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Abstract

The most important mechanisms for introducing carbon into the DIII-D divertors [J.L. Luxon, Nucl. Fusion 42

(2002) 614] are physical and chemical sputtering. Previous investigations have indicated that operating conditions where

one or the other of these is dominant can be distinguished by using CD and C2 emissions to infer C I influxes from

dissociation of hydrocarbons and comparing to measured C I influxes. The present work extends these results through

detailed analysis of the C I spectral line shapes. In general, it is found that the profiles are actually asymmetric and have

shifted peaks. These features are interpreted as originating from a combination of an anisotropic velocity distribution

from physical sputtering (the Thompson model) and an isotropic distribution from molecular dissociation. The present

study utilitzes pure helium plasmas to benchmark C I spectral profiles arising from physical sputtering alone.

� 2004 Elsevier B.V. All rights reserved.

PACS: 52.55.Fa; 52.40.Hf; 52.25.Vy
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1. Introduction

Most tokamaks operating with high input powers em-

ploy graphite tiles for divertor targets and for first walls.

As a result of plasma-wall interactions, carbon consti-
0022-3115/$ - see front matter � 2004 Elsevier B.V. All rights reserv
doi:10.1016/j.jnucmat.2004.10.058
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tutes the major plasma impurity, so its production mech-

anisms and transport have been studied extensively. The

development of spectroscopic techniques for distinguish-

ing between carbon produced by chemical or by physical

sputtering in the DIII-D tokamak has been reported pre-

viously [1]. Analysis relies on measurements of C I, CD,

and C2 emissions for evaluating influxes and on determi-

nation of effective atomic temperatures [2].

The present work focuses on spectroscopic analysis

of C I line shapes in pure helium plasmas, where only
ed.
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physical sputtering should contribute to surface erosion.

For near-normal viewing onto a divertor target, asym-

metries are anticipated from physical sputtering since

most of the carbon atoms move toward the observer,

in contrast with the symmetric profiles expected from

the nearly isotropic velocity distribution for atoms pro-

duced from molecular dissociation. Shifts of the profile

peaks can result for several reasons, which are discussed

in Section 3. In Section 4, the C I line shapes for a den-

sity scan in helium plasmas are fit to Thompson velocity

distributions and the results interpreted in terms of the

energy and charge state of the particles incident on the

divertor plate.
2. Apparatus

A schematic drawing of a typical lower single-null

(LSN) magnetic configuration in DIII-D is shown in

Fig. 1 together with cross-sections of flux surfaces [3].

Seven of the near-vertical views of the absolutely cali-

brated multichordal divertor spectrometer (MDS) into

the lower divertor are also depicted. Five additional

sight lines oriented upward into the top of the machine

are not shown. Signals are transported through 65m

optical fibers to a 1.3m Czerny–Turner spectrometer

equipped with a 1200 line/mm grating. At the wave-

length of the C I line used for the present studies,

9094.829Å, the dispersion is approximately 0.11Å/pixel.

Twelve fibers from the machine are clamped, together

with one short fiber above and another below, into a

straight vertical array of fourteen fibers at the entrance
Fig. 1. Schematic view of DIII-D cross-section showing a lower

single-null magnetic configuration and views V1–V7 of the

multi-chordal divertor spectrometer.
slit of the spectrometer. The two outer fibers can be illu-

minated with various gas discharge lamps to obtain

wavelength fiducials, while tokamak data are acquired

on the central twelve. For the shot sequences in helium

plasmas described in Section 4, the Ar I line at

9122.966Å has served as the wavelength fiducial, but

in the deuterium plasmas discussed in Section 5, where

discharge lamp spectra were not recorded, other meth-

ods were utilized to evaluate shifts. Information from

all channels is recorded simultaneously by a two-dimen-

sional, charge-coupled device (CCD) with 22.5l pixels.
An integration time of 125ms is employed. Spectrometer

slits are set at 20l in order to retain the capability for
high-resolution line-profile measurements. Although

the input slit is straight, its image at the exit of the spec-

trometer is curved because of spherical optics, and it is

important to account for this aberration accurately

when calculating relative shifts between data in different

channels. The offset between the end fibers and the cen-

ter can differ by as much as one pixel, which is more than

the actual shift of the peak of the C I line caused by real

physical processes under many conditions. The fiber-to-

fiber offset caused by this optical distortion is 0.05–0.10

pixel widths or approximately 0.005–0.010Å.
3. Theoretical line shapes

Spectral line shapes from physically sputtered atoms

are calculated using a modified Thompson flux distribu-

tion of the form [2]

f ðEÞdE ¼ E

E þ U 0ð Þ3
cosaðh þ dÞGðEÞdE ð1Þ

with G(E) = 1 � [E + U0/c(1 � c)Eimp]
1/2 and c = 4mD ·

mC/(mD + mC)
2. Eimp is the energy of the incident parti-

cles, E is the energy of the sputtered particles, U0 is the

binding energy of carbon (7.4eV). As indicated in Fig. 2,

h is the angle of the sputtered particle relative to the
sight line and d is the angle between the sight line and
δ

θ
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Fig. 2. Velocity space geometry for computing line profiles.

Particles in the lightly shaded area contribute to the blue wing;

those in the heavily shaded area to the red wing.
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the normal to the divertor target. G(E) is a cutoff term

that accounts for the maximum momentum that can

be transferred to the target atoms. The factor (1 � c) is
added to Thompson�s original term in order to give a

better representation for sputtering by light ions [4].

After expressing Eq. (1) in terms of velocities, a dis-

tribution in h and Dk is obtained by using the Doppler
shift relationship, Dk/k0 = vcosh/c. Integration over the
angular variables then produces a line profile as a func-

tion of Dk, the wavelength offset from the nominal line
center [5]. For a view normal to the target, the resultant

profile has only a blue wing since all ejected particles

move toward the observer. However, the actual views

into DIII-D (Fig. 1) are not normal, and a small fraction

of sputtered particles actually moves away from the ob-

server and contributes to a weak red wing. The geometry

is illustrated schematically in Fig. 2 where the lightly

shaded portion of a semi-circular cross-section in veloc-

ity space gives rise to the blue wing. The contribution of

atoms in the heavily shaded portion provides the signal

near Dk = 0 in the red wing.
Line shifts as well as line shapes are important for

interpreting source mechanisms, but shifts by themselves

are difficult to interpret since they can arise for more

than one reason. As a consequence of the non-normal

views, even a Thompson velocity distribution that is iso-

tropic in h above the target [a = 0 in Eq. (1)], produces a
line with a maximum shifted to the low wavelength side

of k0. Much larger shifts in the line profile maximum
should be observed if the angular distribution is strongly

peaked normal to the target, even in a normal view. For

example, a cosh distribution (a = 1) has no atoms mov-
ing perpendicular to the sight line, so the intensity is zero

at Dk = 0. Fig. 3 shows calculated profiles for Eimp =
100eV and a = 1 for both a normal view and a non-nor-
mal one with d = 12�.
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Fig. 3. Calculated spectral profiles from Eq. (1) for viewing

along the normal to the divertor target (solid line) and viewing

at an angle of 12� (dashed line).
The red-wing contributions from physical sputtering

should be small for any of the views onto the DIII-D

divertor target. However, the experimental data always

exhibit significant emission in the red wing. This emis-

sion longward of k0 can be reasonably well accounted
for by modeling the signal received by the collection lens

as a combination of direct and indirect light, the latter

caused by reflection from the graphite floors tiles. Be-

cause the source region of the indirect light is not iden-

tical with that of the direct light for views that are off

normal, an effective reflectivity incorporates both the

reflectivity of graphite at the C I wavelength as well as

any spatial variation in the source function. Reflection

has no effect on line shape for a velocity distribution

which is isotropic; but, on one which is anisotropic, it

causes a reversal of the line profile about the rest wave-

length of each Zeeman component. Effective reflectivi-

ties between 15% and 20%, which exceed measured

reflectivities [6] only slightly, have been found to give

good agreement with the measured emission on the red

wing of the C I line.
4. C I profiles due to sputtering by helium

All analysis has been performed on the brightest line

of the C I 3P–3P0 multiplet (9094.826Å) [1]. To obtain

spectral data in which the C I profile was determined so-

lely by physical sputtering under well-documented, stea-

dy state conditions, ohmic plasmas were run in pure

helium. A rapid switchover from deuterium so helium

was achieved by using divertor cryopumping to exhaust

residual deuterium from ECH-heated, helium dis-

charges. Neutron analysis and spectroscopy confirmed

that a D/He fraction of less than 0.5% was obtained in

the highest density ohmic discharges, and approximately

1% as the lowest density.

A shot-by-shot scan in density was performed in oh-

mic, helium discharges. Fig. 4(a) shows spectra of the

Zeeman-split C I line at the outer strike point, taken

along view V6. In most cases, the C I line was bright en-

ough for quantitative analysis only at the outer strike

point. As density decreases and, concomitantly, the im-

pact energy of helium ions incident on the target in-

creases, the peaks of the p- and r-components shift to
shorter wavelength and their profiles broaden asymmet-

rically. The overlap of the blue wing of the central p-
component with the red wing of the short wavelength

r-component on view V6 necessitates modeling the

ensemble of three Zeeman components.

Fig. 4(b) shows the best fit to the data at hneil =
3.5 · 1013cm�3, of a model profile consisting of a

Thompson velocity distribution for physical sputtering

convolved with the instrumental profile. The shoulder

seen on the right side of each Zeeman-component in

the measured profile is due to an indirect (reflected) light
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Fig. 5. Comparison of the impact energies inferred from

spectral fitting to local Te in front of the target. Solid circles

are result of parabolic fit to mean Te values; open circles

represent Eimp/Te.
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Fig. 4. (a) Peak-normalized profiles of the Zeeman-split C I line

in ohmically heated plasmas of pure helium for five different

values of line-averaged core density. The positions of the rest

wavelengths for the three Zeeman components are indicated by

the vertical lines. (b) Fit of theoretical Thompson distribution

to measured C I line profile for hnei = 3.5 · 1019m�3, with

instrumental profile shown for comparison. The solid line

represents the fit, the solid circles the measured data, the long-

short dashed line the instrument profile. The dashed curves left

and right of the C I rest wavelength, are, respectively, the

predicted Thompson profile for an impact energy of 300eV and

its indirect contribution, mirrored about the rest wavelength

and attenuated by the effective reflectivity.
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contribution – the reversal on reflection in the apparent

direction of the particle motion relative to the observer

results in a spectral mirroring of each Zeeman compo-

nent about its rest wavelength. The direct and indirect

contributions to the p-component, respectively, are de-
picted at half of normalized intensity (for clarity) by

the two dashed curves. A good fit to the complex shape

of the measured profile is obtained only when the indi-

rect contribution is included in the model spectrum. In

the case shown here, the v2 fit parameter is minimized
for an impact energy of about 300eV.

The dependence of the electron temperature in front

of the divertor target as a function of the line-averaged
density in the core plasma, is shown in Fig. 5. These

Te values were obtained from divertor and SOL Thom-

son scattering measurements during stepwise radial

sweeps of the outer strike point – no Langmuir probe

data was obtained on this experimental day. Because

the SOL electron temperature in these helium discharges

exhibited a very shallow gradient between the X-point

and the target and there was a paucity of Thomson data

immediately in front of the target, all data below the X-

point were averaged in the determination of the target Te
and its error bar. Target Te varies from roughly 10eV

for the highest density discharge to above 30eV for the

lowest density. For the calculation of the Eimp/Te ratio,

Te values are taken from the parabolic fit drawn through

the error bars.

At the highest density, the Eimp/Te ratio of roughly

five is consistent with acceleration of thermal He+ ions

through a sheath potential of 3kTe. The increasing val-

ues for Eimpact/Te with decreasing density suggest a rising

fraction of He++ ions incident on the target; for ratios

greater than eight, these He++ ions must be hotter than

the local electron temperature in front of the target.

Though simple calculations show that helium ions recy-

cling at the target will re-ionize within a couple centime-

ters of the plate for the range of temperature and density

spanned by these discharges, the result of more compre-

hensive fluid-edge modeling shows a surprisingly large

fraction of He++ incident on the OSP, suggestive of

alternative pathways by which recycled particles enter

the SOL flow to the target. Evidence for He++ ions in

the SOL with temperatures characteristic of the pedestal

region is found in the measurement by charge exchange

recombination spectroscopy of ion temperatures and

densities in the SOL at the outer midplane. If some of

these presumably banana-confined, hot particles scatter

into loss orbits, they will significantly enhance sputtering

at the divertor target in the low density discharges. Sput-
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tering controlled by fuel particles leaking from the edge

plasma onto open field lines upstream of the divertor ac-

cords with observations made on JET (the Joint Euro-

pean Torus) [7].

Overall, the Thompson velocity distribution, with

inclusion of reflected light in the model, provides a cred-

ible match to the subtle details of the measured C I pro-

files resulting from physical sputtering of carbon by

helium at energies of impact in the range 75–500eV.
5. Summary

Ohmic plasmas in pure helium were produced to

study the C I line shape in the presence of physical sput-

tering alone and, thereby, validate under realistic diver-

tor conditions the Thompson velocity distribution for

physical sputtering at low impact energy (75–500eV).

To determine accurately the small Doppler shift antici-

pated, a very careful wavelength calibration was per-

formed. Inclusion of the wavelength-mirroring effect of

indirect observation on line shape was found necessary

to achieve a good fit to the red wing of the line. The

refinement in line-fitting technique provided by this exer-

cise helps in modeling the more complex line shapes pro-

duced in deuterium plasmas, where both physical and
chemical sputtering both play a role. In deuterium plas-

mas, the degree of asymmetry in the C I line shape is

found to vary widely with divertor conditions.
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