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The Balmere light emitted by neutral particles injected into tokamaks is polarized with respect to
the Lorentz electric field experienced by these atdgps: v X B, known as the motional Stark effect
(MSE). On TEXTOR-94 a new MSE system is under development which exploits the full spectral
information, along with its polarization. The advantages of exploiting the full spectral information
are obvious: beam velocity, observation volume, absolute value of B, the plasma radial electric field
and the beam density can in principle all be extracted from the measurement, whereas the
polarization can be detected as several lines simultaneously. The TEXTOR-94 MSE system consists
of 30 radial channel, of which the full Balmerspectrum is measured at two orthogonal angles.
This is accomplished by inserting a Glan—Laser prism in the optical path. All the optics is located
inside the vessel to improve the radial resolution and minimize changes in polarization due to optical
elements. Fibers transfer the light by a vacuum feedthrough towards a spectrometer. It is shown that
the measured spectra can be adequately fitted. The accuracy for determining the safetyisactor
estimated to be 10%-15% and for the radial electric field to be 30 kV/m20@1 American
Institute of Physics.[DOI: 10.1063/1.131961]1

I. INTRODUCTION angle, it has two major drawback4) small (5%) changes in

over th tf the tok K hh beam velocity would shift the Stark lines out of the filter
over the past Tew years the fokamak research has se navelength and2) all other spectral informatiofsplitting,
exciting advances in the improvement and understanding

. ; T ) olarization of other components, etis lost. Therefore at
confinement. Internal transport barriers in either thé ON  TEXTOR-94° another approach is chosen which determines
electrort Chgnnel have been observed, which most likely %Cihe polarization of the full spectrum. The realization of this
cur near rational valu_es of the safety facﬂp_Optl_mlzmg the concept is discussed in this paper.
magnetic shear profile and thus theprofile yielded en- This article is organized as follows. In Sec. Il a brief
hanced performanceThe reduction of transport in the H | )

- review of the characteristics of the Balmerspectrum is
(Ref. 49 and VH modes shows to be correlated with the P

| . - ) iven. Then the TEXTOR-94 MSE diagnostic is introduced
shear in the radial electric field acting to suppress turbulencxﬂgnd the technical details of the components are described.

Th(ﬁe obsder;/k?tlonsdgsl,k f?r ";"? a(;.le(;atte n:jeaésurerrt]ﬁnt a7 terpe first results are presented in Sec. IV where typical spec-
profre an e radial electric field to deduce the exact,, 5o shown and analyzed. Finally in Sec. V the advantages

mech.anlsms.of confinement |mprov§ment. and drawbacks of this method of spectra polarimetry are dis-
Diagnostics based on the motional Stark effect hav%ussed

been demonstrated to allow measurements ofjtheofile®
with sufficient accuracy and recently even the radial electric
field was revealed in a more advanced sétijnis diagnos- !l BALMER-a SPECTRUM

tic is based on the Balmer-light emitted by injected high- A typical Balmera spectrum in the presence of the
energy neutral hydrogen particles. The Lorentz electric field,oam emission is shown in Fig. 1. The main features of this
E,= vXB (v being the particle’s velocity anl the magnetic spectrum of they=3—n=2 transition are the col~1 eV)
field) experienced by these particles leads to a splitting of the, qission line from the neutral H and D atoms from the
emission in polarized lines. Measuring these quantities "€5lasma edge ak,=656.28 nm and\y=656.11 nm. This
veals the electric field vectdt c_onsisting ofg, (from which spectrum is broadened by a passive charge exchange contri-
B can be constructgdind possiblyE,. _ bution, but in case a neutral beam is injected, the main
All presently operational MSE diagnostics use & narrow,adening is due to the active charge exchange contribution.
band interference filter to select one of the Stark lines angom that part, a local measurement of the hydrogen/
determined the polarization by using two crossed photoelagyeterium temperature and rotation is possibi@oppler
tic modulators(PEMS. Although this modulation technique ghitteq from this plasma emission is the beam emission,
leads to a very precise measurement of the polarizatiogyiginating from impact excitation between beam neutral and
plasma electrons and ions. This emission consists of three
3Electronic mail: r.jaspers@fz-juelich.de groups with different Doppler shifts, corresponding to neu-
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462357, channel & (i) The Stark splittingA\¢. This parameter directly re-
2000 ' ' M ‘ N ' vealsB, .

‘ " (iii) The width of the individual lines is determined by
the instrumental width of the spectrometer. Divergence ef-
fects of the neutral beam will have an additional broadening
which scales with the velocity. For the description of the
TEXTOR-94 spectra this leads only to a minor improvement
of the fit and was not always applied in the analysis.

(iv) For each energy component the intensity of the
and o components have been treated as two independent
quantities resulting in a total of six free parameters. The

| relative ratios between each group sfor ¢ components

have been calculated following the treatment of Ref. 12. If
no polarizing element is present in the optical path, compari-
son of these components could reveal the direction of the
. electric field, since the anglé between the electric field
FIG. 1. Typical Balmera spectrum measured on TEXTOR-94. The spec- - . . .
trum consisted of a cold emission from the plasma edge of hydrogen anMeCtor and the viewing line is given by
deuterium emission, a passive and active charge exchange component, and 21

three groups of beam emission is Doppler shifted from the edge emission. tang= +

Moreover, this emission is splitted due to the motional Stark effect. The l,—1.
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beam emission is polarized.

In this way it might be possible to have only this anglas

a free parameter and reduce the number of free parameters

for the intensities to 4. This however is not done, which
trals at the fU“, half, and third acceleration ene(g}de to the makes it possib|e to observe the variation in the ar@@
presence of H, H,, and H in the ion source Each group  determined by the different energy components and in case
is Spllt in 15 distinct lines due to the electric field eXperi- |arge radial electric f|e|d§r would be present, the ang&
enced by the neutrals. Nine of them have an observable inj|| be a function of the beam velocity and cannot be taken
tensity and their relative strength has been calculdtdhe  constant. Apart from the anglé the ratio of intensities of
central three of these lines arepolarized(polarized LE,  the different energy components can be used to calculate the
corresponding to the transitiadhm= =1, mbeing the quan-  peam composition in the plasma. Absolute values might even
tum numbey and the otherr polarized(polarized parallel to  pe used to calculate beam densities or power deposition pro-
E, corresponding to the transitiohm=0). All these lines fijles. This is for the TEXTOR-94 case successfully demon-
are separated by an amoukik s due to the electric fielE,  strated in Ref. 13. This subject, however, will not be treated
= VXB= ppeanB, (assuming ndE, present, which in case of  in the remainder of the article.
injection in the equatorial plane under an anflewith the

torodial direction is given by
Ill. TEXTOR-94 SETUP
3306)\31/[)93

ANg Tm\/8$ sir? Q+Bs, 1) To determine the direction of the Lorentz field applica-
tion of Eq.(2) will be sufficient. However, this method is not
where a, is the Bohr radiusg the electron chargey, the  expected to be very reliable sin¢® some optical elements
unshifted Balmer line, wyeom Neutral beam velocityh  will have different transmission or reflection for or = ra-
Planck’s constantc velocity of light, B; toroidal magnetic diation, through which the measured anglewill deviate
field, andB,, poloidal magnetic field. from the actuald and(b) Eq. (2) assumes that all lines will
Although the total beam emission thus consists of 27be statistically populated, whose condition might not be ful-
Gaussians, the number of fit parameters can be drasticalfilled at low plasma density operation. A more accurate way
reduced. A total of nine free parameters has and can be def measuring the direction dE; would be to measure the

termined: polarization of the individual lines, which is an immediate
(i) The angleB between line of sight and neutral beam is representation of the direction & .
determined from the position of the centrg} line of either A complete determination of the polarization would re-

of the three energy componeni®Note that the additional quire obtaining the four Stokes parameters. These can be
information present in the positions of the, line of the  constructed from, for instance, the total intensity, two linear
other two components can be used to determine an exapblarizations, and a circular polarization and determines the
wavelength scale even when thg line is not recorded  full state of the light vector. A diagnostic based on complete
Apart from the fact that this anglgé will be used to convert Stokes polarimetry would yield all information necessary to
the measured polarization angle to the magnetic pitch account for changes of the polarization due to optical ele-
angle, it can be utilized as well to have an accuritesitu  ments and is thus self-calibrating as shown by Voslantber.
determination of the observation volume. Knowing the loca- Based on these ideas a proof-of-principle experiment
tion of the observing optics and the neutral beam path, thevas performed on TEXTOR-94, which consisted of four ra-
major radiusR of the observation volume depends only@n dial channels, each measuring the full spectrum at four dif-
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teristics of this crystal require a collimated beam of less than
NBI 6°. The light is focused into 60 quartz/quartz fibers with
polyimide coating and a core/cladding diameter of 600/660
mm, and numerical aperture.23. A special fiber
feedthrough is constructed consisting of two metal plates
having 60 holes drilled somewhat larger than the fiber diam-
eter. Between these plates is silicone rubber to achieve the
required vacuum conditions, when the plates are pressed to-
gether. Outside the tokamak the fibers can all be individually
connected to two sets of fibers transferring the light to either
a Littrow spectrometer or a linear array. The use of the spec-
trometer §=0.75 m,F/No.=4.5) equipped with a 2D-CCD
camera limits the time resolution to 50 r(fsr recording 24
spectra. For that reason a provision is made to couple the
optical fibers to a narrow band interference filter followed by
a linear array. This increases the time resolution to less than
1 ms, at the cost of loosing the spectral information.

IV. RESULTS

To illustrate the working of the MSE diagnostic three
spectra, all measured simultaneously at the same location,
are shown in Fig. 3. One spectrum records the polarization
under 0°, the second under 90° and finally one gives the total
spectrum(one module was not equipped with a Glan—Laser
prism). These three channels have been selected since they
are in the vicinity of the sawtooth inversion radius and a
value of about 1 is anticipated.

FIG. 2. Sketch of the setup of the TEXTOR-94 MSE system. The neutral For the circular cross section of the plasma at

beam is viewed from behind, yielding a good radial resolution over a larg . L . L
region. The optics are divided over five identical modules, all equipped witt?TEXTOR'g4 the magnetic f|6|_d directiopis directly 'fe'at’?d
two sets of six fibers. The Glan—Laser beam splitter acts as polarizer. Tht0  by: tany=r/(Rg). Three different ways to obtain thip
fibers are imaged onto a spectrometer and the CCD camera records Hgye already been addressed in Sec. Il and(iarerder of
spectra simultaneously in 50 ms. accuracy of the measuremgnt

(&) the ratio of one of ther intensities measured at the

two angles 0° and 90°:

ferent polarizations® Although the method in principle 1(90°) cog 0~ a)

worked, the accuracy was insufficient to determine precise tany,= 0% =tanvy sng

values for the safety factor. The two main reasons where the

rather low measured intensity as a result of the beamsplittenshereq, (), y, andy, ar the angle between the line of sight

used and even more important the very limited spatial resoand the toroidal direction, the angle between the neutral

lution. beam and the toroidal direction, the magnetic pitch angle and
The new setup is therefore optimized for good radialthe measured polarization angle, respectively. Note, that

resolution. Since for the optimal position no window wassince (2~30° and a~25°, the measured angle is about a

available it was decided to measure the polarization insidéactor of 2.0 larger than the magnetic pitch angle. This re-

the vacuum vessel and transfer the light out by fiber opticssulted for the example shown gp=1.1+0.2 if the o lines

Since in this setup no mirror is present it is sufficient towere analyzed. Within the error bar no systematic difference

measure the polarization under only two different anglesbetween the measured polarization angle of the full, half, and

These considerations lead to the following concept, as seehird energy components could be seen, indicatinggh&

in Fig. 2. A total of 30 radial channel@ivided over five be small at this position.

modules cover the plasma from the center to the edge, with  (b) Comparing the intensity from the and o compo-

a radial variation of less than 5% over the full profile. This isnents for the spectrum measured directly without the polar-

accomplished by inserting all optical components inside thézing splitter, using Eq(2). This yieldedq=0.6+0.3.

vessel looking towards the beam at different angles for dif- (c) Directly from Stark splittingA\g, assuming the

ferent channels. The polarization is obtained by a polarizingoroidal magnetic field is known, by applying E@.) gives

beam splitter of the type Glan—Laser prisif0x20x27 gq=0.5+0.4.

mm a-BBO crystal from CASIX in the optical path. They The accuracy shows that only method a can be used to

were the only alternative to operate at the high temperaturesbtain quantitative results ap Although the Stark splitting

of the TEXTOR liner =650 K). The polarization charac- A\gcan be determined with an accuracy of less than 1%, the

()
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measurements. Moreover, this can also be used to determine
the Stark splitting in the case of an absence of poloidal mag-
netic field. Then a measured value Bfsin() is obtained.
However, since this was done at a different magnetic field
than shown here, this has not yet been included in the analy-
sis.

V. DISCUSSION

The advantages of exploiting the full spectral informa-
tion compared to the interference filter based PEM systems
are obvious:

(i) the system is insensitive to variations in beam veloc-
ity or magnetic field;

(ii) the Doppler shift is measured as well, which allows
to determine the observation volume directly from the spec-
trum;

(iii) the polarization is measured at several lines simul-
taneously, increasing the accuracy of the deduced direction
of the magnetic field,;

(iv) the Stark splitting is obtained allowing the compu-
tation of the magnitude of the magnetic field;

(v) if in addition to E, a radial electric field is present in
the plasma this can, albeit with limited accuracy, be deter-
mined by comparing the polarization direction of two differ-
ent energy components of the neutral be@Note here that
although the Stark splitting is mainly determined by the
strong vpeaBi SINC) term, theE, term adds to theye,Bp
term and therefore the effect on the polarization of Be
term is of similar importance as ttg& term) During normal
plasma operation the radial electric field is expected to be
related to the toroidal velocity, which amounts to about
100-150 km/s. In the case of a deuterium neutral beam than
the importance of theE, term is given by the ratio
U¢/Upeant0.05—0.1. Nevertheless during transition to im-
proved confinement modes or in the presence of strong gra-
dient associated with transport barriers larger electric fields
might be expected and will be noticeable on the MSE mea-
surements.

When the full four Stokes parameters are determined,
the system is self-calibrating with respect to polarization
changes due to optical element, as discussed by Voslathber.
This option however is not presently used at TEXTOR-94.

FIG. 3. Three spectra of the beam emission measured at the same time atthe The drawbacks of the method of spectra polarimetry are
same plasma radiuga) Complete spectrum, no polarizer inserted in the found in (i) the lower time resolution possibléi) the use of

optics; (b) polarized under 90°; antt) polarized under 0°. The measured
spectra and the fit results are overlaid. Good agreement is observed. Tl

ectrometers reduces the effective throughput compared

intensities of the individual lines are indicated as well. From the intensityWith the interference filter methddut this is partly compen-
ratio of the latter two the magnetic pitch angle is deduced to besated for by the use of more spectral informatj@nd iii ) a

q=1.1+0.2.

uncertainty inB;sin{ is a bigger effect than the totd,

more complicated analysis is necessary which prohibits hav-
ing an output signal directly proportional to the pitch angle.

Also, for theE, determination better-suited diagnostics
are available such as the heavy ion beam pf8tmyt this

contribution itself and method c is thus only used calculatingeads to complicated and expensive systems whereas here

B, sin().

To reduce systematic errors in the measurements an ex-

this information is obtained automatically.
In conclusion, it is believed that only by an accurate

periment was performed by injecting the neutral beam in theassessment of the full Balmerspectrum an unambiguous
gas filled tokamak, with only the toroidal magnetic field determination on the Lorentz electric field can be made and
switched on. This yields an offset angle for the polarizationthis has motivated the choice of the present setup.
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