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Supporting pilot experiments and activities which are currently considered or already performed for
the development of the International Thermonuclear Experiment Reactor active beam spectroscopy
diagnostic are addressed in this article. Four key issues are presented including optimization of
spectral instrumentation, feasibility of a motional Stark eff8$E) evaluation based on line ratios,
“first-mirror” test-bed experiments at the tokamak TEXTOR, and finally the role of integrated data
analysis for the conceptual layout of the change exchange recombination spectroscopy and MSE
diagnostic. ©2004 American Institute of PhysicEDOI: 10.1063/1.1787930

I. INTRODUCTION considered for the ITER DNB and HNB100 keV/amu,
2.2 MW diagnostic neutral beam and 500 keV/amu, 17 MW

A comprehensive package of active beam based spegreating neutral beam respectivelland was discussed
troscopy tools for the International Thermonuclear Experi-recently? More quantitative studies and modeling will be
mental Reacto(ITER) has been developed and a final sum-required in this field. A similar diagnostic challenge refers to
mary was recently comp!etéQThe package ENCOMPASSES the measurement of slowing-down beam ions as produced by
charge exchange recombination spectrosd@pyRS)™ for e HNB. Medium energy velocity distribution functions rep-
the measurement of the main impurity ion densitieslud-  egenting slowing-down helium beam ions were observed at
ing helium asly, ion temperature and torodial as well as PO-the Joint European Tour(§E'I).9 A number of issues have

loidal plasma rotation. Quantitative use of beam emissio : : )
spectroscopYBES)4 based on comprehensive atomic model-rbeen reqogmzed over the last years wh|c_h need_ to be ad
T - L dressed in advance of the next stage, the diagnostic “procure-
ing is proposed as an indispensable cross-calibration tool for

. . ) . ment phase.” Four of those are addressed in this article.
absolute local impurity density measuremé&resd monitor-
ing of the neutral beam power deposition profile. Finally, a(1) The optimization of spectral instruments and detectors
full exploitation of the motional Stark effe¢MSE) pattern is for the active beam spectroscopy diagnostic package
proposed to deduce local pitch angles, total magnetic fiélds needs to be tested on existing fusion devices in order to
and radial electric fields. CXRS on slowing-down alphas as  establish suitable combinations for high-resolution and
demonstrated. on the Tokamak Fusion Test Re&ésoalso broadband applications. Moreover, multi-tasking recom-
mends practical maintainable instrumental solutions.

¥Author to whom correspondence should be addressed; electronic maif2) A conver.gin.g interest in motional Stark diagnostics,
mgvh@rijnh.nl beam emission spectroscopy, and charge exchange spec-
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Schematic overview of Active Besun
Spectroscopy on ITER 656 nm
| (XRS. BES&MSE on D-alpha

FIG. 1. Schematic layout of CXRS/
BES/MSE spectroscopic instrumenta-

<30nm tion. Multi-tasking of periscopes for
— ) L fibre link CXRS on NeX & (VI s_lmulta_meous evalua}tlon of CXRS
[pem“pe ‘_‘ ¢ on e (impurity and bulk iony BES on

- injected neutrals and finally for MSE
Omn ratiometry.

CXRS on BelV & Hell

troscopy has highlighted the needs for characterizatiotll. MSE MEASUREMENTS BY RATIOMETRY
of the polarization transfer properties of optical The combination of CXRS and beam emission

3 Kerlscto ple S is th val and brotect f the fi tspectroscopFS/is seen today as the sole path to obtain abso-
©) central ISsue 1s the survival and protection ot tn€ Trsty, o 5, densitieghelium ash on ITER. BES refers here
mirrors used in observation periscopes. The effects o

b d bervlli i floctivit 4 ool xplicitly to a quantitative exploitation of measured and
carbon and beryllium coatings on retiectivity and polar- ., 4e\eq |ine intensities and wavelength separations and not
ization characteristics of metallic mirrors have been

deled and tod at | Ref to the measurement of plasma fluctuations. A natural spin-off
modeled and presented at severa meetags, Ref. . of BES on the DNB is to exploit the D-alpha spectrum and
First results describing erosion effects of monocrystal

. : ‘its amplitudes for magnetic diagnosis. This will be comple-
line molybdenum mirrors were reported recer’lﬂy. P g 9 b

4 Einally. dat luati q loselv linked t mentary to MSE polarimetry on the HNB23In fact, the
@ ina’ly, data evaiuation procedures are closely finke Ocomplementary exploitation of the entire MSE polarization
feasibility studies and will ultimately decide on achiev-

pattern will ultimately optimize signal accuracy and spatial
able performances. resolution. Whereas the viewing geometry of the HNB MSE
periscopes is optimized for a maximum sensitivity to a rota-
tion of the polarization pattern, the DNB periscopes will only
Il. CXRS AND BES INSTRUMENTATION be sensitive to changes of the angle between Lorentz-field

Very early on it has been recognized that the substantia\ieCtzor andd viewing line. Fofr the ;TE/R magrk:etic fie
attenuation of the diagnostic beam requires high—optical'5' T,anda BNB energy of 100 keV amul, t.”ebMSE ﬁom-
throughput spectrometers in order to compensate for a logonents(6m arj& & goanonents, respec;uve) yr;" b N ﬁve d
CX signal in the presence of huge background of continuun'?ep"’“""t_e(ﬂ>5 ) and t € SNR compare t,o the bac groun
radiation. For the case of a modulated DNB the effectiveﬂuc,tu‘f’mon Ievel(as;umlng photon statistics of continuum
signal to noise is then determined by the ratio of CX signalrad'at'or) §hould be in excess of 8ee also Refs. 1 ano)._Z
and fluctuation of the background. A crucial criterion for the The pitch angIeBp/_Bt derived from the d_'pOIGf' Intensity
acceptance of CXRS as a viable tool for ITER is the capa-ratlo Of 7 and group in MSE spectrum, which, in the case
bility of measuring local helium ash densities in the plasma®! Sttistical population, is determined by the anglebe-
core. At TRINITI a high-optical-throughput, high-resolution tWeen direction of .o.s. and Lorentz-vecty=v X B
spectrometer was developed especially for CXRS |~ sirtd
application'" A unique combination of a largé-number E‘ 1+ co2d’

(F/3),f=480 mm, and high linear dispersion valu® _ e ) .
=0.25-0.3 nm/mmmake it a particularly suited instrument Maximum sensitivity for observation anglésclose to 45°.
for the envisaged ITER CXRS system. The system’s etendug®" the ITER CXRS top-port periscope the angl@n axis
(A-Q=4x 101 mn? si) is preserved by the periscope fiber (Bp=0) is 32.6°. Figure 2 showg values derived from ratio
bundle assembly, and a DNB slab of about QD0 mm is I /1, for the case of a simplified circular magnetic flux sur-
imaged for each radial channel onto the entrance (alit [2c€ and the ITER CXRS top-port periscope. In contrast to
X 5 mm) of individual spectrometers. The role of the CXRS/ Polarimetry, no active or passive polarizing element is in-
BES diagnostic as a multi-tasking requires the simultaneou¥C!Ved in ratiometry. However, a key issue will be isotropic
measurement of the main ion species: helium ash at 468 nrfefection factors ensuring the preservationl ofl, for the
intrinsic impurities C and Ne at 529 nm, and bulk D and T entire observation system including multiple mirrors in the

ions at 650 nc. Fig. 1). The proposed scheme is to make periscope, the fiber Iink,.and finaI.Iy in the spectrom.eter it-
use of color filters and different orders of the TRINITI ech- SEIf- A MSE ratiometry pilot experiment is presently imple-

elle grating instruments for different representative waveMmented on TEXTOR in ITER-like geometry.

lengths. Pilot experiments are required addressing achievable
sensitivities, stray-light suppression, and color control. A
critical issue will also be the spectral purity of the underlying
continuum radiation and its quantum noise photon statistics Metallic mirrors which are foreseen for ITER optical
in order to verify predicted spectral signal-to-noise reactomperiscopes were recently investigated on TEXTOR. The aim
(SNR) values(cf Ref. 1). The detection of nonthermal broad- of the experiments was to investigate optical properties of
band features depends critically on clear distinction of CXplasma-facing mirrors in dependence on erosion, deposition,
induced features and passive background. and particle implantation.

IV. FIRST-MIRROR EXPERIMENTS ON TEXTOR
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q versus |-pi:l-sigma samples is likely due to film growth observed on the
6 ! mirror surface; and
(4) the increase of reflectivity of mirrors noticed on some
5 areas is possibly due to annealing effects during the tem-

perature excursions and/or cleaning by plasma ions.

H

V. ACTIVE BEAM SPECTROSCOPY DATA ANALYSIS:
CHEAP FOR ITER

safety factor q
o

A collateral activity to ongoing conceptual design and
feasibility studies is dedicated to the development of suitable
data analysis packages including spectral analysis and phys-
ics evaluation. At JET the self-consistent CX evaluation
o+ _ ' ' N package CHEAP(charge exchange analysis packade
02 022 024 0.26 0.28 used routinely and is potentially applicable in inter-shot

pi over sigma ratio performance.
FIG. 2. Safety factoig as derived from MSE intensity ratio for different T.he CHE.AP concept_ IS. based on a compreh_enswe
minor radii and ITER top-portconfiguration. Note, a simplified case off cir- atomlc mOdelmé.S of all emission processegbeam er.mssllon'
cular flux geometry has been assumed for illustration purposes. active and passive charge exchange recombinatizaking
use of a full set of data for the plasma environment. An
essential first step is the introduction of a common mapping

Large polycrystalline metal mirrorémolybdenum and grid for all physical parameters. This strategy has enabled us
tungsten on inclined target holders were exposed in thet© tréat the beam-plasma interactiore., beam stopping and
scrape-off laye(SOL) plasma of TEXTOR in both erosion Peam emission procesgda a consistent fashion. Multiple
and deposition-dominated zones. The accumulated plasn$€P processes and contributions from excited states are taken
exposure time of mirrors was about 900 s. Particle energielfito account. For ITER the concept of integrated data CX
and particle affluence were of the same order of magnitud@nalysis implies a comprehensive diagnostic coverage of the
as those expected for ITER. Figure 3 shows a schemati®ain plasma iongintrinsic and seeded impurities and bulk
layout of the mirror test and one sample exposed in thdons). From this point of view, the issue of CX measurement
deposition-dominated zone. The reflectivity was measure@f helium ash densities on ITER is inseparable from a simul-
before and after exposure in the SOL. The wavelength rel@néous measurement of all ions. Moreover, the issue of a
gime of measurements ranged from 250 to 2500 nm. Firslensity measurement is linked directly to a measurement of

experimental evaluatiofiscan be summarized as: ion temperature and plasma rotation. .
o Highlights of future activities in this field are listed
(1) after plasma exposure the reflectivity was decreased byea|ow:

up to 35% in the deposition areas. The reflectivity was
increased by 12% in the plasma near zogession (1) Super Fit: The present strategy of spectral analysis is
zones; usually based on a step-by-step process addressing each
(2) fringes due to constructive and destructive interference ~ SPectrum individually. A new concept is to involve a full
are observed i /4 corresponds to the optical thickness ~ S€t of spectra representing, for example, a complete ion
of a deposited film; temperature profile and solve all spectra in one go.
(3) the degradation of reflectivity of the exposed mirror (2) Integrated Data Analysis: From a similar point of view, a
spectral analysis is ultimately to be seen as part of a
global data consistency strategy. lon temperature and
density lead to ion pressure and combined with electron

N

p, pressure to a match of kinetic and diamagnetic energy
;’ V7 3 which can be used as a constraint on spectral analysis.
o Yy (3) The stochastic occurrence of plasma edge line emission,
P e.g., edge localized modes ELMs is a potential hazard to
a perfect background suppression scheme using beam
wirror ST e modulation. In this case, complex spectra will have to be
LCFS i ; ; ;
‘ evaluated requiring advanced atomic modeling and suit-
i * erosion/implantation .
LA S IS ; erosionfimplantatio able extraction tools.
- — Mo mirror (115 x 74)
deposition — [+=— Mo mirror (57 x 21)
20 shadowing Al lid M. von Hellermann, “Active Charge Exchange Spectrosa@@¥RS) and
Scheme of experiment Beam Emission Spectroscop$BES+MSH with Diagnostic Neutral
Beam (DNB)” (under EFDA contract; not publicly available, contact:
FIG. 3. (Color) Large polycrystalline metal mirro@nolybdenum and tung- mgvh@rijnh.n)
sten) on inclined target holders were exposed in the SOL plasma of TEX- 2M. von Hellermann, C. Giroud, N. C. Hawkes, R. Jaspers, A. Krasilnikov,
TOR in both erosion and deposition-dominated zones. P. Lotte, G. McKee, A. Malaquias, M. O’. Mullane, E. Rachlew, S.
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