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ABSTRACT

An experimental study of neutral particle dynamics has been carried out over a wide
range of operating conditions in Alcator C-Mod using special-purpose pressure gauges.
Both divertor and mid-plane pressures are found to depend primarily on the edge plasma
regimes defined by the scrape-off-layer heat transport. While the maximum divertor
neutral pressure (30-60 mTorr) is achieved at high core plasma densities (fle=2 -
4x1020 m-3), corresponding to the detached divertor state, the maximum ratio of divertor
to mid-plane pressure (~70) is achieved in the high-recycling transport regime. Variations
in the divertor geometry have a weaker effect on the neutral pressures. For otherwise
similar plasmas the divertor pressure and compression are maximized when the strike
point is located at the bottom of the vertical target plate. Modelling shows that the high
pressure sustained during detached divertor operation (despite a considerable drop in
the recycling source) can be explained by scattering of neutrals off the cold plasma
plugging the divertor throat.
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1 Introduction

The neutral pressure in the tokamak boundary has been studied for many years. In
early measurements with limiter tokamaks it was noted that the pressure dropped rapidly
as the plasma formed due to the high effective pumping speed of the plasma. [1] When
divertors were developed it was observed that the neutral pressure in the divertor
private flux region was considerably higher than that near the confined plasma.[2,3]. It
was recognized that this compression might be advantageous for pumping the plasma
and in particular for pumping the helium ash from fusion reactions. A number of studies
have investigated the compression of helium in the divertor.[4,5] It was found that
physically restricting the conductance between the divertor region and the main
chamber enabled the compression ratio to be increased and compression ratios of 10 to
20 were typically found for hydrogen and deuterium in PDX [6,7], while compressions
up to 300 were obtained in Doublet III [3], and divertor pressures up to 1mbar were
obtained in ASDEX [2,8]. Evidence of a low temperature (< 5eV) divertor plasma was
found [2,3,7] and it was pointed out that at these temperatures the charge exchange rate
greatly exceeded the ionization rate, which might result in a high probability of atom
backscattering from the plasma[4,7]. Most of the physical picture described in the early
reviews [2,8] has been substantiated by subsequent studies.

More recently the mechanism of detachment of plasma from the divertor target
has been discussed and the loss of momentum by ion-neutral collisions proposed.[9,10]
Detachment can be defined as the loss of pressure along a field line so that not only can
there be density and temperature gradients but also pressure gradients between the core
plasma and the divertor target. Detachment results in the reduction of both power and
particle flux at the target and may be a useful technique for reducing the the peak power
density in ITER [11]. One of the motivations of the present study is to measure the
neutral density in the divertor region to see under what conditions it is high enough to
account for detachment. Moreover there is evidence that low neutral density
surrounding the core plasma correlates with high core confinement [12] so that there is
motivation for achieving good compression ratios between the divertor and the core
plasma. An overview of neutral plasma interactions has been presented by Heifetz [13]
and much of the relevant atomic physics has been discussed by Harrison [14]. In this
paper we report a study of neutral pressure both in the divertor and at the mid-plane of
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the Alcator C-Mod tokamak under a range of operating conditions. These include a
wide range of plasma densities, varying plasma currents, geometry and reversal of the
BxVB ion drift. We have looked in particular at the neutral compression, defined as the
ratio of divertor private flux zone to mid-plane neutral pressures.

2 Experiment

Alcator C-Mod [15], has the attractive characteristics of high operating density, due
to high magnetic field, and a geometrically closed divertor, allowing high neutral
pressures to be achieved. Operating parameters are R =0.67 m, a =0.21 m, B¢=5.3 T,

Ip =0.6 to 1.0 MA, ne=0.5 to 2.5x1020 m-3. The primary diagnostic used in the present
experiments is a set of neutral pressure gauges, which include standard Bayard-Alpert
(B-A) [16] and capacitance gauges, and fast linear-ionization gauges [17], based on the
ASDEX gauge principle [18,19]. Fig. 1 shows the location of the pressure gauges inside
the tokamak and the main neutral particle reservoirs of interest. The two fast linear
ionization gauges (MIT gauges), built for high-noise, high magnetic field operation, were
used in the present experiments , one in the gas-box reservoir and one in a similar
poloidal position but at a toroidal position where the gas box is open to the Scrape-Off
Layer (SOL), the common flux zone.( fig. 1). The MIT gauges were subjected to
extensive calibration experiments with on-axis toroidal fields up to 5.3 Tesla and vertical
fields up to 0.6 Tesla,. The gauge sensitivity increases monotonically with Bt being
approximately linear between 1 and 5.3 Tesla [17] and having a maximum sensitivity 11
times the value with no field. The effect of the vertical field on gauge sensitivity is small
during steady state operation, but time varying fields produced significant
perturbations[20]. All measurements presented have been taken with constant magnetic
fields. The time response of the gauge is typically 2 ms, but the response time of the
volume and conductance considered is ~ 6 ms.

The B-A gauges and the capacitance gauges are used in positions further from the
plasma in regions of lower magnetic field (0.02 -0.2 Tesla) and therefore have a slower
time response. They are magnetically shielded and were adequate for making
measurements in steady state plasma conditions. The B-A gauge is used primarily for the
low pressure measurements at the mid-plane. This gauge has a time constant of ~17 ms
for Dy. The capacitance gauges were MKS baratrons [21] which have an absolute
accuracy of better than 5%. These gauges were used both for in situ calibration of the
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MIT and B-A gauges and for real time measurements. They typically had a time response
of ~30 ms.

The other parameters of direct importance to the interpretation of the neutral
pressures are the ion fluxes to the divertor target and the plasma electron temperature
and density, Te and ne, in the SOL, These are measured by an array of probes on the
inner and outer divertor targets and a scanning probe which measures the upstream
values of the Te and ne profiles, approximately 5 to 10 m from the target along a field
line, fig. 1 [22]. There are three probes at each poloidal position on the divertor target;
two. are flush with the tile surface and one has a "domed" end protruding from the
surface. The domed probes have a well defined surface area projected parallel to the
magnetic field lines and when operated with a swept bias voltage allow the plasma Te
and ne and floating potential Vf to be determined. One of the flush probes at each
poloidal position is operated at a fixed negative bias and is used for measuring the time
dependence of the ion saturation current to the target as discussed in section 3. The
upstream SOL profiles of the plasma Te and ne are measured with a fast scanning probe
which can be inserted up to 3 times per discharge [22]. Although there are four separate
tips on the scanning probe head the results are averaged for the purposes of the present
study.

3 Results

3.1 Time dependence of neutral pressures

Fig. 2a shows the time history of the neutral pressure in the divertor and the mid-
plane in a high density Alcator C-Mod discharge. A strong deuterium gas injection into
the divertor region between t =0.55-0.7 sec. causes the core plasma density (trace #2) to
increase by about a factor of three, but the divertor neutral pressure (trace #3), to
increase by about a factor of one hundred. Detachment starts at ~0.58 s. While the 60
mTorr divertor pressure remains constant until the end of the discharge (disruption at
t=1.02 sec.), the mid-plane pressure (trace #4) gradually increases, resulting in a
decreasing divertor-to-mid-plane pressure ratio (trace #5).

The detailed temporal behavior of the ion current to the target and the neutral
pressures during detachment are shown in fig 2b. A fast divertor detachment, due to
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neon injection, occurs at t=0.86 sec. (as indicated by the ion saturation current signature
- traces #1 and #2), with re-attachment occurring at t=0.94 sec. The current to probe 4,
which is on the vertical plate, drops significantly while the current to probe 8, which is
above the nose, rises slightly. Trace #4 depicts the open-module and trace #5
(suppressed zero) the closed module divertor pressures. The closed divertor module
pressure drops at detachment and at reattachment returns to its initial value. In
contrast, the open divertor module pressure (trace #4) increases as a result of detachment
and drops as a result of reattachment. The "fast" detachment shown in fig 2b typically
results from impurity injection, either a spontaneous or a deliberate injection. With low
impurity levels detachment generally occurs more gradually, with the ion current to the
target decreasing smoothly over ~ 100 ms as the density is raised through the critical
detachment value.

The closed divertor module neutral pressure is measured in a “gas box” volume,
connected to the plasma private flux zone. It is therefore not sensitive to the horizontal
target plate recycling but only to that on the vertical plate. At detachment the integrated
ion current to the vertical plate drops typically by a factor of 4 while the pressure drops
only by about 20%. Both divertor ion current and neutral pressures revert to their
original values at reattachment. This dependence is analyzed quantitatively in section 4.
The time history of the H¢ radiation correlates with the open divertor module pressure
observations. The Hg signal is from a detector viewing the outer divertor and is a
measure of the recycling flux above the outer diverter nose. A quantitative analysis of
the open divertor module pressure is difficult because of an intrinsic three-
dimensionality of the problem (lack of toroidal symmetry) and is not attempted here.

Fig. 2b shows also the mid-plane neutral pressure (trace #6). There is no sudden
change in the mid-plane pressure at detachment, but rather a faster rate of rise. This
behavior can be explained by increased recycling on the horizontal shelf. As a result of
the mid-plane pressure rise, the divertor compression (pgiv/pmid) continues to drop
throughout the detached state; it recovers, however, to its pre-detachment value after
reattachment (trace #7 on fig. 2b).

3.2 Parametric dependence of neutral pressures

(a) SOL transport regimes.
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Fig. 3a shows the mid-plane pressure plotted as a function of line averaged core
plasma density. The pressure increases monotonically with density but the rate of
increase is larger at higher density. Fig. 3b shows the scaling of the divertor neutral
pressure with the core plasma density. The divertor pressure is low at low ne, increases
approximately linearly at intermediate density, then increases more slowly at high
density. The pressure continues to increase at higher density even in the detached
regime, as has been seen on DIIID [23] and JET [24]. The general behavior with density
is closely correlated with the sheath limited, conduction limited [25] and detached
regimes in the SOL and divertor. These regimes have been experimentally characterized
in Alcator C-Mod by LaBombard [22]. At low density (e=0.5x1020 m-3, I, =800 kA)
there is little temperature gradient along the field lines between the mid-plane and the
target, the temperature drop being all at the plasma sheath. In this “sheath-limited”
regime the mid-plane and divertor neutral pressures are both low (pmig=0.05 mTorr,
pdiv=0.5 mTorr). At higher density there is a conduction limited transport regime where
pressure balance along the field lines is maintained, but there is a significant temperature
gradient along the field lines leading to high recycling near the target plates [25]. At
very high density the detached divertor regime is obtained where pressure is no longer
constant along the field lines [22, 26]. Here pmid =1-4 mTorr, and pgjv =30-60 mTorr at
ne=2-4x1020 m-3. The different regimes are shown by different symbols in fig. 3 to
emphasize the correlation . The divertor-to-mid-plane neutral compression ratio, shown
on fig. 4, is low (~10) in the sheath-limited regime, reaches the maximum (~70) in the
high-recycling regime and decreases through the detached state. The decrease is due to
the rapid rise in the mid-plane neutral pressure, which is correlated with the increase in
the ion current to the target plate above the divertor nose — see section 3.3.

Fig. 5 illustrates the dependence of the compression ratio on the plasma current. For
different plasma currents the divertor compression curves shift to lower or higher core
densities, following the shift of the edge plasma transport regimes. A drop in the
compression ratio at core densities about ~20% below the detachment threshold
correlates with a decrease in the fraction of the ion flux on the vertical plates, with
respect to the total divertor flux. These detachments occur relatively slowly, as
discussed in section 3.1. Even in the case of fast detachments the ion current frequently
decreases by a factor of 2 or more from its maximum value before the fast detachment
occurs [27].

(b) Divertor Geometry
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Variations in the divertor geometry have a much weaker effect (compared with the
edge plasma characteristics) on the divertor pressure and compression ratio, causing less
than a factor of two change. Fig. 6 shows the divertor pressure variation as the outer
strike point is moved along the outer divertor plate. The effective divertor geometry is
varied from flat plate target , with the strike point above the outer divertor nose, to
vertical target , with the strike point below the nose and then to slot geometry, fig 1.
The neutral pressure is maximized when the strike point is located at the bottom of the
vertical target plate (i.e., the minimum distance between the gas-box entrance and the
strike point). Similar results have been observed in DIIID [28-30] and JET[24, 31]. The
results from DIII-D at high density [30] show less dependence on divertor geometry
than the earlier data [28,29] and are in better agreement with our results. The divertor
pressure when the strike point is on the outer divertor target above the nose, is similar to
that measured in the vertical-plate configuration, whereas the compression is as much as
a factor of two smaller (fig. 7). The higher midplane pressure is probably due to more of
ion flux being above the nose, providing a larger source in the main chamber. Within
the scatter of the experimental data the ion BxVB drift direction has a negligible effect
on the neutral compression ratio (and pressures), fig. 8, despite the fact that, at low
density, inside/outside recycling asymmetries are observed [32].

3.3 Comparison of neutral pressure with target ion flux

It seems probable that the principal source for the neutral density in the divertor
private flux zone and behind the outer divertor target is the flux of ions neutralized at
the target surfaces. It is therefore interesting to compare the neutral density with this
flux. Using the measurements from the probes in the target, the total ion flux has been
integrated spatially over the target surface in two regions: on the inner and outer
"vertical" sections below the nose and on the outer plate above the nose, see fig 1.
Because of the geometry (fig. 1) it is expected that the flux to the target vertical sections
will be the dominant contributor to the neutral density in the private flux zone and the
flux to the outer plate above the nose will contribute to the neutral density in the main
chamber.

For the present comparison we use the parallel ion flux density measured by the tile-
mounted domed Langmuir probes multiplied by the sine of the field-line incidence angle,
which is typically 0.5 -1.0° for the vertical sections. The use of the domed probe data
however will be re-examined in section 4.2. Fig. 9a illustrates the mid-plane pressure
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plotted against the outer divertor target flux to the horizontal sector and fig. 9b, the
divertor neutral pressure plotted against the integrated ion flux to the vertical sections
of the divertor plate. The mid-plane pressure is monotonic and almost linear with the ion
flux, independent of the SOL plasma regime, fig. 9a. On the contrary the divertor
pressure is double valued, being low in the sheath limited regime and high in the
detached regime for equal values of ion flux to the target, fig. 9b. This suggests that the
sink for neutrals in the divertor must be varying strongly between these two regimes.

4 Interpretation and modeling

4.1 Neutral particle flux model

A number of attempts have been made to model neutral transport in the divertor
using Monte Carlo techniques[33-37]. In some cases good agreement with experiment
has been reported. However in DIII-D [34] it was noted that the value of the divertor
neutral pressure calculated from DEGAS was significantly below the experimental value.
Divertor modelling of the C-Mod divertor using the DEGAS code [38] has been under
way for some time, looking both at the neutral pressure and the Hy, spatial distribution.
It has been found that the neutral pressure is typically an order of magnitude below the
experimental values and the spatial distribution of the Hy is narrower than the
experimental data. It is possible that the Monte Carlo codes do not include all the
neutral physics required for the high density conditions of C-Mod.

In view of the above and in order to obtain a quantitative interpretation of the
divertor neutral pressure measurements across the experimental range of edge plasma
parameters we propose a simple lumped model which balances the fluxes that fuel and
deplete the divertor particle reservoir. This reservoir is taken to be the private flux zone
(PFZ) and the volume behind the outer divertor structure. The fluxes are shown
schematically in fig. 10. In steady state the divertor neutral flux balance equation can be
written as:

0= ftr'rplate — (1-A) I'kin — I'jeak | (1)

The flux of neutrals entering the PFZ is ftr.I'plate, where Ipiate is the ion flux to the plate
below the nose, and fir is the probability of transmission of the atoms neutralized at the
target plate through the SOL. The flux of neutrals escaping from the PFZ is (1-A) I'kin
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+I leak, where I'kip is the gas kinetic flux of neutrals from the private flux zone back
across the separatrix into the SOL, Tjeak is the neutral flux escaping through the
structure from the gas box into the main plasma chamber, and A is the average albedo of
the plasma for the gas kinetic flux impinging on it.

We first consider the relative magnitudes of the neutral source resulting from the
incident ion flux and the kinetic flux of neutrals impinging on the plasma surface, deduced
from the neutral pressure, i.e., consider A=I'teak=0, fu=1.Theratio I'plate/ I'kin is
plotted in fig. 11 as a function of plasma density; it varies over almost two orders of
magnitude between low and high density cases. A possible explanation for the apparent
particle imbalance as the density increases, is that atoms or molecules entering the plasma
from the PFZ have a low probability of ionization and a high probability of scattering in
the plasma (or reflection off the plate), Such an effect would be expected when the
plasma density is high and the temperature is low. During detachment the measured T, is
less than 5 eV so that the probability of ion scattering greatly exceeds that of
ionization.[39]

To make an estimate of the average albedo we consider the model of the plasma-
neutral interaction shown in fig. 12 [20]. Ten separate chords are used, representing
different neutral atom trajectories, and the albedo is calculated for each, using a 1-D
approximation. For the shorter chords (#2-7 and #12) ending at the plate the neutral
transmission probability is calculated based only on the probability of ionization and
reflection from the target. This is because Acx is less than the distance from the
separatrix to the target plate. In this case the albedo expresses the probability of an
atom not being ionized upon crossing the plasma fan twice (with reflection from the
plate). For the longer chords stretching across the divertor throat (#9-11) we use a
diffusive transport approximation because the momentum-transfer mean-free-path (Amt)
is much shorter than the path length [20]. The albedo is obtained from a numerical
solution of the neutral diffusion equation. The ratio of the diffusive flux, I'D,to the
incident flux I'jp is

I'Din = -Dp. grad N/ 0.5 vo N

where Dy, is the diffusion coefficient, vo the thermal velocity and N the density. In the
limit where the mean free path is small compared to the physical dimensions the
approximation can be made
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A=1-IpTi =1-4u/Lp (2)

where Lp is the thickness of a “diffusive” plasma zone, and where ionization is
negligible compared to scattering (elastic or charge-exchange). Such a cold plasma
region exists in a detached divertor. The final albedo needed in eq. 1 is obtained from a
weighted average over the plasma boundary and expresses the probability of an
escaping neutral reappearing in the PFZ-reservoir after scattering off the plasma or
reflection off the plate.

In order to calculate the contributions of ionization and scattering we need to know
Te and ne everywhere in the plasma, just as in the case for Monte Carlo calculations.
From the probe data we have profile measurements of Te and ne both at the target plate
and at a single poloidal position upstream on the flux surface. By using a conduction
model, Te and ne at any point on the flux surface can in principle be obtained [22]. Two
methods of performing this interpolation of the plasma parameters along a flux surface
have been used . The details of these models are discussed in the Appendix. Ionization
and charge exchange reaction rates are obtained from Janev [33] The rate coefficient for
momentum transfer has been assumed to be equal to the charge exchange rate. In
separate calculations we have used twice the charge exchange rate to estimate the effect
of the uncertainty in the elastic scattering cross section [36, 41,42]. Particle reflection
coefficients given by Thomas et al [43] are used to calculate the reflection of neutrals at
the molybdenum target plate.

The components of the balance equation, eq. 1, have been evaluated for steady state
discharges over a range of densities. The total perpendicular ion flux striking the vertical
target plates (I'plate) is obtained from the domed divertor Langmuir probe measurements
as in fig. 9b. After neutralization, particles cross the SOL into the private-flux-zone (PFZ)
reservoir. The flux of neutrals escaping through leaks in the divertor structure (I'leak) 1S
calculated from the gap conductance, the gas-box pressure and an estimate of pressure
outside the divertor. The kinetic flux of neutrals crossing the neutral-reservoir/PFZ-
plasma boundary (I'y;,) is derived from the divertor pressure measurement as described
above. Because of the remote location of the pressure gauge (fig. 10), the measured
value has to be related to the neutral density in the divertor PFZ. If it is assumed that the
atoms at the separatrix, near the boundary of the PFZ and the SOL, are heated to ~3eV
by elastic collisions and molecular dissociation, then it can be shown that they must
have a mean free path large compared to the divertor dimensions. We have therefore
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assumed particle flux conservation to calculate the neutral flux at the separatrix from the
measured value in the gas box.

Table 1 summarizes the values of the particle flux balance components, calculated for
five representative discharges, spanning the sheath-limited, high-recycling, and
detached-divertor regimes.

4.2 Model discussion and uncertainties

Taking the “constant Te” plasma model described in the Appendix the source-to-
sink ratio, plotted in fig. 13, varies by about a factor of two across the entire range of
plasma parameters, indicating approximately constant particle balance. The ratio of the

1on recycling source (Fplate) to the gas kinetic flux (T'kip ) for the modeled discharges
is also plotted in fig. 13 for comparison.

The fact that the value of the ratio of the source neutral flux ( ftr'rplate) to the sum
of the losses(equation 1) is less than unity is probably due to an underestimate of the
perpendicular ion flux from the domed probe data and to the uncertainty in the estimate
of the neutral flux density in the PFZ. It is well known that it is difficult to interpret the
results from probes which have an oblique angle < 2-30 to the field lines [44,45] We
have compared the results from the domed probes and the flush probes and found that
for the vertical plate section, where the angle between the field line and the surface is
typically 0.5° - 1.0°, the ratio of the flush to domed probe integrated ion currents is
about 10 . For the plate section above the nose, where the angle between the field line
and the surface is typically 2 - 4°, the ratio of the two currents is about a factor of 4.
Over a wide range of densities the two values are approximately proportional to each
other. It is expected that the current density to the flush probes will be an overestimate
of the ion flux because the probes are biased, resuiting in an extended sheath [46]. The
current density from the domed probes on the other hand is expected to be an
underestimate of the perpendicular flux since enhanced cross field diffusion induced by
the presence of the surface is not accounted for [45]. This is particularly evident at high
density (the detached plasma cases), where the neutral leakage flux alone (I'leak,),
calculated from vacuum conductance and pressure measurements, is larger than the
domed probe determination of the ion flux source ( ftr'rplate), (compare Table I). In this
case particle balance cannot be obtained using the domed probe measurements for any
value of the albedo.
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With the “constant Te” model the high divertor neutral pressure is sustained in the
detached state, despite a considerable drop in the recycling source. This can be
explained by the scattering of neutrals off the cold PFZ-plasma plugging the divertor
throat and reflection off the target plates, provided the detachment front is well
separated from the plates.

An identical set of calculations comparing source and sink, shown in fig. 13, has been
carried out with the simple analytic electron-conduction plasma model discussed in the
Appendix. The resulting plasma profiles have low Te only very close to the plate ie the
detachment front is close to and parallel to the plate. While this plasma model gives a
result which is similar to that of the “constant Te” model at low density, it has too large
a sink, i.e., too low an albedo at high density, table I. Thus the high albedo necessary to
explain the data is only obtained if the plasma temperature is low over a large fraction of
the separatrix in the PFZ. There are other reasons to believe that the position of the
strong temperature gradient along the field is further from the target than predicted by
the conduction model. For Te high near the plate, additional ionization in the SOL
would occur resulting in an ion flux to the target near the separatrix much in excess of
what is observed during detached discharges. Moreover, the ionization and excitation
of these neutrals would result in a hydrogen power loss in excess of the power crossing
the separatrix. More detailed measurements of the plasma profile in the divertor and
more detailed modeling are desirable to confirm our conclusions.

From Table I we see that neutral escape through the leaks in the divertor structure
becomes a significant loss channel at high divertor pressures. In particular, in the
detached divertor state the net loss of neutrals towards the plasma becomes smaller than
the leakage. This leads us to believe that the neutral confinement in the Alcator C-Mod
divertor can be significantly improved. Two modifications of the divertor have been
considered — closing the leakage slot and widening the divertor throat to maximize
recycling on the vertical target. Both modifications were predicted to produce an
increase in the compression ratio of a factor of three to seven [20]. Subsequent

experiments with the slot closed have resulted in an increase in the compression ratio of
~5.
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5 Conclusions

The experiments described have extended earlier studies to much higher densities
and shown that there is a strong dependence of the neutral pressure, both in the main
plasma chamber and in the divertor, on the SOL conditions. Both regions show the
neutral densities increasing monotonically with Tie. However, while the highest divertor
neutral density occurs with a detached divertor plasma the highest compression ratio of
the divertor to mid-plane pressure occurs in the high recycling regime. The maximum
compression ratio shifts to higher density with increasing plasma current.

The effect of geometry on the neutral density and the compression is less dramatic.
The compression ratio is a maximum when the strike point is on the vertical target plate
just above the entrance to the gas box and is minimized (about a factor of 2 lower) when
the strike point is just above the divertor nose. No significant difference in neutral
pressure is observed for fixed core plasma parameters when the BxVB ion drift direction
is reversed.

An increase in the divertor neutral pressure occurs as detachment progresses despite
the fact the ion flux to the target below the divertor nose has dropped by typically a
factor 4. This has led to the hypothesis that the albedo of the plasma for neutral atoms
impinging on it from the private flux zone increases towards unity at high divertor
plasma densities and low plasma temperatures. A simple global model of the neutral
fluxes, taking into account ionization, plate reflection, and neutral-ion scattering
supports this hypothesis, if certain assumptions about the plasma temperature gradient
along field lines are made. The high albedos are consistent with two other observations;
(1) that the gas kinetic flux of neutrals does not result in an excessive power loss and (ii)
that the ion flux to the target at the strike point is often an order of magnitude lower
than the value higher up the plate. (see appendix)

If operation can be achieved with the divertor plasma conditions close to those
obtained in Alcator C-Mod, i.e., ionization and scattering mean-free-paths being much
shorter that a typical escape distance, a narrow divertor throat is not critical since
neutrals are confined in the divertor volume by the plasma plugging the throat itself.
The increased neutral compression recently obtained by reducing the conductance from
the divertor back to the main chamber confirms that in the experiments described the
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main particle loss mechanism is through this conductance and that the plasma plugging
at the divertor throat is very efficient.

Acknowledgments

We are grateful to the Alcator C-Mod team for the excellent machine operation,
which enabled us to obtain the results discussed here. We also acknowledge many
valuable comments of S. Krasheninnikov. This work has been supported by the U.S.
Department of Energy Contract No. DE-AC02-02-78ET51013.

Appendix

Using a simple electron thermal conduction model it is possible to interpolate
experimental measurements and obtain the plasma temperature as a function of distance
along a field line. With two measurements of the plasma temperature on a given field line
and an estimate of the heat flux to the divertor plate, the two constants of integration
and the volumetric heat source in the conduction equation can be evaluated. Such a
calculation has been carried out with Alcator C-Mod data, including radiation losses, by
LaBombard [22] and including both radiation loss and momentum loss due to collisions
with neutrals by Kesner [47]. In both cases it has been found that the temperature drops
only at a very short distance from the target,(poloidally and along a field line) giving a
detachment 'front' parallel to the plate. This results in a high ionization rate of neutrals
entering the SOL and consequently a low albedo for neutrals (and a low transmission)
even at high density. The albedo calculated with this model at high density is too low to
explain the particle balance discussed in section 4. An independent argument that the
conduction models are inaccurate near the target is that under the predicted conditions
for ne and Te, about 50% of the neutrals leaving the target would be ionized. This
would result in high currents near the strike point even in detached discharges. Such
currents are a factor of 3-10 above those measured experimentally by the probes and
thus such a model is inconsistent with the data. The Kesner model also implies that the
radiation is very close to the target which is inconsistent with bolometry measurements
in the detached divertor state [48].
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As a lower bound to the plasma temperature we consider the case where Te is
constant along field lines from the value at the target probe up to the divertor nose.
Such a situation could arise if heat transport was predominantly by convection in this
region. Above the nose we use values from the Kesner model. Ionization of neutrals in
the SOL is consistent with the measured ion currents to the target for this plasma model.
The albedo calculated using this model gives an approximately constant ratio of source
to sink divertor particle fluxes across the whole plasma density range explored.
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Figure Captions

Fig. 1

Fig. 2a

Fig. 2b

Fig. 3a

Fig. 3b

Fig. 4

Fig. 5

Location of the neutral pressure gauges and the Langmuir probes in the Alcator
C-Mod tokamak.

Time dependence of the neutral pressure in the divertor and at the mid-plane
during a strong gas puff (discharge 950309033); The discharge had a lower x-
pointwith the outer strike point on the vertical target. The divertor pressure is
measured with the capacitance gauge. Detachment occurs at ~0.58 s.

Effect of a fast divertor detachment (at t=0.86 sec.) and attachment (at t=0.94
sec.) on neutral pressures (discharge 940623015). The divertor neutral pressure
is measured with the MIT ionization gauge. The discharge had a lower X-point
with the outer strike point on the vertical target; Ip=0.8 MA, ne =1.0x1020
m-3. A detailed description is provided in the main text.

Mid-plane neutral pressure as a function of core plasma line average density
plotted with symbols indicating the edge plasma regimes. The outer strike point
is on the vertical target and the divertor pressure is measured with the
capacitance gauge.

Divertor neutral pressure as a function of plasma density. The outer strike point
is on the vertical target and the divertor pressure is measured with the
capacitance gauge.

The compression ratio (divertor to mid-plane neutral pressure) dependence on
core plasma density, ie, showing the SOL plasma transport regimes with
different symbols.The outer strike point is on the vertical target and the divertor
pressure is measured with the capacitance gauge.

Dependence of the neutral compression ratio (divertor to mid-plane pressure) on
the plasma heating current. The outer strike point is on the vertical target and
the divertor pressure is measured with the capacitance gauge.
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Fig. 6

Fig. 7

Fig 8

Fig. 9a

Fig. 9b

Fig. 10
Fig. 11

Fig. 12

Divertor neutral pressure plotted as a function of the distance between the gas-
box entrance and the outer strike-point position. The coordinate p is the

distance of a given flux surface to the separatrix, measured at the tokamak mid-
plane.

Comparison of the divertor neutral compression ratio dependence on density

with the strike point on the vertical target plate and on the plate above divertor
nose.

Comparison of the divertor neutral compression ratio dependence on density
with BxgradB ion drift towards and away from the target plate. The outer
strike point is on the vertical target and the divertor pressure is measured with
the capacitance gauge.

Mid-plane pressure plotted as a function of the integrated ion flux striking the
target plate above the outer divertor nose. The ion current is measured with
divertor domed probes.

Divertor neutral pressure plotted as a function of the integrated ion flux striking
the vertical target plates (inner and outer) below the divertor nose. The outer
strike point is on the vertical target and the divertor pressure is measured with
the capacitance gauge.

Simplified picture of particle fluxes that determine the divertor neutral pressure.

Ratio of the integrated ion flux (measured by the domed probes) at the vertical
target plates to the kinetic flux towards the plasma plotted as a function of the
core plasma density. The outer strike point is on the vertical target and the
divertor pressure is measured with the capacitance gauge.

Spatial distribution of the chords used during the 1D neutral transport
calculations across the divertor plasma fan, The boundary between the PFZ
particle reservoir and the plasma is marked by the p =-2 mm flux surface. Flux
surfaces are shown for discharge 950202013, at 0.68 s.
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Fig. 13 Comparison of the source/sink ratio in the divertor neutral flux balance for two
different models of the plasma parameters. The balance of the source to the gas
kinetic flux directly calculated from the measured neutral density ,(i.e., assuming
an albedo A=1), is also shown
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Table I Divertor neutral particle flux balance. The top panel reviews measured and
estimated fluxes: vertical plate (inner and outer) ion flux as measured by the
domed Langmuir probes, rplate, leakage flux ,I'leak, kinetic flux of neutrals
crossing the PFZ-reservoir/plasma boundary, I'kip, and the source to sink ratio
excluding reflection and transmission. The middle and the bottom panels
summarize flux balance calculations using the “electron-conduction” and the
“constant-Te” plasma models respectively.

Discharge Number: 6 7 10 11 13
core electron density [1e20/m3] 1.01 126 157 1.86 2.09

Measured/estimated fluxes

Source: I'plate [1e22 Dt/s]
Sink: I'leak [1e22 2*D2/s]
Sink: Tkin [1e22 DO9/s]
I'plate/Tkin

Electron-conduction plasma model:
ftr

Source: fir I'plate  [1€22 DY/s]
Albedo; A

Sink: (1-A)I'kin+Ileak[1€22 D9/s]
Source/Sink

Constant-Te plasma model:

f 1]
Source: ftr.rplate [1e22 DO/s]
Albedo: A [1]

Sink: (1-A)I'kin+ leak
Source/Sink

[1e22 DO/s]

0.79 1.60 238 0.67 0.66
0.11 0.50 1.57 2.06 2.39
3.08 14.33 44.35 55.86 65.35
0.246 0.108 0.052 0.012 0.010

0.907 0.908 0.807 0.709 0.520
071 146 192 0.48 0.34
0.478 0.660 0.667 0.803 0.776
1.7 54 163 131 17.0

0.415 0.271 0.117 0.037 0.020

0.907 0.945 0.912 1.000 1.000
071 151 217 0.67 0.66
0.481 0.729 0.750 0.971 0.975
1.7 44 127 37 4.0

0.417 0.345 0.171 0.183 0.164
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