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MEASUREMENTS AND MODELING OF IMPURITY SOURCE
DISTRIBUTIONS FROM THE TORE SUPRA
OUTBOARD PUMP LIMITER*

C. C. Klepper, J. T. Hogan, S. J. Tobin,T R. C. Isler
Fusion Energy Division, Oak Ridge National Laboratory

D. Guilhem, W. R. Hess, P. Monier-Garbet
Assoc. EURATOM- CEA, DRFC/SPPF, Centre d’Etudes de Cadarache

ABSTRACT

An experiment has been carried out to study impurity generation processes on an
inertial limiter on Tore Supra. It is part of a plan to assemble a more detailed integrated
picture of impurity generation at the inner wall, the outboard and vertical pump limiters,
and the heating and current drive antennas. A system has been implemented to permit
quantitative measurement of impurity sources from the outboard limiter in Tore Supra.
Data are presented for a representative case in which the limiter is isolated as much as
possible from connection with other Tore Supra plasma-facing components. The data are
compared with results from the Monte-Carlo SOL impurity transport code BBQ, in an
attempt to identify the mechanism for impurity release. Evidence of chemical sputtering
as an important impurity source is seen.

INTRODUCTION

The problem of impurity generation presents a fundamental limit to long pulse,
steady-state operation. To characterize the impurity source accurately in a tokamak
experiment, it is necessary to understand the interrelationship of sources from all the
plasma-facing components (PFCs). In Tore Supra, these include the inner wall, the out-
board and vertical pump limiters, as well as the heating and current drive antennas. As is
well known, however, impurity transport at the plasma edge is not well understood and is
hard to measure experimentally. Measurement and interpretation of edge impurity gen-
eration and transport are complicated because the sources are very localized and the
atomic and molecular processes are complex. The highly localized nature of the sources,
and of the associated optical emission, implies that good spectroscopic viewing access
and high spatial resolution are required. Since the spatial distributions of charged impuri-
ties are the typical observables, interpretation in terms of generation processes requires

*Research sponsored in part by the U.S. Department of Energy (U.S. DOE), and carried out under
contract DE-AC05-840R21400 with Martin Marietta Energy Systems, Inc., and under the international
collaboration agreement between the U.S. DOE and the Association EURATOM-CEA.

TSupported by a fellowship from the Oak Ridge Association of Universities.



the use of codes to translate the predicted distribution of impurity densities from a given
source into an observed distribution of emission. It also requires that the codes used in the
interpretation include the specific geometry of PFCs in great detail.

This paper describes a study conducted on Tore Supra in which small plasmas were
created to isolate the outboard limiter as the most important PFC. Complementing previ-
ous studies of impurity generation at the Tore Supra inner wall [1], [2] and the ncutralizer
plate of a previously installed outboard pump limiter {2], [3], this study allows an exami-
nation of the characteristics of impurity generation at the face of the outboard limiter in
isolation from other interactions. Since there is no direct view of this limiter from an
external port in the machine, the design of a special endoscopic imaging system was
required, and this is described below.

For modeling and interpretation of the data the impurities code BBQ is used. This
code incorporates a 3-D Monte-Carlo description of both neutral and charged impurity
transport. The “physical” model in the code is patterned after that in the LIM code
(P. Stangeby et al. [4]). As is well known, the value of such codes is determined by the
level of detail of geometry which is included, and the detailed, “as-built”, geometry of
Tore Supra is incorporated in BBQ. For the impurity generation processes, such as physi-
cal and chemical sputtering, the recommended values of Eckstein et al. [S] are employed.
BBQ calculates the evolution of CH, breakup products (chemically produced impurities)
using the data base of Erhardt and Langer [6]. The CH,4 breakup model in BBQ was
compared with low density experiments conducted in PISCES [7]. The code calculates
spatial distributions of CO — C*6 (and of CH4 — CH ) arising from impurity generation.

This experiment was carried out with an inertially cooled, nonpumping outboard
limiter (Phase I). The Tore Supra semi-actively cooled (Phase II) pump limiter used in
previous experiments had been removed to repair damage incurred in a previous experi-
ment. The front face of the Phase I inertially cooled limiter is shaped identically to that of
the new, actively cooled Phase III pump limiter, which is presently installed on Tore
Supra [8]. The Phase I limiter is a monoblock of isotropic graphite and is not cooled. As a
result, the plasma contact with the outboard limiter module was limited to about 4 s, and
time-dependent effects were anticipated because of the increasing temperature of the
limiter.

The shape of the outboard limiter was designed from optimization studies that
accounted for the detailed magnetic flux geometry, including ripple effects, to optimize
the heat removal capability, while keeping the heat flux to the leading edge within a man-
ageable range [ 9], [10], [11]. Figure 1 shows the predicted toroidal heat flux distribution
for the design case of R = 2.38 m, a = 0.75 m on the limiter [11]. Note in Fig. 1 that
maximum limiter temperatures are expected near the “crown” of the front face (at 0.10 to
0.15 m toroidally from the tangency point) and at the tip of the leading edge.



Model Description

General scheme

The code sequence begins with a calculation of physical sputtering arising from
D* - C interactions, so that the spatial and velocity distribution of neutral (C0) atoms
entering the SOL plasma is computed. The D* flux is calculated from an exponential-sine
model, or with an assumed flux-amplified particle flux distribution. The BBQ code then
calculates the further evolution of these atoms as they are ionized, transported parallel
and perpendicular to field lines in the SOL, are further ionized or recombine or undergo
charge exchange with DO to lower charge states, and finally either strike a PFC, or enter
into the well-confined core plasma region. The spatial and energy distribution of C* ions
which terminate on other PFCs is recorded, including the energy gain by sheath accelera-
tion by the n-tuply-charged ions. This information is then used for a next stage, where the
transport of the impurities produced by this self-sputtering is tracked. The process is con-
tinued as long as required. An estimate of the sum of the geometric series for the total
sputtering yield, Yefr= Ypco/(1 =MYce) (= Ype + nYece - ...) can be made, where Ype
is the D — C sputter yield, Y¢c is the C self-sputter yield and 1 is the self-sputter proba-
bility. The distributions for the ions reaching the confinement zone are saved as input to
radial impurity transport (Mattioli code) calculations.

D — C impurity generation stage

The particle [heat] fluxes are assumed to obey an exponential relation, with a char-
acteristic scrape-off layer length A [Aql, with Iy(p), T (p), q(p), and q ; (p) defined as

I)=bTy@ e T a1 (2) P (1)
and, for the heat flux,
q(p) = b qy(a) e -q g q(a) e~P-aig )

for p 2 a where n=Vy/|Vyl, y: poloidal flux) is the unit vector normal to the poloidal
flux surface and b(=B/IB}) is the unit vector parallel to the magnetic field. The quantities
[@)qy@l and T, (a)[g 1 (a)] are the particle [heat] fluxes at the outermost plasma sur-
face tangent to the PFC at the equator (p = a). We assume a value for the ratio of perpen-
dicular and parallel fluxes as a free parameter (since it cannot be directly measured).
Thus, we define

Fi. =T@T, @) , 3)
and

QuL=qp@)q,(a) . G



The flux of D* and heat to the PFCs is proportional to the components of the paral-
lel and perpendicular fluxes normal to these surfaces. The value of the fluxes to the sur-
face at radius p are thus, for the particle flux normal to the surface:

@ (r) =T(p) sin (9) + I' | (p) cos (¢) , &)

and the heat flux normal to the surface is

H, (p) = qy(p) sin (¢) + q, (p) cos (¢) . (6)

Here ¢ is the local angle of incidence between the PFC surface and the plasma flux
surface.

The effective sputtering yield for D — C is taken from the Roth et al. [7] semi-
empirical model. The enhancement in this sputtering yield for oblique angles of incidence
is estimated with the model of Yamamura et al., which is also discussed in [7]. In the pre-
sent calculations we limit the maximum increase over the normal-incidence yield to a
factor 2. The sputtering yield is calculated using local plasma parameters at the tile sur-
face, assuming an exponential radial dependence of plasma parameters in the SOL as
described in Egs. (1) and (2). The local sheath potential is assumed t0 be Pgheam =
4ZkTe + 3kTj» and the local angle of incidence is used in the calculation.

The numerical scheme used to produce the entering distributions first randomly
selects a poloidal position on the limiter, and then finds the minor radius depth in the
SOL (py ¢pg-2) and the value of the local tile surface tangent at that poloidal location.
This is needed to find the angular distribution of velocity cosines. The generation code
produces a file of self-consistent values of p; -gg-a, local tangent and sheath potential (®)
as a function of poloidal angle. A random number generator then picks the specific loca-
tion for emission of a new particle from the range of values in this file. The velocity
parameters, are similarly obtained. The particles which are emitted may be either CO or
CDy, depending on whether physical or chemical sputtering is under study.

Particle transport in the SOL

Each particle incident from the limiter is tracked until its final disposition. The par-
ticles are assumed to diffuse both parallel and perpendicular to a defined set of magnetic
flux surfaces. The parameters used in this description are obtained from Tore Supra mag-
netics fitting routines. The equation describing the flux surfaces is

pl=R-~ Rplasma)2 +(z- Zshifl)z/ K2,

where R is major radius, Rplasma is the major radius of the plasma center, z is the vertical
coordinate, zy;y, is the vertical displacement of the plasma, x is the plasma elongation
(<1 in the case of oblateness), and p is the flux surface label.

The particles are flown on straight line tracks until the first ionization, or subse-
quent to recombination into the neutral state. While charged, the particles are flown on



flux surfaces as described by the magnetics model, and the free streaming along field
lines and by random diffusive processes are calculated. The maximum allowable step size
is pre-determined (usually set at 0.01 X the grid resolution), and a track length estimator
is used to choose a time step. The track length estimator uses a first ionization probability
of 10% to estimate the step length for neutral particles, or 10% of the next stage ioniza-
tion distance to estimate the step length for charged particles. Subsequent steps are han-
dled differently, depending on whether the particles are charged or not.

For neutral particles, the equations of motion are Cartesian, while for charged parti-
cles, the particle motion consists of free streaming parallel to the flux surface defined by
the current value of the safety factor (q) along with the random diffusion and heating pro-
cesses. In this case the particle dynamics are described by advancing the variables ©, ¢,
and p, the poloidal and toroidal angles and the flux surface label. The step in toroidal
angle (A¢) is chosen using the track length estimator to obtain a value for dt. Then the
toroidal step is determined by using the current value of the toroidal velocity, Ad = Vg dt.

The equations which then advance the variables are, first the free streaming along
the field:

bpew =0+ 420 ,

Bew =0 +A0/q(y) .
With the parallel diffusivity given by its Spitzer value,

a random value &[~1,1] is chosen, and the toroidal and poloidal random diffusion steps
are:

Ad=§(Dy dt ER)12
and
A8y = Ady/q(y) .
Motion due to the background friction force is described by:
Abfriction = 0.5 dtz[VbackgrOund (p,q) = vIIts(Z.p)/R
with
ABfriction = Adfriction/q(¥) -

The model used in BBQ for vpackground assumes a local flux amplification A =2
near the limiter.



Motion due to the local electrostatic field is described by:
Adelectrostatic = (1/2)ZeEgqp, dt/A/R
= 0.5 dt*Zesouna (PIM(p,q)/A/R

Abelectrostatic = Aelectrostatic/q(W)

The cross-field diffusion is given by
Poew =P + (1 ~ 26)(D dY12 with & random in [0,1] .

The thermal balance for the particles is calculated. It contains contributions due to ther-
malization with the background ions,

Enew = E [1 - dt tn(Z,p)] + dt a(Z,p)Ti(p)

from frictional heating,

Vpew = V[1 = dt T5(Z,p)] + dt T5(Z,p) Vbackground (1,9)
and from the electrostatic field,
Vnew = V dt Z * Csound (1) * M(p)/A/R .

New velocity angles are chosen to follow field lines, given the new spatial angles ¢pew
and Opew.

Each particle, whether neutral or charged, is evaluated for the chance of undergoing
ionization, and recombination if charged. Upon first ionization we obtain the pitch angles
with respect to the field from the requirement that v  Byew = v © Boig. Particle flights are
terminated when they strike a PFC, or penetrate to within a predetermined depth inside
the core plasma. When particles strike a PFC, their positions and the local sheath poten-
tial are tallied, and at the end of the run these results output as a file for subsequent runs
to assess the contributions due to self-sputtering. The depth inside the last closed flux sur-
face at which particles are terminated is usually 1 cm. Because of the possibility that par-
ticles which penetrate inside the last closed flux surface can diffuse into the center of the
plasma, thus leading to impractically long execution times, particles are tracked up to a
maximum time limit, which is pre-determined. This limit is 15 ms for the cases presented,
while the characteristic lifetimes are <1 ms. Fewer than 1% of particles are stopped by
this requirement.

Experimental Setup

An existing endoscope system previously used for infrared (IR) measurements was
modified for imaging in the visible range of the spectrum. The modification was designed
such that the internal IR optics could be reproducibly replaced by the visible optics, and



vice-versa. In addition, a beam splitter was introduced into this system so that the light
could be directed simultaneously to a CCD camera and to a set of optical fibers. This
way, the CCD camera provides the high spatial resolution for the entire limiter, while the
optical fibers, coupled to a dedicated visible spectrometer, provide the absolute calibra-
tion and the spectral resolution. Figure 2 shows a schematic of this system. The CCD
camera was equipped with a filter wheel, containing interference filters for the Dy
6561 A, CII 5150 A, and CIII 4647 A lines, respectively. By using an asynchronous con-
troller for the CCD camera, the integration time could be varied over a large range
(typically 0.2 to 200 ms) to control the effective gain of the camera. The limited dynamic
range of the CCD camera required duplicating each plasma shot, so that the image could
be optimized for either the bright leading edge or the dimmer front face. The spectrome-
ter was equipped with an Optical Multichannel Analyser (OMA). Exposure times varied
between 0.1 and 1.5 s, depending on the plasma conditions and the spectral line observed.
Absolute intensity calibration is an essential requirement for these measurements
and is performed whenever access to the interior of the vacuum vessel is possible. The
endoscope, optical fibers, and spectrometer are calibrated as a system using a standard
source. The calibration is then transferred to the CCD images when analyzing shot data.

Experimental Results

This campaign included electron density scans in the range of 1.6 to 3.5 x 1019 m=3
(volume averaged) and a plasma current scan in the range of 0.8 to 1.49 MA in Dy
plasmas. For each of these conditions, all at Bt = 3.7 T, sets of similar shots were pro-
duced, so that all three lines spectral lines (CII, CIII, and Hgy) could be monitored with the
spectrometer and with the CCD camera simultaneously.

In this paper, we present data from the case of <ne> = 3.0 X 1019 m~3 and Ip=
1.24 MA. An apparent increase in the emission at the limiter leading edge was observed
in the CCD filtered images, as a function of time. This increase was later shown, by
means of the spectrometer data (Fig. 3), to be due to increases not in the line intensity,
but in the underlying continuum caused by significant heating (>1000°C) of the limiter.
Thus, interpretation of the data requires a separation of the effects of continuum and line
radiation. Here we restrict our analysis to times early enough in the limiter heating phase
that the continuum radiation is not yet dominant (i.e., to t < 6 s in the discharge, where
limiter heating begins at t =4 s).

“Grayscale” images of the spatial distributions of Hy, Cll and CllT at t = ~6 s are
shown in Fig. 4 (a,b,c, respectively). Note in the CII image that the maxima in emission
occur at the locations where the heat flux and limiter temperature are expected to peak
(Fig. 1). Since CII emission is more closely tied to the impurity neutral source than CIII,
this may be taken as an indication, independent of modeling, as to the localization of the
impurity source. In this case the emission appears to be closely correlated with the
expected maxima in limiter temperature distribution, and this gives an indication that
chemical sputtering may be involved for this data set.



Modeling results

Modeling of this data set with the BBQ code has been carried out to compare the
predicted CII and CIII distribution with those observed. The code requires the specifica-
tion of a number of parameters describing SOL transport. For this data set, the following
values were used:

D.L D Il Téim Tilim }‘q A r

1 m?/s 50 m2/s 35eV 15eV 1cm 2.5cm

The background plasma parameters are obtained from Langmuir probe data and the flux
surfaces from magnetics. The code predicts the spatial distribution of Ct(p,$,8) from an
assumed source of combined chemical and physical sputtering. The ratio of ionization to
photon events (S/XB) is taken from [12] to generate a distribution of CII and CIII emis-
sion. The result is a predicted distribution of impurity light. In Fig. 5 we compare the dis-
tributions of CII light for the case of Fig. 4(b) assuming (a) only a physical sputtering
source and (b) a combined physical and chemical sputtering source. Qualitatively, the
occurrence of a sharp peak at the limiter leading edge and also on the limiter crown
requires a chemical sputtering source. An total ion flux of 50 A (or 50 torr l/s) and a
70:30 ion to electron drift-side asymmetry were assumed for these modeling runs.

DISCUSSION AND CONCLUSIONS

We have examined the spatial distribution of impurity sources on the front face of
the Phase I outboard limiter for the simple case of a small plasma, which is only in con-
tact with this limiter. Using the BBQ code, we can successfully model the measurements
when we include chemical sputtering in the impurity generation processes. The estimated
surface temperatures (T, ) of the limiter, from IR camera images taken during similar
shots, were in the range 625 to 795°C on the leading edge and about 600°C on the front
face. In such a temperature range, chemical sputtering is expected to be significant (see
Roth et al. in [5]). Although, in the literature, chemical sputtering data are limited to ion
fluxes several orders of magnitude lower than those encountered in a tokamak limiter,
previous results on the Phase II pump limiter showed this process to be img;ortant ncar the
neutralizer plate {3]. There, the ion flux was measured to be about 2 X 10" ions/cm¥s.

The oxygen content is normally negligible in Tore Supra, especially since
boronization became a standard procedure. It is therefore assumed that oxygen plays no
role in the sputtering process. The strong dependence of the chemical sputtering process
on T, [5] is primarily responsible for the large difference between the two modeling
results in Fig. 5. The expected large difference in the energies and ionization path lengths
of molecules created by chemical sputtering to mostly atomic C generated by the physical
sputtering mechanism also plays a large role.



Future work

An immediate next step will be to examine the measured impurity distributions at
later times (t > 6 s) in these discharges to determine the importance of the various sputter-
ing processes as T, ¢ increases (e.g., the possible role of RES or thermionic emission).
When a new series of experimental runs begins with the newly installed Phase III pump
limiter, we plan to repeat these measurements and compare results with those of the iner-
tial limiter. In the new measurements, we will include a spectral survey to search for
molecular bands, whose existence is implied by our assumption that chemical sputtering
plays a role in the impurity production.

Ultimately, the goal of the multilimiter setup in Tore Supra is to optimize power
sharing between all the PFCs without sacrificing plasma performance and particle
removal capabilities [13], [14]. In parallel with this program we plan to study the impu-
rity generation processes from the lower pump limiters and antennas and examine the
synergy in these processes arising from the connection (by means of magnetic field lines)
between these PFCs. In the case of the radio frequency (rf) antenna, some observations of
CIII profiles have already been carried out in an initial study to evaluate damage to the
antenna shields due to rf-induced potentials [15].
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smaller than the photodiode array of the OMA.
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