimpu-
rity emission is induced by charge exchange reactions between beam neutrals and impurity ions.
The impurity density can be determined from the measured radiance provided the densities of
the three neutral beam species (full, half and third energy components) along the line-of-sight
are known. These neutral densities are not measured, but calculated with a beam attenuation
code for a given species mix. Lately, the beam observation optics of one toroidal CXRS system
has been refurbished and equipped with 3 rows of 30 fibres. At the observed 60 keV beam, the
images of the 3 rows are vertically separated by only∆Z ≈1.6 cm, which is small compared
to the beam height of about 30 cm. This offers the possibilityto measure CXRS and the Dα
emission of the beam on virtually the same lines-of-sight and to cross-check the neutral beam
density evaluation.

Experimental Setup
For the beam emission spectroscopy a conventional Czerny-Turner-spectrometer with a 1200

L/mm grating, 1 m focal length and f-number of 10 was upgradedwith a telescope of two
cylindrical quartz lenses behind the camera mirror. The first lense has f=-200 mm and is situated
about 200 mm in front of the detector, while the second lense has f=150 mm and is located
about 50 mm behind the first lense. By adjusting the distance of the lenses, the astigmatism of
the Czerny-Turner setup can be compensated and allows the image of 15 fibres with a diameter
of 400µm to fit onto a 6.6×6.6 mm CCD detector while maintaining good spectral resolution.
The lines-of-sight that belong to these fibres cover the plasma from the centre to the pedestal
top. The complete system has been calibrated using an integrating sphere inside the torus as a
standard for spectral radiance.

At λ=656.1 nm, the spectral resolution is∆λFWHM=0.039 nm and 0.071 nm for a width of the
entrance slit of 50µm (as used for the upper spectrum in Fig.1) and 100µm (Fig.3). In both
wings of the instrumental line profile, there are several minor peaks. The largest of these peaks
is at±1 nm and reaches≈1.2×10−3 of the maximum signal. Reflections at the uncoated lense
surfaces (R=3.5×10−2) are held responsible for these peaks and might be cured by ananti-
reflection coating. At present, the spectra for plasmas withlarge passive Dα radiation have an
additional peak in the spectral region of the beam emission spectrum and reliable measurements
can only be done for beam-blips, where the difference of the spectra after and before the switch-
on of the beam is taken for further analysis. The measured spectra are fitted by a function that
contains a model for the beam emission spectrum of each energy component and the beam halo.

Beam Emission Spectrum
The model for the beam emission spectrum calculates line splitting and line strength due

to the motional Stark effect (the Paschen-Back effect is neglected), the Doppler-shift and the
Doppler-broadening due to the velocity distribution of thebeam. The velocity distribution of
the beam is calculated according to the following model. Thebeam atoms start from two ver-
tically stacked rectangular grids with heighth =0.25 m and widthw =0.22 m. Each point on a
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grid emits the same number of atoms per second. The mean starting velocity is directed to a hor-
izontal and vertical focus which is at a distancefh=6.5 m andfv=8.5 m from the grid. The two
grids are vertically inclined against each other by an angleα=0.970, such that the focus of both
the upper and lower plate is at about the same vertical position. The velocity direction has an an-
gular spread which is described by a Gaussian distribution with 1/e-widthγ. This width is equal
for both directions but varies slightly for the three energycomponents of the beam, i.e.γ=0.830,
0.870 and 1.00 for the full, half and third energy component. The values forfh, α andγ have
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Fig.1: Beam emission spectra with-
out magnetic field for a poloidal
and a toroidal chord: The crosses
are the data, the dashed lines are the
fits for each energy component with
the black line as the total of all com-
ponents.

been determined during beam injections into the gas filled
torus without magnetic field, such that the pure Doppler spec-
tra could be measured on many toroidal and poloidal lines-of-
sight. The toroidal lines-of-sight have an angleβ≈7.30 with
respect to the horizontal beam direction and give information
about the horizontal velocity distribution, while the poloidal
CXRS system withβ≈970 is mostly sensitive to the vertical
distribution. A comparison of the measured spectra (crosses)
and the beam model (lines) is shown in Fig.1 for one toroidal
and one poloidal sightline. For the toroidal observation, the
angle between the direction of the beam centre and the sight-
line ϕ is larger (ϕ=111.60 compared to 99.50), such that the
line shift∆λdop= λ0vcosϕ/c is increased, hence, leading to
a better separation of the spectra of the three energy com-
ponents. For the poloidal sightline, the fitted lines are asym-
metric due to an assumed imbalance of 10% for the emission
from the two grids. The total line strength of each component
is a free fit parameter since it is not based on an excitation
model of the beam atoms in the gas target. The measured line
strengths are constant throughout the whole observed part of
the beam path. Thus, the beam emission was used to perform
a relative calibration of the CXRS and beam emission spec-
trometers.

For the line splitting with magnetic field, we consider the pure motional Stark effect (MSE). It
produces a symmetric multiplet of 15 lines, where the very weak 6 outermost lines are neglected.
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Fig.2: The large beam di-
ameter causes an asym-
metry in the MSE spec-
trum (see text).

The line shift is∆λmse[nm]= 2.76×10−8kE[V/m] with k=-4,-3,...,4
andE = |~v×~B|. The line strength of each component is calculated
assuming statistical equilibrium. The MSE spectrum is obtained by
calculating the velocity distribution of the beam atoms foreach point
on the sightline, projecting the distribution onto the corresponding
wavelength shift due to Doppler effect and MSE and by integrat-
ing the result along the sightline. For each energy component of the
beam, this creates an asymmetric MSE feature as can be seen inFig.3.
The asymmetry can be explained with the sketch shown in Fig.2. The
black arrows denote the average velocity direction of the beam atoms,
while the roughly Gaussian curve at the bottom gives the beamden-
sity. The blue arrow indicates the line-of-sight to the observer. Fur-
thermore, the B-field vectors in magenta are shown together with two flux surfaces. On the left
side of the beam, the B-field is stronger and more perpendicular to the beam velocity compared

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



to the right side. Theδλ arrows indicate the relative wavelength shift with respectto the line
shift at the center of the beam. The Doppler effect causes a relative blue/red shift at the left/right
side. For the blue shifted lines of the MSE multiplet, the relative shifts have the same direction,
while for the red shifted part of the multiplet, the relativeshifts are reversed. Thus, the line
broadening due to Doppler effect and MSE add up for the blue shifted lines and partly cancel
each other for the red shifted lines. The effect is strongestfor the central lines-of-sight and for
the outermostπ-lines, where the ratio of the line maxima reaches 1.65.

The line strength varies with the angleψ between~E and the direction~k of the emitted
radiation: for the 3 innermostσ -lines Lσ ∝ 1+ cos2 ψ and for the remainingπ-lines Lπ ∝
1− cos2ψ. Before reaching the objective the light is reflected by a Rhodium mirror with a
nominal index of refractionn = 2.21+ i5.79 at 656 nm. For the used sightlines, the angle of
incidence is in the range of 56.40-67.10 and there is a considerably lower reflection coeffi-
cient for p- than for s-polarised light, i.e.Rp/Rs=0.64-0.76. The direction of the s-polarisation
~es is perpendicular to the mirror normal~n and to~k. With the angleφ between~es and the~k-
~E plane, the measured line strengths are:Lσ ∝ Rp + Rscos2 ψ + (Rs−Rp)sin2 ψ sin2φ and
Lπ ∝ Rssin2ψ cos2 φ +Rpsin2 ψ sin2φ .

The shape of the MSE spectrum is thus fixed and only the line strength due to the three
energy components of the beam are free parameters in the fit function. An integral part of
the beam emission spectrum is the broad line due to the beam halo, whose radiance is a few
times stronger than the MSE features. The halo emission is unpolarised and well described by
a shifted Gaussian. At present, we either useTi andvrot from the CXRS diagnostic to define the
line shape or leave it together with the radiance of the halo as free parameters in the fit. Finally,
the spectrum is folded with the instrumental line shape and aconstant background is the last fit
parameter. At present, we neglect the FIDA emission in the model function.
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Fig.3: Mesured Beam emission spec-
tra and fit for #26426 withTi=9.6 keV
and ne=2×1019 m−3 and #27066 with
Ti=1.6 keV andne=1×1020 m−3.

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 density
(#26426) and a high density discharge(#27066). The dif-
ference of the spectral radiances can not be evaluated
around the passive Dα line, where the camera is strongly
saturated especially for the high density case, and the
data in a 0.6 nm wide window around the Dα line are
disregarded. For the upper spectrum, the halo is very
wide due to the highTi and the beam attenuation is low,
such that the MSE spectrum can be studied best. The
red line is the fit to the data, and the contributions of
full, half, and third energy component and the halo are
also shown. For this line-of-sight, the angles areψ≈840

andφ≈30. For an ideal mirror we would expect equal
areas under the centralσ -peak and the sum of the two
π-peaks. However, theσ -line is suppressed by about a
factor of 2 since its polarisation direction nearly agrees
with the p-polarisation direction of the deflecting mir-
ror. The suppression is stronger than expected from the
literature data for the index of refractionn for Rh. A
variation of the complex part ofn was performed until the minimum ofχ2 of the fit was found
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and yieldedℑ(n) = 4. The fit with the nominal values forn has 5 time higherχ2 and is shown
as a dashed black line. Also for the lower spectrum of Fig.3, which is measured in a plasma
with a 5 times higher density ofne=1×1020 m−3, the same suppression of theσ -line leads to
the best fit. A measurement of the polarisation dependent mirror reflectivity is planned for after
the experimental campaign. The MSE spectrum at high densityis roughly a factor of 10 weaker
and especially for the component with 1/3 energy, a good measurement of the beam halo contri-
bution is important to obtain reliable information on the beam emission. Further improvements
of the spectroscopic setup to minimise the influence of the strong passive Dα light on this part
of the spectrum are required.

Evaluation of Impurity Densities
The Dα beam emission is proportional to the population of beam atoms excited to then=3-

level, which can be calculated with collisional-radiativemodels as provided by ADAS [1]. The
radiance for the energy componentj is: Lα, j = neqα, j(Eb, j ,ne,Ti ,Te,Ze f f)

∫
losnb, jdl, whereqα, j

is an effective photon emission coefficient depending on thebeam energy and a number of
plasma parameters. The plasma parameters shall be mean values for the line-of-sight volume
inside the beam. For the active CX-emission of an impurity with concentrationcimp, we get
a similar expressionLcx = necimp∑ j qcx, j

∫
losnb, jdl, where the effective CX photon emission
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Fig.4: Impurity concentrations from
CXRS and beam emission spec-
troscopy for #27066.

coefficient qcx, j for energy componentj includes the
charge exchange from ground state and excited state beam
atoms and also depends on the above plasma parame-
ters. Thus the impurity concentration is given by:cimp =
Lcx/∑ j [Lα, jqcx, j/qα, j ]. The factorqcx, j/qα, j denotes the
number of CX-photons per Dα photon for an impurity con-
centration of 1. Fig.4 shows an example for this evalua-
tion for the boron concentration in the high density H-mode
plasma #27066. Radial profiles for one beam blip are shown
versus the normalised poloidal flux labelρpol. In the 1st box,
the radiance of the Dα beam emission of all three energy
components of the beam is depicted for the lines-of-sights
of the CXRS diagnostic. The CXRS measurements used the
n=7-6 transition of B4+ at λ=494.5 nm, whose radiance is
shown in the 2nd box. The electron density in the 3rd box is
taken from unfolded interferometric measurements, whileTi

is from CXRS. The dependence of the atomic data onTe is
very weak and we usedTe = Ti . The atomic factorsqcx, j/qα, j in the 4th box were evaluated as-
sumingZe f f = 1.6. Most of the boron emission is due to the full energy component of the beam.
The calculated boron concentration in the lowest box is veryflat around 0.4%. This result still
needs to be compared with beam attenuation calculations. Sensitivity tests to the used plasma
parameters have to be done and the latest ADAS data revision [2] needs to be included. The
beam excitation model can also be checked separately since the relation between

∫
losnb, jdl and

the total power in the beam is known from the beam model. At this high density, the excitation
model must be about right since the calculated beam power at the outermost point is 2.4 MW
which nicely compares with the nominal injected power of 2.56 MW.
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