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Particle balance is examined in a large set of representative Alcator C-
Mod diverted plasmas using measurements of neutral gas pressures and ion-
ization source strengths in the main chamber, and parallel plasma flow into
the divertor. It is inferred that plasma flow in the scrape-off-layer (SOL)
is dominated by transport to the main chamber walls rather than by flow
into the divertor. It follows that (i) the effective diffusion coefficient for
anomalous cross-field particle transport in the SOL must rapidly grow with
distance from the magnetic separatrix to account for the measured density
profiles, (ii) a significant fraction of the power from the core plasma can be
convected rather than conducted into the SOL, and (iii) the neutral pressure
at the outer midplane is governed more by cross-field plasma transport than
by wall-plasma separation or divertor/limiter geometries.
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Some of the main issues for magnetically confined fusion plasmas are the
physical nature and magnitude of anomalous transport and contamination
of the core plasma due to plasma-surface interaction at the edge. In fusion
reactors, the scrape-off layer (SOL) will carry large particle and energy fluxes
that must be accommodated by plasma-facing surfaces and yet not cause
contamination of the core. In principle, a poloidal magnetic divertor could
allow solution to the core contamination problem by physically separating the
plasma-wall interaction zone from the confined plasma region and by allowing
heat and particles in the sctape-off layer to flow into a remote chamber.' In
this picture, it is assumed that the cross-field transport of heat and particles
to the side wall is weak compared to the parallel transport, causing most
of both particles and heat to flow along field lines and into the divertor
chamber. In particular, particle balance in the core would be maintained by
a back-flux of neutrals from the divertor into the core. However, experimental
observations of particle balance in the edge plasma and divertor of Alcator
C-Mod suggest that this picture can be overly simplified and in fact violated.

Measurements from both a scanning Mach probe2 and Doppler spec-
troscopy3 indicate that parallel plasma flows into the divertor near the di-
vertor throat have Mach numbers of no greater than M ~ 0.1. The main
chamber and the divertor chamber communicate through a flux tube of width
about 6p ~ 5 mm at the midplane level (see Figure 1). This yields an esti-
mate of the total plasma flux entering the divertor chamber, Frdi, for typical
C-Mod parameters: upstream plasma density in the SOL n ~ 1020 m- 3 ,
electron temperature Te ~ 50 eV, major radius R ~ 0.6 m, and the pitch
angle sin P ~ 0.2:

Fdi, ~ 47rR 6 nV11 sin 6 dp ~ 47rRnV/j sin 6 6p ~ 6 x 101s-1 (1)

On the other hand, from tomographic reconstructions of D, emission, the
magnitude of the plasma source inside the last-closed flux surface (LCFS) has
been estimated to be in the range 4 Score ~ 1021 - 1023 s- 1. The spatial resolu-
tion of the tomography system is insufficient to resolve whether the ionization
is truly inside or outside the LCFS and therefore S,,,, may be considered as
a lower bound on the total ionization source in the main chamber. When
this estimate yields Score 1023 S-1, it is clear that the total ionization
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source in the main chamber is much larger than the total plasma flux into
the divertor. The ionization source in the main chamber is thus balanced by
plasma recycling on the main chamber walls rather than by plasma flow into
the divertor.

The ionization source S, 0, is largest when the core plasma density is
high. Thus, at least at high plasma densities (n, ,, 1020 m-3 ) the parti-
cle balance in the main chamber primarily involves plasma flow to the main
chamber walls balanced by radially inward neutral fluxes. Although large
recycling fluxes exist in the divertor chamber, they are apparently well sep-
arated from the recycling fluxes in the main chamber (see Figure 1).

In this picture, neutral gas pressure near the walls in the main chamber is
determined by the magnitude of the anomalous radial plasma flux. This idea
is consistent with observations of main chamber and divertor gas pressures
on Alcator C-Mod when a neutral bypass leak in the outer divertor structure
was closed: After closure, in L-mode discharges the neutral pressure in the
divertor increased by a factor of 2 or more while the pressures in the main
chamber decreased by merely 20% in otherwise identical discharges.2 A stag-
nant flow scenario with independent main chamber and divertor recycling is
a possibility when the divertor becomes opaque to neutrals. 5

Additional evidence comes from empirical relationships between neutral
gas pressures measured at the midplane and ionization source strengths in the
main chamber (inferred from Dc, spectroscopy). Typical midplane pressures
in Alcator C-Mod are in the range 0.03-1.0 mTorr. 6 In steady state, the
kinetic flux density of neutral atoms entering the plasma, nu, must be equal
to 1/2 the random flux density of molecules within the gauge. For a LCFS
area of ALCFS - 7m 2 , this leads to an estimate of total neutral flux into the
plasma per unit gauge pressure:

Is-1] ~ ALCES 2(nD2 D2 )gauge a 8 x 1022 PD2 [nTorr]. (2)

From chordal measurements of D, brightness through the plasma mid-
plane, B,, the total ionization source in the main chamber can be estimated.
Ionization events can occur in a rather broad range of densities and temper-
atures of the background plasma due to the spatial spread of the ionization
zone and variation of conditions from one discharge to another. However the
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number of ionization per a D, photon, Na, does not vary too much and lies
between 10 and 100 for plasma densities in the range 0.1-2.0 x 1020 m-3, and
electron temperatures, 20 - 200 eV.7 The exact value of N, within the indi-
cated limits is not critically important for conclusions drawn in the present
paper. For a simple estimate it is assumed here that the effective number
of ionizations per D, photon is Na ~ 45 for all discharges. With photon
energy, E, ~ 2 eV, and assuming a poloidally uniform distribution of emis-
sivity over a narrow shell at the LCFS, the ion flux leaving the plasma per
unit Da brightness is roughly

1 1
Fi[s-1] ~ ALCFS Ba 4r IVa ~ 6x 10 Ba [W/(m2 ster)]. (3)

Figure 2 is a plot of the core ion flux estimated from measurements of
main chamber D, brightness using Eq. 3 versus midplane neutral pressure
for a set of over 600 discharges. In this data set the plasma current is 0.35-1.1
MA, the core plasma density is 0.7-4.8 x 10" m-3 and the toroidal magnetic
field is 2.8-7.9 Tesla. The divertor flux shown on the same plot is clearly
smaller than the core flux. The divertor flux is estimated for each discharge
from measured upstream profiles of plasma density and parallel velocity using
Eq. 1 with integration limit 6p = 10 mm. One can see that for diverted
discharges, the estimated neutral flux in, F, is close to the estimated ion
flux out, Fi, over the range of two decades. Systematic differences may
be due to reflections of light from the walls that can increase the apparent
brightness or due to poloidal non-uniformities in the Da emissivities. The
large discrepancy in limiter discharges shown in Figure 2 exemplifies the
latter effect. In this case, the intense, highly localized recycling light from
the inner limiter surface is in the view of the detector.

The overall agreement between these two independent diagnostics in di-
verted discharges lends confidence to the ionization source estimates up to

1023 S- 1 in the main chamber.

Accepting that the particle flow in the main chamber SOL at high den-
sities is primarily radial, one is led to some important conclusions about
anomalous cross-field particle transport in the SOL. If one assumes that
the radial plasma transport in the SOL can be characterized by an effective
diffusion coefficient then the positive curvature of the SOL plasma density
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profile (see Figure 3) requires an effective plasma diffusion coefficient that
grows rapidly with the radial coordinate. This is similar to what has been
previously found in modeling of ASDEX-Upgrade.8

It is observed in all types of Alcator C-Mod discharges that the local cross-
field density e-folding length increases with distance from the LCFS.2 Figure
3 clearly illustrates this point, showing a nearly flat density profile for radial
coordinates greater than 5 mm. Since volume recombination is negligible in
these main chamber SOL plasmas (Te > 10 eV), the radially-outward plasma
flux must be lowest near the separatrix (p = 0 mm) and increase towards the
wall. In order to drive even a constant flux, the effective cross-field diffusion
coefficient must increase by more than an order of magnitude over the SOL
profile.

The spatial resolution of the D, measurements is insufficient to deter-
mine how many ionizations occur inside the LCFS rather than in the SOL.
However, the ionization mean free path for warm neutrals in the SOL is on
the order of 1 cm which is comparable to the width of the SOL. Therefore
recycling neutrals have a significant probability of ionizing inside the LCFS.
Modeling studies of Alcator C-Mod with the UEDGE transport code9 em-
ploying a fluid neutral description show that as much as 30% of the ioniza-
tions can occur inside the LCFS. If the fraction of neutrals penetrating inside
the LCFS is ~ 0.3 then for the total ionization source in the main chamber,
Si "$. 1023 s-1, the plasma flux from the core is r Si ,$E 0.3 x 1023 s-1

Then the effective diffusion coefficient, D±, can be estimated near the
separatrix from the e-folding length of the density profile, A, - 3mm and
plasma density n : 1020 m-3 as

DL z $S.IALCFS < 0.1m /s. (4)n/A,

For H-mode plasmas. D1 is apparently smaller at the LCFS (assuming (
is the same) since similar values of Si are inferred but the slope of the density
profile near the separatrix is by a factor of 2 or more steeper.

Far from the LCFS, the magnitude of effective cross-field diffusivity can
greatly exceed the Bohm level. Such strong growth of D_ suggests that
the cross-field transport mechanism is not diffusive at these locations. It is
more likely that the transport mechanism is convective in nature, perhaps
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involving a rapid transport of unstable plasma flux tubes towards the wall
surfaces.

These observations indicate that the neutral pressure at the main chamber
wall is not always a parameter that can be controlled by conventional means
such as neutral baffling in the divertor, active pumping in the divertor, or
increased LCFS-wall separation distances in the main chamber. Rather,
neutral pressures at the outer midplane can be governed more by the cross-
field plasma transport in the SOL. The lack of a direct external control
of the midplane neutral pressure has important implications for a fusion
reactor regarding charge-exchange sputtering of the first-wall, tritium gas
inventory, and the auxiliary power needed to achieve the H-mode confinement
in presence of high neutral pressure.

Although the SOL particle transport picture is significantly altered by
these observations, the energy transport picture is relatively unaffected. Most
of the energy flux coming into SOL from the core is transported to the
divertor by the parallel electron heat conduction. For a typical discharge
with radial electron temperature profile at the scanning probe location of
T - Te, exp(-p/AT), with AT ; 3 mm, classical electron parallel heat
conductivity, oc T/ 2 , poloidal connection length between the probe and
the nearest target plate, /\L, - 0.3 m, major radius R ; 0.6 m, and pitch
angle sin 4 a 0.1, one can estimate the conducted heat as:

Pond 2 (T,,p) (sin 4)247rRAT a 0.6M1V x ( e") (5

For Alcator C-Mod T,,p is typically in the range 40-60 eV implying the
conducted power in the range 0.4-1.2 MW which is consistent with the range
of powers entering SOL.

One can also see using T - 50 eV and Pdi, from Eq. 1 that the parallel
plasma flow plays almost no role in the transport of thermal energy:

5 AT
Pcon Tdi - < 0.1MW (6)

2 6p

If the plasma source in the main chamber, Si, is as high as 102 s-1 then

a significant part of energy can be convected rather than conducted across
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the LCFS. For the fraction of neutrals penetrating inside the LCFS ~ 0.3
the plasma flux from the core is Sj 0.3 x 1023 s 1 . For a separatrix
temperature of T,,p ~ 50 eV, the convected energy flux from the core can
then be estimated as

PUt 5, SiT,~p 0.6MIW, (7)S2

which can be a significant fraction of total energy flux from the core. This
probably explains why there are no H-mode data points in Figure 2 for
midplane pressures above ~ 0.5 mTorr.

It has been generally assumed that in a tokamak with a divertor both
particles and energy flow from the core into the divertor chmaber. In Alcator
C-Mod however this is apparently not the case. Here plasma flows in SOL
primarily to the main chamber walls while for the energy transport it is
probably still true that the energy is transported into the divertor chamber
(possibly by the electron heat conduction mechanism). The particle balance
in the main chamber is maintained by a back-flux of recycling neutrals from
the main chamber walls into the core. The radial profile of plasma density in
SOL implies that the effective plasma diffusion coefficient grows very rapidly
across SOL towards the wall which is a strong indication for a radial plasma
transport mechanism different from diffusion. The energy convected from the
core into SOL with the radial flow of plasma can account in some discharges
for a large fraction, maybe most, of the total energy coming from the core
into the SOL.
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Figure captions

Figure 1: The wall geometry shown has the features of Alcator C-Mod di-
vertor: closed box divertor with narrow throat. The dashed line defines the
separation between main and divertor chambers. The shaded area shows flux
tubes through which the two chambers can communicate via poloidal flow.
Recycling in the main chamber and divertor occurs independently (indicated
by arrows), particularly in high density plasmas, no,., 2 1020 m-3 .

Figure 2: Core ion flux Fj derived from midplane Dc, brightness using Eq.
3 is plotted against midplane pressure. The top secondary axis indicates
the values of r, from Eq. 2. The dashed line is the estimated balance
line where Li = r,. Divertor flux derived from experimental profiles and
Eq. 1 is shown by cross symbols. H-mode and L-mode data from both di-
verted and inner-wall limited discharges are shown. These data indicate that
the main chamber recycling fluxes greatly exceed the flux into the divertor,
~ 3 x 1021 en-1o

Figure 3: Typical experimental plasma density profile in Alcator C-Mod.
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Fig. 1
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Plasma density profile in SOL

1.0

Co
E0.8

C
shot 960130033

0.6 time 1116 mS

0.'

C

E
C')
c 0.2

0.0
0 5 10 15 20

Radial coordinate, mm

Fig. 3
12


