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Abstract

We present a characterization of molybdenum sources, G, , core Mo density, n,,,, and their
dependencies on Alcator C-Mod operational regimes. This includes sources from the divertor,
the inner wall and the ICRF antenna limiters. We also present information characterizing the
penetration of these impurities into the core plasma under different conditions based on
penetration factors, PF=n,,/G,, (seconds). In general the inner wall Mo source is large
(~1018/sec) but isfound to be relatively uncorrelated with the core Mo level in diverted plasmas.
The outer divertor sourceis of similar order to that from the inner wall and has a penetration
factor in the range 10” — 2x10™ seconds depending on density and confinement mode. The
antennalimiter Mo sources are typically smaller, but with higher penetration factors — 10° -
2x10° seconds. The behavior of the antenna limiter sources is consistent with physical

sputtering due to the influence of RF sheath rectification.

1. Introduction

The impurity content of the plasma core is an important factor in determining the success of
any fusion experiment. As part of the effort to predict impurity levelsit isimportant to understand
the processes of impurity generation, transport in the SOL and in the core. The effects of the type
of operation (limited vs. diverted) and confinement mode (L- or H-mode) on transport are

important factors as well.
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High-Z materials are envisaged for use as part of the first-wall in a magnetic fusion reactor
(instead of, for example, carbon) because of erosion, hydrogen retention and safety concerns[1].
Studies of high-Z sources have been performed on limiter [2-5] and divertor tokamaks [6-9]. The
issue of impurity penetration to the core has often been separately addressed through examination
of recycling [10-13] and nonrecycling elements[11,12,14-18]. The experience with high-Z
materials has not been as prevalent as that with carbon, particularly in the presence of RF heating.
In this paper we characterize the experience with Mo sources and their penetration to the core

plasmain Alcator C-Mod, adivertor tokamak.

2. Experiment and technique

Basic characteristics of the Alcator C-Mod experiment and diagnostics are described
elsewhere [19]. The plasma discharges studied had a 5.3 Tedla toroidal field and plasma
currentsin therange 0.8-1.0 MA. All discharges were diverted with asingle field null at the
bottom of the machine. The datain this study are primarily from | CRF-heated discharges (both
L- and H-mode) using two-strap antennas launching waves at 80 MHz [19].

The plasma-interaction surfaces of the tokamak are all molybdenum tiles with boronization
conditioning. This includes the inner vessel wall and the lower divertor. In addition, for
protection of the antennas there are partial poloidal limiters at the outside edge of the plasma as
well astilesdirectly attached to the outside edge of the antennas, forming a ' picture frame’. The
poloidal limiter istypically located ~1 cm radialy outside the separatrix (referenced to the
midplane). The antenna protection tiles and Faraday screen are located .5 and 1.0 cm further
away from the core plasma.

The Mo influx is based on measurements of the Mo-I line brightness at 386.4 nm. Fiber
optics are employed to relay the light collected by a number of imaging systems viewing
different first-wall surfaces around the vessel to an f/4, 0.25 m visible spectrometer which

simultaneously monitors 16 of those locations. The inverse photon efficiency for the Mo-1 line
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is utilized to convert the Mo-1 photon brightness to influx (per unit area) based on a standard
formalism [15]. The n, and T inthe SOL and at the plate needed for determination of inverse
photon efficiencies are measured by Langmuir probes [20]. Multiplication of the influx by
source area gives the total source flux, G,,. The core Mo content is determined from the
brightness of aMo™" line at 3.740 Angstroms and modelling using the core ng and T, profiles
[21].

The concept of penetration factor, PF, has been defined previously [16,12] astheratio of a
given core impurity level, N, to its corresponding source, G, at the first wall (PF=N,/G,). The
relationship between the probability that an impurity neutral will enter the core, h ,, and PF is

defined ash ,=PF/1 ,, where { , isthe core impurity confinement time [13].

3. Source characterization

The most important Mo sources are the outer divertor, sections of the inner wall near the
midplane and, for ICRF-heated discharges, the antenna protection limiters. Figure 1 illustrates
the relative strengths of the relevant sources and the variations that can occur during asingle
shot. The plasma switches from being limited on the inner wall to diverted near the beginning
and end of the shot (separatrix to inner-wall gap, 1b). The ICRF power ison from .5to 1.2
seconds (1b). The core confinement switches from L- to H-mode at ~ 0.92 seconds, as
evidenced by therisein core density (1a). Note that this particular H-mode is ELM-free, which
not only leads to increased energy confinement, but also leads to impurity accumulation.

Of primary interest is the core Mo density shown in Fig. 1e. It is highest during the period
when the plasmais limited on the inner wall and drops as the plasma becomes diverted. The
core Mo levelsincrease again when RF power isinjected, further increasing when the plasma
energy confinement changes from L- to H-mode. The core Mo level would rise during H-mode
even if the Mo source rate stays constant, given that the impurity confinement increases [22].

The inner wall source (1d) islargest during the period when the plasma is limited and then
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steadily decreases throughout most of the shot, dropping dramaticaly during the ELM-free
phase. The lack of correlation between wall source and core content seen in thisfigure istypical
for diverted plasmas, even though the wall source is of similar order or larger than other
SOurces.

The core Mo levels are more correlated to the outer divertor source (1d). Again referring to
Fig. 1, the divertor Mo source increases as the plasma becomes diverted, with a second increase
following injection of RF power. Interestingly, the outer divertor source also decreases during
the ELM-free H-mode period. This drop in Mo source rate for the divertor and inner wall is
correlated with the observed decrease in power flow to the divertor (and thus the SOL) during
ELM-free H-modes.

The clearest correlation between a Mo source and the core Mo level is that of the antenna
(2€). It rises when the RF power is injected, increases proportionally to the RF power and then
returns to insignificant levels after the RF is off. The magnitude of the antenna source is less
than that from the inner wall and divertor.

To explore further the correlation between the antenna source and core Mo content we refer
to Figure 2. The impurity confinement and core ni, are held constant in these L-mode
discharges. The wall source was essentially constant, again showing lack of correlation with the
core Mo levels. The core Mo density and the antenna Mo source rate rise linearly with RF
power, increasing by factors of 6-8. The outer divertor increases more slowly with injected RF
power.

The plasma density also appears to be an important factor as seen in Figure 3a-c. Although
there is significant scatter in the data, due primarily to variations in RF power, thereis atrend
for all sources to decrease with increasing density. The fractional decrease islargest for the
divertor which, although the largest at low densities, drops to levels approaching the antenna
source rate at densities around 1.5x10%° m™. At densities above 2.0x10%° m™ the plasmas are in

H-mode. This appears generally to increase the sources, but these data are quite scattered.
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4. Sour ce Dominance

We can perhaps shed some light on the relative contribution to the core N,,, by different
sources through examination of the penetration factor for the outer divertor (PF,p) and antenna
(PFanT) @ seenin Figures 3d-e. Note that we use the total core Mo level in calculating each PF,
the calculated PF is thus an upper bound. In general, PF, 1 is considerably higher than PFp,
except for densities above 1.5x10°° m™. In addition the lowest PFs for antenna and outer
divertor sourcesare almost 2 orders of magnitude apart.

The shots included in this database have been examined for variations in source rates and
core levels, such as that shown in Figure 1, in order to determine which data points are from
discharges where N,,, appears to be dominated by either the antenna or outer-divertor. Based on
that subjective analysis the antenna source ‘dominates over that of the outer divertor for cases
where G,\+/G,p >0.1. The filled datapoints of Figures 3d,e represent such cases of divertor
(3d), and antenna (3e) dominance. Wall penetration datais not included here because of the lack

of correlation with core Mo.

5. Discussion

The penetration factors obtained where one source or the other is‘dominant’ are reasonablein

comparison to past work at Alcator C-Mod. Mo is a hon-recycling impurity and thus the closest

comparison isto penetration data obtained with N, and CH,, [17]. For a series of discharges with

Ne~1.3—1.8x 10°°m*, the inner wall was determined to have the lowest PF. The PF values for
divertor gas injection were in the range 10° — 2x10™ sec. The PF values for injection of gas from

the outer midplane were higher, 10° - 2x10 sec. These PFs are similar to the datain Fi gure 3d-e.

The ionization mean free paths for Mo and N are close (~2 vs. 6 mm near the antenna) so that

impurity neutrals are ionized far from the separatrix. Thus transport, which we don’t expect to be

very different for these elements, determinesthe level in the core.
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As mentioned in the introduction, one can extract information about impurity screening from
PF using knowledge of ;. Typical valuesof T, in C-Mod are ~ 20 ms, and 20-200 ms for L
and EDA H-modes, respectively. The resultant h, g is 5-100% for L-mode and 2-10% for EDA
H-modes. The outer divertor hoy are 0.1-1.5% in L-mode and 0.1-1.0% in EDA H-modes. The
screening of antenna-generated Mo is of similar magnitude to that obtained from laser-blowoff of
Sc at the midplane [23]. As seen in previous work [16,17] the divertor Mo source is much better
screened than that from the antenna, although in this study the ratio h,\/hp tends to be slightly
larger.

The question arises as to why the antenna protection tiles are such a significant source of
impurities. The poloidal limiters, mentioned earlier, are 5 mm closer to the separatrix and yet are
not significant Mo source locations. When the SOL heat flux is reduced during ELM-free H-
modes the outer divertor and inner wall sources drop, but the antenna source, which is at larger
minor radii, does not. In fact it stays proportional to the ICRF power. The plasmain the region
of the antenna has much lower densities than the outer divertor (1x1019 m* vs1-10 x 10° m’
3), similar plasma temperatures (10 eV) and much smaller Mo emission area. Thus, one would
expect the antenna source to be negligible compared to the divertor. All these differences point
towards the possibility that different mechanisms are in play at the antenna, most likely due to
the presence of ICRF. As aworking hypothesis, we point towards previous work with ICRF
where sheath-rectification, leading to enhanced plasma potentials and sputtering, was identified
as the cause of impurity generation [23]. We examine this effect in C-Mod by measuring the
floating potentia, Vg, and T, profiles and utilizing their relationship to the plasma potential, Vp
= Vg + ~3XT,, Figure 4. The addition of RF with standard heating phasing (0: p) raises Vp by
10’s of volts on field lines connected to the antenna protection tiles. The potential isincreased
further with poor phasing (0: 0.3p). Increased plasma potentials would lead to increased

sputtering. Further work is needed to determine the validity of this working hypothesis.
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6. Summary

The primary source locations for Mo which affect diverted discharges are the outer
divertor, the inner wall and the | CRF antenna protection limiters. Depending on plasma density,
level of injected RF power and the confinement mode, different source locations appear to
dominate the core Mo levels. In general the inner wall Mo sourceis large (~1018/sec) but is
found to be relatively uncorrelated with the core level of Mo in diverted plasmas. The outer
divertor sourceis of similar order to that from the inner wall and has a penetration factor in the
range 10” — 2x10” seconds, highest for low densities and H-modes. The antenna tile Mo
sources are typically smaller, but with higher penetration factors — 10 — 2x10° seconds havi ng
adependence on density and confinement mode similar to the divertor sources. The penetration
factors from the different locations are consistent with that obtained previously with non-
recycling gases; divertor sources are better screened from the core. The behavior of the antenna
limiter sources is consistent with physical sputtering due to the influence of RF sheath
rectification. Screening efficiencies for the different locations are estimated based on core
impurity confinements times. They scale the same, in terms of location and density, as the

penetration factors.
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Figure Captions
Figure 1: Discharge parameters: a) ni., b) separatrix to inner-wall gap and |CRF power; c) Mo
source rate from the antenna; d) Mo source rate from outer divertor and inner wall; and (€) core

Nyo- H-mode starts and ends at ~.93 and 1.23 seconds respectively.

Figure 2: Variation of Mo sources with ICRF power for a series of L-mode discharges at ni,

~2.0x10%° m™,

Figure 3: Variation in Mo sources (a-c) and PF (d,e) vs. ni.. H-mode cases have the larger

symbols.

Figure 4: Plasma potential in the SOL inferred from Langmuir probe measurements for cases

with and without | CRF.
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