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Abstract Research on Alcator C-Mod tokamak focusses on exploiting compact, high density plasmas to
understand core transport and heating, the physics of the H-mode transport barrier, and the dynamics
of the scrape-off-layer and divertor. Rapid toroidal acceleration of the plasma core is observed during
ohmic heated H-modes and indicates a momentum pinch or similar transport mechanism. Core thermal
transport observations support a critical gradient interpretation, but with gradients that disagree with
present theoretical values. High resolution measurements of the H-mode barrier have been obtained
including impurity and neutral densities, and the instability apparently responsible for the favorable
“Enhanced D-alpha” regime has been identified. Divertor bypass dynamic control experiments have
directly addressed the important questions surrounding main chamber recycling and the effect of divertor
closure on impurities and confinement. Future plans include quasi-steady-state Advanced Tokamak
plasmas using Lower Hybrid current drive.

1. Introduction

Alcator C-Mod [1] is a divertor tokamak with high magnetic field capability (to
B, = 8T so far) in which quite high plasma currents (to I, = 1.5 MA so far) are possible
in compact geometry (R = 0.67 m a = 0.22 m). Plasma densities above 10! m~2 have
been obtained, but more typically the average density is in the range 1 — 5 x 10%°
m~3. Elongation is typically approximately x = 1.6 but the range 1 — 1.85 has been
explored. Triangularity at the active x-point between 0.4 and 0.6 is obtained routinely.
C-Mod is heated by ICRF power up to 5 MW at 80 MHz, and readily enters the H-mode
regime even with ohmic heating alone at low safety factor; q; down to 2.3 has been
used. Plasma facing materials are molybdenum throughout, thus exploring the high-
Z refractory metals that appear attractive for reactors to prevent tritium retention.
Boronization is used to improve plasma purity and control the hydrogen-to-deuterium
ratio which is important for optimizing ICRF heating efficiency; 80% of launched power
can usually be accounted for directly in plasma heating.



We review here highlights of the recent experiments on core transport, H-mode
pedestal physics and scrape-off-layer and divertor plasmas.

2. Plasma Rotation and Core Transport

Plasma rotation is important because it is implicated in the suppression of tur-
bulent transport and because of the insight that it gives into the fundamentals of
transport physics. Alcator C-Mod has no direct momentum inputs in the form of neu-
tral beams. Therefore it presents an unperturbed environment in which the plasma
flow is determined by transport processes.
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FIG. 1. Scaling of core rotation with plasma energy FIG. 2. Core toroidal velocity in H-
and current in ICRF and ohmic cases from the two mode as a function of ICRF resonance
diagnostics. position.

Despite the absence of momentum input, we find that the core of the plasma
rotates generally in the co-current direction with a velocity that scales approximately
as W/I,, where W is the total stored kinetic energy of the plasma[2]. The core rotation
in measured by high-resolution x-ray Doppler spectroscopy of argon ions [3] and by the
analysis of sawtooth precursors, whose propagation velocity is found to agree with the
Doppler measurements to within the experimental and theoretical uncertainty. The
scaling was established initially in ICRF heated plasmas, and led to the speculation that
an ICRF effect was responsible [4, 5]. Subsequent measurements on ohmic H-modes|[6],
with no ICRF, yielded the results shown in figure 1. The scaling of the ohmic H-mode
results is indistinguishable from that of the ICRF heated plasmas, although the latter
extend to higher stored energy because of the additional heating. This result shows
that there certainly is a mechanism that causes the plasma to rotate in the absence of
any non-thermal ion tails or other RF effects. It is a transport mechanism, and must
be capable of sustaining the plasma rotation, presumably by transporting momentum
up the velocity gradient, in the presence of an implied momentum diffusivity that is
similar to the energy diffusivity, and in the absence of net particle transport (since
there are no core particle sources and the velocity is present even when the density has
reached equilibrium).

In further recent experiments designed to test the theory [5] that ICRF mecha-
nisms based on energetic particle effects can give rise to the rotation, experiments have
been performed varying the position of the ICRF minority heating resonance from the



outboard to the inboard of the tokamak. The theory predicted that there should be
a reversal of the direction of ICRF-driven flow from the co-current direction when the
resonant heating was outboard of the axis to counter when it was inboard. No such
prompt reversal was observed, as illustrated in figure 2, thus emphasising again that
the dominant contribution to the flow appears not to be an RF effect.
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in the H-mode barrier.

We have observed density peaking apparently associated with internal transport
barriers also in ohmic H-modes. Barriers with the base of the density gradient in a
similar location to those in off-axis ICRF have been observed, but the base is sometimes
further out, within about 0.05 m of the H-mode pedestal. The peaking of the density
is again accompanied by a slowing of the toroidal co-rotation.

Core transport barriers are also regularly triggered in C-Mod by the back tran-
sition from H- to L-mode. The mechanism appears to be the increase of the density
gradient caused by the loss of edge density as the H-mode barrier collapses. As figure
4 illustrates, rather steep density gradients form transiently in the region of r/a ~ 1/3.
Core density is observed to be unperturbed or even to rise for up to about 1 energy
confinement time, as shown in figure 5, and during this period, the ion temperature also
rises leading to increased fusion reactivity (and the name “enhanced neutron mode”).
Thermal core confinement is thus shown to be improved during this transient. We find
by observing which transitions give rise to the core transport barrier that a minimum
density gradient or inverse scale length, exceeding approximately 8 m~! is required to
trigger it.

Recent transport theory focusses on ITG turbulence as the process determining
transport and hence the temperature profiles. The unique parameters of Alcator C-
Mod are such that most current theories predict that its temperature profiles should be
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FIG. 6. Results of edge cooling experi-
ments using injected impurities show the
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close to the marginal stability point of the ITG mode, in other words that the profiles
should be “stiff”. This stiffness has been observed in ICRF-heated plasmas [7] and
has been additionally confirmed by experiments that cool the edge, lowering the height
of the temperature edge pedestal through deliberate injection of impurities. We find,
as illustrated in figure 6, that although the temperature gradient (at a normalized v
value of 0.5, i.e. r/a ~ 0.75) and the confinement enhancement decrease with edge
cooling, the temperature gradient scale length remains remarkably constant in these
experiments, as it does in unperturbed plasmas where the pedestal height depends on
heating power and density.

Despite this confirmation of profile stiffness, the actual values of the ion tempera-
ture gradients exceed the predictions of the multi-mode and IFSPPL models by up to



a factor of 2. An example is shown in figure 7. Thus the need for additional physics,
for example the stabilizing effects of shear rotation or nonlinear stabilization by zonal
flows, is indicated by the C-Mod results.

3. H-mode Pedestal Physics
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served hydrogenic radiation FIG. 8. EDA operation gives density control without large
is enhanced. There are no ELMs.

discrete ELMs causing pe-

riodic intense particle and energy exhaust, but the plasma nevertheless can reach a
steady state of controlled density. This regime of operation is attractive for future
large-scale experiments, in which ELMs might lead to unacceptable erosion of divertor
components.

Figure 8 gives an example of a relatively high performance EDA H-mode. This
plasma reaches a well controlled constant density in an H-mode lasting for about 0.5 s,
approximately 9 energy confinement times. At this moderate total heating power of
about 2.5 MW, the radiation (including neutral losses) is approximately half the input
power, and dropping slightly as a function of time. The Balmer alpha emission drops
initially on entering H-mode but quickly rises back to a level comparable with the L-
mode. At about 1 second, there appear signs of edge instabilities on the Balmer trace
which might be small ELMs [10]. They are not present in all EDA discharges, but
in this case might be associated with the slight decrease in confinment enhancement
relative to the ITERS9P scaling, from just over 2 to about 1.7.

Continued studies of the causes and mechanisms of EDA have confirmed that the
strongest determining parameter is the safety factor, ¢s. If ¢s (at the 95% flux surface)
is greater than approximately 3.5, then EDA operation is easily obtained in C-Mod. It
can be avoided by operating at low density prior to the H-mode, which means at low
main-chamber neutral pressure, but only over a fairly narrow range of density (7. ~
0.9 to 1.25 x10%9) before the low-density limit of H-mode operation is reached, where
the H-mode power threshold increases dramatically. Higher power and triangularity
favors EDA, but with far less clear a dependence.

The apparent mechanism giving rise to EDA effects has been identified. It consists
of a rather narrow band “quasi-coherent” oscillation that appears to be present in all



EDA plasmas but not in ELM-free operation. Figure 9 shows a plasma in which a
period of ELM-free H-mode is followed by two periods of EDA, each separated by a
brief return to L-mode. The fluctuation spectra from two diagnostics are shown. The
reflectometer at 88 GHz probes the plasma midplane and has a critical density (10%°
m~3) at the upper end of the H-mode pedestal; the homodyne output fluctuations
are shown. Since the fluctuations are fairly large, this signal is subject to substantial
instrumental non-linearities, which may be the cause of the observed harmonics. The
phase-contrast imaging (PCI) diagnostic views through the plasma along a vertical line
through the minor axis. It is thus sensitive to edge perturbations at the top and bottom
of the plasma, propagating predominantly along a major radius.
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at high frequency as the plasma first
shows signs of EDA character. Its
frequency decreases rapidly and set-
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poloidal) wavenumber of about 400
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mode with a reciprocating Langmuir
probe, which probes the scrape-off- FIG. 9. The quasi-coherent mode is observed on

layer right up to the separatrix at %zl%in?zgzzﬁ es'ensztwe to edge fluctuations only in the

an outboard position approximately

0.1 m above the mid-plane. Cross-

correlation between adjacent electrodes of the probe enables us to confirm the poloidal
k—number. It also enables an estimate of the transport induced directly by the fluctu-
ations themselves, by forming the cross-correlation between the density fluctuation and
the poloidal electrostatic field fluctuation (Eg). The results, illustrated in figure 10,
show that the flux is outward and of sufficient magnitude to account for the increased
particle transport.
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The edge magnetic diagnostics located in the limiters, approximately 5 cm from
the separatrix, do not detect this quasi-coherent mode. However, recent measurements
[13] using a magnetic loop in the reciprocating probe head have shown that there is a
strong magnetic component of the quasi-coherent mode with derivative amplitude up
to 200 T'/s at 10 mm outside the separatrix. The magnetic fluctuation falls off rapidly
in the outer region, with an inverse scale-length of about 160 m~! (consistent with a
poloidal k—number of the same magnitude). This observation confirms that the absence



of signal at the limiter loops is attributable to the short scale-length of the mode. It
should be noted that this quasi-coherent mode is not the fast edge mode detected on
the magnetics under some circumstances [14] which is a much longer wavelength mode
(typically n = 1) nor is the quasi-coherent mode similar to Type III ELM precursors,
which have n =~ 5 to 15 [15]. The quasi-coherent mode has much shorter wavelength
than either of these other edge phenomena.

The high resolution measurements of

the H-mode pedestal and transport barrier 10 —_ EDA
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keV/m. Fitting such profiles to a tanh function, as is done in order to scale pedestal
parameters, unavoidably smooths out some of this detail.
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all increase with plasma current. In
the case of density, this reflects a cor-
relation of the average plasma density
with I, since n. at the pedestal top
is proportional to n.. As expected,
the pedestal temperature and pres-
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the region of improved heat transport
extending further into the plasma at
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EDA H-modes. The width of the

pedestals in x-ray emission (see figure 11), however, does decrease with increasing



I,, and is wider in EDA [20].

Another notable feature of the soft x-ray emission, which has been identified as pre-
dominantly from flourine, is that its pedestal is noticeably inside the density pedestal,
and the foot of the x-ray pedestal coincides with the top of the density pedestal. This
is interpreted as showing that there is a strong inward impurity pinch in the transport
barrier itself, consistent with neoclassical transport theory, which forces the impurities
to collect just inside it. This pinch velocity is consistent with what has been previously
deduced from impurity confinement studies by laser blow-off [21]. Modelling shows [20]
that the pedestal width depends on impurity diffusivity; so the larger x-ray pedestal
width in EDA operation is a sign of the increased impurity transport.

4. Scrape-Off-Layer and Divertor

C-Mod was the first toka- 4 Divertor Nevirol Pressure (mlors)
mak with a modern “vertical” s
outer divertor plate, and has a
rather closed, conformal place-
ment of divertor surfaces around " ‘ ‘ ‘ ‘ ‘
the divertor, leading to com-  °* o8 08 0 12 4
pression ratios (ratio of divertor Central Kr Density (116 m—3)
to main-chamber neutral pres- .|
sure) up to 200. Previous ex- os
perience with changing the di-
vertor bypass configuration sug- o,
gested that there might be ef- °°
fects on core and SOL confine-
ment from neutral gas leakage py G. 12. Effect of Divertor Bypass. Red lines show a shot
into the main chamber. How- in which the bypass is closed at 0.9s. Black lines a highly
ever, when bypass changes are stmilar shot in which the bypass is open throughout. Clos-
ing the bypass increases divertor pressure, decreases the

done between campaigns, as is core krypton level, but does not change the main chamber
usually the case, many other pressure or density.

possibly confounding factors are

unavoidable. Therefore we implemented a dynamic bypass control, capable of open-
ing baffles between the divertor plenum and the main chamber during the shot, in a
time of about 50ms [22]. The bypass baffles have a conductance of 23 m? /s, which is
comparable to the estimated intrinsic leakage of the divertor through port openings
etc.
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We obtain a clear and unambiguous result from the dynamic divertor bypass: the
main chamber pressure at a specific core plasma density is unchanged by opening or
closing the bypass, while the divertor pressure is raised by a factor of approximately
2 when the bypass is closed. This divertor pressure change is shown in figure 12
comparing a shot with the bypass open throughout, with one in which it is closed mid-
shot at 1s. For recycling impurities, we find that closing the bypass decreases the core
impurity content. Figure 12 shows this effect for trace krypton injected at 0.4s. This
reduction appears to be consistent with the larger number of impurity atoms residing
in the divertor chamber, but the divertor impurity density rises only proportional to
its hydrogen density, that is, there is no significant change in impurity enrichment. We



find no significant change in core transport at fixed core density, nor in the H-mode
threshold or other core transport phenomena.

This insensitivity of the main-chamber to the divertor bypass is consistent with
there being approximately constant recycling throughput from the divertor to the main
chamber, with the divertor pressure adjusting to maintain that throughput as the
conductance is changed[23].

Main-chamber recycling appears to be important in determining C-Mod’s main-
chamber neutral pressure [24]. That is, particle fluxes to main-chamber surfaces are
large compared to the particle flow between the main-chamber and divertor volumes
and can even exceed the particle flux onto the divertor targets. This perhaps surprising
result is supported by various different measurements. It is also consistent with the
observed plasma density profiles in the far SOL, which show very long scale-lengths
(typically 10 to > 50 mm) compared with the very short scalelengths adjacent to the
separatrix (3 to 6 mm). Such profiles imply extremely rapid density transport across the
field in the far SOL, and this rapid transport has been quantified by direct observations
of particle flux [25]. The effective diffusion coefficient, Deg in the near SOL is found
to be well correlated with the ratio of local electron-ion mean-free path (\¢;) to local
magnetic connection length (L), Deg ~ (Ae;/L)™17, over a range of plasma densities
ne = 0.15 to 0.47 times the Greenwald density. In the far SOL D.g ranges from 0.4
to 4 m?/s. As \ei/L is decreased, cross-field heat convection also becomes larger than
parallel heat losses to the divertor over an increasing portion of the SOL.

Consistent with the obser- NG
vation that Deg in the SOL in-
creases with distance from the
separatrix, the amplitude and
character of plasma fluctuations
in the near and far SOL zones
is markedly different. Moder-
ate fractional density perturba-
tions in the steep gradients near
the separatrix give way to inter-
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move closer to the separatrix FIG. 13 Penetration factor of the dominant molybdenum
. sources. Squares denote outer divertor, circles antenna

and, at the Greenwald limit, be- protection tiles. Open points are L-mode, filled H-mode.

Ne(1029m3)

gin to invade the closed flux-

surface plasma. Near the density limit, cross-field heat convection dominates over
parallel conduction losses over the entire SOL. Thus the electron temperature near the
separatrix is no longer regulated by parallel Spitzer conduction losses to be an approx-
imately fixed value (proportional to the 2/7 power of the parallel conduction heat flux
density). Instead, the level of anomalous cross-field heat convection determines the
temperature at the separatrix.



The location of sources of molybdenum impurities have been studied in order to
identify the problem areas for high-Z plasma facing components. The main areas of Mo
source, identified by observing Mol lines and confirmed by modelling as predominantly
attributable to physical sputtering, are the inner wall, the divertor plates and the RF
antennas [26]. The inner wall source is substantial, estimated to be about 10'® particles
per second, but is found to have very little correlation with core molybdenum content
in diverted plasmas. The reason appears to be that the impurity screening by the
SOL of the inner wall is extremely good. The divertor plate source is of a similar
order of magnitude but is also rather well shielded from penetration into the core.
By comparison, the identified source at the antenna protection tiles, though smaller
than the wall and divertor sources, has much higher penetration into the core, and
is often apparently the dominant source of core contamination. Figure 13 plots the
“penetration factor”, defined as the ratio of the number of molybdenum ions in the
core plasma to the measured source rate, for the dominant source. The difference in
penetration factors for the two positions is consistent with differences of penetration of
injected traces impurity gases at these positions [27].

RF sheath effects generating high floating potentials relative to the antenna tiles
have been directly measured by emissive probes in the SOL, and appear to be the likely
trigger of antenna molybdenum influx. Recent operation with boron nitride antenna
tiles has proven very satisfactory, and reduced the direct antenna influx. However, RF
interactions with the outboard molybdenum limiter suggests that the problem of RF
sheaths is not localized purely to the antennas themselves.

5. Future Program

Our future program plans to take advantage of the long pulse length possible on
C-Mod (approximately 5 s) at moderately reduced field (4 T) relative to the plasma
current profile evolution time (which is a fraction of L/R ~ 3 s at T.o = 5 keV). This
allows C-Mod plasma current profiles to be fully relaxed, during “Advanced Tokamak”
hollow current profile, high bootstrap-fraction operation. The 4.6 GHz Lower Hybrid
system from Alcator C is being reinstalled to provide off-axis current drive, initially
using 3 MW source power through a single multi-waveguide launcher. Modelling shows
that it should be possible to obtain fully non-inductively driven advanced tokamak
operation with bootstrap fractions of 70% or more at up to 1 MA[28]. The effort
is therefore aimed at demonstrating the viability of steady-state advanced tokamak
operation.
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